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Program Preface

The Challenge Program on Water and Food (CPWF) contributes to efforts of the international
community to ensur e global diversions of water to agriculture are maintained at the level of

the year 2000. It is a multi -institutional research initiative that aims to increase water
productivity for agriculture 8 that is, to change the way water is managed and used to meet
international food security and poverty eradication goals d in order to leave more water for
other users and the environment.

The CPWF conducts action -oriented research in nine river basins in Africa, Asia and Latin
America, focusing on crop water productiv ity, fisheries and aquatic ecosystems, community
arrangements for sharing water, integrated river basin management, and institutions and

policies for successful implementation of developments in the water -food -environment
nexus.

Project Preface

The CPWF Basin Focal Project for the Andes system of basins worked with a range of local
stakeholders to develop a better understanding of the mechanisms for improving the
productivity of water in the Andes. We consider ed productivity in broad terms as the
produ ctivity of energy (HEP), food and fiber (agriculture) and livelihoods (industry, transport

and benefit sharing such as Payments for Environmental Services schemes (PES)).

In addition to the compiled data bases and analyses on poverty and institution s, 0 ne of the
key deliverables of the project was the develop ment and deployment of the Agu AAndes
policy support system (PSS). This integrates analyses of water availability and productivity

within the local environmental and policy context . It is a web -based policy support system
combining an e xtensiv e spatial database  with process -based models for hydrology, crop
production and socio -economic processes. It is intended to allow analysts and decision

makers to test the potential onsite and offsite impacts of land and water management

decisions i n terms of their ability to sustain environmental services and human wellbeing.
Interventions and recommendations for future actions on water and food in the region are

presented.

CPWF Research Report series:

Each report in the CPWF  Project Repor t series is reviewed internally by CPWF staff and
researchers . The reports are published and distributed both in hard copy and electronically at
www.waterandfood.org . Reports may be copied freely and cited with d ue acknowledgment.
Before taking any action based on the information in this publication, readers are advised to

seek expert professional, scientific and technical advice.
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Executive Summary

The Andes system of basins in Latin America T as defined for this project - reaches
from Colombia, through Ecuador, and Peru to Bolivia, and includes several large

and small river basins from 500 m.a.s.l. elevation and higher. The system is

different from other CPWF focus basins in two main ways. First, in biophysical terms
it is the most mountainous of the CPWF basins, has the greatest rainfall extremes,

and the greatest spatial heterogeneity in climate, geology and soils. Also, the Andes

region has greater inequality between the upper reaches of watersheds and the

lower valley areas compared to CPWF basins with less relief in other parts of the

world. Second ly, in contrast to most CPWF basins in Africa and Asia, the Andes
basin countries are considered highly urbanized on account of overall levels of rural

poverty and the contribution of agriculture to GDP. Crop production is mainly for

income generation (cash cropping), and subsistence agriculture is not a domina nt
feature. Still about half of the population in Colombia, Ecuador, and Peru, and

almost two thirds in Bolivia are considered poor, based on their position relative to

national poverty lines. Of these 47 million poor people, 26 million depend on rural

liv elihoods.

We identified three main drivers (or constraints) of development in the Andean
system of basins:

Biophysical features limit water productivity and development in various
respects. Generally, water scarcity is much less a problem than in other CPWF
basins, especially in the northern Andes. The most important water -related hazards

that affect livelihoods in the Andes are droughts and floods related to the El Nifio
phenomena, but the severity of droughts in the Andes is probably less than in
CPWEF basins in Africa and Asia.

The most significant constraints are to do with terrain and its impact on soil water

storage and soil quality. Soil erosion and sedimentation are key water -related
problems in the Andes incluencing both agricultural productiv ity and downstream
water quality. In the other basins water quality issues are more often related to

urban and industrial contaminantion and associated health imapcts from bacterial,
parasitic or viral infection. Water quality issues in the Andes are main ly due to
steep slopes with marginal agriculture carried out with little emphasis on erosion

control coupled with intense rainfall leading to soil erosion and landsliding. In the

highly urbanised northern countries there are also significant inputs from u rban
wastewater, industrial and mining sources.

Markets and policies are two important and related drivers that play a key role in
enhancing or constraining development in the Andes region, particularly in rural

areas. Global market forces, supported by f avorable national economic policies and
free trade agreements, are encouraging the spread of commercial and high -value
agriculture. This, in combination with a lack of investment in rural areas ( e.g., low
provision of education) and political unrest and vi olence ( e.g., Colombia), has led to
the increased marginalization and isolation of smallholder agriculture. This is true
particularly in the Andean uplands and has led to continued rural -urban migration.
These drivers are negatively affecting rural devel opment in the Andes system of
basins, and have led to demographic shift and a trend towards increasing

urbanization. As a consequence, natural resource degradation is becoming a critical

issue for sustainability, always affecting the most vulnerable (the u rban and rural
poor) most strongly. This is particularly clear in the four main water use sectors:

rural use, lowland commercial agriculture, urban areas and industry. For rural use:

land degradation with soil erosion and loss of productivity (especially i n the

11



uplands) and often leading to downstream impacts is a key issue. Downstream

commercial agriculture: gives rise to conflict between irrigation vs. supply to major
cities, sedimentation and other water quality losses, increased susceptibility to

natura | hazards such as landslides, floods, and droughts. For urban and industrial

use the main issues are of water quality and distribution (sanitation) and use

conflicts (between for example, irrigation, domestic and mining uses).

Risks: A number of new and  continued risks confront the sustainability of water
productivity in the Andes. Scenario analyses clearly indicate that much of the
Andes will experience increases in precipitation. The overall water balance is also

expected to increase, which will likel y bring water productivity benefits throughout

the central and southern Andes. Though these benefits may come with dis - benefits
including increasing frequency of higher magnitude rainfall events, increased soil

erosion, and changes in patterns of suitabili ty for particular crops, there will be an

overall benefit of greater water availability for total crop growth in the currently -
water - limited southern Andes. The extent to which this increased productivity in

the south will be matched by increased crop fai lure through extreme events such as
floods and landslides in the hyper -humid and populous northern Andes remains
unknown. Outside (and on occasion even inside) of currently protected areas, the

need for greater food supplies for internal and external mark ets will tend to push
landscapes along the same trajectory they have taken historically towards greater
agriculturalization. This land use change will also have impacts on water

availability, water regulation and water quality though the nature of these im pacts
will be highly locale  -specific and will generally be less I atleast in terms of water
quantity impacts T than those expected from climate change.

Opportunities: A number of new opportunities with potential to provide water
productivity benefits hav e recently arisen. Amongst these hydropower generation,
compensation for ecosystem service provision (PES schemes), niche -production
(dairy and high -value), and increasing income from tourism stand out as providing
sustainable pathways out of poverty for m arginalized agricultural communities.

12



OBJECTIVES OF THE CPWF

The Challenge Program for Water and Food (CPWF) represents one of the most
comprehensive assessments of the relationship between water, food production and
poverty ( www.waterandfood.org/about -cpwf.html ). Through the paradigm of water
productivity T developing ways to produce more food with less water i the CPWF
offers a new approach to natural resources management research within the

CGIAR. The CPWF works together with governmental institutions, NGOs, research,
industry and community groups in partnerships which seek meaningful impact

through innovation derived from scientific research.

The Challenge Program is working towards achievi ng:
1 Food security for all at the household level.
1 Poverty alleviation through increased sustainable livelihoods in rural and
peri -urban areas.
1 Environmental security through improved water quality as well as
maintenance of water -related ecosystems, biodiv  ersity and ecosystem
services

ROLE AND OBJECTIVES OF THE ANDES BFP

Within the CPWF, the Basin Focal Projects (BFP) provide strategic insight of the

links between water, food, and poverty in globally important river basins
(http://cpwibfp.pbworks.com/ ). Based on robust scientific analysis within ten river
basins these projects address the following key questions :

a. How much water is there?
b. Who uses the water and how much flow remains?
c. How well is water used? What i s its water productivity?
d. What is known about the institutions that manage food and water systems?
e. What are the impacts of water use patterns on poverty and livelihoods?
By addressing these questions for the Andes region, the Andes BFP a imsto ienabl e

and promote the use of the best available science in the formulation and testing of
land and water policies for better livelihoods, in cases where currently science is
little used 0 .This report presents the diagnosis of the current status of water
productivit y, water poverty, environmental security, and the social and institutional
context in the Andes basin including gender issues; and makes recommendations
for interventions to address Andean water poverty. The research and development
work carried out for th  is purpose in addition helps to address a series of more
specific client needs, including:

a. Provision of accessible baseline data and information

b. Provision of accessible tools for testing effects of alternative policy options
(interventions) and their inte nded and unintended consequences

c. Provision of accessible knowledge on impacts of climate change

d. Provision of accessible knowledge of (seasonal) downstream impacts of land
use change on water supply to cities/dams

e. Simplification of the complex problems aro und food and water for better
engagement in evidence based solutions

f.  Provision of accessible spatial planning tools for optimization in a highly
heterogeneous and connected environment

g. Facilitation of an institutional framework for evidence -based policy
im plementation

13
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INTRODUCTION

Compared with the other basins of the CPWF (Volta, Nile, Limpopo, Yellow, Mekong,

Karkeh, and Indogangetic), the surface area of the Andes basin in Latin America (as

defined here: 2.89 million km %) is second only to the Nile (3. 09 million km  2). Unlike
the other CPWF basins, the Andes 6basind is
outlet, but rather a series of neighboring basins flowing independently to the

Pacific, Amazon/Atlantic and Caribbean. They stretch over 63 degree s of latitude
(11°N to 52°S) and reach from Colombia, through Ecuador and Peru to Bolivia, and

further south into Chile and Argentina ( Figure 1). This latitudinal extent means that

the basins (most of which run eas t-west or west -east) cover a wide range of

climate regimes from equatorial through tropical, temperate, and near polar.

The Andes system is different from other CPWF focus basins in several aspects.

First, due to its biophysical heterogeneity I itisthe most mountainous of the CPWF
basins (covering elevations from sea level to almost 7000 m.a.s.l.), has the

greatest rainfall extremes, and the greatest spatial heterogeneity in climate,

geology, soils, and vegetation. Second, the countries of the Andes bas in are
considered urbanized and industrialized (on account of overall levels of rural

poverty and low contribution of agriculture to GDP), whereas most countries of the
BFP basins in Africa and Asia have more agricultural economies (e.g., Volta) or
transfo rming economies (e.g., Karkeh and Mekong) (World Bank, 2007). The Andes
basin is extensively covered by cropland and pastures, but subsistence agriculture

is not a dominant feature and crop production is mainly for income generation

through markets. Nevert  heless, considerable numbers of people remain in deep
poverty.

This report considers several groups of activities, linked within a complex

environment in which flows of water, food, and other resources influence well -being
of specific groups and develop ment of the region as a whole. Firstly we consider
smallholder farmers . Approximately 26 million of these people from rural areas

are considered poor. While many smallholder farmers depend on rural livelihoods,

many more have migrated to swell the ranks of the urban poor who live in rapidly
expanding cities . Urban dwellers constitute the second group T about 21 million  of
whom are increasing local demands on food and water in the Andes. These first two

groups comprise about half of the population of the fou r focus countries of the BFP
Andes (Bolivia, Colombia, Ecuador, and Peru).

A third group is  commercial agriculture T much of it irrigated T that occupies a
relatively small proportion of the total area, but a high proportion of the more

agriculturally f avored areas, producing sugarcane, bananas, rice, palm, and high -
value crops such as coffee, fruits, and more recently biofuels. Mining and other
industrial uses (e.g ., dams and hydroelectric plants, oil and gas pipelines)

complete the picture. They occupy a very small area but have a disproportionate

and expanding impact on rural income (employment), environmental resources
(degradation), and land tenure issues (conflict between tenure and increasing

concessions).
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Figurel. TheAndes 'basin' is defined as the area of all catchments above 500 m.a.s.|. (blue)

Demographic and socio-economic context

In 2005, the four Andean countries in the study region had a population of about 95
million, that is 17% of the total Latin American population (560 million). The
average growth rate in the last 25 five years (1980 -2005) was 2%l/yr, ranging from
1.9%/yr in Colombia and Peru to 2.3%/yr in Bolivia (UN, 2007).

Forty -seven million people in the four study countries are considered poor, bas ed
on their position relative to national poverty lines ( Figure 2). This corresponds to
about half of the population in Colombia, Ecuador and Peru, and almost two -thirds
in Bolivia. Of these total poor, 26 million depend on rural livelihoods. Poverty is
sometimes related to lack of water, in other cases to excess water, and is affected

by hazards to productivity such as landslides, soil erosion/degradation, nutrient

losses, and downstream impacts (including sediment ation, water quality losses,
flooding, lack of supply to major cities) of upstream land and water related

interventions. Both land and water related interventions have impacts on health

and poverty; sometimes directly through water supply, sometimes mediat ed
through food production.

In terms of ethnic distribution, several clusters of indigenous and African

descendants can be found in the Andes region. While indigenous communities are
more concentrated in southern Peru and most of Bolivia, African descend ants are
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found mainly along the Pacific coast in Colombia, northern Ecuador and northern

Peru ( Figure 3). In many indigenous communities in the highland villages, native
languages such as Quechua are the main form of communication, with Spanish
being spoken only by younger educated men. This has traditionally led to a lack of
opportunities to participate in civil and political spheres at a regional and national

level. Traditional forms of land use and specific agric ultural systems are dominant
in these communities, and local organizations play a strong role in the management

of natural resources.
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Figure2. Urban and rural poverty in four Andean countries, 2005 (Source: CEPAL, PSE #6fidalSta
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Figure3. Geographical distribution of indigenous and African descendent population in 2000

Biophysical, climatic, and land use context

As mentioned above,t he dominant characteristic of the Andean landscape is

spatial variability in climate, geology, soils, and vegetation, combined with

temporal variability as a consequence of the passage of the Inter -tropical
Convergence Zone (ITCZ). Rainfall is highly variable both spatially and seasonally.
Conditions range f rom hyper -humid (>10,000 mm/yr) in parts of Colombia to

hyper -arid (that is, a few hundred mm/year) in parts of Chile and Bolivia . Detailed
information and maps of rainfall distribution, landscape features, and land use are

provided in Appendices A.1.1 and A.l.2.

The Andes are host to competing land use demands on very steep lands, including

different types of agricultural production systems (see following section), water

management projects such as existing and proposed major dam projects, inter -
basin tr ansfers, and mining. Moreover, the Andes are environmentally sensitive,

and the provision of watershed services by ecosystems T highly prized for their
biological diversity 1 provides important new livelihood options in the form of

payments for environment al services (PES) and other non -agricultural livelihood
options. A number of specific issues and interactions of water and well -being exist
in Andean catchments, which are summarised in Figure 4.

Agricultural trends
Agriculture is the dominant user of water resources in the Andes, and the area

dedicated to agriculture in Latin America has increased steadily ( Figure 5, left). By

the end of 2001 it accounted for about 770 millions ha, almost twice as much as by

the end of the 506s. For three of the four Andes BF|
and Peru), the agricultural area has remained more
whereas the consumption of fertilizers has in creased several -fold ( Figure 5, right),

indicating increasing intensification of agricultural land use. In Bolivia in contrast,
fertilizer consumption remained the same whereas the country expanded its
agricultural area by about 7 million ha.
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Figureb. Evolution of agricultural area (left) and fertilizer consumption (right) between 1961 and 2002

Three broad categories of agricultur al production systems can be distinguished in
the Andes region:

In the highlands, agricultural production is generally characterized by low
productivity smallholder farming which has traditionally been the main source
of regional and local food supply. M aize, potatoes, beans, wheat, and livestock are
the major crops produced in these areas. Although these smallholder farming

systems traditionally pose low demands on natural and external resources and

potentially are a provider of ecosystem services, they have become increasingly
eco-inefficient due to distorted market trends and neo -liberal economic policies that
do not internalize environmental externalities. In spite of the generally fertile and

rich soils in the humid highlands, the rural upland populat ion is largely excluded
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from secure markets for their produce T not only due to geographical isolation and
lack of infrastructure/roads to reach markets quickly, but also due to national

policies of food importation and price controls that have negatively influenced the
terms of trade between urban and rural centers. Andean upland communities have
seen a marked decrease in the profitability and demand for domestically -grown

basic staple crops along with most other global regions. Increasingly households

eng aged in smallholder agriculture are seeing basic grains such as maize and
potatoes change from cash  -generating status to truly subsistence crops. This has a
negative impact on various key environmental, economic, and social factors

resulting in rapid urban ization (Katz, 2003).

In contrast, agricultural production in the lowlands and inter -Andean valleys is
mostly dominated by  large -scale production systems dedicated to
commercial agriculture such as sugarcane, oil palm, soy, and rice. These

production sy stems are an important contributor to rural livelihoods and are
currently expanding in response to demand. However, they are a heavy user of
environmental resources and can be environmentally degrading (especially through
soil erosion and pollution).

A t hird agricultural sector is that of high -value smallholder farming , targeted
within the diverse environments yet to be connected with markets. Coffee is the

classic example of such a high value produce. These production systems generally

have a low resourc e demand and are relatively eco - efficient where values can be
assured. In the Andean highlands, the most important potential high -value
agricultural sector is probably dairy production, however cut flowers, fish farming,

and wool/textiles have also been im portant sources of wage employment.

Increasing urbanization has lead to a strong growth in urban demand for

industrially processed dairy products. At present there has been a rapid increase in

milk production along the coast but not so much growth in the A ndean highlands,
where, in fact, an increase in milk production would create the greatest benefits for

the poor (Bernet et al., 2001).

Gender issues

Women play an important role in the productive, labor, and migratory dynamics in

the Andean region, parti  cularly in the rural areas and the highlands. With the fore
mentioned conversion of many staple crops (such as maize and potatoes) from

cash -generating status to subsistence crops, men have increasingly left farms to

search more profitable, off ~ -farm (often migratory) employment. Many rural women,
- especially those in communities with limited access to reliable off -farm
employment 1 are thus left with cultivation of subsistence crops and control over
important production and use decisions, meaning that thei r (generally unpaid)
participation in agricultural tasks is the main source of food security at a household

level (Radcliffe, 1990).

At the same time men have come to represent a large source of labor for non -local
labor markets in agricultural productio n systems dedicated to both commercial and
more high -value export crops such as coffee, fruits, tea, and more recently flowers,

as well as in the domestic and industrial sectors (mining, fish processing). This has

led to a general increase in household rel iance on non -farm sources of labor

including off -farm wage work in agriculture, wage work in non -farm activities, rural
non -farm self employment (trading), and remittances from urban areas (Jokisch,
2002).

It is important to consider the effects that this rural -urban migration has had on
agricultural production and land use practices. While migration has not led to total

agricultural abandonment and semi - subsistence agriculture remains an important
risk averse economic and cultural activity, it has undo ubtedly lead to increased

19



environmental degradation caused by labor shortages. Even where men are not
physically absent for extended periods of time, trade and price liberalization

affecting important food crops have produced the same effect with widesprea d
reallocation of household labor to accommodate higher input and lower output

prices for basic grains that still form the foundation of the diet of rural poor.

The influence of policies and markets

Prices of food crops in the Andean region are driven to a large extent by main
producers overseas where subsidies distort the real cost of production, and reduce
competitivity of farmers in developing nations. A focus on primary non -processed
crops, minerals, fuels, and raw material for biofuels limits the pote ntial benefits

that are later obtained by nations with more industrial capacity. Workers in such

systems require less training, which is also reflected in reduced investments in

education T which are very limited throughout the region. The current radicali zation
of some governmental positions is a reflection of the reaction against a system that

has for years divided the region politically and economically. The gap between the

poor and the non -poor is growing and this provokes violence and social unrest.

Urbanization

As laid out above, political and economic insecurity have led to a depopulation of

rural areas in Andean countries, particularly in the upland regions. Land tenure
concentration amongst the rich and the loss in profitability of smallholding

agriculture have been the main driving factors for this (Rodriguez and Busso,

2009). As a consequence, urban populations have expanded rapidly in several

regional cities ( Figure 6), but these cities capacity to cope with the ensuing social
and economic problems of rapid growth is in question. In the last 25 years, the

population in urban areas has increased steadily throughout Latin America while the

rural population has remained more or less stable in absolute terms (resulting in a

relative decrease of rural inhabitants as a proportion of total population). According

to a recent revision of fAruralityo in Latin America
of the population lives more than an hour away ! from large citie s (100,000

inhabitants or more), and in areas with densities below 150 people/km 2. A quarter

of these live in areas with extremely low densities, and about a third of them (18%

of LAC total) are more than four hours distant from large cities. The increase in

urban population means more pollution and higher water and food demand from a
non -farming community, stretching the demand for goods and services from rural
areas.

The imperfection of this development process in Andean countries means
deterioration of  quality of life of the remaining rural population. Rural areas are left
behind in investment policies, and local and national administrations cannot cope
with the demand in services from increasing urban populations that are augmenting
slums and poverty. It is widely accepted that the main source of water pollution in
the region is the lack of proper management of waste water and disposals from
urban and industrial centers. The region faces the duality of promoting migration to
cities while not having adeq uate response to the needs of the newcomers.

! Authors arbitrarily ass  igned travel speeds of 10 to 60 km/hr to roads of increasing quality, and 4 km/hr
to off -road travel.
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1. Water availability and access

To avoid the inclusion of | arge | owdcusesdntlzer eas,

mountainous catchments and is defined as the area of all catchments above 500
m.a.s.l. ( Figure 1). A subset of this area incorporating four focus countries

(Colombia, Ecuador, Peru, and Bolivia) was ¢

hosen for more broad

-scale regional

socio - economic analyses.

Within these countries, particular emphasis was placed

upon three sub

-basins. The sub -basins selected were Fuquene in Colombia, Ambato

in Ecuador, and Jequetepeque in Peru, since these are of par

ticular stakeholder

interest, have significant data resources, and relevant water related issues.

To address the wide range of stakeholders and potential users of information, from

international to local level, we carried out a) coarse Andes

-wide regiona | analyses

to identify areas inside and beyond the four focus countries where particular issues

are important (1 km or lower resolution), as well as b) finer

-scale basin studies in

three key sub

-basins with detailed analyses of issues of particular site -specific

interest (resolution up to 1 ha).

In the following section on water availability and access, we address the first two
key questions posed to all Basin Focal Projects:

1 How much water is there?

1 Who uses the water and how much flow remains?
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1.1. Water availability

To assess water availability in the Andes, the best available ground measured and
remotely sensed datasets were used to parameterise a 1 km spatial resolution
application of the data  -intensive FIESTA delivery model ( www.ambiotek.com/fiesta

Mulligan and Burke, 2005), which provides monthly and annual water balance

calculations for the period 1950 -2006 when parameterised with the WorldClim
climatology (Hijmans et al., 2005), and for 1998 -2006 when parameterised with
the TRMM climatology (Mulligan, 2006a). The FIESTA model requires more than

140 input maps for the region, all of which were derived from various sources

available in the SimTerra database (Mulligan, 2009). The results of this a nalysis
were used to define water availability and then combined with information on water

access to better understand access to water for different purposes. See Appendix

A.2 for detailed methodological information and maps on regional water inputs,

outpu ts and water balance.

1.1.1. Regional scale inputs (rainfall, fog and snowmelt)

Two different precipitation climatologies were used to characterise inputs from
precipitation. They showed a similar pattern, with the highest values recorded in

the Choco region of  Colombia, the Caribbean lowlands and the eastern slopes of the
Andes from Colombia, through Ecuador to Peru and Bolivia. The driest areas include
the Bolivian Altiplano, Chile and Argentina. There is no simple pattern of rainfall

with elevation, though th e maximum rainfall tends to decline with elevation. In

spite of the broad agreement between the two climatologies, discrepancies can be

of the order of thousands of mm in some spatially restricted areas. This uncertainty

in basic inputs because of high spa tial variability makes the quantification of
absolute magnitudes of water input extremely difficult, and thus substantially

reduces the precision with which water accounts can be calculated. It is likely that

the real incident rainfall is somewhere between the remotely sensed but highly
spatially -detailed TRMM estimate and the ground -measured but highly interpolated
WorldClim estimate.

The Andes are characterised by frequent and persistent cloud cover, which can

often be at ground level. Cloudiness is ass ociated with both high rainfall but also
reduced evapo -transpiration because of reduced solar radiation inputs. In addition
where clouds are at ground level and pass through tall vegetation such as forest,

cloud - or fog - interception can be significant. CI oud frequency partly determines
rainfall and the intensity of solar radiation, and follows a similar pattern as rainfall.

It is therefore potentially a good measure of water availability or aridity. Cloud
frequency is greatest in the Amazonian and Pacific flanks of the northern Andes
and very rare in parts of the Bolivian Altiplano. These levels of cloud frequency can
lead to fog inputs contributing up to 10% of annual water flows, even in wet areas,

and up to 50% in areas with high fog frequency and very low rainfall inputs such as
the Chilean coast.

Inputs of water from snow are difficult to assess analytically, given that the

precipitation that forms snow is captured in some of the remotely sensed and

ground station records but is then stored seasonall y until conditions are appropriate

for melting, at which point the inputs contribute to the hydrological regime. Rather

than a distinct input per se , snow is a transient storage affecting seasonal water

yields. Its significance on spring flows is likely to be much greater in the highly
seasonal thermal environments of the southern Andes. In long term climate

analyses like these snow is captured in the precipitation inputs and does not

significantly affect long term mean water availability at the annual and Andes scale,
its effects being largely seasonal and localized.
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1.1.2. Regional scale outputs (evapo-transpiration)

At the Andean scale 0l ossesd of water to soil infil!/
recharge are likelytore  -surface downstream in the short or long term and are thus

not true losses. The only true water loss is due to evapo -transpiration, though even

evapo -transpiration may be recycled as sun -blocking cloud cover or rainfall within

the basin, thus contributing to gains elsewhere. The dominant controls on potential

and actual evapo -transpiration are (a) the available energy in the form of solar

radiation (determined by latitude, elevation, topography and cloud frequency), (b)

the vegetation cover of the surface, and for actual evapo -transpiration (c)th e
available water. Potential evapo -transpiration is greatest in the clear, high -altitude
southern Andes and parts of the northern Andean foothills and Pacific coastal zone,

with maximum values of 1500 mm/yr down to 300 mm/yr in the high, cold, cloudy
peaks of Colombia and Ecuador. Actual evapo -transpiration follows broadly the

same pattern, but with somewhat lower values as it is constrained by the available

water.

1.1.3. Regional scale balance (water balance and runoff)

Precipitation inputs minus actual evapo -transpiration determine the water balance

at a particular location. Because the spatial variability of rainfall in the Andes is

much greater in magnitude than the spatial variability of evapo -transpiration, the
pattern of water balance tends to be dominated by spatial variability in rainfall.
Figure 7 (left) shows water balances for the Andes indicating highly positive values

around 4500 mm for much of the northern Andean slopes throughout Colombia and

in the Eastern Andes of Ecuador, Peru and Bolivia. Water balance values are much

lower (500 -1000 mm/yr) throughout the rest of the Andes, and some negative

balances occur in the high southern Andes, especially in the south -west, indicating
an excess of evapo -transpirati on over local rainfall, the actual evapo -transpiration
being fed by water from upstream. Figure 7 (right) shows the differences in water
balance between the two rainfall climatologies used. In most parts of the And es
these differences vary between 0 and £1000 mm/yr, but in a few places they can

be as high as +5000  mml/yr.

1.1.4. Regional scale stores (dams, wetlands, groundwater)

Because of its mountainous nature, groundwater is not a strong feature of Andean

water resourc es. Though subsurface flows do contribute to groundwater reserves

on the Pacific coastal plain, the most significant water resources are rivers, lakes,

and dam projects. According to the tropics -wide database of dams (Saenz and
Mulligan, 2009), there are a bout 174 dams in the Andean. Of these, 58 are found in
Argentina, 46 in Colombia, 35 in Peru, 15 in Venezuela, 8 in Chile, 6 in Ecuador,

and 6 in Bolivia. The area draining into these dams covers approximately 389,190

km ? (about 11% of the surface area of the Andean system of basins). Eighty -one
per cent of this area is found in Argentina, around 10% in Colombia, 10% in Chile,

6.5% in Venezuela, 5% in Peru, 4% in Ecuador, and less than 1% in Bolivia. The

storage capacity of Andean dams is of at least 100 mi llion m 3, of which just below
50% is found in Argentina, 17% in Colombia, 16% in Venezuela, close to 8% in

Ecuador, around 6% in Chile, 5% in Peru, and less than 1% (0.3%) in Bolivia.

Water from dams assures the provision of potable water to around 50 mill ion
people in the region (Sdenz and Mulligan, 2009).

1.1.5. Per capita water resources and dry-spots

Per-capita water balances (  Figure 8, center) are very low in the southern Andes and
some areas of the northern Andes w ith high population densities, but for much of

the northern Andes the per  -capita water balances are high. The per capita runoff
(Figure 8, right) indicates very high values in the northern and eastern Andes, but

very low values especially in the southwest. When averaging the per -capita water
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balance by municipality in order to understand the likely location of dry -spots, a
number of municipalities in Chile, Argentina, and Bolivia present the least water

balance per -capita. The very least water balance per -capita is found in Antofagasta
De La Sierra in the Department of Catamarca (Argentina).

1.1.6. Water deficits

A range of 20 to 40 liters of freshwater per person per day is considered the

minimum to meet needs for drinking and sanitation (Gleick, 1996). If water for
bathing and cooking is included as well, this figure varies between 27 and 200 liters

per - capita per day. An average of 100 liters of freshwater per -capita per day is
suggested as a rough estimate of the amount needed for a minimally acceptable
standard of living in developing countries, not including uses for agriculture and

industry (Falkenmark and Widstrand, 1992). Furthermore, ubanization increases

water use dramatically.

With an average annual per capita w ater withdrawal of about 600 m 3 the Andean
region is not normally considered water scarce (FAO, 2003a). However, this

average masks a very wide variation in availability (see above). When assuming a
Per-capita water need of 150 liters per person per day, then we can calculate the
water demand ( Figure 9). This excludes agricultural demands that are already
accounted for in the evapo  -transpiration component of the water balance and
industrial demands that are rather specific and focused on individual sites. By
multiplying 150 liters/person/day by the population surface we obtain a water

demand map ( Figure 9, left), which shows demand hotspots in the urban

areas. The annual wa ter supply is given by the modeled water balance

(incorporating evapo  -transpiration demands of agriculture and all other land uses)
(Figure 9, center). The difference between these two represents the water

surplus/ deficit ( Figure 9, right). The demand figures are an order of magnitude less
than supply, indicating that the contribution of is insignificant when compared to

the demand posed on water supply from agriculture an d other land uses.

Clearly the Andes are in surplus north and east of the Peruvian coastal strip, and in

deficit south and west of the same. Though water demands can be greater in the

urban areas because of population concentration, when one considers tha t urban
areas have better developed supply infrastructures, individual water deficits (in

quality as well as quantity) can sometimes be higher in rural areas due to the low

coverage of water treatment plants and aqueducts, and competing water use for

irrig ation. This analysis does not account for water quality, so the picture may

change a little for urban areas with significant upstream land use or mining

impacts.
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Figure7. Water balance for the Andes (mm/yr) (left) and diffecerbetween WorldClim and TRMM
water balance (mm/yr) (right)
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1.2. Water access and quality

The most common factors that limit water access (quality) in the Andes basin are
anthropogenic interventions in the water -producing cloud forest and paramo z ones
(although these are usually protected areas such as National Parks and Nature

Reserves), deforestation, unequal distribution of water, high water demand from

the agricultural sector, and contamination from agriculture, urban, mining or

industrial uses . Factors that lead to local conflict include upstream pressure from

multiple users, increasing threats to environmental flows, and lack of enforceable

regulation.

An approximation of the current status of water access can be obtained from

national censu s data on piped water to households and sanitation facilities (WHO,
2008). Data shows that a quarter of the rural population does not have adequate

water access and more than half have insufficient sanitation facilities ( Table 1).

Water quality in the Andes basin is affected mainly by contamination from point

sources T domestic and industrial wastewater. Non - point sources also contribute -
from livestock and agriculture, and other anthropogenic interventions such a s
deforestation and human activities in the water -producing paramo zones. Especially

in the densely populated northern Andes, the issue of water quality and human
footprint on water quality may be more significant than water quantity (which is
generally pl entiful in the northern Andes).

1.2.1. Factors related to water scarcity in the focus sub-basins

A detailed analysis was carried out to identify the limitations that affect water

access on the sub -basin level, focusing on the three Andes BFP sub -basins Ambato
(Ecuador), Fuquene (Colombia), and Jequetepeque (Peru). Based on these specific

cases, a model was developed that allows the estimation of extent of water scarcity

in the region and water accessibility costs in terms of water access and transport

infrastruct ure costs. The Microsoft Excel -based Water Scarcity Model for the

Andean System of Basins (Appendix A.4a) provides information that can be used
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to guide the integrated management of water resources, especially in rural areas
where access is poor. The user manual to this model (Pulido and Leon, 2009) is
attached as Appendix A.4b.

Ambato sub  -basin (Ecuador)

The Ambato sub -basin in Ecuador is seriously affected by problems of water

scarcity and quality that are mainly related to expansion of the agricultura | frontier
and over -exploitation of the paramo (through burning and grazing), deforestation

of cloud forests, high water demands from the agricultural sector, unequal water

distribution, water contamination, and low levels of precipitation in some areas.

Annual rainfall levels do not exceed 200 to 400 mm/yr and are concentrated during

a period of 7 to 9 months, during which the

desertificationo (Lugo, 1995; in Guaman et
exceeds supply by  40%, causing a water deficit of 903 million m 31yr, which in turn
threatens ecosystem functionality (water regulation) and the maintenance and

sustainability of the hydric resources (Maldonado and Kosmus, 2003; Arias et al.,

2005).

Tablel. Improved water supply and sanitation in the Andean Region, 2006 (WHO, 2008)

Piped water supply (%) Sanitation facilities(%)

Urban Rural Urban Rural
Bolivia 96 69 54 22
Colombia 99 77 85 58
Ecuador 98 91 81 72
Peru 92 63 85 36
Average 96 75 76 47

Faquene sub  -basin (Colombia)

The Flquene sub -basin in Colombia is experiencing a great pressure on its water
resources and water scarcity is increasingly observed due to the unsustainable
productive activities in the basin, including ina dequate soil management (frequent
tillage and high use of agrochemicals and machinery on fragile soils, cultivation on
steep slopes), high water demand from the agricultural sector, deforestation, and
deterioration of the paramo ecosystem. These unsustaina ble land use practices
have led to the loss of soil fertility, decreased productivity, and increased soil

erosion, which in turn has caused the eutrophication and excessive growth of

aquatic plants in Lake Fuquene (JICA, 2000, in Otero and Quintero, 2006).
Furthermore, the water volumes of the rivers discharging into Lake Faquene have
decreased by 50% on average over the past 25 years (CAR, 2006). This, together

with systematic drainage activities carried

of 755%of t he | akebds surface area in the past
Quintero, 2006). Today, the water demand in the basin (127 million m 3/yr) is equal
to the supply (Cantillo and Gonzales, 2008).
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In the urban areas, the vast majority (93%) of the populat ion has access to piped

water of acceptable quality T but not so in the sparsely  -populated rural areas (CAR,
2006), where only 30% of the municipalities have piped water coverage of more
than 70%. Many rural families obtain water from small springs and wel Is, or divert

water from the closest river. However, there are also 24 village water supply

systems with communal tanks and distribution system. With respect to the

sanitation facilities in urban areas, 86% of the municipalities have sanitation

coverage of more than 80% whereas in the rural areas the situation is the opposite,
with 86% of the municipalities having no or less than 15% coverage of sanitation

facilities ( Table 2). The majority of households in rural ar eas therefore use septic
tanks. The development and implementation of a water supply and sanitation plans

i as projected in the Strategic Action Plan for Environmental Management in the

Ubaté watershed 1 is urgently needed. An irrigation and drainage burea u exists at
sub -basin level, however its coverage is limited and in practice the main functions
carried out relate to drainage rather than regulating access to irrigation water.

Table2. Improved water supply and sanitation in tRéiquene sufbasin (MAVDT, 2006)

Piped water supply (%) Sanitation facilities (%)
Urban Rural Urban Rural
coverage Municipa - coverage Municipa - coverage Municipa - coverage Municipa -
% lities % % lities % % lities % % lities %
100 43 71 - 92 29 96 - 100 43 15 - 30 14
91 - 99 50 41 - 70 36 81 - 95 43 1-15 50
70 - 90 7 18 - 40 36 50 - 80 14 0 36
Jequetepeque sub - basin (Peru)

In the Jequetepeque sub  -basin in Peru, the total water demand amounts to 727
million m */yr, with localized water deficits in both dr y and rainy seasons (CIP,
2007). Agriculture is the principal economic activity in the basin, ignoring the fact

that the majority of the soils are not suitable for productive activities. For example,

in the upstream region of the basin there are 13,000 to 18,000 ha. under crop
cultivation, exceeding by far the 2,830 ha. considered as suitable for agriculture
(Universidad Nacional de Ingenieria, 2000). The following socio -economic and
environmental factors were found to affect water scarcity and quality:

ove rexploitation and excessive water demand for irrigated agriculture,

deforestation, and an irregular water regime (65% of the river discharges occur

during three months, February to April, and in the dry season river discharges can
reach volumes of lesstha n1m 3s).

Water access for irrigation in the Jequetepeque basin is regulated by two types of
water rights: water licenses provide permanent and secure water access, whereas
water permits allow water access only if the amount of available water during a
given year exceeds the quantity of water granted to license holders. Water access
is not only un -equal in terms of the types of water right, but also in terms of the
quantity associated with these, since the quantities per unit area assigned to water
licen se holders can betwo - or three -fold those of water permit holders.

1.2.2. Water use magnitude and distribution by sector

The dominant water use in the four Andean countries is agriculture, followed by
domestic and industrial uses, except in Colombia where domes tic water use
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exceeds that for agriculture. The localized situation in the three Andes BFP focus
sub -basins is very similar to these national -level patterns ( Figure 10).

Ambato sub  -basin (Ecuador)

The sources o f water inputs in the Ambato sub -basin are from cloud and fog
interception by paramo vegetation, snowmelt of glaciers, and precipitation. The

water coming from the paramos (11 m3/s) is collected by more than 120 irrigation
channels, and then distributed to the principal cities and urban and rural
communities in Tungurahua province (Jadan, 1999). However, many smaller
communities in the rural areas are not covered by this system and depend

exclusively on rain  -fed agriculture and precipitation water for domes tic uses. The
channeled water is used principally for irrigation (94%), with only 6% being used to
cover basic domestic needs. The agricultural sector consumes approximately 320
million m 3/yr, whereas domestic uses correspond to less than 2 million m 3/yr
(Girard, 2005 en CPWF, 2007).

Fuquene sub  -basin (Colombia)

In the Faquene sub  -basin in Colombia, more than 80% of the available (surface)

water is used for irrigated agriculture, and relatively small amounts are for

domestic (9%) and industrial (6%) uses (Figure 10, center). The total water

demand is estimated at 127 million m 3/yr (MAVDT et al., 2006), of which

approximately 107 million m 3/yr correspond to the agricultural sector. Water

demand for domestic uses am ounts to almost 11 million m 3/yr, 7.5 million m 3/yr for
industrial uses, and less than two million m 3/yr for livestock.

Jequetepeque sub - basin (Peru)

Of the 727 million m 3/yr total water demand in the Jequetepeque basin in Peru, 719
million (99%) are ¢ onsumed by agriculture (Girén, 2003; Lépez and Girén, 2007).
Domestic uses consume less than 1% (6 million m 3/yr) of the water resources, and
demands for other uses such as industrial and livestock are almost negligible

(Figure 10, right).

Piped water access ranges from 40% to 70% in the San Miguel, Contumaza,
Cajamarca, Chepén, and Pacasmayo provinces, whereas in San Pablo province only
34% of the population has piped water access (INEI, 2007). The remaining

hous eholds have water access through the public distribution system outside of
households, through wells, or diversion of water from rivers and springs.

1.2.3. Water use magnitude and distribution by source

Sources of water in the Andean region include glacier, rai nfall, surface, natural and
artificial reservoirs, groundwater, and desalination plants. Data regarding use by

source is fragmented and incomplete. For example, groundwater studies in

Colombia cover less than 15% of the national area. Similarly, most arti ficial
reservoirs have multiple uses and water accounting is not always available for

public consultation, though some information is available related to irrigated areas

by country (FAO, 2003a).
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Table3. Wateruse by sector inhte four Andes BFP countries in 2000 (FAO, 2003a)

Total freshwater

Country withdrawal Domestic Use Industrial Use Agricultural Use
(km °lyr)  (m°Iplyr) (miplyr) (%)  (m3plyr) (%) (m°lplyr) (%)
Bolivia 1,4 157 21 13 11 7 127 81
Colombia 10,7 235 118 50 9 4 108 46
Ecuador 17,0 1283 160 12 68 5 1055 82
Peru 20,1 720 60 8 73 10 587 82

Table4. Irrigated area in four Andean countries (Source: Aquastat, FAO)

Irrigated area

Country % of cultivated area

(in 1000 ha)
Bolivia 128 3.9
Colombia 900 211
Ecuador 863 28.7
Peru 1195 28.1

5.85% 1,48%

0,08%

01Th

9a% 84,06%

Ambato sub - basin (Ecuador) Fuquene sub - bazin (Colombia) Jequetepeque sub - basin (Perd)

B Agricultural @ Household ©  Industrial B Livestock
Figurel0Water use distribution in the Andes subasins by sector

1.3. Threats to water provision and upstream-downstream
linkages

1.3.1. Natural hazards

The Andean region is highly prone to natural hazards such as earthquakes,

landslides, tsunamis, and volcanic eruptions because its territory rests on three

active tectonic plates and is situated withi
the worl dds sei smic atakesplace.llts natuialty asitedf i vi t y
extreme climates, which take the form of successive and lengthy droughts, floods

and strong winds (Comunidad Andina, 2004). The most important water -related
natural hazards that affect livelihoods in the Andes are dr oughts and floods related

to the EI Nifio and La Nifia phenomena. On -going climate change has potentially
contributed to increased magnitude and frequency of these climatic extremes in the

recent past, and their occurrences are predicted to become even more frequent and
stronger in the future. Communities in Andean river basins are highly vulnerable to

disasters because to  economic and geographic reasons such as the occupation of
unsafe sites and environmentally inadequate or non -resilient livelihood options
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1.3.2. Modelling threats to water provision

In order to better understand the threats to current provision of water resources in

the Andes, the FIESTA model was used with three scenarios for change: (a) a land

use change scenario based on continued agricultur alisation of pre -human montane
forest dominated cover, (b) a climate change scenario based on the IPCC SRES AR4
scenarios (IPCC, 2007), (c) an analysis of the contribution of protected versus non

protected lands to downstream flows of water to urban areas (in order to better
understand the potential impact of contamination from non - protected lands through
mining and agricultural impacts).

The scenario for land use change (Figure 11, left and center) took the tree cover
for pre -agricultural times (the climatic potential tree cover) as a baseline for

hydrological simulation and compared this with a simulation based on tree cover as
measured by the MODIS sensor for 2005.

The difference in forest cover ( Figure 11; left) indicates hotspots of forest loss in

the eastern Andes/western Amazon as well as the Pacific regions of Colombia,

Ecuador and Peru. The resulting change in water balance between the historic and

current land use  change scenario is shown in Figure 11 (center). The consequences
have been an increase in water balance (up to 12.5 mm/yr) and runoff (<1%),

resulting from decreased evapo -transpiration of around the same magnitude in
places where forest has been replaced by other vegetation covers. At the Andes -
scale a flow increase is the dominant effect of this deforestation. Though the annual

flow has increased its seasonal variability may also have changed in a positive or

nega tive manner.

In order to evaluate the Andean -scale impact of climate change on water
availability, the FIESTA model was run with a multiple -model scenario for climate
change based on IPCC SRES AR4 (mean of 17 models; IPCC, 2007). Since the

Andean -scale an alysis has no snow component, any effects on glacial melting are

not included in the analysis. However, since glacial melting is not an extra input but

rather a transient storage of existing inputs, it affects the seasonality of available

water but notthe  amount of total available water. Figure 11 (right) shows the
difference in water availability per person between the baseline (current) scenario

and the climate change scenario by 2050, indicating increases in ava ilable water
per person (m */yr/person) throughout the northern and eastern Andes.

Results from analyzing - at Andean -scale - the mean proportion of runoff in rivers

used for urban supply derived from mining operations, showed that between 0 and
10% of t he runoff that reaches most Andean cities comes from areas influenced by
upstream mining operations (for example, 13% for Quito, 5% for Bogota, 8% for

Lima). See Appendix A.3 for further methodological detail and Andean -scale maps.
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Figurel2. Percentage of runoff originating>in mines and quarries (Jequetepeue area, N Peru)

Data on the locations and outputs from industry, mining and urban centers
and their potential impacts on water quality and its downstr eam effects are mostly
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lacking for the Andes. Whilst the UNEP -GEMS database ? contains many stations for
the Amazon, it has very few stations in the Andes. In order to better understand

the potential quality of water and impacts upon it, we therefore looked more
broadly at the origins of water arriving at major cities. There are 24,454 known

mines and quarries in the Andes basin (Hearn et al., 2003). By analysing the runoff
generated in the areas of these mines and its contribution to the total runoff of the

basin we can better understand the likely impact of these mines on water quality.

If we assume that the quality of runoff water from mines is less than that from

other areas, then any presence of a runoff signal from mines which represents

more than say 0.0001% of the runoff (equivalent 1 part per million T a
representative threshold for toxin concentrations) could be considered an impact.
For particular contaminants, specific threshold concentrations will be necessary.

Figure 12 shows an example from the Jequetepeque Basin, Peru where the

proportion of runoff derived from mining operations is illustrated (down to 0.0001%

- 1 part per million). Clearly, mine and quarry waters are soon swamped by runoff

1.4. Conclusions

Water availability in the Andes system of basins is provided in the form of rainfall,

fog (i.e., ground -level cloud cover), and snowmelt. Contributions from fog 10% on
average but can be up to 50% in areas with high cloud frequency and very low

rainfall inputs (such as the Chilean coast). Groundwater sources play only a minor
role, except in large inter -andean valleys, due to steep slopes and deep aquifers.
About 11% of the Andean surface area drains into dams, which play an important

role in regulating s  easonal water availability (mainly for irrigation, urban supply or
hydropower generation downstream). The main water 6I
to evapo -transpiration that varies depending on local conditions of vegetation cover
(including agriculture a  nd all other land uses) and solar radiation. Solar radiation in
turn is determined by latitude, elevation, topography, and cloud frequency. Climate
change will likely increase water availability throughout the Andes and this will be
particularly significan  tin the drier southern Andes.

Water access and quality are limited mainly by anthropogenic interventions, in
particular deforestation, high water demand from agriculture, contamination from
agriculture, urban, or industrial uses, and unequal distributio n of water due to
pressure from several uses. Agriculture is the dominant water user in the four

Andes BFP countries (Colombia, Ecuador, Peru and Bolivia), followed by domestic
and industrial uses 1 with the exception of Colombia where domestic water use
more or less equals that of agriculture.

Two broad trends can be distinguished in the Andes: water availability is generally

not a limiting factor in the northern parts of the Andes (for example the Chocé

region of Colombia and Caribbean lowlands) and alo ng the Amazonian flank of the
Andes from Colombia, through Ecuador to Peru and Bolivia. In these areas water

inputs from rain, fog, and locally, snowmelt, are abundant and evapo -transpiration
is rather low, resulting in water balances of up to 4500 mm/yr f or much of the
northern Andean region. Per  -capita water resources reveal a surplus and sufficient
water is available for much of the northern Andes, with somewhat lower resources

in areas with high population densities (around the capital cities of Bogota and
Quito, and other large urban centers).

In contrast, in the southern Andes water inputs are lower and potential evapo -
transpiration is considerably higher. Water balances for this region are much lower

(500 -1000 mml/yr), and a lack of water supply rel ative to demand is apparent in
the driest areas. Consequently, per capita water balances in this part of the Andes

2 www.gemstat.org/datasrc.aspx
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are also very low, and water deficits are found south and west of a Peruvian coastal
strip, particularly in the clear, high -altitude south -west of the Bolivian Altiplano,
Chile, and Argentina.

2. Water productivity

In this section, we ask
1 What is water productivity?
1 How well is water used?
1 What is known about the efficiency of water use in the Andes region?

2.1. Water productivity in the Andes

Wat er productivity can be narrowly defined as: the crop production per unit of
water used . However, this is not the best representation of the total value of water
for the Andes, nor does it reflect the role of water in the alleviation of poverty. In

the Ande s, we have to consider the importance of water not only for food
production, but also for a significant generation of hydroelectric power (HEP), for
use by large urban populations and important industrial/extractive processes in the
region (e.g., mining), and for the maintenance of environmental flows.

The Andes BFP therefore uses a more broadly -defined view of water productivity

than the measured  crop per drop productivity as defined by the CPWF. We define

water productivity for BFP Andes as: the contri bution of water to human well -being
through production of food, energy and other goods and services. While the Andes -
scale analysis will look at the CPWF agricultural productivity of water (i.e. crop per
drop ), we will also take a broader view at water pro ductivity for other uses.

2.1.1. Agricultural water productivity and crop/drop

Here water productivity at the Andean scale is calculated as the mean crop

production per unit of mean rainfall (the crop per drop of rainfall ) calculated from
analyses of dry matter p  roduction every ten days over the last ten years from 1km
resolution SPOT -VGT data. Once again we use two different assessments of mean
rainfall, the TRMM and the WorldClim (see Appendix B.1 for further detail). Results

indicate that the greatest crop per drop productivity is measured in parts of Peru,
Ecuador, and Chile where rainfall is very low ( Figure 13). The patterns are broadly
similar between the two rainfall climatologies, though the absolute values are

som etimes different because of differences in measured rainfall. Averaging by

elevation and catchment indicates that the lowest elevations and small, lowland -
dominated Pacific and Eastern foothill catchments have the greatest crop per drop
productivity.

Figure 14 shows the calculated dry matter productivity for different agricultural land

uses in the Andes (with agriculture defined according to Ramankutty et al., 2008

and Siebert et al., 2007). The highest productivi ty for all agricultural types is found

in the northern countries T especially Colombia and Ecuador T and in Argentina.
Given the high precipitation inputs in the north of the basin, the greatest crop per
drop productivity is again found in Argentina and pa rts of Ecuador. Water
productivity in the Andes is rather low in comparison with the lowlands especially of
Colombia, Ecuador, Peru and Bolivia.
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Figurel3. Mean water productivity (g/ha./mm) (crop per drop) for WorldClim rairifgleft) and TRMM rainfall
(right)
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Figureld. Dry matter productivity (kg/ha/yr) for pasture (left) , irrigated cropland (center), and all
cropland (right)
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2.1.2. Water for fisheries

Capture fisheries and aquaculture are other impo rtant economic activities in the
Andean region that depend on water resources. Their contribution to total food

production is 1.3% in Colombia, 3.6% in Ecuador, and 0.2% in Bolivia, with a per -
capita consumption of 4 and 6 kg/yr in Colombia and Ecuador. | n Peru, the fisheries
sector is particularly important, and almost 50% of the total food production comes

from aquatic resources. At 21 kg/yr the per - capita fish consumption in Peru is

among the highest worldwide (NMFS, 2002).

A model was developed to (a ) identify the factors that influence aquaculture water
productivity (production per unit of water used including feed) in the Andes, (b)

identify areas with the greatest potential for the construction of aquaculture

systems in the region, and (c) estimate the total investment required for setting up

a semi -intensive aquaculture system at a given site (Appendix B.2). The Fisheries
Model uses data such as slope, distance to water source, distance to urban areas

(for commercialization through access to market s), soil texture, land cover and land
use and population density. The model illustrates the site suitability at different

levels for aquaculture in the Andes region ( Figure 15). Using three scenarios where
differen t weights were given to each environmental factor, it could be concluded

that slope, distance to water source, and distance to urban areas are the factors

that most influence aquaculture suitability. Results indicate around 56% of area in

the Andes are wit  hin the range of moderate to highly suitable regions for fish

farming.
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Figurel5. Aquaculture site suitability in the Andes

2.1.3. Water for hydropower

The Andean countries possess a large hydroelectric capacity. Taking into
consider ation the national energy sectors in the seven countries that have areas in
the Andean region (Argentina, Bolivia, Chile, Colombia, Ecuador, Perua, and
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Venezuela), the reported installed hydroelectric capacity amounts to at least 46,000
MW. For the Andean s ystem of basins the capacity is estimated to be at least
20,000 MW (Saenz and Mulligan, 2009).

Reliable country -level figures of hydroelectric installed capacity are available from
national statistical systems such as the SIEL (Sistema de Infromacién Elé ctrico
Colombiano) in Colombia or CONELEC (Consejo Nacional de Electricidad) in

Ecuador, as well as from the energy ministries in Peru, Argentina, Venezuela, and
Chile. However, estimates for the Andean system of basins are difficult to obtain,

since natio nal -level data do not distinguish hydroelectric capacities for dams in the
Andean highlands. The estimate of 20,000 MW provided by Saenz and Mulligan
(2009) is based on an inventory of dams reported in global registers such as the

World Register of Dams (I COLD, 2003) and national inventories such as INGETEC
(2004) in Colombia. The installed capacities reported by ICOLD (2003) are

relatively comprehensive for dams with hydroelectric plants in Colombia, however

this is not the case for other Andean countries such as Peru, Ecuador or Bolivia.

Improving the Andean dam census and the collection of information on relevant

dam features such as hydroelectric installed capacities is therefore key to fully

recognizing the contribution of the Andean system of basins to the energy industry
in the region. This aspect should be included in future regional projects tackling

these issues. For the purpose of this report, we present energy related figures for

the region at national  -levels and not only within the Andean syste m of basins, due
to the above mentioned data limitations. The hydroelectric installed capacity for the
four focus countries of the Andean system of basins is at least 16,500 MW ( Table

5). Energy production and ener gy sales from hydroelectric plants in these four
countries are significant. The energy generation amounts to over 60,000 GWh/yr,
which underpins an economic sector with annual sales amounting to close to 5

billion USD ( Table 5). The energy sector is very well -developed, and strong actors
are present in the region. The most prominent example is the Spanish Endesa
Energy Group ( www.endesa.es ), which accounts for around five million ¢ ustomers

in the region and controls the majority of energy generation and commercialization
businesses in Colombia (Emgesa), Peru (Edegel, Eepsa), Chile (Engesa Chile), and
Argentina (Endesa 2009).

Table5. Hydroelectric installé capacities, annual energy production and energy sales in the four Andes
BFP countries

Country Installed capacity Tg)\?vlﬁ;gn Energy sales Source
(MW) (2007+) (million USD)

Bolivia 487 1116 95 MHE (2007)

Colombia 10,800 30,000 2747 SIEL (2009)

Ecuador 2056 11,293 960 CONELEC (2009)

Peru 3242 18,187 1081 MEM (2008)

In summary, water productivity in the form of hydropower energy is significant in

the Andean region. Hydroelectricity generation is a strong economic sector, which is
already contri buting significantly to the economic development of the countries in
the region and will probably play an even more important role in the future, due to
its potential for providing energy with a low carbon footprint.

The operation of dam reservoirs can c ertainly be optimized and understood as an

important intervention (WCD, 2000; S4enz, 2009). But, to ensure that the current
productivity of water in the form of hydroelectricity is maintained and improved in
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the region, more efficient and financially viabl e Integrated Watershed Management
(IWM) (including PES Schemes) is required. In order to achieve this, the active
participation of dam companies, in collaboration with other relevant regional

stakeholders involved in the water management process is necessa ry. Such
schemes are particularly promising in the Andean basins as most dam -feeding
watersheds already face land use degradation especially in their upper parts, with
negative onsequences for water quality and watershed sedimentation rates

reaching dam re servoirs (see also sections  4.3.2 and 5.3.2 ). Improved watershed
management approaches and PES could not only mitigate these impacts, but also

help in the adaptation of dam watersheds to the projected effects of climate change
(see section 1.3).

2.1.4. Water for nature: Environmental flows

Environmental flows are often considered as the wat:
have been accounted f  or. Since water is fundamental to sustain ecosystems from

paramos through to mangroves, environmental flows are critical to the continued

provision of ecosystem services and should thus be considered as the flows that

ensure that other water uses are possi ble rather than the flows left over after all

other water uses. The role of environmental flows, and the importance of land

management to protect these, can be illustrated by using the example of protected

areas (PAs). The impact of different land covers o n watershed services is a highly

debated topic. On the basis of the literature the following rules -of-thumb can be

identified:

1 Water quantity services: Protected ecosystems do not necessarily generate
more rainfall than agricultural land uses. Protected e cosystems may even
have higher evapo -transpiration and thus lower water yields. Thus quantity
benefits are difficult to prove.

1 Water regulation services: Protected ecosystems do not protect against the
most destructive fl oods. F oencodragemomea | 6 events t he
subsurface flow and thus more seasonally regular flow regimes. Benefits are

therefore likely especially in highly seasonal environments.

1 Water quality services (where quality is quantity for a purpose): Protected
ecosystems encourage infilt  ration leading to lower soil erosion and
sedimentation. Unprotected land tends to have higher inputs of pesticides,
herbicides, fertilizers, etc. Thus, there are clear quality bene:
the generation of higher quality water than from non -protect ed areas.

Assuming that protected areas have a positive impact on water (especially water

quality) the proportion of streamflow at a point that is derived from protected areas

upstream is thus an indicator of the potential quality of water received and | ack of
impacts from agriculture, industry and mining as well as urban waste -water. Our
analyses of this process indicate that the influence of protected areas declines

significantly downstream of their locations as flows are dominated by the much

more ubiq uitous unprotected landscapes (see Appendix B.1 for methodological

details).

2.1.5. Water for urban populations

The Andean population is highly urbanized with a concentration of large urban

areas in Colombia and, to a lesser extent, throughout the southern And es. These
urban areas are associated with significant areas of irrigated agriculture, and the

highest recorded GDP. Water supply is critical to the operation of these large urban

centers and we can estimate the fraction of water originating from protected areas
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within the boundaries of urban areas, multiplying this by the total urban population

consuming water to derive the number of persons consuming or benefiting from

water which fell as rain on a protected area (see Appendix B.1). Large cities with

signi ficant protected areas immediately upstream clearly benefit greatly from water

filtered through these protected areas, which T all things considered i is likely to be
lower in pesticides, herbicides and other contaminants than water derived from

non - protec ted lands.

2.2. Threats to productivity

As we have seen, land use change in the Andes has tended to replace forests with
agricultural land uses and as such has tended to lead to increases in runoff (1.3.1).

This has disadvantages (runoff will tend to carry mor e sediment, soil erosion will be
significant, runoff may be more seasonal and dry season flows may be lower) but in
general will very likely not have the same impact on agriculture as that of climate

change (1.3.2). The spatial coincidence of pasture, crop land, urban areas and
protected areas in the Andes (Appendix B.1) indicates a highly impacted system in

terms of human land use but also one in which protected areas play a key part in

the maintenance of ecosystem functions and the supply of water to end u sers. On
the basis of the analyses carried out, the continued conversion of the remaining

natural landscape 1 especially Andean forests i to pasture and cropland will lead to
continued increases in water yield, soil erosion, sediment yield and water qualit y

deteriorations which will impact upon these highly urbanized populations.

Climate change is much more difficult to define but for land use change the future
seems very clear. Outside (and perhaps even inside) of currently protected areas,

the need for greater food supplies for internal and external markets will tend to

push landscapes along the same trajectory they have taken historically towards

further agriculturalisation. As a result of climate change we expect global

temperature and rainfall to incr ease, but the projected impact at the regional scale
on the Andes varies between climate models. Here we present the results of 17

GCMs forced by the SRES A2a scenario and presented as differences between the
present and the 2050s (see Appendix B.1 for met hodological details).

In terms of their hydrological impact, Figure 16 shows the mean change in
temperature and precipitation for these 17 models followed by the results from the
FIESTA delivery model applied to this climate scenario. The impact on evapo -
transpiration is generally a small increase as a result of the higher temperatures
increasing atmospheric demand. The impact on water balance is, however, much

more affected by the higher rainfall receipt, such th at water balance is generally
100 mm higher under the climate change scenario, despite the higher evapo -
transpiration.
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Figurel6. Hydrological response to climate change in the Andes (mean of 17 models) for 2050s). Left: mean
annual temperatue change to 2050s(EC), center left: mean annual precipitation change to 2050s (mm), center
right: mean annual evapdranspiration change to 2050s (mm), right: mean annual water balance change to
2050s (mm)

Hence, whilst we can expect continued impacts of land use change on all aspects of
water availability for all water use purposes (Appendix B.1), the big unknown is

climate change. The regional picture for climate change suggests further wetting on

top of that produced by reduced evapo -transpiration as a  result of continued land
use change, but local details are highly uncertain. This suggests that the best

approach from a policy point of view is not to rely on projections of change at all,

but rather to better understand the sensitivity of water and prod uction systems to
change and pay particular attention to careful management where those

sensitivities are high, irrespective of the highly uncertain projections for change. If

we consider the sensitivity of the Andes to land use and climate change (measure d
as % change in runoff per % change in tree cover, % change in runoff per %

change in temperature and % change in runoff per % change in precipitation), we

can identify parts of the Andes that are particularly sensitive to change, however

that change may be manifested ( Figure 17). These areas need to be carefully
managed, especially if important ecosystems and human populations rely on them

for water. Parts of the higher western and central Andes appear more sensit ive to
land use change than the slopes closer to the 500 m.a.s.l. catchment boundary. In

terms of sensitivity to precipitation change, the lower slopes show the greatest

change in runoff per unit change in precipitation. For temperature change, coastal

Peru and Chile show the greatest change in runoff per unit change in temperature.

These are already some of the driest areas in the region.
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Figurel?. Sensitivity of the Andes to land use and climate change: What will happen 5028 we continue to

push? Left: Runoff sensitivity to tree cover change (% change in runoff per % change in tree cover), center:
Runoff sensitivity to precipitation change (% change in runoff per % change in precipitation), right: Runoff
sensitivity to temperature change (% change in runoff per % change in precipitation). Red circles indicate areas of
particularly high sensitivity.

2.2.1. Agricultural productivity

The heterogeneous nature of the Andes means that crops are focused in tight
altitudinal bands thro  ughout, and climate change will thus bring spatial shifts in
agricultural suitability for particular crops with implications for water demands and
conflict with other uses. It is not possible to understand the likely dynamics of
agricultural production for the entire Andes in the face of climate and land use
change using this type of global analysis. But the AguAAndes online Policy Support
System (PSS), developed in the course of this project, makes it possible to look

into these dynamics on a crop by crop basis in any part of the Andes, and thus
readers requiring locally specific analyses should use the policy support system at
http://www.policysupport.org/links/aguaandes for their specific case.

2.2.2. Hydropower production

Understanding the impact of climate cha nge and land use change on the operation
of hydropower dams is beyond the scope of this study. Projects are ongoing to

better understand the likely impact of these scenarios on water productivity at

dams. Clearly land use change has the potential to both i ncrease peak flows and to
contribute (capacity -reducing and turbine  -damaging) sediment to reservoirs thus
affecting their function. Moreover, climate change may also increase mean annual

flows with positive impacts, if not offset by increased flow seasonal ity and/or
sediment concentrations. Improved hydrological knowledge on the way these

threats affect the operation of dams but also a more adequate communication of

these findings, and integration with dam operation and optimization models are
increasingly required to prepare, mitigate, or adapt to these impacts.

2.2.3. Urban and industrial uses

Population growth, damage to ecosystems through land use change and mining
impacts are the main threats to urban populations. Since the general climatic trend
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