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The concept that ecosystems provide services to human societies beyond intrinsic biodiversity value has strongly 
arisen in the last decade of  the 20th century. Since then, this idea has been gaining traction and increased importance 
in many places around the world. The Water Funds trajectory in Latin America, since its Þrst case implemented 
in 2000 in Quito, Ecuador, has been one of  the best examples of  this concept in action. At the moment of  this 
publication, there are 19 Water Funds established from Mexico to Brazil and 24 more in their planning stages, all 
over the continent and mostly located in major metropolitan areas. 

Water Funds are based on the rationale that well-managed watersheds generate water-related ecosystem services to 
downstream water users, who, in turn, will pay for the restoration and conservation of  these watersheds. Ensuring 
that this cycle works well requires that the beneÞts of  watershed management are clearly demonstrated to those who 
are able and willing pay for it. Thus, robust monitoring systems that build empirical evidence about the impacts of  
Water Funds are a center piece of  the establishment of  any Water Fund.

This document, which presents the Þrst monitoring experiences in Latin America Water Funds, is an immense 
contribution to the debate and practical implementation of  this fundamental science component. It links, for the 
Þrst time, monitoring theory and on-the-ground implementation cases in several geographies and conditions. Based 
on seven experiences described in this book, the authors discuss their successes and challenges as well as extract key 
lessons learned that can be applied to improve monitoring systems, and to inform other experiences of  watershed-
related ecosystem services projects. 

This work is another great product of  the long-lasting and fruitful collaboration that we at the Latin America 
Water Funds Partnership proudly have with The Natural Capital Project. As such, it highlights the strength of  the 
partnerships that each Water Fund has with its own local academic partners, a critical part of  the monitoring process 
for the long-term. 

We are conÞdent that the results from the monitoring experiences highlighted in this book, and from the other ones 
that will be developed using the lessons shared here, will serve not only to answer speciÞc questions posed by each 
Water Fund, but will also help to make the case about the importance of  watershed investments if  we want to move to 
a world where biodiversity conservation, water security for large metropolitan areas, and improved rural livelihoods 
will be outcomes of  the same nature-based solutions. 

Fernando Veiga
Latin America Manager, Latin America Water Funds Partnership

The Nature Conservancy, FEMSA Foundation,
Inter-American Development Bank, Global Environmental Facility

Foreword
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It has been a great pleasure for The Natural Capital Project to partner with the Latin American Water Funds 
Partnership over the last Þve years as we worked to strengthen the science base for Water Funds to ensure the best 
outcomes for nature and people. Our early work with the Latin American Water Funds focused on co-creating a 
ßexible, science-based prioritization tool, RIOS, which allows investors to estimate where and in what activities the 
most cost e"ective investments could be made to meet multiple objectives. These objectives span ecosystems and 
people Ð such as base ßows in streams, erosion reduction, improved livelihoods, and biodiversity. Guided by these and 
other tools, Water Funds are an exciting real-world example of  how municipal leaders, public water utilities, private 
companies, NGOs, and rural land stewards can come together to protect and restore watersheds in order to ensure 
clean and ample water supplies now and in the future.

We now have a unique and unparalleled opportunity to provide empirical evidence that these programs are working 
for nature and people. Monitoring and evaluation can help strengthen the case that Water Funds work, building the 
base of  support among local stakeholders and fostering new partnerships that are critical to ensure the longevity of  
these innovative initiatives. The cases highlighted here take the Þrst and critical step of  documenting the impacts of  
watershed conservation and restoration on the hydrologic ecosystem services that these Water Funds are designed 
to maintain or improve. The results will serve to communicate the beneÞts of  such programs to stakeholders and 
potential supporters, to inform strategic planning, and to guide investments so that the greatest beneÞts are achieved.

All of  the cases here demonstrate the immense value of  building partnerships to co-develop monitoring programs that 
last. The partnerships that have grown over the last Þve years around use-driven science to prioritize interventions for 
clean water, developing monitoring principles and guidance, and implementing new monitoring programs hold great 
promise for making lasting change in Latin American Water Funds and beyond. The Natural Capital Project is proud 
to have been part of  this exciting opportunity.

Mary Ruckelshaus
Managing Director, The Natural Capital Project

Stanford University, The Nature Conservancy,
University of  Minnesota, World Wildlife Fund

Foreword
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Introduction
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Water Funds are collective-action watershed 
conservation mechanisms where groups of  water 
users transfer resources to upstream communities 
and land stewards for protection and restoration 
of  areas critical for water supplies. This approach 
is rapidly growing in popularity around the world, 
particularly in Latin America, where 19 Water 
Funds are in operation and many more are in their 
planning stages. These programs hold great appeal 
for their potential to present Ôwin-winÕ opportunities 
for conservation and human well-being. However, 
there is a need to build robust empirical evidence of  
the social and ecological outcomes of  Water Funds, 
in terms of  their impacts on hydrologic services, 
biodiversity, and human well-being. Demonstrating 
the impacts of  Water Funds is critical to ensuring 
continued Þnancial, political, and social support 
for these programs, as well as to their adaptive 
management and improvement over time. 

The Nature Conservancy, in collaboration with the Natural Capital Project, published a Primer on Monitoring 
in Water Funds , which lays out principles and strategies for monitoring hydrological services, biodiversity, and 
socio-economic outcomes. iMHEA (Andean Hydrological Monitoring Initiative) presents complementary guidance 
focused on understanding the impacts of  land-use change on the quantity of  ßow through a paired microwatersheds 
approach.

Here we present the six case studies from the Þrst Water Funds that have begun to implement hydrologic monitoring 
on the ground. We also include a case study from Instituto de Ecolog’a in Veracruz, Mexico, which focuses on a 
robust design to understand the impacts of  land use on hydrologic services. While this last case study is not a Water 
Fund, the results will be used to inform Payment for Watershed Services programs in Mexico, and demonstrates 
how research initiatives may be tailored to support e"ective Payment for Watershed Services design. The purpose 
of  this document is to provide practitioners with practical case studies to explore the successes and challenges of  
implementing hydrologic monitoring on the ground. We describe monitoring objectives and experimental design for 
the case studies, identify challenges and strategies in implementing Ôtheory to practice,Õ and spell out lessons learned 
for implementing monitoring and evaluation in Water Funds. 

Case studies:

1. AQUAFONDO (Lima, Peru) 
2. Fondo para la protecci—n del Agua (FONAG; Quito, Ecuador) 
3. Fondo de Agua por La Vida y la Sostenibilidad (FAVPS; Valle de Cauca, Colombia) 
4. Camboriœ (Camboriœ, Brazil)
5. Extrema (S‹o Paulo, Brazil)
6. Guandu (Rio de Janeiro, Brazil) 
7. Instituto de Ecolog’a (INECOL; Veracruz, Mexico) 

Stream condition monitoring training in Fondo Agua por La Vida y La Sostenibilidad, 
April 2013. Photo credit: Leah Bremer
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Launched in 2010 in Lima, Peru, AQUAFONDO is an example of  a Water Fund with joint environmental and 
social goals. AQUAFONDO was created in response to growing scarcity and contamination of  the water supply 
for approximately 9 million people living in Lima and its three major source watersheds. LimaÕs water quality and 
quantity are threatened by a number of  factors, including mining, municipal and industrial wastewater, agricultural 
runo", population growth, and climate change. Recognizing the need for improved water governance, water use 
e#ciency, and natural infrastructure, Grupo GEA (Grupo de Estudios Ambientales), The Nature Conservancy, the 
Fondo de la AmŽricas, the Sociedad Peruana de Derecho Ambiental, the PontiÞcia Universidad Cat—lica del Perœ, 
and Backus (SAB Miller Pty Ltd) came together to create AQUAFONDO.

AQUAFONDO aims to mobilize Þnancial resources to improve hydrological services through improving watershed 
governance and management in the provinces of  Lima and Callao. Accordingly, AQUAFONDOÕs mission is Òto 
promote the e#cient management of  water as a source of  life and help improve the availability and quality of  water 
in the watersheds of  the Chill—n, R’mac and Lur’n rivers.Ó In addition to addressing current water security concerns, 
AQUAFONDO aims to reduce future water scarcity given that LimaÕs water security will likely be under greater 
pressure due to population and economic growth, ecosystem degradation, and climate change. 

One of  AQUAFONDOÕs most successful on-going pilot projects has involved collaboration with a rural community, 
Huamantanga, in the upper basin of  the Chill—n River (elevation 3,400 m). The district of  Huamantanga has an 
approximate population of  1,318 people. Most family heads are also members of  the community of  Huamantanga, 
which means that 160 community members govern the communal land of  two neighborhoods (Anduy and Shigual). 
Along with a local NGO, Alternativa, AQUAFONDO worked with the community to restore one pre-Incan inÞltration 
channel, nested within a larger system of  pre-Incan infrastructure for inÞltration enhancement locally known as 
mamanteo. Skeptical at Þrst, the community is now greatly satisÞed with the results of  this project, reporting beneÞts for 
water supply during the dry season.  Based on the results obtained with the pilot mamanteo recovery project, and with 
technical support and information provided by CONDESAN and AQUAFONDO, the Huamantanga community 
decided to engage in a pilot project of  degraded pasture restoration through cattle exclusion. The community wanted 
to engage in this project in order to improve water regulation in the catchment, thereby improving water availability 
in the dry season to allow for more irrigated agriculture and improved income. 

Installation of  weirs in the community of  Huamantanga. Photo credit: Leah Bremer
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Figure 1: Location of  monitored catchments in Huamantanga

Highland natural grasslands (punas) form the headwaters of  LimaÕs watersheds and are of  critical importance to 
water ßow regulation. While the project hypothesizes that removing cattle will improve hydrological regulation and 
dry season ßow (also called Òbase ßowÓ), few studies have been done in punas to test this hypothesis. 

AQUAFONDO is monitoring the pilot Ôgrassland conservation projectÕ in Huamantanga in order to understand 
the potential social and hydrological beneÞts (and/or risks). Through comparison of  paired microwatersheds, 
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this project will improve understanding of  the relationship between land use (conservation vs. degradation) and 
hydrologic response. This understanding will contribute to improved land-use decision making by the community of  
Huamantanga and beyond. The Huamantanga community is supportive of  this e"ort and will participate fully in the 
monitoring process. 

The goals of  the monitoring program are to 1) inform adaptive management (for both AQUAFONDO and the 
community of  Huamantanga) by evaluating the hydrologic and socio-economic impacts of  conservation activities1, 
2) demonstrate the value of  natural infrastructure projects on ecosystems and human well-being, and 3) build support 
for future projects.  

In addition to providing important information on land-use impacts on hydrological regulation (a key objective of  
AQUAFONDO), the paired microwatersheds will contribute to a growing network of  hydrological monitoring in 
the Andes, through CONDESANÕs Initiative for Hydrological Monitoring in Andean Ecosystems (iMHEA by its 
acronym in Spanish). This initiative has supported monitoring in high Andean grassland ecosystems for 4 years 
at di"erent sites (Quito in Ecuador, Piura, Huaraz, Apurimac in Peru, and Cochabamba in Bolivia). Monitoring 
results show promising trends where pasture conservation has lead to improved hydrologic regulation. Monitoring 
in Huamantanga will contribute to this network of  sites, providing replication and comparison with other locations. 

Given that cattle removal has not yet begun, this project presents a unique opportunity to monitor the impact of  cattle 
exclusion on hydrological regulation in both a treated and a control microwatershed (a robust Before-After-Control-
Impact design). This closely follows the recommendations in the Primer on Monitoring in Water Funds  (Higgins 
and Zimmerling 2003) as well as the iMHEA protocol (Celleri et al. 2013) (Figure 1). 

The monitoring focus is at the microwatershed scale (catchment size 1.7 and 2.1 km2), in line with the current scale 
of  intervention, following the iMHEA protocolÕs paired catchment approach (Celleri et al. 2013). Both catchments 
were selected to have conditions as similar as possible, with the exception of  the speciÞc land use on which we aim 
to assess the hydrological impact. In this case, it means that soil, climate, and geological conditions are hypothetically 
the same in both catchments, whereas the land use (i.e. grazing regime) is di"erent. Since both catchments have been 
historically under a severe grazing regime, this provides the baseline condition without intervention. The baseline 
before intervention will be monitored during one hydrological year. Ideally, one of  the catchments will continue 
to have this land use and act as the ÒcontrolÓ site, whereas the other one will enter a di"erent regime, grazing 
exclusion, and act as the ÒimpactÓ site. Both sites will be monitored before and after impact. In the latter catchment, 
improvement of  hydrological regulation is expected following grazing exclusion. The decisions on grazing are not 
fully under our control, but this combined design of  before-after and control-impact o"ers a robust information basis. 
The full year of  ÒbeforeÓ data in both catchments will allow corroborating the paired catchment design hypothesis 
that they are similar in all aspects but the land use decision. 

The degradation of  the catchments caused by overgrazing has not reached levels that cause severe soil loss. Grass 
cover is still relatively complete. Therefore, clear recovery of  grass cover is expected, once cattle are excluded from 
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the area, while a longer delay in hydrological recovery is likely. The study aims at measuring the gradual increase in 
hydrological regulation performance, as described through selected indicators such as: 

�t�� �"�O�O�V�B�M���S�V�O�P�����D�P�F���D�J�F�O�U
�t�� �#�B�T�F���n�P�X���J�O�E�F�Y
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�t�� �'�M�P�X���E�V�S�B�U�J�P�O���D�V�S�W�F
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�t�� �(�S�B�Q�I�J�D���W�J�T�V�B�M�J�[�B�U�J�P�O���P�G���T�F�M�F�D�U�F�E���S�B�J�O�G�B�M�M���F�W�F�O�U�T���J�O���I�J�H�I���S�F�T�P�M�V�U�J�P�O���U�J�N�F���T�F�S�J�F�T
�t�� �-�B�H���U�J�N�F���P�G���D�B�U�D�I�N�F�O�U���n�P�X���S�F�T�Q�P�O�T�F

Monitoring in AQUAFONDO also includes a social impact assessment and socio-economic monitoring plan.  The 
social impact assessment follows a process outlined by Forest Trends for social impact assessments in Investment 
for Watershed Services projects (Richards and Mwampamba 2013), which adapted a more detailed methodology 
developed earlier by Forest Trends and the Climate, Community and Biodiversity Alliance (PanÞl and Richards, 
2011). This process provides a way to assess and improve outcomes of  a proposed conservation project on multiple 
dimensions of  human well-being, including community social cohesion. Moreover, it provides a means to strategically 
link hydrological and social monitoring through a clear description of  expected and potential beneÞts and risks 
associated with changes in ecosystem management, function, and services. The socio-economic monitoring plan is 
not included in this document but will be described in a parallel case study. 

Monitoring in Huamantanga began in July 2014. The Þrst records include the dry season period in the region. Base 
ßow registered in this season is 0.11 l/s/ha for both catchments. These Þrst data seem to conÞrm the hypothesis that 
both catchments, with the current land use regime, do not have signiÞcant hydrological di"erences. 

Data will be analyzed according to the data processing guide of  iMHEA (Ochoa et al. 2014). Hydrological monitoring 
in both catchments will measure rainfall and ßows. Rainfall data are checked for gaps and then aggregated to produce 
time series for di"erent time intervals (5 minutes, hourly, daily, monthly, and yearly). According to each type of  
analysis, data of  di"erent intervals of  aggregation are used.  Analysis will include spatial variability, total rainfall in 
the catchment, seasonal variations, and the intensities of  individual rainfall events. 

Flows are calculated from pressure sensor data. A combined triangular-rectangular weir is used in both catchments. 
Correct sensor operation is checked with volumetric ßow measurements on site, performed with each bimonthly 
download of  data. The ßows are normalized for catchment size so that values of  speciÞc discharges are comparable 
between catchments. 

Flow data go through a severe quality control process in order to identify gaps and errors. Flows are then calculated 
on an hourly, daily, monthly, and yearly basis. Indicators, such as mean ßow, minimum ßow in dry season, and 
maximum ßow, will be calculated.    
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When rainfall and ßow data are processed, data of  the same time interval can be visualized on the same time scale, 
and ßow response to rainfall events can be observed visually. More powerful indicators that combine rainfall and 
ßow, and reßect hydrological behavior, can be calculated, including annual runo" coe#cient (ßow volume/rainfall 
volume) and di"erence between ßow and rainfall volume. These indicators represent water regulation and water yield 
capacity of  the catchment. 

The intervention in Huamantanga is aimed at increasing water regulation capacity of  the catchment. The most 
important indicator in this respect is considered to be minimum dry season ßow, an indicator that can be determined 
and compared between catchments with a year of  data, although it is more robust when using longer time series. On 
the other hand, water yield is more dependent on the rainfall quantity of  a speciÞc year, and would therefore require 
longer time series to be determined. The same holds for ßow duration curves and their speciÞc points of  5th (high 
ßow) and 95th (low ßow) percentiles. 

The multi-indicator approach is recommended by Ochoa et al. (2014) and is currently under evaluation in all of  the 
iMHEA initiative sites.

Initial results will have di"erent paths of  inßuence, and each path requires appropriate formats to present data and 
information. First, at the community level, information will help support the decisions regarding cattle management. 
If  the hypothesis is veriÞedÑthat cattle exclusion improves water regulationÑthen the community may decide to 
expand this management strategy. Later, at the watershed level, information generated can inform discussions and 
negotiations of  a mechanism for rewards for ecosystem services, and contribute to sustainable watershed management 
of  the catchments that provide water to the city of  Lima. And Þnally, at the regional Andean level, this information 
will expand scientiÞc knowledge on the hydrological behavior of  Andean ecosystems. This site can be compared to 
others in the iMHEA network, drawing more generalizable conclusions on the impact of  grazing regimes on water 
regulation. 

Monitoring at the scale of  interventions (in this case the microwatershed scale), in a paired catchment design, 
allows for quick (2-3 years) assessment of  land management impact.

This monitoring design focuses on small-scale beneÞts (relevant to the local community). Quantifying potential 
downstream beneÞts (for Lima) remains a challenge.

Monitoring in Huamantanga is unique in that baseline monitoring was one of  the Þrst Water Fund activities. 
The process of  involving the community in monitoring itself  helped facilitate development of  the conservation 
project. 

The Huamantanga monitoring site is part of  the iMHEA network. This is an opportunity to contribute to 
regional analysis on hydrological behavior of  Andean ecosystems, and has the potential to contribute to high 
level policy making. 
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Work with communities takes time and social expertise but, is an opportunity and key component of  project 
sustainability (both conservation and monitoring).

It is important to identify and communicate predicted social beneÞts of  the hydrological services targeted. This 
will allow for commitment by the community from the beginning of  the monitoring project. 

Having both a strong group of  partners and community support is key to success. 

Social and hydrological monitoring should begin at the same time. This will allow for evaluation of  the beneÞts 
and risks of  both as the project develops.

Monitoring is an opportunity to facilitate community-based conservation. Even before the Þrst measured 
numbers appear, it already motivates reßection and discussion.

Monitoring at the scale of  activities is the most direct way to generate relevant quantitative information in the 
short term.

It is challenging but important to link the intervention to downstream beneÞciaries. 

Complementary to the downstream water users, that drive the initiative at catchment scale, upstream beneÞciaries 
are important to consider as well.

The feedback and experience of  the regional network of  the iMHEA initiative has been essential to the success 
of  this monitoring site. The common protocol allows for the comparison of  results with other sites of  the 
initiative and with the same indicators. 

Community of  Huamantanga. Photo credit: Leah Bremer
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REQUIRED MONIT ORING EQUIPMENT

FLOW

APPROXIM ATE COSTS

3,5701,785

$ 4,680

2

QUANTITY DETAILS Total cost
(USD)

Cost per unit
(USD)

Flow sensor (INW ventilation tube)

9304652 Cables

180365 Driers

TOT AL FLOW MEASUREMENT (USD)

PRECIPITATION
3,900650

$ 4,546

6 Rain gauge (HOBO / ONSET WITH DATALOGGER PENDANT)

2701352 Cables 

2102101 Software

66116 Batteries for discharge (1x rain gauge)

100502 Driers for Datalogger 

WEIR AND FENCES FOR PROTECTION OF RAIN GA UGES
7,0003,5002 Weirs (materials and construction)

2,4004006 Fences for rain gauges with wooden posts and wire fencing (material and construction). 

1001001 Tool box

TOT AL  PRECIPIT ATION MEASUREMENT (USD)

STAFF
370370

$ 14,940

1 Coordinate with authorities in Huamantanga (2 people)

1,3101,3101 Selection of two microwatersheds (2 people)

1,0001,0001 Design of monitoring systems; selection and purchase of monitoring equipment

8408401 Planning for location and transport of field equipment (2 people)

3703701 Coordination of field work and transport of materials

5,2755,2751 Construction of weirs and fences for protection of flow meters and rain gauges

4,0654,0651 Installation of monitoring equipment; capacity building of person in charge of 
hydrological monitoring.

1,7101,7101 Download of initial data; calibration of field equipment; evaluation of data quality; 
capacity building (2 field days; 3.5 office days)

Total STAFF

$ 9,400TOT AL MA TERIAL + CONSTR UCTION (USD)
$ 18,726TOT AL EQUIPMENT

$ 33,626TOT AL PROJECT
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2FONAG«s current board members are: EPMAPS -Empresa Pœblica Metropolitana de Agua Potable y Saneamiento Empresa ; EEQ- Empresa ElŽctrica 
Quito; TNC- The Nature Conservancy; Cervecer’a Nacional, Tesalia, and Consorcio CAMAREN

The Quito Water Fund, FONAG, was founded in 2000 by QuitoÕs water company EPMAPS (Empresa Pœblica 
Metropolitana de Agua Potable y Saneamiento) and The Nature Conservancy (TNC). As one of  the oldest Water 
Funds, FONAG has inspired establishment of  dozens of  other Water Funds throughout Latin America2. FONAG 
was created to provide a sustainable funding mechanism to support watershed protection for Quito and currently has 
$12 million USD in its 80-year delimited trust and an annual budget of  approximately $2 million USD. FONAGÕs 
primary objectives are to maintain water quantity (particularly during the dry season) and quality by promoting 
protection and sustainable management of  QuitoÕs source watersheds. 

Given the great importance of  the p‡ramo (high elevation Andean grasslands) to QuitoÕs water supply, FONAG 
focuses much of  its e"orts in maintaining or improving the integrity and function of  this ecosystem. This strategy is 
seen as the most e"ective way to maintain or improve water quality and base ßow at EPMAPS intake points, avoiding 
the need to build more infrastructure for water supply for Quito. FONAG has four conservation and watershed 
management programs to achieve these objectives:  a) protection of  key p‡ramo areas from grazing and burning 
through park guard surveillance; b) restoration of  degraded areas through riparian fencing, passive restoration of  
p‡ramo areas through cattle and Þre exclusion, and active restoration through replanting of  p‡ramo plant species; c) 
environmental education; and d) hydrologic data management.

While FONAG has been successful in obtaining funding and implementing watershed conservation, questions 
remain as to whether FONAGÕs activities are achieving stated ecosystem service goals. To answer this, monitoring 
and impact evaluation is now a key priority for FONAG. In collaboration with TNC and the University of  San 
Francisco, FONAG has developed a monitoring program to evaluate the impacts of  p‡ramo protection and restoration 
on ecosystem integrity (deÞned as an ecosystem structure similar to areas with little human disturbance), water 
quality, and ßow (Encalada et al 2014 a, b). Monitoring has been implemented through partnerships with FONAG 
park guards and Þeld technicians. Monitoring results will be used to inform adaptive management Ð including the 
type of  management to pursue, on what scale, and where - as well as to report measures of  success. The approach 
followed provides information on short-term results (regarding the implementation of  interventions and potential 
changes in threats), and longer-term impacts (in terms of  the ecosystem integrity and water quality). The proposed 
goals and indicators for water quantity and quality are shown in Table 1.

SpeciÞcally, in accordance with FONAGÕs strategic plan 2020, monitoring was designed to answer the following 
questions: 
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Are FONAGÕs activities resulting in a reduction in the prevalence or intensity of  critical threats present in the 
water supply areas (e.g. burning, cattle)? 
Are FONAGÕs activities resulting in a maintenance and increase of  natural cover and connectivity? 
Are FONAGÕs activities improving terrestrial and aquatic ecosystem integrity?
Are FONAGÕs activities resulting in an increase (or maintenance) of  water retention capacity in targeted areas, 
observed through an increase (or maintenance) in base ßow?
Are FONAGÕs activities resulting in a reduction of  bacteria; an improvement (or maintenance) of  water quality 
parameters; and an increase (or maintenance) of  nutrient retention capacity of  the basins, resulting in reduction 
of  nutrient concentrations?

Indicator Macro Indicator Specific Goal Baseline 2014

Dissolved oxygen

Ph

Conductivity

Temperature

Nitrogen and sulphur

Base-flow behavior of
watersheds of hydrologic
importance for FONAG.  

Water quantity regulation

Water quality regulation
By 2022 water quality of
rivers within priority areas
will comply with the Water
Quality Index for high
montane Andean rivers. 

By 2022 achieve stable
flows in hydrologically
important areas for
FONAG. 

Current study in Antisana,
Cotopaxi and Cerro
Puntas developed by
Universidad San Francisco
de Quito. 

Water balance reports of
FONAG hydrologically
important areas. 

Coliforms

Aquatic invertebrates

Table 1: Proposed goals and indicators for water quantity and quality in the 2020 plan.

Water quality and ecosystem integrity monitoring design and rationale

This case study focuses on water quality and ecosystem integrity monitoring carried out by the Universidad San 
Francisco de Quito (USFQ). Ecosystem integrity is deÞned as ecosystem structure and function characteristic of  
p‡ramo areas with little human disturbance. Monitoring takes place in three study sites: Cerro Puntas, Antisana, and 
Mudadero, chosen for their importance for QuitoÕs and surrounding communitiesÕ water supply (Figure 1). Within 
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Figure 1: Monitoring study areas 

MONITORING
SITES LOCATION Cerro Puntas
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Mudadero
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QUITO
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COTOPAXI

Ecuador

Perú

Colombia

N

Ecuador

Perú

Colombia

Antisana, more intensive monitoring, including monitoring of  water quantity, is being carried out in Jatunhuayco, an 
area where FONAG is testing various restoration strategies. FONAG began working in these sites in 2012. 

In Cerro Puntas (5,291 ha), FONAG is supporting the park guard surveillance program as well as organic agriculture 
and irrigation e#ciency projects with the local community. In Antisana (7,549 ha), FONAG’s activities include park 
guard surveillance as well as páramo grassland restoration trials. Finally, in Mudadero (7,389 ha), FONAG currently 
supports the park guard surveillance program, but also plans to carry out restoration activities in the future. 
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Stage 1: Diagnostic

Monitoring design and implementation was carried out in a series of  steps. The first step was a diagnostic designed to: 
1) create a baseline by characterizing the current state of  selected study areas in terms of  water quality and terrestrial 
and freshwater ecosystem integrity and 2) use this information to develop long-term program goals and indicators to 
track through time. Paired microwatersheds (including control microwatersheds where FONAG is not working and 
intervention microwatersheds where FONAG is working) were selected in each study area (Figure 2). 

Figure 2: Study areas with control and intervention subwatersheds. Red points are control subwatersheds and yellow are intervention subwatersheds. Blue dots are 
areas where more intensive monitoring, including monitoring of  water quantity, is being carried out in Jatunhuayco, an area where FONAG is testing various restoration 
strategies.

A

B

Cerro Puntasasas

Control
Intensive
Intervention

Control
Intervention

C

Antisana

Antisana

Cotopaxi

Mudadero

N

N

N

Control

Intervention
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Figure 3: Monitoring design within each control and interven-
tion microwatershed.

Table 2: Indicators used during the diagnostic phase

Control and impact microwatersheds were selected to represent conditions as similar as possible with the exception 
of  the existence or not of  FONAG activities. The specific design for each study site is shown in Figure 3. Five water 
quality samples were collected at 20 meter intervals along a section of  100 meters within each microwatershed. In 
addition, a 300 x 10 m riparian area along the stream was sampled every 15 meters (n=20 samples), to assess vegetation 
cover type, number of  vegetation strata and predominant vegetation species.  Finally, four 15 meter transects were 
established 30 meters and 100 meters from the stream (8 total) to assess species richness, functional diversity, and 
vegetation cover in the surrounding terrestrial areas.

Ecosystem Type

Physical

Aquatic

Terrestrial

Chemical

Biological

Biological

Indicator

pH
Dissolved oxygen concentration
Temperature
Conductivity
Stream flow
Geomorphological characteristics (meanders, pools, 
etc.)
Light density
Riverine vegetation cover
Stream substrate composition
Total water solids (dissolved, volatiles, total)

Sulfates
Ammonium
Nitrate
Nitrite
Phosphate

Macro-invertebrate community composition and 
structure
Total coliforms
Escherichia coli
Chlorophyll
Ecological Quality Ratio Index - calculated based on 
the Andean Biotic Index that measures tolerance 
levels of  macro-invertebrates to pollution levels in 
streams (Ríos-Touma, 2014).

Vegetation cover
Percentage of  bare ground
Density and richness of  species
Life-form diversity

Stage 2: Monitoring design and implementation

Using the results of  the diagnostic, USFQ and FONAG (in collaboration with The Nature Conservancy and The 
Natural Capital Project) developed a monitoring design based upon the water funds monitoring primer (Higgins and 
Zimmerling 2013). 

The main principles for the monitoring design were:

 Develop a design that allows for the attribution of  impacts to FONAG interventions through selection of  
 control and intervention areas (Figure 2). 
 Develop a monitoring system that can be used to guide management decisions, through measuring:
  -Threats to ecosystem integrity (e.g. cattle)
  -Freshwater ecosystem integrity (including water quality)
  -Terrestrial ecosystem integrity

300 meters

30 m

100 m

15
 m

Aquatic Ecosystem
Sampling points

Vegetation
Sampling 
transects

Initial indicators were selected based on discussions with the Water Company and FONAG sta", regarding how to 
link FONAG activities with water quality, and terrestrial and freshwater ecosystem integrity (Table 2). Existing water 
quality data from EPMAPS´s was also reviewed to identify key water quality issues.
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ANTISANA

Monitoring
category

Monitoring
frequency

Frequency
for analysis

and
systematization 

Objective Responsible

Monitoring
of  threats

Daily Monthly FONAG park guardsObj. 1. Reduce 2014 rate of
cattle sightings by 70%. 

Monitoring
of  aquatic
ecosystems
(Water
quality)

FONAG technical staff  and park
guards, USFQ technical support

FONAG technical staff  and
park guards, USFQ technical
support

FONAG park guards collect
samples, USFQ analyze samples
and provide technical support

FONAG technical staff  and
park guards, USFQ technical
support

Obj. 3. Increase percent shrub cover to 5%
within 2 years.

Obj. 4. Increase or maintain dissolved oxygen
levels to >6mg/L in Jatunhuaycu river
within a year.

Obj. 5. Reduce NH4 concentration to <0.05
mg/L in the Jatunhuaycu river within a year.

Monitoring
of  terrestrial
ecosystems

Annual Annual

Annual Annual

Annual

Every
four
months

Weekly  

Annual

Weekly  Annual

FONAG technical staff  and
park guards, USFQ technical
support

Obj. 2. Reduce percent bare ground to
2% within 2 years.

Complementary indicators
Chemical and physical water variables
will be monitored in situ to allow
characterization of  natural yearly
variations in pH, oxygen, conductivity,
temperature and flow level 

FONAG technical staff  and
park guards, USFQ technical
support

Every
four
months

Annual

Complementary indicators 
Chemical and physical water variables
will be measured in the laboratory to
allow characterization of  natural yearly
variations in ammonium, nitrates,
sulfates, phosphates, coarse organic
matter, total coliforms and escherichia
coli, iron, organic matter

Monitoring
of  aquatic
ecosystems
(Riverine
areas and
Community
composition)

FONAG technical staff  and
park guards, USFQ technical
support

USFQ technical support

Obj. 6. Increase percent canopy cover
to 10% in riparian vegetation within
1 year.

Annual

Annual

Annual

Annual
Complementary indicators Obj. 6. 
Index of  Riparian Quality (QBR) and
Fluvial Habitat Index (IHF)

USFQ technical support
Every
four
months

Annual
Obj. 7.
Improve the Andean Biotic Index for
aquatic macro invertebrates to more than
70 within 2 years. 

USFQ technical support
Every
four
months

Annual
Obj. 7.1 Improve the Ecological Quality
Ratio Index from “Intermediate” to
“Good” within 2 years.

Every
four
months

Annual

Complementary indicators Obj. 7.
Monitor macro-invertebrate community
composition and with USFQ technical
support assess potential seasonal and
phenological changes

USFQ technical support

Table 3: Selected indicators, monitoring frequency, and responsible agency, for monitoring in the Antisana watershed.

The same intervention and control microwatersheds established in the diagnostic will serve as long-term monitoring 
areas. The diagnostic informed the final selection of  indicators, program objectives, monitoring frequency, and 
responsibilities (shown for Antisana in Table 3).
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The monitoring program was set up to include training of  FONAG park guards in collecting some of  the monitoring 
data in order to ensure the long-term sustainability of  the monitoring e"ort. Project partners are also creating a 
handbook for standardized monitoring of  water quality and freshwater and terrestrial integrity in order that 
monitoring protocols can be carried out by other institutions in the future. This handbook will also be useful for other 
Water Funds interested in monitoring implementation. 

BOX 1. Monitoring the impact of restoration on water quantity
In 2013, FONAG established a water quantity monitoring program in the Jatunhuaycu watershed 
(Fuentes 2013), which is part of  the Antisana property (7000 ha). This monitoring is separate from, but 
complements, the water quality work described in this study. The property was purchased by EPMAPS 
in 2011 with the objective of  improving management in this critical source water area, and they have 
now entrusted FONAG with its management and restoration. The Jatunhuaycu watershed provides the 
opportunity to evaluate the water quantity impacts of  FONAG´s interventions to restore degraded páramo 
areas through protection from grazing and burning, and a variety of  strategies for restoring páramo grass 
and wetlands. The water monitoring system design follows the guidelines of  the Regional Initiative for 
Hydrologic Monitoring in Andean Watersheds (iMHEA in its Spanish acronym), with technical advice 
from EPMAPS, the Adaptation to Accelerating Retreat of  Glaciers in the Andes Project, CONDESAN, 
The Nature Conservancy, and the National Polytechnic School (EPN).

The monitoring program specifically focuses on understanding the impacts of  vegetation cover on soil 
hydrology and on the supply and regulation of  flow. The study design is focused at the microwatershed 
scale. 

Questions addressed by monitoring are:

 How much water is supplied by Jatunhuaycu in its currently degraded state?
 What is the impact of  di"erent restoration strategies (both active and passive) on water yield and 
             water regulation?

At the microwatershed scale, FONAG hypothesizes that it will find changes in water regulation with 
restoration. There are 4 microwatersheds within the larger Jatunhuaycu watershed. The monitoring 
design focuses on 3 of  these watersheds. The three microwatersheds chosen (1.3 km2, 2.2 km2, and 2.8 
km2 in size) are characterized by a medium to low state of  degradation (determined through analysis of  
vegetation cover and degradation). The design follows the IMHEA protocol (Celleri et al. 2013) where 
a weir and level sensor to monitor level (to be converted to flow) have been placed at the outlet of  each 
microwatershed. These automatic level sensors record water level every 15 minutes. An additional station 
was placed at the outlet of  the Jatunhuaycu watershed to evaluate larger scale changes over time. Two rain 
gauges were also placed in each microwatershed and in the larger Jatunhuaycu watershed in accordance 
with the iMHEA protocol. Monitoring began in 2014 and restoration activities will commence in 2016, 
providing a 2-year baseline of  data before active restoration starts. 
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Results of  the diagnostic showed contrasting results for the aquatic and terrestrial ecosystem integrity in the three 
study sites. In general, the quality of  most of  the aquatic ecosystems was characterized as ÒmoderateÓ, with no 
consistent di"erences between the FONAG intervention and the control microwatersheds (Figure 4). Furthermore, the 
diagnostic revealed a great level of  variance, which suggests that e"ective monitoring will be possible only after a solid 
baseline has been established for critical indicators, especially those related to the physical-chemical characteristics of  
the water in these streams. Some water quality indicators showed better conditions in streams managed by FONAG 
than the control streams (see, for example, Figure 4), but this was not statistically signiÞcant. 

Figure 4: Andean Biotic Index, based on methodology in R’os-Touma, 2014
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Figure 5: Percent shrub cover and percent bare ground in control and management microwatersheds monitored.  

In contrast, the diagnostic showed that the terrestrial ecosystems in all study sites are in poor condition, with clear 
signs of  cattle activity and Þres, as evidenced by large amounts of  bare ground and a notorious absence or scarcity 
of  the shrub layer that characterizes healthy p‡ramo ecosystems. For terrestrial ecosystems, however, the diagnostic 
revealed consistent di"erences between FONAG and control sites. SpeciÞcally, FONAG sites showed signiÞcantly 
lower amounts of  bare ground, and higher coverage and representation of  shrubs (Figure 5). 

These consistent di"erences across the three sites strongly suggest that the vegetation of  the FONAG sites is starting 
to recover after the signiÞcant reduction in grazing and burning pressure that has resulted from the intervention of  
the Water Fund. From this perspective, it can be inferred that future years of  continued management will bring not 
only a further recovery of  the terrestrial ecosystems, but also an improved status of  the ecological integrity of  the 
aquatic environments that drain these landscapes. Such potential changes can only be assessed through a consistent 
monitoring system directly incorporated into the management activities of  the Fund.

Following the diagnostic, the Þrst monitoring event was carried out in September 2014. As expected from the short 
period between the two sampling events, the data collected and analyzed did not show any signiÞcant departure from 
the baseline data collected during the diagnostic. 

The monitoring program is conceived as a long-term initiative (at least 30 years). FONAG has included funding for 
monitoring in their budget and it is expected that the Fund will be able to cover future monitoring costs. 

The lack of  an appropriate baseline to allow a precise characterization of  the natural variability in key indicators 
of  water quality and ecological integrity is a challenge. With the diagnostic work, FONAG has a baseline that 
can help show in the future changes due to the activities implemented in the ground. 
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Most of  the areas of  interest to FONAG have experienced a long history of  widespread impacts from burning 
and grazing of  native vegetation. In this context, reference sites are few or inadequate, precluding a fully 
controlled design with control and reference sites.

Di"erent time scales are needed to assess the status and potential responses of  aquatic and terrestrial ecosystems. 
Initial results for the study areas show that terrestrial p‡ramo ecosystems recover quickly from cattle removal. 
In contrast, aquatic ecosystems were not as severely a"ected, and diagnostic data could not show a signiÞcant 
di"erence between sites managed by FONAG, and comparable sites that are not being managed. From this 
perspective, it is important to consider the levels of  resiliency and response times of  di"erent ecological systems, 
and incorporate them into the monitoring schemes.

The di"erent responses of  aquatic and terrestrial ecosystems suggests that the time scales needed to see impacts 
of  management need to be individually determined for the di"erent environments. These contrasting responses 
must be incorporated in the design of  the monitoring programs.

Monitoring design and implementation must incorporate sustainability considerations from beginning. The 
success of  the proposed monitoring is linked with continuous funding of  this activity. FONAG has secured 
funding for continuing monitoring in the long term, which presents a very good opportunity for showing 
success of  its activities and of  the Water Fund model.

Monitoring design must be done to answer relevant questions that are critical for main stakeholders (e.g. the 
Water Fund board, including Quito water company, electric company, etc.). It is very important that these 
stakeholders get involved in monitoring design, as well as to keep them informed of  the monitoring results.

Monitoring design must aim to be as robust as possible in order to produce statistically valid results. But reality 
has shown that it is di#cult to have good baseline, controls and reference points.  Also, availability of  Þnancial 
resources is an important limitation, especially when considering the long-term scales that are relevant for the 
management of  these landscapes. In the face of  these limitations, the monitoring design should be very careful 
in choosing the most relevant indicators (ambition should match available funding), and state very clearly 
assumptions and limitations. 

Working with an academic institution such as the University of  San Francisco de Quito proved very e"ective 
and provided credibility of  monitoring results

E"ective monitoring programs are likely to depend on Þnding an appropriate balance between the investments 
needed to implement the monitoring and the quality and usefulness of  the information produced. Large 
numbers of  indicators and intense sampling schedules are likely to produce detailed information that could 
guide the management of  the areas of  interest. The costs of  such programs, however, reduce the probability of  
sustaining them in the long-term. On the contrary, careful selection of  indicators and sampling strategies could 
result in a program that o"ers useful management information, while reducing the costs of  the monitoring 
system and increasing its potential sustainability.
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NOTE: Budget does not include FONAG, The Nature Conservancy (TNC) and Natural Capital Project (NatCap) 
technical sta" time and operating costs.

Technical team Universidad San
Francisco (Senior Aquatic Ecologist,
Senior Terrestrial Ecologist, 3 Technical
Assistants)

26,000 20,400 16,200 62,600 

$ 35,000 $ 42,792 $ 16,600 $ 94,392 

Field work: Transportation - food 6,800 13,320 20,120 

Park guard training 400 400 

Field  and Laboratory materials
and supplies 2,200 2,000 4,200 

Water quality and integrity monitoring:
Administrative costs USFQ 7,072 7,072 

Activity 

TOTAL

NatCap FONAG TotalWater Fund s
Par tner ship
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The Cauca Valley is the most important area for sugarcane production in Colombia. As with other agricultural sectors, 
the sugar cane industry requires clean and abundant water supplies. However, a combination of  increasing demand 
for irrigation water and growing populations has led to escalating water scarcity in the region, particularly during the 
months of  June through September. At the same time, conversion of  Andean forest and p‡ramo grasslands to pasture and 
small-scale agriculture in the upper watershed areas has likely caused an increase in erosion and landslides, presenting 
important water quality problems. It is hypothesized that conversion and degradation of  natural ecosystems has reduced 
the hydrologic regulation capacity of  these watersheds, intensifying water scarcity problems during the dry season. 

Figure 1: FAVPS area of  inßuence.

In an e"ort to protect water supplies, the sugarcane sector has promoted conservation actions in the upper watershed 
tributaries of  the Cauca River since 1989. In 2009, these e"orts were united under the umbrella of  Fondo Agua por 
La Vida y por la Sostenibilidad (FAVPS) , a Water Fund, which promotes watershed protection and sustainable 
development in 20 watersheds in the region (Figure 1). Supporters of  the fund include the Colombian sugar sector 
(ASOCA„A, PROCA„A, and CENICA„A), the regional environmental authority, the Nature Conservancy, and 
16 grassroots organizations (River Users Associations). The Water Fund provides Þnancial support to projects led by 
the River Users Associations. The Associations work with rural landowners to implement watershed conservation and 
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restoration activities including reforestation, fencing of  riparian vegetation, agroforestry, improved grazing management, 
and sustainable cattle production. As of  2013, the Water Fund has supported work in over 4,854 hectares of  land, 
involving over 805 families.

The primary objectives of  FAVPS are to improve the livelihoods and well-being of  upstream communities while also 
maintaining base ßow and reducing sediment concentrations for downstream water users (e.g., the sugar sector). Other 
goals include improving freshwater ecosystem integrity, improving terrestrial and aquatic biodiversity, and protecting 
natural areas. Thus, Water Fund activities are intended to promote land management that provides these beneÞts.

Monitoring and impact evaluation in FAVPS is critical for the Water Fund for Þve reasons. First, information 
generated will be used to evaluate whether intended impacts are being achieved and to adaptively manage the type 
and scale of  activities. Second, information generated will allow FAVPS to communicate the beneÞts of  the Water 
FundÕs activities to funders and other stakeholders. Third, monitoring data can serve to calibrate and validate models 
used to predict the future impacts of  the Water Fund. Fourth, as an important and emblematic Water Fund within the 
Latin American Water Funds Partnership, demonstrating the success of  FAVPS is instrumental for scaling the Water 
Fund approach in other regions. Finally, the paired microwatershed nested design employed here also contributes to 
a growing network of  Andean hydrologic monitoring sites following the iMHEA (Iniciativa Regional de Monitoreo 
Hidrol—gico de Ecosistemas Andinos) protocol (CŽlleri et al. 2012). 

In 2012, Cenica–a and The Nature Conservancy brought together Þnancial and technical resources to develop 
protocols for socio-economic, hydrologic, and biodiversity monitoring. SpeciÞcally related to hydrologic monitoring, 
Cenica–a created a hydrologic monitoring plan (Hoyos 2012), which includes water quality, stream characteristics, and 
water quantity as described below. This protocol was implemented in the Aguaclara subwatershed (within the Bolo 
watershed; see Figure 1) in areas both with and without Water Fund activities. The protocol was complemented by 
an additional monitoring station in a control microwatershed and extension of  the precipitation monitoring network 
through technical and Þnancial support from The Natural Capital Project and The Nature Conservancy (TNC). 

Hydrologic monitoring is now implemented at three scales: 1) above and below intervention sites and at the 2) 
microwatershed and 3) subwatershed scales. The goal is to understand the impacts of  the implemented activities and 
to clarify the scale at which impacts can be detected through time.  

The key research questions addressed by this monitoring network are: 

1. At the site/intervention scale
 Are FAVPSÕ activities maintaining or improving water quality and aquatic ecosystem condition at the 
            intervention sites? 
 
2. At the microwatershed and subwatershed scale
 Are the fundÕs activities maintaining or improving ßow?
 Are the fundÕs activities maintaining or decreasing sediment transport? 
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Water quantity:
At the microwatershed scale, the experimental design for measuring ßow follows the paired watershed iMHEA 
Protocol (CŽlleri et al. 2012). Flow is measured at the outlet of  an impact microwatershed, La Vega (0.75 km2) and 
the outlet of  a control microwatershed, El Oso (0.8 km2) (Figure 2). Interventions in La Vega began just before 
monitoring commenced, and there will be no activities in El Oso for at least 10 years. The two microwatersheds were 
chosen for their similar climatic, land use, topography, and elevation conditions, which were determined through Þeld 
visits, local knowledge, and topographic maps. Within each of  these microwatersheds, two rain gauges were installed 
in accordance with the iMHEA protocol. 

Figure 2: Location of  ßow and sediment monitoring stations in the Aguaclara subwatershed (Bolo watershed). Within the Aguaclara subwatershed are two nested 
smaller subwatersheds, one called Aguaclara and another called Chontaduro. 
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At the subwatershed scale, flow is measured at two stations, located at the outlets of  the Aguaclara and the Chontaduro 
subwatersheds (“Aguaclara Alto” and “Chontaduro” stations; Figure 2). Interventions have already begun in both 
subwatersheds; thus there is no control subwatershed. Interventions will increase substantially through time in both 
watersheds, making this a before/after design at the subwatershed scale.

Finally, there is one station near a sugar cane irrigation intake point at the bottom of  the larger Aguaclara subwatershed 
(which includes Aguaclara Alto and Chontaduro), and can be considered monitoring at the scale of  impact for the 
sugarcane growers (“Aguaclara Bajo” station; Figure 2). 

In each station, a pressure sensor measures cross-sectional water level every 15 minutes. Weirs were constructed at 
each flow monitoring station in order to have a stable cross-section for converting water level to flow. The water level 
recorded by the sensor is entered into an equation constructed for each station (based on the weir geometry), which 
then generates volumetric flow in m3 s-1. 

The flow level present at least 95% of  the time (Q95; low flow indicator) was selected as the primary indicator of  
hydrologic regulation and dry season flow. This indicator was chosen in accordance with the iMHEA protocol, 
which suggests that the mean and most extreme flows often do not represent the hydrologic regimes of  high altitude 
watersheds. This is due to the variability in precipitation over short distances, which can result in one microwatershed 
having higher or lower flow than another, irrespective of  land use or anthropogenic activities. 

Sediment:
Turbidity, total suspended solids (sediment concentrations), and sediment load (concentration x flow) are measured 
at the same stations as flow (Figure 2). Sediment concentrations and turbidity are measured by automatic sensors 
(Sonda Solitax) installed in these stations. The sensors were calibrated in the factory according the norm EN ISO 
7027. Following these guidelines, a correction factor can be carried out in place of  field multi-point calibrations. 
A comparison of  these calibrations with in-situ calibrations demonstrated a high correlation between field and 
laboratory measurement. The sensors collect data every 15 minutes, except in drought periods when they collect data 
every 24 hours. 

Meteorological variables:

Meteorological variables measured include: precipitation, evaporation, temperature, wind velocity, relative humidity, 
solar radiation, and wind direction. These are measured in an automatic weather station as well as in three compact 
meteorological stations and eight rain gauges distributed throughout the study area (Figure 3). A principle goal of  
the meteorological monitoring is to understand the relationship between precipitation and stream flow within each 
evaluated watershed. 

Monitoring station in Fondo Agua por La 
Vida y La Sostenibilidad, April 2013.
Phot credit: Leah Bremer
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Figure 3: Meteorological monitoring in subwatershed Aguaclara (Bolo watershed).

Water Quality:

Water quality samples are collected twice per year (once in the wet season and once in the dry season) in 26 sampling 
sites in the Aguaclara and Chontaduro subwatersheds (Figure 4). These samples are analyzed on site for water 
temperature, dissolved oxygen, turbidity, electrical conductivity, and pH. Biochemical oxygen demand, fecal coliforms, 
total phosphorus, hardness and alkalinity are analyzed in the laboratory. 

The water quality sampling design includes three adjacent microwatersheds in the Aguaclara subwatersheds, which 
have been designated impact (Aguaclara microwatershed, where interventions have already begun); control (Flores 
Amarillas, where there are no interventions); and reference (El Edén, where there are no interventions, there has 
been little alteration of  the original vegetation cover, and where risk of  conversion/degradation is low). There is also 
a second pair of  microwatersheds in the Chontaduro watershed – the control (El Oso) where activities have not yet 
begun and the impact (La Vega) where activities have recently begun. The microwatersheds were chosen for their 
similar hydrologic, climatic, and environmental conditions, as well as their proximity and security.
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Figure 4: Map of  water quality monitoring sites in the Aguaclara subwatershed, Bolo watershed.

Within the impact microwatersheds (Aguaclara and La Vega) water quality samples are taken in the stream above 
and below where the Water Fund activity is taking place. In the controls (Flores Amarillas and El Oso) and reference 
(El Edén), samples are taken in two points along the stream in the same relative locations as the above and below site 
sampling in Aguaclara. This results in a control-reference-impact design combined with an above-below intervention 
site design. As interventions have already begun, this monitoring design allows the fund to evaluate changes 
through time in the three microwatersheds in Aguaclara and the two in Chontaduro, and to test the hypothesis that 
the intervention microwatersheds (Aguaclara and La Vega) will continue improving (in terms of  sedimentation, 
eutrophication, contamination by bacteria and toxic substances) while the control microwatersheds (El Oso and Flores 
Amarilla) will not improve or will decline. In the case of  the three microwatersheds in Aguaclara, it is hypothesized 
that the intervention microwatershed will become more similar to the reference microwatershed over time. 

In addition, samples are taken in areas important for human water use, including springs and aqueduct intake points 
as well as above and below houses, agriculture, and industry to understand the impacts of  these activities. 
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Macroinvertebrates:

Macroinvertebrates are collected and evaluated in Aguaclara and La Vega (intervention microwatersheds), Flores 
Amarillas (control microwatershed), and El Edén (reference microwatershed). Based on these surveys, the BMWP 
(Biological Monitoring Working Party) index is calculated, which evaluates macroinvertebrates as bio-indicators of  
water quality (Roldán-Pérez 2003). This index gives each macroinvertebrate group a number from 1-10 in accordance 
with its tolerance to organic contamination (Barbour et al. 1999; Chara 2004).  

Stream condition:

Finally, stream conditions are evaluated once per year in river reaches above, within, and below Water Fund 
interventions during the dry season (USDA 2009). The evaluation includes 15 variables, including visual assessment 
of  turbidity, structure and condition of  banks, type and state of  riparian vegetation, cattle access, and stream flow, 
among others. 

Figure 6. Workshop on biological monitoring in the village of  Arenillo, Palmira. Photo credit: CIPAV 2014.  

Community participation:

A key reason for the successful establishment and sustainability of  the FAVPS’ hydrologic monitoring program is 
the close involvement of  the local community. Asobolo, the river association that has worked in the Bolo watershed 
for over 20 years, was instrumental in gaining the trust and support of  the local community. In collaboration with 
Asobolo, the monitoring team conducted a series of  workshops with the community to explain monitoring objectives, 
how the community could be involved, and what benefits they might obtain from the program. These workshops 
were successful in exchanging technical capacity as well as local knowledge. Community members shared valuable 
information about the local environment, including knowledge about flood levels, which served to complement 
technical knowledge and guide the installation of  monitoring stations.  

In these workshops, water quality monitoring locations were also chosen to represent points of  interest to the community, 
including, for example, the aqueduct intake point. Likewise, community leaders participated in water quality sampling 
and in evaluation of  stream health and condition. Local community members were also hired to maintain and 
clean the hydrological monitoring stations. Several landowners were willing to have monitoring equipment installed 
on their properties, including precipitation gauges, solar panels, and other equipment. Additionally, the technician 
responsible for downloading data and maintaining the equipment is an environmental leader in the area and the 
principle spokesperson for monitoring. This has facilitated awareness and acceptance of  the monitoring e"ort among 
the local community as well as by national and international audiences. 
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Flow and sediment (microwatershed and subwatershed scale)

Flow and total suspended solids recorded between November 2013 and May 2015 are shown for one of  the 
microwatersheds (La Vega; Figures 5a & 5b). Activities were implemented in 60% of  the microwatershed in April 
2014 (5 months after monitoring began). Of  note is the bimodal behavior of  both ßow and total suspended solids, 
with two maximum periods (March-May and November-December) coinciding with periods of  high precipitation. 

Considering ßow regulation in La Vega, the ßow that is equaled or exceeded 5% of  the time (high ßow indicator) is 
0.012 m3 s-1 before activity implementation, and 0.067 m3 s-1 after implementation. Likewise, the ßow that is equaled 
or exceeded 95% of  the time (low ßow indicator) is 0.007 m3 s-1 before activity implementation and 0.034 m3 s-1 
after implementation.

In terms of  sediment, the sediment load equaled or exceeded 5% of  the time was 20.5 tons per year before interventions 
and 12.9 tons per year after interventions. 
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Figure 5: Flow (upper graph) and sediment loads (lower graph) in La Vega micro watershed between November 2013 and May 2015. Lighter shading is pre-
intervention, while darker shading indicates post-intervention

Water quality:

Water quality data are available for the two sampling events in 2013, once in the dry season and once in the wet 
season. As expected, higher turbidity values were found in the winter compared to the summer, which is normal given 
that rainy periods are associated with greater turbidity. 

Water quality was classified as good or excellent in all sites, with the exception of  a few specific sections of  streams, 
which classified as moderate quality (Figure 6). Values of  dissolved oxygen varied between 7.0 and >9.0 mg L-1, 
indicating good water quality for aquatic life (Roldán-Pérez 2003). No direct contamination by organic matter or 
nutrients was detected (with the exception of  one area described below).  
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Figure 6:

Aquatic organisms collected in the streams were typical of  the Andean region (Dominguez & Fernández 2009), and 
few di"erences between sites were found. In total, 30,489 individual organisms were collected, representing 20 orders, 
65 families, and 93 genera. Most of  the tax collected are associated with high-quality aquatic environments. Even 
lower watershed areas, which have undergone some degree of  conversion or degradation, contain stream conditions, 
bedrock, and litter accumulations important for stable habitat for aquatic life. However, lower habitat quality indices 
were found in more degraded areas. 

However, in one sampling site in the lower reaches of  Aguaclara, 96% of  collected organisms were Chironomidae. 
According to the BMWP (Biological Monitoring Working Party), this order is associated with disturbed environments 
and high amounts of  dissolved organic matter (Roldán-Pérez 2003). This is likely due to a large poultry and hog 
production facility that directly dumps sewage sporadically into the creek. Likewise, there are multiple discharges from 
waste ponds associated with trout farming, which likely contribute to organic matter accumulation and conditions 
favoring Chironomidae.

No water quality sampling was done in 2014 due to a lack of  budget. 
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  Ensure that the annual Water Fund operating budget includes the cost of  monitoring. 
 Ensure that Water Fund members and donors understand that impact monitoring is a task that requires time. 
 Purchase equipment that will last over the course of  the time period required for monitoring. 
 Seek community and institutional partners who will help ensure project sustainability and success. 
 Identify community leaders who can catalyze the support of  the larger community.
 Monitor external conditions (confounding factors) that can a"ect the parameters monitored. 

Successes 
 FAVPS created a participatory monitoring program in close collaboration with local communities. 
 It was very helpful to have a local technician in the area, as this allowed for constant communication and 
            contact with the local community. This also helped to identify local partners and community leaders. 

Challenges
  Budget: monitoring all desired parameters is costly.
 Damage to equipment from vandalism and natural events presents an important risk to monitoring e"orts.  
 This risk has been reduced by installing equipment on the properties of  interested and cooperative landowners. 
 Given that it is impossible to control changes in demographics and land use activities in non-project areas, it 
 is challenging to ensure that control and reference microwatersheds remain control and reference sites. 
 It is di#cult to maintain donor interest for funding monitoring over the time period required for robust results. 
 Data analysis remains a challenge. In the case of  FAVPS, the river organizations were supposed to be in
 charge of  monitoring data collection and analysis. However, resources are limited making it di#cult to hire  
 the personnel required for this work. In FAVPS, an agreement was made that one of  the members assume
 the costs of  monitoring. 

Strategies 
  Train local people in the community for greater project sustainability and success. 
 Exchange ideas and experiences with other source watershed protection programs. 
 Link monitoring objectives with the objectives of  the Water Fund by focusing measurements on parameters 
 that link directly to hypothesized beneÞts of  the fundÕs activities.
 Engage local partners in collection of  data to provide mutually beneÞcial information. 
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IMPLEMENT ATION COSTS FOR HYDROMETRIC STATIONS, YEAR 2013-2014
(Micro- and sub-watershed monitoring)

24,012 

21,646

49,394

5,504

2,820

975

5,305

13,703

$123,359

5

5

10

10

Quantity Description

Water Qualit y

Meteorolo gical Components

Total cost (USD)

Civil works (design of weir-type gauging structure, concrete structure, steel structure, installation of 
sensors, equipment cabinet and solar panel)

Supply and installation of KELLER high-quality pressure level sensor pressure (American) 
integrated to structure, includes weir equation, with recorder included, automatically compensated

Supply of suspended sediment luminescence sensor, American, includes HACH SOLITAX 
controller, Solitax series 

Assembly and installation, including terminals, connectors, grounding system and all materials 
required for the implementation

Solar panel 205 WATT 24 VDC

Battery 12V@70A

VAT

5

5

Solar Panel Regulator

1,358

250

954

165

25

500

4,060

1

1

1

1

1

1

Portable turbidity meter HI934703C

pH/EC/TDS/T emp meter HI 9811-5N

Dissolved oxygen meter, 4 m probe, HI 9146-04

Sampling and lab analysis

Calibration and electrode cleaning solutions

National post

29

Cylindrical sampler

150

9,000

1

1

Printing, pens, markers and general items

Supply and installation of robust high-quality Sutron (American) weather station 

Total Hy drometric Station (16% VAT included )

$7,311Subtotal W ater Qualit y
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IMPLEMENTATION COSTS FOR HYDROMETRIC STATIONS, YEAR 2013-2014
(Micro- and sub-watershed monitoring)

OPERATING COSTS

TOTAL MONITORING IMPLEMENTATION

24,012 

21,646

49,394

5,504

2,820

975

5,305

13,703

$123,359

5

5

10

10

Quantity Description

Water Quality

Meteorological Components

General Monitoring Equipment 

Total cost (USD)
Civil works (design of  weir-type gauging structure, concrete structure, steel structure, installation of  
sensors, equipment cabinet and solar panel)

Supply and installation of  KELLER high-quality pressure level sensor pressure (American) 
integrated to structure, includes weir equation, with recorder included, automatically compensated

Supply of  suspended sediment luminescence sensor, American, includes HACH SOLITAX 
controller, Solitax series 

Assembly and installation, including terminals, connectors, grounding system and all materials 
required for the implementation

Solar panel 205 WATT 24 VDC

Battery 12V@70A

VAT

5

5

Solar Panel Regulator

1,358

250

954

165

25

500

4,060

1

1

1

1

1

1

Portable turbidity meter HI934703C

pH/EC/TDS/Temp meter HI 9811-5N

Dissolved oxygen meter, 4 m probe, HI 9146-04

Sampling and lab analysis

Calibration and electrode cleaning solutions

National post

29

Cylindrical sampler

150

9,000

375

8,717

10,092

1,800

1

1

1

9

3

12

Printing, pens, markers and general items

Supply and installation of  robust high-quality Sutron (American) weather station 

Supply and installation of  tripod base for weather station

Texas Electronics 525  pluviometer, includes robust base for supporting equipment and avoid 
manipulation and installation

250

1,750

1,250

150

1

1

1

1

Precision Altimeter

GPS

PDA

Staff

10,800

6,000

150

6

6

6

Coordinator for the establishment of  monitoring

Technician, full time

Community Participation Process

2,970

4,375

6

25

Community workshop to familiarize participants with partial results and explain new equipment 
and buildings

Car rental for staff  transportation (coordination and others)

Observer for Fog metering device

Miscellaneous materials (copies, printing, paper, pens, hooks, etc.)

Vantage Pro2 weather station, Davis instruments, including and installation tripod and assembly

Datalogger made by Cenicaña

Total Hydrometric Station (16% VAT included)

$7,311Subtotal Water Quality

$29,984Subtotal Meteorological Components 

$3,400Subtotal General Monitoring Equipmentt

$16,950Subtotal Staff

$7,375

$194,319

TOTAL OPERATING COSTS $46,880

Subtotal Community Participation Process

$11,120Subtotal Materials and Equipment

Materials and Equipment

5001
58

Miscellaneous materials

Sampling and laboratory analysis 8,120
1 Equipment maintenance 2,500

$28,260Subtotal Personnel

Personnel

15,96012 Professional data analysis and coordination (70% time)

Observer for Fog metering device 300
Technical maintenance of  database and equipment (part-time) 12,00012

12

$300Subtotal Community Participation Process

Community Participation Process

3003 Community workshops for socialization, cooperation, and interest groups.

$7,200Subtotal Other Overhead

Other Overhead

7,20012 Car rental for staff  transportation (coordination and others)



46

Alba-Tercedor, J. 1996. Aquatic Macroinvertebrates and water quality of  rivers. VI Symposium of  water in Andalusia 
(SIAGA) 2:203-213.

Barbour, M. T., J. Gerritsen, B. Snyder & J. Stribling. 1999. Rapid bioassessment protocols for use in streams and 
wadable rivers: Periphyton, benthic macroinvertebrates and Þsh. U.S. Enviromental Protection Agency, O#ce of  
Water. Washington D.C., USA. 408p.

CŽlleri et al. 2012. Gu’a metodol—gica para el monitoreo hidrol—gico de ecosistemas andinos Ð iMHEA.
Char‡, J. 2004. Manual de evaluaci—n biol—gica de ambientes acu‡ticos en grazed watersheds. 2 ed. Cali. Fundaci—n 
CIPAV. 76p.

CIPAV, 2014. Informe TŽcnico Caracterizaci—n de la biodiversidad de macroinvertebrados acu‡ticos en Quebradas 
de los r’os Bolo y Guabas. Centro de investigaci—n en sistemas sostenibles de producci—n agropecuaria.

Dom’nguez, E. & Fernandez, H.R. 2009. Macroinvertebrados bent—nicos sudamericanos, Sistem‡tica y biolog’a. 
San Miguel de Tucum‡n: Fundaci—n Miguel Lillo. 255-308 p.

Hoyos, F. 2012. Propuesta de monitoreo hidrol—gico aplicado, subcuenca Aguaclara, Cuenca del r’o Bolo. Cenica–a.
Rold‡n-PŽrez, G. 2003. Bioindicaci—n de la calidad del agua en Colombia, propuesta para el uso del mŽtodo BMWP/
Col. Editorial Universidad de Antioquia. Medell’n, Colombia. 170p.
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TOT AL OPERATING COSTS $46,880

$28,260Subtotal Personnel

Personnel

15,96012 Professional data analysis and coordination (70% time)

Observer for Fog metering device 300
Technical maintenance of database and equipment (part-time) 12,00012

12

$300Subtotal Community Part icipation Proces s

Community Part icipation Proces s

3003 Community workshops for socialization, cooperation, and interest groups.

$7,200Subtotal Other Ov erhead

Other Ov erhead

7,20012 Car rental for staff  transportation (coordination and others)
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1 Balne‡rio Camboriœ Water Company (EMASA), The Nature Conservancy, Balne‡rio Camboriœ and Camboriœ Municipalities, Camboriœ Watershed 
Committee, State Sanitation Regulatory Agency (Agesan), National Water Agency (ANA), Santa Catarina State Center for Environmental Information 
and Hydrometeorology (EPAGRI/CIRAM).

The Camboriœ Water Fund is an initiative of  the Balne‡rio Camboriœ Water Company (EMASA) and partners1  
Balne‡rio Camboriœ is a tourist destination with gorgeous beaches, attracting people from all over Brazil and 
neighboring countries. Located in southern Brazil, the Camboriœ River watershed has a permanent population of  
around 170,000, but during the summer high season population swells to more than 800,000 people. 

The condition of  this watershed resembles that of  many other Atlantic Forest coastal watersheds in Brazil, with 
the urban population heavily concentrated on the coast and a mix of  agriculture, pasture, timber, and native forest 
remnants found inland (Figure 1). The local economy is concentrated on tourism and real estate, which depends on 
the Camboriœ River as the most accessible and cost-e"ective water source.

Figure 1:

EMASA currently faces two major water problems: supply during the high season and high treatment costs associated 
with elevated sediment levels. The water company is particularly interested in reducing sediment concentrations, as 
there is a direct relationship between sediment concentration and operational costs. EMASA is evaluating strategies 
to address these problems. These strategies include: (a) building a dam for water storage; (b) bringing in water from 
another watershed that has substantially lower water quality; and (c) conserving and restoring ecosystems in the 
Camboriœ watershed (investing in natural infrastructure). The Þrst two strategies aim to avoid the risk of  water 
shortages during the tourist season, while the third alternative focuses on reducing sediment and maintaining ßow 
regulation over the long term. The Þrst two alternatives are much more costly than the third. 

Given the cost-e"ectiveness and long-term potential ecological and economic beneÞts, EMASA is currently pursuing 
the third option of  investing in source water protection.  EMASA has partnered with The Nature Conservancy 
(TNC) to design a Water Fund focused on the protection of  natural forests and the restoration of  ecologically sensitive 
areas. These investments in Ònatural infrastructureÓ are expected to enhance water quality, in particular, by reducing 
sediment concentrations and reducing treatment costs. Lower sediment loads also reduce water losses during the 
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Monitoring sediment concentrations in the Camboriú water fund. Upper left: intake point for water treatment plant; Upper right: treatment facilities; Lower left: visual 
comparison of  water before and after treatment; Lower right: rainfall gauge as part of  monitoring e!ort to evaluate the impact of  water fund activities on sediment 
concentrations prior to reaching the treatment facility. Photo credit: Leah Bremer

treatment process, and thus may increase drinking water delivery. Additionally, enhancing infiltration in the watershed 
may secure minimum flows in the dry season, postponing the need for larger investments in a new catchment or water 
storage.

Project activities are carried out with local landowners who voluntarily participate in the program. Once an 
implementation plan is negotiated, a contract is signed between the landowner and EMASA and the implementation 
of  interventions begins. Interventions on private property include restoration of  degraded areas and conservation of  
native forests. Project sta" carries out conservation interventions (e.g. fencing and reforestation) on the lands enrolled. 
The landowners receive recurring annual direct, opportunity cost-based cash payments in exchange for maintaining 
the restored areas and conserving remaining native forest in priority areas for hydrological services. The project also 
focuses on dirt road management, due to the expected large contribution of  those roads to sediment in the river. 

Project implementation began in March 2013, starting in headwaters of  microwatersheds and moving down the 
watershed to the lowlands (Figure 2). To date (May 2015), 12 contracts have been signed covering a total of  320 
hectares of  conservation and 40 hectares of  restoration. Going forward, this is the expected amount of  additional 
lands that will be enrolled each year by the project, up to the point where all available lands identified by the hydrologic 
modeling (SWAT, version 2012; see below) as priority areas for sediment control purposes are enrolled.
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The Camboriœ Water Fund hydrologic monitoring design supports three objectives: (a) it serves to evaluate the impact 
of  project interventions on sediment concentrations and water ßow; (b) it supplies the data needed for calibration and 
validation of  the SWAT hydrologic model explained below; and (c) it serves as an early warning system in the case 
of  ßood events.

Objective (a): Over the medium to long term, hydrologic monitoring will help to assess the impacts that 
investments in conservation and restoration of  natural habitats and dirt road maintenance have on the 
desired project outputs (sediment concentrations and ßow regulation). It will take time to document evidence 
of  impacts on water quality and ßows ÑÞve to ten years is usually needed to register any signiÞcant signalÑ
but such evidence will support adaptive management of  the project and help maintain public support for 
continued watershed investments. Such support is critical as the project has been supported mainly with 
public funds.

Objective (b): Monitoring will improve inputs into the Soil and Water Assessment Tool (SWAT, version 
2012), which is being used to estimate the potential biophysical impacts of  the project at full implementation, 
including reductions in concentrations of  total suspended sediment at the municipal water plant intake. This 
assessment includes a counterfactual analysis of  future land cover and use scenarios to distinguish impacts 
caused by the project from those caused by other factors. Estimating reduced sediment loads allows a better 
understanding of  the potential reductions in water treatment costs, thus permitting an evaluation of  the 
projectÕs return on investment as a sediment control measure for EMASA.

Objective (c): The investments in ßow monitoring also allow public authorities to take timely action in case 
of  ßood events that occasionally a"ect both cities. 

The Camboriœ watershed monitoring e"ort is coordinated among di"erent partners, and each one has its own 
objectives. The ßow monitoring has been implemented by a coalition formed by Camboriœ and Balne‡rio Camboriœ 
municipalities, the StateÕs Center for Environmental Information and Hydrometeorology (EPAGRI/CIRAM), the 
Water Company (EMASA), and the Civil Defense authority. While these stakeholders are primarily interested in 
establishing a ßood stage early warning system, data collected also serves to evaluate the impacts of  conservation 
activities on ßow. 

On the other hand, water quality (sediment) monitoring is of  primary interest to the Water Fund. For this reason, 
TNC has been investing directly in this activity. In the medium-term, the water quality monitoring costs will be 
incorporated into the Water FundÕs operational costs. Establishing a consistent baseline and continuing the monitoring 
in the long-term will serve to both validate hydrologic modelling and create needed biophysical evidence to build 
public support for the Water Fund.
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The Camboriœ watershed includes three main subwatersheds: the Macacos, the Bra•o, and the downstream conßuence 
of  the two, which forms the Camboriœ River. The total area of  the watershed is approximately 19,800 hectares with 
the EMASA water intake located in the downstream portion of  the watershed, just upstream of  the urbanized areas. 
The upstream area from the water intake constitutes approximately 13,000 hectares (Figure 2). 

Project interventions are currently underway in the headwaters of  the Bra•o subwatershed. Over the next 3-5 years, 
activities will be expanded to the Macacos and, subsequently, to the whole Camboriœ watershed. As the Water Fund 
expects to impact water quality and quantity at the subwatershed and watershed levels, monitoring is focused at these 
scales. The Bra•o subwatershed has been designated as the intervention subwatershed and the Macacos subwatershed 
as the control subwatershed. While the length of  the ÔbeforeÕ time series data will be limited (3-5 years), the design 
represents a BACI design at the subwatershed level.  An additional monitoring station at the water companyÕs intake 
point represents before-after monitoring at the watershed scale.

1

2

4

5
6

3

C. Camboriœ
Subwatershed

A. Braco 
Subwatershed

B. Macacos
Subwatershed

ATLANTIC
OCEAN

CAMBORIò
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HIDR OLOGIC MONI TO RING STATIONS
Water Intake - EMASA

Braco Outflow

Braco Headwaters
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2

3
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6

Macacos  Outflow

Macacos Headewaters

Louro Climatic Gauge

N

Figure 2: Camboriœ Water Fund implementation stages. A represents areas in the watershed where the Water Fund currently is implementing activities, B is were 
the project will expand next, and C is the Þnal area the Water Fund will work. Station 1 is located at the intake point of  the water treatment plant, Stations 2 
and 3 in Bra•o and Macacos subwatersheds, representing the control and impact subwatersheds, and Stations 3 and 5 in fully conserved drainage areas of  each 
subwatershed, serving as reference sites for water quality. Station 6 is a complete climatic gauge for all the watersheds.
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The monitoring network includes telemetry-linked meteorological and river gauge monitoring stations to assess water 
quantity and quality (Table 1). Four automatic weather stations have been installed. Two of  them, with complete 
instruments, are located in the headwaters (Figure 2, Station 6 ) and in the EMASA water plant intake point (Figure 
2, Station 1); the two others (Figure 2, Stations 2 and 4) record information of  a rainy sensor in the outlet of  Macacos 
and Braço Rivers. Campbell dataloggers (model CR 200X) are used to collect the data and transmission occurs by 
GPRS TC65, available at real time. 

River level is measured with the automatic stations at the outflows of  the Macacos and Braço subwatersheds as 
well as just above the water company’s intake point (Figure 2, Stations 1, 2, and 4). Physico-chemical water quality 
parameters are assessed automatically by platform with multiple sensors, recorded on an hourly basis at the outflows 
of  the Macacos and Camboriú subwatersheds (Figure 2, Stations 1 and 4). Additionally, automatic turbidity sensors 
are installed at the Macacos, Braço, and EMASA intake stations. Turbidity is recorded every 15 minutes at Station 
4, and on an hourly basis at Stations 1 and 2. In addition, water quality is assessed through field sampling in the five 
hydrological stations. Standard analytical procedures are executed by a specialized lab and include a broad range 
of  parameters: turbidity and total suspended solids and nutrient indicators, such as nitrogen series (nitrate, nitrite, 
ammonium, and total nitrogen) and total phosphorous.

Total suspended solids (TSS) data field samples are correlated with turbidity data to derive the rating curve (TSS vs 
Turbidity). Stream flow rate is measured and calculated using di"erent methods: flow tracker equipment for Macacos 
and Braço; Acoustic Doppler Current Profiler instrument (ADCP) in the EMASA intake; and a flow meter in the 
head waters. Collected data is used to establish the rating curve between flow and river level.

The Camboriú Water Fund hydrologic monitoring is an essential component of  the project and is expected to remain 
active for the lifetime of  the Water Fund. In the short to medium term, it allows for improved planning and decision 
making about the allocation of  limited intervention resources and improves the reliability of  the hydrologic modelling 
and the development of  future scenarios. Similarly, hydrologic modelling underlies the project’s return on investment 
analysis that provides the economic argument for long-term support for the project. In the long term, the hydrologic 
monitoring, in combination with land cover/use monitoring, allows for the ex-post verification of  predicted impacts 
of  the Camboriú Water Fund. 

In short, the hydrologic monitoring is a necessary part of  the ex-ante and ex-post performance evaluations of  the 
Camboriú Water Fund that assess the economic and business case for watershed natural infrastructure investments. 

Monitoring workshop participants from Colombia and Perú learn about Camboriú’s monitoring program in Camboriú, Brazil. Photo credit: Leah Bremer
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Table 1:

Group photo of  monitoring workshop participants in front of  the Camboriú water company, EMASA. Photo credit: Leah Bremer.

Station
number 

Station
name

Meteorological Hydrologic automatic
gauge

hourly frequency hourly frequency

Field sampling

each 15 days

Water intake – 
EMASA1 Rainfall, Wind; Temperature

Relative humidity; Radiation

Level (m); Turbidity (NTU)
Physico-chemical; (multi-
parameter sensor)

Flow (m3/s); CSS (mg/l)
Turbidity; Physico-chemical 

Macacos
headwaters5 Flow (m3/s); CSS (mg/l)

Turbidity; Physico-chemical

Braço 
headwaters3 Flow (m3/s); CSS (mg/l)

Turbidity; Physico-chemical

Braço 
Outflow2 Rainfall Level (m)Turbidity (NTU) Flow (m3/s); CSS (mg/l)

Turbidity; Physico-chemical

Macacos
outflow4 Rainfall

Level (m)
Turbidity (NTU;15 minutes)
Physico-chemical
(multi-parameter sensor)

Flow (m3/s); CSS (mg/l)
Turbidity; Physico-chemical 

Louro climatic
gauge6 Rainfall;Wind; Temperature

Relative humidity; Radiation

4 http://ciram.epagri.sc.gov.br/index.php?option=com_content&view=article&id=1296&Itemid=570#graficos 
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Data transmitted to the EPAGRI-CIRAM server by telemetry-linked stations are stored and subjected to a preliminary 
quality control. Raw data are subjected to range, step, and persistence tests. Range tests compare data to expected 
hydrologic and climatic variations. Step tests analyze maximum acceptable variation of  data from the same category 
within a certain time period and reject outlying data. Similarly, persistence tests analyze minimum variation of  time 
series data from the same category and reject abnormally constant data.

After quality control, data are made available to the public through CIRAMÕs webpage. Private data, such as the 
turbidity measurements generated by the Water Fund monitoring stations, are accessible to the Water Fund through 
user-restricted access to CIRAMÕs database.

Field sampling water quality data are currently being hosted by TNC, and are available to partners upon request. 
Monitoring data are now being organized in a database to support SWAT hydrological model calibration and 
validation to calculate the annual sediment and nutrient loads (collected by the multiparameter sensor on an hourly 
basis) and to calculate suspended sediment concentrations at the water treatment plant intake. The model result will 
be used to predict the e"ect of  the project interventions on water and sediment with reasonable accuracy.

Successes 
  Multiple institutionsÕ interests have converged to establish a rigorous monitoring design that meets multiple  
 objectives. 
 A highly qualiÞed institute (CIRAM) operates monitoring and performs quality control, resulting in high  
 quality data collection. 
 The various institutions share responsibilities in funding and maintaining monitoring activities.
 E"ective monitoring was enabled, in part, by the relatively small area of  the watershed and resulting ease of   
 access for equipment installation and periodic site visits for control and maintenance.

Challenges
  Institutions are susceptible to changing policies and priorities, thus the monitoring scheme currently in place  
 is also susceptible to such changes.
 Monitoring actions are funded by time-limited projects, as is the case with the public telemetry-linked 
 stations and the water quality monitoring.
 There is an absence of  comprehensive historical data coverage.

Strategies
  The Camboriœ project works to incorporate monitoring costs into the Water Fund operational budget.
 The projects works to incorporate watershed conservation costs, including monitoring, into the water 
 tari" collected from all domestic and commercial water end-users. Term of  reference for the tari" review, 
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which is a responsibility of  the State Sanitation Regulatory Agency, was developed with the support of  the 
project partners, aiming to include conservation costs in the fare. Once evaluated and approved, this tari" will 
be applied at a state level. 

Hydrologic monitoring should begin as soon as possible when a Water Fund is being planned and designed.

Involving many partners is one way to get monitoring in place, but this demands strong outreach as well as 
collaboration and coordination among partners.

Identifying appealing research questions that the Water Fund monitoring could answer helps engage 
academic/research institutions.

Type of expenditure

IMPLEMENT ATION COST 

a. Weather,  rainfall and riv er level

b. Water quality 

Pluviometer (CIRAM) 1 12,000 12,000

18,200 54,600

36,000 36,000

420 1,680

30 120

1,200 2,400

60,000 120,000

2,500 2,500

1,700 1,700

30 30

3

1

4

4

2

2

1

1

1

Pluviometer and level (CIRAM) 

Meteorological station (CIRAM)

Dataloggers (Campbell CR200)

Transmission GSM chip (monthly cost)

SL2000-TS Turbidity and Sediment Sensor

Water quality multiprobe (DS5)

SL2000 PNV (datalogger, cable, weather
shelter, battery, solar panel and base)

Modem TC65i

Transmission GSM chip (monthly cost)

Amount
Unit value Total

USD ($)USD ($)
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Type of  expenditure

IMPLEMENTATION COST 

TOTAL IMPLEMENTATION COST

a. Weather, rainfall and river level

b. Water quality 

c. Water quality

d. Maintenance

Pluviometer (CIRAM) 1 12,000 12,000

18,200 54,600

36,000 36,000

420 1,680

30 120

1,200 2,400

60,000 120,000

2,500 2,500

1,700 1,700

30 30

1,500 36,000

$ 267,030

$ 88,000

3

1

4

4

2

2

1

1

1

24

23,000 23,000annual

16,000 16,000annual

14,000 14,000annual

20,000 20,000

Pluviometer and level (CIRAM) 

Meteorological station (CIRAM)

Dataloggers (Campbell CR200)

Transmission GSM chip (monthly cost)

SL2000-TS Turbidity and Sediment Sensor

Water quality multiprobe (DS5)

SL2000 PNV (datalogger, cable, weather
shelter, battery, solar panel and base)

Modem TC65i

Transmission GSM chip (monthly cost)

Logistic (travels, car, etc.) CIRAM cost

Salaries Science TNC and EMASA staff  10%

Technical team - CIRAM (2 person)

Staff   supervision (10% TNC project
manager  salary staff  for monitoring

Data capture, storage and management,
cost by  CIRAM

Field sampling and laboratory contract
(monthly cost) 

Amount
Unit value Total

USD ($)USD ($)

MAINTENANCE COSTS PER YEAR

15,000 15,000annual

River flow measurement. Photo Credits: EPAGRI/CIRAM
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Figure 1: Extrema project site. Upper left: Brazil with Minas Gerais State highlighted; Lower left: Cantareira system with Extrema Municipality (light green); 
Main panel: Extrema Municipality (Extrema) with Posses, Salto de Cima, Juncal, Furnas, Tenentes, Mat‹o, and Forjos subwatersheds delimited.

The Cantareira Water Supply System, located in Southern Brazil, provides half  of  the drinking water for the 19 
million people living in the S‹o Paulo Metropolitan Region. The system encompasses three rivers, the Piracicaba, 
Capivari, and Jundia’ (collectively referred to as PCJ), and six reservoirs. The entire system covers approximately 
228,000 hectares and is distributed across 12 municipalities in two states (eight in S‹o Paulo and four in Minas Gerais).  
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In 2014, water supplies from the Cantareira system reached its lowest level since the beginning of  the systemÕs 
operation in the 1970s. As levels continued to decrease, an emergency action was undertaken to install 13 km of  
pipelines and 7 ßoating pumps to withdraw the water from the reservoirÕs dead storage. By August 2015, the system 
continued at extreme water deÞcit, and 38% of  the reservoirÕs dead storage had already been withdrawn (SABESP, 
2015).
This water deÞcit scenario is attributed to various factors, including an extensive drought, drastic changes in land use, 
and unplanned growth of  urban areas. While drought is the most important driver of  this water crisis, deforestation 
is also thought to have decreased inÞltration and storage capacity of  the upper catchment areas. Accordingly, there 
have been increasing calls for watershed conservation and sustainable management to help maintain and restore 
hydrologic regulation capacity across the source watersheds. 

Extrema, one of  the four municipalities in Minas Gerais State that are part of  the Cantareira System (Figure 1), has 
been a leader in watershed restoration and serves as a model throughout the region and beyond. One of  the most 
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innovative e"orts implemented by Extrema is the Extrema (Water Conserver) project, the first Brazilian Payment for 
Watershed Services program, which began in 2005. The project is a partnership among the local government, several 
NGOs, the National Water Agency (ANA), Minas Gerais Environmental Agency, landowners, and other private 
institutions (Kfouri & Favero 2011). 

The first phase of  the Extrema project was limited to a small part of  the Cantareira system in the once highly 
degraded Posses subwatershed. Project interventions included installation of  sediment traps along the roadsides, 
unpaved road improvements, crop management, restoration of  riparian forests, and conservation of  forest remnants. 
In 2012, the project was expanded to the Salto de Cima River subwatershed, with an initial focus on riparian forest 
restoration. Under the Municipal Law no 2100/2005, the Extrema project will expand to all seven subwatersheds in 
the Extrema Municipality (Figure 1). 

5.2. Monitoring objectives and decision context

The Extrema monitoring e"ort aims to improve understanding of  the impacts of  forest restoration and conservation 
and pasture management on sediment concentrations and flow regulation in the pilot areas (Posses and Salto de 
Cima subwatersheds). Information generated will contribute to adaptive management and provide evidence of  
the outcomes of  conservation and restoration activities on the targeted ecosystem services of  sediment and flow 
regulation. Demonstrating that these watershed conservation and restoration activities provide positive returns for 
water quality and regulation is critical to ensure replication of  the approach in other areas of  the Cantareira system. 

Photo credit: TNC.
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5.3. Monitoring design and rationale  

There are a number of  monitoring e"orts in Extrema that are being carried out by di"erent institutions at multiple 
scales. This case study focuses on subwatershed scale monitoring of  flow and turbidity to evaluate the impacts of  
program interventions on target ecosystem services. At the subwatershed scale, the design follows a control-impact 
design with two impact subwatersheds (Salto de Cima and Posses) and one control watershed (Matão; Figure 2). The 
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Transmission Data

PROPOSSED EQUIPMENT

WATER CONSERVER
PROJECT

Paraná River Basin

Minas Gerais
State

EXTREMA WATER
CONSERVER PROJECT

N

Jaguari
River

Posses Salto

Matão

Figure 2: Monitoring sites in the Posses, Salto, and Matão.  Arrows (in right panel) indicate the proposed additions: 2 turbidity meters, 3 level sensors, 2 spillways, 
and 2 transmission data systems.
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e"ect of  the interventions in Salto de Cima and Posses on flow patterns is monitored using two measuring flumes that 
were constructed in those subwatersheds. Flumes stabilize a section of  the river and guarantee more accurate base 
and peak flow measurements. In Posses, Salto de Cima, and Matão, level pressure sensors were installed to monitor 
water stage. Data from Matão serves as a control for base flow comparisons. 

Two turbidity sensors synchronized with the water stage sensors are installed at the outlet of  Posses, Matão, and Salto 
de Cima rivers at each flume. Data are recorded at 15-minute intervals to track high intensity rainfall events and 
their relationship with sediment transport. This procedure will help to identify the e#ciency of  the interventions in 
reducing erosion and sediment production over time. Turbidity data will also allow comparisons of  sediment peak 
curves in subwatersheds, showing di"erent degrees of  project intervention. Posses has been the site of  a large number 
of  interventions over the last ten years, including installation of  sediment traps along roads, rural road improvements, 
crop management, restoration of  riparian forests, and conservation of  forest remnants. In the Salto subwatershed, 
which has a higher percentage of  forest cover than Posses, interventions (mainly forest restoration) are more recent 
(from 2012 on).

Photo credit: TNC.



62

5.4. Previous and concurrent monitoring e"orts
In addition to subwatershed-scale monitoring of  flow and sediment, a number of  other monitoring e"orts have been 
(or are currently being) carried out by various institutions including the University of  São Paulo (USP), Extrema 
Environment Agency, Brazilian Geological Service (CPRM), Brazilian Water Agency (ANA), Department of  Water 
& Power (DAEE), Federal University of  Lavras (UFLA), National Center for Monitoring and Alerts Natural Disasters 
(CEMADEN), and others. For instance, the Institute of  Astronomy, Geophysics and Atmospheric Sciences at USP 
(IAG/USP) is monitoring water flow, water table depth, soil moisture, and weather at the headwaters of  Posses River; 
ANA and DAEE are measuring water flow at the mouth of  the Posses and Salto de Cima rivers, as well as at the Jaguari 
River; and CEMADEN monitors water flow at the Posses River, as part of  an early alert system. 

IAG/USP is carrying out various investigations to improve understanding of  the water cycle in the Posses basin, with 
an emphasis on the role of  riparian vegetation in flow regulation along the main river and in springs using plot-scale 
experiments. In addition to these experiments, monthly measurements of  surface spring flow at 20 locations in the 
Posses and Matão subwatersheds will occur during the next two years. The objective is to determine the influence of  
land use and land cover change on flow variation. 

Experimental plot Spatial scale Measurements

Transect across riparian areas
of  Posses stream

Soil moisture, water table depth,
weather 50 m

1 to 2 km

100 to 500 m

Flow downstream forest areas
(2 gauges at Matão sub-watershed) Flow, weather 

Spring recharge area at Posses and
Matão subwatersheds 

Soil moisture, water table depth,
flow, weather 

Table 2: Experimental areas, approximate spatial scales, and variables measured in the three plot scale experiments.  

Additionally, the Brazilian Water Agency (ANA) has collected data from a network of  5 rain gauges and 2 hydrometric 
gauges in the Posses watershed since 2009, recording daily rainfall and flow measurements. In 2013, a data collection 
platform was installed at the Posses outlet with the aim of  recording and transmitting water level and rain data at 
15-minutes intervals (Figure 3). 

Figures 3-1: Brazilian Water Agency (ANA) monitoring gauges. Hydrometric gauge at the Posses outlet. Photo credit: ANA.
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Figures 4: Daily rainfall and flow pattern at the Posses outlet (ANA).

Figures 3-2: Brazilian Water Agency (ANA) monitoring gauges. Left: rain gauge. Right: Data Collection Platform at the Posses outlet (colleting rain and river level 
data). Photo credit: ANA.

The new equipment installed in Posses (turbidity meter and flume) complements ANA’s monitoring, which is currently 
unable to measure both very low flows and peak flows due to the lack of  a stable channel cross-section. This situation 
limits the estimation of  the river base flow and generates unreliable data under situations of  extreme (either low or 
high) flows.  In 2010, flow levels recorded by the existing equipment were close to zero, even with the occurrence of  
precipitation; whereas in 2013, despite the drought, regular flow was recorded (Figure 3). Therefore, installing high 
precision equipment coupled with measuring flumes is the best option to improve the precision of  flow data.
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The National Water Agency (ANA) also conducts physico-chemical analysis (temperature, pH, turbidity, electric 
conductivity, and dissolved oxygen) in Posses on a bimonthly basis. This monitoring was implemented verify water 
quality compliance according to Brazilian law standards and was not set up to evaluate impacts of  changes in land 
use.  Nonetheless, a long record of  water quality parameters is useful to track long-term trends in water quality over the 
course of  restoration in the Posses. 

Finally, IAG/USP has a network of  16 automatic weather stations (Vaissalla WXT520, Finland) operational since 
September 2014.  These weather stations collect data on air temperature and humidity, wind speed, rainfall, and 
incoming solar radiation.  The stations are placed near the headwaters (west and east slopes) and in the middle basin. 
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5.5. Data analysis and initial results 

The subwatershed-scale monitoring of  flow and turbidity will utilize indicators recommended by the Water Funds 
Monitoring Primer (Higgins and Zimmerling 2013), as well as other commonly used indicators. Trends in these 
indicators and the relationship between them in the impact and control subwatersheds will help the Extrema project 
track the impact of  their activities.

The indicators, indexes and trends considered are:
A - Flow analysis:
1. Base flow (7-day low flow; 7-day low flow as percent of  annual average flow; base flow index)
2. Peak flows (rate of  hydrograph rise or fall; annual one-day high flow; frequency of  small floods; magnitude and 
    duration of  peak-flow events) 
3. Specific discharge
4. Annual runo" coe#cient
5. Base flow index
6. Di"erence between annual rainfall and flow volume
7. Flow duration curve
8. Range of  flows
9. Lag time of  catchment flow response

B - Turbidity:
1. Event turbidity changes in relation to river  
    discharge in each sub-watershed 
2. Peak turbidity levels increases through storm 
    sequences
3. Identification of  seasonal trends and e"ects of  
    extreme hydrologic conditions on turbidity 

C – Other parameters:
1. Climate (precipitation, temperature)
2. Land & land cover  

Flow data will be normalized by sub-watershed area in 
order to allow for comparison among subwatersheds. 
Turbidity and flow volume will be used as a surrogate 
for suspended sediment concentrations, in lieu of  
directly measuring TSS. 

Erosion monitoring in Extrema. Photo credit: SamuelBarreto/TNC.
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5.6. Successes, challenges, and strategies for 
monitoring

Success: Established partnerships with universities and the Brazilian Water Agency (ANA) to share data and 
integrate monitoring e"orts at the microwatershed and subwatershed scales. 
 
Challenge: Monitoring data is not currently linked to the national monitoring network, which precludes optimal 
data analysis, comparison, and sharing. 

 Strategy 1: Working to build a partnership with ANA to store turbidity and flow data.
 
            Strategy 2: Working to integrate monitoring stations to the PNQA (National Program for Quality 
 Evaluation of  Water), generating a long-term quality monitoring program.

Challenge: Integrating monitoring e"orts among several institutions with monitoring studies at di"erent scales.
 
 Strategy: Improve communication with all researchers involved in the project in order to update the   
 Extrema website (link below), promoting the sharing of  monitoring information as well
 as publications, studies, and meeting syntheses.
 http://www.extrema.mg.gov.br/conservadordasaguas/trabalhos.html

Challenge: Absence of  control sub-watershed.

 Strategy 1: Matão sub-watershed was identified as a possible control sub-watershed, as its area has a similar 
 land use to the one in Salto, but shows no project intervention; a higher budget is needed to install a flume and 
 turbidity sensor at this site.

 Strategy 2: Establish a partnership with DAEE and ANA to acquire the equipment and ensure monitoring 
 continuity.  
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5.7. Lessons learned 

5.8. Budget

It is important to have a consistent GIS database with a common coordinate system.
A clear description of  sampling sites is essential in order to understand the characteristics that may influence 
targeted indicators.
Monitoring budgets need to be built into wider project planning.
Long-term monitoring is more likely to be successful if  partner institutions have clear roles and responsibilities 
for data collection and analysis. 

The necessary budget for implementation and maintenance of  the hydrologic monitoring program described in this 
document is given below.

Type of  expenditure

IMPLEMENTATION COST 

TOTAL IMPLEMENTATION COST

a. Rainfall

b.  Water quality

c. Water Surface monitoring

Data Collection Platform (rain data) 1 2,950 2,950

Turbidity Sensor + transmission system
and installation 2 8,000 16,000

293 1,467

$ 25,757

MAINTENANCE COSTS PER YEAR $ 73,000

5Rain gauges 

Data Collection Platform (water level) 2 1,500 2,950

420 8402Hydrometric gauge

1,500 3,0002Level logger 

d. Maintenance

Logistic (travels, car, etc.) annual

annual

23,000

Salaries Science TNC staff annual 14,000

Data capture, storage and management annual 20,000

16,000

23,000

14,000

20,000

16,000Staff   supervision (10% TNC project
manager salary staff  for monitoring

Amount
Unit value Total

USD ($)USD ($)
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The Guandu hydrologic system provides 80% of  the water for the 10 million people living in the city of  Rio de Ja-
neiro. Within the Guandu hydrologic system, the Rio das Pedras watershed provides 12% of  the cityÕs water supply. 
This watershed represents a critical risk reduction area for Rio de Janeiro as it remains relatively well-preserved and 
ßow from this watershed is independently stored in the Tocos reservoir. In the event of  contamination of  the cityÕs 
other water sources, water from the Rio das Pedras watershed will become the principle water source for the region.
However, despite being a relatively well-preserved watershed, land-use practices, including grazing and deforestation, 
have increased erosion rates and sediment export to the Tocos reservoir. This has led to increased sediment accumu-
lation rates and pollution by suspended Þne sediments, presenting an important threat to this critical water supply. 

E!ort to expand the approach to the entire Rio Claro municipality that is part of  the Guandu hydrologic system. Photo credit: ANA 

In an e"ort to protect this critical watershed, the Brazilian National Water Agency (ANA), the Guandu Watershed 
Committee, The Nature Conservancy (TNC), and other partners launched the pilot Productores de çguas e Florestas  
(PAF), Water and Forest Producers Project, which compensates rural landowners to conserve or restore Atlantic for-
est. In terms of  hydrologic services, the project aims to reduce sediment loads, maintain base ßow, and comply with 
regulations established by the national water quality standards for human consumption. Over the last four years, 62 
landowners in the Rio Claro Municipality have received $110,000 in payments for protecting 7649 acres of  standing 
forest and reforesting 1215 acres of  degraded pastures. 

The PAF pilot project was designed for diverse organizations to work together to implement a conservation project, 
which could then be scaled and implemented in other areas. In 2012, the Guandu Watershed Committee committed 
3.5% of  its budgetÑabout $300,000 per yearÑto forest conservation and restoration of  Guandu hydrologic region. 
This has spurred an e"ort to expand the approach to the entire Rio Claro municipality that is part of  the Guandu 
hydrologic system (Figure 1). 
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Figure 1: Reference map of  PAF (Water and Forest Producer) project. Upper left: Rio de Janeiro water system; Middle left: Guandu hydrologic region with Tocos 
and Lajes reservoir; Lower left: Rio Claro Municipality, where PAF project is placed; Right: Water and Forest Producer (PAF) project area, which includes the Rio 
das Pedras watershed. 

The PAF project monitoring on understanding the impacts of  project activities on ßow regulation and sediment 
production at the subwatershed scale. The Guandu Watershed Committee is currently in the process of  determining 
how much of  their budget to ÒgreenÓ versus ÒgrayÓ infrastructure. Accordingly, the monitoring program aims to 
provide information to justify spending Watershed Committee budget on watershed conservation and restoration as a 
means to ensure clean and ample water supplies at the Tocos reservoir. While monitoring focuses on the subwatershed 
scale, results provide evidence of  the potential impact of  watershed protection on water supplies at the Tocos reservoir. 
The Watershed Committee, TNC, and other partners are considering expanding monitoring to assess actual changes 
in ecosystem services at the intake point of  the Tocos reservoir and link this to risk reduction beneÞts. This addition 
would allow for evaluation of  the changes in ecosystem services and beneÞts, which could garner additional support 
for the project. 
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Figure 2:

The monitoring design compares ßow, turbidity, and total suspended solids in two intervention subwatersheds, Rio 
das Pedras (22. km2) and Papudos (22.8 km2) and one reference subwatershed, Ribeir‹o da Cachoeira (6.5 km2) 
(Figure 2). The two intervention subwatersheds are heavily degraded from deforestation and ranching at their mid-
lower portions, but remain forested in the headwaters. The PAF project is working to restore the riparian areas of  
these intervention watersheds as well as conserve exiting forest. The reference subwatershed is located in a private 
protected area next to the Canhambebe State park with nearly 100% old-growth forest and is as close to an intact 
subwatershed as possible.
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The experimental design falls between a reference-impact and a before-after-reference-impact framework. While 
activities have already the impacts of  interventions are expected to increase as forest restoration proceeds. The 
hypothesis is that the forested, reference watershed will produce less sediment and will have more regular ßows than 
the more degraded watersheds at the start of  the monitoring. Over time, it is hypothesized that the intervention 
subwatersheds will behave more similarly to the reference subwatershed.
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Left: Installing automatic weather station in Guandu; Right: Installing sensor level. Photo credit: TNC.

transmittance and reflectance and converts to sediment concentrations. This frequency of  data collection was chosen 
to capture rapid water level rise and associated sediment concentrations during extreme rainfall events, which are 
common in the region. These events are highly correlated with mass transport of  sediments and therefore data need 
to be recorded at the appropriate time frame to determine whether restoration and conservation interventions are 
impacting sediment production and transport. The Watershed Committee and TNC will continue this monitoring 
over a minimum of  10 years to provide comparisons between the subwatersheds based on a time series.

While this design would ideally include a degraded control subwatershed where no restoration activities are planned, 
such a subwatershed could not be found in the region. This precluded a before-after-control-impact (BACI) design as 
recommended by Higgins and Zimmerling (2013).

Monitoring is at the subwatershed scale and implemented in small watersheds to capture local variation in hydrological 
behavior. This scale was deemed appropriate to compare watersheds that are similar in terms of  topography, climate, 
size, and other environmental conditions, but vary in terms of  land use. Ideally, the design would include monitoring 
at intervention sites within the impact areas (nested design) for greater ability to detect impacts of  individual 
interventions over a shorter period of  time. However, limited financial and human resources did not allow for this.  
Although the reference watershed is a third of  the size of  the intervention watersheds, the comparisons will be made 
based on specific flows and sediment production per unit area and should not impact the results of  the study.

Flow and sediment are measured at the outflow of  each of  the subwatersheds using water level sensors (to estimate flow) 
and turbidity meters. Spillways are being constructed in the two intervention subwatersheds in order to standardize 
flow estimates and allow more reliable measurements of  fine sediment production at low flows. Since the reference 
watershed is within a protected area where construction of  a spillway is forbidden, a stable stream cross-section method 
is used to convert water level into flow data using a gauge-flow rating curve. Weather stations were also installed in 
each subwatershed to evaluate the relationships between rain events, river responses, and fine sediment transport. 
Flow, sediment (turbidity), and precipitation data are recorded every 15 minutes and stored in dataloggers. Suspended 
sediments are measured as turbidity using a dual mode sensor immersed in the water column that measures both light 
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Figure 4: Multi-annual precipitation accumulation pattern (a) and daily rainfall for the Rio das Pedras watershed (b-e). Hydrologic year set as August 1st to July 
31st to reflect seasonal precipitation patterns.
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All three watersheds have a hydrologic regime that responds very fast to local rain events with high amplitude stage 
peaks of  short duration. The high amplitude stage peaks are in response to the torrential rains in January and March, 
with a series of  smaller amplitude peaks interspersed (Figure 5). The overall pattern occurs in all three watersheds, 
and baseflows have been stable even during extended dry periods.  Of  the three watersheds analyzed, the Papudos 
River displays the most pronounced stage variation, with peaks that rise up to 3.5 m in the matter of  2 hours and 
recede back to base flow in less than 6 hours. Similarly, the reference watershed responds to heavy rains with stage 
peaks in 2.5 hours and recedes back to baseflow in 9 hrs.  Although we cannot make inferences at this time about the 
di"erences in peak flow between the three watersheds (due to lack of  data to translate stage measurements to flow), 
these observations seem to indicate that the reference watershed has a similar stage peaking behavior but that it stores 
a larger proportion of  the precipitation and releases it over a larger period of  time, extending the flow recession time.  

Figure 5: River stage hydrographs for (a)Rio das Pedras, (b)Rio Papudos and (c) Ribeirão da Cachoeira reference watershed. Level data co-
llected with pressure sensor every 15 minutes.
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of  Environmental Services and Tradeo"s) for the mapping of  ecosystem service provision at larger subwatershed 
scales. The study’s focus on locally collected data instead of  that obtained from literature surveys should increase the 
accuracy of  spatial models and help refine maps identifying and prioritizing key areas of  service provision for the 
operators of  local matching PHS programs. Once models have been field-tested and parameterized with local data, 
their predictions should improve and longer, less intensive (spatially and temporally), monitoring programs can be 
established to provide PHS programs the feedback they need to continually improve their e"ectiveness.

A considerable e"ort is being made to establish synergies between the monitoring e"orts described here and projects 
being carried out in the same region at larger temporal and spatial scales. Five monitoring sites (one per land-use type) 
of  this project have been included in a four-year National Science Foundation NSF project seeking to determine the net 
environmental and socioeconomic impacts of  PHS programs in the region and provide valuable recommendations to 
CONAFOR for improving these programs. Through this collaboration we are hopefully that several additional years 
of  field data will be obtained that will help us to understand inter-annual weather patterns and further refine relevant 
models for mapping key areas of  ecosystem service provision. Additionally, a Global Environmental Facility (GEF) 
project, operating in six key watersheds along the Gulf  of  Mexico, plans to combine the InVEST models developed 
in this study with maps of  public sector investments within watersheds. That project aims to identify gaps in PHS and 
service provision, improve connectivity between national parks, and develop integrated watershed management in 
the context of  climate change. 

Tower with self-sealing bottles to collect samples of  suspended solids and nutrients during peak flow events in a sugar cane dominated watershed in INECOL. 
Photo credit: Pierre Mokondoko





83

Figure 2: Distribution of  payments for 
hydrological services (PHS) relative to 
the replicates (3 in each land use type) of  
microwatersheds dominated by di!erent 
types of  land use within the Antigua and 
Jamapa watersheds in central Veracruz. 
Each watershed was assigned unique key for 
subsequent analysis. 

Microwatersheds were selected by first modeling flow direction and accumulation to delimit the microwatersheds 
present in the region using ArcHydro in ArcMap. This process initially generated a total of  28,140 potential 
microwatersheds, which were subsequently narrowed down to 430 potential study microwatersheds by applying a set 
of  primary selection criteria including: (1) the presence of  first order streams with perennial flows; (2) dominance of  
a particular land use (primary forest, secondary forest, cattle pasture, agricultural crops, and shade co"ee plantations) 
in at least 60% (typically ≥ 70%) of  the microwatershed; (3) similar soil types (principally Andisols) and slopes no 
greater than 35°; and (4) within an altitudinal range of  700 - 1,700 m to minimize variation in climate in general and 
rainfall in particular. 
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Following the initial selection of  microwatersheds we further narrowed down our list of  potential study microwatersheds 
using the following secondary criteria: (1) viable sampling points for microwatersheds within 1 km of  a paved road; 
(2) microwatershed size (> 20 ha and < 150 ha) to minimize changes in hydrological responses due to drainage area 
alone; (3) absence of  point sources of  pollution; and (4) landowner interest making the stream gauges and other 
equipment left in the field somewhat more secure. 

To meet the monitoring objectives of  this project, we identified sections of  rivers exiting each selected microwatershed 
(Table 1) where we installed equipment for continuous, monthly, and sporadic (peak flows) data sampling. Hydrologic 
monitoring focused on the following parameters that are described in greater detail in the following sections: (1) 
collection of  meteorological data from weather stations and stream height from level data loggers at 30 minute 
intervals, to evaluate relationships between rain events and river responses; (2) monthly discharge measurements of  
base flow and real-time measures of  storm peak flow events using a flow meter; (3) soil sampling for the determination 
of  their physical and hydrological properties; (4) stream water sampling during storm events to calculate nutrient 
(NO3-N and PO4) and sediment concentrations; and (5) field infiltration measurements to determine hydraulic 
conductivity. 

Site Code Altitude Precipitation
(mm)Coordinates LULC

(%) LULC LocalityArea
(ha)

PZ1 37.00 1,509 2,070 93.3 Grassland Xico19¡ 23«53.2''N
97¡ 03'  07.5'' W

PZ3 52.35 1,665 1,647 60.0 Grassland Cinco Palos19¡ 30«27.9''N
97¡ 00' 20.0'' W

CA2 23.80 929 1,355 60.0 Agriculture Tuzamapan19¡ 24«04.2''N
96¡ 53' 58.99'' W

CS1 99.80 1,174 1,739 60.0 Shade co!ee Cosautl‡n19¡ 27«06.5''N
96¡ 59' 57.0'' W

CS3 42.80 1,242 1,773 81.4 Shade co!ee Coatepec19¡ 20«26.8''N
96¡ 58' 25.1'' W

BP2 67.82 1,690 1,639 75.0 Primary forest Cinco Palos19¡ 30«16.2''N
96¡ 00Õ 48.2'' W

BS1 75.20 1,419 2,206 75.2 Secondary
forest

Chocaman19¡ 00«00.1''N
97¡ 02' 48.7'' W

BS3 85.30 1,632 1,487 92.3 Secondary
forest

Otipan19¡ 04«13.1''N
96¡ 47' 27.2'' W

PZ2 74.11 1,395 2,035 99.2 Grassland Xico19¡ 23«42.4''N 
97¡ 01' 44.6'' W

CA1 106.50 904 1,624 73.0 Agriculture Mahuiztlan19¡ 24«04.2''N
96¡ 53' 58.99'' W

CA3 47.80 718 1,739 62.0 Agriculture Zenanzintla19¡ 04«13.1''N
96¡ 47' 27.2'' W

CS2 119.00 1,334 1,773 82.0 Shade co!ee Coatepec19¡ 27«5.67''N
96¡ 59' 16.5'' W

BP1 61.35 1,469 1,839 71.0 Primary forest Xico19¡ 04«13.1''N
96¡ 47' 27.2'' W

BP3 26.75 1,709 1,685 89.4 Primary forest Cinco Palos19¡ 04«13.1''N
96¡ 47' 27.2'' W

BS2 22.80 1,525 1,497 77.2 Secondary
forest Rancho Viejo19¡ 04«13.1''N

96¡ 47' 27.2'' W

Table 1: Main characteristics of  each microwatershed selected for the monitoring of  hydrological services in central Veracruz state, Mexico. See Figure 2 for the 
location of  each microwatershed in this region. 
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Precipitation and temperature

Once study microwatersheds were selected, we conducted an analysis to identify and fill gaps in the coverage of  
existing climate stations in the region. A total of  61 active weather stations were identified in the region of  interest, 
38 of  which belong to the National Institute of  Agricultural Weather System (INIFAP), 16 to the National Water 
Commission (CONAGUA), four from the NSF research team, and three belonging to the National Weather System 
(SMN). These stations were georeferenced and the gaps in their distribution were identified. We established seven 
additional weather stations to fill these gaps.  The new stations, located mostly in the upper sections of  relevant 
subwatersheds, collected data at 30-minute intervals for the calculation of  instantaneous and monthly average 
temperature, precipitation, evapotranspiration, solar radiation, wind direction and speed over the duration of  our 
year-long monitoring e"orts.

Stream flow monitoring

Stream velocity measurements for each microwatershed were taken using a flow meter from April 2014 to May 2015 
during regular monthly intervals (base flow) with the objective of  obtaining a curve establishing the relationship 
between velocity and stream height. We used a combination of  baro- and level data loggers installed in each stream 
to help ensure accurate measures of  the water column at 30-minute intervals. 

Nutrient and sediment retention were estimated for both base flows and peak flows using a combination of  monthly 
grab samples and self-sealing collection bottles placed at 10 cm intervals in 1.6 m iron towers. We quantified nitrate 
and orthophosphate levels in stream water samples using the brucine sulfate technique from the AAC (1990), and 
the APHA-AWWA-WEF (2012) standard method for water and wastewater ascorbic acid technique, respectively. 
Total suspended solids were calculated using the gravimetric method, with samples filtered through 0.45μm pore size 
polyamide membranes. 

Infiltration and soil hydraulic properties monitoring

Portable pressure and constant-load infiltrometers INDI-INECOL were used to calculate hydraulic conductivity 
at the upper and lower reaches of  study microwatersheds. Additional soil samples collected at the same sampling 
locations within each microwatershed were tested for water retention capacity, texture, moisture, particle density, bulk 
density and carbon content. 

The monitoring data collected is being used to compare InVEST models for water yield, sediment and nutrient 
retention, and carbon sequestration that have been parameterized using field data or publicly available data from both 
The National Institute of  Statistics and Geography (INEGI) and from the National Commission for the Knowledge 
and Use of  Biodiversity (CONABIO). Through this comparison we should be able to test and validate InVEST 
models and help ensure that they are more accurate in identifying potential priority areas for PHS programs in 
the region and thus more useful for program operators. Additional benefits of  this modeling approach include the 
capability of  mapping hotspots of  multiple ecosystem services that could further enhance the e"ectiveness of  these 
programs, and reducing the costs associated with extensive monitoring networks typically used to evaluate program 
performance.  
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Tables 2: Preliminary results from 14 months of  monitoring in 15 microwatersheds in central Veracruz, Mexico. Reported here is the code for each site, averages 
of  monthly suspended solids, stream area, average monthly base flow, average soil infiltration rate, number of  infiltration measures per microwatershed, soil humidity, 
and apparent density.  See Table 1 and Figure 2 for a more detailed description and the location of  these sites. Data gaps are due to insu"cient processing time, not 
the lack of  data. 

Site Code
Stream
Area
(m2)

Ks, average
(mm/hr)

Base Flow,
average
(L/sec)

Infiltration
Measures

(#)

Soil
Humidity

(%)

Apparent
Density
(g/cm3)

Suspended 
Solids,

average 
(mg/L)

PZ1

PZ2

PZ3

CA1

CA2

CA3

CS1

CS2

CS3

BP1

BP2

BP3

BS1

BS2

BS3

45.65

42.95

45.73

70.35

70.67

84.55

63.32

71.80

52.23

23.61

74.67

54.59

70.97

0.45

4.12

0.66

1.37

0.15

2.03

1.03

1.11

1.38

0.65

1.38

0.68

0.92

0.74

1.08

21.18

42.05

  8.90

41.00

  0.50

19.00

26.77

41.93

13.70

39.54

23.61

10.66

53.26

  7.35

23.96

14

14

20

20

14

14

20

20

14

14

20

7

14

14

14

86.36

110.54

127.35

  20.52

  45.83

  38.43

  69.46

108.70

  45.84

106.65

125.08

148.18

115.30

110.75

145.36

0.73

0.78

0.52

1.40

1.71

1.36

0.93

0.72

1.06

0.47

0.55

0.35

0.65

0.67

0.69

--

--

61.31

38.33

--

--

25.44

48.29

47.02

--

64.31

--

--

72.11

--

156.02

114.64

SITE CODE *NO3-N (mg l-1) *PO3 -4 (mg l-1)PO3 -4 (mg l-1)NO3-N (mg l-1)

C1 (7*)

C2 (9*)

C3 (3*)

P1 (11*)

P2 (9*)

P3 (10*)

2.39 ± 1.43

0.49 ± 0.28

1.03 ± 0.46

0.10 ± 0.05

0.13 ± 0.07

0.10 ± 0.10

4.01 ± 2.18

4.67 ± 2.95

6.04 ± 3.42

3.83 ± 2.27

4.65 ± 2.33

4.56 ± 2.46

0.005 ± 0.003

0.009 ± 0.004

0.008 ± 0.004

0.008 ± 0.005

0.007 ± 0.003

0.002 ± 0.002

0.08 ± 0.09

0.654 ± 0.99

1.18 ± 1.32

0.20 ± 0.39

0.27 ± 0.59

0.45 ± 1

A similar pattern is observed when comparing watersheds dominated by pastures or shade co"ee farms in terms of  
their capacity to retain nutrients using a subset of  our microwatersheds (Table 3). This comparison also highlights the 
pronounced di"erences in sediment and nutrient concentrations detected in samples collected monthly (base flow) or 
during storm events (peak flow). The former appears to capture only a fraction of  the nutrients sediments liberated 
in a particular watershed over a given year.   

Tables 3: Mean values (± SD) of  nitrates NO3-N and orthophosphates (PO3 -4) from April 2014 to May 2015. *TSS, *NO3-N, *PO3 -4 for samples collected 
monthly or during storm events (peak flow, *). The numbers next to each site code represent the number of  storm events sampled.

Findings from field monitoring are being used to test and validate InVEST models for di"erent ecosystem services. In 
particular, we are interested in comparing predicted areas of  high service provision from improved models to areas 
identified by operators of  PHS programs as being eligible for or actually receiving payments, in order to improve 
targeting of  these programs. Such mapping exercises should also help identify key areas for longer-term monitoring 
of  the impacts of  PHS programs. Such monitoring will be essential for insuring that PSH programs receive constant 
feedback and thus have the information necessary for continued fine-tuning and improvement in the future.  
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The case studies presented demonstrate rapid strides towards a regional network of  monitoring changes in hydrologic 
services in Water Funds. While many people and institutions have emphasized the importance of  monitoring and 
have put out theoretical guidance on how to do this, the case studies highlighted in this document represent the first 
real-world attempt to put this theory into practice.  

Here we summarize the key challenges and strategies to e"ectively monitor hydrologic services in the context of  
payments for watershed services programs. These strategies are based on the experiences detailed in the case studies, 
as well as hydrologic monitoring principles developed during a convening of  Water Funds in a monitoring workshop 
in Camboriú, Brazil in 2014. 

The case studies highlight a number of  key challenges to implementing e"ective monitoring of  hydrologic services
First, a major challenge for attributing changes in hydrologic services to Water Fund activities is the di#culty of  
finding control sites and ensuring conditions remain the same over time. 

Second, allocating funding to collect baseline data for a su#cient length of  time before beginning to implement 
activities has been di#cult. The length of  baseline information needed depends on the scale of  monitoring and the 
question – for local impacts, one to three years baseline monitoring may be needed, while for broader landscape 
impacts a decade of  baseline data is ideal. 

A third challenge is e"ectively extrapolating hydrologic changes found at the site scale to larger-scale Water Fund 
objectives, and linking this to downstream beneficiaries. 

Fourth, robust monitoring designs are expensive to install and operate, particularly for some parameters and for 
measurements that require high frequency. Likewise, damage to equipment from vandalism and natural events also 
presents serious challenges. Securing long-term permanent financing remains a common issue. 

To address these challenges we provide the following recommendations:

1. Design monitoring that links measured variables to Water Fund objectives

General objectives of  funds should be translated into specific, measurable objectives, utilizing a SMART framework 
(Specific, Measureable, Achievable, Realistic, and in a determined Timeframe). Water Funds should monitor indicators 
that respond to their principal objectives. (For example, if  sediment concentration reduction is a major objective, then 
sediment is a parameter that should be measured in conjunction with flow). Water Funds should identify what data 
are needed and how they will be analyzed, presented, and utilized at the start of  monitoring design. Funds should also 
plan how data will be integrated with other data sources (e.g., national climate or hydrologic monitoring programs, 
census data) and/or modeling e"orts (e.g. land change modeling by local university researchers) to assess attribution.

Durable and e"ective monitoring programs will need to carefully select indicators that are most important to track 
and prioritize based on funding and resources available to do so. While many indicators may provide valuable 
information, a balance must be struck between the amount of  information collected and the funding and capacity to 
analyze and utilize the information. 
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2. Use partnerships to increase capacity

Establishing collaborations and partnerships with key institutions, including NGOs, academic institutions, and 
government agencies in designing and carrying out monitoring can increase technical capacity as well as funding 
for monitoring.  Creating data sharing agreements is also a critical step towards filling data gaps. Prior to developing 
a monitoring program, Water Funds should first evaluate what data are currently available, develop data sharing 
agreements, and structure monitoring e"orts to fill critical data gaps. 

Working with local community members has also been identified as a key enabling condition for successful program 
and monitoring implementation. This takes time and patience, but is critical for long-term sustainability of  
monitoring. Several case studies pointed out the importance of  identifying and communicating predicted social 
benefits of  hydrologic services in order to increase local buy-in. This serves to link hydrologic services to human well-
being benefits and also increases project durability.

3. Improve monitoring design and practice

The case studies shown have all identified control sites at some scale of  monitoring, but there is a clear need to replicate 
control-impact designs throughout the monitoring network to more e"ectively attribute changes in hydrologic services 
to Water Fund activities. In order to identify good controls, it is critically important to establish baselines in Water 
Funds where interventions have not yet begun. 

Monitoring design and siting should match the scale at 
which impacts are expected to occur given the location and 
extent of  watershed intervention and expected lag times, in 
order to allow for the attribution of  hydrologic impacts to 
Water Fund activities. Monitoring should focus on the site 
and microwatershed scale in cases where there is limited 
understanding of  the impacts of  watershed interventions in a 
given location. As the Water Fund scales up its interventions 
and aims to benefit di"erent beneficiary groups, monitoring 
should also be carried out at larger scales. Of  course, larger 
(Water Fund scale) baseline data collection should begin as 
soon as possible if  funding permits.  

While it is important to understand the impacts and benefits 
(or potential impacts and benefits) of  activities at the Water 
Fund scale, attributing changes at larger scales to Water Fund 
activities through monitoring alone presents a di#cult and 
oftentimes insurmountable challenge, given the relatively 
small extent of  Water Fund activities and the presence 

of  confounding factors. A nested design could include a “sampling” of  principal watershed interventions at the 
microwatershed scale, ideally in a paired design that compares control and impact locations. From this, the quantity 
of  benefit is determined per area intervened. This sampling could be complemented by monitoring the impacts of  
Water Fund activities at the scale of  the entire intervention area. To a certain degree, this design also allows for more 
realistic projections of  the impacts the Water Fund could achieve at larger scales. 

Constructing weirs in microwatersheds in Huamantanga to monitor flow. 
Photo credit: Leah Bremer.
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Summary Table:
Summary of  program’s decision contexts and monitoring designs.

PROGRAM

AquaFondo

INDICA TOR (S) DESIGN SPATIAL
SCALE

FREQUENCY

Annual runo! coe"cient; base ßow index; di!erence 
between annual rainfall and ßow volume; ßow duration 
curve; range of ßows; lag time of catchment ßow 
response

Before-After-
Control-Impact Microwatershed 15 minutes

Extrema
7-day low ßow as percentage of base ßow index; annual 
runo! coe"cient; speciÞc discharge; peak ßood stage 
duration; suspended sediment concentration during 
high ßows

Control-Impact Subwatershed 15 minutes

FONAG

pH; dissolved oxygen concentration; temperature; 
conductivity; stream ßow; geomorphological 
characteristics; riverine vegetation cover; stream substrate 
composition; total suspended solids; sulfates, ammonium; 
nitrate; nitrite, phosphate; macro-invertebrate community 
composition and structure; coliforms; E. coli; 
Chlorophyll; Index of Riparian Quality (QBR); Stream 
Health Index; Ecological Quality Ratio Index; vegetation 
cover; percent bare ground; density and richness of 
species; life form diversity

Control-Impact

(water quality,
ecosystem
integrity) and
microwatershed
(ßow)

Annual (water quality
and ecosystem
integrity);
15 minutes (ßow) 

INECOL

Precipitation, wind direction and speed, temperature, 
solar radiation; daily, peak, and baseßows; stream veloci-
ty and area; suspended sediment concentrations; total 
phosphorus and nitrates; fecal coliforms; macroinvete-
brete index; vegetation cover derived from satellite 
imagery; bulk density and conductivity in soils

Replicated (3) 
microwatersheds 
with each of Þve 
di!erent 
dominant 
(>60% of area) 
land uses (N=15)

Microwatershed

15 minutes (stream
level); monthly
(water quality)

Camboriœ
Suspended sediment concentrations; peak ßood stage 
duration; 7-day low ßow as percentage of base ßow 
index; annual runo! coe"cient; suspended sediment 
concentration during high ßows

Before-After-
Control-Impact

Subwatershed
and watershed
(at intake point)

15 minutes

Fondo Agua
por la Vida
y la
Sostenibilidad

Flow level exceeded 95% of the time; suspended 
sediment concentrations; stream temperature; 
phosphorus/nitrate/nitrite/nitrogen concentrations; 
pH; dissolved oxygen; conductivity; fecal coliforms; 
macroinvertebrate index

Control-Impact 
for continuous 
turbidity and 
ßow; above and 
below 
intervention sites 
for water quality

Site (water quality);
microwatershed
and subwatershed
(ßow and turbidity)

15 minutes (ßow and
turbidity); twice per
year (water quality)

Guandu
7-day low ßow; 7-day low ßow as percentage of base ßow 
index; speciÞc discharge; annual runo! coe"cient; 
turbidity changes in relation to river discharge in each 
sub-watershed

Reference-Impact Subwatershed 15 minutes
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