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Executive Summary
Preserving and restoring water quality is a major concern for cities around the world. In most cities,
urban population growth, coupled with degradation of municipal source watersheds, has increased
drinking water treatment costs. One recent estimate suggests that in one-third of large cities, costs per
unit of treated water have increased on average by roughly 50 percent over the last century because of
land conversion and development in source watersheds.
Restoring source watersheds can reverse this trend, and may be a cost-effective approach for cities to reduce
drinking water treatment costs while enhancing supply resiliency and protecting biodiversity among other
co-benefits. Nevertheless, the potential to cost-effectively deliver key hydrologic services through watershed
investments far exceeds the current extent of watershed conservation programs. Mobilizing the investments
needed to realize this potential hinges in part on the business case for water users — that is, the competitiveness
of watershed conservation programs with conventional engineering solutions.
Yet credible economic assessments of watershed conservation or restoration are almost entirely absent from the
literature, leaving the business case for watershed conservation an important yet largely unanswered question.
Worse still, those interested in evaluating the business case in their own geography lack the examples and tools
to do so in a robust manner.
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ROI ANALYTICAL FRAMEWORK
Remedying this shortcoming requires a rigorous analytical framework that combines ecosystem service production
functions, benefit production functions, economic valuation and the comparison of scenarios with and without
the interventions to allow the measurement of welfare changes caused by watershed interventions. We synthesize
and apply such a framework (Figure ES-1) to a recently created payment for watershed ecosystem services (PWS)
program in the Camboriú River watershed in Santa Catarina State, Brazil.
The Camboriú watershed — situated in Brazil’s threatened and biodiversity-rich Atlantic Forest biome that has
been reduced to 12 percent of its historic extent— is experiencing fine-scale land cover changes and high sediment
loading. The main objective of the PWS program for its principal funder, the municipal water supply company
EMASA, is to reduce concentrations of total suspended solids (TSS) at the municipal drinking water intake and
associated water treatment costs and water losses.

ROI FRAMEWORK
Intervention
Ecosystem Structure

(vegetation, soils, slope)

Ecosystem Function

ANALYSES

Empirical observations; land cover
change analysis and modeling
(program & counterfactual)
Hydrologic analysis
(SWAT version 2012)

Ecosystem Service
Benefits

KEY OUTPUTS

Ecosystemphoto
service
production
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Return on investment

Values
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Figure ES-1: Analytical framework and associated analyses used to assess the return on investment
of the Camboriú watershed conservation program for water treatment plant sediment management

ANALYSIS STEPS
Using high-resolution remote sensing imagery of recent land use and land cover (LULC) change in the watershed,
we model future LULC change without the PWS program. We then calibrate a hydrologic model to the watershed
using climate, flow and turbidity monitoring data in order to identify intervention areas that would achieve the
highest reduction in sediment yields above the baseline, without-PWS program case. We target these areas for
restoration and conservation interventions subject to program implementation capacity, site costs and size of
sediment reduction, generating a future LULC scenario with PWS program.
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We run the calibrated hydrologic model with both
predicted LULC maps (i.e., with and without the
PWS program) to estimate by how much program
interventions would reduce TSS concentrations
at the municipal drinking water treatment plant
intake. Using treatment plant data on sediment
removal costs and discounted actual and projected
PWS program costs, we estimate the ROI of the
program —the ratio of the present value benefits
and costs associated with the reduction in TSS in
municipal drinking water. Because only a portion
of the program cost is borne by the municipal water
company, EMASA, we also estimate the ROI of the
program for the water company itself.
CAMBORIÚ FINDINGS
We find that reductions in sediment treatment cost
and water losses offset 80 percent of the public water
company’s investment in the watershed conservation
program and 60 percent of the program’s total costs
over a 30-year (2015 to 2045) time horizon. The
Camboriú PWS program’s ROI is therefore <1 for
just reducing TSS concentrations, although its ROI
for the public water company exceeds 1 for time
horizons of 43 years or more. The program thus
would appear not to be justified on strictly financial
grounds as only a control measure for TSS absent
any cost-sharing with beneficiaries of the co-benefits
it provides, including reduced risk of flooding and
water supply shortages during the tourist high
season. Importantly, both of these co-benefits are
of high concern to the two municipalities in the
watershed.
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Cost-sharing can be achieved by incorporating
watershed conservation costs into water user fees
or levying a conservation fee on visitors during the
high-season when water resources are strained.
Specifically, a surcharge of only USD 0.005 (BRL
0.02 at the average 2015 exchange rate) per cubic
meter water consumed — equivalent to less than 0.4
percent of the current average rate paid by municipal
water customers or USD 1.25 (BRL 4) per household
per year — would lift the ROI of the program above
1. Cost sharing of that amount would be justified
as long as the combined value of the reduced risk
of flooding and water supply shortages presently
is at least USD 88,000 (BRL 275,000) per year —
a condition that may well be satisfied given the
importance of the booming tourism and real estate
sectors to the local economy and the high economic
cost associated with even localized flooding or
relatively brief water supply disruptions.
For context — and acknowledging fully that the
value of watershed conservation is highly contextspecific — studies in Brazil and elsewhere of the value
of improved water supply security or flood control
report an average household willingness to pay
several orders of magnitude higher than what would
be required to lift the ROI of the Camboriú program
above 1. Recognizing these additional benefits
provided by the program, the Balneario Camboriú
municipality is concluding a review of a new
water tariff structure that incorporates watershed
conservation and would cover the program’s full
operational costs.
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Figure ES-2: Comparison and composition of annual costs and benefits of the Camboriú PWS program,
amortized over 30 years using Brazil's 3.85% social discount rate. Note: The value of co-benefits was
not quantified in this analysis

CONCLUSION
Our findings are driven in part by program costs per hectare that substantially exceed those reported for other PWS
programs in the region. Our higher cost estimates result from our full accounting for significant cost components
often acknowledged but rarely quantified — specifically, the transaction and management costs associated with
establishing, operating and assessing the impact of a PWS program designed to achieve high additionality and to
be sustainable in the long term. Because transaction costs account for such a large share of total program costs,
and because many of them are independent of the size of the intervention area, the ROI of the program could be
improved by expanding interventions to the remaining high-sediment loading areas.
Our study provides a template for how to assess the business case of other PWS programs. It also highlights the
fact that the business case for a given watershed conservation program for a particular investor can depend on the
broader social-economic case, and on the ability to forge institutional arrangements that allow internalizing the
value of the multiple benefits watershed conservation produces for diverse stakeholders.
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ESTIMATING RETURN ON INVESTMENT IN WATERSHED CONSERVATION:

Analytical Framework and Principles
INTRODUCTION
Preserving and restoring water quality is a major concern for cities around the world. In most cities, urban
population growth, coupled with degradation of municipal source watersheds, has increased drinking
water treatment costs. One recent estimate suggests that in one-third of large cities, costs per unit of
treated water have increased on average by roughly 50 percent over the last century because of land conversion and development in source watersheds (McDonald et al., 2016). Restoring source watersheds can
reverse this trend, and may be a cost-effective approach for cities to reduce drinking water treatment costs
while enhancing supply resiliency and protecting biodiversity among other co-benefits (Alcott et al., 2013;
Furniss et al., 2010).
The idea of deploying “natural infrastructure” to complement or substitute conventional engineering-based
solutions to environmental problems has been receiving widespread interest (Das and Vincent, 2009; Ferrario
et al., 2014; Kroeger et al., 2014; Kroeger and Guannel, 2014; Temmerman et al., 2013). This is certainly true for
freshwater, where the impact of watershed conservation, restoration and management on improved water quality,
flow regulation and flood control has drawn much attention (Alcott et al., 2013; Furniss et al., 2010; Opperman et al.,
2009; McDonald and Shemie, 2014).
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Three economic rationales are commonly advanced
for investing in natural infrastructure solutions:
cost-effectiveness, co-benefits and the precautionary
principle.
•

Natural infrastructure is a cost-effective alternative to manufactured “grey” infrastructure if it is
at least cost-competitive with conventional engineering-based solutions in producing a specific
target service or bundle of services (Kroeger et al.,
2014; Ferrario et al., 2014).

•

It also generates co-benefits that result from
the additional ecosystem services any natural
infrastructure provides beyond the specific target
service(s) (Bennett et al., 2009), and that competing grey infrastructure generally does not
provide (Kroeger and Guannel, 2014; Spalding et
al., 2013).

•

Finally, the precautionary principle supports
preserving the option value associated with more
intact watersheds and their higher resiliency to
climate change and higher hydrologic service
flows (Furniss et al., 2010) in the face of uncertainty about the size (Furniss et al., 2010) and
value (Sterner and Persson, 2008) of reductions
in future service flows due to ecosystem degradation coupled with the potential irreversibility
of that degradation (Randall, 1988; Gollier and
Treich, 2003). The precautionary principle can
also justify conservation or restoration of natural
systems based on the recognition that such
systems have worked well so far (Wunder, 2013).

With the exception of the precautionary principle, assessing the economic rationale for investing in natural
infrastructure requires sufficiently reliable quantitative information about both the benefits or “returns”
a particular natural infrastructure solution delivers in
a given place for a given level of investment, as well as
its actual total implementation costs. While watershed
conservation and restoration may offer substantial
and widespread potential to cost-effectively deliver
hydrologic services (McDonald and Shemie, 2014), in
non-industrialized countries, few such credible return
on investment (ROI) analyses exist for watershed conservation or restoration projects (Ferraro et al., 2012).

ROI ANALYTICAL FRAMEWORK:
GENERATING CREDIBLE ROI ESTIMATES OF
WATERSHED CONSERVATION PROGRAMS
Reliable ROI assessment of any natural infrastructure project requires application of an analytical
framework that quantitatively links the biophysical
and economic spheres and allows relating a specific
natural infrastructure intervention to resulting
changes in human well-being by quantifying the
relationships along the Intervention "Ecosystem
Structure "Ecosystem Functions "Ecosystem Services "Benefits "Values chain (Figure 1).

Intervention
Ecosystem Structure

(vegetation, soils, slope)

Ecosystem Function
Ecosystem Service
Benefits
Values
Intervention
ROI
Program Cost

Figure 1: ROI analytical framework
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IMPLEMENTATION
Implementation of this framework requires that an
analysis follow seven key principles (see Figure 2):

PRINCIPLE

1
2
3
4
5
6
7

EXAMPLE

Focus on ecosystem services and clearly distinguish
among ecosystem functions, ecosystem services,
benefits and values (Boyd and Banzhaf, 2007; Brown et
al., 2007; Tallis and Polasky, 2009; Kroeger, 2013)

Reduced concentration of total suspended solids (TSS)
in municipal intake water (service) vs reduced erosion
(function), reduced treatment needs (benefit) or lower
treatment cost (value)

Focus on final ecosystem services, that is, “components
of nature that are directly enjoyed, consumed, or used to
yield human well-being” (Boyd and Banzhaf, 2007:619)

Municipal intake water with lower TSS concentrations vs
improved soil retention in watershed

Define services in benefit-specific terms (Boyd and
Banzhaf, 2007; Landers and Nahlik, 2013; Keeler
et al., 2012), using metrics that reflect the service
characteristics crucial to benefit generation (physical
unit, spatial and temporal incidence)

Reduced average hourly TSS concentrations (ml/m3) at
the municipal water treatment plant intake point(s) vs
reduced tons of total sediment load per year somewhere
in the river

Use appropriate (locally calibrated and validated)
ecosystem service production functions (National
Research Council, 2005) that incorporate spatial
attenuation effects between intervention and service
provision sites, if any

Well-calibrated hydrologic model that simulates all
relevant sediment sources and sinks in the source
watershed and their effects on TSS concentrations at the
municipal water treatment plant intake

Construct a true baseline of service flows via
development of “counterfactual” service flow estimates,
to control for the effect of other factors on service flows
(Blackman, 2013; Ferraro, 2009; Ferraro and Pattanayak,
2006; Pattanayak, et al. 2010)

Modeled future change in land use/land cover (LULC) in
watershed without the watershed conservation program,
and resulting TSS concentrations at municipal water
treatment plant intake point(s)

Use empirically-based benefit functions for key service
beneficiaries that show the quantitative relationship
between particular service flows and specific, actual
benefits

Treatment plant application of chemical x reduced
proportionally with TSS concentrations; chemical y
reduced by 0.05ml/m3 up to TSS concentration a; water
lost in treatment sludge reduced proportionally to TSS
concentrations

Use appropriate valuation approaches to quantify the
changes in human wellbeing associated with those
benefits (Brown et al., 2007; Griffiths et al., 2012; Wilson
and Carpenter, 1999)

Avoided cost of chemicals used for TSS removal by
municipal water treatment plant; increased revenue for
municipal water plant from reduced loss of marketable
water in sludge

Figure 2: Key principles for generating reliable ROI analyses

Importantly, this framework yields natural infrastructure ROI estimates expressed in the same performance
metrics routinely used to evaluate relevant engineering alternatives. This facilitates identification of instances
where natural infrastructure solutions are competitive with, or outperform, engineered alternatives — something
that is critical to attracting increased investment in natural infrastructure solutions.
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Camboriú River Payment
for Watershed Services Project
INTRODUCTION
Balneário Camboriú in Santa Catarina state is a famous beach destination in southeastern Brazil that
attracts increasing numbers of both domestic and international visitors (Ferreira et al., 2009; Lohmann et
al., 2011). As a result of the booming tourism and civil construction sectors that now dominate the local
economy, the combined population of Balneário Camboriú and neighboring Camboriú city, approximately
200,000 year-round (Instituto Brasileiro de Geografia e Estatística, 2016a, 2016b), now swells to more
than 800,000 during the summer high season (December through early March).
Both municipalities count on the Camboriú River as a reliable low-cost source of drinking water supply. However,
the increasing demand, especially during the summer tourist high season, severely stresses this supply. This is due
primarily to a lack of any large-scale water storage infrastructure in the watershed, such as reservoirs that could
buffer the impact of extended low streamflow events. The topography of the watershed, with its broad alluvial plain
and relatively small surrounding sloped areas, is not naturally well-suited to reservoirs. However, high sediment
loads at the water plant’s intake point also are limiting supply as they lead to large water losses in the treatment of
stream water for municipal water supply.
To avoid future supply shortfalls, the Balneário Camboriú Water Company, EMASA (which supplies both municipalities), evaluated options for securing sufficient future water supply. These include storing water in the watershed through flooding of native forest and agricultural lands; transferring water from a neighboring watershed
characterized by substantially lower water quality that would necessitate advanced treatment; and conserving and
restoring natural lands in the Camboriú watershed to maintain the high-quality water supply historically provided
by the Camboriú River.
Because of the high projected costs of the first two options and the promising results of initial feasibility assessments of the third, EMASA decided to first invest in protecting remaining natural forests and restoring degraded
areas with high sediment loading to reduce treatment water losses and costs. Should this prove insufficient to
achieve a reliable water supply, investments in the other two grey infrastructure options will need to be considered.
To implement the watershed conservation strategy, in 2013 EMASA created the Camboriú Payments for Watershed Service (PWS) project in partnership with The Nature Conservancy, the municipalities of Balneário Camboriú and Camboriú, the Camboriú Watershed Committee, the State Sanitation Regulatory Agency (Agesan), the
National Water Agency (ANA), Santa Catarina State’s Environmental Information and Hydrometeorology Center
(EPAGRI-CIRAM) and the Camboriú city council.
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PROJECT AREA
in Brazil’s Atlantic Forest. The urban area is heavily
concentrated along the coast and characterized by a
thin strip of very high-density, high-rise development
at the ocean front surrounded by an established highto medium-density mixed use area. This, in turn, is
followed by a zone of residential sprawl that is fast
expanding into the alluvial floodplain. The alluvial
plain beyond the urban area is dominated by pasture
and row-crops (primarily irrigated rice), while the
slopes are primarily in native forest, but also feature
pastures and, increasingly, timber plantations, primarily eucalyptus.

The Camboriú River watershed is located in Santa
Catarina state, southern Brazil, and has a humid
subtropical climate. The drainage area is 199.8 square
kilometers large, with EMASA’s water intake located
in the lower portion of the watershed, just before the
beginning of the urbanized area. The area upstream
from the water intake — the area of interest for this
study — comprises approximately 13,000 ha and
receives the flows of the Braço, Macacos, Canoas and
Lajeado subwatersheds.
The land use pattern in the Camboriú watershed
resembles that of many other coastal watersheds

Figure 3: Camboriú River watershed upstream of
municipal drinking water treatment plant intake,
monitoring stations and modeled sediment yield
rates in 2014

Average annual Sediment Yield
form HRU 2014 - ton/daily
0.0—0.1
0.2—1.0
1.1—5.0
5.1—10.0
10.1—500.3
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Hydrologic Monitoring Station
1

Water Intake - EMASA

2

Braço outflow

3

Braço middle basin

4

Braço headwaters

5

Canoas/Macacos outflow

6

Macacos headwaters

7

Louro climatic gauge

The high rates of both forest loss and regrowth experienced in recent decades in the Camboriú watershed
have the potential to make the use of counterfactual
analysis particularly important because the latter may
be able to identify where deforestation and regrowth,
respectively, are likely to occur, thus allowing a targeting of interventions that can increase additionality of
impacts and program ROI.
The PWS currently implements three interventions:

©Claudio Klemz/TNC
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1.

restoration of degraded riparian and headwater
areas, through fencing for cattle exclusion and
planting of native tree seedlings or enrichment,
depending on the state of degradation (highest
priority);

2.

conservation of relatively intact riparian areas
featuring regenerating forest, through riparian
fencing for cattle exclusion (second-highest priority); and

3.

restoration of degraded upland forest on steep
slopes through fencing for cattle exclusion and
either planting of native tree seedlings or enrichment, depending on the state of degradation
(lowest priority).

1.

2.

3.

Landowners receive payments as compensation for the
maintenance of interventions on their property and the
recurrent annual opportunity cost associated with the
forgone use of those sites, with payments contingent
on good maintenance of interventions. Payments by
the Camboriú PWS program are based on the average
opportunity cost of forgoing grazing in the watershed
(BRL223 [USD 70]/ha/yr) and the size, priority ranking
and level of degradation of the enrolled area. Restoration and conservation of riparian areas and restoration of high sediment contribution areas earn 1.5
times this rate, while conservation areas not classified
as riparian earn 0.5 times.
The program also intends to promote the implementation of dirt road mitigation measures for sediment
control by the two municipalities, especially on slopes.
While improved dirt road management practices have
the potential to substantially reduce sediment loading
into streams, their effect is highly site-dependent,
and current data limitations prevent modeling watershed-scale impacts.

INTRODUCTION 11
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Analyses Needed to Estimate ROI
We apply the ROI analytical framework (Figure 1) to estimate the predicted
ROI of the Camboriú PWS program as a sediment control measure. The
necessary analyses are described below and summarized in Figure 4.

ROI FRAMEWORK
Intervention
Ecosystem Structure

(vegetation, soils, slope)

Ecosystem Function

ANALYSES

Empirical observations; land cover
change analysis and modeling
(program & counterfactual)
Hydrologic analysis
(SWAT version 2012)

Ecosystem Service
Benefits

KEY OUTPUTS

Ecosystem service production
function (Sediment concentration
at intake point)

Empirical analysis of water treatment
plant sediment removal cost

Benefit production function
(Avoided treatment cost)

Economic valuation

Return on investment

Values

Program Cost

Figure 4: Analytical framework and corresponding analyses used to assess the return on investment of
the Camboriú watershed conservation program for water treatment plant sediment management

12 ASSESSING THE RETURN ON INVESTMENT IN WATERSHED CONSERVATION

1. EMPIRICAL OBSERVATION, LAND COVER CHANGE ANALYSIS AND MODELING
Using high-resolution (1 meter) land use/land cover (LULC) data from a recent time period (2004 to 2012)
expected to be representative of the near- to medium-term future, we estimate a LULC change model for the
watershed. We use this model to generate counterfactual (i.e., without the PWS program) LULC for the year
2025, by which time the program is expected to have enrolled the lands considered most crucial for sediment control whose owners are interested in participating in the program, and many of the interventions are
expected to have attained much of their eventual full functionality.

2. HYDROLOGIC ANALYSIS (SWAT VERSION 2012)
We then use this counterfactual LULC layer and the interventions carried out by the PWS program to predict
the conservation LULC resulting with the program. We calibrate the Soil and Water Assessment Tool (SWAT
version 2012_Rev._637) to the watershed using climate data, flow and turbidity data from existing and newly
added hydrologic monitoring infrastructure, and current (2012) LULC (Fisher et al., 2017). The model then was
run on both the counterfactual and the conservation LULC scenarios for the year 2025 to estimate the PWS
program-attributable reduction in sediment levels at EMASA’s water intake.

3. EMPIRICAL ANALYSIS OF WATER TREATMENT PLANT SEDIMENT REMOVAL COSTS
The concentration of sediment in intake water affects various aspects of the treatment process (Appendix A1).
The main operational processes in EMASA’s treatment plant that are impacted by sediment in intake water are
the application of chemicals for coagulation and flocculation of raw water; sludge discharge and disposal; water
pumping to and within the treatment plant; and back flushing of the final sediment gravity filters with alreadytreated water.
Since the heavier sediment fraction settles in the intake channel prior to reaching the pumping station, the
fraction reaching the treatment plant is composed almost exclusively of suspended solids (TSS). TSS thus is
the target ecosystem service metric of concern. Accordingly, the hydrologic modeling was set up to yield the
estimated impacts of the PWS interventions on TSS concentrations at the treatment plant intake. Likewise,
our benefits analysis is based on changes in intake water TSS concentrations.

4. ECONOMIC VALUATION
We use empirically derived sediment cost functions to estimate the value of the sediment reductions the
program produces at the water treatment plant and compare this value to program costs. Finally, we calculate
three ROI metrics useful for describing the economic performance of natural infrastructure (NI) projects.

INTRODUCTION 13
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Detailed Steps to Estimate ROI
1

Historic Land Cover Change Analysis

2		

Future Land Cover Change Modeling

3		

Hydrologic Modeling

4		

Targeting of Interventions Based on SWAT

5		

Benefits Estimation

6		

PWS Program Costs

7		

ROI Calculation

and LCM Results

© Andre Cavassani
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Historic Land Cover Change Analysis

1

The choice of spatial resolution of land cover data was based on observations of the spatial characteristics of
individual instances of recent land cover changes in the watershed, many of which are incremental and fine-scale.
Similarly, the interventions carried out by the PWS program result in fine-scale land cover changes often on the
order of less than 20 m. Because change at that scale often is undetectable even with medium-resolution imagery
such as 30 m (Landsat), we acquired readily available commercial sub 1m resolution imagery for the land cover
change analysis.

We chose 2003 to 2012 as our land use/land cover change (LULCC) reference period for historic LULCC, which
were the earliest and latest years, respectively, for which 1 m resolution data were available for the study area. This
period is representative of the current phenomenon of urban sprawl into the hinterland following the maximum
densification of the coastal zone around the year 2000 (Ferreira et al., 2009). We processed land cover images using
Feature Analyst 5.1.21 (Overwatch Systems Ltd.) for ArcGIS and created feature class polygons for each of the land
cover classes that had been identified based on SWAT modeling needs. We then used ground reference points (539)
collected during a field visit to accurately classify and calibrate the high-resolution imagery.
To increase the accuracy of the land cover products and ensure that they reflect actual land use, we used our
knowledge of the watershed to develop rules that reclassified specific transitions involving plantations (see
Supplementary Information), eliminating highly unlikely transitions by changing the respective land cover of any
pixels affected by these transitions (Fisher et al., 2017).

16 ASSESSING THE RETURN ON INVESTMENT IN WATERSHED CONSERVATION

Results
OBSERVED LAND COVER CHANGE
Net land cover change observed between 2003 and 2012 was 562 ha, or approximately 4 percent of the study area
(13,668 ha). The single largest change was a reduction in pasture; this was balanced by increases in plantations, bare,
impervious and forest. While forest extent showed a small net increase, forest cover was removed from an estimated
over 230 ha during this nine-year period.

Gains and losses between 2003 and 2012
forest
plantation
impervious
rice
pasture
bare
water
hectares

-700 -600 -500 -400 -300 -200 -100

0

100

200

300

400

Figure 5: Land cover change in the study area during 2003−2012 (gross)
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Modeling future land cover change

2

Land use change is a complex process that is not strictly biophysical-deterministic but rather is influenced also
by dynamic and non-linear interactions between nature, humans and larger economic processes (Pérez-Vega
et al., 2012). Historic land cover change reflects the past results of those interactions and thus, barring major
changes in land use drivers, can be a useful indicator of potential future change. We used Land Change Modeler
(LCM) for ArcGIS 2.0 to identify spatially explicit land cover change between the rules-adjusted 2003 and 2012
land cover layers. The model is calibrated on land cover change observed during a historic period, a process
during which it assesses the importance of user-provided explanatory variables in discriminating between areas
of change and no change.
Out of the large set of potential drivers of LULCC (Blackman, 2013; Ferretti-Gallon and Busch, 2014; SoaresFilho et al., 2004), we selected eight for inclusion in our estimation of the LCM model for the watershed that
have been found to be significant drivers of LULCC in other coastal Atlantic Forest regions experiencing similar
land use changes as those observed in Camboriú.
By basing our LULCC prediction for 2012 to 2025 on LULCC observed during 2003 to 2012, we make the
assumption that the composition and relative strength of the ultimate causes of land use change during the
prediction period will be the same as during the earlier period. Principally, this assumes that the economics of
the various agricultural activities and of development remain largely unchanged.
In addition, agricultural input and output prices, as well as real estate development-related policies (e.g., zoning
regulations), have major impacts on the economics of land use in the watershed. Given the relatively short time
period covered in our projection (13 years), the assumption of no substantial change in the economics of land
use in the watershed appears reasonable.
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Results
PREDICTED LAND COVER CHANGE BY 2025
Total predicted net change (582 ha) during 2012 to 2025 is slightly larger than during 2003 to 2012. A reduction in
pasture (-279 ha) is the single largest predicted LULCC, accompanied by a much smaller contraction in the area in
irrigated rice (-12 ha). These reductions are balanced primarily by increases in the area in plantations (+176 ha) and,
to a lesser extent, in impervious (+48 ha), bare (+43 ha), and forest (+24 ha) covers.
An analysis of the individual transitions reveals that while forests show a net increase fueled by a decline in
pasture area, by 2025 more than 310 ha of forest are predicted to be converted to pasture, much of it in the middle
watershed (orange areas in Figure 6). These predictions are consistent with the empirically observed continuing
replacement of mature native Atlantic Forest with regrowing forest patches (Joly et al., 2014). An analysis of the
spatial patterns of change reveals that while pastures are being replaced by plantations and forest throughout the
watershed, the effect is most pronounced in the headwater areas, matching Teixeira et al.’s (2009) observation that
Atlantic Forest regrowth was highest at higher elevations, farther from urban areas, and farther from roads (green
areas in the lower portion of Figure 6).

Predicted Land Cover Changes 2012 - 2025
Pasture to Bare
Bare/Rice/Forest to Pasture
Pasture to Rice
Pasture to Impervious
Pasture to Plantation
Pasture to Forest

Figure 6: Predicted 2012-2025 land cover change in study area, assuming no PWS program
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Hydrologic Modeling

3

We use the Soil and Water Assessment Tool (SWAT 2012 Rev. 637) (Arnold et al., 1998; Gassman et al., 2007) to
estimate the change in the watershed’s sediment export under the planned PWS program interventions compared
to a counterfactual scenario in which those interventions do not occur.
MODEL CONSTRUCTION, DATA AND CALIBRATION
The SWAT model was built with the 2012 land use map developed in the LULC analysis, and calibrated first to
daily discharge and then daily sediment concentration monitoring data from 2014 to 2015 using a split-sample
calibration method (Fisher et al., 2017; see Appendix A2). A linear rating curve was built for turbidity-to-sediment
load based on lab analysis of 35 grab samples at the EMASA intake. We judged that the two-year offset between
land use map and discharge was small enough to have a minimal effect. For both discharge and sediment load,
model accuracy was assessed based on out-of-sample data from 1/1/2015 to 8/31/2015 using three complementary
approaches and was found to be good (Fisher et al., 2017; Appendix A2).

We then ran the SWAT model on the counterfactual (no PWS program interventions) and the intervention scenario
2025 LULC maps in 2025. For the counterfactual scenario, we used the parameter values and settings from the
calibrated model. We used the 2014 monitored catchment discharge and EMASA intake volume in all our modeling
and calculations. For the intervention scenario, we also left parameter values and settings unchanged from those of
the calibrated model.

Hydrologic Monitoring
Historic hydrologic monitoring data are limited to fragmented series of water quality and river level data collected
at the treatment plant raw water intake (point 1 in Figure 3). In 2013, as part of a new flood early warning system,
river level gauges were installed at the outflows of the two headwatersheds (Braço and Macacos; points 2 and 4,
respectively, in Figure 3) along with a climate gauge in the Braço headwatershed (point 6 in Figure 3) and a full
meteorological station at the EMASA intake point.
To generate continuous turbidity and flow time series data that would allow improved SWAT calibration, in 2014
automatic turbidity gauges were added to the two headwater outflow monitoring stations. All of these stations are
telemetry-linked and collect hourly measurements, except for the turbidity probes, which collect measurements
every 15 minutes. Measurements are transmitted to the EPAGRI-CIRAM server and subjected to preliminary
quality control using range, step and persistence tests.
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Results
PREDICTED SEDIMENT LOADING
Figure 3 shows the SWAT-estimated sediment yield in 2014 of all hydrologic response units (HRUs) in the Camboriú catchment above the EMASA intake point (point 1 in the figure). Given our assumptions of spatial homogeneity
of the TSS fraction in sediment loading into streams in the catchment and identical attenuation of TSS between
any stream location in the catchment and the EMASA intake, the map indicates the estimated contribution of each
point in the catchment to 2014 TSS loads at the municipal water intake. Figure 7 (left panel) shows the predicted
sediment yield of catchment HRUs in 2025 absent conservation and restoration interventions.

Average annual- Sediment Yield form HRU - with and without interventions
Sediment yield from HRU (tons/ha/y)
0.0—0.1
0.2—1.0
1.1—5.0
5.1—10.0
10.1—573.9

2025 with out interventions

2025 with interventions

Figure 7: Modeled annual sediment yield in counterfactual (left panel) and intervention (right panel) scenarios
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Targeting of Interventions
based on SWAT and LCM Results

4

Cost-effective targeting of PWS interventions requires selecting the intervention portfolio (both sites and
interventions) based on both costs and benefits (Duke et al., 2014), where benefits are measured as reductions in
TSS concentrations at the EMASA intake point. However, modeling TSS yield from individual sites was beyond the
scope of our analysis as it would require highly spatially resolved soil information, which does not exist.

Instead of TSS yield, we use sediment yield of a site as a proxy for the contribution of the site to TSS concentrations
at the EMASA intake. This assumption is unlikely to unduly bias our targeting because the small size of the
watershed and the absence of reservoirs or significant overbank flow events make it unlikely that there is much TSS
attenuation between intervention sites and the water intake, and because any TSS removal that is occurring will
occur primarily on floodplains or in rice or fish ponds in the lower watershed, and thus would affect TSS delivery to
EMASA from all upstream intervention areas equally.
To target restoration activities, we first identified potential intervention lands as lands currently in pasture or
bare covers (excluding roads). Within this subset, we identified lands located in riparian or headwater areas which,
following the general rule defined by the Brazilian Forest Code (Soares-Filho et al., 2014), we defined using a buffer
of 30 m on both sides of a stream and a radius of 50 m around headwaters. We focused on riparian and headwater
lands as these are most important for preventing sediment stream loading. From these lands, we excluded all
lands that the LCM analysis predicted to revert to forest by 2025. From this set of potentially restorable riparian
or headwater lands not expected to experience forest regrowth absent intervention, we selected for restoration
activities the highest sediment-yielding lands in 2012 as indicated by our SWAT model, until reaching the current
implementation capacity of approximately 326 ha by 2022.
To target conservation activities, we selected the 313 ha that our LCM model predicted to change from forest in
2012 to non-forest in 2025. We quantified the expected sediment yields of these areas by running the calibrated
SWAT model with the LCM-predicted 2025 land cover and selected all of them for conservation interventions
because their modeled sediment yields exceeded 10 t/ha/yr.
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Results
TARGETING OF INTERVENTIONS
Figure 8 shows the areas selected for restoration (326 ha) and conservation (313 ha) activities, based on current
and future sediment yield and predicted forest cover change. A comparison of both scenarios reveals that the
interventions will substantially reduce sediment yield from the majority of high sediment yield areas predicted
to exist in 2025 in the absence of the interventions. Nevertheless, the presence of high sediment yield areas in the
intervention scenario (bright and dark red areas in the right panel in Figure 7) indicates that more opportunities
exist to further reduce sediment loading of streams.

Intervention areas

Intervention areas
Conservation

Monitoring and climatic stations

Restauration

Figure 8: PWS interventions targeted using current land cover and use, predicted counterfactual land cover change
and estimated contribution of lands to TSS concentrations at the treatment plant intake
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Benefits Estimation

5

To estimate benefits, we developed a future scenario to assess the impact of reduced TSS levels from catchment
restoration and conservation on municipal drinking water provision. (See Appendix Table A1 for details on the
sediment-related water treatment plant operational cost calculations.)

In estimating the value of reduced sediment concentrations in intake water, we distinguish between the period of
peak demand (the December through March tourist high season) and the rest of the year (April through November).
We assume that in off-peak months, there is no demand for any additional water outputs. We assume that the
reduced water loss from lower TSS loads and consequently lower sedimentation basin sludge discharge and filter
backwashing needs is used to reduce treatment plant intake rather than increase plant output. This reduction in
intake leads to energy savings in the form of a reduction in pumping of intake water to and within the treatment
plant; reduced coagulate and flocculant application; and reduced sludge disposal.
In contrast, during peak months, when excess supply frequently approaches zero and one or both municipalities face a threat of shortages, we assume that the reduced water loss during sediment removal instead is used to
increase drinking water output to permit keeping short-term storage infrastructure at capacity to safeguard against
acute supply shortfalls.
Thus, during peak months, the value of reduced sediment concentrations in addition to reduced treatment costs
also includes the additional revenues collected from increased water sales. We use the current (August 2015) user
type and use volume-weighted marginal price of water and sewage (automatically billed at 80 percent of water
use) rate of USD 1.90 (6.08 BRL) per cubic meter of water to estimate the additional revenue for EMASA from the
reduced peak season water loss.
TEMPORAL INCIDENCE OF BENEFITS
The SWAT-modeled TSS reductions for the future scenario represent the full impact achieved once interventions
have developed full ecological functionality. However, that functionality, and hence the impacts on TSS concentrations at the EMASA intake, do not instantaneously materialize. Rather, they increase over time as a function of the
increase in total intervention area from 2015 to 2022 and the time it takes a given intervention to develop its full
functionality.
To calculate the TSS reduction produced in a given year, we first estimate the proportion of its full or maximum TSS
reductions that is achieved in a given year. Implementation of additional conservation (313 ha) and restoration (326
ha) interventions in 2015 to 2022 is spread evenly over those years.
With conservation interventions targeted to lands expected to experience land cover conversion by 2025 in the
absence of the PWS, conservation activities achieve full functionality (i.e., maximum TSS reduction over the
counterfactual) in the year of their implementation. Restoration measures, however, only gradually gain functionality over time. We assume that their impact on TSS is zero in the year of installation and then experiences a linear
increase through year 10, when full functionality is attained. Because of this delay, the full impact of the total extent
of restoration is not achieved until year 19 of the program (2033).
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Results
ESTIMATED BENEFITS
REDUCTION IN TSS CONCENTRATIONS AT MUNICIPAL WATER INTAKE
Once all interventions are implemented and have attained their full functionality, the PWS program will reduce
average annual TSS concentrations at the treatment plant intake by an estimated 14 percent compared to the no
intervention baseline, from 92 mg/l to 79 mg/l. The average annual volume-weighted reduction during 2015-2045
in the TSS concentration in intake water is an estimated 11 mg/l.
AVOIDED TREATMENT COSTS AND REDUCED WATER LOSSES
ATTRIBUTABLE TO THE CAMBORIÚ PWS PROGRAM
We estimate that during 2015 to 2045 the PWS program will produce average annual sediment reduction-related
benefits of USD 194,000 (Table 1). Avoided peak season revenue losses from water lost in sediment removal
dominate total benefits by value (76 percent), with reduced chemicals usage and sludge disposal also generating
substantial cost reductions (14 percent and 6 percent of total treatment plant benefits, respectively).

BENEFIT

AVERAGE ANNUAL IMPACT, 2015-2045
Quantity

Value (2014 USD)*

Avoided peak season water loss, m3

77,400

147,000

Avoided use of chemicals, PACI 1, kg

73,400

27,800

Avoided use of chemicals, Polymer, kg:

150

560

Avoided off-peak water pumping
(to and within WTP), kWh

77,600

6,100

Avoided dredging, m3

110

1,050

Reduction in dry sludge landfilling, t

640

12,000

* Undiscounted 1 Polyaluminum chloride

Table 1: Estimated average annual impact of Camboriú PWS program
on water treatment plant, 2015-2045
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PWS Program Costs

6

We compiled information about the full costs of individual program activities to date and projected future annual
costs based on the expected time profile of each activity associated with the Camboriú PWS program. These activities comprise hydrologic, political and economic feasibility studies; coordination, communication and program
design; program management and administration; landowner engagement and contract development; planning
and implementation of interventions (restoration and conservation); payments to landowners; and compliance
monitoring.
To calculate our ROI metrics, we distinguish between total program costs and costs incurred by EMASA. Total
costs include grants from multilateral institutions and private foundations that supported the development and
implementation of the PWS program and costs borne by other institutions partnering in the PWS program, such
as EPAGRI-CIRAM. Both ROI measures are informative: EMASA’s ROI allows assessing the business case for the
company’s investments in the program as a sediment control measure, while the broader ROI measure indicates
whether the program is economically justified overall on the basis of solely its sediment control benefits.
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Results
PROGRAM COSTS
Overall program costs are heavily front-loaded (Figure 9), with 65 percent of total costs through 2045 incurred by
2023. Installation of restoration and conservation interventions and payments to landowners account for less than
half (47 percent) of total program costs.
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Figure 9: Annual program costs by major component
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ROI Calculation

7

We calculate three ROI metrics of the Camboriú PWS program for EMASA and for the program overall: 1) The costeffectiveness in reducing TSS, expressed as average reduction in mg TSS per liter in intake water per million USD
(2014 prices) invested in the PWS program, or as 2) average kg TSS removed from intake water per dollar invested;
and 3) the benefit-cost ratio or monetized ROI, calculated by dividing the monetary value of TSS reductions in
municipal water treatment plant intake water by the costs of the PWS program.
In addition to reducing TSS, the PWS program also produces co-benefits of high concern to the two municipalities:
flood attenuation, and reduction in the risk of municipal water supply shortages during the tourist high season
because of low flows in the absence of large-scale water storage infrastructure. These positive externalities justify
cost-sharing of the PWS program, which could be achieved by including watershed conservation costs in municipal
water user fees or levying conservation fees on high-season tourists. Both would be justified: the former on the
grounds that the benefits of supply interruptions and flood risk reduction would be broad-based; the latter because
a disproportionate amount of the benefits of reduced risk of supply shortages accrues to tourists, who, during the
high season, account for three-quarters of the combined population of the two municipalities.
In calculating the ROI metrics, we discount all costs and benefits of the PWS program through 2045 to their 2014
present value (PV) equivalents using Brazil’s estimated social consumption discount rate of 3.85 percent (Fenichel
et al., 2016). Social rates, not market discount rates, are generally recognized as the appropriate rates to use in
evaluating long-lived publicly financed projects like environmental protection (Arrow et al., 2013).

The 30-year time horizon for our analysis was chosen to ensure broad comparability of our cost-effectiveness
estimates for the Camboriú PWS program with that of investments in grey drinking water treatment infrastructure,
which have economic lifetimes of 15 to 25 years (mechanical and electrical treatment plant systems and pumping
stations) to 60 to 70 years (concrete structures) (U.S. EPA, 2002).
Our ROI estimates are based only on the future (2015 onward) conservation and restoration interventions.
While the existing interventions (39 ha restoration; 55 ha conservation) implemented in 2014 were selected
using the sediment prioritization and payment determination calculus described above, they did not take into
account predicted land use or cover change. Both our hydrologic and cost impacts therefore ignore those early
interventions.
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Results
CAMBORIÚ PWS PROGRAM ROI
Our analysis indicates that if analyzed purely as a sediment control measure for the municipal water supply, the
Camboriú PWS program has an ROI<1 over a 30-year time horizon. This is true both for the program overall (all
costs counted) as well as for EMASA in particular (Table 2), and holds true even if the reduced peak season water
losses that result from reduced sediment concentrations in intake water had been used to reduce the size of the
recent capacity expansion of the water treatment plant (see Scenario 2 in Table 2). Given the more front-loaded
time profile of costs relative to benefits, this outcome is however sensitive to the time horizon of the study.
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Figure 10: Comparison and composition of annual costs and benefits of the Camboriú PWS program, amortized over
30 years using Brazil's 3.85% social discount rate. Note: The value of co-benefits was not quantified in this analysis
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Table 2: Estimated ROI metrics of the Camboriú PWS program as a
sediment control measure for municipal water supply, 2015 to 2045
ROI for

Scenario

mg TSS per liter
per million USD1

kg TSS
per USD

B/C

Program overall

1

2.1

1.70

0.59

2

2.2

1.78

0.63

1

2.8

2.24

0.77

2

3.0

2.39

0.83

EMASA

Note: All dollar values in 2014 USD present values using a discount rate of 3.85 percent per year.
Average reduction in TSS concentrations during the 30-year period per 1 million USD
(present value) invested during 30 years.
1

Note that only benefits associated with sediment reduction are reflected in these ROI metrics. The biodiversity
conservation, peak-season water supply risk and flood risk reduction values produced by the program are treated as
co-benefits the quantification of which lies beyond the scope of this study.
COMPARISON WITH OTHER WATERSHED CONSERVATION BENEFIT ESTIMATES
Our benefit estimates are in good agreement with the few estimates of the impact of TSS on municipal drinking
water treatment costs reported in other studies. According to our analysis, once the interventions have developed
their full functionality with respect to TSS reduction, which is assumed to occur in 2032, the resulting 14 percent
reduction in TSS concentrations in intake water will reduce total treatment costs of the water plant (0.21 USD per
m3 water output; EMASA data) by nearly 4 percent.
For comparison, McDonald and Shemie (2014) report that in their sample of more than 100 cities in the United
States relying primarily on surface water sources, a 10 percent reduction in sediment concentration on average
yields a 2.6 percent reduction in treatment plant operation and maintenance (O&M) costs (excluding pumping,
distribution infrastructure O&M costs and reservoir dredging costs).
Similarly, using calibrated OTTER models of four water treatment plants, Grantley et al. (2003) estimate that a
25 percent decrease in TSS and a 15 percent decrease in total organic content (TOC) can reduce treatment costs
by 5 percent, where included treatment costs comprise chemical usage, residuals disposal and power consumption
of wastewater pumpage. Both McDonald and Shemie’s (2014) and Grantley et al.’s (2003) estimates are in line
with ours.
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Factors that Influence ROI
While our analysis indicates that the Camboriú PWS program
has an ROI <1 as a sediment control measure over a 30-year time
horizon, this does not necessarily mean that the program does not
make economic sense for its supporters overall or business sense for
EMASA in particular.
In fact, our ROI estimates are sensitive to several key assumptions.
These include:

1
2

3

the time horizon and discount rate used in the analysis;
the omission of co-benefits produced by the program, including
biodiversity conservation and peak-season water supply risk and flood
risk reduction. These represent positive externalities that affect the
overall economic case for the program and, to the extent that they can
be internalized, the business case of watershed conservation for EMASA
vis-à-vis grey infrastructure sediment control alternatives;
the scale of intervention;

4 a conservative bias in our benefit estimates from sediment reduction;
5

full accounting for transaction costs
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1. TIME HORIZON AND DISCOUNT RATE USED IN THE ANALYSIS
As a result of the time needed for restoration interventions to become fully effective in controlling sediment
export as well as the spreading out of intervention implementation over eight years, annual benefits from sediment reduction initially are low but show a sharp increase over time, from an estimated less than USD 9,000 in
2015 (from prevented forest conversion) to USD 313,000 in 2045 (all current year undiscounted values at 2014
USD). Annual benefits from sediment reduction are projected to exceed annual costs in 2024 (Figure 11). In the
preceding years, the program generates net costs due to front-loaded design, coordination and implementation
costs and high transaction costs associated with program rollout.
Because of the inverted time profile of costs and benefits, longer time horizons will increase the ROI because more
years are included in which the program generates net benefits. For example, the ROI for EMASA will exceed 1 if
the time horizon is extended by 14 years (from 2045 to 2059) or more.
Similarly, because of the time profiles of costs and benefits, higher discount rates will lower the ROI while lower
rates will increase it. If EMASA were a private corporation rather than a public entity, its discount rate would be
based on its cost of capital or its rate of return from competing investments, which likely would exceed the rate
used in our analysis.
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Figure 11: Time profile of annual costs
and sediment reduction benefits
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In our analysis, we target interventions based on the predicted likelihood of conversion of a site by a particular
future point in time (2025 in our case). This can result in not protecting sites that over longer time frames may
produce more of the target outcome (TSS reduction) but that are predicted to be converted only at a later point in
time and therefore did not make it into the intervention portfolio. Changing the time horizon of the analysis thus
may affect the “optimal” intervention portfolio. While this is not surprising, it does make the choice of time horizon
very important, and may justify including this parameter in a formal sensitivity analysis.

2. CO-BENEFITS
The Camboriú PWS program produces important co-benefits in addition to reducing sediment concentrations in
municipal intake water. Because of these additional benefits, the program’s overall ROI is likely to substantially
exceed its ROI in sediment control. Such divergence between the broader economic case and the specific business
case for a particular objective or investor is, of course, neither surprising nor unique to the Camboriú program, but
it does highlight the importance of careful selection of the scope of ROI analyses and the interpretation of their
results.
Besides biodiversity conservation, two important co-benefits of the Camboriú program that are likely to drive a
wedge between the broader economic and the specific business case are (1) reduced risk of flooding and (2) reduced
risk of water supply interruptions.
By 2022, the Camboriú PWS program will increase forest cover equivalent to 5 percent of the watershed upstream
of the EMASA intake. This is expected to increase infiltration and result in reduced surface runoff and river discharge during storm events, and potentially increased discharge during low precipitation periods. Our SWAT model
predicts modeled PWS interventions to reduce peak flow levels (>12 cm at the EMASA intake monitoring point) by
more than 3 percent on average and increase low flow levels (<2 cm at the EMASA intake) by 0.4 percent on average.
While these impacts are small in relative terms, they nevertheless are likely to carry economic value.
Clearly, risk reduction is a strong reason for diversified investments in water infrastructure, including catchment
restoration. Although it is impossible to say without detailed analysis how large the value of reduced risks of supply
deficits and flooding is relative to the value of the reductions in sediment treatment plant operation and capital
costs quantified in this analysis, evidence from other studies certainly suggests that it can be substantial. While
the value of supply or flood risk reduction is strongly context-dependent, even if those values in Camboriú were
one order of magnitude smaller than those reported for other cities in Brazil and elsewhere in South America (e.g.,
Zapata et al., 2012; Machado et al., 2014; Fuks and Chatterjee, 2008), they would dwarf the value associated with
sediment reductions in the municipal water supply.
The importance of reduced supply and flood risks may be particularly high in the case of Balneario Camboriú,
because of the importance of the tourism and real estate sectors to the municipality’s economy and the presence of
nearby substitute beach destinations along southern Brazil’s Atlantic coast.
Those supply and flood risk reduction benefits accrue to local businesses, residents and visitors, directly or via
reduced municipal spending on flood damages or grey water storage infrastructure. Thus, cost sharing among PWS
program beneficiaries clearly is justified. This could be achieved by incorporating the cost of watershed maintenance into water user fees or, alternatively, levying a watershed conservation fee on high-season visitors based
on the rationale that most of the benefits of reduced supply interruption risk accrue to visitors during the high
season when demand is stressed and tourists account for three-quarters of the combined population of the two
municipalities.
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Incorporating a watershed conservation fee of only USD 0.005 per cubic meter water use — less than 0.4 percent of
the current average rate paid by municipal water customers, or USD 1.25 for the average household per year — or
of USD 0.15 per high-season visitor would lift the ROI of the program above 1. A surcharge of that amount would
be justified as long as the combined value of the reduced risk of flooding and water supply shortages presently is at
least USD 88,000 per year [USD 142,000 per year (undiscounted) on average during 2015 to 2045].

3. SCALE OF INTERVENTIONS
Our analysis assumes that the current rate of restoration and conservation interventions continues through 2022,
when the current phase of landowner enrollment ends. This results in more than 50 ha of high sediment loading
areas that remain unaddressed (see red areas in right panel in Figure 7). Because transaction costs account for a
high share of total program costs and because many of these transaction costs are either independent of total intervention extent or increase less than proportionally with that extent, the ROI of the program could be improved by
expanding interventions to those remaining high-loading areas. For example, increasing total conservation and restoration areas by 10 percent (64 ha) compared to our analysis would increase total program costs by approximately
6 percent, but benefits would increase by nearly 10 percent.
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4. CONSERVATIVE BENEFITS ESTIMATES
We do not include the value of reduced water treatment plant maintenance costs as a result of reduced sediment
loads and reduced processing during off-peak months, for either the existing treatment plant or the expansion
unit. This omission is likely to impart a negative (low) bias in our benefit estimates, and, consequently, will bias
our ROI estimates downward. Maintenance costs may not be proportionally related to TSS concentrations and
water throughput, and their estimation is beyond the scope of this study. If the estimated average annual 11 percent
reduction in TSS concentrations in intake water during 2015 to 2045 is sufficient to increase the lifetime of plant
equipment, our benefits estimates may have a substantial downward bias.

5. FULL ACCOUNTING FOR TRANSACTION COSTS
In the Camboriú PWS program, transaction costs (TAC) for organization and outreach during the program planning stage; legal and hydrologic studies; hydrologic and compliance monitoring; landowner engagement and
project administration account for over 50 percent of total program costs. Few literature estimates of PES or PWS
programs include TAC, and the ones that do likely underestimate the latter (Finney, 2015). The large share of TAC
in the Camboriú PWS program is explained in part by pre-project feasibility studies; assembly of, and coordination among, a technically strong and diverse group of program partners; and a substantial investment in efficient
intervention targeting and impact and compliance monitoring, all of which enhance the performance and sustainability of the program. All of these activities imply labor and other costs incurred by program partners, which we
attempted to realistically account for.
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Conclusion
Our analysis indicates that the Camboriú PWS program is expected to
be an effective tool for reducing TSS concentrations at the municipal
drinking water treatment plant intake. Through fairly sophisticated
targeting of restoration and conservation interventions based on
both costs and benefits, focusing on lands that would contribute the
highest sediment loads, the program will enroll nearly 5 percent of
lands in the watershed upstream of the treatment plant yet will reduce
TSS concentrations at the intake by an estimated 14 percent once
interventions attain their full functionality.
Yet, despite this effective targeting, those large impacts also come at a
substantial cost. These result from both high transaction costs and a large
share of active restoration. The transaction costs include:
•

extensive land use and land cover change and hydrologic analyses aimed
at ensuring additionality of impacts;

•

the assembly of, and coordination among, a diverse group of program
partners, and collaborative program management;

•

extensive landowner engagement activities and interventions tailored
to individual sites;

•

outreach activities aimed at creating public awareness of the program
and its purpose, both among the general public and public decision
makers, to ensure political support;

© Andre •
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We consider all of these activities necessary for
ensuring the effectiveness, cost-effectiveness and
sustainability of the program. It is important to note
that while the cost of the Camboriú PWS program
may appear high relative to those reported for other
PWS programs, this is caused in large part by the
failure of most analyses to fully account for transaction costs. In other words, we regard our cost
estimates of the Camboriú program as representative of the actual costs faced by similar programs
elsewhere in the Atlantic Forest that aim to produce
similarly extensive land cover changes and achieve
sustainability.

of watershed protection costs into water user fees
presently is being discussed in Camboriú among
PWS program partners, local governments, and the
state’s water and sanitation regulatory agency.

Unlike the heavily front-loaded program costs, the
benefits the treatment plant receives from reduced
TSS concentrations grow over time with treatment
plant output and development of full sediment
control functionality of the interventions.

We believe our findings are indicative of the ROI of
many other similar catchment protection projects.
Many municipal drinking water treatment plants
in Brazil and elsewhere are of the same type found
in Camboriú. As a result, programs that produce
comparably sized TSS reductions in watersheds
without storage reservoirs should generate similar
values in the form of avoided treatment costs. For
plants employing different treatment types (including sludge water recovery), benefits may differ. The
transferability of our benefit estimates to a given
catchment and plant thus hinges more on the size of
the watershed and the portion of catchment discharge captured by the treatment plant: The larger
the watershed, the larger the scope of interventions
needed (McDonald and Shemie, 2014); the smaller
the share of discharge captured by the plant, the
lower the benefits relative to the costs.

The combination of high, front-loaded costs and
benefits that start out small and steadily grow over
time results in a 30-year ROI<1 of the program for
sediment control. However, the ROI for the municipal drinking water treatment plant exceeds 1 for time
frames longer than 43 years.
Yet the PWS program generates important additional
benefits of high concern to local residents and businesses in the form of flood attenuation and a reduction in the risk of water supply shortages during
the tourist season. With tourism being a crucial
part of the local economy, reductions in the risk of
flooding and supply shortages likely carry large total
economic value for those beneficiary groups. Thus,
there is a strong case for cost sharing among program
beneficiaries. Such cost sharing would align the
business case for the water treatment company and
the broader economic case for catchment protection.
Incorporating the cost of watershed protection into
water use fees — an amount equivalent to a mere
0.4 percent of current average user charges — or
levying a conservation fee of USD 0.15 per high-season visitor both represent low TAC vehicles for such
cost sharing. Recognizing the broadly distributed
benefits of watershed protection, the incorporation
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While the Camboriú PWS program displaces a
portion of the conventional “grey” water treatment
and could even have avoided a portion of the expansion of treatment infrastructure currently under
way, it could not displace all grey treatment. Thus,
the program is an example of how natural infrastructure can serve as a cost-effective complement to grey
infrastructure.

Irrespective of whether or not our case study findings
are easily transferable to similar programs elsewhere, the findings of our case study do lead to a clear
recommendation: Payment for watershed services
programs should strive to assess program impacts on
high-value “ancillary” ecosystem services received by
parties other than the intended core target beneficiaries of the PWS program. Credible quantification
of the economic value of the benefits associated with
those third-party service gains will facilitate internalization of those values into program financing via
cost-sharing. This will improve its business case or
may even help establish the business case in the first
place.

© Andre Targa Cavassani/TNC
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Appendix
A1. SEDIMENT IMPACTS ON MUNICIPAL WATER TREATMENT PLANT
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Figure A1: Drinking water treatment plant processes affected by sediment in intake water

DREDGING — Higher sediment loads require more
frequent intake channel dredging. The river at the
intake and the intake channel itself currently are
dredged bi-annually, with 2,000 to 2,500 m3 of sediment removed in each dredging. The dredge material
is composed of heavier sediment fraction that moves
along the base of the stream channel. We assume that
the PWS interventions reduce that heavier fraction
by the same proportion as TSS.

PUMPING — Pumping of water from the river outtake
to the treatment plant requires 0.245 kWh/m3 on
average; pumping within the plant requires 0.345
kWh/m3 on average.
CHEMICALS USE — The chemicals used to remove
TSS comprise aluminum polychloride (PACI), a
coagulate added to the water to achieve flocculation,
and a polymer added as an auxiliary flocculent in the
flocculation basins under high inflow conditions.
PACI and polymer application are highly correlated
(R2 = 0.95; p = 0.000) with TSS concentrations in
intake water (Figure A1.5).
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Figure A1.5: Daily TTS load and PACI application in EMASA treatment plant in 2011
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SLUDGE PRODUCTION — The floccus (a coagulate of
TSS, PACI and polymer) settles in the sedimentation
basins and is regularly discharged as sludge, with
the frequency depending on TSS loads and quantity
of water processed. EMASA reports production of
923 m3 of sludge per day under normal operating
conditions and intake levels (0.64 m3/s). The sludge
then is pumped to immediately outside the plant,
where it is left to dry and then trucked to a landfill.
Sludge transport records indicate that an average of
9.24 t of dried sludge material are landfilled per day.
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SEDIMENT-RELATED WATER LOSS — A 2006
analysis of a single sludge sample of the plant
revealed a total mass of dry solids of 7.24 g/l-1,
equivalent to a sludge water content of 99.3 percent.
Thus, each m3 of sludge dry solids is associated with
a loss of 137 m3 of water. Given the reported average
daily sludge production of 923 m3, estimated average
monthly water loss in sludge thus is 27,870 m3,
equivalent to 1.7 percent of inflow. Using May 2014 to
August 2015 turbidity monitoring data at the water
intake, the turbidity-TSS rating curve developed for
the EMASA intake and the monitored daily water
treatment plant inflow volumes during the same
period, the plant receives an estimated average
daily TSS load of 5.08 t. Given the average coagulant
(PACI) application rate in the plant of 46.4 t per
month, TSS accounts for an estimated 77 percent
of the average total solids mass (6.60 t per day)
entering the coagulation-flocculation-sedimentation
treatment train. Thus, each m3 TSS is associated with
the loss of 178 m3 water.

Table A1: Sediment-related water treatment plant unit costs and quantities
Value

Unit

Quantity #

Pumping: from intake channel
to treatment plant

0.08

USD/kWh

0.245 kWh/m3 ‡

Pumping: within treatment plant

0.08

USD/kWh

0.345 kWh/m3 ‡

Coagulate (PACI)

0.38

USD/kg

46,436 kg/month (25 mg/L)

Flocculent (polymer)

3.71

USD/kg

59 kg/month (0.03 mg/L)

Water lost in sludge

depends**

992.8 g/l sludge

Water lost in filter backwashing

depends**

766,500 m3 /yr §

Peak season revenue forgone from
water lost in sediment removal*

1.37

USD/m3

389,107 m3/peak season †

Treatment plant sludge disposal

18.75

USD/ton

9.24 t/day

Intake channel dredging ^

4.70

USD/m3

1,250 m3/yr

Notes: All data from EMASA. Converted from USD to US using the average 2014 BRL-USD exchange rate of 3.2 (from www.xe.com).
‡ At normal (design) operating rate of 0.64 m3 /s (latest year-on-year operating rate is 0.69 m3 /s).
* Forgone revenue from sale of water during peak season. Assumes marginal user charge is equivalent to estimated average charge across all
municipal use of BRL 4.39 per m3 (charge is per m3 of water consumption including 0.8 m3 of sewer discharge per m3 consumption).
^ Collected for free by third party who sells the dredging material.
# Average of reported quantities.
** Estimated value depends on whether loss occurs in peak (lost revenue) or off-peak season (no lost revenue).
§ Based on 350 m3 water used per filter backflushing and six flushings per day. 67 percent and 34 percent of this loss are assumed to occur
during the off-peak and peak seasons, respectively.
† Includes 133,607 m3 lost in sediment basin sludge discharge and 255.500 m3 lost in filter backwashing per peak season.

From the sedimentation basins, the water is pumped
to the final sediment treatment stage, where it passes
through two large gravity filters composed of layers
of gravel, sand and activated charcoal that remove
the majority of the remaining particles. These filters
each are backwashed two to three times daily using
already treated water. Higher polymer use leads to
polymer buildup on the filters, necessitating more
frequent cleaning. Each backwash cycle takes 30 to
45 minutes and requires at least 350 m³ of treated
water. The water used for filter backwashing is then
discharged as wastewater. We assume that in the future given the plant expansion and fast-rising water
demand, each final TSS filter will be backwashed on
average three times per day using 350 m3 per event,

resulting in a total annual water loss for filter backwashing of an estimated 766,500 m3, or 4.2 percent of
total average annual 2008-2014 water intake.
Total sediment removal-related water losses thus
sum to 5.9 percent of intake water. Treatment plant
data for 2008 to 2014 indicate that total measured
water outflow is 15.5 percent less than total raw
water intake. The remainder of this difference is explained by abstraction of water ahead of the outflow
monitoring point that is used for the filling of water
trucks that supply neighboring Camboriú Municipality when the latter faces supply shortfalls, as well as
by internal plant use and evaporation.

APPENDIX 45

A2. HYDROLOGIC MODEL CALIBRATION
We calibrated SWAT to 2014 discharge and TSS
concentration data using a split-sample calibration
method.

Moriasi et al.’s (2007) monthly calibration criteria
(Table A2). The NS was chosen as the calibration
statistic because it strongly weights large flows,
which in many locations drive the transport of the
majority of sediment. Calibration statistics were
calculated for both the Canoas and EMASA stations,
and these two stations were weighted equally for the
purpose of model calibration. A sensitivity analysis
was performed to estimate the most sensitive
parameters in the model before calibration. See
Fisher et al. (2017) for the parameter values used in
the calibration.

For discharge, we calibrated SWAT with the
in-sample calibration occurring from 1/1/2014 to
12/31/2014 and the out-of-sample test occurring
from 1/1/2015 to 11/06/2015. First, the model was
calibrated for discharge. At the EMASA station, the
model achieved a Nash-Sutcliffe Efficiency (NS) of
0.71 for in-sample daily flows during calibration,
and 0.53 for out-of-sample daily flows, qualifying
the model as better than satisfactory according to

Table A2. Sediment and flow calibration statistics for in-sample calibration and out of
sample validation data.
In-sample data
(1/1/2014-12/31/2014)

Out-of-sample data
(1/1/2015-11/06/15)

NSE

PBIAS

R2

NSE

PBIAS

R2

flow (1 m)

0.71

-4.54

0.74

0.53

-6.17

0.81

sediment (1 m)

0.63

8.42

0.63

0.48

15.01

0.57

Source: Fisher et al. (2017)

After discharge, the SWAT model was calibrated for
sediment load in the watershed at both the Canoas
and EMASA stations at the daily timescale.
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Figure A2: Comparison of observed (based on measured turbidity and turbidity-TSS concentration
curve) and simulated TSS loads at the EMASA intake, 2014 to 2015.
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