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Abstract  1 

Watershed management may have widespread potential to cost-effectively deliver hydrologic 2 

services. Mobilizing the needed investments requires credible assessments of how watershed 3 

conservation compares to conventional solutions on cost and effectiveness, utilizing an 4 

integrated analytical framework that links the bio-, litho-, hydro- and economic spheres and 5 

uses counterfactuals.  6 

We apply such a framework to a payment for watershed services (PWS) program in 7 

Camboriú, Santa Catarina State, Brazil. Using 1m resolution satellite imagery, we assess recent 8 

land use and land cover (LULC) change and apply the Land Change Modeler tool to predict 9 

future LULC without the PWS program. We use current and predicted counterfactual LULC, site 10 

costs and a Soil and Water Assessment Tool model calibrated to the watershed to both target 11 

watershed interventions for sediment reduction and predict program impact on total 12 

suspended solids (TSS) concentrations at the municipal water intakeτthe principal program 13 

objective. Using local water treatment and PWS program costs, we estimate the return on 14 

investment (ROI; benefit/costs) of the program.  15 

 Program ROI exceeds 1 for the municipal water utility in year 44, well within common 16 

drinking water infrastructure planning horizons. Because some program costs are borne by 17 

third parties, over that same period, for overall (social) program ROI to exceed 1 requires 18 

delivery of very modest flood and supply risk reduction and biodiversity co-benefits, making co-19 

benefits crucial for social program justification. Transaction costs account for half of total 20 

program costs, a result of large investments in efficient targeting and program sustainability. 21 

Co-benefits justify increased cost sharing with other beneficiaries, which would increase ROI for 22 
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the utility, demonstrating the sensitivity of the business case for watershed conservation to its 23 

broader social-economic case and the ability to forge institutional arrangements to internalize 24 

third-party benefits.  25 

 26 

Keywords: Integrated assessment model; watershed management; payments for watershed 27 

services; counterfactual; land use change modeling; transaction costs   28 
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1. Introduction  29 

 30 

The use of άƴŀǘǳǊŀƭ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜέτecosystems or their componentsτto complement or 31 

substitute conventional engineering-based solutions to environmental problems has been 32 

receiving widespread interest (Beck et al., 2018; Kroeger et al., 2014; Kroeger et al., 2018; 33 

Reguero et al., 2018; Temmerman et al., 2013). In particular, watershed conservation (i.e., 34 

protection of existing natural areas from conversion and improvement in land management 35 

practices) and restoration (re-establishment of natural vegetation on previously converted 36 

lands) have shown promise for improving water quality, flow regulation and flood control 37 

(Alcott et al., 2013; De Risi et al., 2018; Furniss et al., 2010; McDonald and Shemie, 2014; 38 

McDonald et al., 2016; Opperman et al., 2009). 39 

 Three economic rationales are commonly advanced for investing in natural 40 

infrastructure solutions: cost-effectiveness, co-benefits and the precautionary principle. Natural 41 

infrastructure is cost-effective in producing a specific target service or service bundle if it is at 42 

least cost-competitive with conventional engineering-based άƎǊŜȅέ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ (Reguero et 43 

al., 2018; Kroeger et al., 2014). Natural infrastructure generates co-benefits due to the 44 

additional ecosystem services it provides beyond a specific target service(s) (Bennett et al., 45 

2009; Raudsepp-Hearne et al., 2010; Kreye et al., 2014) that competing grey infrastructure 46 

generally does not provide (Kroeger and Guannel, 2014; Spalding et al., 2013). Finally, the 47 

precautionary principle supports the preservation of the option value of natural systems in the 48 

face of uncertainty about the size (Furniss et al., 2010) and value (Sterner and Persson, 2008) of 49 

reductions in future service flows due to ecosystem degradation coupled with the potential 50 

http://www.nature.com/nature/journal/v504/n7478/full/nature12859.html#auth-1
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irreversibility of that degradation (Gollier and Treich, 2003; Randall, 1988). In the case of 51 

watersheds, the precautionary principle can support conservation and restoration based on the 52 

argument that more intact natural systems may be more resilient to climate change (Furniss et 53 

al., 2010). This is especially true in a context of broad-scale climate change impacts on 54 

freshwater services (Döll et al., 2015; Kundzewicz et al., 2008; Milly et al., 2005) coupled with 55 

increasing human demand (Hejazi et al., 2013; Wada el al., 2013) and resulting water stress 56 

(McDonald et al., 2014; McDonald et al., 2011). The precautionary principle can also justify 57 

conservation or restoration of natural systems based on the recognition that such systems have 58 

worked well so far (Wunder, 2013).  59 

 Apart from the precautionary principle, assessing the economic rationale for natural 60 

infrastructure investments requires sufficiently reliable quantitative information about the 61 

ōŜƴŜŦƛǘǎ ƻǊ άǊŜǘǳǊƴǎέ that a natural infrastructure solution delivers in a given place for a given 62 

level of investment. Return on investment (ROI) analysis (Reilly and Brown, 2011) is routinely 63 

applied in both the private and public sectors to evaluate the performance of competing 64 

financial investment opportunities and projects but is equally applicable to conservation 65 

projects (Boyd et al., 2015). Indeed, several studies have documented the need for ROI or cost-66 

benefit analysis in conservation decisions (Balmford et al., 2003; Ferraro, 2003a; Murdoch et al., 67 

2007; Naidoo and Ricketts, 2006), demonstrating that the explicit consideration of both 68 

conservation returns and costs can dramatically increase conservation outcomes achievable 69 

with a given budget (Duke et al., 2014; Ferraro, 2003b; Murdoch et al., 2010; Polasky et al., 70 

2001; Underwood et al., 2008).  71 
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 Watershed management (conservation and restoration of native vegetation; best 72 

management practices) may offer substantial and widespread potential to cost-effectively 73 

deliver hydrologic services (McDonald and Shemie, 2014) and thus should be considered 74 

alongside engineering solutions in addressing water supply challenges. Mobilizing the needed 75 

much larger investments in watershed natural infrastructure (e.g., Asian Development Bank, 76 

2015; Ozment et al., 2015) often will require compelling evidence of their performance in 77 

providing desired hydrologic services or associated welfare gains at competitive cost (Bennett 78 

and Carroll, 2014). This is especially true for private sector investments, which are seen as key 79 

to closing the funding gap for water infrastructure globally (Sadoff et al., 2015). Yet, there exist 80 

few analyses of the effectiveness of payments for watershed services (PWS) programs in 81 

developing countries (Börner et al., 2017). Fewer still compare service benefits with program 82 

costs to assess the ROI of watershed conservation and restoration. 83 

 84 

Ferraro et al. (2012) identified only ten credible economic valuation studies of forest 85 

hydrological services in developing countries. Of these, only three (Guo et al., 2007; Klemick, 86 

2011; Veloz et al., 1985) also estimate the costs of the interventions they evaluate and 87 

calculate, or allow calculating, project ROI. Combined with Quintero et al. (2009), De Risi et al. 88 

(2018), Saenz et al. (2014) and Vogl et al. (2017) to our knowledge there exist only seven 89 

rigorous, peer-reviewed ROI assessments of forest hydrologic service projects in developing 90 

countries. This dearth of credible economic analyses of watershed conservation is disconcerting 91 

given the large number of such projects found in tropical and subtropical regions that have the 92 

explicit purpose of increasing hydrologic service flows (Salzman et al., 2018; Porras et al., 2013), 93 
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and given that assessing άland use effects on ecosystem service provisioning in tropical 94 

ǿŀǘŜǊǎƘŜŘǎ ƛǎ ǎǘƛƭƭ ŀƴ ƛƳǇƻǊǘŀƴǘ ǳƴǎƻƭǾŜŘ ǇǊƻōƭŜƳέ (Ogden and Stallard, 2013, p. E5037). 95 

Importantly, none of the available studies ŀǊŜ ŦǊƻƳ .ǊŀȊƛƭΩǎ !ǘƭŀƴǘƛŎ CƻǊŜǎǘ, a region 96 

experiencing rapid growth in watershed conservation projects with hydrologic service 97 

objectives (Bennett and Ruef, 2016; Bremer et al., 2016) and home to over 120 million people 98 

(Tabarelli et al., 2010). While few payments for environmental services projects adequately 99 

address design and evaluation (Naeem et al., 2015), we apply a best practice framework for 100 

economic analysis of ecosystem service projects to target interventions and assess the 101 

expected ROI of a recently-created PWS program in Camboriú, Santa Catarina State, Brazil. 102 

Importantly, this framework yields natural infrastructure ROI estimates expressed in the same 103 

performance metrics routinely used to evaluate engineering alternatives. 104 

 105 

1.1. Study area  106 

The Camboriú watershed, located in Santa Catarina state in southern Brazil, has a drainage area 107 

of 199.8 km2 (Figure 1). The municipal drinking water intake is just upstream of the urbanized 108 

area, with a drainage area of 137 km2. The climate is humid subtropical (Köppen classification: 109 

Cfa), with a mean annual temperature of 21o C, no dry season and hot summers. The Camboriú 110 

River has a mean monthly discharge of 3.41 m³·s-1 (maximum: 17.99 m³·s-1; minimum: is 0.49 111 

m³·s-1; EMASA, unpublished data). The watershed relief is defined by the Tabuleiro mountain 112 

range, featuring steep slopes and deep valleys susceptible to surface runoff and strong erosion, 113 

including landslides on cleared areas, and the coastal plain, formed by sedimentary sand-clay 114 

and quartz-sand deposits (Urban, 2008).    115 
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  The land use pattern in the watershed resembles that of many other coastal 116 

ǿŀǘŜǊǎƘŜŘǎ ƛƴ .ǊŀȊƛƭΩǎ !ǘƭŀƴǘƛŎ CƻǊŜǎǘ, a biome recognized for its biodiversity and high degree of 117 

endemism (Ribeiro et al., 2009) whose historic deforestation was first driven by timber 118 

exploitation, followed by sugar cane expansion, widespread conversion to pasture and coffee 119 

and, more recently, urban sprawl and expansion of Eucalyptus plantations (Teixeira et al., 120 

2009). The urban area in the watershed is heavily concentrated along the coast, with a thin strip 121 

of very high-density high-rise ocean front development surrounded by a high to medium-122 

density mixed use area. This is followed by a zone of residential sprawl fast expanding into the 123 

alluvial floodplain, which is dominated by pasture and row-crops (primarily rice). The slopes are 124 

primarily in native forest but also feature pastures and, increasingly, timber plantations. High 125 

rates of both deforestation and regrowth during the past 100 years left a fragmented forest 126 

landscape dominated increasingly by younger secondary forests (Teixeira et al., 2009). Family 127 

farms in the watershed declined by over two-thirds in number between 1970 and 2006 and 128 

currently cover one third of the non-urban portion of the watershed. During the same period, 129 

subdivision of rural properties for development of weekend homes and small lodges also 130 

increased (Projeto Produtor de Água da Bacia do Rio Camboriú, 2013).  131 

Approximately 95% of the population in the watershed (208,319 in 2016; Instituto 132 

Brasileiro de Geografia e Estatística, 2016a, 2016b) resides in the coastal urbanized areas of 133 

Balneário Camboriú and Camboriú city, the former a famous beach destination that features 134 

.ǊŀȊƛƭΩǎ ǘŀƭƭŜǎǘ ōǳƛƭŘƛƴƎǎ ŀƴŘ attracts increasing numbers of domestic and foreign visitors 135 

(Ferreira et al., 2009; Lohmann et al., 2011) who swell population to over 800,000 during the 136 

high season (mid-5ŜŎŜƳōŜǊҍearly March).  137 
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 138 

1.2. Water supply challenges and the Rio Camboriú Water Producer Program 139 

Both municipalities rely on the Camboriú River for their drinking water and are supplied by the 140 

Balneário Camboriú water company, EMASA. In recent years, high demand during the summer 141 

season and the absence of large-scale water storage infrastructure repeatedly led to the threat 142 

of intermittent supply shortfalls. High sediment loads at the municipal water intake exacerbate 143 

the problem because they increase treatment water losses. EMASA has evaluated several 144 

options for increasing supply, including water storage in the watershed through flooding of 145 

native forest and agricultural lands; water transfers from a neighboring watershed (Itajai) 146 

characterized by substantially lower water quality necessitating advanced treatment; and 147 

watershed management including conservation of natural forests and restoration of degraded 148 

high sediment loading areas. Due to the high projected costs of the first two options and the 149 

promising results of initial feasibility assessments of the third, the utility decided to first invest 150 

in the latter while also expanding treatment plant capacity. To implement the watershed 151 

conservation strategy, EMASA partnered with The Nature Conservancy, the municipalities of 152 

Balneário Camboriú and Camboriú, the Camboriú Watershed Committee, the State Sanitation 153 

wŜƎǳƭŀǘƻǊȅ !ƎŜƴŎȅ ό!ƎŜǎŀƴύΣ ǘƘŜ bŀǘƛƻƴŀƭ ²ŀǘŜǊ !ƎŜƴŎȅ ό!b!ύΣ {ŀƴǘŀ /ŀǘŀǊƛƴŀ {ǘŀǘŜΩǎ 154 

Environmental Information and Hydrometeorology Center (EPAGRI-CIRAM) and the Camboriú 155 

city council to create the Camboriú PWS project.  156 

 Observational evidence and studies from similar watersheds suggest that major 157 

contributors to sediment loading in the watershed include unpaved roads lacking minimal best 158 

management practices (Duff, 2010; Guimarães et al., 2011; Minella et al., 2008); pastures on 159 
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steep slopes (Cerri et al., 2001); stream channel erosion and bank destabilization caused by 160 

cattle entering unfenced streams and foraging on regenerating riparian vegetation; stream 161 

channel erosion caused by hydraulic energy of high precipitation events (Minella et al., 2008); 162 

lateral channel migration; and croplands (Mello et al., 2018). 163 

Exclusion of cattle from streams through fencing of river margins and reforestation of 164 

riparian areas (Gumbert et al., 2009; Palhares et al., 2012) and steeply sloped, highly erodible 165 

lands with low vegetation cover are recognized as effective soil conservation practices in Brazil 166 

(Saad et al., 2018; Teixeira Guerra et al., 2014), and forest cover and riparian restoration have 167 

been shown to improve water quality and reduce suspended sediment in other Atlantic forest 168 

watersheds (Mello et al., 2017; Monteiro et al., 2016). On pasturelands, upland and riparian 169 

reforestation require livestock exclusion (fencing) to permit seedling or tree establishment and 170 

enhance tree survival. Best management practices can substantially reduce erosion from 171 

unpaved roads (Baesso and Gonçalves, 2003; Kocher et al., 2007), but their impact on sediment 172 

loading into streams depends on the hydrologic connectivity of roads and streams (Duff, 2010; 173 

Mills et al., 2007). 174 

The PWS program currently implements three interventions whose priority ranking is 175 

based on expected sediment loading reductions: 1) restoration of degraded riparian areas and 176 

areas surrounding natural springs, through a) fencing for cattle exclusion and b) planting of 177 

native tree seedlings or enrichment, depending on the state of degradation; 2) conservation of 178 

relatively intact riparian areas featuring regenerating forest, through riparian fencing for cattle 179 

exclusion; and 3) restoration of degraded upland forest on steep slopes through fencing for 180 

cattle exclusion and either planting of native tree seedlings or enrichment, depending on the 181 
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state of degradation. Interventions are implemented by contractors paid by the program. In 182 

July 2012, the program opened a call for proposals from landowners. Landowner selection and 183 

implementation of the first interventions began in 2013. Annual implementation capacity is 184 

approximately 80 ha per year. For each property submitted for enrolment, the program 185 

develops ŀƴ άƛŘŜŀƭέ ƛƴǘŜǊǾŜƴǘƛƻƴ ŘŜǎƛƎƴ ŜƴŎƻƳǇŀǎǎƛƴƎ ŀƭƭ ǇǊƛƻǊƛǘȅ ŀǊŜŀǎ, with a corresponding 186 

annual cash payment based on area size, priority ranking and level of degradation and the 187 

official opportunity cost of pasture land in Balneario Camboriú. The latter, known as ΨUnidade 188 

Fiscal do MunicípioΩ (UFM), in 2015 was BRL 223 (~USD 70 at the average 2015 BRL-USD 189 

exchange rate) ha-1·yr-1. Priority 1, 2 and 3 areas earn 1.5 UFM, 1 UFM and 0.5 UFM, 190 

respectively. The actual intervention design is then negotiated with each landowner and 191 

payments are adjusted accordingly. Interventions are inspected every six months by a group of 192 

program representatives, who must agree that interventions are well maintained before 193 

payment is authorized. Contracts last two years, are renewable and can be terminated if 194 

landowner performance is considered unsatisfactory.  195 

 196 

2. Methods 197 

2.1. Conceptual model and analysis overview 198 

We synthesized from the literature a best-practice framework for evaluating the economic 199 

performance of watershed conservation programs (Appendix A) and used this framework to 200 

estimate the ROI of the Camboriú PWS program as a sediment control measure (Figure 2). To 201 

identify the relevant sediment metrics for the hydrologic modeling, we constructed empirical 202 

sediment cost functions for individual components of 9a!{!Ωǎ treatment operations affected 203 
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by sediment in intake water. We then used 1 meter [m] spatial resolution land use maps from 204 

two recent years (2003, 2012) (Fisher et al., 2017) to develop a LULC change model for the 205 

watershed. We used this model to generate counterfactual (i.e., without PWS program) LULC 206 

for the year 2025, when the program is expected to have enrolled the lands most crucial for 207 

sediment control and most interventions will have attained their full functionality. This 208 

counterfactual land use scenario represents the business-as-usual land use needed to estimate 209 

sediment outcomes in the absence of the program. To target interventions, we ran the 2012 210 

and counterfactual 2025 land use maps through a Soil and Water Assessment Tool (SWAT) 211 

model calibrated to the watershed using the 2012 LULC, daily flow and turbidity, and climate 212 

and soil data (Fisher et al., 2017). This allowed us to identify the areas where interventions 213 

would produce the largest reductions in sediment yield versus the counterfactual, and allocated 214 

the programΩǎ interventions to these areas to generate a land use map representing the 215 

intervention (i.e., with the program) scenario. We then ran the SWAT model on both the 2025 216 

intervention and counterfactual land use maps to estimate the reduction in TSS at the EMASA 217 

intake attributable to the PWS program, and used the sediment cost functions to estimate the 218 

value of TSS reductions to EMASA. Finally, we used estimated sediment reduction or value and 219 

PWS program costs to calculate three ROI metrics useful for evaluating the economic 220 

performance of natural infrastructure projects.  221 

 222 

2.2. Identification of target service metrics  223 

The main operational processes of the EMASA treatment plant impacted by sediment in intake 224 

water are 1) intake channel dredging; 2) water pumping to and within the treatment plant; 3) 225 
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chemical use for coagulation and flocculation; 4) settlement basin sludge discharge and 226 

disposal; and 5) back-flushing of final gravity filters (Appendix Figure B.1). Because the heavier 227 

sediment fraction settles in the intake channel upstream of the treatment plant intake, TSS is 228 

the ecosystem service parameter of primary concern for EMASA. Our hydrologic modeling thus 229 

was set up to estimate impacts of interventions on TSS at the EMASA intake.  230 

 231 

2.3. Land use/land cover change analysis and modeling 232 

To date, to our knowledge there has been no spatially-explicit modeling of future LULC change 233 

in the Camboriú watershed. We focused on land use rather than land cover to ensure that 234 

temporary land cover change (e.g., plantation harvest) did not bias the model by identifying 235 

temporary cover changes as permanent land use change. 236 

We chose LULC data with 1 m spatial resolution for the LULC change and hydrologic 237 

analyses, for three reasons. First, individual instances of observed recent forest cover change in 238 

the watershed are small, generally <30 m in width, presumably due to forest cover 239 

requirements ƛƳǇƻǎŜŘ ōȅ .ǊŀȊƛƭΩǎ CƻǊŜǎǘ /ƻŘŜΦ The same is true also for LULC modifications 240 

resulting from program interventions, a substantial portion of which consist of riparian 241 

reforestation. Much of the recent and future (counterfactual and intervention) LULC change 242 

thus may be undetectable even with medium-resolution imagery such as 30 m (Landsat). 243 

Finally, 1 m spatial resolution data improved LULC classification accuracy and hydrologic 244 

sediment model performance in the watershed (Fisher et al., 2017).  245 

 We chose нллоҍ2012 as the LULC change reference period. While the coastal fringe 246 

real-estate construction boom in Balneário Camboriú began in the 1970s (Lohmann et al., 247 
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2011), around the year 2000 the urban area entered the phase of maximum densification of the 248 

coastal zone and urban sprawl into the hinterland (Ferreira et al., 2009). It is this sprawl that is 249 

driving the urban expansion into the watershed, making the period since 2000 an appropriate 250 

basis for predictions of future residential land conversion. This period also captures the 251 

continuing decline in cattle farming and expansion of plantations and second-home 252 

development in the rest of the watershed (Projeto Produtor de Água da Bacia do Rio Camboriú, 253 

2013). Moreover, the earliest cloud-free 1 m resolution imagery for the entire watershed is 254 

available for 2003/2004 (Fisher et al., 2017).  255 

We used Land Change Modeler (LCM) for ArcGIS 2.0 (http://www.clarklabs.org/; Pérez-256 

Vega et al., 2012) to identify spatially-explicit land use change between 2003 and 2012 land use 257 

maps with 1 m spatial resolution for the watershed upstream of the EMASA intake (Fisher et al., 258 

2017), and to predict land use in 2025. The seven land use classes (forest, plantation, rice, 259 

pasture, bare, impervious, water) resulted in 42 possible transitions (72 minus 7 where no 260 

change occurred). To keep the analysis computationally tractable and exclude minor transitions 261 

(by area) unlikely to correlate with predictive variables, we limited the transitions to the eight 262 

most significant ones (by area) during 2003 to 2012. Together these represent 90.5% of all land 263 

use change observed during that period (Table C.1).  264 

Out of the large set of potential LULC change drivers (Blackman, 2013; Busch and 265 

Ferretti-Gallon, 2017; Soares-Filho et al., 2004), we selected for consideration eleven (Table 266 

C.2) significant drivers of LULC change in Atlantic Forest areas experiencing the same land use 267 

change patterns observed in Camboriú (Appendix C). These include distance to roads, urban 268 

centers, and rivers; slope; elevation (Teixeira et al., 2009); and distance to already-converted 269 

http://www.clarklabs.org/
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lands (which has been found to drive forest change; Soares-Filho et al., 2004) in impervious, 270 

bare, pasture, plantation, or rice, respectively. We did not include protection status because 271 

the watershed is almost exclusively privately owned; thus, the main source of protection is the 272 

national Forest Code, compliance with which is generally low due to low levels of enforcement 273 

(Appendix C). Slope and distance to rivers or plantations had almost no predictive power and 274 

were excluded from the final LCM model.  275 

Change prediction to 2025 via LCM was accomplished using a Markov Chain analysis 276 

without added restrictions or incentives for any modeled transition, that is, assuming no change 277 

from their 2003-2012 levels in legal or economic factors affecting land use change. This yielded 278 

an estimate of pixel-level land use change probability. For the sub-models for each land use 279 

transition, we used all eight predictive variables and let LCM determine the appropriate weights 280 

of each using the SimWeight method. Although five of the predictors are based on distance to 281 

land cover (which changes over time) we left all variables as static rather than dynamic to avoid 282 

over-training the model from its early predictions given the low rate of land use change in the 283 

study area. To produce a specific άƘŀǊŘέ ǇǊŜŘƛŎǘƛƻƴ of expected baseline land use in 2025, LCM 284 

uses a multi-objective land allocation algorithm that determines which land use classes will 285 

expand or shrink, respectively (based on the probability of all transitions). It then uses a Markov 286 

chain run to allocate the specific changes to each pixel (Eastman et al., 1995).  287 

 288 

2.4. Hydrologic modeling  289 

We modeled the impact of interventions on TSS concentrations at the EMASA intake using 290 

SWAT (SWAT 2012 rev. 637; Arnold et al., 1998; Bressiani et al., 2015; Gassman et al., 2007), a 291 
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physically-based, continually evolving public-domain watershed modeling tool and the most 292 

widely-applied hydrology model globally (Dile et al., 2016; Francesconi et al., 2016; Krysanova 293 

and White, 2015). The SWAT model was built for the watershed portion upstream of the 294 

EMASA intake using 1) 1m land use and digital elevation data from 2012, and 2) daily flow and 295 

sediment load data (aggregated from hourly flow and 15-minute turbidity monitoring data, 296 

respectively) from local gauge stations and optical turbidity sondes. To avoid over-fitting the 297 

model to calibration data, model parameters were calibrated using a split-sample calibration 298 

method, with a training (5/27/2014-12/31/2014) and a validation (1/1/2015-11/06/2015) 299 

period (Fisher et al., 2017). The daily-modeled flow and sediment load both met satisfactory 300 

performance criteria for monthly models as recommended by Moriasi et al. (2007) over the 301 

combined training and testing period (flow: Nash-Sutcliffe efficiency=0.63, PBIAS=-5.3; 302 

sediment: NSE=0.56, PBIAS=11.45; Fisher et al., 2017). Because daily-scale models are likely to 303 

have poorer performance statistics than coarser time-step models and their evaluation criteria 304 

therefore should be more relaxed (Moriasi et al., 2007), performance of our model might be 305 

rated as good by daily-scale criteria.  306 

 We ran the SWAT model with land use defined by the 2025 LULC maps for intervention 307 

(2.5) and counterfactual (2.3) scenarios to test the effects of the program interventions on TSS 308 

loads at the EMASA treatment plant. These models isolated the effects of the land-use 309 

differences among the two scenarios by adopting the 2014 climate data and identical 310 

parameters to those found through calibration. Climate change may increase or decrease the 311 

expected intervention effects, but was deemed beyond the scope of this study.  312 

 313 
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2.5. Targeting of interventions based on SWAT and LCM results 314 

Cost-effective portfolio selection requires targeting of interventions based on costs and 315 

benefits (Duke et al., 2014). To target restoration activities, we first identified potential 316 

intervention sites as lands currently in pasture or bare (excluding roads) and located in riparian 317 

areas or near natural springs, defined following the Brazilian Forest Code (Soares-Filho et al., 318 

2014) as a 30-m buffer on both sides of a stream and a radius of 50 m around springs. We 319 

focused on riparian and spring areas because the aquatic-terrestrial ecotone governs the 320 

transfer of sediment between terrestrial areas and waterways. From these lands, we excluded 321 

all areas that the LCM analysis predicted to revert to forest by 2025, and then selected as 322 

targets for the restoration activities those lands that our SWAT model estimated as having the 323 

highest sediment yields in 2012, until reaching the estimated total program restoration 324 

implementation capacity of 326 ha by 2022, the expected end of the intervention phase.  325 

To target conservation activities, we selected the 313 ha in priority areas that our LCM 326 

model predicted to change from forest in 2012 to non-forest in 2025 in the counterfactual 327 

scenario. To generate the 2025 intervention scenario land use map, land use on intervention 328 

sites was changed to forest in the counterfactual 2025 land use map. 329 

 330 

2.6. PWS program costs 331 

We compiled information about the full costs of PWS program-related activities during 2009-332 

2015 and projected future annual costs based on expected activity time profiles. Activities 333 

include hydrologic, political and economic feasibility studies; coordination, communication and 334 

program design; program management (administration, external communication, landowner 335 
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compliance monitoring); surveying; landowner engagement and contract development; 336 

planning and implementation of restoration (plan design for each property; fencing, planting, 337 

enrichment) and conservation (fencing) interventions and their maintenance (follow-up 338 

inspection to ensure tree survival; replanting where necessary); and payments to landowners. 339 

We included all costs irrespective of who bears them, including grants from multilateral 340 

institutions and private foundations that supported several aspects of program development 341 

including feasibility studies and hydrologic monitoring infrastructure, and staff time of EMASA 342 

and other program partners (The Nature Conservancy; EPAGRI-CIRAM).  343 

  344 

2.7. Benefits estimation 345 

We estimated the avoided costs for EMASA that result from the reductions in TSS 346 

concentrations in intake water in the intervention scenario. To do so, we used EMASA data to 347 

estimate empirical relationships between sediment concentrations in intake water and 348 

operational costs for five discrete processes: intake channel dredging; pumping; chemicals use; 349 

sludge disposal; and treatment water loss (Table 1). We distinguished between peak 350 

(December-March tourist high season) and off-peak demand periods. We assumed that in off-351 

peak months there is no demand for any additional water output; thus, reduced water loss 352 

from lower TSS concentrations and consequent lower sedimentation basin sludge discharge 353 

and filter backwashing is used to reduce water intake. During peak months, when excess supply 354 

frequently approaches zero, we assumed that the reduced TSS-related water loss is used to 355 

increase plant water output to permit keeping short-term storage infrastructure at capacity. 356 

This infrastructure comprises two municipal water towers, industrial and commercial water 357 
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storage tanks as well as the cisterns now required in apartment buildings and condominiums to 358 

reduce supply interruption risk. Thus, during peak months, the benefits for EMASA of reduced 359 

TSS concentrations, in addition to reduced treatment costs, also include revenue gains from 360 

increased water sales. We valued these gains using the August 2015, user type and use volume-361 

weighted marginal price of water and sewer (automatically billed at 80% of water use) of USD 362 

1.90 (BRL 6.08) m-3 (Appendix D).     363 

We assumed that recent (2008-2014) average absolute increases in municipal peak 364 

(274,000 m3) and off-peak season (398,000 m3) water supply and average peak (16.9%) and off-365 

peak season (14.9%) inflow losses will remain constant and used supply and losses to calculate 366 

future plant intake. 367 

 In addition to operational costs, we also considered potential avoided capital costs of 368 

reduced TSS levels. Our base case takes the recent (2015) treatment plant capacity expansion 369 

as given and assesses the effect of reduced TSS concentrations on plant operational costs only. 370 

In contrast, our hypothetical avoided capitol cost case assumes that this expansion would have 371 

been reduced in size in proportion to the reduction in plant output losses that results from the 372 

lower TSS concentrations in the intervention scenario, and counts the corresponding avoided 373 

capital cost as an additional benefit for EMASA (Appendix E).   374 

 375 

2.6.1. Temporal incidence of benefits 376 

The SWAT-modeled TSS concentration difference at the EMASA intake between the 377 

intervention and counterfactual scenarios represents the full impact once all interventions have 378 

been implemented and developed their full sediment loading reduction functionality.  379 
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 We calculated the actual TSS reduction achieved in each year as a function of the age 380 

composition of the total intervention area implemented to that year and the age-specific TSS 381 

control efficiency of interventions (Table F.1), assuming very conservatively (compare Borin et 382 

al., 2005; Vogl et al., 2017) that the impact of forest restoration on TSS increases linearly from 383 

zero in year one to 100% in year ten. Conservation activities avoid forest loss and therefore 384 

achieve full functionality in the year they are implemented. Total conservation (313 ha) and 385 

restoration (326 ha) interventions were spread evenly over 2015-2022, meaning the full TSS 386 

control potential is first achieved in 2032.  387 

 388 

2.7. ROI calculation   389 

We calculated three ROI metrics for the Camboriú PWS program, separately for EMASA and the 390 

program overall: 1) The cost-effectiveness in reducing TSS, expressed as average reduction in 391 

mg TSS·l-1 removed from intake water per USD invested, or as 2) average kg sediment load 392 

removed from intake water per USD invested; and 3) the benefit-cost ratio or monetized ROI, 393 

calculated by dividing the value of the benefits of TSS reductions in municipal treatment plant 394 

intake water by PWS program costs. Because investments in grey drinking water treatment 395 

infrastructure have economic lifetimes of 15-25 years (mechanical and electrical treatment 396 

plant systems and pumping stations) to 60-70 years (concrete structures) (U.S. EPA, 2002), we 397 

calculated ROI metrics for 30- and 50-yr time frames.  398 

Social discount rates are generally recognized as the appropriate rates to use in 399 

evaluating long-lived publicly financed projects like environmental protection (Arrow et al., 400 
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2013). We discounted all costs and benefits to their 2014 present value (PV) equivalents using 401 

.ǊŀȊƛƭΩǎ ŜǎǘƛƳŀǘŜŘ ǎƻŎƛŀƭ ŎƻƴǎǳƳǇǘƛƻƴ ŘƛǎŎƻǳƴǘ ǊŀǘŜ ƻf 3.85% (Fenichel et al., 2017).  402 

 403 

3. Results 404 

 405 

3.1 Observed (2003-2012) and predicted (2012-2025) land use change 406 

A total of 1,125 ha of gross land use change was observed between 2003 (Figure C.1) and 2012 407 

(Figure C.2), or 8% of the 13,668-ha watershed area upstream of the EMASA intake (Figure 3). 408 

Due to transitions between land use classes, net change was approximately half that (562 ha; 409 

Table C.3). The single largest net change was a reduction in pasture, balanced by increases in 410 

plantation, bare, impervious and forest.  411 

 For 2003-2012, the LULC change model correctly predicts the included transitions 43-412 

72% of the time as indicated by the hit rate. The overall model hit rate (both area-weighted and 413 

unweighted) is 55%, meaning that, on average, included transitions are predicted correctly 414 

more often than not, and more often than if predicted transitions were chosen randomly. 415 

Model predictive ability is constrained by the complex composition and large number of land 416 

cover transitions in the watershed and the omission of socio-economic and demographic 417 

drivers of LULC change, for which we lacked data.  418 

 Absent the PWS program, predicted total net land use change by 2025 is 582 ha (4.2% of 419 

the area upstream of the EMASA intake), dominated by a reduction in pasture (-2%) and 420 

increase in plantation (1.3%), followed by increases in impervious (0.4%), bare (0.3%) and forest 421 

(0.2%; Table C.4). Analysis of individual land use transitions (Table C.5) reveals that while forests 422 
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show a net increase fueled by abandonment of some pastures, by 2025 more than 310 ha of 423 

forest are predicted to be converted to pasture, much of it in the middle watershed (orange 424 

areas in Figure 4). Conversely, while pastures are being replaced by plantations and forest 425 

throughout the watershed, this effect is most pronounced in the headwater areas (green areas 426 

in the lower portion of Figure 4). These predictions are consistent with the empirical 427 

observations of mature native Atlantic Forest continuing to be replaced by regrowing forest 428 

patches (Joly et al., 2014) and forest regrowth being highest at higher elevations and farther 429 

from urban areas and roads (Teixeira et al., 2009). 430 

 431 

3.2 PWS program intervention areas and impact on sediment yield 432 

Figure 5 shows the areas selected for restoration and conservation activities, selected based on 433 

modeled current (Figure 6, top panel) and counterfactual 2025 (Figure 6, bottom left panel) 434 

contribution of all sites above the EMASA intake (point 1 in the figure) to sediment loads in the 435 

Camboriú River at the EMASA intake. A comparison of intervention and counterfactual 436 

scenarios (Figure 6) shows that the interventions will substantially reduce sediment yield from 437 

most high-yield sites. 438 

 439 

3.3 Reduction in TSS concentrations at municipal water intake 440 

In the counterfactual scenario, modeled TSS concentrations in 2025 are predicted to be 10.2% 441 

lower than in 2012 (Table 2). In the intervention scenario, by 2032 average annual TSS 442 

concentrations at the municipal intake are reduced by an estimated 14.2% (13 mg·l-1) compared 443 
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to the counterfactual scenario (Figure G.1), with an average intake volume-weighted annual 444 

reduction during 2015-2045 of 11.1 mg·l-1. 445 

 446 

3.4 PWS program benefits and costs 447 

Sediment-related benefits of the PWS program for municipal water provision average USD 448 

194,000 (USD 202,000 in the hypothetical avoided capital cost case) per year (undiscounted) 449 

during 2015-2045 and are dominated by avoided revenue losses to EMASA from reduced peak-450 

season water loss (76%), followed by avoided chemicals use (15%) and sludge disposal (6%) 451 

(Table H.2). Benefits continue to increase with municipal water supply even after interventions 452 

have attained full functionality. Costs during 2015-2045 average USD 176,000 per year for 453 

EMASA, and USD 228,000 per year (all undiscounted) for the project overall (Table H.3), with 454 

transaction costs (TAC; all program activities except intervention design, implementation and 455 

maintenance, and payments to landowners) accounting for 39% of EMASA and 53% of overall 456 

program cost. Because of markedly different time profiles of benefits (steadily increasing over 457 

time from zero) and costs (heavily front-loaded) (Figure H.1), average annual benefits (Table 3) 458 

decline relative to costs (Table 4) in PV terms.  459 

 460 

3.5 Camboriú PWS program ROI  461 

For EMASA, program ROI (i.e., PV benefit-cost ratio) for sediment control exceeds 1 for analysis 462 

horizons exceeding 43 years (Figure H.2), a timeframe common for evaluating the economics of 463 

water supply infrastructure (U.S. EPA, 2002). If peak season water savings produced by the 464 

program had been used to reduce the size of the treatment plant expansion, break-even time 465 
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would decline to 40 years. Overall (i.e., including program costs not borne by EMASA) ROI for 466 

sediment control surpasses 1 only after more than 70 years. Table 5 shows the three ROI 467 

metrics for the program for time horizons of 30 and 50 years, respectively. 468 

 469 

4. Discussion  470 

Our analysis indicates the Camboriú PWS program will be a cost-effective tool for the utility for 471 

reducing TSS concentrations in municipal intake water. We expect interventions, once fully 472 

implemented and functional, to lower TSS concentrations at the utility intake by over 14% vs the 473 

baseline ( i.e., the counterfactual). Based on local utility data on sediment-related treatment 474 

costs, we predict this TSS reduction to lower total annual treatment costs for the utility (USD 0.21 475 

per m3 water output in 2011; EMASA data) by 3.8%. This estimate is in good agreement with the 476 

few reported estimates of the impact of TSS on municipal drinking water treatment costs. 477 

McDonald and Shemie (2014) report that in their sample of more than 100 U.S. cities relying 478 

primarily on surface water sources, a 10% reduction in sediment concentration reduces 479 

treatment plant operation and maintenance (O&M) costs (excluding pumping, distribution 480 

infrastructure O&M and reservoir dredging) by 2.6% on average. Using calibrated OTTER models 481 

for four water treatment plants, Grantley et al. (2003) estimate that a 25% decrease in TSS and a 482 

15% decrease in total organic content can reduce treatment (chemicals use, residuals disposal 483 

and power consumption of wastewater pumping) costs by 5%. Warziniack et al. (2017) find that 484 

in a sample of 26 conventional treatment plants in the U.S. with mean percent source watershed 485 

in forest cover (53%) similar to the Camboriú watershed, a 1% reduction in turbidity was 486 

associated with 0.19% lower treatment cost. Price and Heberling (2018) review 12 studies from 487 
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the U.S. and other countries that statistically estimate the effect of turbidity on drinking water 488 

treatment costs. They find that costs increase by 0.14% on average for each 1% increase in 489 

turbidity. Given our estimated 14% reduction in TSS concentrations and the turbidity-TSS 490 

relationship in our watershed (Figure H.3), the elasticities of treatment cost with respect to 491 

turbidity reported in these four studies would result in treatment costs reductions of 3.2-5.9%, 492 

bracketing our estimate of 3.8%.  493 

 Our finding that the ROI of the PWS program exceeds 1 for EMASA in year 44 indicates 494 

ǘƘŀǘ ǘƘŜ ǳǘƛƭƛǘȅΩǎ ƛƴǾŜǎǘƳŜƴǘ ƛƴ the program as a sediment control measure is financially 495 

justified. Importantly, its ROI increases if the utility manages to attract additional cost sharing 496 

due to third-party positive externalities. If costs borne by entities other than EMASA are 497 

included, the program is unlikely to be justified economically solely by its sediment control 498 

effect, as overall program ROI for just sediment control surpasses 1 only after more than 70 499 

years. For ǘƘŜ ǇǊƻƎǊŀƳΩǎ social ROI, that is, the ratio of the value of all program benefits and 500 

costs, to surpass 1 after 43 (30; 50) years, the program would need to produce co-benefits with 501 

a PV of USD 31,100 (USD 69,400; USD 19,900) per year on average. A preliminary analysis of 502 

those co-benefits (4.1.1) indicates that social program ROI very likely does exceed 1.  503 

 In the Camboriú program, TAC account for half of total program costs. While such a high 504 

TAC share is not unheard of (Jayachandran et al., 2017), it is much higher than the share 505 

reported in the majority of the few PWS studies that estimate TAC (Alston et al., 2013; Finney, 506 

2015; Wunder et al., 2008). We attribute this divergence to our attempt to account for TAC 507 

incurred by all program partners, something rarely done (Finney, 2015), and to account 508 

comprehensively for all program-related activities including assembly of, and coordination 509 
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among, a technically strong and diverse group of program partners; legal and hydrologic 510 

studies; hydrologic and compliance monitoring; efficient targeting of site-specific interventions 511 

that incorporate individual landowner concerns; maintaining good landowner relations; and 512 

ongoing public communication. The high TAC thus result from a substantial investment in 513 

ensuring program performance and sustainability, and necessarily exceed those of programs 514 

characterized by generic or collective agreements (Alston et al., 2013; Kerr et al., 2014), low 515 

additionality (Blackman, 2013) or low conditionality (Kroeger, 2013; Wunder et al., 2008). 516 

Importantly, TAC explain nearly 90% of the nearly two-fold discrepancy between our program 517 

cost (USD 356 ha-1·yr-1 over 30 years, undiscounted) and the average cost reported for several 518 

other Atlantic Forest projects (USD 133 ha-1·yr-1; Banks-Leite et al., 2015 based on Guedes and 519 

Seehusen, 2011), which exclude transaction costs (Finney, 2015). Efforts to reduce TAC thus are 520 

important, beginning with the careful choice of the scientific analyses used to support program 521 

design. In the case of the Camboriú program, use of 30m instead of 1m resolution satellite 522 

imagery reduced hydrologic model performance and estimated program ROI (Fisher et al., 523 

2017). IƻǿŜǾŜǊΣ ƎƛǾŜƴ ǘƘŜ ǳǘƛƭƛǘȅΩǎ ǎǘǊƻƴƎ ŦƻŎǳǎ ƻƴ Ǌƛǎƪ ǊŜŘǳŎǘƛƻƴΣ it is doubtful that this would 524 

have changed the decision to invest in the program, while at the same time it would have 525 

substantially lowered the costs of impact analysis (Fisher et al., 2017). 526 

 527 

4.1 Sensitivity analysis and caveats 528 

Both EMASA and overall ROI are sensitive to the treatment of co-benefits, choice of discount 529 

rate; intervention scale and time needed to attain full functionality; and assumptions about 530 

future increases in municipal water supply, targeting efficiency and leakage effects.  531 
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 532 

4.1.1. Co-benefits 533 

Because the Camboriú PWS program produces multiple benefits for diverse stakeholders, social 534 

program ROI exceeds ROI for sediment control. Such divergence between the broader 535 

economic and the specific business cases for a specific objective or supporter is not surprising 536 

but highlights the importance of carefully scoping ROI analyses and interpreting their results. 537 

While quantitative analysis of the co-benefits of the Camboriú PWS program is beyond the 538 

scope of our study, the high degree of endemism and small remaining percentage (<12%) of 539 

.ǊŀȊƛƭΩǎ historic Atlantic forest extent (Ribeiro et al., 2009) suggest that the program may 540 

produce biodiversity benefits by increasing (vs the counterfactual) forest cover by five percent 541 

of the watershed upstream of the EMASA intake. Studies in other Atlantic Forest watersheds 542 

found that overland flow from forest is significantly lower than from pasture (Pereira et al., 543 

2014; Salemi et al., 2013), in line with the observed generally negative correlation between 544 

forest cover and peak flows and flooding (Filoso et al., 2017). The program thus is expected to 545 

lower flood risk during storm events. Finally, reduced water losses in the TSS treatment process 546 

and increased infiltration (Salemi et al., 2013) and dry season low flows (Pereira et al., 2014) 547 

associated with reforestation also lower the risk of supply shortfalls. Such risk reduction is an 548 

important reason for diversified investments in water infrastructure especially given projected 549 

increases in climate extremes in southeastern Brazil (Grimm, 2011; Marengo, 2009).  550 

Riverine flooding historically has been a serious concern in the densely developed urban 551 

portion of the Camboriú watershed (CEPED, 2014), prompting in 2013 the installation of a flood 552 

early warning system that monitors streamflow at various points in the watershed in real time. 553 
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Our SWAT model (Fisher et al., 2017) predicts program interventions, once fully functional, to 554 

reduce the four highest annual river flood levels at the EMASA intake by 4% on average (Figure 555 

G.2). Evidence from other studies suggests that this value could be substantial. Even if in 556 

Camboriú it were only one tenth of the average value per household reported in other cities in 557 

Brazil and Ecuador (Table H.1), it would be 2 to 9 times as high (USD 169,000 to USD 856,000 558 

per year) as the value associated with sediment reductions in municipal water supply (Table 3) 559 

and would lift social program ROI to 1 within 2 to 22 years, and to 1.2 to 3.6 within 30 years. 560 

We note, however, that our hydrologic model covers only two years so the peak flow reduction 561 

may be less for the largest events.  562 

 Because flood and supply risk reduction benefits accrue to local businesses, residents 563 

and visitors, either directly or via reduced municipal spending on flood damages and emergency 564 

response, PWS program cost-sharing with those beneficiaries would be justified. This could be 565 

achieved by incorporating watershed conservation costs into water user rates or levying a 566 

watershed conservation fee on high-season visitors, the latter based on the rationale that a 567 

large share of flood and supply risk reduction benefits occur during the tourist high season that 568 

encompasses the three months of the year when consumption and precipitation are highest 569 

and when tourists account for three-quarters of the combined population of the two cities.  570 

A watershed conservation fee of only USD 0.009 m-3 water usedτ less than 0.7% of the current 571 

average rate paid by municipal water customers, or USD 2.50 for the average household per 572 

year τ that declines to USD 0.003 in 2065, or of USD 0.28 per high-season visitor would result 573 

in the internalization of the low-end supply and flood risk reduction benefits estimate (USD 574 

169,000 per year) and would lift 9a!{!Ωǎ 30-year ROI of the program to 1.6, and 50-year ROI to 575 
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2.0. Recognition of the multiple benefits provided by the Camboriú PWS program has resulted 576 

in the ǎǘŀǘŜ ǿŀǘŜǊ ŀƴŘ ǎŀƴƛǘŀǘƛƻƴ ǊŜƎǳƭŀǘƻǊΩǎ ŀǇǇǊƻǾŀƭ ƛƴ WǳƴŜ нлмт ƻŦ ŀ ǊŜǾƛǎŜŘ municipal water 577 

tariff structure that includes the Camboriú programΩǎ operational costs in water tariffs.  578 

 579 

4.1.2. Discounting  580 

Due to the time profile of benefits and costs (Figure H.1), discount rate and program ROI are 581 

inversely related. With a rate of 6% (the yield on recent 10-year Brazilian government bonds; 582 

Parra-Bernal and Kilby, 2017) rather than the 3.85% social rate used in this analysis, 9a!{!Ωǎ 583 

50-year ROI of the program for sediment control declines from 1.08 to 0.81. Consequently, 584 

ǳǎƛƴƎ ǘƘŜ ǳǘƛƭƛǘȅΩǎ ƘƛǎǘƻǊƛŎŀƭ ǇǊƻƎǊŀƳ Ŏƻǎǘ ǎƘŀǊŜΣ the program would not be financially viable as a 585 

sediment control measure if the utility were required to use its cost of capital as discount rate.   586 

  587 

4.1.3. Intervention scale 588 

The currently planned program portfolio will leave more than 50 ha of high sediment loading 589 

areas untreated (red areas in bottom right panel in Figure 6). Because TAC account for a high 590 

share of total program costs and because many of these costs are independent of, or increase 591 

less than proportionally with, intervention extent, program ROI would increase if interventions 592 

were expanded to remaining high-loading areas. For example, increasing conservation and 593 

restoration extent each by 10% (64 ha total) compared to our analysis would increase total 594 

program costs by 6% but benefits by nearly 10%, EMASAΩǎ 30-year ROI from 0.77 to 0.85, and 595 

50-year overall program ROI for sediment control from 0.82 to 0.86. 596 

 597 
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4.1.4. Timing of benefits 598 

If interventions develop their full TSS control effect after three (e.g., Borin et al., 2005; Vogl et al., 599 

2017) instead of the 10 years assumed here, EMASAΩǎ ROI reaches 1 in year 39 (vs 43) and 30 and 600 

50-yr ROIs are 0.84 (vs 0.77) and 1.14 (vs 1.08) for EMASA and 0.63 (vs 0.59) and 0.86 (vs 0.82) 601 

overall, respectively (ignoring hypothetically avoidable capital costs).   602 

 603 

4.1.5. Targeting efficiency and leakage 604 

Our ROI estimates assume accuracy of our land use change predictions. Complete accuracy is 605 

unlikely due to potential model estimation error or possible future changes in the size (e.g., 606 

demand for beef or rural homes), effect strength (i.e., changes in the size or direction of the 607 

coefficients on the variables) or composition of ultimate LULC change drivers. Our LULC change 608 

model hit rate of 55% suggests model estimation error as the most likely source of error. 609 

However, we expect actual targeting efficiency to be higher than the hit rate, for two reasons. 610 

First, PWS program managers incorporate additional information omitted from the modeling 611 

due to a lack of data for most properties. Second, the hit rate indicates overall model accuracy 612 

in retroactively and spatially-explicitly predicting all specific included past land use transitions 613 

(e.g., from forest to pasture). Because in many cases the model correctly predicted a change in 614 

land use but incorrectly predicted the specific transition, overall model accuracy in spatially-615 

explicit prediction of land use change per se exceeds the hit rate. It is the former that matters 616 

for targeting and additionality.  617 

Because our land use change model was estimated over a very recent period (2003-618 

2012) and our projection spans only 13 years, changes in land use change drivers are less likely 619 
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to be of concern. Still, changes in national Forest Code enforcement, which has remained 620 

inconsistent (Schmitt et al., 2013; Soares-Filho et al., 2012); in agricultural conservation 621 

programs such as the ABC (low-carbon agriculture) investment program which supports 622 

activities such as recovery of degraded pastures or Forest Code compliance (Banco Nacional de 623 

Desenvolvimento Econômico e Social, 2013); in agricultural input or output prices; or in real 624 

estate development-related policies could change the economics of land use in the watershed.  625 

 Because land use is a continuous process, the optimal intervention portfolio is sensitive 626 

to the choice of modeling time horizon: extending the LULC change analysis beyond 2025 may 627 

identify sites with high TSS yields excluded in our portfolio because they are not predicted to be 628 

converted by 2025.  629 

In targeting interventions solely based on expected additionality of TSS loadings and site 630 

costs, our site portfolio assumes risk-neutrality. Under risk aversion, this purely cost-631 

effectiveness-based portfolio may change in favor of including sites with lower likelihood of 632 

conversion but the potential to yield large and difficult-to-mitigate sediment loading, thus 633 

trading off expected cost-effectiveness against certainty in avoiding highly undesirable 634 

outcomes (Bishop, 1978; Ciriacy-Wantrup, 1952). 635 

 Our analysis assumes no leakage, that is, displacement of land management activities 636 

targeted by interventions to non-intervention priority areas. Leakage within the EMASA 637 

drainage area could lower program ROI but we expect this outcome to be unlikely. Leakage is 638 

unlikely to occur on participating properties because contract terms do not permit internal 639 

relocation of land cover degrading management practices to other potential priority areas on a 640 

property, and effectively enforced conditionality of payments to date has ensured compliance 641 
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with contracts. Leakage to priority areas on non-participating properties also is unlikely because 642 

most high-priority areas will be enrolled by the program and cattle raising is declining in the 643 

watershed (Figure 3).  644 

 645 

4.1.6. Other assumptions 646 

Our analysis assumes that municipal water demand continues to increase by the same annual 647 

increment as during 2008-2014. Given the ǇǊƻƧŜŎǘŜŘ ƎǊƻǿǘƘ ƛƴ .ŀƭƴŜŀǊƛƻ /ŀƳōƻǊƛǵΩǎ ȅŜŀǊ-648 

round population (Tischer et al., 2015), the continued growth of the real estate and tourism 649 

sector and the fact that EMASA currently abstracts less than one-fifth of annual river discharge, 650 

this assumption is reasonable. Lower increases would reduce program ROI while higher 651 

increases would increase ROI.   652 

We also assume that PWS payments will remain constant in real terms. If payments 653 

were to increase due to increasing opportunity costs for landowners, program ROI would 654 

decline, all else equal. 655 

 Furthermore, based on experience to date, our estimates assume that once enrolled, 656 

lands remain in the PWS program. Turnover of participating lands would reduce program ROI. 657 

 658 

4.2 Transferability of findings 659 

We expect our finding of the importance of watershed management for municipal water 660 

supplies to apply to many other Atlantic Forest watersheds. The transferability of our particular 661 

ROI results to other catchments depends on similarities of major drivers of benefits and costs. 662 

These include drinking water treatment technology (e.g., with or without sludge water 663 
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recovery); proximity to sediment thresholds for plant operation (e.g., avoided shutdowns due 664 

to excessive sediment); watershed size (the larger the watershed, the larger the scope of 665 

interventions needed to achieve a given TSS reduction [McDonald and Shemie, 2014]); portion 666 

of stream flow and hence intervention impacts captured by the treatment plant; watershed 667 

hydrologic properties (soils, slopes, instream-processes between intervention and beneficiary 668 

sites); presence of additional beneficiaries of sediment reduction (e.g., reservoir operators, 669 

canal owners, harbor authorities) or co-benefits and their willingness to cost-share; opportunity 670 

cost of interventions and hence PES payment levels; land use change patterns; conservation 671 

and transaction costs; and targeting efficiency.  672 

 673 

5. Conclusions 674 

We synthesized from the literature a best practice analytical framework and applied it to the 675 

Camboriú PWS program in Brazil to contribute to the limited evidence base on the ROI of 676 

natural infrastructure solutions to water supply challenges, and to inform future analyses that 677 

assess the performance of such solutions to hydrologic challenges. 678 

 Our findings indicate that the ƳǳƴƛŎƛǇŀƭ ǳǘƛƭƛǘȅΩǎ ƛƴǾŜǎǘƳŜƴǘǎ ƛƴ watershed management 679 

to control TSS concentrations are justified on ROI grounds. Moreover, a preliminary analysis of 680 

program co-benefits indicates that the program also generates social net benefits for local 681 

stakeholders overall. TƘŜ ǇǊƻƎǊŀƳΩǎ ǇǊƛǾŀǘŜ ŀƴŘ ǇǳōƭƛŎ whL therefore both exceed 1.  682 

Our analysis highlights the formidable challenge of reliably assessing PWS program 683 

performance ex-ante. Constructing rigorous ex-ante counterfactuals, benefit functions and 684 

calibrated hydrologic models entails significant information requirements and associated costs, 685 
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and therefore often may be infeasible due to time or budget constraints. This highlights the 686 

need to select analyses based on their value of information (Fisher et al., 2017): analytical 687 

sophistication (and hence, generally, cost) should be defined by the level of uncertainty of 688 

results that is acceptable to decision-makers.  689 

By targeting interventions based on both costs and benefits as well as a counterfactual 690 

baseline and by employing a quasi reverse-auction format, the Camboriú program incorporates 691 

key efficiency-enhancing features. Yet these features, together with extensive hydrologic and 692 

compliance monitoring and ongoing landowner engagement and public communications aimed 693 

to ensure long-term program sustainability, also lead to transaction costs that account for over 694 

half of total program costs. We expect these findings to be broadly representative: PWS 695 

programs rigorously designed to achieve high additionality and cost-effectiveness in target 696 

service provision as well as sustainability generally will have higher transaction costs and 697 

therefore higher total costs than programs lacking these features. Finally, our analysis highlights 698 

that the business case for a given stakeholder and program is sensitive to the ǇǊƻƎǊŀƳΩǎ ability 699 

to forge institutional arrangements that facilitate cost-sharing with recipients of program co-700 

benefits.   701 

 702 

Acknowledgments 703 

The study benefited from data generated under grants to Camboriú PWS program partners 704 

from the Inter-American Development Bank and the U.S. Agency for International 705 

Development. Funding: This work was supported by the Anne Ray Charitable Trust and the 706 

Tinker Foundation. Klemz, Acosta, Cavassani and Petry were partially supported by a grant from 707 



 

36 
 

the Latin American Water Fund Partnership. We are grateful to anonymous reviewers whose 708 

insightful comments have improved the paper.  709 



 

37 
 

Literature cited 710 

Alcott, E., Ashton, M.S., Gentry, B.S. (Eds.), 2013. Natural and Engineered Solutions for Drinking 711 

Water Supplies: Lessons from the northeastern United States and Directions for Global 712 

Watershed Management. CRC Press, Boca Raton. 713 

Alston, L.J., Andersson, K., Smith, S.M., 2013. Payment for environmental services: Hypotheses 714 

and evidence. Annu. Rev. Resour. Econ. 5, 139ς159. doi:10.1146/annurev-resource-091912-715 

151830. 716 

Arnold, J.G., Srinivasan, R., Muttiah, R.S., Williams, J.R., 1998. Large area hydrologic modeling 717 

and assessment part I: Model development. J. Am. Water Resour. Ass. 34, 73ς89. DOI: 718 

10.1111/j.1752-1688.1998.tb05961.x 719 

Arrow, K., Cropper, M., Gollier, C., Groom, B., Heal, G., Newell, R., Nordhaus, W., Pindyck, R., 720 

Pizer, W., Portney, P., Sterner, T., Tol, R.S.J., Weitzman, M., 2013. Determining benefits and 721 

costs for future generations. Science 341, 349-350. DOI: 10.1126/science.1235665 722 

Asian Development Bank, 2015. Investing in natural capital for a sustainable future in the Greater 723 

Mekong Subregion. Asian Development Bank, Mandaluyong City, Philippines. 724 

Baesso, D.P., Gonçalves, F.L.R., 2003. Estradas Rurais: Técnicas Adequadas de Manutenção. 725 

DER-SC, Florianópolis. 726 

Balmford, A., Gaston, K.J., Blyth, S., James, A., Kapos, V., 2003. Global variation in terrestrial 727 

conservation costs, conservation benefits, and unmet conservation needs. P. Natl. Acad. Sci. 728 

USA 100, 1046-1050. DOI:10.1073/pnas.0236945100  729 

Banco Nacional de Desenvolvimento Econômico e Social, 2013. Programa para Redução da 730 

Emissão de Gases de Efeito Estufa na Agricultura ς Programa ABC.BNDES, Rio de Janeiro. 731 

http://www.bndes.gov.br/SiteBNDES/bndes/bndes_pt/Institucional/Apoio_ 732 

Financeiro/Programas_e_Fundos/abc.html. 733 

Banks-Leite, C., Pardini, R., Tambosi, L.R., Pearse, W.D., Bueno, A.A., Bruscagin, R.T., Condez, 734 

T.H., Dixo, M., Igari, A.T., Martensen, A.C., Metzger, J.P., 2014. Using ecological thresholds 735 

to evaluate the costs and benefits of set-asides in a biodiversity hotspot. Science 345, 1041-736 

1045. DOI: 10.1126/science.1255768 737 

Beck, M. W., Losada, I., Menendez, P., Reguero, B.G., Diaz Simal, P., Fernandez, F. 2018. 738 

The global flood protection savings provided by coral reefs. Nat. Commun. 9, 2186. DOI: 739 

10.1038/S41467-018-04568 740 

Bennett, G., Ruef, F., 2016. Alliances for Green Infrastructure: State of Watershed Investment 741 

2016. Forest Trends, Washington DC. 742 

Bennett, G., Carroll, N., 2014. Gaining Depth: State of Watershed Investment 2014. Forest 743 

¢ǊŜƴŘǎΩ 9ŎƻǎȅǎǘŜƳ aŀǊƪŜǘǇƭŀŎŜΦ Forest Trends, Washington DC. 744 

Bennett, E.M., Peterson, G.D., Gordon, L.J., 2009. Understanding relationships among multiple 745 

ecosystem services. Ecol. Lett. 12, 1394ς1404. DOI:10.1111/j.1461-0248.2009.01387.x 746 

Bishop, R.C., 1978. Endangered species and uncertainty: The economics of a safe minimum 747 

standard. Am. J. Agr. Econ. 60, 10-18. http://www.jstor.org/stable/1240156 748 

Blackman, A., 2013. Evaluating forest conservation policies in developing countries using 749 

remote sensing data: An introduction and practical guide. Forest Policy Econ. 34, 1-16. 750 

https://doi.org/10.1016/j.forpol.2013.04.006 751 

http://www.bndes.gov.br/SiteBNDES/bndes/bndes_pt/Institucional/Apoio_%20Financeiro/Programas_e_Fundos/abc.html
http://www.bndes.gov.br/SiteBNDES/bndes/bndes_pt/Institucional/Apoio_%20Financeiro/Programas_e_Fundos/abc.html
https://doi.org/10.1016/j.forpol.2013.04.006


 

38 
 

Börner, J., Baylis, K., Corbera, E., Ezzine-de-Blas, D., Honey-Rosés, J., Persson, U.M., Wunder, S., 752 

2017. The effectiveness of payments for environmental services. World Development 96, 753 

359ς374. 754 

Borin, M., Vianelloa, M., Moraria, F., Zanin, G., 2005. Effectiveness of buffer strips in removing 755 

pollutants in runoff from a cultivated field in North-East Italy. Agr. Ecosyst. Environ. 105, 756 

101ς114. https://doi.org/10.1016/j.agee.2004.05.011 757 

Boyd, J., Epanchin-Niell, R., Siikamäki, J., 2015. Conservation planning: A review of return on 758 

investment analysis. Rev. Env. Econ. Policy 9, 23-42. https://doi.org/10.1093/reep/reu014 759 

Bremer, L.L., Auerbach, D.A., Goldstein, J.H., Vogl, A.L., Shemie, D., Kroeger, T., Nelson, J.L., 760 

Benítez, S.P., Calvache, A., Guimarães, J., Herron, C., Higgins, J., Klemz, C., León, J., Lozano, 761 

J.S., Moreno, P.H., Nuñez, F., Veiga, F., Tiepolo, G., 2016. One size does not fit all: Natural 762 

infrastructure investments within the Latin American Water Funds Partnership. Ecosyst. 763 

Serv. 17, 217ς236. https://doi.org/10.1016/j.ecoser.2015.12.006 764 

Bressiani, D., Gassman, P.W., Fernandes, J.G., Garbossa, L.H.P., Srinivasan, R., Bonumá, N.B., 765 

Mendiondo, E.M., 2015. Review of Soil and Water Assessment Tool (SWAT) applications in 766 

Brazil: Challenges and prospects. Int. J. Agr. Biol. Eng. 8, 9ς35. 767 

DOI:10.3965/j.ijabe.20150803.1765 768 

Busch, J., Ferretti-Gallon, K., 2017. What drives deforestation and what stops it? A meta-769 

analysis. Rev. Environ. Econ. Policy 11, 3ς23. https://doi.org/10.1093/reep/rew013 770 

CEPED, 2014. Metodologia de Avaliação de Vulnerabilidade para Mapeamento de Áreas 771 

suscetíveis a Deslizamentos e Inundações ς Proposta Piloto em Santa Catarina. Relatório de 772 

Vulnerabilidade dos Setores de Risco ς Município de Balneário Camboriú. Universidade 773 

Federal de Santa Catarina, Centro Universitário de Estudos e Pesquisas Sobre Desastres 774 

(CEPED), Laboratório de Tecnologias Sociais em Gestão e Riscos e Desastres, Florianópolis, 775 

Brasil. 776 

Cerri, C.E.P., Demattê, J.A.M., Ballester, M.V.R., Martinelli, L.A., Victoria, R.L., Roose, E., 2001. 777 

GIS erosion risk assessment of the Piracicaba River basin, southeastern Brazil. Mapping 778 

Sciences and Remote Sensing 38, 157ς171. 779 

Ciriacy-Wantrup, S., 1952. Resource Conservation. University of California Press, Berkeley, 780 

California. 781 

De Risi, R., De Paola, F., Turpie, J., Kroeger, T., 2018. Life cycle cost and return on investment as 782 

complementary decision variables for urban flood risk management in developing countries. 783 

International Journal of Disaster Risk Reduction 28:88-106.  784 

Dile, Y.T., Daggupati, P., George, C., Srinivasan, R., Arnold, J., 2016. Introducing a new open 785 

source GIS user interface for the SWAT model. Environ. Modell. Softw. 85, 129-138. 786 

DOI:10.1016/j.envsoft.2016.08.004. 787 

Döll, P., Jiménez-Cisneros, B., Oki, T., Arnell, N.W., Benito, G., Cogley, J.G., Jiang, T., Kundzewicz, 788 

Z.W., Mwakalila, S., Nishijima, A., 2015. Integrating risks of climate change into water 789 

management, Hydrolog. Sci. J. 60, 4-13. DOI:10.1080/02626667.2014.967250 790 

Duff, M.J., 2010. Evaluation of road erosion prediction models applied to unpaved roads in a 791 

small tropical watershed in Eastern Brazil. Masters thesis. Faculty of Virginia Polytechnic 792 

Institute and State University, Blacksburg, VA. 793 

https://doi.org/10.1016/j.agee.2004.05.011
https://doi.org/10.1093/reep/reu014
https://doi.org/10.1016/j.ecoser.2015.12.006
https://doi.org/10.1093/reep/rew013


 

39 
 

Duke, J.M., Dundas, S.J., Johnston, R.I., Messer, K.D., 2014. Prioritizing payment for 794 

environmental services: Using nonmarket benefits and costs for optimal selection. 795 

Ecol. Econ. 105, 319ς329. https://doi.org/10.1016/j.ecolecon.2014.06.014 796 

Eastman, J.R., Jin, W., Kyem, P.A.K., Toledano, J., 1995. Raster procedures for multi-797 

criteria/multi-objective decisions. Photogramm. Eng. Rem. S. 61, 539-547.  798 

Fenichel, E.P., Kotchen, M.J., Addicott, E., 2017. Even the representative agent must die: Using 799 

demographics to inform long-term social discount rates. NBER Working Paper No. 23591. 800 

DOI:10.3386/w23591 801 

Ferraro, P.J., 2003a. Assigning priority to environmental policy interventions in a heterogeneous 802 

world. J. Policy Anal. Manag. 22, 27-43. DOI:10.1002/pam.10094 803 

Ferraro, P.J., 2003b. Conservation contracting in heterogeneous landscapes: An application to 804 

watershed protection with threshold constraints. Agricultural and Resource Economics 805 

Review 32, 53-64. DOI: https://doi.org/10.1017/S1068280500002501 806 

Ferraro, P.J., Lawlor, K., Mullan, K.L., Pattanayak, S.K., 2012. Forest figures: Ecosystem services 807 

valuation and policy evaluation in developing countries. Rev. Env. Econ. Policy 6, 20ς44. 808 

Ferreira, J.C., Silva, L., Polette, M., 2009. The coastal artificialization process: Impacts and 809 

challenges for the sustainable management of the coastal cities of Santa Catarina (Brazil). J. 810 

Coastal Res. SI 56, 1209ς1213. http://www.jstor.org/stable/25737979 811 

Filoso, S., Bezerra, M.O., Weiss, K.C.B., Palmer, M.A. 2017. Impacts of forest restoration on 812 

water yield: a systematic review. Plos One 12(8):e0183210 813 

Finney, C., нлмрΦ /ƻƳƳŜƴǘ ƻƴ ά¦ǎƛƴƎ ŜŎƻƭƻƎƛŎŀƭ ǘƘǊŜǎƘƻƭŘs to evaluate the costs and benefits of 814 

set-ŀǎƛŘŜǎ ƛƴ ŀ ōƛƻŘƛǾŜǊǎƛǘȅ ƘƻǘǎǇƻǘΦέ Science 347, 731. DOI:10.1126/science.aaa0916 815 

Fisher, J.R.B., Acosta, E., Dennedy-Frank, P.J., Kroeger, T., Boucher, T., 2017. Impact of satellite 816 

imagery spatial resolution on land use classification and modeled water quality. Remote 817 

Sensing in Ecology and Conservation. DOI:10.1002/rse2.61. 818 

Francesconi, W., Srinivasan, R., Perez-Miñana, E., Willcock, S.P., Quintero, M., 2016. Using the 819 

soil and water assessment tool (SWAT) to model ecosystem services: a systematic review. J. 820 

Hydrol. 535, 625-636. http://dx.doi.org/10.1016/j.jhydrol.2016.01.034. 821 

Furniss, M.J., Staab, B.P., Hazelhurst, S., Clifton, C.F., Roby, K.B., Ilhardt, B.L., Larry, E.B., Todd, 822 

A.H., Reid, L.M., Hines, S.J., Bennett, K.A., Luce, C.H., Edwards, P.J., 2010. Water, climate 823 

change, and forests: Watershed stewardship for a changing climate. Gen. Tech. Rep. PNW-824 

GTR-812. U.S. Department of Agriculture, Forest Service, Pacific Northwest Research 825 

Station, Portland, OR. 826 

Gassman, P.W., Reyes, M.R., Green, C.H., Arnold, J.G., 2007. The Soil and Water Assessment 827 

Tool: historical development, applications, and future research directions. T. ASAE, 50, 828 

1211ς1250. http://publications.iowa.gov/archive/00005419/01/paper_12744.pdf. 829 

Gollier, C., Treich, N., 2003. Decision-making under scientific uncertainty: The economics of the 830 

precautionary principle. J. Risk Uncertainty 27, 77ς103.  831 

Grantley, W.P., Becker, W.C., Head, R., hΩaŜƭƛŀ, C.R., 2003. Impacts of Major Point and Non-832 

Point Sources on Raw Water Treatability. AWWA Research Foundation Report No. 90959F. 833 

AWWA Research Foundation, Denver, CO. 834 

Grimm, A.M., 2011. Interannual climate variability in South America: Impacts on seasonal 835 

precipitation, extreme events, and possible effects of climate change. Stoch. Env. Res. Risk 836 

A. 25, 537ς554. https://doi.org/10.1007/s00477-010-0420-1 837 

https://doi.org/10.1016/j.ecolecon.2014.06.014
http://ideas.repec.org/a/wly/jpamgt/v22y2003i1p27-43.html
http://ideas.repec.org/a/wly/jpamgt/v22y2003i1p27-43.html
http://ideas.repec.org/s/wly/jpamgt.html
https://doi.org/10.1017/S1068280500002501


 

40 
 

Guedes, F.B., Seehusen, S.E., 2011. Pagamentos por Serviços Ambientais na Mata Atlânica: 838 

Lições aprendidas e desafíos. Ministério do Meio Ambiente, Brasil. 839 

Guimarães, R.Z., Lignau, C., Rizzi, N.R., Schechi, R.G., Bianchi, R.C., 2011. Espacialização da perda 840 

de solo por erosão laminar na micro-bacia do rio Campinas, Joinville, Santa Catarina. Ra´E 841 

Ga 23, 534ς554. 842 

Gumbert, A.A., Higgins, S., Agouridis, C., 2009. Riparian buffers: A livestock best management 843 

practice for protecting water quality. ID-175. University of Kentucky Cooperative Extension 844 

Service, Lexington, KY. 845 

Guo, Z., Li, Y., Xiao, X., Zhang, L., Gan, Y., 2007. Hydroelectricity production and forest 846 

conservation in watersheds. Ecol. Appl. 17, 1557ς1562. DOI:10.1890/06-0840.1 847 

Hejazi, M., Edmonds, J., Chaturvedi, V., Davies, E., Eom, J.Y., 2013. Scenarios of global municipal 848 

water use demand projections over the 21st century. Hydrolog. Sci. J. 58, 519ς538. 849 

http://dx.doi.org/10.1080/02626667.2013.772301 850 

Instituto Brasileiro de Geografia e Estatística. 2016a. Balneário Camboriú. 851 

http://www.cidades.ibge.gov.br/v3/cidades/municipio/4202008  852 

Instituto Brasileiro de Geografia e Estatística. 2016b. Camboriú. 853 

http://www.cidades.ibge.gov.br/v3/cidades/municipio/4203204 854 

Jayachandran, S., de Laat, J., Lambin, E.F., Stanton, C.Y., Audy, R., Thomas, N.E., 2017. Cash for 855 

carbon: A randomized trial of payments for ecosystem services to reduce deforestation. 856 

Science 357, 267ς273. 857 

Joly, C.A., Metzger, J.P., Tabarelli, M., 2014. Experiences from the Brazilian Atlantic Forest: 858 

ecological findings and conservation initiatives. New Phytol. 204, doi:10.1111/nph.12989. 859 

Kerr, J.M., Vardhan, M., Jindal, R., 2014. Incentives, conditionality and collective action in 860 

payment for environmental services. Int. J. Commons 8, 595ς616. 861 

DOI:http://doi.org/10.18352/ijc.438 862 

Klemick, H., 2011. Shifting cultivation, forest fallow and externalities in ecosystem services: 863 

Evidence from the Eastern Amazon. J. Environ. Econ. Manag. 61, 95ς106. 864 

https://doi.org/10.1016/j.jeem.2010.07.003 865 

Kocher, S.D., Gerstein, J.M., Harris, R.R., 2007. Rural roads: A construction and maintenance 866 

guide for California landowners. University of California Davis, Division of Agriculture and 867 

Natural Resources Publication 8262, Davis, CA.    868 

Kreye, M.M., Adams, D.C., Escobedo, F.J., 2014. The value of forest conservation for water 869 

quality protection. Forests 5(5), 862-884. 870 

Kroeger, T., 2013. The quest for the "optimal" payment for environmental services program: 871 

Ambition meets reality, with useful lessons. Forest Policy Econ. 37, 65-74. 872 

https://doi.org/10.1016/j.forpol.2012.06.007 873 

Kroeger, T., McDonald, R.I., Boucher, T., Zhang, P., Wang, L. 2018. Where the people are: 874 

Current trends and future potential targeted investments in urban trees for PM10 and 875 

temperature mitigation in 27 U.S. cities. Landscape Urban Plan. 177, 227-240.  876 

Kroeger, T., Guannel, G., 2014. Fishery enhancement and coastal protection services provided 877 

by two restored Gulf of Mexico oyster reefs, in: Ninan, K. (Ed.), Valuing Ecosystem Services-878 

Methodological Issues and Case Studies. Edward Elgar, Cheltenham, pp. 334-358. 879 

DOI:http://dx.doi.org/10.4337/9781781955161.00028 880 

http://dx.doi.org/10.1080/02626667.2013.772301
http://www.cidades.ibge.gov.br/v3/cidades/municipio/4202008
http://www.cidades.ibge.gov.br/v3/cidades/municipio/4203204
http://doi.org/10.18352/ijc.438
https://doi.org/10.1016/j.jeem.2010.07.003
https://doi.org/10.1016/j.forpol.2012.06.007
http://dx.doi.org/10.4337/9781781955161.00028


 

41 
 

Kroeger, T., Escobedo, F.J., Hernandez, J.L., Varela, S., Delphin, S., Fisher, J.R.B., Waldron, J., 881 

2014. Reforestation as a novel abatement and compliance measure for ground-level ozone. 882 

P. Natl. Acad. Sci. USA 111, E4204ς4213. DOI:10.1073/pnas.1409785111  883 

Krysanova, V., White, M., 2015. Advances in water resources assessment with SWATτan 884 

overview. Hydrol. Sci. J. 60, 771ς783. http://dx.doi.org/10.1080/02626667.2015.1029482 885 

Kundzewicz, Z.W., Mata, L.J., Arnell, N.W., Döll, P., Jimenez, B., Miller, K., Oki, T., Sen, Z., 886 

Shiklomanov, I., 2008. The implications of projected climate change for freshwater 887 

resources and their management. Hydrolog. Sci. J. 53, 3ς10. 888 

http://dx.doi.org/10.1623/hysj.53.1.3 889 

Lohmann, G., Glauber, S., Allis, T.Σ нлммΦ Ψ[ƻǎ ƘŜǊƳŀƴƻǎΩ Ǿisiting the South Region of Brazil: A 890 

comparison between drive tourists and coach tourists from Argentina, Paraguay and 891 

Uruguay, in: Prideaux, B., Carson, D. (Eds.), Drive Tourism: Trends and Emerging Markets. 892 

Routledge, New York, pp. 49-60. 893 

Marengo, J.A., 2009. Climate change, extreme weather and climate events in Brazil, in: 894 

Fundação Brasileira para o Desenvolvimento Sustentável, Climate Change and Extreme 895 

Events in Brazil. FBDS, Rio de Janeiro, Brazil, pp. 5ς19. 896 

https://www.lloyds.com/~/media/lloyds/reports/360/360%20climate%20reports/fbdsrepor897 

tonbrazilclimatechangeenglish.pdf 898 

McDonald, R.I., Weber, K.F., Padowski, J., Boucher, T., Shemie, D., 2016. Estimating watershed 899 

degradation over the last century and its impact on water-treatment costs for the worldΩs 900 

large cities. P. Natl. Acad. Sci. 113, 9117ς9122. DOI:10.1073/pnas.1605354113  901 

McDonald, R.I., Shemie, D., 2014. Urban Water Blueprint: Mapping conservation solutions to 902 

the global water challenge. The Nature Conservancy, Arlington. 903 

McDonald, R.I., Weber, K., Padowski, J., Flörke, M., Schneider, C., Green, P.A., Gleeson, T., 904 

Eckman, S., Lehner, B., Balk, D., Boucher, T., Grill, G., Montgomery, M., 2014. Water on an 905 

urban planet: Urbanization and the reach of urban water infrastructure. Global Environ. 906 

Chang. 27, 96ς105. https://doi.org/10.1016/j.gloenvcha.2014.04.022 907 

McDonald, R.I., Green, P., Balk, D., Fekete, B., Revenga, C., Todd, M., Montgomery, M., 2011. 908 

Urban growth, climate change, and freshwater availability. P. Natl. Acad. Sci. USA 108:6312ς909 

6317. DOI:10.1073/pnas.1011615108  910 

Mello, K., Valente, R.A., Randhir, T.O., dos Santos, A.C.A., Vettorazzi, C.A., 2018. Effects of land 911 

use and land cover on water quality of low-order streams in Southeastern Brazil: Watershed 912 

versus riparian zone. CATENA 167, 130-138. https://doi.org/10.1016/j.catena.2018.04.027. 913 

Mello, K., Randhir, T.O., Valente, R.A., Vettorazzi, C.A., 2017. Riparian restoration for protecting 914 

water quality in tropical agricultural watersheds. Ecol. Eng. 108(B), 514-524. 915 

Mills, K., Dent, L., Cornell, J., 2007. Rapid survey of road conditions to determine environmental 916 

effects and maintenance needs. Transport. Res. Rec. 1989, 89ς97. 917 

Milly, P.C.D., Dunne, K.A., Vecchia, A.V., 2005. Global pattern of trends in streamflow and water 918 

availability in a changing climate. Nature 438, 347ς350. DOI:10.1038/nature04312 919 

Minella, J.P.G., Walling, D.E., Merten, G.H., 2008. Combining sediment source tracing 920 

techniques with traditional monitoring to assess the impact of improved land management 921 

on catchment sediment yields. J. Hydrol. 348, 546ς563. 922 

https://doi.org/10.1016/j.jhydrol.2007.10.026 923 

http://dx.doi.org/10.1080/02626667.2015.1029482
https://www.lloyds.com/~/media/lloyds/reports/360/360%20climate%20reports/fbdsreportonbrazilclimatechangeenglish.pdf
https://www.lloyds.com/~/media/lloyds/reports/360/360%20climate%20reports/fbdsreportonbrazilclimatechangeenglish.pdf
https://doi.org/10.1016/j.gloenvcha.2014.04.022
https://doi.org/10.1038/nature04312
https://doi.org/10.1016/j.jhydrol.2007.10.026


 

42 
 

Monteiro, J.A., Kamali, B., Srinivasan, R., Abbaspour, K., Gücker, B., 2016. Modelling the effect 924 

of riparian vegetation restoration on sediment transport in a human-impacted Brazilian 925 

catchment. Ecohydrology 9(7), 1289-1303. 926 

Moriasi, D.N., Arnold, J.G., Van Liew, M.W., Bingner, R.L., Harmel, R.D., Veith, T.L., 2007. Model 927 

evaluation guidelines for systematic quantification of accuracy in watershed simulations. T. 928 

ASABE 50, 885ς900. http://dx.doi.org/10.13031/2013.23153 929 

Murdoch, W., Ranganathan, J., Polasky, S., Regetz, J., 2010. Using return on investment to 930 

maximize conservation effectiveness in Argentine grasslands. P. Natl. Acad. Sci. USA 107, 931 

20855ς20862. DOI:10.1073/pnas.1011851107  932 

Murdoch, W., Polasky, S., Wilson, K.A., Possingham, H.P., Kareiva, P., Shaw, R., 2007. 933 

Maximizing return on investment in conservation. Biol. Conserv. 139, 375ς388. 934 

https://doi.org/10.1016/j.biocon.2007.07.011 935 

bŀŜŜƳΣ {ΦΣ Ŝǘ ŀƭΦΣ нлмрΦ DŜǘ ǘƘŜ ǎŎƛŜƴŎŜ ǊƛƎƘǘ ǿƘŜƴ ǇŀȅƛƴƎ ŦƻǊ ƴŀǘǳǊŜΩǎ ǎŜǊǾƛŎŜǎΦ {ŎƛŜƴŎŜ 347, 936 

1206-1207. 937 

Naidoo, R., Ricketts, T.H., 2006. Mapping the economic costs and benefits of conservation. PLoS 938 

Biol. 4, 2153ς2164. https://doi.org/10.1371/journal.pbio.0040360  939 

Ogden, F.L., Stallard, R.F., 2013. Land use effects on ecosystem services provisioning in tropical 940 

watersheds, still an important unresolved problem. P. Natl. Acad. Sci. USA 110, E5037. 941 

DOI:10.1073/pnas.1314747111  942 

Opperman, J.J., Galloway, G.E., Fargione, J., Mount, J.F., Richter, B.D., Secchi, S., 2009. 943 

Sustainable floodplains through large-scale reconnection to rivers. Science 326, 1487ς1488. 944 

DOI: 10.1126/science.1178256 945 

Ozment, S., DiFrancesco, K., Gartner, T., 2015. The role of natural infrastructure in the water, 946 

energy and food nexus. Nexus Dialogue Synthesis Papers. IUCN, Gland. 947 

DOI:10.2305/IUCN.CH.2015.NEX.4.en 948 

Palhares, J.C.P., Guidoni, A.L., Steinmetz, R.L.R., Mulinari, A.R., Sigua, G.C., 2012. Impacts of 949 

mixed farms on water quality of Pinhal river sub-basin, Santa Catarina, Brazil. Arch. Zootec. 950 

61, 493ς504. http://dx.doi.org/10.4321/S0004-05922012000400002 951 

Parra-Bernal, G., Kilby, P., 2017. Brazil sells $1 bln in reopening of 10-yr debt as demand soars-952 

Update 5. Reuters Market News, March 7, 2017. http://www.reuters.com/article/brazil-953 

bonds-idUSL2N1GK0V5  954 

Pereira, D. d. R., de Almeida, A. Q., Martines, M. A., Quintão Rosa, D. R., 2014. Impacts of 955 

deforestation on water balance components of a watershed on the Brazilian East Coast. Rev. 956 

Bras. Cienc. Solo. 38, 1350-1358. 957 

Pérez-Vega, A., Mas, J.-F., Ligmann-Zielinska, A., 2012. Comparing two approaches to land 958 

use/cover change modeling and their implications for the assessment of biodiversity loss in 959 

a deciduous tropical forest. Environ. Modell. Softw. 29, 11ς23. 960 

https://doi.org/10.1016/j.envsoft.2011.09.011 961 

Polasky, S., Camm, J.D., Garber-Yonts, B., 2001. Selecting biological reserves cost-effectively: An 962 

application to terrestrial vertebrate conservation in Oregon. Land Econ. 77, 68ς78. 963 

DOI:10.2307/3146981 964 

Porras, I., Aylward, B., Dengel, J., 2013. Monitoring payments for watershed services schemes in 965 

developing countries. International Institute for Environment and Development, London. 966 

http://dx.doi.org/10.13031/2013.23153
https://doi.org/10.1016/j.biocon.2007.07.011
https://doi.org/10.1371/journal.pbio.0040360
https://doi.org/10.1016/j.envsoft.2011.09.011


 

43 
 

Price, J.I., Heberling, M.T., 2018. The effects of source water quality on drinking water 967 

treatment costs: A review and synthesis of empirical literature. Ecol. Econ. 151, 195-209. 968 

Projeto Produtor de Água da Bacia do Rio Camboriú, S.C., 2013. Estudio socioeconômico da  969 

bacia do Rio Camboriú, S.C. Projeto Produtor de Água da bacia do Rio Camboriú, S.C., 970 

Florianopolis. 971 

Quintero, M., Wunder, S., Estrada, R.D., 2009. For services rendered? Modeling hydrology and 972 

livelihoods in Andean payments for environmental services schemes. Forest Ecol. Manag. 973 

258, 1871ς1880. https://doi.org/10.1016/j.foreco.2009.04.032 974 

Randall, A., 1988. What mainstream economists have to say about the value of biodiversity, in: 975 

Wilson, E.O. (Ed.), Biodiversity. National Academies Press, Washington DC, pp. 217-223.  976 

Raudsepp-Hearne, C., Peterson, G.D., Bennet, E.M., 2010. Ecosystem service bundles for 977 

analyzing tradeoffs in diverse landscapes. P. Natl. Acad. Sci. USA, 107, 5242-5247.  978 

Reguero, B.G., Beck, M.W., Bresch, D., Calil, J., Meliane, I., 2018. Comparing the cost 979 

effectiveness of Nature-based and artificial Coastal Adaptation: A case study from the 980 

Gulf Coast of the United States. PLoS One 13, E0192132. 981 

Reilly, F., Brown, K., 2011. Investment Analysis and Portfolio Management, tenth ed. Cengage 982 

Learning, Mason.  983 

Ribeiro, M.C., Metzger, J.P., Martensen, A.C., Ponzoni, F.J., Hirota, M.M., 2009. The Brazilian 984 

Atlantic Forest: How much is left, and how is the remaining forest distributed? Implications 985 

for conservation. Biol. Conserv. 142, 1141-1153. 986 

https://doi.org/10.1016/j.biocon.2009.02.021 987 

Saad, S.I., Mota da Silva, J., Silva, M.L.N., Guimarães, J.L.B., Sousa Júnior, W.C., Figueiredo, 988 

R.d.O., Ribeiro da Rocha, H., 2018. Analyzing ecological restoration strategies for water and 989 

soil conservation. PLoS ONE 13(2), e0192325. 990 

https://doi.org/10.1371/journal.pone.0192325  991 

Sadoff, C.W., Hall, J.W., Grey, D., Aerts, J.C.J.H., Ait-Kadi, M., Brown, C., Cox, A., Dadson, S., 992 

Garrick, D., Kelman, J., McCornick, P., Ringler, C., Rosegrant, M., Whittington, D., Wiberg, D., 993 

2015. Securing Water, Sustaining Growth: Report of the GWP/OECD Task Force on Water 994 

Security and Sustainable Growth. Oxford, University of Oxford, UK. 995 

http://hdl.handle.net/10568/82685 996 

Sáenz, L., Mulligan, M., Arjona, F., Gutierrez, T., 2014. The role of cloud forest restoration on 997 

energy security. Ecosyst. Serv. 9, 180ς190. https://doi.org/10.1016/j.ecoser.2014.06.012 998 

Salemi, L. F, Groppo, J. D., Trevisan, R., de Moraes, J. M., de Barros Ferraz, S. F., Villani, J. P., 999 

Duarte-Neto, P. J., Martinelli, L. A. 2013. Land-use change in the Atlantic rainforest region: 1000 

Consequences for the hydrology of small catchments. J. Hydrol. 499, 100ς109. 1001 

Salzman, J., Bennett, G., Carroll, N., Goldstein, A., Jenkins, M., 2018. The global status and trends 1002 

of Payments for Ecosystem Services. Nature Sustainability 1, 136-144. 1003 

Schmitt, A., Farley, J., Alarcon, G., Alvez, J., Rebollar, P., 2013. Integrating agroecology and PES 1004 

in Saƴǘŀ /ŀǘŀǊƛƴŀΩǎ !ǘƭŀƴǘƛŎ CƻǊŜǎǘΣ in: Muradian, R., Rival, L. (Eds.), Governing the Provision 1005 

of Environmental Services. Studies in Ecological Economics 4. Springer, Dordrecht, pp. 333ς1006 

355. https://doi.org/10.1007/978-94-007-5176-7_17 1007 

Soares-Filho, B., Rajão, R., Macedo, M., Carneiro, A., Costa, W., Coe, M., Rodrigues, H., Alencar, 1008 

A., 2014. /ǊŀŎƪƛƴƎ .ǊŀȊƛƭΩǎ CƻǊŜǎǘ /ƻŘŜΦ Science 344, 363ς364. 1009 

DOI:10.1126/science.1246663 1010 

https://doi.org/10.1016/j.foreco.2009.04.032
https://doi.org/10.1016/j.biocon.2009.02.021
http://hdl.handle.net/10568/82685
https://doi.org/10.1016/j.ecoser.2014.06.012


 

44 
 

Soares-Filho, B., Lima, L., Bowman, M., Viana, L., 2012. Challenges for Low-Carbon Agriculture 1011 

and Forest Conservation in Brazil. Inter-American Development Bank Environmental 1012 

Safeguards Unit (VPS/ESG) Technical Notes No. IDB-TN-385. Inter-American Development 1013 

Bank, Washington DC. 1014 

Soares-Filho, B., Alencar, A., Nepstad, D., Cerqueira, G., Diaz, M.C.V., Rivero, S., Solórzano, L., 1015 

Voll, E., 2004. Simulating the response of land-cover changes to road paving and 1016 

governance along a major Amazon highway: the Santarém-Cuiabá corridor. Glob. Change 1017 

Biol. 10, 745ς764. DOI:10.1111/j.1529-8817.2003.00769.x 1018 

Spalding, M.D., Ruffo, S., Lacambra, C., Meliane, I., Hale, L.Z., Shepard, C.C., Beck, M.W., 2013. 1019 

The role of ecosystems in coastal protection: adapting to climate change and coastal 1020 

hazards. Ocean Coast. Manage. 90, 50ς57. 1021 

https://doi.org/10.1016/j.ocecoaman.2013.09.007 1022 

Sterner, T., Persson, U.M., 2008. An Even Sterner review: Introducing relative prices into the 1023 

discounting debate. Rev. Env. Econ. Policy 2, 61ς76. https://doi.org/10.1093/reep/rem024 1024 

Tabarelli, M., Venceslau Aguiar, A., Ribeiro, M.C., Metzger, J.P., Peres, C.A., 2010. Prospects for 1025 

biodiversity conservation in the Atlantic Forest: Lessons from aging human-modified 1026 

landscapes. Biol. Conserv. 143, 2328ς2340. https://doi.org/10.1016/j.biocon.2010.02.005 1027 

Teixeira Guerra, A.J., Fullen, M.A., do Carmo Oliveira Jorge, M., Teixeira Alexandre, S., 2014. Soil 1028 

erosion and conservation in Brazil. Anuário do Instituto de Geociências ς UFRJ 37, 81-91. 1029 

Teixeira, A.M.G., Soares-Filho, B.S., Freitas, S.R., Metzger, J.P., 2009. Modeling landscape 1030 

dynamics in an Atlantic Rainforest region: Implications for conservation. Forest Ecol. Manag. 1031 

257, 1219ς1230. https://doi.org/10.1016/j.foreco.2008.10.011 1032 

Temmerman, S., Meire, P., Bouma, T.J., Herman, P.M.J., Ysebaert, T., De Vriend, H.J., 1033 

2013.Journal name: Ecosystem-based coastal defence in the face of global change. Nature 504, 1034 

79ς83. doi:10.1038/nature12859 1035 

Tischer, V., del Carmen Farias Espinoza, H., Carvalho Marenzi, R., 2015. Indicadores 1036 

socioambientales aplicados en la gestión de ambientes costeros. Caso de estudio Santa 1037 

Catarina, Brasil. Investigaciones Geográficas UNAM 86, 53ς66. 1038 

dx.doi.org/10.14350/rig.38541 1039 

Underwood, E.C., Shaw, M.R., Wilson, K.A., Kareiva, P., Klausmeyer, K.R., McBride, M.F., Bode, 1040 

M., Morrison, S.A., Hoekstra, J.M., Possingham, H.P., 2008. Protecting biodiversity when 1041 

money matters: Maximizing return on investment. PLoS One 3, e1515. 1042 

https://doi.org/10.1371/journal.pone.0001515  1043 

Urban, S.R., 2008. Uso do solo na bacia hidrográfica do Rio Camboriú (SC) e sua influência sobre 1044 

a qualidade da água. aŀǎǘŜǊΩǎ ¢ƘŜǎƛǎΦ ¦bL±![LΣ LǘŀƧŀƝ. 1045 

U.S. Environmental Protection Agency (EPA), 2002. The clean water and drinking-water 1046 

infrastructure gap analysis. EPA-816-R-02-020. EPA, Washington DC. 1047 

Veloz, A., Southgate, D., Hitzhusen, F., Macgregor, R., 1985. The economics of erosion control in 1048 

a subtropical watershed: A Dominican case. Land Econ. 61, 145ς55. DOI:10.2307/3145807 1049 

Vogl, A.L., Bryant, B.P., Hunink, J.E., Wolny, S., Apse, C., Droogers, P., 2017. Valuing investments 1050 

in sustainable land management in the Upper Tana River basin, Kenya. J. Environ. Manage. 1051 

195, 78ς91. https://doi.org/10.1016/j.jenvman.2016.10.013 1052 

Wada, Y., Wisser, D., Eisner, S., Flörke, M., Gerten, D., Haddeland, I., Hanasaki, N., Masaki, Y., 1053 

Portmann, F.T., Stacke, T., Tessler, Z., Schewe, J., 2013. Multimodel projections and 1054 

https://doi.org/10.1016/j.ocecoaman.2013.09.007
https://doi.org/10.1093/reep/rem024
https://doi.org/10.1016/j.biocon.2010.02.005
https://doi.org/10.1016/j.foreco.2008.10.011
https://doi.org/10.1371/journal.pone.0001515
https://doi.org/10.1016/j.jenvman.2016.10.013


 

45 
 

uncertainties of irrigation water demand under climate change. Geophys. Res. Lett. 40, 1055 

4626ς4632. doi:10.1002/grl.50686. 1056 

Warziniack, T., Sham, C.H., Morgan, R., Feferholtz, Y., 2017. Effect of forest cover on water 1057 

treatment costs. Water Economics and Policy 3(4), 1058 

https://doi.org/10.1142/S2382624X17500060  1059 

Wunder, S., 2013. When payments for environmental services will work for conservation. 1060 

Conserv. Lett. 6, 230ς237. DOI:10.1111/conl.12034 1061 

Wunder, S., Engel, S., Pagiola, S., 2008. Taking stock: A comparative analysis of payments for 1062 

environmental services programs in developed and developing countries. Ecol. Econ. 65, 1063 

834ς52.  https://doi.org/10.1016/j.ecolecon.2008.03.010 1064 

http://dx.doi.org/10.1002/grl.50686
https://doi.org/10.1142/S2382624X17500060
https://doi.org/10.1016/j.ecolecon.2008.03.010


 

46 
 

 
Figure 1: Land use map of the Camboriú watershed [1.5-column fitting image] 
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ROI FRAMEWORK 

 
Figure 2: Analytical framework and analyses used to assess the return on investment 
of the Camboriú watershed conservation program for sediment management 

[1.5-column fitting image]
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Figure 3: Gross land use change in the study area, 2003 to 2012   [1-column-fitting 
image] 
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Figure 4: Predicted 2012-2025 land use change in study area absent PWS program [2-column fitting image] 
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Figure 5: Conservation and restoration interventions in the Camboriú watershed in the 
area upstream of the municipal water intake. Shading shows elevation. Red area in inset 
indicates Santa Catarina state [1-column fitting image] 
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Figure 6: SWAT-modeled annual sediment yield in the Camboriú watershed in 2014 (using 2012 land use 
and 2014 climate) and 2025    [2-column fitting image] 

 
 
  


