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Impounding surface waters in reservoirs is a major mechanism for providing water for human consumption, including potable water, hydroelectric power, and industrial uses. Building reservoirs incurs environmental and social costs, and therefore safeguarding their effectiveness and longevity is a concern of clear public interest. One factor that affects the longevity of reservoirs is sedimentation, a process exacerbated by land use conversion in upstream watershed areas. Despite the economic importance of preventing sedimentation in existing reservoirs, few consumers are aware of the natural features that provide sediment retention services and the relevance of their conservation in their daily lives. Moreover, managing for landscape level sediment retention services is challenging due to a lack of clarity regarding supply and demand flows that transcend watershed boundaries and jurisdictions. Our study seeks to bridge these gaps by characterizing the flow of sediment retention services to reservoirs and link these services to the specific consumers that benefit using a socio-ecological network (SEN) framing. We conducted this study on the island of Puerto Rico (PR), the population of which is heavily reliant on reservoirs as a primary water resource, while experiencing severe and chronic reservoir sedimentation problems. Our study models avoided sediment export, and the costs were averted thanks to this service. We characterized protection as opposed to vulnerability of these sediment retention services by estimating the proportion of natural areas under some form of legal conservation status and the level of landscape fragmentation. We frame these services as an SEN by using water distribution lines as links to estimate the number of beneficiaries and their location relative to the reservoir’s water source. Our results identify watersheds with conservation needs, their beneficiaries, and where within those watersheds to prioritize conservation efforts to safeguard access to clean water in PR. More broadly, our study provides a model case study for establishing supply and demand service flows of water purification services and demonstrating the utility of mapping socio-ecological networks of service flows in order to justify conservation policies based on ecosystem services.
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1 INTRODUCTION
Reservoirs are among the most important sources of freshwater for human consumption, with uses ranging from household to industrial consumption, agricultural irrigation, hydropower, and flood control. With population growth and the ever increasing consumption patterns, the demand for freshwater has led to the impoundment of many of the world’s rivers and tributaries. Today, it is estimated that over 60% of the major rivers worldwide are interrupted by dams, and often at the expense of altering the river’s connectivity and ecological function (Grill et al., 2019), including changes in flow regime (Poff and Zimmerman, 2009), geomorphology (Chong et al., 2021), and the migratory routes of aquatic fauna, all leading to freshwater biodiversity decline (Turgeon et al., 2019). Given their importance across the major sectors of society, and the environmental costs that they represent, ensuring the effective functioning and longevity of existing reservoirs (and hence preventing the need for developing new dams) should be a key societal priority.
The most important driver of reservoir lifespan decline is sedimentation (Podolak and Doyle, 2015). Sedimentation is largely caused by natural processes in the upstream watersheds of reservoirs, including erosion, landslides, and instream deposition (Schleiss et al., 2016); however, anthropogenic land uses such as deforestation, agriculture, and urbanization can also accelerate reservoir sedimentation rates (Gellis et al., 2006; Yuan et al., 2015; Attulley et al., 2022). Conversely, natural areas, such as forests and wetlands, have the capacity to mitigate erosion and retain eroded sediments, helping prevent their deposition in streams and rivers (Hammel et al., 2015; Guerra et al., 2016). The conservation of these sediment retention ecosystem services (ES) should therefore be incorporated into reservoir management strategies, which often rely solely on reactive and costly approaches such as reservoir dredging.
Incorporating watershed-scale ES management for reservoir longevity requires clearly defining the extent of the services and the beneficiaries of such services. Accordingly, an increasing number of studies have focused on mapping and identifying the service flows from ES supply and demand (Wei et al., 2017). In the context of water quality, ES supply consists of upstream to downstream watershed-scale hydrological processes including evapotranspiration, infiltration, and runoff generation, which influence water purification and erosion control. Mapping the extent of hydrological ES supply has been advanced by remote sensing and geographic information system technology that facilitates access to spatially explicit data on topography, land cover, soil, and climate. These data can be used as inputs for existing hydrological modeling approaches (Renard et al., 1997; Borselli et al., 2008), which in turn have been incorporated into user-friendly platforms readily accessible to ES managers (Hamel et al., 2015; Sharp et al., 2020).
For ES demand, clearly defining the spatial relationships related to hydrological ES flows is an important step toward coordinated governance strategies that explicitly link the diverse set of influential actors and users for a more strategic watershed management. While the mapping of ES supply is now more accessible than ever, the governance capacity of ES flows has been challenging due to a lack of landscape-level policy support systems and tools, as well as the difficulty of communicating the social and economic importance of landscape-level ES to relevant stakeholders and end-users (De Groot et al., 2010).
One way to do so is to frame the system of services as a network graph, with nodes and links (or edges in network terminology) connecting landscapes to people via a mix of natural and constructed features (Felipe-Lucia et al., 2021, Figure 1). This approach to describing the relational components of coupled systems exemplifies a socio-ecological network (SEN) framing (Sayles and Baggio, 2017; Sayles et al., 2019; Felipe-Lucia et al., 2021). Incorporating SEN framing allows for linking the spatial and scalar dimensions of the functions that support the landscape production of ES (e.g., river stream networks) to the scales of demand and consumption for the final services and their linkage to human populations (i.e., pipelines connecting water sources to households). There is a need for the standardization of ES structures and for mapping ES social and economic values (De Groote et al., 2010). SEN framing facilitates the standardization of dyadic components of ES flows (nodes and ties) and also the mapping of service flows to end-users. This is in turn important for valuing tradeoffs from different policy decisions related to planning infrastructure and land use that impact landscape functions.
[image: Figure 1]FIGURE 1 | Conceptual representation of the sediment retention ecosystem service supply and demand flows using an SEN approach. Panel (A) represents the network of a single service area, which represents the location of end users and their linkages to several reservoirs and their respective watershed areas. Panel (B) represents the network of a single reservoir’s watershed area and its linkages to multiple service areas. We present an example of each of these derived from our data in Figure 6.
In the case of sediment retention services, the important nodes are the landscape units (watersheds and micro-catchments), the reservoirs, the filter plants, and the service areas to consumers. They are linked by flows, or edges, via natural features such as streams in the case of the landscape-to-reservoir networks, which then connect to the constructed features of pipe networks to filter plants and then to end-users. Applying an SEN framework can help identify the natural and human components of ecosystem supply and demand, allowing researchers to focus more concretely on sometimes hard to conceptualize inter-relationships. In doing so, it helps inform management within complex systems, especially questions of governance in spatially mismatched systems (Bodin et al., 2019; Sayles et al., 2019; Wang et al., 2019), as is the case with sediment retention and other hydrological ecosystem services.
In this study, we will use the SEN framework to fully characterize the sediment retention service flows for reservoirs in the Caribbean Island of Puerto Rico (PR). The reservoirs in PR are the primary water resource for the majority of PR’s population (Ortiz-Zayas et al., 2004; PRDNER, 2008a; Quiñones, 2022). They are also important for hydroelectric power generation, flood control, fisheries, and recreation (Ortiz-Zayas et al., 2004). Most of PR’s reservoirs have experienced significant capacity loss due to sedimentation (Ortiz-Zayas et al., 2004; PRDNER, 2008b; Quiñones, 2022). Reservoir capacity losses in PR due to sedimentation range from 12% to 81%, depending on topography, rainfall patterns, and anthropogenic impact (USGS, 2019).
The effects of climate change (droughts, more frequent hurricanes, and floods) could potentially exacerbate reservoir capacity loss in the future, increasing the need for preventative watershed-scale sediment management strategies. For example, in PR, the recent hurricanes Maria, Irma (2017), and Fiona (2022) contributed to a severe capacity loss for many of the island’s reservoirs, including a 16% capacity reduction for Dos Bocas, one of the most important reservoirs of the island, rendering its remaining lifespan to 37 years (Quinones, 2022). Moreover, 88 million dollars of the Federal Emergency Management Agency (FEMA) disaster recovery funds for PR have been allocated for the dredging of another important reservoir that became severely affected due to recent hurricanes (FEMA, 2022a). The critical state of the island’s reservoirs makes them especially vulnerable to droughts, as evidenced in the period of 2014–2016, when a severe drought compromised access to potable water on the Island, requiring the implementation of rationing practices to households during the summer months and resulting in severe agricultural losses (PRDNER, 2016). These events show that PR’s water resources are vulnerable to climatic events and should be prioritized for preventive management. The recent influx of federal resilience planning (FEMA, 2022b), and more recently for nature-based solutions (NOAA, 2023) to PR, suggest the need for empirical data and strategies to support effective prioritization and management.
Our specific objectives for this project are as follows: 1) to quantify and value the sediment retention services upstream of important reservoirs for water consumption, 2) to determine the location of the beneficiaries of these services and create service-shed network maps illustrating the flows of supply to demand, and 3) to determine the vulnerability of these service flows by looking at the level of legal protection and/or fragmentation of natural areas. Addressing these objectives would help inform prioritization for watershed level management of the reservoirs in PR. Moreover, by framing these objectives around an SEN approach, this study provides practical steps for operationalizing the study of ES flows and helps inform their management. While the outputs of this study most directly inform ES flow management by environmental and water resource agencies, authorities, and engaged advocacy groups, our study also provides information that can aid in creating greater general awareness about ES flows, what areas are important for conservation, and who benefits from them. The connection of water consumer geographies to relevant ES landscape units can be useful for a broad swath of the society, ranging from concerned individuals to clients of water utilities, as well as grassroots organizations interested in community-based planning and engagement.
2 METHODS
2.1 Study site
Puerto Rico is a Caribbean island with an estimated 3,221,789 inhabitants, a population density of 960 people per square mile, and a total land area of 3,424.32 square miles (US Census, 2022, data as of June 2022). Annually, temperature averages range from 22 to 25°C in the mountains to 24–27°C in coastal areas (USGS, 2013). A central mountain range divides the north and south ends of the Island, creating distinct rainfall patterns. Rainfall in the most humid areas of PR can reach 169 inches/year (4292.6 mm/yr), whereas in the most arid regions, it averages 30 inches/year (762 mm/yr) (USGS, 2016). Overall, the island has a tropical climate with local microclimatic variations due to topography and trade winds.
From the environmental governance perspective, PR is well-positioned to develop landscape-level management efforts compared to other US jurisdictions with more decentralized planning systems. A centralized Puerto Rico Planning Board was created during the New Deal and aimed to create comprehensive economic and land use planning through a centralized government entity (Howell, 1952; Pico, 1953). Water utilities and sewer systems are also centralized under a single utility, Puerto Rico Aqueduct and Sewer Authority (PRASA), the Puerto Rico Department of Natural and Environmental Resources (DNER) has been the island’s resource and pollution regulator since the 1970s, and a Joint Permit Regulation for Construction Works and Land Use issued by the Puerto Rico Planning Board governs land use permit under the Puerto Rico Planning Board Organic Act (1975) (Diaz-Garayua and Guilbe-Lopez, 2020), but other functions, e.g., administering local collections and parcel inventories, are part of the Puerto Rico Municipal Revenue Collections Center (CRIM). Within that context, the 1991 Autonomous Municipalities Act provided significant power for some planning and permitting and revenue activities, as well as traditional roles with local infrastructure (e.g., municipal roads) to many municipalities, leading to greater fragmentation in decision-making. However, within this system, much of the coordination and informatics for planning is still managed by the planning board, which was authorized in 2004 to create a Puerto Rico Land Use Plan, harmonizing land use classification and zoning, in conjunction with existing municipal plans throughout the entirety of PR. The plan was enacted in 2015 with land use classifications, and specific zoning is contained in the Territorial Ordainment Plan for each municipality where applicable (USGS, 2015). The combination of partial Municipal planning control, strong mayoral political power, private property rights and interests, and a mix of statewide planning authorities means that Puerto Rico is somewhat polycentric in terms of the landscape management scale, but amenable in structure and size to comprehensive landscape approaches.
These approaches may be collaborative or polycentric (Berardo and Lubell, 2016, Ansel and Gash, 2018), but they need to define salient landscape scales and areas if collaborative planning is going to operate. Special legislation and participation in national programs has created landscape level watershed efforts in the environmental quality realm, such as the San Juan Bay Estuary (SJBE) program. These efforts recognize challenges for the integration of local and community decision-making into the landscape/watershed context, but face the complexity that watersheds are governed by diverse domains intersecting with planning and infrastructure, not just environmental interests. Within this context, the scales and geographies of ES networks and flows must be defined if they are going to be governed, regardless of whether the policy strategy is centralized or polycentric. However, the collaboration to build structures for landscape governance may require creating forums and by-ins from actors at different scales and domains who can recognize their interdependent interests in governing ES flows, which requires their definition and mapping to resolve information asymmetries. This larger need was identified in the Puerto Rico Water Plan (PRDNER, 2008a), which has not been executed, and is part of the drivers of the legacy challenges to the Puerto Rico water sector.
We applied a watershed scale analysis for this study to help inform water quality governance, focusing on reservoirs supplying water for consumption. Puerto Rico has 36 reservoirs that have been used directly for services such as hydroelectric power generation, irrigation, and water consumption, as well as indirect services, such as flood control and recreation (Ortiz-Zayas et al., 2004; Quiñones, 2022). It is estimated that 70% of the potable water handled by the PRASA comes from reservoirs (Ortiz-Zayas et al., 2004; Quiñones, 2022) and that 96% of the residents of PR are served by PRASA (USGS, 2018). Most of the reservoirs are located in the central mountainous region to take advantage of the abundant rainfall in this area (Ortiz-Zayas et al., 2004). All reservoirs have seen reduction in their capacity due to high sedimentation rates, representing an important issue for water resource conservation in the Island (Ortiz-Zayas et al., 2004; Quiñones, 2022). Out of the existing reservoirs, we selected the trends on 20 reservoirs for detailed study (Table 1) due to their current importance for water consumption, excluding those that are no longer in use or that are primarily used for other purposes. We also included in our study a small artificial lagoon (Retencion Acueducto Norte, RAN Table 1), which is downstream from one of the major reservoirs (Dos Bocas) and which contributes water to one of the most important pipelines of the Island the “Acueducto Norte'' (Ortiz-Zayas et al., 2004). The selected reservoirs had watershed areas ranging from 4 to 498 km2 (Table 1). The sediment retention supply calculations focus on these watershed areas (entire upstream drainages including all stream tributaries) and also on the micro-catchment areas (the drainage areas of individual tributaries) within these larger watersheds (Figure 5). We conducted our analysis at both scales in order to provide concise summaries and valuations broadly (watershed scale) and create maps to identify areas within the watersheds that provide the most services currently and that could be targeted for conservation (micro-catchment scale).
TABLE 1 | Sediment retention service is quantified as avoided sediment exports and avoided dredging costs for the watersheds draining to reservoirs in Puerto Rico. * Loiza is also called Carraizo.
[image: Table 1]2.2 Estimating sediment retention service supply
To estimate sediment retention ecosystem services, we used the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) modeling platform. InVEST is a suite of open-source modeling software that generates spatially explicit estimates of ecosystem services which can then be used for environmental management applications (Natural Capital Project, 2022). We applied the sediment retention (SR) model (Hamel et al., 2015; Sharp et al., 2020) which maps the generation and delivery of sediments from overland erosion to the stream. The model computes the annual soil loss from each pixel (uslei) and the sediment delivery ratio (SDRi), that is, the proportion of the soil loss that was not retained by vegetation and topographic features and thus reached the stream. The product of the two values equals the sediment export from a given pixel, measured in tons⋅ha−1yr−1. Once in the stream, the sediment is assumed to reach its outlet, and no in-stream processes are modeled.
The annual soil loss on pixel i, uslei, measured in tons⋅ha−1yr−1, is estimated using the Revised Universal Soil Loss Equation (RUSLE1; Rendard et al., 1997), which is a widely used and validated erosion model predicting annual soil loss based on runoff, slope, and land cover (Rendard et al., 1997). In particular, RUSLE is a product of five values: Ri—rainfall, erosivity Ki—soil erodibility, and LSi—slope length-gradient, estimated from elevation relationships (slopes) of a given pixel and its neighboring area using multiple flow direction algorithms,
Ci—cover-management factor (usle_c in the biophysical table)
Pi–—support practice factor (usle_p in the biophysical table)
In turn, SDRi, a proportion, is a function of SDRmax, maximum theoretical SDR (chosen based on the input for the entire model), connectivity index, and two other calibration parameters chosen for the model (Borselli’s IC0 and k), which define the function describing the growth of SDR over the connectivity index, which is an S-shaped increasing function. Lower k defines a steeper growth of SDR, and lower IC0 produces a function with higher overall SDR values. The connectivity index, similarly to the slope length-gradient factor, uses multiple flow direction algorithms and captures slope relationships, but in contrast also accounts for the cover-management factor values of pixels. This index hydrologically links the overland sources of sediment to streams (sediment sinks), with its higher values corresponding to higher connectivity, for example, due to the sparse vegetation or higher slope, or vice versa. Once the sediment export is estimated as the product of uslei and SDRi, the retained sediment amounts for each pixel can also be measured as the difference between the sediment generated (uslei) and subsequently exported from the pixel.
For this study, the erosivity raster (R-factor) was acquired from NOAA Coastal Services Center (2014b) and converted from US customary into System International (SI) units by multiplying the raster values by 17.02, as detailed in Appendix A of the USDA RUSLE handbook (Renard et al., 1997). Soil erodibility raster (K-factor) was tabulated from the gNATSGO database (USDA NRCS Soil Survey Staff (2021a) and similarly multiplied by 0.13 to convert into SI units (Renard et al., 1997). The biophysical table for the SDR model contained usle_c and usle_p-values for each land use and land cover (LULC) code and was derived from previous studies (Wischmeier and Smith, 1978; Stone and Hilborn, 2012) and adapted from Smith et al. (2017), which conducted the most recent modeling effort for ES in Puerto Rico. For the land use and land cover layer, the NOAA 2010 Coastal Change Analysis Program (C-CAP) 30 Meter Land Cover of Puerto Rico raster was used (National Oceanic and Atmospheric Administration Office for Coastal Management, 2022). To our knowledge, this is the most recent LULC layer for the Island. It classifies LULC in 23 classes described in detail in the NOAA Office of Coastal Management (2022). A digital elevation model (DEM) raster was required, and for this we used the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER, 2019) data. The ASTER DEM was corrected by filling in sinks (using the fill tool in ArcGIS Pro; Esri, 2022a), and the output stream maps from the InVEST model were confirmed to be consistent with existing stream shapefiles (USGS, 2017). The calibrating parameters were set to default values according to InVEST guidelines (Sharp et al., 2020), and they were as follows: threshold flow accumulation (number of pixels)—100, Borselli K parameter (which was tested at values ranging from 1 to 3, with 0.5 increments; see the validation/calibration section), Borselli IC0- 0.5, maximum SDR (proportion) set at 0.8, and maximum L value 122.
Previous validation studies using the InVEST SR model have found support for the use of the tool for the first-order ES assessment to prioritize and rank areas for conservation (Hamel et al., 2015). The use of local data for model validation and calibration is recommended to improve the performance and accuracy (Hamel et al., 2015; Hamel et al., 2017). Our calibration and validation process is described in the next section.
2.3 Sediment Retention Service Model Validation and Calibration
To validate the outputs of the InVEST SR model, we compared the model’s sediment export estimates from 22 watersheds draining into the reservoirs to the measured values of average annual sedimentation rates on the same reservoirs (Quiñones, 2022). These values were compiled as Mm3 per year, so we converted our tons per year estimates to this unit using the steps detailed in Supplementary Material S1. In addition, the InVEST SR model was tested with different values of the parameter kb, which has been found in previous studies to be the most sensitive to variation (Anjinho et al., 2022). We tested the model with values ranging from 1 to 3, with 0.5 increments, and determined their relative performance using a coefficient of determination criteria (Rauf and Ghumman, 2018; Anjinho et al., 2022). The coefficient of determination values ranged from R2 = 0.72 for kb = 1 to R2 = 0.77 for kb = 3. All the tested models’ performances were classified as “good” according to criteria from previous studies validating observed vs. modeled sediment exports (Rauf and Ghumman, 2018; Anjinho et al., 2022). While the sediment estimates correlated to observations, the estimated values ranged in magnitude based on the kb parameter used (the higher the kb, the higher the value, SM2). Because the InVEST SR model only accounts for overland erosion, and does not include other potential sources of sedimentation (e.g., gully erosion, landslides, and bank erosion), we expected our sediment export estimates to be lower in magnitude than the observations. This was consistently the case for our lower bound estimate (kb = 1).
We also compared our value estimates with those of previous studies on overland erosion rates. Ramos-Sharron and Figueroa-Sanchez (2017) estimated the overland sediment export from coffee farms in the Luchetti watershed which ranged between 14,000 and 29,500 Mg per year (or 15,432 and 32,518 tons per year). By comparison, our model estimated a range of total overland sediment exports in the same watershed of 40,789–130,599 tons per year, as shown in Supplementary Material S2. Considering that coffee farms comprise only a portion of the Luchetti watershed area, our lower bound estimates (k1) may be considered to be within similar value ranges. Another example comes from the Canovanas watershed. We estimated it to have an overland sediment export range between 38 and 220 tons/km2/year (Supplementary Material S2), while an empirical study for this same watershed (Larsen, 2012) estimated the export to be 41 metric tons/km2/year from the overland erosion component of the sediment budget (in that study defined as slopewash and tree throw). We determined from these comparisons, as well as our validation analysis, that our lower bound estimates (kb = 1, SM1) were the most credible based on empirical observations. Therefore, our descriptive analyses will focus around these values. However, for details of the higher bound value estimates, see Supplementary Material S2.
2.4 Dollar valuation of sediment retention services
We estimated the present dollar value for the avoided sediment export using the formula described in Sude et al. (2011) (Equation 1):
[image: image]
where SRi is the sediment prevented from entering the water system per pixel and MC is the cost of sediment removal. We estimated the value of sediment removal using the existing estimates of sediment dredging costs. While the actual costs of sediment removal can vary based on the size of the project, the dredging technique, and the sediment disposal approach (Anchor, 2019), we used an estimate of $8 m3, which has been applied in previous studies for calculating reservoir sediment management in the US (Smith et al., 2013). We adjusted the value to $8.64/ton using a conversion factor of 1.08 ton/m3 based on the bulk density estimates of sediments in a reservoir in PR (Soler-Lopez et al., 1997).
However, this is a lower bound, as recent value estimates range between $8 and 60 per m3, considering that the costs of site preparation, management, and sediment disposal are taken into account (Anchor, 2019). In addition, recent estimates from a reservoir dredging project in PR suggest a cost of up to $26 per ton (FEMA, 2022a), so our cost per ton estimate is a lower bound, conservative value. We extrapolated these costs over a 20-year period, applying the equation mentioned previously plus a discount rate of 3% (0.03) per year, based on the Office of Management and Budget guidelines (CEA, 2017), and those used in other similar estimates, which may include rates of 7% in some instances, although some newer recommendations around the social costs of carbon, for example, are using 2%–3% discounting rates (USEPA, 2022). We then estimated the net present value of the average cost per year after adjusting for the discount rate. Our analysis does not include estimates about rates of inflation for infrastructure projects, which should be considered in future studies, or when adopting the final valuation policies.
2.5 Vulnerability assessment of sediment retention services
To estimate the vulnerability of the sediment retention service, we characterized our study watersheds in terms of fragmentation and level of protection. Landscape fragmentation may lead to alterations in ES supply and demand flows (Mitchell et al., 2015). In the context of water purification and runoff reduction, landscape fragmentation can disrupt flow patterns, interrupting the retention capacity of natural areas when they are interspersed with anthropogenic land uses (Mitchell et al., 2015). In addition, we argue that once a landscape is fragmented, it becomes more vulnerable to urbanization. This is because fragmentation leads to a reduction in habitat quality, biodiversity, and ecological function (Mullu, 2016), all of which are factors that are taken into consideration when granting or denying development permits in PR (Puerto Rico Law 241 1999; Puerto Rico Law 416 2004). In addition, once a natural area is fragmented by a road or infrastructure, it becomes more connected to the larger urban infrastructure and more amenable for further development, an effect termed “induced growth” (Cervero, 2003). Conversely, in protected areas, where there are formal legal and planning protections, there would be less vulnerability to fragmentation and to the loss of ES flows.
To quantify fragmentation, we used the 2010 National Land Cover Database of USGS. We estimated at the landscape and class level, the edge density, number of patches, and patch density using the landscapemetrics package in R (Hesselbarth et al., 2019). The landscape metrics were calculated at the micro-catchment and the watershed scale. To quantify vegetation fragmentation, the edge density and patch density values of the land cover classes associated with vegetation were summarized using the weighted average method. The grassland, mixed forest, scrub, palustrine forested wetland, palustrine scrub wetland, palustrine emergent wetland, estuarine forested wetland, estuarine scrub wetland, and estuarine emergent wetland values were weighted as a function of the percentage of land per class (Equation 2).
[image: image]
where CMjw is the class metric weighted value for a site j, CMi is the value per class metric, and PLAND is the percentage of the land cover by the class.
To estimate the level of protection, we used the Protected Areas Database of the United States (PAD-US) 3.0 (USGS & GAP, 2022), A protected area under the PAD-US database is one: “Dedicated to the preservation of biological diversity and to other natural (including extraction), recreation and cultural uses, managed for these purposes through legal or other effective means” (USGS & GAP, 2022). They include land with state or federal protection status (e.g., wilderness areas, national monuments, and area of critical environmental concern) and long-term easements and agreements (USGS & GAP, 2022).
We used the ArcGIS Pro Analysis tools to estimate the percentage of protection per watershed area and micro-catchment. A summary of the steps followed to characterize service supply, protection, and fragmentation is presented in Figure 2.
[image: Figure 2]FIGURE 2 | Summary of steps followed and data inputs used for the characterization of sediment retention service supply and vulnerability.
2.6 Estimating sediment retention service demand using an SEN framing
A combination of spatial and non-spatial data was used to delineate the service areas and estimate the population served to measure the ES demand. First, the watershed areas and reservoirs were defined as the supply nodes. For this study, the reservoir watershed areas were acquired from the National Water Information System of the United States Ecological Survey (USGS, 2023). The service areas were defined as the demand nodes, and the streams and pipe networks were defined as edges connecting the demand and supply nodes. Furthermore, intermediate structures such as water filtration plants and pipeline pressure zones were used to trace the ES flow along the network.
To identify the service areas associated with the water reservoirs, we joined the 2022 water quality reports provided by the Puerto Rico Aqueduct and Sewer Authority (PRASA, 2021) and the Safe Drinking Water Information System (SDWIS) datasets from the United States Environmental Protection Agency (USEPA, 2023). Second, to map the service areas’ spatial extent, we used the ArcGIS Pro 3.0 spatial analysis tools to join the filter plants, pipelines, and pressure zone network layers from the Puerto Rico Aqueduct and Sewer Authority (Esri, 2020). We summarized the population and number of households within each service area using the ESRI USA Census 2020 Redistricting Blocks layer that joins the U.S. Census Bureau population information and the 2020 TIGER boundaries for Puerto Rico (ESRI, 2022b). Further details about the specific process used to undertake this analysis are provided in Supplementary Material S3.
We compared our service area population estimates with the estimates published online by the PR Aqueduct and Sewer Authority for the reservoirs that they administer (PRASA, 2023). While the PRASA estimates capture the demand for the reservoirs within their supply system, the data do not provide an estimate of demand for reservoirs not administered by PRASA but that also provide water for consumption. In addition, the data do not include location information beyond a list of municipalities, making it difficult to detailed comparison of user demand. Therefore, our approach is intended to 1) provide a more accurate location of service characterization for PR and 2) test the SEN approach for estimating water use demand in locations where specific consumer data are not readily available. Figure 3 shows the workflow followed for the service demand estimates.
[image: Figure 3]FIGURE 3 | Summary of steps followed and the data used to estimate sediment retention ecosystem service demand by users of the reservoirs and water systems of the PR Aqueduct and Sewer Authority (PRASA).
To estimate the actual water demand per household, we used the daily per capita domestic use in PR estimated at 98 gallons (0.37 m3) (Molina Rivera and Irrizary-Ortiz, 2021). We then extrapolated these values to a year, for an estimated annual per capita use of 135 m3. Since the average population per household in PR is 2.74 people (US Census, 2022), this leads to an estimated water use of 370 m3 per household/yr. We multiplied this number by PRASA clients served (when available) or SEN household estimates to estimate the household water demand (Mm3/yr) for each system. For reference, we also include the reservoirs’ current capacity based on data obtained by Quiñones (2022) (SM1) for comparison with our demand estimates.
3 RESULTS
The watershed scale mean avoided sediment export was 5,318,661 tons/yr and ranged from 249,703 tons/yr to 25,103,703 tons/yr. The watershed with the highest sediment total avoided export was La Plata, and the one with the lowest was Guineo. These values correspond to the relative size of these watersheds, as La Plata is among the largest in area and Guineo among the smallest (Table 1). Corrected by watershed size, the mean avoided export was 78,617 tons/km2. The watershed with the highest per area avoided export value was Luchetti with 154,148 tons/km2, followed by the RAN watershed with 149,336 tons/km2. The lowest per area avoided export was observed in Cidra, with 13,859 tons/km2, followed by Guajataca, with 14,010 tons/km2. The total avoided costs due to the avoided sediment exports ranged from $144,253 to $39,387,024, with an average $4,887,743 avoided costs per year.
According to our SEN estimates, the service demand (households connected) to each reservoir ranged from 1,365 to 250,775 households, with an average of 53,297 households per year (Table 2). Our estimates of the service demand (i.e., household users) were compared against the published values by PRASA of the estimated clients served by their reservoirs (Table 2), and there was a positive correlation of the values (R2 = 0.56). While the number of households served on average by each reservoir was nearly identical (PRASA = 54,935, SEN = 53,407), the values were not comparable for some reservoirs, suggesting a discrepancy that we further address in our Discussion section. The largest discrepancy was found with the Cidra reservoir, which according to our SEN analysis is connected to 170,873 households, while the PRASA estimates that it serves 14,537 households. We speculate that PRASA estimates were corrected by the relative proportion of water extracted from this reservoir to each of these areas under normal conditions, while our study focused mainly on the number of households connected to the reservoir’s network.
TABLE 2 | Sediment retention demand, quantified as the number of people connected to the reservoir (SEN estimates) and characterized by the water systems being served and the reservoir current capacity.
[image: Table 2]In terms of water demand, we estimated that a total of 307.36 Mm3 of water is consumed annually from all the reservoirs under study, and an average of 20.33 Mm3 per reservoir per year. We validated these values using existing data on actual water withdrawals from the Island. According to Molina-Rivera and Irizarry-Ortiz, (2021), water deliveries for 2020 were 1.48 Mm3/day or 540 Mm3 per year. Considering that surface water accounts for ∼89% of water deliveries (Molina et al., 2019) and reservoirs account for ∼70% of surface water withdrawals (Ortiz-Zayas et al., 2004; Quiñones, 2022), then the total annual water demand is approximately 336 Mm3/year, which is similar to our estimate of 307.36 Mm3/yr. The specific values of water demand per reservoir and how that compares to the current capacity for each of the reservoirs are shown in Table 2.
The percent of natural areas in the watersheds of the studied reservoirs ranged from 50% to 98%, with an average of 82%. The percent protection ranged from 0% to 70%, with an average of 17%. The edge density ranged from 12 to 87 m/ha, with an average of 53 m/ha. The number of patches ranged from 18 to 19,082, with an average of 1,507 patches per watershed area. The patch density ranged from 0 to 5 patches per 100 ha, with an average of two patches per 100 ha.
The watersheds with higher than average avoided exports (service supply, Table 1; Figure 4) in order of value are Dos Bocas, La Plata, Loiza, Luchetti, and Toa Vaca. While all of these watersheds have a high percentage of natural areas (64%–86%), all have relatively low percentage of areas under the legal conservation status (0%–6.6%) (Table 2). Out of these, Toa Vaca had the highest fragmentation (ED = 87.31 m/ha, PD = 4.19). Loiza, La Plata, and Toa Vaca also rank as higher than average in terms of service demand (Table 2; Figure 4).
[image: Figure 4]FIGURE 4 | Supply vs. demand of sediment retention services. For the reservoir Dos Bocas, we used the estimates of population demand for Retencion Acueducto Norte and Dos Bocas combined (Table 2), as the latter drains and contributes water to the former.
The watersheds with higher than average service demand according to our SEN analysis (in order of demand) are Loiza, Cidra, La Plata, RAN, Toa Vaca, Guajataca, and Cerrillos. Out of these, Cidra and Guajataca had below average service supply in total and corrected by area (Table 1; Figure 4). Cidra stands out as having the lowest natural area (50%), low conservation status (0%, Table 3), and relatively high fragmentation (ED = 60.4, PD = 4.08) (Table 3). Loiza and La Plata have high total service supply and demand (Figure 4), but when correcting by area, they both have a lower than average supply (Table 1). Moreover, the percentage of natural areas under legal conservation status is low for these watersheds (2.79% and 4.15%, respectively, Table 3; Figure 5).
TABLE 3 | Vulnerability assessment of sediment retention service, quantified as the percentage of protection, and level of fragmentation of the vegetation in reservoirs’ watershed areas.
[image: Table 3][image: Figure 5]FIGURE 5 | Avoided sediment export at the micro-catchment scale for the reservoirs under study. Panel (A) depicts avoided sediment export in relation to the percent of protected areas. Panel (B) depicts avoided sediment export in relation to edge density, an indicator of fragmentation. RAN, Retencion Acueducto Norte.
Dos Bocas can be considered to be having a high service supply (in total and corrected by area) and also a high demand if we take into account its position upstream from the RAN watershed. These watersheds would benefit from having been more formally protected from future development and land use change, as Dos Bocas has only 6.62% of its watershed under legal conservation status (1.48% for RAN). Toa Vaca also has a high service supply and relatively high demand, but high vulnerability, as its natural areas are among the most fragmented relative to other watersheds evaluated (ED = 87.31, PD = 4.19).
The Cidra and Guajataca reservoirs should be considered to be supply and demand mismatched because they are in high demand with lower than average supply of sediment retention service. These watersheds have natural areas of 50% and 67% (respectively), relatively high fragmentation (ED = 60.40 and 70.65, respectively), and low protection status (0%; 4%). These watersheds can be considered for restoration purposes to enhance their service delivery to the beneficiary populations.
Our SEN map results are shown in Figure 6 for a selected number of illustrative service areas and watershed areas. These maps illustrate how disparate locations across the island are connected to the network of natural stream features, and pipelines, and how landscape conservation in the watershed area of distant reservoirs benefits populations outside of these landscape units. These island-wide connections exist for other reservoirs and service areas as well, and Table 2 lists these linkages. Detailed maps for additional locations are available upon request, but were not included for the sake of brevity.
[image: Figure 6]FIGURE 6 | Maps depicting examples of our SEN results for the supply and demand of sediment retention services of reservoirs in PR. Panel (A) is analogous to panel (A) in Figure 1, and depicts the service area of Metropolitano, which corresponds to the San Juan metropolitan area, and all the reservoirs and watershed areas connected to it. Panel (B) is analogous to panel (B) in Figure 1 and depicts the watershed area of Rio Blanco reservoir and its linkages to multiple service areas including the islands of Vieques and Culebra, and also the municipalities of PR. RAN refers to Retencion Acueducto Norte. Other service areas and reservoir linkages are shown in Table 2.
4 DISCUSSION
4.1 Supply and demand analysis
The watersheds that supply water for consumption in PR have a relatively high percentage of natural areas, but most have little legal conservation and protection, making them vulnerable to development and land use change in the future. By estimating the avoided costs of sediment removal provided by these natural areas, and the number and location of people who are benefitted, we can develop conservation strategies for safeguarding this resource for future generations of the Island such as payment for ecosystem service schemes and targeted conservation easement programs that account for landscape prioritization by means of ES valuation.
Our estimates suggest that individually, the watersheds draining to reservoirs contribute an estimated $4.9 million dollars per year in avoided costs. Sude et al., 2011 followed a similar approach to study sediment retention services for the Ertan Reservoir in Yalong River, China (101 km2), and estimated 785.8 × 108 yuan of avoided costs in 1 year (year 2005), which amounts to a much larger value in USD than our estimates. On the other hand, another study in the Uma-Oya watershed in Sri Lanka (765 km2) estimated the avoided costs of $34,215 USD annually, which is much lower than our estimates. These comparisons highlight that value estimates can vary depending on the parameters used and the assumptions. Here, we assumed that the reservoirs would be dredged in the event that the reservoir’s capacity became compromised, and we also made assumptions regarding the discount rate of these avoided costs and the dredging costs themselves. Therefore, the actual avoided costs are meant here to provide a relative estimate, with these criteria in mind.
Despite these caveats, we can compare our avoided cost estimates to the recent Loiza (also known as Carraizo) reservoir dredging project in PR for further validation. In 2022, the project allocated an initial $88.7 million for dredging, after the reservoir had already been dredged in the year 1997 (FEMA, 2022a). This amounts to at least ∼$3.5 million/yr of cost accrued in 25 years, which is not too far from our estimates, especially when considering that the planned dredging volume 2 Mm3 (2.6 million cubic yards) is lower than that of the actual sedimentation that occurred in this time period (4.39 Mm3, FEMA, 2022b). Moreover, the measure of avoided sediment removal costs from dredging does not account for other co-benefits of sediment retention services, including recreational uses, fisheries, and biodiversity conservation. In addition, previous studies have calculated other ESs provided by the same natural areas, such as nutrient retention, carbon sequestration, and flood risk reduction, which have been documented as valued by residents in PR (Smith et al., 2017), and to contribute co-benefits beyond monetary valuation, such as increases in human wellbeing (Yee, 2020).
When extrapolating the number of households connected to reservoirs into the estimates of water demand, we observe that the level of annual water withdrawals (i.e., 307.36 Mm3) is very close in value to the total capacity of the reservoirs being withdrawn from (353.09 Mm3). On average, the annual demand for water from individual reservoirs (20.33 Mm3) exceeds the existing capacity (14.56 Mm3). While these estimates should be considered carefully, with all the limitations of our study in mind, these estimates support a need for developing proactive strategies to prevent further capacity loss, an imperative that may become more crucial in the future, if there are changes in the precipitation regime (droughts and hurricanes) that exacerbate the vulnerability of reservoirs in PR.
4.2 Vulnerability analysis
Our study characterized the level of legal protection of sediment retention services across the Island. The most important reservoirs in terms of service demand according to our study, Loiza, La Plata, and Dos Bocas, have a high percentage of natural areas in their watersheds which provide high levels of sediment retention. However, they have a low percentage of protected areas, which makes their watersheds vulnerable to future development, which may disrupt the systems of natural functions underpinning the ecosystem service provision. This is relevant in terms of relating ecosystem service flows to strategic watershed conservation initiatives, which have been highlighted as crucially essential for post-hurricane resilience on the Island (Preston et al., 2020). It is also important in terms of relating issues of water provision to land use regulation and planning policy. For example, this analysis would inform PRASA water users about the potential impact of changes to land use classifications under the Puerto Rico Land Use Plan and Joint Permitting Regulation (Puerto Rico Planning Board, 2022) to the reservoirs that provide water for their consumption.
A reservoir system that seems to be vulnerable according to our study is Cidra, which serves a large population, but has a low percentage of natural area and higher than average fragmentation. Cidra’s high demand estimates can be attributed to its connection to the Metropolitano system, for which it may contribute a small proportion of the total amount of water. However, the fact that it is connected to a high population area and that it also connects to different service areas that rely on it solely (Cidra Urbano) highlight the potential need for its management. Previous sedimentation surveys on the Cidra reservoir suggest that there is no immediate concern for capacity loss for this reservoir due to sedimentation in the near future (Soler-Lopez, 2010). However, sedimentation has been shown to affect the reservoir’s operational capacity, as water intake structures and sediment discharging structures (sluice gates) have been buried by 8–9 feet of sediment (Ortiz-Zayas et al., 2004). Another highly fragmented watershed area is that of Toa Vaca, a reservoir with high sES demand and supply, but which would benefit from conservation and restoration initiatives, especially given its current capacity, which is high and suggests its potential to serve an even larger population in the future. While this study showed high ES supply, the Toa Vaca drainage area also stands out as having one of the highest per area sediment export rates of all major reservoirs according to previous studies, supporting the need for watershed planning to avoid further increasing erosion and sediment export rates in the future (Ortiz-Zayas et al., 2004).
4.3 Application of findings
Our findings may help inform the development of payment for ecosystem service schemes that use these dollar value estimates as a guideline. For example, a municipality in PR interested in community-based conservation efforts could designate annual fees to water consumers for the protection of the service provisioning units of their primary reservoirs. For an average reservoir with 54,297 households and $4.9 million dollars in sediment retention service, this would imply a $90 annual fee or approximately $7 per month per household, which could then be used in coordination with existing NGOs and organizations on the Island to develop strategic conservation programs (e.g., Para La Naturaleza, Foundation for Puerto Rico, Centro para la Conservacion del Paisaje, and Protectores de Cuencas). Here, we must note that in Puerto Rico, utility rates are much higher than in the US (United States Environmental Protection Agency, 2023) and the poverty level doubles that of the poorest state (ACS, 2021). Adding even a small fee to an already exceedingly expensive utility system for the PR citizens may not be the first approach to consider. Alternatively, already existing programs and fees may be used toward these goals. For example, PRASA already charges residents two relevant fees: 1) environmental and regulatory compliance charge (CCAR) and 2) a water sustainability charge (PRASA, 2022). Perhaps the strategic use of these already collected funds could be considered for ES management, which is an important aspect of water sustainability in PR.
The selection of the best places to focus for conservation easements and other protection strategies could then be informed by our fine-scale map of micro-catchment (Figure 5) within each watershed area, which provides information regarding total sediment retained and current level of protection and fragmentation. The actual cost of acquiring and conserving properties for sediment retention services has not been factored in this study and could be the focus of future studies that complete a more expansive cost–benefit analysis of payment for the ecosystem service program on the Island. These analyses may also include other co-benefits such as flood control, recreational opportunities, and biodiversity conservation, all of which would add to the value of acquiring land for conservation.
Our study is the first one to provide a clear characterization of the supply and demand of sediment retention ES flows for the island of Puerto Rico. By knowing which landscapes contribute to the water quality of which citizens, we can develop more targeted conservation strategies and community-led efforts for ES management. For example, we showed a link between the protected areas of the Luquillo National Forest, the only tropical federal forest of the Nation, and the water quality of the islands of Vieques and Culebra, which are the end users of the Rio Blanco reservoir, and direct beneficiaries of the conservation of these natural areas (Figure 6). We also showed how the residents of the San Juan metropolitan area benefit not only from the nearby La Plata and Loiza reservoir watersheds but also from the more distant Dos Bocas, which is directly linked to the water supply of the Retencion Acueducto Norte. This information provides the citizens of PR with a better understanding of the value of vegetation conservation and management across the Island, and at fine scales, in order to see which landscapes and micro-catchments to target in order to protect and enhance sediment retention. Table 2 shows other linkages across the Island.
Our study also presents a replicable process to apply for operationalizing the characterization of supply and demand flows of ES. Our suggested SEN process can be applied or customized as needed for other applications. This could include the addition of relational ties to plans and laws at different scales for governance analysis, more detailed incorporation of natural functions and landscape data for modeling, or additional consumer information for future value estimations based on service–consumer linkages. The context of water quality service flows presents an opportunity to create concrete measurements of socio-ecological linkages, as stream networks and pipelines connect landscapes to end users, and these data are widely available, at least in the United States, from utilities, and via Safe Drinking Water Act and Clean Water Act (SDWA and CWA) reporting databases. PR was an ideal case study for the application of the suggested approach because the Island is the single source of ES, and PRASA serves most of the population as a Commonwealth wide utility. While the approach could be used in other locations, we should note that it would require acquiring the system service data for the lines potentially from several utilities and jurisdictions. SDWA and CWA data, for example, associate reservoirs with locations of demand, but these are jurisdictional attributes, without specific spatial data on service areas and service lines. Additional studies are needed to determine how feasible it is to replicate this process in other locations and what are the data gaps and challenges that need to be overcome to do so. Additional limitations of our study are discussed as follows.
4.4 Study limitations
Our study had several limitations. The InVEST SR model is not meant to provide a comprehensive sediment budget for reservoirs, as the avoided sediment export values only account for overland erosion and does not include estimates for gully erosion, channel erosion, or landslides (Natural Capital Project, 2022). In Puerto Rico, landslides may constitute the majority of the sedimentation source for surface waters (Larsen, 2012); therefore, our estimates only cover a portion of the sedimentation risk in surface waters on the island. Nevertheless, the processes that lead to avoided sediment export by vegetation also contribute to reducing landslide risk. For example, a study by Larsen (2012) compared sediment exports and sources of four watersheds in PR and found a higher rate of landslides in urbanized vs. forested watersheds. In addition, the process of fragmentation, which we suggest here that it can affect the provision of overland sediment retention, can also increase the risk for other forms of erosion. For example, it has been suggested that road construction, which fragments forested areas, is a leading cause of landslide occurrence in PR (Larsen and Torres-Sanchez, 1992; Hughes and Shulz, 2020). Therefore, the mapping and prioritization data presented here can be beneficial for the management of erosion issues in the island as a whole, and not just from overland erosion. Previous studies have also conducted similar mapping characterizations for the risk of landslides through the island (Hughes and Schulz, 2020). Using this information, we developed a supplementary map showing how landslide risk relates to our estimates of avoided exports from overland erosion (Supplementary Material S4).
While the network of the reservoir to filter plant to pipeline allows a rough estimation of the number of end users for each reservoir’s water, the fact that pipelines receive water from multiple sources makes it more complicated to determine the relative importance of each reservoir source that contributes to the same distribution system. Therefore, our estimates of connected households could be further refined in future studies to include relative weights accounting for the proportion of water provided by each reservoir to each system. Here, we note that our estimates of consumers linked to the selected watershed areas do not fully match the estimates of clients served published by PRASA in their website. We were not able to find the methods used by PRASA to provide their estimates, but it is possible that their methods account for the relative importance of each reservoir to the end users connected, as well as potential losses during the distribution process. Despite these discrepancies, the relative importance to users of the reservoirs studied correlated with the PRASA numbers, and therefore our analysis still provides a good estimate of relative differences in service demand, even if the absolute number of users required further validation.
Our assessment of the vulnerability of services is based on the assumption that the fragmentation of natural areas would likely cause a reduction in the ES supply and that natural areas under any form of the legal conservation status should be better protected against development. These assumptions need to be tested in greater detail in the future.
Lastly, our model estimates are based on the best available publicly accessible datasets. Some of these data (e.g., 2010 PR CCAP land use and land cover) would need to be updated once new information is available to better reflect the current conditions on the island. However, since our methods have been documented in detail and are based on open source software and data, we believe our results can be replicated fully to update them as needed and help inform management of reservoir sedimentation.
5 CONCLUSION
Water consumers in Puerto Rico benefit from sediment retention services from natural landscapes across the Island. These services can amount to millions of dollars annually if we consider the potential costs of reservoir dredging. Our study provides a valuation of these services and a characterization of the service flows from watershed areas to reservoirs to end users, which show how people in one side of the island benefit from distant natural landscapes in their everyday lives. This characterization is useful for raising awareness about the importance of ecosystem service conservation and also a framework for future studies to evaluate socio-ecological networks of water quality ecosystem service flows. Despite the value of sediment retention services by natural landscapes in Puerto Rico, these landscapes are vulnerable due to the low level of legal conservation, fragmentation, and potential changes to zoning regulations that have been proposed in PR. The information we provide here can assist decision makers and communities in prioritizing areas for conservation and management to address these vulnerabilities in the future.
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Reservoirs

Vegetation protection

% Vegetation

% Protected

Vegetation fragmentation

Edge density (m/ha) Number of patches

Patch density (#/100ha)

Carite 8551 2661 4289 118 092
Cerrillos 90.82 10.05 45.62 367 078
Cidra 50.09 0.07 60.40 362 408
Dos Bocas 86.01 6.62 59.58 5102 125
Fajardo 90.94 4280 3208 275 1.89
Garzas 8595 3526 4117 85 0.64
Guajataca 67.07 4.50 70.65 1304 4.60
Guineo 9401 5448 2501 18 049
La Plata 7263 4.15 73.63 7839 355
Loco* 9208 4475 56.19 254 257
Loiza 64.32 279 60.35 9082 367
Luchetti* 8584 208 64.12 644 203
Matrullas 84.63 2364 40.12 104 138
Patillas 89.64 18.03 37.16 319 0.89
Portuguez 89.94 0.00 5761 336 092
Prieto 90.58 1415 4549 149 072
Rio Blanco 97.97 69.88 12,05 55 023
RAN 64.63 148 4551 586 534
Toa Vaca 8474 0.00 8731 1386 4.19
Valenciano* 5527 0.00 64.32 728 399
Vivi 90.94 251 67.14 204 138
Max 98 70 87 9,082 5
Min 50 0 12 18 0
Mean 82 17 52 1,39 2
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Reservoir Watershed area (km Avoided export (tons/yr)  Avoided export per area (tons/km?)  Avoided
Carite 2147 369,887 17,229 144253
Cerrillos 45.09 6,627,713 146,986 $3512921
Cidra 2104 291,545 13,859 165,839
Dos Bocas 21809 15,479,426 70,977 39,387,024
Fajardo 27.37 2,602,034 95,083 51,614,172
Garzas 1586 1,069,718 67,453 1,324,658
Guajataca 60.46 847,084 14,010 1,048,077
Guineo 424 249,703 58,846 202,981
La Plata 44598 25,103,703 56,288 516,082,985
Loco 2184 2,255,803 103,284 1,595,812
Loiza* 49787 22,039,978 44,268 11,473,798
Luchetti 45.06 6,945,401 154,147 7,868,101
Matrullas 1157 539,382 46,671 541416
Patillas 66.65 7,382,188 110,757 $3571233
Portuguez 27.10 3,661,004 135,115 $1,911,653
Prieto 24.60 2,845,787 115,667 2,029,552
Rio Blanco 2593 385,735 14,874 $153,765
RAN 2173 3,244,650 149,336 2,634,199
Toa Vaca 5749 6,507,227 113,187 85,155,293
Valenciano | 4004 1,396,686 34,878 1,027,483
Vivi 1679 1,846,721 109,984 $1,197,390
Max 49787 25,103,703 154,147 39,387,024
Min 4 249,703 13,859 144253
Mean s 5,318,661 78,662 4,887,743
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Service areas

Carite 10.03 30882 15431 571 Guayama Urbano; Farallon

Cerrillos 36.84 55,727 51,430 19.03 Ponce Urbano

Cidra 543 170,873 14,537 538 Metropolitano, Cidra Urbano

Coamo nla 34725 na 1285 Coamo Urbano

Dos Bocas 13.42 27,266 na 10.09 Superacueducto, Corozal Utbano

Fajardo 547 25,864 31,514 1166 Fajardo Ceiba

Garzas 483 10,505 nfa 389 Penuelas, Garzas

Guajataca 40.68 66,315 63,218 2339 Isabela, Quebradillas Urbano, Lares Urbano,
Aguadilla, Lago Guajataca

Guineo 179 4,849 na 179 Aceitunas

La Plata 20.36 151,621 130,828 4841 Metropolitano, Airbonito La Plata, Cayey Urbano,
Comerio Urbano

Loco 0.36 20011 n/a 7.40 Lajas

Loiza 13.15 250,775 179,387 6637 Metropolitano, San Lorenzo Urbano

Luchetti 8.96 20011 na 740 Lajas

Matrullas 292 1365 na 051 Matrulla

Patillas 1298 37,947 14313 530 Guayama Urbano; Patillas Urbano

Portuguez 11.04 1,406 n/a 052 Guaraguao, Tibes

Prieto 0.002 25,683 na 950 Indiera Alta, Duey, Yauco

Rio Blanco 468 17,717 29391 10.87 Rio Blanco Vieques Culebra

Retencion nfa 110624 na 4093 Super Acueductropolitano, Barceloneta Urbano,

Acueducto Norte Vega Baja Urbano, Tierra Nueva Rabanos, Manati
East, Maguayo, Dorado Urbano

Toa Vaca 61.92 85,902 19,304 7.14 Ponce Urbano, Coto Laurel, Regional Villalba

Valenciano 12.75 17,979 na 665 Juncos Ceiba Sur

Vivi na 6913 na 256 Utuado Urbano, La Pica

Max 61.92 250,775 179,387 6637 —

Min 0.002 1365 14313 530 —

Mean 1456 53,407 54935 2033 -

Sum 353.09 1,174,960 549,353 30736 —

*Sources for capacity: https:/www.csagroup.com/markets/water/valenciano-dam-reservoir/; http://www.recursosaguapuertorico.com/embalses-
principales.html. n/a means not applicable, information was not available. Loiza reservoir is also called Carraizo. Estimates from PRASA and our SEN
correlate positively (R? = 0.56)
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