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Source Protection Explorer – Data and Methods 
 

1 City Water Map 
 

1.1 City selection 
This analysis builds upon The Nature Conservancy’s previous work characterizing water risks and 
opportunities for cities around the world.1–3 Briefly, data on cities and their water sources were collected 
in three phases. In the first phase, data was collected for the 50 largest cities by population. In the second 
phase, a stratified sample was identified for cities populations ranging from less than one million to more 
than 5 million. Finally, data was collected from easily sources for cities in the United States, as well as 
additional data for specific cities relevant to partner organizations. 
 

1.2 Intake data collection 
For each city in our sample we consulted a variety of data sources to collect information about water 
supplies. Where possible we utilized official government or water utility publications as primary data 
sources. When such data sources were not readily accessible or provided incomplete data other sources 
were consulted, including personal communications, academic literature, periodicals and general internet 
searches. Additionally, the collected data was typically compared against multiple sources as further 
verification. Information on source names, source types and suppliers were, in general, readily identified. 
Other information, including intake coordinates and diversion volumes, were more difficult to establish. 
In some cases, we had to use data sources of lower certainty, such as the website of the water utility or 
official press releases, which often listed water sources. Once the place names of water sources were 
identified, we geo-located the sources. Unique place names were identified using Google Earth or other 
geographical atlases. In some cases, a text description of a source (e.g., “three miles upstream of the city 
along the same river that flows through the city”) was mapped in a geographical information system 
(ArcGIS 10.2). 
 

1.3 Mapping intake points 
The locations of surface freshwater withdrawal points were adjusted (“snapped”) to match the underlying 
hydrographic river system; in this case these are represented by the global high resolution hydrographic 
dataset HydroSHEDS.4  If the snapping adjustment step is not performed small spatial errors in the 
location of a point could lead to large errors in the estimation of the available water. First, we selected 
withdrawal points within 10 kilometers of the coast and manually adjusted their location to ensure that, in 
the underlying hydrographic system, they were not falling on areas that are considered saline water. 
Second, for withdrawal points on lakes we adjusted the location to be at the outflow of the lake, defined as 
the lowest point of the lake feature in a global database of lakes, reservoirs and wetlands (GLWD).  This 
correction allowed the catchment of the lake and its corresponding water availability to be correctly 
derived. Finally, using the Snap Pour Point command in ArcGIS, we adjusted the location of withdrawal 
up to five cells (2.5 kilometers) to match the point of greatest flow accumulation. 
 

2 Pollution yield and pollution reduction potential 
 

2.1 Identifying contributing areas 
Sediment and nutrient loads were estimated for a set of pre-defined polygons delineating a globally-
consistent set of watershed boundaries. This set of watershed boundaries was derived using the 
HydroBASINS data set, which defines a hierarchical classification of sub-basin delineations globally.5 For 
any given point location within the spatial coverage of the HydroBASINS data set, the enclosing sub-basin 
and its upstream contributing sub-basins can then be identified. 
 
For each of the intake points mapped previously using the City Water Map, we selected the enclosing 
HydroBASINS sub-basin (Level 12) and all upstream contributing sub-basins. We then define these 
HydroBASINS-delineated areas as the contributing area for a given intake point. It is important to note 
that these contributing areas differ from watershed boundaries that might be delineated using a digital 



elevation map (DEM). Particularly for small watersheds (less than ~100 km2), this discrepancy can be 
significant.  
 

2.2 Estimating sediment and phosphorus yields 
Information on sediment and nutrient loading was developed previously by the Conservancy and adapted 
more recently as part of a web application.2,3 Briefly, sediment loading was estimated using the Universal 
Soil Loss Equation (USLE). Data sources, input factors and approach followed those reported previously.2 
Phosphorus loading was estimated using an export coefficient approach, where each land-cover type 
exports a certain amount of nitrogen or phosphorus from a given pixel. In practice, nitrogen and 
phosphorus export are highly correlated at large scales and we report here values for phosphorus. The 
approach for export coefficient and nutrient application rates also followed those reported previously.2 
For both sediment and phosphorus, loading values were adjusted to estimated yields using information 
on contributing area size and distance from intake, calibrated using empirical models (SPARROW) 
developed by USGS for large basins in the United States.6 
 
Additional details on the methodology for estimating sediment and phosphorus yields can be found in 
documentation for the Urban Water Blueprint or the Watershed Screening Tool (watershedtool.org).2, 3 
 

2.3 Sediment and phosphorus reduction potential 
To assess the potential for realizing water quality benefits resulting from source watershed protection 
activities, we use an approach similar to that described previously.2 For each watershed in our dataset, we 
identify the cost-optimal conservation area required to achieve a given pollution reduction target (e.g., the 
cost of achieving a 10 percent reduction in sediment). Then, we aggregate these watershed-level results to 
obtain global estimates of the total conservation action required to achieve these targets. 
 

2.4 Modeling conservation activities 
Previously, the Conservancy reported on the potential for certain types of source water protection 
activities to reduce the sediment and phosphorus pollution in watersheds.2 Here, we extend this approach 
to consider the potential for a subset of activities to reduce sediment or phosphorus concurrently. We 
consider the reduction potential for three categories of land-based conservation activities: forest 
protection, pastureland reforestation and agricultural BMPs (modeled as cover crops). 
 

2.5 Estimating baseline loading 
Estimates of sediment and phosphorus loading follow the approach described above. Importantly, forest 
protection concerns mitigation of future risk. In order to facilitate comparative equivalency of reduction 
potential across all three activity types, we utilized a single modified estimate of baseline sediment and 
nutrient loading that incorporates estimates of the future risk of forest loss. Briefly, future loading for 
forest cover land types is assumed to be a function of both loading and the probability of forest loss, where 
deforestation probabilities were estimated from changes in forest cover at the scale of biomes (using the 
time-incremented, land-cover datasets, GlobCover).7 In all cases, the deforestation pathway is assumed to 
result in a transition to pastureland. 
 

2.6 Calculating pollution yields and reduction potential 
Using these loading estimates for each watershed within our global map of urban source watersheds, the 
predicted yields of sediment and phosphorus are derived at the watershed outlet. Predicted yields are 
obtained from the Watershed Conservation Screening Tool which uses an approach adapted from 
McDonald and Shemie.2 The data utilized here in this analysis incorporate revisions that were later used 

in the Watershed Conservation Screening Tool (watershedtool.org), which include additional model 
refinements to further improve the calculation of predicted yields. In addition to accounting for overland 
attenuation of pollutants as done previously, the Screening Tool further accounts for instream attenuation 
of pollutants. This modification is expected to further improve predictive accuracy, particularly for large 
watersheds where instream attenuation can be significant. Model parameters were calibrated against 
measured water quality data collected for watersheds in the United States, as described in the Screening 
Tool documentation. 
 

http://watershedtool.org/
http://watershedtool.org/


With estimates of predicted yields under baseline conditions and under implementation of the three 
source water protection activity types, we calculate the reduction potential for all relevant pixels for each 
practice type across a given watershed. This results in a curvilinear range of reduction values across a 
given watershed, with some pixels holding greater potential to reduce sediment or nutrient yields per unit 
area. We subsequently convert these curves to marginal costs curves using information obtained 
previously on estimated implementation costs across activity types and regions. Finally, we use simple 
one-dimensional optimization to identify the optimal marginal cost at which a given reduction target can 
be achieved. 
 

2.7 Analysis outputs 
The primary output of this analysis is an estimate for each source watershed within our data set of the 
conservation implementation area needed to achieve a given pollution reduction target. For each 
watershed and each reduction target (e.g., 10 percent reduction in sediment), we derive values for the 
total area of implementation under forest protection, reforestation and agricultural BMPs. For some 
watersheds, the specified reduction target may not be achievable. In these instances, we do not record 
implementation area values, but we do include the spatial extent of these watersheds when determining 
the scope of potential. 
 
For subsequent analyses, these activity area estimates are used to define possible implementation 
scenarios. For example, we estimate city-level costs and cost savings for achieving a 10 percent reduction 
in sediment or nutrients. It is important to note that such scenarios are necessarily limited in scope. Here, 
we optimize for a single parameter (implementation costs) alone. A more robust – and more socially 
relevant – optimization approach would consider multiple parameters. For this and other reasons, these 
results should be interpreted with discretion. 
 
It is also important to note that this optimization is performed at the scale of watersheds. To derive 
global-level approximations from these watershed-level implementation scenarios, we incorporate 
conditional assumptions regarding implementation across these watersheds. Namely, given the non-
spatial nature of our pollution yield estimates, we assume an equal probability of activity implementation 
across all relevant pixels for a given activity type. Where overlapping areas occur, we further assume 
implementation at the maximum area required for that overlapping area. This results in an approximated 
global view of conservation activity implementation in order to reach or exceed the specified reduction 
target. 
 

3 Conservation costs 
 

3.1 Costs of conservation implementation 
We estimate costs of conservation implementation utilizing regional estimates reported previously.2 Using 
our estimates of implementation area for each conservation practice type, we estimate total annual costs 
to achieve 10, 20, and 30 percent reduction in sediment or nutrients for each watershed in our data set. In 
many cases, a given reduction target cannot be reached and we report null values. 
 
For cities with a single source watershed, we associate these watershed-level costs with the respective 
sourcing cities. For cities with multiple source watersheds, we first calculate the average implementation 
area for each practice type using the approach described previously. These average implementation area 
values are then used to derive representative cost values at the city level. 
 

3.2 Per capita implementation costs 
While total annual costs for conservation can be informative for assessing the feasibility of source 
protection implementation, such a measure does not account for the potential corresponding scale of 
benefits. As a proxy for such benefits, we calculate the costs of conservation relative to the city population 
that might benefit from such improvements in source water quality. City population estimates were 
derived from United Nations Population Division for the year 2005 as previously reported.2 To account 
for regional and national differences in currency purchasing power, we further normalize these per capita 
costs relative to national per capita GDP.8 
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Benefits Explorer – Data and Methods 
 

1 Global map of urban source watersheds 
 
Data 
There are four main data sources used to identify source watershed areas: hydrological data, 
global city data, surface water withdrawal locations for cities and HydroBASIN-derived 
modeling data. 
 
Hydrological data comprises the flow direction, flow accumulation (i.e., watershed size) and 
discharge grids provided by the HydroSHEDS database at 15 arc-second (approx. 500 meters at 
the equator) pixel resolution (Lehner and Grill 2013). All watershed boundaries were calculated 
from this data. 
 
The second data source comprises the global city locations and population numbers taken from 
the Global Rural-Urban Mapping Project (GRUMP), obtained from the Center for International 
Earth Science Information Network (CIESIN et al. 2011). The original vector data contains 
67,935 points representing cities recorded with various attributes, including population 
estimates, valid as of the year 2000. 
 
The third data source comprises the water intake locations for cities obtained from The Nature 
Conservancy’s Urban Water Blueprint (UWB) project and its underpinning City Water Map 
(CWM) (McDonald et al. 2014). This dataset originally contained 471 global cities with 1,505 
unique intake locations. 
 
The final data source comprises information on HydroBASIN-derived watersheds from source 
watershed protection models. The Watershed Conservation Screening Tool models non-
atmospheric nonpoint sediment and nutrient (phosphorus) yields, and the potential for selected 
conservation practices to reduce these yields. This dataset includes more than 1 million 
watersheds with at least partial coverage across all continents (excluding Antarctica). 
 
Importantly, these data sources focus only on potential surface water sources for cities. These 
data and related analyses do not consider implications of other water sources, most notably 
groundwater. 
 
Methodology 
City selection criteria 
All cities of the world with a reported population of at least 100,000 people in the GRUMP 
database were used. Additionally, we used all CWM cities with surface water intakes and their 
intake locations. 
 
City Water Map cities 
The database of the City Water Map (CWM) originally contained 471 cities with 1,505 intake 
locations. The point locations of CWM intake points represent manually assigned withdrawal 
points that were snapped to the HydroSHEDS river network. However, 12 locations did not have 
data on withdrawal points or city names and were thus removed, resulting in 1,493 unique 
withdrawal locations. 
 
GRUMP cities 



The global GRUMP data used in this project also contained the same cities and suburbs of the 
urban agglomerations included in the CWM. These duplicated cities were manually identified 
and removed in order to eliminate double-counting of cities. After applying the 100,000-
population threshold and removing the duplicate cities, 3,724 cities remained. 

For all GRUMP cities, the precise water intake location was not known. In order to estimate 
most likely locations, two criteria were postulated: 1) that cities generally draw water from the 
largest river nearby; and 2) that larger cities have more capacity and size to reach further out. In 
order to simulate these criteria, the GRUMP cities were separated into three groups based on 
population size and then snapped to the highest flow accumulation value (i.e., the largest 
watershed size as given in the HydroSHEDS database) within a size-dependent distance (see 
Table 1). The snapped points were then assumed to represent the water intake locations of the 
GRUMP cities. 

Table 1.1. Snapping distances for the GRUMP city locations 
Population Snapping Distance (decimal degrees) 

100,000 – 500,000 0.10 (~10 km) 
500,000 – 1,000,000 0.15 (~15 km) 

> 1,000,000 0.20 (~20 km) 
 
Combined CWM and GRUMP intakes 
The snapped GRUMP points (3,724) and UWB withdrawal points (1,493) were then combined to 
create the final combined layer of potential intakes, containing 5,217 points. If two points were 
located within the same pixel of the HydroSHEDS flow direction grid, the point with the higher 
identifier was shifted one pixel downstream. 
 
Final watershed layer 
Each intake point was then mapped to its enclosing Level 12 HydroBASIN unit. For each of 
these HydroBASIN units, the Watershed Conservation Screening Tool has a corresponding 
polygon which includes all upstream HydroBASIN units. In this manner, each intake point is 
then associated with a corresponding polygon representing the entire upstream contributing 
area or watershed for that intake point. For all intake points, this HydroBASIN derived 
watershed differs in spatial extent from a watershed that might be derived using the precise 
intake point in conjunction with elevation data. These discrepancies are usually minor, but can 
be significant for smaller watersheds. Cities outside the spatial extent of the Screening Tool data 
set were excluded from subsequent analyses. The final watershed layer includes a total of 4,546 
watersheds representing surface water sources for 4,138 cities. 
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2 Climate Change Mitigation 
 

2.1 Standing forest carbon 
 

To visualize the distribution of pan-tropical, above-ground biomass stored in live woody 
vegetation, we summarized the total amount of above-ground carbon stored in all Level 5 
HydroBASINS that intersect with our urban source watersheds. The primary data used 
to quantify above-ground biomass comes from a high resolution product that expands upon the 
methodology presented in Baccini et al. (2012) in order to generate a pan-tropical map of above-
ground live woody biomass density at 30-meter resolution for the year 2000 (Baccini et al. in 
review; Zarin et al. 2016).  
 
First, we calculated the total amount of above-ground biomass in live woody vegetation within 
the boundary of source watersheds that intersects with the tropical extent of the biomass data. 
We then converted the total estimate of above-ground biomass in our source watersheds into 
above-ground carbon using a conversion factor of 0.5 (IPCC 2003), since about 50 percent of 
plant biomass consists of carbon.  
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2.2 Forest loss 
 

We quantified the extent of forest loss in urban source watersheds using global-scale data from 
Hansen et al. (2013). We retrieved the global forest cover loss data from Google Earth Engine 
(GEE) and modified a Java-Script code by Tracewski et al. (2016) to conduct the analysis in 
GEE.  We estimated tree cover in the year 2000 and tree cover loss between 2001 and 2014 with 
30-meter cells from Landsat imagery. The original Hansen et al. (2013) data has been updated 
with years 2013 and 2014 on GEE using updated methodology.  
 
For each Level 5 HydroBASIN unit that intersects with the urban source watersheds, we 
analyzed tree cover from the year 2000 and then calculated the total area of forest loss each 
subsequent year based on the year of loss. These years were summed to provide total square 
kilometers lost between 2001 and 2014 within each HydroBASIN.  
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These calculations assume that all original tree cover (based on the tree cover in the year 2000) 
within the pixel was lost. If the pixel’s tree cover value in the year 2000 was 70 percent, then it 
was assumed that 70 percent of the pixel area lost forest in the year of forest loss (Tracewski et 
al. 2016). Each year of forest loss is mutually exclusive, meaning that forest loss can only occur 
in one pixel during one year.  
 
In interpreting the results of this analysis, it is important to understand the definition of tree 
cover loss as it is defined by the algorithm used by Hansen et al. (2013) and that “loss” does not 
always equate to deforestation. Tree cover loss is identified by Hansen et al. in such a way that it 
includes anthropogenic causes of forest loss, including timber harvesting and deforestation, as 
well as natural causes such as disease. The dataset also identifies forest loss from fires that can 
start from both natural and human sources. Our analysis does not report forest cover gain, even 
though forests across source watersheds do experience variable rates of tree cover gain.  
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2.3 Reforestation potential 
 

We used data derived from WRI’s Atlas of Forest Landscape Restoration Opportunities (WRI 
2014) to determine a reasonable estimate for the maximum area of reforestation opportunity 
per HydroBASIN intersecting the urban source watersheds. We applied two additional steps to 
extract only reforestation opportunities from WRI’s data. First, we removed pixels located in 
grassland ecosystems using a spatially explicit dataset of global grassland types (Dixon et al. 
2014). Then, we removed pixels of data that would not transition from a non-forested status to a 
forested status (here we define the transition from less than 25 percent tree cover to greater than 
25 percent tree cover) (WRI 2014). Any of the reforestation and restoration opportunities that 
were not located within the boundaries of the urban source watersheds were removed from the 
analysis. 
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3 Biodiversity 
 

3.1 Imperiled terrestrial and freshwater species  
 

We quantified the number of imperiled terrestrial and freshwater species that could benefit 
from source water protection activities within each HydroBASIN that intersects with the urban 
source watersheds. We used the spatial database for the IUCN Red List of Threatened Species to 
quantify the number of imperiled species that occur within urban source watersheds (BirdLife 
International and NatureServe 2015; IUCN 2016). Species were selected for the analysis if they 
had an IUCN code of critically endangered, endangered or vulnerable and if they are native or 
reintroduced and are extant to the region.   
 
We incorporated birds, amphibians and terrestrial mammals into our analysis of terrestrial 
species. Additional criteria were applied to identify imperiled terrestrial species that could 
benefit from source water protection activities. We developed an approach that combined WRI’s 
Atlas of Forest Landscape Restoration Opportunities (WRI 2014) with Oakleaf’s (2016) Human 
Modification (HM) dataset, with the intention of restricting the count of species to places within 
urban source watersheds where source water protection activities could more realistically 
support their survival. We classified places within the urban source watershed region that have 
high human modification (HM values > 0.66) and that are not classified by WRI as reforestation 
or restoration opportunities as unsuitable habitat for source water protection activities to 
support the survival of imperiled terrestrial species. We assume that source water protection 
activities only support terrestrial species at the actual site of activity implementation.  
 
 We further restrict our count of imperiled terrestrial species within urban source watersheds to 
those species that have at least 10% of their range intersecting the suitable habitat mask. For 
migratory birds, the IUCN data includes migration distributions that are mapped across oceans. 
In the event that a bird migrates across the ocean, the 10-percent threshold only considered the 
species’ terrestrial range.  
 
The spatial data for IUCN freshwater fish is limited. As of the year 2016, comprehensive 
assessments have been collected and published to the Red List for only certain regions: 
continental Africa, Europe, eastern Mediterranean and Arabia, India, eastern Himalayas and 
Indo-Burma, New Zealand and South Pacific Islands, and the United States. While the IUCN 
Red List dataset contains information on fish outside of the comprehensively assessed regions, 
our global count did not include these fish. In order to count the number of imperiled fish falling 
within source watersheds, a 10 percent overlap threshold was also set. If less than 10 percent of 
a species’ range fell within source watersheds, then it was not included in the count.  
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3.2 Freshwater Biodiversity Threat Index 
 

We used data from Vörösmarty et al. (2010) (www.riverthreat.net) to examine levels of threat to 
freshwater biodiversity across the urban source watersheds. Vörösmarty et al. (2010) developed 
an incident index of freshwater biodiversity threat by combing various themes of impact, 
including catchment disturbance, pollution, water resource development and biotic factors. The 
incident values for the index of freshwater biodiversity threat are standardized and normalized 
between values 0 and 1. We summarized the HydroBASINS within our source watersheds by the 
average biodiversity threat value. Vörösmarty et al. (2010) removed pixel values from the 
original data if they did not meet a minimum threshold of average annual runoff. If 20 percent 
of the HydroBASIN’s area had insufficient data due to the minimum threshold of average annual 
runoff, we did not calculate the average index value of threat. 
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3.3 Alliance for Zero Extinction sites 
 

The Alliance for Zero Extinction (AZE) is a conservation initiative that aims to protect the last 
remaining populations of endangered or critically endangered species (Alliance for Zero 
Extinction 2010). Sites have been identified globally where at least one species is on the brink of 
extinction and requires special protection. These endangered species belong only to those 
taxonomic groups that have been globally assessed: mammals, birds, some reptiles, amphibians, 
conifers and reef-building corals. So far, 588 sites have been identified, triggered by 919 species.  
 
We determined the number of AZE sites that fall within HydroBASINS that intersect the urban 
source watersheds. We ensured that AZE sites with minimal overlap with the source watersheds 
were not included in the count. We assume source watershed protection would do little to 
protect a site if less than 10 percent of that site fell within source watersheds. The area of overlap 
was calculated and those sites surpassing the 10-percent threshold were counted within each 
HydroBASIN. 
 
Both terrestrial (including the conifers) and marine (including the corals) trigger species were 
included in the total count.  
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3.4 Important Bird and Biodiversity Areas 
 

Important Bird and Biodiversity Areas (IBAs) are a network of more than 12,000 sites around 
the world that are important contributors of bird diversity. Sites have been identified by BirdLife 
International based on criteria of threat level, population size and species distribution. These 
sites also tend to support an array of other plant and animal species, broadening the potential 
biodiversity conservation impact. About 3 percent of these sites are in imminent danger due to 
development activities in the surrounding area (BirdLife International 2014). 
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We calculated the number of IBAs that occur within HydroBASINS that intersect the urban 
source watersheds.  Spatial IBA data were obtained directly from BirdLife International (2015). 
Those IBAs that have at least 10 percent of their area within source watersheds were identified 
as intersecting source watersheds.  
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4 Human Health & Well-Being 
 

4.1 Impact of pollination loss on crop and micronutrient production and the agricultural 
opportunity cost 
 

To characterize the impact of pollination services on agricultural value and micronutrient 
production, we used spatially explicit estimates of crop yield, hectares cultivated and country-
specific prices. We used datasets on hectares in cultivation from Ramankutty et al. (2008) and 
crop yield from Monfreda et al. (2008). These datasets combined three sources of remotely-
sensed land-cover data with a wide array of country- or county-specific agricultural census 
information to identify production and yield of 175 different crops for each 10-by-10 kilometer 
grid cell globally for the year 2000.  
 
We combined the production and yield data with price information from the Food and 
Agricultural Organization of the United Nations (FAO 2016), multiplying the yield of each of the 
175 crops by crop-specific prices for each of 250 national administrative units, measured in 2013 
US dollars. When price information for 2013 was not available, we used the average price from 
all prior years that had price information for that crop in that country (inflation adjusted to 
2013), or, failing that, the world average price for the crop. 
 
Lack of pollinator habitat has a detrimental effect on the yield of pollination-dependent crops. 
We used data from Klein et al. (2007) to specify the proportion of yield that would be lost 
(calculated in dry-weight tons, at the farm gate) if pollination services were not available to 
agricultural production on each grid cell. The effect of pollination services on yield exhibits 
spatially heterogeneous effects with very localized impacts. As a result, we did not identify the 
relationship between specific source water protection activities and agricultural yield loss (the 
marginal value of protection), instead we characterized the total effect that pollination services 
offer. We summarized agricultural production with two scenarios: 1) a “baseline scenario” based 
on observed yields; and 2) a “reduced-pollination scenario” where crop yield was reduced by the 
respective pollination dependence. 
 
To translate yield losses in these scenarios into nutritional effects, we followed the methodology 
of Chaplin-Kramer et al. (2014) to assign nutritional content information from the United States 
Department of Agriculture (2015) to each crop. We calculated the production of vitamin A under 
the baseline and reduced-pollination scenarios. We reported the average proportion of nutrient 
production that was lost for each source watershed. 
 
To estimate the total agricultural economic value lost in the absence of pollination services, 
which we use as a proxy for the opportunity cost, we combined the high-resolution data (10-
kilometer resolution) on crop production for 175 different crops (Monfred et al. 2008) with 2014 
price information from the FAO for each crop. The prices used were specific to each FAO 
country to account for spatial heterogeneity of prices available. The total agricultural value in 
each grid cell of data is defined by the following equation:  

𝜋(ℎ𝑥𝑦) = ∑ ∑ 𝑝𝑖𝑗 ∗ 𝑦𝑖,𝑥𝑦

𝐼

𝑖=1

𝐽

𝑗=1

                                                                                                                           (1) 

where 𝑝𝑖𝑗 is the crop- and country-specific price and 𝑦𝑖,𝑥𝑦 is the yield in dry-weight metric tons 

produced of crop 𝑖 in the 𝑥𝑦𝑡ℎ grid cell. If 2014 prices were not available for a country or crop, 
we used the average price from 2000 to 2013. If prices were not available at all for this time 
period, we used the continent average price.  
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4.2 Total annual excess nitrogen application 
 

To estimate the total global excess nitrogen loads from source watersheds we use Global 
Nitrogen Balance dataset from West et al. (2014) at a five-minute arc grid (~10 square 
kilometers) resolution. We summed pixel-level nitrogen balance values for each of the Level 5 
HydroBASIN units intersecting source watersheds. Polygons with positive nitrogen balances 
were summed to estimate total global potential excess nitrogen loading into adjacent 
waterbodies (~38 megatonnes). HydroBASINS with N-deficits or balanced N-budgets were not 
included in this global estimation.  
 
The Global Nitrogen Balance dataset is derived from varying administrative unit detail (e.g. 
regional, state, country levels). In general, estimates in this dataset are more accurate in areas 
with high quality census data, and less in less-developed regions. The confidence level also 
varies by the area of aggregation. 
 

http://www.earthstat.org/data-download/
http://www.earthstat.org/data-download/
http://faostat3.fao.org/home/E
http://www.fao.org/infoods/infoods/tables-and-databases/faoinfoods-databases/en/


References  
EarthStat. Total Fertilizer Balance for 140 Crops. EarthStat.org, Global Landscapes Initiative, 

University of Minnesota and Ramankutty Lab, The University of British Columbia, 
Vancouver. Data available online from http://www.earthstat.org/data-download/ 

West, P.C., Gerber, J.S., Engstrom, P.M., Mueller, N.D., Brauman, K.A., Carlson, K.M., Cassidy, 
E.S., Johnston, M., MacDonald, G.K., Ray, D.K., and Siebert, S. (2014). Leverage Points 
for Improving Global Food Security and the Environment. Science 345: 325-328. doi: 
10.1126/science.1246067 

 
 

Back to Table of Contents 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

http://www.earthstat.org/data-download/


5 Additional Data 
 

5.1 Proportion of unprotected natural land cover within source watersheds needed to 
meet Aichi Biodiversity Target 11 
 

We took a country-level approach to evaluate how source water protection activities could help 
to achieve the Convention on Biodiversity’s Aichi Biodiversity Target 11, which states that at 
least 17 percent of terrestrial and inland water areas should be conserved through managed 
protected areas (PAs) by the year 2020.  
 
The following statistics were calculated: 
• The area and percent of each country that is protected 
• The PA area and percent deficit of those countries that do not meet Aichi Biodiversity Target 11 
• The area of natural land cover in source watersheds but outside of existing PAs 
• Natural land cover as a percent of the protection deficit 
• The percent of PAs that fall within source watersheds 
 
PA data were gathered from the 2016 World Database on Protected Areas (WDPA) (IUCN and 
UNEP-WCMC 2016) produced by United Nations Environment Programme World 
Conservation Monitoring Centre (UNEP-WCMC) in collaboration with International Union for 
Conservation of Nature (IUCN). It is the largest global protected areas dataset, including both 
marine and terrestrial PAs. Because the 17-percent target addresses protection of terrestrial and 
inland water areas specifically, we excluded marine and coastal areas from the analysis. PAs 
falling into all management categories and all designations were used. Some PA location data 
were provided as points rather than polygons, and we included those with size information in 
the analysis by creating a circular buffer around the points. This approach follows that outlined 
by the Biodiversity Indicators Partnership (www.bipindicators.net) for measuring progress 
toward Aichi Target 11. 
 
To calculate the percent area of each country that is under protection, all protected areas were 
converted to a raster grid with a 150-meter by 150-meter cell size. Protected areas smaller than a 
single cell (0.0225 square kilometer) were excluded from the analysis. Globally, this resulted in 
the loss of 296 square kilometers, or 0.0006 percent of PAs. The area of all PAs was summed for 
each country. Then the percent and area deficit were calculated for those countries that did not 
meet the 17 percent protection target. 
 
Next, we evaluated whether the protection of natural land within source watersheds could help 
countries overcome their PA deficit. Data for natural land came from the 2009 GlobCover 
project’s global land cover dataset (ESA and UCL 2009). We identified land-cover classes that 
are considered predominantly natural by excluding cropland and urban areas. The area of 
natural land within watersheds but outside of already existing PAs was summed. Then natural 
area as a percentage of total additional area required to reach the Aichi Biodiversity Target 11 
was calculated to determine which countries could reach the target with targeted land protection 
as a source water protection activity. As it is unrealistic that source water protection would 
protect 100 percent of natural land within source watersheds, we also calculated how many 
countries could meet the target if 10 percent, 25 percent and 50 percent of natural land within 
each country’s source watershed area were protected. 
 
Inaccuracies in the results may stem from the original WDPA dataset, such as misreporting of 
information by providers or complete lack of size information for PA points, preventing such 
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PAs from being included in the analysis all together. Additionally, incorporating point data into 
the analysis can give rise to errors given the incorrect shape of the points’ buffers. Buffers that 
hug country or regional boundary lines may be incorrectly distributed between them. Or, where 
buffers overlap with other PA polygons, the area of overlap may be over or underestimated, 
affecting how much area outside of the overlap is included in the total. 
 
References 
Arino, O., Ramos Perez, J.J., Kalogirou, V., Bontemps, S., Defourny, P., Van Bogaert, E. (2012). 

Global Land Cover Map for 2009 (GlobCover 2009). European Space Agency (ESA) and 
Universite catholique de Louvain (UCL). Available from 
http://due.esrin.esa.int/page_globcover.php (accessed July 2016). 

Bontemps, S., Defourney, P., Van Bogaert, E., Arino, O., Kalogirou, V., and Ramos Perez, J.J. 
(2011). GLOBCOVER 2009: Products Description and Validation Report. Available from 
http://due.esrin.esa.int/files/GLOBCOVER2009_Validation_Report_2.2.pdf 

IUCN and UNEP-WCMC. (2016). World Database on Protected Areas (WDPA) [Online]. UNEP-
WCMC, Cambridge, UK. Available from https://www.protectedplanet.net/ (accessed 
July 2016). 

UNEP-WCMC. (2016). World Database on Protected Areas User Manual 1.3. UNEP-WCMC, 
Cambridge, UK. Available from http://wcmc.io/WDPA_Manual. 

 

5.2 Reducing regional species extinction risk 
 

To assess the potential avoidance of extinctions (potential species savings) due to reforestation 
and restoration opportunities, we first quantified the number of species within each of 804 
terrestrial ecoregions for three taxonomic groups (terrestrial mammals, amphibians and birds). 
Spatial data for all species ranges were obtained from the IUCN Red List of Threatened Species 
assessment (BirdLife International and NatureServe 2015; IUCN 2016).  
 
Next, we obtained spatial data for global forest landscape restoration opportunities 
(Minnemeyer et al. 2011) from WRI’s Atlas of Forest Landscape Restoration Opportunities (WRI 
2014). Only wide-scale and remote restoration opportunities were used in this analysis 
(hereafter collectively referred to as “reforestation opportunities”). Mosaic restoration 
opportunities were removed from the analysis because they are located in more densely 
populated regions and were defined in such a way that they are suitable places for multiple land 
uses, including agroforestry, smallholder agriculture and settlements. Any of the reforestation 
and restoration opportunities that were not located within the boundaries of the urban source 
watersheds were removed from the analysis. 
 
To measure the change in land-use mix before and after implementing potential reforestation 
and restoration opportunities, we used a global map of land-use types (approximately 1 x 1 
kilometers resolution) for the year 2005 (Hoskins et al. 2015). This data set was generated 
through the statistical downscaling of the Land-Use Harmonization dataset (Hurtt et al. 2011). 
Five different land-use types were considered: 1) primary habitat; 2) secondary habitat; 3) 
pasture; 4) crop; and 5) urban. We first calculated the area of each land-use type within each 
ecoregion prior to reforestation activities (i.e., current land-use mix). Next, we converted 
locations of reforestation and restoration opportunities to primary habitat and recalculated the 
area of each land-use type within each terrestrial ecoregion (i.e., future land-use mix). In the 
event that the wide-scale and remote reforestation opportunities overlapped with land-use 
pixels of cropland or urban land use, we did not apply any conversion of land use to primary 
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habitat. Thus, it was assumed that only the areas of secondary habitat and pasture could be 
restored and converted to primary habitat. 
 
For predicting species extinctions due to human land use within a region, models describing 
species−area relationships (SARs) have often been employed. Recent studies have shown that a 
countryside SAR model outperforms other forms of SARs in predicting extinctions in 
heterogeneous landscapes (Pereira et al. 2014). Unlike classic SAR, countryside SAR accounts 
for the fact that species adapted to human-modified habitats also survive in the absence of their 
natural habitat (Pereira et al. 2014). 
 
Using the current land-use mix, the SARs project the number of species expected to go extinct 
compared to those occurring naturally prior to human intervention in a region (Wearn et al. 
2012). Note that SARs only provide an estimate of final, equilibrium level of species loss but do 
not tell which particular species will go extinct. Following land-use changes or habitat 
degradation, species do not go extinct immediately. Instead, a process of time-delayed 
community “relaxation” usually occurs, where species progressively disappear over time (Brooks 
et al. 1999). This time delay offers a window of conservation opportunity, during which it is 
possible to restore habitat or implement alternative measures such as reforestation to safeguard 
the persistence of species that are otherwise committed to extinction. 
 
In order to calculate potential species savings due to reforestation activities, we subtracted the 
total species extinctions projected by countryside SAR using the future land-use mix 

(𝑆𝑙𝑜𝑠𝑡,𝑔,𝑗
𝑓𝑢𝑡𝑢𝑟𝑒

) from those projected using current land-use mix (𝑆𝑙𝑜𝑠𝑡,𝑔,𝑗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡). 

 
Countryside SAR projects the total species loss (𝑆𝑙𝑜𝑠𝑡,𝑔,𝑗) per taxonomic group g due to current 

land-use mix in an ecoregion j by (for details see Chaudhary et al. 2015). 
 

𝑆𝑙𝑜𝑠𝑡,𝑔,𝑗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 =  𝑆𝑜𝑟𝑔,𝑔,𝑗 −  𝑆𝑜𝑟𝑔,𝑔,𝑗 ∗ (

𝐴𝑛𝑒𝑤,𝑗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 +  ∑ ℎ𝑔,𝑖,𝑗 ∙ 𝐴𝑖,𝑗

𝑐𝑢𝑟𝑟𝑒𝑛𝑡𝑛
𝑖=1 

𝐴𝑜𝑟𝑔,𝑗
)

𝑧𝑗

 

                            (1) 
where 𝑆𝑜𝑟𝑔,𝑔,𝑗 is the original number of species occurring in the original natural forest area 

𝐴𝑜𝑟𝑔,𝑗, 𝐴𝑛𝑒𝑤,𝑗 is the remaining natural (primary) habitat area in the region, 𝐴𝑖,𝑗 is the current 

area of land-use type 𝑖, ℎ𝑔,𝑖,𝑗 is the affinity of the taxonomic group to the land-use type 𝑖 and 𝑧𝑗 is 

the exponent for the SAR model. If the converted land-use type is completely hostile and cannot 
host any species of the taxon, the ℎ𝑖 value equals to 0. On the other hand, if the converted land 
use is as benign as the natural undisturbed habitat,  ℎ𝑖 = 1 (Pereira et al. 2014). This equation 
provides projected regional extinctions, producing the number of species expected to go extinct 
from a particular ecoregion only.  
 
Next, the number of projected extinctions given the future land-use mix (i.e., once all areas 
identified with reforestation opportunities have been converted to primary forests) is given by:   

𝑆𝑙𝑜𝑠𝑡,𝑔,𝑗
𝑓𝑢𝑡𝑢𝑟𝑒

=  𝑆𝑜𝑟𝑔,𝑔,𝑗 − 𝑆𝑜𝑟𝑔,𝑔,𝑗 ∗ (
𝐴𝑛𝑒𝑤,𝑗

𝑓𝑢𝑡𝑢𝑟𝑒
+  ∑ ℎ𝑔,𝑖,𝑗 ∙ 𝐴𝑖,𝑗

𝑓𝑢𝑡𝑢𝑟𝑒𝑛
𝑖=1 

𝐴𝑜𝑟𝑔,𝑗
)

𝑧𝑗

 

                              (2) 
Finally, the potential species savings are calculated as:  

𝑆𝑠𝑎𝑣𝑖𝑛𝑔𝑠,𝑔,𝑗 =  𝑆𝑙𝑜𝑠𝑡,𝑔,𝑗
𝑐𝑢𝑟𝑟𝑒𝑛𝑡 − 𝑆𝑙𝑜𝑠𝑡,𝑔,𝑗

𝑓𝑢𝑡𝑢𝑟𝑒
 

                     (3) 
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5.3 Rarity-weighted richness of freshwater and terrestrial ecoregions 
 

Data on rarity-weighted richness (RWR) for terrestrial and freshwater ecoregions were obtained 
from the analysis completed by Abell et al. (2010). RWR is defined by the number of species in a 
given ecoregion, weighting each species by the inverse of the number of different ecoregions it 
occupies. Thus, the RWR measure considers two common metrics of biodiversity importance: 1) 
the number of unique species; and 2) the rarity of each species based on the extent of its range 
(Abell et al. 2010).  For both terrestrial and freshwater ecoregions, highest biodiversity values 
are in the first quartile and lowest are in the fourth.   
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Water Funds Explorer 
Table 2.1. Definitions of the main categories of source water protection activities undertaken 
by a given water fund, as reported by that water fund’s program manager(s). 

 



Table 2.2. Definitions of the main categories of benefits anticipated as a result of a given water 
fund’s activities, as reported by that water fund’s program manager(s). 
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Water Scarcity Explorer – Data and Methods 
 

The balance of water supply and demand within each of the world’s water basins has been 
assessed by numerous research groups, using a variety of global hydrology models. Model 
outputs from the newest version of “Water A Global Assessment and Prognosis” (referred to as 
the WaterGAP3 model)1 have been used in the Water Share report2 as the basis for 
understanding where water scarcity exists around the globe and how water is being used in each 
water basin.  
 
WaterGAP3 calculates water balance outputs for 143,653 individual water basins globally. 
Following the approach taken by Brauman and others3 for data reliability reasons, only the 
15,084 of these water basins larger than 1,000 square kilometers, constituting 90 percent of 
total land area, are used in developing conclusions and recommendations.2, 4 
 

1 Time Series of irrigation depletion 
More than 90% of water consumption in water-scarce regions goes to irrigated agriculture5, but 
we were interested in looking at the growth of that over consumption. Using data from 
WaterGAP33 and historical data derived at decadal scale from Siebert el al6 we created a time 
series of water depleted by irrigation from 1900 to 2000. Using the area under irrigation in 10-
year time stamps, we calculated a ratio of area under irrigation to available water which was 
then iterated over the historical time series. Once each WaterGAP basin had 10 values (one per 
decade in the 20th century) the same algorithm that produced the categories in WaterGAP was 
used to define these values in terms of depletion categories.   
 

2 Water Scarcity Condition Categories 
In order to derive the categories (which we provide recommendations for in our report) we 
calculated the leading sector of water use for every WaterGAP3 basin in relation to its depletion 
level – chronic and episodic.  
 
Chronically depleted, is when more than 75 percent of the renewable water replenishment is 
consumptively used on either an annual or seasonal basis. Episodically depleted, is when that 
consumptive use exceeds 75 percent of the renewable water replenishment only during drier 
years or droughts.  
 
From there we calculated the water-use sector which constituted >80% of total consumption 
within a basin. For example, if >80% of the consumptive use in a Chronically depleted basin 
were based on irrigation this would be a C1 as outlined in our report.2 Alternatively if >80% of 
the consumptive use in an Episodic basin were being used by livestock, this would be an E3.  
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