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Ecosystem services valuation to support decision-making on public lands: A case study for the San Pedro River, Arizona 

By Kenneth J. Bagstad, Darius Semmens, Rob Winthrop, Delilah Jordahl, and Joel Larson
Executive summary 

Overview
This report details the findings of the BLM-USGS Ecosystem Services Valuation Pilot Study.  This project was conceived to evaluate alternative valuation methods and assessment tools for ecosystem services and assess their readiness for use in the BLM’s decision-making process.  Tools were tested on the San Pedro watershed in northern Sonora, Mexico and southeast Arizona, which has the BLM’s San Pedro Riparian National Conservation Area as a focal point for conservation activities and over a decade of underlying scientific research.  We used primary valuation, value transfer, the Wildlife Habitat Benefits Esimtation Toolkit, and the InVEST and ARIES models to value water, carbon, biodiversity, and cultural values associated with the San Pedro.  These tools were tested for scenarios of urban growth, mesquite management/grassland restoration, and water augmentation in the San Pedro to evaluate ecosystem services changes and the ability of the tools to quantify change brought on by management scenarios.  In addition to the above-mentioned tools, a suite of other tools were either at too early a stage of development to run, were proprietary, or were otherwise inappropriate for application to the San Pedro. We describe the strengths and weaknesses of these ecosystem service tools against to a series of relevant evaluative criteria.

Rationale

Ecosystem service valuation has been a subject of academic interest for decades; however, it has only recently matured to the point where it is beginning to enter the realm of policymakers (Ruhl and others, 2007; Daily and others, 2009).  Spurred by the growing demand for more sophisticated analysis of the social and economic consequences of land management decisions, the BLM launched a pilot project with USGS to assess the usefulness and feasibility of ecosystem service valuation as an input to decision-making.  The project analyzed ecosystem services in the entire San Pedro watershed – not just the BLM-managed portion – to more fully consider complex social and ecological relationships that transcend administrative divisions.

Ecosystem services, unlike ecological processes and functions, are defined by the benefits that services provide to humans.    Ecosystem services are essential for human existence (for example, clean drinking water) as well as human satisfaction (for example, aesthetic enjoyment).  Services can be subdivided according to the type of benefits provided.  The Millennium Ecosystem Assessment developed the most well-known categorization of ecosystem services (MA, 2005):

1. Provisioning services (for example, timber and water)

2. Regulating services (for example, carbon sequestration)

3. Cultural services (for example, recreation and spiritual uses)

4. Supporting services (for example, nutrient cycling)

Ecosystems are often analyzed in biophysical and qualitative terms; ecosystem service valuation is meant to add to, not substitute for, existing methods of analysis.  Placing ecosystem services in economic terms improves decision-makers’ ability to make comparisons between commodity and non-commodity uses of the land.  The BLM frequently conducts economic impact analysis of anticipated changes to income and employment under various alternatives.  However, it is much less common for BLM’s economic analysis to consider the value of goods and services not traded in markets (nonmarket goods and services).  The public is increasingly demanding more inclusive economic analysis.  Ecosystem service valuation is a substantial component of such an analysis.

The perceived difficulty of conducting defensible ecosystem service valuation has limited its use among federal agencies facing constrained budgets and personnel.  One of the central aims of the pilot study was to evaluate the feasibility of conducting ecosystem service valuation given the BLM’s limited capacity.  In this vein, the project team evaluated numerous valuation methods and tools to determine which are capable of providing defensible economic estimates without requiring resources beyond the reach of the BLM.

In addition to assessing the feasibility of conducting ecosystem service valuation, the project team was equally concerned with the relevance to District managers, the primary potential consumers of value information.  Ecosystem service valuation is useful only if it improves the information available to these decision-makers.  From the outset of the project, Gila District managers and staff were involved with defining the direction of the analysis.

Links to Arizona BLM Strategic Goals

The project estimated values for four ecosystem services.  In determining which services to evaluate, the project team considered the link between the ecosystem services and BLM’s Arizona Strategic Goals (Figure 1).  Ecosystem services evaluated include: (1) water (in other words, for drinking, irrigation, and recreation), (2) biodiversity (in other words, birding, hunting, and other wildlife viewing), (3) carbon sequestration and storage, (4) cultural (spiritual and aesthetic uses).  These services link to the healthy watersheds, intact habitats, habitat stabilization, climate, working landscapes, heritage resources, and recreation state priorities.
The results of the ecosystem services valuation study were intended assist local managers with analyzing their effectiveness at meeting the Arizona Strategic Goals as well as identifying opportunities for improvement.    
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Figure 1. Bureau of Land Management Arizona Strategic Goals.

The project considered ecosystem services across the San Pedro watershed, not just the BLM-managed San Pedro Riparian National Conservation Area (SPRNCA).  External stakeholders, therefore, were critical to the success of the project.  More than 40 external participants, from government, academic and non-profit organizations, were engaged (Appendix D).  These relationships ranged from substantive (for example, help in collecting data and running models) to informative.
Conclusions

Results of this study are intended to provide guidance to the both BLM bureau-wide and for Gila District managers.  Although the results of this study are not intended to guide specific management decisions, they do show examples for the SPRNCA where ecosystem services and their monetary and nonmonetary values are more and less appropriate in comparing scenario-based management tradeoffs.  This study was not able to address Native American tribal perspectives, so this remains an area that should be considered by future studies in evaluating ecosystem services and resource management tradeoffs.  Beyond this project, USGS will be continuing work on ecosystem services mapping and valuation in the southeast Arizona.  An emerging consideration for BLM District staff will be development of the in-house expertise to run and interpret ecosystem services models.  This process can continue to provide opportunities for collaboration with USGS and for the Gila District to be a national leader in applying ecosystem services toward improved resource management.
We identified tradeoffs in the level of effort needed to parameterize and run tools and the amount and quality of information provided to the decision process.  We found the Wildlife Habitat Benefits Estimation Toolkit and Ecosystem Services Review to be immediately feasible for application in BLM offices, given proper guidance on their use.  It is feasible for BLM to use the InVEST model, but the process of parameterizing the model is currently time consuming and considerable literature review and synthesis is required.  Valuation may be practical in cases where primary research has already been conducted, but is otherwise too time consuming for regular application.  Value transfer aside from the Wildlife Habitat Benefits Estimation Toolkit can be conducted, but should be applied carefully to reduce transfer error.  The ARIES model can provide useful information for selected parts of the western United States but is still at an early stage of development and currently lacks a “global model” that could be applied anywhere.  We summarize the current bureau-wide applicability of ecosystem services methods and tools as follows:  

· Feasible for immediate agency-wide use by BLM: Ecosystem Services Review, Wildlife Habitat Benefits Estimation Toolkit.

· Potentially feasible for agency-wide use by BLM given development of supporting databases for spatial data and literature: function transfer, InVEST, point transfer, primary valuation.

· Potentially feasible for agency-wide use by BLM given pending development of global models or expanded underlying datasets: ARIES, EcoServ, SolVES.

· Proprietary tools, feasible for use in high-profile cases where contracting with consultants is possible: EcoAIM, EcoMetrix, ESValue, NAIS.

· Open source tools that are place-specific, require long lead time to develop, and require contracting with universities or consultants.  If models have been previously developed for an area of interest they could be immediately applied: Ecosystem Portfolio Model, Envision, MEASURES, MIMES.

We describe steps to improve the value of these tools in decision making.  These include data archives that could greatly reduce resource needs and improve the reliability and consistency of results.  Additionally, there is a need for decision makers to review tool outputs to determine which are the most helpful in decision making, including how to represent uncertainty when mapping and quantifying ecosystem services.  Given the rapid state of evolution in the field, periodic follow-up studies should take place to ensure that BLM and other public land management agencies are kept up to date on new tools and features that bring ecosystem services closer to readiness for use in regular decision making.
Introduction
Project description and goals
The BLM-USGS Ecosystem Services Valuation Pilot was conceived to assess the usefulness of ecosystem services valuation to BLM’s decision making process.  There is a large and growing body of research identifying ecosystem services, the benefits that various ecological functions provide to humans (MA, 2005), studying the ecological processes that underlie these services, and valuing certain ecosystem services.  However, the development of methods and tools that integrate ecology, economics, and geography to support decision making is a much more recent phenomenon (Ruhl and others, 2007; Daily and others, 2009).
The purpose of the pilot study described in this report is twofold.  First, we seek to determine which, if any, methods for valuing ecosystems are ripe for operational use at the BLM.  Second, we explore the usefulness of an ecosystem services valuation framework to BLM’s land use decision-making process.

The BLM’s mandate, via the Federal Land Policy and Management Act (FLPMA), its organic act,  requires “multiple use,” or “management of the public lands and their various resource values so that they are utilized in the combination that will best meet the present and future needs of the American people.”  
As with other projects involving federal funding or federal agencies, BLM decision making takes place in the context of the National Environmental Policy Act (NEPA).  The NEPA process takes three steps: first, a preliminary screening of the project and project impacts to determine the number and magnitude of human and environmental impacts; if impacts do not have a significant effect on the environment, they are termed “Categorical Exclusions” and further action is not required.  Second, if impacts are potentially significant, an Environmental Assessment (EA) is conducted to determine the need for an Environmental Impact Statement (EIS).  In the third step, an EIS is prepared if required, which occurs when proposed actions may “significantly affect the quality of the human environment.”  EAs and EISs consider a series of alternative actions against a “no-action” alternative and evaluate socioeconomic and environmental impacts associated with each alternative, including the no-action alternative.  Each impact is described and quantified as part of the NEPA process, giving a tally of the magnitude of impacts associated with each alternative.  Following public comment, the agency issues a Record of Decision identifying the preferred alternative, incorporating guidance from the NEPA document.

The BLM is also required to complete a Resource Management Plan (RMPs) for each of its management units.  RMPs are land use planning documents, and consider alternatives including differing degrees of protection of natural and cultural resources, recreational access, and resource extraction.  An EIS is required for new RMPs while EAs are conducted for revisions to RMPs.  The BLM manages land for a wide range of commodities, and local and state governments have influence on the planning process.  Information on ecosystem services developed as part of BLM RMPs thus goes beyond the BLM to state, county, and local governments and other stakeholders with interests in managing adjacent land.

Although ecosystem services are a logical element to include in NEPA documents, they have not yet been systematically included in NEPA (Ruhl and others, 2007).  Indeed, NEPA’s focus on socioeconomic and environmental impacts make ecosystem services a potentially powerful integrating factor to consider within EAs and EISs.  The limitation with requiring ecosystem services analysis as part of NEPA documents lies in the nascent state of the science of ecosystem services.  Without tools and standards for measuring, quantifying, and valuing ecosystem services, Federal agencies, the private sector, and the general public are unlikely to support incorporation of ecosystem services into NEPA.  The recent emergence of tools designed to support such decision-making offers a first glimpse of how services might be measured and compared for the decision-making process.

Since BLM manages land for commodities ranging from energy, minerals, and grazing to recreation, wilderness, and endangered species, it is in a relatively unique position of managing tradeoffs between commodities production and ecosystem services.  Commodities are derived from ecosystem structure – minerals, soil, vegetation, water – and have economic values that can be relatively easily monetized.  Ecosystem structure, in conjunction with the ecosystem processes it supports, generates ecosystem services that are non-excludible and/or non-rival
, making it difficult to clearly understand their economic value.  As a result of this, overconsumption of commodities or ecosystem goods can often occur at the expense of ecosystem services.  This has been termed the “tragedy of ecosystem services” (Lant and others, 2008) or the “macroallocation problem” between ecosystem structure and function (Farley, 2008).  By better understanding, mapping, and valuing ecosystem services, the BLM can better manage this tradeoff, a goal that directly addresses its Organic Act.

Ecosystem services offer several potential advantages to the BLM and other agencies in improving their responsiveness to sustainability, equity, and allocation of goods and services to the public.  Incorporating ecosystem services into BLM decision making offers the potential to:

· Better understand how ecosystem service benefits accrue to private land from adjacent public land, and vice versa.

· Evaluate tradeoffs in development or resource extraction decisions.

· Identify management discrepancies across jurisdictions – cases were a set of activities in one area affects neighboring jurisdictional units.

· Better differentiate categories of beneficiaries and stakeholders associated with management decisions, more effectively analyzing impacts.

· Reduce the incommensurability of costs and benefits when considering management tradeoffs. 

· Increase scale of analysis by identifying cases where management activities have positive or negative effects beyond the boundaries of the BLM unit.

· Increase BLM’s responsibility and responsiveness to state and local communities and stakeholders.
This pilot study is designed to assess current techniques for mapping and valuing ecosystem services in a decision context for the BLM.  Its results are intended to guide the BLM at the local, state, and national levels as to the current readiness of ecosystem services valuation methods and tools.  It is not, however, designed to support a particular set of management decisions for the San Pedro or elsewhere.  While it will thus assess current conditions and a series of scenarios for the San Pedro River, results are intended as proof-of-concept for these methods, and are not at this point intended to guide management.

SPRNCA and Gila District Managers and stakeholders identified a number of resource-management issues relevant to the San Pedro whose connection to and impact on ecosystem services could be further explored (Table 1).  Ecological and socioeconomic impacts, appropriate valuation methods, and impacts to specific stakeholders could then be identified (van Beukering and others, 2003).  The potential ecosystem services impacts of a particular management decision, mesquite management for native grassland restoration, are listed in Table 2.  While we cannot precisely value and model changes to all of these services, this approach demonstrates the range of potential impacts and impacted parties that could be accounted for by using an ecosystem services approach.

Table 1.  Management issues for the San Pedro River as identified by managers and stakeholders.

	Broad management issues
	Specific management issues

	Water
	Water quality

	
	Water quantity

	
	Surface and groundwater flows from Mexico: quality and quantity

	Biodiversity
	Nonnative species

	
	Threatened and endangered species recovery

	
	Preserving biodiversity

	Cultural
	Cultural site protection (for example, Murray Springs Clovis site)

	
	Rural character and lifestyle

	
	Native American treaty and trust responsibilities

	International border
	Undocumented immigrants

	
	Border safety

	Recreation
	Managing recreational demand

	
	Hunting/game management

	
	Multiple use demand

	Ecological process managment
	Soil conservation

	
	Grassland preservation and erosion control

	
	Forage/range provision

	
	Wildfire management

	
	Habitat connectivity and corridors

	Growth and change
	Climate change

	
	Urban growth

	Preservation of baseline conditions
	Air quality maintenance or improvement

	
	Preserving natural soundscapes

	
	Preservation of night sky conditions

	
	Preservation of electromagnetic spectrum (Ft. Huachuca)

	
	Aesthetics

	
	Migration

	
	Ft. Huachuca’s existence and long-term operations


Table 2.  Potential ecosystem services impacts from mesquite management and native grassland restoration.

	Impact
	Specific ecosystem service benefits or impacts

	Hydrology
	Water for domestic use, agriculture, mining, habitat/recreation

	Bird species
	Habitat/recreation, non-use value, migration support

	Forage
	Beef, game

	Aesthetics
	Open space proximity, viewsheds

	Carbon sequestration and storage
	Changes in carbon pools and uptake rates

	Firewood
	

	Raw materials
	Wood for bowl and furniture making

	Recreation
	Wildlife viewing, maintenance of microclimates, surface water, cultural features, access (trails, roads, protected status, wilderness areas)

	Trust responsibilities
	Non-use value

	Migration support
	Maintenance of ecosystem services in distant areas based on species migration


Literature review

The San Pedro River has been extensively researched across the fields of ecology, hydrology, geomorphology, economics, and increasingly, as an area of focus for interdisciplinary and transdisciplinary research.  Research at the Walnut Gulch Experimental Watershed began in the 1950s (Moran and others, 2008), while current work to integrate ecology, hydrology, and other fields dates back nearly two decades.  Appendix E contains an annotated bibliography for ecological and economic studies reviewed as part of this study.  A full description of the study area is provided in the methods section.
It is notable that the San Pedro differs from most BLM units in the quantity of supporting research potentially capable of supporting decision-making.  The San Pedro is one of two Riparian National Conservation Areas managed by the BLM, and its management focus is geared heavily toward natural and cultural resource preservation and provision of recreational opportunities, as opposed to resource extraction, which plays an important role in management of many other BLM units.
Ecosystem services for analysis

Based on stakeholder discussions at the project kickoff meeting in January 2010, we identified broad categories of ecosystem services of interest for the San Pedro River.  We sought to specify concrete economic benefits and beneficiaries relevant to these broad classes of ecosystem services, as described below for each broad group of services (Wallace, 2007).  We can further describe economic “endpoints” (Boyd, 2007; Boyd and Banzhaf, 2007) – the concrete, biophysical attributes related to each ecosystem service that can be recognized by the general public as related to key ecosystem services (Table 3).  Although we do not conduct primary valuation as part of this study, providing the public with estimates of change in these easily understandable endpoints is important for primary valuation studies.

Table 3.  Ecosystem services endpoints for services to be valued in the San Pedro watershed.

	Ecosystem service
	Beneficiaries
	Endpoints

	Groundwater for drinking
	Residents
	Depth to groundwater, trends in groundwater depth (stable, increasing, decreasing), concentration of recognized pollutants that affect taste & odor or present potential health risks

	Groundwater for irrigation
	Farmers
	Depth to groundwater, trends in groundwater depth (stable, increasing, decreasing), concentration of contaminants damaging to agriculture

	Groundwater for mining
	Mining companies
	Depth to groundwater, trends in groundwater depth (stable, increasing, decreasing)

	Carbon sequestration & storage
	Greenhouse gas emitters
	Percent tree cover, vegetation type (for example, mesquite, grassland, oak woodland, cottonwood/willow), fire frequency

	Biodiversity for birding
	Birders
	Diversity and abundance of bird species in riparian corridor and uplands, diversity and abundance of rare species, riparian vegetation condition, stream flow permanence, flows from springs, accessibility of open space

	Biodiversity for hunting
	Hunters
	Abundance of harvestable species (for example, deer, quail, javelina, dove), riparian vegetation condition, stream flow permanence, flows from springs, accessible open space

	Biodiversity for wildlife viewing
	Wildlife viewers (incl. hikers, equestrians, other recreationists)
	Diversity and abundance of all taxonomic groups (birds, mammals, reptiles, amphibians, butterflies, plants, etc.), riparian vegetation condition, stream flow permanence, accessibility of open space, view quality in recreational areas

	Biodiversity: non-use values
	Residents of the southwest & rest of the U.S.
	Number of species in riparian corridor and elsewhere, population size and trends for threatened or endangered species (stable, increasing, decreasing)

	Open space proximity
	Homeowners
	Open space type (grassland, desert scrub, forest, riparian), fire threat, accessibility and area of open space

	Scenic viewsheds
	Homeowners, hikers, motorists
	Desirable (mountains, riparian, forest, grassland) and undesirable (mines, transmission lines, development) features in viewsheds

	Collection of traditional food, fiber, medicinal resources
	Native Americans, Mexicans and Mexican-Americans
	Accessibility of land for traditional uses, abundance of plants and animals collected for traditional uses (for example, mesquite, oaks, agave, medicinal plants)

	Spiritual values
	Native Americans, others
	Accessibility of land for traditional uses, avoidance of culturally damaging features (for example, intensive development, mining, dewatering of riparian areas)


Water

Water on the San Pedro is used for domestic supply, irrigation, and mining, and also supports upland and riparian ecosystems that themselves provide a variety of ecosystem services.  We do not explicitly consider provision of ecosystem water needs as an ecosystem service, since it lacks direct human beneficiaries, though we note its importance in providing recreational, cultural, and non-use values that will be explored elsewhere.
Drinking water in the San Pedro is entirely drawn from groundwater as opposed to surface diversions.  While localized wells near the river my draw from the riparian aquifer, particularly in the more sparsely settled Lower San Pedro, the more extensively developed Upper San Pedro largely relies on wells drawing from the regional aquifer.  Drinking water can be valued using market rates, replacement costs for the proposed CAP extension to the San Pedro or other water augmentation alternatives (Bureau of Reclamation, 2007), or in willingness to pay for improved water quality and quantity (Piper and Martin, 2007).  Agricultural water use has been declining in recent decades on the San Pedro, with irrigated agriculture being retired with the establishment of the SPRNCA and with The Nature Conservancy’s purchases of water rights for instream flow at sites along the Lower San Pedro.  The low profitability of alfalfa, the major irrigated crop in the region, has contributed to this decline.  However, two small agricultural communities downstream of the SPRNCA, St. David and Pomerene, maintain seasonal surface water diversions for agricultural irrigation directly from the San Pedro’s surface flow.  While major copper mines in Bisbee and San Manuel have closed in recent decades, water is still used for copper mining in Cananea, Sonora, and near the San Pedro’s confluence with the Gila River, where it is exported to nearby mining and smelting facilities located just outside the watershed (Katz and others, 2009).

Biodiversity

In most definitions of “ecosystem services,” biodiversity is not in itself considered an ecosystem service, as direct anthropocentric value must be derived from it in order to qualify as such.  A simple biodiversity model is included in InVEST, which maps habitat rarity and threats (Tallis and others, 2011).  In addition, biodiversity supports recreational activities such as bird watching, wildlife viewing, and hunting. ARIES models for recreation can show areas on the landscape where a combination of biodiversity and access support recreational activities; future models will more strongly map the connection between recreational users and parts of the landscape used for recreation.
The economic value of birding is well established in the San Pedro (Orr and Colby, 2002; Colby and Orr, 2005; Brookshire and others, 2010), so valuation can rely on these primary economic studies.   Hunting data is maintained by the Arizona Game and Fish Department (2009); hunting is relatively limited in the SPRNCA, though it is important in other parts of the watershed.  Deer, quail, javelina, and doves are some of the primary species of interest to hunters in the San Pedro River basin.  Wildlife viewing is important for many visitors to the San Pedro, aside from birders, though there have not been specific studies to isolating the impact of viewing wildlife on the quality of visitor experience in the San Pedro River basin.
Management agencies such as BLM also have trust responsibilities for protecting threatned and endangered species.  Public preferences for protecting threatened and endangered species are often cited as economic values for meeting legal requirements related to the Endangered Species Act (Engelmann and others, 2004).  Spending on recovery is not a direct measure of consumer surplus
, and much of the public views this spending as a cost.  It is noteworthy that public interest, willingness to pay, and actual funding levels for species recovery are often greater for “charismatic” species – large mammals and birds – and lower for fish, invertebrates, and plants (Richardson and Loomis, 2009).  Willingness to pay to protect species specific to the San Pedro can be estimated using the Wildlife Habitat Benefits Estimation Toolkit.
Carbon

Carbon that is sequestered (added to soil and vegetation, typically on an annual basis, for example, tons C/ac-yr) or stored (in vegetation and soils over the intermediate term, for example, tons C/ac) can be valued using carbon markets or estimates of the social cost of carbon (Tol, 2008; Goodstein and others, 2010).  Given the immature state of carbon markets and the fact that carbon caps that drive these markets are not tied to ecological thresholds for climate change, market prices are less appropriate than the social cost of carbon in estimating the value of carbon sequestration and storage.  Carbon can be modeled using ARIES or InVEST.  Past studies of carbon sequestration and storage in southwestern ecosystems (Schlessinger, 1982; Kaye and others, 2008; Schlessinger and others, 2009) can be used to parameterize or calibrate model results.
Cultural services

The economic value of several cultural services has been estimated for the San Pedro or nearby regions, providing the basis for direct valuation, benefit transfer, and/or modeling.  Recreational values derived from biodiversity – birding, hunting, and wildlife viewing – are described above.  Additionally, Weber and Berrens (2006) describe the value of wilderness recreation in Aravaipa Creek.  These values could be applied to other wilderness areas in the San Pedro (for example, Redfield Canyon), using benefit transfer.
Aesthetic values are often expressed as increased property value for homes near open space or with high-quality views.  This is particularly relevant for the San Pedro given the population projections for Cochise County, which could dramatically change viewsheds and open-space distribution depending on whether dominant development patterns are clustered or dispersed (Steinitz and others, 2003).  Additionally, the proposed SunZia Transmission Line Project has the potential to impact aesthetic and other ecosystem service values on the Lower San Pedro.  Hedonic studies to estimate aesthetic value have been completed for residents near riparian areas in Tucson (Colby and Wishart, 2002; Bark and others, 2009) and Yavapai County (Sengupta and Osgood, 2003), but not yet for the San Pedro.  ARIES can model aesthetic values, and value transfer from the above studies or the Wildlife Habitat Benefits Estimation Toolkit could be used for valuation.
The San Pedro holds important spiritual and cultural values, particularly for several Native American tribes with cultural or historic ties to the watershed.  For instance, Fort Huachuca consults with 11 tribes with connections to the San Pedro.  The US EPA is initiating work to describe cultural values for Native American tribes associated with riparian restoration in the adjacent Santa Cruz watershed.  Cultural values of the San Pedro held by the Tohono O’odham, Hopi, Zuni, and Apache were described by Ferguson and Colwell-Chanthaphonh (2006).   There are serious limitations in applying economic valuation and utilitarian
 assumptions to indigenous values (Venn and Quiggin, 2007).  These authors argue that rights are more central and important than price-based measures in understanding preferences for environmental management in indigenous groups.  While such studies are beyond the scope of this project, we do note the criticality of addressing tribal values in decision making for BLM.
Willingness to pay surveys often do not differentiate use values (for example, bird watching) from non-use values such as existence, option, and bequest values.  We might expect non-use value to be important in the San Pedro, given its regional, national, and international significance and its designation as one of The Nature Conservancy’s “Last Great Places.”  However, the San Pedro is not as well known outside Arizona as other iconic southwestern natural features and protected areas, which might reduce its expected non-use value relative to better known locations.  Non-use value often declines with distance (Pate and Loomis, 1997; Loomis, 2000; Bateman and others, 2006).  Determining this rate of distance decay can help to better define the extent of groups holding non-use value for the San Pedro.  Ongoing work by Brookshire and others (2010) is exploring the spatial extent of non-use values for the San Pedro.

Existing methods and tools for ecosystem services assessment and valuation
An initial step in this study was to select appropriate methods for ecosystem services assessment and valuation.  We began by reviewing and evaluating all known ecosystem services valuation methods and assessment tools, including methods that are qualitative and quantitative, spatially explicit and non-spatially explicit, open source and proprietary, biophysically and monetarily based, and include many tools still in development and/or have not yet been adapted for use in the semi-arid Southwestern United States.  Different tools have been developed by all sectors involved in ecosystem services research and policy, including academics, government agencies, non-profits, and the private sector.
An initial description of each tool or method follows, including their key characteristics (Table 4).  We note that the methods and tools to assess and value ecosystem services are rapidly evolving.  As new methods and tools are developed, these will also need to be evaluated for their feasibility in decision-making on public lands.  As new features are added to existing tools, similar re-assessment will need to take place.

Table 4.  Ecosystem service tools described in this report.

	Tool
	Brief description
	Tested in this study?
	Rationale for choice to test or not test in this study

	Primary valuation
	Collection of new valuation data, often through surveys, or application of valuation data directly from past primary valuation studies

	Past primary valuation used, new studies not conducted
	Relevant studies have been already been conducted for the San Pedro

	Point transfer
	Transferred values from policy site to study site without accounting for ecological and socioeconomic context
	No
	Primary valuation studies for the San Pedro can be used with greater accuracy

	Function transfer (multiple regression)
	Transferred values from policy site to study site that accounts for ecological and socioeconomic conext via multiple regression
	Yes
	Relevant for valuation of water supply and open space proximity; for other services primary valuation studies for the San Pedro could be used

	Function transfer (Bayesian)
	Transferred values from policy site to study site that accounts for ecological and socioeconomic conext via Bayesian multiple regression
	No
	Relatively new method requiring sophisticated statistical expertise to develop transfer functions

	Function transfer (Defenders of Wildlife)
	Publicly available spreadsheets that use function transfer to value changes in ecosystem services
	Yes
	A well-documented valuation approach that can be independently applied, tested, and potentially used BLM-wide

	InVEST
	Open source ecosystem service mapping and valuation models accessed through ArcGIS
	Yes
	A well-documented modeling approach that can be independently applied, tested, and potentially used BLM-wide

	ARIES
	Open source modeling framework to map ecosystem service flows; online interface under development
	Yes
	Currently capable of running models in Arizona, Washington, California; global model and online interface under development would enable BLM-wide application

	MIMES
	Open source dynamic modeling system for mapping and valuing ecosystem services
	No
	Requires commercial modeling software; model construction currently requires contracting with development group

	EcoMetrix
	Proprietary tool for measuring ecosystem services at site scales using field surveys
	Tested for BSR workshop
	Proprietary method; demonstration for the San Pedro completed as part of parallel BSR tool comparison workshop

	EcoAIM
	Proprietary tool for mapping ecosystem services and stakeholder preferences
	Tested for BSR workshop
	Proprietary method; demonstration for the San Pedro completed as part of parallel BSR tool comparison workshop

	ESValue
	Proprietary tool for mapping stakeholder preferences for ecosystem services using focus groups
	Tested for BSR workshop
	Proprietary method; demonstration for the San Pedro completed as part of parallel BSR tool comparison workshop

	NAIS
	Proprietary valuation database paired with GIS mapping of land-cover types for point transfer
	No
	Proprietary method; limited primary valuation studies to support application to Southeast Arizona

	SolVES
	ArcGIS toolbar for mapping social values for ecosystem services based on survey data or value transfer
	No
	No survey data available; conditions in Southeast Arizona are too different from baseline Colorado data to support value transfer

	Envision
	Modeling approach for evaluating impacts of alternative futures on landscape metrics including ecosystem services
	No
	Has not yet been applied in the Southwest; infeasible to run without a substantial external research effort

	Ecosystem Portfolio Model
	Web-accessible tool to model economic, environmental, and quality of life impacts of alternative land use choices
	No
	Being applied for adjacent Santa Cruz River but still under development

	EcoServ
	Web-accessible tool to model ecosystem services
	No
	Still in development; initial case studies not available for Southwest

	MEASURES
	Web-accessible tool to quantify ecosystem services in Virginia
	No
	Has only been developed for Virginia

	ESR & EVI
	Publicly available, spreadsheet-based process to qualitatively assess ecosysetm services impacts
	Tested for BSR workshop
	Directed at corporate impacts but feasible for use by BLM


Primary valuation

Primary valuation entails new research, often though not exclusively in the form of surveys, to estimate one or more nonmarket economic values of ecosystem services.  Since conducting new primary surveys is typically infeasible for public land management agencies in all but the highest profile decision contexts, an alternative first step will be to simply collect any past relevant studies of the economic value of ecosystem services for a area of interest that have appeared in the peer-reviewed or gray literature.  Primary studies use various methods – stated preference (for example, contingent valuation or conjoint analysis, using monetary or nonmonetary expressions of preferences), revealed preference (for example, travel cost, hedonic, or market-based approaches), or avoided or replacement cost.  Values can be standardized by converting them into consistent units (for example, $/ac-yr, $/visitor-day) and adjusting for inflation if needed.  However, such conversions are sometimes difficult when the resources being valued are poorly described in the article, which is often the case for past primary studies.  Additionally, strict interpretation of these values requires only using them in the context of the scenario described by the original valuation study.
A review of the primary literature typically entails a literature review of appropriate databases [for example, Web of Science, EconLit, Environmental Valuation Reference Inventory (EVRI, 2011)] or consultation with academics or agencies familiar with the region of interest in order to assemble primary studies.  A close review of each study and basic conversions may be needed to standardize units.  Primary valuation provides rigorous, locally appropriate estimates of nonmarket economic value.  While survey-based primary valuation work is quite expensive, estimation of avoided or replacement costs may be relatively simple and inexpensive to estimate.  Primary valuation results may be relevant across BLM offices, and assembled valuation results may be used for value transfer, as described below.

Value transfer

Given the time and expense associated with primary valuation, value transfer (Brookshire and Neill, 1992; Wilson and Hoehn, 2006) has grown in popularity as a means of incorporating economic values into decision making when primary valuation is not feasible.  Value transfer uses economic values estimated previously at a “study site” deemed to be similar to the “policy site” of interest and applies these values to the policy site. Several authors have described the criteria needed for sound value transfer, including basic equivalence of the population, institutional setting, environmental resource, and constructed market characteristics
 (Boyle and Bergstrom, 1992; Desvousges and others, 1992; Brouwer, 2000; Spash and Vatn, 2006; Plummer, 2009).  

There is clear danger in transferring values between study and policy sites without considering the similarity of ecological and socioeconomic contextual factors. Function transfer, as opposed to point transfer, is designed to reduce these potential misapplications by applying a mathematical function that accounts for differences in resource characteristics, geographic setting, and the constructed market (Loomis, 1992).  Function transfer is preferable to point transfer, where values from a study site are transferred to a policy site without adjustment.  Yet to date, function transfer has been used relatively sparsely. The lack of primary valuation studies, which leads to a shortage of quality meta-analyses, has typically limited opportunities to use function transfer for most ecosystem types.  Several new statistical methods and tools are also under development to increase the ease of use of function transfer, to reduce transfer error
, and to better align function transfer with ecological and economic theory.

Point transfer

In point transfer, land use/cover class has typically been used to link values derived at a study site to a policy site (Troy and Wilson, 2006).  Point transfer consists of simply assembling studies by land use/cover type and estimating the area and value of ecosystem services in question.  Although analyses often multiply land-cover type times per-area value and sum to obtain a total value, this is inconsistent with marginal economic valuation, which underpins the valuation studies upon which point transfer is built (Bockstael and others, 2000).  When valuation is conducted, it should be for a change in a particular resource, not the summed value of all land-cover types.  For example, the statement “a 500-acre mesquite management and native grassland restoration project will provide $20,000 per year in carbon sequestration, water supply, and recreational benefits,” is both more correct economically and more useful for management than the statement that “ecosystems in the San Pedro Watershed provide $2 billion per year in ecosystem service benefits.”
Point transfer has typically begun with development of a land use/cover typology for the region of interest and assembly of a database of primary valuation studies within an area defined as acceptably similar to the study site.  Potentially useful valuation databases include EVRI, a publicly accessible environmental valuation database (EVRI, 2011), and the Natural Assets Information System (NAIS, Troy and Wilson, 2006), a proprietary database developed by the Spatial Informatics Group, and the Marine Ecosystem Services Partnership database for coastal and marine valuation (MESP, 2011).  The land-cover types in the study site and the primary valuation studies are then matched and summarized by land use/cover type and total values for the region of interest (Troy and Wilson, 2006).
Point transfer is the simplest form of value transfer to conduct, and can be done quite rapidly given good GIS data for land use/cover and a well-developed database of primary valuation studies.  While most advocates of point transfer recognize its shortcomings, they often suggest that it can provide useful rough “first cut” ecosystem service values with limited time and resource requirements.

However, the weaknesses of point transfer are well documented: if differences between the study and policy site’s ecological and socioeconomic setting and constructed market characteristics are not accounted for, transfer error can be quite high (Boyle and Bergstrom, 1992; Desvousges and others, 1992; Brouwer, 2000; Spash and Vatn, 2006; Plummer, 2009).  Due to these concerns, point transfers have been criticized by most economists, despite their popularity among practicioners.  Thus, although point transfer is a low-cost option for valuation across BLM offices, it also has potentially low accuracy and utility for decision making.

Function transfer

By contrast with point transfer, function transfer develops and applies a mathematical function to account for differences in resource characteristics, geographic setting, and the constructed market when comparing values between sites (Loomis, 1992).  Multiple regression is typically used to estimate the relative contribution of a series of independent variables describing the site and study context in order to determine their individual influence on ecosystem service value, the dependent variable.  Bayesian approaches to developing transfer functions are a more sophisticated approach that offers the added benefits of accounting for the “n vs. k” problem
 in function transfer and handling the effects of methodological independent variables when using a transfer function (Moeltner and others, 2007; Moeltner and Woodward, 2009). 
Where transfer functions already exist, function transfer only requires the analyst to collect data on relevant independent variables for the study site, then to plug these values into the transfer function to obtain values for the study site.  If transfer functions do not exist, new functions must be developed, assuming there are enough studies using the same dependent variable to enable a valid statistical analysis.  Relevant primary studies on a common ecosystem or ecosystem service are collected, then values for all primary studies are converted into common units (for example, $/ac, $/recreation day), which will be the dependent variable in the multiple regression equation.  Independent variables typically include characteristics about the study’s ecological and socioeconomic setting and constructed market characteristics.  Regression models are then run, drawing on economic theory to account for relevant determinants of supply and demand for the ecosystem service or services of interest.  Lastly, appropriate diagnostics are run to ensure that classical regression assumptions are met (and that appropriate transformations and/or model respecifications are applied as needed), and to help guide selection of one or more appropriate models.

In Bayesian analysis, by contrast, the goal is to estimate a probability distribution of values for the coefficient of each independent variable.  This probability distribution is derived from a set of expert-defined prior probabilities and likelihoods and run through a Gibbs Sampler in order to estimate a set of final, or posterior, probability distributions.  The means and standard deviations of these posterior distributions are then used as coefficients in a function transfer model.  
Meta analyses and regression equations are well developed for several ecosystem services [for example, recreation (Smith and Kaoru, 1990; Walsh and others, 1992; Rosenberger and Loomis, 2001) and water quality (van Houtven and others, 2007)] and ecosystem types [for example, forests (Barrio and Loureiro, 2010), wetlands (Woodward and Wui, 2001; Brouwer and others, 2003; Brander and others, 2006; Ghermandi and others, 2008), or coastal and marine ecosystems (Brander and others, 2007)].  When transfer functions are available, it is relatively easy to transfer values with greater confidence than point transfer, while theoretically reducing transfer error.  This would be a relatively robust yet non-time consuming way for BLM field offices to obtain ecosystem service values.

However, transfer functions are not available for many ecosystem services and ecosystem types outside those mentioned above.  The ultimate cause of a lack of transfer functions is often that there are too few primary valuation studies upon which to draw when developing transfer functions; this problem can inhibit the development of new transfer functions.  New transfer functions are relatively time consuming to develop.  Bayesian analysis, while more powerful, requires additional time and expertise to run and these costs must be weighed against the benefit of potentially more rigorous transfer functions.  Finally, there is often minimal little sharing of databases built to construct new transfer functions.  These databases are often built by academics who use them to build a flow of future publications, so there is little incentive to share or collaborate, and the effort needed to build a new database is a barrier to new scientists interested in entering the field.  While public databases are one way around this problem, they would have to be designed to support meta analysis, and outside of EVRI, many popular valuation databases (McComb and others, 2006) have not received funding for ongoing maintenance
.

Function transfer using Defenders of Wildlife’s Wildlife Habitat Benefits Estimation Toolkit
The Wildlife Habitat Benefits Estimation Toolkit (WHBET) is a set of spreadsheets that incorporate pre-existing transfer functions based on literature for recreation, hedonic property premiums, and willingness to pay for threatened and endangered species recovery (Loomis and others, 2008).  The transfer functions were developed using a variety of sites across the United States, with the goal of enabling a faster and more systematic approach to function transfer.
The WHBET simply requires users to determine which spreadsheets to use based on the ecosystem service(s) of interest.  The required parameters for the given transfer function are entered (for example, species to value, type of water body, open space characteristics, wetland type, area, and region).  The spreadsheet calculates economic value per appropriate unit, such as household or recreation day, based on transfer functions contained in the spreadsheet.  The user then proposes scenarios for management change to look at change in economic value and/or sums economic values of different services as appropriate to estimate components of total economic value.
The WHBET a well-documented, pre-packaged set of meta regression analyses that can aid in more comprehensive and systematic function transfer than an analyst simply assembling and using multiple transfer functions independently.  However, its usefulness is limited to cases where transfer functions have already been developed – for the ecosystem services related to recreation, hedonic property premiums, and willingness to pay for threatened and endangered species recovery.  Periodic updates would be required to account for new transfer functions and primary valuation studies that can inform them, although with a large number of existing studies in the database, transfer functions should be relatively stable in the face of addition of new data points, suggesting that updating could take place on a roughly 5-year cycle (Timm Kroeger, personal communication). 

Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model
Developed by The Natural Capital Project, a collaboration between several academic and conservation NGO partners, InVEST is a set of ecosystem service models designed to map and value tradeoffs between multiple ecosystem services (Tallis and others, 2011).   InVEST is designed in multiple releases or “tiers”: the currently available “Tier 1” tools, which consist of an ArcGIS toolbox interface for individual ecosystem service models, more detailed “Tier 2” tools have been described (Kareiva and others, 2011) but are not yet publicly available.  The Tier 2 tools plan to use a Google API platform and are designed to use more data-intense external ecological process models.  Integration of “Tier 3,” or external ecological process models is planned for future releases of InVEST.  The recently released marine InVEST models also include “Tier 0” models that simply map relative supply of or demand for ecosystem services, with minimal underlying modeling, valuation, or use of biophysical units. Economic valuation in InVEST can take place in biophysical units or market prices supplied as input by the user (for example, for social cost of carbon, market price of timber, or avoided cost of sediment or nutrient removal).
InVEST is a systematic, well-documented tool to map ecosystem service provision and compare tradeoffs under different land use/cover change scenarios, and has been tested in applications around the world, with many of these applications appearing in the peer reviewed literature. InVEST currently includes models for carbon sequestration, crop pollination, managed timber production, reservoir hydropower production, nutrient retention and sediment retention for reservoir maintenance, wave energy, coastal vulnerability, aquaculture, and aesthetic quality.  It also includes a biodiversity model so that comparisons and tradeoffs between biodiversity and ecosystem services can be analyzed.  Future releases of InVEST will include models for flood mitigation, agriculture production, irrigation, open access harvest, fisheries tradeoffs, commercial and recreational fisheries, recreation, and marine water quality, habitat quality, and carbon storage.  Beta versions of InVEST have been in existence since Summer 2008 and are reviewed through an open source community, so are likely at a more advanced and reliable stage than other modeling systems.  Running on industry standard GIS software (ArcGIS 9/10) and with a well-developed tool, InVEST could be feasibly used by BLM field offices to support decision making, assuming adequate data are available to support modeling efforts.
ARtificial Intelligence for Ecosystem Services (ARIES) model

ARIES is an artificial intelligence (AI)-based modeling framework initially developed by the University of Vermont’s Ecoinformatics Collaboratory at the Gund Institute for Ecological Economics (Villa and others, 2009).  ARIES seeks to address several shortcomings in ecosystem services mapping, assessment, and valuation, including: 1) the need to purchase and be proficient in commercial modeling and/or GIS software, 2) a lack of integration between ecological process models and ecosystem service models, 3) the inability of past models to fully capture spatial dynamics of ecosystem services (in other words, between points of provision and use, and spatial flows between these), and 4) lack of clear expression of uncertainty in past modeling efforts.
ARIES is accessed via an internet browser, where a user has access to hundreds of preloaded global, national, and local GIS datasets handled using a GeoServer.  The system automates most GIS processing, removing the need to reproject, rasterize, and otherwise preprocess spatial data.  It preselects models appropriate to the ecosystem services and area of interest to the user, selecting among ecological process models or probabilistic Bayesian models that encode ecological production functions.  Like InVEST Tier 2 and 3 models, ARIES plans integration of existing ecological process models.  The system more fully accounts for spatial dynamics via a set of ecosystem services flow models and for uncertainty via Bayesian network modeling and Monte Carlo simulation, than any other ecosystem services modeling approach.  ARIES models are open source.  However, AI, Bayesian modeling, and spatial flow modeling of ecosystem services are unfamiliar to many researchers and practitioners, requiring more sophisticated communication of results and modeling approaches. ARIES models have been fully developed for eight ecosystem services at seven case study sites around the world and customization of existing and new models is a relatively straightforward process.  However, global or western U.S. models are not yet available for ARIES, limiting its use to BLM outside the current western U.S. study regions (Southeast Arizona, Southern California, Western Washington).  Release of global models is likely to occur in the near future, however.  Using global models accessible via a web browser and pre-loaded GIS data, future ARIES releases could be feasibly used by BLM in decision making.

Multiscale Integrated Models of Ecosystem Services (MIMES)

MIMES is a system dynamics model initially developed by the University of Vermont’s Gund Institute for Ecological Economics and currently managed by AFORDable Futures, LLC (http://www.afordablefutures.com/).  MIMES is used to map and value ecosystem services based on the interrelationships between natural and socioeconomic systems (MIMES, 2009).  It is designed to account for time dynamics, feedback loops, incorporation of existing ecological process models into ecosystem service modeling, and the economic value of ecosystem services via input-output analysis.  MIMES uses the SIMILE modeling platform, a commercial software modeling package. 

Running MIMES requires the user to purchase SIMILE, download the latest MIMES models, prepare needed spatial data for the region and ecosystem services of interest, and develop, run, and calibrate the MIMES models.  Because the models are open source, they can be accessed and used by anyone.  However, many segments of the MIMES model are still in development, and local applications of the model require it to be adapted to account for unique local conditions.  There is also currently minimal supporting documentation for the models or modeling process.  As a result, a highly capable systems modeler could purchase SIMILE, download the MIMES models, and apply it to local sites of interest.  In nearly all other cases, consultants would need to be hired to run the models and train BLM field office staff in their use.

Ecometrix

Ecometrix is designed to assess ecosystem services for small parcels of land, based on field-based measurements (Parametrix, 2010).  Ecometrix is a proprietary, spreadsheet-based approach initially developed and parameterized by Parametrix, a consulting firm, for the Pacific Northwest but since expanded to the Southwest.  Ecometrix uses rapid field-based site evaluations to measure ecosystem services by linking observable field conditions to inputs in ecological production functions for ecosystem services of interest.  Its primary use has been to estimate the generation of environmental credits for market-based trading using field measurements for restoration or degradation scenarios.  Since it is a proprietary method, BLM would need to contract with Parametrix for each application of EcoMetrix.

EcoAIM

EcoAIM is an ecosystem services mapping tool developed by Exponent, a consulting firm.  EcoAIM is designed “to (1) inventory ecological services and help in making decisions regarding development, transactions, and ecological restoration; (2) develop specific estimates of ecosystem services in a geographically relevant context, and (3) offer the means for evaluating tradeoffs of ecosystem services resulting from different land or resource management decisions” (BSR, 2011).  EcoAIM uses a series of publicly available and project-specific spatial datasets combined with a weighting or aggregation function to derive a score for a particular ecosystem service of interest.  EcoAIM can also integrate stakeholder preferences in considering ecosystem service impacts, using a modified risk analysis approach.  Since it is a proprietary method, BLM would need to contract with Exponent for each application of EcoAIM.

ESValue

ESValue is an ecosystem services mapping and valuation tool developed by Entrix, a consulting firm.  ESValue combines expert consensus, site-specific data, and literature-derived data to develop an ecosystem services production function (BSR, 2011). The production function specifies relationships among the physical environment and ecosystem services as well as relationships between key ecosystem services and human-induced environmental stressors (for example, human population growth affects water quantity which in turn affects habitat suitability). It provides the scientific and economic basis for assessing the trade-offs and synergies in selecting and prioritizing resource management options. Based on best available science and stakeholder preferences, ESValue then specifies the relative values that society, managers, and stakeholders place on ecosystem services, as developed during a stakeholder engagement process. The ESValue tool thus facilities the comparison of what can be produced (i.e. production function) with what participants want to be produced (i.e. 
the valuation function) to help determine the most appropriate natural resource management strategy.  Since it is a proprietary method, BLM would need to contract with Entrix for each application of ESValue.
Natural Assets Information System (NAIS)

NAIS is an ecosystem service valuation database, which when combined with GIS analysis of land cover can be used for economic valuation using point transfer (Troy and Wilson, 2006).  NAIS was developed by the Spatial Informatics Group (SIG), a consulting firm.  Analysis using NAIS entails: 1) definition of a study area, 2) development of a locally-relevant land use/cover typology and corresponding GIS layer to match with economic values, 3) literature search to select locally relevant studies for value transfer, linked to land use/cover classes selected in step 2, 4) mapping, value calculation, and geographic summaries at the appropriate scales, and 5) optional scenario analysis.  Since it is a proprietary method, BLM would need to contract with SIG for each application using the NAIS database.
Social Values for Ecosystem Services (SolVES)
SolVES was developed by the USGS and Colorado State University as a public domain GIS application currently accessible as an ArcGIS 9.x toolbar (Sherrouse and others, 2011).  It is available for download at http://solves.cr.usgs.gov.  SolVES is intended to assess, map, and quantify the perceived social and cultural values of ecosystem services such as aesthetics and recreation through the derivation of a quantitative, social-values “Value Index” metric.  The 10-point Value Index is calculated from a combination of spatial and non-spatial responses to public attitude and preference surveys.  SolVES also calculates landscape metrics from spatial data layers describing the underlying physical environment, for example, average elevation and distance to roads and water, at locations along the Value Index.  SolVES calculates weighted kernel-density surfaces and zonal statistics to produce Value Index maps and to report landscape metrics associated with each index value.  This can be repeated for various survey subgroups as distinguished by their attitudes and preferences regarding ecosystem uses such as motorized recreation or oil and gas drilling.   The Value Index provides a basis of comparison within and among survey subgroups to consider the effect of social contexts on the valuation of ecosystem services.  The Value Index also facilitates statistical analysis of relationships between index values and landscape metrics.  Using a form of value-transfer methodology, SolVES can apply regression coefficients produced by such analyses to their corresponding landscape data layers to produce predicted social-value maps for similar areas where primary survey data are not available or as a complement to existing survey data.  SolVES was initially developed and applied in intermountain west National Forests, and its application in several coastal and marine settings is underway or in planning stages.  Value transfer with SolVES thus becomes more feasible as geographically relevant case studies become available, so its application by BLM will become easier as more case studies are developed.  Future releases of SolVES could also include an online survey instrument, which could greatly reduce the time and resource needs to run new applications of SolVES.
Envision

Envision (http://envision.bioe.orst.edu/), previously known as “Evoland,” is a “spatially explicit, actor-based approach to landscape change and alternative futures analysis” (Bolte and others, 2006).  Envision is designed as a GIS-based planning tool to assist in evaluating the impact of alternative urban development scenarios on a series of landscape metrics.  Envision is designed to incorporate policy choices by a set of actors and their impacts on land use/cover change, and couple ecological and economic process models to map impacts on landscape metrics.  These impacts are summarized as scenarios, and include submodels of social preferences for economic development versus ecosystem health, plant succession, measures of ecosystem health (or “landscape metrics”), land value, and population growth, and link GIS data with sets of policies that achieve certain mixes of economic and environmental goals (Guzy and others, 2008).

These landscape metrics increasingly include ecosystem services including habitat, nutrient regulation, water provisioning, carbon sequestration, food and fiber production, shoreline protection, and pollination, with valuation incorporated through market prices and avoided/replacement cost methods.  Past applications of Envision have largely focused on the U.S. Pacific Northwest, though international applications in Colombia and New Zealand are under development.  While the methods to develop new case studies for Envision are systematic and well documented, each application of Envision is highly context-specific, meaning that transferability is low and new studies must be conducted for areas where Envision has not been previously applied to a local BLM management issue of interest.  Recent applications of Envision have required approximately 1 year and $100,000-150,000 to complete
.

Ecosystem Portfolio Model (EPM)

The Ecosystem Portfolio Model (EPM) is designed as a place-specific land use planning tool to model ecological, economic, and quality-of-life related values for an area of interest, offering insight into the effects of land use change (for example, development, conservation, and restoration choices) on these values (Labiosa and others, 2009).  For some easily monetized criteria like the hedonic value of open space, results are monetized.  For criteria that are more difficult to value monetarily, like biodiversity, alternative user preferences can be compared using a multi-attribute utility approach.  Each application of the EPM is tailored to locally important ecological, economic, and quality of life issues.  The EPM was initially developed for Miami-Dade County, Florida, and focuses heavily on land use and water management issues, particularly in the context of development and maintenance of ecological integrity for Biscayne and Everglades National Parks.  Development of the EPM is currently underway for two additional sites – Puget Sound, Washington and the Santa Cruz River, Arizona (Norman and others, 2010).
As a stand-alone, web-based tool, running the EPM simply involves accessing their website (http://lcat.usgs.gov/sflorida/sflorida.html for South Florida), choosing the region of interest for analysis, selecting weights for valuation of each criteria, and viewing and comparing results in the online viewer.  The EPM is well tailored to model local environmental, economic, and quality of life issues for areas where it has been fully developed.  Although the EPM application on the Santa Cruz River offers potential overlap with the San Pedro to inform ecosystem services valuation and modeling, it was at too early a stage of development to inform this study.  The recent applications of the EPM to new regions has entailed a multi-year research and modeling effort.  Development and use of the EPM by the BLM is thus likely infeasible in regions where it has not previously been used.  However, in regions where the model has already been developed, its application through the online interface would be quite feasible for use by BLM field offices.
EcoServ model

EcoServ is a open-source, web-based ecosystem services modeling and mapping tool under development by scientists at the USGS and Chinese Academy of Sciences (Feng and others, 2010).  Initial model development has taken place in the Prairie Pothole region in the north central United States and Canadian prairies, with upcoming case study sites in Mississippi and California’s Central Valley.  EcoServ’s developers intend to eventually develop generalized national or global models.  EcoServ links external ecosystem process models and data together and will make them accessible to the public via an online interface.  It is temporally dynamic and supports evaluation of scenarios for climate and land use change.  EcoServ does not explicitly use production functions in modeling ecosystem services, and instead relies on a series of external models to proxy a service of interest.  EcoServ does not currently value ecosystem services, although model outputs could be used in external valuation efforts.

Although currently in the development phase, EcoServ’s developers plan to complete the first phase of modeling by the end of 2011.  Once regional and national models are available on the web, it would be a highly feasible for BLM offices to use EcoServ if it had been developed for their area of interest.  Until that time, development of EcoServ case studies is likely to be a more resource-intensive effort than is feasible for day-to-day use by BLM.

Management-Scale Ecosystem Assessment using Remote Sensing (MEASURES) model
The MEASURES model (http://vmdev.cgit.vt.edu/MEASURES/, http://www.cmiweb.org/projectpage.aspx?projectid=57) is designed as a spatially explicit, web-based assessment tool for carbon, watershed nutrient and sediment loading, and biodiversity.  The user simply enters the online interface, chooses the region of interest for analysis, and (if desired) enters land-cover and agricultural practices for the area of interest.  MEASURES is designed as an ecosystem service credit calculator, thus it does not include ecosystem services valuation as a goal.  It incorporates a series of existing carbon and hydrologic models and habitat metrics.  MEASURES is under development developed at Virginia Tech University.  Its spatial extent currently covers only the state of Virginia, though its developers may eventually adapt it for other parts of the United States.

MEASURES uses a publically available, web-based interface.  It incorporates well-accepted hydrologic, carbon, and biodiversity models.  MEASURES’ carbon and biodiversity models are likely to be generalizable to other parts of the U.S.

However, the tool is currently only available for Virginia, limiting its applicability to BLM.  Its hydrologic models are unlikely to be easily generalized to other parts of the U.S.  However, if MEASURES is eventually expanded to a tool capable of covering the western United States and western ecosystems and ecological and hydrologic processes, it could be a useful tool for BLM.

Ecosystem Services Review (ESR) and Ecosystem Valuation Initiative (EVI)
The Ecosystem Services Review (ESR, WRI, 2008), developed by World Resources Institute, and Ecosystem Valuation Initiative (EVI), under development by the World Business Council on Sustainable Development are designed to identify ecosystem services-related resource and waste sink dependencies and potential economic opportunities and liabilities for corporations.  The ESR uses a spreadsheet (available for download from WRI’s website) designed to systematically walk corporations through the process to identify business dependencies, risks, and opportunities related to ecosystem services.  It does not involve quantification, mapping, modeling, or valuation of ecosystem services.

ESR is freely available and a well documented approach to qualitatively evaluate ecosystem services from a business perspective.  Although it was designed for corporate users, ESR could easily be used by BLM to identify ecosystem services impacts associated with resource extraction tradeoffs.  ESR is a relatively low-cost option for qualitative ecosystem services analysis that could be easily adopted by BLM offices.

Expected outputs

The core of the report will include valuation results for four key groups of ecosystem services identified by stakeholders and scientists as important to the San Pedro: ecosystem services derived from water, carbon, biodiversity, and cultural values.  These broad groups of services will be broken down to the degree possible into specific benefits and values for concrete beneficiary groups.  The following valuation tools and methods will be used for these groups of ecosystem services.

Primary valuation: Market values will be summarized for water and carbon.  Past nonmarket valuation studies can be used to account for some recreational and non-use values on the San Pedro.

Value transfer: Value transfer will be used to assess aesthetic value, as well as non-use and recreational values not covered by primary valuation.  Value transfer will incorporate point transfer and function transfer where appropriate, as well as Defenders of Wildlife’s Wildlife Habitat Benefits Estimation Toolkit.
Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model: InVEST models will be run for carbon, biodiversity, and water yield and demand.

Artificial Intelligence for Ecosystem Services (ARIES) model: ARIES models will be run for water, carbon, recreation, and aesthetic values.

The testing of several additional tools - the Multiscale Integrated Models of Ecosystem Services (MIMES), Santa Cruz Watershed Ecosystem Portfolio Model (SCWEPM), Social Values for Ecosystem Services (SOLVES), and EcoServ was beyond the scope of this project, as the tools were either still in active development or were not able to be run within the time frame of the pilot study.  For these tools, we provide a brief discussion of their input data and expertise requirements, as well as the spatial and temporal resolution of outputs, in order to provide guidance on when and where these tools would be most useful.

At the same time as this pilot study, a parallel comparative ecosystem services project was undertaken by BSR (formerly Business for Social Responsibility) in the context of corporate ecosystem services decision making (see “Parallel efforts”).  This effort assessed several additional tools, including the Corporate Ecosystem Services Review (ESR, developed by World Resources Institute), EcoMetrix (developed by Parametrix), EcoAim (developed by Exponent), ESValue (developed by Entrix), and Natural Assets Information System (NAIS, developed by the Spatial Informatics Group).

Parallel efforts

Through our communication with other researchers in the field, we have become aware of a range of efforts to synthesize work on ecosystem services tools and approaches.  This highlights the importance of keeping open lines of communication, learning from each other, and minimizing replication of such synthesis work.  Given the lag between research and publication in the peer-reviewed literature, and the fact that some of these reviews are not intended for public release
, few can be formally cited.  Nelson and Daily (2010) provide an early effort at synthesis, though the scope of this review is relatively limited, highlighting the importance of interviewing other researchers rather than relying on limited online descriptions of fast-evolving ecosystem services modeling systems.

There is growing research interest in ecosystem services in the Southwest for the San Pedro and beyond. The U.S. EPA’s Office of Research and Development is undertaking a study on place-based ecosystem services in the Southwest, including the Santa Cruz watershed.  The work in the Santa Cruz is highly relevant for the San Pedro project due to similar ecological and social contexts.  It includes work on a local application of the Ecosystem Portfolio Model and efforts to better understand how ecosystems and their services are valued by Native American populations, through surveys of the San Xavier Tohono O’odham.  In addition, the project team has collaborated with the Assessment of Goods and Ecosystem Services (AGAVES) group.  AGAVES is an interagency research partnership that builds on past ecosystem research in the Southwest.  AGAVES members include government and academic scientists with expertise in hydrology, ecology, economics, and decision support tools.

In a parallel effort, BSR (formally Business for Social Responsibility) undertook an evaluation of ecosystem services tools for corporate decision making, and also chose to use the San Pedro for their comparison.  BSR invited tool developers to a roundtable meeting in October 2010, where they compared results for these tools from analysis of a set of hypothetical housing development scenarios for the San Pedro.  BSR invited developers of the ARIES, InVEST, ESR, EcoMetrix, EcoAIM, ESValue, and NAIS tools to participate, along with individuals from the public and private sector.  Results of the BSR Environmental Services, Tools, and Markets Working Group 2010 roundtable were released in the Spring of 2011 (BSR, 2011).

Methods

Study area selection and description

BLM and USGS developed several criteria that led to selection of the San Pedro River as the pilot project site.  Since the goal of the pilot entailed both monetary and non-monetary valuation of ecosystem services, the site needed to have extensive research characterizing its ecology, resource use, and human impacts, so that this information could be readily expressed in an ecosystem services framework.  The ideal site also needed to have the presence of urban growth as a stressor, multiple management issues related to multiple ecosystem services, well-organized stakeholders (in this case, the Upper San Pedro Partnership), and Native American or cultural heritage issues, since this would require consideration of how to value benefits that are not easily included by using monetary techniques.
After considering these criteria, we chose the San Pedro River basin in norothern Sonora and southeast Arizona as the study site.  This area contains the BLM’s San Pedro Riparian National Conservation Area and has been studied extensively by members of the Upper San Pedro Partnership.  BLM and USGS are members of the Partnership, as are many other government agencies, academic institutions, non-profit corporations, and private interests.  While the BLM has limited jurisdiction over the resources in this area, the San Pedro presents a robust example of the types of real-world resource allocation dilemmas faced by BLM around the country, and provides a good opportunity to test numerous valuation methods on a variety of resource issues.  The BLM and USGS also agreed that it would be useful to identify a second site for study, preferably one in a region with completely different attributes than that of southeast Arizona.  However, their final decision was to focus initial attention on the San Pedro River basin and make progress valuing ecosystem services there before considering other potential sites.  A planned “Phase 2” of this project will seek to test the transferability of tools by applying them to a different BLM management unit.
After consulting with project partners, we decided to use the entire San Pedro watershed from its headwaters in Sonora to its confluence with the Gila River as the study area.  Within the Upper San Pedro, the study could include the riparian corridor itself, the adjacent uplands within the San Pedro Riparian National Conservation Area (SPRNCA), or the entire watershed, extending from the Huachuca and Whetstone Mountains in the west to the Mule and Dragoon Mountains to the east.  Project participants generally favored studying the entire landscape within the watershed, from mountaintops to the riparian zone, to better account for the interspersion of different landowners (for example, BLM, DOD, USFS, NPS, Arizona State Lands, and private land) and management practices and the fact that the benefits of ecosystem services often accrue to human beneficiaries across different spatial scales.  Analysis of a broader geographic region also allows a more complete view of the spatial flow of services from ecosystems to human beneficiaries.

The San Pedro’s headwaters are located in Sonora, Mexico, an area where relatively fewer scientific investigations have been carried out.  While data availability differs, Kepner and others (2003) also compiled spatial data for the Mexican portion of the watershed.  However, economic values for the river are likely to be different in the Mexican portion of the watershed than in the U.S.  This is due to the presence of markedly different stakeholder groups that likely hold different preferences for riparian and upland habitat, resulting in different demand for ecosystem goods and services (Ready and Navrud, 2006).  
This may pose challenges to the valuation of ecosystem services in the Mexican portion of the watershed, particularly if value transfer is applied.

The Upper San Pedro extends from the river’s headwaters near Cananea, Sonora to a geological constriction known as “The Narrows,” north of Benson, Arizona (Figure 2).  The Upper San Pedro has been the subject of considerable scientific study in recent decades, which has described the relationships between the watershed’s geomorphology, hydrology, riparian vegetation, and avifauna (Moran and others, 2008; Stromberg and Tellman, 2009).   Additional studies have focused on other aspects of the Upper San Pedro’s ecology and have begun to document the economic value generated by riparian habitat, particularly for recreational value (Orr and Colby, 2002; Colby and Orr, 2005).  GIS data for the Upper San Pedro has also been compiled in a centralized archive (Kepner and others, 2003).  The combination of intense conservation interest in the biologically significant Upper San Pedro and the threat of groundwater decline due to pumping from urban growth, particularly near Sierra Vista and Benson, has led urgency to this research and to its application within a decision support system (DSS) so that it may be used by local watershed groups (for example, Upper San Pedro Partnership, Benson Community Watershed Alliance).
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Figure 2. Study area map.

The Lower San Pedro, extending from The Narrows to its confluence with the Gila River, has a much smaller human population and has received less scientific study than the Upper San Pedro.  However, the Lower San Pedro also has great conservation significance, particularly given the threat of groundwater pumping prevalent in the Upper San Pedro.  Groups like The Nature Conservancy have been active in securing water rights for riparian ecosystems 
on the Lower San Pedro.  The USGS and University of Arizona have conducted initial hydrologic modeling for the Lower San Pedro; additionally, ecological studies have been completed for parts of the Lower San Pedro, and an economic study has examined the value of recreation in Aravaipa Canyon, an important tributary to the Lower San Pedro (Weber and Berrens, 2006).

Two significant 
BLM lands are included within the Lower San Pedro: Aravaipa Canyon Wilderness and Muleshoe Ranch Cooperative Management Area; most of the remaining land is in private, state land, or USFS ownership (Figure 3).  While collation of GIS data for the Lower San Pedro is planned, a central data archive does not yet exist for the Lower San Pedro to match the quality of that for the Upper San Pedro.  Thus, spatial, ecological, and economic data is generally of poorer quality for the Lower San Pedro than the Upper San Pedro, although emerging research efforts such as the Assessment of Goods and Valuation of Ecosystem Services (AGAVES) project intend to improve data quality and availability for the Lower San Pedro.  Many relevant datasets for the Lower San Pedro were publicly available, and we were able to downloaded and use them for this project.
Although we explicitly consider ecosystem services generated within the study area, the beneficiaries of these services may be located outside the watershed, as provision and use of ecosystem services are understood to frequently occur at different spatial scales (Fisher and others, 2008; Tallis and Polasky, 2009, Johnson and others, 2010).  This analysis necessarily considers beneficiaries at global scales (for example, carbon sequestration and storage), continental scales (for example, bird migration support), national scales (for example, national values about endangered species), and regional scales (for example, recreation).  Some values, such as non-use value, may extend an uncertain distance from the San Pedro (Pate and Loomis, 1997; Loomis, 2000).
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Figure 3. Land ownership within the San Pedro watershed, including significant BLM lands plus BLM land outside the watershed.

Selection and application of ecosystem services, valuation methods, and tools

Ecosystem services
As discussed in the introduction, we selected ecosystem services for further analysis during a workshop with stakeholders and scientists involved with the San Pedro.  We used tools for analysis and valuation of each of these services as described in the introduction and methods.

Evaluative criteria

We applied a set of evaluative criteria to each method or tool, with the goal of narrowing down the list of tools and methods to be evaluated for the pilot study.  These evaluative criteria are: 
5. Does 
this method or tool assess ecosystem services directly or just ecological processes?  Methods and tools should address ecosystem services rather than ecological processes. 

6. What are the time requirements to use the method or tool?  Ideally the time required to apply the tool should not be excessive for BLM field offices.

7. Is the tool or method open source or proprietary (in other words, would it require hiring of consultants, or could BLM staff use it if properly trained)?  Ideally the tool would be able to be applied by BLM staff without excessive time and training requirements, or purchase of additional GIS or modeling software.

8. What is the current level of development of the tool?  Ideally the tool should be well-developed enough to run without frequent errors, and have its strengths and limitations well documented as part of a user manual.

9. What is the scalability (in other words, applicability at varying spatial scales) associated with this tool or method?  Ideally the tool should be applicable at sites ranging from small BLM parcels to large parcels or watersheds.

10. What is the generalizability (in other words, ease of application at sites in different ecosystems, socioeconomic settings, or regions of the country) associated with this tool or method?  Ideally the tool should be applicable across the Western United States, within all ecoregions and socioeconomic settings that are managed by BLM.

11. How is the tool or method able to incorporate multiple valuation systems (monetary/nonmonetary) and cultural perspectives (including Native American/Tribal values)?  Ideally the tool would account for nonmonetary preferences, including Native American or tribal perspectives on how to value the environment in decision-making.

Methods and tools considered in this report
Applying the criteria listed above, we eliminated a number of tools from further consideration for the purposes of this pilot.  Many of the tools were eliminated because they were proprietary and/or required hiring an consultant or academic research group (in other words, could not be completed by BLM internally or the researcher working on this pilot).  These tools included EcoAIM, EcoMetrix, ESValue, NAIS, MIMES, and Envision (the last two being open source but currently requiring contracting with outside developers).  Many of these tools are also at too early a stage of development to apply in new regions without substantial participation by an outside research group (for example, EcoServ).  Given the early stage of development of many of these tools, many also lack adequate documentation describing assumptions and details on how to run them.  Still other tools are place-specific, so are not capable of being easily generalized to new sites across the country.  The USGS Ecosystem Portfolio Model, which was initially developed for South Florida and is now under development for Puget Sound and the Santa Cruz River in Arizona falls into this category, as does MEASURES which currently runs only for the state of Virginia.  Finally, we lacked the primary survey data needed to populate SolVES, so considered its application to the San Pedro as beyond the scope of this pilot project.

The Ecosystem Services Review is intended for a corporate audience, so was not applied as part of this pilot.  However, ESR was applied as part of the BSR tool comparison project, and its application may be appropriate in evaluating resource extraction decisions.  We thus provide more detailed description of the ESR in the recommendations section.

Although we did not explicitly test all of the above-listed tools as part of this project, we further discuss their strengths and weaknesses in the recommendations section based on discussions with their developers and the parallel BSR tool comparison effort. 

By eliminating the above tools, we were left with primary valuation, benefit transfer (using the Wildlife Habitat Benefits Estimation Toolkit), InVEST, and ARIES as approaches that could be run for the San Pedro within the scope of this pilot and potentially applied to BLM management needs in the future.

Data needs

Ideally an ecosystem services tool would run using nationally available datasets (in other words, describing climate, soils, vegetation, and socioeconomic factors), supplemented by local data where needed and applicable.  In this case many of the data were obtained from the EPA San Pedro Data Browser (Kepner and others, 2003).  The full data needs for the InVEST and ARIES tools are described in Appendices A and B, as well as in their respective modeling references (Tallis and others, 2011; Bagstad and others, 2011).  Loomis and others (2008) provide details on running the Wildlife Habitat Benefits Estimation Toolkit.

Description of assessment/valuation process
We began the valuation process by reviewing primary studies that took place within the San Pedro, assembled by searching the Web of Science, EconLit, and EVRI databases and in consulting with researchers who have worked in the San Pedro in the past.  Primary economic studies are summarized in Appendix E.  We found individual studies and the Wildlife Habitat Benefits Estimation Toolkit to provide relevant valuation data for water, biodiversity, and recreation, and hedonic studies to provide value estimates for aesthetics.  We used ARIES models to map carbon, water, aesthetic, and recreational values and InVEST models to map carbon, water, and biodiversity (Table 5).  Since both the ARIES and InVEST models ideally rely on expert input for their parameterization, we conducted an ecosystem services model review workshop in Tucson, Arizona from September 21-23, 2010.  A group of four economists also participated in a review panel to discuss the approaches and results of this project, and also to review project documents, including this report.  Participants in the Tucson review workshop and the economics review panel are listed in Appendix D.
Table 5.  Summary of methods used.

	Method
	Ecosystem service

	
	Carbon
	Water
	Biodiversity
	Aesthetics
	Recreation

	ARIES
	✔
	✔
	
	✔
	✔

	InVEST
	✔
	✔
	✔
	
	

	Market price
	✔
	✔
	
	
	

	Social cost
	✔
	
	
	
	

	Replacement cost
	
	✔
	
	
	

	Travel cost
	
	
	
	
	✔

	Willingness to pay
	
	
	
	
	✔

	Willingness to pay (transferred)
	
	
	
	
	✔

	Hedonic (transferred)
	
	
	
	✔
	


Scenarios
One of the goals of this project is to compare a set of scenarios to baseline conditions to evaluate the effectiveness of alternative methods in handling scenarios.  Scenarios provide a way to explore realistic, marginal changes in ecosystem services and their values.  Several of the ecosystem services valuation methods are amenable to scenario analysis.  Both the InVEST and ARIES tools rely on GIS data; as long as a given layer is a relevant model input, inserting an alternative GIS layer (for example, for population density, runoff, or precipitation) would produce a second set of results that can be compared to baseline conditions.  Defenders of Wildlife’s Wildlife Habitat Benefits Estimation Toolkit can also easily accommodate scenarios by including proposed changes to ecological and socioeconomic conditions in its spreadsheet.

The results of this study are not intended to assess or prescribe policy mechanisms, such as growth management, or to provide definitive results for making a particular decision (for example, as part of an existing cost-benefit analysis).  The current study is intended as a proof of concept to describe the strengths and shortcomings of current ecosystem services methods that could guide future decision making.

Baseline conditions for the analysis are for the year 2000, for which many GIS datasets are available, including the Southwest Regional Gap Analysis Project land-cover dataset and urban growth scenarios comparing the year 2000 to alternative 2020 scenarios (Steinitz and others, 2003).  We evaluated the responsiveness of ecosystem services tools to three different scenario sets: urban growth, mesquite management, and water augmentation.  Although we could develop a substantially greater number of scenarios by combining scenarios (in other words, urban growth-mesquite management-water augmentation), in order to keep the communication of results clear, we evaluated each set of scenarios independently.

Scenario group 1: Urban growth

We compared urban growth scenarios for the year 2020, using year 2000 baseline plus “open” and “constrained” scenarios for the year 2020, based on Steinitz and others (2003, Figure 4).  These scenarios reflect a 2020 population of 111,500 in the open scenario and 78,500 in the constrained scenario, with more compact future development in the constrained scenario and negligible constraints on development in the open scenario.  While watershed-based population estimates are difficult to obtain, we assume a year 2000 population of 71,105 for the U.S. side of the border based on Census data for towns in the watershed.  Steinitz and others (2003) also have an intermediate or  “plans” scenario but we chose only to model the open and constrained scenarios to provide upper and lower bound estimates of the degree of development.  In addition to the assumed additional development, the 2020 scenarios also assume that nearly all of the grasslands and mesquite in the San Pedro Valley will be converted to desert scrub.  Steinitz and others (2003) do not provide justification for this assumption, but as a result it is important to note that not all ecosystem service changes in the development scenarios are brought on by development – some are a result of this assumed widespread vegetation change in the scenarios.  Kepner and others (2004) also used these scenarios to model the relative hydrologic impacts of alternative development futures.  While we did not use data from the Kepner study because it was derived with an uncalibrated hydrologic model for demonstration purposes, with model calibration such data could be used as additional inputs for ecosystem service modeling.  The U.S. EPA (Bierwagen and others, 2010) and USGS are both working on joint urban-growth and climate-scenario datasets, but these datasets were not available within this project’s timeline.
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Figure 4. Urban growth scenarios (Steinitz and others, 2003).

Scenario group 2: Mesquite management

Given mesquite encroachment onto desert scrub and grassland ecosystems that has taken place in recent decades (Kepner and others, 2000), there is interest in using fire and/or mechanical removal as a management tool for mesquite control and grassland restoration.  SPRNCA BLM staff are developing a mesquite management EA that will identify specific areas for management.  Since these areas were not available at the time of the modeling exercise, we developed hypothetical mesquite management polygons located within the SPRNCA between Highway 90 and the Hereford Bridge.  This scenario entailed hypothetical conversion of 2,278 acres of mesquite into grassland in order to evaluate ecosystem services effects on this management strategy (Figure 5).  We used the polygons below in combination with the AGWA Land-cover Modification Tool (Miller and others, 2007) to convert mesquite to grassland within these polygons.
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Figure 5. Mesquite management scenario.  Mesquite is indicated in dark brown, grasslands in yellow.

Scenario group 3: Water augmentation

The Bureau of Reclamation’s proposed extension of the Central Arizona Project from Tucson to the San Pedro provides the basis for a third group of scenarios (Bureau of Reclamation, 2007).  We used scenarios for riparian condition initially developed by Stromberg and others (2006) and more recently used by Brookshire and others (2010) for ecosystem service analysis (Figure 6).  We evaluated current conditions plus groundwater futures 3 (GWF 3 – a uniform 0.5-meter rise in groundwater across the SPRNCA) and 9 (GWF 9 – entire SPRNCA perennial).  The Arizona State BLM and The Nature Conservancy are currently working to determine desirable groundwater and flow conditions for the Upper San Pedro, which will bring a more scientific basis to scenario choices for water augmentation.
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Figure 6. Nine hydrologic scenarios and the current conditions for the SPRNCA.

Scenario group 4: Climate change

While some work has taken place to model climate-change effects on the San Pedro (Serrat-Capdevilla and others, 2007; Dixon and others, 2009), this work is either not spatially explicit or is not up to date with results from the IPCC 4th Assessment Report.  While the U.S. EPA (http://www.epa.gov/ncea/global/) and USGS are in the process of downscaling climate-change scenarios at the national level, these scenarios were not completed within the timeline of this project.  As a result, we did not use climate change scenarios for this project.
Results

Results by ecosystem service

Carbon

The InVEST Tier 1 carbon storage and sequestration model uses a table linking land cover type to carbon storage, with sequestration modeled as a function of land cover change over time.  Using the InVEST carbon model, we mapped carbon sequestration and its value for the urban growth and mesquite management scenarios (Figure 7, Table 6, see Appendix A for assumptions and data sources used with the InVEST models).  For all ecosystem services results presented in this section, the tables displaying values for pre- and post-mesquite management conditions show baseline ecosystem services results for the SPRNCA.  We value carbon using a set of conservative ($21 social cost of carbon per ton, 0% annual change in social cost, 7% discount rate) and non-conservative climate economics assumptions ($85/ton, 6% annual change in social cost, 1% discount rate).  We describe these assumptions further in Appendix A.  The InVEST carbon model showed a substantial loss in carbon storage under the urban growth scenarios, with greater carbon storage loss under the open development scenario (3.4 million tons lost) than the constrained (2.2 million tons lost).  It also showed a smaller loss of carbon storage (35 thousand tons) under the mesquite removal scenario (Table 6).
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Figure 7. InVEST carbon results (tons C/ha).

Table 6.  InVEST carbon results.

	Scenario
	Carbon storage, tons (change)
	Value of sequestered carbon ($), conservative economic assumptions
	Value of sequestered carbon ($), non-conservative economic assumptions

	2000 housing baseline
	53,018,704
	
	

	2020 open development 
	49,660,036

(-3,358,668)
	(-$34,276,986)
	(-$138,172,970)

	2020 constrained development 
	50,816,810

(-2,201,894)
	(-$25,052,469)
	(-$100,988,256)

	Pre-mesquite management
	1,556,984
	
	

	Post-mesquite management
	1,522,545

(-34,439)
	(-$723,219)
	(-$2,926,465)


The ARIES carbon sequestration and storage models quantify and map: 1) Carbon sequestration and its uncertainty on the landscape, based on a probabilistic model and sequestration values from the literature and spatial datasets; 2) Potential stored carbon release and its uncertainty, based on a probabilistic model and carbon storage values from the literature and spatial datasets. By overlaying a polygon of fire locations in a given year, the user can estimate stored carbon release from wildfire; and 3) Anthropogenic greenhouse gas emissions based on spatial data.  These three final maps let a user quantify the regional carbon balance, by subtracting stored carbon release and greenhouse gas emissions from sequestration to estimate whether a region is a net carbon sink or source.  As in the InVEST model, carbon sequestration can be valued by simply applying a social cost of carbon to each ton of carbon sequestration or avoided stored carbon release.  Using the ARIES carbon model, we mapped carbon sequestration and potential stored carbon release for the urban growth and mesquite management scenarios, as well as corresponding uncertainty for the sequestration and potential stored carbon release (Figure 8, Table 7, see Appendix B for assumptions and data sources used with the ARIES models).  
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Figure 8. ARIES carbon results.

Table 7.  ARIES carbon results.

	Scenario
	Carbon sequestration, tons/yr (change)
	Potential stored carbon release, tons/yr (change)
	Greenhouse gas emissions, tons/yr (change)
	Value of sequestered carbon ($), conservative economic assumptions
	Value of sequestered carbon ($), non-conservative economic assumptions

	2000 housing baseline
	64,464
	142,636
	136,569
	
	

	2020 open development 

	
	
	214,140
	
	

	2020 constrained development 
	
	
	150,772
	
	

	Pre-mesquite management
	14,477
	37,575
	
	
	

	Post-mesquite management
	14,602 

(+125)
	37,568

(-7)
	
	+$2,625
	+$10,625


The InVEST and ARIES carbon results are not directly comparable.  InVEST estimates carbon storage based on a table of carbon pools linking land use/cover to carbon storage.  Carbon sequestration is estimated based on change over time between baseline and future scenarios.  This is an admittedly simplistic model but provides relatively straightforward results based on the carbon pools data.  ARIES estimates carbon sequestration based on factors influencing sequestration, the potential release of stored carbon due to fire, and greenhouse gas emissions in the area of interest in order to estimate a regional carbon budget.  ARIES also includes uncertainty estimates for carbon sequestration and potential stored carbon release.  However, relevant factors must be included in the models, or the results may be counterintuitive.  For example, mesquite has been found to have greater soil carbon storage than grasslands (Wheeler and others, 2007), so might be expected to have greater sequestration, yet the ARIES mesquite removal scenario showed greater expected sequestration with less mesquite cover. This is likely due to the use of percent canopy cover as a key input to the carbon sequestration model.  However, the percent canopy cover data showed minimal change during the scenario run, producing minimal change in carbon sequestration.  This shows how the ARIES carbon sequestration model would benefit from further adjustments to its model structure as well as calibration, though further refinement of carbon storage values with regional experts would benefit the InVEST model as well.  

While we were able to estimate changes in carbon sequestration for the mesquite management and urban growth scenarios, we were not able to do so for the water augmentation scenario.  The InVEST model relies on changes in land use/cover, and we did not include a fine enough land use/cover typology to consider differences in carbon sequestration in ephemeral versus perennial riparian communities, as the data on carbon pools did not support use of a land use/cover typology at that level of detail.  The ARIES carbon model uses factors like percent tree canopy cover, mean annual precipitation, and fire frequency in estimating carbon sequestration and potential stored carbon release.  Lacking information on how water augmentation would change these factors
, we were left with the fact that while carbon dynamics of the riparian community are likely to change with water augmentation, we lack a full enough understanding of the magnitude of these changes to model them accurately.  While InVEST’s land use-land cover-based approach to estimating carbon storage provides somewhat less flexibility in defining scenarios, the InVEST carbon model was more sensitive in translating on-the-ground changes to changes in ecosystem services provision than the ARIES carbon models
.
Water

InVEST models water yield using a basic hydrologic model that subtracts evapotranspiration from combined infiltration and runoff, without differentiating between surface, subsurface, and baseflow.  InVEST’s Tier 1 water model quantifies these values on an annual basis.  The InVEST user’s guide cautions that “the theory we are using as the foundation of this set of modelswas developed at the sub-watershed to watershed scale… pixel-scale representations of some outputs (are) for calibration and model-checking purposes only.  These pixel-scale maps are not to be interpreted for understanding of hydrological processes or to inform decision making of any kind” (Tallis and others, 2011).  Additionally, InVEST can estimate water demand by assigning a water use coefficient to each land use/cover type to estimate total anthropogenic water demand.  We mapped water yield based on 2002 (dry year) and 2007 (wet year) precipitation, along with water demand for the urban growth and mesquite management scenarios (Figure 9, Table 8, see Appendix A for assumptions and data sources used with the InVEST models).  To obtain total values for water yield, we multiplied the pixel area (30x30 m) by the total number of pixels by the average pixel value to convert annual water yield in mm into water yield in m3.  The InVEST water yield model showed substantial increases in water yield under both urban growth scenarios, with the greatest yield under the open development scenario (Table 8).  This increase in water yield is a function of greater impervious surfaces creating faster runoff.  This is an undesirable effect, as faster runoff causes problems with erosion, water quality, and groundwater recharge.  A small increase in water yield was observed for the mesquite removal scenario, and is a positive effect, as a small increase in yield near the stream would likely translate into greater streamflow levels.
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Figure 9. InVEST water results.

Table 8.  InVEST water results.

	Scenario
	Water yield (m3)
	Water demand (m3)

(change)

	
	2002 – dry year
(change)
	2007 – wet year
(change)
	

	2000 housing baseline
	507,626,832
	987,712,847
	7,742,900

	2020 open development
	568,468,832 (+60,841,291)
	1,063,809,258 (+76,096,411)
	12,140,867
(+4,397,967)

	2020 constrained development
	533,537,358 (+25,910,527)
	1,024,103,562 (+36,390,715)
	8,548,162

(+805,262) 

	Pre-mesquite management
	9,858,912
	25,263,572
	

	Post-mesquite management
	9,935,087 (+76,175)
	25,337,724 (+74,152)
	


The ARIES water models quantify: 1) annual precipitation as the “source” of surface water, 2) evapotranspiration and infiltration and their uncertainty as “sinks” that deplete the quantify of surface water, 3) use areas where surface water is diverted for human use, and 4) flow models to map the movement of water across the landscape.  ARIES does not currently include a groundwater flow model, so the results presented here include only surface water flows and users, which are limited to the two small agricultural surface diversions near St. David, Arizona.  Like InVEST, these processes are currently modeled at the annual time step, and we use 2002 precipitation as a representiative dry year and 2007 as a representative wet year.  Using the ARIES water model, we mapped theoretical and actual “sources,” “sinks,” and users for surface water users for the urban growth and mesquite management scenarios (Figure 10, Table 9, see Appendix B for assumptions and data sources used with the ARIES models).  
Theoretical values show potential infiltration and use, while actual values show results when connected with a flow model (i.e., accounting for what happens to water as it flows across the landscape).
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Figure 10. ARIES water results.

Table 9.  ARIES water results.

	Scenario
	2002 – m3, dry year (change) 
	2007 – m3, wet year (change)

	
	Actual surface water source
	Actual surface water sink
	Actual surface water use

	Actual surface water source
	Actual surface water sink
	Actual surface water use

	2000 housing baseline
	2,013,490
	267,205
	2,010,339
	3,348,884
	267,205
	3,340,692

	2020 open development 

	
	
	
	
	
	

	2020 constrained development 
	
	
	
	
	
	

	Pre-mesquite management
	604,689
	97,723
	951,529
	588,467
	51,304
	777,836

	Post-mesquite management
	547,563
(-57,126)
	89,978
(-7,745)
	894,386
(-57,143)
	551,087
(-37,380)
	47,423
(-3,881)
	740,286

(-37,550)


The InVEST and ARIES water results are more comparable to each other than those for carbon.  Both models estimate water yield and demand.  However, ARIES results spatially link actual surface water use to surface water provision, while InVEST models basin-wide water yield including surface and subsurface flow, so the magnitude of the outputs are quite different.  InVEST simplifies water movement by considering the combined movement of groundwater and surface water, assuming that groundwater follows the same flow path as surface water and eventually gets to a stream where it is discharged as baseflow.  In the San Pedro, groundwater flows at a very slow rate, with individual water molecules taking as little as 50 years or as many as 10,000 years (1,100 years on average) to move from recharge zones to the river (Mac Nish and others, 2009).  The Tier 1 InVEST water model ignores the locally-important role of mountainfront and ephemeral channels in groundwater recharge.  However, InVEST water yield models have been tested in other groundwater-dominated systems, where they were deemed to perform acceptably provided results could be calibrated to time-series streamflow data 
(Mendoza and others, 2011, Box 4.1).  
The ARIES water models currently consider only surface flow, and account for mountainfront and ephemeral channel infiltration processes.  However, the flow model results show values that are lower than expected (see footnote 10), which indicates that “sinks” of evapotranspiration and infiltration are likely acting too strongly and should be further calibrated.  Additionally, the mesquite removal scenario results show unexpected results.  Mesquite removal in groundwater-dominated systems would be expected to increase streamflow via reduced evapotranspiration (Huxman and others, 2005).  Yet the results show lower sink values, consistent with this prediction, but also lower source and use values, inconsistent with this prediction.  The ARIES results also unexpectedly showed greater water supply and use in a dry year than a wet year under the mesquite removal scenario.  This may be due to relatively greater contribution of water from outside the SPRNCA in the representative wet year, since mesquite removal results were clipped to show values only from the SPRNCA.  These unexpected results show the need to more closely calibrate and test the ARIES water flow models.  As such, both ARIES and InVEST would benefit from further calibration to local hydrologic data, which would be possible in a well-studied watershed such as the San Pedro but could be more difficult in other parts of the Western U.S.
Like the carbon models, we were able to estimate changes in water and water yield for the mesquite management and urban growth scenarios, but were not able to do so for the water augmentation scenario.  Again, we did not include a fine enough land use/cover typology to consider differences in water yield in ephemeral versus perennial riparian communities, as the data did not support use of that fine a typology.  We were left with the fact that while hydrologic dynamics of the riparian community, particularly evapotranspiration, are likely to change with water augmentation, we lack a full enough understanding of the magnitude of these changes to model them accurately.

Water can be valued economically using market price, replacement cost, or willingness to pay (Table 10), though none of these methods give perfect estimates of the full social, ecological, or economic value of water.  Market prices for water in the San Pedro range from $1.25 to $3.24 per thousand gallons, based on water rates for the Arizona American Water Company’s service in Sierra Vista, Bisbee, San Manuel, and Winkelman (WIFA, 2009).  Replacement costs for water range from $3.86 to $8.78 per thousand gallons (Bureau of Reclamation, 2007).  Piper and Martin (1997) found values for household willingness to pay for water values that ranged $4.43-17.29 per month in the rural western United States.  Using the regression coefficients from Table 4 (Piper and Martin, 1997) and values for the independent variables in Cochise County, we estimate household willingness to pay to range from $4.32-14.35 per month in Cochise County.  This is in addition to an average water bill of $51.40 per month (WIFA, 2009), and raises current water expenditures plus added WTP to $1.43-3.83 per thousand gallons, somewhat closer to the lower bound replacement cost.

Table 10.  Economic values for water in the San Pedro watershed (2008 dollars).

	Method
	Value/1000 gal ($)
	Value/m3 ($)

	Market price – lower bound
	$1.25
	$0.33

	Market price – upper bound
	$3.24
	$0.86

	Replacement cost – lower bound
	$3.86
	$1.02

	Replacement cost – upper bound
	$8.78
	$2.32

	Willingness to pay – lower bound
	$1.43
	$0.38

	Willingness to pay – upper bound
	$3.83
	$0.89


Biodiversity

The InVEST biodiversity model links land use/cover data with estimates of habitat quality for each land use/cover type, maps of drivers of landscape change including grazing, groundwater pumping, roads, climate change, and the U.S.-Mexico border fence, and the degree of change caused by each of these drivers.  Using the InVEST biodiversity model, we mapped habitat quality for the urban growth and mesquite management scenarios (Figure 11, Table 11, see Appendix A for assumptions and data sources used with the InVEST models).  As with the carbon and water models, we did not model the effects of water augmentation on biodiversity scores.  
The biodiversity model showed a decrease in habitat quality under the open development scenario, an extremely slight increase in habitat quality under the constrained development scenario, and an increase in habitat quality under the mesquite management scenario (Table 11).  ARIES does not have a biodiversity model, but instead incorporates biodiversity into recreational or other values, as discussed in the next section.
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Figure 11. InVEST biodiversity results.
Table 11.  InVEST biodiversity results.

	Scenario
	Habitat quality

	
	Relative value
	Percent change

	2000 housing baseline
	170,738
	

	2020 open development
	158,400
	(-7.2%)

	2020 constrained development
	170,796
	+0.03%

	Pre-mesquite management
	128,036
	

	Post-mesquite management
	132,088
	+3.2%


Like the ARIES open space proximity, viewshed, and recreation models described below, the InVEST biodiversity model estimates values in relative units.  Lacking underlying biophysical units, the absolute outputs from these models are not as meaningful as model outputs in units such as tons of carbon or cubic meters of water.  However, the percent change in biodiversity can still be a useful decision input.  While model outputs scored in relative values may invite less criticism than outputs that measure up poorly against empirically measured ecosystem processes, the underlying model inputs must still be carefully developed to avoid subjectivity.
Cultural services: Viewsheds, open space proximity, recreation
The ARIES viewshed and open space proximity models quantify the contribution of nature toward amenity values, typically measured using hedonic pricing for real estate.  These models quantify and map: 1) “sources” of high-quality open space that are desirable to live near or visually appealing views, 2) “sinks” that degrade these features, including visual blight such as transmission lines or mines or highways that reduce privacy, increase noise, and act as a physical barrier to open space access at the neighborhood scale, and 3) users of open space or viewsheds, in this case homeowners.  Sources, sinks, and users are linked using the appropriate flow model – lines of sight for viewsheds and a Gaussian decay function for open space proximity.  Uncertainty estimates are provided for all outputs.  Using the ARIES viewshed and proximity models, we mapped the theoretical source (viewshed or open space quality independent of the location of homeowners and sinks) and actual use (dependent on user presence and flow characteristics) for open space proximity and viewsheds (Figure 12, Table 12, see Appendix B for assumptions and data sources used with the ARIES models).  We modeled changes in value under urban growth, mesquite management, and water augmentation scenarios.  We did not model viewshed change under water augmentation or proximity value change under mesquite management, as we lacked data on how those changes would be translated into higher or lower aesthetic value.  An InVEST aesthetic viewsheds model was released in February 2011.  However, this model was released too late in this project’s development to run and test it for the San Pedro.
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Figure 12. ARIES open space proximity and viewshed results.
Table 12.  ARIES open space proximity and viewshed results.

	Scenario
	Theoretical viewshed source (change)
	Actual viewshed use (change)
	Theoretical proximity source (change)
	Actual proximity use (change)

	2000 housing baseline
	1,031,707
	144,752
	1,622,836
	3,139

	2020 open development
	
	
	1,576,655
(2.8%)
	


	2020 constrained development
	
	
	1,605,089
(1.1%)
	12,822
(+308.5%)

	Baseline, SPRNCA only
	
	
	
	

	Water augmentation: uniform 0.5-m groundwater rise across SPRNCA
	Not modeled
	Not modeled
	

	

	Water augmentation: entire SPRNCA perennial
	Not modeled
	Not modeled
	
	

	Post-mesquite management

	
	
	Not modeled
	Not modeled


The urban growth scenarios produced a slight decline in the provision of high-quality open space, as natural ecosystems are replaced by development, but a large increase in actual open space value as many new low-density developments are located in close proximity to open space.  Like the InVEST biodiversity model, the ARIES aesthetics models are scored using relative values.  As such, the underlying data inputs and model assumptions should be well documented to avoid potential subjectivity.
The ARIES recreation models quantify the potential contribution of nature toward various recreational activities.  Other factors including accessability, infrastructure, and visitor preferences also influence recreational use and values.  However, the underlying natural features that support recreation are the ecosystem service in this case.  The ARIES recreation models currently produce maps of the relative value and uncertainty of site quality for birding, wildlife viewing, and hunting for relevant game species (Figure 13, Table 13, see Appendix B for assumptions and data sources used with the ARIES models).  Recreational use models would show the locations of potential users of recreation sites, while flow models would link users to potential sites through a transportation network model.  Fully parameterized recreational use and flow models would require higher quality data on visitor use, preferences, and points of origin than are available for most recreation sites, including those on the San Pedro.  We modeled changes in potential recreation value under urban growth and water augmentation scenarios, as we lacked information on how mesquite management would be influence a site’s recreational value.
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Figure 13. ARIES recreation results.
Table 13.  ARIES recreation results.

	Scenario
	Birding source value
	Wildlife viewing source value
	Javelina hunting source value
	Dove hunting source value
	Deer hunting source value
	Quail hunting source value

	2000 housing baseline
	2,034,490
	2,769,890
	2,488,743
	2,583,137
	2,483,279
	2,601,106

	2020 open development

	
	
	
	
	
	

	2020 constrained development
	
	
	
	
	
	

	Baseline, SPRNCA only
	65,499
	86,064
	78,790
	83,060
	75,269
	84,022

	Water augmentation: uniform 0.5-m groundwater rise across SPRNCA
	68,040
(+3.9%)
	89,222
(+3.7%)
	82,031
(+4.1%)
	85,861
(+3.4%)
	78,277
(+4%)
	86,767
(+3.3%)

	Water augmentation: entire SPRNCA perennial
	68,710
(+4.9%)
	90,305
(+4.9%)
	82,449
(+4.6%)
	86,272
(+3.9%)
	78,703
(+4.6%)
	87,179
(+3.8%)


The ARIES recreation models showed a general increase in recreation potential in the SPRNCA associated with groundwater augmentation, and a decline in recreation potential associated with urban growth
.  This does not account for the increase in potential recreational users associated with urban growth, as larger population is likely to lead to an increase in the number of recreational users.  We can only address this point throught future development of recreation use and flow models.
The Wildlife Habitat Benefits Estimation Toolkit is designed to provide several relevant biodiversity and cultural values.  For hunting on public land a value of $67.23 per hunter-day was estimated for both big and small game hunting (2008 dollars).  Total annual visitation to the SPRNCA is estimated by the WHBET at 118,147, as compared to the actual estimate of 150,000.  The aquatic habitat non-use value worksheet was inappropriate for the San Pedro.  Although it is intended to estimate public non-use values for aquatic habitat, it is designed to value changes in water quality, rather than absolute quantity or flow permanence, the change that is most relevant for the San Pedro.  The Wildlife Habitat Benefits Estimation Toolkit also has an open space property premium model, but it is designed to account for values from forests, parks, and wetlands – open space types rare in southeast Arizona but for which more hedonic valuation studies have been completed.  When testing the WHBET property premium model, the underlying regression equation generally produced negative property premiums since the surrounding vegetation is most often desert scrub, as opposed to more commonly valued vegetation types.  
Although we were able to quantify viewshed and open space proximity values in relative terms using ARIES models, transferring dollar values proved to be more difficult than expected for the San Pedro.  Although Bark and others (2009) and Sengupta and Osgood (2003) estimate open space proximity values for changes in riparian vegetation in Tucson (relevant to the water augmentation scenario) and for rural Arizona residences, respectively, neither of the transfer functions lend themselves easily to transferring value to the San Pedro.  Additionally, while views of mountains and riparian areas are valued in the San Pedro (Steinitz and others, 2003) a recent review paper of viewshed studies lacked studies from the intermountain west to draw upon for value transfer (Bourassa and others, 2004
).  Given these problems, we did not apply dollar values to open space proximity and viewshed values in the San Pedro.
Results in the San Pedro decision context
Urban growth scenarios
Economic benefits such as employment and increased municipal tax bases are often taken as justification for urban growth.  Yet ecosystem services are an opportunity cost of urban growth, and can better show the costs and benefits of urban expansion.  For example, if the costs of lost carbon storage on the landscape and the replacement of water demanded by new residents are taken into account, we obtain an annual social cost of $1.5-5.7 million for the constrained development scenario and $3.2-$10.3 million for the open development scenario, which translates to an annual social cost of $78-766 per new resident for ecosystem services degradation (Table 16).
Table 14.  Ecosystem services provision under alternative urban growth scenarios: InVEST results.

	Scenario
	Carbon storage, tons (change)
	Annual water yield (m3)
	Annual water demand (m3)
(change)
	Habitat quality, relative value (change)

	
	
	2002 – dry year (change)
	2007 – wet year (change)
	
	

	2000 housing baseline
	53,018,704
	507,626,832
	987,712,847
	7,742,900
	170,738

	2020 open development 
	49,660,036

(-3,358,668)
	568,468,832 (+60,841,291)
	1,063,809,258 (+76,096,411)
	12,140,867

(+4,397,967)
	158,400

(-7.2%)

	2020 constrained development 
	50,816,810

(-2,201,894)
	533,537,358 (+25,910,527)
	1,024,103,562 (+36,390,715)
	8,548,162

(+805,262) 
	170,796

+0.03%


Table 15.  Ecosystem services provision under alternative urban growth scenarios: ARIES results.

	Scenario
	Carbon storage, tons (change)
	Annual water yield (m3)
	Theoretical proximity source (change)
	Actual proximity use (change)

	
	
	2002 – dry year (change)
	2007 – wet year (change)
	
	

	2000 housing baseline
	
	
	
	1,622,836
	3,139

	2020 open development 
	
	
	
	1,576,655

(2.8%)
	

	2020 constrained development 
	
	
	
	1,605,089

(1.1%)
	12,822

(+308.5%)


Table 16.  Economic values for ecosystem service changes under alternative urban growth scenarios.

	Scenario
	Cost of lost carbon storage, 2000-2020
	Cost of additional annual water demand
	Total annual cost
	Annual per capita new resident cost

	2020 open development 
	(-$34,276,986 to 

-$138,172,970)
	(-$3,367,084 to 

-$1,451,329)
	(-$3,165,178 to 

-$10,275,732)
	(-$78 to 

-$254)

	2020 constrained development 
	(-$25,052,469 to 

-$100,988,256)
	(-$265,736 to 

-$616,509)
	(-$1,518,360 to 

-$5,665,921)
	(-$205 to 

-$766)


Mesquite management scenario
Restoration projects such as mesquite management fall under the SPRNCA’s mandate “to protect, enhance, and maintain the riparian area and the aquatic, wildlife, archaeological, paleontological, scientific, cultural, educational, and recreational resources of the public lands surrounding the San Pedro River in Cochise County, Arizona” (16 U.S.C. 460xx).  In real-world terms, restoration decisions hinge on prioritization of scarce resources and the cost and public response to alternative restoration projects must be considered.  Ecosystem services provide a quantifiable metric for comparison with other restoration costs and benefits.  For example, replacement of mesquite by native grassland is expected to reduce soil and vegetation carbon stocks (McLain and Martens, 2003) but increase streamflow (Huxman and others, 2005) and biodiversity values.  Although the results of this study are not intended to guide specific management actions, results of the InVEST model suggest a range of net present values ranging from a loss of $2.6 million to a gain of $10.3 million associated with the mesquite management scenario (Table 19).  This large range of uncertainty hinges largely on the economic assumptions about the social cost of carbon, methods used to value water yield, and the discount rate used to convert the annual value of water yield to net present value (discount rates of 1 and 7% were used in this example).
Table 17.  Ecosystem services provision under mesquite management scenario: InVEST results.

	Scenario
	Carbon storage, tons (change)
	Annual water yield (m3)
	Habitat quality, relative value (change)

	
	
	2002 – dry year (change)
	2007 – wet year (change)
	

	Pre-mesquite management
	1,556,984
	9,858,912
	25,263,572
	128,036

	Post-mesquite management
	1,522,545

(-34,439)
	9,935,087 (+76,175)
	25,337,724 (+74,152)
	132,088

+3.2%


Table 18.  Ecosystem services provision under mesquite management scenario: ARIES results.

	Scenario
	Carbon sequestration, tons/yr (change)
	Potential stored carbon release, tons/yr (change)
	Actual surface water source (change)
	Actual surface water sink (change)
	Actual surface water use (change)
	Theoretical viewshed source (change)
	Actual viewshed use (change)

	Pre-mesquite management
	14,477
	37,575
	588,467 to 604,689 
	51,304 to 97,723 
	 777,836 to 951,529 
	
	

	Post-mesquite management
	14,602 

(+125)
	37,568

(-7)
	547,563

 to 551,087 (-37,380 to -57,126) 
	47,423 to 89,978

(-3,881 to -7,745) 
	740,286 to 894,386

(-37,550 to -57,143) 
	
	


Table 19.  Economic values for ecosystem service changes for mesquite management scenario.

	Scenario
	Cost of carbon storage lost
	Value of additional annual water yield
	Net present value of benefit 

	Post-mesquite management
	(-$723,219 to 

-$2,926,465)
	+$25,138 to 

$172,033
	(-$2,567,604) to +$10,183,117


Water augmentation scenarios
Due to the limited spatial extent of the riparian area that would be restored by increasing groundwater levels and surface flow frequency in the SPRNCA and the uncertainty of the relationship between types of riparian vegetation and ecosystem service provision, we were only able to model changes to open space proximity and recreational values in ARIES for the water augmentation scenarios (Table 20).  To convert these relative values into monetary values, we used Orr and Colby’s (2002) estimates of birders’ consumer expenditures and multiplier effects, multiplied by the annual number birders visiting the SPRNCA, multiplied by the percent change in birding source value.  For hunting, we obtained the annual number of hunter days for deer and javelina in Game Management Units that roughly correspond to the San Pedro watershed (Arizona Game and Fish Department, 2009), assume that 5% of the total hunter days are in the SPRNCA (3,345 hunter days), and use value of a hunter-day from the WHBET multiplied by the percent change in hunting quality to value the change in recreation value from hunting.
Table 20.  Ecosystem services provision under water augmentation scenarios: ARIES results.

	Scenario
	Theoretical proximity source (change)

	Actual proximity use (change)
	Birding source value (change)
	Wildlife viewing source value (change)
	Hunting source value, mean of 4 harvestable species (change)

	Water augmentation baseline
	
	
	65,499
	86,064
	80,285

	Water augmentation: uniform 0.5-m groundwater rise across SPRNCA
	
	
	68,040

(+3.9%)
	89,222

(+3.7%)
	83,234

(+3.7%)

	Water augmentation: entire SPRNCA perennial
	
	
	68,710

(+4.9%)
	90,305

(+4.9%)
	83,651

(+4.2%)


Table 21.  Economic values for ecosystem service changes for water augmentation scenarios.

	Scenario
	Open space proximity value
	Annual recreation value: birding
	Annual recreation value: hunting
	Net present value of benefit 

	Water augmentation: uniform 0.5-m groundwater rise across SPRNCA
	
	$169,984
	+$8,321
	

	Water augmentation: entire SPRNCA perennial
	
	$213,570
	+$11,019
	


Conclusions and Recommendations

General findings 
Advantages and disadvantages of alternative approaches
A key tradeoff in the application of these tools is in the time required to apply them versus the depth and quality of information that is added to the decision-making process (Table 22).  If the gain in quality and quantity of information added by these ecosystem service tools is high relative to the time requirements, their added value to the decision process would be greatest.  For many of the tools, the time needs shown below could be substantially reduced if they were better developed and supported by high-quality archives of spatial, ecological, and economic data.  Such data could quickly provide input and model paramterization data and reduce the likelihood of new users making errors or overlooking important data sources.  We further discuss such data archives in the “Recommendations for future work” section.
Table 22.  Estimated time to complete ecosystem service assessment and valuation using alternative methods.

	Method/Tool
	Estimated hours, pilot study
	Est. hours with a high-quality data archive
	Relative quantity of information provided
	Comments

	Primary valuation
	60
	20
	Moderate
	Time needed for review and synthesis of the literature; could be greater in areas where more studies have been completed (for example, Pacific Northwest).

	Value transfer
	10
	10
	Low
	Estimate for the Wildlife Habitat Benefits Estimation Toolkit.  Time requirements would be substantially greater to build new transfer functions, particularly if using a Bayesian approach.

	Ecosystem Services Review
	10
	10
	Low
	Can be completed quite quickly but does not provide quantitative results; time to completion could be several times greater if a large number of stakeholders are involved.

	InVEST (3 ecosystem services
	250
	40
	High
	Time to complete could be drastically reduced with system for sharing data and underlying model assumptions.

	ARIES (4 ecosystem services)
	800
	40
	Highest
	Included time to customize and extensively debug models, which will not be necessary for future applications.  Spatial data management system reduces data input needs in future applications.


The approaches evaluated in this study differed greatly in their performance against the seven evaluative criteria described in the methods section (Table 23).  Since no tool performs well in all categories, this suggests the importance of knowing the right tool for the job, in other words, thinking about the kind of outputs that will best support a particular decision, choosing the right approach, and supporting it with high-quality input data.

Table 23.  Description of all ecosystem service tools on key evaluative criteria.

Primary valuation
While it is infeasible to conduct new valuation studies in all but the most high-profile decision contexts, past primary valuation studies can aid in local decision making.  Where they are available, past primary studies are often highly relevant to the local decision context. BLM offices should be aware, however, that past local primary studies typically capture only a limited number of ecosystem services under a limited set of decision contexts.  Searching for, reviewing, and distilling information from these studies into useful information can also be a relatively time consuming process.  It requires access to academic journal articles, so may be only moderately feasible for BLM field offices.  Compilation of such studies into an agency or DOI-wide database, however, could reduce the time needed to compile and synthesize local studies for use in decision-making.

Value transfer
For the San Pedro, we used the Wildlife Habitat Benefits Estimation Toolkit (WHBET) for local value transfer.  This provides a set of transfer functions and a consistent process for function transfer, reducing the need to develop new transfer functions or use unreliable point transfers (see Appendix C for further discussion of value transfer).  Point transfers or other knowingly inadequate benefit transfers are sometimes justified by noting that any value is better than the implicit value of zero that natural resources are too often given.  However, a consequence of this is to discredit other environmental valuation techniques (Smith, 1992).  Most of the literature supports the notion that if a resource value cannot be defensibly monetized, it is preferable to provide a qualitative description or utilize a framework that allows for different types of values (for example, multi-criteria analysis) (Spash and Vatn, 2006).  The benefits of a single unit (money) to compare disparate resources, however, can be substantial.  Loomis and Rosenberger (2006) note that in conversations with OMB economists, there was skepticism that qualitative descriptions of benefits would be able to offset monetary estimates of cost.

The BLM should be cautious when using benefit transfer.  Monetization may give a sense of false precision, particularly to non-expert audiences.  However, the benefit transfer literature has found value estimate errors that are as high as 7000% (Loomis, 1992).  Navrud and Ready (2007) suggest that errors ranging from 20-40% are probably in the acceptable range.  As others point out, deciding on “acceptable errors” depends on the context in which the values will be used.  Conducting a cost-benefit analysis on a small scale project will require less precision than a Natural Resource Damage Assessment, where legal compensation is decided.  In the case of the latter, benefit transfer is probably inappropriate (Navrud and Ready, 2007).  Regardless of the errors that BLM decides are “acceptable,” care should be taken to follow the best practice principles outlined in Appendix C.  While appreciating the potential pitfalls of value transfer, it can certainly be useful for decision-making in BLM, particularly if functions are incorporated into well-documented, user friendly spreadsheets like the WHBET.  Support for keeping the WHBET up to date and incorporating additional transfer functions from the literature into a similar framework would be worthwhile for BLM and other agencies to consider.
Ecosystem Services Review
The Ecosystem Services Review is a well-documented, rapidly completed process or qualitative review of ecosystem services impacts.  While it was originally developed for private sector use, it could also be easily adapted for analysis of ecosystem services impacts for public agencies involved in extractive resource use, such as the BLM or USDA Forest Service.  While the ESR requires relatively little time to complete, it also provides no valuation, quantitative, or spatial information about the distribution of ecosystem service values or impacts.  Its greatest value is thus as a screening tool to pair with another method for more detailed analysis.

InVEST
InVEST’s outputs are maps that quantifying ecosystem services tradeoffs using well-documented models.  InVEST’s initial beta release occurred in Spring 2008, which has given the tool’s developers abundant time to improve their stability and document their use.  Tier 1 InVEST models are relatively simplistic but are transparent and could be used by BLM field offices given adequate underlying data, GIS software, and moderate GIS expertise.  Planned “Tier 2” InVEST models include a much greater degree of detail than the current Tier 1 models, but at the cost of much greater time to collect underlying data, run, and calibrate the models (Kareiva and others, 2011).  Underlying data are the largest obstacle to widespread use of InVEST: assembling the needed spatial data and parameterizing InVEST data tables can be extremely time consuming and risks subjectivity if done poorly. A number of errors can be encountered if data and files are not formatted properly, so following the file formats provided with a user’s initial download of the InVEST tool is critical.  A centralized data archive to support InVEST modeling would substantially reduce the time required for analysis, and could make widespread application of InVEST much more feasible.  InVEST performs poorly at handling cross-boundary datasets, requiring work by the user to merge two datasets into one using common concepts, units, spatial resolution, and projection.  This limited our ability to map ecosystem services for the entire San Pedro watershed, and could limit use of InVEST across national or state boundaries where there are different underlying datasets.  However, this may be less of an issue for BLM than other agencies that manage more lands that cross state boundaries
.  InVEST does not currently provide uncertainty estimates.  Handling of uncertainty is planned for future releases but for the time being its developers suggest using a range of values to paramterize models, and reporting a range of outputs.  Though we did not do this for the San Pedro, this approach could better capture the range of values likely within each land use/cover type when running each InVEST model.
ARIES

Like InVEST, ARIES models yield quantified results through maps and can allow exploration of scenarios for evaluating ecosystem services tradeoffs.  ARIES is a more flexible modeling system than InVEST, as it is easier to tailor scenarios and local models that incorporate locally-important ecological and socioeconomic factors.  Future releases of ARIES will be capable of “intelligent” model selection, where the system automatically querries and selects models based on relevant contextual information.  For example, a particular ecosystem service model could be more appropriate in arid versus humid conditions, and the system would add or remove model components relevant to those conditions.  ARIES also provides uncertainty estimates associated with results, and maps spatial flows of ecosystem services by explicitly evaluating provision, use, and flow characteristics of each service.  This is important in providing maps of actual ecosystem service provision and use rather than just potential provision in the absence of human beneficiaries.  Finally, ARIES minimizes local GIS data handling requirements by using an extensive GIS database contained within the ARIES GeoServer that can be called on for any ecosystem service model, and delivers results via a web interface.

ARIES currently has several key limitations.  Construction of new ARIES models is a time consuming process, and requires knowledge of the system’s programming language.  While ARIES is flexible in providing local models, a generalized model each for ecosystem service that is globally or nationally applicable has not yet been developed, though development and deployment of such models are planned.  Until a global model is ready, ARIES can only be run in southeast Arizona, southern California, and western Washington as case studies in areas where the BLM works. Even for these regions, further model testing and refinement would be desirable in order to improve the models. ARIES currently runs in a command line interface that is not useful for external users, however, access through an internet browser is planned for late 2011.  By the time of the ARIES beta release, system stability should be improved.  However, system stability was a major issue during the testing of ARIES for this pilot, with substantial time required to develop and debug data and models and run scenarios.  This reduced the time available to properly test and calibrate model results for the pilot.  Like InVEST, ARIES currently does a poor job of handling cross-boundary datasets.  Also like InVEST, future releases of ARIES intend to link to external models, improving the accuracy and credibility of results.  Given these limitations, the use of ARIES by BLM field offices is currently infeasible, though this could change as system stability and online access improve.
Other tools not tested in the pilot

As indicated in Table 1, we did not test a number of other ecosystem services tools as part of this pilot.  Some of these tools are proprietary methods that could be used for high-profile decisions where contracting with consultants is feasible, but their repeated agency-wide application is likely less feasible (for example, EcoAIM, EcoMetrix, ESValue, NAIS).  BSR (2011) provides more details about these tools’ strengths, weaknesses, and application to the San Pedro.
Other approaches require intensive, place-based modeling that would be too expensive and time consuming to apply to agency-wide decision making (for example, Envision, EPM).  However, these tools could be quite informative if they had previously been developed in areas where BLM wanted to bring ecosystem services assessment into the decision process.

The remaining tools were at too early a stage of development to allow independent application to the San Pedro.  While its models are open source, MIMES currently has limited documentation, requires proprietary modeling software, and is of high enough complexity that it is infeasible to run without contracting with its developer.  SolVES lacked local primary survey data and has not yet been used in a wide enough variety of case studies to build the capacity of its value transfer functions.  Survey data to support SolVES are unlikely to be feasible in all but the highest profile management contexts, unless a potential online survey instrument can be used.  However, as SolVES is used more widely, a greater variety of locally relevant studies will become available.  If the accuracy of its value transfer approach can be further tested and proven, value transfer using SolVES could be highly feasibly for widespread use by BLM.  EcoServ’s promised online interface and seamless integration of data and models could make it a useful tool for BLM as well.  However, EcoServ is currently at too early a stage for testing or use.  Finally, MEASURES is another web-accessible ecosystem services modeling approach that could be used by BLM but is currently only planned for use in the Southeastern U.S.  While it may be useful for eastern land managers, unless its models were adapted for western states, MEASURES is unlikely to be a relevant tool for BLM.

Although none of these tools were able to be used for this study on the San Pedro, follow-up studies should reconsider their applicability if they take place new regions where the models were available and as the documentation, stability, capability, and generalizability of these approaches improve with time.

Lessons learned in the valuation process: steps to follow and avoid

All models face tradeoffs between accurately capturing important local processes while sacrificing generalizability or being generalizable but producing results that are locally inaccurate. While ARIES uses a more modular modeling approach to better account for local processes, the only parts of the western U.S. where they are currently developed is in Arizona, southern California, and western Washington.  The InVEST models on the other hand provide an approach that could be used anywhere but may ignore locally important ecological factors.  The planned approach of ARIES and EcoServ – development of a generalized, knowingly simplistic global models for coarse scale analysis, combined with locally specific case study models – is a way around this problem.  However, neither of these tool features are currently available.  The InVEST Tier 2 models may similarly provide improved local specificity, but are also not yet available.  Tools like Envision and the EPM have taken the approach of only modeling specific local processes rather than provide a generalizable model, which limits their use agency-wide but improves their scientific and policy relevance in places where they have been developed.

It is important to run spatial ecosystem service models (InVEST and ARIES) at the highest feasible spatial resolution within the confines of time and processing requirements.  When comparing land cover and carbon storage, we found storage to be greatest in 2000, lowest in the 2020 open scenario, and intermediate in the 2020 constrained development scenario.  However, when we ran the InVEST carbon model at 100 m resolution (based on data at a native 30 m resolution), we found the greatest level of carbon storage in the 2020 open development scenario, a non-intuitive result.  The resampling process tends to lose individual high-value pixels and through this averaging process, the value of ecosystem services analyzed at coarse spatial resolution is likely to be less than the value produced by a fine-scale analysis (Konarska and others, 2002).  Running the InVEST model at 30 m resolution produced the expected results as reported in the results section.  BLM and other users should thus be aware that overly coarse-scale analysis could lead to incorrect conclusions being supported in decision making, such as the (incorrect) conclusion that carbon storage is maximized in an open development scenario.

Finally, some scenarios are much easier to model and assess changes in ecosystem services than others.  For the current generation of InVEST models, land use/cover change drives ecosystem services, and for the water augmentation scenario, we lacked a good understanding of how water augmentation affects land cover.  The main problem was that the land cover data we relied on did not break riparian habitat into different levels of quality.  We could expect a shift from mesquite and tamarisk-dominated to cottonwood-willow dominated riparian communities to occur over time, given restoration of shallow groundwater, surface flows, and vegetation management.  However, we lacked spatial data on the extent of riparian community types and how they would be expected to differ in terms of ecosystem service delivery.  Since construction of the ARIES models is more flexible, we were better able to accommodate water augmentaiton scenarios.  Still, this shows the importance of understanding how potential scenario changes interface with ecosystem service models, and on the primacy of land use/cover change as a driver of ecosystem services in current models.  As BLM, The Nature Conservancy, and BOR continue work on optimal hydrologic restoration scenarios, their outputs can help guide better ecosystem services modeling for the water augmentation scenario.

Integration of past work on the San Pedro into ecosystem service models
Although the San Pedro was selected for its large body of past research, much of the existing scientific knowledge was not useful for parameterizing the ecosystem services models.  This finding has been documented by others; Norgaard (2010) notes that even for areas with rich ecological understanding, this knowledge is not always the knowledge needed to support ES modeling, mapping, and valuation.  Ecosystem services researchers can improve this situation by collaborating with disciplinary researchers to fully understand the state of disciplinary research, incorporate existing models where they are appropriate, and build new models that reflect the state of the science.  Where there are research gaps that prevent disciplinary science from supporting ecosystem services assessment and valuation, these research needs should be articulated to the scientific community.  Such collaborative work can help to integrate existing work and develop new lines of research to better understand ecosystem service “production functions” (Daily and others, 2009).

Nonmonetary and tribal values

Like all their ancestral and present-day homelands, the San Pedro holds great significance to a number of Native American tribes (Ferguson and Colwell-Chanthaphonh, 2006).  Viewed within  a western construct of ecosystem services, Native Americans could be said to value the landscape for cultural, symbolic, spiritual, and historic reasons, and to value “ecosystem goods” used for food, raw materials, medicinal, and ornamental purposes.

 A better understanding of how existing ecosystem services tools and methods are amenable to estimating tribal values for ecosystems and ecosystem services would be desirable.  However, a direct assessment of how tribes value the environment and ecosystem services was beyond the scope of this project.  A U.S. EPA project to survey the San Xavier Tohono O’odham began in spring 2011, however the timeline for this project was not compatible with reporting results for this pilot.
Tribes are unlikely to want to share private information through mapping valued points on the landscape and sharing these results with outsiders.  Thus, their direct use of any of the spatial mapping tools for ecosystem services is unlikely.  However, tribes might be able to use outputs from these models to rank their preferences for landscape change alternatives and tradeoffs between ecosystem services as measured in biophysical units.  Tools that are designed to incorporate nonmonetary stakeholder preferences (for example, EcoAIM, ESValue, SolVES, and Envision) could aid in understanding tribal values for ecosystem services, although these tools were not tested as part of this study. 

San Pedro Riparian National Conservation Area outcomes 

Scenarios for the San Pedro
While our results are not indended to support specific decision making, the scenario results for the San Pedro River provide several important takeaway points for BLM.  First, widespread urban growth carries real and measurable costs.  The negative impacts of groundwater pumping on the San Pedro River’s riparian aquifer are well known to BLM, but we can also quantify impacts to carbon sequestration, biodiversity, aesthetics, and recreation through the use of models and economic valuation, both at the watershed scale and for specific management units.
The mesquite management scenario results show that relying solely on monetary values for ecosystem services is not always desirable in guiding restoration choices.  Depending on the underlying economic assumptions used, mesquite management could be shown to have a positive or negative impact, while still having positive benefits for biodiversity.  In some cases, it may be preferable to compare the whole range of services in require nonmonetary units (for example, Table 17 as opposed to Table 19).
Finally, CAP water augmentation carries uncertain costs and benefits, in part because of the difficulty in linking ecological processes and ecosystem services to alternative types and quantitites of riparian vegetation that cover limited spatial extents.  We were able to quantify limited gains in recreation and aesthetic quality from water augmentation, but further work would help better quantify other ecosystem services affected by water augmentation.  BLM’s ongoing work to quantify optimal streamflow levels for the SPRNCA can help give better scientific guidance to this set of scenarios.

When developing scenarios, BLM field office staff and their scientific partners should carefully consider the full range of ecosystem services impacts associated with the scenario as well as the underlying science needed to quantify these impacts.   While we did this at the start of this pilot, improved familiarity with the ecosystem services tools will make this easier in the future.
Next steps

Like the rest of BLM, ecosystem services hold promise in communicating resource management tradeoffs for the Arizona State and Gila District Offices.  In this pilot, we were able to test a variety of methods and tools, and to quantify ecosystem services using both monetary and nonmonetary methods.  We were not, however, able to engage Native American tribes in their perspectives on ecosystem services and tradeoffs on the San Pedro.  Doing so in the future will require a more focused effort, but can build on the lessons learned by the U.S. EPA’s current work on ecosystem services with the Tohono O’odham.
The InVEST and ARIES model results will both benefit from further testing and refinement for southeast Arizona, which is planned over the next two years through the USGS’ Rocky Mountain Geographic Science Center, in collaboration with local academic and agency scientists and managers.  This should render these outputs more useful for local decision making.  The outputs of these tools should be relevant for managers beyond the SPRNCA and the San Pedro watershed, as the underlying spatial data and model parameterization should be relevant for southeast Arizona and beyond.  As these models are further tested and refined, developing capacity within BLM to apply these tools and interpret their results will become an emerging issue.  By staying engaged with the model refinement process, the Gila District and Arizona State offices will have the opportunity to be leaders for the entire Bureau in applying ecosystem services to decision making in the coming years.
Agency-wide outcomes
Quantifying, mapping, and valuing ecosystem services offers BLM a promising way to quantify and communicate tradeoffs when extractive resource use could degrade ecosystem services.  Ecosystem services can thus enable BLM to better address the “tragedy of ecosystem services” (Lant and others, 2008) or the “macroallocation problem” between ecosystem structure and function (Farley, 2008).  Clearly, ecosystem services need not be analyzed for every decision bureau-wide.  (CITATION
) suggests that ecosystem services be brought into an analysis: 1) when there is are noted significant social or environmental effects as identified in the NEPA process, 2) when there is a strong or evident tradeoff between preservation of ecosystem seervices and extraction of market goods (oil, gas, coal, minerals, timber, grazing), or 3) when nonmarket valuation would contribute to an issue to be addressed in the NEPA process.

The methods evaluated in this report differ in their appropriateness for use by BLM and in the value of their outputs (Tables 22-23).  We summarize the current bureau-wide applicability of these tools and methods below.  We caution that given the rapid state of evolution in the field, new tools may appear on the landscape and the capabilities of existing tools may change, so periodic review of tools of particular interest to BLM would be desirable.

· Feasible for immediate agency-wide use by BLM: Ecosystem Services Review, Wildlife Habitat Benefits Estimation Toolkit.

· Potentially feasible for agency-wide use by BLM given development of supporting databases for spatial data and literature: function transfer, InVEST, point transfer, primary valuation.

· Potentially feasible for agency-wide use by BLM given pending development of global models or expanded underlying datasets: ARIES, EcoServ, SolVES.

· Proprietary tools, feasible for use in high-profile cases where contracting with consultants is possible: EcoAIM, EcoMetrix, ESValue, NAIS.

· Open source tools that are place-specific, require long lead time to develop, and require contracting with universities or consultants.  If models have been previously developed for an area of interest they could be immediately applied: Ecosystem Portfolio Model, Envision, MEASURES, MIMES.

The BLM has made at least one previous attempt to quantify ecosystem services prior to this pilot.  The BLM’s California State Office contracted with Spatial Informatics Group to use NAIS to estimate ecosystem services in Napa, Humboldt, and San Bernardino counties in association with the state’s fire management program (TSS Consultants, 2005).   The intent of the study was to provide monetary values for ecosystem services to compare to cost estimates for firefighting, fuels management, and property loss from widlfire.  The study used the point transfer method, identifying land cover types in each county and assigning ecosystem service values from the literature based on these land cover types.  The California BLM noted that ecosystem services justification has not yet been effective at increasing funding for the fire and fuels management program, and that the local office is waiting for national guidance on using an ecosystem services framework.  Despite these limitations, the study did provide potentially useful information to inform land management and funding allocation decisions, and has been used internally by California BLM.  The study would be more useful if it had provided values for the entire state, rather than just three counties, and for BLM it would be preferable not to have to contract the work to consultants.  There was also concern that national-level data is too imprecise to inform local decision-making, so giving state BLM offices the tools and guidance to run consistent analyses would be highly desirable (California BLM, personal communication
).  Although the California study did not result in on the ground changes in ecosystem services-based management for BLM, it further validates the need for this pilot study and for national guidance on ecosystem services valuation and methods to be provided to BLM field offices.

Recommendations for future work
Incorporating ecosystem service and value information into the decision process

The promise of using ecosystem services to support decision making within the NEPA and RMP processes rests on being able to systematically measure impacts in a way that is credible, replicable, and quantifiable.  Ecosystem services impacts can already be described qualitatively without the use of valuation methods or models.  However, the goal is to present results as a change in ecosystem services as measured in biophysical units, weighted preferences, or dollars, for one or more potential actions plus a no-action alternative.  Quantified changes as presented in the results section of this report are thus desirable.  Maps of impacts and values can help communicate tradeoffs more clearly to the public, and are a valuable addition to the decision process.

Given the inherent complexity of modeling and valuing ecosystem services, it makes sense to convey uncertainty in our estimates of service quantities and values.  Reporting a single value can inspire false confidence in the certainty of results.  Many primary valuation studies report a range of values, and function transfers report standard errors for regression coefficients.  ARIES reports uncertainty associated with Bayesian network models for all services and Monte Carlo simulation for some flow models, and future releases of InVEST may include Monte Carlo simulation to generate uncertainty estimates.  Other tools may also include means to estimate and report uncertainty.  It would be useful for decision makers to know which uncertainty metrics are most valuable to them, and how uncertainty might be used in decision making.  Are outcomes with a highly uncertain but large decline or increase in ecosystem service provision preferable over a small positive or negative change with greater certainty?  Better understanding communication and use of uncertainty information would thus be desirable.

Along with uncertainty, ARIES reports a number of values related to spatial flows of ecosystem services – in some cases as many as 16 maps for each ecosystem service showing potential and actual service provision and flows (Johnson and others, 2010; Bagstad and others 2011).  Like reporting of uncertainty estimates, such outputs need to be reviewed and considered within decision contexts so that they are presented in a way that brings value to the decision process rather than leaving a potential user “drowning in data.”

It would be also useful to better know what types of ecosystem service measures themselves are most useful in decision frameworks.  For instance, few of the ARIES and InVEST outputs are directly comparable, and other tools are likely to quantify ecosystem services in still different ways.  For carbon, for instance, it would be useful to better know which metrics decision makers found to be most useful: carbon storage and storage change over time (reported in InVEST), potential stored carbon release, carbon sequestration, and greenhouse gas emssions (reported in ARIES), or some combination of outputs?  In all these cases, a better understanding of what BLM wants and needs to support decision making and how existing tools could meet those needs would be useful.

Finally, consistently application of models or tools in a way that produces replicable results is important to maintain the credibility of ecosystem service valuation as a field, since the values are obtained by newer, less established methods than market values.  This is why drawing on consistent data sources, tool application, and reporting of results is critical and application of generalizable tools like the Wildlife Habitat Benefits Estimation Toolkit and InVEST is so important.

Data sharing to support widespread ecosystem services mapping and valuation
A system of data sharing, including GIS data, ecological studies to parameterize the ecosystem services models, and economic studies to conduct valuation would immensely aid in the ecosystem services valuation process for BLM.  Much of the time spent on this pilot could have been reduced if such a resource were available.  Although such a system could be developed by and housed within BLM, it might be more sensible to pool resources with other Federal agencies and departments to create a system for decision making on public lands for all agencies across the Department of Interior, perhaps housed within USGS but ideally also including agencies outside the Department of Interior that are involved in resource management and ecosystem services research (in other words, NOAA, USDA Forest Service, US EPA).

Spatial data underlie nearly all ecosystem services modeling and valuation tools.   While the USGS houses abundant public data on land-cover, hydrology, and geology and other sources like the NRCS’ Spatial Data Gateway offer one-stop locations for data downloads, no single site contained all the needed spatial data for detailed ecosystem services models (Appendices A, B).  Collecting, storing, and pre-processing relevant GIS data in a single location would save future users substantial time and effort.  In this regard, ARIES’ approach to handling spatial data is sophisticated and worth further investigation.  ARIES uses a GeoServer that can call on annotated GIS data to support multiple ecosystem service model, and also automatically handles simple GIS operations including rasterization, resampling, reprojection, and reclassification, which would otherwise require substantial time and expertise by a GIS technician.  Preparing data to run the InVEST models, for instance, was the second most time consuming part of running the models, after the collection of data to parameterize the InVEST data tables.

Ecosystem services valuation databases have been completed in the past (McComb and others, 2006).  The Ecosystem Services Database (Villa and others, 2002) was an NSF-funded valuation database, but has not received funding for maintenance and its underlying database has not been updated in the last 6 years.  The EVRI database has been better maintained but EVRI searches conducted for this pilot revealed that the database does not contain many economic studies for the Western United States.  A recent release of EVRI also eliminated the ability to search for studies by U.S. state, making searches more cumbersome and time-consuming.  The Natural Assets Information System (NAIS, Troy and Wilson, 2006) is a proprietary database of ecosystem service studies that is maintained by a consulting firm, and is not available for public access.  The recently-released Marine Ecosystem Services Partnership provides ecosystem services studies relevant for coastal and marine ecosystems (MESP, 2011).  Each of these databases thus have their own limitations.  However, with support from Federal agencies, expansion and updating of such databases could become more feasible.

Just as databases cataloging primary economic studies can support valuation, databases could also be constructed to include the ecological studies needed to support modeling efforts.  As we better understand the data needs for ecosystem services models, it would be equally valuable to have a database identifying key ecological parameters to support such models.  For instance, the InVEST models link ecosystem service provision to land use/cover by tables.  Having accurate coefficients for use in these tables is thus critical (for example, for carbon storage, rooting depth, and nutrient loading or evapotranspiration coefficients by land use/cover type).  The ARIES system offers flexibility in its ability for users to design ad hoc models in local cases where key influences on ecosystem services vary.  However, such changes and the structure of the underlying global models under development must be underlain by relevant ecological research, including research into ecological production functions (Daily and others, 2009).

If such a centralized source of GIS data and underlying ecological and economic knowledge were available, it would be feasible for BLM field offices to regularly run more complex ecosystem service models with greatly reduced time requirements.

Follow-up studies

At the beginning of this project, the BLM and USGS agreed that it would be useful to identify a second site for study, preferably one in a region with completely different ecological and socioeconomic attributes than southeast Arizona.  However, the BLM and USGS initially decided to focus attention on the San Pedro watershed and make progress valuing ecosystem services there before considering a potential second site.  With the completion of this study, we are now aware that the San Pedro’s strong prior research base was not actually that advantageous in providing a basis for ecosystem services modeling and valuation.  Although sophisticated process models have been developed linking the San Pedro’s groundwater, surface water, vegetation, and avian habitat (Serrat-Capdevila and others, 2009), the current generation of InVEST and ARIES models does not support integration of external process models.  Future versions of both models, however, intend to support integration with accepted hydrologic and ecological models, which would be a major step forward in ecosystem services modeling.  For the pilot study, the largest contribution from other researchers was their cooperation in reviewing inputs to the various models (Appendix D), more so than an abundance of published literature filling all valuation and modeling needs.

Because of this, BLM should be less hesitant about attempting to operate these methods and models in “data poor” environments, as all sites could be considered data poor to some degree.  Having the data and models used in this project assembled and well-documented will be a large advantage to future researchers.  
Model developers are typically reluctant to project release dates of future models, but several upcoming releases are noteworthy: the deployment of the ARIES online interface in late 2011, the eventual release of Tier 2 InVEST models, the planned completion of initial EcoServ models in December 2011, and the eventual release of global models for ARIES and EcoServ.  The recently-released marine InVEST ecosystem service models may be of interest to managers at BLM’s Coastal California National Monument as well as other coastal managers.  Aside from these approaches, other tools may offer improved features and documentation, and evolution of the valuation literature will offer continual, albeit likely slow, change in the state of the science.  Given the speed of evolution in the science of ecosystem services, a periodic review of the science as it applies to decision-making on public lands would be desirable both for BLM and other public land management agencies.  This could take the form of more focused case studies exploring particular nuances of new tools and methods.

Lessons learned from this project are applicable for decision-makers on public land outside of BLM.  Given the importance of ecosystem services for a variety of Federal departments and agencies (DOD, NOAA, DOI, USDA, US EPA), BLM should not necessarily shoulder the burden alone of testing tools for the entire Federal government.  Ideally, Federal agencies would share both funding responsibilities as well as scientific findings, as data sharing, case studies, and lessons learned could be shared across departments and agencies with a vested interest in moving toward ecosystem services-based management.  At a minimum, this could occur within DOI, with USGS as the lead scientific agency, though participation of other departments and agencies outside DOI would be desirable.  
Although it includes non-Federal partners, nascent efforts like the National Ecosystem Services Partnership (http://nicholasinstitute.duke.edu/ecosystem/nesp) and Ecosystem Commons (http://www.ecosystemcommons.org) could also provide a platform for such collaboration, data sharing, and periodic reviews of the state of ecosystem service tools.
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Appendix A. Spatial data and assumptions for InVEST models.

For the InVEST biodiversity model, we used the 30-class Steinitz and others (2003) land use/cover layer for our baseline.  To map drivers of biodiversity change, we used highways (due to their habitat fragmentation impacts and as vectors for movement of invasive species), a density layer of groundwater wells (to represent the threat groundwater pumping), the U.S.-Mexico border fence (for its effects on habitat fragmentation), Arizona State Trust land grazing allotments (representing the effects of grazing), and mountains at elevations over 2,000 meters (and susceptible to loss of alpine communities due to climate change).  We set the degree of access to these drivers of change based on land ownership, using values of 0.1 for land owned and managed by the National Park Service, The Nature Conservancy, BLM and Forest Service wilderness (including the SPRNCA), military, and tribal lands, 0.33 for county land and non-wilderness BLM and national forest land, 0.67 for state trust lands and ejidos, and 0.9 for private land.  Model coefficients linking land use/cover to the various drivers of change are shown in Tables 3 and 4, and like all InVEST coefficient tables were reviewed by a group of researchers familiar with Southwestern ecosystems.  We note that the tables have been cleaned up for presentation purposes and should users wish to use these tables with the InVEST models, they will need to ensure that table headings follow those supplied in the InVEST user’s guide (Tallis and others, 2011).

For the InVEST carbon model, we used the 10-class Steinitz and others (2003) land use/cover layer for our baseline.  Estimating carbon storage for these ten land use/cover types was challenging, as data are sparse on carbon storage by ecosystems in the Southwest.  References like Smith and others (2006) are more useful for forested ecosystems in other parts of the United States, though we did draw on this source for data on aboveground and woody debris carbon storage in forests
.  Much of the carbon literature, at least for the arid southwest, reports carbon fluxes, net ecosystem exchange, net primary productivity, or carbon sequestration rather than carbon storage, the input data required by the InVEST carbon model (Huxman and others, 2004; Svejcar and others, 2008; Scott and others, 2009).  References like McLain and Martens (2006) report carbon storage in the soil in g C/kg soil, which is not a useful measurement unless soil bulk density is also reported.  The large number of zeroes in the input data table is problematic in that the amount of carbon actually stored by ecosystems is either poorly reported or reported with high uncertainty.  Still, resulting values for relative change can be useful in informing decision making.

To value carbon storage, we used a set of “conservative” valuation assumptions ($21/ton social cost of carbon, 7% discount rate, 0% rate of annual change in the value of carbon, with assumptions based on Ackerman and Stanton (2010) and median values from Tol’s (2005, 2008) meta-analyses) and a set of “non-conservative” valuation assumptions ($85/ton social cost of carbon, 1% discount rate, 6% annual change in the value of carbon, essentially based on Stern (2007)).  While there is a great deal of debate in the literature about the value of carbon and the assumptions that go into these estimates (Ackerman and Stanton, 2010), these two sets of estimates provide reasonable “bookend” values.  We did not use market prices for carbon due to the extreme fluctuation in prices that has occurred on both European markets and the Chicago Climate Exchange, due largely to the artificial constraints imposed on these markets.

For the InVEST water model, we drew on root depth data from Canadell and others (1996) and Schenk and Jackson (2002a, 2002b, Table 6), by identifying key species in each of the land use/cover types that had measured rooting depth measurements available.  The evapotranspiration coefficient value for riparian was based on Scott and others (2008).  For the other land use/cover types we set alfalfa equal to 1000 and set all other types to the mean annual precipitation received by that vegetation type.  We used rainfall data from 2002, a relatively dry year, and 2007, a relatively wet year, rather than 30-year average precipitation data, since average precipitation values are less meaningful in highly variable arid environments.  We derived values for water demand by land use/cover type (Table 7) by multiplying population times per capita use (ADWR, 2005) and dividing this value by the area of developed land in the watershed.  This gave a value for human consumption of water.  To estimate water consumption by livestock, we took the total number of cattle in Cochise County from the USDA Census of Agriculture, multiplied by per capita water use for cattle (Texas Agricultural Extension Service, n.d.), and divided by the acreage of state trust land and BLM land used for grazing.  We then applied this value to mesquite, grassland, desert scrub, and riparian land-cover types.

Table 24.  Spatial data for InVEST modeling.

	Model
	Layer
	Source
	Resolution 
	Extent
	Year

	Biodiversity

	Current land use/cover
	Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000, 2020

	
	Urban growth scenarios
	Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000, 2020

	
	Mesquite management scenarios
	Derived from Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000

	
	Access to threats
	Arizona Geographic Information Council land ownership & EPA San Pedro Data Browser data for Mexico
	Vector shapefile
	Arizona and Sonoran portion of San Pedro
	

	
	Biodiversity drivers of change: Groundwater wells
	Arizona Department of Water Resources Well Registry, INECOL
	100 x 100 m; point density map of wells/km2
	Arizona and Sonoran portion of San Pedro
	2010

	
	Biodiversity drivers of change: Highways
	Arizona Geographic Information Council, EPA San Pedro Data Browser
	Rasterized vector dataset
	Arizona and Sonoran portion of San Pedro
	

	
	Biodiversity drivers of change: Grazing allotments
	State lands, selected from state public lands data
	Vector shapefile
	Arizona
	

	
	Biodiversity drivers of change: Border fence
	Digitized layer along US-Mexico border
	Vector line data
	San Pedro watershed
	

	
	Biodiversity threats: Climate change
	Selected areas above 2,000 m elevation
	90 x 90 m
	San Pedro watershed
	n/a

	Carbon
	Current land use/cover
	Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000, 2020

	
	Urban growth scenarios
	Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000, 2020

	
	Mesquite management scenarios
	Derived from Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000

	Water
	Current land use/cover
	Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000, 2020

	
	Urban growth scenarios
	Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000, 2020

	
	Mesquite management scenarios
	Derived from Steinitz and others (2003)
	60 x 60 m
	Upper San Pedro watershed
	2000

	
	Digital elevation map
	SRTM
	90 x 90 m
	San Pedro watershed
	n/a

	
	Soil depth
	STATSGO
	Vector shapefile
	Arizona
	n/a

	
	Annual precipitation
	PRISM
	4 x 4 km
	San Pedro watershed
	2002 (dry year), 2007 (wet year)

	
	Plant available water content
	STATSGO
	Vector shapefile
	Arizona
	n/a

	
	Average annual potential evapotranspiration
	CGIAR Global Aridity & PET Database
	30 arc second
	San Pedro watershed
	1950-2000

	
	Watershed boundaries
	Arizona Department of Environmental Quality
	Vector shapefile
	Arizona
	n/a


Table 1.  Data needs for other InVEST models (see Tallis and others, 2011 for details).  R = required, O = optional.

	
	Biodiversity
	Carbon
	Reservoir hydropower
	Nutrient retention
	Avoided reservoir sedimentation
	Timber production
	Pollination
	Wave energy
	Coastal vulnerability
	Aquaculture
	Viewsheds

	Spatial data

	Current land use/cover
	R
	R
	R
	R
	R
	
	R
	
	
	
	

	Future land use/cover
	O
	O
	
	
	
	
	O
	
	
	
	

	Sources of biodiversity threats
	R
	
	
	
	
	
	
	
	
	
	

	Accessibility to biodiversity threats
	O
	
	
	
	
	
	
	
	
	
	

	Timber harvest rates, present & future
	
	O
	
	
	
	
	
	
	
	
	

	Digital elevation map
	
	
	R
	R
	R
	
	
	
	R
	
	R

	Soil depth
	
	
	R
	R
	
	
	
	
	
	
	

	Average annual precipitation
	
	
	R
	R
	
	
	
	
	
	
	

	Plant available water content
	
	
	R
	R
	
	
	
	
	
	
	

	Average annual potential evapotranspiration
	
	
	R
	R
	
	
	
	
	
	
	

	Watershed boundaries
	
	
	R
	R
	R
	
	
	
	
	
	

	Subwatershed boundaries
	
	
	
	R
	R
	
	
	
	
	
	

	Rainfall erosivity index ‘r’ factor
	
	
	
	
	R
	
	
	
	
	
	

	Soil erodibility ‘k’ factor
	
	
	
	
	R
	
	
	
	
	
	

	Timber production parcels
	
	
	
	
	
	R
	
	
	
	
	

	Wave energy data
	
	
	
	
	
	
	
	R
	
	
	

	Landing & power grid points
	
	
	
	
	
	
	
	O
	
	
	

	Population density
	
	
	
	
	
	
	
	
	R
	
	R

	Kelp locations
	
	
	
	
	
	
	
	
	O
	
	

	Seagrass locations
	
	
	
	
	
	
	
	
	O
	
	

	Sea level rise polygon
	
	
	
	
	
	
	
	
	O
	
	

	Shoreline type
	
	
	
	
	
	
	
	
	R
	
	

	Land polygon & polyline
	
	
	
	
	
	
	
	
	R
	
	

	Fish farm locations
	
	
	
	
	
	
	
	
	
	R
	

	Visual features points
	
	
	
	
	
	
	
	
	
	
	R

	Tabular data (typically requiring expert input)

	Biodiversity threats
	R
	
	
	
	
	
	
	
	
	
	

	Habitat types & sensitivity to threats
	R
	
	
	
	
	
	
	
	
	
	

	Carbon pools by LULC type
	
	R
	
	
	
	
	
	
	
	
	

	Market price or social cost of carbon
	
	O
	
	
	
	
	
	
	
	
	

	Discount rate
	
	O
	
	
	
	O
	
	
	
	
	

	Evapotranspiration & rooting depth by LULC type
	
	
	R
	
	
	
	
	
	
	
	

	Water demand by LULC type
	
	
	R
	
	
	
	
	
	
	
	

	Hydro power station attributes
	
	
	O
	
	
	
	
	
	
	
	

	Root depth & nutrient loading coefficients by LULC type
	
	
	
	R
	
	
	
	
	
	
	

	Threshold flow accumulation value
	
	
	
	R
	R
	
	
	
	
	
	

	Watershed nutrient loading & costs
	
	
	
	O
	
	
	
	
	
	
	

	Biophysical sedimentation attributes
	
	
	
	
	R
	
	
	
	
	
	

	Slope threshold
	
	
	
	
	R
	
	
	
	
	
	

	Reservoir sediment table
	
	
	
	
	O
	
	
	
	
	
	

	Timber production table
	
	
	
	
	
	R
	
	
	
	
	

	Pollinator species table
	
	
	
	
	
	
	R
	
	
	
	

	Pollinator/land-cover attributes
	
	
	
	
	
	
	R
	
	
	
	

	Half saturation constant
	R
	
	
	
	
	
	O
	
	
	
	

	Machine performance table
	
	
	
	
	
	
	
	R
	
	
	

	Machine parameters table
	
	
	
	
	
	
	
	R
	
	
	

	Economic parameter table
	
	
	
	
	
	
	
	O
	
	
	

	Exposure index table
	
	
	
	
	
	
	
	
	O
	
	

	Wind-wave exposhre: Wind vector list
	
	
	
	
	
	
	
	
	O
	
	

	Daily water temperature at fish farms
	
	
	
	
	
	
	
	
	
	R
	

	Farm operations table
	
	
	
	
	
	
	
	
	
	R
	

	Aquaculture valuation parameters
	
	
	
	
	
	
	
	
	
	O
	


Table 2.  Biodiversity threats table.

	Threat
	Maximum distance (km)
	Weight
	Decay

	Road
	0.5
	0.5
	0

	Graze
	0.25
	0.25
	1

	Pump
	20
	1
	1

	Fence
	1
	0.75
	1

	Climate
	0.1
	1
	1


Table 3.  Habitat types and sensitivity to threats table.
	LULC
	Name
	Habitat
	Road
	Graze
	Pump
	Fence
	Climate

	1
	Forest
	0.8
	0.5
	0.5
	0
	0.5
	0.5

	2
	Oak
	0.8
	0.5
	0.5
	0
	0.5
	0

	4
	Grassland (native)
	0.8
	1
	1
	0.1
	0.5
	0

	5
	Grassland (introduced)
	0.3
	1
	1
	0.1
	0.5
	0

	6
	Mesquite
	0.4
	1
	1
	0.1
	0.5
	0

	7
	Desert scrub
	0.4
	1
	1
	0
	0.5
	0

	8
	Active agriculture
	0.1
	0
	0
	0
	0.5
	0

	9
	Inactive agriculture
	0.2
	0
	0
	0
	0.5
	0

	10
	Urban
	0
	0
	0
	0
	0
	0

	12
	Rural residential
	0.2
	0
	0.5
	0
	0.5
	0

	13
	Mines
	0
	0
	0
	0
	0
	0

	14
	Water
	1
	0.1
	0.75
	1
	0.5
	0

	16
	Barren
	0
	0
	0
	0
	0
	0

	19
	Industrial/airport
	0
	0
	0
	0
	0
	0

	22
	Exurban
	0.1
	0
	0
	0
	0.5
	0

	23
	Golf course
	0.2
	0
	0
	0
	0.5
	0

	25
	Commercial
	0
	0
	0
	0
	0
	0

	26
	Mesquite bosque
	0.5
	1
	1
	0.1
	0.5
	0

	27
	Cottonwood-willow
	0.9
	0.1
	0.75
	1
	0.5
	0

	28
	Cottonwood-willow/Mesquite bosque
	1
	0.1
	0.75
	1
	0.5
	0


Table 4.  Carbon pools table (values in tons/ha*yr).
	LULC
	LULC name
	C_above
	C_below
	C_soil
	C_dead

	1
	Forest
	59.2
	0
	76
	38

	2
	Oak woodland
	29.6
	0
	76
	19

	3
	Mesquite woodland
	19.7
	0
	76
	12.7

	4
	Grassland
	0
	0
	73
	0

	5
	Desert scrub
	0.6
	1
	22
	0

	6
	Riparian
	59.2
	0
	76
	38

	7
	Agriculture
	0
	0
	42
	0

	8
	Urban
	0
	0
	12.6
	0

	9
	Water
	0
	0
	0
	0

	10
	Barren
	0
	0
	0
	0


Table 5.  Biophysical table for water yield model.

	LUCODE
	LULC description
	Root depth (mm)
	Evapotranspiration coefficient (etk)

	1
	Forest
	4000
	420

	2
	Oak woodland
	8000
	330

	3
	Mesquite woodland
	14000
	260

	4
	Grassland
	1000
	275

	5
	Desert scrub
	1500
	245

	6
	Riparian
	6000
	750

	7
	Agriculture
	3700
	1000

	8
	Urban
	500
	1

	9
	Water
	1
	1

	10
	Barren
	1
	1


Table 6.  Water demand table (m3/yr).

	LULC
	LULC name
	Demand

	1
	Forest
	0

	2
	Oak woodland
	0

	3
	Mesquite woodland
	0.05

	4
	Grassland
	0.05

	5
	Desert scrub
	0.05

	6
	Riparian
	0.05

	7
	Agriculture
	0

	8
	Urban
	110

	9
	Water
	0

	10
	Barren
	0


Limitations and areas for improvement

As discussed above, the InVEST carbon model would be improved if better carbon storage values were available for southwestern ecosystems.  Carbon storage data certainly do not support use of baseline land use/cover maps with complex typologies.  For instance, completing a carbon pools table based on the Southwest Regional Gap Analysis land-cover dataset, which breaks down land-cover into 125 different types, would be nearly intractable given the current state of the data.

The InVEST biodiversity model provides a simple model of habitat quality and degradation that is compatible with other ecosystem service models, allowing tradeoffs between biodiversity and other ecosystem services to be mapped with relative ease.  Since the supporting data tables for the biodiversity model rely more on rankings and expert opinion than hard data, it is easier to complete the data tables for more complex land use/cover typologies.  For this model, we lacked data on grazing lands or intensity in Mexico, so the model currently only runs for the United States portion of the San Pedro watershed.  Better underlying understanding of grazing patterns in Mexico could allow the model run to be extended beyond the U.S. portion of the watershed.  The wells data, which relied on well locations as a measure of degradation, does not precisely measure the impacts of groundwater pumping, as impacts are felt in areas where groundwater flow is impacted by cones of depression.  A better indicator of impacts of groundwater depletion would be desirable for use in the InVEST biodiversity model.  As noted in the InVEST modeling guide, biodiversity drivers of change can be split into multiple categories indicating degrees of use (in other words, dirt road, paved road, divided highway), each with different levels of impact (Tallis and others, 2011).  While in this application we did not specify different levels of infrastructure use, we note that this could be desirable for measuring some impacts to biodiversity.  A final limitation of the current application of the InVEST model is that we did not update all of the drivers of change layers for each scenario.  For instance, to properly update an urban growth scenarios in the InVEST biodiversity model, we would need well pumping and roads data for each new scenario.  This would have been too time consuming and subjective a process for this pilot study, so our results are somewhat simplistic.  Yet in a full application of InVEST to support decision making, modelers should make sure that scenario data incorporate not just changes in land use/cover but also in the accompanying infrastructure that can impact biodiversity.

Hydrologic modeling is challenging in arid regions where precipitation is patchy, infiltration dynamics are different than in humid systems, and the signal:noise ratio for runoff is very small.  Hydrologists working in the area expressed concern over whether the InVEST water models would capture these nuances.  However, the InVEST team is currently testing its models against other arid watersheds, which should yield model improvements for future releases of the tool (Driss Ennaanay, personal communication).  Comparison of InVEST water yield results with the Walnut Gulch Experimental Watershed revealed
...  We note that data integration to support water modeling between U.S. and Mexican or global datasets was cumbersome and dependent on the user.  In particular, integrating FAO and STATSGO soils data was an extremely cumbersome operation that left us unable to model water yield in the Mexican portion of the watershed.  Finally, we note the criticality of displaying water yield and water demand maps side by side, in order to present a balanced view of supply and demand for water.  Presentation of water yield maps alone could provide a misleading view that since development increases runoff, more development would lead to greater ecosystem services provision.  By also showing changes to water demand, we can get a more complete view of changes to supply of and demand for water under alternative development scenarios.

Because InVEST relies on changes in land use/cover to map changes in ecosystem services, we were unable to use it in the groundwater augmentation scenarios.  The problem lies in the level of detail in the land use/cover typologies that InVEST relies upon.  The underlying data do not support use of detailed typologies, but the simplistic typologies that are currently tractable for modeling fine-scale changes to riparian habitat (for example, from tamarisk to cottonwood-willow).  There is thus a disconnect between data availability and applicability of complex scenarios in InVEST, which can in some cases be resolved through creative changes to land use/cover typologies, though this could in some cases be a time consuming process.
Appendix B. Spatial data and assumptions for ARIES models.

Underlying data and assumptions are provided in the ARIES modeling guide (Bagstad and others, 2011).
  Chapters 2, 3, 8, and 9 describe the models and underlying data and assumptions used in their construction, for carbon sequestration and storage, aesthetic views and proximity, water supply, and recreation, respectively.  Chapter 1 of the guide also provides an overview of the ARIES modeling system, including an overview of spatial flow concepts for ecosystem services.
Limitations and areas for improvement
Many of ARIES’ key limitations relate to its earlier state of development relative to the InVEST model, which has had publicly available since October 2008.  A release of ARIES models and full documentation via the online interface (http://ariesonline.org) is scheduled for March 2011.  However, full functionality, availability of global models, and tools to speed the modeling process for new case studies are unlikely to be completed by this date, and the interface and functionality are likely to go through substantial evolution through future releases.

Like InVEST, ARIES performed poorly in handling cross-border datasets.  While this feature is planned in future ARIES releases, the current model comparison did not enable ecosystem services mapping for Mexican portions of the watershed.  
Appendix C. Literature review on benefits transfer and best practices.

Introduction and Overview of Benefits Transfer

Benefit transfer is the practice of taking valuation estimates from one location (study site) and applying them in a new context (policy site).  Benefit transfer has experienced a tremendous growth in popularity, especially among federal agencies, which are faced with constrained budgets, limited staff, and short deadlines.  While original valuation studies continue to be viewed as the “first-best” option for non-market valuation and ecosystem services research, benefit transfer has the potential to inform decision-making in situations where primary research is not feasible.  

The increased use of benefit transfer has sparked a substantial amount of research into its capabilities and limitations.  Indeed, at least two major natural resource/environmental publications have devoted entire issues to the topic of benefit transfer (Water Resources Research 28 (3), 1992 and Ecological Economics 60 (2), 2006).  Despite advancements in techniques and best practice principles over the past 20 years, the use of benefit transfer remains controversial.  Compounding the controversy is that the underlying primary research methods are often disputed as well (for example, contingent valuation).  

As long as federal agencies face resource constraints and demands for environmental valuation, benefit transfer is likely to remain a key valuation method.  The focus, therefore, should be on how to best utilize benefit transfer given its limitations.  This literature review will focus on the types of benefit transfer, the advantages and disadvantages of each method, the sources of transfer errors and how to best address them, and the best practice principles for using benefit transfer in decision-making and policy analysis.      
Types of Benefit Transfer

Numerous methods of benefit transfer have been studied and implemented in the literature.  These methods range from the simple (point transfer) to the complex (meta-regression analysis).  Choosing the appropriate method for the situation will depend on the time and expertise of the benefit transfer analyst, the availability of primary studies, the availability of policy site data, and the need for precision.  There is not a single method that will be appropriate in all situations.  

In most benefit transfer studies, the “true” value of a nonmarket good or service is assumed to be the value obtained from primary research.  The difficulties in estimating economic values of nonmarket goods and services are well-documented, which makes it likely that estimates from primary research are not equal to the true (but unknown) value (e.g, Arrow and others, 1993).  However, all else equal, primary valuation is the best available method for estimating the value of nonmarket goods and services, therefore, the values obtained from primary research are generally used as proxies for true values.  All subsequent discussion of transfer errors relies on the assumption that primary valuation estimates are the true values.    

Point Transfer
The earliest method of benefit transfer was point transfer, which directly applies value estimates from the study site to the policy site.  Point transfer may use a benefit estimate from a single primary study, or an average of multiple studies (Baskaran and others, 2009; Bergstrom and De Civita, 1999; Boyle and Bergstrom, 1992; Brouwer, 2000).  The primary weakness of point transfer is its inability to systematically account for differences between sites.  Any adjustments that are made to the transferred values would have to be on an ad hoc basis, relying on the professional judgment of the benefit transfer analyst.  The simplicity of this method is attractive in situations with limited staff expertise and quick deadlines.  However, in order for this method to be defensible, there must be a high degree of correspondence between the study site and the policy site (Bergstrom and De Civita, 1999; Brouwer, 2000).  

Benefit Function Transfer

Benefit function transfers are based on the notion that environmental and resource values are a function of numerous attributes, including bio-physical attributes, market characteristics, and the socioeconomic profile.  A benefit function transfer uses the statistical model from an existing study and applies it to the policy site, using data from the policy site for the independent variables (Groothius, 2005).  For example, a function may relate the willingness to pay for improved water quality (the dependent variable) to a series of independent variables, such as the baseline water quality level, the level and type of use, population within a half-day drive to the recreation site, the number of substitute sites within a specified radius, and per capita income of the user group.  The previously specified relationship between the independent variables and the dependent variable will translate the site-specific data inputs into an estimate of willingness to pay at the policy site.    

Loomis (1992) finds that benefit function transfers resulted in lower errors than point transfers 70% of the time.  Several studies confirm that transferring benefit functions is more appropriate than point estimates when there is weaker correspondence between the policy site and the study site.  For instance, Chattopadhyay (2003) find that in contexts where there is a high degree of correspondence between the study site and the policy site, point transfer performs as well as benefit function transfer.  However, as conditions become less favorable, benefit function transfer outperforms point transfer.  Nevertheless, as correspondence between sites deteriorates, benefit transfer errors increase for both point transfer and function transfer.    

Navrud and Ready (2007) report that the relative advantage of function transfer over point transfer is inconclusive – many studies have found that both methods suffer from high transfer error.  Part of the reason that benefit functions may not consistently outperform point transfer is that a point transfer based on a study with a high degree of correspondence to the policy site may be expected to outperform a function based on studies with weaker correspondence to the policy site.  Some authors recommend that unless a meta-valuation function is defined (discussed below), only studies with a high degree of correspondence should be used in the benefit function (Rosenberger and Phipps, 2007).
Meta-Regression Analysis

Meta-regression analysis is similar to benefit function transfer in that it assumes that resource values are systematically related to study site attributes through a “meta-valuation function” (Rosenberger and Stanley, 2006; Rosenberger and Phipps, 2007).  The key difference between meta-valuation functions and the benefit functions described above is the number of prior studies used in the development of the function.  In a function transfer, a function from a single study is applied to the policy area.  In contrast, a meta-regression analysis treats each study as an observation.  The differences between the observations (for example, willingness to pay) can be systematically related to the different attributes of the study site (for example, differing socioeconomic characteristics).  Meta-regression analysis may be particularly valuable when substantial differences between the study site(s) and the policy site exist.  While the explanatory power of function transfer suffers when substantial differences exist between the study site and the policy site, using meta-regression analysis, these differences can be exploited to identify the relationship between the resource value and attributes of the site, population, or study design (Morrison and Bergland, 2006; Piper and Martin, 2001; Rosenberger and Loomis, 2000). 

Bergstrom and Taylor (2006) identify the general form of a meta-regression function, which includes market prices
, household income, quantity of nonmarket commodity available, quality of the nonmarket commodity, a measure of substitutes for the nonmarket commodity, non-income characteristics of the household, and the information available
.  The explanatory variables used will depend on the specific context as well as the available studies.    

Meta-regression analysis, however, is not without its issues and difficulties.  The literature identifies several key problems that plague meta-regression analyses, including: data heterogeneity (for example, different dependent variables), heteroskedasticity (differing variances), correlated observations (for example, several studies may use the same underlying dataset), and the conflation of different economic concepts (for example, Hicksian and Marshallian consumer surplus) (Nelson and Kennedy, 2008).  Another difficulty with meta-regression analyses is the question of how to synthesize studies that use different sets of regressors (Moeltner and others, 2007).  Bayesian modeling can help to overcome some of the difficulties with classical meta-analyses (discussed below).  

Bayesian Meta-Regression Analysis 
Bayesian statistics differs principally from classical statistics in its use of past experiences to derive the expected probability distribution.  Bayesian benefit transfer uses information from past studies and expert opinion to establish a prior distribution (our belief of how observations – for example, willingness to pay – are distributed).  The predictive distribution gives the probability of observing data that does not correspond with the prior distribution.  As new information is available, the distribution may be updated to reflect changes.  This becomes the posterior distribution (Atkinson and others, 1992; Moeltner and others, 2007; Morrison and Bergland, 2006).

The use of Bayesian meta-regression analysis (MRA) can solve several difficulties that arise in classical MRA.  For instance, Bayesian MRA can help to overcome the “n vs. k” dilemma that is present in most meta-regression analyses (Bergstrom and Taylor, 2006; Moeltner and others, 2007).  The “n vs. k” dilemma refers to the tradeoff between the number of studies (n) and the number of explanatory variables (k) to be included in the meta-regression analysis.  A larger number of studies can improve estimation, however, it is unlikely that all studies will include the desired explanatory variables.  Reducing the number of independent variables can lead to omitted variable bias.  Bayesian MRA, however, is able to incorporate a large number of studies without losing explanatory variables.  This is done in a two step process, (1) all available studies are used to inform the development of the prior distribution, and (2) all studies with the desired explanatory variables are used to develop the meta-regression (Moeltner and others, 2007).   

Additionally, some studies suggest that Bayesian MRA may be able to provide more robust estimates in the presence of collinearity than its classical counterpart (Chattopadhyay, 2003).  Moeltner and others (2007) also find that Bayesian MRA has a comparative advantage in benefit transfers when only a small sample is available.  This advantage is driven by the use of a prior distribution to determine model parameters.  

Bayesian meta-regression analysis requires specialized statistical expertise, and thus may not be feasible for use in all situations.     
Preference Calibration

The preference calibration method was developed in response to perceived shortcomings in more common benefit transfer methods, particularly point transfer and function transfer (Smith and others, 2000).  The researchers pioneered this approach in an attempt to more closely align the benefit transfer process with economic theory.  Major complaints with previous methods include, (1) the possibility of obtaining willingness to pay estimates that exceed available income, (2) the assumption that willingness to pay is linear (in other words, each additional unit of the good or service adds an equal amount to value), which is counter to the principle of diminishing marginal utility, and (3) the limited consideration of other uses of the same resource (for example, improved water quality may lead to increased water consumption, increased recreational uses, and higher non-use values) that may affect its total value (Smith and others, 2000; Smith and others, 2002; 2006).  

Preference calibration attempts to overcome these shortcomings with an approach that is explicitly linked to microeconomic theory.  Preference calibration, also known as the structural approach, begins with the selection of a “preference specification,” which describes an individual’s choices from a set of goods and services (market and nonmarket).  The benefit transfer analyst is responsible for making explicit assumptions about the functional form of the individual’s utility function (Smith and others, 2000).  The utility function defines how an individual’s well-being (utility) is related to the consumption of various goods and services.  Among those goods and services is the ecosystem service of interest.  Once the utility function is defined, determining willingness to pay for the ecosystem service of interest becomes a standard maximization problem (in other words, given income constraints, what is the highest level of utility possible?).  The analyst can observe how a change in consumption of the ecosystem service affects utility, and can then infer the income necessary to offset the change (either positive or negative) (Groothius, 2005; Smith and others, 2002).  

The authors identify four advantages of this approach: (1) the transfers are consistent with economic theory (for example, estimates cannot exceed household income), (2) the method can deliver “observable predictions” to assess validity of transfers, (3) the structural method can reconcile different value estimates from different studies, (4) the method systematically adjusts for changes in the baseline and extent and resource changes (Smith and others, 2002).  The authors also note that preference calibration makes analyst judgment transparent.  Although professional judgment is present in all benefit transfers, the preference calibration approach is explicit in its incorporation of analyst judgment in defining the parameters of the utility function (Smith and others, 2000).    

Like meta-regression analysis (Bayesian and classical), preference calibration requires economic modeling expertise that may not be readily available to federal agencies.  An additional limitation of this approach is that is has been infrequently used.  Indeed, only a handful of benefit transfer researchers have tested this approach.  This may mean that it is less developed and less subject to academic scrutiny than more common benefit transfer approaches.    
Expert Judgment
Several authors identify expert opinion as a reasonable means of conducting benefit transfer.  Expert opinion may be used to establish an expected distribution at the policy site, to adjust transferred values based on knowledge of the policy site, or to predict results (Leon and others, 2003).  Generally, expert opinion is not used in isolation from other methods.  French and Hitzhusen (2001) note the potential for beneficial overlap between methods.  For instance, the development of a prior distribution, which may incorporate expert judgment, is a central element of Bayesian meta-regression analysis.  Also, as discussed in the preference calibration section, the analyst’s professional judgment is an explicit component of the approach.   

Sources of Error

The sources of error discussed in this section relate only to errors that arise from the benefit transfer process, not the challenges inherent in estimating the value of nonmarket goods and services.  A substantial body of literature exists on the limitations of primary valuation of nonmarket goods and services, and it is not the intent of this report to reproduce those findings here.  If more information on this topic is desired, the following provide an overview of the issues: Arrow and others, 1993; Freeman 2003; Bateman and Willis, 1999 (this list is by no means exhaustive).    

The benefit transfer literature identifies four principle sources of error: generalization error, measurement error, publication bias, and research priority bias (Rosenberger and Stanley, 2006; Hoehn 2006).  

The most commonly cited source of error is generalization error, which stems for a lack of correspondence between sites.  This error is common where there are differences in resources of populations between sites (Plummer, 2009).  

Measurement error occurs when methodologies or empirical techniques reduce the accuracy of value estimates.  Rosenberger and Stanley (2006) report that valuation method, elicitation method, survey design, and units of measurement have all been found to be statistically significant.  Additionally, lack of understanding of complex bio-physical processes can induce measurement error (Bergstrom and De Civita, 1999).  Measurement error may be present in both original studies and transferred estimates.   Transferring values with this type of error may magnify the errors, so many studies advise particular care is taken to address the potential for measurement error (Baskaran and others, 2009; Bergstrom and De Civita, 1999; Johnston and others, 2006; Rosenberger and Stanley, 2006; US EPA, 2006).  

Publication selection bias is also cited as a potential source of bias in transferred values.  Publication selection bias occurs when results are more likely to be published if they have statistically significant results or conform to theoretical expectations (Rosenberger and Stanley, 2006).  

Research priority bias, as Hoehn (2006) notes, arises from the fact that research efforts are not randomly distributed across space and resources – instead, research is often driven by resource importance, human awareness, and potential for conflict.  He reports that, “ecosystems that are considered valuable a priori by some segment of the public seem more likely to be researched and valued” (390).  These characteristics may upwardly bias transferred estimates of resource value.  

Addressing Error

Rosenberger and Phipps (2007) argue that generalization errors are reduced when functions, rather than point estimates, are transferred.  Loomis (1992) finds that in-state transfers have lower generalization errors than cross-state transfers.  This finding supports the conventional view that improved correspondence between sites reduces generalization error.  However, some studies still find very large generalization errors even between sites with close correspondence.  Kirchoff and others (1997) conduct a benefit transfer between the San Pedro Riparian National Conservation Area (SPRNCA) and Ramsey Canyon, another recreation site in Southern Arizona that is renowned for its birding opportunities.  Despite the similarities between these sites both in terms of resources and populations, they find that transferring value estimates from Ramsey Canyon to the SPRNCA is rejected on all counts (in other words, the transferred estimates are statistically different from the primary valuation estimates).  However, the rejection rate falls to 40% for transfers between SPRNCA and Ramsey Canyon.   The authors find this result troubling and cannot explain why benefit transfers may only be appropriate in one direction.  

Since measurement error is endogenous to primary studies, it is difficult for the benefit transfer analyst to control (Rosenberger and Stanley, 2006).  However, several steps can be taken to reduce the likelihood of including studies that suffer from measurement error.  The US EPA work group (2006) recommends the development of explicit and consistent research quality criteria to determine which studies should be included in the benefit transfer.  These criteria may include adequate data, sound economic method, and correct empirical technique (Plummer, 2009; Brouwer, 2000).  Some types of benefit transfer, such as meta-regression analysis, are able to partially control for measurement error (Bergstrom and Taylor, 2006; Moeltner and others, 2007).

Publication selection bias may be overcome through the inclusion of “grey literature” such as dissertations, technical reports, and government studies (Bergstrom and Taylor, 2006).  However, the inclusion of non-peer reviewed literature may also introduce what Bergstrom and Taylor (2006) term “non-publication error,” or errors stemming from poorly designed and executed studies.  The inclusion of such studies has the potential to increase other errors (such as measurement error).  

Hoehn (2006) suggests the use of Heckman’s 2-stage estimation method to deal with research priority selection.  This test is used to draw conclusions about the larger population, not just the non-randomly selected subpopulation (in other words, prioritized research).  First, a selection equation is specified to estimate the probability of being in the selected subpopulation.  Second, the results from the first stage are used to correct for selection bias in value estimation equation.   

Defining Acceptable Errors

The level of tolerable error in a benefit transfer exercise depends on the context in which the estimated values will be used.  Some applications, such as a cost-benefit analysis on a small-scale project, may not require very high confidence in the estimates.  High anticipated transfer error may also be acceptable in situations where the estimated values will only be one of many inputs into decision-making.  However, some applications, such as decisions that could lead to irreversible losses or determining liability for environmental damages, demand a high level of precision.  In these situations, it is not advisable to use benefit transfer to estimate values (Baskaran and others, 2009; Bergstrom and De Civita 1999; Navrud and Ready, 2007).  Many projects will fall between these poles.  Decision-makers and researchers need to work together to determine if benefit transfer is appropriate for the situation, and which method will best meet the objectives.  Allen and Loomis (2008) argue that the decision to use benefit transfer or conduct original research should be based on a comparison of the expected value of a primary study.  They calculate the expected returns to conducting original research and find that except for small projects (net present value less than $500,000), original research yields positive economic returns through improved decisions.  For projects with positive returns to original research, they should be ranked from largest to smallest to identify research priorities.

Best Practice Principles

Clearly Define Aims of Study

Transfer errors are more likely to arise when the issue or resource to be study is not clearly defined.  Without a clear and common understanding of the precise resource services that are being valued, double counting is more likely to occur (Brouwer, 2000).  Additionally, care should be taken to ensure that the estimates from the primary studies are measuring the same resource (and associated change) as is being considered at the policy site (Iovanna and Griffiths, 2006; Nelson and Kennedy, 2008).  Different benefit concepts, such as Hicksian and Marshallian consumer surplus, should not be combined (Smith and others, 2006).  

Collect Data on Bio-Physical Attributes of Policy Site

Much of the literature on benefit transfer focuses on the difficulty of applying economic values obtained from one site to another.  There is much less discussion, however, of the inherent difficulty in conducting economic valuation of complex ecosystem processes.  Environmental attributes often contribute to economic values through multiple channels, not all of which are apparent to even sophisticated observers.  Bergstrom and De Civita (1999) stress the importance of identifying the ecological and economic linkages in both original research and benefit transfer.  Clearly identified flows and descriptions of ecological processes can reduce the likelihood of double counting.  
Collect Data on Socioeconomic Attributes of Policy Site

Most non-market valuation studies use aggregate measures of willingness to pay (WTP) to determine the economic value of a good or service.  This measure should not be taken as a universal value, since willingness to pay is tempered by ability to pay.  Substantial differences in income between sites may lead to significant differences in estimates of value.  Other demographic attributes, such as education and family status may also systematically change willingness to pay.  The benefit transfer analyst should consider these and other demographic characteristics that may affect willingness to pay for an environmental good or service (Brouwer, 2000).  It is important to note, however, that these attributes are incomplete proxies for the human element.  Other key drivers for willingness to pay are the attitudes, beliefs, and values of the population (Baskaran and others, 2009; Loomis and Rosenberger, 2006).  These variables are difficult to capture in benefit transfer function, and so are often ignored.  This underlines why an important component of a robust benefit transfer is public/stakeholder participation (discussed below).  

The accuracy of benefit transfer may also be improved through better identification of the beneficiaries of the ecosystem services, rather than relying on a single geographic area (Plummer, 2009).  Benefits may have divergent flow patterns that necessitate the consideration of multiple subpopulations.       
Collect Data on Market Attributes of Policy Site

Transferred estimates may significantly over- or underestimate resource values if the natural resource “markets” differ substantially across sites.  Particularly, the benefit transfer analyst should assess the existence of resource substitutes and complements at each site.  In addition to resource and site substitutes, that analyst should consider the market characteristics at each site.  Microeconomic theory dictates that a change in the price of one good or service will affect demand for other goods and services through income and substitution effects.  Therefore, a change in market goods and services is expected to affect willingness to pay for nonmarket goods and services.  Failure to account for these changes violates core economic principles, and could lead to highly inaccurate estimates (Bergstrom and De Civita, 1999; Bergstrom and Taylor, 2006; Desvousges and others, 1992; Navrud and Ready, 2007).
Research Transparency

Nelson and Kennedy (2008) urge benefit transfer analysts to report source protocol, including the criteria used to select studies and the sources used to gather studies (for example, EVRI, EconLit, etc.).  The number of observations obtained from each study should be reported, as well as the method used to weight multiple observations from a single study (US EPA, 2006).  If and how missing data were treated should also be included in the benefit transfer report (Nelson and Kennedy, 2008).  In addition to the study selection criteria, Bergstrom and Taylor (2006) recommend that all studies considered, including those that failed to meet selection criteria, should be reported.

Conduct Sensitivity and Validity Tests

The benefit transfer analyst should report the sensitivity of the value estimates to changes in the parameters (Nelson and Kennedy, 2008).  If a meta-regression analysis is used, the analyst should test the sensitivity of the results to the exclusion of each observation to determine if a single data point has a disproportionate influence on the value estimate (US EPA, 2006).  If the results are found to be fragile, the implications for policy analysis should be considered (in other words, how to treat sensitive results as opposed to robust estimates) (Nelson and Kennedy, 2008).

As described above, transferred benefit estimates may be subject to estimation error resulting from generalization error, measurement error, publication selection bias, or research priority bias.  Where feasible, tests should be undertaken to correct for these potential biases.  If the benefit estimates are uncorrected, this should be made explicit in the report.      
Stakeholder Engagement

One of the key elements in increasing correspondence between the study site and policy site values is to include socioeconomic characteristics as an independent variable.  However, as Loomis and Rosenberger (2006) note, there are often “latent variables, such as the attitudes, beliefs, and perceptions of respondents,” that need to be addressed to minimize transfer errors (345).  Understanding of these “latent variables” is difficult without stakeholder engagement.  Public outreach strategies are an important component of benefit transfer.  Additionally, public engagement can be a useful means of validating the value estimates.  If the public finds an estimate unreasonable, it might be cause to reconsider the method or other inputs (Brouwer, 2000; Spash and Vatn, 2006).  
Value Incremental Changes
The decisions that BLM makes in resource management plans and NEPA documents tend to result in marginal and incremental changes in resource quality and quantity.  Obtaining the total economic value of a resource, therefore, may be of limited use.  Rather, the BLM should focus on transferring values from studies with resources changes that correspond to the expected changes at the policy site (Loomis and Rosenberger, 2006).  

Conclusions for the BLM-USGS Ecosystem Services Valuation Pilot

Knowingly inadequate (or worse, grossly inaccurate) benefit transfers are sometimes justified by noting that any value is better than the implicit value of zero that natural resources are often given in cost-benefit analyses and other monetary decision-making tools.  However, a consequence of this is to discredit all environmental valuation techniques (Smith, 1992).  Most of the literature supports the notion that if a resource value cannot be defensibly monetized, it is preferable to provide a qualitative description or utilize a framework that allows for different types of values (for example, multi-criteria analysis) (Spash and Vatn, 2006).  The benefits of a single unit (money) to compare disparate resources, however, can be substantial.  Loomis and Rosenberger (2006) note that in conversations with OMB economists, there was skepticism that qualitative descriptions of benefits would be able to offset monetary estimates of cost.  What can be defensibly monetized should be, however, applying highly inaccurate values just for the sake of having any value should be avoided.  Furthermore, monetary estimates of value are only one input to the decision-making process. Economic valuation should not result in the exclusion of qualitative descriptions and non-economic quantitative data.  Economic estimates have the advantage of simplifying complex information, however, this advantage is also a constraint.  The ability to explain complexity and nuance makes qualitative analysis central to any defensible environmental valuation study.  Similarly, data on ecological thresholds and other biophysical indicators should inform the decision-making process.           

The BLM should be cautious in its use of benefit transfer.  Monetization may give a sense of false precision, particularly to non-expert audiences.  The benefit transfer literature has found value estimate errors that are as high as 7000% (Loomis, 1992).  Navrud and Ready (2007) suggest that errors ranging from 20-40% are probably in the acceptable range.  As others point out, deciding on “acceptable errors” depends on the context in which the values will be used.  Conducting a cost-benefit analysis on a small scale project will require less precision than a Natural Resource Damage Assessment, where legal compensation is decided.  In the case of the latter, benefit transfer is probably inappropriate (Navrud and Ready, 2007).  Regardless of the errors that BLM decides are “acceptable,” care should be taken to follow the best practice principles outlined above.   
Appendix D. Additional participants in model and document review process.

Table 1.  Additional participants in BLM-USGS Ecosystem Services Valuation Pilot Study.

	Name
	Affiliation
	Role

	Boyd, Jim
	Resources for the Future
	Economics review panel

	Boykin, Ken
	New Mexico State University
	Model review workshop

	Brown, Paul
	BLM
	Model review workshop

	Casey, Frank
	USGS
	Economics review panel

	De Steiguer, Ed
	University of Arizona
	Model review workshop

	Diffendorfer, Jay
	USGS
	Model review workshop

	Francis-Begay, Juanita
	USGS
	Model review workshop

	Gascoigne, Billy
	USGS
	Economics review panel

	Goodrich, Dave
	USDA-ARS
	Model review workshop

	Halper, Eve
	Bureau of Reclamation
	Model review workshop

	Holler, Eric
	Bureau of Reclamation
	Model review workshop

	Kepner, Bill
	U.S. EPA
	Model review workshop

	Kralovec, Mary
	BLM
	Model review workshop

	Koontz, Lynne
	USGS
	Economics review panel

	Lansey, Kevin
	University of Arizona
	Model review workshop

	Lomeli, Ben
	BLM
	Model review workshop

	Mahoney, Jim
	BLM
	Model review workshop

	Osterkamp, Waite
	USDA-ARS
	Model review workshop

	Pattison, Malka
	DOI-Office of Policy Analysis
	Model review workshop, general project consultation

	Perrings, Charles
	Arizona State University
	Model review workshop

	Piper, Steve
	Bureau of Reclamation
	Model review workshop

	Rekshynskyj, Mark
	BLM
	Model review workshop, general project consultation

	Simms, Jeff
	BLM
	Model review workshop

	Simonit, Silvio
	Arizona State University
	Model review workshop

	Sobiech, Amy
	BLM
	Model review workshop

	van Riper, Charles
	USGS
	Model review workshop

	Villareal, Miguel
	University of Arizona
	Model review workshop

	Vukomanovic, Jelena
	University of Arizona
	Model review workshop


Appendix E. Annotated bibliography for ecological and socioeconomic references related to the San Pedro and Southwest. 

Bark-Hodgins, R., and Colby, B.G., 2006, An economic assessment of the Sonoran Desert Conservation Plan: Natural Resources Journal, v. 46, p. 709-726.

This study compared property premiums (calculated using hedonic pricing) and tax revenues versus the cost of water leases and ecological restoration to support water-dependent habitats from the Sonoran Desert Conservation Plan.  The authors estimate property premiums at $127-253 million, generating $1.2-2.5 million in annual property tax revenues, and the cost of water leases to be $0.5 million per year, with annualized restoration costs estimated at $235/acre-year to restore 9,400 acres of riparian habitat.
Bark, R.H., Osgood, D.E., Colby, B.G., Katz, G., and Stromberg, J., 2009, Habitat preservation and restoration: do homebuyers have preferences for quality habitat?: Ecological Economics, v. 68, p. 1465-1475.

The authors estimate property premiums using hedonic pricing for different types of open space and the quality of riparian vegetation, including biodiversity, upland connectivity, and wetness metrics. The survey includes Rillito Creek and its tributaries in northeast Tucson.  The authors find that wetness, biodiversity, and upland connectivity positively affect property value, whereas biomass does not.

Berrens, R.P., Ganderton, P., and Silva, C.L.,  1996, Valuing the protection of minimum instream flows in New Mexico: Journal of Agricultural and Resource Economics, v. 21, no. 2, p. 294-309.

The authors use a dichotomous choice contingent valuation phone survey to estimate public values for protecting instream flows on New Mexico’s rivers.  They compare results for protecting one endangered fish species, the silvery minnow, on a 170-mile river stretch of the Middle Rio Grande versus protecting 11 threatened and endangered fish species across 4 New Mexico rivers covering over 1,000 miles.  They found mean annual willingness to pay over a 5-year period to be $28.73 for the silvery minnow on the Middle Rio Grande and $89.68 for 11 species on four rivers.  
Berrens, R.P., Brookshire, D., Ganderton, P., and McKee, M., 1998, Exploring nonmarket values for the social impacts of environmental policy change: Resource and Energy Economics, v. 20, p. 117-137.

The authors use a phone survey of New Mexico residents to esimate willingness to pay to maintain traditional extractive land uses, in the context of offsetting potential increases to grazing permit prices on public land.  Two thirds of respondents had $0 willingess to pay, indicating that many felt that the public should not compensate ranchers forced to pay higher lease prices for grazing on public land.  Average willingness to pay was $21.68 per household per year.

Berrens, R.P., Bohara, A.K., Silva, C.L., Brookshire, D., and McKee, M., 2000, Contingent values for New Mexico instream flows: With tests of scope, group size reminder and temporal variability: Journal of Environmental Management, v. 58, p. 73-90.

This study expanded on the Berrens and others (1996) study to estimate public values for protecting instream flows for threatened and endangered native fish species on New Mexico’s rivers.  The authors incorporate additional experimental work, including trying to separate how the public responds to the concept of paying to purchase an environmental public good versus contributing to a worthy cause.  The authors find mean willingness to pay over a 5-year period to be $26.42 for the silvery minnow on the Middle Rio Grande and $72.18 for 11 species on four rivers, using logistic regression models.

Brand, L.A., White, G.C., and Noon, B.R., 2008, Factors influencing species richness and community composition of breeding birds in a desert riparian corridor: The Condor, v. 110, no. 2, p. 199-210.
The authors compare bird species richness, co-occurrence, and uniquness at multiple sites and plots on the San Pedro River to explore the influence of riparian vegetation type, surface flow permanence, and floodplain versus terrace location.  They found greater species richness and more uniquness in cottonwood and mesquite vegetation types, lower species richness at ephemeral flow sites, and relatively high species richness but low uniqueness in tamarsik patches.
Brookshire, D.S., Goodrich, D., Dixon, M.D., Brand, L.A., Benedict, K., Lansey, K., Thacher, J., Broadbent, C.D., Stewart, S., McIntosh, M., and Kang, D., 2010, After Restoration: A Framework for Preserving Semi-Arid Regions in the Southwest: Journal of Contemporary Water Research and Education, v. 144, p. 60-74.

The authors describe the process of integrating economic valuation into an established Decision Support System linking water and water management to surface flows, vegetation, and bird communities on the San Pedro River.  They develop a survey for nine surface and groundwater futures for the San Pedro, with valuation to be conducted using contingent valuation and choice modeling for alternative attribute bundles of water, vegetation, and birds.  The upcoming study will also include comparable valuation for the Middle Rio Grande and explore the transferability of results between the two watersheds.

Brown T.C., Harding, B.L., and Payton, E.A., 1990, Marginal economic value of streamflow: A case study for the Colorado River Basin: Water Resources Research, v. 26, no. 12, p. 2845-2859.

The authors estimate the economic value of increased runoff from reduced evapotranspiration caused by logging in the Colorado River Basin.  This study combines economic valuation, water routing, basin modeling, the effect of flow changes on salinity, consumptive water use, and hydropower production.  Economic values were estimated for increased consumptive use, increased hydropower production, increased deliveries to Mexico, enlarged reservoirs for recreation, changes in salinity and agriculture, increased flows for recreation and fish habitat.  Dilution of dissolved solids, reduced damage to pipes, better agricultural yields.  Increased flooding potential.  Using a linear programming to optimize water allocation, the authors found increased water availability tended to go toward storage in Lakes Powell & Mead rather than to lower-priority Lower Colorado Basin users.

Brown J., Angerer, J., Salley, S.W., Blaisdell, R., and Stuth, J.W., 2010, Improving estimates of rangeland carbon sequestration potential in the US Southwest: Rangeland Ecology and Management, v. 63, p. 147-154.

The authors estimate changes in soil carbon sequestration under alternative range management practices for the southwestern U.S., using the CENTURY model to estimate soil carbon sequestration plus uncertainty.  They find that current model results have uncertainty levels that are too high to guide management and policy, and that greater integration of site-specific data is needed to improve the quality of model outputs in the southwestern U.S. 

Bureau of Reclamation, 2007, Appraisal report: Augmentation alternatives for the Sierra Vista Sub-watershed, Arizona: Lower Colorado Region: Denver, CO: U.S. Department of Interior Bureau of Reclamation, p. 95.

This study compares alternatives, including their cost and feasibility, for increasing water supplies in the Sierra Vista subwatershed of the San Pedro River.  The goal of potential water augmentation alternatives is to maintain flow in the San Pedro while meeting growing water needs as population expands in the watershed.  Alternatives include water harvesting and recharge along with water transfers both within and outside the San Pedro watershed.

Colby, B.G., and Orr, P., 2005, Economic Tradeoffs in Preserving Riparian Habitat: Natural Resources Journal.

The authors estimate willingness to pay of non-local visitors to the San Pedro to avoid dewatering and degradation to the river, using payment card contingent valuation.  Surveys were administered to non-local visitors to the San Pedro Riparian National Conservation Area and to Ramsey Canyon.  The authors find mean willingness to pay to be a one-time payment of $79.31, which ranges from a total of ranging form $2.1-3.5 million depending on estimates of the annual number of non-local users.
Colby, B., and Smith-Incer, E., 2005, Visitor values and local economic impacts of riparian habitat preservation: California’s Kern River Preserve: Journal of the American Water Resources Association, v. 41, no. 3, p. 709-717.

The authors use payment card contingent valuation and local economic assessment, including direct expenditures, indirect increased economic activity, and induced local wage increases, to estimate the economic value of southern California’s Kern River Preserve, a nationally-renowned birding preserve.  Visitors were asked their willingness to pay to avoid streamflow loss, habitat degradation, and reduced numbers and diversity of birds and wildlife.  The authors found annual values of $648-864,000 in direct spending, $1.1-1.5 million using economic impact including multiplier effects, and annual willingness to pay of $467-616,000 aggregated based on annual visitation of 6,000-8,000.

Colby, B.G., and Wishart, S., 2002, Quantifying the influence of desert riparian areas on residential property values: The Appraisal Journal, v. LXX, no. 3, p. 304–308.

The authors use hedonic pricing to value riparian habitat in northeast Tucson for property near Tanque Verde Wash and adjacent tributaries.  They find that by reducing a property’s distance to the single largest urban riparian corridor from 1.5 to 0.1 miles, the sample mean house price rose by 6%.  This was a nonlinear relationship, with value declining steeply from 0.1 to 0.5 miles from the river, and a more gradual decline in value from 0.5 to 1.5 miles in distance from the river.  Given that 25,560 houses are located within 1.5 miles of Tanque Verde Wash, this gives a total property premium of $103.1 million.  

Crandall, K.B., Colby, B.G., and Rait, K.A., 1992, Valuing riparian areas: A southwestern case study: Rivers, v. 3, no. 2, p. 88-98.

The authors use three alternative valuation methods – zonal travel cost, payment card contingent valuation, and local economic assessment, including direct expenditures, indirect increased economic activity, and induced local wage increases, to estimate the economic value of the 600-ac Hassayampa River Preserve near Wickenburg, Arizona.  This section of the Hassayampa has perennial surface flow with cottonwood-willow vegetation types.  The authors found annual values of $52,000 in direct spending, $88,000 using economic impact including multiplier effects, $613,000 in consumer surplus using the travel cost method, and annual willingness to pay of $520,000 aggregated based on annual visitation of 8,000.

de Steiguer, J.E., 2008, Semi-arid rangelands and carbon offset markets: A look at the economic prospects: Rangelands, v. 30, p. 27-32.

The author describes how rangeland management could be improved by changing management practices to encourage carbon sequestration, with financing obtained from carbon markets.  He describes the baseline versus simulated carbon storage using the EPIC model, and estimates the potential value of carbon as compared to current returns for grazing on state trust lands in Arizona.

Ferguson, T.J., and Colwell-Chanthaphonh, C., 2006, History Is in the Land: Multivocal Tribal Traditions in Arizona's San Pedro Valley: Tucson, University of Arizona Press.

The authors describe the connections of four tribal groups to the San Pedro valley, including the O’odham, Hopi, Zuni, and Apache.  While western written histories most closely associate the San Pedro with eastern relatives of today’s O’Odham and with the Apache, the Zuni and Hopi have strong connections to the San Pedro via their historical migrations, as well as other tribes not discussed in detail in this book.  Although the book does not explicitly use the frame of ecosystem services in describing Native American conncetions to the land, it does describe the historical, cultural, and spiritual links tribes hold with the landscape.

Galbraith, H., Dixon, M.D., Stromberg, J.C., and Price, J.T., 2009, Predicting climate change risks to riparian ecosystems in arid watersheds: The Upper San Pedro as a case study, in: Kapustka, L.A., and Landis, W.G., eds., Environmental Risk and Management from a landscape perspective: Hoboken: John Wiley and Sons, p. 187-202.

The authors model potential climate change impacts to the San Pedro’s hydrology, geomorphology, and vegetation.  Scenarios include no change, warming of 4-6º C, and warming with a decline or increase in precipitation.  Channel migration, changes in dominant vegetation, and shifts in avian communities are documented for the different scenarios.  Wetter winters are more likely to maintain cottonwood/willow recruitment, which is likely to decline based on the river’s geomorophic history.  Bird species vary in their vulnerability to climate change based on likely changes in plant communities.  

Giraud, K.L., Loomis, J.B., and Johnson, R.L., 1999, Internal and external scope in willingness-to-pay estimates for threatened and endangered wildlife, Journal of Environmental Management, v. 56, p. 221-229. 

The authors estimate willingess to pay for protecting the Mexican Spotted Owl alone versus the Mexican Spotted Owl as part of a package of 62 other Four Corners Region threatened and endangered species.  Four million dollars have been budgeted over ten years for spotted owl recovery.  The authors used dichotomous choice mail surveys with half of the surveys sent to the Four Corners Region and half to the rest of the U.S.  They found that willingess to pay for 62 species was greater than for the spotted owl alone, so the “scope test” in contingent valuation surveying was passed.

Hand, M.S., Thacher, J.A., McCollum, D.W., and Berrens, R.P.,  2008.  Intra-regional amenities, wages, and home prices: The role of forests in the Southwest: Land Economics, v. 84, no. 4, p. 635-651. 

The authors use hedonic pricing to estimate the value of forest land and tradeoffs between forest cover and wages in Arizona and New Mexico.  They find that forest area carries an implicit annual price of $27-36 per square mile, based on estimates of forest cover within Census Public Use Microdata Areas (PUMAs).  Using the same approach, they find that wilderness areas carry a higher value, while surface water carries a lower value.  
Housman, D.C., Powers, H.H., Collins, A.D., and Belnap, J., 2006, Carbon and nitrogen fixation differ between successional stages of biological soil crusts in the Colorado Plateau and Chihuahuan Desert:  Journal of Arid Environments, v. 66, p. 620-634.

The authors compare rates of carbon and nitrogen fixation in early- and late-successional biological soil crusts on the Colorado Plateau and Chihuahuan Desert.  Late successional soil crusts had 1.2-1.3 times greater fixation on the Colorado Plateau and 2.4-2.8 times greater fixation in the Chihuahuan Desert, relative to early-successional soil crusts.  Since succession for soil crusts is a very slow process, the protection of late-successional soil crusts in deserts is important in maintaining terrestrial carbon sequestration and storage.h

Huxman, T.E., Snyder, K.A., Tissue, D., Leffler, A.J., Ogle, K., Pockman, W.T., Sandquist, D.R., Potts, D.L., and Schwinning, S., 2004, Precipitation pulses and carbon fluxes in semiarid and arid ecosystems: Oecologia, 141, p. 254-268.
This article discusses the role of precipitation on carbon fluxes in desert ecosystems.  Small precipitation pulses can initiate soil microbial respiration, leading to the release of carbon from ecosystems, while larger precipitation pulses or a sequence of small events is needed to trigger periods of greater photosynthetic activity that lead to carbon sequestration.  The timing and magnitude of the precipitation pulses help determine rates of respiration or photosynthesis, which determines whether an ecosystem is a net source or sink for carbon at seasonal and annual time scales.

Huxman, T.E., Wilcox, B.P., Breshears, D.D., Scott, R.L., Snyder, K.A., Small, E.E., Hultine, K., Pockman, W.T., and Jackson, R.B., 2005, Ecohydrological implications of woody plant encroachment: Ecology, v. 86, no. 2, p. 308-319.
The authors discuss the impacts of woody plant expansion into former grasslands on water balance, including stremaflow, evaporation, and transpiration.  In areas where subsurface flow dominates, woody plant encroachment would be expected to reduce streamflow.  Shifts in transpiration relative to evapotranspiration are also expected, but would differ in mesic, semiarid, and arid systems.

Kaye, J.P., Majumdar, A., Gries, C., Byantuyev, A., Grimm, N.B., Hope, D., Jenerette, G.D., Zhu, W.X., and Baker, L., 2008, Hierarchical Bayesian scaling of soil properties across urban, agricultural, and desert ecosystems: Ecological Applications, v. 18, no. 1, p. 132-145.

The authors use hierarchical Bayesian models to scale up plot-level results for landscape carbon, nitrogen, and phosphorus pools to the regional level in the Central Arizona-Phoenix LTER.  They provide soil nutrient pool data for five land-cover types: urban xeric yards, urban mesic yards, urban nonresidential, deserts, and agriculture.

Kepner, W.G., Watts, C.J., Edmonds, C.M., Maingi, J.K., Marsh, S.E., and Luna, G., 2000, A landscape approach for detecting and evaluating change in a semi-arid environment: Environmental Monitoring and Assessment, v. 64, p. 179-195.
The authors estimate vegetation change over time in the San Pedro watershed, and quantify changes at the watershed scale.  They measure change based on classified Landsat MSS images for the years 1973, 1986, and 1992.  They find that the total area and patch size of grassland and desert scrub decreased, while mesquite and urban increased.

Kepner, W.G., Semmens, D.J., Bassett, S.D., Mouat, D.A., and Goodrich, D.C., 2004, Scenario analysis for the San Pedro River, analyzing hydrological consequences for a future environment: Environmental Modeling and Assessment, v. 94, p. 115–127.

The authors use urbanization scenarios developed for the San Pedro by Steinitz and others (2003) to compare runoff and sediment under each scenario.  Year 2000 and three 2020 land use/cover grids (constrained, plans, and open scenarios) were compared using SWAT and KINEROS2, with no climate change assumed.  For runoff, sedimentation, and percolation, constrained and planned scenarios showed similar results, with some change in a several watersheds. The open scenario predicted more intense runoff and sedimentation and reduced percolation, particularly near Benson.

Kirchhof, S., Colby, B., and LaFrance, J., 1997, Evaluating the Performance of Benefit Transfer: An Empirical Inquiry: Journal of Environmental Economics and Management, v. 33, no. 1, p. 75-93.

The authors use benefit transfer to compare transfer error for southwestern riparian recreation at four sites: Ramsey Canyon, the San Pedro Riparian National Conservation Area, Taos Box, and the Lower Gorge, the first two for birdwatching and the last two for rafting.  The authors use payment card contingent valuation mail surveys to estimate willingness to pay.  The equality of benefit functions across sites was rejected.  Benefit transfer was most feasible from SPRNCA to Ramsey Canyon, but was not supported from Ramsey to SPRNCA or between the NM rafting sites.  
Kroeger, T., 2005, Economic benefits of reintroducing the river otter (Lontra canadensis) into rivers in New Mexico: Washington, D.C., Defenders of Wildlife.

The author uses benefit transfer to estimate the benefits for counties where otter reintroduction in New Mexico was planned to take place (estimated at $6-9.5 million net present value), using beneficiaries across the entire state of New Mexico ($9.8-12.9 million NPV), using out-of-state anglers and wildlife watchers as beneficiaries ($5.8 million NPV), and using residents of the rest of the U.S. as beneficiaries ($1.2-3.2 million NPV).  These are recreational and non-use values only, and do not include ecosystem services generated by otters and effects on fisheries themselves.  This study is most useful in showing how to use a transfer function to look at the value of species reintroduction or population increases for the San Pedro, as it realistically accounts for beneficiary group size and willingness to pay at different spatial scales.

Leenhouts, J.M., Stromberg, J.C., and Scott, R.L., 2005, Hydrologic requirements of and consumptive ground-water use by riparian vegetation along the San Pedro River, Arizona: U.S. Geological Survey Scientific Investigations Report, 2005–5163, 211 p. 

The authors estimate the riparian water needs for the Upper San Pedro River, based on annual water use data for individual species and open water, the spatial extent of riparian vegetation, and the relationships between hydrology, water use, and species distribtuon.  Evapotranspiration data are provided for mesquite woodland, mesquite shrubland, cottnwood in perennial and intermittent-flow stream reaches, sacaton, open water, and seepwillow vegetation types.

Loomis, J., Douglas, A.J., and Harpman, D.A., 2005, Recreation use values and nonuse values of Glen and Grand Canyons, in: Gloss, S.P., Lovich, J.E., and Melis, T.S., eds., The State of the Colorado River Ecosystem in Grand Canyon, A report of the Grand Canyon Monitoring and Research Center, 1991-2004: USGS Circular 1282, p. 153-164.

The authors estimate the recreational, regional economic, and non-use values for Glen Canyon and the Grand Canyon under different dam management scenarios.  Recreational values included estimates of fishing and rafting associated expenditures, plus local economic impacts using input-output modeling.  Non-use values were derived from a national survey and showed substantial willingess to pay to improve flows and ecological conditions in the canyons, as might be expected for such a well-recognized and charismatic site.

Lowry, J., Ramsey. R.D., Thomas, K., Schrupp, D., Sajwaj, T., Kirby, J., Waller, E., Schrader, S., Falzarano, S., Langs, L., Manis, G., Wallace, C., Schulz, K., Comer, P., Pohs, K. Reith, W., Velasquez, C., Wolk, B., Kepner, W., Boykin, K., O’Brien, L., Bradford, D., Thompson, B. and Prior-Magee, J., 2007 “Mapping moderate-scale land-cover over very large geographic areas within a collaborative framework: A case study of the Southwest Regional Gap Analysis Project (SWReGAP): Remote Sensing of Environment, v. 108, p. 59-73.

This paper describes the results of the first multi-state USGS Gap Analysis Program, which produced consistent mapping products for Arizona, Colorado, Nevada, New Mexico, and Utah.  Landsat ETM+ data for 1999-2001 and DEM derivatives were used to build a publicly available land-cover dataset with 125 land-cover classes, at 30 x 30 m spatial resolution.  Although not described in this paper, the group has since produced SWReGAP habitat models for 819 species in the 5-state region.

Martens, D.A., Emmerich, W., McLain, J.E.T., and Johnsen, T.N., 2005, Atmospheric carbon mitigation potential of agricultural management in the southwesetern USA: Soil and Tilage Research, v. 83, p. 95-119.
The authors review and synthesize articles that report soil carbon storage, soil carbon sequestration, nitrous oxide, and methane fluxes from native ecosystems and agricultural systems under different crops and agricultural management practices.  Values are reported from the entire intermountain west, from all four major North American deserts as well as California Mediterranean ecosystems and tallgrass prairie in Texas and Oklahoma.  Conservation tillage, crop rotation, past cropping, irrigation, salinity, grazing, soil texture, temperature, and precipitation are important influences on soil carbon in these ecosystems.

Martens, D.A., and McLain, J.E.T., 2005, Climate mitigation potential of the San Pedro River riparian zone: USDA Forest Service Proceedings RMRS-P-36, p. 491-495.

The authors estimate soil carbon content of soils in mesquite, acacia, mesquite-open, sacaton-mesquite, sacaton, and open herbaceous plant communities.  Unlike McLain and Martens (2003), bulk density data are provided to allow estimates of carbon storage per unit area under different vegetation types.  

McLain, J.E.T., and Martens, D.A., 2003, Vegetation community impacts on soil carbon, nitrogen, and trace gas fluxes, in: Renard, K.G., McElroy, S.A., Gburek, W.J., Canfield, H.E., and Scott, R.L., eds., First Interagency Conference on Research in the Watersheds, October 27-30, 2003.  U.S. Department of Agriculture, Agricultural Research Service, p. 542-547.
The authors report on soil carbon storage in mesquite, sacaton, and annual herbaceous communities on the San Pedro River.  Mesquite patches were found to have about twice the soil carbon content of sacaton patches, with mesquite-sacaton patches intermediate and open herbaceous communities having the lowest soil carbon content.  

McLain, J.E.T., and Martens, D.A., 2005, Studies of methane fluxes reveal that desert soils can mitigate global change: Proceedings on Biodiversity and Management of The Madrean Archipelago II: Connecting Mountain Islands and Desert Seas Conf., May 11-14, Tucson, AZ, p. 496-499.
The authors estimate methane consumption by microorganisms in desert soils for the San Pedro River and Santa Rita Experimental Range.  They find methane consumption to be greatest in open patches, intermediate in mesquite, and lowest in sacaton grasslands.  Methane consumption was strongly seasonal, with rainfall pulses stimulating methane consumption while negligible consumption occurred during the driest periods of the year.

McLain, J.E.T., and Martens, D.A., 2006, Moisture controls on trace gas fluxes in semiarid riparian soils: Soil Science Society of America Journal, v. 70, p. 367-377.

The authors report similar results as their 2003 study on carbon and nitrous oxide fluxes in mesquite, sacaton, and annual herbaceous communities on the San Pedro River.  However, this study reports results over a 15-month time period, providing results for two growing seasons with varying precipitation.  As in past studies, precipitation strongly controls gas flux patterns, with greater activity generally occurring in wetter seasons of the year and in wetter versus drier years.

McLain, J.E.T., Martens, D.A., and McClaran, M.P., 2008, Soil cycling of trace gases in response to mesquite management in a semiarid grassland: Journal of Arid Environments, v. 72, p. 1654-1665.

The authors report soil carbon storage data for live mesquite, dead mesquite, and open herbaceous patches in the Santa Rita Experimental Range, as well as nitrous oxide and methane fluxes.  They report results from 2003 and 2004, and like the San Pedro data from their 2006 study, show strong seasonal variation in soil moisture which subsequentally drives respiration, photosynthesis, nitrous oxide fluxes, and methane consumption.

Miller S.N., Kepner, W.G., Mehaffey, M.H., Hernandez, M., Miller, R.C., Goodrich, D.C., Devonald, K.K., Heggem, D.T., and Miller, W.P., 2002, Integrating landscape assessment and hydrologic modeling for land-cover change analysis: Journal of the American Water Resources Association, v. 38, no. 4, p. 915-929.
The authors apply the SWAT and KINEROS hydrologic models to the San Pedro (Arizona) and Cannonsville (New York) watersheds.  Increasing urbanization, agriculture, and woody plant invasion of grasslands led to greater annual and event runoff, flashier floods, and increased sedimentation, which can be used as indicators of watershed condition.  The authors use KINEROS to model rainfall-runoff relationships on small watersheds and use SWAT for modeling larger watersheds at coarser time scales.  Hydrologic models in arid regions need to account for intense, localized rainfall, transmission losses into ephemeral stream channels, high evapotranspiration, lower total runoff, flashier events, lesss vegetation, and greater erosion potential.  A lack of gaging stations is problematic for both models, since in arid environments regular gaging is needed since small watersheds respond differently to patchily distributed rainfall events.

Moeltner, K., and Woodward, R., 2009, Meta-functional benefit transfer for wetland valuation: Making the most of small samples: Environmental and Resource Economics, v. 42, p. 89-108.

The authors use Bayesian meta-regression modeling to estimate the value of aridland wetlands in Nevada.  These wetlands are fed by groundwater that is proposed for a transfer of out of the basin to Las Vegas.  Although they are valuing rare and unique wetlands using a sophisticated statistical technique, they do not draw on any primary wetland valuation studies that are specific to arid and semiarid environments or the Intermountain West.

Norman, L., Tallent-Halsell, N., Labiosa, W., Weber, M., McCoy, A., Hirschboeck, K., Callegary, J., van Riper III, C., and Gray, F., 2010, Developing an Ecosystem Services Online Decision Support Tool to Assess the Impacts of Climate Change and Urban Growth in the Santa Cruz Watershed; Where We Live, Work, and Play: Sustainability, v. 2, no. 7, p. 2044-2069.
The authors describe an application of the Ecosystem Portfolio Model (EPM) to the Santa Cruz watershed in Arizona.  The EPM incorporates environmental, economic, and quality of life metrics, including human health and environmental justice, key considerations for cross-boundary watersheds.  The EPM includes underlying hydrologic, urban growth, and habitat models based on SWAT, SLEUTH, and SWReGAP, respectively, and uses IPCC scenario to evaluate the impacts of climate change on the watershed.

Orr, P., and Colby, B.G., 2002, Nature-Oriented Visitors and Their Expenditures: Upper San Pedro River Basin: Department of Agricultural and Resource Economics, University of Arizona. Available at: http://ag.arizona.edu/AREC/pubs/san_pedro_report.pdf, p. 17.

The authors administered expenditure surveys to 843 visitors living outside the Upper San Pedro basin, which were collected in February to May and August 2001 from the Ramsey Canyon Preserve and San Pedro Riparian National Conservation Area.  Annual expenditures totalled $10.1-16.9 million.  Use of a 1.68 local multiplier gives $17-28.3 million/yr in total local economic effects, providing 350-590 jobs.  These expenditures do not include the opportunity cost of time and are only a partial component of consumer surplus from birding on the San Pedro.

Piper, S., and Martin, W.E., 1997, Household willingness to pay for improved rural water supplies: A comparison of four sites: Water Resources Research, v. 33, no. 9, p. 2153-2163.
The authors estimate willingness to pay for improved rural water at four sites in the western United States: southeast South Dakota, northwest Oklahoma, north-central Montana, and the Navajo reservation of western New Mexico.  Values range from $4.43 to $17.29 per household per month, which is comparable to other contingent valuation studies on rural water supply.  The authors conclude that value transfer is permissible using demographic and situational characteristics in a transfer function, including income, the cost of obtaining water, and measures of use.
Pool, D.R., and Dickinson, J.E., 2007, Ground-water flow model of the Sierra Vista and Sonoran portions of the Upper San Pedro Basin, Southeastern Arizona, United States and Northern Sonora, Mexico: U.S. Geological Survey Scientific Investigations Report 2006--5228, 60 p.

The authors describe a groundwater model for poritions of the Upper San Pedro River, using MODFLOW 2000.  Key elements in the model include: groundwater flow in sedimentary rocks underlying alluvial basin deposits, withdrawals for dewatering at the Tombstone mine, discharge to springs in the Huachuca Mountains, thick low-permeability intervals of silt and clay that separate the ground-water flow system into deep-confined and shallow-unconfined systems, ephemeral-channel recharge, and seasonal variations in ground-water discharge by wells and evapotranspiration.
Rankin, A.G., Eiler, L.M., and Joaquin, J.T., 2008, Water and the human spirit: Traditional sacred natural surface waters, in: Altschul, J.H., and Rankin, A.G., eds., Fragile patterns: The archaeology of the western Papagueria: Tucson, SRI Press, p. 595-604.
The authors describe how Native Americans value the Wesetern Papagueria region of southwest Arizona and northwestern Sonora.  Native Americans in the region view the land itself as sacred, with the landscape “dotted with special places of spiritual value & power,” that are intersections of the physical and spirit worlds, such as Baboquivari Peak for the Tohono O’odham.  Water plays a critical role too, both physically and spiritually.  Although the region has extremely limited surface waters, with most streams having ephemeral flow, locally important features like charcos (mudholes found on adobe flats and washes), playas, springs, and tinajas (rock-cut tanks, plunge pools, or potholes) are both key resources for survival and held as sacred sites.  These sites also have historical value as part of cultural migrations, trade routes, and creation/origin stories, as sources of healing.

The Research Ranch, 2007, Water, conservation, and exurban development in semiarid grasslands of southwestern North America – Impacts on biodiversity and ecosystem services, Summaries of proceedings of workshops concucted by the Research Ranch Foundation on Ecosysetem services in southwestern grasslands, and by the Sonoran Institute on A strategy for investment in conservation management of private lands in the western U.S., October 13-15, 2006, Tucson, Arizona nad March 26-27, 2007, Los Altos, California. 
These proceedings discuss ecosysetm services in the context of exurban development in Arizona’s Sonoita Valley.  It reports that land managed by the BLM in the Las Cienegas National Conservation Area is the source for 15-20 percent of Tucson’s surface water resource.  It recommends that a system be developed help fund BLM restoration activities that can measureably improve water quality and quantity for Tucson and other communities benefitting from water supply benefits supplied by ecosystems of the Sonoita Plain. 
Richardson, L., and Loomis, J., 2009, The total economic value of threatned, endangered, and rare species: An update meta-analysis: Ecological Economics, v. 68, no. 5, p. 1535-1548.

The authors update Loomis and White’s 1996 meta analysis of endangered species values, incorporating newer studies (which have generally yielded higher willingness to pay); along with survey, species, and respondent characteristics to identify how these factors influence willingness to pay.  The authors found an average transfer error of 34% for annual payments and 45% for lump sum payments.

Richardson, R.B., 2008, Conceptualizing the value of ecosystem services in deserts, in: Chapman, R.L., ed., Creating Sustainability Within Our Midst: Challenges for the 21st Century: New York, Pace University Press.

The author qualitatively describes various ecosystem services provided by deserts, with a focus on public lands and their component wilderness areas within the Great Basin, Mojave, and Sonoran desert region of southeastern California.  The area includes 10 million acres of BLM land, 3 million acres of which are designated as wilderness.  The study provides economic estimates for the value of dust control in reducing respiratory health problems for people, valued at $24 million per year, the value of increased visibility for recreation in national parks, valued at $48 million per year, and recreation, valued at $159 million per year.

Rimbey, N.R., Torell, L.A., and Tanaka, J.A., 2007, Why grazing permits have economic value: Journal of Agricultural and Resource Economics, v. 32, no. 1, p. 20-40.

The authors explore the question of why grazing permits have value in regions where livestock production potential is very low.  The authors use a dataset of ranch sales from New Mexico and the Great Basin to show that less than 16% of the marginal value of grazing permits in New Mexico is attributed to livestock production, and this value is zero for some Great Basin ranches.  The size of the deeded land plus leased public land ctually matters, with size, not productivity, determining price.  The market value of grazing permits has declined as public lands are managed more for other values, while the value of ranches themselves is increasingly determined by productivity, minus a discount for public land leases where the rancher can run cattle but doesn’t own the land, plus other values aesthetic, recreational, and locational values. 
Schlessinger, W.H., 1982, Carbon storage in the caliche of arid soils: A case study from Arizona: Soil Science, v. 133, no. 4, p. 247-255.
The author records soil carbon storage in 91 of 189 Arizona soil profiles, which were sampled to depths of at least 125 cm.  Noting the importance of carbon storage in carbonate minerals in the soil in arid environments, this study found overall carbonate carbon to be five times greater than soil organic carbon statewide.  However, carbonate carbon is more important on limestone soil parent material and less important in regions with greater mean annual precipitation.

Schlessinger, W.H., Belnap, J., and Marion, G., 2009, On carbon sequestration in desert ecosystems: Global Change Biology, v. 15, no. 6, p. 1488-1490.

The authors compare recent reports of high levels of net ecosystem production (> 100 g carbon/m2-year) to numerous other values for the literature.  They argue that these recent measurements are unrealistically high, and that gas exchange measurements need to be better compared to empirical data previously collected for desert carbon pools in vegetation and soils.
Scott, R.L., Edwards, E.A., Shuttleworth, W.J., Huxman, T.E., Watts, C., and Goodrich, D.C., 2004, Internannual and seasonal variation in fluxes of water and carbon dioxide from a riparian woodland ecosystems: Agricultural and Forest Meteorology, v. 122, p. 65-84.

The authors measure water, energy, and CO2 fluxes from a mesquite woodland along the San Pedro River using the eddy covariance method, for the 2001 and 2002 growing seasons.  Mesquite had access to groundwater when precipitation was scarce (particularly in 2002, a much drier year), and evapotranspiration and carbon sequestration vary throughout the growing season based on water availability leaf biomass. 

Scott, R.L., Huxman, T.E., Williams, D.G., and Goodrich, D.C., 2006, Ecohydrological impacts of woody-plant encroachment: Seasonal patterns of water and carbon dioxide exchange within a semiarid riparian environment: Global Change Biology, v. 12, p. 311-324.

This study compared carbon flux in a riparian grassland, grassland-shrubland mosaic, and woodland on the San Pedro River.  Data were for the year 2003, which was a dry year.  Generally, woody plants can sequester more carbon, as they are better able to tap shallow groundwater and avoid drought limitation, but they also have greater litterfall, which enables more respiration, offsetting its higher photosynthetic potential.  The authors found that before leaf-out, precipitation drives respiration (in other words, respiration occurs when there is enough water), leading the ecosystem to be a net source of carbon.  Over the growing season, sequestration leads vegetation to be a  net sink for CO2, with the greatest sequestration and evapotranspiration in woodlands, followed by shrublands, then grasslands.

Scott, R.L., Jenerette, G.D., Potts, D.L., and Huxman, T.E., 2009, Effects of seasonal drought on net carbon dioxide exchange from a woody-plant-encroached semiarid grassland: Journal of Geophysical Research, v. 114, G04004.
The authors compare seasonal and interannual effects of rainfall on carbon dioxide exchange, using 2004-2007 data for mesquite savannas at the Santa Rita Experimental Range.  During this period, annual precipitation was below average, with monsoon precipitation being both above and below average in different years while winter rains totals were below average in all years.  Ecosystems were a low to moderate carbon source, emitting CO2 to the atmosphere.  This effect was especially pronounced during drought years, when growth is water-limited and less overall photosynthesis takes place.  The ecosystem was carbon neutral when rainfall was close to the long-term average in distribution and amount.  Cool season drought tended to lead to lower spring carbon uptake, greater summer respiration, and high net carbon loss.  Thus, while these ecosystems are carbon sinks in wetter years, the dry winter rain periods led to their being sources of atmospheric carbon during this study period.
Sengupta, S., and Osgood, D.E., 2003, The value of remoteness: a hedonic estimation of ranchette prices: Ecological Economics, v. 44, p. 91-103.

The authors present a hedonic study of ranchette prices in Yavapai County, Arizona, exploring the influence of greenness, access to roads, cities, and neighbors, adjacency to public land, and distance to rivers.  They find that greenness and proximity to rivers raises sale price, as does access to roads, cities, and neighbors – implying that isolation is a disamenity and water availaibility is valued as an amenity.

Serrat-Capdevila, A., Valdes, J.B., Gonzalez Perez, J., Baird, K., Mata, L.J., and Maddock, III., T.,   2007, Modeling climate change impacts-and uncertainty-on the hydrology of a riparian system: The San Pedro Basin (Arizona/Sonora): Journal of Hydrology, v. 347, p. 48-66.

The authors use seventeen general circulation models and four IPCC climate change scenarios to explore the effects of climate change on the San Pedro watershed for period from 2000-2100.  They link rainfall, recharge, groundwater extraction, and riparian health.  The authors use an average of 17 models, along with high and low values for tempeartuare and precipitation to generate estimates of uncertainty.  The authors estimate that recharge in the San Pedro Riparian National Conservation Area declines 25-80% depending on the severity of precipitation decline in the climate scenario.  This would likely lead to a declines in cottonwood, willow, and sacaton  and their replacement with more drought-tolerant mesquite and tamarisk.  

Serrat-Capdevila, A., Browning-Aiken, A., Lansey, K., Finan, T., and Valdes, J.B., 2009, Increasing socio-ecological resilience by placing science at the decision table: The role of the San Pedro Basin (Arizona) Decision Support System Model: Ecology and Society, v. 14, no. 1, p. 37. 

This paper describes the Decision Support System built to aid decision making in the Upper San Pedro Watershed.  The DSS integrates hydrologic and ecological models to allow users to explore alternative means to reduce the watershed’s hydrologic deficit.  The authors discuss the DSS in the context of building resilience in the system and the involvement of stakeholders in the process of developing and using the DSS.

Steinitz, C., Arias, H., Bassett, S., Flaxman, M., Goode, T., Maddock, III, T., Mouat, D., Peiser, R., and Shearer, A., 2003, Alternative futures for changing landscapes: The Upper San Pedro River Basin in Arizona and Sonora: Washington, DC, Island Press.

This book describes model outputs that explore the impacts of alternative growth scenarios on numerous landscape and ecological metrics, including hydrology, vegetation, landscape connectivity, species of conservation concern, vertebrate species richness, and visual preference.  They compare nine total scenarios for the year 2020, 3 each showing “open,” “constrained,” and intermediate “planned” scenarios versus a year 2000 baseline.  These scenarios differ in the degree of growth, its specific locations, the future of Fort Huachuca, and trends in conservation and agriculture in both the U.S. and Mexican parts of the watershed.  

Striegl, R.G., McConnaughey, T.A., Thorstenson, D.C., Weeks, E.P., and Woodward, J.C., 1992,  Consumption of atmospheric methane by desert soils: Nature, v. 357, p. 145-147.
The authors estimate consumption of atmospheric methane, a strong greenhouse gas, by microorganisms in desert soils.  Like carbon sequestration, aridland methane consumption is highly seasonal, with rainfall being a strong driver of methane consumption.  While per-acre methane consumption is relatively small when compared to global carbon sinks and greenhouse gas emissions, deserts have a larger combined influence of on atmospheric methane due to their large extent globally.

Stromberg, J.C., Lite, S.J., Rychener, T.J., Levick, L.R., Dixon, M.D., and Watts, J.M., 2006, Status of the riparian ecosystem in the Upper San Pedro River: Application of an assessment model: Environmental Monitoring and Assessment, v. 115, p. 145-173.

The authors develop and apply a model to assess stream segments based on hydrologic, geomorphic, and biological indicators.  They delineate 14 reaches on the Upper San Pedro River within the San Pedro Riparian National Conservation Area, and classify these reaches as dry (1 reach), intermediate (8 reaches), or wet (5 reaches).  This assessment model can be used to quantify riparian condition and has been used in the Upper San Pedro Decision Support System and studies to economically value restoration or avoided degradation of the riparian ecosystem.

Stromberg, J.C., Beauchamp, V.B., Dixon, M.D., Lite, S.J., and Paradzick, C., 2007, Importance of low-flow and high-flow characteristics to restoration of riparian vegetation along rivers in the arid south-western United States: Freshwater Biology, v. 52, p. 651-679.

The authors describe the impact of flow frequency (ranging from perennial to intermittent to ephemeral surface flows) and the role of flooding and flow regulation on riparian plant communities and processes.  Species diversity and native species dominance are influenced by surface flow and flood frequency, with “reference” rivers where these natural processes are still intact harboring greater species diversity, landscape heterogeneity, and abundance of wetland plant species.  Maintaining these processes on reference rivers and restoring them on degraded rivers (for example, via dam removal, controlled dam releases or purchase of water rights) is important to riparian restoration.

Stromberg, J.C., Lite, S.J., Marler, R., Paradzick, C., Shafroth, P.B., Shorrock, D., White, J.M., and White, M.S., 2007, Altered stream-flow regimes and invasive plant species: the Tamarix case: Global Ecology and Biogeography, v. 16, p. 381-393.
This study examines the relationship between flow regulation and woody plant species domainance on the Gila and Lower Colorado watersheds.  Nonnative and more drought-resistant species like tamarisk are more common on flow-regulated regions, where typical dam management creates flows timed to favor their establishment over native cottonwoods and willows.  This shows the importance of flow management for maintaining and restoring native riparian communities, and the impracticality of restoration without addressing the key disturbance in these systems – flooding.
Stromberg, J.C., and Tellman, B., 2009, Ecology and conservation of the San Pedro River: Tucson, University of Arizona Press.

This book synthesizes research on the hydrology, geomorphology, and ecology of the San Pedro River, and places this research within the watershed’s historical and contemporary socioeconomic context.  It discusses prospects for future restoration and degradation of the San Pedro based on drivers such as groundwater depletion, urbanization, and climate change.
Svejcar, T., Angell, R., Bradford, J.A., Dugas, W., Emmerich, W., Frank, A.B., Gilmano, T., Haferkamp, M., Johnson, D.A., Mayeux, H., Mielnick, P., Morgan, J., Saliendra, N.Z., Schuman, G.E., Sims, P.L., and Snyder., K., 2008, Carbon fluxes on North American rangelands: Rangeland Ecology and Management, v. 61, p. 465-474.

The authors synthesize data on rangeland net ecosystem exchange on eight U.S. grassland sites ranging from the Great Plains and northern Rockies to Texas and the desert Southwest.  They found drought to be a critical influence on carbon sequestration, with the Southwestern sites being sources rather than sinks of carbon in most years and seasonal patterns of uptake during wet periods and balance or respiratory relese of carbon during dry periods.

Torell, L.A., Rimbey, N.R., Ramirez, O.A., and McCollum, D.W., 2005, Income earning potential versus consumptive amenities in determining ranchland values: Journal of Agricultural and Resource Economics, v. 30, no. 3, p. 537-560.

This study estimates the hedonic value of ranches, comparing amenities versus influences on income earning potential from traditional ranching. The authors find differential value for grazing leases on different types of land, in line with grazing fees and regulations on stocking rates.  They conclude that grazing permit fee reform on public lands needs to account for the fact that many ranch owners are looking to maximize utility, via recreational and amenity values, rather than ranch production profit.

Venn, T.J., and Quiggin, J., 2007, Accommodating Indigenous Cultural Heritage Values in Resource Assessment: Cape York Peninsula and the Murray-Darling Basin, Australia: Ecological Economics, v. 61, p. 334-344.
In this study, the authors discuss the limitations of nonmarket valuation in understanding indigenous preference for landscape and environmental features.  They suggest that incorporating quantity constraints on resource use that are compatible with indigenous rights and beliefs is a means of fairly addressing these challenges without imposing an external economic value system in the process. 

Weber, M.A., and Berrens, R.P., 2006, Value of Instream Recreation in the Sonoran Desert: Journal of Water Resources Planning and Management, v. January/February 2006, p. 53-60.

The authors use the zonal travel cost method to estimate the value of backcountry recreation in the Aravaipa Canyon Wilderness, a tributary of the San Pedro River with perennial surface flow.  They found consumer surplus of $25.06 and $17.31 for different access points, which given total annual visitation of 7,800, corresponds to annual values of $55,000 and $88,000 for the two access points.  

Weber, M.A. and Stewart, S., 2009, Public values for river restoration options on the Middle Rio Grande: Restoration Ecology, v. 17, no. 6, p. 762-771.

The authors use choice experiments and contingent valuation to estimate willingess to pay for river restoration of the Middle Rio Grande Bosque in Albuquerque, covering 17 miles of river and 4,000 acres of riparian habitat.  They estimate annual willingness to pay on the order of $4.1 million per river mile or $1,038 per acre of riparian habitat based on the number of households in Albuquerque.

Wheeler, C.W., Archer, S.R., Asner, G.P., and McMurtry, C.R., 2007, Climatic/edaphic controls on soil carbon/nitrogen response to shrub encroachment in desert grassland: Ecological Applications, v. 17, no. 7, p. 1911-1928.

The authors compare soil carbon and nitrogen levels at plots with minimal mesquite cover, young mesquite cover, and old mesquite cover.  The study site was the Santa Rita Experimental Range south of Tucson.  The authors found increased carbon and nitrogen in soils progressing from grasslands to old mesquite patches.

Appendix F. Summary of primary economic valuation studies for the San Pedro and Southwest.

Table 1.  Primary economic valuation studies for the San Pedro and Southwest.  References are provided in Appendix E.

	Study
	Region
	Ecosystem service(s)
	Value ($/ac-yr)
	Study method
	Beneficiaries
	Scenario

	Bark-Hodgins and Colby 2006
	Northeast Tucson, AZ
	Amenity
	$235
	HP
	NE Tucson homeowners
	Riparian restoration of 9,432 ac

	Bark and others, 2009
	Northeast Tucson, AZ
	Amenity
	
	HP
	NE Tucson homeowners
	

	Berrens and others, 1996
	Middle Rio Grande, NM
	Instream flows for fish, use + nonuse value
	$150.09
	CV (dichotomous choice)
	NM residents
	WTP for water rights to preserve instream flow for silvery minnow on 170-mi stretch of Middle Rio Grande

	Berrens and others, 1996
	Rio Grande, Gila, Pecos, San Juan Rivers, NM
	Instream flows for fish, use + nonuse value
	$79.67
	CV (dichotomous choice)
	NM residents
	WTP for water rights to preserve instream flow for 11 T&E fish species on 1000+ miles of 4 major NM rivers

	Berrens and others, 1998
	New Mexico
	Range production
	$0.71
	CV (open-ended)
	NM ranchers
	WTP to compensate ranchers for higher Federal grazing lease prices

	Berrens and others, 2000
	Middle Rio Grande, NM
	Instream flows for fish, use + nonuse value
	$138.02
	CV (dichotomous choice)
	NM residents
	WTP for water rights to preserve instream flow for silvery minnow on 170-mi stretch of Middle Rio Grande

	Berrens and others, 2000
	Rio Grande, Gila, Pecos, San Juan Rivers, NM
	Instream flows for fish, use + nonuse value
	$64.12
	CV (dichotomous choice)
	NM residents
	WTP for water rights to preserve instream flow for 11 T&E fish species on 1000+ miles of 4 major NM rivers

	Brookshire and others, 2010
	Upper San Pedro, AZ
	Use & non-use value for stream flow, vegetation condition, bird habitat
	In prep
	CV (dichotomous choice)
	AZ residents
	Various degradation or restoration scenarios

	Brookshire and others, 2010
	Upper San Pedro, AZ
	Use & non-use value for stream flow, vegetation condition, bird habitat
	In prep
	Choice modeling
	AZ residents
	Various degradation or restoration scenarios

	Brookshire and others, 2010
	Middle Rio Grande, NM
	Use & non-use value for stream flow, vegetation condition, bird habitat
	In prep
	CV (dichotomous choice)
	NM residents
	Various degradation or restoration scenarios

	Brookshire and others, 2010
	Middle Rio Grande, NM
	Use & non-use value for stream flow, vegetation condition, bird habitat
	In prep
	Choice modeling
	NM residents
	Various degradation or restoration scenarios

	Colby and Orr 2005
	Upper San Pedro, AZ
	Recreation/ bird watching, non-use value
	$4.54-7.64
	CV (payment card)
	Nonresident visitors to SRPNCA & Ramsey Canyon
	WTP to avoid dewatering and degradation

	Colby and Smith-Incer 2005
	Kern River, CA
	Recreation/ bird watching, non-use value
	$503-665
	CV (payment card)
	Visitors to Kern River Preserve
	WTP to avoid loss of streamflow, habitat degradation, loss of key species

	Colby and Smith-Incer 2005
	Kern River, CA
	Recreation/ bird watching
	$1,187-1,618
	Consumer expenditure + multiplier
	Visitors to Kern River Preserve
	

	Colby and Wishart 2002
	Tanque Verde Wash, Tucson, AZ
	Amenity
	$744
	HP
	NE Tucson homeowners
	

	Crandall and others, 1992
	Hassayampa River, AZ
	Recreation/ hiking, bird watching, non-use value
	$1,428
	CV (payment card)
	Visitors to Hassayampa Preserve
	WTP to avoid loss of perennial flow

	Crandall and others, 1992
	Hassayampa River, AZ
	Recreation/ hiking, bird watching
	$1,684
	Zonal TC
	Visitors to Hassayampa Preserve
	

	Crandall and others, 1992
	Hassayampa River, AZ
	Recreation/ hiking, bird watching
	$242
	Consumer expenditure + multiplier
	Visitors to Hassayampa Preserve
	

	Hand and others, 2008
	Arizona & New Mexico
	Amenity (incl. recreation)
	
	HP (wage & housing)
	AZ & NM residents
	

	Kirchoff and others, 1997
	SPRNCA & Ramsey Canyon
	
	
	
	
	

	Kirchoff and others, 1997
	Taos Box, NM
	Recreation/ whitewater rafting
	
	Consumer expenditure
	Rafters on Taos Box
	WTP for one trip at previously experienced streamflow level

	Kirchoff and others, 1997
	Lower Gorge, NM
	Recreation/ whitewater rafting
	
	Consumer expenditure
	Rafters on Lower Gorge
	WTP for one trip at previously experienced streamflow level

	Orr and Colby 2002
	Upper San Pedro, AZ
	Recreation/ bird watching
	$165
	Consumer expenditure + multiplier
	Nonresident visitors to SPRNCA
	

	Orr and Colby 2002
	Ramsey Canyon, AZ
	Recreation/ bird watching
	$268
	Consumer expenditure + multiplier
	Nonresident visitors to Ramsey Canyon
	

	Rimbey and others, 2007
	New Mexico & Great Basin
	Ranch value
	
	HP
	NM & Great Basin ranch owners
	

	Sengupta and Osgood 2003
	Yavapai Co., AZ
	Amenity
	
	HP
	Yavapai Co. ranchette owners
	

	Torell and others, 2005
	New Mexico
	Amenity, recreation/ hunting, beef production
	
	HP
	NM ranch owners
	

	Weber and Berrens 2006
	Aravaipa Canyon, AZ
	Recreation/ backcountry, wilderness
	$30.31
	Zonal TC
	Visitors to Aravaipa Canyon
	

	Weber and Stewart 2009
	Middle Rio Grande, NM
	Vegetation, fish & wildlife, river processes, non-use value
	$331.29
	CV (payment card)
	Albuquerque residents
	WTP for various restoration scenarios

	Weber and Stewart 2009
	Middle Rio Grande, NM
	Vegetation, fish & wildlife, river processes, non-use value
	$1,108.55
	Choice modeling
	Albuquerque residents
	WTP for various restoration scenarios


� Excludability is a legal characteristic that limits access to a good to those able to pay for it.  For example, non-excludible goods can be made excludible by introducing access fees to a park or emissions fees for the release of pollutants.  Rivalness is a physical characteristic of a good that limits its use to one user or user group.  For example, the consumptive use of water or other resources is rival, while use of water for recreaction is non-rival (Samuelson, 1954).


� Consumer surplus is the price paid for a good subtracted from consumers’ willingness to pay for that good, and is taken as the traditional economic measure of utility or benefit derived from consumption of that good.


� Utilitarianism is the assumption that value can be derived by knowing how well it maximizes utility, which in western economic terms has often been measured in dollar values.


� Value transfer is covered in greater detail in Appendix C.


� Constructed market characteristics describe the hypothetical market that an economist describes in a survey to enable a survey respondant to assign value to the ecosystem service, for instance, the type of payment vehicle or whether the survey provides a range of values or lets the respondent select their own.


� Transfer error is caused by heterogeneity between study and policy sites as well as the general error term present in any regression analysis.  Transfer error has been estimated by past meta analysts by comparing the performance of a transfer function with primary valuation data for a site of interest.


� The “n” vs. “k” problem refers to the dilemma where, due to poor description of resource and study characteristics in primary valuation studies to be included in a meta analysis, the analyst must either choose a small number of well-documented studies (low n) including all variables (high k) of interest, or a full set of studies (high n) but only evaluating the influences of a few common variables (low k).  The choice of a low k increases the risk of omitted variable bias in the regression model. 


� For example, the Ecosystem Services Database was last updated in 2002, and the Envalue database was last updated in 2004.


� The relationship between riparian tree canopy cover and surface flow frequency was extremely weak.


� The InVEST water demand model yielded unrealistic results because it uses per-pixel water demand as its main input, and developed pixels increase by 467% in the open scenario and 163% in the constrained scenario.  However, population increases by only 57% in the open scenario and 10% in the constrained scenario.  These unrealistic results are strictly a result of scenario input data that considers new development to have a far less compact footprint than existing developed areas.  To quantify water demand changes in Table 8, we simply multiplied baseline water demand by 10% for the constrained development scenario and 57% for the open development scenario.


� For comparison, the St. David diversion had an average discharge of 5,671,800 m3/yr from 1968-1972, while the Pomerene diversion had an average discharge of 1,726,200 m3/yr for the same period, for a total surface water use of 7,398,000 m3/yr (Lacher, 1994).  This was a relatively dry 5-year period in terms of total annual precipitation.  Comparing these values to results from Table 9, the modeled results underestimate surface water use, showing the need for further model calibration.


� We took the average of tables A34, A36, and A38 assuming 65-year old stands, and used half this value for oak woodlands, one third of this value for mesquite woodlands, and the same value for riparian.  Aboveground and belowground carbon storage in desert scrub was drawn from Schlessinger and others (2009).  Soil carbon for all ecosystem types except urban was drawn from Schlessinger (1982), while values for urban soil carbon were drawn from Kaye and others (2008).  Martens and McLain (2005) and Martens and others (2005) provide soil carbon storage data for western agricultural and rangeland ecosystems in general and for a single specific site on the San Pedro River, respectively.  However, Schlessinger’s (1982) study was an extremely comprehensive statewide study so for the purpose of providing generalizable rather than site-specific data to use at the state to watershed scale, we chose to rely on this study rather than the Martens and McLain studies.


� Microeconomic theory assumes that a utility function can be defined that accounts for an individual’s consumption of all goods and services.  The utility function can be maximized such that well-being (utility) is maximized subject to income limits.  The maximization problem changes when the price of a good or service changes (as a result of both income and substitution effects).  A change in market prices will affect consumption of nonmarket goods and services.  Therefore, it is important that market information is included in the regression equation.


� The complexity of ecosystem processes makes their decomposition into ecosystem services difficult even for professional ecologists.  Without adequate knowledge on how an individual benefits from an ecosystem service, valuation estimates are unlikely to reflect the true value.  A measure of the information available helps to identify the uses for which the individual is expressing value.   





�Cite “BLM Land-use Planning Handbook” doc here?





Bureau of Land Management, 2005, Land-use Planning Handbook, United States Departement of Interior Bureau of Land Management, BLM Handbook H-1601-1.


�Darius – I’m referring to primary valuation as also using past primary data, and not necessarily from surveys (e.g., replacement cost data).  If you think it’s better to split out conducting new studies from using past primary data (not in a value transfer sense) we can reword this.


�It would also be good to have a sentence on data-driven modeling, as that’s a big philosophical difference between ARIES and other platforms, need reference from Ferdinando


�If we’ve changed all “e.g.,’s” to “for example,” should we change all “i.e.,’s” to “in other words,”?


�Need to include other time and cost estimates where possible.


�i.e., I’ve been contacted by/part of interviews with Conservation International and The Nature Conservancy on ecosystem services tools comparison that are intended as internal strategy documents for these organizations.  I’m not sure how much here is too much to include, but some of it is clearly internal material.  Could cite TNC & CI pers. Comm or full citiations if they are released.


�Although John Loomis has work showing surprisingly small differences between different ethnic groups, including Native Americans, in terms of valuing species and ecosystem services.  Should review these for the final draft.


�Figures get removed from the final draft and submitted separately, but figure captions stay in.  Leaving the figures in for now for reviewers.


�I think this is the right way to word this, per Darius’ comment


�Also USFWS/proposed Lower San Pedro NWR – Bill Kepner has seen plans for this.


�Need to restart at #1 without messing up the formatting – the new version of Word is giving me problems with this.


�Comment on the numbers when the urban growth scenarios run.


�Need to re-run development scenarios once scenarios bug is fixed


�This conclusion will likely change once we can run ARIES development scenarios again.


�Comment on the numbers once the urban growth models run.


�These values will go in once scenario commands are fixed.


�These are strange results, likely a result of flow models requiring further calibration


�I did not do this for the San Pedro since the Mendoza reference just came out a few weeks ago.


�Though this could be done more easily than for the InVEST carbon or water models.


�This value is coming out of the flow model improperly.


�This scenario is also currenly having problems, this time with Gary’s proximity flow model.


�This should be modeled for viewsheds though I’m currently getting error messages in the flow models.


�Again, need to run these once scenarios are up and running.


�Pending results of the urban growth models.


�Per Steve Piper: 


Transferring from Tucson to the San Pedro: transfer is less problematic if variables included easily facilitate transfer (i.e., include the characteristics that differ between the two areas – generally they don’t)





Could transfer change in value to percent change and apply that while accounting for other attributes.





Different macroeconomic conditions between Tucson & the San Pedro reduce transferability (housing values actually pretty stable in San Pedro – military is a constant employer, so perhaps not as bad an unemployment downtick as the rest of the country went through)


�Need to add these as ARIES’ scenario function is having problems with urban growth models.


�Include costs from ARIES when results are finalized


�Still waiting on these results.


�Table 23 provided as a separate excel file – it’s really big and may be tough to get in the report.


�Rob, how often do local offices use valuation studies?  Are they aware of local studies (i.e., would AZ BLM use Brookshire or Colby’s work, or CO BLM use Loomis’ work)?  In other words, is this a sensible recommendation or is it already happening?


�BLM is more compartmentalized state by state than NPS, FWS, or USFS, correct?


�Could use input from Rob, Malka, et al. to make sure these assumptions reflect reality.





DISCUSS series of public opinion polls conducted for the San Pedro in 1998, 2000, 2004: Not relevant for valuation, but useful for perspective.


�Rob, your thoughts especially welcome here.


�Rob – this is drawn from a document titled “Nonmarket econ values” that you circulated in December 2009.  Is there a BLM guidance doc we can cite here?


�These observations are from a conversation Delilah had with the state fire/fuels lead.  Should we get their name and check with them if it’s OK to include these comments? 


�Rob/Malka – other input here would be helpful if I’m missing important ideas or the gist of this section


�OK, this may be going out on a limb to say.  Rob/Darius, you can probably reword if necessary.


�Again, I’m perhaps editorializing a bit here so please change if necessary.


�Do we need a glossary of acronyms used?


�I think this should be 1A but I can’t get it that way.


�Need comments from Dave Goodrich here


�Add in more limitations (also strengths?) though this may more correctly belong in the recommendations section.


�Add attendees to the January ’09 kickoff meeting for their involvement in project scoping?
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