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New Hampshire’s Great Bay, valued as one of 28 “estuaries of national significance,” 
provides a host of economic, ecological, and social environmental services that are 
threatened by the deterioration of water quality and increased levels of nitrogen. The US 
Environmental Protection Agency has issued several National Pollutant Discharge Elimination 
System permits that mandate the reduction of point source pollution to the limits of 
technology. In order to meet the new strict permit limits, the aging built infrastructure must 
be updated, and the combined capital costs are about $354 million (Kessler, 2010). 
Alternatives, such as land conservation and natural infrastructure, provide ways of reducing 
nitrogen sources from nonpoint source pollution. Relying on expert stakeholder input, we 
developed two land use scenarios to model potential nitrogen reduction or input under 
increased conservation or increased development. Two modeling programs, the river 
network ecosystem model Framework for Aquatic Modeling of the Earth System (FrAMES) 
and the Natural Capital Project’s Integrated Valuation of Ecosystem Services and Tradeoffs 
(InVEST) nutrient retention model, were utilized to execute the stakeholder-based scenarios. 
Holding point sources constant, FrAMES predicts that an average of 28.1 tons TN/yr and 
InVEST predicts that 3.1 tons TN/yr more will be added to the system per year under an 
increased development scenario compared to an increased conservation scenario. If Epping, 
a town in the Great Bay Watershed, upgraded its wastewater treatment facility to the limits 
of technology, it would remove an estimated additional 2.99 metric tons TN/yr (Kessler, 
2010). A conservative estimate of the effect of realistic land conservation efforts across the 
watershed would provide analogous benefits to the town of Epping upgrading to the best 
available wastewater technology. The FrAMES estimate of 28.1 tons TN/yr is comparable to 
upgrading the Newmarket wastewater treatment facility, which will keep 26.5 tons TN/yr 
from entering the Great Bay Estuary.  
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1 
Evaluating the Ecosystem Service of Nutrient Removal in a Coastal Watershed: A Case 

Study of New Hampshire’s Great Bay 

Chapter One: General Introduction 

1. Background 

1.1 Introduction to Ecosystem Services  
According to Georgiou and Turner (2012), “ecosystem services are the aspects of 

ecosystems consumed and/or utilized to produce human well-being” (p. 5).  Essentially, 
natural processes, structures, and functions aid humanity, and these can be helpful to 
identify as valuable to community decision makers (Costanza et al., 1998; Daily, 1997).The 
United Nation’s Millennium Ecosystem Assessment relied upon the utilitarian framework of 
ecosystem services (ES) to connect the state of ecosystems, development policies, and future 
health implications at an international scale (2003). Since then, there has been a                                                                                                                                                                                                                                                                
governmental movement to incorporate ES into policy and decision making, even in the 
United States (President’s Council of Advisors on Science and Technology, 2011; PR&G, 
2013). 
 Identifying, quantifying, and valuing ES proves challenging, and a large and growing 
body of research aims to address the international needs of decision makers (Bagstad et al., 
2013b). Thus, there are a proliferation of tools and techniques at various scales, availability, 
and focuses. Some of these decision support tools also incorporate economic valuation of ES 
(Kareiva et al., 2011). Essentially, ES often fulfill community needs but are considered 
externalities to the market unless their value can be adequately represented (Costanza et al., 
1998; Georgiou and Turner, 2012). In many cases, anthropogenic activities can alter or 
eliminate ecosystem services, and often the values held by systems are not fully realized until 
communities have degraded ecosystems and must pay to replace them (De Groot et al., 
2013). These replacement costs reflect the monetary value held by functioning ecosystems 
and the services they provide (Barbier et al., 2011). ES tools with valuation functions can 
allow decision makers to realize the externalized goods and services before they are lost 
(TEEB, 2010).  

ES are often categorized into provisioning, regulating, and cultural services (TEEB, 
2010). Recently, the United States Environmental Protection Agency (USEPA) released a new 
tool to educate about and provide maps of ES called EnviroAtlas (USEPA, 2014). The USEPA 
further categorizes ES into air quality, water quality and quantity, reduced hazards, climate 
stabilization, biodiversity, tangible goods, and social goods. Regardless of how ES fall into 
categorization schemes, they often interact and depend on other ES, which can further 
complicate valuations (De Groot et al., 2013). Although many studies still try to capture many 
ES, researchers must often focus on certain ES, and some ES of the watershed are more 
societally relevant than others. In coastal communities, the ES of nutrient retention is very 
relevant. The following thesis research seeks to quantify and value the impact of land cover 
change on the ES of nutrient retention in a coastal watershed. 
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1.2 Great Bay Estuary  
Our study focuses on the area of 

Southern Maine (ME) and New Hampshire 
(NH) that drains into the Atlantic Ocean 
though the Piscataqua-Salmon Falls River 
and associated tributaries (Figure 1).  
Located in the NH portion of the 
watershed, the Great Bay Estuary (GBE) 
provides a host of ecosystem services to 
area residents and visitors. The GBE is 
valued as one of 28 estuaries of national 
significance established by the National 
Estuary Program through the 1987 
Amendments to the Clean Water Act 
(CWA)(CWA, 2002) . The Coastal Zone 
Management Act (CZMA) also recognized 
Great Bay and moved to protect a portion 
of it through the creation of the Great Bay 
National Estuarine Research Reserve 
(GBNERR) (CZMA, 2009). Furthermore, the 
area surrounding the bay contains the 
Great Bay National Wildlife Refuge (NWR), 
created in 1992 from the decommissioned 
Pease Air Force Base (Short, 1992). As 
indicated by the level of national 
recognition described above, the Great Bay 
is important ecologically, socially, and 
economically.  

Ecologically, tidal estuaries like Great Bay and their associated riverine networks 
contain important marine and terrestrial habitat. The GBE itself includes the Piscataqua-
Salmon Falls River, Little Bay, and Great Bay (Short, 1992). Several tributaries connect the 
landscape to the GBE.  Some of the marine habitats housed within the bay’s 21 square miles 
of tidal waters are salt marshes, eelgrass beds, oyster reefs, and mud flats (Piscataqua Region 
Estuaries Partnership et al., 2010). The GBE also provides waterfowl habitat and wintering 
habitat for the federally protected bald eagle during migration (Hunt, 2009; United States 
Fish and Wildlife Service, 2009).  

Socially, this system provides aesthetic, recreational, historical, and cultural value to 
those familiar with New Hampshire’s hidden coast. The houses surrounding the Bay impute 
the desirability of living in proximity to such a beautiful resource.  Great Bay’s history is ripe 
with stories of trading using flat-bottomed gundalow boats (The Gundalow Company, 2013). 
Great Bay’s unique ecological systems provide recreational appeal for kayakers, sportfishers, 
and bird-watchers.  

Economically, the Great Bay provides both a direct and indirect source of revenue for 
both local and regional stakeholders. Species that rely upon estuaries at some point in their 
life cycle comprise over 80 percent of the American fisheries (Lellis-Dibble et al., 2008). 
Specifically, the Great Bay is home to many species of fish including shad, smelt, striped bass, 
bluefish, cod, river herring, and flounder (Short, 1992). Also, shellfish and lobsters contribute 

Figure 1. The Piscataqua-Salmon Falls watershed, 
shown here in white, drains the coastal areas of 
New Hampshire and Southern Maine into the 
Atlantic Ocean. Note that almost a third of the 
study area is in Maine.  Image courtesy of the 
Piscataqua Region Estuaries Partnership.  

GREAT BAY ESTUARY 
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to the financial resources of the region (Short, 1992). Oyster harvesting and oyster farms 
provide a livelihood to some locals (Higgins et al., 2011). Tourists are attracted to the GBE 
and other resources within the watershed, which provides locals with additional jobs in the 
tourism industry. Furthermore, almost 25 percent of New Hampshire’s population lives 
within the watershed, indicating the wealth of resources and opportunities in this region 
(Piscataqua Region Estuaries Partnership, 2015). 

Due to the social, ecological, and economic attributes of the GBE, ES provides a 
relevant perspective for those governing and living near the Great Bay (Diener, 2012). Since 
the watershed feeds the GBE, it is important to use the ES perspective for the entire 
Piscataqua-Salmon Falls watershed when managing to protect the ES that the GBE provides.  
Although visitors, residents, and business owners may not look at wetlands, forests, and 
streams as providing services, these environmental systems provide important goods and 
services that impact individuals, communities, and ecosystems downstream (Barbier et al., 
2011; Costanza et al., 1998; Russi et al., 2013). 

Unfortunately, the health of GBE is deteriorating (Piscataqua Region Estuaries 
Partnership, 2013). With increased population density and land use, Great Bay is one of the 
six “hot spots” of poor water quality in New England (USEPA, 2012). The Piscataqua-Salmon 
Falls watershed is also listed as the most at risk area in the United States for water quality 
deterioration due to land development (Stein et al., 2009). 

 Like most coupled human and natural systems, the primary cause of this decline is 
debated due to imperfectly understood interactions and drivers of change, but studies point 
to increased levels of nitrogen (N) as the main driver of anthropogenic nutrient over-
enrichment or eutrophication (Howarth, 2008; Liu et al., 2007; Odell et al., 2006; Piscataqua 
Region Estuaries Partnership, 2009; Rast and Lee, 1978). Eutrophication happens in a body of 
water as the availability of nutrients increases above natural background levels, leading to 
abundant growth of aquatic flora, often phytoplankton and other algae (USEPA, 2012). The 
algal growth eventually leads to increased oxygen consumption from decomposing organic 
material, which exceeds the oxygen supplied and creates a hypoxic zone (Committee on 
Environment and Natural Resources, 2000). Eutrophication and hypoxia cause other 
devastating phenomena like fish kills and eelgrass die off, which have ramifications for other 
ecosystem services like sediment stabilization (Hofmann, 2009; Nelson et al., 1982). 
Unfortunately, the GBE is suffering from eutrophication.  

N over-enrichment and eutrophication are internationally relevant topics. In 1994, 
the International SCOPE Project on Nitrogen Transport and Transformations met to discuss 
regional and global analysis this issue (Howarth, 1996). Human activities increase the flow of 
N from both point and nonpoint sources. Nonpoint sources are increased through fertilizer 
application or air pollution, and point sources like wastewater treatment plants are also 
directly influenced by human decisions (Driscoll et al., 2003; Vitousek et al., 1997).The quest 
to understand anthropocentric influences on the N cycle and consequences of alterations still 
continue, including in the GBE. Around the Globe, coastal environments are struggling with 
eutrophication, and this creates a need for the quantification and valuation of ES, especially 
nutrient retention, across landscapes.  

1.2.1 Point Source Nitrogen Loading  
Eighteen publicly owned treatment works (POTWs), point sources of N from human 

wastewater, release about twenty million gallons a day of processed effluent into the GBE, 
its tributaries, or into the tidally relevant waters (Spalding, 2012). The USEPA regulates any 
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sources that contribute pollutants into “navigable waters” (Clean Water Act of 1972, 2002). 
Under the USEPA, the National Pollutant Discharge Elimination System (NPDES) issues 
permits to point sources like POTWs. Although the majority of states issue the NPDES 
permits, New Hampshire is a non-authorized state, and the POTWS located in this state are 
regulated directly by the USEPA. The NPDES permits are in effect for five years, and the 
effluent limits are monitored by the POTWs directly and submitted to the USEPA for renewal 
(USEPA, 2001).  

The New Hampshire Department of Environmental Services (NHDES) and researchers 
from the University of New Hampshire (UNH) have been monitoring water quality and the 
health of the GBE and tributaries. In 2008, NHDES reported high levels of nitrogen in several 
tributaries and in the GBE (Spalding, 2012). Based on the NHDES findings, the USEPA 
mandated that POTWs reduce effluent total N concentration as much as possible. This 
requires updating the POTWs to the limits of technology. The NPDES Permit Program 
generally requires POTWs to be in compliance with permits within 10-15 years. For more 
information about the compliance status of the 18 POTWs in our study area, see Appendix D.  
Although the mandated improvements to POTWs would reduce the N reaching the GBE, 
upgrading POTWs was estimated to cost local ratepayers around 354 million dollars in 2010 
(Kessler, 2010).   
 
1.2.2 Nonpoint Source Nitrogen Loading 

Nonpoint sources comprise the other major source of N to the GBE system 
(Piscataqua Region Estuaries Partnership et al., 2010). Stormwater is a nonpoint source that 
is regulated and permitted under a separate section of the CWA from POTWs. At the federal 
level, different stormwater management tactics have been suggested, including a cap & 
trade policy to encourage N removal (Bresler, 2012). In the Piscataqua-Salmon Falls 
watershed there are countless nonpoint sources for N including stormwater runoff, leaking 
septic systems, atmospheric deposition, and some limited agriculture as the watershed 
drains approximately 695,037 acres of land (Howarth, 2008; Piscataqua Region Estuaries 
Partnership et al., 2010). Figure 2 shows the relative contributions of point and nonpoint 
sources of N for this watershed.  

 

Figure 2. Sources  of N to our study watershed.  Image adapted from PREP, 2013.  
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 Addressing stormwater for nutrient management could be done through several 
routes, and increasing the natural land cover is one option. For instance, natural land cover 
provides multiple benefits including nutrient processing and is thus referred to as ecological 
or natural infrastructure (Russi et al., 2013).  Coastal wetlands are a great example of 
ecological infrastructure because they provide water purification, flood abatement, carbon 
storage, recreation, and cultural services (Harmáčková and Vačkář, 2015). They are so useful 
that, of nine ecosystems reviewed by De Groot et al. (2013) in a broad cost-benefit analysis, 
coastal wetland restoration provided the most valuable investment. Although wetlands are 
valuable, forest conservation and restoration efforts in the watershed also help manage 
stormwater.  

 In 2008, 11.3% of the Piscataqua-Salmon Falls Watershed had been “permanently 
protected from development, and 280 acres of salt marsh had been restored”(Piscataqua 
Region Estuaries Partnership et al., 2010, p. 5). Collaborative stakeholder efforts have 
identified 90 parcels prioritized for conservation in New Hampshire and Maine as 
conservation focus areas, some of which have already been protected (Zankel, 2006). Thus, 
the conservation tactic is appropriate and relevant in this study region.  
 
1.2.3 History of N Management  
 The history of N management in our study area is complex spatially and temporally. 
Great Bay connects to the Piscataqua River about nine miles upstream from the Atlantic 
Ocean. Although some of the eighteen POTWs do not discharge directly into the Great Bay or 
its freshwater tributaries, the tidal influences can move N particles from effluent into the 
estuary (Figure 3).  
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Figure 3. In 2010, the New Hampshire Department of Environmental Services completed a study of the 
18 POTWs in our study area. We depicted them here to illustrate the spatial diversity of the point 
sources and the relative annual contributions of nitrogen discharged from each. Larger red circles 
correspond to larger N loads, with smaller circles representing less N being released annually. We do 
note that the relative contributions often align to population density in areas with municipal sewage 
systems.  
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 Reflective of the number of N sources and the cultural importance of the GBE, there 
are a number of key players and important events regarding N management and policy. In 
order to illustrate the temporal complexity of this issue, we present this information in a 
timeline (Figure 4).  Although there are many more events that could be listed, this 
illustration highlights some of the most impactful events to decision making. Although the 
timeline presents the last fifteen years of events, the quest to protect the GBE began in 1974 
when Durham community members halted the proposed Aristotle Onassis oil refinery 
(Fabrizio, 2010). In the 80s and 90s, citizens, scientists, and community leaders organized 
into the Great Bay Trust and Great Bay Stewards, which later merged into one organization 
dedicated to the preservation of the GBE (“GB Stewards,” 2015).  
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Figure 4. A timeline of significant events for N management in the Great Bay Watershed.  

Lee, Short, and Burdick used eelgrass as 

a nutrient pollution indicator in the GBE 

in a journal submission 

NH Senate Bill 70 created the Great Bay 

Estuary Commission  

New Hampshire Seacoast Region 

Wastewater Management Feasibility 

Study & Draft Alternatives Report 

Released 

The National Oceanic and Atmospheric 

Administration (NOAA) reported a 70% 

decline in eelgrass biomass in the GBE 

NH DES proposed a Numeric Nutrient 
Criteria 

EPA published “Integrated Municipal 
Stormwater Permitting and Wastewater 
Planning Framework” 

EPA Overreach and the Impact on NH 
Communities Hearing at the US House of 
Representatives 

EPA “National Coastal Condition Report 
IV” listed the GBE as having “pockets of 
poor water and sediment quality” 

Exeter and Newmarket POTWs received 
new NPDES permits requiring N removal 
at the levels of the limits of technology 

Town of Durham created an “Integrated 
Watershed Plan for Nitrogen Reduction”  

Piscataqua Region Comprehensive 
Conservation and Management Plan Created 

New Hampshire planned to adopt a nutrient 

water quality standard 

NH Senate Bill 481 established the Estuary 

Alliance for Sewage Treatment (EAST) 

New Hampshire Estuaries Partnership (now 

PREP) and NH DES released a monitoring plan 

Piscataqua Region Comprehensive 

Conservation and Management Plan Updated 

NH DES released the DRAFT Analysis of 

Nitrogen Loading Reductions for Wastewater 

Treatment Facilities and Nonpoint Sources in 

the GBE 

Areas of GBE are listed as impaired for N 

Great Bay Municipal Coalition Petitioned for 

Review of the Newmarket POTW permit 

NH DES released the DRAFT Great Bay 

Nitrogen Nonpoint Source Study 

USEPA Appeals Board denied review of the 

Newmarket POTW permit

City of Portsmouth voted to approve the 

$90.1 million plan to upgrade Peirce Island 

POTW 

2000 

2002 

2001 

2015 

2003 

2004 

2007 

2008 

2009 

2010 

2012 

2013 

2014 
NH DES released the Great Bay Nitrogen 
Nonpoint Source Study 

USEPA re-issued a new draft NH Small MS4 

General Permit requiring several towns to 

manage their stormwater 

Joint Report of Peer Review Panel 
released for NH DES Numeric Nutrient 
Criteria  

Independent Peer Review released for NH DES 

Numeric Nutrient Criteria 
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1.2.4 Strategies for N removal 
New York City, Boston, and other international areas have shown that allocating 

resources towards conservation efforts or ecological infrastructure can significantly reduce 
nutrient levels and provide a cost savings over wastewater treatment or water filtration plant 
upgrades because natural landscapes retain nutrients (Daily and Ellison, 2002, pp. 61–85; 
Foran et al., 2000; Grolleau and McCann, 2012; National Research Council, 2005). In other 
cases, integrated management plans provide the most effective strategy to reduce N (Driscoll 
et al., 2003; Lowrance et al., 1997; Mitsch et al., 2001).  

Talberth et al. (2013) tested avoided cost methods in Portland, Maine, for the 
Sebago Lake Watershed by running six future landscape scenarios through a mapping 
software to look at infrastructure options and costs over 20 years under different discount 
rates. By investing in ecological infrastructure such as riparian buffers, culvert upgrades, 
reforestation, and conservation easements, Portland found it could save up to 71 percent of 
the cost of a new drinking water filtration plant. In order to understand the ES of nutrient 
retention in our study area, we relied on similar methods, but we focused solely on the 
effects of land conservation efforts.   
 

2. Two Models Used in this Study 

2.1 InVEST 
Our first research focus centered on the idea of ecosystem service modeling and the 

usefulness of “off the shelf” products. As previously discussed, there are many programs 
freely available to aid decision makers and planners in a quest to consider ES in their analysis. 
The Natural Capital Project’s InVEST (Integrated Valuation of Environmental Services and 
Tradeoffs) modeling suite contains a spatial model focused on understanding the effect of 
land management trends on nutrient retention (Kareiva et al., 2011). Using data on land use 
and land cover (LULC), nonpoint sources, precipitation, soil types, and slopes, InVEST predicts 
the annual biophysical contribution of landscapes and then calculates a value for the ES of N 
or phosphorus retention (Appendix C).  Although there are an array of ES models available, 
we decided to use InVEST as the representative ES model because of its capacity to model N, 
the built-in economic evaluation, the inclusion of a scenario generator tool, the published 
examples of other decision making uses, and its free “off the shelf” availability (Bassi et al., 
2009; Hulse et al., 2004; Swetnam et al., 2011). InVEST has been used in Belize, Borneo, 
Hawaii, Oregon, Sumatra, Tanzania, and Vancouver Island (Baker et al., 2004; Bassi et al., 
2009; Bassi and Baer, 2009; Bhagabati et al., 2014; Bohensky et al., 2006; Börjeson et al., 
2006; Burgess et al., 2007; Cabral et al., n.d.; Carpenter et al., 2006; Goldstein et al., 2012; 
Guerry et al., 2012; Hulse et al., 2002, 2004; Rosenthal et al., 2014; Swetnam et al., 2011). 
We also wanted to test the user-friendliness of the modeling software, as it is often 
recommended to natural resource decision makers as a viable option for gaining additional 
knowledge. Since this decision Bagstad et al. have compared or described 17 ES tools in an 
effort to discover ease of use (2013b).  InVEST is still a recommended option for many, and 
we saw strong value in investigating this tool.  

2.2 FrAMES 
In order to understand InVEST’s applicability, we compared the model outputs to 

those of another model.  FrAMES (Framework for Aquatic Modeling of the Earth System) also 
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spatially evaluates N, specifically the loading to river networks and in-stream processing of 
dissolved inorganic nitrogen (DIN). FrAMES is a spatially distributed hydrology and 
biogeochemical river network model that was developed at the University of New Hampshire 
(UNH) and locally adapted to New England watersheds.  FrAMES combines hydrologic and 
biogeochemical processes, but it is not marketed as an ES model. Although it is not described 
with ES language, the model does provide information on aquatic nitrogen removal, which is 
an ES, at varying spatial and temporal scales (Wollheim et al., 2008; Wollheim et al., 2005). 
 As a preliminary research step, we evaluated both model parameters (Table 1). 
These models both look at N, but their vast differences validate the use of both models for 
this research.   

Table 1.  Model parameters compared between InVEST and FrAMES.  

 InVEST FrAMES 

Used in Peer-
Reviewed 

Publications 
Yes Yes 

Globally 
Applicable 

Yes Yes 

ES Language Yes No 

Species of N Total Nitrogen; non-specific Dissolved Inorganic Nitrogen 

Independently 
Accessible 

Yes No 

User Manual Yes No 

Infrastructure 
(Drains and 

Ditches) 
No No but possible to incorporate 

Valuation 
Embedded  

Yes No, but can be adapted 

Tidal Influences No No 

Resolution Minimum grid size of inputs Variable- set to user preference 

Impervious 
Surfaces 

No Yes, by % of grid cell 

Scenarios Yes Yes 

In-stream 
Processing 

No Yes 

Confidence Level Only at sub-watershed resolution Depends upon the scale of grid cells  

Time Scale Annual Only Daily, Monthly, Annually, etc 

3. Research Questions and Hypotheses 
We wanted to evaluate the potential of alternative management to avoid or offset some 

of the costs of proposed POTW upgrades in our study watershed. In order to accomplish this 
goal, we needed to know the range of potential N loading and retention efficiencies from 
conservation and development futures. This required us to query stakeholders, build future 
scenarios, and simulate the impacts of both conservation efforts and increased development 
on N loads from each tributary.   Specifically, we asked: 
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 How do the benefits of upgrading the POTWs compare to the benefits of nonpoint 
source management through utilizing the natural properties of various types of 
land cover under different scenarios?  

Could the N load from nonpoint sources be reduced enough through ecological 
infrastructure to avoid the costs associated with updating all the wastewater 
facilities to the limits of technology?  

In addressing these questions, we also sought to compare two types of models 
We hypothesized that like the Sebago example, an alternative management plan would allow 
the Great Bay municipalities to avoid part of the proposed cost associated with upgrading all 
18 POTWs to the best available technology by reducing the nonpoint source pollution load 
through conservation. The null hypothesis is that land conservation would reduce the N load 
to GBE a negligent amount compared to the POTWs potential reduction.  
 The second set of hypotheses compares the two modeling tools. By comparing 
model outputs to field measured data, we can determine which model is more accurate. We 
hypothesized that the Framework for Aquatic Modeling in the Earth System (FrAMES) would 
more accurately represent ecological conditions. The null hypothesis is that InVEST either 
more accurately represents ecological conditions or represents them to the same accuracy as 
FrAMES. Our hypothesis is based on FrAMES ability to account for seasonal variation and 
instream DIN dynamics (Table 1).  

4. Thesis Road Map 
This thesis presents the research conducted through two papers, one prepared for and the 
other under review by academic journals. Due to the nature of this format, repetitive 
information exists, but each paper presents enough information to be understood alone. 
Additional information about methodology can be found in the appendices.  
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ABSTRACT 

The ecosystem services framework provides a holistic perspective for planning on local, 
national, and global scales. Often, scenarios are utilized to quantify and contrast the 
potential impacts of anthropocentric or climatic drivers of change on ecosystem services. 
One freely available modeling suite, Integrated Valuation of Ecosystem Services and 
Tradeoffs (InVEST), from the Natural Capital Project, aims to aid in decision making and 
planning processes by quantifying ecosystem services in spatially explicit context.  Several of 
their modeling tools require land cover data layers, and the user can generate future land 
cover data layers through the scenario generator tool, released in 2014. The tool’s associated 
literature emphasizes the integration of stakeholders into the scenario generating process to 
help create plausible and relevant scenarios, often through workshops. Our study reviews 
the tool and presents an alternative methodology for engaging expert stakeholders in the 
scenario generation process through a less time intensive format than the recommended 
workshops--a detailed questionnaire. We find that there is a need for systematic decision 
making analysis of stakeholder input before scenarios can be created, and we used 
cumulative percent frequency analysis of questionnaire responses to dictate scenario 
generation transition tables, when appropriate. We conclude that using a questionnaire to 
elicit input from expert stakeholders to develop land cover scenarios may be a time and cost 
effective alternative that still provides realistic and usable inputs when compared to 
workshops.  

KEYWORDS 

InVEST scenario generator tool, future scenarios, conservation, development, expert 
stakeholders, ecosystem services 

INTRODUCTION  

Ecosystem services (ES) provides a framework and language to represent the goods 
and services provided by the natural environment to human communities (Jacobs et al., 
2013). There has been a major push in the ES field to spatially quantify the goods and 
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services rendered by the environment around the World (e.g., Millennium Ecosystem 
Assessment, 2003). The drive for ES quantification is paralleled by the growing demand, 
specifically within governmental organizations, to incorporate ES into policy and 
management decisions (President’s Council of Advisors on Science and Technology, 2011; 
PR&G, 2013). There are now an array of ES tools and models available, and most of them 
either incorporate or suggest analysis of future scenarios that represent storylines of various 
natural resource management decisions. Here, we focus on one new tool for scenario 
generation that serves a suite of models.  

Stanford Woods Institute for the Environment, University of Minnesota’s Institute on 
the Environment, The Nature Conservancy, and the World Wildlife Fund run the Natural 
Capital Project (NatCap) (Sharp et al., 2014). NatCap aims to incorporate ES into decision 
making on a global scale through a suite of modeling tools, including the Integrated Valuation 
of Environmental Services and Tradeoffs (InVEST), aimed at mitigating development, 
optimizing resource investment, and quantifying ES (Kareiva et al., 2011). InVEST is most 
useful when modelers can show how alternative future actions may impact ES flow, but the 
earliest versions did not include a way to generate future scenarios (McKenzie et al., 2014; 
Ruckelshaus et al., 2013).  

Since its release, InVEST users have created and used a variety of methods to model 
their own future scenarios. For example, changing values on input data like precipitation to 
reflect scenarios for climatic futures (Guerry et al., 2012). Also, the NatCap team used a 
variety of other models and Geographic Information Systems (GIS) to create scenario maps in 
Hawaii, Borneo, Belize, and other areas (Goldstein et al., 2012; Rosenthal et al., 2014). In 
order to make InVEST more user-friendly, NatCap needed to create a supplemental tool that 
would make spatial scenario generation more accessible. Recognizing the gap in their 
toolbox, Natcap premiered the first fully functioning scenario generator tool in InVEST 
version 3.1.0 in 2014. This tool allows stakeholders and policy makers using InVEST to make 
more informed decisions regarding land cover management by creating visual 
representations of different future land cover scenarios (Baral, 2013; Kareiva et al., 2011). 
Regarding scenario generation, the NatCap team recently suggested “that more 
interdisciplinary studies, with a greater range of social science expertise, could help the ES 
science community to better understand complex human well-being outcomes and 
synthesize lessons from practice” (Rosenthal et al., 2014).  Our work is one such study. 
 
Scenario Background 

Scenario generation is complex and requires a broad knowledge base. The best 
scenarios are based on plausible, relatable and internally consistent narratives that are 
translated and then mapped (Hulse and Gregory, 2001).There are a variety of methods to 
build scenarios: trend extrapolation, forecasting, cross-impact analysis, workshops, Delphi-
type expert-based estimates, role playing, future state visioning, and even wild speculation 
(Henrichs et al., 2010). Regardless of the methodology employed, there are uncertain choices 
that must be made regarding important developments within communities. Although 
difficult, good scenarios reflect these key decisions. 

Scenario development literature does not agree on how best to accomplish this goal. 
To make the wealth of previous scenario literature more digestible, NatCap created a 
document that explains scenario development and details several InVEST case studies that 
successfully relied upon future scenarios of land cover change (McKenzie et al., 2012). 
NatCap recommends four iterative steps to scenario building based on previous work: 
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“literature and data review to establish historical and current conditions for the area of 
interest; review of existing and proposed policies and strategies; key informant interviews 
with selected stakeholders who have local knowledge about resource use and extraction and 
governance conditions; and consultative stakeholder workshops to review scenarios and 
improve them” (Rosenthal et al., 2014). They also recommend that scenario generation be 
iterative to add or remove scenarios in order to build the most relevant set of three or more 
options because “experience has shown that two scenarios often represent polarized 
extremes… and fail to consider moderate action or balanced compromises” (McKenzie et al., 
2012, pp. 35, 113). Outside literature recommends that to show the uncertainty of the 
future, scenarios should represent two to four plausible perspectives (Heijden, 1996). 

Essentially, the InVEST scenario generator tool aims to enable users to look at the 
landscape with a change oriented perspective by asking the questions: What could change? 
What would it change into? Thus, users must think through possibilities and what could be 
driving those possibilities. These changes should be based upon political, social, and 
economic community-specific factors. These factors or “drivers of change” are defined and 
discussed in length by the Millennium Ecosystem Assessment (2003). Ideally, scenarios would 
be based on perfect comprehension of drivers of change in a specific region. Bhagabati et al. 
(2014) used two scenarios, one based on government plans and the other based upon a 
spatial planning forum, but they are quick to acknowledge the inherent assumptions of 
scenarios created based on imperfect understanding of drivers of change. Regardless of 
which parameter is changing, someone must decide what the future should look like to 
create representative input data for the model.  

Based on the need to identify drivers of change, NatCap emphasizes that scenario 
development is best when rooted in community opinions (McKenzie et al., 2012). Scenario 
literature agrees. For instance, Van der Heijden (1996, p. 183) prefers scenarios planned after 
“a series of in-depth open-ended interviews.” When creating future scenarios, stakeholders 
contribute knowledge of planning policies, climate change, demographic projections, 
technological limitations, and economic stipulations (McKenzie et al., 2012). Although the 
recommended InVEST methodology includes scenario planning workshops to review 
scenarios, Rosenthal et al. (2014) admit that both the scenario planning and technical 
workshops require specialized facilitation and can isolate stakeholders. 

 Previous InVEST users had modelers participate in rule-developing workshops with 
stakeholders to ensure that participants were guided towards feasible modeling parameters 
(Swetnam et al., 2011). Even with modeling experts in house, Swetnam et al. (2011) 
indicated that there were some issues that required the opinions of specialized stakeholders 
or local experts. Thus, previous InVEST users relied on expert stakeholders to provide insight 
and feedback on realistic scenarios. One published study that incorporated technical expert 
groups into InVEST scenario planning used “sporadic meetings, conference calls and emails 
with specific questions” (Hulse, Branscomb et al. 2004).  

Ultimately, InVEST users need to create spatially explicit scenarios, and this need 
drives some of the differences between previous literature on scenario generation 
(Malczewski, 1999).  The model requires matrices, spatial layers, and various other formats 
that are not easily translatable from stakeholder input. Apart from specific formatting, the 
required inputs must show what the likelihood is for land to change to a different cover type. 
One challenge for those following the user manual is to take qualitative stakeholder data and 
turn it into a quantitative format (Swetnam et al., 2011). 
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As Van der Heijden (1996, p. 184) discusses, those attempting to create future 
projections must be comfortable tolerating ambiguity, as each person’s observations and 
judgments of those observations are distinct. This raises some of the issues with querying an 
array of opinions and attempting to meld them into two to four scenarios.  How are the 
varying opinions weighted? Stakeholders provide differing opinions from one another, and 
there is perhaps too much ambiguity about how stakeholder input is incorporated into the 
current InVEST recommended methodology. We wanted to rely on a more structured 
decision making analysis of stakeholder input for the InVEST scenario generator tool.  

Case Study Background 
 The watershed located in New Hampshire and Southern Maine contributes nonpoint 
source nutrients to the Great Bay Estuary (GBE), a gem of the New Hampshire shoreline that 
is suffering from nitrogen driven eutrophication (Lee et al., 2004). Tightening permit 
regulations are driving several nutrient management opportunities on the town and regional 
levels (Kessler, 2010; Piscataqua Region Estuaries Partnership, 2013). We focused on this 
region due to the financial and ecological problems associated with nutrient over-
enrichment, the importance of the GBE, and the decision making opportunity faced by local 
communities. The watershed that we studied, the Piscataqua Salmon-Falls Watershed, is also 
a good case study of a coastal watershed, as it is hydrologically separate from the larger 
riverine systems of New England. We selected InVEST because of its potential utility for 
incorporating stakeholders and providing insight into various solutions.  

 The InVEST Nutrient Retention model focuses on the contributive and retentive 
properties of land cover using data on land use and land cover (LULC), nonpoint sources, 
precipitation, soil types, and slopes (Kareiva et al., 2011). The model calculates the ES of 
nutrient retention for phosphorus or nitrogen. Based on user inputs, different LULC provide 
varying N contributive capacity and retention rates. The model is built to be sensitive to the 
LULC data parameter. Thus, users who create new visions of LULC can see how potential 
futures impact the nitrogen loading and retention rates. Because stakeholders in our study 
area desire to understand future changes in nitrogen sources to the GBE, this region is an 
excellent case study location to utilize the scenario generator tool. For our modeling efforts 
to be most helpful for decision makers, we needed to be able to project changes in land 
cover. 

LULC varies over time according to the needs or desires of the populous. For 
instance, almost all the forest cover in New Hampshire was harvested between 1800 and 
1900, with much of it transitioning into open fields or cultivated crops (Goodale and Aber, 
2001).  This history provides an example of the inherent difficulty in making decisions about 
likely LULC changes. In our study area, increased population density and land use has 
contributed to the poor water quality (USEPA, 2012). The Piscataqua-Salmon Falls watershed 
is also listed as the most at risk area in the United States for water quality deterioration due 
to land development (Stein et al., 2009). Several N modeling studies have concluded that the 
current course of land management will proceed to increase N loads due to population 
growth alone but failed to quantify the parameters of potential increases based upon land 
practices (Kinney and Valiela, 2011). 

In our study area, lands in conservation are also growing. In 2008, 11.3% of the GBW 
was “permanently protected from development, and 280 acres of salt marsh had been 
restored” (PREP 2010, 5). According to PREP (2013), 20% of watershed land area is on track 
to be in conservation by 2020. Previous collaborative stakeholder work in this region defined 
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Conservation Focus Areas (CFAs) of 75 NH and 15 ME land parcels (Zankel, 2006). Although 
the CFAs were useful, seven years have passed since they were outlined. Some of them had 
already been conserved when we began our work.  As of December 2011, 88,747 acres (or 
13.5%) were conserved in our study watershed (Piscataqua Region Estuaries Partnership, 
2013).We wanted to look at the potential for further conservation efforts by relying on 
stakeholder input and the scenario generator tool.   
 

METHODS  

Gathering Data 
We reviewed the NatCap published guidance and user manual for the scenario 

generator as well as outside literature on scenario generation. Unlike most situations 
published about InVEST scenario generation, our situation only focused on one model within 
the InVEST platform instead of a suite of models for different ES. Also, this study had very 
specific research objectives related to decision making about nitrogen levels. Due to 
differences in project needs, we did not follow the four NatCap recommended steps 
(Rosenthal et al., 2014). Thus, instead of querying stakeholders to decide storylines for 
potential scenarios, we chose the scenario storylines before reaching out to stakeholders 
(Figure 1). We outlined scenarios to represent contrasting end points on the spectrum of 
plausible change so that the scenarios represented the range of impacts from conservation 
and development futures. This focus enabled us to create storylines of future change that 
best fit our study needs.  
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Thus, our 
interdisciplinary 
team of 
researchers 
created and 
edited storylines 
in iteration. By 
bookending the 
change, we 
focused on 
scenarios that 
would help us 
quantify the 
achievable 
reduction in N 
input to the GBE 
possible from land 
conservation. 
These scenarios 
were defined as 
two alternative 
futures for the 
GBW- increased 
conservation and 
increased 
development.  

We also 
located and 
processed land 
cover data as 
recommended. 
We used the 2011 
National Land 
Cover Database at 
a 30 meter 
resolution (Jin et 
al. 2013). Using 
Esri® ArcMap™ 
10.2.0.3348, we 
manipulated the 
data using the 
follow process: (1) 
project raster 
using the normal setting of nearest resampling technique to match other layers in the 
NAD_1983_NSRS2007_Maine_2000_West_Zone coordinate system and the Transverse 
Mercator projection using meters; (2) extract by mask using a shapefile of the watersheds of 
interest; (3) reclassify and aggregate the initial land cover categories to reduce them to 8 

Figure 1. Flow diagram of the methodology employed to create scenarios of 
land cover change in our study area.  
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more manageable land cover classes as recommended by NatCap (McKenzie et al., 2012). 
Resulting scenarios were compared against CFAs to ensure compatibility.  

 
Table 1. Scenario generator data needs and corresponding resources we utilized.    

Minimum User Data Required for 
Use 

Resources & Methods Used to Obtain Data 

Land cover file 2011 National Land Cover Database (30m resolution) 
aggregated to 8 classes 

 
Transition Matrix:  

Proximity Analysis 
Percent Change 
Priority 
Ranked Likelihood of 
Change between land cover 
types 

 

  

Based upon the data needs of the scenario generator tool (Table 1), we identified 
stakeholders in our study region who had the ability to provide this knowledge and the 
willingness to participate. Although all stakeholders have a sense of direction for the future, 
the scenario generator requires specific analysis of land cover transitions. Thus, we reached 
out to community members and leaders with specialized knowledge in various conservation 
and development sectors, also known as expert stakeholders (Henrichs et al., 2010). In order 
to reduce bias, we identified experts who represented both private and public interests with 
ranging perspectives from state level to the municipal level. Our stakeholders represented 
planning organizations, towns, consulting firms, academic institutions, state departments, 
leadership boards, and conservation non-profits. Stakeholders were approached via personal 
contact, and additional stakeholders were identified through the snowballing methodology 
until a broad array of opinions was represented.  We presented our stakeholders with 
detailed information about our research questions, study area, and needs. Those who were 
willing to participate agreed to dedicate a small amount of personal time to complete a 
questionnaire. The expert stakeholders provided us with insight and feedback on realistic 
scenario generation for our study area. 

Simultaneously, we developed a questionnaire around the two scenario storylines. 
We designed the questionnaire to bridge the divide between the technical requirements of 
the modeling software and human perspectives. The full questionnaire is provided as a 
supplemental document.   

The questionnaire introduction included several full page maps to emphasize the 
spatially explicit nature of our work and the scale of our inquiry. The maps provided 
background information about current land cover, previous land cover, and the rates of 
change between the two. The goal of the introduction was to equip our participants with any 
information they may need as well as to align their mindsets to the work at hand. 
 
 
 
 

Within the questionnaire: 

 

Qualitative Questions Quantitative Questions Spatial Questions 
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Table 2. Scenarios are storylines of potential futures, and they can be created in visual forms. Experts 
were asked to answer questions using the two storylines we created to show bookends of potential 
change in our study area.  

Increased Development Scenario 2025 Increased Conservation Scenario 2025 

From 2015-2025, the United States does not 
see a repeat of the economic recession of 
2007-2009. Rather, the economy sees a burst 
of activity—taking the Piscataqua-Salmon 
Falls region beyond a business as usual state 
into a robust economic development. New 
businesses are created, and this region 
attracts a growing population. 

From 2015-2025, the United States economy 
remains on the current trends. Population, 
development, and agriculture increase or 
decrease according to the business as usual 
dynamics. The Piscataqua-Salmon Falls 
region sees a burst in conservation activity. 
New areas are put into conservation 
easements, deed restrictions, protective 
easements for water supply areas, or 
changed to more natural areas. 

The later questionnaire sections focused on the storylines. For each storyline (Table 
2), expert stakeholders answered a series of questions to describe the most realistic site-
specific change potential using a mixture of quantitative, qualitative, and spatial questions. 
For example, the questionnaire provided a current percentage of land cover in development 
and inquired about potential for future development levels.  

A follow-up question helped reveal underlying reasoning:  

In accordance with previous studies, stakeholders ranked land cover change (McKenzie et al., 
2012).  

Expert stakeholders received the questionnaire via email with the request to return it within 
a three-week time frame. 
 
Data Analysis 

We compiled the responses and obtained all the policies and outside sources that 
respondents referenced. At times, it was difficult to incorporate all of the stakeholder 
responses, as they often disagreed on key concepts or drivers of change. Respondents voiced 
concern regarding specific questions, and one refused to answer the questions that were 
heavily opinion oriented. To aggregate the responses in a comprehensive and justifiable 

Land can be transitioned into conservation for many reasons. For the Great 
Bay Watershed, what could be driving the increased conservation? 
 

The current land in conservation shown in Figure 8 represents 13.5% of the study 
area. In the next 10 years, how do you expect this total percentage to change? What 
is a realistic increase   of the total percent area in conservation under this scenario?   
(ie: conservation areas will increase from 13.5% to ___         % of the study area) 
 

Please rank the following land cover types in order of most 
likely to increase (1) to least likely to increase (4).  

Urban                   ______ 
Suburban              ______ 
Cultivated Crops   ______ 
Open Fields          ______ 

 



 
 

20 

manner, we looked at them through cumulative percent frequency analysis when 
appropriate. For most queries, we followed trends with 50% or greater expert support. For 
instance, one expert indicated that wetlands would increase under both scenarios of the 
future, but we did not implement that opinion because it was not shared by the majority.   

Also, we took into consideration the amount of documented rationales included by 
some respondents. For example, we deviated from the analysis framework for two questions 
pertaining to land cover change based upon the very detailed responses of one respondent. 
Since the respondent relied upon a credible source and included the detailed calculations for 
projecting rates of change into the future for this numeric parameter, we overruled our 
previously decided decision framework and did not score the other stakeholders’ responses 

 
RESULTS 

Our sixteen expert stakeholders, some of which worked in pairs, provided a wide 
range of responses. For the Increased Development Scenario, the majority of our experts 
predicted that cultivated crops, suburban, and urban land covers would increase. When 
asked to rank urban, suburban, cultivated crops, and open fields, the majority of our experts 
chose suburban areas as most likely to increase (Figure 2). The ranking analysis confirmed 
that development in the study area would increase land cover in (1) Suburban, (2) Urban, 
and (3) Cultivated Crops.   

 

 
Figure 2. Visual representation of our expert stakeholders’ advice regarding land cover likelihood of increase 
under an increased development scenario (n=13). 

Our experts also thought that some land covers will increase in proximity to the 
same type of land cover. 83 percent indicated that urban lands will increase in proximity to 
existing urban lands. Suburban lands were unanimously predicted to increase within a 
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certain distance of other suburban areas, and 67 percent of experts thought cultivated crops 
would also follow the proximity rule. Once translated into modeling tables, our experts’ 
insights provided the following results in the scenario generator tool (Figures 3 & 4).  

 
Figure 3. Depiction of which land covers changed and by what percentages under the Increased 
Development 2025 Scenario, as indicated by expert stakeholder advice. This figure is similar to the 
html output created by the tool.  
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Figure 4. Increased Development 2025 land cover map made using InVEST’s Scenario Generator tool 
based upon expert stakeholder advice about potential change over the next 10 years. 
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For the Increased Conservation scenario, our expert stakeholders indicated that 
development would still occur but at 3% of total area. They also noted that conservation 
efforts have the potential to increase by 15 percent of the watershed area over the next ten 
years, which would total to 28.5 percent of the watershed area being in conservation. 
Although this amount of land conservation would be substantial, the experts noted that 
conservation priorities would lean heavily towards more pristine land parcels and less 
towards remediation efforts. Translating this into land cover changes, conservation will 
mostly protect existing forests and wetlands while creating potentially 1% more forest 
(Figure 5). Keeping in mind that as with all tools that look at percent change, a small percent 
of a large area can represent large tracts of land. For instance, the seemingly dramatic 
decrease in open fields is relative to the original amount of open field (Figure 5). The scenario 
generator created a visual representation of our experts’ insight (Figure 6). 
 

 

Figure 5. Depiction of which land covers changed and by what percentages under the Increased 

Conservation 2025 Scenario, as indicated by expert stakeholder advice. This figure is similar to the 

html output created by the tool.  
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Figure 6. Increased Conservation 2025 land cover map made using InVEST’s Scenario Generator tool 

based upon expert stakeholder advice about potential change over the next 10 years.  
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DISCUSSION 
Stakeholders 
We find that many of the NatCap recommendations for this tool must be adjusted based on 
user goals. For instance, the focus on iterative stakeholder workshops requires stakeholders 
to invest large amounts of personal time and effort. By creating a questionnaire, we provided 
stakeholders with a more flexible, comfortable, and less time and resource intensive route to 
provide input. Another benefit of the questionnaire is that every voice has the opportunity to 
be heard and incorporated. Under workshop conditions, louder voices or personalities can 
dominate the conversation causing some opinions to be weighted more than more quiet 
individuals. Furthermore, participants can read and process the questionnaire, access outside 
resources, and take the designated amount of time to think about or calculate their 
responses.  

Our method also provides an alternative to the expensive issue of collecting 
expertise (Rosenthal et al. 2014) by asking less of individual experts’ time and energy. The 
focus on allowing stakeholders to provide input on their own time solves some of the budget 
challenges of small, place based and community studies like participant support and other 
costs associated with in person workshops (space, food, facilitators, etc.).  Furthermore, a 
broader cross section of stakeholders can participate through the questionnaire, not just 
those who have more flexibility in their schedules or reside closer to the workshop location. 
Workshops requiring days off work and away from home would hinder some experts from 
contributing to the discussion.  

We would be remiss not to mention that workshops have benefits, nonetheless. 
Guerry et al. (2012) discuss the unique ability of the scenario generation process to start with 
conflict or diverse stakeholders and end with unified “vision, values, and goals.” Supposedly, 
this happens because those in charge keep reminding everyone of the goals of the workshop 
and to think bigger picture...“broadening planning discussions from single-sector 
perspectives to more comprehensive ones that explore cumulative impacts and benefits and 
are explicit about tradeoffs and win-wins.” We acknowledge these benefits, but we also 
suggest that the unification of stakeholders may not be as it seems, as some stakeholders 
may stay quiet for various reasons.  
Questionnaire Development 

A large body of academic work exists regarding general scenario development types, 
tools, and techniques--we appreciate the user guidance provided by McKenzie et al. (2012) 
which incorporates much of the academic literature. We found this resource to be helpful as 
a starting point for our own work. Still, we encountered language barriers when creating 
questions to ask stakeholders that would also provide needed table parameters. These issues 
seem inherent to scenario generation when incorporating modeling parameters, stakeholder 
mental models of historical and future trends, and predictions about the future. The 
language barrier adds another layer of complexity and uncertainty to scenario generation 
results (Hulse et al., 2009). 

We also struggled with choosing an appropriate time frame for the scenarios 
because of uncertainty. There are several issues to consider when selecting a scenario time 
frame. In this case, we considered the Clean Water Act’s National Pollution Discharge 
Elimination System Permitting timelines for publicly owned treatment works (POTWs) 
compliance under the Environmental Protection Agency (EPA) and stakeholder limitations. 
Although the element of uncertainty is inherent with future scenarios, the level of 
uncertainty increases with longer time frames (McKenzie et al., 2012). Projecting into the 
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future gets much harder as time increments are extended. We anticipated that although 
POTWs can get extensions, the EPA will look for compliance within 10 years. We also felt 
comfortable asking stakeholders about 10 years into the future because typical 
transportation planning time horizons for local regional planning commissions generally have 
10 year spans (personal communication, 2014).  
Scenario Generator Tool 

One positive aspect of the scenario generator tool is the instant generation of a 
report in HTML format. Although we do not present any of these figures, we did model 
Figures 5 and 7 after the graphs and tables generated by InVEST that explain in percentages 
the land cover shifts for the proposed scenario. This output was very useful in visualizing 
changes and is presumably easy to share with stakeholders and the public on a website  

Due to the nature of working with new tools, we were highly dependent upon 
personal contact with NatCap staff to send “nightly builds” or unreleased updates to the tool 
upon which to base the questionnaire. This issue highlighted the approachability of the 
NatCap team.  Thankfully, we were able to wait to run the scenarios until InVEST 3.1.0 was 
released, which contained the first fully functioning scenario generator. As new versions are 
developed, we expect the tool to become more reliable.  

Also, we were challenged by the set-up of the scenario generator in relation to the 
other NatCap model that we ran for our study. Ideally, we could just use the scenario 
generator output directly in our models. We asked the stakeholders very specific questions 
about our study area, which was delineated to the watershed limits. However, the nutrient 
retention model requests that the LULC input extend beyond the study area, which creates 
an inherent disconnect. We recommend that future users inquire about changes beyond the 
border of their study area.  

 In theory, we could generate a scenario of each individual stakeholder’s responses, 
but we did not see the utility of gaining so many potential futures. Having multiple output 
maps for each scenario would be too complex to be useful. Thus, we had to decide how to 
combine expert perspectives.  We looked back to previous InVEST studies to see if there was 
any specified decision analysis tool or methodology employed. This, we find, is a major gap in 
the InVEST suite of tools.  

Although NatCap’s work provides very useful tools, these tools almost always require 
scenarios to fulfill their usefulness. How these scenarios are generated greatly impacts the 
final results. There is great need for improvement and systematic analysis of stakeholder 
input for scenario generation. How did previous users decide which perspective to follow and 
which to ignore? In our experience, stakeholders have different visions of the future. Our 
methodology allowed us to follow trends with 50 percent or greater support.  

Although we settled on cumulative percent frequency analysis, there are several 
other methodologies that could be applied to this area. Castella et al. (2005) used an 
innovative approach by having stakeholders indicate drivers of change through a role-playing 
game, but we did not foresee experts volunteering multiple days for role-playing games in 
our study area. The Delphi Method is a popular option that uses facilitated iterative written 
discussion cycles among experts until the group has reached consensus (Landeta, 2006) . In 
hindsight, this would have been an interesting methodology to employ with our experts, but 
it would have been more time intensive. If future users planned to query a small 
representative group of expert stakeholders to decide future scenario parameters and had 
ample time to reach stakeholder consensus, we recommend trying the Dephi method instead 
of cumulative percent frequency analysis.  
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Inherent in the InVEST scenario generator tool is the need for translating all 
stakeholder input into a “land suitability factor matrix, landcover transition table, change 
override layer, and constraints layer” (Sharp et al., 2014). Although we designed questions to 
make this translation as direct as possible, this aspect was still challenging. There is potential 
for an online assessment tool that would enable stakeholders to provide perspective and 
have input translated by NatCap into necessary tables. This online feature would eliminate 
the required translation between opinion and tables, which is currently an inherent obstacle 
to use. 

 
CONCLUSION & RECOMMENDATIONS FOR FUTURE WORK  

We recommend the questionnaire methodology as a valid alternative to the in-
person multi-day workshops currently recommended by InVEST for scenario generation. In 
regards to the need for decision making science, we suggest that the Delphi Method may be 
useful allow for unity of definitions, percentages, and other aspects of the scenario generator 
needs amongst a small group of expert stakeholders. The Delphi Method has been used in a 
variety of circumstances, but we suggest that its utility in future InVEST work should be 
explored (Tsaur et al., 2006).  

One recommendation to all users, regardless of stakeholder methodology, is to ask 
stakeholders to evaluate land cover change beyond the watershed boundary of the study 
area. If the tool’s output is to be used in other InVEST models, the land cover data layers 
should extend beyond the watersheds of interest (Sharp et al., 2014).  

We also recommend that that presentation of scenarios to stakeholders such as 
planners, decision makers, and other stakeholders may benefit from Multi-Criteria Decision 
Analysis (MCDA) as a framework for comparing preferences. The MCDA process generally 
involves identifying stakeholder interests, building a decision framework, rating alternatives, 
ranking alternatives, and discussing how the alternatives score with stakeholders 
(Malczewski, 1999), which we feel would be most beneficial to the goals of the NatCap team 
and other InVEST users.  

Overall, we found the questionnaire method provided us with realistic and timely 
responses to generate plausible scenarios using InVEST’s scenario generator tool. As 
communities continue to be faced with complex decision making opportunities, the exercise 
of building futures and modeling the impacts of those futures will become more 
standardized. InVEST and other ES modeling tools will provide decision makers with much 
needed information about the impacts their decisions will have on their surroundings. In our 
preliminary sharing of the final model runs, we've received positive feedback from several 
stakeholders about the plausibility and utility of the information generated from InVEST. 
Ultimately, the utility of modeled information was dependent upon the creation of 
stakeholder-driven scenarios, and the questionnaire tool proved extremely useful in 
generating plausible spatial scenarios.  
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ABSTRACT 

Globally, managers are trying to prevent the eutrophication of valuable estuaries by reducing 
nutrient inputs, but justifying the cost of conservation or processing facility upgrades can 
prove challenging. The Natural Capital Project’s InVEST (Integrated Valuation of Ecosystem 
Services and Tradeoffs) modeling suite aims to make evaluating and valuing ecosystem 
services easier by providing more accessible tools to stakeholders around the World. This 
project focuses on the usability and accuracy of one of the modeling tools, Nutrient Removal, 
by comparing the outcome from InVEST to a detailed hydrologic and biogeochemical river 
network model FrAMES (Framework for Aquatic Modeling of the Earth System). This paper 
presents a case study on the adaptability of other biophysical models to ecosystem service 
evaluation and valuation as a potentially more appropriate approach for decision makers. 
We focus on a coastal watershed in Maine and New Hampshire struggling with the financial 
burdens of nitrogen pollution mandates due to the eutrophication of the Great Bay estuary. 
We find that both models provide arguments for conservation, and decision makers may 
have trouble knowing what model is appropriate. Watershed conservation efforts could 
reduce the amount of total nitrogen entering the Great Bay estuary in the range of 3-28 
tons/yr. 

KEYWORDS 

Ecosystem service valuation; nutrient retention; InVEST; Great Bay; avoided cost analysis; 
spatial analysis; FrAMES 

1. INTRODUCTION  

Human communities, locally and globally, depend on diverse natural systems for a 
variety of goods and services, also known as ecosystem services (ES) (Jacobs et al., 2013; 
Millennium Ecosystem Assessment, 2003). There is an international movement to 
incorporate ES into policies in order to holistically address human, economic, and 
environmental well-being (Neßhöver et al., 2013; President’s Council of Advisors on Science 
and Technology, 2011; Russi et al., 2013). Due to this movement, academics and others have 

                                                           
*
 Corresponding author. Center for the Environment, Plymouth State University, MSC #63, 17 High 

Street, Plymouth, New Hampshire 03264, United States. E-mail address: ceb1012@plymouth.edu 
(C.Berg).   

mailto:ceb1012@plymouth.edu


 
 

32 

created a host of new decision-support tools to make quantifying ES easier for decision 
makers, and some tools have a built-in economic analysis function (Bagstad et al., 2013a; 
Kareiva et al., 2011; Villa et al., 2014). The goal for the majority of ES tools is place-specific 
analysis to inform planning options (Grêt-Regamey et al., 2014), which can also potentially be 
accomplished with other tools that are not explicitly labeled as ES tools (Vigerstol and 
Aukema, 2011). Water body managers around the world are dealing with the challenge of 
nutrient overenrichment. Researchers and decision makers are looking for accessible 
methods with which to better understand and value the ES of nutrient retention and 
removal.  We were interested in testing a freely available ES model against an ecosystem 
model to quantify the ES of nitrogen retention under two stakeholder-derived future 
scenarios. We sought to investigate if nonpoint source N management would offer an 
avoided cost to point source management in a geographic region heavily burdened by 
nitrogen overenrichment.   
 Our research focuses on the Piscataqua-Salmon Falls watershed (PSFW) that flows 
into the Great Bay Estuary (GBE) on the coast of New Hampshire and Maine and is relevant 
to nutrient impaired coastal water bodies all over the Globe. The GBE, along with the 
majority of the Northeast’s estuaries, is deteriorating into a state of anthropogenic nutrient 
overenrichment called eutrophication (Lee et al., 2004; Piscataqua Region Estuaries 
Partnership, 2013; Vitousek et al., 1997). With increased population density and land use, 
GBE is one of the six “hot spots” of poor water quality in New England (USEPA, 2012). Like 
most coupled human and natural systems, the primary cause of this decline is debated due 
to imperfectly understood interactions and drivers of change, but studies point to increased 
levels of nitrogen (N) as the main driver (Howarth, 2008; Liu et al., 2007; Odell et al., 2006).  

Human activities increase the flow of N from land through fertilizer application, air 
pollution, and point sources like wastewater treatment plants (Driscoll et al., 2003; Vitousek 
et al., 1997). Eighteen publicly owned treatment works (POTWs), point sources of N from 
human wastewater, release about twenty million gallons a day of processed effluent into the 
GBE, its tributaries, or into the tidally relevant waters (Spalding, 2012). Upgrading the POTWs 
to the limits of technology represents an immense potential financial cost to local ratepayers, 
estimated at 354 million dollars (Kessler, 2010). Several organizations and community 
members are interested in approaching the issue from an alternative perspective (Rogers et 
al., 2014; VHB, Inc., 2014).  In 2008, 11.3% of the PSFW had been “permanently protected 
from development, and 280 acres of salt marsh had been restored” (Piscataqua Region 
Estuaries Partnership 2010, 5). Collaborative stakeholder efforts have identified 90 parcels 
prioritized for conservation in New Hampshire and Maine as conservation focus areas 
(Zankel, 2006). 

New York City, Boston, and other international areas have shown that allocating 
resources towards conservation efforts or ecological infrastructure can significantly reduce 
nutrient levels and provide a cost savings over wastewater treatment or water filtration plant 
upgrades because natural landscapes retain nutrients (Daily and Ellison, 2002, pp. 61–85; 
Foran et al., 2000; Grolleau and McCann, 2012; National Research Council, 2005). In other 
cases, integrated management plans provide the most effective strategy to reduce N (Driscoll 
et al., 2003; Lowrance et al., 1997; Mitsch et al., 2001). Talberth et al. (2013) tested avoided 
cost methods in Portland, Maine, for the Sebago Lake Watershed by running six future 
landscape scenarios through a mapping software to look at infrastructure options and costs 
over 20 years under different discount rates. By investing in ecological infrastructure such as 
riparian buffers, culvert upgrades, reforestation, and conservation easements, Portland could 
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save up to 71 percent of the cost of a new drinking water filtration plant. We wanted to 
evaluate the potential of alternative management to avoid or offset some of the costs of 
proposed POTW upgrades in the PSFW. 

In order to accomplish this goal, we needed to first know the range of potential N 
loading and retention efficiencies from conservation and development futures. This required 
us to query stakeholders, build future scenarios, and simulate the impacts of both 
conservation efforts and increased development on N loads from each tributary. We 
hypothesized that like the Sebago example, an alternative management plan would allow the 
Great Bay municipalities to avoid part of the proposed cost associated with upgrading 18 
POTWs to the best available technology by reducing the nonpoint source pollution load 
through conservation.  

 
1.1 The Models 

The Natural Capital Project’s InVEST (Integrated Valuation of Environmental Services 
and Tradeoffs) modeling suite contains a spatial model focused on understanding the effect 
of land management trends on nutrient retention (Kareiva et al., 2011). Using data on land 
use and land cover (LULC), nonpoint sources, precipitation, soil types, and slopes, InVEST 
predicts the annual biophysical contribution of landscapes and then calculates a value for the 
ES of N or phosphorus retention.  Although there are an array of ES models available, we 
decided to use InVEST as the representative ES model because of its capacity to model N, the 
built-in economic evaluation, the published examples of other decision making uses, and its 
free “off the shelf” availability (Bassi et al., 2009; Hulse et al., 2004; Swetnam et al., 2011). 
We also wanted to test the user-friendliness of modeling software, as it is often 
recommended to natural resource decision makers as a viable option for gaining additional 
knowledge. Since this decision Bagstad et al. (2013b) have compared or described 17 ES tools 
in an effort to discover ease of use, however InVEST is still a recommended option for many, 
and we see strong value in investigating this tool.  

FrAMES (Framework for Aquatic Modeling of the Earth System) also spatially 
evaluates N, specifically the loading to river networks and in-stream processing of dissolved 
inorganic nitrogen (DIN). FrAMES is a spatially distributed hydrology and biogeochemical 
river network model that was developed at the University of New Hampshire (UNH) and 
locally adapted to New England watersheds.  FrAMES combines hydrologic and 
biogeochemical processes, but it is not marketed as an ES model. Although it is not described 
with ES language, the model does provide information on aquatic nitrogen removal, which is 
an ES, at varying spatial and temporal scales.  We hypothesize that it presents more reliable 
modeling results than InVEST due to its ability to account for seasonal variation and instream 
N dynamics. It could be a better choice for local decision makers if presented with ES 
language (Smart et al., 2012).   
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2. METHODS 

2.1 Scenario generation 

In order to evaluate potential 
future N loads to the GBE, we 
needed to decide how LULC 
change could occur over our 
study area. We created a 
questionnaire to determine 
drivers and expected 
magnitude of LULC change 
over the next 10 years. As 
part of the scenario 
generation, we queried local 
expert stakeholders 
representing public, private, 
and non-profit sectors, with 
16 out of 18 interested 
stakeholders completing the 
questionnaire. Our expert 
stakeholders explained what 
would drive the future LULC of the study area and referred us to various regional planning 
strategies for more information. From their input, we created scenarios of conservation and 
development trajectories using the InVEST Scenario Generator Tool version 3.1.0. We also 
had experts review the scenarios to ensure that they were aligned with current trends and 
established planning standards. To ensure compatibility, we double checked scenarios 
against designated conservation focus areas before using them in the models (Figure 1). 

2.2 Evaluating and Quantifying Nitrogen Retained in the Watershed using InVEST  

We gathered and processed the data layers that InVEST requires and are further explained in 
the User’s Guide: LULC, precipitation, a digital elevation model, soil depth, 
evapotranspiration, watershed delineations, plant available water content, and hydrologic 
seasonality (Donohue et al., 2012; Jin et al., 2013; Lehner et al., 2006; Liang and Liu, 2014; 
PRISM Climate Group, 2015; Sharp et al., 2014; Soil Survey Staff et al., 2013; Trabucco and 
Zomer, 2009; United States Geological Survey et al., 2013; Xu et al., 2013, p. Figure 3; Zhang 
et al., 2004). When possible, we used the same input data sources as FrAMES.3 We also 
created the required biophysical table that contains critical information regarding how N 
interacts with each land cover type. We completed a literature review to make these 
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 The tidal portions of our study area prove challenging when modeling due to the complexity of physical and 

spatial variability (Kinney and Valiela, 2011). For instance, the GBE represents 21 square miles of tidal waters 
indirectly linked to the Atlantic Ocean by nine miles of the Piscataqua River (Trowbridge et al., 2014). Thus, the 
tide reverses water flow direction and raises and lowers the Great Bay substantially twice daily. These tidal 
influences also reach the tributaries, so we trimmed each watershed boundary to remove the tidal draining 
portions of the land mass based on topographically driven hydrology.  Although this eliminates some important 
developed areas such as the city of Portsmouth, NH from our evaluation, we took this step because FrAMES does 
not model flow direction reversal.  

Figure 1. Conceptual map of the methodology employed to discover 

alternative management potential for the PSFW.  



 
 

35 

decisions, and we chose the higher end of N levels in the literature when optimizing the 
model (Table 1).  We compared the results from InVEST to the observed data on TN from 
nonpoint sources from the Piscataqua Region Estuaries Partnership (PREP)(2009). Based 
largely on the work of Legates and Mccabe (1999), Fox (1981), Krause et al. (2005), and 
Willmott (1982), we decided to avoid Pearson’s correlation (r) and the coefficient of 
determination (r2) as model evaluative parameters; instead, we relied upon mean absolute 
error (MAE) and root mean square error (RMSE). 

Table 1. The 8 land cover types and their corresponding N loading and removal allocations as derived 
from the literature.  

Land Cover 

TN load 
(kg/ha/yr); 
Efficiency 
Rate (0-1) Sources 

Published 
Range Sources 

Urban 30.5; 0 Line et al. 2002 1.6-38.5 

Beaulac and Reckhow 1982; Rast 
and Lee 1978; Loehr et al. 1989; 
Much and Kemp 1987; 

Suburban 23.9; 0 Line et al. 2002 5-23.9 

Bales et al. 1993; Hartigan et al. 
1983; USEPA 1983; Line et al. 
2002; Loehr 1974; 

Barren Land 12.4; 0 Dodd et al. 1992 0.5-12.4 Dodd et al. 1992; Loehr 1974; 

Forest 11.4; 0.6 
Line et al. 2002; 
Breemen et al. 2002 1.6-11.4 

Dodd et al. 1992; Beaulac and 
Reckhow 1982; Line et al. 2002; 
Rast and Lee 1978; Loehr et al. 
1989; 

Open Fields 8.6; 0.3 
Reckhow et al. 1980; 
Howarth 1996 1.48-30.8 

Beaulac and Reckhow 1982; Line 
et al. 2002 

Cultivated Crops 53.5; 0.1 
Wollheim Curve; 
Breemen et al. 2002 2.1-79.6 

Beaulac and Reckhow 1982; (W. 
M. Wollheim et al., 2008); Rast 
and Lee 1978; Loehr et al. 1989; 

Wetland 3.8; 0.6 

Dodd et al. 1992; 
Saunders and Kalff 
2001 0.69-3.8 Dodd et al. 1992 

 

2.3 Amount of Nitrogen Exported as calculated by InVEST and FrAMES 

FrAMES needed similar data requirements as InVEST but at a much more detailed scale. For 
example, the soil data incorporated impervious surfaces, percent silt to clay, and the NLCD to 
calculate the available water capacity.  The NLCD 2006 was translated into percent human 
land use and percent agriculture per grid cell. FrAMES used the percent developed land 
use/agriculture and daily precipitation information to obtain the concentration of dissolved 
inorganic nitrogen (DIN) entering the stream, and sequentially modeled routing and 
biogeochemical processing of DIN within the river network. The spatial resolution can be set 
to various sizes, but our analysis used grid cells of approximately 500m to a side.  For more 
detailed information regarding the model parameters and loading relationships see 
Wollheim et al. (2008). We compared the average DIN output from a five year period of 
2009-2013 to the DIN 2009-2011 loads from PREP (2009, Table NUT1-3). 
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Using the analysis published by PREP (2012), we converted FrAMES DIN output to TN by ratio 
relationship per tributary. We also added the point source TN contributions reported by 
PREP into InVEST’s output of TN for each scenario. In order to determine an avoided N 
contribution achieved by reducing land development, we subtracted the TN exported under 
the increased conservation scenario from the TN exported under the increased development 
scenario for both FrAMES and InVEST.  

 

2.4 Economic Analysis 

InVEST requires an economic valuation 
input table to calculate the avoided 
cost of nitrogen removal. We 
calculated the value of N retained 
using three approximations of value:  
benefits transfer from Jenkins et al. 
(2010); average and median marginal 
abatement costs of the 18 POTWs 
(Kessler, 2010); spatially allocated 
marginal abatement costs by tributary. 
We included the benefits transfer 
because it represents an actual range 
of the cost of marginal trade for 
nitrogen reduction credits that could 
potentially be devised for our study 
region. Furthermore, we opted to run 
both the median and mean for the 
POTW cost per kg to demonstrate the 
difficulty in applying one value for the 
entire watershed. InVEST allows values 
of N retention to differ between 
subwatersheds, and we used this 
function to conduct a tributary-specific 
analysis of value. Because the spatial 
distribution of POTWs and cost was so variable (Figure 2), we had to create rules to assign 
these values.4 We took the median of required upgrades along each tributary; for the two 
tributaries with no associated POTWs, we took the value from a town within the watershed 
boundary with a POTW (Table 4). We used discount rates of one, three, and five percent to 
represent various levels of the time preference for money in the net present value 
calculations of the avoided costs over a 10 year period. This generated three different 
estimates of cost of N per kg updated to 2015 dollars using the CPI Inflation Calculator over 
the 10 year period of our stakeholder driven scenarios (BLS, 2015). 

 

                                                           
4
 Some POTWs were not included under these rules, specifically Pease, Newington, Kittery, and Portsmouth. With 

a model that could represent tidal flow, they would be included.  

Figure 2. Spatial representation of the study area with the 
18 POTWs represented with stars and the N removal costs in 
$/kg/yr adapted from Table 5 in Kessler (2010). Note the 
variation in cost from $15 to $9321 which created difficulty 
in determining marginal abatement costs.  
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3. RESULTS 

3.1 Land Cover Scenarios 

For the Increased Development Scenario, the majority of our experts predict that cultivated 
crops, suburban, and urban land covers will increase by 7% over the next ten years (Figure 3). 
When asked to rank urban, suburban, cultivated crops, and open fields, experts chose 
suburban areas as most likely to increase (Figure 4) and confirmed the previous question’s 
results that development in the study area will increase land cover in (1) suburban, (2) urban, 
and (3) cultivated crops. They indicated that development would still occur under a 
conservation scenario but at 3% total. They also noted that while conservation efforts have 
the potential to increase by 15 percent of the watershed, conservation priorities lean heavily 
towards more pristine land parcels and less towards remediation efforts. Translating this into 
land cover changes, conservation will mostly protect existing forests and wetlands while 
creating potentially 1% more forest. 

 

Figure 3. Visual representation of 

our expert stakeholders’ advice 

regarding land cover likelihood of 

increase under a development 

scenario (n=13).  

Figure 4. Expert 

Stakeholder’s ranking of 

land cover change 

potential in the study 

area for 2015-2025 

(n=12). 
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3.2 Comparison of Model Outputs 

 In comparison to the sampled N levels (Piscataqua Region Estuaries Partnership, 2012), 
InVEST consistently underestimated the TN loads to the GBE (Figure 5); FrAMES produces a 
variety of results as the Lamprey was underestimated while the others range from 1.2 to 2 

times the DIN estimate from PREP (Figure 5).  Note that the Winnicut provides the point of 
most extreme comparisons of low and high for InVEST and FrAMES. The Winnicut is the 
smallest watershed in our study. Since these load comparisons are based upon percentages, 
the small size of the watershed explains the more dramatic fluctuation in representation of 
reality. 

When comparing goodness-of-fit statistics between observed and modeled N loads, 
neither model dramatically out performs the other (Table 2).   We do not report variation 
about the mean because InVEST only reports one set of annual results when using the 
recommended input data. FrAMES time series provides information on daily, seasonal, and 
annual variation.  
 

Table 2. Various descriptive statistics that indicate the effectiveness of the programs to model the observed 
conditions. MAE and RMSE describe the average difference in the same units as the measurements (metric 
tons/yr). The MAE is less sensitive to extreme values than RMSE. Overall, the models perform similarly, with MAE 
favoring InVEST and RMSE favoring FrAMES.  

Statistic Observed_DIN 
        
FrAMES_DIN   Observed_TN 

        
InVEST_TN 

Mean 45 57 83 70 

Standard Deviation 59 73 62 52 

MAE 
 

13.7 
 

12.4 

RMSE 
 

17.2 
 

18.2 
 

 

 

Figure 5. Percentages that represent how the TN results from InVEST (on the left) and the DIN results FrAMES 

(on the right) compare to the PREP observations of average annual load of TN and DIN from each tributary.  
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3.3 Value of N Retained in the Terrestrial Ecosystem 

Benefits Transfer Method 
Using the range of annualized value of N mitigation service as reported by Jenkins et 

al. (2010)5, InVEST suggests that the net present value of nutrient retention in the PSFW 
under increased conservation over ten years will be worth $645,312 to $3.5 million more 
than under the increased development scenario. The range represents varying values of N 
weights and discount values of 1, 3, and 5 percent.  

Local Value Method 
Using the place-specific marginal social cost of abatement by upgrading to best 

technology as reported by the draft New Hampshire Department of Environmental Services’ 
wastewater engineering report on upgrade costs, we find that the ES value of N retention 
under conservation ranges from $10.3 to $46.4 million (Table 3).  

  Table 3. Results (in millions of dollars) from InVEST that measure the value of N retention over 10 year scenarios 
at discount rates of 1, 3, and 5. Values shown are the difference between future scenarios of increased 
conservation and increased development using place-specific values from a NH DES report (Kessler, 2010). For an 
expanded table, contact lead author.  

Discount Rate 1% 3% 5% 

Mean Marginal 
Value ($1538/kg) 

46.4 43.1 40.1 

Median Marginal 
Value ($396/kg) 

11.9  11.1 10.3 

Break-out by 
Subwatershed 
(see Table 4) 

18.6  17.3 16.1 

 

 

 

 

 

 

 

                                                           
5
 We updated Table 2 of Jenkins et al. (2010) to represent 2015 dollars. The annualized value of N was based upon 

costs of marginal N credits from Ribaudo et al. (2005). These values ranged from $24.77 to $115.16 per kg, much 
lower than our place-specific values.  
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Table 4. The subwatershed breakout calculations of N retention valuation of the terrestrial ecosystem used the 
figures shown in this table. These were devised spatially by tributary using the rules mentioned in Section 2.4. 
Note that the values are in 2015 dollars.   

Tributary Name Value of N 

retention ($/kg) 

POTWs Used 

Winnicut 726 Portsmouth 

Great Works 242 South Berwick 

Salmon Falls 339 Milton, Somerworth, Berwick, 

Rollinsford 

Oyster 7314 Durham 

Bellamy 82 Dover 

Lamprey 244 Epping, Newmarket 

Exeter 269 Newfields, Exeter 

Cocheco 338 Rochester, Farmington 

3.4 Comparison of Total Nitrogen exports  

Holding point sources constant, FrAMES predicts that an average of 28.1 metric tons of TN 
will be added to the system per year under an increased development scenario. InVEST 
predicts that 3.1 metric tons of TN will be added to the system per year under development. 
Based upon modeled to observed comparisons, we suggest that InVEST’s 3.1 tons TN/yr is an 
underestimate and FrAMES’ 28.1 tons TN/yr is an overestimate. Thus, these results present 
the full range of potential avoided TN exports through conservation.  

3.5 Potential Avoided Cost 

If Epping's POTW upgrades to generate 3 mg/l TN effluent, [DES estimates] it would remove 
an estimated additional 2.99 metric tons TN /yr. A conservative estimate of the effect of 
realistic land conservation efforts across the watershed would provide analogous benefits to 
the Epping POTW upgrading to the best available technology. The FrAMES estimate of 28.1 
tons TN/yr is comparable to upgrading the Newmarket POTW, which will keep 26.5 tons 
TN/yr from entering the GBE. If we knew the cost of conservation over 10 years, we could 
compare the cost of conservation to the cost of upgrading.  

4. DISCUSSION/CONCLUSIONS 

First, our analysis contributes to the growing knowledge and attempts to understand the 
GBE, a cherished resource. Instead of discussing potential savings using dollars, we provide 
situational insight by indicating equivalencies between upgrading specific POTWs and 
conservation efforts. Upgrading all 18 POTWs is estimated to remove roughly 281 tons/yr 
(Kessler, 2010), and even under the high conservation removal estimate of 28.1 tons/yr, 
point source reductions are needed.  Although there is much debate regarding contributing 
factors, managing the POTWs is most direct management option for N.  Driscoll et al. (2003) 
found that in eight estuaries in the northeastern United States, POTW effluent is the greatest 
source of anthropogenic N from the watersheds and the most effective N source to control 
under a single option management style.  
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Second, comparing these two models provides useful data to academics, decision makers, 
and policy advisors (Vigerstol and Aukema, 2011). Although mapping and modeling tools 
provide helpful information, these tools have limitations and many lack rigorous uncertainty 
analyses (Hamel and Guswa, 2015). There is a vast array of ES tools for regulators to use, and 
we have detailed the process, data requirements, and comparative accuracy of one InVEST 
tool. The numerical results of our work with InVEST were highly dependent upon what 
filtering efficiencies and loading rates we assigned each land cover in line with the sensitivity 
analyses conducted by Hamel (2014). Other work with InVEST emphasized that numerical 
results should only be considered in relation to each other at the subwatershed scale instead 
of taken as absolute (Goldstein et al., 2012). The user has incredible control of model inputs, 
but this places the burden on the user to find locally-relevant information on N loading and 
efficiency rates, which we found tedious.  For FrAMES, users would need to contact an 
academic group to ask for model results. This limitation indicates that FrAMES and other 
biogeochemical models like it have barriers to use that InVEST does not share. If decision 
makers partnered with local academic institutions, they could adapt other models, like 
FRAMES, to produce ES relevant results without allocating resources to learning modeling 
software like InVEST.  If decision makers did have the resources and time to learn the InVEST 
tool and locate the needed information, we find the modeling results to be helpful and 
relevant.  

InVEST has many affable qualities, but the ranking of more than one ES at the spatial scale is 
the most positive aspect of this tool. Although capacity to field multiple criteria and analyses 
is beneficial, it is also a limitation. For our situation, we only relied upon the nutrient removal 
model. Without the comparison between models, the usability of InVEST declines. For 
example, a project in Belize allowed for multiple objectives and impacted ES to be mapped 
and compared (Ruckelshaus et al., 2013). Although there are various other components of 
the Great Bay issue, N retention is the most pressing ES valuation, and conducting an avoided 
cost requires a model that is more comfortable with the goal of precise quantification. If 
there were competing ES, InVEST would have provided more insight into the broad patterns 
of spatial variation (Bhagabati et al., 2014). Although InVEST is independently available, we 
find that it would be a better use of decision makers’ resources to contract with academic or 
consulting groups in order to receive the best approximation of one or two ES like nutrient 
retention using other models that may not have the ES label.  

For coastal watersheds like the PSFW, municipalities should keep a watershed perspective in 
mind when making decisions that could impact valuable natural resources like the GBE. 
Especially for coastal watersheds that cross state lines, analyses like ours can contribute to 
the justification for conservation actions that protect a combination of ES, especially 
situationally critical ES like nutrient retention. This watershed scale perspective proves 
challenging to support, though, because N management at the watershed scale has both 
spatial awareness and social capital barriers in the PSFW (Washburn, 2013). 

We also note the layers of uncertainty inherent in this work. Each data layer is a spatial 
representation of reality with margins of error. The calculations per grid cell also only 
represent ecological processes. The data used for comparison contains some degree of 
sampling and processing error. This work provides ranges of values and removal rates, but 
we do not intend for these ranges to be considered out of context. 
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Finally, although we focused on LULC conservation, another option would be to change N 
loading and efficiencies in the models to represent the potential impacts of ecological 
infrastructure improvements that do not change the LULC classification but impact N 
retention. Talberth et al. (2013) ran six future landscape scenarios through a mapping 
software to look at infrastructure options and costs over 20 years under different discount 
rates. By investing in ecological infrastructure such as riparian buffers, culvert upgrades, 
reforestation, and conservation easements, Portland found it could save up to 71 percent of 
the cost of a new drinking water filtration plant. Following the methods of Talberth et al. 
(2013),  we suggest looking at municipal level improvements as Roy et al. (2014) found that 
decentralized approaches to stormwater management on private property did not produce 
noticeable results in streams. Still, our work adds to arsenal of reasoning that land managers 
and conservation organizations can use to justify the cost of potential or previous 
conservation projects.  
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Chapter 4: General Conclusion 

 

Essentially, our work was divided into three tiers. The first tier and paper focused on 
scenario development. For this work, we predicted changes with a time span of 10 years 
using advice from stakeholders regarding potential land cover change in our study area 
gathered from a questionnaire. Two reviewers approved the generated scenarios as 
representing the “bookends” of potential land cover change.   

For the Increased Conservation scenario, we found that the majority of conservation 
action would not change land cover, but could protect up to 15% of the watershed (primarily 
wetlands, riparian zones, and forests) over the next 10 years. In this case, development 
occurred at a slower rate and was centralized around previously developed areas.  

Broadly speaking, conservation efforts either protect intact habitat or restore 
degraded habitat. Some projects include both actions, and international management 
guidelines recommend both types of conservation (Convention on Biological Diversity, 2010; 
European Union, 2011). Based upon input from our stakeholders, we discovered that 
conservation priorities lean heavily towards more pristine land parcels. Although some forms 
of conservation involved remediation efforts, these organizations were not seeking projects 
of this type. This rationale could be summed up with the adage “protect first, restore 
second” which is a common theme in ES and management literature (Dodds et al., 2008; Holl 
and Aide, 2011; USEPA, 2000).  Unfortunately for our scenario generation, this translated 
into a situation where parcels of land were not predicted to become forest or wetland from 
other human influenced land covers. Possingham et al. (2015) recently created a dynamic 
landscape model to help conservation organizations see that restoration should sometimes 
be “strongly preferred” to protection under some circumstances. If our stakeholders shared 
Possinham’s perspective, the potential land cover reversions to natural forms would have 
been more interesting but also more challenging to model as restoration efforts have varying 
time delay and relative service rate changes to nutrient removal efficiencies (Dodds et al., 
2008). For instance, restored wetlands are only 75 percent as effective at nutrient cycling 
than native wetlands (Dodds et al., 2008). 

For the Increased Development scenario, we found that development could increase 
by as much as 7% of the watershed area to create more suburban, urban, and agricultural 
land cover. In this scenario, conservation was not as much of a priority, so the development 
happened across the watershed area, with much pressure being placed on forests and open 
fields around road corridors. Our experts predicted that development will keep spreading out 
around major hubs, changing forests and wetlands into new housing and stores.  

The second tier and second paper centered on the idea of ecosystem service 
modeling and the usefulness of “off the shelf” products. There were many programs freely 
available to aid decision makers and planners in a quest to consider ecosystem services in 
their analysis. We found that InVEST required an intensive amount of time and advice from 
experienced users to successfully generate output. Even after the model ran and was 
calibrated so that it matched reality as much as possible, the results were best viewed only 
comparatively on the subwatershed level (Goldstein et al., 2012). Decisions regarding 
nutrient loading require a higher level of reliability, especially in situations under tight 
regulations. The numerical results of our work with InVEST were highly dependent upon 
what filtering efficiencies and loading rates we assigned each land cover, in line with the 
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sensitivity analyses conducted by Hamel and Guswa (2015).  Furthermore, we were forced to 
use the highest published rates of N loading to achieve our results. Although we used very 
high loading rates, as described in Appendix E, InVEST still consistently underestimated the 
amount of N exported from the watersheds. After further consideration, we surmised that 
the model must not be calibrated to account for the level of septic use within our study area. 
Technically, we could just keep increasing the loading rates from developed land to account 
for this, but we did not feel confident using values beyond the published range.   

If decision makers partnered with local academic institutions, they could adapt other 
models, like FRAMES, to produce ES relevant results without allocating resources to learning 
modeling software like InVEST. We feel that this could be a better choice for local decision 
makers, especially if other modeling results could be presented with ES language (Smart et 
al., 2012).  Our work with FrAMES did not require specialized training or literature reviews, as 
the academic group presented results specifically processed to meet our user requirements.   
The numerical comparison to FrAMES indicated that models created and calibrated over time 
to specific areas will produce more reliable portrayals of nutrient loading than “off the shelf” 
global varieties.  

The third tier of this work sought to discover if there was a potential avoided cost of 
wastewater treatment plant upgrades through land conservation efforts. We used both 
InVEST and FrAMES for this, with only InVEST integrating this calculation into the model 
directly. We found that a conservative estimate (3.1 tons/yr TN removed) of the effect of 
land conservation efforts across the watershed would provide analogous benefits to the 
Epping POTW upgrading to the best available wastewater technology (2.99 tons/yr TN 
removed). A higher estimate of conservation benefits (28.1 tons/yr TN removed) was 
comparable to upgrading the Newmarket POTW (26.5 tons TN/yr removed). Thus, 
conservation efforts could remove a substantial portion of N, but POTW upgrades should 
remain a priority in this area. Still, our work added to arsenal of reasoning that land 
managers and conservation organizations can use to justify the cost of potential or previous 
conservation projects, as we found that N retention from conservation efforts could be 
worth $645,312 to $46.4 million over ten years. We provided a range of these figures for 
several reasons. The dollar values, or net present values, over the 10 year scenarios were 
calculated under various discount rates and N values. For the value of N, we used both 
published N trading values and site-specific values according to the cost of upgrading 
treatment facilities to manage N within our study area.  

 

Policy Implications 
Ultimately, the costs to upgrade 18 POTWs in our study area, although a burden to 

the ratepayers, will significantly reduce N loads into the GBE (Kessler, 2010). Although 
policies that encourage or fund conservation will also reduce N loading, decision makers 
must still deal with the POTWs. We did not analyze the various options for accomplishing this 
task, but regional and town planners were considering combining town effluents and other 
options (Hawkins, 2015). Although we do not recommend this, an alternative option for the 
POTWs might be to transfer waste offshore, as was done in the Boston Harbor to 
Massachusetts Bay situation (Taylor 2006). We do recommend that decision makers also 
focus on the N sourced from septic systems, as this source contributes a greater proportion 
of nonpoint source N than chemical fertilizer (Trowbridge et al., 2014). 
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There are a range of strategy options for landscape level nutrient retention policies. 
In the rural areas of the watershed, we recommend emphasizing land conservation to 
protect the naturally occurring ES from degradation often caused by development or land 
cover change. Other N reducing options, like ecological infrastructure improvements, could 
be implemented for new developments.  Policy makers could promote riparian buffers for 
agricultural lands and urban areas, especially because the impact of these areas can increase 
N retention and reduce the impact of development near waterways (Peterjohn and Correll, 
1984). Since roadways, roofs, and parking lots provide no nutrient retention, urban areas 
should minimize impervious cover wherever possible or implement programs to encourage 
retrofitting these areas (Tzoulas et al., 2007). Lastly, low impact development techniques 
such as rain swales, retention ponds, and pervious surfaces should be recommended by 
conservation commissions and town planning boards to help guide the inevitable 
development. Although N management at the watershed scale had both spatial awareness 
and social capital barriers in our study area (Washburn, 2013), 87 percent of Piscataqua 
residents said they would be willing to take individual action to reduce stormwater pollution 
especially if it would help keep water and sewer bills low (n=317, Rogers et al., 2014). Thus, 
there seemed to be constituent support for ecological infrastructure policies.  

 

Suggestions for Future Work 
Our work could be incorporated into a structured decision analysis study with 

communities in the Piscataqua region. By presenting stakeholders with two scenarios and 
modeling results, decision makers could illicit community opinions on potential futures 
through a workshop or other interactive deliberation methods. We recommend using Multi-
Criteria Decision Analysis (MCDA) as a framework for comparing stakeholder preferences. 
This process generally involves identifying stakeholder interests, building a decision 
framework, rating alternatives, ranking alternatives, and discussing how the alternatives 
score with stakeholders (Malczewski, 1999).  

With the push to include ES in formal decision making at the federal level (National 
Ecosystem Services Partnership, 2014), we recommend that more models undergo intensive 
review. Specifically for the InVEST modeling suite, more research should single out individual 
modeling tools. For the nutrient retention model, we would like to see more detailed 
hydrologic processes included. For instance, Kinney and Valiela (2011) showed that aquifers 
can play a role in N loss. These hydrologic interactions went unrepresented by InVEST. Also, 
the impact of temperature on transition from winter to spring in areas with deep snow packs 
should not go overlooked. It may be that inclusion of a temperature layer in InVEST would 
allow for a more complex understanding of the hydrologic models that InVEST used. Also the 
model would need to run seasonally, at the minimum, instead of annually.  

 
Final Conclusion 
Overall, our effort to delve deeper into the issue of N loading and retention in the Great Bay 
Estuary’s watershed provided helpful insights into protecting the valuable resource. Although 
the regional and municipal decision makers may operate on a variety of worldviews, we 
found that the ecosystem services framework provided the most holistic perspective for 
understanding the intricacies of this complex social, ecological and economic decision making 
opportunity.    
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Appendix A: Expert Scenario Questionnaire 

Land Cover Change Scenario Building: 
Introduction 

 Thank you for your time and participation in my thesis research. I am focusing on the role of 

point and nonpoint sources of nitrogen loading into the Great Bay Estuary, New Hampshire, from the 

perspective of ecosystem services. Environmental systems provide important goods and services, 

termed ecosystem services, to both individuals and communities. Although there are many ecosystem 

services, my research is focused on the role of nutrient retention within the watershed and how it can 

be incorporated into local decision making through modeling. Using various models and data inputs to 

those models, I can approximately measure current rates of nutrient retention. I am using the scenario 

generator freely accessible through the Natural Capital Project’s Integrated Valuation of 

Environmental Services and Tradeoffs (InVEST) modeling suite.  With your help, we can create future 

scenarios and assess how nonpoint nitrogen retention can change under various realistic projections.  

There are three sections in this questionnaire. Section 1 provides several visualizations and defines 

terms, but this section does not ask any questions. If you want to print the survey and fill it out by 

hand, I recommend printing only sections 2 & 3.  Section 2 asks questions regarding an increased 

development scenario. Section 3 focuses on an increased conservation scenario. 

As a participant, your contributions will be used as input for the software to make the scenarios as 

realistic as possible. Please answer the questions to the best of your ability. If you feel that certain 

questions are beyond your expertise or too difficult to answer, please leave those questions blank.  

Your responses will only be used as input to the scenarios and will not be discussed individually in any 

publications.  

  In order for me to best incorporate your input with this research, I ask that you complete this 

survey within the next three weeks by November 5, 2014. Please send your responses electronically 

via digital or scanned items or send them in hardcopy through the mail. Once the scenario generation 

is complete, I will email you the preliminary maps. During a short follow-up phone interview, we will 

discuss any areas of concern on the preliminary maps or other issues.  

Please focus your attention on the parts of the watershed that drain into freshwater river systems, as 

indicated by the study area in Figure 1 and subsequent figures. If you have relevant information about 

land cover outside this area, please indicate this information with an asterisk.  Feel free to contact me 

with any questions via email or phone.  

Thank you, again, for your help!  

Chelsea Berg 
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SECTION 1: Background Maps and Information 

The Great Bay Estuary is contained within the Piscataqua-Salmon Falls Watershed.  Our study 

area is shown in various colors and represents the non-tidal portion of the watershed (Figure 

1).  

Figure 1. Study area of the 

Great Bay Watershed drainage 

routes as defined by tidal 

zonation. 
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The scenario generation tool relies upon the land cover data. Figure 2 highlights the most 

recent collection of land cover sourced from the National Land Cover Database (NLCD).  

Although this data does not represent how populations interact with their land, as termed 

land use, this study focuses on both the mapped land cover and the unmapped use of that 

land cover. Please note the use of terms for specific questions.               

 

Figure 2. NLCD Land 

Cover for the Great Bay 

Watershed 2011. 
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 Land cover has changed over time, as populations increase and natural landscapes 

undergo alterations to provide for the needs of growing communities (Figure 3). Different 

factors can influence these patterns of change such as planning policies, demographic 

fluctuations, technological limitations, state and federal regulations, and economic 

stipulations. These changes can be mapped by comparing land cover data. 

 

Figure 3. Areas of changed 

land cover over ten years 

(2001-2011) according to 

the NLCD. 
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Note that in Figure 3 the land cover transitioned into the color and type depicted by the 

legend. This time span includes various economic cycles, including the recession of 2007-

2009. Because the scale of Figure 3 may be difficult to decipher, a subsection of this area has 

been highlighted in Figure 4. It should be apparent that Dover and Durham have seen 

increases in urban and suburban land cover over the past ten years. 

 

Figure 4. More 

detailed view of the 

land cover change 

from 2001-2011 as 

shown by the NLCD 

for the Dover and 

Durham areas. 
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Now that you have a visual for how land cover has changed in the past, start thinking about 

future changes. If current trends extended ten years in the future, what pressures and 

drivers would change the land cover? Figure 5 depicts a continuation of these trends in a 

“business as usual” scenario for 2020. The goal with your input is to build two scenarios for 

10 years out (2025) that go beyond “business as usual” into increased development and 

increased conservation. 

 

Figure 5. Business 

as usual scenario 

generated by the 

University of New 

Hampshire for 

2020. 
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Expert Stakeholder Questionnaire 

 

Instructions:  

  

 The goal with your input is to build two scenarios for 10 years out (2025) that go beyond “business as 

usual” into increased development and increased conservation. Please answer what questions you can 

and leave any others blank.  

SECTION 2: Increased Development Scenario 2025 

Scenarios are storylines placed into visual form. To ensure accurate mapping, please read the 

following narrative and keep it in mind when responding to questions.   

Increased Development Scenario 2025  

From 2015-2025, the United States does not see a repeat of the economic recession of 2007-2009. 

Rather, the economy sees a burst of activity—taking the Piscataqua-Salmon Falls region beyond a 

business as usual state into a robust economic development. New businesses are created, and this 

region attracts a growing population.  

1. In the NLCD 2011 data shown in Figure 2, 12% of the study area was considered urban or 

suburban development. In the next 10 years, how do you expect this total percentage to 

change? What is a realistic increase of the total percent area in development, both suburban 

and urban, under this scenario? (ie: developed areas will increase from 12% to  ___    % of the 

study area) 

 __________________________________________________________________________ 
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Transitions between land classes 

Building a scenario requires finding out which land cover is susceptible to changing and what type of 

land cover it is likely to become. Please read through each of the definitions in the table below. All 

terms are from the NLCD. Some have been combined to simplify the mapping process. Land cover #1, 

Open Water, is not expected to change and has been left off the table.  

2. Of the land covers listed below, which will increase? Please mark those you think will 

increase. 

# Land Cover Definition Increase? 

2 Barren 
Land 

(Rock/Sand/Clay) - Barren areas of bedrock, desert pavement, scarps, 
talus, slides, volcanic material, glacial debris, sand dunes, strip mines, 
gravel pits and other accumulations of earthen material. Generally, 
vegetation accounts for less than 15% of total cover. 

 

3 Urban Includes highly developed areas where people reside or work in high 
numbers. Includes areas with a mixture of some constructed materials, 
but mostly vegetation in the form of lawn grasses.  Examples include 
apartment complexes, row houses and commercial/industrial, parks, 
golf courses, and vegetation planted in developed settings for 
recreation, erosion control, or aesthetic purposes. 

 

4 Suburban Includes areas with a mixture of constructed materials and vegetation. 
Impervious surfaces account for 20-79 percent of the total cover. These 
areas most commonly include single-family housing units. 

 

5 Open Fields Areas of herbaceous vegetation, grasses, legumes, or grass-legume 
mixtures planted for livestock grazing or the production of seed or hay 
crops, typically on a perennial cycle.  

 

6 
 

Cultivated 
Crops 

Areas used for the production of annual crops, such as corn, soybeans, 
vegetables, tobacco, and cotton, and also perennial woody crops such 
as orchards and vineyards. Crop vegetation accounts for greater than 
20 percent of total vegetation. This class also includes all land being 
actively tilled. 

 

7 Forest Areas dominated by shrubs, evergreen forest, deciduous forest, or 
mixed forest. This class includes true shrubs, young trees in an early 
successional stage or trees stunted from environmental conditions. 

 

8 Wetlands Areas where forest, perennial herbaceous vegetation, or shrub land 
vegetation accounts for greater than 20 percent of vegetative cover 
and the soil or substrate is periodically saturated with or covered with 
water. 

 

 

 

3. Please rank the following land cover types in order of most likely to increase (1) to least likely 

to increase (4).  

Urban                   ______ 

Suburban              ______ 

Cultivated Crops   ______ 

Open Fields          ______ 

4. Some land cover types will probably increase first in areas close to the same land cover type. 

For instance, land used for farming (ie cultivated crops) may most likely increase around 
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current farmland, as farms expand. In the table below, please mark with an X which land 

cover types are likely to increase in proximity to the same type of land cover and indicate the 

maximum distance this would apply. For the farm example, perhaps land more than 1 mile 

from a current farm would be at the limit of how far the farmers would expand their 

operations.  

# Land Cover Likely to Increase in 
Proximity  

Max Distance for 
“Proximity” 

2 Barren Land   

3 Urban   

4 Suburban   

5 Open Fields   

6 
 

Cultivated 
Crops 

  

7 Forest   

8 Wetlands   

 

5. There is a limited amount of land for transitions in cover type to occur. Please fill out the 

three columns in the table below by thinking through the following set of questions for each 

land type.  An Example of a completed table:  

# Land Cover 1
st

   2
nd

    3
rd

  

2 Barren Land X   

3 Forest 4 6 3 

 

a. Is _(barren land)_ likely to change in the next 10 years under this scenario?  

i. If the answer is “yes”, continue to (b). 

ii. If the answer is “no”, place an X in the column labeled “1
st

” and restart at 

(a) with the next land cover type.  

b. Which of the land covers listed is most likely to replace _(barren land)_  in this 

scenario?  

i. Write the corresponding # in the column “1
st

”  

c. Which of the land covers listed is second most likely to replace (barren land)  in this 

scenario?  

i. Write the corresponding # in the column “2
nd

”  

d. Which of the land covers listed is third most likely to replace _(barren land)_ in this 

scenario?  

i. Write the corresponding # in the column “3
rd

”  

# Land Cover 1
st

 2
nd

 3
rd

 

2 Barren Land    

3 Urban    

4 Suburban    

5 Open Fields    

6 
 

Cultivated 
Crops 

   

7 Forest    

8 Wetlands    
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6. Are there any cover types that will only change if the land available is a minimum sized lot? If 

so, which cover types require a minimum lot size, and what is the minimum lot size for each? 

For example, do cultivated crops require at least 5 or more acres to make the land desirable?  

# Land Cover Minimum Lot Size 
(Y/N) 

Minimum Lot Size Estimate 
(indicate units) 

2 Barren Land   

3 Urban   

4 Suburban   

5 Open Fields   

6 
 

Cultivated 
Crops 

  

7 Forest   

8 Wetlands   

 

 

 

 

In reality, there are many other drivers that can determine whether land cover transitions to another 

form. For instance, proximity to major roadways, natural features, businesses, airports, urban areas, 

university campuses, or other important features of a community can determine where subdivisions 

are constructed or farms are created.   

7. Research indicates that urban and suburban areas increase in proximity to major roads, and 

we are incorporating this into our scenarios.  Are there other factors that you feel should be 

considered for proximity analysis?  What land cover type(s) would be dependent upon it?  

________________________________________________________________________________

________________________________________________________________________________

________________________________________________________________________________

________________________________________________________________________________

________________________________________________________________________________

________________________________________________________________________________ 

 

Figures 5 & 6 indicate changing land cover in most of the study area for a “business as usual” 

trajectory. These preliminary maps were made at the University of New Hampshire by Thorn et al. 

(unpublished), and they depict the predicted land cover for 2020 and 2030 in New Hampshire.  
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8. Using Figure 6, please circle, highlight, or otherwise indicate the areas that will be under the 

most pressure to change land use under the increased development scenario.  

9. Apart from the drivers previously discussed, what other drivers or reasoning helped you 

answer question 8?  

____________________________________________________________________________ 

 

 

Figure 6. Business as 

usual scenario 

generated by the 

University of New 

Hampshire for 2030. 
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SECTION 3: Increased Conservation Scenario 2025 

The second scenario we would like help developing focuses on changing land cover under a different 

set of pressures. As a reminder, scenarios are storylines placed into visual form. To ensure accurate 

mapping, please read the following narrative and keep it in mind when responding to questions. 

Increased Conservation Scenario 2025 

From 2015-2025, the United States economy remains on the current trends. Population, development, 

and agriculture increase or decrease according to the business as usual dynamics. The Piscataqua-

Salmon Falls region sees a burst in conservation activity. New areas are put into conservation 

easements, deed restrictions, protective easements for water supply areas, or changed to more natural 

areas.   

10. The current land in conservation shown in Figure 8 represents 13.5% of the study area. In the 

next 10 years, how do you expect this total percentage to change? What is a realistic increase   

of the total percent area in conservation under this scenario?   (ie: conservation areas will 

increase from 13.5% to ___         % of the study area) 

_____________________________________________________________________ 

11. Land can be transitioned into conservation for many reasons. For the Great Bay Watershed, 

what could be driving the increased conservation? 

___________________________________________________________________________________

___________________________________________________________________________________

___________________________________________________________________________________ 

 

12. The Lamprey River has been designated as “Wild and Scenic” by the US Congress, and many 

riparian areas have been protected. Do you expect the protection of riparian areas to be a 

trend for other tributaries into the Great Bay?  

a. Yes 

b. No 

13. Are new conservation lands most likely to be placed adjacent to current land in conservation 

as depicted in Figure 8?  

a. Yes 

b. No 

 

14. Does the organization(s) you are affiliated with have a map, plan, strategy, or list of areas that 

have potential for conservation action?  

a. Yes 

b. No (Skip to 16) 

 

15. Would you be willing to share future conservation plans, strategies, maps, or lists of areas?  

a. Yes 

b. No 
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16. Using Figure 8, please circle, highlight, or otherwise indicate the areas that will be most likely 

to transition land cover types into forest or wetland under increased conservation. 

Figure 8. NLCD 2011 Land 

Cover with the Maine and 

New Hampshire lands in 

conservation data 

overlaid.  
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Appendix B: Land Cover Transition Matrices 

 

 

 

 

 

 

 

 

Id Name Short Name 1 2 3 4 5 6 7 8 Percent Change Area Change Priority Proximity Patch ha 

1 Open 
Water 

Water 0 0 0 0 0 0 0 0 0 0 0.003021 0 0 

2 Barren 
Land 

Barren 0 0 5 3 0 0 0 0 -2 0 0.060423 0 0 

3 Urban Urb 0 0 0 0 0 0 0 0 1 0 0.241692 2142 0 

4 Suburban Sub 0 0 0 0 0 0 0 0 2 0 0.302115 5364 0 

5 Open 
Fields 

Ofields 0 0 7 4 0 2 8 0 -1 0 0.090634 0 0 

6 Cultivated 
Crops 

CC 0 0 0 0 0 0 0 0 0 0 0.151057 1086 0 

7 Forest Forest 0 0 5 6 0 2 0 0 1 0 0.120846 0 0 

8 Wetland Wetland 0 0 2 4 0 0 0 0 0 0 0.030211 0 0 

Table B1. Increased Conservation Matrix 
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Table B2. Increased Development Matrix 

Id Name Short Name 1 2 3 4 5 6 7 8 Percent Change Area Change Priority Proximity Patch ha 

1 Open 
Water 

Water 0 0 0 0 0 0 0 0 0 0 0.003021 0 0 

2 Barren 
Land 

Barren 0 0 5 3 0 0 0 0 -2 -430.7 0.060423 0 0 

3 Urban Urb 0 0 0 0 0 0 0 0 2 0 0.241692 2142 0 

4 Suburban Sub 0 0 0 0 0 0 0 0 4 0 0.302115 5364 0 

5 Open 
Fields 

Ofields 0 0 7 4 0 8 1 0 -2 -3376 0.090634 0 0 

6 Cultivated 
Crops 

CC 0 0 4 6 0 0 0 0 1 0 0.151057 1086 0 

7 Forest Forest 0 0 6 9 1 5 0 0 -3 -48742 0.120846 0 0 

8 Wetland Wetland 0 0 5 5 0 3 0 0 -1 -3678 0.030211 0 0 
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Appendix C: Detailed Explanation of Data Inputs and Sources 

This work would not be possible without an incredible amount of outside resources and data. 
Although the papers refer to the data sources and methodologies, this appendix serves as a 
comprehensive list of sources, methods, and input tables.  
 
The InVEST User Manual details the data that is needed and recommends sources. They 
specify that all data should be processed into raster files in meters as linear units under the 
same projections (Sharp et al., 2014).  

Land Cover Data 
Land cover datasets are available online through the National Land Cover Database. We used 
both the 2006 and 2011 NLCD land cover datasets at 30 meter resolution. The 2006 land 
cover was downloaded in the 2011 edition format, as recommended by the NLCD (Jin et al., 
2013). Using ESRI, we manipulated the data using the follow process for both datasets: (1) 
project raster using the normal setting of nearest resampling technique to match other 
layers in the NAD_1983_NSRS2007_Maine_2000_West_Zone coordinate system and the 
Transverse Mercator projection using meters; (2) extract by mask using a 10 mile buffered 
version of the watersheds of interest; (3) reclassify to take the normal amount of land covers 
and reduce them to 8 more manageable land cover classes.  

Precipitation 
We used a coarse raster file of a 30 year “normal” of average annual precipitation in 
millimeters (mm) from 1981-2010 from the PRISM Climate Group, Oregon State University. 
The data was interpolated using a DEM as the predictor grid, and the dataset was heavily 
peer reviewed before release (PRISM Climate Group, 2015).  
 Digital Elevation Model (DEM) 
 Small sections of our study area have LIDAR data, but we opted to use the same data as the 
FrAMES model in order to lessen the variability between the two models. Thus, we acquired 
the HydroSHEDS (Hydrological data and maps based on Shuttle Elevation Derivatives at 
multiple Scales) mapping product from the USGS (United States Geological Survey) and the 
Conservation Science Program of the WWF (Lehner et al., 2006). For more detailed 
information on how the DEM was produced see http://www.worldwildlife.org/hydrosheds.  
According to InVEST requirements, the DEM was processed by filling to enable accurate 
stream delineation (Sharp et al., 2014). 
 Depth to Root Restrictive Layer 
We produced a grid layer of restrictive depth using SSURGO data and the Soil Data Viewer 
6.1. First, we downloaded data from the USDA’s Web Soil Survey (Soil Survey Staff et al., 
2013). Next, we used the Soil Data Viewer plug-in to ArcGIS to produce “Depth to Any Soil 
Restrictive Layer” maps using minimum aggregation method in centimeter (cm). Third, we 
multiplied each layer by 10 to conform to mm. Fourth, we merged and clipped the data layer 
to slightly larger than the target area for ease of computation. Lastly, we set the reprojected 
data to match the other layers.  
 Potential Evapotranspiration 
The average annual potential evapotranspiration shows the direct water loss from solar 
radiation as evaporation and transpiration from “healthy Alfalfa (or grass) if sufficient water 
is available” (Sharp et al., 2014). The CGIAR-CSI Global-PET Database modeled using 
WorldClim- Global Climate Data (Trabucco and Zomer, 2009). 

http://www.worldwildlife.org/hydrosheds
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 Delineation of subwatersheds 
In order to run InVEST, we subdivided the watershed by the USGS Hydrologic Units scale of 
12-digits (HUC12). The tidal portions of these watershed drainage basins prove tricky when 
modeling due to the complexity of physical and spatial variability (Kinney and Valiela, 2011). 
For instance, the GBE represents 21 square miles of tidal waters indirectly linked to the 
Atlantic Ocean by nine miles of the Piscataqua River (Trowbridge et al., 2014). Thus, the tide 
raises and lowers the Great Bay substantially twice daily. These tidal influences also reach 
the tributaries.  
 For each tributary, we used the location of tidal dams or other head of the tide 
infrastructure to delineate where the freshwater portion of the river ended. Locating tidal 
reaches was necessary due to the modeling limitations of in-stream processing in mixed 
estuarine water conditions.  The Lamprey, Exeter, and Oyster Rivers have tidal dams as of 
December 2014. Although the Winnicut River dam was removed before 2010, it was replaced 
with fish passage infrastructure that prevents tidal mixing. Although the Exeter dam is 
scheduled to be removed, we left the delineation of freshwater at the current dam for the 
future scenarios. For the tributaries that did not have head of the tide infrastructure, we 
located this point by relying on other spatial data. The United State Fish and Wildlife 
Service’s National Wetlands Inventory geospatial data layer shows the end of the saltwater 
influence where the “Estuarine and Marine” designation meets “Freshwater” designation. 
With these locations determined, we trimmed each HUC12 watershed to remove the tidal 
draining portions of the land mass based on topographically driven hydrology. The 
topography used was as accurate as possible, based off the local LIDAR layer. The hydrologic 
protocol was to analyze each area at a scale of 1:8000 with the question “where would 
precipitation go if it fell on this raster cell?” Any precipitation that drained into tidal areas 
was eliminated. Results were double checked with the topographic image files from the 
USDA’s National Elevation 3 meter resolution Data and ESRI’s World Topo Base Map.  
Although this eliminates some important developed areas like Portsmouth, NH from our 
evaluation, we took this step to ensure confidence in our results. By doing this, we capture 
the hydrologic cycle sans tidal influence. 

Plant Available Water Content 
The PAWC is supposed to represent the amount of water that can be stored in the soil and is 
available for plants. Technically, this is defined as the difference between the volumetric field 
capacity and permanent wilting point. The Soil Data Viewer calculates this from the SSURGO 
data as available water capacity in cm of water per cm of soil. We transformed the data to 
mm.  In order to meet model standards, we divided this volume in mm by the soil depth to 
root restrictive layer in mm.  

Economic Valuation Table 
For the economic modeling portion of our study, we relied upon the InVEST Nutrient 
Retention Model version 3.1.0.  Although Kareiva et al. (2011) note that eventually the model 
will have three different economic levels or tiers, we confirmed through personal 
communication that the only available version is a “Tier 1 economic valuation” option for the 
nutrient retention model. This analysis allows the user to calculate the “lower bound of social 
value of maintaining water below the specified concentration level”(Sharp et al., 2014). In 
order to use this aspect of InVEST, several bits of information are required: the specific 
concentration or allowed load of N into the GBE, a consistent average treatment cost, a 
project or scenario life-span, and an accepted discount rate.  
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 Economists use discount rates to make dollars comparable over time. For instance, a 
dollar is worth more today than it is tomorrow. Banks pay interests rates because of this 
concept. Depending upon how much you value the future, discount rates can vary. For 
instance, when deciding whether to act to prevent further climate change, an argument can 
be made about the costs of damages from climate change in the future compared to the cost 
of action now. Using a higher discount rate minimizes the future damages. In a recent report, 
Stern (2007) uses a smaller discount rate to indicate that the wellbeing of future generations 
should be weighted more equally to our current wellbeing.  The United States federal 
government used a discount rate of 3.375 percent for fiscal year 2015 (Department of the 
Interior and Bureau of Reclamation, 2014), and this can change each year. Based on the lack 
of consensus on discount rates, we used a range of 1, 3, and 5 percent.   

Since the EPA mandates are to reduce N loading to the limits of technology, we 
desired to value the entire N load.  Ideally, we would have a TMDL (Total Maximum Daily 
Load), as the model calculates cost based upon exceeding that threshold. The Lamprey River 
does have a TMDL for ammonia-nitrogen (NH3-N), reported in 1995. This, unfortunately, 
does not apply. The EPA still lists “TMDL needed” for total nitrogen for the Lamprey and 
every other tributary in our study area. 

Thus, InVEST allows users to enter economic values for N based on weight. In 
Virginia, Kramer (2010) found there is a wide range of the value of N. For our specific study 
area, several economic studies have been published regarding operating, maintenance, and 
annual POTW costs, but there is discrepancy in the available information on costs of 
upgrades for the GBE region based on author (Applied Economic Research, 2011; Kessler, 
2010).NH DES compiled the costs of upgrading for all 18 of the POTWs in the study area. 
Although AER found different values, they only studied six of the POTWs, and thus we did not 
include their analysis.  Table D5 provides us with the NH DES estimates for weight-based 
contributions and value.  

For our study we decided to use a variety of N values under 3 discount rates. First, 
we updated the low, mid, and high values of N/kg trading rates presented by Jenkins et al. 
(2010) in 2015 dollars using the CPI calculator (BLS, 2015).  

 
 
 
 
We also ran the model at the three discount rates using the mean ($1538/kg) and 

median ($396/kg) of the values listed in Table D5. Finally, we used two rules to divide and 
allocate our spatial costs (see Figure 2) amongst the subwatersheds. For each subwatershed, 
we located the POTWs on the tributary associated with the subwatershed. For those with 
more than one POTW, we took the median of the costs of upgrading. For those without a 
POTW located on the tributary, we identified the towns within the watershed boundary that 
also had POTWs. We used the value of the town POTW with the most area in the watershed.  

The Z Parameter 
InVEST requires one number to represent the hydrologic 
patterns of the study location. They use the empirical 
constant, Z, which should be a number between 1 and 30. 
They provide two ways of calculating Z. The first equation 

(C.1) relies on the water availability factor (), average values of precipitation (P), and 
average values of volumetric (in mm) plant available water content (AWC) (Donohue et al., 

Low $24.77 

Mid $27.43 

High $115.16 

(C.1) 
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2012; Liang and Liu, 2014; Xu et al., 2013). Zhang (2004) explains  as representing the 
vegetative cover, soil properties, and topological conditions that influence the water balance. 
The second way to identify the Z parameter requires less data and calculation. Donohue et al. 
(2012) showed that Z can be identified by finding the number of precipitation events per year 
with at least six hours between events. For Donohue, Z is simply 0.2 times the annual 
number of rain events. InVEST users are encouraged to compare modeled data to observed 
data and to adjust Z accordingly. Also, the Budyko curve theory is mentioned in the User 
Manual (2014) as a reminder that model sensitivity is lower when Z values are high, like in 
arid regions.   
 For our study area, we decided to use both methods to see how different the 
numbers could be.  We defined P through the zonal statistics tool using our input layer. AWC 
or plant available water content (in mm) is the product of the minimum root depth and plant 
available water capacity or the difference between field capacity and wilting point (user 
manual). To find this value, we used the Soil Data Viewer as previously described to calculate 
Available Water Storage from 0-200 cm, as indicated as the maximum rooting depth as a 
weighted average. We took the mean of this layer using zonal statistics and converted the cm 
to mm.  Using the suggested literature, we discovered our region could have a range of 2.7-

3.7 for  (Xu et al. 2013, Figure 3). When computed, we have a range of 12-20 for Z.  
For the easier method, we requested hourly precipitation data from NOAA’s National 
Climatic Data Center for Durham (COOP:272174). With the hourly data, we counted events 
with at least six hours apart per year for the years 2002-2004 using water year. The counts 
ranged from 74 to 108 rain events, with Z ranging from 14.8 to 23.6. We determined that the 
GBW averages 100 precipitation events per year, which puts Z at 20.  

Sensitivity Analysis of the Z parameter   

We were skeptical of the Z parameter and our wide range of potential values. Also, the more 
we asked questions to model developers, the more we realized that this model input has 
changed significantly with various iterations of model updates. For instance, it used to range 
from 1-10 (R.Sharp, p.c., 2014). Thus, we conducted a sensitivity analysis to determine the 

Figure C1. Sensitivity analysis results for the Z parameter of InVEST.  
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impact of our numerical selection. Beginning with a Z value of 12, we held all other 
parameters constant and ran our study area with different Z values. When we added all the 
N export values for each subwatershed in our study area for each run within our range (12-
20) the TN output differed by 13 metric tons/year. Upon further review, we found the 
variation between outputs to show an odd pattern (Figure C1). In the end, we decided to use 
a value of 20, since it was supported by both methods.  

Biophysical Table  
 InVEST requires that the user create a table detailing the N interactions with each land cover 
type. To complete the table, the user must provide five pieces of information per land cover 

type. First, we decide which AET equation best represents the land cover class. The model 
uses two AET equations to differentiate whether outside irrigation is available for the land. 
The User Manual recommends that non-vegetated land covers and wetlands be listed 
together; vegetated covers are recommended to be listed as a 1. This allows areas with 
imported water sources to incorporate this into the model.  
 Second, we decide how deep the roots could go for each land class. This number is 
reported in mm. The User Manual explains that about 95 percent of the root biomass should 
occur here. We used the SSURGO soil data to determine maximum root depth for each land 
cover classification. 
 Third, InVEST needs to know how much plant evapotranspiration could occur for 
each land cover. This is reported to the model in decimal precision from 0 to 1.5. This is 
critical for figuring out the water balance.  
 Fourth, we must decide how much N is released or produced by each land class. See 
Paper 2, specifically Table 1, for more detailed information of sources and loading rates.  
 Fifth, the capacity of each land cover to filter and hold N is described as an integer 
percent between 0 and 1. We looked through the literature to decide what values to use.  N 
retention rates depend on the type of land cover, and atmospheric deposition of N onto 
impervious surfaces increases N loads (Kinney and Valiela, 2011). Retained N usually 
undergoes the processes of accretion, denitrification, and adsorption into soils (Bowen et al., 
2007). Also, the anaerobic soils of wetlands and riparian zones support denitrification visible 
at the landscape scale (Hill, 1996). Putting a number on forest N retention is difficult due to 
the potential of atmospheric deposition to cause N saturation and reduce the effectiveness 
of biological retention of forested areas (Galloway et al., 2003; Nihlgård, 1985). Natural 
systems like wetlands and forests  are the best at N retention, holding  67 to 70  percent of 

LULC_desc lucode LULC_veg Kc root_depth load_n eff_n 

Open Water 1 0 1 1 0 0 

Urban 3 0 0 1 30.5 0 

Suburban 4 0 0 1 23.9 0 

Barren Land 2 0 0 1 12.4 0 

Forest 7 1 0.965 2010 11.4 0.6 

Open Fields 5 1 0.978 490 8.6 0.3 

Cultivated 
Crops 

6 1 0.982 2010 53.5 0.1 

Wetland 8 1 0.973 2010 3.8 0.6 

Table C1. Biophysical input table into InVEST.  
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TN from entering the stream (Lovett et al., 2000). Kinney and Valiela found that 70%-90% of 
N is retained in subwatersheds, but this decreases with increasing rates of urbanization 
(2011).  
Table C2. Results of our literature review on the rates of N retention under various land cover types.  

 Eff_N 
(0 to 1) 

Source Discovered 
Range 

Sources 

Forest .6 Table 3. Merimack: sum 
of the 4 changes in 
storage divided by the 
total N inputs 

.1-.99 (Magill et al., 2000; 
Nadelhoffer et al., 
1999; Tietema et al., 
1998) 

Open Fields .3 (Howarth, 1996)   

Cultivated Crops .1 Table 4. Merimack 
watershed: change in 
soil storage divided by 
the total N inputs 
(Breemen et al., 2002) 

  

Wetland .6 Average TN retention 
(Saunders and Kalff, 
2001) 

.4 (Devito et al., 1989) 

 
To the best of our ability, we tried to keep the InVEST and FrAMES inputs as similar 

as possible. With the help of Rob Stewart at UNH, we converted DIN to TN and approximated 
the amounts of TN that FrAMES would be applying to see if the InVEST range of input (Table 
1 of Paper 2) was similar to that of FrAMES (Table C3). In order to assimilate to observations, 
we attempted to calibrate InVEST by adjusting model parameters. Although all components 
of the model could be subject to adjustment, Hamel and Guswa found that nutrient 
parameters and LULC data are the most sensitive model inputs (2015). We decided that we 
would not adjust these levels beyond the literature supported range, since N loading is 
directly measurable and has been physically well defined (Bales et al., 1993). 

Table C3. Potential TN equivalencies for FrAMES based off the Wollheim Curve (2008).  

% Human Land Use TN_kg/ha*yr 

0 0.12 

20 0.58 

40 2.66 

60 8.56 

80 15.19 

100 17.84 

AGRICULTURE 53.52 
  

Converting DIN to TN 
In order to compare the two models, we needed to relate the DIN reported by FrAMES to the 
TN reported by InVEST. Since PREP (2012) reported both TN and DIN per tributary, we were 
able to calculate the ratio between the two and apply them to the FrAMES outputs for 
comparison (Table C4).  
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Table C4.The ratios of DIN to TN for each tributary basin using PREP (2012) data.  

Tributary % DIN 

Winnicut 28.7 

Exeter 28.9 

Lamprey 32.6 

Oyster 37.0 

Bellamy 24.4 

Cocheco 66.8 

Salmon Falls 33.6 

Great Works 31.7 

 
Species of Nitrogen 

Based on our study needs, we were curious as to the species of N used by NatCap modelers 
for the InVEST nutrient retention model. They say that it broadly represents TN, and the 
model also runs for phosphorus. We were unable to find this information in any publish 
sources, so we contacted the modelers through the Natural Capital Project Forums, which we 
highly recommend to future users. The following quote is from Perrine Hamel on April 13, 
2015.  

About the distinction between N species, the different flow paths and 
retention processes are represented in a lumped way in the current version 
of the nutrient model. In other words, it is assumed that the retention 
coefficient is an average between the retention for nitrate (pretty low, if it 
leaches through the soils) and for sediment-bound N (pretty high, if trapped 
by vegetation, etc.) 
A limitation of this lumped representation of retention is that parameter 
selection is challenging. A revised version of the model (in development) will 
allow users to distinguish between subsurface and surface flows, 
recognizing the different processes and thus the potential retention service 
provided by the landscape. 
Hydrologic Limitations of InVEST 

InVEST is open about the hydrologic limitations of their product, listing five drawbacks in the 
User Manual (Sharp et al., 2014). First, annual time scales of data neglect “temporal 
dimensions of water supply and hydropower production” and any extremes. Second, the 
spatial scale is fairly large, which can prove problematic for capturing detailed topography 
and land cover intricacies. Third, timing of precipitation on the event scale would produce 
more accurate models. Fourth, volumes of water predicted by the model could be inaccurate 
based upon where water is consumed for human use. Fifth, the movement of irrigation 
water is not captured by this model. This relates to the plant available water and climate 
forcing referred to by Donohue et al. (2012). Also, it does not incorporate aquifers.  

Model Calibration & Validation  
We used data from the University of New Hampshire and Piscataqua Regional Estuaries 
Partnership to validate the models via direct comparison between empirically measured 
samples and model estimates. We relied heavily on PREP’s data, so it deserves a more 
detailed explanation.  Prep’s Tidal Tributary Monitoring program paid the UNH Water Quality 
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Analysis Lab to collect monthly samples from March to December for 2008-2011. Their field 
and laboratory methods can be found in more detail in the approved quality assurance 
project plan found in the PREP report (Wood and Trowbridge, 2012). They used USGS 
Method I-4650-03 (alkaline persulfate digestion) for TN and high temperature catalytic 
oxidation (HTCO) for TDN concentrations. Although our models do not incorporate tidal flow, 
the analysis PREP used to establish POTW discharge inputs relied upon a particle tracking 
model provided by Portsmouth and Kittery (Applied Sciences Associates, Inc, 2011; 
Piscataqua Region Estuaries Partnership, 2012).  
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Table C5. The weight and cost of N predicted to be removed under various upgrade requirements. This table was adapted into metric values 
from Table 5 of the draft study of point sources by NH DES (Kessler, 2010). The values shown were not updated to 2015 dollars.   

 

 
  

Town/City

Design 

Flow     

(MGD) Technology Upgrade

Annualized 

Cost @ 8 mg/l                  

($ millions/yr)

Nitrogen 

Removed 

@8 mg/l 

(tons/yr)

Cost per kg of 

N  @8 mg/l 

($/kg/yr)

Annualized 

Cost @ 5 mg/l                  

($ millions/yr)

Nitrogen 

Removed 

@5 mg/l 

(tons/yr)

Cost per kg of N  

@5 mg/l 

($/kg/yr)

Annualized 

Cost @ 3 mg/l                  

($ millions/yr)

Nitrogen 

Removed 

@3 mg/l 

(tons/yr)

Cost per kg of 

N  @3 mg/l 

($/kg/yr)

Exeter, NH 3 Lagoon to Activated Sludge 3.4 6.21 604.0670911 4.77 19.89 264.5549304 5.78 29.01 220

Milton 0.1 Lagoon to Activated Sludge 0.13 0.79 185.1884513 0.19 1.09 196.2115734 0.24 1.29 205

Newfields 0.117 Lagoon to Activated Sludge 0.14 0.16 967.8301205 0.21 0.69 335.1029119 0.27 1.05 280

Newmarket 0.85 Trickling Filter to Activated Sludge 1.23 20.09 68.34335703 1.71 23.96 79.36647913 2.08 26.54 86

North Berwick 1 Lagoon to Activated Sludge 1.43 -4.33 -363.7630293 1.99 -1.98 -1113.335332 2.42 -0.41 -6535

Portsmouth 4.8 Super Primary to Activated Sludge 5.19 6.28 910.5098855 5.34 8.99 654.7734528 6.61 10.8 675

Berwick 1.1  Activated Sludge Upgrade 0.68 -3.12 240.3040618 1.34 1.62 912.71451 1.84 4.78 425

Dover 4.7  Activated Sludge Upgrade 2.28 46.54 52.91098608 4.23 67.97 68.34335703 5.73 82.26 77

Durham 2.5  Activated Sludge Upgrade 0 -18.64 0 1.06 -7.24 -160.9375827 2.23 0.36 6795

Epping 0.5  Activated Advanced Sludge Upgrade 0.46 0.78 656.9780772 0.77 2.1 401.2416445 1 2.99 368

Farmington 0.35  Activated Sludge Upgrade 0.68 0.11 6878.428191 0.72 1.07 747.3676784 0.95 1.7 613

Kittery 2.5  Activated Sludge Upgrade 1.42 -0.48 3265.048766 2.81 1.84 1688.742306 3.91 3.38 1276

Newington 0.29  Activated Sludge Upgrade 0.18 0.1 2017.231344 0.36 0.45 884.0543925 0.49 0.68 1402

Pease Tradeport 1.2  Activated Sludge Upgrade 0.68 -1.49 -502.6543678 1.32 -0.05 -30494.36498 1.79 0.91 2165

Rochester 5.03  Activated Sludge Upgrade 0.55 81.26 6.613873261 1.11 98.59 13.22774652 1.59 110.14 15

Rollinsford 0.15  Activated Sludge Upgrade 0.11 1.03 112.4358454 0.2 1.71 127.8682164 0.27 2.16 137

Somersworth 2.4  Activated Sludge BNR Upgrade 0 -17.15 0 0.59 -6.76 -97.00347449 1.43 0.17 9321

South Berwick 0.567 SBR Upgrade 0 -1.36 0 0.34 1.22 308.6474188 0.6 2.95 225

Totals 31.154 18.56 116.78 15099.47265 29.06 215.16 -25183.42475 39.23 280.76 17752

KEY   

MGD millions of gallons per day 

 

upgrades would add more N than 
current rates 
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Appendix D: Status of the 18 POTWs in the Study Area 

Table D1. The status of POTW permits as of January 2015. We compiled this table using data from the EPA’s website echo.epa.gov, and we 
recommend that interested individuals use the listed permit numbers to search for status updates.  

 

*Permit Administration Continued 

 

Town Permit  Date of Issue Date Expired Status 

Newmarket  NH0100196 11/16/2012 NA Noncompliance 

Pease Tradeport* NH0090000 8/8/2000 2005 Noncompliance 

Portsmouth NH0100234 4/10/2007 5/31/2012 Noncompliance 

Exeter NH0100871 12/12/2012 2/28/2018 Noncompliance 

Milton* NH0100676 8/3/2000 8/31/2005 Noncompliance 

Newfields NH0101192 12/12/2006 2/29/2012 No Violation 

North Berwick ME0101885 9/9/2013  EXPIRED 

South Berwick ME0100820 7/1/2002 6/30/2007 EXPIRED 

Berwick ME0101397 2/1/2003 1/31/2008 EXPIRED. Inspected on 3/18/2014 

Dover* NH0101311 08/03/2006 8/03/2011 Noncompliance 

Durham* NH0100455 12/15/1999 12/14/2005 Noncompliance 

Epping* NH0100692 02/16/2000 2/16/2005 Significant Violation for Nitrogen  

Farmington* NH0100854 04/17/2007 06/30/2012 No Violation 

Kittery ME0100285 3/24/2006 3/31/2011 Permit Expired. Formal Enforcement Action 

Newington* NH0001601 09/30/1993 9/30/1998 No Violation 

Rochester* NH0100668 07/23/1997 6/30/2002 Noncompliance, evaluated July 22, 2014 

Rollinsford* NH0100251 8/25/2000 8/31/2005 Noncompliance, evaluated July 24, 2014 

Somersworth* NH0100277 04/20/2004 10/29/2005 No Violation 
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Appendix E: Model Evaluation Parameters  

In order to compare InVEST and FrAMES, we needed to know how well each model represented the study area. After reviewing the 
literature, we decided to avoid Pearson’s correlation (r) and the coefficient of determination (r2) as model evaluative parameters (Fox, 1981; 
Krause et al., 2005; Legates and McCabe, 1999; Willmott, 1982). We relied instead upon those listed in the table below, with O being 
observed data and P being model-predicted results. According to Rob Stewart at UNH, those evaluating FrAMES often rely on the coefficient 
of efficiency E (Nash and Sutcliffe, 1970). Note that the level of difference between RMSE and MAE should indicate the extent of variance 
from modeled to observed. Although we would like to use E or d, InVEST does not produce a time series. Thus, we relied predominately upon 
RMSE and MAE, as these parameters do not require a time series and are easily conceptualized since they are reported in the same units as 
the model results being tested.  

Statistic Abbreviation Formula Summary 

Mean Bias Error MBE 

 

Describes bias. Is the difference between the mean 

of P and O.  

Variance of the distribution 

of differences 
S2

d 

 

Describes the variability of MBE. Poor measure of 

average “noise” 

Root mean square error RMSE 

 

Average difference in same units. Estimate of 

average error. 

Mean square Error MSE 

 

Average difference 

Mean absolute error MAE 

 

Average difference in same units. Less sensitive to 

extreme values than RMSE. Estimate of average 

error. 
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Index of Agreement d 

 

Ratio of MSE and PE. Very sensitive to extreme 

highs; insensitive to lows. Range: 0 (no correlation) 

to 1 (perfect fit). Even poor models can get 0.65+. 

Potential Error PE 

 

Largest value of the squared difference 

Modified Index of 

Agreement 
d1 

 

Same as d but not inflated by squared values.  

Baseline-Adjusted Index of 

Agreement 
d’1 

 

Not inflated by squared values. The O’ refers to the 

baseline value of comparative time series.  

Coefficient of Efficiency 

(Nash-Sutcliffe) 
E 

 

Range: 1.0 (perfect fit) to  -∞. Anything less than 0 is 

a poor model.  Critiqued regarding sensitivity to 

extremes.  



 
 

89 

Modified Coefficient of 

Efficiency 
E1 

 

Same as E except not inflated by squared values.  

Baseline-adjusted 

coefficient of efficiency 
E’1 

 

Allows user to determine if a climate baseline is a 

better predictor than the model.  
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