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FACT SHEET 1: NH EPSCoR ECOSYSTEMS & SOCIETY PROJECT
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Our natural world provides many services that are the foundation for economic vitality,
environmental health, and clean water across the Granite State.
These ecoystem services support recreation and tourism, protect us from flooding, and
support our well-being. Collectively, they support many of New Hampshire’s major
industries, sustain the health and well-being of its residents, and serve as an anchor for our
cultural identity. This project integrated ecosystem measurements, process-based models,
and social science to better understand how climate and land cover change affect key
terrestrial and aquatic ecosystems across multiple scales.

CLIMATE AND LAND COVER

AQUATIC ECOSYSTEMS

We created a new
climate dataset
for New England
consisting of more
than 200 climate
variables at 3km
horizontal resolution
and hourly intervals.
Our main objective
was to simulate
future climates to
predict the potential impacts on ecosystems and ecosystem
services in New Hampshire. A suite of land cover scenarios
were developed to represent a range of possible future land
use conditions. Climate and land cover data were used to
evaluate the individual and combined impact on selected
ecosystem services.

An intensive aquatic sensor network was installed at stream
headwater and large river sites, and a spatially extensive aquatic
network of stream and river sites was distributed throughout the
state. The intensive aquatic sensors, integrated with a soil sensor
system, provide coupled measurements of vegetation, soil
conditions, snow cover, and headwater stream response and
allow us to examine how regional land use and within-stream
processing influence water quality and nutrient discharge.

TERRESTRIAL ECOSYSTEMS
We linked terrestrial and aquatic ecosystem process models to
simulate hydrologic and water quality characteristics related
to ecosystem services at regional scales. The linked model
integrates two existing models (forest network and river
network) to establish consistent responses to changing drivers
across climate, terrestrial, and aquatic domains.

HUMAN DIMENSIONS
We evaluated
human perceptions
and response
to ecosystems
through surveys,
interviews,
workshops and
economic analyses.
We used this
information to
understand how decision-makers and other residents perceive
and value a range of ecosystem services.
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A suite of papers published in peer-reviewed literature and reports describes many of the key results and findings of the Ecosystems &
Society project. Citations for the peer-reviewed literature are provided on specific topics on the second page of each Fact Sheet.

ACCESS TO DATA: ddc.unh.edu
CONTACTS: Cameron Wake, cameron.wake@unh.edu or Alison Watts, alison.watts@unh.edu
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FACT SHEET 2: ECOSYSTEM MEASUREMENTS AND MODEL OUTPUT
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Measurement and modeling efforts of ecosystems represent central research activities of the NH EPSCoR Ecosystem & Society Project:
1. Measurement of terrestrial and aquatic ecosystem function and atmospheric variables via a statewide sensor network that includes:
• Data collection at high intensity aquatic and terrestrial networks
• Instream data collection by the Lotic Volunteer network for sensing Temperature, Electrical Conductivity, and Stage (LoVoTECS)
• Eddy flux tower network
• Climate and snow data collected as part of citizen scientist observations from the Community Collaborative Rain, Albedo, Hail, Snow
(CoCoRAHS Albedo)
We have also collected and organized monthly data for US Historical Climatology Network stations in New Hampshire.
2. Modeling of forest and aquatic ecosystems was accomplished by coupling of existing forest (PnET-CN) and aquatic (FrAMES) models to
provide estimates of environmental condition under different scenarios. PnET-CN (Photosynthetic EvapoTranspiration with Carbon and
Nitrogen), simulates forest water, carbon, and nitrogen dynamics. FrAMES (Framework for Aquatic Modeling in the Earth System) is a
gridded model that represents land cover and land use to simulate runoff, and nitrogen dynamics through watersheds. PnET-CN and
FrAMES were driven by statistically downscaled CMIP3 Global Climate Model Simulations and four different land cover scenarios.
The ecosystem measurements are summarized in Table 1 and the model outputs in Table 2.

TABLE 1: NH EPSCOR - ECOSYSTEM MEASUREMENTS
HIGH INTENSITY AQUATIC NETWORK

LoVoTECS

Number of Sites (Locations): 10
(Merrimack River, Saco River, and Great Bay
Watersheds)

(Lotic Volunteer Temperature, Electric
Conductance and Stage) Network
Number of Sites (Locations): 126 (statewide)

Date Range: Dec. 2012 - Mar. 2016

Date Range: Sept. 2012 to present

Date Range: Feb. 2012 to present

Temporal Resolution: Daily (Dec. to Mar.)

Temporal Resolution: 15 minutes

Temporal Resolution: 1 to 15 minutes

Variables:
Estimated discharge (L/s)
NO3 (mg/L)
Specific Conductivity (uS/cm)
pH
Turbidity (FNU)
Water Temperature (deg C)
Stage Height (m)
Dissolved Oxygen (% and mg/L)

Variables:
Specific Electrical Conductance (uS/cm)
Water Temperature (deg C)
Water Stage (cm)

Variables:
Albedo (noontime)
Snow Depth (in),
Snow Density (kg/m3)

EDDY FLUX NETWORK
Number of Sites (Locations): 4 (Seacoast)
Date Range: Jan. 2014 to present
Temporal Resolution: 30 minutes

HIGH INTENSITY TERRESTRIAL NETWORK
Number of Sites (Locations): 6
(White Mountains, Mid-Transitional Forests,
Seacoast)
Date Range: Aug. 2012 to present
Temporal Resolution: 10 to 60 minutes
Variables:
Air Temperature (deg C)
Soil Temperature (deg C) at 0cm, 15cm, 30cm
Volumetric Water Content (m3/m3) at 0cm, 15cm, 30 cm
Electric Conductivity (uS/cm) at 15cm, 30cm

Variables:
Air Temperature (deg K)
Soil Water Content (m3/m3)
Rain Precipitation (m)
Relative Humidity of Air (%)
Longwave Outgoing Radiation (W/m2)
Longwave Incoming Radiation (W/m2)
Net Radiation (W/m2)
Shortwave Outgoing Radiation (W/m2)
Shortwave Incoming Radiation (W/m2)
Photosynthetic Photon Flux Density
(umol/(m2s)),
Wind Speed and Air Direction,
CO2 and Water Content in the Air

CoCoRAHS - ALBEDO
Collection Location Count: 33
Number of Sites (Locations): 33 (statewide)

NH CLIMATE

(Data from US Historical Climatology Network v2.5)

Number of Sites (Locations): 5
(Bethlehem, Durham, First Connecticut Lake,
Hanover, Keene)
Date Range: 1895 - 2012
Temporal Resolution: Annual
Variables:
Annual Total Precipitation (in)
Spring Total Precipitation (in)
Summer Total Precipitation (in)
Fall Total Precipitation (in)
Winter Total Precipitation (in)
Max Annual Average Temperature (deg F)
Max Spring Average Temperature (deg F)
Max Summer Average Temperature (deg F)
Max Fall Average Temperature (deg F)
Max Winter Average Temperature (deg F)
Min Annual Average Temperature (deg F)
Min Spring Average Temperature (deg F)
Min Summer Average Temperature (deg F)
Min Fall Average Temperature (deg F)
Min Winter Average (deg F)
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TABLE 2: NH EPSCOR - MODEL OUTPUTS
COUPLED TERRESTRIAL AND AQUATIC MODELS
(PnET-CN/FrAMES)

DOWNSCALED GLOBAL CLIMATE MODEL OUTPUT

PnET-CN (Photosynthetic EvapoTranspiration Model with
Carbon and Nitrogen)

Locations:
1. New England grid
2. Specific meteorological stations statewide

FrAMES (Framework for Aquatic Modeling in the Earth System)

Date Range: 1960 to 2099

Locations: Merrimack River and Great Bay Watersheds

Spatial Resolution of Gridded Output: 1/8th of a degree (~ 9 miles2)

Date Range: 1980 to 2099

Temporal Resolution: Daily

Spatial Resolution: 1.5 km2

Global Climate Models: CCSM3, PCM, GFDL CM2.1, HAD CM3

Temporal Resolution: Daily

Emission Scenarios: CMIP3; A1Fi, B1

Variables:
Water Temperature (oC)
Discharge (m3/sec)
Chloride concentration (microS/cm)
Watershed Chloride Flux (kg Cl / km2 * yr)
Dissolved Inorganic Nitrogen (DIN) Concentration (mg DIN/L)
Snow Cover (mm)
Riverine DIN removal (kg / kg)
Runoff (mm / watershed area * yr)
Storm runoff (mm / watershed area * yr)
Mean Forest C Sequestration (mean kg C / km2 of forest * yr)
Wood Biomass (mean kg C / km2 of watershed area)
Total C storage (mean kg C / km2 of watershed area)

Variables:
Minimum Temperature (oC)
Maximum Temperature (oC)
Precipitation (in)

ACCESS TO DATA: ddc.unh.edu
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FACT SHEET 3: CLIMATE CHANGE
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Weather and climate (the long-term average of weather) directly and indirectly affect
much of our daily lives, from our economy to our health to our outdoor recreation to our
culture. While many lines of scientific evidence show that climate has varied throughout
Earth’s history, detailed analysis of meteorological records shows that the rate of change
in New Hampshire has increased significantly over the last four decades, with the state
getting warmer and wetter. Analysis of global climate model simulations indicates this trend
is expected to continue into the foreseeable future.

TEMPERATURE AND PRECIPITATION:
SEASONAL AND ANNUAL AVERAGES
WHAT HAVE WE EXPERIENCED FROM 1970-2012?

• Average maximum temperatures have
warmed by 2.0°F (annual) and 2.9°F
(winter)
• Average minimum temperatures have
warmed by 3.2°F (annual) and 6.1°F
(winter)
• Average annual precipitation has increased by 6.2 inches
(15%), mostly in spring, summer, and fall
WHAT CAN WE EXPECT BY 2070-2099?

• Average annual temperatures warming by 4–9°F;
average winter temperatures warming by 4–10°F
• Average annual precipitation increasing by 7–8 inches;
largest increase in winter

GROWING SEASON
WHAT HAVE WE SEEN SINCE 1970?

• Growing season has lengthened by 14
days
WHAT CAN WE EXPECT BY 2070-2099?

• Growing season increasing by
21-50 days

SNOW COVERED DAYS AND LAKE ICE-OUT DATES
WHAT HAVE WE SEEN SINCE 1970?

• Snow covered days have
decreased by 20 days
• Lake ice-out dates
occurring 7–10 days
earlier on average
WHAT CAN WE EXPECT?

EXTREME TEMPERATURE AND PRECIPITATION
WHAT HAVE WE EXPERIENCED FROM 1970-2012?

• Number of hot days (Tmax >90°F) per year has increased
by 5–6 days
• Number of cold days (Tmin <32°F) per year has decreased
by 15 (9%)
• Number of precipitation
events that drop >4 inches
in 48 hours has increased
3–10 fold in the southern
half of the state

• Less snow and more rain
in winter
• Significant decrease in
number of snow covered
days: 20–30% decrease
in northern NH; 20–50%
decrease in southern NH
• Earlier ice-out dates and longer ice-free periods on lakes

WHAT CAN WE EXPECT BY 2070-2099?

• Number of hot days (Tmax >90°F) per year increasing by
14–42 days
• Number of cold days (Tmin <32°F) per year decreasing by
20–25 days
• Number of precipitation events that drop >4 inches in 48
hours doubling
UPDATED 1/1/2017

NOTES
Meteorological data (monthly from 1895-2012) and statistically downscaled CMIP3 global climate model (GCM) simulation output
(from four models on a grid and to specific meteorological stations) for New Hampshire is available for download from the NH
EPSCoR Data Discovery Center, ddc-climate.sr.unh.edu.
By the spring of 2017, we should have:
1) Statistically downscaled CMIP5 global climate model simulations (from 16 models) for the entire northeastern US at a spatial
scale of approximately 5 miles x 5 miles
2) Dynamically downscaled Coupled Earth System Model (CESM) output for a high emissions scenarios (RCP8.5) using the
Weather Research and Forecasting Model
Both sets of model outputs will be made available on the NH EPSCoR Data Discovery Center, ddc-climate.sr.unh.edu.

REFERENCES
Burakowski EA and others (2008) Trends in Wintertime Climate in the Northeast United States, 1965-2005.
Journal of Geophysical Research 113, D20114, doi:10.1029/2008JD009870.
Hayhoe K and others (2007) Past and future changes in climate and hydrological indicators in the U.S. Northeast.
Climate Dynamics 28, 381–407. doi: 10.1007/s00382-006-0187-8.
Hodgkins, GA (2010) Historical Ice-Out Dates for 29 Lakes in New England, 1807–2008. United States Geological Survey
Open File Report 2010–1214. 38 p. pubs.usgs.gov/of/2010/1214/pdf/ofr2010-1214.pdf
Spierre, SG and CP Wake (2010) Trends in Extreme Precipitation Events for the Northeastern United States, 1948–2007.
Carbon Solutions New England and Clean Air Cool Planet. Durham, NH. www.climatesolutionsne.org
Wake, C and others (2011) Climate Change in the Piscataqua/Great Bay Region: Past, Present, and Future.
Carbon Solutions New England Report for the Great Bay (New Hampshire) Stewards. www.climatesolutionsne.org
Wake, C and others (2014) Climate Change in Northern New Hampshire: Past, Present, and Future. Climate Solutions New
England Report, Sustainability Institute at the University of New Hampshire. www.climatesolutionsne.org
Wake, C and others (2014) Climate Change in Southern New Hampshire: Past, Present, and Future. Climate Solutions New
England Report, Sustainability Institute at the University of New Hampshire. www.climatesolutionsne.org

Additional NH EPSCoR research papers are available at nhepscor.org/publications

ACCESS TO DATA: ddc-climate.sr.unh.edu.
CONTACT: Cameron Wake: cameron.wake@unh.edu, 603-862-2329
Reports and additional information available at Climate Solutions New England: www.climatesolutionsne.org
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FACT SHEET 4: LAND COVER SCENARIOS
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Given the significant challenges and uncertainties associated with predicting long-term changes in human activities, scenarios provide
a framework for projecting long term changes in land cover and investigating potential impacts on ecosystems and the services they
provide, such as clean water, food, wood for fiber, fuel, or timber; protection from flooding, climate regulation (via carbon storage and
changes in surface reflectivity), recreational opportunities, and cycling of key nutrients such as nitrogen.
We have developed a suite of land cover scenarios for New Hampshire extending out to 2100 that span a continuum from spatially
dispersed development with a low value placed on ecosystem services (Backyard Amenities) to concentrated development with a high
value placed on ecosystem services (Community Amenities family).

BACKYARD AMENITIES
Rapid population growth across southern New Hampshire is
combined with traditional zoning and a rollback of policies
and practices to protect natural landscapes and ecosystem
services. Financial incentives encourage landowners to make
forested and agricultural land available for industrial parks
and residential subdivisions. The primary form of land cover
change is residential development on 1-2 acre lots. Housing
development occurs primarily in the southeast and eventually
spills northward along major highways (I-89 and 93; Figure 1).
Conservation of forests and farmland is reactive, not proactive.
Residential development occurs primarily outside of urban cores
where land costs are lower and municipal services lacking.
Homes rely on wells and septic systems and the automobile is the
primary form of transportation. The composition of undeveloped
land remains similar to the present day, mostly forest with a small
amount of agriculture (primarily hay and pasture).

Figure 1. Scenarios for land cover in 2100. Maps are shown for the
Linear Trends (Linear) scenario, the Backyard Amenities (Backyard)
scenario, and two scenarios from the Community Amenities family:
Protection of Wildlands (Wildlands) and Promotion of Local Food
(Food) scenarios.

LINEAR TRENDS
The Linear Trends scenario represents a future with economy,
practices, and rates of change similar to those over the period
from the 1990s to 2010. Preference for local control, resistance
to policy change at the municipal level, and traditional business
interests are counterbalanced by continued activity by the
local and regional land trusts and a growing cultural value
of protection of forests, farmland, and ecosystem services,
producing a mixture of conventional development and
expanding land conservation (Figure 1).

of developed areas differs between the Food (agricultural
land area in New Hampshire more than quadruples in order
to meet the target of supporting 50% of New England calories
produced within New England) and Wildlands (nearly all
undeveloped land remains as forest) variants (Figure 1).

COMMUNITY AMENITIES
Policies and investment support conservation of land
for working forests and agriculture and the growth of
renewable energy. No additional land is developed beyond
what is already developed. Instead, in areas with growing
population, urban cores and village centers are redeveloped
to accommodate expanding populations. Concentrated
redevelopment facilitates expansion of public water and sewer.

IMPLICATIONS
Impervious Cover (Figure 2): Statewide impervious cover more
than doubles for the Backyard scenario, whereas there is only a
very slight increase in the Large Community scenario. There is
only a small difference in impervious cover between the Large
and Small community scenarios, despite the large difference in
population.

Within the Community family, population growth and intensity
of redevelopment differs between the Large Community (rapid
population growth) and Small Community (relatively little
change in population) variants, and land cover change outside

Conservation of forests and farmland is strategic and proactive,
with new conservation including rare habitats and corridors
between existing conserved land. Forests and farmland are
managed to maximize ecosystem services and minimize
environmental degradation.

Conserved Land (Figure 3): Scenarios also produce contrasting
results for land conservation, with only 750 km2 of new land
conserved in scattered fragments in the Backyard scenario,
compared with 4,000 km2 for the Linear Trend scenario, and
4,700 km2 for the Community Amenities family. Despite similar
UPDATED 1/1/2017

total land conservation between the Linear and Community
scenarios, the spatial distribution is very different: new
conservation in the Linear scenario is fragmented and haphazard,
compared to the targeted and contiguous land conservation in
the Community scenario.

SUMMARY
We developed contrasting scenarios of plausible land cover
futures for the state of New Hampshire. These land cover
scenarios were used as input for NH EPSCoR terrestial and
aquatic ecosystem modeling (described in Fact Sheets 4, 5
and 6) and assessment of the future value of ecosystems (Fact
Sheet 13), as well as new research on the human dimensions
of land cover change (Fact Sheets 11 and 14).

METHODS

Figure 2. Impervious cover for the land cover and population scenarios
with impervious cover shown as a percentage of each grid cell.

To develop land cover scenarios for the state of New
Hampshire for 2020-2100, stakeholder input was elicited via
key informant interviews with stakeholder groups from five
sectors: environmental nonprofits, business and industry,
timber interests, state agencies, and academics and natural
resources management consultants. Stakeholders were
prompted to describe what they would like and what they
expect New Hampshire to look like two to four decades
in the future. We combined themes from stakeholder
responses with published plans, visions, and surveys to
develop a suite of qualitative scenario narratives.
Maps of future land cover and conserved land for each
scenario were then generated by quantifying the scenario
narratives and simulating land cover change in decadal time
steps starting with a base map of present land cover and
conserved land. Focal land cover classes for identifying change
were developed land, forest, and agriculture. Our maps also
included wetland, surface water, and other land cover.

Figure 3. Scenarios for land conservation in 2100.

REFERENCES
Thorn, A. and others (In Review). New Hampshire Land Cover Scenarios: Part I. stakeholder engagement, scenario narratives, and
land change simulation. Ecology and Society.
Thorn, A. and others (In Review). New Hampshire Land Cover Scenarios: Part II. Implications for habitat, watersheds and local food
production. Ecology and Society.

ACCESS TO DATA: Data Discovery Center, ddc-landcover.sr.unh.edu
CONTACT: Cameron Wake: 603-862-2329, cameron.wake@unh.edu
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FACT SHEET 5: AQUATIC ECOSYSTEMS – FISH HABITAT
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
With thousands of miles of rivers and streams and hundreds of lakes and ponds, New
Hampshire offers aquatic habitat that support a rich fish population. However, some of our
fish habitat is deteriorating due to elevated chloride concentrations, warmer water temperatures, and low flows during summer months. Projected changes in climate and land
cover will lead to changes in these environmental variables in ways that will likely reduce
fish habitat in the future, with increasing stream temperatures as the predominant problem.

WATER TEMPERATURES
WHAT HAVE WE SEEN
SINCE 1995 FOR THE
MERRIMACK RIVER?

• 70 river miles (~1%
of the total NH river
aquatic habitat) exceed
an average weekly
temperature tolerated by
common indigenous fish
species (84.6o F)
WHAT CAN WE EXPECT IN THE FUTURE?

• Warmer air temperatures and increased surface runoff
in New Hampshire will result in elevations in stream and
river water temperatures
• By mid-century, river miles with temperature impairment
are expected to increase 4 to 19%
• By late-century, river miles with temperature impairment
are expected to increase 4 to 62% (higher impact under
the high emissions and backyard amenities scenarios)

CHLORIDE CONCENTRATIONS
WHAT HAVE WE SEEN SINCE 1995 FOR THE
MERRIMACK RIVER?

LOW FLOW
WHAT HAVE WE SEEN SINCE 1995 FOR THE
MERRIMACK RIVER?

• 27 river miles (<1% of total NH river aquatic habitat
network) experienced low flow (0.122 mm per day;
described in methods on back)
WHAT CAN WE EXPECT IN THE FUTURE?

• Occurrences of low flow conditions are sensitive to both
climate and land cover scenarios
• In a moderately warming climate (low emissions) with
constant land cover, low flow occurrences decrease 40%
by mid-century, but increase back to 30% of current
values by late-century due to increased precipitation and
maturing forest

• 27 river miles (<1% of total NH river aquatic habitat
network) exceeds a chloride threshold of 140 mg chloride
per litre that is protective of aquatic diversity
WHAT CAN WE EXPECT IN THE FUTURE?

• Given current land use, warmer winters could reduce
impairment by 7 to 14% by mid-century or by 40% by
late-century
• Increased impervious surfaces could increase chloride
impairment up to 90% by the end of the century despite
warmer winters

UPDATED 1/1/2017

NOTES

REFERENCES

METHODS: Simulations use a linked terrestrial – aquatic model
(PnET-FrAMES) tested against current conditions using a network
of stream flow, temperature, and chemistry measurements.
The temperature criteria is the average of weekly temperature
tolerance of several local fish species. The chloride criteria protects
diversity of organisms at the base of the aquatic food web. The
low flow criteria used is the median 7-day 10th percentile flow,
a common measure of protective in-stream flows, expressed
as runoff (mm d-1), for USGS gauging stations throughout the
Merrimack and Piscataqua watersheds (0.122 mm d-1) which
applies to downstream (2nd order and larger) river reaches.

Aber, JD and CT Driscoll (1997) Effects of land use, climate variation, and N deposition on N cycling and C storage in northern
hardwood forests. Global Biogeochemical Cycles 11:639–648.
doi:10.1029/97GB01366

MODEL: Existing forest (PnET-CN) and river network (FrAMES)
models were coupled to provide estimates of environmental
condition under different scenarios. PnET-CN (Photosynthetic
EvapoTranspiration with Carbon and Nitrogen), simulates forest
water, carbon, and nitrogen dynamics. FrAMES (Framework
for Aquatic Modeling in the Earth System), is a gridded model
that represents land cover and land use to simulate runoff,
water temperature, and chloride dynamics through watersheds.
PnET-FrAMES represented the Merrimack and Piscataqua River
Watersheds with grid a resolution of 1.5 km2.
CONTEMPORARY VALIDATION: Testing of PnET-FrAMES under
recent historical conditions used climate from NASA Modern
Era-Retrospective Analysis for Research and Applications (MERRA)
for the period of 1980-2014. Output corresponded well with
station (gage) measurements for discharge (U.S. Geological Survey
- USGS), specific conductance (Lotic Volunteers Temperature
Electrical Conductance and Stage network – LoVoTECS;
ddc-lovotecs.sr.unh.edu), and water temperature (USGS/
LoVoTECS).
LAND USE DATA: Two land cover scenarios encompass the
widest divergence in land cover change: present-day land cover
and Backyard Amenities, which prioritizes large building lots and
increases impervious areas dramatically. More info at:
ddc-landcover.sr.unh.edu.
FUTURE CLIMATE DATA: Future climate projections used
statistically downscaled climate simulations derived from the
Geophysical Fluid Dynamics Laboratory CM2.1 model (Hayhoe
2007). Two scenarios represent a wide range of potential future
climate: lower emission (B1, 550 ppm CO2 by 2100) and higher
CO2 emission (A1FI, 970 ppm CO2 by 2100).

Cañedo-Argüelles M and others (2013) Salinisation of rivers: An
urgent ecological issue. Environmental Pollution 173:157–167.
Eaton JG and RM Scheller (1996) Effects of climate warming on
fish thermal habitat in streams of the United States. Limnology and
Oceanography 41(5):1109–1115.
Hayhoe K and others (2006) Past and future changes in climate
and hydrological indicators in the US Northeast. Climate Dynamics
28(4):381–407.
Ollinger SV and others (2002) Interactive effects of nitrogen deposition, tropospheric ozone, elevated CO2 and land use history on
the carbon dynamics of northern hardwood forests. Global Change
Biology 8, 545–562.
Ollinger SV and others (2008) Potential effects of climate change
and rising CO2 on ecosystem processes in northeastern U.S. forests,
Mitigation and Adaptation Strategies for Global Change 13:467–485.
Rienecker MM and others (2011) MERRA: NASA’s Modern-Era
Retrospective Analysis for Research and Applications. Journal of
Climate 24(14):3624–3648.
Samal, NR and others (In Review) Projections of coupled terrestrial
and aquatic ecosystem change relevant to ecosystem service valuation
at regional scales. Submitted to Ecology and Society.
Stewart, RJ and others (2013) Horizontal cooling towers: riverine
ecosystem services and the fate of thermoelectric heat in the contemporary Northeast US. Environmental Research Letters 8(2):025010.
Tharme RE (2003) A global perspective on environmental flow assessment: emerging trends in the development and application of environmental flow methodologies for rivers. River Research and Applications
19(5-6):397–441.
Thorn, AM and others (In Review) New Hampshire Land Cover
Scenarios, Part I: stakeholder engagement, scenario narratives, and
land change simulation. Submitted to Ecology and Society.
Zhou, Z and others (In Review) Looking for the missing N sink in a
northern hardwood forest by quantifying N gas losses: a model-based
assessment. Submitted to Ecological Modelling.
Zuidema, S and others (In Review) Chloride impairment in a New
England river network: current and projected conditions using a dynamic
watershed transport model. Submitted to Water Resources Research.

ACCESS TO DATA: All three variables (water temperature, water chloride, and low flows) for multiple climate and land cover scenarios
covering the time period 1995-2099 are available on the NH EPSCoR Data Discovery Center: ddc.unh.edu.
CONTACT: Wil Wolheim: (603) 862-5022, wil.wollheim@unh.edu
NSF RII Award # EPS 1101245
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FACT SHEET 6: SURFACE WATER RUNOFF
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Clean and abundant water is a foundation of New Hampshire’s quality of life and is vital
for healthy environments, individuals, communities, and a vibrant economy. Changes in
climate and land cover will change the magnitude, timing, and storage of water flow from
watersheds and present potential challenges for water management in New Hampshire. In
the future an increase in annual and extreme precipitation will likely contribute to increased
flooding. In addition, a projected increase in the duration and magnitude of summertime dry
periods, coupled with an increased population, will likely stress water supplies.

RIVER DISCHARGE

WATER SHORTFALLS

WHAT CAN WE EXPECT IN
THE FUTURE?

WHAT HAVE WE SEEN SINCE 1995 FOR THE
MERRIMACK RIVER?

• With New Hampshire climate
getting warmer and wetter,
and forests becoming more
efficient at using water due
to higher atmospheric CO2,
annual average runoff and
maximum runoff will likely
increase

FLOODING
WHAT HAVE WE SEEN SINCE 1995 FOR THE
MERRIMACK RIVER?

• Water supply shortfalls (hydrologic supply of available
surface water not meeting daily demand) averaged about
2 million person-days per year
WHAT CAN WE EXPECT IN THE FUTURE?

• Given current land use, the duration of dry periods varies
by climate scenario, increasing less than 20% by midcentury and decreasing up to 60% by late century.Stress
to water supply is highly
dependent on the form
and location of how land
is developed.
• Dispersed buildout
and greater population
increases shortfalls by
14-85% by mid-century
and 400-500% by latecentury depending on
climate scenario

• A conservative estimate is 170 to 260 river miles
experienced flooding above the historic 100-year
recurrence interval from 1995-2014
WHAT CAN WE EXPECT IN THE FUTURE?

• Projected increases in storm magnitude will cause
greater flooding throughout the century
• By mid-century, 100-year flood exceedances could
increase 3–4 times

SNOW VOLUME

• By late century, 100-year flood exceedances could
increase 4–13 times due to increased imperviousness and
higher-intensity storms

WHAT HAVE WE SEEN
SINCE 1995 FOR THE
MERRIMACK RIVER?

• Maximum daily snowpack
depth averaged across the
watershed was 3.7 inches
water equivalent depth
WHAT CAN WE EXPECT
IN THE FUTURE?

• Projected warmer New
Hampshire winters reduce
maximum snowpack by 5–30% at mid-century and by
20–50% late-century
UPDATED 1/1/2017

NOTES

REFERENCES

METHODS: Simulations use a linked terrestrial – aquatic
model (PnET-FrAMES) tested against current conditions using
a network of snow pack and stream flow measurements.
Metrics of flooding and water shortfalls use simulated runoff
compared to USGS studies that produced a distributed
estimate of 100-year flood flows, and estimates of summer
water demand for NH. Estimates of shortfalls do not account
for ground water supplies.
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variation, and N deposition on N cycling and C storage in northern
hardwood forests. Global Biogeochemical Cycles 11:639–648.
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MODELS: Existing forest (PnET-CN) and aquatic (FrAMES)
models were coupled to provide estimates of environmental
conditions under different scenarios. PnET-CN (Photosynthetic
EvapoTranspiration model with Carbon and Nitrogen)
simulates forest water dynamics. FrAMES (Framework for
Aquatic Modeling in the Earth System) is a gridded model
that represents land cover and land use to simulate runoff
dynamics through watersheds. PnET-FrAMES represented
the Merrimack and Piscataqua River Watersheds with a grid
resolution of 1.5 km2.
CONTEMPORARY VALIDATION: Verification of PnETFrAMES under recent historical conditions used climate
from NASA Modern Era-Retrospective Analysis for Research
and Applications for the period of 1980-2014. Output
corresponded well with station (gage) measurements for
discharge (U.S. Geological Survey – USGS) and snow-pack
depth (NH Community Collaborative Rain, Hail and Snow
Network; ddc-albedo.sr.unh.edu).
LAND USE DATA: Two land cover scenarios encompass the
widest divergence in land-cover change: present-day land
cover and Backyard Amenities, which prioritizes large building
lots and increases impervious areas dramatically. More info at:
ddc-landcover.sr.unh.edu
FUTURE CLIMATE DATA: Future climate projections used
statistically downscaled climate simulations derived from the
Geophysical Fluid Dynamics Laboratory CM2.1 model (Hayhoe
2007). Two scenarios represent a wide range of potential
future climate: lower emission (B1, 550 ppm CO2 by 2100) and
higher CO2 emission (A1FI, 970 ppm CO2 by 2100).
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and aquatic ecosystem change relevant to ecosystem service
valuation at regional scales. Submitted to Ecology and Society.
Stewart, RJ and others (2013) Horizontal cooling towers: riverine
ecosystem services and the fate of thermoelectric heat in the
contemporary Northeast US. Environmental Research Letters
8(2):025010.
Thorn, AM and others (In Review) New Hampshire Land Cover
Scenarios, Part I: stakeholder engagement, scenario narratives, and
land change simulation. Submitted to Ecology and Society.
Zhou, Z and others (In Review) Looking for the missing N sink in
a northern hardwood forest by quantifying N gas losses: a modelbased assessment. Submitted to Ecological Modelling.

ACCESS TO DATA: Daily discharge for multiple climate and land cover scenarios covering the time period 1995 -2099 is available
on the NH EPSCoR Data Discovery Center: ddc.unh.edu.
CONTACT: Wil Wolheim: (603) 862-5022, wil.wollheim@unh.edu
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FACT SHEET 7: NITROGEN TO OUR ESTUARIES
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
In estuaries, nitrogen pollution generally promotes algae growth and decay, depletes the
water’s oxygen supply, and can cause a severe reduction in the quality of coastal waters.
Humans input nitrogen to water bodies from, for example, direct discharge from waste
water treatment plants and excess fertilizer application. Fluxes of dissolved inorganic
nitrogen (DIN, the most biochemically active form of nitrogen) and retention capacities of
New Hampshire watersheds were simulated for the remainder of the century based on
projected changes in climate and land cover.

NITROGEN FLUX
WHAT HAVE WE SEEN SINCE 1995 FOR THE
LAMPREY AND COCHECO RIVERS?

• Fluxes reaching the Great Bay from the
Lamprey and Cocheco watersheds average
110 and 324 kg DIN km-2 y-1, respectively (similar
to measured values from Wood and Trowbridge
2014)
WHAT CAN WE EXPECT?

• The future flux of DIN to water bodies depends
on a complex balance between supply and
demand. Demand is influenced by forest growth
(older forest grows less resulting in less nitrogen
demand). Supply is influenced by human
nitrogen inputs and soil nitrogen cycling, which
accelerates in warmer temperatures
• In the low emission scenario (moderate temperature
increase), there is little change in DIN flux from
watersheds. In the high emission scenario (much warmer
temperatures), the DIN flux from watersheds increases by
25% and 45% by the end of the century
• Increased land development increases late-century
DIN flux from the watersheds 30% for the low emission
scenario (moderate temperature increase) and 60% for
the high emission scenario (much warmer temperatures)
800
Low Emissions

• Reduction of 28 tons of total nitrogen is roughly
equivalent to upgrading Newmarket’s wastewater
treatment plant
• Natural processes of total nitrogen retention in Great Bay
watersheds may be worth between $10 and $50 million
over the next ten years

High Emissions

DIN Flux
kg / (km2*yr)

THE VALUE OF NITROGEN RETENTION
For the Great Bay watershed, the value of retaining
total nitrogen in the watershed was compared across
land cover scenarios.
• Focusing development in existing developed areas and
reducing forest land conversion could prevent 3–28 tons
of total nitrogen per year from entering the Great Bay
from contributing watersheds

600
400

• Investment in wastewater treatment plants is necessary,
even under a conservation-focused future

200
0
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METHODS: Fluxes of DIN were simulated for New Hampshire streams
and rivers using a linked terrestrial – aquatic model (PnET-FrAMES)
and tested against current conditions using a network of sensors
(High Intensity Aquatic Network, LoVoTECS) and predicted for the
remainder of the century using projected changes in climate and
land use. The value of nitrogen retention was calculated using a
geographic information system based ecosystem service valuation
tool (InVEST). Costs associated with the removal capacity of streams
were estimated using values from NHDES (2010).

Aber, JD and CT Driscoll (1997) Effects of land use, climate variation, and N
deposition on N cycling and C storage in northern hardwood forests. Global
Biogeochemical Cycles 11:639–648. doi:10.1029/97GB01366

MODEL: Existing forest (PnET-CN) and aquatic (FrAMES) models were
coupled to provide estimates of environmental conditions under
different climate and land cover scenarios (Samal, in review). PnET-CN
(Photosynthetic EvapoTranspiration model with Carbon and Nitrogen)
simulates forest water, carbon, and nitrogen dynamics (Aber, Ollinger,
Zhou). FrAMES (Framework for Aquatic Modeling in the Earth System)
is a gridded model that represents land cover and land use to
simulate runoff and nitrogen dynamics through watersheds (Stewart,
2013). PnET-FrAMES represented the Merrimack and Piscataqua River
Watersheds with a grid resolution of 1.5 km2.
CONTEMPORARY VALIDATION: Testing of PnET-FrAMES under
recent historical conditions used climate from NASA Modern EraRetrospective Analysis for Research and Applications (MERRA) for
the period of 1980-2014 (Rienecker). Output corresponded well with
station (gage) measurements for discharge (U.S. Geological Survey USGS), and nitrogen (as nitrate; High Intensity Aquatic Network).
LAND USE DATA: Two scenarios encompass the widest divergence in
land-cover change: present-day land cover and Backyard Amenities,
which prioritizes large building lots and increases impervious areas
dramatically. More info at: ddc-landcover.sr.unh.edu.
FUTURE CLIMATE DATA: Future climate projections used statistically
downscaled climate simulations derived from the Geophysical Fluid
Dynamics Laboratory CM2.1 model (Hayhoe 2007). Two scenarios
represent a wide range of potential future climate: lower emission (B1,
550 ppm CO2 by 2100) and higher CO2 emission (A1FI, 970 ppm CO2
by 2100).
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Ollinger SV and others (2002) Interactive effects of nitrogen deposition,
tropospheric ozone, elevated CO2 and land use history on the carbon
dynamics of northern hardwood forests. Global Change Biology 8, 545–562.
Ollinger SV and others (2008) Potential effects of climate change and rising
CO2 on ecosystem processes in northeastern U.S. forests, Mitigation and
Adaptation Strategies for Global Change 13:467–485.
Rienecker MM and others (2011) MERRA: NASA’s Modern-Era Retrospective
Analysis for Research and Applications. Journal of Climate 24(14):3624–3648.
Samal, NR and others (In Review) Projections of coupled terrestrial and
aquatic ecosystem change relevant to ecosystem service valuation at regional
scales. Submitted to Ecology and Society.
Stewart, RJ and others (2013) Horizontal cooling towers: riverine ecosystem
services and the fate of thermoelectric heat in the contemporary Northeast US.
Environmental Research Letters 8(2):025010
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Part I: stakeholder engagement,scenario narratives, and land change
simulation. Submitted to Ecology and Society.
Wollheim, W and others (2008) Dynamics of N removal over annual time
scales in a suburban river network, Journal of Geophysical Research 113,
G03038, doi:10.1029/2007JG000660.
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Solids Concentrations in Tributaries to the Great Bay Estuary Watershed in
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Zhou, Z and others (In Review) Looking for the missing N sink in a northern
hardwood forest by quantifying N gas losses: a model-based assessment.
Submitted to Ecological Modelling.

ACCESS TO DATA:	Watershed nitrogen flux for multiple climate and land cover scenarios covering the time period 1995-2099 is available
on the NH EPSCoR Data Discovery Center: ddc.unh.edu.
CONTACTS: 	Nitrogen Flux: Wil Wolheim, (603) 862-5022; wil.wollheim@unh.edu
Value of Nitrogen Retention: Shannon Rogers, shrogers@plymouth.edu
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FACT SHEET 8: CARBON STORAGE AND WINTER ALBEDO
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Through the years, New Hampshire’s landscapes have varied quite dramatically.
During early settlement in the 1600s, the state was nearly completely forested, yet by the
mid-1800s, over fifty percent of the state had been cleared for pasture, timber, and fuel.
Today, after decades of regrowth, nearly ninety percent of the state is once again forested.

Structural properties of New
Hampshire’s landscapes hold
importance for local and global
climate. Densely forested areas
store large quantities of carbon in
trees and in the soil. However, when
forests are disturbed, this carbon
can be returned to the atmosphere
and then contribute to rising global
temperatures. Forests are also
relatively dark and absorb much
of the sun’s energy. In contrast,
deforested areas reflect much of
the sun’s energy, especially when
there is snow cover. This reflective
property, termed ‘albedo’, acts as a
cooling mechanism and influences
local and regional temperatures.

CARBON STORAGE
From 1995-2014, the Merrimack River watershed
sequestered between 101,000 and 208,000 tons of carbon
per year. By mid-century, average net sequestration of
carbon is expected to increase to between 586,000 and
729,000 tons of carbon per year as a result of more favorable
growing conditions and aging forests. By the end of the
century, this quantity should decrease to between 91,000
and 351,000 tons of carbon per year as forests age and
become less effective at sequestering carbon. The range of
values depends in part on the intensity of land use.
ALBEDO
In 2014, winter forest albedo ranged from 0.20 and 0.30
(meaning that 20-30% of incoming solar radiation in the
visible spectrum is reflected from the surface), while winter
deforested albedo was found to be between 0.70 and 0.85.
Summertime forested albedo ranged from 0.123 and 0.137
and summertime field albedo was between 0.15 and 0.23 in
fields.

VALUATION OF CARBON STORAGE AND ALBEDO
Between storing carbon in forests and reflecting energy
from the sun, New Hampshire landscapes can substantially
influence climate. When prices were given to the impacts
that forests across the state could have on climate change
due to these properties, ninety percent were more valuable
standing and storing carbon, while only ten percent were
more valuable being deforested to increase albedo.
METHODS
Carbon stored in forests was simulated with the coupled
PnET-FrAMES model and validated using sensor data
through the LoVoTECS and USGS stream networks. Albedo
values were calculated from hyperspectral data collected
with the AVIRIS instrument. Additional remote sensing data
from the MODerate resolution Imaging Spectroradiometer
(MODIS) sensor and is available at the NASA REVERB site
(reverb.echo.nasa.gov/reverb). Citizen scientists in the
Community Collaborative Rain, Albedo, Hail, and Snow
network (CoCoRAHS) contributed winter albedo data. The
Forest Albedo, Carbon, and Timber (FACT) model was used to
calculate optimal management strategies and outputs.
UPDATED 1/1/2017
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ACCESS TO DATA: ddc.unh.edu
CONTACTS:

David Lutz, Dartmouth College: 603-646-3701, david.a.lutz@dartmouth.edu
Elizabeth Burakowski, UNH: elizabeth.burakowski@gmail.com
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FACT SHEET 9: VERNAL WINDOWS
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
The vernal window is a period that marks the end of winter and the start of the
growing season. A series of dramatic transitions occur within this window that affect
ecosystem energy, water, nutrient, and carbon flows. Previous studies have shown
that many of these transitions are occurring earlier in the year, such that spring arrives
sooner than it has historically. Lags between transitions, such as the period between
when air temperatures warm to when leaves emerge in the forest canopy, also shift
with climate change.
We measured a variety of
atmospheric, terrestrial and aquatic
variables in 2012, 2013, and 2014
at several sites across NH. This
research indicates that warmer
winters with reduced snow cover
result in a longer vernal window
period (Figure 1). This lengthening
carries ecological, social, and
economic consequences.
A longer spring might mean a
longer mud season with increased
weight restrictions on roads or a
shift in the duration of the sugar
maple season. Outdoor recreation
opportunities might also change
with greater periods between
ice and open water fishing and
between snowmobiling and
four-wheeling seasons.

Figure 1. Number of days between air temperature warming and forest canopy closure (vernal
window) as a function of winter climate (defined by snow water equivalent and cumulative
freezing degree days). Different colors represent different years. The black line is the overall trend
and shows shorter lags with deeper snowpacks and colder winters.

CONCEPTUAL MODEL

TIME

ENERGY BALANCE

Terrestrial
Physical

Snow Melt

Terrestrial
Biological

Aquatic
Physical

Aquatic
Biological

Our conceptual model of the vernal
window emphasizes the role that
winter coldness and snowpack play
in driving the duration of the spring
season. (Figure 2).
This model highlights ecosystem
energy balance as the dominant
control on the timing of the start of
spring, which is heavily influenced
by snow depth and winter air
temperatures.

Figure 2. Conceptual model of the vernal window.
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DATA SOURCES
The NH EPSCoR statewide
sensor network provided
much of the data for our
analysis of the vernal
window period (Figure 3).
This network consists of
citizen science networks
such as the Community
Collaborative Rain, Albedo,
Hail, and Snow (CoCoRAHS)
network, the Lotic Volunteer
Network for sensing
Temperature, Electrical
Conductivity, and Stage
(LoVoTECS), and coupled
climate, soil, and aquatic
data at four intensively
monitored terrestrial and
aquatic sites.

DATA SOURCE

VARIABLE

CoCoRAHS

Air Temperature
Snow Albedo
Snow Depth
Snow Water Equivalent

Terrestrial
Intensive

Air Temperature
Soil Temperature
Soil Moisture
Specific Conductance

Aquatic
Intensive

Aquatic Temperature
Discharge
Specific Conductance
Nitrate
Dissolved Organic Matter
Dissolved Oxygen

LoVoTECS

Aquatic Temperature
Specific Conductance

Figure 3. The NH EPSCoR statewide sensor
network.

REFERENCES
Contosta, AR and others (2015) The Vernal Window Flow Path: a Cascade of Ecological Transitions Delineated at Scales from
Points to Pixels. American Geophysical Union Annual Meeting, San Francisco, CA.
Contosta, AR and others (2016) A longer vernal window: the role of winter coldness and snowpack in driving spring transitions
and lags. Global Change Biology. doi: 10.1111/gcb.13517
A second companion paper will describe the ecological, social, and economic impacts of a longer vernal window.

ACCESS TO DATA: ddc.unh.edu
CONTACT: Alix Contosta: 603-862-4204, alix.contosta@unh.edu
Reports and additional information available at Climate Solutions New England: www.climatesolutionsne.org
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FACT SHEET 10: CARBON AND WATER FLUXES
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Development pressures and increasing suburbanization in New Hampshire have led to complex
patterns of urban, suburban, forested, and agricultural landscapes. Understanding how
greenhouse gas and energy fluxes vary over different land cover types will help us better assess
the impacts of interactions between climate and land use under future change scenarios.

For instance, the land surface interacts with the atmosphere primarily through movement of greenhouse gases (e.g., CO2) and
energy (e.g., light, heat), and these gas and energy fluxes vary by land use/land cover type. In the simplest terms, these fluxes
can be thought of as breathing (respiring CO2), sweating (water loss through evapotranspiration), and reflecting (albedo). Eddy
flux measurement systems use the eddy covariance method to measure CO2 fluxes and evaporative water loss over a hayfield,
cornfield, forest, and parking lot in Durham, NH. These systems provide monitoring capabilities and baseline data that can
potentially be used to assess changes over time, and provide information for land managers.

BIOMASS PRODUCTION AND CARBON SEQUESTRATION
By combining both eddy covariance, biomass production, and management (fertilization and harvest data), we have been
able to quantify both net carbon sequestration as well as rates of usable biomass production. At the managed (cornfield and
hayfield) sites, quantifying carbon added
CARBON FLUX
THOMPSON
KINGMAN FARM
MOORE
via fertilization and removed by harvest is
(g C/m2/yr)
FOREST
HAYFIELD
CORNFIELD
critical for determining net ecosystem carbon
Harvest
0
430
691
exchange (Table 1). The data show there are
tradeoffs between biomass production versus
Fertilization
0
-381
-381
net carbon sequestration provided by these
Net Gas Exchange
-909
-283
-306
different land cover types. The managed
TOTAL
-909
-234
4
cornfield annually provides the largest amount
of usable biomass (1382 g/m2/yr), followed by
Table 1. Mean carbon fluxes for 2013-2015 for 3 vegetated land cover types in Durham, NH.
the hayfield (860 g/m2/yr) and mixed forest
Negative values indicate carbon sink (i.e. carbon sequestered); positive values indicate
carbon flux to the atmosphere.
(wood production 275 g/m2/yr), while net
carbon sequestration is highest in
the mixed forest (909 g C/m2/yr),
Liquid manure application
Manure
application
followed by the hayfield (234 g C/
Mowing
Mowing
Mowing
m2/yr), and cornfield (-4 g C/m2/yr).
CARBON FLUXES AND
LAND MANAGEMENT
The eddy flux systems document
the decrease of carbon uptake by
the land surface after harvesting
corn or hay, and an increase in
carbon uptake coincident with
fertilization, demonstrating
the potential effects of farm
management (mowing and
fertilizing) on carbon fluxes (Figure
1). These data can potentially inform
farm managers as to optimal times
for mowing and/or species to plant.

Figure 1. Carbon fluxes at Kingman Hayfield during 2014. Negative values indicate carbon uptake by
the land surface (e.g., photosynthesis) while positive values indicate carbon release. Data shown are
only for daytime.
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WATER FLUXES AND LAND COVER
Hayfield
Cornfield
Forest
Parking Lot
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0.9

RAIN EVENT

WATER FLUX (Liters/m2/hour)

Forests demonstrate the
highest water vapor flux rates
among the four land cover
types measured, presumably
due to the larger leaf area
index and deeper rooting
depth as compared to
hayfields or cornfields. The
parking lot has comparatively
low evaporative water
loss because of its
inability to sweat. Low
evapotranspiration rates
combined with high surface
temperatures for nonvegetated surfaces such as
the parking lot demonstrate
why more development can
lead to urban heat-island
effects.
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Figure 2. Comparison of evapotranspiration (evaporative water loss) for four land cover types (hayfield,
cornfield, forest, parking lot) during mid-summer.

ACCESS TO DATA: ddc-eddyflux.sr.unh.edu
CONTACTS:

Andrew Ouimette: andrew.ouimette@unh.edu
Lucie Lepine: lucie.lepine@unh.edu
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FACT SHEET 11: DRIVERS OF LAND USE DECISIONS
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Land use planning practitioners (planners, regulators, managers) have a unique
vantage point in understanding what drives change. In tandem with understanding
projected ecosystem changes resulting from changes in climate and land use,
understanding perceptions of the drivers of land-use decisions provides insight
into how decision makers could adjust and react to future changes in population,
demographics, and economics in the context of a changing ecosystem. Learning from
those who deal with these issues daily in their professional lives provides examples
for others to better support the information needs of communities facing changes
projected in other portions of this research.

KEY RESULTS
Initial analysis of interview transcripts
showed several themes reflected in
the perceptions of land-use planning
practitioners based on their lived
experiences:
• There are extensive “tools” (laws,
regulations, policies, funding) available
to guide land-use decisions, but they are
applied differently in different places and
times
• There are different perceptions of the
relative environmental impact of different
land-use decisions/approaches
• Perceived costs of services to support
specific population groups influence land-use
decisions (in particular concerns over the perceived
tax implications of services)
• Local influence and control
over land-use decisions is
“In order to keep
prime
their taxes down,
• Individuals and events
[towns] may need
have influenced land
to make really
use in the state of New
poor land use
Hampshire (at the site level
decisions to boost
and state-wide)
property taxes.”
• Perceptions of water play a
large role in thinking about
– State agency specialist
land use decision-making

Understanding these
perceptions can support
communities in their
efforts to account for
ecosystem services while
balancing their needs in
the face of demographic
and economic change.

“[It] comes down
basically to the
powers at the
local level – that’s
a New Hampshire
tenet.”
– Regional planning expert

Understanding past drivers of change provides
insight to prepare for the future, in particular to
support land-use planning in a non-crisis mode.
This information can be used to support the
needs of community sustainability efforts in the
face of economic and demographic change as
populations grow.
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METHODS
We conducted 13 semi-structured interviews with land-use planning practitioners (identified through snowball sampling) in the fall
of 2015. All respondents had lived and/or worked in New Hampshire for upwards of ten years. Respondents worked throughout
the state and represented broad expertise (town councils and planning boards, regional planning commissions, research groups,
state agencies, private planners/consultants, non-profits, etc.). Interviews were audio-recorded and transcribed.

DATA/ OTHER RESOURCES
Due to the confidential nature of the interviews, transcript data is not available to the general public. If you are interested in
discussing our data, findings, or analysis (or ideas for further analysis), please contact Lindsey Williams or Curt Grimm directly.
Williams, L, C Grimm, C Wake (In Review) “The Tool Box is Full”: Understanding land-use planning professionals’ perceptions of
the impact of policies, demographics and economics on land-use decision making in New Hampshire. Ecosystems and Society.
RELATED RESOURCES AND DATA SOURCES INCLUDE:

• EPSCoR Data Discovery Center provides data and products from NH and Maine EPSCoR: ddc.unh.edu
• NH Citizen Planner provides resources for volunteers working on community planning: nhcitizenplanner.org
• NH GRANIT is the statewide Geographic Information System (GIS) Clearinghouse: granit.unh.edu
NOTE: Further analysis related to the above initial findings is underway. Additional analyses are also possible, please contact the
researchers with questions or ideas of what you might want us to analyze further in our interview data.

CONTACTS: Lindsey Williams, lcw1002@wildcats.unh.edu
Curt Grimm, UNH Carsey School of Public Policy: curt.grimm@unh.edu
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FACT SHEET 12: HUMAN DIMENSIONS – WATER AND PEOPLE
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
Our waterways provide many benefits to users – from life-sustaining drinking water to
aesthetic and spiritual values. We asked New Hampshire residents about what cultural
benefits (which include recreational, aesthetic, spiritual, and other sometimes intangible
benefits) they appreciate. Specifically, we asked respondents to indicate what they and/or
their family like to do in and around the state’s water bodies. The responses were extensive
and included approximately 30 unique activities, with the most popular being swimming,
boating, fishing, and kayaking.

HOW DO NEW HAMPSHIRE RESIDENTS THINK
ABOUT AND USE WATER NOW?
New Hampshire residents value their water and are
willing to take action to protect water.
• A majority of
residents (58%)
indicate that they
know actions on
their property can
have an impact on
overall water in the
community, and
80% understand
that there is
a connection
between clean
water resources
and the economic
stability of their
community
• Most (76%) take care of their own lawn, and a third
spread a chemical weed killer or fertilizer
• Most (83%) would be willing to take action to reduce
storm water pollution, especially if it would help keep
water and sewer bills down

WHAT ARE NEW HAMPSHIRE RESIDENTS
CONCERNED ABOUT?
A majority of New Hampshire residents are concerned
with several water resource issues, including flooding,
providing safe drinking water, and levels of pollution
in our water bodies.
• More than half (61-72%) are concerned about the costs
associated with providing drinking water and treating
wastewater
• Most (87-93%) are concerned
about pollution and
cleanliness of drinking water
and lakes, rivers, and streams
• Most (91%) are concerned
with the availability of clean
drinking water in the future

• 70% agree that they would be willing to pay higher water
and sewer fees to improve the cleanliness of the lakes,
rivers, streams, and bays in their community
Other water resource
concerns include
public access for
recreation in streams,
rivers, lakes, and bays;
contaminants, such
as mercury, in locally
caught seafood; and
flooding.
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METHODS
The NH & Piscataqua Region Water and Watersheds Survey was a telephone survey of randomly selected adults in the state
of New Hampshire with an oversample of towns in New Hampshire and Maine that fall within the Great Bay Watershed. The
survey was developed and conducted through a partnership between the Center for the Environment at PSU, the Piscataqua
Region Estuaries Partnership (PREP), and the UNH Survey Center.

REFERENCES
Rogers, S. & Farrell, J. (2014). New Hampshire’s Citizens Value and Use Water in Many Ways. A preliminary report of the New
Hampshire water and watershed survey – statewide perspectives with an oversample in the Piscataqua Region Watershed.
101 pp. ddc-nhwws.sr.unh.edu
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FACT SHEET 13: THE FUTURE VALUE OF ECOSYSTEMS
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
New Hampshire’s ecosystems provide a host of services, such as clean water, food,
wood for fiber, fuel, or timber; protection from flooding, climate regulation (via carbon
storage and changes in surface reflectivity), recreational opportunities, and cycling of key
nutrients such as nitrogen.
Management decisions with respect to the protection or restoration of
multiple ecosystem services commonly requires some consideration of
their relative importance. However, not all ecosystem services can be
readily expressed in monetary terms, thus precluding the application
of traditional cost-benefit analysis. Additionally, since most ecosystem
services embody characteristics of public goods, it is crucial that they be
evaluated in a social context.
We developed a novel valuation framework based on Deliberative
Multicriteria Evaluation and applied it to value the ecosystem services
provided by the Upper Merrimack River Watershed (above Manchester,
New Hampshire). The provision of ecosystem services was considered
for the next century under two different climate change scenarios and
two different land use change scenarios. We organized eleven separate
groups of residents to act as trustees on behalf of future generations.
The task of participants in these groups was to deliberate and reach
consensus on the relative importance of ten specific ecosystem services
within the land, water, and climate domains (Table 1).

DOMAIN
Land

Climate

Water

TRADEOFF
WEIGHT
30%

30%

40%

ECOSYSTEM
SERVICE

TRADEOFF
WEIGHT

Farm Land

38%

Forest Cover

34%

Forest Type

28%

Hot Days

48%

Snow Days

37%

Recreation Days

15%

Fish Habitat Loss

27%

Coastal Health

28%

Water Shortage

28%

Flooding

16%

Table 2. Tradeoff weights across domains and across attributes.

In general, participants placed greater importance on those ecosystem services that concern basic human needs (e.g., farmland,
heat stress, water provision; Table 2). The results can be used to evaluate the relative desirability of alternative futures or to inform
decisions that impact multiple ecosystem services in possibly conflicting ways. By integrating modeling, scenarios, stakeholder
engagement, valuation and governance, this DMCE effort integrates the research outputs of multiple teams of the Ecosystems
& Society project.
DOMAIN

ECOSYSTEM
SERVICE

Land

Farm Land

Total area of agricultural land (both cropland and pasture)
divided by the population

Forest Cover

Climate

Water

WORSE
LEVEL

BETTER
LEVEL

UNITS

0.05

1

acres per person

% of total watershed area that is forest

60

80

% of total land area

Forest Type

% of forest suitable for maple trees

26

48

% of forest

Hot Days

Days per year with temperature > 90° F

71

15

days

Snow Days

Days per year with snow > 6 inches

7

25

days

Recreation Days

Days per year with temperature between 70° to 90° F

109

123

days

Fish Habitat Loss

Total upstream river length and duration impaired by
temperature, chloride, or discharge

50

10

% river miles

Coastal Health

Nitrogen export to estuary exceeding regulatory threshold

3.3

0.2

tonnes N per year

Water Shortage

Population duration of water supply stress

4.5

1.5

million person-days

Flooding

Population duration of potential flood impact

5

0

thousand person-days

DESCRIPTION

Table 1. Ten specific ecosystem services for the Upper Merrimack River Watershed that were the basis for discussion and ranking by watershed residents.
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METHODS
We employed the “swing” weighting method to assess the tradeoff weights across attributes. This method is similar
to conjoint analysis in that hypothetical, multi-attribute states of the world are discussed and scored by participants,
and the weights are then inferred from these scores.
LAND USE DATA

Two land cover scenarios encompass the widest divergence in land-cover change: present-day land cover and
Backyard Amenities, which prioritizes large building lots and increases impervious areas dramatically. More info
at ddc-landcover.sr.unh.edu.
FUTURE CLIMATE DATA

Future climate projections used statistically downscaled climate simulations derived from the Geophysical Fluid
Dynamics Laboratory CM2.1 model (Hayhoe 2007). Two scenarios represent a wide range of potential future climate:
lower emission (B1, 550 ppm CO2 by 2100) and higher CO2 emission (A1FI, 970 ppm CO2 by 2100).

REFERENCES
Borsuk M and others (In Preparation) Comparative valuations of ecosystem services across a variety of plausible land-use,
socioeconomic, and climate scenarios. To be submitted to Ecology and Society.
Mavrommati G (In Preparation) A novel deliberative multicriteria evaluation approach to ecosystem services valuation.
To be submitted to Ecology and Society.
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FACT SHEET 14: VALUE OF NATURAL AMENITIES TO HOME PRICES
New Hampshire’s Changing Climate, Land Cover, and Ecosystems
The old adage suggests that the three most important things to consider when buying
real estate are location, location, location. To test this in terms of access to natural
environments and outdoor recreation opportunities, we estimated the implicit value of
proximity to natural amenities (such as trails, conservation areas, parks, water, sports
fields, golf courses, and cemeteries) to home prices in twelve communities across
southern New Hampshire.
The results of our analysis show that there are significant effects
on home prices of many natural amenities that are within
viewing (quarter of a mile), walking (a mile), or driving (four
miles) distance. Lake access, trails, and conservation areas have
a significant positive effect on home prices (at greater than
10% of the value of the home) at closer distances (WALK and
VIEW in Figure 1), while access to streams and rivers are valued
more highly at walking and driving distances. Close proximity
to designated hunting areas, campsites, and golf courses
negatively impacts home values. A one percent increase in
forested area within viewing, walking, or driving distance
increases home values by 3-6%, while agricultural land within
viewing or walking distance negatively impacts home values
THE VALUE OF AN ADDITIONAL ACCESS TO A NATURAL AMENITY

(Figure 2). For homes on or near water, an increase in the days
when water quality is compromised negatively impacts home
values.
The “New Hampshire advantage” is an expression that
sometimes refers to the Granite State’s lack of income and sales
tax. But for many, the state’s advantages also include clean
air, clean water, abundant natural resources, and a plethora of
recreational opportunities.
Our results support the latter interpretation: proximity to a
range of natural amenities can substantially increase the
value of a home. Our results essentially provide a benefit-cost
analyses of conservation land programs – protecting natural
amenities serves to increase property values and therefore has
a positive effect on property tax revenues.
Estimating future values and benefits allows municipal
decision-makers to assess the economic impact of
development versus conservation. In addition, information on
values accorded to environmental amenities can be used to
help towns and cities estimate the effect on their tax bases of
various types of land cover surrounding a home.
THE VALUE OF “GREENNESS” AND CLEAN WATER

Figure 1. Impacts on home prices of additional access to natural amenities.
For example, additional trail access within walking distance of a home
results in an approximately 15% increase in sale price.

Figure 2. Impacts on home prices of a unit change in several
environmental measures. For example, a one percent increase in
forested area within viewing distance of a home (quarter mile) is
associated with a 6% increase in sale price. Conversely, a one percent
increase in areas cleared for agriculture within viewing distance of a
home is associated with a 3.5% decrease in sale price. An additional
day when water quality is compromised is associated with an
approximately 5% decline in sale price at all distances.
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METHODS
We used a revealed preference method of estimating the natural amenity value (termed a hedonic approach in economics)
associated with the proximity of a house to habitats, conservation areas, trails, and other natural amenities in twelve
towns in New Hampshire (Bedford, Bow, Dunbarton, Epping, Farmington, Litchfield, Madbury, Middleton, Milton, Pelham,
Stratham, and Windham). We analyzed housing transactions for selected towns in 2015. Our study focused on towns
that had experienced increasing development pressure and changes in the areal extent of open space across a range of
socioeconomic indicators over the past one to two decades.
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Jolejole-Foreman, MC and others (In Review) The Value of Natural Amenities in New Hampshire: A Spatial Hedonic
Approach. Submitted to Ecology and Society, September 2016.
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