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POST-HEARING REBUTTAL
TESTIMONY OF
DR. DAVID PUBLICOVER
APPALACHIAN MOUNTAIN CLUB

The Consolidated Parties offer the following in response to the May 24, 2010 posthearing submission of Dana Valleau.
In the post-hearing May 24th, 2010 filing by Dana Valleau (at Section 4. Timber
harvesting activities affecting subalpine forest) for TransCanada, the Applicant continues their
attempt to minimize the ecological importance of the documented subalpine forest (FirHeartleaved Birch Subalpine Forest) occurrence on Sisk Mountain and the severity of impact
from this Project. It is an attempt to partially salvage Dr. Hudson’s three false premises,
specifically:
i.
ii.
iii.

that the Fir-Heartleaved Birch Subalpine Forest is not particularly rare,
that the occurrence on Sisk Mountain is not particularly important, and
that the impact of project development on this occurrence would not be significant.
As the Consolidated Parties outlined during the hearings, Dr. Hudson’s assumption that

this community is not rare regionally and that additional areas exist in eastern Canada and other
parts of New England is misleading. Occurrences of this community documented by the Maine
Natural Areas Program occupy only 0.20% of the state’s landscape. Dr. Hudson claims that
other undocumented examples exist in Maine, which at a maximum would increase the total land
cover of this community to 0.24% of the state. He also suggested it is common in Canada, while
ignoring the fact the Canadian examples do not necessarily have the same species composition or
disturbance dynamics due to their more northern latitude, much lower elevation, and not being
subject to the geophysical environment (such as the high wind regime) found on Maine’s
mountains. In his post-hearing filing, Mr. Valleau correctly makes the case that this rare habitat
is at risk from logging activities. The same is also true for the low-elevation occurrences of this
community in Canada.

Regardless of the Canadian examples, LURC’s legal responsibility extends to the
resources and their status within its jurisdiction. Otherwise it would mean that LURC should
ignore its responsibility to protect any rare resources that might be more common elsewhere,
even if they are officially recognized as rare or endangered in Maine. Alpine habitat in Maine is
not less significant because there is more of it in the White Mountains of New Hampshire.
LURC must base its decision on the value of this particular occurrence with a Maine legal
context.
Dr. Hudson’s second false premise that the occurrence of this habitat type on Sisk (358
acres) is not particularly important ignores that it is the eleventh largest of nineteen documented
occurrences in the state. And of the statewide documented 40,000 acres of this community, 86%
is located at just five sites – Mount Katahdin, the Mahoosuc Range, Bigelow Mountain,
Redington/Crocker and Baker/Lily Bay. Occurrences outside the largest mountain ranges may
contribute a relatively smaller part of the total acreage of this community, but contribute to its
presence and diversity across the landscape. The seven smallest sites documented by MNAP are
but 10 to 50% of the size of the Sisk occurrence. Size is used as a criterion in the Maine Natural
Areas Program Element Occurrence (EO) Rank for rare communities and larger occurrences
typically have greater habitat diversity, greater resistance to being destroyed, and greater
resilience to recover from stresses.
Dr. Hudson also suggested, based on elevational data and not field documentation, that
another fifteen undocumented areas of this community may exist in the state. What Dr. Hudson
failed to acknowledge in his testimony (but what was confirmed during cross-examination), is
that eight of these possible but unconfirmed additional occurrences are smaller than Sisk (see
Attachment A). No more than six of these additional areas would meet MNAP’s size threshold
of 750 acres for an A rank (e.g., exemplary), and none would meet the landscape context
threshold of being surrounded by at least 1,000 acres of undisturbed habitat. In addition, some of
the larger ones suggested by Dr. Hudson have been adversely impacted by recent logging
activities. Extensive clearcutting above 3,000 feet on White Cap and Caribou Mountain is
evident in 10-year-old satellite imagery, and Dr. Vickery’s presentation at the May 12 hearing
showed recent clearcutting above 3,000 feet on Cow Ridge. Thus it is likely that very few of the
fifteen potential additional occurrences of this community listed by Dr. Hudson would qualify
for an overall ‘A’ rank. Dr. Hudson’s testimony does not change Sisk’s relative position in the
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middle of the size scale or diminish the fact that it was rated as a good quality occurrence by
MNAP and described as undisturbed and natural.
To Dr. Hudson’s third point, the map included as Exhibit B with his pre-filed testimony
shows the extent of impact on this community from the proposed Kibby Expansion project. It
indicates that nearly 30% of the extent of this community would be eliminated or indirectly
impacted by the project. This cannot be considered a “minimal” impact by any reasonable
standard. Furthermore, his estimate is conservatively low. The estimate for “Habitat area
adjacent to project footprint” is based on a 50’ wide buffer around the footprint, and is a measure
of the extent of the remaining part of the community subject to edge effects.
While MNAP uses the same buffer in their estimate of indirect effects, under crossexamination during the May 12 hearing Molly Docherty of MNAP agreed that this estimate was
most likely conservative. A variety of other sources indicate that indirect edge effects are more
extensive:
•

Maine’s Beginning With Habitat program uses a minimum buffer of 250’ around
development in its delineation of Undeveloped Habitat Blocks1. This buffer is used
around primary gravel loggings roads, even if there is no development along them
(though no buffer is placed around smaller logging roads). For example, this buffer has
been placed around the Greenville (KI) Road in the eastern part of Greenville2, even
though this road has a narrower travel surface and less extensive cut and fill than the
proposed summit road and has no development along it.

•

The Unfragmented Forest Block layer developed for New Hampshire’s Wildlife Action
Plan by The Nature Conservancy uses a 100 meter (330 feet) buffer along primary gravel
forest roads.

•

The Interior Forest data layer developed for Massachusetts’ Comprehensive Wildlife
Conservation Strategy also uses a 100 meter buffer along minor roads.
From these sources it is clear that conservation professionals (including state wildlife

agencies) consider a buffer of 250 to 330 feet to be more appropriate to separate interior from
edge forest. Use of this more widely accepted measure of edge would significantly change the
1
2

See http://www.beginningwithhabitat.org/the_maps/map3-undev_habitat.html.
See http://megis2.dafs.maine.gov/ifwpdf/Greenville/Map3.pdf.
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assessment of how much of this community would be impacted by the project. And in this
circumstance the use of a larger impact zone is justified, since the primary edge is created by the
summit road extending for over a mile on the steep upper slope along the western edge of the
community, enhancing the degrading impact of the prevailing strong westerly winds.
Based on Hudson’s Exhibit B map, we estimate that there are about 6700’ of project edge
along the western and southern side of the northern (73 acre) contiguous remaining habitat block,
and 2500’ along the northern side of the southern (183 acre) contiguous block. If an edge impact
zone of 150’ were used (which is still conservative compared to the standard used in state
wildlife action plans), an additional 21 acres of the rare subalpine community would be
impacted. If a 250’ zone were used (consistent with state wildlife action plans) an additional 42
acres would be impacted. This brings the total direct and indirect impact of the project to about
40% of the extent of the community, and reduces the size of the northern contiguous remaining
block from 73 to 42 acres. This is a very significant level of impact on a significant rare natural
resource, which we believe clearly rises to the level of an “undue adverse” impact.
Mr. Valleau’s post-hearing filing only strengthens the case that this rare habitat is at risk,
including from regulated logging activities. The occurrence of timber harvesting within this
community does not justify further permanent destruction of this community type, in fact it
makes it more imperative that remaining undisturbed occurrences (such as are found on Sisk)
should be protected. Using past impacts in other areas to justify additional cumulative impact on
this habitat would be a very slippery slope, and contrary to the intent of LURC’s third principle
goal to “Maintain the natural character of certain areas within the jurisdiction having
significant natural values…” We also note that Mr. Valleau’s summary description of the
MBPL harvest permit (Exhibit E) as an example of a sanctioned impact to this community is
ignores the critical context; this particular harvest application indicates that the area had been
harvested about 20 years previously. Sisk is still an undisturbed and natural site. Furthermore, a
timber harvest (which is a temporary impact) in a previously disturbed area is in no way
comparable to the permanent loss, fragmentation and indirect impact of 40% of an undisturbed
natural rare natural community area that this project would cause.
Finally, in regard to the current and future extent of this community and the significance
of the occurrence at Sisk - because this important habitat faces risks from timber harvests and
wind power development, it strengthens the reason why larger intact, undisturbed examples like
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Sisk should be protected as an important and well-recognized part of the state’s climate change
strategy. Protecting habitats that will have an important role in allowing the region’s species to
adapt to future climate change is as much needed as is wind power. We include as attachments
copies of three peer-reviewed papers cited in Dr. Publicover’s pre-filed testimony on the
potential decline in spruce-fir forest due to expected future warming and the greater resistance of
high-elevation forests to these changes, which make these subalpine forests particularly valuable
as potential refugia for now commercially important softwood species at lower elevations that
could be dependent on this habitat for their regional survival in the near future.
-

Attachment B: Tang, G. and B. Beckage. 2010. Projecting the distribution of forests in
New England in response to climate change. Diversity and Distributions 16: 144-158.
This paper uses climate and vegetation modeling to project that areas capable of supporting
spruce-fir forest in Maine are likely to contract to the higher and cooler parts of the western
mountain region by the late 21st century, even under a relatively conservative assumptions
about increases in atmospheric CO2.

-

Attachment C: Spear, R.W. 1989. Late-Quaternary history of high-elevation vegetation in
the White Mountains of New Hampshire. Ecological Monographs 59: 125-151.
This paper demonstrated that the distribution of subalpine coniferous forest in the White
Mountains has been very stable since their post-glacial establishment about 9,000 years ago,
even in the face of significant climate shifts (including a much warmer period from 9,000 to
5,000 years ago) that led to large changes in low-elevation vegetation (including a significant
decline in low-elevation spruce-fir forest).

-

Attachment D: Seidel, T.M., D.M. Weihrauch, K.D. Kimball, A.A.P. Pszenny, R. Soboleski,
E. Crete and G. Murray. 2010. Evidence of climate change declines with elevation based on
temperature and snow records from 1930s to 2006 on Mount Washington, New Hampshire,
USA. Arctic, Antarctic and Alpine Research 41: 362-372.
This paper, using the best long-term and only high-elevation climate data set from New
England, shows that indicators of climate warming declines with elevation and is statistically
insignificant at the higher elevations in New England. This helps explain why the region’s
sub-alpine forest and alpine areas survived past warming trends and served as refugia for low
elevation spruce-fir forest, a role they may need to again fulfill in the next century.

Dated June 1, 2010
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ATTACHMENT A
List of documented occurrences of Fir-Heartleaved Birch Subalpine Forest natural community in Maine (from
Maine Natural Areas Program), amended to include potential undocumented occurrences listed by Dr. Hudson
(shown in italics).
Subalpine Fir Forest records in Maine
Also known as Fir - heart-leaved birch subalpine forest
EO
Rank
A
A
A
?
A
B
?
?
?
B
?
?
C
B
B
?
B
B
B
?
?
B
?
E
?
?
?
B
?
C
E
C
C
?

Survey Site
MT KATAHDIN
Mahoosuc Range
The Bigelows
White Cap
REDINGTON POND RANGE
BAKER MOUNTAIN TO LILY BAY MOUNTAIN
Boundary Peak
Caribou
Cow Ridge
BALDPATE MTN
Unnamed (D-series)
Snow
BARREN MOUNTAIN
BIG SPENCER MOUNTAIN
KIBBY MOUNTAIN
Tumbledown (northern Boundary Mountains)
POPLAR RIDGE
Sisk Mountain
Black Nubble
Boil
Smart
CENTER MTN
Pisgah
Sugarloaf Mountain
Merrill
No. 6
Onion Hill
Sabbathday Pond Area
No. 5
MOUNT BLUE
WHITECAP MOUNTAIN
CHAIRBACK AREA COLUMBUS MOUNTAIN
BIG SQUAW MOUNTAIN
Moose

Counties
Piscataquis
Oxford
Franklin, Somerset

Last
Observed
2004
2008-09-18
2005

Acres
18127
8701
3071

Franklin
Piscataquis

2006-09-13
2007

2400
2289

Acres
Above
3000’(1)

2901

1629
1605
1533
Oxford

2005

1408
1152
1040

Piscataquis
Piscataquis
Franklin

2007
2006-08-10
2006-9-11

890
871
614

Franklin
Franklin
Franklin

1996-09-18
2009
2007-07-25

365
358
316

492

272
215
Piscataquis

2007

172

Franklin

1996-08-21

152

166
152
139
127
Franklin

2008-06-18

97

Franklin
Piscataquis
Piscataquis
Piscataquis

1999-12-03
1996-10-01
2007
2006

52
40
36
35

85
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(1) Acreage determined from USGS 30-meter Digital Elevation Model data. This likely overestimates the size
of the subalpine forest community occurrences. The undocumented occurrences total about 11,500 acres,
whereas Dr. Hudson estimated their total extent at 8,000 acres. We note that Sisk Mountain has 557 acres
above 3,000’ by this assessment, whereas the community occurrence encompasses only 358 acres.
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Projecting the distribution of forests in
New England in response to climate
change
Guoping Tang and Brian Beckage*

Department of Plant Biology, University of
Vermont, Marsh Life Science Building,
Burlington, VT 05405, USA

ABSTRACT
Aim To project the distribution of three major forest types in the northeastern

USA in response to expected climate change.
Location The New England region of the United States.
Methods We modelled the potential distribution of boreal conifer, northern

deciduous hardwood and mixed oak–hickory forests using the process-based
BIOME4 vegetation model parameterized for regional forests under historic and
projected future climate conditions. Projections of future climate were derived
from three general circulation models forced by three global warming scenarios
that span the range of likely anthropogenic greenhouse gas emissions.
Results Annual temperature in New England is projected to increase by 2.2–
3.3 C by 2041–70 and by 3.0–5.2 C by 2071–99 with corresponding increases in
precipitation of 4.7–9.5% and 6.4–11.4%, respectively. We project that regional
warming will result in the loss of 71–100% of boreal conifer forest in New
England by the late 21st century. The range of mixed oak–hickory forests will shift
northward by 1.0–2.1 latitudinal degrees (c. 100–200 km) and will increase in area
by 149–431% by the end of the 21st century. Northern deciduous hardwoods are
expected to decrease in area by 26% and move upslope by 76 m on average. The
upslope movement of the northern deciduous hardwoods and the increase in
oak–hickory forests coincide with an approximate 556 m upslope retreat of the
boreal conifer forest by 2071–99. In our simulations, rising atmospheric CO2
concentrations reduce the losses of boreal conifer forest in New England from
expected losses based on climatic change alone.

*Correspondence: Brian Beckage, Department
of Plant Biology, University of Vermont, Marsh
Life Science Building, Burlington, VT 05405,
USA.
E-mail: brian.beckage@uvm.edu

Main conclusion Projected climate warming in the 21st century is likely to cause
the extensive loss of boreal conifer forests, reduce the extent of northern
hardwood deciduous forests, and result in large increases of mixed oak–hickory
forest in New England.

Keywords
BIOME4, climate change, global circulation model, species shifts, tree
distribution, vegetation model.

Global climate is projected to warm by 1.8–6.4 C this century
relative to the 1980–99 mean global temperature in response to
continued anthropogenic emissions of greenhouse gases (IPCC
2007; Bates et al., 2008). While terrestrial vegetation is
expected to shift poleward and to higher elevations in response
to projected warming (Parmesan & Yohe, 2003; IPCC, 2007),
more precise projections are necessary for planning for the

conservation of biological diversity and increasing the resilience of forest ecosystems (e.g. Farnsworth & Ogurcak, 2006).
Projections of forest response to global warming have been
largely based on statistical models that map observed species
distributions with respect to climate and then re-project these
distributions under future climatic conditions (e.g. Iverson &
Prasad, 2001; McKenny et al., 2007). This modelling approach
assumes a constant relationship between forest distribution
and climate and does not account for the direct effects of CO2
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on plant performance. An alternative approach is to simulate
plant distributions using process-based models (PBMs) (e.g.
Kaplan et al., 2003; Sitch et al., 2003). PBMs simulate fundamental physiological processes that determine vegetation
growth, e.g. plant photosynthesis and respiration, as mediated
by climate and other environmental conditions, providing an
alternative process-based method for projecting vegetation
distribution in response to climate change. PBMs have been
used to model the distribution of vegetation at the global scale
(e.g. Sitch et al., 2003), but this coarse resolution introduces
substantial uncertainties in regional projections related to both
the lack of detailed parameterization of regional plant functional types (PFTs) and the coarseness of the environmental
data employed (e.g. Tang & Bartlein, 2008; Willis & Bhagwat,
2009). Studies that utilize PFTs parameterized for regional
vegetation and that downscale general circulation model
(GCM) projections to regional geographical scales can improve
model projections of future vegetation distribution relative to
global model runs.
In this study, we modelled the future distribution of forests
across New England in response to projected climate change.
Forests in New England are broadly characterized by boreal,
northern hardwood and mixed oak–hickory forest types with
distributions that have historically corresponded to climate
gradients in addition to edaphic conditions and disturbance
(e.g. Foster et al., 1998, 2002; Parshall et al., 2003). We used a
process-based vegetation model BIOME4 (Kaplan et al., 2003)
to simulate the future distribution of these primary forest
types under nine future climate change scenarios (CCS). Each
CCS is based on three GCM runs, i.e. HadCM3 (Gordon
et al., 2000; Pope et al., 2000), CGCM3.1 (Kim et al., 2002,
2003) and ECHAM5 (Jungclaus et al., 2005), driven by three
IPCC (International Panel on Climate Change) SRES (Special
Report on Emission Scenarios) storylines, i.e. B1, A1B and
A2, that bracket the range of likely climate trajectories. Our
objective was to determine the potential magnitude of spatial
displacement of the three widespread forest types of New
England by mid- and late 21st century. Our analysis provides
the public and policy makers with additional information on
potential future changes in vegetation distribution in New
England.
METHODS
Vegetation
We modelled the distribution of three dominant forest types in
the New England landscape: boreal conifers (e.g. Abies
balsamea, Picea mariana and Picea rubens), northern deciduous hardwoods (e.g. Acer saccharum, Fagus grandifolia and
Betula alleghaniensis) and mixed oak–hickory forests (e.g.
Quercus alba, Quercus velutina, Carya glabra and Carya ovata)
(Fuller et al., 1998). The distribution of these forest types
reflects climatic conditions, in addition to landscape disturbance, historical land use and soil condition (e.g. Foster et al.,
1998, 2002; Parshall et al., 2003): Boreal conifer forests are

currently widespread at higher elevations and in northern
regions of New England, northern deciduous hardwoods are
mainly distributed in the cooler central uplands, and mixed
oak–hickory forests are found at lower elevations and more
southerly regions. These forest types are generally associated
with late successional stages in forest development (McLachlan
et al., 2000; Woods, 2000). While earlier successional stages
may be present in some regions recovering from natural or
anthropogenic disturbance (Fuller et al., 1998), we do not
evaluate the effects of historic land use in this study, and
removed from this analysis all land-cover types that are
currently subject to substantial human use. Although the
current relationship between climate and vegetation distribution in New England is partly obscured by human activities
and ecological succession following land abandonment (Hall
et al., 2002; Parshall et al., 2003), historical evidence points to
a strong relationship between climate and vegetation distribution: Rising temperatures in 14,600 yr bp coincided with
increases in spruce populations following deglaciation, and
subsequent warm and dry conditions after 11,600 yr bp
corresponded to the replacement of spruce by pine populations
(Shuman et al., 2004). Climate was also a likely driver of the
mid-Holocene decline of eastern hemlock as well as in changes
in abundance of oaks and chestnut in New England (Shuman
et al., 2004; Foster et al., 2006). Recent shifts of northern
hardwoods to higher elevations formerly occupied by boreal
forests have also been attributed to regional warming over the
last century (Beckage et al., 2008). Climate-driven PBMs thus
provide a sound basis for projecting vegetation responses to
future climate change.
Model
We modelled the distribution of boreal conifers, northern
deciduous hardwoods and mixed oak–hickory forests in New
England using BIOME4 (version 2b1) (Kaplan et al., 2003).
BIOME4 is a physiological, process-based vegetation model
that simulates the equilibrium distribution of terrestrial
vegetation in response to climate, soils and atmospheric CO2
concentration. BIOME4, in its unmodified form, simulates
global vegetation as mixtures of 13 PFTs. A PFT is defined
as a group of plants with similar traits and environmental
requirements as defined by physiological and environmental
parameters within BIOME4. Biomes are then defined by
mixtures of PFTs. Although BIOME4 was designed as a
global vegetation model, it has also been successfully
modified to simulate the response of regional vegetation to
climate change in a number of studies (e.g. Diffenbaugh
et al., 2003; Song et al., 2005; Kaplan & New, 2006;
Ravindranath et al., 2006) in a similar manner to our study.
We have defined three PFTs that correspond to vegetation
types – boreal conifer, northern deciduous hardwood and
mixed oak–hickory forests – rather than to individual
species, because our objective was to project general shifts
in forest types and the species within these forest types have
somewhat similar physiological and bioclimatic attributes.
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Abies balsamea, Picea mariana and Picea rubens, for example,
are all shade-tolerant species with low to medium drought
tolerance (Burns & Honkala, 1990). PFT-related parameters
were based on previously published literature and were
further defined by analysing the climatic features of major
species’ distribution of each PFT using tree range maps
(available at http://esp.cr.usgs.gov/data/atlas/little/) in combination with climate data from our baseline period,
described below. Our main PFT parameters are given in
Table S1.
We used BIOME4 to model the current (i.e. for the baseline
period of 1961–90) and future (i.e. 2041–70 and 2071–99)
distributions of forest types across New England under several
emission scenarios. In addition, we tested the sensitivity of
vegetation predictions for the 2041–70 period to changes in
either precipitation or atmospheric CO2 concentration: We
alternatively held precipitation or atmospheric CO2 concentration to baseline levels while allowing other climatic metrics
to vary with climate projections. For the fixed-precipitation
experiment, we kept monthly precipitation in the 2041–70
period the same as in the baseline simulation while allowing
other input data to reach projected levels. For the fixed-CO2
experiment, we held atmospheric CO2 concentrations at the
baseline simulation level (333 p.p.m.) while allowing other
input data to reach levels projected for 2041–70. Simulations
from these two experiments were then compared to simulations that used all projected data for the 2041–70 period,
respectively.
Model data
We created climatologies for running BIOME4 using both
prism (Daly et al., 2000, 2002) and cru cl 2.0 (New et al.,
2002) data sets with a 1961–90 baseline period (hereafter
referred to as the 1976 period) for calculation of ‘current’
climatology. We chose this baseline period because (1)
mean-monthly sunshine data required for BIOME4 are not
available for other periods (e.g. 1971–2000), and (2) the
30 years of climate record for 1961–90 is immediately prior
to the time of vegetation observations (1992–93) used to test
our model. A 30-year climate window has been shown to be
effective for simulating vegetation response to climate (Tang
et al., 2009). Annual atmospheric CO2 concentration for the
baseline period simulation was set at 333 p.p.m. (Schlesinger
& Malyshev, 2001). The cru cl 2.0 data set is on a 10 arcminute global land grid while the prism data set used in this
study is at a 2.5 arc-minute scale. We extracted the monthly
percentage sunshine (%) from the cru cl 2.0 data set but
derived mean-monthly temperature and precipitation from
the prism data set. We interpolated all climate metrics to
a 30 arc-second resolution using the Shuttle Radar Topography Mission (SRTM) 30 arc-second near-globe digital elevation data (Farr & Kobrick, 2000; Rosen et al., 2000). Soil
data were derived from soil survey data for New
England, obtained from the United States Department of
Agriculture, NRCS Natural Resources Conservation Service
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(http://soildatamart.nrcs.usda.gov). We detail our method of
downscaling below.
We downscaled the 2.5 arc-minute elevation prism data to
a 30 arc-second resolution using bilinear interpolation. We
first fitted a regression model to the prism 2.5 arc-minute
data that treats climatic value at each grid cell as a function of
its latitude, longitude and elevation to estimate the local lapse
rates of temperature and precipitation. The calculated local
lapse rates were then used to interpolate the prism data to a
finer 30 arc-second resolution by considering the elevation
differences between prism points and targets from the SRTM
30 arc-second elevation data. These adjusted climatic values
for prism points were bilinearly interpolated to obtain the
value of a climate variable at a target point. The cru sunshine
data were downscaled by bilinear interpolation using the same
approach.
We derived nine future CCSs for New England from
HadCM3, CGCM3.1 and ECHAM5 model runs driven by
SRES storylines B1, A1B and A2 for the 21st century
(Nakicenovic et al., 2000). These scenarios describe future
potential economic and societal trajectories that result in
different levels of greenhouse gas emissions and associated
climate change (IPCC, 2007). The B1 scenario is characterized
by environmental and social consciousness, sustainable development, and low energy use. Global population rises to
9 billion by 2050 before declining to 7 billion by 2100. The
same population growth trends not only characterize the A1B
storyline but also include rapid economic development, which
reduces differences between industrialized and developing
regions, and very high energy use that comes from both carbon
and non-carbon emitting sources. The A2 scenario reflects
large population growth (i.e. 15 billion people by 2100), slow
technological change, continued disparity between industrialized and developing portions of the world, and high energy
use. The A1B results in medium levels of GHG emissions
compared to relatively higher levels in the A2 and relatively
lower levels in the B1 storylines.
Future climate normals of mean-monthly temperature and
precipitation were calculated using each of three GCMs and
storylines relative to simulated climate normals for 1961–90.
These simulated normals for 1961–90 were subtracted from
future simulated climates, resulting in projected change
(anomalies) in climatic conditions. These monthly series of
anomalies (for temperature) or ratios (for precipitation) were
bilinearly interpolated onto the SRTM 30 arc-second grid
(from ‡ 1.875 by 1.875), then added to the downscaled
baseline mean-monthly climatologies of climate variables
derived from the prism data set. We calculated projected 30year mean-monthly climatologies for two periods: 2041–70
(referred to as 2055 hereafter) and 2071–99 (referred to as 2085
hereafter). The climatologies for these two periods were used
to project the future distribution of forests in New England
using BIOME4. Future climate normals of mean-monthly
percentage sunshine data were derived from GCM simulations
of monthly percentage cloud-cover (%) based on historical
regression coefficients between two climate variables. The
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atmospheric CO2 concentrations under the B1, A1B and A2
storyline were set at 487, 544 and 549 p.p.m. for the 2055, and
568, 657 and 724 p.p.m. for the 2085 periods, respectively
(Nakicenovic et al., 2000).
Model tests
We tested our BIOME4 simulations by comparing the
projected baseline vegetation to the 1992 National Land Cover
Data (NLCD 1992, http://landcover.usgs.gov/us_map.php).
The NLCD 1992 data were derived from Landsat Thematic
Mapper satellite data at 30-m spatial resolution and classified
into 21 land-cover types for the United States (Kelly & White,
1993; Vogelmann et al., 1998a,b). We adjusted the scale of the
30-m NLCD 1992 for New England to coincide with our model
grid cells at a 30-arc-second spatial resolution. The land-cover
type in each regridded cell was defined as the modal land-cover
type in a 30 · 30 grid cell window. We did not use other
satellite-based data such as the 1-km global land-cover
characteristic data (Loveland et al., 2000) or the 1-km global
land-cover classification data (Hansen et al., 2000) because the
land-cover classifications and finer resolution of the NLCD
1992 data were more suitable for validating modelled vegetation for New England.
We excluded land-cover types either dominated by human
activities such as pasture, crops, residential and urban, or
having low spatial coverage, including areas dominated by
wetlands, shrubs and grasslands. We also did not use mixed
forest, e.g. areas dominated by trees where neither deciduous
nor evergreen species represent more than 75% of the cover
present, to test model results because each grid cell in our
simulation was assigned a single PFT, corresponding to the
PFT with the highest net primary production (NPP) for that
cell. We used a simplified set of two vegetative cover
classifications, i.e. deciduous forest and evergreen forest, to
test model results. Deciduous forest was classified as an area
where 75% or more of the tree species shed foliage simultaneously in response to seasonal change, while the evergreen
forest type was where 75% or more of the tree species maintain
their leaves all year. The mismatch between simulated vegetation classes and the simplified two tree-cover classifications
from NLCD 1992 forced us to combine two of our modelled
categories, i.e. mixed oak–hickory and northern deciduous
hardwoods into one category of ‘deciduous forest’ for comparison. In summary, our boreal conifer PFT corresponds to
the evergreen classification, and our combination of mixed
oak–hickory and northern deciduous hardwoods correspond
to the deciduous classification. The use of these broader forest
classifications could result in an overestimation of our model
accuracy.
We assessed the efficacy of the model predictions by
evaluating (1) the model’s accuracy or probability of assignment to correct forest type, l f , i.e. the probability that
predicted vegetation corresponds to the classification in the
NLCD 1992 data set, (2) the producer’s accuracy or the
probability of assignment to incorrect forest type, /f , that

refers to the probability that the NLCD 1992 data will be
correctly simulated by BIOME4, and (3) the Kappa statistic, a
scalar that summarizes the goodness-of-fit while accounting
for chance agreement. We evaluated these metrics of model fit
by first constructing a two dimensional error matrix F
corresponding to the observed and predicted coverages for
the boreal and deciduous forest cover types. For each forest
type f in F, the model’s accuracy and the producer’s accuracy
are given by:
.
8
< lf ¼ ðnf \ nf Þ nf
pred
obs
. pred
: u ¼ ðnf \ nf Þ nf
f
pred
obs
obs
f

f

where npred and nobs are the number of predicted and observed
cells of vegetation type f, respectively. The overall accuracy (l)
of model prediction across forest types is expressed as:
,
 X

X f
f
f
l¼
npred \ nobs
nobs :
F

F

The overall Kappa statistic (j) between two compared maps
is given by:
X
X
j ¼ ðl 
lf uf Þ=ð1 
lf uf Þ:
F

F

Values of the Kappa statistic > 0.75 indicate very good-toexcellent agreement, values between 0.40 and 0.75 indicate fairto-good agreement, and values of 0.40 or less indicate poor
agreement (Landis & Koch, 1977; Monserud & Leemans,
1992).
BIOME4 simulates potential natural vegetation whereas
vegetation across much of New England has been directly
influenced by human activities. We therefore also used
comparatively undisturbed subregions of New England to test
the performance of our model. The three subregions used for
model tests were White Mountain National Forest in New
Hampshire (bounding box: 71.812 to 71.041 W and from
43.894 to 44.347 N), Acadia National Park in Maine
(bounding box: 69.159 to 68.01 W and from 44.007 to
44.498 N), and north-west Maine (bounding box: 70.308 to
68.592 W and from 45.950 to 47.484 N). The geographical
delineation of the subregions above was based on two
considerations: (1) a region was large enough to contain a
significant area of at least two simulated PFTs, and (2) the
region was relatively unpopulated and thus comparatively free
of recent anthropogenic disturbance.
In addition to validating our model projections against
NLCD 1992, we compared simulated leaf area index (LAI) and
simulated annual NPP in each of our PFTs with measured or
reported data for similar forests. We calculated the mean,
minimum and maximum of simulated LAI and annual NPP in
each PFT and compared these values to corresponding field
measurements as an additional test of the model’s ability to
simulate vegetation for New England. Such comparisons offer
an additional avenue for assessing the goodness-of-fit of
modelled vegetation when other forest cover data are not
available.
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precipitation increases consistently over the years 2003–99 for
the A1B and, to a lesser degree, the A2 storylines, but tends to
decrease after 2060 for the B1 storyline (Fig. 1e,f). The most
consistent increases in precipitation occurred in the ECHAM5
GCM, with estimated annual precipitation increases of 1.0, 1.0
and 0.95 mm per year for the B1, A1B and A2 scenarios,
respectively (Fig. 1e). Changes in annual precipitation are also
spatially more variable across New England than for temperature (Fig. 2). For example, the magnitude of increase in 2055
is lower (< 6.2%) in southern New England and higher
(> 6.2%) in middle and northern New England under the B1
scenario (Fig. 2c). The greatest increase in annual precipitation
occurs in northern New England (> 10.6%) under most
scenarios (e.g. Fig. 2g,h,k,l).

RESULTS
Projected climate change
Temperature is projected to increase in the 21st century under
all of our CCSs (Fig. 1). Annual mean temperature in New
England is projected to increase by 2.2 to 3.3 C by 2055 and
from 3.0 to 5.2 C by 2085, relative to the 1961–90 baseline
annual mean temperature (5.9 C) across emission scenarios
for all three GCMs (Fig. 1a–c). Average increases in annual
mean temperature by 2055 across all three GCMs were 2.4 C
for the B1, 3.2 C for the A1B, and 2.9 C for the A2 storylines
(Fig. 2a,e,f). For 2085, the average increases were 3.2 C for the
B1, 4.4 C for the A1B and 4.8 C for the A2 storylines
(Fig. 2b,f,j). The annual rates of temperature increase were
0.02, 0.03 and 0.03 C year)1 under emission storylines B1,
A1B and A2 respectively for the HadCM3 GCM. Projected
warming ranged from 2.2 C under the ECHAM5 B1 scenario
to 5.2 C under the CGCM3.1 A2 scenario and was relatively
uniform across New England (Fig. 2a–j).
Annual precipitation in New England is expected to increase
by 4.7–9.5% by 2055 and by 6.4–11.4% by 2085 (Table 1), but
trajectories of precipitation change are more variable across
years and scenarios than for temperature (Fig. 1). Annual

Model tests
The overall vegetation patterns simulated by BIOME4 agree
well with those in the NLCD 1992 data (Fig. 3a vs. b). The
model’s overall accuracy (l) in predicting vegetation across
New England was 0.77 with an overall Kappa statistic (j) of
0.49 (Table 2), indicating that the BIOME4 is ‘fair to good’ at
simulating vegetation for New England (Monserud & Leemans,
1992). For example, both the simulated vegetation and the

1901−2002
(b) ECHAM5

(c) CGCM3.1

(d) HadCM3

(e) ECHAM5

(f) CGCM3.1
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Figure 1 Projected annual mean temperature and precipitation over the years 2003–99 based on three GCMs: HadCM3 (a,d), ECHAM5
(b,e) and CGCM3.1 (c,f). Observed annual mean temperature and precipitation based on prism data are to the left of the dashed vertical
line (the year 2002) in each panel, and to the right are the model projections under the B1, A1B and A2 storylines, respectively. The
discontinuities between observed and simulated trajectories for some panels result because (1) the projected future changes are relative to
30-year mean climatologies for 1961–90 rather than that of the closest period (e.g. 1971–2000 or 1973–2002), and (2) a bias of the
given GCM projections relative to actual observations.
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Figure 2 The spatial patterns of projected change in annual mean temperature and precipitation for the periods 2041–70 and 2071–99
with reference to the baseline (1961–90) climatology under the SRES B1, A1B and A2 storylines. The data shown here for each storyline are
means over all three GCMs forced by the given storyline.

NLCD 1992 data show that southeastern and northwestern
Maine (Fig. 3) are dominated by boreal forest. The model’s
ability to simulate both the boreal conifer forest (as ‘evergreen’
for model test) and the northern deciduous hardwoods (as
‘deciduous’ for model test) in Maine is reflected by the model’s
high accuracy (lf > 0.74) and the high overall accuracy
(l = 0.80) and the ‘fair to good’ overall Kappa statistic
(j = 0.60) for this region (Table 2). In addition, the simulated
mixed oak–hickory forest (as ‘deciduous’ for model test) in
Connecticut and southern Massachusetts coincides with the
deciduous forest type in the NLCD 1992 data, resulting in the
high model’s accuracy (lf = 0.85) in simulating the deciduous
forest for New England (Table 2). The BIOME4-simulated
boreal conifer forest in Vermont and New Hampshire is
mainly distributed in mountainous areas such as in Green
Mountain National Forest and the White Mountain National
Forest, agreeing well with the NLCD 1992 data (Fig. 3).
In addition to capturing general vegetation patterns across
New England, the model was also able to accurately simulate
vegetation with low human land use. The model’s accuracy (lf)

in simulating boreal conifer forest and northern deciduous
hardwoods in White Mountain National Forest (area A in
Fig. 3) was as high as 0.86 (Table 2), suggesting concordance
of the modelled spatial patterns with that specified in the
NLCD 1992 data (Fig. 3a vs. b) and consistent with the high
overall accuracy (l = 0.79) and the ‘fair to good’ overall Kappa
statistic (j = 0.58) (Table 2) for this region. Similarly, the
BIOME4-simulated vegetation distribution for the Acadia
National Park (area B in Fig. 3) agrees well with that classified
in the NLCD 1992 data as illustrated by the high overall
accuracy (l = 0.74). Although the model’s accuracy is relatively low (lf = 0.20) in simulating the deciduous hardwoods
in Acadia National Park, the number of grid cells dominated
by this forest type accounts for only 15% of the total number
of grid cells (1946).
We do note, however, that at finer scales the modelled
vegetation may not reproduce the spatial patterns and texture
apparent in the NLCD 1992 data. For example, the modelled
boreal conifer forest in southeastern Maine and the northern
New Hampshire is broader and more continuous than that
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Table 1 Projected changes in annual mean temperature and total
annual precipitation in New England for 2041–70 and 2071–99
compared to the baseline period 1961–90.
HadCM3

ECHAM5

CGCM3.1

Change in annual Scenario 2055* 2085

2055* 2085

2055* 2085

Temperature (C) B1
A1B
A2
Precipitation (%) B1
A1B
A2

2.2
3.2
2.6
7.9
6.9
7.5

2.6
3.2
3.3
8.0
7.8
9.5

Table 2 The accuracy assessment of our model simulations of
forests in New England.

Region

2.3
3.2
2.7
4.7
8.0
9.2

3.2
4.6
4.8
8.0
10.5
9.6

3.2
4.6
4.3
9.9
8.6
8.8

Evergreen
Deciduous

0.87
0.74

0.74
0.86

0.80

0.60

Evergreen
White
Mountain Deciduous
NF

0.86
0.74

0.70
0.88

0.79

0.58

Acadia NP Evergreen
Deciduous
New
Evergreen
England Deciduous

0.86
0.20
0.62
0.85

0.82
0.25
0.72
0.80

0.74

0.06

0.77

0.49

Northwestern
Maine

3.0
4.0
5.2
6.4
11.2
11.4

The 30-year (1961–90) mean annual temperature and precipitation in
New England is 5.9 C and 1109 mm.
*Refers to the period 2041–70.
Refers to the period 2071–99.

classified in the NLCD 1992 data (Fig. 3a vs. b). This difference
results, in part, from the fragmented nature of vegetation in
New England due to human activities but which BIOME4 does
not explicitly consider, so that the modelled vegetation tends to
be more continuous than that classified in the NLCD 1992
data. In addition, the climate data used to run BIOME4 were
derived from the 2.5 arc-minute prism and the 10 arc-minute
cru cl 2.0 data, and these data might not capture enough
climatic variation at 30 arc-second spatial resolution across
New England to simulate fine-scale vegetation patterns. In

Model’s Producer’s Overall Overall
accuracy accuracy accuracy Kappa
Vegetation* (lf)
(uf)
(l)
statistic (j)

NF, national forest; NP, national park.
*For comparison with NLCD 1992 data, we considered both the
northern deciduous hardwoods and the mixed oak–hickory forest as
deciduous forest cover type, and the boreal conifer forest as evergreen
forest cover type.

contrast, the NLCD 1992 data were derived from satellite
images at 30-m spatial resolution, which should better capture
the spatial variation of vegetation at a finer scale than our
model simulations. Finally, because we combined northern
Evergreen forest
Deciduous forest
Mixed forest

Boreal conifer forest
Northern decidous hardwoods
Mixed oak-hickory forest
(a)

(b)
46.4

The NLCD 1992

46.4

Modeled vegetation
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B
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C
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Latitude (°)
44.2
45.3

C
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−70.3
−69.2
Longitude (°)
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Figure 3 Comparison between (a) the modelled vegetation for the period 1961–90 and (b) the land-cover classification in the 1992
National Land Cover Data. Areas A, B and C are three subregions, i.e. the White Mountain National Forest, the Acadia National Park and
north-western Maine, used to test the model simulation. White areas in (a) and (b) are lakes, land cover of limited extent and human
use land covers that are excluded from model tests.
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Table 3 Test of BIOME4-simulated LAI and NPP for forests in
New England.
Mixed oak–
hickory forest

Northern decid- Boreal conifer
uous hardwoods forest

Model Observed Model Observed Model Observed
LAI (m2 Mean 3.34
m)2)
Min. 2.76
Max. 4.07

3.84
2.90
4.50

4.04
3.26
4.51

3.38
0.36
7.30

3.09
2.51
3.48

2.99
0.48
7.40

NPP
Mean 835
(g m)2 Min. 696
year)1) Max. 930

810
660
1010

678
542
819

695
199
999

633
322
816

644
440
914

Observed leaf area index (LAI) and net primary production (NPP) data
are from Oak Ridge National Laboratory Distributed Active Archive
Center, Oak Ridge, Tennessee, USA. (http://www.daac.ornl.gov). We
used measured LAI in similar forests (see Table S2) to test modelled
LAI for New England. Gridded NPP (Zheng et al., 2003) for forests
dominated by boreal conifers was used to test modelled NPP in boreal
conifer forest, and NPP for temperate deciduous broadleaf forest
dominated by upland oaks was used to compare modelled NPP in
mixed oak–hickory forests. Because of the lack of observed NPP data
for northern deciduous hardwoods, we used NPP for forests dominated by aspen in Superior National Forest of Minnesota (USA) to test
modelled NPP for northern deciduous hardwoods.

deciduous hardwoods and mixed oak–hickory forest together
as deciduous forest in the model test, simulations of their
specific distributions were not tested by the NLCD 1992.
The modelled optimum LAI for our three PFTs agree well
with field observations in similar forests in other regions of the
USA. Our modelled LAI averaged 3.34 in mixed oak–hickory
Boreal conifer forest

forest, 4.04 in northern deciduous hardwoods, and 3.09 in
boreal conifer forest, close (difference < 20%) to average
observations of 3.84, 3.38 and 2.99 in similar forests respectively (Table 3). The magnitudes of modelled LAI in each grid
cell (Fig. S1a) are within the ranges of LAI observations, as
illustrated by the minimum and maximum LAI in each PFT
from both simulation and observations (Table 3). Burrows
et al. (2002), for example, reported a mean LAI of 3.45 in
northern hardwoods in Park Falls, Wisconsin (USA) in July of
1999 based on eddy flux measurements.
BIOME4’s ability to simulate vegetation for New England
was also supported by the consistency of modelled optimum
annual NPP with field measurements. The modelled mean
annual NPP is 835 g m)2 year)1 in oak–hickory forest,
678 g m)2 year)1 in northern deciduous hardwoods, and
633 g m)2 year)1 in boreal conifer forests, closely approximating (within 3%) average NPP of 810, 695 and
644 g m)2 year)1 measured in similar forests, respectively
(Table 3). The magnitudes of modelled NPP at a grid cell
level (Fig. S1b) are also within the ranges of observed values
(Table 3). Our simulated values are also supported by specific
studies of forest NPP in the eastern USA: Brown & Schroeder
(1999), for example, reported that annual NPP in eastern
hardwoods ranged from 750 to 1150 g m)2 year)1, with an
area-weighted average of 970 g m)2 year)1. In contrast, annual
NPP in softwoods ranged from 580 to 980 g m)2 year)1, with
an area-weighted average of 870 g m)2 year)1.
Model projections
Our model simulations of future forest distribution indicate a
general shift from boreal conifers and northern deciduous

Northern decidous hardwoods

Mixed oak-hickory forest

(b) 2085

42.1

42.1

43.1

43.1

Latitude (°)
44.2
45.3

Latitude (°)
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45.3

46.4

46.4

(a) 2055

−72.6

−71.5

−70.3
−69.2
Longitude (°)

−68.1

−72.6

−71.5

−70.3
−69.2
Longitude (°)

−68.1

Figure 4 The distribution of mixed oak–hickory, northern deciduous hardwood and boreal conifer forests in two future periods 2041–70
(referred to as 2055) and 2071–99 (referred to as 2085) in New England. The vegetation type in each grid cell is based on the modal
value of each grid cell across all nine climate changes scenarios.
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hardwoods to mixed oak–hickory forest (Fig. 4). The mixed
oak–hickory forest in southern New England is expected to
move northward and increase in area through the mid and late
21st century under all CCS (Fig. 3a vs. Fig. 4; Table 4). We
estimate, for example, that the northern boundary of the mixed
oak–hickory forest will migrate northward by 0.7 latitudinal
degrees (c. 75 km) by 2055 (Fig. 3a vs. Fig. 4a) and 1
latitudinal degrees (c. 101 km) by 2085 (Fig. 3a vs. Fig. 4b;
HadCM3 B1 in Table 4). The corresponding southern boundary of the northern deciduous hardwoods is expected to shift
northward, e.g. the latitudinal distribution of northern deciduous hardwoods is projected to increase by 0.6 latitudinal
degrees (c. 67 km) by 2055 and by 0.8 latitudinal degrees
(c. 90 km) by 2085 (Fig. 3a vs. Fig. 4h) under the ECHAM5
A2 scenario (Table 4). Under all scenarios, boreal conifer forest
(e.g. Fig. 4d,j,p) is projected to contract to mountain ranges
and to the region centred on the corner of northern New
Hampshire and north-western Maine by 2085, because annual
temperature in these areas tends to be the lowest across New
England (Fig. S2a). The contraction of boreal conifer forest to
higher elevations in mountain ranges can result in an apparent
southerly shift in latitudinal range under most scenarios in
2085 (Table 4), i.e. when northern lowlands lose their boreal
conifer forest.
Projected climate change is estimated to shift both the
northern deciduous hardwoods and the mixed oak–hickory
forest to higher elevations (Table 5). The average elevation of
northern deciduous hardwoods is 279 m a.s.l. in the baseline
simulation under current conditions, but increases by 52 m
Table 4 Projected latitudinal shifts of simulated forest types in
New England.
Mixed

Northern

Boreal

oak–hickory
forest

deciduous
hardwoods

conifer
forest

2055

2055

2055

GCM Scenario 
H3

E5

CG

2085
km 

km 

2085
km 

km



km

32 )0.1 )12

0.7

75 1.0 101 0.5

55 0.8

A1B
A2

0.9
0.7

95 1.4 147 0.8
77 1.6 165 0.7

86 0.9 98 )0.1 )13 )0.2 )16
74 1.0 104 0
3 )0.3 )30

B1
A1B

0.7 79 1.4 145 0.2
1.3 135 1.8 196 0.9

26 0.9
97 0.8

99
85

0.5
0

53 0
0
2 )0.1 )12

A2
B1

1.0 111 1.6 170 0.6
1.2 130 1.6 167 0.5

67 0.8 90
53 1.0 102

0.4
0.5

44 )0.1 )12
55 0
2

A1B
A2

1.5 160 1.8 192 1.1 118 0.8
1.4 148 2.1 219 1.0 105 0.6

86
60

0.1
0

10 )0.1 )15
2 0
1

1.0 112 1.6 167 0.7

90

0.2

21 )0.1 )10

76 0.8

0.3

km

B1

Average shift

85



2085

H3, HadCM3; E5, ECHAM5; CG, CGCM3.1.

Contraction of ranges upslope can cause some negative latitudinal
shifts to occur (i.e. vegetation moves southward). This is the case for
boreal conifers in high latitudes of New England, for example, where
this forest type is expected to contract upslope into mountain ranges
that can be at lower latitudes than northern New England. The
projected latitudinal shifts are based on the average position of the
PFTs in two future periods relative to the baseline period (1961–90).
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Table 5 Projected altitudinal shifts of simulated forest types in
New England.

GCM

Scenarios

HadCM3

B1
A1B
A2
B1
A1B
A2
B1
A1B
A2

ECHAM5

CGCM3.1

Average shift

Mixed
oak–hickory
forest

Northern
deciduous
hardwoods

Boreal
conifer
forest

2055
(m)

2085
(m)

2055
(m)

2085
(m)

2055
(m)

2085
(m)

40
47
42
47
53
50
54
73
61
52

45
56
73
54
98
70
66
92
130
76

)75
)27
)51
)106
)3
)58
)34
26
9
)35

)20
67
93
10
117
67
31
84
238
76

253
430
364
184
355
219
194
309
347
295

433
723
874
346
608
539
321
483
677
556

Changes in precipitation, temperature, and CO2 can cause the
expansion of northern deciduous hardwoods to lower elevations in
some scenarios.

and 76 m by 2055 and 2085, respectively, averaged across all
GCMs and scenarios. The average elevation is also projected to
increase for the boreal conifer forest by 295 m and 556 m by
2055 and 2085, respectively (Table 5). The increase in apparent
elevation of boreal forest, however, was primarily driven by
losses of this community at lower elevations rather than a
general shift to higher elevations, as boreal forests already
occupy the highest elevations in our region (> 800 m a.s.l.;
NLCD 1992).
Projected climate change may cause a large portion of New
England to be potentially dominated by mixed oak–hickory
forest by the end of the 21st century (Fig. 4). The total number
of grid cells dominated by mixed oak–hickory forest (37,261 of
215,509 of total simulated grid cells for 1976) increased under
all scenarios; the magnitudes of the increases ranged from 99%
under the HadCM3 B1 scenario to 276% under the CGCM3.1
A1B scenario by the 2055 period, and from 149% under the
HadCM3 B1 scenario to 431% under the CGCM3.1 A2 scenario
by the 2085 period (Table 6). New England is also expected to
lose a large portion of the northern deciduous hardwoods and
the boreal conifer forest (Fig. 3 vs. Fig. 4). Boreal conifer forests
(89,634 grid cells under the baseline simulation) are expected to
lose on average 61% of their areal extent in New England by
2055 and 91% by 2085 across all scenarios, while northern
deciduous hardwoods (93,114 grid cells under the baseline
simulations) are expected to lose 11% and 26% of their area by
the 2055 and 2085 periods, respectively.
Our computational experiments, which examined the sensitivity of vegetation distribution to changes in CO2 concentration, indicated that rising CO2 concentration can reduce the
losses of boreal conifer forests (Fig. 5). The spatial extent of the
boreal conifer forest is reduced when CO2 concentrations are
held at baseline levels but with the same magnitude of climate
change (Fig. 5a vs. b). When atmospheric CO2 concentration
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Table 6 Projected future changes in potential area of simulated
forest types in New England.

GCM

Scenarios

HadCM3

B1
A1B
A2
ECHAM5 B1
A1B
A2
CGCM3.1 B1
A1B
A2
Average change

Mixed
oak–hickory
forest

Northern
deciduous
hardwoods

Boreal
conifer
forest

2055
(%)

2085
(%)

2055
(%)

2085
(%)

2055
(%)

2085
(%)

99
143
110
116
210
173
208
276
240
175

149
237
282
228
345
272
273
330
431
282

15
26
32
)23
)9
)27
)51
)41
)23
)11

24
0
)17
)19
)45
)18
)41
)44
)77
)26

)57
)86
)79
)25
)77
)44
)34
)72
)76
)61

)87
)99
)100
)76
)97
)95
)71
)92
)99
)91

The estimate percentage change is based on the number of grid cells for
each forest type in the baseline (1961–90) and future (2041–70 or
2071–99) simulations.

was held constant at 333 p.p.m. in 2055 as in the baseline
simulation, for example, climate change alone under the B1
storyline decreased the boreal conifer forest by 77%, 46% and
74% in the HadCM3, ECHAM4 and CGCM3.1 runs, respectively, which are greater losses than experienced under the
same climate scenarios but with atmospheric CO2 concentration increased to 487 p.p.m., e.g. 57%, 25% and 34%
(Table 6).

Boreal conifer forest

Changes in summer precipitation are projected to either
slow down (when summer precipitation increases) (Fig. 6b) or
speed up (when summer precipitation decreases) the replacement of northern deciduous hardwoods by mixed oak–hickory
forest (Fig. 6c). For example, the simulated extent of the
northern deciduous hardwoods increased by 10% and 6% in
2055 under the HadCM3 and ECHAM5 B1 scenarios, where
projected summer precipitation increased by 2–9% compared
to the baseline precipitation (Fig. 6d,e). In contrast, the extent
of the northern deciduous hardwoods decreased by 21% by
2055 under the CGCM3.1 B1 scenario, where projected
summer precipitation decreased by 4–14% compared to the
baseline precipitation (Fig. 6f). Changes in summer precipitation within a range of )10% to 10% relative to baseline
precipitation, however, had minimal effect on boreal conifer
forest.
DISCUSSION
We project that New England will lose the majority of its
boreal conifer forest (91% averaged over scenarios) as well as
some northern deciduous hardwoods (26% averaged over
scenarios) in response to a projected 3.0–5.2 C warming and
6.4–11.4% increase in annual precipitation by 2085. Mixed
oak–hickory forest, in contrast, is projected to nearly triple in
area (282% averaged over scenarios) in New England by the
end of this century. We estimate that the northern deciduous
hardwoods will shift northward by 0.8 latitude (c. 90 km) and
by 76 m to higher elevations, while mixed oak–hickory forests
will shift northward by 1.6 latitude (c. 167 km) and by 76 m
to higher elevations (Tables 4 and 5). The corresponding

Northern decidous hardwoods

Mixed oak-hickory forest

(b) 487 ppm

42.1

42.1

43.1

43.1

Latitude (°)
44.2
45.3

Latitude (°)
44.2
45.3

46.4

46.4

(a) 333 ppm

−72.6

−71.5

−70.3
−69.2
Longitude (°)

−68.1

−72.6

−71.5

−70.3
−69.2
Longitude (°)

−68.1

Figure 5 Increases in atmospheric CO2 concentration promote the persistence of boreal conifer forest under projected climate warming
scenarios. Panel (a) is modelled vegetation in 2055 under the B1 storyline with CO2 concentration set at 333 p.p.m. Panel (b) is modelled
vegetation in 2055 under the same storyline but with CO2 concentration set at 487 p.p.m. The vegetation type in each grid cell is based
on the modal value of each grid cell across all three GCMs.
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Northern deciduous hardwood
Mixed oak−hickory forest

−7.5

0

15

(e)

(c)

(f)

CGCM3.1

ECHAM5

(b)

Figure 6 Sensitivity of simulated vegetation to changes in precipitation. An increase in summer precipitation of 5% and
7% results in northern deciduous forest
rather than oak–hickory forest in areas of
green for the HadCM3 (a) and ECHAM5
(b) GCMs. These changes in coverage
represent a 6% and 10% increase in
northern deciduous forest, respectively. A
decrease in summer precipitation of 10%,
in contrast, results in oak–hickory forest
rather than the northern deciduous hardwoods in areas represented by red (c). This
change represents a 40% increase in oak–
hickory forest. Panels (d–f) show the
changes in summer precipitation corresponding to the panels on the left. The
data shown here are based on comparisons
between simulations using projected precipitation for 2055 under the B1 storyline
and simulations using the baseline precipitation. Temperature and CO2 concentration in each pair of compared
simulations are as same as those projected
under the B1 storyline.

potential migration rates of 0.8–1.5 km per year are similar to
rates calculated for biome shifts in other modelling studies (e.g.
Malcolm et al., 2002). Past migration rates of similar forests
have been estimated to range from < 100 m year)1 (McLachlan
et al., 2005) to 250 m year)1 (Davis, 1989), suggesting that these
forests may not be able to shift as rapidly as climate. Recent
studies have already confirmed that climate warming in the 20th
century has been associated with shifts of vegetation to both
higher latitudes and elevations (e.g. Parmesan & Yohe, 2003;
Beckage et al., 2008), and increasing impacts are expected in the
future (e.g. Thuiller et al., 2005). These projections of vegetation
shifts in New England are driven by projected regional climate
change, and assume that climate is the major factor controlling
the bioclimatic range limits of vegetation at regional scales (e.g.
Dirnbock et al., 2003) as the effects of land-use change,
disturbance, etc. are not considered.
Although our model results project that the boreal conifer
forest will move northward and contract to the northern New
Hampshire and the northwestern Maine, climate change may
not completely extirpate this forest type from New England
this century. Previous studies based on regression tree analysis
(e.g. Iverson & Prasad, 2001) projected the extirpation of
spruce-fir forest types from New England under five CCS and
doubled CO2 concentrations. Our simulations based on
154

7.5

(d)

HadCM3

(a)

Precipitation change (%)
−15

BIOME4 and new GCM data driven by different storylines
indicate that the boreal conifer forest may still persist in New
England in the late 21st century under some scenarios but its
distribution will contract to the ranges of mountains (see
Fig. 4). The continued presence of boreal conifers in our
simulations is likely because (1) the temperature in these
scenarios does not increase enough (< 4.6 C) to exceed the
bioclimatic range limits of the boreal conifer species, and (2)
the inclusion of the physiological effects of CO2 on plant
growth in BIOME4 offsets the negative effects of climate
change on the boreal conifer forest (e.g. VEMAP Members.,
1995; Lapola et al., 2009). The greatest risks to the boreal
conifer forest occur under the HadCM3 A1B (Fig. S3d) and A2
(Fig. S3f), the ECHAM5 A1B (Fig. S3j) and the CGCM3.1 A2
(Fig. S3r) scenarios, under which annual temperature is
projected to increase by at least 4.6 C.
Increasing atmospheric CO2 concentration, which, of
course, largely drives climate change, appears to reduce the
negative effects of climate change on the distribution of the
boreal conifer forest in New England (Fig. 5). Rising CO2
concentrations can reduce plant transpiration by inducing the
stomatal closure of plants that increases their water use
efficiency (e.g. Claessens et al., 2006), and thus causes higher
rates of net canopy CO2-fixation in relation to water loss
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(Osborne et al., 2000). Boreal conifer tree species are comparatively sensitive to drought (see USDA, NRCS 2009; The
PLANTS Database, http://plants.usda.gov) and may gain more
in NPP from elevated CO2 than deciduous hardwoods
(Tjoelker et al., 1998). In our simulations, for example, annual
mean NPP increased by 175 g m)2 year)1 for boreal conifers
and by 164 g m)2 year)1 for deciduous hardwoods under high
CO2 (487 p.p.m.) simulations for 2055 compared to low CO2
(333 p.p.m.) experiments. Differential responses to elevated
atmospheric CO2 could result in a relative competitive
advantage of boreal conifers compared to deciduous hardwoods. This effect could result in increasing losses of boreal
conifer forest in New England even if CO2 levels were stabilized
if global temperatures continued to rise in response to an
accumulated thermal debt (e.g. Meehl et al., 2005).
Previous studies have indicated the importance of changes
in precipitation in addition to temperature in determining
vegetation distribution (e.g. Dirnbock et al., 2003; Rehfeldt
et al., 2006). Our study demonstrates that the effect of
precipitation change, with a range of )10% to 10% relative
to the baseline precipitation, depends on the target vegetation.
For example, simulations that alternatively held precipitation
at baseline or 2055 levels resulted in less than a 1% difference
in the total number of grid cells projected to contain boreal
conifer forest, while projected CO2 concentrations and temperatures were allowed to change with the B1 storyline. In
contrast, precipitation increases in summer reduce the replacement of northern deciduous hardwoods by mixed oak–hickory
forest (Fig. 6a,b) while precipitation decreases in summer
cause their further replacement (Fig. 6c). Northern deciduous
hardwoods tend to be physiologically less drought-tolerant
than the mixed oak–hickory forests (see USDA, NRCS 2009;
The PLANTS Database, http://plants.usda.gov), so that
changes in precipitation have the potential to shift the
competitive balance between these two PFTs.
Although BIOME4 was developed to simulate equilibrial
potential vegetation at global spatial scales, we were able to
successfully use this model to simulate regional vegetation in a
landscape that has a history of human activities and disturbance (Fuller et al., 1998; Parshall et al., 2003). The model’s
tests against both vegetation in relatively undisturbed regions
and across the whole of New England demonstrate the
potential of BIOME4 to simulate vegetation in New England
(Table 2). Additional comparisons with two important ecological indicators (LAI and NPP) support the application of
BIOME4 to forests in New England (Table 3). In contrast to
niche-based, statistical models, we were able to account for the
physiological effects of CO2 on plant growth and vegetation
distribution in BIOME4, showing that rising CO2 can ameliorate increased water stress under elevated temperature thus
affecting vegetation distribution (e.g. VEMAP Members,
1995).
We caution, however, that BIOME4 is an equilibrium
vegetation model that assumes that vegetation is in equilibrium with climate and does not consider successional
changes or transient states as the vegetation composition

shifts. The rate at which vegetation responds to climate
change depends on the time (or lag) required for vegetation
to reach a new equilibrium in response to climate change.
Our projections should therefore be viewed as the potential
distribution of these forest types in New England under a
given climate condition. In addition, BIOME4 assumes that
climate is a major factor in determining vegetation distribution over a broad spatial scale. However, other factors,
such as seed dispersal, local-scale disturbances and human
activities, can be important factors controlling vegetation
distribution in a given area, influencing the time for
vegetation to reach an equilibrium with climate or even
inhibiting the landscape from attaining its potential forest
state. Finally, the aggregation of species into PFTs ignores
the spectrum of species-specific migration rates and climatic
tolerances, potentially hindering the accuracy of future
projections and reducing the heterogeneity and complexity
of spatial patterns of modelled vegetation distribution (e.g.
Neilson et al., 2005).
CONCLUSION
1. Annual mean temperature in New England is projected to
increase by 2.2–3.3 C in 2055 and by 3.0–5.2 C in 2085
across emission scenarios for all three GCMs, compared to the
1961–90 annual mean temperature of 5.9 C. Projected
warming ranged from 2.2 C under the ECHAM5 B1 scenario
to 5.2 C under the CGCM3.1 A2 scenario and was relatively
uniform across New England. Annual total precipitation in
New England is also expected to increase by 4.7–9.5% by 2055
and by 6.4–11.4% by 2085 under all scenarios, but increases in
precipitation are more variable across years and scenarios than
for temperature. Changes in annual precipitation are also
spatially more variable across New England than for temperature. Compared to the baseline annual precipitation
(1109 mm), the magnitude of increase is the lowest (< 6.2%)
in southern New England under the B1 scenario and the
highest (> 10.6%) in northwestern Maine under the A1B
scenario.
2. The BIOME4-simulated vegetation pattern agrees well with
the land cover in the NLCD 1992 data. When the model was
tested against observed vegetation in the whole of New
England, the overall Kappa statistic (j = 0.49 indicating ‘fair
to good’ fit) justifies BIOME4’s application to New England
even though BIOME4 was originally developed to simulate
potential natural vegetation at the global scale. Comparisons
with observed ecological indicators (LAI and NPP) in similar
forests further justify the application of BIOME4 to New
England.
3. Mixed oak–hickory forest in southern New England is
projected to move north by 1.6 latitudinal degrees (c. 167 km)
due to a regional warming of 3.0–5.2 C by the end of this
century. Projected future climate change is expected to shift
both northern deciduous hardwoods and mixed oak–hickory
forest upslope by 76 m by the end of the 21st century. The
upslope movement of the northern deciduous hardwoods and
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oak–hickory forest coincides with an approximate 556 m
upslope retreat, driven by losses of this forest type at lower
elevations rather than colonization of higher elevations, of the
boreal conifer forest by the end of the 21st century.
4. Projected climate change will result in reduced areas of the
boreal conifer forest in New England this century. The
magnitudes of losses of the boreal conifer forest range from
25% in 2055 under the ECHAM5 B1 scenario to 100% in 2085
under the HadCM3 A2 scenario. The extirpation of the boreal
conifer forest from New England is most likely to occur in our
simulations when annual mean temperature increases more
than 4.6 C. Projected climate change reduces the extent of
northern deciduous hardwoods in most scenarios, but changes
ranged from a 24% increase by 2055 under the HadCM3 B1
scenario to a 77% loss in 2085 under CGCM3.1 A2 scenario.
Mixed oak–hickory forests, in contrast, are projected to
increase by 149% in the HadCM3 B1 scenario to 431% in
the CGCM3.1 A2 scenario by the end of the 21st century.
Increases in atmospheric CO2 concentration tend to reduce
losses of boreal conifer forest in New England, while precipitation change influences the relative abundance of northern
deciduous hardwoods and mixed oak–hickory forests.
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SUPPORTING INFORMATION
Additional Supporting Information may be found in the online
version of this article:
Figure S1 The simulated baseline (1961–90) (a) optimum leaf
area index and (b) annual net primary productivity (NPP) in
New England.
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Abstract
Mount Washington, New Hampshire, has the longest northeastern U.S. mountain
climatological record (1930s to present), both at the summit (1914 m) and at
Pinkham Notch (612 m). Pinkham’s homogenized daily temperature exhibits annual
(mean 5 +0.07uC/decade, p 5 0.07; min 5 +0.11uC/decade, p 5 0.01), winter (min 5
+0.18uC/decade, p 5 0.07), spring (max 5 +0.13uC/decade, p 5 0.10), and summer
(min 5 +0.11uC/decade, p 5 0.01) warming trends. Though suggesting annual,
winter, and spring warming (0.05 to 0.12uC/decade), mean summit temperature
trends were not significant. Pinkham shows no significant change in date of first and
last snow; however, the summit does but its period of record is shorter. Onset of
continuous snow cover has not changed significantly at either site. Thawing degree
days trended earlier at the summit (2.8 days/decade; p 5 0.01) and Pinkham Notch
(1.6 days/decade, p , 0.01), but end of continuous snow cover trended significantly
earlier (1.6 days/decade; p 5 0.02) only at Pinkham. Growing degree days showed no
significant trends at either location. Pinkham exhibits more climatic change than the
summit but less than regional lower elevations. Thermal inversions and high
incidence of cloud fog commonly at or above the regional atmospheric boundary
layer may explain the summit’s resistance to climate warming. Caution is needed
when extrapolating climate change trends from other mountains or proximate lower
elevation climate data to upper elevations.

DOI: 10.1657/1938-4246-41.3.362

Introduction
Evidence of climate warming and reductions in seasonal snow
cover on global (IPCC, 2007), hemispheric (Dye, 2002), and
regional scales (Hayhoe et al., 2007) are numerous. Paralleling
reported temperature increases are indices pointing to an earlier
start to the growing season over the northern hemisphere
(Schwartz et al., 2006). Northern hemisphere snow cover extent
has decreased by 7.5 6 3.5% during March and April (Lemke et
al., 2007), and snow pack is decreasing in the mountains of the
western United States with implications for water supply as well as
entire ecosystems (Mote et al., 2005). However, there is a growing
body of evidence that suggests considerable variability in climatic
trends among mountains ranges. For example, mountain glaciers
in Glacier National Park, Montana, U.S.A., are shrinking (Hall
and Fagre, 2003), while glaciers on Mount Shasta, California,
U.S.A., are expanding, despite a regional warming over the past
half century (Howat et al., 2007).
Temperature fluctuations during the last century at high
elevation sites around the world also exhibit horizontal and
vertical variability (Diaz and Bradley, 1997). Europe (particularly
western Europe), and parts of Asia displayed the strongest highaltitude warming during the period of record due primarily to
increases in daily minimum temperature. Within central Europe’s
mountains temperature patterns trend warmer, but again with
spatial and altitudinal variations (Weber et al., 1997).
Long-term, instrumented climatological measurements of the
mountainous regions of the world are not numerous, and in
eastern North America are relatively scarce. Two recent papers
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from New England show a warming at the summit of Mount
Washington, New Hampshire, U.S.A., from 1935 to 2003 (Grant
et al., 2005), an overall decrease in mean dew point temperature
from 1935 to 2004, and an increase in annual fog frequency (Seidel
et al., 2007). Other regional montane studies have focused on
shorter time scale microclimatic studies (e.g. Friedland et al., 1992,
2003) or used longer temperature data sets for other purposes (e.g.
lapse rate calculation; Richardson et al., 2004). Regional
assessments have shown New England to be heterogeneously
warming (Keim et al., 2003; Trombulak and Wolfson, 2004;
Hayhoe et al., 2007).
New England precipitation studies show changes in the winter
and spring hydrological records at lower elevations: an increase in
the rain/snow ratio (Huntington et al., 2004), earlier dates for
center-of-volume flow in rivers affected by snowmelt (Hodgkins et
al., 2003), amount and timing of ice-affected river flow (Hodgkins
et al., 2005), a decrease in the number of days with snow on the
ground (Burakowski et al., 2007), and earlier springs (5 days) by
seasonal evapotranspiration (Czikowsky and Fitzjarrald, 2004).
Changes in snow cover amount and duration have many impacts
in the Northeast including changes in nutrient cycling, mammalian
species composition shifts (Carroll, 2007), and human recreation
(Hamilton et al., 2007).
Snow cover patterns can affect alpine plant community
composition (Walker et al., 1999; Bjork and Molau, 2007),
physiology (Starr et al., 2000), phenology (Inouye and McGuire,
1991; Kudo, 1991; Huelber et al., 2006), and population genetics
(Hirao and Kudo, 2004) and are an important factor in plant
community distribution on Mount Washington (Bliss, 1963;
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Sardinero, 2000). Temperature also impacts arctic and alpine plant
communities. Warming can lead to a shrubbier composition in
alpine (Cannone et al., 2007) and tundra vegetation (Arft et al.,
1999; Walker et al., 1999), and warming trends have been linked to
range restrictions in alpine species at lower elevations (Pauli et al.,
2007) and latitudes (Lesica and McCune, 2004). Seasonal increases
in temperature reduced snow cover depth and duration in the
Swiss alps, increasing the length of the growing season and causing
earlier flowering (Keller et al., 2005).
Future predictions of climatic change and impacts on
mountain ecosystems are frequently based on the most proximate
low elevation data or on extrapolations from other mountain
regions. But using surrogate climatic data to describe potential
responses by mountain biota can result in compromised conclusions. For example, Picea rubens tree-ring growth on Mount
Washington correlates more closely with the Mount Washington
mid-elevation and summit temperatures than temperatures from
low-elevation stations within a 40 km radius (Kimball and Keifer,
1988). Richardson et al. (2004) demonstrated that though general
elevation–mean annual temperature relationships held across their
northeastern U.S. mountain study sites, there was significant
variation in air temperature lapse rates up the sides of the
mountains and the pattern of variation was not consistent among
mountains.
Mount Washington has the most complete northeastern U.S.
instrumented temperature and snow records for both mid and high
elevations, ranging from the 1930s to the present. In this study we
compare seasonal and annual temperature trends, growing and
thawing degree-day trends, and trends in two indices of snow
season length for the summit and for Pinkham Notch, a midelevation site on the eastern side of the Mount Washington. Our
study modifies previous conclusions from this region by Grant et
al. (2005), discusses New England mountain climatic trends in
relation to alpine ecosystems, and compares our observed trends
with other high elevation sites in the world.

Site Location and Data Collection
BASIC DESCRIPTION OF REGION
Mount Washington (44u169N, 71u189W), the highest point
(1914 m a.s.l.) in the northeastern United States, is part of the
Presidential Range of the White Mountains of New Hampshire, a
northern section of the Appalachian Mountains. The Presidential
Range contains 2748 ha of contiguous alpine and subalpine
vegetation surrounded by spruce and fir boreal forest with
northern hardwood species at lower elevations. Treeline occurs
at relatively low elevations and ranges from 1100 to 1700 m
(Kimball and Weihrauch, 2000). The treeline-alpine ecotone is
correlated with exposure to clouds and wind, slope, and aspect
(Reiners and Lang, 1979; Kimball and Weihrauch, 2000).
The regional atmospheric mixing-layer typically is 1100–
1500 m a.s.l. (Freedman et al., 2001), and on Mount Washington
it exhibits diurnal and vertical migration that is influenced by daily
solar heating, changing weather fronts, and the complex terrain of
the surrounding mountain region. Above this mixing-layer is the
‘‘free atmosphere’’ where the winds approaching the Presidential
Range are more geostrophic.
The climatological records are from the Mount Washington
Observatory located on the rocky windswept summit of the
mountain and from the Appalachian Mountain Club’s (AMC)
Pinkham Notch Visitor Center (612 m a.s.l.) in the upper extent of
the northern hardwoods on the eastern side of the mountain
(Fig. 1).

FIGURE 1. The White Mountain National Forest, outlined in
black, in northern New Hampshire, U.S.A. The blowup shows the
Presidential Range with contour intervals of 90 m, the alpine zone
(gray shading), the summit of Mount Washington (triangle) and
Pinkham Notch Visitor Center (circle) adjacent to NH route 16
(thick line). Additional landmarks are the Mount Washington Auto
Road on the east side of the mountain and the Mount Washington
Cog Railway on the west side of the mountain.
SUMMIT
The Mount Washington Observatory has maintained a
staffed meteorological station atop the mountain since 1932.
Consistent data records allow analysis of hourly temperature
observations since 1935 and 6-hourly synoptic observations,
including snow depth, since 1949. From 1932 through 1937 the
observatory building occupied several locations on the summit,
with additional moves in 1937 and 1980 (Grant et al., 2005). The
area immediately surrounding the Observatory is felsenmeer.
Hourly temperature (T) observations are taken at the end of
each hour using either a mercury thermometer mounted in a sling
psychrometer or an alcohol-in-glass minimum thermometer. Daily
minimum and maximum temperatures (min/max) are determined
by reading the alcohol-in-glass minimum thermometer and the
mercury maximum thermometer, respectively (Grant et al., 2005).
Snowfall and other hydrometeors are observed by trained and
certified observers according to U.S. National Weather Service
(NWS) standards. Snow depth is estimated by the observer based
on a visual spatial average encompassing the summit at the time of
the synoptic observation. Attempts are made to avoid overweighting due to drifts and wind-cleared zones. Snow depth is reported in
1.27 cm intervals, including trace.
Summit snow data from 1949 to 2004 were digitized as part of
the same effort that produced the hourly and 6-hourly temperature and humidity data analyzed by Grant et al. (2005) and Seidel
et al. (2007). For this study, Mount Washington Observatory staff
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updated the temperature and snow digital record to include 2005–
2006. Due to the choice to define snow season criteria (see
Methods) without using explicit snow depth, the snow data were
not subjected to the time-intensive quality assurance checks for
digitization errors.

PINKHAM
The Appalachian Mountain Club (AMC) has operated a
NWS cooperative (COOP) station [COOP #276818, NCDC
station ID 20018701, NWS Location ID HGMN3] at its Pinkham
Notch Visitor Center (elevation 612 m a.s.l., 44u169N, 71u159W) in
the White Mountain National Forest since 1930. The most recent
National Climate Data Center (NCDC) station metadata (10
January 2008) describes the station thus: ‘‘Narrow north-south
notch in mountainous and heavily wooded area.’’
Daily minimum and maximum temperatures were observed
using standard liquid in glass (LIG) minimum and maximum
thermometers in a cotton region shelter until switching to the
maximum-minimum temperature system (MMTS), a thermistor in
a plastic shelter (Quayle et al., 1991). The LIG instruments were
moved due to construction in October 1966 and thermometer
location changed again with the switch to the MMTS. Copies of
NWS inspection reports give the installation date of the MMTS
(number #4296) as 1 May 1986, while the NCDC Multi-network
Metadata System gives the transition date as 1 October 1987. It is
unknown when observers began to use the MMTS during this 17month window.
The MMTS sensor is accurate to 60.5uC, the temperature is
displayed to the nearest 0.1 uF, recorded to the nearest whole
degree Fahrenheit, and is calibrated annually against a specially
maintained reference instrument (NCDC, 2006). The standard
LIG-to-MMTS temperature adjustments (annual max 20.4uC,
min +0.3uC, mean 20.1uC) were not applied to the LIG
temperature data because the U.S. Historical Climatology
Network (USHCN) data documentation (Quayle et al., 1991)
and other studies do not recommend these adjustments for
individual stations (Pielke et al., 2002; Hubbard et al., 2004).
Pinkham inspection reports through 1990 (the latest stored on site)
show positive scores for site location but occasional trouble with
the LIG thermometers (e.g. 10/13/1976: ‘‘replaced min. therm.;
was 2.54 different from max’’). Due to the station changes
described above the temperature data were subjected, as described
below, to inhomogeneity tests for potential change points.
Temperature is nominally observed and recorded at 0700
Local Standard Time (LST); the only recorded change in schedule
was from observations on the hour to 10 minutes past the hour.
However, observations are often taken at 0600 LST (Michael
Walsh, personal communication). Data have not been analyzed
for a potential time of observation bias.
Both snowfall and snow depth are nominally measured at
0700 LST in a section of mature hardwoods in the center of the
campus. New snowfall is measured once a day using a stake
mounted to a 25.4 cm square piece of wood that is collected,
measured, cleared and replaced. Snow depth is observed every
morning using a wooden stake marked at 2.54 cm intervals and
mounted in the ground prior to the first snowfall. In case of
disturbance to this site, a backup stake is used.
Temperature and snow data for Pinkham from Data Set 3206
(DSI-3206): COOP Summary of the Day (January 1930–May
1948) and Data Set 3200 (DSI-3200): Surface Land Daily
Cooperative Summary of the Day (June 1948–March 2007) were
purchased from the NCDC (2003, 2006). The data were
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reformatted and selected for the following parameters: daily
maximum temperature, daily minimum temperature, temperature
at the time of observation, daily snowfall, and daily snow depth.
NCDC quality control edits to the data were accepted as indicated
by the Data Quality Flag (i.e. flag M 5 Switched TOBS with
TMAX or TMIN). Data for only one flag, T (failed internal
consistency check), were removed. As might be expected of a
COOP station, there were more missing data from Pinkham than
the summit’s nearly complete record.

Methods
TEMPERATURE
Seasonal Averaging and Linear Trend Calculation
Daily maximum and minimum data were first used to
calculate daily mean temperature [(max + min)/2]. The daily
temperature data (max, min, mean) were then averaged into
monthly values. Seasonal (Winter: December, January, February,
etc.) and annual means were calculated from the monthly data.
There had to be at least 20 days of data to compute monthly
means. Seasonal and annual values were not computed if a month
was missing from the respective interval. Pinkham temperature
data for October and November 1979, December 1983, April
1990, June 2004, May 2005, and May 2006 did not have enough
observations.
Linear regressions were fit to annual and seasonal mean data,
and slopes are presented as decadal trends. The trend significance
is indicated by the p-value from the linear fit. It should be noted
that although summit annual and seasonal means are derived from
the same data as that used by Grant et al. (2005), we do not
calculate a value for winter 1935 (December 1934, January,
February 1935) due to the missing-data criteria explained above.
The significance values of the summit trends presented here are the
p-values from the linear fit, not the Monte Carlo significance
employed in the earlier study (Grant et al., 2005).
Homogenization of Data
Trends in climate data may exist due to actual climate change
or to artifacts such as station relocations, instrument changes, or
gradual alterations in the use of surrounding land; thus data
should be subjected to a homogeneity test (Alexandersson and
Moberg, 1997). Furthermore, to study climate trends derived from
daily temperature data (e.g. number of days per year exceeding a
maximum temperature, growing degree day accumulation) recent
effort has been dedicated to homogenizing not only seasonal and
annual averaged time series but daily data (e.g. Vincent et al.,
2002; Brunet et al., 2006). This effort is made difficult due to the
large daily variability of temperature.
The Standard Normal Homogeneity Test (SNHT; Alexandersson and Moberg, 1997) was applied to both Summit and
Pinkham seasonal and annual mean temperature data. The
summit temperature data were found to be homogeneous, similar
to Grant et al. (2005), while Pinkham data were found to be
inhomogeneous.
In order to homogenize Pinkham daily temperature data, the
Spanish daily temperature homogenization method (Brunet et al.,
2006), which is a hybrid of the SNHT (Alexandersson and
Moberg, 1997) and a Canadian daily adjustment scheme (Vincent
et al., 2002), was adopted and applied to the 1935–2003 Pinkham
data. This time period was chosen because missing Pinkham data
only allows annual mean values to be calculated through 2003.
The regional comparison stations used for Pinkham consisted of

the same 11 USHCN stations located within 1u latitude and 1u
longitude of Mount Washington used previously to analyze the
summit temperature (Grant et al., 2005). Monthly mean maximum
and minimum data for these stations from 1930 to 2003 were
obtained from the Department of Energy’s Carbon Dioxide
Information Analysis Center (available online http://cdiac.ornl.
gov/epubs/ndp/ushcn/usa_monthly.html).
Only the point SNHT was used to identify inhomogeneities
for Pinkham. Prior studies have shown the temperature trends on
the summit to be less pronounced than regional trends (Grant et
al., 2005); there was concern that Pinkham’s potentially smaller
trends would be overcorrected by the regional reference. Ideally a
comparison test would be used with topographically similar
stations; however Pinkham, similar to the summit, is unusual in
New England due to its elevation and local topography. There was
also concern that point inhomogeneities from Pinkham’s station
changes would be interpreted as trend inhomogeneities, given that
the two known Pinkham station changes (1966 and 1986) occurred
while the low-elevation stations in the region experienced localized
cooling during the 1960s and warming trends since the late 1970s
(Hayhoe et al., 2007).
In order to identify multiple change points in each series, the
SNHT was applied to the entire series. If a change point was
identified, the series was broken into two pieces, each of which was
then subjected to the SNHT. This was repeated until either there
were no significant change points or each section was smaller than
10 years. SNHT points were not identified within 5 years of the
start or end of the series (Moberg and Alexandersson, 1997).
Based on the Spanish daily adjustment method, 1966 and 1986
were picked as standard changepoints for Pinkham.
Adjustments for each monthly time series were calculated
using the SNHT; starting from the end of each series data were
adjusted to the most recent period to allow new data to be
seamlessly added (Alexandersson and Moberg, 1997); i.e., 1967–
1986 was adjusted to 1987–2003 and then 1935–1966 adjusted to
1967–2003. These monthly adjustments were then transformed
into mid-month ‘‘target’’ values using a tri-diagonal 12 3 12
matrix (Sheng and Zwiers, 1998) and into daily adjustments by
linear interpolation between the monthly targets (Vincent et al.,
2002; Brunet et al., 2006).
The daily adjustments (Fig. 2) were applied to the Pinkham
data, creating the Pinkham Daily Adjusted Temperature Series
(PDATS). The calculated adjustments for the 1967–1986 period,
which ended with the installation of the MMTS thermometer,
matches the sign of the standard LIG to MMTS thermometer
adjustments; namely, maximum temperatures were adjusted down
and minimum temperatures were adjusted up.

DEVELOPMENT OF SNOW SEASON CRITERIA
The snow season was defined using the year associated with
January (e.g. the season of 1 July 1968–30 June 1969 is winter
1969). Snow season criteria were mainly driven by the unique
conditions atop Mount Washington. The high winds and complex
terrain, including buildings, make it difficult to measure snowfall.
Specific concerns are the ability to separate blowing snow from
falling snow during times of high winds and to compare amounts
measured during windy and calm conditions. The location and
number of precipitation cans has also changed over the years. In
short, it is difficult to place a confidence range on summit snowfall
measurements, so we analyzed snow depth.
In order to avoid observer variability, snow depth observations were binned into two categories: (1) less than 2.54 cm, and

FIGURE 2. (a, b) Max and (c, d) Min daily adjustments applied
to the 1967–1986 period and 1935–1966 period, respectively.
(2) greater than or equal to 2.54 cm. This cutoff was chosen based
on the protocol for determining snow cover disappearance in the
International Tundra Experiment (ITEX) manual and other
studies (Foster, 1989; Molau, 1996b). While methodology might
vary over time and between individuals, we have high confidence
that observers correctly identified what is essentially a snow/no
snow cutoff. Choice of this criterion also avoids potential
inhomogeneities in depth due to undocumented changes in
method (Kunkel et al., 2007).
The binned data were used to calculate two separate lengthof-season criteria. The first set of criteria, first and last snow
(First/Last), are simply the first and last dates during a season that
a snow depth, including trace amounts, was reported. The second
criteria set, start and end of continuous snow cover (Start/End),
are the dates after which and before which there was a continuous
cover of at least 2.54 cm, allowing for ‘‘thaw’’ periods of no more
than 4 days in length, with the end of cover most important to
spring growth (Molau, 1996b). Continuous snow cover is
generally used to calculate snow cover duration at higher
elevations with persistent snow cover (e.g. Beniston et al., 2003).
Allowing a short thaw period was necessitated by the summit data
to extend the continuous snow cover season into spring. Otherwise
a count-based calculation of snow cover duration (e.g. number of
days with depth greater than a criterion per month) would be
necessitated which would hinder the ability to identify the end of
continuous snow cover, a biologically relevant event.

CALCULATION OF SNOW SEASON CRITERIA
Summit 6-hourly snow depth data were averaged to create a
daily mean value. Pinkham daily snow depth is that reported at
0700 LST. Similar to temperature, the summit data were nearly
complete while Pinkham was missing data. To have the most snow
data possible, particularly at the tails of the season, missing
Pinkham snow depth data were manually inspected and, if
possible, missing depths were inferred.
After inspection, only 5 of 706 snow season criteria could not
be used for Pinkham: first snow date for 1980 and snow cover start
dates for 1980, 1983, 1990, and 1993. For the summit the end
cover date in 1967 was not used because of suspected abnormal
reporting practices: not once is total snow depth reported to be
greater than 12.7 cm suggesting that observations were skewed
low with reported conditions of less than 2.54 cm of snow
artificially raised. In comparison, Pinkham does not show
abnormally low snow depth during this winter.
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TABLE 1

TABLE 2

Annual and seasonal mean temperature with standard deviation and
decadal trends with p-values for Pinkham (1935–2003) from
PDATS data.

Annual and seasonal mean temperature with standard deviation and
decadal trends with p-values for the summit, 1935–2003.

Annual

Winter

Spring

Summer

Autumn

max
min
mean
max
min
mean
max
min
mean
max
min
mean
max
min
mean

Trend

Mean
(uC)

Std. Dev.
(uC)

(uC dec.21)

p

9.7
21.3
4.2
22.8
213.8
28.3
8.4
22.8
2.8
21.9
10.4
16.2
11.6
1.1
6.3

0.7
0.7
0.6
1.6
1.6
1.5
1.3
1.3
1.2
0.9
0.7
0.7
1.1
1.0
0.9

0.03
0.11
0.07
0.11
0.18
0.15
0.13
0.11
0.12
20.02
0.11
0.05
20.08
0.08
0.00

0.47
0.01
0.07
0.24
0.07
0.12
0.10
0.16
0.11
0.76
0.01
0.28
0.26
0.19
0.99

For both First/Last and Start/End calculations the snow
depth data were first divided into snow years (1 July–30 June) and
indexed by day of winter (called DoW; 1–365 or 366 if a leap year).
For each year First/Last data were calculated by finding all
occurrences of snow depth greater than a cutoff criterion (CFL),
here 0 cm. The earliest occurrence (lowest DoW) of depth . CFL
is the date of First snow depth and latest occurrence (largest
DoW) of depth . CFL is the date of Last snow depth.
To determine Start/End dates for a snow year, all snow depth
data greater than the Start/End depth cutoff criterion (CSE), here
2.54 cm, were identified (snow subset) and the indices of these
points stored (snow index). The first of the subset values was held
as a potential Start date and the last as a potential End date. Next
it was determined if a thaw period existed by taking the difference
of adjacent snow index values. This difference index was
transformed from days between snow to days of thaw by
subtracting one. If these differences were less than the maximum
number of continuous thaw days (dTHAW), here 4, then no thaw
occurred and we used the above Start and End. If a thaw (or
multiple thaws) occurred, the longest continuous period of the
snow subset was selected and the first and last dates of this period
were used as Start and End of snow cover.

Annual

Winter

Spring

Summer

Autumn

max
min
mean
max
min
mean
max
min
mean
max
min
mean
max
min
mean

Trend

Mean
(uC)

Std. Dev.
(uC)

(uC dec.21)

p

0.9
26.5
22.8
29.4
218.6
214.0
21.0
28.6
24.8
11.5
5.1
8.3
2.6
24.2
20.8

0.6
0.7
0.6
1.6
1.8
1.6
1.2
1.4
1.3
0.9
0.8
0.8
1.0
1.1
1.0

0.03
0.06
0.05
0.09
0.08
0.09
0.11
0.12
0.12
20.05
0.01
20.02
20.02
20.01
20.02

0.37
0.19
0.25
0.35
0.45
0.39
0.14
0.16
0.14
0.32
0.79
0.69
0.72
0.89
0.80

if both min and max T are less than or equal to the threshold. For
the third case, where the max is greater than the threshold but the
min is lower, H is calculated by multiplying the daily T amplitude
(max–min) by a scaling factor (Watanabe, 1978). Missing T values
were estimated for periods up to 5 days using a mean based on the
data preceding and following the missing data. If long stretches of
data were missing, they were not estimated and that season’s
datum not used. The summit has no missing min/max data and
Pinkham is only missing .5 continuous days a month three times
during the critical winter and spring months: April 1990, May
2005, and May 2006. TDD for 1990, 2005, and 2006 were retained
because the cumulative target value is reached prior to the period
of missing data while GDD values were removed because the
target value is reached after the missing data.
For each location the date at which TDD and GDD first
reached an amount associated with the end of continuous snow
cover and bloom of an early season plant, respectively, was
identified. For the summit and Pinkham the approximate onset of
bloom (15 May) for Diapensia lapponica and Trillium undulatum,
respectively, was used (AMC, unpublished data). Specifics are
described below. These values were plotted along with linear
regressions with significance given by the associated p-values.

Results

CALCULATION OF THAWING DEGREE DAYS AND
GROWING DEGREE DAYS

TEMPERATURE TRENDS

Thawing degree days (TDD, threshold T 5 0uC) and growing
degree days (GDD, threshold T 5 5uC) were calculated for the
PDATS data and summit data using ITEX formulae (Molau,
1996a). TDD and GDD are the sums of daily heat accumulation
(H) greater than the respective threshold over a series of days, here
starting 1 January. These formulae require either daily min/max
temperature observations or 24 hourly observations per day.
For hourly T data, H is the sum of the day’s hourly
observations where T . threshold divided by 24. The summit’s
end of the hour observations were substituted for ITEX’s
recommended hourly averages. If hourly observations were
missing they were replaced with an estimate, namely the mean
value for that day and hour based on the full record.
For min/max data, H is defined as the daily mean T [(max +
min)/2] if both min and max T are greater than the threshold or 0

The annual mean temperature at Pinkham from 1935 to 2003
using the PDATS data is 4.2uC, compared to the unadjusted value
of 4.5uC. The most recent 30-year normal annual mean for
Pinkham is 4.5uC (NCDC, 2004). PDATS seasonal means and
standard deviations are presented in Table 1. The summit’s annual
mean temperature is 22.8uC; the seasonal means are shown in
Table 2. At both stations the winter season is the most variable
while the summer is the least variable.
Using the annual mean temperature from Pinkham and the
summit, a lapse rate on the eastern slope of Mount Washington of
0.54uC/100 m was calculated. This value compares well with other
annual mean lapse rates (range 0.5–0.70uC/100 m) on mountain
ranges in the northeastern U.S.A., as tabulated by Richardson et
al. (2004). The October 2001–September 2002 PDATS mean
temperature, 5.9uC, is slightly cooler than extrapolated tempera-
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FIGURE 3. Summit day of first (circles) and last (triangles) snow
with linear regressions for 1949–2006.

FIGURE 4. Pinkham day of first (circles) and last (triangles)
snow with linear regressions for 1931–2006.

tures (,6.3uC) at similar elevations on Mount Moosilauke, New
Hampshire, Whiteface Mountain, New York, and Mount Mansfield, Vermont, for the same time period (Richardson et al., 2004).
Mean temperature at Pinkham from PDATS data (3.6uC) was
colder than the estimated temperature at a similar elevation on the
western slope of Camels Hump, Vermont (4.8uC) during a threeyear period in the mid-1960s (Siccama, 1974).
Based on PDATS data, Pinkham shows significant (p # 0.01)
warming trends for annual and summer minimum temperature
(Table 1). Pinkham annual mean, winter minimum, and spring
maximum temperature evidenced increases with a lower significance level (p # 0.1). Although not all are significant, warming
trends in winter and spring at Pinkham are larger than summer
and fall.
The summit shows annual, winter, and spring warming trends
in maximum, minimum, and mean temperature although none are
statistically significant (Table 2). Summer and autumn show
cooling trends, which may correspond to the increased fog
frequency (Seidel et al., 2007).
Similar to the summit, the Pinkham minimum trends (except
for spring) are larger than the maximum trends. The Pinkham
annual minimum trend is roughly twice as large as that observed
on the summit. The Pinkham annual mean trend is slightly larger
than that at the summit while the maximum trend observed at
Pinkham matches that observed at the summit. Pinkham’s annual
mean trend (0.07uC/decade) is similar to that of the region (0.08uC/
decade) over the last century (Hayhoe et al., 2007) and slightly
smaller than the regional trend (0.10uC/decade) from 1931 to 2000
(Keim et al., 2003). Pinkham’s annual mean trend is approximately halfway between the 1931–2000 trends for the southern
(0.11uC/decade) and northern (0.0uC/decade) NOAA climate
divisions of New Hampshire (Keim et al., 2003). Pinkham’s
annual mean warming is similar to that in NOAA climate
divisions encompassing the mountains of Maine and to a lesser
degree the mountains of Vermont (Keim et al., 2003), although
these data are generally low-elevation stations.

SNOW SEASON LENGTH
The trends in the dates of first and last observed snow depth
on the summit are significant, with first snow occurring 7.0 days/
decade later in autumn and last snow occurring 2.8 days/decade
earlier in the spring (Fig. 3, Table 3). The trend in date of first
snow (0.73 days/decade later) and last snow (0.50 days/decade
earlier) at Pinkham are similar in sign but smaller in magnitude
and not significant (Fig. 4, Table 3).
In contrast to the First/Last snow results, the summit shows
no significant trends in the start (0.44 days/decade earlier) and end
(0.18 days/decade later) of continuous snow cover (Fig. 5,
Table 3). Pinkham (Fig. 6, Table 3) shows an earlier melt with a
significant trend of 1.6 days/decade earlier. The trend in start of
continuous snow cover at Pinkham is 0.50 days/decade later in
autumn. Earlier end of continuous snow cover at Pinkham is
consistent with the decreasing trend in snow depth based on
independent Pinkham Notch samples taken in a 15-day window
around 1 March for the Maine Cooperative Snow Survey
(Hodgkins and Dudley, 2006). The much longer period of record
for snow measurements at Pinkham (1931–2006) compared to the
summit (1949–2006), with the 1960s being a regionally recognized
cooler period (Zielinski and Keim, 2003) may explain the greater
decadal rate of change and significance of the summit’s first and
last snow results.

DEGREE-DAY VALUES
Degree-day calculations are used to convert temperature data
to a more biologically relevant metric; in montane environments
cumulative degree days are strongly tied to phenological events
and snowmelt. GDD with a 5uC threshold has often been used in
relation to alpine plant development, while TDD with its
threshold at freezing is related to snowmelt timing. In order to
establish target TDD values for trend analysis, at each location the
mean of the TDD values (based on min/max data) on the mean

TABLE 3
Mean, standard deviation, decadal trends, and p-values of the day of the year of the First/Last snowfall and Start/End of snow cover.
Snow
Station
Summit 1949–2006

Pinkham 1931–2006

mean
std. dev.
trend
p-value
mean
std. dev.
trend
p-value

(day)
(days)
(days dec21)
(day)
(days)
(days dec21)

Snow cover

First

Last

Start

End

6 Aug (218)
27
7.0
,0.01
26 Oct (299)
19
0.73
0.39

6 June (157)
13
22.8
,0.01
2 May (122)
11
20.5
0.38

24 Nov (328)
28
20.44
0.86
2 Dec (336)
20
0.5
0.64

29 Apr (119)
22
0.16
0.89
19 April (109)
13
21.6
0.02
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FIGURE 5. Summit day of start (circles) and end (triangles) of
continuous snow cover with linear regressions for 1949–2006.
date of the end of continuous snow cover, shown in Table 3, was
calculated. This gave a target TDD value of 26 and 111 for the
summit and Pinkham, respectively. Using a similar method, target
GDD values of 15 and 137 for the summit and Pinkham,
respectively, were derived from the approximate bloom date (15
May) of a species monitored by the AMC’s phenology program at
each location, namely Diapensia lapponica above treeline and
Trillium undulatum at Pinkham.
The trend in summit GDD calculated from hourly data is
advanced 9 days compared to GDD calculated from summit min/
max data (Table 4). This suggests the min/max calculation of
GDD estimates heat accumulation for the summit differently than
hourly data. This can possibly be explained by an assumption in
the calculation of min/max GDD, namely that a typical solardriven diurnal heating pattern (radiative) with daily maximum in
the afternoon and daily minimum shortly before sunrise is
modeled using a sine-like relationship. The summit often does
not follow this pattern; on 50% of days the summit experiences
advective forcing and/or cloud immersion, which results in daily
temperature extremes being recorded near midnight (Grant et al.,
2005). During winter months only 23% of days can be classified as
radiative increasing to 37% during summer (the remaining days
are unclassified). This suggests that while both GDD calculations
could be used to develop relationships between temperature and
plant growth, the hourly calculation might more completely
represent the actual accumulation of heat. Both min/max and
hourly data sets give similar results when calculating TDD.
The date at which thawing degree days at the summit first
reaches 26 advanced significantly (p 5 0.01) using both min/max
and hourly data sets (Fig. 7, Table 4). Pinkham showed a
significant (p , 0.01) TDD advance (Fig. 8, Table 4) of about
half the magnitude of that found at the summit. Growing degreeday trends are not significant for the summit or Pinkham (Figs. 7
and 8, Table 4) although all suggest earlier onset of spring
warming. Although the observed negative trend in summit TDD
would suggest earlier snowmelt, the end of the summit’s snow
cover shows no significant trend. However, at Pinkham the
significant trend of an earlier end to the continuous snow cover of
21.6 days/decade matches the earlier accumulation of TDD (21.6
days/decade).

INTERACTION OF SNOW AND TEMPERATURE
To explore the relationship between temperature and snow
cover, a series of linear regressions was performed. Each of the
many regressions used the end of snow cover date paired with an
individual month’s average max, min, or mean temperature (e.g.
average April max vs. snow cover) or combinations of adjacent
spring and winter months (e.g.. average April + March max vs.
snow cover). The strongest relationship for the summit was that
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FIGURE 6. Pinkham Notch day of start (circles) and end
(triangles) of continuous snow cover with linear regressions
for 1931–2006.
between end of snow cover and average April max temperature (r2
5 0.18, p 5 0.001). A similar analysis for Pinkham showed the
strongest relationship between end of snow cover and average
April + March max temperature (r2 5 0.51, p , 0.001; PDATS
data). There is both a difference in the timing of warmth
important to snowmelt between the summit and Pinkham and
the importance of that warmth; it appears just over half of the
variability in timing of snowmelt below treeline can be attributed
to temperature, while only 18% of the variability in melt timing on
the rocky, windswept summit is due to temperature.
Snow cover also plays a role in protecting alpine plants from
damaging frosts. Taschler and Neuner (2004) determined frost
resistance for various species and concluded that protection by
snow cover and other frost avoidance strategies influences the
impact of low temperatures during the nascent growing season. In
order to further explore the relationship between end of
continuous snow cover and harmful late frosts on the summit,
the number of days below minimum temperature thresholds
within 60 days of the end of continuous snow cover was
calculated. Two threshold temperatures were chosen, using
Taschler and Neuner (2004) for guidance, to represent potential
alpine plant frost damage: 22uC for floral damage and 25.5uC for
vegetative damage. The summit experiences respective medians of
16 and 7 days below floral and vegetative thresholds post end of
snow cover. There is large inter-annual variability (floral range of
2–55 days and vegetative 0–50 days) with early end of snow cover
years having many days below the threshold temperatures. Using
linear fits, neither measurement of frost risk shows evidence of
significant trends (p-values of 0.63 and 0.87). As it might take
several seasons of cold post-snow temperatures to exhaust a
plant’s energy reserves, decadal averages were analyzed; these also
showed no trend. These results suggest that, for the alpine flora on
Mount Washington that initiate growth soon after snowmelt, the
balance between the risk of early growing season frost damage
versus the gains of a longer growing season has not changed
significantly during the period of record.

Discussion
Post-glacial climatic warming trends are frequently generalized as being horizontally and vertically synchronous across the
landscape, along with the assumption that alpine ecosystems may
be at great risk. Our results parallel those of Diaz and Bradley’s
(1997) that spatially, montane climate warming is complex. For
different mid-latitude mountain regions in the world, the
magnitude of climatic change is likely to vary considerably and
be influenced by different factors. Mount Washington’s summit
temperatures over the last 70+ years, though trending towards
warming, do not exhibit a statistically significant change (p ,

TABLE 4
Mean, standard deviation, decadal trends, and p-values for day of the year when thawing degree days and growing degree days reach targets
described in text.
TDD

GDD

Mean (day)

Std. dev. (days)

Trend (days dec21)

30 April (120)
30 April (120)

18
18

22.8
22.7

20 April (110)

9

21.6

Mean (day)

Std. dev. (days)

Trend (days dec.21)

p

0.01
0.01

17 May (137)
8 May (128)

14
15

20.4
21.1

0.64
0.20

,0.01

16 May (136)

8

20.5

0.27

p

Summit
min/max
hourly
Pinkham
min/max

0.05). Although our trends match those presented earlier for
Mount Washington by Grant et al. (2005), the significance values
differ. This earlier study did not account for temporal autocorrelation in their Monte Carlo simulations, has since been revised,
and now concludes there were no significant temperature trends
(Grant et al., 2008).
At our mid-elevation site there is a statistically significant
warming in both annual and summer temperatures, with greater
warming than that observed on the summit and less than that
reported for lower elevations in the region. Pinkham mean
temperatures show mixed results when compared to prior shortterm studies in the White, Green (Vermont), and Adirondack
(New York) Mountains. Nearby (48 km SW) and of similar
elevation (222–1015 m a.s.l.), the U.S. Forest Service Hubbard
Brook Experimental Forest experienced a significant warming
trend from 1955 to present. Pinkham’s end of snow cover, similar
to the U.S. Forest Service’s Hubbard Brook Experimental Forest’s
snow duration (Campbell et al., 2007), is happening earlier.
For biologically relevant temperature indices such as TDD
and GGD, only TDD was statistically significant at both
elevations in our study. However, only at our mid-elevation site
did this manifest itself with a statistically earlier end of continuous
snow cover. The summit’s dates of first (autumn) and last (spring)
measurable snow are significantly later and earlier, respectively,

FIGURE 7. Day of year on which growing degree days (triangles)
and thawing degree days (circles) first sum to target values (GDD =
15, TDD = 26), with linear regressions for the summit. The top panel
show results based on hourly data and the bottom panel from min/
max data.

but the period of record is much shorter than for Pinkham;
summit trends in onset and termination of continuous snow cover
are not significant. Temporal trends of growing degree days were
not significant at either site although they suggest earlier thawing
and onset of the growing season.
Grant et al. (2005) estimated the summit of Mount
Washington experiences free-atmosphere (troposphere) conditions
on 50% of days in both summer and winter. This may explain why
the summit exhibits a weak but not statistically significant
warming trend, because during these conditions the summit would
not necessarily be coupled with events observed from the
surrounding regional lower elevation trends. Alpine areas in
Europe, Asia, and other locations are experiencing warming
trends, usually most significant in daily minima temperatures, and
often greater in magnitude at higher elevations (Beniston et al.,
1994; Diaz and Bradley, 1997). However, other alpine areas
demonstrate less typical patterns, such as the Front Range,
Colorado, U.S.A., where long-term trends indicate warming at
mid-elevations, but a cooling trend within the alpine zone (Pepin,
2000).
There is evidence that resistance to climate warming at the
higher elevations on Mount Washington has considerable tenure.
Spear (1989), using pollen and plant macrofossil records from
Mount Washington and surroundings, concluded that since
5000 yr BP, the subalpine forest and treeline-alpine ecotone
boundary on Mount Washington has not exhibited demonstrable
shifts. In contrast, mid and lower elevation tree species showed
responses to climatic shifts in temperature. He concluded that
alpine treeline is a poor temperature indicator for the region and
hypothesized that wind and moisture determine the mountain’s
treeline position. Harding (2005) pointed out that alpine treeline in
Scotland demonstrated a similar record of historical resistance. In
his study of seed bank dynamics, seed dispersal, and colonization,
he found no evidence for upward shifts in alpine vegetation under
future warming scenarios, and suggested that models that do not

FIGURE 8. Day of year on which growing degree days (triangles)
and thawing degree days (circles) first sum to target values (GDD =
137, TDD = 111), with linear regressions for Pinkham.
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incorporate factors beyond temperature are likely to be poor
predictors of future plant distributions.
Mount Washington’s resistance to warming due to the
frequency of being in the free atmosphere could also help explain
why northeastern U.S. alpine ecosystems, which are remnant
biogeographic islands from the last glacial period, are some of the
lowest elevation alpine ecosystems at similar or more northern
latitudes anywhere in the world. In addition, increasing frequency
of fog events on Mount Washington (Seidel et al., 2007) could
result in increased fog and rime ice deposition. Siccama (1974),
Reiners and Lang (1979), Richardson et al. (2004), like Spear
(1989), hypothesized that the transition from deciduous hardwood
forest to coniferous spruce-fir forest to the alpine ecotone
boundary on the mountains in this region is related in part to
the cool, moist climate derived from frequent exposure to clouds.
On northern New England mountains, Ryerson (1990) measured
icing rates to increase exponentially above 800 m, with microtopographic relief exposure a secondary control. He concluded
that the dependence of icing rate upon elevation is largely a
function of New England wind and cloud regimes and differs from
other mountainous locations. However, evidence of an increasing
cloud ceiling elevation at northeastern U.S. airports (Richardson
et al., 2003) may have implications for the current cloud regime
and mountain ecosystems, especially at mid-elevations. Research
should be expanded to determine the applicability of increasing
cloud ceiling elevation observations from airports to the region’s
mountains, where orographic effects are important.
The thermal structure of the lowest 2–3 km of the troposphere, the ‘‘planetary boundary layer,’’ is complicated and
includes inversions where temperature increases rather than
decreases with height. Inversions are particularly common during
winter over some middle and high latitude land regions. Inversions
act to decouple surface temperatures from tropospheric temperatures on daily or even weekly time scales (Karl et al., 2006).
Our results support the conclusion that some mountains may
only weakly follow regional low elevation surface climatic trends
and may exhibit resistance to climatic warming with elevation.
Factors may include temperature inversions, being in the free
atmosphere at least a portion of the time, and sufficient
atmospheric moisture availability to result in frequent cloud or
fog exposure on the upper slopes. What regional climatic
temperature increases would be sufficient to alter these dynamics
is unknown.
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