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Dear Marcia:

Please find enclosed the Consolidated Parties’ Post-Hearing Rebuttal. This filing includes:
David Publicover Post-Hearing Rebuttal Testimony

David Publicover Attachment B — Tang and Beckage 2010
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I am sending this to you, Juliet Browne and Bob Weingarten electronically. We are also overnighting
the originals plus 2 copies plus 12 disks to you and overnighting Juliet Browne and Bob Weingarten a
hard copy and a disk.

Thank you for your consideration.

Sincerely,

A )
M\ —12 N
Bune /OIS

i :| g
y
i

Jennifer Burns Gray
Staff Attorney and Advocate



STATE OF MAINE
LAND USE REGULATION COMMISSION

TransCanada Maine Wind Development ) POST-HEARING REBUTTAL

Development Permit DP 4860 ) TESTIMONY OF

Kibby and Chain of Ponds Townships, ) CATHERINE B. JOHNSON
Franklin County )

The Consolidated Parties offer the following in response to the May 24, 2010
post-hearing submission of Jean Vissering:

Vissering provided six points of post-hearing rebuttal, almost all which are a
recitation of her pre-filed testimony with no real new information. The Consolidated

Parties (CP) respond to three of her points.

Vissering’s point 1. Views from the Public Lands Unit -

Vissering’s rebuttal essentially restates her case that if the proposed Project is not
readily visible from the terrestrial portion of the Public Lands Unit, it passes the State’s
scenic criteria. This defies common sense. When the State’s Public Lands Unit is
located on the shores of a Great Pond, and the primary use of that Public Lands Unit is
for boating on the Great Pond, the Great Pond is a crucial feature of the Public Lands
Unit, even if it is water and not land. Impacts to the scenic character of the waters within
the Public Lands Unit are as significant to the Public Lands Unit as the impacts to the
land portion of the Public Lands Unit.

In any event, as we noted in our testimony and Vissering acknowledges, the State
is the rightful owner of public waters, regardless of the existence of the Public Lands

Unit. The Chain of Ponds are, in themselves, a recognized outstanding scenic resource of



statewide significance. Because the adverse visual impact of the proposed Project is
significant from Chain of Ponds, and the public purposefully travels to the region
specifically to boat on Chain of Ponds, Vissering’s post-hearing rebuttal adds neither new
information nor in any way rebuts the Consolidated Parties testimony that there would be
significant and undue adverse scenic impacts to those utilizing the surface waters,
particularly Long Pond and Bag Ponds, the Ponds with the most remote characteristics
because the influence of Route 27 and other human factors is little to none. The Project
as proposed would impact 31% - almost a third of the entire length of Chain of Ponds —
and, as noted by Jim Palmer, would be “collectively dominant” of the scenic character

from Long and Bag Ponds.

Vissering’s point 3. Elimination of southern seven turbines —

Vissering attempts to suggest that the Consolidated Parties acceptance of some
visual impacts from the northern eight turbines implies that an even larger cumulative
impact from a full proposed build out is one and the same. The Consolidated Parties
agree that some visual impact from the remaining eight northern turbines would still
exist. But as we noted, their visual distance is greater and the severity and degree of the
impact would be considerably less. And the impacts from the Project on the most visually
sensitive parts of Long and Bag Pond, though not entirely eliminated, would be cut
roughly in half if the seven southern turbines were eliminated, and would be at a greater
distance. The seven most southern turbines greatly increase the visual impact on the
Ponds, much more than Vissering’s slight of words “At the eastern end of Long Pond, the

towers begin to slip behind Sisk Mountain in any case.” These seven turbines would still



be very prominent and closer to a viewer from Long Pond, and would be eye catching to
say the least. And distance and viewer expectation are clear components of the Wind
Power Siting Act on visibility.

Vissering’s recently submitted Exhibit A also shows, in fact, that the impacts
remaining after removal of the seven southern turbines would actually be less than the
impacts we estimated in NRCM’s Prefiled Testimony, Attachment C2 (which was based
on the only information available prior to the hearing.) While the length of Chain of
Ponds from which the remaining eight turbines would be visible is the same in both
exhibits (Vissering estimates 17%; NRCM estimated roughly 10%; but the actual areas
shown on the maps are identical), Vissering’s Exhibit A shows that the actual number of
turbines that would be visible from various location in Long and Bag Pond would be less
than NRCM estimated (1 — 3 turbines or 3 - 6 turbines’ rather than NRCM’s estimated 6
— 9 turbines.) This provides further evidence that remowval of the southern seven turbines

™~
would greatly decrease the adverse scenic impacts on Long and Bag Ponds.

Vissering’s point 4, Scenic Impact Standards —

Vissering provides interesting but convoluted logic that the debate on visual
impacts should mostly focus on scenic resources identified and documented through a
public process. The designation of Chain of Ponds through the Wildlands Lakes
Assessment and the BPL Public Lands Management Planning Process meet that criterion.
She references the Wind Power Siting Act’s reasonable guidance to consider visual

impacts including “distance, viewer expectations, duration of view, etc.” Is not 31% of

! Note that Vissering’s testimony includes “3” turbines in both categories, so it is unclear in what color
areas from which three turbines would be visible are shown on Vissering’s Exhibit A map.



the length of the waters of Chain of Ponds, where visitors would be looking directly at, at
close range, a reasonably large visual impact of the Project? If 31% would not constitute
a major visual impact, particularly in an environment with little other human visual
impact, what percentage would? Given the extensive public processes for the Wildlands
Lakes Assessment, that resulted in an outstanding scenic designation for Chain of Ponds,
and BPL’s Public Lands Management Planning Process that resulted in a Plan
highiighting the “highly scenic” and “wild and scenic” character of the Chain of Ponds
region®, Vissering’s suggestion that LURC rely on those public processes leads to the
conclusion that her finding of no undue adverse impact on scenic resources is not

supported by the facts of those public processes.

Summary —

Nothing in Vissering’s May 25, 2010 submittal changes our conclusion that the
southern seven turbines cause an undue adverse scenic impact on a variety of scenic
resources of state and national significance and related uses. No permit should be

granted for these southern seven turbines.

June 1, 2010.

 Comments by Maine Bureau of Parks and Lands Chief of Planning, Kathy Eickenberg, May 12, 2010;
BPL’s Flagstaff Region Management Plan (including Chain of Ponds), p. 92, p. 31.
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STATE OF MAINE
DEPARTMENT OF CONSERVATION
LAND USE REGULATION COMMISSION
IN THE MATTER OF

TRANSCANADA MAINE WIND )
DEVELOPMENT INC. ) POST HEARING

) REBUTTAL
KIBBY EXPANSION WIND POWER ) TESTIMONY OF
PROJECT, DP4860 ) SUSAN GALLO

) ON BEHALF OF
KIBBY AND CHAIN OF PONDS TWPS. ) MAINE AUDUBON
FRANKLIN COUNTY )

The Consolidated Parties offer the following in response to the Post-Hearing

Testimony submitted by Dana Valleau on behalf of TransCanada.

|. Data Regarding Bicknell’s Thrush Use of Regenerating Clear Cuts in the Project Area.

We acknowledge that there was one incident of Bicknell’s thrush observed in a
regenerating clearcut in the Kibby One project arca (as described on page 1 of D.
Valleau’s post-hearing testimony), and do not disagree that Bicknell’s thrush might
occasionally be found in a high-elevation regenerating clearcut. However, it is likely that
regenerating clearcuts would provide lower quality habitat compared to naturally
disturbed forests, and there is ample evidence in the scientific literature showing that
lower quality habitat often attracts singing males with little or no chance of successful
breeding. Additionally, to take one observation in the western mountains and jump to
classifying 90,000 acres of regenerating clearcuts across the state of Maine as potential
Bicknell’s thrush habitat is ecologically unsound and misleading. There is no
documentation in the scientific literature, by the staff at the Maine Department of Intand

Fisheries and Wildlife (MDIFW), or by scientists at the Vermont Center for Ecostudies



(VCE) of Bicknell’s thrush breeding successfully in regenerating clearcuts in Maine.
There are also no current studies by either MDIFW or VCE underway to further evaluate
Bicknell’s thrush use of regenerating clearcuts in Maine, largely we believe due to lack of
support for the idea that this forest type offers any significant amount of habitat for
Bicknell’s thrush.

2. Mapping of *Core” Breeding Areas.

As context, we point out that the Consolidated Parties made multiple verbal and
written requests to TransCanada for the Bicknell’s thrush data starting in the summer of
2009 and continuing through the late spring of 2010, but every single request was
ignored. Then, just a few days before the hearing, we were sent a report, Breeding Bird
Survey Report for the Sisk Mountain Wind Power Project (Folsom and Evers November
2009), with Bicknell’s thrush data. Why such a critical report was omitted from the
application is odd particularly since every other wildlife survey report was included in
full, Furthermore, neither of the authors was made available for cross examination. Mr.
Valleau is correct in his post-hearing comments that we addressed the Folsom Evers
report for the first time at the hearing. We simply had no other option.

The spot-mapping technique used by the applicant is difficult to undertake in the
best of circumstances. In stunted spruce fir habitat, it is all but impossible and, paired
with the unusual habits of Bicknell’s thrush (multiple males with no territories mating
with multiple females who do defend territories), even more so. Spot-mapping results
therefore must be interpreted with caution, taking into account the actual time spent
on surveys (unknown because no documentation of hours spent per plot was provided)

and the difficulty for the researchers to physically move around in this habitat. There is



little doubt that a string of wind turbines and their associated road system through the
center of what TransCanada has delineated as "core" habitat would be the worst case
scenario for Bicknell’s thrush, as this is where the applicant’s surveys documented high
numbers of Bicknell’s thrush. But for the applicant to go to the edge of where those spot-
mapped observations were made and then say that there are no impacts beyond this outer
boundary of observations is unwarranted and does not take into account the limits of the
data that were collected.

This is especially important for a bird like Bicknell’s thrush that uses dynamic
habitat, habitat that will move around the landscape over time as local disturbances create
new “core” habitat and old “core” habitat grows into unsuitable habitat once again. The
applicant has consistently failed to address the fact that Bicknell’s thrush habitat shifts
across the landscape, which is of particular importance when it comes to interpreting
observation data for Bicknell’s thrush in the project area.

The circles that were used in my direct presentation at the hearing were an
illustration of how Bicknell’s thrush data might be interpreted. Given the extremely
limited time to discuss complex ecological concept of habitat, we wanted to demonstrate
the narrow way that TransCanada had interpreted the data, and how impacts could likely
be much greater than those articulated by the applicant. In reality Bicknell’s thrush, or
for that matter any wildlife species, will never have a perfectly circular territory. Had the
illustration been made with an oval or an irregular polygon or any other shape of the
given area, the message would have been the same. Some areas were not surveyed for
Bicknell’s thrush or covered by spot-mapping efforts. It is very reasonable to interpret

the data in a way that significantly increases the area of habitat for Bicknell’s thrush



impacted by this project. In fact, the assertion by TransCanada that the project will only
impact eight acres of Bicknell’s thrush habitat is extremely restrictive and does not take
into account any edge effects, completely ignoring the likelihood that Bicknell’s thrush
habitat will be affected beyond the edge of the actual footprint of the turbine pads and
roads.

3. Maine IF&W Comments on 2007 Endangered/Threatened Species Process and
Habitat Impacts in Redington Wind Power Project.

Special Concern is an administrative listing by MDIFW of species that are
believed to be vulnerable and could easily become threatened or endangered because of
restricted distribution, low or declining numbers, specialized habitat needs or limits, or
other factors. They include species suspected of being threatened or endangered or likely
to become so, but for which insufficient data are available

(httn:/Awww.maine.eov/i Pw/wildlife/species/endangered species/listing categories.hitm).

The state and federal threatened and endangered species listing processes are the
last means of defense for protecting rare species. These processes do a good job at
catching species on the brink of extinction on two different scales, within state
boundaries and within the country as a whole. But, endangered and threatened species
listing is not the right tool for species that are restricted regionally to multiple states, like
Bicknell’s thrush. It's like saying a screwdriver is the only tool you’ll use for any
project. It works well if most of your projects use screws, but when you getto a
project that has nails, it just isn’t going to do the job. Lack of listing should in no way

diminish the priority of conserving Bicknell’s thrush on its breeding grounds.
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STATE OF MAINE
LAND USE REGULATION COMMISSION

TransCanada Maine Wind Development ) POST-HEARING REBUTTAL
Development Permit DP4860 TESTIMONY OF
Kibby and Chain of Ponds Townships, DR. DAVID PUBLICOVER

Franklin County APPALACHIAN MOUNTAIN CLUB

N N -

The Consolidated Parties offer the following in response to the May 24, 2010 post-
hearing submission of Dana Valleau.

In the post-hearing May 24™ 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 (Fir-
Heartleaved 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:

1. that the Fir-Heartleaved Birch Subalpine Forest is not particularly rare,
ii.  that the occurrence on Sisk Mountain is not particularly important, and
iii.  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



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 cross-
examination 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:

e Maine’s Beginning With Habitat program uses a minimum buffer of 250’ around
development in its delineation of Undeveloped Habitat Blocks'. 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 Greenville®, 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.

e 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.

e 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

! See http://www.beginningwithhabitat.org/the_maps/map3-undev_habitat.html.
? See http://megis2.dafs.maine.gov/ifwpdf/Greenville/Map3.pdf.




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. Ifa 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



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 21% century, even under a relatively conservative assumptions
about increases in atmospheric CO,.

- 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

Acres

EO Last Above
Rank Survey Site Counties Observed Acres 3000°(1)
A MT KATAHDIN Piscataquis 2004 18127

A Mahoosuc Range Oxford 2008-09-18 8701

A The Bigelows Franklin, Somerset | 2005 3071

? White Cap 2901
A REDINGTON POND RANGE Franklin 2006-09-13 2400

B BAKER MOUNTAIN TO LILY BAY MOUNTAIN Piscataquis 2007 2289

? Boundary Peak 1629
? Caribou 1605
? Cow Ridge 15633
B BALDPATE MTN Oxford 2005 1408

? Unnamed (D-series) 11562
? Snow 1040
C BARREN MOUNTAIN Piscataquis 2007 890

B BIG SPENCER MOUNTAIN Piscataquis 2006-08-10 871

B KIBBY MOUNTAIN Franklin 2006-9-11 614

? Tumbledown (northern Boundary Mountains) 492
B POPLAR RIDGE Franklin 1996-09-18 365

B Sisk Mountain Franklin 2009 358

B Black Nubble Franklin 2007-07-25 316

? Boil 272
? Smart 215
B CENTER MTN Piscataquis 2007 172

? Pisgah 166
E Sugarloaf Mountain Franklin 1996-08-21 152

? Merrill 152
? No. 6 139
? Onion Hill 127
B Sabbathday Pond Area Franklin 2008-06-18 97

? No. 5 85
C MOUNT BLUE Franklin 1999-12-03 52

E WHITECAP MOUNTAIN Piscataquis 1996-10-01 40

C CHAIRBACK AREA COLUMBUS MOUNTAIN Piscataquis 2007 36

C BIG SQUAW MOUNTAIN Piscataquis 2006 35

? Moose 5

(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.



Diversity and Distributions, (Diversity Distrib.) (2010) 16, 144-158

BIODIVERSITY

Projecting the distribution of forests in
New England in response to climate
change

RESEARCH

XD

Guoping Tang and Brian Beckage*

Department of Plant Biology, University of ABSTRACT
Vermont, Marsh Life Science Building,

Burlington, VT 05405, USA 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 CO,
concentrations reduce the losses of boreal conifer forest in New England from
expected losses based on climatic change alone.

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

*Correspondence: Brian Beckage, Department forest in New England.

of Plant Biology, University of Vermont, Marsh
Life Science Building, Burlington, VT 05405, Keywords X . . . .
USA. BIOME4, climate change, global circulation model, species shifts, tree

E-mail: brian.beckage@uvm.edu distribution, vegetation model.

INTRODUCTION .conservatlon of biological diversity and increasing the resil-
ience of forest ecosystems (e.g. Farnsworth & Ogurcak, 2006).

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

DOI:10.1111/).1472-4642.2009.00628.x
144 www.blackwellpublishing.com/ddi

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 CO,
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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 funda-
mental 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 func-
tional 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 ECHAMS5 (Jungclaus et al., 2005), driven by three
IPCC (International Panel on Climate Change) SRES (Special
Report on Emission Scenarios) storylines, i.e. Bl, 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 decidu-
ous 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 distur-
bance, historical land use and soil condition (e.g. Foster et al.,
1998, 2002; Parshall et al., 2003): Boreal conifer forests are
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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 distribu-
tion 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 distribu-
tion: 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 2bl) (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 CO,
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 etal, 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 com-
bination 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 CO, concentration: We
alternatively held precipitation or atmospheric CO, concen-
tration 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-CO,
experiment, we held atmospheric CO, 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 simula-
tions 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 CO, 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 arc-
minute 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 cr 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 Topogra-
phy Mission (SRTM) 30 arc-second near-globe digital eleva-
tion 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

(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 prisMm 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 B1l, AIB and A2 for the 2Ist 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 Bl scenario is characterized
by environmental and social consciousness, sustainable devel-
opment, 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 industrial-
ized 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 30-
year 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 CO, concentrations under the B1, AIB 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 x 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 vegeta-
tion 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
cel. 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 simulta-
neously 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 vege-
tation 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 com-
parison. 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 assign-
ment to correct forest type, u » le 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, ¢y, that

Projecting forest distribution

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:

‘uf - ( pred n "{)bs / pred
(Pf - n{)red n n{)bs /n{)bs

where n{md and n’:bs are the number of predicted and observed
cells of vegetation type f, respectively. The overall accuracy (i)
of model prediction across forest types is expressed as:

lu:; ngredmngbs /Z obs

The overall Kappa statistic (k) between two compared maps
is given by:

- Zﬂffpf)/(l - Z Ly Py)-

Values of the Kappa statistic > 0.75 indicate very good-to-
excellent agreement, values between 0.40 and 0.75 indicate fair-
to-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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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. la—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
Bl, 4.4 °C for the AIB 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 Bl,
AIB and A2 respectively for the HadCM3 GCM. Projected
warming ranged from 2.2 °C under the ECHAMS5 BI 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

1901-2002

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 Bl storyline (Fig. le,f). The most
consistent increases in precipitation occurred in the ECHAMS5
GCM, with estimated annual precipitation increases of 1.0, 1.0
and 0.95 mm per year for the Bl, A1B and A2 scenarios,
respectively (Fig. 1e). Changes in annual precipitation are also
spatially more variable across New England than for temper-
ature (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 Bl
scenario (Fig. 2¢). The greatest increase in annual precipitation
occurs in northern New England (> 10.6%) under most
scenarios (e.g. Fig. 2g,hk,]).

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 (u) in predicting vegetation across
New England was 0.77 with an overall Kappa statistic (x) 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
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Figure 1 Projected annual mean temperature and precipitation over the years 200399 based on three GCMs: HadCM3 (a,d), ECHAMS5
(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 Bl, AIB 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 (ur>0.74) and the high overall accuracy
(u=0.80) and the ‘fair to good’ overall Kappa statistic
(x = 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 (ur = 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 (u)

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 (¢ = 0.79) and the “fair to good’ overall Kappa
statistic (x = 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 (u = 0.74). Although the model’s accuracy is rela-
tively low (py = 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 ECHAMS5 CGCM3.1

Change in annual Scenario 2055* 2085F 2055* 20851 2055* 2085t

Temperature (°C) Bl 2.3 32 22 3.2 2.6 3.0
AlB 3.2 46 32 46 3.2 4.0
A2 2.7 48 26 43 33 52
Precipitation (%) BI1 4.7 8.0 7.9 9.9 8.0 6.4
Al1B 8.0 105 69 86 7.8 11.2
A2 9.2 9.6 7.5 838 9.5 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.

tRefers 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

[ Boreal conifer forest
I Northern decidous hardwoods
[ Mixed oak-hickory forest

—
D
~

Modeled vegetation

Latitude (°)
43.1 44.2 45.3 46.4
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Longitude (°)
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Table 2 The accuracy assessment of our model simulations of
forests in New England.

Model’s  Producer’s Overall

accuracy accuracy

Overall
accuracy Kappa

Region Vegetation* () (@p) (w) statistic (k)

North- Evergreen  0.87 0.74 0.80 0.60

western  Deciduous  0.74 0.86

Maine

White Evergreen  0.86 0.70 0.79 0.58

Mountain Deciduous 0.74 0.88

NF

Acadia NP Evergreen 0.86 0.82 0.74 0.06
Deciduous  0.20 0.25

New Evergreen  0.62 0.72 0.77 0.49

England  Deciduous 0.85 0.80

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

I Evergreen forest
I Deciduous forest
[/ Mixed forest

The NLCD 1992

Latitude (°)

-703 -69.2 —68.1

Longitude (°)

-726 -715

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 (m* Mean 3.34 3.84 4.04 3.38 3.09 299
m?) Min. 2.76  2.90 326 0.36 251 0.48
Max. 4.07 4.50 4.51 7.30 348 7.40

NPP Mean 835 810 678 695 633 644
(gm™ Min. 696 660 542 199 322 440
year™') Max. 930 1010 819 999 816 914

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 domi-
nated 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

m=m Boreal conifer forest

(a) 2055
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Projecting forest distribution

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 respec-
tively (Table 3). The magnitudes of modelled LAI in each grid
cell (Fig. Sla) 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  year '
in northern deciduous hardwoods, and

in oak-hickory forest,
678 g m’ year™ !
633 gm * year ' in boreal conifer forests, closely approxi-
mating (within 3%) average NPP of 810, 695 and
644 g m > year ' 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™* year™!, with an
area-weighted average of 970 ¢ m~> year™'. In contrast, annual
NPP in softwoods ranged from 580 to 980 g m™>

an area-weighted average of 870 g m™> year .

yearfl, with

Model projections

Our model simulations of future forest distribution indicate a
general shift from boreal conifers and northern deciduous

——= Mixed oak-hickory forest

(b) 2085

Latitude (°)
442 453

431

e

-726 -715 -70.3 -69.2 -68.1
Longitude (°)

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 Bl in Table 4). The corresponding southern bound-
ary of the northern deciduous hardwoods is expected to shift
northward, e.g. the latitudinal distribution of northern decid-
uous 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 ECHAMS5
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 deciduous conifer
forest hardwoods forest
2055 2085 2055 2085 2055 2085
GCM Scenario ¢ km ° km ° km ° km ° km °  km
H3 Bl 0.7 75 1.0 101 05 55 0.8 8 03 32 =01 -12
AlB 09 95 14 147 08 86 09 98 —0.1 —-13 -0.2 -16
A2 0.7 77 1.6 165 0.7 74 1.0 104 0 3 -03 =30
Bl 07 79 14 145 02 26 09 99 05 53 0 0
E5 AlB 1.3 135 1.8 196 09 97 0.8 8 0 2 -0.1 -12
A2 1.0 111 1.6 170 0.6 67 0.8 90 04 44 -0.1 -12
B1 1.2 130 1.6 167 05 53 1.0 102 0.5 55 O 2
CG AlB 1.5 160 1.8 192 1.1 118 0.8 8 0.1 10 —0.1 -15
A2 1.4 148 2.1 219 1.0 105 0.6 60 O 2 0 1

Average shift 1.0 112 1.6 167 0.7 76 0.8 9 02 21 -0.1 -10

H3, HadCM3; E5, ECHAMS5; 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).

Table 5 Projected altitudinal shifts of simulated forest types in
New England.

Mixed Northern Boreal
oak-hickory  deciduous conifer
forest hardwoods forest

2055 2085 2055 2085 2055 2085

GCM Scenarios (m) (m) (m) (m) (m) (m)
HadCM3 Bl 40 45 =75 =20 253 433
AlB 47 56 =27 67 430 723
A2 42 73 -51 93 364 874
ECHAMS5 Bl 47 54 —106 10 184 346
AlB 53 98 -3 117 355 608
A2 50 70 —-58 67 219 539
CGCM3.1 Bl 54 66 —34 31 194 321
AlB 73 92 26 84 309 483
A2 61 130 9 238 347 677
Average shift 52 76 =35 76 295 556

Changes in precipitation, temperature, and CO, 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 sen-
sitivity of vegetation distribution to changes in CO, concen-
tration, indicated that rising CO, concentration can reduce the
losses of boreal conifer forests (Fig. 5). The spatial extent of the
boreal conifer forest is reduced when CO, concentrations are
held at baseline levels but with the same magnitude of climate
change (Fig. 5a vs. b). When atmospheric CO, concentration
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Table 6 Projected future changes in potential area of simulated
forest types in New England.

Mixed Northern Boreal
oak-hickory  deciduous conifer
forest hardwoods forest

2055 2085 2055 2085 2055 2085

GCM Scenarios (%) (%) (%) (%) (%) (%)
HadCM3 Bl 99 149 15 24 =57 —87
AlB 143 237 26 0 -86 =99
A2 110 282 32 -17 =79 -100
ECHAM5 Bl 116 228 =23 -19 =25 =76
AlB 210 345 -9 45 =77 =97
A2 173 272 -27 -18 —44 =95
CGCM3.1 Bl 208 273 =51 —-41 -34 =71
AlB 276 330 —41  —44 =72 -92
A2 240 431 =23 =77 =76 -99
Average change 175 282 -11 -26 —61 -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 Bl
storyline decreased the boreal conifer forest by 77%, 46% and
74% in the HadCM3, ECHAM4 and CGCM3.1 runs, respec-
tively, which are greater losses than experienced under the
same climate scenarios but with atmospheric CO, concentra-
tion increased to 487 p.p.m., e.g. 57%, 25% and 34%
(Table 6).

e===== Boreal conifer forest
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Projecting forest distribution

Changes in summer precipitation are projected to either
slow down (when summer precipitation increases) (Fig. 6b) or
speed up (when summer precipitation decreases) the replace-
ment of northern deciduous hardwoods by mixed oak-hickory
forest (Fig. 6¢). For example, the simulated extent of the
northern deciduous hardwoods increased by 10% and 6% in
2055 under the HadCM3 and ECHAMS5 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 Bl scenario, where projected
summer precipitation decreased by 4-14% compared to the
baseline precipitation (Fig. 6f). Changes in summer precipita-
tion 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

=———= Mixed oak-hickory forest

(b) 487 ppm

Latitude (°)
442 453

43.1

=

-726 -715 -703 -69.2 -68.1
Longitude (°)

Figure 5 Increases in atmospheric CO, 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 CO, concentration set at 333 p.p.m. Panel (b) is modelled
vegetation in 2055 under the same storyline but with CO, 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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Figure 6 Sensitivity of simulated vegeta-
tion to changes in precipitation. An in-
crease in summer precipitation of 5% and
7% results in northern deciduous forest
rather than oak-hickory forest in areas of

ECHAMS5

green for the HadCM3 (a) and ECHAMS5
(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 hard-
woods in areas represented by red (c). This
change represents a 40% increase in oak—
hickory forest. Panels (d—f) show the

CGCM3.1

changes in summer precipitation corre-
sponding to the panels on the left. The
data shown here are based on comparisons
between simulations using projected pre-
cipitation for 2055 under the B1 storyline
and simulations using the baseline pre-
cipitation. Temperature and CO, con-
centration 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 ' (McLachlan
et al.,2005) to 250 m year ' (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 CO, concentrations. Our simulations based on

154

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 CO, 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 ECHAMS 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 CO, 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 CO,
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 CO,-fixation in relation to water loss
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(Osborne et al., 2000). Boreal conifer tree species are compar-
atively sensitive to drought (see USDA, NRCS 2009; The
PLANTS Database, http://plants.usda.gov) and may gain more
in NPP from elevated CO, than deciduous hardwoods
(Tjoelker et al., 1998). In our simulations, for example, annual
mean NPP increased by 175 g m > year™' for boreal conifers
and by 164 g m > year ' for deciduous hardwoods under high
CO, (487 p.p.m.) simulations for 2055 compared to low CO,
(333 p.p.m.) experiments. Differential responses to elevated
atmospheric CO, could result in a relative competitive
advantage of boreal conifers compared to deciduous hard-
woods. This effect could result in increasing losses of boreal
conifer forest in New England even if CO, 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 CO, concentrations and tem-
peratures were allowed to change with the Bl storyline. In
contrast, precipitation increases in summer reduce the replace-
ment of northern deciduous hardwoods by mixed oak-hickory
forest (Fig. 6a,b) while precipitation decreases in summer
cause their further replacement (Fig. 6¢). 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 distur-
bance (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 eco-
logical indicators (LAI and NPP) support the application of
BIOMEH4 to forests in New England (Table 3). In contrast to
niche-based, statistical models, we were able to account for the
physiological effects of CO, on plant growth and vegetation
distribution in BIOME4, showing that rising CO, can amelio-
rate 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 equilib-
rium with climate and does not consider successional
changes or transient states as the vegetation composition

Projecting forest distribution

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 distri-
bution 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 ECHAMS 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 temper-
ature. Compared to the baseline annual precipitation
(1109 mm), the magnitude of increase is the lowest (< 6.2%)
in southern New England under the Bl scenario and the
highest (> 10.6%) in northwestern Maine under the AIB
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 (x = 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 ECHAMS5 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 Bl
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 Bl scenario to 431% in
the CGCM3.1 A2 scenario by the end of the 21st century.
Increases in atmospheric CO, concentration tend to reduce
losses of boreal conifer forest in New England, while precip-
itation change influences the relative abundance of northern
deciduous hardwoods and mixed oak-hickory forests.
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LATE-QUATERNARY HISTORY OF HIGH-ELEVATION
VEGETATION IN THE WHITE MOUNTAINS OF
NEW HAMPSHIRE'

RAY W. SPEAR
Fulton-Montgomery Community College, Route 67, Johnstown, New York 12095 USA

Abstract. The pollen and plant-macrofossil records from four small lakes in the sub-
alpine and alpine zone of the White Mountains, New Hampshire, give a 13 000-yr pa-
leoenvironmental history. The White Mountains were deglaciated before 13 000 yr BP.
Downwasting of the continental ice sheet was rapid. The summits projected above the ice
as nunataks for only a brief period of time. Residual ice may have existed in Franconia
Notch until 11 000 yr BP. From 13 000 to 11 750 yr BP a barren periglacial desert covered
the highest altitudes in the White Mountains. Tundra vegetation occupied the lower slopes
and valleys. The mean annual temperature was roughly 5°-~10°C colder than today.

Sparse tundra vegetation surrounded all four high-elevation sites from 11 750 to 10 300
yr ago and several taxa, particularly Artemisia and Caryophyllaceae, indicate disturbance.
The summits were subjected to intense periglacial activity. The mean annual temperature
was 4-6° lower than present. By 10 300 yr BP shrubs such as willow, juniper, and dwarf
birch had invaded the tundra at Lake of the Clouds. Spruce woodland dominated the lower
slopes and valleys.

At 10 300 yr BP spruce populations arrived at high-elevation sites. Macrofossils of fir,
birch, and shrubs also occur in sediments of this age. The temperature increased to or
exceeded modern levels. Tree species did not reach the Franconia Notch sites until 9750
yr BP. At these sites the establishment of subalpine forests spanned a much shorter time
period. Forests with poplar, spruce, and birch replaced the spruce woodlands of low ele-
vations.

Subalpine fir forests became well established by 9000 yr BP. Evidence from the alpine
site shows that the fir trees were more abundant and treeline higher than today from 10 300
to 5000 yr BP. After 5000 yr BP, the pollen percentages of alpine indicators increased and
the numbers of fir macrofossils dropped. Of the three sites in subalpine fir firest, only the
lowest shows any evidence of a warmer interval in the early Holocene. Treeline is apparently
a poor temperature indicator because wind and moisture are the major factors determining
its position. Taxa of the Northern Hardwood Forest (e.g., white pine, hemlock, yellow
birch, sugar maple, and beech) arrived at lower elevations by 6500 yr BP, but the zones
of modern vegetation became established only after 2000 yr BP when spruce populations
cxpanded at low elevations between 750 and 1200 m.

Key words: alpine; late-glacial: paleoecology; palynology; plant macrofossils; treeline; White

Mountains.

INTRODUCTION

Over the last 12 000 yr the forests of eastern North
America have undergone dramatic changes. The broad
patterns of change have been demonstrated by map-
ping pollen data (Davis 1976, 19815h, 1983, Bernabo
and Webb 1977, Webb et al. 1983, Gaudreau and Webb
1985, Webb 1986). The dynamics of regional and local
vegetation change during this period are less well
understood. Floristic diversity, the readjustment of
range limits following glaciation, climatic variability
and change, disturbance, disease, and biotic interac-

' Manuscript received 9 January 1987; revised 11 March
1988: accepted 18 March 1988; final version received 3 June
1988.

tions all play a role in vegetation dynamics. Identifying
how these factors interact to determine the structure
and function of forest communities is difficult. Davis
and Botkin (1985) used a forest growth model to sim-
ulate the response of forest in central New England to
climatic change. Detailed paleoecological studies can
also be designed to answer specific questions on the
history of the forests and vegetation (e.g., Brubaker
1975, Jacobson 1979). I chose to study the history of
vegetation at high elevations (above 1200 m) in the
White Mountains of New Hampshire. Previous work
(Likens and Davis 1975, Davis et al. 1980) established
the regional forest history and demonstrated changes
in the composition and distribution of plant commu-
nities along the steep climatic gradients of the moun-
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tain slopes. I decided to do a detailed study on high-
elevation vegetation because its fossil record might yield
insights into vegetation dynamics unavailable from the
study of lowland vegetation. High-elevation vegetation
is a clearly defined unit of limited extent, has low flo-
ristic diversity (especially of tree species) and presum-
ably has been in existence for 10 000 yr or more.
This study has three objectives: (1) to reconstruct
the temporal pattern of deglaciation and plant colo-
nization of the White Mountains of New Hampshire;
(2) to determine when the modern subalpine fir forests
and alpine plant communities developed from pre-
vious vegetation and from the lowland vegetation
14 000-9000 yr ago; and (3) to make inferences about

climate and biotic interactions from the vegetation rec-
ord. To meet these objectives I analyzed pollen and
macrofossils preserved in lake (bog) sediments from
four sites. The sites are located above 1140 m within
an area of 2500 km? (Fig. 1). Three sites are in the
subalpine fir forest and one site at 1542 m is in an
alpine meadow. One problem with lakes at high ele-
vations is that they accumulate most of their pollen
from low-elevation forests (Davis et al. 1980, Spear
1981, M. B. Davis, personal communication). Plant
macrofossils that come primarily from within 100 m
of the basins (Dunwiddie 1987) provide a record of the
local high-elevation vegetation. Comparison of the fos-
sil records among my sites and with mid- and low-
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elevation sites (Davis et al. 1980, Davis 1983, and M.
B. Davis, personal communication) provide much in-
formation on the vegetation dynamics in the subalpine
and alpine zones and also provide a record of climate
changes since glaciation.

STUDY AREA
Geology

The White Mountains are part of the mountainous
terrain extending from northeastern Vermont through
northern New Hampshire and southern Quebec to Mt.
Katahdin in Maine (Fenneman 1938). Few peaks in
the White Mountain National Forest are above 1600
m in elevation, but the relief is as much as 1150 m
(Fig. 1). The bedrock of the White Mountain region
consists largely of resistant gneiss, schist, and quartzite
of the Littleton Formation (Devonian) (Billings et al.
1946). Both montane and continental glaciation shaped
the White Mountains during the Pleistocene. Montane
glaciers from 10 well-developed cirques in the Presi-
dential Range preceded Late Wisconsin continental
glaciation (Goldthwait 1970).

As the ice sheet thinned and retreated northward
~14 000 yr ago, the high peaks were exposed as nun-
ataks, with irregular tongues of ice persisting in the
valleys (Goldthwait 1940, Goldthwait and Mickelson
1982). Deglaciation was followed by a period of intense
frost activity. Continuous permafrost was present at
an elevation of 1500 m, at least 300 m below its limit
today (Goldthwait 1976). This period left periglacial
features such as the frost-shattered bedrock and debris,
stone nets, stripes and lobes, and rock glaciers in the
alpine zone (Antevs 1932, Goldthwait 1940, Harries
1966). Some modern frost action can be found in the
alpine zone, evidenced by solifluction features includ-
ing miniature stone nets and stripes, and turf-banked
and stone-banked terraces and garlands (Antevs 1932,
Goldthwait 1940, and Harries 1966).

Climate

On the summit of Mt. Washington at 1917 m, the
mean annual temperature is —2.8°C (NOAA 1975a).
Frost can occur in any month of the year, but it is rare
in July and August. Seven months have a mean tem-
perature below 0°, and no month has a mean temper-
ature above 10°. The lower portion of the alpine zone
has a much milder climate than the summit; temper-
ature and insolation are higher and precipitation and
winds are lower (Bliss 1964, Harries 1966). Most of
the climatic differences are due to altitude, but pre-
vailing westerly winds and the dissipation of clouds
passing over the summit also account for differences
between the western and eastern slopes. Climatic data
for the subalpine fir forest are summarized by Reiners
and Lang (1979). For 7 mo of the year the mean tem-
perature is below 0°, whereas for 4 mo it is >10°. The
number of frost-free days is <90. At Pinkham Notch
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(613 m) the mean annual temperature is 4.4° (NOAA
1975b). Temperature data from treeline indicate that
the lapse rate from Pinkham Notch to the summit is
not a constant 0.53°/100 m, but steeper in the alpine
zone than in the forested elevations (Harries 1966).

Precipitation in the White Mountains is distributed
uniformly throughout the year. Total annual precipi-
tation on the summit of Mt. Washington is 193.5 cm;
at Pinkham Notch it is 146.7 cm. The elevations at
which subalpine fir forests grow receive roughly 175
cm of precipitation a year (Reiners and Lang 1979).
Fog drip and rime ice significantly increase this figure
(Lovett et al. 1982). On the summit, 241 d of the year
are cloudy from sunrise to sunset, whereas at Pinkham
Notch only 167 d per year are cloudy. Heavy fog per-
sists for some part of the day on 310 d per year on the
summit but on only 24 d per year at Pinkham Notch.
Intermediate elevations are in the clouds 30-50% of
the time (Reiners and Lang 1979).

The alpine zone is subjected to extreme wind. The
maximum wind speed recorded on the summit was
372 km/h in April 1934, Winds >161 km/h occur
every month of the year. The mean annual speed on
the summit is 56.6 km/h. The mean annual wind speed
at treeline is 31.3 km/h, less than half that at the sum-
mit (Harries 1966). Once below treeline the wind speed
drops dramatically. Average wind speed is 2.91 km/h
at the 1158-m station in subalpine forest on Camels
Hump, Vermont (Siccama 1974). At Pinkham Notch
mean annual wind speed is 5.3 km/h, and there are
fewer than 12 d/yr when it exceeds 40 km/h (Harries
1966).

Treeline appears to be correlated with an abrupt
change in thermal lapse rate and wind speed. Both
increase in the alpine zone. Macroclimate ultimately
determines the position of treeline, but vegetation
structure plays an important role in determining mi-
croclimate above and below treeline.

Vegetation

In the White Mountains today, the subalpine forests
and alpine tundra above 1200 m are similar to boreal
and arctic vegetation in eastern Canada. Montane co-
niferous forests of spruce and fir are found in the Ap-
palachians from Tennessee and North Carolina north-
ward into New England. Oosting and Billings (1951)
denoted them as an Appalachian segregate of the spruce—
fir boreal forest, comparing spruce—fir forests in the
White Mountains of New Hampshire with those in the
Great Smoky Mountains of Tennessee. Floristically,
these Appalachian forests are nearly identical. Red
spruce (Picea rubens) is important throughout the re-
gion, while Fraser fir (4bies fraseri) occurs in the south,
and the closely related balsam fir (4bies balsamea) grows
in the north (Myers and Bormann 1963). Except in the
Catskill Mountains of New York (McIntosh and Hur-
ley 1964), pure stands of fir occur at the upper eleva-
tions of the Appalachian coniferous forest.
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Alpine tundra is found on the mountains of New
York, New England, and the Gaspé Peninsula in south-
ern Quebec. The presence of a diverse arctic-alpine
flora on mountains in the Gulf of St. Lawrence led
Fernald (1925) to theorize that arctic—alpine plants sur-
vived Wisconsinan glaciation on nunataks in this re-
gion. Fernald’s theory has been disputed by glacial ge-
ologists who claim that the region was buried by ice
(Ives 1974), and by botanists who have discovered new
fossil localities of Fernald’s “disjunct” species on gla-
ciated terrain in eastern North America (Drury 1969,
Miller and Thompson 1979). However, arctic-alpine
species still could have persisted in ice-free or coastal
sites. Farther south, the mountains in New England
and New York were indisputably overridden by the
Laurentide Ice Sheet (Goldthwait 1940, 1970). The
members of the arctic-alpine floras found on these
summits today must have migrated from the south as
the ice retreated.

Zonation

Five vegetation zones have been recognized in the
White Mountains: (1) northern hardwoods (hemlock
phase); (2) northern hardwoods (spruce phase); (3) sub-
alpine (spruce-fir phase); (4) subalpine (fir phase); and
(5) alpine (Reiners and Lang 1979, M. B. Davis, per-
sonal communication). The first zone is called mixed
hardwoods by Davis et al. (unpublished manuscript),
and its extends up to =450 m in elevation. White pine
(Pinus strobus), red oak (Quercus rubra), and hemlock
(Tsuga canadensis), are limited to this zone. The north-
ern hardwoods (spruce phase) occurs from 450 to 750
m and it includes the upper altitudinal limits of three
species: yellow birch (Betula lutea), sugar maple (Acer
saccharum), and beech (Fagus grandifolia). Spruce-fir
forests are found between 750 and 1220 m. Above
1220 m red spruce becomes rare and balsam fir dom-
inates the forest. Fir and black spruce (Picea mariana)
krummbholz are found in the lower part of the alpine
zone, but upright trees seldom occur beyond 1500 m.

Subalpine fir forest 1200-1450 m

Many peaks in the White Mountains are high enough
to support subalpine forest (Fig. 1). The subalpine for-
ests are species poor. Fir makes up 99% of the tree
layer, with a few trees of paper birch (Betula papyrif-
era), red and black spruce, and mountain ash (Pyrus
americana). The diversity of shrubs and herbs is also
low, but the forests are rich in bryophytes (Sprugel
1976, Reiners and Lang 1979, Sprugel and Bormann
1981). Bedrock and soils do not at present influence
the distribution of this forest type (Flaccus 1959, Spru-
gel 1976, Reiners and Lang 1979, Spear 1981). Reiners
and Lang (1979) and Sprugel (1976) show that the
structure of the subalpine fir forest is related to wind.
Reiners and Lang (1979) determined that subalpine fir
forests display decreased canopy height, lower density,
and more even-aged structure with increasing altitude
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because of increased wind exposure at higher eleva-
tions.

Treeline

In this paper, trees are defined as those individuals
of a tree species >2 m tall (Hustich 1953). I use the
following commonly accepted definitions: treeline is
the limit of trees; forest limit is the boundary above
which trees dominate <50% of the landscape (in New
Hampshire treeline coincides with the forest limit),
species limit is the elevation at which a species can no
longer exist in any form (Hustich 1953, 1966, Wardle
1974, Black and Bliss 1978, Elliott 1979, Tranquillini
1979). Treeline in the Presidentials depends primarily
on change in temperature with altitude (macroclimate).
The species limit of black spruce krummholz at 1680
m (Antevs 1932) is correlated with a mean July tem-
perature of 10° (Daubenmire 1954). Treeline also var-
ies with steepness of slope, soil depth, snow cover, and
exposure to the prevailing wind. On the west slopes of
the Presidentials, treeline is between 1465 and 1525
m, butisaslowas 1312 m on exposed northwest slopes.
Treeline is higher on east slopes, usually occurring be-
tween 1525 and 1588 m, but does not span any moun-
tain pass lying above 1400 m. Wind exposure is one
of the most important factors in determining the exact
position of treeline on the peaks (Monahan 1931, Griggs
1942, 1946, Bliss 1963, Harries 1966, Tiffney 1972,
Reiners and Lang 1979). Wind damages trees in the
winter by desiccation and reduces productivity by low-
ering the ambient temperature during the summer
months (Marchand and Chabot 1978).

Alpine meadow above 1450 m

The Presidentials have the most extensive alpine
zone, =20 km? (13.5 x 1-2 km) (Bliss 1963). The
highest peak in the range is Mt. Washington at 1917
m, and six other peaks exceed 1500 m. The Franconia
Range has a much smaller alpine area, 0.5 x 3.5 km,
than the Presidential massif. The highest peak is Mt.
Lafayette at 1603 m. Mt. Moosilauke is 1459 m high
with an alpine zone of <10 ha.

Bliss (1963) identified nine plant communities in the
alpine zone of the Presidentials: (1) sedge meadow, (2)
sedge/dwarf-shrub heath, (3) sedge/rush/dwarf-shrub
heath, (4) dwarf-shrub heath/rush, (5) dwarf-shrub
heath, (6) Diapensia, (7) snowbank, (8) streamside, and
(9) bog. Two environmental gradients are important
in the distribution of alpine communities: (1) a gradient
of increasing moisture and fog and decreasing temper-
ature (from dwarf-shrub heath to sedge meadow), re-
lated directly to increasing altitude; and (2) a gradient
of snow depth and snow melt (from snowmelt to Dia-
pensia), inversely related to wind exposure (Bliss 1963,

‘Harries 1966). Neither bedrock nor soil type is im-

portant in determining the distribution of alpine plant
communities (Bliss 1963, Harries 1966). Rather, the
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development of soil is determined by the alpine vege-
tation cover.

METHODS
Sites

The four sites selected for pollen and macrofossil
analyses (Fig. 1) occupy basins scoured in bedrock by
glaciation. They have no inflowing streams and only
small outlet streams.

Kinsman Pond (44°08’' N, 71°44’ W) is the largest
(1.9 ha) and lowest of the sites at 1140 m. Its watershed
is small, approximately eight times the size of the pond,
and rises 170 m in 0.25 km to the summit of North
Kinsman Mt. on the pond’s west shore. The pond is
surrounded by subalpine forest. The forest canopy is
~10 m high. Balsam fir is the dominant tree in this
forest. Heart-leaved paper birch is an important com-
ponent, with low proportions of red spruce. Kinsman
Pond and its watershed are underlain by Kinsman
quartz monzonite (Williams and Billings 1938).

Two basins occur in a notch at 1275 m on the west
flank of Mt. Lafayette (44°10’ N, 71°40" W). The smaller
basin (0.14 ha) =50 m northwest of Eagle Lake has a
small pool of water surrounded by peat (Eagle Lake
Bog). The watershed is small, <10 times the size of
the site, and has gradual slopes rising only 10 m above
the bog surface. Like Kinsman Pond, 6.5 km to the
southeast across Franconia Notch, Eagle Lake Bog is
underlain by Kinsman quartz monzonite (Williams and
Billings 1938). Eagle Lake Bog is 110 m below treeline,
surrounded by subalpine forest trees barely 2 m high,
with stunted and flagged trees common on exposed
ridges near the bog. Fir and black spruce are common
in the boggy areas.

Deer Lake Bog (44°02' N, 71°19' W) is a Sphagnum
bog at 1325 m, with a very small pool of water on its
northeastern edge. The bog (0.09 ha) is in the middle
of a large area of impeded drainage located in the col
between Mt. Moosilauke and Mt. Jim. Subalpine fir
forest with black spruce grows in the shallow Sphag-
num peat of this poorly drained area, while fir forest
~7.5 m tall also grows on uplands around the bog.
Treeline is 115 m above the site. The bedrock under-
lying Deer Lake Bog and the surrounding slopes is
composed of interbedded quartzite and mica schist of
the Littleton Formation (Billings 1937).

Two lake basins (44°16' N, 71°19' W) lie 1.7 km
southwest of the summit of Mt. Washington in the
alpine zone 75 m above treeline. The core (see Field-
work, below) is from Lake of the Clouds, the larger of
the two basins (0.43 ha) at 1542 m. The 15-ha wa-
tershed is long and narrow, extending northeast from
the lake to an elevation of 1676 m, and contains several
springs (Buchanan 1975). The bedrock underlying Lake
of the Clouds is the same as that at Deer Lake Bog:
interbedded quartzite and mica schist of the Littleton
Formation (Billings et al. 1946). Patches of fir and black

HISTORY OF HIGH-ELEVATION VEGETATION

129

spruce krummbholz grow around their shores. Dwarf-
shrub heath with Vaccinium uliginosum, Vaccinium
vitis-idaea, Ledum groenlandicum, Kalmia polifolia,
and dwarf birch (Betula glandulosa), and snowbank
vegetation with Houstonia caerulea var. faxonorum
and Veratrum viride are also common around the lake
(Bliss 1963).

Low-elevation sites (<1100 m)

Davis and Shane (M. B. Davis, personal commu-
nication) have studied the fossil record in lake sedi-
ment from sites in the northern hardwood and spruce-
fir forests on the lower slopes (Fig. 1). I have included
summaries of the results from two of these sites, Lone-
some Lake (900 m) and Lost Pond (650 m).

Fieldwork

The sediment cores were taken from a raft with a
modified Livingstone sampler (5 cm in diameter). Sur-
face cores with well-preserved mud-water interfaces
were collected in plastic tubes (2.5 cm in diameter, 1
m in length) with pistons (Wright et al. 1965). Deer
Lake Bog was sampled from the bog mat. Peat samples
were collected from a cleaned face of a pit 80 cm deep.
Below 80 cm the peat was humified enough to collect
with a Livingstone sampler. The upper peat was re-
sampled with a Russian peat sampler (Jowsey 1965).

Moss polsters were collected in east—-west transects
across the subalpine and alpine zones of three moun-
tain peaks, Mt. Moosilauke, Mt. Lafayette, and Mt.
Washington (Table 1). At designated elevations several
clumps of moss were collected from a small area and
the vegetation was sampledina 2 X 5 mrelevé (Miiller-
Dombois and Ellenberg 1974). The position of treeline
and the presence of patches of krummholz were also
recorded along each transect. The vegetation around
the four coring sites was also sampled with 2 X 5 m
relevés.

Laboratory techniques and
pollen analysis

The Troels-Smith system of sediment characteriza-
tion (Troels-Smith 1955) was used to describe the sed-
iment. Samples from fresh cores were taken for pollen
analysis and for loss-on-ignition determination with
1-mL volumetric spoons. The loss-on-ignition samples
were dried for 24 h at 110°C and ashed for 2 h at 550°
(Dean 1974). Seventeen samples were carefully re-
moved from the cores, scraped to remove surface con-
tamination, and sent to various radiocarbon labora-
tories for dating (Table 2).

Sediment samples were prepared for pollen analysis
using the procedures of Faegri and Iversen (1975) and
Cwynar et al. (1979). To determine the volume con-
centration of pollen and spores, a known amount of
exotic Eucalyptus pollen was added to each sample
(Stockmarr 1971). The conventions used in categoriz-



130

RAY W. SPEAR

Ecological Monographs
Vol. 59, No. 2

TABLE 1. Moss polsters collected in east—west transects across the subalpine asnd alpine zones of the indicated mountains.

Elevation above or

No. Mountain Elevation (m) Vegetation type below treeline

1 Mt. Moosilauke 1402 west fir krummbholz just below treeline

2 Mt. Moosilauke 1410 west dwarf shrub heath-rush* 8 m above treeline

3 Mt. Moosilauke 1463 west dwarf shrub heath-rush 61 m above treeline

4 Mt. Moosilauke 1463 east snowbank community* 31 m above treeline

5 Mt. Moosilauke 1432 east glade-fir krummbholzt at treeline

6 Mt. Lafayette 1219 west subalpine fir forest 186 m below treeline

7 Mt. Lafayette 1372 west subalpine fir forest 33 m below treeline

8 Mt. Lafayette 1524 west dwarf shrub heath* 119 m above treeline

9 Mt. Lafayette 1584 west sedge-rush dwarf shrub heath* 179 m above treeline
10 Mt. Lafayette 1584 east snowbank community 84 m above treeline
11 Mt. Lafayette 1524 east dwarf shrub heath-rush 24 m above treeline
12 Mt. Lafayette 1493 east fir krummoholz 7 m below treeline
13 Mt. Washington 1372 west subalpine fir forest 90 m below treeline
14 Mt. Washington 1494 west dwarf shrub heath 32 m above treeline
15 Mt. Washington 1557 west sedge meadow* 93 m above treeline
16 Mt. Washington 1905 west sedge meadow 443 m above treeline
17 Mt. Washington 1905 east sedge meadow 380 m above treeline
18 Mt. Washington 1676 east dwarf shrub heath-rush 151 m above treeline
19 Mt. Washington 1372 east alder thicket 153 m below treeline

* Plant communities recognized by Bliss (1963).
T Vegetation type recognized by Reiners and Lang (1979).

ing the pollen and spores follow those of Cushing (1963)
and Birks (1976). Taxon names are after Fernald (1950).

At least nine different species of birch are currently
found in New England and could be represented in the
pollen assemblages. In the White Mountains, the three
most important species of birch are dwarf, paper, and
yellow birch. I measured the diameter of all birch grains
from 14 samples at Lake of the Clouds and used a 20-
um cutoff to separate shrub (dwarf) from tree birch
(Ives 1977). The two bottom histograms on Fig. 12
give measurements of 50 grains from fossil birch an-

thers. These two samples indicated the variation in
grain size from a single individual.

Three species of alder, Alnus crispa, Alnus rugosa,
and Alnus serrulata are found in New England today.
Green alder (4/nus crispa) pollen can be separated from
Alnus rugosa and Alnus serrulata pollen by pollen mor-
phology (Bryan 1954, Cushing 1963).

The pollen sum, which includes all terrestrial taxa
including fern and Lycopodium spores, was usually be-
tween 350 and 500. For the pollen data from surface
samples below treeline the mean percentages are based

Sample code Radiocarbon age (yr BP)

TaBLE 2. Radiocarbon dates of samples removed from sediment cores.
Coring site Depth of core sample (cm)
Kinsman Pond 50-60
280-293

310-315, 320-337, 305-331.5*

62-71.5
297-307
396-408
120-128
180-191
257-268
384-395
425-435
463-488

281-292 (site B1)
28-41 (site Cl1)
139-151 (site C2)
222-237 (site C2)

Eagle Lake Bog

Deer Lake Bog

Lake of the Clouds

280-295, 300-315, 285-315%

(sites C2 and C3)

GX-6052 220 + 130
GX-5604 8830 + 165
I-10, 685 4490 + 95t
GX-6050 2760 + 145
GX-6051 7800 + 190
1-9907 9155 + 145
1-9905 1485 + 75

GX-5602 2790 + 130
GX-5603 6465 + 205
1-9906 8620 + 215
QL-1134 10960 + 110
QL-1133 13 000 + 400
1-9908 8785 + 135
1-10 681 225 + 85

1-10 682 7010 + 115
1-10 683 10 300 + 165
1-10 684 11530 + 420

* To obtain sufficient organic material for radiocarbon dating in these highly inorganic sediments, the bottoms of two cores
were combined. The cores were taken <1 m apart, and were correlated by pollen analysis before dating.

t This date was discarded. Not only is this sample significantly younger than sediment above it, but spruce pollen is a
prominent type in the pollen assemblage. In New Hampshire, spruce is no longer an important component of the pollen sum

by around 10 000 yr BP.

I As at Kinsman Pond, the bottoms of two cores were sent for radiocarbon dating.



June 1989

on the 7 moss polsters at or just below the limit of
continuous krummbholz and the surface samples of four
ponds in the subalpine fir forest (Table 3). The surface
sample from Lake of the Clouds Bog plus 11 moss
polsters are the basis of the mean percentages above
treeline (Table 3). Pollen/spore taxa that are over-rep-
resented in particular moss polster samples have been
removed from the pollen sum. These include Grami-
neae, Polypodiaceae, A/nus, and c.f. Spiraea latifolia.
A taxon was considered over-represented when it cov-
ered a significant portion of the relevé (>10%) and its
pollen/spores were present in unusually high propor-
tions (20% or more) in the polster sample.

After the radiocarbon and pollen samples were tak-
en, 2.5-cm lengths of core were removed for macro-
fossil analysis. After the potentially contaminated out-
er surface was removed, the sample was heated for 2
h in soapy water to disaggregate the sediment, then
gently washed through a set of three United States
Standard Series Sieves (595-, 250-, and 90-um mesh,
respectively). The coarse fraction was examined under
12 x magnification and the medium fraction under 25 x
magnification. Plant and some animal fragments were
picked from the sample and preserved in a drop of
glycerin. The minimum needle number is the lowest
number of needles represented by the needle fragments
and twigs in a sample (Delcourt 1978). Seeds of yellow/
black birch (Betula lutea/B. lenta) type, paper birch,
and dwarf birch can all be distinguished in well-pre-
served material (Cunningham 1957).

RESULTS

Comparison of modern pollen and
vegetation data

Vegetation. — Vegetation data from 10-m? relevés
were collected at most of the sampling sites and modern
pollen and macrofossil assemblages were compared to
the local vegetation. The only trees in the subalpine
zone relevés were fir, heart-leaved paper birch, red
spruce, and black spruce. The spruce is of minor im-
portance. Red spruce is occasionally found in the lower
elevations of the subalpine fir forest and black spruce
occurs near treeline in the Presidential Range. Moun-
tain ash (Pyrus americana) occurs in the subalpine fir
forest (Reiners and Lang 1979), but was not present in
any of the relevés. Skunk currant, Ribes glandulosum,
is one of the few shrubs in the subalpine fir forest.
Ericaceous shrubs common to the alpine zone occur if
there is an opening in the forest canopy.

The herbaceous vegetation in the subalpine fir forest
is abundant but relatively monotonous. Approximate-
ly three-quarters of the relevés sampled had significant
coverage of Dryopteris spinulosa and Oxalis montana.
Other boreal forest herbs, such as Coptis groenlandica,
Clintonia borealis, and Maianthemum canadense, oc-
curred in a large number of relevés (40%) (Spear 1981).
Krummbholz and shrubs are common in the alpine zone.
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The krummbholz species are fir, heart-leaved paper birch,
and black spruce. Dwarf birch is abundant at Lake of
the Clouds and green alder, A/nus crispa, is common
on the east slope of Mt. Washington. Numerous eri-
caceous shrubs are found in the alpine zone. Three of
the most abundant shrubs are Vaccinium uliginosum,
Vaccinium vitis-idaea, and Ledum groenlandicum. The
alpine zone has abundant herbaceous vegetation.
Among the most common herbs are Carex bigelowii,
Juncus trifidus, Arenaria groenlandica, and Lycopo-
dium selago, which occurred in over one-third of the
alpine relevés. Herbs found in the fir forests below
treeline are also found in the alpine zone, especially
around patches of krummbholz.

Pollen. —Surface samples demonstrated that pollen
assemblages from sites in the subalpine forest can be
distinguished from those in the alpine meadow (Table
3). Five taxa—Ericaceae, Cyperaceae, Caryophylla-
ceae, Lycopodium selago, and Houstonia caerulea var.
faxonorum—have pollen or spores that were found
almost exclusively in the alpine moss polsters (Table
3). Plants from these taxa rarely occurred in relevés
below treeline and almost never left a pollen/spore
record in subalpine samples (Fig. 2). The only moss
polster outside the alpine zone that contained > 1% of
these indicators was number 13, 90 m below treeline
on the west slope of Mt. Washington, from the bank
of a stream that forms the headwaters of the Ammo-
noosuc River. Many alpine plants have lower altitu-
dinal limits along the stream’s rocky banks.

The pollen assemblages from the subalpine fir forest
and the alpine zone showed some subtle differences.
There is more fir pollen below treeline than above (Fig.
2). This trend is particularly evident in the mean pollen
percentages of the moss polsters (Table 3). Fir pollen
percentages average 6.0% below treeline and 2.1% above
treeline. Although the average percentages of spruce,
birch, and A/nus are higher above treeline than below,
the differences are not statistically significant. The av-
erage percentages of lowland trees in subalpine and
alpine assemblages are nearly identical. Lycopodium is
a prominent herbaceous genus in the vegetation near
treeline (Fig. 2). Its percentages are highest at treeline
and in the lower alpine zone. This distribution corre-
lates fairly well with its distribution in the vegetation.
Ragweed (4mbrosia), a lowland weed, was not found
in any of the relevés and is not known to grow in either
the subalpine or alpine zones. Its presence in the pollen
assemblages must result from distant transport.

A comparison of the mean percentages of the seven
polsters below treeline with the mean percentages for
the four ponds below treeline shows distinct differences
in spectra between the two types of sites (Table 3).
Generally, the ponds show a more regional pollen rain
with more spruce and lowland trees than do the sub-
alpine polsters. These results are similar to the results
of the surface sample studies of Ritchie (1974) and
Birks (1977) at treeline. In contrast, pollen percentages
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TABLE 3. Percentages of pollen of various taxa in surface samples from Mt. Washington, Mt. Lafayette, and Mt. Moosilauke.
Moss polsters Pond
Below Above Below Lake of
Taxon treeline treeline treeline* the Clouds
Percentage of pollen sum

Picea Mean 1.6 2.4 5.0 5.2
Range 0.5-2.1 0.7-4.0 2.4-7.9

Abies Mean 6.0 2.1 4.0 2.1
Range 3.5-11.9 0.2-3.5 3.3-5.1

Betula Mean 46.0 49.8 44.6 48.2
Range 37.4-56.7 41.1-56.8 40.5-47.9

Alnus Mean 2.0 2.8 0.8 2.8
Range 0.7-3.3 1.0-6.7 0.3-1.4

Pinus Mean 8.2 8.2 6.9 6.7
Range 5.0-13.4 4.9-13.1 4.2-8.0

Tsuga Mean 2.4 2.9 5.1 4.6
Range 1.3-2.8 1.57-5.40 3.5-5.9

Quercus Mean 4.0 3.4 4.4 3.4
Range 2.3-6.3 1.2-6.4 2.4-6.5

Fagus Mean 4.2 4.6 8.0 5.3
Range 2.4-5.7 1.4—-7.5 6.8-10.2

Acer Mean 2.0 1.6 2.0 0.7
Range 0.8-3.5 0.3-3.0 0.7-4.1

Ulmus Mean 1.4 1.0 1.1 0.2
Range 1.0-1.9 0-2.1 0.5-1.6

Other trees Mean 3.6 3.6 4.7 3.6
Range 1.8-6.7 1.5-7.0 2.2-6.4

2 Lowland trees Mean 25.8 25.3 32.2 24.5
Range 14.4-37.4 19.5-32.2 27.2-39.2

Salix Mean 0.4 0.2 0.2 0.7
Range 0-1.1 0-0.5 0-0.5

Myrica Mean 0.3 0.2 0.2 0
Range 0-0.8 0-0.6 0-0.4

Ericaceae Mean 0.1 0.5 0.1 0.5
Range 0-0.5 0-1.3 0-0.3

Gramineae Mean 3.1 33 1.8 4.4
Range 1.1-8.7 1.4-7.6 0.7-2.7

Cyperaceae Mean 0.2 1.5 0.6 1.4
Range 0-0.9 0-6.1 0-1.7

Caryophyllaceae Mean 0.1 1.3 0 0
Range 0-0.4 0-5.0 0 0

Polypodiaceae Mean 1.9 1.2 5.7 1.8
Range 0.7-6.9 0-2.4 0.8-16.4

Total Lycopodium Mean 2.3 3.0 0.6 2.1
Range 0.9-6.4 0.4-5.0 0.3-1.3

Lycopodium selago Mean 0 0.4 0 0.2
Range 0-2.3 0

Ambrosia Mean 6.4 39 1.7 3.4
Range 2.4-14.5 1.9-10.1 0.22-2.4

Total herbs Mean 18.1 16.5 12.5 15.8
Range 9.8-24.1 10.1-22.7 8.6-21.0

Long-distance transport Mean 32.0 29.0 33.8 28.2

(Z lowland trees plus Ambrosia) Range 20.0-42.3 21.3-35.9 24.0-41.3

* Ponds below treeline: Kinsman Pond 1140 m, Garfield Pond 1165 m, Eagle Lake Bog 1275 m, and Red Pond 1350 m.

from surface sediments at Lake of the Clouds, above
treeline, are remarkably similar to the average per-
centages from the 11 alpine moss polsters (Table 3).
These results are preliminary and should not be indis-
criminately applied to other regions; however, the five
taxa that distinguish the alpine samples (Ericaceae,

Cyperaceae, Caryophyllaceae, Lycopodium selago, and
Houstonia caerulea var. faxonorum) should be indic-
ative of treeless open conditions in the fossil pollen
record of the White Mountains.

Plant macrofossils.—Analyzing plant fragments in
surface sediment samples reveals how well the local
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vegetation is represented in lake sediment (Dunwiddie
1987). Spruce needle fragments are over-represented
in the sediment record in the White Mountains. Needle
fragments from krummbholz spruce and fir dominate
the macrofossil record at “lower” Lake of the Clouds
(1551 m). Although the relevé data collected at the site
show that spruce is much less abundant than fir, spruce
needle fragments are nearly as abundant as fir in the
sediment. Hermit Lake (1200 m), a small pond just
outside Tuckerman Ravine (a large cirque 1.5 km
southeast of the summit of Mt. Washington) is in a red
spruce-balsam fir forest with occasional black spruce
(Teeri 1968). The importance value for spruce in the
Hermit Lake forests is 5%; for fir it is 80% (M. B. Davis,
personal communication). Spruce needle fragments are
10 times as abundant as those from fir in Hermit Lake
sediment. Surface sediments from Spaulding Pond
(1300 m), a small lake located on the floor of the Great
Gulf cirque 1.6 km northeast of the summit of Mt.
Washington, have green alder seeds. Green alder and
black spruce are found at Spaulding Pond and are par-
ticularly common at treeline in the subalpine fir forest
along the eastern flank of the Presidential Range today.
Green alder should leave a clear record in macrofossil
assemblages.

Study sites

With my major focus on local and high-elevation
vegetation, I have presented summary diagrams for
each site with only the taxa represented that have been
important in the history of high-elevation vegetation.
(All diagrams are plotted on a time scale constrained
by available radiocarbon dates [Table 2 and Fig. 3].) I
have presented complete pollen and macrofossil dia-
grams for only one representative site, Deer Lake Bog
(Figs. 4 and 5) and used these diagrams to describe the
regional vegetation history for central New Hampshire
forests. On the summary diagrams, I included only
three arboreal taxa: spruce, fir, and birch. Species be-
longing to these taxa, along with A/nus, also grow as
shrubs and krummbholz. These taxa are represented by
one or more species in the subalpine and alpine floras
of today. A number of herbaceous and shrubby taxa
are included either separately or grouped together as
Nonaboreal Taxa on the summary diagrams. The Non-
aboreal Taxa consist of the sum of percentages from
nine taxa. Four of the taxa—Artemisia, Gramineae,
Salix, and Tubuliflorae—have species found in tundra
today. Richard (1977) states that these taxa, among
others, are characteristic of the late-glacial “‘tundra” of
southern Quebec. An additional five taxa— Caryophyl-
laceae, Cyperaceae, Ericaceae, Lycopodium selago, and
Houstonia caerulea—are those identified as being com-
mon in modern alpine/tundra pollen spectra.

Deer Lake Bog sedimentation record. —Sediments at
Deer Lake Bog are dated by radiocarbon dates (Table
2) and at two levels by pollen stratigraphy (i.e., cor-
relations). The abrupt decline in hemlock pollen at 205
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cm is similar to that seen at other sites in the Northeast
and has been dated at 4800 yr BP (Davis 1981a). The
peak in cultural pollen types at 55 cm corresponds to
the major logging around Mt. Moosilauke 75 yr ago
(Brown 1958). Ages and sedimentation rates at Deer
Lake Bog were determined graphically because a sim-
ple curve did not fit through all the points and attempts
to fit polynomial regressions to the dates were unsuc-
cessful (Fig. 3).

Before 10300 yr BP the pollen record is the sole
source of information on vegetation at Deer Lake Bog
(Figs. 5 and 6) because no macrofossils are found in
sediments deposited before then. Sedimentation seems
to have been relatively constant throughout this period,
and the pollen influx data can be interpreted as indic-
ative of changes in the vegetation. After 8500 yr BP
irregular rates of sedimentation during basin infilling
make pollen influx values highly variable and therefore
less sensitive to vegetation changes (Davis and Ford
1982, Davis et al. 1984).

Age vs. depth and loss-on-ignition (L.O.1.) curves for Deer Lake Bog, Eagle Lake Bog, Kinsman Pond, and Lake

Deer Lake Bog regional pollen record.—The per-
centage pollen diagram (Fig. 4) illustrates the changes
in the regional vegetation that grew mainly below 1200
m in the White Mountain region (Fig. 1). Several im-
portant stratigraphic features reflect vegetational
changes (Fig. 4): (1) the rise in spruce pollen percentages
at 11 500 yr BP and their decline around 10 000 yr ago
and a second rise in the last 2000 yr; (2) the sharp peak
(28%) in green alder pollen 10 500 yr ago; (3) the rise
in birch pollen percentages immediately after the alder
peak; (4) the rise of white pine (Pinus haploxylon type)
percentages around 9500 yr ago; (5) the increase in
percentages of hemlock pollen 8500 yr ago, their abrupt
decline 4800 yr ago, and subsequent slow recovery;
and (6) the increase in beech pollen percentages 6500
yr ago. These features are similar to those seen in other
New England diagrams (Davis 1983, 1985, R. Davis
and Jacobson 1985, Gaudreau and Webb 1985, An-
derson et al. 1986).

From 14 000 to 12000 yr BP the records at Deer
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Lake Bog and other sites (Davis 1985, Davis and Ja-
cobsen 1985) indicate that herb/shrub tundra covered
the central New Hampshire landscape. Woodlands of
poplar (balsam poplar according to Davis and Jacob-
son 1985), spruce, jack pine and later including fir
became established after 12000 yr BP. Spruce was
undoubtedly a dominant tree in the mixed woodland
forest. Trees of lesser importance in the forest were
elm, larch, hophornbeam/ironwood, ash, maple, and
oak. The dramatic decline of spruce followed by an
increase in green alder for a brief period and then birch
populations indicate the unstable, transitional nature
of the forests 10 000 yr ago. The timing of this tran-
sition at Deer Lake Bog fits well within the boundaries
of 11 000-9000 yr BP established for this pattern in
the Northeast by Gaudreau and Webb (1985). The
occurrence and abundance of alder is highly variable
throughout the East. At Deer Lake Bog it occurs over
a shorter time interval and is more abundant than at
other sites. Alder is a nitrogen fixer and can greatly
enrich the soil (Crocker and Major 1955). For this
reason Davis (1983) and Gaudreau and Webb (1985)
speculate on its significance to forest development in
New England. Populations of white birch trees expand
after those of alder decrease (Jackson 1983, M. B. Da-
vis, personal communication).

By 9500 yr BP populations of white pine expanded
in central New England (Likens and Davis 1975, Davis
1983) and pine forests became established. The com-
position of the lowland forests changed greatly over
the next 3500 yr as pine populations decreased and
populations of northern hardwood taxa increased.
Hemlock and beech trees increased in abundance 8000
and 6500 yr ago, respectively. The mixed conifer/hard-
wood forest of New England became established by the
end of this time. The decline in hemlock populations
at 4800 yr BP (Davis 1981a, Webb 1982, Allison et
al. 1986) altered the composition of the conifer/hard-
wood forest for a period of 2000 yr until hemlock
populations gradually recovered. The expansion of
spruce populations due to more favorable climatic con-
ditions is apparent in the record at Deer Lake Bog and
fits in with the general expansion of spruce populations
during the last 2000 yr in the Northeast (Webb et al.
1983, Gaudreau and Webb 1985, Webb 1986).

Besides providing a record of local upland vegeta-
tion, the macrofossil diagram (Fig. 5) gives details on
the process of infilling of the Deer Lake Bog basin. The
maximum numbers of macrofossils from aquatic plants
occur before 4000 yr BP. Isoetes muricata megaspores
reach 651 at 5925 yr BP and Potamogeton seeds num-
ber 111 at 4650 yr BP. Seeds from Potamogeton, mega-
spores of Isoetes, and ephippia of Daphnia are all found
until =1500 yr BP. After 4000 yr BP the numbers of
macrofossils from taxa with paludal types such as Cyp-
eraceae, Juncus, Glyceria, Callitriche, and Spargani-
um, increase. The pollen and seeds of sedges (Cyper-
aceae) are abundant from 2700 to 1000 yr BP as sedge
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peat filled the basin. Grass seeds from Glyceria are also
abundant in this period, although little Gramineae pol-
len is seen in the record. Once the Sphagnum peat mat
developed, the concentration of all macrofossils drops
except for those of the Ericaceae family. In addition to
the 203 Chamaedaphne calyculata seeds, 20 Ericaceae
anthers were found at 625 yr BP. Ericaceae pollen is
below 1% during the time of Sphagnum peat deposi-
tion.

Deer Lake Bog local pollen and macrofossil record. —
The summary diagrams at Deer Lake Bog provide a
clearer illustration of the changes occurring at higher
elevations. The first 2200 yr of deposition (14 000~
11750 yr BP) were characterized by extremely low
pollen influx (<1000 grains-cm~2-yr—'). Grass reached
a maximum of 7%, but its pollen influx was only 22
grains-cm~2-yr~! (Fig. 6). Much of the pollen rain was
undoubtedly from taxa growing a considerable distance
away. Spruce pollen averaged 12.5%, while that of pine
was higher, 17.5%. Birch values were especially high
in the bottom sample, 15%. Pollen grains from ther-
mophilous trees such as white pine, hemlock, sugar
maple, red maple, elm, and oak were also found in
these bottom samples. In fact, oak averaged 8.5% in
the early assemblages.

At the start of the interval from 11 750-10300 yr
BP, total pollen influx had increased to =2000 grains-
cm~2-yr~!, Spruce pollen reached a maximum of 22.6%
and influx a maximum of 840 grains-cm~2-yr~! at
10900 yr BP. Fir pollen remained <1% throughout
this interval. Pollen influx from Artemisia, Caryophyl-
laceae, Gramineae, Cyperaceae, Juniperus/ Thuja, and
Salix pollen all reached maximum values at 10 900 yr
BP.

Plant macrofossils including spruce needle fragments
(Fig. 6) first appeared at the start of the interval 10 300-
9000 yr BP. Spruce macrofossils (red/black spruce on
the basis of resin ducts [Durrell 1916]) reached their
highest concentration, 46 needles/50 cm? at 9950 yr
BP as spruce pollen percentages fell below 5%. By 9650
yr BP the number of spruce needle fragments declined
to the lower values of Holocene levels. Fir needles were
found in the sample at 9650 yr bat were absent in the
sample at 9100 yr. Peak percentages of Lycopodium
spores, 3.3%, are close to modern values found in the
surface samples of ponds and moss polsters above tree-
line. One Potentilla tridentata seed was found in sed-
iment dating from 9650 yr BP.

After 9000 yr BP the numbers of fir needles do not
appear to increase until 8550 yr BP (Fig. 6), but this
is perhaps an artifact. (Sediments from 9100-8550 yr
BP were sent for radiocarbon dating and not sampled
for macrofossils.) Relative proportions of fir pollen re-
mained constant, 1-2%, until 1000 yr BP, when fir trees
began growing on the bog mat. The macrofossil record
of fir was also continuous for the last 9000 yr. Fewer
macrofossils were deposited during the last thousand
years of peat deposition. The regional rise in spruce
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pollen percentages during the last several thousand years
is seen in the Deer Lake Bog record, and is particularly
evident after 1000 yr BP. Spruce pollen reached 12%
175 yrago, and 50 yr ago needle concentrations reached
6/50 cm*.

Kinsman Pond and Eagle Lake Bog sedimenta-
tion.— Deposition time and estimated ages of sediment
samples from the Kinsman Pond cores are derived
from curves fitted by a polynomial regression (Dixon
1973) and graphical methods to five date levels (Fig.

DEER LAKE BOG
ELEVATION 1325 m
MT. MOOSILAUKE. NEW HAMPSHIRE
ANAL. RAY SPERR 1978-1979

3). The polynomial is fitted to four points, two radi-
ocarbon-dated lake-sediment samples (Table 2) and
two pollen-dated levels. The increase of beech pollen
at 170 cm in the sediment represents beech’s first ap-
pearance in central New Hampshire, dated at 6500 yr
BP at Deer Lake Bog and Mirror Lake (Likens and
Davis 1975). The other pollen-dated level is at 22.5
cm and has higher percentages of weed and herb pollen.
This increase indicates cultural disturbance, mainly in-
tensive logging, which began =100 yr ago (Chittenden
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1905, Brown 1958). Sedimentation below the oldest
radiocarbon date is estimated by correlation of the
pollen sequence with radiocarbon-dated sites. The
deepest pollen-bearing sediments in Kinsman Pond
contain pollen assemblages characteristic of those de-
posited at other sites from 10 500 to 11 000 yr BP. The
well-dispersed regional pollen types, white pine (Pinus
haploxylon-type), hemlock, and birch are the best
stratigraphic markers (See Fig. 4). White pine pollen
percentages in the bottom three samples increase from

0.4% at 320 cm to 2% at 310 cm and 6% at 300 cm.
No hemlock pollen is found at these three levels. Be-
tween 310 and 300 cm birch percentages increase from
11 to 46%. In addition, the two basal levels, 320 and
310 cm, have high pollen percentages of spruce (21.5%)
and herbaceous taxa: Cyperaceae (18.2%), Artemisia
(6%), and Caryophyllaceae (1%).

The age vs. depth plot for Eagle Lake Bog includes
four points, three radiocarbon-dated levels (Table 2),
and the origin. Since a polynomial regression does not
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satisfactorily fit these points, the ages and sedimenta-
tion rates at Eagle Lake Bog are derived graphically
(Fig. 3). As at Kinsman Pond, sedimentation for the
lowest and post-European settlement levels are deter-
mined from straight lines. Sediment between 402 and
415 cm is gray silt, and dates from 10 500 to 10 000
yr BP. The sedimentary record at Eagle Lake Bog is a
little shorter than at Kinsman Pond. White pine pollen
percentages increase from 2% at 415 cm to 8% at 407
cm. At the same time birch percentages increase from
14 to 46%. Trace amounts of hemlock pollen, =~0.5%,
are found at both levels. There are also traces of her-
baceous taxa: 2.3% Cyperaceae and 0.3% Artemisia
pollen.

Sedimentation at the three sites in Franconia Notch
was delayed after the regional ice retreat. Below 320
cm at Kinsman Pond, 17 cm of gray silt and fine sand
were deposited. This sediment is barren of pollen and
has very low percentages of organic matter (<2%).
Lonesome Lake, at an elevation of 900 m on the same
mountain slope 2.6 km east of Kinsman Pond (Fig. 1),
has a similar pollen record (M. B. Davis, personal com-
munication). The oldest radiocarbon date at Lonesome
Lake is 10610 £ 310 yr BP on a 20 cm long segment,
345-365 cm. The bottom pollen sample at 370 cm
must be equivalent in age to that at Kinsman Pond.
Sedimentation at Eagle Lake Bog began several hundred
years later.

Kinsman Pond and Eagle Lake Bog pollen and mac-
rofossil record. —1 dated the 300-cm level at Kinsman
Pond and the 407-cm level at Eagle Lake Bog by pollen
stratigraphy at 9700 yr BP. The macrofossil record at
Kinsman Pond began at 9750 yr BP (Fig. 7). A single

Summary pollen and macrofossil diagram, Deer Lake Bog.

charred spruce needle base was found at this level. The
macrofossil assemblage in the next sample, from 9650
yr BP, contained abundant spruce and fir needles and
a few birch seeds. The first appearance of macrofossils
in Kinsman Pond sediment coincided with a change
from inorganic silt and clay to gyttja. Loss-on-ignition
values changed from 12.5 to 40% (Fig. 3). Sediment
at Eagle Lake Bog also became markedly more organic
at 9700 yr BP, when percent loss-on-ignition increased
from 3 to 62% (Fig. 3). In contrast, at Deer Lake Bog
and Lake of the Clouds, the first rise in organic matter
and the first macrofossils occurred >500 yr earlier,
indicating that the watersheds were stabilized by vege-
tation by 10 300 yr BP.

The largest number of spruce macrofossils was de-
posited between 9750 and 8500 yr BP at both sites.
The highest spruce needles number is 29 needles/50
cm? at Kinsman Pond and 17 needles/50 cm? at Eagle
Lake Bog (Figs. 7 and 8). While these numbers are
much smaller than those at either Deer Lake Bog or
Lake of the Clouds, they are far above the average
Holocene values of 3 needles/50 cm? at Kinsman Pond
and 4 needles/50 cm? at Eagle Lake Bog. In fact at
Kinsman Pond, no spruce macrofossils were found in
four samples spanning an interval of 1500 yr from 8500
to 6900 yr BP.

The macrofossil record of fir at Kinsman Pond sug-
gests that fir trees were more prevalent in the forest
after 5000 yr BP. Before 7000 yr BP, the average con-

centration of fir needle fragments was 9 needles/50 cm’.

After 7000 yr BP, the average was 27 needles/50 cm?.
The concentration of macrofossils of reproductive parts
of fir, seed wings, seeds, and pollen sacs increased after
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5000 yr BP, as did fir pollen percentages. At Eagle Lake
Bog (Fig. 8), the record of fir is more ambiguous. The
sample at 8900 yr BP contained charred macrofossils;
nearly half of the spruce and fir needle fragments and
all those of white pine were burned.

Needle fragments of larch and a few pollen grains
are found at Kinsman Pond, Eagle Lake Bog, and Deer
Lake Bog at around the 9000 yr BP level. There were
never more than 2 needles/50 cm? and no more than
one or two pollen grains, <1%, are found at any level.

Green alder pollen was more abundant from 10 000
to 5000 yr BP at both Kinsman Pond and Eagle Lake
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Summary pollen and macrofossil diagram, Kinsman Pond.

Bog than at either Deer Lake Bog or Lake of the Clouds.
At Kinsman Pond, green alder pollen remained >5%
and pollen influx exceeded 1000 grains-cm~2-yr~! from
9500 to 6200 yr BP. Several seeds and one anther were
found in this interval. At Eagle Lake Bog, similar per-
centages and influx were found from 8800 to 5300 yr
BP. There were no other indications in the fossil record
of changes in the local forest composition. Seeds of
Potentilla tridentata occurred in three levels at Eagle
Lake Bog, 9050, 8900, and 3925 yr BP. They are prob-
ably from plants growing in open areas on the exposed
ridges near the site.
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Summary pollen and macrofossil diagram, Eagle Lake Bog.
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Lake of the Clouds sedimentation.—Lake of the
Clouds has a complex pattern of sedimentation. Sev-
eral coring trips were made before a complete sedi-
mentary record was obtained from the lake. Unfor-
tunately, no one sequence contains the complete record
since deglaciation. Pollen stratigraphy was used to cor-
relate the 1976 and 1977 cores. For the 1976 (Fig. 3)
core a polynomial regression is fitted to five points, the
origin, the rise in spruce pollen at 40 cm (estimated at
2200 yr BP by correlation with the radiocarbon-dated
1977 core), the decline in hemlock pollen at 110 cm
(dated at 4800 yr BP by regional correlation), the rise
in Isoetes microspores at 180 cm (7000 yr BP, again
by correlation with the radiocarbon-dated pollen stra-
tigraphy of the 1977 core), and the basal radiocarbon
date.

A second-order polynomial was fitted to four points
on a plot of age vs. depth for the 1977 core (Fig. 3).
One of the points is the hemlock decline of 4800 yr
BP, which occurs at 110 cm. The other three points
are the radiocarbon dates (Table 2). The radiocarbon
date of 11530 = 420 yr BP is on sediment between
280 and 315 cm. Pollen assemblages in the lower por-
tion of this section are similar to those at the base of
Deer Lake Bog and probably date from approximately
the same time, 13 000 yr BP.

Lake of the Clouds pollen and plant macrofossils. —
For at least 1200 yr after the retreat of the continental
ice sheet from 13 000-11 700 yr BP, deposition of pol-
len at Lake of the Clouds was extremely low (Fig. 9a)
and no plant macrofossils were preserved. Vegetation
was undoubtedly sparse at high elevations. The sum-
mary diagram, Fig. 9a, shows that the percentages of
trees and shrubs that could have grown at high ele-

Summary pollen and macrofossil diagram, Lake of the Clouds 1977 (Core A).

vations were low (spruce 15%, birch 10-12%, and alder
5%). Grass pollen reached peak percentages of 10%
between 13 000 and 11 700 yr BP, much higher than
those reached at either Deer Lake Bog or Lost Pond
(M. B. Davis, personal communication). Percentages
of Tubuliflorae, nearly 5%, were also higher than at the
other two sites. Wormwood (Artemisia) pollen per-
centages were also high in this interval, but lower than
in the next period. Percentages of Caryophyllaceae pol-
len increased through this period. Pollen percentages
from other arboreal taxa illustrate the importance of
pollen transport in the early assemblages. Percentages
of pine reached 33%, over half of which can definitely
be assigned to the Pinus diploxylon type. The small
size of pine grains in the Pinus diploxylon group in-
dicates that most of the grains were from jack pine
(Pinus banksiana). Oak percentages averaged 7%, and
pollen from thermophilous taxa such as Carya (0.4%)
were found in the bottom sample. Pollen from both
poplar and Juniperus/Thuja were also relatively abun-
dant (5 and 2%, respectively).

Although macrofossils were lacking from the record
for 11 750-10300 yr BP, the sedimentation rate re-
mained constant and pollen influx data (Fig. 9a) can
be interpreted easily. Alpine tundra must have become
established at high elevations. Spruce, fir, and alder all
showed high percentages and influx values at this time.
Spruce reached a maximum of 46% just prior to 11 000
yr BP. By the end of the interval fir pollen reached 3%,
while pollen of A/nus crispa peaked at 24%. From 11 750
'to 11 000 yr BP, peak percentages and influx of several
herbs occurred, most particularly Artemisia and Car-
yophyllaceae. Other herbs with high percentages from
this interval were Gramineae (5%), Cyperaceae (8%),
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Ambrosia (1%), and Tubuliflorae (2%). Their maxi-
mum influx values occurred later at 10 900 yr BP. This
level had the highest total influx of any in the late
glacial. Other herbaceous taxa seen in this early period
were Campanula, Armeria, and Polemonium. Only one
or two of these grains were found, so it is not clear if
they were growing locally or blown in from a distant
source.

From 11000 to 10300 yr BP, pollen percentages
and influx of Artemisia and Caryophyllaceae decreased
while the pollen influx of shrubs, Juniperus/Thuja,
Salix, and dwarf birch increased. The accumulation
rate of inorganic material dropped dramatically. Ju-
niperus/Thuja reached a maximum influx of 770 grains-
cm~-2-yr~' at 10900 yr BP, while maximum values of
Salix (240 grains-cm 2-yr ') and dwarf birch (3100
grains-cm~2-yr~ ') occurred a little later, at 10675 yr
BP.

Pollen influx in sediments from 10 000 yr ago to the
present at Lake of the Clouds is difficult to interpret.
The average pollen influx values at Lake of the Clouds
during the peak period of pollen influx is at least 1.4
times higher than lakes at low elevations or in the
subalpine zone. Within-basin variation in pollen influx
is illustrated by the two Lake of the Clouds cores (Figs.
9a and b). Maximum influx occurred 8700 yr ago in
both, but influx rates of 135000 grains-cm 2-yr ' in
Core B are 2.9 times as high as influx in Core A (47 000
grains-cm2-yr~'). The difference results from the pat-
tern of sediment distribution within the lake basin. The
deeper portions of lakes tend to receive the greatest
amount of sediment, as a result of focusing (Davis and
Ford 1982, Davis et al. 1984).

Red/black spruce arrived at Lake of the Clouds at
~10 000 yr BP. The most striking feature in the Lake
of the Clouds summary diagram (Fig. 9a and b) is the
peak in the number of spruce needles (171 needles/50
cm?in the 1977 core, Fig. 9a). This peak occurred after

MACROFOSSILS (number/50 cm?)

diagram, Lake of the Clouds 1976 (Core B).

the maxima of spruce pollen percentages and influx at
11 100 yr BP. These first macrofossil assemblages also
contained fir needle fragments and seeds of Betula,
Ericaceae, Cyperaceae, and Potentilla tridentata. Fir
needle fragments (three tips) first occurred at 9900 yr
BP (Fig. 9a). However, the fir record did not become
continuous until 9050 yr BP. In the 1976 core from
Lake of the Clouds (Fig. 9b), fir did not appear until
8400 yr BP. Birch seeds were found in macrofossil
assemblages dating from 10 000 yr BP. They could be
from either dwarf birch or krummbholz paper birch.
Birch percentages and influx values in this interval are
difficult to interpret. The peak in percentages occurred
after the fall in 4/nus and before the rise of pine per-
centages. Thus birch percentages were influenced by
fluctuations in abundances of pollen from these two
taxa. Birch influx increased at this time, but so did
total influx, which may reflect sediment focusing.

The first macrofossil assemblages at 10 300 yr BP
also contained seeds from taxa with alpine species. Up
to 10 Ericaceae seeds were found per level, but this
concentration was only one-third the concentration in
sediments younger than 9000 yr BP (Fig. 9a). At the
same time, 10 100 yr BP, Ericaceae pollen appeared in
the pollen record. From 10 300 to 9850 yr BP, Cyper-
aceae pollen percentages were below peak levels but
above modern levels (1-2%). Abundant seeds of Cyp-
eraceae, 10 seeds/50 cm?, occurred until 9900 yr BP.
During the same interval, a maximum of 5 seeds of
Potentilla tridentata were found per 50 cm?. Pollen
from the Caryophyllaceae disappeared at the beginning
of this interval.

Percentages and influx of several spores (Fig. 9a)
increased between 10 300 and 9000 yr BP. Clubmoss
(Lycopodium) spores reached 3.5% of the pollen sum.
In the surface sample data, Lycopodium spores attained
the highest percentages just above treeline. Percentages
and influx of Polypodiaceae and Pteridium spores
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reached high levels between 10 300 and 9700 yr BP,
especially just after the maximum numbers of spruce
macrofossils.

From 9700 to 9000 yr BP the macrofossil assem-
blages in the 1977 core contained a few pieces of de-
graded spruce needles. No fir needle fragments or Er-
icaceae, Cyperaceae, or Potentilla tridentata seeds were
found. In the 1976 core (Fig. 9b), numerous spruce
bases occurred in the first 300 yr of sedimentary record
from 8800 to 8500 yr BP. These bases were all de-
graded, however, and no other macrofossils were found.
The pollen record from 9700 to 9000 yr BP was difficult
to interpret, because the arrival of white pine in low-
land forests and the increase in birch distorted the
pollen percentages, and because the total pollen influx
was dramatically increasing. Increases in pollen influx
of Gramineae and Artemisia at 9500 yr BP may reflect
sediment focusing rather than a real increase in the
abundance of these taxa in the vegetation.

Both the 1977 and 1976 cores have sediments dating
from 9000 to 4000 yr BP. The macrofossil assemblages
from this time interval are richer in species than from
4000 yr to the present. Although spruce pollen per-
centages were lower (1%) prior to 4000 yr BP, needle
fragments were more abundant, averaging 40 frag-
ments/50 cm? in both cores. Fir needles were most
abundant between 9000 and 7000 yr BP in both cores.
Too few birch macrofossils were found in either core
to speculate about its abundance around Lake of the
Clouds. However, a number of seeds were found in the
1977 core between 9000 and 7000 yr BP. Peak num-
bers of Ericaceae seeds were found in the 9000-7000
yr range: 26 seeds/50 cm? in Core A at 9100 yr BP,
and 33 seeds/50 cm? in Core B at 8440 yr BP. Sedge
(Cyperaceae) seeds show the same pattern in their dis-
tribution in the 1976 core. They were far more abun-
dant from 10000 to 5000 yr ago, indicating at least
patches of open vegetation existed. Seeds of Potentilla
tridentata were also more abundant during the first half
of the Holocene. A maximum of 6 seeds/50 cm? was
found at 7700 yr BP in Core A. Although pollen per-
centages of taxa with alpine species were higher in the
second half after 5000 yr BP (Fig. 9b), pollen percent-
ages of Ericaceae, Caryophyllaceae, and Lycopodium
(2-3%) indicated that open conditions persisted
throughout the interval, as did other pollen indicators
of treeless vegetation: Houstonia caerulea, Campanula,
and Liliaceae pollen. Bryozoan statoblasts (Phylacto-
lacmata statoblasts) occurred from 8000 to =4000 yr
BP. The quillwort (Isoetes muricata) first appeared at
6500 yr BP. Its numbers increased as the numbers of
Bryozoan statoblasts decreased.

Vegetation development at high elevations

The summary diagrams suggest three stages in the
establishment of the modern vegetation at high ele-
vations (above 1150 m): (1) herb/shrub tundra; (2)
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treeline ecotone; and (3) modern alpine and subalpine
zones.

During the first stage, herb tundra became estab-
lished roughly 12 000 yr ago. The vegetation may have
been similar to the sedge meadow (Bliss 1963) that
covers the cone of Mt. Washington today. Alternatively
the successional trend that Bliss (1963) describes for
Diapensia communities, i.e., Diapensia lapponica, Ar-
enaria groenlandica, Agrostis borealis, and Juncus tri-
fidus colonizing areas subject to frost action, may better
reflect the vegetation. However, comparison of fossil
with modern pollen assemblages indicates that Arte-
misia was present and caryophylls were more promi-
nent in the vegetation of this period than today. By
11000 yr BP Juniperus or Thuja and probably Salix
(willows) and ericads reached high elevations and grew
as low, prostrate shrubs. The modern alpine shrub tun-
dra communities could have become established at this
time.

During the second stage, spruce arrived at roughly
its modern altitudinal limit beginning ~10 350 yr ago.
It probably grew in patches of krummbholz rather than
as upright forest trees. The vegetation at treeline (1450
m) on the east slope of Mt. Washington (Harries 1966,
Teeri 1968) may provide a modern analogue for the
open vegetation of this time. Fir began to replace spruce
between 10 000 and 9000 yr BP, but it did not become
abundant in the subalpine forest and treeline ecotone
until after 8500 yr BP. Although birch reached the
high-elevation sites at about the same time as fir, it
has never been abundant.

During the third stage, the modern alpine and sub-
alpine vegetation became established around Kinsman
Pond, Eagle Lake Bog, and Deer Lake Bog approxi-
mately 9000 yr ago. High-elevation vegetation was es-
tablished, and subsequent changes in the mid- and low-
elevation forest had little impact on the the subalpine
and alpine zones.

DiscussiION AND CONCLUSIONS
Deglaciation and plant colonization

Radiocarbon dates and pollen stratigraphy at the
four high-elevation sites suggest rapid downwasting and
retreat of the Laurentide Ice Sheet. If the summits stood
above the ice sheet as nunataks they may have done
so for only a short time (Bradley 1981, Gerath and
Fowler 1982, Goldthwait and Mickelson 1982). The
oldest date in the region, 13 870 + 560 yr BP (sample
GX 5429), is from the lowest elevation site, Mirror
Lake at 200 m (Davis et al. 1980). Deer Lake Bog at
an elevation of 1325 m on Mt. Moosilauke is 12 km
northwest of Mirror Lake and dates from approxi-
mately the same time, 13 000 = 400 yr BP. The two
sites near Mt. Washington, Lost Pond (650 m; Davis
et al. 1980) and Lake of the Clouds (1542 m), have
sediments of comparable age. However, the mountain
peaks could have been exposed for several thousand



June 1989

years prior to deposition of datable organic sediments
in high-elevation basins. Residual ice in Franconia
Notch could explain the later onset of sedimentation
at Kinsman Pond, Lonesome Lake, and Eagle Lake
Bog.

Extensive montane glaciation did not occur in the
White Mountain cirques following the retreat of the
continental ice sheet (Goldthwait 1970, Bradley 1981,
Gerath and Fowler 1982). Two climatic parameters,
temperature and snowfall, determine the elevation of
montane glaciation. Goldthwait (1970) estimated that
if, during the period of montane glaciation that pre-
ceded the last glacial maximum, precipitation were the
same as today, the mean summer temperature would
have had to be 9.5°C colder. Glaciers could also have
been re-established in the cirques if snowfall were 1.5
times greater and mean summer temperature 5.5° cool-
er than the present (Goldthwait 1970). Consequently,
the absence of montane glaciation from 14 000 to 11 000
yr BP meant that summer temperatures were either
well above those of the full Wisconsinan or precipi-
tation was drastically reduced.

Goldthwait (1976) estimates that the mean annual
temperature was 4-6° cooler than today sometime after
deglaciation 14 000 yr ago, because periglacial features
are found down to an elevation of 1500 m in the Pres-
idential Range. The paleoecological record supports
Goldthwait’s temperature estimates and helps to refine
the timing and duration of the cold period. From before
13000 to 11 750 yr BP, the pollen record is dominated
by exotic arboreal pollen, indicating that little or no
vegetation grew on the summits. Before 12 000 yr BP
highly inorganic sediments were deposited at Lake of
the Clouds, Deer Lake Bog, and Lost Pond (Fig. 10).
Loss-on-ignition was <2.5%. Deposition of inorganic
particulate matter exceeded 150g-m 2-yr~'. The land-
scape must have been highly unstable. Wind eroded
the fine material in the till and frost shattered the rocks
forming the boulder fields of the summits. The tem-
peratures were above full glacial minima but certainly
well below those of today. By the end of this interval
the Laurentide Ice Sheet had retreated to the north side
of the St. Lawrence lowland and the Champlain Sea
had formed. Sparse vegetation cover was established
around 12 000 yr ago.

Herbaceous plants.—Herbaceous plant populations
expanded in area and number between 13000 and
11 000 yr BP. The herbs and shrubs listed as nonar-
boreal taxa (Fig. 11a), Artemisia, Gramineae, Salix,
Tubuliflorae, Caryophyllaceae, Cyperaceae, Ericaceae,
Lycopodium selago, and Houstonia caerulea var. faxo-
norum are often characteristic of open, sunny, and cold
environments. The highest percentage (40%) of non-
arboreal taxa occurred in the basal sample of Lost Pond
12 600 yr BP. Percentages at the higher elevation sites
were smaller (=20%) indicating that the sparse vege-
tation grew on higher slopes and produced little pollen.
A significant portion of the pollen rain at Lake of the
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Clouds and Deer Lake Bog was derived from arboreal
taxa growing to the south. Between 11 500 and 11 000
yr BP, peak percentages in nonarboreal taxa occurred
in the records of Lake of the Clouds (25%) and Deer
Lake Bog (30%), but declined sharply at Lost Pond.
The upper slopes became more densely vegetated dur-
ing this period, while trees invaded the valleys and
woodland was established at least to an altitude of
650 m.

From 10000 to 5000 yr BP nonarboreal taxa av-
eraged 2.2% of the pollen rain at Lake of the Clouds,
and rose to 3.9% after 5000 yr BP, exceeding the av-
erage of nonarboreal pollen at Deer Lake Bog (2.1%)
and Lost Pond (1%). Macrofossil evidence also indi-
cates the vegetation at Lake of the Clouds must have
remained fairly open during the last 10000 yr and
especially during the last 5000 yr.
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Fig. 11. Sumary pollen and macrofossil diagrams of specific taxa at Lake of the Clouds, Deer Lake Bog, and Lost Pond.

Dots on the diagrams indicate the presence of macrofossils. -

Juniperus/Thuja.— The high-elevation sediments in
the mountains contained no macrofossils of Cupres-
saceae, but pollen percentages of Juniperus/Thuja type
(Fig. 11b) are comparable to those of Columbia Bridge,
65 km northwest of Mt. Washington. At Columbia

= macrofossils present; : = common; : = abundant.

Bridge, Miller and Thompson (1979) found a wide
variety of Juniperus communis macrofossils, as well as
= 10% Juniperus/Thuja pollen in sediments dating from
11500 yr BP. Webb et al. (1983) also suggest that
Juniperus was the main contributor to the early peak
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in pollen at sites in southern Quebec. The peaks in
Juniperus/Thuja pollen percentages and influx are rel-
atively high and broadly synchronous at all three White
Mountains sites, but differences exist among the sites.
The ratio of Juniperus/Thuja pollen influx to total in-
flux at Deer Lake Bog and Lake of the Clouds is 1.5
times higher than at Lost Pond. The influx values sug-
gest that prostrate shrubs of Juniperus or Thuja were
more abundant around the two high-elevation sites
than in the lowland. They could have invaded the tun-
dra-like vegetation on the high mountain slopes before
the arrival of spruce. Pollen percentages indicate that
Juniperus/Thuja plants disappeared from the region
between 10 500 and 10 000 yr BP.

Spruce.—Spruce was one of the first forest trees to
arrive in central New Hampshire (Davis and Jacobson
1985). Before 12 000 yr BP, spruce percentages were
low, =10% (Fig. 11c). After this time, they began to
rise, reaching maximum values between 11 500 and
10 900 yr BP at all three sites. Spruce macrofossils were
found only at the lowest elevation site, Lost Pond,
during this time. In the two upper-elevation sites, the
high percentages of spruce pollen in the sediments re-
sulted from upslope transport of pollen, for macrofos-
sils did not occur at these levels. The charred spruce-
needle base found at Lake of the Clouds in sediment
dating from 10900 yr BP may have been carried up-
slope by an updraft from a fire.

Red/black spruce (probably krummbholz) reached the
upper elevations at 10 300 yr BP. The spruce needles
were found in sediments that recorded a precipitous
decline in spruce pollen percentages. The decline in
spruce pollen was not quite so abrupt and complete at
Lake of the Clouds and Deer Lake Bog as at Lost Pond.
Deer Lake Bog spruce percentages at 10 000 yr BP were
nearly double those of Lost Pond and were equal to
those of Lake of the Clouds. By 9000 yr BP spruce
pollen percentages at Deer Lake Bog were 1%, equiv-
alent to those at Lost Pond, while at Lake of the Clouds
spruce percentages were still 4%. Populations of spruce
probably persisted at high elevations.

Between 9000 and 3000 yr BP, spruce populations
at all elevations were greatly reduced from their peak
levels of 12 000-9000 yr BP. Lake of the Clouds had
a continuous record of low pollen percentages and ma-
crofossils from 9000 yr BP to the present. During the
last 3000 yr, a dramatic regional increase in the amount
of spruce pollen was recorded at all three sites (Fig.
11c). The largest increase was at the lowest site, Lost
Pond, where spruce pollen percentages increased to
15% and macrofossil concentration tripled. The max-
imum percentage reached at Deer Lake Bog was 12%,
whereas the maximum at Lake of the Clouds was 7%.
Neither of the two higher elevation sites showed an
increase in the number of spruce macrofossils. Spruce
trees increased in number in the forests below 1100 m,
the northern hardwood and spruce-fir forest at this
time, but spruce populations did not increase in abun-
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dance above 1150 m in either the subalpine fir forest
or the alpine meadow.

Fir.—Balsam fir arrived at all three sites in the White
Mountains just before 10 000 yr BP (Fig. 11d). Its pol-
len, which is large and under-represented in the pollen
record, slightly preceded its presence in the macrofossil
record. Because fir pollen preceded fir macrofossils by
a few hundred years at high-elevation sites, the pollen
was probably blown upslope from low-elevation pop-
ulations before trees began growing at high elevations.

Lost Pond had relatively abundant fir pollen and
macrofossils from the time that fir first appeared (10 000
yr BP). Fir trees must always have grown in the lowland
forests around the site. At Deer Lake Bog and Lake of
the Clouds, fir macrofossils did not become abundant
until 8500 yr ago. At Lake of the Clouds, fir needle
fragments were more abundant between 10000 and
7000 yr BP. Only scattered patches of fir krummbholz
occur near Lake of the Clouds today. Therefore, fir
(krummbholz) might have been more abundant there
before 7000 yr BP. Fir might have been the first upright
tree to grow near Deer Lake Bog. In the last 3000 yr,
filling of the basin at Deer Lake Bog led to fir trees
growing closer to and actually on the site of deposition.

Birch. —From =12 000-11400 yr BP, birch pollen
had peak values of 18.5% at Lake of the Clouds and
14.5% at Deer Lake Bog (Fig. 11e), the two high-ele-
vation sites. There was no comparable peak at Lost
Pond, where percentages of birch pollen remained at
or below 10%. The size-frequency data from Lake of
the Clouds show that most of the pollen in the 11 500-
yr-old sample was between 20 and 22 um in size (Fig.
12), therefore predominantly from tree birch. It must
have blown over long distances from trees in the low-
lands, the high percentages being the result of the low
rates of local pollen production during this time. By
11 000 yr BP dwarf birch was most likely the major
species in the White Mountain region, because the birch
pollen from Lake of the Clouds was predominantly
small (16 um).

The pollen records were similar at all elevations after
10 000 yr BP. However, the macrofossil record of birch
was quite different between the sites. Lost Pond was
the only site with a continuous seed record from before
10 000 yr BP. Yellow and paper birch have both been
prominent in the lowland forest for the last 10 000 yr.
Although birch seeds occurred as early as 10 000 yr BP
at Lake of the Clouds, the macrofossil record at the
site and at Deer Lake Bog was sparse and discontin-
uous. All of the identifiable seeds in the macrofossil
records from the four high-elevation sites were paper
birch except for yellow/black birch type from the
2275 yr BP level at Deer Lake Bog.

Alder. —Percentages of green alder (4. crispa) at Lake
of the Clouds and Lost Pond were highest between
10 500 and 10 000 yr BP (Fig. 11f), reaching levels of
~24%. At Lake of the Clouds there are no alder ma-
crofossils. Alder was probably not growing on the slopes
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around Lake of the Clouds; peak alder percentages at
this site probably represent pollen from the regional
pollen rain. The pollen rain was predominantly from
Alnus crispa populations before 8500 yr BP. After this
time Alnus rugosa or Alnus serrulata pollen dominated
the regional pollen rain. Kinsman Pond shows a more
local pollen rain with green alder persisting until =~6000
yr ago. Because alder is a prolific pollen producer it is
over-represented in the pollen rain. In the northern
boreal forests of the Mackenzie Delta, Northwest Ter-
ritories, green alder percentages are comparable to the
peak values reached in the White Mountains 10 000
yr ago. Here green alder does not form a significant
portion of the vegetation cover; only scattered shrubs
are present (Ritchie 1974). The ecological significance
of the persistant populations of green alder in Fran-
conia Notch is uncertain. In areas where large drifts of
snow accumulate, birch krummholz and green alder
replace fir and black spruce at treeline on the east slope
of the Presidentials (Harries 1966). Similar conditions
could have existed in Franconia Notch. The later ex-
pansion of populations in Franconia Notch could also
explain why the sites contain a different vegetation
history from Lake of the Clouds and Deer Lake Bog.
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Development of modern subalpine and
alpine plant communities

Between 11 750 and 11 000 yr BP the climate mod-
erated slightly, allowing vegetation to become estab-
lished on the mountaintops. Trees invaded the valleys,
and extensive woodland had developed on the lower
slopes. Sediments at all three sites became increasingly
organic (Fig. 10) during this interval, indicating the
establishment of more continuous vegetation. Pollen
influx also increased 5-6 fold at Lake of the Clouds,
4-fold at Deer Lake Bog and 18-fold at Lost Pond (Fig.
10). Much of the herbaceous pollen—Artemisia, Car-
yophyllaceae, Gramineae, Cyperaceae, Ambrosia,
Tubuliflorae—before 11 000 yr BP is from herbs that
colonize unstable soils, indicating solifluction in the
region. No Artemisia species are found in the alpine
zone today. The southeastern outposts of the eastern
arctic species of Artemisia, A. borealis, are the calcar-
eous cliffs and the limestone, magnesium, and serpen-
tine barrens of the Gaspé (Fernald 1950). Polunin (1948)
reports finding Artemisia borealis growing on sunny
south-facing slopes with unstable surfaces on the south
coast of Baffin Island. In Greenland, 4. borealis is found
on xeric, sunny, unstable slopes on the west coast be-
tween 68° and 74° north (Bocher 1954). Fredskild (1973)
found that Artemisia pollen percentages increased in
lake sediments in the Godthabsfjord area of west
Greenland 8000 yr ago. He suggests that this was due
to a drier, more continental climate.

Caryophyllaceae pollen also indicates periglacial ac-
tivity. Probably most of the Caryophyllaceae pollen
belong to Arenaria groenlandica (mountain sandwort),
a dominant species in several alpine communities in
the White Mountains (Bliss 1963) and an important
pioneer on disturbed soils (Harries 1966, Marchand
and Roach 1980). Harries (1966) believes that in the
alpine zone of the White Mountains Arenaria groen-
landica grows solely on disturbed sites. Agrostis bo-
realis and Solidago cutleri also invade such sites (Bliss
1963) and these species must be among those contrib-
uting to the high percentages of Gramineae and Tu-
buliflorae pollen before 10 300 yr BP. The late-glacial
Cyperaceae pollen undoubtedly includes that of Carex
bigelowii which inhabits windswept sites that are prob-
ably subject to frost action today (Bliss 1963, Harries
1966). A few shrubs, such as Diapensia lapponicum,
Vaccinium uliginosum, and Salix uva-ursi, colonize
soil polygons and windswept ridges (Antevs 1932, Bliss
1963, Harries 1966). Because pollen from Artemisia
and Caryophyllaceae indicate that disturbed habitats
were available for colonization, periglacial activity
continued, and the mean annual temperature must have
remained 4°-6°C below that of today.

Between 11 000 and 10 300 yr BP the pollen record
indictates that shrubs such as Juniperus, Salix, and
dwarf birch invaded the alpine zone. Moderation in
the climate allowed the establishment of dwarf shrub
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heaths at this time. Other evidence of temperature
moderation includes the opening of the basins in Fran-
conia Notch which were open to sedimentation by
11000 yr ago. If residual ice had filled Kinsman Pond
and Lonesome Lake, it had melted or perhaps retreated
into the valley bottom. During the 700 yr between
11 000 and 10 300 yr BP, pollen percentages and pollen
influx of Artemisia, Caryophyllaceae, and other indi-
cators of disturbance decline at all sites. The accu-
mulation rate of inorganic matter also drops, indicating
stabilization of the landscape. Periglacial activity was
further reduced as temperatures rose closer to modern
values; however, it probably did not cease until 10 300
yr BP. The modern alpine communities probably be-
came established at this time.

10 300-9000 yr BP

Spruce and fir trees began growing at high elevations
~10300 yr BP, 1200 yr after they first grew in the
valleys around Lost Pond and Mirror Lake (Fig. 11c).
Before this vegetational change can be used as evidence
of climatic change, other factors such as the migrational
lag of species and soil development have to be elimi-
nated.

One possible explanation for the 1200-yr lag in es-
tablishment of populations of spruce at high elevations
could be a migrational delay in the arrival of the tree-
line species in central New Hampshire. The treeline
species of spruce before 10 000 yr BP was probably
black spruce. Evidence suggests, however, that it was
present in the White Mountain region long before 10 300
yr BP. Watts (1979) believes that the three species of
spruce migrated northward from Appalachia at differ-
ent times. White spruce was reputedly the predominant
species at the forest margin and the first to migrate
north. Black spruce was present in the early white spruce
forest, but red spruce migrated later, dominating the
forests at the end of the spruce zone. Richard (1978)
found pollen of both white and black spruce in sedi-
ments older than 11 400 yr BP at Mont Shefford, Que-
bec, 150 km north of the White Mountains. Needles
with morphology similar to those found at high ele-
vations have been found in sediments dating from
11 500 yr BP at Mirror Lake and 11 200 yr BP at Lost
Pond (M. B. Davis and L. C. K. Shane, personal com-
munication). Thus the lag in establishment of high-
elevation spruce population is not explained by late
migration of the high-elevation species into the central
New Hampshire region.

Slow soil development at high elevations might also
be used as an explanation for the delayed development
of krummbholz. Were several thousand years of plant
succession needed before spruce and fir could colonize
the summit boulder fields? This explanation is unlike-
ly, for the White Mountains were completely overrid-
den by the continental ice sheet, which left pockets of
till at all elevations including the summit of Mt. Wash-
ington. Suitable soils for krummbholz existed. Studies

HISTORY OF HIGH-ELEVATION VEGETATION

147

at Glacier Bay, Alaska (Cooper 1923, Lawrence et al.
1967), and Klutlan glacier, Yukon Territory (Rampton
1970, Birks 1980) indicate that under favorable cli-
matic conditions spruce forests can develop on mo-
raines <150 yr following the retreat of montane
glaciers. In the White Mountains, vegetation studies
by Flaccus (1959), Harries (1966), and Teeri (1968)
show that treeline species can grown on nearly bare
rock.

Climatic change is the most tenable explanation for
the arrival of spruce and fir at the high-elevation sites
around 10 300 yr BP. The underlying climatic factor
determining the altitudinal species limit is most likely
temperature (Daubenmire 1954). Wind, however, is
the most important climatic factor determining the
altitude of treeline and the distribution of alpine plant
communities (Antevs 1932, Bliss 1963, Harries 1966).
Above treeline, krummbholz is usually found in shel-
tered sites (Tiffney 1972). Black spruce krummbholz
withstands the wind better than fir and can be found
on exposed ridges swept free of snow in winter, as well
as in more sheltered sites that have good snow packs
in winter (Teeri 1968). The fact that Lake of the Clouds
was surrounded by more extensive spruce than either
Deer Lake Bog or Kinsman Pond may be explained
by the higher, more wind-exposed location of Lake of
the Clouds.

The climate 10 300 yr ago was marked by a dramatic
increase in temperature of roughly 5°. Periglacial ac-
tivity ceased. Temperatures rose from 4°-6°C below
those of today to near modern values. The estimates
of temperature at 10 300 yr BP range from 1° cooler
to 0.5° warmer than today. If Lake of the Clouds had
a climate similar to that found at 1700 m today, the
altitudinal limit of krummbholz, the mean annual tem-
perature would have been 1° cooler than today. How-
ever, the black spruce that grew around the Lake of
the Clouds 10 300 yr BP was more extensive than that
growing around the lake today and undoubtedly more
extensive than at the present-day species limit at 1700
m. Although spruce has the same altitudinal species
limit as fir, it only forms krummbholz patches at lower
elevations near treeline (Harries 1966). The black spruce
krummbholz at Lake of the Clouds 10 300 yr ago was
probably similar to that found today on the east slope
of Mt. Washington at 1450 m, just above treeline. If
so, the mean annual temperature was 0.5° warmer than
today. No matter which estimate is correct, 10 300 yr
BP is marked by a dramatic increase in temperature.
The ecotone between the subalpine fir forest and alpine
meadow was established close to its modern limit.

9000 yr BP to the present—record of climatic
change and biotic interactions

Fluctuations in the altitudinal limits of white pine
(Pinus strobus) and hemlock provide evidence of
warmer temperatures at lower elevations in the White
Mountains of New Hampshire from 9000 to 5000 yr



148

BP. Davis et al. (1980) estimate that the temperature
was 2° warmer and that precipitation was reduced dur-
ing this period. These climatic changes presumably af-
fected high-elevation vegetation as well; however, the
vegetation changes were less obvious at high elevations
than at low. The subalpine vegetation itself drastically
altered the microclimate of the slopes, increasing the
magnitude of climate change necessary to affect the
subalpine fir forest and the position of treeline. The
ecotones between the subalpine spruce—fir and fir for-
est, and the fir forest and the alpine meadow, have not
changed altitude much over the last 10 000 yr and do
not appear to be sensitive to temperature change. The
most important climatic factors in the distribution of
vegetation in these zones are wind exposure (snow
depth) and atmospheric moisture (Bliss 1963, Harries
1966). Alpine areas in the White Mountains with strong
winds, cool temperatures, fog, and high atmospheric
moisture are more similar to areas in the eastern Arctic
than to the sunnier and drier alpine areas of the west
(Bliss 1964). Upright trees of undiminished stature are
found at treeline in the Rockies and Sierra Nevada,
but are never found (Griggs 1946) and probably never
have grown at the forest limit in the White Mountains.

Fir may have been more extensive at Lake of the
Clouds from 10000 to 5000 yr BP than it is now (Fig.
11b). Besides abundant fir and spruce needles, the max-
imum numbers of Ericaceae, Cyperaceae, and Poten-
tilla tridentata seeds are found during this interval. The
seeds indicate that open patches still existed, but ex-
tensive krummholz that traps snow (Tiffney 1972)
would have created favorable microclimates for other
species that probably grew around the site. Treeline
may have been close to Lake of the Clouds. The climate
there may have been similar to that of Eagle Lake Bog
at 1280 m or the Horn at 1200 m. If so, the mean
annual temperature was 2° higher.

The paleoecological record at Kinsman Pond can

QR Wnderpreted as indicating warmer temperatures

from 9000 to 5000 yr BP. 1t contains fewer fir macro-
fossils and lower percentages of fir pollen during this
interval than after it. If fir populations were actually
less abundant in the subalpine forests, then spruce,
paper birch, or some other species characteristic of
lower elevations may have been more abundant. Spruce
G i s adhecwas e mimsloiradan on.at bich alavatinne fram

9000 to 5000 yr BP. At Kinsman Pond, no spruce
macrofossils were found during a 1500-yr period from
8500 to 6900 yr BP, and pollen percentages remained
low throughout the first half ot the Holocene. Possibly
there was an increase in paper birch in the forest, but
the paleoecological record does not provide evidence
for this. Green alder definitely grew around Kinsman
Pond and Eagle Lake Bog until 5000 yr BP. The eco-
logical significance of the persistant populations of A/-
nus crispa in Franconia Notch is uncertain. It grows
on sheltered east slopes of the Presidential Range to-
day. In areas where large drifts of snow accumulate,
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birch krummbholz, birch trees, and A/nus crispa scrub
replace fir and black spruce at treeline (Harries 1966).
Similar conditions could have existed in Franconia
Notch. The delayed establishment of species at Fran-
conia Notch could also explain why the sites there
contain a different vegetation history from Lake of the
Clouds and Deer Lake Bog.

The spruce—fir phase of the subalpine forest from
750 to 1150 m is a relatively recent vegetation type in
the White Mountains, but grew in mountains in south-
ern Quebec 6000 yr BP (Webb et al. 1983). Maps from
eastern North America (Gaudreau and Webb 1985,
Webb 1986) show southward movement of the 5%
spruce isopoll in the last few thousand years. Jackson
(1983) theorizes that red spruce populations either mi-
grated southward or expanded from small scattered
populations at this time. I suspect that if red spruce
populations did occur in the White Mountains before
10000 yr ago, remanent populations must have per-
sisted in favorable sites. Low but continuous percent-
ages of spruce pollen support this view, although it is
not known which species of spruce are represented in
the pollen record. The failure of spruce to expand their
high-elevation populations during the mid-Holocene
warm interval is puzzling. Why did spruce not extend
its altitudinal range upward as did white pine and hem-
lock? At the lower altitudinal range limit of spruce,
temperature and moisture must play an important role
in the competitive interactions of red spruce and north-
ern hardwood species. The upper range limit of red
spruce is determined by its ability to compete with fir
in an environment subject to frequent wind distur-
bance. Above 1200 m, strong winds give fir a com-
petitive advantage. Fir produces more seeds at more
frequent intervals and has more vigorous seedlings
which develop root systems faster than does spruce.
Thus fir is better adapted to short-term disturbance
(Sprugel 1976).

Perhaps warmer temperatures than today’s gave

northern Nardwood spedies a COMPETING v aTveRs

over spruce in the lower elevations of the current range
for spruce, while wind disturbance, which determines
the upper limit of spruce range, remained unchanged.

Thus the climatic conditions were unfavorable for the

spread of red spruce populations from favorable sites

nntil canline after 3000 vr BP enabled them to expand
at the expense of hardwoods at elevations between 750
and 1220 m.

Some evidence exists from high-elevation sites for
climatic cooling after 5000 yr BP. At Lake of the Clouds,
pollen percentages of alpine indicators increased (Fig.
11). This increase, plus a decrease in the number of
needle fragments from spruce and fir, indicates less
extensive krummbholz and more open conditions around
Lake of the Clouds. The development of peat deposits
in the alpine zone coincides roughly with the expansion
of spruce populations at lower elevations. Soil deteri-
oration may account for some of the vegetation changes;
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however, soils on mountain peaks have never been
good. Much of the till left by continental glaciation on
the summits was probably eroded before 10 300 yr BP,
before the slopes were stabilized by vegetation. Modern
vegetation studies (Bliss 1963, Harries 1966, Reiners
and Lang 1979) show that although vegetation greatly
affects the development of soils, the soils of the moun-
tain peaks have little influence on alpine vegetation.
The retreat of krummholz and the development of peat
are likely the result of a cooler/moister climate that
developed after 3000 yr BP.

The best physical evidence for climatic change is the
development of peat at Star Lake Bog in the alpine
zone of the northern Presidentials roughly 2000 yr ago
(Spear 1981). As depth of peat increased, water was
impounded, forming the shallow lake. However, there
is no indication of renewed periglacial activity in the
alpine zone during the last 2000-3000 yr BP. Gold-
thwait (1976) suggests that the temperature fell 4° and
frost sorting occurred down to an elevation of 1700 m
after 3000 yr BP. The pollen record shows no increase
in the species indicative of periglacial disturbance. If
periglacial activity has increased in the last 3000 yr, it
must be at elevations too far above Lake of the Clouds
to leave a paleoecological record. Further study of al-
pine peat deposits could yield important information
on Neoglacial events in the White Mountains.

A final indication of cooling during the last 5000 yr
occurs in the record of subalpine forests at Kinsman
Pond. The number of fir macrofossils increases signif-
icantly after 5000 yr BP, suggesting that fir may have
become more abundant in the forest at that time. Cool-
er and moister conditions might have enabled fir to
expand its populations at its lower altitudinal limit
when the subalpine forest as we know it today, with
its spruce-fir phase, and fir phase developed.

In contrast to the continual changes in the vast low-
land forests surrounding the White Mountain peaks,
the high elevations have been remarkably stable.
Changes in the lowland forest have had virtually no
impact on the subalpine fir forest and alpine meadow.
This knowledge gives insight into the dynamics of high-
elevation vegetation and has allowed me to deduce the
importance of climatic and biotic interactions in struc-
turing the subalpine forest. Further detailed paleoeco-
logical study of White Mountain sites over a range of
altitudes, especially at low and mid elevations, will
allow us to reconstruct the history of vegetation in the
mountains and to ask questions about the factors con-
tributing to that history.
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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 = +0.07°C/decade, p = 0.07; min = +0.11°C/decade, p = 0.01), winter (min =
+0.18°C/decade, p = 0.07), spring (max = +0.13°C/decade, p = 0.10), and summer
(min = 40.11°C/decade, p = 0.01) warming trends. Though suggesting annual,
winter, and spring warming (0.05 to 0.12°C/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 = 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 = 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.
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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 = 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 high-
altitude 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 conclu-
sions. 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 mid-
elevation 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 (44°16'N, 71°18'W), 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).
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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 overweight-
ing 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 tempera-
ture and humidity data analyzed by Grant et al. (2005) and Seidel
et al. (2007). For this study, Mount Washington Observatory staff

T. M. SEIDEL ET AL. / 363



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., 44°16'N, 71°15'W) 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 17-
month window.

The MMTS sensor is accurate to £0.5°C, the temperature is
displayed to the nearest 0.1 °F, 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 —0.4°C,
min +0.3°C, mean —0.1°C) 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 = Switched TOBS with
TMAX or TMIN). Data for only one flag, T (failed internal
consistency check), were removed. As might be expected of a
COQP 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; Alexan-
dersson 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 1° latitude and 1°
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/ushcen/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 X 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 observa-
tions were binned into two categories: (1) less than 2.54 cm, and
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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 length-
of-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

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

PDATS data.
Mean Std. Dev. Trend
(O (°C) (°Cdec.™) P
Annual max 9.7 0.7 0.03 0.47
min —-1.3 0.7 0.11 0.01
mean 4.2 0.6 0.07 0.07
Winter max —2.8 1.6 0.11 0.24
min —13.8 1.6 0.18 0.07
mean —83 1.5 0.15 0.12
Spring max 8.4 1.3 0.13 0.10
min —-2.8 1.3 0.11 0.16
mean 2.8 1.2 0.12 0.11
Summer max 21.9 0.9 —0.02 0.76
min 10.4 0.7 0.11 0.01
mean 16.2 0.7 0.05 0.28
Autumn max 11.6 1.1 —0.08 0.26
min 1.1 1.0 0.08 0.19
mean 6.3 0.9 0.00 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 (Cgyp),
here 0 cm. The earliest occurrence (lowest DoW) of depth > Cg
is the date of First snow depth and latest occurrence (largest
DoW) of depth > Cgy 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 (Cgsg), 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 (dryaw), 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.

CALCULATION OF THAWING DEGREE DAYS AND
GROWING DEGREE DAYS

Thawing degree days (TDD, threshold T = 0°C) and growing
degree days (GDD, threshold T = 5°C) were calculated for the
PDATS data and summit data using ITEX formulac (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
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TABLE 2

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

Mean Std. Dev. Trend
°C) (°C) (°C dec.™ " P
Annual max 0.9 0.6 0.03 0.37
min —6.5 0.7 0.06 0.19
mean —2.8 0.6 0.05 0.25
Winter max -94 1.6 0.09 0.35
min -18.6 1.8 0.08 0.45
mean -14.0 1.6 0.09 0.39
Spring max -1.0 1.2 0.11 0.14
min —8.6 1.4 0.12 0.16
mean —4.8 1.3 0.12 0.14
Summer max 11.5 0.9 —0.05 0.32
min 5.1 0.8 0.01 0.79
mean 8.3 0.8 —0.02 0.69
Autumn max 2.6 1.0 —0.02 0.72
min —4.2 1.1 —0.01 0.89
mean —0.8 1.0 —0.02 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
TEMPERATURE TRENDS

The annual mean temperature at Pinkham from 1935 to 2003
using the PDATS data is 4.2°C, compared to the unadjusted value
of 4.5°C. The most recent 30-year normal annual mean for
Pinkham is 4.5°C (NCDC, 2004). PDATS seasonal means and
standard deviations are presented in Table 1. The summit’s annual
mean temperature is —2.8°C; 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
0.54°C/100 m was calculated. This value compares well with other
annual mean lapse rates (range 0.5-0.70°C/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, 5.9°C, 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.

tures (~6.3°C) at similar elevations on Mount Moosilauke, New
Hampshire, Whiteface Mountain, New York, and Mount Mans-
field, Vermont, for the same time period (Richardson et al., 2004).
Mean temperature at Pinkham from PDATS data (3.6°C) was
colder than the estimated temperature at a similar elevation on the
western slope of Camels Hump, Vermont (4.8°C) during a three-
year 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 signifi-
cance 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 (0.07°C/decade) is similar to that of the region (0.08°C/
decade) over the last century (Hayhoe et al., 2007) and slightly
smaller than the regional trend (0.10°C/decade) from 1931 to 2000
(Keim et al., 2003). Pinkham’s annual mean trend is approxi-
mately halfway between the 1931-2000 trends for the southern
(0.11°C/decade) and northern (0.0°C/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.

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

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 5°C 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 Snow cover
Station First Last Start End

Summit 1949-2006 mean (day) 6 Aug (218) 6 June (157) 24 Nov (328) 29 Apr (119)

std. dev. (days) 27 13 28 22

trend (days dec™ ") 7.0 —-2.8 —0.44 0.16

p-value <0.01 <0.01 0.86 0.89
Pinkham 1931-2006 mean (day) 26 Oct (299) 2 May (122) 2 Dec (336) 19 April (109)

std. dev. (days) 19 11 20 13

trend (days dec™ ") 0.73 -0.5 0.5 -1.6

p-value 0.39 0.38 0.64 0.02
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Start and end of snow pack
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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 solar-
driven 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 = 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 degree-
day 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
—1.6 days/decade matches the earlier accumulation of TDD (—1.6
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 (r*
= 0.18, p = 0.001). A similar analysis for Pinkham showed the
strongest relationship between end of snow cover and average
April + March max temperature (¥ = 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: —2°C for floral damage and —5.5°C 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 general-
ized 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 dec™") P Mean (day) Std. dev. (days)  Trend (days dec.”") P
Summit
min/max 30 April (120) 18 -2.8 0.01 17 May (137) 14 -0.4 0.64
hourly 30 April (120) 18 =27 0.01 8 May (128) 15 =11 0.20
Pinkham
min/max 20 April (110) 9 -1.6 <0.01 16 May (136) 8 -0.5 0.27

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 autocor-
relation 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 short-
term 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,
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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

Slope: -0.05 P: 0.27
Junt ) . A : 1
5 N ':v":w.j!ij"'a Fosgit), Y A
g ATAVAA e
5 Mayf X9 - 1
& 5 ""::‘ v
[t o 8
Apr 1
Slope: -0.16 P: 0.003

1830 1940 1850 1980 1870 1980 1980 2000 2010
Year

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 micro-
topographic 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 tropo-
sphere, 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 temper-
atures 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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