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A rapid upward shift of a forest ecotone during 40
years of warming in the Green Mountains of Vermont
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Detecting latitudinal range shifts of forest trees in response to
recent climate change is difficult because of slow demographic
rates and limited dispersal but may be facilitated by spatially
compressed climatic zones along elevation gradients in montane
environments. We resurveyed forest plots established in 1964
along elevation transects in the Green Mountains (Vermont) to
examine whether a shift had occurred in the location of the
northern hardwood-boreal forest ecotone (NBE) from 1964 to
2004. We found a 19% increase in dominance of northern hard-
woods from 70% in 1964 to 89% in 2004 in the lower half of the
NBE. This shift was driven by a decrease (up to 76%) in boreal and
increase (up to 16%) in northern hardwood basal area within the
lower portions of the ecotone. We used aerial photographs and
satellite imagery to estimate a 91- to 119-m upslope shift in the
upper limits of the NBE from 1962 to 2005. The upward shift is
consistent with regional climatic change during the same period;
interpolating climate data to the NBE showed a 1.1°C increase in
annual temperature, which would predict a 208-m upslope move-
ment of the ecotone, along with a 34% increase in precipitation.
The rapid upward movement of the NBE indicates little inertia to
climatically induced range shifts in montane forests; the upslope
shift may have been accelerated by high turnover in canopy trees
that provided opportunities for ingrowth of lower elevation spe-
cies. Our results indicate that high-elevation forests may be jeop-
ardized by climate change sooner than anticipated.

climate change | range shift

lobal climate is currently warming at an unprecedented rate

with potentially profound and widespread effects on the
distributions of ecological communities. Mean global temperature
rose by 0.6°C over the past century, the rate of warming since 1976
has been greater than any other period during the last 1,000 years,
and the decade 1990-1999 was the hottest in recorded history (1,
2). Recent climate change has been driven primarily by anthropo-
genic emissions of greenhouse gases (GHG), and warming is likely
to continue at the same or an accelerated rate for the foreseeable
future (3-6): global temperatures are predicted to rise by another
1.4-5.8°C by the year 2100 (7). Climate is an important determinant
of species’ ranges, and rising temperatures associated with GHG
emissions are predicted to lead to species’ migrations poleward or
upward in elevation (8-10). Climate-linked range shifts have al-
ready been observed in some taxa (11, 12). Although forest
composition and geographic distributions of canopy trees are
expected to shift with global warming, it is not clear what level of
inertia, or time lag, forests will display to climatic forcing nor how
strong the relationship will be between warming and tree line rise
(13-15). Historical reconstructions and models of forest response to
climate change suggest that the natural pace of tree recruitment and
canopy turnover result in century-scale responses of ecotones to
climate change, which could make the identification of shifts in
forest composition or range in response to recent climate change
difficult (16-19). Montane environments provide an ideal environ-
ment for detecting shifts in forest distribution in response to climate
change because of steep climatic gradients across elevation, which
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in many respects are analogous to latitudinal climatic gradients, but
with distinct boundaries between forest types that facilitate detec-
tion of range shifts (Fig. 1) (20, 21).

We used historic vegetation plots and remotely sensed data to
examine elevational shifts in the distribution of forests in the Green
Mountains of Vermont in conjunction with regional climate
change. In northeastern North America, montane forests exhibit
distinct elevational zonation, with species’ elevational ranges anal-
ogous to latitudinal range limits (22-24). The transition from
northern hardwoods at lower elevations to boreal forest at upper
elevations occurs across a narrow elevational zone [northern hard-
wood-boreal ecotone (NBE)], where there is a near-complete
turnover from northern hardwoods [99.2% of the current basal area
below 730 m above sea level (a.s.l.)] to boreal species (100% of the
current basal area above 930 m a.s.l.) (Fig. 1). The location of the
NBE is expected to be strongly related to local climate across the
northeastern United States (24, 25). We examined changes in forest
composition in vegetation plots at 11 elevations spaced at 61 m (200
ft) vertical increments from 550 to 1,160 m a.s.l. on the western
slopes of three peaks in the Green Mountains of Vermont (Mount
Abraham, Bolton Mountain, and Camels Hump), sampled origi-
nally in 1964 and then resampled in 2004 (26). We also used aerial
photographs (1962 and 1995) and satellite imagery (2005) to
estimate the location of the NBE at these time periods. We use
these data to address the following questions: Has the location of
the NBE shifted over the last half-century? Were these shifts
consistent with regional climate change over this period?

Results and Discussion

Within the lower half of the NBE, the boreal species group declined
while the northern hardwood group increased in abundance (Fig.
2). Boreal basal area declined by 76% (at 732 m) and 67% (at
792 m) from 1964 to 2004, representing a loss of 5.5 and 9.2 m? ha™1,
respectively. The decline of red spruce (Picea rubens) accounted for
65 and 54% of this loss, respectively, with montane paper birch
(Betula papyrifera var. cordifolia) responsible for most of the re-
maining loss (30 and 56%) (Fig. 3). Balsam fir (4bies balsamea)
accounted for 5% of the loss of boreal basal area at 732 m and
increased in basal area at 792 m, partially offsetting the losses of red
spruce and paper birch. The northern hardwood species group had
an overall increase (3%) in basal area across these same elevations,
which comprised a 4.8% decline (loss of 1.4 m? ha™!) at 732 m and
a16% increase at 792 m (gain of 2.9 m> ha~!) over the past 40 years.
The modest increase of northern hardwoods does not reflect the
high rate of species turnover occurring at these sites: A 78% (7.1 m?
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High elevation boreal forest
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Fig. 1. The distinct zonation of northern hardwood and boreal forests with
elevation on Mount Abraham in the Green Mountains of Vermont. [Repro-
duced with permission from ref. 39 (Copyright 2003, American Meteorological
Society).]

ha~") (Fig. 3) loss of American beech (Fagus grandifolia) basal area
at 732 m is attributable to the invasion of the beech scale (beech
bark disease) in the late 1960s, which has killed 80-90% of mature
beech trees (27). The highest-elevation American beech (ie.,
792 m) increased in abundance probably because of the limited
susceptibility of young trees at low densities to beech bark disease
(27, 28). Declines of American beech in the lower portions of the
ecotone were largely offset by large increases in sugar maple (Acer
saccharum) basal area of 60% (6.8 m?> ha™') and 115% (2.6 m?
ha™1) at 732 and 792 m.

In the upper half of the NBE, the basal area of the boreal group
increased by 62% (at 853 m) and 21% (at 914 m), corresponding to
an increase in basal area of 8.6 and 5.3 m? ha~!. The greater basal
area of the boreal group was driven by increases of balsam fir (57%
and 55% of increased basal area at 853 and 914 m) and paper birch
(40% and 45% of increased basal area at 853 and 914 m) (Fig. 3)
after large declines of red spruce in the 1960s and 1970s associated
with acid deposition (29, 30). There was an overall increase of 4.8%
in northern hardwood basal area in the upper half of the NBE,
which resulted from a basal area increase of 0.08 m2 ha~—?, but which
also included a 15-fold increase in northern hardwood basal area at
914 m. Plots of size structure are consistent with our interpretation
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Fig. 2. Relative composition of forest stands (as fraction of basal area) by

northern hardwood (A) and boreal (B) tree species by elevation in 1964 and
2004. These data were collected along elevational transects on three moun-
tains: Bolton Mountain, Camels Hump, and Mount Abraham. The elevational
range of the ecotone is indicated by the underscoring. The boreal fraction of
forest stands at the two lower elevations of the ecotone decreased from 19%
to 6% at 732 m and from 43% to 18% at 792 m, and the deciduous fraction
increased from 81% to 94% at 732 m and from 57% to 82% at 792 m.
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Fig.3. Basal area of dominant tree species of northern hardwood (A, C, and
E) and boreal (B, D, and F) forests by elevation for 1964 and 2004. Sugar maple
(A), red spruce (B), American beech (C), balsam fir (D), yellow birch (), and
paper birch (F). The elevational range of the ecotone is indicated by the
underscoring. The shift in the ecotone has been driven both by increases in
northern hardwood species at their upper elevation limit (e.g., A, arrows) and
decreases in boreal species at their lower limits (e.g., B, arrows).

of demographic processes: increases in basal area correspond to
increases in density of smaller size classes, indicative of recruitment
and growth, whereas decreases in basal area correspond to loss of
all size classes, with the exception of the root-sucker sprouting
response of American beech to the beech bark disease [supporting
information (SI) Figs. 6 and 7]. Northern hardwood basal area
declined at elevations below the ecotone, primarily driven by
decreases in American beech and sugar maple that reflect the
effects of beech bark disease and a regional decline in sugar maple
(27, 31, 32). At elevations above the ecotone, declines in boreal
basal area were driven by large declines in red spruce (71% decline)
and paper birch (57% decline), but were partially offset by in-
creased basal area of balsam fir (Fig. 3), which was likely able to
capture canopy space opened by mortality of red spruce and paper
birch. The decline of the red spruce is likely related to increased
winter injury from acidic deposition, which is more severe at higher
elevations (33, 34). Paper birch may also be adversely affected by
increasing frequency of freeze—thaw events associated with climate
change (35). The differential mortality responses of the boreal
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Table 1. Competing models of forest change over the period
1964-2004

Table 2. Parameter estimates of the elevation x year models of
log-transformed northern hardwood and boreal basal area

Model K Log-like AIC, AAIC, Parameter Estimate SE

Northern hardwood forest Northern hardwood forest
Null 2 —373.5 751.1 52.5 Intercept 8.54 0.81
Year 3 —373.1 752.4 53.8 Elevation —0.0082 0.0012
Elevation 3 —346.7 699.6 1.0 Year —2.50 1.17
Elevation + year 4 —346.2 700.5 2.0 Elevation:year 0.0034 0.0017
Elevation X year 5 —344.1 698.6 0.0 Boreal forest

Boreal forest Intercept -5.31 1.09
Null 2 —339.8 683.6 89.9 Elevation 0.0086 0.0012
Year 3 —339.0 684.3 90.5 Year -3.16 1.58
Elevation 3 —295.0 596.2 2.5 Elevation:year 0.0030 0.0018
Elevation + year 4 —293.1 594.5 0.8 . i i -
Elevation X year 5 2916 593.7 0.0 The positive sign of the elevation:year interaction term for both the boreal

Number of parameters (K), log-likelihood, and model selection results for
models fitting log-transformed basal area distributions of northern hardwood
and boreal groups.

species emphasize the importance of species’ individualistic re-
sponses to environmental perturbations and climate change.

We analyzed elevational changes in (log-transformed) basal area
separately for each species group (northern hardwood and boreal)
over the period 1964 to 2004 by using an information theoretic
approach to distinguish between five alternative models of response
(36): 1, A null model indicating no effect of elevation or year on
basal area; 2, a model with a “year” term that allows for a change
in basal area across the two sample periods but no effect of
elevation; 3, a model with an “elevation” term that allows for an
elevational effect on basal area, e.g., declining abundance as a
species group’s elevational range limit is approached, but no change
in this effect across time; 4, a “year + elevation” model that allows
for an effect of both time and elevation on basal area, but without
any interaction between the two; 5, last, a “year X elevation” model
that is similar to model 4 but also allows for an interaction between
“year” and “elevation.” This model accommodates an upslope
movement of species groups: a positive interaction term indicates
a reduction in the rate of basal area decline with increasing
elevation, which would be consistent with an upward shift in the
distribution. This final model with the year X elevation interaction
was selected for both the northern hardwood and boreal groups,
indicating a directional shift in the distribution of each group with
respect to elevation, although there was also some support for
model 3 (elevation) and model 4 (elevation + year) for the northern
hardwood and boreal groups, respectively (Table 1). Estimates of
the interaction term for the selected models were positive, indicat-
ing an upslope shift in the distributions of both the northern
hardwood and boreal groups (Table 2).

We used remotely sensed data to confirm these ecotonal shifts
and to estimate the amount of upslope movement in the northern
hardwood to boreal ecotone. We identified the location of the NBE
in 1962 (aerial photographs), 1995 (aerial photographs), and 2005
(satellite images). We estimated the upper and lower limits of the
ecotones by fitting a two change-point model to pixel values along
narrow transects upslope through the NBE on Camels Hump and
Mount Abraham (37). Pixel values that are representative of
northern hardwoods have higher values than boreal forest, making
it possible to distinguish these two groups (Fig. 4). We excluded
Bolton Mountain because the extensive presence of snow in the
aerial photographs made distinguishing forest types problematic.
The first change-point represents the lower limit of the ecotone,
whereas the second change-point represents the upper limit. We
estimated that the upper limit of the ecotone moved upslope 119 m
on Camels Hump and 92 m on Mount Abraham from 1962 to 2005,
with most of this upward movement occurring between 1995 and
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and northern hardwood groups indicates that there was an upward shift in
basal area from 1964 to 2004 for both forest groups, consistent with an
upslope change in their distribution. The sign of the elevation term indicates
that basal area decreases with elevation for the northern hardwood compo-
nent and increases for the boreal component. The negative year effects
indicate that basal area declined for both groups from 1964 to 2004, consistent
with the effects of insect pathogens and acid rain on these forests (27, 29).

2005 (104 and 69 m, respectively) (Fig. 4 and Table 3). The lower
limit of the ecotone moved upslope an estimated 67 m for Camels
Hump, but did not move upslope for Mount Abraham. The pattern
of change for Mount Abraham was similar to Camels Hump (i.e.,
ingrowth of northern hardwoods as indicated by higher pixel
numbers), despite the lack of upward shift detected in the lower
ecotonal limit (Fig. 4). We expect that continued incremental
ingrowth of northern hardwoods in the ecotone on Mount Abra-
ham would result in a rapid shift of the estimated change-point to
higher elevations. The differential upslope movement of the upper
and lower ecotonal limits has resulted in an increased breadth of the
transitions zone (Table 3), which may be indicative of a rapid
vegetative response that has not yet reached an equilibrium with
climate.

The upward shift in composition and location of the ecotone is
consistent with regional trends in climate observed at two nearby
climate stations over this 40-year period: a station at Burlington
International Airport (100.6 m a.s.l.,, “low elevation”) and a station
at the summit of Mount Mansfield (1,204 m a.s.1., “high elevation™).
An annual warming trend of 0.042 and 0.022°C was observed
between 1963 and 2003 at the low- and high-elevation stations,
respectively (Fig. 5). This resulted in an increase in average annual
temperature at the low-elevation station (+1.66°C) that was nearly
twice that of the high-elevation station (+0.86°C). Warming trends
varied with season at the low-elevation station: “winter” season
(i.e., October to March) temperature increases were approximately
twice as great as that during the “summer” (i.e., April to Septem-
ber): +1.1°C (summer) vs. +2.2°C (winter) over 40 years. Seasonal
differences were much less pronounced at the high-elevation sta-
tion: +0.80°C (summer) vs. + 0.96°C (winter). Changes in precip-
itation were also dependent on elevation (Fig. 5). Total annual
precipitation increased by 67 mm (8% increase) and 612 mm (38%
increase) at the low- and high-elevation stations, respectively, over
40 years. At the low-elevation station, 94% of this increase occurred
in summer precipitation, whereas seasonal differences were less
pronounced at the high-elevation station: 46% of the increase
occurred in summer and 54% in winter. The observed increases in
precipitation are consistent with regional predictions of increased
precipitation in the northeastern United States with global warming
in the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (38). The large increases in high-elevation
precipitation may result from orographic features; this source of
uncertainty in regional climate predictions is emphasized in the
latest IPCC assessment because of the poor representation of

PNAS | March 18,2008 | vol. 105 | no.11 | 4199

ECOLOGY












