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ABSTRACT
Historical and ecological data from north-central
Massachusetts suggest that widespread and intensive human disturbance after European settlement
led to a shift in forest composition and obscured
regional patterns of species abundance. A paleoecological approach was required to place recent forest
dynamics in a long-term context. Pollen and charcoal data from 11 small lakes in north-central
Massachusetts were used to reconstruct local vegetation dynamics and fire histories across the region
over the past 1000 years. The sites are located across
an environmental gradient. Paleoecological data
indicate that prior to European settlement, there
was regional variation in forest composition corresponding to differences in climate, substrate, and
fire regime. Oak, chestnut, and hickory were abundant at low elevations, whereas hemlock, beech,
sugar maple, and yellow birch were common at
high elevations. Fire appears to have been more
frequent and/or intense at lower elevations, maintaining high abundances of oak, and archaeological

data suggest Native American populations were
greater in these areas. A change in forest composition at higher elevations, around 550 years before
present, may be related to the Little Ice Age (a
period of variable climate), fire, and/or activity by
Native Americans, and led to regional convergence
in forest composition. After European settlement,
forest composition changed markedly in response to
human disturbance and there was a sharp increase
in rates of vegetation change. Regional patterns
were obscured further, leading to homogenization
of broad-scale forest composition. There is no indication from the pollen data that forests are returning
to pre-European settlement forest composition, and
rates of vegetation change remain high, reflecting
continuing disturbance on the landscape, despite
regional reforestation.

INTRODUCTION

Foster 1995; Schneider 1996; Foster and others 1998).
In the eastern United States, disturbances such as forest
cutting, altered fire regimes (burning to clear land, or
suppression of the natural fire regime), agricultural
activity, introduction of alien species (including pests
and disease), alteration of herbivore populations, urban
development, and atmospheric pollution have had a
marked influence on vegetation composition and dynamics (Brugam 1978a; Russell and others 1993; Whitney 1993; Foster 1995; Foster and others 1998), as well
as terrestrial and aquatic ecosystem processes (Engstrom and others 1985; Aber and others 1991; Brush
1994; Foster 1995; Sullivan and others 1996). In particu-
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Paleoecological, historical, and ecological studies have
demonstrated the dramatic impact of European settlement on vegetation in North America over the past 300
years (Harper 1918; Spurr and Cline 1942; Siccama
1970; Webb 1973; Brugam 1978a, 1978b; Russell 1980;
Burden and others 1986a, 1986b; McAndrews 1988;
Williams 1989; Russell and others 1993; Whitney 1993;
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lar, several studies have shown that regional vegetation
patterns at the time of European settlement were
related to climate, physiography, or natural disturbance
regime, and that these patterns have been altered or
obscured by human disturbance since settlement (Egler
1940; Whitney 1990; White and Mladenoff 1994; Palik
and Pregitzer 1992; Abrams and Ruffner 1995; Foster
and others 1998). Detailed studies (using historical and
ecological data) in New England document that the
history of deforestation for agriculture in the 18th and
19th centuries, followed by natural reforestation in the
late 19th and early 20th centuries, has resulted in
regional homogenization of forest composition and a
loss of correlation between the distribution of tree taxa
and regional climatic gradients (Foster and others 1998).
The process of broad-scale vegetation dynamics
and regional homogenization of vegetation has
important consequences for ecological studies, conservation, and management planning, and it has
implications for interpretation of current and prospective vegetation relationships to climate. Because of their limited temporal perspective, however, modern and even historical studies are
inadequate to interpret these major forest and
landscape changes. Paleoecological studies, when
designed to record local and regional forest dynamics with high temporal resolution, provide an opportunity to interpret historical dynamics over long
time periods (for instance, the last millennium). For
example, a long-term perspective enables us to
compare pre-European vegetation, disturbance histories, and rates of vegetation change with postsettlement dynamics, to identify the timing and processes
involved in the homogenization of regional vegetation patterns, and to assess the responsiveness of
vegetation to changes in the disturbance regime.
In this study, we sought to use paleoecological
methods to understand the vegetation and environmental dynamics of the New England landscapes,
and to place historical changes [compare Foster and
others (1998)] within an ecological framework.
Specific questions include: How do recent forest
dynamics, within a period of intensive human
activity, relate to long-term changes in forest composition driven by climate, natural disturbances (fire,
wind, disease) and activity by Native Americans?
What was the impact of widespread and intensive
human disturbance on regional patterns of vegetation? Was the nature of the disturbance associated
with European settlement unique or have there
been analogous events in the presettlement period
(Raup 1981)? Are the rates and extent of vegetation
change in pre-European settlement forests comparable to those in the postsettlement period? Following a major decrease in regional disturbance since
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the end of the 19th century, have regional patterns
of forest composition and dynamics reverted to
those of presettlement forests?
Historical evidence suggests that European settlement in central Massachusetts resulted in a major
change in forest composition, abundance, and structure (Foster 1988, 1992, 1995; Foster and others
1992, 1998). Large tracts of forest were cleared after
European settlement (between AD 1700 and 1750)
largely for agricultural purposes and timber (Foster
and others 1998). Natural reforestation has taken
place throughout the region as agricultural activity
was abandoned at the end of the last century
(Cronon 1983; Foster 1995). Changing levels of
human disturbance in central Massachusetts provide the opportunity to investigate the impact of
recent variation in disturbance frequency and intensity on forest composition and dynamics.
Wind and fire are the predominant natural disturbances in New England. Although little detailed
information is available on pre-European settlement fire frequency, intensity, and impact on vegetation, fire resulting from natural processes and activity by Native Americans appears to have been
important locally (Patterson and Sassaman 1988).
New England is prone to hurricanes, which are
infrequent but occasionally catastrophic (Foster and
Boose 1992; Boose and others 1994), and pathogenic outbreaks are also a rare but important disturbance factor (Patterson and Backman 1988; Orwig
and Foster forthcoming). For instance, paleoecological evidence suggests that hemlock (Tsuga canadensis) populations in eastern North America were
decimated by an insect pest approximately 5000
years before present (Davis 1981; Allison and others
1986; Bhiry and Filion 1996; Fuller forthcoming).
Forest vegetation in New England, therefore, is
adapted to periodic and occasionally catastrophic
disturbances (Raup 1981). After European settlement, the disturbance regime changed from being
dominated by episodic natural processes (for example, wind and fire) to one dominated by widespread and ongoing human activity that varied in
intensity over a 300-year period. The main focus of
this paper is to place the recent history of regional
forest dynamics in response to human disturbance
into a long-term perspective.

STUDY AREA
Central Massachusetts is divided into three broad
physiographic regions based on elevation, relief,
and differences in geology, soils, climate, and land
use: the Central Uplands, the Eastern Lowlands, and
the Connecticut River Valley (Figure 1). Relief in the
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Figure 1. Topographic map of central Massachusetts showing the location of the lake basins analyzed and physiographic
regions.

Central Uplands varies from 150 to 430 m above sea
level across an area dominated by north–southtrending ridges. Soils (in the Monadnock, Tunbridge, Lyman, and Beckett series) are generally
acid, sandy loams underlain by acidic, Paleozoic
bedrock and a cover of thin glacial till (Taylor and
Hotz 1985). The Connecticut River Valley, an area of
lower elevation to the west (Figure 1), is underlain
by sedimentary siltstone, sandstone, shale and conglomerate, and relatively thick deposits of outwash,
alluvium, and glacial lake-bottom sediments. Soils
in this area include the well-drained, coarse-silty
Hadley, poorly drained Limerick, and excessively
drained sandy soils of the Hinckley series (Mott and
Fuller 1967). Three sites studied are located on the
Montague Sand Plain in the Connecticut River
Valley, an extensive area of sandy outwash with a
distinct vegetation of pitch pine and scrub oak
(Motzkin and others 1996). The Eastern Lowlands
are part of the coastal lowland area of New England
(Denny 1982). This area of varied relief (40–200 m
above sea level) is underlain by granite, schist, and
gneiss of Proterozoic age, and overlain by glacial till,
large areas of stratified deposits, and lesser amounts
of alluvium.
The climatic gradient across the region primarily
reflects variation in elevation (Ollinger and others

1993). The Eastern Lowlands and Connecticut River
Valley have milder climates than the Central Uplands (Foster and others 1998). Surficial geology
also varies across the region. Glacial till dominates
the Uplands; lake deposits, outwash, and alluvium
are widespread in the Connecticut River Valley; and
stratified deposits and till occur in the Eastern
Lowlands (Heeley 1972).
Regional vegetation in central Massachusetts is
typical of the transition hardwood–hemlock–white
pine forest region (Spurr 1956; Westveld 1956).
Important hardwood species include red maple
(Acer rubrum), beech (Fagus grandifolia), yellow birch
(Betula alleghaniensis), oak (Quercus rubra, Q. alba,
and Q. velutina), paper birch (B. papyrifera), black
birch (B. lenta), and sugar maple (A. saccharum). The
coniferous species, hemlock (T. canadensis) and white
pine (Pinus strobus), are also common, with some
red spruce (Picea rubens) and balsam fir (Abies
balsamea). Most of the study region has reforested
since agricultural abandonment in the late 19th
century, although the Connecticut River Valley and
Eastern Lowlands have more agricultural land than
the Central Uplands (Foster and others 1998). Vascular plant nomenclature follows that used by
Gleason and Cronquist (1991).
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Table 1.

List of Lake Basins Analyzed a
Area
(ha)

Water
Depth
(m)

Site

Elevation
(m)

Central Uplands
1. Aino Pond
2. Quag Pond
3. Snake Pond
4. Lily Pond
5. Silver Lake

354
332
282
269
161

1.8
0.8
5.0
0.8
7.1

2.5
2.6
8.0
1.3
2.0

Connecticut River Valley
6. Otter Pond
7. Green Pond
8. Lake Pleasant
9. Dead Frog Pond

107
80
80
80

3.1
5.0
20.0
0.2

2.6
5.7
11.4
1.0

Eastern Lowlands
10. Little Pond
11. Little Mirror Lake

99
73

5.0
5.0

3.2
8.5

aThe

sites occur in three broad physiographic regions: Connecticut River Valley,
Eastern Lowlands and the Central Uplands. See Figure 1 for locations.

Native American populations were present and
active on the landscape prior to European arrival,
but there is little agreement on the extent of their
impact, if any, on vegetation (Day 1953; Pyne 1982;
Russell 1983; Mulholland 1984; Winkler 1985; Patterson and Sassaman 1988; Dunwiddie 1989; Williams 1989) and few studies combining archeological and paleoecological data to test hypotheses.
Archaeological evidence suggests a regional gradient of aboriginal population density in southern
New England that parallels that of fire frequency;
decreasing from coastal and southern regions to the
north [reviewed by Patterson and Sassaman (1988)].
In central Massachusetts, Native American settlements were more abundant at lower elevations,
along the Connecticut River Valley and in the
Eastern Lowlands (Patterson and Sassaman 1988;
M. Mulholland unpublished data). In central Massachusetts, European settlement took place mainly
between AD 1700 and 1750 (Foster and others
1998).

METHODS
Site Selection and Description
To examine vegetation dynamics over the past 1000
years, a transect of 11 lakes located across northcentral Massachusetts was selected for paleoecological investigation (Figure 1 and Table 1). Selection
criteria included small surface area (less than 5 ha)
and no inflowing or outflowing streams, to ensure
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that the lakes had a mainly local pollen source area
[within about 5 km of the lake (Jacobson and
Bradshaw 1981)]. One site (Lake Pleasant) is considerably larger than 5 ha in area but has adjacent
small lakes (Green Pond and Dead Frog Pond) that
we also studied to determine the local signal. By
comparing the records among sites, we can assess
regional versus local vegetation dynamics. The lakes
are located across an elevational and climatic gradient (Figure 1), and the areas surrounding them
have been subjected to different types of land use.

Paleoecological Methods
Sediment cores (5 cm diameter) were taken at the
deepest point in each lake basin by using a modified,
Livingstone piston corer (Livingstone 1955; Wright
1967). To capture the sediment–water interface, the
uppermost, unconsolidated sediment was obtained
using perspex tubing (10 cm diameter) with a
piston, constructed such that the sediment could be
extruded vertically in the field. Cores taken with the
Livingstone were wrapped in plastic film and aluminum foil, and stored, with the surface samples, in
the dark at 47C.
Subsamples of sediment were taken at 1- to 2-cm
intervals to achieve fine temporal resolution, and
analyzed for fossil pollen, spores, and charcoal by
using standard methods of preparation (Berglund
and Ralska-Jasiewiczowa 1986; Faegri and others
1989). At least 500 arboreal pollen grains were
counted for each sample. Pollen percentages were
calculated based on a pollen sum of all terrestrial
pollen grains and spores. Microscopic charcoal was
tallied for each core by the point-intercept method
(Clark 1982). Eucalyptus pollen suspension of known
volume and concentration was added to each sample during preparation and Eucalyptus pollen grains
were counted simultaneously with charcoal to estimate charcoal–pollen ratios.
Numerical zonation was used to aid description of
the pollen data from each site using the program
Psimpoll version 2.25 (Bennett 1994,1996). Pollen
assemblage zones were determined by optimal splitting based on information content (Bennett 1996).
The number of statistically meaningful zones was
determined by a Broken Stick Model, a routine in
Psimpoll (Bennett 1994, 1996). This method tests
whether the number of zones accounts for a greater
proportion of variance than predicted by the Broken
Stick Model (Bennett 1996).
Chronologies for each site were obtained by
radiocarbon (14C) and lead (210Pb) radiometric dating methods. Bulk sediment samples (1–4 samples
per site) were submitted to Beta Analytic and
Woods Hole Oceanographic Institution facilities for
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conventional and accelerated mass spectroscopy
radiocarbon dating. Radiocarbon age determinations were converted to calendar years by the
program Calib version 3.0, based on a combination
of bidecadal tree datasets and marine coral datasets
(Stuiver and Reimer 1993a, 1993b).
Contiguous sediment subsamples (1 cm3) were
taken from each core to estimate ‘‘unsupported’’ and
‘‘supported’’ 210Pb activity in order to date the recent
sediments by using the 210Pb dating method (Olsson
1986). The 210Po activity (in equilibrium with 210Pb)
was measured with an alpha spectrometer and ages
determined using the constant rate of supply (CRS)
model (Binford 1990). Samples were prepared to
extract 210Po by using a method developed by D. R.
Engstrom (personal communication). A 20-mL spike
of 209Po of known activity was added in order to
estimate the activity of 210Po, and thus 210Pb, within
the sediments.
To determine the organic content of the lake
sediments (percent mass loss on ignition), samples
(1 cm3) taken at regular intervals (1–2 cm) were
combusted at 5507C for 6 h in a muffle furnace
(Bengtsson and Enell 1986).

Numerical Analysis
To determine patterns of vegetation change at a
local level, the pollen data for each site were
ordinated by Correspondence Analysis (CA) using
the program Canoco version 3.11 (ter Braak 1992).
Only arboreal taxa 3% or greater of the pollen sum
were used in this and subsequent analyses, and all
the data were subjected to square-root transformation. Rates of palynological change (a measure of
rates of vegetation change) were estimated for each
of the pollen records using the program Tilia version
2.0. The pollen data were smoothed with a threepoint moving average, and positions along the
smoothed curves were interpolated to obtain equal
time intervals [25 years (Jacobson and others 1987)].
Chord distances were estimated between samples
(as a measure of dissimilarity) to determine rates of
change (Jacobson and others 1987; Bennett 1996).
To examine subregional patterns of vegetation
change, the pollen data from each of the Upland
sites (Central Uplands) were combined and ordinated using CA, as just described. This was repeated
for the lowland sites (Eastern Lowlands and Connecticut River Valley), and Detrended Correspondence Analysis (DCA) was used in a similar way to
determine regional patterns of change through time
on the entire dataset from all 11 sites.
CA was also used to compare climate–vegetation
relationships between pre- and post-European settlement forests across the region. CA was performed

on the presettlement and postsettlement samples
separately for all the sites combined. Linear regression was used to examine the relationship between
forest composition and climate. CA first-axis scores
of the presettlement samples (at 1000 years bp and
300 bp) were regressed on to modern growing
degree days (GDD). Estimates of GDD were obtained from a regression model developed by Ollinger
and others (1995) that is based on empirical data,
elevation, latitude, and longitude. This was repeated
for the modern pollen samples from each site. We
assumed that although GDD have changed with
climate over the past 1000 years, the differences
between sites (based on lapse rates, elevation, location, and so on) should not have changed. We chose
to use GDD because this parameter of climate is
correlated with vegetation composition.

RESULTS
Time Scales
Chronologies were constructed for the pollen records from each site using calibrated radiocarbon
ages and, for some sites, 210Pb time scales (see the
Appendix for details). To make the calibrated radiocarbon ages (determined as years before AD 1950)
comparable with the 210Pb age estimates (years
before present), each calibrated radiocarbon date
was increased by 40 years and converted to years
before present, where present was taken as AD
1990. Radiocarbon and 210Pb ages are therefore
expressed as years bp (before present) in the subsequent results and discussion. European settlement
was inferred from the pollen records by an increase
of ragweed (Ambrosia), grass (Poaceae), and sorrel
(Rumex) pollen percentages. This increase was determined objectively by numerical zonation (see below). According to historical data, settlement occurred between 300 and 250 years before present
(Foster and others 1998). A date of 250 years bp was
assumed for the European settlement horizon for
each site. Linear interpolation was used to determine ages of undated samples. Due to erosion from
cleared land, sediment accumulation rates increased
significantly after European settlement at most sites,
and thus estimation of pollen or charcoal accumulation rates was not attempted.
With the exception of Green Pond, most of the
sites have records that extend from roughly 1000 bp
to the present day. The truncated Green Pond pollen
record, with high percentages of chestnut in the
uppermost sample, indicates that about the top 100
years of sediment were not obtained; 100 years bp
was taken as the uppermost age of this sedimentary
record.
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Pollen, Charcoal, and Sedimentary Data
Pollen and charcoal records from the upland (Central Uplands) and lowland areas (Connecticut River
Valley and Eastern Lowlands) are discussed separately below with the sedimentary results. Pollen
diagrams are presented with pollen percentage data
plotted against time, in calendar years bp (Figure 2).
Each of the sediment cores was composed primarily
of algal lake mud (gyttja) and had a high organic
content (50%–90%). Charcoal abundance is expressed as charcoal–pollen ratios. Microscopic charcoal is thought to record mainly regional landscape
fires (Clark 1988). However, the variation between
charcoal–pollen values among sites located close
together (for example, Little Pond and Little Mirror
Lake) suggests that much of the charcoal may have
a local source area (that is, within the lake catchment).

Uplands
Pollen profiles from each of the Upland sites were
divided into three pollen assemblage zones by numerical zonation to aid description of the records
(Figure 2a–e).
Zone 3 (1000–600/500 years bp). At all the Upland
sites, 1000 bp, hemlock and beech were relatively
abundant (20%–25% and 15%–20% pollen, respectively). They probably occurred in association with
sugar maple (2%–3%; underrepresented in pollen
assemblages) and yellow birch (birch sp. 10%–
20%). Although the species of birch cannot be
distinguished in the pollen record, yellow birch has
intermediate shade tolerance and is often associated
with hemlock and/or beech (Nichols 1935; Stearns
1951; Erdmann 1990). White pine, some chestnut,
and oak were also recorded along with low abundances of spruce. Herbaceous pollen abundances
were low, indicating the closed nature of the canopy.
Charcoal–pollen ratios were also low (less than
100), suggesting infrequent fires and/or low intensity fires.
Zone 2 (around 550–250 years bp). There appears to
have been a subtle change in forest composition,
starting between 600 and 500 years bp, at each of
the Upland sites, which characterizes the beginning
of zone 2. Although there was variation in the
timing of this change, at each site there was a
gradual decline in the abundance of hemlock, beech,
and sugar maple, and there was also variation in the
response of other taxa. White pine pollen percentages generally increased to 5%–10%. In most cases,
percentages of oak pollen did not change although
they increased at Aino Pond. Chestnut pollen percentages increased at some sites, except Quag Pond
and Silver Lake. Birch pollen frequencies remained
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the same or increased slightly. At Silver Lake, this
change in forest composition appears to have occurred about 800 years bp, approximately 2 centuries earlier than at the other Upland sites. This may
indicate that there is a problem in the chronology at
this site or that the change occurred earlier in this
location.
Herbaceous pollen abundances began to increase
during this period, presumably as a result of an
opening up of the canopy. In particular, bracken
fern (Pteridium) spores increased at most sites to
reach their highest levels (2%–4%). In general,
there was a gradual increase in the charcoal–pollen
ratio (especially at Lily Pond, up to 200); however,
overall charcoal levels remained relatively low and
erratic (less than 100).
Zone 1 (250–0 years bp). There was variation in the
timing of European settlement across the region,
but it occurred between around 300 and 250 years
bp (AD 1700–1750) (Foster and others 1998). After
European settlement, there was a marked change in
forest composition as hemlock and beech declined
sharply in abundance (5%–10%), and herbaceous
pollen types increased rapidly, indicating forest clearance. White pine increased at Snake and Lily Ponds
and, initially, at Aino Pond. Birch pollen percentages increased gradually to reach 20%–30% as did
those of oak (15%–30%). The increase in birch and
oak occurred primarily in the last century as reforestation and forest maturation was taking place across
the landscape. Red maple increased at all sites
although its pollen values were low due to poor
representation in the pollen record. Because of the
chestnut blight (Cryphonectaria parasitica), chestnut
pollen percentages declined at the beginning of the
century. Herbaceous pollen types such as grasses,
sorrel, and ragweed initially increased sharply, but
generally declined as forest cover increased in the
last 100 years. Bracken fern spore values declined
after European settlement.
Charcoal–pollen ratios increased at Quag Pond
and Silver lake, decreased at Lily Pond, and remained erratic at Snake Pond and Aino Pond. After
forest clearance, there was a drop in the organic
content of the sediment, indicating the inwash of
inorganic material from erosion in the watershed.

Lowlands
Numerical zonation indicated that the pollen records from each of the Lowland sites (Connecticut
River Valley and Eastern Lowlands) could be divided into two zones (Figure 2f–k). The Lowland
areas were combined for discussion as they showed
similar patterns among sites.
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Figure 2a–k. Pollen, charcoal, and sediment data from each of the 11 lakes analyzed. Percentage pollen and spore
abundance is plotted against time (years before present). Organic content of the sediments (percentage of sediment dry
weight) and charcoal–pollen ratios are also shown. Dashed lines mark the boundaries of zones delimited by numerical
zonation.

Zone 2 (1000–250 years bp). Before European settlement, oak was abundant in the pollen assemblages
from all of the Lowland sites (20%–40%). Hickory
(Carya spp.; 2%–4%) and chestnut (3%–5%)
reached higher pollen percentages than at most of
the Upland sites, which suggests the occurrence of
oak–hickory–chestnut forests at this time. Hemlock,
beech, and sugar maple pollen percentages were
generally lower than at the Upland sites. Diploxylon
pine (pitch pine) was relatively abundant (about 5%) at
the sites in the Connecticut River Valley. Birch pollen
percentages varied from 7% to 20%.
Beech and hemlock started to decline gradually at
around 550 years bp as in the Uplands, although the
change was less marked due to lower original
abundances. Bracken spores were also relatively

abundant, declining after 500 years bp. Zone 2 at
these sites is characterized by abundant oak pollen
and low herbaceous pollen percentages indicating
closed forest canopy. Herbaceous pollen frequencies
started to increase slowly at around 500 years bp. In
general, charcoal–pollen ratios were high (100–
600).
Zone 1 (250–0 years bp). At most sites, the change in
the pollen record after settlement is seen most in the
herbaceous taxa (increase of grasses, sorrel, and
ragweed), and there was not a marked change in
the relative abundances of tree pollen. Hemlock and
beech pollen percentages gradually declined to low
levels (2%–3%). Chestnut generally increased initially before it declined in response to the chestnut
blight. Oak pollen percentages changed little in the
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Figure 2. Continued

sites on the Montague Sand Plain (Green Pond,
Lake Pleasant, and Dead Frog Pond). At the other
sites, oak generally decreased initially and then
increased as reforestation took place.
There are differences in the post-European settlement changes observed at the two sites in the
Eastern Lowlands: Little Mirror Lake and Little
Pond. Prior to settlement, oak pollen percentages
were higher at Little Pond (greater than 40%) than
Little Mirror Lake (around 30%). After settlement,
oak percentages decreased somewhat at Little Mirror Lake but then increased sharply (greater than
45%) in the last 100 years as reforestation took

place. By contrast, Little Pond oak percentages did
not change immediately after settlement, but decreased slightly starting approximately 100 years
ago (to less than 30%) while birch increased. More
recently, white pine and oak pollen percentages
have started to increase.
White pine pollen frequencies increased at the
sites in the Eastern Lowlands, whereas it decreased
in the Connecticut River valley. Pitch pine is now
abundant on the Montague Sand Plain in the
Connecticut River Valley (Motzkin and others 1996).
It appears that pitch pine declined initially after
settlement and then increased as reforestation took
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place, as seen in the pollen record from Dead Frog
Pond, and from historical data (Motzkin and others
1996). Red maple increased at most sites, starting
less than 100 years bp, although its pollen percentages was low. Hickory pollen percentages decreased.
There was also a decrease in the organic content
of the lake sediments. Charcoal–pollen ratios increased, at least initially, in the Connecticut River
Valley sites. At Dead Frog Pond, charcoal–pollen
ratios increased from 200 to 400, and then declined
to about 200, while, in the Eastern Lowlands,
charcoal–pollen ratios generally decreased. This decrease was marked at Little Pond (from more than
140 to less than 30) and may be related to the
decline of oak pollen percentages. Charcoal–pollen
ratios were lower at Little Mirror Lake and did not
change as markedly.

Local Vegetation Dynamics
Ordination of the pollen data from individual sites
by CA shows the local patterns of vegetation change
over the past 1000 years. In the Upland sites, the
samples (pollen levels) generally fall into three
clusters (Figure 3) that correspond with the three
zones delimited independently by the stratigraphically constrained, numerical zonation. The main
points to note from this analysis of Uplands sites are
as follows: First, there was a change in forest
composition beginning at around 550 years bp.
Samples covering this period (550–250 years bp)
had lower levels of hemlock, beech, and sugar
maple in their pollen assemblages. Second, there
was a marked change in forest composition after
European settlement as the landscape was cleared,
and hemlock and beech declined sharply. Third,
although the landscape has reforested, there is no
evidence of a return to pre-European forest composition and no trend in that direction. The most
recent samples do not overlap with those from the
presettlement period.
There was a sharp increase in rates of change at
the Upland sites immediately after European settlement (Figure 4a). At most sites, rates of change
increased after settlement to levels higher than at
any time in the previous 1000 years, with the
exception of Lily Pond, at which the increase in
rates of change after European settlement matched
the increase that occurred 550 years bp. Rates of
change declined after their initial postsettlement
increase, before increasing again as reforestation
took place regionally. Because of abrupt changes in
the pollen record prior to settlement, estimates of
rates of change from Silver Pond are variable, which
is potentially due to problems with the chronology.
The trend at Silver Pond was different to other sites,

as rates of change increased gradually and have
decreased in recent decades. Rates of change also
increased prior to European settlement in the Uplands, as hemlock and beech declined in abundance
around 550 years bp.
In the Lowland sites ordination (Figure 3), the
samples form two clusters covering the pre- and
post-European settlement periods. Again there was
a change in forest composition after European
settlement, although it appears less marked than in
the Uplands, and forest composition, as sampled by
pollen rain, has not returned to pre-European conditions.
At most of the Lowlands sites, rates of change did
not increase sharply after European settlement, but
increased either gradually or in the past 100 years
during the period of reforestation (Figure 4b). In
some cases, rates of change also increased slightly
prior to settlement, as beech and hemlock declined,
although this decline was less significant than in the
Uplands (Figure 4a).

Regional Vegetation Dynamics
CA of all the Upland sites combined (Figure 5)
demonstrates the marked shift in forest composition
after European settlement. The first axis, representing the highest proportion of variation, shows the
trend over time (from right to left along axis 1) as
the vegetation changes from a forest type dominated by late-successional species such as hemlock,
beech, and sugar maple to one where oak, birch,
and red maple are more abundant. The second axis
reflects subregional differences in the Uplands related to elevation. For example, the highest elevation sites, Aino Pond and Quag Pond, have higher
abundances of spruce than Silver Lake and Lily
Pond, which are at slightly lower elevations. By
contrast, CA of all the Lowland sites (Eastern Lowlands and Connecticut River Valley; Figure 6) suggests that there was a less marked shift in forest
composition, as sampled by the pollen rain, after
European settlement. There is considerable overlap
between the pre- and postsettlement samples of
pollen levels, indicating similar pollen assemblages.
Several tree taxa changed in abundance, but pollen
percentages did not change as notably as in the
Uplands.
DCA of all the samples from the entire transect
highlights the patterns in vegetation dynamics across
the region. A high proportion of variation is reflected on ordination axis 1. The scores of samples
along this axis are plotted against time to see the
temporal trends (Figure 7). Around 1000 years bp,
DCA indicates that there was regional differentiation among the sites, in terms of forest composition
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Figure 3. Correspondence
analysis ordinations for each
of the sites. The first two
axes are plotted and samples
are linked stratigraphically.
Different symbols are used
to highlight the pollen assemblage zones determined
by numerical zonation (two
zones for Lowland sites and
three zones for Upland
sites). Zone 2 for the Upland
sites, characterized by a preEuropean settlement decline
in hemlock and beech, and
an increase in bracken, is
labeled as the bracken period.
This change was not recorded at Lowland sites. The
most recent sample is
marked with an asterisk.

(as recorded by the pollen data), because the lower
elevation sites are separated from the higher elevation sites along the first ordination axis (from the
bottom to the top of the y-axis). The temporal
trajectories for each site start to converge with one
another, beginning around 500–600 years bp. This
corresponds with the gradual decline in the abundance of beech, sugar maple, and hemlock that is
recorded at all sites but appears to have been more
significant in the Uplands. After European settlement,
approximately 250 years bp, there was further regional
homogenization of forest composition and less distinction between sites.
Linear regression of presettlement axis-1 CA
scores, for samples recording vegetation 1000 years
bp, onto modern GDD produces an r2 value of 0.46*
(* 5 P , 0.05). CA scores for samples just prior to
settlement (around 300 bp) do not have a significant relationship with climate (r2 5 0.38). Postsettlement (modern) sample scores have a poor relationship with GDD (r2 5 0.15). These results suggest
that, at 1000 years bp, vegetation as recorded by
pollen assemblages had a strong relationship with

climate. Immediately prior to settlement, this relationship had become weaker, and modern pollen
rain at the study sites does not reflect climatic
differences among sites.

DISCUSSION
Paleoecological data from central Massachusetts
confirm that European settlement had a major
impact on forest composition and dynamics. Forest
cover was reduced dramatically following the arrival of Europeans, resulting in soil erosion recorded
in lake sediments. There was a shift in forest
composition soon after settlement, most notably in
Upland elevations. After agricultural abandonment,
the landscape reforested, resulting in further compositional changes. Local and regional patterns of
forest composition and dynamics have not reestablished despite a decline in the intensity of disturbance following agricultural abandonment at the
end of the 19th century.
Regional patterns of forest composition, associated with a climatic and disturbance gradient, have
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Figure 4. Rates of palynological change, as measured
by chord distances, for each
of the pollen records from
the Uplands (a) and the
Lowland sites (b) in the
Connecticut River Valley
and Eastern Lowlands. Zone
boundaries for each site are
also shown.

become obscured over the past 1000 years. Prior to
European settlement, low- and high-elevation sites
were distinct in terms of vegetation composition.
There was a shift in forest composition in the
Uplands, starting at approximately 550 years bp,
characterized by a decline in long-lived, shadetolerant tree taxa. Widespread disturbance associated with European settlement appears to have
accelerated and accentuated this change.
The following discussion describes pre-European
settlement forest history and then compares it with
postsettlement dynamics. Due to differences in the
pre- and postsettlement patterns between Upland
and Lowland sites, in terms of forest composition,
disturbance history, and response to European settlement, they are discussed separately.

Pre-European Settlement Forest Dynamics
Uplands. Shade-tolerant, mature-forest species,
including hemlock, sugar maple, yellow birch, and
beech (Nichols 1935), dominated the presettlement

forests in the Uplands. A subtle but distinct change
in forest composition apparently occurred at all of
the Upland sites prior to European settlement (starting around 600–500 years bp), characterized by a
gradual decline in the abundance of beech, hemlock, and sugar maple, an increase in rates of
change, and higher values of bracken fern spores.
Because hemlock and beech cast dense shade (Godman and Lancaster 1990; Tubbs and Houston 1990),
and bracken fern produces more spores in higher
light conditions, changes in bracken may reflect an
increase in spore production and/or bracken abundance as a result of the decline in hemlock and
beech. What factors were driving this change in
forest composition?
The composition timing corresponds with the
beginning of the Little Ice Age (around AD 1450),
an apparently global climatic phenomenon (Grove
1988; Bradley and Jones 1993) characterized by
greater variability in climate rather than uniformly
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Figure 5. Correspondence
analysis ordination (plot of
taxa above and samples plot
below) of the data from sites
in the Uplands, covering the
past 1000 years. Open symbols represent the presettlement samples (of forest
composition as measured by
the pollen record) and
closed symbols represent
postsettlement samples.

colder conditions (Bradley and Jones 1993; Baron and
Smith 1996). Historical evidence suggests that the Little
Ice Age in New England was characterized by higher
frequencies of extreme winters and cool summers
(Baron 1992; Baron and Smith 1996). In pollen records
from central Massachusetts, however, as beech, sugar
maple, and hemlock declined, there was no corresponding increase in pollen percentages of cold-tolerant species (such as spruce or fir), and in some cases there was
an increase in oak pollen percentages and/or white
pine. Therefore, these pollen data do not suggest cooler
conditions, but perhaps indicate a shift in moisture
balance (J. Fuller and others unpublished). Some authors suggest that this period was drier [for example,
see Payette and Filion (1993), Fritz and others (1994),
and Laird and others (1996)], whereas results from
other studies suggest moister conditions (Clark 1990).
However, most of these data are from areas considerably further west or north of New England. Changes
observed in pollen data from Michigan, along an east–
west transect from Maine to Minnesota, and from
southern Ontario, are suggested to reflect a response in
forest composition to cooler conditions during the Little
Ice Age (Bernabo 1981; Gajewski 1987; Campbell and
McAndrews 1993). Additional independent data are

required to determine the nature of any climate change
at this time.
An increase in disturbance by Native American
populations is another potential factor that could
have been responsible for the shift in forest composition and structure in central Massachusetts. Similar changes in vegetation are recorded in pollen data
from sites throughout eastern North America (Gajewski 1987; Campbell and McAndrews 1993; Russell and others 1993; J. Fuller and others unpublished). However, it seems unlikely that human
activity could have produced such a widespread
change in forest composition at this time without
the extensive use of fire for which there is some
evidence from central Massachusetts (discussed below). Estimates of human population densities in
the late Woodland period for southern New England indicate they were low (Mulholland 1984;
unpublished data). In Massachusetts, Native American settlements were concentrated at lower elevations, such as coastal areas and the Connecticut
River Valley (Patterson and Sassaman 1988),
whereas the change in forest composition was most
pronounced in the Central Uplands, where hemlock
and beech were formerly abundant.
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Figure 6. Correspondence
analysis ordination (plot of
taxa above and samples plot
below) of the data from all
the Lowland sites (Eastern
Lowlands and Connecticut
River Valley), covering the
past 1000 years. The open
symbols represent the presettlement samples (of forest
composition as measured by
the pollen record) and the
solid symbols represent
postsettlement samples.

Figure 7. Detrended correspondence analysis (DCA)
axis-1 scores, for all the
sites, plotted against time
(years before present). Axis
1 represents 32% of the
variation within the dataset.
Upland sites are represented
by the open symbols, Eastern Lowland sites by black
and Connecticut River Valley sites by gray.

Charcoal–pollen ratios for most of the central
Massachusetts Upland sites were low but in some
cases increased slightly during this period. If this
does reflect an increase in fire frequency, it is not
possible to distinguish from the charcoal record

whether fires were caused naturally or resulted
from human activity. Beech, sugar maple, and
hemlock are our fire-sensitive species (Godman and
Lancaster 1990; Tubbs and Houston 1990) and even
low levels of fire may exclude them in favor of oak,
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white pine, and birch (Winer 1955). A slight increase in fire frequency, therefore, may have contributed to the decline in these taxa as observed during
this period. Clark and Royall (1995) suggest that a
decrease in the abundance of beech and sugar
maple in southern Ontario, followed by an increase
in oak and pine, was due to the use of fire by
Iroquois populations. Additional data from other
lines of evidence are required to determine whether
the observed change was due primarily to climatic
change (temperature and/or moisture balance), fire,
and/or Native American activity (J. Fuller and
others unpublished). Clearly, however, forest composition was in a state of flux prior to European
settlement.
Lowlands. The Eastern Lowland and Connecticut River Valley sites are discussed together because
of similarities in vegetation composition and temporal trends. Prior to European settlement, all of the
lower-elevation sites were dominated by oak, chestnut, and hickory, with some pine (white pine and
pitch pine) and low abundances of hemlock, beech,
and sugar maple. On average, higher levels of
charcoal were recorded at the low-elevation sites,
suggesting a different fire regime from the Central
Uplands. These data fit with the general notion that
disturbance (such as fire) is thought necessary to
maintain oak dominance in this part of eastern
North America (Abrams 1992), although climate
regime and substrate are also important. The pattern of charcoal abundance from north-central Massachusetts supports the conclusions of Patterson and
Sassaman (1988), who suggest that there was a
presettlement gradient of fire intensity and frequency from coastal and southern Lowlands in New
England, where charcoal abundance was highest in
a number of sedimentary records, decreasing northward and westward. Patterson and Sassaman (1988)
also infer higher fire frequency in the Connecticut
River Valley, decreasing northward. This gradient
reflects the patterns of Native American settlements,
as well as differences in climate and substrate.
The highest levels of charcoal in this study were
recorded at sites on the Montague Sand Plain
(Green Pond, Dead Frog Pond and Lake Pleasant).
The sandy, drought-prone substrate on the plain
and slightly warmer climate in the Connecticut
River Valley may make this area more conducive to
natural fire (Motzkin and others 1996). This area is
also near a documented Woodland Period Native
American settlement (Mulholland 1984). The firedependent species, pitch pine, was more abundant
at sites on the plain, thus differentiating these sites
from those in the Eastern Lowlands.
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Charcoal values in the Eastern Lowlands were
generally higher than those in the Central Uplands
prior to settlement, but lower than those from sites
in the Connecticut River Valley. Oak pollen percentages were highest at sites in the Eastern Lowlands.
The two Lowland areas have similar climates, but
differences in substrate and fire regimes may have
resulted in the small differences in forest composition (pitch pine appears to have been always more
abundant in the Connecticut River Valley). Although the two sites in the Eastern Lowlands are
not far apart (Figure 1), Little Pond had greater
presettlement percentages of oak pollen (more than
40%) and higher charcoal–pollen ratios (more than
120) than Little Mirror Lake (oak, less than 35%;
and charcoal–pollen, less than 80). Fire may therefore have been controlling the abundance of oak
locally. The difference in pre-European settlement
vegetation between the Uplands and the Lowlands
was probably influenced by the interaction between
climate, fire, and Native American populations.
At the Lowland sites, hemlock, beech, and sugar
maple were present at low abundances (probably
restricted by higher fire frequency). Although these
taxa declined somewhat prior to European settlement, the change was much less marked than that
recorded in the Uplands. This may be due to the
higher abundance of disturbance-tolerant tree taxa
at the time, or it may indicate that temperature was
not the main driving factor of the change, as a
response in vegetation composition would also be
expected in the Lowlands.

Post-European Settlement Forest Dynamics
Uplands. Forest composition in the Uplands was
changing prior to European settlement, although it is
unclear what the driving factors were. Rates of vegetation change increased again after settlement, reaching
levels greater than those estimated for the previous
1000 years. This change appears to have occurred
rapidly. Similar increases in rates of vegetation change,
associated with European activity and based on palynological data, were estimated for several sites in eastern
North America (Jacobson and others 1987). Intensive
disturbance of the central Massachusetts landscape
following European settlement appears to have had a
greater impact on vegetation dynamics than other
disturbances, such as wind, fire, and activity by Native
American populations, which were previously the dominant disturbance factors.
The sharp increase in herbaceous pollen types at
the time of European settlement and increase of
inorganic content of the lake sediment (reflecting erosion into the basins) indicate the rapid opening of the
landscape as land was cleared for agriculture. Long-
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lived, slow-growing, and shade-tolerant species, such as
hemlock, beech, sugar maple, and yellow birch, declined sharply in abundance. These species were replaced by those more tolerant of disturbance, such as
white pine and chestnut initially, followed by oak, red
maple, and birch as the region reforested.
Pre-European settlement forest dynamics may
have influenced how forests responded to widespread disturbance after European arrival. Hemlock
and beech were declining prior to settlement, and
the disturbance associated with European settlement resulted in a further, rapid decline of these
late-successional species.
Intense agricultural activity lasted for almost 100
years, but declined at the end of the 19th century.
As natural reforestation began, rates of change
increased again due to the increase in abundance of
white pine, oak, birch, and red maple, all taxa more
tolerant of disturbance than hemlock and beech.
Historical data show that red maple, in particular,
increased in abundance significantly throughout
Massachusetts since settlement (Foster and others
1998). Rates of vegetation change have generally
remained high in this century. The Massachusetts
landscape is still experiencing continuous disturbance through small-scale logging and development
(Foster and others 1998), as well as natural disturbances such as hurricanes (Boose and others 1994),
maintaining the abundance of disturbance-tolerant
species and high rates of vegetation change. In most
cases, the organic content of the sediments is still
lower than it was prior to European settlement,
indicating that erosion or sediment redistribution is
still occurring in the lake basins. This suggests that
the aquatic systems and watersheds have not stabilized following reforestation.
Lowlands. At the Lowland sites, the increase of
herbaceous pollen types at the time of European
settlement indicates the removal of forest cover.
Organic content of lake sediments decreased, reflecting erosion on the landscape. Ordination of pollen
data from all the Lowland sites, however, suggests
that overall forest composition did not change markedly, even though cover was greatly reduced. In
addition, rates of vegetation change did not increase
initially after European settlement. Presettlement
forests in the Lowlands were dominated by oak,
chestnut, and hickory, charcoal–pollen ratios were
high, and late-successional species such as hemlock
and beech were present at low abundances. The
taxa that dominated the Lowlands at this time are
tolerant of disturbance and may have been maintained by greater fire frequencies. After European
settlement, therefore, forest composition may not
have changed dramatically in the Lowlands because of

the higher abundance of disturbance-tolerant taxa due
to a different disturbance regime (fire and/or people
had a greater impact) from that in the Uplands.
Rates of vegetation change increased at the end of
the last century, as the landscape reforested and
oak, birch, and red maple became more abundant,
and still remain high. Historical data document a
sharp increase in red maple and birch in the historical period (Foster and others 1998). Forest composition, therefore, has changed in the Lowlands, but
the timing and nature of the change was different
from that which occurred in the Uplands. The main
shift in forest composition has been since agricultural abandonment and through reforestation.
Regional differences between the Eastern Lowlands
and the Connecticut River Valley sites are mainly based
on higher oak pollen percentages in the eastern Lowlands and pitch pine in the Connecticut River Valley.
Vegetation around two sites in the eastern Lowlands,
which are relatively close together, Little Mirror Lake
and Little Pond, responded differently to European
disturbance. At Little Mirror Pond, oak decreased in
abundance initially and increased markedly during the
period of reforestation to dominate the modern vegetation along with white pine. Oak was abundant in the
presettlement forests around Little Pond and did not
change significantly after European settlement, but
declined somewhat at the end of the last century as
birch increased.

Regional Patterns of Abundance
Prior to European settlement, forest composition at
low elevations in central Massachusetts was distinct
from that in the Uplands. Oak, chestnut, and hickory
were abundant in the Lowlands, whereas hemlock,
beech, sugar maple, and yellow birch were common
in the Uplands. This regional variation started to
become less distinct at around 500–600 bp, as
hemlock, beech, and sugar maple declined in abundance at higher elevations. Widespread and intensive disturbance associated with European activity
appears to have accelerated this change in forest
composition, leading to vegetation homogenization
across central Massachusetts. Oak, red maple, and
birch increased in the Uplands as late-successional
species declined. In the Lowlands, oak decreased
overall, while red maple and birch increased during
recent reforestation, resulting in greater similarity
between high- and low-elevation sites in terms of
forest composition. As a result, the climatic gradient
reflected in forest composition prior to European
settlement (and related to fire and Native American
settlement) has become obscured.
Other historical and ecological studies suggest
regional vegetation homogenization occurred after
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widespread disturbance associated with European
settlement (Whitney 1990; White and Mladenoff
1994; Palik and Pregitzer 1992; Abrams and Ruffner
1995; Foster and others 1998). For instance, Palik
and Pregitzer (1992) suggest that presettlement
forest composition in northern Lower Michigan at
two sites was related to fire frequency, physiography, or climate. Compositional convergence between these sites is attributed to similarities in the
post-European settlement disturbance history on
each landscape. Abrams and Ruffner (1995) find
landform and physiography were important in determining presettlement forest composition in northcentral Pennsylvania and suggest disturbance following European settlement has diminished this
relationship. White and Mladenhoff (1994) suggest
that vegetation on the northern Great Lakes landscape is more homogeneous since European settlement. Finally, detailed historical and ecological data
from central Massachusetts (covering the same study
area as this report) indicate that disturbance during
the Colonial period has obscured the climatic gradient determining regional patterns in forest composition, leading to vegetation homogenization across
the landscape (Foster and others 1998).
Paleoecological records from central Massachusetts, however, suggest that convergence in vegetation composition among sites was also occurring
prior to European settlement (Figure 7). Forest
composition at higher elevations was changing
gradually with a decline in shade-tolerant species.
These taxa were less abundant in the Lowlands and,
as a result, vegetation composition between the
Uplands and Lowlands became more similar. Widespread disturbance after European settlement accelerated the decline of hemlock and beech in the
Uplands, to be replaced by oak, birch, and red
maple. In the Lowlands, forest composition did not
change immediately after European arrival, despite a
significant reduction in forest cover, due to the dominance of disturbance-tolerant taxa. However, lowland
forest composition did change following agricultural
abandonment, with the increase of red maple and
birch. Chestnut had declined because of the blight
(Beattie 1954), and oak decreased slightly at most sites.
Without a paleoecological approach, these changes in
regional patterns of forest composition after European
settlement cannot be placed in a longer-term context.
Presettlement forest dynamics and disturbance regimes
undoubtedly influenced the response of vegetation to
disturbance after European settlement.
Analyses of pollen data from individual sites do
not indicate a return to pre-European forest composition since reforestation (Figure 3). Several factors
may contribute to this observation. Widespread
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agricultural abandonment began at the end of the
19th century. A hundred years of reforestation may
be insufficient for late-successional species such as
hemlock, sugar maple, and beech to reestablish
themselves as dominant taxa. Disease eliminated
chestnut populations in the early 1900s (Beattie
1954), and beech-bark disease is currently affecting
and limiting the expansion of beech. In addition,
widespread ongoing disturbance by selective logging and development is helping to maintain earlysuccessional species, such as oak, birch, and red
maple. And, finally, the natural fire regime has
changed, as fire suppression has probably reduced the
frequency of fire at low elevations, which may affect
oak dominance in the long term (Abrams 1992).
Regional patterns have not been reestablished on
the landscape despite approximately 100 years of
natural reforestation. Modern patterns of abundance in central Massachusetts are, therefore, to a
large extent the result of intensive land use and do
not strongly reflect the underlying climatic gradient.
Fire frequency has decreased regionally, as seen in
most of the charcoal records, because of fire suppression, and this will undoubtedly influence the longterm development of forests in central Massachusetts (Abrams 1992). In addition, human activity on
the modern landscape is more prevalent in the
lower elevations near urban centers, which will also
affect long-term forest dynamics.

CONCLUSIONS
Pre-European forests in central Massachusetts were
highly dynamic, responding to climate change (potentially climatic variability associated with Little Ice
Age), natural disturbances, and/or Native American
activity, although it is difficult to separate the different driving factors involved. Differences in climate,
as well as disturbance regime (fire and human
activity), resulted in regional differences in forest
composition prior to settlement, across the subtle
elevational gradient examined. Lower-elevation
sites, with variation in substrate and fire regime, but
with similar climate, had high abundances of oak,
chestnut, and hickory, with pitch pine common in
the Connecticut River Valley. Higher elevations had
greater abundances of late-successional species such
as hemlock, beech, sugar maple, and yellow birch.
Convergence in forest composition across the region
started at around 500–600 years bp as beech, hemlock, and sugar maple declined in the Uplands. After
European settlement, widespread disturbance across
the entire study region produced similar disturbance regimes in the Lowlands and Uplands, resulting in further regional vegetation homogenization.
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A paleoecological perspective demonstrates the importance of preEuropean settlement forest composition, dynamics, and disturbance regimes in determining the response to European arrival. Regional
patterns of modern forest composition appear to be
still strongly determined by past land use which has
obscured the influence of the climatic gradient across
the study region. These results have important implications for ecological studies of modern patterns of forest
composition in this and similar landscapes.
Forest composition changed markedly, and rates
of vegetation increased after European settlement
(immediately in the Uplands and at the end of the
19th century, during reforestation, in the Lowlands). The nature of the disturbance since European
settlement resulted in far higher rates of vegetation
change than estimated for the presettlement period,
when fire, wind, and Native American populations
were the predominant disturbance factors.
To date, there has been no return to preEuropean regional patterns of forest composition
and dynamics, and no trend in that direction,
because of continuing low levels of disturbance and
perhaps insufficient time.
ACKNOWLE D G M E N T S
The authors thank Sarah Cooper-Ellis, Glenn Motzkin, Dave Orwig, and Emily Russell for reading the
manuscript and providing helpful comments; Taber
Allison for contributing to the development of this
study and preliminary data collection; Dan Engstrom and, particularly, Mike Binford for assistance
with lead-210 dating; Elaine Doughty for invaluable
technical support and Ben Slater for drafting Figure
1; Jeff Milder, Raul Romero, and Sujay Kaushal for
laboratory and field assistance; and Eric Grimm for
help with rates of change analysis. This project
emerged from initial discussions and collaboration
with Denise Gaudreau and Gordon Whitney. Research support came from the National Science
Foundation (DEB 94-08056 and BIO 94-11975) and
the A. W. Mellon Foundation. This report is a
contribution from the Harvard Forest Long Term
Ecological Research program.

REFERENCES
Aber JD, Melillo JM, Nadelhoffer KJ, Pastor J, Boone R. 1991.
Factors controlling nitrogen cycling and nitrogen saturation in
northern temperate forest ecosystems. Ecol Appl 1:303–15.
Abrams MD. 1992. Fire and the development of oak forests.
BioScience 42:346–53.
Abrams MD, Ruffner CM. 1995. Physiographic analysis of witnesstree distribution (1765–1798) and present forest cover through
north central Pennsylvania. Can J For Res 25:659–68.

Allison TD, Moeller RE, Davis MB. 1986. Pollen in laminated
sediments provides evidence for a mid-Holocene forest pathogen outbreak. Ecology 67:1101–5.
Baron WR. 1992. Historical climate records from the northeastern United States, 1640 to 1900. In: Bradley RS, Jones PD,
editors. Climate since A.D. 1500. London: Routledge. p 40–73.
Baron WR, Smith DC. 1996. Growing season parameter reconstructions for New England using killing frost records, 1697–
1947. Maine Agric For Exp Stn Bull 846.
Beattie RK. 1954. Fifty years of chestnut blight in America. J For
52:323–9.
Bengtsson L, Enell M. 1986. Chemical analysis. In: Berglund BE,
editor. Handbook of Holocene palaeoecology and palaeohydrology. Chichester (UK): John Wiley and Sons. p 423–54.
Bennett KD. 1994. ‘‘psimpoll’’ version 2.23: a C program for analysing
pollen data and plotting pollen diagrams. INQUA Working Group
on Data Handling Methods; Newsletter 11:4–6.
Bennett KD. 1996. Determination of the number of zones in a
biostratigraphical sequence. New Phytol 132:155–70.
Benninghoff WS. 1962. Calculation of pollen and spore density
in sediments by addition of exotic pollen in known quantities.
Pollen Spores 4:332–3.
Berglund BE, Ralska-Jasiewiczowa M. 1986. Pollen analysis and
pollen diagrams. In: BE Berglund, editor. Handbook of Holocene palaeoecology and palaeohydrology. Chichester (UK):
John Wiley and Sons. p 455–84.
Bernabo JC. 1981. Quantitative estimates of temperature changes
over the last 2700 years in Michigan based on pollen data.
Quat Res 15:143–59.
Bhiry N, L Filion. 1996. Mid-Holocene hemlock decline in
eastern North America linked with phytophagous insect activity. Quat Res 45:312–20.
Binford MW. 1990. Calculation and uncertainty analysis of
210Pb dates for PIRLA project lake sediment cores. J Paleolimnol 3:253–67.
Boose ER, Foster DR, Fluet M. 1994. Hurricane impacts to tropical
and temperate forest landscapes. Ecol Monogr 64:369–400.
Bradley RS, Jones PD. 1993. ‘‘Little Ice Age’’ summer temperature variations: their nature and relevance to recent global
warming trends. Holocene 3:367–76.
Brugam RB. 1978a. Pollen indicators of land-use change in
southern Connecticut. Quat Res 9:349-62.
Brugam RB. 1978b. Human disturbance and the historical development of Linsley Pond. Ecology 59:19–36.
Brush GS. 1994. Case 2: the Chesapeake Bay estuarine system.
In: Roberts N, editor. The changing global environment.
Oxford: Blackwell. p 397–416.
Burden ET, McAndrews JH, Norris G. 1986a. Palynology of
Indian and European forest clearance and farming in lake
sediment cores from Awenda Provincial Park, Ontario. Can J
Earth Sci 23:43–54.
Burden ET, Norris G, McAndrews JH. 1986b. Geochemical
indicators in lake sediment of upland erosion caused by Indian
and European farming, Awenda Provincial Park, Ontario. Can
J Earth Sci 23:55–65.
Campbell ID, McAndrews JH. 1993. Forest disequilibrium caused
by rapid Little Ice Age cooling. Nature (Lond) 366:336–8.
Clark JS. 1988. Particle motion and the theory of charcoal
analysis: source area, transport, deposition and sampling. Quat
Res 30:67–80.
Clark JS. 1990. Fire and climate change during the last 750 yr in
northwestern Minnesota. Ecol Monogr 60:135–59.

Impact of Human Activity on Forest Dynamics in New England

93

Clark JS, Royall PD. 1995. Transformation of a northern hardwood forest by aboriginal (Iroquois) fire: charcoal evidence
from Crawford Lake, Ontario, Canada. Holocene 5:1–9.

Grove JM. 1988. The Little Ice Age. London: Methuen.

Clark RL. 1982. Point count estimation of charcoal in pollen preparations and thin sections of sediments. Pollen Spores 24:523–35.

Harper RM. 1918. Changes in the forest area of New England in
three centuries. J For 16:442–452.

Cronon W. 1983. Changes in the Land: Indians, colonists, and the
ecology of New England. New York: Hill and Wang.

Heeley R. 1972. Surficial geology of the Commonwealth of
Massachusetts. Washington (DC): US Department of the Interior, Office of Water Resources.

Davis MB. 1981. Outbreaks of forest pathogens in Quat history.
In: Proceedings of the 4th International Palynological Conference. Volume 3. Lucknow, India: Birbal Sahni Institute of
Paleobotany. p 216–27.
Day GM. 1953. The Indian as an ecological factor in the
northeastern forest. Ecology 34:329–46.
Denny CS. 1982. Geomorphology of New England. Geological
Survey Professional Paper 1208. Washington (DC): US Government Printing Office.
Dunwiddie PW. 1989. Forest and heath: the shaping of the
vegetation on Nantucket Island. J For Hist 33:126–33.
Egler FE. 1940. Berkshire plateau vegetation, Massachusetts.
Ecol Monogr 10:145–92.

Volume 2, Conifers. Agric Handb 654. Washington (DC): US
Department of Agriculture. p 604–75.

Jacobson GL Jr, Bradshaw RHW. 1981. The selection of sites for
paleoevegetational studies. Quat Res 16:80–96.
Jacobson GL Jr, Webb T III, Grimm EC. 1987. Patterns and rates
of vegetation change during the deglaciation of eastern North
America. In: Ruddiman WF, Wright HE Jr, editors. The geology
of North America. Volume K-3, North America and adjacent
oceans during the last deglaciation. Boulder (CO): Geological
Society of America. p 277–88.
Laird KR, Fritz SC, Maasch KA, Cumming BF. 1996. Greater
drought frequency before AD 1200 in the Northern Great
Plains, USA. Nature 384:552–4.

Fuller, J.L. Ecological impact of the mid-Holocene hemlock
decline. Ecology. Forthcoming.

Livingstone DA. 1955. A lightweight piston sampler for lake
deposits. Ecology 36:137–9.
McAndrews JH. 1988. Human disturbance of North American
forests and grasslands: the fossil pollen record. In: Huntley B,
Webb T III, editors. Vegetation history. Dordrecht (The Netherlands): Kluwer. p 673–697.
Mott JR, Fuller DC. 1967. Soil survey of Franklin County,
Massachusetts. Washington (DC):US Department of Agriculture, Soil Conservation Service.
Motzkin G, Foster D, Allen A, Harrod J, Boone R. 1996.
Controlling site to evaluate history: vegetation patterns of a
New England sand plain. Ecol Monogr 66:345–65.
Mulholland MT. 1984. Patterns of change in prehistoric southern
New England: a regional approach [PhD thesis]. Amherst
(MA): University of Massachusetts.
Nichols GE. 1935. The hemlock–white pine–northern hardwood
region of eastern North America. Ecology 16:403–22.
Ollinger SV, Aber JD, Lovett GM, Millham SE, Lathrop RG, Ellis
JM. 1993. Modeling physical and chemical climate of the
northeastern United States for a geographic information system. US Dep Agric For Serv Gen Tech Rep NE–191.
Olsson IU. 1986. Radiometric dating. In: Berglund BE, editor.
Handbook of Holocene palaeoecology and palaeohydrology.
Chichester (UK): John Wiley and Sons. p 273–312.
Orwig DA, Foster DR. Forest response to hemlock woolly adelgid in
southern New England, USA. Bull Torrey Bot Club. Forthcoming.
Palik BJ, Pregitzer KS. 1992. A comparison of presettlement and
present-day forests on two bigtooth aspen-dominated landscapes in northern Lower Michigan. Am Midl Nat 127:327–38.
Patterson WA III, Backman AE. 1988. Fire and disease history of
forests. In: Huntley B, Webb T III, editors. Vegetation history.
Dordrecht (The Netherlands): Kluwer. p 603–32.
Patterson WA III, Sassaman KE. 1988. Indian fires in the
prehistory of New England. In: Nicholas GP, editor. Holocene
human ecology in northeastern North America. New York:
Plenum. p 107–35.

Gajewski K. 1987. Climatic impacts on the vegetation of eastern
North America during the past 2000 years. Vegetatio 68:179–90.

Payette S, Filion L. 1993. Holocene water-level fluctuations of a
subarctic lake at the tree line in northern Québec. Boreas 22:7–14.
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Appendix Radiocarbon and Lead-210 Age
Determinations for Each Site
Depth
(cm)

Age

2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
78
90
110
118.5

2.2
6.3
8.7
11.4
15.4
18.8
23.5
30.3
37.6
45.1
50.1
55.3
63.6
74.2
85.3
100.5
120.3
670
840
1120
1340

80
80
60
100

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
**
**
**
**

51
75
93
123

490
830
1064
1225

70
110
110
102

**
**
**
**

Silver Lake

55
90

686
792

54
122

**
**

Snake Pond

2
4
6
8
10
45
60
79
100

7.7
25.1
37.6
83.2
89.5
591
1181
1830
2513

80
120
120
200

*
*
*
*
*
**
**
**
**

80

990

80

**

Otter Pond

136
156

615
1112

70
160

**
**

Quag Pond

1
2
3
4
5
6
7

Site
Aino Pond
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Lily Pond

Little Mirror Pond

4
11.4
20.3
28.9
36.2
43.6
46.5

Error

*
*
*
*
*
*
*
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(Continued)

Site

Depth
(cm)

Appendix. (Continued)
Age

Error

Site

Quag Pond (Continued)
8
9
10
11
12
13
45
68.5
Green Pond

Little Pond

Lake Pleasant

19
65
94
130

95

49
52.2
63.8
74.7
89.2
107
590
950
496
696
1483
2531

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
23
24
76
90

5
8.1
11.3
14.9
21.9
28
35.6
44.6
48.4
55.8
73.5
78.8
85.6
88.5
93.2
95.7
100.5
105.1
109.6
115.3
121.7
126
131.2
820
1180

2
4
6
8
10
12
14
16
18
20
24

1.7
7.6
15.1
20.5
22.2
29.9
38.9
59.1
76.8
82
107.1

30
30

*
*
*
*
*
*
**
**

70
70
130
185

**
**
**
**

110
110

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
**
**
*
*
*
*
*
*
*
*
*
*
*

Depth
(cm)

Lake Pleasant (Continued)
42
50
66
Dead Frog Pond

2
4
6
8
10
45

*Lead-210 date; **calibrated radiocarbon date.

Age

Error

430
720
1180

130
90
125

**
**
**

170

*
*
*
*
*
**

11.3
27.1
43
50.1
60.7
2170

