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Abstract: Both fossil pollen records and satellite-based instruments are remote sensors of Earth’s vegetation
with complementary properties. Satellites supply spatially continuous and highly resolved images for the past
several decades, whereas pollen records include local and regional signals of vegetation composition, spanning
millennia. Together, pollen and satellite-based observations measure vegetation change across a broad range
of temporal scales. Here, we compare pollen percentages of needleleaved and broadleaved plant taxa to AVHRR
estimates of percent tree cover, for two regions in eastern North America with well-de� ned physiognomic
gradients. The linear � t between the pollen percentages and percent tree cover is strongest for search window
half-widths of 25–75 km and unweighted or inverse-distance weightings, consistent with previous taxon-based
studies of regional pollen source area and transport. Variance not explained by the linear model arises primarily
from differential properties of the AVHRR and pollen sensors, particularly site-speci� c variability in the pollen
data and intertaxonomic differences in pollen representation. These sources of variance can be minimized by
regionally smoothing the pollen data and multivariate analogue approaches. A strong � t between observed
tree-cover percentages and best-analogue estimates (r2 = 0.70 to 0.78) suggests that analogue-based methods
can be applied to infer past tree-cover proportions from fossil pollen records. Linking pollen and AVHRR
observations in this manner effectively extrapolates satellite-derived variables beyond the few decades of direct
observation, enabling study of longer-term variations in land cover and impacts upon climate and the terrestrial
carbon cycle.

Key words: AVHRR, land cover, plant life forms, pollen analysis, modern analogue technique, remote
sensing, vegetation.

Introduction

The advent of satellite-basedremote sensing of the Earth’s surface
has revolutionized global change studies (Roughgarden et al.,
1991), but the utility of remotely sensed data is critically limited
by their short temporal extent. Remote sensing enables the synop-
tic imaging of the earth’s surface at low cost, with a high spatial
precision, and at intraannual temporal resolution. Data from the
Advanced Very High Resolution Radiometer (AVHRR), one of
the longest continual series of images of the Earth’s surface, have
been used to estimate leaf area index (Hunt et al., 1996; Nemani
and Running, 1995; 1996), net primary productivity (Goward and
Dye, 1987) and land-cover and land-use change (DeFries et al.,
1998; 1999; Goward et al., 1985; Loveland et al., 2000;
Ramankutty and Foley, 1999a; 1999b; Tucker et al., 1985). These
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derived variables are fundamental to modelling the biogeochem-
ical and biogeophysical interactions between the atmosphere and
vegetation at intraannual to decadal timescales (Field et al., 1995;
Hunt et al., 1996). The shortness of the AVHRR record (the � rst
AVHRR-bearing satellite was launched in 1978), however,
thwarts study of longer-term phenomena such as vegetational
responses to deglaciation, climatic change, and CO2 variations at
millennial timescales, or changes in land cover resulting from
anthropogenic land use within the last several thousand years.

Although the term ‘remote sensing’ is usually applied to the
spaceborne or airborne human-made instruments that intercept
electromagnetic radiation re� ected or emitted from the earth’s sur-
face and transmitted through the atmosphere (Figure 1), remote
sensing more generally refers to any set of observations collected
by sensors not in direct contact with or close proximity to the
observed object (Avery and Berlin, 1992). The pollen rain that is
captured and preserved in lake and mire sediments thus is also a
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Figure 1 Cartoon illustrating the analogy between a satellite-mounted
instrument and a lake (or mire) as remote sensors of the vegetation. The
former records the electromagnetic radiation emitted or re� ected from the
vegetated surface, parsed out into distinct bands or channels, whereas the
latter captures pollen emitted from the surrounding vegetation community
and dispersed by chance to the lake. For both sensors, the information
recorded is an indirect proxy for the properties of interest (e.g., community
composition, canopy structure) and the signal received has been distorted
during transmission. A challenge common to remote sensing and palaeo-
ecology is to devise algorithms for extracting ecologically meaningful
information from remotely sensed observations.

remote sensor of present and past vegetation composition
(Prentice, 1988; Webb, 1981; 1993). Fossil pollen records in
unglaciated regions can span hundreds of thousands of years
(Allen et al., 1999; Tzedakis, 1993) or rarely, millions of years
(Hooghiemstra, 1984), enabling studies of vegetation dynamics at
timescales not accessible to remote sensing. Syntheses of fossil
pollen data have demonstrated the independent responses of plant
taxa to past climatic changes (Davis, 1976; Jacobson et al., 1987;
Jackson and Overpeck, 2000), and show large variations in the
past distribution of plant taxa, biomes and palaeoclimates at mil-
lennial timescales (Bartlein et al., 1986; Gajewski et al., 2000;
Guiot et al., 1993; Overpeck et al., 1992; Prentice et al., 1991;
1998; 2000; Webb et al., 1993; 1998; Williams et al., 2000).

Satellite-derived and pollen records provide complementary
information about vegetation change across a wide range of tem-
poral and spatial scales (Table 1); linking the fossil pollen and
satellite-based sensors potentially offers a powerful approach to
studying land-cover change at regional to global scales across
timescales ranging from years to millennia. The temporal length
of fossil pollen records affords the opportunity to study vegetation
change at timescales inaccessible to satellite-based sensors. Con-
versely, remotely sensed observations provide spatially precise
information about vegetation structure and land-cover type essen-
tial to global change studies. As one example, DeFries et al.

Table 1 Properties of the AVHRR and pollen sensors

AVHRR Pollen

Active/passive Passive Passive
Spatial resolution 1 km 10 m–100 km

Extent Global Global
Temporal resolution 1–30 days 101–102 years

Extent 1982–present 102–106 years
Data resolution 5 spectral channels 101–102 pollen types

(1999) used AVHRR data to map the percent surface area covered
by needleleaved woody plants, broadleaved woody plants, and
herbs and bare ground at a global scale. By empirically calibrating
the modern pollen data against the AVHRR-derived estimates of
tree-canopy cover, it should be possible to use the fossil record
to extrapolate satellite-derived variables beyond the several dec-
ades of direct observation, providing quantitative maps of land-
cover change at timescales beyond the several decades of satellite
observations.More accurate reconstructionsof past land cover can
(1) provide a baseline from which to measure effects of postindus-
trial anthropogenic land use and land-cover change (Ramankutty
and Foley, 1998; 1999a) and (2) improve our understanding of
atmosphere-vegetation feedbacks at millennial to glacial-inter-
glacial timescales (Prentice and Webb, 1998).

Potential challenges to matching the pollen and AVHRR sen-
sors derive from the fact that each records fundamentally different
kinds of information (the AVHRR records � ve frequency bands
of electromagnetic radiation, pollen samples consist of grain
counts for 101–102 pollen types) and are differentially sensitive
to different aspects of the vegetation (Table 1). Taxa perceived
as similar by the AVHRR sensor (e.g., boreal needleleaved trees)
may produce very different palynological signals (e.g., Pinus
tends to be overrepresented in pollen records and Abies
underrepresented). The spatial resolution of the AVHRR is
approximately 1 km, but the spatial resolution of pollen records
varies with the size of the collecting basin and dispersability of
the various pollen types, with source-area radius ranging between
100 m and 100 km (Bradshaw and Webb, 1985; Calcote, 1995;
Jackson, 1990; 1991; Jackson and Kearsley, 1998; Prentice, 1985;
1988; Prentice et al., 1987; Sugita, 1994). The AVHRR has an
effective temporal resolution of 10–30 days (Eidenshink, 1992;
Eidenshink and Faundeen, 1994), whereas fossil pollen records
have a temporal resolution ranging from 101 to 102 years per sam-
ple, depending on rates of sediment accumulation (Webb and
Webb, 1988).

In this study we conducted a series of analytical comparisons
between AVHRR-derived estimates of percent tree cover (DeFries
et al., 1999) and pollen percentages from surface sediment
samples in eastern North America, with the goals of empirically
quantifying the relationship between the palynological and
AVHRR observations of the vegetation, identifying key sources
of uncertainty, and developing appropriate techniques for minim-
izing these uncertainties.For our study area, we chose two regions
in eastern North America with strong gradients in vegetation
physiognomy and a high density of surface pollen samples. We
� rst aggregated the modern pollen data into needleleaved tree,
broadleaved tree and herbaceous categories compatible with the
AVHRR tree-cover maps (DeFries et al., 1999) as a heuristic tool
for determining which spatial scales and distance weightings pro-
vide the best � t between the pollen data and AVHRR estimates
of tree cover. Our results are consistent with previous research
into pollen source area and transport processes, suggesting that
scaling-up to plant life forms does not obscure fundamental
pollen-vegetation relationships. The amount of variance in the
aggregated pollen data explained by the tree-cover percentages is
low, however, due to the higher sensitivity of the palynological
sensor to vegetation patterns at ,1 km scale and intertaxonomic
differences in pollen dispersal and productivity. We show that
spatially smoothing the data and using analogue-basedapproaches
can minimize errors arising from these sources of uncertainty.
This work sets the stage for future efforts to use palaeoecological
data sets to extrapolate satellite-sensed indices of the vegetation
(e.g., land-cover type, percent tree cover, LAI) to time periods
preceding instrumental remote sensing.
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Data and methods

Study area
We selected two regions in eastern North America for study,
based upon three criteria: (1) well-de� ned physiognomic gradients
from broadleaf-dominated to needleleaf-dominated forests; (2)
numerous modern pollen samples; and (3) minimizing the size of
the area affected by human land use. The lessons learned with
these limited study areas provide a foundation for future analyses
of other vegetation types at broader spatial scales.

The � rst region is set in the northeastern United States and
southern Canada (NEUSSC), de� ned as the area between 41°N
and 51°N, and 80°W and 71°W (Figure 2, top). The vegetation
ranges from evergreen needleleaf-dominated forests in the north
to mixed forests in southern Canada and the northern US, to
deciduous hardwood forests covering most of New York and
southern New England (Figure 2). Finer-scale transitions in spec-
ies abundances and plant associations occur within this broad
physiognomic gradient (Braun, 1950; Rowe, 1972). In southern
New England, the broadleaved deciduous forests are dominated
by oak (Quercus), hickory (Carya), maple (Acer) and other hard-
wood taxa. Pines (Pinus) are abundant in sandy coastal and out-
wash regions (Braun, 1950). The mixed forests in New York and
northern New England contain hemlock (Tsuga) and white pine
(Pinus strobus) associated with beech, (Fagus), maple, birch
(Betula) and basswood (Tilia), and other minor hardwoods
(Braun, 1950). In southern Ontario and Quebec and at high elev-
ations in the Adirondacks (NY) and White Mountains (NH),
mixed forests give way to needleleaved forests dominated by
spruce (Picea), � r (Abies), pine and larch (Larix). Broadleaved
trees are represented by birch, alder (Alnus) and poplar (Populus)
(Rowe, 1972). In the north, total woody cover decreases with lati-
tude as the closed-canopy boreal forest gives way to lichen wood-
lands (Payette, 1992). Areas deforested by human land use are
concentrated around Lakes Ontario and Erie, the eastern seaboard,
and along the Hudson and Connecticut River valleys, and are
apparent in Figure 2 as low densities of both needleleaved and
broadleaved trees.

The second region was set in the southeastern United States
(SEUS), delimited to the north and south by the 39°N parallel and
the southern US coastline, and to the east and west by 90°W and
78°W (Figure 2, bottom). The gradient from needleleaved-
dominated forests to broadleaved-dominated forests runs from
south to north, opposite of the NEUSSC trend. Major vegetation
types in the SEUS include the mixed and western mesophytic
forests, the oak-hickory forest, the oak-pine forest and the south-
eastern evergreen forest (Braun, 1950; Delcourt and Delcourt,
2000). The mesophytic broadleaved deciduous forests of Ken-
tucky and Tennessee primarily consist of beech, tulip tree
(Liriodendron), basswood, maple and oak. The southern ever-
green forest is dominated by pine (Pinus palustris, P. taeda, P.
echinata, P. elliottii), accompanied by broadleaved genera such
as oak, hickory, magnolia (Magnolia), tupelo (Nyssa), sweetgum
(Liquidambar), ash and maple (Braun, 1950; Christensen, 2000).
Intermediate between the northern deciduous forest and the south-
eastern evergreen forest is a broad band of oak-pine forest that
covers the Piedmont region of northern Alabama, Georgia, South
Carolina and central North Carolina (Braun, 1950; Delcourt and
Delcourt, 2000). Low tree-cover densities in Piedmont and central
Florida (Figure 2) are due primarily to logging and agricultural
use (Christensen, 2000).

Modern pollen data
The surface pollen data in the NEUSSC consisted of 392 surface
pollen samples, 318 drawn from the Brown University Surface
Pollen Dataset (Avizinis and Webb, unpublished data; Williams,
2000) and 74 additional surface samples from New York

(Jackson, 1990; 1991; unpublished data). Only surface samples
from lakes and mires were used. A total of 128 surface pollen
samples from the Brown Surface Pollen Dataset were used for the
SEUS, of which 69 were from lakes and mires, and 59 were from
moss samples. We included the moss samples to improve the pol-
len site coverage in the SEUS, while recognizing that moss under
forest canopies may receive pollen from a smaller source area
than lakes and mires (Jackson and Kearsley, 1998; Prentice,
1985). Polsters, however, appear to record not only the local veg-
etation; previous studies suggest that over 50% of the pollen cap-
tured by polsters derived from sources at least 120 m distant
(Jackson and Kearsley, 1998; Jackson and Wong, 1994).

A list of 65 pollen types comprising the major woody and her-
baceous plant taxa was extracted from the surface samples (Table
2); the same list of taxa was used for the pollen sum. The pollen
taxa were classi� ed into life-form categories consistent with the
tree-cover density maps (DeFries et al., 1999): broadleaved trees
and shrubs, needleleaved trees and shrubs and non-arboreal taxa
(Table 2).

Land-cover type for each pollen sample location was deter-
mined from the DISCover data set, International Geosphere-
Biosphere Programme (IGBP) classi� cation (Loveland et al.,
2000). A search window measuring 20 3 20 km was placed
around each location and the modal land-cover type retained. Of
the 17 IGBP land-cover types, three represent vegetation modi-
� ed by human use: ‘Croplands’, ‘Urban and Built-Up’ and
‘Cropland/Natural Vegetation Mosaic’. Pollen sites assigned to
these three categories were included for display in Figure 2, but
were discarded before subsequent analyses.

Modern tree cover
The AVHRR-derived estimates of percent broadleaved and
needleleaved tree-canopy cover used here were produced by
DeFries et al. (1999), who provide a full description of the
methods used. A linear mixture model was applied to an AVHRR
data set spanning 1 April 1992 to 31 March 1993 (Eidenshink and
Faundeen, 1994) in order to estimate, for each pixel, the percent
area covered by woody vegetation, herbs and bare ground. The
woody vegetation was further classi� ed into (1) needleleaved ver-
sus broadleaved trees and (2) evergreen versus deciduous trees.
For North America, the two subclassi� cations were assumed to be
equivalent, with the woody vegetation classi� ed into needleleaved
evergreen and broadleaved deciduous trees. Deciduous needle-
leaved and broadleavedevergreen woody taxa are relatively minor
constituents of the North American vegetation although they may
be regionally important, e.g., in the subtropical � ora of Florida or
the California chaparral. The classi� cation of woody shrubs varied
with their height: low-lying shrubs tended to be classi� ed as her-
baceous cover, and taller shrubs as woody plants. Because the
mixture model was less accurate at upper and lower extremes of
woody plant abundances, minimum and maximum values for the
percent pixel area occupied by woody vegetation were de� ned:
estimated coverages less than 10% were set to 0%, and coverages
greater than 80% were set to 80% (DeFries et al., 1999).

Analyses and results

Overview
We present our results as a chain of analyses in which the � ndings
at earlier stages motivate subsequent work. We begin by compar-
ing the aggregated pollen percentages for needleleavedand broad-
leaved taxa to the AVHRR tree-cover percentages (Figures 2–4).
Mapped overlays of the pollen percentages against the AVHRR
tree-cover percentages (Figure 2) show that both sensors capture
the � rst-order gradients in physiognomy, as well as second-order
features corresponding to regional topographic variations. We



488 The Holocene 13 (2003)

Northeastern US/Southern Canada

Southeastern US

Broadleaved TreesNeedleleaved Trees

Broadleaved TreesNeedleleaved Trees

0-10%

10-20%

20-30%

30-40%

40-50%

50-60%

60-70%
70-80%

AVHRRPollen

0-25%

25-50%

50-80%

Figure 2 AVHRR-derived estimates of broadleaved and needleleaved tree abundances in the northeastern US and southern Canada (NEUSSC), and the
southeastern US (SEUS) (DeFries et al., 1999). Percentages refer to the percent pixel cover of each plant life form. The dots mark the locations of surface
pollen samples. Note that each dot has a radius of approximately 20 km.
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Table 2 Classi� cation of pollen types into life-form categories (DeFries
et al., 1999)

Category Pollen type

Broadleaved Acer, Alnus, Aquifoliaceae, Betula, Carya,
tree/shrub Castanea, Ceanothus, Celtis, Cephalanthus,

Cercocarpus, Clethra, Corylus, Empetrum,
Ericaceae, Fagus, Fraxinus, Juglans,
Liquidambar, Mimosa, Myricaceae, Nyssa,
Ostrya/Carpinus, Platanus, Populus, Quercus,
Salix, Shepherdia, Tilia, Ulmus

Needleleaved Abies, Cupressaceae/Taxaceae, Picea, Pinus,
tree/shrub Taxodium, Thuja, Tsuga, Larix/Pseudotsuga

Non-arboreal Ambrosia, Apiaceae, Artemisia, Asteraceae
(Tubuli� orae), Brassicaceae, Caryophyllaceae,
Chenopodiaceae/Amaranthaceae, Cyperaceae,
Dryas, Ephedra, Eriogonum, Euphorbiaceae,
Oxyria, Poaceae, Ranunculaceae, Rubiaceae,
Sarcobatus, Saxifragaceae, Sphaeralcea

investigate the appropriate spatial scale and distance measure for
comparing the pollen and tree-cover data (Figures 3 and 4). Linear
regressions against the tree-cover percentages explain less than
half of the variance in the aggregated pollen data, motivating sub-
sequent analyses designed to identify and minimize key sources
of uncertainty. Two primary sources are identi� ed: the sensitivity
of pollen records to local variability in the vegetation and inter-
taxonomic differences in pollen representation.Subsequent analy-
ses (Figures 5–7) show that each can be minimized by appropriate
choice of method. Speci� cally, we minimize the effects of local
variability by smoothing the pollen data (Figure 5) and the effects
of differential pollen production and representation (Figure 6) by
using modern-analogue methods (Figure 7).

Spatial distribution of needleleaved and broadleaved
pollen and trees
In the NEUSSC, the gradient from high percentages of coniferous
pollen types in northern surface samples to high percentages of
broadleaved types in southern surface samples mirrors the physi-
ognomic gradient from the conifer-rich Canadian boreal forest to
the broadleaved deciduous forests of New York and New England
(Figure 2, top). The relatively sparse set of pollen sites cannot
match the detailed resolution of the AVHRR data, but is able to
resolve regional features such as the high abundances of needle-
leaved trees in the Adirondacks. The pollen and AVHRR maps
are most discrepant in eastern Ontario, where several sites have
high percentages of pollen from broadleaved trees but the
AVHRR reconstructions indicate high percentages of needle-
leaved tree cover. The discrepancy is largely caused by high abun-
dances of birch pollen (Webb et al., 1983), which is heavily over-
represented in mixed northern forests (Bradshaw and Webb, 1985;
Jackson, 1990; Prentice et al., 1987).

In the SEUS, the gradient from high percentagesof broadleaved
pollen in the north (chie� y oak and hickory) to high abundances
of needleleaved pollen types in the south (pine) is consistent with
the observed trend from broadleaved deciduous forests in Ken-
tucky and Tennessee to coniferous southern mixed forest (Figure
2). Second-order features such as the elevated abundances of
needleleaved trees in the Appalachian Mountains (Figure 2,
bottom) and along the coast are discernible from the pollen data.
Again, the main limitation for resolving � ner-scale features is the
low site density relative to the AVHRR observations. The pollen
and AVHRR data are most discrepant in southern Florida, where
the pollen samples include high abundances of coniferous pollen
types and the AVHRR indicates low percent coverages for both

broadleaved and needleleaved trees. The pollen bias towards high
needleleaved abundances in Florida may be due to an over-
representation of pine in the pollen samples, or may be due to
human alteration of the Florida vegetation, which consists of a
mosaic of cropland and natural vegetation (Loveland et al., 2000).
Most Florida surface samples were not used in the following
analyses, because of the heavy anthropogenic modi� cation of the
vegetation (see methods above).

Evaluating the spatial scale of the relationship
between the AVHRR and pollen data
To compare the AVHRR estimates of tree cover and aggregated
pollen percentages across a range of spatial scales, a square search
window of variable size (search window half-widths of 1, 5, 10,
25, 50, 75, 100, 150, 200 and 250 km) was centred on each pollen
site and the AVHRR-estimated evergreen and broadleaved tree-
cover percentages from all pixels within the window were aver-
aged. Search windows were permitted to extend beyond study-
area boundaries. AVHRR pixels over water bodies 1 km2 in size
or greater were removed by application of a water mask derived
from the DISCover land-cover map. We experimented with
unweighted, inverse-distance (1/D) and inverse-distance-squared
(1/D2) weightings of the AVHRR pixels. For each set of plots,
we � tted linear regressions and report the percent variance
explained (r2). Use of linear regression facilitates comparisons
among plots, but we recognize that using percentage data for a
limited number of types may introduce non-linearities (Prentice
and Webb, 1986) not accommodated by simple linear models.

A positive monotonic relationship exists between the percent
pollen abundances for the needleleaved and broadleaved trees and
their AVHRR-estimated coverages (Figure 3). As the search win-
dow size increases, the slope of the best-� t linear regression
increases and the y-intercept decreases (Figure 3), consistent with
previous � ndings that the y-intercept should decline as an increas-
ing proportion of the pollen source area is encompassed by the
search window (Bradshaw and Webb, 1985; Prentice et al., 1987).
However, the NEUSSC and SEUS each include several vegetation
zones with different species associations, so the proportion of
background pollen across sites is unlikely to be uniform. The
amount of variance in the aggregated pollen percentagesexplained
by the AVHRR tree-cover percentages is relatively poor at small
spatial scales (window half-width ,25 km) but increases rapidly
and levels off between 25 and 75 km (Figure 4). Maximal r2

values are moderate to low, ranging between 0.3 and 0.4.
The general shape of the r2 curve (increasing rapidly at small

spatial scales and levelling off between 25 and 75 km) is robust
to the choice of distance weightings (Figure 4). The unweighted
and inverse-distance weightings result in regressions that explain
more variance than the inverse-distance-squared weighting at
short to intermediate spatial scales (,50–75 km) but less variance
is explained at larger spatial scales. The r2 curves for the 1/D2

weighting consistently increase rapidly then level off, whereas the
curves for the unweighted and 1/D weightings tend to peak
between 25 and 75 km, and can either increase or decrease slowly
at larger spatial scales. These patterns are consistent across
regions and life forms.

Although a positive relationship exists between the percent
pollen abundances of needleleaved and broadleaved tree taxa and
the AVHRR tree-cover estimates, the majority of the variance in
the pollen data is not explained by the tree-cover percentages
(Figure 4). Simply aggregating pollen data into life-form categor-
ies alone does not provide an adequate proxy for tree cover.

Filtering local-scale variability from the pollen data
Smoothing the pollen data set removes site-speci�c variability in
the pollen data (Graumlich and Davis, 1993) resulting from stand-
scale sources of pollen not resolvable in the AVHRR data. We
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Figure 3 Scatterplots comparing the percent abundance of needleleaved
pollen types to AVHRR-derived tree-cover percentages for the NEUSSC.
The AVHRR values were obtained by placing a search window around
each pollen site that ranged in half-width from 1 km to 250 km and averag-
ing the unweighted values for all pixels within the window. Because the
differences between the NEUSSC and SEUS are small relative to the dif-
ferences between the needleleaved and broadleaved trees, only the
NEUSSC plots are shown. The dense cluster of points in the lower left
of the needleleaved tree plots and the upper right of the broadleaved tree
plots is located in the densely sampled Adirondack Mountains (Figure 2).

spatially smoothed the pollen data set to a 1° 3 1° grid resolution,
centring a 3° 3 3° search window on each gridpoint and
weighted-averaging the pollen percentages from all sites within
the window using the tri-cube weight function (Webb et al.,

1993). The actual grid cell dimensions vary by latitude, but all lie
within the optimal spatial scales identi� ed in the prior analysis.
The AVHRR estimates of abundance were averaged (unweighted)
for all pixels in the gridcell. The smoothing reduces noise due to
local variations in pollen signal and ensures a common spatial
resolution for the pollen and AVHRR data.

The gridded pollen data (Figure 5) show an improved � t to
AVHRR tree coverages (r2 = 0.51–0.60) compared to the ungrid-
ded pollen data (Figure 4). The gridded pollen percentages are
also consistent with the DISCover IGBP land-cover classi� cation
(Loveland et al., 2000). For example, needleleaf pollen percent-
ages are low in gridcells assigned to the Broadleaf Deciduous
Forest, intermediate in the Mixed Forest and high in the Needle-
leaf Evergreen Forest. Thus, the modern pollen percentages, after
smoothing, are in good agreement with vegetation maps produced
by two different treatments of the AVHRR data (DeFries et al.,
1999; Loveland et al., 2000).

Intertaxonomic differences in sensor sensitivity
A second source of error resides in differences in the sensitivity
of the pollen and AVHRR sensors at the level of individual plant
taxa. Some taxa tend to be overrepresented in surface pollen
samples relative to their abundance in the surrounding vegetation
due to high pollen productivities, amenability to wind dispersal
and/or resistance to degradation; other taxa are underrepresented
(Bradshaw and Webb, 1985; Prentice et al., 1987; Webb and
McAndrews, 1976). The AVHRR sensor may also be differen-
tially sensitive to plant species based upon their position in the
canopy, with canopy species likely to be better represented than
those found in the understorey. The interplay between the differ-
ential sensitivities of the two sensors weakens the correlation
between the aggregated pollen percentages and AVHRR estimates
of percent tree cover.

The importance of this effect is shown in Figure 6, which
replots the data from Figure 3 as graduated circles whose dia-
meters are scaled to the percent abundance of a pollen type rela-
tive to all taxa belonging to its plant life form. This � gure shows
(a) whether the distribution of an individual pollen type is charac-
teristic of its life-form category and (b) whether differences in
sensor sensitivity for this taxon are a likely source of variance.
The distribution of the graduated circles falls into � ve general
cases. First, the size of the graduated circles may be uniform or
display no coherent pattern (e.g., pine, oak and hickory in the
SEUS), indicating that the percent pollen abundance of a plant
taxon occupies a generally constant fraction of the aggregate pol-
len abundance of its life form, and is thus a good indicator of the
overall abundance of its life form. Second, the largest values may
occur in the upper-right quadrant, suggesting that the plant taxon
typically associates with other taxa of similar life form (e.g., oak
and beech in the NEUSSC are most abundant in broadleaved
deciduous and mixed mesophytic forests; spruce is most abundant
in the boreal forest). Third, the largest values may occur in the
lower-left quadrant, suggesting that the plant taxon typically
associates with other taxa of different life form (e.g., hemlock and
Cupressaceae). The second and third cases suggest that the pollen
and AVHRR sensors are similarly sensitive to the taxon. Fourth,
the largest values may occur in the upper-left quadrant, indicating
that the plant taxon is overrepresented in the pollen data relative
to the AVHRR tree-cover maps (e.g., birch and alder in the
NEUSSC and sweetgum in the SEUS). Fifth, the largest values
may occur in the lower-right quadrant, indicating that the plant
taxon is underrepresented in the pollen data relative to the
AVHRR tree-cover maps (e.g., � r and maple, and spruce at some
sites). The fourth and � fth cases suggest differences in the sensi-
tivity of the pollen and AVHRR sensors that degrades the general
� t between the observations.
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Figure 4 The proportion of variation in the percent pollen abundances of needleleaved and broadleaved taxa in surface pollen samples explained by
AVHRR-derived tree-cover estimates in the NEUSSC and SEUS across a range of spatial scales and with three different distance weightings: unweighted,
1/D and 1/D2. The unweighted curve (solid line with circles) summarizes the data shown in Figure 3.

Modern analogue technique
Modern analogue approaches offer a way to circumvent inter-
taxonomic differences in sensor sensitivity. Rather than seeking
to correlate the aggregate life-form pollen percentages to the
AVHRR estimates of tree cover, an analogue-basedapproach esti-
mates the percent tree cover for a pollen sample based on the
tree-cover percentages at sites with similar pollen spectra. This
approach reduces the information loss inherent in aggregating the
pollen taxa into a few life-form categories by using the full pollen
spectra to assess similarity between sites. Application of the mod-
ern analogue technique in this context assumes that similarly com-
posed pollen samples were produced by � oristically and physiog-
nomically similar plant associations (Overpeck et al., 1985; 1992).
The accuracy of the approach can be evaluated for the modern
data by comparing the observed AVHRR tree-cover values at each
surface sample location to the tree-cover percentages associated
with the most similar surface samples.

We used a standard variant of the modern analogue technique
in which each pollen sample was compared to all other modern
pollen samples, using the squared-chord distance (SCD) to quan-
tify similarity (Overpeck et al., 1985; Prentice, 1980). SCDs had
to be less than 0.15 for a sample to be identi� ed as a viable ana-
logue (Overpeck et al., 1985). A maximum of 10 analogues was
permitted for each surface pollen sample, from which average
needleleaf and broadleaf cover percentages were calculated. If a
surface pollen sample had no viable analogue, it was discarded
from the analysis. We allowed the set of potential modern ana-
logues to span a wider range of environments than that encom-
passed by the study area, using a North American pollen data
set comprising 3335 pollen samples (Avizinis and Webb, 1985;
Williams, 2000). A pollen sample was not permitted to match
to itself.

We found a close agreement between the observed tree-cover
percentages and the best-analogue reconstructions(Figure 7). The
observed tree-cover percentages explain 70% of the variance in
the best-analogue needleleaved tree-cover percentages and 78%

of the variance in the best-analogue broadleaved tree-cover per-
centages. The standard error of the analogue estimates is 7.0%

for needleleaved trees and 7.7% for broadleaved trees.

Discussion

The central challenge for palynologists is to interpret the raw
counts of fossil pollen grains in ecologically relevant terms. This
endeavour is directly analogous to the efforts in the remote-
sensing community to develop algorithms to infer land-surface
properties from the numbers and frequencies of photons captured
by airborne and spaceborne instruments. Together, satellite-sensed
and palynological data provide a powerful tool for exploring veg-
etational and land-cover change at timescales not accessible by
the satellite record alone and for vegetation properties not easily
inferred by other means. Here, we have studied the relationship
between tree-cover percentages as inferred from phenological
analyses of AVHRR observations with the distribution of needle-
leaved and broadleaved pollen types in modern sediments. Our
� ndings suggest that the modern distributionsof needleleaved and
broadleaved pollen types are broadly consistent with the corre-
sponding tree-cover percentages, and that the � t is markedly
improved by spatially smoothing the pollen data and using
analogue-based approaches to reconstruct the modern vegetation.
This initial exploration of data and methods paves the way for
future palaeoecological applications. Our methods and analyses
can easily be extended to other regions, with the main limitation
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Figure 5 Scatterplots comparing the AVHRR tree-cover percentages and pollen percentages after smoothing and interpolating both data sets to a 1° 3

1° grid. The proportion of variance explained for the gridded observations is signi� cantly improved over those for individual pollen sites (Figure 4),
suggesting that local-site variability in the pollen data can be minimized with the appropriate � lter. Individual gridpoints are labelled according to their
DISCover biome type, using the IGBP classi� cation system (Loveland et al., 2000).

being the availability of surface pollen data. Dense modern data
sets exist for North America, Europe (Guiot et al., 1993; Peyron
et al., 1998), western Russia (Tarasov et al., 1998), and China
(Yu et al., 2000), and collection efforts continue for other parts
of the globe. In the following discussion, we review potential
sources of error in the pollen-AVHRR regressions and the appro-
priate analytical techniques for minimizing error, and discuss
future prospects for linking palaeoecological and instrumental
remote sensors.

Reconciling the palynological and AVHRR sensors:
assessing and reducing errors and uncertainties
We are trying to reconcile two contrasting sensor systems, each
of which records different aspects of the vegetation at overlapping
but not identical temporal and spatial scales (Table 1). In this
section we assess the sources of error, uncertainty and mismatch
between the two sensing systems; identify which are trivial and
which are important; and determine which can be mitigated by
choice of analysis. Potential sources of error in the pollen-
AVHRR plots (Figures 3 and 4) include (from lesser to greater
importance) uncertainties of spatial location, temporal discrep-
ancies between the pollen and AVHRR data, uncertainties in the
AVHRR classi� cation, determining the appropriate pollen source-
area and distance-weighting function, and noise arising from the
grouping of disparate taxa into broad morphological categories.
In particular, summing pollen percentages into plant life forms is
challenged by the differential representationof plant taxa in pollen

records, caused by intertaxonomic differences in pollen pro-
ductivity and dispersability. We have shown, however, that with
appropriate analytical approaches the major sources of uncertainty
can be minimized or eliminated.

The precision of the spatial coordinates of the surface pollen
samples is a relatively minor source of uncertainty. Pollen sample
locations typically are stored in databases as latitude/longitude
coordinates, with a precision of 0.01 degrees. This is equivalent,
in the mid-latitudes, to an approximate precision of approximately
61 km. The accuracy of the AVHRR geometric registration is
slightly greater than 1 km (Eidenshink and Faundeen, 1994), so
that a pollen site cannot be con� dently matched to a speci� c
AVHRR pixel. This uncertainty, however, is minor given a 25–
75 km pollen source radius (Figure 4).

Figure 6 The data plotted in this � gure are identical to those in Figure
3, using a 50 km half-width search window and no distance weighting. The
diameter of the graduated circles corresponds to the ratio of the percent
abundance of a given pollen type against all pollen types assigned to its
life form. Comparison of the distribution of the large circles (i.e., sites
where the pollen type constitutes a large fraction of the total pollen sum
for its life form) against the distribution of all sites provides information
about (1) whether the pollen type is associated with high abundances of
its life form and (2) whether the pollen type tends to be over- or under-
represented in modern pollen samples relative to AVHRR estimates of
percent tree cover.
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Figure 7 Scatterplots of the observed values of needleleaved and broad-
leaved tree-cover percentages (AVHRR) versus the average tree-cover per-
centages at sites with similar modern pollen spectra. Crosses indicate
NEUSSC surface samples; circles indicate SEUS surface pollen samples.

The palynological and AVHRR observations were collected at
different times, and hence may represent slightly different states
of the vegetation. Most of the surface pollen data used in this
study were published in the 1960s and 1970s, with the earliest
published in the 1940s and the most recent in the early 1990s
(Avizinis and Webb, unpublished data). Thus, an average discrep-
ancy of approximately two decades exists between the palynolog-
ical and AVHRR observations. This discrepancy is short relative
to the temporal resolution of most pollen records (Webb, 1993)
and the time constant of most natural processes governing the
composition and structure of eastern forests. However, regions
recently altered by natural or anthropogenic disturbances or refor-
estation following cropland/pasture abandonment may degrade the
match between the AVHRR and palynological observations. The
size of this uncertainty is dif� cult to measure, but we have minim-
ized it by eliminating surface pollen samples from regions most
affected by human land use (Loveland et al., 2000).

A second source of temporal uncertainty arises from the dif-
fering resolutions of the two sensors. The temporal resolution of
pollen samples collected from the top of a lake sediment column
ranges from 0.5 to 100 years per sample, with a mean of 7
years/cm3 (Webb and Webb, 1988). Thus, the sedimentary pro-
cesses underlying the palynological record tend to smooth out
interannual variations, so that each sample represents a decadal-
scale integration of the vegetation (Webb, 1993). The tree-cover

maps used here are based on 16 months of AVHRR observations
(DeFries et al., 1999). Interannual variability in AVHRR obser-
vations between 1982 and 1994 resulted in a 5–10% standard
deviation in the estimates of percent woody cover (DeFries et al.,
2000), attributed to interannual variations in the transparency of
the atmosphere.

The uncertainty of the AVHRR observations against the actual
percent vegetation cover is not yet well known: ground-truthing
of the woody vegetation percentages has been limited due to the
lack of extensive land-surface observations at the appropriate
scale. The estimates are, however, consistent with other remotely
sensed land-cover data sets (DeFries et al., 1999).

A standard source of error in interpreting palynological data
arises from uncertainties of the pollen source area and distance.
Whereas the AVHRR-derived tree-cover data sets have a � xed
resolution of 1 km, each pollen site integrates pollen inputs across
a source area that varies among sites, due to differences in local
geomorphology, and among taxa within a site, due to differences
in pollen dispersability (Calcote, 1995; Jackson and Kearsley,
1998; Prentice, 1988; Sugita, 1994; Sugita et al., 1999; Jackson
and Lyford, 1999). Based on the observed peak in variance
explained (Figure 4), we estimate an average pollen source radius
of 25–75 km. This estimate is consistent with previous values
calculated from studies of individual taxa (Bradshaw and Webb,
1985; Delcourt et al., 1984; Jackson, 1991; Prentice et al., 1987;
Webb, 1974, Webb and McAndrews, 1976), indicating that
scaling up from individual taxa to plant life forms does not alter
the estimated pollen source area. The peak in r2 at 250 km for
the broadleaved trees in the NEUSSC and the needleleaved trees
in the SEUS (Figure 4) is a statistical artifact resulting from the
tendency of pollen-vegetation regression lines to steepen with
increasing spatial scale (Figure 3). Our � nding that unweighted
or inverse distance weightings produce the best � t between the
pollen and AVHRR data at short to intermediate distances (,75
km) suggests that within the pollen source area the regional pollen
rain is fairly well homogenized. By placing a strong weighting
on nearby locations, the 1/d2 weighting is approximately equival-
ent to using a 1 km radius with minor modi� cation from outer
radii (Jackson and Kearsley, 1998).

The most signi� cant source of noise in the AVHRR-pollen
comparisons is grouping the pollen taxa into plant life forms,
because it masks intertaxonomic differences in pollen represen-
tation (Figure 3). In the NEUSSC, sites in the boreal forest tend
to have high abundances of broadleaved pollen types relative to
the AVHRR-derived estimates of tree cover, primarily due to high
abundances of birch and alder pollen (Figures 2 and 6). Birch and
alder are highly overrepresented in modern pollen samples from
boreal regions (Bradshaw and Webb, 1985; Jackson, 1990;
Prentice et al., 1987) due to high pollen productivity and disper-
sability. Conversely, the AVHRR sensor may be relatively insen-
sitive to birch and alder if they grow in an understorey or shrub
habit. Many tree taxa are severely underrepresented in pollen
records (e.g., Liriodendron, Magnolia) and so represent trees that
the AVHRR camera ‘sees’ and the surface pollen samples largely
do not.

Prospects for using remote sensing data in
palaeoecology
Our analysis shows that the larger errors can be eliminated or
minimized with appropriate choices of method. A major source
of variance in Figure 3 is intertaxonomic differences in pollen
productivity and dispersal, resulting in varying degrees of over-
and underrepresentation in the modern pollen record. Summing
the pollen taxa into plant life forms for comparison against the
AVHRR data is a useful heuristic tool, but the observed � t is
clearly too poor for palaeoecological application. This problem
should worsen at broader spatial scales as interregionaldifferences
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in taxonomic composition become more pronounced. Multivariate
techniques such as the modern analogue technique (Overpeck
et al., 1985), response surfaces (Bartlein et al., 1986; Prentice
et al., 1991) or eigenvector-based approaches (Imbrie and Kipp,
1971; Webb, 1974) overcome differences in pollen representation,
by comparing pollen samples directly and assuming that similar
processes produced similar pollen assemblages. We � nd a very
good agreement between the observed tree-cover percentages and
their best-analogueestimates. A challenge for any analogue-based
approach is fossil pollen assemblages with no modern analogue
(Williams et al., 2001). One solution may be to group pollen taxa
according to plant function and/or form, when no good compo-
sitional analogues exist for a fossil pollen sample (Williams,
2003).

The agreement between the pollen and AVHRR data is
strengthened when both are grouped into 1° 3 1° grid cells
(Figure 5), indicating that a key component of variation is due to
local heterogeneities in the pollen data not resolvable at 1 km
scale. The pollen accumulated in lake and mire samples derives
from sources spanning a wide range of distances (102 2 to 103

km). The relative importance of regional versus local sources
depends on basin size (Prentice, 1985) but all surface pollen
samples include some local vegetational signal that is essentially
invisible to the AVHRR. Spatially � ltering the pollen data
removes this local signal (Graumlich and Davis, 1993; Webb,
1993; Webb and McAndrews, 1976).

Using modern pollen samples and AVHRR-derived tree-cover
maps from eastern North America, we have shown that there are
no serious obstacles to the use of satellite-derivedvegetation data
sets in pollen-vegetation studies. The ready availability, low cost
and synoptic scope of remotely sensed data sets make them a
highly valuable tool for calibration of palaeoecological records.
We have presented results from one set of derived data sets; other
relevant products include categorical land-cover classi� cations
(DeFries and Townsend, 1994; Loveland et al., 2000), net primary
productivity (Goward and Dye, 1987) and leaf-area index
(Fassnacht et al., 1997; van Leeuwen et al., 1997). To the extent
that these variables are determined by plant-community compo-
sition, they also may be amenable to calibration against modern
pollen data. AVHRR data are an integral input for a suite of
process-based terrestrial biogeochemistry models (Field et al.,
1995; Hunt et al., 1996). As the spectral and spatial precision
of satellite-based instruments improves, so will the accuracy and
resolution of remotely sensed land-cover data sets. Land-cover
maps derived from multiyear AVHRR data sets are being
developed (DeFries et al., 2000), minimizing the uncertainty
caused by interannualvariability in the AVHRR observations.The
Moderate Resolution Imaging Spectrometer (MODIS), launched
in December 1999, improves upon the AVHRR both in spatial
and spectral resolution, and should enable more precise vegetation
classi� cations. For regional and landscape-scale studies, high-
resolution sensors such as the Landsat Thematic Mapper and Sys-
tème Pour l’Observation de la Terre already exist and can be used
to calibrate palaeoecological records (Allen and Huntley, 1999).

We are currently using the insights gained in this regional study
of modern pollen and tree-cover percentages to develop a series
of tree-cover reconstructions for North America for the late Quat-
ernary (Williams, 2003). Good-quality maps of past vegetation are
needed (Kohfeld and Harrison, 2000; Prentice and Webb, 1998)
to provide (1) more realistic inputs to terrestrial biogeochemistry
models and general circulation models employing prescribed land-
cover maps and (2) validation data sets for coupled vegetation-
atmosphere models (e.g. Levis et al., 1999). Continuous-�eld
maps of tree cover have several important advantages over categ-
orical land-cover maps (DeFries et al., 1999): they more accu-
rately represent gradients within the vegetation, they enable a
fuller representation of vegetation heterogeneity, and they avoid

semantic differences among classi� cation schemes. By using fos-
sil pollen records to extend satellite-derived measurements of the
vegetation to more distant time periods, we hope to understand
the impacts of past land-cover changes upon the global carbon
cycle and climate.
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