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Abstract—Global biome models like BIOME! convert climate-model simulations of past
climates into biome distributions and thus facilitate comparison of both climate and biome
model results with biomes estimate from paleoecological data. We adapted a biomization
method, recently developed for European pollen data, for use with pollen data in eastern North
America and then compared its estimated biomes with those derived from applying BIOME!
to the climate simulations from the NCAR CCM1 (National Center for Atmospheric Research
Community Climate Model, Version 1) for 6000 years ago (6 ka). We first tested the biomiz-
ation method by seeing how well the biomes inferred from modern pollen data match observed
biomes. We found that modifications to the method were necessary in part to account for
physiological differences between North American and European taxa, and in part to cope with
our choice of using just 23 major pollen taxa. Our modifications significantly improved the
match between observed modern biomes and pollen-derived biomes, as measured by the kappa
statistic. We tested our tuning of the biomization method by matching its inferred 6 ka biomes
to biomes estimated from pollen data using the modern analog technique. The degree of
agreement at 6 ka is close to that for today, showing that (1) the biomization method and
modern analog technique, when applied to the same pollen data, produce consistent results, and
(2) the modifications made to the biomization method are robust back to 6 ka. We then used the
results of the biomization method to test the biome maps simulated by BIOME, which derives
biome distributions from observed climate values for today and from the climatic simulations of
the CCM1 for 6 ka. Only a fair agreement is seen, and significant offsets exist in the placement of
biomes by BIOME]. For today BIOME! simulates the boundary between the temperate
deciduous and cool mixed forests to be too far south and the steppe-forest boundary to be too far
west. These model biases are also evident in the simulations at 6 ka despite the fact that CCM1
simulates warmer than present temperatures in the central United States. To the north, however,
BIOMEI correctly simulates the cool mixed forest and taiga boundary at 6 ka as more north-
westward than at present. & 1998 Elsevier Science Ltd. All rights reserved

INTRODUCTION

The development of global biome models represents
a new stage in earth system modeling, By translating
simulated climate variables into maps of biomes, these
models explicitly link vegetation and climate patterns
together, enabling the climate simulations of general
circulation models (GCMs) to be evaluated by compari-
son to observed or inferred vegetation distributions. Just
as GCMs extend our understanding of the climate sys-
tem into areas and times with few direct measurements
of climate, biome models can estimate vegetation for
past times and regions containing few paleovegetation
data and can also predict the vegetational response to
increased atmospheric CO; conditions (VEMAP mem-
bers, 1995). The fundamental units of most biome models
are plant functional types (PFTs), which group plant taxa
according to their ecological similarities rather than
evolutionary heritage (Prentice et al, 1992). Biomes,
which are plant assemblages of large enough scale that
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their extent is primarily controlled by climate (Clements
and Shelford, 1939), are then defined in biome models as
assemblages of PFTs. BIOMEI!, the biome model
evaluated in this paper, predicts vegetation distribution
from four bioclimatic variables: growing degree days,
mean temperature of the coldest month, mean temper-
ature of the warmest month, and soil moisture
(Prentice et al, 1992). Each PFT is assigned a set of
tolerances, which frequently overlap among PFTs, and
biomes are defined as the various possible combina-
tions of PFTs.

By presenting climate simulations from GCMs in
terms of biome distributions, biome models show how
the summed effect of climate variables changes through
time, and allow the simulations of both biome models
and GCMs to be evaluated by comparing the simula-
tion to biomes observed or derived from fossil data.
Because biome models are generally tuned to modern
vegetation-climate relations, the strongest test of a bio-
me model is to compare its ‘postdicted’ vegetation
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distributions with biome maps inferred from pollen or
macrofossil data. Many workers have mapped biomes
for past time periods (Frenzel, 1973; Frenzel et al,
1992; COHMAP members, 1988, Guetter and
Kutzbach, 1990; Adams et al., 1990; Delcourt and
Delcourt, 1981), but only in the past several years have
quantitative methods for inferring biomes from pollen
data been developed (Overpeck et al., 1992), of which the
biomization method (Prentice et al., 1996) is the most
recent.

No matter the method, any vegetation reconstruc-
tion based upon pollen evidence must deal with the
complex and biased nature of the signal. The major
advantage of pollen data is that they provide a quan-
titative record that can be treated statistically, but
unfortunately pollen abundances cannot be translated
directly into plant abundances due to the inequalities
in pollen production, dispersal, and preservation among
plants (Faegri et al., 1989; Prentice, 1988). Plant taxa
are usually over- or under-represented in the pollen
record, so similar pollen abundances of two taxa may
represent very different plant abundances. Further-
more, a pollen collection site, typically a lake or bog,
collects pollen from a surrounding area with a radius of
approximately 100 km (Bradshaw and Webb, 1985).
This fact means that local and regional signals can be
confounded, although this problem can be lessened by
choosing to study taxa that are known to spread their
pollen either locally or widely. More importantly, lakes

act to mix pollen from different distances and thus
smooth out the local gradients in vegetation composi-
tion (Jacobson and Bradshaw, 1981). This mixing aids
the effort to reconstruct biomes, because biomes are
features of the regional vegetation in which local
patches are only a source of variation, which can be
minimized by appropriate sampling strategies (Webb,
1993).

Prentice et al. (1996) developed the biomization
method to infer biomes from pollen data, and sought to
overcome some of the complexity inherent in pollen
data by grouping taxa at the level of PFTs rather than
individual species. They also set threshold values to
remove the noise from insignificant pollen abundances,
and used square roots to downweight the most over-
represented pollen taxa. The method is designed to be
flexible for global use by using broadly defined PFTs
that allow it to de-emphasize regional differences in
plant assemblages and to focus on the broad-scale
nature of biomes. Furthermore, the biomization method
is intended to be compatible to BIOMEL1: they share
a similar logic in defining biomes as assemblages of
plant functional types, and the number and types of
biomes constructed can be adjusted within the biomi-
zation method to match the classification scheme used
by BIOME]. Prentice et al. (1996) successfully applied
the method to European data, and we have extended
the method to pollen data from eastern North Ame-
rica, as part of an international project, BIOME 6000,
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FIG. 1. Map showing pollen sites and their biomes as inferred by the first iteration of the biomization method (triangles) overlain upon a map of

observed and potential biomes compiled by Overpeck et al. (1992) (background regions). The key for each biome scheme is shown separately, but

the color codes for the two schemes are nearly the same. A triangle and background of the same color thus indicates agreement between the
biomization method and modern observed vegetation, and a triangle differently colored from its background indicates a discrepancy.
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currently underway to gather a global network of
paleovegetation data for the purposes of testing biome
models (Prentice and Webb, 1998).

Our study is a first attempt to apply the biomization
method to eastern North American (ENA) pollen data,
first to assess its ability to reconstruct modern and 6 ka
biomes, and then to use its inferred biomes to evaluate
BIOME] results. Initial results for modern vegetation
indicated that the biomization method, when used with
23 pollen types, required modification in order to infer
biomes accurately (Fig. 1). We then tested the robust-
ness of the modified biomization method by estimating
biomes from 6 ka pollen data and comparing the results
to those obtained from the modern analog technique
(Overpeck er al., 1992) and to isopoll maps (Webb
et al., 1993). The 6 ka results fared well in these com-
parisons, suggesting that the biomization method was
not overly tuned to modern pollen distributions and its
biome maps are not artifacts of the method but repre-
sent real patterns in the pollen data. We argue that
these results represent actual patterns in the vegetation
based upon the correlations among modern pollen and
plant abundances (Webb et al., 1981) and by the sup-
porting evidence from the macrofossil record (Jackson
et al., 1997). Finally, we used the PFT-derived biomes
to test the 6 ka biome simulation of BIOME! (Kutz-
bach et al., 1998) for ENA. This study complements the
thorough tests of CCM1 for this region in Webb et al.
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(1998) and Bartiein et al. (1998) and allows us to isolate
the influences of BIOME1 vs CCM1 for 6 ka simula-
tions.

DATA AND METHODS FOR MAP
COMPARISON

We used a modern pollen data set of 839 sites that is
a subset of the pollen data selected by Bartlein et al.
(1986) and Webb et al. (1993), and a data set of 271 sites
for 6 ka that is a subset of that selected by Webb et al.
(1993). The taxon list and pollen sum were reduced to
23 pollen types (Table 1) after we excluded taxa indica-
tive of human disturbance (e.g. Ambrosia and Poaceae)
as well as wetland and minor taxa (Webb er al., 1993;
R. Webb et al., unpublished). This taxon list allowed us
to complete this initial application of the biomization
method with a thoroughly studied data set (Webb,
1988; Webb et al., 1993) and one that was similar to the
data set used for modern analog studies (Overpeck
et al., 1992). By using only the major taxa and a forb
sum that combines selected nonarboreal taxa, we lost
some of the potential discriminatory power of extra
taxa for biome identification, and we are currently
exploring the consequences.

Biome definitions and nomenclature in this paper
follow those of Prentice et al. (1992, 1996), which in

TABLE 1. The assignment of eastern North American taxa to plant functional types (PFTs). These assignments follow the work of Prentice et al.
(1996) with the addition of Tsuga, Carya, Celtis, and Ligquidambar, which are eastern North American taxa not present in Europe
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TABLE 2. The relationship between the biome classifications of
Overpeck et al. (1992) and this paper.

Overpeck et al. (1992) Prentice et al. (1992), this paper

Tundra Tundra
Forest Tundra Taiga
Boreal Forest Taiga

Cool Conifer Forest
Mixed Forest Cool Mixed Forest
Deciduous Forest Temperate Deciduous Forest
Prairie Steppe
Southeast Forest Warm Mixed Forest
Aspen Parkland
No analog*

*‘No analog’ is used by Overpeck et al., to mark vegetation assem-
blages that are not present today.

turn are based upon the modern biomes described by
Olson et al. (1984). This consistency allows a direct
comparison between our results and the vegetation
simulations of BIOMEI! produced from CCM1 (Kutz-
bach et al., 1998). Overpeck er al. (1992) define their
biomes slightly differently, but most of their biomes
have direct counterparts in this paper (Table 2). The
boreal forest and forest tundra biomes of Overpeck
et al. (1992) are in this paper combined under the name
boreal forest, which is equivalent to the taiga biome of
Olson et al. (1984). The cool conifer biome used in this
paper does not have a direct counterpart in Overpeck
et al. (1992), but marks a transitional zone between
their cool mixed forest and boreal forest biomes. Con-
versely, we do not consider aspen parkland, a minor
biome in ENA composed of open forests of Populus.
We use previously generated biome maps for today
and 6 ka (Overpeck et al., 1992) to assess our results.
The map of modern vegetation was compiled from
previous maps of observed and potential vegetation
(Bernabo and Webb, 1977; Rowe, 1972; Kuchler, 1964).
To infer biomes for 6 ka, Overpeck et al. (1992) used
the modern analog technique (MAT), first developed
by Overpeck et al. (1985). Their method has five steps:
(1) a database of modern pollen samples is obtained for
the region of interest; (2) each modern pollen sample in
the database is linked to the plant assemblage sur-
rounding the collection site; (3) each fossil pollen
sample i is compared to all modern pollen samples
using the squared-chord distance (SCD) measure of
dissimilarity (Overpeck er al, 1985); (4) all modern
pollen samples with a SCD < 0.15 define a subset of
likely modern analogs to sample i; (5) the biome most
represented by the pollen samples in this subset is
assigned to sample i (R, Webb, pers. comm.). A fossil
pollen sample is considered to have no modern analog
if no modern samples are sufficiently similar (all
SCD > 0.15), but this situation rarely occurred for
pollen samples from 6 ka (Overpeck et al., 1992).

Models Tested and the Kappa Statistic

The maps produced by BIOMEI! and shown in this
paper are based upon the climate simulations of

CCMI1 (Kutzbach et al., 1998). CCM1 improves upon
CCMO by incorporating interactive treatments of soil
moisture, changes in snow cover, sea ice, and sea sur-
face temperatures, thus having a reduced reliance upon
prescribed boundary conditions (Kutzbach et al.,
1998). The boundary conditions for CCM 1 simulations
are updated and include atmospheric CO, levels from
ice core records (Oeschger et al., 1983; Lorius et al.,
1984; Barnola et al, 1987), revised estimates of the
height of northern hemisphere ice sheets from Peltier
(1994), and the use of calendar years to allow changes
in orbital forcing parameters (Bard et al., 1990; Stuiver
and Reimer, 1993) to mesh better with other boundary
conditions.

BIOME] is a mechanistic model that predicts the
location of plant types based a set of bioclimatic vari-
ables carefully chosen to reflect the mechanisms of
plant-climate interactions, thus reducing the need for
empirical correspondences between the distribution of
plant types and modern climate (Prentice et al., 1992).
The basic vegetation units of BIOME1 are PFTs,
which categorize plant taxa according to life form and
climatic constraints. Life form categories include herb,
shrub, conifer, broad-leaved trees, and deciduous vs.
evergreen trees. These categories are further grouped
according to their tolerances for four key bioclimatic
parameters: (1) a cold tolerance, or the minimum
temperature that the taxon can endure, (2) a chilling
requirement, which reflects the need for woody boreal
taxa to have a sufficiently cold winter in order
to achieve an adequate springtime budburst, (3) a re-
quirement for a sufficiently warm growing season, and
(4) a moisture requirement (Prentice et al, 1992).
Climatic constraints for plant taxa ideally are used
only if the limiting physiological mechanism is well
understood, or if the constraint has been determined by
controlled experiments. Because PFTs are defined in
terms of climatic constraints, PFT ranges may be
simulated from climatic variables, either observed
or simulated. The distribution of biomes (defined as
assemblages of PFTs) may in turn determined from
PFT ranges.

Confusion matrices, which have been used extensive-
ly in remote sensing of vegetation classification
(e.g. Ranson and Sun, 1994; Ranson et al, 1995;
Nezry et al., 1993; Arai, 1993), can be used to tabulate
the degree of agreement between biomes derived
from the biomization method and biomes observed
or calculated by other methods (Table 3). Each
row of a confusion matrix corresponds to a biome
region of an underlying map, each column corresponds
to a biome category of the biomization method,
and each entry (a;;) represents the number of sites
in the MAT or BIOME1 biome region i classified by
the biomization method to biome j. Thus, sites
that show an agreement between the biomization
method and its target fall along the main diagonal,
and sites that show a disagreement are counted
in off-diagonal entries. The overall similarity between
two biome classifications is summarized by the
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TABLE 3. Confusion matrices recording the match between the biomization method and modern observations, the modern analog technique
(MAT), and BIOMEL1

PFT method

Modern Potential Tundra Taiga Cool Cool Temperate Warm  Steppe  Aspen No Total
Biomes (Overpeck Conifer Mixed  Deciduous Mixed Parkland analog
et al., 1992) Forest Forest  Forest Forest

(a) Modern, 1st iteration
Tundra 9 17 0 0 0 0 0 - — 26
Boreal Forest 0 122 16 72 1 0 o - 211
Cool Conifer Forest — - e — — — e
Mixed Forest 0 0 2 185 56 0 0 — — 243
Deciduous Forest 0 0 0 24 152 20 1 e 197
Southeast Forest 0 0 0 0 23 66 1 — — 90
Prairie t 0 0 0 8 2 7 -— 18
Aspen Parkland 0 0 0 6 0 0 0 - 6
No Analog 0 0 0 0 0 0 o - — 0
Total 10 139 18 287 240 88 9 — = 791

(b} Modern, 2nd iteration
Tundra 13 13 0 0 0 0 0 - — 26
Boreal Forest 3 117 16 73 0 0 o - e 211
Cool Conifer Forest - — — - — — e -
Mixed Forest 0 0 2 234 7 0 0 — - 243
Deciduous Forest 0 0 0 59 133 4 1 — — 197
Southeast Forest 0 0 0 6 18 64 2 - -~ 90
Prairie 0 0 0 1 6 4] 11 — 18
Aspen Parkland 0 0 0 6 0 0 0 6
No Analog 0 0 0 0 0 0 0 - - 0
Total 18 130 18 379 164 68 14 - 791

(c} Modern, 3rd iteration
Tundra 13 13 0 0 0 0 0 — 26
Boreal Forest 5 175 19 12 0 0 0 - 211
Cool Conifer Forest — —e - — — — -
Mixed Forest 0 1 38 192 12 0 0 — 243
Deciduous Forest 0 0 0 38 151 7 1 — 197
Southeast Forest 0 0 0 1 18 70 2 — 91
Prairie 0 0 0 0 6 0 12 18
Aspen Parkland 0 0 1 4 0 0 1 - - 6
No Analog 0 0 0 0 0 0 0 — 0
Total 18 189 58 247 187 77 16 — - 791

(d) Modern, ‘Optimal’

Tundra 5 5 0 0 0 0 0 - 10
Boreal Forest 1 151 10 6 0 0 0 - — 168
Cool Conifer Forest - e — - - o — - e
Mixed Forest 0 1 31 147 3 0 0 - 182
Deciduous Forest 0 0 0 15 113 3 1 = 132
Southeast Forest 0 0 0 0 4 59 1 — - 64
Prairie 0 0 0 0 5 0 11 - 16
Aspen Parkland 0 0 0 0 0 0 0 - - 0
No Analog 0 0 0 0 0 0 0 — - 0
Total 6 157 41 168 125 62 13 — - 572

kappa statistic (Prentice et al, 1992; Monserud
and Leemans, 1992; Cohen, 1960). The kappa statistic
is calculated as follows:

where p, =Y., ay/n is the observed proportion of
agreement (a;; are the entries lying on the main diago-
nal; n is the total number of sites considered) and p, =
Y7, ric;/n” is the proportion of agreement expected if
K = Do — De all agreements occurred by chance alone (r; and ¢; are
row and column totals).
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TABLE 3. (Continued)
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PFT method
MAT (Overpeck Tundra Taiga Cool Cool Temperate Warm Steppe  Aspen No Total
et al., 1992) Conifer Mixed  Deciduous Mixed Parkland analog
Forest Forest Forest Forest
(e) 6 ka, 3rd iteration
Tundra 7 0 0 0 0 0 0 - - 7
Boreal Forest 4 27 5 0 0 0 0 36
Cool Conifer Forest -— - - — : - - —
Mixed Forest 0 4 9 111 4 3 0 — — 131
Deciduous Forest Q 0 0 19 37 1 1 — - 58
Southeast Forest 0 ] 0 0 2 9 0 11
Prairie 0 0 0 0 2 0 10 — — 12
Aspen Parkland 0 0 0 0 0 0 t 1
No Analog 0 0 0 4 0 0 0 - - 4
Total 11 3 14 134 45 13 12 260
(f) 6 ka, ‘Optimal’
Tundra 5 0 0 0 0 0 0 — S
Boreal Forest 2 25 3 0 0 0 0 - - 30
Cool Conifer Forest - - —- e — -
Mixed Forest 0 4 9 95 0 1 0 109
Deciduous Forest 0 0 0 7 27 0 0 - 34
Southeast Forest 0 0 0 0 I 9 0 - 10
Prairie 0 0 0 0 1 0 8 - — 9
Aspen Parkland 0 0 0 0 0 0 1 — I
No Analog 0 0 0 1 0 0 0 - 1
Total 7 29 12 103 29 10 9 - 199
PFT method
BIOME]! (Prentice et al., 1992) Tundra Taiga Cool Cold Cool Temperate Warm Steppe  Total
Conifer Mixed/Cold  Mixed Deciduous Mixed
Forest Deciduous Forest Forest Forest
(g} Modern, compared with BIOME1
Tundra 17 31 0 - 0 0 0 0 48
Taiga 1 122 1 2 0 0 0 126
Cool Conifer Forest 0 40 14 15 1 0 0 70
Cold Mixed/Cold Deciduous 0 3 1 - 3 1 0 4 12
Cool Mixed Forest 4] 4 41 202 108 0 2 357
Temperate Deciduous Forest 0 0 0 - 11 62 16 2 91
Warm Mixed Forest 0 0 0 — 1 11 56 2 70
Steppe 0 0 1 0 1 0 23 25
Total 18 200 58 — 234 184 72 33 799
(h) 6 ka, compared with BIOME1
Tundra 3 0 0 - 0 0 0 0 3
Taiga S 26 1 6 2 0 1 41
Cool Conifer Forest 1 7 5 - 15 S 0 1 34
Cold Mixed/Cold Deciduous 0 0 0 0 3 0 2 5
Cool Mixed Forest 0 2 8 - 95 23 4 5 137
Temperate Deciduous Forest 0 0 0 — 14 8 1 0 23
Warm Mixed Forest 0 0 0 — 0 2 6 0 8
Steppe 0 0 0 — 0 0 0 5 S
Total 9 35 14 - 130 43 11 14 256







