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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



J.W. Williams et al.: Biome Maps from Pollen Data 611

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
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Monserud (1990) proposed that the agreement
between two vegetation classification schemes be rated
as follows: <0.4 1s poor, 0.4-0.55 fair, 0.55-0.7 good,
0.7-0.85 very good, and >0.85 excellent. Individual
kappa scores may be calculated for biomes according
to the following equation:;

dii 16
" n’
K= — (Monserud and Leemans, 1992).
r; + C; riC;
2n n?

The kappa statistic requires that both classification
methods use the same categories. This requirement is
fulfilled when BIOMEI! and the biomization method
are compared, but as mentioned above the MAT and
biomization method use slightly different definitions.
To calculate the kappa scores for this section, we did
not count any sites that the biomization method classi-
fied as cool conifer forest, and matched the biomes of
Overpeck et al. (1992) to their closest PFT counterpart
(Table 2).

A simple alternative to the kappa statistic is to
calculate the frequency of ‘hits’ (correctly inferred sites)
in each biome (Table 7) and to calculate a weighted
average of these frequencies to obtain an overall statis-
tic of agreement. Although this method is simpler, its
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disadvantage is that it only measures along-row agree-
ments and does not take into account disagreements
along columns. For example, in Table 3b, the seven
sites in the MAT-inferred tundra are all classified by
the biomization method as tundra, giving tundra a per-
fect score of 1.0 in the corresponding hit frequency
table (Table 6). This ignores, however, four sites classi-
fied by the biomization method as tundra in the MAT-
inferred boreal forest (Table 3b). The kappa statistic,
which accounts for disagreements in both columns and
rows, captures the differences in tundra classifications
indicated by these sites (icy = 0.82). Both the kappa
statistic and hit frequencies are presented for purposes
of comparison, but the overall agreement is better
captured by the kappa statistic than it is by the simpler
hit frequencies.

THE BIOMIZATION METHOD

The biomization method (Prentice et al., 1996) asso-
ciates biomes with pollen samples (modern or fossil) in
five steps by (1) assigning pollen taxa to PFTs, (2)
assigning PFTs to biomes, (3) combining the results of
steps (1) and (2) to assign pollen taxa to biomes, (4)
calculating affinity scores between each pollen sample
and biome, and (5) assigning each pollen sample to the

TABLE 4. Assignments of plant functional types (PFTs) to biomes for eastern North America

Biomes
Taiga Cool Cool Tempe- Warm  Tundra Steppe  Cold Cold Xero- Desert
Conifer Mixed rate Mixed Decid- Mixed  phytic
Forest  Forest  Decid-  Forest uous Forest Woods/
uous Forest Scrub

Plant functional types Forest
Boreal Evergreen Conifer X X X
Cool Temperate Conifer X X (X) X
Eurythermic Conifer X X X (X) X X X X
Boreal Summergreen X X X X X X
Cool Temperate X X X X X

Summergreen
Temperate Summergreen X X X
Warm Temperate X X

Summergreen
Warm Temp. Broad-Lvd. X X

Evergrn.
Arctic Alpine Shrub X
Sedge X X
Steppe Forbs X X
Desert Forbs X
Intermediate Temperate X X

Conifer
Cool Temperate X X

Evergreen
Warm Temp. Schierophyli X

Shrub
Grass X X X
Health X X X X X X X X

{X) indicates that the PFT originally belonged to that biome but was removed by us.
X indicates that the PFT originally did not belong to that biome but was added by us.
Biomes and PFTs not in boldface were not considered in this paper; they are included for completeness.
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biome with the highest affinity for that sample
and resolving ties if necessary. The biomization
method as developed by Prentice er al. (1996) is
described below, and our modifications are set forth in
a later section.

The biomization method requires that pollen taxa
explicitly be assigned to PFTs(Table 1). A pollen taxon
in theory should belong to only one plant functional
type, but this is not always the case because pollen taxa
are usually identifiable only to genus or family level,
and species from the same genus can have different life
forms and/or climatic tolerances. For example, Betula
papyrifera and B. alleghaniensis are, respectively, boreal
and cool-temperate summergreen trees found across
northeastern North America, but give way in the Ca-
nadian boreal forest to Betula nana, which grows as an
Arctic alpine shrub. Similarly, Pinus in eastern North
America today consists of two separate populations:
northern pines (e.g. P. strobus, P. banksiana, P. resin-
osa) and southern pines (e.g. P. taeda. P. palustris,
P. elliotti).

Biomes are defined as assemblages of PFTs (Table 4)
(Prentice et al, 1992, 1996). Since all PFTs have
inherent climate spaces, which frequently overlap, any
given region may contain several PFTs, and biomes
are simply the labels given to the various possible
PFT assemblages. Naturaily, a PFT may belong
to more than one biome. Our initial PFT-biome
assignments followed those of Prentice et al. (1996), but
we later changed several assignments to match ob-
served PFT-biome relationships in ENA today (see
below).

Once taxa are assigned to PFTs and PFTs to bio-
mes, taxa may then be matched to biomes using PFT’s
as an intermediary, i.e. if taxon a belongs to PFT b, and
PFT b belongs to biome ¢, then taxon « is considered
to belong to biome ¢. Taxa were matched to biomes by
multiplying the taxon x PFT and PFT x biome ma-
trices to produce a matrix with 23 rows (taxa) and
7 columns (biomes) {see Table 3).

Affinity scores measure the suitability of biomes for
a given pollen sample and are calculated for all poten-
tial biomes at each site according to the following
equation:

A=Y dulpy — 0,)"°

i=1

where A, is the affinity score of biome k for sample /, p;
the pollen percentage of taxon i in sample [, dy,
obtained from the taxon x biome matrix, reflects
whether taxon i is in biome k (6, =0 or 1), n is
the number of taxa (in this paper, n=23), and
0; a threshold value, initially set for all taxa at
0.5%.

Affinity scores thus consist of a sum of square roots
of pollen percentages, less a threshold value. Taking
square roots downweights the more abundant taxa,
while setting a threshold value reduces noise arising
from low amounts of pollen. So that only pollen

taxa characteristic of a biome will ‘vote’ for that
biome, each pollen percentage is multiplied by d;,
which is equal to 1 if taxon i is present in biome k,
0 otherwise. Because several biomes contain similar
groups of taxa, the biomization method is at times
overly dependent upon the presence or absence of
certain taxa, e.g. Betula is critical for choosing between
the temperate deciduous and warm mixed forest bi-
omes (Table 5).

Once affinity scores have been calculated for all
biomes, the biome with the highest affinity score is
assigned to the sample. However, ties in affinity scores
often result when one biome is a subset of another (e.g.
taiga is a subset of cool conifer forest which is a subset
of cool mixed forest; see Tables 4 and 5), and we found
that, due to our relatively short taxon list, biomes were
similar enough that ties often occurred. Prentice et al.
(1996) established a tie-break ranking of biomes to
favor biomes that were subsets of other biomes. We
developed an alternative algorithm, based upon the
average abundance of taxa for a given time interval, that
also accounts for ties when biomes are not subsets (see
below).

INITIAL MODIFICATIONS AND RESULTS

Modifications

Initially we used the taxon—-PFT-biome assignments
determined by Prentice et al. (1996). However, four
genera not present in Europe also had to be assigned to
PFTs. Carya and Celtis, which occur throughout mo-
dern ENA forests mainly south of 45° latitude, were
assigned to the temperate (broad-leaved) summergreen
PFT. Liguidambar, highly susceptible to frost, was as-
signed to the warm temperate (broad-leaved) summer-
green PFT (Fowells, 1975). Tsuga is restricted to the
northern mixed forest and the southern fringe of the
boreal forest and so was classified as a cool temperate
conifer. Four biomes, cold deciduous forest, cold mixed
forest, xerophytic woods/scrub, and desert, when re-
constructed by the biomization method, had no signifi-
cant presence in ENA. Experiments showed that a few
pollen samples were assigned to these biomes, but they
showed no coherent distribution and effectively added
a source of noise to the biome maps. These biomes
were included in our working runs, but were dropped
when making the final runs, and the pollen samples
were reassigned to the next closest biome.

Preliminary attempts to apply the biomization
method to ENA pollen data revealed that in one out of
three modern samples the affinity scores for two bio-
mes were tied. Ties occur primarily when the taxa of
one biome are a subset of the taxa of another (e.g. taiga,
cool conifer forest, and cool mixed forest), but can also
occur when two biomes have highly similar taxon lists
but are not subsets. To resolve ties, Prentice et al.
{1996) ranked biomes such that subset biomes were
always favored over the more inclusive biomes, but did
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TABLE 6. Kappa scores for the match between classification schemes overall and for individual biomes

MODERN

6 KA

Modern Potential Biomes vs.

BIOMEI vs. MAT wvs. BIOMET vs.

Ist iteration  2nd iteration 3rd iteration  ‘Optimal’ 3rd iteration  3rd iteration  ‘Optimal’ 3rd iteration
(Fig. 1j (Fig. 2) (Fig. 3) (Fig. 5) (Fig. 4) (Fig. 6)
Overall score 0.60 0.66 0.79 0.89 0.53 0.75 0.87 0.39
Standard 0.02 0.02 0.02 0.02 0.02 0.04 0.03 0.05
deviation
Tundra 0.49 0.58 0.58 0.62 0.50 0.77 0.83 0.49
Taiga 0.66 0.65 0.89 0.94 0.70 0.85 0.87 0.63
Cool Conifer - — 0.15 - - 0.14
Forest
Cool Mixed 0.56 0.62 0.79 0.89 0.51 0.75 0.87 0.38
Forest
Temp. Deciduous 0.58 0.66 0.71 0.84 0.35 0.64 0.83 0.16
Forest
Warm Mixed 0.71 0.79 0.81 0.93 0.77 0.74 0.89 0.62
Forest
Steppe 0.51 0.68 0.72 0.75 0.85 0.86 0.94 0.58

not provide a strict logic for ties between biomes that
are not subsets. We adopted an alternative procedure
that calculated the average abundance in ENA of
a pollen taxon for each time slice, and ranked biomes
by the sum of the average abundances of their consti-
tuent pollen taxa. When ties occurred the biome with
the smaller sum was chosen. This procedure has the
same effect as the Prentice et al. tie-break when one
biome is a subset of another, but in other cases will give
preference to a biome with relatively rare taxa (their
presence in the pollen record is more informative) over
a biome with more common pollen types. Note that
because average pollen abundances are calculated
for each time slice, the tie-break ranking of biomes
changes somewhat over time.

Results

When applied to modern pollen data in eastern
North America, the biomization method yielded a
broad agreement with observed biomes, but also con-
tained many mismatches (Fig. 1) and had an overall
kappa score of k = 0.60, suggesting a good but far from
excellent agreement. Inspection of the kappa scores for
individual biomes (Table 6) and the map overlay
(Fig. 1) pointed to specific areas of disagreement: (1)
cool mixed forest sites were scattered throughout the
observed boreal forest, (2) cool conifer forest was not
well represented by the biomization method; (3) the
temperate deciduous/cool mixed forest boundary was
placed too far north in Michigan, New York, and
Massachusetts; (4) the biomization method did not
distinguish coherently the temperate deciduous and
warm mixed forest biomes; (5) the biomization method
placed the steppe/forest boundary too far west; and
(6) tundra, with the lowest individual kappa score
(k7 = 0.49), was not well represented by the biomiza-
tion method. The map overlay (Fig. 1) and the indi-

vidual kappa scores (Table 6} at times highlight
different disagreements. Tundra and steppe, on the one
hand, had the lowest individual kappa scores because
they contained the fewest number of pollen sites and
were most affected by a few mismatches. On the other
hand, the large number of cool mixed forest sites in the
observed boreal forest is visually striking but was
mitigated by the large number of taiga sites and is less
noticeable in the kappa statistic for taiga (xq, = 0.66).

Some mismatches were due to the biomization
method inadequately distinguishing between biomes
with highly similar taxon lists {e.g. cool mixed forest,
temperate deciduous forest, warm mixed forest; see
Table 5). In addition, a comparison of isopoll maps
(Webb et al, 1993) and modern observed biomes
(Fig. 1) revealed that our initial use of taxon-PFT-
biome assignments from Prentice et al. (1996) over-
looked several important differences in taxonomic
composition between ENA and European biomes. In
particular, temperate deciduous forest in eastern North
America can be distinguished from the cool and warm
mixed forests by the relatively low pollen abundance
for Pinus and other conifers (Webb et al., 1993). The
under-representation of steppe arose in part because,
unlike in Europe, Cyperaceae pollen is moderately
abundant in ENA steppe samples. Excluding Cypera-
ceae from steppe, therefore, weakened the ability of the
biomization method to distinguish steppe vegetation.
We changed several PFT-biome assignments to ac-
count for these observations (see below).

SECOND ITERATION OF MODIFICATIONS
AND RESULTS

Modifications

As a first pass at improving the match of biomes
inferred by the biomization method to modern
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observed biomes, we altered three PFT-biome assign-
ments: (1) the cool temperate conifer PFT, containing
Abies and T'suga, was removed from temperate decidu-
ous forest; (2) eurythermic conifer, containing Pinus,
also was removed from temperate deciduous forest;
and (3) Cyperaceae was added to steppe.

We removed the cool temperate contfer PFT from
temperate deciduous forest because isopoll maps of
Abies and Tsuga (Webb et al., 1993) show that the
southern limit of their ranges coincides with the cool
mixed forest/temperate deciduous boundary (Fig. 1).
A similar examination for Pinus reveals that a central
feature of modern temperate deciduous forest is a low
abundance of Pinus. Not using Pinus to distinguish
temperate deciduous forest from other forest biomes
severely handicapped the biomization method, and we
therefore removed the eurythermic conifer PFT from
temperate deciduous forest (Table 4). This modifica-
tion alone, however, was not sufficient because Pinus
is a ubiquitous taxon and its pollen is present
at some level in most samples from ENA. However,
while Pinus pollen is present to some degree at sites in
the temperate deciduous forest, isopoll maps indicate
that pollen abundances >25% are reserved for
the adjacent cool and warm mixed forest biomes
(Webb et al, 1993). Consequently, we raised the
Pinus threshold (®p) to 25% to ensure that only high
abundances of Pinus would vote against temperate
deciduous forest.

| ) >

=

% ~
|

Biome Key

Modern Observed Biomes
(Background Regions)

- Tundra

Boreal Forest

Mixed Forest
Deciduous Forest
Aspen Parkland
Prairie

Southeast Forest

No Analog

Results

A significantly improved map of modern biomes
results from the inclusion of the new PFT-biome
assignments (Fig. 2), and the overall kappa score in-
creases to 0.65 (Table 6). The increase for the kappa
score was relatively small because the affected biomes
contain relatively few pollen sites, but all of the kappa
scores for individual biomes either improved or held
constant (Table 6). The addition of sedge to steppe
improved the representation of steppe (kg rises from
0.51 to 0.68), but the steppe/forest boundary is still too
far west. Removing Pinus from temperate deciduous
forest (thus differentiating it from the cool and warm
mixed forests) improved the representation of tempe-
rate deciduous forest (kqp rises from 0.58 to 0.66),
making the biome much more internally cohesive and
its boundaries with cool and warm mixed forest much
closer to modern observed biome patterns. An unin-
tended benefit of raising the Pinus threshold to 25%
was the improved representation of tundra: this change
negated small amounts of Pinus pollen that had pre-
viously led the biomization method to favor taiga over
tundra. The modifications did not improve the repre-
sentation of taiga, since cool mixed sites continued to be
inferred too far north. The cool mixed forest biome was
also overemphasized by the biomization method in the
southern Appalachians and southern New England.
The causes for these discrepancies are discussed below.

Biome Key

PFT Classification
(Triangies)
aTaiga (148)
A&Cool Conifer Forest (18)
ATemp Decid Forest (165)
ACool Mixed Forest (388)
&Warm Mixed Forest (68)
AXerophytic Woods/Scrub (1)
ASteppe (32)
ATundra (19)

FIG. 2. The second iteration of the biomization method overlain upon modern observed and potential biomes. See the caption for Fig. 1 for
a fuller description.
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THIRD ITERATION OF MODIFICATIONS
AND RESULTS

Modifications

The incorrect assignment of cool mixed forest sites
to the observed boreal forest was mostly caused by
relatively low (< 1%) values of warm temperate sum-
mergreen taxa such as Quercus, Ulmus, Fraxinus, or
Ostrya-Carpinus. The presence of any of these taxa in
abundances greater than the threshold value of 0.5%
was enough to tip the biomization method in favor of
cool mixed forest over taiga (see Table 5), but the
invariably low pollen percentages of these taxa suggest
that the taxa are not significantly present in the boreal
landscape. This suggests that the problem is mainly
one of noise created by low pollen percentages present
for all pollen samples, and so we raised the threshold
value (0;) to 1% for all taxa to decrease the impact of
this source of noise.

Cool mixed forest sites continued to be found within
the boreal forest, however, and were still over-repre-
sented by the biomization method in southern New
England and the southern Appalachians. A survey of
the pollen percentages at these sites revealed that small
but greater than 1% abundances of Quercus, Betula,
and Tsuga were responsible for this discrepancy: Quer-
cus pollen favored cool mixed forest over cool conifer
forest and taiga, Tsuga pollen favored cool mixed
forest over temperate deciduous forest, and Betula pol-
len favored cool mixed forest over warm mixed forest
in the southern Appalachians. Because Quercus and
Betula may be over-represented in the pollen record or
have significant background percentages (Bradshaw
and Webb, 1985; Webb et al, 1981), small pollen
percentages of these taxa may be caused by a few
locally prolific producers or long-distance transport
rather than a significant regional presence. We
provide a rough adjustment for this possibility by
raising the threshold value for these pollen taxa to
2.5%. We also raised the Tsuga cutoff to 2.5%. This
does not reflect a similar over-representation, but
rather was done because the 2.5% isopoll today
approximates the extent of cool mixed forest in the
southern Appalachians (Webb et al., 1993). This is an
empirical tuning that should become unnecessary
when more taxa are added to discriminate the cool and
warm mixed forests.

Results

These modifications led to further improvements
in the match between the PFT-derived biome classi-
fication and observed vegetation (Tables 6 and 7,
Fig. 3). The overall kappa score increased to 0.79
and the overlay map revealed a high qualitative
agreement between modern potential biomes and the
biomesinferred by the biomization method, and many
of the more systematic errors were eliminated. The
pollen-derived biomes match observed biomes in

extent, in internal cohesiveness, and have improved
kappa scores.

Tundra is the least affected by these modifications,
and has the lowest individual kappa score (ky = 0.58).
Of the 26 sites in the modern tundra, only 13, all of
which are east of Hudson Bay, are correctly classified
(Table 3c). The other thirteen sites, however, are mostly
within 50 km of observed boreal forest, and are classi-
fied as taiga.

Ninety-one percent of the sites in the observed
boreal forest are classified as taiga, and the taiga biome
has the best individual kappa score (k, = 0.89). Five
sites are classified as tundra (Table 3c), most of which
occur within 15 km of observed tundra. The remaining
12 mismatches are cool mixed forest sites, which most-
ly fall within 50 km of observed cool mixed forest. Not
included in the calculation of ky, and hit frequency are
19 sites classified as cool conifer forest, occurring along
the southern fringe of observed boreal forest where
cool-temperate taxa such as Ulmus, Fagus, Acer, and
Tsuga are present. If these sites are included, xr, drops
to 0.83, still a very good score.

Sites in the observed mixed forest are well characte-
rized by the biomization method as representing cool
mixed forest (kcy = 0.79); of the 243 sites occurring in
the mixed forest, 94% are classified as cool mixed
forest or cool conifer (Table 7). Cool conifer forest, not
considered as a category by Overpeck er al. (1992), is
most similar to cool mixed forest (Table 2), and is
distinguished from cool mixed forest by an absence of
temperate summergreens (e.g. Quercus, Carya, and
Fraxinus). The cool conifer sites occur in a swath from
southern Manitoba to Nova Scotia and southwestern
Newfoundland. Olson er al. (1984) also mapped cool
conifer forest throughout most of this area; however,
between the Great Lakes and the St. Lawrence River
the cool conifer forest zone predicted by the biomi-
zation method extends approximately 150 km south of
the zone mapped by Olson et al. (1984).

Deciduous forest has a good to very good kappa
score (krp = 0.71), with 77% of the 197 sites classified
as temperate deciduous forest. Of the mismatches, 38 of
46 are classified as cool mixed forest (Table 3c). Most of
these cool mixed sites occur in three areas: (1) within
50 km of observed cool mixed forest, (2) in the Appala-
chian Mountains where higher resolution maps show
cool mixed forest (Fowells, 1975; Olson et al., 1984;
Webb, 1987), and (3) on Cape Cod where Pinus is
abundant due to sandy soils (Winkler, 1985).

Seventy-seven percent of sites in the southeastern
forest are classified as warm mixed forest by the biomi-
zation method (kwy = 0.81). Of the remaining sites, 18
of 21 are classified as temperate deciduous forest
{Table 3c). Of the temperate deciduous sites, three
occur within 50 km of the observed deciduous forest/
southeastern forest border, and 11 occur within a corri-
dor along the Mississippi River observed to be river
bottom forest and non-forest vegetation (Fowells,
1975). River bottom forest is predominantly Cypress-
Tupelo-Sweetgum (Taxodium-N yssa-Liquidambar), and
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TABLE 7. Weighted averages of the percent agreement between the biomization method and either the modern analog technique (MAT) or
BIOME]!

MODERN

6 KA

Modern Potential Biomes vs.

BIOME1 vs. MAT vs. BIOMEL vs.

Ist iteration  2nd iteration 3rd iteration ‘Optimal’

3rd iteration  3rd iteration ‘Optimal’ 3rd iteration

(Fig. 1) (Fig. 3) (Fig. 4) (Fig. 6) (Fig. 3) (Fig. 7)

Overall score 0.73 0.80 0.85 0.92 0.33 0.85 092 0.26

Standard 0.03 0.03 0.03 0.03 0.03 0.05 .04 0.06
deviation

Tundra 0.35 0.50 0.50 0.50 0.35 1.00 1.00 1.00

Taiga 0.63 0.60 0.91 0.96 0.97 0.87 0.93 0.63

Cool Conifer - —- - — 0.20 — —- 0.15
Forest

Cool Mixed 0.77 0.97 (1,94 0.97 0.57 091 0.95 0.69
Forest

Temp. Deciduous 0.77 0.68 0.77 0.86 0.68 0.64 0.79 0.35
Forest

Warm Mixed 0.73 0.71 0.77 0.92 0.80 0.82 0.90 0.75
Forest

Steppe 0.39 0.61 0.67 0.69 0.92 0.83 0.89 1.00

the low levels of Pinus (usually <10%) at these sites
causes the biomization method to choose temperate
deciduous forest over warm mixed forest.

Steppe has a very good kappa score (ks = 0.72) and
of the 18 sites in steppe 12 are correctly assigned by the
biomization method. The six remaining sites, occurring
from eastern South Dakota to northern Missouri, are
mostly less than 100 km from observed temperate de-
ciduous forest. These sites are presumably influenced
by arboreal pollen transported from the east or arbor-
eal pollen from local tree-rich drainages. These sites
typically contain a minimum of 30—-40% forb pollen,
underscoring the point that the biomization method in
general is more sensitive to the presence/absence of
taxa rather than to large abundances.

The resulting biome map (Fig. 3) is highly similar to
the observed and potential biome distributions, with
only the prairie-forest boundary remaining signifi-
cantly offset. The corresponding kappa score (Table 6),
however, is more conservative, as it captures discre-
pancies not only caused by errors in the biomization
method but from other causes as well. First, individual
pollen samples may capture the intermingling nature of
most biome boundaries if the pollen site is within a
localized patch of an adjacent biome, but the modern
observed biome transitions are mapped as abrupt con-
tacts. Furthermore, even when vegetative gradients are
fairly abrupt, the dispersive nature of pollen acts to
smooth the pollen gradients (Jackson er al., 1997).
Second, the limited number of biomes and the relative-
ly coarse resolution of the Overpeck maps masks
smaller-scale differences in the vegetation. The Appa-
lachian Mountain sites classified as cool mixed forest
are one example; another is the river bottom forest
occurring along the southern Mississippi River

(Fowells, 1975), which is included within southeastern
forest by Overpeck et al. (1992). Counting sites identi-
fied as temperate deciduous forest in this region as
evidence against the accuracy of the biomization
method does not take into account compositional dif-
ferences between river bottom forest and warm mixed
forest. River bottom forest is predominated by Taxo-
dium, Nyssa, and Liquidambar and has very low Pinus
abundances, while warm mixed forest is composed
mostly of Pinus and Quercus.

To provide a kappa score that did not penalize the
biomization method for other sources of error, we
deleted the 16 sites within the river bottom forest (as
defined by Fowells, 1975) and the 204 sites within
50 km of a border and recalculated the kappa statistic
with the remaining 572 sites. We chose 50 km because
the precision of potential biome maps, as estimated by
comparing those in Webb (1987) and Overpeck et al.
(1992), 1s approximately 100 km. As a result of elimi-
nating these 220 sites, the kappa score improves from
0.79 to 0.89, suggesting that the agreement between the
biomes inferred from the biomization method and
those observed may be better than our conservative
estimate (Table 6).

In summary, after modification, the biomization
method accurately classifies ENA pollen data into bio-
mes. Along most biome boundaries there is some blur-
ring, as might be expected from observed transitions
between biomes, but only along the steppe/forest
boundary is there a systematic bias. This overall suc-
cess can be further evaluated by comparing the recons-
truction of 6 ka vegetation by the biomization method
to that by the MAT (Overpeck er al, 1992) to see
whether the modifications link the biomization
method too tightly to present-day patterns.
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Biome Key

Modern Observed Biomes
(Background Regions) ;

- Tundra

Boreal Forest
Mixed Forest

Deciduous Forest

|
- Aspen Parkland
|
]

Prairie

Southeast Forest

No Analog

Biome Key

PFT Classification
(Triangles)

ATaiga (209)
&Cool Conifer Forest  (61)
aTemp Decid Forest (188)
ACool Mixed Forest  (251)
AWarm Mixed Forest (77)
ASteppe (34}
ATundra (19)

FIG. 3. The third iteration of the biomization method overlain upon modern observed and potential biomes. See the caption for Fig. 1 for a fuller
description.

COMPARING BIOMIZATION METHOD AND
MAT RESULTS AT 6 ka

The biome maps produced by the biomization
method for 6 ka can be evaluated by comparison to
biome maps inferred by the MAT to the biome map
produced for Quebec by Richard (1995), and to the
movement of plant taxa as recorded by shifts in pollen
and macrofossil frequencies. The biomization method
and MAT vegetation maps for 6 ka (Fig. 4) agree well
qualitatively (Fig. 4) and quantitatively (Tables 6 and
7). Removing border sites as described above (the pre-
sence of river bottom forest was not considered for
6 ka) raises the kappa score from 0.75 (very good) to
0.87 (excellent). The two maps show no serious discre-
pancies or offsets in biome distributions, including the
steppe/forest boundary. That the biome shifts inferred
by both methods are in fact matched by movements of
pollen taxa is supported by isopoll maps (Webb, 1987;
Webb et al, 1993), and the pollen record is further
supported by similar spatial patterns in the macrofossil
record (Jackson et al., 1997). Both biome maps show
a northward extension of the cool mixed forest and an
eastward movement of prairie in the Midwest — two
long-recognized patterns in pollen maps (Webb er al.,
1983a, b; Wright, 1968).

All seven sites in the region classified as tundra by
the MAT are classified by the biomization method
as tundra (xy = 0.82), and match other pollen-based
reconstructions of the 6 ka tundra-taiga boundary

(Richard, 1995). Areas classified as boreal forest by the
MAT show a close match to sites classified as taiga by
the biomization method, with a kappa score of 0.85.
The exceptions are four sites classified as tundra and
five sites classified as cool conifer forest (Table 3b); if
these cool conifer sites are included in the calculations,
K1 drops to 0.79.

The region identified by the MAT as mixed forest is
well characterized (xcy = 0.75) by the biomization
method, with 92% classified as cool mixed or cool
conifer forest (Table 3b). The extent of cool conifer
forest at 6 ka is similar to its inferred extent today. The
few areas identified as containing no-analog vegetation
by the MAT are classified as cool mixed forest by the
biomization method. The appearance of three warm
mixed forest sites in the northern mixed forest is caused
by a combination of high abundances of Pinus with an
absence of northern types such as Picea, Abies, and
Tsuga that would indicate cool mixed forest over
warm mixed forest. Clearly a difficulty here is distin-
guishing between northern and southern pines
— a problem that may be overcome by referring to the
macrofossil record (Jackson et al., 1997) or by classify-
ing Pinus pollen on the basis of the accompanying
pollen taxa (Webb et al., 1993).

The region classified by the MAT as deciduous for-
est is matched well by the temperate deciduous forest
sites identified by the biomization method. The kappa
score {0.64) is relatively low, however, because of
a number of cool mixed forest sites in southern New
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MAT Classification
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Biome Key

PFT Classification
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A&Cool Conffer Forest  (14)
A&Temp Decid Forest  (44)
ACoot Mixed Forest  (136)
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ATundra (14)

FIG. 4. The third iteration of the biomization method now applied to pollen data from 6 ka. overlain upon a biome map obtained by applying the
MAT to fossil pollen data (Overpeck et al., 1992). The color scheme is the same as in Fig. 1.

England. Of the 19 cool mixed forest sites identified in
the MAT-inferred deciduous forest, five occur along
the Appalachians and ten are within 40 km of MAT
mixed forest. Nine of the 11 sites occurring in the
MAT-inferred southeastern forest are classified as
warm mixed forest (xwy = 0.74).

The movement of biome boundaries inferred by the
biomization method and MAT can be explained as the
sum of individual plant migrations. The major features
of the 6 ka biome map relative to today are (1) a
more southerly extent of tundra in Quebec (Richard,
1995), (2) a reduced taiga and more northerly cool
mixed forest, (3) a stable temperate deciduous-cool
mixed forest boundary, (4) an eastward shift of the
steppe-forest boundary, and (5} a reduced warm mixed
forest. Each of these features can be linked to the shifts
of one or more major plant types as indicated in both
the pollen and macrofossil records (Webb et al,
1993, Jackson et al., 1997). The reduced extent of taiga
and the corresponding encroachments by tundra and
cool mixed forest is signaled by a contraction of the
distribution of Picea pollen and a northward shift of
Pinus, and Tsuga pollen. An eastward shift in the
Cyperaceae and prairie forb isopolls is echoed by an
eastward but lesser movement of the prairie-forest
boundary. The reduction in the warm mixed forest at
6 ka is explained by the more limited range of the
southern pines.

Overall the biome maps produced by the biomiza-
tion method show a close similarity to maps not only
of modern observed and potential vegetation but aiso
of past vegetation as reconstructed by the MAT. The

agreement, although not excellent, is consistently very
good, suggesting that the modified biomization
method and the MAT are perceiving consistent and
valid patterns from the pollen data. Furthermore, the
inferred movements of biomes from 6 ka to today are
matched by the shifts in isopolls of individual taxa
(Webb et al., 1993; Webb et al., 1983a, b; Wright, 1968),
and the pollen record is itself supported by the avail-
able macrofossil data (Jackson et al., 1997). In the next
section, we compare the vegetation patterns inferred
from the biomization method to vegetation simulated
by BIOMEI from CCM1 (Kutzbach et al,, 1998), and
test whether BIOME1 will match the biomization
method as well as the latter matched modern vegeta-
tion and MAT-inferred vegetation.

EVALUTATING BIOME1 RESULTS WITH
BIOMES FROM POLLEN DATA

Biome Estimation for Today

For today’s vegetation, BIOME1 mapped most bio-
mes in locations generally similar to those of the biomi-
zation method, but the corresponding kappa score
{x = 0.53) indicates only a fair agreement (Fig. 5; Tables
6 and 7). BIOMEI correctly captures the north to
south sequence of biomes and roughly approximates
their sizes, but the locations of biome boundaries are
offset significantly in several places. In general, wher-
ever BIOME! and the biomization method agree, both
match observed vegetation, but where they disagree
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BIOMET1 also notably differs from observed biomes.
The closest agreement is seen in the warm mixed forest
(kwm = 0.77), which has a very similar distribution
under the two classification schemes. Taiga also is in
good visual agreement, although the biomization
method infers taiga to extend farther north than does
BIOMEI1.

Differences, however, predominate, of which seven
stand out. First and foremost is the offset of the cool
mixed/temperate deciduous forest boundary, which
BIOME] places too far south. The boundary is in-
creasingly offset to the west, up to as much as 600 km.
The placement of this boundary greatly affects kappa
scores because of the high density of pollen sample sites
in this area. Second, BIOME1 simulates no cool mixed
forest in northern Minnesota west of Lake Superior in
contrast to the modern vegetation and pollen evidence
for this biome there (Fig. 5). Third, BIOME! simulates
cool conifer forest mostly north of where the biome is
placed by the biomization method. The two regions of
cool conifer agree near Lake Winnipeg, but from there
eastwards they diverge, to the point of no overlap in
the Quebec-New Brunswick—Maine region. The map-
ping of observed cool conifer forest by Olson et al.
(1984) agrees partially with both. Olson et al. (1984)
map cool conifer forest in Maine and New Brunswick
(agreeing with the biomization method) but farther
west, they map cool conifer forest in southern Ontario

Biome Key
BIOME1 Classification

(Background Regions)
Tundra
Taiga

Cool Conifer

Cold Mixed Forest/
Cold Deciduous

Cool Mixed Forest

Temperate Deciduous Forest

Steppe
Evergreen/ Warm Mixed
Xerophytic Woods/ Shrub

Tropical Forest
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and Quebec (agreeing with BIOME1). Fourth, tundra
east of Hudson Bay is placed too far south by
BIOME]1 relative to the biomization method and is
farther south than shown by the map of modern vege-
tation. Fifth, although steppe has a high kappa score
(ks = 0.85), BIOME1 places the steppe/forest bound-
ary somewhat west of the boundary set by the biomi-
zation method, which is in turn west of the observed
boundary (Figs3 and 5). Sixth, the biomization
method did not predict any regions of cold deciduous
or cold mixed forest. This is because we removed these
biomes from consideration, but even when we per-
formed experiments (not shown here) allowing cold
deciduous and cold mixed forest to be considered the
two biomes were not represented to any significant
degree. BIOMEI1 predicts a small region of cold deci-
duous and cold mixed forest south and west of Lake
Winnipeg, but the biomization method infers instead
cool mixed forest and steppe due to the presence of
boreal evergreen conifer, prairie forb, and occasional
temperate summergreen pollen in this region. Seventh,
tropical forest, a biome not considered in our use of the
biomization method, is simulated by BIOMEI! for
southern Florida. Fowells (1975) reports southeastern
pine forest approximately as far south as the southern-
most pollen site (where the biomization method infers
a warm mixed forest), south of which they report non-
forest vegetation.

Biome Key

PFT Classification
(Triangles)

ATaiga (209)
&Cool Conifer Forest  (61)
&Temp Decid Forest (188)
ACool Mixed Forest  (251)
AWarm Mixed Forest (77)
ASteppe (34)
ATundra (19}

FIG. 5. The third iteration of the biomization method, applied to modern pollen data, overlain upon biome regions simulated by BIOME! from
the reconstruction of modern climate by CCM1. A slightly expanded color key is used for the BIOME! biomes to accommodate its additional

biomes.
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Biome Estimation for 6 ka

Most of the similarities and discrepancies identified
between the results of the biomization method and
BIOME] for 0 ka persist at 6 ka (Fig. 6; Tables 6 and
7). BIOME]1 again captures the north-south sequence
of biomes, but greater offsets between the data and the
model are reflected in increasingly divergent biome
locations and boundaries, and the kappa score drops
to 0.39, indicating a poor level of agreement overall. As
for today, warm mixed forest shows the most similarity
between the two reconstructions, and the distribution
of taiga also matches fairly well.

The boundary between the cool mixed and tem-
perate deciduous forests lies perpendicular to the
boundary inferred by the biomization method.
The northwestern region of cool mixed forest
inferred by both the biomization method and the
MAT is not simulated by BIOMEI, which places cool
mixed forest much farther southwest. BIOMEI1 conse-
quently simulates temperate deciduous forest to have
a much smaller area than inferred by the biomization
method.

Simulated cool conifer forest is offset from inferred
cool conifer forest as much at 6 ka as at 0 ka, Both
methods agree south of Hudson Bay, but farther west
BIOME] extends cool conifer forest southwest of Lake
Superior, an area identified as cool mixed and tempe-
rate deciduous forest by the biomization method and
the MAT.

Biome Key

BIOME1 Classification
(Background Regions)

. Tundra
e
Bl ool contter
Cold Mixed Forest/
Coid Deciduous

Cool Mixed Forest

Temperate Deciduous FForast

Steppe

[]
-
- Evergreen/Warm Mixed
-
|

Xerophytic Woods/Shrub
Tropical Forest

Simulated tundra does not extend as far south as
tundra inferred by the biomization method and MAT,
which in turn is supported by a similar placement of
the tundra-taiga boundary by Richard (1995). The
BIOMEI! steppe/forest boundary is significantly far-
ther west than is inferred by the biomization method
and MAT. BIOMEI predicts cold deciduous forest
along the margins of steppe, but the few sites in this
region are classified by the biomization method as
steppe or temperate deciduous forest. As at modern,
the biomization method predicts warm mixed forest
where BIOMET! predicts tropical forest.

Discrepancies can arise from flaws in the biomiza-
tion method, BIOME]1, or CCM1. Because the biomes
reconstructed by the biomization method are closer to
the MAT and other interpretations of the paleovegeta-
tion data than are the simulated biomes, discrepancies
are likely due to biases in BIOME!L or CCMI1 (see
below).

DISCUSSION

The goal of this study was to adapt the biomization
method for use with eastern North American pollen
data, and to use the pollen-derived biome maps to
evaluate the biome simulations of BIOMEI (and, in-
directly, the climate simulations of CCM1). We found
that the biomization method successfully reproduced
modern and 6 ka biome patterns but only after certain

Biome Key

PFT Classification
(Triangles)

ATaiga (36)
ACool Conifer Forest  (14)
Q b \ ATemp Decid Fores!  (44)

\ ACool Mixed Forest  (136)
AWarm Mixed Forest (13)
ASteppe (14)
ATundra (14)

FIG. 6. The third iteration of the biomization method, applied to fossil pollen data from 6 ka, overlain upon biome regions simulated by BIOME1
from the 6 ka climate reconstructions of CCM 1. The color scheme is the same as for Fig. 5.
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modifications were made to what Prentice et al. (1996)
did (e.g. selectively raising cutoff values and adjusting
PFT-biome assignments). In this section, we review
the results of the biomization method and the modi-
fications made, and discuss whether the need for
modifications to the biomization method is an inherent
consequence of the nature of pollen data, or instead is
driven by the relatively limited number of pollen taxa
used in this study. We also weigh the relative advant-
ages of the biomization method and the MAT for
reconstructing biomes from pollen data and evaluating
biome simulations, and discuss possible causes for the
discrepancies between the biome maps of BIOME!
and the biomization method.

Maps of ENA biomes reconstructed using the modi-
fied biomization method agree well with observed
modern vegetation (k = 0.79) and maps of vegetation
at 6 ka (x = 0.75) as inferred by the MAT, and are
consistent with the spatial patterns of individual pollen
abundances and macrofossil distributions (Figs 3 and
4; Tables 7 and 8; Webb et al.,, 1993; Jackson et al.,
1997). This success gives confidence that biome maps
reconstructed by the biomization method accurately
represent the actual vegetation and may be used in
turn to test other biome reconstructions. The one sig-
nificant exception is the steppe/forest boundary, which
the biomization method placed approximately 100 km
too far to the west relative to modern potential vegeta-
tion, and which both the biomization method and the
MAT place too far west when compared with isopoll
data. The bias in the steppe/forest boundary may be
caused by the greater mobility of arboreal pollen rela-
tive to herb pollen; Davis and Webb (1975) observe
that tree pollen can occur in significant amounts
(>20%) in treeless areas. Alternatively, the eastern
steppe may have been closer to a savanna, with scat-
tered trees providing local sources of arboreal pollen.
Because the height of trees make them more efficient
pollen dispersers, even a minority population could
outweigh the pollen production of the herbs. To ad-
dress these possibilities, we plan to add Poaceae to our
taxa list in the hope of improving the representation of
steppe, and are experimenting with the addition of
a parkland or savanna biome.

A major rationale for developing the biomization
method was to have a means of identifying biomes
flexible enough to handle the diverse array of plant
assemblages found globally, which is achieved by
coupling a global list of PFT-biome assignments with
regional assignments of plant taxa to PFTs (Prentice
et al.,, 1996). Any modifications made to the biomiza-
tion method to fit regional patterns in the pollen data
beyond altering taxon-PFT assignments potentially
weakens the global nature of the method. We neverthe-
less found it necessary to modify the biomization
method in order to achieve a reasonable fit to modern
ENA biomes; these modifications fall into four catego-
ries: (1) defining a new tie break procedure, (2) raising
the general threshold value from 0.5 to 1%, (3) chang-
ing PFT-biome assignments, and (4) raising the thre-

shold value for selected pollen taxa. The first and
second modifications do not affect the generality of
the biomization method, but their impact should be
evaluated for other regions. Adjusting PFT-biome
assignments was necessary given that the assignments
set by Prentice et al. (1996) for European PFT’s
do not completely match the observed distributions
of PFTs in ENA biomes. In particular, in ENA,
conifers are only present in limited quantities in the
temperate deciduous forest and Cyperaceae is found in
the steppe. Our PFT-biome assignments are not int-
ended to replace the assignments of Prentice er al.
(1996), but are proposed in order to point out the
differences between the PFT-biome relationships in
ENA and Europe. These differences must be reconciled
before a PFT- biome list can be considered globally
applicable.

Raising thresholds selectively is problematic. On the
one hand, altering thresholds provides a simple means
of accounting for over- and under-representation of
plant taxa in the pollen record. Selectively raising
thresholds in order to improve the results of the bio-
mization method, on the other hand, reduces the gene-
rality of the biomization method. The exact level of the
threshold needed will vary from region to region, and
will even be affected by the choice of the pollen sum.
Our need to modify thresholds arises in part because of
our reliance on a limited number of taxa; examination
of Table 5 reveals that biomes are frequently differen-
tiated only by one or two taxa, whose presence or
absence becomes critical in choosing between closely
related biomes. Increasing the number of taxa should
reduce the dependence on any given taxon, and should
lessen the need for selectively raised thresholds. Even
with more taxa added. however, it is likely that some
biomes will remain subsets of others (e.g. taiga, cool
conifer forest, cool mixed forest), in which case a need
for selectively raised thresholds remains, because the
biomization method is highly sensitive to the presence
of the differing taxa. For example, a pollen assemblage
composed of Picea, Abies, Pinus, Betula, Alnus, and/or
Populus, and less than 1% Quercus, will classify as taiga
(see Table 5), but a pollen assemblage identical to the
first in all ways but containing 1.1% Quercus will
classify as cool mixed forest. Yet a low but >1%
pollen abundance may not necessarily indicate even
a minor presence of a taxon on the landscape because
the pollen of some taxa, such as Pinus and Quercus, can
be transported long distances (Webb et al, 1981).
We believe that in the future using more taxa will
reduce but not eliminate the need for taxon-specific
thresholds.

The question may be raised as to why we choose to
use the biomization method when the MAT is already
an established means of inferring biomes to pollen
data. Both are viable means of reconstructing biomes
from pollen data, each having its strengths and weak-
nesses, and can be highly complementary to one an-
other. The MAT is more sensitive to pollen taxa with
high abundances than the biomization method, which
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is affected more by the presence or absence of a taxon.
The advantages of the biomization method over the
MAT are twofold. First, the biomization method does
not rely on large sets of modern samples for calibration
and is therefore useful for areas for which few sites are
available. Because the biomization method does not
require an extensive modern data set, although one is
useful for validation, biomes may be defined regardless
of whether they are present in the modern landscape.
Thus the biomization method can be applied to times
with vegetation assemblages that have no modern
counterparts. Third, the biomization method is
structurally similar to BIOME! in that both use
plant functional types as their basic vegetational
units and define biomes as assemblages of PFTs,
which makes the pollen-derived biomes of the biomiz-
ation method particularly useful for assessing the
biome simulations of BIOME!L. The major disadvan-
tage of the biomization method relative to the MAT is
that it must assign every pollen sample to a biome,
potentiaily lumping dissimilar pollen samples into
the same biome. The MAT and biomization method
thus complement one another for pollen samples that
have no modern analog. The MAT cannot classify such
samples, but identifies them as having no modern ana-
log. The biomization method would not have identified
the pollen samples as fundamentally different, but,
once identified, new biome definitions may be added
into the biomization method to accommodate these no
analog biomes.

Data/Model Comparisons

When the biomization method was used to evaluate
the vegetation simulations of BIOME], the overall
agreement between the model results and the data was
only fair to poor, and several specific discrepancies
existed. The major shortfalls in the BIOME! results
are its location of the temperate deciduous/cool mixed
forest boundary and the steppe/forest boundary, which
were consistently south or west of the data both for
today and 6 ka. These discrepancies may have been
due to inaccuracies in the climate simulation (CCM1),
the simulation of biomes from climate data (BIOME1)
or the classification of pollen data (biomization
method), but the accuracy of the biomization method
in comparison with modern observations and the
MAT gives confidence that the biomization method is
not the major source of error. Webb er al. (1997)
applied pollen response surfaces to infer climate vari-
ables from a similar pollen data set for 0 and 6 ka and
provided a direct assessment of the CCMI1 climate
simulations for ENA. The regional discrepancies in
climate and potlen terms between simulated and infer-
red patterns at 6 ka are small enough that the simu-
lated biomes should match the pollen-derived biomes
as well as the PFT-derived biomes match the MAT
biomes at 6 ka. That they do not indicates that biases
in BIOME1 cause the general problems that BIOME1
showed in matching the results of the biomization

method. BIOME]1 needs to place the cool mixed,/tem-
perate deciduous forest boundary farther north in the
Midwest, to simulate cool mixed forest in northern
Minnesota, and to simulate the steppe/forest border
farther east. These problems are being addressed by
modeling improvements in BIOME3 (Haxeltine and
Prentice, 1996).

We are continuing to work with the biomization
method. Current and future investigations include (1)
incorporating more taxa from the pollen record and
splitting up groups like prairie forbs to decrease the
need to rely on taxon-specific thresholds, (2) extending
the method to other time slices, and defining new
biomes to account for the no analog vegetation of the
late Pleistocene, (3) reapplying the biomization method
back to the European data base to assess the impact of
our modifications, and (4) estimating past and present
carbon storage for ENA from our vegetation maps.
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