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m Abstract Modern analog analysis, the comparison of Quaternary fossil pollen
assemblages with modern assemblages, has long been a mainstay of paleoecological
and paleoclimatic inference. The logic of analogical inference involves a comparative
element (comparison of modern and fossil assemblages to select matches and asses:t
goodness of fit) and a causal element (assumption that the relationships between mod-
ernvegetation and derivative pollen assemblages are matched by those between ancient
vegetation and fossil pollen assemblages). An array of numerical and statistical tools
have been developed to ensure objective, consistent, and quantitative assessments of
similarity between pollen assemblages. Divergent or convergent relationships between
vegetation and pollen assemblages can arise from a variety of sources, composing a
potential source of error in analog analysis, but such errors can be anticipated and min-
imized. Pollen assemblages lacking modern analogs are well documented for the late-
glacial period (17,000-10,000 years BP) in eastern North America and other regions.
Simulated climates for this period also lacked modern analogs owing to increased sea-
sonality of insolation, lowered CQand persistentice sheets. Most pollen assemblages
from the last glacial maximum (23,000—-20,000 years BP) in eastern North America
have modern analogs, but macrofossil and other evidence suggest that the vegetation
may have lacked modern analogs, owing to unique climate realizations and perhaps
direct effects of lowered C9 Better understanding of the nature of past no-analog
vegetation, and the underlying causes, will address important issues in ecology and
evolutionary biology and help anticipate biotic responses to the no-analog greenhouse
world of the near-future.
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INTRODUCTION

Paleobiologists live in the present but study the past. In order to make sense of
what they see in the fossil record, paleobiologists draw extensively from observa-
tions of the modern world. Taphonomic and actualistic studies of modern death-
assemblages reveal the mechanisms by which fossil assemblages are formed. Form
and function in living organisms inspire explanations of functional morphology

of extinct organisms. Ecological patterns and processes in the modern world in-
form understanding of communities and ecosystems of the past. Our knowledge
of paleobiology, from the Proterozoic through the Holocene, relies heavily on our
experience and knowledge of the present.

Quaternary paleobiologists have a modest advantage over deep-time paleobi-
ologists in that the fossil floras and faunas they study are similar or identical to
modern biota. Some species- and genus-level extinctions have occurred during the
Quaternary, particularly among vertebrates, and extant lineages underwent evolu-
tionary change, but most Quaternary biota have modern counterparts. Accordingly,
knowledge of living organisms and communities can be applied directly toward
interpretation of the Quaternary fossil record. This ability has obvious advantages,
but it can also be a trap, deceiving us into thinking that we have characterized
the rules by which past communities and ecosystems have behaved, when we are
actually missing some key elements. For example, knowledge of Quaternary vari-
ations in atmospheric C&oncentrations emerged only with analysis of ice cores
in the early 1980s, and recognition that these variations may have played major
roles in structuring plant communities and vegetation has developed only within
the past ten years.

Quaternary palynologists work with data that are inherently quantitative, in-
volving large sample sizes. Quaternary pollen assemblages from lakes and bogs
integrate vegetation over a broad area (approximatehkda®), smoothing over
local heterogeneities and site-specific biases. These properties have advantages
as well as disadvantages. Pollen data lend themselves to formal, numerical ap-
proaches to interpretation, including quantitative comparison with modern pollen
assemblages. However, what they record is something different from the plant com-
munities or stands studied directly by ecologists. Taxonomic smoothing (owing
to inability to discriminate among species and even some genera based on pollen
morphology) leads to indeterminacy concerning species composition of vegeta-
tion. Differential representation (owing to differential pollen production, dispersal,
and preservation among taxa) leads to some taxa being overrepresented and others
being underrepresented or absent. Because of widespread pollen dispersal, an indi-
vidual pollen assemblage represents a distance-weighted integration of vegetation
within a radius spanning 3010 km, much larger than a “plant community” as
conventionally defined. Understanding how pollen assemblages record vegetation
composition and pattern has been a major focus of research in Quaternary paly-
nology for several decades, and development of tools to aid interpretation of fossil
pollen assemblages has been a major priority for the field.
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Among the most powerful tools for interpreting Quaternary pollen and other mi-
cropaleontological assemblages has been the analog technique, in which numerical
methods (usually multivariate distance metrics) are used to compare individual fos-
sil pollen assemblages with a large array of modern pollen assemblages (Overpeck
et al. 1985, 1992; Huntley 1990). In this application, analog refers to a form of
inference in which two entities that are alike in some respects are assumed to be
similar in other respects as well. Thus, if a fossil pollen assemblage can be matched
closely with amodern pollen assemblage, then the vegetation and environment that
yielded the fossil assemblage is inferred to be similar to the vegetation and en-
vironment associated with the modern assemblage. Application of formal analog
techniques has greatly advanced the ability to reconstruct vegetational and envi-
ronmental changes, particularly since the last glacial maximum 21,500 yeérs BP
The techniques are particularly powerful because they are sensitive to quantitative
as well as qualitative differences between assemblages. Widespread application
of numerical analog techniques has helped confirm that many fossil pollen as-
semblages, particularly during the last glacial/interglacial transition, lack modern
analogs. The existence of past vegetation lacking modern analogs, proposed by
West (1964) based on macrofossil evidence, has important biogeographic, ecolog-
ical, and paleoclimatic implications.

In this paper we review the logic, development, methodology, and applications
of the analog approach in Quaternary paleoecology, emphasizing its successes
and breakthroughs as well as its pitfalls and shortcomings. Our emphasis is on
reconstructions of past vegetation composition from pollen data in North America
and Europe, where the technique has been most thoroughly developed and widely
applied. The analog approach has also been applied to paleoclimate reconstruction
from fossil pollen data, but vegetation persists in these applications as an implicit
intermediary between pollen and climate. Other forms of data (plant macrofossils,
diatoms, foraminifera, etc.) have also been analyzed using formal analog meth-
ods. The general issues we discuss in this review are relevant to these various
applications.

REASONING BY ANALOGY

Annu. Rev. Earth Planet. Sci. 2004.32:495-537. Downloaded from www.annualreviews.org
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Analogy is one of the most widespread forms of scientific reasoning in which
identification of shared properties between two entities is used to infer that certain
other properties are shared (Hesse 1966). In one of the most celebrated applica-
tions, Darwin (1859, 1897) observed that domesticated animals and plants possess
traits that suit them for particular tasks or functions useful to humans, that breeders
select among existing variations within populations for desirable traits (culling out
less desirable traits), and that wild animals and plants possess traits that suit them

2All ages reported are in calendar years Before Present (BP) (1950 datum), except where
otherwise noted.
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for life in their respective environments. He reasoned that the natural environment
plays a selective role analogous to that played by breeders of domesticated species,
and hence that adaptive traits in natural populations arise from natural selection.
Darwin’s arguments meet the key criteria identified by Hesse (1966) for successful
application of analogy: 1. clear and definable similarities exist between entities
(domestic and wild organisms have traits that fit particular functions), 2. positive
analogies outweigh negative analogies in some meaningful sense (e.g., the fact
that domesticated species are held captive in contrast to wild species is unim-
portant and even irrelevant in this particular context), and 3. causal relationships
within entities are demonstrable (many traits in domesticated species are clearly
attributable to artificial selection among natural variants by humans) or plausible
(the natural environment varies in space and time, individuals vary within natural
populations, “culling” occurs because of overproduction of offspring, and hence
natural selection for useful traits can occur).

The logical structure of argument by analogy is portrayed in Figure 1. Two
entities, A andB, have observable propertiesgndb) that are similar. EntityA has
a second properts which is also observable, but EntiBjs counterpart property

Entity A Entity B
A
a Observed b
(observable) (observable)
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o a & oo
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o =] I 28 |
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Figurel Schematicdiagram of the logic of reasoning by analogy, after Hesse (1966).
Two different entities A and B) are represented. The terras &, andb represent
observable propertieb; is a property of EntityB that cannot be observed directly. In
Entity A, the properties anda’ are causally linked. The propertiasndb are shared

by or similar between the two entities. By analogy, the unobservable prageofy
Entity B would be considered similar to propegyof Entity A.
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(b") is not directly observable. By analogy, the shared or similar propexties

b lead to the inference that unknown propeotyof Entity B is similar to known
propertya of Entity A. In application, these relationships are often treated as
proportionalities, wherais toa asbistob’:

a/a «cb/b/ 1)

Therefore, ifa, b, anda’ are known}’ can be inferred or estimated. Furthermore,
if propertyb changes, the corresponding changk ican be assessed based on the
change ire’ imposed by a similar change &

This form of reasoning has weaknesses, however (Hesse 1966), which fall
into two categories corresponding to the comparative and causal dimensions of
Figure 1. First, some differences will always exist between any two natural enti-
ties. Thus, any two entities will have some shared properties and some nonshared
properties. Judgment must be imposed to determine the relative importance of pos-
itive analogies and negative analogies between entities. Second, relations along the
vertical (causal) axis may not be shared between the two entities; correlative rela-
tionships betweea anda’ do not necessarily imply similar relationships between
b andb’. Arguments from analogy are strengthened when relationships among
properties within each entity (i.e., along the vertical axis) are demonstrably or
plausibly causal and when negative analogies between the entities do not involve
essential properties or causal relations (Hesse 1966). Confidence in analogy-based
inference is further strengthened by additional independent observations, analo-
gies, or arguments that also support the inference. For example, Darwin did not
stop with the analogy between selection in domesticated and natural populations,
but drew upon observations from natural history and biogeography as well as other
analogies to support his theory of evolution by natural selection (Darwin 1859,
Gould 2002).

ANALOG ANALYSIS IN QUATERNARY PALEOECOLOGY

The preceding discussion provides a framework for examining the application of
modern analogs in Quaternary ecology, where two classes of entities are compared,
one fossil and one modern. The first consists of an array of sites (lakes, wetlands,
traps, etc.) across the landscape where modern pollen assemblages have been ob
tained. Composition of these pollen assemblages—the proportions of various plant
taxa—represents one property for each entidy Each entity also has a second
property, vegetatiora(), which consists of the composition and (frequently) spatial
array of plant communities surrounding the site within some radius appropriate
to pollen dispersal properties and basin size. Vegetation can be defined in vari-
ous ways, ranging from a generalized characterization of the dominant formation
(e.g., tundra, boreal forest, deciduous forest) to a distance-weighted quantitative
expression of the abundances of constituent species. A causal relationship exists
between the pollen assemblage collected at a site and the surrounding vegetation

Annu. Rev. Earth Planet. Sci. 2004.32:495-537. Downloaded from www.annualreviews.org
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that contributes the pollen (Prentice 1988, Jackson 1994). However, pollen assem-
blages are also subject to a variety of taphonomic processes, which can bias and
distort the pollen-vegetation relationship.

The second class of entities consists of an array of particular sites at various
times inthe past. Composition of pollen assemblages from each dnigkaown,
based on pollen analysis from a dated sediment horizon or sample. The goal is to
infer composition of the vegetation responsible for the fossil pollen assemblage
(b), whichis unknown, from the pollen assemblage. The fossil assemblage is com-
pared with an array of modern pollen assemblages to identify the best-matching
modern assemblage. The proportionality relationship in Equation 1 is then applied.
The numerator termsandb represent the modern and fossil pollen assemblages,
respectively, and the denominator terahandb’ represent the modern and ancient
vegetation, respectively. Thus, if equivalence is identified between the modern and
fossil pollen assemblagea ¢ b), a parallel equivalence is assumed for the de-
nominator termsd ~ b’), and the ancient vegetation is inferred to be similar in
composition to the corresponding modern vegetation associated with the modern
pollen assemblage (Overpeck et al. 1985). (A related application, which we do not
discuss in detalil, is the use of the degree of difference between fossil pollen assem-
blages to infer degree of difference or change in vegetation. This logic underlies
multivariate analyses of fossil pollen assemblages aimed at estimating rates and
magnitudes of temporal change in vegetation (Bennett & Humphry 1995; Grimm
& Jacobson 1992; Huntley 1992; Jacobson & Grimm 1986; Overpeck et al. 1991,
1992; Williams et al. 2001).

Pollen analysis has been widely applied in Quaternary ecology since the 1920s,
but analog analysis awaited the accumulation of large spatial arrays of modern
pollen assemblages, which were first developed in Europe and North America
(Aario 1940, Davis 1967, Lichti-Federovich & Ritchie 1968, Wright 1967). Ini-
tial applications were informal, involving judgmental matching of modern and
fossil assemblages (Davis 1967, 1969; McAndrews 1966; Wright 1967), although
some early numerical efforts applied Pearson’s product-moment (Davis et al. 1975,
Ogden 1977, Ritchie 1977), Spearman’s rank correlation coefficients (Ogden 1969,
Whitehead & Tan 1969), and Euclidean distance (Whitehead 1979, 1981). The
advent of computerized algorithms for multivariate analysis in the 1970s led to
formal, numerical matching of fossil and modern pollen assemblages using multi-
variate distance metrics (Birks & Gordon 1985, Prentice 1980). A watershed was
reached with a comprehensive study of some 1618 modern pollen assemblages
from eastern North America in which the statistical properties of various distance
metrics were compared (Overpeck et al. 1985). Pollen assemblages within and
among vegetation formations (e.g., tundra, boreal forest, mixed forest, decidu-
ous forest, etc.) were compared numerically to identify empirical thresholds for
evaluating matches and mismatches (Overpeck et al. 1985).

Although the tools have improved with time, the overall logic of analog analysis
has remained the same since the early applications in the 1960s. Individual fossil
pollen assemblages are compared with a large array of modern assemblages. If the
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best match between a particular fossil sample and a modern sample meets some
minimum criterion (typically an empirically determined numerical threshold), the
modern sample is considered a positive analog and the past vegetation at the fossil
site is considered to bear some similarity to the vegetation associated with the mod-
ern sample. If no samples in the modern array meet the minimum match criterion,
the fossil assemblage is determined to have no modern analog, and past vegeta-
tion corresponding to that sample is considered to be compositionally unlike any
modern vegetation in the universe of modern samples used (Overpeck et al. 1985).

In any particular comparison of a fossil pollen assemblage with amodern assem-
blage, two kinds of errors can aris@) false positive, consisting of an erroneous
inference of a positive match (i.e., vegetation represented by the fossil assem-
blage was actually different from that represented by the modern assemblage), and
(b) false negative, where a mismatch is wrongly inferred (i.e., vegetation repre-
sented by the fossil assemblage was actually similar to that associated with the mod-
ern pollen assemblage) (Wahl 2004). In comparing a particular fossil assemblage
to an array of modern assemblages, the binary decision of whether the fossil assem-
blage has a modern counterpart (and corresponding vegetation analog) or lacks
one (and hence represents vegetation unlike any on the modern landscape), the
same classes of errors arise as an aggregate. At that level, a false positive inference
would consist of assigning a modern analog to a pollen assemblage that represented
vegetation lacking a modern counterpart, and a false negative would occur when
a fossil assemblage was wrongly determined to represent unique past vegetation.

These errors can arise either from misapplications along the comparative di-
mension or from problems in the causal dimension (Figure 1). Errors along the
comparative dimension consist of false matches or mismatches between pollen
assemblages, whereas those along the causal dimension arise from uncertainties
or indeterminacies in the relationships between pollen and vegetation. In the fol-
lowing two sections, we explore the theory, evidence, and tools relevant to the
comparative dimension of matching pollen assemblages and the causal dimension
of pollen-vegetation relationships, respectively.

THE CAUSAL DIMENSION: RELATING POLLEN
ASSEMBLAGES TO VEGETATION COMPOSITION

Annu. Rev. Earth Planet. Sci. 2004.32:495-537. Downloaded from www.annualreviews.org
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Of the two dimensions in analogical reasoning, the causal dimension is generally
the more problematic as a source of error (Hesse 1966). The general causal rela-
tionship between vegetation composition and pollen assemblage composition is
not in doubt: Pollen assemblages consist of pollen grains emitted by and dispersed
from individual plants on the surrounding landscape. Theoretical and empirical
studies illustrate the relationships between vegetation and pollen assemblages,
and the processes governing assembly of pollen assemblages are well understood
in a general way (Andersen 1970; Davis 1963, 2000; Jackson 1994; Jackson &
Lyford 1999; Prentice 1986, 1988; Sugita 1994; Webb 1974; Webb et al. 1978;
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Webb & McAndrews 1976). These studies confirm that spatial and temporal varia-
tionin pollen assemblages corresponds to spatial and temporal variation in vegeta-
tion composition. Although differences among pollen assemblages are not neces-
sarily proportional to vegetational differences, a general correspondence between
the two data types is well documented at a variety of spatial scales, from individual
forest stands to continents (Bradshaw & Webb 1985, Calcote 1998, Jackson 1990,
Jackson & Kearsley 1998, Parshall & Calcote 2001, Solomon & Webb 1985).

The critical problem along the causal dimension in analog analysis is the poten-
tial nonsingularity of the relationship between vegetation and pollen assemblages
(Figure 2). In a perfect world, the relationship would be singular, with any given
plant community yielding one and only one pollen assemblage, and conversely any
given pollen assemblage arising from one and only one vegetational array. Unfor-
tunately, the relationship between vegetation and pollen assemblages is more com-
plicated and includes convergences (similar pollen assemblages deriving from dif-
ferent vegetational arrays) and divergences (single vegetational arrays giving rise
to different pollen assemblages) (Figure 2). In the context of analog applications,

Vegetation Pollen
assemblage assemblage
A, »eo A
B, »e B Singularity
Co »e C
A L
Be \
c .\ ' A Convergence

¢+ A
/—; + 8 Divergence
Ay

T, ¢

Figure2 Three conceivable relationships between pollen assemblages and vegetation
on the surrounding landscape. Singularity occurs when there is a unique, one-to-one re-
lationship between pollen assemblage and vegetation. Inferring vegetation from pollen
data is then straightforward. Convergence occurs when multiple vegetation types or
arrays give rise to similar pollen assemblages; this can occur, for instance, owing to
taxonomic imprecision in pollen assemblages, dominance of palynologically “silent”
taxa, and different combinations of local and distant vegetation patches. Divergence oc-
curs when multiple pollen assemblages are derived from a single vegetation type. This
can result from differing pollen source-strengths, composition of vegetation contribut-
ing background pollen, differences among basins in pollen-collecting or preservation
properties, or other factors.
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convergence can lead to false positive analogies (i.e., choosing as the best match a
modern pollen assemblage associated with vegetation very different from the tar-
get sample). Conversely, divergence can give rise to false negative analogies (i.e.,
rejecting pollen assemblages that are actually associated with vegetation similar
to the target sample).

Convergence can originate from the relatively coarse taxonomic resolution
of pollen assemblages. Plant communities differing substantially in genus-level
and/or species-level composition (and hence associated with very different envi-
ronments) can produce similar pollen assemblages (Jackson & Whitehead 1993).
For example, modern oak-pine forests might look similar palynologically, regard-
less of whether the forests were in Massachusétitsug rigida Quercus alba
Q. rubra) or Mississippi P. taeda P. echinata Q. falcata Q. nigra, Q. stellatg.
Palynologists tend to discount low taxonomic resolution as a source of error in
analog studies, and assume that the pollen assemblages will include at least a few
taxa with high taxonomic precision (pollen types that are monotypic in the study
region (e.g.Fagusin eastern North America or Europe) or for which species-
level resolution is achievable) or diagnostic features (e.g., restricted geographic
distributions and/or climate tolerances). Thus, in the example above, Mississippi
assemblages might be distinguished by low percentagk&jofdambar Celtis,
and/orTaxodiumpollen, whereas Massachusetts sites might be characterized by
modest amounts d&ficeg Tsuga and/orFaguspollen (Delcourt et al. 1984). There
is, however, some danger of circularity in applying this reasoning to fossil pollen
assemblages owing to the possibility of unique combinations of species that do
not co-occur today.

Convergence and divergence can arise because pollen assemblages are deter
mined not only by source vegetation but by a number of intervening processes
and factors, including pollen productivity, pollen dispersal, depositional environ-
ment, pollen preservation, and sampling techniques (Webb et al. 1978, Webb &
McAndrews 1976). These various factors impart biases and distortions to pollen
assemblages. If these biases are relatively small, well characterized, and invari-
ant in space and time, then the singularity of the vegetation-to-pollen relationship
should be conserved, and the primary source of error in analog analysis will be
convergence resulting from taxonomic imprecision. Unfortunately, this is not al-
ways the case: Biases can be substantial, are not always clearly recognized, and
can vary spatially and temporally. We explore how pollen productivity, dispersal,
and related properties can lead to convergence and/or divergence, and how errors
arising from these sources can be recognized and minimized.

Pollen Productivity

Pollen productivity—the number of pollen grains produced per unit plant-
abundance—varies widely among plant taxa. For exaniiteystrees produce
much more pollen per unit biomass thgustrees, which in turn are more pro-
ductive thanLarix trees (Birks & Birks 1980). Variations among species within
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genera are poorly documented but may be substantial. Interspecific or intergeneric
variations in pollen productivity within pollen morphotypes might tend to rein-
force the singularity of vegetation/pollen relationships, all else held constant, by
imparting a characteristic percentage signature to pollen assemblages from dif-
ferent vegetation types. For example, assemblages from oak-pine forests in one
region might have consistently higher oak pollen percentages than in another, de-
spite similar proportions of oak and pine in the forests, simply because the oak
species in the first region was more productive. Interspecific or intergeneric vari-
ations in productivity might, however, lead to convergence or divergence when
several species within the same morphotype co-occur. Changes in relative abun-
dances of species within the same pollen morphotype @ugrcusor Pinug

within the same general vegetation type (e.g., southeastern oak-pine forest) might
lead to disproportionate changes in pollen assemblages. The degree of interspecific
variation in pollen productivity and the potential consequences for interpretation
of pollen assemblages, respectively, deserve empirical and theoretical study.

Within many species, pollen productivity may be influenced by plant age,
growth form, vegetation structure, and environmental factors (Jackson 1994). Sys-
tematic variation in one or more of these factors through time may have a strong
influence on pollen representation. One of the most troubling is the potential effect
of varying CQ concentrations, which influences allocation of resources to growth,
reproduction, and structure within plants (Field et al. 1992, Mooney 1991). Ele-
vated CQ experiments show that plant allocation to reproduction is sensitive
to CGO, concentrations (Farnsworth 1995, He & Bazzaz 2003, LaDeau & Clark
2001, Ward & Strain 1997 Ambrosia artemisiifoligolants grown at ambient GO
concentrations of 700 ppm produced substantially more pollen than individuals
grown at the current ambient concentrations of 350 ppm (Wayne et al. 2002, Ziska
& Caulfield 2000). Although some of this increase is attributable to increased
net primary production, the number of flowering shoots and the amount of pollen
per flowering shoot also increased (Ziska & Caulfield 2000). Direct and indirect
influences of lowered glacial-age G@oncentrations on pollen productivity are
unknown; experimental studies are needed to determine potential effects of low-
ered CQ on pollen productivity, and whether those effects differ systematically
among taxa or growth forms.

Sedimentary pollen assemblages are heavily biased toward taxa with high pollen
productivity and wind dispersal. Many animal-pollinated taxa and some unpro-
ductive and/or poorly dispersed wind-pollinated taxa are poorly represented in
pollen assemblages, and in many cases are unreliable as indicators of presence/
absence or abundance in vegetation (€iggdendron Magnolia) (Delcourt et al.
1984). Others (e.gRopulus Cupressaceae) are often poorly represented owing
to poor preservation. Such underrepresented taxa are particularly problematic. A
Liriodendrondominated forest wituercusandCaryaas subdominants might be
indistinguishable palynologically from forest dominated@yercusandCarya
The extent of this problem depends on how fine the required vegetational discrimi-
nations are. For example, at the coarse level of the formation (a regional vegetation
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unit defined primarily by physiognomy) both forests will be classified as temper-
ate deciduous forest (e.g., Overpeck et al. 1992), so there is no problem. But the
information loss in cases where important taxa are severely underrepresented in
pollen assemblages can lead to substantial convergence and erroneous assignmen
of modern analogs to fossil assemblages under some circumstances.

Pollen Dispersal and its Consequences

Pollen dispersal is dependent on several factors, including the pollination mech-
anism (i.e., wind versus animal transport), the morphology of the pollen grain,
the structure of the pollen-bearing organ, the nature of pollen entrainment into the
atmosphere, the stability and other properties of the atmosphere, and the physical
structure of the vegetation and the landscape (Jackson & Lyford 1999). Pollen mor-
photypes vary in size, shape, and density, and hence in dispersal properties. Some
interspecific variation in pollen size exists within some genera (e.g., Durham 1946,
Eisenhut 1961, Whitehead 1964). Typically, these variations are small compared
to the intergeneric variation in pollen morphology and sedimentation velocity [see
figure 3 and appendix 2 in Jackson and Lyford (1999)]. These dispersal properties,
as well as the functional morphology of the pollen-bearing organs, can be safely
assumed to be invariant within taxa at Quaternary timescales. Environmentally
induced changes in dispersal (e.g., increased gustiness or wind speed) might have
greater effect overall (Jackson & Lyford 1999), but the direction of the effects
would be similar among different pollen types. Influence of these variations on
analog analyses is probably trivial.

Two critical properties of pollen data derive from atmospheric pollen dispersal.
First, pollen assemblages comprise distance-weighted integrations of surround-
ing vegetation, with the weightings imposed by the pollen-dispersal properties
of the respective taxa and the spatial array of vegetation surrounding the deposi-
tional site (Jackson 1990, Prentice 1988, Sugita 1994). Second, size of the deposi-
tional basin influences the relative contributions of nearby and distant vegetation
to pollen assemblages; in general, as basin size decreases, relative pollen contri-
butions from local vegetation will be amplified (Jackson & Lyford 1999, Prentice
1988, Sugita 1994). Consequences of these properties for interpretation of analog
analyses have not been assessed formally, although it could be easily done by
extending past modeling efforts (Davis & Sugita 1997, Sugita 1994, Sugita et al.
1997).

Interpretational errors deriving from basin-size effects are probably minimal.
Basin size exerts its strongest effects on pollen representation at relatively small
sizes (Jackson 1994; Jackson & Lyford 1999; Prentice 1985, 1988; Sugita 1993,
1994). Pollen assemblages from basins larger than 1 to 5 hectares (ha) in surface
area tend to perceive surrounding vegetation at similar scales, and most fossil and
modern sites are 5 ha in size. Editing of the array of modern pollen assemblages
to fit the sampling properties (basin size, site type) of the fossil site can further
minimize errors from this and related sources.
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The frequency and magnitude of errors arising from the influence of spatial veg-
etation patterns are probably minimal for most Holocene analog applications. The
relatively coarse resolution of vegetation types (typically at the formation level)
in most applications to date, and the relatively small amount of major structural
and compositional change in vegetation of the past 6000 to 9000 years, render the
analog analyses robust. This is confirmed by the general congruence between re-
sults of analog analyses and alternative analyses of pollen data (e.g., Jackson et al.
2000; Williams 2003; Williams et al. 2001, 1998), and between analog results and
plant-macrofossil records (Jackson et al. 1997).

Greater uncertainty is associated with glacial-age, late-glacial, and early
Holocene applications of modern analogs. Pollen assemblages lacking modern
analogs are numerous and widespread in the late-glacial and early Holocene, in-
dicating that something was different—either unique vegetational composition or
unique spatial arrays of plant communities on the landscape. Although glacial-
age pollen assemblages generally have modern analogs, independent evidence
from plant macrofossils and phylogeography suggest that vegetation composition
and spatial pattern may have been very different then. After reviewing analytical
considerations for the comparative dimension of analog analysis, we discuss and
evaluate these two case studies in detail, which illustrate both the uncertainties as-
sociated with analog analysis and the roles analog analysis can play in informing
paleoecological interpretation and provoking further investigations.

THE COMPARATIVE DIMENSION: MATCHING FOSSIL
AND MODERN POLLEN ASSEMBLAGES

Quaternary pollen assemblages are conventionally expressed as percent abundance
of constituent taxa based on a designated pollen sum (usually consisting of all or
most terrestrial pollen types). The primary analytical task in analog analysis con-
sists of identifying modern assemblages most similar to the fossil assemblage
of interest. The fossil sample is compared numerically, using a multivariate dis-
tance metric, with each member of an array of modern pollen samples (Figure 3).
The modern sample or samples nearest the fossil sample (i.e., lowest multivariate
distance) are selected as the best matches. The three critical choices involved in
analog analysis aray) selecting the distance-metridy) (identifying the universe

of modern pollen samples for comparison, angdgssessing whether the fossil
sample has one or more suitable modern analogs. An additional series of decisions
centers on how best to present and utilize results of the analyses.

Selecting the Distance Metric

Alarge array of multivariate distance metrics are potentially available for matching
pollen assemblages (Legendre & Legendre 1983, Prentice 1980). Prentice (1980)
classified distance metrics into three categories based on the relative weights given
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Figure 3 Schematic illustrating the modern analog technique in which the objective
is to draw an inference about past vegetation or environment, based upon the similarity
between fossil and modern pollen samples and knowledge about modern vegetation
and/or environment. Here a fossil pollen sampgkcompared to three modern pollen
samples, collected from a deciduous for@gt Ccool mixed forestmB), and boreal forest

(C). For simplicity, each pollen spectrum is represented by three pollen tipeess(

Pinus andQuercu3. The dissimilarity between fossil pollen sampkend samples,

B, andCis quantified using the squared-chord distance (SCD) metric, where O indicates
exact similarity and higher values indicate increasing dissimilarity. Because modern
pollenC is compositionally the most similar (i.e., it has the lowest SCD), fossil pollen
samplei is inferred to have originated from a boreal forest.

to abundant and rare taxa (Figure 4). Simple distance metrics provide no weight-
ings, and hence are dominated by the most abundant taxa in pollen assemblages,
whereas equal-weight distance metrics are highly sensitive to small variations in
relatively rare or uncommon taxa. These measures are respectively analogous to
(unweighted) covariance or (standardized, and hence equally weighted) correla-
tion in statistical analysis. Because pollen assemblages typically include a mixture
of both abundant and rare types, and because we want to make most efficient use of
all of the information in the assemblages, the simple and equal-weight metrics are
not well suited for most pollen percentage data, in spite of their intuitive simplicity
(Prentice 1980).

A third category, signal-noise distance metrics, has intermediate properties,
providing modest upweighting of uncommon types, and performs well in practice
with pollen percentage data (Bennett & Humphry 1995, Overpeck et al. 1985).
Overpeck et al. (1985) demonstrated empirically that signal-noise distance metrics
were more effective in analog analysis than simple and equal-weight metrics,
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Figure 4 Formulas for common metrics of dissimilarity (Bennett & Humphry 1995,
Overpeck 1985, Prentice 1980), aggregated by type (unweighted, equal weight, and signal to
noise). Notationd;; = the dissimilarity between pollen samplesdj; pix = the fraction of

pollen typek in samplel; s = the standard deviation of proportions firacross all pollen
samples. The plots at the right show the effectiveness of three representative metrics for
discriminating between modern pollen samples collected from the deciduous broadleaf and
southern evergreen/mixed forests in eastern North America (Gavin etal. 2003). The histogram
plots show &) the minimum distances among pollen samples from the deciduous broadleaf
forest plack barg and p) the minimum distances from deciduous forest pollen samples to
samples from the southern mixed foregtaly line). Low levels of overlap between the his-
tograms indicate that the dissimilarity measure is able to discriminate the two vegetation types.
The discriminatory ability of each metric can be evaluated by counting the number of pairs cor-
rectly identified as matches (TPF) and number of pairs incorrectly identified as matches (FPF)
across all possible threshold values. The total area under the FPF:TPF curve (AUC) provides
an overall measure of discriminatory ability for the metric. In this example, the squared-chord
measure has the highest discriminatory ability (AGC0.789 + 0.023), followed by the
Manhattan and standardized Euclidean metrics. Redrawn from Gavin et al. (2003).

and the three signal-noise metrics [chord distance, information staig1)]
performed similarly. Chord distance has been applied in nearly all subsequent
analog and rate-of-change studies (Anderson et al. 1994, 1989; Baker et al. 1989;
Cheddadi et al. 1997; Gajewski et al. 2000; Gavin et al. 2001; Huntley 1990;
Jackson et al. 2000; Nakagawa et al. 2002; Overpeck et al. 1992; Sawada et al.
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1999; Willard etal. 2003; Williams etal. 2001), although weighted log-transformed
Euclidean measures have also been used in paleoclimate reconstructions (Guiot
1987, 1990) and Bennett & Humphry (1995) argue that an alternativeefficient
[x?(X2)] performs better with certain datasets.

The signal-noise metrics have performed well in temperate and boreal regions,
where differences among vegetation formations are accompanied by relatively sub-
tle changes in uncommon taxa (e &cer, Juglans Tilia) as well as larger changes
in taxa that are abundant in some formations but not others Birqug Betulg
QuercusPoaceae). However, in some regions, particularly where local pollen pro-
ductivity is very low (e.g., tundra) and hence assemblages are heavily dominated
by a few taxa (often from distant sources), equal-weight distance-metrics may be
more effective in accurate analog-matching (Oswald et al. 2003). In these set-
tings, presence/absence of rare pollen types @uhuys Thalictrum Selaginella
contains useful information that is amplified by the equal-weight metrics. Formal
analog methods have not been applied widely in the wet tropics. Pollen assem-
blages in such regions are highly diverse, and presence/absence data appear tc
be as informative as percentage data in paleoecological applications (Weng et al.
2004). Equal-weight distance-metrics may be especially suitable in much of the
tropics, where rare taxa provide most of the vegetational information in pollen
assemblages.

Identifying the Universe of Modern Pollen Samples

The success of the analog method, both in determining whether suitable mod-
ern analogs exist and, if so, identifying the best matches, depends critically on
the size and scope of the modern pollen-assemblage dataset. If the dataset is too
limited, errors (both false positive and false negative) can arise because the appro-
priate modern vegetation was unrepresented in the modern pollen sampling array.
This limits application of the analog method to regions where the palynological
research community has developed and compiled extensive datasets of modern
assemblages. Applications have concentrated primarily on eastern North Amer-
ica, Beringia, and Europe (Anderson et al. 1989, Guiot et al. 1993, Huntley 1990,
Overpeck 1985, Overpeck et al. 1992, Williams et al. 2001), where large, geo-
graphically extensive datasets are available that include all the major vegetation
types. In North America, for example, 4500 modern assemblages are available
for comparison (http://www.ngdc.noaa.gov/paleo/gdp.html) (Sawada et al. 2004,
Williams 2003). Opportunities exist for analog studies in other regions and conti-
nents as pollen datasets expand globally (e.g., Gajewski et al. 2002, Marchant et al.
2002, Prentice et al. 2000). In many cases, geographically restricted sets of modern
assemblages are appropriate. For example, the potential sampling universe for a
late Holocene pollen assemblage may comprise sites within 100 km of the site
(e.g., Calcote 2003), whereas that for a late-glacial site may need to incorporate
sites>1000 km away (Williams et al. 2001). Also, because pollen assemblages
are influenced by basin size and depositional environment, false positive analogs
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can arise owing to mismatches between the sampling properties of modern and
fossil pollen assemblages. In some cases, arrays of modern samples may need to
be stratified for appropriate comparison with fossil assemblages.

Decisions concerning the types and number of modern samples to use as well
as the appropriate distance metric to apply will depend on the objectives of the
study and the number of modern assemblages available. Investigators working
with the 4500-sample North American modern data set can afford the luxury
of eliminating some samples based on depositional environment and of using a
conservative distance metric (e.g., signhal-to-noise metrics). Researchers working
with a more restricted set of modern samples may choose (or be forced to choose)
to include samples from a broader array of site types and may use less conservative
distance-metrics (e.g., equal-weight) or cutoffs for positive matches (see below).

Determining Whether Modern Analogs Exist

Distance metrics formally quantify the degree of similarity among pollen samples,
but do not themselves indicate whether two assemblages are similar enough to be
considered equivalent or analogous. The most common solution has been to define
a critical threshold value for the distance metric, and identify as equivalent any
pair of samples with a dissimilarity less than the threshold value (Overpeck et al.
1985). Selection of the appropriate critical value is crucial: Overly strict (low)
thresholds increase the occurrence of false negative errors, and overly generous
(high) thresholds increase occurrence of false positive errors. The optimum crit-
ical value will vary with the choice of distance metric, the characteristics of the
modern and fossil pollen datasets, and the ecological scale of analysis. Salient data
characteristics include the number of pollen types used to represent each pollen
assemblage (Sawada et al. 2004) and the degree of variation among different
pollen samples within vegetation types. Optimal thresholds will be higher when
the desired ecological resolution is broad (e.g., identifying subcontinental-scale
vegetation formations) and lower at finer ecological resolution (e.g., identifying
forest stand types within a region). For the squared chord-distance metric, crit-
ical values have ranged from 0.05 in local applications (Calcote 1998) to 0.40
for continental-scale paleoclimate reconstructions (Cheddadi et al. 1997, Magny
et al. 2001), with values of 0.12 to 0.20 most commonly used in vegetational and
paleoclimatic inference at intermediate scales (Brugam et al. 1997; Davis et al.
2000; Jackson et al. 2000; Markgraf et al. 2002; Mensing 2001; Overpeck et al.
1992, 1985; Teed 2000; Willard et al. 2001). Several authors have used multiple
critical values to indicate varying degrees of confidence in analog determination
or to draw paleoenvironmental inferences at multiple ecological scales (Anderson
et al. 1989, Ewing 2002, Grigg et al. 2001).

Recent advances in method have focused on formalizing the selection of crit-
ical values. Initial applications of modern analog methods relied upon visual in-
spection of scatter plots to select critical values (Anderson et al. 1989, Overpeck
et al. 1985). Implicit in this approach is the need to select a threshold that jointly
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minimizes the number of false negative and false positive matches (Wahl 2004).
A second solution, termed the jump approach, is to order all modern samples by
degree of dissimilarity to a fossil pollen sample, search for large breaks (jumps) in

dissimilarity within the sorted list, and retain as analogs all modern samples pre-
ceding the break in dissimilarity (Waelbroeck et al. 1998, Williams 2003, Sawada

et al. 2004). The jump approach thereby does not require a fixed critical value, but
instead introduces a different parameterthe increase in dissimilarity required

to identify a jump.

A third solution has been to formalize the selection of an optimal threshold
through the application of receiver-operating characteristic (ROC) curves (Gavin
et al. 2003, Oswald et al. 2003, Wahl 2004). ROC analysis also provides a formal
framework for evaluating the information content of dissimilarity metrics (Gavin
etal. 2003). In ROC analysis, which is widely used in medical research (Henderson
1993, Zweig & Campbell 1993), the training observations are separated into two
populations: those that are known to have a “positive” result and those that are
known to have a “negative” result. A frequency histogram for each population
is arrayed along an axis of test-statistic values (Figure 4). In the paleoecological
application of ROC analysis, each observation consists of a pair of modern pollen
samples. Results are designated positive if the two pollen samples were obtained
from the same vegetation type and negative otherwise. The dissimilarity metric
corresponds to the test statistic on the x-axis (Figure 4). Superior test statistics
will produce a greater spread between the positive and negative distributions,
and each test statistic will have an optimum threshold value that minimizes the
number of false positives and false negatives. The discriminatory ability of each
distance metric can be evaluated by first measuring the fraction of matching pairs
correctly identified as positive matches (TPF) and the fraction of nhonmatching
pairs incorrectly identified as matches (FPF) and then plotting these fractions
across all possible threshold values (Figure 4). The total area under the FPF:TPF
curve (AUC) provides an overall measure of discriminatory ability for the metric.
ROC analyses of surface pollen samples from the deciduous broadleaf and southern
evergreen mixed forests in eastern North America have confirmed that signal-noise
metrics are significantly better than equal-weight and most unweighted distance
metrics (Gavin et al. 2003). The discriminatory value of any distance metric may
vary depending on spatial scale, vegetation types, and size of the modern data
set. The optimal critical value may also vary. For example, Gavin et al. (2003)
reported optimal critical values between 0.06 and 0.15 for squared-chord distance
in distinguishing among vegetation formations in eastern North America, whereas
Wahl (2004), using the same distance-metric for a smaller data set in a more
restricted area in southern California, identified optimal critical values ranging
from 0.19 to 0.285.

Typically, a fossil pollen sample will have positive matches with multiple mod-
ern samples, each of which represents a different vegetational setting and associ-
ated climate. A final analytical decision, therefore, is to determine how to assign
properties to the fossil pollen sample given a number of possible modern analogs.
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The simplest solution is to assign the properties associated with the single modern
sample that most closely matches the modern sample (e.g., Delcourt & Delcourt
1985; Gajewski et al. 2000; Huntley 1990; Overpeck et al. 1992, 1985). At the
other extreme, the mean, median, or modal value associated with all matching
modern pollen samples may be assigned to the fossil pollen sample (e.g., Jackson
et al. 2000). Intermediate solutions are to average a preset number of the closest
modern analogs, usually from 5 to 15 (e.g., Allen et al. 2000, Cheddadi et al. 1997,
Field et al. 1994, Guiot et al. 1993, Nakagawa et al. 2002, Sawada et al. 1999)
or to calculate a weighted average using the dissimilarity scores as the basis for
weighting (e.g., Allen et al. 2000, Calcote 2003, Cheddadi et al. 1998, Nakagawa
et al. 2002). Choice of approach depends on the nature of the questions being
investigated. However, using the single most similar modern pollen sample is not
recommended because of uncertainties in the pollen percentage estimations for
both the fossil and modern samples; the single most similar pollen assemblage
may not necessarily represent the most similar vegetation type or environment.

Visualization and Application of Analog Analyses

Numerous approaches have been used to visualize results of analog analyses.
Initial applications of the modern analog technique in palynological research fo-
cused on interpreting the vegetation history of individual sites (Overpeck 1985,
Overpeck et al. 1985). Overpeck et al. (1985) demonstrated the ability of dis-
similarity metrics to identify analogous pollen samples by building reconstructed
pollen “stratigraphies” that are stacked composites of the most similar modern
pollen samples (Figure 5). The reconstructed sequences closely resemble the orig-
inals, except where high dissimilarity values indicate that the fossil pollen samples
have no close modern counterparts. Baker et al. (1989) plotted frequency diagrams
of the vegetation types associated with the top ten analogs. Information about the
temporal changes at a site can be deduced by mapping changes in the location
of the most similar modern pollen samples (Baker et al. 1989, Clark et al. 1996,
Gajewski et al. 2000, Overpeck 1985, Teed 2000) or the dissimilarity values as-
sociated with all modern analogs (Anderson et al. 1994, 1989; Whitlock et al.
1993). For example, at Elk Lake, Minnesota (Figure 6), pollen assemblages dating
to the beginning of the Holocene are most similar to modern pollen assemblages
collected from taiga forests in eastern Canada, indicating colder-than-present con-
ditions, but by 9600 years BP, climates and vegetation were apparently similar to
those found in the region at present. Increasing aridity by 7900 years BP is indi-
cated by a westward shift in the distribution of modern analogs, with a return again
to near-modern conditions by 3000 years BP (Bartlein & Whitlock 1993). Such
visualizations help ground quantitative inferences of temperature and precipitation
based upon analog measures.

The inference of climatic history from individual pollen records is one of the
most common applications of analog methods (e.g., Cheddadi et al. 1998, Davis
et al. 2000, Davis & Shafer 1992, Digerfeldt et al. 1997, Grigg et al. 2001, Huang
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Figure 5 (a) Fossil pollen record from Kirchner Marsh (Wright et al. 1963) and re-
constructed records generated from the closest modern analogs identified by the squared-
Euclidean ), squared-chordf, and squared-standardized-Euclidean metdrsihe right-

most graph inlf)—(d) indicates the dissimilarity values associated with each modern pollen
spectra. For most of the record, the modern pollen samples selected by the various dissimilar-
ity measures are compositionally closely similar to each other and the original fossil pollen
samples. However, high dissimilarities near the bottom of the core indicate that those fossil
pollen samples have no close counterparts in the modern pollen samples, and the various
metrics select divergent modern analogs. For this interval, the squared-chord and squared-
Euclidean metrics select modern pollen samples with Rigleaabundances, whereas the
squared-standardized-Euclidean metric (an equal-weight metric) favors modern pollen sam-
ples with highFraxinusabundances. Redrawn from Overpeck et al. (1985).
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Figure 6 Map of surface pollen samples in eastern North America, classified according to
their squared-chord distances to fossil pollen samples at Elk Lake, MN, for four time periods.
The changing spatial distribution of close modern analogs results from the temporal changes
in vegetation and climate at Elk Lake. At 10,384 years BP climates were colder than present
and the regional vegetation resembled modern boreal forests. At 9584 years BP climates and
vegetation were apparently similar to those found in the region at present. Increasing aridity
by 7862 years BP is indicated by a westward shift in the distribution of modern analogs, with

a return again to near-modern conditions by 2990 years BP. Redrawn from Whitlock et al.
(1993).

et al. 2002, Magny et al. 2001, Mensing 2001, Nakagawa et al. 2002). Analog
analyses of networks of pollen records have producedpeaggetational and pale-
oclimatic reconstructions at regional to continental scales (Calcote 2003, Cheddadi
et al. 1997, Davis et al. 2000, Gajewski et al. 2000, Guiot et al. 1993, Overpeck
et al. 1992, Williams 2003, Williams et al. 2000a).

Although distance metrics have been used most commonly as an intermediate
step in paleoclimatic and paleoecological analyses, they can also provide useful
information about rates of change and the extent of plant associations with no
modern analog. Rates of palynological change, assumed to track rates of vegeta-
tional change, are calculated by measuring the dissimilarity between temporally
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adjacent pollen samples from the same site (Field et al. 1994, Jacobson et al.
1987, Lindbladh et al. 2000, Lotter et al. 1992). Rate-of-change measurements are
sensitive to the accuracy of the age model (Bennett & Humphry 1995) and the un-
even temporal distribution of pollen samples. For this reason, pollen abundances
are usually interpolated to regular intervals prior to rate-of-change calculations
(Grimm & Jacobson 1992, Huntley 1992, Lotter et al. 1992, Williams et al. 2001).
Contour maps or time series that display the minimum multivariate distance be-
tween fossil assemblages from a particular time interval and modern assemblages
are particularly effective as a diagnostic tool for assessing goodness of fit in analog
assignments and as a means for revealing spatiotemporal patterns of assemblages
lacking modern analogs (Allen et al. 2000, Bartlein 1997, Brugam et al. 1997,
Gavin et al. 2001, Huntley 1990, Jackson et al. 2000, Overpeck et al. 1985).

LATE-GLACIAL VEGETATION IN EASTERN NORTH
AMERICA: ABSENCE OF ANALOGS OR FALSE-NEGATIVES?

Paleoecologists have long noted that late-glacial and early Holocene pollen as-
semblages from extensive areas in eastern North America were unusual in their
combination of pollen types from boreal tre€sqea Larix, Abieg, semi-arid herbs
(Artemisig, sedges (Cyperaceae), and temperate tf@asrCusFraxinus Ostrya/
Carpinus Ulmus Acen), as well as low abundances or absences of pollen from taxa
that today are widespread in eastern North America and are well represented in
modern pollen sample®inus Alnus Betulg (Amundson & Wright 1979, Davis
1967, Wright et al. 1963). Isopoll maps for individual (Webb et al. 1983, Webb
1987b) and multiple pollen taxa (Figure 7) (Jacobson et al. 1987) show that these
assemblages were widespread in interior regions (Midwestern United States and
adjacent Canada), and were most extensive between 17,000 and 12,000 years BP.
Mapped vegetation reconstructions based upon modern analog methods formally
confirmed the existence of no-analog fossil pollen assemblages in the late-glacial
of eastern North America (Overpeck et al. 1985, 1992).

Direct mapping of dissimilarity scores between fossil and modern pollen as-
semblages at selected time intervals provide a more detailed picture of spatial and
temporal patterns in the no-analog assemblages (Figure 7) (Williams et al. 2001).
Between 21,000 and 18,000 years BP, high dissimilarities were restricted to the
Mississippi Valley region. The region of high dissimilarities expanded northward
and eastward between 17,000 and 15,000 years BP to the Great Lakes region,
peaking in areal extent between 15,000 and 14,000 years BP (Figure 7). The areal
extent of high dissimilarities declined between 14,000 and 11,000 years BP, and
most early Holocene pollen assemblages match moderately well to some modern
pollen assemblages.

Most of the anomalous pollen assemblages between 17,000 and 12,000 years BP
are characterized by high abundanceRiockaand Cyperaceae pollen (Figure 7),
but the abundances of other pollen types vary along spatial and temporal gradients.
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Between 15,000 and 12,000 years BP, for exanfpbxinuspercentages are higher

in the upper Midwest an@strya-Carpinupercentages are higher to the east, with

a broad area of overlap in the center (Figure 7). Higtemisiapercentages are
confined to the western portion of the no-analog associations. Both Larix and
Abiesare underrepresented in pollen records Uauix appears to have been more
common in western regions addies more common in the east.

Composition of the no-analog pollen associations changed markedly between
13,000 and 12,000 years BP, wheimus Quercus and Pinus abundances in-
creased whilé®iceaand Cyperaceae abundances declined. The anomalous pollen
assemblages at 12,000 years BP coincide with the Younger Dryas Chronozone
and have no counterparts in either Holocene or late-glacial pollen assemblages
(Shuman et al. 2002).

The absence of modern analogs for the late-glacial pollen assemblages makes
their interpretation particularly challenging. Three explanations for the anomalous
assemblages have been proposed (Davis 1967, Wright 1@ 1hely are arti-
facts of mixing of pollen of different ages in sediments), the hardwood pollen
types were not produced locally but instead were blown in from distant forests,
and €) the pollen assemblages in fact represent plant associations or landscape
patterns with no modern counterpart. Careful analyses of sediment stratigraphies
and radiocarbon dates have ruled out the mixing of assemblages (Cushing 1965),
and long-distance pollen transport has been viewed in most recent summaries
as minor given the broad areal extent of the no-analog assemblages. However,
in a recent review Birks (2003) has argued that the late-glacial no-analogs rep-
resent long-distance transport of hardwood pollen into unproductive tundra and
woodland vegetation. Pollen influxes in modern tundra and forest-tundra environ-
ments are low, and modern pollen samples collected from such regions can include
substantial percentages of pollen from distant sources (e.g., Lichti-Federovich &
Ritchie 1968). Birks (2003) argues that the widespread occurrence of macrofossils
of boreal and tundra plants in late-glacial assemblages from Minnesota indicates
that the no-analog pollen assemblages in the late-glacial are artifacts of steepened
latitudinal vegetation gradients. We examine and critique this argument, drawing
attention to evidence that temperate hardwoods were indeed constituents of the
regional vegetation during the no-analog period in the Upper Midwest.

Macrofossil assemblages from lakes and wetlands in the region during the no-
analog period are dominated by boreal taxa, particuRidga and macrofossils of
temperate hardwood taxa are absent (Birks 2003, Jackson et al. 1997). Macrofossil
assemblages from such depositional settings primarily represent plants growing
within a few meters or tens of meters of the basin edge (Dunwiddie 1987, Glaser
1981), and hence populations of plants that do not inhabit edges of small lakes and
wetlands are undetected. Furthermore, plant macrofossil assemblages are heavily
biased toward taxa that produce large numbers of small, readily dispersed and
easily preserved organs (leaves, seeds, fruits, etc.) (Birks 1973). None of the hard-
wood taxa represented in the no-analog pollen assemblages are well represented
in macrofossil assemblages from lakes and wetlands today, even when they are
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locally abundant in vegetation; seeds and fruits are large, few in number, and poorly
dispersed, and hardwood leaves decompose more readily than conifer needles.

Plant macrofossils from hardwood taxa are most often found in fluvial depo-
sitional settings, where rapid, episodic burial and sorting of debris by size and
density can concentrate large seeds and fruits or leaf layers. In fact, the only
glacial-age macrofossil records of hardwood taxa from eastern North America
are from fluvial sediments (Delcourt et al. 1980, Givens & Givens 1987, Jackson
& Givens 1994). Recent studies of late Quaternary macrofossil and pollen as-
semblages from fluvial sediments in the Upper Midwest have added extraordinary
detail to our understanding of vegetational and floristic change in the region (Baker
2000; Baker et al. 1996, 2002). Late-glacial fluvial assemblages from northeastern
lowa and adjacent Minnesota all have abund®oeéamacrofossils, and other bo-
real taxa [arix, Betula glandulosaSelaginella selaginoidg¢slso occur in some
assemblages (Baker et al. 1996, 2002). Howe¥eer macrofossils occur in one
assemblage from northeast lowa dating to 13,400 years BP (Baker et al. 1996), and
Tilia americanamacrofossils occur at a site in southeast Minnesota 13,200 years
BP (Baker et al. 2002). Macrofossils Qfuercus rubraand Corylus cornutaoc-
curred withPicea glaucaP. mariang andLarix laricina in a fluvial deposit dated
14,350 years BP in southwestern lowa, akmkr negundamccurred withPicea
andLarix macrofossils in organic silts dated 13,800 years BP in southeastern lowa
(Baker et al. 1980). These occurrences clearly indicate that temperate hardwoods
grew together withPiceaand other boreal taxa in the late-glacial Upper Midwest.

Fraxinus nigraandUImus americananacrofossils co-occur witRicea Larix,
andAbiesin northeastern lowa at 10,450 years BP (Baker et al. 1996). Another
fluvial site in southeastern Nebraska lacks late-glacial macrofossils, but macrofos-
sils of temperate hardwoods (includi@arya cordiformis Fraxinus americana
Juglans nigra Ostrya virginiana Quercussp.,UImus americanaU. rubra, and
Morus rubrg are abundant in sediments dating to 10,050 years BP (Baker 2000).
Most of these species are near their current northwestern range boundaries at this
site, and their early occurrences in lowa and Nebraska suggest either extremely
rapid migration following the late-glacial/Holocene transition, or local occurrence
in the Upper Midwest during the late-glacial period. More studies of fluvial and
other depositional environments should clarify the late-glacial geographic distri-
butions of temperate hardwoods and other species.

Another argument against long-distance pollen transport as an explanation for
the no-analog assemblages comes from the fact that, excepti@acus none of
the hardwood taxa so well represented in the late-glacial pollen assemblages are
overrepresented in pollen assemblages today. In fact, late-glacial pollen percent-
ages for several of these taxa often exceed those recorded anywhere in eastern
North America today. For examplBraxinuspollen exceeds 20% at multiple late-
glacial sites in Ohio (Shane 1991), lllinois (King 1981), and Minnesota (Cushing
1967), whereas in modern assembldgesinuspercentages greater than 10% are
extremely rare (Delcourt et al. 1984)strya/Carpinusand UImusshow similar
patterns.
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Another peculiar feature of the no-analog assemblages is the low abundance of
Pinus Betulg andAlnus which are today associated with m&teadominated
assemblages. All three of these taxa are very well represented in pollen assem-
blages, and macrofossils documentlocal occurrenBetfla papyriferandAlnus
sp. over much of the no-analog region (Jackson et al. 1997). The low abundance of
BetulaandAlnuspollen despite widespread local populations is difficult to square
with simultaneous high abundance of temperate hardwoods dispersed from distant
sources.

Anomalous biotas during the late-glacial period are not limited to eastern North
American pollen assemblages. Late Pleistocene mammal assemblages in North
America contain species that today have disjoint ranges (Graham & Grimm 1990,
Grahametal. 1996, Graham & Mead 1987, Stafford etal. 1999). Late-glacial pollen
assemblages from Beringia (Anderson et al. 1989) and Europe (Huntley 1990) are
also characterized by high dissimilarity relative to modern assemblages. Finally,
late-glacial macrofossil assemblages from woodrat middens in the southwestern
desertregions show many cases in which species co-occurred at alocal scale that do
not grow together or even in the same regions today (Betancourt 1990, Spaulding
1990, Van Devender 1990).

Although we believe that the evidence points strongly toward late-glacial veg-
etation that differed from modern vegetation in fundamental ways, Birks’ (2003)
critiqgue helps in reframing the issues in terms of the spatial and ecological scales
at which analogs may be lacking. We propose three alternative scenarios that
might underlie the no-analog pollen assemblages (Figure 8). First, under a “deep
no-analog” scenario, the pollen assemblages represent groups of plant species
growing in close proximity in the same habitats (eRjcea Ostrya andUImus.
Second, under a “shallow no-analog” scenario, the pollen assemblages represent
anomalous landscapes in which individual communities resembled modern com-
munities in species composition, but with a landscape arrangement of communities
(density, size, spatial array) unlike any today. Finally, under a “no no-analog” hy-
pothesis, the fossil assemblages were produced by anomalously steep gradients
in regional vegetation (and climate), where the proximity of different vegetation
types led to long-distance dispersal and hence high representation of temperate
hardwood types iPiceadominated assemblages to the north. An important goal
for paleoecologists should be to devise studies capable of discriminating among
these three hypotheses.

EASTERN NORTH AMERICA DURING THE LAST GLACIAL
MAXIMUM: BOREAL/MIXED FORESTS OR FALSE-POSITIVE
ANALOGS?

Vegetation and climate of unglaciated eastern North America during the last
glacial maximum (23,000-20,000 years BP) has long been a source of controversy
(Jackson et al. 2000). Pollen assemblages from extensive areas in the unglaciated
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southeastern United States have been interpreted as representing taiga, boreal for-
est, and mixed conifer/deciduous forest based on both conventional, judgmen-
tal interpretation of fossil pollen data (Delcourt & Delcourt 1981; Delcourt &
Delcourt 1987; Watts 1980; Whitehead 1967, 1973, 1981) and on formal classifi-
cation analyses using modern-analog and fuzzy-logic approaches (Jackson et al.
2000; Overpeck et al. 1992; Williams et al. 2001, 2000b). Jackson et al. (2000)
identified some assemblages that lacked modern analogs, but these were primar-
ily in peripheral areas (east Texas, peninsular Florida). However, for many of the
fossil assemblages in the rest of the region, only one or two modern assemblages
(of 1744 used in the analyses) provided positive matches (Jackson et al. 2000).

Pollen assemblages from most of eastern North America during the last glacial
maximum were dominated ®inus Picea andQuercus with significant repre-
sentation of herbaceous taxa (Asteraceae, Cyperaceae, Poaceae) and low amount
of Caryaand other hardwoods (Jackson et al. 2000). Jackson & Whitehead (1993),
in discussing similar assemblages from the interstadial that preceded the last glacial
maximum, pointed out the inability to discriminate among the 12 extant species
of PinusSubg.Pinus 21 (or more) species @puercus 10 species oCarya, or
3 species oPiceaextant in eastern North America, and noted that the low taxo-
nomic precision of the pollen data might lead to false positive matches with modern
assemblages.

Consideration of other data sources suggests that vegetation of the last glacial
maximum may have lacked modern analogs, despite the positive pollen analogs.
First, plant macrofossil data from several sites indicate that several tree taxa were
at least locally present in vegetation despite very poor representation in the pollen
assemblage®inus strobusindBetula papyriferaoccurred near Bob Black Pondin
northeast Georgia during the last glacial maximum, for example, whereas pollen of
P. strobusandBetulasp. were eack 1% of the pollen sum (Jackson et al. 2000; S.T.
Jackson, unpublished). In the Tunica Hills of Louisiana/Mississippercusspp.,
Juglans nigraCarpinus carolinianaCaryaspp., andJiImus americanaccurred
in macrofossil assemblages dating to the last glacial maximum (Givens & Givens
1987, Jackson & Givens 1994). All of these taxa occurred in pollen assemblages
only in trace amounts<1%), except forQuercus which never exceeded 10%
in the Piceadominated assemblages (Jackson & Givens 1994). Simi@alrya,
Juglans nigra and Fagus grandifoliawere represented by macrofossils at the
Nonconnah Creek site in western Tennessee and were absent or in trace amounts
inthe pollen assemblages (Delcourt etal. 1980). Of these@uercusBetula and
Pinus strobusgre highly productive of pollen and are very well represented in pollen
assemblages throughout their geographic ranges (Davis & Webb 1975, Delcourt
et al. 1984, Webb & McAndrews 1976fagus Carya Carpinus Juglans and
Ulmusare moderately represented in pollen assemblages today; none are among
the problematic palynologically “silent” taxa.

A second suggestion that vegetation may have lacked modern analogs comes
from evidence that temperate hardwoods may have been more widespread in the
southeastern United States during the last glacial maximum than indicated by the
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pollen data (Jackson et al. 2000). Delcourt et al. (1980) documented macrofossils
of several temperate hardwoods as far north &8 35latitude at which all glacial-
age pollen assemblages are dominateéPiopisandPicea(Jackson et al. 2000).
Geographic studies of genetic markers in extant populatiod&ef rubrumand
Fagus grandifoliasuggest that these species may have been widely distributed
during the last glacial maximum, with populations possibly as far north as the
Ohio River valley (J.S. McLachlan, personal communication).

Finally, the co-occurrence of temperate hardwoods Ritéain the Tunica
Hills (Givens & Givens 1987, Jackson & Givens 1994) and at Nonconnah Creek
(Delcourt et al. 1980) is itself unusual. The geographic ranges of the hardwood
taxa and the three extaBiceaspecies overlap in the Great Lakes and St. Lawrence
regions and in New England (Little 1971), but they generally occur in different
habitats. Plant communities with all of these taxa, as indicated by the macrofos-
sil data, occur today only on a very restricted spatial scale.Hibeaspecies
associated with hardwoods in the Tunica Hills vilgritchfieldii a now-extinct
species (Jackson & Weng 1999). Thus, from a compositional standpoint, the Tu-
nica Hills vegetation had no modern anal&gcritchfieldiioccurred as far east as
Georgia (Jackson & Weng 1999), and descriptionBioEacones from the Non-
connah Creek site (Delcourt et al. 1980) match its gross morphology. However,
some cones from the Nonconnah Creek site (in collections at the Memphis Pink
Palace Museum) are probably assignabl®.tglauca an extant boreal species
(S.T. Jackson, personal observation, October 2000).

The reasons for the apparent discrepancy between the pollen and macrofossil
data are not clear. At Bob Black Pond, macrofossilBiofus banksianandPicea
spp. were much more abundant than thos®.dftrobusand Betula papyrifera
paralleling the pollen percentages (S.T. Jackson, unpublished). SimRara
macrofossils were much more abundant than the hardwoods macrofossils in the
Tunica Hills and Nonconnah Creek sediments, similar to the pollen data. Thus,
the hardwoods anB. strobusmay have been in very low local abundance relative
to the dominant pines and spruces (deep no-analog in which boreal and temperate
species co-occurred in communities). Alternatively, the hardwood®astcbbus
may have represented local populations near the sites (small ponds, stream valleys),
with pines and spruces dominating the uplands at a regional scale (shallow no-
analog in which landscape patterns differed from today). These hypotheses are not
mutually exclusive. It may be significant that no glacial-age pollen assemblages
have yet been documented anywhere in the region that are dominatidusy
strobusor hardwoods. However, site coverage remains sparse (Jackson et al. 2000).

Alternatively, the apparent underrepresentation of temperate hardwoods rela-
tive to Pinusand Piceain pollen assemblages during the last glacial maximum
may not be due to sparse populations or unusual landscape patterns, but instead
may derive from environmentally driven changes in pollen productivity. In partic-
ular, lowered CQ concentrations at the last glacial maximum (180 to 200 ppm)
(Petit et al. 1999) may have imposed a severe limitation upon the carbon budgets
of individual plants, forcing shifts in resource allocation and reproduction
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strategies. Allocation and reproductive responses tg @Biations likely vary
among species, with the greatest differences expected between plants usigg the C
and G photosynthetic pathways (Dippery et al. 1995, Ehleringer et al. 1997, Ward
etal. 1999). A plausible, although untested, hypothesis for the underrepresentation
of temperate hardwood taxa in pollen records from the last glacial maximum is
that these taxa were more sensitive to variations in &l experienced greater
depressions in pollen productivities relativeR@ea Pinus and other conifer-

ous taxa. This effect would be in addition to any shifts in plant-climate relation-
ships or vegetation structure caused by low,@0ncentrations (Cowling 1999,
Cowling & Sykes 1999). Macroscopic charcoal evidence from Europe indicates
that temperate hardwoods in central Europe were also extensive during the last
glacial maximum yet poorly represented in pollen assemblages (Willis et al. 2000).
The impact of full-glacial C@ concentrations on pollen productivity is still un-
known, but its potential importance is massive insofar as it may alter the funda-
mental sensitivity of the pollen sensor.

Vegetation of the last glacial maximum remains enigmatic. Most pollen assem-
blages dating to that period in eastern North America have at least some modern
analogs, but whether these represent true analogs in terms of vegetation composi-
tion, structure, or pattern is open to question. Integration of paleoecological data,
experimental studies, modeling, and genetic studies is required to clarify the is-
sue. Additional paleoecological studies, including macrofossil studies capable of
high taxonomic and spatial precision, will provide a sounder empirical basis for
evaluating distributions of species and local composition of plant communities.
Modeling and/or experimental studies to assess potentigleifécts on pollen
representation will help assess fossil pollen assemblages. Genetic studies provide
important clues concerning the whereabouts of species and populations during the
last glacial maximum (Hewitt 2000, Petit et al. 2003) and can help fill knowledge
gaps in the fossil record and direct paleoecologists to regions and taxa for which
further studies are needed.

HOW CAN COMMUNITIES LACKING MODERN
ANALOGS ARISE?

Annu. Rev. Earth Planet. Sci. 2004.32:495-537. Downloaded from www.annualreviews.org
by Boston College on 11/05/12. For personal use only.

Important questions remain concerning the nature of past communities and the
extent to which they are comparable to modern communities at local and regional
scales. However, itis clear that pollen assemblages with few or no modern analogs
were widespread during the late-glacial period, and that both late-glacial and last-
glacial-maximum vegetation differed in important respects from extant vegetation.
These phenomena require explanation.

No-analog communities have been ascribed to ecological and biogeographic
factors, including migration lag, geographic barriers, soil development, and dif-
fering centers of distribution during the last glacial maximum (Birks 1989; Davis
1976, 1981; Delcourt & Delcourt 1985, 1987; West 1964, 1980). Species
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migrated at different rates and in different directions as climate warmed and ice
sheets retreated, leading to ephemeral assemblages consisting of whichever species
happened to be in the vicinity and were capable of tolerating the prevailing en-
vironment. These communities, at disequilibrium with prevailing climate, were
subsequently invaded by species better adapted to postglacial climate, resulting
ultimately in communities that were in equilibrium with climate and that resembled
modern communities.

The importance of migration lag, geographic barriers, and refugium locations in
governing composition of late Quaternary vegetation, however, is under increasing
question. Phylogeographic studies suggest that some, perhaps many, species were
widely dispersed during the last glacial maximum, rather than being restricted to
one or a few refugia far south of the ice sheet (McLachlan et al. 2003). Paleoeco-
logical studies and seed-dispersal theory indicate that migrations can be very rapid
(Clark et al. 1998), and instances of long-distance dispersal events spanning 100
or more kilometers across large lakes, mountain ranges, and desert basins are well
documented (Betancourtetal. 1991, Lyford etal. 2003, Webb 1987a). Plant macro-
fossils indicate thaBetula papyriferaand Alnusspp. were widely distributed in
eastern North America south of the ice sheet during the late-glacial period, indicat-
ing that the low abundance of these taxa in no-analog pollen assemblages did not
stem from migration lag (Jackson et al. 1997). Uniqgue communities can certainly
develop when potential dominants are absent from the species pool. But such cases
have yet to be adequately documented from the late Quaternary fossil record.

An alternative hypothesis for the development of unique communities and veg-
etation arrays is the existence of unique environmental conditions and gradients.
The multiple environmental factors influencing individuals, populations, and com-
munities comprise a multivariate environmental space that is capable of changing
shape, position, and orientation (Figure 9) (Jackson & Overpeck 2000). Individ-
ual species have unique ecological responses to the multivariate environment,
depending on morphology, physiological tolerances, phenotypic plasticity, and
other features. Species can co-occur only where their fundamental niches overlap,
and this zone of overlap may or may not overlap with the realized environmental
space at a particular time (Figure 9). Thus, a particular species assemblage may
occur at one time under a particular environmental realization, but may disappear
later as the environment changes (Figure 9). By this mechanism, past assemblages
with modern analogs would occur in regions and time periods where environmental
conditions approximately matched those prevailing somewhere today. Conversely,
past assemblages lacking modern analogs would occur in regions and time periods
where the environmental array had no modern counterpart.

A test of this hypothesis for the late-glacial pollen assemblages of eastern
North America was provided by a comparison of spatial and temporal patterns
between the pollen data (Figure 7) and climate simulated from general circulation
models (GCMs) (Figure 10) (Williams et al. 2001). Dissimilarity values between
modern and fossil pollen assemblages were mapped for selected time windows, and
dissimilarities between simulated paleoclimates and modern climates were mapped
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Environmental Variable 2
Environmental Variable 2

Environmental Variable 1 Environmental Variable |
Realized Fundamental Redlized Environmental Resfizad Ervircnmentsl
== Environmental Space Miche Space Space, Time | Space, Time 2
Potential Fundamental Niche, %¢| Fundamental Niche,
Niche Space Realized Niche Species | X Species 2

Figure 9 (a) Model of the niche structure of a species or population in response to
two environmental variables (Jackson & Overpeck 2000). The realized environmental
space represents the particular realization of combinations of the two variables at a
particular time. The fundamental niche represents the area of environmental space as
defined by the two variables within which individuals of the species can survive and
reproduce. The potential niche represents the intersection between the fundamental
niche and the realized environmental space. Populations of the species can potentially
occupy any site falling within the potential niche space, barring barriers to dispersal or
other factors (e.g., biotic interactions). The realized niche is the actual environmental
space occupied by populations of the species at a given time, and is by definition a
subset of the potential nicheb)(Implications of environmental change for species
assemblages. Two species can co-occur only when their potential niches intersect (i.e.,
when the intersection of their fundamental niches overlaps with a portion of realized
environmental space). At Time 1 in the figure, Species 1 and 2 can co-occur. However,
at Time 2, these species cannot co-occur and will have disjoint ranges because the
area where their potential niches intersect falls outside the realized environmental
space for Time 2. By this mechanism, species assemblages can arise and vanish as the
environment changes, providing a plausible mechanism for no-analog communities of
the past (and future). Compare with the realized-climate scatterplots in Figure 10.

for the same time periods. The map series show parallel patterns, with extensive
no-analog pollen assemblages and climates in interior eastern North America from
16,000 to at least 11,000 years BP, with both pollen data and climate simulations in
the Holocene finding close matches to modern data (Figures 7 and 10) (Williams
etal. 2001). Overlaid scatterplots of the modern and late-glacial climate simulations
show that late-glacial climates were characterized by colder-than-present winters
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and warmer-than-present summers, indicating increased seasonality relative to
present (Figure 10). For both the pollen data and simulated climates, dissimilarities
peak between 16,000 and 14,000 years BP, a time when three of the major forcers
of late Quaternary climates (e.g., orbitally driven variations in insolation, ice sheet
extent, and C@concentrations) differed from their present state (Figures 10 and
11). Pollen records from Beringia also peaked in dissimilarity during the late-
glacial period (Anderson et al. 1989), but the timing of this peak lags maximal
dissimilarities in eastern North America by a few thousand years, and is nearly
contemporaneous with the maximal peak in insolation (Figure 11). The timing of
the Beringian dissimilarities is consistent with evidence that vegetation and climate
dynamics in high latitudes may be closely linked to orbitally forced variations in
insolation (Ritchie et al. 1983).

The simulated climates for the last glacial maximum (21,000 years BP) also
show extensive regions of high dissimilarity to modern climates, in contrast to the
pollen assemblages (Figures 7 and 10). In contrast to late-glacial climates, climate
gridpoints at 21,000 years BP that are outside the modern climate envelope tend
to be colder and less seasonal than modern climates. This supports the interpreta-
tion that the composition or spatial structure of full-glacial vegetation was novel
compared to both late-glacial and modern vegetation, and that such features are
not captured by the positive analogs between last glacial maximum and modern
pollen assemblages. Overall, the comparative analog study of pollen and simulated
paleoclimate in eastern North America (Williams et al. 2001) provides strong sup-
port for the hypothesis that no-analog pollen assemblages arose from no-analog
climates, although it does not incorporate the effects of lowereg CO

CAN NO-ANALOG ASSEMBLAGES BE PREDICTED
FOR PAST OR FUTURE CLIMATES?

A critical challenge for paleoecology is to determine whether we can develop
models capable of predicting the composition of no-analog pollen assemblages
for the past. Can we, for example, explain why late-glacial vegetation in interior
eastern North America was dominated Pigea why hardwood taxa were also
widespread and abundant; and why boreal trees and shidasld papyrifera
Abies balsameaPinus banksianaAlnus spp.), although widespread, occurred
only sparsely in contrast to modern boreal forests? What particular combination
of seasonal temperature and precipitation regimes might have led to this kind of
vegetation? Why was vegetation structure sufficiently open to permit significant
representation ortemisiaand other herbs? Was landscape-scale texture of veg-
etation fine-grained or coarse-grained?

This is an immense challenge, requiring integration of paleoclimate modeling
and inference, vegetation-climate and pollen-climate modeling, paleoecological
data, and ecological theory and experimentation. Paleoclimate simulations cap-
ture key features of past climates (Bartlein et al. 1998, Webb et al. 1998), but
also have substantial uncertainties about the precise spatial distribution
of climate variables. Response-surface models linking climate with pollen

Annu. Rev. Earth Planet. Sci. 2004.32:495-537. Downloaded from www.annualreviews.org
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Figure 11 Time series plots of the median dissimilarity from present (squared-chord
distance) for fossil pollen samples &) astern North America and)the North Amer-

ican portion of Beringia.d) Secular variations in the boundary conditions used to drive
the CCML1 climate simulations: Northern Hemisphere summer (JJA) and winter (DJF)
insolation (W/nf), land ice extent, and atmospheric £&ncentrations. Figures){

and €) are redrawn from Williams et al. (2001).
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(Bartlein et al. 1986, Webb et al. 1993) and plant species distributions (Leni-
han & Neilson 1995, Shafer et al. 2001) use a relatively small suite of climatic
variables, which are founded upon our best understanding of the bioclimatic limits
constraining species establishment and survival, but our understanding is imper-
fect and other variables may be more important for determining vegetation and
pollen distributions. Application of these models is based on the assumption that
the particular variables most relevant to vegetation composition covary with the
variables used in the models. Although such covariation is reasonable along spatial
gradients, the covariation may not be sustained in time (Jackson 2000, Jackson
& Overpeck 2000). For example, the no-analog climates of the late-glacial period
had a stronger seasonal temperature contrast than today (Williams et al. 2001);
this reflects the fact that summer and winter temperatures, which covary posi-
tively along longitudinal and elevational gradients, may show no covariation or
(in this case) negative covariation in time. Furthermore, these empirically based
models do not cover combinations of climatic variables that do not occur today
(i.e., no-analog climates) (Figure 9) (Jackson & Overpeck 2000). The extent to
which these models can be extrapolated outside the modern realized climate space
is not yet clear. Finally, the extent to which composition and landscape pattern of
past no-analog vegetation was mediated by interspecific competition, disturbance
regimes, or edaphic factors (e.g., widespread deposition of calcareous loess from
river valleys draining active glaciers) is unknown. Targeted application of existing
paleoclimate simulations and response-surface models toward reconstructing no-
analog pollen assemblages and communities will indicate what elements might be
lacking in our current understanding of climatic change and vegetational response.
Additional research should focus on building and testing first-principle vegetation
models aimed at accurate prediction of vegetation dynamics in no-analog environ-
ments. This is no small challenge: Dynamic vegetation models scaled to represent
regional to global processes are usually limited to a few plant functional types to
reduce complexity (e.g., Kucharik et al. 2000, Moorcroft et al. 2001).

Understanding the nature of no-analog vegetation, including spatial and eco-
logical scale, represented by the late-glacial pollen assemblages is important, for it
bears upon the broader question of whether species associations persist over time
or are ephemeral, which has fundamental implications for ecology, evolution,
and conservation (Ackerly 2003, Bennett 1997, Davis & Zabinski 1992, Hunter
et al. 1988, Jackson & Overpeck 2000). Much of the debate over the no-analog
assemblages has relied upon data originally collected for other purposes. Further
advance will require the collection of new records, with both pollen and macro-
fossil records, carefully sited to encompass a broad range of environments at a
sub-landscape scale.

The kaleidoscopic nature of environmental change, where multiple environ-
mental variables form new combinations and gradients through time (Figure 10),
is at the heart of the no-analog problem (Jackson 2000, Jackson & Overpeck
2000). Changing realizations of the environment induce changing combinations
of species populations in communities and on landscapes. Complex, multivariate
environmental changes at millennial timescales are characteristic of the entire



528 JACKSON = WILLIAMS

Quaternary (Jackson & Overpeck 2000, Webb & Bartlein 1992), and perhaps for
all or most of geologic time.

Future climates will certainly consist of uniqgue combinations of climate vari-
ablesthat do not existin the modern world. In the absence of other factors, these new
climatic realizations would become manifest over centuries to millennia. However,
climate forcing by greenhouse gases is rapidly taking us toward climatic realiza-
tions that may be as different from the twentieth century as the twentieth century
was from late-glacial times (Figure 10). Climates of the mid to late twentyfirst
Century may have few analogs in the modern world or anywhere else in the Qua-
ternary (Figure 10) (Crowley 1990, Intergov. Panel Clim. Change 1995). If history
is any guide, we may be on the verge of biotic reorganization into new communities
and landscape mosaics that have no analogs anywhere in the Quaternary. These
reorganizations will be mediated not only by climate, but also by effects of elevated
CO, concentrations (unprecedented in the Quaternary), by intercontinental biotic
exchanges (i.e., exotic invasions), and by widespread effects of human activities.
Our ability to predict the nature and course of these reorganizations will be limited
unless we can develop models capable of explaining biotic responses to complex
environmental changes of the past. A robust explanatory theory that explains how
no-analog assemblages have arisen in the past is vital for identification of regions,
biotic communities, and ecosystems that are particularly vulnerable to disruption
and reorganization as we enter a new greenhouse world.
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Figure 7 Mapped changes in plant associations/$¢ 1-3 and palynological dissimilarity

from presentrow 4) for the past 21,000 years in eastern North America. The top three rows
are multitaxon isopoll maps in which each taxon is represented by a single contour and each
combination of taxa is represented by a unique color. Late-glacial pollen assemblages in the
Great Lakes region are characterized by high abundances of spruce, sedge, ash,
hornbeam/hophornbeam, larch, and fir pollen and low abundances of pine, birch, and alder
pollen. This combination of pollen types is rare in modern pollen assemblages, resulting in
high dissimilarity values for the late-glacial pollen spectra. Modified from Williams et al.
(2001).
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Deep No-Analogs Shallow No-Analogs
(Species within stands) (Stands within Landscapes)

A% /m

1 km 10 km

No No-Analogs
(Gradients within Continents)

‘Late-Glacial® ‘Present”’

Tundra

100 km

Figure 8 Cartoon illustrating three levels of ecological no-analogs that could be repre-
sented by the anomalous mixtures of pollen types found in late-glacial pollen assem-
blages: ¢) “Deep no-analogs” in which individuals from species that today are not asso-
ciated were growing in close proximityg) (‘Shallow no-analogs” in which individual
stands are similar in composition to modern stands, but the array of stands across the
landscape differs from preserd} {No no-analogs” in which late-glacial vegetation for-
mations are essentially alike to modern vegetation formations, but steepened climatic anc
vegetational gradients in the past allow the influx of pollen from distant formations.
Brown indicates, respectively, individuals, stands, or formations of temperate deciduous
trees such as ash and hornbeam/hophornbeam. Green indicates, respectively, individual
stands, or formations of cold-tolerant conifers such as spruce, fir, or larch. White indi-
cates, respectively, individuals, populations, or formations of sedges, grasses, and othe
herbaceous taxa. A basin from which a pollen record might be collected is represented a
a light blue circle or polygon; the size of the lake is not to scale. Arrows represent the
transport of pollen from distant vegetation bodies to the collecting basin.
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