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ABSTRACT

Aim To provide a test of the conservatism of a species’ niche over the last
20,000 years by tracking the distribution of eight pollen taxa relative to climate
type as they migrated across eastern North America following the Last Glacial
Maximum (LGM).

Location North America.

Methods We drew taxon occurrence data from the North American pollen
records in the Global Pollen Database, representing eight pollen types — all taxa
for which 25 distinct geographic occurrences were available in both the present
day and at the LGM (21,000 years ago + 3000 years). These data were
incorporated into ecological niche models based on present-day and LGM
climatological Modelling
Intercomparison  Project to produce predicted potential geographic
distributions for each species at present and at the LGM. The output for each
time period was projected onto the ‘other’ time period, and tested using
independent known occurrence information from that period.

summaries available from the Palaeoclimate

Results The result of our analyses was that all species tested showed general
conservatism in ecological characteristics over the climate changes associated with
the Pleistocene-to-Recent transition.

Main conclusions This analysis constitutes a further demonstration of general
and pervasive conservatism in ecological niche characteristics over moderate
periods of time despite profound changes in climate and environmental
conditions. As such, our results reinforce the application of ecological niche
modelling techniques to the reconstruction of Pleistocene biodiversity
distribution patterns, and to project the future potential distribution range of

species in the face of global-scale climatic changes.

Keywords
Climate change, North America, ecological niche modelling, evolutionary
conservatism, plant migration, Pleistocene, pollen.

INTRODUCTION

2001), creating new contexts for biodiversity and natural
systems. This complexity leads to uncertainty as to how Earth’s

Ongoing processes of climate change are affecting numerous
aspects of the physical environment world-wide (Goudie, 2001;
Bronstert, 2003; Diaz et al., 2003a,b; Laternser & Schneebeli,
2003). Although general tendencies are towards warming by a
few degrees, global climate change involves reorganization of
many aspects of climate (Karl et al., 1996; Houghton et al.,
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ecosystems will evolve in human and natural dimensions over
the coming decades.

Efforts to understand the implications of climate change for
biodiversity have proceeded along two general lines. First,
documentation of changes in geographic and ecological ranges
(temporal and spatial) that have already begun and appear to
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be increasingly pervasive (Parmesan, 1996; Brown et al., 1997;
Parmesan et al., 1999; Walther et al., 2002; Parmesan & Yohe,
2003). Second, use of climate projections (McFarlane et al.,
1992; Flato et al., 1999; Pope et al., 2002) as a basis for
modelling effects on ecosystem processes (Rastetter, 1996;
Cramer et al., 2001; Melillo et al., 2001; Karnosky, 2003) and
the likely effects on individual species (Kadmon & Heller,
1998; Gottfried et al., 1999; Bakkenes et al., 2002; Erasmus
et al., 2002; Midgely et al., 2002; Peterson et al., 2002; Roura-
Pascual et al., 2005).

The species-specific models cited above focus on identifying
associations between a species’ known occurrences and the
ecological (climatological) ‘landscape’, and then projecting
those associations onto climatological data sets describing
expected conditions at points in the future (e.g. for 2050).
As such, the projections depend critically on the assumption
that the occurrence—climate association (hereafter the ecolog-
ical niche) does not change radically (Peterson et al., 2005),
which would remove any predictivity regarding the species’
potential future distribution. This assumption has received
some testing (Huntley et al., 1989; Peterson et al., 1999;
Martinez-Meyer, 2002; Peterson, 2003; Martinez-Meyer et al.,
2004). If this assumption is not valid, the predictive power of
models to project range changes would be undermined.

The present contribution represents a further test of the
conservatism of ecological niche characteristics. Specifically, we
use ‘longitudinal’ tests (i.e. tracking the same species through
time), asking whether the modelled ecological niche of a
species at one time is able to predict the known distribution of
the species at another time, after a profound climate change
event, and vice versa. This study represents one of few such
studies of which we are aware (Hugall et al., 2002; Hilbert
et al., 2004; Martinez-Meyer et al., 2004), and focuses on
North American plants (mostly trees), which in themselves
have implications for the continent-wide dynamics of veget-
ation types.

METHODS

Our analyses involved three steps: (1) modelling ecological
niches for a single time period based on climatic parameters
and known occurrences of the species; (2) projecting niche
models onto modelled climates for a second time period;
and (3) testing the ability of these models to predict known
occurrences in the second time period. Tests were carried
out both in geographic and ecological space, and (in the
former) were repeated reversing predictor and predicted
time periods.

Input data

Ecological niches of plant species were modelled in eastern
North America, with pollen records drawn from the Global
Pollen Database (http://www.ngdc.noaa.gov/paleo/gpd.html)
of the US National Geophysical Data Center. We analysed only
those species for which > 5 distinct geographic occurrences
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(i.e. geographic coordinates differing by > 0.1° of latitude or
longitude) were available in both the present (as pollen
records) and the Pleistocene [Last Glacial Maximum
(LGM) + 3000 years, 18,000-24,000 Br]. In all, only eight
taxa fit the sample size criteria: Acer rubrum, A. saccharum
type, Alnus incana, A. viridis, Brasenia schreberi, Fraxinus nigra
type, Juglans cinerea and Sarcobatus vermiculatus; although
some uncertainty exists in taxonomic identifications, we
assume that the signal outweighs the noise, and that these
errors do not detract from the utility of the data set. Sample
sizes ranged from 5 to 7 points for LGM samples, and from
30 to 131 points for the present-day samples (Table 1).

Environmental variation in the present and the LGM was
summarized in a series of GIS coverages (‘layers’) including
aspects of climate and topography. The latter were derived
from the USGS Hydro-1K data set (http://edc.usgs.gov/
products/elevation/gtopo30/hydro/index.html), including slope,
aspect and topographic index (elevation per se was excluded
owing to the changing meaning of ‘elevation’ under different
climates, although its derivatives listed above do not change in
meaning). The former (climate data) were derived for present
(1961-90) climates (New et al., 1997) available from the
Intergovernmental Panel on Climate Change (http://www.
ipcc.ch/), and for LGM climates by the Palacoclimate
Modelling Intercomparison Project (http://www-pcmdi.llnl.
gov/pmip/) (Hadley Climate Change Centre, HadCM2 scen-
ario: cloud cover, annual mean temperature and annual mean
precipitation). All geographic data sets were resampled to 0.1°
resolution for analysis.

Niche modelling

Niche models were developed using the Genetic Algorithm
for Rule-set Prediction (GARP) (Stockwell & Noble, 1992;
Stockwell & Peters, 1999), specifically the DesktopGarp
software package (http://www.lifemapper.org/desktopgarp/).
GARP is designed to identify correlations between known
species’ occurrences and environmental parameters through an
iterative process of rule selection, evaluation, testing, and
incorporation or rejection. This process is achieved by a
random ‘evolutionary’ process, in which solution space is
explored via small mutations in rules delineating niche
dimensions. Predictions were developed in a space defined
only by climatic and topographic parameters; no spatial
information was included in model development.

Within GARP, input occurrence data are divided into a
series of subsets — when sample sizes permit (i.e. in models
based on present-day pollen samples), a first 50% of occur-
rence points is set aside as extrinsic testing data (for evaluating
the relative predictivity of the different models developed); the
remainder of the points (or all of the points in the case of LGM
occurrence data) is then divided into training data (for model
development) and intrinsic testing data (for rule testing
intrinsic to GARP processing). A method is chosen from a
set of possibilities (logistic regression, BIOCLIM rules, etc.),
applied to the data, and a rule developed (Stockwell & Peters,
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Table 1 Summary of reciprocal tests of predictivity of geographic distributions based on ecological niche characteristics for pollen records
of eight plant species, predicting from Last Glacial Maximum (‘Pleistocene’) to present, and vice versa. Ten best-subsets models were
developed for each reciprocal prediction for each species; ‘all’ refers to 10 of 10 models predicting presence, ‘most’ refers to >5 of 10 models
predicting presence, and ‘any’ refers to at least 1 of 10 models predicting presence

Proportional area
predicted present

Number of test points

successfully predicted

Binomial probability

Species All Most Any n All Most Any All Most Any

Pleistocene predicts present
Acer rubrum 0.178 0.272 0.438 103 58 75 88 233 %1077 0 -8.4x107"
Acer saccharum type 0.170 0394  0.772 131 82 116 130 2.89x 107" 0 -2x 107"
Alnus incana 0.247 0.457 0.720 101 49 63 922 6.79 X 1078 0.000261 5.28 x 1077
Alnus viridis 0.258 0.376 0.600 109 55 70 87 1.04 x 1078 5.11 % 10™° 3.06 x 107¢
Brasenia schreberi 0.102 0.285 0.568 30 13 25 29 3.88 x 1077 5.09 x 107 427 %1078
Fraxinus nigra type 0.391 0.629 0.886 112 80 104 111 1.14 x 10712 32x 107 1.25 x 107°
Juglans cinerea 0.310 0.570 0.835 77 36 60 74 0.001284 3.54 x 107> 0.000124
Sarcobatus vermiculatus 0.093 0.299 0.702 94 34 66 88 2.19 x 107" 2.78 x 107 3.01 x 107°

Present predicts Pleistocene
Acer rubrum 0.115 0.163 0.236 6 5 5 5 232%x107° 1.89 x 10™° 0.000171
Acer saccharum type 0.079 0.142 0.235 6 2 4 4 0.008149 0.000305 0.00345
Alnus incana 0.029 0.149 0.277 7 0 2 5 0.184569 0.072542 0.002392
Alnus viridis 0.015 0.130 0.310 7 0 2 3 0.100394 0.050975 0.138968
Brasenia schreberi 0.070 0.140 0.230 6 2 4 6 0.005867 0.000289 <107
Fraxinus nigra type 0.072 0.153 0.272 7 2 4 6 0.01038 0.001329 0.000109
Juglans cinerea 0.071 0.131 0.243 6 3 3 4 0.000337 0.003593 0.004081
Sarcobatus vermiculatus 0.145 0.219 0.282 5 3 4 4 0.001968 0.000501 0.001771

1999). Then, based on 1250 points resampled from the
intrinsic testing data and 1250 points sampled randomly from
areas across the study region at which the species is not known
to occur, predictive accuracy is calculated as the sum of points
actually present predicted as present and those actually absent
predicted as absent, divided by the total number of points in
the map. Once a rule set is generated, rules are ‘evolved’ and
rules are evaluated again. Change in predictive accuracy from
one iteration to the next is used to evaluate whether a
particular rule should be incorporated into the model. The
algorithm runs either 1000 iterations or until addition of rules
has no appreciable effect on the accuracy measure (conver-
gence).

Geographic predictions can present two general types of
error: omission (predicting areas of known presence as absent)
and commission (predicting areas of absence as present).
Because GARP generates distributional predictions based on a
random-walk exploration of solution space, predictions vary
somewhat from one run to the next, so we generated 100
models per species and filtered them based on error statistics to
retain a ‘best subset’ (Anderson et al., 2003). These models
represent those from among the 100 models generated that
present (1) minimum omission (the 20 models showing least
omission based on overlay of the extrinsic testing data), and
(2) intermediate estimates of area predicted present — because
area predicted present can be taken as an index to commission
error, we retained the 10 models showing least deviation from
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the median area among low-omission models (Anderson et al.,
2003). The sum of this ‘best subset’ of models was used as the
single representative potential geographic prediction for the
species.

Testing model predictions

To test predictivity of species’ ecology and distributions
between time periods, we constructed niche models for each
species for the present, and projected them on the Pleistocene
climatic scenario. Pleistocene localities were then overlain onto
the resulting projection, and statistical significance evaluated
with a binomial test for each of three thresholds — ‘any’ model
predicts (= 1 of 10 models), ‘most’ models predict (> 5 of 10
models), and ‘all’ models predict (10 of 10 models). The same
process was followed to evaluate predictivity from Pleistocene
to present: niche models were constructed for the Pleistocene
and projected to the present-day climate conditions, present-
day localities overlain, and statistical significance of this
reciprocal prediction evaluated also with a binomial test, as
follows:
P(Mbinomial = nCr0"q"™"

where ,,C, is the number of combinations of r successes out of
n test occurrence points, r is the number of successful
predictions in n test occurrence points, and p and q are the
proportional areas predicted present and absent, respectively.
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Figure 1 Summary of model predictions based on Last Glacial Maximum (LGM) occurrence data and climate information, predicting
present-day occurrences. White = predicted absent by all models, light grey = predicted present by any model, dark grey = predicted
present by most models (6-10), and black = predicted present by all 10 models. Known occurrence points of pollen within each period
(LGM and present) are overlain; note that the LGM points are those that were used to develop models, and the present points represent the
independent testing data set.
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Present-day projection

Juglans cinerea

Sarcobatus vermiculatus

Figure 1 continued

Because the binomial test includes the proportional area
predicted present as the ‘probability of success’, a cost of
overprediction is incorporated, and the ‘easy’ solution of
simply overpredicting massively to avoid omission error is thus
removed. Because localities — particularly those from LGM —
are well-separated spatially (all by >10 km), reductions in
effective sample sizes owing to spatial autocorrelations are
negligible. While these tests in geographic space are standard
means of validating such model predictions (Fielding & Bell,
1997; Elith & Burgman, 2002; Scott et al., 2002), ecological
niche models should rightly be validated in ecological space to
avoid pseudoreplication of test points (Soberén & Peterson,
2005). Although these validation methodologies are only now
under development (A. T. Peterson and R. G. Pearson,
unpublished data), we present a preliminary example here,
based on the coincidence of test presence points in ecological
space with portions of that space that are predicted present.
Binomial tests were used to test whether this coincidence was
better than that expected under a random model.

RESULTS

Distributional patterns indicated by the ecological niche
models developed in this study were highly predictive of
actual patterns of occurrence (Figs 1 & 2). Although no direct
test of model validity was developed within time periods, so as
to conserve a maximum of point occurrences for developing
and testing models, the distributions predicted nonetheless
coincided well with known distributional patterns for each
species and with the input data on which the models were
based.

More importantly, however, all model predictions from one
time period to the ‘other’ time period were highly statistically
significant (Table 1), regardless of the threshold employed
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(‘any’, ‘most’ or ‘all’). For example, for the Pleistocene LGM-
based Acer saccharum type model at the ‘all’ models threshold,
82 of 131 points in the present were successfully predicted,
although the model predicted only 17% of the area of study,
yielding a binomial probability of 2.89 x 107", Indeed, all of
the LGM-predicts-present model projections were consider-
ably more coincident with independent test points than would
be expected at random (calculated similarly, all P < 0.002;
Table 1). For the converse (present-predicts-LGM models)
testing model predictions was more difficult owing to small
sample sizes, yet all predictions except Alnus incana at the ‘all’
and ‘most’ thresholds and A. viridis at all thresholds (P > 0.05)
were significantly more coincident with independent test
points than random expectations (P < 0.05). It should be
noted that this test result indicates that the two niches were not
statistically significantly different, but subtle differences may
yet exist.

Looking at the example of A. incana predictions of
present-day range projection based on a Pleistocene ecolog-
ical niche model in ecological dimensions, a close coincidence
exists between the test occurrence points and the portion of
ecological space predicted present (Fig. 3). Of the total
number of unique environmental combinations, 73.1% of
them were predicted present by any of the best-subsets
models, and 25.1% of them were predicted present by all 10
of the best-subsets models. Nonetheless, all seven of the
independent test points fell within the area predicted by any
of the best-subsets models, and four of seven of the
independent test points fell within the area predicted by all
best-subsets models, a level of coincidence that would be
unexpected were the test points and prediction to be assorted
at random with respect to one another (binomial test,
P << 0.0001 and P = 0.013, respectively). Although this test
is preliminary in nature, it serves at least as an indication of a
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Figure 2 Summary of model predictions based on present-day occurrence data and climate information, predicting Last Glacial Maximum
(LGM) occurrences. White = predicted absent by all models, light grey = predicted present by any model, dark grey = predicted present by
most models (6-10), and black = predicted present by all 10 models. Known occurrence points of pollen within each period (LGM and
present) are overlain; note that the present-day points are those that were used to develop models, and the LGM points represent the
independent testing data set.
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Figure 2 continued
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Figure 3 Exploratory test of the predicted
and known distribution of Alnus incana in
ecological space (annual mean precipitation
in cm X 10 and annual mean temperature in
°C x 10, shown for purposes of illustration).
The ecological niche model was developed
based on Last Glacial Maximum conditions
and known occurrences. Black +s (in back-
ground) indicate the distribution of envi-
ronmental combinations across North
America. Areas of light and dark grey are 20 4
areas predicted present by the ecological
niche model for the species at low (= 5
models predict) and high (all models pre-

60 1

40 A

Annual mean precipitation (x10)

dict), respectively. Black Xs indicate inde- 0 -
pendent test presence points in present-day —200  -150

conditions.

non-random association between model predictions and
independent test data in ecological space, as well as in
geographic space.

DISCUSSION

This study presents concrete indications that distributions of
species are highly predictable, even before and after dramatic
climate change events. We have demonstrated for eight plant
species (all of those for which sample sizes were sufficient in
the Global Pollen Database) that ecological characteristics of
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LGM occurrences are highly successful in predicting the
geographic distribution of the species 21,000 years later
(present time), and vice versa. This result creates a picture of
species following climate regimes faithfully as they migrate
northward and southward during periods of changing cli-
mates.

This study is not the first to paint this picture. A previous
study (Martinez-Meyer et al., 2004) produced parallel results
of excellent before-and-after predictivity for mammal species
that survived the end of the Pleistocene. Several studies have
now compared sister species pairs, and asked whether they can
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predict one another’s distributional patterns. Most of these
studies (Huntley et al., 1989; Peterson et al., 1999; Martinez-
Meyer, 2002) found that these species pairs are quite able to
predict one another’s distributions, suggesting niche conserv-
atism over twice the time period since speciation, although a
few (Martinez-Meyer, 2002; Rice et al., 2003) seemed already
to have differentiated ecologically between closely related
species. Finally, the excellent predictivity of species’ invasive
distributions from their native-range ecological characteristics
(Panetta & Dodd, 1987; Honig et al., 1992; Higgins et al.,
1999; Sutherst et al., 1999; Skov, 2000; Hoffmann, 2001;
Peterson & Vieglais, 2001; Papes & Peterson, 2003; Peterson
et al., 2003a,b; Peterson & Robins, 2003; Iguchi et al., 2004)
suggests that the different community contexts in two distinct
distributional areas do not affect species’ distributions notice-
ably (Peterson, 2003).

This further testing of evolutionary conservatism of niche
characteristics across dramatic climate change events opens the
door to important applications of these techniques to pressing
questions. For palacoecology, these methods open the door to
reconstruction of non-analogue past communities based on the
autecological characteristics of each species individually. In the
realm of historical biology, these results indicate that Pleistocene
distributional areas of species will often be predictable based on
present-day niche characteristics, offering very important tools
for historical biogeography and for those attempting to under-
stand speciation and patterns of differentiation across phyloge-
ography (Rice et al., 2003). In the conservation community, this
further documentation of conservatism bolsters the case that
projections of present-day niche models onto modelled future
climate regimes offer useful information about species’ potential
geography after ongoing and future climate change processes
take place.

The palaeoecological literature holds, of course, many
examples of reconstruction of Pleistocene environments. Most
commonly, samples of vegetative material or pollen are used to
characterize biomes across broad regions (Wells, 1983; Jackson
& Overpeck, 2000; Jackson et al, 2000; Thompson &
Anderson, 2000; Edwards et al., 2003), which provides a broad
brush-stroke picture of patterns of range shifts in changing
climates. Some recent work has also focused on reconstructing
more functional aspects of plant communities, such as
percentage tree cover (Williams, 2002). The method presented
here contrasts with previous efforts, in that individual species’
ecological requirements and range shifts are modelled, rather
than communities or functional types. This picture is probably
best regarded as orthogonal to that produced by the other
studies just cited: species apparently show quite individualistic
behaviour under rapidly changing climates (Graham, 1975);
these questions of ecological and geographic behaviour of
species versus communities are an important priority for
future analyses (Peterson et al., 2005).

These analyses are intended as a first exploration of the
ecological niches of species featured in the Global Pollen
Database records, addressing the first-level question of
whether predictivity exists among time periods longitudinally
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within a fairly diverse suite of species. It should be noted that
our models summarize potential distributional areas, and as
such do not inform current debates regarding how quickly
tree species were able to colonize distributional areas as they
became suitable (McLachlan et al, 2005). Clearly, it is
important to broaden the coverage of palacoclimatic models
and scenarios used as the basis for past projections, given that
different scenarios can paint quite different pictures of
Pleistocene ecological landscapes.

Planned extensions of the analysis presented here involve
application to understanding the historical biogeography of
key tree species in forest communities, as well as to compar-
isons between models of global climate change effects on
ecosystems and to species-based models of important plant
species that make up key components of these same systems.
These explorations suggest strongly that ecological niche
modelling combined with modelled past-climate scenarios
has much to offer to diverse aspects of organismal biology.
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