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Abstract

Mapping past vegetation dynamics from heterogeneous databases of fossil-pollen records must
face the challenge of temporal uncertainty. The growing collection of densely sampled fossil-
pollen records with accurate and precise chronologies allows us to develop new methods to
assess and reduce this uncertainty. Here, we test our methods in the context of vegetation
changes in eastern North America during the abrupt climate changes of the last deglaciation. We
use the network of fossil-pollen records in the Neotoma Paleoecology Database
(www.neotomadb.org) and data contributed by individual investigators. Because many of these
records were collected decades before the current generation of '*C and age-model technologies,
we first developed a framework to assess the overall reliability of '*C chronologies by
systematically evaluating individual '*C ages and associated chronologies. We developed a
qualitative ranking scheme for individual '*C ages that combines information about their
accuracy and precision. ‘Benchmark’ pollen records were defined to have at least one '*C age
with an accuracy within 250 years and a precision less than 500 years that is within 1,000 years
of the time interval of interest, and at least five pollen samples per 1,000 years across this time
period. Only 22 of >350 late-Pleistocene pollen cores in eastern North America met the
benchmark criteria. We then used Bayesian change-point analysis to identify widespread
ecological events (Picea decline, Quercus rise, and Alnus decline), and interpolated the ages of
these events from the benchmark sites to non-benchmark sites. Leave-one-out cross-validation
analyses with the benchmark sites indicated that the spatial error associated with interpolation
was less for inverse distance-weighting (IDW) than thin-plate splines (TPS) and was about 500
years for the three biotic events. By comparison, the difference between the original ages of

events at poorly constrained sites and the biostratigraphic ages interpolated from the benchmark
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sites was close to 1000 years, suggesting that the use of biostratigraphic ages can significantly
improve the age models for poorly constrained sites. Overall, these analyses suggest that the
temporal resolution of multi-site syntheses of late-Pleistocene fossil-pollen data in eastern North
America is about 500 years, a resolution that allows analysis of ecological responses to

millennial-scale climate change during the last deglaciation.

Keywords: Neotoma; age model; Quaternary; paleoecology; pollen core
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1 Introduction

Future climates are projected to warm substantially and rapidly (Solomon et al., 2007) and how
species and communities will respond to these changes is still uncertain. The paleoecological
record of past vegetation change is a powerful source of data for understanding potential
responses. The rates and magnitudes of abrupt climate changes such as the initiation of the
Bolling-Allered event 14.5 thousand calendar years ago (ka) and the initiation and termination of
the Younger Dryas event (12.9-11.5 ka) (Denton et al., 2010) approximate those projected for the
21* century (Overpeck et al., 2003; Williams et al., in press); these time periods are thus critical
for studying ecological responses to abrupt climate change. Integrative analyses of
paleoecological records can help to answer questions about the velocity of species migration and
population expansion, changes in vegetation composition, ecological resilience to climate
change, and ecosystem responses to abrupt climate change (Dietl and Flessa, 2011; Flessa and

Jackson, 2005; Willis et al., 2010).

Mapped networks of fossil-pollen and plant-macrofossil data are the primary source of
information about spatial responses of plant species and communities to late-Quaternary climate
change. Thousands of pollen records from the late Quaternary have been collected globally and
are incorporated into public databases (APSA Members, 2007; Binney et al., 2008; Fyfe et al.,
2009; Grimm et al., 2007). Syntheses of these records have provided fundamental insights into
the relative sequence and nature of vegetation change over the past 21,000 years (e.g. Davis,
1976; Firbas, 1950; Huntley and Birks, 1983; Williams et al., 2004). Increasingly, these datasets
are used to determine the timing and rate of vegetation responses to rapid climate change (e.g.

Peros et al., 2008; Shuman et al., 2002). At local to regional scales, sites with paired vegetation
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and climate records demonstrate that shifts in vegetation composition occurred within decades or
less of abrupt climate change (e.g. Birks and Ammann, 2000; Williams et al., 2002; Yu, 2007).
At sub-continental scales, late Quaternary vegetation has been mapped at 1000-year intervals
(Williams et al., 2004). These maps summarize the spatial patterns of vegetation dynamics when
forced by climate at orbital to millennial timescales, while rate-of-change analyses based on
these datasets show elevated rates of community turnover associated with the Younger Dryas
and Pleistocene/Holocene transition (Grimm and Jacobson, 1992; Jacobson et al., 1987; Shuman

et al., 2005; Williams et al., 2004).

These mapped syntheses, however, are critically limited by the accuracy and precision of the '*C
ages and age models of the constituent pollen records (Grimm and Jacobson, 2003), which limits
their utility for studying climate-driven vegetation dynamics at sub-millennial scales. Most
pollen records used in these syntheses were developed before current methods of '*C dating were
available and are based on sparse, inaccurate, and/or imprecise '*C ages. Nevertheless, these
records contain unique information about local vegetation history and so there is value in

retaining them in integrative analyses.

An emerging challenge is to use the relatively precise chronological information available in a
small but growing set of fossil-pollen records with highly accurate and precise chronologies,
while also taking advantage of the spatial density of the full pollen databases. One way forward
is to use ecological events from the well-dated records as biostratigraphic markers to update the
age models of other, more poorly constrained pollen records. We first review sources of

temporal uncertainty in paleovegetation mapping, then outline a conceptual framework for
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99  ranking the quality of individual '*C ages and site chronologies that assesses both the random
100  and systematic sources of error (Section 2). In Section 3, we apply this framework to identify
101 the best pollen records (which we term ‘benchmark’ sites). We then use Bayesian change-point
102  analysis (Barry and Hartigan, 1993; Emerson and Erdman, 2007) to determine the timing of
103  widespread ecological events for the benchmark sites (the end-Pleistocene Picea decline,

104  Quercus rise, and Alnus decline). We reassess the timing of these ecological events at poorly
105  constrained sites by spatially interpolating the event ages from the benchmark sites to all sites
106  across the region. Although conceptually similar to using pollen-zone boundaries as a tool for
107  stratigraphic correlation (e.g., Deevey, 1939; von Post, 1946), the use of events linked to

108  individual taxa rather than to overall pollen assemblages is preferable because taxa respond

109  individualistically and their changes can be tracked over larger areas than pollen zones, which
110  are often definable only for limited spatial regions. Additionally, our method neither assumes
111  nor rejects synchrony of biological events (Blaauw, 2010b), but only assumes that these events
112  spatially propagate in a smooth manner. Maps of these events also provide an opportunity to
113 study the spatial velocity of major biotic changes. Finally, we quantify the temporal uncertainty
114  associated with individual sites and the spatial interpolation of ecological events and assess the
115  impact of the new biostratigraphic age estimates on the poorly constrained chronologies. These
116  analyses lay the foundation for a new generation of maps and other syntheses designed to

117  understand sub-millennial vegetation responses to rapid climate changes.

118

119 2 Sources of Temporal Uncertainty in Paleovegetation Mapping

120  Multiple sources of temporal uncertainty affect paleovegetation mapping. The quality of a

121 chronology for a site depends on the density of independent age controls, the accuracy and
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precision of individual '*C ages and other age controls, uncertainties in the '*C calibration curve,
and uncertainties in age models. If biostratigraphic events are used as age controls, additional
uncertainty arises from the assumptions built into the spatial interpolation of ecological events
among sites. Simple assumptions that biostratigraphic events are synchronous are particularly
problematic (Blaauw, 2010b; Smith and Pilcher, 1973). Temporal uncertainties for individual
site chronologies accumulate when assembling data from many irregularly distributed sites
having chronologies of varying quality (Bennett, 1994; Bennett and Fuller, 2002). In order to
build and critically evaluate syntheses of past vegetation dynamics, all sources of temporal

uncertainty must be quantified and minimized.

We focus here on '*C ages because these are by far the most common form of radiometric dating
for late-Quaternary pollen records. The quality of a '*C age comprises two components:
precision and accuracy. Precision refers to the temporal width of the probability density function
(pdf) of a radiometric age. Here we define precision as the two-sigma or 95% highest posterior
density region of the calibrated '“C age or other absolute age control. For '*C ages, precision
depends on analytical precision and the shape of the calibration curve. The major constraint on
analytical precision is the amount of carbon in the sample and its age (Bronk Ramsey, 2008),
which is why small and old materials tend to have the worst precision. Analytical precision is
also affected by the dating method, particularly between conventional radiometric versus
accelerator mass spectrometry (AMS) '*C dating. As technologies have improved, precision has
increased (Santos et al., 2007). For a '*C age of a given analytical precision, the precision of the
calibrated age is highly dependent upon the shape of the calibration curve where intercepted by

the '*C-age pdf. Because of variations in atmospheric '“C through time (Damon et al., 1978), the
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calibration curve is irregular and non-monotonic (e.g. Reimer et al., 2009). Wiggles in the curve
usually cause the pdfs of calibrated ages to be broader than their '*C-age pdfs. However, if the
1C pdf intercepts a steep portion of the calibration curve, the calibrated '*C age may be more

precise than the original measurement.

The accuracy of an age control is defined as the magnitude of any offset between the true age
and estimated age of an event. A '*C age may be precisely measured, but inaccurate if the age of
the dated material does not correspond with the age of deposition. Accuracy depends upon the
type and amount of material chosen for '*C dating, as well as stratigraphic integrity and
depositional processes. For a '*C age to accurately estimate the true age, A'*C in the dated
sample must represent atmospheric A'*C at the time of deposition. Contamination in the field or
laboratory can bias the results, producing either too old or too young '*C ages. Ages on small
amounts of material are more susceptible to contamination and thus inaccurate ages (Bronk
Ramsey, 2008). Perhaps an even more serious problem is that carbon in lake sediments can be
redeposited or derived from older sources. The well known “hardwater effect” results from
aquatic organisms such as algae and submersed aquatic plants incorporating '*C-depleted carbon
derived from groundwater dissolution of carbonate rocks such as limestone and dolomite (e.g.
Andree et al., 1986; Deevey Jr et al., 1954; Grimm et al., 2009; MacDonald et al., 1991). The
hardwater effect is generally a problem with bulk-sediment ages, but also with shells from
ostracodes and mollusks, for example. On some landscapes, old carbon derived from extensive
peatlands (Lowe et al., 1988) may bias '“C ages, and on some geological settings old carbon
from carbonaceous rocks such as shales and lignite may severely bias bulk-sediment '*C ages—

by as much as 8000 years (Grimm et al., 2009).
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Given these problems with bulk-sediment ages, terrestrial plant macrofossils are preferred now
for dating. However, terrestrial plant macrofossils may also provide inaccurate ages. Wood and
wood charcoal, although in principle excellent materials for '*C dating, may exhibit “in-built”
ages because they may be derived from long-lived or long-dead trees (Gavin, 2001). Wood and
wood charcoal are resistant to decay and physical destruction and may persist for a long time
before transport to lake sediments (Barnekow et al., 1998; Gavin, 2001; Oswald et al., 2005). In
contrast, charcoal from short-lived herbaceous plants is much more delicate and may, in general,
provide more accurate '*C ages (Grimm et al., 2009). But even terrestrial plant macrofossils well
suited for dating, such as small seeds and conifer needles, may be redeposited, perhaps from

shallower lake sediments (Grimm, 2011; Turney et al., 2000).

In most cases, accuracy cannot be determined directly because the true ages are not known.
However, accuracy can be qualitatively assessed based on expert knowledge of potential sources
of systematic bias. This assessment considers two sets of processes: those preceding the death or
excision of the material (i.e., residence time of the dated material in the living organism) and
those occurring from the time of death to deposition (i.e., residence time in the environment).
For example, residence times of seeds on a tree are on the order of one or at most a few years,
while stem wood may be derived from tissue formed from 10° to 10’ years prior to tree death.
Once the tree’s tissues are released to the environment (e.g. through seedfall or tree death),
taphonomic processes determine the residence time before the material is transported and
permanently deposited in a sedimentary archive. Typical environmental residence times range

from 10° to 10° years, depending on the material and the depositional setting. For example,
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transport and burial of an intact seed in lake sediments may have occurred within a year, whereas
wood fragments in a fluvial setting may have been deposited, reworked, and redeposited for
decades to centuries — or even millennia — before final deposition. Accuracy will be highest
when pre- and post-death residence times are minimal. With a sufficient number of '*C ages
from a sedimentary sequence, large inaccuracies in any single age will usually be evident. More

difficult to detect are small errors of a few decades or centuries.

Major strides have been made in the past decade towards understanding the best material and
methods for dating pollen cores, for improving the precision of '*C calibration curves (e.g. Bronk
Ramsey, 2008), and for constructing age models (e.g. Blaauw, 2010a; Parnell et al., 2008). A
new generation of fossil-pollen records with high-precision '*C ages on carefully chosen organic
carbon has been collected over the last decade [e.g., Kettle Lake (Brown et al., 2005; Clark et al.,
2002; Grimm, 2011), White Lake (Yu, 2007)]. However, many records contain very few (or no)
radiometric ages, and many of the existing radiometric ages may be inaccurate. One option is to
simply discard these records, but this practice eliminates considerable information because each
site is a unique record of vegetation history at a particular locale. Alternatively, the age models
for these records can be reassessed and refined by using non-radiometric age controls such as
biostratigraphic events. In this approach, the ages of major ecological events at well-dated sites
are spatially interpolated to other sites and used as age controls for the chronologies of these
sites. This procedure introduces new complications, particularly that age models based on
biostratigraphic ages are no longer fully independent of age models from other sites and thus
incorporate assumptions about spatiotemporal propagation of ecological events (Blaauw, 2010b).

Furthermore, many methods are available for spatially interpolating events between sites, and
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interpolation precision may vary based on technique, so a new source of uncertainty emerges
when transferring ages of ecological events at individual sites to nearby sites: error due to the

method of spatial interpolation.

2.1 Conceptual framework for determining benchmark chronologies

The framework developed here explicitly accounts for and limits many of the above sources of
error. There are three main elements: 1) a system for ranking the quality of individual ages,
based on their accuracy and precision, 2) a system for identifying benchmark chronologies, and
3) methods for identifying major ecological events, interpolating the ages of events to other sites,
and quantifying the error of spatial interpolation for the resultant biostratigraphic ages. We
outline the criteria used to rank '*C ages and identify benchmark sites here, then develop the

interpolation methods in Section 3.

Our framework for ranking the quality of individual ages (Table 1) jointly addresses the issues of
accuracy and precision outlined above. Because accuracy is rarely known, we developed a
qualitative ranking scheme (Table 1) and assigned ranks to individual '*C ages based on their
material and depositional setting (Appendix A). We also converted precision into a qualitative
ranking, scaled to be comparable to the accuracy rankings. Our ranking categories capture a

wide range of possible accuracies and precisions and can be extended further as needed.

After each *C age was coded for accuracy and precision, we developed a set of criteria to
identify benchmark sites, i.e. sites with the most accurate and precise temporal resolution. The

density and quality of ages and sampling resolution varies within sites, so some sites may be
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benchmarks for one time period, but not another. Because our objective is to map sub-
millennial-scale ecological phenomena, we defined a benchmark site according to the following
criteria: a) the chronology contained, within 1000 years of the time period of interest, at least
one AMS '*C age with an accuracy rank < 4 (i.e., on terrestrial material with a short residence
time, such as seeds, twigs, and cones) and precision rank < 5 (a calibrated 95% confidence
interval <500 years) (Table 1); b) the time period contained at least 5 pollen samples per 1000
years. The only non-radiometric ages allowed in benchmark chronologies were core tops and the
ages of the European settlement (e.g. marked by a rise in Ambrosia pollen), though these markers
were largely irrelevant here since this paper focuses on the late Pleistocene. This definition of a
benchmark was designed for our specific research objectives and may be too restrictive (or too

loose) for other applications.

3 Materials and Methods
3.1 The Neotoma Paleoecology Database
We focus on lake-sediment records from eastern North America in the Neotoma paleoecology

database (www.neotomadb.org). Neotoma is a multiproxy relational database that stores fossil

data for the past 5 million years (the Pliocene and Quaternary). The fossil-pollen component of
Neotoma currently comprises over 4,200 sites globally, with almost 400 additional sites
submitted and awaiting data upload. We limited our search to records with pollen data between
21 and 11.5 ka; we will soon extend our effort to the Holocene. Overall, 371 sediment cores

were included in this analysis (Figure 1).

3.2 Ranking the quality of individual ages and defining benchmark sites

Blois, Williams, et al. Framework for evaluating pollen cores 12
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We assessed the quality of all '*C ages and defined benchmark sites according to the criteria
outlined in 2.1. Each '*C age was assigned an accuracy ranking based on the type of the dated
material (Table 1, Appendix A). The precision of each '*C age was calculated based on the 95%
confidence interval of the calibrated age and converted into a qualitative ranking (Table 1). All
ages were calibrated in Calib 6.0 (Stuiver and Reimer, 1993) using the IntCal09 calibration curve
(Reimer et al., 2009). For non-radiometric ages, such as core tops or cultural associations, the

precision rank was calculated from the author-determined age range.

3.3 Age models

Except where noted (section 3.7), we relied on the default Neotoma chronologies, particularly
regarding the shape of the age model (e.g., linear interpolation vs. polynomial) and decisions
about which '*C ages were rejected or averaged. Neotoma’s defaults were developed by either
the original researchers, previous working groups, or by the Neotoma data steward upon data
upload. These chronologies are based largely on radiometric ages (mostly '*C) from diverse
source materials and biostratigraphic markers. Neotoma stores age estimates but not age-model
uncertainty for each sample within a pollen record. We estimated the chronology error for
samples by assigning the maximum 2-sigma calibrated age range of the age controls bracketing
each pollen sample to the estimated sample ages and assumed a uniform error distribution within

this age range.

We explicitly chose not to override the expert knowledge that went into creating the original age
model at a site, unless we had information not available to the original authors (e.g. the IntCal09

calibration curve). However, we tested the effect of simply updating the default age model to

Blois, Williams, et al. Framework for evaluating pollen cores 13



283

284

285

286

287

288

289

290

2901

292

293

294

295

296

297

298

299

300

301

302

303

304

305

IntCal09 versus constructing a Bayesian age model by comparing the Neotoma chronologies
with chronologies constructed in Bchron (Supplementary Discussion, Supplementary Figures
1,2; Haslett and Parnell, 2008; Parnell et al., 2008). The expected values of the original and
Bayesian models generally show only small differences (<200 years), mainly because Bayesian
approaches have little impact unless the pdfs of the calibrated radiocarbon ages overlap enough
to constrain each other (Supplementary Figure 1). There were also no systematic differences in
uncertainty surrounding the event ages between the two types of chronologies, although a few
sites showed larger uncertainties in the Bayesian estimates of age ranges at some ecological

events (Supplementary Figure 1).

3.4 Determining significant biostratigraphic events

We used a combination of Bayesian change-point analysis and visual analysis to identify
biostratigraphic events at all cores. Five end-Pleistocene biostratigraphic events were selected a
priori, based on their widespread occurrence in eastern North America: Picea decline, Alnus rise
and decline, Pinus rise, and Quercus rise (Mayle et al., 1993a; Williams et al., 2004). For
example, we scanned each time series of Picea pollen abundance at benchmark sites to
determine if there was a change point associated with the final decline in Picea near the end of
the Pleistocene (Figure 2). Not all sites manifest each event. We used the R package BCP
(Emerson and Erdman, 2007) to determine change points. BCP implements a Bayesian analysis
(Barry and Hartigan, 1993) that partitions the time series of relative abundance data into
segments such that the mean relative abundance is constant within segments. We used 1000
Markov Chain Monte Carlo (MCMC) iterations with a burn-in period of 100 iterations, and set

the prior variance equal to the observed variance for the entire core. For each sample in the time
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series, BCP determines the posterior probability that the sample is a change point, i.e. a point of
significant change in abundance between two segments of different mean abundances. The
change-point analyses typically find a few intervals with a high probability of being a change

point and most with a low probability (Figure 2).

For benchmark sites, we set an initial threshold of > 0.80 posterior probability to identify change
points and visually inspected the relative abundance plot to determine which change point, if
any, was associated with a particular biostratigraphic event. We relaxed the 0.80 threshold for a
few cases in which we were both visually confident of an event and the BCP analysis detected a
lower probability change point, which happened for several time series for each ecological event
(>0.6 probability threshold for the A/nus decline at Splan Pond, and the Quercus rise at Clear
Pond, Hiscock Site, Sutherland Pond, and White Lake, and >0.3 probability threshold at Chase
Pond for the Alnus decline; Supplementary Information). Our identification of change points is
thus primarily determined by statistical methods but unavoidably includes some degree of
judgment. So that others can review our decisions, Supplementary Figure 3 shows the relative
abundance diagrams for the relevant pollen types for all benchmark sites, with our decisions
about which change points were associated with an event at each site. For non-benchmark sites,
we used the same change-point analysis procedure to determine the depths of the biostratigraphic

events, but adhered to a strict 0.80 posterior probability threshold.

3.5 Spatially interpolating the ages of biostratigraphic events to other sites
We inferred the mean age of an ecological event at each poorly constrained site by interpolation

among benchmark sites. We compared the performance of two spatial interpolation techniques:
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inverse distance weighting (IDW) and thin-plate spline (TPS) interpolation. For IDW, inverse
distance power was set to 2. For TPS, we set the appropriate smoothing parameter (lambda) by
generalized cross validation. For both IDW and TPS, we experimented with two sets of spatial
parameters for the interpolation: latitude and longitude (which we call 2d), and latitude,
longitude, and altitude (3d). All latitude and longitude coordinates were converted to North
America Albers Equal Area Conic projection (Origin: 40°N, 96°W, standard parallels: 20°N,
60°N). Altitude was upweighted in the 3d interpolation by using a scaling factor set to the
approximate ratio of the temperature lapse rate across latitude versus elevation in eastern North
America (1-km elevation = 600-km latitudinal distance) (Hopkins, 1920; MacArthur, 1972).
Because the sample depth of each ecological event in the benchmark sites was associated with an
age plus estimated uncertainty (see 3.3), we randomly drew an age of the change point from the
uniform age range associated with the event depth and repeated the IDW and TPS analyses 1000

times to calculate mean interpolated ages.

3.6 Cross-validation

To estimate error in the benchmark sites associated with spatial interpolation, we used a leave-
one-out cross-validation analysis in which we sequentially dropped each benchmark site from the
dataset and used the remaining benchmark sites to estimate the mean event age at the dropped
site. We used the same bootstrapping procedure with 1000 replicates as in section 3.5. We then
calculated the site cross-validation error by determining the difference between the original age
of the event estimated by change point analysis and the mean interpolated age of the event at the
dropped site. We used mean absolute error (MAE) to summarize cross-validation error across all

sites. Additionally, sites were classified as interpolation or extrapolation sites based on whether

Blois, Williams, et al. Framework for evaluating pollen cores 16



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

they were located within or on the boundary of a minimum convex polygon around all sites.
(During cross-validation, removing a site that lies on this boundary forces the interpolation
technique to extrapolate to it from the other remaining sites.) We recalculated MAE for the
boundary and internal sites separately, which provided measures of extrapolation and
interpolation error. Interpolation error is the most relevant diagnostic, because biostratigraphic
ages were only assigned to non-benchmark sites if they lay within the minimum convex polygon
(i.e., we did not allow extrapolation). We also examined the error statistics for systematic bias
by correlating the site cross-validation error with five site characteristics: the original age of the
event, temporal sampling resolution at the time of the event, latitude, longitude, and altitude. For

each event, we also determined the influence of potential outliers on interpolation reliability.

3.7 Impact of the new biostratigraphic age estimates on chronologies

To assess the influence of the new biostratigraphic age estimates on chronologies, for each site
we compared the mean age of an event based on interpolation between the benchmark sites to the
age estimate based on the original chronology. In order to strictly limit this comparison to the
effects of the interpolation, we slightly modified the original chronologies by recalibrating all
age controls within the Neotoma default age model to the IntCal09 calibration curve and
recalculated ages at individual sampling depths. For this comparative analysis, we only used
cores with at least two '*C ages and we removed all non-'*C-based ages (such as deglaciation
ages, or age of the Tsuga decline) from the analysis except for core-top and Ambrosia
rise/European settlement. The form of the age model (e.g., linear interpolation, polynomial) was
unchanged from the original age model. Once the age model was updated, we extracted the ages

associated with the change point depths.
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All analyses (change point detection, interpolation and cross-validation) were done using the
statistical package R (R Development Core Team, 2010). Copies of the scripts used for change
point determination and event age interpolation and cross-validation are provided in the

Supplementary Information.

Blois, Williams, et al. Framework for evaluating pollen cores

18



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

4 Results

4.1 Determining benchmark sites

We searched Neotoma for all North American pollen records east of the Rocky Mountains with
1C ages, focusing on lake and mire depositional environments (Figures 1, 3). This search
provided a list of initial sites (n=371) with over 3150 associated '*C ages (Appendix B). Of
these sites, 297 sites had sufficient chronological information for this project (e.g. at least 2 valid
age controls to interpolate ages to undated samples), but only 17 sites met all criteria for being a
benchmark site for at least part of the late Pleistocene (Figure 1). To this list, we added three
sites because their chronologies nearly met the benchmark site criteria, and they filled important
regional or temporal gaps: Brown’s Pond, Cottonwood Lake, and Sharkey Lake. The
chronology for Brown’s Pond, VA (Kneller and Peteet, 1993) did not meet the age precision
criterion; it had one good age (accuracy rank=2, precision rank=>5) at 8.5 ka, among other lower-
quality ages. However, this site clearly fills an important spatial gap (Figure 3). Cottonwood
Lake, SD (Barnosky et al., 1987; Grimm et al., 2009) also fails the precision threshold, with one
good age at 8.6 ka, but this site increases site density in the sparsely sampled western region of
the dataset (Figure 3). Sharkey Lake, MN (Camill et al., 2003) did not meet the sampling
density criterion (roughly 4 samples per 1000 years rather than 5), but this site bridges a gap
between sites close to Great Lakes and sites farther west so we retained this site as well (Figure
3). Additionally, two sites met most criteria, but their sampling did not extend into the late
Pleistocene (21-11.5 ka) [Blackwoods Hollow, ME (Schauffler and Jacobson Jr, 2002) and Steel
Lake, MN (Tian et al., 2005; Wright et al., 2004)]. These sites were used in cases when

ecological events extended into the early Holocene. Overall, we identified 22 benchmark sites
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(Figures 1, 3). Even given the expanded final list of benchmark sites, the spatial and temporal

density of these sites varied greatly (Figure 3).

The highest density of benchmark sites was found in the time period 12.9-11.5 ka (22 sites), and
benchmark sites for other late-Pleistocene time periods were subsets of this list (Figure 3). The
number of benchmark sites declined with increasing age (14.5-12.9 ka: 18 sites; 18-14.5 ka: 8
sites; 21-18 ka: 4 sites). The percentage of benchmark sites ranged from 8.5% to 14% among the
four time periods (12.9-11.5 ka: 22/223 sites; 14.5-12.9 ka: 18/153 sites; 18-14.5 ka: 8/94 sites;
21-18 ka: 4/28 sites). Given the paucity of sites in the earlier time periods, we focused

exclusively on the latest Pleistocene (12.9-11.5 ka) in examining biostratigraphic events.

4.2 Biostratigraphic events and cross-validation

Of the five ecological events initially examined (A/nus rise, Alnus decline, the end of Picea
decline, Pinus rise, and Quercus rise), we eliminated the Pinus rise because not all researchers
discriminated between P. strobus (subg. Strobus) and P. banksiana/resinosa (subg. Pinus), and
the A/nus rise because spatial cross-validation error indicated it was a poorly constrained event.
Thus, our final analysis included A/nus decline, Picea decline, and Quercus rise. For all three
events and across all interpolation methods, error was significantly correlated with the original
age of the event at sites, indicating that the interpolated ages are smoothed and hence have less
variance than the original ages (Table 2). Error was not consistently correlated with temporal
sampling resolution, nor with spatial attributes such as latitude, longitude, or altitude (Table 2).
Additionally, for both the IDW and TPS interpolation techniques, using altitude did not

significantly increase interpolation accuracy and in some cases worsened it, so for simplicity we
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present results for interpolation using latitude and longitude only (e.g. IDW-2d and TPS-2d).
We applied the interpolated ages to all poorly constrained sites within a minimum convex

polygon that spanned the benchmark sites used for interpolation.

Across all events, IDW-2d interpolation had a smaller cross-validation error than TPS-2d
interpolation (e.g., 574 years Interpolation MAE vs 746 years Interpolation MAE for Picea
decline; Table 3). TPS-2d smoothed the pollen signal more strongly and was more highly
influenced by individual sites (Figure 4). The means of the interpolated ages did not
substantially differ between IDW-2d and TPS-2d, though in general IDW-2d error was less than
TPS-2d error: Picea decline, -150 + 256 (mean and standard deviation of the difference between
IDW-2d and TPS-2d ages, for both the benchmark and poorly constrained sites); A/nus decline,
18 = 170; Quercus rise, -102 + 392. When using the IDW-2d interpolation method, cross-
validation interpolation error was less than 600 years for each event and lower than 400 years for
Alnus decline (Table 3, Interpolation MAE). The error estimates are highly influenced by a few
‘outlier’ sites [i.e. Clear Pond (Hussey, 1993) for all three events, plus Brown’s Pond (Kneller
and Peteet, 1993) for Alnus decline; Table 3]. When outlier sites are removed, spatial
interpolation error (for the IDW-2d method) declines to 530 years for the Picea decline and 327
years for the Alnus decline, and increases to 614 years for the Quercus rise (Table 3). These
outlier sites generally occur in the south-central US in areas of low sampling density. The high
cross-validation errors for these sites are likely caused by a combination of time-transgressive
ecological events that are difficult to reproduce accurately when sites from low-density regions
are removed during the cross-validation, and possibly also errors in the age models for these sites

(Jackson and Whitehead, 1993; Jackson et al., 2000). Thus, these outlier sites cannot be well
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predicted during the cross-validation analyses but, because they are in areas of low site density,
are essential to estimating biostratigraphic ages for the non-benchmark sites. We report error

estimates with and without these outlier sites (Table 3) and retain them in subsequent analyses.

4.3 Comparison with original event ages

The timing of biostratigraphic events estimated from the original chronologies of non-benchmark
sites varied widely (Table 4, Figure 5), and was often very different than age estimates based on
interpolation. For all events, the mean absolute age difference between interpolated ages (IDW-
2d) and original ages of the non-benchmark sites was approximately twice as much as the
Interpolation MAE of the cross-validation for the benchmark sites (Tables 3, 4): 845 vs. 574
years for Picea decline, 858 vs. 352 years for A/nus decline, 1106 vs. 573 years for Quercus rise.
This discrepancy indicates that error is built into many of the original site chronologies and the

interpolation of biostratigraphic ages can substantially improve these chronologies.

4.4 Ecological patterns

Although the primary focus of this paper is methodological, maps of the spatial propagation of
major biotic events reveal highly individualistic ecological dynamics (Figures 4, 6). For
example, the Picea decline and the Quercus rise both originated at southern sites between 16-18
ka and propagated northward. However, the Picea decline spread rapidly across the southern
Great Lakes region between 11.5 and 11 ka and then propagated west and northeast until the
final declines around 10.1 ka. On the other hand, the rise in Quercus abundances spread rapidly
through the northeast starting around 12 ka, but did not begin around the Great Lakes and

westward until after 11 ka. It did not rise at some sites until 9.1 ka. Thus, the temporal
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relationship between Picea decline and Quercus rise varies spatially, in which the temporal
offset increases towards the northwest (Figure 6). In contrast to both events, the Alnus decline
originated much later (11.6 ka) than the other two events and occurred first in the northeast, then
spread south and west within a few hundred years. In New England and Maritime Canada, the
Alnus decline is an indicator of the end of the Younger Dryas (Mayle et al., 1993a), but these
maps suggest that across eastern North America, the Alnus decline is a rapid but time-

transgressive event.

Blois, Williams, et al. Framework for evaluating pollen cores 23



478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

S Discussion

Spatial networks of well-dated fossil-pollen records are critically needed to understand spatial
vegetation dynamics during periods of abrupt change. We have 1) developed a methodological
framework that presents a standard ranking scheme for assessing the quality of '*C ages and
outlines criteria for identifying benchmark sites, 2) applied this framework to identify benchmark
fossil-pollen records in eastern North America, and 3) used these benchmark sites to interpolate
the ages of key biostratigraphic events to other, less-well dated sites. We explicitly tested the
strengths and limits of this approach, focusing on late-Pleistocene pollen datasets from eastern
North America. Our cross-validation analyses show a mean error of roughly 500 years
associated with the spatial interpolation of key biostratigraphic events, suggesting that 500 years
is effectively the temporal limit to maps and other inter-site syntheses relying on late-Pleistocene
pollen records from eastern North America. To reduce error further and better understand the
spatial responses of plant taxa and communities to the abrupt climate changes accompanying the
last deglaciation, additional pollen records with high-resolution chronologies are critically
needed. In the meantime, this approach provides a simple yet rigorous way of assessing

temporal uncertainty and studying vegetation changes at sub-millennial timescales.

5.1 Benchmark chronologies

Many formal and informal approaches have been developed to evaluate reliability of individual
Hc ages (Meltzer and Mead, 1983; Pettitt et al., 2003; Stafford Jr et al., 1987) and chronologies
(Jackson et al., 2000; Williams et al., 2004). We integrated information from various sources
into a comprehensive ranking scheme that is applied here to '*C dating, but in principle is widely

applicable to different proxy types and dating methods.
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The main elements of our framework are a) a qualitative scale that assesses both precision and
accuracy, b) a definition of benchmark sites that is tied to this scale, and c¢) standards for sample
density and age proximity. Other research groups have developed frameworks that contain
similar elements. For example, the European Pollen Database (EPD) has implemented a system
whereby each individual sample in a stratigraphic sequence is classified according to its temporal
uncertainty (Thomas Giesecke, pers. comm.). The EPD system takes into account the proximity
of ages to samples, as well as the overall shape of the age model in the region surrounding the
sample. The uncertainty of samples is estimated by linear interpolation of error at the bounding
ages, but accuracy and precision of the underlying '*C ages are not formally assessed. The main
distinction between approaches is that the EPD is mainly concerned with characterizing the
temporal uncertainty of samples within a sequence, whereas we have focused on both assessing
the uncertainty of individual age controls and chronologies and narrowing that uncertainty by
incorporating biostratigraphic age estimates for poorly constrained chronologies. Our approach
is closer to that outlined in Williams et al. (2004), where individual sites were excluded or down-

weighted for mapping purposes by the age controls and sampling quality associated with the site.

After evaluating all late Pleistocene pollen datasets from eastern North America in the Neotoma
database, we found that only 22 of the several hundred datasets fulfilled the criteria for
benchmark sites (Figures 1, 3). This estimate is undoubtedly conservative. For example, we
have assigned an accuracy ranking of 5 (<500 years) to all ages obtained from bulk-sediment
samples, due to concerns about potential hardwater contamination, but in regions without known

hardwater effects, some sites that use AMS dating on bulk lake sediments may have accurate
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chronologies (e.g., Blood Lake; Oswald et al., 2007). Our ranking assignments for individual
dates will be stored in Neotoma, so future workers can review and revise as appropriate. The
distribution of late Pleistocene benchmark sites in eastern North America is heavily concentrated
in the upper Midwest and Northeast, in part because of the large number of lakes in these
regions. However, suitable sites with good late Pleistocene records do exist in other regions that
should be a priority for re-dating [e.g. the southeastern United States (Jackson and Whitehead,
1993; Watts, 1980)]. The geographic bias of benchmark sites limits our ability to accurately
infer the rates and patterns of vegetation change across eastern North America and points to the

need for new sediment cores or new ages from existing cores in the undersampled regions.

5.2 Quantifying and minimizing temporal error

After accounting for both chronologic and interpolation error, the error associated with mapping
each ecological event was on the order of 500 years. This value indicates that the temporal
resolution of mapping can be improved to 500-year intervals for some periods of the late
Pleistocene, which is sufficient to detect ecological change before and after major events such as
the Bolling-Allered and Younger Dryas oscillations. However, it also points to a temporal limit
to current synoptic mapping efforts, set by the site-specific variability of ecological events and
by error due to factors such as '*C dating, calibration, and sampling resolution (both within core
and across landscape). The accumulated error during syntheses is too large to detect phenomena
that can be seen in individual well-dated records, e.g. the 300 to 400 year lag between local
climate changes at Crystal Lake, Illinois (Gonzales and Grimm, 2009) and the timing of Belling-
Allered and Younger Dryas oscillations in North Atlantic records. (However, leads and lags

could be calculated from individual well-dated records, then their spatial distribution mapped,
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which would aid understanding of the teleconnections between North Atlantic and North

American climate).

The assignment of ages to biostratigraphic events at poorly constrained sites using IDW
interpolation clearly improved over the original age estimates for most of the original
chronologies (Table 4, Figure 5). For example, the mean absolute difference between the age of
the Picea decline based on interpolation versus its age from the original chronology is 845 years,
with individual differences ranging from interpolated ages 4353 years older than the original
chronology to 2889 years younger than the original chronology (Table 4). Some of this error is
due to interpolation, but the fact that the mean absolute age difference is substantially larger than
the mean cross-validation error for all events (Tables 3, 4) indicates that the use of
biostratigraphic ages roughly halves the temporal uncertainty inherent in the original

chronologies of some of the non-benchmark sites.

Critically, our method does not assume synchrony of biological events (Blaauw, 2010b; Smith
and Pilcher, 1973), but rather assumes that these events spatially propagate in a smooth manner.
A key innovation used here is change-point analysis, which offers a formal tool for determining
if and where particular biotic events occur in pollen records. This method avoids setting
arbitrary relative-abundance thresholds for particular events and instead focuses on the pattern of
change in each taxon within the context of the local site. Moreover, using change-point
detection for individual taxa, rather than pollen zonation based on the entire assemblage, is a
better way of accommodating individualistic species dynamics in data syntheses at sub-

continental and broader scales. Our use of biostratigraphic ages does build in assumptions about
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the spatial smoothness of ecological change. Thus, the full dataset is appropriate for some
synthetic applications— e.g. data-model comparisons to vegetation models driven by global
climate models— but we must restrict ourselves to the benchmark sites and their independent
age models when testing hypotheses about spatiotemporal patterns within the taxa used as

biostratigraphic markers.

Our treatment of the sample-level temporal uncertainty resulting from age models was simple—
we assigned the maximum age range from the bracketing ages to a sample and assumed a
uniform age distribution around this sample (see section 3.3). New Bayesian age-modeling tools
(Parnell et al., 2008) allow integration of the age-calibration step with age-model construction
and provide posterior estimates of the age error of undated samples. The functionality to store
these estimates of sample-level age uncertainty is currently being built into the Neotoma
database. Because our estimates of sample-level uncertainty are intentionally conservative (i.e.
they likely overestimate uncertainty), incorporation of these new tools should reduce the

estimates of temporal uncertainty.

5.3 Spatial patterns in major biotic events during the last deglaciation

The events mapped here are broadly concordant with patterns identified previously (Williams et
al., 2004), yet refine key details of vegetation changes around abrupt climate events such as the
end of the Younger Dryas Chronozone. (It is difficult to compare strictly these maps with those
in Williams et al. (2004) because we are mapping different phenomena [pollen isochrones in this
paper versus isopolls in Williams et al. (2004)].) Both sets of maps show that the final decline of

Picea was time-transgressive, occurring first in the southern US, then very rapidly propagating
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across in the northeastern US and eastern Great Plains (Figures 4, 6). Ages for this event among
the benchmark sites ranged from 16 ka at Clear Pond (Hussey, 1993) in the south to 10.15 ka at

Sharkey Lake (Camill et al., 2003) in the Upper Midwest.

Similarly, our mapping of the Quercus rise based on change-point detection (Figures 4, 6) is
broadly consistent with the Williams et al. (2004) maps but provides additional detail, showing
that the Quercus rise began in the northern US in western New York ca. 12 ka at the Hiscock
Site (McAndrews, 2003), then propagated through New England and Maritime Canada between
11.75 and 10.7 ka and westward through the Great Lakes between 11.9 ka and 9.1 ka. The value
of the improved sub-millennial temporal resolution is most notable for the A/nus decline. The
rise and decline of A/nus along the northeastern US and maritime Canada is effectively a
synchronous event that has been used as a biological indicator for the Younger Dryas
Chronozone (Mayle et al., 1993a). Our results confirm the synchrony of the A/nus decline along
the east coast around 11.5 ka, but also show that the A/nus decline then propagated westward
very quickly within a 1000 year interval (Figures 4, 6), reaching Sharkey Lake (Camill et al.,
2003) by 10.6 ka. This pattern suggests additional complexity to an ecological event that
previously had been linked simply to a single abrupt climate event. However, additional
taxonomic resolution may potentially reveal an even more complex event. In the maritime
provinces of Canada and highland areas of New England, the A/nus peak is primarily A. viridis-
type, whereas it is mainly 4. incana-type at lowland sites (Mayle et al., 1993a). In the Midwest,
the Alnus peak is virtually all A. incana-type (e.g. Cushing, 1967; Gonzales and Grimm, 2009).
In addition, in the Northeast A. incana-type includes both 4. incana and A. serrulata with A.

serrulata having a more southern distribution. Thus, it is unclear whether the A/nus-peak
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represents a single event or multiple events closely spaced in time involving different species.
Unfortunately, A/nus is not consistently separated into the 4. viridis and A. incana types at many
sites, making it difficult to resolve this question with existing data. Nevertheless, the A/nus types
are easily distinguished (Mayle et al., 1993a) and future efforts to separate the pollen types may
reveal important paleoecological patterns on a synoptic scale. Plant macrofossils could also help
determine particular species involved in important ecological events (Jackson et al. 1997), and
could be used in some cases to subdivide pollen taxa into higher-resolution units (e.g., species).
We have not yet explored such application. It poses new problems (e.g., subdividing pollen
when two or more species are represented by macrofossils; deciding whether the same species
are represented locally by macrofossils and regionally by pollen). These problems are
surmountable, but would require an additional set of decision rules beyond the scope of our

study.

Across all three ecological events, the slowest rates of ecological change occurred in the region
bordering the mid-Atlantic. The Quercus rise and Picea decline spread at similar rates, with the
slowest rates of event propagation in the south, trending northwest, then speeding up in the
northeast and upper Midwest. The Al/nus decline occurred almost simultaneously throughout the
northeast, then slowed towards the mid-Atlantic region. Across all three events, the fastest rates

of change occurred at the end of the Younger Dryas Chronozone (Figure 6).

5.4 Conclusions
Our conceptual framework for ranking ages and our use of benchmark sites as the basis for

refined chronologies offers a simple yet rigorous approach to assessing and improving the
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temporal resolution of mapped vegetation changes. Our error analyses suggest that the effective
temporal limit to multisite syntheses of late-Pleistocene vegetation dynamics from fossil pollen
records is about 500 years. This resolution is suitable for answering questions at the synoptic
scale such as how species and communities responded to abrupt climate change at millennial
and, to some degree, sub-millennial time scales. For example, both the Bolling-Allered and
Younger Dryas climatic oscillations lasted over 1000 years, so synoptic patterns of ecological
change can be compared before and after rapid climate change at the boundaries of these events.
These methods also provide a foundation for a reassessment of how the ecological responses to
these climatic changes propagated across large spatial regions. Finally, our identification of
benchmark sites helps identify where such sites are sparse and illustrates high-priority regions
for future field campaigns. As more benchmark sites and more accurate and precise ages are
added, especially in the undersampled regions, the methodological framework established here
can be easily used to assess the new limits of mapping and narrow the temporal resolution of

future syntheses even further.
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Figures

Figure 1. Flow chart outlining the search criteria within Neotoma used to identify the initial list
of potential benchmark sites in eastern North America (left hand column), and the criteria used to
narrow the initial list down to benchmark sites. The specific Neotoma search filters included: 1)
Location. Sites within the United States or Canada east of -111° longitude, excluding sites within
the states/provinces of Arizona, Northwest Territories, Nunavut, New Mexico. 2) Dataset
type=pollen. 3) We excluded sites from the following depositional environments*: Biological
(ID #6), Estuarine (ID #16), Playa (ID #47), Coastal (ID #52), Fluvial (ID #77), Stream-cut
Exposure (ID #92), Terrestrial (ID #103), Cave (ID #109), Soil (ID #127), Other (ID #136),
Unknown (ID #137). 4) Chronology information: We relied on the default chronology,
restricting the AgeBoundYounger to < 22,000 years. All terms and IDs are as in the Neotoma

database.

Figure 2. Change point diagram for Picea at Crystal Lake, IL (Gonzales and Grimm, 2009). The
upper graph shows the original relative abundance, as a proportion of the upland pollen sum (red
line) and the posterior mean probability relative abundance (black line). Probable change points
(based on BCP analysis) are indicated in filled circles and the change point that we identified as
corresponding to each biostratigraphic event is circled. The bottom graph shows the posterior

probability of a change point occurring at a given sampling age.

Figure 3. Pollen sites in eastern North America during four different late Pleistocene time

periods. All sites in eastern North America that at least partially overlap the time period are
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shown in black, and the benchmark sites for each time period are shown in red. The number
corresponds to the site name: /5, Lake Annie (Watts, 1975); 52, Blackwoods Hollow (Schauffler
and Jacobson Jr, 2002); 77, Browns Pond (Kneller and Peteet, 1993); /07, Chase Pond (Mayle et
al., 1993b); 117, Chatsworth Bog (Grimm et al., 2009; Nelson et al., 2006); /21, Clear Pond
(Hussey, 1993); 130, Conroy Lake (Borns Jr et al., 2004; Doner, 1995); 133, Cottonwood Lake
(Barnosky et al., 1987; Grimm et al., 2009); /50, Crystal Lake (Gonzales and Grimm, 2009);
162, Decoy Lake (Szeicz and MacDonald, 1991); 172, Devil’s Lake (Baker et al., 1992; Grimm
et al., 2009; Maher Jr., 2009); 291, Hiscock Site (McAndrews, 2003); 347, Kettle Lake (Brown
et al., 2005; Clark et al., 2002; Grimm, 2011); 362, Lac a Magie (Mayle et al., 1993b); 478,
Moon Lake (Laird et al., 1996a; Laird et al., 1996b); 492, Mud Pond (Borns Jr et al., 2004;
Doner, 1995); 678, Sharkey Lake (Camill et al., 2003); 704, Splan Pond (Mayle et al., 1993b;
Mott et al., 1986); 710, Steel Lake, MN (Wright et al., 2004); 720, Sutherland Pond (Maenza-
Gmelch, 1997a; Maenza-Gmelch, 1997b); 749, Lake Tulane (Grimm et al., 2006); 789, White

Lake (Yu, 2007). ka: thousand years before present.

Figure 4. Interpolated ages of each event for two different methods, inverse distance weighting
(IDW-2d) and thin plate splines (TPS-2d). a) Picea decline; b) Alnus decline; c) Quercus rise.

Benchmark sites are circled in a thick black line and labeled as in Figure 3.

Figure 5. Comparison of age of each event (based on IDW-2d interpolation) versus the age of
the event designated by the default chronology in the Neotoma database. a) Picea decline; b)
Alnus decline; c) Quercus rise. Benchmark sites are circled in a thick black line and labeled as in

Figure 3.
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Figure 6. Contour plots of ecological events, based on linear interpolation of event ages between

the benchmark sites. The contours are spaced at 500-year intervals on all three panels.

Appendices

Appendix A. Table of accuracy codes assigned to all dated material within Neotoma

Appendix B. List of all sites (n=371) used in the analysis
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Tables

Table 1. Accuracy and precision ranks assigned to each '*C age. Benchmark sites had at least

one '*C age within 1000 years of the time period of interest with accuracy less than or equal to

rank 4 and precision less than or equal to rank 5.

Rank Accuracy

Precision

The true age of event and estimated
age may be systematically offset by:
<1 years

<10 years

<100 years

<250 years

<500 years

<1000 years

<5000 years

>5000 years

01NNk W

The calibrated age range is:

<1 years
<10 years
<100 years
<250 years
<500 years
<1000 years
<5000 years
>5000 years
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944  Table 2. The correlation between the site-specific cross-validation age error with the original age

945  of the event, original age range, latitude, longitude, and altitude, for Picea decline, A/nus decline,

946  and Quercus rise. The r-value is listed first, followed by the P-value. Significant correlations

947  are shown in bold.

948
Picea Decline Alnus Decline

IDW-2d TPS-2d IDW-2d TPS-2d

Original age -0.976; 0 -0.847; 0 -0.847; 0.001 -0.503; 0.096

Agerange -0.411;0.128 -0.277;0.317 0.437;0.155 0.425;0.169

Latitude 0.596; 0.019 0.391; 0.150 -0.002; 0.996 0.462;0.131

Longitude -0.147; 0.602 -0.230; 0.312 -0.083;0.798 -0.118;0.716

Altitude  0.434; 0.106 0.633; 0.011 0.681; 0.015 0.589; 0.044
949
950
951

Blois, Williams, et al. Framework for evaluating pollen cores

Quercus Rise

IDW-2d TPS-2d
-0.948; 0 -0.832; 0.000
-0.567; 0.035 -0.362; 0.203
0.601; 0.023 0.401; 0.156
-0.096; 0.745 -0.031;0.916

0.412;0.143 0.404; 0.152
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951

952

953

954

955

956

957

Table 3. Cross-validation and correlation statistics for three biostratigraphic events, for

benchmark sites only. For the Alnus decline, the southern sites are defined as Clear Pond, SC

and Browns Pond, VA. ME: Mean error; RMSE: Root mean square error; MAE: Mean Absolute

Error; Extrapolation MAE: MAE at sites at the boundary of the interpolation range; Interpolation

MAE: MAE at sites within the boundary of the interpolation range. Interpolation MAE is the

most appropriate metric of interpolation error (see text).

a.

b.

Picea Decline

MAE
Extrapolation MAE
Interpolation MAE

Alnus decline

MAE
Extrapolation MAE
Interpolation MAE

Quercus Rise
MAE

Extrapolation MAE
Interpolation MAE

All sites CLEARPOND removed
IDW-2d TPS-2d IDW-2d TPS-2d
842 1038 450 453
1582 1843 307 439
574 746 530 461

All sites Southern sites removed
IDW-2d TPS-2d IDW-2d TPS-2d
367 720 325 563
398 1416 323 794
352 372 327 410

All sites CLEARPOND removed
IDW-2d TPS-2d IDW-2d TPS-2d
1012 947 637 743
2110 1697 664 784
573 647 614 709
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957  Table 4. Comparison of biostratigraphic versus original ages, for all sites. All statistics are
958 calculated on the difference between the original age of an event estimated by change point

959  analysis and the event age estimated by interpolation (IDW-2d).

Standard Mean Absolute

Mean Deviation Minimum Maximum Difference

Picea decline  -287 1134 -4353 2889 845
Alnus decline 33 1532 -4059 4566 858
Quercus rise  -287 1650 -3676 4842 1106

960
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Figure 1

Find benchmark sites

Is the site within
eastern North America?

Neotoma Search Filters

Location; Dataset type;
Depositional environment;
Chronology information

Preliminary Dataset
(n=371)

Are there at least two valid chronological
controls?

Yes: 297 sites

4 N

Does the chronology contain any “good”
dates (i.e., dates with Accuracy Rank < 4
and Precision Rank £ 5)

Yes:55 sites

Does the chronology contain any pollen
samples within the interval 21-11.5 ka?

Yes: 37 sites

Is there a “good” radiocarbon date
within the interval 22-10.5 ka (i.e.,
within 1000 years of the target time
interval)?

Is pollen sampling adequate?

(ie = 5 samples per 1000 years)

Are decisions about keeping or removing
dates from the chronology fully justified
within the database or the site
publication?

Yes: 17 sites

Should we add any borderline
sites to fill important regional or
temporal gaps?

Yes: +5 sites

Final benchmark site dataset
(n=22 sites)
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Fig. 6
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