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ABSTRACT

ABSTRACT

Pollen, spores, and dinoflagellate cysts are used with the modern analog technique (MAT) to
provide paleoclimate reconstructions for terrestrial and marine environments in northeastern North
America. Multivariate analysis of marine and nearby terrestrial pollen sequences from Hudson Bay,
Labrador and the St. Lawrence, differentiate tundra, boreal and deciduous forest assemblages in time and
space. These three regions had differing climate histories with respect to deglaciation and air mass
boundaries. Prior to 6000 '“C yr BP, cooler temperatures reconstructed along the Labrador margins agree
with climate simulations indicating a persistent anticyclone over the Québec-Labrador ice sheet. A late
Holocene cooling at forest-tundra sites suggests a recent southern movement in the mean position of the
polar front.

The degree to which those critical thresholds of dissimilarity, that are used to identify non-analog
pollen assemblages, are due to limitations of the modemn pollen database or critical decisions within the
MAT are explored by means of stochastic simulation, spatial statistics and graphical techniques. Critical
thresholds of SQD, as derived by the expected value under randomization, become greater as the number of
taxa in the poilen set increases. Larger pollen sets, with continentally infrequent but regionally abundant
taxa, better distinguish between continental vegetation zones. Global and local spatial autocorrelation
within climate anomalies indicate where the modern sample network induces biases in the climate
reconstruction using the MAT.

The spatial scale of terrestrial climate or vegetation reconstructions from pollen in lake-sediments
is investigated through the study of pollen source area in southemn Québec. Despite the different regional
vegetation, estimated pollen source areas and relevant pollen productivity for Pinus, Picea, Abies, Fagus,
Quercus and Tsuga are consistent with studies from Michigan, Wisconsin and Sweden. These estimates are
robust with respect to various plant abundance distance-weighting schemes and imply that the same
inferences can be made regarding plant abundance from pollen throughout a lake-derived fossil pollen
sequence. Stochastic simulations illustrate that the definition of relevant pollen source area requires

consistent within-site vegetation heterogeneity within a network of pollen sites.




ABSTRACT

Underutilized proxy-climate data from wetland taxa are demonstrated to contain climate signals at
the continental scale and have the potential to further our climatic and biogeographic picture of North
America over the past 21,000 years. Pollen and spores from modern wetland taxa conform to their
geographic ranges and allow interpretations of their past range changes. The climatic tolerances that
govem their geographic distributions are used to interpret past range changes in climatic terms. Sphagnum
spore distributions suggest major peatland developments after 9 ka and 5 ka. Sphagnum, Potamogeton,
Isoétes, Myriophyllum Typha/Sparganium, and Menyanthes trifoliata were in Alaska during the last glacial
maximum (LGM) and moved into the ice-free corridor by 13 ka. Since the LGM, four migration routes for

aquatic taxa are identified in response to the climate changes of the late Quaternary.
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PREFACE

The chapters of this dissertation were written for publication in peer-reviewed scientific journals; however,
each contains details and explanations that were not published or submitted. Four of the seven chapters
were written with co-authors; including my dissertation supervisor and research partners. [ am the primary

author on all of the chapters.

CHAPTER 2 was published in the Holocene (Sawada et al., 1999). Dr. Anne de Vemal collected the
dinocyst data and provided the temperature reconstructions for these cores as well as a paragraph
in the methods section and Dr. Pierre Richard facilitated the terrestrial pollen site selection and
was invaluable in the discussion and editing of the published paper.

CHAPTER 3 contains contributions from Dr. Pierre Richard who provided the Base de Données
Polliniques et Macrofossiles du Québec, invaluable discussion, editing and encouragement. Dr.
Richard negotiated the use of the Québec Ministére Resources Naturelles modem vegetation
samples without which this would not have been possible. A large portion of this chapter has been
submitted as a paper and is currently under peer review.

CHAPTER S represents my contributions to a larger project on reconstructing carbon sequestration in
Peatlands of North America since the Last Glacial Maximum. This chapter is in-press and has
been published in the July 2001 issue of the Journal Global Biogeochemical Cycles (Gajewski et
al., 2001) (Appendix F).

CHAPTER 6 Mr. Andre Viau provided the extraction of data from the North American Pollen Database
(Grimm, 1999) and verification of this database for consistency and accuracy as well as invaluable
discussion and original ideas. This chapter, in a reduced form, has been submitted and is under

peer review.
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Figure 2.1:Example of microscope slide prepared from a marine core illustrating
preserved fossil dinoflagellate cysts (O. centrocarpum, Spinifirites), pollen
(Picea, Pinus) and spores. Photo: Dr. A. deVemal. p-25

Figure 2.2: Location of sites analyzed in this study, see Table 2.1 for references.
Abbreviations: TWC — Trigger Weight Core; P — Piston Core; B — Box
Core. p.26

Figure 2.3: The Method of Modern Analogs (MAT). A fossil polien spectrum, e.g., at
1000 years ago, is compared with modern spectra from a range of vegetation
types and environments using some distance metric, e.g., squared chord
distance. The modern pollen spectrum with the minimum distance is
considered the best modern analog. From this we infer that the ecosystem
around the modem pollen—sampling site is an analog for the past ecosystem
centered on the fossil pollen-sampling site. 'Distance metrics from
Overpeck et al. (1985). p-27

Figure 2.4: Principal component loadings derived from: A — Lake-sediment pollen
spectra from all terrestrial sites; B — pollen from all marine sites; C -
combined pollen from terrestrial (lake-sediment) and marine cores; D —
dinoflagellate cysts in marine cores. Abbreviations are as follows: OTS -
Other Trees and Shrubs; CAP - Carpinus; CAR - Carya; CUP -
Cupressaceae; CAY - Caryophyllaceae; ERI - Ericaceae; LYC -
Lycopodiaceae; POL — Polypodiaceae; OHE - Other Herbs; JUG - Juglans;
POP - Populus; OCEN - Operculodinium centrocarpum; ALEX -
Alexandrium excavatum; ATAX - Aiaxiodinium chaoanum; BTEP -

Bitectatodinium tepikiense; SBEL - Spiniferites belerius; SSPP -

Spiniferites sp.; MQUA — Multispinula quanita. p.28
Figure 2.5: Principal component scores from the combined PCA (Figure 2.4¢) for

several representative lake sequences. Location of sites in Figure 2.2........................... p.29

Figure 2.6: Principal component scores for combined marine and lake pollen sequences
(Figure 2.4¢) in the St. Lawrence region. The fitted curve (dotted-line) is a
second order distance-weighted least squares. p.30

Figure 2.7: Principal component scores for combined marine and lake pollen sequences
(Figure 2.4c¢) in Labrador. Fitted curve as in Figure 2.6 p.31

Figure 2.8: Mean August temperature reconstructions and dissimilarity coefficients for
terrestrial (lake—sediment) pollen and marine dinocysts in cores from
Hudson Bay and northwestern Québec. Fitted curve as in Figure 2.6. p.32

Figure 2.9: Mean August temperature reconstructions and dissimilarity coefficients for
terrestrial (lake—sediment) pollen and marine dinocysts in cores from
Labrador. Fitted curve as in Figure 2.6 p-33

xi



LiSsT oF FIGURES

Figure 2.10: Mean August temperature reconstructions and dissimilarity coefficients for
terrestrial (lake—sediment) pollen and marine dinocysts in cores from the St.
Lawrence region. Fitted curve as in Figure 2.6.

Figure 3.1: A — Study area with lake pollen—sampling sites and Site # corresponding to
Table 3.1. and Mapped principal component scores for first component
illustrate the gradation from Northern Hardwood Forest in the South to
Boreal Forest in the North. B — First component loadings for the 17 taxa in
this study. Forest regions inlay is modified from NRCAN (2001).

Figure 3.2: Database schematic illustrating various data coverages in the GIS database
for this research

Figure 3.3: Isoabundance of plants based on plant abundance sampled at the 30 km
radius around each pollen sample site and Isopoll maps with contours
showing pollen and plant proportions. Scatterplots illustrate the average
plant proportions within 100 km of each pollen sample site (x-axis) vs.
pollen proportions (y-axis) — Red open circles denote lakes from 0-20 ha;
Closed blue circles denote lakes from 20-50 ha; Green crosses denote lakes
greater than 50 ha. Note the different scales for each taxon

Figure 3.4: A — 4254 Modem vegetation sample sites in Québec; B — Modern lake and
bog pollen sites from the Brown University Modem Pollen Database
(Avizinis and Webb, 1985); C — Comparison of the average percentages of
each taxon from 10 ~ 100 km surrounding each lake sample site and pollen
percentages.

Figure 3.5: Hlustration of proportionality between number of vegetation quadrats within
each piant abundance sampling radius and the area of each sampling radius.
A — Definition of sampling radius “rings” and area calculation within each
ring with table of values; B — Proportion of points within each ring versus
the proportion of total area within each ring with representative samples for
individual sites. Note the different x.y scales for each site.

Figure 3.6: Representative distance weighting curves using Sutton-Prentice Dispersal
weights (Eqn. 3.2) for a lake size of 130 meters and inverse-squared
distance and inverse-distance weights for comparison. Inlay table: *Average
fall velocities used for Eqn. 3.1 and taxa used to determine these fall
velocities and their sources: ' Jackson and Lyford (1999 - Appendix 1),
*Sugita (1993 - Table 3.1)

Figure 3.7: A, B & C - illustrate the differences between each calibration technique for a
given vegetation weighting on total estimated slopes of all 17 taxa at each
vegetation sampling radius. D,E & F — illustrates the effect of vegetation
weighting on the total estimated background pollen of all 17 taxa at each
vegetation sampling radius. FGR — FAGERLIND ERYV z parameters; OLS—
¥ — Ordinary Least Squares intercept parameters; GM — Geometric Mean

Regression intercept parameters; w — weight function; d — distance inkm. ..............

Figure 3.8: [llustration of various weighting schemes and their effect on Picea
proportions when compared to pollen for OLS—y and ERV calibration
models. Picea proportions at 30km vegetation sampling radius for all
weightings and calibration techniques for Picea. ERV vegetation is in the
form of corrected vegetation percentages and the best—fit is based on OLS—y
slope and intercept in order to illustrate how corrected vegetation
proportions become linear after calibration using ERYV site factors (f).
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Figure 3.9: Plots of R? for each of 9 taxa against vegetation sampling radius for all
weighting schemes. Straight line represents the average parameter value for
all weighting schemes at all vegetation sampling radii derived from
randomization of plant abundance quadrats within 100 km of each pollen
site. Legend Abbreviations: RCC ~ relative areal crown cover unweighted,
RCC(//d) inverse distance weighted and RCC(I//&) inverse—squared
distance weighted vegetation, ACC — absolute areal crown cover, equation
(1) with b = 0 for unweighted, & = 1 for inverse distance weighted
ACC(l/d), and b = 2 for inverse-squared distance weighted ACC(l/d°)
vegetation, SP — Sutton—Prentice dispersal weighting under neutral and
unstable atmospheric conditions.

Figure 3.10: Plots of slope parameters for 9 taxa against vegetation sampling radius for
all weighting schemes. Straight line and legend abbreviations same as
Figure 3.9

Figure 3.11. Plots of intercept parameters for 9 taxa against vegetation sampling radius
for all weighting schemes. Straight line and legend abbreviations same as
Figure 3.9.

Figure 3.12: Scatterplots of pollen proportions and vegetation proportions using RCC
vegetation at increasing vegetation-sampling radii. Circles denote Boreal
Forest sites and squares denote southern forest sites according to Table 3.1.
Fitted curve (solid line) is linear using equation y = mx+b with parameters m
and b determined using linear regression (OLS—y). Dashed-dotted lines

denote the 95% confidence limits on this line. Dotted line represents y=rx.............

Figure 3.13: Patchiness of vegetation surrounding pollen-sampling sites as a function of
two sampling radii. Site numbers correspond to those in Figure 3.1 and
Table 3.1. Site numbers in the color gray indicate the degree to which the
10 km sampling radius represents distinct patches of a taxon within the 30
km sampling radius and site numbers in the color black indicate the 20 km
sampling radius within the larger 60 km radial scale. Note the different x.y
scales used for each graph

.......

p.78

Figure 3.14: Plots of R’ parameter under all weighting schemes for each taxa using
randomized vegetation surrounding ecach pollen—sampling site. Legend

abbreviations same as Figure 3.9

Figure 4.1: Distribution of modern pollen sample sites from the new modern pollen
database in North America. Inlay: Enhanced eastern North America where
sample density is greatest.

Figure 4.2: A - Black Lines: Mean value of squared chord distance ()—axis) between
3000 random pollen spectra as a function of the number of types in the
pollen set (x—axis). Numbers to the right of the curves indicate the
probability for each pollen set that a given taxa can assume a value of zero;
Grey lines - standard deviations of Black Lines. B — Mean value of squared
chord distance ()—axis) as a function of the probability that any given taxon
can take a value of zero. Curve is for a pollen set of 30 types.

p-108

Figure 4.3: Sample of the distributions of squared chord distance between two random
pollen spectra for 1000 runs for n taxa in pollen set.
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Figure 4.4: Squared chord distance for the best modem analog for the modern polien
dataset for the within—zone (2™ best modem analog, see text) vs. between—
zone (1™ best modem analog) pollen spectra comparisons with a pollen set
of 89-types. The p-—values reported for the within-zone represent the
probability that the difference between the within—zone mean squared chord
distance and between—zone mean squared chord distances are due to chance
alone.

p.110

Figure 4.5: Same as Figure 4.4 but for the pollen set of 18-types.

p.111

Figure 4.6. A - Simulated within vs. between—zone distribution of squared chord
distance for the best modern amalog for a random sample of 100 modemn
pollen sites from the modem pollen dataset for the within-zone (2™ best
modern analog, see text) vs. between—zone (1* best modern analog) polien
spectra comparisons with a pollen set of 89-types. B — Same but for pollen
set of 18-types. Note the different x-axis scales between A & B

Figure 4.7: Degree of overlap between 4950 modern pollen sampling sites and North
American climate space. Solid outer line is the convex hull containing
North American climate; the shaded region is the convex hull for pollen
sampling sites in North America. Small gray open circles are individual
climate combinations from all grid points from Leemans and Cramer (1991)
in North America north of Mexico. Black crosses are the climate
combinations at the pollen sample locations in North America.
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o

Figure 4.8: A -July temperature anomalies for the modem vs. modemn climate
reconstruction using the modern analog technique (MAT) for a pollen set of

89-types. B — Same but for pollen set of 18-types.
Figure 4.9: Same as Figure 4.8 but for total annual precipitation anomalies

...p.l114
p.115

Figure 4.10: A — The left panel shows the linear regression between modern temperature
at modern pollen sites in North America and the modern temperature as
reconstructed at these sites from the 2™ best modern analog using a pollen
set of 89-types. The line is a linear regression fit and the adjacent right plot
shows the regression residuals. The p—values represent the probability that
the linear regression slope is equal to zero. B — Same as above but for
precipitation. C & D — Same as above but for a pollen set of 18-types.
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Figure 4.11: A — Left Panel. Map of temperature anomalies for the modemn vs. modern
reconstruction using the 2™ best modern analog with a sum of 89-types;
Middle Panel. Spatial autocorrelogram showing Moran’s / at mutually
exclusive distance classes ranging from 0-100, 100-200, 200-300,...,1900—
2000 km for the temperature anomalies; Right Panel. Map of Local Moran’s
I illustrating the proportion of global spatial autocorrelation contributed to
the global Moran’s / at a distance from 0-200 km. B — Same as above but
for a pollen set of 18-types
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Figure 4.12: A - Same as Figure 4.11a but illustrating total annual precipitation
anomalies. B - Same as Figure 4.11b but illustrating total annual

<

precipitation anomalies.

Figure 4.13: A — July temperature anomalies for the the 6 ka - Present from the 89-type
pollen set. B — Same as above but for the 18-type pollen set.
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Figure 4.14: Same as Figure 4.13 but illustrating total annual precipitation anomalies at
6ka.
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Figure 4.15: A — Left Panel- Distribution of squared chord distance coefficients in North
America at 6 ka for a pollen set of 89-types; Right Panel: Vectors illustrate
the direction at which each fossil pollen site at 6ka finds its best modem
analog. The vectors are scaled linearly from the minimum distance to the
maximum distance between all sites and are proportional to the distance to

the best modern analog. B — Same as above but for a pollen set of 18-types...........

Figure 4.16: A - July temperature anomalies for the 6 ka - Present climate reconstruction
using the modern analog technique (MAT) for a pollen set of 89-types. B —
Same but for pollen set of 18-types

....... p-121
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Figure 4.17: Same as Figure 4.16 but illustrating total annual precipitation anomalies for
6 ka — Present.
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Figure 5.1: Modemn Sphagnum spore distribution in North America. From 3005 pollen
sample sites in the GPD, sites with identical geographic coordinates had
their Sphagnum percentages averaged to produce this map (from Gajewski et
al. 2001)
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Figure 5.2: Quartic and normal kemel in 1-d illustrating bandwidth and form. The
density estimate for the quartic kemnel is only applicable within the
bandwidth and zero otherwise. Inmlay: Illustrates the kemel density estimate
in 1-d for three points. A normal kemel is placed atop each point location
and the distributions are summed vertically to provide a continuous
probability density function. In the present dissertation this is done in two
dimensions.

o
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Figure 5.3: A -~ Sphagnum response surface in climate space; B — Geographic
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partitioning of Sphagnum response surface.

Figure 5.4: Degree of overlap between Sphagnum spore sampling sites and North
American climate space. Solid outer line is the convex hull containing
North American climate; the dotted line is the convex huil for Sphagnum
sampling sites in North America. Small dots are individual grid points from
Leemans and Cramer (1991) between 258 +838N and 49.58 +1688W. Black
diamonds are sediment sample locations with positive Sphagnum
percentages, and small crosses are sites with zero Sphagnum.

-
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Figure §.5: Sampling intensity surface for non-zero Sphagnum sites in climate space
(contours represent points per 0.46 °C by 19.66 mm).

p.143

Figure 5.6: A - 3—d view of Sphagnum spore response surface. B - Same as Figure
53a. C - Sphagnum response surface from lakes only. D — Sphagnum
response surface from bogs and other samples excluding lakes. E — Same as

Figure 5.5.

Figure 5.7. Sphagnum distribution for the past 21,000 ka at 2000—year intervals for North
America. ASPG -~ Area supporting Sphagnum growth within the 0.5%
contour is shaded. Ice sheets are grey. A 250 km’ grey box is placed for
each positive Sphagnum observation in order to visualize presence/absence
pattemns.  Projection central meridian is 100°W, origin latitude SO°N;
standard lines 35° and 80°N.

p.145
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Figure 6.1:Climate range of North American aquatic taxa: Grey and black together
define all combinations of mean annual temperature and total annual
precipitation in North America north of Mexico. Black dots represent only
those combinations within the range boundaries for each taxon. Convex
hulls are illustrated for North American climate space (large hull) and
individual taxon climate spaces (inside hull) p-165

Figure 6.2:Typha latifolia L., T.angustifolia L., T. domingensis Persoon individual
climatic and geographic ranges. Geographic ranges were taken from Grace
and Harrison 1986, Porslid and Coody 1980, Lewis er al. 1983, Hotchkiss
and Dozier 1949 p-166

Figure 6.3: Nuphar advena Aiton., N. orbiculata (Small) Standley, N. polysepala Engel.,
N. variegata Durand, N. sagittifolia (Walter) Pursh, N. ulvacea (G. S. Miller
and Standley) Standley, N. rubrodisca Morong, N. microphylla (Persoon)
Fernald, Geographic ranges were taken from Wiersema and Hellquist, 1997. ............... p.167

Figure 6.4: Isochrones of aquatic initiations in North America. Inlay: histogram of
initiation times trough the last 21 ka with years on the x—axis and the
number of sites at time ¢ on the y-axis. p.168

Figure 6.5: Menyanthes trifoliata with modern range boundaries modified from (Hultén
1968). The dark lines in eastern North America are the Mississippi, Ohio,
Alabama and Chattahoochee Rivers in the eastern US. Hatched region in the
castern US represents the Appalachian mountains (> 300 m). Legend:
Proportional circles represent the interquartile classes for the proportions of
the individual aquatic taxon over all time periods.

Figure 6.6: Sagittaria with modemn range boundaries from Beal et al., 1982, Sculthorpe,
1967 and Hultén, 1968. See Figure 6.5 for symbolization. p-170

Figure 6.7: Typha/Sparganium with modern range boundaries for Typha (hatched
pattern) from Grace and Harrison 1986, Porslid and Cody, 1980, Lewis er
al., 1983, Hotchkiss and Dozier, 1949, and boundary for Sparganium (grey
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fill) from Hultén 1968 and Harms 1973. p-171
Figure 6.8: Nuphar with modem range boundary from Wiersema and Hellquist 1997...................... p-172
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Chapter 1

1.1 INTRODUCTION

The Quaternary Period, spanning approximately the last 1.6 Ma (Monroe and Wicander, 1998), was
characterized by climate change at a2 number of temporal scales. At timescales of 10° years, proxy climate
records show evidence of glacial to interglacial cycles with periods of 100 ka (kilo annum = 1000 years)
and implicate earth orbital changes (e.g., eccentricity, tilt and precession) as major forcings (Martinson er
al., 1987; Imbrie er al., 1984). At a 10° year scale, during the last glacial period, the Wisconsinan,
numerous strong warming/cooling signals (Dansgaard-Oeschger events) are found in the '*O record of ice
and ocean cores (Dansgaard er al., 1993; Grootes er al., 1993; GRIP Members 1993). These warm interstadial
DO events lasted for a few hundred to a few thousand years (~0.4 to 12 ka from first warming to final cooling
(Bender er al., 1994)). Subsequent work has identified these DO events in different regions of the northem and
southern hemispheres, such as the Antarctic (Bender er al. 1994), Pacific Santa Barbara basin (Behl and
Kennett, 1996) and mid-Atlantic (Adkins ef al., 1997). At scales of 107 years, the transition from glacial to
interglacial conditions between ~20 - 10 ka was characterized by numerous oscillations, including the
Bolling-Allerod, Younger-Dryas (Grootes et al., 1993; Dansgaard er al., 1993; GRIP Members 1993) and
changes in North American vegetation (Grimm and Jacobson 1992; Jacobson and Grimm, 1986). Abrupt
climate changes at the century scale in the late Quaternary are evident in the transition from cold YD
conditions to Holocene conditions which may have taken only 40-50 years and were coincident with
increases in methane, water vapour and a decrease in atmospheric dust (Taylor et al. 1997). The Holocene,

beginning ~ 10 ka, has also experienced climate variability at the millennial and century timescales
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(Gajewski, 1987, 1993; Kutzbach and Webb, 1993). Understanding the regional expression of these

climate changes over the globe is a major research challenge.

The cyclic nature of vegetation changes during successive interglacial cycles has been observed in
European pollen records for the Eemian (~MIS Se in North America) and Holocene (Field er a/., 1994).
Vegetation change in North America over the past 21 ka as inferred from pollen and macrofossil records
suggests that most populations were displaced during the last glacial maximum and these subsequently
acted as spreading centres for large-scale migrations during deglaciation (Jackson et al., 1997; McGlone,

1996; Overpeck et al. 1992; Jacobson et al. 1987; Webb, 1987; Webb er al., 1993).

A significant amount of research by Quaternary scientists implicates climate as the primary independent
driving force of late Quaternary vegetation change on continental scales (e.g., Webb, 1997; Webb, 1993,
1986; Grimm and Jacobson, 1992; Davis et al., 1991; Prentice er al., 1991 Huntley and Webb, 1989;
Gajewski, 1987; Jacobson er al., 1987; Jacobson and Grimm, 1986; Prentice, 1986; Ritchie, 1986; Davis et
al., 1986; Davis, 1981, 1976). The degree to which hemispheric and global climate changes of the late
Quaternary were experienced regionally and locally within a continent can be determined using fossil
pollen and spores as proxy-climate indicators. Quantitative paleoclimate reconstruction techniques
employing fossil pollen sequences can be used to show the expression of regional climatic changes over the
past 21,000 years in North America.

In the past few years there have been vast improvements in the proxy data that have become available in North
America. In particular, the development of the North American Pollen Database (NAPD) (Grimm, 1999;
Contributors to the NAPD, 1999) initially by T. Webb, III (Brown University) and now administered by E.C.
Grimm (Illinois State Museum) " has allowed research into the large-scale vegetation and climate changes in
North America over the late Quaternary. The NAPD embodies the amalgamation of over 800 fossil pollen sites

*" The NAPD also benefits from expert advisory board of palynologists, paleoecologists and paleoclimatologists composed of K.J.
Gajewski, G.L. Jacobson Jr., G.M. MacDonald, L J. Maher, V. Markgraf, P.J.H. Richard, T. Webb III, and C. Whitlock.
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originally collected and analyzed by individual researchers (with 2000 additional candidate sites as of June,

2001), and represents many thousands of person hours of work by those individuals over the past few decades.
All of these studies are now standardized into a single taxonomically consistent database. Such datasets and
better utilization of existing data allows us to advance the methodologies and challenge the assumptions
underlying paleoclimatic and biogeographic reconstructions at the continental scale. This dissertation uses
fossil pollen, spores, dinoflagellate cysts and modem vegetation and climate observations from the NAPD and
other databases in order to contribute to our understanding of the past climates and biogeography of the North
American continent during the late Quaternary.

1.2 OVERVIEW AND ORGANIZATION OF DISSERTATION
RESEARCH

Improving paleoclimatic reconstructions at the North American scale is the unifying theme of this dissertation.
New quantitative climate reconstructions and syntheses of the marine and terrestrial environments are presented
as well as an exploration of the underlying assumptions of using pollen data for climate reconstructions.
Moreover, the proxy climate record is explored for underutilized data with climatic signals that show promise

for improving and/or constraining paleoclimatic reconstructions.

An ultimate goal of paleoclimatic research is the creation of global maps of marine, ocean and terrestrial
climates on the same spatial and temporal scales that can aid us in better understanding the processes
behind climate changes. One step towards deriving such hemispheric maps of Holocene climates is the
comparison of climate reconstructions within the marine and terrestrial environments across broad regions
of North America at the same temporal scales. Chronological control in the marine and terrestrial
environments differ (Stuiver and Reimer, 1993) and marine sediments often lack sufficient organic matter
to be dated. Chapter 2 presents a new approach to adding confidence to the relative dating of marine
sediments by utilizing multivariate analysis. Confidence in the chronological control allowed the

reconstruction and comparison of sea surface and terrestrial air temperatures in northeastern North America
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using marine dinoflagellate cysts and terrestrial pollen using the Modem Analog Technique (MAT) (method

of modem analogs) (Prentice, 1980; Overpeck et al., 1985).

Two major questions arose with the marine-terrestrial quantitative paleoclimate reconstructions during another
research project that aimed to produce climate reconstructions for 6 ka (Gajewski er al., 2001). First, the
similarity between the marine and terrestrial pollen signals (Chapter 2) raised questions of the spatial scale at
which pollen is capable of representing vegetation. Understanding the pollen source area and those pollen
types that are significantly related to plant abundance are fundamental 10 reconstructing past climates and
biogeographies using networks of sites on the continental scale. There is only one region (Wisconsin and
Michigan) in North America where pollen has been compared to plant abundance, and these studies utilized
basal area as the plant abundance measure. The availability of a new dataset in southemn Québec collected over
a 6-year period by the Québec Government containing areally-projected crown cover is used in Chapter 3 to
explore the pollen-plant abundance relation and to determine those pollen types that are best related to plant
abundance. This chapter critically explores the various pollen-plant abundance calibration models and

underlying assumptions of the techniques.

The second question arising from Chapter 2 was the need to better understand why there is greater dissimilarity
between the modem and fossil pollen spectra as we go further back in time. Specifically, critical thresholds of
dissimilarity are used to determine whether or not a modem pollen assemblage is a *good’ or *poor’ analog (or
non-analog) for a fossil pollen assemblage. Was the increasing dissimilarity between modern and fossil pollen
spectra observed for pollen assemblages in the older sediments (so called “down-core™) of Chapter 2 caused by
past vegetation assemblages that are very different from today [the non-analog problem (Jackson er al., 1997;
Webb, 1987; Overpeck et al., 1985; Prentice, 1980)]? Alternatively, are non-analogs and the critical thresholds
of squared chord distance (SQD) partially a function of the technique used to measure dissimilarity between
pollen spectra? In Chapter 4, using a new modem pollen database and stochastic simulation, the critical limits
of the squared chord distance (SQD) coefficient between pollen spectra that determine a good vs. poor analog
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are explored at the continental scale. Several other issues in the application of the MAT are explored in
Chapter 4, including the effect of the pollen set on the univariate and spatial biases in the climate
reconstructions and the use of stochastic simulation and spatial statistics to aid us in better understanding the
limitations associated with the application of the MAT. Chapter 4 presents a general methodology that may be
applied to any proxy dataset subjected to the MAT.

The first part of this dissertation (Chapters 2, 3, and 4) presents the development of new quantitative
paleoclimate reconstructions, explores the spatial scale at which lake basins are capable of representing
surrounding vegetation, and analyses the assumptions of the MAT. The second section of this thesis
concentrates on the exploration of the fossil pollen and spore record in North America for underutilized
information that can be used to increase our knowledge of past climates. The first step to utilizing new
elements of proxy climate data for quantitative or qualitative climate reconstructions, requires assurance of data

quality and a demonstration of the biological-proxy-climate relations.

Chapter 5 shows that Sphagnum spores can be used to estimate past peatland distribution and changes in
peatland extent over the past 21,000 years in North America. Moreover, the climatic signal in the distribution
of modem pollen and spores is made explicit which is of significance for the use of spore distributions in the
past. Chapter 6 explores the continental-scale climate signal in aquatic pollen and spores as a source of new
paleoclimate information (Dieffenbacher-Krall, 1998; Dieffenbacher-Krall and Jacobson, 2001). This chapter
demonstrates the conformity between the modem ranges of aquatic plants and the pollen and spores they
produce. Such information is used to show the climatic signal within aquatic pollen and spore records as well
as to interpret maps for the past 21,000 ka that illustrate the continental-scale history of aquatic plant

migrations. Consequently, both of these last chapters contribute to our understanding of the biogeographic
history of North America.
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The chapters in this dissertation are in the form of scientific papers and the relevant literature is reviewed
within each chapter. The taxonomic authority used in Chapters 2, 3, 4 and 5, is Gleason and Cronquist
(1963) and in Chapter 6, the Flora of North America North of Mexico (Flora of North America Editorial
Commiittee, 1993; 1997; 2000). There are a number of appendices that contain either technical
contributions and/or scientific literature that I have co-authored that are related to and/or in support of the
methodologies and approaches taken in this dissertation. These appendices are referenced within their

relevant chapters.
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Chapter 2

COMPARISON OF MARINE AND TERRESTRIAL HOLOCENE
CLIMATIC RECONSTRUCTIONS FROM NORTHEASTERN
NORTH AMERICA

2.1 INTRODUCTION

Working separately, terrestrial and marine paleoclimatologists have reconstructed past climates of their
respective environments and created maps of changing climate conditions through the Holocene (e.g.,
Wright er al., 1993). An ultimate goal of such work is the creation of hemispheric maps of marine, ocean
and terrestrial climates on the same time-scales. A first step towards deriving such hemispheric maps of
Holocene climates is the comparison of climate reconstructions in the marine and terrestrial domains. The
comparison of sea surface and terrestrial air temperature reconstructions from the marine dinoflagellate cyst

record and terrestrial pollen record is the focus of this chapter.

2.1.1 DINODFLAGELLATE CYSTS AND CLIMATE
Dinoflagellates inhabit the marine photic zone and can also be found in brackish estuarine and some fresh

water environments. Dinoflagellates are of the botanical group Pyrrhophyta (fire-plants). They are single
celled organisms that reproduce predominantly asexually and are generally between 20 and 150 pm long
(Brasier, 1994). Dinoflagellates have both plant and animal characteristics but are generally considered
plants or algae due to cellulose in the cell walls and the presence of chloroplasts (Brasier, 1994). The
dinoflagellate exhibits two life stages: a planktonic motile stage and a benthic cyst stage. The motile plant

encysts during sexual reproduction or during less than favourable environmental conditions. The cyst,
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made of decay-resistant materials, is shed as the motile stage excysts when conditions are favourable again.

The cyst stage may enable the species to survive stressing conditions, allowing repopulation when
conditions improve (Wall, 1971). The cysts can often be identified to the species level and are preserved in
bottom sediments leaving a record of their changing abundance and taxonomy through time. Dinocysts are

easily isolated from marine sediments by palynological methods (Figure 2.1).

The growth of the dinoflagellate is sensitive to the same factors affecting the growth of other
phytoplankton: incident and effective radiation, temperature, salinity, nutrients, and hydrodynamic controls
(Williams, 1971a). However, it is widely recognized that temperature and salinity are in most cases the
primary controls on dinocyst distributions and abundance (Dodge, 1994; Marret, 1994; Versteegh and
Zonneveld, 1994; De Vemal er al., 1989, 1993; Williams, 1971a). Early work by Wall (1971) showed that
most dinocysts are cosmopolitan but that the abundance centres of individual species are geographically
and climatically well-defined. Contemporary studies allow us to assume that the geographic abundance of
cysts in bottom sediments corresponds to the areas where the motile organism thrived under favourable
environmental conditions, making the study of their compositional changes through time useful for

purposes of reconstructing marine surface climatologies.

Qualitative reconstructions of temperature, salinity and circulation pattems in surface waters have been
inferred on many temporal scales using sequences of dinocysts in marine sediments (e.g. MacRae er al.,
1996; Williams er al., 1995; Marret, 1994; Matsuoka, 1994; Versteegh and Zonneveld, 1994:; : Bilodeau er
al., 1990; Duane and Harland, 1990; de Vernal et al., 1989). The relative abundance of organic-walled
dinocysts, which are produced after the sexual reproduction of dinoflagellates, relates to productivity in the
photic zone. Their modem distribution conforms to large-scale marine temperature gradients and salinity
conditions that apparently control the species diversity and assemblages (e.g. de Vernal ez al., 1994: Dodge,
1994; Marret, 1994; Versteegh and Zonneveld, 1994, de Vernal er al., 1993). Contemporary dinocyst-

climate relations have been used with modern analog techniques (Guiot, 1990; Overpeck et al., 1985) to
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quantitatively reconstruct sea surface temperature and salinity conditions of the Late Quaternary and

Holocene (Levac and de Vemal, 1997; de Vemal et al., 1996; de Vemal ez al., 1994; de Vernal er al.,

1993).

2.1.2 TERRESTRIAL POLLEN AND CLIMATE
Pollen grains are the male gametophytes of flowering plants and do not themselves respond to climate

parameters, although pollen production is implicitly linked to climate through vegetation. Pollen type and
abundance within sedimentary records are functions of the surrounding vegetation composition and
abundance that are in turn functions of the prevailing biotic and abiotic conditions. Pollen accumulates in
lake sediments providing a record of vegetation change through time at local to regional spatial scales (e.g.
Richard, 1996; Prentice, 1986; Prentice, 1985). Analyses of modemn and fossil pollen indicate that
continental to sub-continental scale vegetation patterns over the Holocene and longer time periods have
responded to changes in climate (e.g. Prentice ez al., 1991). Pollen from well-dated sediments has been
used in quantitative estimates of paleoclimate changes in terrestrial environments (Wright ez a/., 1993).
Although the relation between pollen proportions and relative vegetation abundance is not one-to-one
(Prentice, 1985), it is sufficient in eastern North America (Davis and Webb, 1975) to allow modem

climate-pollen relations to be used in reconstructing past climates (Arigo e al., 1986).

2.1.3 MARINE AND TERRESTRIAL POLLEN AND PROVENANCE
Pollen abundance within a particular depositional environment is partly a function of the dispersal vector:

air, water and/or sediment. Generally, different pollen types will be transported in different ways
depending on their hydrodynamic properties and in different amounts depending on production by
vegetation (Tauber, 1965). Most pollen in the terrestrial environment is assumed to be deposited from the
atmosphere within a short distance from its source. The ‘source area’ or provenance of a lake collecting
basin is assumed to be between 10 km to 100 km (Jacobson and Bradshaw, 1981; Lynch, 1996; Prentice,
1985, 1986; Groot, 1971). However, the study of pollen provenance in lake collecting basins is based
largely on a single regional dataset in Michigan and Wisconsin (Prentice and Webb, 1986; Bradshaw and

Webb, 1985; Prentice, 1985; Prentice and Parsons, 1983; Webb ez al., 1981) and one in Sweden (Prentice
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et al., 1987). There are no studies on the regional scale in the mixed boreal forests of eastern North

America with the exception of Davis and Webb (1975) and this is a goal of future research. Here the term
"terrestrial pollen” is used to denote pollen from lake sediments, and "marine pollen” to denote pollen from

marine cores, although terrestrial vegetation is the source of both pollen.

Atmospheric pollen concentrations over the marine environment has been shown to vary depending on
season, the amount of pollen produced, the amount shed, distance from the source area, wind direction, and
strength and relative timing of these factors (Calleja et al., 1993). That is to say, the transport of pollen in
the marine environment will depend on the climatic conditions, such as the direction of mean circulation,
air temperature, the given time of season et cerera. Further, given the same velocity, pollen will be
transported for much greater distances by a dense medium, such as water (Groot, 1971). Groot and Groot
(1971) show that the absolute counts of pollen grains generally decrease linearly as the distance from the
shore increases regardless of whether the coast is windward or leeward of the dominant atmospheric
circulation. Korvena (1971) came to a similar conclusion for pollen counts in Mediterranean bottom
sediments. Groot (1971) reviews research that indicates that in estuarine environments and areas
influenced by coastal ocean currents, pollen can be transported over great distances and be representative of
a mix of vegetation zones. In some cases the influence of nearby vegetation was shown to be of little
influence on the neretic (near shore) marine pollen spectra (Groot, 1971). Marine pollen sequences have
been used in a number of studies to reconstruct terrestrial paleovegetation changes and paleoclimate over a
range of spatial (continental/subcontinental) and temporal scales (> 10° years) (e.g., Lézine and Denefle,
1997; Ning and Dupont, 1997; Hooghiemstra ez al., 1992; Lézine, 1991; Heusser and Morley, 1990;
Korveneva, 1971). The more recent studies (e.g., Hooghiemstra, 1992; Heusser and Morley, 1990) indicate
that marine and ocean current transport are less important than were once suspected and that in general,
marine pollen records, unlike their terrestrial counterparts, tend to register vegetation pattemns on large
regional to subcontinental scales rather than local and regional scales because of different basin
characteristics (Ning and Dupont, 1997).

ro
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2. 7.4 MARINE AND TERRESTRIAL PALEOCLIMATE RECCONSTRUCTIONS
As a first step to comparing marine and terrestrial paleoclimate estimates, the chronologies of both must be

resolved. Work at individual sites has used pollen in marine cores, in conjunction with well-dated
terrestrial pollen sequences, to provide chronologies using relative dating principles for poorly dated
marine cores lacking sufficient organic matter (Levac and de Vernal, 1997; de Vernal er al., 1994; de
Vemal et al., 1993; Bilodeau, 1990; de Vemal er al., 1989). This has indirectly shown that marine pollen
sequences covary with terrestrial sequences on fine temporal (10° years) and spatial scales. However, it is
not clear if this can be extended to larger spatial scales in northeastern North America because the pollen
signatures in the two environments differ. We therefore needed to quantify the agreement between marine
and terrestrial pollen assemblages with two goals: (a) to aid in the dating of marine cores with low organic
matter and (b) to compare the quantitative climate reconstructions produced from proxy data in the two
different environments over broader spatial (regional) and smaller temporal scales than previously

examined in northeastern North America.

It can be shown by using principal components analysis (PCA) (Johnston, 1980) that marine dinocysts and
terrestrial pollen record similar responses to environmental forcing over the Holocene in eastern Canada.
PCA also indicates that poilen assemblages in both terrestrial (lake-sediment) and marine cores off eastern
Canada record regional terrestrial environmental changes through time. This observation allows us to
confidently use marine-terrestrial pollen correlations to aid in securing chronologies for the marine cores
with low organic matter. Increased confidence in the marine age models permits direct comparison of
marine/terrestrial climate fluctuations of sea surface temperature and air temperature over the Holocene and
the quantitative reconstruction, using the method of modem analogs (modern analog technique - MAT), of
August sea surface temperature (SST) and August terrestrial air temperatures derived from dinocysts and

pollen, respectively.

rr
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2.2 DATA AND METHODS

2.2.1 MARINE AND TERRESTRIAL DATA
In this study we use pollen and dinocyst data from marine cores from Hudson Bay (cf. Bilodeau er al.,

1990), the Labrador Shelf (Levac and de Vernal, 1997) and the Gulf of St. Lawrence (de Vernal ez al.,

1993) (Table 2.1, Figure 2.2).

Table 2.1: Location of sites and references for microfossil diagrams.

Environment Site Latitude Longitude Depth / Reference
Elevation
Marine Hudson Bay
87-028-001 (TWC&P) 63°01.45N 81°0491'W 273 m Bilodeau ez a/., 1990
87-028-069 (TWC&P) 55°28.62’'N 77°87.718 W 165m Bilodeau er al.. 1990
Labrador coast
HU91-045-005 (B) 54°42.26'N 56°27.06' W 530m Levac and de Vemal, 1997
HU91-045-006 (TWC&P)  54°4227TN 56°26.96' W 534m Levac and de Vemal. 1997
St Lawrence
89-007-111 (TWC&P) 47°31.00'N 59°53.06 W S03m de Vemal et al., 1993, 1996
Terrestrial Northwestern Québec
LRI 58° 33.98'N 75° 15.000' W 170 m Gajewski er al., 1993
LBl §7°55.20'N 75°37.20 W 200m Gajewski er al.. 1993
BR2 5$7°07.00'N 76°22.70' W 210 m Gajewski and Garralla, 1992
GB2 §5°00.17"N 75° 17.000 W 300m Gajewski er al.. 1993
Labrador
Lake Hope Simpson 52°27.00'N 56°20.00' W 295 m Engstrom and Hansen, 1985
Gravel Ridge 55°02.00'N 62°38.00' W 565 m Lamb, 1985
Eagle Lake 5$3°14.00'N 58°33.33’ W 400 m Lamb, 1980
St Lawrence
Lacal'Ange 47°37.00N 70°41.83' W 648 m Labelle and Richard, 1981
Lac Mimi 47°37.ITN 70°41.83Y W 423 m Richard and Poulin, 1976
Lac J'arnive 49° 22.33'N 65°27.83' W S6m Marcoux and Richard, 1995
Lac Euloge 49° 20.67'N 65°2533' W 8m Marcoux and Richard, 1995
Lac 4 Raymond 48° 14.00N 65°59.6TW SOm Jetté and Richard, 1992
Lac & Robin 48° 03.07N 65° 16.01' W S50 m Jetté and Richard., 1992

All marine cores were analyzed using standard palynological techniques (de Vernal ez al., 1986). The
marine cores from Hudson Bay and Labrador are all farther than 200 km from any major estuaries which
means that river-borne pollen may not significantly distort the marine pollen spectra (Ning and Dupont,
1997). This is not the case for the St. Lawrence core, which integrates pollen taxa from a large and diverse

provenance (Figure 2.2).

Terrestrial pollen data from 13 cores were taken from published sources (Table 2.1). Details of the dating
and laboratory techniques used in the terrestrial cores can be found in their respective references.

Terrestrial sites to be used in this study were chosen close to the marine cores.
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For PCA and analog analysis, the pollen set consisted of 58 types (Table 2.2).

Table 2.2: Pollen set used in present study.” Alternative nomanclature in brackets.

TYre Trre

Picea Artemisia

Abies Liguliflorae

Pinus Tubuliflorae

Betula Caryophyllaceae
Larix Chenopodiaceae
Fraxinus Cyperaceae
Cupressaceae Poaceae (Gramineae)
Populus Epilobium

Quercus Fabaceae (Leguminae)
Tsuga Ranunculaceae
Ulmus Saxifragaceae

Fagus Thalictrum

Acer Oxyria-Rumex

Carya Umbelliferaceae
Ostrya-Carpinus Polygonum

Juglans Brassicaceae (Cruciferae)
Tilia Lycopodiaceae
Castanea Equisetum

Alnus cripsa (Ait.) Pursh. Selaginella

Alnus rugosa (DuRoi) Spreng. Sphagnum

Ericaceae Polypodiaceae
Myrica Botrychium

Salix Other herbs (OHE)
Corylus Other trees & shrubs (OTS)
Cornus Typha

Shepherdia Triletes

Viburnum Potamogeton
llex-Nemopanthus Isoétes

Platanus Other Aquatics
Rosaceae

For the terrestrial modern analog analysis, Ambrosia, Poaceae and Rumex were excluded because of

overrepresentation in modem samples due to human disturbance of the landscape since European

settlement. /va was also excluded because it is lumped with Ambrosia in the database. Cyperaceae and

.Altanaﬁvenomchminbnckm
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Ericaceae pollen were excluded because of their local effects on spectra in forested areas. Aquatic pollen
was retained in the dissimilarity measures. However, the climatic signal in aquatic pollen has not been
studied at the continental scale and this is the subject of ongoing work that will be discussed in the last
chapter. Because of the large number of taxa included in the pollen set, we used a square root transform of
the pollen percentages in the PCA. Taking the square root has the effect of increasing the relative

importance of less abundant pollen taxa (Prentice, 1980).

To compare the inter-correlations between different taxa in the marine and terrestrial cores, principal
components analysis was used (Johnston, 1980). A PCA identifies groups of taxa that have similar inter-
correlations. The group of taxa that have stronger inter-correlations are approximated by a component,
with each component orthogonal and independent of the previous. Each component is a linear combination
of all the variables present. Every taxon is included in each component; however, a given component will
explain more of the variance in one taxon than another. Those taxa that have the greatest variance
explained by a given component are considered important to the component. [t is these important taxa that
give each component its unique interpretation. Furthermore, subsequent components explain less of the
total variance in the set of variables. Component scores are interpreted as the correlation a given
observation has with a given factor. That is to say, an observation’s score will be high on a given factor if
it has a high value for a variable with a high loading on that factor. In other words, if observations are

sequences of time, such as timeslices in a core, then the scores will portray how a factor changes through

time.

A database of modem pollen samples from lakes and bogs was obtained from T. Webb (Webb ez al., 1993).
From this we extracted pollen assemblages between 37° - 82° N and 53° - 96° W. We removed older sites

where pollen counts were incomplete, leaving 1573 assemblages to which were added 68 from Gajewski
(1991, 1995).
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2:.2.2 CLIMATE RECONSTRUCTIONS AND THE ANALOOG METHOD
Quantitative climate reconstructions of the terrestrial sequences were completed using the method of

modem analogs (modern analog technique - MAT) with dissimilarity measures based on squared chord

distance (Overpeck ez al., 1985). The squared chord distance is given by:

di = Z( -piE) 2.1)

Here, d, i is the dissimilarity coefficient between two pollen spectra i and j whose proportions at a fossil
sample site i, p, , are compared to the proportions at a modern sample site j, p ko for each pollen type 4.
(Overpeck er al., 1985). A dissimilarity coefficient, d,; , is computed for each and every modem site for

each fossil spectrum and the modern spectrum with the smallest d,.j is considered the best modem analog

(Figure 2.3).

The analog method compares a fossil pollen spectrum to all modern spectra within a given geographic
extent. For a given fossil pollen spectrum, the best analog is the modem site that possesses the least
dissimilar modem pollen spectrum - in this study ‘least dissimilar’ means the smallest squared chord
distance (Equation 2.1). The environment that gave rise to the pollen spectra at the best analog site
presumably also produced the fossil pollen spectrum (Overpeck et al., 1985). Overpeck et al. (1985) tested
the responsiveness of eight dissimilarity coefficients and found that signal-to-noise measures like squared
chord distance performed best when reconstructing an original pollen spectrum from a choice of modem
sites. They found that unweighted coefficients like Manhattan metric, Squared Euclidean Distance,
Squared cosine -6 (Figure 2.3) distance all tend to be heavily influenced by pollen types with large
ranges, generally the most common types, and types with low values and ranges tend to have little
influence on these measures. Alternatively, equal weight measures like the Canberra Metric and Squared
standardized Euclidean distance (Figure 2.3) tend to increase the weight of less common types and decrease

the weight of large valued pollen types. These measures may accentuate noisy types at the expense of
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types with a strong signal but small values. The third set of coefficients is named Signal to Noise and
includes Squared Chord Distance, Information Statistic and Squared Chi Squared CoefTicient (Figure 2.3).
These tended to emphasize the signal component of the differences between spectra while downplaying the
noise component. They are influenced by less common pollen types to a greater degree than the
unweighted coefficients but to a lesser degree than the equal weight coefficients making these signal to
noise ratios a middle of the road alternative. The dissimilarity coefficients all take a value of zero between
identical pollen spectra and positive values otherwise. The squared chord distance measure ranges from

zero for a perfect analog to two for a completely dissimilar site.

For the terrestrial climate, the mean August temperatures of the five best analog sites for each pollen
spectrum in each core were averaged. Accuracy of the analog method was verified by estimating modem
mean August terrestrial air temperatures from the modem pollen assemblages using the average of the 2™ -

6™ best modern analogs (coefficient of correlation between simulated and instrumental values: r = 0.97).

Sea surface conditions were reconstructed from the dinocyst assemblages using the modern analog method
(Guiot, 1990). The August sea surface temperature estimates correspond to the weighted average of values
from the ten best analogs in the modern dinocyst database. In both terrestrial and marine reconstructions
the averaging method was chosen to minimize the variability of temperature reconstructions in each
particular dataset. The modern dinocyst reference database was from 439 modern sites in the middle to high
latitudes of the North Atlantic, subpolar basins and adjacent epicontinental seas; it also included reference
data points from polynya in the Arctic Ocean, Siberian and Beaufort Seas. The modem dinocyst database
is representative of a wide range of sea surface conditions. The validation tests for the reconstruction of
modern sea surface temperature in August yielded accurate results: the coefficient of correlation between
simulated and instrumental values is 0.96; more than 95% of estimates are included within the range of

interannual variability, i.e., the standard deviation around the instrumental data averages.
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2.3 RESULTS

2.3.1 PRINCIFPAL COMPONENTS ANALYSIS
In order to discern the relations among the taxa and the different groups of sites, four PCAs were

performed. With reference to the geographic locations in Figure 2.2, these include: 1) pollen data from all
terrestrial sites; 2) polien data from marine cores; 3) pollen data from the combined marine and terrestrial

cores; and 4) dinocysts in the marine cores.

The first PCA was performed on the terrestrial (lake-sediment) sequences (Figure 2.4a). The first
component explains 18.75% of the variance and has high positive loadings for tundra taxa (e.g.
Cyperaceae, Poaceae, and Artemisia) and high negative loadings for tree taxa (Acer, Betula, Fagus, and
Abies). Thus, the first component distinguishes between tundra and more southern environments. The
second component shows strong positive loadings for boreal forest taxa (Picea, Alnus crispa) and negative
loadings for non-boreal types. This component explains 16.35% of the variance and distinguishes between

boreal taxa and those from tundra or southern forest assemblages.

The first two principal components of the pollen taxa from all of the marine cores present a signal similar to
that of the terrestrial pollen alone (the sign of the loadings is arbitrary in a PCA), however, the relative
importance of the first two components is reversed (Figure 2.4b). The first component explains 13.94% of
the variance and separates boreal from southern forest taxa, while the second explains 12.42% of the
variance and separates tundra from southern tree taxa. The highest positive loading on the first component
is for Pinus. Picea, which is the most important tree of the boreal forest, does not load significantly on
either of the first two components. Despite differences in loadings, taxa with similar environmental

responses covary in a manner similar to the terrestrial pollen PCA.

The first component for the combined analysis of the marine and terrestrial pollen explains 16.29% of the

variance and the second explains 14.14% of the variance (Figure 2.4c). The component loadings again
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distinguish between tundra, boreal and southern forest taxa similar to those seen in the PCA of the

terrestrial sites alone.

The dinoflagellate assemblages in the marine cores show similar environmental differentiation. The first
component for the dinocyst taxa in the marine cores explains 20.56% of the variation and distinguishes
between temperate taxa such as Spiniferites ramosus, Peridinium faeroense and Spiniferites elongatus with
high negative loadings (Figure 2.4d). Cool water taxa have high positive loadings on the first component
and to some extent so do open ocean taxa. The second component explains 13.93% of the variation and

seems to reflect onshore to offshore differences and/or salinity gradients.

The warm taxa - cool taxa signal evident in the terrestrial and combined terrestrial-marine pollen PCA is
also evident for the dinocysts. These four analyses indicate similar responses to environmental forcing
over the Holocene for taxa within the marine and terrestrial environments. The component scores show the
importance through time of the climate signal seen in the component loadings; representative terrestrial
sites are illustrated in Figure 2.5. Each site shows a transition from tundra to forest conditions; this
transition is earlier at the southern sites (Lac 4 I'Ange, Lac Euloge) and later at sites in higher latitudes
(LBI, Eagle Lake). Lake LB1 shows an abrupt transition from tundra to forest conditions shortly after
deglaciation in northwestern Québec. The scores on the second component for these sites (not shown)

indicate a time transgressive change from boreal to non-boreal conditions.

2.3.2 DERIVATION OF MARINE CHRONOLOGIES
Since the component scores differentiate the relative timings of vegetative change by geographic location,

we attempted to use these as a chronostratigraphical correlation tool for the marine cores in order to
develop an age model consistent for both onshore and offshore time series. The '*C-dated component
scores for the nearest terrestrial sites were plotted adjacent to the scores for the marine sites and
chronologies were derived based on previously assigned '“C dates, distinctive events or gradients in the two

curves’ component scores, and/or events in the marine-terrestrial pollen spectra indicative of regional
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L
vegetation changes in eastern Canada over the Holocene. Core 89-007-111 in the St. Lawrence Estuary

was dated by 4C (de Vemal er al., 1996; de Vernal et al., 1993), and core HU91-045-006 in the Cartwright
Saddle off Labrador had previously been dated by assemblage zones in the original marine and terrestrial
pollen diagrams and '*C (Levac and de Vernal, 1997). The covariation in the component scores between
the marine and terrestrial sequences for these sites added confidence to the dating derived by previous work
(Figure 2.6 & 2.7). However, the Hudson Bay marine and northwestern Québec terrestrial component
scores showed no distinct gradients or trends that unequivocally indicated changes from one vegetation
type to another. These sequences are short, < 8000 years, with only a brief tundra period followed by the
establishment of the boreal forest. Thus, in the case of core 87-028-069, the component scores were not as
useful in chronological correlation as were the original pollen diagrams and previous work done with
assemblage zones and chronostratigraphy by Bilodeau er al. (1990). In general, the consistent patterns in
the marine pollen data with respect to the PCA loadings and scores added confidence to the marine core

age models derived by previous work.

2.3.3 QUANTITATIVE CLIMATE RECONSTRUCTIONS
With the chronologies established for the marine sequences, climate reconstructions using the dinocysts in

the marine cores and the pollen in the lake cores were completed using the method of modemn analogs
(modern analog technique - MAT). The climate reconstructions of mean August temperature are presented

by region (Figures 2.8-2.10).

In northwestern Québec / Hudson Bay, site GB2 shows a warming throughout the Holocene, while site
LB! shows maximum temperatures between 3000 and 1000 yr BP (Figure 2.8). These temperature curves
generally parallel the change in spruce proportions over the same time period at these sites (Gajewski et al.,
1993). The climate reconstruction from site LR1, in the present-day tundra, shows little variation during the
Holocene (Figure 2.8). This is because the pollen percentages change little down-core, although, frequently
in tundra, climate signals may instead be expressed by changes in the concentrations or pollen influx

(Gajewski, 1995). The samples older than 6000 yr BP at sites BI2, LB1 and LRI show warmer
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temperatures, but these are associated with larger dissimilarities, and arise due to larger relative amounts of
tree taxa pollen blown from the south at a time when the local pollen production was low. Marine core 87-
028-069, in Hudson Bay near site GB2, shows a flat maximum temperature extending from 5700 yr BP to
2000 yr BP followed by cooling toward present-day conditions (Figure 2.8). The timing of temperature
changes in 87-028-069 parallel those of site GB2, except that there is no neoglacial cooling at GB2 (Figure
2.8). However, site LB1, located to the north of GB2, does show a reversion of forest to forest-tundra in the
past 1500 years in response to cooling temperatures (Gajewski er al., 1993). There is a difference in the
absolute values of the temperature changes prior to 5700 BP where 87-028-069 shows a rise in August SST

from 0°C to 6.5°C. Over the same period, GB2's temperature increases by approximately one degree.

The terrestrial sequences from southern Labrador (Lake Hope Simpson and Eagle Lake) cover a longer
time period and show cool temperatures prior to 7000 yr BP, maximum warmth between 7000 and 6000 yr
BP and cooling in the past 5000 yr (Figure 2.9). The timing of maximum temperatures is different for the
three terrestrial sites. Gravel Ridge, the northernmost site, shows maximum temperatures between 4600
and 1800 yr BP. Eagle Lake shows maximum temperatures at 5600 yr BP and decreasing temperatures to
present. Lake Hope Simpson, the most southern Labrador site, shows maximum temperatures at 6400 yr
BP and decreasing temperatures to present day. Thus, the timing of maximum temperature at the terrestrial
sites occurs first in the south and progressively later towards the north. Large dissimilarity values occur for
the terrestrial polien spectra older than 6000 yr BP and they are associated with tundra pollen assemblages,
while the temperature maxima are associated with a peak in Abies (fir) pollen. The Labrador marine
sequence, core HU91-045-006, which is latitudinally between Gravel Ridge and Eagle Lake, shows
maximum temperatures at approximately 6200 yr BP (Figure 2.9). The large fluctuations after 7400 yr BP
in the marine core may be due to variations in meltwater discharge from the residual ice sheet. These
results suggest a time transgressive period of maximum warmth at the terrestrial sites. Alternatively,

because of uncertainty in the chronologies of the sequences in this region, a more simultaneous registration
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of maximum temperatures around 5000 yr BP could be interpreted. However, since these sites lie

‘downwind' of the residual ice sheet, a time transgressive mid-Holocene warming seems more reasonable.

Sites in the St Lawrence region show consistent and stable temperatures for the past 7000 yr BP but have
large dissimilarities in assemblages older than 8000 yr BP (Figure 2.10). Indeed, some of the spectra
would be considered as "non-analog”, that is, there are no modem pollen spectra that are very similar to the
fossil spectra (Overpeck et al., 1985). Reasons for this non-analog situation are discussed below.
Generally, these older assemblages reconstruct cooler temperatures, whereas there is little change in the
past 7000 yr BP. The SST reconstruction from dinocysts in marine core 89-007-111 shows a similar trend
(Figure 2.10). Sea surface temperatures recorded by 89-007-111 have been relatively stable since 8000 yr
BP.

2.4 DIscCuUSSION

We have shown using Principal Components Analysis (PCA) that polien spectra and dinocyst assemblages
are correlated on a regional scale consistent with forcing by a common climate signal. The same clusters of
taxa - boreal, tundra and southern - are found on the loadings of the first two components of all analyses
and indicate a large-scale spatial/temporal signal brought out by the PCA, which is easier to see than by
using the pollen diagrams alone. These loadings may be interpreted as being due to climatic forcing on the
taxa. The common signal is interpretable in both time and space using the component scores. This signal in

the polien data was found in all regions, and in both the terrestrial and marine environments.

There are some differences between the three PCAs that can be explained by the relative transport ability of
the polien taxa. Most pollen is deposited within a short distance from its source, usually 10-50 km;
however, wind-pollinated taxa may undergo significant long-distance transport (e.g. Lynch, 1996;
Gajewski, 1995; Prentice, 1986; Prentice, 1985). For example, Pinus is over-represented in the marine
records, particularly those in Hudson Bay. The overrepresentation of Pinus is due to its high pollen
productivity and dispersal. In particular, jack pine (Pinus banksiana Lamb.) is more abundant in central
Canada compared to the Québec-Labrador Peninsula (Richard, 1996) and this may contribute to the
abundance of Pinus in the Hudson Bay marine spectra. Studies in the Arctic Archipelago show that pine is
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significantly over represented in terrestrial assemblages when the local pollen production is reduced
(Gajewski, 1995). In the lake cores used in this study, Pinus pollen was less important due to the relatively

greater contributions of surrounding vegetation to the pollen record.

A second factor causing the differences among these analyses is that the pollen that reaches a marine site
undergoes different transport processes. First, transport by wind brings pollen from source areas to the
marine continental margin. Atmospheric pollen content over the marine environment varies by season, by
pollen productivity, by distance from source area, and by wind direction and strength (Calleja er al., 1993).
Once the pollen enters the ocean it can be transported for large distances by ocean currents, gyres or
offshore turbidity currents. Owing to the increased density of the transporting medium, pollen that can be
transported for long distances within the atmosphere can be transported for even longer distances in the
ocean. However, despite such complicating factors, recent paleoenvironmental studies using marine pollen
sequences indicate that pollen spectral distortion in marine cores from current and estuarine effects are
minimal (Ning and Dupont, 1997; Hooghiemstra, 1992; Heusser and Morley, 1990).

On the time and spatial scales considered in this study, the PCAs illustrate that the marine and terrestrial
pollen sequences covaried in a manner that allowed the common pollen signal in the two environments to
be used in the development of marine chronologies consistent with terrestrial sites. Absolute dating of
marine cores from shelf environments is more difficult than for terrestrial (lake-sediment) cores due to the
low amounts of biogenic remains such as carboniferous foraminifers in the sediments. PCA shows that the
marine pollen in this study was reflecting the changes in continental vegetation at the spatial and temporal
scales under study. Indirectly, the PCAs indicate that marine and terrestrial pollen sequences show similar
responses to major changes in the regional vegetation through the Holocene. Demonstrating this allowed
the agreement between the marine and terrestrial pollen assemblages to be used in developing a common
marine-terrestrial age model and ultimately the intercomparison of the paleoclimate signals in the two

environments.

The climate reconstructions exhibit broad scale consistency within any one region. Terrestrial and nearby
marine climate reconstructions are also broadly coherent by region, although they differ in some detail.
Typically, climate reconstructions tend to show more high frequency variations in the lower sections of the
core, where the dissimilarity coefficients are also larger. Increasing dissimilarity down-core is partly due to
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the uneven and sparse distribution of modem sites in the north. Such is a particular problem when
attempting to reconstruct recent climate history in arctic and subarctic regions or when reconstructing the
climate of southern sites whose sedimentary sequence extends to times when boreal and tundra conditions
were present. Moreover, many samples in our sites greater than 8000 yr BP are non-analog, using the
criteria of Overpeck et al. (1985), Anderson et al. (1989) and Webb et al. (1993), and we are therefore less
confident in the climate reconstructions for this time period. These non-analogs prior to 8000 yr BP may
be due to lack of modern data from which to choose an analog or to the nature of the vegetation in the late-
glacial and early Holocene. Prior to 8000 yr BP, "arctic-subarctic” taxa that are today spread over many
degrees of latitude, were located close to the temperate forests at the time. In addition, there was no "boreal
forest” prior to 8000 BP anywhere on the continent. Furthermore, pollen concentrations suggest that the
density of forest in northern Québec (Richard, 1996) and Labrador (Lamb, 1985) decreased during the late

Holocene and are not represented in pollen percentage data.

The three regions had different climate histories associated with their location with respect to deglaciation
and air mass boundaries. Prior to 6000 yr BP, an ice sheet persisted in the Québec-Labrador Peninsula and
this strongly influenced the climate of the region. Consistent with our results, climate mode! simulations
show an anticyclone over the ice sheet, with resultant northerly flow and cool temperatures in Labrador
(COHMAP members, 1988). The time transgressive warming reconstructed for the Labrador terrestrial
sites might result from the wasting of this ice sheet; however, dating uncertainty must be considered within
this interpretation. As the ice sheet melted, the opening of Hudson Bay affected the Labrador Current
(Dyke et al., 1996), thus affecting the dinoflagellates as well. In both Labrador and northwestern Québec, a
late Holocene cooling affected sites in the forest-tundra, but is not evident in boreal forest sites, suggesting
movements in the polar front. The high frequency changes in the St Lawrence and the cooling
reconstructed for the period prior to 8000 yr BP are less reliable due to the larger values of the dissimilarity

coefTicients.

2.5 CONCLUSION

This study shows that quantitative climate reconstructions based on marine dinocysts and terrestrial pollen
sequences are consistent through the Holocene in northeastern North America. Principal components
analysis (PCA) indicates a large-scale climate signal in the dinocysts and pollen. The combined and
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separate analyses of marine and nearby terrestrial pollen sequences from Hudson Bay, Labrador and the St.
Lawrence estuary differentiate tundra, boreal forest and deciduous forest assemblages in time and space.
These analyses indicate that the marine polien record reflects vegetation changes of the regional terrestrial
environment and allows direct correlations between the marine and terrestrial stratigraphies. Sea surface
temperatures estimated from dinocysts and terrestrial air temperatures from pollen using the method of
modem analogs show that the three regions had differing climate histories associated with their location
with respect to deglaciation and air mass boundaries. High frequency climatic changes reconstructed for the
St. Lawrence estuary and Gulf, and a cooling reconstructed for the period prior to 8000 yr BP, are less
reliable due to the larger values of the dissimilarity coefficients. Prior to 6000 yr BP, cool temperatures
reconstructed along the Labrador margins, both in the marine and terrestrial environments are in agreement
with climate simulations indicating the persistence of an anticyclone over the Québec-Labrador ice sheet.
In both Labrador and northwestern Québec, a late Holocene cooling affects sites in the forest-tundra, but is
not evident in boreal forest sites, suggesting movements in the mean position of the polar front. These
climate reconstructions provide further evidence that marine and terrestrial climates responded coherently

over the Holocene in the different geographic regions considered.

However, there are a number of unanswered questions that this research has brought to light. First, we do
not have any firm way to place estimates of uncertainty on the temperature estimates using the method of
modern analogs (modem analog technique - MAT). One approach to the non-analog question is to
understand which vegetation types are related well to pollen, if some are not then they can cause noise and
contribute to dissimilarity down-core. Using pollen types well related to vegetation abundance on the
landscape in the pollen set could increase the chances of finding more similarity between modern and fossil
pollen and provide better climate reconstructions. However, we need to determine which types of pollen
are best related to plant abundance and the spatial scale at which pollen records vegetation in different
depositional environments, in particular, there are no studies of this in the boreal regions of North America.
Third, the question arises as to whether we can get more climatic information out of the fossil pollen record
in North America, perhaps to constrain these paleoclimate reconstructions and assess their reliability. This
comparison of terrestrial and marine quantitative climate reconstructions in eastern Canada suggests that
the ultimate goal of deriving hemispheric maps of Holocene climates will be attainable as more data are

collected and chronological control is maintained.
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Figure 2.1: Example of microscope slide prepared from a marine core illustrating preserved fossil
dinoflagellate cysts (O. centrocarpum, Spinifirites), pollen (Picea, Pinus) and spores. Photo:
Dr. A. deVemal.
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Figure 2.5: Principal component scores from the combined PCA (Figure 2.4c) for several representative
lake sequences. Location of sites in Figure 2.2.
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Figure 2.6: Principal component scores for combined marine and lake pollen sequences (Figure 2.4c) in
the St. Lawrence region. The fitted curve (dotted-line) is a second order distance-weighted
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Figure 2.7: Principal component scores for combined marine and lake pollen sequences (Figure 2.4¢c) in
Labrador. Firted curve as in Figure 2.6.
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Chapter 3

CONTEMPORARY POLLEN-PLANT ABUNDANCE RELATIONS
IN SOUTHERN QUEBEC: POLLEN SOURCE AREA

3.1 INTRODUCTION

An analysis of landscape-level patterns requires data at the appropriate scale, but information of vegetation
dynamics at regional (10s to 100s km) scales is difficult to obtain. At the regional scale, pollen diagrams
from lake sediments provide appropriate records of vegetation variability through time if sampled at fine
temporal intervals. Pollen diagrams may be used to estimate vegetation change if the relation between
pollen assemblages and plant abundance is sufficiently understood. This chapter explores the contemporary
relations between pollen assemblages and plant abundance on regional scales, as a step toward the goal of

calibrating pollen assemblages and reconstructing vegetation dynamics.

Variations through time in the relative proportions of fossil pollen in lake sediments are interpreted as
changes in local plant abundance, and networks of fossil pollen are used to infer regional vegetation
dynamics during the Holocene (Huntley, 1996; Webb, 1993; Prentice et al., 1991, 1993; Gajewski, 1987;
Davis et al., 1986; Webb et al., 1983; Davis, 1976; Davis and Webb, 1975). Plant taxa vary in pollen
production and pollen varies in its dispersal ability, so pollen proportions in lake sediments are not directly
proportional to plant abundance on the landscape. Interpreting fossil pollen sequences in terms of plant
abundance requires determining the relative representation of pollen types and the degree to which these

different relations are consistent across different physiognomic regions. Interpreting regional vegetation
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dynamics from networks of fossil pollen is aided by understanding the pollen source area or the spatial
scale at which a particular pollen taxon represents surrounding plant abundance. This permits pertinent
inferences from pollen spectra to be made (Jackson and Lyford, 1999; Jackson and Kearsley, 1998;
Calcote, 1995; Jackson, 1990, 1994; Sugita, 1993, 1994; Prentice, 1988, 1986, 1985; Bradshaw and Webb,
1985; Webb er al., 1981; Janssen, 1973) and is a function of the basin size (Jacobson and Bradshaw,

1981).

Our understanding of the pollen-plant abundance relation in forested regions of eastern North America is
based on theoretical models of pollen dispersal (Jackson and Lyford, 1999; Sugita, 1993, 1994; Prentice,
1985, 1988; Tauber, 1965), pollen-plant abundance map comparisons (e.g., Delcourt er al.. 1984; Webb er
al., 1978, 1983; Davis and Webb, 1975; Webb, 1974), pollen rain studies (e.g., Fall 1992), and empirical
pollen-plant abundance comparisons (Jackson and Kearsley, 1998; Lynch, 1996; Calcote, 1995; Jackson
and Smith, 1994; Jackson and Wong, 1994; Jackson and Dunwiddie, 1992; Jackson, 1990; Prentice er al.,
1987; Prentice, 1986; Bradshaw and Webb, 198S; Delcourt ez al., 1984; Parsons er al., 1980). However,
these latter studies require dense networks of vegetation and pollen observations over large regions which,
in North America, are few in number. The majority of regional-scale studies have focused on refining
comparison techniques while using the same few datasets in deciduous and mixed deciduous forests of the
northeastern United States (e.g., Jackson er al., 1995; Prentice and Webb, 1986; Prentice, 1985; Bradshaw
and Webb, 1985; Prentice and Parsons, 1983; Webb er al., 1981). In order to determine the robustness of

resuits, there is a need to extend these studies into the mixed northern hardwood and boreal forests of North

America.

An interest in fine-scale ecological processes has recently shifted the focus of many pollen representation
studies to smaller spatial scales that utilize small ponds, moss-polsters and forest-hollows (Jackson and

Kearsley, 1998; Calcote, 1995; Jackson and Wong, 1994; Jackson, 1990). However, the issues of regional-
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scale reconstructions from lake sediments have not been satisfactorily resolved, and these are of relevance

to landscape ecology questions.

The comparison of pollen and plant abundance has been approached in two primary ways and for two
reasons. First, within a predefined area (e.g., defined by a 30 km radius) around a set of modern pollen
sample sites, plant abundances are sampled and compared to polien proportions in bivariate scatterplots
from which correlation, linear regression (OLS-y) and/or extended R-value analysis (ERV) coefficients are
derived in order to describe the average relations (e.g., Bradshaw and Webb, 1985; Webb et al., 1981).
OLS-y and/or ERYV slope terms indicate how small changes in plant abundance affect changes in pollen
proportions and illustrate the degree to which pollen are over- or under represented with respect to the
surrounding plant abundance. Representation is primarily an issue of pollen production and dispersal: some
arboreal taxa produce more pollen than others and/or are better dispersed. The intercept terms indicate the
amount of regional background pollen present. Webb ez al. (1978) discuss the many variables involved in
the relative representation of pollen. Some pollen may have no significant relations to plant abundance at

the imposed scale of study.

Plant abundance sampled at a fixed radius can only uncover pollen-plant abundance relations at the
imposed scale of sampling, negating the possibility of finding stronger relations at other sampling radii.
Theoretically, because of differences in the dispersal characteristics among pollen types, the source area
from which pollen arrives in a collecting basin differs among taxa (Sugita, 1993, 1994; Prentice, 1985,
1986, 1988; Webb er al., 1981; Faegri and Iversen, 1975; Andersen, 1973). The second type of study
attempts to determine the provenance or pollen source area of each pollen type by testing pollen
proportions against plant abundances at successively larger radii around the pollen sample (e.g., Jackson
and Kearsiey, 1998; Calcote, 1995; Prentice et al., 1987). For a given taxon, the radius at which plant
abundance is most linearly related to pollen proportions defines pollen source area and the trees within this

pollen source area contribute most strongly to changes in the pollen spectra (Jackson, 1990).

37



CHAPTER 3

In both simulation (Sugita, 1994) and empirical (Jackson and Kearsley, 1998; Calcote, 1995) studies, the
explained variance (R?) between pollen and distance-weighted plant abundance exhibits asymptotic
behaviour after reaching a certain plant abundance sampling radius. The distance at which R? or likelihood
function scores reach an asymptote is the ‘relevant’ pollen source area (Calicote 1995; Sugita, 1994),
beyond which no further information is gained on the pollen-plant abundance relation. Altemnatively,
Prentice (1985) defined the area surrounding a pollen sample site from which 70% of the pollen originates
as the ‘effective’ pollen source area (Jackson, 1990; Prentice, 1985, 1988). The *70% radius’ was intended
as a ““convenient indicator of the major source area” (Prentice, 1988:27) that accounted for “some
reasonably large fraction of pollen input of a particular taxon™ (Prentice er a/., 1987:52). Simulations
suggest that the radius from which 30-45% of the pollen originates contains the vegetation that significantly
affects variations in the pollen spectra (Sugita, 1994). The concept of ‘relevant’ pollen source area is less

ambiguous but requires that distance-weighted plant abundance be used.

Pollen proportions should be a distance-weighted function of plant abundance because for a given taxon,
trees close to a lake should contribute more pollen than distant trees (Jackson and Lyford, 1999; Sugita,
1993, 1994; Prentice, 1985, 1988). Many studies have not employed distance weighted functions of plant
abundance (Jackson and Wong, 1994; Prentice et al., 1987; Bradshaw and Webb, 198S; , Parsons and
Prentice, 1981; Parsons et al., 1980) or pollen proportions have been viewed arbitrarily as an isotropic
inverse-squared distance function of plant proportions (Prentice and Webb, 1986; Prentice and Parsons,
1983; Webb er al., 1981). Areal weighted averages have also been used (Jackson, 1990). Determining
which form of distance weighted plant abundance best approximates the ‘pollen-samples view’ (Prentice
and Webb, 1986) is a critical challenge (Jackson and Lyford, 1999; Jackson and Kearsley, 1998).
Unweighted, inverse-squared distance and dispersal weighted methods have been compared at the forest
hollow scale (Calcote, 1995). Dispersal weighting is less arbitrary than inverse-distance methods: it

provides taxon-specific distance weights based on theoretical models of atmospheric pollen dispersal
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e
(Jackson and Lyford, 1999; Sugita, 1993, 1994; Prentice, 1985, 1988) and should better approximate the

pollen samples view of the surrounding vegetation. Nevertheless, at the forest-hollow/moss-polster scale,
dispersal weighted and inverse-squared distance weighted plant abundances make little difference (Jackson
and Kearsley, 1998; Calcote 1995). At small spatial scales, Jackson and Kearsley (1998) advocate the
application of various weighting schemes in order to place boundaries on estimates of pollen source area.
There is an apparent need to compare different distance-weightings at larger scales to see how they affect

estimates of pollen productivity, background input and pollen source area.

The size of the pollen-collecting basin (e.g., lake, moss polster) can influence pollen source area estimates
(Webb er al., 1981). Larger basins integrate pollen from greater areas (Jacobson and Bradshaw, 1981;
Prentice, 1985). Locally abundant taxa are better represented using smaller basins and basin size can be
selected for the study of ecological processes at a given spatial scale (Calcote, 1995; Jackson, 1990;
Bradshaw and Webb, 1985). Consequently, basins of similar size are best for determining pollen-plant
abundance relations (Sugita, 1994; Prentice, 1985). Basin size can be incorporated into polien dispersal
models (Prentice, 1985, 1988) which in turn may be used in the distance weighting of plant abundance.
Arbitrarily applied inverse-squared distance weighting of plant abundance may not be realistic when the
sizes of collecting basins are heterogeneous nor does inverse-squared distance weighting consider the

varying nature of dispersal among pollen types.

The effect of vegetation heterogeneity on pollen source area estimates is unclear (Jackson and Kearsley,
1998; Jackson and Wong, 1994; Sugita, 1994). Simulations indicate that pollen productivity and
background pollen estimates can be in error if the size of the pollen collecting basin is larger than the
average patch size of the plant taxa of interest on the landscape, in which case vegetation may appear
homogeneous (Sugita, 1994). Testing of such a hypothesis requires vegetation samples resolved at a spatial

scale less than that of the collecting basin but no regional datasets exist with the required resolution.
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However, the importance of vegetation heterogeneity surrounding pollen-collecting basins and its effect on

relative representation and pollen source area can be explored using simulation.

Thus, the lack of appropriate vegetation data for comparison with pollen from different physiognomic
regions and unresolved methodological issues still impede our understanding of the regional scale pollen-
plant abundance relations. The primary objectives in this chapter are: a) to determine which of the arboreal
taxa in southern Québec exhibit significant linear relations to plant abundance at the regional scale; b) for
those taxa with significant linear relations to provide estimates of the relevant pollen source areas, polien
productivity and background pollen input; c) to determine how relevant pollen source area and pollen
productivity vary as a function of different distance weighted plant abundances:; d) to compare estimates of
background pollen input, pollen productivity and relevant source areas to similar studies in the Midwestern
United States in order to test the hypothesis of Bradshaw and Webb (1985) that the slope parameters,
estimates of relative pollen productivity, are recording differences in the production and dispersal
independently of the relative plant abundances of taxa in different physiognomic regions; and e) to
determine how within-site vegetation heterogeneity influences the definition of ‘relevant’ pollen source
area under the different piant abundance weighting schemes. This study also uses crown area as a measure

of plant abundance, an improved index of plant abundance with relevance to poilen production.

3.2 STUDY AREA

The present-day vegetation of southern Québec (Figure 3.1) consists of northemn hardwood forest (Great
Lakes Formation) in the south and west and boreal forest (and Taiga) to the north and east. Picea glauca
(Moench) Voss., P. mariana (Mill.) BSP., Pinus banksiana Lamb., Larix laricina (DuRoi) K. Koch and
Abies balsamea (L..) Mill. dominate the boreal forest. The dominant conifers of the northern hardwood
forest are Pinus strobus L., P. resinosa Ait. and Tsuga canadensis (L.) Carr. and important broadleafs
include Betula lutea Michx. f., Acer saccharum Marsh., A. rubrum L., Tilia americana L., Quercus

borealis Michx. f., and Ulmus americana L.. Boreal species are of a lesser importance in the northem
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-
hardwood forest but include Picea mariana, P. glauca, P. rubens Sarg., Pinus banksiana, Betula papyrifera

Marsh., Populus tremuloides Michx., and P. balsamifera L.. The St. Lawrence lowlands have been
modified since European settlement through forest harvesting and agricultural clearance. The history of
vegetation change in this region of southemm Québec has been detailed by a number of authors (e.g., Webb
etal., 1983; Webb ez al., 1978; Richard, 1977) and in general within eastern North America by Webb et al.
(1993), Jackson ez al. (1997) and Delcourt ez al. (1984). Regional vegetation has been inferred from pollen
by Webb et a/. (1978, 1983) and mapped pattems of vegetation zonation and modern pollen have been

compared (Webb et al., 1978; Davis and Webb, 1975).

3.3 DATA AND METHODS

3.3.7 POLLEN AND VEGETATION DATA
Pollen-plant abundance comparison requires a collection of modemn pollen spectra and corresponding forest

spectra for each pollen site (Jackson, 1994; Sugita, 1994; Prentice ez al., 1987). For comparison with
pollen, the best measure of plant abundance is pollen source strength (number of grains produced per unit
area per unit time). Crown cover (area) is a sufficient proxy for source strength (Jackson, 1994), however
most studies have used basal area (Jackson and Kearsley, 1998; Calcote, 1995; Jackson and Wong, 1994;
Jackson, 1990; Bradshaw and Webb, 1985) or derivatives (e.g., Growing Stock Volume) based on
Canadian/United States forest inventories (Delcourt ez al., 1984; Webb ez al., 1978; Webb, 1974) to
estimate tree abundance. Crown cover is used in this study for the first time at a regional scale in North

America.

Crown cover observations were collected over a 6 year period by the Gouvernment du Québec Ministére
des Ressources Naturelles - Forét Québec at approximately 4254 sampling locations (Saucier ez al., 1998)
(Figure 3.2). A Thiessen tessellation (Boots 1986) shows that 87% of samples represent areas less than 200
km®. At each sample location there are between 4-6 circular quadrats of 400 m? ranging from distances of

0 to 1.5 km which yield 24452 quadrats in the region. For each quadrat, vertically projected absolute
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crown cover for all arboreal taxa was measured at two strata, the top strata was used in this study. Relative
crown cover is given for each tree species in each quadrat as <1%, 1-5%, 6-25%, 26-40%, 41-60%, 61-
80%, or 81-100%, of a 400 m’ disk that intersects the ground surface. Overlap among crowns in a given
quadrat is allowed so that total crown cover in a quadrat can exceed 400 m?. Using the midpoint of each
cover class, the proportional cover was converted to absolute areal crown cover (m?) per quadrat for each

taxon.

The Brown University Modern Pollen Database (Avizinis and Webb, 1985) provided 186 modern pollen
samples from the southern Québec region (Figure 3.2). Of these, 114 are bog samples, 16 are from pitcher
plants and moss polsters and 57 are from lakes in the southern Québec region. The majority of this study
concentrates on lakes because their pollen-collecting properties are of concern. For the lakes, two duplicate
samples were averaged and nine pollen sites without sufficient vegetation samples within 20 km were

deleted, leaving 46 lakes for the main part of this work (Table 3.1, Figure 3.1).

The median lake radius is 131 m and sizes range between 0.6-730 ha, with 98% between 0.6-200 ha in size
and 80% between 2-110 ha. These lake sizes and the scale of study are similar to that of Prentice et al.
(1987). First-order nearest-neighbor vegetation quadrats are found from 86 m to 13 km from lake sites with
a mean distance of 4.1 £ 3.3 km and second-order nearest neighbors have a mean distance of 4.4+ 3.3
km. Scatterplots of mean plant-abundance proportions within 100 km of each pollen sample site stratified
by lake size suggest that variability in lake size does not produce significant biases or outliers in the overall

pollen-plant abundance relations (Figure 3.3).

The 17 most common arboreal taxa in the Boreal and mixed Northern Hardwood forests were used in the
pollen and plant abundance sets. However, mean plant percentages of Larix, Thuja-Juniperus, Fraxinus,
Tilia, Ostrya-Carpinus, Ulmus, Carya, and Juglans do not exceed 2% within any sampling radius

surrounding each modem lake (Figure 3.4).
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Table 3.1: Pollen sample site descriptions, references and locations corresponding to Figure 3.1.

SITE # Site Name Loagitude(W) Latitude Area (ha) Radius® (m) Elev (m) Vegetation Zone
109 Yelle Lake 79° 37 59~  48° 30’ 14 2.7 92 366 Boreal

110 Lac Louis 79° O7 01" 47° 16" 59" 79 158 305 Northern Hardwood
111 NoName TT° 40" 48" 46° 16’ 48" 4.9 125 213 Northern Hardwood
112 Pearch Lake 77° 22° 01"  46° Ol 59" 417 364 168 Northern Hardwood
113 NoName 77° 39" 00" 50° 55 O1" 3.1 115 274 Boreal

114 NoName 77° 34 01" S0° 36 00" 4.0 113 290 Boreal

115 NoName 77 33 00" 51° 06’ 00" 4.7 122 213 Boreal

116 Lac Ramsay 76° 06" 00" 45° 36° 00~ 14.1 212 213 Northermn Hardwood
117 NoName 75° 55° 01" 45° 31" 59" 1.8 75 305 Northerm Hardwood
118 PinkLake 75° 49° 01 45° 28 12~ 14.7 217 150 Northern Hardwood
119 NoName 74° 33 00" 46° 09' 00" 34 105 259 Northern Hardwood
120 NoName 74° 31° 01"  46° 18 00" 0.6 43 366 Northem Hardwood
121 St Agathe 74° 28 01" 46° 03" 29" 20 80 454 Northern Hardwood
122 Aux Quenoilles 74° 24° 00" 46° 10' 19" 2.0 80 403 Northemn Hardwood
123 St. Germain 74° 22° 01 45° 56 42" 5.0 126 473 Northem Hardwood
124 Gea-1 74° 00" 00" 45° S8 S9" 1.0 56 365 Northem Hardwood
125 St. Calixte 73° §2° 01" 4S5° ST 40" 1.7 74 261 Northem Hardwood
126 Tortue 73° 19° 01"  45° 32 46" 2.5 89 136 Northemn Hardwood
127 Atocas 73° I8 40"  45° 32 35~ 1.0 56 114 Northern Hardwood
128 Romer 73° 19° 59"  45° S8 O1" 6.0 138 18 Northem Hardwood
129 Lac Herntel 73° 09' 00~  45° 31" 59" 43.4 n 170 Northern Hardwood
130  Castor 73° 00" 00" 46° 36' 00" 1.0 56 220 Northern Hardwood
131 Yamaska 72° 52° 01" 45° 28 O1” 2.0 80 265 Northern Hardwood
132 Martini 72° 46’ 01" 47° 28 O1" 2.0 80 242 Boreal

133 St Francois de Sales 72° 09° 00" 48° 17" 42" 20 80 358 Boreal

134 Lac Marcotte 71° 258" 01"  47° 04 37~ 4.1 115 503 Boreal

138 Lac Joncas 71° 10 377 47° 1S 29" SSs 132 792 Boreal

136 Boundary 70° 40" 48" 45° 38 12* 240 276 603 Northem Hardwood
137 Unknown 70° 37 59" 45° 3T 12~ 75 155 489 Northern Hardwood
138 PetitLac alPAnge  70° 40" 59" 47° 28° S9" 12 61 640 Boreal

139 Lac Therrien 70° 37 01" 46° 34° 48" 74 153 122 Northemn Hardwood
140 Lac a Busque 70° 38 60" 46° 16" 59" 2.1 265 91 Northem Hardwood
141 Dufresne 70° 21' 00"  45° 51’ 00" 16.9 232 650 Northemn Hardwood
142 Lac Colin 70° 18 00" 46° 43 01" 6.9 148 107 Northern Hardwood
143 Lac des Cedres 68° ST 00" 47° 24° 00" 353 335 274 Northem Hardwood
144 Lac Tremblay 68° 55° 59" 48° 52" 59" 74 153 122 Boreal

145 Lac Unique 68° 45° 00" 47° 19" 59" 118.8 615 274 Northermn Hardwood
146 Lac Beazley 68° 30° 00" 47° 34 01" 373 345 198 Northern Hardwood
147 NoName 68° 28 01" 49° 21° 00" 63 141 Boreal

148 Lac a ia Baleine 68° 15° 00" 49° 30" 59" 754 490 198 Boreal

149 Lac Fleche 68° 10" §9° 50° Ol' S9" 7304 1525 152 Bareal

150 Lac Jean-Marie 67° 36’ 00" 49° 22’ 01~ 106.0 581 152 Boreal

151 Duffs Lake 66° 46’ 01" 47° S8 01" 79 158 91 Northern Hardwood
152 Lac Ste.Anne 66° 01" 59  48° 48° 00" 141.4 671 381 Boreal

153 Lac Berry 66° 01° 59" 48° 42' 00~ 283 300 381 Boreal

154 Lac Charles-Cote 65 S7° 00" 48° 58 01" 19.6 250 991 Boreal

*Lake radius is the average of the semi-major and semi-minor axes measured from 1:50080 NTS topographic sheets.
Some of these taxa are at their northern limit in the study area (Figure 3.4) and analyses should not be

significantly affected by their inclusion in the pollen and plant abundance sets. Although these taxa are
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presented and discussed (Figure 3.4), the majority of the results are presented for the most abundant taxa,
Picea, Abies, Betula, Acer, Populus, Pinus, Fagus, Quercus and Tsuga, which are most regionally abundant

in either the plant abundance or pollen data (Figure 3.4).

J.3.3 POLLEN-PLANT ABUNDANCE COMPARISON METHODS
To compare pollen proportions to plant abundances, crown cover for all 17 arboreal taxa were summed

around each pollen sample site within successively increasing 10 km radii from 10 km to 100 km. Within
each sampling radius all crown cover observations are totalled and converted to proportions. For each
sampling radius and taxon, scatter plots of plant proportions against pollen proportions were made and the
explained variance (R?) and linear regression (OLS-y) slope and intercept coefficients were calculated. All

regression analyses were undertaken utilizing the /m procedure of SPLUS 5.0 (S-Plus 1998).

Only the OLS-y derived parameters for the estimation of pollen source area and the interpretation of the
pollen-plant abundance relations are presented here. However, they are compared with parameters
estimated from geometric mean regression (GM) (Webb et al., 1981) and Extended R-Value (ERV)
analysis using the FAGERLND program (Jackson ez al., 1995) for the overall relation between pollen and
plant abundance in order to illustrate that they all provide expected and similar results to OLS-y regression
parameters. ERV models are generally preferred over OLS-y or GM regression (Prentice and Webb, 1986;
Parsons and Prentice, 1981, Webb er al., 1981; Riggs er al., 1978; Kermack and Haldane, 1950) because
the latter do not correct for nonlinearities imposed by compositional data. These nonlinearities, known as
the Fagerlind effect in palynology (Prentice, 1985, 1986, 1988; Prentice and Webb, 1986; Prentice and
Parsons, 1983; Fagerlind, 1952), can be pronounced when the pollen or plant abundances of a taxon exceed
30-40%, an effect observed in regional (Prentice and Webb, 1986) and local scale studies (Calcote, 1995).
ERYV models correct for this non-linear refation by making bivariate scatterplots more linear (Jackson ez al.,
1995; Sugita, 1993; Prentice, 1986; Bradshaw and Webb, 1985; Prentice and Parsons, 1983; Parsons and
Prentice, 1981). Ordinary linear regression, however, provides a suitable approximation to ERV

parameters in most cases (Prentice and Webb, 1986). In the Québec comparisons, ERV analysis showed
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strong similarities to OLS-y derived explained variance, slope and intercept coefficients at all sampling

radii for the different weighting plant abundance weighting schemes.

In the present study, Picea has the most proportional relation to vegetation at all sampling radii, and
therefore this taxon is used as the standard for the ERV analysis in the manner suggested by Parsons and
Prentice (1981). The FAGERLND program (Jackson er al., 1995) is used to calculate ERV Model I
parameters. The program was run with default values until parameter calculation converged normally
and/or until the log-likelihood function was minimized. Negative alpha values were encountered for Larix;
these were forced to zero and the mode! was then reinitialized with one less parameter until convergence
(Jackson ez al., 1995; Prentice and Parsons, 1983). ERYV is the maximum likelihood solution for
percentages and is thus preferred over OLS-y regression. However, ERV analysis is computationally

burdensome and existing programs (Jackson et al., 1995) do not lend themselves to simulation studies.

The derivation of accurate siopes and intercepts from linear regression requires that background pollen
inputs be invariant for each taxon over the study area, an assumption that is more likely to be violated if
data are collected in regions of varying physiognomy (Sugita, 1994). Multivariate statistical techniques can
be applied in order to verify physiognomic variability before pollen and plant abundances are compared
(Sugita, 1994). A Principal Components Analysis (PCA) (Johnston, 1980) of 24453 vegetation quadrats
using all 17 taxa showed that the first component had Boreal taxa loading negatively and Northem
Hardwood taxa loading positively, thus distinguishing the two zones (Figure 3.1b). The component scores
were plotted and contoured to see which of the 46 pollen sample sites fell into one of the three sets for
analysis: boreal (18 sites), northern hardwood (28 sites) and combined (all 46 sites) (Table 3.1, Figure
3.1a). Using unweighted plant abundance, it was found that the background components, as measured by
OLS-y intercept parameters were, when significant and within the ranges of the standard errors derived,

effectively identical to the combined dataset and this is illustrated in the Results section. The combined
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dataset does not significantly violate the assumptions of regression approach with regards to a constant

background pollen input.

3.3.3 VEOETATION WEIGHTING
Plant abundance is weighted at each of the 10 sampling radii in 3 different ways. The first is by distance:

unweighted relative areal crown cover (RCC) is calculated by adding the crown cover (m®) of all quadrats
within a given sampling radius and converting to proportions, inverse distance RCC(//d) and inverse-
squared distance RCC(//d”) weights (where d is distance in kilometers from the center of pollen site) are
used directly on crown cover (m?) before conversion to proportions. Because of the nature of inverse-
squared distance weighting, any plant abundance sample within 1 km of a basin center was assigned a
weight of unity (e.g., Figure 3.6). In the Québec dataset, the number of vegetation quadrats increases
proportionally with the areas defined by the increasing sampling radii and thus no corrections were
necessary for differences in sample size between sites or absolute areal differences between each radius

(Figure 3.5).

Step-wise distance weighting of vegetation (Jackson and Kearsley, 1998) requires absolute crown cover
(m*ha) ACC calculated within mutually exclusive rings (at 10 km radial intervals 0-10, 10-20, 20-30,...)
around each pollen site. The unweighted sum of all plant abundance samples within each ring is weighted
using the distance to the midpoint of each ring and estimates are derived by summing across all rings
within a given sampling radius. This can be described by an equation of the form:
v =
(r‘.'. - rlz )Z a;
ACC, = =L where r, >r,

¢’n(r, - p/2)*’

where, ACC; is the unweighted, distance weighted or inverse-squared distance weighted absolute crown

cover of taxon i at a given site (m?), within a vegetation sampling ring between radius r; and r, (starting at
10 km and increasing at 10 km intervals to 100 km), a; is the absolute crown cover estimate for taxon a (m?

ha™) within the ring, » is the number of vegetation samples within the ring, ¢ is the radius of each

<5
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vegetation sample quadrat (11.28 m), p is the minimum vegetation sampling radius, in our case 10 km, 4 =
0 for unweighted ACC, b = 1 for inverse distance weighted ACC(//d), and b = 2 for inverse-squared
distance weight vegetation, ACC(//d°), where the distance is the midpoint to each vegetation sampling
ring, implicit in the equation. For each pollen sample site, ACC; was summed across all rings and

percentage ACC was based on the sum of all arboreal taxa within a given radius.

A third approach to plant abundance weighting is dispersal weighting. Calcote (1995) used dispersal
weighting utilizing the Sutton (1953) mode! for atmospheric diffusion of particulate from a ground level
source. This study utilizes dispersal weighting of relative areal crown cover (RCC) based on Sutton’s
equations as modified by Prentice (1985) and refers to this as the Sutton-Prentice (SP) weighting model.
Because larger basins intercept pollen from larger distances, the Prentice (1985) derivation allows the
weight given to a taxon’s abundance to increase with increasing basin radius. This equation strictly

describes the proportion of pollen that is still airbomne at r (Prentice, 1988), the basin radius, which in the

present study is unique for each basin according to the radii presented in (Table 3.1) and fall velocities, Ve
of each pollen type (Figure 3.6). The proportion of pollen of a given taxon, i, W, , reaching the center of the

basin of radius 7 is a function of the distance d of a tree (source) from the basin center and its pollen’s fall

velocity Ve (m/s):

Vg n/2_gn/2
W.~(V,,r,d)=ea( A r2=dni2)
where, d > r, and u (ms™) is the wind speed above the canopy, held constant at 3 ms™ (Jackson and

Lyford, 1999; Calcote, 1995; Prentice, 1985). Thus, w,, is the weight given to a trees cover value in m® at

distanced from the basin. The constant @ = 4/ nw/;C - where n is a dimensionless turbulence

parameter and C. is a vertical diffusion coefficient (m"®), both of which are a function of atmospheric

stability above the forest canopy (Jackson and Lyford, 1999). Since unstable conditions may better

7
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approximate conditions above the forest canopy (Jackson and Lyford, 1999) dispersal weighting is

compared under both neutral (@ = 75.2 when n =0.25and C, =0.12) and unstable (@ =32.2 when

n=0.2and C. =0.35) amospheric conditions. Representative dispersal weighting curves and inverse-

squared distance curves are presented in Figure 3.6.

3.3.4 VEGETATION HETEROGENEITY
The importance of within-site vegetation heterogeneity on parameter estimates under all vegetation

weightings was tested using conditional randomization. The geographic coordinates of the n vegetation
quadrats within the 100 km radius are permuted 100 times. From each permutation, plant abundance
proportions are determined at each sampling radius using RCC under all weighting methods and OLS-y
coefficients are derived. This randomization is conditional on the location of each polien sample site and

removes within-site heterogeneity of vegetation without changing the between-site heterogeneity.

3.4 RESULTS

J.4.1 CALIBRATION MODEL AND VEGETATION WEIGHTING EFFECT ON
OVERALL PARAMETER ESBTIMATES

RCC, RCC(//d) and RCC(1/4°) under ERV, OLS-y and GM regression are employed in order to illustrate
how different vegetation weightings influence the slope and intercept parameters of different calibration
models. Slope and intercept, respectively, are proxy measures of pollen productivity and background
pollen.

For OLS-y and ERV under all weightings, intercepts decrease and slopes increase with increasing
vegetation sampling radius. GM, however, exhibits a decreasing trend in intercepts and slopes with
increasing sampling radius (Figure 3.7). Within any model, unweighted vegetation produces the lowest
slopes and intercepts at all sampling radii, whereas inverse-square distance weighted vegetation produces
the highest slopes and intercepts at all radii (Figure 3.7). OLS-y, however, shows the least variation in the

absolute values of slope parameters among different weightings (Figure 3.7).
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Among the different calibration models, GM regression produced the largest slopes (Figure 3.7abc) and
smallest intercepts (Figure 3.7def), a predictable effect (Webb er al., 1981) noted in other studies (Prentice
and Webb 1986). OLS-y has the lowest slopes and highest intercepts (Figure 3.7abc) under any weighting
but the values are similar to ERV and confirm that OLS-y analysis is a suitable approximation (Prentice

and Webb, 1986).

Individual taxa follow the trends in the aggregate parameters. The higher slopes and lower intercepts of
OLS-y over ERV can be partly accounted for by Fagerlind induced curvature in the scatter plots which is
most evident when vegetation or pollen proportions are excessive (over 40%) as observed in regional
(Prentice and Webb, 1986) and local scale studies (Calcote, 1995). For example, Picea and Pinus have
ERYV alpha parameters consistently greater than the slopes from OLS-y. Prentice and Webb (1986) show
that Fagerlind-induced curvature in the scatter plots ‘pulls-down’ or *pulls-up’ the OLS-y beta parameters.
In this study, Picea pollen percentages increase proportionally with vegetation percentages but at high
percentages (> 40%), Picea percentages plateau and pull down OLS-y beta vaiues (Figure 3.8a-k). ERV
corrected vegetation proportions reduce the Fagerlind induced curvature resulting in more linear scatter,
lower intercepts and higher slopes under an OLS-y model (Figure 3.8g,4./). Generally, in the case of

underrepresented types like Acer, Abies, and Populus, whose ERV alpha parameters are less than those of

OLS-y. the opposite is true.

J.4.2 REGIONAL COMPARISON
The Boreal and Northern Hardwood forest and Combined datasets are compared using unweighted

vegetation under OLS-y (Tables 3.2, 3.3 and 3.4).
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Table 3.2 Ordinary Least Squares Regression estimates of slope parameters and their standard errors
Jor relation between polien and tree proportions at vegetation-sampling radii from 10-100 km.

Only significant slope estimates (Table 3.4) are presented. ALL — combined Boreal and

Northern Hardwood dataset (Table 3.1). B — Boreal forest sites only. NH — Northern
Hardwood forest sites only. Dashes indicate non-significant coefficients and are not

presented.

Tazon Zome I10km 20 km 30 km 40 km S0 km 60 km 70 km 0 km 90 km 100 km

Picea

Abies

Betula

Acer

Populus

Fagus

Tsuga

ALL 0.54+0.08 0.66+0.04 0.70+0.05 0.70 +0.05 0.72+ 0.05 0.77 +£0.05 0.80 = 0.05 0.83 +0.05 0.86 = 0.05 0.86 = 0.06

§WE§WE§WE§W

ZTREIEE"

o

2o g E°

041+0.15 0.63 £0.08 0.66+0.10 0.683+0.10 0.72+0.11 0.79+0.10 0.81 £0.10 0.84£0.11 0.88+0.11 0.86+0.12
- 097 +£0.24 1.10£0.23 1.15+0.26 1.20+0.26 1.14+0.25 1.03+£0.23 0.97+£0.23 0.95+0.23 0.96+0.23

0.17+0.03 0.18 +0.03 0.22+0.04 0.27+0.04 0.30+0.04 0.34 +£0.05 0.36+0.05 0.38 +0.05 0.38 +0.05 0.39 + 0.05

020+ 0.04 0.19+0.04 0.23 +0.04 0.29+0.05 0.33 +0.05 0.36 +0.06 0.38+0.06 0.38 +0.07 0.38 £ 0.08 0.38 £0.08
- - - - 036+0.13 0.38+0.12 0.45+0.12 046+0.11 0.46+0.10 0.44 +0.10

0.59+0.18 090021 0.92+0.22 1.04+0.25 1.04+0.26 1.05+0.28 1.05+0.28 1.04 £0.29 1.03+0.30 1.0l +031

- 0.67£0.30 - 0.78 £0.36 0.79+0.37 - 0.87 +0.37 0.89+0.37 0.95+ 037 0.99 +0.37
067+028 1.28+0.28 [.37%0.29 1.50+0.34 1.53+ 036 1.61 £0.40 1.66=0.45 1.66 +0.50 1.66 +0.55 1.50 £0.59

1.90+0.28 1.18 2037 1.81 £045 260+ 040 2.72+0.42 222+ 0.43 2.04 044 1872043 1.68£043 1.74 2044

1.92£0.75 - - 2.10+£0.78 201 £0.77 - - - - -
1.90+£0.26 1.14 £0.41 2.29 £ 0.48 3.06 £0.43 3.53 £ 0.45 3.51 £0.47 3.70+0.55 3.91 £0.57 4.14£0.63 4.13 £0.70

L 0.05+0.01 0.06+0.01 0.06+0.01 0.06+0.01 0.06 0.0l 0.07+0.01 0.07+0.01 0.07+0.01 0.07+0.0I 0.07%0.01

0.08+0.03 0.03+0.01 0.03+0.01 0.04£0.01 0.04 0.0l 0.04 0.0l 0.04£0.01 0.03+0.01 0.03+0.01 0.03+0.01

0.04+0.01 0.04 £0.01 0.04+0.01 0.05+0.01 0.06+0.01 0.06+0.02 0.07+0.02 0.07 +0.02 0.07 £ 0.02 0.08 + 0.02

0.04 £ 0.01 0.05+0.0L 0.05+0.01 0.06+0.02 0.07 +0.01 0.07+0.02 0.07+0.02 0.09+0.02 0.10+0.03 0.11 +0.03
0.03+0.01 - - - - - - - - -

L 023+0.08 024+£0.09 0.3420.11 0.44£0.12 0.51 £0.14 0.52+0.16 0.63£0.17 0.73+0.17 0.78+0.18 0.78:0.18

- 0.32£0.08 0.21 +0.05 0.23 +£0.06 0.26 £0.06 0.23 +0.06 0.28 + 0.07 0.34 £ 0.07 0.39 + 0.07 0.40 +0.08

L 1.01+022 1.02:0.21 1.18+0.23 0952023 0.85+0.22 1.03+0.24 0.92+0.24 0.99+0.25 1.02+ 027 1.1220.26

- - - - - - - - - 7.89+321
093028 0.88 +0.28 1.02+0.32 0.77+£0.32 0.68 + 0.30 0.85+0.33 0.7220.33 0.79 £ 0.36 0.80+0.37 0.92+0.37

0.79+0.11 091 £0.15 1.09+0.13 1.04+0.14 1.08+0.16 1.25+0.16 1.29£0.17 1.26+0.16 1.20+0.17 1.32+0.18

- 448 +1.02 890+ 2.02 4.10+098 297+£0.71 1.05+:0.40 - - - -
0.70+0.12 0.76 £0.21 098+ 0.19 0.93+0.20 095+ 023 1.16£0.2¢ 1.2020.26 1.18+0.25 1.09+0.26 1.27+0.28

Picea, Pinus and Betula, have larger slopes and smaller intercepts in the Northern Hardwood and

Combined dataset when compared to the Boreal (Tables 3.2-3.3). Where significant, slopes and intercepts

for Abies are effectively identical in all regions. Other taxa lack a sufficient number of significant linear
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relations for any comparison between the Boreal and Northern Hardwood forests alone, however, when
compared individually to the Combined dataset, slopes and intercepts, with the exception of Tsuga, are

identical. Tsuga has larger slopes in the Boreal subset because it is over-represented in the pollen of that

Table 3.3 Ordinary Least Squares Regression estimates of intercept parameters and their standard
errors for relation between pollen and tree proportions at vegetation-sampling radii from 10-
100 km. Only significant slope estimates (Table 3.4) are presented. Zone coding same as
Table 3.2.

Taxon Zone I10km 20 km 30 km 40 km 50 km 60 km 70 km 80 km 90 km 100 km

Picea ALL 008:0.02 0.06+0.01 0.05=00! 0.05x001 005+0.0i 004:00! 004:00! 003z001 0.03=001 0.03=0.0!
B 0.17+0.07 0.07+0.04 0.07=0.05 0.06=0.05 0.05x0.05 0.03:0.0% 003=x0.03 0.03:0.04 0.02:0.03 0.03 =005
NH - 0.03x0.02 002002 0.02+0.02 0.02+0.02 0.02:0.02 0.02z0.02 0.02:z0.02 0.03=0.02 0.02:0.02

Abies ALL 002%0.01 002+001 0.01=0.01 001=00! 0.00=00! 000:0.0] 0.00:0.0! 0.00x0.0! 0.00+00! 0.00z0.0!]

B 0.01 £0.0! 0.01+0.01 0.010.01 0.00+0.0! -0.01 £0.01 -0.01 =0.01 -0.01 £0.0! -0.0! = 0.0} -0.01 =0.02 -0.01 =0.02
NH - - - - 0.00=0.0f 0.00x0.01 -0.01 =0.01 -0.01 =0.01 -0.01 =0.0! -0.01 =0.0!

Betula ALL 035+0.04 028:0.05 027:0.05 025005 025:006 0.25:006 025=0.06 0252006 0.25z0.06 0.25z0.07

B - 0.28£0.07 - 025+0.08 0.25+0.08 - 023009 022:0.08 020+009 0.190.09
NH 036+0.06 024006 0.21 2006 0.19+0.07 0.19x0.07 0.18+0.08 0.1720.09 0.1720.10 0.1720.11 0.2020.12

Pinus  ALL 0.1120.02 0.13£002 0.12:0.02 0.09=002 0082002 0.09+002 009002 010002 0.10£0.02 0.10=0.02

B 0.32:0.03 - - 0.09 £0.08 0.09=0.04 - - - - -
NH 0.i1£0.02 0.i13x0.03 0.10=0.02 0.08=0.02 0.07=0.02 0.07=0.02 0.06+0.02 0.0520.02 0042002 0.04=0.03

Acer ALL 0.00+£0.00 0.00+0.00 0.00=0.00 0.00=0.00 0.00=0.00 0.00:000 0.00=0.00 0.00£0.00 0.00=000 0.00=0.00

B 0.00+0.00 0.00£0.00 0.00:0.00 0.00+0.00 0.00x0.00 0.00+0.00 0.00%0.00 0.00=000 0.00=x0.00 0.00z+0.00

Populus ALL 0.0020.00 0.00=0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00:0.00 0.00=000 0.00:0.00 0.00:0.00 0.00=0.00

B 0.00+£0.00 0.00+0.00 0.00+0.00 0.00+0.00 0.00=0.00 0.00+0.00 0.00=0.00 -0.01 £0.00 -0.01 £ 0.00 -0.01 =+ 0.00
NH 0.00:000 - - - - - - - - -

Fagu: ALL 0.02:0.0! 0022001 0.02:0.01 0.0l 001 0.01 00! 001200l 001=0.01 0.01£0.01 001 =001 0.01+£001
B - 0.00:0.00 0.00=0.00 0.00+0.00 0.00=0.00 0.00:0.00 0.00=000 0.00=0.00 0.00=0.00 0.00=0.00
NH - . . - . - - . . .

Quercu: ALL 0.02+0.00 0.02+£00! 0022001 00220.01 0022001 0.02:0.0! 002=00! 0.02x001 00212001 0.022001

- - - - - - - - - 0.01 £0.00
0.03+00t 0032001 0.03:00! 003200l 003x00! 003:001 003=001 003001 003+00! 0.0320.01

- 0.00+0.00 0.00+0.00 0.00=000 0.0020.00 0.00=0.00 - - - -

B
NH
Tsuga ALL 0.02x0.00 001000 0.01+£0.00 0.01+0.00 0.01:0.00 0.0l =000 000000 0.00+000 0.0l=000 0002 0.00
B
NH 002:+00! 0.02+001 001+00! 0012001 00I+0.01 0.01=00I 00I£00!1 00l+00! 001+00! 001 +0.0t
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region, and a few points of low vegetation (< 1%) and relatively high pollen (~2.5%) proportions cause

higher slope estimates. Within the ranges indicated by the standard error of the estimates, background

pollen estimates between regions are identical. This supports the results of the combined analysis since the

assumption of constant background pollen seems reasonable.

Table 3.4 Explained variance (R°) between pollen and tree proportions at vegetation-sampling radii
Jrom 10-100 km. All other coefficients are significant at the p < 0.05. Zone codes same as

Table 3.2.
Taxon Zone 10km 20km 30km 40km SOkm 60km 70km S0km 90 km 100 km
Picea ALL 056 085 08 083 083 086 086 085 085 034
B 034 079 072 073 073 080 079 078 079 076
NH - 039 047 043 046 043 044 040 040 090
Abies  ALL 041 040 045 052 054 056 0S8 057 056 056
B 067 055 062 073 071 069 069 065 060 059
NH . - - 023 029 036 038 042 043
Bemula ALL 021 030 028 028 027 02+ 02% 02 021 0.9
B - 0.24- 023 0.22- 025 026 030 031
NH 020 045 046 043 041 038 035 030 026 020
Pinus  ALL 053 0.9 027 049 049 037 033 030 026 0.26
B 0.30- - 031 030- - - -
NH 068 023 046 066 071 068 068 065 062 0.7
Acer ALL 030 040 035 032 034 036 035 035 035 036
B 028 031 037 044 046 048 046 041 041 041
NH . - - - - - -
Populus ALL 035 022 025 023 028 028 026 023 021 022
B 045 062 053 050 056 052 049 050 049 048
NH 0.20- - N - . .
Fagus ALL 017 014 018 022 023 020 024 029 031 030
B - 050 0S5 051 0S5 046 0S4 057 063 0.62
NH - - - - - - -
Quercus ALL 034 035 036 027 025 030 025 026 025 029
B . - - - - - 027
NH 032 028 028 019 0.6 020 0I5 016 0I5 0.19
Tsuga ALL 057 044 060 0S6 053 059 057 0S8 0S2 056
B - 055 055 052 052 030- - -
NH 057 034 050 045 040 047 045 047 040 044
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Generally, with the exception of the 10 km vegetation-sampling radius, explained variance for all types is

constant at all vegetation-sampling radii (Table 3.4).

The highest explained variance is found for Picea, Abies, Pinus and Tsuga. In the Boreal forest, where
they are more abundant, explained variance is greater for Picea and Abies. Pinus has greater explained
variance in the Northem Hardwood forest. Tsuga and Betula are comparable in both regions. Acer, Fagus
and Populus have non-significant relations at most vegetation sampling radii in the Northern Hardwood
forest. This is not surprising for Acer and Populus since they are severely underrepresented in the pollen
spectra with slopes and intercepts near zero. Fagus on the other hand has no significant relation to plant
abundance in the Northern Hardwood forest where it is most abundant. The minor discrepancies between
the 10 km sampling radius and the other sampling radii are due to the smaller sample size at the 10 km
radius.

3.4.3 POLLEN SOURCE AREAS

The different vegetation weightings produce only minor changes in the absolute value of R? (Figure 3.9a-/).

No single weighting technique produced clearly better-explained variance estimates for all taxa.

For all plant abundance weightings, explained variance does not exhibit clear asymptotical behavior with
increasing sampling radius for Fagus, Acer, Populus, Quercus, and Tsuga (Figure 3.9¢c-f, 3.9i), and
*relevant’ pollen source areas cannot be defined. Picea has no improvements in explained variance after 20
km, suggesting a source area less than 20 km. Explained variance in Abies improves for all sampling radii
when plant abundance is weighted using inverse-distance techniques but improvements are very small.
However, unweighted plant abundance shows maximum explained variance berween 40 to 80 km (Figure
3.96). An estimate of Abies relevant source area is approximately 40 km where the inverse-squared distance
weighted curves improve no further. Unweighted Berula plant abundances show no improvements in
explained variance after 20 km and weighted Betula plant abundance exhibits asymptotical behavior at 30

km (Figure 3.9g), consequently, the relevant source area for Betula is less than or equal to 30 km (Figure
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3.9g). Unweighted and dispersal weighted curves for Pinus (Figure 3.94) are maximal between 40-50 km
(also where the lowest intercepts and highest slopes are found (Figure 3.10h and 3.11h)), and suggesta

‘relevant’ source area under inverse-squared distance weighting between 50 to 60 km (Figure 3.94).

Dispersal-weighted plant abundance shows trends in explained variances that are most similar to
unweighted plant abundance. Inverse-squared distance weights either show asymptotical behavior or no
substantial variability in explained variance as sampling radius increases. The asymptotes in R* using
inverse-squared distance weighting are found where the unweighted curves are globally maximal for Beru/a
and Pinus - Pinus at 50 km and Betula at 30 km and both are = 10 km from where the unweighted curves

reach a global maximum (Figure 3.9).

The scale of study is similar to that of Bradshaw and Webb (1986) in the United States Midwest and that of
Prentice er a/. (1987) in Sweden and so their source area estimates can be compared to those of this present
study (Table 3.5). The source area estimates in Québec are similar to previous studies for those taxa that
indicated ‘relevant’ source area estimates (Table 3.5). Prentice ez a/. (1987) found a 5-10 km source area
for Picea, whereas the Québec results lacked any change in R? after 20 km and there was no sampling at

finer spatial resolutions than 10 km.

Table 3.5: Estimated source areas (in km) from studies of similar spatial scale, except Jackson (1990)

who used small lakes.

Prentice eral. (1987)  Bradshaw & Webb (1986) Jackson (1990) Preseat
Taxon Source Radius (km) Source Radius (km) Source Radius (km) _ Source Radius (km)
Picea S5<x<10 - x=_] x <20
Pinus 50<x < 100 x> 30 x>1 50<x <60
Fagus 5<x<100 x<4.5 x=1 Indifferent
Betula Indifferent 45<x<30 x>1 x <30
Quercus Indifferent x > 30 km x21 Indifferent
Acer - x<23 *x < .1 Indifferent
Tsuga - 45<x<30 x<S.5 Indifferent
Ulmus - 4.5<x<30 - -
Sample Radius 5-100 25,45&30 2-1 10-100
Lake Size (ha) 2-220 30-150 0.1-0.5 0.6-730

*Acer rubrum.
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S. 4.4 EFFECTS OF PLANT ABLINDANCE WEIGHTING ON ESTIMATES OF
POLLEN PRODUCTIVITY AND BACKOROUND POLLEN

There are few substantial changes in the magnitude of the OLS-y parameters with increasing sampling
radius for any single plant abundance weighting technique with one exception: Sutton-Prentice dispersal
weighted plant abundance. Generally, for all plant abundance weightings, slope estimates increased and
intercepts decreased with increasing sampling radius (Figure 3.10 and 3.11). For equal weighting methods
RCC(//d*) and ACC(I/d°) produced the smallest slopes and largest intercepts for all taxa. Trends in slope
and intercept are asymptotical for most taxa under weighting and more variable for unweighted plant
abundances. Betula (Figure 3.10g) exhibits asymptotical behavior for all plant abundance weightings. The
slope estimates for Quercus (Figure 3.10f) and Tsuga (Figure 3.10i) are essentially invariant with

increasing sampling radius.

When neutral and unstable Sutton-Prentice dispersal weightings of plant abundance are used, Abies (Figure
3.10b6), Fagus (Figure 3.10c) and Tsuga (Figure 3.10c) exhibited slope estimates whose magnitudes and
trends at any given sampling radius were very different from the equal-weighting schemes. Alternatively,
trends in the slopes and intercepts for Pinus (Figure 3.10k) and Quercus (Figure 3.10f) reflected those of

the unweighted vegetation. For the other taxa, trends under all weightings were effectively identical.

Among the plant abundance weighting techniques, the magnitude of the slope estimates at any given plant
abundance sampling radius are variable (Figure 3.10). This variability in slope values means that plant
abundance weightings would produce different estimates of pollen productivity (slopes), particularly for
Betula, Pinus, Abies, Fagus, Quercus and Tsuga. There is less variability among the intercept (background
pollen estimates) terms between the different plant abundance weighting schemes (Figure 3.11). The most
pronounced differences in estimated slopes and intercepts in all cases are between the unweighted plant
abundances and the Sutton-Prentice dispersal weighting under neutral atmospheric conditions and the
inverse-squared distance weighting.
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3.4.5 POLLEN PRODUCTIVITY AND SBACKOROUND POLLEN INPUT
Bradshaw and Webb (1985) analyzed datasets in Wisconsin and Upper Michigan (WI-UM), a subset of

these for moderate sized lakes (MOD) and a dataset in Lower Michigan (LM) using OLS-y and unweighted
basal area sampled within a 30 km radius (Table 3.6). There have also been analyses of this same regional
dataset using ERV and GM regression (Jackson er al., 1995; Prentice and Webb, 1986; Prentice, 1985;
Prentice and Parsons, 1983; Webb ez al., 1981). Here the dataset of Bradshaw and Webb (1985) is
compared to the Québec dataset sampled within 30 km of each pollen site utilizing unweighted plant
abundance.

Table 3.6. Comparison of Midwestern Wisconsin and Michigan pollen productivity (Slope), Background
Pollen (Intercept) and Correlation (R) estimates to Southern Québec (Present).

*OLS-v Slope *OLS-y Intercept (%) !Pearson’s R
Taxon _ MOD WI-UM LM ‘Present  MOD WI-UM LM ’Present _ WI-UM MOD LM ’Present p (present)

Picea 039 034 022 0.7:005 0.70 080 040 5.05%1.38 060 0.73 0.84 091 0

Abies 0.07 0.09 0.07022+0.04 020 020 0.10 1.3420.7 0.65 056 0.74 067 3.37E-07
Larix <001 0.05 0.00 - 040 020 0.00 - - - - - -

Cupressaceae 0.14 0.17 0.07 - 1.30 090 0.80 - - - - - -

Pinus 1.36 1.59 1.151.81=045 2590 23.80 21.2011.57+2.16 043 041 045 0.52 2.10E-04
Betula 1.79 2.09 0.850.92+022 590 530 520 27.19:x49 0.65 0.76 0.80 0.53 1.39E-04
Populus 005 0.05 0.020.04+00! 0.00 0.20 1.80 0.05=0.14 - - - 0.5 3 81E-04
Fraxinus 0.17 0.17 032034+004 050 0.70 1.60 0.3%0.12 0.57 0.59 0.7 0.77 3.86E-10
Quercus 129 1.08 1.021.18+023 720 7.50 13.00 1.85+0.51 090 094 089 06 8.78E-06
Ulmus 045 048 0411.1720.54 1.70 180 400 1.06x025 066 0.64 0.54 031 3.65E-02
Acer 0.04 0.06 0.090.06+0.01 1.10 1.10 1.80 0.23+0.38 035 024 052 059 1.43E-05
Tilia 0.06 0.11 0.04023:0.04 020 0.00 0.20 0x0.07 - - - 0.71  3.80E-08
Juglans 028 1.05 087 - 040 030 0.70 - 0.60 0.25 0.63 - -

Carya 0.16 0.42 0331.0540.13 090 040 1.00 0.05:0.03 0.76 045 0.76 0.78 1.51E-10
Tsuga 232 0.85 2311.09+0.i13 050 1.80 1.70 0.88+0.37 052 0.71 0.66 0.77 3.i18E-i0
Fagus 022 034 0.5603410.11 020 0.10 3.20 1.57+0.57 - - - 043 2.86E-03
Ostrva-Carpinus - - - 0.8120.12 - - - 0.2420.13 - 0.71  4.49E-08

*MOD - Modified dataset of Prentice and Webb, 1986, WI-UM - Combined Wisconsin-Upper Michigan
dataset (ibid), LM — Lower Michigan dataset (ibid); *From Webb et al., 1981, *Derived via linear regression of
pollen proportions vs. unweighted piant abundance within a 30 km radius.

Picea is the most equally represented taxon and has the strongest linear relation between pollien and plant-
abundance of all taxa in Québec (Figure 3.3a, Figure 3.12). Picea pollen and plant abundances are between

60-80% and mapped patterns are spatially identical (Figure 3.3a). In the Midwestern United States datasets
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(e.g., Figure 4d in Webb er al., 1981), however, Picea basal areas did not exceed 15% and the scatterplots

suggest greater under-representation than the present study.

Pinus, Quercus, Tsuga, Betula (Figure 3.12) and Ulmus are over-represented in the Québec pollen spectra
and in the Midwest (Table 3.6). However, Pinus intercepts are lower and slopes are higher in Québec than
in the Midwest (Table 3.6) where Pinus is more abundant in the vegetation. At numerous sites, Pinus
comprises as much as 16% of the pollen spectra but is not present in the surrounding vegetation (Figure
3.12). The over representation of Pinus is clearly evident in the isopoll and isoabundance maps where
Pinus pollen is as much as 60% where tree abundance is only 10% (Figure 3.3c). Although Betula in
Québec exhibits significantly larger intercepts, the slopes are within the range of variability observed in the
Midwestern datasets (Table 3.6). Low Betula plant abundances are associated with a range of high pollen
proportions (Figure 3.12; Figure 3.3d). A similar scatter for Betula was found in Sweden (Prentice er al..
1987) and in Wisconsin and Upper Michigan (Bradshaw and Webb, 1985). The differences in background
pollen between Betula and Pinus in Québec versus the Midwest is consistent with their regional abundance

differences in the two regions.

Both the pollen and plant abundances for Quercus in Québec are low, yet this taxon remains over
represented in the pollen spectra similarly to the Midwest (e.g., Figure 3.8z in Bradshaw and Webb, 1985).
Ulmus is over represented in Québec with a higher slope compared to the Midwest, however, the Québec
data only reach abundances less than 1%, which easily fit into the pollen-plant abundance scatter as great as
25% in the Midwest (e.g., Figure 92 in Bradshaw and Webb, 1985). Ostrya-Carpinus is over represented

in this study but was not analyzed in the Midwest.

Abies, Acer, Populus, Fagus, Tilia, and Fraxinus are under represented in the present study and in the
Midwestemn data (Table 3.6). There are higher abundances of Abies in Québec and it is not as under

represented as in the Midwest (e.g., Figure 55 in Webb ez al., 1981). Although the Québec data exhibit
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D
slope estimates for Fraxinus that are slightly higher than those in the Midwest (Table 3.6), the Québec

scatter fits into the Midwest data up to approximately 6.5%. Most of the Fagus sites in Québec exhibit
more under representation when compared to the Midwest. Acer and Populus are severely under

represented in the pollen spectra (Figure 3.12) of Québec and in the Midwest (Table 3.6).

For the average relations between pollen and plant abundance, Tilia, Fraxinus, and Ostrva-Carpinus tend to
be under represented and Juglans, Larix and Cupressaceae have insignificant linear relations in this study
(Table 3.6). Although Carya indicates larger slopes than in the Midwest, its scatter is clearly questionable

considering its low pollen and plant abundances (Figure 3.3, Figure 3.4).

The correlations between pollen and plant abundance in Québec are all within the range of variability
observed in the Midwest (Table 3.6). In the Midwest, Betula exhibits a stronger relation than in Québec
(Table 3.6), however, an influence analysis indicates that if Lac Louis (Table 3.1) is removed then the
correlation between Betula pollen and plant abundance increases to » = 0.65 which is similar to the
Midwest. Larix and Cupressaceae are not significantly related to vegetation in southern Québec.

J.4.68 EFFECT OF VEGETATION HETEROGENEITY ON PARAMETER
ESTIMATES

The patchiness of plant abundance on the landscape may be explored by looking at the mean proportions of
a taxon at different vegetation sampling radii surrounding all modern pollen sites. If plant abundance
changes little with increasing vegetation sampling radius then the proportion of a given taxon, e.g., Picea,
at one sampling radius, e.g., 10 km, would be equivalent to the proportions of that taxon at a larger
sampling radius, e.g., 30 km. If the proportions at 10 km are less than those at 30 km then that particular
taxon may represent a ‘hole’ in the regional matrix, or alternatively, if the proportions at 10 km are greater
than at 30 km then this may indicate that Picea patches are found within a more heterogeneous vegetation
matrix. [n southern Québec, Acer, Picea and Betula exhibit consistent proportionality at two different
scales (Figure 3.13ade). Pinus and Fagus exhibit some patchiness at the 10 km scale such that proportions
are generally greater at 10 km than at 30 km on the landscape (Figure 3.13fi).
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By removing within-site variation in plant abundance patterns through randomization, different plant
abundance weighting methods produce identical trends in explained variance (Figure 3.14), slopes and
intercepts (not shown) with increasing plant abundance sampling radius. These R? values are those
expected due only to between site variations in plant abundances within the region. Exceptionally, Sutton-
Prentice Neutral weighting produced slightly higher absolute explained variance (Figure 3.14g) and smaller
slopes (not shown) for Betula and larger overall slopes for Abies and Tsuga (not shown) at all sampling

radii.

Issues involving the effects of different calibration models have been dealt with in previous research
(Jackson et al., 1995; Prentice, 1986; Prentice and Webb, 1986; Bradshaw and Webb, 1985: Prentice and
Parsons, 1983; Parsons and Prentice, 1981; Webb er al., 1981), with the exception of the models’ behavior
under different vegetation weightings. All calibration models exhibit increasing slopes and decreasing
intercepts with increasing vegetation sampling radius. As sampling radius increases, more of the pollen
contributing area, or ‘effective’ source area, is contained and so background components decrease towards
zero and slopes increase commensurately. A decreasing background pollen component with increasing
sampling radius is consistent with studies in the Midwestern United States (Bradshaw and Webb, 1986) and

simulations (Sugita, 1994).

Some taxa in southern Québec exhibit significant linear relations to plant abundance. For the abundant
regional taxa, the overall agreement of the slopes, intercepts and correlations between polien and plant
abundances in Québec and the Midwest suggest that regional variations in the relative abundance of
different taxa (e.g., Picea is 2 dominant in Québec whereas Quercus is a dominant in the Midwest) have
only minor effects on the relative representation of a given taxon in the pollen spectra as estimated using

OLS-y slope parameters. This observation supports the hypothesis of Bradshaw and Webb (1985) that the
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slope parameters, estimates of relative pollen productivity, are recording differences in the production and
dispersal independently of the relative plant abundances of different physiognomic regions. Although
Bradshaw and Webb did not suppose that their regression parameters would be applicable to widely
different physiognomic regions like the Boreal forest, the Québec results are encouraging in that regard.
However, background pollen inputs are clearly a function of the dominant types in a region which is why
the Québec data shows higher background estimates for Picea, Betula and Abies and lower background

estimates for Pinus and Quercus than in the Midwestern datasets.

Larix, Cupressaceae and Juglans had no significant linear relations to pollen proportions in Québec.
Although Carya, Ostrya-Carpinus, and Tilia had significant linear relations, they tend to show positive
pollen proportions and zero plant abundances or vice-versa. This is because they are at their northern limit
in the Québec region and their occurrence on the landscape is too sparse to effectively produce a signal in
the pollen spectra on this large regional scale when compared to the dominant boreal taxa in the region.

Nothing definitive about these taxa can be concluded.

Moreover, estimates of both pollen productivity and background pollen are partially dependant on the type
of distance-weighting applied to plant abundance and on the plant abundance sampling radius used for
comparison with pollen proportions. For consistency, the Québec estimates are compared to the
Midwestern ones using unweighted relative plant abundance sampled at 30 km around each polien site.
However, this comparison is specific to this plant abundance weighting and sampling scale. As is shown,
pollen productivity and background pollen estimates can change with increasing sampling radius and as a
function of different distance-weighting models. No singie plant-abundance weighting, however, produces

clearly better relations for all taxa concemed.

It was hypothesized that if pollen is a distance-weighted function of plant abundance, then distance

weighting should yield greater explained variance when compared to unweighted vegetation, allowing
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unequivocal definitions of ‘relevant’ pollen source area. No single weighting scheme, however, produced a
superior explanation of variance for all taxa when compared to unweighted vegetation. Most taxa were
significantly correlated with vegetation at most sampling radii with invariant trends so inferences of
‘relevant’ source area were not clarified by alternate weighting schemes. Estimates of pollen productivity,
background pollen and source area are a function of plant abundance weighting technique. However, these

differences are primarily artifacts of the nature of the individual weighting methods.

Only Betula, Pinus and Abies had clear asymptotical behavior in R? under inverse-squared distance
weighting with increasing sampling radius, which allowed estimates of the ‘relevant’ pollen source area to
be made. Moreover, for these taxa, the asymptote occurs where the maximum explained variance in

unweighted vegetation is found. Jackson and Kearsley (1998) suggest that under inverse-squared distance

weighting, as distance from a pollen sample site increases, the plant abundance weighting terms, w,'s,
become smaller (e.g., }im w(d) = l/ d? =0) and so any variations in plant abundance, no matter how

extreme, eventually will no longer contribute substantially to changes in the plant abundance sum (e.g.,
Figure 3.6). The plant abundance sampling radius at which R? stabilizes is not pre-determined bya
weighting model. However, asymptotical behavior and the definition of ‘relevant’ pollen source area are
artifacts imposed on the pollen-plant abundance relation as weights become smaller with distance.
Although the Québec data indicate asymptotes of R? to occur in the vicinity (10 km) of the R* maxima in
the unweighted plant abundances, the use of inverse-squared distance weighted plant abundances may not
detect variation in the pollen proportion plant abundance relations that occur at larger sampling radii
(Jackson and Kearsley, 1998). In addition, what should be considered a “significant” improvement in R?
from one sampling radius to another? If one looks at R? in Quercus, it shows asymptotical behavior but

over a range of only 0.02 R?; such a change is essentially invariant.
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Inverse-distance weighting of plant abundance also affects inferences regarding background pollen
estimates and pollen productivity. Inverse-squared distance weighted plant abundance caused larger
intercept terms and smaller slopes at all sampling radii. As such, when inverse-squared distance weighted
plant abundance is used, the Québec data indicates that slopes increase at a decreasing rate and intercepts
decrease at a decreasing rate with increasing sampling radius since effectively only plant abundances close
to a pollen sample site contribute to substantial variation in the plant abundance sum. Inverse-squared
distance weighted plant abundance imposes an effectively smaller sampling radius in which pollen and
plant abundance are compared, such that the relations uncovered at the smallest sampling radii are

maintained at greater distances.

Sutton-Prentice dispersal weighting describes the proportion of pollen originating (remaining airborne)
from a tree at a given distance from the basin center. When used for weighting plant abundance by
distance, the technique did not improve pollen plant abundance relations as measured by R? compared to
unweighted plant abundance except for Berula. Calcote (1995) observed that the dispersal weighted model
provided results similar to the inverse-squared model at the forest-hollow scale. However, Calcote did not
incorporate variability in basin size, whereas this was attempted here. Under the unstable (Jackson and
Lyford, 1999) formulation of the Sutton-Prentice model, the trends with increasing sampling radius and the
magnitudes of R? mirrored those in the unweighted plant abundance - with no asymptotical behavior unless
this was present in the unweighted curves themselves such as with Betu/a. This effect is produced under the
unstable formulation because distance weights decay with distance at a rate less than the equal weighting
and neutral formulation methods and so the plant abundances at large distances still contribute substantially
to changing the plant abundance sum. Under the neutral model, results for R? fell between the inverse-

distance and unweighted plant abundances.

Dispersal weighted plant abundances for Abies, Fagus and Tsuga resulted in significantly larger siope

estimates at all sampling radii when compared to equal weighted plant abundances. This effect is due to

82



CHAPTER 3

the interaction between the magnitude of dispersal weights as a function of pollen fall velocity among the
17 1axa in this study and the spatial resolution of Québec vegetation quadrats. The mean distance between
all pollen sample sites and their nearest vegetation quadrat is 4.1 km. Abies pollen has the greatest fall
velocity of the taxa under consideration (Figure 3.6). In a basin with a radius of 130 m, an Abies plant
abundance sample within 4.1 km from the basin center would only receive a weight of ~8.9% of its total
cover, as compared to say ~50% for Pinus or 56% for Betula at the same distance. Thus. beyond a few
kilometers Abies, Tsuga, and Fagus plant abundances are given such a small weight. compared to taxa
whose pollen have slower fall velocities. Thus, the variation of plant abundances at even small distances
does not contribute much to changing the dispersal weighted plant abundance sum. In other words, because
most vegetation quadrats are found at a distance from pollen sample sites, taxa whose pollen types
possesses fast fall velocities are forced to become over represented in the pollen spectra even if they are
regionally very abundant. The effect is greater for Neutral conditions because weights decrease faster with
distance than in the Unstable formulation. Unless vegetation samples are finely resolved so that taxa whose
pollen has fast fall velocities are abundant in the vegetation adjacent to a lake, the dispersal weighted plant
abundance will lead to overestimates of pollen productivity at the regional scale regardless of the regional

abundance of such taxa in the surrounding vegetation.

Within-site variation in plant abundance (within 100 km of a lake site) affects how the weighting of plant
abundance influences the pollen-plant abundance relation and the definition of pollen source area. Ifa
taxon is randomly distributed in the vegetation surrounding a pollen sample site, then its proportions are
relatively equivalent at all sampling radii. Therefore, only between site variations in plant-abundance will
affect the pollen-plant abundance relation. All distance-weighting techniques produce the same resuits
when there is no within-site variation of plant abundance. As such there is no apparent asymptotical
behavior or variation in R%. Consequently, the empirical definition of ‘relevant’ pollen source area is

dependent on consistent and measurable within-site vegetation heterogeneity within a network of sites.
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In addition, comparing parameter estimates from the randomized data to those of the actual data illustrates

the degree to which the within-site variation in plant abundance controls the definition of ‘relevant’ source
area estimates. For example, R? curves for Picea under randomization are the same as those produced by
the non-randomized data (Figures 3.9a and 3.14q) indicating that Picea proportions are distributed
similarly in both cases. Picea shows little to rio patchiness on the landscape at different vegetation
sampling scales (e.g., Figure 3.13d). However, Sugita’s (1994) simulations suggested that if a taxon is
found on the landscape in patch sizes smaller than the collecting basin then that taxa may appear
*homogenous’ when measured by the pollen spectra. Therefore, the average patch size of Picea on the
landscape in Québec may occur at scales smaller than the average basin size, but Québec vegetation data is
not sufficiently resolved to test this hypothesis. Sugita (1994) showed that consistent patch sizes in
simulated landscapes were required to produce asymptotical behavior in R* with increasing vegetation-
sampling radius. However, Sugita only used three taxa with patches randomly distributed over space with a
constant proportion and the simulated landscapes did not possess significant gradients in vegetation
abundance or between site variations. The results with randomization, illustrate the importance of
vegetation heterogeneity to the definition of pollen source area, but more work is required with vegetation

data at a finer spatial resolution at the regional scale to test Sugita’s simulation results.

Relative crown cover should provide a better proxy to relative pollen source strength, as crown area is a
proxy itself for the crown volume, which is proportional to the surface area where polien is produced.
However, the Québec results do not show improved relations between polien and plant abundance over
previous poilen-vegetation studies in other regions of North America that utilize basal areas as a plant

abundance measure.

This study extends those in the Midwestern United States by providing pollen-plant abundance
comparisons of the mixed Northern Hardwood and Boreal forests of North America. Estimates of pollen

productivity and relative representation among taxa in the different physiognomic regions are reasonably
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consistent. However, different vegetation weightings will produce different estimates of pollen
productivity, background pollen and pollen source area on the same dataset. Therefore, plant abundance
weighting is a critical decision and should be considered when calibrating pollen proportions to plant
abundance for the purpose of paleovegetation reconstruction. Further work is required to determine the
effects of vegetation heterogeneity on source area estimates but will require vegetation data sampled at fine

spatial resolutions across broad regions.

3.6 CONCLUSION

Understanding the relation between modern pollen and plant abundance is fundamental to inferring
vegetation change from fossil pollen sequences and for inferring the spatial extent of past vegetation
communities using networks of fossil pollen sites. Because pollen loading in a basin is a distance-weighted
function of the surrounding plant abundance, the implications of different distance weighting techniques on
the definition of relevant pollen source area and estimates of pollen productivity and background pollen
input were tested. Modern pollen samples at 46 lakes in southern Québec were compared for the first time
to surrounding plant abundance derived from a detailed survey of crown area. The comparison to similar
studies in Wisconsin and Michigan revealed that the regional variations in vegetation composition (e.g.,
Boreal vs. Mixed Deciduous Forest) do not significantly affect relative pollen productivity estimates but do
affect background pollen input. The relevant pollen source areas for major arboreal taxa are consistent with
estimates in the Midwestern United States and Sweden. However, explained variance estimates between
plant abundance and polien vary in both magnitude and trend as a function of different vegetation
weightings and this has implications for the definition of relevant pollen source area, pollen productivity
and background pollen estimates. The randomization approach illustrated that the variation in parameter
estimates were due to within-site vegetation heterogeneity and its effects on distance-weighted piant

abundance. The variability introduced into the pollen-plant abundance relation from different plant
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abundance weightings is a critical issue in our understanding of the degree to which pollen represents plant
abundance on the landscape.

Only the major arboreal taxa in this study were shown to have significant relations to plant abundance at
the regional scale when lakes are used as the sensors for the surrounding vegetation. These types should
show a strong signal in the fossil record. However, less abundant types in this region, like Ulmus and
Juglans, also show consistent relations to the Midwestern analysis. Other types like Larix and Tilia show
no signal at these regional scales and may only contribute noise when they are included in pollen sets for
paleoclimatic analysis. It is the regional scale vegetation that is controlied by the macroclimate. The noise
occurs because some sites contain these taxa in the surrounding vegetation but their pollen may be absent
or not proportional to their representation within the pollen spectra and this can affect the squared chord
distance coefficient and choice of best modern analog. In other words, polien proportions are not
consistent with the macroscale vegetation and so pollen proportions may be large or small with no defined

relation to the vegetation that produced the pollen.




CHAPTER 3

Figure 3.1: A - Study area with lake pollen—sampling sites and Site # corresponding to Table 3.1. and
Mapped principal component scores for first component illustrate the gradation from Northern
Hardwood Forest in the South to Boreal Forest in the North. B - First component loadings
for the [7 taxa in this study. Forest regions inlay is modified from NRCAN (2001).
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Figure 3.2: Database schematic illustrating various data coverages in the GIS database for this research.
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Figure 3.3: Isoabundance of plants based on plant abundance sampled at the 30 radius around each pollen
sample site and Isopoll maps with contours showing pollen and plant proportions. Scatter plots illustrate
the average plant percentages within 100 km of each pollen sample site (x—axis) vs. pollen percentages
(—axis) — Red open circles denote lakes from 0—20 ha; Closed blue circles denote lakes from 20-50 ha;
Green crosses denote lakes greater than 50 ha. Note the different scales for each taxon.
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Figure 3.4: A - 4254 Modem vegetation sample sites in Québec; B — Modem lake and bog pollen sites
from the Brown University Modem Pollen Database (Avizinis and Webb, 1985); C -~
Comparison of the average percentages of each taxon from 10 — 100 km surrounding each
lake sample site and pollen percentages.
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Figure 3.5: Illustration of proportionality between number of vegetation quadrats within each plant
abundance sampling radius and the area of each sampling radius. A -~ Definition of sampling
radius “rings” and area calculation within each ring with table of values; B - Proportion of
points within each ring versus the proportion of total area within each ring with representative
samples for individual sites. Note the different x,y scales for each site.
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Taxon Fall Velocity (ms™") Source®
0.0985 A
0.0872 'L laricina, L. leptolepis, 'L. polonica
0.0765 T. canadensis
0.0560 2A. saccharum
0.0549 Y betulus
0.0478 'F: syivetica, ‘F. smericans
0.0338 ‘AN species
0.032¢ species

0.0306
0.0288

00232  'All species and ’8. iutes in Sugita (1984).
0.02268 'C. ovets
0.0222 ‘AN species
0.0209 ‘Al species
0.0198 'Ulmus sp., and *U. americana,
0.0188 ‘Juniperus sabinoides
Uimus Thufe-Jurnperus
Populus Fraxinus
Tie Picea
Juglans
Fegus
Acer Ostrye-Carpinus
....... ‘M
20 0 40 50
Oistance from basin edge (km)

Figure 3.6: Representative distance weighting curves using Sutton—Prentice Dispersal weights (Eqn. 3.2)

for a lake size of 130 meters and inverse—squared distance and inverse-distance weights for
comparison. Inlay table: *Average fall velocities used for Eqn. 3.1 and taxa used to determine
these fall velocities and their sources: ' Jackson and Lyford (1999 - Appendix 1), *Sugita
(1993 - Table 3.1).
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Figure 3.9: Plots of R? for each of 9 taxa against vegetation sampling radius for all weighting schemes.
Straight line represents the average parameter value for all weighting schemes at all
vegetation sampling radii derived from randomization of plant abundance quadrats within 100
km of each pollen site. Legend Abbreviations: RCC — relative areal crown cover unweighted,
RCC(I/d) inverse distance weighted and RCC(//2%) inverse-squared distance weighted
vegetation, ACC — absolute areal crown cover, equation (1) with b = O for unweighted, b = 1
for inverse distance weighted ACC(//d), and b = 2 for inverse-squared distance weighted
ACC(I/d%) vegetation, SP — Sutton—Prentice dispersal weighting under neutral and unstable
atmospheric conditions.
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Chapter 4

ASSESSING THE SUITABILITY OF A MODERN DATASET FOR
PALEDOCLIMATIC RECONSTRUCTION USING THE MDDERN
ANALDOG TECHNIQUE (MAT)

4.1 INTRODUCTION

Techniques for quantitative paleoclimate reconstruction are numerous (Birks, 1995; Jacobson and Grimm,
1986) and the choice of technique often depends on the assumptions present regarding the particular type of
proxy data in question. Holocene and full-glacial temperature and precipitation of several regions have
been reconstructed using the modemn-analog and plant-functional-type methods (Peyron et al., 2000;
Williams er al., 2000; Prentice ez al., 1986). Alternative quantitative paleoclimate reconstruction methods
such as response surfaces have been explored in eastern (Webb er a/., 1998) and western North America
(Anderson et al., 1991). The BIOME project has provided large-scale syntheses of present and past land-
surface conditions that can also be used to evaluate climate model simulations (Prentice ez al., 2000; Jolly
et al., 1998). When large amounts of modern samples are available from regions representing the range of
climates of interest, the modem analog technique (MAT) (Overpeck et al., 1985) is appropriate and
frequently used in paleoenvironmental reconstructions during both the Holocene (Sawada er al., 1999;
Anderson et al., 1989) and for earlier periods (Dowsett and Robinson, 1997; Thompson et al. 1999).
However there are a number of unanswered questions regarding this technique and how to assess the
suitability of a modern dataset for use in paleoclimate reconstruction. This chapter explores the sensitivity

of the climatic reconstruction to the various assumptions of the method.
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Climate reconstructions based on fossil pollen records are calibrated using the relation between modem
pollen and climate. For this, an extensive set of modern pollen samples spanning the range of modern
vegetation and climate conditions are essential. In the past few decades great efforts have been made to
assemble the available modern pollen data across North America. This modem pollen dataset permits the
quantitative analysis of past climates using networks of fossil pollen sites. This chapter assesses the
suitability of the current North American modem pollen database and provides the necessary assessment of

where more modemn data are needed to improve paleoclimate work.

Overpeck et al. (1985) concluded that the pollen set used is of little practical importance in the
reconstruction of original pollen spectra downcore when using squared chord distance in the MAT. They
suggested that a squared chord distance (SQD) with a value of 0.15 or less determined a poor vs. good
analog. They based this finding on a pollen set of 15 types and explored this in two ways: using the
latitudinal variability of squared chord distance between modern samples in the database and using the
ability of the modern database to reconstruct pollen spectra downcore. Others have studied the SQD
distribution and suggested different cutoff values of SQD to distinguish a good analogs from non-analogs
based on zonal vegetation differentiation (Anderson er al., 1989). However, all of these studies have used
limited datasets and only explored specific regions of North America. The degree to which the pollen set
affects the criteria for what may be considered a good analog and the degree to which different pollen sets

affect the robustness of climate reconstructions using the MAT are explored in detail in this chapter.

Pollen spectra contain random noise and the degree to which this component of a pollen spectrum affects
the choice of best modern analog has yet to be determined. Consequently, researchers often take the
average climatic value of the top n best modem analogs (Sawada et al., 1999). Sawada et al. (1997)
examined the effects of the weighting of the top # best modern analogs using inverse Euclidean distance,
inverse squared-chord distance, inverse rank-order distance and equal weighted averages on the climatic

prediction from the MAT for a subset of fossil pollen sites in eastern North America. These decisions can
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make critical differences in the climate estimate by as much as 2°C for a single site. Further work is
necessary in order to determine the degree to which the weighting of the top » analogs affects the accuracy
of the climate reconstruction. The new modem dataset provides the opportunity to determine the variation

in reconstructed modemn values using these various weighting schemes.

This study takes two complimentary approaches to determining the critical limits of a good analog. The
first tests two pollen sets and their ability to reconstruct modern and 6ka temperature and precipitation in
North America under the hypothesis that using those types best related to plant abundance (Chapter 3) will
provide climate reconstructions that are more robust with respect to the assumptions and decisions in the
MAT. The second is based on the ability of the pollen set used to differentiate between pollen from the
same vegetation zone and those from different zones (Overpeck er al., 1985; Anderson et al., 1989). Here,
the approach is further tested using Monte Carlo (Davison and Hinkley 1998) methods and stochastic
simulation. Both approaches are shown to produce complimentary and converging results which provide
confidence in the use of the modern dataset. Next, the question of the optimal pollen set to use is taken up
again. Previous work has been based on regional studies- eastern or northeastern North America —for

continental scale climate reconstruction a larger set may be more appropriate.

4.2 DATA AND METHODS

4.2.71 POLLEN AND CLIMATE DATA
Modern pollen data were assembled from 4590 sites across North America (Figure 4.11). This database

represents the most extensive set of modern polien samples in North America to date; the details of the

construction of this new database and the taxa and variables contained therein are found in Appendix A.
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Table 4.1: Large 89-type pollen set used for climate reconstruction™

Tazon Percent Taxon Percent
Pinus undiff. 19.R0 Sarcohatus 0.08
Betula undift. 11.76 Ephedra 0.05
Picea undift. 9.97 Cephalanthus 0.05
Poaceae 6.71 DBrassicacese 0.04
Alnus undiff. 6.39 Ranunculaceae 0.04
Ambrosia 5.18 Polygonum 0.04
Quercus 5.07 Apiaceae 0.03
Cyperaceae 4.96 Ericaceae Empetrum 0.03
Artemisia 3.54 Caryophyliaceae 0.03
Chenopodiaceac/Amaranthaceae  3.00 Thalictrum 0.03
Sphagnum 295 Fabaceae 0.03
Tsuga 2.49 Preridium 0.03
Asteraceae 1.75 Celus 0.02
Salix 1.43 Lycopodium annotinum L. 0.02
Ericaceae undiff. 1.34 Rhamnaccac 0.02
Cupressaceae 1.32 Cercocarpus 0.02
Alnus crispa (Ait.) Pursh. 1.27 Clethra 0.0t
Pinus strobus L. 1.21 Picea glauca (Moench) Voss. 0.01
Abies [.17 Dryas 0.01
Ulmus 0.90 Selaginella 0.01
Acer 0.88 Potentilic 0.01
Larix/Pseudotsuga 0.67 Saxifragaceae 0.01
Fagus 0.65 Eriogonum 0.0t
Fraxinus 0.55 Rubiaceae 0.01
Myrica 0.53 Prosopis 0.01
Ostrya/Carpinus 0.45 Euphorbiaceae 0.0!
Populus 0.41 Lycopodium selago L. 0.0t
Carya 0.35 Magnoliaceae 0.01
Polypcdiaceae 0.34 Caprifoliaceae 0.01
Alnus rugosa (DuRoi) Spreng.  0.31 Chrysolepis 0.01
Lycopodium undiff. 0.29 Shepherdia 0.00
Rumex 0.26 Larrea 0.00
Corylus 0.24 Onagraceae 0.00
Picea mariana (Mill.) BSP. 0.13 Malvaceae 0.00
Juglans 0.12 Lycopodium complanatum L. 0.00
Plantaginaceae 0.11  Arceuthobium 0.00
Lycopodium clavatum L. 0.11 Cactaceae 0.00
Taxodium 0.11 Liliaceae 0.00
Nyssa 0.10 Ericaceac Chamaedaphne/Ledum 0.00
Liquidambar 0.09 Ericacese Vaccinium 0.00
Aquifoliaceae 0.08 Campanulaceae 0.00
Oxyria 0.08 Amorpha 0.00
Tilia 0.08 Ceanothus 0.00
Platanus 0.07 Papaveraceae 0.00
Castanea 0.07

To test the effects of the pollen set on the climate reconstructions using the MAT, pollen percentages were

computed using modern polien”™" sets: 1) a large set containing 89 pollen taxa (Table 4.1) and a smaller set

"Abbrnvico’on “undif.” means the polien has not been identified to the species leve! and is therefore undifferentiated
from a taxonomic viewpoint. Grains in the “undiff.” category do not inciude differentiated grains.
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containing only 18 arboreal taxa (Table 4.2), most of which were found to have a good relation with plant
abundance in Chapter 3 of this dissertation or in previous work. Note, however, that the determination of

polien taxa with good relation to plant abundance was based on a small area of southern Québec.

Modem climate data at each of the 4950 modern pollen sample sites and 768 fossil pollen sample sites
were extracted from Leemans and Cramer (1991). These data consist of a 0.5 x 0.5 latitude/longitude grid
for all the continental landmasses. The data were imported into a Geographic Information System (GIS),
where the value of temperature and precipitation for each pollen site was extracted using nearest neighbor
interpolation. That is, the climatic value of the nearest climate grid node was assigned to each modemn

pollen sample site.

Table 4.2: Small 18-type pollen set used for climate reconstructions.

Taxon
Abies
Acer
Alnus crispa
Alnus rugosa
Alnus undiff.
Betula undiff.
Carya
Castanea
Fagus
Fraxinus
Picea glauca
Picea mariana
Picea undiff.
Pinus strobus
Pinus undiff.
Quercus
Tsuga

Ulmus
OTS (other trees

and shrubs)

“Amodempoaonsotconsaktsdpdbnsmﬂmmphdﬁomwrfauudimmshamwmmabssﬂm
where the age of the spectrum is approximately O years before present.
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A third data set included fossil pollen samples for 6ka. In order to reconstruct the climate at 6ka in North
America, calendar year dating control on all fossil sites in the North American Pollen Database (NAPD)
(Grimm, 2000) was required. The age-depth relations of all sites in the NAPD were remodeled using linear
age-depth models based on the authors preferred radiocarbon chronologies, the details of which are given
in (Appendix B). Over 98% of the sites in the NAPD contain linear age-depth models, a few in calendar
years but the majority in '“C years BP. Age-depth models were derived using the most recent radiocarbon
calibration curve (INTCAL 98; Stuiver and Reimer, 2000). New age-depth models were computed and
new chronologies in calendar years before present (ka) were derived for each of the 768 fossil sample sites.

The calibration program code used can be found in Appendix C.

Anomaly maps of total annual precipitation and July temperatures were created for modern (predicted -
actual) and fossil (6 ka — Oka) time periods. Anomaly maps show the deviation of the predicted climate
from the contemporary climate at each site, and allow the identification of regions where
temperatures/precipitations were greater or less than present for 6ka. In the modem vs. modem
reconstructions, large regions of positive or negative anomalies allow the determination of bias in the
ability of the modern pollen database to distinguish similar climatic regimes.

4.2.2 EFFECT OF THE POLLEN SET ON THE CRITICAL LIMITS OF A
O0D MODERN ANALOO

A good analog must be one that is unlikely to occur by chance alone, in other words, one which is
significant in a statistical sense. Determining if an observed coefficient is likely to be observed by chance

requires determining the empirical distribution that governs the range of variation of the coefficient under

randomization.

The most common method used to determine analogs is the squared chord distance. The squared chord
distance, a signal-to-noise measure, has been shown to provide the best reconstructions of original pollen
spectra (Prentice, 1980: Overpeck et al., 1985) and has been used in other studies from different

environments (Dowsett and Robinson, 1997; Thompson er al., 1999; de Vernal er al., 1996, 1994). The
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distributional properties of the squared chord distance coefficient under complete randomization have not
been detailed. It is hypothesized here that the distribution of the coefficient is partly a function of pollen

set utilized for a particular dataset.

Because a given modem pollen or other proxy database will always contain a limited number of
observations, the true distribution of a dissimilarity measure may not be observed when using the database
itself. Consequently, stochastic simulation techniques are appropriate to develop an empirical distribution
of possible outcomes that may be expected by chance alone. The squared chord distance coefficient can
take on values between 0 and 2 (Prentice, 1980), however, what is the most likely value of dissimilarity
between two randomly chosen pollen spectra? Does the number of types in the pollen set affect this

expected value? How does this relate to the critical limits of a good analog?

Two approaches are used in this analysis to explore the effect of the pollen set on the critical limits of
dissimilarity between two pollen spectra: 1) stochastic simulation and 2) within vs. between-zone

differentiation in the modern pollen database tested using a Monte Carlo approach.

At which point does adding additional pollen taxa to the set not make a difference in the expected value of
the dissimilarity coefficient? The expected value of squared chord distance as a function of the number of
types in the pollen set has not been systematically explored. To explore this, 3000 polien spectra were
created. Each spectrum was composed of 7 types, where n ranged from 2 types to 100, and where the
proportion of each type was determined by chance using a uniform random number generator. One random
spectrum was then compared to another random spectrum and the squared chord distance was recorded.
This was repeated 3000 times for each set of n types, the distribution of squared chord distance coefficients
were plotted and descriptive statistics derived. This simulation provides the empirical distributions of
squared chord distance as a function of the number of types in the pollen set. In other words, the expected
value is derived for squared chord distance between pollen spectra of 7 types that differ randomly.
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In reality, large pollen sets have many taxa, some of these taxa will be present in some geographic regions
and not in others. Thus, large pollen sets frequently have numerous taxa with zero counts. The median
number of zero counts across all 4590 modern sites for the expanded set of 89 types is 75 and for the
reduced set of 18 types is 13. If two spectra are compared from regions of very different vegetation, then
the zeros or positive observations in one region will only add to the dissimilarity and such sites would not
be chosen as best analogs. However, even similar regions can have zero observations for one or more
types. Consequently, in larger pollen sets the probability that any given taxon will take on a value of zero
(because it is not present in the vegetation near the pollen sample site) increases.

4.2.3 WITHIN vS. BETWEEN-VEGETATION ZONE DIFFERENTIATION AND
THE CRITICAL LIMITS OF A 000D MODERN ANALODG

The utility of the modemn pollen sample database for purposes of quantitative paleoclimate reconstructions
will partly depend on the ability of the pollen spectra to distinguish between the different vegetation zones
in North America and the ability of the modern pollen database to reconstruct modem temperature and

precipitation.

Each modern pollen sample site was assigned a vegetation zone from a world vegetation map by Fedorova
and Volkova (1990). This map was then sampled to a grid of 1.5 km within North America and the
frequency of vegetation classes for all grid cells within 30 km of each modem pollen sample site were
sampled. The most frequent (modal) class was considered the vegetation zone for each site. This map was
chosen over alternative vegetation classifications because it presents the natural primary vegetation cover
utilizing the structural and floristic characteristics of vegetation and eco-geographic criteria (Fedorova and
Volkova, 1990). It should be the natural vegetation patches within the landscape mosaic where most of the
modemn surface pollen samples are collected. This map is more appropriate than some of the alternative
vegetation classifications based on Advanced Very High Resolution Radar (AVHRR) derived imagery
(Loveland er al., 2000) which present significant regions of North America as cropland. All tundra classes

were aggregated before analysis.

SO
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Pollen spectra within a given vegetation zone (within-zone) should be more similar to each other than to
those of other vegetation zones (between-zone) in North America. The within-zone average squared chord
distance should be significantly different from the between-zone average squared chord distance. To test
this, the distribution of squared chord distance (Overpeck et al., 1985) for all pollen samples within and
between zones was calculated. Within a given zone (e.g., Forest-undra vs. Forest-tundra) the second best
modern analog for each sample was recorded (within a single zone, the best modem analog is between a
site and itself so needs to be excluded). Between zones, the best modern analogs for a given zone (e.g.,
Forest-tundra) were selected from all other zones (Grasslands, Tundra, Deserts, etc...) excluding from the

selection process those samples for the zone being considered.

The degree to which inappropriate vegetation zonation in North America will affect these zonal
comparisons is explored via Monte-Carlo simulation (Davison and Hinkley, 1998). A random sample of
100 modem sites was taken from the set of 4590 samples in North America using a discrete random
number generator following a discrete uniform distribution. This random sample was considered a
simulated vegetation zone. It then had the squared chord distance of its second best modern analog for
within the “random” zone and the best modem analog for between the “random” zone and all other zones
recorded. This simulation was repeated 100 times. Since the zone is chosen randomly from a large sample
there is a greater chance that a modern site will find its best modern analog outside of this zone. Therefore
the between-zone average squared chord distance should be significantly smaller than the within-zone.
Moreover, the simulated average within-zone squared chord distance should approximate the expected
value of SQD derived in the randomization trials above in Section 4.2.2. The simulated average SQD
values were then compared to the actual within vs. between-zone comparisons.

4.2.4 ABILITY OF THE DATABASE TU REPRESENT THE RANGE OF
MODERN CLIMATES IN NORTH AMERICA

If the modern database is to be suitable for reconstructing modem climate, assemblages must span the

modern climatic range. The modern climatic range must also encompass the possible range of climate
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values that may have occurred in the past and the relation between the proxy indicator and its source must
remain constant through time (at the time-scale of interest). The ability of the modern database to
reconstruct modern temperatures is a function of: 1) the degree to which the modem polien site network
represents modern climate space; and 2) the degree to which pollen spectra are capable of reconstructing
this modern climate space. The degree to which the modem climate is represented by the modem pollen

sampling network will affect the ability to produce accurate paleoclimates reconstructions.

The ability of the site network and pollen set to distinguish the climate of the network is an inherent
limitation of the database, however, climate estimates from the MAT can differ as a function of the

weighting of the top n best modern analogs and this requires elaboration.

To determine which climates in North America are capable of being reproduced by the modem database,
modern climate values of July temperature and total annual precipitation were extracted at each of the
modern pollen sample sites. The locations of these climatic values along the axes of July temperature and
total annual precipitation with respect to all possible values in North America north of Mexico indicates
those climates that are capable of being adequately represented by the modem pollen dataset and specifies

where more data is needed.

If the modern pollen database is to be suitable for paleoclimate reconstruction it must adequately
reconstruct the modem climate. For each pollen spectrum, the second best modern analog in the database
was determined and the ability of the modern pollen spectra to reconstruct July temperature and total

annual precipitation was examined. This was repeated for both the large and small pollen sets to determine
if one performed better than the other.

To further assess the ability of the modern database to reproduce modern climate it can be hypothesized

that anomalies (PREDICTED — ACTUAL) for July temperature should be normally distributed and lack
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R —
significant spatial structure. The existence of spatial structure in the anomalies would suggest that the

ability of the modemn polien database to reconstruct modern climatic parameters is regionally or globally
biased. This is the spatial analysis of the search for lack of structure in the residuals of a regressions

analysis.

The test for spatial structure in the modern temperature anomalies was based on Moran’s /, a standard
measure of spatial autocorrelation. Spatial autocorrelation deals simultaneously with both location and
attribute information (Goodchild, 1987; Griffith, 1987; Cliff and Ord, 1973). A lack of spatial
autocorrelation should be found in a2 mapped pattern that does not significantly deviate from a map where
each value x; was assigned randomly with equal probability to each location (i,/) on the map. Moran
(1950) introduced the first measure of spatial autocorrelation in order to study stochastic phenomena that
are distributed in space in two or more dimensions. Moran's / has been subsequently used in almost all
studies employing spatial autocorrelation (reviewed by Upton and Fingleton, 1985). It is analogous to the
conventional correlation coefficient because its numerator is a product moment coefficient (Sokal and
Oden, 1978) and ranges from +1 (strong positive spatial autocorrelation) to —1/(n—1) (signifying a pattern
with values of a variable assigned randomly to each location) and finally to —1 (indicating strong negative
spatial autocorrelation). The / statistic can be applied to ordinal, interval or ratio level data. Moran's / is
given as,

i.zufn’:j(xi ‘f)(x,- _i)

i=]l j=i

iin’v i'z"(xi -xf

i=l j=l i=l

I=

4.1)

which is the product of the distance of the value of x, at location i and x;at location j from the mean. The

denominator i'z'(x,. -)? will be undefined if all x, are equal to the mean of the dataset, as would be the case
i=l

in a field of constant value. The only case where Moran's / equals zero is when (x, ~X)(x, -X) equals

zero. The null hypothesis is that there is no spatial autocorrelation in the modern vs. modern anomaly
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dataset for both temperature and precipitation. The program used for this analysis is ROOKCASE

(Appendix D; Sawada, 1999).

Because spatial dependence can vary in a complex manner across space, spatial autocorrelograms provide a
means of measuring spatial dependence between regions or points separated by arbitrary distances. Spatial
autocorrelograms are computed on a given dataset by using a number m of either mutually exclusive or
cumulative distance classes. The correlogram consists of a set of correlated coefficients and any technique
that assesses the significance of the correlogram must take into account the covariances between the
correlogram coefficients (Oden, 1984). This means that each subsequent correlogram value is not

independent of the previous, a requirement of standard statistical tests of significance.

The null hypothesis of spatial autocorrelation analysis is that 2 mapped pattern has its z-values assigned
randomly across space. If 20 tests have been performed on the same network of sampling sites (i.e., a
correlogram with 20 values) and | of these tests is significant at the 5% level, should the single significant
value be considered a significant departure from randomness? The problem is that we might expect that |
in 20 of the multiple tests from the same population would be significant just by chance alone. To remedy
this question of multiple tests, before the individual correlogram coefficients can be considered significant
it must be exhibited that the overall correlogram is significant (Legendre and Fortin 1989; Oden, 1984).
This is most often accomplished by considering the smallest p-value in a spatial autocorrelogram and
determining if this is less than a pre-specified level which is defined by Bonferroni (Cooper, 1968) or Sidak
(Miller, 1977) bounds that are a function of the number of tests undertaken. The Bonferroni test is given by
Cooper (1968) as:

a'=a/ (4.2)

where a'is the Bonferroni corrected significance level,  is the desired significance level (the probability

of rejecting the null hypothesis when it is actually true), and m is the number of tests undertaken. For
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example, if 20 tests are undertaken and the desired significance level is @, o, . then at least one of the

correlogram coefficients must be significantatthe p=a'= 0.05 20= 0.0025. That is to say, at least

one correlogram coefficient must have a p-value less than or equal to 0.0025 before the correlogram can be
interpreted and individual coefficients considered significant at the accepted @, 5. Oden (1984) tested

four correction procedures and found that the Sidak and Bonferroni methods are preferable to other tests
when there are few distance classes and a weak spatial pattern. The differences between the modified p-
values for the Sidak and Bonferroni are very slight and the larter test is adopted here because of its

simplicity.

Local indicators of spatial autocorrelation (LISA) (Getis and Ord, 1992; Anselin, 1995; Ord and Getis,
1995) can be used to search for regional biases in the modemn anomaly patterns in North America. LISA
can be used to uncover spatially coherent regions of unusually similar anomalies in temperature or

precipitation where the predictions are biased. Two important interpretations of LISA are:

1. A LISA provides an indication of the statistical significance of spatial clustering around a
given location. However, the notion of clusters or ‘hot spots’ relates in the case of Local
Moran’s / to positive spatial autocorrelation while the notion of spatial outliers (non-clusters)

regards negative spatial autocorrelation (Tiefelsdorf and Boots 1997; Anselin 1995).

N

The indication of pockets of local instability or non-stationarity that suggest outliers, which

contribute more than the average share to the global statistic (Anselin 1995).

Giobally there may be no spatial autocorrelation present within the mapped anomaly patterns, however,
local pockets of positive association may exist that identify regions where the analog reconstruction is
biased. Local Moran’s  (;) was chosen because it can be used to decompose a global indicator in order to

examine the contribution of each individual observation (Anselin 1995). Local Moran’s 7 (/) is given as:
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(D
L=(x,-%)) wi(x,-%) jeJ,w,=0 (4.3)
J

where J is the neighborhood of x,, and w;; is equal to | if x; and x, are adjacent by some measure of
adjacency and zero otherwise. Local Moran's /, provides a measure of the extent of significant spatial
clustering of similar values around each observation in a dataset (Anselin, 1995). The expected value if /; is
given by Anselin (1995) and in another form by (Sokal er al., 1998ab) and aliow the computation of
standard z-values and significance tests to be carried out. Because Local Moran's / is a LISA, the sum of
all local /; values for all observed anomalies are proportional to global Moran's [/ at the same lag distance,
> 1) =71(d) (4.4)
i=
Which says that the sum of all of the n local indicators, 7, at a given lag distance, 4, are directly

proportional to the global SA coefficient, /, at that same distance, with a factor of proportionality, y .

Thus, maps can be produced that allow the assessment of the contribution that each climatic anomaly value
to the global statistic (Anselin, 1995; Tiefelsdorf and Boots, 1997, Sokal er al. 1998ab), thereby identifying
regional biases in the ability of the modern pollen database to reproduce modemn climates. Local values,
which are very different from the mean, would indicate locations that contribute more than their expected

share to the global statistic (outliers or high leverage points).

The degree to which climate estimates may differ as a function of the weighting of the top n best modem
analogs is tested by comparing actual climate values at all modemn sites to those derived from the best
modemn analog, and a set of weighted averages of the top five best modern analogs. The weighting of the
top five best modern analogs is done using inverse Euclidean distance (1/d;; — where the d;; represents the
distance between site / and its /* best modemn analog), inverse squared-chord distance, inverse rank-order
distance weights the estimated temperatures by the position of the nth best analog, e.g., 1/1, %, 1/3, etc..,
and equal weighted averages. These decisions can make critical differences in the climate estimate by as

much as 2 °C for a single site. Further work is necessary in order to determine the degree to which the
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weighting of the top n analogs affects the accuracy of the climate reconstruction. The new modern dataset
provides the opportunity to determine the variation in reconstructed modem values using these various

weighting schemes.

4.2.5 PALEOCLIMATE RECONSTRUCTIONS OF THE BKA TIME SLICE
Fossil pollen sites for the 6ka time slice were extracted from the NAPD. All sites extracted had calendar

year dates spanning the interval between 7 ka and 5 ka. A total of 501 fossil samples were available. Pollen
proportions were linearly interpolated to the 6ka time slice and the resultant dataset used for reconstruction
of the average July temperature and total annual precipitation in North America. The MAT (Appendix E)
was applied to both pollen sets at 6ka and anomaly maps were created for average July temperature and
total annual precipitation in order to determine the effect of the pollen set and interpolation method on the

robustness of the climate reconstruction.

Vector maps were created that illustrate the distance and direction from each fossil site to its best modern
analog at 6ka. Showing the distance and direction to the best modem analog can aid in the explanation of

the regional anomalies.

4.3 RESULTS

4.3.1 EXPECTED VALUE OF SQUARED CHORD DISTANCE UNDER
RANDOMIZATION AND THE CFFECT OF THE POLLEN SET

The number of types in the pollen set affects the expected value of squared chord distance under
randomization (Figure 4.2ab). The distribution of squared chord distances begins to approximate a
Gaussian distribution when the number of taxa in the pollen set is >20 (Figure 4.3). When each taxon has
an equal probability of being zero or some positive value, the expected value of squared chord distance
stabilizes rapidly to approximately 0.23 after a set of thirty taxa is reached. However, when the probability
of any given taxon in the pollen set assuming a zero value increases, so does the expected value of squared
chord distance (Figure 4.2b). This increase in expected value of squared chord distance is a linear function

of the increasing probability of any one taxa in the set being zero.
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4.3.3 WITHIN vS. BETWEEN-ZONKE
For all vegetation zones, the within-zone variation in squared chord distance between a modem site and its

second best modern analog is smaller than when a given zone finds its best modem analog outside of its
zone (Figure 4.4 and Figure 4.5). This is true for both the 89-type (Figure 4.4) and 18-type (Figure 4.5)
pollen sets. The distributions, however, are not normal and tend to be negatively skewed.

The average within-zone squared chord distance for the large pollen set of 89 types for all zones is larger
than the average within-zone squared chord distance for the pollen set of 18 types (Table 4.3). The group

mean over all zones between the 18 and 89-type pollen set are significantly different using a standard t-test.

This significant group difference is true for the minimum, maximum, median and standard deviations

presented in Table 4.3. The relative variability in squared chord distance between zones, as measured by

the coefficient of variation ( %; ), is greater for the 89-type set (Table 4.3). For some zones.

specifically, the forest-tundra, hemixerophytic, northern taiga for the 89-type set, there were no significant
differences observed between the mean values of the within vs. between-zone squared chord distances as
measured by a standard t-test (Figure 4.4). The 18-type pollen set for these same zones as well as mountain
vegetation, grasslands, deserts, central taiga, wet savannas, and semideserts had no statistically significant
differences in the means between the within vs. between-zone squared chord distance distributions (Figure

4.5).

The Monte Carlo simulations of the within vs. between-zone variation in squared chord distance (Figure
4.6), suggest that the between-zone average squared chord distance is significantly smaller than the within-
zone average squared chord distance (Figure 4.6) when pollen spectra are compared. Moreover, the
average simulated within-zone squared chord distance for the 89-type pollen set approximated the expected
value of the randomized trials (e.g., Figure 4.2 and Figure 4.3). The range of variation in squared chord

distance for the 89-type pollen set is more than twice that of the 18-type pollen set (Figure 4.6)
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Table 4.3: Summary statistics for comparison of squared chord distance of best modern analog

Within-zone vs. Between-zone

89-Type Polien set 4[

I

18-Type Pollen set

!

cati _ Xyo _ . _ X
\Z,ono ° N X5 SD MedianMax. Min. 340 %18 SD Median Max. Min. X85 —Xi3 I%D
Central taiga 192 0.10 008 0.08 0.45 0.001 0.79 0.04 0.04 0.02 0.20 0.000 0.06 0.92
Deserts 408 0.06 0.06 0.05 043 0.004 0.89 0.00 0.01 0.00 0.17 0.000 0.06 0.21
Forest-steppes 296 0.08 0.07 0.07 0.36 0.000 089 0.02 0.02 0.02 0.19 0.000 0.05 0.92
Forest-tundra 130 0.06 0.06 0.05 052 0.014 0.97 0.02 0.04 0.01 0.36 0.000 0.04 0.60
Grasslands 222 0.08 0.07 007 0.76 0000 097 002 0.02 001 0.14 0.000 007 068
Hemixerophytic
forests 44 0.13 0.07 0.11 040 0.018 0.56 0.03 0.03 0.02 0.16 0.000 0.11 1.00
Humid forests 197 0.12 0.09 0.10 0.63 0.004 0.7 0.02 0.02 0.01 0.09 0.000 0.10 1.13
Mesophytic
forests 598 0.09 0.08 0.08 0.70 0.000 0.80 0.04 0.03 0.03 0.34 0.000 0.06 1.09
Mountain 1027 0.09 0.10 0.07 1.11 0.005 1.01 0.02 0.03 0.01 0.41 0.000 0.07 0.63
Northern taiga 150 0.08 0.07 0.06 040 0.003 0.917 0.02 0.04 0.01 0.33 0.000 0.05 0.62
Semidesents 279 0.07 0.08 0.05 0.78 0.000 1.17 0.01 0.04 0.00 0.37 0.000 0.06 0.40
Southerntaiga 248 0.09 0.06 0.08 0.52 0.001 0.71 0.04 0.04 0.03 0.40 0.000 0.05 1.00
Tundra 360 0.07 0.07 0.05 0.49 0.002 096 0.01 0.02 0.01 0.25 0.000 0.06 0.63
Wet savannas 95 0.09 0.06 0.07 038 0.028 0.67 0.00 0.01 0.00 0.06 0.000 0.09 0.50
cVv 0.23 0.15 0.29 0.37 1.471 0.54 0.39 0.73 0.48 0.001 0.29
Within-zone vs. Between-zone

egetati X X
\Z’om on N %39 SD MedianMax. Min. S%D Mean SD Median Max. Min. ~s9 — X3 I%D
Central taiga 192 0.13 0.09 0.11 051 0.014 0.7 0.04 0.03 0.04 0.24 0.001 0.09 1.29
Deserts 408 0.12 0.06 0.11 040 0.018 0.50 0.00 0.0t 0.00 0.10 0.000 0.12 0.29
Forest-steppes 296 0.12 0.05 0.11 043 0.003 0.44 0.03 0.02 0.03 0.15 0.000 0.09 1.61
Forest-tundra 130 0.07 0.06 0.06 043 0.023 0.76 0.02 0.03 0.02 0.26 0.001 0.05 0.78
Grasslands 222 0.13 0.08 0.12 0.73 0.003 0.61 0.02 0.02 0.01 0.10 0.000 0.11 0.89
Hemixerophytic
forests 44 0.14 005 0.13 0.32 0.062 040 0.02 0.01 0.02 0.04 0.006 0.12 2.38
Humid forests 197 0.19 0.10 0.17 0.75 0.008 0.52 0.03 0.02 0.02 0.16 0.000 0.16 1.17
Mesophytic
forests 598 0.14 0.08 0.12 0.51 0.002 0.5¢ 0.06 0.04 0.05 0.38 0.000 0.09 1.45
Mountain 1027 0.16 0.11 0.13 1.06 0.006 0.70 0.04 0.06 0.02 0.40 0.000 0.12 0.73
Northern taiga 190 0.08 0.05 0.07 040 0.006 0.68 0.02 0.02 0.02 0.13 0.000 0.06 1.10
Semideserts 279 0.12 0.08 0.10 0.40 0015 0.64 0.02 0.02 0.01 0.13 0.000 0.10 0.90
Southem taiga 248 0.13 0.07 0.13 045 0.002 0.50 0.05 0.04 0.05 0.33 0.000 0.08 1.43
Tundra 360 0.12 0.08 0.10 0.53 0.007 0.69 0.02 0.01 0.02 0.08 0.000 0.10 1.29
Wet savannas 95 0.25 0.11 0.23 055 0.027 0.44 0.00 0.01 0.00 0.05 0.000 0.24 0.50
cv 032 027 0.35 0.36 1.140 0.61 0.59 0.73 0.66 2.806 0.44
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4. 3.3 THE ABILITY OF THE MODERN POLLEN DATASASE TO REPRESENT
THE RANOE OF MODERN CLIMATE IN NORTH AMERICA

Approximately 78% of the modern climate space in North America north of Mexico is represented by the
modem pollen site network (Figure 4.7). The degree to which the modemn pollen is representative of
possible climates is a function of the geographic locations of the sample sites themselves. Our new
modemn pollen dataset (Figure 4.1) samples the majority of North American July temperatures. Sample
coverage needs to be improved in areas of moderate summer temperatures (< 14°C) and high precipitation
(> 900 mm y") such as vegetation communities in the mountains of the west coast, and in areas of high
summer temperatures (> 22°C) and low total annual precipitation (< 900 mm y™') such as in the

southwestern United States.

The univariate distributions of modern temperature (Figure 4.8) and precipitation anomalies (Figure 4.9)
(predicted - actual) for both the reduced and expanded pollen set are approximately normal. However, the
anomalies produced by the pollen set of 89 types have smaller standard deviations (Figure 4.8) and a
greater ability to reconstruct modern temperature and precipitation (Figure 4.8; Figure 4.9; Figure 4.10ab).
For example, the intercept of the regression of modem actual July temperature vs. predicted July
temperature based on the 89-type set is approximately 1°C (Figure 4.10a), whereas the 18-type set is 2°C
(Figure 4.10b). This relation is also observed for precipitation estimates from both sets (Figure 4.10cd).

The regression residuals of the 18-type set are not normally distributed (Figure 4.10a-c). There are no

significant differences in the means of the anomalies (°C 89 types, [ X predicted-actuat J» VS- 18

[fm“_m ]) for July temperature or precipitation as estimated between the two pollen sets as

measured by a standard t-test.

The global spatial autocorrelogram of the modemn July temperature anomalies for the 18-type pollen set
exhibits significant positive spatial autocorrelation until a distance of between three to four hundred
kilometers (Figure 4.11ab). The local contributions to this are strongly found in the southwest and Florida

that show regions with the greater contribution to the global autocorrelation. For the 89-type polien set and
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e
throughout westem1 North America there are small clusters of regions that contribute strongly to the global

autocorrelation in the July temperature anomalies. Generally, the range of spatial autocorrelation and the
consequent spatial bias in the ability of the modern pollen set to reconstruct modern temperature is on the
order of 300-400 km in the 18-type set and much smaller if present in the 89-type pollen set. Both polien
sets reconstruct negative precipitation anomalies in Texas, southeastern Alaska and coastal British
Columbia and around the James Bay in Northern Ontario. These regions are well sampled but the intersite
distances are larger. There are few anomalies in the Great Lakes area where intersite distances are small
and the region has a dense network of fossil pollen samples. These patterns are strongly reflected in the
spatial analysis of the modern precipitation anomalies (Figure 4.12ab) for both pollen sets. Again however,
the 89-type pollen set exhibits smaller anomalies and spatial autocorrelation to 600 kilometers whereas the
18-type pollen set exhibits far more anomalies for the same regions and these are greater in magnitude and

spatially autocorrelated to a distance of 1700 kilometers.

Table 4.4 Correlation between actual July temperatures at 4050 modern pollen sites and those
reconstructed from the 2* best modern analog at those sites where the top S (two to six) best modern
analog estimates are weighted in different ways (See text). All correlations are significant at p < 0.05.

July Temperatures (Estimated — Actual)

Weighting Actual Best Analog Inverse Rank Inverse SQD Inverse Distance Equal Weight
Actual 1.000 0.943 0.958 0.957 0.270 0.954
Best Analog 0.943 1.000 0.986 0.976 0.273 0.970
Inverse Rank 0.958 0.986 1.000 0.998 0.286 0.996
Inverse SQD 0.957 0.976 0.998 1.000 0.288 0.999
Inverse Distance  0.270 0273 0.286 0.288 1.000 0.289
Equal Weight 0.954 0970 0.996 0.999 0.289 1.000

Precipitation (Estimated — Actual)

Weighting Actual Best Analog Inverse Rank Inverse SQD Inverse Distance Equal Weight
Actual 1.000 0.926 0.941 0.939 0.866 0.932
Best Analog 0.926 1.000 0977 0.960 0.857 0.951
Inverse Rank 0.941 0977 1.000 0.997 0.886 0.994
Inverse SQD 0.939 0960 0.997 1.000 0.887 0.998
Inverse Distance  0.866 0.857 0.886 0.887 1.000 0.885
Weight 0.932 0951 0.994 0.998 0.885 1.000
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The variation reconstructed by weighting the top n analogs is similar in all cases to the actual July
temperatures at the modern pollen sites. (Table 4.4). Weighting the climate estimates by the inverse of the
distance shows a noticeably different performance. Generally, the variability in the reconstructed values is
similar among sites as evidenced by the strong correlations between weighted temperature and precipitation
compared to actual values. However, the differences between the actual climate and those estimated using
the different weighting schemes suggest that using the best analog leads to the highest variation in

estimated values (Table 4.5).

Table 4.5: Summary statistics across all 4590 pollen sites for the anomalies between actual temperature
and temperature estimated using the MAT under different weightings of the top n analogs.

Min. 1stQu. Median Mean 3rd Qu. Max. SD

Best Analog -17.600 -0.200 0.000 0.032 0.200 19.700 3.932
Inverse Rank -11.430 -0463 0.000 0.029 0.429 20.200 2.832
Inverse SQD -8.860 -0473 0.000 0.032 0.435 20.240 2.860

Inverse Distance -8.584 -0.300 0.000 0.047 0.258 20.230 2.325
Equal Weight -8.800 -0.535  0.000 0.027 0.480 20.240 3.049

That some noise is introduced in the estimated values when only the best modern analog is selected is
clearly evident from the greater variation in the anomalies using only the best modern analog when
compared to inverse square chord distance. The regional expression of these differences is the focus of
ongoing experimentation.

4.3.4 PALEOCLIMATE RECONSTRUCTIONS FOR THE BKA TIME SLICE
The 6ka reconstructions exhibit positive temperature anomalies (Figure 4.13a) and little to no change in
precipitation (Figure 4.14a) in the central and prairie regions of North America for the 89-type polien set.
However, this signal is ambiguous in the 18-type pollen set where a couple of sites in the prairies produce a
strong cool center in southern Saskatchewan and southern Alberta (Figure 4.13b). These sites are finding
their best modern analog north of their present position aithough they do not show high dissimilarity
(Figure 4.15). Likewise a wetter and warmer Canadian Arctic archipelago and a cooler and drier

Texas/New Mexico region are reconstructed for both polien sets.
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Generally, for the 89-type pollen set, sites in western North America find their best modern analogs along
similar latitudes towards the east. In northeastern North America, sites find their best modem analogs in a
southwards direction. Northern Quebec is distinct in the vector plots between the two pollen sets: the 18-
type pollen set finds the best modern analogs in the western forest-tundra, while the 89-type pollen set
differentiates between the eastern and western boreal forests and finds analogs southwards. Despite
differences in where modemn analogs are found there are similar temperature and precipitation anomalies in

these regions

The distribution of anomalies is very different for both sets: the temperature (Figure 4.16a) and
precipitation anomalies (Figure 4.17a) for the 89-type set are positively skewed whereas the opposite is true
for the 18-type set (Figure 4.16b and Figure 4.17b).

4.4 DISCUSSION

The randomization experiment suggests that when there are even small proportions of zero values between
two spectra, the expected value of squared chord distance increases. The expected value of squared chord
distance under randomization is approximately 0.23 and is consistent with the average squared chord
distance of the simulated within-zone mean value. This shows the convergence between the results of the
stochastic simulation, Monte Carlo resuits and the observed between-zone squared chord distances within

the modemn pollen dataset.

The average squared chord distance of the best analog between and within vegetation zones illustrates that
the smaller pollen set gives a smaller squared chord distance between a given site and its best modern
analog. With a smaller pollen set, chances are less of having pollen types with a value of zero. The
randomizations suggest that when there are even smalil proportions of zero’s between two spectra, the
expected value of squared chord distance under randomization increases. Moreover, the mean within-zone
variation in the SQD of the best modern analogs is significantly less for the small pollen set. Consequently,
the critical SQD value for what is considered a good analog is a function of the pollen set.

For the majority of vegetation zones (e.g., semideserts, northern taiga, grassiands, etc.) the small pollen set
showed no significant differences between the mean of the within-zone vs. between-zone comparisons.
This is due to the lack of arid, northern and western taxa within the 18-type pollen set when compared to
the 89-type set. The 18-type pollen set represents mainly taxa found in eastern North America that have
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significant relations to modem plant abundance. The exclusion of the other taxa from the reduced pollen
set is largely a consequence of the lack of studies on pollen-plant abundance relations in other regions of
North America. The ability of a large pollen set to differentiate between different vegetation assemblages
is more effective. However, the critical value of SQD should be set higher in the case of a larger set, as the

simulations and data have shown.

The search for modern analogs must take into account the effects of the pollen set and the range of
vegetation and climates that may have been encountered in the past. If the modemn database is not
representative of the range of modern climates then there will be restrictions on the ability of the database
to reconstruct past climates. The climate space diagrams suggest that the modern database represents most
of the available climates in North America north of Mexico; however, very wet and dry regions need

further sampling.

Because of the geographic sampling density of the modern network, in addition to the limitations this
imposes on the ability of the database to reconstruct modemn climate, the modern pollen database also
exhibits regional biases in its ability to reconstruct modern temperatures in western and southwestern North
America, and the northeastern coastal regions of British Columbia and Alaska. There is a smaller spatial
bias using the 89-type pollen set and this is consistent with the univariate distribution of residuals. The
univariate distribution of the temperature anomalies for the 89-type pollen set is narrower than the 18-type
pollen set and this suggests that the 89-type set is more successful in reconstructing temperature in the
modern database. Moreover, the regions that contribute positively to the spatial autocorrelation in the
expanded set tend to be spatially random. Regions with large anomalies in the modemn database are Texas,
southeastern Alaska and the James Bay region. Although they contain sample sites, the intersite distances
are on the order of 100 km or more as compared to the Great Lakes region (e.g., Figure 4.1), which exhibits
few anomalies in temperature under both the large and small pollen set. It is in these regions of larger
intersite distances where the contribution to the global spatial autocorrelation is significant. Consequently,
the spatial biases in the modern vs. modem reconstruction of temperature are largely due to this intersite
distance effect in the modern database.

The west is still a significant problem when reconstructing temperature and precipitation. If poilen spectra

similar to western environments are encountered in the fossil record they will have fewer modemn samples
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from these regions to choose from and may show larger dissimilarities. However, the southwest, for the
18-type pollen set, contributed strongly to the global spatial autocorrelation of the modern anomalies. The
greater intersite distances and the bias of the reduced set towards eastern deciduous taxa contribute to the
poor performance of this pollen set. The improved performance of the 89-type pollen set is clearly evident
in the smaller range of spatial autocorrelation, narrower range of anomalies for both climatic parameters

and better overall relation between actual and reconstructed temperatures.

The southwest and west coast of North America is a region poorly represented in climate space by the
modemn database. Improved reconstructions and reductions in the spatial biases would be achieved by
more modern samples in those regions. How these biases transfer to paleoclimates reconstructions would

depend on the pollen set.

Boundary conditions at 6ka were similar to the present — no major ice-sheets were present and vegetation
was essentially consistent with its modem configuration. However, paleoclimate records from many
regions of the Northern Hemisphere suggest terrestrial surface conditions were warmer (Kutzbach and
Ruddiman, 1993). By 6 ka, the Laurentide ice sheet had almost completely wasted (Kutzbach and Webb,
1993; Dyke and Prest, 1987) and CO- had returned to interglacial levels. However, solar radiation inputs at
6ka were about 6% greater than present, altering the seasonal balance of Northern Hemisphere insolation
and producing the maximum warming in the continental interior of North American (Kutzbach and
Ruddiman, 1993). Biome distributions at 6000 ka as reconstructed from fossil pollen indicate a warmer

and drier western continent (Williams et al., 2000).

Consistent with a warmer continental interior, the 6ka reconstructions exhibit positive temperature
anomalies in the central states and southern provinces, more evident for the 89-type set than the 18-type set.
There is little to no change in precipitation reconstructions. However, using the 18-type pollen set, two
sites produce a strong cool center in southern Saskatchewan and southern Alberta. These sites are finding
their best modern analog north of their present position. Consequently, the choice of polien set can be
critical in observing patterns of anomalies in regions of sparse data coverage such as in western North
America. A cooler southern Texas and New Mexico are reconstructed because there are no modem pollen
samples to the south from which to choose analogs from and so a warming cannot be reconstructed for this
region. Likewise, warmer anomalies in the Canadian Arctic archipelago are due to the choice of modem
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samples from the south for both pollen sets. Essentially there is an edge effect present in the
reconstructions to the south and north of the continent that biases any reconstructions that may be made for
the 6ka period.

In the expanded pollen set of 89-types, these sites find their best modern analog in the east. The 18-type
pollen set produces overall very small values of SQD and the modem sites show low dissimilarity values
and would by the definition of Overpeck et al. (1985) be considered good analogs. However, this chapter
shows that the small dissimilarities are to be expected in small pollen sets within this database and the
threshold of non-analog dissimilarity must be considered within the context of the size and nature of the

pollen set utilized.

The differentiation in where the two different pollen sets find their best modern analogs is critical and
reflected in the better performance of the 89-type pollen set in the modem vs. modem reconstructions and
the within vs. between-zone comparisons: The 18-type pollen set has difficulty in distinguishing between
the different vegetation zones, particularly those in the north and west, where the average squared chord

distance within-zone is not significantly different from that between the zones.

4.5 CONCLUSIONS

The pollen set is a critical decision in the reconstruction of continental scale paleoclimates. Larger polien
sets can better distinguish between different vegetation zones in North America. The simulation results
indicate that the critical values of squared chord distance must be adjusted for the larger pollen sets, and so
the SQD limit of what may be considered a good analog increases with the number of pollen types. The
spatial analysis of the modern temperature and precipitation anomalies have contributed to our
understanding of the degree to which spatial biases are introduced into the MAT because of the varying
density of the modern sampling network. They also identify areas that require more polien samples, those
same regions that lacked adequate representation in modem climate space. The climatic reconstructions for
the 6ka time slice are consistent with model simulations for the continental interior. However, under two
different pollen sets the spatial distribution of anomalies is variable. The application of the methodology
presented in this chapter will help to improve paleoclimatic reconstructions through a thorough
understanding of the limitations of the underlying database, whether it is a pollen based reconstruction or
utilizing some other proxy data.
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Figure 4.2: A - Black Lines: Mean value of squared chord distance (y—axis) between 3000 random pollen

spectra as a function of the number of types in the pollen sum (x-axis). Numbers to the right
of the curves indicate the probability for each pollen sum that a given taxa can assume a value
of zero; Grey lines — standard deviations of Black Lines. B — Mean value of squared chord
distance (y~-axis) as a function of the probability that any given taxon can take a value of zero.
Curve is for a pollen sum of 30 types.
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1000 runs for n taxa in pollen set.
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Figure 4.4: Squared chord distance for the best modern analog for the modern pollen dataset for the
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pollen spectra comparisons with a pollen set of 89-types. The p-values reported for the
within-zone represent the probability that the difference between the within—zone mean

squared chord distance and between—zone mean squared chord distances are due to chance
alone.
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Figure 4.6. A - Simulated within vs. between—zone distribution of squared chord distance for the best

modern analog for a random sample of 100 modem polien sites from the modern pollen
dataset for the within-zone (2** best modern analog, see text) vs. between—zone (1% best
modem analog) pollen spectra comparisons with a pollen set of 89-types. B - Same but for
pollen set of 18-types. Note the different x-axis scales between A & B.
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Figure 4.7: Degree of overlap between 4950 modemn pollen sampling sites and North American climate
space. Solid outer line is the convex hull containing North American climate; the shaded
region is the convex hull for pollen sampling sites in North America. Small gray open circles
are individual climate combinations from all grid points from Leemans and Cramer (1991) in
North America north of Mexico. Black crosses are the climate combinations at the pollen
sample locations in North America.
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Figure 4.8: A -July temperature anomalies for the modern vs. modern climate reconstruction using the
modem analog technique (MAT) for a pollen set of 89-types. B — Same but for pollen set of
18-types.
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Figure 4.9: Same as Figure 4.8 but for total annual precipitation anomalies.
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Figure 4.10: A - The left panel shows the linear regression between modern temperature at modem
pollen sites in North America and the modern temperature as reconstructed at these sites
from the 2™ best modern analog using a pollen set of 89-types. The line is a linear
regression fit and the adjacent right plot shows the regression residuals. The p-values
represent the probability that the linear regression slope is equal to zero. B — Same as above
but for precipitation. C & D — Same as above but for a pollen set of 18-types.
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Figure 4.13: A - July temperature anomalies for the the 6 ka - Present from the 89-type
pollen set. B — Same as above but for the 18-type pollen set.
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Figure 4.14: Same as Figure 4.13 but illustrating total annual precipitation anomalies at
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Figure 4.15: A - Left Panel: Distribution of squared chord distance coefficients in North America at 6 ka
for a pollen set of 89 -types; Right Panel: Vectors illustrate the direction at which each fossil
pollen site at 6ka finds its best modem analog. The vectors are scaled linearly from the
minimum distance to the maximum distance between all sites and are proportional to the
distance to the best modern analog. B ~ Same as above but for a pollen set of 18-types.
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Figure 4.16: A - July temperature anomalies for the 6 ka - Present climate reconstruction using the

modern analog technique (MAT) for a pollen set of 89-types. B — Same but for pollen set of

18-types.
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Figure 4.17: Same as Figure 4.16 but illustrating total annual precipitation anomalies for 6 ka — Present.
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Chapter 5

EXPLORING THE PROXY CLIMATE RECORD FOR ANCILLARY

CLIMATIC INFORMATION: Sphagnum PEATLAND DISTRIBUTION
OVER THE PAST 21,000 vyEARS IN NORTH AMERICA

S.1 INTRODUCTION

This chapter and the next explore the proxy climate record of the North American Pollen Database (NAPD
— June 1999 version) (Grimm, 1999; Contributors to the NAPD, 1999) and Global Pollen Database (GPD —~
June 1999 version) (Grimm, 1999; Contributors to the GPD, 1999), furnished by the NOAA
Paleoclimatology Data Center, for underutilized proxy pollen/spore data that can contribute more to our
understanding of the paleoclimatic picture of North America over the past 21,000 years. Fossil pollen
from arboreal taxa have been utilized extensively for paleoclimate reconstructions in North America and
Europe (Sawada et al. 1999; Gajewski et al. 2000; Prentice et al., 1998; Webb er al., 1998). However,
there are underutilized parts of the pollen/spore record that can provide climatic information on a
continental scale through the late Quaternary. Specifically, two underutilized parts of the fossil pollen/spore
record are Sphagnum spores and aquatic pollen (Dieffenbacher-Krall, 1998; Dieffenbacher-Krall and
Jacobson, 2001). The exploration of these data for their climatic signal is the focus of this (Sphagnum) and

the following chapter (Chapter 6).

S.7.7 Sphagnum PEATLANDS
Mires are peat-forming systems with high water tables, classified as either bogs or fens (Aerts, 1999).

Sphagnum mosses dominate bogs and interstitial waters have low pH and alkalinity with nutrients coming
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solely from precipitation and dryfall (Aerts, 1999). Fens have nutrient inputs from ground and surface
water, have less Sphagnum mosses and higher primary productivity — usually dominated by grasses, sedges
and rushes (Aerts, 1999; Jonasson and Shaver, 1999). Bogs are most abundant in North America in the
Boreal zone (Aerts, 1999; Vitt, 1990; Moore and Bellamy, 1974) and cover 12% of the land area in Canada
(Gorham, 1988). Sphagnum moss is the dominant component of bogs and low-pH fens (Jonasson and
Shaver, 1999). The extensive horizontal growth and slow rate of decay of Sphagnum are two of the
primary reasons for its large volume in bogs (Aerts, 1999; Clymo 1984). Sphagnum spores should be most
abundant in regions dominated by bogs and low-pH fens. Because Sphagnum plants often establish after
peat formation has already begun (Vitt er al., 1994), the distribution of Sphagnum dominated peatlands as
inferred from Sphagnum spores can provide a conservative estimate of those regions capabie of supporting

peatiand growth. Here “peatlands” are defined as Sphagnum dominated bogs and low-pH fens.

Delimiting past peatland distribution can contribute to understanding of the global carbon cycle. Past
peatland distributions have been used to estimate carbon accumulation through the late Quaternary
(Appendix F) (Gajewski er al., 2001; Halsey er al., 2000). Biomass production is greater than the rate of
decomposition in the anoxic and acidic water-saturated bog environment, thus Sphagnum dominated
peatlands sequester carbon through net accumulation (Aerts, 1999; Jonasson and Shaver, 1999; Kuhry and
Vitt, 1996; Vitt, 1990; Moore and Bellamy, 1974). Boreal and subarctic peatlands store an estimated 455
Pg [1 Pg = 10'*g] of carbon - approximately one third of the global soil carbon pool - and remove an
estimated 0.076 Pg of carbon from the atmosphere annually (Gorham, 1991). For example, measurements
in Manitoba indicate that the typical carbon storage in moss covered spruce forests is ~40 tons C/ha in live
and dead aboveground spruce and ~45 tons C/ha in live/dead moss (as much as ~200 tons C/ha in soil of
Sphagnum areas) (Goulden ez al., 1998). On a global scale, there is more carbon locked up in Sphagnum
(dead and living) than is fixed by all terrestrial vegetation in a single year (Clymo and Hayward, 1982).
The carbon stored in peatlands could be important under global warming due to possible loss of carbon

from soil caused by increased depth of the active layer in mid-summer in permafrost dominated Boreal and
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subarctic regions. Increased thaw-depth in summer will lead to enhanced rates of decomposition that may
not be offset by gains in storage from wood or moss and lead to a net carbon efflux (Goulden ez al., 1998).
The change in carbon balance from accumulation to loss may be indirectly linked to temperature via
enhanced soil drainage, aeration and decreasing water tables (Oechel ez al., 1993).

5.7.2 Sphagnum PEZATLANDS AND CLIMATE
Because climate plays an important role in the regional distribution of peatland types (Gignac et al., 1998;

Gignac and Vitt, 1990, 1994; Moore and Bellamy, 1974) the study of past peauand distributions can lead to
a better understanding of paleoclimate in North America. Peat stratigraphies have been utilized for the
reconstructions of paleoclimates, in particular peat accumulation has been linked with past changes in
temperature and precipitation (Blackford, 2000). The presence of Sphagnum rich levels in stratigraphic
sequences have been associated with wetter and/or cooler conditions (Blackford, 2000). In particular,
water table fluctuations that respond to climate affect the growth of Sphagnum species (Blackford, 2000;
Gerdol, 1995). Contemporary peatland development is strongly linked to climate, with bogs (and fens)
occurring in areas where precipitation exceeds evapotranspiration and where total annual precipitation is
typically greater than 500 mm (Gignac and Vitt, 1994). However, because temperature is also a
fundamental control on peatland development, wide expanses of peatlands occur where precipitation may
be less than 400 mm annually (Moore and Bellamy 1974). The extent of peatiands also depends on
topography, and flat terrain provides an ideal setting for vast expanses of peatlands (Zoltai and Pollett,
1983). The reconstruction of Sphagnum peatland distribution in North America can be an important
contributor to constraining paleoclimate reconstructions of precipitation and temperature through the past

21,000 years.

Response surfaces have been used extensively with modemn pollen assemblages to estimate vegetation
responses along climatic gradients (Anderson et al., 1991; Prentice et al.. 1991; Huntley et al. 1989;
Bartlien et al., 1986;). Response surfaces have also been used with samples of modern mire bryophyte

abundance in western Canada to estimate their behavior along climatic and other environmental gradients
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(Gignac et al., 1991). Response surfaces have not, however, been applied to Sphagnum spore data on a
North American scale. The work presented here utilizes response surfaces in order to determine the
modern climatic ranges in which 1) Spkagnum occurs and, 2) Sphagnum is most abundant. Constructing
the modem climatic ranges of the spore data allows us to make inferences about past climate conditions in

those areas where Sphagnum is found.

This chapter shows the relation between the modern spore abundance and peatland limit in North America.
Second, it demonstrates the relation between modem climate and spore abundance and distribution using a
response surface approach. Finally, it presents maps of the past abundance of Sphagnum peatland limits in

North America for the past 21,000 years and interprets these in the context of changing climate.

5.2 DATA AND METHODS

S5.32.7 SrORE DATA

Sphagnum percentages were computed within a sum composed of pollen from all upland plants and
bryophyte spores taken from the NAPD (June 1999 version) (Grimm, 1999; Contributors to the NAPD,
1999). The radiocarbon equivalents of target calendar years spanning Oka to 21ka by Ika intervals were
determined using CALIB version 4.2 (Stuiver and Reimer, 1993, 2000). Sphagnum percentages were then
linearly interpolated to these radiocarbon equivalents to produce the associated maps of Sphagnum

abundance over the past 21,000 years.

From the GPD (June 1999 version) (Grimm, 1999; Contributors to the GPD, 1999), 3005 modem pollen
sample sites in North America (Figure 5.1) were extracted. Using Leemans and Cramer (1991), mean
annual temperature and total annual precipitation were extracted via linear interpolation for each of the
3005 sites using a Geographic Information System (GIS). In western Canada, Gignac ez al. (1991) used the

length of growing season and total precipitation falling as rain from 30 yr records at nearby climate stations
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for their bryophyte response surfaces. Mean annual temperature and total annual precipitation will be
strongly correlated with growing season and pluvial precipitation and are equally justified for use here.
Moreover, working at the continental scale requires continental scale climatic data, which was not readily
available in the form used by Gignac et al. (1991). Some sites on small coastal islands did not fall within
the climate grid cells; climate data for these sites were extracted via nearest-neighbor interpolation such
that the climate at the nearest grid node was assigned to each spore sample site. For the initial climate
surfaces, 830 sites had identical climatic values and the percent of Sphagnum at these was averaged,

leaving 2174 sites to be used in the construction of a response surface.

5.2.3 RESPONSE SURFACE

Because of the large differences in the absolute values between the two climate axes (temperature vs. total

annual precipitation), climate axes were scaled to unity prior to interpolation (Gignac er al., 1991):

_ [x; — min(x,..x,)]
B [max(x,. . X, ) —min(x;,...x, )]

(s.1)

where Z is the scaled variable in the set of observations x;...x, . To estimate the response of Sphagnum

spore percentages in climate space, a kemnel density interpolation (Bailey and Gatrell, 1995, p. 159; Cressie,
1995, p.599) utilizing a quartic distribution function was employed. Cubic functions have been used for
surface interpolation (Gignac et al., 1991), however, the form of the kernel is less important than the choice
of bandwidth (Cressie, 1995) which will determine the amount of smoothing and extrapolation in the
estimated surface. The quartic function is appropriate because grid nodes with no samples within the
bandwidth are forced to zero, have zero weight, thus limiting extrapolation beyond the sample space, that is

the quartic kemel is defined as:

3 d, Y’
—_l 1 £ d.<Tt
w,(d) =4 nt? ! [t) ’ (5-2)
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Where w,(d)is the weight for the Sphagnum percentage at grid node i where the distance between grid
node { and a given sample point in climate space, j, is d,-j . Here, 7. is the bandwidth of the function and

represents the radius within which points significantly contribute to the estimate (Figure 5.2). In other
words, the bandwith is the range within which points will significantly contribute to the estimated intensity
at a given grid node. This quartic kernel is then used as the weight for the distance weighted interpolation
for each grid node:

jun

2 wid,)Z,
yo= (5.3)

Uj J=n
2 wi(dy)
=l
where Z, is some sample point in space and i is a given grid node. Spore percentages were interpolated onto
a grid of 100 by 100 (0.46 °C by 19.7 mm) with a kernel bandwidth three times this resolution. The choice
of resolution for the climate surface is appropriate for spore data because it limits extrapolation beyond the
convex hull defined by the original samples in climate space, e.g., extrapolation will only be at most 59.1

mm by 1.38°C away from any of the original samples; a coarser grid would equate to larger extrapolation in

climate space.

The estimated surface (Figure 5.3) was then smoothed with a moving window which was $ x § grid nodes
in x and y using inverse distance squared weighting centered on each of the estimated original grid nodes.
Extrapolation was a concern considering that spores can be transported over larger distances than
macrofossils and therefore the climatic space defined by positive spore percentages may be larger than the
climate space defined by the modem distribution of the Sphagnum genera itself. Consequently, because the
response surface is estimated using spore data, it is more likely to have sites included in the response
surface that have positive Sphagnum percentages even though Sphagnum might not be present in the
immediate geographic region. However, smoothing was necessary because of: 1) local overrepresentation

of percentages in bog samples; and 2) overrepresentation of percentages of Sphagnum spores in the Arctic
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regions that lack significant arboreal taxa within the pollen sum. Smoothing increases our extrapolation to
2.3°C and 98.5 mm. Our smoothed Sphagnum response surface (Figure 5.3) explai