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Christopher Stump, M.S., Fall 2009 Geography

Spatio-temporal dynamics of biomes in the northwestern United States (9000 YBP to the
present)

Chairperson: Anna E. Klene

The goal of this study was to quantitatively analyze and map the vegetation composition
of forest, grassland, and steppe ecosystems in the northwestern United States in the
present and through the last 9,000 years. The modern analysis used canonical
correspondence analysis (CCA) on pollen percentages from recent sediment cores
reflecting modern vegetation assemblages and climates to evaluate the amount of
influence of selected environmental variables on present species distributions. The fossil
analysis used non-metric multi-dimensional scaling (NMDS) on a merged database
containing relative pollen percentages from the last 9000 years. A predefined list of
environmental parameters and floristically and ecologically important pollen percentages
were used to measure the dissimilarity between modern and fossil pollen regimes over
the region at specific time periods. The numeric values obtained from both statistical
analyses were interpolated and mapped via Geographic Information Systems (GIS) to
display major vegetation types throughout the northwestern United States through time,
allowing visual assessment of changing environmental gradients.
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1. INTRODUCTION

Fire-behavior scientists, ecologists, forest planners, and range managers require a
comprehensive understanding of historical ecosystem processes and drivers to set
management goals and help dictate the direction of management activities. During the
past few decades, the importance of management tools to effectively guide overall land
management, conservation, and restoration practices has emerged, based on past climate,
disturbance regimes, and changing vegetation mosaics as affected by a host of local and
regional environmental factors (Christensen et al., 1996; Bakker, 2005).

A relatively new concept is historic range of variation (HRV). The basic premise
of HRV is that knowledge of past and current climate, vegetation, and physical
interactions can serve as a reference for organizations trying to restore, conserve, or
manage present day landscapes (Landres et al., 1999). HRV in ecological applications
typically include the study of environmental parameters such as broad-scale change in
vegetation composition, alterations of the disturbance regime interval, as well as climatic
parameters and their influences on past ecosystems and processes. However, these
studies typically focus on relatively recent times (hundreds of years) and additional
knowledge is gained by examining a longer time scale.

Studies of fossil pollen data and comparisons of paleoclimate model simulations
compared with detailed paleoenvironmental maps constructed from paleovegetation
records clearly show the influence of changing climate on vegetation composition and
species range distribution (Wright Jr., 1993; Whitlock and Bartlein, 1997). By
comparing paleoclimate model results and pollen vegetation data from the eastern

Cascade Range for the last 21,000 years, Whitlock and Bartlein (1997) were able to



determine vegetation expansion and retreat for a suite of species over millennia. This
information provides land managers and conservationists a measure with which to
compare modern day climate and vegetation patterns, and tie these measures to regional
or local stages of community composition.

Similarly, regional fire-return intervals (or disturbance regimes), are closely
correlated with phases of ecological succession. Disturbance regime is also tied to broad-
scale changes in climate and vegetation scenarios over long time periods (Swetnam et al.,
1999). Fire disturbance has long been recognized as a catalyst of vegetation change
during periods of shifting temperature and precipitation regimes, and contribute to a
broader understanding of natural or ecologic systems (Whitlock and Bartlein, 1997;
Swetnam and Betancourt, 1998; Swetnam et al., 1999). Identifying specific temporal
phases where climate, vegetation, and disturbance regime changes have taken place is
paramount to those seeking to understand forest ecosystems and apply best management
practices over large landscapes. Comparing similar climatic and vegetation mosaics in
the present day to those that have occurred in the past supplies managers with a tool to
infer historic climate and vegetation patterns and measure the departure from historic
conditions, and drive land management practices and objectives for future management
applications and scenarios (Swetnam et al., 1999).

HRYV information also assists in promoting future sustainability and restoration
goals of broad scale landscape ecosystems, plus supports management decisions in
lawsuits and other legal mitigation situations (Johnson et al., 1999). Unfortunately, little
natural range of variation information exists for much of the western United States,

especially in the northern Rocky Mountains. Most of the HRV records in the northern



Rockies are based upon tree-ring studies, which infer climate and disturbance regimes
over relatively short time periods. Sediment cores with detailed pollen records can reveal
fire-return intervals and changes in vegetative community composition over longer time
scales, however, relatively few are available within the study area. Thus, it is difficult to
compile vegetation composition and climate baselines spanning several millennia to
provide context for effective land and forest management (Whitlock et al., 2003).

The goal of this research was to quantitatively analyze and map the post-
Pleistocene dynamics of vegetation and climate within forest, grassland, and steppe
ecosystems in the Northern Rocky Mountain Region (NRM) over the last 9,000 years.
This was accomplished by incorporating a combination of direct and indirect gradient
statistical techniques with GIS mapping procedures to display the broad-scale dynamics
of vegetation composition in the greater NRM. A predefined list of environmental
parameters and floristically and ecologically important species or Genus pollen
percentages (obtained from sediment cores and modern surface samples) were utilized to
measure the dissimilarity between fossil pollen assemblages and modern pollen
assemblages over the region at specific time periods. Finally, a map series was
constructed to display the temporal change in vegetation composition and the departure
from modern day conditions by interpolating from a collection of fossil pollen sites and

modern surface sample locations.



2. BACKGROUND

2.1 Historic Range of Variation

Historic range of ecological variation (HRV; also referred to as the “range of
natural variation”) is defined by Landres et al. (1999) as “the spatial and temporal
variation in ecological conditions that have been relatively unaffected by people within a
given period of time and geographical area, appropriate to an expressed goal or
outcome”. The notion of HRV has been utilized by natural resource managers since the
1960’s, and stems from two closely intertwined concepts: 1) past historical conditions
and processes offer a context or reference to compare to present day conditions, and 2)
disturbance-driven spatial and temporal variability is a fundamental attribute of all
ecological systems (Landres et al., 1999).

Today, ecological studies based on HRV use a variety of historic records and
techniques to reconstruct and compare past climate, vegetation, and disturbance regimes.
Geologic processes like sedimentation in bogs and small lakes chronicle the rate and
amount of pollen, charcoal, and plant macrofossils in depositional environments.
Additional sources include tree-rings, journals, historic maps, weather observations,
photographs, and more recently, satellite imagery, to supply a baseline for reference and
to add conceptual support to data findings from older, less abundant sources (Landres et
al., 1999; Swetnam et al., 1999). This information is used to reconstruct vegetative
communities of forests and grasslands, determine the long-term fire return interval of a
site, and discern the changes in these parameters over long time periods, sometimes

exceeding twenty thousand years.



In the United States, departures from historical fire regimes and return intervals
have been used to target large-scale restoration projects and management direction
(Caprio and Graber, 1999), and are becoming more commonly used as the basis for
national, regional, and local fire planning (Hann and Bunnell, 2001). Using natural
variation in management is grounded in ecological premises. However, recent reviews of
the literature suggest that HRV has potentially greater value in understanding and
evaluating change in ecosystems, and in inferring the type and degree of change to be
expected in large ecosystems, than it does in determining and directing management
goals (Holling and Meffe, 1996; Landres et al., 1999). Therefore, management goals and
direction should be informed by past variation of ecosystem parameters, including
management goals focused on restoring natural processes and conditions, with more
focus applied to ecological integrity, sustainability, and resilience for current and future
conditions (White and Walker 1997).

This study takes a different approach than most HRV-based research in that this
analysis has a very different spatial and temporal scale. Unlike studies which focused on
disturbance regimes and their effect on vegetation composition in physiographic regions
at decadal time scales (Swetnam et al., 1999) or centurial chronologies (Nonaka and
Spies, 2005), this study provides managers with summation of vegetation composition

change affected by changing climate at a subcontinental scale over many millennium.



2.2 Climate and Vegetation Interactions in the northwestern United States

Climate in western North America has undergone considerable change as a result
of the Earth’s orbital patterns which caused glacial and interglacial ages over the last
several million years (Bonnickson, 2000). Over the last 20,000 years, North America
emerged from the last ice age as the climate warmed, marking the transition from the
Pleistocene to Holocene epoch (Figure 1; (Pielou, 1992; Bonnickson, 2000). This study
focused on vegetation and climate variation from 9000 ybp to the present day.

The retreat of the Laurentide ice sheet and the smaller mountain glaciers
deposited soil, and exposed bare, young soils suitable for ‘pioneer’ species which favor
freshly disturbed soils (Bonnickson, 2000). In most locales of the northwestern U.S. and
southern Canada, sagebrush steppe dominated the landscape immediately following the
retreat of the major Cordilleran ice sheets. Lodgepole pine colonized small, isolated
bands in mountain foothills, in young and disturbed soils immediately after deglaciation
(Baker, 1983; Barnosky et al., 1987; Thompson and Anderson, 2000; Thompson et al.,
2004). In most sites throughout Idaho and Montana, lodgepole pine, western white pine,
and certain fir species colonized deglaciated landscapes by approximately 15,000 ybp,
dependent on elevation, and continued expanding northward following the receding
glaciers (Baker, 1983). High elevation locations surrounding the Yellowstone Plateau
and adjacent areas contain a multitude of studies documenting the appearance of Picea,
Abies, and Pinus between 14,000 and 11,000 ybp, as a result of the decline of species

characteristic of alpine tundra (Baker and Richmond, 1978; Lynch, 1998; Millspaugh et



al., 2000). White and black spruce migrated northward from the Midwest and Great
Plains into Canada. Ponderosa pine first colonized the American Southwest, and
followed the glaciers as they retreated northward. Other coastal and interior mountain
pine species such as western white pine, Douglas fir, cedar, spruce, and hemlock
followed closely behind successional advances of grass, sagebrush, and other ground
cover composites after glacial retreat (Figure 2).

Thus, the premise that climatic variation drove paleoenvironmental change from
the Quaternary to present day is now widely accepted. Individual species migrated at
different rates and at different times dependent on locational and ecologic succession
(Pielou, 1992), while major shifts in vegetation assemblage distributions occurred on
elevational, climatic, and latitudinal gradients throughout the West (Jackson and
Overpeck, 2000; Brunelle et al., 2005).

Changing land use patterns, European agricultural practices (Bakker, 2005), and
the dispersal and elimination of Native peoples throughout western North America have
also greatly affected vegetation patterns and altered fire return intervals in both mountain
and prairie environments (Bonnicksen, 2000). Every Native American tribe in the
Northern Rockies used fire to clear lands for agriculture and enhance growing conditions
for certain plants such as camas (Bonnickson, 2000; Hessburg and Agee, 2003), improve
game foraging habitat to attract animals for improved hunting and herding grounds
(Chittenden and Richardson, 1969; Bonnickson, 2000), and for defense and attack
purposes against enemies (Fiedel, 1987).

Over the last 100 years, total fire suppression, led predominantly by the US Forest

Service, greatly reduced fire occurrence throughout North America. Forests and



rangelands were once conceptualized and utilized primarily as an economic commodity,
thus intense efforts were applied to ensure their productivity utilizing natural resource
extraction practices with limited knowledge of the detrimental ecological effects of fire
removal from the landscape (Barker, 2005). Mountain environments experienced
dramatic reforestation, reducing patchwork mosaics of pine-sagebrush parkland in high
elevation areas, while trees encroached upon grassland ecosystems including the

Centennial Valley of southwestern Montana over the last 60 years (Sankey et al., 2006).

2.3 Paleoenvironmental Reconstruction Methods

An early Norwegian paleoecological study performed by Blytt (1876)), and
summarized by Woodward (1987), found remnants of aspen, pine, and oak deposited in a
Danish bog that possessed markedly different geographical distributions from the modern
day. Some of these tree species, such as oak, are currently found only in the southern
extent of Denmark, and their presence inferred a warmer and wetter climate than
currently observed. From this simple observation, Blytt (1876) hypothesized that
climate, and hence landcover, had changed considerably in the past. Today, similar
hypotheses are supported because plant species have exhibited very little evolutionary
change (especially in terms of their individual response to environmental limiting factors)
since 50,000 ybp (Jackson and Williams, 2004).

Very similar methods and conclusions now form the basis of paleoecology and
palynology. Lennart Von Post was the first recorded researcher to construct and

effectively use pollen diagrams to show the historic variation of community vegetation



abundances using counted fossil pollen and plant remains from 1916 (Fries, 1967). At
the time of publication of von Post’s early works, radiocarbon dating methods were not
available but von Post could use a readily apparent and identifiable stratigraphic layer
that occurred at his peat and bog sites to confidently identify the same temporal time at
different depths at multiple sample sites.

The advent of carbon-14 radiocarbon dating Mc dating methods) has allowed the
dating and comparison of temporal changes of plant macrofossils, fossil pollen, and
sediment or charcoal from sediment varves between multiple sample sites without
distinctly recognizable sedimentary layers. It has allowed for cross comparison of pollen
sites at multiple temporal and spatial scales, including local or catchment basin-sized
analyses (Mehringer et al., 1977; Mack, 1983; Power et al., 2006), spatially larger
regional assessments of vegetation, climate and charcoal (Brunelle and Whitlock, 2003;
Brunelle et al., 2005) and even continental-scale comparisons of vegetation and climate
change (Bartlein, 1998; Peyron et al., 1998; 2000; Williams et al., 2004; Whitmore et al.,
2005). Reliable dating results can be obtained 30,000 to 40,000 years before present,
making it well suited for establishing chronologies in the late Quaternary (Bartlein,
1995).

Paleoecological-statistical analyses are usually performed using two main
categories of pollen data: binary and relative abundance. Typical binary pollen data in
paleoecology is presence/absence data, usually with the number “0” inferring absence
and “1” indicating presence. Binary data are most often utilized in conjunction with
cluster analysis which force pollen assemblages or compositions into representative

groups for further data analysis, processing, and interpretation. Abundance data can be in
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the form of relative abundance (pollen percentages), absolute pollen counts per study site
from respective researchers, or estimates of pollen percentages from slices of sediment
core (Shi, 1993).

Accurate pollen abundance data are usually more informative than binary
presence-absence data, but only if the sample data is obtained with few biases or
sampling errors. Cumulative inaccuracies of sampling errors can cause misleading and
erroneous interpretations of the results (Hirst and Jackson, 2007). The data used in this
study are relative abundances, and the dataset is stored in the form of pollen percentages

ranging from O to 100 percent of the total pollen sum counted at each site.

2.4 Quantitative Data Analysis Methods of Paleoecological Data

Although extensive literature exists for the theory and various applications of
multivariate methods in an ecological framework (Kenkel and Orloci, 1986; ter Braak
and Prentice, 1988; Kovach, 1989; Legendre and Legendre, 1998), little has been written
that comprehensively and systematically relates these methods to paleoecology and
paleobiogeography (Shi, 1993). Methods incorporating cluster analysis and ordination
approaches are more often being used to describe individual species and vegetative
community composition response and interactions to environmental gradients, as well as
to establish correlations between vegetation composition and environmental site
characteristics (Shi, 1993; Austin, 2005). Different quantitative methods have been
utilized with varying degrees of success. These range from the calibration of fossil
pollen assemblages to modern pollen assemblages in an attempt to infer ground cover and

species composition, known as extended range value models (ERV’s), to biomization
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procedures coupled with modern analog techniques (MAT), and to statistical multivariate
approaches aimed at describing individual species and community-level interactions such
as principal components analysis (PCA), canonical correspondence analysis (CCA), and

non-metric multidimensional scaling (NMDS).

2.4.1 Extended Range Value Models (ERV’s)

Quaternary paleoecologists have consistently struggled with identifying strictly
quantitative techniques to reconstruct and map past vegetation communities and
migration of individual plant species or groups. Early attempts at calibrating fossil pollen
assemblages to observed species abundance in a given study area involved the use of
extended range value (ERV) models. ERV models attempt to correct for problems
associated with the “Fagerlind Effect,” the misrepresentation of vegetative community
composition because of species which over- or under-produce pollen relative to other
species (Jackson and Wong, 1994; Jackson and Kearsley, 1998) . For example, Pinus is
considered an over-producer of pollen, and may appear as though it is the dominant
vegetation entity in the vicinity of the study site, when in reality Pinus may actually
account for a small percentage of land cover and vegetation composition in the study
area. Pinus pollen is often so prolific in sediment cores and moss polsters because it
possesses excellent dispersal capabilities, produces large amounts of pollen, and usually
produces over many months, leading to large pollen deposits at many sites, even those

outside the normal historic range of certain Pinus species (Birks and Gordon, 1985).
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However, ERV models are no longer utilized as a means to measure historic
vegetation variation since they cannot take into account the effect of environmental
variables and because detailed knowledge of many species’ pollen dispersal capabilities
are still largely unknown, rendering results that were often inconsistent, unpredictable,
and misleading (Jackson and Kearsley, 1998; Jackson, 2006). Dissimilarity analysis
methods such as squared chord-distance (SCD) and maximum likelihood techniques have
often been implemented to measure the amount of similarity (or dissimilarity) between
different fossil pollen assemblages and known modern pollen assemblages, biomes, or
plant life-form types. Dissimilarity coefficients also measure the difference between
multi-variant samples which provide a quantitative aid for the identification of modern

analogs to fossil pollen assemblages (Overpeck et al., 1985; Gavin et al., 2003).

2.4.2 The Modern Analog Technique (MAT) and Biomization Procedures

Overpeck et al. (1985) compared several dissimilarity techniques and found SCD
sensitive enough to discern fossil pollen assemblages that occurred in various vegetation
compositions including mixed, deciduous, and boreal forest types in the Upper Peninsula
of Michigan. SCD values from fossil pollen assemblages were then compared to known
modern pollen assemblages and grouped into broad categories of forest cover. The SCD
values were precise enough that they could be mapped via isopols to visually show the
forest composition of southern Michigan based upon the corresponding pollen spectra
(modern pollen surface samples). This reasoning by analogy has been adopted recently

by researchers and termed the “modern analog technique” (or MAT) initially by
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Overpeck et al. (1985) and refined in later research (Overpeck et al., 1992; Williams,
2002; Jackson and Williams, 2004; Whitmore et al., 2005).

The central supposition of MAT is if two samples contain a similar mixture of
pollen, then the communities that produced these assemblages were also similar. A
fundamental limiting factor of the modern analog technique is that it cannot make
accurate or meaningful assignments of past biomes for fossil pollen samples which have
no close analog available, or no-analog assignments for future predictions (Jackson and
Williams, 2004; Fox, 2007). Changing environmental conditions during the Quaternary
have clearly resulted in past plant associations with no modern equivalent. For example,
Picea critchfieldii was once a dominant tree species in the Lower Mississippi Valley
during the Last Glacial Maximum (LGM), but was probably extinct by 10,000 ybp, along
with its associated groundcover species (Overpeck et al., 1992; Jackson and Overpeck,
2000) greatly altering the vegetation composition in middle America with the removal of
the species, thus disallowing any analog to be applied. A relatively new variant of MAT
is the “Hierarchical Analog Technique” (HAT) which provides a formalized method for
generalizing pollen data according to plant/climate functional similarities. This enables
fossil pollen assemblages with no modern counterparts to be linked to the closest match
in the modern day through a series of hierarchical procedures (Williams, 2002; Williams
et al., 2004).

Williams (2002) regrouped fossil and modern pollen data into plant functional
types (PFTs) based on life form, phrenology, leaf shape, and climate tolerance. SCD
calculations were first conducted to determine whether there were any close matches to

the modern pollen data. If a match did exist, then that pollen assemblage was assigned to



14

its corresponding class. If no match existed, the pollen assemblage was aggregated by
PFT or biome designation and the SCD dissimilarity calculation repeated. This process
was repeated until a modern analog was identified, or at least the sample was forced into
the closest modern analog (Williams, 2002).

PFTs are important within this study because the concept behind PFTs is the same
idea as any gradient or ordination analysis approach: to relate plant function,
morphology, and distributions to environmental gradients. PFTs have undoubtedly
played an important role in plant geography and have been used in studies of climate,
climate change, and disturbance over time, (Woodward and Cramer, 1996; Lavorel and
Cramer, 1999; Austin, 2005). This process is similar to the biomization technique
presented by Peyron et al. (1996) and Peyron (1998; 2000), which generalizes both the
pollen and land-cover data into broader classes to allow each pollen assemblage to be
linked to a modern analog, thus allowing the creation of animated maps at defined time
periods.

Other recent paleoenvironmental reconstructions have incorporated remotely
sensed imagery to aid in determining vegetation classifications, strengthen modeling
techniques, and enhance mapping scenarios. Williams (2002) employed 1 x 1 km
gridded Advanced Very High Resolution Radiometer (AVHRR) satellite imagery linked
to modern pollen surface samples to effectively map the density of needle-leaved,
broadleaved, and herbaceous groundcover for eastern North America from the LGM to
the year 2000. A collection of modern surface pollen samples and fossil pollen sites were
identified, mapped, and the pixel characteristics in which modern pollen surface samples

were located were used to represent these modern sites. Next, the HAT was performed
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on the fossil pollen assemblages to assign them to modern vegetation and climate
schemas. Finally, Williams produced a temporal map series showing each biome’s
change in climate, vegetation composition, and distribution through time.

Significant limitations to the MAT approaches are the requirements of a large
number of sample sites and an informative and accurate biome (or other land
classification system) to determine the deviation from modern conditions. This premise
is seldom met in studies utilizing fossil pollen as a means to analyze HRV. The MAT
approach also does not measure the interaction of environmental variables on fossil or
modern pollen assemblages. The only quantitative means to analyze these measures is

the use of statistical gradient methods.

2.4.3  Ordination and Gradient Analysis Methods

Ordination analyses and gradients come in many different forms, applicable to a
variety of objectives, data types, and methodologies. Ordination simply means to arrange
items along one or more axes in ‘number’, or ‘species’ space. This is performed
graphically to summarize complex relationships in the hope of extracting one or several
dominant axes from the possible number of axes or solutions. Ecological ordination
orders taxon variables in an ecological space in relation to predefined environmental
and/or species (and in this study, historical) gradients. On a broad level, this approach is
also commonly referred to as ‘gradient analysis’. Gradient methods are particularly
useful in community ecology, allowing one to investigate complex relationships between
combinations of individual species, as well as species abundances combined with

environmental variables, while avoiding the pitfalls of modern analog and community-
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based approaches. Gradient methods reveal trends and relationships within the
community data itself, and depending on the method used, allow researchers to predict
species distribution and abundance as inferred from environmental variables, and vice
versa (Prentice, 1977; Hill and Gauch, 1980; Palmer, 1993).

Of particular importance to landscape managers is the concept of ‘resource’ or
‘environmental’ gradients (Hannah et al., 2002; Whitlock et al., 2003; Brunelle et al.,
2005). These usually involve the computation and analysis of dissimilarity matrices
computed from raw data consisting of species and environmental measurements (such as
soil type, ground cover, elevation, and soil moisture content) stemming from a number of
plots or study sites (ter Braak and Prentice, 1988). One common example is that species
composition is expected to change with elevation on a mountain. Likewise, species
composition would shift through time given changing environmental factors and
conditions (McCune et al., 2002).

Different forms of gradient analysis have been utilized in paleoecology to infer
both past climates and vegetation compositions from modern pollen surface samples and
fossil pollen sediment cores. MacDonald and Ritchie (1986) used principal components
biplots and discriminant analysis to explore the relationship between modern pollen
surface assemblages and major vegetation zones (or biomes) in the interior of Canada.
Likewise Bartlein et al. (1986), used multiple regression models to study the correlation
between fossil pollen assemblages and known modern vegetation interactions to interpret

ancient climate regimes in the American Midwest and eastern North America.
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2.4.4  Principal Components and Canonical Correspondence Analysis

Gradient methods often utilized in analyzing community structure in
paleobiogeography include principal components analysis (PCA), canonical
correspondence analysis (CCA), and non-metric multi-dimensional scaling (NMDS).
PCA is an indirect gradient technique that ordinates species among plots based on species
composition, and does not utilize environmental variables to constrain the ordination
axes. PCA techniques are linear ordination methods, since they assume linear
relationships between species abundance and environmental factors (Kovach, 1989; Shi,
1993). . Conceptually, PCA is similar to performing a series of multiple regression
analyses in an attempt to define a series of ‘hypothetic environmental variables’ that best
describes the variation in species or variable abundance. CCA is a direct ordination
technique that depicts the influence of selected environmental variables on species’
distribution, occurrence, and abundance within an area of interest. CCA attempts to
quantify the underlying pattern of community variation, as well as important or
influential species’ distributions along selected environmental gradients. To do this,
CCA constrains variables to be linear combinations of provided environmental variables,
thereby enabling the identification of possible spatial or environmental gradients in the
vegetation data via data matrices comprised of species abundance and biophysical
factors. The biophysical matrix is often used to predict species abundance (ter Braak,
1986; 1987; ter Braak and Prentice, 1988).

PCA has been used extensively to study the effects of indicator species, changes

in species composition, and the predictability of various biophysical factors over time
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(MacDonald and Ritchie, 1986; MacDonald, 1987; Williams, 2002). In a geometric
model, PCA projects sample points onto a plane that minimizes the sum of squared
distances from the points (Prentice, 1986a). The axes coordinates of the samples on each
principal component are called principal component scores. Sample scores and
individual taxon loadings can be graphed on biplot diagrams to portray the effects of
pollen percentages or taxon loadings at the study sites. PCA can be sampled to
contemporaneous samples at specific time intervals to show changes in geographic
patterns over time (Huntley and Birks, 1983).

An improvement to this method would be to perform PCA on a ‘time-space’ data
matrix (such as pollen spectra at study points compared at 500 or 1000-year time
intervals) throughout a given study area or geographic region in conjunction with a
combination of multivariate methods including PCA, CCA, and NMDS, to provide
vegetation composition and climate trajectories. Examination of only one time period
yields a static snapshot of ecological conditions, composition, and reference to study
plots. However, by examining these trends over multiple intervals, one can detect
ecological change throughout large, diverse areas over long time periods. In PCA, the
axes act as variables (or taxa), while the samples located on these axes are distributed
according to each taxons’ abundance. The distance between points in ordination space
are measured by dissimilarity coefficients including Euclidean, Manhattan, Sorensen, and

Mahalonobis distance matrices, to name a few (Prentice, 1986b).
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2.4.5 Non-Metric Multi-Dimensional Scaling

Unlike PCA and CCA, non-metric multi-dimensional scaling (aka NMDS, MDS,
or NMS) has no underlying assumptions regarding normality or linearity within the
dataset. Rather, NMDS uses the rank order information in a dissimilarity matrix, as
opposed to its pure metric information, and is considered a “nonparametric” family of
curves, since it measures the departure in monotonicity in a configuration. NMDS is, at
the statistical level, very similar to least-squares regression analysis and is commonly
viewed as a form of statistical fitting. Solutions with the best fit are measured by
performing a monotone regression on the dissimilarity of the normalized residual
variance, termed stress. Stress in an NMDS run is actually the residual sum of squares
and is often reported as a percentage. Smaller values of stress indicate a better fit or
solution to the problem. Stress, ranging from O to 1, indicates how well a configuration
or ordination solution matches the dissimilarity matrix (Kruskal, 1964b; Kenkel and
Orloci, 1986; Shi, 1993; Legendre and Legendre, 1998). Typically, one hundred
iterations (stress calculated using the “method of gradients” or “method of steepest
descent) are necessary to reach the best solution or configuration which are revealed on
a ‘scree diagram’ or ‘scree plot’ (Kruskal, 1964a; McCune et al., 2002). Kruskal (1964a)
and Clarke (1993) provide guidance in the form of a stress value table to evaluate an
NMDS solution goodness of fit (Table 1).

NMDS permits the study of relationships between dissimilarity matrices and the
associated output distance by constructing an ordination diagram where the distances

between plots have maximum rank order agreement with the similarity measures between
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plots, with the capability of capturing two-dimensional gradients (Austin, 2005). NMDS
comes in two forms: metric and non-metric. MDS (the metric version) assumes that the
dissimilarities are proportional to a distance measure, while nonmetric NMDS is related
to a “monotonicity assumption” (van Wezel and Kosters, 2004), or that the dissimilarities
are monotonically related to Euclidean distance or other distance method chosen to
represent the data structure. Essentially, NMDS algorithms and equations estimate a
spatial representation for a given dissimilarity matrix where the rank order of the
distances between the original data objects agrees with the rank order of the
dissimilarities as closely as possible (van Wezel and Kosters, 2004).

With the advent of more advanced and efficient computing capabilities, NMDS
has gained recognition as a superior data analysis and graphical method for displaying
large, complex datasets, often finding better relationships and correlations between
environmental and species abundance data than variations of PCA. This is especially true
for datasets encompassing wide ranges of variation, usually due to large study areas, as is

the case in this study (Kenkel and Orloci, 1986; Prentice, 1986a).

2.5 Study Area

The study area stretches from the southwest Canadian coast, southward through
Washington and Oregon, east into Idaho, Wyoming, and Montana, and finally
terminating in the western Dakotas (Figure 3). The western portion of USDA Forest
Service Region One formed the core area of interest, but a larger area was chosen to
maximize the number of fossil and modern day surface pollen sites, which are few,

especially in the mountains. The low number of surface and sediment core sites in these
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areas is due to the complex terrain causing difficulties with site selection and sediment
core extraction. Given extensive study area size, a multitude of climate, landscape, and
vegetation mosaics exist on latitudinal and longitudinal transects.

In the Coastal Ranges of western North America, climate varies dependent on
elevation. High elevation areas receive increased precipitation and diminished
temperatures as rugged mountains rise out of the Pacific Ocean, including the Coast
Range of British Columbia and the Cascades of Oregon and Washington. These
mountains are dominated by Pacific Douglas fir at most elevations, but intermixed with
various tree species primarily belonging to the families of Tsuga and Larix at high
elevations (Ricketts, 1999). South-central Idaho and southwest Montana exhibit a
continental climate including xeric precipitation conditions, brief summers, and long cold
winters. Mountainous regions of southwest Montana and southern Idaho consist of more
drought-tolerant forest species (mosaics of lodgepole pine and Douglas fir), though give
way to parklands of sagebrush, short grass, and various tree species at lower elevations.
Farther north, the north central Rockies forests marks a transition from maritime to
continental latitudes characterized by warm, moist summers and mild, snowy winters,
given its complex and mountainous terrain. Vegetation consists of mixed-composition
forests containing cedar, hemlock, spruce, and other moisture-dependent species.

Further east and inland mountain latitudes exhibit continental precipitation and
temperature gradients, with warm dry summers and mild winters. Mean elevations
generally decrease northward from southern Idaho and Montana, except where
interrupted by low-lying basins, deep valleys, and broad, desert-like steppe (Nesser et al.,

1997). Continental forest mosaics reflect distinct variation, with specific species’
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abundance and occurrence depending on elevation, ranging from Ponderosa and western
larch at low elevations, to lodgepole pine, Douglas fir, and white pine at mid mountain,
and subalpine fir and whitebark pine at tree line. Farther east of the continental divide, a
vast expanse of steppe-like grasslands is dotted with small, distinct, and scattered island
mountain ranges which produce climatic gradients that influence vegetation patterns in
the surrounding prairies and foothills, ranging from lodgepole pine and subalpine fir up
high to assortments of sagebrush and bunchgrasses at low elevations (Nesser et al., 1997;

Ricketts, 1999; Olson et al., 2001; Olson and Dinerstein, 2002).

2.6 Problem Statement and Study Hypotheses

This study used one multi-dimensional scaling technique and several multi-
temporal ordination techniques to quantify spatio-temporal dynamics of vegetation
communities based on relative pollen percentages. The data stemmed from three
researchers’ databases that included both modern and fossil pollen assemblages. These
databases contained pollen and sediment records that detailed vegetative community
change over time, which were used to calculate dynamics of vegetation change as driven
by climate in western North America from 9000 ybp to the modern day.

While studies utilizing multivariate methods have been conducted in the study
area using modern pollen surface samples, (MacDonald and Ritchie, 1986; MacDonald,
1987; MacDonald and Reid, 1989), few have used relative pollen percentages in
conjunction with a host of biophysical variables to predict biome or ecoregion

groundcover over large areas (Williams et al., 2004). None have used such an extensive



23

dataset of 596 sites, and none have used pollen percentages and biophysical variables to
predict pollen assemblages spatially.

The hypothesis for the modern portion of the study is:

1. Analysis of relationships between biophysical variables and modern pollen
percentages with multivariate statistical methods can effectively predict
vegetation composition and be used to map it across broad geographical
extents.

Although a number of paleoecological pollen analyses have been conducted
within this study area (Mehringer, 1985; Thompson and Anderson, 2000; Power et al.,
2006), few have utilized multidimensional scaling techniques (MDS; Prentice, 1977;
Kenkel and Orloci, 1986; Kovach, 1989; Shi, 1993) within the region. This type of
analysis provides several landscape metrics to effectively ascertain the magnitude and
type of vegetation and climate change across the entire study area over the last 9000
years.

The hypotheses for the fossil portion include:

1. Vegetation composition changed at a similar rate due to regional climate shifts

and disturbance within subgroups (regions) of the study area between 9000
ybp and modern day.

2. Shifts in vegetation composition trajectories were synchronous across the
study area for all study point locations and time slices, as driven by regional
changes in climate.

3. Similar vegetation assemblages and climatic conditions have been observed in

previous time periods across the study area as determined by interpretation



and comparison of fossil pollen assemblages, landscape trajectory paths,
paleoclimate data/models, fire occurrence proxies, geochemical, and isotope

records.
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Figure 36. Interpolated ordination axis scores depicting climate and vegetation composition throughout the study area as inferred
from relative fossil pollen percentages. Each map is a distinct time slice. Paleosite symbology matches the NMDS ordination
symbology in Figure 13.
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Figure 37. Interpolated community composition displacement scores for inferring climate and vegetation trends through time. Each
map is the transition from the earlier time period to the next later time slice, (e.g. vegetation displacement from 9000 to 6000 ybp).
Paleosite symbology matches the NMDS ordination symbology in Figure 13.
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Table 1. Kruskal’s (1964a) and Clarke’s (1993) rules of thumb for determining validity
of NMDS ordination results as based on stress (adapted from McCune and Grace, 2002).

Stress
0.0-2.5
2.51-5.0
5.01-10.0
10.01-20

Kruskal's Rules of Thumb

Excellent
Good
Fair

Poor

<5

5to 10

10 to 20

>20

Clarke's Rules of Thumb

An excellent representation with no prospect of
misinterpretation. This is rarely achieved.

A good ordination with no real risk of drawing
false conclusions.

Can still correspond to a usable picture, though
values at the upper end suggest a potential to
mislead.

Likely to yield a plot that is relatively dangerous
to interpret. Samples are placed essentially at
random.
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Table 2. Paleopollen sites included in the cumulative pollen database. N/I represents
digitized sites not included in the analysis and N/A means the citation was not available.
Detailed citations are in the bibliography. Stump under source reflects sites digitized by
the author, and Williams infers sites provided by Williams (2007).

Site

Number Pollen Sample Site Citation Source
1 Rice Lake, ND N/A Williams
2 Eldora Fen, CO N/A Williams
3 Antelope Playa, WY Markgraf and Lennon, 1986 Williams
4 Floating Island Lake, WY Burkhart, 1976 Williams
5 Divide Lake, WY Steventon and Kutzbach, 1987 Williams
6 Lily Lake, WY Whitlock and Bartlein, 1993 Williams
7 Buckbean Fen, WY Baker, 1976 Williams
8 Hedrick Pond, WY Whitlock and Bartlein, 1993 Williams
9 Slough Creek Pond, WY Whitlock and Bartlein, 1993 Williams
10 Cygnet Lake Fen, WY Whitlock, 1993 Williams
11 Blacktail Pond, WY Gennet and Baker, 1986 Williams
12 Gardiner's Hole, WY Bender et al, 1971 Williams
13 Lost Lake, MT Barnosky, C., 1987 Williams
14 Pintlar Lake, MT Brunelle et al., 2005 Williams
15 Guardipee Lake, MT Barnosky, C., 1987 Stump
16 Lost Trail Pass Bog, MT Mehringer et al., 1977 Stump
17 Baker Lake, MT Brunelle et al., 2005 Williams
18 Rock Lake, MT Gerloff et al., 1995 Stump
19 Hoodoo Lake , ID Brunelle et al., 2005 Stump
20 Burnt Knob Lake, ID Brunelle et al., 2005 Williams
22 Van Wyck, ID Doerner and Carrara, 1999 Stump
23 MccCall Fen, ID Doerner and Carrara, 2001 Stump
24 Tepee Lake, MT Mack et al., 1983 Stump
26 Hager Pond, ID Mack et al., 1978 Stump
27 Wilcox Pass, AB Beaudoin, 1984 Williams
28 Carp Lake, WA Barnosky, C., 1985 Williams
29 Gold Lake Bog, OR Sea and Whitlock, 1995 Williams
30 Pinecrest Lake, AB Mathews and Rouse, 1975 Williams
31 Davis Lake, WA Barnosky, C., 1981 Williams
32 Battle Ground Lake, WA Barnosky, C., 1985 Williams
33 Marion Lake, BC Mathews and Heusser, 1981 Williams
N/I Marys Pond, MT Karsian, 1995 Stump
N/T McKillop Creek Mack et al., 1983 Stump
N/I Sheep Mountain Bog, MT Hemphill, 1983 Stump
N/1 Smeads Bench Fen Chatters and Leavell, 1995 Stump
N/I Harding Lake Chatters and Leavell, 1995 Stump
N/ Foy Lake, MT Powers et al., 2006 Stump




Table 3. All taxa recorded from the pollen diagram digitizing procedure at the
supplemental paleopollen sites.

126

Abies

Acer

Algae

Alnus

Ambrosia
Amelanchier-type
Apiaceae
Arceuthobium
Artemisia
Asteraceae
Athyrium
Bayophyta spores
Berberis

Betula
Botryococcus
Brassicaceae
Bryophyta
Caprifoliaceae
Carcocarpus-type
Carex
Caryophyllaceae
Ceanothus
Centaurea
Cercocarpus-type
Cereal-type
Chenopodiacea/Amarath
Compositae (Other)

Cornus
Corylus
Cruciferae

Cupressaceae
Cyperaceae
Cystopteris
Dodecatheon
Drosera
Dryopteris
Ephedra virdis
Equisteum

Ericaceae
Erigonum
Eupatorium
Fabaceae
Fenestrate
Galium aparine-type
Galium Boreale
Geum-type
Helianthus-type
Holodiscus
Isoetes
Juniperus
Kalmia
Labiatae
Lamiaceae
Larix Lyalli
Liguliflorae
Liliaceae
Lycopus
Menyanthes
Monolete undiff.
Moss spores
Myriophyllum
Nuphar
Onagraceae

P. araneosum
P. balsamifera-type
P. contorta/P.
ponderosa

P. Integrum

P. obstusum
P.boryanum var.
longicorne
Pediastrum
Petalostemum
Phacella

Picea

Pinus

Pinus albicaulis
Pinus Contorta

Plantago
Poaceae
Polygonaceae
Polygonum
Populus
Potentilla
Potomagoten
Primulaceae
Prunus
Pseudotsuga-Larix
Pteridium
Quercus
Ranunculaceae
Rhamnaceae
Ribes
Rosaceae
Rumex

Ruppia

Salix
Sarcobatus
Saxifraga
Scenedesmus
Scheuchzeria
Scirpus
Scrophulariaceae
Selaginella
Shepherdia

Sorbus
Sphaeralcea
Spirea

Spirogyra
Stellaria
Symphoricarpos
Taxus (brevifolia)
Thalictrum

Thuja Plicata
Tofieldia

Trilete undiff.

Tsuga

Tsuga heterophylla
Tsuga mertensiana
Tubuliflorae

Typha

Ultricularia
Umbelliferae
Vaccinium
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Table 4. The list of plant taxa used in the analysis to determine vegetation composition
change. Individually digitized species were grouped via family designation to form the

variables below.

Abies Picea

Alnus Pinus

Ambrosia Poaceae

Apiaceae Pseudotsuga-Larix
Artemisia Quercus
Asteraceae Salix

Betula Sarcobatus
Chenopodiacea/Amarath  Ranunculaceae
Cupressaceae Thuja

Cyperaceae Tsuga
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Table 5. Final (a) vegetation and (b) environmental variables selected for inclusion in the
analysis.

ABIE_1 Abies Pollen types grouped belonging to the Family Abies
ALNUS_1 Alnus Pollen types grouped belonging to the Family Alnus
AMBROSIA_1 | Ambrosia Pollen types grouped belonging to the Family Ambrosia
APIACEAE_1 Apiaceae Pollen types grouped belonging to the Family Apiaceae
ARTEMESIA_ | Artemesia Pollen types grouped belonging to the Family Artemesia
ASTERACE_1 | Asteraceae Pollen types grouped belonging to the Family Asteraceae
BETULA_1 Betula Pollen types grouped belonging to the Family Betula

Pollen types grouped belonging to the Families Chenopodaceae and
CHENAM_1 Cheno./Am. Amaranthaceae
CUPTAX_1 Cupress./Taxac. Pollen types grouped belonging to the Families Cupress. and Taxac.
CYPER_1 Cyperaceae Pollen types grouped belonging to the Family Cyperaceae
LARIXPSE_1 Pseudotsuga/Larix | Pollen types grouped belonging to the Families Pseudo/Larix
PICEA_UND_ | Picea Pollen types grouped belonging to the Family Picea
PINUS_UND_ | Pinus Pollen types grouped belonging to the Family Pinus
POACEAE_1 Poaceae Pollen types grouped belonging to the Family Poaceae
QUERCUS_1 Quercus Pollen types grouped belonging to the Family Quercus
RANUNC_1 Ranunculaceae Pollen types grouped belonging to the Family Ranunculaceae
SALIX_1 Salix Pollen types grouped belonging to the Family Salix
SARCOBATUS | Sarcobatus Pollen types grouped belonging to the Family Sarcobatus
THUJA_1 Thuja Pollen types grouped belonging to the Family Thuja
TSUGA_1 Tsuga Pollen types grouped belonging to the Family Tsuga
LAT Northing Latitude of site location
LONG Easting Longitude of site location, zeroed to minimum
ELEV Elevation Elevation in meters
Prism_DEM Precipitation Precipitation value obtained from PRISM manipulation procedures
X_Y1 NE to SW Gradient | Latitude * Longitude
X_ Y2 NW to SE Gradient | Latitude (inverse of Longitude)*10,000
Prism_El g{giﬁ;gﬁ%ﬁ; dient Precipitation value * Elevation value




Table 6. DCA parameters utilized in the study.

DCA Study Parameters:
Gradient
Eigenvalues: Lengths:
Axes ‘ Value: Axis 1:
Axis 1 0.562608719 3.013 3.57
3.379 3.581
Axis 2:
Axis 2 0.265315205 2.622 2.671
2.711 2.708
Axis 3:
Axis 3 0.18626608 1.691 2.009
2.737 2.844

Total Variance in Species Data: 2.5999
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Table 7. Root mean squared error per variable used in the randomForest imputation procedure.
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RMSE per Variable
Time Slice
Variable 0 500 | 1000 | 1500 2000 2500 | 3000 | 3500 6000 9000
LAT 2.82 1.70 1.75 1.92 1.97 2.15 2.03 1.64 2.26 1.90
LON 5.45 3.47 3.76 4.59 4.68 5.38 4.18 4.94 3.87 5.93
ELEV 157471.80 99948.90 111329.60 101517.60 142304.00 112472.30 106953.00 73089.61 104000.70 80506.52
ABIE_1 593 9.73 5.75 7.35 7.98 3.58 14.48 10.79 6.90 2.74
ALNUS_1 61.96 86.89 33.95 28.16 61.98 123.70 109.42 100.60 104.98 169.21
AMBROSIA_1 3.06 2.36 2.46 1.61 1.29 1.50 1.10 3.02 3.52 8.79
APIACEAE_1 0.03 0.12 0.01 0.02 0.07 0.06 1.61 1.55 0.80 0.46
ARTEMESIA_ 14.27 40.95 43.12 38.27 39.56 37.07 46.49 43.35 48.31 33.96
ASTERACE_1 3.35 1.35 2.02 1.45 1.90 1.45 2.04 2.46 1.00 28.67
BETULA_1 21.26 14.25 5.51 8.41 3.76 3.80 991 11.86 15.50 13.59
CHENAM_1 20.51 11.64 13.24 23.01 15.10 21.13 49.27 31.21 18.19 68.73
CUPTAX_1 79.25 95.36 90.64 142.01 122.93 109.91 131.27 157.03 62.11 18.58
CYPER_1 122.82 40.97 43.17 95.72 108.32 193.87 42.62 20.35 110.73 95.53
LARIXPSE_1 20.75 13.39 34.14 55.53 43.78 37.45 22.17 33.12 17.40 46.15
PICEA_UND_ 8.29 11.56 12.45 15.08 24.34 25.01 22.69 21.88 16.85 16.78
PINUS_UND_ 288.10 256.97 241.94 271.64 226.07 245.20 220.64 239.41 304.95 167.83
POACEAE_1 51.05 40.78 21.98 51.60 33.86 33.44 25.11 29.01 30.85 30.78
QUERCUS_1 1.07 0.39 0.08 0.15 0.16 0.50 0.53 0.92 1.67 1.61
RANUNC_1 0.20 0.37 2.53 0.08 0.18 0.36 0.50 0.11 4.74 2.01
SALIX_1 0.49 0.88 6.29 1.24 1.06 2.08 1.34 1.25 0.29 0.37
SARCOBATUS 0.38 0.49 0.31 0.25 0.27 0.13 0.70 0.23 0.32 0.48
THUJA_1 0.00 0.01 0.02 0.01 0.00 0.00 0.08 0.00 58.69 0.06
TSUGA_1 23.50 21.69 9.66 9.27 13.89 11.69 1591 14.72 36.82 425
Prism_DEM 413036.50 151335.90 149610.90 181400.90 195723.00 179202.70 181151.20 136295.90 131498.40 122629.10
X_Y1 37890.12 25244.65 26482.24 30366.17 26613.97 38571.76 44725.89 35010.56 42892.23 37424.28
X Y2 30390.99 26068.03 24151.79 26735.63 26716.20 29879.70 26285.44 26230.37 21032.09 25135.44
Prism_Elev 232000000.00  339000000000.00  3220000000.00 30.00  3790000000.00  34500000000.00  3620000000.00  3530000000.00  385000000.00  3080000000.00




Table 8. The variance (r*) explained per variable used in the randomForest procedure.

Variance Explained per Variable

Time Slice
Variable 0 500 1000 1500 2000 2500 3000 3500 6000 9000
LAT 71.74 86.37 85.55 84.33 81.95 80.32 81.48 84.98 78.49 79.18
LON 86.44 90.48 90.16 88.4 88.74 87.05 89.95 88.11 90.46 85.15
ELEV 81.02 87.34 85.95 87.03 82.03 85.8 86.49 90.77 86.85 89.99
ABIE_1 4.44 27.24 47.72 33.56 30.08 42.92 9.4 23.99 44.38 64.49
ALNUS_1 72.46 46.98 50.71 56.17 51.11 39.83 45.18 47.52 52.34 57.17
AMBROSIA_1 31.94 29.66 50.07 42.92 43.7 41.05 53.2 36.12 10.75 3.92
APIACEAE_1 -0.13 -7.47 9.6 -20.83 -25.81 -28.85 -25.35 -15.24 -20.46 -27.93
ARTEMESIA_ 79.86 60.31 67.45 64.64 65.07 68.48 60.11 66.95 59.24 52.87
ASTERACE_1 22.04 41.03 4241 31.6 36.06 40.72 29.36 41.91 55.21 -25.95
BETULA_1 20.04 16.71 11.38 31.82 36.96 34.18 27.89 25.72 -8.07 -5.52
CHENAM_1 60.63 34.81 48.54 14.53 36.7 21.42 6.14 14.95 45.65 33.37
CUPTAX_1 16.9 13.64 45.58 21.55 32.41 24.86 234 20.59 -1.29 -25.35
CYPER_1 -13.71 -3.75 -15.55 -22.68 -26.45 -30.73 -7.89 233 -18.99 -14.07
LARIXPSE_1 6.13 44.22 53.89 47.36 42.63 26.76 49.23 27.32 58.94 51.47
PICEA_UND_ 40.2 42.66 38.03 48.57 26.39 37.07 43.81 46.97 47.29 17.22
PINUS_UND_ 67.33 64.49 68.29 64.07 66.57 66.26 69.64 70.39 61.32 78.64
POACEAE_1 33.05 12.92 39.11 174 44.26 39.7 39.61 35.09 18.86 28
QUERCUS_1 -13.16 -4.44 40.87 23.36 15.49 -3.62 3.51 7.16 1.8 2.38
RANUNC_1 -28.12 -20.88 -33.85 -17.44 -27.7 -24.4 -13.06 -144 -34.01 -37.71
SALIX 1 55.26 -1.42 212 -13.3 18.7 1041 -0.83 -6.86 -8.2 -19.47
SARCOBATUS 21.97 23.01 44.13 20.93 23.75 54.51 -3.85 2591 29.98 18.93
THUJA_1 NaN -30.84 -31.32 -29.5 -27.16 NaN -34.79 -41.41 -30.32 -47.59
TSUGA_1 50.41 57.6 78.49 73.73 60.82 67.17 67.06 67.46 44.24 31.74
Prism_DEM 36.1 58.85 59.75 53.72 52.27 56.3 55.83 66.76 60.88 60.68
X_ Y1 85.08 91.76 91.37 90.17 90.61 86.39 84.22 87.65 85.68 87.19
X_Y2 73.43 75.57 76.33 75.23 75.38 72.46 75.77 75.83 75 61.58
Prism_Elev 68.26 65.1 67.76 72.8 63.16 66.46 64.8 65.69 64.47 70.26
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Table 9. Example of the multi-temporal matrix utilized in the ordination procedures and
temporal landscape metric analysis.

Site n_Time o

Study Point * Time Variable 1 Variable 2 Variable m
Sitel_Timel 23 5
Sitel_Time2 14 55
Sitel_Time3 46 34
Sitel_Time4 21 76
Sitel_Time5 11 6
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Table 10. NMDS parameters examined in the (a) initial run and (b) the final utilized in

the study.

NMDS Study Parameters:

a) Initial 6 Axes Solution NMDS Run:

500 Iterations
.20 Step Length

50 Runs with Real Data
25 Runs with Randomized Data
0.000010 Stability Criterion

Stress
Random
Axes Real Data Data P
Axis 1 44.513 51 0.0385
Axis 2 13.018 31.672 0.0385
Axis 3 9.65 24.1888 0.0385
Axis 4 7.352 19.416 0.0385
Axis 5 6.204 16.118 0.0385
Axis 6 5.442 13.656 0.0385

b) Secondary 3 Axes Solution NMDS Run:

253 Iterations
.20 Step Length
1 Run with Real Data
0 Runs with Randomized Data
0.000010 Stability Criterion

Stress

9.43308 = Final Stress
.000001 Final Instability

Percent of Variance (Rz) in Distance Matrix

Axes | Increment | Cumulative
Axis 1 0.568 0.568
Axis 2 0.346 0.915

Axis 3 0.046 0.960
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Table 11. Listing of the correlations among the environmental variables obtained from

the CCA analysis. Descriptions of the variables are in Table 5b. Correlations greater
than 0.5 or less than -0.5 are in bold.

Weighted Correlations Among Environmental Variables
(weighted by row totals in main matrix)
LAT LONG ELEV Prism_DEM X_YI X_Y2 Prism_El
LAT 1 -0.006 -0.281 -0.134 0.108 -0.01 -0.169
LONG 1 0.223 -0.502 0.992 -0.761 -0.274
ELEV 1 0.050 0.177 -0.304 0.601
Prism_DEM 1 -0.514 0.654 0.701
X_ Y1 1 -0.759 1
X_Y2 1 0.235
Prism_El 1

Table 12. Iteration report from the CCA analysis, which reveals the convergence on a
stable solution from a specified tolerance (0.10000
each axis (McCune and Mefford, 1999, 100).

E-12
0

Iteration Report Obtained from the CCA analysis
Axis1 | Axis2 Axis 3
Solution Tolerance 0.1E™" 0.1E™" 0.1E™"
Number of Iterations 21 8 26

) after fewer than 30 iterations for
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Table 13. CCA axis summary obtained from the ordination.

CCA Study Parameters:
Monte Carlo Results -- Eigenvalues:
Randomized
Real Data: Data Based on

Axes Eigenvalues: 9999 Runs:

Axis 1 0.368 0.01

Axis 2 0.176 0.176

Axis 3 0.059 0.059

All share a p-value of 0.0001

Monte Carlo Results -- Species-
Environment Correlations:

Randomized
Real Data: Data Based on
Axes Eigenvalues: 9999 Runs:
Axis 1 0.82 0.23
Axis 2 0.677 0.195
Axis 3 0.525 0.169

All share a p-value of 0.0001

Percent of Variance (R Explained in
Species Data & Axis Summary Statistics

Axes Increment | Cumulative
Axis 1 14.2 142
Axis 2 6.8 20.9
Axis 3 2.3 23.2
Axis 1 | Axis 2 | Axis 3
Pearson 0.82 0.677  0.525
Kendall 0.689 0.485  0.391

Total Variance in Species Data: 2.5999
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Table 14. Multiple regression results obtained from the environmental variables used in
the CCA ordination analysis. Descriptions of the variables are in Table 5b. Correlations
greater than 0.5 are in bold.

MULTIPLE REGRESSION RESULTS:
Regression of Plots in Variable space
Standardized Units Original Units
Variable Axis1 | Axis2 | Axis3 | Axis1 | Axis2 | Axis3 | St. Dev.
LAT 0.190 -0.889 -0.678 0.071  -0.332  -0.235 0.268E+01
LONG -0.389 -1.54 -2.817 | -0.064 -0.252 -0.461 0.612E+01
ELEV 0.407  -0.963 0.445 0.001  -0.001 0.001 0.692E+03
Prism_DEM 0.614 -0.008 0.824 0.001 0.000 0.001 0.975E+03
X_ Y1 0.000 2.002 1.586 0.000 0.007 0.006  0.287E+03
X Y2 0.374 0.347  -1.359 0.000 0.000 0.000 0.283E+07
Prism_EI -0.305 0.195  -0.896 0.000 0.000 0.000  0.132E+07

Table 15. Correlation scores of environmental variables with the ordination axes.
Intraset correlations were used (LC scores) for graphing the site and species scores. The
intraset correlations indicate which environmental variables were more influential in
structuring the ordination. Descriptions of the variables are in Table 5b. Correlations
greater than 0.5 or less than —0.5 are in bold.

Correlations and Biplot Scores for the
Environmental Variables Used in the CCA
Analysis

Correlations
Variable Axis 1 Axis 2 Axis 3
LAT 0.044 -0.428 -0.559
LONG -0.808 -0.077 -0.274
ELEV 0.001 -0.692 0.203
Prism_DEM 0.835 0.169 0.02
X_Y1 -0.801 -0.109 -0.327
X_Y2 0.874 0.341 -0.22
Prism_El 0.533 -0.333 0.043
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Table 16. Correlation scores from the NMDS ordination of the species variables used to

interpret the ordination axes. R is the coefficient of correlation, and measures the

correlation between two variables. R” is the coefficient of determination (and square of

R), and indicates the strength of fit between two variables. Tau is Kendall’s tau, a
nonparametric statistic used to measure the degree of correspondence between two

rankings and assess the significance of correspondence. Correlations above 0.50 or
below —0.5 are in bold.

NMDS R? Correlation Scores Used to Infer the Ordination Axes Gradients
Axes: 1 2 3
Species R R*> | Tau R R*> | Tau R R> | Tau
Variables
Abies -0.148 0.022  -0.098 0.633 0.401 0.501 0.105 0.011 0.100
Alnus -0.734 0.539 -0.445 0.711 0.505 0.491 0.303 0.092 0.160
Ambrosia 0.093 0.009 0.034 | -0.689 0.474 -0.561 | -0.436 0.190 -0.351
Apiaceae -0.179 0.032 -0.261 | -0.022 0.000 0.010 | -0.059 0.003 -0.120
Artemesia 0.462 0.213 0.170 | -0.916 0.839 -0.739 | -0.471 0.222 -0.316
Asteraceae 0.044 0.002 -0.012 | -0.614 0.377 -0.506 | -0.611 0.373 -0.496
Betula -0.294 0.087 -0.198 0.283 0.080 0.188 0.163 0.027 0.072
Cheno/Amaranth. 0.203 0.041 0.063 | -0.853 0.727 -0.713 | -0.459 0.211 -0.329
Cup./Tax. -0.783 0.613 -0.410 0.437 0.191 0.093 0.337 0.114 0.094
Cyperaceae 0.120 0.014 -0.088 | -0.318 0.101 -0.221 | -0.105 0.011 -0.064
Pseudotsuga/Larix | -0.747 0.557 -0.414 0.655 0.429 0.471 047 0.221 0.317
Picea Undiff. 0.430 0.185 0.301 0.244 0.060 0.197 | -0.545 0.297 -0.351
Pinus Undiff. 0.882 0.777 0.527 | -0.266 0.071 0.021 | -0.155 0.024 0.176
Poaceae -0.042 0.002 -0.152 | -0.690 0.477 -0.507 | -0.424 0.180 -0.329
Quercus -0.193  0.037 -0.128 | -0.067 0.005 -0.089 0.037 0.001 -0.058
Ranunculaceae -0.150 0.023  -0.095 0.056 0.003 -0.015| -0.309 0.096 -0.274
Salix -0.165 0.027 -0.175 0.027 0.001 0.019 | -0.269 0.072 -0.159
Sarcobatus 0.224  0.050 0.148 | -0.631 0.399 -0.512 | -0.321 0.103 -0.257
Thuja 0.012 0.000 -0.064 0.083 0.007 0.054 0.103 0.011 0.031
Tsuga -0.744 0.554 -0.436 0.771 0.594 0.646 0.503 0.253 0.251
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Figure A. Displacement of community composition change for the paleopollen

sites belonging to ordination Group 3, the Mid-Elevation Forest sites, from the

present to 9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure B. Velocity of community composition change for the paleopollen sites
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belonging to ordination Group 3, the Mid-Elevation Forest sites, from the present to

9000 ybp on a) ordination axis 1 and on b) ordination axis 2.



—&— Site 24
a) —1— site 25
—+— Site 26
—@— Site 27
—%— Site 29
—8
45 T T T T T T T T T T T
o (6] - -t N N w W (2]
(.IJ'I o o (6] o n o n o
g 28888s g S
o - T T T T T T T
o — N N w w [e2] ©
o (6] o [é)] o n o o
b) © 888 88 S 8
—&— Site 24
25 7 Axis 2 1 site25
o | —+— Site 26
—@— Site 27
15 - —%— Site 29
1
0.5 1
0 ‘
0.5 1
-1 A
1.5 1
_2 -
'25 T T T T T T T T T T T
o (6] — — N N w w [e2]
LITI o o [¢2] o n o n o
S CI> o o o o o o o
8 L & o 95 o o o =
o - Ny N W W D ©
o (¢ o a o n o o
o o o o o o o o
o o o o o o o

140

Figure C. Acceleration of community composition change for the paleopollen sites
belonging to ordination Group 3, the Mid-Elevation Forest sites, from the present to

9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure D. Displacement of community composition change for the paleopollen sites
belonging to ordination Group 5, the South Central Rockies sites, from the present to
9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure E. Velocity of community composition change for the paleopollen sites
belonging to ordination Group 5, the South Central Rockies sites, from the present to
9000 ybp on a) ordination axis 1 and on b) ordination axis 2.



b)

143

—— Site 4
2 . .
Axis 2 % Site 8
—+— Site 12
ran]
™
'2 T T T T T T T T T T T
o (&)} - - N n w w [}
(.IJ'I o o (&)} o (&)} o 0 o
o <I3 o o o o o o o
8 L © ¢ 2 © 9 2 =
o - ny N W W D [(e}
o (&) o (&) o a o o
o o o o o o o o
o o o o o o o
—&— Site 4
2 .
. —— Ssite 8
Axis 1 —— Site 12
1.5
;
0.5
0 &
-0.5
-1
-1.5
'2 T T T T T T T T T T T
o a - - n nN w w [o2]
(IJ'I o o a o a o [6)] o
o IO o o o o o o o
8 L @ 2 2 © 9 2 =
o -t n )] w w D [{e}
o (&) o (&) o (&)} o o
o o o o o o o o
o o o o o o o

Figure F. Acceleration of community composition change for the paleopollen sites
belonging to ordination Group 5, the South Central Rockies sites, from the present to
9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure G. Displacement of community composition change for the paleopollen sites

belonging to ordination Group 7, the Northern Rockies sites, from the present to

9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure H. Velocity of community composition change for the paleopollen sites
belonging to ordination Group 7, the Northern Rockies sites, from the present to

Axis 1

—&— Site 19
—— site 20
—— Site 21

—@— Site 22
—%— Site 23

Ea

00S-0 O

000+-00S
00G1-000}
0002-00S}

Axis 2

0052-000¢
000€-00S¢e

00G6€-000€

0009-00S€

0006-0009

—&— Site 19
—1— Ssite20
—+— Site 21

— @ Site22
—%— Site 23

00S-0
000+-00S
00G1-000}
0002-00S}

0052-000¢
000€-00S¢e

00G6€-000€

0009-00S€

0006-0009

9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure I. Acceleration of community composition change for the paleopollen sites
belonging to ordination Group 7, the Northern Rockies sites, from the present to

9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Displacement of community composition change for the paleopollen sites

belonging to ordination Group 8, the High Elevation Rockies sites, from the present
to 9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure K. Velocity of community composition change for the paleopollen sites
belonging to ordination Group 8, the High Elevation Rockies sites, from the present
to 9000 ybp on a) ordination axis 1 and on b) ordination axis 2.
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Figure L. Acceleration of community composition change for the paleopollen sites
belonging to ordination Group 8, the High Elevation Rockies sites, from the present
to 9000 ybp on a) ordination axis 1 and on b) ordination axis 2.



