
We are now faced with the fact that tomorrow is today. We are confronted with the fierce

urgency of now. In this unfolding conundrum of life and history there is such a thing as

being too late. . . We may cry out desperately for time to pause in her passage, but time is

deaf to every plea and rushes on. Over the bleached bones and jumbled residue of numerous

civilizations are written the pathetic words: “Too late.”

- Martin Luther King, Jr.

I wouldn’t have seen it if I hadn’t believed it.

- Marshall McLuhan
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Abstract

Over the last two million years, the evolution of North American tree species, subspecies,

and genetic varieties has taken place in a constantly changing landscape often dominated by

extensive ice sheets and restricted temperate climate environments. Here, I approximately

reconstruct post-glacial vegetation histories and glacial refugia of western North American

trees using species distribution models to test biogeographic hypotheses regarding the exis-

tence of glacial refugia in Beringia, the evolution of subspecies in widespread conifers, the

origin of Pacific Northwest inland rainforests, and levels of modern genetic diversity.

The first two chapters have a methodological emphasis, where I select and test a variety

of species distribution models for their accuracy and robustness. Validations against 3,571

pollen and fossil records from 835 study sites indicated fair accuracy for most techniques

(AUCs around 0.75). Ecosystem-based modelling approaches outperformed in specificity

statistics and robustness against extrapolations far beyond training data, suggesting that

they are well suited to reconstruct historical biogeographies. Evaluations at the biome level

indicated that species distribution models could approximately reconstruct biomes for the

mid- to late-Holocene but became unreliable in the Late Pleistocene due to the emergence

of no-analogue climates. However, the limitation applied primarily to non-forested biomes.

Using a set of three robust species distribution modelling techniques, I investigate how

modern genetic diversity and genetic structure was shaped by refugial history, using pub-

lished estimates of allelic richness and expected heterozygosity for 473 populations of 22

tree species. Species with strong genetic differentiation into subspecies and varieties had

widespread and large glacial refugia, while species with restricted refugia showed no differ-

entiation and little genetic diversity. In a regression tree analysis, 66% of allelic richness

could be explained by the total size of glacial refugia, while expected heterozygosity was

best explained by the number of glacial refugia. A comparison of projected past and fu-

ture habitats showed that future migration requirements were much faster than, but highly

correlated with, past migration requirements across 24 tree species. Populations in certain

localities may be at risk of maladaptation due to the inability of gene flow to keep pace with

the migration of climate habitats.
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Chapter 1

General introduction

1.1 Historic climate variability

While we may perceive our present-day interglacial climate as “normal”, for roughly 80,000

of the last 100,000 years the earth has existed in a glacial state in which global mean

annual temperatures were about 3◦C to 5◦C colder than present (IPCC, 2007). In western

North America, estimates of mean annual temperatures near the end of the last glacial

period from the Global Fluid Dynamics Lab (GFDL) climate model were between 4-6◦C

colder along the British Columbia coast and as much as 20◦C colder in the northern interior

(Bush & Philander, 1999). As a consequence, large tracts of uninterrupted ice covered

much of present-day Canada. The Cordilleran and Laurentide ice sheets were two adjoining

continental-scale glaciers, up to three and a half kilometres thick, extending from about the

49th parallel northward to the Arctic Ocean and from the Pacific to Atlantic coast (Dyke

et al., 2002; Peltier, 1994). Left unglaciated through this period was much of present-day

Alaska (Beringia) as well as some areas along the Pacific coast (Lacourse et al., 2005). South

of the continental ice sheets, the estimated mean annual temperature difference from the

present day in the GFDL model was somewhat milder, ranging from about 4-6◦C colder in

Mexico and along the Pacific coast to 10-14◦C colder in the vicinity of the continental ice

(Bush & Philander, 1999).

Long-term changes in global temperatures are largely a consequence of changes in the

orbital parameters of the earth, producing millennial-scale variation in the intensity of solar

radiation received by the planet. Earth’s elliptical orbit changes in eccentricity over ca.

100,000 years, the obliquity of its rotational axis swings back and forth over ca. 42,000

years, and the orientation of its rotational axis cycles over ca. 23,000 years (Milanković,
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1941). Known collectively as Milankovich Cycles, these gradual changes in insolation are

considered the primary drivers of global-scale climate change in the past (Hays et al., 1976):

shifts between glacial periods, when much of earth lies covered in ice, and interglacial periods,

when prevailing warmer temperatures allow plants and animals to spread into formerly

glaciated areas.

Adding a layer of ice several hundred to thousand of metres thick to the continental

landscape also has implications for air circulation. On a local scale, katabatic winds (flowing

downslope) off the ice sheets would have had a strong cooling effect at the periphery of

the ice (Bromwich et al., 2005). On a continental scale, the ice produces two notable

phenomena: one from the cooling effect of the ice itself, the other from the orographic effect

of the ice thickness. First, differences in surface albedo produced extremely cold surface

temperatures over the Laurentide ice sheet adjacent to much warmer temperatures over

the ice-free land. The result of this temperature gradient is the creation of an anticyclonic

(clockwise) airflow over the continental ice (COHMAP, 1988; Manabe & Broccoli, 1985).

Second, the topography of the very thick continental ice served to split the North American

jet stream around the ice sheet itself with the stronger airflow along the southern edge

of the continental ice (farther south than at present) and the weaker airflow northward

around the Laurentide ice sheet (Bush & Philander, 1999; COHMAP, 1988; Manabe &

Broccoli, 1985). Together, these air circulation phenomena change glacial-period storm

paths and frequencies, generally altering precipitation regimes by bringing more moisture to

the southwestern United States (Bromwich et al., 2005; Bush & Philander, 1999; COHMAP,

1988).

Dramatic differences in temperature, precipitation patterns, and ice coverage at the

height of the last glacial maximum, 21,000 years ago, made the North American continent

climatically, topographically, and ecologically, a very different place than North America of

today. Cold and wet conditions have dominated earth’s surface for most of the last 3 million

years (Webb & Bartlein, 1992), and recently persisted for more than 100,000 years through

the last glacial period. Only in the last 20,000 years of the current interglacial period has

the climate warmed such that continental ice sheets have receded and habitat in northern

glaciated areas has become suitable for flora and fauna. For the duration of the last glacial

period, until global temperatures began to warm through the Holocene, flora and fauna in

North America were generally restricted to smaller ranges (due simply to the loss of area to

the continental ice sheets), typically south of their present ranges where temperatures were

warmer (Comes & Kadereit, 1998; Jackson et al., 1997).
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1.2 Reconstructing past vegetation patterns

Knowledge of the climate conditions and vegetation distributions of the past has been at-

tempted in many different ways. Historical climate measurements are available from the

past few centuries, as are records of past plant and animal distributions (Brazdil et al.,

2005). However, further in the past the main data sources are macrofossil and fossil pollen

records (Dyke, 2005; Webb, 1981). These fossil records, usually recovered and carbon dated

from core samples of lake sediments, provide a chronological record of pollen abundances

(fossil pollen), or a record of the immediate local communities (macrofossils) for a specific

location. Despite the high effort required to obtain these samples and the difficulty in

identifying some pollen beyond the level of genus, many samples exist from North America

covering the time period since the last glacial maximum, providing a proxy for vegetation

patterns through the Holocene. However, most North American records are concentrated in

the eastern half of the continent and such data are largely unavailable in drier regions like

the US southwest where lakes are scarce (e.g. Thompson & Anderson, 2000). Furthermore,

while samples may provide a complete chronology for a given location, pollen productivity

and dispersal in plants is highly variable, often making specific inferences about local bio-

diversity problematic without the inclusion of rarer macrofossils in the samples (Odgaard,

1999).

Similar to fossil pollen data, packrat (genus Neotoma) middens are preserved nests that

contain plant material collected and stored by small rodents that may be used to infer local

plant community structure from the past. Middens often contain material dated to tens

of thousands of years ago and are more widely available in drier regions where a scarcity

of water bodies make fossil pollen records rare. Advantages of packrat midden data over

pollen data are their reflection of truly local plant communities (within approximately 50m

of nest locations), their tendency to hold material identifiable to the species level, and

their quality of preservation (Betancourt et al., 1990; Thompson et al., 2004). However,

there are potential biases in these records related to contamination of datable material,

selection biases of packrats, and difficulties relating nest material abundance with local

plant abundance (Dial & Czaplewski, 1990). Despite these challenges, these records provide

valuable information on plant communities in locations or environmental conditions that

may be underrepresented or missing in the fossil pollen record.

Where paleoecological data is available, including locations of fossil pollen, macrofossil,

and packrat midden data, local biogeographic histories can be inferred with some detail.

For example, vegetation patterns for the Pacific Northwest have been reconstructed largely
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from fossil pollen records. These reconstructions suggest that coastal and adjacent forest

communities have developed from drier-adapted communities in the last glacial period to the

wet-adapted rainforest communities that we see today while subalpine forest communities

have moved upward in elevation through the Holocene (Gavin et al., 2001; Whitlock &

Bartlein, 1997; Whitlock & Brunelle, 2007). Pollen records for the northern interior show a

development from colder and drier steppe-dominated ecosystems in the last glacial period to

the modern forest communities, dominated by ponderosa pine and Douglas-fir in dry regions

or by hemlock, western white pine, and fir in more mesic areas (Whitlock & Bartlein, 1997).

In the Beringian region of North America (modern-day Alaska), numerous fossil pollen

records show strong evidence for the persistence of many tree species through the last glacial

period, most notably species of pine, spruce, aspen, and birch (Brubaker et al., 2005). In

the southern USA interior at the last glacial maximum, combinations of fossil pollen and

packrat data suggests more widespread conifer woodlands than at present as well as a general

replacement of modern conifer and mixedwood forests by steppe grasslands (Thompson &

Anderson, 2000). In addition to local vegetation histories, several continental-scale biome-

level reconstructions of vegetation distributions have been undertaken using a wide breadth

of palaeoecological data (e.g. Dyke, 2005; Whitmore et al., 2005; Thompson & Anderson,

2000). While these reconstructions provide a general overview of past species distributions,

they must be inferred from local palaeoecological data records which may be geographically

biased towards conditions favouring the preservation of palaeoecological data.

1.3 Genetic clues and genetic drivers

To compliment past vegetation reconstructions based on palaeoecological data, information

about past species distributions and migration patterns can also be inferred through inves-

tigations of species’ genetic diversity. Known as “phylogeography,” the study of geographic

patterns in the diversity of neutral genetic markers in modern populations of species can pro-

vide insight into where species were located through the long glacial period and how species

have moved across the landscape through Holocene climate warming (Avise, 2009). Certain

geographic features of past species distributions can leave unique patterns on the structure

of modern genetic diversity when measured with neutral genetic markers such as allozymes,

SNPs, or other polymorphisms. While genetic analyses cannot provide information about

precisely where and when a species was present on the landscape, past geographic isolation

of sub-populations can easily be inferred, and sometimes, past range restrictions detected.

The limited ranges in which species persisted through the glacial period are known
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as glacial “refugia”, and there are many ways in which these range dynamics shape the

genetic diversity of populations. For example, species’ range contractions, such as those

that occurred through the glacial period, result in population bottlenecks which can reduce

genetic diversity due to decreased population sizes and increased influence of genetic drift,

even within a single generation (Nei et al., 1975). Further, if a species is divided into multiple

geographically-isolated populations for long time spans, these allopatric communities will

diverge genetically, leaving a genetic fingerprint on the species even if populations are later

recombined. Because of the multi-generational requirements of genetic changes through gene

flow, genetic admixture, and mutations, the recovery of genetic diversity tends to be a slow

process (Petit & Hampe, 2006). Similar to range contractions, rapid expansion into new

range area can also have the effect of limiting genetic diversity, as colonist populations may

be established by only a few individuals (Hewitt, 2004).

These patterns in neutral (non-adaptive) genetic markers are not to be confused with

adaptive genetic traits which respond to selection pressures. The composition of adaptive

genetic traits can also change very quickly within a population. While organisms such as

trees may be long-lived and we may therefore think of them as slow-changing, they produce

frequent large numbers of offspring subject to selection pressure. This enables relatively

quick evolutionary adaptation and, in the process, changes population genetic structures on

shorter timescales (Aitken et al., 2008; Petit & Hampe, 2006). However, as neutral genetic

markers are by definition non-adaptive, they are not subject to such selection pressures, and

only change through random mutation, genetic drift, or the influx of new genetic material.

For this reason, neutral markers are ideal to provide information about long-term population

structures, as they are not affected by short-term selection pressures.

This slow and biogeographically-sensitive nature of neutral marker traits means that,

in order to gain a complete understanding of the sources of neutral genetic structure of

trees in North America, we must consider species distributions through the “normal” glacial

conditions that persisted for over 100 millennia prior to our current interglacial “exception”.

Even in this context, while patterns of genetic markers may allow us to make general in-

ferences about the historical biogeography of a species, they provide limited information

about geographic specifics. Such general trends as estimates of refugia locations, potential

migration routes, or the likelihood of allopatric populations may be inferred, but the genetic

data cannot tell us where and when a species was specifically present.

5



1.4 Using models to project species distributions

To achieve more specificity in time and space, modelling applications are increasingly being

used to reconstruct past species habitats as well as forecast future species habitats. Tra-

ditionally, reconstructing the historical biogeography of species has been the objective of

the fields of paleoecology (e.g. Dyke, 2005; Williams et al., 2000) and phylogeography (see

review by Jaramillo-Correa et al., 2009). While these data can assist our understanding of

past species ranges and movements, they are often sparse or incomplete (as with fossil data)

or unable to provide specific spatial or geographic information (as with phylogeography).

Species distribution models, also known as bioclimate envelope models or ecological niche

models, are empirical models that statistically relate environmental variables with observed

ecosystem or species occurrence data. These models are effective tools for reconstructing

complete species distribution maps from limited input data (Guisan & Zimmermann, 2000),

making them important tools for studying potential plant responses to changes in the envi-

ronment and to climate in particular (Elith & Leathwick, 2009). Modelled hindcasts have

been employed previously to reconstruct migration routes and glacial refugia (e.g. Svenning

et al., 2008; Van der Wal et al., 2009) and to help understand the evolutionary processes of

geographic isolation, genetic differentiation, and speciation (e.g. Carstens & Richards, 2007;

Yesson & Culham, 2006). Unfortunately, back-prediction studies are often restricted to a

small number of species (e.g. Bradshaw et al., 2000; Giesecke et al., 2007; Gignac et al.,

2002; Svenning et al., 2008), or they are geographically limited (e.g. Kaplan et al., 2003;

Pearman et al., 2008).

Species distribution models often incorporate high-resolution climate data, such as those

from global climate model projections, to generate projections of suitable species habitat

under projected climate change (e.g. Hamann & Wang, 2006) or to hindcast past species

distributions from palaeoclimate reconstructions (e.g. Rodŕıguez-Sánchez & Arroyo, 2008;

Wilson & Pitts, 2012). Coupled with abundant present-day species distribution data, the

environmental niches of species may be characterized statistically. These statistical rela-

tionships may then be used to predict species occurrences, or the probabilities thereof, from

new environmental data. To generate maps of projected species habitats, however, species

distribution models require environmental predictor data both from the present day and

from a different time period (either the past or future). Climate projections for the future,

or palaeoclimate reconstructions for the past, are most often generated at a global scale

using coupled oceanic-atmospheric general circulation models (GCMs). These models are

three-dimensional computer-based reconstructions of the earth’s atmospheric and oceanic
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circulation, grounded in the mathematical laws of thermodynamics and chemical interactions

that drive global circulation and energy fluxes. Typically, they account for insolation rates

(determined by orbital parameters), atmospheric chemistry, and include feedbacks from the

oceans, ice, land cover, and even vegetation. GCMs have the ability to recreate modern

climate, predict future climates, and reconstruct past climates based on the chemical and

physical properties of the atmosphere and oceans of the time (Gignac et al., 2002). GCMs

allow us to generate seamless maps of species habitat at continental or global scales, for the

past, present, and future.

These habitat projections are powerful tools, but their use is based on many biological

assumptions and the associated limitations of these models must be recognized (Araújo &

Peterson, 2012; Guisan & Thuiller, 2005; Hampe, 2004; Pearson & Dawson, 2003). First,

species distribution models are built on the premise that species have a definable environ-

mental niche which represents the suite of abiotic conditions in which the species can survive

and reproduce (Hutchinson, 1957). When niches are characterized using species occurrence

and environmental data within a model, it must be assumed that species are in equilibrium

with their environment, which, largely due to migration constraints on the species, may

not always be the case (see review by Araújo & Peterson, 2012). A similar assumption

exists for model projections also: that the species being projected will be (in the future)

or was (in the past) in equilibrium with the environment. While this assumption may

hold true over longer time scales in which species are able to migrate across the landscape

to fill suitable environmental habitat (Webb, 1986), it is certain to be violated over short

time spans with fast-paced environmental change, such as anthropogenic climate change. In

these cases, model projections must be interpreted differently, and conclusions should only

be drawn about the location of suitable habitat for species and not interpreted as projected

migrations of species themselves.

Over long time scales, other modelling assumptions become problematic. In order for

species projections to retain validity, they must assume that species niches remain constant

over time. Despite constant adaptive evolution in response to selection pressures, it has been

shown that species environmental tolerances are largely stable, suggesting that preservation

of the fundamental niche (i.e. niche conservatism) is likely over millennial timescales for

long-lived organisms such as trees (Ackerly, 2003; Araújo & Peterson, 2012; Peterson et al.,

1999; Wiens & Graham, 2005). But the realized niche could change given changes in the

biotic community (i.e. exposure to new competitors). For this reason, we must be cautious

about projecting habitat for no-analogue climate conditions (climate conditions without

similar representation in the model training data), as these may result in new arrangements
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of communities, new competitive regimes, and thus new realized niche space (Williams &

Jackson, 2007).

Biotic effects on niche space are of great importance to species distribution models, as

the models themselves do not include mechanistic processes such as species interactions and

dispersal limitations. While this helps maintain model simplicity, it could also make range

projections problematic (Hampe, 2004). In one sense, biotic interactions are considered

indirectly through the use of modern species presence/absence data for model training,

which effectively characterizes the realized niche of the species (limited by competition,

diseases, pests and other biotic factors) rather than the fundamental niche of the species

(containing the full breadth of abiotic environmental conditions in which the species could

persist). While biotic factors may be critically important to defining species ranges at a

local scale (Davis et al., 1998), it has been shown that, at larger regional to continental

scales, environmental drivers such as climate dominate the general presence or absence of a

species in a broader region (but see Beale et al., 2008; Pearson & Dawson, 2003).

As with any biometrical tool, ecological niche models are only useful if they are built and

used appropriately, recognizing important assumptions and limitations while ignoring others

(Araújo & Guisan, 2006; Araújo & Peterson, 2012; Botkin et al., 2007). Models of all kinds

are necessary simplifications of more complex systems, making them only representative of

reality. However, their purpose is not to be wholly correct, but rather useful for the intended

application (Box & Draper, 1987). The most fundamental quality of a useful model is its

ability to provide accurate predictions. In the case of species distribution models, validating

predictions of species range is relatively straightforward: one only needs to compare modelled

distributions to known distributions. For projections of the present day, the most common

type of model evaluation involves splitting a single data set into two subsets: one used

for model training/building; the other used for model validation. Conversely, independent

validations use completely different data to evaluate model projections than those used to

train the model, often going beyond just different modern data sources by using projections

and data from different time periods or different geographical areas (Araújo et al., 2005).

Validation based on data splitting may be quicker and easier, but these evaluations lack true

independence because of spatial auto-correlations in species census data, and often produce

overly-optimistic assessments of model accuracy (Araújo et al., 2005).

Many critiques of species distribution models have focused on ways to improve mod-

elling accuracy, refine model validation techniques, or increase the ecological relevance of

modelling outputs (see reviews by Araújo & Guisan, 2006; Botkin et al., 2007; Elith & Gra-

ham, 2009; Elith & Leathwick, 2009; Pearson & Dawson, 2003). But the underlying message
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of this literature is often similar: Like all models, species distribution models simplify reality

by making biologically unrealistic assumptions and characterizing complex natural systems

often with simple statistical formulae. However, when constructed, evaluated, and inter-

preted appropriately, these models represent a useful tool, especially for continental-scale

research.

1.5 Links to future climate change

The development and application of species distribution models in ecology has increased

greatly over the past decade, driven largely by studies of future climate change and its effect

on species habitats (Dawson et al., 2011). Without context, however, the magnitude of the

projected future effects of climate change is difficult to assess. For this reason, looking back

through the past to see how communities have dealt with prior environmental changes is also

an integral part of future assessments of plant vulnerability (Jackson et al., 2009; Jackson

& Hobbs, 2009). However, there are critical differences between the climate variability of

the past and that which is expected over the coming decades and centuries (IPCC, 2007).

While orbital drivers of climate may play a role in slow, long-term climate trends, other

parameters such as atmospheric chemistry can force climates to greater extents and at faster

speeds (Viau et al., 2006). At the last glacial maximum, atmospheric CO2 is estimated to

have been approximately 180ppm, then increasing to approximately 265ppm in the early

Holocene, and remaining at that level until human CO2 emissions became relevant (IPCC,

2007). The addition to the atmosphere of anthropogenic CO2, primarily from fossil fuel

burning, has increased atmospheric CO2 levels to approximately 390ppm in 2010, increasing

at a rate of approximately 2ppm per year over the last three decades. This additional CO2

causes infrared radiation to be re-emitted back to earth by the atmosphere (the greenhouse

effect) resulting in a general warming trend since industrialization. With ever-increasing

levels of atmospheric greenhouse gasses, the earth is poised to continue this warming trend

at least through the next century (IPCC, 2007). A comparison of projected warming over the

next century (around 4◦C warmer at the scale of decades) with the reconstructed global mean

temperature changes (4-6◦C colder at the scale of millennia) suggests that anthropogenic

changes in atmospheric chemistry have the potential to drive earth’s climate systems far

more profoundly than natural forces, such as the Milankovich cycles.

Comparing the extent of past and future temperature change provides context for the

environmental changes associated with anthropogenic global warming. Holocene warming,

while fast from a geological perspective, was sufficiently slow for tree species to find suitable
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habitat to persist on the landscape. That said, there was also much variability in Holocene

warming rates. At times, for example, combinations of orbital parameters and atmospheric

chemistry lead to periods of rapid warming while cooling from large influxes of freshwater

from melting continental ice sheets (melt water pulses) at times helped offset warming signals

(Clark et al., 2009; Shakun et al., 2012). This variability is reflected in rapid warming and

cooling events such as the Younger Dryas and Bølling-Allerød, which may have featured

temperature changes up to several degrees per century, analagous with future projections

(Clark et al., 2012; Willis & MacDonald, 2011).

By comparison, anticipated future climate warming, driven by increases in atmospheric

greenhouse gasses, is projected to be similar to these periods of rapid change, with tem-

peratures rising several degrees over decades or centuries, not millennia (IPCC, 2007). To

cope with these accelerated changes, tree populations must accomplish one of two things,

depending on their location within the species range. At the leading edge of the range, trees

must physically migrate into regions previously uninhabited by the species, requiring the

dispersal of seed via wind, mammals, or birds and the subsequent germination and survival

to maturity of the seedling. Unfortunately, most migrating tree populations in the future

will be moving into habitat currently occupied by other species (north or upslope of their

current ranges), undermining ability of seedlings to germinate and survive. By comparison,

in post-glacial warming, retreating continental ice sheets left abundant vacant habitat for

primary succession. Few species today, with the exception of some northern boreal popula-

tions, have this same advantage.

While physical migration may be required at the leading edge of species ranges, through-

out the majority of the species current habitat, populations may survive in situ by adapting

to new conditions through selection. Populations of high genetic diversity, common among

tree species, may have adequate genetic breadth to locally contain well-adapted genotypes.

If not, the admixture of genetic material from other populations better-adapted to the new

local conditions is required to alter environmental tolerances. In this respect, trees have the

advantage of producing large amounts of pollen which can travel extensively with the wind,

allowing outcrossing with diverse and far away populations (Petit & Hampe, 2006). Whether

these migratory and adaptive capabilities are sufficient for trees to keep pace with future

climate change is a critical question which requires three pieces of information to answer: 1)

the potential rate of movement of required species migration under future warming scenarios

(e.g. Iverson et al., 2004; Loarie et al., 2009; Malcolm et al., 2002), 2) estimations of past

species migration rates through the most recent warming analogue of the Holocene (Davis,

1981; Huntley, 1991; King & Herstrom, 1997), and 3) the expected rate of future climate
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change. While several assessments of these questions have been undertaken (Pearson, 2006),

they almost exclusively investigate genetic variation at the species level, whereas changes

in local climate are more likely to have effects at the population level, wherein plants are

specifically adapted to local environmental conditions (Aitken et al., 2008).

Global climate change will place survival challenges on populations of all species, but

particularly those without the ability to move or those without the genetic diversity to

adapt. Management and conservation efforts to address climate change may be possible,

but they require an assessment of vulnerabilities of species and locally adapted populations

within species, as well as a thorough understanding of the inherent capacities of tree species

and populations to respond to changing environments through migration and adaptation.

Reconstructions of past species ranges and migration capacities observed in the past can

be an important contribution to identify species that may be vulnerable to anthropogenic

climate change (Jackson, 2007; Jackson et al., 2009).

1.6 Thesis outline

In this thesis, I develop and employ species distribution models to reconstruct biogeograph-

ical histories of 24 tree species in western North America (west of 100◦ latitude) to the last

glacial maximum. I investigate if the number and size of reconstructed glacial refugia can

partially explain modern genetic diversity and genetic structure, including the existence of

species variants and subspecies. Further, I quantify required rates of gene flow and migration

under past and projected future climate change. This thesis is structured into four research

chapters. The first two chapters have a methodological emphasis, developing effective ap-

proaches to modelling species habitats of the past and future and testing model assumptions

and model limitations. The third and fourth chapters focus on biological questions, where

I address the historical biogeography of trees and the effect of changing climates on genetic

diversity.

All chapters make use of similar methodological approaches and similar data sources: I

used tree frequency data from 55,744 forest inventory plots, assembled from Canadian and

American databases (Govt. of Alberta, 2004; Smith, 2002). As a representation of current

climate, I used interpolated weather station data for the 1961-1990 period (Wang et al.,

2012). For past climate reconstructions I use data from the Geophysical Fluid Dynamics

Laboratory (GFDL) for the periods 21,000, 16,000, 9,000, and 6,000 years ago (Bush &

Philander, 1999), and from the Community Climate Model Version 1 (CCM1) from the

National Center for Atmospheric Research for the periods 21,000, 16,000, 14,000, 11,000,
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and 6,000 years ago (Kutzbach et al., 1998). I validated all species range reconstructions

against 3,571 palaeoecological records from 835 unique study sites, comprising fossil pollen,

macrofossil, and packrat midden data (Dyke, 2005; Strickland et al., 2001). For model-based

biome projections, I validated against 1,395 records of reconstructed biomes from 1,224

unique sites (Thompson & Anderson, 2000). Finally for genetic analysis, I used reported

rates of allelic richness and expected heterozygosity for 477 populations of 23 tree species

from the published literature.

I begin in my first research chapter (thesis Chapter 2) with a methodological as-

sessment, in which I evaluate and compare different statistical techniques used in ecological

niche modelling. Multiple statistical approaches are available with which to build species

distribution models and many have been used successfully to project habitats for different

species in different locations. I compare these approaches to determine the most effective

approach for projection of North American tree habitats. I also consider ensemble mod-

elling approaches, which combine numerous individual techniques into a single projection,

as these methods have been previously shown to be effective (Araújo & New, 2007). Fur-

ther, because more techniques have been developed to predict habitat for specific species

occurrences (probability of presence output) rather than ecosystems or communities (class

variable output), this chapter also focuses on evaluating the differences between the out-

puts of these approaches. A new class-based modelling approach, which uses the smallest

Euclidean distance of principal components of predictive variables as modelling criteria, is

also tested against more established modelling methods.

In this chapter, I also consider methods of model evaluation. Traditionally, model accu-

racy has been validated by withholding a subset of the available data for model development,

and subsequently evaluating the accuracy of model predictions against this withheld dataset

(a type of cross-validation). However, Araújo et al. (2005) and Segurado et al. (2006) point

out that spatial autocorrelations in biological census data disproportionately favour models

that are prone to over-parameterization and generally result in overly-optimistic model eval-

uations. Here, I carry out independent tests of model performance, building models with

present-day species data for North American trees and using pollen and fossil data for vali-

dation. Other pseudo-independent validations, such as extrapolating to different geographic

areas, are also tested, as suggested by Araújo et al. (2005).

In my second research chapter (thesis Chapter 3), I address an important criticism

of species distribution models, which is of particular importance when projecting models

into the future. If future climates contain conditions or arrangements for which there exist

no modern analogues (i.e. different arrangements of climate variables or different extreme
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values), model projections represent extrapolations beyond data coverage and may therefore

lack realism (Williams & Jackson, 2007). To better understand how no-analogue climates

may compromise future projections, I investigate how back-predictions of species habitats

to the last glacial maximum correspond to palaeoecological data, given palaeoclimate con-

ditions that have no modern analogue. In this chapter, I use a machine-learning technique

(Random Forest) to reconstruct historical distribution of biomes (a categorical variable), a

Mahalanobis distance measure to identify no-analogue climates, and a database of pollen

and fossil data to evaluate model performance for well-matched versus no-analogue climates.

My third research chapter (thesis Chapter 4) builds on the previous methodology

sections, using preferred modelling methods to simulate the historical biogeography of major

forest tree species of western North America since the last glacial maximum. Hindcasted

species habitats are developed and interpreted in the context of three biogeographical mys-

teries in the region: 1) the presence of many genetically diverse subspecies, adapted to highly

divergent climates; 2) the history of disjunct population of temperate rainforest species in

the interior, only some of which exhibit genetic differentiation from coastal populations; and

3) the impossibly high migration rates calculated for species recolonising post-glacial ar-

eas from southern refugia. Further, quantitative summaries of reconstructed species ranges

at the last glacial maximum are compared to data on modern genetic diversity of species

to investigate the implications of refugial isolation, testing the conceptual hypothesis that

species which experienced more range bottlenecks at the last glacial maximum continue to

exhibit less present-day genetic diversity, as measured by neutral markers.

My fourth research chapter (thesis Chapter 5) considers climate change at a more

local level, examining potential future migration and gene flow demands on local populations.

Particular focus is placed on migration rates required for tree populations to keep pace, either

through physical migration or gene flow, with suitable climates as they move across the

landscape. Future within-range migration demands on local populations of western North

American trees are estimated, as are post-glacial migration rates as a basis for comparison,

using a k -sample nearest neighbour algorithm measuring to locations of similar climate

conditions in different time periods. Calculated rates for the past and future are compared

in magnitude and pattern, with the aim of determining whether future climate changes may

result in qualitatively different migration demands on populations.
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Chapter 2

Method selection for species distribution mod-

elling: are temporally or spatially independent

evaluations necessary?1

2.1 Summary

To assess the realism of habitat projections in the context of climate change, we conduct in-

dependent evaluations of twelve species distribution models, including three novel ecosystem-

based modelling techniques. Habitat hindcasts for 24 western North American tree species

were validated against 931 palaeoecological records from 6,000, 11,000, 14,000, 16,000 and

21,000 years before present. In addition, we evaluate regional extrapolations based on geo-

graphic splits of more than 55,000 sample plots. Receiver operating characteristic analyses

indicated excellent predictive accuracy for cross-validations (median AUC of 0.90) and fair

accuracy for independent regional and palaeoecological validations (0.78 and 0.75). Surpris-

ingly, we found little evidence for over-parameterisation in any method. Also, given high

correlations found between model accuracies in non-independent and independent evalu-

ations, we conclude that non-independent evaluations are effective model selection tools.

Ecosystem-based modelling approaches performed below average with respect to model sen-

sitivity but excelled in specificity statistics and robustness against extrapolations far beyond

training data, suggesting that they are well suited to reconstruct historical biogeographies

and glacial refugia.

1A version of this chapter has been accepted for publication. Roberts, D. R. and A. Hamann. 2012.
Method selection for species distribution modelling: are temporally or spatially independent evaluations
necessary? Ecography 21, 792-802.
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2.2 Introduction

Species distribution models, also referred to as ecological niche models or bioclimate envelope

models, are an important group of modelling techniques to predict habitat suitability (e.g.

Araújo & Williams, 2000). Over the last decade, such models have been extensively applied

to project future species habitat under anticipated climate change (e.g. reviewed by Elith &

Leathwick, 2009). A search with ISI Web of KnowledgeSM for (species distribution models)

AND (climate change) reveals that, between 1990 and 2010, the number of publications

increased in exponential fashion, with 538 papers published in 2010. While the amount of

research addressing potential climate change issues is encouraging, it has also been noted

that there is a lack of thorough and independent validation of the predictive accuracy for

these models, and that some standard evaluation statistics may be flawed (e.g. Botkin

et al., 2007; Elith & Graham, 2009).

While it is not possible to validate future projections directly, models can be evaluated

by other means, with statistical accuracies inferred by some form of cross-validation where

a subset of the data is used for model training and the remainder used for model validation.

However, these cross-validation methods are problematic: ecological data is often highly

auto-correlated and random data-splitting methods do not result in truly independent val-

idation datasets, which leads to overly optimistic assessments of model accuracy (Araújo

et al., 2005b; Segurado et al., 2006). Instead, independent model validations should be per-

formed with data sets sourced externally from the training data, which often include data

from new geographic regions or new time periods (Araújo et al., 2005b).

Several examples of independent model evaluations can be found in the recent liter-

ature. Projections into different geographic regions have been employed by Randin et al.

(2006), Flojgaard et al. (2009), and Morueta et al. (2010) to better assess the accuracy

of their projections into the future or past. Palaeoecological data has also been employed,

either by training models with fossil and pollen records to predict current species distri-

butions (Martinez-Meyer & Peterson, 2006), or by using modern census data for training

and palaeoecological data for validation (Giesecke et al., 2007; Martinez-Meyer et al., 2004;

Pearman et al., 2008; Roberts & Hamann, 2012; Rodriguez-Sánchez & Arroyo, 2008). All

of these studies, however, assess only one or two model techniques, and a comprehensive
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assessment of species distribution model accuracy against independent data is lacking.

In this study, we contribute independent regional and palaeoecological validations for 12

modelling techniques that represent four major approaches to modelling species distributions

(climate envelopes, machine learning techniques, regression-based techniques, and a novel

ecosystem-based approach). We apply these techniques to predict the habitat of 24 major

tree species of western North America based on more than 55,000 present-day sample plots

and more than 700 palaeoecological study sites. Our primary goal is to assess the predictive

accuracy of a variety of species distribution models and to assess their robustness when

extrapolating spatially or temporally beyond data coverage. We further aim to identify

model techniques that are prone to over-parameterisation by comparing independent and

non-independent validations. We also assess, for the first time, a new approach to habitat

modelling that relies on projections of ecosystem classes, and that predicts the distribution

of all species in a single model run. We conclude by discussing the suitability of available

techniques for different objectives in species distribution modelling.

2.3 Methods

2.3.1 Species distribution models

Census data from 55,743 forest inventory plots, or a subset thereof, was used to build

predictive species distribution models for 24 western North American tree species. Two

approaches to model validation were used. First, we hindcasted suitable habitat based on

climate parameters for five periods of the Holocene and Late Pleistocene (6,000, 11,000,

14,000, 16,000, 21,000 years before present) and validated these projections against 931

fossil and pollen records from 737 unique sites, where records from different time periods

from the same location were considered separate samples. Second, we split the dataset

geographically at 49◦ latitude and used plot data from Canada and Alaska to train the

species distribution model. Projections were subsequently made for the continental United

States and Mexico, geographically extrapolating into areas with generally warmer climate

(as a proxy to projections under anticipated future climate) and evaluated the results against

forest plot data from south of 49◦ latitude.
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We employed a representative set of species distribution modelling techniques, including

two climate envelope approaches, four machine learning methods, three modern regression

techniques, and three ecosystem-based modelling techniques, one of them a novel method

(described in Table 2.1). All techniques, except the ecosystem-based approaches and Dis-

criminant Analysis were implemented using the BIOMOD package (Thuiller, 2003) for the

R programming environment (R Core Team, 2009). BIOMOD is a computational frame-

work for multi-method modelling that generates probability of presence (PoP) outputs for

multiple species for multiple methodologies while allowing the user control over each of the

individual methods. It can generate a variety of ensemble projections, based on the outputs

of the individual models (Thuiller et al., 2009). The BIOMOD package has several options

for addressing pseudo-absence records, of which we selected the “environmental envelope”

option, an approach based on ranges of environmental predictors, shown to be effective by

Zarnetske et al. (2007). We also included a standard discriminant analysis, implemented

with PROC DISCRIM of the SAS statistical software package (SAS Institute, 2008), where

the dependent class variable is species presence or absence and the TESTOUT option pro-

vided a probability of presence value for habitat predictions.

We included three methods based on a species distribution modelling approach de-

veloped by Hamann and Wang (2006). The approach characterises the climate space of

delineated ecosystem polygons, which represent a mapped area with relatively homogeneous

species communities, topoedaphic, and climatic characteristics. We used 768 mapped ecosys-

tem classes compiled from various public sources for the western continental US, western

Canada, and Alaska using the finest scale mapped delineations available (see Roberts &

Hamann, 2012, for sources and detailed methodology). In this ecosystem-based modelling

approach, ecosystem classes serve as a dependent categorical variable that is predicted with

climate variables using three different methods. The maps of projected ecosystem classes

were subsequently converted to species habitat maps, where the probability of presence of a

species was calculated as the proportion of the inventory plots within the ecosystem polygon

where the species was present.

This general ecosystem-based approach was implemented with three different techniques

that allow for a categorical response variable. Two methods have previously been used to

project species distributions: discriminant analysis (Hamann & Wang, 2006) and classifica-

tion tree analysis implemented with the random forest software package (Breiman, 2001) for
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the R programming environment (R Core Team, 2009); for details see Mbogga et al. (2010).

The third implementation of the ecosystem-based approach is an analogue-based inference

method similar to those described by Overpeck et al. (1992) and Williams et al. (2001). Our

implementation subjects average values of climate variables for each ecosystem to a principal

component analysis implemented with PROC PRINCOMP of the SAS statistical software

package (SAS Institute, 2008). Subsequently, we calculated a matrix of Euclidean distances

between the climate scores of each ecosystem average (in columns) versus climate scores of

predicted surfaces (in rows). The classification was then carried out based on the minimum

distance (i.e. the ecosystem climatically most similar to the grid cell to be classified). For

the distance calculations, that are roughly equivalent to a Mahalanobis distance measure,

the number of principal components was limited to those that explain a relevant amount of

variance in the dataset, subjectively determined with a scree plot (the first 5 components in

this case).

From the output of all twelve species distribution models, we also generated ensemble

projections based on the mean and median of predicted probabilities of presence.

2.3.2 Species and climate data

All individual species-based models directly predict probability of presence using pres-

ence/absence data from forest inventory plots as training data. In the case of ecosystem-

based habitat models that predict an ecosystem class, we derived a probability of presence

value by substituting the ecosystem class with a ratio of species’ presences over the to-

tal number of plot samples that fall within the ecosystem delineation. The 55,743 plot

samples for western North America were compiled from the British Columbia Ministry of

Forests (Hamann & Wang, 2006), Sustainable Resources Development of the Government

of Alberta (Govt. of Alberta, 2004), and the United States Forest Service (Betchtold &

Patterson, 2005). The database also contained 3,273 non-forested plot sites.

Predictor variables were interpolated climate data for the 1961–1990 reference period,

generated at 1km resolution with a software package that is freely available (Mbogga et al.,

2009; Wang et al., 2006). For a continental-scale modelling effort, we used relatively high-

resolution climate grids to avoid over-estimating climate change effects in mountainous ar-

eas. With coarse-resolution grids, climate envelopes of species or ecosystems would be too
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narrowly defined with smaller temperature ranges than reality (Hamann & Wang, 2005).

From the available climate variables, we used a principal component analysis to select 10

variables with the lowest collinearity: mean annual precipitation, the mean temperature of

the warmest month, the mean temperature of the coldest month, the difference between

January and July temperature as a measure of continentality, May to September (growing

season) precipitation, the number of frost-free days, the number of growing degree days

above 5◦C, and summer and annual dryness indices according to Hogg (1997). Past climate

reconstructions for the periods 6,000, 11,000, 14,000, 16,000, and 21,000 calendar years be-

fore present were derived with previously-run simulations of the Community Climate Model

(CCM1) general circulation model (Kutzbach et al., 1998). The coarse-resolution (7.5◦ lon-

gitude by 4.5◦ latitude) CCM1 data were overlaid on high resolution modern climate data as

deviations from the 1961-1990 reference period using the software package described above.

2.3.3 Model evaluation

Model projections were evaluated in four different ways: (1) using all the sample plot data

for training and for evaluation (referred to as all-data); (2) with a random data-split, using

67% of the sample plots for training and the remaining 33% for evaluation (out-of-bag); (3)

using a regional extrapolation where models were trained with plot data from Canada and

Alaska and projections were evaluated with plot data from the continental United States

(north-to-south); and (4) using all the present sample plot data for training and evaluation

with fossil and pollen records from four time periods since the last glacial maximum (past-

periods). For this past-periods model evaluation, we use palaeoecological data comprised

of 931 fossil pollen and plant macrofossils records from 737 unique sampling sites compiled

by Dyke (2005) and the North American Pollen Database (COHMAP, 1988). Of the 24

western North American tree species considered, six species were omitted from the past-

periods evaluation due to a lack of records in the fossil data (n<10) and five species were

omitted from the north-to-south regional evaluation due to a lack of records in either the

north or south data split (see Table 2.2 for details)

We report model sensitivity (calculated as TP/(TP+FN), where TP=true positives

and FN=false negatives), model specificity (calculated as TN/(TN+FP), where TN=true

negatives and FP=false positives). Sensitivity and specificity values represent an integrated

25



measure for a range of thresholds between zero and one, calculated with the ROCR package

(Sing et al., 2005) for the R programming environment (R Core Team, 2009). The area under

the curve (AUC) of the receiver operating characteristic (Fawcett, 2006), also calculated with

the ROCR package (Sing et al., 2005), is a useful summary statistic of model accuracy as

it is a threshold-independent evaluation of the rate of true presences vs. false presences for

all output probabilities simultaneously. The AUC of the receiver operating characteristic

balances the ability of the model to detect a species when it is present (sensitivity) against

its ability to not predict a species when it is absent (specificity). AUC values range from

0 to 1, where 1 indicates perfect model accuracy, 0.5 represents a prediction expected by

random chance, and 0 indicates that all predictions are false.

In order to quantify the relative contribution of modelling methods and species’ ecolog-

ical and biogeographic attributes, we also carried out a variance partitioning analysis using

AUC values as the dependent variable, implemented by PROC VARCOMP of the SAS

Statistical software package (SAS Institute, 2008), using the restricted maximum likelihood

method (option REML).

2.4 Results

2.4.1 Independent model validation

We find that model accuracy substantially declines across all techniques and all species

when subjected to independent validations (Figure 2.1). Mean AUC values across all model

techniques are represented by vertical lines in Figure 2.1; median AUC values that are less

influenced by outliers are 0.90, 0.78, and 0.75 for out-of-bag (random sub-sample), regional,

and palaeoecological validations, respectively. This comparison excludes species that did

not have sufficient palaeoecological records or sample plots north and south of 49◦ latitude,

as indicated in Table 2.2. Considering that the expected AUC value for a random classifier

is 0.5, the reduction in accuracy is substantial. The individual AUC values for each species,

model technique, and validation scenario are provided in Tables 2.5-2.8. Standard errors of

the mean AUC values represented as symbols in Figure 2.1 were on average 0.011, 0.028, and

0.024 for out-of-bag, regional, and temporal validations, respectively. Standard deviations

that provide a measure of variation among species (rather than statistical accuracy of the
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mean) were 0.053, 0.14, and 0.12, respectively.

Even though we find substantial reductions in AUC values between non-independent

and independent validation scenarios, these reductions are consistent in magnitude across all

methods that we investigated. A completely non-independent evaluation where all sample

plots were used is virtually identical to out-of-bag validations. We further observe high corre-

lations between the AUC values (inverse-transformed for normality) of the non-independent

out-of-bag and the independent regional validations (r=0.70, p=0.012) or palaeoecologi-

cal validations (r=0.89, p<0.001). Notably, methods that have very high AUC values in

non-independent validations, which could indicate over-parameterisation, also rank as most

accurate in independent tests (Table 2.3).

In Table 2.3, we also report AUC values for ensemble projections, where the predicted

probabilities of presence for species are represented by the mean or median across multiple

model techniques. Ensemble projections outperformed all individual methods in indepen-

dent evaluations. While more complex ensemble methods are available that weigh contribu-

tions of individual techniques by various statistics (for methodologies, see Thuiller et al.,

2009), we found that the simplest methods based on measures of central tendency (mean

and median) yielded amongst the highest AUC values in both dependent and independent

evaluations (see Tables 2.5-2.8). Removing the poor-performing individual models from the

ensemble calculations did not improve the ensemble projections. Even the inclusion in the

ensembles of the surface range envelope outputs (with AUC values only slightly above ran-

dom chance) served to either increase or not affect the AUC values of the ensembles (Table

2.3).

2.4.2 Biogeographic and ecological characteristics

The influence of biogeographic and ecological characteristics of western North American trees

species on model accuracy is summarised in Figure 2.2. This comparison is based on average

values from the two independent evaluations (regional and palaeoecological validations), and

we aggregate the results further by groups of modelling techniques used in Figure 2.1 and

described in Table 2.1. Standard deviations for the mean AUC values represented by symbols

in Figure 2.2 ranged between 0.01 and 0.08 (mean of 0.04). The individual AUC value for

each species, modelling technique, and validation scenario is provided in Tables 2.5-2.8.
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In general, modelling techniques do not show interactions with biogeographic or ecological

characteristics of species, but perform consistently well or consistently poorly across all

ecological or biogeographic criteria. There are, however, some moderate main effects of

biogeographic or ecological characteristics on overall model accuracy.

Among the biogeographic and ecological characteristics, the continentality of the dis-

tribution of western North American tree species accounts for most variation in model

accuracy (Table 2.4), with interior species having generally lower accuracies than coastal

species (Figure 2.2). An ANOVA using the classes “Coast”, “Interior”, or “Both” as predic-

tor variable and AUC values across all modelling techniques as response variable confirms a

significant main effect (p=0.002). While common but range restricted species appear to have

higher model accuracies (Figure 2.2), this effect is not significant in an equivalent ANOVA

(p=0.775) and does not account for any meaningful amount of the variance in AUC (Table

2.4). Mean AUC values declined from species that are highly restricted in their elevation

range to species that we classified as unrestricted (p<0.001). However, the overall variance in

AUC explained by elevation category, despite this apparent linear relationship was minimal

(Table 2.4). It should be noted that this elevation relationship does not depend on absolute

values: range restricted species may be found at high elevations (e.g. pinyon pine, Pinus

edulis) as well as at low elevations (e.g. Sitka spruce, Picea sitchensis). We also observe a

weaker trend toward higher model accuracies for shade tolerant species (p=0.041). In total,

29.7% of the variance in AUC was explained by the ecological and biogeographic traits of

species, as compared to 16.4% explained by the modelling method: together explaining just

less than half of the total variance in AUC (Table 2.4).

2.4.3 Model sensitivity versus specificity

Beyond the AUC statistic we also considered model sensitivity (the ability to detect a species

when it is present) and model specificity (the ability not to predict a species when it is absent)

for evaluation. Across all species and methods, model specificity is generally higher than

model sensitivity (Table 2.3). The best performing techniques tend to have high values for

both sensitivity and specificity with the exception of the random forest ensemble classifier,

which appears to have higher specificity than sensitivity values in both the ecosystem- and

species-based implementations. For the independent evaluations, ecosystem-based methods
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have significantly higher model specificity values (p=0.002) and generally, but not signif-

icantly, lower sensitivities (p=0.09) when compared to species-based approaches. Unlike

AUC values, sensitivity and specificity values for the out-of-bag versus independent eval-

uations were not significantly correlated. Only sensitivity values for the out-of-bag versus

regional extrapolations were significantly correlated (r=0.89, p<0.001).

The ability of ecosystem-based models to better predict species absence is apparent

in an example for Douglas-fir (Pseudotsuga meziesii) (Figure 2.3). Here, we compared the

ecosystem- and species-based modelling approach, relying on the same technique, to the

random forest ensemble classifier. The ecosystem-based model run (Figure 2.3, bottom

row) has better defined species absences in the two extrapolations, whereas the species-

based models (Figure 2.3, top row) show large areas of high probability values well outside

the species range. Another notable observation is that the species-based model run often

indicates high probability of presence outside the area of available validation points (Mexico

in the north-to-south extrapolation and in the areas of continental ice cover in the run for

16,000 years ago). These differences between ecosystem- and species-based approaches for

Douglas-fir are typical for other species and modelling methods also, where individual-species

based techniques regularly show relatively high probability of presence values in spatial and

temporal extrapolations beyond validation data coverage.

2.5 Discussion

2.5.1 Are species distribution models accurate?

Measured by area under the curve of the receiver operating characteristic, the species dis-

tribution models we evaluated in this paper performed reasonably well with the exception

of the surface range envelope method, which we exclude from all subsequent discussion and

summary statistics (Figure 2.1). In general terms, an AUC greater than 0.90 is consid-

ered excellent, between 0.80 and 0.90 good, between 0.70 to 0.80 fair, and less than 0.70

poor (e.g. Muller et al., 2010). On this scale, ecosystem-based methods showed a good

model fit in out-of-bag validations with a mean AUC of 0.86, while individual species-based

models showed excellent predictive accuracy. For the independent evaluations (regional and

temporal), both species-based models and ecosystem-based techniques had fair predictive
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capabilities with mean AUC values of 0.74 and 0.72, respectively, values which are slightly

lower than some hindcast studies for plant species (e.g. Araújo et al., 2005b; Dobrowski

et al., 2011; Rodriguez-Sánchez & Arroyo, 2008), while closely comparable or higher than

others (e.g. Giesecke et al., 2007; Pearman et al., 2008). We should note, however, that

our independent model evaluations are demanding in that they extrapolate spatially up to

2,500 km, and temporally up to 21,000 years into the past.

The somewhat poorer performance of the ecosystem-based approach may be due to the

constraint of modelling fixed species communities, where species assemblages are limited to

compositions represented on the modern landscape. This is conceptually problematic for

reconstructions from past time periods and spatial extrapolations far beyond data coverage

that may require species assemblages without analogues in the training data (Williams &

Jackson, 2007). From a methodological standpoint, the area under the curve of the receiver

operating characteristic has limitations as an evaluative metric, as outlined by Lobo et al.

(2008). As with all single statistics that summarise a model’s accuracy, it is important to

also closely investigate the model projections in detail (Lobo et al., 2008). As illustrated in

Figure 2.3, we often find large, obvious errors in the model output (e.g. extensive projected

presences under the continental ice or extensive Douglas-fir habitat in Mexico) that go

largely undetected by the AUC calculation due to a lack validation points in these locations.

While conceptually problematic, we find that ecosystem-based techniques are less prone to

produce false positives for habitat projections in areas that lack data coverage for statistical

evaluations.

2.5.2 How should we select techniques?

Our results show little evidence of model over-parameterisation (model over-fit) among the

techniques. Methods with high AUC values based on non-independent validations, such as

the random forest ensemble classifier, generalised boosting models, and generalised addi-

tive models also performed well in independent tests (Figure 2.1, Table 2.3). Somewhat

surprisingly, relatively high correlations in AUC values between non-independent and inde-

pendent validations suggests that simple, out-of-bag evaluations can be used for comparing

and selecting modelling techniques. This also suggests that the relative quality of model pro-

jections into new geographic space or different time periods can reasonably be inferred from
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a non-independent evaluation, even though the absolute values may imply over-optimistic

accuracies, as has been shown previously (e.g. Araújo et al., 2005b). However, we should

note that a recent study by Dobrowski et al. (2011), incorporating a broader range of trees

and shrub species, did not a find strong relationship among independent and non-dependent

evaluations.

Like others (e.g. Dobrowski et al., 2011; Guisan et al., 2007), we found that ecological

and biogeographic traits had an influence on accuracy (Figure 2.2). For example, habitat

of elevation-restricted species appears more accurately modelled. A straight-forward expla-

nation is that elevation limitations reflect a temperature optimum where a species is most

competitive. Other types of habitat specialisations may not be described well by our avail-

able predictor variables. However, despite finding greater variation explained by our suite of

ecological and biogeographic attributes of species as compared to modelling methods (Table

2.4), we did not find that any of these attributes favour certain modelling methods for trees

(Figure 2.2). We are inclined to conclude that, at least for trees, model selection based on

life history or biogeographic traits is not necessary.

That said, with the development of software packages like BIOMOD, there is little

reason to select individual techniques rather than relying on ensemble (or consensus) pro-

jections (e.g. Araújo et al., 2005a; Marmion et al., 2009). We find that the highest AUC,

sensitivity, and specificity statistics could be consistently achieved with simple mean or me-

dian probability of presences from all techniques, which confirm other recent findings (e.g.

Grenouillet et al., 2011). Unexpectedly, including even the poorest performing individual

technique, surface range envelope, served to increase the predictive accuracy of the ensemble

projections.

2.5.3 Ecosystem-based models

Modelling approaches that incorporate community data or species assemblages have been

implemented and evaluated before (see review by Ferrier & Guisan, 2006). These ap-

proaches use a species composition (a collection of species and their particular frequencies)

as the dependent variable in the model (e.g. Baselga & Araújo, 2009; Elith et al., 2006),

which is different to our approach of predicting a class variable that represents delineated

ecological regions with a known species composition. We find that predictive accuracy of our
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ecosystem-based approach is somewhat inferior to individual species models, which is similar

to an equivalent evaluation of community-based models by Baselga and Arajo (2009). It is

further notable that the ecosystem-based methods behave poorly for the hindcasts toward

the last glacial maximum, when different climate conditions drove major changes in species

communities.

However, maps based on ecosystem-based models generally appear to produce better

defined species range limits, reflected by high specificity statistics, with probability of pres-

ence values rapidly approaching zero outside the actual species range. In spatial or temporal

extrapolations far beyond training data, the ecosystem-based models may be more robust

because the entire multivariate climate space of the study area is well defined by sampling all

delineated ecosystems without bias. In fact, the example that we included for Pseudotsuga

meziesii for 16,000 years ago (Figure 2.3) corresponds well to phylogeography studies based

on genetic data. Li and Adams (1989) identify three genetically distinct populations of the

species from Mexico, the interior Rocky Mountains, and the coast of western North America

from which they postulate three glacial refugia based on genetic data, which appear well-

defined in the model projections. It therefore appears that in this example better robustness

and specificity of ecosystem-based models outweigh the inferred benefits of higher statistical

accuracy of individual species models.

A final desirable characteristic of the ecosystem-based modelling approach is that

within-population genetic diversity can be integrated into species distribution models, which

has been previously proposed (e.g. Botkin et al., 2007; Thuiller et al., 2008). The use of

delineated ecoregions as training units within the model allows for the division of a species

range into small, genetically homogenous populations, which in turn facilitates the subse-

quent tracking of individual populations under climate change projections (Gray & Hamann,

2011). Simply, it is possible to determine the geographic location where the habitat (climate

niche, in this case) of a species in a future model projection originated in the present day. If

genetic data on adaptive differentiation of populations is available, ecosystem-based models

can guide assisted migration efforts at the population level, rather than at the species level

(for a detailed discussion, see Gray et al., 2011; Gray & Hamann, 2011; Hamann et al., 2011).

Furthermore, in addition to species frequencies, any other ecosystem attribute, including

those applicable to management prescriptions and conservation objectives (e.g. disturbance

regimes), can potentially be matched to anticipated future climates. This makes ecosystem-
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based methods useful as effective decision-making tools for climate-informed conservation

and resource management applications.
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Table 2.1: Descriptions of each species distribution modelling technique evaluated in the
study, grouped by similar methodological approaches (based on groups described by Elith
and Leathwick (2009) and Franklin (2009).

Method Description

Ecosystem-based methods

Discriminant analysis
(DAC)

A standard multivariate approach to classification, using
an ecosystem class as dependent class variable and climate
data as predictor variables (Hamann & Wang, 2006).

Minimum distance
(MDC)

A new classification approach based on the closest multi-
variate distance in climate variables to a ecosystem climate
mean, using Euclidean distance of principal components
that explain most of the variance in the climate dataset
(essentially a modified Mahalanobis distance).

Random forest ensem-
ble classifier (RFC)

A classification tree implementation with an ecosystem
class as dependent variable. Multiple classification trees
are built based on random subset of variables and the final
class prediction is obtained by majority vote from multiple
classification trees (Mbogga et al., 2010).

Envelope techniques

Discriminant analysis
(DAS)

A standard multivariate approach to classification, using a
binary response variable (presence or absence).

Surface range en-
velopes (SRE)

Data within the 5th and 95th percentile of the maximum
and minimum range for each predictor variable is consid-
ered within the envelope and variable interactions are not
considered (Beaumont & Hughes, 2002).

Machine learning techniques

Artificial neural net-
works (ANN)

Networks are built of weighted hidden units (much like
decision tree nodes) based largely on pattern recognition
and are capable of incorporating feedback loops between
the units (Segurado & Araújo, 2004).

Classification tree
analysis (CTA)

Recursive data-splitting technique, iteratively creating ho-
mogenous subgroups (with the goal of minimising variance
within each group). Cross-validation is used to prune the
decision tree by balancing the number of terminal nodes
and the explained variance (De’ath & Fabricius, 2000).

Generalised boosting
model (GBM)

Iterative regression trees, where misclassified data from
one classification tree is weighted heavier in subsequent
classifiers, so each iteration places more emphasis on mis-
classified data (Leathwick et al., 2006).

Random forest ensem-
ble classifier (RFS)

Multiple classification trees are built based on random
subset of predictor variables and the final predictions are
derived by averaging probabilities over multiple classifica-
tion trees (Prasad et al., 2006).

Continued on next page
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Table 2.1 – continued from previous page

Method Description

Regression-based techniques

Generalised additive
model (GAM)

Generalised linear models for individual predictor variables
are combined additively, using smoothing equations to
generalise the data and fit to local data subsets (Guisan &
Zimmermann, 2000).

Generalised linear
model (GLM)

An extension of the general linear model for binomial data
capable of capturing non-linear relationships (Guisan &
Zimmermann, 2000).

Multivariate adap-
tive regression splines
(MRS)

Fits splines to distinct but unequal intervals of the pre-
dictors before pruning excess spline connections through a
stepwise analysis (Prasad et al., 2006).
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Table 2.2: The 24 western North American tree species included in the modelling and their respective biological categories (based on Burns
et al., 1990). The total number of presence records in the modern sample plot data is provided (N plots) as well as the number of presences for
each species (N validation) included in each of the evaluation data sets (in the out-of-bag (OOB) and north-to-south (N2S) data-splits). The total
sum of species presences in the fossil record for 6,000, 11,000, 14,000, 16,000, and 21,000 years ago is also provided (TMP). An asterisk indicates
that the species was removed from the evaluation either due to a lack of presences in either the north or south data split (in the regional evalua-
tion) or due to a lack of records (n<10) in the fossil data (in the temporal evaluation).

Species Name Taxon/Group
N
plots

N validation Range Size
(103 km2)

Distribution Shade
Tolerance

OOB N2S TMP Type Range Elevation

Abies amabilis (Pacific
silver fir)

Abietoideae 1615 526 269 1* 272 Restricted Coastal Intermediate Very tolerant

Abies lasiocarpa (sub-
alpine fir)

Abietoideae 10804 3486 1715 46 1,957 Widespread Interior Intermediate Tolerant

Abies procera (noble fir) Abietoideae 82 30 82* 1* 44 Restricted Coastal Highly
restricted

Tolerant

Acer macrophyllum
(bigleaf maple)

Angiosperm 437 145 301 5* 382 Widespread Coastal Restricted Very tolerant

Alnus rubra (red alder) Angiosperm 715 236 369 19 491 Widespread Coastal Highly
restricted

Intolerant

Betula papyrifera (paper
birch)

Angiosperm 3926 1349 68 14 10,251 Restricted Interior Restricted Intolerant

Calocedrus decurrens
(incense cedar)

Cupressaceae 561 187 561* 1* 134 Restricted Coastal Restricted Intermediate

Chamaecyparis
nootkatensis (yellow
cedar)

Cupressaceae 707 223 24 23 392 Widespread Coastal Restricted Tolerant

Larix occidentalis (west-
ern larch)

Laricoideae 821 281 463 3* 217 Restricted Interior Highly
restricted

Very intolerant

Continued on next page
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Table 2.2 – continued from previous page

Species Name Taxon/Group
N
plots

N validation Range Size
(103 km2)

Distribution Shade
Tolerance

OOB N2S TMP Type Range Elevation

Picea engelmannii (En-
gelman spruce)

Piceoideae 6223 1994 1733 44 1,002 Widespread Interior Unrestricted Tolerant

Picea glauca (white
spruce)

Piceoideae 7115 2398 22 55 10,320 Widespread Interior Intermediate Intermediate

Picea mariana (black
spruce)

Piceoideae 2922 1005 0* 48 10,446 Widespread Interior Restricted Tolerant

Picea sitchensis (Sitka
spruce)

Piceoideae 1016 338 85 31 482 Widespread Coastal Highly
restricted

Tolerant

Pinus albicaulis (white-
bark pine)

Pinoideae 1038 347 412 59 559 Restricted Interior Intermediate Intermediate

Pinus contorta (lodgepole
pine)

Pinoideae 11275 3722 1971 163 2,458 Widespread Both Intermediate Very intolerant

Pinus edulis (pinyon
pine)

Pinoideae 2836 977 2836* 13 280 Restricted Interior Highly
restricted

Intolerant

Pinus monticola (western
white pine)

Pinoideae 820 289 307 18 429 Restricted Both Unrestricted Intermediate

Pinus ponderosa (pon-
derosa pine)

Pinoideae 3967 1325 3372 25 884 Widespread Interior Unrestricted Intolerant

Populus tremuloides
(trembling aspen)

Angiosperm 7241 2400 1090 14 11,481 Widespread Interior Unrestricted Very intolerant

Pseudotsuga menziesii
(Douglas-Fir)

Laricoideae 8808 2992 4438 174 1,445 Widespread Both Unrestricted Intermediate

Sequoia sempervirens
(coast redwood)

Cupressaceae 90 32 90* 0* 14 Restricted Coastal Highly
restricted

Intolerant

Continued on next page

40



Table 2.2 – continued from previous page

Species Name Taxon/Group
N
plots

N validation Range Size
(103 km2)

Distribution Shade
Tolerance

OOB N2S TMP Type Range Elevation

Thuja plicata (western
redcedar)

Cupressaceae 3798 1235 409 29 601 Widespread Both Intermediate Very tolerant

Tsuga heterophylla (west-
ern hemlock)

Abietoideae 4860 1619 707 90 714 Widespread Both Restricted Very tolerant

Tsuga mertensiana
(mountain hemlock)

Abietoideae 1136 401 241 66 437 Restricted Both Unrestricted Tolerant
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Table 2.3: Mean AUC values (AUC), mean sensitivity (Sens), and mean specifi city (Spec) across all species for 1) the non-independent out-of-
bag evaluation; 2) the independent north-to-south regional evaluation; and 3) the independent past-periods temporal evaluation. The rank of each
modelling technique within the independent evaluation scenarios and the sum of these ranks (Sum) is given. Ecosystem-based methods are shown
in italics. The results of the mean and median of all methods as ensemble projections are also included, as are values of the ensembles with the
worst-performing model (SRE) and ecosystem-based methods (Eco) removed.

Out-of-bag (OOB) North-to-south (N2S) Past periods (TMP) Method rank

Modelling method AUC Sens. Spec. AUC Sens. Spec. AUC Sens. Spec. N2S TMP Sum

Random forest (Sp) 0.95 0.59 0.94 0.84 0.57 0.76 0.78 0.46 0.83 2 2 4

Generalised additive models 0.94 0.85 0.82 0.83 0.74 0.68 0.78 0.38 0.89 4 1 5

Generalised boosting models 0.94 0.88 0.83 0.84 0.75 0.70 0.74 0.36 0.86 3 3 6

Discriminant analysis (Sp) 0.90 0.88 0.54 0.78 0.78 0.52 0.74 0.73 0.51 5 4 9

Random forest (Eco) 0.89 0.61 0.90 0.84 0.56 0.85 0.66 0.27 0.90 1 9 10

Generalised linear models 0.94 0.85 0.84 0.78 0.66 0.72 0.73 0.34 0.90 7 5 12

Adaptive regression splines 0.92 0.46 0.93 0.77 0.46 0.79 0.73 0.39 0.82 9 6 15

Artificial neural networks 0.90 0.58 0.90 0.78 0.40 0.86 0.70 0.35 0.87 8 7 15

Minimum distance (Eco) 0.83 0.53 0.90 0.78 0.46 0.88 0.66 0.28 0.90 6 10 16

Classification trees 0.91 0.79 0.72 0.74 0.64 0.68 0.66 0.31 0.84 10 8 18

Discriminant analysis (Eco) 0.87 0.59 0.90 0.71 0.46 0.79 0.65 0.28 0.90 11 11 22

Surface range envelopes 0.76 0.54 0.63 0.55 0.37 0.66 0.56 0.39 0.65 12 12 24

Ensemble: mean 0.95 0.92 0.59 0.89 0.86 0.58 0.80 0.78 0.52 - - -

Ensemble: median 0.95 0.76 0.83 0.90 0.81 0.59 0.80 0.53 0.79 - - -

Mean (SRE & Eco removed) 0.95 0.92 0.59 0.89 0.86 0.58 0.79 0.78 0.52 - - -

Median (SRE & Eco removed) 0.95 0.74 0.81 0.90 0.82 0.56 0.80 0.53 0.78 - - -
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Table 2.4: The variance in model accuracy (AUC) explained by the modelling method as
well as by the various biogeographic and ecological characteristics of species (as listed in
Table 2.2).

Component Variance Explained

Modelling Method 0.16

Distribution Range 0.15

Shade Tolerance 0.07

Taxon/Group 0.06

Elevation Range 0.03

Distribution Type 0.00

Total Explained 0.46

Error Variance 0.54
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Table 2.5: AUC values by species and modelling method for the all-points evaluation. Averages are given for each species and each modelling
methods. The overall average for all models and all species is shown in bold italics. Model abbreviations correspond to those list in Table 2.1. En-
semble methods include a Kappa-weighted (K ), arithmetic mean (X̄), median (Med), receiver operatic characteristic-weighted (ROC), true skill
statistic-weighted (TSS), and a weighted mean (X̄w). Two ensembles without the SRE model were also evaluated: arithmetic mean (X̄) and a
median (Med).

Individual methods Emsembles

Species-based All Methods No SRE

Species CTA DAS GAM GBM GLM MRS ANN RFS SRE Avg. K X̄ Med ROC TSS X̄w x̄ Med.

A. amabilis 0.97 0.95 0.98 0.97 0.98 0.96 0.97 1.00 0.79 0.95 0.99 0.99 0.99 0.99 0.99 1.00 0.99 0.90

A. lasiocarpa 0.84 0.82 0.89 0.90 0.89 0.85 0.89 1.00 0.71 0.86 0.94 0.91 0.93 0.93 0.95 0.99 0.93 0.90

A. procera 0.96 0.96 0.99 0.99 0.98 0.96 0.87 1.00 0.79 0.94 1.00 1.00 0.99 1.00 1.00 1.00 1.00 0.90

A. macrophyllum 0.98 0.97 0.98 0.98 0.98 0.98 0.50 1.00 0.81 0.91 1.00 0.99 0.99 0.99 0.99 1.00 0.99 0.90

A. rubra 0.97 0.97 0.98 0.98 0.98 0.97 0.96 1.00 0.82 0.96 0.99 0.98 0.99 0.99 0.99 1.00 0.99 0.90

B. papyrifera 0.90 0.83 0.90 0.88 0.89 0.89 0.88 0.98 0.73 0.88 0.97 0.93 0.95 0.94 0.95 0.99 0.94 0.90

C. decurrens 0.98 0.97 0.99 0.99 0.99 0.98 0.99 1.00 0.80 0.97 1.00 0.99 1.00 1.00 1.00 1.00 1.00 0.90

C. nootkatensis 0.98 0.98 0.99 0.98 0.99 0.99 0.97 1.00 0.81 0.96 1.00 0.99 0.99 1.00 1.00 1.00 0.99 0.90

L. occidentalis 0.94 0.85 0.95 0.94 0.95 0.80 0.95 1.00 0.79 0.91 0.99 0.96 0.97 0.97 0.97 1.00 0.98 0.90

P. engelmannii 0.88 0.86 0.91 0.88 0.91 0.89 0.90 0.99 0.70 0.88 0.96 0.93 0.95 0.95 0.96 0.99 0.94 0.90

P. glauca 0.89 0.86 0.90 0.89 0.90 0.83 0.89 0.98 0.74 0.88 0.95 0.92 0.94 0.94 0.95 0.99 0.94 0.90

P. mariana 0.91 0.85 0.90 0.89 0.91 0.86 0.92 0.98 0.73 0.88 0.97 0.94 0.94 0.94 0.95 0.99 0.95 0.90

P. sitchensis 0.97 0.98 0.99 0.98 0.99 0.98 0.97 1.00 0.83 0.97 1.00 0.99 0.99 1.00 1.00 1.00 0.99 0.90

P. albicaulis 0.93 0.91 0.95 0.93 0.95 0.90 0.93 1.00 0.74 0.91 0.99 0.96 0.98 0.97 0.97 1.00 0.97 0.90

P. contorta 0.79 0.74 0.79 0.78 0.78 0.79 0.80 0.97 0.70 0.79 0.92 0.85 0.88 0.88 0.90 0.99 0.89 0.90

P. edulis 0.97 0.96 0.98 0.98 0.98 0.97 0.99 1.00 0.81 0.96 0.99 0.99 0.99 0.99 1.00 1.00 0.99 0.90

P. monticola 0.94 0.87 0.94 0.93 0.93 0.93 0.84 1.00 0.77 0.90 0.99 0.96 0.98 0.96 0.96 1.00 0.97 0.90

P. ponderosa 0.93 0.88 0.95 0.92 0.94 0.89 0.89 1.00 0.76 0.91 0.98 0.97 0.97 0.97 0.98 1.00 0.97 0.90

P. tremuloides 0.83 0.76 0.83 0.83 0.84 0.83 0.85 0.98 0.69 0.82 0.94 0.87 0.91 0.90 0.91 0.99 0.90 0.90

Continued on next page
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Table 2.5 – continued from previous page

Individual methods Emsembles

Species-based All Methods No SRE

Species CTA DAS GAM GBM GLM MRS ANN RFS SRE Avg. K X̄ Med ROC TSS X̄w x̄ Med.

P. menziesii 0.88 0.81 0.90 0.88 0.90 0.90 0.83 0.99 0.72 0.87 0.96 0.93 0.94 0.94 0.95 0.99 0.94 0.90

S. sempervirens 0.99 1.00 1.00 1.00 1.00 1.00 0.95 1.00 0.79 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.90

T. plicata 0.94 0.90 0.94 0.92 0.94 0.94 0.94 1.00 0.76 0.92 0.98 0.96 0.98 0.97 0.98 0.99 0.97 0.90

T. heterophylla 0.96 0.94 0.97 0.96 0.97 0.96 0.96 1.00 0.77 0.94 0.99 0.98 0.98 0.98 0.98 0.99 0.98 0.90

T. mertensiana 0.97 0.95 0.97 0.97 0.98 0.97 0.96 1.00 0.80 0.95 0.99 0.98 0.99 0.99 0.99 1.00 0.99 0.90

Average 0.93 0.90 0.94 0.93 0.94 0.92 0.90 0.99 0.76 0.91 0.98 0.96 0.97 0.97 0.97 1.00 0.97 0.96
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Table 2.6: AUC values by species and modelling method for the out-of-bag data split evaluation. Averages are given for each species and each
modelling methods. The overall average for all models and all species is shown in bold italics. Model abbreviations correspond to those list in Table
2.1. Ensemble methods include a Kappa-weighted (K ), arithmetic mean (X̄), median (Med), receiver operatic characteristic-weighted (ROC), true
skill statistic-weighted (TSS), and a weighted mean (X̄w). Two ensembles without the SRE model were also evaluated: arithmetic mean (X̄) and a
median (Med).

Individual methods Ensembles

Ecosys-based Species-based All methods No SRE

Species DAC MDC RFC CTA DAS GAMGBM GLM MRS ANN RFS SRE Avg X̄E K X̄S Med ROC TSS X̄W X̄ Med

A. amabilis 0.93 0.88 0.93 0.95 0.95 0.98 0.98 0.98 0.96 0.96 0.99 0.80 0.94 0.97 0.98 0.98 0.96 0.97 0.98 0.99 0.98 0.98

A. lasiocarpa 0.82 0.78 0.82 0.83 0.82 0.88 0.89 0.88 0.88 0.89 0.92 0.71 0.84 0.86 0.91 0.90 0.87 0.88 0.88 0.92 0.91 0.90

A. procera 0.83 0.70 0.85 0.86 0.96 0.98 0.98 0.97 0.95 0.91 0.94 0.81 0.90 0.91 0.99 0.97 0.96 0.97 0.97 0.99 0.99 0.98

A. macrophyllum 0.95 0.93 0.96 0.96 0.97 0.98 0.98 0.98 0.97 0.85 0.99 0.78 0.94 0.97 0.99 0.98 0.98 0.98 0.98 0.99 0.98 0.98

A. rubra 0.96 0.93 0.96 0.93 0.97 0.97 0.97 0.97 0.94 0.95 0.97 0.81 0.94 0.97 0.98 0.97 0.94 0.96 0.96 0.98 0.97 0.97

B. papyrifera 0.87 0.83 0.89 0.88 0.83 0.89 0.89 0.90 0.89 0.90 0.93 0.73 0.87 0.90 0.91 0.90 0.88 0.89 0.90 0.92 0.91 0.91

C. decurrens 0.96 0.93 0.98 0.96 0.97 0.99 0.99 0.99 0.97 0.96 0.99 0.79 0.96 0.99 0.99 0.99 0.97 0.99 0.99 0.99 0.99 0.99

C. nootkatensis 0.94 0.93 0.94 0.96 0.98 0.99 0.99 0.99 0.99 0.97 0.99 0.80 0.95 0.97 0.99 0.99 0.97 0.99 0.99 0.99 0.99 0.99

L. occidentalis 0.86 0.77 0.87 0.87 0.85 0.95 0.95 0.95 0.93 0.94 0.97 0.78 0.89 0.92 0.96 0.95 0.88 0.95 0.95 0.96 0.96 0.97

P. engelmannii 0.81 0.74 0.81 0.88 0.86 0.91 0.90 0.90 0.90 0.91 0.93 0.69 0.85 0.86 0.92 0.91 0.89 0.90 0.91 0.93 0.92 0.92

P. glauca 0.87 0.85 0.88 0.86 0.86 0.90 0.90 0.90 0.83 0.90 0.93 0.74 0.87 0.90 0.91 0.90 0.88 0.89 0.89 0.92 0.91 0.91

P. mariana 0.88 0.86 0.89 0.88 0.85 0.91 0.91 0.91 0.84 0.88 0.94 0.73 0.87 0.90 0.93 0.92 0.88 0.92 0.92 0.94 0.93 0.92

P. sitchensis 0.94 0.91 0.95 0.97 0.98 0.99 0.99 0.99 0.98 0.50 0.99 0.81 0.92 0.97 0.99 0.99 0.97 0.98 0.99 0.99 0.99 0.99

P. albicaulis 0.78 0.78 0.77 0.89 0.92 0.95 0.94 0.94 0.92 0.92 0.95 0.74 0.87 0.85 0.95 0.94 0.88 0.94 0.94 0.96 0.95 0.95

P. contorta 0.81 0.78 0.82 0.80 0.74 0.79 0.81 0.79 0.79 0.79 0.87 0.70 0.79 0.84 0.84 0.82 0.82 0.81 0.82 0.86 0.85 0.83

P. edulis 0.80 0.74 0.83 0.97 0.96 0.98 0.98 0.98 0.98 0.98 0.99 0.81 0.92 0.91 0.99 0.98 0.97 0.98 0.98 0.99 0.99 0.99

P. monticola 0.87 0.79 0.89 0.89 0.89 0.94 0.94 0.94 0.93 0.94 0.95 0.77 0.89 0.93 0.95 0.94 0.89 0.93 0.94 0.95 0.95 0.95

P. ponderosa 0.83 0.80 0.88 0.92 0.87 0.94 0.95 0.94 0.93 0.95 0.96 0.75 0.89 0.92 0.95 0.95 0.93 0.94 0.95 0.96 0.96 0.96

P. tremuloides 0.82 0.79 0.83 0.82 0.75 0.83 0.84 0.84 0.83 0.84 0.88 0.69 0.81 0.85 0.86 0.85 0.82 0.83 0.84 0.88 0.86 0.86

Continued on next page
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Table 2.6 – continued from previous page

Individual methods Ensembles

Ecosys-based Species-based All methods No SRE

Species DAC MDC RFC CTA DAS GAMGBM GLM MRS ANN RFS SRE Avg X̄E K X̄S Med ROC TSS X̄W X̄ Med

P. menziesii 0.85 0.84 0.88 0.86 0.81 0.90 0.91 0.91 0.90 0.91 0.94 0.72 0.87 0.90 0.92 0.92 0.89 0.89 0.90 0.93 0.92 0.92

S. sempervirens 0.80 0.76 0.96 0.99 1.00 1.00 1.00 1.00 0.98 0.95 1.00 0.80 0.94 0.96 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

T. plicata 0.93 0.87 0.94 0.93 0.90 0.94 0.95 0.94 0.93 0.93 0.97 0.76 0.92 0.95 0.96 0.95 0.91 0.94 0.95 0.96 0.96 0.96

T. heterophylla 0.94 0.90 0.95 0.95 0.94 0.97 0.97 0.97 0.96 0.96 0.98 0.76 0.94 0.97 0.97 0.97 0.94 0.96 0.96 0.98 0.97 0.98

T. mertensiana 0.90 0.87 0.86 0.93 0.95 0.97 0.97 0.97 0.96 0.92 0.97 0.78 0.92 0.94 0.97 0.97 0.93 0.96 0.96 0.98 0.97 0.98

Average 0.87 0.83 0.89 0.91 0.90 0.94 0.94 0.94 0.92 0.90 0.95 0.76 0.90 0.92 0.95 0.94 0.92 0.94 0.94 0.96 0.95 0.95
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Table 2.7: AUC values by species and modelling method for the north-to-south regional evaluation. Averages are given for each species and each
modelling method. The overall average for all models and all species is shown in bold italics. Species without records in both the north and south
data sets are denoted with hyphens and were excluded from the analysis. Model abbreviations correspond to those list in Table 2.1. Ensemble
methods include a Kappa-weighted (K ), arithmetic mean (X̄), median (Med), receiver operatic characteristic-weighted (ROC), true skill statistic-
weighted (TSS), and a weighted mean (X̄w). Two ensembles without the SRE model were also evaluated: arithmetic mean (X̄) and a median
(Med).

Individual methods Ensembles

Ecosys-based Species-based All methods No SRE

Species DAC MDC RFC CTA DAS GAMGBM GLM MRS ANN RFS SRE Avg X̄E K X̄S Med ROC TSS X̄W X̄ Med

A. amabilis 0.93 0.88 0.93 0.95 0.95 0.98 0.98 0.98 0.96 0.96 0.99 0.80 0.94 0.97 0.98 0.98 0.96 0.97 0.98 0.99 0.98 0.98

A. lasiocarpa 0.82 0.78 0.82 0.83 0.82 0.88 0.89 0.88 0.88 0.89 0.92 0.71 0.84 0.86 0.91 0.90 0.87 0.88 0.88 0.92 0.91 0.90

A. procera 0.83 0.70 0.85 0.86 0.96 0.98 0.98 0.97 0.95 0.91 0.94 0.81 0.90 0.91 0.99 0.97 0.96 0.97 0.97 0.99 0.99 0.98

A. macrophyllum 0.95 0.93 0.96 0.96 0.97 0.98 0.98 0.98 0.97 0.85 0.99 0.78 0.94 0.97 0.99 0.98 0.98 0.98 0.98 0.99 0.98 0.98

A. rubra 0.96 0.93 0.96 0.93 0.97 0.97 0.97 0.97 0.94 0.95 0.97 0.81 0.94 0.97 0.98 0.97 0.94 0.96 0.96 0.98 0.97 0.97

B. papyrifera 0.87 0.83 0.89 0.88 0.83 0.89 0.89 0.90 0.89 0.90 0.93 0.73 0.87 0.90 0.91 0.90 0.88 0.89 0.90 0.92 0.91 0.91

C. decurrens 0.96 0.93 0.98 0.96 0.97 0.99 0.99 0.99 0.97 0.96 0.99 0.79 0.96 0.99 0.99 0.99 0.97 0.99 0.99 0.99 0.99 0.99

C. nootkatensis 0.94 0.93 0.94 0.96 0.98 0.99 0.99 0.99 0.99 0.97 0.99 0.80 0.95 0.97 0.99 0.99 0.97 0.99 0.99 0.99 0.99 0.99

L. occidentalis 0.86 0.77 0.87 0.87 0.85 0.95 0.95 0.95 0.93 0.94 0.97 0.78 0.89 0.92 0.96 0.95 0.88 0.95 0.95 0.96 0.96 0.97

P. engelmannii 0.81 0.74 0.81 0.88 0.86 0.91 0.90 0.90 0.90 0.91 0.93 0.69 0.85 0.86 0.92 0.91 0.89 0.90 0.91 0.93 0.92 0.92

P. glauca 0.87 0.85 0.88 0.86 0.86 0.90 0.90 0.90 0.83 0.90 0.93 0.74 0.87 0.90 0.91 0.90 0.88 0.89 0.89 0.92 0.91 0.91

P. mariana 0.88 0.86 0.89 0.88 0.85 0.91 0.91 0.91 0.84 0.88 0.94 0.73 0.87 0.90 0.93 0.92 0.88 0.92 0.92 0.94 0.93 0.92

P. sitchensis 0.94 0.91 0.95 0.97 0.98 0.99 0.99 0.99 0.98 0.50 0.99 0.81 0.92 0.97 0.99 0.99 0.97 0.98 0.99 0.99 0.99 0.99

P. albicaulis 0.78 0.78 0.77 0.89 0.92 0.95 0.94 0.94 0.92 0.92 0.95 0.74 0.87 0.85 0.95 0.94 0.88 0.94 0.94 0.96 0.95 0.95

P. contorta 0.81 0.78 0.82 0.80 0.74 0.79 0.81 0.79 0.79 0.79 0.87 0.70 0.79 0.84 0.84 0.82 0.82 0.81 0.82 0.86 0.85 0.83

P. edulis 0.80 0.74 0.83 0.97 0.96 0.98 0.98 0.98 0.98 0.98 0.99 0.81 0.92 0.91 0.99 0.98 0.97 0.98 0.98 0.99 0.99 0.99

P. monticola 0.87 0.79 0.89 0.89 0.89 0.94 0.94 0.94 0.93 0.94 0.95 0.77 0.89 0.93 0.95 0.94 0.89 0.93 0.94 0.95 0.95 0.95

P. ponderosa 0.83 0.80 0.88 0.92 0.87 0.94 0.95 0.94 0.93 0.95 0.96 0.75 0.89 0.92 0.95 0.95 0.93 0.94 0.95 0.96 0.96 0.96

Continued on next page
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Table 2.7 – continued from previous page

Individual methods Ensembles

Ecosys-based Species-based All methods No SRE

Species DAC MDC RFC CTA DAS GAMGBM GLM MRS ANN RFS SRE Avg X̄E K X̄S Med ROC TSS X̄W X̄ Med

P. tremuloides 0.82 0.79 0.83 0.82 0.75 0.83 0.84 0.84 0.83 0.84 0.88 0.69 0.81 0.85 0.86 0.85 0.82 0.83 0.84 0.88 0.86 0.86

P. menziesii 0.85 0.84 0.88 0.86 0.81 0.90 0.91 0.91 0.90 0.91 0.94 0.72 0.87 0.90 0.92 0.92 0.89 0.89 0.90 0.93 0.92 0.92

S. sempervirens 0.80 0.76 0.96 0.99 1.00 1.00 1.00 1.00 0.98 0.95 1.00 0.80 0.94 0.96 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

T. plicata 0.93 0.87 0.94 0.93 0.90 0.94 0.95 0.94 0.93 0.93 0.97 0.76 0.92 0.95 0.96 0.95 0.91 0.94 0.95 0.96 0.96 0.96

T. heterophylla 0.94 0.90 0.95 0.95 0.94 0.97 0.97 0.97 0.96 0.96 0.98 0.76 0.94 0.97 0.97 0.97 0.94 0.96 0.96 0.98 0.97 0.98

T. mertensiana 0.90 0.87 0.86 0.93 0.95 0.97 0.97 0.97 0.96 0.92 0.97 0.78 0.92 0.94 0.97 0.97 0.93 0.96 0.96 0.98 0.97 0.98

Average 0.87 0.83 0.89 0.91 0.90 0.94 0.94 0.94 0.92 0.90 0.95 0.76 0.90 0.92 0.95 0.94 0.92 0.94 0.94 0.96 0.95 0.95
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Table 2.8: AUC values by species and modelling method for the fossil/pollen temporal evaluation for all records from 6,000, 11,000, 14,000,
16,000, and 21,000 years before the present. Averages are given for each species and each modelling methods. Species with fewer than 10 obser-
vations in the record are denoted with a hyphen and were excluded from the analysis. Model abbreviations correspond to those list in Table 2.1.
Ensemble methods include a Kappa-weighted (K ), arithmetic mean (X̄), median (Med), receiver operatic characteristic-weighted (ROC), true skill
statistic-weighted (TSS), and a weighted mean (X̄w). Two ensembles without the SRE model were also evaluated: arithmetic mean (X̄) and a
median (Med).

Individual methods Ensembles

Ecosys-based Species-based All methods No SRE

Species DAC MDC RFC CTA DAS GAMGBM GLM MRS ANN RFS SRE Avg X̄E K X̄S Med ROC TSS X̄W X̄ Med

A. amabilis - - - - - - - - - - - - - - - - - - - - - -

A. lasiocarpa 0.58 0.63 0.57 0.67 0.54 0.73 0.72 0.63 0.71 0.69 0.74 0.52 0.64 0.61 0.71 0.73 0.70 0.71 0.70 0.73 0.68 0.72

A. procera - - - - - - - - - - - - - - - - - - - - - -

A. macrophyllum - - - - - - - - - - - - - - - - - - - - - -

A. rubra 0.79 0.78 0.75 0.52 0.87 0.89 0.87 0.84 0.92 0.85 0.84 0.62 0.79 0.82 0.89 0.91 0.70 0.88 0.85 0.88 0.89 0.91

B. papyrifera 0.48 0.56 0.78 0.74 0.71 0.85 0.75 0.79 0.80 0.70 0.78 0.62 0.71 0.75 0.82 0.84 0.81 0.83 0.82 0.81 0.83 0.83

C. decurrens - - - - - - - - - - - - - - - - - - - - - -

C. nootkatensis 0.56 0.73 0.62 0.56 0.85 0.58 0.59 0.52 0.39 0.54 0.74 0.49 0.60 0.77 0.58 0.71 0.50 0.60 0.57 0.67 0.84 0.73

L. occidentalis - - - - - - - - - - - - - - - - - - - - - -

P. engelmannii 0.57 0.57 0.52 0.68 0.43 0.64 0.74 0.61 0.54 0.62 0.78 0.49 0.60 0.56 0.67 0.70 0.53 0.65 0.65 0.73 0.61 0.69

P. glauca 0.63 0.64 0.68 0.66 0.63 0.80 0.73 0.81 0.67 0.71 0.73 0.55 0.69 0.72 0.76 0.78 0.75 0.78 0.78 0.76 0.77 0.78

P. mariana 0.63 0.64 0.73 0.72 0.65 0.82 0.79 0.76 0.75 0.72 0.79 0.55 0.71 0.75 0.79 0.83 0.66 0.77 0.78 0.81 0.81 0.85

P. sitchensis 0.78 0.76 0.77 0.83 0.83 0.90 0.94 0.87 0.84 0.91 0.94 0.73 0.84 0.81 0.93 0.93 0.85 0.92 0.92 0.94 0.93 0.92

P. albicaulis 0.56 0.56 0.54 0.46 0.58 0.67 0.56 0.53 0.66 0.38 0.68 0.50 0.56 0.65 0.64 0.61 0.51 0.61 0.61 0.67 0.61 0.68

P. contorta 0.62 0.57 0.59 0.50 0.68 0.71 0.67 0.66 0.72 0.72 0.69 0.50 0.64 0.63 0.69 0.71 0.66 0.66 0.68 0.69 0.70 0.72

P. edulis 0.61 0.50 0.54 0.47 0.91 0.74 0.54 0.65 0.82 0.30 0.78 0.50 0.61 0.65 0.78 0.75 0.59 0.63 0.76 0.75 0.90 0.78

P. monticola 0.63 0.64 0.56 0.45 0.81 0.79 0.72 0.81 0.73 0.78 0.78 0.57 0.69 0.66 0.83 0.82 0.67 0.82 0.81 0.82 0.83 0.82

P. ponderosa 0.57 0.54 0.64 0.82 0.68 0.87 0.87 0.85 0.52 0.81 0.86 0.58 0.72 0.64 0.82 0.84 0.79 0.78 0.79 0.85 0.79 0.86

Continued on next page
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Table 2.8 – continued from previous page

Individual methods Ensembles

Ecosys-based Species-based All methods No SRE

Species DAC MDC RFC CTA DAS GAMGBM GLM MRS ANN RFS SRE Avg X̄E K X̄S Med ROC TSS X̄W X̄ Med

P. tremuloides 0.54 0.54 0.50 0.45 0.65 0.51 0.40 0.47 0.63 0.54 0.43 0.48 0.51 0.58 0.46 0.48 0.49 0.44 0.44 0.43 0.55 0.53

P. menziesii 0.66 0.68 0.69 0.70 0.79 0.82 0.81 0.75 0.80 0.77 0.83 0.59 0.74 0.71 0.83 0.83 0.78 0.77 0.81 0.83 0.83 0.83

S. sempervirens - - - - - - - - - - - - - - - - - - - - - -

T. plicata 0.85 0.88 0.82 0.91 0.90 0.95 0.90 0.93 0.89 0.87 0.92 0.52 0.86 0.88 0.93 0.93 0.89 0.93 0.93 0.94 0.93 0.94

T. heterophylla 0.82 0.79 0.79 0.87 0.91 0.92 0.88 0.88 0.89 0.90 0.89 0.58 0.84 0.84 0.92 0.91 0.89 0.91 0.91 0.92 0.92 0.91

T. mertensiana 0.76 0.79 0.71 0.82 0.88 0.89 0.86 0.80 0.79 0.81 0.86 0.61 0.80 0.82 0.89 0.89 0.68 0.89 0.86 0.88 0.90 0.90

Average 0.65 0.66 0.66 0.66 0.74 0.78 0.74 0.73 0.73 0.70 0.78 0.56 0.70 0.71 0.77 0.79 0.69 0.75 0.76 0.78 0.80 0.80
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Adaptive regression splines

Generalised linear models

Generalised additive models

Past periods

North-to-south

Out-of-bag

All points

Random Forest

Generalised boosting models

Classification tree analysis

Artificial neural networks

Surface range envelopes

Discriminant analysis

Random Forest

Minimum distance
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Climate envelope
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Median (all models)
Median (no SRE model)

Mean (no SRE model)

Mean (all methods)
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0.5 0.6 0.7 0.8 0.9 1.0

Mean AUC for all species

Figure 2.1: Model accuracy for 12 individual and 4 simple ensemble techniques, eval-
uated by the area under the curve (AUC) of the receiver operating characteristic. Non-
independent evaluations include training and validation data being the same (All points),
a random data split of 67% for training and 33% for evaluation (Out-of-bag). Independent
validations include a 49◦ latitude data split, extrapolating south for validation (North-to-
south) and projections based on palaeoclimate data using fossil data from 6,000, 11,000,
14,000, 16,000, and 21,000 years before present for validation (Past periods). Vertical lines
represent the mean AUC value across all species and methods (excluding ensembles).
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Very tolerant (4)
Tolerant (6)
Intermediate (4)
Intolerant (4)
Very intolerant (3)

Unrestricted (6)
Intermediate (6)
Restricted (5)
Highly restricted (4)

Rare (3)
Restricted (4) 
Widespread common (14)

Both (6)
Interior (10)
Coastal (5)

Continentality

Distribution

Elevation

Shade tolerance 

0.5 0.6 0.7 0.8 0.9 1.0
Mean AUC For All Species

Regression

Machine
Learning

Envelope

Ecosystem

Ensemble

Figure 2.2: Model accuracy as a function of biogeographic and ecological characteristics
of species, evaluated by the area under the curve (AUC) of the receiver operating char-
acteristic. The values represent an average of the two independent validations (regional
and temporal extrapolations), and are aggregated by the five model categories used in
Figure 2.1 and explained in Table 2.1. The number of species in each category is noted in
parentheses (Table 2.2). Individual AUC values for all species, methods, and validation
techniques are provided in Tables 2.5-2.8.
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AUC=0.77
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Figure 2.3: Projected probability of presence (PoP) for Douglas-fir (Pseudotsuga
meziesii) using the species- and ecosystem-based Random Forest ensemble classifier under
four model training and validation scenarios: training and validation based on the entire
dataset (all points), a random data split of 67% for training and 33% for evaluation (out-
of-bag), a 49◦ latitude data split, extrapolating south for validation (north-to-south) and
projections based on palaeoclimate data using pollen and fossil data from the end of the
last ice age. The area under the curve (AUC), model sensitivity (Sens) and model specifi
city (Spec) represent the accuracy of projections. Threshold probabilities (Thr) are deter-
mined by the AUC calculation and represent the PoP for which the evaluation error rate
is minimal.
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Chapter 3

Predicting potential climate change impacts with

bioclimate envelope models: a palaeoecological

perspective.1

3.1 Summary

We assess the realism of species distribution model projections for anticipated future cli-

mates by validating ecosystem reconstructions for the late Quaternary with fossil and pollen

data. Specifically, we ask: (1) do climate conditions with no modern analogue negatively

affect the accuracy of ecosystem reconstructions? (2) are species distribution model pro-

jections biased towards under-predicting forested ecosystems? (3) given a palaeoecological

perspective, are potential habitat projections for the 21st century within model capabili-

ties? We used an ensemble classifier modelling approach to spatially project the climate

space of modern ecosystem classes throughout the Holocene (at 6,000, 9,000, 11,000, 14,000,

16,000, and 21,000 years ago) using palaeoclimate surfaces generated by two general circu-

lation models (GFDL and CCM1). The degree of novel arrangement of climate variables

was quantified with the multivariate Mahalanobis distance to the nearest modern climatic

equivalent. Model projections were validated against biome classifications inferred from

1,460 palaeoecological records. Model accuracy assessed against independent palaeoecology

data is generally low for the present day, increases until 6,000 years ago, and then rapidly

declines towards the last glacial maximum, primarily due to the under-prediction of forested

biomes. Misclassifications were closely correlated with the degree of climate dissimilarity

1A version of this chapter has been accepted for publication. Roberts, D. R. and A. Hamann. 2012.
Predicting potential climate change impacts with bioclimate envelope models: a palaeoecological perspective.
Global Ecology and Biogeography 21, 121-133.
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from the present day. For future projections, no-analogue climates unexpectedly emerged in

the coastal Pacific Northwest but were absent throughout the rest of the study area. Species

distribution models could approximately reconstruct ecosystem distributions for the mid-

to late-Holocene but proved unreliable in the Late Pleistocene. We attribute this failure

to a combination of no-analogue climates and a potential lack of niche conservatism in tree

species. However, climate dissimilarities in future projections are comparatively minor (sim-

ilar to those of the mid-Holocene), and we conclude that no-analogue climates should not

compromise the accuracy of model predictions for the next century.

3.2 Introduction

Natural fluctuations of global climate have occurred throughout earth’s history, but in the

coming centuries, anthropogenic factors may force global climate into conditions unseen

for millions of years (IPCC, 2007). It has also been suggested that anticipated climatic

conditions may include novel combinations of climate variables that do not exist in the

present day nor have existed for millennia or longer (Crowley, 1990; Salzmann et al., 2009;

Williams et al., 2007). Such “no-analogue” climates could result in ecological communities

that also lack modern analogues (Williams et al., 2001; Overpeck et al., 1992). It has

therefore been questioned whether it is possible to predict a biological response (e.g. altered

growth rates or demographic change) to future climate conditions with modelling approaches

that are essentially correlative and based on currently observed spatial or temporal climate

variation (Fitzpatrick & Hargrove, 2009; Williams & Jackson, 2007; Jackson & Williams,

2004; Van der Wal et al., 2009).

A widely used class of models to predict potential species habitat under projected cli-

mate changes are species distribution models (also referred to as bioclimate envelope models,

or niche models). These models correlate environmental predictor variables such as climate

with species occurrence data via statistical or machine learning procedures (e.g. Guisan &

Zimmermann, 2000). This class of models has a number of important limitations that need

to be considered when interpreting the results. For example, species interactions such as

competition are not modelled in a direct way, but they are indirectly accounted for because

species distribution models predict the realised niche rather than the fundamental niche.

The models also rely on a number of assumptions such as the constancy of species’ niches
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over time, genetic homogeneity among populations within a species, and the assumption of

equilibrium of species distributions with current climate conditions (see reviews by Araújo

& Guisan, 2006; Guisan & Thuiller, 2005; Pearson & Dawson, 2003).

While some of these assumptions may be violated, it is also widely understood that

“all models are wrong” (Box & Draper, 1987) and that their value lies in capturing relevant

predictor variables and ignoring factors that have minor or no influence on the results at

the scale of interest, which is often continental or global. To evaluate the potential realism

of species distribution models, various statistical techniques exist for assessing accuracy

and robustness of predictions. Most of these accuracy statistics rely on some form of cross-

validation, where a subset of the data is used to build the predictive model and the remaining

data is used to evaluate model accuracy. However, spatial autocorrelations in biological

census data can substantially inflate the apparent accuracy of species distribution models

that rely on cross-validation techniques (Segurado et al., 2006). For this reason, model

evaluation with truly independent data, for example, validation of species back-predictions

using fossil and pollen data, has been proposed (Araújo et al., 2005; Botkin et al., 2007).

Back-predictions can also be used to test the validity of various assumptions underlying

species distribution model projections (Araújo et al., 2005; Botkin et al., 2007; Nogues-

Bravo, 2009).

While back-predicting species with climate envelopes is not a new idea (e.g. Prentice

et al., 1991), the field has seen rapid recent developments to identify causes of extinction

(e.g. Rodriguez-Sánchez & Arroyo, 2008), to reconstruct migration routes and glacial

refugia (e.g. Svenning et al., 2008; Van der Wal et al., 2009), and to help understand

the evolutionary processes of geographic isolation, genetic differentiation, and speciation

(Carstens & Richards, 2007; Yesson & Culham, 2006). In this paper, we contribute a

new approach that projects ecosystem climate envelopes to more generally assess species

distribution model capabilities at a continental scale. We focus on independent model

validation and the issue of no-analogue climates. Additionally, we address the issue that

species distribution models may over-estimate climate change threats to tree species, which

tend to have large fundamental niches when mature and high within- and among-population

genetic diversity (Hamrick, 2004). This could lead to underestimating either tree species’

adaptability or their capability to persist in micro sites (Chen et al., 2010; Loehle & LeBlanc,

1996; Morin & Thuiller, 2009; Morin et al., 2008).
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Here, we carry out species distribution model-based back-predictions of ecosystems be-

tween the present and the last glacial maximum, for the periods 6,000, 9,000, 11,000, 14,000,

16,000, and 21,000 years ago. We evaluate the results with biome reconstructions based on

fossil and pollen data at 1,460 western North American study sites. Novel arrangement of

climate variables is quantified with the multivariate Mahalanobis distance to the nearest

modern equivalent. Our working hypothesis is that the emergence of no-analogue climates

will increase model misclassification rates for palaeoecological records. We expect the pre-

dictive model to misclassify many fossil and pollen sites that represent forested ecosystems

with high species diversity as too cold to sustain such communities. Lastly we aim to provide

a palaeoecological perspective on whether ecosystem and species habitat projections for the

21st century are generally within model capabilities.

3.3 Methods

To address these objectives in a broad way, we have carried out a relatively general analysis:

rather than modelling individual species distributions we used a species distribution model

technique that uses ecosystem classes as the dependent variable. The model predicts several

hundred fine-scale ecosystem classes which we summarise for broader ecosystem classifica-

tions. For these summaries we adopt the same biome classification that was used by Dyke

(2005) to characterise fossil and pollen records (Table 3.1). For concise reporting at an

even higher level, ecosystem projections were summarised into three categories: those which

support forest communities (Forested) and those which do not support forest communities

either due to heat/moisture constraints (Dry) or low temperature constraints (Cold) (also

indicated in Table 3.1).

3.3.1 Species distribution modelling

Ecosystem projections were carried out with a classification tree analysis, which can use a

class variable as the dependent variable. This approach has been shown to be effective even

for the prediction of species distributions, which can subsequently be inferred from known

species frequencies for projected ecosystem classes (Hamann & Wang, 2006; Mbogga et al.,

2010). For the dependent variable we used 770 mapped ecosystem classes covering western

58



North America to 100◦W longitude. The ecosystem delineations were compiled using six

sources: the “Ecosystems of Alaska” (Joint Federal-State Land Use Planning Commission

for Alaska, 1991), the “Biogeoclimatic Ecosystem Classification System” of British Columbia

(Pojar & Meidinger, 1991), “Natural Regions and Subregions” of Alberta (Govt. of Alberta,

2005), the “National Ecological Framework” for the remaining western Canadian provinces

(Govt. of Canada, 1999), “Potential Natural Vegetation Maps” for California and Arizona

(Kuchler, 1993, 1996), and “Ecoregions of the Continental United States” for the remaining

western states (Omernik, 2003).

Although we selected the highest resolution datasets available, we had to refine some

delineations in mountainous areas so that certain ecosystem classes were characterised by

a narrower climate envelope. The alpine ecosystem delineations for British Columbia and

Alaska were subdivided by major mountain ranges and classified as “Alpine Tundra”, “Bar-

ren/Rock”, and “Glacier/Ice” within each mountain range using 30 m resolution remotely

sensed landcover data for the US (Homer et al., 2007) and Canada (Wulder et al., 2008).

In addition, lower-montane ecosystem classes in the Yukon Territory, Northwest Territories

and Washington were removed from the dataset because their delineations were too coarse

to be useful. Nearby finer-scale delineations in Alaska and British Columbia with similar

climatology were available to accurately describe these climate envelopes.

Predictions were made for a 1 km resolution digital elevation model of North America

that we generated in Lambert Conformal Conic projection from 90 m resolution data of the

Shuttle Topographic Mission (Farr et al., 2007). North of 60◦N latitude, where these data

were not available, we used re-projected etopo30 elevation data (Verdin & Greenlee, 1996).

To build classification trees, we randomly sampled 100 grid cells within each of the 770

ecosystem delineations (i.e. 77,000 grid cells from a total of approximately 10 million grid

cells of the digital elevation model). These sample points were climatically characterised

and used as “training data” for classification tree analysis implemented with the Random

Forest package v.4.5 (Breiman, 2001) for the open-source R programming environment (R

Core Team, 2009). Random Forest has been shown to be a robust ensemble classifier and a

useful technique for species distribution modelling (e.g. Lawler et al., 2006) and was con-

sistently the best individual ecosystem-based method in our previous evaluations (Roberts

& Hamann, 2012).
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3.3.2 Past and future climate data

For past and future climatic characterisation we used general circulation model (GCM)

projections overlaid as anomalies (deviation from the 1961-1990 reference climate) on high

resolution interpolated climate normal data. The first set of back-predictions is based on the

coupled oceanic-atmospheric GCM developed by the Geophysical Fluid Dynamics Labora-

tory (GFDL) at the National Oceanic and Atmospheric Administration (NOAA) (Bush &

Philander, 1999) for 6,000, 9,000, 16,000, and 21,000 years ago. The second is the Commu-

nity Climate Model version 1 (CCM1) developed by the National Center for Atmospheric

Research (NCAR) (Kutzbach et al., 1998) for 6,000, 11,000, 14,000, 16,000, and 21,000

years ago. For future climate projections we used individual and ensemble projections for

four main emission scenario families A1FI, B1, A2, and B2 (Nakicenovic et al., 2000), im-

plemented by the following GCMs: CGCM2, HadCM3, ECHAM4, and CSIRO2 (Mitchell

et al., 2004).

All spatial climate data processing was carried out with a custom software package that

is freely available (Wang et al., 2006; Mbogga et al., 2009) , which uses 1961-1990 climate

normal grids for Canada and the United States generated by (Daly et al., 2008) as present

day climate representation. In addition this software package estimates biologically-relevant

climate variables according to Wang et al. (2006). Of all the available climate variables,

ten of the least correlated variables were identified with a principal component analysis

and selected as predictors: mean annual temperature, mean annual precipitation, the mean

temperature of the warmest month, mean temperature of the coldest month, the difference

between January and July temperature as a measure of continentality, May to September

(growing season) precipitation, the number of frost-free days, the number of growing degree

days above 5◦C, and two dryness indices according to Hogg (1997): an annual climate

moisture index, and a summer climate moisture index.

3.3.3 Analysis

Novel combinations of these climate variables based on past or future GCM projections

were determined with the multivariate Mahalanobis distance measure (Mahalanobis, 1936).

This distance measure is a normalised Euclidean distance that weighs individual variables
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according to their collinearity with all other variables. Variables that are perfectly correlated

are weighted as a single variable in distance calculations, while the Mahalanobis distance

for completely independent variables would equal the Euclidean distance. The Mahalanobis

distance to the closest modern equivalent was determined with a distance matrix between all

past and current climate grid cells. Since it is not feasible to calculate a distance matrix that

large (approximately 1,014 values), we calculated a reduced distance matrix. We retained

all projected grid cells for past and future projections, but we summarised current climate

conditions as 770 ecosystem climate averages (resulting in a distance matrix with just 7.7x109

values). The smallest Mahalanobis distance in each row of this matrix therefore reflects the

distance to the nearest modern ecosystem climate average, which we displayed on maps to

identify no-analogue climate conditions in the future and past. All distance calculations

were performed with PROC DISTANCE and PROC PRINCOMP in the SAS statistical

software package (SAS Institute, 2007).

For model evaluation, we used palaeoecological data comprised of fossil pollen and plant

macrofossils (compiled by Dyke, 2005; Thompson & Anderson, 2000). Duplicates as well as

mammal records were removed (to retain purely vegetation-based data) for a total of 1,460

sites used in this analysis. Modern classifications from the last 1,000 years were available for

most sites. Approximately 500 sites had records for 6,000 years ago, which declined to 300

sites for 9,000 years ago. For time periods approaching the last glacial maximum, records

become fairly scarce with 150 sites for 16,000 years ago and 100 sites for 21,000 years ago for

western North America. The palaeoecological records were already classified into biomes and

we adopted the same classification system for predicted ecosystems. Minor differences arise

because we model ice and barren landcover (for which there are no pollen and fossil records).

We also lacked climate data for the very northern herb-tundra biome of Dyke (2005). Lastly,

we separated Dyke’s “Interior Forest” into Dry Coastal Mixedwood, Sub-Boreal Mixedwood,

and Dry Interior Conifer Forest because we perceived those as climatically and ecologically

distinct ecosystems.

Because we evaluate the accuracy of a multi-level classifier, we use tables of classifica-

tion and mis-classification (i.e. confusion matrices) and report the numbers and ratios of

correct and incorrect classifications at the biome level as well as for forested and non-forested

classes. To maintain the highest possible data accuracy, modelled biome classifications were

made based on climate values for the location and elevation of the palaeoecological records,

61



estimated by the software package described above, rather than using a classification made

for a nearby 1 km grid cell.

3.4 Results

3.4.1 Independent model evaluation

The model outputs for the present, based on the modern day 1961-1990 reference climate,

visually conform to both the mapped ecosystem distributions that were used to train the

model and also to the approximate delineations by Dyke (2005) (Figure 3.1). Misclassifica-

tion error rates of predicted biomes against independent fossil and pollen data are shown

in Table 3.2. The percentage of correct classifications tends to be quite low with rates per

biome ranging from 0 to 67%. Some of the low match rates can be attributed to small

sample sizes, but nevertheless the overall percentage of correct classifications with indepen-

dent data is just 46%. Misclassifications often occur among adjacent biomes and often in

spatially complex landscapes (e.g. high-resolution inset in Figure 3.1). In addition, we find

misclassification rates for pollen and fossil data representing the boreal forest ecosystem as

the adjacent boreal subarctic, which has essentially the same species composition (Table

3.2).

For conciseness, we do not report full misclassification matrices for 14 biomes for ecosys-

tem predictions based on past climates. Rather, we provide a higher level summary using

the afore-mentioned three categories of ecosystems: Forested, moisture-restricted Dry, and

temperature-restricted Cold. Rates of misclassification are generally very similar for pro-

jections based on CCM1 and GDFL climate reconstructions (Table 3.3). Misclassifications

increase abruptly for pollen and fossil sites that are classified as Forested and Dry during

the cooler early-Holocene between 9,000 to 14,000 years ago (Table 3.3, Figure 3.2). In con-

trast, near the last glacial maximum (16,000 to 21,000 years ago), pollen and fossil points

representing Cold ecosystems are almost always predicted correctly, indicating an increasing

bias towards under-predicting Forested and Dry ecosystem (Figure 3.2). This is reflected

in Table 3.3, as most errors are located on the upper right side of the diagonal for these

time periods. Interestingly, overall model accuracy is higher for the mid-Holocene warm

period at 6,000 years ago than for the present day. This is driven by increased accuracy in
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the prediction of pollen and fossil sites that represent Forested and Dry ecosystem classes

(Figure 3.2), which holds true for both CCM1 and GFDL based predictions.

3.4.2 No-analogue climates in the past

Climatic reconstructions based on the general circulation models CCM1 and GFDL reveal

novel combinations of climate variables in western North America for all time periods (Table

3.4, Figure 3.3). For example, high climate dissimilarities emerge in the United States Rocky

Mountains during the mid-Holocene warm period at 6,000 years ago. These climates are

characterised by drier, cooler summers and warmer winters, conditions that have no modern

equivalent. Fossil and pollen records for these areas indicate forested ecosystems, but they

were classified as steppe or grassland by the species distribution model. Climates without

modern equivalents also appear in the area immediately south of the ice sheets at 21,000

years ago (Figure 3.3). These areas were characterised in the data by notably colder annual

and mean warmest month temperatures, resulting in a shortened frost-free period while

farther south in eastern Oregon and northern Nevada, no-analogue climates were driven less

by overall cooling than by differences in seasonal temperature variables (data not shown).

The climatology in both areas was classified by the species distribution model as supporting

alpine or arctic tundra, although there is no modern climatic equivalent.

Summary statistics for the study area, broken down by Forested, Dry, and Cold biomes

show associations between novel climates and erroneous classifications as well (Table 3.4).

For forested biomes, misclassification rates increase as average climate dissimilarity increases

towards the last glacial maximum (e.g. 0.44 toward 1.3 distance units versus 74% toward

13% correct classifications for CCM1) (Table 3.4). In contrast, biomes that are classified as

too cold to support forested ecosystems have lower misclassification rates (e.g. 0.17 toward

4.84 distance units versus 55% toward 100% correct classifications for CCM1). However,

this latter association simply reflects, with increasing confidence, that extremely cold (and

therefore novel) environments are correctly classified as too cold to support forested ecosys-

tems.

For subsequent interpretation of the causes of biome misclassifications, it is also im-

portant to point out that the species distribution model predicts the southern extent of the

continental ice sheets with remarkable accuracy, even though the northern portion of the
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ice sheet is not correctly represented (Figure 3.3). This also holds true for predictions based

on the GFDL general circulation model (data not shown).

3.4.3 Future projections

Climate projections for future periods result in dissimilarities roughly on par with those

observed for the 6,000 to 11,000 years ago back-predictions (Table 3.4). Areas of high

dissimilarity are primarily restricted to the coast mountains of the Pacific Northwest, where

combinations of very high precipitation and high summer temperatures emerge that have

no modern equivalent (Figure 3.4). The most pessimistic “business as usual” CO2 emission

scenario (A1FI) also results in a prediction of hot and dry climatic conditions in the southern

United States that have no equivalent in the present day study area (maps not shown, but

reflected in high average dissimilarities for the Dry biome type in Table 3.4). The most

optimistic emission scenarios assume less resource intensive service economies (B1) and

environmentally sustainable economic and population growth (B2). These yield climate

dissimilarities roughly equivalent to values of the mid-Holocene warm period, which had the

highest accuracy of all time periods in the independent model evaluation above (Table 3.4).

The intermediate scenario that assumes slow population growth and regionally fragmented

economic growth (A2) has larger climate dissimilarity values equivalent to 6,000 to 9,000

years ago, which still do not imply very high misclassification rates due to no-analogue

climates (Figure 3.2).

According to this intermediate emission scenario (A2), biome climate envelopes for the

2080s change most notably in the higher latitudes, where the warming signal is strongest

(IPCC, 2007) (Figures 3.1 and 3.4). Alaska gains landscape level diversity of habitat con-

ditions, comparable to British Columbia at present (Figure 3.4, inset). Changes in British

Columbia are driven by increased precipitation leading to climate envelopes that support

wet temperate forest types. The Canadian Plains of Alberta and Saskatchewan lose sub-

stantial area with climate conditions suitable for boreal forests. Areas of minimal change at

biome-level climate conditions are projected for the southern latitudes, with some expansion

of desert and steppe climate envelopes. It should be noted that the projection in Figure 3.4

is based on an ensemble of multiple individual GCM implementations of the A2 scenario.

Notable differences in projections arise from model runs of individual GCMs (Hamann &
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Wang, 2006; Mbogga et al., 2010).

3.5 Discussion

3.5.1 Model accuracy and no-analogue climates

For back-predictions towards the last glacial maximum, our results confirm that no-analogue

climates are indeed prevalent. We further demonstrated that no-analogue climates compro-

mise accuracy of biome classifications based on palaeoclimatic predictions, which has been

previously discussed as a potential limitation of species distribution models (Fitzpatrick &

Hargrove, 2009; Williams & Jackson, 2007; Jackson & Williams, 2004; Van der Wal et al.,

2009). At the same time, we provide a perspective for the magnitude of novel climates

expected under projected anthropogenic climate change (Table 3.4). The degree of climate

dissimilarity expected for the coming century would not imply significant effects on misclas-

sification rates, except perhaps for isolated areas in the Pacific Northwest Cordillera, where

high precipitation and temperature anomalies with no modern analogue emerge (Figure 3.4).

Even though we use a different spatial resolution, a different set of climate variables, and a

different similarity metric, our results generally coincide with those of Williams et al. (2007)

who also found a low risk of novel climates at high latitudes of North America.

The common notion that we are headed towards unknown climatic futures caused by

greenhouse gas emissions may be true at a local scale, but at the sub-continental scale of this

study, truly novel combinations of climate conditions in this region are the exception as this

and other studies have shown. Sub-continental scales are typically used for the development

of species distribution models and we therefore conclude that their projections should not

be generally compromised by extrapolating into no-analogue climate space. Conversely it is

clear that regional-scale species distribution projections are less useful. For example, if we

had developed a model just for Alaska, we would find high rates of no-analogue climates for

“unknown” biomes that are currently only found in British Columbia.

Our results are broadly applicable, not only for the classification tree approach that we

use to project ecosystems, but to any species distribution model. The measure of climate

dissimilarity is independent of any particular model technique. It is the correlational na-
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ture of the niche modelling approach in general rather than any specific mathematical or

statistical procedure that is susceptible to confounding by no-analogue climates.

3.5.2 Violation of species distribution model assumptions

In addition to misclassifications, we also showed bias in species distribution model results

toward the last glacial maximum. We find that at the height of the last ice age and in

early deglaciation, forested biomes are under-predicted by the model. We reject the possible

alternate explanation that we have bias due to migrational lag (i.e. that a lack of ecosystem-

climate equilibrium at this time promotes model misclassification). If this were the case, this

discrepancy would be manifested as forested ecosystem over-prediction. Secondly, inaccurate

paleoclimatic reconstructions (too cold) could be responsible for the bias. However, models

based on both GFDL and CCM1 predict the southern extent of the continental ice sheets

with remarkable accuracy. It would therefore appear to be an unlikely explanation for the

under-prediction of forested ecosystems. A third factor that might account for differences

between observed and predicted ecosystem distribution is the effect of CO2, due to lower

concentrations of around 200 parts per million during the last glacial maximum. However,

not accounting for CO2 in our model should lead to an over-prediction of forests in the past

(Cowling, 1999), which is also contrary to the under-prediction reported here.

Misclassifications due to no-analogue climates should not introduce bias since there

is an equal probability of misclassifications into all classes (in this case individual biomes

or Forested, Dry, or Cold groups). However, if new niche space emerges on the landscape,

species may genetically adapt and occupy newly available environmental space, which species

distribution models cannot anticipate. Davis & Shaw (2001) have shown that the ecological

niche space of tree species may not be constant over time. Adaptive traits with high genetic

variability and heritability, which is common in tree species, may allow for occupation of

new realised niche space (Hamrick, 2004), providing a potential explanation for the under-

predictions of forested biomes observed in this study.

The relevance of evolutionary changes to the niche space of species is powerfully illus-

trated by palaeoecological studies that look beyond the Holocene. For example, fossil forest

dating to the Eocene consisting of Pseudotsuga, Larix, Sequoia, and Chamaecyparis suggest

that these genera were found in the Canadian high arctic (Basinger, 1991). This fossil evi-
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dence includes giant stems that suggest temperate forest communities of similar appearance

and composition to today’s Pacific Northwest coastal forests. Trees must have adapted not

only to a different climate but to the vastly different diurnal cycle of the arctic latitudes

with 24-hour daylight during the summer and complete darkness in winter, as there were

only minor continental shifts relative to the North Pole for this area at this time.

While niche constancy and no-analogue climates must have played an important role at

evolutionary time scales, we do not think that these factors should effect species distribution

model projections for the immediate future and we consider model projections useful, if

correctly interpreted. Projected ecosystems simply represent new equilibrium targets for

ecological communities. Because of the long generation time of trees, forest communities

that are resilient or resistant may not change at all over periods that are measured in decades.

Nevertheless, discrepancies between current ecosystems and projected future habitat are of

great concern. For example, we do not interpret Alaska’s emerging landscape diversity as

a cause for optimism. Rather, they are a cause for concern, as climatic stresses on locally

adapted populations may compromise forest productivity and forest health (Allen et al.,

2010).
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Table 3.1: List of western North American biome classes used in predictive modelling
and inferred from pollen and fossil data by Dyke (2005). The dominant tree species or
genera for each forested biome are described in parentheses.

Biome Description

Non-forested dry

Desert (DES) Hot and dry areas with poor soil development, mainly devoid
of vegetation.

Steppe (STE) Bunchgrass with sagebrush and some woody shrubs.

Grassland (GRA) Tall grasslands dominated by graminoid species.

Forested

Savannah (SAV) Open coniferous canopy with steppe, grass and shrub com-
ponents (juniper and pinion pine with some lodgepole pine,
Douglas-fir, and oaks).

Deciduous parkland
(DPK)

Transition between boreal forest and grasslands; large tracts
of grasses with localised forest stands (aspen, poplar).

Interior conifer forest
(DCO)

Almost exclusively conifer forest with semi-open or open
canopies; includes extensive steppe, grass or shrublands
(Douglas-fir, ponderosa pine).

Sub-boreal mixed-
wood (SBM)

Conifer-dominated mixedwood (white spruce, Douglas-fir,
subalpine fir, lodgepole pine, aspen, poplars and birches).

Coastal dry mixed-
wood (CDM)

Mixed forest cover, largely non-boreal species; includes cha-
parral communities (Douglas-fir, redcedar, oak, grand fir,
arbutus, red alder, maple).

Wet temperate forest
(WTF)

Wet, diverse, and largely conifer-dominated; confined to
coastal and areas of heavy orographic precipitation (hemlock,
redcedar, Douglas-fir, grand fir).

Sub-alpine forest
(SAF)

Transition zone between denser, lower-elevation forests and
the treeless alpine (Engelmann spruce, subalpine fir, mountain
hemlock, larch, lodgepole pine, Douglas-fir).

Boreal forest (BOR) Cover of conifer and mixedwood forest; coldest and driest
forest ecosystem in North America (white & black spruce,
lodgepole pine, aspen, tamarack, poplar, birch).

Boreal sub-arctic
(BSA)

Transition between boreal and arctic; stunted and widely
spaced boreal trees; includes grass and shrublands (stunted
white spuce, black spruce, birch and aspen).

Non-forested cold

Alpine tundra (ALT) Treeless alpine meadows, barren land.

Arctic (ARC) High-latitude tundra, largely devoid of trees and dominated
by shrubs and lichens.

Glacier & ice (ICE) Climate conditions favourable for year-round ice coverage.
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Table 3.2: Misclassification rates between biomes predicted with climate envelope models for the 1961-1990 climate normal period and biome re-
constructions from fossil and pollen samples for the last millennium. Correct classifications are highlighted in bold, and also reported as percentage
of the total number (N) of fossil and pollen points correctly classified (MR). Cohen’s Kappa (K) statistic representing correct classifications minus
randomly expected matches is also reported.

Predicted

Dry Forested Cold

Observed DES STE GRA SAV DPK DCO SBM CDM WTF SAF BOR BSA ALT ARC N MR K

Non-forested dry

Desert (DES) 4 7 0 0 0 0 0 0 0 0 0 0 0 0 11 36% 0.29

Steppe (STE) 1 13 3 2 0 2 0 0 0 2 0 0 0 0 23 57% 0.49

Grassland (GRA) 0 7 54 3 7 3 0 0 0 6 1 0 0 0 81 67% 0.59

Forested

Savannah (SAV) 0 2 0 0 0 0 0 0 0 1 0 0 0 0 3 0% 0.00

Deciduous parkland (DPK) 0 0 1 0 3 0 0 0 0 1 4 4 1 2 16 19% 0.11

Interior forest (DCO, SBM, CDM) 2 7 0 0 0 8 2 0 3 6 1 1 2 2 34 29% 0.22

Wet temperate forest (WTF) 0 1 0 0 0 7 2 12 68 7 0 2 12 2 113 60% 0.52

Sub-alpine forest (SAF) 0 2 2 2 0 2 3 3 4 32 0 0 16 0 66 48% 0.41

Boreal forest (BOR) 0 1 12 0 6 7 10 0 0 31 136 105 69 67 444 31% 0.23

Boreal sub-arctic (BSA) 0 0 0 0 0 0 0 0 0 1 2 5 2 2 12 42% 0.34

Non-forested cold

Alpine tundra (ALT) 0 1 0 0 0 0 0 0 0 4 0 2 9 2 18 50% 0.42

Arctic tundra (ARC) 0 0 0 0 0 0 0 1 0 7 21 83 59 234 405 58% 0.50
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Table 3.3: Misclassifications between biome groups inferred from fossil and pollen sam-
ples and biome groups independently predicted with species distribution modelling for
the same periods (noted in calendar years before the present, YBP), based on the general
circulation models CCM1 and GFDL. Correct classifications are highlighted in bold and
the total number of pollen and fossil samples available for each time period is given in
parentheses (N).

Predicted

Present Day (N=1226)

Observed Dry Forested Cold

Dry 89 26 0

Forested 30 481 177

Cold 1 118 304

6,000 YBP (N=554) 6,000 YBP (N=554)

Dry Forested Cold Dry Forested Cold

Dry 58 7 0 55 10 0

Forested 53 285 46 21 323 40

Cold 1 46 58 1 38 66

11,000 YBP (N=275) 9,000 YBP (N=376)

Dry Forested Cold Dry Forested Cold

Dry 27 6 0 19 16 6

Forested 26 103 8 16 147 85

Cold 2 67 36 1 24 62

14,000 YBP (N=179)

Dry Forested Cold

Dry 9 6 3

Forested 7 33 24

Cold 5 32 60

16,000 YBP (N=129) 16,000 YBP (N=129)

Dry Forested Cold Dry Forested Cold

Dry 5 4 1 0 0 10

Forested 5 8 21 2 3 29

Cold 3 8 74 1 1 83

21,000 YBP (N=89) 21,000 YBP (N=89)

Dry Forested Cold Dry Forested Cold

Dry 1 2 13 0 5 11

Forested 1 3 20 0 9 15

Cold 0 0 49 0 4 45
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Table 3.4: Mean climate dissimilarity values for forested (Forested), non-forested cold
(Cold), and non-forested dry (Dry) biome groups. Climate dissimilarity is quantified as
the Mahalanobis distance to the nearest present-day equivalent found in the study area.
The corresponding percentages of correct model classifications of fossil and pollen data are
shown in parentheses.

Biome type

Period Dry Forested Cold

Present Day 0 (77%) 0 (70%) 0 (72%)

GFDL Model

6,000 YBP 0.23 (85%) 0.20 (84%) 0.19 (63%)

9,000 YBP 0.27 (46%) 0.32 (59%) 0.45 (71%)

16,000 YBP 0.26 (0%) 1.27 (9%) 2.79 (98%)

21,000 YBP 0.30 (0%) 1.35 (38%) 2.91 (92%)

CCM1 Model

6,000 YBP 0.62 (89%) 0.44 (74%) 0.17 (55%)

11,000 YBP 1.15 (82%) 0.46 (75%) 0.44 (34%)

14,000 YBP 0.66 (50%) 0.55 (52%) 0.76 (62%)

16,000 YBP 0.73 (50%) 1.01 (24%) 2.42 (87%)

21,000 YBP 0.46 (6%) 1.30 (13%) 4.84 (100%)

Future Projections

2080-A1FI 0.63 0.53 0.42

2080-A2 0.42 0.37 0.30

2080-B1 0.28 0.26 0.23

2080-B2 0.31 0.26 0.23
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Mapped

Desert & barren
Steppe
Grassland
Savannah
Deciduous parkland

Modelled Fossil / Pollen

   Interior conifer forest
   Sub-boreal mixedwood
   Coastal dry mixedwood
Wet temperate forest
Subalpine forest
Boreal forest

Boreal sub-arctic
Alpine tundra
Herb tundra*
Arctic tundra
Ice

Figure 3.1: Present day mapped biomes, modelled biomes, and biome classes inferred
from pollen (circles), macrofossil (stars) and mammal (triangles) records according to
Dyke (2005), reproduced with permission. We did not model Dyke’s herb tundra biome
but we distinguish three types of interior forest (all shown in yellow). The inset map pro-
vides a detailed comparison between the modelled ecosystems and the fossil/pollen sites
for a mountainous area of southern British Columbia. Note that mammal points were not
used in the model evaluation calculations.
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Figure 3.2: Match rates marked as bold in Table 4 expressed as percentage and plotted
over time for paleoclimate projections of two general circulation models CCM1 (left) and
GFDL (right).
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Projected biomes

Mahalanobis distance to nearest modern analogue climate

1.00.0 2.0+1.50.5

CCM1 6,000
years ago

CCM1 14,000
years ago

CCM1 21,000
years ago

Fossil / Pollen Climate dissimilarity

Figure 3.3: Predicted biome classes, biome reconstructions from pollen and fossil data,
and climate dissimilarities measured as multivariate Mahalanobis distance to the nearest
modern climate space. Green indicates climate arrangements analogous to those witnessed
in the present day and red indicates increasing diversion from any modern climate condi-
tions in the study. Summary statistics for additional model runs are given in Tables 3.3
and 3.4. Legend of biome classes is shown in Figure 3.1.
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Figure 3.4: Predicted biome classes and climate dissimilarity according to an ensemble projection of
the A2 emissions scenario from five general circulation models for the 2080s. The inset map provides a
detailed image of the modelled ecosystems in Alaska and the Yukon Territory.
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Chapter 4

Glacial refugia and modern genetic diversity of

western North American tree species.1

4.1 Summary

Interglacial warm periods, such as the current Holocene, are the exception to the Quaternary

norm. The evolution of North American tree species, subspecies, and genetic varieties has

therefore taken place in a landscape with extensive continental ice and restricted temperate

climate environments. Here, we reconstruct historical biogeographies and glacial refugia

of western North American trees using species distribution models, validated against 3,571

fossil pollen and packrat midden records from 835 study sites. We investigate how modern

genetic diversity and genetic structure was shaped by refugial history, using published esti-

mates of allelic richness and expected heterozygosity for 473 populations of 22 tree species.

We find that species with strong genetic differentiation into subspecies and varieties had

widespread and large glacial refugia. In contrast, species with restricted refugia show no

differentiation and little genetic diversity, despite being common over a wide range of envi-

ronments today. In a regression tree analysis, 66% of allelic richness could be explained by

the total size of glacial refugia. Expected heterozygosity was best explained by the number

of glacial refugia (27% variance explained). Finally, reconstructed vegetation histories are

used to evaluate the merit of biogeographic hypotheses regarding the existence of glacial

refugia in Beringia and along the Pacific coast, the evolution of subspecies in widespread

conifers, and the origin of Pacific Northwest inland rainforests.

1A version of this chapter has been submitted for publication.
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4.2 Introduction

The current Holocene represents one of many relatively short, warm interglacial periods

of the Quaternary, while cold temperatures and extensive continental ice have dominated

North America for at least the last million years of the Pleistocene (Lisiecki & Raymo, 2005).

Evolutionary processes leading to geographic differentiation of tree populations, genetic va-

rieties, and in some cases sub-species, have therefore taken place in landscape quite different

from today (Comes & Kadereit, 1998; Hewitt, 2000). The evolution of distinct genetic va-

rieties or sub-species is often attributed to presumed disjunct populations during glacial

periods, where geographic isolation in combination with different selection pressures or ge-

netic drift would allow sub-species to form (Hewitt, 2004). Similarly, low levels of modern

genetic diversity and particular signatures in allele frequency distributions are attributed to

species being subjected to historical periods of constricted population sizes, referred to as

genetic bottlenecks (Leberg, 1992).

Important evolutionary events and processes that have shaped species can therefore be

better understood in the light of their historical biogeographies, which have traditionally

been inferred by two types of research approaches. Dated fossil and pollen records have been

used by paleoecologists to infer glacial refugia and reconstruct post-glacial migration routes

(e.g. Thompson & Anderson, 2000; Webb, 1981). However, such records are scarce and

typically restricted to lake sediments or peat deposits, which limit their usefulness to com-

prehensively reconstruct vegetation histories. The second approach, phylogeography, infers

historical isolation of populations by analyzing present-day geographic patterns of neutral

genetic markers. Modern genetic population structure can be screened comprehensively with

a moderate research effort, but evolutionary events inferred from genetic markers cannot be

linked to a specific time and location in the past. Nevertheless, phylogeographic studies

allow formulating and testing hypotheses about refugia and migration routes, summarised

in several review papers for North America (Carstens et al., 2005; Jaramillo-Correa et al.,

2009; Shafer et al., 2010; Soltis et al., 1997)

These reviews highlight a number of recurring patterns in the post-glacial vegetation

histories of western North American tree species. Several widespread tree species have genet-

ically distinct varieties or subspecies in climatically distinct coastal and interior regions, e.g.
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lodgepole pine (Pinus contorta), ponderosa pine (Pinus ponderosa), Douglas-fir(Pseudotsuga

menziesii). These could have emerged through east-west separation of populations by the

coastal Cascade Mountains throughout cycles of glaciations and de-glaciation (Carstens

et al., 2005; Fazekas & Yeh, 2006; Godbout et al., 2008). On the other hand, many temper-

ate tree species of the Pacific Northwest with disjunct coastal and interior populations show

little or no genetic differentiation, e.g. western hemlock (Tsuga heterophylla) and western

redcedar (Thuja plicata), suggesting post-glacial recolonization from a single refugium (Ally

et al., 2000; O’Connell et al., 2008). For some species, north-south genetic splits can be ob-

served in southern Oregon or northern California, with several possible recolonization paths

from different refugia (Soltis et al., 1997). Finally, Beringian refugia, refugia west of the

continental ice, and nunatak refugia (where mountaintops emerge from the ice) have been

proposed (e.g. Provan & Bennett, 2008). There is some fossil and genetic evidence that

refugia west of the continental ice contained tree species, allowing for rapid recolonization

of northern coastal areas (Fazekas & Yeh, 2006; Godbout et al., 2008; Hamann et al., 1998).

Similarly, some boreal tree species may have found habitat in ice-free Beringia, allowing

southward post-glacial recolonization routes (Anderson et al., 2006; Jaramillo-Correa et al.,

2009; Shafer et al., 2010).

In recent years a third approach, species distribution modelling, has emerged to com-

plement information from paleoecological or phylogeographic studies (Carstens & Richards,

2007; Richards et al., 2007). Examples include the reconstruction of post-glacial species

migrations to help confirm phylogeographic inferences (e.g. Carstens & Richards, 2007;

Gugger et al., 2011; Rebelo et al., 2012; Waltari et al., 2007), but also the delineation of

present-day habitat to interpret recently evolved genetic lineages (e.g. Graham et al., 2004;

Rissler & Apodaca, 2007). Species distribution models are based on statistical approaches

that correlate species census data with the environments (often just climate conditions) in

which they occur. Species distribution models rely on several assumptions that we know to

be false or at least problematic (Araújo & Guisan, 2006; Guisan & Thuiller, 2005). However,

the approach tends to be useful for applications at continental scales and long time frames,

where local demographic processes and biological interactions that these models ignore may

not have noticeable effects (Pearson & Dawson, 2003).

In this study, we contribute comprehensive reconstruction of glacial refugia and post-

glacial migration histories for 22 western North American forest trees (Table 4.1). We build
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on two previous methodological investigations (Roberts & Hamann, 2012a,b), where we

selected and optimised species distribution modelling techniques specifically for this task,

and subsequently tested the accuracy and limitations of the chosen techniques with respect

to equilibrium issues, niche constancy, and no-analogue climates. Here, we present ensemble

projections from three selected methods for paleoclimate reconstructions from 6,000, 9,000,

11,000, 14,000, 16,000 and 21,000 years before the present from two coupled atmospheric-

ocean general circulation models (GCMs). Our aim is to aid the interpretation of modern

genetic population structure in western North American trees, including the evolution of sub-

species, and to test inferences from phylogeographic research. Secondly, we investigate if

overall levels of genetic diversity in neutral genetic markers can be understood in a historical

biogeographic context. As measures of genetic diversity, we compiled or calculated the

number of alleles per locus (A) and expected heterozygosity (He) for 473 populations of 22

tree species from published allozyme marker studies. We investigate if the number and size

of glacial refugia or other life history attributes, such as dispersal and pollination type, best

explain modern genetic diversity in western North American tree species.

4.3 Materials and Methods

We used high resolution maps of ecosystems to characterise the climate space of a dependent

class variable. Ecosystem delineations for the continental United States and Canada west

of 100◦ Latitude, were compiled from various public data sources (as described in Roberts

& Hamann, 2012a,b). Species frequencies and probabilities of presence were calculated for

each ecological region based on forest inventory plot records within the ecoregion bound-

aries. Forest inventory data consisted of a total of 55,743 plot samples from throughout

western North America, compiled from multiple sources from different regions (Betchtold &

Patterson, 2005; Govt. of Alberta, 2004; Hamann & Wang, 2006). Ecoregions in forested

locations lacking sample plots were removed from the model. Samples in non-forested loca-

tions (e.g. arctic, deserts, grasslands) were included in the model to better define the limits

of the climatic niche of forested ecosystems.

Modern climate data were generated for the 1961-1990 normal period based on a

1km resolution digital elevation model with the publically available software package Cli-

mateWNA (Mbogga et al., 2009; Wang et al., 2012). Ten climate variables which correlated
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least were selected via principal component analysis as predictor variables: mean annual

precipitation, the mean temperature of the warmest month, the mean temperature of the

coldest month, the difference between January and July temperature as a measure of conti-

nentality, May to September (growing season) precipitation, the number of frost-free days,

the number of growing degree days above 5◦C, and summer and annual dryness indices (as

calculated by Hogg, 1997). Paleoclimate data was generated by overlaying on the modern

data temperature and precipitation anomalies generated with two general circulation mod-

els (GCMs): the Community Climate Model (CCM1) for the periods 6,000, 11,000, 14,000,

16,000, and 21,000 years ago (Kutzbach et al., 1998) and the Geophysical Fluid Dynamics

Laboratory model (GFDL) (Bush & Philander, 1999) for the periods 6,000, 9,000, 14,000,

16,000, and 21,000 years ago.

We generated ecoregion class projections using three species distribution modelling

methods that permit a categorical dependent variable: (1) Random Forest (Breiman, 2001),

which is an ensemble classification and regression tree technique, (2) standard discriminant

analysis (Hamann & Wang, 2006), and (3) minimum Mahalanobis distance method (Roberts

& Hamann, 2012a,b). Climate space of ecosystems were projected for each time period

(6,000, 11,000, 14,000, 16,000, and 21,000) available from the two GCMs. For each model,

we linked species frequencies and probabilities of presence based on the projected ecoregion

class variable to produce reconstructed vegetation histories. Ensemble modelling methods,

which create a single projection based on outputs from many individual methods, have been

shown to produce more accurate model outputs than individual methods alone (Araújo &

New, 2007). Accordingly, we produced a single ensemble model output for each tree species

by averaging frequency or probability of presence for all data points of all three models

within each GCM and period.

This probability of presence projections for each species, each model run, and ensemble

summaries for the past were validated against 3,571 fossil pollen, macrofossil, and packrat

midden records from 835 study sites, compiled by Dyke (2005), and reported in the North

American Pollen Database (COHMAP, 1988) and the North American packrat midden

database (Strickland et al., 2001). The area under the curve of the receiver operating

characteristic (AUC) was calculated for the past time periods as well as for the modern

projections using a cross-validation. AUC values, averaged across all species for the modern

period, ranged from 0.79 to 0.89 for individual modelling methods and 0.92 for the ensemble
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projections. Values for past periods, excluding validations with fewer than 10 validation

points, were generally lower, with average AUC values of 0.65 to 0.71 for the individual

methods, and averages of 0.73 and 0.75 for the ensemble method for the CCM1 and GFDL

models, respectively. AUC values for all species and all methods are provided in Table 4.2.

Data on modern genetic diversity of the tree species included in the study (see Table

4.1) were collected or calculated from allele frequency tables in the published literature,

as discovered via searches with ISI Web of KnowledgeSM. For consistency, all available

studies of allozyme diversity for the included species, which are common investigations into

neutral genetic markers, were considered. A complete list of data compiled from all ref-

erences, listed by sampled population, is provided in Table S4.1. The number of alleles

per locus (allelic richness) and expected heterozygosity were chosen as metrics of modern

genetic diversity because of their widespread and consistent reporting in the allozyme litera-

ture. Allelic richness represents the number of different expressions of a given gene whereas

expected heterozygosity represents the evenness of representation of each gene expression

(where higher heterozygosity is more even). While sample size has been shown to affect

estimates of allelic diversity (Leberg, 2002), we were unable to account for this due to an

inability to subsample all populations not reported in the literature and have thus made no

adjustment to the reported averages of number of alleles per locus. Furthermore, we find

no relationship (r=0.18, p=0.446) between the average number of alleles reported and the

number of populations sampled (as a proxy for sampling intensity).

Maps and tables, as well as quantitative range statistics, were calculated for the mod-

ern period and the last glacial maximum using all data points where the ensemble model

indicated a species frequency greater than zero. The SDMTools package (Van der Wal et al.,

2012) for the R programming environment (R Core Team, 2009) was used to calculate land-

scape metrics, including total area, contiguity, and the number of discrete habitat units

(polygons). Contiguity was calculated as a ratio of total area to total perimeter. Landscape

metrics were calculated for each individual model run, and were reported as estimates of

the mean with standard errors. Life history traits were assigned based on descriptions in

the USDA Silvics of North America manual (Burns et al., 1990) to match the categories

used by Hamrick et al. (1992). Species names are according to the Flora of North America

Editorial Committee (1993).
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We partitioned the variance in expected heterozygosity and allelic richness explained

using a regression tree procedure with the mvpart package (Therneau & Atkinson, 2011)

for the R programming environment (R Core Team, 2009). This technique iteratively splits

response data (metrics of genetic diversity) by maximising variance explained by several

continuous or class-based predictor variables. These predictors included measures of both

present day and last glacial maximum range area, range contiguity, and number of habitat

patches, as well as the successional stage and dispersal mechanism of each species.

4.4 Results

4.4.1 Reconstruction of glacial refugia

A summary of projected range reconstructions for all species suggest a number of general

climate regions where tree species may have found refuge during the last glacial maximum

(Figure 4.1, Table 4.2). Today’s subalpine tree species, such as subalpine fir (Abies la-

siocarpa), whitebark pine (Pinus albicaulis) and Engelmann spruce (Picea engelmannii),

found equivalent climate habitat primarily in the northern basins, from the Williamette

Valley in the northwest to the New-Mexico plateau in the southeast. Boreal species, such as

white spruce (Picea glauca), black spruce (P. mariana), lodgepole pine and trembling as-

pen (Populus tremuloides), find climate habitat equivalent to today’s boreal conditions near

the eastern limits of the study area, including the High Plains and Southwest Tablelands

of Colorado and New Mexico. Species that occur in interior lowlands under relatively dry

conditions, including western larch (Larix occidentalis), ponderosa pine and pinyon pine (P.

edulis), find suitable habitat in the southern mountain ranges. Coastal species of the Pacific

Northwest were often restricted to relatively small areas along the California coast during

the last glacial maximum. For a species-level breakdown of projected habitat corresponding

to the regions in Figure 4.1, refer to Table 4.3 and Supplementary Figures S4.1A to S4.1V.

Figure 4.1 also conveys that much of the land area south of the ice did not serve as

refugia for more than a few tree species considered in this study. The low-frequency yellow

areas in Figure 4.1 tend to be occupied by species adapted to xeric conditions (e.g. ponderosa

pine, pinyon pine, and interior Douglas-fir). Today’s nearest climate equivalents to these

regions are open savannas rather than closed canopy forests. We also find areas of very high
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species richness (Figure 4.1, purple), where a large majority of all species modelled in this

study was predicted to find suitable habitat conditions. This includes the Sierra Nevada,

the California Coast Mountains, and the Sierra Madre.

Another general observation is that species, which are widespread today, were typically

confined to rather restricted areas during the last glacial maximum. With the exception of

whitebark pine, all species had more restricted climate habitat during the last glaciation

than at present. In particular, coastal species appear to be very restricted compared to

their current ranges, e.g. Pacific silver fir (Abies amabilis, Figure S4.1A), noble fir (Abies

procera, Figure S4.1C), red alder (Alnus rubra, Figure S4.1E), yellow cedar (Chamaecyparis

nootkatensis, Figure S4.1G), Sitka spruce (Picea sitchensis, Figure S4.1L), and western red-

cedar (Figure S4.1T). Some coastal species also had small projected refugia west of the

continental ice (Figure 4.1, Haida Gwaii and Vancouver Island). Boreal and sub-boreal

species, e.g. white spruce, black spruce, lodgepole pine, and aspen, were generally least

restricted during the last ice age, and also had projected glacial refugia along the northern

Pacific coast and in Beringia.

4.4.2 Species genetic diversity

For species with strong modern genetic differentiation into subspecies and ecotypes, we

generally find widespread and diverse refugia. Ponderosa pine, for example, consists of

several subspecies today, had widespread coastal and interior refugia at the last glacial

maximum, including the California coast, Arizona Mountains, Southwest Tablelands of New

Mexico and Colorado, and the Sierra Madre (Figure S4.1Q). For species that today have

strong genetic differentiation between coastal and interior populations such as lodgepole pine

(pinus contorta var. contorta versus var. latifolia), and Douglas-fir (Pseudotsuga menziesii

var. menziesii versus var. glauca) we find large glacial refugia east and west of the ice-

covered Sierra Nevada (Figures S4.1N and S4.1S1S). In contrast, species that today share

the same dual interior and coastal distributions, red alder, yellow cedar, western white pine

(Pinus monticola), western redcedar, mountain hemlock, and western hemlock, but that

do not have distinct varieties or subspecies, showed no continuous interior habitat (Figure

S4.1E, Figure S4.1G, Figure S4.1U) or only very restricted interior refugia (Figure S4.1P,

Figure S4.1T, Figure S4.1V).
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Modern genetic diversity measured as allelic richness in neutral genetic markers (Table

4.1) reveals strong associations with modelled species ranges and number of refugia at the

last glacial maximum. In a regression tree analysis, the best explanatory variable for allelic

richness is the total area of the projected species range at the last glacial maximum (Figure

4.2A). This can also be visualised with a simple linear regression, which explains 55% of

the variation in allelic richness among species (Figure 4.3). Note that white and black

spruce were excluded from this graph because their glacial ranges extended much farther

east than the area covered by this study (thus their glacial range size was underestimated

in this study). Aspen was left in this analysis despite an easward-extending range, as it

also featured extensive western refugia. Additional explanatory variables for allelic richness

were contiguity of glacial refugia (a measure of landscape fragmentation) and seed dispersal

mechanism. For species with small total refugial area, fragmentation of those refugia was

associated with particularly low allelic richness. For species with large glacial refugia, wind-

dispersed species had particularly high allelic richness (Figure 4.2A).

Landscape metrics and life history traits accounted for a smaller portion of the variance

in expected heterozygosity (Figure 4.2B). The best explanatory variable was the number of

discrete glacial refugia, accounting for 27% of the variance in allozyme heterozygosity in a

regression tree analysis. The size of modern and projected glacial range size accounted for

another 21% and 16%, respectively. It should be noted that results from regression tree

analysis, like all correlative analytical techniques, must consider auto-correlations among

predictor variables. For the second regression tree, an almost equally strong predictor for ex-

pected heterozygosity was contiguity of refugia during the last glacial maximum, accounting

for 25%, and thus very close to the first choice (27%). The highest expected heterozygosi-

ties were therefore associated with high numbers of refugia, greater fragmentation of refugia

or both. A comprehensive list of alternative splits for both allelic richness and expected

heterozygosity regression trees are provided in Table 4.4.
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4.5 Discussion

4.5.1 Vegetation history of temperate inland rainforests

Many phylogeographic hypotheses for western North America have focused on the temperate

rainforest flora of the Pacific Northwest (e.g. Brunsfeld et al., 2001; Carstens et al., 2005;

Shafer et al., 2010; Soltis et al., 1997), typically interpreting observations of a north-south

genetic division centred in Oregon and inferring the origin of disjunct temperate rainfor-

est communities of the Washington and B.C. interior. To explain these patterns, three

hypotheses were proposed by Brunsfeld et al. (2001). First, the ancient vicariance hypoth-

esis postulates that species were split into coastal and interior refugia, divided by the dry

Columbia Basin throughout the Pleistocene. Second, the inland dispersal from the north

hypothesis proposes that today’s interior ranges were populated post-glacially by migra-

tion from refugia in the Cascades to the west. Third, a similar inland dispersal from the

south hypothesis posits recolonization of interior distributions from glacial refugia in central

Oregon.

Model hindcasts from this study generally support the inland dispersal hypotheses,

implying late colonization of inland rainforest communities due to the lack of stable interior

habitat. Species with modern disjunct coastal and inland rainforest distributions, e.g. red

alder, yellow cedar, western white pine, western redcedar, western and mountain hemlock,

showed none or very sporadic appearances of suitable interior habitat towards the last glacial

maximum. This is further supported by fossil data for western and mountain hemlock, which

appears in the interior dating back only 3,500 to 4,500 years (Mehringer, 1996; Rosenberg

et al., 2003). Further, published data suggests little genetic differentiation between coastal

and interior populations (Ally et al., 2000; Benowicz & El-Kassaby, 1999). Plausible paths of

recolonization differ among species, with red alder and yellow cedar requiring long-distance

dispersal events to reach inland habitats (Figure S4.1E, S1G), and western white pine and

western redcedar showing connectivity of habitat inland in northern Washington or southern

British Columbia. This path is also supported by the genetic similarity of inland and

Washington populations (O’Connell et al., 2008). Finally, western and mountain hemlock

show a possible alternative path through northern British Columbia for recolonization of

inland refugia in the GFDL-based model as early as 9,000 years ago (Figure S4.1U, Figure
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S4.1V).

4.5.2 Widespread trees with sub-species structure

Both ponderosa pine and Douglas-fir feature present-day coastal and interior subspecies,

divided by topographic barriers such as the Sierra Nevada and Cascade mountains (Gug-

ger & Sugita, 2010; Li & Adams, 1989; Norris et al., 2006). Their paleoecological and

phylogeographic data also suggests a common history: disjunct southern coastal and in-

terior refugia at the last glacial maximum and allopatric postglacial migration northward

(Gugger & Sugita, 2010; Norris et al., 2006). Their vegetation histories reconstructed in

this study support separate continuous inland and coastal populations, with the ice-coverd

Sierra Nevada serving as a topographic barrier during glacial periods (Figure S4.1Q and

Figure S4.1S). Modelled refugia for both species appear in the Sierra Nevada and Klamath

Mountains on the coast and through the Arizona Mountains and Southwest Tablelands in

the interior, locations which are also confirmed by paleoecological data (Gugger & Sugita,

2010; Norris et al., 2006). Neither ponderosa pine nor Douglas-fir projections suggest stable

habitat north or west of the continental ice.

The phylogeography of interior and coastal subspecies of lodgepole pine is somewhat

more complex, with genetic data suggesting additional refugia either in Beringia or along

the Pacific coast, possibly in the area of Haida Gwaii (Fazekas & Yeh, 2006; Godbout et al.,

2008). The potential for refugia west or north of the continental ice is supported in our

GFDL model projections in particular, which show extensive lodgepole pine habitat along

the Pacific Coast and in Beringia, the most stable of which appears in Haida Gwaii and

western Alaska. It should be noted that while our models hindcast suitable habitat back

to the last glacial maximum, paleoecological data places lodgepole pine in Haida Gwaii

only as early as 15,600 to 13,800 years ago (Lacourse et al., 2005) or 10,000 years ago

(Peteet, 1991). A northern refugium for lodgepole pine in the Yukon, as suggested by

Wheeler et al. (Wheeler & Guries, 1982) but since questioned (Fazekas & Yeh, 2006), has

little support in paleoecological data nor in model hindcasts. Notably, present day Yukon

populations exhibit rare alleles shared by both adjacent interior and coastal populations

(Fazekas & Yeh, 2006; Wheeler & Guries, 1982). Fazekas and Yeh (Fazekas & Yeh, 2006)

have hypothesised northward migration from the south interior as well as inland from the
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west coast to the Yukon via deep fjords and river valleys, a pattern very well supported in

our model reconstructions (Figure S4.1N).

4.5.3 Refugia west and north of the ice

Glacial refugia in Beringia and Haida Gwaii may also explain very high calculated post-

glacial migration rates, a phenomenon known as “Reid’s Paradox” (Clark et al., 1998). For

example, the expansion of black spruce into northern Canada and Alaska evident from the

fossil record requires migration rates of 1.5-2 km yr−1, necessitating mechanisms such as

repeated long distance dispersal events (Anderson et al., 2006). The existence of a glacial

refugium for white and black spruce in Alaska, for which there is moderate genetic evidence

(Anderson et al., 2006; Jaramillo-Correa et al., 2004) but weaker paleoecological evidence

(Brubaker et al., 2005), much reduces required migration rates. Our hindcasts based on

the GFDL model suggest possible refugia in Beringia both for white spruce (Figure S4.1J)

and black spruce (Figure S4.1K). Other species where both GFDL and CCM1 models sug-

gest refugial habitat in Beringia include aspen (Figure S4.1R), and lodgepole pine (Figure

S4.1N), discussed above.

Because arctic currents were blocked from entering the Pacific by the Beringian land

bridge at the last glacial maximum, climate conditions along the Pacific coast were rela-

tively mild. Low sea levels and isostatic rise of the coastal areas due to the weight of the

continental ice allowed for refugia west of the continental ice that could have sustained tree

populations in areas around Vancouver Island, Haida Gwaii and the Alaskan Panhandle,

including areas now submerged (Lacourse et al., 2005). Conclusive paleoecological evidence

of glacial tree populations in the Haida Gwaii area is still lacking, with the earliest lodge-

pole pine macrofossil evidence dating to ca. 16,600 years ago, and Sitka spruce, mountain

hemlock, and red alder dating to ca. 13,000 years ago (Lacourse et al., 2005). However,

allelic richness of modern Haida Gwaii populations of several species is relatively high, sug-

gesting that these populations were not established from repeated long distance dispersal

events (Wellman, 2004; Wheeler & Guries, 1982). Genetic differentiation in neutral markers

support glacial refugia in this area for red alder, yellow cedar, western redcedar, and white

spruce (Anderson et al., 2006; Barnosky et al., 1987; Godbout et al., 2008; Hamann et al.,

1998).
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Our model hindcasts suggest suitable habitat along the Pacific coast, notably in Haida

Gwaii, for many temperate rainforest species including western redcedar, western and moun-

tain hemlock, yellow cedar, Pacific silver fir, Sitka spruce, and red alder. However, the weak

representation of tree species at the last glacial maximum should serve as a note of cau-

tion. Further, the species Pacific silver fir, Sitka spruce, western redcedar, and western and

mountain hemlock have little genetic support for cryptic northern refugia (Ally et al., 2000;

Benowicz & El-Kassaby, 1999; Holliday et al., 2010; Yeh & Hu, 2005).

4.5.4 Drivers of modern genetic diversity

We find surprisingly strong relationships between modern genetic diversity and landscape

metrics that describe species distributions during the last glacial maximum, complementing

analysis of life history traits as drivers of genetic diversity by Hamrick et al. (Hamrick et al.,

1992). Our observation that allelic richness is better explained than expected heterozygosity

by past vegetation history corresponds to previous studies (e.g. Comps et al., 2001) and fits

population genetic theory. Rare alleles, which strongly influence measures of allelic richness,

are likely to be lost in population bottlenecks (Leberg, 1992), and their recovery over time is

less affected by the rate of population growth, which would vary between species (e.g. Nei

et al., 1975). By contrast, rare alleles should contribute little to expected heterozygosity,

which is instead driven by the frequency and evenness of common alleles that are not readily

lost even in very small populations (Nei et al., 1975). Instead, large numbers of disjunct

refugia that have persisted over long periods of time during the Pleistocene should favor

genetic differentiation of past populations and high levels of expected heterozygosity in

modern populations, which is what we found in our analysis.
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Table 4.1: List of species included in this study with allelic richness (A), expected heterozygosity (He) with standard error of the estimate (SE) in
parentheses, and the number of populations sampled (N) in published studies that are the basis of these estimates. References and population-level
genetic data are listed in Table S4.1. Also provided is the representation of individual species in refugia by broad regions to aid interpretation of
Figure 4.1. A detailed breakdown for regions exactly corresponding to Figure 4.1 is provided in Table 4.3. Summary regions include: NC, northern
coastal refugia west and north of the continental ice; SC, southern coastal areas with mesic climates; NIB, northern interior basins with subalpine
climate equivalents; SIH, southern interior highlands with xeric conditions; HP, high plains with boreal conditions; and SM, Sierra Madre with
boreal climate equivalents.

Genetic information Representation in refuiga

Species A He (SE) N NC* SC NIB SIH HP SM

1. Abies amabilis 1.63 0.21 - 8 23 45 26 1 0 5

2. Abies lasiocarpa 1.92 0.13 (0.05) 9 12 8 45 27 7 1

3. Abies procera 1.23 0.23 (0.05) 21 0 90 0 3 0 7

4. Acer macrophyllum 1.71 0.15 (0.04) 8 0 88 0 0 0 12

5. Alnus rubra 1.51 0.10 (0.04) 19 0 89 0 3 0 8

6. Calocedrus decurrens 2.53 0.18 (0.04) 12 0 76 1 6 0 17

7. Chamaecyparis nootkatensis 1.68 0.15 (0.01) 17 44 45 0 0 0 11

8. Larix occidentalis 1.51 0.15 (0.04) 13 0 29 1 58 0 12

9. Picea engelmannii 2.39 0.26 (0.05) 16 6 4 10 70 8 2

10. Picea glauca 2.13 0.26 (0.05) 29 33 0 2 18 47 0

11. Picea mariana 1.61 0.28 (0.05) 31 53 0 1 2 44 0

12. Picea sitchensis 1.82 0.15 (0.04) 10 13 76 1 2 1 7

13. Pinus albicaulis 2.06 0.11 (0.04) 39 3 25 47 22 3 0

14. Pinus contorta 1.91 0.14 (0.04) 46 15 28 17 30 9 1

15. Pinus edulis 1.93 0.21 - 9 0 3 0 46 0 51

16. Pinus monticola 1.73 0.20 (0.05) 43 0 80 9 6 0 5

17. Pinus ponderosa 2.55 0.16 (0.04) 7 0 26 0 56 2 16

18. Populus tremuloides 2.48 0.29 (0.05) 31 5 3 4 64 20 4

19. Pseudotsuga menziesii 2.27 0.17 (0.04) 64 0 46 5 35 3 11

20. Thuja plicata 1.09 0.04 (0.02) 10 13 63 0 15 0 9

21. Tsuga heterophylla 1.69 0.14 (0.05) 12 16 65 8 2 0 9

22. Tsuga mertensiana 1.56 0.09 (0.03) 19 3 91 1 2 0 3
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Table 4.2: The area under the curve (AUC ) of the receiver operating characteristic is provided for each species and each modelling method for
each of the two GCMs (GFDL and CCM1 ): discriminant analysis (DA), minimum distance (MD), Random Forests (RF ), and a consensus en-
semble method (Cons). AUCs are also noted for an averaged probability of presence from both GCMs (Both GCMs) as well as for the model pro-
jections based on the 1991-2000 climate normals (Normals). The number of palaeoecological records used for the validation is also reported (n).
CCM1 projections were validated with data from 6000, 11000, 14000, 16000, and 21000 years ago. GFDL projections were validated with data from
6000, 9000, 16000, and 21000 years ago. Models were validated with fossil pollen and macrofossil data compiled by Dyke (2005), the North Amer-
ican Pollen Database (1988), and the North American Packrat Midden Database (Strickland et al., 2001). Average AUC values for each method
only include species for which more than 10 records exist.

Normals CCM1 Model GFDL Model Both GCMs

Species n AUC n DA MD RF Cons n DA MD RF Cons n AUC

Abies amabilis (pacific silver fir) 1617 0.94 1* 0.98 0.95 0.47 0.46 1* 0.98 0.97 0.97 0.97 1* 0.93

Abies lasiocarpa (subalpine fir) 10814 0.86 46 0.58 0.60 0.57 0.56 47 0.66 0.62 0.61 0.66 64 0.63

Abies procera (noble fir) 82 0.86 1* 0.50 0.49 0.49 0.49 1* 1.00 1.00 1.00 1.00 1* 0.99

Acer macrophyllum (bigleaf maple) 440 0.96 5* 0.67 0.68 0.67 0.67 6* 0.81 0.80 0.80 0.80 7* 0.82

Alnus rubra (red alder) 720 0.96 19 0.79 0.70 0.75 0.77 17 0.82 0.79 0.81 0.81 26 0.84

Calocedrus decurrens (incense cedar) 562 0.98 1* 0.99 0.49 0.49 0.49 2* 1.00 0.48 0.99 0.99 2* 0.99

Chamaecyparis nootkatensis (yellow cedar) 748 0.95 23 0.56 0.58 0.62 0.63 24 0.75 0.56 0.53 0.51 26 0.62

Larix occidentalis (western larch) 824 0.87 3* 0.49 0.49 0.48 0.48 4* 0.48 0.74 0.87 0.86 4* 0.86

Picea engelmannii (Engelman spruce) 6243 0.86 44 0.57 0.60 0.52 0.54 41 0.64 0.58 0.58 0.62 58 0.61

Picea glauca (white spruce) 7166 0.89 55 0.63 0.58 0.68 0.67 92 0.62 0.56 0.66 0.66 100 0.64

Picea mariana (black spruce) 2960 0.88 48 0.63 0.60 0.73 0.71 60 0.71 0.60 0.69 0.69 66 0.71

Picea sitchensis (Sitka spruce) 1040 0.96 31 0.78 0.82 0.77 0.81 32 0.78 0.76 0.75 0.79 45 0.82

Pinus albicaulis (whitebark pine) 1050 0.84 59 0.56 0.48 0.54 0.54 39 0.61 0.58 0.65 0.66 76 0.60

Pinus contorta (lodgepole pine) 11338 0.83 163 0.62 0.61 0.59 0.63 148 0.59 0.65 0.67 0.68 223 0.69

Pinus edulis (pinyon pine) 2839 0.89 13 0.61 0.50 0.54 0.58 14 0.60 0.49 0.57 0.64 19 0.65

Pinus monticola (western white pine) 830 0.90 18 0.63 0.55 0.56 0.55 14 0.63 0.57 0.66 0.66 22 0.60

Continued on next page
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Table 4.2 – continued from previous page

Normals CCM1 Model GFDL Model Both GCMs

Species n AUC n DA MD RF Cons n DA MD RF Cons n AUC

Pinus ponderosa (ponderosa pine) 3986 0.91 25 0.57 0.60 0.64 0.65 26 0.63 0.67 0.67 0.72 36 0.73

Populus tremuloides (trembling aspen) 7255 0.83 14 0.54 0.54 0.50 0.60 9 0.50 0.53 0.49 0.55 17 0.60

Pseudotsuga menziesii (Douglas-fir) 8898 0.89 174 0.66 0.65 0.69 0.70 201 0.76 0.74 0.81 0.82 263 0.82

Thuja plicata (western redcedar) 3838 0.94 29 0.85 0.67 0.82 0.83 30 0.83 0.73 0.76 0.74 35 0.81

Tsuga heterophylla (western hemlock) 4934 0.95 90 0.82 0.73 0.79 0.80 93 0.83 0.78 0.83 0.83 123 0.84

Tsuga mertensiana (mountain hemlock) 1168 0.92 66 0.76 0.68 0.71 0.76 46 0.72 0.68 0.76 0.74 79 0.78

Average (n > 10) 0.90 0.65 0.62 0.66 0.67 0.69 0.64 0.68 0.69 0.71
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Table 4.3: Percentage of representation (%) of each species for each identified hotspot in Figure 4.1 at 21,000 years before the present, as pro-
jected in the average of all model runs for both paleoclimate simulations. Percentages <1% have been removed. The total count of species pro-
jected as present in a given hotspot (of the 22 included species, where representation was ≥1%) is also listed (Species count).
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Mesic: coastal

A. amabilis - - 16 7 3 28 11 3 6 4 4 8 4 - - - 1 - - 5

A. procera - - - - 5 51 25 9 - - - - - 1 - 2 - - - 7

A. macrophyllum - - - - 27 24 25 12 - - - - - - - - - - - 12

A. rubra - - - - 46 25 14 4 - - - - - 1 1 1 - - - 8

C. decurrens - - - - 13 15 23 26 - 1 - - - 4 - 3 - - - 17

C. nootkatensis - - 37 7 15 25 2 3 - - - - - - - - - - - 11

P. sitchensis - - 9 4 51 21 3 1 - - - - 1 - - - 1 1 1 7

Mesic: coastal & interior

P. monticola - - - - 12 30 26 12 2 3 1 2 1 3 1 2 - - - 5

P. menziesii - - - - 13 13 11 9 - 2 1 1 1 9 5 6 3 12 3 11

T. plicata - - 9 4 18 33 9 3 - - - - - 1 - - - 14 - 9

T. heterophylla - - 11 5 26 30 7 2 2 1 1 3 1 - - - - 2 - 9

T. mertensiana - - 2 1 7 48 28 8 - 1 - - - 1 - 1 - - - 3

Continued on next page
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Table 4.3 – continued from previous page
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Boreal & sub-boreal

P. glauca - 19 7 7 - - - - - - - - 2 - 1 1 1 15 47 -

P. mariana - 18 17 17 - - - - - - - - 1 - - - 1 1 43 -

P. contorta 3 3 5 4 5 10 8 5 3 3 3 3 5 4 6 7 8 5 9 1

P. tremuloides - 1 2 2 - 1 - 2 1 1 1 - 1 18 10 10 5 21 20 4

Sub-alpine

A. lasiocarpa 5 6 1 - - 5 2 1 9 9 8 10 9 3 6 4 9 5 7 1

P. engelmannii 3 3 - - - 1 1 2 2 2 2 2 2 20 14 13 10 13 8 2

P. albicaulis 1 2 - - 4 7 7 7 10 10 8 12 7 3 4 3 4 8 3 -

Xeric & sub-xeric

L.occidentalis - - - - 1 3 10 15 - 1 - - - 26 7 9 - 16 - 12

P. edulis - - - - - - - 3 - - - - - 24 3 2 1 16 - 51

P. ponderosa - - - - 5 2 6 13 - - - - - 20 3 9 1 23 2 16

Species Count (rate ≤ 1) 4 7 11 9 16 18 18 20 7 11 9 8 12 16 12 15 12 14 10 19
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Table 4.4: Alternative splits for each major node of the regression trees (see Figure 4.2),
explaining allelic richness (A) and expected heterozygosity (He). Alternative splitting
variables are listed (Variable), as is the percent variance explained at each alternative split
(VarEx) and to which side of the regression tree each group splits at each node (to the left
and to the right).

Variable VarEx To the left To the right

Allelic richness (A)

Split 1

LGM range area 66.1% <3.5e5 km2 ≥ 3.5e5 km2

LGM refugia count 47.4% <21.9 ≥ 21.9

Modern range patch count 41.8% <58 ≥ 58

Modern range area 37.5% <8.4e5 km2 ≥ 8.4e5 km2

Modern range contiguity 32.3% ≥ 0.86 <0.86

Split 2

LGM range contiguity 8.6% <0.85 ≥ 0.85

Modern range contiguity 8.3% <0.86 ≥ 0.86

LGM refugia count 8.2% ≥ 15 <15

LGM range area 7.4% <1.4e5 km2 ≥ 1.4e5 km2

Modern range area 6.6% ≥ 5.5e5 km2 <5.5e5 km2

Split 3

Dispersal mechanism 3.7% all others wind

LGM refugia count 3.6% <64 ≥ 64

LGM contiguity 2.6% ≥ 0.84 <0.84

Modern range patch count 1.6% <101 ≥ 101

LGM range area 1.6% <9.7e5 km2 ≥ 9.7e5 km2

Expected heterozygosity (He)

Split 1

LGM refugia count 26.7% <64 ≥ 64

LGM range contiguity 25.2% ≥ 0.84 <0.84

Modern range contiguity 14.7% ≥ 0.86 <0.86

LGM range area 12.3% <2.1e5 km2 ≥ 2.1e5 km2

Modern range patch count 9.4% <101 ≥ 101

Split 2

Modern range area 20.8% ≥ 4.3e5 km2 <4.3e5 km2

LGM range contiguity 13.1% ≥ 0.86 <0.86

Modern range contiguity 7.3% ≥ 0.85 <0.85

Modern range patch count 7.2% ≥ 20 <20

LGM range area 4.1% ≥ 0.8e5 km2 <0.8e5 km2

Continued on next page
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Table 4.4 – continued from previous page

Variable VarEx To the left To the right

Split 3

LGM range area 16.3% <1.4e5 km2 ≥ 1.4e5 km2

LGM refugia count 7.5% <22 ≥ 22

Succession 7.1% early, late middle

LGM range contiguity 5.5% ≥ 0.86 ≥ 0.86

Modern range patch count 5.2% <36 ≥ 36
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Table 4.5: The area under the curve (AUC) of the receiver operating characteristic is provided for each species and each modelling method for
each of the two AOGCMs (GFDL and CCM1): discriminant analysis (DA), minimum distance (MD), Random Forests (RF), and the averaged
ensemble method (Ens). AUCs are also noted for model projections based on the 1961-1990 observed climate (Modern). The number of paleoe-
cological records used for the validation is also reported (N). CCM1 projections were validated with data from 6,000, 11,000, 14,000, 16,000, and
21,000 years ago. GFDL projections were validated with data from 6,000, 9,000, 16,000, and 21,000 years ago. The number of species presence
records in the validation data is listed for the present day plots (NSP ) and for both date combinations of pollen data (NP1 and NP2).

Modern CCM1 model GFDL model

NSP DA MD RF Ens NP1 DA MD RF Ens NP2 DA MD RF Ens

Abies amabilis 1615 0.93 0.83 0.93 0.97 3 0.97 0.79 0.63 0.95 3 0.97 0.79 0.80 0.97

Abies lasiocarpa 10804 0.82 0.72 0.82 0.86 83 0.63 0.66 0.66 0.70 81 0.69 0.68 0.69 0.78

Abies procera 82 0.83 0.68 0.85 0.91 1 0.49 0.49 0.49 0.48 1 1.00 0.99 1.00 1.00

Acer macrophyllum 437 0.95 0.94 0.96 0.97 9 0.70 0.69 0.69 0.69 11 0.75 0.74 0.73 0.74

Alnus rubra 715 0.96 0.94 0.96 0.97 24 0.80 0.73 0.76 0.82 22 0.82 0.80 0.81 0.81

Calocedrus decurrens 561 0.96 0.88 0.98 0.99 2 0.99 0.74 0.74 0.99 3 1.00 0.65 0.99 1.00

Chamaecyparis nootkatensis 707 0.94 0.93 0.94 0.97 64 0.62 0.62 0.64 0.67 65 0.69 0.61 0.61 0.72

Larix occidentalis 821 0.86 0.67 0.87 0.92 6 0.66 0.57 0.65 0.73 7 0.63 0.70 0.84 0.91

Picea engelmannii 6223 0.80 0.69 0.81 0.86 87 0.62 0.60 0.63 0.70 79 0.66 0.60 0.67 0.76

Picea glauca 7115 0.87 0.83 0.88 0.90 108 0.68 0.64 0.72 0.73 145 0.66 0.61 0.69 0.69

Picea mariana 2922 0.88 0.80 0.89 0.89 87 0.70 0.66 0.76 0.77 99 0.73 0.65 0.73 0.75

Picea sitchensis 1016 0.94 0.90 0.95 0.98 55 0.74 0.80 0.76 0.83 56 0.74 0.77 0.74 0.81

Pinus albicaulis 1038 0.77 0.70 0.77 0.85 82 0.58 0.54 0.58 0.63 61 0.63 0.63 0.67 0.75

Pinus contorta 11275 0.81 0.72 0.82 0.83 234 0.64 0.63 0.63 0.69 219 0.62 0.66 0.69 0.73

Pinus edulis 2836 0.80 0.61 0.83 0.90 44 0.61 0.51 0.55 0.63 45 0.63 0.53 0.59 0.70

Pinus monticola 820 0.87 0.74 0.89 0.92 28 0.62 0.61 0.59 0.69 24 0.62 0.63 0.67 0.68

Pinus ponderosa 3967 0.83 0.76 0.88 0.91 55 0.68 0.59 0.68 0.72 54 0.67 0.62 0.67 0.71

Populus tremuloides 7241 0.82 0.78 0.83 0.85 33 0.57 0.55 0.55 0.58 24 0.60 0.59 0.60 0.61

Pseudotsuga menziesii 8808 0.85 0.79 0.88 0.90 306 0.66 0.66 0.68 0.72 320 0.73 0.72 0.77 0.80

Thuja plicata 3798 0.93 0.81 0.94 0.95 69 0.88 0.80 0.87 0.89 70 0.87 0.82 0.85 0.89

Tsuga heterophylla 4860 0.93 0.87 0.95 0.97 164 0.84 0.77 0.82 0.87 167 0.84 0.80 0.84 0.87

Tsuga mertensiana 1136 0.90 0.80 0.86 0.94 98 0.78 0.71 0.73 0.81 78 0.75 0.71 0.76 0.80

Average (n ≥ 10) 0.87 0.79 0.89 0.92 0.69 0.65 0.68 0.73 0.71 0.68 0.71 0.75
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Figure 4.1: The number of tree species modelled as present at the last glacial maximum, av-
eraged across six projections based on two GCM palaeoclimate simulations (GFDL and CCM1).
Locations of higher species richness (i.e. hotspots) in the models have been labelled. For each
noted hotspot, relative species occupancy is listed in Table 4.3. Semi-transparent white area rep-
resent glaciated area at the LGM, as per Dyke (2002) (omitted for clarity in the ‘west coast de-
tail’).
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Figure 4.2: Regression tree analyses of species genetic diversity, as measured by (A)
allelic richness and (B) expected heterozygosity. Three landscape metrics were included
for the present day (Modern) and last glacial maximum (LGM): total range area, range
contiguity (ratio of perimeter/area), and the number of habitat patches/refugia. We also
included two categorical life history traits: successional stage and seed dispersal mecha-
nism. The variance explained by each split is noted in the tree diagrams in parentheses.
Mean values of A and He for each terminal group are noted at the terminal nodes, as is
the number of species in each terminal group (N). Alternative splits for each node and
corresponding variance explained are list in Table 4.4.
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y = 1.55 + 6.98e−7(x)
r² = 0.55, p < 0.0001
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Figure 4.3: Allelic richness as a function of average modelled species range size at
the last glacial maximum. Points represent the average modelled value of six projections
based on two GCM-based models. Error bars represent standard errors and the shaded
area shows the 95% confidence interval of the regression. Species are noted by numbers
which correspond to Table 4.1.
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Figure S4.1A: Abies amabilis (Pacific silver fir) probability of presence as projected by the ensemble species
distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate recon-
struction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and
21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1B: Abies lasiocarpa (subalpine fir) probability of presence as projected by the ensemble species
distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate recon-
struction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and
21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1C: Abies procera (noble fir) probability of presence as projected by the ensemble species distribu-
tion model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate reconstruction for
9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and 21,000 years
ago. Continental ice is shown in transparent white.
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Figure S4.1D: Acer macrophyllum (bigleaf maple) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate re-
construction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1E: Alnus rubra (red alder) probability of presence as projected by the ensemble species distribu-
tion model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate reconstruction for
9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and 21,000 years
ago. Continental ice is shown in transparent white.
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Figure S4.1F: Betula papyrifera (paper birch) probability of presence as projected by the ensemble species
distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate recon-
struction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and
21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1G: Calocedrus decurrens (incense cedar) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate re-
construction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.

117



0.0 0.5 1.0Probability of presence

CCM1 model
21,000 years ago

CCM1 model
14,000 years ago

CCM1 model
11,000 years ago

GFDL model
21,000 years ago

GFDL model
9,000 years ago

Present day
(1961-1990)

Figure S4.1H: Chamaecyparis nootkatensis (Alaska-cedar) probability of presence as projected by the
ensemble species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeo-
climate reconstruction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000,
14,000, and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1I: Larix occidentalis (western larch) probability of presence as projected by the ensemble species
distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate recon-
struction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and
21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1J: Picea engelmannii (Engelmann spruce) probability of presence as projected by the ensem-
ble species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate
reconstruction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1K: Picea glauca (white spruce) probability of presence as projected by the ensemble species dis-
tribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate reconstruction
for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and 21,000
years ago. Continental ice is shown in transparent white.
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Figure S4.1L: Picea mariana (black spruce) probability of presence as projected by the ensemble species dis-
tribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate reconstruction
for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and 21,000
years ago. Continental ice is shown in transparent white.
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Figure S4.1M: Picea sitchensis (Sitka spruce) probability of presence as projected by the ensemble species
distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate recon-
struction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and
21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1N: Pinus albicaulis (whitebark pine) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate
reconstruction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1O: Pinus contorta (lodgepole pine) probability of presence as projected by the ensemble species
distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate recon-
struction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and
21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1P: Pinus edulis (pinyon pine) probability of presence as projected by the ensemble species distri-
bution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate reconstruction for
9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and 21,000 years
ago. Continental ice is shown in transparent white.
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Figure S4.1Q: Pinus monticola (western white pine) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate re-
construction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1R: Pinus ponderosa (ponderosa pine) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate re-
construction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1S: Populus tremuloides (trembling aspen) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate re-
construction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1T: Pseudotsuga menziesii (Douglas-fir) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate re-
construction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1U: Sequoia sempervirens (coast redwood) probability of presence as projected by the ensemble
species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate re-
construction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1V: Thuja plicata (western redcedar) probability of presence as projected by the ensemble species
distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate recon-
struction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000, and
21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1W: Tsuga heterophylla (western hemlock) probability of presence as projected by the ensem-
ble species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate
reconstruction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Figure S4.1X: Tsuga mertensiana (mountain hemlock) probability of presence as projected by the ensem-
ble species distribution model for the observed 1961-1990 climate of the present day, for the GFDL palaeoclimate
reconstruction for 9,000 and 21,000 years ago, and for the CCM1 palaeoclimate reconstructions for 11,000, 14,000,
and 21,000 years ago. Continental ice is shown in transparent white.
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Table S4.1: Species genetic data, compiled from various sources, listed by species and by reference. For each sampled population in each respec-
tive reference, we report the population name and verbal location, Latitude (Lat), Longitude (Long), Elevation (Elev), number of individuals sam-
pled (N), average number of alleles per locus (A), percent polymorphic loci (P), observed heterozygosity (Ho), and expected heterozygosity (He).
Standard errors for Ho and He are listed in parentheses. Where data were not reported in the literature but was calculated by the authors of this
paper, I have listed the values in italics. Data that were not reported and that we were not able to calculate or estimate are noted with a hyphen.
In some cases in the literature, data are presented as population averages. we have listed average values for these entries and noted them with an
asterisk.

Population Location/Comments Lat Long Elev N A P Ho (SE) He (SE)

Abies amabilis (Pacific silver fir)

(Davidson & El Kassaby, 1997)

A Taylor River, BC 48.30 125.37 300 8 1.64 66.7 - (-) 0.097 (-)

B Sebalhall Creek, BC 49.95 126.42 300 8 1.55 83.3 - (-) 0.068 (-)

C Maquilla Creek, BC 50.06 126.34 500 8 1.55 66.7 - (-) 0.889 (-)

F Fleet River, BC 48.65 124.10 710 9 1.73 66.7 - (-) 0.156 (-)

H Hathaway Creek, BC 50.58 127.73 212 13 1.73 83.3 - (-) 0.124 (-)

N Holberg Inlet, BC 50.73 128.00 215 11 1.55 66.7 - (-) 0.109 (-)

R Ronning Creek, BC 50.61 128.19 275 13 1.45 83.3 - (-) 0.081 (-)

W Mystery Creek, BC 48.80 128.15 625 17 1.82 83.3 - (-) 0.177 (-)

Abies lasiocarpa (subalpine fir)

(Ettl & Peterson, 2001)

Mt. Dana high Olympic Mtns., WA 47.8 123.5 1800 30 1.6 26.7 0.07 -0.042 0.079 -0.048

Klahhane Ridge high Olympic Mtns., WA 48.0 123.4 1800 50 1.8 46.7 0.139 -0.057 0.137 -0.055

Klahhane Ridge middle Olympic Mtns., WA 48.0 123.4 1575 50 2.1 60.0 0.138 -0.056 0.145 -0.059

Klahhane Ridge low Olympic Mtns., WA 48.0 123.4 1350 50 2.1 60.0 0.139 -0.057 0.143 -0.058

Blue Mtn. high Olympic Mtns., WA 47.6 123.2 1800 50 2.0 53.3 0.108 -0.054 0.115 -0.054

Blue Mtn. middle 1 Olympic Mtns., WA 47.6 123.2 1575 50 1.9 46.7 0.116 -0.054 0.117 -0.055
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Blue Mtn. middle 2 Olympic Mtns., WA 47.6 123.2 1575 50 1.9 46.7 0.103 -0.043 0.124 -0.053

Blue Mtn. low 1 Olympic Mtns., WA 47.6 123.2 1350 50 2.0 60.0 0.12 -0.046 0.139 -0.053

Blue Mtn. low 2 Olympic Mtns., WA 47.6 123.2 1350 50 1.9 53.3 0.13 -0.059 0.143 -0.059

Abies procera (noble fir)

(Yeh & Hu, 2005)

1 - Odell Butte WA & OR 43.27 121.52 1950 34 1.303 41.67 - (-) 0.297 -0.055

2 - Juniper Ridge WA & OR 43.35 122.20 1700 34 1.250 41.67 - (-) 0.254 -0.058

3 - Grass Mtn. WA & OR 44.26 123.40 1060 34 1.247 37.50 - (-) 0.231 -0.061

4 - Mary’s Peak WA & OR 44.3 123.33 1065 33 1.157 33.33 - (-) 0.171 -0.051

5 - Laurel Mtn. WA & OR 44.56 123.35 975 39 1.258 41.67 - (-) 0.243 -0.055

6 - Fisher Point WA & OR 44.33 122.02 1220 36 1.252 45.83 - (-) 0.254 -0.054

7 - Snow Peak WA & OR 44.39 122.35 1060 36 1.214 41.67 - (-) 0.218 -0.054

8 - Elk Lake WA & OR 44.49 122.06 1200 36 1.264 45.83 - (-) 0.265 -0.061

9 - One Hundred Road WA & OR 45.06 122.18 1130 36 1.213 33.33 - (-) 0.210 -0.058

10 - Elk Mtn. WA & OR 45.20 121.39 1220 33 1.245 41.67 - (-) 0.249 -0.054

11 - Larch Mtn. WA & OR 45.32 122.06 975 38 1.235 45.83 - (-) 0.234 -0.055

12 - Mt. Defiance WA & OR 45.38 121.44 1125 39 1.251 45.83 - (-) 0.261 -0.053

13 - Larch Mtn. WA & OR 45.43 122.17 975 35 1.231 45.83 - (-) 0.244 -0.051

14 - Red Mtn. WA & OR 45.56 121.50 1220 33 1.189 33.33 - (-) 0.190 -0.056

15 - Hungry Peak WA & OR 46.07 121.54 1280 34 1.150 37.50 - (-) 0.153 -0.051

16 - French Butte WA & OR 46.20 121.57 1300 35 1.216 37.50 - (-) 0.221 -0.053

17 - Mud Lake WA & OR 46.24 121.37 1425 37 1.226 41.67 - (-) 0.231 -0.052

18 - McKinley Lake WA & OR 46.35 122.08 900 33 1.157 33.33 - (-) 0.179 -0.047

19 - Corral Pass WA & OR 47.01 121.08 1615 38 1.258 45.83 - (-) 0.270 -0.049
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20 - Stampede Pass WA & OR 47.14 121.22 1065 33 1.208 37.50 - (-) 0.210 -0.055

21 - Stevens Pass WA & OR 47.43 121.08 1000 33 1.258 37.50 - (-) 0.253 -0.058

Acer macrophyllum (bigleaf maple)

(Iddrisu & Ritland, 2004)

Jericho Jericho area, BC 49.2 123.1 0 40 2.2 80 0.108 -0.029 0.102 -0.026

Fraser Fraser area, BC 49.0 121.0 50 36 2.0 60 0.112 -0.036 0.105 -0.033

Artic Artic area, WA 46.5 123.4 60 14 1.5 50 0.160 -0.060 0.189 -0.066

Cascadia Cascadia area, OR 44.4 122.5 250 20 1.6 60 0.121 -0.037 0.164 -0.046

Elbe Elbe area, WA 46.5 122.1 380 20 1.6 60 0.109 -0.035 0.172 -0.049

Helmick Helmick area, OR 44.8 123.2 60 20 1.6 60 0.118 -0.038 0.176 -0.049

Oakville Oakville area, WA 46.8 123.2 30 20 1.6 60 0.117 -0.033 0.148 -0.041

Siletz Siletz area, OR 44.7 123.9 40 20 1.6 60 0.102 -0.031 0.163 -0.047

Alnus rubra (red alder)

(Xie et al., 2002)

Mainland - GVWD Seymour, BC 49.40 122.97 200 26 1.53 31.6 0.099 -0.038 0.112 -0.043

Mainland - CHEA Cheakmus River, BC 50.07 123.10 540 39 1.53 36.8 0.111 -0.041 0.119 -0.044

Mainland - KING Kingcome Inlet, BC 51.50 126.13 30 52 1.53 31.6 0.109 -0.040 0.121 -0.044

Mainland - NACH Nachelor Bay, BC 52.37 126.92 30 55 1.58 31.6 0.129 -0.048 0.130 -0.048

Mainland - SALL Salloomt River, BC 52.43 126.92 150 56 1.53 31.6 0.116 -0.044 0.113 -0.042

Mainland - SNOW Snow Creek, BC 54.25 129.55 10 63 1.47 31.6 0.144 -0.057 0.153 -0.056

Mainland - PRINT Prince Rupert, BC 54.27 130.27 46 65 1.53 31.6 0.115 -0.047 0.112 -0.043

Mainland - SHAM Shames River, BC 54.43 128.92 100 68 1.47 31.6 0.119 -0.048 0.120 -0.046

Islands - PORTR Port Renfrew, BC 48.60 124.23 20 4 1.47 26.3 0.070 -0.032 0.071 -0.032
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Islands - COW Cowichan M.F., BC 48.77 123.65 150 9 1.42 26.3 0.058 -0.029 0.066 -0.031

Islands - UCLU Ucluelet , BC 49.00 125.57 40 14 1.37 26.3 0.068 -0.029 0.090 -0.038

Islands - LOWR Lowry Lake, BC 49.40 125.15 120 28 1.63 36.8 0.093 -0.038 0.103 -0.041

Islands - WOSS Woss #2, BC 49.97 126.25 150 37 1.47 26.3 0.067 -0.030 0.075 -0.034

Islands - BIGT Bigtree #2, BC 50.23 125.72 300 45 1.53 26.3 0.121 -0.054 0.123 -0.052

Islands - PORTH Port Hardy, BC 50.62 127.25 37 49 1.53 31.6 0.077 -0.033 0.092 -0.038

Islands - NE62 Ne 62, BC 50.72 127.98 170 51 1.53 31.6 0.104 -0.046 0.102 -0.044

Islands - POOL Poole Inlet, BC 52.35 131.35 1 53 1.58 31.6 0.070 -0.029 0.090 -0.035

Islands - COPP Copper Bay, BC 53.12 131.67 10 57 1.47 26.3 0.079 -0.035 0.088 -0.038

Islands - MASS Masset , BC 54.05 132.00 10 61 1.53 31.6 0.102 -0.044 0.105 -0.044

Calocedrus decurrens (incense cedar)

(Harry, 1984)

Kilarc-LS Sierra Nevada, CA 40.7 121.9 890 43 2.8 52 - (-) 0.207 -0.043

Kilarc-LN Sierra Nevada, CA 40.7 121.9 890 44 2.8 52 - (-) 0.184 -0.039

Kilarc-HS Sierra Nevada, CA 40.7 121.9 1390 50 3.0 60 - (-) 0.222 -0.041

Kilarc-HN Sierra Nevada, CA 40.7 121.9 1390 52 3.0 60 - (-) 0.181 -0.039

Bailey-LS Sierra Nevada, CA 38.4 120.3 1510 46 2.7 44 - (-) 0.177 -0.042

Bailey-LN Sierra Nevada, CA 38.4 120.3 1510 40 2.6 56 - (-) 0.186 -0.035

Bailey-HS Sierra Nevada, CA 38.4 120.3 2010 49 2.4 56 - (-) 0.176 -0.039

Bailey-HN Sierra Nevada, CA 38.4 120.3 2010 50 2.3 48 - (-) 0.182 -0.043

Greenhorn-LS Sierra Nevada, CA 35.7 118.3 1790 49 2.1 48 - (-) 0.172 -0.041

Greenhorn-LN Sierra Nevada, CA 35.7 118.3 1790 51 2.4 40 - (-) 0.166 -0.040

Greenhorn-HS Sierra Nevada, CA 35.7 118.3 2290 45 1.9 40 - (-) 0.149 -0.038
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Greenhorn-HN Sierra Nevada, CA 35.7 118.3 2290 51 2.4 44 - (-) 0.154 -0.040

Chamaecyparis nootkatensis (yellow cedar)

(Ritland et al., 2001)

Mt. Baker Mt. Baker, WA 48.8 121.8 >1000 32 1.8 60 - (-) 0.153 -0.014

Port Hardy Port Hardy, BC 50.7 127.5 0 32 1.7 60 - (-) 0.132 -0.011

Mt. Washington Mt. Washington, BC 49.8 125.3 1000 35 1.5 40 - (-) 0.090 -0.013

Tofino Tofino, BC 49.1 125.9 0 36 1.7 50 - (-) 0.161 -0.011

Anchorage Anchorage, AK 61.2 149.9 0 27 1.4 30 - (-) 0.062 -0.006

Juneau Juneau, AK 58.4 134.2 0 30 1.7 50 - (-) 0.198 -0.010

Petersburg Petersburg, AK 56.8 132.9 0 33 1.8 60 - (-) 0.197 -0.010

Ketchikan Ketchikan, AK 52.4 131.7 1000 30 1.8 60 - (-) 0.192 -0.011

Prince Rupert Prince Rupert, BC 54.3 130.3 0 32 1.7 50 - (-) 0.163 -0.011

Bella Coola Bella Coola, BC 52.4 126.8 <1000 32 1.7 50 - (-) 0.141 -0.008

Hurricane Ridge Hurricane Ridge, WA 48.0 123.5 >1000 31 1.8 60 - (-) 0.149 -0.009

Mt. Rainier Mt. Rainier, WA 46.9 121.8 <1000 32 1.6 40 - (-) 0.117 -0.015

Oakridge Oakridge, OR 43.7 122.5 >1000 32 1.8 60 - (-) 0.156 -0.010

Whiskey Peak Whiskey Peak, OR 42.0 123.3 >1000 30 1.5 30 - (-) 0.101 -0.011

Castlegar Castlegar, BC 49.3 117.7 <1000 23 1.6 40 - (-) 0.187 -0.007

Black Tusk Black Tusk, BC 50.0 123.0 1000 32 1.8 60 - (-) 0.183 -0.015

Queen Charlotte Queen Charlotte, BC 53.8 132.0 400 31 1.7 50 - (-) 0.123 -0.011

Larix occidentalis (western larch)

(Jaquish & El-Kassaby, 1998)

1 - FLAT Flathead, BC 49.07 114.43 1380 34 1.95 40 0.151 -0.038 0.151 -0.037
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2 - PLUM Plumbob, BC 49.25 115.40 1160 30 1.80 50 0.177 -0.040 0.173 -0.040

3 - CARR Carrol Creek Road, BC 49.10 116.20 975 35 1.90 65 0.174 -0.035 0.185 -0.037

4 - SALM Salmo, BC 49.23 117.27 800 35 1.85 40 0.151 -0.041 0.143 -0.038

5 - CHRI Christina Lake, BC 49.22 118.15 1200 35 1.80 70 0.206 -0.045 0.219 -0.040

6 - BLUE Blue Ridge Kaslo, BC 50.05 117.08 1375 36 1.85 65 0.204 -0.038 0.220 -0.042

7 - WILS Wilson Lake Road, BC 50.23 117.72 1300 36 1.80 70 0.236 -0.045 0.237 -0.043

8 - BECK Becker Lake, BC 50.25 119.17 1200 38 1.80 65 0.213 -0.042 0.204 -0.039

9 - MERR Merritt, BC 50.28 120.93 1300 34 1.70 55 0.151 -0.036 0.156 -0.037

(Fins & Seeb, 1986)

Eastern Washington 7 stands, eastern WA 48.6 118.4 1197.9 69 1.3 30* 0.079 -0.035 0.089 -0.039

Northern Idaho 9 stands, northern ID 47.3 116.3 1282.4 79 1.3 30* 0.049 -0.020 0.074 -0.032

Western Montana 3 stands, Western MT 46.6 114.5 1473.3 29 1.2 30* 0.054 -0.031 0.068 -0.033

Payette One stand, Payette, ID 45.1 116.4 1646.0 10 1.3 30* 0.078 -0.048 0.089 -0.051

Picea engelmanii (Engelmann spruce)

(Ledig et al., 2006)

Kootenay River Nelson Forest Region, BC 50.97 116.27 1830 27.5* 2.7 66.7 - (-) 0.247 -0.047

Moyie Nelson Forest Region, BC 49.53 116.10 1700 27.5* 2.6 70.8 - (-) 0.247 -0.044

Bluebird Creek Nelson Forest Region, BC 49.13 116.88 1430 27.5* 2.7 66.7 - (-) 0.268 -0.046

Summit Lake Payette N.F., ID 45.05 115.92 2075 27.5* 2.3 75.0 - (-) 0.252 -0.043

Beartooth Pass Shoshone N.F., WY 44.93 109.52 2985 27.5* 2.5 75.0 - (-) 0.307 -0.045

Panther Creek Salmon N.F., ID 44.88 114.30 2135 27.5* 2.5 75.0 - (-) 0.253 -0.045

Six Bit Spring Cache N.F., UT 41.58 111.43 2560 27.5* 2.1 54.2 - (-) 0.227 -0.045

Highline Trailhead Wasatch N.F., UT 40.73 110.87 3180 27.5* 2.4 58.3 - (-) 0.228 -0.043
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Ferron Reservoir Manti-Lasal N.F., UT 39.13 111.45 2930 27.5* 2.2 62.5 - (-) 0.215 -0.040

Barlow Lake San Juan N.F., CO 37.75 107.98 2955 27.5* 2.6 70.8 - (-) 0.296 -0.046

Navajo Lake Dixie N.F., UT 37.53 112.77 2865 27.5* 2.2 54.2 - (-) 0.231 -0.044

East Gavilan Canyon Carson N.F., NM 36.73 106.30 2970 27.5* 2.5 75.0 - (-) 0.273 -0.046

San Francisco Mtns. Coconino N.F., AZ 35.33 111.70 2775 27.5* 2.4 66.7 - (-) 0.269 -0.046

Sierra Blanca Sierra Blanca, Lincoln N.F.,
NM

33.40 105.78 2925 27.5* 2.1 66.7 - (-) 0.282 -0.050

Mt. Graham Mt. Graham, Coronado N.F.,
AZ

32.67 109.87 3018 27.5* 2.4 66.7 - (-) 0.261 -0.047

Flys Peak Flys Peak, Coronado N.F., AZ 31.87 109.28 2866 27.5* 2.0 62.5 - (-) 0.227 -0.043

Picea glauca (white spruce)

(Godt et al., 2001)

Site 1 SK - - - 47.5* 1.83 44.4 0.181 -0.042 0.158 -0.053

Site 2 SK - - - 47.5* 1.78 55.6 0.167 -0.046 0.158 -0.049

Site 3 SK - - - 47.5* 1.72 44.4 0.153 -0.042 0.166 -0.052

Site 4 SK - - - 47.5* 1.72 44.4 0.154 -0.042 0.159 -0.052

Site 5 SK - - - 47.5* 1.67 44.4 0.164 -0.045 0.167 -0.050

Site 6 SK - - - 47.5* 1.61 44.4 0.162 -0.041 0.157 -0.052

Site 7 SK - - - 47.5* 1.72 50.0 0.156 -0.044 0.160 -0.049

(Furnier et al., 1991)

A NF East - - - 20 2.2 100 0.367 (-) 0.329 (-)

B NF West - - - 20 2.2 100 0.300 (-) 0.291 (-)

C NB - - - 20 2.5 100 0.242 (-) 0.280 (-)

Continued on next page

141



Table S4.1 – continued from previous page

Population Location/Comments Lat Long Elev N A P Ho (SE) He (SE)

D MN - - - 20 2.5 83.3 0.283 (-) 0.256 (-)

E QC Central - - - 19 2.0 100 0.263 (-) 0.275 (-)

F MA - - - 19 2.0 100 0.272 (-) 0.250 (-)

G NY - - - 20 2.2 100 0.333 (-) 0.301 (-)

H QC South - - - 20 2.0 100 0.275 (-) 0.293 (-)

I ON Southeast - - - 20 2.2 100 0.325 (-) 0.307 (-)

J ON East - - - 20 1.8 83.3 0.250 (-) 0.230 (-)

K ON Northeast - - - 20 2.5 100 0.283 (-) 0.295 (-)

L MI - - - 19 2.0 100 0.386 (-) 0.340 (-)

M WI - - - 20 2.2 100 0.300 (-) 0.309 (-)

N ON West - - - 19 2.3 100 0.404 (-) 0.353 (-)

O MN - - - 20 2.3 100 0.283 (-) 0.281 (-)

P MB South - - - 20 2.3 100 0.383 (-) 0.357 (-)

Q MB North - - - 20 2.3 100 0.350 (-) 0.323 (-)

R SD - - - 20 2.0 100 0.308 (-) 0.294 (-)

S SK North - - - 20 1.8 83.3 0.233 (-) 0.198 (-)

T MT - - - 5 1.8 66.7 0.367 (-) 0.319 (-)

U BC - - - 20 2.2 100 0.233 (-) 0.261 (-)

V AK - - - 20 2.0 83.3 0.283 (-) 0.239 (-)

Picea mariana (black spruce)

(Rajora & Pluhar, 2003)

E1-FNM Post-fire nat mature, Pine Falls,
MB

50.68 95.90 274 35 2.59 65.6 0.215 -0.037 0.296 -0.045
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E1-FNR Post-fire nat young regen, Pine
Falls, MB

50.68 95.89 274 35 2.31 62.5 0.176 -0.033 0.265 -0.045

E1-HNR Post-harvest nat regen, Pine
Falls, MB

50.68 95.90 274 35 2.53 62.5 0.222 -0.040 0.293 -0.047

E1-PLT Plantation, Pine Falls, MB 50.67 95.91 290 35 2.53 65.6 0.198 -0.037 0.279 -0.045

E2-FNM Post-fire nat mature, Bissett,
MB

50.78 95.28 320 35 2.59 75.0 0.223 -0.035 0.317 -0.042

E2-FNR Post-fire nat young regen, Bis-
sett, MB

50.78 95.29 320 35 2.69 75.0 0.263 -0.041 0.335 -0.042

E2-HNR Post-harvest nat regen, Bissett,
MB

50.78 95.28 320 35 2.50 59.4 0.267 -0.047 0.322 -0.050

E2-PLT Plantation, Bissett, MB 50.83 95.32 305 35 2.66 71.9 0.240 -0.039 0.328 -0.045

N1-FNM Post-fire nat mature, The Pas,
MB

54.29 101.39 294 35 2.34 59.4 0.201 -0.044 0.272 -0.046

N1-FNR Post-fire nat regen, The Pas,
MB

54.27 101.38 294 35 2.34 62.5 0.193 -0.042 0.280 -0.046

N1-HNR Post-harvest nat regen, The
Pas, MB

54.30 101.48 290 35 2.56 71.9 0.219 -0.043 0.335 -0.045

N1-PLT Plantation, The Pas, MB 54.29 101.44 290 35 2.16 59.4 0.203 -0.041 0.291 -0.045

N2-FNM Post-fire nat mature, Snow
Lake, MB

54.90 99.76 290 35 2.63 68.8 0.242 -0.045 0.341 -0.048

N2-FNR Post-fire nat young regen, Snow
Lake, MB

54.72 99.98 274 35 2.47 68.8 0.169 -0.03 0.279 -0.043

N2-HNR Post-harvest nat regen, Snow
Lake, MB

54.90 99.76 290 35 2.66 71.9 0.239 -0.044 0.328 -0.047

N2-PLT Plantation, Snow Lake, MB 54.90 99.76 290 35 2.69 68.8 0.279 -0.048 0.362 -0.047
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(O’Reilly et al., 1985)

Sioux Narrows - Upland Sioux Narrows, ON 49.42 94.13 - 10 53.3 (-) 0.20 (-)

Sioux Narrows - Lowland Sioux Narrows, ON 49.42 94.13 - 10 46.7 (-) 0.22 (-)

Sioux Lookout - Upland Sioux Lookout, ON 50.15 91.75 - 10 33.3 (-) 0.16 (-)

Sioux Lookout - Lowland Sioux Lookout, ON 50.15 91.75 - 10 53.3 (-) 0.21 (-)

Nipigon - Upland Nipigon, ON 48.83 88.58 - 10 64.3 (-) 0.26 (-)

Nipigon - Lowland Nipigon, ON 48.83 88.58 - 10 73.3 (-) 0.27 (-)

Macdiarmid - Upland Macdiarmid, ON 49.42 88.12 - 10 46.7 (-) 0.20 (-)

Macdiarmid - Lowland Macdiarmid, ON 49.42 88.12 - 10 46.7 (-) 0.22 (-)

Cochrane - Upland Cochrane, ON 49.08 80.92 - 10 40.0 (-) 0.23 (-)

Cochrane - Lowland Cochrane, ON 49.08 80.92 - 10 66.7 (-) 0.25 (-)

(Isabel et al., 1995)

325 QC 50.2 74.2 - 15 2.3 76.9 0.267 -0.056 0.287 -0.063

336 QC 48.0 78.9 - 15 2.0 69.2 0.337 -0.085 0.285 -0.062

342 QC 50.4 68.4 - 15 2.5 61.5 0.305 -0.077 0.301 -0.070

345 QC 47.2 74.3 - 15 2.1 69.2 0.348 -0.083 0.311 -0.071

369 QC 48.3 64.2 - 15 2.2 69.2 0.435 -0.099 0.324 -0.065

Picea sitchensis (sitka spruce)

(Yeh & El-Kassaby, 1980)

IUFRO-3024 Duck Cr., AK 58.37 134.58 30 76 2.00 67 - (-) 0.16 -0.03

IUFRO-3030 Ward L., AK 55.42 131.70 15 78 1.62 50 - (-) 0.15 -0.04

IUFRO-3040 Usk Ferry, BC 54.77 128.25 137 79 1.69 46 - (-) 0.15 -0.04

IUFRO-3044 Inverness, BC 54.20 130.25 15 79 1.77 50 - (-) 0.13 -0.04
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IUFRO-3049 Link Rd., BC 53.50 132.17 90 78 1.85 50 - (-) 0.16 -0.04

IUFRO-3058 Salmon Bay, BC 50.38 125.95 0 78 1.69 42 - (-) 0.14 -0.04

IUFRO-3062 Big Qualicum R., BC 49.38 124.62 0 78 1.92 54 - (-) 0.16 -0.04

IUFRO-3003 Forks, WA 48.07 124.30 137 79 1.92 46 - (-) 0.17 -0.04

IUFRO-3008 Hoquiam, WA 47.08 124.05 7 79 1.85 50 - (-) 0.13 -0.04

IUFRO-3012 Necanicum, OR 45.82 123.77 46 78 1.85 58 - (-) 0.13 -0.04

Pinus albicaulis (whitebark pine)

(Bruederle et al., 1998)

1. Miller Creek Gallatin Park, MT 45.4 110.2 - 30 1.6 42.1 0.167 -0.052 0.146 -0.045

2. Henderson Mtn. Gallatin Park, MT 45.0 110.0 - 31 1.7 36.8 0.139 -0.043 0.164 -0.049

3. Fisher Creek Gallatin Park, MT 45.1 109.9 - 34 1.5 42.1 0.139 -0.043 0.151 -0.047

4. Island Lake Shoshone Park, WY 44.9 109.5 - 49 1.7 36.8 0.153 -0.047 0.151 -0.046

5. Mt. Washburn Yellowstone N.P., WY 44.8 110.4 - 33 1.6 36.8 0.139 -0.045 0.145 -0.046

6. Union Pass Shoshone Forest, Fremont
County, WY

43.5 109.9 - 20 1.5 36.8 0.161 -0.054 0.146 -0.047

7. Togwotee Pass Bridger-Teton Forest, Teton
County, WY

43.8 110.1 - 25 1.7 36.8 0.141 -0.047 0.153 -0.046

8. Sheep Pass Bridger-Teton Forest, Lincoln
County, WY

42.5 110.8 - 30 1.6 36.8 0.152 -0.045 0.155 -0.047

9. Commissary Ridge Bridger-Teton Forest, Lincoln
County, WY

42.2 110.6 - 30 1.6 42.1 0.138 -0.042 0.161 -0.048

(Jorgensen & Hamrick, 1997)

1. Cascade - WASH Washington Pass, WA 48.53 120.67 - 48 2.00 25 0.092 -0.009 0.096 -0.039

2. Cascade - RAIN Mt. Rainier N.P., WA 46.92 121.65 - 48 2.22 35 0.092 -0.009 0.109 -0.035
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3. Cascade - ADAM Mt. Adams, WA 46.25 121.53 - 48 2.00 25 0.083 -0.009 0.075 -0.033

4. Cascade - HOOD Mt. Hood, OR 45.40 121.67 - 48 2.25 15 0.084 -0.009 0.089 -0.039

5. Cascade - BACH Bachelor Peak, OR 43.98 121.68 - 48 2.00 20 0.082 -0.009 0.080 -0.037

6. Cascade - CRAT Crater Lake N.P., OR 42.93 122.17 - 48 2.00 20 0.060 -0.008 0.070 -0.031

7. Cascade - SHAS Mt. Shasta, CA 41.37 122.20 - 48 2.25 15 0.083 -0.009 0.091 -0.039

8. Cascade - LASS Lassen Volcanic N.P., CA 40.48 121.48 - 48 2.00 15 0.079 -0.009 0.075 -0.035

9. Sierra Nevada - ROSE Mt. Rose Summit, NV 39.32 119.90 - 48 2.43 20 0.119 -0.010 0.120 -0.046

10. Sierra Nevada -
SONO

Sonora Pass, CA 38.33 119.65 - 48 2.43 20 0.104 -0.010 0.104 -0.042

11. Sierra Nevada -
TIOG

Tioga Pass, CA 37.92 119.25 - 48 2.29 20 0.087 -0.009 0.090 -0.039

12. Sierra Nevada -
MOSQ

Mosquito Lake, CA 37.43 118.73 - 48 2.00 20 0.091 -0.009 0.100 -0.041

13. Rocky Mtns. - JASP Mt. Edith Cavell, AB 52.68 118.08 - 48 2.43 25 0.080 -0.009 0.088 -0.036

14. Rocky Mtns. - PARK Parker Ridge, AB 52.18 117.12 - 48 2.17 25 0.076 -0.009 0.095 -0.035

15. Rocky Mtns. - CABI Libby, MT 48.55 115.73 - 48 2.30 25 0.082 -0.009 0.113 -0.037

16. Rocky Mtns. - GLAC Glacier N.P., MT 48.68 113.75 - 48 2.25 30 0.094 -0.009 0.117 -0.040

17. Rocky Mtns. - JEWL Jewel Basin, MT 48.17 113.93 - 48 2.00 20 0.090 -0.009 0.088 -0.035

18. Rocky Mtns. - FRNT Choteau, MT 47.93 112.82 - 48 2.36 25 0.108 -0.010 0.111 -0.039

19. Rocky Mtns. - NINE Ninemile Divide, MT 47.13 114.32 - 48 2.00 25 0.083 -0.009 0.099 -0.033

20. Rocky Mtns. - WILL Corvallis, MT 46.32 113.92 - 48 2.08 20 0.083 -0.009 0.103 -0.037

21. Rocky Mtns. - TOBA Tobacco Roots, MT 45.52 112.00 - 48 2.09 20 0.106 -0.010 0.105 -0.038

22. Rocky Mtns. - GRAV Gravelly Range, MT 44.82 111.87 - 48 2.25 30 0.096 -0.010 0.111 -0.036

23. Rocky Mtns. - BELT Little Belts, MT 46.78 110.65 - 48 2.09 30 0.098 -0.010 0.105 -0.034

24. Rocky Mtns. - YELL Dunraven Pass, WY 44.78 110.50 - 48 2.29 25 0.075 -0.009 0.081 -0.034
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25. Rocky Mtns. - BEAR Beartooth Plateau, WY 44.95 109.53 - 48 2.33 25 0.086 -0.009 0.106 -0.038

26. Rocky Mtns. -
TOGW

Togwotee Pass, WY 43.75 110.07 - 48 2.14 25 0.079 -0.009 0.089 -0.037

27. Rocky Mtns. - CIDA Yellow Pine, ID 45.07 115.42 - 48 2.50 20 0.098 -0.010 0.097 -0.040

28. Rocky Mtns. - SAWT Galena Summit, ID 43.87 114.70 - 48 2.50 25 0.107 -0.010 0.110 -0.040

29. Great Basin - JARB Jarbridge, NV 41.83 115.47 - 48 2.14 25 0.077 -0.009 0.090 -0.035

30. Great Basin - RUBY Ruby Range, NV 40.60 115.38 - 48 2.00 20 0.056 -0.008 0.064 -0.032

Pinus contorta (lodgepole pine)

(Yeh & Layton, 1979)

Marginal - 32 Southern YK 62.14 136.18 671 15 1.80 53 0.160 -0.044 0.157 -0.042

Marginal - 33 Southern YK 63.18 136.28 877 15 1.72 44 0.165 -0.049 0.144 -0.044

Marginal - 34 Southern YK 60.41 136.11 747 15 1.80 52 0.125 -0.032 0.138 -0.038

Marginal - 35 Northern BC 59.48 133.47 788 15 1.80 56 0.147 -0.042 0.143 -0.040

Intermediate - 30 Northern BC 59.59 128.33 640 15 1.76 52 0.149 -0.044 0.150 -0.043

Intermediate - 31 Southern YK 61.10 129.30 884 15 1.96 64 0.173 -0.039 0.178 -0.043

Central - 36 Northern BC 57.29 130.13 815 15 2.12 76 0.176 -0.036 0.184 -0.043

Central - 28 Northern BC 58.4 124.10 762 15 1.92 64 0.184 -0.043 0.178 -0.043

Central - 71 Interior BC 50.43 119.27 1524 15 2.08 68 0.189 -0.045 0.169 -0.037

(Wheeler & Guries, 1982)

BC - 1 Ssp. latifolia - - - - 1.86 70 - (-) 0.114 -0.026

BC - 4 Ssp. latifolia - - - - 1.69 61 - (-) 0.125 -0.029

WA - 5 Ssp. latifolia - - - - 1.81 70 - (-) 0.103 -0.025

AB - 6 Ssp. latifolia - - - - 1.93 73 - (-) 0.128 -0.028
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AB - 7 Ssp. latifolia - - - - 2.24 82 - (-) 0.144 -0.028

AB - 8 Ssp. latifolia - - - - 1.88 73 - (-) 0.102 -0.025

AB - 9 Ssp. latifolia - - - - 1.95 70 - (-) 0.120 -0.027

BC - 10 Ssp. latifolia - - - - 2.04 70 - (-) 0.115 -0.026

YK - 14 Ssp. latifolia - - - - 1.71 64 - (-) 0.108 -0.025

BC - 15 Ssp. latifolia - - - - 1.83 70 - (-) 0.114 -0.028

YK - 16 Ssp. latifolia - - - - 1.76 70 - (-) 0.129 -0.029

YK - 18 Ssp. latifolia - - - - 1.76 64 - (-) 0.109 -0.028

YK - 21 Ssp. latifolia - - - - 1.83 79 - (-) 0.113 -0.028

BC - 22 Ssp. latifolia - - - - 1.83 67 - (-) 0.113 -0.027

CO - 23 Ssp. latifolia - - - - 1.81 64 - (-) 0.119 -0.028

BC - 27 Ssp. latifolia - - - - 1.97 76 - (-) 0.111 -0.025

BC - 29 Ssp. latifolia - - - - 1.86 73 - (-) 0.119 -0.028

WA - 30 Ssp. latifolia - - - - 1.76 61 - (-) 0.114 -0.027

AB - 32 Ssp. latifolia - - - - 1.81 64 - (-) 0.105 -0.025

MT - 34 Ssp. latifolia - - - - 2.09 73 - (-) 0.116 -0.026

YK - 36 Ssp. latifolia - - - - 1.76 61 - (-) 0.130 -0.031

BC - 37 Ssp. latifolia - - - - 1.83 70 - (-) 0.128 -0.029

MT - 46 Ssp. latifolia - - - - 1.67 58 - (-) 0.097 -0.026

YK - 50 Ssp. latifolia - - - - 1.88 67 - (-) 0.144 -0.030

BC - 45 Ssp. contorta - - - - 1.88 61 - (-) 0.130 -0.030

BC - 47 Ssp. contorta - - - - 1.88 70 - (-) 0.123 -0.027

BC - 48 Ssp. contorta - - - - 1.18 64 - (-) 0.125 -0.029

BC - 49 Ssp. contorta - - - - 1.57 55 - (-) 0.114 -0.029
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WA - 38 Ssp. contorta - - - - 1.93 73 - (-) 0.139 -0.029

CA - 17 Ssp. murrayana - - - - 1.86 70 - (-) 0.120 -0.026

OR - 39 Ssp. murrayana - - - - 2.02 76 - (-) 0.128 -0.028

CA - 40 Ssp. Bolanderi - - - - 1.62 58 - (-) 0.109 -0.280

(Dancik & Yeh, 1983)

Hinton Hinton, AB 53.43 117.48 1170 62 3.0 52.4 0.186 (-) 0.184 -0.045

Cypress Hills Cypress Hills, AB 49.65 110.28 1410 30 2.5 52.4 0.165 (-) 0.179 -0.049

Coleman Coleman, AB 49.75 114.50 1090 30 2.3 52.4 0.202 (-) 0.239 -0.063

Canmore Canmore, AB 51.10 115.28 1630 30 2.4 47.6 0.187 (-) 0.241 -0.061

Lake Abraham Lake Abraham, AB 52.25 116.45 1750 30 2.3 52.4 0.179 (-) 0.201 -0.054

Pinus edulis (pinyon pine)

(Premoli et al., 1994)

OC-North Northeastern CO - - 1835 25 2.1 80 0.214 (-) 0.262 (-)

OC-Centre Northeastern CO - - 1835 25 2.0 50 0.192 (-) 0.187 (-)

OC-East Northeastern CO - - 1835 25 1.9 60 0.220 (-) 0.231 (-)

OC-West Northeastern CO - - 1835 25 2.0 50 0.203 (-) 0.204 (-)

OC-South Northeastern CO - - 1835 25 1.9 60 0.205 (-) 0.213 (-)

Lone Site Northeastern CO - - 2050 44 2.3 50 0.164 (-) 0.219 (-)

Bonner Peak Northeastern CO - - 2270 43 2.1 40 0.181 (-) 0.188 (-)

Windy Site Northeastern CO - - 2100 16 1.5 40 0.150 (-) 0.179 (-)

Hewlett Gulch Northeastern CO - - 1820 9 1.6 60 0.193 (-) 0.233 (-)
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Pinus monticola (western white pine)

(Steinhoff et al., 1983)

Interior - 5 Beaver, BC 51.55 117.48 1145 - 1.4 42 - (-) 0.15 -0.057

Interior - 58 Hungry Horse, MT 48.32 113.98 1130 - 1.7 67 - (-) 0.13 -0.036

Interior - 55 Flower Creek, MT 48.38 115.57 670 - 1.8 75 - (-) 0.16 -0.050

Interior - 45 Beaver Creek, ID 48.73 116.87 915 - 1.8 67 - (-) 0.16 -0.049

Interior - 49 Crystal Creek, ID 47.13 116.37 915 - 1.8 83 - (-) 0.19 -0.048

Interior - 52 Elk River, ID 46.82 116.17 915 - 1.7 67 - (-) 0.13 -0.032

Interior - 35 Fry Meadow, OR 45.78 117.82 1525 - 1.4 42 - (-) 0.11 -0.050

Coastal - 3 Coronation, BC 49.00 124.00 870 - 1.8 75 - (-) 0.18 -0.054

Coastal - 4 Victoria, BC 48.42 123.62 350 - 1.6 58 - (-) 0.15 -0.060

Coastal - 8 Forks, WA 47.93 124.37 150 - 1.2 17 - (-) 0.06 -0.038

Coastal - 10 Humptulips, WA 47.30 123.95 150 - 1.1 8 - (-) 0.04 -0.041

Coastal - 12 Everett, WA 48.08 122.13 30 - 1.5 50 - (-) 0.10 -0.049

Coastal - 13 Belfair, WA 47.48 122.90 90 - 2.0 92 - (-) 0.15 -0.039

North-Central - 16 White Pass, WA 46.57 121.37 1310 - 1.6 58 - (-) 0.13 -0.045

North-Central - 23 Mt. Hood, OR 45.27 121.77 975 - 1.6 58 - (-) 0.13 -0.050

North-Central - 25 Sweet Home, OR 44.42 122.17 1250 - 1.7 58 - (-) 0.18 -0.058

South-Central - 29 La Pine, OR 43.80 121.68 1830 - 1.8 67 - (-) 0.25 -0.060

South-Central - 27 Oakridge, OR 43.60 122.12 1370 - 1.8 67 - (-) 0.16 -0.049

South-Central - 26 Black Butte, OR 43.53 122.92 1065 - 1.8 75 - (-) 0.20 -0.053

South-Central - 29 Glide, OR 43.07 122.95 1160 - 1.8 75 - (-) 0.23 -0.052

South-Central - 30 Prospect, OR 42.87 122.37 1525 - 1.9 75 - (-) 0.21 -0.052

South-Central - 33 Pinehurst, OR 42.20 122.30 1645 - 1.8 67 - (-) 0.21 -0.061
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Siskiyou - 31 Chicago Creek, CA 41.97 123.67 1295 - 1.8 58 - (-) 0.23 -0.069

Siskiyou - 32 Elliot Creek, CA 42.00 123.00 1735 - 2.0 92 - (-) 0.24 -0.054

Warner - 34 Lakeview, OR 42.10 120.28 2286 - 2.0 83 - (-) 0.32 -0.058

Warner - 38 Willow Mtn., CA 41.83 122.23 1980 - 2.3 92 - (-) 0.29 -0.058

Warner - 41 Lake Audrian, CA 38.65 120.07 2225 - 2.2 83 - (-) 0.26 -0.069

Warner - 42 Blue Lakes, CA 38.62 119.92 2530 - 2.0 75 - (-) 0.26 -0.064

(Kim et al., 2011)

ReSt Revelstoke, BC 51.00 118.19 500 27 1.606 87.9 - (-) 0.194 (-)

TeXa Texada Island, BC 48.26 113.88 1100 25 1.621 90.9 - (-) 0.198 (-)

SwCr Swamp Creek, WA 47.59 116.03 1345 29 1.667 87.9 - (-) 0.208 (-)

ElCr Elya Creek, MT 49.70 124.37 215 27 1.636 84.8 - (-) 0.190 (-)

MoSa Moon Saddle, ID 48.57 120.78 1190 22 1.576 87.9 - (-) 0.187 (-)

HoLy Holly, WA 47.57 122.92 150 17 1.636 89.4 - (-) 0.215 (-)

SmCr Smokey Creek, WA 46.02 121.68 1114 21 1.621 90.9 - (-) 0.204 (-)

VeLa Veda Lake, OR 45.26 121.76 1310 26 1.727 90.9 - (-) 0.233 (-)

InCrb Indian Creek, OR 44.36 118.79 1585 25 1.758 92.4 - (-) 0.274 (-)

DeCr Deer Creek, OR 43.25 121.86 1740 28 1.894 97.0 - (-) 0.316 (-)

NaCr National Creek, OR 43.00 122.38 1150 23 1.697 95.5 - (-) 0.225 (-)

FlSp Fly Catcher Spring, OR 42.35 124.30 800 27 1.773 89.4 - (-) 0.275 (-)

GaQu Gasquet, CA 41.86 123.91 435 21 1.789 93.9 - (-) 0.264 (-)

LoSt Lodge Pole Station, CA 41.83 122.21 1880 22 1.773 92.4 - (-) 0.289 (-)

SpCa Spur Canyon, CA 38.70 120.10 2500 17 1.721 81.8 - (-) 0.254 (-)
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Pinus ponderosa (ponderosa pine)

(O’Malley et al., 1979)

OMALLEY-1979 10 pop., WA, ID, MT - - - 47 2.25 - - (-) 0.123 (-)

(Woods et al., 1983)

WOODS-1983 1 pop., Eastern MT - - - 150 2.6 - - (-) 0.126 -0.037

(Hamrick et al., 1979)

HAMRICK-1979 7 pop., Eastern CO - - - - 2.0 68.4 - (-) 0.226 (-)

(Niebling & Conkle, 1990)

Pacific - Warner Mtns. 1 pop., Northern CA - - - 65 2.39 70 - (-) 0.150 -0.036

Pacific - Mt. Rose 1 pop., Northern CA - - - 55 2.29 70 - (-) 0.137 -0.035

North Plateau 12 pop., Pacific Northwest US - - - 204 2.77 64 - (-) 0.178 -0.041

Rocky Mtns. 20 pop., US Rocky Mtns. - - - 186 2.77 75 - (-) 0.164 -0.039

Populus tremuloides (trembling aspen)

(Cheliak & Dancik, 1982)

1 AB - - - 32 2.0 85 0.49 (-) 0.41 (-)

2 AB - - - 30 2.3 88 0.46 (-) 0.40 (-)

3 AB - - - 30 2.3 88 0.49 (-) 0.44 (-)

4 AB - - - 30 2.3 84 0.53 (-) 0.41 (-)

5 AB - - - 30 2.5 92 0.60 (-) 0.43 (-)

6 AB - - - 30 2.3 85 0.52 (-) 0.42 (-)

7 AB - - - 40 2.4 88 0.56 (-) 0.42 (-)
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(Jelinski & Cheliak, 1992)

Prairie I Waterton Lakes N.P., AB - - 1300 37 2.5 87.5 0.30 (-) 0.315 -0.042

Prairie II Waterton Lakes N.P., AB - - 1300 25 2.4 75.0 0.35 (-) 0.258 -0.047

Akamina Waterton Lakes N.P., AB - - 2700 25 2.2 81.3 0.31 (-) 0.346 -0.046

Galwey Waterton Lakes N.P., AB - - 1810 23 2.4 75.0 0.34 (-) 0.267 -0.047

Crandall Waterton Lakes N.P., AB - - 1360 22 2.4 81.3 0.33 (-) 0.306 -0.056

Copper Waterton Lakes N.P., AB - - 1400 24 2.5 87.5 0.28 (-) 0.246 -0.040

Prairie I Waterton Lakes N.P., AB - - 1300 37 2.5 87.5 0.30 (-) 0.315 -0.042

Prairie II Waterton Lakes N.P., AB - - 1300 25 2.4 75.0 0.35 (-) 0.258 -0.047

Akamina Waterton Lakes N.P., AB - - 2700 25 2.2 81.3 0.31 (-) 0.346 -0.046

Galwey Waterton Lakes N.P., AB - - 1810 23 2.4 75.0 0.34 (-) 0.267 -0.047

Crandall Waterton Lakes N.P., AB - - 1360 22 2.4 81.3 0.33 (-) 0.306 -0.056

Copper Waterton Lakes N.P., AB - - 1400 24 2.5 87.5 0.28 (-) 0.246 -0.040

(Liu & Furnier, 1993)

LIU1993 MI, MN, WI - - - 118 2.8 77 0.19 -0.05 0.32 -0.06

(Lund et al., 1992)

A MN - - - 40 2.7 90 0.205 (-) 0.206 (-)

B MN - - - 38 2.7 100 0.224 (-) 0.235 (-)

C MN - - - 40 2.6 90 0.205 (-) 0.215 (-)

D MN - - - 40 2.8 100 0.235 (-) 0.244 (-)

E MN - - - 40 2.4 80 0.230 (-) 0.234 (-)

F MN - - - 40 2.7 100 0.195 (-) 0.212 (-)

G MN - - - 40 2.9 100 0.242 (-) 0.232 (-)
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H MN - - - 29 2.3 80 0.217 (-) 0.210 (-)

I MN - - - 40 2.2 80 0.197 (-) 0.193 (-)

(Hyun et al., 1987)

Moosonee ON - - - 19 2.5 80.0 0.108 (-) 0.248 (-)

Kenora ON - - - 29 2.9 93.3 0.119 (-) 0.233 (-)

Cochrane ON - - - 28 2.8 66.7 0.133 (-) 0.207 (-)

Thunder Bay ON - - - 29 2.8 73.3 0.160 (-) 0.227 (-)

Hearst ON - - - 27 2.9 73.3 0.101 (-) 0.234 (-)

Sudbury ON - - - 30 2.5 86.7 0.114 (-) 0.212 (-)

Barrie ON - - - 10 2.1 73.3 0.140 (-) 0.246 (-)

Simcoe ON - - - 28 1.9 86.7 0.127 (-) 0.270 (-)

Pseudotsuga menziesii (douglas-fir)

(El-Kassaby & Ritland, 1996)

Alberni Port Alberni, BC

Bowen Island Bowen Island, BC

Cassidy Cassidy, BC

Caycuse Caycuse, BC

Chehalis Chehalis, BC 49.2 124.8 - 51 2.25 55 - (-) 0.153 (-)

Chilliwack High Chilliwack, BC 49.4 123.4 - 51 2.25 55 - (-) 0.162 (-)

Chilliwack Low Chilliwack, BC 49.1 123.9 - 51 2.05 45 - (-) 0.146 (-)

Courtenay Courtenay, BC 48.9 124.4 - 51 2.25 50 - (-) 0.186 (-)

Darrington Darrington, WA 46.7 123.0 - 51 2.15 50 - (-) 0.162 (-)

Denman Island Denman Island, BC 49.2 121.9 - 51 2.25 60 - (-) 0.159 (-)
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Duncan Duncan, BC 49.2 121.9 - 51 2.20 50 - (-) 0.158 (-)

Empress Mtn. Empress Mtn., BC 49.7 125.0 - 51 2.20 40 - (-) 0.144 (-)

E. Thurlow East Thurlow, BC 48.3 121.6 - 51 2.15 40 - (-) 0.122 (-)

Forbidden Plat. Forbidden Plateau, BC 49.5 124.8 - 51 2.25 55 - (-) 0.188 (-)

Franklin R. Franklin River, BC 48.8 123.7 - 51 2.15 60 - (-) 0.169 (-)

Gold River Gold River, BC 48.4 123.7 - 51 2.15 50 - (-) 0.181 (-)

Granite Falls Granite Falls, WA 50.4 125.4 - 51 2.25 65 - (-) 0.164 (-)

Haney Haney, BC 49.7 125.2 - 51 2.30 50 - (-) 0.177 (-)

Harrison Lake Harrison Lake, BC 49.1 124.8 - 51 2.10 50 - (-) 0.151 (-)

Hernando Is. Hernando Island, BC 49.8 126.1 - 51 2.10 50 - (-) 0.152 (-)

Hoh Hoh, WA 48.1 122.0 - 51 2.10 40 - (-) 0.139 (-)

Hope Hope, BC 49.2 122.6 - 51 2.10 55 - (-) 0.160 (-)

Jervis Jervis Inlet, BC 49.3 121.8 - 51 2.05 55 - (-) 0.166 (-)

Jeune Landing Jeune Landing, BC 50.0 124.9 - 51 2.05 65 - (-) 0.181 (-)

Jordan River Jordan River, BC 47.9 123.9 - 51 2.30 70 - (-) 0.181 (-)

Kaouk River Kaouk River, BC 49.4 121.4 - 51 2.10 50 - (-) 0.126 (-)

Klinaklini High Klinaklini, BC 50.2 124.0 - 51 2.15 50 - (-) 0.164 (-)

Klinaklini Low Klinaklini, BC 50.4 127.5 - 51 2.15 55 - (-) 0.185 (-)

Kelsey Bay Kelsey Bay, BC 48.4 124.0 - 51 2.20 55 - (-) 0.169 (-)

Kennedy Lake Kennedy Lake, BC 50.1 127.1 - 51 2.15 55 - (-) 0.189 (-)

Malcolm Island Malcolm Island, BC 51.3 125.8 - 51 2.00 55 - (-) 0.190 (-)

Mead Cr. Mead Creek, BC 51.3 125.8 - 51 2.00 65 - (-) 0.157 (-)

Nimpkish Nimpkish, BC 50.4 126.0 - 51 2.10 55 - (-) 0.160 (-)

Nanaimo L. Nanaimo Lake, BC 49.0 125.6 - 51 1.75 45 - (-) 0.138 (-)
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Parksville Parksville, BC 50.6 127.0 - 51 1.90 40 - (-) 0.143 (-)

Pitt River Pitt River, BC 48.8 124.1 - 51 2.35 50 - (-) 0.181 (-)

Port Hardy Port Hardy, BC 50.3 126.9 - 51 2.15 65 - (-) 0.169 (-)

Powell River Powell River, BC 49.1 124.2 - 51 2.15 45 - (-) 0.166 (-)

Quadra Island Quadra Island, BC 49.3 124.3 - 51 2.20 55 - (-) 0.146 (-)

San Juan R. San Juan River, BC 49.3 122.6 - 51 2.05 50 - (-) 0.171 (-)

Sechelt Sechelt, BC 50.7 127.5 - 51 2.20 55 - (-) 0.198 (-)

Shelton Shelton, WA 49.9 124.6 - 51 2.15 50 - (-) 0.161 (-)

Sooke Sooke, BC 50.1 125.3 - 51 2.05 65 - (-) 0.167 (-)

Squamish Squamish, BC 48.5 124.0 - 51 2.15 50 - (-) 0.157 (-)

Stella Lake Stella Lake, BC 49.5 123.8 - 51 2.05 50 - (-) 0.158 (-)

Tahsis Tahsis, BC 47.2 123.1 - 51 2.10 45 - (-) 0.148 (-)

Texada Island Texada Island, BC 48.4 123.7 - 51 2.20 55 - (-) 0.161 (-)

Tinhat Mtn. Tinhat Mtn., BC 49.7 123.2 - 51 2.20 55 - (-) 0.169 (-)

Toba River Toba River, BC 50.3 125.5 - 51 2.15 45 - (-) 0.160 (-)

(Yeh & O’Malley, 1980)

I South Vancouver Island, BC 48.55 124.08 244 100 2.33 42.86 - (-) 0.156 -0.041

II South Vancouver Island, BC 48.87 123.75 457 100 2.33 57.14 - (-) 0.156 -0.035

III Skagit Valley, BC 49.23 121.23 930 100 2.29 52.38 - (-) 0.168 -0.040

IV Lower Mainland, BC 49.25 122.35 152 100 2.29 47.62 - (-) 0.161 -0.041

V Hope, BC 49.50 121.35 884 100 2.10 57.14 - (-) 0.149 -0.039

VI Halfmoon Bay, BC 49.50 123.87 175 100 2.34 47.62 - (-) 0.139 -0.038

VII North Vancouver Island, BC 49.87 125.83 250 100 2.14 47.62 - (-) 0.142 -0.036

VIII North Vancouver Island, BC 50.25 125.73 137 100 2.05 47.62 - (-) 0.140 -0.037

Continued on next page
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Table S4.1 – continued from previous page

Population Location/Comments Lat Long Elev N A P Ho (SE) He (SE)

IX West Lillooet, BC 50.53 122.47 457 100 1.91 61.91 - (-) 0.167 -0.041

X West Lillooet, BC 50.57 122.53 1067 100 2.29 57.14 - (-) 0.184 -0.042

XI Bella Coola, BC 52.42 126.25 244 100 2.05 47.62 - (-) 0.140 -0.041

(Hamrick et al., 1979)

YEH 11 pop., Interior BC - - - - 2.23 - - (-) 0.180 (-)

MORRIS 11 pop., Coastal CA - - - - 3.17 74.2 - (-) 0.332 (-)

CONKLE 1 pop., Interior CA - - - - 1.78 100 - (-) 0.330 (-)

HAMRICK 5 pop., Eastern CO - - - - 1.86 64 - (-) 0.264 (-)

Sequoia sempervirens (coast redwood) *not included in analysis

(Rogers, 1994)

High Rock River Access Humboldt Redwoods S.P., CA - - 50 121 3.00 80 - (-) - (-)

Kent Grove Humboldt Redwoods S.P., CA - - 55 121 3.25 92 - (-) - (-)

Grasshopper Hill Humboldt Redwoods S.P., CA - - 213 121 3.25 83 - (-) - (-)

Squaw Creek Ridge Humboldt Redwoods S.P., CA - - 210 121 2.92 75 - (-) - (-)

Thuja plicata (western redcedar)

(Yeh, 1988)

1 - Cowichan Lake Interior BC 48.817 124.167 161 20 1.16 15.79 0.44 (-) 0.050 -0.031

2 - Salmo Interior BC 49.183 117.250 610 30 1.16 15.79 0.32 (-) 0.038 -0.026

3 - Tashme Interior BC 49.333 121.283 734 30 1.16 15.79 0.42 (-) 0.036 -0.026

4 - Kootney Lake Interior BC 49.667 116.667 532 30 1.21 15.79 0.55 (-) 0.051 -0.031

5 - Kamloops Interior BC 50.700 120.333 344 30 1.16 15.79 0.32 (-) 0.035 -0.026

6 - Revelstoke Interior BC 51.033 118.250 610 30 1.11 10.53 0.30 (-) 0.036 -0.027

7 - Adams Lake Interior BC 51.217 119.500 404 30 1.21 21.05 0.29 (-) 0.037 -0.026

Continued on next page
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Table S4.1 – continued from previous page

Population Location/Comments Lat Long Elev N A P Ho (SE) He (SE)

8 - Quesnel Lake Interior BC 52.617 120.967 697 30 1.16 15.79 0.24 (-) 0.031 -0.026

(El-Kassaby et al., 1994)

Strait of Juan De Fuca 2 pop., Van Isl & BC Coast - - - 28 1 12 - (-) 0.06 (-)

(Copes, 1981)

COPES 5 pop., WA, OR - - - 49 1 0 0 0 0 0

Tsuga heterophylla (western hemlock)

(El-Kassaby et al., 2003)

OG-TSUGHET Campbell River, BC 49.917 125.417 795 30 1.6 38.1 0.098 (-) 0.113 (-)

(Wellman, 2004)

HOLBERG Holberg, BC 50.633 128.083 92 49 2 50 0.143 -0.071 0.171 -0.051

TOBA Toba River, BC 50.500 124.167 366 49 1.9 50.0 0.149 -0.072 0.146 -0.045

UCONA Ucona River, BC 49.667 126.000 475 49 1.9 50.0 0.131 -0.069 0.145 -0.045

FLEET Fleet River, BC 48.633 124.067 370 50 1.6 28.6 0.117 -0.071 0.132 -0.054

SOMBRIO Sombrio Creek, BC 48.533 124.300 365 50 1.6 42.9 0.143 -0.075 0.147 -0.052

CAMPER Camper Creek, BC 48.567 124.500 300 50 1.4 28.6 0.119 -0.075 0.114 -0.051

SECHELT Sechelt, BC - - - 52 1.6 42.9 0.160 -0.076 0.148 -0.049

NANAIMO Nanimo River, BC 49.000 124.167 550 50 1.9 35.7 0.140 -0.072 0.131 -0.046

UBC UBC Res. Forest, BC 49.283 122.550 275 49 1.7 28.6 0.112 -0.073 0.137 -0.054

KAOUK Kaouk, BC 50.083 126.983 60 50 1.6 42.9 0.149 -0.075 0.147 -0.053

UNKNOWN Unknown natural, BC 48.833 123.750 600 49 1.5 42.9 0.161 -0.079 0.131 -0.048

Continued on next page
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Table S4.1 – continued from previous page

Population Location/Comments Lat Long Elev N A P Ho (SE) He (SE)

Tsuga mertensia (mountain hemlock)

(Ally et al., 2000)

A - Meade Crk. Meade Crk. , BC 48.55 124.05 1067 40 1.9 36.8 - (-) 0.092 -0.026

B - Wakeman High Wakeman High , BC 51.10 126.25 1100 40 1.7 42.1 - (-) 0.097 -0.028

C - Hanna Ridge Hanna Ridge , BC 56.18 129.20 700 40 1.5 31.6 - (-) 0.065 -0.023

D - Wakeman Low Wakeman Low , BC 51.17 126.17 600 40 1.6 42.1 - (-) 0.084 -0.025

E - Garbage Crk. Garbage Crk. , BC 48.33 124.06 850 40 1.6 31.6 - (-) 0.106 -0.040

F - Mission Mission , BC 49.18 122.26 900 40 1.7 31.6 - (-) 0.122 -0.042

G - Lyon Lk. Lyon Lk. , BC 49.39 123.54 1005 40 1.4 26.3 - (-) 0.068 -0.028

H - Parksville Parksville , BC 49.16 124.33 824 40 1.6 31.6 - (-) 0.102 -0.033

I - Mayo Crk. Mayo Crk. , BC 54.47 129.02 683 40 1.7 36.8 - (-) 0.088 -0.027

J - Zeballos Zeballos , BC 50.10 126.47 700 40 1.3 21.1 - (-) 0.050 -0.025

K - Kearsley Crk. Kearsley Crk. , BC 49.19 122.22 1280 40 1.7 42.1 - (-) 0.106 -0.036

L - Blue Ox Crk. Blue Ox Crk. , BC 50.18 127.16 660 40 1.2 10.5 - (-) 0.056 -0.036

M - Hkusam Mt. Hkusam Mt. , BC 50.20 125.50 950 40 1.4 31.6 - (-) 0.075 -0.028

N - Port Alice Port Alice , BC 50.24 124.27 750 40 1.4 26.3 - (-) 0.086 -0.035

O - Sale Mt. Sale Mt. , BC 51.10 118.10 1700 40 1.2 10.5 - (-) 0.050 -0.034

P - Hodoo Crk. Hodoo Crk. , BC 51.20 125.32 1250 40 1.6 31.6 - (-) 0.095 -0.030

Q - Copper Canyon Copper Canyon , BC 48.56 124.13 1100 40 1.8 47.4 - (-) 0.120 -0.057

R - Ashley Crk. Ashley Crk. , BC 50.01 123.33 1000 40 1.7 36.8 - (-) 0.109 -0.034

S - Woss Lk. Woss Lk. , BC 50.07 126.35 900 40 1.6 36.8 - (-) 0.082 -0.027
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Chapter 5

The velocity of species migration in complex

landscapes: western North American trees un-

der past and future climate change.

5.1 Summary

Due to differences in time periods (decades vs. millennia), rates of future migration are

almost certain to be orders of magnitude faster than estimated post-glacial rates. However,

it is possible that future migrations will also be different in pattern and quality, as climates

move into conditions not seen for millions of years in North America. The ability of species to

persist through the next century may depend on their ability to keep pace, either through

physical migration or gene flow, with changes in environmental habitat. For 24 North

American trees, we calculate distances between similar climate habitats in the past, present,

and future, with a k -sample nearest neighbour algorithm that measures distances to suitable

climate habitats in different time periods, as a means of estimating required migration and

gene flow rates. We use two measurements for future climate change: 1) measuring from

the present range to future habitats, to assess how far modern populations must travel to

find suitable habitat in the 2080s, and 2) measuring from projected future habitats to the

present range, to determine from how far away suitably adapted populations must travel to

ensure productive future forests. To place these rates in context, we also estimate post-glacial

migration rates with the same nearest neighbour method. Results show that past and future

migration rates by species are strongly related (r2=0.59, p<0.001) suggesting that, while

the magnitude may differ, the quality or patterns of migrations in the future may be similar

to those through the late Quaternary. Measurements into the future suggest that many
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modern populations, particularly those in high elevations and higher latitudes, may be far

removed from suitable habitats in the future. Further, to be occupied by suitably-adapted

populations, much future species range area may require genotypes from long distances,

suggesting that assisted migration or assisted gene flow could be required for productive

populations to establish and persist.

5.2 Introduction

By altering the geographic ranges of environmental conditions to which species are adapted,

climate change may present threats to tree species, which are long-lived and have limited

dispersal capacity (Elith & Leathwick, 2009; Thomas et al., 2004). The ability of such species

to survive the environmental changes of the next century may depend on their ability to

keep pace, either through physical migration into new range area or though the movement of

genetic material within their range (i.e. gene flow), with environmental habitat that remains

within their fundamental niche space. All species in existence today have proven their ability

to migrate with suitable habitat through the glacial-interglacial oscillations during the last

2.5 million years of the Quaternary, with temperatures being approximately 4-6◦C colder

during glacial periods. However, future changes are projected towards climate conditions

that have not existed for millions of years. For example, temperatures 3-4◦C warmer than

the present last occurred during the Miocene, 5 to 20 million years ago (Crowley, 1990).

The inference that species, because they have withstood global mean annual temperature

fluctuations of 4-6◦C in the past, will be able to tolerate such changes in the future, is

questionable even if changes were to occur at similar rates.

Directly measuring species migration rates, particularly for immobile species such as

trees, is complicated by the many slow, stochastic, and often unobservable processes in-

volved. Migration rates are typically estimated by measuring species location changes over

time. For North American and European trees, several post-glacial migration rate estimates

have been made, largely by comparing where and when species appear in the paleoecological

record. Most of these estimates range around a few hundreds of metres per year, depend-

ing on the species (Davis, 1981; Delcourt & Delcourt, 1987; Huntley & Birks, 1983; King

& Herstrom, 1997), but may be as low as only tens of metres per year or less (McLach-

lan et al., 2005). However, due to the potential for stochastic events such as long-distance
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dispersal or confounding colonisation sources such as cryptic glacial refugia (Clark et al.,

1998; McLachlan et al., 2005; Pearson, 2006), these estimates of late Quaternary migration

rates must be interpreted with caution. Furthermore, the paucity of paleoecological data in

some areas and for many species has resulted in a relatively short list of species for which

palaeoecologically-based migration rates are available.

Required future rates of species migration have previously been estimated by comparing

projected species range changes over time. Early calculations of required migration rates

were made for North American trees by Davis (1989), Davis and Zabinski (1992), and

Schwartz (1992), and ranged from about a kilometre per year to tens of kilometres per year.

More recent studies have expanded the breadth of species considered and, employing newer

climate projections and more sophisticated species models, largely supported these original

rate estimates (Iverson & Prasad, 2002; Malcolm et al., 2002; Meier et al., 2012). Given

projections of 2-6◦C of warming over the next hundred years (IPCC, 2007), and compared

to past changes of 4-6◦C warming over several thousand years through the late Quaternary,

it is not surprising that required future migration rates are consistently calculated to be

orders of magnitude faster than reconstructed post-glacial rates. However, just as the spatial

distribution of global warming will not be consistent across the earth, neither will be the

required rates of species migration. Heterogeneity in future warming and precipitation

changes, as well as diversity within the landscapes on which they occur, will produce great

variation in rates of movements of suitable habitat for trees (Loarie et al., 2009).

Different required migration rates may dictate different response by tree populations to

environmental change, as outlined by Aitken et al. (2008). Organisms may remain in situ

and adapt genetically to new climate conditions. Alternatively or in addition, populations

may physically migrate to nearby habitats that become more suitable. Calculated rates

of required future migration could account for both mechanisms. Where species’ current

ranges overlap with their projected future ranges, populations may require the introduction

of genetic material from other distant populations that are adapted to the future climate

habitats for that location. Gene flow rates between tree populations are difficult to quantify,

but because pollen is easily transported by wind (tens or even hundreds of kilometres) gene

flow rates in trees is generally understood to be higher than in other plants with similar

mating systems (Burczyk et al., 2004; Petit & Hampe, 2006).
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In this study, we contribute estimates of required migration rates via seed dispersal

and required gene flow rates via pollen for populations of 24 western North American tree

species, based on calculated rates of climatically defined habitat movement. We also estimate

migration rates since the last glacial maximum (21,000 years before present) for perspective.

While we know that rates estimated for the future will be an order of magnitude faster than

those required of species since the last glacial maximum, we also hypothesise that they will

be qualitatively different. Depending on the current latitudinal and topographic position

of a species (or its current realised climate niche) in western North America, it is far from

certain that migration requirements in the past are indicative of migration requirements

under future climate change. Specifically, we want to identify species and populations of

species for which migration rates since the last glacial maximum, representing a warming

signal of about 4◦C do not correlate with migration rates estimated for an additional of 4◦C

of anthropogenic warming.

This study is inspired by Loarie et al. (2009) who calculated the velocity of climate

envelope movements, given projected changes in temperature, across complex topographic

landscapes. Here, we extend this approach to consider multiple climate variables and further

extend the method to directly measure habitat change for western North American tree

species. We employ a k -sample nearest neighbour algorithm to estimate the velocity of

climate habitat movement at any given point in the landscape. We run these calculations

in two directions, from current populations to potential future habitat, as well as from

projected future climates back to current populations to answer two related, yet distinct

questions. First, what rates of migration or gene flow are required for today’s locally-

adapted populations to find suitable climate habitats in the future? The resulting statistics

have implication for gene conservation. Genes from populations with no future climate

equivalents in the vicinity are most likely to be lost. The second question has implications

for assisted migration in forestry: given the climate conditions of a future planting site, how

far away is the nearest appropriately adapted population? If no matching populations exist

in the vicinity, then seed transfer in reforestation programs may be required to maintain

healthy and productive forests.

163



5.3 Methods

5.3.1 Climate data

Climate data was generated based on a 1km resolution digital elevation model, using the Cli-

mateWNA software package (Wang et al., 2012). The climate variables include mean annual

temperature, mean temperature of the warmest month (MWMT), mean temperature of the

coldest month (MCMT), the difference between MWMT and MCMT as a measure of conti-

nentality, mean annual precipitation, growing season precipitation from May to September,

the number of growing degree days above 5◦C, the number of frost-free days, and an annual

and summer heat moisture index (Wang et al., 2012).

We used the 1961-1990 climate normal period to represent current climate condi-

tions, and a recent 10-year climate average from 1997-2006 to represent observed climate

trends. Palaeoclimate conditions for the last 21,000 years was based on two coupled oceanic-

atmospheric general circulation models (GCMs), the Community Climate Model version 1

(CCM1) of the National Center for Atmospheric Research (NCAR) for the periods 21,000,

16,000, 14,000, 11,000, and 6,000 years ago (Kutzbach et al., 1998), and the Geophysical

Fluid Dynamics Laboratory (GFDL) model of the National Oceanic and Atmospheric Ad-

ministration (NOAA) for the periods 21,000, 16,000, 9,000, and 6,000 years ago (Bush &

Philander, 1999). Future climate data was based on an ensemble average of 14 GCMs from

the IPCC’s Fourth Assessment Report (IPCC, 2007) for the 2071-2100 period, hereafter

referred to as the 2080s. An optimistic (B1) and a pessimistic (A2) emission scenario were

considered. To generate climate surfaces for past and future periods, past and future climate

projections were added as interpolated anomalies to the 1961-1990 high-resolution baseline

dataset, implemented by the ClimateWNA software package (Wang et al., 2012).

5.3.2 k-sample nearest neighbour algorithm

The k -sample nearest neighbour algorithm was implemented with the yaImpute package

(Crookston & Finley, 2008) for the R programming environment (R Core Team, 2009),

which facilitates searches between datasets, identifying a pre-described number of data points

most similar to the source point. Because the k -sample nearest neighbour algorithm is com-
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putationally intensive depending on the number of variables, we extracted two principal

components from the ten climate variables described above, accounting for 81.7% of the

variance in the climate dataset (Table 5.1). Thus, our measure of climate distance (Euclea-

dian distance based on the first two principal components), is approximately equivalent to

the widely used Mahalanobis multivariate distance measure.

For our purposes, the k -sample nearest neighbour algorithm allows us to identify, for

every point in a source climate data set, the k most similar points in an alternative climate

data set. Once a k -sized sample of the most climatically similar points is generated, Euclidian

geographic distances between the source point and all k alternative points can be calculated

from the geographic x and y coordinates of the source and target locations. The shortest

geographic distance to a set of reasonably similar climate equivalents was then used to

determine the required migration rate. The robustness of the analysis was enhanced by

choosing a k -sample size where migration rate estimates do not significantly change as a

function of the k -sample size. This value is quite small (k≈50), derived from a scree plot

of k -sample sizes against the subsequently calculated migration rates (Figure 5.1). At >50

points, rate estimates continue to decrease gradually, but interpretation of rate maps are

made based on relative rates, which remain consistent.

5.3.3 Rates of migration and gene flow

To calculate the rate of climatically defined habitat movement, as an estimate of migration

and gene flow rates, for local populations of each of the 24 western North America tree

species, we constrained the k -sampling nearest neighbour analysis to projected species habi-

tat. Past, present, and future species ranges were projected using an ensemble ecological

niche modelling approach incorporating the mean output (probability of species presence)

of three ecosystem-based model projections, as described in Chapters 3 and 4 of this thesis.

Summaries of model validations are shown in Table 4.2, in Chapter 4.

To determine the distance between modern climates and their nearest future analogues,

the k -nearest neighbour algorithm was applied to measure geographic distances from every

point in the current climate data falling within the current species range, to the most similar

climate points in the past or future climate data falling within the modelled past or future

species range for that period. To determine the distance between future climates and their
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nearest modern analogue, the opposite measurement was undertaken (measuring from the

future to the present). In both cases, geographic distances are converted to migration rates

by dividing by the number of interim years. To differentiate required migration rates and

required gene flow rates, we separately evaluated overlapping and non-overlapping habitat

projections. This analysis assumes that populations are adapted to their local climate, which

is generally supported in the literature (e.g. Savolainen et al., 2007).

5.4 Results

Rates of species migration and gene flow estimated for climate change projections and recon-

structions (but considering multiple climate variables) are shown in Figure 5.2 and Table 5.2,

which includes median and 90th percentile rates of tree populations within 1x1 km grid cells

used for modelling but do not distinguish between gene flow and migration. Table 5.3 breaks

the estimates down for rates within overlapping species ranges (representing gene flow) and

non-overlapping portions of the species ranges (representing migration). Histograms of esti-

mated post-glacial and future required gene flow or migration rates combined, representing

populations within 1x1 km grid cells, are provided in Figure 5.3 and the mapped rates that

form the basis of these figures and tables are shown in Supplemental Figures S5.1A-S5.1X.

Median post-glacial rates ranged from only tens of metres per year for some coastal

species to more than two hundred metres year for most boreal species, with 90th percentile

rates at about double these medians. Future rates were roughly an order of magnitude, or

more, faster than post-glacial rates, ranging from a few hundred metres per year for coastal

species to more than three kilometres per year for some boreal species. Estimates of migra-

tion rates were typically higher than those for gene flow rates (Table 5.3). Coast redwood

(Sequoia sempervirens) was notable as having the slowest rates in almost all calculations,

moving only 10-30 m yr−1 in post-glacial calculations and only 0.11-0.23 km yr−1 under

the future projections. In contrast, trembling aspen (Populous tremuloides), white spruce

(Picea glauca), black spruce (Picea mariana), and paper birch (Betula papyrifera), all bo-

real species, had the highest rates of post-glacial migration (0.20-0.25 km yr−1) and future

migration/gene flow (2.88-5.12 km yr−1)

For the tree species that we considered, most projected future range was not new
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area gained, which would require physical migration of the species, but rather present area

maintained within the current range. The proportion of future rate requiring gene flow

(overlapping range) vs. migration (into new range) was 65% and 50% on average for all

species in the B1 and A2 scenarios, respectively. Sub-alpine and xeric species generally

required more migration (only 29% to 52% gene flow), while coastal species tended to require

the least migration (58% to 75% gene flow) (Table 5.3). Notably, we find a fairly clear linear

relationship (r2=0.59, p<0.001) between required migration rates estimated for the past and

future. The species that deviates most from the relationship is pinyon pine (Pinus edulis)

(Figure 5.2, #23), indicating that migration requirements through the North American

landscape in the future are fundamentally different than those in the past for this species.

5.5 Discussion

5.5.1 Past and future migration rates

Our overall estimates of gene flow and migration are generally similar to previous estimates

for the post-glacial period (e.g. Davis, 1981; Huntley & Birks, 1983; King & Herstrom, 1997;

Lawing & Polly, 2011; McLachlan et al., 2005) and for the future (e.g. Davis, 1989; Davis &

Zabinski, 1992; Iverson & Prasad, 2002; Lawing & Polly, 2011; Malcolm et al., 2002; Meier

et al., 2012; Schwartz, 1992). While past and future rates are of different magnitudes, an

exact interpretation of these differences is difficult because we do not know the maximum

post-glacial rates of warming that occurred within the intervals for which we have data.

Aside from the magnitude difference, we observed a positive correlation (r2=0.59) between

past and future estimates of required migration. Thus, species that had to migrate most

in the late Quaternary must do so in the future as well. One reason appears to be that

species with extensive post-glacial migrations to boreal latitudes are also those faced with

a strong northern warming projection, and species in southern and coastal locations with

less projected warming are those that also experienced a milder late Quaternary warming

(IPCC, 2007).

We therefore reject the hypothesis that patterns of migration may be qualitatively dif-

ferent in the future than they have been in the past. Disregarding the rate of change, there

are similar migration requirements for most species that arise from approximately 4◦C in-
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crease in global mean annual temperature projected for the future, as have been the result

of an approximately 4◦C temperature rise since the last glacial maximum. This may at

first sight appear to be a trivial result, but there are reasons for the initial hypothesis to be

plausible. Species and populations that have survived many repeated cycles of glaciation

during the Pleistocene may, for example, be those that can easily find habitat at high ele-

vation during warm periods and at lower elevations during glaciations. However, additional

warming might result in equivalent climate spaces at higher elevation than is realised in the

landscape nearby and, therefore, may require very different migration requirements than the

species has experienced in the past. Our analysis shows that this is generally not the case,

perhaps with the exception of Pinus edulis (pinyon pine), where current southern montane

distributions had close-by climate equivalents in the past, but not in the future (Figure 5.2,

#23 and Figure S5.1P).

Furthermore, what applies to the median required migration rates for Pinus edulis

(pinyon pine) at the species level, may also apply to individual populations within the

species range for many other trees. While a species as a whole is not subject to unprece-

dented migration requirements (aside from much faster rates), uniquely adapted individual

populations might be. This is evident in maps of post-glacial rates for species such as Pseu-

dotsuga menziesii (Douglas-fir, Figure S5.1T) and Pinus ponderosa (ponderosa pine, Figure

S5.1R), where notable boundaries in migration rates divide modern coastal and interior

subspecies, which are adapted to very different climate habitats. This pattern is in contrast

to species that expanded post-glacially from a single refugium, which results in much more

uniform required migration rates, such as Chamaecyparis nootkatensis (yellow cedar, Figure

S5.1F) and Abies amabilis (subalpine fir, Figure S5.1A).

5.5.2 Identifying populations at risk

This analysis allows us to quantify at what rate locally-adapted populations may have to

move to find suitable climate equivalents in the future, given our modelled range projec-

tions. For some populations within the species range, similar future habitat is very close

to the current location, whereas genotypes found in other populations may be at risk of

extirpation due to their geographic separation from suitable climate equivalents in the fu-

ture. In our measurements from the present to the future, some of the fastest required
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migration rates emerge for populations currently at high elevations, particularly for species

with extensive modern range in the mountainous areas of the southern United States such

as Abies lasiocarpa (subalpine fir, Figure S5.1A), Pinus contorta (lodgepole pine, Figure

S5.1O), P. albicaulis (whitebark pine, Figure S5.1N), P. edulis (pinyon pine, Figure S5.1P),

and Populus tremuloides (trembling aspen, Figure S5.1S). In these southern range extents,

species with habitat envelopes forced by warming temperatures to continue upslope literally

run out of physical habitat at mountaintops, leaving these populations several hundred or

thousand kilometres from their nearest climate analogues (in cooler locations much farther

north or in other disjunct mountainous areas). In contrast, low required migration rates

downslope suggest that genotypes of these populations may persist through short-distance

upslope migration or gene flow (visible in green or yellow areas around mountaintops in red

in Figures S5.1A, S5.1O, S5.1N, S5.1P, and S5.1S).

These topographically diverse locations may have supported the same genotypes for

millions of years through the Quaternary, with populations surviving millennia of warming

and cooling cycles by simply shifting their ranges very short distances up and down the

local mountainsides. Under climate change, these populations are now at risk of being

permanently lost, as they are forced to either adapt to different climate conditions and, in

the process, alter their current gene pool, or face the difficulty of long-distance migration or

gene flow to equivalent future habitats. This observation may also provide a partial answer

to the “Quaternary conundrum” raised by Botkin et al. (2007), which asks why so many

species are projected at risk of extinction under future climate change, yet so few were lost

through the numerous climatic oscillations of the Quaternary. The answer may lie in the

new direction of climate change, as the warmest conditions of the past two million years are

projected to quickly emerge on the North American landscape. We show that, while the

“Quaternary conundrum” may not be solved with respect to species extinctions, without

nearby climate equivalents in the future, unique genotypes within species could certainly be

lost.

5.5.3 Priorities for assisted migration or assisted gene flow

Our second implementation of migration distance measurements, from future habitat back

to current populations, has applications in forest management, namely for assisted migra-
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tion prescriptions in reforestation programs to address climate change. The distance from

future habitat back to modern equivalents can be interpreted as a relative difficulty for

populations to adapt to new climate conditions supported by gene flow from matching pop-

ulations. Because gene flow is generally high in temperate trees, populations with nearby

climate equivalents may already contain appropriate genotypes, allowing for rapid natu-

ral adaptation to new climate conditions. In contrast, projected habitats without nearby

current climate equivalents may require human intervention to maintain forest health and

productivity. Such assisted migration prescriptions could be implemented through existing

reforestation programs, and this analysis can serve to prioritize assisted migration interven-

tions. For commercially important species such as Picea engelmanii (Engelmann spruce)

and Pinus contorta (lodgepole pine), required rates for future forest adaptation tend to be

high in places such as the British Columbia interior, where both species are widely harvested

(Figure S5.1J and Figure S5.1O, respectively). Because of the lack of suitably-adapted geno-

types nearby, reforestation in these areas may benefit from non-local seed sourcing, which

has also been suggested based on practical trials (Ukrainetz et al., 2011).

While the focus of our study is on future migration rates to the end of the century, the

high warming rates observed between the 1961-1990 and 1997-2006 periods (Wang et al.,

2012) suggest that many locally adapted populations may already be outside the climate

habitats to which they are well-adapted. Recent population declines of some species, which

are often observed not just at the southern and low elevation trailing edges of species ranges,

may reflect the importance of considering within-species genetic variation (Chen et al., 2010;

van Mantgem et al., 2009). Although there are conceptual reasons why species may persist in

habitat outside their realised niches, we would generally expect species declines in locations

in which species distribution models project habitat losses in the future, such as in the

lower elevations of the mountains and highlands in the southwest United States, as can

be seen in species such as Picea engelmanii (Engelmann spruce) (Figure S5.1J). However,

tree species declines in the central or core areas may also occur due to the emergence of

climatic conditions for which well-adapted genotypes are not closely available. An example

of locally-adapted populations that may already be at the limits of their climatic tolerances

may be Chamaecyparis nootkatensis (yellow cedar). Documented declines of this species

(Hennon et al., 2012, 2005) coincide with populations that were identified in our analysis

as having no nearby climate equivalents (Figure S5.1H), underscoring the importance of
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considering assisted migration prescriptions even within portions of species ranges that are

not projected to become unsuitable habitat for the species as a whole.
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Table 5.1: Loadings for the first 4 principal components (PC1 to PC4) for each climate
variable, based on an analysis of the combined climate data for all time periods and all
models. The proportion of the total variance explained by each component (PropVar) and
the cumulative variance explained at each component (CumVar) are also noted. A list of
climate variables is provided below. For a complete explanation of all climate variables,
see Wang et al. (2012).

Principal component

Variable PC1 PC2 PC3 PC4

Mean annual temperature -0.388 -0.198 - 0.117

Mean temperature of the warmest month (MTWM) -0.357 - -0.427 0.24

Mean temperature of the coldest month (MTCM) -0.37 -0.249 0.18 -

Difference between MWMT and MCMT 0.141 0.278 -0.807 0.14

Mean annual precipitation (log transformed) 0.112 -0.602 - 0.289

Mean summer precipitation (log transformed) 0.139 -0.509 -0.341 -0.629

Annual heat moisture index 0.321 -0.329 - 0.536

Summer heat moisture index 0.363 -0.23 - -0.2

Degree days above 5◦C -0.389 - - -0.302

Number of frost-free days -0.383 -0.159 - -

Proportion of variance explained 0.585 0.232 0.107 0.036

Cumulative variance explained 0.585 0.817 0.923 0.960
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Table 5.2: Calculated required migration rates for past, present, and future. Median migration rates (with 90th percentiles in brackets) of climate
habitat for each species (km yr−1) are given for the periods of fastest climate change in the past (from 16,000 to 14,000 years ago in the CCM1 re-
construction and from 16,000 to 9,000 years ago in the GFDL reconstructions), the observed present (from weather station data from the 1961-1990
normals to the 1997-2006 period), and for the future (from the 1961-1990 normals to the 2080s period) as projected in an ensemble GCM projec-
tion for the B1 and A2 scenarios. Present and future rates represent the rates required for properly-adapted genotypes to reach suitable habitat.

Past Present Future 2080s

GFDL CCM1 97-06 B1 A2

Species name Common name Med p90 Med p90 Med p90 Med p90 Med p90

Mesic: coastal only

1. Abies amabilis Pacific silver fir 0.13 0.21 0.08 0.18 0.63 3.46 0.40 1.74 0.63 2.47

2. Abies procera noble fir 0.09 0.21 0.04 0.14 0.34 3.49 0.38 2.00 0.78 3.93

3. Acer macrophyllum bigleaf maple 0.07 0.15 0.02 0.13 0.44 2.33 0.40 1.42 0.66 2.08

4. Alnus rubra red alder 0.12 0.21 0.03 0.14 0.46 2.35 0.41 1.30 0.63 1.78

5. Calocedrus decurrens incense cedar 0.05 0.11 0.02 0.08 0.31 1.85 0.34 1.42 0.54 1.88

6. Chamaecyparis nootkatensis yellow cedar 0.19 0.35 0.08 0.17 0.69 3.11 0.44 1.53 0.66 2.15

7. Picea sitchensis Sitka spruce 0.15 0.23 0.06 0.19 0.63 3.10 0.46 1.61 0.75 2.63

8. Sequoia sempervirens coast redwood 0.03 0.09 0.01 0.04 0.22 1.54 0.11 0.71 0.23 1.10

Group average 0.1 0.2 0.04 0.13 0.47 2.65 0.37 1.47 0.61 2.25

Mesic: coastal & interior

9. Pinus monticola western white pine 0.14 0.24 0.05 0.22 0.83 5.45 0.68 2.65 1.13 4.65

10. Pseudotsuga menziesii Douglas-fir 0.12 0.24 0.08 0.25 1.38 7.26 0.97 3.10 1.48 5.15

11. Thuja plicata western redcedar 0.12 0.22 0.11 0.25 0.94 5.08 0.65 2.13 1.06 3.29

12. Tsuga heterophylla western hemlock 0.16 0.27 0.10 0.22 0.90 4.59 0.63 2.11 1.01 3.19

13. Tsuga mertensiana mountain hemlock 0.16 0.27 0.07 0.21 0.83 4.32 0.56 2.28 0.91 3.31

Continued on next page
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Table 5.2 – continued from previous page

Past Present Future 2080s

GFDL CCM1 97-06 B1 A2

Species name Common name Med p90 Med p90 Med p90 Med p90 Med p90

Group average 0.14 0.25 0.08 0.23 0.98 5.34 0.70 2.45 1.12 3.92

Boreal & sub-boreal

14. Betula papyrifera paper birch 0.22 0.60 0.20 0.30 4.47 13.94 2.88 6.62 4.95 12.33

15. Picea glauca White spruce 0.23 0.60 0.20 0.29 4.35 14.08 3.01 6.69 5.04 10.89

16. Picea mariana black spruce 0.25 0.60 0.20 0.29 4.47 14.47 3.02 6.50 5.03 10.80

17. Pinus contorta lodgepole pine 0.15 0.3 0.13 0.26 2.19 9.43 1.84 6.42 3.61 9.49

18. Populus tremuloides trembling aspen 0.24 0.53 0.20 0.29 4.41 13.85 2.99 6.94 5.12 12.41

Group average 0.22 0.53 0.19 0.29 3.98 13.15 2.75 6.63 4.75 11.18

Sub-alpine

19. Abies lasiocarpa subalpine fir 0.15 0.28 0.15 0.27 2.09 8.47 1.60 4.96 2.82 9.07

20. Picea engelmannii Engelmann spruce 0.22 0.33 0.13 0.31 2.01 8.50 1.38 4.66 2.56 8.42

21. Pinus albicaulis whitebark pine 0.13 0.26 0.14 0.31 2.01 9.56 1.33 5.30 2.42 8.87

Group average 0.17 0.29 0.14 0.3 2.04 8.84 1.44 4.97 2.6 8.79

Xeric sub-xeric

22. Larix occidentalis western larch 0.14 0.27 0.11 0.28 1.72 8.19 1.21 3.70 2.14 5.54

23. Pinus edulis pinyon pine 0.03 0.18 0.09 0.33 2.02 8.31 1.35 3.12 1.80 3.75

24. Pinus ponderosa ponderosa pine 0.10 0.24 0.10 0.35 1.75 8.5 1.37 3.97 2.28 6.44

Group average 0.09 0.24 0.10 0.30 1.81 7.90 1.30 3.51 2.03 5.28

Average for all species 0.14 0.29 0.10 0.23 1.67 6.88 1.18 3.45 2.01 5.65
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Table 5.3: Required rates of gene flow and migration (in km yr−1) for habitats to be filled in the 2080s with suitably-adapted populations, listed
as median (Med) and 90th percentile (p90) rates. The percent gene flow is noted (% GF).

2080s B1 2080s A2

Gene flow Migration Gene flow Migration

Species name Common name %GF Med p90 Med p90 %GF Med p90 Med p90

Mesic: coastal only

1. Abies amabilis Pacific silver fir 79.1 0.34 2.48 1.20 5.19 70.5 0.59 4.15 2.33 13.19

2. Abies procera noble fir 49.6 0.23 2.06 1.39 5.53 36.3 0.44 3.69 2.51 17.34

3. Acer macrophyllum big leaf maple 73.3 0.37 2.73 0.77 4.29 60.3 0.73 4.13 1.61 9.61

4. Alnus rubra red alder 81.6 0.46 3.27 0.63 5.27 68.5 0.95 4.78 1.57 11.83

5. Calocedrus decurrens incense cedar 66.0 0.31 1.86 0.86 3.40 56.1 0.55 3.44 1.64 4.63

6. Chamaecyparis nootkatensis yellow cedar 82.4 0.41 2.62 1.24 5.43 77.8 0.66 4.25 2.07 11.71

7. Picea sitchensis Sitka spruce 77.1 0.49 2.91 1.23 5.04 67.2 0.98 5.38 1.94 7.66

8. Sequoia sempervirens coast redwood 44.7 0.07 0.34 0.41 2.70 28.3 0.15 0.51 1.87 6.83

Group average 69.2 0.34 2.28 0.97 4.61 58.1 0.63 3.79 1.94 10.35

Mesic: coastal & interior

9. Pinus monticola western white pine 65.2 0.54 3.33 1.47 4.52 56.8 0.95 4.34 2.48 6.19

10. Pseudotsuga menziesii Douglas-fir 69.4 0.90 3.28 1.65 5.38 51.9 1.44 4.53 2.80 14.86

11. Thuja plicata western redcedar 77.1 0.73 3.27 1.31 8.30 62.2 1.46 4.72 2.44 15.60

12. Tsuga heterophylla western hemlock 82.0 0.66 3.16 1.35 4.60 71.9 1.21 4.58 2.11 6.43

13. Tsuga mertensiana mountain hemlock 79.0 0.49 3.06 1.39 4.47 70.8 0.88 4.27 2.00 8.15

Group average 74.5 0.66 3.22 1.43 5.45 62.7 1.19 4.49 2.37 10.25

Continued on next page
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Table 5.3 – continued from previous page

2080s B1 2080s A2

Gene flow Migration Gene flow Migration

Species name Common name %GF Med p90 Med p90 %GF Med p90 Med p90

Boreal & sub-boreal

14. Betula papyrifera paper birch 68.0 3.13 8.70 2.85 5.77 47.1 4.05 10.39 4.09 8.07

15. Picea glauca White spruce 68.6 2.92 7.78 3.02 5.76 49.5 3.92 8.50 4.33 7.80

16. Picea mariana black spruce 67.0 3.06 7.83 3.00 5.66 47.4 3.91 8.32 4.31 7.69

17. Pinus contorta lodgepole pine 46.6 1.44 3.90 1.81 8.75 24.4 2.50 5.46 3.69 17.35

18. Populus tremuloides trembling aspen 76.5 3.55 8.78 3.03 7.71 66.9 5.96 11.18 4.48 9.54

Group average 65.3 2.82 7.40 2.74 6.73 47.1 4.07 8.77 4.18 10.09

Sub-alpine

19. Abies lasiocarpa subalpine fir 59.3 1.30 3.64 1.64 5.37 33.8 1.88 4.66 2.51 10.26

20. Picea engelmannii Engelmann spruce 58.1 1.05 3.58 1.81 5.35 38.5 1.73 4.88 2.78 12.25

21. Pinus albicaulis whitebark pine 39.1 0.97 4.18 1.82 5.16 21.4 1.51 5.21 2.31 6.33

Group average 52.2 1.11 3.80 1.76 5.29 31.2 1.71 4.92 2.53 9.61

Xeric & sub-xeric

22. Larix occidentalis western larch 43.0 0.75 2.62 1.59 4.81 27.1 1.17 4.14 2.76 14.67

23. Pinus edulis pinyon pine 47.5 1.26 3.60 1.99 5.69 25.5 1.71 4.89 3.82 8.75

24. Pinus ponderosa ponderosa pine 52.7 0.95 3.34 1.76 4.73 34.5 1.24 4.28 2.83 10.04

Group average 47.7 0.99 3.19 1.78 5.08 29.0 1.37 4.44 3.14 11.15

Average for all species 64.7 1.10 3.80 1.63 5.40 49.8 1.69 5.20 2.72 10.30
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Figure 5.1: Minimum climate migration rates, averaged across the study area, for (a)
calculations between the 1961-90 period and the 21,000 years ago period for the CCM1 and
GFDL climate reconstructions, and (b) calculations between the 1961-90 period and the
2080s future period for the A2 and B1 climate projections, plotted as a function of the
nearest neighbour sample size used in the yaImpute routine in R. Bars represent standard
error.
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Figure 5.2: Regression plot showing species’ median post-glacial migration rates relative
to the projected median rate required for modern populations to find suitable habitat in the
2080s. Post-glacial rates are an average median rate for the CCM1 and GFDL reconstruc-
tions. The grey line shows the least-squares regression of the data (r2 = 0.59, p <0.001) and
the grey shaded area represents the 90% confidence interval of the regression. Future rates
are based on an average of median rate for both the A2 and B1 projection. Lines extend
to the 90th percentile for both post-glacial and future rates, and species are coloured based
on their biogeographic grouping. Species numbers, biogeographic groups, and median/90th

percentile rates for individual projections are listed in Table RATES.
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Figure 5.3: Distributions of post-glacial migration/gene flow rates for the two paleoclimate
reconstructions (CCM1 in light blue and GFDL in dark blue) are compared to future rates
required for present day populations to reach suitable climate habitat by the 2080s, based
on two emissions scenarios (the optimistic B1 in orange and pessimistic A2 in red). To
facilitate comparison between species, vertical lines are shown representing the median rate
for each respective model, averaged across all species.
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Figure S5.1A: Abies amabilis (Pacific silver fir) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1B: Abies lasiocarpa (subalpine fir) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1C: Abies procera (noble fir) Required migration or gene flow rates as measured (a) between the GFDL climate reconstruction
for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the climate
of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c) from the
climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for suitably-
adapted present-day populations to arrive).
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Figure S5.1D: Acer macrophyllum (bigleaf maple) Required migration or gene flow rates as measured (a) between the GFDL climate re-
construction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to
the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Figure S5.1E: Alnus rubra (red alder) Required migration or gene flow rates as measured (a) between the GFDL climate reconstruction for
21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the climate of
the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c) from the
climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for suitably-
adapted present-day populations to arrive).
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Figure S5.1F: Betula papyrifera (paper birch) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1G: Calocedrus decurrens (incense cedar) Required migration or gene flow rates as measured (a) between the GFDL climate
reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate
to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Figure S5.1H: Chamaecyparis nootkatensis (yellow cedar) Required migration or gene flow rates as measured (a) between the GFDL
climate reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed
climate to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habi-
tats), and (c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the
required rate for suitably-adapted present-day populations to arrive).
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Figure S5.1I: Larix occidentalis (western larch) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).

190



c

Habitat at
1961-1990

b

Habitat at
2080s (A2)

a

Habitat at
21,000 YBP

0.00 0.06 0.12+

Rate (km/yr) Habitat at
21,000 YBP

Rate (km/yr) Habitat at
2080s (A2)

Rate (km/yr) Habitat at
1961-1990<1 10+<1 10+

Figure S5.1J: Picea engelmannii (Engelmann spruce) Required migration or gene flow rates as measured (a) between the GFDL climate
reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate
to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Figure S5.1K: Picea glauca (white spruce) Required migration or gene flow rates as measured (a) between the GFDL climate reconstruction
for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the climate
of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c) from the
climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for suitably-
adapted present-day populations to arrive).
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Figure S5.1L: Picea mariana (black spruce) Required migration or gene flow rates as measured (a) between the GFDL climate reconstruc-
tion for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1M: Picea sitchensis (sitka spruce) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1N: Pinus albicaulis (whitebark pine) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1O: Pinus contorta (lodgepole pine) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1P: Pinus edulis (pinyon pine) Required migration or gene flow rates as measured (a) between the GFDL climate reconstruction
for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the climate
of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c) from the
climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for suitably-
adapted present-day populations to arrive).
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Figure S5.1Q: Pinus monticola (western white pine) Required migration or gene flow rates as measured (a) between the GFDL climate
reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate
to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Figure S5.1R: Pinus ponderosa (ponderosa pine) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1S: Populus tremuloides (trembling aspen) Required migration or gene flow rates as measured (a) between the GFDL climate
reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate
to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Figure S5.1T: Pseudotsuga menziesii (Douglas-fir) Required migration or gene flow rates as measured (a) between the GFDL climate re-
construction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to
the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).

201



c

Habitat at
1961-1990

b

Habitat at
2080s (A2)

a

Habitat at
21,000 YBP

0.00 0.01 0.02+

Rate (km/yr) Habitat at
21,000 YBP

Rate (km/yr) Habitat at
2080s (A2)

Rate (km/yr) Habitat at
1961-1990<1 10+<1 10+

Figure S5.1U: Sequoia sempervirens (coast redwood) Required migration or gene flow rates as measured (a) between the GFDL climate
reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate
to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Figure S5.1V: Thuja plicata (western redcedar) Required migration or gene flow rates as measured (a) between the GFDL climate recon-
struction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate to the
climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and (c)
from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate for
suitably-adapted present-day populations to arrive).
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Figure S5.1W: Tsuga heterophylla (western hemlock) Required migration or gene flow rates as measured (a) between the GFDL climate
reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate
to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Figure S5.1X: Tsuga mertensiana (mountain hemlock) Required migration or gene flow rates as measured (a) between the GFDL climate
reconstruction for 21,000 years ago and the 1961-1990 observed climate (representing post-glacial rates), (b) from the 1961-1990 observed climate
to the climate of the A2 scenario for the 2080s period (representing how fast modern local populations must travel to suitable future habitats), and
(c) from the climate of the A2 scenario of the 2080s period to the 1961-1990 observed climate (representing, for future habitats, the required rate
for suitably-adapted present-day populations to arrive).
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Chapter 6

Conclusions

This thesis makes contributions to the fields of species distribution modeling, biogeography,

and genetics of western North American tree species. I further developed methodology that

allows some of the results to assist in the development of better climate change adaptation

strategies for important forest trees.

6.1 Developing effective modelling methods

Regarding species distribution modeling, I developed a new methodological approach, and

tested a number of established techniques for their accuracy. Because the widely-used cross-

validation approaches have recently been questioned, I used truly independent approaches

to model validation: spatial extrapolation beyond data coverage and temporal extrapolation

and validation against fossil and pollen data back to the last glacial maximum. Such vali-

dations are rarely done, and my results were interesting and unexpected in that they found

strong correlations among semi-independent cross validations and truly independent tests of

model accuracy. Thus, widely-used cross validation techniques may be over-optimistic, but

they remain adequate model selection tools. Thus, I broadly affirmed the validity of using

semi-independent data-splitting approaches for model selection. I also confirmed previous

studies showing that while certain individual modelling methods consistently outperform

others, ensembles that incorporate a number of individual methods performed best. A novel

finding in this respect was that excluding the worst performing models in my validations

did not increase the accuracy of ensemble projections.

By including both species- and ecosystem-based methods, I also assessed the difference
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in accuracy and robustness between these approaches. While species-based models were

generally higher in measures of overall accuracy, ecosystem-based models tended to be much

higher in specificity, generating species range maps that lacked virtually any tendency to

over-predict species ranges. When converting probability of presence predictions to presence-

absence binary maps, ecosystem-based methods were less sensitive to the selected threshold

of probability. Also, presence-absence maps that considered all probability of presence values

above zero appeared to be plausible species range maps. In contrast, individual species

models had to be trimmed using thresholds for probability of presence predictions, and the

resulting maps were quite sensitive to this level. Furthermore, individual species models

lacked robustness when extrapolating beyond data coverage. Models trained with data from

Canada typically over-predicted species ranges in the United States, and hind-casts toward

the last glacial maximum often resulted in quite high probability of presence projections in

habitat that should be unsuitable, such as areas under the continental ice sheet.

I also investigated potential reasons for the limitation of species distribution models,

in particular their behavior when projecting into climate conditions that lack modern ana-

logues. This is a widely stated note of caution against applying species distribution models

under future climate scenarios. Such climate projections may contain climate arrange-

ments or extremes without equivalent today, and therefore correlative approaches may fail

in reliably predicting future habitat. In the second research chapter, I tested model accu-

racies through past time periods, using palaeoecological data for validation, in comparison

with multivariate measurements of climate similarity to the present day. Results showed

that, at measurements of high climate dissimilarity with the training data, the accuracy of

ecosystem-based species distribution models may indeed be compromised, while at lower lev-

els of climate dissimilarity, models showed better performance. However, while no-analogue

climate conditions at the last glacial maximum were common, the majority of these non-

analogous climates appeared under the continental ice in northern North America where

vegetation would not be present. Last glacial maximum climate dissimilarities for much of

the southern portion of the North American continent and Beringia, as well as those for

projected climate conditions of the coming century, were much lower. Comparatively lower

dissimilarity measurements in the future climate projections also suggested that future no-

analogue conditions may not be widespread through the study area. This study allowed the

no-analogue climate issue to be put into a paleoecological perspective, and I concluded that

habitat future climate projections for the 21st century are likely within model capabilities.
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6.2 Historical biogeography and genetic diversity

Using ensemble projections of three ecosystem-based modeling techniques, I reconstructed

tree species habitat back to the last glacial maximum with the goal of investigating how

modern genetic diversity and the structure of species into subspecies and genetic varieties

may have been shaped by species refugial and biogeographical histories. Interpretations of

species habitat hindcasts from the last glacial maximum identified a number of geographic

areas which held notably high levels of tree diversity at the last glacial maximum, appearing

mostly through California and Oregon, as well as through the highlands of the southern

United States interior. Outside of these areas and south of the continental ice, habitat

reconstructions showed a scarcity of tree species with tundra, desert, and savannah domi-

nating the landscape. Areas along the Pacific coast of British Columbia and Alaska often

exhibited suitable habitat, particularly for temperate rainforest or boreal species. Through

the post-glacial warming of the Holocene, as continental ice receded, habitat for tree species

gradually emerged in more northern locations. While many species likely expanded post-

glacially from a single refugial region located south of the continental ice, other species show

notably more complex patterns, including those with possible refugia in Beringia (Alaska)

or along the Pacific coast west of the continental ice.

Examination of range reconstructions also suggested differences in historical biogeogra-

phies for species with different patterns of genetic diversity. For example, species with rec-

ognized variants or sub-species (typically a wetter coastal variant and drier interior variant),

such as lodgepole pine, ponderosa pine, and Douglas-fir, showed extensive and widespread

habitat at the last glacial maximum, largely maintaining geographic separation between

coastal and interior regions. By comparison, hindcast refugia for temperate rainforest species

with less genetic diversity, even those with modern disjunct interior populations, tended to

be restricted to small coastal areas (e.g. hemlock, redcedar, and alder). These patterns sug-

gest parallels between species historical biogeographies, including their hindcasted glacial

ranges and post-glacial migration routes and patterns of modern genetic diversity.

Relationships between species’ genetic diversities and landscape configuration metrics

of their glacial ranges suggested that modern genetic diversity is largely determined by

species’ historical biogeographies, particularly in the case of allelic richness. Generally, this

result supports genetic theory suggesting strong effects of bottlenecks on genetic diversity. It

also suggests that genetic diversity, particularly as measured by the presence of rare alleles,

may increase very slowly with range expansion. This has implications for conservation and

management in a changing climate where ranges have potential to alter dramatically for
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many species. If genetic diversity is lost due to range contractions or extirpated populations,

the recovery of rare alleles can be expected to be an extremely slow process.

6.3 Past and future rates of habitat migration

Comparing calculated past and future rates of habitat migration suggested that, while mag-

nitudes of future rates may far outpace past rates, the general patterns of migrations re-

main similar. General trends in the movement of similar climate habitats were northward

at higher rates across more uniform prairie landscapes and upslope at slower rates through

topographic terrain with more climate variability. Calculated future habitat migration rates

for local populations indicated that, while some modern populations may find suitable habi-

tat nearby, others may be forced to travel long distances. Further, some future habitats may

require genetic material from distant sources to establish well-adapted forest communities.

This suggests that, while species as a whole may not be at risk for extinction (as there will

likely be locations within the species range in which future suitable habitat maintains in

situ or very close to the current location), populations in certain localities may be at risk of

maladaptation due to the inability of necessary gene flow to keep pace with the migration

of climate habitats.

In light of these findings, genetic conservation strategies for present day populations

should be considered, particularly in areas in which long-distance gene flow or migration

is likely to be required for the maintenance of modern genotypes. Increasing the potential

for modern genotypes to find suitable habitat in warming climates, without direct man-

agement intervention at the population level, should involve the conservation of contiguous

terrain, particularly that with topographic heterogeneity to maximise climatic habitat di-

versity. In my rate calculations, topographic terrain served to limit habitat migration rates

for downslope locations which could move short distances uphill, but dramatically increase

habitat migrations rates for already upslope populations which would be required to make

long-distance jumps to suitable habitat in distant areas. For this reason, preservation of con-

tiguous habitat space in and around locations such as the Rocky Mountains, Sierra Nevada,

and Cascade Ranges, would serve to maximise ratios of land area to habitat heterogeneity,

potentially conserving suitable habitats in closer locations, even in topographically-driven

microsites.

At the trailing edge of modern species distributions, such as at low elevations in south-

ern locations, populations existing at the tolerance limits of the species may experience local

range loss under climate change. Recently observed species declines in these areas, linked
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to changes in local climate, would suggest that climate change is already affecting marginal

populations. The observed rates of temperature change for the past 30 years as calculated

in my analysis, which aligned with those projected for the end of the century, coincides

with these species declines. However, species declines in mid-range areas far from the mar-

gins of species tolerances may be driven by the lack of suitably-adapted genotypes in the

nearby vicinity, particularly if my calculated rates of gene flow suggested a lack of similar

climate habitat nearby. In these cases, management strategies that consider seed sourcing

from non-local areas may be appropriate. Implementations of assisted migration or assisted

gene flow strategies have been suggested (Aitken & Whitlock, 2013; Gray et al., 2011) and

tested (Ukrainetz et al., 2011) for regions within western North America, and may represent

reasonable strategies to mitigate maladaptation due to climate change.
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