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Glacial refugia and modern genetic
diversity of 22 western North American
tree species

David R. Roberts and Andreas Hamann

Department of Renewable Resources, University of Alberta, 751 General Services Building, Edmonton,
Alberta, Canada T6G 2H1

North American tree species, subspecies and genetic varieties have primarily

evolved in a landscape of extensive continental ice and restricted temperate cli-

mate environments. Here, we reconstruct the refugial history of western North

American trees since the last glacial maximum using species distribution

models, validated against 3571 palaeoecological records. We investigate how

modern subspecies structure and genetic diversity corresponds to modelled

glacial refugia, based on a meta-analysis of allelic richness and expected hetero-

zygosity for 473 populations of 22 tree species. We find that species with strong

genetic differentiation into subspecies had widespread and large glacial refugia,

whereas species with restricted refugia show no differentiation among popu-

lations and little genetic diversity, despite being common over a wide range

of environments today. In addition, a strong relationship between allelic rich-

ness and the size of modelled glacial refugia (r2 ¼ 0.55) suggest that

population bottlenecks during glacial periods had a pronounced effect on the

presence of rare alleles.
1. 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 the 2.4 Myr of the Pleistocene. Evol-

utionary processes leading to geographical differentiation of tree populations,

genetic varieties and in some cases subspecies, have therefore taken place in

landscape quite different from today [1]. The evolution of distinct genetic var-

ieties or subspecies is often attributed to presumed disjunct populations during

glacial periods, where geographical isolation in combination with different

selection pressures or genetic drift would allow subspecies to form [1]. Simi-

larly, low levels of modern genetic diversity and particular signatures in

allele frequency distributions are attributed to species being subjected to histori-

cal periods of restricted population sizes, referred to as genetic bottlenecks, or

to founder effects during recolonization [2].

Important evolutionary events and processes that have shaped species’ gen-

etic diversity can therefore be better understood in the light of their historical

biogeographies, which have traditionally been inferred by two complimentary

research approaches. Dated macrofossil and pollen records, largely from lake

cores and packrat (Neotoma) middens, have been used by palaeoecologists to

infer glacial refugia and reconstruct post-glacial migration routes (e.g. [3,4]).

The second approach, phylogeography, infers historical isolation of populations

by analysing present-day geographical 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, phylo-

geographic studies allow formulating and testing hypotheses about refugia and

migration routes, summarized in several review papers for North America [5–8].

These reviews highlight a number of recurring patterns in the post-glacial

vegetation histories of western North American tree species. Several widespread
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tree species have genetically distinct varieties or subspecies in

climatically distinct coastal and interior regions, e.g. Pinus con-
torta (lodgepole pine), Pinus ponderosa (ponderosa pine),

Pseudotsuga menziesii (Douglas fir). These could have emerged

through east–west separation of populations by the coastal

Cascade Mountains throughout cycles of glaciations and

de-glaciation [8–10]. On the other hand, many temperate

tree species of the Pacific northwest with disjunct coastal and

interior populations show little or no genetic differentiation,

e.g. Tsuga mertensiana (mountain hemlock) and Thuja plicata
(western red cedar), suggesting post-glacial recolonization

from a single refugium [11,12]. Also, refugia west of the conti-

nental ice, a Beringian refugia and nunatak refugia (where

mountaintops emerge from the ice) have been proposed

(e.g. [13]). There is some fossil and genetic evidence that refu-

gia west of the continental ice contained tree species, allowing

for rapid recolonization of northern coastal areas [9,10]. Simi-

larly, white spruce and certain other boreal tree species may

have found habitat in ice-free Beringia, allowing southward

post-glacial recolonization routes [5,6,14].

Genetic and palaeoecological data have previously been

interpreted in conjunction to make biogeographic inferences

(e.g. [14]), and in recent years a third approach, species distri-

bution modelling, has been increasingly used to complement

information from palaeoecological or phylogeographic

studies [15–17]. Each approach has different weaknesses

with inescapable trade-offs among generality, precision and

realism, as has any model [18]. Biogeographic inferences

from palaeoecological data offer high precision and realism,

but no generality for their paucity of records. Genetic data

offer realism and generality in determining putative refugia,

but they lack spatial and temporal precision for biogeo-

graphic reconstructions. Habitat models offer generality and

are spatially and temporally explicit, but they lack realism

for a host of assumptions they make. Combining information

from several approaches, however, can allow for a more com-

prehensive interpretation of the available data (e.g. [17,19]).

Species distribution models are based on statistical

approaches that correlate species census data with the

environments (often just climate conditions) in which they

occur. Their interpretation is sometimes difficult, because of

assumptions that we know to be false or at least problematic

[20]. This includes the assumption that current species are in

equilibrium with their climatic niche, that their climatic toler-

ances remain constant over time, that climate is the main

determinant of species distributions, that biotic interactions

remain constant and that there is sufficient time for species

to attain new equilibrium conditions (if forecasts or hindcasts

are interpreted as actual distributions rather than as potential

habitat). It has been argued that these assumptions are least

problematic for applications at continental scales and long

time frames, where local demographic processes and biologi-

cal interactions that these models ignore may not have

noticeable effects [21]. However, long time frames potentially

allow for evolutionary processes that compromise niche

constancy [3,22].

In this study, we contribute reconstructions of glacial

refugia and post-glacial migration histories for 22 western

North American forest trees. We build on two previous meth-

odological investigations where we selected and optimized

species distribution modelling techniques specifically for

this task, and subsequently tested the accuracy and limit-

ations of the chosen techniques with respect to equilibrium
issues, niche constancy and no-analogue climates [22,23].

Here, we use ensemble projections from three selected

methods for palaeoclimate reconstructions from 6000, 9000,

11 000, 14 000, 16 000 and 21 000 years before the present

from two coupled atmospheric-ocean general circulation

models (GCMs). Our primary goal is to use habitat recon-

structions to augment phylogenetic and palaeoecological

data, and provide a third perspective to evaluate the merit

of biogeographic hypotheses regarding the existence of gla-

cial refugia in Beringia and along the Pacific coast, the

evolution of subspecies in widespread conifers and the

origin of Pacific northwest inland rainforests.

Second, we investigate if genetic diversity in neutral gen-

etic markers corresponds to the number, size and contiguity

of modelled glacial refugia as expected from population gen-

etic theory. The analysis serves as an assessment of the role of

historical biogeography on modern genetic diversity, and

could potentially provide an indirect evaluation of the rea-

lism of model-based habitat reconstructions at continental

scales. As measures of species-wide 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 (elec-

tronic supplementary material, table S3). Allozyme markers

have been superseded by a range of molecular genetic

methods, but for this study they provided a consistent

method for all tree species for which we also had pollen

and fossil data available. Since it is not possible to accurately

track habitat of individual populations over time, we do not

attempt to explain within-species differences in genetic diver-

sity, but instead conduct a broad species-level analysis,

investigating to what extent number and size of glacial refu-

gia or other life history attributes may explain modern genetic

diversity in western North American tree species.
2. Material and methods
While most species distribution models are built with species

presence–absence or community composition data, we used

high-resolution maps of ecosystems to characterize the climate

space of a dependent class variable. Ecosystem delineations for

the continental USA and Canada west of 1008 latitude were com-

piled from various public data sources (as described in [22,23]).

Species frequencies and probabilities of presence were calculated

for each ecological region based on 55 743 forest inventory plot

records within the ecoregion boundaries (as described in [23]).

The ecosystem-based modelling approach was chosen for its

high model specificity (i.e. low tendency to overpredict), while

maintaining reasonable model sensitivity. This was particularly

advantageous when approaching climate combinations that are

not well represented in model training data [23].

Modern climate data were generated for the 1961–1990

normal period based on a 1 km resolution digital elevation

model with the publically available software package

CLIMATEWNA [24]. Ten climate variables which correlated least

were selected via principal component analysis as predictor vari-

ables: mean annual precipitation, mean temperature of the

warmest month, mean temperature of the coldest month, differ-

ence between January and July temperature (continentality), May

to September precipitation, number of frost-free days, number of

growing degree-days above 58C, and summer and annual dry-

ness indices. Palaeoclimate data were generated with the delta

method, overlaying low-resolution palaeoclimatic GCM hind-

casts expressed as anomalies on high-resolution current climate
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grids. We use hindcasts from the Community Climate Model

(CCM1) for the periods 6000, 11 000, 14 000, 16 000 and 21 000

years ago and the Geophysical Fluid Dynamics Laboratory

model (GFDL) for the periods 6000, 9000, 14 000, 16 000 and

21 000 years ago (as described in [26,27]).

Ecosystem projections were generated with three species distri-

bution modelling methods that permit a categorical dependent

variable: (i) Random Forest, an ensemble classification and

regression tree technique, (ii) standard discriminant analysis,

and (iii) minimum Mahalanobis distance method [22,23]. Ecosystem

projections were made for each time period available in each GCM,

and subsequently linked with species probabilities of presence. We

produced a single ensemble model output for each tree species by

averaging the probability of presence from all model runs. Ensemble

modelling methods have been shown to produce more accurate

model outputs than individual methods alone [23,25].

Probability of presence projections were validated using the

area under the curve of the receiver operating characteristic

(AUC) statistic. We used standard cross-validation techniques,

where present-day plot data were randomly split into a model

training dataset and an independent set for model validation. In

addition, we used 3571 fossil pollen, macrofossil and packrat

midden records from 835 study sites, compiled from various

sources (as described in [23]) for completely independent model

validation, with no possibilities of autocorrelations or other

dependencies among training and validation data. For standard

cross-validations, AUC values for ensemble projections used in

this study averaged 0.92, which is considered an excellent model

fit. For a breakdown of AUC values by species and individual tech-

nique, refer to the electronic supplementary material, table S1 (left

column). For completely independent validations against fossil and

pollen data, average AUC values for ensemble projections were

0.73 and 0.75 for the CCM1 and GFDL palaeoclimate reconstruc-

tions, respectively. Lower values are expected due to model

limitations, but also because of the nature of the palaeoecological

validation data itself. For example, pollen deposits are restricted

to certain landscape features and topographic positions, such as

bogs or lakes, where the source of pollen are different ecological

habitats in the broader surroundings. Other completely indepen-

dent model validations (e.g. [26,27]) yield validation statistics in

line with our results (electronic supplementary material, table S1).

Data on modern genetic diversity of the tree species,

measured as allelic richness and expected heterozygosity, were

recorded or calculated from allele frequency tables in the pub-

lished literature. A complete list of genetic data by population

is provided in the electronic supplementary material, table S3.

Bias adjustments for small sample sizes were not carried out

because bias is expected to be small for genetic markers with

low polymorphisms and most studies have sample sizes above

15 (95% of all samples) or above 30 (78% of all samples used

here). Furthermore, bias owing to investigators’ choices of

samples per population would only compromise the analysis if

confounded with predictor variables such as modelled size and

number of refugia or life-history traits, which seems implausible.

As potential explanatory variables for allelic richness and

heterozygosity, we calculated total species range area, total per-

imeter, the number of discrete polygons and contiguity as the

ratio of total area to total perimeter. These metrics were calcu-

lated for each individual model run with the SDMTools
package for the R programming environment [28], and included

all grid cells with a predicted species frequency greater than zero.

While we add ice coverage to maps of species hindcasts for

illustrative purposes, ice-covered habitat projections were not

manually excluded when calculating landscape metrics.

In addition to our species distribution metrics, we assigned

life-history traits to species based on descriptions in the USDA

Silvics of North America manual [29]. We match the life-history

categories used by Hamrick et al. [30], who showed in a large
meta-analysis that various life-history traits, including general

plant type, range size, dispersal mechanism, pollination vector,

breeding system and successional syndrome may influence

genetic diversity. Here, for perspective, we include two traits:

successional status and seed dispersal mechanism. Life-history

traits that did not differ among species in this study were omitted

(e.g. reproduction or breeding systems) as were those that were

already accounted for in the quantitative landscape metrics for

the current species distribution.

To investigate potential explanatory variables for expected het-

erozygosity and allelic richness, we use a regression tree procedure

implemented with the mvpart package for the R programming

environment [28]. Regression tree analysis is a recursive variance

partitioning method that minimizes within-group variance in

one or more dependent variables (heterozygosity or allelic rich-

ness). A separate set of categorical or continuous predictor

variables (life-history traits, modelled modern ranges, and refugia

sizes and counts) are used as criteria to split the dependent dataset

[31]. All predictor variables are considered for each recursive split

and secondary predictors at each level of the regression tree are

reported for alternate interpretations.
3. Results
(a) Reconstruction of glacial refugia
A summary of projected range reconstructions for all species

suggest a number of regions where different groups of tree

species may have found refuge during the last glacial maxi-

mum (figure 1 and table 1). Today’s subalpine tree species,

such as Abies lasiocarpa (subalpine fir), Pinus albicaulis (white-

bark pine) and Picea engelmannii (Engelmann spruce), may

have found equivalent climate habitat primarily in the north-

ern basins, from the Williamette Valley in the northwest to

the New Mexico plateau in the southeast. Boreal species,

such as Picea glauca (white spruce), Picea mariana (black

spruce), Pinus contorta (lodgepole pine) and Populus
tremuloides (trembling aspen), may have found 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 Larix occidentalis (western larch), Pinus ponderosa
and Pinus edulis (pinyon pine), may have found suitable habi-

tat 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 maxi-

mum. For a species-level breakdown of projected habitat

corresponding to the regions in figure 1, refer to the electronic

supplementary material, table S2 and figure S1A.

Figure 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 1 tend to be occupied by species adapted to

xeric conditions (e.g. Pinus ponderosa, Pinus edulis and interior

populations of Pseudotsuga menziesii). Today’s nearest climate

equivalents to these regions are open woodlands rather than

closed canopy forests. We also find areas of very high species

richness (figure 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.

With the exception of Pinus albicaulis, all species had more

restricted climate habitats at the last glacial maximum than at
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Figure 1. Reconstructed glacial refugia for 22 western North American tree
species at the last glacial maximum (21 000 years ago), averaged across two
GCM palaeoclimate simulations (GFDL and CCM1). Regions of high species
richness have been labelled, and species statistics for each region are provided
in the electronic supplementary material, table S2. Table 1 provides equival-
ent summary statistics by species for broader regions.
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present. In particular, coastal species appear to be very

restricted compared to their current ranges, as exemplified

by Thuja plicata, shown in figure 2a (and in the electronic

supplementary material, figure S1T). This pattern is also evi-

dent for other species, including Abies amabilis, Abies procera,

Alnus rubra, Cupressus nootkatensis and Picea sitchensis (sitka

spruce; electronic supplementary material, figures S1A,

S1C, S1E, S1G and S1L). Some coastal species also had

small simulated refugia west of the continental ice (figure 1,

Haida Gwaii and Vancouver Island). Boreal and sub-boreal

species were generally least restricted during the last ice

age and also have simulated glacial refugia along the north-

ern Pacific coast and in Beringia (figure 1 and table 1). This

is exemplified by Picea glauca (electronic supplementary

material, figure S1J) but is also visible in glacial ranges of

Picea mariana, Pinus contorta and Populus tremuloides
(electronic supplementary material, figures S1K, S1N, S1R).
(b) Species genetic diversity
For species with strong modern genetic differentiation into sub-

species and ecotypes, we generally find widespread and diverse

refugia. Pinus ponderosa for example, which 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 2b, electronic sup-

plementary material, figure S1Q). For species that today have

strong genetic differentiation between coastal and interior

populations such as Pinus contorta (var. contorta versus var. lati-
folia) and Pseudotsuga menziesii (var. menziesii versus var. glauca),

we find large glacial refugia east and west of the ice-covered

Sierra Nevada (electronic supplementary material, figures

S1N and S1S). By contrast, species that today share similar

dual interior and coastal distributions but that do not have dis-

tinct varieties or subspecies showed only very restricted or no

continuous interior habitat. This pattern is exemplified in

Thuja plicata, as shown in figure 2a (electronic supplemen-

tary material, figure S1T), but can also be seen in Alnus rubra,

Cupressus nootkatensis, Pinus monticola, Tsuga heterophylla
and Tsuga mertensiana (electronic supplementary material,

figures S1E, S1G, S1P, S1U, S1V).

Modern genetic diversity, measured as allelic richness in

neutral genetic markers, reveals strong associations with

modelled species ranges and number of refugia (the

number of discrete areas of contiguous range at the last gla-

cial maximum). In a regression tree analysis, between all

the considered life-history traits and landscape metrics, the

best explanatory variable for allelic richness is the total area

of the projected species range at the last glacial maximum

(figure 3a). This can also be visualized with a simple linear

regression (figure 4), where Picea glauca and Picea mariana
were excluded because their glacial ranges extended much

farther east than the area covered by this study (thus under-

estimating their glacial range size). Additional explanatory

variables for allelic richness in the regression tree were

contiguity of glacial refugia (a measure of landscape frag-

mentation) and seed dispersal mechanism. For species with

small total refugial area, fragmentation of those refugia was

associated with low allelic richness. For species with large

glacial refugia, wind-dispersed species had higher allelic

richness (figure 3a).

Landscape metrics and life-history traits accounted for a

smaller portion of the variance in expected heterozygosity

(figure 3b). The best explanatory variable was the number

of glacial refugia (the number of discrete range areas of con-

tiguous range at the last glacial maximum), 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 autocorrelations among predictor variables. There-

fore, a comprehensive list of alternative splits for both

allelic richness and expected heterozygosity regression trees

are provided in the electronic supplementary material,

table S4. For the regression tree explaining expected hetero-

zygosity, an almost equally strong explanatory variable in

the first split was contiguity of refugia during the last glacial

maximum, accounting for 25%, and thus very close to the

first choice (27%). The highest expected heterozygosities



Table 1. List of species included in this study with the representation of individual species in refugia by broad regions to aid interpretation of figure 1. (A
detailed breakdown for regions exactly corresponding to figure 1 is provided in the electronic supplementary material, table S2. NC, northern coastal refugia
including Alaska, Haida Gwaii and Vancouver Island in figure 1; SC, mesic southern coastal areas including California coast, Klamath Mtns, Sierra Nevada and the
s. California Mtns in figure 1; NIB, northern interior basins with subalpine conditions including the Columbia Plateau, Northern Basins, Snake River Plains
and Wyoming Basin; SIH, southern interior highlands with xeric conditions including Arizona Mountains, Colorado Plateau, Central Basin, New Mexico Plateau and
southwest Tablelands; HP, high plains with boreal conditions; SM, Sierra Madre with mesic and subalpine climate equivalent.)

no. species

location of refugia by species (% of total species refugia)

NC SC NIB SIH HP SM

1 Abies amabilis 23 45 26 1 0 5

2 Abies lasiocarpa 12 8 45 27 7 1

3 Abies procera 0 90 0 3 0 7

4 Acer macrophyllum 0 88 0 0 0 12

5 Alnus rubra 0 89 0 3 0 8

6 Calocedrus decurrens 0 76 1 6 0 17

7 Cupressus nootkatensis 44 45 0 0 0 11

8 Larix occidentalis 0 29 1 58 0 12

9 Picea engelmannii 6 4 10 70 8 2

10 Picea glauca 33 0 2 18 47 0

11 Picea mariana 53 0 1 2 44 0

12 Picea sitchensis 13 76 1 2 1 7

13 Pinus albicaulis 3 25 47 22 3 0

14 Pinus contorta 15 28 17 30 9 1

15 Pinus edulis 0 3 0 46 0 51

16 Pinus monticola 0 80 9 6 0 5

17 Pinus ponderosa 0 26 0 56 2 16

18 Populus tremuloides 5 3 4 64 20 4

19 Pseudotsuga menziesii 0 46 5 35 3 11

20 Thuja plicata 13 63 0 15 0 9

21 Tsuga heterophylla 16 65 8 2 0 9

22 Tsuga mertensiana 3 91 1 2 0 3
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were therefore associated with high numbers of refugia,

greater fragmentation of refugia or both.
4. Discussion
(a) Vegetation history of temperate inland rainforests
Many phylogeographic hypotheses for western North Amer-

ica have focused on the temperate rainforest flora of the

Pacific northwest (e.g. [6–8,32]), typically interpreting obser-

vations of a north–south genetic division centred in Oregon

and inferring the origin of disjunct temperate rainforest com-

munities of northern Idaho and the British Columbia

interior. To explain these patterns, three hypotheses were pro-

posed by Brunsfeld et al. [32]. First, the ancient vicariance
hypothesis postulates that species were split into coastal and

interior refugia, divided by the dry Columbia Basin through-

out the Pleistocene. Second, the inland dispersal from the north
hypothesis proposes that today’s interior ranges were popu-

lated post-glacially by migration 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 owing to the lack of stable habi-

tat away from coastal areas. Species with modern disjunct

coastal and inland rainforest distributions, e.g. Alnus rubra,

Cupressus nootkatensis, Pinus monticola, Thuja plicata, Tsuga
heterophylla and Tsuga mertensiana, showed none or very spora-

dic appearances of suitable interior habitat towards the last

glacial maximum (electronic supplementary material, figures

S1E, S1G, S1P, S1T, S1U, S1V). This is further supported by

fossil data for Tsuga heterophylla and Tsuga mertensiana,

which appears in the interior dating back only 3500–4500

years [33,34]. Further, published data suggest little genetic

differentiation between coastal and interior tree populations

[12]. Plausible paths of recolonization differ among species,

with Alnus rubra and Cupressus nootkatensis requiring long-dis-

tance dispersal events to reach inland habitats (electronic

supplementary material, figure S1E, S1G), Pinus monticola,

Thuja plicata, showing connectivity of habitat inland in northern

Washington or southern British Columbia (electronic supple-

mentary material, figures S1P, S1T). This path is also supported

by the genetic similarity of inland and Washington populations

[11]. Finally, Tsuga heterophylla and Tsuga mertensiana show a
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years ago (the last glacial maximum) for (a) Thuja plicata (western red cedar), a mesic species with coastal and interior present-day range and (b) Pinus ponderosa
( ponderosa pine), a widespread species in the present day with genetically distinct subspecies. Model projections of all species in all time periods are provided in the
electronic supplementary material, figures S1A – S1V.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

282:20142903

6

possible alternative path through northern British Columbia for

recolonization of inland refugia by the GFDL model as early as

9000 years ago (electronic supplementary material, figures S1U

and S1V).

The inherent limitations of climate reconstructions and

additional uncertainties arising from species distribution

modelling should make it obvious that modelled inland

migration paths should not be over-interpreted at fine

scales. They offer an additional continental-scale perspective

to build working hypotheses that could be tested by means

of palaeoecological or genetic studies. At local or even inter-

mediate scales, where genetic discontinuities among different

mountain ranges are discussed (e.g. [35]), or alternate

migration paths are hypothesized (e.g. [7]), we find it difficult

to make meaningful contributions for lack of temporal resol-

ution and realism in our habitat reconstructions at fine scales.
(b) Widespread trees with subspecies structure
Both Pinus ponderosa and Pseudotsuga menziesii feature pre-

sent-day coastal and interior subspecies, divided by

topographic barriers such as the Sierra Nevada and Cascade

ranges [4,36–38]. Their palaeoecological and phylogeo-

graphic data also suggest a common history: disjunct

southern coastal and interior refugia at the last glacial maxi-

mum and allopatric post-glacial migration northward [4,36].

Their vegetation histories as modelled in this study support

separate and persistent interior and coastal populations,

with the ice-covered Sierra Nevada serving as a topographic

barrier during glacial periods (figure 2a, electronic sup-

plementary material, figure S1Q and S1S). 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
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also confirmed by palaeoecological data [4,36]. Neither Pinus
ponderosa nor Pseudotsuga menziesii projections suggest stable

habitat north or west of the continental ice.

The phylogeography of interior and coastal subspecies of

Pinus contorta 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 [9,10].

The potential for refugia west or north of the continental ice

is supported in our GFDL model projections in particular,

which show extensive Pinus contorta habitat along the Pacific

Coast and in Beringia, the most stable of which appears in

Haida Gwaii and western Alaska (electronic supplementary

material, figure S1N). A northern refugium for Pinus contorta
in the Yukon has been suggested by Wheeler et al. [39] but

since questioned [9,40]. Notably, present-day Yukon popu-

lations exhibit rare alleles shared by both adjacent interior

and coastal populations, suggesting dual recolonization

paths from the south interior [40] as well as inland dispersal

from the west coast to the Yukon via deep fjords and river

valleys [9], a pattern supported by our model reconstructions.
(c) 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 phenom-

enon known as ‘Reid’s Paradox’ [41]. For example, the

expansion of Picea glauca into northern Canada and Alaska

evident from the fossil record requires migration rates of

1.5–2.0 km yr21, necessitating mechanisms such as repeated

long-distance dispersal events [14]. However, the existence

of a glacial refugium for Picea glauca and Picea mariana in

Alaska, for which there is moderate genetic and palaeoecolo-

gical evidence [14,35,42], reduces these required migration

rates. Our hindcasts based on the GFDL model suggest poss-

ible refugia in Beringia both for Picea glauca and Picea mariana
(electronic supplementary material, figures S1J and S1K).

Other species where both GFDL and CCM1 models suggest

refugial habitat in Beringia include Populus tremuloides, and

Pinus contorta (electronic supplementary material, figures

S1R and S1N), as discussed above. Similar northern refugia

have been proposed in other high-latitude regions such as

central and northern Europe, based on palaeoecological or

genetic data (e.g. [43]) supported by modelling efforts similar

to those presented here [44].

Because Arctic oceanic currents were blocked from enter-

ing the Pacific by the Beringian land bridge at the last glacial

maximum, climate conditions along the Pacific coast were

relatively mild. Lower relative sea levels may have allowed

for refugia west of the continental ice that could have sus-

tained tree populations in areas around Vancouver Island,

Haida Gwaii and the Alaskan Panhandle, including areas

now submerged, which are not considered in our analysis.

Conclusive palaeoecological evidence of glacial tree popu-

lations in the Haida Gwaii area is still lacking, with the

early macrofossil evidence for Pinus contorta and Picea
sitchensis dating to ca 13 000 and 11 400 years ago, respect-

ively [45]. However, allelic richness of modern Haida Gwaii

populations of several species is relatively high, suggesting
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that these populations were not established from repeated

long-distance dispersal events [6,39,46].

Our model hindcasts suggest suitable habitat along the

Pacific coast, notably in Haida Gwaii, for many temperate

rainforest species including Thuja plicata, Tsuga heterophylla,
Tsuga mertensiana, Cupressus nootkatensis, Abies amabilis,

Picea sitchensis and Alnus rubra. However, the weak represen-

tation in the fossil and pollen record of tree species at the last

glacial maximum should serve as a note of caution. Further-

more, Abies amabilis, Picea sitchensis, Thuja plicata, Tsuga
heterophylla and Tsuga mertensiana lack genetic evidence of

cryptic northern refugia [12,47,48].

(d) 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, complement-

ing analysis of life-history traits as drivers of genetic

diversity by Hamrick et al. [30]. Our observation that allelic

richness is better explained than expected heterozygosity by

past vegetation history corresponds to previous studies (e.g.

[49]) and fits population genetic theory. Rare alleles, which

strongly influence measures of allelic richness, are likely to

be lost in population bottlenecks [2] that most probably

occurred at the last glacial maximum. 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

[50]. Instead, large numbers of disjunct refugia that have per-

sisted over long periods of time during the Pleistocene should

favour genetic differentiation of past populations and high
levels of expected heterozygosity in modern populations, as

we found in this analysis (figure 3b).

Our observation of modelled refugial history relating to

measures of modern genetic diversity as expected by popu-

lation genetic theory could also be interpreted as an

indicator that both GCMs and species distribution models

approach a sufficient degree of realism to establish such conti-

nental-scale relationships. We must be careful, however, not to

over-interpret habitat reconstructions at local scales. For

example, fossil and genetic data suggest coastal populations

of Pseudotsuga menziesii (electronic supplementary material,

figure S1S) were north of the modelled distribution at the

last glacial maximum [4,38]. This may reflect that the species

has not migrated as far north as its climatic niche space would

allow, and hence hind-casting their realized niche would cause

under-predictions in this area. It is therefore essential to draw

on multiple sources of data for biogeographic reconstructions.

In the electronic supplementary material, figures S1A to S1V,

we provide mapped species distributions in conjunction with

habitat projections for current climate, as well as fossil records

overlaid on hindcasts from two GCMs to provide a visual

sense of uncertainty in addition to the statistical evaluations in

the electronic supplementary material, table S1.
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