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Summary

1. According to the range limit hypothesis, the distribution of many temperate species is

restricted by a trade-off between their capacity to survive winter extremes in the north (or

high elevation) and their ability to compete with better-adapted species in the south (or low

elevation range limits). This trade-off has important implications in forestry, particularly in

the context of managed seed movement under climate change.

2. In this study, we aim to quantify trade-offs among growth, frost hardiness and timing of

leaf senescence and bud break in populations of trembling aspen, Populus tremuloides Michx.,

which were observed in a large reciprocal transplant experiment across five planting sites in

western Canada, including additional provenances from Minnesota.

3. After 10 years, we found pronounced increases in productivity as a result of long-distance

transfers in a north-west direction. For example, provenances moved 1600 km north-west

from Minnesota to central Alberta (a shift of 7° latitude to the north) produced almost twice

the biomass of local sources. Similarly, provenances moved 800 km from central Alberta to

north-east British Columbia (4° latitude north) also produced twice the biomass of local

sources.

4. We further found that increased growth was not associated with lower survival rates. Bud

break in provenances transferred north-west generally occurred slightly later than in local

sources, suggesting decreased risk of spring frost injury. Leaf abscission was later in prove-

nances transferred in a north-west direction, but they appeared to be very frost hardy, well

ahead of very rare early fall frost events.

5. Synthesis and applications. This study demonstrated that assisted migration prescriptions

have considerable potential to enhance forest productivity. In the case of aspen, even long-

distance seed transfers in a north-west direction were successful. We conclude that benefits in

productivity outweigh potential risks associated with northward transfer of aspen planting

stock under both current and projected future climate conditions.
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Introduction

Populations of widespread forest trees are typically adapted

to a variety of local climate conditions in which they occur.

As climate changes, locally adapted genotypes may become

increasingly mismatched with their local environments,

potentially leading to reduced productivity and forest health

(Gray et al. 2011). This problem can be reduced with

human-aided movement of reforestation stock to appropri-

ate climate environments, and large-scale reforestation

programes offer an opportunity to implement such a climate

change adaptation strategy cost-effectively (Gray et al.

2011; Pedlar et al. 2012). However, such prescriptions, espe-

cially those that aim to pro-actively match planting stock to

anticipated future climates, run the risk of mal-adaptation

under current conditions, with frost damage the most obvi-

ous risk (Howe et al. 2003; Savolainen, Pyh€aj€arvi & Kn€urr

2007).*Correspondence author. E-mail: stefan.schreiber@ualberta.ca
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In North America, trembling aspen, Populus tremuloides

Michx., is one of the most widespread and genetically

diverse tree species. It is most abundant in the boreal for-

ests of north-east British Columbia, northern and central

Alberta and central Saskatchewan. Here, aspen covers an

area of approximately 60 million hectares of boreal mixed

wood forest, providing habitat for a variety of mammals,

birds and insects, as well as other plant species (Stelfox

1995; Canadian Forest Service 2011). Aspen is also an

important commercial forest resource in this region,

accounting for approximately half of the annual forest

harvest, and is primarily processed into oriented strand

board (OSB) for construction purposes and pulp for paper

products. More recently, aspen has also been used for con-

version to biofuels and other biomaterials (Balatinecz,

Kretschmann & Leclercq 2001; Sannigrahi, Ragauskas &

Tuskan 2010).

Given current and predicted climate change for western

Canada (Christensen et al. 2007; Mbogga, Hamann &

Wang 2009), this important renewable forest resource

appears to be under considerable threat. Over the last two

decades, loss of forest productivity and dieback of aspen

and other tree species has been well documented along

the southern fringe of the boreal forest and further south

in the United States (Hogg, Brandt & Michaelian 2008;

Allen et al. 2010; Peng et al. 2011; Anderegg et al. 2012).

Michaelian et al. (2011) conducted a detailed survey cov-

ering an area of 11�5 million hectares in western Canada

to assess the impact of drought-induced aspen dieback.

They report 45 megatonnes of dead above-ground bio-

mass, which represented 20% of the total above-ground

biomass (226 megatonnes) in the surveyed area. Climate

change towards warmer and drier conditions appears to

be the primary driver of the observed aspen decline,

amplified by other factors such as forest pests, fire sup-

pression policies and other management practices (March-

etti, Worrall & Eager 2011; Anderegg et al. 2012; Worrall

et al. 2013).

One way to address these issues is to afforest the

affected areas with different species, or differently adapted

planting stock of the same species to better match current

and anticipated climate conditions. In a study with lodge-

pole pine, Rehfeldt, Wykoff & Ying (2001) suggest that

adapting to global climate change requires a major redis-

tribution of forest tree species and genotypes across the

landscape. They report, for example, that genotypes which

are best suited to future climates in north-east British

Columbia (latitude 60°) are currently located as much as

9° latitude to the south. Similar work for aspen indicates

that relocating aspen planting material northwards by

1–2° latitude is required just to account for climate change

observed over the last two decades (Gray et al. 2011).

Any movement of planting stock, however, could

increase the risk of freezing injury if migrated genotypes

are not synchronized with the local growing season

(Aitken & Hannerz 2001). Frost hardening and de-hard-

ening coincides with leaf senescence in autumn and bud

break in spring. Early spring growth is particularly

susceptible to late spring frosts, since tissues are actively

growing and not lignified. Bud break is primarily a

response to temperature and is initiated after a certain

heat sum is acquired (Hunter & Lechowicz 1992; Li,

Wang & Hamann 2010). In contrast, autumn leaf senes-

cence in most species, including aspen, is triggered by

photoperiod (Horvath et al. 2003; Keskitalo et al. 2005;

Fracheboud et al. 2009). Notably, the trigger for the onset

of cold hardiness (day length) is decoupled from the

actual selective environmental factor (frost events). This

poses a special concern when moving seed because a given

day length may not correspond to the same frost risk in

different geographic locations.

The distribution of many temperate tree species is

thought to be determined by their adaptive capacity to

survive winter extremes in the north or at high elevation,

and their ability to compete with better-adapted species in

the south or at low elevation range limits (MacArthur

1984; Woodward 1987). This is a consequence of trade-

offs between maximizing growth by fully utilizing the

available growing season, and avoiding injury or mortality

due to late spring or early autumn frosts (Loehle 1998;

Aitken & Hannerz 2001; Leinonen & H€anninen 2002;

Koehler, Center & Cavender-Bares 2012). According to

Loehle (1998), frost protection requires significant plant

resources, being achieved by structural investments (e.g.

increased lignification, thicker leaves and cell walls), phy-

siological responses (e.g. accumulation of lipids, sugars or

membrane proteins) and conservative growth strategies

(e.g. early autumn leaf senescence and late bud break).

This paper aims at developing recommendations for

moving planting stock, considering such trade-offs in

growth and adaptive traits. Hence, the objectives of the

present study are (1) to assess the impact of moving

aspen seed sources throughout western Canada on

growth and survival in a large-scale reciprocal transplant

experiment; (2) to investigate geographic patterns of

genetic variation in adaptive traits, including the timing

of bud break and leaf senescence, and the onset and

degree of frost hardiness; (3) to quantify frost risk envi-

ronments in early autumn and late spring to which local

and transferred aspen populations need to be adapted;

and (4) to assess risks and potential benefits of seed

movement throughout the western boreal forest. This

information could in principle be used to develop sophis-

ticated climate change adaptation strategies that account

for uncertainty in future climate projections. For exam-

ple, we could potentially lower risks (e.g. due to variable

future climate), by sacrificing some growth potential (e.g.

through a more conservative growth strategy). However,

to keep the scope of the study manageable, we do not

model performance and trade-offs under uncertain future

environments. Instead, this paper aims at management

recommendations that enhance health and productivity of

planted aspen forests in response to recent climate change

trends.

© 2013 The Authors. Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 939–949

940 S. G. Schreiber et al.



Materials and methods

PLANT MATERIAL AND EXPERIMENTAL DESIGN

The effects of moving planting stock to new growing environ-

ments were tested with a reciprocal transplant experiment, estab-

lished by the industrial members of the Western Boreal Aspen

Cooperative in 1998. The planting sites and collection locations

were chosen to represent forest management areas of the partici-

pating Canadian forestry companies, and the management areas

in turn reflect ecological zones with relatively homogeneous cli-

matic and physiogeographic conditions (Selby & Santry 1996).

The ecological regions include the south-eastern boreal plains of

Saskatchewan (SK), the Alberta foothills ecoregion (ABf), the

central boreal plains of Alberta (cAB), the northern boreal plains

of Alberta (nAB) and the taiga plains of British Columbia (BC).

The regions were unequally represented with three to eleven col-

lection locations, reflecting assumptions where productive geno-

types for reforestation in western Canada may be found. Also

included are five seedlots from the boreal shield ecoregion in

Minnesota (MN) for testing in western Canada (Fig. 1, Table 1).

Note that there is no corresponding test site for this region.

The experiment comprises five common garden trials, and all

seed sources collected for this study were planted at all sites. In

total, 43 half-sib families from six regions were tested. Each collec-

tion thus represents seed from a single open pollinated female tree.

In the subsequent text, we refer to half-sib families from this trial

as provenances or collection locations. Trials were established with

over-winter dormant stock in spring of 1998 as randomized com-

plete block designs with six replications per seed source, planted in

row plots with five trees per plot and surrounded by two rows of

border trees. Thus, a total of 6450 seedlings (excluding border

trees) were planted in the entire experiment with 1290 trees in each

common garden.

Height and diameter at breast height (DBH) measurements for

all 6450 trees were taken after one growing season in an outdoor

nursery bed and nine growing seasons in the field in the fall of

2006. An additional height measurement was carried out for the

central Alberta site in 2008 after eleven growing seasons in the

field. Total above-ground biomass for trembling aspen was calcu-

lated according to the Canadian national biomass equations in

kg dry weight (Ung, Bernier & Guo 2008). For all other physio-

logic and phenological traits, we had to employ a subsampling

strategy to keep the study feasible while trying to capture most of

the genetic variation present in this experiment. Phenology obser-

vations were carried out for all 1290 trees at the central Alberta

test site. Cold hardiness measurements were carried out at the

same site on six provenances from three regions (Minnesota, cen-

tral Alberta and north-east British Columbia), sampling eight

trees per provenance (indicated by numbers in Fig. 1). In total,

864 cold hardiness measurements were carried out at three dates

for six test temperatures.

PHENOLOGY MEASUREMENTS

Timing of leaf senescence, expressed as day of year was deter-

mined based on an eight-level senescence scale according to

Fracheboud et al. (2009). Scoring was carried out in autumn of

2010 at seven dates: 14, 18, 21, 23, 25, 28 September and 2

October. The day of year at which a senescence score of 5 (all

leaves yellow) was reached was subsequently determined as fol-

lows for each individual tree: If a score of 5 was recorded on a

single date, that date was used. If a score of 5 was recorded on

multiple dates, the day of the phenological event was calculated

as an average. If a score of 5 was not directly recorded, the day

of year was inferred by means of linear regression from the

bracketing dates and scores.

Fig. 1. Collection locations and test sites of the provenance trial series. Genotypes selected for the physiological study are indicated by

numbers and are, for example, referred to as MN1 or MN2 in subsequent figures.
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The corresponding day length (DL) for the day of year (DoY)

when a score of 5 was reached was calculated as a function of

latitude and DoY according to Forsythe et al. (1995):

DL ¼ 24� 24

p
cos�1 tan

LATp
180

tan/

� �

where / is the declination angle of the sun, calculated as:

/ ¼ sin�1 0 � 3979 cos h½ �
and where h is the revolution angle, calculated as:

h ¼ 0 � 2163þ 2 tan�1

�
0 � 9671 tan½0 � 0086� ðDoY� 186Þ�

�

Assuming that leaf senescence is primarily controlled by day

length, which is well documented for temperate tree species

including poplars (Kriebel et al. 1976; Kriebel 1993; Horvath

et al. 2003; Keskitalo et al. 2005; Fracheboud et al. 2009), we

inferred differences in the day of leaf senescence for provenances

based on the latitude of the other four planting sites. These esti-

mates are meant to broadly characterize the average date of leaf

senescence. We note that there may be temperature-modulated

year-to-year variations in the date of leaf abscission, but for the

purpose of interpreting geographic patterns of adaptive genetic

variation, these were not considered relevant.

Bud break scores, calculated similarly to the leaf senescence

data described above, were obtained from a previous study

using the identical plant material from the central Alberta test

site (Li, Wang & Hamann 2010). Here, we re-analysed these

data in a different research context, inferring the average day of

bud break (score 3: buds broken and leaves extending) for the

six regions of our study design, using daily weather station data

for the 1961–1990 normal period. The expected date of bud

break for each individual tree was calculated according to a

model optimized for aspen in the boreal forest (Beaubien &

Hamann 2011). Required heat sums for bud break were deter-

mined as the daily sum of average temperatures with a start

date set as January 1st and a threshold value set as 0°C. This

summation continues up to the day at which a bud break score

of 3 was reached, yielding a required heat sum statistic for the

observed event. Based on the well-supported assumption that

bud break is determined by a genetically controlled heat sum

requirement (Lechowicz 1984; Hunter & Lechowicz 1992), an

expected date of bud break could then be estimated for all prov-

enances at all test sites.

COLD HARDINESS MEASUREMENTS

Cold hardiness was measured using the electrolyte leakage method

(Zhang & Willison 1987; Morin et al. 2007), which quantifies frost

damage by measuring the leakage of cell sap into the extracellular

space due to ruptured plasma membranes. Plant material was sam-

pled at the central Alberta test site from six provenances within three

regions (Minnesota, central Alberta and north-east British Colum-

bia) representing the full geographic extent of the experiment. For

each provenance, we randomly selected eight trees from which we

sampled one current year twig per freezing treatment. The collection

was repeated three times in autumn 2011: on 22 August, 12 Septem-

ber and 10 October. All twigs were cut into 5 cm pieces and placed

in 30-mL high-density polyethylene bottles (Fisherbrand, Fisher Sci-

entific). Adding 5 mL of deionized water to the samples before

freezing treatments was applied to ensure ice formation. The freez-

ing treatments were 8°C (control), �5°C, �10°C, �20°C, �30°C on

22 August; 8°C (control), �10°C, �30°C, �50°C, �60°C on 12

September; and 8°C (control), �30°C, �60°C, �70°C, �80°C on 10

October. A programmable freezer (Model 85-3�1A, Scientemp

Corp., Adrian, MI, USA) cooled the samples at a rate of 5°C per

hour, holding the target temperature for 1 h, before re-warming to

8°C. Each segment was subsequently cut into 5-mm pieces, topped

up with 20 mL deionized water, stored for 20–24 h at 8°C and man-

ually shaken three times during storage. The amount of electrolyte

leakage was measured at room temperature (approximately 20°C)

using a conductivity meter (Oakton Acorn CON 6 Meter, Oakton

Instruments, Vernon Hills, IL, USA). Conductivity readings were

taken before (c1) and after (c2) all samples were boiled at 100°C for

50 min. Cell lysis (L) was calculated as:

L ¼ REL� RELC

100�RELC

� 100

where REL is the relative amount of electrolyte leakage of the

sample undergoing freezing treatments calculated as (c1/c2) 9 100,

and RELc is the mean value of the control samples.

STATISTICAL ANALYSIS

Statistical analyses were performed using the R programming

environment (R Development Core Team 2011), and graphics

were prepared with the R package ggplot2 (Wickham 2009).

Table 1. Regional representation of seed collections, geographic information of test sites, source of weather station data and average

temperature values for the 1961–1990 climate normal period

Region

Number of

provenances

Test site coordinates

Weather

stations*

Temperature (°C)†

Latitude Longitude Elevation (m) EMT Tmin01 Tmax07 MAT

Minnesota (MN) 5 – – – 216612 �42�2 �20�2 27�2 4�9
Saskatchewan (SK) 8 53°20′N 105°36′W 480 4056240 �49�4 �26�1 24�2 0�6
Alberta Foothills (ABf) 11 52°44′N 114°47′W 970 3015520-3 �44�1 �18�2 21�8 2�6
Central Alberta (cAB) 11 54°53′N 113°18′W 570 3060321 �46�1 �20�6 22�3 1�8
Northern Alberta (nAB) 5 56°46′N 117°28′W 525 3075040 �48�9 �22�9 22�4 0�8
North-east British Columbia (BC) 3 58°32′N 122°20′W 335 1192940 �47�2 �26�3 23�0 �1�0

*Weather station IDs according to (http://www.climate.weatheroffice.gc.ca) for Canada and according to (http://www.noaa.gov/) for

Minnesota.
†All temperature values based on the 1961–1990 climate normal period. EMT, 30-year extreme minimum temperature; Tmin01, mean

monthly minimum temperature for January; Tmax07, mean monthly maximum temperature for July; MAT, mean annual temperature.
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Growth traits and phenology traits were analysed in a two-step

process. First, means of provenances were separately estimated

with a mixed effects model implemented with the lmer() function

of the lme4 package (Bates, Maechler & Bolker 2011). Blocks

were treated as a random effect and provenance as a fixed effect,

and row-plot means were considered the experimental units.

Second, regional means and standard errors of regional means

were calculated in a second step from provenance means. Standard

errors of regional means were used to calculate effect size statistics,

that is, the probability that a transferred provenance matches or

exceeds local sources at each test site. We used the pt() function,

which integrates the area under a t-distribution, used for small

sample sizes. To give an example, for an observed regional mean of

5�0 m height based on three provenance samples with a standard

error of 0�25, the probability of matching or exceeding a reference

value of 4�7 m is calculated as pt((5�0–4�7)/0�25, 3–1), resulting in

an estimate of 82% confidence.

For frost hardiness measurements, standard null-hypothesis

testing was carried out to detect significant differences in the

degree of cold hardiness. To take advantage of the blocked exper-

imental design, these data were analysed using a mixed effects

model implemented with the lmer() function available through

the R package lme4 (Bates, Maechler & Bolker 2011). The fixed

effects in this model were the selected regions MN, cAB, BC, and

the random terms were block and provenance. Experiment-wise

P-values were calculated using Tukey’s adjustment for multiple

mean comparisons.

CLIMATE DATA AND FROST RISK ASSESSMENT

In order to assess current frost risk environments to which plant

populations are putatively adapted, we used daily weather station

data for the 1961–1990 normal period from the National Climate

Data and Information Archive for Canada (Environment Can-

ada; http://www.climate.weatheroffice.gc.ca) and the Minnesota

Climatology Working Group for historical climate data for

Minnesota, USA (University of Minnesota; http://climate.umn.

edu/doc/historical.htm) (Table 1). Frost risks for three regions

sampled for frost hardiness measurements were derived by first

calculating means and standard deviations for daily minimum

temperatures for each day of the year of the 1961–1990 normal

period. The probability of a frost event was then estimated based

on a normal distribution characterized by daily means and stan-

dard deviations. Frost thresholds of interest (�5, �10, �20, �30

and �40°C) were first converted to z-scores, by subtracting the

mean daily minimum temperatures and subsequently dividing by

the daily standard deviations. The probability of a frost event

equal or exceeding a given frost threshold was then calculated for

each day as an integral under the normal distribution, using the

function pnorm() of the R programming environment (R Devel-

opment Core Team 2011). The resulting time series were subse-

quently smoothed with a 7-day moving average, since day-to-day

variation simply reflects variability in daily climate data and not

true day-to-day variation in frost risk.

Results

GROWTH DATA

After nine growing seasons in the field, we found pro-

nounced increases in productivity of aspen trees as a result

of long-distance seed transfers in a north-west direction.

For example, provenances moved 1600 km north-west

(and 7° latitude north) from Minnesota to central Alberta

were 34% taller and had 84% more biomass than local

sources (Table 2, see Table S1, Supporting information).

Similarly, provenances moved approximately 800 km

north-west (and 4° latitude north) from central Alberta to

north-east British Columbia produced twice the biomass

compared with local sources and were 15% taller. The far-

thest seed transfer tested in our design, which was from

Minnesota to north-east British Columbia (2300 km

north-west and 11° latitude north), still outperformed local

sources by 17% in height and had more than twice the

biomass. Increased performance as a result of north-west

transfers was not associated with reduced survival. Minne-

sota provenances had survival rates similar to local sources

at all sites. The next most southern group, the Alberta

Foothills provenances, had better survival rates at all

northern test sites relative to other sources than at its own

Table 2. Height (m) and survival (%) of provenances grown in the reciprocal transplant experiment after nine growing seasons in the

field. Test sites are ordered along a north-west gradient. Local sources are marked in bold, and standard errors are given in parenthesis

Origin of seed source

Test site

SK ABf cAB nAB BC

Height (m)

Minnesota (MN) 4�0 (0�06) 4�0 (0�23) 6�9 (0�23) 5�0 (0�11) 3�0 (0�08)
Saskatchewan (SK) 3�3 (0�14) 3�5 (0�09) 5�6 (0�08) 5�0 (0�16) 2�9 (0�07)
Alberta Foothills (ABf) 3�1 (0�12) 3�1 (0�11) 5�2 (0�15) 5�1 (0�16) 2�8 (0�14)
Central Alberta (cAB) 3�4 (0�11) 3�4 (0�11) 5�2 (0�15) 5�1 (0�11) 2�9 (0�09)
Northern Alberta (nAB) 3�1 (0�15) 2�9 (0�16) 5�0 (0�09) 5�3 (0�06) 3�6 (0�11)
North-east British Columbia (BC) 2�5 (0�15) 1�6 (0�24) 3�7 (0�11) 4�4 (0�12) 2�5 (0�11)

Survival (%)

Minnesota (MN) 61�6 (6�01) 76�4 (6�96) 91�8 (1�53) 92�8 (1�36) 87�8 (2�24)
Saskatchewan (SK) 66�0 (4�72) 89�0 (2�00) 94�5 (1�43) 95�9 (1�43) 92�4 (2�07)
Alberta Foothills (ABf) 67�3 (4�54) 74�2 (3�95) 88�9 (3�91) 90�7 (3�11) 80�9 (2�90)
Central Alberta (cAB) 72�4 (2�19) 79�5 (5�18) 94�8 (1�68) 95�4 (1�61) 87�5 (2�29)
Northern Alberta (nAB) 73�6 (2�40) 78�8 (1�62) 92.0 (3�13) 92�2 (2�63) 90�0 (1�34)
North-east British Columbia (BC) 65�3 (3�53) 44�7 (4�41) 84�7 (2�33) 97�7 (2�33) 77�7 (5�21)
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local planting site, where it ranked second lowest. Similar

to Minnesota provenances, survival rates of the Saskatche-

wan and central Alberta provenances were comparable to

local sources when transferred to the northern Alberta or

north-east British Columbia test sites (Table 2).

Conversely, southward transfer of northern sources

consistently resulted in decreased productivity. The north-

east British Columbia and the northern Alberta prove-

nances always ranked as the lowest and second lowest

group of provenances at more southern planting sites.

For example, the north-east British Columbia prove-

nances were 16%, 28% and 50% smaller in height than

the local sources at the northern Alberta, central Alberta

and the Alberta Foothills test site, respectively (Table 2).

Furthermore, north-east British Columbia provenances

showed only 45% survival at the Alberta Foothills test

site, which represents the warmest of all test sites with a

mean annual temperature of 2�6°C (Table 1). The north-

ern Alberta provenances showed only somewhat reduced

height of 5% and 8% at the central Alberta and Foothills

test sites, respectively.

SPRING AND AUTUMN PHENOLOGY

At the central Alberta test site, where phenology was

recorded, the sequence of leaf senescence started with the

most northern provenances (BC and nAB), followed by

mid-latitude provenances (cAB, ABf and SK), and ended

with Minnesota provenances turning yellow 10 days later

than the first provenances from the north (Table 3). For

the inferred day of leaf senescence at other planting sites,

using day length as a presumed trigger, we found no dis-

cernible difference in sequence or dates of leaf senescence.

Bud break occurred latest for the central Alberta and

Saskatchewan provenances, while the north-east British

Columbia provenances consistently broke bud earliest

with the Minnesota provenances having an intermediate

date of bud break (Table 3). Inferred bud break dates for

1961–1990 normal climate differed only by a few days,

with provenances flushing first at the central Alberta site,

followed by the Saskatchewan, Alberta Foothills and

northern Alberta sites, and last at the north-east British

Columbia site.

The above observations are also reflected in a relatively

strong correlation between height and leaf senescence at

the central Alberta test site, where phenology measure-

ments were carried out (R2 = 0�36, P < 0�0001). This cor-

relation appears to be driven by early leaf senescence of

the northern British Columbia sources and late leaf senes-

cence of the Minnesota sources, when transferred to the

central Alberta test site (Fig. 2a). For bud break, a strong

latitudinal differentiation was not apparent (Fig. 2b).

Sources from north-east British Columbia had the lowest

heat sum requirements and broke bud first, but otherwise

there was more within- than among-regional variation in

the date of bud break, which could not explain variation

in height (R2 = 0�07). There is also no correlation between

height and the utilized growing season, calculated as the

day of leaf senescence minus the day of bud break

(R2 = 0�002, P = 0�78, data not shown).

COLD HARDINESS

The amount of freezing injury, measured as electrolyte

leakage, revealed a general trend in which trees from

Minnesota appear to be more vulnerable than trees from

central Alberta and trees from north-east British Columbia,

where the onset of frost hardiness occurs first (Fig. 3a).

Our cell lysis data suggest clear regional differences with

very little variation of frost hardiness within regions

(Table 4, see also Fig. S1, Supporting information). At the

August sample date, the −10 and −20°C treatments resulted

Table 3. The inferred average date of leaf senescence for four test sites based on a day length trigger measured at the cAB planting site

in autumn 2011, and the average date of bud break for the 1961–1990 climate normal conditions inferred from heat sum requirements

observed at the cAB planting site in spring of 2009. Test sites are ordered along a north-west gradient. The response in the native envi-

ronment are marked in bold, and standard errors are given in parenthesis

Origin of seed source

If transferred to

SK ABf cAB nAB BC

Leaf senescence (day of year)

Minnesota (MN) 269 (0�3) 269 (0�3) 270 (0�3) 269 (0�2) 269 (0�2)
Saskatchewan (SK) 262 (0�2) 262 (0�2) 263 (0�2) 263 (0�2) 263 (0�2)
Alberta Foothills (ABf) 262 (0�3) 262 (0�3) 263 (0�3) 262 (0�2) 263 (0�2)
Central Alberta (cAB) 263 (0�2) 262 (0�2) 264 (0�2) 263 (0�2) 263 (0�2)
Northern Alberta (nAB) 259 (0�4) 259 (0�4) 260 (0�4) 260 (0�3) 261 (0�3)
North-east British Columbia (BC) 259 (0�8) 258 (1�0) 260 (0�8) 260 (0�7) 260 (0�8)

Bud break (day of year)

Minnesota (MN) 134 (0�7) 134 (0�7) 131 (0�7) 133 (0�7) 136 (0�7)
Saskatchewan (SK) 140 (0�9) 141 (1�1) 137 (1�0) 140 (1�0) 142 (1�0)
Alberta Foothills (ABf) 137 (0�8) 137 (0�9) 134 (0�9) 137 (0�9) 139 (0�9)
Central Alberta (cAB) 139 (1�0) 140 (1�2) 137 (1�1) 140 (1�1) 142 (1�1)
Northern Alberta (nAB) 134 (0�9) 135 (1�0) 132 (1�0) 135 (1�0) 137 (1�0)
North-east British Columbia (BC) 129 (0�7) 128 (0�3) 126 (0�3) 128 (0�3) 131 (0�3)
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in significantly higher vulnerability of Minnesota sources.

Regional differences were most pronounced at all freezing

treatments in September, with a sequence of increasing vul-

nerability from British Columbia to Alberta to Minnesota.

At the October sample date, all sources showed generally

low amounts of cell lysis, even under −80°C freezing treat-

ments. However, trees from Minnesota were still the most

vulnerable (Table 4, Fig. 3a).

The onset of frost hardiness also showed a strong corre-

lation with leaf senescence (Fig. 3b). Trees from Minne-

sota were the least hardy and senesced the latest. On the

other hand, the British Columbia provenances showed a

high degree of hardiness and also were the first to turn

uniformly yellow. The central Alberta provenances ranked

in between, however showing a rather large spread of

approximately 12% in cell lysis.

PHENOLOGY, HARDINESS AND FROST RISKS

A joint representation of phenology and regional frost

risks is shown in Fig. 4. Generally, the probability of frost

curves indicates a progression from relatively mild winters

in Minnesota, to more severe winters in Alberta and

British Columbia. For example, the British Columbia

planting site has a 30–40% chance of a −30°C or colder

frost event at any given day in January, whereas the cor-

responding probability in Minnesota is about 10–15%.

Nevertheless, the time where mild frost events of −5°C or

colder can be expected at the three planting sites is

remarkably similar, although the probability increases

much faster in autumn and decreases more rapidly in

spring at the northern test sites.

The phenology of local provenances further appears to

be remarkably well attuned to the frost risks of their

local environments. The central Alberta provenances

appear to perfectly avoid any frost risk without sacrificing

the available growing season at their local central Alberta

test site. The British Columbia provenances start growing

very early in spring, but still avoid spring frost risks well

in their local environment and in central Alberta. Regard-

ing the date of leaf senescence, Minnesota provenances

are the latest to turn yellow in fall. However, by mid-

September, when −5°C frost risks start to appear at all
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planting sites, they are already well hardened against

−10°C frosts (Table 3). By mid-October, when −10°C frost

risks start to appear with very low probabilities, Minne-

sota provenances are similarly hardened against −30°C to

−80°C freeze events. That said, overall cell lysis values

indicate that British Columbia and Alberta provenances

were always more hardened at any given time than

Minnesota sources. For example, British Columbia prove-

nances sustained the same level of damage at �50°C that

Minnesota sources sustained at �10°C in mid-September

(around 20%).

Discussion

Adaptations for growth optimization vs. survival optimi-

zation are normally expected to be important trade-offs

for temperate tree species (Leinonen & H€anninen 2002).

Fitness of trees from high-latitude ecosystems should be

strongly influenced by their ability to withstand harsh

frost, whereas trees from milder climates should be

favoured by natural selection based on higher growth

rates and competitive fitness (Loehle 1998). By moving

trees north out of their local habitat, one would generally

expect an increasing risk of frost damage in autumn due

to delayed growth cessation (Howe et al. 1995). This is

broadly what we found in the current study with Minne-

sota provenances or Alberta sources moved to more

northern positions showing a delay in the timing of leaf

senescence, and a lesser degree of cold hardiness than

local sources. However, this did not compromise survival,

and the timing of the onset of dormancy and frost hardi-

ness suggests that there should be no severe risks involved

with moderate northward transfers of planting material.

Spring phenology was quite similar across all prove-

nances observed at the central Alberta test site, except for

the northern Alberta provenances. It is not uncommon

that provenances from very high latitudes or very high

elevation are adapted to make the most out of a short

period of favourable temperatures and extended photope-

riods and tend to be less conservative in utilizing the

available growing season (Beuker 1994; Aitken & Hannerz

2001). In our case, this means that a northward move-

ment of more southern provenances would typically lead

to similar or slightly delayed onset of growth of intro-

duced genotypes relative to local provenances, and there-

fore, northward transfers would not pose additional risks.

Another interesting observation is that the inferred dates

of bud break and leaf senescence (for the regions BC,

nAB, ABf, SK, MN) were not drastically different from

the common garden site at which they were all observed

(cAB), and this may have two explanations: while the risk

of severe frost increases from south-east to north-west,

there are virtually no differences in the frost-free period

from Minnesota to north-east British Columbia (Fig. 4).

Secondly, the date of leaf senescence of aspen populations

coincides exactly with the inflection point of the day length

curve (see Fig. S2, Supporting information). This means

that although the day length trigger is temperature-decou-

pled, it will nevertheless work more or less appropriately

under latitudinal transfers, because the day length does

not vary with latitude around the date of the southern

equinox (22 September), which coincides with the observed

leaf senescence in aspen. The true critical day length that

initiates senescence must be somewhat earlier than the date

where we observe leaf senescence, so there may be small

shifts in the timing of senescence under long-distance

transfers. However, we find these quite small in absolute

terms. For example, Minnesota provenance senesced six

days later than the local sources when moved over 7° of

latitude to the central Alberta planting site (Table 3).

Perhaps the most striking result of this large-scale

transplant experiment is that moving aspen as far as

2300 km north-west from Minnesota to north-east British

Columbia did not result in higher mortality rates or infe-

rior growth. In fact, trees from Minnesota outperformed

all local sources at Saskatchewan, Alberta and north-east

British Columbia test sites. It seems that moving aspen as

far as 2300 km north-west was not enough to reach the

cold tolerance limit of aspen from Minnesota. That said,

we should acknowledge that there are clearly discernible

differences in frost hardiness from south-east to north-

west, suggesting a typical trade-off between investments in

growth (Minnesota sources) vs. investments in cold resis-

tance (north-east British Columbia sources). However,

when looking at the corresponding risk environments,

investments in cold resistance appear nonoptimal for cur-

rent climate conditions, that is, too conservative (Fig. 3b).

All provenances appear to be sufficiently hardy early

enough to withstand extremely unlikely cold events, for

example �30°C in mid-September.

Table 4. Differences in frost hardiness measured as percentage

cell lysis among the regions Minnesota (MN), central Alberta

(cAB) and north-west British Columbia (BC), based on data

shown in Fig. S1 (Supporting information)

Freezing treatment

Cell lysis by region of origin (%)

MN cAB BC

August

−5°C 1�4 (0�6)A 1�5 (0�5)A 0�4 (0�2)A
�10°C 49�6 (3�8)A 31�2 (3�6)B 22�7 (3�3)B
�20°C 52�7 (4�1)A 31�7 (3�9)B 23�0 (4�1)B
�30°C 62�4 (2�1)A 56�2 (1�8)A 55�3 (1�9)A

September

�10°C 21�2 (1�8)A 10�9 (1�7)AB 8�0 (3�8)B
�30°C 58�7 (1�2)A 44�2 (2�7)B 29�1 (2�6)C
�50°C 58�8 (1�2)A 40�2 (4�4)B 21�0 (2�5)C
�60°C 66�0 (1�2)A 44�9 (2�9)B 32�1 (3�7)C

October

�30°C 18�0 (2�4)A 8�1 (0�8)B 5�8 (1�1)B
�60°C 28�2 (3�5)A 13�3 (0�9)B 13�0 (1�6)B
�70°C 18�0 (1�7)A 10�4 (1�2)AB 9�9 (1�2)B
�80°C 18�8 (1�5)A 11�5 (0�8)A 12�1 (1�9)A

Different letters in rows indicate significant differences at

P < 0�05, and standard errors are given in parenthesis.
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Such observations are normally interpreted as adapta-

tional lag, caused by environmental change that exceeds the

speed of evolutionary change (Matyas 1990; Matyas & Yeat-

man 1992). It is not uncommon that provenances transferred

around two degrees north show increases in growth relative

to local sources (Namkoong 1969; Mangold & Libby 1978;

Morgenstern 1996). What is remarkable in the study is the

magnitude of the adaptational lag in aspen, which may be

due to the unique life history and regeneration biology of

aspen. Aspen predominantly reproduces through vegetative

reproduction from the distal portion of the root system,

resulting in clones that are the oldest and largest known

organisms (Mitton & Grant 1996). Aspen seed are very small

and lack endosperm, resulting in a narrow window of viabil-

ity. Suitable conditions with adequate moisture, bare ground

and sufficient light are rarely met, limiting reproduction by

seed (Peterson & Peterson 1992). Thus, adaptation through

evolutionary processes is expected to be slow, which could

explain the unusually large adaptational lag observed in

this study.

A strong adaptational lag implies that a species should

be more vulnerable to movement in one geographic or cli-

matic direction than the opposite. We do, in fact, find

indications that heat tolerances may be exceeded and

compromise survival in provenances that were transferred

southward. A transfer of the most northern provenances

from north-east British Columbia to the warmest test site

in the Alberta foothills (ABf being 3�6°C warmer than

BC, Table 1) yielded by far the lowest survival of any

transfer tested in this experiment (45%, Table 3). The

data indicate that northward rather than southward

movement of trees would be associated with less risk,

which also suggests that inaction in the face of climate

change may result in higher mortality.

To support decisions on regional seed transfers, we use

means and standard errors for height (Table 2) to calcu-

late the probability of a transferred provenance to match

or exceed the productivity of local sources or to exceed

predetermined reference values of 10%, 20% or 30% gain

over the local sources (Table 5). It should be noted that

regional representation from British Columbia is quite

low with three provenances (or 90 genotypes per site).

However, we only report probabilities for north or north-

west transfers and exclude transfer recommendations for

British Columbia provenances. Transfers in the opposite

directions yield probabilities near zero (data not shown).

When interpreting these probabilities, it is important to

keep in mind that these probabilities are based on the rank-

ing of provenances at single test sites. Nevertheless, while

different planting sites may strongly influence absolute pro-

ductivity, the relative ranking of provenances should not

change. Only if planting environments are so different from
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Fig. 4. Probability of a frost event being

equal or exceeding a certain threshold

value for any given day between 1 Septem-

ber and 31 May at the Minnesota (top)

central Alberta (middle), and north-east

British Columbia (bottom) planting sites.

The expected day of bud break calculated

for 1961–1990 normal climate and the

expected day of leaf senescence for the lat-

itude of planting sites are indicated by ver-

tical lines for provenances from central

Alberta, north-east British Columbia and

Minnesota.
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test sites that genotype by environment interactions

become a major factor, the regional rankings could change.

An example for a site that does not conform to the general

pattern of this trial series may be the northern Alberta

(nAB) test site in a dry ecoregion, where provenances

transferred from more southern or eastern origins have a

low probability of matching or exceeding local sources.

There may be other important trade-offs, where more

northern sources sacrifice growth and instead invest in

resistance mechanisms to biotic or abiotic risk factors that

we have not considered. One possible risk factor, drought

resistance, was excluded by a related study (Schreiber

et al. 2011) that showed that the Minnesota provenances

tested in this experiment also have small vessel diameters,

which conferred adequate drought resistance across all

genotypes tested in this experiment. Adaptations to biotic

factors such as pests and diseases by northern prove-

nances that are absent in southern sources also appear

unlikely. Sources from warmer environments and milder

winters would generally be expected to be more exposed

and therefore better adapted to pest and disease factors.

CONCLUSIONS

This study evaluated potential trade-offs and risks associated

with seed transfer of aspen seedlings for reforestation in wes-

tern Canada. Gray et al. (2011) suggested that in order to

adapt to observed and predicted climate warming for wes-

tern Canada, planting stock should be moved 2–3° of lati-

tude northward. Such a prescription could lead to increased

frost damage and a mismatch in the timing of bud break

and leaf senescence with the available growing season.

Experimental cold hardiness testing and phenology

observations in a common garden experiment revealed that

seed transfer to more northern locations results in delayed

timing of leaf senescence, but the onset of dormancy and

frost hardiness suggests that there should be no severe risks

involved with northward transfers of planting material.

Northward movement was also associated with a slightly

delayed onset of growth of introduced genotypes relative to

local provenances and therefore poses no additional risks.

We conclude that benefits in growth outweigh potential

risks to survival associated with a northward movement of

aspen populations in forestry operations. Even extreme

long-distance northward movements had positive or neu-

tral effects on growth and survival, while southward move-

ment had clear negative consequences, highlighting the risk

of inaction in the face of climate change. We therefore rec-

ommend that seed transfer guidelines in western Canada

allow a moderate movement of aspen planting stock to

account for adaptational lag. As for true long-distance

transfers, notably the use of Minnesota sources in western

Canada, we encourage forest companies and government

agencies to pursue this option first on a relatively small

operational scale. General recommendations of long-

distance transfers should await results from this test

series at rotation age, and concurrent experience from

small-scale operational plantations.

Acknowledgements

S.G.S. and C.D. contributed equally to this paper. Funding was provided

by an NSERC/Industry Collaborative Development Grant CRDPJ

349100-06 to A.H. U.H. acknowledges funding by an Alberta Ingenuity

New Faculty Award, the Canada Research Chair Program and the

Canada Foundation for Innovation. We thank Alberta-Pacific Forest

Industries Inc., Ainsworth Engineered Canada LP, Daishowa-Marubeni

International Ltd., the Western Boreal Aspen Corporation, and Weyerhae-

user Company, Ltd. for their financial and in-kind support.

References

Aitken, S.N. & Hannerz, M. (2001) Genecology and gene resource man-

agement strategies for conifer cold hardiness. Conifer Cold Hardiness

(eds F.J. Bigras & S.J. Colombo), pp. 23–53. Kluwer Academic Publish-

ers, Dordrecht, The Netherlands.

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell,

N., Vennetier, M., et al. (2010) A global overview of drought and heat-

induced tree mortality reveals emerging climate change risks for forests.

Forest Ecology And Management, 259, 660–684.
Anderegg, W.R.L., Berry, J.A., Smith, D.D., Sperry, J.S., Anderegg,

L.D.L. & Field, C.B. (2012) The roles of hydraulic and carbon stress in

a widespread climate-induced forest die-off. Proceedings of the National

Academy of Sciences, 109, 233–237.
Balatinecz, J.J., Kretschmann, D.E. & Leclercq, A. (2001) Achievements in

the utilization of poplar wood - guideposts for the future. The Forestry

Chronicle, 77, 265–269.
Bates, D., Maechler, M. & Bolker, B. (2011) lme4: Linear mixed-effects

models using S4 classes. R package version 0.999375-42 http://CRAN.R-

project.org/package=lme4.

Beaubien, E. & Hamann, A. (2011) Spring flowering response to climate

change between 1936 and 2006 in Alberta, Canada. BioScience, 61, 514–524.
Beuker, E. (1994) Adaptation to climatic changes of the timing of bud

burst in populations of Pinus sylvestris L. and Picea abies (L.) Karst.

Tree Physiology, 14, 961–970.
Canadian Forest Service (2011) The State of Canada’s Forests. Annual

Report 2011. Natural Resources Canada, Ottawa.

Christensen, J.H., Hewitson, B., Busuioc, A., Chen, A., Gao, X., Held, I.,

et al. (2007) Regional Climate Projections. Climate Change 2007: The

Table 5. Probability of a transferred provenance to match or

exceed the productivity of local sources, based on the means and

standard errors for height (Table 2). We only report probabilities

for north or north-west transfers. Transfers in the opposite direc-

tions yield probabilities near zero

Seed sources

from

Transferred

to

Probability of match or gain

Match +10% +20% +30%

Minnesota

(MN)

SK >0�99 >0�99 0�73 <0�01
ABf 0�99 0�97 0�85 0�45
cAB >0�99 >0�99 0�98 0�71
nAB 0�03 <0�01 <0�01 <0�01
BC >0�99 0�98 0�50 0�02

Saskatchewan

(SK)

ABf >0�99 0�82 0�02 <0�01
cAB >0�99 0�09 <0�01 <0�01
nAB 0�05 <0�01 <0�01 <0�01
BC >0�99 0�97 0�10 <0�01

Alberta

Foothills

(ABf)

cAB 0�50 <0�01 <0�01 <0�01
nAB 0�12 <0�01 <0�01 <0�01
BC 0�97 0�64 0�09 <0�01

Central Alberta

(cAB)

nAB 0�05 <0�01 <0�01 <0�01
BC >0�99 0�94 0�15 <0�01

Northern

Alberta (nAB)

BC >0�99 >0�99 >0�99 0�98

© 2013 The Authors. Journal of Applied Ecology © 2013 British Ecological Society, Journal of Applied Ecology, 50, 939–949

948 S. G. Schreiber et al.



Physical Science Basis. Contribution of Working Group I to the Fourth

Assessment Report of the Intergovernmental Panel on Climate Change,

(eds S. Solomon, D. Qin, M. Manning, Z. Chen, M. Marquis, K.B.

Averyt, M. Tignor & H.L. Miller). Cambridge University Press,

Cambridge.

Forsythe, W.C., Rykiel, E.J.J., Stahl, R.S., Wu, H.-I. & Schoolfield, R.M.

(1995) A model comparison for daylength as a function of latitude and

day of year. Ecological Modelling, 80, 87–95.
Fracheboud, Y., Luquez, V., Bjorken, L., Sjodin, A., Tuominen, H. &

Jansson, S. (2009) The control of autumn senescence in European

aspen. Plant Physiology, 149, 1982–1991.
Gray, L.K., Gylander, T., Mbogga, M.S., Chen, P.-Y. & Hamann, A. (2011)

Assisted migration to address climate change: recommendations for aspen

reforestation in western Canada. Ecological applications, 21, 1591–1603.
Hogg, E.H.T., Brandt, J.P. & Michaelian, M. (2008) Impacts of a regional

drought on the productivity, dieback, and biomass of western Canadian

aspen forests. Canadian Journal of Forest Research, 38, 1373–1384.
Horvath, D.P., Anderson, J.V., Chao, W.S. & Foley, M.E. (2003) Know-

ing when to grow: signals regulating bud dormancy. Trends In Plant

Science, 8, 534–540.
Howe, G., Hackett, W., Furnier, G. & Klevorn, R. (1995) Photoperiodic

responses of a northern and southern ecotype of black cottonwood.

Physiologia Plantarum, 93, 695–708.
Howe, G., Aitken, S., Neale, D., Jermstad, K., Wheeler, N. & Chen, T.

(2003) From genotype to phenotype: unraveling the complexities of cold

adaptation in forest trees. Canadian Journal of Botany, 81, 1247–1266.
Hunter, A. & Lechowicz, M. (1992) Predicting the timing of budburst in

temperate trees. Journal of Applied Ecology, 29, 597–604.
Keskitalo, J., Bergquist, G., Gardestrom, P. & Jansson, S. (2005) A cellu-

lar timetable of autumn senescence. Plant Physiology, 139, 1635–1648.
Koehler, K., Center, A. & Cavender-Bares, J. (2012) Evidence for a freezing

tolerance-growth rate trade-off in the live oaks (Quercus series Virentes)

across the tropical-temperate divide. New Phytologist, 193, 730–744.
Kriebel, H.B. (1993) Intraspecific variation of growth and adaptive traits

in North American oak species. Annals of Forest Science, 50, 153–165.
Kriebel, H.B., Bagley, W.T., Deneke, F.J., Funsch, R.W., Roth, P.,

Jokela, J.J., Merritt, C., Wright, J.W. & Williams, R.D. (1976)

Geographic variation in Quercus rubra in north central United States

plantations. Silvae Genetica, 25, 118–122.
Lechowicz, M.J. (1984) Why do temperate deciduous trees leaf out at

different times? Adaptation and Ecology of Forest Communities.

The American Naturalist, 124, 821–842.
Leinonen, I. & H€anninen, H. (2002) Adaptation of the timing of bud burst of

Norway spruce to temperate and boreal climates. Silva Fennica, 36, 695–701.
Li, H., Wang, X. & Hamann, A. (2010) Genetic adaptation of aspen (Populus

tremuloides) populations to spring risk environments: a novel remote sens-

ing approach. Canadian Journal of Forest Research, 40, 2082–2090.
Loehle, C. (1998) Height growth rate tradeoffs determine northern and

southern range limits for trees. Journal of Biogeography, 25, 735–742.
MacArthur, R.H. (1984) Geographical Ecology: Patterns in the Distribution

of Species. Princeton University Press, Princeton, NJ.

Mangold, R.D. & Libby, W.J. (1978) A model for reforestation with

optimal and suboptimal tree populations. Silvae Genetica, 27, 66–68.
Marchetti, S.B., Worrall, J.J. & Eager, T. (2011) Secondary insects and

diseases contribute to sudden aspen decline in southwestern Colorado,

USA. Canadian Journal of Forest Research, 41, 2315–2325.
Matyas, C. (1990) Adaptational lag: a general feature of natural popula-

tions. Joint Meeting of Western Forest Genetics Association and IUFRO

Working Parties, Douglas-fir, Contorta Pine, Sitka Spruce, and Abies

Breeding and Genetic Resources, pp. 20–24 August, Olympia, Washington.

Matyas, C. & Yeatman, C.W. (1992) Effect of geographical transfer on

growth and survival of jack pine (Pinus banksiana Lamb.) populations.

Silvae Genetica, 41, 370–376.
Mbogga, M.S., Hamann, A. & Wang, T. (2009) Historical and projected

climate data for natural resource management in western Canada.

Agricultural And Forest Meteorology, 149, 881–890.
Michaelian, M., Hogg, E.H., Hall, R.J. & Arsenault, E. (2011) Massive

mortality of aspen following severe drought along the southern edge of

the Canadian boreal forest. Global Change Biology, 17, 2084–2094.
Mitton, J.B. & Grant, M.C. (1996) Genetic variation and the natural

history of quaking aspen. BioScience, 46, 25–31.
Morgenstern, E.K. (1996) Geographic Variation in Forest Trees. UBC

Press, Vancouver, BC.

Morin, X., Ameglio, T., Ahas, R., Kurz-Besson, C., Lanta, V., Lebourgeois,

F., Miglietta, F. & Chuine, I. (2007) Variation in cold hardiness and

carbohydrate concentration from dormancy induction to bud burst

among provenances of three European oak species. Tree Physiology, 27,

817–825.
Namkoong, G. (1969) Nonoptimality of local races. Proceedings of the

10th Southern Conference on Forest Tree Improvement. Texas A&M

University Press, Collage Station, Texas, 149–153.
Pedlar, J.H., McKenney, D.W., Aubin, I., Beardmore, T., Beaulieu, J.,

Iverson, L., O’Neill, G.A., Winder, R.S. & Ste-Marie, C. (2012) Placing

forestry in the assisted migration debate. BioScience, 62, 835–842.
Peng, C., Ma, Z., Lei, X., Zhu, Q., Chen, H., Wang, W., Liu, S., Li, W.,

Fang, X. & Zhou, X. (2011) A drought-induced pervasive increase in

tree mortality across Canada’s boreal forests. Nature Climate Change, 1,

467–471.
Peterson, E.B. & Peterson, N.M. (1992) Ecology, Management, and use of

Aspen and Balsam Poplar in the Prairie Provinces, Canada. Edmonton,

Alberta, Forestry Canada, Northwest Region, Northern Forestry Centre.

R Development Core Team (2011) R: A Language and Environment for

Statistical Computing. R Foundation for Statistical Computing, Vienna,

Austria. http://www.R-project.org/.

Rehfeldt, G.E., Wykoff, W.R. & Ying, C.C. (2001) Physiologic plasticity,

evolution, and impacts of a changing climate on Pinus contorta. Climate

Change, 50, 355–376.
Sannigrahi, P., Ragauskas, A.J. & Tuskan, G.A. (2010) Poplar as a feed-

stock for biofuels: A review of compositional characteristics. Biofuels,

Bioproducts and Biorefining, 4, 209–226.
Savolainen, O., Pyh€aj€arvi, T. & Kn€urr, T. (2007) Gene flow and local

adaptation in trees. Annual Review of Ecology, Evolution, and Systemat-

ics, 38, 595–619.
Schreiber, S.G., Hacke, U.G., Hamann, A. & Thomas, B.R. (2011)

Genetic variation of hydraulic and wood anatomical traits in hybrid

poplar and trembling aspen. New Phytologist, 190, 150–160.
Selby, C.J. & Santry, M.J. (1996) A National Ecological Framework for

Canada: Data Model, Database and Programs. Centre for Land and

Biological Resources Research, Research Branch, Agriculture and Agri-

Food Canada and State of the Environment Directorate, Environment

Canada Ottawa, Ontario.

Stelfox, J.B. (1995) Relationships Between Stand age, Stand Structure, and

Biodiversity in Aspen Mixedwood Forests in Alberta (ed. J B Stelfox).

Alberta Environmental Centre and Canadian Forest Service, Vegreville,

Edmonton.

Ung, C.-H., Bernier, P. & Guo, X.-J. (2008) Canadian national biomass

equations: new parameter estimates that include British Columbia data.

Canadian Journal of Forest Research, 38, 1123–1132.
Wickham, H. (2009) Ggplot2: Elegant Graphics for Data Analysis.

Springer, New York.

Woodward, F.I. (1987) Climate and Plant Distribution. Cambridge Univer-

sity Press, Cambridge, UK.

Worrall, J.J., Rehfeldt, G.E., Hamann, A., Hogg, E.H., Marchetti, S.B.,

Michaelian, M. & Gray, L.K. (2013) Recent declines of Populus tremu-

loides in North America linked to climate. Forest Ecology And Manage-

ment, in press. Early view on-line: DOI: 10.1016/j.foreco.2012.12.033.

Zhang, M. & Willison, J. (1987) An improved conductivity method for

the measurement of frost hardiness. Canadian Journal of Botany, 65,

710–715.

Received 31 January 2013; accepted 3 April 2013

Handling Editor: Santiago Saura

Supporting Information

Additional Supporting Information may be found in the online version

of this article.

Table S1. DBH (cm) and total dry mass (kg) of provenances

grown in the reciprocal transplant experiment after nine growing

seasons in the field

Fig. S1. Frost hardiness assessment for six aspen provenances.

Fig. S2. Changes of day length for the latitudes of the regions

Minnesota (MN), central Alberta (cAB), and north-east British

Columbia (BC).
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Supporting Information 

 

Supporting Information S1. DBH (cm) and total dry mass (kg) of provenances grown in the reciprocal 

transplant experiment at age nine. Test sites are ordered along northwest gradient. Local sources are 

marked in bold, and standard errors are given in parenthesis 

 

  Test site 

Origin of seed source SK ABf cAB nAB BC 

DBH (cm) at age nine 

        Minnesota (MN) 3.14 (0.17) 3.05 (0.2) 7.97 (0.28) 3.21 (0.17) 2.44 (0.13) 

   Saskatchewan (SK) 2.39 (0.32) 2.73 (0.1) 6.72 (0.12) 3.42 (0.16) 2.26 (0.11) 

   Alberta Foothills (ABf) 2.42 (0.14) 2.45 (0.12) 6.93 (0.22) 3.69 (0.15) 2.09 (0.18) 

   Central Alberta (cAB) 2.68 (0.19) 2.64 (0.13) 6.65 (0.19) 3.55 (0.11) 2.25 (0.12) 

   Northern Alberta (nAB) 2.43 (0.14) 2.09 (0.18) 6.34 (0.11) 3.65 (0.12) 2.79 (0.08) 

   Northeast British Columbia (BC) 2.25 (0.16) 0.99 (0.13) 4.84 (0.11) 2.69 (0.14) 1.65 (0.17) 

Total dry mass (kg) at age nine 

        Minnesota (MN) 1.09 (0.12) 1.05 (0.17) 11.45 (1.13) 1.39 (0.17) 0.52 (0.07) 

   Saskatchewan (SK) 0.62 (0.14) 0.73 (0.06) 6.66 (0.31) 1.6 (0.19) 0.43 (0.05) 

   Alberta Foothills (ABf) 0.54 (0.07) 0.56 (0.08) 6.81 (0.57) 1.92 (0.17) 0.4 (0.08) 

   Central Alberta (cAB) 0.72 (0.11) 0.69 (0.08) 6.22 (0.47) 1.73 (0.14) 0.44 (0.05) 

   Northern Alberta (nAB) 0.53 (0.08) 0.38 (0.07) 5.33 (0.24) 1.87 (0.13) 0.79 (0.06) 

   Northeast British Columbia (BC) 0.38 (0.07) 0.05 (0.02) 2.43 (0.15) 0.87 (0.11) 0.21 (0.05) 

 

  



 

 

Supporting Information S2. Frost hardiness as indicated by for six aspen provenances measured on 21-

August (top), 12-September (middle) and 10-October (bottom) in response to different artificial freezing 

treatments.  
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Supporting Information S3. Changes of daylength for the latitudes of the regions Minnesota (MN), 

central Alberta (cAB), and northeast British Columbia (BC). The dates of leaf senescence for the 

corresponding provenances, observed in a common garden at the central Albert test site, are indicated by 

vertical lines. 
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