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Potential change in lodgepole pine site index and
distribution under climatic change in Alberta
Robert A. Monserud, Yuqing Yang, Shongming Huang, and Nadja Tchebakova

Abstract: We estimated the impact of global climate change on lodgepole pine (Pinus contorta Dougl. ex Loud. var. lati-

folia Engelm.) site productivity in Alberta based on the Alberta Climate Model and the A2 SRES climge change scenario
projections from three global circulation models (CGCM2, HADCM3, and ECHAM4). Considerable warming is apparent
in all three models. On average, the increases in mean GDD5 (growing degree-days >5 °C) are 18%, 38%, and 65% by
the 2020s, 2050s, and 2080s, respectively. Change in precipitation is essentially nil. This results in proportional rffftases
in dryness index. We used the drynesuindex to predict the potential future range and GDD 5 to predict its potential produc-
tivity. Generally, lodgepole pine site index is predicted to increase steadily by 3 m for each 30-year period. Offsetting this
increase is a large reduction in suitable area as drying increases. At first, the warming increases the potential range up to
67% by the 2020s but then shrinks from 34% to 58% of its current area by 2080. gSuch major changes will need to be con-
sidered when setting long-term forest management plans. The increased risk of both wildfire and insect outbreaks further
compounds this planning problem, especially because these disturbance events can interact and further increase risk.

Resume : Nous avons estime l'impact des changements climatiques sur la productivite de stations dominees par le pin
tordu latifolie (Pinus coiarta Dougl. ex Loud. var. latifolia Engelm.), en Alberta, en se basant sur le modele climatique
de I'Alberta et les projec ons du scenario de changements climatiques A2 SRES de trois modeles de circulation globale
(CGCM2, HADCM3 et ECHAM4). Un rechauffement considerable est apparent dans les trois modeles. En moyenne,
l'augmentation du nombre moyen de degres-jours de croissance au dessus de 5 °C (DJC5) est de respectivement de 18%,
38 % et 65 % pour les annees 2020, 2050 et 2080. Les changements de precipitation sont essentiellement nuls. Cette situa-
tion engendre une augmentation proportionnelle de l'indice d'aridite. Nous avons utilise l'indice d'aridite pour pi-Mire
1'etendue potentielle future et le DJC5 pour predire la productivite potentielle. Generalement, 1'indice de qualite de station
du pin tordu devrait augmenter regulierement de 3 m pour chaque periode de 30 ans. Cette augmentation est compensee
par une forte reduction de la superficie productive a mesure que 1'aridite augmente. Dans un premier temps, le rechauffe-
ment augmente 1'etendue potentielle jusqu'a 67 % vers les annees 2020, mais la reduit par la stite pour atteindre 34% a
58 fib de la supelficie actuelle vers 2080. Des changements aussi importants devront titre consideres lors de 1'elaboration
de plans d'amenagement forestier a long terme. L'augmentation des risques de feu et d'epidemie d'insecte complique da-
vantage ce probleme de planification surtout parce que ces perturbations peuvent interagir entre elles et augmenter encore
davantage les risques.

[Traduit par la Redaction]

Introduction
Growing concern about global cliMtate change (Houghton

1997; IPCC 200}) has placed greater urgency on under-
standing the relationship between climate and important
management factors such as site rhroductivity, a key compo-`
nent in growth and yield prediction. As an indication of the
current rate of change, Menzel and Fabian (1999) found that
growing season length across Europe 's has increased by
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11 days since the 1960s. Global average surface air temper-
ature is projected to warm between 1.4 and 5.8 °C by 2100,
relative to 1990, wwhich is about 2-10 times as fast as the
observed 20th century warming (IPCC 2000). Barrow and
Yu (2005) predicted that under several climate change sce-
narios for Alberta, mean annual temperature is expected to
rise 3-5 °C by the 2050s, with degree-days >5 °C increasing
30%-50% and dryness index (DI) increasing 20%-30% (i.e.,
greater drying). Working in southern Siberia where similar
temperature increases are predicted at •similar latitudes,
Tchebakova et al. (2003) concluded that both the rapid rate
of change and the large absolute amount of change are ex-
pected to have profound effects on tef4estrial eco'S Ems at
all hierarchical levels: from biome-level vegetation zones
(Tchebakova et al. 2003) to ecosystems (Guisan et al. 1995)
to species composition (Box eral. 1999), and to populations
within species (Rehfeldt et al. 1999).

Canada's location in the high latitudes means that it is
likely to experience some of the largest changes Lt climate,
in particular changes in temperature (Barrow and &'u 2005).
Rising temperatures could increase forest 1.roductivity by the
direct effect of additional heat and by increasing the length
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of the growing season. Increasing CO2 could increase pro-
ductivity by increasing photosynthesis and water use effi-
ciency, although effects vary by species (1Vtarshall and
Monserud 1996; Monserud and Marshall 2001). Negative ef-
fects could result if the increased warming is not offset by a
commensurate increase in precipitation, leading to moisture
stress and potential shrinking of existing species range dis-
tribution (Barrow and Yu 2005; Hamann and Wang 2006).
Other negative effects include increased risk of catastrophic
losses due to wildfire, insect outbreaks, and di5'ease (IPCC
2001; Soja et al. 2007). Because it is essential to predict fu-
ture growth and yield for credible long-term forest manage-
ment (Peng et al. 2004), we seek to examine the potential
effect', of such changes in climate on the productivity of
lodgepole pine (Pinus contorta Dougl. ex Loud. var. latifolia
Engelm.), one of the most important commercial species in
Alberta (Huang et a1m2004).

The objective of this study was to examine the potential
effect of global climate change on the spatial distribution of
lodgepole pine site productivity over time in 'Alberta. We
used the A2 SRES climate change scenario projections from
three of the major Global Circulation Models (GCMs) for
three 30-year time period's over this century. Site index (SI),
the iepst commonly used measure of site productivity in for-
est management, was chosen for this study. For well over a
century, forest mensurationists have successfully used the

- height and age of dominant trees to index the volume pro-
ductivity (m 3•ha- 1.year') of a forest stand over time (Ass-
maim 1970; Monserud 1984). Observed SIs (dominant
height at an indett age) were derived from the large and ex-
tensive network of tree sectioning stem analysis plots. B.e
cause suitable sites for establishing and growing lodgepof%
pine are likely terdhange as climat& ange occurs, our sec-
ond objective focused on predicting the future potential dis-
tribution range o lodgepole pine across Alberta.

Existing clima -site relationships from Monserud et al.
(2006) were used to relate climate to ski productivity. The
Alberta Cliniate Model (Alberta Environment 2005) was
used to determine the baseline climate. The climate and site
productivity data sets were linked via spatial location (lati-
tude, longitude, and elevation), which allowed us to map re-
sults across the range of lodgepole pine in Alberta. We used
climate change scenario projections from three ®CMs to ex-
amine variation with respect to space, time, climatic varia-
bles, and model (Hulme et al. 1999).

Methods
Data description

Alberta has sectioned thousands of trees and collected a
large amount of data on lodgepole ;~ine stand growth and
site productivity over the past few decades (Huang et al.
1997). Most sectioned trees were sampled in the buffer
zones around permanent sample plots, with the remainder
obtained from temporary sample plots. Ring counts and
measured lengths of all stain sections (stem (Inalysis) al-
lowed for the reconstruction of the actual height growth
curve for each tree's life and the determination of height at
age 90 at breast height (see Huang et al. 1997; Monserud
and Huang 2003). These stands are predominantly even-
aged, both because of shade intolerance of lodgepole pine

andgbecause the most common causes of regeneration are ei-
ther wildfire or clearcut harvesting, events that introduce a
single cohort. Because cross-sectional ring counts were ex-
amined in detail in the course of determining age throughout
each tree's height growth history, anomalous ring growth
patterns indicating earlier suppression would lave been de-
tected and the site tree replaced with anothe with no such
ring pattern. This ring and stem analysis procedure greatly
reduces a bias due to selecting dominant site trees that were
not alw ominant (Monserud 1984).

The Alberta Climate Model (Alberta Environment 2005)
provided estimates of climatic variables at each plot loca-
tion. This mod`e'l is based on 30-year 'climate normals from
the period 1961-1990. A network of between 1260 and
1433 weather stations from Alberta and portions of six adja-
cent jurisdictions was used in climatic model development,
depending on the climatic variable. To produce the climate
model, the weather station network was continuously inter-
polated across Alberta using Huthinson's ('002) ANUS-
PLIN, which uses thin-plate smoothing splines for the
interpolation. Basically, this is a spatial regression model of
a given climatic response as a three-dimensional function of
elevation and spatial location Katitude and longitude) across
Alberta. Inclusion of weather stations from an additional 2°
buffer (latitude and longitude) surrounding Alberta elimi-
nated edge effects during the interpolation.

Monserud et al. (2006) used 1145 stem analysis plots for
an analysis linking lodgepole pine site index and climatic
variables. working from a suite of 16 climatic variables
from the Alberta Climate Model, they found that simple
measures of heat explained the most variation in SI (24%-
27%). Because most o`f the climatic variables were highly
intercorrelated (especially the various measures of heat,
with r = 0.98), higherjevel combinations of climatic varia-
bles explained only a small amount of additional variation
over the best one-variable m els. For this study, SI was
predicted from growing degre s >5 °C (GDD5 ):

[1] SI = 2.39 + 0.01214 x GDD 5

This model had a standard error of 2.8 m compared with a
mean SI of 14.4 m. Monserud et al. (2006) also found that
DI, the ratio of GDD 5 to annual precipitation, was a signifi-
cant piidictor of S! (R2 = 0.20), largely through the effect of
GDD5 . Two classes of climatic variables that were essen-
tially uncorrelated with SI were measures of precipitation
and winter temperature. This P not to say that precipitation
and winter temperatures are not important factors in the fun-
damental causes of lodgepole pine productivity. Rather,
these results ititre2te that precipitation and wintel

. tempel!a-
tures simply are not limiting within lodgepole pine's natural
range once trees are established.

Next, the natural distribution of lodgepole pine was exam-
ined as a function of DI. Based on the data of Monserud et
al. (2006), the 1% and 99% limits on DI are 0.9 and
2.6 °Cinn-', respectively (Fig. 1). We used this range to
identify potential future lodgepole pine distributions under
various climate change models. Based on the hand-drawn
Alberta lodgepole pine distribution map from earlier work
(Monserud and Huang 2003), 80% of the pixels (picture ele-
ments) were within the DI limits of Q.9-2.6 °Gmm- l . The
lodgepole pine distribution map was carefully examined via
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Fig. 1. Dryness index using the 1% and 99% empirical limits from
the 111.5 permanent sample plots.

extensive field visits to distinguish lodgepole pine from
other coniferous species, especially along the edges of the
rrtdp. ti

Climate change scenarios
In 1996, the IPCC called for the development of a new set

of emissions scenarios, termed SIRES for the Special Report.

on Emission Scenarios that described them (IPCC 2000).
They included the additional effect of sulfur emissions and
revised economic and technological assumptions. We used
the A2 SRES climate change scenario from the Canadian
Climate Centre (CGCM2; Flato et al. 2000), the Hadley
Centre in the United Kingdom (HADCM3; Johns et al.
1997), and the Max Planck Institute in Hamburg (ECHAM4;
Roeckner et al. 1996). The A2 SRES scenario is basically a
storyline that focuses on regional solutions to economic, so '

cirri, and environmental concerns, with less concern for eco-
nomic growth and new energy technology than the Al
scenarios (IPCC 2000). In general, both the Al and A2
SRES scenarios lead to greater cumulative emissions and re-
sultant temperature increase than the B1 and B2 SRES sce-
narios, and the A2 SRES can be viewed as an approximate
upper bound in this small family of available SRES scenar-
ios (IPCC 2000). We used three three-decade time periods
that were available from the IPCC Data Distribution Centre
(ipcc-ddc.cru.uea.ac.uk): the 2020s (2011-2040), 2050s
(2041-2070), and 2080s (2071-2100). We obtained scenario
data for our Alberta window from the Canadian Institute for

Climate Studies (University of Victoria, Victoria, British
Columbia; www.cics.uvic.ca/scenarios).

Data are given in terms of anomalies, which are devia-
tions from the baseline period of 1961-1990 (Smith and
Hulme 1998). We added these anomalies to the correspond-
ing baseline climatic maps for Alberta using the Alberta Cli-
mate Model (Alberta Environment 2005). Because the
GCMs are rather coarse resolution (between 2.5 and 3.75°
latitude and longitude) relative to the Alberta Climate Model
(we used 2 km x 2 km resolution), we inlhrpolated the
anomalies for each pixel by using an inverse-distance-
squared weighting method. We overlaid the GCM anomaly
grid (4 x 4 cells for CGCM2, 5 x 5 cells for ECHAM4,
and 6 x 4 cells for HADCM3) onto the Alberta climate
map and calculated the weighted average of the nearest five
anomalies for each of the 165 860 pixels. This ineerpolation
step is also called downscaling.

After interpolation of the anomalies, we used •mean
monthly temperatures to calculate mean annual temperature
and mean monthly precipitation to calculate total annual
precipitation. We then calculated GDD5 using the month-
specific relationships between degree-days and mean
monthly temperature used to develop the Alberta Climate
Model (see appendix 1 in Alberta Environment 2005).
(Note: an error in the GDD calculations in Alberta Environ-
ment (2005) was recently found and corrected. The formula
on pp. g7-28 of appendix 1 in Alberta Environment (2006)

nfor the normalized average monthly temperature (T) for a
given station should be T = (T + 13)/24.) After GDD5 was
determined, we calculated DI as the ratio of GDD 5 to annual
precipitation.

Results
All 165 860 pixels (2 km x 2 km) were used to calculate

mean climatic values for Alberta (Table 1). Mean annual
temperature was predicted to increase between 0.9 °C
(Hadley) and 1.7 °C (Hamburg) by the 2020s. The increases
were f'6m 1.9'C (Hadley) to 2.9 °C (Canadian and Ham-
burg) by the 2050s and from 4.0 °C (Hadley) to 4.8 °C
(Canadian and Hamburg) by the 2080s. Because the Hadley
model predicted the coolest Alter temperatures, it was the
overall coolest of the three scenario projections.

When we focused on growing season temperatures
(GDD 5 ), considerable warming was apparent in all three
GCMs (Table 1; Fig. 2). The increases in mean GDD 5 were
from 16% (Hadley) to 20% (Hamburg) by the 2020s, from
37% to 38% (all three models) by the 2050s, and from 62%
(Cghadian)`to 68 r°l! (Hadley) by the !080s. That is an in-
crease in GDD5 of 750-840 °C over the current-climate
mean of 1224 °C by the 2080s. Under current climate,
GDD5 is <1500 °C across Alberta except for the 'Prairie
lands in southeastern Alberta (Fig. 2a). Using the Canadian
CGCM2 model as an example, this picture switches dramat-
ically ey the 2080s. GDD5 is >1500 °C across Alberta by
the 2080s, except for the Canadian Rocky Mountains on the
southwestern border and the Caribou Mountains in the far
north (Fig. 2b).

Corresponding to this overaN warming, change in precipi-
tation is essentially nil, at most 9% (45 mm•year- t ) of the
baseline (Canadian and Hadley). The Hamburg model pre-
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dicts a reduction in total precipitation of 13-25 mm year'.
This overall small change in precipitation leads to a strong
increase in DI (Table 1). For the 2020s, mean DI ranges
from 3.0 to 3.5 °C•mm-1 , an increase of 0.3 °C-mm 1

(Hadley) to 0.7 °C•mm-' (Hamburg). By the 2050s, mean
DI ranges from 3.5 to 3.8 °C-mm-', an increase of
0.7 °C•mm-' (Hadley) to 1.1 °C-mm- t ( Hamburg). By the
2080s, DI ranges from 4.0 to 4.7 °C•mm- l , an increase of
1.3 °C•nun-' (Canadian and Hadley) to 2.0 °C•mm_

t
(Ham-

burg).
Because of the predicted increase in growing season tem-

peratures in all three GCMs and for all three time periods,
potential SI is predicted to increase over the current-climate
pixel mean of 13.5 m (Table 2) using eq. 1. For the 2020s,
the predicted increase in SI ranges from 2.9 m (Hadley) to
3.4 m (Hamburg). By the 2050s, the increase in SI is pre-
dicted to range from 5.5 m (Canadian) to 5.8 m (Hadley).
By the 2080s, the increase in SI is predicted to range from
8.3 m (Canadian) to 9.9 m (Hadley), with an increase of
9.5 m with the Hamburg scenario (Table 2). This amounts
to a steady 1 m increase per decade.

Table 3 lists total area by predicted SI class for each
model and each year. By the 2020s, the Canadian model
shows an expansion of the climatically suitable area of
37%, the Hadley model shows an even larger expansion of
67%, while the Hamburg model shows no expansion. The
mean SI is relatively similar across the three GCMs, ranging
from 16.8 m (Hamburg) to 17.3 m (Hadley). Note that this
potential range expansion into northeastern Alberta includes
areas currently occupied by the closely related jack pine
(Pinus banksiana Lamb.) as well as lodgepole pine - jack
pine hybrids. By the 2050s, the expansion in area suitable
for lodgepole pine (0.9 < DI < 2.6) has been reversed
(Table 3). The Canadian model has lost 59000 km 2 of suit-
able habitat over the 2020s expansion, which is a drop of
12% over the current-climate land area. The Hamburg
model in the 2050s has lost 44 000 km 2 of suitable climatic
habitat, a drop of 34% over the current-climate land area.
By the 2050s, the Hadley model has lost 89 000 km 2 of cli-
matically suitable habitat, a drop of 6% over the current-cli-
mate land area. Because of increases in GDD 5 by the 2050s,
potential SI continues to increase (Table 2), from a mean of
18.1 m (Canadian and Hamburg) to 18.8 m (Hadley). By the
2080s, suitable area continues to shrink with all three mod-
els (Table 3). The Canadian model shows a drop of 42%
over the current-climate land area, the Hamburg model a
drop of 67% over the current-climate land area, and the
Hadley model a drop of 59% over the current-climate land
area. By the 2080s, potential SI continues to increase
(Table 2), from 19.3 m (Hamburg) to 20.2 m (Hadley).

Using the Canadian CGCM2 model, we illustrate the
changing distribution of both lodgepole pine predicted SI
over time and its potential range of occurrence (Fig. 3). We
use the 1% and 99% DI limits to determine the species
range. As GDD 5 increases over time under the climate
change scenario, SI is predicted to steadily increase. How-
ever, this increase must be considered in relation to loca-
tions with suitable DI values. In the 2020s, the area suitable
for lodgepole pine establishment and growth expands greatly
(+37%) (Table 3), primarily in the Lower Foothills subre-
gion in central Alberta (Fig. 3b). This increase in potential
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Fig. 2. Growing degree-days >5 °C under (a) current climate (Alberta Environment 2005) and (b) using the Canadian Climate Centre
CGCM2 model for the 2080s.

Table 2. Predicted site index statistics by GCM and year.

Model Year Variable N Mean SD Min. Max.

Current climate 2000 SI 00 24909 13.5 2.3 4.6 20.3
CGCM2 2020s SI_20 41443 17.0 2.4 9.4 23.1

2050s SI 50 26739 18.2 2.9 10.1 25.6
2080s SI_80 1.573 19.6 3.5 11.3 30.1

ECHAM4 2020s SI_20 31071 16.8 2.2 10.7 23.1
2050s SI_50 20 081 18.1 2.5 11.7 26.1
2080s SI_80 11 139 19.3 2.9 13.2 30.7

HADCM3 2020s SI 20 50 767 17.3 2.1 10.5 22.7
2050s SI_50 28 611 18.8 2.5 11.6 25.9
2080s SI_80 12 405 20.2 J 13.7 31.4

CGCM2 2020s SI 20-SI _00 24 549 3.2 1.7 -3.4 10.3
2050s SI_50-SI_00 20123 5.5 1.7 -0.9 12.1
2080s SI 80-S1_00 12 460 8.3 1.9 2.3 15.9

ECHAM4 2020s SI 20-SI _00 22 455 3.4 1.7 -2.8 10.8
2050s SI_50-SI_00 16 011 5.6 1.8 -0.1 12.6
2080s SI 80-SI_00 5 125 9.5 2.0 4.0 17.1

HADCM3 2020s SI_20-SI_00 24 790 2.9 1.7 -3.8 9.9
2050s SI_50-SI 00 21179 5.8 1.7 -0.7 12.1
2080s SI_80-SI_00 7 632 9.9 2.0 4.0 17.3

CGCM2 2020s SI_50-SI_20 25 67) 2.4 0.2 1.6 3.5
2050s SI_80-SI_50 16560 3.0 0.3 2.2 4.9
2080s SI_80-SI_20 15 493 5.4 0.5 4.2 8.3

ECHAM4 2020s 18 846 2.5 0.3 2.0 3.7
2050s

SI_50-51_20
SI 80-SI_50 8 24(th 4.0 0.3 3.3 5.3

2080s SI_80-Si_20 7 011 6.6 0.5 5.4 9.0
HADCM3 2020s SI_50-SI_20 27 010 3.0 0.2 2.5 4.1

2050s SI_80-SI 50 10490 4.5 0.4 3.8 5.9
2080s SI_80-SI_20 8 889 7.5 0.6 6.3 9.9

Note: N is the number of 2 km x 2 km pixels that had a DI between the limits of 0.9 and 2.6. Change
in predicted SI between periods was also calculated but using only pixels that 'mere both within the DI
li mits in both periods. SI_00 is SI under current climate (2000) and SI_20, SI_50, and SI_80 are predicted
SI for the 2020s, 2050s, and 2080s, respectively.
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Table 3. Total area (1000 km2) by SI class for each model and each year.

Total area by site class (1000 km 2)

CGCCM2 ECHAM4 HADCM3

SI class (m) Current climate, 2000 2020s 2050s 2080s 2020s 2050s 2080s 2020s 2050s 2080s

6-9 15
9-12 37 9 5 1 3 4

12-15 47 22 11 9 24 10 3 25 10 3

15-18 19 69 26 11 56 28 11 85 26 10

18-21 3 65 49 20 40 35 13 88 56 15
21-24 1 16 26 1 8 12 1 21 l8n

24-27 3 1 3

>27 1
Total area (1000 km2 ) 121 166 107 70 124 80 41 203 114 50

range is coupled with a 3.2 m increase in SI due to greater
warming (Table 2). By the 2050s, this potential range has
receded to 12% less than the current range area (Fig. 3c).
Increasing GDD5 continues to increase potential productivity
by 5.5 m (Table 2), but the heating is not offset by a com-
mensurate increase in precipitation. The result is that the po-
tential species range is shrinking. By the 2080s, the area
with suitable DI conditions has shrunk considerably to levels
much less (42%) than the present species distribution
(Fig. 3d). Productivity has greatly increased (mean SI =
19.6 m), but this increase is spread over a shrinking land-
base. Climatically suitable lodgepole pine areas are pre-
dicted to nearly disappeali from the northern half of Alberta
due to increased drying. Offsetting this shrinking range area
somewhat is an expansion into the Subalpine and Alpine
subregions, with warming coming to the higher 'mountain lo-
cations with adequate precipitation provided by orographic
lifting of air masses.

Similar results were obtained using the Hadley HADCM3
model (Figs. 4a-4c), except that the potential species range
expands even greater (+67%) than with the Canadian model
in the 2020s. The expansion is strong into the plateaus and
discontinuous hill systems in northern Alberta. Suitable hab-
itat also expands to the northeast of the current Lower Foot-
hill'l Tubregion (Figs. 4a-4c). By the 2080s, the potential
species range has shrunk considerably (-59%), even more
so than with the Canadian model. By the 2080s, the Lower
Foothths predicted range has nearly disappeared, with lodge-
pole pine confined almost entirely no the Rockies and the
Upper Foothills. Across the entire northern half of Alberta,
only isolated pockets in the Caribou Mountains are pre-
dicted.

The Hamburg ECHAM4 model showed the greatest dry-
ing (Figs. 4d-4f), with almost no range expansion in the
2020s. By the 2080s, lodgepole pine is predicted to disap-
pear from northern Alberta almost completely (Fig. 4f). Suit-
able DI species limits are only found in the Rockies and the
nearby Upper Foothills.

Discussion
Although individual GCM model variation is apparent in

Figs. 3 and 4 and Tables 1-3, the three models project a
similar story. Olt the positive side, the steady increase in
heating (e.g., GDD 5 ) indicates large increases in the poten-
tial SI. These expected increases average 3 m in the 2020s,

almost 6 m by the 2050s, and about 9 m by the 2080s
(Table 2). A study conducted in southern g iberia, an area of
sinlar latitude to southern Alberta, Mowed that dominant
tree height growth may increase up to 5 m in the mountains,
where precipitation is sufficient (Tchebakova and Parfenova
2003). Generally, this increase in producti' ity is offset by a
shrinking landbase of suitable sites due to increasing DI,
creating moisture stress limiting the establishment and sur-
vival of lodgepole pine. The potential lunge at first expands
greatly by the 2020s (except for ECHAM4, which remains
constant), begins to recede to present-day limits by the
2050s, and continues to shrink by the 2080s (Table 3). As
heating increases, drying and moisture-stress continue to in-
crease proportionately because precipitation is predicted to
remain relatively constant.

Using DI limits of 1% and 99% (0.9-2.6 °C .mm-t ) to de-
termine the potential species distribution of lodgepole pine
appeared to work well. Tchebakova and Parfenova (2003)
pointed out that heat supply is a primary determinant of pro-
ductivity and that DI is a determinant of species range. If
temperature increase is not balanced by sufficient additional
precipitation, the DI would increase (as predicted under all
three GCMs; see Table 1) and the moistures stress would
have a negative effect on growth and productivity as well
as survival rate. At the northern border (and at high eleva-
tions) of a species' range, DI operates through a shortagePuf
heat, and at the southern border, it operates through a short-
age of water with respect to the heat available to support
tree occurrence. The Primary effects of climate on plants
areiletermined by the interactions of energy and water (Ste-
phenson 1998). Other Dts using different formulations of
moisture parameters also work well for determining species
ranges (Tdebakova et al. 1993; Hogg 1991; Stephenson
1998). However, many of those moisture parameters are not
typically recorded in most weather stations. We avoided this
problem by only using vasinnhi stisat are direct functions of
observed temperature and precipitation, thus arriving at a
straightforward DI.

Increasing moisture stress is a factor that could limit the
potential increase in height growth due to a warming cli-
mate. Barrow and Yu (2005) found that changes in precipi-
tation are predicted to be between -10% and +15% by the
2050s and that DIP is projected to increase by the 2080s,
driven primarily by large increases in GDD 5 . They con-
cluded that moisture stress is likely to occur because the
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Fig. 3. Potential site index predictions and species distribution range under (a) current climate and using the Canadian Climate Centre
CCM2 model for the (b) 2020s, (c) 2050s, and (d) 2080s.

largest decreases in precipitation occur during the summer
season, which is also the season when nibst degree-day unitt
are accrued. Our analysis of DI under climate change con-
firmed this increase in moisture stress.

The warming predicted through the 2020s is balanced by
enough precipitation that DI does not increase greatly, re-
sultirig in large expansions pf the potential range of lodge-
pole pine. The increases in growing degree-days will not be
offset by greater precipitation, resulting in increasing DI,
greater drying, and increasing moisture stress trees_ By
the 2080s, the drying in northern Alberta is so thorough
under all three CGMs that potential lodgepole pine locations
have nearly disappeared entirely, save only for isolated hills
in the far north. Even greater reduction in the range of

lodgepole pine in Alberta and British Columbia was pre-
dicted due to climate change by Hamann and Wang (2006).

Iverson and Prasad (2001) pointed out that many species
distribution models also assume that tree species occur in
all environments where it is possible for them to stlfallie.
The opposite is probably true (Loehle and LeBlanc 1996),
leading to the difference between a species' realized and po-
tential fundamental niche (Rehfeldt et al. 1999). Within the
potntial rangaof suitable lodgepole pine habitats, coloniza-
tiol success will depend on a suite of additional variables,
such as edaphic barriers, landscape connectivity, seed dis-
persal distances and fates, population adaptability, winter
temperature extrenae,; lnterspecific competition, and agricul-
tural activity (Iverson and Prasad 2001). A climatic change
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Fig. 4. Potential site index predictions and species distribution range using the Hadley HADCM3 model for the (a) 2020s, (b) 2050s, and (c)
2080s and using the Hamburg ECHAM4 model for the (d) 2O20s, (e) 2050s, and (fl 2080s.
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that improves growing conditions for lodgepole pine might
also favor competing species such as trembling aspen (Pop-
ulus tremuloides Michx.) even more than lodgepole pine.
Tempering this conjecture is work by Hogg et al. (2006),
who found that drought has been recently identified as a fac-
tor contributing to aspen dieback in both Canada and the
United States. This interspecific competition effect remains
difficult to forecast under climate change scenarios (Hogg
and Bernier 2005).

Climate change is likely to cause changes in the nature
and extent of several disturbance factors such as wildfire
and insect outbreaks (IPCC 2001). Changes in fire regimes
inclu a an earlier start and greater duration of the fire sea-
son esterling et al. 2006) and significant increases in the
area experiencing high to extreme fire danger (Flannigan et
al. 2005). Gillett et al. (2004) suggested that fire activity in
Canada is already increasing %s a result of greenhouse
warming. Increasing moisture stress during the growing sea-
son could not only slow down growth but also expose trees
weakened by moisture stress to attack by mountain pine bee-
tle (Dendroctonus ponderosae Hopkins, 1902). With climate
warming, the range of mountain pine beetle has been ex-

.

panding northward and into higher elevations (Logan and
Powell 2001). Although it is impossible to predict the occur-
rence of large catastrophic events, they surely will exel a
strong influence over the. distribution and productivity of
lodgepole pine stands into the future.

Caveats
This study has several limitations and caveats, First,

sparsely populated northern Alberta is underrepresented in
the analyses, even though we had the advantage of an exten-
sive weather station network underlying the Alberta Climate
Model and a very large and extensive network of site pro-
ductivity plots.

Second, we rely on DI to track the potential spatial distri-
bution of lodgepole pine. Even though the empirical limits
(1% and 99%) of DI on the site productivity plots worked
well ii! describing thm current distribetion (80% accuracy),
future DI remains a function of both heat and precipitation
determined by the various GCMs. Although GCMs do a
good job of estimating heat resources undier various scenar-
ios, they remain relatively weak in their ability to estimate
precipitation.
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Third, our 2 Ian x 2 km grid does not afford fine-scale
topographic features such as slope and aspect. A variable
such as DI cannot distinguish between different vegetation
on north- versus south-facing slopes at a given location.
The Cypress Hills in southeastern Alberta are an example
of one of the driest areas supporting lodgepole pine stands
(DI between 2.0 and 2.6), which are mostly cotl'fined ti the
cooler and moister north-facing slopes. One way that w got
around this limitation was by using on-the-ground knowl-
edge of the distribution of lodgepole pine to intentionally
set the DI upper limit at 2.6, even though an upper limit of
DI = 2.0 provides a better fit to the natural distribution map.
This meant that the Cypress Hills would be included in the
current climate potential distribution map (Fig. 1).

Fourth, although the climate - site productivity relation-
ship was based on a large network of plots, only one quarter
on the variation in productivity was due to climate. The
sources of variation in site productivity are twofold: genetic
and environmental. Monserud and Rehfeldt (1990) found
that a genetic index (a standardized 3-year seedling Wight.
in genetic trails) explained 42% of the variation in SI of
Rocky Mountain Douglas-fir (Pseudotsuga menziesii var,
glom& (Beissn.) Franco) in the northertrRocky Mituntains.
Like Douglas-fir, lodgepole pine is a genetic specialist with
steep adaptive clines. Therefore, the correlation between
genotype aid environntq t Could be strong, and both ge-
netic and environmentalliFffects should contribute to varisr,
tion in SI (Monserud and Rehfeldt 1990). In general,
environmental sources of variation include climate (pri-
marily heat and precipitation), soil (both moisture regimes
and nutrient availability), and perhaps some measure of the
climax vegetation (Monserud 1984). finally, unexplained
sources of variation can be due to sampling error, measure-
ment error, and microsite and microclimatic differences
among sites.

If currently observed climate trends continue or acceler-
ate, major changes to management of natural resources will
become necessary (Hamann and Wang 2006). Thorpe et al.
(2006) adopted a proactive response to potential climate
change. They eschewed the common forest management as-
sumption of a forest in equilibrium with its climate and in-
stead recommended increasingly intensive management
policies. These could include deliberately assisting the
movement of species (or populations within species) to suit-
able new habitats. This issue is particularly acute for forest
systems, where natural migration (for example, of new tree
species or of climatically more suitable genetic populations
of locally extant tree species) may not be possible without
hums' intervention (Rehfeldt et al. 1999; Thorpe et al.
2006). Finally, future analysis based on other emission sce-
narios is needed to confirm the climate trends and guide for-
est management practices.
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