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ABSTRACT

Aim To understand drivers of vegetation type distribution and sensitivity to
climate change.
Location Interior Alaska.
Methods A logistic regression model was developed that predicts the potential
equilibrium distribution of four major vegetation types: tundra, deciduous forest,
black spruce forest and white spruce forest based on elevation, aspect, slope,
drainage type, fire interval, average growing season temperature and total growing
season precipitation. The model was run in three consecutive steps. The
hierarchical logistic regression model was used to evaluate how scenarios of
changes in temperature, precipitation and fire interval may influence the
distribution of the four major vegetation types found in this region.
Results At the first step, tundra was distinguished from forest, which was mostly
driven by elevation, precipitation and south to north aspect. At the second step,
forest was separated into deciduous and spruce forest, a distinction that was
primarily driven by fire interval and elevation. At the third step, the identification
of black vs. white spruce was driven mainly by fire interval and elevation. The
model was verified for Interior Alaska, the region used to develop the model,
where it predicted vegetation distribution among the steps with an accuracy of
60–83%. When the model was independently validated for north-west Canada, it
predicted vegetation distribution among the steps with an accuracy of 53–85%.
Black spruce remains the dominant vegetation type under all scenarios, potentially expanding most under warming coupled with increasing fire interval. White
spruce is clearly limited by moisture once average growing season temperatures
exceeded a critical limit (+2 C). Deciduous forests expand their range the most
when any two of the following scenarios are combined: decreasing fire interval,
warming and increasing precipitation. Tundra can be replaced by forest under
warming but expands under precipitation increase.
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Main conclusion The model analyses agree with current knowledge of the
responses of vegetation types to climate change and provide further insight into
drivers of vegetation change.
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Greenhouse gases released by human activities are the dominant forcing in anomalously high latter twentieth century

temperatures in the Northern Hemisphere, overriding a
millennial-scale cooling trend due to astronomical forcing
(Briffa et al., 1995; Mann et al., 1998). At northern high latitudes this results in winter and spring warming accompanied
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by increased terrestrial precipitation (Houghton et al., 1995).
Seemingly in response, total plant growth (as estimated from
satellite data) from 45 to 70 N has increased between 1981
and 1999 in most of Eurasia, parts of Alaska, boreal Canada
and north-eastern Asia (Myneni et al., 1997; Zhou et al.,
2001). There are also reports of increased shrubbiness in the
northern Alaskan tundra (Sturm et al., 2001) as well as
increased shrubbiness combined with tree-line advances in
north-west Alaska (Silapaswan et al., 2001; Lloyd et al., 2003).
However, vegetation response to warming at high latitudes is
complex, as increased warming does not lead to linear
increases in vegetation biomass (Shaver et al., 2000). Vegetation response may lag behind climate change depending on
disturbance regime and the ability of species to disperse and
establish themselves (Davis, 1989; Starfield & Chapin, 1996;
Chapin & Starfield, 1997; Camill & Clark, 2000; Masek, 2001).
Boreal forests form a circumpolar belt spanning over
20 latitude covering North America and northern Eurasia, and
contain one of the largest carbon reserves in the world in their
water-logged and cold soils (Post et al., 1982; Barbour et al.,
1987; Apps et al., 1993; Ping et al., 1997). Higher temperatures
and increased precipitation in boreal and arctic Alaska in
recent years have led to changes in sea ice, glaciers, permafrost
and vegetation (Myneni et al., 1997; Keyser et al., 2000; Serreze
et al., 2000; Jorgensen et al., 2001). Changes in ambient
temperatures and precipitation patterns are also expected to
affect fire frequency. There are indications that fire frequency
has been increasing in western Canada (Stocks et al., 1998;
Chapin et al., 2000c; Harden et al., 2000) while decreasing in
eastern Canada (Bergeron & Archambault, 1993; Flannigan
et al., 1998; Carcaillet et al., 2001). Another concern is that
changes in temperature, moisture and permafrost could lead to
a release of carbon stored in boreal bogs (Yu et al., 2001;
Turetsky et al., 2002). Indicators for warming-induced moisture limitations are the recent growth decline of white spruce
near the timberline in Alaska (Lloyd & Fastie, 2002). This
might explain the decoupling noted between warming and
tree-ring width indicating an overall decrease in tree-ring
width despite continued warming at high latitude sites in the
Northern Hemisphere (Briffa et al., 1998; Vaganov et al., 1999;
Barber et al., 2000; Lloyd & Fastie, 2002). Considering the vast
amounts of carbon stored in the boreal forest, future climate
change at high latitudes may alter the global carbon budget
with potentially important feedbacks between the boreal forest
and global climate (Foley et al., 1994; Chapin et al., 2000c;
Eugster et al., 2000).
The boreal forest of Alaska is located in the state’s Interior
between the Alaska Range in the south, the coastal tundra to
the west, the Brooks Range to the north, and continues
eastward into Canada. In this study, we use a hierarchical
logistic regression approach to evaluate the potential equilibrium response of the four major vegetation types of
Interior Alaska (black spruce Picea mariana (Mill) B.S.P.,
white spruce Picea glauca (Moench) Voss, deciduous forest
and tundra) to changes in growing season temperature,
growing season precipitation and fire interval. Specifically,
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the following questions are addressed in this study: (1) What
are the current controls on vegetation distribution? (2) What
is the sensitivity of vegetation distribution to changes
in climate? and (3) What is the sensitivity of vegetation
distribution to changes in fire interval and how do
the changes in the fire interval interact with changes in
climate?
METHODS
Logistic regression is a statistical modelling tool that predicts
the probability of a bivariate response variable based on a
variety of explanatory variables. Logistic regression has been
widely applied in ecological research, and has been used for
risk assessment (Jalkanen & Mattila, 2000), habitat evaluations (Pearce & Ferrier, 2000), and the prediction of
vegetation distribution (Hilbert & Ostendorf, 2001). We
used logistic regression to predict the occurrence of the four
major vegetation types tundra, deciduous forest, black spruce
forest and white spruce forest in Interior Alaska. The model
was based on the predictors elevation, aspect, slope,
drainage, mean growing season (May–September) temperature, total growing season precipitation and fire interval. The
importance of model predictors was evaluated based on
t-values, P-values and standardized coefficient values during
the three hierarchical regression runs. The predicted vegetation was first compared with a modified existing vegetation
classification in Interior Alaska to verify the model for a
region used to develop the model. The model was then
independently validated for vegetation distribution in northwest Canada before it was applied to simulate changes in
vegetation distribution for several different climate change
scenarios involving changes in temperature, precipitation and
fire interval to produce potential vegetation distribution in
Interior Alaska in the future.
Logistic regression
Logistic regression is based on a transformation of a linear
equation that uses a binomial logistic distribution where the
probability of the response can be mathematically expressed as
a function of several explanatory variables:
PðxÞ ¼

eðinterceptþa1 variable 1þa2 variable 2þþan variable nÞ
:
1 þ eðinterceptþa1 variable 1þa2 variable 2þþan variable nÞ

This equation estimates a probability value from 0 to 1.0 given
the constants a1 to an and any number of explanatory variables
(Hosmer & Lemeshow, 2000). Depending on a chosen
threshold probability value, everything above this threshold
equals one state of the binomial response, while everything
below equals the other state of the variable (e.g. tundra vs.
forest). Depending on how this threshold value is increased or
decreased, there will be more or less of either bivariate state in
the outcome. By comparing estimated outcomes with known
states, the value for the threshold with the highest prediction
accuracy can be determined. Accuracy can be tested by
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd
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running predictions over a range of threshold values and
composing an accuracy table. Total accuracy can then be
calculated as: Accuracy ¼ (total true)/(total predicted) (Pearce
& Ferrier, 2000).
We developed a logistic regression model for Interior Alaska
(Fig. 1) using the following inputs as parameters: elevation,
aspect, slope, drainage, mean growing season (May–September) temperature, total growing season precipitation and fire
interval for each 1-km pixel. The total study area encompasses
almost 300,000 km2. While the logistic regression statistics
were performed in splus (MathSoft, Inc., Seattle, WA, USA),
all data overlays and manipulations were done in a geographical information system (Arc/Info 8.02 by Environmental
Systems Research Institute, Inc., Redlands, CA, USA). As
logistic regression can only compare two outcomes at a time,
the model was run in three hierarchical steps to predict the
four major vegetation types:
1. Tundra or Forest ﬁ 2. Deciduous forest or Spruce
forest ﬁ 3. Black spruce forest or white spruce forest.
Spatial data sets of explanatory variables
As none of the currently available 1-km resolution land cover
classifications for Alaska distinguish between the two ecologically most important vegetation types, black and white spruce
forests, we developed an algorithm that refines Fleming’s
(1997) land cover classification for Alaska. The algorithm
defined the location of black spruce as spruce occurring on
northern aspects and gentle to flat slopes based on generally
accepted theories on the distributions of black and white
spruce in Interior Alaska (Van Cleve et al., 1986; Viereck et al.,

1992). The algorithm also used growing season temperature,
aspect and slope to delineate black and white spruce in cells
classified as woodland by the original classification (Fleming,
1997), i.e. cells near treeline. In interior Alaska, white spruce is
the species that generally occurs at treeline. We used a 1-km
resolution USGS global digital elevation model (DEM) to
calculate elevation, slope (in per cent) and aspect (in degree).
When aspect is treated as a continuous variable from 0 to 360,
it produces erroneous results because the two values at
opposite ends of the gradient are actually the same in the
landscape (i.e. northern aspect). Aspect values were therefore
processed into two variables: southern vs. northern aspect and
eastern vs. western aspect. In the first case, values increase from
0 at southern aspect to 180 at northern aspect with a value of
90 at western and eastern aspects. In the second case, eastern
aspects were assigned zero and western aspects were assigned
180 with 90 at south and north aspects.
Soil drainage classes were imported from the USDA
1 : 1 million State Soil Geographic (STATSGO) data base
and converted to 1-km pixels (Harden et al., 2003). Drainage
class reflects the speed at which water is removed from the soil
after a rainfall event. Drainage values range from one
(‘excessive’ meaning very rapid water loss after a rain event)
to seven (‘very poor’ drainage leading to waterlogged soils).
Fire intervals are based on 50 years of historic fire data for
Alaska compiled by the Alaska Fire Service (Murphy et al.,
2000). In the process of developing a regional data set, we
applied a 150-km smoothing kernel (mean) to the actual fire
data before summarizing the result at half-degree resolution.
This smoothing kernel provided the best continuous data that
reflected regional climate gradients rather than individual fires.

Figure 1 Delineation of Interior Alaska and
location of validation area. This map shows
the control vegetation used for model verification in Interior Alaska and model validation in north-west Canada.
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd
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For each half-degree cell, the proportion of annual area burned
was calculated as: (area burned during 1950–2000)/(area of
cell · 50 years). The fire interval was then calculated as the
reciprocal. There is much disagreement in the literature on the
use of terms such as fire interval, fire return interval, mean fire
interval and fire frequency (Agee, 1993; Johnson, 1994). While
‘fire interval’ can be defined as ‘the number of years between
two successive fires,’ ‘mean fire interval’ refers to the ‘arithmetic average of all fire interval determined in a designated
area during a specific time period’ (Romme, 1980; Agee, 1993).
Neither term correctly defines our fire data set of adjusted
years between recurring fires. We decided to use the term ‘fire
interval’ in this paper for simplicity rather than introducing a
new term such as ‘interpolated fire interval,’ which would be
more accurate.
Temperature and precipitation information for Interior
Alaska were extracted from the Climatic Research Unit (CRU)
0.5 mean monthly climatology from 1961 to 1990 (New et al.,

1999) (Fig. 2a,b). Growing season temperature was calculated
as the average temperature from the monthly temperatures for
May to September. Precipitation was computed as the sum of
precipitation over the growing season from May to September.
Model evaluation
The model was run for 1-km pixel sizes. Both P-values and
t-values were used in evaluating variables that explain vegetation distribution. We set a P-value threshold of 0.05 for
identifying variables that are significant in explaining vegetation distribution. T-values are calculated as the regression
coefficient divided by the standard deviation of the coefficient
and are considered significant above 1.96. High absolute
t-values are indicative of variables that provide strong explanatory power, with positive t-values indicating a positive effect
and negative t-values indicating a negative effect. Because the
putative explanatory variables differ in their ranges (e.g.

Figure 2 (a, b) Current climate for Interior Alaska from the CRU data base; (c, d) projected climate changes in Alaska according to the
Hadley predictions for the year 2100. (a) Average growing season temperature (CRU); (b) total growing season precipitation (CRU);
(c) growing season warming (Hadley); (d) growing season precipitation increase (Hadley).
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elevation ranges from 18 to 1830 m while drainage ranges
from 1 to 7), t-value coefficients of the regression are not
directly comparable among explanatory variables. This difference in range among the input parameters can be adjusted by
standardizing each of the input values using their means and
standard deviations in the formula:
X standardized ¼ ðX i  X mean Þ=ðstandard deviation ðXÞÞ
where Xi is the ith value for predictor X and Xmean the mean
value for predictor X. This procedure does not affect the
P-values and t-values of the logistic regression, and its primary
value is in interpreting regression coefficients. Model predictions at each hierarchical step were compared with known
vegetation over a range of threshold values. Using a classification or contingency table, the threshold with the highest
accuracy was determined (Pearce & Ferrier, 2000). The
logistic regression model was verified in Interior Alaska
(Fig. 1), the region used to develop the model. We independently validated the model for vegetation distribution in northwestern Canada to test its applicability to an area outside
Interior Alaska (Fig. 1). Vegetation data for Canada were based
on a 1995 map derived from Advanced Very High Resolution
Radiometer (AVHRR) (Cihlar et al., 1996), which was crosswalked to three major vegetation types: tundra, deciduous
forest and spruce forest.
Climate change scenarios
For all climate and fire interval change simulations, input
predictors were altered homogeneously, before the model
simulated potential equilibrium vegetation under these new
conditions in a total of 23 scenarios (Table 1). To be specific,
the logistic regression equations and thresholds identified
during model development were run using the changed input
data sets for a prediction of equilibrium vegetation. In several
scenarios, mean growing season temperature was increased by
1, 2 and 5 C. A comparison of 19 global climate change
simulations resulted in predicted warming in Interior Alaska to
range between no warming to almost 10 C warming of mean
annual temperature with an average predicted warming of
2–3 C (Källén et al., 2001). Thus, a 5 C growing season
warming is slightly higher than expected warming. Annual
precipitation is expected to increase an average of 11% for the
entire area 60–90 N across the 19 models (Källén et al., 2001).
We included a larger range into our simulations by letting
growing season precipitation increase and decrease by 10%,
20% and 30%. Temperature and precipitation scenarios were
combined into scenarios for coupled climate change. Fire
interval was both increased and decreased by 10%, 20% and
30% where an increase in fire interval represents a lengthening
of the time between fires, thus allowing vegetation more time
to recover between disturbances. While there are indications
that fire interval is increasing in eastern Canada (Carcaillet
et al., 2001; Flannigan et al., 2001), fire is becoming more
frequent in north-western North America (Flannigan et al.,
1998). Fire interval was combined with warming where fire
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd

Table 1 Summary of simulation scenarios
Temperature
change (C)

Precipitation
change (%)

Fire interval
change (%)

Individual change scenarios where one parameter is changed per
simulation
1. +1
4. )30
10. )30
2. +2
5. )20
11. )20
3. +5
6. )10
12. )10
7. +10
13. +10
8. +20
14. +20
9. +30
15. +30
Combined change scenarios where two predictors are changed simultaneously
16. –
)30
)30
17. –
)30
+30
18. –
+30
)30
19. –
+30
+30
20. +5
)30
–
21. +5
+30
–
22. +5
–
)30
23. +5
–
+30

interval could increase or decrease by 30%, while temperature
would rise by 5 C. Fire interval was also combined with
precipitation into four scenarios: fire interval could increase or
decrease by 30%, while precipitation could increase or decrease
by 30%.
These climate change scenarios are not directly based on
expectations for future climate in Interior Alaska but serve as
model sensitivity tests. To get a more realistic picture of future
climate in Interior Alaska, we used the prediction for the year
2100 from the UK Hadley Center CM2 model in an additional
equilibrium logistic regression model run (Johns et al., 1997)
(Fig. 2c,d). This transient model predicts future climate based
on the combined effects of changes in greenhouse gases and
sulphate aerosols. The Hadley predictions for 2100 were
superimposed on the current climate file in the logistic
regression model simulation. It is important to note that while
we use the Hadley predictions for 2100 to drive the logistic
regression model, model output should not be considered as
predicting vegetation distribution in 2100 as the logistic
regression approach produces equilibrium vegetation distribution.
RESULTS
Model verification and validation
In comparison with the P- and t-values of the logistic
regression analysis, the standardized regression coefficients
produce a slightly different ranking of the importance of
explanatory variables (Table 2). The occurrence of tundra is
strongly driven by elevation confirming that a majority of
tundra in interior Alaska is alpine tundra rather than latitudinal tundra. Deciduous forest is associated with a decrease
in fire interval and an increase in elevation. Black spruce is
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model would have required us to define stand-age in our
future simulations.

defined by a shorter fire interval and lower elevations than
white spruce. Black spruce is also found on northern aspects
and gentle slopes, criteria that were used to define black spruce
a priori. Overall, t-values and standardized coefficients identified similar, ecologically significant drivers and seem to be
both useful in analysing variables that explain vegetation
distribution. Another issue that can affect model performance
is the correlation among explanatory variables, however only
slope vs. elevation and temperature vs. precipitation have
absolute correlation values close to 0.5, which is less than our
criteria of 0.7 for eliminating a correlated explanatory variable
as redundant.
Verification of model predictions with vegetation distribution for Interior Alaska resulted in accuracies among the
steps of the hierarchical logistic regression ranging from
68% to 83% (Table 3, Fig. 3a,b). In comparison with
Interior Alaska, prediction accuracy for deciduous vs. spruce
step of the hierarchical logistic regression declined from 68%
to 53% in the validation analysis for north-west Canada, but
there was little difference between analyses in the accuracy
for the tundra vs. forest step (Table 3). As there was no
separate white spruce class in the vegetation classification for
Canada, the accuracies of the black vs. white spruce step
could not be evaluated. When the hierarchical model was
developed, thresholds were set so that the total area covered
by white spruce was similar to observed values, which
resulted in a large underestimation of deciduous forest and
an overestimation of black spruce (Fig. 3b). In an analysis
not presented in this study, the prediction of deciduous vs.
spruce forest improved from 68% to 85% accuracy when
historic fires since 1950 were added as an explanatory
variable stand-age. We did not add the record of historic
fires to our model for two reasons. First, definition of standage is incomplete because there is no spatially explicit record
of fires before 1950. Secondly, the use of stand-age in the

Responses to changes in climate
Warming substantially influences potential equilibrium vegetation distribution of all vegetation types in Interior Alaska
(Fig. 4). The area for tundra decreases under all warming
scenarios, and tundra almost disappears when present temperatures increase by 5 C (Fig. 4a). Deciduous forest and
black spruce forest, on the contrary, continue to expand their
potential range with rising ambient temperatures (Fig. 4b,c).
The potential extent of white spruce increases at +1 and +2 C,
but decreases when temperatures continue to rise (Fig. 4d).
Under 5 C warming over current temperatures, deciduous
forest could expand to 450% of its current distribution
primarily by invading black spruce habitat, while black spruce
forest could increase to 128% its current distribution by
replacing upland tundra and white spruce areas.
Warming by 5 C could lead to a replacement of the current
vegetation types in 29% of Interior Alaska (Fig. 3c). In this
scenario, higher elevations serve as refuges for deciduous forest
and white spruce while black spruce remains in flat areas below
c. 500 m (Fig. 3d). When 5 C warming is imposed, areas of
change are concentrated at 200–800 m (73% of the area of
change), N and W aspect (64%), and 1–7% slope (65%).
Ninety-eight per cent of the area currently covered by tundra
could be converted to a different vegetation type as well as 76%
of the current white spruce forest.
All four vegetation types show a strong response to
precipitation change (Fig. 4). Increasing precipitation by
30% results in a change in vegetation type in 22% of the area
(Fig. 3e), compared with a 14% change caused by decreasing
precipitation by 20%. Both tundra and white spruce could
increase to roughly 150% of their current distribution under

Table 2 t-values, P-values and standardized coefficient values for model parameters. Bold P-values are ‡ 0.05 and not significant. The sign of
the t-values and standardized coefficient values is associated with the first vegetation type in the simulation, e.g. tundra in ‘tundra vs. forest’.
Drainage is represented as values from 1 (very rapid water runoff) to 7 (waterlogged soil). E–W and S–N aspect range from 0 (east or south)
to 180 (west or north, respectively). Fire interval represents the number of years between burns. For example, a decrease in temperature is
the most significant parameter for predicting tundra according to the unmodified t-values, while increasing elevation is the most
important parameter when using standardized coefficient values (inputs are normalized for each parameter to account for differences in
parameter ranges)
P-values

t-values

Standardized coefficient values

Tundra vs. Deciduous forest Black vs.
Tundra vs. Deciduous forest vs. Black vs.
Tundra vs. Deciduous forest Black vs.
forest
vs. spruce
white spruce forest
spruce
white spruce forest
vs. spruce
white spruce
Drainage
Elevation
E–W aspect
Fire interval
Precipitation
Slope
S–N aspect
Temperature

868

< 0.01
< 0.01
0.57
0.96
< 0.01
< 0.01
< 0.01
< 0.01

<
<
<
<
<
<

0.01
0.01
0.01
0.01
0.01
0.01
0.17
0.19

<
<
<
<
<
<
<
<

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

)51
91
1
0
76
36
)22
)156

0
51
9
)69
)11
)27
1
0

30
)7
)3
)22
)47
)75
70
24

0
0
11,752,480
8,334,067
425
5,734
)9984 )34,432,270
33,895
)3,768
16
)14
)20,081
1,064
)6
0

0
)1,501,024
)2,883
)7,051,116
)25,319
)52
83,802
1
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Table 3 Model verification and validation accuracy (%). The
logistic regression model was verified by comparing predicted
vegetation with actual vegetation in Interior Alaska. The validation
was performed by comparing model predictions with actual
vegetation in north-western Canada
Simulations

Verification (%)

Validation (%)

Tundra vs. forest
Deciduous vs. spruce
Black vs. white spruce

83
68
80

85
53
N/A

30% precipitation increase. This causes a decrease of deciduous
forest to 34% of its current distribution and a decrease of black
spruce by 75%. Precipitation decrease leads to the opposite
result as the area of deciduous forest doubles and the area of
black spruce increases slightly. White spruce and tundra
potentially decrease to 54% and 67%, respectively, of their
current ranges. Under a 30% precipitation increase, c. 50% of
the areas currently covered by either deciduous forest or white
spruce are converted to tundra while precipitation decrease
leads to an invasion of black spruce into former tundra and
white spruce forest. These results might in part be due to a
spurious correlation between regional precipitation patterns
and vegetation (precipitation is lower in the north and northeast than in the south-west while tundra is mostly concentrated on the northern part of Interior Alaska). Ecologically,
summer precipitation is very important, especially for black
and white spruce, and we feel that justifies keeping it in the
model despite this potentially spurious correlation.
When changes of temperature and precipitation are combined, one factor seems to drive the vegetation change more
than the other, indicating that it is a stronger driver in the
simulation scenario (Fig 4). Vegetation changes across the
precipitation gradient are no longer linear when precipitation
interacts with temperature increases. Under the combined
warming and precipitation change scenarios, deciduous forest
shows the greatest relative increase although it never achieves
dominance in Interior Alaska. At 5 C warming and 30%
precipitation decrease, deciduous forest could expand more
than 500% over its current range, while 30% precipitation
increase could lead to deciduous forest expansion to 354% of
its current range. Expansion of spruce and deciduous forest
leads to the elimination of tundra when temperatures reach
5 C regardless of the precipitation regime although precipitation increase leads to a slower replacement. Although a 30%
precipitation decrease by itself could lead to a decrease in black
spruce area, black spruce expands its range when combined
with warming. This vegetation type shows a more positive
association with precipitation increase and warming than
precipitation decrease and warming. White spruce displays a
constant decline under warming and/or precipitation decrease.
This decline is hastened with greater reductions in precipitation. However, if precipitation increases with temperature,
white spruce could expand to roughly twice its current
distribution at 1, 2 and 5 C warming, with a peak at +2 C.
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd

In comparison to current climate, the Hadley CM2 model
(Johns et al., 1997) predicted a 6% increase in total growing
season precipitation for basically all of Alaska accompanied by
1–5 C warming in growing season temperature (Fig. 2c,d),
with an average growing season temperature increase of 2.8 C
for Interior Alaska by 2100. The potential equilibrium
vegetation distribution under this scenario creates a landscape
consisting mostly of black spruce forest with some deciduous
forest and very little white spruce at intermediate elevations,
and tundra at high elevations (Fig. 3f). Under these conditions,
black spruce habitat expands from 67% to 89% of Interior
Alaska and deciduous forest increases from 1% to 5% while
white spruce area decreases from 9% to 2%. All three
vegetation types replace current tundra, which decreases
drastically from 23% to only 2% of Interior Alaska. Black
spruce not only extends into more than half of the area
currently covered by tundra, but it also almost completely
covers the sites that currently support white spruce. White
spruce and deciduous forest in turn expand into tundra sites
by raising the treeline along the elevation gradient. Thus, the
alpine tundra on low elevation hills in the centre of Interior
Alaska is primarily replaced by deciduous forest.
Responses to changes in fire interval and interactions
with changes in climate
Except for deciduous forest, changes in fire interval alone cause
minor changes in the potential equilibrium distribution of
vegetation types in Interior Alaska. When fire interval lengthens by 30% over current levels, white spruce area expands
slightly, while deciduous forest area potentially shrinks to less
than half its current area (Fig. 5). When fire interval decreases,
deciduous forest can increase to 233% of its current distribution, while white spruce experiences a decrease to 90% of its
current area. Tundra and black spruce vegetation remain
essentially stable through all six fire interval scenarios
(Table 1).
While changes in the fire interval have little effect on the
response of tundra and white spruce to 5 C warming, decreases
in the fire interval could cause deciduous forest to expand to
nearly double the area under 5 C warming alone, a response
that appears to be primarily at the expense of black spruce
(Fig. 5 compared with Fig. 4). In contrast to changes in
temperature, changes in the fire interval interact substantially
with changes in precipitation. In comparison with a wetter
climate with no changes in fire interval, increases and decreases
in the fire interval accompanying a wetter climate can lead to a
substantial decline in the area of white spruce, a slight decrease
in the area of tundra, and increases in the area of deciduous
forest and black spruce, in which case deciduous forest is more
responsive to decreases in the fire interval (Fig. 5). In comparison with a drier climate with no change in the fire interval,
increases or decreases in the fire interval cause substantial
declines in white spruce extent and a slight decline in tundra
(Fig. 5). In contrast, the area of black spruce under a drier
climate is little affected by decreases in fire interval, but increases
869
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(a)

(c)

(e)

(b)

(d)

(f)

Figure 3 Simulated and observed vegetation under several scenarios in Interior Alaska compared with elevation. (a) Observed vegetation
c. 1991: 27% tundra, 24% deciduous forest, 39% black spruce, 10% white spruce. (b) Simulated vegetation c. 1991: 23% tundra, 1%
deciduous forest, 68% black spruce, 9% white spruce. (c) Simulated vegetation under a 5 C growing season temperature increase.
(d) Elevation (m). (e) Simulated vegetation under 30% precipitation increase. (f) Simulated vegetation c. 2100 (Hadley scenario).
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Figure 4 Climate response of the four major vegetation types. These figures show how the spatial extent (in km2) of each of the four
major vegetation types in Interior Alaska responds to changes in precipitation and temperature: (a) tundra; (b) deciduous forest; (c) black
spruce; (d) white spruce.

with an increasing fire interval (Fig. 5). Deciduous forest shows
the opposite pattern as its potential area under a drier climate
increases substantially with decreases in the fire interval, but is
little affected by increases in the fire interval (Fig. 5).
DISCUSSION
North-western North America has been experiencing substantial changes in climate over the last several decades. Meteorological records since the 1940s for Alaska and north-western
Canada show an increase in spring minimum temperature by
an average 0.47 C per decade and a lengthening of the
growing season by 2.6 days per decade, which is reflected in
the advance of leaf onset date by an average of 1.1 days per
decade and advanced onset of spring ice breakup on the
Tanana River in Interior Alaska by 0.7 days per decade (Keyser
et al., 2000). The response of vegetation distribution in high
latitudes has several implications for the climate system
(Chapin et al., 2000c; McGuire et al., 2002). First, expansion
of boreal forest into regions now occupied by tundra reduce
growing season albedo and increase spring energy absorption,
which may enhance atmospheric warming (Bonan et al., 1992;
Thomas & Rowntree, 1992; Foley et al., 1994; McFadden et al.,
1998; Chapin et al., 2000b). In contrast, an increase in the
proportion of deciduous forests at the expense of conifers has
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd

the potential to reduce energy absorption and work against
atmospheric warming (Chapin et al., 2000a). Secondly, changes in vegetation distribution in high latitudes may influence
the atmospheric concentrations of carbon dioxide (Smith &
Shugart, 1993; Chapin et al., 2000a; McGuire et al., 2000a,b),
as high latitude ecosystems contain c. 40% of the world’s soil
carbon inventory that is potentially reactive in the context of
near-term climate change (McGuire et al., 1995; Melillo et al.,
1995; McGuire & Hobbie, 1997). The replacement of tundra
with boreal forest will likely eventually increase carbon storage
in high latitudes (Smith & Shugart, 1993; McGuire & Hobbie,
1997), while decreases in fire interval in north-western North
America will likely decrease carbon storage in boreal forest
ecosystems (McGuire et al., 2002).
Our analysis of current controls on vegetation distribution
in the boreal forest of Interior Alaska and vegetation sensitivity
to expected future changes in climate and fire interval in this
study have implications for feedbacks to the climate system of
water, energy, and carbon exchange responses in Interior
Alaska. Below we first discuss the limitations of our approach
followed by insights from our analysis of controls over
vegetation distribution in Interior Alaska in the context of
other studies that have evaluated these controls using different
analytical tools and from different perspectives. We then
discuss insights that emerged from our analysis of the
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Figure 5 Interactions between climate and
fire changes. These figures show how the
spatial extent (in km2) of each of the four
major vegetation types in Interior Alaska
responds to changes in fire interval individually and when combined with changes in
precipitation and temperature. (a) Tundra;
(b) deciduous forest; (c) black spruce;
(d) white spruce.

sensitivity of vegetation distribution in Interior Alaska to
scenarios of changes in climate and fire interval. Finally, we
discuss some of the next steps in improving understanding of
controls over vegetation distribution and the sensitivity of
vegetation distribution to environmental changes in high
latitudes. Our model is based on 1-km pixel sizes and our
findings are only applicable at a regional scale.

example, a transient model for Alaska showed that it would
take 150 years for the conversion of tundra to forest after a
3 C instantaneous warming and 80 years after a 6 C
warming (Starfield & Chapin, 1996). In addition, a dynamic
global vegetation model predicted a loss of 50% of all tundra
north of 50 N by 2100 using the same Hadley CM2 climate
scenario we used (White et al., 2000).

Limitations of the empirical statistical approach

Controls over vegetation distribution in Interior
Alaska

The logistic regression model is an empirical approach that
describes the statistical manifestations of processes rather
than explaining underlying mechanisms or detailed causality.
Confidence in this approach is highest for interpolation
rather than extrapolation of results. Our analysis of climate
space indicates that all our chosen fire interval and
precipitation simulations are well within the limits of the
climate space used to create the model, while the 5 C
warming scenario had less than 50% overlap. We also have
to keep in mind that we are using an equilibrium model that
does not account for transient dynamics as the vegetation
responds to a new climate. The response of processes such as
dispersal, establishment, changes in soil conditions (temperature, moisture, nutrients), and the thawing of permafrost
have great potential to influence the trajectory of vegetation
change and it is not clear to what extent these processes are
captured in the empirical approach we used in this study.
The model thus simulates potential vegetation which might
be unrealistic as species assemblages could change under new
climate conditions (Davis, 1989; Kirilenko & Solomon, 1998;
Epstein et al., 2000). While we need to be cautious about
interpreting the time-scale of our simulations, the results are
not dissimilar to the end-points of dynamic approaches
simulating vegetation responses in high latitudes. For
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Tundra in Interior Alaska is largely alpine, and our analysis
indicates that its distribution is strongly related to elevation.
The location of tundra in the landscape was also dictated by
temperature, which was likely the proximate driver for the
distribution of tundra. The reason that elevation had a
stronger effect than temperature in our analysis was because
the underlying resolution of the elevation data set was finer
than the climate data sets we used in this analysis. Increasing
precipitation and south to north aspect have negative
association with tundra, suggesting that alpine tundra is
mostly located on dry southern aspects, with forest on
northern aspects (Edwards & Armbruster, 1989). This might
be explained by moisture limitations for forests on southern
exposures (Lloyd & Fastie, 2002) or higher fire incidence on
southern slopes due to higher temperatures and lower soil
moisture (Bonan & Shugart, 1989).
The distinction between deciduous and spruce forest was
almost exclusively driven by fire history. Deciduous trees and
shrubs establish first after a severe fire, while spruce requires
several decades before it dominates the canopy (Van Wagner,
1983; Viereck, 1983). Model bias towards white spruce caused
large areas of observed deciduous forest to be simulated as
black spruce. This bias is due to the hierarchical nature of the
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd
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model where thresholds between vegetation types had to be
adjusted so that there were sufficient pixels left at the end of
the sequence that could be designated as white spruce. Some of
the deciduous forest pixels that the logistic regression model
misclassified as spruce might consist of successional deciduous
forest that will eventually become spruce. A stand-age variable
would have improved deciduous forest prediction but could
not be used for the simulations for several reasons.
In spruce communities, black spruce statistically gives way
to white spruce as fire interval increases and as elevation
increases. Black spruce forests are characterized by higher fire
frequency than white spruce forests due to their topographic
location and tree structure (Viereck et al., 1986). When the
Fleming (1997) vegetation classification was reduced to fewer
classes, we assigned black spruce to bottomland spruce forests
and northern aspects. In contrast, the timberline in Alaska is
primarily composed of white spruce (Lloyd & Fastie, 2002).
Slope and S–N aspect are also important drivers that
distinguish black and white spruce, where black spruce is
associated with gentle slopes and northern aspects. The slope
and elevation data sets of our analysis were correlated and thus
represent similar environmental locations, as most flat bottomlands (at 1-km resolution) are located at low elevations in
Interior Alaska. While the logistic regression model confirmed
some of the rules we implemented to separate white and black
spruce, it also recognized fire interval as the most important
driver between the putative locations of black and white
spruce.
Sensitivity of vegetation distribution to changes in
climate

Spruce
In our evaluation of the sensitivity of vegetation distribution
to scenarios of climate change, black spruce always remains
the most dominant vegetation type in Interior Alaska
regardless of the scenario. While warming generally improves
tree growth in the temperature-limited boreal zone
(Grossnickle, 2000), warming-induced soil moisture deficit
can reduce the growth of white spruce (Szeicz & MacDonald,
1995; Barber et al., 2000). Climate change predictions for the
area above 60 N averaged across several models indicate
3.4 C annual warming and 11% increase in precipitation,
which will take mostly in fall and winter and less so in the
summer and varies widely among models (Räisänen, 2001).
In comparison, our model only evaluated growing season precipitation. In north-west Canada, climate warming
seemed to lead to lower minimum annual river and lake
levels, more forest fires and lower yields from softwoods
(Lange 2001). Our logistic regression model identifies that
decreases in precipitation cause a reduction in white spruce
area when accompanied by warming greater than 2 C. In
contrast to white spruce, other forest types continue to
expand with warming. Black spruce may be buffered from
decreases in precipitation because it tends to grow in poorly
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd

drained flat areas and on north slopes. In contrast, from a
regional perspective, deciduous forests tend to grow on drier,
steeper slopes than spruce forests and our analysis suggests
that they have the potential to replace white spruce as the
climate warms and dries. The response of white spruce to
warming and drying is supported by field observations of
white spruce growth at treeline in various regions of Alaska
(Lloyd & Fastie, 2002) and on southern slopes in Interior
Alaska (Szeicz & MacDonald, 1995; Barber et al., 2000). In
simulations by Bonan et al. (1990), white spruce could only
grow successfully at 1 C warming, while under the 3 and
5 C climatic warming none of the tree species currently
found in the typical white spruce-hardwood forest uplands
of interior Alaska were able to grow due to soil moisture
limitations. In northern Manitoba, modelling analyses
suggest that net primary productivity (NPP) has
increased between 1900 and 1990, while southern Saskatchewan experienced a drastic reduction of woody biomass and a
conversion of boreal forest to grassland, which was attributed
to temperature-induced moisture stress (Peng & Apps, 1999;
Price et al., 1999). Simulations with both the CENTURY
model and FORSKA2 indicated that boreal forest vegetation
is very sensitive to changes in precipitation (Price et al.,
1999). In our simulations, black spruce expanded its range
when precipitation decreases because it was able to move
into areas currently covered by tundra or white spruce.
When precipitation increase is coupled with a 5 C warming,
black spruce replaces tundra areas. However black spruce
areas are invaded by white spruce and tundra under
increasing precipitation by itself. In contrast, simulations in
central Canada’s southern boreal zone produce a decline in
black spruce with monthly precipitation decrease (Price
et al., 1999). This difference between modelled responses of
black spruce is likely associated with the presence of
permafrost in Interior Alaska, which may better buffer black
spruce to a drying climate in comparison with black spruce
in the southern boreal zone of Canada.

Tundra
Alpine tundra is the second most dominant vegetation type
in Interior Alaska and disappears whenever warming is
imposed. This trend is not offset by increasing precipitation,
although tundra reaches its largest extent under 30%
precipitation increase. This detected relationship between
tundra and precipitation could be the result of a spurious
correlation between regional vegetation and precipitation
patterns. Although it is not yet possible to detect advances in
elevational tree-line with 30–79 m resolution Landsat images
(Masek, 2001; Silapaswan et al., 2001), shrub invasion
into arctic tundra has been noticed on aerial photographs
(Sturm et al., 2001) and with 30-m resolution Landsat
Thematic Mapper images (Silapaswan et al., 2001). Warming
experiments at Toolik Lake, Alaska, have resulted in
enhanced shrub production with decreases in non-vascular
plants (Chapin et al., 1995). The conversion of tundra to
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spruce and deciduous forest under a warming climate has
been simulated in several studies (Starfield & Chapin, 1996;
Rupp et al., 2000b, 2001; White et al., 2000).

Deciduous forest
While the logistic regression approach identifies only a small
percentage of the actual deciduous forest in Interior Alaska,
our analysis suggests that it is one of the most dynamic
vegetation types in response to changes in climate. This
vegetation type responds well to warming and low precipitation under separate simulations, where it responds up to five
times more strongly to combinations of these change scenarios
than to individual changes.
Sensitivity of vegetation distribution to changes in
climate and fire interval
Vegetation response to combined scenarios involving changes
in precipitation regime potentially include implicit changes
in the fire regime. Simulations by Rupp et al. (2000a) show
that climate warming induced increases in fire frequency and
extent, which resulted in more early successional deciduous
forest on the landscape at any given time. Bonan et al.
(1992) concluded from their simulations that the biomass of
trembling aspen and paper birch increase with warming,
reaching maxima at 5 C and 60% precipitation increase.
Based upon the Hadley CM2 climate scenario, the hypothetical potential vegetation for Interior Alaska in 2100 is
mostly black spruce forest with some deciduous forest;
however, this simulation does not explicitly account for
changes in fire regime.
For no change in climate, our analyses indicate that
deciduous forest responds to a decrease in the fire interval
by expanding at the expense of white spruce. Deciduous
forest is an early successional stage in areas outside active
floodplains (Mann et al., 1995), which over time is replaced
by either black or white spruce (Van Cleve et al., 1986;
Viereck et al., 1986). Clearly, a decrease in recovery time
between burns would improve the competitive ability of
deciduous forest over spruce in the landscape. Our model
simulations confirm that this vegetation type is associated
with a shorter fire interval. When warming is accompanied
by a decrease in the fire interval, our analyses indicate that
deciduous forest generally expands at the expense of black
spruce. This result agrees with model analyses for north-west
Alaska in which warming led to an increase in the number
and size of fires and resulted in a conversion of spruce to
deciduous forest (Rupp et al., 2000b). Decreases in precipitation generally cause a decrease in the area of white spruce.
When precipitation decrease is accompanied by a decrease in
the fire interval, deciduous forest primarily expands into
regions vacated by white spruce. In contrast, when precipitation decrease is accompanied by an increase in the fire
interval, black spruce expands into regions vacated by white
spruce, indicating that white spruce is more moisture limited
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than black spruce (Barber et al., 2000). It seems unlikely that
drier growing seasons would be accompanied by less fires
in Alaska; however, when groundwater levels were
decreased during the medieval warming period in Alberta,
birch was replaced by the less fire-prone aspen leading to an
overall decrease in fire frequency (Campbell & Campbell,
2000).
Fire interval is most interactive for responses of black and
white spruce for increases in precipitation. For no change in
fire interval, increased precipitation causes white spruce and
tundra to expand at the expense of black spruce and
deciduous forest. However, when precipitation increases are
accompanied by changes in the fire interval, white spruce
declines substantially, black spruce recovers, and tundra still
expands to a lesser degree. Our model simulations indicate
that vegetation responds to changes in fire frequency;
however, vegetation clearly affects fire regime through
flammability and fuel loads (Lynch et al., 2003). While we
do not fully understand the mechanisms that might be
responsible for this interaction between precipitation
increase, change in the fire interval, and vegetation distribution, the result suggests the potential for nonlinear dynamics
among climate, fire interval, and vegetation dynamics.
Limitations and next steps
Our logistic regression model simulated potential equilibrium vegetation and does not account for changes in soil
properties or the addition of new vegetation types. There are
indications that soil moisture limitations in Interior Alaska
could potentially lead to the formation of a steppe-like
vegetation type (Viereck & Van Cleve, 1984; Rupp et al.,
2000a). Warming may also be enhancing large-scale permafrost degradation in the Tanana Flats of Interior Alaska,
which has been occurring since the mid-1700s and is
currently causing ecosystem conversions from birch forests
to fens and bogs (Jorgensen et al., 2001). These changes in
the boreal forest can have far-reaching effects on climate
through changes in albedo and other surface properties,
potentially leading to new feedbacks among vegetation,
disturbance and climate (Bonan et al., 1992; Chapin et al.,
2000c; Zhao et al., 2001).
Although our model was run at 1-km pixel sizes, its
predictive ability is limited by the coarseness of some of the
input data, especially fire interval and soil data. While the
current model showed drainage as a minor predictive factor,
fire interval appeared to be associated with regional variability in vegetation. There is a strong need for higher
resolution soil/drainage data for Alaska as there is indication
for a relationship between soil drainage and fire regime
(Harden et al., 2003). Another issue is that changes in
regional climate in Interior Alaska are affecting soil dynamics
and therefore indirectly vegetation (Jorgensen et al., 2001).
As we are unable to include detailed soil dynamics in the
model, we rely on the driving climate data sets for analysis
and interpretation of future vegetation composition. This
Journal of Biogeography 32, 863–878, ª 2005 Blackwell Publishing Ltd
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leads to spurious correlations in model results between
vegetation types and climate variables. In reality, climate
changes indirectly affect vegetation through alterations to soil
and fire regimes.
Even greater is the need for a black vs. white spruce
validation data set at the regional scale. We have searched
extensively for validation data for the black vs. white spruce
model step but it simply does not exist. Although the two
species have slightly different growth forms, they sometimes
mimic each other and it is not possible to distinguish them
without a detailed on-the-ground analysis. Therefore, there
is no remote sensing-based or otherwise extrapolated largescale data set available that could be used to validate our
1-km data. Using our expert knowledge in aggregating an
existing remote sensing classification as model input seems
the best possible way at this point. Despite the circularity of
the argument, our model provides interesting insights into
black and white spruce dynamics.
While the logistic regression approach has limitations, it has
allowed us to evaluate formally the potential controls over
vegetation distribution. Our analysis has revealed controls that
are consistent with insights that have been gained from studies
that have used very different techniques, e.g. dendrochronological techniques (Barber et al., 2000), to study how vegetation responds to spatial and temporal environmental
variability in Alaska. We feel that these analyses provide
insights into the potential implications of structural and
functional responses of ecosystems in Interior Alaska to
regional climate change. These insights can be incorporated
into regional dynamic vegetation models that may then be
used to inform climate models. Logistic regression is a tool
that can be effectively used in other high latitude regions to
reveal how controls might change with spatial variability in
environmental factors, which is an important step in improving mechanistic understanding about controls over the structure and function of high latitude ecosystems throughout the
circumboreal region. This improved understanding should
promote progress in elucidating the role of high latitude
ecosystems in the climate system.
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