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Executive Summary

The Natural Regions and Subregions classifi-
cation represents the staféheart in eco-
logical land classification in Alberta. This
classification provides a valuable baseline for

resource management and conservation plan-

ning in the province. Itis becoming increas-
ingly apparent, however, that current land-

climate. Nevertheless, it is the climate dur-
ing the summer growing season that is most
important ecologically.

Reconstructions of Hypsithermal vegetation
suggest that Natural Subregions generally
shifted one Subregion northward relative to

scape patterns are destined to change in com- their present distribution. In the Boreal,
ing decades as a consequence of global warm-here is clear evidence of a conversion of Dry

ing. In this report | place the Natural Re-
gions and Subregions into a dynamic frame-
work, describing how they have responded to
climate change in the past and how they are
expected to change over the next hundred
years. Understanding how Natural Regions
and Subregions will change over time will
improve conservation planning and facilitate
adaptation efforts.

The Past

Temperatures in Alberta have been both far
colder and far hotter than those we currently
experience. The warm climate of the Hyp-
sithermal period (4,008,000 years ago) is of
particular interest because the ecological pat-
terns of that time can be reconstructed using
sediments from lakes and ponds across the
province. Most studies suggest that Hyp-
sithermal summer temperatures in Alberta
were 1.83 °C warmer than at present, which
is on the low end of what is expected later
this century as a result of global warming.
Conditions were also substantially drier at
that time, reflecting the combined impact of
increased evapotranspiration from higher
temperatures and reduced precipitation.
Winter temperatures during the Hypsither-
mal were colder than what is expected for the
future, so the Hypsithermal should not be
considered a perfect analog for the future

Mixedwood to Central Parkland. There is
also evidence of a transition of Central
Mixedwood to Dry Mixedwood, at lower ele-
vations. Higher elevation sites in the Boreal
remained stable during the Hypsithermal.

Pollen records from the Grassland and Park-
land are very limited, so it is not known how
species composition changed in these Re-
gions during the Hypsithermal. We do know
that most lakes were dry, even in the Park-
land, which suggests that little more than a
dry grassland could have been supported.
Evidence of increased aeolian activity implies
that active sand dunes were present, and
vegetation may have been sparse in some ar-
eas.

Compared to the Boreal and Grasslands, the
Foothills and Rocky Mountain Regions were
relatively stable during the Hypsithermal.
There is evidence of upslope movement of
tree species, and in some areas there was an
increase in the proportion of pine, together
with an increase in the rate of fire. The wa-
ter table decreased, but lakes did not become
saline or dry out.

The Present
Mean annual temperature (MAT) is inversely
related to latitude and elevation. The spatial



pattern is fairly simple, with the mountains
and Boreal hill system providing the only
significant variations in an otherwise uni-
form northsouth gradient.

Precipitation is highest in the mountains and
foothills, where it increases fairly uniformly
with elevation. In the rest of province, the
highest rates of precipitation are found at
mid latitudes and decline as one moves
north or south. The northern boundary of
Wood Buffalo National Park receives about
the same amount of precipitation as Medi-
cine Hat.

The amount of moisture that is available to
plants is a function of both temperature and
precipitation. Increased temperature causes
an increase in the rate of evapotranspiration,
which dries out the soil. The Climate Mois-
ture Index (CMI) provides an index of the
amount of available moisture on an annual
basis. In the southern half of the province
CMI increases rapidly with latitude. In the
north, CMI is relatively uniform across very
large areas, with the notable exception of the
hill system. The hills are both cooler and
wetter than the surrounding lands and have
significantly higher CMI values.

These broad climatic patterns are responsible
Al ber t aod s Thee Subregigris i adrthedst Albéitths i t vy

for most of
when viewed at the regional scale. Factors

of individual ecosystems, based on current
eccclimatic associations. Once developed,
these models can be used to predict ecosys-
tem type given the future climate as an input.
This is the most commonly used approach
for predicting changes in the distribution of
ecosystems resulting from global warming.

| constructed a suite of bioclimatic envelope
models to define the climate space of Al-
berta’s Subregions, using the mean climate
from19611990 as the baseline. | limited the
development of these models to Subregions
for which evidence exists of a strong causal
relationship between climate and ecosystem
type. These Subregions fall into two main
groups: Subregions that are primarily influ-
enced by moisture limitation and Subregions
that are primarily influenced by the climatic
changes associated with rising elevation. In
both groups the Subregions represent points
along an ecocline.

The Northern Mixedwood Subregion is an-
other climateassociated ecosystem, but it
does not belong to either of the previous two
ecoclines. The climate envelope in this case
was based on a proxy for the presence of per-
mafrost, the defining feature of this Subre-
gion.

Kazan Upland, Athabasca Plain, and Reace

other than climate, such as soil type, topogra- Athabasca Deltd experience a boreal cli-
phy, and disturbance history, become increas- mate but are vegetatively quite distinct from

ingly influential in determining ecosystem
type as one moves from the regional scale to
the local scale. Subregions represent an in-
termediate scafieclimate is generally the
dominant factor in determining Subregion
type, but not in all cases.

Bioclimatic envelope models statistically de-
fine the unique

\Y

the adjacent Central Mixedwood. Unique
parent materials are primarily responsible for
the distinct vegetation patterns in the Kazan
Upland and Athabasca Plain (Precambrian
granite and sandstone, respectively). In the
case of the Peagthabasca Delta it is the
extensive delta that is responsible for the
unique vegetation patterns. The overriding

c I i mainbfleence pfaarbmatic dactorsion vegetad o p e 0,



tion patterns in these three Subregions
means that bioclimatic envelope modeling
could not be used for these areas.

Future Climatic Patterns

The climate data for this study were obtained
from the ClimateWNA model, which pro-
vides downscaled climate data from 24 Gen-
eral Circulation Models (GCMs) used in the
Intergovernmental Panel on Climate Change
Fourth Assessment. Projections are provided
for three 3@/ear time periods: 20040,

20417 70, and 20702100 (hereinafter re-
ferred to as 2020s, 2050s, and 2080s). Vari-
ous greenhouse gas emission scenarios are
available for each model, and for this study |
focused on the high emission A2 scenario
and the low emission B1 scenario.

Averaging across all models, the MAT for
Alberta is projected to rise by 4.2 °C by the
end of the century under the highission

A2 scenario, and 2.8 °C under the more re-
strained B1 scenario. None of the models
projects an increase of less than 2.0 °C. Ac-
companying this increase in temperature is
an associated 8% increase in growing

CMI decreases from a historical norm of 5.9
cm to-5.1 cm under the A2 scenario and to
-0.6 cm under the B1 scenario. The main
reason for this decline is that warmer tem-
peratures increase the rate of evapotranspira-
tion from soils and vegetation. In addition,
the duration of winter snow cover will be
shortened, leading to earlier ground warming
and a longer period of evaporative moisture
loss. Finally, although total precipitation is
projected to increase, precipitation during
midsummer, when moisture stress is greatest,
Is expected to decline.

Future Ecological Patterns

For the detailed analysis of ecological pat-
terns | focused on five GGatenario combi-
nations, selected to represent the full range
of potential climate outcomes. For readabil-
ity | labelled these five models on the basis of
the defining feature of each: Cool, Median,
Hot, Dry, and Wet.

The modeling results suggest that there are
two main climate trajectories that need to be
considered: dry and wet. The dry trajectory,
which is most likely, involves GCMs in

degrealays, which comes largely as a result of which the effects of increased temperature

an earlier onset of spring.

The average increase in mean annual precipi-
tation (MAP) across all models is 9.4% for

the A2 scenario and 7.2% for the B1 sce-
nario. None of the models predicts a decline
in MAP. Although overall annual precipita-
tion is projected to increase, most models
predict a decline during the summer months.
The average decline is 2.4% in July and 6.5%
in August for the A2 models and 0.2% in

July and 2.3% in August for the B1 models.

Although overall precipitation is projected to
increase, most climate models predict that
Alberta will become substantially drier in the

coming decades. Averaging across all models,

Vi

predominate. Increased evapotranspiration
from higher temperatures overwhelms any
increases in precipitation that may occur,
leading to progressive drying of the landscape
relative to historic conditions. The Cool and
Hot models are representative of minimum
and maximum amount of change expected

on this trajectory and the Median model
represents an intermediate case.

Under the wet climate trajectory, represented
by the Wet model, the effects of increased
precipitation predominate. Only three

GCMs support this outcome, suggesting that
it is not likely. Succession under a climate
that is both hotter and wetter is difficult to
predict because it implies a transition to a



climate space that does not currently exist in
Alberta. Species from warmer climes would
eventually arrive, but major shifts in ecologi-
cal composition are not likely before the end
of the century. This trajectory is not consid-
ered in any detail in this report.

The following sections summarize the cli-
matic and successional changes expected in
Al bertads major
jectory, which is most likely. Though the

rate of change varies among the models, a
comparison of the spatial patterns over time
indicates that they share a common trajec-
tory. That is, there is a consistent order to
the sequence of changes in both the raw cli-
mate parameters and the associated climate
envelopes. This means that we are not faced
with choosing among dozens of potential
climatic outcomes arising from different
model and scenario combinations. Rather,
there is a common pathway of change and
the main uncertainty lies in how fast and

how far the Subregions will progress along
that path.

Most of the information on successional
changes is derived from the empirical litera-
ture and from information gathered at two
expert workshops. The focus is on describ-
ing the basic trajectory of ecological change
that is expected for each Subregion. Succes-
sional pathways are emphasized over specific
endpoints because there are too many uncer-
tainties about the timing of changes. An at-
tempt is made to bound the minimum and
maximum amount of change expected by the
end of the century, using the Cool and Hot
models as examples.

Grassland and Parkland

Under the Cool model, representing the
least amount of predicted climate change,

vii

the Subregion climate envelopes in the
Grassland and Parkland shift roughly one
Subregion northward by the 2050s. It is rea-
sonable to expect that climatic changes of
this extent could be accommodated by
changes in the proportions of existing plant
communities within each Subregion. That
IS, communities representing the warm and
dry end of the environmental spectrum

e ¢ 0 s y withirrangs/en Subikgion will ilckeease, atyhe t r a -

expense of communities on the cool and wet
end of the spectrum. The mechanism under-
lying these changes is mainly competition.

Under the Hot model, climatic changes are
more extreme than under the Cool model,
particular after midentury. The Parkland

will experience the climate of the Dry
Mixedgrass by the 2080s. The Dry
Mixedgrass in turn will become similar to the
driest parts of Wyoming and southern Idaho,
where the vegetation is dominated by sage-
brush species that are adapted to extreme
aridity. This suggests that immigration of
species exotic to Alberta will become an im-
portant factor under the Hot model. What

is unclear is whether the rate of species mi-
gration will be able to keep up with the rate
of climate change.

Under a warmer climate prairie wetlands will
experience reduced runoff and groundwater
flows because of regional drying due to in-
creased evapotranspiration. They will also
experience increased losses to evaporation,
caused by earlier spring melt and higher sum-
mer temperatures. As aresult, it is expected
that the average water level of wetlands will
decline and the amount of time that seasonal
wetlands are dry will increase. The amount
of change will be directly proportional to the
amount of warming. It is worth noting that
most Grassland and Parkland lakes were dry
during the Hypsithermal.



Dry Mixedwood

Under the Cool model the Dry Mixedwood
will experience a Parkland climate by-mid
century. This will cause an expansion of the
small grasslands that already exist along the
Peace River lowlands, as well as the appear-
ance of scattered grassy openings elsewhere
in the aspen forest.

Under the Hot model, the climate envelope
progresses to that of the Dry Mixedgrass in
the latter half of the century. Under these
conditions aspen would have limited capacity
for regeneration. Therefore, widespread
transitions to grass are possible after mid
century, at a rate largely determined by the
rate of disturbance. Drought, insects, and
possibly fire, will be the leading agents of dis-
turbance, opening and expanding gaps in the
aspen forest.

Central Mixedwood

Rather than a simple shift northward, as de-
scribed for the Grassland, the pattern of
change in the Central Mixedwood will be
strongly influenced by elevation. Lower ele-
vation areas are warmer and will become
moisture limited first, beginning with the
lowlands along the Peace and Athabasca Riv-
ers. Higher elevation areas will follow. The
change from moisture surplus to moisture
deficit will affect very large areas once the
tipping point is reached because CMI values
are relatively uniform across the Boreal.

Under the Cool model, the Dry Mixedwood
climate envelope appears in low elevation

spruce on mesic sites in lower elevation areas
seems likely by the end of the century given
current rates of fire. At higher elevations the
permanent loss of white spruce from mesic
sites would be minimal prior to 2050. The
timing and distribution of white spruce tran-
sitions thereafter would largely depend on
the pattern of future fires. It also seems rea-
sonable to expect some expansion of the
grasslands that exist along the course of the
Peace River.

Under the Hot model, almost the entire
Central Mixedwood experiences a Grassland
climate envelope by the 2050s. This will pre-
clude white spruce regeneration. However,
mature white spruce can withstand dry con-
ditions, as evidenced by haidnted shelter-
belts around farmyards throughout the prai-
ries. Therefore, successional transitions will
mainly manifest after the mature trees have
been killed by fire or other disturbance. This
means that at least half of the original Cen-
tral Mixedwood forest should still be intact
by the end of the century, even if the current
rate of fire doubles because of global warm-
ing. Additional mortality could occur from
severe and prolonged drought if that be-
comes a significant feature of the climate.

In stands that have been killed by fire the
successional patterns are expected to be com-
plex. There is likely to be some influx of pio-
neer species and those adapted to dry condi-
tions, but also some regeneration back to
spruce and aspen. It should be noted that
forest losses will continue after 2100 if green-
house gas emissions are not controlled, lead-
ing to the eventual transition of the entire

regions along the Peace and Athabasca RiversBoreal to grassland.

by the 2020s and extends across most of the
Subregion by the 2050s. The Parkland cli-

mate envelope appears after 2050 in low ele-
vation regions. The loss of most of the white

viii

Peatlands occupy 45% of the Central Mixed-
wood but only 15% of the Dry Mixedwood.
Therefore, a transition to the warmer and



drier climate of the Dry Mixedwood, as ex-
pected under the Cool model, implies that
approximately twahirds of the peatlands in
the Central Mixedwood will dry out and un-
dergo succession to a wooded ecosystem.
Given the large extent of the Central Mixed-
wood ¢25% of Alberta), this translates into
more than 50,000 kfof new terrestrial
habitat. The initial succession to shrubs and
then black spruce forest will occur rapidly,
and is likely to be extensive by the end of the
century under the Cool model. Subsequent
transition to a white spruce and aspen mixed-
wood will follow, but at a slower pace. Simi-
lar transitions can be expected under the Hot
model, though succession to forest may be-
come progressively limited once the Subre-
gion is subject to a Grassland climate in the
latter half of the century.

Northern Mixedwood and Boreal Subarctic

Successional trajectories in the Northern
Mixedwood and Boreal Subarctic will largely
be dictated by the dynamics and ecological
consequences of permafrost degradation.
Permafrost thawing is already underway, but
complete melting will take time. Melting is
likely to be complete by the end of the cen-
tury under the Hot model, but some perma-
frost may remain under the Cool model.

wood by the 2020s. This should provide suf-
ficient time for aspen to replace most of the
pine at higher elevations by the end of the
century, and for the overall character of the
Boreal Highlands to become comparable to
that of the Central Mixedwood.

Under the Hot model the climate becomes
similar to that of the current Dry Mixedwood
after 2050 and some of the lower hills even-
tually experience a Parkland or even Grass-
land climate. Under this scenario, the Bo-
real Highlands could transition directly to
aspen forest by the end of the century, with-
out white spruce ever becoming prominent.
The rate of successional change will be lim-
ited by the rate of fire and the rate of aspen
dispersal.

Foothills

The Lower Foothills present a challenge be-
cause a suitable analog for the predicted hot
and wet future climate does not exist in Al-
berta. Under the Cool model the MAT of

the Foothills rises by 2.5 °C by the 2080s. A
regional moisture deficit resulting from in-
creased evapotranspiration is unlikely be-
cause of the high precipitation inputs.
Therefore, the Foothills should remain for-
ested. The main change that can be expected

The first stage of successional change in areasby the 2080s is a general increase in ecologi-

where melting has occurred will be a transi-
tion from open black spruce forest (on frozen
ground) to bogs and fens. A gradual drying
of the Subregions can be expected as tem-
peratures rise, but this is unlikely to be sig-
nificant by the end of the century.

Boreal Highlands

Under the Cool model, the Upper and
Lower Boreal Highlands both transition to
the climate envelope of the Central Mixed-

cal diversity, as species from the Central
Mixedwood, Montane, and the Foothills Fes-
cue (to a limited degree) increase in abun-
dance while a legacy of existing Foothills spe-
cies (especially lodgepole pine) remains intact
in favourable sites and in areas that have es-
caped disturbance. Fire and mountain pine
beetle are both important agents of change.

Under the Hot model, the southern part of
the Lower Foothills becomes moisture lim-
ited as a result of increased evapotranspira-



tion by the 2050s and the entire Subregion is
moisture limited by the 2080s. Because suc-
cessional transitions are limited by the rate of
disturbance, it is unlikely that there will be
sufficient time for the widespread loss of for-
est to occur by the end of the century. How-
ever, the northward expansion of grasslands
from the Foothills Parkland and Foothills
Fescue into the southern part of the Foothills
is likely under this model.

Rocky Mountains

Vegetative communities in the Rocky Moun-
tains will generally just shift to higher eleva-

the Peace and Athabasca Rivers will reduce
the volume of peak flows in the spring, and

2) ice will form later and be thinner, lower-
ing the probability of ice jams. These factors
are likely to be exacerbated by increasing hu-
man withdrawals from the rivers, especially
for oil sands extraction. The expected eco-
logical response is a reduction in the extent
of wetlands and a progressive conversion of
the sedge meadows to shrublands, and even-
tually to forest.

In the Athabasca Plain, insight into the po-
tential response to climate warming can be
gained from the vegetation gradients within

tions as the climate warms. However, species the Subregion. The driest sites are open

do not all move at the same rate, and local
site conditions, snow pack, and disturbance
history can affect pattern of advance, both at
treeline and at lower elevations. Therefore,
the Alpine, Subalpine, and Upper Foothills
will not move upslope as intact units. In-
stead, the vegetative patterns of the Subre-
gions will blend as the climate warms, in-
creasing ecological diversity (though not per-
manently).

Other Subregions

The Montane lies at the interface between
the prairies and mountains, and is character-
ized by complex climatic and ecological pat-
terns. With climate warming, the grasslands
found at lower elevations and dry sites within
the Montane will expand into higher eleva-
tions. Under the Cool model at least some
parts of the Subregion should remain for-
ested by the 2080s. But under the Hot
model it is likely that most of the Subregion
will transition to grassland.

In the PeacAthabasca Delta, climate warm-
ing is expected to have two main effects: 1)
midwinter thaws in the collecting basins for

sand, or sand stabilized with grasses. On the
windward side of dunes, open jack pine
lichen woodlands develop, with discontinu-
ous lichen mats and widely scattered pine of
short stature. On better sites the jack pine
stands become continuous and there is more
of an understory. As temperatures warm and
evapotranspiration increases, a shift to the
warm and dry end of this ecological gradient
can be expected. This transition could be
gradual, but severe and prolonged drought
might hasten the process, should it occur.

Successional changes in the Shield as a result
of warming will be limited, mainly because

the majority of the Region is comprised of
bedrock outcroppings that are unvegetated.
The pine forests on the coarse sandy soils
between the outcroppings will follow the

same successional patterns as described for
the Athabasca Plain. The overall effect will

be the gradual expansion of the unvegetated
bedrock outcroppings.



1. Introduction

Over the past several decades much effort has
been devoted to ecological land classification
in Alberta. The culmination of these efforts
is the 2005 map of Natural Regions and
Subregions (Fig. 1.1), and the report that ac-
companies it (Natural Regions Committee,
2006). There are six Natural Regions, de-
fined on the basis of broad biophysical pat-
terns. The Natural Regions are subdivided
into 21 Natural Subregions, characterized by
vegetation, climate, elevation, soil, and other
physiographic differences within a given
Natural Region (Table 1.1).

The Natural Region classification provides a
valuable baseline for resource management
and conservation planning in the province.

aspen is growing at elevations that were previ-
ously unsuitable (Roush, 2004; Camill, 2005;
Landhausser et al., 2010; Beaubien and Ha-
mann, 2011).

Understanding how Natural Regions and
Subregions are likely to change in the future
will improve conservation planning and fa-
cilitate adaptation efforts. This has particu-
lar relevance for policies and plans that are
currently based on fixed benchmarks, such as

Table 1.1. Natural Regions and Subregions of
Alberta

Natural Region Natural Subregion

It is becoming increasingly apparent, how-
ever, that current landscape patterns are des-
tined to change in coming decades as a con-
sequence of global warming. The current
landscape represents a single page in the con-
tinually evolving sto
cal landscape. In this report | place the
Natural Regions and Subregions into a dy-
namic framework, describing how they have
responded to climate change in the past and
how they are expected to change over the
next hundred years.

Climate is one of the main determinants of
ecosystem patterns at the regional scale, so a
warming climate will cause the current
boundaries of Natural Regions and Subre-
gions to shift (Walther et al., 2002; Schnei-
der et al., 2009). Rising temperatures over
the past century have already resulted in a
variety of ecological changes. Spring flower-
ing has advanced by two weeks, the treeline is
moving upslope, permafrost is melting, and

Rocky Mountain Alpine
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the preindustrial forest or the current range
of species of special interest. There is also
direct relevance to planning initiatives that
are linked to the current extent and distribu-
tion of Natural Regions and Subregions,
such as the selection of new protected areas
and the implementation of conservation off-
sets.

This paper is divided into three main sec-
tions: the past, the present, and the future.

In the first section | provide a synthesis of
what is known about ecological patterns in
Alberta during Hypsithermal perio€§,000
years ago), when temperatures were approxi-
mately 2 °C warmer than at present. Ecologi-
cal reconstructions from this period provide
valuable insight into
tems have responded to climatic warming in
the past. In the second section | describe the
current relationships between climate and

represent a layer of complexity that is not
addressed in this report.

| have adopted a number of conventions in
the text to enhance readability. When refer-
ring to specific Natural Regions and Natural
Subregions | use the core name only (e.g., the
Mixedgrass Natural Subregion is referred to
as the Mixedgrass). Plants are referred to by
their common names; the scientific names
are provided in Appendix 1. Acronyms are
limited mainly to the core set of climate pa-
rameters (Table 1.2). Finally, climate models
that are featured in the results have been as-
signed meaningful labels.

how Al

Table 1.2. List of acronyms.

bertads ecosys-

ecosystem patterns in Alberta and | use these
relationships to construct a suite of biocli-
matic envelope models. In the final section |
summarize and map the climate projections
from a group of General Circulation Models
(GCMs) and describe how the spatial distri-
bution of bioclimatic envelopes is anticipated
to change. | also describe the successional
changes expected to occur within individual
Subregions as their climates change. The
three sections of the report are interrelated
but can be read independently.

The scope of this report is limited to the
province of Alberta over next 100 years.
Natural Subregions represent the spatial scale
for the bioclimatic envelope modeling and

the descriptions of successional trajectories.
The focus is on natural ecosystem processes,
using vegetation as a proxy for the complete
biotic assemblage of each Subregion. Hu-
man land uses, though they have significantly
modified natural landscapes in some areas,

3

Acronym ltem

CMI Climate Moisture Index

GCM General Circulation Model

MAP Mean Annual Precipitation

GDD Growing DegrePays

MAT Mean Annual Temperature

MCMT Mean Temperature of Cold-
est Month

MWMT Mean Temperature of
Warmest Month

SEAS Seasonality



2. The Past

At the scale of a human lifetime, climate is
perceived to be relatively stable. But across
longer time spans the dominant theme is
change. Temperatures in Alberta have been
both far colder and far hotter than those we
currently experience.

Of particular interest, within the context of
this report, are the climatic changes that have
occurred during the Holocerethe period

since the end of the last glaciation 10,000
years ago. Ecological responses to climate
changes during the Holocene can be recon-
structed using sediments from lakes and
ponds across the province. These sediments
provide a chronological record of pollen, fos-
sils, and hydrological conditions, which to-
gether provide a window into regional ecol-
ogy over time. Much less can be determined
about the ecology of earlier periods because
the ecological slate was effectively wiped
clean by the last glaciation.

2.1 Holocene Climate

Glaciations occur in cycles, largely deter-
mi ned by cyclical
(Pielou, 1991). The climatic effect of these
cycles is to vary the amount of contrast be-
tween summer and winter temperatures. To-
tal annual solar inputs averaged across the
globe are not affected by the orbital cycles.

Glaciations are initiated when the contrast
between summer and winter temperatures
reaches a critical minimum, and summer
melting fails to remove the winter snow at
high latitudes of the northern hemisphere
(Pielou, 1991; Imbrie et al., 1992). Glacial

periods end when the orbital cycles align to
produce maximum variability between sum-
mer and winter, resulting in rapid summer
thawing of the ice.

Whereas solar insolation at a given latitude
can be accurately determined using orbital
models, surface temperature must be inferred
from paleontological proxies. In Alberta, the
available proxies include vegetation type, in-
vertebrate fauna, and location of the treeline.
Based on such proxies it is generally accepted
that the period of maximum warmth, known
as the Hypsithermal, occurred between 4,000
and 8,000 years ago in Alberta, though some
regional variability exists (Vance et al., 1995;
Lemmen et al., 1997; Viau et al., 2006;
Sundgqvist et al., 2010). Maximal warmth did
not occur when summer insolation was great-
est, approximately 9,000 years ago, because
ice sheets still covered much of Canada at
that time, reflecting sunlight back into space
and absorbing heat as they melted.

Most studies suggest that summer tempera-
tures during the Hypsithermal were-3.5C

¢ h awagreersthan correst eemgeratlres (Maricdet t

al., 1995; Vettoretti et al., 1998; Strong and
Hills, 2003; Kaislahti Tillman et al., 2010).
Conditions were also substantially drier at
this time, reflecting the combined impact of
increased evapotranspiration from higher
temperatures and reduced precipitation
(MacDonald and Reid, 1989; Vance et al.,
1995; Lemmen et al., 1997). Itis not possi-
ble to determine which factor was most im-
portant (evapotranspiration or precipitation),
because their effects on ecological indicators
in the paleontological record are similar.



A gradual cooling in summer temperatures
has occurred since the Hypsithermal, reflect-
ing the inexorable progression of the orbital
cycle towards the next glaciation. An unap-
preciated benefit of the current rise in CO
levels is that it is now virtually certain that
the next orbital minimum will not trigger
another glaciation (Tzedakis et al., 2012).

2.2 Ecosystem Patterns During
the Hypsithermal

Initial ecosystems after the retreat of the ice
sheets were dominated by sparse tdikdra
vegetation. This was followed by a shrub
phase and then a rapid influx of tree species
typical of the boreal forest, especially white
spruce (Ritchie and MacDonald, 1986). By
9,000 years ago, even the most northern
parts of the province were forested (Ritchie
and MacDonald, 1986). Southern Alberta
was icéree earlier than other parts of the
province and the transition from forest to
grasslands had already occurred by the early
Holocene (Churcher, 1975).

The ecological patterns of the midlocene

0 the Hypsithermad are of particular inter-
est in the context of this report because the
warm and dry climate of this period is com-
parable to the future climate predicted by
many of the lessxtreme global climate mod-
els (see Section 4). Ecological descriptions
for individual regions, based primarily on the
pollen record (Table 2.1), are provided be-
low. While useful insights can be gained
from the study of the Hypsithermal, it is im-
portant to bear in mind that it is not a per-
fect analog for future climates. Seasonality
was greater during the Hypsithermal than at
present and precipitation was likely lower.

Modern ecological patterns were established
in most areas soon after the Hypsithermal

ended, approximately 4,000 years ago. Al-
though smaller climatic fluctuations, such as
the Medieval Warm Period and the Little Ice
Age, occurred in the late Holocene, the eco-
logical effects are not discernable in the pale-
ontological records of most study sites.

Grasslands/Parkland

Unfortunately, pollen records for the Grass-
land and Parkland are very limited, so it is
not known how the vegetation in these Re-
gions responded to the warm and dry condi-
tions of the Hypsithermal. A reduction in
ground cover can be inferred from evidence
of increased aeolian activity during this pe-
riod (Bryan et al., 1987; Vance et al., 1995).

The vast majority of water bodies in the Pal-
liser Triangle region dried up during the
Hypsithermal and many lakes in the Park-
land were dry as well (Vance et al., 1983;
Vance et al., 1995; Lemmen et al., 1997). A
hightresolution record of hydrological
changes in Chappice Lake, near Medicine
Hat, indicates that an inverse relationship
between temperature and lake levels was also
evident in the late Holocene (Vance et al.,
1993). Water levels were low during the
(warm) Medieval Warm Period (96250

CE), and water levels were high during the
(cold) Little Ice Age (14a®@50 CE). ltis

not clear if this relationship has any predic-
tive value, but if it does, it means that very
low water levels could again be a prominent
feature of the Grassland once temperatures
rise in the future.

Dry Mixedwood

Pollen records from the Hypsithermal are
available for five lakes situated in the south-
ern component of the Dry Mixedwood (Fig.
2.1). The most notable feature of these lakes



Table 2.1. Paleoecology study sites in Alberta with data for the Hypsithermal period.

Study Site Subregion Citation

Buffalo Lake Dry Mixedwood Schweger and Hickman, 1989

Chalmers Bog  Montane Mott and Jackson, 1982

ChappiceLake  pry Mixedgrass Vance et al.,1992; Vaneeal., 1993

Eaglenestake Upper Boreal Highlands Vance, 1986

Elk Island Pond  pyy Mixedwood Forbes and Hickman, 1981; Varmateal., 1983

FairfaxLake Upper Foothills Schwegesind Hickman1989; Hickman and
Schweger, 1993

Goldeyd_ake Upper Foothills Schwegesind Hickmanl989; Hickman and
Schweger, 1993

Hastingd ake Dry Mixedwood Forbes and Hickman,198¥anceet al., 1983

Lofty Lake Central Mixedwood/ Lichti+ederovich, 1970; MacDonald, 1986; Mac-

Dry Mixedwood Donald and Reid, 1989; Schweged Hickman

1989

Lone Fox Upper Boreal Highlands MacDonald, 1987b

Maligne Valley  gypalpine Kearney et al., 1987

Mariana Lake Lower Boreal Highlands Hutton et al., 1994; Hickman and Schweger,
1996

Moore Lake Central Mixedwood/ Schwegeand Hickman 1989; Hickman and

Dry Mixedwood Schweger, 1993; Hickman and Schweger, 1996

Smallboyake Dry Mixedwood Vanceet al., 1983

Spring Lake Lower Foothills White and Mathewes, 1986; Hickman and
White, 1989

Toboggan Lake  pjontane MacDonald, 1989

Wabamun Dry Mixedwood Holloway et al., 1981; Hickman et al., 1984;
Schwegesind Hickman 1989

Wilcox Pass Subalpine Beaudoin and King, 1990

Wild Spear Lake ggreal Subarctic MacDonald, 1987a

Yamnuska Bog  pontane MacDonald, 1982

Yesterday Lake  ypper Boreal Highlands MacDonald, 1987b

is that most were dry during the Hypsither- terized by closed boreal mixedwood forest,
mal (Vance et al., 1983). Pollen reconstruc- with aspen generally dominating.

tions suggest that the regional vegetation dur-

ing the Hypsithermal was an open aspen Central Mixedwood and Boreal Highlands
parkland, with local variations in the amount

of grass present (Vance et al., 1983; Hickman Two of the Central Mixewood sité4 ofty

et al., 1984). These sites are currently charac-Lake (near Lac la Biche) and Moore Lake
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(near Cold Lak&) lie near the boundary
with the Dry Mixedwood (Fig. 2.1). During
the Hypsithermal, the water level of Moore
Lake may have dropped by 15 m and Lofty
Lake largely dried up (Schweger and Hick-
man, 1989; Hickman and Schweger, 1993).

Donald, 1989). In the Rocky Mountains,
there was an upslope migration of white
spruce and an upward shift in the treeline of
up to 200 m (Luckman, 1986; Kearney and
Luckman, 1987; Beaudoin and King, 1990).

The closed forests of both sites were replaced The water table in the Foothills declined, but

by a combination of open aspen, grassland,
and localized jack pine (Lichtderovich,
1970; Hickman and Schweger, 1993; Hick-
man and Schweger, 1996).

The Mariana Lake site, in the Lower Boreal
Highlands approximately 130 km north of

the Lofty Lake site, transitioned to an aspen
dominated forest (Hutton et al., 1994; Hick-
man and Schweger, 1996). Sphagnum was
absent from the Mariana Lake site for most
of the Hypsithermal, indicating that condi-
tions necessary for the maintenance of peat-
lands were no longer present. These findings

in contrast to the plains, lakes did not be-
come saline or dry out during the Hypsither-
mal (Hickman and Schweger, 1993; Beierle
and Smith, 1998). Many of the Rocky
Mountain glaciers, particularly in southern
Alberta, melted completely during the Hyp-
sithermal (Beierle and Smith, 1998; Leonard
and Reasoner, 1999). These glaciers re
established after the Hypsithermal, reaching
their maximum extent during the Little Ice
Age (140850 CE).

Conclusions

suggest that a Dry Mixedwood ecosystem was Summer temperatures during the Hypsither-

present. The continued presence of spruce
in the area suggests that the change to park-
land vegetation observed in Lofty Lake and
Moore Lake did not occur here.

The pollen record from three high elevation
northern site® Eaglenest Lake, Lone Fox,

and Wild Spear Lake (Fig. 2dlyvere all sta-

ble during the Hypsithermal (Vance, 1986;

MacDonald, 1987a; MacDonald, 1987hb)

Foothills and Rocky Mountains

The main change in Foothills sites during
the Hypsithermal was an increase in pine at
the expense of spruce at higher elevations,
and an increase in the rate of fire (Mac
Donald, 1982; White and Mathewes, 1986).
In the Montane, there was a decline in pine
and spruce, and an increase in open ground
indicators (Mott and Jackson Jr, 1982; Mac-

mal cannot be precisely quantified, but most
studies suggest they were betweeB 15
warmer than today. This amount of warm-
ing is on the low end of what is expected
later this century as a result of global warm-
ing (see Section 4). Summers during the
Hypsithermal were also drier than today,
which is what most climate models predict
will happen in the future. The winter cli-
mate of the Hypsithermal was colder than
what is predicted for the future, so the Hyp-
sithermal should not be considered a perfect
analog for the future climate. Nevertheless,
it is the climate during the summer growing
season that is most important ecologically
(Lemmen et al., 1997).

The reconstructions of Hypsithermal vegeta-
tion suggest that Natural Subregions shifted
approximately one Subregion northward rela-
tive to their present distribution. In the Bo-



real, the Lofty Lake and Moore Lake sites
provide clear evidence of a conversion of Dry
Mixedwood to Central Parkland. The in-
crease in aspen and virtual disappearance of
peatlands from the Mariana Lake site, in the
Lower Boreal Highlands, implies that much
of the Central Mixedwood may have transi-
tioned to Dry Mixedwood. Higher elevation
sites in the Boreal were relatively stable dur-
ing the Hypsithermal.

Pollen records from the Grasslands and Park-
land are very limited, so it is not known how
species composition changed in these Re-
gions. The fact that most lakes were dry,
even in the Parkland, suggests that little more
than a dry grassland could have been sup-
ported. Evidence of increased aeolian activ-
ity implies that active sand dunes were pre-
sent, and vegetation may have been sparse in
some areas.

Compared to the Boreal and Grasslands, the
Upper Foothills and Rocky Mountains were
relatively stable during the Hypsithermal.
There is evidence of upslope movement of
tree species, and at higher elevations there
was an increase in the proportion of pine,
together with an increase in the rate of fire.
The water table decreased, but lakes did not
become saline or dry out. No information is
available from the main body of the Lower
Foothills, so it is not known how the vegeta-
tion of this large Subregion responded to the
warmer Hypsithermal climate.

| have attempted to reconstruct the broad
ecological patterns of the Hypsithermal by
reassigning the ecosystem type of current
Subregion polygons on the basis of the Hyp-
sithermal pollen data (Fig. 2.2). The assump-
tions underlying this reconstruction are that
the available pollen study sites are representa-
tive of the Subregion they are located in and

9

that the Subregion polygons reflect enduring
landscape features. This reconstruction
should be considered a coarse approximation
because the number of study sites is low, par-
ticularly at low elevations.

Strong and Hills (2003, 2005) are less conser-
vative in their interpretation of the paleon-
tological data and suggest that parkland eco-
system covered much of the Boreal lowlands
during the Hypsithermal (Fig. 2.3). In an
alternative reconstruction by Dyke (2005),

the Parkland shifts north By150 km but the

rest of northern Alberta remains as boreal
forest. The reason for this discrepancy is that
Dyke simply averages the findings from the
northern study sites and applies this result
across all of northern Alberta. This is not
reasonable because the available study sites in
northern Alberta are all from high elevation
sites and provide no indication of what was
happening in the lowlands below. Until ad-
ditional data from the Boreal lowlands are
collected, uncertainty regarding the state of
the Boreal in Hypsithermal will remain. But
a reconstruction that accounts for the eco-
logical effects of elevation on ecological pat-
terns will be much closer to the mark than
one that does not (see Section 3).
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3. The Present

3.1 Current Ecosystem Patterns tributes of each Subregion (Natural Regions

Ecosystem classification involves categorizing Committee, 2006).

complex ecological systems, that often transi-

tion seamlessly from one to the next, into 3.2 Current Climatic Patterns
discrete ecologically meaningful spatial units. 5 | though Albertads

Most often, the ecological inventory data truly static, by convention the period from

available for this t_ask_ are quite I|m|ted_ n 1961-1990 is used to represent the historical
terms of the species included, resolution, and The idetm is to

) ) : . Anor mo.
spgtlal coverage, preclu_d_lng a strictly quanti- year variations to obtain a reasonable repre-
tative approach to classification. For Al-

. . sentatio ,of the c¢cli mate
bertaos Natural RegiogcmlBendli%ariah fd

cl i ma:

e de-
termination of what constitutes an ecologi-
cally meaningful unit was made using an ex-
pertbased approach that built on decades of
land classification efforts at the provincial
and national scales (Natural Regions Com-
mittee, 2006). It represents the stdthe-
art in ecological land classification in the
province and has stood the test of time in
terms of its validity and effectiveness in char-
acterizing regional ecological patterns and
processes.

In my analysis of ecbmatic patterns | used
Natural Subregion polygons to define the
ecosystems of interest. The boundaries be-
tween adjacent Subregions are typically de-
fined with reference to just one or two bio-
physical attributes, such as soil type and ele-
vation, which serve as indicators for the en-
tire unit. The models | developed (Section
3.3) replace the static indicators used in the
initial Subregion classification with dynamic
climatebased indicators that can be pro-
jected into the future. Table 3.1 provides a
summary of the key ecological features of
each Subregion and the attributes used for
their differentiation. | refer the reader to the
Natural Regions and Subregions report for
detailed information on the biophysical at-
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section | review the spatial patterns evident
in the 19611990 dataset. The data were ob-
tained from the ClimateWNA model (see
Appendix 2 for methodology). The same
dataset was used to construct the bioclimatic
envelope models described in the following
section. A summary of climate values for the
historical reference period, by Subregion, is
provided in Table 3.2.

Mean annual temperature (MAT) is inversely
related to latitude and elevation. The spatial
pattern is fairly simple, with the mountains
and Boreal hill system providing the only
significant variations in an otherwise uni-
form northsouth gradient (Fig. 3.1).

The spatial pattern of mean annual precipita-
tion (MAP) is more complex. Precipitation is
highest in the mountains and foothills,

where it increases fairly uniformly with eleva-
tion (Fig. 3.2). In the rest of Alberta, the
highest rates of annual precipitation are
found at mid latitudes and decline as one
moves north or south. The northern bound-
ary of Wood Buffalo National Park receives
about the same amount of precipitation as
Medicine Hat.



Table3.1. Summary of the dominant vegetat!ion of Albertads

Subregion Vegetation

Lower The Lower Foothills have the most diverse forests in Alberta. Aspen, balsam pop-

Foothills lar, white birch, lodgepole pine, black spruce, white spruce, and tamarack grow as
pure stands or as mixtures on a variety of slopes and aspects. Pure deciduous
stands are more common at lower elevations. The transition from Central Mixed-
wood to Lower Foothills is defined by the appearance of lodgepole pine stands.

Upper Typically, eveaged fir@rigin lodgepole pine stands, often with an understory of

Foothills black spruce. White spruce stands occur along river valleys and on lower slopes;
white spruc&ngelmann spruce hybrids occur at higher elevations. The transition
to Upper Foothills is marked by the transition from mixedvemrdinated for-
ests to conifetominated forests.

Subalpine  Open stands of Engelmann spruce and subalpine fir are dominant at higher eleva-
tions, with stunted individuals and krummbholz islands near treeline; closed lodge-
pole pine forests are prevalent at lower elevations. The transition to Subalpine is
marked by the shift from white spruce to Engelmann spruce.

Alpine Plant growth is limited to low growing shrubs and herbs in protected areas. The
growing season is too short for tree growth. The transition to Alpine is defined
by the tree line.

Montane Complex patterns are present. Lodgepole pine, Douglas fir and aspen stands oc-
cur on easterly and northerly aspects and grasslands on southerly and westerly as-
pect at lower elevations. Closed mixedwood and coniferous forests dominated by
lodgepole pine occur at higher elevations.

Dry Semiarid prairie with logrowing grasses, and shrubs and herbs that are adapted

Mixedgrass to summer droughts. Associated with brown Chernozemic soils.

Mixedgrass Community types are similar to those found in the Dry Mixedgrass. However, the
higher productivity and occurrence of species associated with cooler and moister
conditions differentiate this Subregion from the Dry Mixedgrass. Associated with
dark brown Chernozemic soils.

Northern Community types are similar to those found in the Dry Mixedgrass. The domi-

Fescue nance of plains rough fescue differentiates this Subregion from the other grass-
land Subregions. Associated with dark brown Chernozemic soils.

Central Transitional between grasslands and forest. Native vegetation is usuallyian aspen

Parkland grassland mosaic. Fescue prairies dotted with aspen groves occur in the driest ar-

eas to the south and east. In central areas, with increased moisture, aspen forest
and plains rough fescue grasslands are found in roughly equal proportion. Higher
precipitation to the north and west promotes closed aspen forests within which
small grassland patches may occur. Associated with black Chernozemic soils.

'Extracted from the Natural Regions and Subregions of Alberta report (Natural Regions Committee, 2006) .
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Table 3.1 (continued).

Subregion Vegetation

Dry Mixed- Characterized by aspen forests with scattered white spruce. Treed or shrubby fens

wood occupy about 15% of the Subregion.

Central A mosaic of aspen, mixedwood and white spruce forests on uplands, with exten-

Mixedwood sive areas of mainly black spruce fens Hylograreas and jack pine stands on
sandy soils to the east. Wet, poorly drained fens and bogs overlie almost half the
area.

Lower Vegetation is similar to the Central Mixedwood, but more diverse including bal-

Boreal sam poplar and white birch forests in seepage areas. Lodgejpdekppire

Highlands hybrids are common in pure and mixed stands with black spruce and deciduous
species.

Upper Predominantly coniferous forests (lodgepolel pack pine hybrids, with white

Boreal and black spruce) with locally extensive wetlandsyitgaportions of the pla-

Highlands teaus.

Athabasca Jack pine forests with lichen understories and low shrublands with sedge fens in

Plain low areas and some unvegetated areas (active dunes). Associated with dry sandy
solils.

Peace Many large and small lakes, extensive sedge meadows, artbwmiliaied

Athabasca shrublands underlain by wet mineral soils. The Subregion is defined by the extent

Delta of the delta.

Northern  Wetlands with organic soils are the dominant landscape feature, and permafrost

Mixedwood occurs over significant areas. Black spruce is common both on uplands and in wet-
lands; deciduous and mixedwood stands are uncommon. The Subregion is de-
fined by the extent of discontinuous permafrost, using a temperature proxy.

Boreal Su- Stunted open black spruce stands with shrub, moss and lichen understories and

barctic peatland complexes occur over most of the area. Permafrost is extensive. Well
drained upland areas occupy minor areas of the Subregion, and a variety of upland
forests may occur.

Kazan Sixty percent of the landscape is exposed bedrock. Open jack pine, aspen and

Upland birch stands occur where the soil is sufficiently deep. Acidic bogs and poor fens

occur adjacent to the many small lakes. The Subregion is defined by the extent of
Precambrian bedrock, the westernmost edge of the Canadian Shield.
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Table 3.2. Summary of climatic data for the 1961-1990 reference period, by Subregion.*

Subregion MAT MWMT MCMT  GDD5  SEAS MAP CMI
Alpine 2.3 8.8 -12.9 397 21.7 1,233 103.1
Athabasca Plains 16 16.3 235 1,253 39.8 402 2.8
Central Mixedwood 0.1 15.9 -19.9 1,250 35.7 458 4.1
Central Parkland 2.3 16.5 145 1,399 30.9 447 4.1
Dry Mixedgrass 4.1 18.6 -12.3 1,711 31.0 330 287
Dry Mixedwood 1.1 16.0 -17.0 1,311 33.0 459 0.4
Foothills Fescue 3.9 16.3 9.7 1,387 26.0 470 8.2
Foothills Parkland 3.0 14.8 -10.0 1,157 24.8 529 3.5
Kazan Upland 2.9 15.9 -25.2 1,149 411 367 3.2
Lower B. Highlands 13 15.0 21.3 1,107 36.3 447 6.5
Lower Foothills 2.0 14.7 12.4 1,152 27.1 592 17.0
Mixedgrass 4.4 17.5 -10.1 1,562 27.6 3093 -20.3
Montane 2.1 13.8 -10.5 1,008 24.4 625 18.7
Northern Fescue 2.9 17.2 -13.6 1,494 30.8 386 -14.9
N. Mixedwood 2.8 15.6 245 1,125 40.1 375 2.3
Peacéthab.Delta 16 16.5 -23.8 1,282 40.3 382 0.1
Peace Parkland 1.3 15.7 -16.1 1,289 31.8 450 0.3
Subalpine 0.1 11.4 11.6 677 22.9 916 61.7
Subarctic 4.1 13.7 -24.8 846 38.5 430 13.4
Upper B. Highlands 18 14.2 21.2 993 35.4 477 12.7
Upper Foothills 16 13.4 -10.8 965 24.1 660 28.3
Province 0.6 15.5 -17.0 1,229 32.6 490 5.9

IMAT = Mean Annual Temperature; MWMT = Mean Warmest Month Temperature; MCMT = Mean Coldest Month
Temperature; GDD5 = Growing Degree-Days above 5 C; SEAS = Seasonality; MAP = Mean Annual Precipitation;
CMI = Climate Moisture Index. See text for explanations of each parameter.

The amount of moisture that is available to In the southern half of the province CMI
plants is a function of both temperature and increases rapidly with latitude because the
precipitation. Increased temperature causes effects of precipitation and temperature are
an increase in the rate of evapotranspiration, additive (i.e., precipitation increases and tem-
which dries out the soil. The Climate Mois-  perature decreases as one moves north; Fig.
ture Index (CMI) provides an index of the 3.3). In the northern half of the province
amount of available moisture on an annual the precipitation cline reverses and so tem-
basis. It is calculated by subtracting potential perature and precipitation have opposing
evapotranspiration from precipitation using effects on CMI. As a result, CMI values in
monthly climate data (Hogg, 1997). the north are relatively uniform across very
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Fig. 3.1. MAT for the 1961-1990 reference period. Natural Subregions are out-
lined in black and the average MAT for the larger Subregions is shown on the

map.
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Fig. 3.3. CMI for the 1961-1990 reference period. Natural Subregions are outlined
in black.
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large areas, with the notable exception of the
Boreal hill system. The hills are both cooler
and wetter than the surrounding lands and
have significantly higher CMI values.

The uniformity of CMI values in the north
has important implications with respect to
the impacts of climate change. It means is
that small changes in CMI will affect very
large areas of land, once the moisture limita-
tion tipping point is reached.

Seasonality (SEAS) and growing detpge
(GDD) and are two additional variables that
influence vegetation patterns. SEAS is the
difference between the mean warmest
monthly temperature and the mean coldest
monthly temperature (Fig. 3.4). Large sea-
sonal differences in temperature are associ-
ated with continental climates. GDD pro-
vides the number of degwsys that support
plant growth, using a break point of 5°C (Fig.
3.5). Methodology for the derivation of
these variables is provided in Wang et al.
2012.

3.3 Bioclimatic Envelope Models

Bioclimatic envelope models statistically de-
fine the uniqgue
of individual ecosystems, based on current
ecaclimatic associations. (Pearson and Daw-
son, 2003; Hamann and Wang, 2006). Once
developed, these models can be used to pre-
dict ecosystem type given the future climate
as an input. This is the most commonly used
approach for predicting changes in the distri-
bution of ecosystems resulting from global
warming.

An important consideration in the use of
bioclimatic envelope models is that their reli-
ability is scale dependent. Factors other than
climate, such as soil type, topography, and
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disturbance history, become increasingly in-
fluential in determining ecosystem type as
one moves from the regional scale to the lo-
cal scale. Subregions represent an intermedi-
ate scalé climate is generally the dominant
factor in determining Subregion type, but

not in all cases.

For this study | restricted the development of
bioclimatic envelope models to Subregions
for which evidence exists of a strong causal
relationship between climate and ecosystem
type. These Subregions fall into two main
groups: Subregions that are primarily influ-
enced by moisture limitation, and Subre-
gions that are primarily influenced by the
climatic changes associated with rising eleva-
tion. In both groups the Subregions repre-
sent points along an ecocline. | incorporated
these ecoclines into the bioclimatic envelope
models for each group, increasing the power
of the statistical associations and constrain-
ing the predictions of future ecosystem
changes to pathways that make sense ecologi-
cally (i.e., Subregions can move up or down
an ecocline, but jumps between ecoclines are
not permitted).

cl i ma$dlGaselandtoByealMpdeh v el ope o,

fundament al

At the most
systems can be divided into those that are
forested and those that are not. The main
factor responsible for this differentiation is
available moisture, which can be measured in
terms of CMI (Hogg, 1994; Hogg and Hur-
dle, 1995). Closed forests are generally
found where moisture is not a limiting fac-

tor, corresponding to CMI values greater

than zero (i.e., where annual precipitation
exceeds potential evapotranspiration). An
overlay of the Subregion boundaries on the
map of CMI values (Fig. 3.3) confirms this
relationship to be generally true, though the
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Fig. 3.4. Seasonality for the 1961-1990 reference period. Natural Subregions are
outlined in black.
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Fig. 3.5. Growing degree-days greater than 5 °C for the 1961-1990 reference
period. Natural Subregions are outlined in black.
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actual amount of forest in the northern Dry
Mixedwood is greater than what is expected
on the basis of CMI.

In those parts of the province where mois-
ture is limiting there is a direct relationship
between CMI and the type of ecosystem pre-
sent (Fig. 3.6). Areas with the lowest CMI
values, in the far southeast of the province,
are associated with dry shortgrass prairie.
CMI values increase as one moves north-
ward, accompanied by a gradual increase in
the height of vegetation, the addition of iso-
lated stands of aspen, and eventually closed
aspen forests once CMI values approach zero
(Natural Regions Committee, 2006).

These observations form the basis of the bio-
climatic envelope model developed for differ-
entiating Subregions within the Grassland,
Parkland, and Boreal Regions (Table 3.3).
Because the Subregions involved represent
an ecological gradient (dry to wet), an ordinal
regression approach was used to construct
the model. To improve the fit of the model,
additional climatic variables besides CMI
were incorporated, including MAT, MAP,
SEAS, and GDD. Detailed methodology is
provided in Appendix 2.

Mixed
Grass

Northern
Fescue

Central Dry

Grass Parkland Mixedwood

Fig. 3.6. Mean CMI for the 1961-1990 refer-
ence period, for selected Subregions.

21

When provided with historical climate data
the model can reliably predict the type of
Subregion expected (Fig. 3.7). Misclassifica-
tion errors are limited to the boundaries be-
tween Subregions. This confirms that the
association between climate and ecosystem
type is strong; however, additional considera-
tions need to be taken into account when the
model is used with climate data from future
periods (see Section 4.2).

3.3.2 Mountains and Hills Model

The second major climatic gradient affecting
ecological patterns in Alberta is related to
elevation (Fig. 3.8). The most influential pa-
rameter is GDD, which falls by approxi-
mately 72 degrekays for every 100 m gain in
elevation, after accounting for latitude (Fig.
3.5). Precipitation is also influenced by eleva-
tion, though the effect is most pronounced

in the Foothills and Rocky Mountains, where
MAP increases by approximately 50 mm for
every 100 m of elevation gained.

The influence of elevation on regional eco-
logical patterns is most apparent in its effects
on the competitive interaction between as-
pen and lodgepole pine (both pure stands
and jack pine x lodgepole pine hybrids). As-
pen and lodgepole pine are both shade
intolerant pioneer species that grow best on
mesic upland sites. Aspen is the superior

Table 3.3. Ecosystem types included in the
Grassland to Boreal Model.

Modeled Ecosystem Natural Subregion

Dry grass Dry Mixedgrass
Mixed grass Mixedgrass and
Northern Fescue
Parkland Central Parkland
Deciduous Dry Mixedwood
Mixedwood Central Mixedwood



Ecosystem

Dry grass
Mixed grass

I Parkland
I Deciduous

I Mixedwood
Not modeled

Fig. 3.7. Predicted ecosystems for the Grassland to Boreal Bioclimatic Envelope
Model, using climate data from the 1961-1990 reference period as input.
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Fig. 3.8. Elevation. Natural Subregions are outlined in black.
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competitor at low elevations, limiting the
pine to higher elevations where the growing

because the Subregions involyecentral
Mixedwood, Lower Boreal Highlands, Upper

season is short and the competitive balance is Boreal Highlands, and Boreal Subargtic

reversed (Farmer et al., 1988; Kenkel, 1994;
Rweyongeza et al., 2007). Low temperatures
affect aspen by slowing root and leaf growth
and through damage to leaves from spring
frosts (Lieffers et al., 2001).

The relative proportion of lodgepole pine

and aspen serves as the primary differentiat-
ing feature of several Subregions in the Bo-
real and Foothills (Table 3.1). Lodgepole
pine is generally absent on the Boreal plain
but increases in abundance with elevation, at
the expense of aspen. Aspen is generally ab-
sent in the Upper Boreal Highlands and the
Upper Foothills (Natural Regions Commit-
tee, 2006).

At the highest elevations lodgepole pine is
itself replaced by species that are better able
to survive under extreme conditions. These
species transitions again serve as important
indicators of ecosystem type (Table 3.1). In
the Rocky Mountains, the appearance of
Engelmann spruce and subalpine fir marks
the transition from Upper Foothills to the
Subalpine (Natural Regions Committee,
2006). Inthe Boreal, the elevated plateaus of
the Boreal Subarctic are characterized by per-
mafrostaffected peatlands overlain with
stunted stands of black spruce (Natural Re-
gions Committee, 2006).

These observations form the basis of the sec-
ond set of bioclimatic envelope models devel-
oped for this study. Separate models were
developed for the Boreal hill system and for
the Foothills/Rocky Mountains because the
Boreal hills experience greater seasonality
and less precipitation than the Foothills and
Rocky Mountains. For the Boreal hills, an
ordinal regression approach was again used
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represent an ecological gradient (Appendix

2). The variables in the model included

MAT, MAP, GDD, CMI and SEAS. The

ability of the model to predict Subregion type
on the basis of historical climate is again

quite good, confirming a strong association
between climate and ecosystem type for these
Subregions (Fig. 3. 9).

Although elevation is also the primary deter-
minant of ecological type in the Foothills,

the ececlimatic relationships are more com-
plex here than in other Regions. In the
north, the Lower Foothills transition to Cen-
tral Mixedwood following the same gradient
as described for the Boreal hills. But in the
south, the Lower Foothills transition to Mon-
tane and Foothills Fescue. This presents a
challenge for bioclimatic envelope modeling,
precluding the use of a single gradient
model. Instead, | employed a machine
learning approach (Random Forests) that
links ecosystem type to climate variables us-
ing nonlinear decision tree classification
(Table 3.4; Appendix 2). The model fit using
historical climate data is excellent (Fig. 3.10).
However, the ability of this model to reliably
predict bioclimatic envelopes under future
climates is uncertain in the Lower Foothills,
because a future hot and wet Lower Foothills
climate has no close analogue among existing
Subregions (see Section 4.2).

3.3.3 Northern Mixedwood Model

The Northern Mixedwood is another climate
-associated ecosystem, but it does not belong
to either of the previous two ecoclines. Much
of the Subregion vegetated by open, stunted
black spruce stands growing on permafrost.
The presence of widespread discontinuous



Ecosystem
Lower Highlands
I upper Highlands

Il subarctic

[ ]Mixedwood

~ Excluded

Fig. 3.9. Predicted ecosystems for the Boreal Highlands Bioclimatic Envelope
Model, using climate data from the 1961-1990 reference period as input.
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Fig. 3.10. Predicted ecosystems the Foothills Bioclimatic Envelope Model, using
climate data from the 1961-1990 reference period as input.
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Table 3.4. Ecosystem types included in the
Foothills Bioclimatic Envelope Model.

Natural Subregion

Alpine

Central Mixedwood
Central Parkland
Dry Mixedgrass
Dry Mixedwood
Foothills Fescue
Foothills Parkland
Lower Foothills
Mixedgrass
Montane
Northern Fescue
Subalpine

Upper Foothills

permafrost differentiates this Subregion from
the Central Mixedwood to the south. The
presence of permafrost is an important factor

because vegetative growth patterns on perma-

frost are unique.

Detailed maps of the extent of permafrost are

unavailable for most of northern Alberta, but
MAT provides a reasonable proxy. The
boundary of the Northern Mixedwood and
its associated Organic Cryosolic soils is ap-
proximated by the? °C isocline (Fig. 3.1).
This isocline serves as a simple bioclimatic
envelope for the Northern Mixedwood.

3.3.4 Other Subregions

Three Subregions in northeast Albéytthe
Kazan Upland, Athabasca Plain, and Reace
Athabasca Deli@& experience a boreal cli-
mate but are vegetatively quite distinct from
the adjacent Central Mixedwood. Unique
parent materials are primarily responsible for
the distinct vegetation patterns in the Kazan
Upland and Athabasca Plain (Precambrian
granite and sandstone, respectively). In the
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case of the Peagthabasca Delta it is the
extensive delta that is responsible for the
unique vegetation patterns. The overriding
influence of norclimatic factors on vegeta-
tion patterns in these three Subregions
means that climatic envelope modeling is of
little value here. Instead, the impacts of cli-
mate change must be based on what is
known about ecological gradients and pat-
terns within the Subregions themselves and
about the physiological tolerances of the
plant species present.

The Peace River Parkland was not included
in the bioclimatic envelope modeling because
it was considered to be too small for effective
model development. This Subregion is cap-
tured at a coarser scale in the Grassland to
Boreal Model.



4. The Future

4.1 Future Climatic Patterns

Several research centres around the globe
have developed GCMs that provide projec-
tions of the earthos
ous greenhouse gas emission scenarios
(Appendix 2). The Intergovernmental Panel
on Climate Change has helped coordinate
these efforts, establishing standard data for-
mats, emission scenarios, and reference peri-
ods (IPCC, 2000). Climate change projec-
tions from GCMs are typically provided at
coarse spatial resolutions of 200 km or more
and monthly time steps. Finer scale projec-
tions are derived through the application of
various downscaling techniques.

The downscaled climate data used in this
study were obtained from the ClimateWNA
model (Wang et al., 2012). The Climate
WNA model uses interpolated weather sta-
tion data for downscaling. In addition to
providing high resolution historical climate
data, downscaled projections are available for
24 GCMs used in the Intergovernmental
Panel on Climate Change Fourth Assess-
ment (Meehl et al., 2007). Projections are
provided for three 3@ear time periods: 2011
140, 204170, and 20712100 (hereinafter
referred to as 2020s, 2050s, and 2080s).

Three emission scenarios are available in Cli-
mateWNA for most models: A2, A1B, and

B1 (IPCC, 2000). Inthe A2 scenario, green-
house gas emissions rise continuously, reach-
ing the highest levels of all scenarios by the
end of the century. In the A1B scenario,
emissions initially rise faster than in the A2
scenario, but peak around naientury and

then decline. The B1 scenario follows the
same pattern as the A1B scenario, but the
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mid-century peak is lower, and the subse-
guent decline in emissions is faster. Addi-
tional detail on the emission scenarios is pro-

\fidgqirhﬁ}p%end'g ?'i mat e

For detailed analysis it was not practical to
work with all model and scenario combina-
tions. Therefore, | focused the analysis on
five models, selected to represent the full
range of potential climate outcomes (Fig.
4.1). For readability | labelled these five
modeiscenario combinations on the basis of
the defining feature of each: Cool
(HADCM3B1), Median (ECHAMB\2),

Hot (HADGEM-A2), Dry (GFDKCM2.1-

A2), and Wet (CGCM22). The Cool label
is meant to distinguish the Cool model from
the other hotter models. But this model is
not actually cool, it predicts a temperature
rise of almost 3 °C. To improve readability |
did not include output maps for all models
in the main text. The omitted maps can be
found in Appendix 3.

under

4.1.1 Temperature

Recent temperature trends provide a useful
context for the projections of future climate
change. Alberta and Saskatchewan have ex-
perienced the largest increase in temperature
of all Canadian provinces over the last 100
years (data for the Territories not available;
Zhang et al., 2000). Alberta’s MAT has in-
creased by approximately 1.4 °C in this pe-
riod (Fig. 4.2). Much of this increase has oc-
curred since 1970, following a cooling trend
in the 1950s and 1960s (Fig. 4.2). Warming
in winter and spring contributed the most to
the positive trend in annual temperature and
daily minimum temperatures have increased
more than daily maximum temperatures

var
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Fig. 4.1. MAT vs. MAP for the 2080s for the GCMs available in ClimateWNA. Blue =

Wet model; Green = Cool model; Orange = Median model; Pink = Hot model; Red =
Dry model; black squares = other A2 models; grey diamonds = other B1 models.

14

1.2

1.0
0.8 A1
0.6 A
0.4 A
0.2 A

00 T T T T T T T T T T 1
11905 1915/ 1925 1935 1945 1955 1965 1975 1985 1995 2005

-0.2

Mean Annual Temperature (C)

-0.4 T

-0.6 -
Year

Fig. 4.2. Alberta MAT from 1905 to 2005, by decade

29



(Zhang et al., 2000; Beaubien and Hamann, months, leading to a small decrease in sea-

2011).

Averaging across all models, the MAT for

sonality. (Table 4.1). But the main theme is
the large overall increase in both sumamet
winter temperature, and the associated 33

Alberta is projected to rise by 4.2 degrees by 56% increase in GDD, which comes largely

the end of the century under the high

as a result of an earlier onset of spring (Table

emission A2 scenario, and 2.8 degrees under 4.1).

the more restrained B1 scenario. None of

the models projects an increase of less than  The temporal trajectory of temperature in-
2.0 degrees. This suggests that substantial  crease follows that of the emissions trajecto-

warming of Alberta is inevitable, even with

ries described earlier (Fig. 4.3). The A2 and

dedicated global efforts to rein in greenhouse A1B scenarios are fairly similar, except that
gas emissions. This is not to say that efforts the rate of change increases after 2050 in the
to limit emissions are futile. The ecological =~ A2 scenario, whereas it begins to moderate in
impacts of warming are much greater under the A1B scenario. The B1 scenario is similar
the A2 scenario. For example, the question  to the other scenarios until the 2050s, but

of whether or not the Boreal remains for-
ested will depend in large part on whether

exhibits a slower rate of increase thereafter.
GCM type also contributes to the divergence

the A2 or B1 emission scenario is ultimately  of projections over time (Fig. 4.4).

realized (see Section 4.3.4). lItis also worth

noting that the B1 scenario implies a stabiliz- Though the amount of temperature increase
ing trend, whereas the A2 scenario will lead  varies among GCMs, the spatial pattern of
to substantial additional warming in the next  distribution is quite stable (Fig. 4.5). This is

century.

because GCM projections are produced at a
very coarse scdlehe finescale spatial pat-

It is expected that there will be more warm-  tern in temperature distribution evident in
ing of the coldest months than of the hottest  the output maps is primarily a function of

Table 4.1. Change in temperature parameters
between the 1961-1990 reference period and

the 2080s, averaged across all GCMs.

Scenario
Parameter A2 Bl
MAT (°C) 4.2 2.8
MWMT (°C) 4.3 2.5
MCMT (°C) 5.1 3.9
GDD (%) 55.6 33.2
SEAS (°C) -0.8 -1.3

5.0 -
—e—ECHAM5 A2
GFDL A2
4.0 - —e—ECHAMS5 A1B
—4—GFDL A1B
—e—ECHAMS B1

3.0 1 GFDL B1
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35 1

25 4
2.0 1
15 4

w0,

[
0.5 1

Mean Annual Temperature (C)

0.0

Reference 2000s 2020 2050 2080

Time Period

Fig. 4.3. Alberta MAT trajectories for two rep-
resentative GCMs and three scenarios.
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local topography. Similar consistency in spa- and 7.2% for the B1 scenario. None of the
tial patterns is evident in the projections of models predicts a decline in MAP.

GDD (Fig. 4.6).

The basic spatial pattern of the distribution
o of MAP remains relatively unchanged in the
4.1.2 Precipitation future (Fig. 4.9). Again, what mainly changes

In contrast to MAT, no lonterm trend in among models is the amount of precipitation
MAP is evident at the prOVinCial scale over fa”ing’ not its pattern of distribution.

the past 100 years (Fig. 4.7). Most models

pFEdiCt that MAP will increase in the future A|th0ugh overall annual precipitaﬁon is pro-

(Fig. 4.8). The average provincial increase jected to increase, most models predict a de-
across all models is 9.4% for the A2 scenario cline during the summer months, or at least

BCM2
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CGCM3

CGCM3-T63
CNRM-CM3
ECHAMS
ECHO
GFDL-CM2.0
GFDL-CM2.1
HADCM3
HADGEM

IAP

INGV
INM-CM3
IPSL-CM4
MIROC3.2HR
MIROC3.2LR
MK3.0

MK3.5
MRI-CGCM2
PCM1

mA2
=Bl

«+————19611990

0. 1.0 2.0 3.0 4.0 5.0 6.0 7.0

o

Mean Annual Temperature ( AC)

Fig. 4.4. Alberta MAT in the 2080s, by GCM, for the A2 and B1 scenarios. The
black vertical line indicates the MAT for the 1961-1990 reference period.
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Fig. 4.5. MAT in 1961-1990 (Panel A) and in the 2080s: Panel B = Cool model; Panel C = Median

model; Panel D = Hot model.
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Fig. 4.6. Mean growing degree-days in 1961-1990 (Panel A) and in the 2080s: Panel B = Cool
model; Panel C = Median model; Panel D = Hot model.
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