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Executive Summary

/| tAYlLGS OKIFy3aS Aa || LISNBIFIAAGS |yR AySaol Ll ofsS
and will continue to do so in the foreseeable future. The southern boreal forest faagess the three
Prairie Provinces of Canada (Alberta, Saskatchewan, and Manitoba) represents an area of specific
concern with regards to climate change. This region is expected to be especially vulnerable to future
impacts as it forms the prairieorealforest boundary, making it the firgouthernarea of the forest to
suffer and respond to climate change impacts.

Predicted climate change impacts on the southern boreal forest include increases in extent and
frequency of droughts, fire, insect attack adsease. This in turn has the potential to cause increased
tree mortality, species shifts, reduced productiviiecreasedcarbon sequestration, and difficulties in
tree regeneration. These multiple sources of vulnerability will cause substantial chamgts
environment, affecting ecosystems services and in turn impacting human society which depends upon
the proper functioning of the forest for many goods and servidédgs region is especially vulnerable to
climate change and many areas amdikely alte to retain tree cover in the future and should be at the
forefront of adaptation initiatives in forest management.

This report reviews scientific documentation behind the vulnerabilities, risks, and potential
adaptation options with regards to climatén@&ngeacross the southern boreal forestulnerabilities to
climate change must first be addressed before proper accounting of risk can be established. Once the
extent of vulnerability is established, the risk of that effect occurring can then be takemaacbunt and
an assessment can be made with regard to each climate change impact. This will allow forest managers
to determine whether an adaptation option is required.

Anticipatory and planned adaption can reduce potential negative impacts of clinhatege.
{ GNHzOG dZNBR FFaaSaavyYSyd FTNIYSg2Nyla tA1S !'tftoSNIFQaA
adaptation framework can help determine areas of vulnerability to climate change, aid in identifying
risks associated with each vulnerability and heipidentifying possible adaptation options to help
mitigate the full negative effects of a climate change event.
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Introduction

C2NBada O20SN) Y2NB GKIFy F+ GKANR 2F (GKS 9 NIK:
influence the hydrological cycle, and provide important ecosystem services to human populations, such
as food, fiber and fuel. Forests can sequester carbon, whilgs meduce the effects of global warming.
They can improve water quality and quantity by lowering water temperatures, reducing runoff and
erosion, and affecting the timing and amount of stream flow. Forests have recreational and cultural
values, and provigl 38,000 direct and indirect jobs related to the forest industry in Albéfiberta
Sustainable Resource Development 2009)Saskatchewan, the forest industry employs approximately
6,000 people and pays about $215 million in annual wages and salaries. Another 7,600 Saskatchewan
residents derive secondary employment from these activif@®SFI 2004) al yA (120 Q& LINRA Y
products industry employs more than 3,400 workers which produce approximately $550 million per year
(Manitoba Conservation 2010Rising atmospheric GCclimate change, introduced species, and land
cover modifications by humans are dramatically altering the distrilytidiodiversity and
biogeochemistry of foresttMcMahon et al. 2009)This could ultimately have serious consequences for
the forestry industry in Alberta, Saskatchewan, anchitzba.

The purpose of this report is to provide a review of the vulnerabilities, risks, and adaptation
2LI0A2ya F2NJ I ydzYoSNI 2F LINBLRASR OfAYIFGS OKIFy3aS A
boreal forest. Vulnerabilities and risks were estatdisiby Alberta Sustainable Resource Development
(SRD) using the Climate Change Adaptation Framework developed by Deloitte and Thiscteviews
structured to be consistent with the Deloit& Toucheframework, and is organized by the following

main corcepts: Vulnerability Assessments, Risk Assessments, and Adaptation Qpitomsl).

Step 1: Step 2: Step 3: Step 4:
Scope and Vulnerability Risk Adaptation
Preparation Assessment Assessment Options

Data &

Information g
Input(s) - Data & " Likelihood Governance
P Current and Information Sensitivity ikelihoo Technology
Projected
Climate
v Change
Impacts v v v v
E t
gcefj,fe; E Framework Terms Assessed Priority Adaptation
Socio- G E Vulnerabilities Risks Options
Economic
A Sectors I
Current .
Adaptation Scope & Adaptive People
Input(s) Activities Scale Capacity Fonsequence Process

Stakeholder Engagement and Communication

Figurel: SRD' Climate Change Adaptation Framework developed by Deloitte & Toulicpets required in each step are
described in the white baes and the blue arrows describe the output of each step

The goal of this report is to provide information on the current knowledge surrounding
sustainable use of forests and their ecosystem services under future climate change to aid in decision
making.
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{w5Q4 C2NBad abyr3adysyd .NIYyOK ARSYGAFASR I
provided by the western Southern Boreal Forest Fringe that directly affect forest management. These
services and projected climate change impacts include: water reguldtiorefsed tree mortality due to
drought), habitat and landscapes (loss in forest ecosystems and habitats; shifts in forest biomes,
increased fragmentation), pest regulation (increasing invasive species and loss of forest health), timber
(increase in foresfire, regeneration failure, reduced tree growth), genetic resources (loss of species and
genetic diversity), and carbon storage (declining forest productivity). Many of these services are broad
and interrelated, often impacting forests as a combinationfarftors and rarely as a single focused
event. Specific information on the boreal fringe will be given where available; however, many inferences
regarding this regiorhave made from scientific reviews that cover a more extensive landscape. It is
importantto recognize that many services generated by forest ecosystems provide essential support for
human welbeing (Bodin et al. 2006)Ecosystem services are essential to civilization, and operate on
largescales in intricate ways that could not be replaced by technolDgyly et al. 1997and will suffer
modification or destruction under climate change. It has been noted in numerous studies that projected
climatic changes during the 2ZTentury will significantly impact forest ecosystems, thee& sector,
and communities dependent upon the@ohnston et al. 2006)

Study Area

This report describes the implications of climate change for the soutBereal Plainsecozone,
including theboreal transition mid-boreal upland and interlake plain ecoregions across Alberta,
Saskatchewan and Manitob&o the south lies th@rairieecozonewhere its more northern ecoregion,
the Aspen Parklandabuts the Boreal Plain§he Aspen Parkland forms the southern tigee in the
western interior of Canadax¢ending from central Alberta, all across central Saskatchewan to south
central Manitoba(Campbell and Campbell 200&hd is climatically and ecologically a transition zone
between boreal forests and grassland enviromise North of the Boreal Plains is tB®real Shield, the
Taiga Plains, and the Taiga Shidide Boreal Plains regidies in the middle of the three Prairie
Provincesand is the focus of this reporEigure2).

The Aspen ParklanBcoregion

Increased motsire availability in the late summer and the distinct vegetation physiognomic
structure distinguishes this area from adjoining ecoregig¢8song and Leggat 1981)his area is
characterized by groves of aspen poplars and spruce interspersed in prairie grassland and it is estimated
that less than 10 percent of the natural habitat in this region remains irfitirld Wildlife Fund 2008)

Most of the area has been converted to cropland or rangeland for gragingde variety of crops are
produced in this region including spring wheat and other cereals, oilseeds, as well as forages and several
specialty crops(Environment Canada 1995This region represents some of the most fertile and
productive land in the PrairiesThe forested area in this region is dominated by trembling aspen
(Populus tremuloidgswith secondanguantities of balsam poplaPppulus balsamifejatogether with

an understory of mixed herbs and tall shrubs. White sprueEe@ glauchand balsam fir Abies
balsamed are the climax species, but are not well represented because of more frequentQOifesy.

species of trees occur on scattered sandy soils deposits, including jaclPpine banksianalodgepole

2 SRC Publication No. 12853E11
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pine Pinus controty white spruce, and black sprudei¢ea marianp The population in this ecoregion
is approximately 1,689,00(Environment Canada 199%)nd this represents the highest amount of
human inhabitantsout of all the ecoregions discussedthis report. This area will not be extensively
reviewed in this report, but it is important to note because of its proximity toBloeeal Plains

The Boreal Plains Ecozone

The Boreal Plains are found in central Alberta, extend east through the cenBarskhtchewan
and slightly south of central Manitoba, covering 650,000 square kilometers. This region is characterized
by a continental, relatively humid climate, with cold winters and moderately warm summers. It forms a
transition zone between the prairiggrasslands and the boreal forest, and is characterized by a
discontinuous forest cover of groves and small stands in moister gi¢asiral Resources Canada
2007b) White spruce and balsam fir are the potential climax species on mesic 3duaek. pine
communities are common on sandy parent material such as outwash or sand eawely. drained sites
are dominated byan overstory of black spruce with an understory of Labrador tea, cowberry, and
mossegMoss 1953)White birch Betula papyrifery trembling aspen and balsam poplar are also very
common, particularly in the southern area of the boreal forégesently, agriculture is common along
the southern fringes of the Boreal Plains, while forestry operations are scattered throughout this are
(Strong and Leggat 1981)hee ecoregions are found along the southern edge of the Boreal Plains
ecozone: the boreal transition, the mimbreal uplands and the interlake plain. These three areas
comprise the area of interest for this report, and are summarized in the following @arlagrfrom the
Ecological Framework of Can&debsite.

The Boreal TransitionThis ecoregion extends from central Alberta to southern Manitoba and
marks the southern limit of closed boreal forest and northern advance of arable agriculture. It is a
dominantly deciduous boreal forest, characterized by a mix of forest and farmland. The predominant
vegetation in this area is a closed cover of trembling aspen with balsam poplar as a secondary species.
White spruce and balsam fir are the climate species butrenewell represented due to fire. Poorly
drained sites are often covered with sedges, willow, some black spruce and tamigaick|@riciny
This region provides habitat for many wildlife species and migrant birds and waterfowl. Over 70% of the
ecoregia is farmland, while other land uses include forestry, hunting, fishing, and recreation. The
population in this ecoregion is approximately 300,000 pedilevironment Canada 2010)

The Mid-Boreal Uplands The midboreal ecoregion stretches from nortentral Alberta to
southwestern Manitoba, and occurs as 10 separate, mostly upland areas. These uplands form part of the
continuous midboreal mixed coniferous and deciduous forest extending from northwediertario to
the foothills of the Rocky Mountains. This region is occupied by trembling aspen, balsam poplar, white
and black spruce, and balsam fbeciduous stands have a diverse understory of shrubs and herbs;
coniferous stands tend to promote feathernmssCold and poorly drained fens and bogs are covered
with tamarack and black sprac Permafrost is rare and found only in peatlanBslpwood and local
sawlog forestry, wateporiented recreation, hunting, and trapping are the main land use activities.
Agrcultural activities are significant in southern parts of the ecoregion, particularly in Saskatchewan and
Manitoba The population of this ecoregion is approximately 45,000 pef@pteironment Canada 2010)

SRCPublication No. 12858E11 3
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The Interlake PlainThis ecoregion extends northwest from
the southeastern corner of Manitoba to theaskatchewan
boundary north of the Porcupine Hills. This region is dominantly
deciduous boreal forest interspersed with farmlands and marks the
southern limit of closed boreal forest and northern extent of arable
agriculture in much of Manitoba. Native vedgdon includes
trembling aspen and balsam poplar, with white spruce and balsam
fir as climax species. Open stands of jacle piccur on dry, sandy
sites, while depressions are watkited or covered with sedges,
willow, some black spruce and tamarack. Around 40% of this area is
farmland with a population of 85,000 peoplEnvironmentCanada water vapour from the
2010)

Climate Moisture Index

(CMI):The expected loss of

landscape under well

One unique landform within the Boreal Plain requires [ watered conditions. A
mention due to its importance in relation to climate change; these
are the Island Forests that run along the southern extent of the
boreal forest. Thee Island Forests represent the sbernmost
extreme of the boreal forest. These are unique forest communities | aspen parkland or
created by windblown deposits that owe their existence to past | grassland regions, whereas
glaciations events. They are slightly higher than the surrounding
landscape and therefore intercept sufficient moistuto support
tree growth(Henderson et al. 2002Yhey are characterized by high levels of moisture
water tables and low neagurface soil moisture that result from the commonly associated with
rapid infiltration of moisture down through the sarftlienderson et
al. 2010) This infiltration shifts the competitive advantage away
from grasses to deepeooted shrubs and trees. These exceptional CMI = R PET; P= annual
landscajs, sustain refugia of trees isolated in a sea of grass or
agriculture. Thg have remained forested while the surrounding
lands have been cleared and farmed because of low agricultural | potential
suitability (Johnston et al. 2008)rher sandy soils, in combination evapotranspiratior(Hogg
with a semiarid climate, result in frequent droughts v will
likely increase in a warmer, drier futufglogg andBernier 2005)
and increase the vulnerability of these last remaining vestiges of
forests to climate changd.he transition from forest to grassland in
this region is linked to the climatic moisture balance, and the Island
Forests are close to the thresld at which moisture becomes
insufficient to support continuous forest vegetatigdohnston et al.
2008)¢ KAa Ol y 0S5 Af f(IRa4Chaic MBstuded A y
Index (CMIwhich was mapped across the prairie provincébe
CMI is calculated as annual precipitation minus annual potential
evapotranspiration, of which a zero value of this index almost
exactly aligns with the southern boundary of the boreal forest

negative CMI denotes dry

conditions typical of the

positive values indicate

the boreal forest.

precipitation; PET = annual

et al. 2002a)
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across Alberta, Saskatchewan, and Manitozerefore, positive index values suppodntinuousforest
coverwhile negative values support grassland/aspen parkland vegetdtmgg 1994)The Elk Island
National ParKBox 1), approximately 30 km east &dmonton would fall roughly along the 0 CMI value
indicating that in most years, precipitation is roughly balanced by potential evapotranspirdtios

Island Foresis climaticallyon the brink of existence, representing the furthest extent of the boreal
forest bounday and exists in the Aspen Parkland ecoregidre lower CMI values for the Island Forests
relative to the main boreal forest indicate that they should show the effects of climate change earlier
than the main boreal forest. Climate change modeling has shibanthe warming predicted over the
coming century could shift the grassland/forest threshold northward, making the southern edge of the
forest more suitable for aspen parkland vegetat{gtogg and Hurdle 1998hd puttingsignificant stress

on current Island érest regons. The Island Forests in Alberta, Saskatchewan, and Manitoba are close to
urban centers, surrounded by agriculture, and are the focus of an array of overlapping land uses: timber
harvesting, wildlife habitat, livestock grazing, industrial developmenigjamr recreation and cultural
values. A shift from forest cover to grassland as predicted by many siiittigg) and Hurdle 1995, Allen

and Breshears 1998, Camill and Clark 2000, Chapin Il et al. 2004, Parmesan 2006a, McKenney et al.
2007,0lsson 2009, Michaelian et al. 20M@uld drastically affect many of these land uses. The Island
C2NBadiaQ AYLRNIFIYyOS Aa AyONBFaSR ¢gKSy GKS& I NB Oz
of climate change on the larger boreal forest. Bexmathey are at the dry southern margin, they should

be the first areas to undergo changé&ohnston et al. 2008nd will likely require adaptation measures

to ensure their existence. These regions are also at risk due to increasing droughts, fire, insect attack,
low genetic variabilityinvasive species, and anthropogenic land uses, which will eventually isolate
remaining natural habitats currently protected in parks and reserves. If these unique landscapes are to
be kept intact, adaptive management measures will be to be adopted irethegions soon. These
regions offer up a perfect area in which we can begin implementing adaptation measures at a smaller
scale before attempting larger initiatives in the main boreal forest.

SRCPublication No. 12858E11 5
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Terrestrial Ecozones and Ecoregions of Alberta, Saskatchewan and Manitoba
CANADA

Legend
@ Maijor Cities

Ecoregions

V//77) Aspen Parkland
Boreal Transition

m Interlake Plain

[« -] Mid-Boreal Lowland

Mid-Boreal Uplands

Ecozones

l:] Boreal PLain
[ ] Boreal shield
L:] Hudson Plain
I:l Montane Cordillera
I:I Prairie

|:| Southern Arctic
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0 95 190 380 Kilometers
[ B A | 1:12 000 000

Figure2: Ecozones and relevant ecoregions of the three Prairie ProvincéseoCanadian Western Boreal forest
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Box 1- Case Study: Elk Island National Park (EINP) - an
example of an Island Forest

SignificanceThis area represents one of the largest

blocks of aspen dominated lower boreal Mixedwood fores{ »Tmmﬂ‘-_fv:-"j*"g \
currently remaining in the Alberta landscape that is | TwpRd 54 ‘o‘ e ‘
becoming extremely raréYoung et al. 2006) Bk Jotarorstive R X & Lekevi
i v 7
i B 5
bl [ e
P 5) 4 gat:(onal '
’, wi =) ar
Area:The EINP covers 194 kon the Beaver Hills in east | B EGED L informtion
<Edmonton City = : . Centre
central Alberta. It occurs on a hummocky moraine, formegamean ;. : i
s o Ll 3 ¥
during the retreat of the Late Wisconsinan glaciationy . .o -".-“,’fs}%'
15,000¢ 20,000 years ag(Campbell and Camphbel997) i =@ ’&!‘W -'l-;
| i

The moraine is some 380 m above the surrounding plain.

Representative soils are podsols, ranging from Orthic Greygure 3: Map delimiting the El
Wooded to Dark Grey Wooded soils that were developed®/@"dNational Park

on lacustrine, alluvial lacustrine, glacial till or alluvial

aeolian mateials(Soil Research Institute 1962)

Vegetation The vegetation of EINP varies strongly with topography and latitude. The Bej
Hills have been classified as outlier of the southern boreal foregRowe 1972) however,
others have classified it as Aspen Parkland. The upland vegetation is-ctossaly poplar forest
with a dense beaked hazeC@rylus cornufaunderstory. Hilltops, auth facing slopes, and
recent burned areas often have meadows and ephemeral pé@dmpbell and Campbell 2000)
In low wet areas, black spruce and tamarathrix laricind are present, while nortffiacing
slopes ofterhave white spruce.

Land Cover ChangEEwis landscape has experienced a combination of land cover cha|
processes from deforestation, fragmentation, and afforestation. The area of core forest patg
greater than 300 ha has declined, with only 500 haare area remainingYoung et al. 2006)
representing an 88% decrease since 1977. Afforestation in the Beaver Hills is in part a res
acregye and other landowners increasingly allowing their pastures to fill in with trees as we
the abandonment of marginal ranching or farming operatiprisung et al. 2006)

SRCPublication No. 12858E11 7
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Climate Change Implicationsfor 7 AOOAOT # AT AAAGO O1 OOEAC
forest

Increasing greenhouse gas emissions (GHG) such asa@how widely acknowledged as a
major cause of recent increases in global mean temperatlveut 0.5C since 1970, and changes in the
2N RQa Keé RMNECE 2087)tdslektren@ly [xélyS(>95% probability) that warmingeothe
past half century is due to human activities, as this trend in warming cannot be explaitieslit
including anthropogenic radiative forcifgPCC 2007)Climate change has the potential to influence
/' FyFRFQa F2NBaag SOzaeaidsSvya GKNRdAAK FfGd§SNBR yI (dzNI
productivity (Johnston et al. 2006 Climate change could have extensive conseqgesgrior ecosystems
sensitive to changes in temperature and precipitation, such as grassland/woodland bour(@ares|
and Clark 2000)This may lead to a significant loss of natural forest with increased deforestation at the
southern edge of the boreal forest and aregspondent large carbon pulsgolomon and Kirilenko
199790 / EAYIGS OKIFy3aS A& FEtNBFRe FFFSOGAY3I /Iyl RIFQ:
regimes, largescale insect outbreaks, drought in Central Canada, severe windstorms and shorter periods
of frozen soiJohnston et al. 2010b)

According to the IPCC, climate models project future climate changes by the year 2050 which
would be unprecedentedithe last 10,000 years. Predictions suggest that the rate of global warming
will slowly accelerate, and projected global average surface warming at the end of Yreegtliry is
likely to be between 1.16.4°C depending on scenarfPCC 2007 anadian climate data collected over
the past century has showed a warming of more tharf@.8ince 1948, a rate that is about twice the
global aveage. Canada has also become wetter during the past half century as mean precipitation has
increased by about 12%; however, portions of southern Canada (particularly the Prairies) have seen little
change or even a decrease in precipitation, especially guhia winter monthgJohnston et al. 2010a)

Climate change will be sigicant in all of the prairigparkland national parks (Elk Island, AB;
Prince Albert, SK; Riding Mountain, MBgott and Suffling 20007 hese regions can expect increases in
forest fire frequency and intensity, increase forest disease outbreaks and insect infestation, and loss of
boreal forest to grasslandsle Groot et al. 2002)The Island Forests are at great risk to climate change.
They are marginal or ecotone systenimrderline between grassland and forest ecosystems, and
therefore sensitive to small changes in environmental conditions. As they are relatively small
ecosystems, Island Forests may exhibit lower genetic diversity and greater vulnerability to catastrophic
disturbance, such as wildfire, pathogen attack or severe dro(lganderson et al. 2002; Lemmen et al.
2008) Although vulnerable, these landscapes are also very valuable. They typically contain important
species and ecosystem outliers at the very edge of their natural range, making them of conservation and
scientific importancgHenderson et al. 2010)rees are valuable in the prairie region; in Alberta these
areas support a number of parks used for tourisnd recreation and Island Forests are often of cultural
and spiritual importance to Aboriginal people. Some island forest can also be used for timber harvest to
support small communities, recreational needs, and small industry (e.g.af®@i€orne, Prire Albert,
SK)YHenderson et al. 2002)
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In addition to rising temperatures and changing precipitation regimes predicted under climate
change scenarios, there are many other ongoing climatic changes that may impact tree growth and
survival in the boreal fringeSome positive predicted effects of increases in GHGs include a longer
growing season as well as warmer soils, where more nutrients become available due to the increased
rate of soil organic matter decompositiqhlogg 2002)Increased atmospheric G8@as the potential to
enhance tree growth by increasing water use efficiency (WUE) and througfer@iation. WUE is the
amount of carbon taken up through photosynthesisr pnit of water loss. Under higher atmospheric
CQ levels, less water is lost though transpiration, resulting in increased drought tolerance. However,
increased drought frequency and intensity, inability of trees to adjust to changes in their environment,
regeneration failure, increased forest fires, and potentially higher rates of insect and disease attacks
may have drastic negative impacts on yields and timber supgliesnston and Williamson 2005;
Spittlehouse and Stewart 2008)at far outweigh any beneficial effects of increased, Q@any studies
have shown that theeffect of longterm CQ enrichment is ambiguous regarding the relative success of
increased growth and survivorship on plants. Different responses to elevatetia®® been observed
among species within the same functional group and even among groupsi@dindtliials of the same
species(Mohan et al. 2007)In addition, the initial increase in growth observed in carbon diexide
enriched field studies tends to decline over time, a process known as acclinfhtiag et al. 2004)
Other impacts of a changing climate may id&uincreasing grountkvel ozone, rising UK levels,
changing diurnal temperature patterns, and changes in timing and intensity of ftkane events
(Henderson et al. 2010)ncreasing drought events, climate variability, flood events, thunderstorms and
windstorms may also increase in frequency and will likely further increase stress on trees wighin th
region(Henderson et al. 2010)

Climate Change Scenarios

A climate scenario is a plausible regentation of future climate that has been constructed for
explicit use in investigating the potential impacts of anthropogenic climate ch@R@& 2001a)Studies
of climate change impacts on ecosystems are typically basedroateliscenarios generated by general
circulation models (GCMs), operating at resolutions in the order of30M0km. GCMs are three
dimensional computer models which mathematically model the physical processes of the atmosphere,
oceans, and cryosphere arahd surfaces, and the relationships between these systgtesnderson et
al. 2002) The GCMs included in this study are the most recent used by the IPCC and incorporated the
latest Special Report on Emission Scenarios (SRES) emission scenarios. SREScemndasisisnvere
commissioned by the IPCC for its Third Assessment REPG&C 2001kgnd are described in detail in
Nakicenovic et al.(2000) They provide detailed scenarios of atmospheric composition (i.e.
concentrations of greenhouse gases and aerosols) which are used within GCMs to determine the effect
on the radiation balance of the Earttimosphereocean systenfHendersoret al. 2002) The A2, A1B,
and B1 SRES emission scenarios are referred to in this study and represent different potential world
futures with respect to population and economic growth, energy use, technology development, etc.
Each of these possible world futures impleeslifferent trend in future emissions of green house gases
and aerosolgfHenderson et al. 2002)The three emission scenarios presented in this report were the
only three available for study. The A2 scenario represents a divided world which is charactgrized b
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independently operating, setkeliant nations, a continuously increasing population, regionally oriented
economic development with slow technological changes and improvements. The ALB emission scenario
falls under the Al category representing a more gmed world, rapid economic growth, a global
population that reaches 9 billion in 2050 and then gradually declines, with a quick spread of new and
efficient technologies. The A1B has a balanced emphasis on all energy sources. The B1 emission scenario
represents an ecologically friendly, integrated world. This future has rapid economic growth but with
changes towards a service and information economy. Similar to the Al scenario, the population reaches
a maximum at 2050 with 9 billion people and then dedin€here is a reduction in material intensity

and more clean and resource efficient technologies. There is an emphasis towards global solutions of
economic, social and environmental stability. The growth rate of global emissions after 2000 has been
approxinately 3%, while the growth rates under the emission scenarios are between 1.4% and 3.4%.
This has caused many to proclaim that these scenarios are too conserf@tueaut et al. 2008and

will result in urderestimations in coming decades, while, latter years may overestimate future emissions
due to their failure to consider resource availability constraifi®ok et al. 2010)New scenarios or
GWSLINBaSyiulrGA@dS [/ 2yO0SyaNI GA2y t | O Kvbss@tzak 201008 y 2 &
will be presented in the IPCC Fifth Assessment Report which is currently in progress.

Climate scenarios using five different GCMs and three rdifte emission scenarios were
constructed for the 2020s, 2050s, and 2080s according to standardglif@ines Table ). For these
five scenarios, yearly and monthly data was downloaded from the Canadian Climate Change Scenarios
Network (CCCSN) websiter filne area encompassing the southern boreal fringe and forested regions
(55.28° to 52.13° byl16.19° t0-97.82°) Figure 3. These five scenarios were chosen to represent a
large range in temperature and precipitation variation under future conditioris,ithportant to try and
capture the range of possible future conditions when doing scenario construction as there is large
uncertainty associated with future predictions. Uncertainties will remain inherent in predicting future
climate change, even thougbome uncertainties will likely be narrowed with time. Consequently, a
range of climate scenarios should usually be considered in conducting an impact assedB@Génht
2001a)
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Table1: SRES climate changeodels used in scenario construction and selected to represent a large range of
climatic variation

GCM AR4 SRES Emission Scenarios and range of variation
A2 Bl AlB Range
GFDL CM2'1 v Median
INGVSXG v Warm, low precipitation
INMCM 3.CG v Medium temperature, high precipitation
MIROC 3.2 hires v Warm, medium precipitation
NCAR PCM v Cool, medium precipitation

T Geophysical Fluid Dynamics Laboratory, National Oceanic and Atmospheric Administration (NOAA), United States
2Scoccimarro, E.; Istituto Nazionale di Geofisica e Vulcanologia, Sezione Bologna, Bologna, Italia
% Institute of Numerical Mathematics Ocean Model RAS, Moscow, Russian Federation

“Center for Climate System Research, University of Tokyo, National InftitEavironmental Studies, and Frontier Research Center for Global
Change, Japan Agency for Mariarth Science and Technology (JAMESTEC)

®National Center for Atmospheric Research (NCAR), Parallel Climate Modek(P@Mjlamos National Laboratory (ILA\Naval Postgraduate
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Figure4: Map of Western Canada. Areas delineated in red were used in the scenario analysis to represent the
Southern BoreaFringe across the three Prairie Provinces
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Figure5: Range of GCM models chosen based on a large range of temperature and precipitation changes for the
20202080 periods as compared to the 194D90 normal.

The scatter plot method is usually the easiesty to choose a range of possible models in a
scenario analysidrigure 4shows a range of possible models that can be obtained from the CCCSN
website, and the chosen models represent a range of temperature and precipitation change for future
conditions aeraged over the period of 201-2099. These models were further analyzed by creating a
scatter plot for each individual time slice (2020, 2050, 20B@jute5) and then into seasonal changes in
temperature and precipitation change3dble 3. This analys was done to attempt to pick out any
particular climatic trends for the boreal forest fringe. Trends show that models are more tightly
clustered in the 2020s relative to the 2080s; therefore there is increasing range of potential temperature
and precipiattion in future conditions (or uncertainty) as we move further into future predictions.
Precipitation ranges from negative values (below normal 1830 period) in the 2020s and 2050s to
up to a 13% positive change in precipitation. Precipitation lardetreases in the summer and autumn
seasons with large increases during the winter, especially by 2080. Temperatures range #8i@ a 1
change in the 2020s, to a722C increase by 2080s. Winter temperatures seem to show the most
dramatic rise in temperatureespecially by the 2080s. Other studies have shown that future climate
scenarios predict warmer winters with greater precipitation, earlier springs, and summers with reduced
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soil moistureg(Lemmen et al. 2008)he rise in winter temperatures also corresponds with an increase in
growing season, by up to 50 days in the MIROC méilgiré 6).

Precipitation Change (%)
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Figure6: Scatter plots of annual mean temperature change (°C) versus precipitation change (%) over the western
boreal forest fringe region for the 2020s, 2050s, and 2080s. All changes are calculated with respect 4 99®.1
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Iy R

Iy Y dz f

OKI y3Sa

AY YSIy

0 SYLISNI G dzNB
western boreal forest fringe region for the GFDLCM2.1 A2 ((idge), INGVSXG A2 (hot/dry), INMCM 3.0 B1
(warm/wet), MIROC 3.2hires AlB (bmnoist), and NCARPCM B1 (cool/moist) climate change scenarios.
Numbers in red show an increase in temperature >3°C. Numbers in blue show a decrease in overall

Winter (DJF)| Spring (MAM) | Summer (JJA) Autumn (SON) | Annual
nt o |npP | nT P nT nP nt | nP ntT nP

2020s

GFDLCM2.1 (A2) 292 181 0.77 5.61 1.45 -0.65 159 -11.64 1.68 -1.06
INGVSXG (A2) 223 392 192 -3.74 1.35 2.58 1.72 3.78 1.80 1.29
INMCM 3.0 (B1) 152 3.83 1.38 19.09 0.98 1031 126 3.10 1.28 9.10
MIROC3.2hires (A1B) 2.86 2.15 2.90 11.74 2.02 3.82 199 4.44 2.44 5.51
NCARPCM (B1) 1.89 -0.27 0.94 7.65 0.71 3.50 0.56 7.39 1.03 4.65
2050s

GFDLCM2.1 (A2) 3.78 9.02 1.82 20.12 2.04 11.42 212 271 2.44 11.35
INGVSXG (A2) 416 4.46 247 1.06 2.72 -1.93 311 -4.68 3.11 -0.51
INMCM 3.0 (B1) 3.45 14.71 2.03 2435 1.58 1421 244 578 2.38 13.61
MIROC3.2hires (A1B) 5.75 15.31 5.49 2454 3.72 -8.65 398 1131 4.73 8.85
NCARPCM (B1) 2.60 820 1.33 11.60 1.05 5.88 155 10.82 1.63 8.35
2080s

GFDLCM2.1 (A2) 6.05 17.08 3.29 37.86 4.59 -851 373 -097 441 8.81
INGVSXG (A2) 497 11.86 4.07 1.09 3.80 -1.81 419 6.52 4.26 3.43
INMCM 3.0 (B1) 3.85 11.68 2.66 13.06 1.93 2723 299 10.73 2.86 12.9
MIROC3.2hires (A1B) 7.81 33.06 7.32 31.73 5.42 -6.90 556 11.00 6.53 14.25
NCARPCM (B1) 3.87 1594 1.79 12.55 1.43 8.67 197 5.59 2.26 9.99
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Figure7: Number of Days in the growing season over the western boreal forest fringe in Canada as predicted by
4 GCMs. Baselineonditions represent the period from 1961990.

Vulnerability Assessment

The purpose of a vulnerability assessment is to evaluate how susceptible an organization (or
ecosystem) is to climate change, and identify areas on which to focus adaptation ¢8agkinable
Resource Development 201Mlany social, biological, and geophysical systems are at risk from climate
OKIFy3aS AYLI OGAazr @QdzZ ySNIoAftAGASASE YR |da20A1 0SSR
magnitude, persistence, and other characterisftRCC 200® ¢ KS Lt/ / RSTFAYSa @dz y
degree to which a system is susceptible to, or unable to cope with, adverse effects of climate change,
includingd Y+ 0SS @I NAFoAfAGE yR SEGNBYS&éd 2KSy I RILIGIE
is reduced(Santoso 2007)Turner et al(2003)describe vulnerability as a function of three overlapping
characteristics: expase, sensitivity and adaptive capacity. This concept was later expressed
mathematically by Metzger et a2006) where vulnerability (V) is a function of exposure (E)siivity
(S) and adaptive capacity (AC):

®» "QUBH #

Exposure (E) is the nature and degree to which ecosystems are exposed to an environmental
change (e.g.: higher temperature). Sensitivity (S) is the degree to which the natural environment is
affeded by change (e.g.: drier forests lead to forest fires), while adaptive capacity (AC) is the ability of a
human system (or ecosystem) to adapt to the impacts of climate change (e.g.: planting drought resistant
trees). In human settings, adaptive capac#tydetermined by access to technology, available resources,

and social and human capital. Vulnerability can be assessed in the context of either current or future
climate scenarios and adaptation measures can then be proposed that may decrease vulpdogbilit
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reducing potential negative impacts and improving adaptive capddaihnston 2010; Johnston et al.
2010a)

¢KS {w5Qa /fAYIGS /KFEy3aS I'RFELIWGFGAZ2Y CNIF YSG2N]
forests of Alberta. A vulnerability assessment considersstsitivity of ecosystem services and secio
economic sectorso changes in climate variables such as temperature and precipitation, and the existing
adaptive capacity of an organization to respondhis sensitivity, in order to arrive at an assessment of
vulnerability (Sustainable Resource Development 20Bpecific systems prone to stress, like the Island
Forests, may be seriously impacted in the future from climate change and should be considered highly
sensitive. Couple this withortions of the forest that lack capabilities to adapt to a warmer climate (e.g.
due to fragmentation, genetic variance, tolerance limits) and reduced human capacity (restricted
policies, lack of resources) and forest vulnerability may become signifila@toverall goal of this work
is to provide information that can be used to support sustainable forest management and the
maintenance of ecosystem services under future climatic changes by identifying the greatest sources of
risk. The following sectiongview some of the main vulnerabilities foreseen within the Southern Boreal
Fringe of western Canada and provide a review of current scientific information on these ecosystem
services.

Ecosystem Services:

Water Regulation

Forests play both a direct anddinect role in water regulation by protecting water quality and
guantity to meet human needs by reducing soil erosion, mitigating salinity, altering yield and timing of
water by reducing storm flow peaks and absorbing large amounts of soil moig#amilton 2008)
However, many of thee forest qualities will not be considered in the context of the southern Boreal
Forest Fringe as they are not applicable to this area.

The primary concern involving water in the southern Boreal Forest Fringe is the occurrence of
drought. Drought eventsra predicted to increase in frequency, duration, and severity over the course
2F (KS ySEG OSyilGdNBEo Ly GKSANI @dzZ ySNIoAtAGE 4a4as
highly vulnerable(sensitivity = high, adaptive capacity = low to mediumiitought caused by climate
changeevents Table 3. Drought inevitably results in a multitude of consequential effects on forest
ecosystemsincluding increased forest fire, increased sensitivity to insects and disease, increased tree
mortality and regeneration failurewhich will be addressed in more detail in later sectiddsought is
expected to be especially important in the western sarth Boreal Fringe asomeareas arealready
moisture limited.
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Table 3: Degree of sensitivity, adaptive capacity and vulnerability of Alberta's forests to impacts of climate
change on water regulation (H=High; M= Medium; L= Low)

Vulnerability Assessment
Ecosystem Key project.ed Climate Degree of Degree of Vulnerabilit
services Change impacts Sensitivity Adaptive ML) y
(H/M/L) Capacity (H/M/L)
Water Drought H L-M
regulation

Drought is a normal part of climate variation. A drought occurs when there is an extended
period of months or years when a region experiences a deficiency it its water supply, usually caused by a
lack of precipitation. It is a recurring extreme climate myeand considered a temporary dry period, in
contrast to the permanent aridity in arid aregPai 2011) Drought can have significant impacts on
ecosystems as virtually every plant process depends on water to operate. Although droughts can persist
for years, a short intense drought can also cause significant damage toremmn(e.g.: Australig)lhe
Envionmental eZine 2007)0ne of the most sensitive and immediate plant responses to water stress at
the cellular level is a reduction in the growth of processes including cell division and enlargement
(Kramer 1983)Photosynthsis is not as sensitive, declining slowly until water stress becomes moderate
to severe(Kramer B83; Mattson and Haack 1987j water stress continues for an extended period of
time, mortality of the plant eventually occurs.

Exposure

GCM predictions are in general agreement that the climate of the southern boreal forest fringe
will likely becone warmer and drier in the future, especially in the summertime owing to greater water
loss by evapotranspiratiofCubasch et al. 2001; Gyary et al. 1997)Projections vary from slightl(to -

2% change in soil moisturdSeneviratne et al. 20020 severe {15% change in soil moisture)
(Wetherald and Manabe 199®)creases in aridity for the mid to high latitudé$ogg and Hurdl€1995)
predicted future climate of the western Canadian interior would include &ticrease in mean daily
maximum temperature, a 4°€ increase in mean daily minimum temperature, and an 11% increase in
precipitation under a doubling ohtmospheric C® Under this scenario climate conditions would
actually become drier as the increase in precipitation would not be enough to compensate for the
increase in temperature and evapotranspirati(itiogg and Hurdle 1995; Schindler and Donahue 2006)
Regional climate modeladicate that the predicted warming could increase evaporation by up to 55% in
certain areas of Alberta, Saskatchewan, and Manit¢Bahindler and Donahue 2006)herefore,
whether the precipitation increases or decreases, the southern Hdrieme is likely to experience much
drier conditions in the future due to higher temperatures. There is increasing evidence that droughts in
the prairie provinces will be similar to the western Canadian drought of 2008 (Hogg et al. 2006)

but will occur at a higher frequency and severity in the futulehnston et al(2006)identified major
drought events that could span multiple yearsdecades as a critical climate change issue for forest
fringes in the Prairies.

SRCPublication No. 12858E11 17



May 2011 Impacts of Climate Change on the Wes@eamadian Southern Boreal Forest Fringe

Sensitivity

Trees under drought stress have a number of physiological adaptations that allow them to deal
with lack of moisture for a limited time. Adaptations to drought akédent from the changes in species
composition and drought hardiness that occur along moisture gradients (Franklin and Dyrness 1988).
McDowell et al. (2008) postulated three mutually rexclusive mechanisms by which drought can lead
to broad scale fordsmortality. The first mechanisnhydraulic failure,is caused by cavitation of the
water columns within the xylem during extreme drought and heat strpssyenting the flow of water
This occurs when the tree continues t@anspire under conditions oflimited moisture. Anisohydric
species are those that have xylem more resistant to negative water potential resulting from cavitation,
and have some ability to tolerate drought. With tlsecond mechanisngarbon starvationstomata
close completely to reducevater lost by transpiration. However, this may cause eventual carbon
starvation as stomatal closure shuts down photosynthesis while respiration costs continue depleting
carbon stores (Allen et al. 201@pecies able to tolerate some degree of stomataswte are termed
isohydric specie<Carbon starvatiomnay result in mortality, but it also mayls RdzO0S (G KS GNBSQa
defend against attack by biotic agsnsuch as insects and fungihe third mechanism, biotic agent
demographics, occurs over exterddlevarm periods during whicthigher temperatures can drive
increased abundance of pests, allowing them to overwhelairtalready stressed tree hosts. In general,
anisohydric species are more common in drodgiine habitats as compared to isohydric species
(McDowell et al. 2008).

Trees are adapted to the local average water availabitigrefore, extreme drought events can
cause reduced plant growth, C allocation, primary productivity, survival and regenef@tionura et al.
2011; Kolstrom et al. 2011; McDowell et al. 20@3)ought stress will also predispose forests to damage
by insects, diseases and wildfires, potergidéading to shifts in species distributions and lasgale
changes in forest community composition and structf@&hmura et al. 2011)Insects and disease,
especially those whose life cycles are favored by warmer temperatii@sey and Fleming 20QQre
predicted in increase in abundance and may cause forest dieback. Drought anddiefediation events
both operate at large spatial scales, and their combined impacts can lead to severe consequences on
forest health and regeneration. From 192000, drought and insect attack lead to a regionally averaged
growth reduction of up to 50% amss a large portion of the western Canadian Intefidogg et al.
2005) A severe drought in western Canada from 2@003 led toa pronounced decrease in growth
FYR RASO6FO] 2F (GKA& NBIA2Y Pdiod | therel®as a MaddBciease @ 5 dzNR
wood-boring insects, and modest increases of fungal pathodkliegg et al. 2006Prolonged droughts
and hot spells wilfurther aggravate the risks of forest fires. Drought conditions have a strong link with
fire since the risk of fire increases with increasing drought duration and intensities, and depends on
annual and seasonal moisture and temperature chari@esezke 2009)As vegetation dries it becomes
more combustible and thus provides fuel for BréKolstrom et al. 2011)Models that estimate the
future climate under warmer and drier conditions suggest an increase in fire across the Canadian forests
on the whole, with the area burned possibly doubling over the next cen(Bajshi et al. 2009a;
Flannigan et al. 2005; Natural Resources Canada 200@8gr future conditions, fire or pathogen attack
could permanently remove forest cover in the boreal fringe and island forests if conditions become too
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dry for trees to regeneratéHenderson et al. 2010The single most important factor limiting successful
establishment and pedirmance of forest regeneration in the Island Forests is moisture availability. Hogg
and Wein(2005)identified that forests are very sensitive to drought during the regeneration phase and
drier conditions due to climatic change could exdéade this vulnerability and restrict or prevent
regeneration. Drought conditions have and will prevent establishment of species on a site and cause
mortality of established seedlingblitschke and Innes 20Q7)

Western forests in Canada are viewed as more vulnerable to climate changetimihan
eastern forestsbecause of higher variability of climate and the increased drought (S&sezke 2009;
Sauchyn and Kulshreshtha 2008jimate change impacts in the boreal forest and parkland areas of the
three prairie provinces have been intensively studied in relation to drought conditions ocgurring
especially during the period from 1950 to 2005erezke 2009)Trembling aspen isne of the most
economically important deciduous tree species in the North American boreal forest and is the dominant
tree in the aspen parkland zone along the northern edge of the Canadian pr@iogg et al. 2005)
where it forms stunted patches of forest interspersed with cropland and grassland. Trembling aspen is
expected to be especially vulnerable to the impacts of a warmer and drier future clifHaigg and
Hurdle 1995)and has already deteriorated because of drought, repeated d@dfoh by forest tent
caterpillar Malacosoma disstrig or both(Hogg and Schwartz 199%ichaelian et al(2010X2 @port on
the massive aspen mortality following severe drought along the southern edge of the Canadian boreal
forest. They ecorded 45 Mt of dead broadleaf trees during 26886, covering an area of 11.5 Mha,
four years following an exceptional drought. In the Island Forests, recent work has shown that moisture
deficits have the potential to limit the success of current refation practices such as natural (drag
scarification in jack pine and suckering following harvest of aspen) and artificial (direct seeding and
planting) renewal treatment¢éBendzsak 2006)Ihese drought effects will be the single most important
climatic factor in the Prairie Provinces causing reduced stem growth, top dieback and mortality of aspen
and other species of the Boreal and Parkland Z¢Gesezke 2009)

Drought is regarded as a major limiting factor for determining the range limits of tree species
(Sykes and Prentice 199%) plays a direct role in shaping species distributi@iser et al. 2001ltering
composition, structure, and biogeograpby forest landscapegAllen et al. 2010)Trees grow relatively
slowly, but can die quickly in response to drought. Therefore, mortality of adult trees can result in
ecosystem changes far more quickly than a gradual transition driven by tree regeneration and growth
(Shafer et al. 2001)The southern boreal fringe is highly sensitive to changes in moisture, especially
drought because moisture is already limited in treégion. Drougheffects are most likely to occur first
at semiarid ecotones such as the transition zones from prairie to boreal forest and drought induced
mortality is likely to be patchy in these fragmented regigéAlien and Breshears 1998; Michaelian et al.
2010) Therefore,6 S & i S NJ/ sbuthgrh Bdtedd fingds predictedto be highly vulnerable to the
impact of climate change induced drought stress in ¢beningyears.As climate becomes warmer and
drier in the future, the southern margin of the boreal forest will becomes increasing vulnerable and may
eventually lose fordascover. Recent research suggests that there will be increasing tree mortality from
the interactions of drought, insects and fire at the southern margin of the boreal forest in the Prairie
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Provinces. Information regarding the interacting effects of drouglih insects and fire will be
addressed in greater detail in later sections.

Habitats and Landscapes

Forested landscapes provide habitat for wildlife and supply many essential goods and services to

humans, including game animals, fuel wood, timber, flood control, and recreation. Climate change
impacts are expected to cause shifts in forested ecosystemstyp.g.: conversion of conifer to aspen

dominated forest), habitat loss, and increased fragmentation which may result in changes or a loss of
SO2aeaidsSyYy ayaNgedOSIAlD | fwd MT I Q & highy2vhilReebiei(Semsifivigt =R~ 0 S

Medium; Adaptie Capacity = Medium) to these impacts. Many scientific studies also predict that
considerablechanges will occur on the southern edge of the boreal forest, involving a total loss of
forested habitat and a shift into a grassland ecosystem. SRD rated thétirashighly vulnerable

0{SyariArgdrie I aSRAdzYT ! RILJiAGS /Tah#goride I [26

Table 4: Degree of sensitivity, adaptive capacity and vulnerability of Alberta's forests to impacts of climate
charge on habitats and forest landscapes (H=High; M= Medium; L= Low)

Vulnerability Assessment
Ecosyste Key projected Climate Degree of Degree of
m service Change impacts s - Vulnerability
9 P Sensitivity Adaptive (HIMIL)
(H/M/L) Capacity (H/M/L)
Shifts in forest ecosystem
types H M
Habitat loss and increased
Habitats fragmentation M M
and
Landscape
Loss of forest
ecosystems/habitat (forest to
grassland climate shift) M L-M
Exposure

As GHG emissions continue to rise, conservative climate creggerios predict increases in
global mean temperature of about-£C globally by 2080, with significant drying in some regions
(Christensen et al. 2007; Seager et al. 200Rg rate of warming is expected to be much large8°@,

Ay GKS y2NIKSNY O2yidAySyidlt | NBI & (Hdgy ZOO2MAYE dzR S

aspects of climate change predictions remain shrouded in uncemaintiut the climate record already
shows that large areas of the boreal forest have experienced a warming of abSGt dver the past
century (Hogg 2002) Temperature tends for 19061998 show an annual mean daily maximum
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temperature increase for southern Alber{Zhang et al. 2000)ith the greatest warming occurring in

the spring months. By 2050 the mean temperature across the prairies is expected to increadétyy 2
compared wih the 19611990 reference period, and even greater increases are possible under extreme
climate scenariogSauchyn and Kulshreshtha 2008here is less certainty with respect to precipitation
changes, but most models indicate an increase of up to 15% increase can be expected and most of these
gains will occur in the winter and sprif§auchyn and Kulshreshtha 2008xtual precipitation trends
observed over the last 50 years have actually been the opposite, with an approximately 15% decrease in
precipitation observed over the prairies and central mixedwoods of All{dttaogga et al. 2009Even if
precipitation does increase slightly, most regions will become drier during the growing season because
of the effects of increased heating on evapotranspiration. These conditions will become the catalyst for
shifts in sgcies composition at the landscape level along the southern boreal forest. Species will likely
redistribute or die out, resulting in new plant communities with no current analogue. Wildlife species
associated with various forest types will shift as theabitat changes, or in some cases disappear
(Johnston et al. 2006)

Sensitivity

The Canadian boreal forest is one of the ecosystems most atndde global climate changas
high latitude biomes in particular, will be subject to more extreme warmingtive to mid and low
latitudes (Scholze et al. ZB). Changes in climate of the magnitude projected for th& @dntury have
already caused substantial vegetation change in the feftogga et al. 2009; McKenney et al. 2009;
Parmesan 2006b; Williams et al. 20049 it is prudent to expect that the current dynamics of northern
forests may change within theémeframe of concern to resource managédfshapin Il et al. 2004)
Under a changing climate, trees will either need adapt to new climates,migrate with shifting
environmentd zones, or becomextirpated from the landscapéAitken et al. 2008; Melillo et al. 1993)

The strongest patterns of local adaptation in temperate and boreal forest trees reflect the
critical synchronization ofhe annual growth and dormancy cycle of populations with their local
seasonal temperature regimes. If trees have a shorter than optimal period of active growth relative to
their local climate and available growing season, they will not have competitivelgrates. If growth
is initiated too early in spring or continues too late in the summer or early fall, cold injury may result. In
most temperate and boreal species, the initiation of growth occurs in sifiticen et al. 2008)Climate
change will not alter photoperiodic cues for growth cessation and bud set, but may delay the fulfillment
of chilling requirements in winter or accelerate the satisfaction of heat sum requirements, and may also
change the degre of synchronyfor reproductive bud development among populations affecting the
potential for long distance gene flow via polléhitken et al. 2008)Adaptation may be impossible in
areas where many forestpecies currently thrive, as climate may change too quickly to provide the
ALSOASEAQ ySOSaal NEPapaddphlZ00® Thompbids §t dzA2QIpYISopnifer species
are widely distributed; however, populations within those species are finely adapted to theirenat
climatic environments within a relatively narrow climate ran@@'Neill and Yanchuk 2005Under
circumnstances where climate becomes significantly different from that in which the species evolved,
maladaptation occurs. Maladaptation includes a direct climate component, e.g. increasing
temperatures, and an indirect component, e.g. changes in soil moistatsed by changes in
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precipitation and evapotranspiratio@ohnston et al. @.0a) These climaticelated effects also render
trees more susceptible to additional stressors, like insects, disease arfBreet al. 2004; Kliejunas et

al. 2009; Volney and Hirsh 200B)Jaladaptation is likely to occur to many species currently present in
the southern boreal fringe if temperatures minue to rise and drought events increase in frequency.
Maladapted vegetation will likely die off over time and cause a shift in successional trajectories within
this region. This can alter the current resilience of the system during the establishmesg phd new
communities may form consisting of plants better adapted to the warmer climate. The transition to new
vegetation types is likely to be slow as long as mature trees are present but may proceed quickly if the
mature trees are killed by a disturbes, leaving a site that is struggling to regenerate and vulnerable to

a change in species miidogg and Wein 2005PDne can expect these disturbances to be discontinuous

in time and space as they will reflect the distribution of natural disturbances iiame changes in the
mean climate(Flannigan et al. 2001; Hogg et al. 200Faj)e is one agent that halse ability to rapidly
change the landscape, and is expected to increase over the next century due to warmer and drier
temperatures. Many boreal species are adapted to fire, however proper regeneration of pine and spruce
requires the presence of cone bdéag trees. If fire frequency increases and the fire return interval
become shorter than the time for seedlings to reach sexual maturity, many pine and spruce trees could
be extirpated from the landscape. Therefore, we can expect an increase in the domiofiaspen in

high fire zones, even if there is sufficient soil moisture for conifer seedling sufMiogy and Bernier
2005) This will lead an increase in relative abundance of fire adapted vegetation in the island forests
and boreal fringe as conifers eventually become replaced with agpampbell and Camphe2000;
Johnston et al. 2006 his in turn could translate into decreased fire activity over time even in a warmer
and drier climate as aspen forests are less prone to(Kmawchuck et al. 2006).ags and thresholds
could lead to sudden largeesponses to future climate change that are not readily apparent from
current vegetation(Camill and Clark 20QC$hifts in the distribution of vegetation communities can be
expected to lag behind changes in the bioclimatic enveldpés is primarily because maturedividuals

of most tree species have substantial tolerance to climatic fluctuations and can persist for extended
periods outside of their usual climatic envelofldogg 1994; Schneider et al. 2009) addition, the
ability of species to migrate in response to changing conditions may be limited by thenkdomanated
landscapelnitial responses to greenhouse warming could be modest if local factors buffer vegetation
against regional climate chang&his buffer may create a lag in ecosystem response and sharpen
transitions between vegetation typd€amill and Clark 2000)

Theforestsaffected earliest and most drasticallye locatedat the southern edge of the biome
(Davis and Zabinski 1992)verstory trees may persist for four or five ddea, bu seedlingsvould not.
The latter are more sensitive to climate change and may disappear within a few decades, setting the
stage for local extinctions of tree populations and associatederstoryplants. This will result in a loss
of current habita over time with increasing fragmentation occurring as forested areas begin to exhibit
the effects of a changing climate. The fewer number of trees in the environment represented either by
the number of occupied habitats or the abundance within habitdtg, fewer seeds will be produced.
Fewer suitable habitats results in a lower probability that seeds will land in a suitable site and
successfully recruifCarter and Prince 1988I8hifting of geographical ranges of plant communities due
to warming cannot occur at the rate at which warming! likely proceed (Weber and Stocks 1998)
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Species residing in areas like the island forest that exist on the fringe of the southern boreal forest may
lack the genetic diversity or required gene flow to adjust to different climates, and are isolated on a
restricted landscape with a lack of migratipathways. Species within the island forests will be limited
geographically by the low frequency of suitable habitats. Carter and P{ir8&8a; 1988bpredicted

that although species may be common locally within a suitable habitat, the prdigabfl habitat
colonization is very low when patches of suitable habitat are rare. Near species distribution limits,
population extinction rates equal new site colonization rates because suitable habitat is rare. As the
probability of colonization approaels that of local extinction, a species ceases to expand its range
(1988a; Carter and Prince 1988hb)

A 2 4 oA~

[ F NBES aKATFTGA FNB SELISOGSR Ay (KS RA&AGNRAOdziAZY
due to climate changéHenderson et al. 2010Y he capacity of plant species to fill redefined ranges will
be strongly influenced by theimigration rates (Higgins et al. 2003)As paleobiology records
demonstrate, most conifer species have tolerated large and repeatethges in climate through
widespreadmigration (Jackson and Overpeck 2000; Webb 8adtlein 1992) However, the magnitude
2F ALISOASAQ NBRA&AGNAROdziAZYA YR GKS Syadzay3a Sgd2f
have resulted in prolonged periods of ecological disturbance that today would have significant negative
social, @vironmental, and economic ramificatiorf®'Neill et al. 2008)Palececological data provides
only limited insight for contemporary climate change, because change is how more rapid than in the
past(Huntley 1991)will result in higher globaemperatures than previously experienced over the last
several million yearéCowley 990) and is occurring in a different biological settifdcMahon et al.

2009) Migratory responses necessary to track climates far exceed maximunglposl rategAitken et

al. 2008) Today, estimated average rates of tree migration range freb®Kim/century (fragmented
landscapes)(Schwartz et al. 2001p 50 km/century (fully forested landscapgdicKenney et al. 2007;
Schwartz et al. 2001)n contrast, GCMs, species distribution models, and global vegetation models
predict an average northward shift of 700 km in suitable climate over the next ce(Bames 2009;
McKenney et al. 2009LConsequently, the respective migration rate required by trees to keep pace with
climatic change would bd4 times the current estimated rate of migratiofhe extent to which
populations will adapt depends upon phenotypic variation, strength of selection, reproductive capacity,
interspecific competition, and biotic interaction@itken et al. 2008) Under modern settings, the
migration capacity of tree species in the Island Forests will also be limited by restricted dispersal due to
their isolated setting. Over the next several decades, the climate in the eouthoreal forest is
predicted to shift northward(Chain Ill et al. 2004; Hogg and Hurdle 1995; McKenney et al. 2007)
Ol dza A y 3 & LiShedodeireérefiNdd.\SehBeider et 2009)used a combination of a bioclimatic
envelope model and a transitional disturbance model to predict how the landscapes in Albertabgould
affected by climate change. They found that much of the southern boreal forest would be converted to
parkland, and other studies have shown that the current parkland zone could become converted to
grasslands overtiméHogg and Hurdle 1995)n addition to slow dispersaates, trees may have to
contend with inhospitable environments when attempting to migré#ehnston et al. 2010apBarriers

exist across the landscape in the form of agriculture, urban environments, and lack of suitable soil
conditions in the north of current distributior(#liggins et al. 2003; McKenney et al. 2009)
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Extirpation of trees from the landscape and replacement by new biomes will likely occur over an
extended period as mature trees are present and disturbances will be needed to remove them from the
landscape. Recently, in the southern boreal forest there have been ncaeds of increased tree
mortality and dieoff triggered by drought and high temperatures that may be indicative of some forest
response to climate chang@ogg et al. 2002a)The southern boreal forest will be at sigedfint risk
from climate change as it is a marginal system, bordering the grassland, and sensitive to small changes in
environmental conditions. ThBPCC Working Group(1996)noted that a warming of average annual
temperature of as little as 1°C (in the absence of increased moisture) could be enough to shift the forest
northward, while the southar limit of the boreal forest converts to grassland or other fmmreal
speciegdWheaton 1997) Temperatures predicted for this area will be much higher than 1°C, increasing
the risk of these landscapes as their adaptive climate maowathward out of their current range and
they are unable to keep pace. Thesbkanges in the climatic environment will be large stressors on an
already weak system, and with increases in disturbances (fire, drought, insects) the future of the forests
in the region is questionable. As moisture limitations increase over time, the inability to regenerate,
drought stress, pests, and fire will slowly fragment the foredge, causing forest diebacks and
disappearing treesGrasses will likely expand into thegion, gradually replacing the trees. The impact
of these changes will likely result in changes to technology, markets and recreational values in this area
(Johnston and Williamson 2007)

Therefore, habitats and landscapes in the southern boreal fringe of the Prairie Proemdds
slowly become degraded and fragmented over time as climate change continues. This may initially lead
to changes in dominance of tree species (e.g. conifer to aspen) or changes in species mix. As climatic
stressors exceed species tolerances, trees will shifgirer mortality, reduced regeneration, and other
disturbances such as fire may permanently remove them from the landscape. Grasses will begin to
encroach on these areas over time as trees become extirpated from the landscape. This shows that
these regiols are highly vulnerable to change if future conditions occur as predicted by GCMs.

Pest Regulation

Forest pests, such as insects and diseases, are integral components of forest dynamics, in which
they fulfill important roles. These roles include providing food for other insects, spiders, birds and small
mammals, removing weakened trees to make room liealthy plants, pollinating flowers, breaking
down plant material to improve nutrient cycling, and aiding succes@idiperta Sustainable Resource
Development 2009a)They are normally present at low densitieausing little damage, and negligible
impact on tree growth and vigofAllard et al. 2003)Occasionally, these pest populations can grow
rapidly in response to favorable environmentainditions and cause extreme damage. Such sporadic
outbreaks can have catastrophic impacts on forests and trees, in some cases leading to the complete
destruction of large areas of forest, reduction of vital forest ecosystem functions, and considerable
economic losseqAllard et al. 2003)These large scale pest outbreaks are also a natural part of the
boreal system to which it is adapted. The concerer pest outbreaks occuwhen the frequency,
extent, and intensity ofarge populatioreruptionsgoes beyond the natural range of variability for which
ALISOASE FNB FTRFLISR FYR AYLIOG GKS &aeadsSvyQa oAt
effects on tree growth and survivalieyd and quality of wood and newood products, wildlife habitat,
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recreation, aesthetics, and cultural value. Forest insects and pathogens are the most ubiquitous and
important agents of disturbance in North American forests, affecting an area almoshé&§ targer than

fire and with an economic impact nearly five times as gfeagan et al. 2003Pue to the pervasive and
potentially damaging effects of forest pests under future climatic conditions, SRD determined that the
forests of Alberta would béighly vulnerableto increasing invasive species and biotic forest health
damaging agentgSensitivity = High; Adaptive Capacity = Low to Medidraplé 3. This would be
especially true for the southern boreal forest fringe within the Prairie Provinces.

Table 5: Degree of sensitivity, adaptive capacity and vulnerability of Alberta's forests to impacts of climate
change on Pest Regulation (H=High; M= Medium; L= Low)

Vulnerability Assessment
Ecosystem Key projected Climate Degree of Degree of
service Change impacts e : Vulnerability
9 P Sensitivity Adaptive (H/MIL)
(H/M/L) Capacity (H/M/L)
Increasing invasive species
and biotic forest health
Pest .
: damaging agents. Impact H L-M
Regulation .
created by altered species
diversity.
Exposure

There are significant adverse impacts and indications that outbreaks of forest insect pests and
diseases are on the increase across the gi@dkard et al. 2003as warning temperatures have direct
effects on insect population dynamics. Insect physiology is highly sensitive to temperature, with
metabolic rate tending to about double with an increase ofQQGillooly et al. 2001) Therefore,
climatic warming tends to accelerate irdeconsumption, reproduction, development, and movements,
which can influence population dynamics via affects on fecundity, survival, generation time, and
dispersal(Bale et al. 2002; Bergeron and Leduc 1998; Mattson and Haack. IR8¥)timing of life
history stages of many insect species has already been demonstrably advanced by warming
temperatures (Logan et al. 2003)y trapping efforts in the UK which have already provided evidence
that the timing of critical life history eventg the most easily observed response of ectothermic
organisms to a warming climate is occurring earlier among ingscthan previously recorded
(Harrington et al. 2001)There are also increasing examples of insect distributions extending northward
(Parmesan 2006ayith reports of growing damage from some forest pests at the poleward and alpine
limits oftheir historical occurrence@epsen et al. 2008; Lima et al. 2008)addition to increasing insect
metabolism during the growing seasocljmatic warming also reduces the risk to insect populations
suffering winter mortality from extreme cold(Bale et al. 2002) Already, extreme minimum
temperatures have increased by 33in the southeastern US from 198004. Over that same time
period, outbreaks of southern pine beetle have extended northwagd ~200 km, matching the
predictions of physiologically based models of cold tolerance for this sp@ads et al2002; Tran et al.
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2007) A similar example was recently experienced in Canada with the mountain pine beetle
(Dendroctonus ponderospeoutbreak in Btish Columbia(Regniere and Bentz 20Q7&yhich has now
spread to areas of Alberta. In fact, Cullingham ef20111)show for the first time a successful mountain

pine beetle attack in natural jack pine stands at the leading edge of the epidemic. Once unsuitable, this
habitat is now a new environment for this species to exploit, and represents a paiteisk which could

be exacerbated by further climate change with significant consequences for the boreal forest ecosystem
(Cullingham et al. 2011)

The range of many pathogens is limited by elim requirements for overwintering or
oversummering of the pathogen or vectd6Garrett et al. 2006) Similar to insects, higher winter
temperatures {6° to -10°C) have been shown to increase survivorshipoeérwintering rust fungi
(Pucciniagraminia3 and caused increased disease on fesdtestuca and ryegrass l(oliun) plants
(Pfender and Vollmer 1999Researctinto the effects of climate change on plant diseases is limited;
however Coakley et a11999)stated that climate change could alter stages and rates of development of
pathogens, mdify host resistance, result in changes in the physiology ofbaistogen interactions and
cause a shift of the geographic distribution of both the host and pathogen resulting in new disease
complexes. Temperature is the dominant climate factor in teohslirect effects on diseases through
effects on their overwintering capabilities, although precipitation effects have not been studied
sufficiently to draw general conclusiofSarrett et al. 2006)

Sensitivity

Climate influences the survival and spread of insects and pathogens directly, as well as the susceptibility
of their forest ecosystem@ale et al. 2001)Plants growing in marginal climates, like the Island Forests,
could experience chronic stress that would predispose themngect and disease outbreaks. As already
noted, drought and higher temperatures, are expected to cause greater stress on these landscapes.
Drought stress promotes outbreaks of plant fungi and insects by providing a more favorable thermal
environment for gowth, survival, and reproductio(Mattson and Haack 1987prought stressed plants

are also more attractive for insects due to leaf yellowing, greater infrared reflectance, and decreased
defenses. Warming and other changes could also make trees more vulnerable to new pathogens that
are currently not important due to unfavorable climai€oakley et al. 1999However because climate
change can both directly and indirectly affect herbivores and pathogens through various processes, the
ultimate effects on patterns of disturbance include increases in some areas and decreases in others
(Dale et al. 2001)Insect infestations and disease promoteefby increasing fuel loads, and fires can
promote future infestations by compromising tree defen¢Bale et al. 2001)

Insects
9PSNE |aLISOG 2F +ty AyasSoiQa tAFS 0OedtS Aa RSI
blooded. Therefore, these organisms quickly react to a cimgnglimate by shifting their geographical
distribution and population behavior to take advantage of new climatically benign environr(@ateoll
et al. 2003) Insect pests possess a great capacity to alter habitats and modify ecological processes in

forests, oftenleading to extensive ecological and economic dam@dyekes et al. 2009; Fleming and
Candau 198; Liebhold et al. 1995)The most important ensuing effects from insect defoliation are
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mortality, growth loss, rotation delaysand increased susceptibility to secondary insects and disease
(Kulman 1971)important pests such as spruce budworm, jack pine budworm and forest tent caterpillar
are expected to increase due to the direct effects of temperatures on reproduction, and the increased
susceptibility of host trees due to other stresgéogg and Bernier 2005; Hogg et al. 2002a; Johnston et
al. 2006) In aspen stands, sl defoliation effects by insects cause reduced growth and twig dieback
but no impact on stem mortality. If severe defoliation occurs for three consecutive years it can lead to
an increase in fungal pathogens and insect borers, with a significant incireatem mortality 610

years after the infestatiofHogg et al. 2002a)reering records taken byHogg et al. 2002kh Grande
Prairie, AB area showed two periods of strongly mtlgrowth of aspen, both of which coincided with
major defoliation events in the study area. The first was between 19663, when mean stem area
increment decreased by 75%, and the second occurred between-19807, when a decrease of 64%
was recordedAccording to Sterner and Davids(i®982) moderate to severe insect defoliation of aspen
covered over a total aggregate area of 20 X 18 in the Canadian Prairie Provinces during 18991.
Future impacts of climate change are of a conceroaose in a warmer and drier future climate insect
effects have the potential to be more severe. One of the major concerns for the western Canadian
Interior is presently found at the northern edge of the prairies, where aspen stands are stunted and
prone to severe dieback during periods of drougiiiogg and Hurdle 1995%haking them especially
vulnerable to insects and disease. After age and drought, pests have a major influence on aspen
survivability with forest tent caterpillar andrmillariaroot disease accounting for 1%% and 14.6% of

the total variation in the percentage of healthy tress and standing d8aant et al. 2003)As discussed
previously, an important consequence of climate change is higher frequency, intensity and severity of
droughts. In addition to causing mortality through carbon starvation and cavitation of water columns
within the xylem, climatic water stress can have profound effects on tree susceptibility to attack by
pests (Bentz et al. 2010)Drought can affect growth, defense, tissue repair, and the production of
constitutive or inducible chemical defenses, and thereljting the ability of the tree to responds to
invasions.

The following section will consider the individual effects of three important pests on North
American trees and how they may be affected by climate change. These following insects cause vast
outbreaks which often end in extensive replacement of forest stands and could have a significant role in
modifying the southern boreal forest fringe.

Forest Tent Caterpillar

Forest tent caterpillar (FTCis the most important pest of trembling aspen in the Pi
Provinces, and causes reductions in growth and tree mortality when outbreaks (@reunt et al. 2003;
Hildahl and Reeks 196@utbreaks can often last8years, and the repeated defoliation over that time
period can significantly affect tree productivity and mortalitjorsley et al. 20025tudies in Alberta and
Saskatchewan have showed that the caterpillars significantly affect growth of trembling aspen and is
strongly associated with crown dieback, often evident several years followingutieeak (Hogg and
Schwartz 1999)Increasing éfoliation events can be associated with an increase in proportion of
weakened, or declining and dead aspen trgBsant et al. 2003) This caterpillar favors warm, dry
summer conditions and therefore, its impacts on aspencaombination with drought, will probably
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increase under climate chandklogg et al. 2002a; Ives 198Qurrently, outbreaks are limited to some
extent by low winter temperatures-§3°C) that kill eggs. As winter temperatures increase across the
southern boreal foest fringe, the threshold for egg survival will be surpassed and outbreaks may
become more extensiv@/irtanen and Neuvonen 1999)

Warmer winter temperatures projected by climate change might suggest an increase in
overwinter survival of FT€ygs(Dukes et al. 2009However,studies have shown that cold tolerance in
the FTCeggs varies seasonally in responsetdmperature As result a sequence of warm days can
decrease egglycerol content, thereby decreasingld toleranceof the egggHanec 1966)and causing
them to be more vulnerable to cold events during the winter monthkis effect was observed in an
AlbertaFTQutbreak following a winter that experienced sudden transition between extreme warm and
extreme cold which caused sueld egg mortality(Cooke and Roland 2003Therefore, if winters
become warmer as predicted by climate change scenarios, then a small bout of extreme cold could
easily prevent or abrten periods of FTC outbreaks by decreasingwtitger survivability of their eggs,
thus reducing futue effects of FTC on aspen stariDsikes et al. 2009T herefore, if there are increased
variance in climatic extremes in winter temperatures, FTC larvae could be more éDuisks et al.
2009) Alternatively, other climate models also predict fewer freezing events in late winter and early
spring, which would decrease FTC egg mortéDiykes et al. 2009; Hayhoe et al. 2Q06)

Synchrony between larval emergence and budbreak of plants is important for survival and
growth of FTC and many other early season lepidopteran defoliators, this cycle may become disrupted
under climate change. For early season feeders, optimal growth eduen caterpillars have access to
young foliage. Therefore it is important for larvae to hatch at the proper time. If they emerge too early
they can starve, and if they hatch late they can suffer reduced growth rates, longer larval stages, and
lower papalmasses, indicating reduced female fecunditgnes and Despland 200€)limate warming is
already having discernable effects on the phenology of plants anul finst leaf dates often occur
earlier in the yean(Schwartz et al. 2006)f FTC and tree hosts respond differently to thermats;
climate change could result ithanges ir-TC outbreakéDukes et al2009) Therefore, the impacts of
future outbreaks of FTC wigireatly depend on the climate which can either aid or hinder future
outbreaks on this pest and subsequent effects on aspen forests.

Bark Beetle lountain Pine Beetl§

Bark beetledave evolved with coniferous forests ecosystems of western North America and are
highly sensitive to thermal conditions for survival and growth. Outbreaks of these beetles have been
correlated with shifts in temperatur@Powell and Logan 200&hd precipitation(Berg et al. 200§ while
water and heat stress can decrease host tree vigor and its resistdrgeibe inasion. The response of
bark beetles to climate change can be characterized by a high degree of complexity and uncertainty as
beetle populations are directly influendeby temperature and indirectlyinfluenced through other
climatic effects on tree¢Bentz et al. 2010Early studies showed thaémperature directlycontrolled
MPB mortality and cold exposurewas considered the key factor controlling bark beetle population
dynamicsIn south eastern BChe distribution ofMPB was thought to beontrolled by the position of
the -40°C isotherm, whicHimited its eastward spread across Cana@afranyik et al. 9474) These
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results have been increasingly questioned in its applicability to MPB in north BC and Alberta
environments.MPB overwintering mortality appears to follow different rules in forests where MPB is a
novel disturbancegBleiker 2001)Results of future temperature driverimate models developed for
estimatingthe spread olpruce beetle and mountain pine beetlearn us toexpect positive changes in
bark beetle populations ttoughoutthe coming century.

The mountain pine beetle, offers an intriguing and relevant example of the interaction between
climate, host trees and reproduction. This species will successfully attack most western pines, but
lodgepole pine is its primaryoist (Carrollet al. 2003) In 2001, Logan and Powg001)¢ N2 G S G KIF & & A
anticipated that under global warming, former climatically hostile environments will become climatically
0SyAdys Fftt2eAy3a Y2dzylidlt Ay LAYS 06SSiGtS (G2 arxayrAFi
correct; in 2008 there was arlge outbreak of MPB in B.C., Canada. Over 14.5 million hectares were
AYTFSaiSR AyAGALtter FyR AdG Aa SELISOGSR G2 (1Att Of
cause in part by increasing temperatures which created warm winters allowiagoeetle to spread.

This outbreak has seen the expansion of MPB beyond its historical range into lodgepole pine stands in
northern BC and westentral Alberta.Currently, the leading edge of this outbreak has moved into the
lodgepole pineg jack pine hydd zone and into pure jack pine stands as W€llllingham et al. 2011)

Due to an unusual weather event, MPB was brought to wesitral Alberta for the first time in 2006.
Strong winds carried detles approximately 400 km from central BC to the Grande Prairie region,
infesting pine forests in tharea(Alberta Sustainable Resource Development 2008bk)temperatures

rise throughout the century, the area suitable for MPB is predicted to giBantz et al. 2010and
susceptibility of jack pine to MPB is a major concé@ullingham et al. 2011)An incease in low
temperature survival is predicted for spatially isolated areas of Canada, includingevesdl Alberta,
where MPB has recently been found attacking lodgepole/jack pine hygMieklis and Peter 2009and
Cullingham et al(2011)has shown the first successful MPB attack in a natural jack pine stand. Bark
beetle outbreaks in theatreating and expanding margins of tree distributions, will play an important
role in colonizing and killing stressed iwiduals as they attempt to adapted to a changing environment
(Bentz et al. 2010)

Spruce Budworm

The spuce budworm, Choristoneura fumiferanais the most important defoliator pest of
sprucefir forests in North America, and is widespread across prairie boreal forests, attacking white
spruce, tamarack and balsam fir. The life history of the spruce budwsrsiniilar to other conifer
feeding species. Eggs are laid in the summer, hatch and feed on fungi without causing damage to
needles(Retnakaran et al. 1999They overwirgr on branches and emerge in spring to feed on needles
and developing buds of conifer tre€golney and Fleming 20Q0$pring emergence of spruce budworm
larvae is the most critical step in determining whether populations will thrive, and must be timed
correctly with host phenology. Theiee, successful establishment of this species requires proper
synchrony between insects and host developm@rbiney and Fleming 20Q00his species also fithe
ability to rapidly evolve with its host specieseifivironmental conditions changaue to large genetic
variability, lack of song reproductive barriers and excellent dispersal abilities. Therefore, under a
warming climate, the entire range of white spruce across the boreal forest should be considered
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vulnerable to spruce budworm outbreak¥olney and Fleming 20Q0d)n the prairie and the aspen
parklandecoregions, white spruce are often confined to north facing slopes of ravines or moist regions

in the Island Forests. Budworm outbreak in these areas persist for several years and become terminated

only by late frosts that damage the entire crop of currénS | N & aK220da GKdza adl NIDA
(Cerezke and Volney 199%ersistent budworm outbreaks disrupt forest stand development, killing

trees and opening stands to permit surviving tree to prosper. Forests damagedune dprdworm may

also be more prone to fire and can burn more intensely due to increased fuel (B&mtsks 1987)The
YI22NR(G& 2F NBadzZ §a FaasSaairy3d aLINHzOS o0dzRég2N¥Qa NB
aspects of outbreak behavidlcogan et al. 2003)

Disease

Climate change has the ability to alter the incidence sederity of tree diseases such as, stem
diseases, heart wood rots, stedecay, shoot blights and cankers, foliar and root diseases, mistletoes,
viruses and virusike disorders, vascular wilts, and seed and seedling disddebaston et al. 2006)
Losse from forest diseases in Canada are estimated to be 36 million cubic meters of timber annually,
which translates to on¢hird of the total annual harvest. Changes in climate may result in pathogen
expansios into the host habitat range, or conversely, th®st could be released from disease by
changes in environmental conditions that make the climate unfavorable to the path@dgvell et al.
2002) Fungal responses to climate are qaax and interactions with tree host susceptibility, insect
vectors, and important belowground interactions between fungi and tree rootsnatewell studied
(Allen et al. 2010)Each fungus possesgifferent thermal ranges for optimal growtfRice et al. 208),
and seasonal temperature dictates which fungal species is transmitted by dispersing {&rcand
Bentz 2007)It continues to be difficult to predict how plant pathogens will respond to climate change
as they can survive and infect their hosts under a wide range of temperatdmsos 2005) but
conditions needed to produce epidemic outbreaks can be constrained within a few degrees Celsius. The
following diagram(Figure7) was adapted from Dukes et g2009) and describes the probable direct
and indirect effects of climate change on forest pathogens:
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Figure8: Direct andindirect effects ofclimate change on forest pathogens

Lodgepole Pine Dwarf Mistletoe

An example of one of the most damaging pathogens of jack pine in western Canada is lodgepole
pine dwarf mistletoe (DMT)Afceuthobium americanun Dwarf mistletoe has two major hosts,
lodgepole pine, and jack pine. In the United states, DMT is a major pathogen and is estimated to have
infected over 11.7 million hectares of forg®ale et al. 2001)n Canada, the presence of DMT severely
infects jack pine throughout the westeregion(Brandt et al. 2004)Thisdisease has devastating effects
on growth and vigor, and ultimately cawsdree mortality. Mistletoe infestations also reduce wood
quality, impair and reduce seed productivity to the extent that heavily infected branches do not produce
regenerative structuregMcintosh 2004) This disease is extremely invasivel gersistent, often re
infecting young stands from sources within and adjacent to the stand following disturl{Becelzsak
2006) The presence dPMT also increases fire hazard by creating additional standing dead and downed
wood. Species that are insusceptible or have reduced susceptibility to this disease would be worth
investigating as reforestation alternativéBendzsak 2006 ptimal temperature conditions for survival
of dwarf mistletoe is from 1Z to 16C, while winter temperatures below89°C result in significant
mortality (Brandt et al. 2004; Smith and Wass 19®jirrently more northerly areas are free of DMT,;
the northern limit of DMT is 5%, where it occurs on jackine in Alberta(Brandt et al. 2004)If winter
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temperatures increase under climate change, DMT may haveasecdesurvivability and infection rates
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infections The southern limit of this species is in California; therefore, temperatures in southern boreal
Canadan forests are unlikely to become too warm for the survival of this species as a result of climate
change(Johnston et al. 2008)n addition, it is likely to expand its range northward as winters subside

(Johnston et al. 2008)

Genetic Resources

Two main vulnerabilities drest resources to climate change in the boreal forest of western
Canada are the lossf species and the loss of within species forest genetic resources. Both of these
vulnerabilities were rated as a medium vulnerability (Sensitivity = Medium; Adaptive capacity = Low to
Medium) under pedicted climate changeT@ble §. Since climatic fact@r have a distinct influence on
the spatial genetic differentiation of forest trees, it is essential to look at which climatic factors affect
trees in order to match populations tolanting sitesfor adapting to the expected future climate

changes.

Table6Y

5S3aNBS

27

aSyarurgraes

RILIGIA @S OF LI OAG @
of climate change on Genetic Resources (H=High; M= Medium; L= Low)

YR @d vy

Vulnerability Assessment

Ecosystem Key projected Climate Degree of Degree of
service Change impacts - - Vulnerability
9 P Sensitivity Adaptive (H/MIL)
(H/M/L) Capacity (H/M/L)
Loss of species
M
M L-M
Genetic
Resources
Loss of within-species forest M
genetic resources
M L-M

Genetics and Trees

The genetic structure of plant populations is inextricably linked with variation in the physical
environment (e.g.Linehart and Grant 1996because the environment provides both the habitat and a
selection pressure to sort populations according to theiproductive fitness (e.gfutuyma, 1979
Because of their sessile and perennial nature, forest trees provide an excellent material for studying the
relationship between plants getics and the environment. Morgenster(1996) discussed general
principles of forest tree genecology and provided examples of geographation trends in temperate
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and boreal forests. A literature review by Rweyongeza and Y20@p)showed that, the relationship
betweengenetic differentiation and climate is greater in the northern latitudes (temperate and boreal)
than in the tropics. Generally, the sharp chasga temperature along latitudes and altitudes, large
seasonal variation in temperature and day length, and jgstial recolonization history account for
patterns of genetic variation in forest trees observed in this region (e.g., Morgenstern 1996).

Extensive studies of conifer provenances (populations) have shown that the pattern of genetic variation
is similar among species. This chapter provides only a brief summary of the observed patterns in the
context of this report. A comprehensive review adriation by species and regions is found in
Rweyongeza and Yang (2005); a similarity in genetic variation patterns between forest trees and other
plants in well covered by Linhart and Grant (1996). In trees, genetic variation among populations is
predominantly clinal. (1) Growth potential declines from lower to higher latitudes and from lower to
higher elevations. (2) Populations at higher latitudes and elevations open and set buds earlier than
those at lower latitudes (also see Howe at2403. (3) In more climatically harsh environments such as
higher latitudes and to some extent higher elevations, survival and growth potengiahaximized by

local populations (e.cRweyongeza 2011; Rweyongeza et al. 2007a; Rweyongeza et al. 2010;
Rweyongeza et al. 2007kh¥) A tradeoff exists between growth potential and parameters of survival
such as ald hardness (e.g¢lLoehle 1998)which explains the conservative growth modes of marginal
tree populations.

Provenance studies in white asklgxinusAmericanal) by Roberds et a[1990) aspen Populus
tremuloidesMichx) by Gray et a{2011)and Gray and Hamanf2011)and western alderAlnus rubra

Bong.) by Hamann et af2000) show that deciduous species exhibit a variation pattern similar to
conifers. Although conifers, seed propagated deciduous and clonally propagated deciduous species
exhibits different modes of pollen and seed dispersal, and regeneration, they respond itar sim
environmental selection pressure. For clonal species such as aspen where the same genotype persists
for millennia, this selection may have occurred during pglatial colonization of their present natural
ranges.

Key to all species is the associatibetween genetic differentiation and climate (Linhart and Grant
1996; Daviset al. 200%). Studies show that climate is a major natural selection pressure that explains
genetic variation in quantitative traits such as growth and thus, productivity. Provenance studies of
Canadian species have contributed immensely in our undedihg of this relationship and its
conseqguences in light of climate change. Interested leaders should consult Rehfeldt et al.2Q®B09,

and Wang et al(2006) for lodgepole pinePfnus contortaDougl.), Rweyongeza et al. (2007a, 280
2010) and Adalo et al.(2005)for white spruce Picea glaucgMoench] Voss), Thomson and Parker
(2008)and Matyas and Yeatmaii992)for jack pine Pinus banksinhamb) and Thomson et §2009)

for black spruceRicea mariangMill) BSP) to name just a few. Similar studies exist outside Canada (e.g.,
Schmidtlingl994; Matyas 1994)It suffice to say that, in addition to revealing the relationship between
tree population genetics and climate, these studies show that climate change can have a serious
negative impaton forest productivity. This is particularly true in the boreal region of western Canada
where significant moisture deficit exist.
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The ability of the species to adapt (survive, grow and reproduce) to its environment depends on its
ability to continuouslyadjust its gene pool to remain in equilibrium with the challenges of the current
environment. When the change in the environment is gradual and spread over a longer period,
organisms such as forest trees can evolve by natural selection (differentialadwamd reproduction) to
produce populations and genotypes that are suitable for the environment (e.g., Futuyma 1976). The
ability of the species to evolve genetically and adapt to a changing environment is tied to the existence
of genetic variation amongnd within populations (e.gFalconer and Mackay 1996)herefore, the
essential requirement for enabling a species (plant or animal) to suigseifiin a changing environment

is to conserve its genetic variability. Changes in climate are expected to occur faste B@mgpw and

Yu 2005; Mbogga et al. 2013ven though the extent of change differs among modeling scenarios.
Regardless of climate change scenarios, the changes are faster than the rate of evolution in forest trees
due to longer generation intervals. With genematiintervals spanning decades, forest trees can neither
evolve nor migrate as fast as the rate of projected changes in climate. Therefore, maintaining forests in
climatically stressed environments such as the southern fringe of the species in the Cdpiditas

has two components namely, (1) conserving the unique gene pools characteristic of that area, and (2)
maintaining forest productivity where commercial forestry currently exist.

Timber Resources

Timber is wood in any of its stages from fellingotingh readiness for use as structural material
for construction, or wood pulp for papdéWikipedia contributors 2011bYslobally, forests cover around
ok: 2F (GKS 9FNIKQa fFyR &adz2NFIFOS yR SIOK &SI NJ
industrial roundwood and fuel wabusage by human@-ood and Agriculture Orgaaizon 2005) The
effects of climate change impacts on forests will undoubtedly have serious impacts on both natural and
modified forests. As discussed earlier, vegetation is expected to shift with warming trends, expanding
into current tundra area as faas soil conditions might allow. However, forests at the trailing edge will
likely be reduced and this could lead to a massive loss in natural forests with increased deforestation at
the southern boundary. All the impacts of climate change on the forestescribed in previous sections
will affect both biophysical and economic aspects of the timber supply in Canada. There will be effects
on the quality and quantity of timber and the quantity and location of salv@gilsenan 2007)The
magnitude and type of effect in any given region will be dependertherclimate change in that region
(Lempriere et al. 2008 Some growth and yield models demonstrate that climate change can increase
global tmber production through a poleward shift of the most important forestry spe@slenko and
Sedjo 2007)Climate change also has the ability to accelerate growth due to warmer climate, longer
growing seasons, and elevated atmospheric,&Ad thus increase overall lotgrm timber supplies
(Lempriere et al. 2008)0On the other hand, many other impacts of climate change have the ability to
decrease forest production, such as increased fires, drought, insects, pathogens, and other extreme
events (Johnston and Williamson 2005; Ohlson et al. 2005; Spittlehouse and Stewart 20i0&te
change may also have a dampening effect on prices of forest products in the global market as higher
growth rates lead to increased wood supply, especially in developing coufBa@mgen and Sedjo
2005) These impcts of climate change will ultimately be the drivers that influence changes in forest
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structure and productivity at local levels and lead to changes in how forests are mafiafs$ton and
Williamson 2005) The southern boreal fringe is especially importantnasst timber of commercial
value is found within this region, the relatively warm climate and deep soils support a diverse and
productive mix of pure conifer forests and mixed woods consisting of white spruce, jack pine, or black
spruce mixed with tremblingaspen, balsam poplar or white birgfPARC)Warmer temperatures,
drought events, increase fire activity, and pest occurrence will likely result in a loss of forest productivity
for the southern boreal forest fringe along the Prairie Provinces. A decrease in forest productivity will
cause a loss in timber supply and land rent value. SRD predicted that the boreal forest, and in turn the
timber supply, would be highly vulnerability of to increasing forest fires, increase in forest health
damaging agents, regeneration failure, lossioflter and commercial forest land base. The degree of
sensitivity in this system would range from high to medium and the adaptive capacity would range from
medium to low Table7).

Table 7: Degree of sensitivity, adaptive capacity drnvulnerability of Alberta's forests to impacts of climate
change on Genetic Resources (H=High; M= Medium; L= Low)

Vulnerability Assessment

Ecosystem Key projected Climate
service Change impacts Degree of Degree of Adaptive| Vulnerability

Sensitivity (H/M/L)| Capacity (H/M/L) (H/M/L)

Increasing frequency and

. H L
extent of forest fires
Increase in severity and extent
of many forest health damaging H L-M
agents
Regeneration failure and
Timber reduced tree growth/survival M-H L-M

due to drought and severe
weather events

Loss of timber due to
increased fire and forest health M-H L
damaging agents

Loss of revenue from shift and
net depletion of commercial M-H L-M
forest land base

Exposure

Under climate change scenarios, fire frequency is predicted to increase over the next century.
Fire activity is strongly influence by four factarsveather, fuels, ignition agents and humag@®hnson
1992) In Canada, fire seasonal severity rating may increase by(Hlé#migan and Van Wagner 1991)
and fire season length may increase by approximately 30 (i&p$ton and Flannigan 1993Bergeron
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and Flannigar{1995) expectthat under global warming, the average fire weather index (FWduld
increase over Western Canada but decrease in the @dstt al. 2000)Regeneration of forest species,
especially conifers, is expected to be significantly reduced in the southern boreal forest if the CMI
decreases to less thatl5 (Hogg and Schwartz 199%or example, a future warming of@ would
represent summer temperatures empirically associated with extreme levels of stress and an empirically
predicted level of zero growth for white spru¢€hapin Il et al. 2004Llimate change is expected to
reduce forest productivity because of increased fire frequency, extent and increased pest damage
(O'Neill et al. 2008yvhich will ultimately lead to a loss of timber in the southern boreal for€sttbon
dioxide (C@ concentrations have risen from a preindustrial value of 270 to 390 umol‘mand are
predicted to at least douk in the next centuryMillard et al. 2007) These rising concentrations are
predicted to increase tree growth if other resources in the environment are not limiting (e.g. moisture
and nutrients).

Sensitivity

¢tKS STFFSOGa 27F Of A diiliy $o achikve BidtSinalReyforest Im@nagemedtiare a
concern. Increased damage by fire, pests, drought, and changing climate will certainly lead to shifts in
species composition and distributions which may drastically affect forest productivity andyeraeat.

The southern boreal forest is predicted to be severely affected by these changes and maintaining
current species, ecosystems, and amgss distributions will likely not be feasible in this afel@bda

1998) Some research predicts that the aspen parkland in the Prairie Provinces will grow at the expense
of the currert limit of the southern boreal foregiHogg and Hurdle 1995)he persistence of the existing
vegetation is relatively unclear, but many researchers believe that disturbance by fire, diseases, insects,
or harvesting will be a major catalyst for species replacement caudiagges in overall forest
productivity in the southern boreal forest fringe.

Forest Fires

Fire is an integral part of the boreal forest ecosystem, over time it creates a rich mosaic of
boreal forest communities composed of a variety of age classesinTiois creates the underlying basis
for plant and animal biodiversity within this bionf@/eberand Stocks 1998Fire aids in nutrient cycling,
eliminating pest infestations, diseased areas, and increases forest productivity by burning old growth,
dead standing trees and opening up that area to new growth. Many boreal forest tree species have
ewlved with fire and this ecosystem process is crucial to their continued survival. Jack pine for example,
is retained after fire on the landscape and provides the strongest example for adaptation of a tree
species to the periodic passage of f(M/eber and Stocks 1998t has developed serotinous cones
which release seed after a fire has pasewugh a region, thus regenerating the jack pine stand. This
species has the potential to actually disappear as a natural component of the boreal forest landscape in
the absence of fir§Weber and Stocks 1998)

It is very likely that fire will increase under warmer and drier conditions predicted for many
areas of the boreal forest under climathange (Wotton et al. 2010Q) This is especially important
because fire has the ability to rapidly change the forest at a landscape (ldwgh et al. 2002a)n
remote areas, most forest fires are ignited by lightning anceag rapidly during periods of drought.
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Since 1970, the average area burned by forest fires has doubled, despite improvements in technology,
fire detection, and suppressiofHogg 2002)The ability of people to stop fire in the boreal forest will
continue to be limited, except for small intensively managed areas. In Canada, there are an average of
10,000 fires each year, burning between one and eight million hectares anr{tityg 2002) On
average, area burned in Canada is expected to increase {il8%(Flannigan et al. 2002A more

recent study by Wotton et a{2010)suggest an increase in fire occurrence of 25% by 2030 and 75% by
the end of the 21 century using the Canadian Climate GerGCM scenarios, while, the Hadley Center
GCM scenarios suggest fire occurrence will increase by 140% by the end of this century. Under a
doubling of C@scenario area burned was shown to increase in Canada by 44% due to an increase in
Seasonal SeverityalRng (Flannigan and Van Wagner 199Bgulishi etal. (2009b)used a multivariate
adaptive regression spline approach to assess the respohaeea burned to changing climate in the
western boreal forest and found that average area burned per decade will double by2P8&1and
increase on the order of 3:5.5 times by the last decade of the*2dentury. The potential losses of the
timber, pup, and paper production, as well as the damage to health andtinaper forest products
caused by elevated fire activity are quite uncertain as much of the fire damage is expected to occur in
more northern, lessccessible, regionirilenko and Sedjo 20Q7)

Increased fire frequency has also been predicted over the southern boreal forest in central
Canada, andhis will probably promote vegetation change from the present miwedd forest of
aspen, poplar, birch, spruce and pine to an aspen/grassland mosaic presently bordering this forest
(Flannigan et al. 1998Yhe southern edge of ¢hboreal fringe will likely be affected earliest and most
drastically (Davis and Zabinski 1992Many boreal species are adapted to fire, however proper
regeneration requires tht the trees be old enough to bear cones. Therefore, if the fire frequency
increases and the fire return interval becomes shorter than the time for seedlings to reach sexual
maturity, many species could be eliminated from their current rafigegg and Bernier 2009 upland
areas currently dominated by whitggrice, this could lead to an increase in aspen in high fire regions
even if there is sufficient moisture for conifer establishment. The conversion of forest from conifers to
aspen could lead to an eventual decrease in fire activity over time even undenewaand drier
conditions. Aspen forests are often less prone to fire relative to conffeasnpbell and Campbell 2000;
Campbell and Flannigan 200&0d have the ability to resprout following a burn, making this species
well-suited under future climate scenarios. Forest management activities may need to take into account
a probable increase in aspen forests on some parts of the landscape and timber snpgjidnave to be
redirected toward aspen harvest.

Therefore, some components of the boreal forest ecosystem are extremely sensitive to damage
by fire, which is predicted to increase under future climate. In addition, current adaptive capacity is low
asindicated by the fact that area burned has increase since the 1970s despite improvement in detection
and suppression technology.

Fires and Forest Health Damaging Agents

Fire does not influence the forest in isolation but rather it interacts with many other
disturbancegFlannigan et al2000) Fire and insects are intrinsic and often synergistic components of
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many boreal forest ecosystems in North America, often interacting to affect succession, nutrient cycling,
and forest species compositigMcCullogh et al. 199&nd can have sigfitant consequences for forest
productivity and biological diversity. In addition, severe drought coupled with insect or disease
infestation can also lead to extensive fire and mortality of boreal trees. Extensive mortality of aspen
groves due to droughinsects, disease and fire occurred across the aspen parkland in(Z814i et al.
1991)and again following the 1988 drougfiHogg and Hurdle 1995Yhe area affected by fire was
exacerbated by dry conditions in 1989 when fires burned over 3 million hectares of boreal forest in
northern Maritoba (Hirsh 1991Wwhile in Saskatchewan the 1989 fire lead to a replacement of jack pine
stands with aspen and grassland in some aigfsyg and Hurdle 1995These types of events can be
expected to increase in the future and have the most drastic effects on the edge of the southern boreal
forest and forest productivity in this region.

Episodic outbreaks of defoliating insects can affect the likelihood of fire ignition, fire behavior
and intensity, and resulting pofire species compositiofMcCullogh et al. 1998)The likelihood and
severity of forest fire can be increased by feedingkbbeetles, defoliating Lepidoptera, and other
groups of insects that can alter the accumulations and distribution of fuels and vegetation. For example,
outbreaks of mountain pine beetle in senescing lodgepole pine stands result in large fuel buildups and
these outbreaks are often followed by intense wildfires which open serotinous lodgepole pine cones,
eliminate overstory vegetation, and expose mineral soil. This allows the site to be reestablished by
lodgepole pine and ensures the continued roles of moimfane beetle(Amman and Schmitz 1988)
similar relationship caibe found with jack pine budworm and fire. Jack pine stands generally sustain a
jack pine budworm outbreak for 6 to 10 year interv@i®lney and McCullogh 1994h the absence of
fire, jack pine would likely be replaced by more shattderance speciegNealis and Lomic 1994)
However budworm defoliation usually causes a buildup of dead dry needles cast off by larvae, some
GNBS Y2NIIFfiMEESREYR NBESAR SalLISOAFfte Ay 20SN YI dd
ground fires that can develop into crown fires if the canopgostiguous(McCullogh et al. 1998 he
fire opens jack pine cones and allows the seeds to fall on a newly exposed mineral seedbed, propagating
a young, often dense jack pine stand to occupy the site once again. Under an increased fire interval,
these evoled selfsustaining treeinsect mechanisms could possibly break down if the fire interval
occurs before young stands have the chance to reach a reproductive stage. In this case, these pine
stands are likely to be replaced by surrounding vegetation. In dlse of the southern boreal forest and
aspen parkland regions, pines could be replaced by aspen or grasses under an increased fire interval.
This would cause a decrease in overall timber supply for this area.

Fire can also predispose trees to attack bykbaeetles or wooeboring insects, as trees
scorched or wounded by fire are weakened and less resistant to bark beetle attack. Influencing the
abundance or species diversity of insect groups, and may affect quality and foliage for plant feeding
insects(McCullodp et al. 1998)In some cases prescribed fire can also be used as a control mechanism,
by killing insects directly or by altering soil properties, overstory or understory vegetation, tree density,
or other aspects of their habitafMitchell 1990) This technique is especially useful if the insect pest
spends a part of their life cycle in a vulnerable state on the grqivhcCullogh et al. 1998s most
insects have evolved their own strategies for surviving fireeacolonizing burned area@Mitchell 1990;
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Richardson and Holliday 1982)t is difficult to predict the
interacting effects that fire and insects will have on the southern
boreal forest in the future, but some basic assumptions can be
made. Insects and fire are both plieted to increase on the boreal
landscape, and the southern boreal forest will not be exempt from
these factors. These two agents of change will likely act as a
catalyst, by removing ry remaining maladapted speciesm the
landscape and facilitating thecaial change in species composition
(boreal to grassland shift). Insects will act in concordance with fire
to increase the suitability of trees to fires and vice versa, making
this region especially sensitive to these factarimans have a
limited abilityto prevent insect and fire disturbance when climatic
conditions are favorable.

Regeneration

Natural Regeneration:

According the current climate change predictions, the
southern boreal forest in centralCanada will be affected by relying on natural seed
increased temperatures and a changing precipitation regime which § <oy rces or sprouting and
will most likely lead to an increased risk of drought, extreme
weather events, and subsequently a higher risk of fire, and pest
damage. As discussed previouslysthiill lead to an increase in (e.g., seedbed preparatio
damaged forest area and therefore an increase in forest area in | selection)
need of regeneration under less favorable climatic conditions.
Forest regeneration is the act of renewing tree cover by | (Future Forest 2011)
establishing young trees naturally or &idially, promptly after the
previous stand or forest has been removdtbrest regeneration
includes practices such as changes in tree plant density through
humanassisted natural regeneration, enrichment planting,
reduced grazing of forested savannas, andanges in tree
provenances/genetics or tree speci@®CC 2011)n addition to
the traditional objectives of stand productivity and quality,
improving forest resilience with respect to abiotic and biotic
stresses will becom a crucial objectivgFuture Forest 2011pf
forest regerration by forest managers. This may require a
reassessment of current regeneration strategies and techniques as
decisions made by forest managers during the regeneration phase
can only be corrected later at a greater cost. This means that
careful selectio of regeneration strategies, methods, and
materials are increasingly important during times of r{gkiture
Forest 2011)especially selection of tree species and provenance
which may be better adapted under future climate conditions.

little human intervention
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There are two ways in which a forest area can regeneratgural regeneration or artificial
regeneration

Natural regeneration requires the presence of a nearby seed source in order for regeneration to
occur. Natural regeneration helps preserve locally adapted populations, high genetic variability, good
adaptation to micresites, undisturbed root development, low cost and low risk investmértiture
Forest 2011) The problem with natural regeneration under climate change is that many species are
predicted to become maladapted to their current locations and therefore natural regeneration would
only exacerbate this problem as natural regeat®n does not allow drastic change to the genetic stock.
On the southern edge of the boreal forest, drought will most likely restrict germination of seeds or cause
seedling mortality, causing natural regeneration to fail under drier climates. The nitisalcperiod
during the life cycle of trees is during the first few weeks of seedling developfeniel et al. 1979)n
naturally forested regions, moisture eficiency frequently reduces the rate of germination,
photosynthesis, and survival of conifer seedlings under current conditions. Dry climates prevent conifer
regeneration from seed, usually due to lack of moisture or extended dry periods of time when the
seedling first emergegHogg 1994) Therefore, natural regeneration maye significantly affected by
climate change and the likelihood of trees reaching the taegrow stage will decrease. This in turn will
affect the future development of the stand, the final volume at harvest and consequently impacting
revenues availableof reforestation and industryJohnston et al. 2010bDther disadvantages of natural
regeneration include irregular regeneration density and tree s@mecomposition, the dependence on
fructification and seed production, low flexibility and a long risk peiiBdture Forest 2011)Many
species will respond differently in their ability to naturally regenerate under climate change. White
spruce, aspen, lodgepole and jack pine will be discussed in the follogdtigrss with regards to natural
regeneration under climate change.

White spruce

In many areas, white spruce trees are highly tolerant to drought as many survive on shelterbelts
and block planting on the Canadian prairies and parkland regions. Howeveiferceeedling
establishment requires a sustained period when soils are moist, a rare occurrence under aligeairie
climate (Hogg and Bernier 2005Yhe seedlings are the most vulnerable during the first few weeks
following germination, even under brief periods-Z4 days) without rain may lead to high mortglit
(Phelps 1948)White spruce regeneration is often impeded by a lack of vegetative regeneration, it is the
most vulnerable species to be lost from a site afiiee because it must regenerate from seeds that
disperse into the burn area from adjacent tre@hapin Ill et al. 2004)n most natural stands, white
spruce does not begito produce seed in quantity until 30 years of age. It has the possibility to be
eliminated from the boreal landscape if fire occurs more frequently than evey04geardMoss 1932;
Nienstaedt and Zasada 1990)he present climate of the southern pamkthand grassland is too dry to
permit natural regeneration of white spruce and other conifers. In a study by Hogg and Scti98ity
looking at white spruce regeneration along a climate moisture gradient exterfdomgy the boreal
forest, across the aspen parkland, to the seamd prairie grassland, they discovered that natural
regeneration was highest in the moist boreal sites and northern aspen parkland, decreased in the
southern parkland and was negligible iretgrassland region. If increases in atmospherig |I€& to a
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drier future climate in the southern boreal forest of western Canada, similar to the current grassland

regions, the ability of conifers to regenerate naturally may be
significantly reduceqHogg and Schwartz 1990)nder the absence

of effective regeneration, conifer stands will be prone to

replacement by aspen or grasses following fire or another type of
disturbance(Schwartz and Wein 129

Aspen

A critical feature of aspen is its vegetative mode of
reproduction which allows it to resproutigorously following fires
of low severity or from togkilled clones following drought. This
mode of regeneration can allow aspen to survive in areas burned as
often as 3 year¢Peterson and Peterson 1992hd may explain its
more southern distribution into the parkland and prairie regioffis o
central Canada. Although aspen is prone to episodes of crown
dieback following periods of drought, especially in combination
with other stressors such as spring thét@eze events, insect
defoliation and fungal pathogen($iogg et al. 2002h) is also highly
adapted to these stressor because of its ability to regenerate
vegetatively following mortality of its above ground stems.
Notwithstanding aspen dieoff is already occurring across North
America and many beliewdat climate change is to blame. On the
hillsides of Arizona to the peaks of Idaho, aspen trees are failing by
the tens of thousandgRicciardi 2009)Sudden aspen declinbas
also been oberved in Colorado starting in 2004, and by 2008 over
220,000 ha, 17% of the aspen cover in the state, was affected.

Sudden Aspen Decline
(SAD) this disease is
characterized by rapid,
synchronous branch
dieback, crown thinning
and mortality of aspen
stems on a landscape
scale, without the
involvement ofiggressive,
primary pathogens and

insects

Sudden aspen decline has lead to loss of aspen cover and is
occurring in areas where early loss of aspen due to climate change
has been prdicted (Worrall et al. 201Q) Preliminary evidence
shows that affected stands may fail to produce suckers in response
to crown loss and mortality, and this is mostly likely dige
moisture stress as an underlying facf@vorrall et al. 2008)Similar
effects have been seen in the aspen parkland and southern boreal
forest of Alberta and Saskatchewan, where branch dieback, growth
loss and mortality of aspen have incsea following a severe
drought in 20012002 (Hogg et al. 2008)Worrall et al.(2010)
believes that a number of compouimd) factors such as location,
physiological maturity, low stand density, drought and high
temperatures during the growing season, insects and pathogens
outbreaks attacking stressed trees all provide reasons for this large
scale dieback.
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Lodgepole and Jack pine

Lodgepole me and jack pine are the northemost pines
in the boreal forest of North America and are both located in the
central part of AlbertdRweyongeza et al. 2007a)/here these two
species meet they hybridize and the resultant trees resemble
lodgepole pine rather than jack pine. Both lodgepole pine and
hybrids occur on more mesic sites and therefthave the potential
for higher elevational populations on sites in proximity to each
other, whereas jack pine has a more scattered distribution on xeric
sandy sites and occurs more often in pure stafidatural Regions
Committee 2006)Jack pine is a species well adapted to fire in the
forest environment and this is exhibd by its cone serotiny which
releases seeds after a fire has passed through an area. Without the
periodic passage of fire, jack pine would disappear from the
landscape(Cayford and McRae 1983lowever if climate change
leads to increased fire frequencies in the southern boreal forest
and parkland regions, conifers could be gradually eliminated if they
are burned before reaching sedmbaring age (ca. 30 years), or if
soil conditions become too dry for successful seedling
edablishment(Hogg 1994; Hogg and Hurdle 1995}y conditions
are also know to exacerbate fire and in the Nisbet Foresttdéaca
100 km north of Saskatoon, Saskatchewan, poor regeneration of
jack pine occurred following the 1989 fire and has led to the
conversion to aspen and grassland in some a(eiagg and Hurdle
1995) Lodgepole pine on the other hand has shown range
expansion activity atite northern edge of its range. Johnstone and
Chapin(2003)document the range expansion activity of lodgepole
pine into a relatively pristine natural environment in the Yukon,
perhaps in relation to climate warming.

Artificial regenerationis the active introdution of seed or
plant material to a forest site, and allows for prior selection of the
reproductive material with respect to certain objectives of plant
breeding or genetic improvemen{Future Forest 2011) This
method relies on seeding, planting of seedlings, or planting of
cuttings, and was first established improve tree growth, quality,
and resilience to pests, drought and disease. In artificial
regeneration, it is important to use seed sources adapted to their
plantation environments for reforestation. This has long been
practiced based on observational féifences among populations
within species for survival, growth, and resistance to biotic and
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Assisted Migration

(managed relocation) the
practice of deliberately
populating members of a
species from their present
habitat to a new region
with the intent of
establishing a permanent
presence there, generally
in response to the
degradation of the ntural
habitat due to human
action (e.g., climate
change)Wikipedia
contributors 2011a)
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abiotic stressegWang et al. 2006)Presently, forestry managers that practice artificial regeneration
often 32 o6& GKS |aadzYLliazy GKIFIG af20lf A& o0Sailé 6K,
reforestation are going to experience a climate similar to that experience by their parents, and
grandparents and more distant ancestors. This is increasingly lyntike to climate chang@Vang et al.
2006)and new strategies must be developed. Atrtificial regeneration may still offer the best option for
managed forest areas across the southern boreal forest td déth climate change. As noted earlier,
plants are expected to fall behind the shifting climate because their migration rates will not be fast
enough to keep up with predicted temperature and precipitation chaflgerson and Prasad 1998;
Iverson et al. 2004; McKenney et al. 2QdwA)the eastern United States, less than 15% of new potential
habitat would have even a small probability of being colonized within 100 years. This problem will be
exacerbated in rarer species because of low source strefigénisonet al. 2004) making them more

prone to extinction(Schwartz et al. 2006)n order to maintain forest cover in the island forests and
areas of the southern boreal fringe under climate change, new provenances and exotic species maybe
need to be considered as potential regeneration specSpecies that are better adapted to warmer,
drier conditions could be considered as regeneration options by current forest managers in anticipation
to climate change; this approach to regeneration is knowmassssted migration This raises important

policy challenges regarding introduction of new provenances or exotic species and their use in forest
regeneration(McLachlan et al. 2007The concept of assisted migration directly subjugates the ideals of
conventional conservation biology approaches that attempestablish or reestablish habitat corridors

to allow species to disperse in response to climate changes. Many scientists oppose the idea of assisted
migration as a conservation strategy as past occurrences of introduced species outside their native
rangescan often be associated with negative ecological and economic impacts (e.g., Zebra mussels
(Dreissena polymorphaleafy spurge Euphorbia esulaand Asian gypsy mothymantria dispar In

WA OOA L NRA | y(R09){syntriesiS NE tAet Ruddn legacy of damage througpecies
introductions, they argue that ecologists do not know enough to engage in the practice of assisted
migration without causing harm to associated communit{@chwartz et al. 2009)However, it is
important to consider assisted migration ihe face of a changing climate given the rapidity by which
habitat and climate is predicted to change and the simple fact that species will not be able to keep pace
even under the best circumstances. Assisted migration is a huge topic of debate that dsnnot
discussed in its entirety in this report; however, it needs to be noted as a potential regeneration strategy
under future climate change. We must be careful to engage this practice with the proper respect for
ethical, legal and biological issues sumding the idea of managed relocation and determine if it is the
proper strategy to use on a case by case basis. The Canadian Forest Service is preparing a
comprehensive review of the ecological, legal and ethical aspects of assisted migration which will be
completed by the end of 2011.
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Assisted migration and other methods ofrtificial
regeneration will not be cheap. Atrtificial regeneration often
requires a loof resources to implement, including: the presence of
seed orchards or stands, a seedling nursery, a labor force and
usually site preparatiorandequipment(Future Forest 2011Yhese
additional resourcegould potentially increase in cost under future
climate changeas forests may become less productive and more
difficult to renew after disturbanceswWarmer temperatures and
drought stress predicted under climate change will increase the
difficulty in reforestation following harvesLight and water are the
two most mportant abiotic determinants of successful seedling
establishment(Desteven 199), and water may become a limiting
agent in many boreal regionblew silvicultural methods may need
to be used to compensate for lower moisture availability by:
increasing seedling densities to compensate for increasing seedling
mortality, bringing inexotic species that are more drought tolerant
(assisted migration), planting larger/older seedlingnd using
different or more intensive site preparation methotts counteract
the effects of drought

Artificial Regeneration
relies on the active
introduction of pre
Seedlings are especially sensitive to short term dhdu selected seed or plant
events, and drier weather patterns can cause decreased survival | material to a forest site
rate in seedlingsOne option by forest companies may be to plant
trees at higher densities in order to compensate for increased
seedling mortality. This will ultimately increase the cosbf
regenerating sites after harvest as companies will need to invest in
more seedlings or cuttings per areBhe same is true for planting
larger and older seedlings; each seedling will be associated with a
larger cost due to the increased time taken tawgrthe seedlings.
For example, one year old seedlimyswhite spruce are $1.69 per
tree, while two year olds are $2.49 per tré@Rimbey Trees 2009)

(Future Forest 2011)

Methodsincluding more site preparation or longer periods
of vegetation control, may need to be e to increase the
LINPOoFOoAETAGE 2F GNBSa NKXKbridikehal3
(2011)found that site preparation and vegetation control can be
used to mitigate climate change effects on early plantation growth
in boreal forests.This is especially true for conifers which are
extremely susceptible to competing vegetation duregly stages
of their establishment because the seedlings are small and generally
slow growing. By implementing application of proper site
preparation the negative impact of climate change can offset
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drought stress by decreasing competition from tall dfgwand grass, improve soil temperature, reduce
limitations from excess spring moisture, increase nutrient availability and accelerate early root growth
under the right conditiongCortini et al. 2011 Mechanical preparation and vegetation control may soon
be required to achieve regeneration following harvest of trees, especially in areas under metstisie

(i.e. southern boreal forestlherefore, costs associated with replanting after harvest can be assumed to
increase under climate changas more intensive work may be needed to ensure trees become
establishedThis increase in cost will likely afféorestry companies who are responsible for replanting
trees following harvest.

Existing forests are moderately resistant to climatariability; however it is the forest
regeneration phase that will be most susceptible to the changed climBlénningor selectively
removing suppressed, damaged or poor quality trees may help to increase light, water and nutrients
available for the remaining treg SES 2011However, there are practical limitations to implementing
many of these changes into forestry practicAsthe scale of the Canadian or even or southern edge of
the boreal forest, the costs of intervening at such a lasgale wold likely be prohibitively high, while
implementing all or some of these activities would contribute to companies having to spend more time
and money to get trees established and growing as compared to current practices.

Regeneration Lag

Regeneation lag is the time (number of growing seasons, expressed in years) following harvest
required for a new stand of trees to initiate growth as compared to the natural yield cuinie
equivalent to the time a harvested area remains fallow without regeteg trees (Sustainable
Resource Development 2009)ue to the peential increase in difficulty in regenerating stands after
harvest, longer rotations may begin to occilihis in turn will lead to companies having to postpone
harvesting, which will cost them money and could potentially increase difficulty during forest
management planningThe current assumption in Alberta is that a two year regeneration lag could
increase to five years or more with climate charfigeaser 2011)
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Tree Growth

Climate change is highly likely to impact forest productivity
over the next century. The direction and degree of change are
uncertain due to mawy factors changing simultaneously, including
atmospheric composition, temperature, rainfall, and land use
(Medlyn et al. 2001) Net Primary Productivity (NPP) is a
guantitative measure of the carbon fixed by plants per unit time
and space(Liu et al. 2002)1t is the primary conduit of carbon
transfer from the atmosphere to the land surface and is thus a
fundamental component othe global carbon cycléKang et al.
2006) In other words, NPP is a measurement of plant growth
obtained by calculating the quantity of carbon absorbed and stored
by vegetation. Direct measurements are difficult to coogu
destructive, time intensive and costly. Therefore, most lssgale
measurements of NPP are done through model simulation.
{AYdzZ F GA2Yy NBadzZ# 6a aKz2eg GKI G
year" in 1994, of which 74% was attributed to forests, mainly the
boreal (Liu et al. 2002) Across this landscape NPP varied by
ecozone and provinces/territories; the Boreal Plain ecozone had a
mean NPP value of 321 g C?mear’ (Liu et al. 2002)The
vegetation responses to climate change, which ranged from
ecophysidogical responses to ecosystem carbon balance, can lead
to net changes in NPE&hiang et al. 2008)These impacts include
the potential fertilization effects of increasing €l@vels, regional
fire activity, drought, insects, water use efficiency (WUE), nitrogen
mineralization, and elevated temperatures. Kang et @006)
showed that the North American boreal ecosystem has been
sensitive to historial patterns of increasing atmospheric £O
climate change and fire. They found that the relative impacts of
disturbances an@vapotranspiration(ET) interact in complex ways
and are spatially variable, while historical trends of increasing
atmospheric C@resulted in an overall increase in annual NPP of
13% within a 350,000 k%rportion of the Canadian boreal forest.
Fire activity reduced NPP and ET, and drier areas of the forest were
subject to more fire, causing larger decreases in NPP. In the
northern hidh latitudes of Canada, satellite remote sensing was
used by Zhang et §2008)to detect recentclimate driven changes
in vegetation. Results showed some key impacts on NPP: low
temperature constraints on Boredirctic NPP are decreasing by
0.43% per year and there is an increasing moisture constraint of
0.49% per year which is offsetting the poteitbenefits of longer

/
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Evapotranspiration (ET) :
defines the land
atmosphere exchange of
water and is the primary
interface between
terrestrial energy and
water cycles and is also
closely linked with NPP a
the carbon cycle through
vegetaton canopy
stomatal controls for both
CQ and water vapo(Kang
et al. 2006)
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growing seasons. These findings show that drought can induce NPP decreases, resulting in a reduction of
carbon accumulation, and this will likely occur more frequently in a warmer and drier climate. The
multitude of effects causinghanges in NPP under climate change will vary by species, region, and site.

Climate change is predicted to have many positive effects on forests. According to simplistic
growth scenarios, tree productivity depends on site fertility, temperature, and pitatign. An increase
in temperature would result in accelerated growth by lengthening the growing season and reducing the
frequency of summer frost in northern regioriBernier 2011) Elevated temperatures may enhance
metabolic photosynthesis and increase nutrients available in the soil through increased decomposition
rates. A longer growing season under warmer temperatures in the sprnddall could also allow trees
to accumulate more annual growth in high latitude systems. Earlier spring development has occurred in
LI NI a 2F 9dzNBLIS 6KSNB |y Fylfeaira 2F 9dz2NRLISQa
19591993 reveals a hlgthening of the growing season of 10.8 days since the 1@86nzel and Fabian
1999) Relationships between temperaturen@ flowering for trembling aspen, Saskatoon berry
(Amelanchier alnifolijpand chokecherryRrunus virginianpin the area of Edmonton, Alberta for 1936
1998 show a trend towards earlier flowerin@@eaubien and Freeland 2000jowever, elevated
temperatures may Bo decrease NPP by decreasing soil moisture and enhancing respi¢iog and
Apps 1999)In as early as 202039, Rweyongeza et §2007b)predicted that warming temperatures
coud cause serious declines in survival and growth of white spruce in Alberta. Warming would intensify
drought conditions in northern and central Alberta making it difficult for white spruce to attain
substantial survival and growth.

Enhanced WUE in bothetshort and long term should occur under increasing €@centrations. Trees

will not have to open their stomata as frequently, through which they gaip &@ transpire water
vapor. In addition, they tend to produce fewer stomata per unit area of ledfsea under higher levels

of CQ (Long et al. 2004)These changes reduce the loss of water by transpiration, and the amount of
carbon they gain per unit of water lost typically rises. This may affect local adaptation in drier locations
(Aitken et al. 2008)helping trees exist in drier climates by increasing their ability to withstand drought.
This means that drought stressed areas and subsequent decrease in productivity may be partially
counteracted bythe concurrent rise in CO

The primary effect of the response of plants to rising atmospherigi€® increase resource
use efficiencyDrake et al. 1997)improved soilvater balance, increased carbon uptake in the shade,
greater carbon to nitrogen ratio, and reduced nutrient quality for insect and animadegs are all
possibilities that have been observed in field studies in response to increases (Drake et al. 1997)
White spruce in Saskatchewan showed an increase in productivity of about 40% with adequate
moisture, and a 60% increase when WUE was increased using the PnET ecosystem simulation model
(Johnston and \iliamson 2005)In terms of direct increases in plant productivity, it has been noted in
many experimental studies thafz photosynthesisresponds strongly to GQOconcentrations, with
photosynthesis increasing by Z%% with a doubling of atmospheridOCconcentrations(Cure and
Acock 1986; Drake et al. 1997; Kimball 1983; Urban 2083)g and App&99) used a procesbased
ecosystem model (CENTURY 4.0) to investigate the patterns of NPP along a transect across the boreal
forests of central Canada and the influence of climate change,f&@ization and fire disturbance
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regions on changes in NPFhe model showed that climate change led to increased NPP for most sites,
mainly due to an increase in @However, many of these studies do not account for maladaption
arising from a changed climate, basing their predictions on productiliityate relatonships or process
based models developed from adapted populations, or requiring populations to migrate to adapt at a
pace sufficient to allow them to thrive in the face of rapid climate change, a scenario that appears
untenable(Davis and Shaw 2001; Rehfeldt et al. 1999)

Experiments have been done in closed or open top chambers and shown a high potentigl for CO
to enhance growth in trees, such as a 70% increab&®imass production of orange tre¢kimball et al.
2007) The freeair CQ enrichment (FACE) experiments showed a smaller effect of increased CO
concentration on tree growthLong term results frona FACEexperiment in Switzerlanghow an
average net primary production increase of 23% (ran@®%) in response to a doubling of G®young
trees, but little response in mature tregdorner et al. 2005)A metaanalysis of tree growth among a
number of forest FACE sites showed an average increase of 23% in woody biomass (Norby et al 2005).
However, it is still unknown what the net effect will be in the fieldhwiit the size limitations of the
chambers; it may only cause an increase in productivity for the short term, with decreases eventually
occurring due to acclimation, soil nutrient or moisture limitatiofiillard et al. 2007) Scaling up
measurements fsm leaves and individuals to stands and ecosystems may introduce significant error
and this has led some to conclude that elevated @@y not affect stands in the same way that single
individuals are affecte@Peng and Apps 1999%uch of the prelimiary works shows that increases in
CQ concentrations may help trees to deal with increasing temperatures and drought effects through
gains in WUE, more efficient photosynthesis and carbon fertilization. These effects may help to offset
some of the negativeffects of climate change under the right conditions (e.g.: sufficient moisture and
nutrients). Johnston and Williamsg2005)found that the effects of climate change on future stand
yields was increased unless those stands experienced an extlesught.

Increases in net nitrogen (N) mineralization are also positively correlated with changes in NPP
(Peng and Apps 199%Current productivity in boreal forest ecosystems is limited by N availability and
low temperatures; therefore, NP increases under climate change and increasing CO2 will likely be
mostly influenced by the effectiveness of elevated temperatures in enhancing N avail@®dityg and
Apps 1999) Some studies predict that increases in nitrogen mineralization wilbecancreased
productivity and growth for trees under climate change due to increasing temperatures. However, a
study done in northern hardwood forests showed that net N mineralization and nitrification were slower
in warmer, low elevation plots, in both smumer and winter(Groffman et al. 2009)In summer, this
pattern was due to lower soil moisture in warmer soils and in winter there was less snow which caused
more soil freezing and reductions in N cycling. Theselts suggest that nitrogen will likely be limited
under warmer temperatures predicted by climate change if moisture is insufficient. Therefore, the
southern boreal forest may not see increases in N mineralization due to the decreases in moisture
predicted for this region. Therefore, N limitations and soil fertility could limit the magnitude of the
growth effects.

Overall, there are many positive effects predicted by climate change and its impacts on boreal
forests. Most of these effects are shown to pume increases in NPP and overall tree growth. However,

48 SRC Publication No. 12853E11



Impacts of Climate Change on the Western Canadian Southern Boreal Forest Fringe May 2011

most of these benefits can be offset by increases in moisture stress. In the drought stressed regions of
the southern boreal, some forests are already moisture limited, and in the areas of increasirmgntd

stress at the southern edge of the boreal forest, many of these regions will not benefit from these
positive effects. In addition, the multitude of negative effects such as difficult species migrations,
increases in frequency and intensity of fordises, drought, insect outbreaks and weather events will
most likely overshadow any beneficial effects from climate change. Currently, Canadian forests show
mixed signs of increases productivity. Recent growth analyses conducted on samples from diéels loca
across the boreal forest suggest a great deal of variability in response-gwing climate change
between species and regiofBerrier 2011)

Reduced Survival

Persistent changes in tree mortality rates can alter forest structure, composition, and ecosystem
functions and services such as carbon sequestrgtitam Mantgem et al. 2009 ree mortality is often
the result of both longerm and shortterm stress(VanMantgem et al. 2003)arising from complex
interacting set of stressors. Often individual tree death will occur as a result on the interaction of many
different long term and short term stressors, like multi year drought followed by insect atRedat
warming events and drought stress have been implicated as contributing factors of increasing forest
mortality. Evidence of this has been seen globally and is reviewed by Aller(22X)) who presented
the first global assessmenf recent tree mortality. Natural episodic tree mortality occurs in the absence
2T OfAYFGS OKIFIy3aIST K2gSOSNE Ylye adgdzRASa KI @S &dz3
experiencing vulnerability to climate change and this is exhibited bgleehbackground tree mortality
rate and dieoff in response to future warming and drougi#llen et al. 2010)in western North America
background mortality rates have increased rapidly in recent decades, with doubling periods ranging
from 17 to 29years among region&/an Mantgem et al. 2009Mortality occurredin young trees and
therefore the increase in mortality could not be solely attributed to aging of tree populations. Recent
increasing temperatures and drought events have led to extensive insect outbreaks throughout North
America over the last decade, efting ~20 million ha and many tree species since 1997 from Alaska to
Mexico(Allen et al. 2010)Bark beetle outbreaks in western North America has caused massive losses in
forests (Breshears et al. 2005hcluding British Columbia whetke B.C. Ministry of Forests, Lands and
Natural Resource Operations estimates that the mountain pine beetle has now killed a cumulative total
of 726 million cubic meters of timber since the infegtatbegan(Ministry of Foests 2011) Drought has
induced massive mortality of aspen in southwestern US and along the southern edge of the Canadian
boreal forest(Michaelian et al. 2010)Aerial surveys of the boreal fringe revealkiPo dead biomass of
aspen in areas of severe drought, while an annual forest health assessment from a regional network of
aspen plots show a major increase aspen dieback and other trees. This trend has been noted since the
early 1990s across Alberta andsBatchewanHogy et al. 2002a; Hogg et al. 2006; Hogg et al. 2008)
2001-2002, an severe regional drought across the prairies caused more thanfalthiocrease in stem
mortality and a 30% decrease in stem growth during and following the drought, showing that short term
drought can severely affect aspen star{@iogg et al. 2008)Recent warming events and consequently
increases in water deficits, have been implicated as contributing to these episodes of elevated tree
mortality (Van Mantgem et al. 2009)
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Loss of Timber and Revenue

Global round wood production, including industrial woadd fuel wood, has been growing
steadily from 2.5 billion fhin the 1960s to 3.2 billion fin the 1990s. Modeling studies generally show
an increase in global industrial production of round wood, with increases or decreases in prices in the
future in the order of £20%(Irland et al. 2001; Sohngen et al. 1998his will not occur equally across
the globe, a shift is predicted to occbetween the temperate and tropical zones and between the
Northern and Southern Hemispheres, with increases in production noted for the south and away from
temperate and boreal forest§Sohngen et al. 1999F50hngen and Sedj@005) suggest that climate
changewill lead to a net increase in global timber supply, although, some countries will gain more than
others. In North America, climate change is predicted to significantly decrease economic benefits to
producers and these decreases will be significant inetiidy 22' century(Sohngen ad Sedjo 2005)it is
also important to note that most of the wood that will be harvested in Canada over the next 50 to 100
years will come from trees that are already growing or from those that will be planted in the next
decade, with minimal considetian of climate change impaci{dempriere et al. 2008)n the western
boreal forest,Lempriere et al(2008)assessed some of the impacts of climate change on timber supply
considering quantity, quality , and timing. They found that now and in the near future {2040)
timber supply will be positively impacted by climate change, although positive impacts will be slight.
From 20412100 impacts will become negative, and timber supply will be redueedezGarcia et al.
(2002)provided countryspecific predictions of the mket impacts of climate change up to 2040. Of the
countries included in the analysis, Canada is the only one for which the impacts on producers are
predicted to be negative. Moreover, these negative impacts are predicted to be substantial due to lower
prices of timber, dieback of trees, and slower productivity increase because of long rotation species
(Sohngen et al. 2000) ¢ KS FylfeaAra adzzZasSada GKFIG /FyFRFQ&
vulnerable to market impacts relative to their counterparts elsewhere in the w@htthnston et al.
2010b) At the same time, climate change may also have a dampening effect on prices of forest products
in global markets due to higher growth rates and increase supply, particularlywélogéng countries
(Sohngen ad Sedjo 2005)Forests in these regions will react quickly with more productive short
rotation plantations, driving down timber pricéSohngen et al. 2001)

Several interrelated factors will determine the net impact of climate change on timber supply.
Forest timber supplies can be reduced by increased fire or pest activityglra@about by warmer
temperatures and moisture stress, while these climatic factors may also cause limitations on tree
growth. Other impacts such as climate change on forest land area, disturbance patterns, silvicultural
activities, regeneration successegpes composition and regulator constrains can also lead to changes in
timber supply and forest sector profitabilifgohnston et al. 2010bAt the Iacal scale, effects on timber
supply may be positive or negative, depending on location, time frame, and human adaptation
(Johnston and Williamson 2005)herefore, forest management planning and forest investments are
important and forest managers should begin to give consideration to potential climate effects in long
run planning(Spittlehouse and Stewart 2003)For industry, key considerations will be the degree to
which chages in timber supply jeopardize fixed capital investments. If timber supply under climate
change continues to meet the requirements of an existing mill over itspiéa, then the net impacts
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may be relatively small, assuming that delivered wood costsalancrease significantlfdohnston et al.
2010a) Notable socioeconoim impacts will be felt where changes in timber supply occur over a short
time that cause large swings in local timber supply (e.g., mountain pine beetle in British Columbia). This
can result in changes in production and employment that may lead to inagashallenges for
communities, forestry companies, and provincial and territorial revenues (Johnston et al. 2010a).

Climate change is already resulting in shorter winter harvest seasons due to a reduction in
frozen ground. The depth of soil frost is depent on air temperature and snow depth, as well as on
soil characteristic{Venaldinen et al. 2001and as temperatures warm, the amount of frozen soil
deaeases. Studies have also found that there is now 10% less frozen ground in the Northern
Hemisphere than in the early #@entury and it is not freezing as deeply or as I¢Age National Snow
and Ice Data Center 2011j Finland, Venalainen et §001)predicted under a warming of-8°C, that
there will be an overall decrease in the length of the soil frost period. However, theudgérs will be
warmer, an associated decrease in snow cover in Southern Finland will result in increased frozen ground
in the middle of the winter relative to now. The opposite seems true for forest companies in
Saskatchewan which have already indicathdttchanges to seasonal harvest operations are already
becoming troublesome. During the winter of 200806, frozerground conditions did not occur until
January and harvest operations had to be relocated to summer sites prior to thafdivhe@ston et al.
2010b) The ability to harvest timber in the winter is important in the boreal forest as conditions can be
too wet during the summer for many regioridarvesting operations have to be when soils are frozen to
reduce impact on the environment and allow access to wetter areas. Increasing numbers of warmer
winters and shorter seasons with frozen ground will affect harvesting, hauling and other forestry
operations. This will increase costs and timely delivery of timber to the mill site, with more frequent
road closures and impacts to infrastructui@hnston et al. 2010a; PAREdrest companies have few
options to deal with decreases in frozen ground conditions. Flexibility in the harvest schedule will
become increasingly important as frozen ground conditions become less reliable and exteather
events (e.g., heavy precipitation, flooding) prevent access to some(3itbgston et al. 2010b)n the
short term, harvesting can be inased on summer ground, but eventually timber supply in summer
access areas will run out and many adaptation options are restricted by cost and legiglatioston et
al. 2010b) Future projections for warmer winters and more early winter precipitation, which insulates
the ground and limits freezing, suggest that the duration of frozen ground conditions will continue to
shorten (Barrow et al. 2004)This has the potential toetrease revenues for forestry operations.
Overall, any improvements in productivity resulting from enhanced growth because of climate change
will probably not be able to offset the productivity that will be lost because of increased natural
disturbances(Kurz et al. 1995)The impacts of climate change on timber supply are expected to be
greatestin the short and medium term in the western boreal forest because of increased disturbance
regimes and drought. The quantity and quality of fiber supply from aspen are also expected to decline in
the southern boreal west, owing to increasing impacts ofugpit, insects, and fungal pathogens. The
zone of greatest aspen productivity may move northward into more remote locations, creating
challenges for the forest industry in terms of timber access and transportation ostspriere et al.
2008)
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Carbon Storage

The carbon cycle has long been recognized as important for
understanding climate change and the influence of anthropogenic
CQ emissions. Climate models that include terrestrial and oceanic
carbon cycles simulate a positive feedback between the carbon
cycle and climate warming, where increases in airborngdases
amplified warming which result in additional C€leased from
systems(Friedlingstein 2006)Others ague that rising COlevels
will enhance sequestration above normal rates due to a
fertilization effect(EPA 2011)However, the concurrent changes in
temperature and precipitation, coupled with site specific nutrient
availability complicate the issue. As stated earlier, the carbon
fertilization effect may also be short lived or only beneficial to
ALISOATAO alLISOASad ¢KS o eeiStliaf
carbon storehouse comprising forests, wetlands, and peatlands,
and therefore is important to consider in a changing environment.
The Canadian boreal forest stores an estimated 186 billion tons of
carbon in the forest and peat ecosystems, equivalent to 27 years
G2NIK 2F GKS ¢2NIX RQa OFNb2y SY
fossil fuels(International Boreal Conservation Campaigvpst of
the large carbon pool is in p#ands, which cover almost 2.6
million knf. The carbon stored in this region is facing serious
threats from industrial development and global warming.
Therefore, it is not just important to mitigate carbon emissions, but
to also preserve our carbaerch forested regions, especially under
a changing climate. Increased fires, insect outbreaks, warming of
permafrost and peatland destruction are predicted to increase with
global warming, thus accelerating the release of carbon currently
stored in this system ahcreating a positive feedback loop. Direct
human induced changes in the carbon stored in forests include
management activities such as: harvesting, (a temporary loss of
carbon from the landscape, and deforestation, a permanent loss of
carbon. In 2006, alost 10,000 krhof harvest area extracted close
G2 np YAfftAz2y {(2ya 2F OINb2y ¥
large amounts of carbon stored in older forests, this has had
particularly negative effects on the carbon balari@sson 2010)
Deforestation can increase carbon emissions and diminish storage
capabilities. During discussion® ¢he Kyoto Protocol, countries
became interested in their national carbon stores by the possibility
of being able to claim large sinks in their managed forests and gain
soOF f f SR WOFINb2y ONBRAGAQ GKI G
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Terrestrial Carbon:
Terrestrial carbon
sequestration is the
process through which
carbon dioxide (Cpfrom
the atmosphere is
absorbed by trees, plants
and crops through
photosynthesis, and store
as carbon in biomass (tre
trunks, branches, foliage,
and roots) and soil§EPA
2011)

)
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ThisalongwithGal Rl Qa O2YYAuUYSyd G2 NBIFIOK | 321t 2F NBRAZLC
2012 has caused a rising interest in boreal forest carbon stores. Currently, analysis done by the Carbon
Budget Model of the Canadian Forest Se¢kurz et al. 2009)as projectedhat the managed forests of

Canada could be a source of carbon between 30 and 245 Wt @®during the first Kyoto Protocol
commitment period (2002012). There has been a recent transition from source to sink due to the large

insect outbreaks that havaffected Canadian forestKurz et al. 2008b)SRD has identified carbon

storage as an important ecosystem service with a medium vulnerability to climate change (Sensitivity =

low; Adaptive Capacity = loJable 6).

Table 8: Degree of sensitivity, adaptive capacity and vulnerability of Alberta's forests to impacts of climate
change on Carbon Storage (H=High; M= Medium; L= Low)

Vulnerability Assessment
Ecosyste Key projected Climate Degree of Degree of
m service Change impacts Sensitivity Adaptive VUI(Lil:/Ia/bLI)“ty
(H/M/L) Capacity (H/M/L)
Carbon Soil moisture declining below
Storage bioproductive levels L L M

Exposure

As previously discussed, the global climatexipected to change due to increased atmospheric
concentrations of greenhouse gases, especially in the boreal region where summer temperatures are
predicted to increase by aboutZ°C in the summer and-2°C in the winter(Makipaa et al. 1999)These
elevated temperatures could lead to an increase in NBBwer et al. 1994)as well as to accelerate
decomposition of soil organic matt¢Peterjohn et al. 1994)Under climate change, evapotranspiration
may increase more than precipitation, limiting tree growth especially on soils with low water holding
capacity (Kellomaki and Vaisanen 1996although increase water use efficient may play a part in
compensating for this loss of water. Increases in insects, fires, and other natural disturbances will also
play a part in influencing the carbon storage ability of the keut boreal forest. Loss of forest area
predicted by shifts in species moving northward, especially for the boreal transition zone, could cause
massive loss in carbon storage if this ecosystem becomes converted into grassland.

Sensitivity

Forest are ofta assumed to be a large sink for atmospheric caribahe changing environment
(Fancey et al. 1995; Tans et al. 198t a sink estimated to be 0:d.6 Pg C peyear(Apps et al. 1993,
Dixon et al. 1994put the opposite is also truéGoulden et al. 1998)There has been a significant
amount of work done attempting to understand how projected climate changes will affect the carbon
d02NBR Ay (KS 42 NI Rtiral précekbES BalieNaken fdentifidd 2viich &ohtrolQiee dzNJ
storage and release of C in boreal forests, and they include (1) the rate of plant growth, (2) the rate of
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decomposition of dead organic matter, (3) the rate of frozen soil formation, (4) the freyuand
severity of fires(Kasischke et al. 1995These four processes will be discussed in terms of climate
change.

Rate of plant growth

Carbon stored for long periods of time (decades to centuries) is considered sequestered
(Wayson et al. 2009pue to growing treesvhich uptake C@during the respiration procesthis gasis
not accruing in the atmospherat a rate equal to fossil fuel burning, which Hedpedmitigate climate
change.FreeAir CQ Enrichment (FACE) experiments propose that rate of tree growth could increase
with rising levels of CQOn the atmosphere, but these effects may saturate overtime as trees adjust to
increased C@evels. Any alteration in tree growth rates, whether it is positive or negative, will have an
influence on rates of carbon storage. Increases in forest growth|dvimerease carbon sequestration
and remove more Cdrom the atmosphere, creating a negative feedback system that lessens climate
change. Losses of carbon through decreased growth rates would result in less carbon uptake, and this
may possibly occur in éhsouthern boreal forest, prairie parkland and island forest regions of western
Canada as warmer and drier conditions are predicted to decrease tree growth or eradicate trees
altogether. The IPCR007)predicted that a net carbon uptake by terrestrial ecosystems is likely to peak
before midcentury and then weaken or even reverse, thus amplifying climate change. It is also
important to note that old growth forests also sequester carbon. For years, it was thought that mature
forests were in equilibrium, reaching a max capacity for a given climate and physiographic setting.
Recent studies suggest that mature forest carbon seqatieh is underestimated and that autotrophic
respiration decreases with increasing age, allowing mature forests to maintain a carb@g@aini et al.
2001; Lavigne and Ryan 1997)

Temperature is a limiting factor in boreal forests; therefore, it might seem reasonable to assume
that moderate levels of warming would be bendicfor tree growth. Currently, some recent studies
have shown increases in tree productivity due to longer growing season and warmer temperatures in
the southern boreal forestChen et al(1999)found that an old aspen site in Prince Albert National Park,
Saskatchewan (BOREAS study) was abkedquester significantly more carbon due to warmer spring
temperatures.ln 1994, spring temperatures were 4@warmer than 1996, allowing the trees to have
earlier leaf emergence, longer period of productivity, and sequester an additional300g C i per
year. Griffis et al.(2003) studied three southern boreal old growth f@ts in Saskatchewan and
Manitoba and found a similar trendver a 5 year El Nino perio@he old aspen site located in Prince
Albert National Park, had waenspring temperatures, enhanced annual carbon sequestration, and an
increased carbon sink strenghly 180 g C fper year.Six years oéddy covariance data at the BOREAS
southern old aspen sitalsoindicated that carbon sequestration at boreal aspen sites may benefit from
warmer climatic conditions because respiration is relatively conservative hatbgynthesis increases
in response to a longer growing peri¢@riffis et al. 2003)The oldaspen sites were also compared with
black spruce and jack pine sites, and although the aspen had the shortest growing season, it represented
the greatest carbon sequestration due to its relatively large photosynthetic cap&uitffis et al. 2003)
Therefore, if aspen increases on the landscape as predicted by many climate change studies, warmer
temperature and longer growing seasons may be beneficial to aspen. It has the ability to sequester more
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carbon relative to other stand types and this may help mitigate additional &§pen stands currently

make up 15% of the land cover in the southern l@r®rest. Although this is a small percentage, they

play a large role in regulating the local climate by reducing the water pressure deficit and temperature

of the convective boundary layer due to greater water loss from transpirgt@nffis et al. 2003)This

system has important implications for carbon cycling in the southern boreal becauder whier

conditions it is likely that the photosynthetic efficiency and carbon fixation would decrease in these
FaLSy adlyRa RdzS (2 GKAA aLISOASAQ HGriNiRerd 2008y & A G A ¢
Hogg et al. 1997; Hogg et al. 200BJack spruce stands in the southern boreal forest demonstrated a

larger photosynthetic capacity relative to aspen, however, its ahouarall carbon sequestration was

smaller because greater respiration occurring +e&hsonGriffis et al. 2003)

However, the argument for warmer temperature increasing growth rates is not unequivocal.
Higher temperatures over the last few decades have increased and decreased tree growth depending on
site, location and other impacting factorsjch as drought stress. Negative effects on tree growth may
become widespread as global warming increases. There is now evidence suggesting that these terrestrial
carbon sinks are becoming saturated as global reforestation rates have been slowing, whkile oth
studies show that forest productivity at a high level of ,Zbws after an initial increase, and
productivity returns to levels at or below historic ratddchter et al. 2008; Wayson et al. 200Q@xher
studieseven predict that boreal forest dieback could cause runaway warming due to the release of most
of the enormous boreal carbon stock into the atmosphere due to climate cha(@ison 2009)
Dieback and mortality of trees has already been discussed in previous sections, but if there is a loss of
island forests, prairie parkland trees and forest at the southern edge as predicted, large amounts of
carbon could be released.

Rate of Decomposition of Soil Organic Matter (SOM)

Geographical patterns of litter decomposition rates and SOM accumulation in major ecosystem
types have been related to climate by Meentemeyer and B&Ag6)and Post et al(1982) Global
warming is predicted to cause shifts in the distribution of glaisds, northern coniferous forests and
arable lands (discussed previously). This could result in changes between the balance in plant
production, decomposition, and net mineralization of carbon pools in litter and SOM in northern
temperate and boreal sysis(Anderson 1991)The carbon pool for boreabfest SOM is ~182 kgn
whereas the biomass portion is only ~84 kgf(Anderson 1991) The predicted increases in air
temperature from global warming should cause a gradual increase in soil temperature and this should
increase the rate of decomposition of dead and dissolved organic matter in the gemehohineral soil
layers and reduce the amounts of carbon stored thef@inderson 1991)The temperature sensitivity of
litter decomposition will influence the rates of ecosystem carbon sequestration in a warmer world
(Fierer et al. 2005)Bonan and Van Cle\&992) modeled decompaosition in boreal forests under a
warming of 8C for a 25 year period and found that there would be a net decrea20%8 in the total
ground layer carbon, depending on forest type. Ander€l@01)found in their modeling study that the
rate of carbon loss was higher over the next 50 to 100 years in the ground layethéhaates of carbon
gain in living biomass. They predicted a0.8 Pg/yr loss of carbon stored in boreal forests.
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Rate of frozen soil formation

Permafrost is soil at or below the freezing point of water for two or more \&éuer 1945)
with regional distributions correlated to mean annual air temperat{@eown 1960) The location of
permafrost at its southern limit is a dynamic process that depends on biotic, climatic, and edaphic
parameters (Vitt et al. 20@). The distribution of permafrost is continuous in the north and
discontinuous in the south, where it can vary from widespread distribution with isolated patches of
unfrozen ground to predominantly thawed ground with patches that remain fro@mown 1960)
Permafrost is important in terms of climate change because it is compafsearbon rich material that
worldwide is estimated to store 1672 billion metric tons of carl§Schuur et al. 2008)he thawing of
permafrost represents an incredibly large source of carbon that could be released under warming
temperatures due to climate change. It represents one of the most significant potential feedbacks from
terrestrial ecosystems to the atmosphef8chuur et al. 2008 Barry(1984) predicted that a 2C rise in
mean surface temperatures could cause a -300 km displacement of the southern boundary of
permafrost, while a 3 warming could lead to >25% reduction of permafrost in Canada. Risk
assessments, based on expert judgmesstimated that up to 100 Pg C could be released from thawing
permafrost by 2100(Gruber et al. 2004)The southern boreal forest fringe, including the boreal
transition and aspen parklandah little to no permafrost. Within the miboreal lowland permafrost
occurs in isolated patches in peatlands, while the-bmideal upland permafrost is very rare and found
only in peatlands. Therefore, in terms of vulnerability, there is little to noafglermafrost melt causing
increasing carbon emission from the southern edge boreal forest along the Prairie Provinces.

Frequency and severity of fires

Fire is a strong influence on the carbon cycling and storage in boreal forests. If global warming
increases the frequency and intensity of fires in the southern boreal forest, carbon stocks will be
severely affected. Fire has the ability to affect carbtmragye in boreal forest in a variety of ways. It can
directly release carbon into the atmosphere through combustion of biomass, convert plan material into
charcoal (inert form of C), influence secondary succession, effect the thermal regime of soil layers
changing decomposition, influence stand age which affect total amounts of carbon stored in forests, and
increase soil nutrients for plant growtfiKasischke et al. 19959 asischke et a{1995)modeled these
effects on carbon stocks if boreal fire increased unidgure conditions. If fire was to increase on the
landscape by 50%, there would be a net loss of carbon in boreal forests betweem 2.%g nf and
27.1¢ 51.9 Pg C on a global scale. Balshi §2aD9a)also modeled fire across the boreal forest using a
processbased Terrestrial Ecosystem Model (TEM) under the CGCM2 using the A2 and B2 emission
scenarios. This study examined the effeof climate change on carbon sequestration, both including
and excluding CCfertilization on photosynthesis. They found that relative to theé"2@ntury, total
carbon emissions from fire increased by-24%4 times by 2092100, depending on scenariootever,
their simulations indicated that if GQertilization occurred in the future the North American boreal
forest would actually become a carbon sink over th& @dntury.

Insect outbreaks are also very important impacts to consider on the forésteestern North
America as they can have an enormous effect on the carbon storage of fddesiisg insect outbreaks,
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the resulting widespread tree mortality reduces forest carbon uptake and increases future emissions of
DI DQa FNRY i KSesiKS8rDdt al. 2a0FaD(e AoftHe Sifkculiy diPredicting the area and
severity of insect outbreaks, most modeling studies fail to add this important impact into their analysis
of future impacts. However, it is important to being representing this important mechanism by which
climate change may undermine the ability of northern forests to take up and store carbon. An example
of the magnitude of insect outbreaks on carbon storage be demonstrated by the mountain pine
beetle outbreak in British Columbia where Kurz et(2008a)has estimated that the affected region
during 20002020 willbe a source of 270 Mt carbon, turning this forest from a sink to a source of
carbon.

Risk Assessment

In the Deloite and Touche framework, risk assessment follows sequentially after the
vulnerability assessment, and helps an organization determine heomatei change (or other internal
and external factors) could affect the ability to achieve outcorffasstainable Resource Development
2010; see Table 8Yhe field of risk analysis has arisen over the last few decades as a useful means to
structure and evaluateamplex public policy decisions concerning human health and sé&étyakhter
et al. 1995) Risk analysis is where the consequences of climate change impacts and their likelihood are
analyzed. The utility of this step is in assisting decisiakers in focusing adaptation investments and
priorities. The risk analysis is a qualitative exerceged on best available professional knowledge, and
considers the likelihood and consequences associated with imf@attainable Resource Development
2010) The risks of climate change for a given exposure unit can be defined by criteria that link climate
impacts to potential outcome$lPCC 2007)ntegrated risk analyses of global climate change seek to
arrive at answers to the following question: What are the likely impaétglabal warming upon the
world, and can the possible adverse impacts be eliminated or redu&dyakhter et al. 1995)

Risk can be broken down in the following two components:

1. Theseverityof the impact if it occurred
2. Theprobability of an impact occurring

The severity of the impact will often depend on thecial vulnerability of the exposed system and the
willingness and ability to adapt to the hazard. Whereas, the probability of predicting a future climate
change impact is difficult because all future predictions are surrounded by uncertainty, whickets ba

on an estimate. Uncertainty about the impact of climate change is known to be large because climate
change itself is rather uncertain in its magnitude and regional patt@@esnier and Schoene 2009)

Much of our predictions about the future of climate change are based on modeling results and it is well
accepted dictum among scienta 1 a G KF G alff Y2RStA FNBE gNRYIET K2¢
useful. The process and discussion of the range of possibilities given by models can be used to
determine the possibility of future events and potential adaptation options that coulddsgful under

all scenarios. Climate scientists have learned to communicate climate uncertainties quantitatively, now
forest managers and poliapakers must learn to integrate theses probabilities systematically into
planning and decisions on the grouri@ernier and Schoene 2009Alberta Sustainable Resource
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Development has done a gdmminary risk assessment for the
AYLI OG 2F OtAYIFGS OKFy3asS 2y
framework has identified five categories that should help the user
assess their risk to climate change, these categories are as follows:
Strategic, Finanal, Operational, Public Perception, and Likelihood.
The subsequent sections will try to address these following
sections in terms of current climate change studies that may
influence these categories.

Strategic

Forestry managers are now starting to incorporate climate
change initiatives into their strategic forest management plans.
Many government agencies have also startedluding climate
change into their strategic planning for forestry management
objectives, for example the USDA forest service has announced the
need to include flexible natural resource management and
adaptation strategies to help mitigate the effects dhte change
and ensure the continued provision of goods, services, and values
from forests and rangelands in its 20Q012 strategic platUSDA
2007) Many forestry companies in Canadae anow including
climate change in their forest management plans or admit the need
to begin attempting to manage forests in light of predicted climate
change event¢example: Abitibi Consolidated 2004) the Whisky
WE Ol C2NBad ca!z t20FGSR Ay h
O2YYAGGSS adGlraSa GKIFIG adKS ¥F2N]
treatments should adapt to climate change affects on the forest.

1 £ 0

¢CKS LI FYyyAy3d LINRPOSaa akKz2dZ R Ay
(Abitibi Consolidated 2004) Climate change impacts and
adaptation options have been incorporated into fete

management plans by Mistik Management in NW Saskatchewan,
LouisianaPacific in SW Manitoba, and MiH#festern in north
central Alberta.

Studies have shown the important influence that
management strategies may have on forest growth and other
goods andservices(Blokland 2003; Linder 2000; MOTIVE Project
2011) Linder(2000)used a processriented forest gap model to
compare brest management strategies with and without climate
change. This study found that management strategies (such as
length of rotation period, thinning, and species used for
regeneration) are important and largely determine the future
characteristics of theforest. Additional work is currently being
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Sustainable Forest
Management (SFM):
involves meeyr 3 & 2 O
need for forest products
and other benefits, while
respecting the values of
people attached to forests
and preserving forest
health and diversity
(Natural Resources Cana

2011)
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done in Europe on the MOTIVE@dels for adap VEorest management) project which is investigating
adaptive management strategies that address climate and land use change across a broad range of
forest types. They have given specific attention to addressing uncertainties and risks for improved
decisionsupport tools in forest management.

In Canada, the main theme within our national strategic plan is the call for the use of
Sustainable Forest ManagemerfSFM). SFM is represented by the Canadian Criteria and Indicators
(C&l) Framework created by the Cdien Council of Forest Ministers (CCFM). It is a scieased
F LILINBF OK dzaSR G2 RSFTAYS FYyR YSIFadaN® /Iyl RIFIQa&a LN
represents forest values that Canadians want to enhance or maintain. This framework was first released
in 1995, and adopted by the CCFM in 2003. It provides an efficient way to adapt forestry practices to
climate change while maintaining the biodiversity and functioning of the forest ecosy§&i@rM 2006)
The use of this framework can help reduce future risk of climate change if the standards are followed
and SFM is achieved, because a suatalamforest is a resilient one.

Financial

The economical cost of climate change on forests is difficult to calculate due to future
uncertainty, valuation methods, and the difficulty arising in accounting for environmental services.
However, financial estimates of the impact of climate change areia for deciding on a proper course
to take with regards to adaptation or mitigation strategi€Bol 2002) A number of reports have
attempted to estimate the price of proactive management of climate change globally, and the cost
numbers in the trillions. Reports from the World Energy Outlook estirtfae keeping the planet cool
and stabilizing the amount of G@t 450 ppm, will cost $542 billion US per year, every year till 2030. The
EU estimates that is will be about half that célstacleans 2009)Other estimates that focus on forest
ecosystems estimate that the net present value of services we gaim fiorests that is lost each year is
between 1.35 trillion and 3.1 trillion dollakIEEB 20090Dnly one studyPerezGarcia et al. 199has
looked at the impact of climate change on commercial forestry and included the effect of international
trade, forest growth (ging the TEM model) and a detailed model of the timber market (CINTRAFOR).
Results from this study show that the impact of ‘€ increase in the global mean temperature and the
effect of CQfertilization on commercial forestry in America are equal tormréase of ~218 million U.S
dollars(Tol 2002) Tte costs estimated by SRD to deal with key project climate change impacts in the
forests of Alberta range from $250 thousand to more than $1.5 million dollatslé¢ 7).

No exact calculations could be found estimating the cost of climate change on thieesou
boreal forest fringe in Western Canada. However, the cost of tackling climate change will not be cheap.
The economic costs of forest specific impacts such as forest herbivores and pathogens are difficult to
reduce to a single estimate because veryiditinformation is available for economically important
species(Ayres and Lombardero 2000ome estimates of timber and pulpwood lost to beetles, gypsy
moth and pathogens was estimated from thousands to millions of dollars a (ges Ayres and
Lombardero 2000)In 2003, BC and Alberta wildfires cost approximately $700 million and resulted in 3
deaths(Lemmen et al. 2008Climate change also has the ability to affect local revenues from tourism
and recreational services when vast areas of dead or dying forests reduce scenic appeal or when sparse
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