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Third Millennium Forestry: What climate change might
mean to forests and forest management in Ontario

by William C. Parker!?, Stephen J. Colombo?, Marilyn L. Cherry? Michael D. Flannigan?®,
Sylvia Greifenhagen?, Robert S. McAlpine?*, Chris Papadopol?, and Taylor Scar

Climate change may profoundly influence Ontario’s forest ecosystems and their management. Elevated atmospheric CO, concen-
trations, increased temperature and altered precipitation regimes will affect forest vegetation through their influence on physiologi-
cal (e.g., photosynthesis, respiration) and ecological processes (e.g., net primary production, decomposition), and may result in dra-
matic northward shifts in the natural range of forest types and species. More importantly, climate change is expected to increase the
frequency of natural disturbances. Silvicultural intervention will increasingly be relied on to maintain forest health, manage declin-
ing stands, regenerate disturbed areas and cutovers with desired species and genotypes, maintain genetic diversity, and assist in species
migration. Given the increasingly important role of Ontario’s forests in national and provincial efforts to meet greenhouse gas emis-
sion reduction targets of the Kyoto Protocol, afforestation, conservation of existing forests, and increased forest management activi-
ties to accelerate the storage of carbon in Ontario’s forests will be key aspects of forestry at the start of the third millennium.

Key words: adaptation, afforestation, bioenergy, carbon dioxide, climate change, disturbance, intensive forest management, migra-
tion, mitigation, sequestration, succession

Le changement climatique pourrait modifier en profondeur les écosystémes forestiers de I'Ontario et la fagon de les aménager. Les
concentrations élevées de CO, atmosphérique, la température plus élevée et les régimes de précipitations modifiées affecteront la végé-
tation forestiere suite a leurs influences sur les processus physiologiques (p. ex. la photosynthése, la respiration) et écologiques (p. ex.
la production nette primaire, la décomposition), et pourraient entrainer des déplacements dramatiques vers le nord de la distribution
naturelle des types de foréts et des espéces. De fagon encore plus importante, on s’attend a ce que le changement climatique accroisse
la fréquence des perturbations naturelles. Les interventions sylvicoles dépendront de plus en plus du maintien de la santé des foréts,
de I'aménagement des peuplements en déclin, de la régénération des superficies perturbées et coupées au moyen d’espéces et de géno-
types désirés, du maintien de la diversité génétique, et de I’aide dans la migration des especes. Etant donné le role de plus en plus impor-
tants que jouent les foréts de I’Ontario au niveau des efforts nationaux et provinciaux de correspondance aux objectifs de réduction
des gaz a effets de serre selon le protocole de Kyoto, le boisement, la conservation des foréts actuelles, et I’accroissement des activ-
ités d’aménagement forestier pour accélérer la séquestration dur carbone dans les foréts ontariennes seront des aspects dominants en
foresterie au début de troisigme millénaire.

Mots-clés: adaptation, boisement, bioénergie, dioxyde de carbone, changement climatique, perturbation, aménagement forestier inten-

sif, migration, mitigation, séquestration, succession

Introduction

Since the pre-industrial era, combustion of fossil fuels,
land use changes, and deforestation have increased the CO,
concentration of the earth’s atmosphere from about 270 ppmv
(parts per million by volume) to its present level of about 360
ppmv. At the current rate of increase of 1-2 ppmv per year (Keel-
ing et al. 1995), atmospheric CO, concentration will reach
650-700 ppmv by 2075 (Houghton et al. 1995). Elevated CO,
and increasing levels of other “greenhouse gases” (e.g.,
methane, nitrous oxide, chlorofluorocarbons) from biogenic
and industrial sources (Mooney et al. 1987, Kreileman and Bouw-
man 1994) are expected to alter the global radiative energy bal-
ance and change the earth’s climate at an unprecedented
rate.

The Intergovernmental Panel on Climate Change (IPCC 1996)
projects that a doubling of atmospheric CO, in the next cen-
tury will increase average global surface air temperatures
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by 1 to 3.5°C, making this the warmest time of the present inter-
glacial period. This temperature increase will vary spatially,
with the largest changes at high latitudes. Warming is also pre-
dicted to be greater in winter than summer and at nighttime
compared to daytime. Higher average temperatures will be accom-
panied by global increases in evaporation, cloudiness, and pre-
cipitation, but the amount and distribution of precipitation will
vary regionally, with some areas having a higher frequency
and severity of droughts (IPCC 1996). A changing climate may
also increase the occurrence of extreme weather events, such
as thunderstorms and floods (Francis and Hengeveld 1998).

If forecast changes in climate are realized, trees that begin
growing in the next decade will mature in a climate substan-
tially different from today. If trees and other forest organisms
are ill adapted to future climatic conditions, foresters may require
innovative silvicultural treatments to maintain productive
ecosystems. Further, forest management to increase carbon (C)
storage could become a critical component of national efforts
to reduce greenhouse gas emissions and slow the rate of cli-
mate change. Clearly, the timely development and selective
use of innovative forest management approaches in response
to climate change are imperative given the inherently long plan-
ning scale of forestry and the ecological, social, and economic
importance of forests to Canada.

The widely varying ecoclimatic zones in Canada will
require regional strategies of forest adaptation and mitigation
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Fig. 1. Forest regions of Ontario (adapted from OMNR (1996)).

(Kimmins and Lavender 1987, Singh and Wheaton 1991,
Freedman er al. 1992, Hogg and Hurdle 1995, Colombo er al.
1998, Thompson et al. 1998). In this report, we address the poten-
tial effects of elevated atmospheric CO, concentrations and
climate change on Ontario’s forest ecosystems. A general dis-
cussion of the potential environmental, social, and econom-
ic impacts of climate change in Ontario is presented by Smith
et al. (1998). We confine our discussion to the response of for-
est vegetation to climate change and evaluate silvicultural activ-
ities that may be used to: (1) reduce the negative impacts of
climate change on forests (principally trees) and (2) increase
C storage by forests.

Forest Regions of Ontario

Ontario has a total area of 107 million ha, about 74% of which
is forested. This 79 million ha represents 17% of Canada’s and
1% of the world’s forests (OMNR 1996). Ontario’s forests are
represented by the Hudson’s Bay Lowlands and the Boreal,
Great Lakes-St. Lawrence (GLSL), and Deciduous Forest Regions
(Fig. 1). The Hudson Bay Lowlands contain 24 million ha, rough-
ly half of which is classified as “productive” forest land (i.e.,
capable of growing commercial tree species), the rest being
non-forested due to its arctic climate. The Boreal Forest
Region is the largest forested area in Ontario, covering an area
of 43 million ha between the Hudson Bay Lowlands and the
GLSL forest. This region is dominated by black spruce (Picea
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mariana (Mill.) BSP), white spruce (Picea glauca (Moench)
Voss), jack pine (Pinus banksiana Lamb.), balsam fir (Abies
balsamea L.), aspen (Populus sp.), and white birch (Betula
papyrifera Marsh.). The GLSL forest occupies 9 million ha
laying south of the Boreal Forest Region and extends west of
Thunder Bay, north of Lake Huron, through central Ontario
to the St. Lawrence River valley. These forests are dominat-
ed by eastern white pine (Pinus strobus 1..), red pine (Pinus
resinosa Ait.), and several tolerant and mid-tolerant hardwood
species (e.g., sugar maple (Acer saccharum Marsh.), red
maple (A. rubrum L..), yellow birch (Betula alleghaniensis Britt.),
and red oak (Quercus rubra L.)). The Deciduous Forest
Region originally encompassed 3 million ha in the southwest
portion of the province. However, agricultural and urban
development have reduced these forests to 15% of the orig-
inal area, most of which is in Provincial Parks or small isolated
stands on private lands. The Deciduous Forest Region contains
a variety of hardwood species common to the Eastern Decid-
uous Forest of the United States (Elliott 1998).

Ontario’s Climate in the 21st Century

General Circulation Models (GCMs), sophisticated com-
puter models, are the primary tool used to predict future cli-
mate. Numerous GCMs are used (Lau et al. 1996), including
a Canadian GCM (Boer et al. 1992, McFarlane et al. 1992).
Most GCMs have outputs for present day (1 x CO,) and
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Fig. 2. Predicted (a) mean increases in air temperature (°C) and (b) precipitation ratio during the growing season (1 May — 31 August) for
Ontario under a doubled compared to present day atmospheric CO, concentration. Black lines in (b) represent the ratio of predicted to cur-
rent precipitation. Values >1.0 indicate increased precipitation, while values <1.0 indicate reduced precipitation (from Colombo et al. (1998)).

doubled (2 x CO,) CO, scenarios, which roughly correspond
to atmospheric CO, conditions in the mid-20" century and those
anticipated for the second half of the 21 century, respectively.

The Canadian GCM predicts that a doubling of CO, will
increase mean surface air temperature in Ontario by 3-5°C dur-
ing the growing season (1 May — 31 August) (Fig. 2a) and alter
regional precipitation regimes (Fig. 2b). The largest temper-
ature increases are expected in southern Ontario and southwestern
sections of northwestern Ontario. The smallest temperature
increases of just under 3°C are anticipated over extreme
northwestern Ontario near Hudson’s Bay. A doubling of
CO, is projected to decrease growing season precipitation by
10% over much of northwestern and southern Ontario and
increase by 10-20% in northeastern Ontario (Fig. 2b). High-
er temperatures will increase evapotranspiration and lead to
drier soils in areas where precipitation is reduced or unchanged,
such as in northwestern and south central Ontario. In north-
eastern Ontario, where both growing season temperature and
precipitation are predicted to increase, only minimal negative
climatic effects on site water balance may occur.

Climate Change, Disturbance, and Vegetation
Dynamics of Ontario’s Forests

Elevated CO, and associated changes in climate can influ-
ence forest ecosystems directly through effects of temperature,
precipitation, and length of the frost-free period on physiological
and ecological processes (Bazzaz 1996, Saxe et al. 1998). In
addition, changes in climate variability can be critical to
ecosystem distribution, structure, and function because many
of the ecological impacts of climate are the result of extremes.
Climate also influences forests indirectly by affecting the
frequency and severity of disturbances; the increased fre-
quency of disturbance by fire, insects, and extreme weather
expected with climate change will exert a stronger effect on
forest ecosystems than the effects of modified climate alone
(Davis and Botkin 1985, Overpeck et al. 1990, Bazzaz 1996).
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Climatic Disturbances

Large regional changes in average temperature and precipitation
are anticipated in Ontario under a doubled CO, scenario
(Fig. 2). More importantly, extreme weather events are
expected to be more frequent (Francis and Hengeveld 1998)
since higher temperatures will increase energy flow through
the climate system and modify the hydrological cycle and other
physical processes that drive weather events. A number of sig-
nificant regional trends in abnormal precipitation patterns
(e.g., drought, periods of heavy rainfall, severe winter storms)
have appeared since 1970 (Francis and Hengeveld 1998). How-
ever, comparison of the current and projected future fre-
quency distributions of mean summer air temperature shows
that small changes in average temperature greatly increase the
probability of abnormally warm summers, even if the variability
in mean temperature remains the same (Fig. 3). In this exam-
ple, an increase in average summer temperature from 15.3 to
16.9°C increases the likelihood of having an average summer
temperature of 17.3°C from 1.3% (once in 75 years) to 33%
(once every 3 years).

The increasingly warmer and drier climate of some regions
will begin to influence forest ecosystems as existing stands become
less adapted to the prevailing conditions. Changes in temperature
and precipitation, coupled with a higher probability of hot, dry
periods, may result in episodes of regional decline in Ontario’s
boreal and GLSL forests (Millers et al. 1989, LeBlanc and Fos-
ter 1992, Reed and Desanker 1992). Forest decline, the reduc-
tion in growth and vigour and/or widespread mortality of trees
over large geographic regions, is a progressive event that
occurs over several years (Millers et al. 1989). Forest decline
is associated with past management practices, stand and site
conditions, and/or uncommon climate events (e.g., severe
droughts, late spring frosts) that reduce tree vigour (Millers
et al. 1989). Secondary attack of weakened trees by insects and
diseases is common, and often results in significant mortali-
ty (Wargo and Harrington 1991).
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= Fig. 3. Frequency distribution (with standard devi-
ations) of mean summer temperature for 1961-1990
and hypothetical doubled CO, scenario in 2050. (adapt-
ed from Francis and Hengeveld (1998)).

Insects

Insects are an important disturbance agent in Ontario’s
forests that reduces growth and causes selected mortality of
host species or stand-replacing mortality over large areas
(Volney 1996). Moderate to severe insect defoliation has
affected an average of 15.9 million ha yr~! of forest in Ontario
since 1975 (Fig. 4a). Due to the cyclic nature of insect infes-
tations, damage ranged from about 3 to almost 40 million ha
yr~! over this period. Primary agents of this damage are
spruce budworm (Choristoneura fumiferana Clem.), forest tent
caterpillar (Malacosoma disstria Hubner), jack pine bud-
worm (Choristoneura pinus pinus Freeman), and gypsy moth
(Lymantia dispar L.).

It is generally assumed that climate change will increase insect
populations. Because insects are poikilothermic (cold-blood-
ed), warmer but sublethal temperatures will enhance their devel-
opment, reproduction, distribution, and migration. Temper-
ature and other climatic factors also affect insects indirectly
through their influence on host plant physiology, synchrony
of plant-insect interactions, and the abundance of their natu-
ral enemies (predators, parasites, and diseases) (Wallner
1987, Porter et al. 1991, Fleming and Volney 1995). However,
because of the complex and poorly understood interactions of
insects in forests, only their general responses to climate
change can currently be made (Porter ef al. 1991, Volney 1996).

Insects are highly adaptive and capable of rapid migration
to regions or habitats that become favourable as a result of chang-
ing climate. If higher winter minimum temperatures in the future
reduce overwinter insect mortality, northward migration of non-
native species may introduce new insects to Ontario (Kurz ef al.
1995). Elevated winter minimum temperatures could favor the
migration of the mountain pine beetle (Dendroctonus ponderosae
Hopk.), a serious insect pest of western Canada, into north-
western Ontario (Safranyik1990) and cause large losses of pine
forests in this region. Migration of insect species may also release
them from control by natural enemies, allowing their popu-
lation size to increase (Porter et al. 1991). Since the distribution
of insect species is closely tied to the distribution of their host
plants, climate change-induced shifts in the regional abundance
of a host plant species will likely be reflected in parallel
shifts in associated insects (Porter et al. 1991).

Climate change may increase the risk of forest disturbance
by insects through environmental effects on host tree physi-
ology and health. Spruce budworm, forest tent caterpillar, and
jack pine budworm capitalize on environmental conditions that
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Fig. 4. Land area of Ontario’s forests (a) suffering > 30% defolia-
tion of current foliage to insects and (b) burned by wildfire annual-
ly from 1975-1998 (CCFM 1999).

reduce the vigour of the plant host (Wallner 1987, Volney 1996).
Outbreaks of these three insect species are likely to increase
in regions where climate change results in warmer, drier
growing seasons, e.g., northwest Ontario (Fleming and Vol-
ney 1995, Volney 1996). Damage by gypsy moth could
increase in southern Ontario if the incidence of fall drought
and above-average spring temperatures increases (Millers
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Fig. 5. Seasonal forest fire weather severity rating for Ontario from 1980 to 1989 compared with a doubled CO, scenario. Fire weather sever-
ity rating is an index calculated by integrating the effects of temperature, precipitation, humidity and wind velocny for a given time period.
Larger values correspond to higher fire weather severity (from Colombo et al. (1998)).

et al. 1989). Elevated CO, alone may alter leaf chemistry and
the nutritional quality of leaves, although the effects this
may have on insect feeding guilds and insect interactions with
natural enemies are unclear (Porter et al. 1991, Lindroth et al.
1993, Bezemer and Jones 1998).

Fire

Wildfire is the dominant natural disturbance in Ontario’s
forest ecosystems, burning a total of 5.5 million ha since
1975. The area burned annually is variable, but averaged
197 000 ha yr~! over the past 30 years (Fig. 4b). Increases in
evapotranspiration and reductions in precipitation are expect-
ed to increase fire weather severity and the area burned annu-
ally in Canada by about 40% (Flannigan and Van Wagner 1991).
There is a strong consensus that climate change will also increase
fire activity in most of Ontario (Simard 1997) due to a high-
er frequency and severity of drought years (Fig. 5). The most
pronounced increase in fire weather severity is expected in the
extreme northwest and south-central regions of the province.
The fire season in Ontario may also be about 25 days (16%)
longer due to elevated spring and fall temperatures (Wotton
and Flannigan 1993). The change in climate could further height-
en the risk of wildfire because of increased lightning activi-
ty (Price and Rind 1994), currently the ignition source for most
of the area burned in Ontario. Larger forest floor fuel loads in
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declining stands or where insect infestations have occurred will
predispose these forests to stand-replacing fire, particularly where
fire weather severity has increased.

Forest Vegetation

Changes in climate along with a doubling of atmospheric
CO, are expected to dramatically alter the composition and extent
of Ontario’s forests (Solomon 1986, Pastor and Post 1988, Sar-
gent 1988, Solomon and Bartlein 1992, Lenihan and Neilson
1995, Mackey and Sims 1993). The largest relative changes
in vegetation will be seen at the margins of existing forest regions:
the northern tree line of the boreal forest, the forest-prairie eco-
tone in northwestern Ontario, and at the interface between the
southern limit of the boreal forest and the northern limit of the
GLSL forest. Higher temperatures and altered precipitation
regimes are projected to initiate the northward recession of the
southern border of the boreal forest, as species poorly adapt-
ed to the new climate become less competitive, decline, and
in severe instances, die. The new climate of this region will
be better suited to GLSL species and initiate their northern migra-
tion and replacement of boreal species.

An increase of up to 3.5°C in temperature over the next 50-100
years will shift the climatic range of species approximately
100-500 km to the north. However, northward migration is
unlikely to keep pace with retreat at the southern margins of
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forest regions. Inadequate natural dispersal rates, lack of
suitable soils, increased frequency of disturbance, landscape
fragmentation due to agricultural and urban development, and
natural barriers to plant migration (e.g., the Great Lakes) are
expected to hinder the northward movement of forest species
(Davis et al. 1986, Roberts 1989, Loehle and LeBlanc 1996,
Iverson and Prasad 1998). As a result, forest regions may decrease
in size and become fragmented (Solomon and Bartlein 1992,
Lenihan and Neilson 1995, Weber and Flannigan 1997). Cli-
mate change and CO, enrichment may also change species’
present competitive relationships and result in new species com-
binations with no modern counterparts (Loehle and LeBlanc
1996, Bazzaz 1996, Alward et al. 1999). As a result, whole-
scale replacement of the boreal by the GLSL forest type in its
current form is unlikely, a conclusion supported by palaeoe-
cological reconstructions that suggest species migrate singly
rather than as intact plant communities (Peters 1990).

The composition of Ontario’s naturally regenerated forests
50 or more years from now is difficult to predict. In regions
where large changes in climate occur over a short time span,
generalist species (those in which a typical genotype is adapt-
ed to a wide range of environmental conditions), such as red
pine and red maple, will be favoured over more specialized
species. Species most susceptible to the effects of climate change
are those that are localized, highly specialized, or poorly
adapted for long distance dispersal. Isolated populations or those
located at the edge of a species range are most at risk (Peters
and Lovejoy 1992).

Changes in forest tree species composition will tend to lag
behind that of changes in climate due to the longevity of
trees and impediments to migration (Davis and Botkin 1985).
The anticipated increase in disturbances by fire, insects, and
extreme weather, however, will accelerate changes in forest
composition and favor species with high migration rates,
that reach sexual maturity early, and that are adapted to dis-
turbance. In regions where fire is expected to increase in
frequency, fire-adapted tree species will be favoured. If the fire
interval is shorter than the age of sexual maturity of tree
species, the migration of tree species (natural or human-
assisted) will be hindered. This will enhance the establishment
of fire-adapted hardwood and herbaceous species, and increase
the likelihood of conversion of conifer forests to scattered hard-
wood forests, shrub woodlands, or grasslands in the area of tran-
sition between the boreal and GLSL forests (Long and Hutchin
1991, Bazzaz 1996). In this scenario, jack pine forests in
northwestern Ontario may be replaced by grasslands or by aspen
parklands currently located in relatively dry, southern portions
of the Prairie provinces (Hogg and Hurdle 1995, Schindler 1998).
Higher fire frequency in the Ottawa River valley could hin-
der the current successional replacement of white pine and red
oak forests by more fire-sensitive, shade-tolerant hardwood
species. Conversely, in regions at the interface of the boreal
and GLSL forest types where fire frequency declines, less fire-
adapted GLSL species, such as white pine, red pine, eastern
white cedar (Thuja occidentalis 1..), and balsam fir, could increase
in abundance (Suffling 1995, Flannigan er al. 1998).

Effects of Climate Change on Tree Growth

and Forest Productivity in Ontario
Carbon is assimilated by plants through photosynthesis, allo-
cated to various plant parts, and is either incorporated into new
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tissues, or re-enters the atmosphere through respiration. In eco-
logical terms, forest productivity is defined by net primary pro-
duction (NPP), the accumulation of C in living plant tissues
(i.e., photosynthesis minus respiration) per unit land area
over a given time interval. From a forestry perspective, how-
ever, forest or stand productivity is defined in terms of the capac-
ity to produce stem wood or fibre for use in forest products.
In this context, forest productivity is measured in terms of annu-
al increment in volume or basal area of stem wood per unit land
area and accounts for both additions and losses to growing stock.

Climate warming in a CO,-enriched atmosphere will influ-
ence forest productivity through effects on the physiological
processes affecting tree growth. Elevated temperatures will length-
en the growing season of temperate and boreal forests due to
an earlier onset of warm temperatures in the spring and a delay
in frosts and cold temperatures in the fall. Slight to moderate
increases in temperature will also enhance tree metabolic
processes and growth in a direct manner. However, since woody
plant respiration increases exponentially with temperatures
between 10°C and 25°C (Kozlowski and Pallardy 1997),
large increases in air and soil temperatures may reduce tree growth
and forest productivity by increasing respiratory losses of above-
and below-ground plant tissues.

Elevated CO, will improve the productivity of all Ontario
forest plants by increasing the net rate of photosynthesis (P_)
(Table 1). The physiological response to CO, is reduced
somewhat under resource- limited conditions (e.g., low light,
water, or nutrients), but will be generally larger in: (1) decid-
uous compared to coniferous species, (2) younger than older
trees, and (3) earlier successional species (Korner 1993, Cur-
tis 1996, Curtis and Wang 1998, Saxe ef al. 1998). On aver-
age, tree seedlings exposed to doubled CO, and plentiful
light, water, and nutrients increase 40 to 50% in P, decrease
20% in respiration, and increase 20 to 50% in growth rate (Cur-
tis 1996, Curtis and Wang 1998, Saxe et al. 1998).

Higher plants are generally more resource-use efficient in
a CO, enriched atmosphere, with less light, nitrogen (N), and
water required per unit C fixed in photosynthesis (Drake et al.
1996). Elevated CO, results in higher net C fixation, improved
light use efficiency and shade tolerance, and increased
response of P to temperature, such that the CO, enhancement
of light limited and light saturated rates of P, will be comparatively
larger in warmer climates projected for the future (Drake
et al. 1996). Elevated CO, also results in increased P, per unit
N, a mineral that commonly limits growth of northern forests.
Higher P, combined with a slight reduction (~10%) or no change
in leaf conductance to water vapour in a CO,-enriched atmo-
sphere will improve water use efficiency and perhaps drought
tolerance.

Modest (<15%) to substantial (20-50%) (Melillo et al.
1993, Cao and Woodward 1998, Pan ef al. 1998) increases in
NPP have been predicted for northern forests under doubled
CO,, largely dependent upon N availability (Melillo er al. 1993,
McGuire et al. 1995). However, growth losses and mortali-
ty due to drought and more frequent disturbance by fire,
insects, and disease may offset potential gains in NPP and wood
production due to elevated CO,. Although a rigorous prediction
of the future productivity of Ontario’s forest must await
development of regional climate models and provincially
based ecosystem models, some general statements regarding
the productivity of Ontario’s forests in a changed climate can
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Table 1. Possible effects of altered environment induced by climate
change on stand/forest productivity and timber supply in northwestern
northeastern, and south-central Ontario in the next 50 to 100 years®,

Stand/forest productivity
in regions of Ontario

Processes and factors Northwest  Northeast South-central

Environment:
Elevated temperature +
Increased CO, -
N availability +
Soil moisture availability -
Increased herbaceous
competition
Fire disturbance
Insect damage
Disease

+ + + +
=+

Net effects on stand/forest

productivity - + 0
Net effects on regional

timber supply 4

AAnticipated effects on forest productivity due to changes in processes and
factors in the right column are designated as positive (+), none (0), negative
(-), and strongly negative (- -).

be made (Table 1). On all but the poorest sites, productivity
will tend to increase as a result of higher temperature and atmo-
spheric CO, concentration. Warmer spring and fall temper-
atures will lengthen the growing season, while elevated CO,
and higher temperatures will increase P, and resource-use effi-
ciency. Nitrogen availability in soils will tend to increase with
temperature as a result of higher rates of mineralization and
decomposition, although the effect could be relatively less in
the south due to the warmer temperatures already prevailing
there. However, reduced precipitation and increasing sever-
ity of drought in the northwest and south could counter the pos-
itive effects of warmer temperature, elevated CO,, and N avail-
ability. In contrast, if precipitation increases in the northeast
as predicted, there could be large increases in stand produc-
tivity. More frequent disturbance will also reduce productiv-
ity in some regions, depending on the relative changes in the
frequency and intensity of these events.

Management Approaches to Adapt Ontario’s

Forests to Climate Change
Silvicultural Systems and Stand Management
Maintaining forest vigour during progressive disequilibri-
um between forest vegetation and climate will require silvi-
cultural systems that address the management and regenera-
tion of declining stands. In stands not ready for commercial
harvest, thinning or selective removal of suppressed, damaged,
or poor quality individuals can be used to increase light,
water, and nutrient availability and the vigor of the residual
overstory (Smith er al. 1997). Thinning effects on insect
populations will need to be considered so as not to create envi-
ronmental and stand conditions that favour insect pests. This
approach will also require efforts to minimize logging dam-
age and windthrow in the residual stand and to protect desir-
able advance reproduction. Where the understory species
are unacceptable as a source of regeneration, underplanting with
site-adapted species, species mixtures, or genotypes may be
preferred. In older declining stands, logging prior to stand dete-
rioration followed by planting can be used to speed the estab-
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lishment of better-adapted forest types. Partial cutting to
improve stand vigour is likely a viable option for treatment of
declining stands of GLSL forest types, as it is consistent
with the ecology and management of mid-tolerant and shade-
tolerant GLSL species. In comparison, partial cutting and under-
planting of forest types such as black spruce may not be eco-
logically or economically viable.

Regeneration and Stand Establishment

Regenerating Ontario’s forests in a changing climate will
present many new challenges to forest managers. Most impor-
tant among these could be extensive artificial regeneration efforts
to assist the migration of tree species and genotypes from their
present to future ranges (Davis 1989, Mackey and Sims
1993). The timing of such initiatives should be determined based
on the performance of selected species and genotypes in
experimental plantings and provenance trials on sites north of
their current range. The northward movement of certain
species will in some instances be hindered by the lack of suit-
able soil types and the expected lag in soil development dur-
ing climate change, such as where the climate will allow
more nutrient-demanding hardwoods to be planted on more
northerly, acidic, less fertile sites now occupied by conifers.
Planting hardwoods on nutrient-poor sites may be facilitated
by mixed planting of hardwoods with N-fixing species (e.g.,
alder (Alnus sp.)), planting hardwood species inoculated with
site-adapted mycorrhizae, or forest fertilization.

Vegetation management treatments will need to be tai-
lored to control plant species that become more competitive
in a climate change environment. Early successional, herba-
ceous weed species with high sexual and vegetative reproductive
potential (e.g., Calamogrostis sp., bracken fern (Pteridium aquil-
inum (L.) Kuhn), Bromus sp., and raspberry (Rubus sp.))
can be expected to increase in abundance in Ontario with cli-
mate change because they are adapted to disturbance, exhib-
it a large response to CO, enrichment compared to trees,
and their short life cycles favour rapid genetic adaptation to
new climatic conditions (Korner 1993, Bazzaz 1996). Broad-
leaved woody species adapted to a wide variety of site envi-
ronments (e.g., red maple) and/or to disturbance (e.g., aspen
and white birch) will likely become stronger competitors for
conifers. Changes in interspecific competition among tree species
under elevated CO, could result in the development of novel
forest types, requiring new silvicultural approaches for their
management (Davis 1989, Bazzaz 1996). The ongoing appear-
ance of new mixes of forest tree and other plant species may
continue for centuries before more stable, steady-state forest
environments occur and migration (natural and assisted) has
brought plant species into equilibrium with site conditions.

Climate-induced effects on the abundance and diversity of
soil microbial communities may influence the ability of
ecosystems to adapt to changing climatic conditions (O’Neill
1994, Wullschleger et al. 1994). Silvicultural practices that help
to maintain the diversity of soil micro-organisms, such as myc-
orrhizal fungi, can be used to improve regeneration efforts. Prac-
tices such as clearcutting, whole-tree harvesting, and prescribed
burning can decrease the diversity and total biomass of myc-
orrhizae, important to water and nutrient uptake of tree
seedlings in drier environments (Harvey et al. 1980). Reduc-
ing the size of clearcuts and maximizing cut block edges
can be used to promote the ingress of mycorrhizae from sur-
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rounding undisturbed stands (Harvey et al. 1980). Mixed
plantings of conifers and hardwoods can also increase micro-
bial diversity (Hendrickson ef al. 1982).

Genetic Management

A forward-looking genetic management program for for-
est species is needed to respond to climate change. Species will
differ in the amount of intervention needed to ensure they are
adapted genetically to new forest conditions. Widely dis-
tributed species (e.g., black and white spruce) will require less
attention because of the relatively high level of diversity
already present, although some local ecotypes may be threat-
ened and genetic diversity reduced unless steps are taken to
identify and conserve them. Maintaining species of econom-
ic importance but with currently diminished abundance (e.g.,
white pine, red pine, and red oak) may require assessment of
their genetic diversity to determine the limits of transfer-
ability of these genotypes. Climate change will also require
periodic updating of climate-based seed zones.

Given the current uncertainty regarding regional shifts in
climate, the planting of nursery stock representing widely adapt-
ed populations and diverse seed source mixtures has been rec-
ommended to increase the likelihood of regeneration success
and long-term site adaptation (Ledig and Kitzmiller 1992). Breed-
ing programs promoting genetic diversity, pest resistance, tol-
erance of environmental stresses, and increased growth with
elevated CO, may be needed to ensure that species are adapt-
ed to the future environment (Namkoong 1984, Wang et al.
1995).

Climate change is a serious threat to some rare plant
species, often characterized by specialized environmental
requirements and low genetic diversity (Peters 1990). Red mul-
berry (Morus rubra L.) and red spruce (Picea rubens Sarg.),
comparatively rare tree species in Ontario, are sometimes pro-
tected by establishing small, isolated natural areas or ecological
reserves, centred around limited, disjunct populations. This by
itself may be insufficient to prevent extinction of such pop-
ulations, particularly if climate change causes more frequent
disturbances and reduces the environmental suitability of
these preserved habitats (Burton ef al. 1992). Establishment
of a larger number of reserves to maintain a variety of habi-
tat conditions, interconnected by migration corridors, may reduce
the risk of local extinction (Peters 1990). However, because
of the small population size of such species and the slow migra-
tion rates of trees, such corridors may prove unsuccessful. Pro-
tection of woodland herbs will be particularly difficult because
of their low reproductive output and poor adaptation for long
distance seed dispersal (Cain et al. 1998). Attempts to save local-
ly rare species and genotypes should, however, be viewed in
the continental context of abundance or rarity, instead of
using provincial abundance as a cause for initiating costly con-
servation programs.

If a decision is made to protect a rare or threatened species,
intensive, costly silvicultural activities may be needed if suit-
able habitat becomes difficult to find or create due to climate
change. In light of such decisions, conservation plans and inno-
vative silvicultural approaches will be needed to sustain these
species, and should include breeding plans that incorporate sys-
tems to increase genetic diversity (Namkoong 1984). How-
ever, our ability to only forestall rather than prevent local extinc-
tion needs to be weighed against the cost of preservation
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activities. In addition, severe habitat loss could mean that long-
term preservation of some rare species may only be possible
in “zoo-like” arboreta, rather than in natural environments.

Biodiversity, “the variability among living organisms and
the ecological complexes of which they are a part,” can be viewed
in the context of three elements: “ecosystems, species, and genes”
(CCFM 1997). The conservation of biodiversity is an impor-
tant goal of sustainable forest management, but this goal
may be threatened by climate change (Peters 1990, Hebda 1996).
Should climate change alter an aspect of the habitat crucial to
the survival of a species, biodiversity will change regardless
of forest management activities. One way to maintain the cur-
rent level of biodiversity (at least temporarily) is to protect old-
growth forests and other unique ecosystems as reservoirs of
biodiversity (Burton et al. 1992). However, the ability to
retain these ecosystems is likely to decline as the climate changes
and the frequency and severity of forest disturbance increas-
es.

Forest Protection

Increased future forest fire activity in some regions of
Ontario will require expanded fire protection and fire risk mit-
igation efforts (Stocks et al. 1998, Wilson and Baker 1998) to
prevent an increase in the area burned. The predicted increase
in wildfire may overwhelm the current resources of fire man-
agement agencies, as is already observed in years with high
fire activity, and would jeopardize future timber supply and
place unique ecosystems at risk. Even with the practice of “mod-
ified protection,” where the ecological role of fire is allowed
to run its course, greater efforts to protect high-value areas will
be needed. Investments required to prevent the area burned from
increasing need to be balanced against the level of protection
desired to protect specific resources, given their economic or
social value (Stocks er al. 1998).

Forests can be protected from decline-related insect and disease
outbreaks by using silvicultural practices that maximize stand
or tree growth, remove at-risk stands or trees, alter insect/dis-
ease habitat, or increase diversity (Smith ef al. 1997). “Stress
management” practices, such as partial cutting or thinning, can
increase stand vigour and lower the susceptibility to attack (Wargo
and Harrington, 1991, Gottschalk 1995). Sanitation cuts can
reduce disease losses by removing infected, unhealthy indi-
viduals. Since these practices can increase vulnerability to other
insects and diseases, site- and species-specific approaches will
be needed (Smith et al. 1997). Shortening the rotation length
can also decrease the period of stand vulnerability to damaging
insects and diseases, such as spruce budworm and oak decline
(Gottschalk 1995). Other silvicultural techniques that reduce
tree stress and susceptibility to insect and disease include reg-
ulating species composition (i.e., planting species best adapt-
ed to site environment) and maintaining biological diversity.
Where silvicultural activities for insect pest management are
ineffective or inappropriate, and the value of the resource war-
rants it, the use of insecticides may be considered.

The Forest Carbon Cycle

The global C content is fixed; it occurs as atmospheric CO,
and oceanic C or in storage as living and dead biomass,
wood products, fossil fuels, limestone, and marble. In simple
terms, atmospheric CO, concentration depends on the balance
between the amount of C in storage and C released and trans-
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Fig. 6. Generalized forest-wood products cycle for northern forest ecosystems (adapted from Karjalainen ef al. 1998). Values for forest biomass
and soil C are from Schlesinger (1977), Freedman et al. (1986), Vogt et al. (1986), Morrison (1990), and Grigal and Ohmann (1992).

ferred from storage to the atmosphere by natural processes, dis-
turbances, and human activities (Houghton ef al. 1983,
Amthor 1995). Current global CO, emissions are ~7.0 Gt C
yr! (1 gigatonne (Gt) = 1 billion tonnes; 1 tonne (t) = 1000
kg), due primarily to fossil fuel burning, deforestation, and land
use changes. About 46% of these CO, emissions remain in the
atmosphere, resulting in a present annual increase in atmospheric
CO, concentration of 1-2 ppmv (Keeling et al. 1995).
Forests occupy roughly 4.1 billion ha (26%) of the earth’s
land surface and play a prominent role in the global C cycle
(Dixon et al. 1994). About 77% of the total terrestrial C is in
forests (1150 Gt C), roughly two-thirds of which (800 Gt C)
occurs in forest floor detritus and mineral soil organic matter
(Dixon et al. 1994, Amthor 1995). Forests account for 90%
of the annual C flux between terrestrial ecosystems and the atmo-
sphere through photosynthesis (80-120 Gt C absorbed yr'),
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respiration (35-55 Gt C released yr~'), and decomposition of
litter and soil organic matter (~45 Gt C released yr~') (Amthor
1995). The large size of forest C pools and fluxes means that
even small changes in the global forest C cycle can significantly
(positively or negatively) influence atmospheric CO, con-
centration.

Forest C is located in above- and below-ground living and
dead biomass, forest floor detritus, mineral soil, and, after har-
vest, in wood products (Fig. 6). Total forest ecosystem C and
the size of forest C pools vary with climate and site factors influ-
encing photosynthesis, C allocation patterns in plants, and C
losses through respiration, decomposition, herbivory, and
combustion by fire. Cool temperate and boreal forests typically
contain 60-180 t C ha™! in above- and below-ground biomass,
and an additional 116-149 t C ha™! in the forest floor and min-
eral soil (Schlesinger 1977, Post et al. 1982, Prentice and Fung
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Fig. 7. Relative changes in forest vegetation (solid line), soil (dotted line), and total ecosystem (dashed line) C pools with time following (a)
clearcut or (b) uniform shelterwood harvest. A 100 year rotation was assumed for the clearcut. Shelterwood harvest assumed to include prepara-
tory (i), seed (ii), regeneration release (iii), and complete removal (v) harvests at 20 year intervals beginning at stand age of 80 yr. Arrows
indicate time of the four shelterwood harvests. Scarification to create seedbed for natural regeneration was assumed to coincide with the seed

cut.

1990). Northern forested peatlands have deep (2-4 m) organ-
ic soils containing large amounts of C, and average 120t C ha™!
in forest biomass and 1300 t C ha™! in peat (Zoltai and Mar-
tikainen 1996).5

The size of forest ecosystem C pools also varies with time
after disturbance and the intensity of disturbance (Aber et al.
1978, Harmon et al. 1990, Pastor and Post 1986). Biomass accu-
mulation and growth of even-aged forests increase with leaf
area development, reach a maximum rate at peak stand leaf
area, and commonly undergo an age-related decline (Ryan ef
al. 1997). Following a stand-replacing disturbance (e.g.,
wildfire, harvest), biomass is greatly reduced and soil C loss-
es increased due to higher decomposition rates (Fig. 7a).
Since the biomass and NPP of young, regenerating forests are
initially low, total ecosystem C declines after disturbance until
biomass accumulation and litter inputs to the soil exceed
soil C losses to decomposition. In northern hardwood forests,
20-50% of the forest floor litter mass is decomposed within
10-30 years of clearcut harvesting, followed by a gradual increase
of s0il C to its pre-harvest level within 50-60 years (Covington
1981) (Fig. 7a). Disturbances affecting only a portion of the
overstory (e.g., forest decline, shelterwood harvest) have
less effect on the size and decay rates of forest C pools due to
reduced biomass removal and a lower decomposition rate under
a partial canopy (Fig. 7b). Although forest ecosystems exhib-
it a decline in productivity (e.g., NPP, mean annual stemwood
volume increment) with age, total ecosystem C 