CLIMATE CHANGE ADAPTATION STRATEGIES
FOR THE TOLERANT HARDWOOD FORESTS
OF EASTERN CANADA

Stephen H. YamasdkiSylvain Delagrande Frédérik Doyof
Francois Lorenzettj Eric Forget, and Travis Logan

Ynstitut québécois d’Aménagement de la Forét feiill
58, rue Principale
Ripon, Québec
JBL 1IN5

Consortium Ouranos
550, rue Sherbrooke
Montréal, Québec
H3A 1B9

Report for the
Climate Change Impacts and Adaptation Program
Natural Resources Canada

March 3£' 2008

ABSTRACT

In this report, we describe the development of tategn strategies to climate change for the
hardwood forest of eastern Canada. At the outsefeiivthat it was necessary that the proposed
adaptation strategies be socially acceptable dnefuil known range of potential future
conditions, since there is considerable uncertabtut the exact nature of the future climate and
about the impacts of climate on hardwood foressgsi®@ms. These adaptation strategies were
developed through the use of a set of modelingtth@t are capable of (i) cumulating the effects
of multiple disturbance agents over a foresteddaage, (ii) simulating various adaptation
strategies and predicting their result, (iii) baliag multiple objectives and constraints, and (iv)
guantifying the costs and benefits of implementatithe set of modeling tools included a
stochastic landscape dynamics model (ImpaCC-1k, specifically for the project, and a
spatially-explicit forest management optimizationdal (Patchworks-Outaouais). The stochastic
landscape dynamics model brings together expewlatlge on forest ecology, forest
management, tree physiology, insects and diseidgeulture, and climate in order to simulate the
dynamics of a forested landscape over time undemtluence of succession, climate, harvesting,
windthrow, defoliation, disease, and tree plantifigs model is innovative, since it models rate-
based stand dynamics and integrates several stmcaad deterministic disturbance agents.
Results show that, given the state of our undedsatgnall climate change scenarios lead to
serious impacts on the composition and dynamit¢keofolerant hardwood forest. The greatest
impacts are expected to be caused by beech baksdisAdaptation strategies are proposed to
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minimize these impacts and to promote landscapetstie and composition that meet the criteria
of the public participation group.

INTRODUCTION

It has become apparent that the climate is chan@f@©C 2001); in fact, evidence is showing that
the rate of change is greater than had been exp@ctmadell et al. 2007). While effort to limit
the future impacts climate change must be stimdjate as a society must prepare for the
eventuality that there will be important changethi biosphere as a result of human induced
climate change.

Over the past decade, many studies have examieqbtential impacts of future climate change
on forested ecosystems throughout the world (P80§,2-oley et al. 2000, Cramer et al. 2001,
Knapp et al. 2001, Bakkenes et al. 2002, van derMeal. 2002, Yamasaki et al. 2008).
Projected impacts to forest ecosystems includéalt@ving: modified fire regimes; change in the
species composition of forests; increased damagéadwindthrow; change in the impacts of
existing insects and disease; introduction of exgiecies, insects, and disease.

The project had the following objectives:

- to derive a set of forest values that are expectedmain desirable over time (e.g., a
productive forest industry, landscape aesthetidd)ife habitat, recreation) through a
process of consultation with regional stakeholders

- to determine the expected impacts of a variety@fs€Cenarios on the hardwood forest
through a concerted and collaborative process méutation and discussion with domain
experts (in silviculture, plant physiology, CC intps forest entomology and pathology)

- to develop a phenomenological landscape modelditapable of integrating and scaling
up (to the landscape scale) the impacts descripelbimain experts

- to develop adaptation strategies within the cunwddampacts landscape model that will
maintain the set of desirable forest values ideatiby stakeholders through a process of
trial and error

- to develop detailed management plans from thesatatitan strategies for the study area,
while tracking the costs and benefits

- given the costs and benefits and the relative sscokstrategies over the range of tested
CC conditions, determine the most desirable adaptatrategies through a process of
consultation with stakeholders

- establish forest management guidelines and gereralipolicy initiatives for the region
based on the strategies selected
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METHODOLOGY
Overview

The work presented here evolved through three gsh&sg. 1). The first phase consisted of
consultation with regional government to develgetof forest values that were expected to
remain desirable over the long-run. The secondgma®lved the development of adaptation
strategies that were consistent with these fora@stes, through an iterative process of simulation
and adaptation strategy design. And the third peaaght to optimize each adaptation strategy
with a forest management planning tool (Patchworks)erive estimates of costs and benefits for
each strategy.

This project strived to identify the most importgatential impacts of climate change on the
tolerant hardwood forest, based on the knowledgeadfcipating experts. The modelling
framework developed for this project attempted toimize the amount of detail, in order to
simplify model implementation, to reduce data inpguirements, and to limit the number of
assumptions required to build the models. The hisneffthis approach include more latitude to
explore climate variability, more transparencyhe tmplementation of the models, and faster
simulation times.

Knowledge
. . entomology, pathology,
Climatic ( ot il

' physiology, climatology,
S|gnal sylviculture, biodiversity
landscape ecology)

Initial state Integration Final state

of the forest model of the forest
(Adaptation )
Participation strategies
of CRE-O L
Optimization

‘\, (Patchworks)

Fig. 1. Overall structure of the project: Input from CREdXdefine forest values, development of
adaptation strategies through a process of tridlesror with the integration model, and
optimization of the adaptation objectives in Patotks.

Study area
The study area for the project was the Forest Mamagt Area (FMA) number 72-51 (Fig. 2).

This area, covering over 140 000 ha, is locateatienOutaouais region of Quebec, and is mostly
composed of temperate hardwood forest.
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Fig. 2. The proposed study area, in green, is the Forasialgement Area 72-51 in the Outaouais
region of Quebec, a commercially productive hardivimyest.

Climate data
In all, 12 climate time series were generatedterdtudy from either global circulation model

(GCM) output or from a regional climate model, G@nadian Regional Climate Model, version 4
(CRCM4) (Table 1) output.
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Emissions

Climate model Resolution scenarios Mode runs
CGCM3-T47+ 23 3,7°X3,7° A2, Alb, Bl 4,5
ECHAM4* 2,8° X 2,8° A2, B2 1
HadCM3°® 2,25° X 3,75° A2, B2 a
CRCM45% 7 A2 4, 58

Table 1. A list of the climate models that produced thenglie data used in this study, along with
the emission scenarios that guided these motiSisiiocca et al. 2008 McFarlane et al. 2008,
Kim et al. 2002# Roeckner et al. 1998 Gordon et al. 1999, Music and Caya 2007 Brochu

and Laprise 2007.the CRCM4 simulations were in fact driven at toefdaries by the CGCM3
running A2 runs 4 and 5.

In order to extract data for the study area fronM=data, a reference zone was established
centered on the 72-51 study area (Fig. 3).
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Fig. 3. Map showing the study area (in green) Gl reference zone (in red), and the CGCM3
grid (in grey). Courtesy of Ouranos.

Climatic data for GCM grid cells intersecting tlaisne were extracted from each GCM
simulations. The dimensions of the reference zoaewuch that a minimum of 4 GCM grid cells
were included from each simulation. The climatigjgctions for each of the variables of interest
are the result of a weighted average of extractietogll values for a given GCM. The weight
applied was the proportion of the area that eadividual grid cell occupied within the reference
zone. Data were extracted for the 1961-2099 pefibtk method offered the advantage of
consistently calculating projected climate conditidbased on the same area / territory regardless
of differences in GCM resolution.

The methodology to extract data from the CRCM veasesvhat different than for the GCM. A
total of 9 CRCM grid cells, centered on the studBag(Fig. 4) were selected. Corresponding grid
cell data for variables of interest from the two@® 4.1.1 simulations (ACU and ADC) were
extracted for the period 1961-2099. For each vaitie resulting 9 grid cell series were then
averaged together in order to provide a singlel ldaaate data series for the study area.
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Fig. 4. CRCM 4.1.1 grid superimposed over the stsiths; the 9 tiles surrounding the study site

were extracted for use in study.
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CO2 concentration (ppm)

Year AlB A2 Bl B2

1970 325 325 325 325
1980 337 337 337 337
1990 353 353 353 353
2000 369 369 369 369
2010 391 390 388 388
2020 420 417 412 408
2030 454 451 437 429
2040 491 490 463 453
2050 532 532 488 478
2060 572 580 509 504
2070 611 635 525 531
2080 649 698 537 559
2090 685 771 545 589
2100 717 856 549 621

Table 2. The concentrations of atmospheric CO2dnade from the IPCC Third Assessment
(IPCC 2001).

The climate variables and indices calculated freimate model data included monthly average
temperature, precipitation, moisture stress, amidl\8peed, as well as annual length of growing
season. The concentrations of atmospherig (d@ble 2) were drawn directly from the 2001
IPCC report (IPCC 2001), and joined to the corresiirg climate data. Length of the growing
season was taken as the number of days betwedasthHeost in the spring (the last day where the
daily minimum is below zero) and the first frosttive fall (the first day where the daily minimum
is below zero). Annual moisture stress was derfuah daily values of the Canadian Drought
Code (CDC) values (Stocks et al. 1989, FCFDG 1992lue for the CDC were calculated for the
period of April £'to October 3% of every year using the extracted GCM and RCM éataaily
maximum temperature and daily total precipitatibram a reference period of 1961-1990, a
threshold value corresponding to thé"§@rcentile of CDC was obtained from each climate
model. The numbers of days exceeding this threshallee was then determined for each year of
each simulation in order to produce the resultingnber of days of above reference period median
CDC value. In order to be integrated into the mpdklclimate data were expressed either as an
absolute difference from 1961-1990 reference valtezsperature) or as a proportion of 1961-
1990 reference values (precipitation, growing seaswisture stress, and wind speed). An
example of a climate profile for the CGCM3 modeiming the A2 scenario is provided in Fig. 5.
In order to extend the climate data beyond theopdior which they were available, the last 10
years of the climate data record (2091-2100) wepeated as needed.
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Fig. 5. One of the climate data time series thatifiéo the ImpaCC-1 model, the A2 (member 4)
scenario as modeled by the CGCM3; temperaturepsessged in absolute change from the 1961-
1990 reference period (ordinate axis on the righljje the other variables are expressed as a
proportion of the values from the same period (@ath axis on the left).

Phase one: public participation

At the outset of the project, regional stakeholdeese consulted in order to develop a set of forest
values that are expected to remain desirable txeclong run. We use "forest values” here to
mean the goods and services produced by the f@eHie and Sullivan 1998). To this end, we
involved the Conférence Régionale des Elus de &@ugis (CRE-O), the tier of government to
which the provincial government is transferringhigvel strategic forest planning. More
specifically, it was the regional commission foe fhrotection of the environment, land
management, and regional transportation that [jaated in the exercise.

During the course of this meeting with the CRE-Qresentation on climate change and expected
impacts were presented to the group. Then a bomstg session was carried out, in order to
establish a list of all the forest values membéth® commission expected to be of significance
over the course of the 150 years to come. Oncdishisf 44 forest values was established,
individual members of the commission were aske@t® each forest value on a scale from 1 to 5,
where 1 is essential, 3 is important, and 5 ism@brtant to maintain on the landscape. The forest
values identified unanimously as essential to naaindn the landscape during this process were
employed later on to determine if adaptation striatewere successful.
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Phase two: development of theintegrated impacts model

In order to develop adaptation strategies for tmedt landscape, a model that integrates climate
signals with natural and anthropogenic disturbamaesrequired. Thus, the ImpaCC-1 model was
built to synthesize and scale up multidisciplinexypert knowledge to derive the likely future state
of the forest under a range of possible CC scesagioen either status quo forest management or
newly developed adaptation strategies.

Integration of expert knowledge

In order to develop the integration model that predl the impacts of climate change on the
forest, we first gathered expert knowledge on #mge of potential future climates and their
anticipated impacts. Members of the panel of espessembled for this exercise included all
authors of this report, as well as Daniel Houle @raliis Logan (Ouranos Consortium). The
potential impacts later served as the basis fodéwelopment of the conceptual model of
ImpaCC-1 and its eventual implementation as a fanitg landscape model. In order to develop
the structure of the model, meetings were held éeitvwthe model builder (Yamasaki) and all
other experts individually, to define how each irtpaould be represented in the model. A
conscious effort was made to simplify model behargpin order to reduce the time required for
implementation and model parameterization, andhfmrove model transparency.

Data on stand dynamics: the COHORTE model

Information on the development of stands over timeee derived from the output of the
COHORTE model, a stand scale model that had bddmatad previously for the 72-51 study
area in the context of the Patchworks-OutaouaigBr¢~orget and Doyon 2007). From the raw
data produced by the model (essentially data oh eatvidual stem modeled within COHORTE
over the course of approximately 120 years), albdesta was compiled. This database contained
data on recruitment (the rate at which basal aeadruited into the 9-24 cm class), growth (rate
of basal area growth), and mortality (the basad éinat dies off) rates for every stand type (66
composition types and 2 site types, rich and paond) every 5-year period of simulation, by
species group (13 species groups, Table 3) andetigarolass (3 diameter classes).
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Group code Species in group

OHA Other hardwoodsHraxinus spp, Tilia americana Ulnus spp, Juglans spp).
OCO Other softwoodsThuya occidentalisLarix laricina)
YBI Yellow birch Betula alleghenesijs

PBI Paper birchRetula papyriferg

OAK All oaks (Quercus spp.

SPR All sprucePRicea spp)

RMA Red mapleAcer rubrum

SMA Sugar mapleAcer saccharum

ABE American beechHagus grandifolig

POP All poplars RPopulus spp)

PIN All Pines Pinus spp)

HEM Hemlock Tsuga canadens)s

BFI Balsam fir Abies balsamep

Table 3. Listing of the 13 species groups modeteitié ImpaCC-1 model, and the species that
compose each group.

In total, the database contained 5744 records. ddtss was the basis of the estimation of
parameters to predict the rates of recruitment figgrowth (Eq. 2), the transfer of basal area
from one diameter class to the next (Eq. 3), andatty (Eq. 4 and 5) from various stand
characteristics. To this end, the GLM procedur8AS was used, and the coefficients recovered.

|n(ReGotaI) = BAwtal (Eq 1)

Where In(Regta) is natural log of total recruitment for the staadd
BAtal is cell's total basal area.

Grax = BAota + PercBAy + SiteType (Eq. 2)
forx={1, 2, 3}

Where Gy is the growth of species a in diameter class x,
BAutal IS cell's total basal area,
PercBAx is percentage of the cell occupied by speciesuaeélier class x, and
SiteType is site type, either rich or poor.

Traxy = Glax (Eq. 3)
forx ={1}and y ={2}, and
forx ={2}and y = {3}

Where Tgyyis transfer of basal area from diameter classdiameter class y, and
Gra is growth of species a in diameter class x.
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In(PercMaqy) = BAiotal + PercBAx + SiteType (Eq. 4)
forx ={1, 2}

Where In(PercMg) is natural log of percent mortality for species @iameter class x.

In(PercMQqy) = BA« + PercBAy + SiteType (Eq. 5)
for x = {3}

Where In(PercMg) is natural log of percent mortality for species @iameter class x, and
BA; is the total basal area for the third diametes<la

The equations obtained from this analysis wereiegplithin the ImpaCC-1 model in order to
simulate the recruitment, growth, and mortalityafspecies and diameter classes within a stand.

Overall structure of the integration landscape mode

The knowledge gathered as part of limegration of expert knowledggiided the development of
the landscape model, ImpaCC-1. This model is capaftumulating the impacts proposed by the
various domain experts and also scales impactproo@ésses from the stand scale to the
landscape scale, and from the landscape scaleafeljrdown to the stand scale. It simulates the
behaviour of natural (succession, regenerationdthimow, defoliation) and anthropogenic (tree
planting, harvesting, vegetation control) proces$éss, this tool permits the design and
evaluation of adaptation strategies at the landseagple.

Once again, we did not strive to simulate a greaiunt of ecological detail and complexity.
Rather, our aim was to produce ecosystem behathatiis consistent with the experts’
expectations for the response of ecosystems toipaited CC. The tool used for the development
of this integration model is SELES (Fall and F&02), a landscape model building tool that has
been applied extensively to natural disturbanceetnogl (Fall et al. 2004), and climate change
research (Yamasaki et al. 2008). This tool makasipte the modeling of spatially explicit
phenomenasd.g, insect outbreaks and regeneration), and perhetgnplementation of stochastic
as well as deterministic processes.

In the ImpaCC-1 model, the stand's basal area &égiespand diameter class (there were three
diameter classes: 9-24 cm, 24-40 cm, and greaear4l cm) is the quantity that describes the
composition of the stand. In order to simulate sgson, the model calculates, at every time step
and for every cell, the recruitment, growth and taldy of every species and diameter class.
Since diameter classes rather than individual steems to be tracked by the model, it was also
necessary to model the amount of basal area thatnisferred from one diameter class to the next
at every time step. While this approach is consibligrmore difficult to implement than a simple
look up table of basal area as a function of stgpd and age (the most common approach to
modeling the evolution of forests over time), wi fieat it offered the compositional and
structural flexibility required to adequately siraté alternative silvicultural treatments
(adaptations), climate change impacts, diseasedeintiation in uneven-aged forest ecosystems.
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Composition of the seedling bank is tracked withi@ model as two layers: the seedlings that are
between 0 and 20 years, and the seedlings thaeameen 20 and 40 years. For each cell, the
model tracks the age of the seedlings in eachesfetlas one single cohort. Age is increment
annually. The proportion of each species is deteethby the regeneration sub-model (detailed
below). In order to recruit basal area for eacltEsg the succession sub-model multiplies that
overall amount of recruited basal area by the pitops in the 20-40 year seedling bank for each
of the species.

The ImpaCC-1 model is composed of several sub-mpdath sub-model simulating the
behaviour of a natural or anthropogenic process @i The sub-models that compose ImpaCC-1
are the following:

- succession (recruitment, growth, and mortality)

- model initialization (applies initial condition)

- 10-year cycle defoliation (forest tent caterpiligypsy moth)
- 30-year cycle defoliation (spruce budworm)

- harvesting (both partial and clear-cut harvesgting

- beech bark disease

- tree regeneration

- tree planting (as per various strategies)

- windthrow (catastrophic and partial)

- reporting (outputs data on inventory annually)

Harvesting ‘\ ( Windthrow
e

State of the forest

Regeneration
( Beech bark
disease
/. Succession .~/

growth,
Qﬂtment)
Climate

Fig. 6. Schematic representation of the ImpaCC-tlehshowing processes that modify the state
of the forest, and which of these processes aeetafil by climate.

Sample-plot cells in the model

Throughout the ImpaCC-1 model, we have disperssstias of cells that are closely tracked by
the model. For each of these cells and for eveay gésimulation, the model tracks the amount of
basal area by species and diameter class, assbkannual rates of recruitment, growth,
transfer from one diameter class to the next, aodatity. We suggest that these cells are
analogous to sample-plots, as sample-plots areingbd context of forest inventory and growth
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and yield programs. When looking at modeling ougduithe landscape scale, it is often difficult to
discern exactly what is happening, because trandse cell can mask opposite trends in another
cell. These virtual sample-plots provide us witthedailed look at the behaviour of individual

cells. Although they do not illustrate generalizezhds at the landscape scale, they can often
provide clearer information on the functioning loé tandscape model. For this reason, and
especially if an illustration of stand dynamicseaguired, we will often present output data from
this network of virtual sample-plots (4 in the mbderrently, although there is no theoretical limit
on the number).

The succession sub-model

The succession sub-model is the component thagglthe inner dynamics of the stand. It begins
by calculating base rates of recruitment by speeaied growth, mortality, and transfer of basal
area from one class to the next by species andetéarolass, based on the parameters that are
estimated in the analysis described above (Eqg. Abparameter values are provided in

Appendix A. The recruitment by species is obtaibganultiplying the overall rate of recruitment
(in terms of basal area) by the proportion of egmécies in the seedling 20-40 year bank (Eqg. 6).
A description of the 20-40 year regeneration bankcéluded in the description of the regeneration
sub-model.

Re% - e([30+[31-BAtotaI) . PrOpRege&] (Eq 6)
forx ={1, 2, 3}

Where Regis the recruitment for species a in a given cell,

€is the mathematical constant, roughly equal ta 228,

BAta is cell's total basal area,

Bo andp; are the coefficients estimated in Eq. 1, and

PropRegexis the proportion of species a in the 20-40 yegeneration bank

Growth (Eq. 7), transfer from one diameter clastheonext (Eq. 8), and mortality (Eq. 9 and 10)
are also calculated based on the results of thgsasaf the COHORTE data.

Grax = Bo + B1°BAtota + B2PercBAy + SiteType (Eq. 7)
forx ={1, 2, 3}

Where Gy is the growth of species a in diameter class x,
BAutal IS cell's total basal area,
PercBAx is percentage of the cell occupied by speciesuaelier class x,
Bo, B1, andp, are the coefficients estimated in Eq. 2, and
SiteTypeis the effect of site i.

Traxy = Bo + B1°Grax (Eq. 8)
forx ={1}and y ={2}, or
forx ={2}and y = {3}

Where Tgyyis transfer of basal area from diameter classdiameter class vy,
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Gr.x is growth of species a in diameter class x, and
Bo andp; are the coefficients estimated in Eq. 3.

Perchx -e (Bo + B1°BAtotal + B2ePercBAax + SiteTypé) (Eq. 9)
forx ={1, 2}

Where PercMg; is the percent mortality for species a in diamelass x,

€is the mathematical constant, roughly equal t4 228,

BAtal iS cell's total basal area,

PercBAoia IS percentage of total basal area that is specesl diameter class x,
Bo, B1, andp, are the coefficients estimated in Eq. 4.

Percng -e (B0 + P1°BAax+ B2+PercBAix + SiteTyp@ (Eq. 10)
for x = {3}

Where BAx is the basal area for species a in diameter glaasd
Bo, B1, andp, are the coefficients estimated in Eq. 5.

Once the base rates of growth are calculated fepaties and diameter classes in a given cell (49
rates of growth for each cell), they are multiplieda series of modifiers based on (i) climatg, (ii
beech bark disease and its interaction with cligrete (iii) defoliation history and its interaction
with climate. The impacts of future climates onwtio can thus be cumulated by multiplying out
all the impacts modifiers with the base rates ofagh and mortality (Eq. 11). All the information
that served to derive the modifiers was providedheypanel of experts.

GrFiny = GrBasgeModCyeModTaeModPyeModMaeModGaeModBayxeModDay (Eq. 11)
forx ={1, 2, 3}

Where GrFigyis the rate of growth applied to a cohort of spe@ and class X,
GrBasegy is the base rate of growth without climatic imgact
ModC. is the modifier for the effect of CO2,
ModTa.y is the modifier for the effect of temperature,
ModP,. is the modifier for the effect of precipitation,
ModM,y is the modifier for the effect of moisture stress,
ModG, is the modifier for the effect of growing seasendth,
ModB,x is the modifier for the effect of beech bark dssaand
ModD,y is the modifier for the effect of defoliation orogyth.

Temperature, C@concentration, annual precipitation, annual mogsiress and growing season
length were selected as the most important climfattors to influence tree growth. Functions
were defined for the relationships between the alewariables and the growth modifier, for each
species and each diameter class. Equations faathelation of the growth modifiers all follow
simple £'- 4" order polynomials (Eq. 12) or exponential functigq. 13); the type of function

to relate climate variables and the modifiers dreddoefficients are presented in Appendix A. An
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example of growth rates for various species uneirfluence of the A2 scenario is provided in
Fig. 7.

MOUax = Boax + Brae(ClimateVar} + ... +Bpae(ClimateVarf (Eq. 12)
forx={1, 2, 3}

Where Mody is a p-order modifier, for species a and diamelss Xx,
p is the order of the polynomial,
Boax P1ax aNdPpax are coefficients for species a and diameter olaasd
ClimateVar is a given climatic variable.

MOdaX -e (BOax +Plax «ClimateVar) (Eq 13)
forx={1, 2, 3}

Where Mody is an exponentiated modifier, for species a aathdier class x,
Bo andp; are coefficients for species a and diameter claasd
ClimateVar is a given climatic variable.

Relationships for the effect of temperature on ghowere developed based on McKee and
Woodward (1994), and on Kienast and Luxmoore (19&8he effect of C@concentration. The
impact of precipitation and moisture stress on ghowas based on Chaves and Pereira (1992),
Hanson et al. (2001), and Auclair et al. (2005).aHy, the relationship with growing season
length was developed based on the recent findihblsualy et al. (2004), Parmesan (2007) and
Springer and Ward (2007). In general, expert judg@mas well as other important and relevant
studies (lverson and Prasad 2001, He et al. 20&@hBet al. 2005), also helped in the
development of the growth and climate relationships

The modifiers on mortality (Eq. 14) function muchthe same manner as the modifiers on
growth, with the exception of the modifier for diddion (Eg. 15). It was considered important
that the rate of mortality ramp up from the bate od mortality to a maximum rate (this rate was
set to 100% for this report), based on the numbgears a cell experienced defoliation in a given
cycle and the rise in temperature from the refezgreriod of 1961-1990. Coefficients for the
impact of climate and defoliation on mortality gm@vided in Appendix A.

PercMoFiny = PercM@,» ModP,yeModMay (Eq. 14)
forx ={1, 2, 3}

Where PercMoFig is the rate of growth applied to a cohort of spe@ and class x in a cell, and
PercMqy is the base rate of growth without climatic imgact

PercMoFinDefal, = PercMoFiny® (Kax) ™ ¢ (1 + €l axt yearsDefol daxt ) (Eq. 15)
forx={1, 2, 3}

Where PercMoFinDefg| is the rate of mortality after applying the effetdefoliation,

Kaxt, Oaxty Oaxt @re constants for species a, diameter class A&achperature t, and
yearsDefol is the number of years of defoliatioraigiven cycle.
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species based the A2 (member 4) scenario as moolglieg CGCM3; since each species
responds differently to climate variables and,(i®e trajectories of the modifiers are not palalle
(species abbreviations are provided in Table 3).

The relationships between moisture stress, pratipit, and tree mortality by species were
developed based on Hanson et al. (2001), Lorin@3Xp Latty et al. (2003) and Auclair et al.
(2005) studies. Equations for the calculation eftortality modifiers all follow 8 order
polynomials; the coefficients are presented in Ajle A.

Beech bark disease (BBD) was integrated into théeihas a series of modifiers altering 3 types
of processes: the species composition of recruitngeowth, and mortality. A cell is affected by
these modifiers only if BBD is present in that céle BBD sub-model manages this aspect of
BBD and is described below. It is worth noting tttedre is no direct effect of BBD on any species
other than beech. However, recruitment, growthraodality of other species are affected
indirectly since all species are influenced bydbeposition of the stand (which is itself
influenced by the presence of beech). Essentidlé/succession sub-model simulates BBD-
caused increased root sprouting by modifying trexigs composition of the 0-20 year
regeneration bank (the species composition haveeg Ipreviously determined by the natural
regeneration model); the proportion of the cefiganeration as beech is multiplied by the BBD
recruitment coefficient (Tables A2 and A3 in Append), and the proportion of other species in
the same bank is subsequently and accordingly @djusor growth and mortality of beech in
affected cells, the rates are multiplied by mod#fitnat are obtained as a function of temperature
and precipitation (Tables A2 and A3 in Appendix Ahe manner in which BBD impacts the
recruitment of HEG is based on the results of Ler@er et al. (2001). The relative importance of
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the direct effects of BBD on growth and mortaliyHEG was based on Le Guerrier et al. (2001),
Griffin et al. (2003), and Latty et al. (2003).

The succession sub-model outputs data on the lapds@nnual rate of net growth (growth +
recruitment - mortality). The sub-model also trattks species composition (in terms of basal area
by species and diameter class) of several cetlseimodel; these cells can be imagined to be
virtual sample plots within which the details otsassion, disturbance, and climate effects can be
observed.

The 10 and 30 year defoliation sub-models

Within the ImpaCC-1 model, we do not model climaigect interactions through the modeling of
effects on insect population. Climate change méscapopulation dynamics positively (e.g., by
increasing developmental and survival rates becalisiggher temperatures) or negatively (e.g.,
higher temperatures altering the rate at whichtltetional quality of the insect’s diet changes
with leaf phenology). The balance between postive negative feedbacks of climate change on
population dynamics is the result of processesar@abeyond the modelling resources of this
project. Thus, our approach was to assume thaatdichange may increase the overall effects of
defoliation on tree growth and mortality, desphattfact that we do not know for certain if
defoliation rates will increase or not in the flguThis approach is equivalent to asking “what if”
types of questions and is well suited to findingping points, where ecosystems cannot maintain
their integrity in both space and time under cartifoliation regimes.

Thus, two sub-models for defoliation were develomet for a 10-year cycle of epidemics, and
another for a 30-year cycle. The 10-year cycleasgnts the impact of forest tent caterpillar and
gypsy moth, while the 30-year cycle representsrtpact of spruce budworm. The species and
diameter classes affected by each of these inaee{zresented in Table 4. The intensity of
epidemics, interpreted within the model as the priopn of potential host cells affected by the
defoliator, follows a truncated and transposed &inetion; the intensity of epidemics varies
between 0 and 1 (Fig. 8). We note here that yeboeh, if it were to become more abundant, may
come to be impacted by defoliating insects; howeaethe moment we have no empirical data to
support the modeling of impacts. Similarly, if hexk were to become more important in the
landscape, hemlock looper may become a problemhi®species. Also, while beech may be
attacked by forest tent caterpillar and gypsy mattecdotal evidence suggests that impacts are
negligible.
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Fig. 8. Graph showing the intensity of epidemicrae landscape over time; when the proportion
of hosts affected is equal to 1, all hosts arectdft by the defoliators.

Each cycle culminates with all potential hosts gedefoliated. In order to carry this out, the
defoliation sub-models track the number of celt tontain potential hosts (Table 4) and
defoliate the appropriate number of cells. The rodeks the number of years each cell is
defoliated, and this number is used in the sucorsgib-model to derive the reduction in growth
and increase in mortality due to defoliation.

All parameters for the impact of defoliation ongth and mortality are provided in Appendix A.
Parameters for the effect of defoliation on groaiad mortality were adapted from Muzika and
Liebhold (2001), Davidson et al. (2001), Piene @9®othier and Mailly (2006), and Gottschalk
et al. (1998), and drawn from unpublished resut& bLorenzetti.
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Species I nsect Cyclelength Diameter class affected by insest
(years) 9to 24 241040 40 +
OHA none n.a. No No No
OCO none n.a. No No No
YBI none n.a. No No No
PBI Forest tent caterpillar 10 Yes Yes Yes
OAK Gypsy moth 10 No Yes Yes
SPR Spruce budworm 30 Yes Yes Yes
RMA Gypsy moth 10 Yes No No
SMA Forest tent caterpillar 10 No Yes Yes
ABE none n.a. No No No
POP Forest tent caterpillar 10 Yes Yes Yes
PIN Gypsy moth 10 Yes No No
HEM none n.a. No No No
BFI Spruce budworm 30 Yes Yes Yes

Table 4. Species and diameter classes affecteéfoliation in the ImpaCC-1 model.

The regeneration sub-model

The regeneration sub-model behaves like a kindiaf lhyer memory. It stores in a geographic
layer of information, called the 0-20 year regetierabank, the composition of regeneration,
based on the conditions found at each site airttedf the most recent disturbance and ages this
composition until it reaches 20 years, at whicmpdiis transferred to another layer of
information, the 20-40 year regeneration bank. Whensuccession sub-model looks to determine
the species composition of recruited stems, it ok at the 20-40 year regeneration bank, and so
only after regeneration has reached the age o080t de recruited by the model into the stand.

Propagules for regeneration are either seed or fegetative reproduction. Only the 24-40 and
40+ diameter classes are considered potentialsmedes, to reflect the role of sexual maturity
(20 years for poplar, 60 years for shade tolerpatigs) in seed production (Loehle 1988). Most
species in the hardwood forest have limited disdeenges due to the size of the seed (Howe and
Smallwood 1982, Westoby et al. 1996). Indeed, bdyi@0 m, seed densities lower than 1 seed /
m? have been observed (Clark et al. 1999). Sincs gethe model are 100 m wide, only
immediate neighbours are used as seed sourcesli®ircthe model. Based on this premise, the
composition of contributing seed trees for eacltigsas calculated according to Eq. 16.

Comp = 0.5¢(0.75*40plug-0.25*24t04() + 0.0625*2,-(O.75*40p|u§+0.25*24to4@)
forj=1to 8.

(Eq. 16)

Where Compis the amount of propagules of species i in amegging cell,
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40plus is the basal area for species i in the greater 48acm diameter class,
241040 is the basal area for species i in the 24 to 4@iemeter class,

Z,- is the summation over the 8 neighbour cells,
40plug is the basal area for species i in neighbourjeelthe 40 + diameter class, and
20to4( is the basal area for species i in neighbourj@elR4 to 40 cm diameter class.

Two assumptions underlie this formula. First, weuase that 50% of the seed input comes from
within the regenerating cell, and 50% from its idgurs. This approach is supported by the work
of Clark et al. (1999). The other assumption ralatethe production of propagules as a function
of stem diameter, and this is supported by the wobikiklas (1993).

The quantity of propagules in a cell is then milikigh by a series of modifiers that express the
influence of light conditions at the ground, vegetreproduction, moisture stress, and the
guantity of microsites suitable for seedling essdivthent. Modifiers greater than 1 increase the
abundance of a given species in a given cell, andifrers less than 1 reduce the number of
propagules in a given cell (Eq. 17).

At the beginning of the process, a modified bassé & obtained by adding a modification factor
to a cell's basal area, based on the type of Omitwe that has occurred (Table 5). The modifier for
light is obtained as a function of the cell's matifresidual basal area (Fig. 9). The modifier for
vegetative reproduction (applied to vegetative wdpction propagule numbers) is derived from
the percent disturbed basal area (Fig. 10). Thefrandn moisture stress is obtained through
several steps. First, a modified drainage clasbtained as a function of moisture stress due to
climate change; for a given drainage class, a nemtldrainage class is obtained as a function of
the proportional increase in moisture stress (Fig. Then, a second modified drainage class is
determined as a function of disturbance type (Tahl&his class is again modified based on the
amount of residual basal area; if between 0 andsdj.nthe drainage class is decreased by 2, if
between 4 and 11, the drainage class is decregskdabd for basal area greater than 11 m.sq.,
the drainage class is not modified. Finally, tmafimodifier on regeneration for moisture is
obtained as a function of this final modified diege class (Fig. 12). The modifier for the effect of
exposed mineral soil is also obtained through s¢wteps. First, the base percent exposed mineral
soil is obtained as a function of parent matefialle 6). To this percentage is added the
remaining unexposed mineral soil that is disturbgthe most recent disturbance (Table 5). From
this sum exposed mineral soil is obtained the ncatibn factor due to exposed mineral soil (Fig.
13).

Modifiers for light were based on the work of Kadteal. (1995), Kaelke et al. (2001), Boardman
(1977), and Bazzaz (1979). Modifiers for moisturess were based on the work of Federer and
Gee (1976), Cavender-Bares and Bazzaz (2000), asple@sen and Kobe (2001). Modifiers for
the influence of microsites were based on Gray3pids (1997) and Burns and Honkala (1990).
Before being stored in the appropriate data layhesabundance of regeneration for each species
is scaled so that the sum of all composition byEseis equal to 100%.

Regen= (Comp + Dist*Modyeg.) * Modiignti * MOUmoist-i * MOGmicro-i (Eg. 17)

Where Regerns the amount of regeneration for species i,
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Disti is the amount of basal area disturbed fecsgs i in the cell,

Modeg-i is the modifier for vegetative reproduction foesges i,

Modignti IS the modifier for light tolerance for species |,

Modmeist-i is the modifier for drought tolerance for spedjend

Modnmicro-i IS the modifier for microsite establishment prefese for species i.

Modification
Disturbance Basal M odified Percent
type area drainage miner al
class Solll
Single tree partial harvesting +0 +0 15
Aggregated partial harvesting -4 -1 25
2 pass harvesting -1 +0 25
Clear-cutting +0 -2 60
Shelter-wood +4 -1 40
Partial windthrow +0 -1 40
Catastrophic windthrow +0 +0 60
Fire +0 -2 80
Defoliation +0 +0 15

Table 5. Table of initial modification factors fbasal area, drainage class, and percent mineral
soil, as a function of disturbance type.
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Table 6. Base amounts of exposed mineral soilfasaion of parent material.
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The windthrow sub-model

The windthrow sub-model executes two types of winal: catastrophic (wind severities greater
than 0.7) and partial windthrow (wind severitiessl¢han 0.7) (Fig. 14). The model applies
catastrophic windthrow to 4% of the windthrow ewerand partial windthrow to the remainder.
On average, 2% of the forested area is windthrawmally, and of this 2% only 4% is
catastrophically windthrown (for a total of, on eage, 0.08% of the forested area disturbed by
catastrophic windthrow annually). The average siagindthrow events is of 5 ha (with a
standard deviation of 20), and the actual sizevefts is drawn from a normal distributigvi(5,

20). Windthrow events are initiated in forestedsahd spread out into other forested cells until
the actual size of the event is reached.
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Wind severit

The sub-model applies the conceptual model of vt presented by Canham et al. (2001).
According to this conceptualization of windthrowyandthrow event possesses an intensity (from
0 to 1) and affects each stem differently, depemdimthe species and diameter of the stem. Thus,
from a given wind intensity, the sub-model calcedathe proportion of each species and each
diameter class that is windthrown. The parametensi@yed for this process were estimated by
Nolet et al. (2008). The windthrow model also regyis the amount of basal area by species that is
disturbed by the event; this amount will be usedheyregeneration sub-model in order to derive
the species composition of regeneration.

The sub-model outputs the area windthrown annuadlyyell as the amount of basal area by
species and diameter class that is windthrown eyeay.

The beech bark disease sub-model

The beech bark disease (BBD) sub-model simply ifiesithe cells within the model where BBD
IS present; it is the succession sub-model thdtespimpacts due to BBD on recruitment, growth,
and mortality. All parameters for the effect of BBID recruitment, growth, and mortality are
provided in Appendix B. Essentially, the BBD subdabsimulates the spreading of disease from
the south to the north at a fixed rate. The BBD-swdulel works on two parameters: the number of
years into simulation when BBD begins to affect$bathern-most area in the model, and the
number of years required to reach the top of thdehd-or all runs presented here, arrival of BBD
in the model occurs in the first years, and theake requires 10 years to reach the top of the
model. These rates of invasion by BBD are puregcsfative.
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The tree planting sub-model

The tree-planting sub-model establishes the cortipngf the 0-20 year regeneration bank within
the model. Tree planting is applied only to cdtlstthave been harvested, and then only if tree
planting is permitted to take place. Otherwiseuratregeneration is allowed to take place. In
certain instances and in order to simulate vegetatontrol, the 20-40 year regeneration bank is
also reset. This does not require the assumptetrptanted seedlings are at least equivalent to 20
year old saplings, but rather that when recruitnoecurs, the species composition of the recruited
stems will be that of the planted stems.

The harvesting sub-model

The harvesting sub-model simulates partial and-@atharvesting by removing a certain amount
of basal area from one or many diameter classespiidportion of each basal area to remove is
determined by the harvesting treatment. In the vpoesented here, only two harvesting
treatments were applied: clear-cut harvesting (100%l diameter classes harvested) and status
guo partial harvesting (30% from each diametersciafiarvested). The total amount of basal area
to harvest is obtained as a proportion of the leaps total annual increment. In the work
presented here, a proportion of 0.8 (or 80%) ofldhescape total annual increment was generally
applied, since this proportion maintained a stalbh®unt of basal area on the landscape. In certain
cases, still lower harvest rates were applied aridase cases the proportion applied is indicated.

The sub-model outputs data on the annual harvegtidhe area remaining to harvest at the end
of the year (if there are shortfalls), the numbienlocks, the area harvested, as well as the amount
of basal area by species and diameter class thatvested.

Development of adaptation strategies

Based on the forest values identified by publidipgration group and the outcome of the climate
change scenario, adaptation strategies were deactlojth the model. The adaptation strategies
sought to maintain the forest values identifiedhry public participation group through various
virtual silvicultural strategies. They were deveddghrough an iterative process of simulation and
strategy design. The silvicultural tools employeetav tree planting (replacing the content of the
0-20 year regeneration bank with the planted spidi@rgeted harvesting of certain species (the
probability to initiate harvesting is greater ietamount of basal area of the target species is
greater), vegetation control (replace the 20-40 yegeneration bank with the species being
planted), and doing nothing.

Geographical information inputs

Forest inventory data, as well as data on surfggalogy, elevation, and moisture regime were
obtained from the Patchworks-Outaouais Projectg&oand Doyon 2007). The forest inventory
data, represented in the model as the basal argdajes and diameter class was derived from a
combination of the Québec provincial governmengpping of public forests and field data on
the precise composition of stands from the permizauath temporary sample plot network within
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the study area. Other sources of data were alsbarstare described in Forget and Doyon
(2007).

Phase three: optimize the deployment of adaptations

Having developed the adaptation strategies witHrtipaCC-1 model, we operationalized these
strategies using the Patchworks-Outaouais (POnagtion model (Forget and Doyon 2007).
The PO model is based on the Patchworks modelwigdeveloped by Spatial Planning Systems
(SPS 2008). One of the key features of the PO miedkét it is capable of tracking costs (road
building and maintenance, harvesting, hauling) eted benefits (e.g., revenues from harvesting,
provincial credits for silviculture) as well as eloyment over time, while searching for a pseudo-
optimal solution to the scheduling of harvesting ather silvicultural prescriptions. For all
adaptation strategies, the PO model sought to aimiatfixed harvest rate (194 006 annually)
while maximizing profits for the industry. The c@std benefits structure are those reported by
Forget and Doyon (2007), with a few additions. \WWswsned a total cost of 500$ per ha for
planting, and 815% per ha for vegetation contrizinihg and vegetation control generated 0.053
jobs per ha. Three scenarios were tested with@eBdel: (i) partial harvesting only, (ii) clear-
cut harvesting only, and (iii) 50% split betweeaastcut and partial harvesting, on an area basis.
Simulations were run for 150 years. Only the f&Styears are presented in the results, since the
optimization model tends to liquidate growing statkhe end of simulations (since there are no
repercussions possible past the end of the siroaléitne horizon).

RESULTS AND DISCUSSION
Public participation

The public participation group provided very preceéd useful indications about the forest values
that were expected to remain of importance ovendx 150 years. There seemed to be a
generalized consensus that economic activity wbaldble, over the course of a century or more,
to adapt to change provided that forest ecosystemain diversified and healthy. Indeed, none of
the economic values proposed at the beginningeoéxiercise were considered as essential by a
majority of the participants (Table 7). The valtiest were judged essential by all relate diredaly t
either ecosystem function and health or ecosysigerdity (Table 7). This information guided the
development of the adaptations. Thus, an adaptatrategy was to be considered successful if it
succeeded in maintaining a diversity of forest sypeer the landscape, and if forest productivity
(taken here as a proxy for forest health) was raaetl. Since all other preoccupations (such as
the species composition of the landscape, for el@mere considered of secondary importance,
no other criterion was applied to the exercisevelate the success of adaptations.

It is important to note that there is a set of $brealues for which there is no clear consensus.
Indeed, there is a set of values with a mean saed between 2 and 3 (Fig. 15, Table 7), with
individual scores between 1 and 5 (Fig. 15). Thasdates that these forest values were judged
essential by some and not important by others. Wgest that attention be paid to these values,
as they may be the source of conflict in the futéather discussion and education may help to
clarify these points and move the participantselds consensus.
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Valueclass

Forest values

Mean score

All consider essential

Social
Recreational
Environmental
Environmental

Functional ecosystems

Maintenance of important cycles (watarbon, etc.)
Diversity of ecosystems

Health of ecosystems

Most consder essential

Environmental
Environmental
Environmental
Social

Environmental
Environmental
Environmental

Air Quality

Water Quality

Healthy wildlife populations
Stable supply of potable water
Animal and plant diversity
Ecosystem integrity

Soil quality

Some consder essential

Environmental
Recreational
Social

Social
Economic
Recreational
Economic
Economic
Social
Environmental
Environmental
Social

Social

Social
Environmental
Environmental
Social
Environmental
Social

Social

Carbon storage

Large forested areas without indushgévity
Mature forests in close proximity to urbaeas
Maintain species

Other non-timber forest products
Landscape esthetics

Diversity of ecosystem products and sesvice
Optimisation of the resource

Diversity of forestry jobs

Productivity of forest soils

Stabilize hydrological cycles

Presence of mature forests in given area
Education / raising awareness

Maintain large expanses of forest

Maintain wildlife species

Conservation areas

Direct and indirect forestry jobs

Indigenous species / no exotic species
Stability of forestry related jobs
Interpretation / education

None considers essential

Recreational
Recreational
Recreational
Recreational
Economic
Economic
Economic
Economic
Social
Economic
Economic
Economic

Recreational opportunities close t@nrreas
Abundance of game for hunting
Abundance of fish for sport fishing
Abundance of wildlife for observation
Biomass / bioenergy

Long term net benefits of forestry for thate
High value forest products

Profit per hectare

Adapt existing species to new climate

Fire wood

Short term net benefits of forestry for shegte
Maple syrup production

Most consder not important

Economic

Presence of indigenous species only

1.0
1.0
1.0
1.0

1.2
1.2
12
13
13
15
15

2.0
2.0
2.3
2.3
2.3
2.3
2.4
2.4
25
25
2.6
2.7
2.7
2.7
2.7
2.8
2.8
2.8
3.0
3.0

3.0
3.0
3.0
03.
3.2
3.3
35
3.6
3.7
3.8
4.0
4.0

4.5

Table 7. A listing of the forest values proposedrythe public participation process, indicating
qualitatively and quantitatively the global respews participants, as well as the class of forest
value; a score of 1 indicates the value is esdeBtimnportant, and 5 not important.
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Figure 15. Results from the public participationgess showing the scores given by each of the
five participants (as the ordinate) and mean sowee all participants (as the abscissa).

Analysis of COHORTE data

Analysis of the COHORTE data yielded reliable esties of the coefficients for the prediction of
the various productivity parameters (growth, matarecruitment, and transfer from one
diameter class to the next), as described aboveldby} Total amount of recruitment was
predicted with an r-square of 83.3% and a p-vafdess than 0.0001.

1.2

0.8

0.6

0.4

Total recruitment (m.sq./t
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Fig. 16. Relationship between a stand's total bereal and the recruitment for that stand.
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The model for the prediction of growth also perfedhwell, with all r-square values for the 13
species and 3 diameter classes all above 90%, pdvisgues were all highly significant (Table 8).
The analysis of the data on the transfer of basa iom one class to the next yielded models
with considerably lower power of prediction, altigbuall models were highly significant (Table
9); this is due to the large sample size which wamany cases greater than 2000. The
performance of models for the prediction of motyalvas variable in terms of variability
explained, although all model were highly signific&Table 10).

The relationship between a cell's total basal arebthe recruitment for that cell is illustrated in
Fig. 16, and shows that as the stand's total lamealincreases, recruitment of new biomass
decreases. Graphic representations of the predieleds of mortality as a function of basal area
for paper birch (Fig. 17) and eastern hemlock (E®).demonstrate that the relationships follow
expected trends (mortality increase with increasingl basal area) and that mortality is much
higher for shade intolerant species (such as dapsr) at high total basal area, than for shade
tolerant species, such as hemlock.
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Species Classes R-square Probability
OHA 9-24 0.9600 < 0.0001
OHA 24 - 40 0.9759 < 0.0001
OHA 40 + 0.9577 < 0.0001
OCO 9-24 0.9963 < 0.0001
OCO 24 - 40 0.9637 < 0.0001
OCO 40 + 0.9795 < 0.0001
YBI 9-24 0.9967 < 0.0001
YBI 24 - 40 0.9930 < 0.0001
YBI 40 + 0.9855 < 0.0001
PBI 9-24 0.9934 < 0.0001
PBI 24 - 40 0.9929 < 0.0001
PBI 40 + 0.9928 < 0.0001
OAK 9-24 0.9958 < 0.0001
OAK 24 - 40 0.9873 < 0.0001
OAK 40 + 0.9905 < 0.0001
SPR 9-24 0.9867 < 0.0001
SPR 24 - 40 0.9864 < 0.0001
SPR 40 + 0.9820 < 0.0001
RMA 9-24 0.9804 < 0.0001
RMA 24 - 40 0.9661 < 0.0001
RMA 40 + 0.9657 < 0.0001
SMA 9-24 0.9831 < 0.0001
SMA 24 - 40 0.9621 < 0.0001
SMA 40 + 0.9656 < 0.0001
ABE 9-24 0.9872 < 0.0001
ABE 24 - 40 0.9791 < 0.0001
ABE 40 + 0.9723 < 0.0001
POP 9-24 0.9861 < 0.0001
POP 24 - 40 0.9626 < 0.0001
POP 40 + 0.9705 < 0.0001
PIN 9-24 0.9853 < 0.0001
PIN 24 - 40 0.9827 < 0.0001
PIN 40 + 0.9871 < 0.0001
HEM 9-24 0.9785 < 0.0001
HEM 24 - 40 0.9528 < 0.0001
HEM 40 + 0.9671 < 0.0001
BFI 9-24 0.9866 < 0.0001
BFI 24 - 40 0.9886 < 0.0001
BFI 40 + 0.9864 < 0.0001

Table 8. R-square and p values for the predictiagrawth, by species and diameter class.

page 33/78



Species Classes R-square Probability

OHA 9-24 to 24-40 0.1810 < 0.0001
OCO 9-24 to 24-40 0.1518 < 0.0001
YBI 9-24 to 24-40 0.2414 < 0.0001
PBI 9-24 to 24-40 0.1847 < 0.0001
OAK 9-24 to 24-40 0.2372 < 0.0001
SPR 9-24 to 24-40 0.1074 < 0.0001
RMA 9-24 to 24-40 0.0638 < 0.0001
SMA 9-24 to 24-40 0.0843 < 0.0001
ABE 9-24 to 24-40 0.2108 < 0.0001
POP 9-24 to 24-40 0.4325 < 0.0001
PIN 9-24 to 24-40 0.2328 < 0.0001
HEM 9-24 to 24-40 0.1232 < 0.0001
BFI 9-24 to 24-40 0.0981 < 0.0001
OHA 24-40 to 40+ 0.2540 < 0.0001
OCO 24-40 to 40+ 0.1284 < 0.0001
YBI 24-40to 40+ 0.1717 < 0.0001
PBI 24-40to 40+ 0.1275 < 0.0001
OAK 24-40to 40+ 0.2027 < 0.0001
SPR 24-40 to 40+ 0.2659 < 0.0001
RMA 24-40 to 40+ 0.0475 < 0.0001
SMA 24-40 to 40+ 0.0887 < 0.0001
ABE 24-40to0 40+ 0.1755 < 0.0001
POP 24-40 to 40+ 0.3346 < 0.0001
PIN 24-40to 40+ 0.2231 < 0.0001
HEM 24-40 to 40+ 0.1527 < 0.0001
BFI 24-40 to 40+ 0.2050 < 0.0001

Table 9. R-square and p values for the predictidransfer of basal area from one diameter class
to the next, by species and diameter class.
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Species Classes R-square  Probability
OHA 9-24 0.2837 < 0.0001
OHA 24 - 40 0.1628 < 0.0001
OHA 40 + 0.0760 < 0.0001
(e]ef0) 9-24 0.3572 < 0.0001
OCO 24 - 40 0.1239 < 0.0001
0oCoO 40 + 0.6819 < 0.0001
YBI 9-24 0.9950 < 0.0001
YBI 24 - 40 0.9954 < 0.0001
YBI 40 + 0.5842 < 0.0001
PBI 9-24 0.9367 < 0.0001
PBI 24 - 40 0.8016 < 0.0001
PBI 40 + 0.8900 < 0.0001
OAK 9-24 0.9029 < 0.0001
OAK 24 - 40 0.6763 < 0.0001
OAK 40 + 0.5577 < 0.0001
SPR 9-24 0.8710 < 0.0001
SPR 24 - 40 0.7403 < 0.0001
SPR 40 + 0.7776 < 0.0001
RMA 9-24 0.9579 < 0.0001
RMA 24 - 40 0.7559 < 0.0001
RMA 40 + 0.8596 < 0.0001
SMA 9-24 0.9218 < 0.0001
SMA 24 - 40 0.8907 < 0.0001
SMA 40 + 0.9123 < 0.0001
ABE 9-24 0.9576 < 0.0001
ABE 24 - 40 0.7457 < 0.0001
ABE 40 + 0.8258 < 0.0001
POP 9-24 0.7932 < 0.0001
POP 24 - 40 0.5851 < 0.0001
POP 40 + 0.3314 < 0.0001
PIN 9-24 0.4807 < 0.0001
PIN 24 - 40 0.2881 < 0.0001
PIN 40 + 0.1247 < 0.0001
HEM 9-24 0.4491 < 0.0001
HEM 24 - 40 0.7133 < 0.0001
HEM 40 + 0.6364 < 0.0001
BFI 9-24 0.4877 < 0.0001
BFI 24 - 40 0.9134 < 0.0001
BFI 40 + 0.7840 < 0.0001

Table 10. R-square and p values for the prediaifanortality, by species and diameter class.
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Fig. 17. Predicted values of the mortality of the4cm diameter class of paper birch as a function
of a stand's total basal area, for stands whesectitiort represents 25% (in blue), 50% (in pink),
and 75% (in yellow) of the stands' basal area.
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Fig. 18. Predicted values of the mortality of the4cm diameter class of eastern hemlock as a
function of a stand's total basal area, for staviusre this cohort represents 25% (in blue), 50%
(in pink), and 75% (in yellow) of the stands' baasada.

Although the analysis presented here is based ael®d output, the explanation of variability in

this output data is not perfect (that is, the rasga are not equal to 100%). There are three reason
why the explanation of the COHORTE data is notgurf (i) the COHORTE model tracks
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individual stems and thus maintains considerablyeniformation than the data that was
analyzed (where information on stems within a ggeand diameter class is lost), (i) mortality
within the COHORTE model is a stochastic proceskitus distributed within a stand on a stem-
by-stem basis, and (iii) there are more processe®ik and more variables within the
COHORTE model than those included in the statisticadels (Eq. 1-5). Nonetheless, we feel
that the parameters extracted from the COHORTE hfodéhe prediction of recruitment,
growth, transfer from one diameter class to thd,remd mortality (Appendix A) are sufficiently
reliable to be used in the context of the ImpaCl@natiscape model.

Verification of ImpaCC-1
Succession only, no disturbance

The first simulations that were run with the ImpaC@odel (after debugging was completed)
were carried out to look at the behaviour of thelelauinder current climatic conditions, and in the
absence of disturbance. Simulations show thatedlatidscape scale, total stand basal area
increases significantly while composition changesy\ittle (Fig. 19). Basal area increases most
where hemlock, sugar maple, and red maple maka up@ortant part of the stand’'s composition
(Fig. 20). The basal area of the most shade tdlemacties (HEM, ABE, SMA) can be seen to
increase gradually, while the basal area of otpecies remains stable.
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Fig. 19. Basal area by species over the coursel60ayear simulation with the ImpaCC-1
landscape model, simulating no disturbance andimate change; abbreviations for species are
provided in Table 3.
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Fig. 19. Basal area by species over the coursel60ayear simulation, simulating no disturbance
and no climate change, for four sample-plot cellsie model.

The natural disturbance regime

The next run sought to simulate forest dynamicseutite current climate, so as to replicate the
natural disturbance regime and historical trendsuctession. Therefore, disturbance agents
(defoliation and windthrow) were turned on for thessmulations, and harvesting was turned off.
These runs show that the model replicates cur@rditons with reasonable accuracy (Fig. 21).
The graphs of natural disturbance show the 304yeaodicity of spruce defoliation by spruce
budworm (Fig. 21, upper left). This graph also shdlat spruce completely disappears from the
cell after the second defoliation cycle, which segg that mortality as a function of SBW
defoliation was overestimated for spruce. The quiflméty of sugar maple to the 10-year
defoliation cycle can also be observed (Fig 21 rigipt). Basal area accumulation remains within
observed ranges, that is, above 40 m2 / ha fa diteninated by hemlock (Fig. 21, bottom), and
between 20 and 30 m2 / ha for other sites (FigtdH), At the landscape scale (Fig 22) we can
clearly observe the 10-year defoliation cycle, @8l as a gradual shift in composition from sugar
maple to hemlock. This shift has been observeterreéal world (Duchesne et al. 2005, Duchesne
et al. 2006), and is not entirely understood. Tingput of the model suggests that this shift is
natural and a result of the combined effects opdicies’ recruitment, growth, and mortality, and
regeneration dynamics under a natural disturbasgiene.
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Fig. 21. Basal area by species over the coursel60ayear simulation, simulating natural
disturbance and no climate change, for four samlaeeells in the model.
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Fig. 22. Basal area by species over the coursel60ayear simulation, simulating natural
disturbance and no climate change, for all fores&dls in the model (approximately 129 000 ha).
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Natural disturbance and harvesting

We then ran simulations with harvesting and natdisturbance, simulations which most closely
simulated the current situation in the temperatellwaod forest in the region. Overall, results
appear to suggest that partial harvesting oveetiiee landscape tends to simplify the
composition of the most diverse stands among thedample plot cells (Fig. 23, bottom). This
result confirms previous suggestions that extehgsiaed uniformly applied partial harvesting

does not provide the range of conditions requiceahaintain a broad diversity of tree species over
the landscape as Doyon (2000) has found in hig/stndeed, at the landscape scale, we can
observe that the proportion of the landscape oeclipy the less abundant species (all species
other than SMA, RMA, ABE, and HEM) under the disamnce + harvesting scenario (Fig. 24) is
lesser than that for the natural disturbance redkige 22).
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Fig. 23. Basal area by species over the coursel60ayear simulation, simulating natural
disturbance, harvesting, and no climate changdptorsample-plot cells in the model.
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Fig. 24). Basal area by species over the courseldD-year simulation, simulating natural
disturbance, harvesting, and no climate changealfdorested cells in the model (approximately
129 000 ha).

Impacts of climate change
Impacts of climate change without €O

Before applying climate change to the simulatiovs were interested in looking at the impacts of
climate change impacts without the impact of,Cthe point of this exercise was to compare
results of stand dynamics without €€hange to dynamics of stands further south, winere
temperature regime is equivalent to those in daratk change scenarios. Looking at the mean
annual temperature for a transect reaching frorav@tt Ontario (the closest location to the study
area with complete weather records) south intdJlg&A., we can see a steady trend of increasing
temperature (Fig. 25). The predicted maximum meeual temperature change for the Alb
scenario of the CGCM3 is 5.7 degrees Celsius. Byrpolating the sum of the mean annual
temperature for Ottawa to this temperature chamgehis graph, we obtain that the temperature
analogue for Ottawa under the A1b-CGCM3 scenarRigemond, Virginia. By comparing stand
dynamics for our study area under the influenceliofate change without CO2 to stand dynamics
in Richmond, Virginia, we can evaluate the perfong&of our model.
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Fig. 25. Trends in temperature as a function afudé on a transect reaching from Ottawa into the
U.S.A., showing the mean annual temperature faav@tt(; mean annual temperature in yellow,

mean July temperature in pink, and mean Januargdeature in blue.

Stand scale results of the simulation with the Adénario without C@effects (Fig. 26) indicate
that basal area reaches higher values than undentgonditions (Fig. 21). While the landscape

mean basal area per hectare under natural distet®in9 rfYha, it rises to 37.2 ftha under the

Alb/no CQ scenario, a 16% increase. This corresponds relblsoneall with estimates from the

literature (Busing 1998, Beane 2007).

page 42/ 78




4000
B BFI m BFI
3500 O HEM O HEM
__ 3000 OPIN OPIN
£ = POP B POP
g W ABE m ABE
g 2000+ OSMA O SMA
@ 1500 B RMA B RMA
Q B SPR BSPR
1000+ B OAK B OAK
500 oPBl oPBI
0l oYBI 0 \ — |ovBI
50O : : — ————— |a0co
1 21 41 61 81 101 121 141 21 41 61 81 101 121 141
D OHA O OHA
Time (years) Time (years)
4500 6000
| ]
4000 B BFI BFI
O HEM 5000 ~ O HEM
3500 OPIN = OPIN
€ 30001 = POP € 4000 = POP
& 25004 W ABE % W ABE
8 o 3000 O SMA
& 2000 SMA 8
@ = RMA E B RMA
& 1500+ B SPR & 2000 B SPR
1000 B OAK B OAK
500 o PBI 1000 opPBI
m] ovsl
0 —— T VBl 0
mOCO B OCO
1 21 41 61 81 101 121 141 21 41 61 81 101 121 141
D OHA O OHA
Time (years) Time (years)

Fig. 26. Stand dynamics of the four virtual sampliets under the influence of the Alb scenario

(CGCMB3) without the effect of CO

Impact of climate change with GO

Simulations of landscape dynamics under climategbavith CQ effects differ significantly
from the results obtained without GO’ he clearest difference is in the rate of bassd a
accumulation and the maximum amounts of basalareamulated (Fig. 27). Whereas without
the effect of CQ, basal area barely reach maximum values of §Banwith CQ effect basal
areas reach values of over 6&/ma (Fig. 27). The results also show that theseskght shift
towards beech at the expense of hemlock.
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Fig. 27. Stand dynamics of the four virtual sampliets under the influence of the Alb scenario
(CGCMB) with the effect of C®

Impacts of climate change and beech bark disease

Beech bark disease, which according to the expertlpwill likely move into the study area over
the coming years, had a very important impact eesiodynamics in the model. We can observe
from the output at the stand scale (Fig. 28) tlegich becomes much more important than under
the climate change only scenario (Fig. 27). Theestend is evident at the landscape scale (Fig.
29). That beech becomes more important in stan@s Wwhech bark disease is present may seem
counter intuitive. However, beech bark diseaselenhiggering increased mortality in older
stems, causes an increase in the root sproutidgtnirbed beech. This leads to a vicious circle of
increased mortality and increased root sproutingeech that can lead to the exclusion of other
species. This trend has been observed further sdwthe the disease is well established (Le
Guerrier et al. 2001).
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Fig. 28. Stand dynamics of the four virtual samgliets with natural disturbance under the
influence of the Alb scenario (CGCM3) with g;@nd with the effect of beech bark disease.
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Fig. 29. Basal area by species over the courseél60ayear simulation, simulating natural
disturbance, no harvesting, beech bark diseasehanilb-CGCM3 climate, for all forested cells

in the model.
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The situation becomes considerably worse in teffiisséamd composition and landscape scale
stand diversity when harvesting is turned on; wibry disturbance within a stand, beech can be
seen to become increasingly important (Fig. 300, &rthe landscape scale, the species dominates
almost entirely (Fig. 31). The combined disturbandee to defoliation, windthrow, and partial
harvesting create conditions that promote the danmda of beech at the expense of all other
species.
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Fig. 30. Stand dynamics of the four virtual samgliets with natural disturbance under the
influence of the Alb scenario (CGCM3) with g@nd with the effect of beech bark disease.
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Fig. 31. Basal area by species over the coursel60ayear simulation, simulating natural
disturbance, harvesting, beech bark disease, awth-CGCM3 climate, for all forested cells in
the model.

Development of adaptation strategies

Clearly, the situation presented by the simulatioindimate change with beech bark disease (Fig.
31) is not acceptable according to the terms laidog public participation group. The results of
the simulations clearly show that the value of gstesm diversity over the landscape is not
respected. Therefore, adaptation strategies weredajeed.

From the trial and error process of adaptatiortegsadevelopment, several adaptation strategies
were put implemented in the model but were judgezliocessful, based again on the standards
established by the public participation group. Hegrefrom each failed adaptation something
was learned that contributed to the developmetitehext adaptation. Here we present these
unsuccessful strategies, along with their resuli@mgiscape impacts.

Reduce harvest rate

The first strategy developed involved a reductibthe rate of harvest. Results had shown that
increased disturbance rates aggravated the rokésng of beech and increased its dominance
(Fig. 31). Therefore, two reduced harvest ratesewested: a 25% and 50% decreased from the
standard rate (which is itself a 20% reductionhef maximum potential harvest rate, as described
in the methods).
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Fig. 32. Basal area by species over the coursel60ayear simulation, simulating reduced

harvesting (25%) and the Alb-CGCM3 climate, forfatested cells in the model.
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Fig. 32. Basal area by species over the coursel60ayear simulation, simulating reduced

harvesting (50%) and the Alb-CGCM3 climate, forfatested cells in the model.
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The reduced rates of harvest lead to a somewhegatsd dominance of beech, although beech
clearly remained the dominant species at the lamisscale (Fig. 32, Fig. 33). The percentage of
the landscape basal area as beech at the endwéson for the baseline harvest rate is 97%,
91% for the middle rate scenario, and 85% for tlveekt rate of harvesting. We considered that
this was still too high, and chose to investigdateenforms of adaptation.

Apply preference for beech when harvesting

Since the problem with the outcome of previous tatagns was an over-abundance of beech, we
developed an adaptation strategy that preferentalgeted beech for partial harvesting. This lead
to very little change from the baseline strategrtfpl harvesting at base rate) decreasing the
proportion of landscape basal area by only 1% (datahown).

Clear-cut, plant pine and oak

In an attempt to re-establish species other thanle strategy was developed according to
which stands would be clear-cut (again targetirgchedominated stands), and planting would be
carried out. Clear-cutting was only applied in thedel if beech was present. Given that we had
expected pine and oak to become better competitatsr climate change conditions (since they
are the species that tolerate moisture stressanoshg simulated species), we chose to plant
these species.
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Fig. 34. Basal area by species over the courseél60ayear simulation, simulating clear-cut/plant
oak and pine adaptation and the A1b-CGCM3 climatke keech bark disease, for all forested

cells in the model.
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Fig. 35. Stand dynamics of the four virtual samgliets with natural disturbance under the
influence of the Alb scenario (CGCM3) with g@ith the effect of beech bark disease, and with
the clear-cut/plant oak and pine adaptation.

This adaptation lead to exactly the same end-@@rihe baseline strategy (97% of the landscape
basal area as beech) at the landscape scale {fidn®ertain respects it was worse, since
dominance increased at a faster rate. Thus, byelweof simulation 50 under this adaptation,
beech had reached 72% of the total landscape &asglwhile under the baseline treatment beech
occupied 66% of the landscape basal area by the 8ara. Evidence of this can be seen at the
stand scale (Fig. 35). For this adaptation, plgntiad no effect since established regeneration in
the 20-40 year regeneration bank was already ddedray beech by the time clear-cutting and
planting occurred.

Clear-cut, plant pine and oak, clear competing ‘atien

Given the result of the previous adaptation, weutated the control of vegetation in the 20-40
year regeneration bank by changing the compositidghis bank to that of the planted seedlings.
As outlined in the methods section, this does mpy that 20 year old seedlings are planted, but
simply that when recruitment occurs, it is the pdainseedlings that are recruited. This is partly
justified by the fact that seedlings in an opetirsgtevolve much more rapidly than seedlings
established under a closed canopy. Results fragrstimiulation show important change from the
baseline strategy.
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Fig. 36. Basal area by species over the courseél60ayear simulation, simulating the clear-
cut/plant oak and pine adaptation and the A1b-CGCBate with beech bark disease, for all
forested cells in the model.

The results show that beech is no longer a prolffeg 36). However, such a uniformly applied
strategy results in a landscape composition thedquslly problematic in terms of ecosystem
diversity. Also, the oak component of the plantextls does not seem able to compete with pine
under climate change conditions. It appears thebtdk component is greatly affected by the 10
year cycle of gypsy moth (Fig. 36). While this atdajon showed us that the beech component can
be displaced, it did not offer an interesting outean terms of ecosystem diversity.

Clear-cut, plant by site type, clear competing \atien

In order to create landscape scale compositionarsity through a strategy involving extensive
tree planting, a system was developed wherebyaspeomposition of the planted stock for a
given site was determined based on the surficialogg of the site. An analysis was carried out to
determine the species composition of stands omaheus surficial geology types in the study
area. For each surficial geology type, the two ngogtmon composition types (among the 116
total for the area) were identified (Table 11). Baite of a given geology type then, a virtuahcoi
toss was carried out to determine which of the twast common compositions was to be applied.
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Surficial Common composition types

geology First Second
1A 38 22
1AA 38 38
1AM 1 2
1AR 1 2
1AY 1 2
2A 2 34
2BD 115 115
2BE 38 116
3 84 57
5A 1 2
5S 22 115
7 115 89
9 115 115
R 2 1

Table 11. The 14 surficial geology types of thelgtarea, and the corresponding most common
and second most common composition types fountasetgeology types; the species
composition of these types is provided in Apperilix
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Fig. 37. Stand dynamics of the four virtual samgliets with natural disturbance under the
influence of the Alb scenario (CGCM3) with g@ith the effect of beech bark disease, and with
the clear-cut/plant by surficial geology adaptation
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Fig. 38. Basal area by species over the courseél60ayear simulation, simulating the clear-
cut/plant by surficial geology adaptation and tHEbACGCM3 climate with beech bark disease,
for all forested cells in the model.

Results from this adaptation indicate that beechb@aremoved from the landscape and replaced
by other species (Fig. 37), to create a landsdagutes more diverse (Fig. 38) than without any
adaptation (Fig. 31). It can be observed in thedstxale evolution of stands that clear-cutting was
only applied if beech was present in the stand. &7¢. Under this adaptation, more rare species
such as yellow birch and other hardwoods occupgrafiant proportion of the landscape.

Indeed, the pattern of stand diversity under thegpgation (Fig. 39) is quite similar to the pattern
under the assumption of no climate change for @imeesperiod (Fig. 40). These two maps differ in
terms of species composition, with red maple bé&wgured under the climate change assumption
(Fig. 39) rather than sugar maple (Fig. 40). Thikrgely due to the high susceptibility and
vulnerability of sugar maple to defoliation, pauti@rly under the climate change scenario.
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Fig. 39. Map of the study area showing the moshehant species for each cell at the end of a
150-year simulation of the A1b-CGCM3 scenario, with planting by surficial geology
adaptation; species names are provided in Table 3.

Fig. 40. Map of the study area sowing the moshehnt species for each cell at the end of a
150-year simulation under the no climate changerapson.
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The productivity of virtual sample plots (Fig. 3%)not as high as the productivity under climate
change without beech bark disease (Fig. 27), ggamipally due to the 10-year defoliation cycle.
Fine tuning of the species composition could leath¢reases in productivity. However, based on
the input from the public participation proces® froductivity of forest ecosystems per se is not a
priority. Therefore, we feel that this adaptatioaeats all established requirements.

Adaptations under several potential futures

The final step of the analysis was to look at tlesnpromising adaptations under the full range of
climate scenarios available. To this end, we rad&ptations: do nothing; clear-cut, plant by
geology, and control vegetation over all forestezhgadapt all); and the latter applied to only one
zone of the study area (adapt zone) representirghtp 70% of the total forested area. These
were run under the influence of no climate changeX climate change scenarios (Table 1), and
in the presence and absence of beech bark disgaseset of analysis thus resulted in 78 runs of
150 years.
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Fig. 41. The distribution of basal area among szefor the landscape at the end point of 150 year
simulations, under 13 different climate change aggions, without adaptation and in the absence
of beech bark disease (don nothing); the GCM naandsmissions scenario are provided.

Results from the do nothing adaptation in the atsef beech bark disease indicate that the total
basal area of the landscape is quite variable tineerange of climate scenarios (Fig. 41). The
highest total basal areas are obtained under thecé2arios, followed by the Alb scenario, while
the B1 and B2 scenarios result in the lowest qtiastof basal area. Composition is also quite
variable. In particular, the balance between reglenand beech varies greatly among scenarios. It
is also interesting to note that the two CRCM sdesaesult in considerably different outcomes,
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despite that fact that they are based on the samssiens scenario and GCM (CGCM3). This
illustrates that the variability among replicatésh® same climate scenario can be of significance.
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Fig. 42. The distribution of basal area among ssefor the landscape at the end point of 150 year
simulations, under 13 different climate change ag#ions, without adaptation and in the
presence of beech bark disease (do nothing); tHd Ga&nes and emissions scenario are
provided.

The simulations under climate change and beechdsgase illustrate the potential significance
of the disease for the hardwood forests of eagiamada (Fig. 42). Regardless of the GCM model
and emissions scenario, and despite the factdtetiandscape basal area varies, the outcome of
simulation is essentially the same in all caseecB&omes to dominate the landscape at the
expense of all other species. In certain casesldoé&npine, and other conifers can maintain a
limited presence, but in quantities far inferiothe no climate change scenario. Landscape total
basal is greater under these assumptions, thoeghdhk of ecosystem diversity makes these
outcomes undesirable in terms of the criteria distadd by the public participation process.
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Fig. 43. The distribution of basal area among szefor the landscape at the end point of 150 year
simulations, under 13 different climate change aggions, with adaptation (adapt all) and in the
absence of beech bark disease; the GCM names assi@m scenario are provided.

The clear-cut, plant, and vegetation control adaptapplied to all forested area (adapt all)
simulations show outcomes that are promising imseof values laid out by the public

participation process. Under these adaptationshmate assumptions, the landscape is able to
maintain a balanced diversity of species (Fig. #48g balance between sugar maple and ref maple
varies considerably among scenarios, but this eletheugh currently of economic interest, was
judged unimportant by the public participation grou
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Fig. 44. The distribution of basal area among szefor the landscape at the end point of 150 year
simulations, under 13 different climate change ag#ions, with adaptation and in the presence of
beech bark disease (adapt all); the GCM namesrargsi®ns scenario are provided.

As anticipated, the simulations of adaptation vialech bark disease (Fig. 44) do not differ

greatly from the simulations without beech barledse (Fig. 43) in terms of composition and

total landscape basal area, since beech has bewgtetely removed from the landscape. This
shows that the adaptation strategy is robust veigfards to beech bark disease. That is, regardless
of whether or not beech bark disease moves intsttiey area in the future, the adaptation
strategy will lead to the same result, given theuagptions made here.

page 59/ 78



3500000
3000000 e
% 2500000 O HEM
E O PIN
3 2000000 m POP
]
= 1500000- W ABE
® O SMA
m
1000000+ B RMA
500000 BSPR
B OAK
0 O PBI
ovBl
® mOCO
mOHA
@
Climate scenario

Fig. 45. The distribution of basal area among szefor the landscape at the end point of 150 year
simulations, under 13 different climate change aggions, with adaptation over one zone of the
forested area (adapt zone) and in the absenceeohliiark disease; the GCM names and
emissions scenario are provided.

The aspatial results of the simulation of adaptatieer only one zone of the study area show
promise (Fig. 45). Output from the model demonetahat regardless of the climate scenario
applied, results are quite similar to the base cas® climate impacts on the forest. While total
landscape basal area is quite variable, the priopaot the basal area as each species is
surprisingly stable over all climate scenarios. ldoer, if the spatial result of the adaptation are
examined (Fig. 46), it becomes clear that the damie of beech is quite widespread outside the
treated area. In our opinion, this adaptation egrawill be of interest if there is a societal desi

to diversify approaches, or if the costs of sucladaptation are prohibitive (this issue is addmsse
in the following section (Costs and benefits of @d#ons).
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Fig. 46. Map of the study area showing the moshehant species for each cell at the end of a
150-year simulation of the A1b-CGCM3 scenario withbeech bark disease, with the planting by
surficial geology adaptation applied to one zonthefforest area (adapt zone).
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Fig. 47. The distribution of basal area among ssefor the landscape at the end point of 150 year
simulations, under 13 different climate change ag#ions, with adaptation over one zone of the
forested area (adapt zone) and in the presenceeshtbark disease; the GCM names and
emissions scenario are provided.
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Simulation of adaptation strategies over only omeez in the presence of climate change and
beech bark disease, is quite similar to the samalations without beech bark disease (Fig. 47).
The important difference being that outside thattd area and in the presence of beech bark
disease, beech forms an almost continuous covdwrafnance (Fig. 48). Again, we feel that this
adaptation will only be useful as a form of compisgrbetween doing nothing and implementing
adaptation over the entire study area.

Fig. 48. Map of the study area sowing the moshehant species for each cell at the end of a
150-year simulation of the A1b-CGCM3 scenario viadech bark disease, with the planting by
surficial geology adaptation applied to one zonthefforest area (adapt zone).

Costs and benefits of adaptations

The patchworks modeling work allowed us to estaliie medium term (25 years) costs and
benefits of adaptation strategies for the studg.a¢ée implemented the three adaptations
described above (do nothing, adapt all, and adapt)z Results are shown in Table 12. There
were certain surprises in the results of this miadednalysis. For example, the implementation of
adaptation strategies resulted in fewer jobs, asgdr costs and greater benefits than the status
quo. The important thing to note here is that théus quo, the application of partial harvesting
over the whole study area, is a costly (principdl to the cost of road building and
maintenance) and labour intensive practice. Thédamentation of clear-cutting, which is more
cost effective than partial cutting for a given ambof harvested volume, over the study area is
the key to greater profit (although still negatitg)the industry. The cost of planting and
vegetation control in Quebec is covered by the ey and this is the cause of decreased net
benefits by the state. However, given the seriossoépotential impacts (especially under the
assumption of beech bark disease) we feel it wbalglistifiable for the state to invest in
adaptation strategies for the benefit of societthalong-run. It is essential to note that thesos

page 62 /78



and benefits to not integrate the impacts of clev@itange, but reflect only the costs and benefits
involved in the implementation only.

Area treated with adaptation

0% 50% 100%

Societal

Jobs 236 206 168
Industrial

Costs 15 M$ 15 M$ 13 M$

Benefits 11 M$ 11.5 M$ 10 M$

Net benefits -4 M$ -3.5 M$ -3M$
State

Net benefits 0.3 M$ 0.15M$ -0.125M$

Table 12. A summary of the costs and benefits &sheof the adaptation strategies applied to the
study area.

Return to the public participation group

As had been planned at the outset, a second meedisigrganized with the public participation
group. Unfortunately, some key players were abBent this meeting, stating that more pressing
matters had priority over the presentation of thdihgs of this study. This may be due to several
factors, not the least of which is the ever inarepaumber of responsibilities being transferred
from the Province to the regional planners, oueabee participants. We cannot know for certain
if different actions or communications on our békauld have led to a different outcome. We
can only express the impression that, while clincatenge and its potential impacts generate
widespread concern, planning and action in resptnteese concerns is still regarded as
premature and speculative.

RECOMMENDATIONS FOR FOREST MANAGEMENT AND POLICY
Theroleof public participation

While the public participation exercise was of lied scope, this component contributed greatly to
the development of adaptation strategies. The eseeprovided criteria according to which
adaptation strategies could be developed and cefiMhout such input, it would have been
impossible for us to judge of the relative valueeath of the adaptation strategies and their
outcome. This underlines the importance of pulnlpwui for the development of adaptation
strategies. Since the desirableness of an adaptttiategy depends entirely on what forest values
are considered essential to maintain over the ey run, the development of such strategies
should always be founded in some manner of pubpati
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Theneed to act now

It was clear from our discussions with experts, sumosequently from the projections produced by
the ImpaCC-1 model, that there are important chaunmgstore for the tolerant hardwood forest of
eastern Canada. Results suggest that inactionsordsas as usual may lead to forest conditions
that are unacceptable according to the terms pwafal by the public participation group. The
demonstration that our current climate is signiittadifferent from the historical climate has
already been made (Vincent and Mekis 2006, Vineeat. 2007). Thus, it is only a matter of time
for changes to the forest, such as those we haershere, to become obvious. In fact, some
changes may already be evident. For example, thadmbetween sugar maple and beech, which
is expected to change as a result of climate chdragealready begun to shown to be drifting
(Duchesne et al. 2005, Duchesne et al. 2006). Winliee is considerable uncertainty about the
details of future climates and their impacts onftrest, changes are clearly imminent. Given the
lag times between forest management and theirtsesugtion must be taken immediately.

The need for a better understanding of futureimpacts

While it has been important for us to explore adaph strategies, we feel that there are still
significant gaps in our knowledge of the future auofs of climate change on forests. There has
been a considerable amount of work on the potentigécts of climate change, but we feel
strongly that there is still a need for fundamengakarch in this field. Relationships between
changing climate and regeneration, defoliation, @isdase in particular require attention. Also, in
our work and in much of the other work on climatarge impacts, the assumption is made that
soil fertility will not limit the growth triggeredby increased concentrations of £Blowever, we
can expect the relationship of atmospheric, @@ soil fertility to change both productivity and
leaf chemistry, which could in turn influence thesseptibility and vulnerability of trees to
defoliation. Thus, while the exploration, developmeand implementation of adaptation strategies
should be undertaken immediately, fundamental rekezan climate change impacts should by no
means be abandoned.

Adaptation strategies

The adaptations presented in this study, whilesa dittempt, point the way to certain strategies
that are both realizable and financially interggfior the forest industry. There are greater costs
involved in the adaptation strategies than withustguo management from the point of view of
the Province, but we believe that these costsuatdied given the potential magnitude of impacts
of climate change on the forest. Since many oftfeptation strategies we have proposed go
against standard forestry practices for the hardiWorest (e.g., clear-cutting is generally not
permitted), forest management guidelines will nieelde modified in order to permit forest
managers to implement entirely new managemenegieg. Also, it is important to underline that,
although our adaptation strategies were succeisstieé context of the model, we have no means
of determining what the impact of adaptation sgege will be on the ecosystem components that
were not modeled (wildlife, understory plants, ekgnally, a certain amount of public education
should be undertaken in order to prepare the ptblimconventional forestry practices.
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Adaptive management

Ecosystem modeling presents many benefits. Ongesgtis that it can generate a benchmark of
our understanding in terms of future forest condti, which can be compared to the future forest
conditions. By comparing model outcome with theiaktbehaviour of forests under the influence
of climate change, we will be able to judge whettarnot our understanding was sufficient to
allow a prediction of climate change impacts. Adapmanagement is therefore highly relevant in
the field of climate change impacts, since it abaye to move forward with imperfect knowledge
and, over time, to refine that knowledge by commapredicted and obtained forest conditions
(Yamasaki et al. 2001).

The continuing role of mitigation

While we present adaptation strategies to futureate change, we must state here that there are
factors not considered in this study that may dyeatluence the hardwood forest in the future.
Disease, insects, and invasive exotics may surpliskose currently working on climate change
impacts. Also, the response of wildlife specieslimate change is wholly misunderstood. Since
many of these species play essential roles intfeasystems, there is clearly a gap in our
understanding of climate change impacts. Therefeeestrongly suggest that the mitigation of
climate change impacts through carbon sequestratidremissions reduction should be
maintained and indeed enhanced. In our view, ifajective is to maintain viable forest
ecosystems for future generations, mitigation lferavoidance of change) is a more reliable
undertaking than adaptation.

CONCLUSION

We have been generally successful in reaching lojectives. We have identified key forest
values for the long run. A cumulative impacts laragge model has been developed for the study
area. We have derived the expected impacts of tdigtaange for the hardwood forest, and from
these, adaptation strategies. Cost and benefysisalas carried out and the results discussed
with the public participation group.

We have demonstrated that, to the best of our keayd, there are important changes in store for
the hardwood forest of eastern Canada. While weaam increase in productivity of the
hardwood forest, we also fear that disease, inqudait beech bark disease, may shift the
composition of forest significantly. The potentialtcomes of this shift clearly go against the
values outlined by the public participation grobpttwas consulted at the outset. Based on the
best science available to us, we have proposedatttapstrategies that may correct some of the
shift in species composition. We have suggesteckitaptive management is especially relevant
where climate change is concerned, given the uaiogytsurrounding climate projections and the
state of our knowledge. We also suggest that nitiggclimate change avoidance) should be
maintained and enhanced in order to ensure viabsts for future generations.
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APPENDICES

Appendix A

This appendix presents the parameters that seoveldulate the modifiers for the rate of growth
and mortality as a function of climate, defoliati@md beech bark disease. The order indicated is
the order of the polynomial to calculate the madifivhere the independent variable is the value

of the amount of change in the corresponding cienatriable. The methods used to obtain these
parameters are described in the text.
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Diameter class Parameter OHA OCO YBI

PBI

OAK SPR RMA SMA ABE

POP

PIN HEM BFI

9-24
9-24
9-24
24 -40
24 -40
24 -40
40 +
40 +
40 +

9-24
9-24
24 -40
24 -40
40 +
40 +

9-24
9-24
9-24
9-24
9-24
24 -40
24 -40
24 -40
24 -40
24 -40
40 +
40 +
40 +
40 +
40 +

9-24
9-24
9-24
9-24
24 -40
24 -40
24 -40
24 -40
40 +
40 +
40 +
40 +

all
all

CO2 effect on growth : 2" or der
0.844 1.0825 0.844 1.0753 1.0825 0.9283 1.0409440.8.0409

-0.325
0.2418
1174
-0.38
0.2087
1.1255
-0.233
0.1098

-0.083

-0.325

-0.364
0.1867

-0.34
-0.294 -0.38

-0.349 -0.349
0.1647 0.1647

Temperature effect on growth : 1% order

0.9933 0.9933 0.9933 0.9933 0.9933
0.019 0.019 0.019 0.019 0.019
0.9933 0.9933 0.9933 0.9933 0.9933
0.015 0.015 0.015 0.015 0.015
0.9933 0.9933 0.9933 0.9933 0.9933
0.011 0.011 0.011 0.011 0.011

Precipitation effect on growth : 4" order

1.6792
-5.831
10.113
-6.291
1.3373
1.6792
-5.831
10.113
-6.291
1.3373
1.6792
-5.831
10.113
-6.291
1.3373

3.0885
-14.42
23.757
-14.39
2.9707
3.0885
-14.42
23.757
-14.39
2.9707
2.149
-8.693
14661
-8.989
1.8817

3.0885 1.6792
-14.42 -5.831
23.757 10.113
-14.39 -6.291
2.9707 1.3373
3.0885 1.6792
-14.42 -5.831
23.757 10.113
-14.39 -6.291
2.9707 1.3373
2.149 1.6792
-8.693 -5.831
14.661 10.113
-8.989 -6.291
1.8817 1.3373

Moisturestress effect on growth : 3" order

1.6775 2.6021
-1.205 -3.011
0.6745 1.8057
-0.144 -04

1.6775 2.6021
-1.205 -3.011
0.6745 1.8057
-0.144 -04

1.6775 1.9857
-1.205 -1.807
0.6745 1.0515
-0.144 -0.23

2.6021 1.6775
-3.011 -1.205
1.8057 0.6745
-0.4 -0.144
2.6021 1.6775
-3.011 -1.205
1.8057 0.6745
-0.4 -0.144
2.6021 1.6775
-3.011 -1.205
1.8057 0.6745
-0.4 -0.144

Growing season length effect on growth : 1% order
1.0003 1.0003 1.0003 1.0003 1.0003

b0

bl -0.083
b2 0.2311
b0 1.0825
bl -0.325
b2 0.2418
b0 11811
bl -0.364
b2 0.1867
b0

bl

b0

b1l

b0

bl

b0 2.149

bl -8.693
b2 14.661
b3 -8.989
b4 1.8817
b0 2.149
bl -8.693
b2 14.661
b3 -8.989
b4 1.8817
b0 1.6792
bl -5.831
b2 10.113
b3 -6.291
b4 1.3373
b0 1.9857
bl -1.807
b2 1.0515
b3 -0.23

b0 1.9857
bl -1.807
b2 1.0515
b3 -0.23

b0 1.6775
bl -1.205
b2 0.6745
b3 -0.144
b0

b1l

0.6386 0.6386 0.6386 0.6386 0.6386

-0.294

-0.349
0.1647

0.9933
0.019
0.9933
0.015
0.9933
0.011

1.6792
-5.831
10.113
-6.291
1.3373
1.2094
-2.968
5.5655
-3.592
0.7928
1.2094
-2.968
5.5655
-3.592
0.7928

1.6775
-1.205
0.6745
-0.144
1.3693
-0.604
0.2974
-0.059
1.3693
-0.604
0.2974
-0.059

1.0003
0.6386

-0.325 -0.154 -0.47708® -0.477
0.2311 0.2638 0.2418 0.22
1.0825 1.0969 1.174 1.0969 0.928825. 0.844

0.42 0.23142

-0.154328 -0.083

0.2418 0.1978 0.2087 0.1978 0.22418. 0.2311
1.1811 1.1883 1.1883 1.1883 1.096811.11.0825

-0.2943649. -0.325
0.197860.10.2418

0.993836 0.9933

0.019 0.019190.00.019 0.019 0.019
0.99.3933 0.9933 0.9933 0.9933 0.9933
0.015 0.018150. 0.015 0.015 0.015
0.9939368.9.9933 0.9933 0.9933 0.9933
0.011 0.011 0.2011 0.011 0.011

1.679P492.1.6792
-5.881693 -5.831
10.14861 10.113
-6.2®1989 -6.291
1.33BB1I 1.3373
1.679492 1.6792
-5.881693 -5.831
1014861 10.113
-6.281989 -6.291
1.3BB817 1.3373
1.6792 2.148792
-5.831698. -5.831
10.11861410.113
-6.291988. -6.291
1.337817.81.3373

1.67885I 1.6775
-1.2a5807 -1.205
0.67451% 0.6745
-0.144 -0.26.144
1.67'B857 1.6775
-1.205807 -1.205
0.6r4515 0.6745
-0.144 -0.28.144
1.67785T1.91.6775
-1.205801. -1.205
0.67451%.0.6745
-0.144 -0.26.144

1.0003 08.0D0.0003
0.6386 86.63.6386

0.844
-0.083
0.2311
1.0825
-0.325
0.2418
1.1811
-0.364
0.1867

0.9933

3.0885
-14.42
23.757
-14.39
2.9707
3.0885
-14.42
23.757
-14.39
2.9707
3.0885
-14.42
23.757
-14.39
2.9707

2.6021
-3.011
1.8057
-0.4
2.6021
-3.011
1.8057
-0.4
2.6021
-3.011
1.8057
-0.4

1.0003
0.6386

1.0825 1.0825 1.0969
-0.325 -0.325 -0.294
0.2418 0.2418 0.1978
1.174 1174 11811
-0.38 -0.38 -0.364
0.2087 0.2087 0.1867
1.1255 1.1255 1.0691
-0.233 -0.233 -0.128
0.1098 0.1098 0.0593

0.9933 0.9933 0.9933
0.019
0.9933
0.015
0.9933

0.011

1.2094 1.6792
-2.968 -5.831
5.5655 10.113
-3.592 -6.291
0.7928 1.3373
1.2094 1.2094
-2.968 -2.968
5.5655 5.5655
-3.592 -3.592
0.7928 0.7928
1.2094 1.2094
-2.968 -2.968
5.5655 5.5655 10.113
-3.592 -3.592 -6.291
0.7928 0.7928 1.3373

2.149
-8.693
14.661
-8.989
1.8817
1.6792
-5.831
10.113
-6.291
1.3373
16792
-5.831

1.3693 1.6775 1.9857
-0.604 -1.205 -1.807
0.2974 0.6745 1.0515
-0.059 -0.144 -0.23

1.3693 1.3693 1.6775
-0.604 -0.604 -1.205
0.2974 0.2974 0.6745
-0.059 -0.059 -0.144

1.3693 1.3693 1.6775
-0.604 -0.604 -1.205
0.2974 0.2974 0.6745
-0.059 -0.059 -0.144

1.0003 1.0003 1.0003
0.6386 0.6386 0.6386

Table Al. Parameters for the calculation of modsfien growth rates from climate data.
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Diameter class Parameter OHA OCO YBI PBI OAK SPR RMA SMA ABE POP PIN HEM BFI

Precipitation effect on mortality: 3 order

9-24 b0 0.3100 0.3100 0.2822 0.2822 0.5859 0.3100 0.2822822 0.3100 0.2822 0.5859 0.3100 0.3100
9-24 bl 32357 3.2357 3.3100 3.3100 1.9396 3.2357 3.310(8108 3.2357 3.3100 1.9396 3.2357 3.2357
9-24 b2 -3.7190 -3.7190 -3.7415 -3.7415 -2.2199 -3.71M7415 -3.7415 -3.7190 -3.7415 -2.2199 -3.7190 -3.7190
9-24 b3 11635 1.1635 1.1310 1.1310 0.6862 1.1635 1.131(131@ 1.1635 1.1310 0.6862 1.1635 1.1635
24 - 40 b0 0.5859 05859 0.3100 0.3100 0.5420 0.5859 0.310100 0.5859 0.2822 0.5420 0.5859 0.5859
24 - 40 b1l 19396 19396 3.2357 3.2357 2.1405 1.9396 3.2382357 1.9396 3.3100 2.1405 1.9396 1.9396
24 - 40 b2 -2.2199 -2.2199 -3.7190 -3.7190 -2.4499 -2.21997190 -3.7190 -2.2199 -3.7415 -2.4499 -2.2199 -2.2199
24 - 40 b3 0.6862 0.6862 1.1635 1.1635 0.7730 0.6862 1.1638635 0.6862 1.1310 0.7730 0.6862 0.6862
40 + b0 05859 05859 0.5859 0.3100 0.5420 0.5420 0.5859859.5 0.5420 0.3100 0.5420 0.5420 0.5859
40 + bl 19396 19396 1.9396 3.2357 2.1405 2.1405 1.9396396.9 2.1405 3.2357 21405 2.1405 1.9396
40 + b2 -2.2199 -2.2199 -2.2199 -3.7190 -2.4499 -2.44992199 -2.2199 -2.4499 -3.7190 -2.4499 -2.4499 -2.2199
40 + b3 06862 0.6862 0.6862 1.1635 0.7730 0.7730 0.686286R.6 0.7730 1.1635 0.7730 0.7730 0.6862
Moistur e stress effect on mortality: 3" order
9-24 b0 0.0143 0.3225 -0.6021 -0.6021 0.3225 0.3225 6.329.0143 0.3225 -0.6021 0.6307 0.3225 0.0143
9-24 bl 18071 12054 3.0105 3.0105 1.2054 1.2054 1.2058071 1.2054 3.0105 0.6036 1.2054 1.8071
9-24 b2 -1.0515 -0.6745 -1.8057 -1.8057 -0.6745 -0.67456745 -1.0515 -0.6745 -1.8057 -0.2974 -0.6745 -1.0515
9-24 b3 0.2297 0.1444 0.4004 0.4004 0.1444 0.1444 0.1442290 0.1444 0.4004 0.0591 0.1444 0.2297
24 - 40 b0 0.0143 0.3225 -0.6021 -0.6021 0.3225 0.6307 26.320.0143 0.3225 -0.6021 0.6307 0.6307 0.3225
24 - 40 b1l 1.8071 1.2054 3.0105 3.0105 1.2054 0.6036 1.2038071 1.2054 3.0105 0.6036 0.6036 1.2054
24 - 40 b2 -1.0515 -0.6745 -1.8057 -1.8057 -0.6745 -0.29916745 -1.0515 -0.6745 -1.8057 -0.2974 -0.2974 -0.6745
24 - 40 b3 0.2297 0.1444 0.4004 0.4004 0.1444 0.0591 0.1482297 0.1444 0.4004 0.0591 0.0591 0.1444
40 + b0 0.3225 0.3225 0.0143 -0.6021 0.3225 0.6307 0.3229148. 0.3225 -0.6021 0.6307 0.6307 0.3225
40 + bl 12054 12054 1.8071 3.0105 1.2054 0.6036 1.2054071.8 1.2054 3.0105 0.6036 0.6036 1.2054
40 + b2 -0.6745 -0.6745 -1.0515 -1.8057 -0.6745 -0.29746746 -1.0515 -0.6745 -1.8057 -0.2974 -0.2974 -0.6745
40 + b3 0.1444 0.1444 0.2297 0.4004 0.1444 0.0591 0.1444290.2 0.1444 0.4004 0.0591 0.0591 0.1444

Table A2. Parameters for the calculation of modsfien mortality rates from climate data.

Par ameter 9-24 24 - 40 40 +

Temperatur e effect on recruitment: 2" order

b0 0.9977
bl 0.0397
b2 0.0033
Temperature effect on growth: exponential
b0 0.9963 0.996 0.9919
bl -0.0261 -0.0302 -0.046
Temperatur e effect on mortality: 2" order
b0 1.0006 0.9993 0.9989
bl 0.0187 0.0383 0.0534
b2 0.0002 0.0015 0.0027

Table A3. Parameters for the calculation of beeatk disease modifiers for recruitment, growth,
and mortality rates, for the effect of temperattinese parameters are only applied if beech bark
disease is present in the cell.
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Par ameter 9-24 24 - 40 40 +

Precipitation effect on recruitment: 3" or der

o]0] 0.6017
bl 2.3633
b2 -2.9474
b3 0.9825
Precipitation effect on growth: 3% order
(o]0] 0.6017 0.6017 0.6017
bl 2.3633 2.3633 2.3633
b2 -2.9474 -2.9474 -2.9474
b3 0.9825 0.9825 0.9825
Precipitation effect on mortality: 3 order
o]0] 1.3983 1.3983 1.3983
bl -2.3633 -2.3633 -2.3633
b2 2.9474 2.9474 2.9474
b3 -0.9825 -0.9825 -0.9825

Table A4. Parameters for the calculation of beeatk bisease modifiers for recruitment, growth,

and mortality rates, for the effect of precipitatiobhese parameters are only applied if beech bark
disease is present in the cell.
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PBI OAK SPR RMA SMA POP PIN BFI
Temperature  alpha beta alpha beta alpha beta alpha beta alpha beta alpha beta alpha beta alpha beta

0 99 0.4 99 0.4 70 0.9 25 0.9 99 0.9 99 0.55 25 0.9 99 0.8
0.5 99 0.3972 99 0.39925 70 0.89948 25 0.89948 99 0.89498 995470. 25 0.89948 99 0.79925
1 99 0.3938 99 0.398 70 0.8989 25 0.8989 99 0.8899 99 0.543 253989. 99 0.798
15 99 0.3898 99 0.39625 70 0.89828 25 0.89828 99 0.88478 995380. 25 0.89828 99 0.79625
2 99 0.3852 99 0.394 70 0.8976 25 0.8976 99 0.8796 99 0.532 23976. 99 0.794
2.5 99 0.38 99 0.39125 70 0.89688 25 0.89688 99 0.87438 99 5052 25 0.89688 99 0.79125
3 99 0.3742 99 0.388 70 0.8961 25 0.8961 99 0.8691 99 0.517 258960D. 99 0.788
3.5 99 0.3678 99 0.38425 70 0.89528 25 0.89528 99 0.86378 995080. 25 0.89528 99 0.78425
4 99 0.3608 99 0.38 70 0.8944 25 0.8944 99 0.8584 99 0.498 259498 99 0.78
4.5 99 0.3532 99 0.37525 70 0.89348 25 0.89348 99 0.85298 994870. 25 0.89348 99 0.77525
5 99 0.345 99 0.37 70 0.8925 25 0.8925 99 0.8475 99 0.475 25 29.89 99 0.77
55 99 0.3362 99 0.36425 70 0.89148 25 0.89148 99 0.84198 994620. 25 0.89148 99 0.76425
6 99 0.3268 99 0.358 70 0.8904 25 0.8904 99 0.8364 99 0.448 258904. 99 0.758
6.5 99 0.3168 99 0.35125 70 0.88928 25 0.88928 99 0.83078 994330. 25 0.88928 99 0.75125
7 99 0.3062 99 0.344 70 0.8881 25 0.8881 99 0.8251 99 0.417 25880D. 99 0.744
7.5 99 0.295 99 0.33625 70 0.88688 25 0.88688 99 0.81938 99 0.4 25 0.88688 99 0.73625
8 99 0.2832 99 0.328 70 0.8856 25 0.8856 99 0.8136 99 0.382 258856. 99 0.728

Table A5. Parameters for the calculation of the ifirerdfor growth due to defoliation by insects,afunction of change in
temperature from the reference period; the equadigiven in the main body of the text.
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PBI OAK SPR RMA SMA POP PIN
Temperature alpha beta k alpha beta k apha beta k alpha beta k alpha beta k alpha beta k alpha beta k
0 3.5 -12 100 2 -6 100 0.75 -8 100 24 -125 100 3 -12 100 3 -11 100 .2 2 -12 100
0.5 3574 -12 100 2.074 -6 100 0.799 -8 100 2449 -125 100 93.0512 100 3.074 -11 100 2249 -12 100
1 3.646 -12 100 2.146 -6 100 0.846 -8 100 2.496 -12.5 100 3.1142 -100 3.146 -11 100 2296 -12 100
15 3.716 -12 100 2216 -6 100 0.891 -8 100 2541 -125 100 13.1712 100 3.216 -11 100 2.341 -12 100
2 3.784 -12 100 2.284 -6 100 0.934 -8 100 2.584 -12.5 100 3.2242 -100 3.284 -11 100 2.384 -12 100
25 385 -12 100 2.35 -6 100 0975 -8 100 2.625 -12.5 100 3.2782 -100 335 -11 100 2425 -12 100
3 3914 -12 100 2414 -6 100 1014 -8 100 2.664 -12.5 100 3.3242 -100 3.414 -11 100 2464 -12 100
3.5 3976 -12 100 2476 -6 100 1.051 -8 100 2,701 -12.5 100 13.3712 100 3.476 -11 100 2501 -12 100
4 4036 -12 100 2536 -6 100 1.086 -8 100 2.736 -12.5 100 3.4142 -100 3,536 -11 100 2536 -12 100
4.5 4.094 -12 100 2.594 -6 100 1.119 -8 100 2.769 -12.5 100 93.4512 100 3.594 -11 100 2569 -12 100
5 4.15 -12 100 2.65 -6 100 1.15 -8 100 2.8 -12.5 100 35 -12 100 65 3. -11 100 2.6 -12 100
55 4204 -12 100 2704 -6 100 1179 -8 100 2.829 -12,5 100 93.5312 100 3.704 -11 100 2.629 -12 100
6 4256 -12 100 2.756 -6 100 1.206 -8 100 2.856 -12.5 100 3.5762 -100 3.756 -11 100 2.656 -12 100
6.5 4306 -12 100 2806 -6 100 1231 -8 100 2.881 -12.5 100 13.6%12 100 3.806 -11 100 2.681 -12 100
7 4354 -12 100 2.854 -6 100 1.254 -8 100 2.904 -12.5 100 3.6442 -100 3.854 -11 100 2.704 -12 100
7.5 4.4 -12 100 2.9 -6 100 1.275 -8 100 2.925 -12.5 100 3.675 -1DO 3.9 -11 100 2725 -12 100
8 4444 -12 100 2944 -6 100 1294 -8 100 2944 -125 100 3.7042 -100 3.944 -11 100 2.744 -12 100

Table A6. Parameters for the calculation of the ifirexdfor mortality due to defoliation by insects a function of change in
temperature from the reference period; the equagigiven in the main body of the text.
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Appendix B

This appendix presents the species compositioneofrtost common composition types within the stuépa

Composition
type OHA OCO YBI PBI OAK SPR RMA SMA ABE POP PIN HEM BFI
1 4.3 0.7 6.5 1.3 2.8 0.4 19 56.0 178 1.2 0.3 6.0 0.6
2 51 1.0 7.1 1.0 2.1 0.5 1.8 56.8 158 0.7 0.3 7.6 0.3
22 2.6 29 112 17 1.9 2.7 6.6 299 115 20 09 232 29
34 26 29 112 17 1.9 2.7 6.6 299 115 2.0 09 232 29
38 24 97 188 16 0.9 6.8 6.8 154 4.0 0.8 0.3 292 32
57 4.3 0.7 6.5 1.3 2.8 0.4 19 56.0 178 1.2 0.3 6.0 0.6
84 24 97 188 16 0.9 6.8 6.8 154 4.0 0.8 0.3 29.2 32
89 09 334 122 00 00 146 0.0 8.7 6.5 0.0 0.0 193 4.4
115 0.0 1000 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
116 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Table B1. The species composition of the most comawmnposition types for the study area; this daith(the proportion occupied

by beech removed) is used to determine the speaimaposition of planted stock.
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