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ABSTRACT

In the boreal forest, fire, insects, and logging all

affect spatial patterns in forest age and species

composition. In turn, spatial legacies in age and

composition can facilitate or constrain further dis-

turbances and have important consequences for

forest spatial structure and sustainability. However,

the complex three-way interactions among fire,

insects, and logging and their combined effects on

forest spatial structure have seldom been investi-

gated. We used a spatially explicit landscape sim-

ulation model to examine these interactions.

Specifically, we investigated how the amount and

the spatial scale of logging (cutblock size) in com-

bination with succession, fire, and spruce budworm

outbreaks affect area burned and area defoliated.

Simulations included 30 replicates of 300 years for

each of 19 different disturbance scenarios. More

disturbances increased both the fragmentation and

the proportion of coniferous species and imposed

additional constraints on the extent of each dis-

turbance. We also found that harvesting legacies

affect fire and budworm differently due to differ-

ences in forest types consumed by each distur-

bance. Contrary to expectation, budworm

defoliation did not affect area burned at the tem-

poral scales studied and neither amount of logging

nor cutblock size influenced defoliation extent.

Logging increased fire size through conversion of

more of the landscape to early seral, highly flam-

mable forest types. Although logging increased the

amount of budworm host species, spruce budworm

caused mortality was reduced due to reductions in

forest age. In general, we found that spatial legacies

do not influence all disturbances equally and the

duration of a spatial legacy is limited when multiple

disturbances are present. Further information on

post-disturbance succession is still needed to refine

our understanding of long-term disturbance inter-

actions.
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INTRODUCTION

Interactions among contemporary forest distur-

bances and the legacies of previous events are

essential components of the spatio-temporal

dynamics of forest landscapes (Turner 1989). In the

eastern boreal and mixed-wood forests of Canada,

the historically dominant disturbances were stand-

replacing fire (Bergeron and others 2001) and

periodic outbreaks of the spruce budworm

(SBW—Choristoneura fumiferana) (Bouchard and

others 2006; Gray and MacKinnon 2006). Pres-

ently, logging also contributes significantly to forest

change. In combination with forest succession,

forest disturbances create a mosaic of spatial pat-

tern in forest composition and age (Shugart and

others 1992). These patterns affect ecosystem

dynamics and forest sustainability through their

influence on nutrient dynamics (Foster and others

1998), timber availability (Wallin and others 1994),

biodiversity (Fahrig 2003), and future disturbance

events (Turner 1989; Tang and others 1997).

Understanding how forest patterns created

through logging affect other disturbances is of

central importance to sustainable forest manage-

ment (Turner 1989; Tang and others 1997). Forest

management changes forest spatial structure

(Franklin and Forman 1987; Fall and others 2004;

James and others 2007) and affects forest compo-

sition and forest succession (Carleton 2000; Fried-

man and Reich 2005). Not only can patterns and

intensities of logging constrain future management

options (Wallin and others 1994; James and others

2007) but they can also influence fire behavior and

SBW defoliation patterns through changes in pat-

terns of forest age and composition.

Disturbance interactions are difficult to analyze

and few studies have examined the combined

influence of human and natural disturbances

(Gustafson and others 2000; Radeloff and others

2000; Fall and others 2004; Didion and others

2007). However, none of these examples examines

interactions among the three dominant boreal

disturbances (that is, fire, SBW, and logging).

Challenges to examining such interactions include

the broad spatial and temporal scales involved, the

lack of large-scale spatial and temporal data, and

the fact that dynamic feedbacks among fire, insects,

logging, and persisting spatial legacies make it dif-

ficult to identify clear cause and effect relation-

ships. Furthermore, non-linear and cross-scale

interactions also make identifying relationships

among human and natural disturbances difficult

(Peters and others 2004; Raffa and others 2008).

Nonetheless, understanding these spatial feedback

processes at coarse spatial and temporal scales is

important to sustainable long-term management of

forest resources (Cooke and others 2007; Puett-

mann and others 2009).

Individual disturbance events are typically not

independent (Veblen and others 1994). Instead,

disturbances are constrained or facilitated by the

legacies of previous events. Disturbances and per-

sisting legacies can combine to produce patterns

distinct from those generated by any one distur-

bance on its own (Paine and others 1998). In

eastern boreal forests, fires can reduce the abun-

dance of SBW host (that is, fir and spruce) on the

landscape and reduce the effects of budworm out-

breaks (Bergeron and others 1995). Budworm

outbreaks can also temporarily increase the risk of

wildfire by increasing fuel availability (Stocks 1987;

Fleming and others 2002). In the western US,

spruce beetle activity may be influenced by forest

structure created by previous fires and avalanches

(Veblen and others 1994), and in turn spruce beetle

outbreaks have the potential to increase forest

flammability (Knight and Wallace 1989).

SBW defoliation creates complex patterns of

forest mortality and volume loss (MacLean and

Mackinnon 1997; Candau and Fleming 2005) over

millions of hectares with important economic and

ecological consequences (MacLean 1990). Over the

last century, outbreaks have become more exten-

sive and severe, possibly due to changes in forest

composition (that is, species homogenization) and

configuration (that is, spatial pattern) due to log-

ging and fire suppression (Blais 1983; Cooke and

others 2007). Here, homogenization refers to in-

creases in the amount of host fir and spruce on the

landscape and increased connectivity among host

patches. These changes have altered forest stand

and landscape level susceptibility (that is, the like-

lihood that a stand will be attacked) and vulnera-

bility (that is, the likelihood that a stand once

attacked will be killed). Because SBW is host-spe-

cific, it has the potential to be strongly affected by

feedbacks with forest succession and forest man-

agement (Bergeron and Leduc 1998).

From the premise that logging has potentially

increased forest vulnerability to SBW outbreaks, the

‘‘silvicultural hypothesis’’ (Miller and Rusnock

1993) posits that increasing forest diversity through

management could be used to reduce the impacts of

future outbreaks. Several studies have shown that

an increased proportion of hardwood can reduce

stand vulnerability (Bergeron and others 1995; Su

and others 1996) as can the amount of hardwood in

the surrounding neighborhood (Cappuccino and
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others 1998; Campbell and others 2008). Landscape

structure (that is, fragmentation) has also been

shown to affect population dynamics in another

important forest defoliator, the forest tent caterpil-

lar (Malacosoma disstria) (Roland and Taylor 1997).

We used a spatially explicit simulation model to

examine the relationships among forest condition,

fire, spruce budworm defoliation, and forest man-

agement at different spatial scales. We asked the

following four questions: (1) How does logging alter

forest susceptibility to SBW defoliation through

changes in forest composition and landscape struc-

ture? (2) How does logging influence fire dynamics?

(3) What effect does SBW defoliation have on area

burned? (4) How do the three-way interactions

among forest management, fire, and SBW affect

forest age, composition, and spatial structure?

METHODS

Study Area

The Vermillion study area consists of boreal mixed-

wood forest in Québec (Figure 1) that covers

approximately 430,000 ha, 392,000 ha of which is

forested. The study area contains two forest types.

The northern portion consists of 180,000 ha within

the ‘‘Missinabi-Cabonga’’ region (Rowe 1972).

Dominant species include black spruce (Picea ma-

riana), balsam fir (Abies balsamea), jack pine (Pinus

banksiana), and white birch (Betula papyrifera). The

southern portion consists of approximately

210,000 ha and is classified as ‘‘Laurentian’’ forest

which is a transition zone between the boreal and

the temperate forest regions (Rowe 1972). Char-

acteristic species of this region include, balsam fir,

white spruce (Picea glauca), and yellow birch (Betula

alleghaniensis). The region has moderately rugged

topography and a high density of lakes and wet-

lands (approx. 15% in total). Current patterns in

forest age and composition reflect the region’s

history of forest management and interactions with

succession and natural disturbance.

Vermillion Landscape Model

The Vermillion Landscape Model (VLM) is a spa-

tially explicit stochastic model that simulates land-

scape scale forest dynamics and includes sub-models

for fire, SBW, logging, forest growth, and forest

succession. The VLM shares many characteristics

with other landscape simulation tools and can be

classified as a forest landscape simulation model that

includes spatial interactions, dynamic communities,

but excludes explicit detailed ecosystem processes

(Scheller and Mladenoff 2007). The VLM is com-

parable to the LANDIS simulation model (He and

Mladenoff 1999) in that multiple processes are

iteratively simulated using a fixed timestep in a

spatial, raster context. The VLM was implemented

using SELES (Fall and Fall 2001) and has been pre-

viously used to investigate interactions between

forest management and fire (Fall and others 2004;

Didion and others 2007), the consequences of

shifting management regimes on forest age (James

and others 2007), and TRIAD management zoning

(Côté and others 2009). In the following sections,

we employ the model description protocol of Grimm

and others (2006) to describe the VLM.

MODEL OVERVIEW

Purpose

The purpose of the VLM is to examine dynamic

interactions and mutual constraints among multi-

Figure 1. Vermillion

landscape study region in

context in Québec,

Canada (A). The region

straddles two forest

ecoregions classified

according to Rowe (1972)

(B). The study area is

approximately

430,000 ha, 392,000 ha

of which is forested. Data

are represented in raster

format at a pixel

resolution of

50 m 9 50 m.
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ple forest disturbance agents and regeneration. The

VLM was designed to permit investigations into the

indirect long-term consequences of different forest

management strategies on natural disturbance

dynamics (that is, fire and SBW) as mediated

through the direct influence of forest management

on spatial patterns of forest age and composition.

State Variables and Scale

State variables in the VLM fall into two categories:

(1) spatial variables that describe landscape context

and condition at each individual raster cell loca-

tion; and (2) variables that describe aspects of the

disturbance processes that spread and interact with

the set of spatial variables. The dynamic interac-

tions among processes and spatial variables produce

dynamic landscapes.

Spatial variables are represented in raster format

and cover the full extent of the study area at a

50-m resolution. Each raster cell is characterized by

the state variables age, tree species, and site stra-

tum. Site stratum describes the successional type of

a cell and is based on soil, drainage, and produc-

tivity conditions. Successional dynamics are deter-

mined using these base variables as well as last

disturbance type. All other spatial variables such as

flammability (fuel type), SBW susceptibility (host

type), and logging potential (volume/ha) are de-

rived from these variables.

Forested cells in the VLM contain information on

the presence and proportion of up to four tree

species that correspond to the dominant and sec-

ondary species in both a canopy and a sub-canopy

cohort. Spatial relationships between cohorts and

species within a cell are not tracked. Initial condi-

tions for the VLM only contain information for a

single cohort (dominant and secondary species),

and cohort age. Secondary cohorts can be initiated

after partial disturbance by SBW defoliation, and a

cell may return to a single cohort through stand-

replacing disturbance and succession (Online sup-

plemental appendix).

State variables that pertain to spatial processes

can be further subdivided into those relevant to (1)

fire, (2) SBW, and (3) logging. Fires are character-

ized by the maximum duration, maximum size,

return interval, mean duration, and initial spread

index (weather conditions). Many of these vari-

ables are specified as distributions (Table 1). SBW

outbreaks are characterized by return interval,

outbreak duration, number of initiation sites, and a

random variable used to simulate stochasticity

(Table 1). Logging is characterized by a minimum

and maximum cutblock size, annual allowable cut

(AAC), and site-specific minimum harvest age.

The current VLM (VLM.v5; Figure 2, Online

appendix) represents an updated version (VLM.v4;

James and others 2007; Didion and others 2007).

Changes were made to facilitate interactions among

disturbances through their mutual dependence on

forest conditions. These changes include a dura-

tion-based fire model (Pennanen and Kuuluvainen

2002) in which forest fuels determine fire spread

rates and eventual size, a spruce budworm distur-

bance model that produces patterns of defoliation

that reflect patterns of susceptible hosts (Sturtevant

and others 2004), and an adjusted succession sub-

model that responds uniquely to different distur-

bances (Table 2; see Online appendix for further

details).

Table 1. Summary of Simulation Parameters used for Fire and SBW Sub-Models

Sub-Model Variable Distribution Value Source

Fire Max. duration – 500 LFD, calibration

Max. size – 40 000 ha LFD

Return interval – 250 years Bergeron and others (2001)

Mean number per decade Neg. exp. Mean = 6.4 Calculated; Van Wagner (1978)

Mean duration (fire size) Truncated neg. exp. Mean = 200 LFD, Bergeron and others (2001),

calibration

Initial spread index

(weather)

Truncated neg. exp. Mean = 5, Min. = 4,

Max. = 40

Env. Can. weather database,

calibration

SBW Return interval Normal Mean = 35, SD = 5 Candau and others (1998)

Outbreak duration Normal Mean = 10, SD = 3 Candau and others (1998)

Number of ignition sites

per outbreak

Normal Mean = 2, SD = 5 Calibration

Patch variable (PV) Uniform Min. = 0, Max. = 100 Sturtevant and others (2004)

Maximum and mean fire duration are expressed in simulation time units. Calibration using these units yields the desired fire size distribution.
LFD = large fire database (Stocks and others 2002).
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Process Overview and Scheduling

The VLM is designed to operate in fixed time steps

(userdefined between 1 and 10 years). Each process is

scheduledtooccur inthefollowingsequence(Figure 2):

(i) Aging and succession.

(ii) Planning (assess growing stock, fuels, and

management constraints).

(iii) Update roads.

(iv) Fire.

(v) Harvest operating areas and logging.

(vi) Spruce budworm disturbance.

Each process sub-model is designed to complete

before the next one starts. Most reporting is done

after the planning step.

DESIGN CONCEPTS

The forest succession sub-model was designed as an

empirical semi-Markov chain based on the pro-

portions of species in different age classes in the

inventory data. This model was designed to capture

similar trajectories that arose in the historical re-

cord using a space-for-time substitution within a

stratification based on site characteristics (site

stratum), where we assumed that the different cells

in a given site type were subject to the same con-

ditions and have the same species available to

them. Species variation across the landscape results

from changes in age structure from disturbance and

aging, and from stochastic selection along a tra-

jectory.

Figure 2. VLM v.5

conceptual model.

Schema representing the

main processes and flows

for the VLM simulation

model. Spatial variables

and spatial constants

represent raster maps of

initial conditions that

interact with simulated

forest disturbance and

succession processes to

produce output, or

consequent forest

conditions using a 5-year

time step. The three main

processes are fire, spruce

budworm outbreak, and

logging, each of which

has its own sub-model.

The sub-process ‘‘FBP

Fuels’’ refers to forest fuel

classification using the

Canadian Fire Behavior

Prediction System

(FBP—Forestry Canada

Fire Danger Group 1992;

see text for further

details).

64 P. M. A. James and others



The logging model was designed to be consistent

with harvest models used in timber supply analy-

ses. This model uses input growth and yield data

(indexed by stand age and site stratum), spatial

constraints (road access), and management con-

straints (minimum harvest age, harvest targets,

zoning constraints for some scenarios). It was also

designed for use with natural disturbance simula-

tion. The roading sub-model captures the basic

layout of road development and control on harvest

access but was not designed to predict where roads

would actually be built.

The fire model was designed to allow the rate of

spread to depend on fuel type, but also to be par-

tially controlled by empirical fire regime data. We

chose a duration-based approach, where the time

duration of each fire is selected from an input dis-

tribution, and fires spread for the selected length of

time. Fire size, and hence overall fire rotation, is

emergent and depends on the flammability and

connectivity of fuels. This approach allows some

top-down control on fire size, where the duration

distribution can be calibrated from fire data (as in

Pennanen and Kuuluvainen 2002), but interacts

more with landscape patterns than empirical

models.

The spruce budworm sub-model was designed to

capture the pattern, timing, and effects of out-

breaks, but with a level of detail consistent with the

other sub-models. The main aim was to capture the

loss of growth and mortality caused by spruce

budworm that influence fuels (and hence fire),

timber volume (and hence logging and roading),

and tree species (and hence succession).

DETAILS

Initialization

Initial spatial conditions were the same for all

simulation runs based on inventory data (see next

section). All forested cells were assumed to have a

single cohort. The initialization of all process

models was the same in terms of initial parameters.

Input

Data for the initial conditions in all modelling sce-

narios were derived from the third decadal forest

inventory (1990s) carried out by Système d’Infor-

mation FORestière par Tesselle (SIFORT) in col-

laboration with the Québec Ministry of Natural

Resources and Wildlife and Abitibi-Bowater.

Wood volume in each cell is based on yield

curves calculated using multivariate regression

analysis of plot data (SIFORT) stratified by site type

(productivity, ecoregion). Existing and planned

future roads were broken into segments repre-

sented by an input grid (road segment id) and a

table (with start and end locations and type), so the

road update sub-model could activate segments as

logging proceeded.

Sub-Model Descriptions

Detailed sub-model descriptions and their param-

eterization can be found in the Online appendix.

Specific parameters used in the sub-models can be

found in Table 1.

Experimental Design

Nineteen scenarios were simulated that included

different combinations of fire, insects, and logging.

This set of scenarios includes each disturbance on its

own, in pairs, and combined as three disturbances

(Table 3). Logging effects were varied by changing

the intensity and spatial scale of logging where

intensity refers to the amount of forest harvested

annually. The VLM uses an area-based AAC that

describes the percentage of the landscape accessed

in a given year. Two levels of this factor were sim-

ulated: (1) low—0.65% (�2550 ha/year), and (2)

high—1% (�3900 ha/year). Scale of logging refers

to the simulated cutblock size distribution that is

specified as a uniform distribution with a maximum

and minimum size. Two levels of this factor were

simulated: (1) small cut-blocks (60–80 ha), and (2)

large cut-blocks (180–220 ha), which reflect the

Table 2. Disturbance-Specific Initial Species
Assignments for Succession Trajectories

Disturbance Previous

dominant

species

Initial species assigned

Fire All Site-type lookup

Logging Fir Fir

Aspen Aspen

Spruce Spruce; fir or aspen

if present

Jack pine Jack pine; fir or aspen

if present

SBW Other Spruce; fir or aspen

if present

All host Host

Mixed Released non-host

These assignments persist for 40 years, after which time other species are assigned
based on an empirical semi-Markov succession model that uses site stratum,
current and previous composition, and neighborhood context (see text and Online
appendix for details on post-SBW species assignment).
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approximate range of cutblock sizes typically ap-

plied in managed forests in Québec (Sougavinski

and Doyon 2005). Stand-replacing fires and high

severity SBW outbreaks were either included or

excluded. Thirty replicates of each scenario were

simulated for 300 years using a 5-year timestep.

Analysis—ANOVA

Three ANOVA models were created to examine the

effects of fire, spruce budworm defoliation, and

logging (that is, AAC and cutblock size) on total

area burned and total area defoliated using the set

of mean response values over 30 replicates as the

analysis unit. All output was restricted to simulated

year 100 and later to minimize the effects of initial

conditions. ANOVA results were summarized using

output tables and boxplots. In cases where inter-

action effects were significant, interaction plots

illustrate how the mean values of the samples vary

in response to different combinations of factors.

Analysis—Principal Components
Analysis (PCA)

Two landscape metrics: (1) mean patch size (MPS),

and (2) percentage of the landscape (PCT), were

used to compare changes in the spatial structure

of forest age and species in response to different

disturbance combinations. Although many metrics

are available, MPS and PCT represent simple and

meaningful indicators of landscape pattern that

describe both amount and fragmentation of the

different forest classes on the landscape. Metrics

were calculated using output maps for age and

species at simulation year 300 classified into three

age classes [1—young (1–100 years); 2—medium

(101–200 years); 3—old (201+ years)], and five

dominant forest tree species (1—birch; 2—aspen;

3—spruce; 4—pine; 5—fir).

PCA was used to summarize landscape pattern

metrics and to compare landscape patterns among

scenarios (James and others 2007). Points in the

PCA biplots summarize spatial patterns of the dif-

ferent scenarios after 300 years of simulation. PCA

was performed on the correlation matrix using the

‘‘princomp’’ function in R (R Development Core

Team 2008). The broken stick criterion was used to

assess significance of ordination axes and signifi-

cance of loadings within significant axes (Jackson

1993; Peres-Neto and others 2003).

RESULTS

Area Defoliated

As expected, total area defoliated was significantly

influenced by the presence of fire and changes in

Table 3. List of Simulation Scenarios

Number Summary Code Factors AAC (%) Cutblock size

Fire SBW Logging

1 Only fire F Yes No No X X

2 Only SBW s No yes No X X

Only logging Lla No No Yes 0.65 Small

4 Only logging Lib No No Yes 0.65 Large

5 Only logging L2a No No Yes 1.0 Small

6 Only logging L2b No No Yes 1.0 Large

7 SBW + fire SF Yes Yes No X X

8 SBW + logging SLla No Yes Yes 0.65 Small

9 SBW + logging SLlb No Yes Yes 0.65 Large

10 SBW + logging SL2a No Yes Yes 1.0 Small

11 SBW + logging SL2b No Yes Yes 1.0 Large

12 Fire + logging FLla Yes No Yes 0.65 Small

13 Fire + logging FLlb Yes No Yes 0.65 Large

14 Fire + logging FL2a Yes No Yes 1.0 Small

15 Fire + logging FL2b Yes No Yes 1.0 Large

16 SBW + fire + logging SFLla Yes Yes Yes 0.65 Small

17 SBW + fire + logging SFLlb Yes Yes Yes 0.65 Large

18 SBW + fire + logging SFL2a Yes Yes Yes 1.0 Small

19 SBW + fire + logging SFL2b Yes Yes Yes 1.0 Large

All scenarios were run for 300 years and 30 replicates.
SBW = spruce budworm; AAC = annual allowable cut expressed as a percentage of the harvestable landbase.
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AAC (Figure 3). Individually, both fire and a

higher AAC (1%) reduced area defoliated. Analysis

of variance also revealed a significant interaction

between AAC and fire (Table 4) in which the

presence of fire reduced the effect of a higher AAC

on area defoliated (Figure 4). The range of area

defoliated over the 30 replicates was clearly re-

duced in the presence of fire, particularly at a

higher AAC (Figure 3). Although both logging and

fire reduce area defoliated through removal of

mature host, the extent to which AAC affects

defoliation appears limited by the amount of forest

disturbed by fire.

Area Burned

Contrary to expectation, total area burned was not

significantly affected by SBW defoliation (Table 5).

Although the influence of SBW was not significant,

median area burned was slightly higher with SBW

for all factor combinations (Figure 5). Area logged

(AAC) had a significant effect in that an AAC of 1%

resulted in more area burned than an AAC of

0.65% (Table 5; Figure 5). No significant interac-

tions between logging and SBW were identified

although interaction plots did reveal some subtle,

potentially interesting interactions (that is, differ-

ent slopes) between AAC and SBW (Figure 6A)

and between cutblock size and SBW (Figure 6B).

Specifically, the presence of SBW increases area

burned at a low AAC but not at a higher AAC.

Similarly, SBW results in more area burned with

small cutblocks than with larger cutblocks.

Landscape Pattern—Forest Age

Differences in landscape pattern metrics among

scenarios are summarized in PCA biplots for (1)

forest age structure (Figure 7), and (2) dominant

species composition (Figure 8). In ordination of

forest age structure metrics (Figure 7), 82 and 12%

of the total variance was captured by the first and

second axes, respectively. However, only the first

axis is significant and can be used for interpreta-

tion. The broken stick criterion applied to factor

loadings shows that this axis represents a gradient

in forest age and fragmentation. Scenarios that re-

sulted in continuous, old forest occupy the right

quadrants and scenarios that resulted in younger,

more fragmented forest occupy the left quadrants.

When more area was disturbed, either through

an increase in AAC or through multiple distur-

bances, the forest was younger and characterized

by smaller patch sizes. Budworm on its own creates

the oldest and most connected (that is, large patch)

forest landscapes. Fire on its own also creates older

forest, but less so than SBW. As expected, a com-

bination of fire and SBW further decreases age and

increases fragmentation. Logging at a lower AAC

produces more young forest than either fire or

SBW, but is still in the right half (older) of the

biplot. When AAC is increased to 1% or multiple

Figure 3. Effects of Fire,

AAC, and Cutblock size,

on Total Area Defoliated.

Bold horizontal bars

represent median total

area defoliated over 30

simulated replicates and

vertical whiskers represent

1.5 times the interquartile

range. Cutblock sizes

were specified as uniform

distributions between 60

and 80 ha for the ‘‘small’’

treatment and between

180 and 200 ha for the

‘‘large’’ treatment. AAC

percentages describe the

annual area cut,

expressed as a proportion

of the total study area.
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disturbances are present, scenarios become

increasingly associated with fragmented, younger

forest.

An interesting result was that the degree of

change in age structure due to an increase in AAC

is greatest when only logging is included, and

barely present when other disturbances were in-

cluded (Figure 7). When only logging (L) is pres-

ent, the change in AAC from 0.65 to 1% results in a

large shift toward younger forest (that is, from L1a

to L2a). However, when SBW and fire are also

present this change in AAC (that is, SFL1a to

SFL2a) causes a shift in ordination space that is less

than half that of logging alone. This reduced

movement in ordination space illustrates the con-

straints that additional disturbances can impose on

logging. That is, with more disturbances, the log-

ging model is not able to take advantage of the

increase in AAC because of a reduced availability of

mature forest. The target AAC would only be met

though violation of other logging constraints (that

is, minimum harvest age and adjacency). When fire

Table 4. ANOVA Table Summarizing the Main Effects and Interactions Between Fire and Logging on Total
Area Defoliated by the Spruce Budworm

Factor Df Sum of squares Mean squares F value Pr(>F)

AAC 1 383453534555.440 383453534555.440 259.342 0.000

Cutblock size 1 267957458.496 267957458.496 0.181 0.671

Fire 1 603186444398.313 603186444398.313 407.955 0.000

AAC:cutblock size 1 62963977.700 62963977.700 0.043 0.837

AAC:fire 1 22257669742.438 22257669742.438 15.054 0.000

Cutblock size:fire 1 90685.657 90685.657 0.000 0.994

AAC:cutblock size:fire 1 176052290.388 176052290.388 0.119 0.730

Residuals 232 343026432786.556 1478562210.287

Total 239 1352431145894.990 1010883275318.720

Bold values represent p < 0.001.

Figure 4. Interactions between fire and AAC on mean

total area defoliated. End points of the bars represent the

mean value for total area defoliated summarized over 30

replicates. Higher AAC interacts with fire to significantly

reduce total area defoliated (Table 4). Dashed lines indicate

the absence of fire (A) and solid lines indicate presence (P).

Table 5. ANOVA Table Summarizing the Main Effects of and Interactions between Logging and Spruce
Budworm Defoliation on Total Area Burned

Factor Df Sum of squares Mean squares F value Vr(>F)

SBW 1 1206624234.834 1206624234.834 0.346 0.557

AAC 1 178305018114.384 178305018114.384 51.135 0.000

Cutblock size 1 2916446862.551 2916446862.551 0.836 0.361

SBW:AAC 1 2136508222.817 2136508222.817 0.613 0.435

SBW:cutblock size 1 1356948637.204 1356948637.204 0.389 0.533

AAC:cutblock size 1 1116269100.104 1116269100.104 0.320 0.572

SBW:AAC:cutblock size 1 19177520.026 19177520.026 0.005 0.941

Residuals 232 808970003166.725 3486939668.822

Total 239 996026995858.645 190543932360.742

For this analysis and all subsequent ANOVAs, n = 30.
Bold values represent p < 0.001.
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is included with the highest AAC, no additional

changes are observed in spatial age structure due to

the addition of SBW (that is, no difference between

FL2a and SFL2a). Cutblock size appears to have had

little effect on age structure shown by the overlap

of ordination points representing scenarios that

only differ in cutblock size.

Landscape Pattern—Species

Ordination of species landscape metrics revealed

nearly identical groupings as those found for forest

age (Figure 8). Here, 56 and 37% of the total var-

iance was captured by the first two axes and

both are significant. The first axis represents a

Figure 5. Effects of AAC, cutblock size, and spruce budworm defoliation on total area burned. Bold horizontal bars represent

median total area burned over 30 simulated replicates and vertical whiskers represent 1.5 times the interquartile range.

Cutblock sizes were specified as uniform distributions between 60 and 80 ha for the ‘‘small’’ treatment and between 180

and 200 ha for the ‘‘large’’ treatment. AAC percentages describe the annual area cut, expressed as a proportion of the total

study area.

Figure 6. Interaction plot illustrating the effects of fire and logging on total area burned. End points of the bars represent

the mean value for total area burned summarized over 30 replicates. Neither interactions depicted were identified as

statistically significant (Table 4) but do suggest subtle interaction effects (that is, different slopes) between AAC and SBW

(A) as well as between cutblock size and SBW (B). Dashed lines indicate the absence of SBW defoliation (A) and solid lines

indicate SBW presence (P).
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hardwood/mixed-wood—conifer gradient, and the

second axis represents a pine—spruce gradient.

More disturbances resulted in greater composi-

tional homogenization of the landscape and conifer

dominance, particularly by pine, which reflects the

dominance of fire and logging relative to SBW

(Figure 8). However, increased disturbance also

increased the amount of fir. Scenarios without

logging (S, F, and SF) were associated with higher

amounts of hardwood (that is, birch and aspen)

than conifer, and more pine than spruce. SBW on

its own resulted in more hardwood (birch and as-

pen) due to its relatively infrequent occurrence,

host specificity, ability to release non-host trees,

and initial mixed forest conditions. Logging on its

own resulted in more spruce relative to all other

scenarios and more conifers relative to the other

scenarios with only one disturbance. Scenarios that

combined logging with additional disturbances are

also associated with more conifers. SBW and log-

ging scenarios with a low AAC (SL1a and SL1b) are

near the boundary between conifer and mixed with

a tendency to be dominated by spruce. An increase

in AAC moved similar scenarios towards greater

conifer dominance. The addition of fire to multiple

disturbance scenarios created landscapes more

dominated by jack pine. An AAC of 1% had more

of an effect than did an AAC of 0.65%. Cutblock

size did not affect spatial patterns.

DISCUSSION

Understanding how natural and human distur-

bances mutually influence forest composition and

spatial structure is important to effective and sus-

tainable forest management. Developing this

knowledge is challenging because forest distur-

bances typically do not occur in isolation and are

instead connected to previous and future distur-

bances through spatial legacies in age and compo-

sition. In this study, we examined interactions

among the three main boreal forest disturbances

using a spatially explicit simulation model.

Spruce Budworm Defoliation

As the area affected by fire and logging increases,

SBW appears restricted in its access to resources

(that is, mature host species). Furthermore, the

combined influence of fire and logging is greater

than the sum of their individual effects. This result

highlights the competition among disturbances for

limited resources and is particularly pronounced for

SBW due to its specificity and age dependence.

Figure 7. Biplot summarizing principal components analysis (PCA) of the landscape pattern metrics mean patch size and

percent of landscape for forest age classified into three categories: 1—young (0–100 years), 2—intermediate (101–200 years),

and 3—old (201+ years). Points represent simulation scenarios plotted in ordination space and are labelled according to the

convention described in the legend. The broken stick criterion identified only the first (horizontal) axis as significant. The

percentage of the total variance captured by each axis is indicated in the axis label. Text in the top left and top right denote

the gradient associated with this single significant axis. Arrows represent factor loadings and labels in bold indicate those

loadings that are significantly associated with the horizontal axis and were used to interpret the main gradient.
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Competition for resources among disturbances is

also relevant for forest sustainability as it may be-

come increasingly difficult to meet management

objectives when interactions among disturbances

create novel and unexpected forest conditions.

As a result of SBW’s selectivity, logging affects

SBW negatively in the short term, but has the po-

tential to increase it in the long term. Although

there may be selection through logging for pre-

ferred host species, it is not guaranteed that host

sites will reach a susceptible age class and will result

in larger outbreaks. In contrast, in the boreal forest

fire can respond quickly to changes in forest com-

position (for example, increased flammability) cre-

ated by logging because it is relatively age-

independent; forest type, and weather are of greater

importance than age in determining rate of spread

and fires (Forestry Canada Fire Danger Group

1992). This suggests that fire may be less sensitive to

spatial legacies than spruce budworm or logging.

However, delayed regeneration (Vasiliauskas and

Chen 2002) may reduce the rate at which fire can

respond to post-disturbance successional trajecto-

ries. In this model, we did not specifically simulate

regeneration delay but expect that inclusion of such

an effect would change the relative rate at which

fire can respond to new patterns in forest compo-

sition. Nonetheless, the temporal lag between forest

alteration and the manifestation of large continuous

areas of susceptible SBW host can be several dec-

ades and this lag reduces the likelihood of a

detectable interaction between SBW and logging

because forest conditions can be further altered by

disturbance and succession during that time period

(Veblen and others 1994).

Manipulation of cutblock size was hypothesized

to affect the scale of forest patchiness in host and

non-host species and to influence the total area

affected by budworm (Miller and Rusnock 1993).

Increased proportions of hardwood and other non-

host species can reduce the effects of budworm

through a reduction of the amount of available

foliage, increased rates of parasitism, or a combi-

nation of the two (Roland and Taylor 1997; Cap-

puccino and others 1998; Campbell and others

2008). We coarsely mimicked these effects through

a reduction in the rate of defoliation patch spread

with greater proportions of non-host. Although the

effects of cutblock size on defoliation were not

significant (Table 4), our results do suggest that

Figure 8. Biplot summarizing principal components analysis (PCA) of the landscape pattern metrics mean patch size and

percent of landscape for forest species composition classified into five categories according to dominant species: 1—birch,

2—aspen, 3—spruce, 4—pine, and 5—fire. Points represent simulation scenarios plotted in ordination space and are

labelled according to the convention described in the legend. The broken stick criterion identified both the first and second

axes as significant. The percentage of the total variance captured by each axis is indicated in the axis label. Text in the

corners of the biplot indicates which species are associated with the different quadrants. Arrows represent factor loadings

and labels in bold indicate those loadings that are significantly associated with the two axis and were used to interpret the

main gradients and assign the labels to the four quadrants.
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when cutblocks are small or there is a lower rate of

harvesting, defoliation may increase area burned

because defoliated sites are more flammable (Fig-

ure 6). An increased availability of SBW host

accompanies a less intense management regime

and may translate into larger continuous areas of

defoliated sites with associated increased flamma-

bility. Similarly, we expect that a longer fire return

interval will increase the availability of SBW host

and hence increase defoliation risk.

Although we varied cutblock size, we did not see

a response in forest patchiness in age or species

(Figures 7, 8). This is important because unless the

cutblock size has a direct and lasting effect on the

spatial scale of forest structure, it seems unlikely

that forest management will influence defoliator

dynamics. However, it is possible that due to spatial

constraints on the landscape, adjacent small pat-

ches behaved as though they were singular large

patches and obscured local fine-scale patchiness.

The coarse resolution at which forest age was

classified may also have obscured these patterns.

Furthermore, forest succession operates on a pixel

by pixel basis in the VLM where each cell is as-

signed a successional trajectory following distur-

bance. Even though the composition of

neighboring cells influences the successional tra-

jectories, the stochastic assignment results in a

heterogeneous forest that may obscure legacies in

species composition. Our results are indeed influ-

enced by these aspects of the succession sub-model

and also by our assumptions regarding the conse-

quences of forest management on forest composi-

tion. Further study will involve refining the spatial

response of forest succession.

Biologically, there are many fine-scale factors

that determine patterns of forest mortality and

morbidity that are not included in this model. One

of the most important is the complex food web of

predators and parasitoids associated with the SBW

(Eveleigh and others 2007). Multi-trophic popula-

tion and community level dynamics were not

modelled although local SBW population dynamics

can be potentially coupled with predator and par-

asitoid responses to changes in forest structure

(Roland and Taylor 1997). Additional factors such

as stochastic variation in weather (Royama and

others 2005), the timing of variation in weather

(Veblen and others 1994), and lengthening fires

cycles (Bouchard and Pothier 2008) have also been

implicated in the supposed increases in outbreak

extent in the twentieth century and were not

modelled here. The inclusion of these factors may

produce different results and represent a limitation

of the current model. However, whether a change

in outbreak dynamics has occurred and the cause

of such changes, if present, remains controversial

(Fleming 2000; Royama and others 2005). A cen-

tral challenge to understanding these complex

interactions and the degree to which human

activity has influenced SBW outbreaks is the dif-

ferent spatial and temporal scales at which these

processes operate and represent worthwhile future

modelling challenges.

Fire

Total area burned increased with an increased AAC

(Figure 5) but was not affected by SBW, as we

hypothesized. These results were unexpected for

two reasons. First, logging was expected to reduce

area burned through reduction of age and removal

of fuels. However, because rate of spread and fire

intensity in this system are determined through the

interaction between composition and weather

conditions (ISI), and not age (Johnson 1992), the

increase in coniferous fuels with greater AAC

(Figure 8) resulted in increased flammability and

significantly more area burned. In this way, the

effects of fire and management were additive, and

not compensatory (Didion and others 2007). The

increase in coniferous forest in response to logging

reflects our model assumptions regarding silvicul-

ture following logging. That is, dominant conifer-

ous species that were removed are often replanted

and fir and aspen only establish if present before

logging. With these assumptions, forest composi-

tion over time is strongly influenced by the legacies

of initial conditions which included 19% jack pine

and 23% spruce, both of which represent highly

flammable fuel classes (Forestry Canada Fire Dan-

ger Group 1992).

This increase in flammability is highly contingent

on our assumptions regarding species recruitment

following logging. Indeed, it has been shown that fir

and aspen tend to increase following logging more

frequently than following fire (Carleton and

MacLellan 1994). We tried to capture this effect

through priority colonization of post-logged stands

by fir and aspen if they were present prior to the

disturbance. However, given initial forest conditions

and our assumptions regarding silviculture, this ap-

proach may underestimate the probability of colo-

nization by fir and aspen. Similarly, our finding that

logging did not lead to increases in the extent of SBW

defoliation may be a result of our simplified succes-

sion model and reduced colonization by host fir.

The second way that these results were unex-

pected was that the presence of SBW did not in-

crease area burned. Although median area burned
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was slightly higher with SBW in all cases (Fig-

ure 5), these increases were not significant. Defo-

liation effects on fire risk have been shown to last

for at most 15 years following defoliation (Stocks

1987; Fleming and others 2002). The ephemeral

nature of increased fire risk due to budworm

damage combined with the infrequency of bud-

worm outbreaks relative to fire (every 35 years vs.

every year) may explain why no signal was de-

tected for the interaction between insects and fire

over the entire 300-year simulation horizon. Finer-

scale analyses such as examination of fire sizes in

regions recently defoliated or correlating time series

of fire sizes and budworm defoliation could help

reveal transient effects of and interactions among

disturbances that are obscured by other events and

patterns that accrue over time. It is important to

note that our results are dependent on our

assumptions regarding outbreaks and their effects

and that uncertain climatic conditions and local

variability may influence both the frequency of

outbreaks and the length of time that SBW killed

forests represent an increased fire risk. Developing

more region and context-specific models of bud-

worm–fire interactions will be very useful to fur-

ther refining our understanding of these dynamics.

The amount of logging, represented as AAC, had

different effects on fire than it did on SBW.

Through its effect on species composition, logging

creates more flammable forests (Figures 6, 8). With

regards to budworm, although logging encourages

a greater proportion of vulnerable species (Fig-

ure 8), it also reduces forest age (Figure 7), which

has the net effect of reducing forest vulnerability to

budworm (Figure 3). This highlights the important

differences between disturbances that are relatively

selective agents of ‘‘creative destruction’’ such as

the SBW (Cooke and others 2007) and those that

are relatively indiscriminate, such as fire.

Model Considerations

Several simplifying assumptions were made in this

simulation study. The challenge of integrating

multiple disturbances and succession processes into

a single spatial simulation model requires some

sacrifice of realism. As such, simulation outputs

should be regarded as the consequence of interac-

tions among assumptions, hypotheses, and initial

conditions rather than an attempt to predict the

future state of the forest (Baker 1992). The forest

patterns that were simulated reflect interactions

among simplified models of forest disturbance

and demonstrate the potential long-term conse-

quences of these assumptions and the importance

of landscape-scale spatial legacies to forest dyna-

mics and sustainability.

The results of this study also depend strongly on

the forest succession sub-model and the succes-

sional trajectories derived from forest inventory

data. A major challenge to using these trajectories

in combination with multiple disturbances is a lack

of differentiation among causes of stand initiation

in the original data used to construct the semi-

Markov transition model. To include unique forest

responses to different disturbances, we made sev-

eral assumptions regarding initial composition fol-

lowing logging and SBW outbreaks based on what

was possible and logical given the scale of the

model (Table 2). Different frameworks for imme-

diate post-disturbance succession could produce

different qualitative results using this model and

will be investigated in the future. Additionally,

because our model of forest succession is not pro-

cess-based (as in LANDIS-II; Scheller and Mlade-

noff 2007) the model is constrained by original

forest inventory data, and important rare transi-

tions may not be included. Nonetheless, a broad

range of possible trajectories are simulated. In

general, the response of large-scale vegetation

patterns to different disturbances in boreal forests is

complex and highly variable (Schroeder and Perera

2002). Additional empirical information on post-

disturbance succession would improve the reli-

ability of landscape level forest succession models

such as the VLM, whereas future analysis could

further explore the sensitivity of model results to

post-disturbance regeneration parameters.

Conclusions

In this research, we examined the dynamic feed-

backs among three dominant boreal forest distur-

bances in a spatially explicit context. Many

challenges remain to understanding the interac-

tions among multiple disturbances, their spatial

legacies, and forest succession. Several hypothe-

sized effects of logging on natural disturbances

were not observed, including the influence of forest

management on the extent of spruce budworm

defoliation. However, for both fire and spruce

budworm it remains possible that although global

differences were not detected, spatially and tem-

porally localized consequences of different man-

agement strategies over short time periods may still

be relevant to timber production and biodiversity

conservation and require further investigation.

Uncertainty in model parameters, modelling

assumptions, and the varying scales of the differ-

ent disturbances simulated represent important
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challenges to modelling these spatial processes and

their interactions.

Contrary to expectation, forest management had

a greater influence on fire than on spruce bud-

worm, at least at coarse spatial and temporal scales.

The differences in response to management depend

on the relative specificities of these two distur-

bances in the boreal forest; fire is frequent and

relatively age-independent, whereas spruce bud-

worm is infrequent, highly selective, and age-

dependent. The potentially ephemeral nature of

disturbance legacies relative to the periodicity of

SBW outbreaks (for example, once every 35 years)

may account for the lack of observed increases in

outbreak extent in response to management. If, as

hypothesized, forest management affects SBW

outbreak dynamics, we would expect to see more

links among changes in forest structure, host

availability, and area defoliated. This study

emphasizes that spatial disturbance legacies do not

influence all disturbances equally, that legacies in

age and composition may affect forest dynamics

differently, and that spatial management legacies

may not persist indefinitely, especially when mul-

tiple disturbances are present.
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E, Souissi S, Stillman RA, Vabø R, Visser U, DeAngelis DL.

2006. A standard protocol for describing individual-based and

agent-based models. Ecol Model 198:115–26

Gustafson EJ, Shifley SR, Mladenoff DJ, He HS, Nimerfro KK.

2000. Spatial simulation of forest succession and timber har-

vesting using LANDIS. Can J For Res 30:32–43.

He HS, Mladenoff DJ. 1999. Spatially explicit and stochastic

simulation of forest-landscape fire disturbance and succession.

Ecology 80:81–99.

Jackson DA. 1993. Stopping rules in principal components

analysis: a comparison of heuristical and statistical ap-

proaches. Ecology 74:2204–14.

James PMA, Fortin M-J, Fall A, Kneeshaw D, Messier C. 2007.

The effects of spatial legacies following shifting management

practices and fire on boreal forest age structure. Ecosystems

10:1261–77.

Johnson EA. 1992. Fire and vegetation dynamics: studies from

the North American boreal forest. Cambridge: Cambridge

University Press.

Knight DH, Wallace LL. 1989. The Yellowstone fires: issues in

landscape ecology. Bioscience 39:700–6.

MacLean DA. 1990. Impact of forest pests and fire on stand

growth and timber yield: implications for forest management

planning. Can J For Res 20:391–404.

MacLean DA, Mackinnon WE. 1997. Effects of stand and site

characteristics on susceptibility and vulnerability of balsam fir

and spruce to spruce budworm in New Brunswick. Can J For

Res 27:1859–71.

Miller A, Rusnock P. 1993. The rise and fall of the silvicultural

hypothesis in spruce budworm (Choristoneura fumiferana)

management in eastern Canada. For Ecol Manag 61:171–89.

Paine RT, Tegner MJ, Johnson EA. 1998. Compounded pertur-

bations yield ecological surprises. Ecosystems 1:535–45.

Pennanen J, Kuuluvainen T. 2002. A spatial simulation ap-

proach to natural forest landscape dynamics in boreal Fen-

noscandia. For Ecol Manag 164:157–75.

Peres-Neto PR, Jackson DA, Somers KM. 2003. Giving meaningful

interpretation to ordination axes: assessing loading significance

in principal component analysis. Ecology 84:2347–63.

Peters DPC, Pielke RA, Bestelmeyer BT, Allen CD, Munson-

McGee S, Havstad KM. 2004. Cross-scale interactions, non-

linearities, and forecasting catastrophic events. Proc Natl Acad

Sci 101:15130–5.

Puettmann KJ, Coates KD, Messier C. 2009. A critique of silvi-

culture: managing for complexity. Washington, DC: Island

Press.

R Development Core Team. 2008. R: a language and environ-

ment for statistical computing. R Foundation for Statistical

Computing, Vienna, Austria. ISBN 3-900051-07-0, http://

www.R-Project.org

Radeloff VC, Mladenoff DJ, Boyce MS. 2000. Effects of inter-

acting disturbances on landscape patterns: budworm defolia-

tion and salvage logging. Ecol Appl 10:233–47.

Raffa KF, Aukema BH, Bentz BJ, Carroll AL, Hicke JA, Turner

MG, Romme WH. 2008. Cross-scale drivers of natural dis-

turbances prone to anthropogenic amplification: the dynamics

of bark beetle eruptions. Bioscience 58:501–17.

Roland J, Taylor PD. 1997. Insect parasitoid species respond to

forest structure at different spatial scales. Nature 386:710–13.

Rowe JS. 1972. Forest regions of Canada. Ottawa: Information

Canada.

Royama T, MacKinnon WE, Kettela EG, Carter NE, Hartling LK.

2005. Analysis of spruce budworm outbreak cycles in New

Brunswick, Canada, since 1952. Ecology 86:1212–24.

Scheller RM, Mladenoff DJ. 2007. An ecological classification of

forest landscape simulation models: tools and strategies for

understanding broad-scale forested ecosystems. Landscape

Ecol 22:491–505.

Schroeder D, Perera AH. 2002. A comparison of large-scale

spatial vegetation patterns following clearcuts and fires in

Ontario’s boreal forests. For Ecol Manag 159:217–30.

Shugart HH, Leemans R, Bonan GB. 1992. A systems analysis of

the boreal forest. Cambridge: Cambridge University Press.

Sougavinski S, Doyon F. 2005. A review of spatial distribution

guidelines for the managed Canadian boreal forest. Edmon-

ton, AB: Sustainable Forest Management Network.

Stocks BJ. 1987. Fire potential in the spruce budworm-damaged

forests of Ontario. For Chron 63:8–14.

Stocks BJ, Mason JA, Todd JB, Bosch EM, Wotton BM, Amiro

BD, Flannigan MD, Hirsch KG, Logan KA, Martell DL, Skinner

WR. 2002. Large forest fires in Canada, 1959–1997. J Geophys

Res 107:8149

Sturtevant BR, Gustafson EJ, Li W, He HS. 2004. Modeling bio-

logical disturbances in LANDIS: a module description and

demonstrationusing spruce budworm. Ecol Model 180:153–74.

Su Q, MacLean DA, Needham TD. 1996. The influence of

hardwood content on balsam fir defoliation by spruce bud-

worm. Can J For Res 26:1620–8.

Tang SM, Franklin JF, Montgomery DR. 1997. Forest harvest

patterns and landscape disturbance processes. Landscape Ecol

12:349–63.

Turner MG. 1989. Landscape ecology: the effect of pattern on

process. Annu Rev Ecol Evol Syst 20:171–97.

Van Wagner CE. 1978. Age-class distribution and the forest fire

cycle. Can J For Res 8:220–7

Vasiliauskas S, Chen H. 2002. How long do trees take to reach

breast height after fire in northeastern Ontario? Can J For Res

32:1889–92.

Veblen TT, Hadley KS, Nel EM, Kitzberger T, Reid M, Villalba R.

1994. Disturbance regime and disturbance interactions in a

Rocky Mountain subalpine forest. J Ecol 82:125–35.

Wallin DO, Swanson FJ, Marks B. 1994. Landscape pattern re-

sponse to changes in pattern generation rules: land-use lega-

cies in forestry. Ecol Appl 4:569–80.

Interacting Disturbances in the Boreal Forest 75

http://www.R-Project.org
http://www.R-Project.org

	Modelling Spatial Interactions Among Fire, Spruce Budworm, and Logging in the Boreal Forest
	Abstract
	Introduction
	Methods
	Study Area
	Vermillion Landscape Model

	Model Overview
	Purpose
	State Variables and Scale
	Process Overview and Scheduling

	Design Concepts
	Details
	Initialization
	Input
	Sub-Model Descriptions
	Experimental Design
	Analysis---ANOVA
	Analysis---Principal Components Analysis (PCA)

	Results
	Area Defoliated
	Area Burned
	Landscape Pattern---Forest Age
	Landscape Pattern---Species

	Discussion
	Spruce Budworm Defoliation
	Fire
	Model Considerations
	Conclusions

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


