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Abstract: The forests of British Columbia, Canada have ugolee an unprecedented
Mountain Pine BeetleDendroctonus ponderosadopkins, (MPB) infestation that has
resulted in extensive mortality of lodgepole pif@nus contorta The objective of this
study is to apply the agent-based model (ABM) tautate the MPB attack behaviour in
order to evaluate how different harvesting polidigfuence spatial characteristics of the
forest and spatial propagation of the MPB infestativer time. The first scenario is the no
management action with the natural disturbance gg®deading the changes of the forest
ecosystem. The other two scenarios implement $emitand salvage harvesting methods.
Obtained results indicate that the different mansge strategies significantly affect the
MPB infestation rates. Statistical analysis of #imulation outcomes is performed to
compare the three scenarios and prove that saheagesting is the most effective strategy.
This study can improve our understanding of thea$f of management strategies and assist
policy decision making process when complex MPBna@ased model of forest insect
outbreaks is used.

Keywords Agent-based modelling; complex systems; mountaie fieetle (MPB), forest
infestation, forestry.

1. INTRODUCTION

Forest ecosystems have adapted to local climateospthere and soils over many years
[Dale et al. 2001]. However, human activity suchresource extraction, land development
and management strategies have resulted in chamgies natural environment, posing real
problems for forests and woodlands. British Columiianada, possesses a land area of
approximately ninety-five million hectares, tworthé of which is covered by forest that are
constantly being modified by natural disturbanceshs as fire, diseases and insect
infestations [Campbell et al. 2007, Carroll et2003, Dale et al. 2001]. Likewise, policies
implemented by resource managers have played aortamp role in the modification of the
landscape patterns. In a province where 15% ofettenomy relies on forest resources
[Haley 2005], disturbances such as mountain pirdld¢€MPB),Dendroctonus ponderosae
Hopkins, infestation have putted forest valuesisit impacting the economy of many
British Columbian communities; these insect outksebave resulted in the death of trees
over areas of several thousand square kilometrexz[&t al. 2008].

The dynamics of MPB infestation taking place betwsgands of host trees and insects
within them, form part of a complex spatio-tempagpabcess that requires theoretical and
practical approaches to provide insights for undeding and controlling the impacts of
MPB outbreaks. With the purpose of comprehending aepresenting the internal

organization of such forest ecosystems and inter@tcaused by insect outbreaks a
bottom-up approach using an agent-based model (ABA4) been developed [Perez and
Dragicevic 2010]. This ABM acknowledges the robdlxible, adaptive, self-organized,



intuitive, and scalable behaviour of insect coleniglthough the model effectively captures
the emergent patterns of tree mortality due to MRibreaks, it has not considered how
different forest harvesting management activitidtuence the spatial patterns of mortality
tree distribution and the number of killed infestezks.

The objective of this study is to use agent-basedeh(ABM) to simulate the MPB attack
behaviour in order to evaluate the MPB spatio-terabdynamics under three different
management scenarios. More particularly, this semBluates how management practices,
implemented trougiManagement Ageninfluence the spatial distribution and patterfis o
insect population and their preferences for attdckad killed trees. The model simulations
are implemented using three harvesting scenarjoso Inanagement, 2) sanitation harvest
and 3) salvage harvest. The MPB outbreaks are deresi a major natural disturbance that
triggers widespread mortality of lodgepole pinee @f the most abundant commercial tree
species in British Columbia, Canada. The modehislémented on a study area located in
the North-Central Interior of British Columbia.

2. METHODS

The methodology for this study consists of threénnsactions. The first section describes
the behaviour and life cycle of MPB populations #imelmechanism how these are
represented with the model. The second sectioriges\details regarding the interaction
between the host (lodge pole pine) and the MPB;ridesg the role of pine trees in the
model implementation; and finally the third sectexplains the different management
practices and how these are implemented. The noadsisted of three types of agents:
Beetle AgentPine AgentandForestManagement Agetthat permit the representation of
the MPB behaviour, the forest environment and hesth evolution, and the stakeholder
respectively.

2.1  Attack Behaviour of MPB and Life Cycle: The Betde Agent

The behaviour and life cycle of the MPB are capdusg theBeetle Agenthich follows a
series of rules or steps to decide where to flhiwithe forest and to select a healthy tree to
attack, feed and breed. In its natural environmigiftB typically kills host trees in order to
successfully reproduce [Logan et al. 1998]. Theietle larvae feed on the inner bark of
mature pine trees, girdling and killing them [Ca4/@73]. The host tree must be sufficiently
large and have thick inner bark for the beetlesutcessfully reproduce and reach epidemic
populations [Berryman et al. 1989]. MPB outbreatd ehen the food supply depletes and
is no longer enough to support the population oremwltlimatic conditions become
unfavourable for the beetle [Safranyik et al. 1999]

In real life, female MPB emerge from the tree beftire males do and fly varying distances
in search of a new host tree [Safranyik and Car2606]. To simulate the emergence
behaviour within the model, eacle&le Agenhad to query the Diameter at Breast Height
(DBH) of the tree where it inhabits before stayirfty. Therefore, the first femaBeetle
Agentsto emerge are the ones living or located in bégdr afterwards the ones that find
themselves in medium trees, and finally the fermzdetles placed in small trees. The
emergence of the maBeetle Agentss initiated only when at least one of the females
Beetle Agentbias located and selected a new host tree. Toalentlie flying distances of
eachBeetle Agentfuzzy sets were used to allow them to come tmal fecision. The
Beetle Agentaptures wind influences within the natural raogeMPB flying distances.
The decision rules for determining the flying dista for eactBeetle Agenare based on
the fuzzification of three variables: flying distan DBH, and tree proportion within the
stand [Perez and Dragicevic 2010]. Once potentisk lirees are locate@eetle Agents
initiate the process of evaluation to determinthé trees fulfill their requirements of food
and allow them to start the reproduction stage. Mbst selection process involves the
evaluation of four parameters of health state ef tiees within the stand, type of trees,
average age and DBH. After the assessment of this,tbeBeetle Agentseach a decision
whether to stay or fly to a different stand.

In the real-world, at some point of the MPB attaitle number of beetles per tree reaches
the host tree capacity and an anti-aggregation @aércompound is released by the beetles



in order to redirect the attacks towards nearbsstféluber and Borden 2001]. This specific
behaviour is modeled using thine Agentwhich is in charge of calculating the beetle
population density per stand and pass the infoonati to theBeetle Agents

When the attack is successfully initiated, eggdaitkinside the galleries of newly attacked
trees and normally hatch within a week or so folt@yvdeposition and the young larvae
commence feeding immediately. In the simulatiBeetle Agenthiave to query the age of
the tree in order to establish the number of eggdéd laid; this number is randomly
generated based on the average age of trees. TBeelferience high levels of mortality
each winter when cold temperatures have detrimeffiatts on the developing stages of the
beetles. During outbreaks, it is common to have atatity level of 80% due to cold
temperatures [Carroll et al. 2003, Safranyik andr@b2006]. Winter mortality oBeetle
Agentsis simulated by having removed 80% of the newlgated beetle population. This
final stage represents the completion of one Wfele of the MPB which is equivalent to
one year.

2.2 Lodgepole Pine Forest in a MPB outbreak: The Re Agent

The MPB employ a specific strategy to overcomedbfences of lodgepole pine. It relies
upon cooperative behaviour in the form of masschttey rapidly concentrating on selected
host trees in response to aggregation pheromoneefore the beetles exhaust the host’s
defensive response [Safranyik et al. 1999, RafthBarryman 1983, Berryman et al. 1989].
If sufficient beetles arrive at a rate that excedsresistance capacity of a particular tree,
then colonization is successful. TReme Agenis implemented to simulate the resistance of
lodgepole pine with its own thread of control tiggntifies the state and attributes of each
stand. This autonomous entity watches out forta eet of internal responsibilities and is
capable of sending messages about tree resistapaeity to theBeetle AgentsThe
attributes of the tree stands (type, age, heighalth state, and DBH) are also used as
important input information to the agent-based nhode

In order to estimate the beetle population denséy tree,Pine Agentsare in charge to
calculate the total bole surface areg & follows:

S =0.3455 + 1.9708 x D x H (1)

where the constants are regression coefficientulzdéd by Safranyik [1988]; H is total
tree height (m) and D is the tree diameter (m).&7 In [Safranyik et al. 1999]. Once)(&
calculated for each stan®ine Agentdetermines the number &eetle Agentdocated
within the trees per stand and proceed to evalingie population density per 1%fPerez
and Dragicevic 2010].

2.3 Management Practices: The Forest Management Age

To date, there is no consensus about a unique thédhsuppressing the MPB infestations.
Long-term mitigation of MPB outbreaks can only becamplished through the
implementation of management strategies in orddower the susceptibility of lodgepole
pine landscape [Bone et al. 2007]. Management ipezctavailable for controlling MPB
outbreaks depend on the size of the outbreak,gbeofithe stand, the size of the trees, and
the conditions of the site amongst others. Gengratlanaging involves a reduction of
susceptible and/or infested stands in an effoprevent new attacks [Fettig et al. 2007].
The most common management strategies used to inénfature resource losses from the
beetle-induced tree mortality are the silvicultuteatments of sanitation and salvage
harvesting. To explore the effects of managemeatesiies in the spatial propagation of
MPB outbreaks, this model simulate at stand lekeltivo common silvicultural practices
and the one with no management troughRbeest Management Agent

In the sanitationand salvage harvessilviculture strategies thEorest Management Agent
evaluates each forest stand within its Moore neaghitood. To cut down an evaluated
stand, using theanitation harvesstrategy, the number of infested trees has to bater

than a set threshold. Likewise, any healthy neightgtand is cut down whenever its
average DBH value is greater than 30cm. Instdgage harvesdtrategy, if a stand does not



register MPB attack and a predetermined numbeeigihtvours are under a MPB attack, the
Forest Management Ageptoceeds to cut down the stand.

3. MODEL IMPLEMENTATION AND RESULTS

The model proposed in this study simulates the miyngrocess of MPB outbreaks under
different scenarios of forest harvesting. A fordsteea of approximately 560 ha, located in
North-Central Interior of British Columbia, Canagégure 1) is used to implement and test
the ABM previously describedlhe forest landscape consists of stands of smmeitium
and large diameter trees that are dominated byeloolg pine, with relatively smaller
proportions of Douglas firPseudotsuga menzigsiand white sprucePicea glauca,
scattered throughout. The spatial resolution ofsiuely area is 1ha, where each raster cell
represents a stand.
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Figure 1. Study area located in the north-central interfdBigtish Columbia, Canada, with
its land cover categories

Beetle Agentare randomly dispersed in the forest landscaptsagete data points within a
raster GIS layer. Agents representing MPB have timgque attribute that allows
discriminating the beetle population by gender #&etps to simulate and maintain the
male:female sex ratio of 1:2 as observed in reffigfranyik and Carroll 2006].

Five different GIS raster data sets were used @ ifor the model simulations containing
the information regarding tree species, healthestdiameter at breast height (DBH), tree
age, and tree height of each stand in the study. driee data is obtained frorhet aerial
photographs collected during the summers of 20@32Roberts et al. 2003JAuxiliary
cartography is used to verify classification of mge tree species and tree sizes within a
stand, and whether or not a stand had been attdok&tPB [B.C. Ministry of Forests and
Range 2004]The thematically classified images are analyzed i8IS, georefenced and
resampled so the spatial resolution correspondestiated level scale. The DBH values are
randomly assigned based on the tree age. The nmmaeragend processing of the GIS data
sets are carried out using ArcGIS 9.3. To undedsthe influence of management practices
in the number of lodgepole pine stands killed ke MiPB infestation, in the course of time,
model simulations are performed for five time stéfach time step represents a year — from
the end of the first yearT{;) to the end of the fifth yearT(s). A series of thirty
experiments are conducted in order to evaluatedbelts due to the stochasticity of some
parts of the model. During the thirty simulatiomsifor each management scenario, none of
the parameters were changed. Figure 2 presentsirthdation results corresponding to
three different scenarios: Bcenario 1 -MPB dispersion under no management strategy



implemented, 2Bcenario 2 -MPB dispersion under a sanitation harvest stratagy, 3)
Scenario 3 -MPB dispersion under a salvage harvest strategysd kcenarios depict three
different dispersal patterns, and spatial distidng of stands attacked by MPB.
Furthermore, they permit to identify the effectsusing forest management techniques in
the presence of an insect disturbance for the siuely.
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Figure 2. Five year simulation of lodgepole pine stands’ talityy patterns using three

different management strategies (a) MPB dispersiater no management, (b) MPB

dispersion under sanitation harvesstrategy, and (dyIPB dispersion under salvage
harveststrategy. Legend for land uses are the same &gyod.

The statistical analysis of the number of stanlecis provided for one and thirty different
simulations performed and for each management sosrare presented in Figures 3 and 4
respectively. In average a 4% of variation amorigst thirty simulation outcomes was
identified for theno managemerdnd sanitation harvesscenarios and a 2% variation for
the salvage harvesscenario. The model outcomes indicate that theecin outbreak
simulated without applying a management strateggult® in highest overall stands
infestation during the five years. Comparing th&lteumber of stands killed by MPB in
five years, theScenario 1 Scenario 2and Scenario 3yielded values of 2299, 1884 and
1775 lodgepole pine forest stands respectivelychviidicates that greater timber losses, in
areas undergoing insect outbreaks, can be reduwedgh silvicultural practices. The
reason for getting a higher number of attackeddstdor theScenario lis that more forest
stands were available for a higher MPB populatiggreduction, therefore every year the
insect population increased.

The evaluation of theanitation and salvageharves strategies indicates that the salvage
practice is more efficient in the task of diminisfpithe total loss of timber in a period of
five years. The use of this management techniqueergées a reduction of 25% in the
number of forest stands killed by MPB, while thaitation harvest reduced the mortality
by a 19%. In the absence of a management strategyPB outbreak killed a greater
number of stands. The outcomes from #avageharvesting scenario reveal that the
implementation of this technique reduces the mitytahtes of pine trees by successfully
controlling MPB. The reason for this is that thebwaak is contained by cutting down all
the healthy and mature trees with the purposedocesthe wood loss.




Figure 3. Number of
stands killed at each year of the model simulafiiwreach management scenario and its
standard error bars.

Table 1 show the results of the ANOVA test that waed to establish the difference
between the three management scenarios. The npdithgsis stated that there was no
difference between the results out of the threfedint scenarios simulatedpHi; = W =
Ms:Hii la M2 Ms: = 0.05. Given that the obtained value for F isl&nghen the critical
(F< Fecrit), therefore the null hypothesis is regett This statistical test confirms that
different management strategies significantly aftee MPB infestation rates.

Table 1. ANOVA Table
4, CONCLUSION

The objective of this study is to test differentrmagement strategies based on an existing
AB model for simulating MPB-induced tree mortalipatterns in order to evaluate the
influence of different forest management practitesontrol insect outbreak. The model
was implemented using three different scenariodaia sets from the BC Ministry of
Forest for a study site in thélorth-Central Interior of British ColumbjaCanada. The
results of the model simulations indicate that tise of different management strategies
affects significantly the number of stands attac&ad killed by the MPB. The importance
of the model used and the scenarios developed e#m Wwith managing harvesting
techniques and forest areas undergoing MPB outbrefike model can be used as
exploratory tool that can help building meaningiest management polices. In addition
this study can be extended to incorporate otheragement strategies that can include the
economic elements. Valuing the cost of using diffi¢tharvesting strategies could permit to



establish more effective policies to control MPBestations with the less impact to local
economies.

Figure 4. Box plots comparing the outcomes of thirty diff@reimulation runs performed
for each of the three management scenarios.
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