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Abstract

A method of linking SORTIE-ND and Prognd¥isvas developed for the purpose of
predicting natural regeneration and forecastingreustand conditions in mountain pine beetle
(Dendroctonus ponderosae Hopkins - MPB) attacked stands in the Interior Blag-fir (IDF) and
Sub-Boreal Spruce (SBS) biogeoclimatic ecosystemezof central and southeastern British
Columbia. Prognosfs, a spatially-implicit growth model, lacked a sulafabsuitable for
predicting natural regeneration in unsalvaged MiEBudbed stands. To fill this gap, estimates of
regeneration (trees < 7.5 cm diameter at breaghheDBH) were supplied to Prognd$isising
the light-mediated forest dynamics model SORTIE-&d the linked model was used to forecast
future stand conditions. In order to improve resd density-dependent system of crown
allometry equations to predict crown depth and croadius was developed and then added to
SORTIE-ND. The equations used stand-level measirgtems ha, basal area (frha"), and the
basal area of trees taller than the target tregpécitly account of the effects of crowding oreth
crown axes. Additionally, crown radius and crowpttlewvere used as dependent regressors. The
equations were fit using a nonlinear three-stagstlsquares estimator and generally provided
good estimates of crown depth and crown radiuoftgepole pineRinus contorta var. latifolia),
hybrid spruceRicea engelmannii x glauca (Moench) Voss), Douglas-fiPéeudotsuga menziesii

var.glauca (Beissn.) Franco) and trembling aspBopul us tremul oides Michx.).

Tests of the hybrid model with the improved systdrarown allometry equations were
performed using reconstructed plot data colleateshfhnatural stands disturbed by MPB 25-years
ago. The hybrid model provided good estimates (smaén bias and low root mean square error)
for the basal area of advance regeneration (2 < BBEb cm) for lodgepole pin®inus contorta
var. latifolia). The best estimates were achieved when treesca7 BBH were transferred from
SORTIE-ND to PrognosisBC 15-years after MPB-distunde. For trees < 2 m in height, poor
estimates of stems havhere obtained. Despite the shortcomings witheesio trees < 2 m tall,
the results suggest that linking SORTIE-ND and Rasig® is an effective method of building a
hybrid model capable of being used in MPB-disturfuedsts. However, full parameterization of
the SORTIE-ND model is likely needed to obtain aatei estimates for all sizes of natural

regeneration.
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1. Predicting natural regeneration following mountain pine
beetle disturbance

1.1 Introduction

Lodgepole pine tree®inus contorta var. latifolia) in British Columbia’s Interior Forest
Region are experiencing a Mountain Pine Be&lendroctonus ponderosae Hopkins, MPB)
outbreak that has reached epidemic levels @ 2006). The amount of timber affected by
MPB is beyond the industrial capacity to extraad process. Furthermore, forest managers are
recognizing the importance of retaining some aéfiécreas on the landscape to support the
diversity and health of future forests. Thus, géaportion of MPB-disturbed stands will go
unsalvaged (Hawkes al. 2006). It is anticipated that much of the Proviaceid- to long-term
timber supply will originate from these stands (Riin et al. 2008). This has placed
considerable importance on the need to developtative growth and yield models that capture
the natural dynamics of MPB-disturbed stands. €itio these models is the estimation of

natural regeneration following MPB-disturbance.

Growth and yield models are an important compoiretiie development and
implementation of sustainable forest managemerntipes (Boisvenuet al. 2004). They allow
for new silvicultural systems to be tested prioimiplementation and can be used to provide
supplementary data in addition to costly experimaktnials. Models are particularly useful for
testing long-term management strategies (Cagtals 2003), such as the management of current
stands for mid- and long-term timber supply (Hyyten et al. 2006). Although models use a
variety of different approaches to predict forastwgh, most are constructed by linking together
submodels that correspond to a specific biologicatess (Robinson and Ek 2003). To be useful,
a model must include the full range of identifiaplecess within the system being modeled (Ek
et al. 1997). In unmanaged forest systems, a procespdisats a major challenge to modelling is
natural regeneration (Miina and Saksa 2006; Sag#ald2007). Largely, this is due to the high
variability of regeneration, which is influenced &yong list of biotic and abiotic factors
(Maguire and Forman 1983). These include differsmeeeproductive strategies, shade
tolerance, interspecific competition within andass vertical stratum and substrate preference
(LePagest al. 2000).

Regeneration submodels may use empirical or bicétigibased methods to predict



recruitment (Vanclay 1994). Empirically based regyation submodels generally require the use
of long-term plot data containing extensive regatien measurements. For example, empirical
eqguations that use regression methods to predjehezation from plot variables need historical
plot data to calibrate equation parameters. Folirgeafly-based regeneration imputation
methods, such as most similar neighbour (MSN) aimlistorical plot data are matched,
through shared plot variables, to units with migsiegeneration measurements, providing them
with an estimate of recruitment (Hasseinal. 2004).However, regeneration submodels of this
type run into problems when: 1) long-term plot datathe target population are scarce; and 2)
current biological conditions within the target pdagion no longer match the conditions of long-

term plot data.

The growth model commonly applied to forests intseastern British Columbia (BC),
Prognosi&°, uses an MSN approach to predict natural regenar@lassanét al. 2004; LeMay
et al. 2006). Within unmanaged stands, the high varigioli natural regeneration recruitment
and growth has been difficult to characterize usit®N models (Martiret al. 2002). For MSN
methods to improve, a substantial amount of pltd dee required since forests in this area are
composed of heterogeneous stands with variable lziotl abiotic conditions. However, due to
the cost of collecting data, many forest conditiaresunder-sampled. Thus, the ability of the
submodel to accurately predict regeneration igdich{Moeur and Stage 1995, Hassatrail.
2004).

There remains considerable interest in findingler@ative system of estimating natural
regeneration that is compatible with the Progridsisodel (Zumrawét al. 2005). Forest
disturbance regimes within southeastern BC con$isequent small-scale gap disturbance
events such as windthrow and less frequent largie-slisturbances such as fire and forest insect
outbreaks (Temesganal. 2003). A model suitable to these complex forestesys would be an
asset to silvicultural managers. To this end, #ingd and small tree growth submodels in
Prognosi&” have been designed for use in managed or unmastayeds of varying species
composition and age classes (Boisveeia. 2004; Zumrawet al. 2003). The BC Ministry of
Forests and Range (2002) has been calibrating sukseodels for several Biogeoclimatic
Ecosystem Classification (BEC) subzone varianth@fsoutheastern portion of the Province
(Zumrawiet al. 2003). To strengthen ProgndSisa natural regeneration submodel capable of

estimating recruitment in complex stands of soutteza BC is needed.

Models that simulate a wide range of biologicalgesses carry many advantages in terms of



estimating natural regeneration. The processasanfling natural regeneration are many. Thus,
modelling as many of these processes as posdildeldsin theory, improve estimates (Vanclay
1994). This also provides greater control oversineulated environment, which encourages the
model to be used for hypothesis generation, exaarisio new populations and testing of new
management regimes (Robinson and Monserud 2008yeCsely, many empirical models only
use predictor variables whose influence on regéioeres well understood. This approach offers
little additional insight into other biological fers. Lastly, regeneration submodels that
incorporate a diverse range of forest processeédwinore effective in long-term projections, as
the growing conditions are dynamically updated dkercourse of the projection period. It has
been suggested that regeneration submodels dfyff@an be used where empirical methods
have fallen short (Makela 2003).

A pilot study by LeMayet al. (2006) examined methods of estimating naturalmeggion
within forests disturbed by MPB. Promising reswtsre obtained from SORTIE-ND, a spatially
explicit forest dynamics model that incorporatesidmyical theory into mechanistic functions that
predict light, growth, mortality and recruitmentgtfup 2006). Forests of the study area were
characterized as being heterogeneous in specigsosition and structure. A major driver of
stand development is variable levels of disturbaratesed by MPB. Stands disturbed by MPB
experience a form of natural thinning. The increldgght availability in the understory can
stimulate natural regeneration or the release wdiacked regeneration. Coates and Hall (2005)
noted that survival of understory trees is largidpendent on a combination of shade tolerance
and proportion of overstory mortality. Hawketsal. (2004) found that shade tolerant species in
the understory, such as spruce, showed increasedtgin the years following MPB attack.
Shade intolerant species in the understory, suttdgepole pine, also experienced increased

growth when they were in the advance regeneratratus.

Based on the results in LeMatyal. (2006) and the known relationships in forest dtec
that exists in these stands, crown size of overstees was identified as an important factor
influencing understory light levels, which in turantrolled natural regeneration. Furthermore, it
was hypothesized that the radius of overstorydreens would be largely influenced by limited
growing space and direct physical contact by neaghibg trees. Crown architecture theory
suggests that trees in open stands will have locrgevns along the vertical axis and larger crown
radii (Oliver and Larson 1996; Temesggtral. 2005). This trend is reversed in dense stands,
where the effects of competition, either througtect physical contact or indirect means (e.g.,

competition for light), cause crown depth to sho@d crown radius to decrease. To improve



estimates of natural regeneration from SORTIE-NiBse biological principles needed to be

incorporated into the model.

From a biological point of view, the regeneratiobmodel in SORTIE-ND seemed well
suited to these forests conditions. Moreover, Lekta}. (2006) noted that with additional field
data, many processes in SORTIE-ND could be parainetefor the study area. This raised the
question: could the SORTIE-ND regeneration submbdalsed to provide Prognd$isvith
estimates of natural regeneration for stands distiby MPB? Furthermore, would this linked

system provide defensible estimates of growth avaid-term planning horizon of 25 years?

Since most forest models are a conglomerate of sdéls, it is possible to substitute one
submodel for another. Robinson and Ek (2003) usiscapproach to develop Forest 5, a hybrid
model of forest growth and stand dynamics for theaGLakes region. Using existing models,
they were able to extract individual submodels bépaf simulating a discrete biological
process, and link them together to create a fumatigrowth model capable of simulating single
and multiple cohort stands. There were severalradgas to using this approach. First, using
existing submodels allowed for quick assembly. &dcthe approach afforded flexibility in
terms of selecting submodels suitable for the tgsgpulation and the type of data available.
Lastly, the interchangeability allowed for easy pamisons between competing modules. Thus,
empirical submodels could be contrasted againsbdially- or processed-based submodels.
Because of the modularization of forest process&agnosiy” and SORTIE-ND, it seemed

reasonable to apply this approach.

1.2 Objectives

There are two main objectives for this thesis. fiits¢ objective was to develop models for
predicting overstory tree crown size in unmanadadds affected by MPB based on quantifiable
measures of tree size and stand density. Thisdeagified as a possible issue in using SORTIE-
ND to forecast regeneration in a preliminary stutlye second objective was to develop and test
a hybrid model capable of predicting natural regatien in MPB-disturbed stands in the Cariboo
Forest Region of British Columbia. This second otiye focused on the integration of two

models, the empirically based model Progrisiand the mechanistic model SORTIE-ND.

1.3 Thesisstructure

This thesis is structured in a manuscript-basemdor This chapter provides the background



information necessary to understand why the maastipns of the thesis were asked. Chapter 2
deals with the development of models used to prediovn size in stands disturbed by MPB.
The focus of Chapter 3 is on describing the hybratlel that was developed by linking SORTIE-
ND to Prognosf& after the new crown models were added to the SBRID model. Chapters

2 and 3 were written with the intention of beindgpmitted for publication; hence, there are some
minor redundancies in the methods since analyses pegformed on the same sample data.
Furthermore, there is extra attention to detail mvtlescribing specific methods. This is
particularly true in Chapter 2, where the methosksduto fit the crown models are thoroughly
described. In preparation for submission to a peelewed journal, the level of detail used to
describe specific methodologies will be reduceck fihal chapter provides conclusions and
discusses the relevancy of the findings to thel fiélbiometrics and growth and yield modelling.

Based on the outcomes, future directions of studyeoposed.
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2. A system of nonlinear ssimultaneous equationsfor crown
height and radius'

2.1 Introduction

An extensive list of inferences can be drawn frbmgize and shape of a tree’s crown. The
list of inferences includes tree vigor (Assmanri@9alentinect al. 1994), basal area increment
(Hasenauer and Monserud 1996; Monserud and St8886),.wood quality (Kellomalet al.

1999; Valentine and Makela 2005), and incidentataoin (Canhanet al. 1999). Because of their
utility, crown models are often used in forest giiowodels. Several approaches have been
developed to obtain precise estimates of crown &zamples range between highly empirical-
(Hasenauer and Monserud 1996; Soares and Tome B86Mtold 2003) to biologically-based
models (Biging and Gill 1997; Makela 1997). Prealiatariables usually include easily recorded
measurements of individual tree size, which refleetstructural relationship between the size of
the crown and the size of the tree bole (Baldwith Raterson 1997; Gilmore 2001). Occasionally,
variables that reflect the effect of growing spanecrown size are also included (Rouvinen and
Kuuluvainen 1997; Rudnicldt al. 2004; Mengget al. 2007).

A simple estimate of crown size can be achievegrbdicting two axes: the length of the
crown along the vertical axis, known as crown deatid the radius of the crown, measured at the
base of the crown or at the point of maximum creadius (Pacalat al. 1993, 1996). This
simple method of describing crown size appearstagpropriate for a wide range of species and
growing conditions (e.g., even - and uneven-agaddstonditions). A benefit of this method is
that reliable estimates can often be achieved wsingle models, requiring predictor variables
that are inexpensive to collect. Furthermore, croepth may be modeled as the ratio of live
crown length to total tree height, which is a disienless measure (Hasenauer and Monserud
1996). Thus, the estimate of the vertical axislmatransformed between a dimensional and non-

dimensional scale in order to suit spatial or npatigl growth models.

Of interest in this study is the role of crownghe spatially explicit forest growth and
dynamics model, SORTIE-ND (Coatetsal. 2003; Astrup 2006). SORTIE-ND stems from the

original SORTIE model, which was developed for isdeciduous stands of northeastern United

! A version of this chapter will be submitted forgtioation. Sattler, D.F. and LeMay, V.M. Estimatiohcrown radius and crown
depth following mountain pine beetle infestation.



States (Pacalet al. 1993, 1996; Canhast al. 1994). Modifications to the SORTIE-ND model
have made it practical to use as a silviculturaigsien making tool. One of the key components
of SORTIE-ND is a light submodel which predictsident radiation at any given point within a
stand based on the sky brightness distributiom fgiven latitude. Within a simulated treed plot,
light attenuation occurs as rays pass through iddal tree crowns. The amount of shade cast by
each tree is a function of its crown size and gsespecific light transmission coefficients
(Pacaleet al. 1993, 1996). Tree growth and survival is largefuraction of predicted light levels,
measured as the percent of full sun received atrd,geported as a global light index (GLI).

Thus, estimates of crown size are important torséygocesses in the SORTIE-ND model.

Within the model, the assumed crown shape is &aédylinder. Cylinder dimensions are
based on estimates of crown depth and crown radhtzsned using simple allometric equations.
The choice of equations to use includes exponemti@hapman-Richards functions where

estimated crown depth and crown radius are expiesse

CrownRadius = a, x DBH" (2.1)
CrowiDepth = a, x Height" (2.2)
CrownRadius =i, + ae[l— g P8 ]Cl (2.3)
CrowiDepth =i, +a, [1— g P Heo ]C2 (2.4)

wherea,, a,,8,,a,,b,b,,b;,b,,i;,i,,C;,and C,are parameters to be estimated, DBH is the

diameter outside bark at 1.3 m above ground inmdheeight is the total tree height in m. The
simplicity of the equations avoids the pitfallsrobdel over-specification. However, the models
do not explicitly account for the effect of crowdion crown size (Hynynen 1995; Hasenauer and
Monserud 1996; Pinnet al. 2001). Therefore, there is a tendency for the géousito

overestimate crown axes in dense stands and utideatsaxes in open stands (Astrup 2006).
This, in turn, will have an affect on estimatedret growth and regeneration. To be better
represent stands with varying levels of crowdingtavn model that explicitly accounts for the

effects of density is needed.

In addition to the effects of density, there idrarsy, biologically-based correlation between

crown depth and crown radius. Each axis is infleeinzy a similar combination of internal
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physiological and external processes (Oliver ammddra 1996). The hierarchy of branch control
that extends from the main stem to first-orderpsdeorder and all subsequent branch orders is
the physiological process that governs crowns fdine ability of trees to maintain their
characteristic crown shape or allow for shiftshia tepth or radius of the crown in response to
varying light conditions is largely a function diet level of control exerted by the terminal bud
over the lateral branches (Oliver and Larson 1986¢. effects of side shade are known to
influence crown depth depending on shade toleranddatitude (Canhaset al. 1994; Canhanet

al. 1999). The same factors also influence radial crgmevth; lateral branches are required to
photosynthesize at a rate capable of sustainingdta growth (Sprugel and Hinckley 1988). As
a result of these shared physiological and mechhmfiuences, an inherently strong relationship

exists between the depth and radius of the crown.

Because of the strong reciprocal relationship ¢xegts between crown radius and crown
depth, good estimates of these crown axes canta@el by using the opposite crown axis as a
predictor variable. An equation that predicts or@wn axis by using the other axis as a predictor
variable is an example of a simultaneous equatiendependent variable clearly has an effect on
the predictor variable, and vise versa. If bothwar@xes are fit in this manner, the two equations
form a system of simultaneous equations. Fittinguianeous equations or systems of
simultaneous equations using ordinary least sq&eS) results in biased estimates of the
coefficients. The source of the bias is a corretatietween the error term and the predictor
variable (violation of one of the assumptions ofS)l(Kutneret al. 2005; Studenmund 2006).
Bias of this type is termed simultaneity bias (defland Theil 1962; Gallant 1975; Judgel.
1985).

To remove simultaneity bias, two- and three-stagstisquares (2SLS and 3SLS) regression
methods are often used. For nonlinear models, teseferred to as N2SLS and N3SLS. In
forestry, simultaneous regression methods are offed to take advantage of the biologically-
based reciprocal relationships that exit betweemwtr-related variables (e.g., Borders and Bailey
1986; Hasenauet al. 1997; Huang and Titus 1999). Because of the recghm@lationship that
exists between crown depth and crown radius, twthree-stage regression methods are
appropriate when estimates of both crown axeseedad, as is the case in the SORTIE-ND

model.

The main objective of this study was to developatigus to estimate crown depth and crown

radius. Specific criteria were used to guide mat#eielopment. First, based on the known effects
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of crowding on crown size, the models should be édlaccount for changes in density. To
satisfy this criterion, relationships between sgtimplicit measures of density and crown size
were explored. The density related variables westricted to easily obtained measures,
including the basal area of trees taller than aingett tree (BALHT) (rhha?), stem density (stems
ha'), Curtis’ relative density (RD), basal ared fra"), and quadratic mean diameter (i.e., DBH
of tree with average basal area; QDBH (cm)). Secttrelequations should take advantage of the
reciprocal relationship between the crown axesg@eimultaneous regression methods were
used. Specifically, nonlinear models were fit uSNgSLS and N3SLS. Each crown axis was
included in the equation used to predict the ogpastis. Lastly, the equation forms should
enable the models to provide biologically tractadgémates of crown depth and crown radius.
Accordingly, various equation forms were exploréde chosen crown equations will serve as

alternatives to the current allometric equationhegnSORTIE-ND growth model.

The focus was on obtaining estimates for lodgepwie Pinus contorta Dougl. ex Loud.
var. latifolia Engelm), hybrid sprucd{cea engelmannii x glauca (Moench) Voss), Douglas-fir
(Pseudotsuga menziesii var.glauca (Beissn.) Franco) and trembling aspBogulus tremuloides
Michx.). Data for this study were collected frorargis located in the central interior of British
Columbia (BC) where the most recent infestatiomofintain pine beetldendroctonus
ponderosae Hopkins, MPB) was 25-years ago. The data were usagrevious study described
by LeMayet al. (2007). The impact of historical MPB disturbancétiase stands has led to the
creation of highly variable stand densities whargaing changes to the amount of light and
available growing space has resulted in changemoinn shape. A secondary objective of this
study was to gain a greater understanding of hewdize and stand-level density variables

influence crown depth and radius in MPB-disturbizahds.

2.2 Methods

2.2.1 Study area

Data for this study included stands located wi2#0 km of Williams Lake, BC
(52°08'18.59”"N 122°08'31.07"W). Many of the samplsidnds were located on the Chilcotin
Plateau, situated within the former Cariboo FoRegion (Figure 2.1).
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A Plot Lot

Figure 2.1 Location of stands sampled for the \afitls Lake dataset (LeMa&yal. 2007)

This area has a long history of disturbance eveautsed by MPB (Stockdaétal. 2004;
Aukemaet al. 2006), although evidence suggests that standdiagland ground fires have also
played a major role in influencing stand struct{ifawkeset al. 2004). Historical records
gathered from aerial surveys (Wood and Unger 1996),tree ring analyses (Hawletsl.

2004) indicate that the most recent significantLolis|ance caused by MPB, aside from the current
outbreak, occurred during a period beginning inléte 1970s stretching until 1984/85. The
combination of disturbance events has resultellarcteation of uneven-aged, mixed-species
stands throughout much of the Chilcotin plateavatH@nd Alfaro 1990).

The topography of the study area is characterigegebtle slopes and an elevation between
900 and 1500 m. Lodgepole pine is either presetiteodominant species in most of the upland
stands in this area. Overall, species compositigtands from the Williams Lake dataset
included lodgepole pine (about 80%), Douglas-f¥}7and hybrid spruce (5%). Trembling
aspen and subalpine-fir were present in some staotdié small numbers overall. The sampled
stands were located in three major biogeoclimatsgstem classification (BEC) zones
(Meidinger and Pojar 1991): Sub-Boreal Spruce (SB8p-Boreal Pine Spruce (SBPS), and
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Interior Douglas-fir (IDF). Due to climatic similiéies and for data simplification purposes,
stands located within the SBPS zone were pooldud stétnds located in the SBS zone and are

categorized as SBS stands.

2.2.2 Sampling approach and data description

Sampling of the Williams Lake dataset was carrietio the summer of 2006. A brief
description of the sampling approach is presenged, lwith greater details found in LeMetyal.
(2007). Stands that had been attacked by the mioypitee beetle roughly 25 years ago were
targeted for sampling. Circular plots of 11.28 miua were systematically located in each of the
53 selected stands, beginning with a random stgptixint. For each plot and for live trees greater
than 7.5 cm DBH, the DBH (cm), total tree heigh),(emd height to live crown (m) were
measured. Maximum crown diameter at crown basefd)crown diameter 90 degrees to this
were measured and averaged for two randomly sdléigteand healthy trees of every species
tallied in the plot. The ratio of live crown to &ébtree height was measured for these selected
trees also, and later converted to crown depthBaged on the sizes of adult trees, structural
composition of the stands, and information provittedugh inventory maps, it is estimated that

the average age of adult trees in the sampledstanded between 70 and 90 years.

Several of the stands that were sampled for thdysshowed evidence of the recent MPB
outbreak. Many of the lodgepole pine trees werstages of green (i.e., attacked within the last
year) or red attack (i.e., attacked two to thremry@go). Measurements of crown size were not
collected for these trees. However, they were ofedlin the estimates of live overstory tree

density.

Of the 53 stands sampled, 16 stands were locatihe iiiDF zone and 37 stands located in the
SBS zone. For the 16 stands in the IDF, the mesan density of for trees > 7.5cm DBH was 677
(166; standard deviation given in parentheses)steihwith a mean basal area of 17.44 (5.88)
m?ha’. For the stands in the SBPS/SBS zone, the mears $t& was 803 (322) and the mean
basal area was 19.18 (8.18jha’. Stands were generally composed of mixed speuiasever,
almost all included lodgepole pine. For each staddijtional stand density measures were
calculated, including Curtis’ RD, QDBH (cm), BALHM? ha'), stems hd, basal area (fha?).

The model dataset included 650 trees with crownsomes, 140 from the IDF zone and 302 from
the SBS zone (Table 2.1).
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Table 2.1 Summary statistics of trees in the mddédset by biogeoclimatic ecological zone. (Std.=

standard deviation).

Interior Douglas-fir Zone

Crown radius Crown depth
DBH (cm) Height (m) (m) (m)
Number
Species of trees Mean Std M ean Std Mean Std M ean Std
Aspen 18 14.51 4.83 13.82 4.13 1.8 0.45 5.42 2.17
DouglasHir 39 18.95 12.7 13.99 6.7 1.83 0.58 8.7 3.95
'I;i‘?]degepo'e 102 13.74 5.22 12.69 3.71 1.19 0.46 5.03 2.13
Hybrid spruce 8 12.56 3.87 9.32 20.6 1.60 0.43 8.39 1.85
Crown radius Crown depth
Sub-Boreal Spruce Zone DBH (cm) Height (m) (m) (m)
Number
Species of trees Mean Std M ean Std Mean Std M ean Std
Aspen 22 16.51 6.05 16.97 5.31 1.87 0.46 5.81 2.46
DouglasHir 17 18.42 9.18 19.31 7.68 1.69 0.52 8.31 5.10
;&degmo'e 350 14.55 5.28 12.78 4.41 1.12 0.39 5.44 2.33
Hybrid spruce 70 16.21 7.54 13.85 6.02 1.50 0.51 10.01 4.19

2.2.3 Development of Crown Models

Three criteria were used to guide developmentsaftaf crown models that could serve as

alternatives to the standard crown equations ustnihvthe SORTIE-ND model. First, the

models should yield logical predictions for cronepth and crown width. For instance, estimates

of crown depth should never be greater than togal lheight. This criterion is often achieved

through thoughtful selection of the functional fotine dependent and independent variables or

the form the equation itself (e.g., linear, nordineexponential, logistic). The second criterion

was that the equations should make use of thegsteationship that exists between crown depth

and crown radius to improve predictions of the eesipe crown axes. Simultaneous regression

techniques that avoided uncoupling this relatiomstere preferred. Lastly, the model should

minimize the prediction bias across a range ofcstiEmsities.

Given these criteria, the following nonlinear mofien was selected to estimate crown

depth:

CrownDepth = 0

Height

+e' ™

(2.5)

where CrownDepth is the estimated crown depth as the responsebl@rideight is defined as
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for Eq. 2.1 to 2.4, and (X) is a linear function of other tree and stand-lerlables. This

form follows a logistic with the height of the trednose crown is being estimated operating as the
upper asymptote. This ensures that under all cistamces, the estimated crown depth will be
less than the height of the tree. A power regressiodel of the following form was selected for

crown radius:

CrownRadius = f (X) (2.6)
where CrownRadiusis the estimated crown radius, as defined in Egt@2.3, andf (X)is a

nonlinear function of tree and stand-level variable

Several tools were used to guide the selectiomexfiptor variables. First, relationships
among all pairs of variables were examined usingpke scatter plots and Pearson’s simple
correlations (Table 2.2). In keeping with secoritedon, crown depth and crown radius were

included in the list of predictor variables for thigposite axis.

Table 2.2 Pearson'’s correlations between the twarcraxes and the predictor variables exploredier t
crown models.

Crown Depth
Crown Basal Stems
Species DBH Height Radius area ha* BALHT QMD RD
Aspen 0.249 0.446 0.404 -0.200 -0.177 -0.465 -0.142 -0.002
Douglasir 0.801 0.721 0.677 0.03 -0.331 -0.608 0.251 -0.066
Lodgepole 0364 0224 0.399 0.006 -0.137 :0.105 0.176 -0.029
Hybrid 0.792 0.665 0.595 0.153 -0.059 -0.279 0.227 0.121
spruce
Crown Radius
Crown Basal Stems
Species DBH Height Depth area ha* BALHT QMD RD
Aspen 0.563 0.310 0.404 0.019 0.132 -0.125 0.119 0.170
Douglas-fir 0.795 0.649 0.677 0.009 -0.335 -0.596 0.248 -0.085
Lodgepole 0.647 0315 0.399 0.018 -0.158 10.195 0.189 -0.029
Hybrid 0.648 0.322 0.595 -0.022 -0.273 -0.208 0.203 -0.079
spruce

16



Following this, Eq’s 2.5 and 2.6 were transformetintear equivalents using logarithms, thus
enabling the use of variable selection tools. MaxinR improvement was used to obtain the
best two-variable model, three-variable model, smdn. Additionally, variance inflation factors
(VIF) were used to assess multicollinearity (Kuteteal. 2005). Based on the relationships
among variables, maximunt Rariable selection, and biological theory, a fisal of variables

was chosen for Eq’'s 2.5 and 2.6.

Parameter estimates for Eq’s 2.5 and 2.6 werersdddor aspen, Douglas-fir, lodgepole pine
and hybrid spruce using simultaneous regressiohadst The model dataset used to fit the

equations included observations pooled from bot BEnes.

2.2.4 Parameter estimation using simultaneous regression

A system of simultaneous linear equations can Beriteed as (using the notation of LeMay,
1990):

Y=Y/ X6+ (2.7)

whereY, is ann by 1 matrix ofn observations for theh endogenous (i.e., dependent) variable on

the left-hand side of an equation in the systeg@dfuations,y; is ann by g-1 matrix of the
observations for thg endogenous variables, excluding itreendogenous variablg, is ag - 1

by 1 matrix of coefficients associated with the @pehous variables on the right-hand side of the
equation, X, is ann by k +1 matrix of the observations for all of the exoges (i.e., predictor)

variables of the system plus a column of 1's ferititercept,5 is ak +1 by 1 matrix of

coefficients associated with the exogenous varsahiel the intercept, arglis ann by 1 matrix

of the errors associated with title endogenous variable of the system. For eachtiequaf the

system, it is assumed that has zero meark(( £, )= 0), observations are independent, and

variances are equal over all observations, resgyitirthe following variance-covariance matrix

for the errors:

g, O 0
0 o; 0
Q; =| . .| =0yl
: 0
0 O g,
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where g;, denotes the variances, which are all the samédlfarabservations.

With a system of equations, error terms may beetated across equations. As a result, the

error-covariance matrix of the system of two equegibecomes:
Z:|:Qll QlZ:| :|:Jllln alZIn:| :|:0-11 0-12j|D |
n
QlZ QZZ 012| n 022| n 012 022

where %11and 922 are the variances for the first and second equabthe system,

respectively,a12 is the cross-equation covariance of the errorseemd is the Kronecker

product. As a result, efficiencies can be gainefitbgg the equation as a system.

For the crown allometry models (two equations),dimeultaneous system of linear equations
given in Eq. 2.7 can be modified to a system oflinear equations generally described as
(Amemiya 1977):

Y= (. X .6 ) (2.8)

wheref, is a nonlinear function of endogenous and exogeratables on the right-hand side of

the equation, and is vector of parameters to be estimated. The prokif simultaneous

equation bias exists in the nonlinear form as @litear form, and the use of cross-equations
correlations can improve efficiency. Since the niedbosen to provide predictions of crown
depth and crown radius are nonlinear with respetiié parameters, N2SLS and N3SLS

(Amemiya 1974; 1977) methods were used to estithatparameters of the system of models.

Parameter estimation is achieved through two stiagthe case of N2SLS and three stages in
N3SLS. In both methods, the first stage of parametgmation involves the use of instrumental
variables to estimate the endogenous variable @nght-hand side of all equations of the system
(Hillier 2006). The estimated endogenous variafi@® the first stage replace their counterparts

that occur on the right-hand side of equationfiendystem, thereby removing simultaneity bias.
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For the crown allometry system of equations, egsticharown radius would replace measured
crown radius and be used a predictor variablefercrown depth equation. Similarly, estimated
crown depth from the first stage would replace era@pth where it occurs as a predictor
variable for the crown radius equation. In essetieeestimation of the endogenous variable
through the use of the instrumental variables readkie simultaneity bias caused by correlations
between the error terms and endogenous variabl#seaight hand side of equations in the

system.

General guidelines for instrumental variables idelselecting: 1) variables that are
independent of the equation errors, such as thgemaus variables of the system of equations, or
variables not included in the system but part efrtfodel dataset; 2) low order polynomials of
these aforementioned variables; and 3) derivatiésrespect to the parameters, assuming that
the derivatives are independent of the errors. wiramum, the number of instrumental variables

should equal the number of exogenous variablesins@uy one equation of the system.

Commonly, OLS is used in the first stage to filnear function to estimate each endogenous

variable from the instrumental variables (labelsed)aas follows:

B =(Z,Z,)* 7}y, (2.9)

Y =2 (2.10)
where Z, is then x k matrix of instrumental variables; amAﬂK ak x 1 matrix of coefficients.
In the second stage of N2SLS and N3SLS, the systaquations is fitted, where any

endogenous variable on the right-hand side is cedldy estimates from the first stage equation,

resulting in:

f(y,x,er)'[ln DZ(Z'Z)'lz']f(y,x,e) (2.11)

wherel is an n by n identity matrix, anél is the second stage estimator that minimizes the

objective function, the sum of squared errors lier fystem of equations. In the second stage fit,
errors across equations of the system are condid&tependent, resulting in the use of the

identity matrix.
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To improve efficiency by accounting for cross-edmad correlations of error terms, the third
stage of N3SLS replaces the identity matrix of E41 with a consistent estimate>of defined
here as thes matrix. TheS matrix is constructed from the residuals followthg second stage
to obtain estimated variances of errors for eaclatgn and covariances of errors across
equations. The third and final stage of N3SLS gsseralized least squares to féhdhat

minimizes the objective function:

f(y,x,0)[S'0Z(2Z)*Z']f (y.x.0) (2.12)

whereSis an estimate ok . It can be shown that the N3SLS estimator is neffieient than the
N2SLS estimator, since the information in any cregsation correlations is used in obtaining the
N3SLS fit. The gain in efficiency decreases asettier variance-covariance matrix,

approaches the identity matrix (i.e., Eq. 2.12 apphes Eq. 2.11).

N2SLS and N3SLS carry the advantage that no assumgs to the probability distribution
is used in the least squares fits. Therefore, them of crown allometry models was fit using
N2SLS and N3SLS using SAS and the PROC MODEL (S#8tute Inc. 2003) procedure.

A Gauss search algorithm was used to find the astisnof@ that minimized the N2SLS and
N3SLS objective function. To seed the search algoria set of starting parameters was
provided for parameters in the simultaneous systecnown allometry models. These starting
parameters were obtained by fitting single equdtimar approximations of the nonlinear
regression models using the exogenous variablésidbuhe dependent regressors on the right-

hand side of the equations.

To test whether the first stage of the N2SLS an8INS8fits removed simultaneity biases, a
Hausman specification test was used (Wu, 1973} tHsit is based on amstatistic, wherenis
the total number of parameters estimated in theesysf equations, and is used to test the null

hypothesis of no measurement error in the variadmethe right-hand side of the equations. The

m-statistic follows ay?distribution under the null hypothesis; tfiéwas compared to a critical

value from ay? table withm degrees of freedom. To test if there was any igedificiency in

using N3SLS versus N2SLS, estimated standard esfdhe coefficients were compared.
Smaller standard errors following N3SLS estimatiuld suggest cross-equation correlations

among equations following N2SLS.

20



2.2.5 Accuracy of Fitted Crown Models

Accuracies of the crown allometry models were ety calculating fit statistics for the
N2SLS and N3SLS estimators for each equation irsyseem. Estimated errors (residuals) for
crown depth and radius were summarized to obtaemrbéas and root mean square error
(RMSE) defined as:

MeanBias = Zn:{(Y‘ ;Yi)} (2.13)
i=1
and,
_ & _\?j)z
RMSE= Zl‘{—n (2.14)

whereY; is the actual value (i.e., measured crown deptit@sn radius) for measurements

n, \?j is the predicted value from the fitted equatiamd a is the number of trees. A pseudo R

statistic, appropriate for nonlinear models, wdsuwated as:

>

Z(Yj a 1)2
Pseudo —-R=1-21—— (2.15)
A

(Y -v)

—_~

2

as an additional diagnostic (Schabenberger andd?i2002). The mean bias and RMSE values
were calculated for all trees of the species, hrd separately for each of four density classes
with a class width of 500 stemsha his was also repeated for basal area, using*1@im

intervals.

To examine the impact of the stand density vargabléhe equations, parti&lstatistics were
calculated by first fitting the system of equatioepresented by Eq. (2.5) and Eg. (2.6) using
only the tree-size variables (DBH, height, crowpttieand crown radius). Density variables

were then added and results were compared tottasirig tree-level variables only.

2.2.6 Model Evaluation and Validation

Since EQ’'s 2.5 and 2.6 are nonlinear, the estimetetficients are asymptotically unbiased

and consistent only if sample sizes are large (&dihal. 2005). To assess these properties for
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the sample size used in this study, bootstrap nelagnwvas used to re-estimate the coefficients
and their standard errors for the system of egnatibhe models were refit 1000 times using the
same regression methods employed in the origindldrge differences between the coefficients
obtained in the original fit of the system of egoias and those obtained through bootstrapping
suggest that a larger sample size is needed. #fetaidled description of general bootstrap
sampling methods see papers by Efron (1987) anec@iCand Efron (1996).

To assess the predictive capabilities of the choseaels, the predicted sum of square
statistic (PRESS) (Quan 1988) commonly used tala#di single equation models was extended
to the system of equations used in this study.aloutate the PRESS statistic for the system of
equations, théh observation from the model dataset was deléte, the remaining
observations were used to refit the models usiNG3LS estimator. Refitting of the system of

equations in this manner was repeatditnes, whera is sample size of the model dataset. Each
time the coefficients for the system of equatiomsene-estimated, a predicted valh?g,j) , was

obtained for thgth observation that was deleted, whefg) is used to denote that predicted

value is for thgth observation that was deleted. The PRESS statvsis calculated from the sum

of squared prediction errors over mlbbservations:

PRESS = ;(Yj v, f (2.16)

where; is thejth deleted observation. The PRESS statistic andcasapared to the error sum

of squares (SSE) obtained in the original fit af #ystem of equations. PRESS values close to
SSE support to the internal validity of the modadl auggest that the means square error (MSE)

is a reasonably good indicator of the model's wt@dk abilities (Soares and Tome 2001).
2.3 Results

2.3.1 System of Crown Allometry Equations

For the system of equations, DBH (cm), total treight (m) and the ratio of height to DBH
(H/D) (i.e., slenderness coefficient) were seleetggredictor variables to account for the effects
of tree size on crown radius and crown depth. Binden, the simultaneous system of equations
also included crown radius and crown depth as ptedvariables; crown radius used on the

right-hand-side of the equation in the crown deptdel and crown depth used on the right-
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hand-side of the equation in the crown radius mdeal the study area, the effects of density on
crown size were best described through a combimafistem ha, basal area (ha®) and

BALHT. BALHT was preferred over the more commonbed basal area of trees larger by
diameter, as it was regarded to be a better sugdgathe effects of shade cast by neighbouring
trees (Vanclayt al. 1995; Schwinning and Weiner 1998; Coomes and Al&0V7).

From the list of variables selected for use indgtem of equations, DBH, DBHL/DBH,
height, height H/D, BALHT, stems haand basal area (rha') were used as instrumental

variables in the first stage equations for N2SL& HBSLS. These first stage equations were:

Crad = a, +b, x DBH + ¢, x Height+ d, x DBH? + ¢, x Height? + f, x}/DBH

Height (2.17)
+0, xBALHT +hy xBA +i, xTPH+ j, x "9
and
Cht = a, +b, xDBH +c, x Height+d, x DBH? + e, x Height? + f, X%BH
(2.18)

Height

+d, XBALHT +h, xBA +i, x TPH + j, X -

where Crad is the first-stage estimated crown radius, &id is the first-stage estimated crown
depth, andg,to j,anda,to |, are sets of species-specific parameters for thediage

equations. Estimates of first-stage coefficienesgiven in Table 2.3.
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Table 2.3 Estimated coefficients and their stan@ardrs (in parentheses) for first-stage equations.

Crown Depth Crown Radius
. . Douglas- ;
Variable Aspen DouglasHir Pine Spruce Aspen fir Pine Spruce
Inter cept 27.11(22.5) 757(9.1)  3.60(5.8)  19.5(14.4) 72(2.86) 0.95(0.729) 1.07 (0.394) 0.652 (0.95)
DBH 247(18) 121(05)  002(04) -259(L19)  10@23) -0.047 (0.05) (8'823) 0.005 (0.08)
2
DBH 0.05(0.1) -0.01(0.01) 0.005(0.01) 0.039 (0.017)-0.003 (0.01) (8'881) (8'881) (8'381)
U/DBH 1021 (96.4) -84.68 (61.5) -4.93(28.10) 255968.  13.3(12.2) 3.71(4.95) -4.98(1.91) 1.09745
Height 1.31(1.14) -2.14(1.26) 0.254 (0.38) 4.687 (1.54) 0.019 (0.15) 0.129 (0.10) -0.071 (0.03) (8'(1’(7)1)
Height? 00002 -0.002 0.001 -0.001
0.014(0.02) 0.038(0.02) -0.012(001) -0.086®. (0B  Coom ool (0002
H/D 0710 (6.7) 13.25(9.69) 0509 (2.67) ('lzf'fsz) 0.197 (0.86) -1.19 (0.78) 0.339 (0.18) -0.831%.7
BALHT -0.006 -0.002 -0.0001 0.001
0.056 (0.03) 0.014(0.03) -0.001(0.01) O ¢re 0007 001)  Fo0R %000 (.000
Basdlarea 349 (0.15) -0.124 (0.09) -0.002 (0.04) -0.0880)  -0.033 (0.02) _?60811)4 (8'88; 0.004 (0.01)
Stems ha'l -0.001 -0.001 0.001 00001  -0.0001  -0.001
-0.003 (0.01) 0.002 (0.003) g 0 (0.002) (0001)  (<0.000)  (<0.000)  (0.001)

For the system of equations fit in the second-taird-stage, DBH, heightCrad cht ,

BALHT, stems ha and basal area (rha®) were used. The system of equations was therefore:

Height

CrownDepth= +
1+exp(f (% )

&

f (x,) =a; +b, xDBH +c, xHeight+d, x Cfadre,x BALHT+ f ,x BA+g x TPk
(2.19)

and

CrownRadiusa, x DBH x Heiglit x Chtx BALHT x BA x TPH +¢,

(2.20)

wherea;to g,and g, to g, are sets of species-specific parameters,gnand &, are error
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terms.

A comparison of N2SLS and N3SLS estimated coefiisi@and approximate standard errors
is shown in Tables 2.4 and 2.5. The coefficientBiaLHT and Crad showed notable
differences for estimates of aspen crown depthBAarHT, the coefficient switched from a
small negative value in N2SLS to a small positiaie following N3SLS. Fdtrad, the
coefficient dropped from -0.407 to -1.014. Formsties of Douglas-fir crown radius, the
coefficient for height switched from a negativeugfollowing N2SLS to a positive value
following N3SLS. For lodgepole pine, the coeffidieiobtained through N2SLS and N3SLS
remained fairly similar with the exception of DBFor this variable, the coefficient changed
from -0.19 following N2SLS to 0.20 with N3SLS.

Table 2.4 Estimated coefficients and their standardrs (in parentheses) from N2SLS and N3SLSfits
the crown depth model in system of equations.

Second Stage Estimates Third Stage Estimates
Aspen Douglas- Pine Spruce Aspen Douglas- Pine Spruce
Variable fir fir
I nter cept 4940 -0.625  -2.491
0.362 (0.78) -5.359 (3.57) -0.989 (0.66) -2.546 (1.15) 0.041(0.74) 55 s 5 09)
DBH -0.115 -0.074
0.060 (0.05) -0.106 (0.10)0.019 (0.07)-0.064 (0-11) 0.092(005) (7> 0.020(0.07) 305
Height -0.072 (0.05) 0.056 (0.08) 0.138 (0.04) 0.172 (0.09) -(g.gg;x 0.075 (0.05) 0.115 (0.04) 0.163 (0.08)
Crown -1.014 1003 -0.459
o 0.407 (0.92) 199 (2.02) -0.485(0:89)0.561 (1L06) g3t 1945(130) (ggos 000
BALHT 0.001 0.001
0.004 (0.01) 0,010 (002) (07, 0.006 (0.01) 0.001 (0.01) 0.006 (0.01) gor  0.004 (0.01)
Basalarea 135 (0.06) 0.056 (0.05) -0.009 (0.00.006 (0.03) 0.012 (0.06) 0.053 (0.03) '(%'%(i; 0.015 (0.03)
Stems ha't 0.001 0.001 0.001 0.001 0002 <0000  0.001 0.001
0001)  (0.001)  (0.001)  (0.001) (0.001)  (0.001)  (0.001)  (0.001)
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Table 2.5 Estimated coefficients and their standardrs (in parentheses) from N2SLS and N3SLSfits
the crown radius model in system of equations.

Second Stage Estimates Third Stage Estimates
Aspen Douglas Pine Spruce Aspen Douglas Pine Spruce
Variable fir fir
INtercept 4134 (0.17) 0458 (0.69) 0.442 (0.15) 0.438 (0.30)0.069 (0.09) 0.873 (1.15) 0.487 (0.16) 0.415 (0.28)
DBH 058 (0.15) 0.733(0.39) 0.932 (0.1) 0.811 (0.21)0.603 (0.14) 0.942 (0.25) 0.948 (0.09) 0.760 (0.19)
Height -0.115 -0.483 -1.125 0499  -1.057
0.94(065) 07 oon L0023 gey 0065016 ooy ©.29)
Crown -0.227 -0.663
Deoth 049(028) 0%y  0145(015) 0739 (0.35) 0650(028) 550  0.109(0.15) 0797 (0:34)
BALHT -0.032 -0.010 -0.002 0028  -0.006  -0.007
(0.11) (0.01) ©o2) 0024002 445 (0.01) ©o2) 0017001
Basalarea 1630300 0165 (029(0.08) 0.201(011) 0195028 38 0044 (0.07)0.236 (0.10)
(0.23) (0.18)
Stems ha't -0.093 -0.120 0103 -0.099

0.359 (0.27) 0.096 (0.20) 0.472 (0.28) 0.075 (0.18)

(0.05) (0.11) (0.05) (0.10)

The Hausman specification test indicated that gteutatedm-statistic was less than the
critical value from ay? distribution with 14 degrees of freedom ame 0.05 for all four

species,. Thus, the null hypothesis of no measureereor in the variables on the right-hand side
of the equations was not rejected. Both N2SLS aB8U$ estimators benefitted from the use of
the instrumental variables in the first-stage tigfothe removal of simultaneity bias. For nearly
all of the estimated coefficients, there was a gaifficiency when the N3SLS was used, as
evidenced by smaller standard errors. Due to #ireig efficiency obtained through the third-

stage of parameter estimation, the N3SLS estimedsrpreferred over the N2SLS estimator.

An evaluation of fit statistics (Mean bias, RMSEd@seudo- B using the N3SLS estimates
suggested that fitting the models for crown depith @own radius in a system of equations
provided good estimates of the two crown axes awange of stand densities. This was most
evident in the estimated mean biases for crownhdapd crown radius, which were low for all
four species (Table 2.6). There was a general taxyder predictions of crown depth and crown
radius to be slightly lower than values measuretéfield on average. The one exception was
the estimate of crown depth for aspen, which wagelathan mean value recoded in the field on
average. The largest mean bias was observed foragss of crown depth on hybrid spruce. The
estimated standard deviations (RMSE) were genesaill for both crown radius and crown

depth, and suggested that the fitted system oftesgprovided accurate estimates. For
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lodgepole pine and hybrid spruce, estimates of ordepth differed from actual values by
roughly 2 m, while estimates of crown radius diégifrom actual values by nearly 0.3 m. The
largest estimates of RMSE were observed for Dotfglaghere estimates of crown depth
differed from actual values by 3.4 m on averagdlemstimates of crown radius differed by 0.57

m from actual values on average.

Table 2.6 Mean bias (observed - predicted), RoaM&quared Error (RMSE) and Pseudbrd3ults
using N3SLS parameter estimates.

Dependent variable Bias (m) RM SE (m) Pseudo- R?
Aspen
Crown Radius 0.001 0.329 0.419
Crown Depth -0.004 1.401 0.624
Douglas-fir
Crown Radius 0.001 0.570 0.228
Crown Depth 0.014 3.393 0.284
L odgepole pine
Crown Radius 0.001 0.285 0.519
Crown Depth 0.001 2.095 0.156
Hybrid spruce
Crown Radius 0.003 0.331 0.532
Crown Depth 0.029 2.054 0.716

When the fit statistics were calculated by bassagni ha') and stems faclasses, a clearer
picture of the behaviour of the system of crown sle@merged (Table 2.7). Generally, biases
within each basal area and stems blass were low among the four species testedeartit! to
be similar to biases calculated in Table 2.6. Hdoar species, there were no systematic patterns
of over- or under-estimation of crown depth or anaadius among the different density classes.
Consider, as an example, the seven mean biasesvai cadius calculated for basal area classes
25 nf ha'and 35 mMha for the four species. Out of these seven meamr$jdsur were positive
while three were negative. Then, looking at theesanean biases of crown radius calculated for
basal area classes 5 ha' and 15 mha’, a similar proportion of mean biases show oved an
under-estimation. This balance of over- and undiemnation among dense and open stands
suggests that systematic patterns of bias werénglied. Conversely, the fitted standard crown
allometry equation (Eq 2.1) tended to overestinsadevn radius in the two larger basal area
classes. Here, six of the seven mean biases thatoateulated for the four species in the 25 m
ha'and 35 mha' basal area classes were positive. Systematicshéiaseciated with the

standard allometry equations were particularlyaezble for lodgepole pine. For this species,
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there was also a strong tendency to underestimatenaadius and crown depth among stands

with a lower density.

Table 2.7 Mean bias (observed - predicted) and RliSparentheses) in metres by density class (b@&m
1) and by basal area rha?) class for N3SLS

Mean Bias (RMSE)

Mean Bias (RMSE)

Stems hi No. Basal No.
trees Crown Crown area trees Crown Crown
Radius Depth Radius Depth
Aspen
250 6 0.062 (0.12) -0.023 (0.31) 5 6 0.062 (0.12) -0.023 (0.31)
750 30 -0.009 (0.31)  -0.044 (1.35) 15 26 0.006 (0.31) -0.159 (1.38)
1250 -0.020 (0.47) 0.323(1.89) 25 8 -0.060 (0.35) 0.511 (1.37)
1750 - - 35 0 - -
Douglas-fir
250 0 - - 5 0 - -
750 51 -0.021 (0.54) -0.091 (3.50) 15 18 0.(I295) 0.393 (2.02)
1250 5 0.183 (0.49) 0.772 (2.64) 25 21 0.0268) -0.186 (4.37)
1750 0 - - 35 17 -0.067 (0.51) -0.233 (3.42)
Lgdgepole
Pine
250 68 -0.106 (0.26) 0.306 (1.99) 5 95 -0.00L2&) 0.397 (1.43)
750 237 0.063 (0.29) -0.177 (2.20) 15 207 0.@230) -0.272 (2.26)
1250 131 -0.049 (0.24) 0.333 (1.83) 25 139 30.0.25) 0.242 (1.99)
1750 16 -0.102 (0.20) -0.575 (2.29) 35 11 0.W7a8) -0.164 (3.87)
Hybrid
Spruce
250 10 -0.031 (0.19) -0.028 (0.40) 5 8 -0.0014) -0.148 (0.37)
750 62 0.007 (0.34) 0.084 (2.26) 15 27 0.0825p -0.067 (1.11)
1250 6 0.081 (0.43) -0.439 (1.57) 25 26 -0.(084) 0.390 (1.69)
1750 0 - - 35 17 0.053 (0.43) -0.221 (3.69)

Figures 2.2 and 2.3 show how the prediction bigsesrown radius and crown depth of
individual trees varied over four basal area cla$8el0, 10-20, 20-30 and 30-46 ha'l) for the

four species tested.
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To further examine the influence of the stand dgmekeasures, partial-F tests were used to
test the null hypothesis that stand density vaghlid not contribute to the predictive abilitids o
the models used in the system of equations. Resulte partial-F tests suggested that the
measures of stand density, in the presence ofdbddvel variables, tended to improve the
predictive abilities of the system of equations: €stimates of crown depth, the F-test values for
aspen, Douglas-fir, lodgepole pine and hybrid sprudere 11.9, 16.6, 94.6 and 53.5,
respectively, indicating that the stand density snees significantly improved the predictive
abilities (allp values <0.05) of the model. The proportion of &hility in crown depth explained
by the stand density variables (partidvRlues) for these were 0.52, 0.50, 0.39 and 0.08 fo
aspen, Douglas-fir, lodgepole pine and hybrid sproespectively. For estimates of crown radius,
the density-related variables improved predictamnDouglas-fir (partial-F test = 4.8p<0.05).
Estimates of crown radius for aspen, lodgepole pmahybrid spruce showed no obvious
improvement with the inclusion of stand density meas. For these three species, the effects of
competition from neighbouring trees appear to H@en accounted for through the use of DBH,

height and first stage estimated crown depth adigior variables.

2.3.2 Model Evaluation and Validation

Generally, there was close agreement between tha nfahe coefficients obtained by
bootstrapping the system of equations and thogeasd in the original N3SLS fitting
procedure (presented in Tables 2.4 and 2.5). Tasparticularly true for lodgepole pine and
hybrid spruce. For example, the mean of the bagiped coefficients for DBH, height and crown
depth used to estimate crown radius for lodgepiole were 0.943, -0.475 and 0.127,
respectively. In the original N3SLS fit for lodgde@ine, the estimated coefficients for DBH,
height and crown depth were 0.948, -0.499 and Q/E39ectively. In fact, differences between
original N3SLS and bootstrapped estimates of cdefiits for lodgepole pine and hybrid spruce
were rarely greater than 0.1, indicating that odgiestimators were nearly unbiased. For aspen
and Douglas-fir, the means of the coefficients ioteté through bootstrap resampling differed
from the original N3SLS estimates by a larger amokiar example, the mean of the
bootstrapped coefficients for tree height in theagipn to predict crown depth in Douglas-fir was
0.339, whereas the original N3SLS estimate was. 0.08 difference suggests that the original
estimators for coefficients are likely biased. Baging the sample size would eliminate this bias
as the coefficients for the nonlinear models ugetié system of equations are asymptotically

unbiased.
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For aspen, Douglas-fir, lodgepole pine, and hybpdice, the crown radius model PRESS
statistics were 4.87, 55.62, 37.88, and 11.95adsmly. Comparatively, the sum of squared
error (SSE) values for these species obtaineceimtiginal fit were 3.58, 15.97, 36.19 and 8.64.
The PRESS statistics related to the crown deptheingdre only marginally larger than the SSE
of the original fit for aspen, Douglas-fir and laggple pine. For these species, the crown depth
PRESS statistics were 94.79, 718.03 and 2082.8fiectively. For the same species, the SSE
values were 64.73, 644.25 and 1981.21. For hylpridce, the difference was larger, with a value
of 753.45 for the PRESS statistic versus an SSkewafl 329.31 obtained in the original fit of the

system of equations.

2.4 Discussion

In the MPB-disturbed forests around Williams Lake, Brees in dense stands tended to have
narrower and shorter crowns, while trees in morenagiands tended to have wider and longer
crowns. Furthermore, a strong relationship exisiettveen the width and the depth of tree
crowns. To account for the effects of stand denstgms h3, basal area (frha') and BALHT
were used as predictor variables in a system ofreadlometry equations. Given the presence of
other tree size variables, these three measuidensfty significantly improved predictions of
crown depth for the four species examined in thidys Marginal improvements were seen for
estimates of crown radius. This suggests thati@istudy area, stand density plays an important
role in determining the size of tree crowns. Thinstands with greater crowding, light
attenuation from canopy trees may be partiallyadffsy the density- related processes that limit
crown size. Conversely, higher levels of light attation than expected may occur in open
stands, since there are fewer density-relatedfatitoiting the size of crowns. Because
regeneration in the understory is often limitedHoy light environment, establishing the
relationship between crown size and density is maob from a regeneration modelling
perspective. Estimates of regeneration in the falgsamics model SORTIE-ND are largely a
function of light; thus, the crown equations presdrin this study are suitable alternatives to the

standard crown equations currently in the model.

In addition to the effects of density, the crowndalbdescribed in this study was based on the
principle that changes in crown radius and crowptldgvere integrally related since they are
influenced by similar biological processes. As sute using the opposite axis as a predictor
variable on the right-hand-side of a model shoigdificantly improve estimates of the axis on

the left-hand-side of the model. Using a systemmrofvn equations and a N3SLS estimator to
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remove simultaneity bias and take advantage okeegsation correlation, the models showed a
good prediction of crown depth and crown radiusttierfour species tested. Furthermore, the
structural form of the model for crown depth praaddbuilt-in assurances that the predictions fell
within biologically attainable ranges by using tredght as an asymptote (Eq. 2.19). For the

crown radius model, using a power model resultdaldtogically realistic predictions.

The crown models in SORTIE-ND use only a single Bize variable to predict tree crowns;
fitting the standard crown equations to the moa@dehsket resulted in systematic patterns of over-
and underestimation among dense and open stasgsgctevely. To correct for the density-
related biases, Eq’s 2.19 and 2.20 explicitly medestand density through the use of stenis ha
basal area (frha’), and BALHT. From a biological point of view, tleesimple measures of
density each capture a potentially different eftdaiensity on crown depth and radius. Including
BALHT as a measure of density provided the modétls the ability to capture the effects of
shading on the structure of tree crowns, as ofigrtaees can intercept light before it reaches th
target tree (Coomes and Allen 2007). The inclusioBALHT seemed particularly warranted
since the intended application of the crown modeils to the light mediated growth model,
SORTIE-ND. Both basal area and stem$ihahe crown models were included since these
variables respond differently as stands age. Irmbsence of major disturbances, basal area is
typically reallocated to larger diameter classes wicreasing stand age. Over this same period,
stems hatends to decrease as a result of mortality amothey atees and the inability of many
understory trees to withstand low levels of lightgst 1995; Dean 2004; Keeton 2006). The rate
at which basal area increases and stefisléereases may be highly variable and is oftenaelat
to factors such as species composition and nutaiaitability. Thus, the strength of the
relationship between the crown axes and stemsie basal area will vary with succession stage.
From a modelling point of view, it makes sensentlide basal area and stems ha predictor
variables for two reasons. First, they correctedsystematic biases in the fitted standard
equations observed when the prediction bias wagehrdown by stems Hand basal area
classes. Second, using measures of density thpineésifferently to forest succession should
enable the models to be applied to a wider randeret conditions. Direct support for this
second reason was not obtained in this study. Berléo support or reject this reason needs to

come from external validation of the chosen models.

It was somewhat surprising to note that the pradicbilities of the crown radius model
were not significantly improved when BALHT, stens'and basal area were included as

predictor variables. Prior to fitting the equatipitsvas hypothesized that the radius of crowns
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would be smaller in dense stands due to limiteavirg space and direct physical contact from
neighbouring trees. In open stands, crowns woulditer, taking advantage of the available
growing space. Furthermore, it was anticipated $ketds thinned by repetitive attacks of MPB
would allow for trees that were not attacked toagxptheir crowns as surrounding trees fell.
Failure to reject the null hypothesis posed inghgial-F tests suggests that other mechanisms
are at work. It is possible that fitting the systehequations with a reduced model consisting of
only DBH, tree height and crown depth captured mbshte variability in crown radius. For the
model dataset, DBH, height and first stage estichatewn depth were moderately to strongly
correlated with stems Haand basal area (rha) for all four species. Thus, they may each act as
a surrogate measure of density. If, as a group,wheee strongly related to stand density, then
this would explain why adding three explicit me&suof stand density failed to significantly
improve the predictive abilities of the crown madels also possible that the reduction in
density that followed MPB attack 25 years ago ditlapen the stands enough to allow the radius
of crowns to significantly increase in size. letimated that 25-years after MPB infestation, the
average reduction of overstory basal area was Bs&mining stands where the intensity of
attack was higher would be helpful in determiniogvicrowns respond following MPB-

disturbance.

For aspen, Douglas-fir, lodgepole pine and hyhpidice in the model dataset, it appeared
that crown depth and radius were highly interdependr his strong relationship has been
explained through physiological processes for sd\teze species (Williamet al. 1999). Most
simply, changes in crown depth and radius arewtrekthe terminal buds exerting control over
the depth and orientation of lateral branches,empimenon known as epinastic control (Oliver
and Larson 1996). The level of control exertedhgyterminal bud tends to be stronger among
shade-tolerant conifers such as spruce, when atxesdirect sunlight is available. Most of the
hybrid spruce trees recorded in the model datasetdihave had access to direct sunlight
following the loss of foliage and fall-down of pitrees infested by MPB. This would have
allowed the terminal buds of hybrid spruce treeadsert control over the overall shape of the
crown. This pattern of strong excurrent growth fdiely contributed to the precise estimates
obtained using the fitted system of crown equatiéios shade-intolerant species, epinastic
control tends to be weaker. It was expected thawtkaker relationship among shade intolerant
species would translate to poor fits of the modelddgepole pine and aspen in the model

dataset. However, this was not the case, as gbstifistics were achieved for both species.

Although the main advantage of fitting the crowndals as a system was to take advantage
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of the inherently strong relationship between craadius and depth, the approach used to fit the
equations also provided some good statistical ptigge Using a three-stage least squares
estimator for Eq’'s 2.19 and 2.20 provided coeffitéethat were both asymptotically efficient and
consistent. Simultaneity biases that could haveltexs from using crown depth and radius on the
right-hand-side of the crown equations were puthealgh the use of two first-stage equations,
one to estimate crown depth and one to estimatencradius. The estimated crown radius and
depth from the first-stage equations were thenquhisthe second-stage of the simultaneous
fitting process. The instrumental variables infing-stage equations employed transformations
of the tree size and stand density variables usétki second- and third-stage of model fitting,
plus the slenderness coefficient (i.e., height/DBA)ding the slenderness coefficient improved
the estimates of crown radius and crown deptheseHirst-stage equations. Trees with a high
slenderness coefficient tend to bend to a greagre# under wind stress, increasing the chances
of crown abrasion and influencing crown size (Mehg. 2007). An examination of the
coefficients and their standard errors revealetidbane efficiency was gained when switching
from a N2SLS to a N3SLS estimator, and the Haugmstrindicated that simultaneity biases

were removed through the first-stage equations.

The resampling methods used to assess the biks @stimated coefficients provided
encouraging results. Since nonlinear models wdeetssl, only asymptotically unbiased and
consistent estimates from N2SLS and N3SLS werdlgesd his was in doubt for aspen,
Douglas-fir and hybrid spruce. For hybrid spruaefticients obtained through bootstrapping
were in close agreement with those estimated itiggnal model fit. Thus, sample sizes for
spruce were large enough to support large sampteythFor aspen and Douglas-fir, differences
between the bootstrapped coefficients and thosmadstd in the original model fits suggested
that more crown measurements for these speciesaded. For now, the recommendation is that
the coefficients reported in Tables 2.4 and 2.5ugedul for the study area, but should be used

with some caution.

In terms of validation, the PRESS statistics fawan radius suggested that for aspen,
lodgepole pine and hybrid spruce, the system chgaoys had good predictive abilities. The same
conclusions were reached regarding estimates wircdepth for aspen, Douglas-fir and
lodgepole pine. These results provided added supptne internal validity of the fitted
regression model (Kutner et. al, 2005). Howevaergkiimates of crown radius on Douglas-fir
and crown depth on hybrid spruce, it appears tleasystem of equations was somewhat

unreliable. Further evaluation of the model usirigua validation dataset may shed light on
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where future improvements to the system of equatimuld be made to ensure that estimates of

both crown axes are reliable for the most commee $pecies within the study area.

2.5 Conclusions

The standard crown allometry models used by SORNIEare based on the structural
relationship between the size of the tree bolecaoan size. The density-dependent crown
models presented in this study go beyond this ratationship on two levels. First, by using
crown depth and crown radius as dependent regszshermodels reflect the dual causality that
arises between the two crown axes, which is atre§physiological and mechanical processes.

Second, the models explicitly account for the @fex crowding on crown size.

The impetus to develop the density-dependent crdlemetry models came partially from
the need to have a set of models suitable forrustands that have been disturbed by MPB. The
assumption was that following MPB disturbance, aing among overstory trees decreases,
allowing crowns on surviving trees to increaseibe sThe accurate predictions of crown depth
and crown radius that were obtained by fittingdieasity dependent crown models using data
from stands that have been attacked by MPB sufigisrassumption. For these stands in the
Williams Lake study area, lodgepole pine is bytfer most dominant species by proportion, with
hybrid spruce, Douglas-fir and aspen generally fognminor components. Consequently, any of
the noted deficiencies related to the estimatesafn depth and crown radius of Douglas-fir and
aspen would likely have minimal impact in termsbénges to the total crown area for a stand.
At least for lodgepole pine and hybrid spruce,dhfective of obtaining accurate estimates of
crown depth and radius for a range of stand desditir unmanaged, MPB-disturbed stands in
the Williams Lake area of BC appears to have beetn However, the ramifications of using the
new equations within SORTIE-ND remain unknown. Tlibhe next step is for the equations and
the species-specific coefficients to be testediwiBORTIE-ND using data from the Williams

Lake study area.

Once the density dependent crown models have lwelEddo SORTIE-ND, their influence
on the light submodel will be assessed throughvafuation of Global Light Index (GLI) values.
It will be the subject of further study to determniif the predicted changes in GLI are reflective of
the actual light levels for these stands and heaptiedicted light-mediated establishment and
growth of natural regeneration within SORTIE-ND Mié altered. Until this next level of testing

is complete, it would be difficult to describe aader set of situations or objectives for which use
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of the density-dependent equations is appropatenow, the density-dependent equations
present an alternative to the existing standardicralometry equations when estimates for

MPB-disturbed stands are of interest.
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3. A hybrid model to estimate natural recruitment and growth

in stands following mountain pine beetle distur bance’

3.1 Introduction

The historical presence of Mountain Pine Bedlenfroctonus ponderosae Hopkins, MPB)
in lodgepole pineRinus contorta Dougl. ex Loud. varatifolia Engelm) forests in the interior of
British Columbia (BC) is well documented (Heath a@ithro 1990; Wood and Unger 1996;
Hawkeset al. 2004). Tools to forecast regeneration and groaflowing MPB-disturbance are
lacking, however (Zumrawvet al. 2005). Developing forest growth models suitableNi® B-
disturbed forest is currently a priority in BC asangoing outbreak of MPB has reached
epidemic levels (Griesbauer and Green 2006). M&ands affected by the current outbreak will
go unsalvaged and be left to regenerate natuttll/anticipated that a large proportion of BC'’s
mid-term timber supply will come from these unsgkd stands (Patriquet al. 2008). Thus,
there is a particular need for forest growth modalsable of modelling natural regeneration in
stands affected by MPB.

Traditionally, forest managers have relied on eiogimodels to obtain estimates of timber
growth and yield (Mékela 2003). In empirical modegsowth is estimated through the use of
mathematical equations that predict the behavibtlieoresponse variable. A criticism is that
there is often no attempt to explain the underhdrajogical factors influencing growth (Vanclay
1994; Valentine and Makela 2005). Despite this, ieng models can provide a high level of
precision if they are well formulated and propardjibrated. Generally, this requires the
calibration dataset be collected from permanenpsapiots (PSPs) located within a particular
population and include records of annual growthr @exeral growth periods (Robinson and Ek
2003; Robinson and Monserud 2003; Valentine andeld8R005). The robustness of empirical
models is questioned when applied to populationtside of the region to which they have been
calibrated (Robinson and Monserud 2003). LikewidEB outbreaks can change forest
conditions to the point that highly empirical magleblibrated using pre-disturbance data are no

longer suited to post-MPB conditions (Zumraaval. 2005).

One empirically based growth model that is curseb#ding used to forecast growth in the

2 A version of this chapter will be submitted forbfioation. Sattler, D.F., LeMay, V.M., Coates, D.nd Marshall, P.L. Estimation
of natural recruitment following mountain pine Heénfestation using SORTIE-ND and Progn8Sis
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forests of central and southeastern BC is Progffogsimrawiet al. 2003; Hassaret al. 2004).
Adapted from the Northern Idaho variant of the Bo&ervice Forest Vegetation Simulator
(FVS) (Stage 1973), PrognoSids best suited for projecting existing stands cosegl of

multiple species and age classes. This model camate a wide range of silvicultural treatments
and is therefore, a valuable tool for forest ptamters interested in testing different harvesting
regimes. To simulate regeneration, Progridsises an empirical imputation method that imputes
regeneration from overstory characteristics udmegprincipal of most similar neighbour (MSN)
(Hassanket al. 2004). This approach uses a database composetenénce plots containing
regeneration information, and overstory tree atelisformation to match to target plots which
have only overstory and site information. Onceliest match is found based on overstory and
site information, regeneration from the referenic ig imputed to the target plot. For this
technique to be successful, a reference databags#eshfrom a wide range of stands is required.
Alternatively, regeneration can be added manualljrognosi¥”. This approach is generally
used when a specific planting density is presctib@dexample, following harvest. However,
neither of these methods of simulating regenerasiagtieal for use in MPB-disturbed stands.
First, the reference database is limited for MP&dbed stands. Second, manually adding
regeneration to unsalvaged MPB-disturbed standsiiker feasible nor accurate since the
number of stands that will go unsalvaged is extigiagge and the expected density of natural
regeneration unknown. To extend the capabilitieBrofjnosi&” into unsalvaged MPB-disturbed

stands, an alternative method of estimating naregeneration is needed.

In this study, the regeneration submodel from tredt growth and dynamics model
SORTIE-ND (Astrup 2006) is explored as a meangofiging Prognosf& with estimates of
natural regeneration. The SORTIE-ND model is capabkimulating many of the processes
believed to strongly influence the establishmemt survival of natural regeneration in MPB-
disturbed stands, including light transmissionhi® tinderstory, seed dispersal, and the
availability of substrates amicable to seedlingugment (Coates and Hall 2005; Dor@ehl.
2008). The light behaviour in SORTIE-ND can prediclar radiation at any point in a stand
(Canhanet al. 1999). Estimates of solar radiation are used byubvenile growth behaviour to
predict seedling growth. Species-specific prefegarfor substrate types and canopy cover are
used to predict seedling establishment. SORTIE-E®ro default parameters; thus, field data
must be collected to parameterize the functiond byeeach submodel. The model was
previously calibrated and tested for use in the-Bateal Spruce (SBS) zone of BC by Asteip
al. (2007).
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This paper describes the methods used to link SBRID to Prognosf§. The linked model
is termed a hybrid model since it brings togetker different approaches to modelling, an
empirical approach used by Progn8Sisind a more process-oriented approach used by BORT
ND. The linkage allowed for estimates of naturglergeration to be passed from SORTIE-ND to
Prognosi&© after an elapsed forecast time following MPB-dibtunce. Following a description of
the linkage, the hybrid model is evaluated in teoind) the feasibility of the linkages between
SORTIE-ND and Prognosis and 2) the accuracy of model predictions oveiiditerm
planning horizon of 25 years. At the outset ofitegtit was unclear at what point in the
simulation process regeneration estimated in SORIDEshould be imputed into ProgndSisin
theory, the best time to transfer regeneration daoincide with a period during post-
disturbance stand development when the majorityeaf recruits have established and the
increased competition for growing resources lirhutsher seedling establishment. Thus, the
second objective was to identify a point in thewdation process where the transfer of
regeneration from SORTIE-ND to ProgndSigrovided estimates that were accurate over a 25-
year planning horizon and which coincided with bgital theories related to post-disturbance

ingrowth.

Diagnostics for evaluating these two objectiveseAmased on comparisons of model outputs
with mensurational data recorded in the samplattisteas well as a comparison of model
predictions against more general ecological expieas The intent is for the hybrid model
approach to have practical applications at thedsi&rel. Thus, accuracy was assessed with
comparisons to stems habasal area (frha') and mean tree height (m) for different tree size
classes. Model outputs for periodic growth (cm ygand percent of full sunlight (Global Light
Index - GLI) were used to evaluate the hybrid maggiroach in terms of its ability to meet

ecological expectations.

3.2 Methods

3.2.1 Study area

The study area included stands located within amncegmate radius of 250 km around
Williams Lake, BC (52°08'18.59"N 122°08'31.07"W). ahy of the sampled stands were located
on the Chilcotin Plateau, situated within the forr@ariboo Forest Region (Figure 3.1).
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Figure 3.1 Location of stands sampled for the \Afills Lake

This area has a long history of disturbance evesised by MPB (Stockdadtal. 2004,
Aukemaet al. 2006), although evidence suggests that stand taglaad ground fires have
played a major role in influencing stand structaceoss much of the forest region (Hawkeal.
2004). Historical records gathered from aerial sysy(Wood and Unger 1996), and tree ring
analyses (Hawkest al. 2004) indicate that the most recent significastudbance caused by
MPB, aside from the current outbreak, occurredripa period beginning in the late 1970s
stretching until 1984/85. The reemergence of |pgeulations of MPB in the early 1990s and
subsequent disturbance brought about by the hisatlecumented for some areas of the Chilcotin
Plateau (Campbett al. 2007). Studies within the Chilcotin plateau indécthat the most recent
disturbance from large scale wildfires occurreduarb1910/20 (Alfarat al. 2004). Hawkest
al. (2004) noted that many of the stands in the Ctilild@lateau that were selected for their study
of post-MPB stand dynamics showed the effects dfiphe disturbances caused by the late 1970s
MPB outbreak and low-level ground fires in subsedjyears. This combination of events has
resulted in the creation of uneven-aged, mixedispestands throughout much of the Chilcotin
plateau (Heath and Alfaro 1990).

The topography of the study area is characterigegehtle slopes and an elevation between
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900 and 1500 m. Lodgepole pine is either preseist the dominant species in most of the upland
stands in this area. The sampled stands were thoathree major biogeoclimatic ecosystem
classification subzones (Meidinger and Pojar 198lp-Boreal Spruce (SBS), Sub-Boreal Pine
Spruce (SBPS), and Interior Douglas-fir (IDF).

3.2.2 Data description and preparation

Data for the parameterization of SORTIE-ND andingsof the hybrid model approach in
this study were collected by LeMayal. (2007). These data were gathered as part of adB€sF
Science Program project to obtain additional dataniputation of regeneration following MPB
attack using Progno$is The sampling design targeted stands where physiidence and/or
historical records indicated that MPB disturbanceuored roughly 25 years ago. A second group
of stands were sampled where MPB disturbance hautied roughly 8 years ago; however, the
narrow set of site conditions and short time spatvben disturbance and sampling did not lend
these latter stands to the type of testing cawiddn this study and consequently, they were not
included in the simulations. However, this secoathset did prove to be useful for the

parameterization of SORTIE-ND substrate behaviasdater described in this paper.

Evidence of MPB disturbance was sought throughnabamation of historical forest
inventory records, personal communication with Idogest practitioners, and the presence of
physical characteristics typical of MPB disturbaat¢he targeted site. For each selected stand,
two to six plot centres, depending on the sizédnefdtand, were established using systematic
sampling with a random start. The distance betveaeh plot centre ranged between 50 m and
150 m, with a minimum distance of 50 m from a roacny other significant opening. At each
sample point, a nested fixed area plot was usest, &ilarge fixed-area plot of 11.28 m radius
was established and measurements of diameter ediaitt at breast height (DBH; 1.3 m above
ground), total tree height, and height to the lmdghe live crown were collected for live trees
greater than 7.5 cm DBH. Measures of crown dianaterown base were recorded from two
randomly selected trees of every species talligderplot. A 5.64 m radius plot was then
established at the same point as the 11.28 m plbexe all trees greater than 2 cm and less than
7.5 cm DBH were measured for DBH and total tregleiOn the perimeter of the 11.28 m
radius plot, four 2.07 m radius plots were estllison each of the four cardinal directions,
while a fifth plot was located at the centre of #1628 m plot. Within these five small plots,
seedlings less than 2 cm DBH and greater than 1Beight were tallied into four height classes;
15cm-49 cm, 50 cm - 100 cm, 100 cm - 150 cm,gredter than 150 cm (but under 2 cm
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DBH). The proportion of cover by different substisatn each 2.07 m radius plot and the type of

substrate used by seedlings was also recorded.

3.2.2.1 Reconstruction of tree-lists

Simple tree reconstruction methods, applied to @émthin the 2006 field data, were used to
estimate stand structure characteristics (DBH, ktelgasal area, stems Hhane or two years
following MPB-disturbance. These estimated char#sttes were used as the starting point for
model simulations. Based on sources from the titeeaHeath and Alfaro, 1990; Hawketsal.
2004), the MPB population in the study area laskpd in 1981 (i.e., 25 years ago). The
reconstruction of stands was completed in two p)dbe first phase involved back-casting live
trees, snags and downed trees recorded in the dilradius plot, while the second phase of
back-casting was exclusive to those trees recdroae 5.64 m radius plot. A terse description
of reconstruction methodologies for live trees,gsnand downed trees recorded in 11.28 m radius
plots is provided here, while full details of thtarsd reconstruction process are provided in
LeMayet al. (2007). Briefly, wildlife tree classification cogsleecoded for snags and downed
trees, based on the level of decay, were usedlicait® which trees were alive 25 years ago.
From the list of live trees recoded in 2006, tr&&H>and height values were obtained by reducing
diameters backwards in 10 year cycles with heighsstimated at each time. Some live trees in
the 2006 tree-list were back-casted DBH < 0 ancevileerefore not present in the 1981 tree list.
A modified version of the adult tree growth modeFrognosi&” was used to estimate the 10
year diameter growth increments. Back-castingesfd recorded in the 5.64m radius plot
employed the same general methods, except thatdiesoversion of the Progno§fssmall tree
5-year height increment model was used to backtmstheights, and diameters were estimated
from tree height at each cycle. Parameters fosthall tree 5-year height increment model were
obtained from Robinson (2004).

3.2.3 The SORTIE-ND Modél

The SORTIE-ND model contains several behavioursh earresponding to a biological
process. They range from light behaviours to segdistablishment and substrate behaviours. In
this paper, the description of the SORTIE-ND masdeeéstricted to the behaviours directly
related to growth, mortality, and natural regenergtas these were the most important processes
within the context of this study. Following thisadescription the parameterization of SORTIE-
ND.
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3.2.3.1 SORTIE-ND growth and mortality

Several behaviours within SORTIE-ND are specifitré® size classes, or life-history stages

as they are referred to in the model. For thissttieese were:

Seedlings: trees ranging in height from 0.1 cm {mum height allowed by SORTIE) to
1.35m;

Saplings: trees greater than 1.35 m height anddest 0.01 and 7.5 cm DBH;
Adults: trees greater than or equal to 7.5 cm D&t
Snags: adult trees that died during the simulation.

In the version of SORTIE-ND used for this studyrdeter increments for treg€%.5 cm

DBH were estimated using the following functions:

a

a+bxD10
D10Growth = W +& (3.2)
D10Growth = (a+bx D10) x (GLI /100)° + & (3.3)

whereD10Growth is the estimated diameter increment 10 cm fronbtse of the tree. Estimates
for aspen Populus tremuloides Michx.) and hybrid spruceP{cea engelmannii x glauca

(Moench) Voss) were derived from Eq. 3.1 and E2, @spectively. Lodgepole pine and
Douglas-fir Pseudotsuga menziesii var.glauca (Beissn.) Franco) estimates were derived from
Eq. 3.3. GLl is the Gap Light Index for the treeconsiderationD10 is the diameter at 10 cm
anda, b, c andd are species-specific parameters. Incremented tiasnat 10cm were used in an

allometric function to estimate diameter at brémsght (DBH, 1.3 m).

Adult tree diameter increments were calculated from
DBHGrowth = MaxGrowth x S zeEffect x ShadingEffect x CrowdingEffect (3.4)

whereDBHGrowth is estimated diameter increment at breast hedgitiMaxGrowth, SzeEffect,

ShadingEffect andCrowdingEffect are species-specific parameters between 0 arat and used
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to reduce the maximum growth rate of a tree. ChawdingEffect parameter is based on a
neighbourhood competition index (NCI) that meastinespotential reduction in growth based on

the proximity of other trees with a minimum of hetigf 2 metres.

In SORTIE-ND, tree vigour, expressed through annadial growth, is used to predict the
probability of mortality for juvenile trees. An aitional density dependent mortality function is
applied to juvenile aspen. Adult tree mortality doe&ompetition is estimated as a function of the
relative increment of a tree and is directly redai@ adult DBH growth and thdaxGrowth and
SzeEffect parameters in Eqg. 3.3. Lastly, a stochastic backgt mortality function is applied to

all juvenile and adult trees.

3.2.3.2 SORTIE-ND natural regeneration

Natural regeneration in SORTIE-ND is simulated tlyio a regeneration behaviour. First, the
simulation of seedling dispersal is accomplishedubh spatial or non-spatial functions that use
species-specific parameters. Spatial and non-$patictions can operate simultaneously. Next,
establishment, which constitutes the progressiom fseeds to seedlings, is estimated as a

function of substrate availability, substrate prefeee, and proximity of conspecifics.

3.2.4 Parameterization of SORTIE-ND Behaviours
Not all parameters for the SORTIE-ND behavioursiddae estimated from the field data

collected within the Williams Lake study area. Trgnary source for parameters that could not
be estimated from the field data was Astetipl. (2007). This section outlines those parameters
that were obtained from the Williams Lake fieldaland then describes the refinements to the
parameters supplied by Astrapal. (2007).

Using the field data from Williams Lake, saplingdaadult tree height was estimated through:
Height = 1.35+ (MaxHeight — 1.35) x (1- ™ )+ ¢ (3.5)

whereHeight is the estimated total height of the trisaxHeight is the maximum height
attainable by a given species on the sampled sitel) is a species-specific parameter. The
constant 1.35 is based on measurement of DBH atrii.&bove ground used in SORTIE-ND;
this was not altered to the 1.3 m used in the samigla. ThélaxHeight parameter in Eq. 3.5
represents the upper asymptote for tree heightlirnitd the height of individual trees. In theory,

this value represents the species’ maximum potdmgight given the environmental conditions.
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However, the Williams Lake datasets did not congagufficient number of trees that could be
considered to be representative of this maximumttelnstead, estimates faxHeight for each
species were obtained following inspection of treeal dataset and peer-reviewed literature,
including Nigh (2002) and Temesgen and Gadow (2004)3.5 was then fit for each species
using nonlinear ordinary least squares with a Gansterative search method (PROC NLIN,
SAS Institute Inc. 2003). The fitted equations sedwio lack of fit and had pseudo-coefficient of
determination (B values of 0.83, 0.86, 0.80 and 0.84 for aspemglxs-fir, lodgepole pine and

hybrid spruce, respectively.

A nonlinear three-stage least squares (N3SLS)ditiechnique was used to estimate crown
depth and crown radius (Chapter 2 of this theBiShORTIE-ND, crowns are represented as
cylinders. A pseudo-measure of crown radius, defeeone quarter of the diameter at the base
of the crown, was used in SORTIE-ND to adjust g@esentation of crowns to the more conical
or paraboloid crown shape observed for many canifeanhanet al. (1999) described the
adjustment to one quarter crown diameter as a rdeghobtaining the “effective” crown radius.
The adjustment to the effective crown radius shoeddilt in an increased amount of light

penetrating through the upper canopy.

Substrate parameters were obtained from the Wilihake dataset from the plots
established in stands attacked by MPB 8 years@ujustrate data collected from these plots were
preferred as they were more likely to be reflectfeonditions immediately following MPB
disturbance. The parameters were estimated baste gmoportion of ground occupied by a
given substrate type, where values summed to 100%substrate types included: 1) a forest
floor litter and moss pool; 2) fresh logs, defirednewly fallen trees (fresh logs are then
converted into decayed logs by the substrate betgyi3) decayed logs; and, finally, 4) exposed
mineral soil. Obtaining substrate proportions mflee of conditions following MPB attack were
critical to the simulation process. In SORTIE-NR¢ch substrate has a favourability rating that is
specific to each species. These ratings are otveodfactors that determine the number of
seedlings that successfully establish. The ottetorfas the amount of canopy cover estimated to

be above the various substrates.

All other parameters were obtained from Astetipl. (2007). This included parameters
relating to the transmittance of light through cnewtree growth, mortality, snag fall-down, seed
dispersal, and seedling establishment behavioargsiimate these parameters, Aseugl.

(2007) sampled mainly from stands located on m&t#s in the SBS Moist Cold Subzone,
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Babine variant (SBSmc2) variant situated arounddia of Smithers, located in the
northwestern region of the province of BC. Relativéhe Williams Lake study site, growing
conditions around Smithers are characterized blydnicainfall, and higher mean summer
temperatures (Environment Canada 2007). Thesetddinhifferences result in slightly higher
productivity ratings for spruce, aspen and lodgepahe (BC Ministry of Forests and Range
2006). Climatic and site conditions are not exfijanodeled in SORTIE-ND; rather,
environmental influences are reflected in the patamestimates. By using parameters from the
Smithers area, some minor overestimation of tree/tfr was expected. Arguably, the most
notable difference in growing conditions betweemtilio study sites is the amount forest floor
moss cover. The drier conditions of the Chilcotiat&au tend limit the amount of forest floor
MOSS cover exposing a greater proportion of sulestfavourable to the germination of
serotinous and non-serotinous pine seeds (BC FBrastices Board 2007). However, as noted,

substrate parameters were estimated using theaWigliLake dataset.

Although it was assumed that most of the parametatesned from Astrupt al. (2007)
would provide reasonable estimates, extra attemt@Espaid to the seed dispersal parameters for
lodgepole pine. In SORTIE-ND, seeds can be disgdarseugh a spatial or non-spatial function,
or through a combination of the two. Parametersvasailable for both of these functions,
although the non-spatial parameter was intendedosimulate a background level of seed
dispersal. This posed a challenge to the hybridehsichulations since the location of trees
imported into SORTIE-ND were randomized and it waknown how this would effect the
behaviour of the spatially dependent seed dispérsation. Having estimated the substrate
parameters from the Williams Lake dataset, a pislny round of simplified simulations was
used to evaluate the potential effects. Resulte wempared against simulations that used an
alternative non-spatial seed dispersal parametée Wie spatial parameters were set to zero. The
alternative parameter was derived from recordect#d within the SBS Dry Warm Subzone,
Horsefly variant (SBSdw1) subzone located in thalid@ Forest Region (BC Ministry of
Forests 1999). These records indicated that bet@@@90 and 70,000 lodgepole pine seeds ha
per year, were counted over a 3-year period. A@wasive estimate of 3 seeds s was used
for the non-spatial seed dispersal parameter. Beseémed to corroborate the use of the
alternative non-spatial parameter, as predictedlisgedensities fell between the upper and lower
boundaries of ecological expectations for the dims of the study area. Conversely, lodgepole
pine seed dispersal parameters from Asétugd. (2007) seemed ill-suited for the stands sampled

in the Williams Lake study site, since predictiafisodgepole pine seedling densities fell far
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below recognized natural stocking levels for thelgtarea (Alfaraet al. 2004; BC Forest
Practices Board 2007; Hawketsal. 2004). For spruce and aspen, alternative seedrdip
parameters amicable to the environmental conditidrise study site could not be found. Thus,

the parameters from Astrigpal. (2007) were used.

3.2.4 The Prognosis® M odel

The most important Progno&tssub-models related to the hybrid modelling appncare the
growth and mortality sub-models. These are destiin¢his section, followed by a description

of the parameters used to initialize the modettits study.

3.2.4.1 Prognosis’® Growth and Mortality

In Prognosi&”, trees< 2 in (5.08 cm) DBH are incremented first througeight increment
model (Robinson, 2004):

HTG = ¢ (3.6)

wheref is defined as:

f =a +a, cCos(ASP )S_+a, sin(ASP 9L +a,S.

3.7
+a,H +a6Iog(H)+a7CCF+a8% (3-7)

and whereASP is the stand aspect (in radiarBAL is the basal area of trees largeDBH than

the subject tree in fiha, CCF is the crown competition factdd, is tree height in L is the

slope ratio for the stand artdTG is the estimated 5-year height increment in mefyht-based

allometric function is then used to estimate tleevditers of small trees:

DBH =by(H - 45)* +[A;’:

x (0.01232x CCF - 175)RELH
(3.8)

x (RELH - 2.0)+ 065

where AVH is the top height for the stand in fegtdRELH is the relative height calculated as
(H-4.5)/ @AVH - 4.5) (0.0< RELH < 1.0). Increments of DBH are obtained through sdiiton.

For Prognosf&’, estimates from Eq’s 3.7 and 3.8 are converteu froperial to metric units.

When diameters of small trees reach the upperhbl@®f 4 in (10.2 cm), heights estimated
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through Eqg. 3.6 are combined with diameter-weigletgtimates of large tree height growth. This
allows for a smooth transition from small to latgege growth models. The diameter growth of

large conifer trees is estimated through:
DDS=e (3.9)

wheref is defined as:

2
f=a +a2%)+a3[lE—(l)‘Oj +a, Cos(ASP )SL +a, sin(ASP )S|_+a6%

(3.10)
BAL BAL

+a,DBH +a,DBH? +a,BAL +a +a +
! % ° ““DBH  log(DBH +1)

a,CR

and CR is the ratio of crown depth to total treghie DDS is square of the 10-year DBH growth

increment in crf) EL is the stand elevation in m aagto a,, are species-specific parameters.

Mortality in juvenile trees is a function of treees and vigour. The probability of mortality
increases for smaller trees and for trees with\agsur. The mortality of larger trees is primarily
a function of the maximum occupancy of a site, ppan threshold that is estimated from the
maximum basal area for a given stand. As standsaphp this threshold, growth rates decline

and the probability of mortality increases.

3.4.2 Prognosis’® Parameters

Parameters for the growth equations and all othe functions are already built into the
model. In the version used for this study, parametere available for the Nelson, Kamloops
and Cariboo forest districts. Within the Caribocef district, calibration of the model was
limited to the IDF dk3 01 (i.e., dry cool) variadtthough three of the stands tested were from
this same variant, the remaining stands were frifferdnt variants within the IDF, SBS and
SBPS zones. Nevertheless, parameters for the IBP#lkariant were used in all simulations.
The rationale behind this choice was that the stéeihg tested generally developed under mesic
and medium soil moisture and nutrient regimes. Alseas assumed that climatic and site
differences would produce only minor differencegiiawth predictions. The Fire and Fuels
Extension (FFE) (Reinhardt and Crookston, 200B)rtagnosi&” was used to control the rate of
snag-fall. Since the snag-fall rate among pinestkéiéeed by MPB is known to be lower than the
average rate of fall for the species (Hawkea . 2005), the SNAGFALL keyword in the FFE

was used to simulate conditions where 95% of s@&gs1 DBH or larger would fall within a
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span of 30 to 90 years.

3.25Hybrid Model Structure

A schematic of the linkages and overall flow of Hydrid model approach used for this study

is shown in Figure 3.2.

Sortie-ND Sortie-ND
New O/S +tree
O/S + U/S tree list following
list . simulation
(from reconstructed
stands) New .
Seedlings +
Saplings
Timel Time 2 Time 3
PrognosisBC PrognosisB¢ PrognosisEC
. tree list .
list followin New Seedlings
(from reconstructed ro'ectign projected in
stands) pro] Prognosis
Imputation
from SORTIE

Figure 3.2 Schematic of the hybrid model appro&nlrerstory (O/S) and understory (U/S) tree-listshef
same population are imported into SORTIE-ND andjRosiS§® at Time 1, which is shortly after
disturbance. At Time 2, Progno$issimulations are paused while SORTIE-ND is stopp#uierstory
trees are exported from SORTIE-ND, formatted anparted into PrognosiS, replacing trees within the
same size class. ProgndSiss restarted with an updated tree-list and prej@od points in time within the
mid-term planning horizon (Time 3).

The modelling process began by importing the saongbined overstory and understory tree
tree-list into SORTIE-ND and Progno¥isshortly after the time of disturbance, noted héurtle
as Time 1. The tree-lists were a list of the sped&es (DBH and height), and stems per ha (i.e.,
expansion factor) for each tree in the list. FORIT@E-ND, the tree-lists were modified to a file
of single trees, with an expansion factor for etaeb of one. For Progno8Ts the input to the
model was the tree-lists with the expansion facibhng practical implications of this distinction
with regards to linking the two models are discdssea latter section. Once the models were
populated with individual tree records, parametershe tree population were specified and the

simulations began.
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As a simulation proceeded from Time 1 to Time 2, Pnognosf& model was operated
independently from the SORTIE-ND model. During thigase of the simulation, no new
seedlings were added to the tree-list projectd®fagnosi&c. At Time 2, SORTIE-ND
simulations were stopped, and simulations in Prsigffowere paused. Using predetermined
upper and lower size classes, seedlings and adyaegeneration were selected from the
SORTIE-ND projections, reformatted and importea itite paused simulation in Progn&Sis
Upon import, the cohort of understory trees settétem SORTIE-ND replaced all trees within

the same size class that remained in tree-listésted to Time 2 using ProgndSis

In theory, Time 2 represents the point at which seedlings and advanced regeneration
have occupied the growing space in the undershatyiiecame available either through
disturbance (e.g., the MPB outbreak), crown risdgadh (Oliver and Larson 1996). Although the
ingress of seedlings may continue after this paompetition for resources and growing space
limit the number of successful germinants. In pcagtthe time at which this occurs may be
difficult to define as there are several factoet thfluence the timing, including changing
understory light conditions, soil moisture conditso proximity of seed sources, prevailing wind
direction, and species composition (Oliver and €ar$996; Bainbridge and Strong 2005).
Identifying a point in time that provides a readaeaestimate of the onset of stabilized conditions
following understory reinitiation is a key deterraint in the ability of this hybrid model approach

to provide accurate estimates for the mid-termmitagnhorizon.

In the current state of this hybrid model, the digks that have been described are static in the
sense that seedling and advanced regenerationgioms! in Prognos?s simulations are not
dynamically updated through a feedback mechanigim 8ORTIE-ND. There is only the transfer
of tree-list information from SORTIE-ND to Progns$i. Conceptually, however, a dynamic
feedback system could be achieved by creating amtay flow of information between the
models, where Progno8&fswould simulate the growth of the stand over orgey(s or 10 years)
following an update of its seedling and advancegmeration population, then provide SORTIE-
ND with a full tree-lists following this growth cie, which SORTIE-ND then would use to
project the next cohort of seedlings and advanegdrmeration targeted for transfer to

Prognosi&©.

3.2.6 Simulations

Thirteen stands were randomly selected from thdialtis Lake dataset and projected using
the hybrid model. Three of the stands were from3BeS, two from the SBS and eight from the
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IDF. The selected stands were considered to betgtally complex, composed of multiple

species and multiple age classes. Lodgepole pisglveadominant overstory species in eight of
the stands, and the dominant understory specigisénstands. Aspen, Douglas-fir and hybrid
spruce occurred mainly as secondary species inrttierstory, although for one stand Douglas-fir
was the only understory species recorded, whilafiother stand aspen was the dominant
species. Douglas-fir was the dominant overstorgisgdn four stands, but was completely absent
from the overstory in seven of the stands testedekch of the 13 stands, the reconstructed plot
data for 1981 were used as inputs to the modetsgTli data). Field measurements from 2006
were used to obtain a stand-level tree-list fohezdhe 13 stands to assess model projections, as

discussed later under model evaluation.

Summary statistics for the 13 stands are giverailds 3.1 and 3.2. Assuming that dead pine
trees in the stands backcast to 1981 died as & oésiitack from MPB, the proportion of stand
basal area (frha’) that was killed by MPB for these 13 stands rarfgeah a high of 74% to a
low of 19% with an average of 43%. However, theses were not included in the tree-lists
used to initialize SORTIE-ND and ProgndSisit was felt that excluding these snags from the
starting tree-lists would not significantly alteregictions of understory light conditions since
many of the pine trees that were likely killed byBlin the 3 or 4 years prior to the date which
the stands were backcast. Therefore, it is likey many of these trees would have dropped most

of their needles, thus, casting less shade.

For each stand, the simulated growing environmeSORTIE-ND was defined by a square
9 ha plot (300 m by 300 m). To create a 9 ha stanmd each tree-list, the tree-lists for all plofs o
a stand were pooled. Then, the trees were reptidatobtain a 1 ha area. For example, if there
were five 11.28 m radius (0.04 ha) plots withirtang, then the combination of the five plots
represented 0.20 ha. Each tree was then replit@miednore times to obtain 1 ha. The 1 ha tree-
list was then replicated eight more times to ghe equivalent of a tree-list that covered 9 ha.
This approach was used to expand the list of ne@wrded in the 5.64 m radius with the
appropriate adjustments to reach a stand of 9 bareé¢s remained in the 2.07 m radius plots
following reconstruction. Since the spatial cooedés of trees were not collected during field
sampling, individual trees were assigned a randmmation coordinate prior to importing tree lists
into SORTIE-ND.
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Table 3.1 Mean stem density (stem3)hand basal area (rha') by tree size class in 1981 (estimated

through reconstruction) for the 13 stands usetiénhybrid modelling simulations.

<D25CHm 2<DBH <7.5cm 2<DBH <7.5cm
swdr  je e Sar  SEE e SEw b
1 4 Aspen 0 0 0 0 0
Douglas-fir 200 55 0.2 545 17.4
Lodgepole pine 0 0 0 114 5.6
2 2 Lodgepole pine 450 170 0.2 114 4.6
Hybrid Spruce 0 0 0 0 0
3 3 Aspen 419 74 0.1 62 1.0
Lodgepole pine 197 80 0.2 456 15.4
Hybrid Spruce 42 9 0.1 8 1.0
4 2 Lodgepole pine 1199 150 0.4 328 10.9
Hybrid Spruce 0 0 0 13 1.0
5 3 Douglas-fir 461 43 0.2 479 315
Lodgepole pine 0 0 90 4.0
Hybrid Spruce 0 0.1 0
6 6 Aspen 17 0 0.1
Douglas-fir 5 0 0
Lodgepole pine 1629 372 0.8 549 75
Hybrid Spruce 0 4 0.1 0 0
7 3 Aspen 0 0 0 8 0.3
Douglas-fir 494 252 0.7 673 15.1
Lodgepole pine 0 18 0.1 149 4.9
8 2 Lodgepole pine 299 90 0.3 324 11.0
9 4 Lodgepole pine 249 40 0.1 298 11.32
10 3 Lodgepole pine 197 115 0.4 706 17.2
Hybrid Spruce 107 151 0.2 127 2.5
11 3 Aspen 329 0 0 17 0.7
Douglas-fir 33 33 0.2 586 17.8
Lodgepole pine 0 0 0 659 33.1
Hybrid Spruce 0 18 0.1 211 6.2
12 3 Aspen 923 144 0.3 71 1.1
Lodgepole pine 1006 75 0.1 152 5.2
Hybrid Spruce 0 0 0 0 0
13 4 Aspen 199 20 0.1 31 0.4
Douglas-fir 6 12 0.1 13 0.1
Lodgepole pine 424 264 0.5 750 13.0
Hybrid Spruce 25 12 0.1 6 0.1
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Table 3.2 Mean stem density (stem3)hand basal area (rha') by tree size class in 2006 for the 13

stands used in the hybrid modelling simulations.

<DZB°Hm 2<DBH <7.5cm 2<DBH <7.5cm
smon pos gem  SEN SEp Sm Sme o
1 4 Aspen 297 0 0 0 0
Douglas-fir 2042 200 0.5 581 23.0
Lodgepole pine 0 0 0 75 3.6
2 2 Aspen 222 0 0 0 0
Lodgepole pine 7577 1550 3.0 287 6.9
Hybrid Spruce 445 0 0 0 0
3 3 Aspen 4902 433 0.7 133 2.2
Lodgepole pine 5150 566 0.9 350 8.4
Hybrid Spruce 247 33 0.1 25 0.3
4 2 Lodgepole pine 5794 2450 3.6 438 13.4
Hybrid Spruce 520 0 0 12 0.4
5 3 Douglas-fir 8270 667 1.2 525 36.7
Lodgepole pine 49 0 0.1 75 3.8
Hybrid Spruce 0 33 0 8 0.1
6 6 Aspen 4060 50 0.1 4 0.1
Douglas-fir 50 0 0 4 0.1
Lodgepole pine 3045 1483 25 917 15.9
Hybrid Spruce 0 0 0 4 0.1
7 3 Aspen 198 0 0 8 0.4
Douglas-fir 3268 667 1.4 867 21.9
Lodgepole pine 50 0 0 133 5.8
8 2 Aspen 222 0 0 0 0
Lodgepole pine 6760 1700 2.29 275 8.5
Hybrid Spruce 74 50 0.1 0 0
9 4 Aspen 37 0 0 0 0
Lodgepole pine 6165 975 0.9 287 14.1
Hybrid Spruce 334 0 0 0 0
10 3 Aspen 99 0 0 0 0
Lodgepole pine 990 233 0.6 792 24.2
Hybrid Spruce 544 233 0.5 292 5.7
11 3 Aspen 544 466 0.3 8 0.4
Douglas-fir 247 0 0.1 483 22.4
Lodgepole pine 0 0 0 542 30.7
Hybrid Spruce 990 67 0.1 200 7.0
12 3 Aspen 2129 1133 1.3 200 3.1
Lodgepole pine 7280 2166 25 275 7.8
13 4 Aspen 2525 175 0.2 31 0.7
Douglas-fir 148 50 0.1 31 0.6
Lodgepole pine 3194 600 1.3 794 18.1
Hybrid Spruce 0 50 0.1 19 0.3
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The transfer of tree-lists from SORTIE-ND to Prosist followed the model flow depicted
in Figure 3.2. To determine the most appropriaiatt which to transfer trees less than 7.5 cm
DBH from SORTIE-ND to PrognodiS (i.e., Time 2), four transfer times were testeldede were
5, 10, 15 and 20 years following the start of tineutations. Since the time between the
reconstructed plot data and the measures in 2Q06ed 25 years, Time 3 was defined as 25
years from Time 1. For SORTIE-ND, each growth cyeées defined as a single year, while in
Prognosi&°, growth cycles operated on a 5- year basis. FoBthear hand-off simulation, a list
of trees < 7.5 cm DBH was obtained from SORTIE-N[Eha end of the fifth growth cycle. Since
this list represented the number of trees ovemalsited 9 ha plot, an expansion value of 0.111
stems per hectare (i.e., from a 1 ha area) was goseach tree in this list to be compatible with
the tree-list inputs of Progno&is Trees selected from SORTIE-ND were inserted ¢o th
Prognosi&” tree-list following the initial 5-year growth cygland replaced any trees < 7.5 cm
DBH. Included in the tree-lists imported from SOEINID, were trees that were less than 1.3 m
in height and therefore, had no DBH (in SORTIE-Niiymeters for seedlings are recorded at 10
cm above the ground). For the transfer to ProgfgsisDBH of 0.1 was assigned to all imported
trees below 1.3 m in height. Making this adjustnaidtnot have implications for the modeling
process as Progno&fsuses a height increment model for trees of this, sind thus the input
DBH was not used for these very small trees. Theynepdated tree-list was then projected
forward for 20 years. The same approach was useallfeemaining transfer times (i.e.,
variations in Time 2) and adjusting the amountragtfrom Time 2 to Time 3 in order to obtain a

25-year projection.

Following the initialization of the simulations 8ORTIE-ND for the 13 randomly selected
stands, it quickly became apparent that the leafitime required by SORTIE-ND to simulate
the 25-year period was very long. The averageima for a stand to complete 25 time steps (1
year/time step) was 80 hours. Therefore, the sidlhand-off for the 5 and 10 year periods
from Time 1 to Time 2 were completed for all startdswever, only 10 of the 13 stands were
simulated for the 15 year hand off, and nine staodspleted the 20 year period. For seven of the

13 stands, a projection period of 25 years wassiiaalated.

3.2.7 Evaluation

To evaluate the performance of the hybrid modet@ggh, mensurational data collected in
2006 from the 13 stands selected for testing wengpared to predicted values obtained at the

end of the 25 year simulation period for the faansfer points (5, 10, 15 and 20 year transfers).
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Additionally, the 2006 field data were compareddsults obtained from running the stands in
SORTIE-ND for the entire 25 year period. Similamparisons were also made to results
obtained from using Progno&fsalone; however, since it was known beforehandribairal
regeneration would not be simulated in ProgriSsisomparisons of predicted results to field data

were only useful for the larger tree size classes.

The accuracy of the model predictions were assehsedgh the average differences
between observed and estimated values (mean brasy$al area Hastems haand tree height.
Mean biases for basal area'tveere calculated for two tree size classes £DBH < 7.5cm; and
DBH > 7.5cm), while mean biases for stems gere calculated for three size classes (< 2.0cm
DBH; 2.0 <= DBH < 7.5cm; and DBH > 7.5cm). Meandaa for tree heights were calculated for
five size classes (2.0mheight < 5m; 5nx height < 8m; 8nx height < 11m; 11nx height <
14m; and 14mx height < 24m). Since the number of stands simdl&ieeach tree list transfer
was unequal, calculations of the mean biases may I@en affected. However, evaluation
through mean biases seemed reasonable since geeoastand types simulated at each transfer
time remained relatively unchanged. As well as mgas, the root mean square error (RMSE)

was calculated for each variable and size class.

Further evaluation was performed by comparing modgbuts to what Robinson and Ek
(2003) refer to as emergent properties. This ettaakamining the interactions among the
hierarchical processes that are modeled, from iddal trees to the stand. Specifically, emergent
trends pertaining to periodic radial growth andenstbry light levels were compared to
ecological expectations. This allowed for an eviiduneof variables that were not collected in the
field yet were critical to the overall performarmfethe models. Emergent trends also were
compared to data from the literature which alloiegdhe models to be evaluated at points in
time other than 25 years after MPB attack. For gptapnHeath and Alfaro (1990) reported on the
growth response of MPB affected stands observegars after disturbance. This allowed for an
evaluation of the general trends rather than hesfinal model estimates. Finally, a comparison
of predicted growth rates between SORTIE-ND andyRosiS® was completed in order to shed
some light on the source of the biases. Growthtfans derived from PrognoSfswere used to
reconstruct the stands and thus, represent whdiecaansidered to be the expected growth rate.
Predicted growth rates from SORTIE-ND that exceefdlbbelow this expected rate indicate

where the hybrid model may be underperforming.
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3.3 Reaults

3.3.1 Stand Simulation Mean Biases

Since lodgepole pine was the dominant species st ofdhe simulated stands, reporting of
results is mainly focused on this species. The lgstaihean bias for the basal area of advanced
pine regeneration (trees2DBH <7.5cm) was generated through the 15-yearlisegansfer
point simulations (Table 3.3), hereafter referreds “the 15-year transfer”. For the simulations
run using this transfer point, the predicted measabarea of advanced pine regeneration was
1.47 nf ha', while the actual mean basal area was 1.5Bah The mean predicted basal area
represented a 45% increase in basal area frometiarting of the simulations. The variability in
the mean biases for advanced pine regeneratiogevesally low; however, there were a few
stands with large overestimates of basal areae¥ample, one stand was estimated to have 7.1
m’ ha' of advanced pine regeneration, when in fact thrdsactually only had 2.98’ma.
Comparatively, the SORTIE-ND simulations resultedarger mean biases for basal area of
advanced pine regeneration than the 15-year tnarsdfieough the variability in the mean biases

were similar to those for the 15-year transfer.

For estimates of the basal area of larger trees (trees = 7.5cm DBH), the 15-year transfer also
seemed to do a good job and greatly improved upon estimates provided by SORTIE-ND. The 15-
year transfer provided an estimated mean basal area of 10.44 m” ha™ for adult pine trees, which
was an increase of 26% from the basal area at Time 1. Except for two of the 10 stands used in
this transfer, the variability of the prediction biases for adult pine was low, remaining within 4
m? ha™ of actual values. The largest bias for a single stand was an overestimate of 13 m* ha™,

which was alarming since all the stands tested were of similar density and species composition.

For comparison, Progno&iswas run independently for each stand for the efir-year
projection. Not surprisingly, these runs produdesllargest underestimate for the basal area of
pine> 7.5 cm DBH, an average difference of 5.07ha" from actual values. It was slightly
surprising to see that when SORTIE-ND was run iedépntly, the basal area of pm&.5 cm
DBH was overestimated by upwards of 9ma’. Almost certainly, this is due to the use of
SORTIE-ND growth parameters obtained from standsdhe generally considered to be more

productive than the stands used in the simulations.
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Table 3.3 Mean bias and root mean square errqrafientheses) of basal area and stem density classes

four transfer simulations and independently run SERND simulations

Basal Area Stems h#

2<DBH<7.5 DBH>7.5 DBH<2cm 2<DBH<7.5 DBH>7.5
5yr Transfer
Aspen 0.1 (0.3) 0.7 (1.1) 1385 (2173) 171 (339) 39 (69)
Douglas-fir 0.3(0.6) 2.1(3.6) 591 (2043) -494 (1841) 90 (119)
Lodgepole pine -10.3 (11.6) 2.3(4.2) 4187 (4997) -2219 (2859) -16 (188)
Hybrid spruce 0.1(0.1) 0.3(0.9) 228 (376) 28 (54) 30 (53)
10yr Transfer
Aspen 0.2 (0.4) 0.5(0.8) 1270 (2081) 166 (352) 18 (34)
Douglas-fir 0.3(0.6) 1.1(2.2) 835 (2431) -1076 (2437) 62 (94)
Lodgepole pine -3.3(3.9) 0.3 (5.0 4187 (4997) -1475 (1927) -273 (785)
Hybrid spruce 0.1 (0.1) 0.1 (0.4) 225 (374) 17 (60) 26 (55)
15yr Transfer
Aspen 0.2 (0.4) 0.5 (1.0) 1324 (1983) 167 (403) 27 (59)
Douglas-fir 0.2 (0.5) 0.2 (1.0 1114 (2864) -696 (1926) 40 (53)
Lodgepole pine 0.1(1.7) -0.4 (4.5) 4729 (5365) 31 (1042) -307 (842)
Hybrid spruce 0.1 (0.1) -0.1 (0.2) 141 (251) -9 (24) -3(8)
20yr Transfer
Aspen 0.2 (0.5) 0.5 (1.0) 1574 (2393) 192 (404) 30 (59)
Douglas-fir 0.3(0.5) 0.1(0.7) 1053 (2724) -693 (1926) 30 (45)
Lodgepole pine 1.4 (1.8) 0.7 (1.17) 3402 (4438) 1147 (1375) -69 (109)
Hybrid spruce 0.1 (0.1) -0.1 (0.14) 110 (208) -1 (23) 1(6)
SORTIE-ND
Aspen 0.3(0.5) -1.5(2.6) 1657 (2536) 223 (454) -26 (40)
Douglas-fir 0.2 (0.3) -0.7 (1.5) 136 (483) 49 (100) 7(12)
Lodgepole pine 1.9(2.1) -9.0 (10.2) 4411 (4985) 1483 (1616) 6 (94)
Hybrid spruce -0.1 (0.2) -0.5(0.7) 145 (236) -11 (22) -37 (41)

Estimates of basal area for aspen, Douglas-firrgheid spruce advanced regeneration were

also quite good for the 15-year transfer. Howesieige the actual basal area for these three

species tended to be quite low for most stanagadt difficult to assess model performance for

these species. Nevertheless, it was encouragihgahexceedingly large overestimates of basal

area were predicted for these three secondary stodgispecies. For aspen and Douglas-fir, the

basal area of advanced regeneration was predizigecrease from 0.15%ha’ and 0.13 rhha’
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to 0.03 M ha' and 0.01 rhha, respectively. For hybrid spruce, changes frombginning of

the simulations were only marginal. For aspen, Deam#jr and spruce the mean predicted adult
basal area was 0.22%Ma", 15.00 M ha®, and 0.19 rhha®, respectively. For aspen and Douglas-
fir, these estimates amounted to an increase friome T of 0.16 rhha' and 5.5 mha,

respectively. Adult spruce basal area was predicietécrease by 0.47%ha’ from Time 1.

Estimates for stems Haf new regeneration (trees < 2.0cm DBH) were llgrge
underestimated for all species, regardless oflise&-ansfer time. The best estimate for the stem
density of new pine regeneration was obtained tjindbe 20-year tree-list transfer simulations.
In fact, only the 20-year tree-list transfers amel simulations run to completion in SORTIE-ND
predicted the presence of trees in the < 2.0cm B2kl class after 25 years. The variability in the
biases of new pine regeneration for the 20-yearlts¢ transfer simulations were quite high, with
a maximum overestimate of 2081 stems Aad a maximum underestimate of 6843 sterfls ha
The mean estimate of 756 stemg fsan increase of only 30 stems'tieom the mean stem
density of pine regeneration at the start of theutations. The best estimates of stenis foa
advanced pine regeneration were also achievedghriie 15-year transfer. However, variability
in the estimates was high, with a maximum overesténof 1892 stems Hand a maximum
underestimate of 1706 stems'h@he mean stems haf advanced pine regeneration from the
15-year simulations was estimated to be 1191 skethand is an increase of 1038 stemg ha

from the mean stem density at Time 1.

Although the 15-year transfer provided good estiwatt basal area for larger trees7(5 cm
DBH), it provided surprisingly poor estimates fters density for the same size class.
Conversely, the SORTIE-ND simulation provided vgopd estimates of the stem density of
larger trees for all four species. Among the hylpniodel simulations, the 5- and the 20-year
transfer provided the best estimates of stem defwitarger trees. With the 5-year transfer,
densities for larger pine were projected to inceeatarting from an average density of 260 stems
ha at Time 1 to 419 stems hat Time 3. Overall, however, it was somewhat neidisg that the
15-year transfer simulations performed reasonalelly iw terms of predicting the mean basal area
of advanced pine regeneration as well as larger pges. The consistency in the biases suggest
that this transfer point strikes the best balarete/een allowing the appropriate amount of
understory trees to grow into the overstory andai@pg those that did not with a new crop
predicted from SORTIE-ND. By far the worst estimfiieboth basal area and stem density for
advanced pine regeneration were obtained using-tfear transfer. Here, the hybrid model

greatly overestimated the basal area of advaneerpgeneration. Furthermore, estimates were
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quite variable.

None of the simulations predicted any notable aernwe of new aspen regeneration. The
mean biases for new Douglas-fir regeneration waset; however, the variability was quite
high. In some cases, underestimates were closg0 fems Hawhile overestimates were near
3300 stems hh For spruce, the 15 and 20 year tree-list trarsfeulations provided the smallest
mean bias (158 stemshand 125 stems Harespectively). Projecting stands in SORTIE-ND for

the entire simulation period provided similar résdbr trees< 2.0 cm DBH.

The average projected stem densities of aspen,|@®figand spruce advanced regeneration
and adult trees were very near observed denstres|fhybrid model simulations, as well as
when stands were run to completion in SORTIE-ND. &pen and spruce, the variability in the
biases among most stands was low. However, tham seene notable exceptions for advanced
aspen regeneration. For example, one stand codtiouae largely underestimated over all four
transfer simulations, reaching a maximum underes#rof 1132 stems Rawvith the 20-year tree-
list transfer simulations. For a second stand, rajribe tree-list transfers provided predictions of
advanced aspen regeneration after 25 years, wheegglity, the observed density was 300 stems
ha'. Few stems hf advanced spruce regeneration was estimatedghoot the 25 year
projection period, regardless of when tree-listsenteansferred. Projected changes from 1981
levels were minimal for advanced regeneration angel spruce. Among the stands that were
simulated in all four tree-list transfers, advan&emliglas-fir regeneration was observed in only
three stands. Thus, improvements resulting fromadrtige different tree-list transfer points were
unclear. For the 5-year tree-list transfer, twohef stands with Douglas-fir had extremely large
underestimates in the new regeneration size ctabggually large overestimates for advanced
regeneration. For these stands, it appeared thafrtdwth rate of small trees was too high,
resulting in an overestimate in of advanced reg#itar that was juxtaposed against an
underestimate of new regeneration. This trend epsated for Douglas-fir in many of the stands
in the 10-, 15- and 20-year transfer simulatiorigs Bame line of reasoning may also apply to the
contrasting over- and underestimation that wasriestfor new and advanced pine regeneration

in the 5- and 10-year transfer simulations.

Finally, SORTIE-ND and PrognoS$fsboth seemed to track the heights of trees quite we
(Table 3.4). Within SORTIE-ND, the close trackingme heights is likely because the
parameters for the height-diameter allometry equatiere estimated using the Williams Lake

dataset. Similarly, the equations used to relaighh@nd diameter within Progno%isused
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parameters calibrated for the IDF subzone withanG@hilcotin Plateau. Looking at the four
transfer simulations, there was a tendency to tiigiverestimate the heights of smaller trees. No
single transfer point provided a clear advantager the others in terms of predicting heights for

smaller and larger trees.

Table 3.4 Mean bias and root mean square errquafientheses) of tree height classes for four teansf
simulations and independently run SORTIE-ND simats

Tree Height (Ht)

2m<Ht<5m 5m<Ht<8m 8m<Ht<11m 1Im<Ht<14m 14m<Ht<24m
5yr Transfer
Aspen -0.22 (0.53) -0.23 (0.76) 0.92 (1.02) 020(0.31) -1.25 (1.49)
Douglas-fir 0.27 (1.25) -0.28 (0.54) -0.03(0.97  -0.61(0.69) 0.20 (0.54)
;ﬁf'egepo'e - -0.72 (0.86) -0.25 (0.71) -0.13 (0.66) 0(0456)
Hybrid spruce -0.23 (0.67) -0.17 (1.05) -0.48.0 -0.51 (1.04) -0.96 (1.00)
10yr Transfer
Aspen -0.46 (0.57) -0.32 (0.70) -0.31 (0.34) 050(0.43) -1.32 (1.53)
Douglas-fir - 0.44 (0.76) -0.08 (0.49) -0.5760) 0.16 (0.49)
'F;%‘lgep"'e -1.38 (1.43) -0.51 (0.82) -0.41 (0.85) 0.2310. 0.16 (0.69)
Hybrid spruce 0.27 (0.61) 0.31 (0.86) -0.518).0 -0.43 (1.03) -1.01 (1.03)
15yr Transfer
Aspen -0.43 (1.31) -0.96 (1.12) -0.16 (0.21) 110(0.38) -1.55 (1.67)
Douglas-fir - -0.1 (0.59) 0.16 (0.46) -0.6976) -0.1 (0.39)
'F;%‘lgep"'e -0.59 (0.66) -0.31 (0.80) -0.37 (0.81) 0.284). 0.1(0.71)
Hybrid spruce -0.11 (0.62) 0.39 (0.84) -- - - -
20yr Transfer
Aspen 0.83 (1.03) -0.84 (1.28) 0.1 (0.14) qa.38) -1.56 (1.68)
Douglas-fir 1.44 (1.49) -0.46 (0.57) 0.15(0.43)  -0.63 (0.72) -0.1 (0.39)
;ion‘igepo'e -0.66 (0.74) -0.14 (0.57) -0.28 (0.77) 0.478). 0.13 (0.72)
Hybrid spruce -0.23 (0.24) 1.67 (1.69) -0.5%9). -- --
SORTIE-ND
Aspen 0.47 (0.49) -0.41 (0.99) 0.14 (0.16) 9qR52) -1.87 (1.91)
Douglas-fir 1.44 (1.48) -0.1 (0.22) 0.16 (0.18)  -0.41 (0.48) -0.44 (0.47)
;ﬁf'egepo'e 0.66(0.74)  -0.14 (0.58) 10.32 (0.82) 0.45(9. 0.21 (0.79)
Hybrid spruce -0.18 (0.22) -- -0.55 (0.87) - -
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3.2 Ecological expectations

3.2.1 Density of seedlingsand GL I
For all stands simulated using the SORTIE-ND moitel,predicted stems faf pine

seedlings peaked between 5- and 10-years aftstdhteof the simulations. The mean predicted
density of pine seedlings after five time stepS@RTIE-ND was 3463 and 2711 stem§ héter

10 years. The minimum height considered by SORTIEMN10cm. Given that a constant seed
rain function was used to add new pine seeds, exagichanges in the stems’taf trees below
20cm height should give an indication of how thedéieg establishment behaviour is

performing. After five years, the density of pireedlings less than 20 cm in height was just over
1000 stems hhand represented nearly 25% of the total numbéeet below 1.35m. This

decreased to 350 stems*tend a 50% share of the seedling population fromeEss onward.

Not surprisingly, peaks in pine seedling stem dgrnagged neatly behind peak understory
GLI values, which is partially a result of the iretit relationship between seedling mortality and
GLI (Kobe and Coates, 1997; Coates and Hall, 208B0rtly after GLI levels began to decline,
periodic growth decreased, thereby increasing tbbegbility of mortality among pine seedlings
and saplings. When understory GLI values were b&0%, the predicted periodic growth of
pine seedlings was nearly zero for all simulatedds (Figure 3.3). Since seedling mortality is
predicted as a function of diameter increment,dteeedlings would have been at an increased
probability of mortality. Decreasing understory Gévels had a lower impact on the periodic
growth of pine saplings. However, this seemed tg dalay slightly the onset of light mediated
mortality, as densities for all understory pinepred rapidly. Conversely, spruce seedlings and
saplings were predicted to have higher growth ratesn at GLI levels below 20% . Seedling
densities for spruce remained at a low, yet congtarl throughout the simulation period within
the SORTIE-ND model. After 5 or 10-year time staps, stem density of spruce saplings began
to slowly increase. The simultaneous decreasenef gaplings and increase of spruce saplings
was a reflection of the interspecific difference$hie competition for light that is built into the
SORTIE-ND growth and mortality models.
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Figure 3.3 Average periodic growth (cm / year) frira 7 simulated stands for pine (a and b, resgag}iand
spruce (c and d, respectively) seedlings (treesn<tall) versus predicted global light index whémwdations were
run to completion in SORTIE-ND. Average periodiogth rates from each stand are plotted in 5 ydarvals

over a 25 year simulation.
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The expectation was that understory GLI values dibel closely tied to estimates of crown
radius. There was a predicted increase in the meayn width of adult trees as simulations
progressed, from 1.5m in 1981 to 1.75m in 2006elyikthis was in response to the predicted
increase in adult DBH and height. Further increasesown width were countered by the
tendency for stands to experience minor increasksge tree basal area and stems hider
the new density-dependent large tree crown allonegjuations, changes in crown width and
crown height are a function of individual tree siftmensions (DBH, height, and crown size) as
well as stems hh basal area (fha'), and basal area of larger trees) (Chapter 8gdims
possible that an average increase of 0.25 m atrtiven base of large trees was sufficient to cause
predicted understory GLI values to drop by an ayema 44% over 25 years. The predicted
increase in crown widths would also have reducedtimber of pine seeds that were converted
to seedlings, since the establishment of seeditnggpartially a function of the amount of forest
cover above the seeds that have been disperset) thss rationale provides an explanation to

the sharp decrease seen in the number of pindrsgethat were below 20cm in height.

3.2.2 Growth rates of regenerated trees

Predicted periodic growth rates for pine less them DBH were higher in SORTIE-ND than
Prognosi&° after 5 years (0.49cm/yr vs. 0.14 cm/yr), but wesey similar for the remainder of
the simulation period (e.g., 0.17cm/yr in SORTIE-BI 0.11cm/yr in Prognosis at year 15).
After five years, trees between 2 and 4 cm DBH vpeeglicted to have a periodic growth rate of
0.26¢cm/yr in SORTIE-ND and 0.33cm/yr in PrognBsisrom ten years onward, predicted
periodic growth rates were noticeably differen@m/yr for SORTIE-ND and 0.32cm/yr for
Prognosi&®). Differences were observed even sooner for paterdsen 5.5 and 7.5cm DBH
(Figure 3.4). Within the hybrid model, these diffieces resulted in abrupt increases in periodic
growth when trees are transferred from SORTIE-NPriognosi&°. This abrupt increase is
shown in Figure 3.4, which depicts the predictedooéc growth trends observed in the 15 year

tree-list transfer simulations for pine trees betw8.5 and 7.5cm DBH.
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Figure 3.4 Predicted periodic growth (cm/yr) fon@ibetween 5.5 and 7.5cm DBH in SORTIE-ND and
Prognosi&° using the 15 year tree-list transfer. The gapénperiodic growth trends marks when understomstre
were transferred from SORTIE-ND to Progn8Si€Each trend line is the predicted growth fromragks stand.
Symbols on the trend lines identify individual stanwhich are run in both SORTIE-ND and Progrfi§sis

Given the drop in estimated understory GLI, thedfmtions within SORTIE-ND are as
expected. However, the predicted patterns do rahte match with field measurements
collected by Heath and Alfaro (1990). From thegargls, growth rates of surviving understory
pine remained higher than average growth rates friattack. This increased growth rate
continued to be observed 14 years after MPB diahab. Conversely, 15 years after the start of
the simulations, mean predicted diameter growtsrédr understory pine using SORTIE-ND
were below expected norms for stands undisturbed®PB. These discrepancies emphasize the

need to parameterize SORTIE-ND'’s juvenile growtkhi conditions of the study area.

One reassuring part about the predicted growtmestis was that peak growth was observed
5 to 10 years after the start of the simulatioegardless of size class. A similar response interva

was reported by Heath and Alfaro (1990), who messarpeak increase in pine growth 5to 9
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years following MPB disturbance. This lends credetacthe assumption that reconstructed stand
conditions at the beginning of the hybrid modeludations were representative of conditions that

would have been present shortly after MPB attack.

3.4 Discussion

The main objective of this study was to examineftimetionality of the hybrid model
approach and to evaluate performance over a metitmplanning horizon. The importance of
evaluating the functionality cannot be understat#ue intent is for the model to be used in a
forest planning capacity. On this issue, the lirdsagstablished between SORTIE-ND and
Prognosi&° resulted in a reasonably functional hybrid mobiéith some additional
programming, the process of exporting tree-listefISORTIE-ND, reformatting them, and
importing them into an existing ProgndSisimulation could be fully automated. One diffigult
is the exchange of tree-list information betweenrtiodels. For SORTIE-ND, the tree-list must
be created with an expansion factor of 1 for easé. fTrees transferred to PrognBsisad to be
collapsed into small size classes prior to beingarted. Developing this ‘work-around’ has
cleared the way to begin the shift from a hybriddeldhat uses static linkages to a dynamic

process where tree-lists are exchanged througheuditulation process.

Testing the hybrid model approach against mensunaltidata provided some encouraging
results. The average biases for the basal aredvahaed regeneration and large trees were low
for the three secondary species and within reasetiatits for advanced pine regeneration whilst
using the 15-year tree-list transfer simulatiortse Ppredicted increase in pine basal area from the
beginning of the simulations (45%) was slightlyhregthan the 33% relative increase in basal
area reported by Coates and Hall (2005) over dasittnine frame following their simulation of
understory pine trees in MPB attacked stands irs8® zone. Average biases were only slightly
higher for large lodgepole pine basal area. Theive increase in large tree basal area estimated
through the 15-year tree-list transfer simulatiasese slightly larger than others reported in the
literature. For example, the mean predicted basal tiom the 15- year tree-list transfer
simulations showed an increase of 26% from thellaaea of large pine at Time 1 (i.e., a 25 year
period). However, only ten years after MPB infastatStockdalest al. (2004) already noted a
22% increase in adult pine basal area in standgdd®n the Chilcotin plateau, with trends

suggesting that further increases would likely bsepved.

Estimates for the stems haf new pine regeneration showed high mean biagtasespect
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to the mensurational data, but showed both agreeamehconfliction with reports from literature.
For example, the rapid decrease in seedling deasitem to be in agreement with findings from
simulations run by Coates and Hall (2005), whichgasted that even with understory planting,
understory light levels following MPB attack canllmiting and result in extremely high rates of
mortality in pine seedlings. However, Coates antl 2805) went on to note that there were no
studies to corroborate their findings with resgeathanging understory light conditions
following MPB attack. Results of the simulations ifor this study are in stark contrast to the
observed densities in the Williams Lake datasetelsas densities reported by Hawletsl.
(2004) who re-measured stands roughly 16 years i attack. In the stands sampled by
Hawkeset al. (2004), the density of trees <1.5m height was 4&86s ha (a decrease from
4687 stems hal4 years prior). From the conflicting evidencesereted here, one might suggest
that calibrating the SORTIE-ND light transmissicargmeters for conditions in MPB disturbed

stands is needed before further testing of theitiyhodel approach is conducted.

Estimates of basal area and stembdfdodgepole pine were generally consistent antbeg
stands used in the simulations; however, the ostt@Esed some concerns regarding the use of
the hybrid model approach at the stand level.driirrent state, the hybrid model approach
appears to be better suited for application ateéhdscape level where less resolution is required.
For example, the hybrid model approach could be tseest the effects of resource management
strategies on the mid-term timber supply. To dowtesthe hybrid model for application at the
stand level would likely require parameterizatisrS®RTIE-ND and Prognogis at this smaller
scale. For this study, the limited amount of fidida meant that most SORTIE-ND parameters
had to be obtained from external sources. For dénarpeters that could be estimated from the
Williams Lake dataset, tree records had to be mbiotem three different BEC subzones in order
to have a sufficiently large sample size. As altgsesolution at the stand level was sacrificed so
that a reliable set of parameters useful at thedeape level could be obtained. Parameterizing
these equations to specific BEC zones, variantsyen to individual stands would most likely
reduce prediction biases. Calibrating the Progfiosimdel to a wider range of BEC units would

also be necessary and would have a similar effeceducing prediction biases.

It is important to recall that natural regenerai®highly variable at even the finest scales.
Several studies have tried to quantify and charaet@atterns of natural regeneration to varying
degrees of success (Steijleral. 1995; Ehle and Baker 2003; Zagidullina and Tikyede
2006). The complex interaction of seeds and segslivith parent trees, substrate availability,

soil moisture and light presents significant chajles to the modeler. The regeneration submodel
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in SORTIE-ND attempts to simulate many of thesed@ttns, and in theory, this should improve
the chances of obtaining accurate and reliablenastis of regeneration. Put into practice, the
resulting biases and variability suggest that tiereom for improvement. However, given that
the seed dispersal rates for pine were paramedefiam the literature, and most other

parameters obtained from an external source, thdtseseem promising.

The evaluation of the hybrid model approach onbids of ecological expectations proved
very insightful. When the models were run indepenaé each other (i.e., from Time 1 to Time
2), they generally behaved as expected. In SORTDE geaks in seedling densities matched with
peaks in growth rates, which in turn were closelyeated with high understory light levels.
Within the first 10 years of the simulations, théssds were in accordance with reports from
literature. However, sharp drops in the stem&dfaunderstory trees in the latter half of the
simulations were somewhat unexpected, though exgidée within a modeling context. That is,
within the SORTIE-ND model, predicted decreasasnderstory light translated to increased
rates of mortality among shade intolerant juvetides. In reality, pine growing on dry or well-
drained sites under an overstory have been shodisptay a higher tolerance to low levels of
light (Waring and Pitmat985; Hawket al. 2004). It seems likely that parameterizing the
juvenile growth function using data collected frdner sites such as those found in the Chilcotin
Plateau would result in model predicted growthgabat would be less responsive to moderate
decreases in understory GLI, thereby reducingdteeaf mortality among juvenile pine trees.
Sharp drops in seedling densities may also be mgulahrough the randomization of the location
of trees imported into SORTIE-ND. By randomly asgig a coordinate, understory trees that
were at one point in a favourable location withia stand may have been relocated to a less
favourable location (e.g., one with lower lightéés). Using spatially referenced data would
almost certainly improve predictions for compleargts experiencing gap-level disturbance
events (Rouvinen and Kuuluvainen 1997). Howevetaioing spatially reference data is
expensive and the full benefits would not be reaiwithin the hybrid model approach since

Prognosi&© is spatially independent.

There remains some uncertainty with regards teé¢eel dispersal and seedling establishment
parameters. Using a non-spatial seed dispersaineéea obtained from the literature seemed to
move model predicted densities of pine seedlingserlto observed values, at least for the first
10 years of the simulations. The current explamgpiat forth to rationalize the observed decrease
in the stems Haof pine seedlings less than 20cm in height isttaincrease in average crown

width, though moderate, was enough to decreasatbat which seeds were converted to
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seedlings. The assumption with this rationale & tieedlings less than 20cm in height likely
established in the previous time step and mortdlity to slow growth would require at least one
or two more growth cycles before its effects cduddseen. Therefore, predicted decreases in the
stem density of trees less than 20cm could bellaagibuted to the establishment parameters.
However, until the juvenile growth model is re-paederized to drier sites, one can only
speculate on the degree to which the current sableshiment parameters affect seedling

densities.

When tree-lists were transferred to Progrifsisnexpected increases in periodic radial
growth were observed, particularly among largereusibry trees. These increases are relative to
the expected growth rates had the model been alldaveontinue. These increases are likely the
result of a rearrangement in the social rank ofeusiry trees within the imported tree-lists. In
Prognosi&®, the social rank of trees affects the predictibpasiodic growth rates. The social
rank of a tree is based on the size of a tredjvelto other trees in the stand. Trees with adigh
social rank have increased growth and continuedw gvell in future growth cycles. Conversely,
smaller trees which have a lower social rank aedlipted to have slower growth rates.
Differential growth rates for seedlings and sa@ingSORTIE-ND likely resulted in an
understory with a social ranking structure différsam that of the understory in Prognd&Sis
The result is that minor, but unexpected changéisegrowth rate of some trees are likely to
occur when understory trees are transferred. Faample, in SORTIE-ND the higher growth rates
predicted for pine trees between 5.5 and 7.5cm @Bpears to have increased their social rank
relative to say, trees less than 2cm DBH. WithiogRosi§®, this gain in social rank would have
resulted in a growth rate higher than expectedrdwipg juvenile growth rates in SORTIE-ND

may reduce this problem.

The secondary objective of this study was to idgmtipoint in the simulated development of
the stands that best reflected conditions chanatteof the end of understory reinitiation.
Among the four transfer times tested, the exchafigmderstory tree-lists after 15 years
appeared to provide the best balance in terms mifmzing mensurational biases across all
species and size classes. Within the simulatibagpears that the availability of understory
growing space and resources following MPB attackbecome fully utilized after 15 years. This
is an interesting hypothesis generated by thisystuat would require further field testing. Asst i
used here, the hybrid model approach was usedtader Prognosf§ with a naturally
regenerating understory defined as trees lessAtiaDBH. This, of course, is a flexible

definition of understory trees. Depending on theetgf stands being simulations, alternative size
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classes may be used so long as trees of the saenelass are removed from Progn@sjsrior to
the import of new trees. For example, stands tkgence a high amount of crown rise may
have more vertical growing space for advanced regeion to fill, resulting in the development
of larger understory trees at the end of the utderseinitiation phase. In this case, the use of

larger size class limits may be desired.

3.5 Conclusions

The hybrid modelling approach presented and tdsteglis a work in progress and further
testing is required. One of the priorities for tiext round of testing should be to automate the
linkages between SORTIE-ND and PrognUsand evaluate the benefits of using a dynamic
feedback system. Developing a dynamic feedbaclkesystould distinguish the hybrid model
approach from the existing static imputation teqhies currently used by ProgndSisBased on
the results of this study, further investment itte hybrid model approach seems warranted.
Silvicultural decisions are often based on starghbarea. Thus, it is of utmost importance that
growth models used to inform management decisibagm@nimum provide accurate and reliable
estimates of stand basal area. Held in this contiexthybrid model approach appears to be a
promising and worthwhile tool that forest managmrsld use to aid in the development of mid-

term harvest plans for stands that have been Hesdusy MPB.
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4. Concluding Remarks

4.1 General discussion and conclusions

This study had two main objectives: to develop aehdo predict overstory tree crown size
in stands of varying density and to build a gromidel capable of estimating natural
regeneration in unsalvaged MPB-disturbed foredis.first objective was accomplished by
predicting crown depth and crown radius througlomlinear system of equations. The crown
models took into account important biological fastthat influence crown size, namely structural
dependencies between tree size and crown sizeéhamdlationship between stand density and
crown size. For the second objective, two dispd@tsst growth models were linked together to
create a hybrid model. The first, SORTIE-ND, wasdu® estimate natural regeneration as a
function of available light, seed dispersal anddsaéstrate availability. The second,
Prognosi&c, received estimates of regeneration for SORTIE-AHR| projected individual tree
growth as a function of tree size, site variables e target tree’s social position within the

stand.

The two objectives were connected through standmiyo processes simulated within the
hybrid model. For MPB-disturbed stands that go waggd, regeneration will occur under highly
variable understory light conditions. For manylwége stands, understory light is a key predictor
of natural regeneration and growth (Hawkeal. 2004; Coates and Hall, 2005). The variability
arises from changes in overstory tree crown straci¥ithin SORTIE-ND, simulated light
conditions in the understory are a function of an@ize, which is defined through estimates of
crown depth and crown radius. Thus, the introductibdensity-dependent crown allometry
models to SORTIE-ND was conducive to the applicatbthe hybrid model for the purpose of

predicting natural regeneration in MPB-disturbexhd of varying overstory density.
4.2 Contributions and criticism

4.2.1 Density-dependent crown models

The density dependent crown models were develojitbdlvee criteria in mind: 1) select an
equation form suitable to the biological processfiesencing crown size; 2) ensure logical
consistency in the estimates; and 3) include irsdafeplant competition as predictors of crown

length and crown radius. Chapter 2 described heaetlthree criteria were met using a nonlinear
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three-stage least squares (N3SLS) estimator kagfistic and power statistical models for crown
depth and crown radius, respectively. In the fidlfbrest biometrics, fitting equations using a
N3SLS estimator is not uncommon. To my knowledgerd were no previous examples in the
scientific literature where this parameter estioratinethod was used to predict tree crown size.
Biologically, using a N3SLS estimator made sensi¢ @towed two strongly interdependent

variables, crown depth and crown radius, to be tis@uprove the prediction of the other axis.

Based on the fit statistics reported in Chaptéh@ density-dependent crown models were
appropriate for aspen, Douglas-fir, lodgepole @ind hybrid spruce within the study area. A true
validation dataset was not available for this studyan acceptable substituteyway validation
using a PRESS statistic was used. This providegasufor the internal validity of the model.
Validation beyond the sample population is stikded (Rykiel 1996; Yane al., 2004).
Furthermore, for small sample sizes since estimaibparameters and associated standard errors
are only asymptotically unbiased efficient for noaar models, it is recommended that bootstrap

resampling be used instead of fitting the equattbrsugh a single N3SLS estimation.

The variables used to describe stand density ing¢laecrown equations were supported by
biological principles and statistical diagnostis$so, it was argued that using simple measures of
stand density would be more reliable over a rariggamd densities. However, using simple
measures of stand density has potential disadvesit&gr example, stem density does not factor
in the effects of tree size. This could lead toxpaeted or incorrect conclusions about the effect
of crowding on crown size. For the sample populgttbe contributions of the density-related
variables to the overall model fit were as expedieat is, crowns were smaller in stands with
more crowding and larger in stands with less crogdExternal validation of the crown models
should reveal if the potential disadvantages aasettiwith the simple measures of density exist

among other populations.

4.2.2 A hybrid model constructed by linking SORTIE-ND and Prognosis™®
Overall, the results of Chapter 3 showed that B&EIE-ND and Prognosi§ models were

suited to their roles within the hybrid model. Ttst of biotic and abiotic factors potentially
influencing natural regeneration in MPB-disturbéghsls is lengthy (Griesbauer and Green
2006). For trees of advance-regeneration sizdighef processes simulated within the hybrid
model provided good estimates of basal area o28&ryaear horizon. However, for smaller
regenerated trees, estimates of density were dbngoar. The evaluation of ecological

expectations revealed that the poor estimatesiiatler-sized regeneration may be due to the
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parameters used in the small tree growth modeORHE-ND, which resulted in predicted
periodic growth rates that were lower than expedtedl parameterization of the SORTIE-ND
model to the conditions within the sample populai®needed to gain further insight into the

factors affecting the growth of new regeneration.

Few, if any, tools are available to predict natuegleneration following MPB infestation
(Zumrawiet al. 2005). Therefore, the advancements made in thel@@went of the hybrid
model described in Chapter 3 provide important oations to the current body of knowledge
on growth and yield modelling in stands disturbgd#B. The strategy of linking SORTIE-ND
and Prognosk§ proved to be a viable alternative to using the @®adn their own. This was
particularly true for PrognosiS, which prior to the hybrid model, did not haveegeneration
submodel well-suited for use in MPB-disturbed statr SORTIE-ND, the gains are less clear
since many of the model parameters were obtaimed @utside the study area. As was
previously noted, full parameterization of SORTIPB-tb the sample population is needed and

should clarify this issue.

Demonstrating that two disparate growth modelskeagfficiently linked to take advantage
of each model’s strengths hopefully encouragesrsttaeview existing growth and yield models
not simply as independent units, but as potentiatgrchangeable parts. The hybrid models
developed by Robinson and Ek (2003) and Mikiea. (2003) are two other successful examples
of this approach to modelling. Furthermore, linkimg models with different approaches to
modelling growth and forest dynamics should heljtwease communication among researcher

and forest managers using these tools.

4.3 Management implications

Models that can predict natural regeneration in MiFBurbed forests have taken on greater
importance as more questions arise regarding taomitonhs from unsalvaged stands to the mid-
term timber supply. Currently, there is little leteym information on forest growth and dynamics
from unsalvaged stands following MPB-disturbandee Tiybrid model could be used to simulate
a variety of stand conditions following MPB infest&. The results could fill some the
knowledge gaps and help forest managers make miamnied decisions on several issues. For
example, it is anticipated that many unsalvageddstavill not meet current stocking standards
(Griesbauer and Green 2006). For these standstpladgng or overstory thinning may be

helpful in stimulating new regeneration and relegsidvance regeneration. However, due to the
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variability in processes affecting natural regetiera it is unclear which stand types are likely to
need silvicultural intervention. The hybrid modekiapable of tracking processes affecting
advance regeneration and therefore, could be osdéntify unsalvaged stands likely to achieve

stocking standards and those that will require sforma of management.

4.4 Futuredirections

To realize the potential contributions of the hglmodel described in this thesis, further
work is needed. One of the main priorities is taeameterization of SORTIE-ND behaviours to
MPB-disturbed stands located on the Chilcotin platé his area of BC harbours a substantial
number of MPB-disturbed stands. Thus, the cosblécting field measurements to parameterize
the model seems warranted. Following this, exteraldlation of the density-dependent crown
models and the hybrid model is needed. This steptisal as it will identify any weaknesses and

test the robustness of the hybrid model.

A second priority for future work is the developmeha dynamic feedback system between
SORTIE-ND and PrognogiS Under the current system, Progn8Sis supplied with estimates
of regeneration from SORTIE-ND at one point in tiriis system was appropriate for the
objectives of this study. However, for longer potien periods, SORTIE-ND needs to provide
estimates of regeneration to Progn®sa multiple points in time. Furthermore, treedist
SORTIE-ND would need to be updated to match tsts In Prognos®S. This way, overstory
composition and structure in the two models woaldain similar throughout the projection

period.

Lastly, there are some technical aspects of theidytodel that need to be addressed. The
simulation times for the 25-year projections in STRND were very long. The cause of the
long simulation times appears to be related tovéwe crown models; however, the exact reasons
remain unknown. Also contributing to lengthy sintida times were snags in the tree lists used
to initialize SORTIE-ND. To overcome this, snaggeveemoved. If simulation times could be
reduced when snags are included in the initial listethen the hybrid model could be applied to
a wider set of starting stand conditions. Workinthwhe SORTIE-ND developers will hopefully

identify the related problems and reduce the comguime.
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