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a b s t r a c t

The objective of this study was to develop an enhanced modular-based structural stand density
managementmodel (SSDMM) and associated algorithmic analogue for upland black spruce (Piceamariana
(Mill) BSP.) stand-types situated within the central portion of the Canadian Boreal Forest Region. For
a given density management regime, site quality, rotation age, stock-type, cost structure and set of
merchantability standards, the hierarchical-based SSDMM enabled estimation of the following metrics:
overall productivity (e.g., mean annual volume, biomass and carbon increments), volumetric yields (e.g.,
total and merchantable volumes per unit area), log-product distributions (e.g., number of pulp and saw
logs by diameter class), biomass production and carbon sequestration outcomes (e.g., oven-dried masses
of above-ground components and associated carbon equivalents by diameter class), recoverable end-
products and associated monetary values (e.g., volume and economic value of recovered chip and
dimensional lumber products by diameter class and sawmill-type (stud and randomized length processing
protocols)), and fibre quality attributes (e.g., maximum branch diameter and wood density). The core
modules which were responsible for describing stand dynamics and structural change were developed
using 407 (122 from natural stands and 285 from managed stands) temporal tree-list measurements
obtained from 269 (142 in natural stands andmanaged 127 inmanaged stands) sample plots (note, natural
stands are those that naturally regenerated following a stand-replacing disturbance and have no history of
density regulation whereas managed stands are those that naturally or artificially regenerated following
a stand-replacing disturbance and have a history of density regulation). The modules responsible for
predicting log product distributions, and end-product volumes and values, were developed employing
relationships derived from taper and sawmill simulation studies. The modules responsible for predicting
biomass and carbon outcomes, and log and fibre quality attributes, were developed using data obtained
from initial espacement and thinning experiments. The resultant model introduces a number of
advancements over its predecessors including those that (1) ensured mathematical compatibility among
yield estimates, (2) accounted for intrinsic density-independent mortality factors, response delay
following thinning, and genetic worth effects, and (3) provided increased flexibility in terms of enabling
end-users to change merchantability standards, specify product degrade factors, and adjust cost profiles,
according to their unique requirements. As demonstrated, the decision-support model can assist in
facilitating the transformative shift towards the production of high value end-products, bio-energy feed
stocks, carbon credits, and ecosystem services, currently underway within the Canadian forest sector.

Crown Copyright � 2012 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
1. Introduction

Forest management in Canada has been undergoing a trans-
formative change as the production of higher value end-products
(e.g., Emmett, 2006) and a broader array of ecosystem services
(e.g., Raudsepp-Hearne et al., 2010) have supplemented, and in
evier Ltd. Open access under CC BY-N
some cases superceded, the traditional singular objective of volu-
metric yield maximization. Hence, density management which can
be used to achieve these new objectives as exemplified by
numerous case studies, has an important role to play. Among these
studies, density management treatment effects have included the
following: (1) increases in mean tree size within Norway spruce
(Picea abies (L.) Karst.;) and Scots pine (Pinus sylvestris L.;) stands in
Finland (Mäkinen and Isomäki, 2004a, 2004b, respectively); (2)
enhancements in the quality and value of end-products within jack
pine (Pinus banksiana Lamb; Kang et al., 2004) and black spruce
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(Picea mariana (Mill) BSP., Tong et al., 2005) stands in central
Canada; and (3) creation of acceptable habitat for mammalian
herbivores within lodgepole pine (Pinus contorta var. latifolia)
stands in western Canada (Sullivan et al., 2010). Operationally,
density management consists of regulating a stand’s species
composition, density-stress levels, resource competition relation-
ships, and structural characteristics, by varying initial planting
densities at the time of stand establishment (initial espacement; IE),
and (or) decreasing densities at the sapling (precommercial thin-
ning; PCT) or semi-mature (commercial thinning (CT)) stages of
development.

Determining the most appropriate density management regime
for a given set of objectives is a complex management proposition.
A multitude of factors must be considered including decisions
regarding the selection of the sites to be treated, initial planting
densities, timing and intensity of thinning treatments, discount and
interest rates, and fixed and variable costs. Furthermore, these
decisions must be considered within a broader regulatory frame-
work which itself can imposes additional constraints. Commonly,
these constraints include attaining minimum tree size and basal
area thresholds before implementing thinning treatments, main-
taining stand occupancy and stability thresholds throughout the
rotation, ensuring that the selected crop plan results in a positive
economic return, and meeting sustainability requirements (e.g.,
McKinnon et al., 2006). This complexity calls for the provision of
comprehensive decision-support tools which can describe the
effect of density management treatments on structural stand
dynamics. Information on the dynamics of change within the
horizontal and vertical size distributions is a basic prerequisite for
estimating size-dependent attributes of economic and environ-
mental importance. Consequently, the modular-based structural
stand density management model (SSDMM; Newton, 2009) offers
a potential modelling platform for the development of such a tool.
The SSDMM is a hierarchical-designed variable-density growth,
yield and wood quality distribution model which evolved from
the modelling approach used in the development of stand density
management diagrams (SDMDs). The ecological-based SSDMM
enables the estimation of volumetric productivity, log distributions,
product volumes and values, and fibre quality attributes, for a given
density management regime, site quality, and cost profile.

Black spruce dominates the boreal landscape and represents an
important societal resource (sensu Patriquin et al., 2007). The
species crown characteristics (e.g., narrow with dense foliage)
along with its biomass allocation strategy, allows black spruce to
efficiently utilize its allocated growing space (Van Damme and
Parker, 1987; Newton and Jolliffe, 2003). Furthermore, its ability
to tolerate a range of growing conditions suggests that it will
continue to be an important component of the forest landscape as
predicted changes in climate take effect (e.g., Chertov et al., 2009).
Currently, density management continues to be the dominant
intensive forest management practice employed in managing this
resource (NFDB, 2009). However, comprehensive decision-support
tools for density management are currently lacking which has
hindered the ability of forest managers to make the transformative
shift to a value-based management proposition.

Thus as part of a larger effort to develop a suite of comprehensive
decision-support tools for operational use in managing commer-
cially important boreal species employing a participatory process
involving scientific, knowledge exchange, policy, informatics and
end-user staff from the receiving organizations (industrial forest
sector and governmental regulatory agencies (sensuMcIntosh et al.,
2011)), the objectives of this studywere to develop amodular-based
SSDMM and associated algorithmic analogue for natural (naturally
regenerated stands without a history of density regulation) and
managed (naturally or artificially regenerated stands with a history
of density regulation) upland black spruce stand-types. This study
introduces a number of analytical solutions which overcome the
shortcomings of previously developed SDMD-based models
including themodular-basedSSDMMintroducedbyNewton (2009).
Specifically, these enhancements consisted of (1) ensuring internal
model prediction compatibility in terms of volumetric yield fore-
casts (e.g., constraining the cumulative chip and lumber volume
estimate to be equivalent to the merchantable volume estimate in
cases were such cumulative volumes exceeded this estimate), (2)
accounting for density-independent mortality from extraneous
factors such as insects and disease through the use of an user-
specified operational adjustment factor (sensu Nussbaum, 1998),
(3) integrating a crown occupancy algorithm to account for the
temporal response delay effect that arises when trees within
recently thinned stands are adjusting to their newly allocated space
and site resources, (4) enabling the model to address growth rate
changes arising from the use of genetically enhanced stock through
a functional adjustment to the site-based heighteage function
(sensu Xie and Yanchuk, 2003), and (5) varying merchantable
specifications (e.g., specifying diameter and length thresholds for
pulplogs and sawlogs), product degrade rates, andfixed andvariable
cost profiles in order to account for changes inmarket requirements
and economic conditions. Among these enhancements, accounting
for the temporal reduction in stand dynamics following thinning
(responsedelayeffect) is oneof themost consequential given that all
previous models built upon on the SDMD modelling framework
have lacked the ability to account for this effect within their model
structures. This has been considered a major shortcoming of the
SDMD modelling approach and a potential source of error in yield
projections following thinning (e.g., Newton, 2003). The utility of
the newmodel as a crop planning tool was exemplified through the
comparative evaluation of a diverse set of regimes involving PCT, CT
and IE treatments employing a board array of performance indices
which are relevant to the value-added management proposition.
2. Materials and methods

The hierarchical-based SSDMM consisted of six sequentially-linked estimation
modules, denoted as follows: Module AdDynamic SDMD; Module BdDiameter
and Height Recovery; Module CdTaper Analysis and Log Estimation; Module
DdBiomass and Carbon Estimation; Module EdProduct and Value Estimation; and
Module FdFibre Attribute Estimation. A schematic illustration of the structure of the
SSDMM including the interrelationships and sequential flow of computations
among the individual modules is provided in Fig. 1. Procedurally, Module A involved
the development of stand-type-specific dynamic SDMDs via the parameterization
and integration of a broad array of static and dynamic yieldedensity relationships
employing the traditional SDMD modelling framework (Newton, 1997). Module B
consisted of the development of (1) Weibull-based parameter prediction equation
systems for diameter distribution recovery, and (2) composite heightediameter
prediction equations for diameter-class-specific height estimation. Module C
employed a dimensional-compatible taper equation derived from the literature to
predict log products (number of pulp and saw logs) and stem volumes. Module D
entailed the development of allometric-based composite biomass equations for each
above-ground component (bark, stem, branch and foliage) from which diameter-
class and stand-level biomass and associated carbon-based equivalents were pre-
dicted. Module E utilized sawmill-specific (stud and random length mill) product
and value equations, derived from the literature, to predict diameter-class and
stand-level chip and lumber volumes and associated monetary values. Module F
encompassed the development of composite equations for estimating wood density
and mean maximum branch diameter. Likewise, an algorithmic analogue of the
resultant modular-based SSDMM was developed and its utility exemplified by
simultaneously contrasting a set of complex density management regimes using
a comprehensive set of performance measures. These measures included indices for
quantifying overall productivity, log quality and product distributions, biomass
production and carbon yields, quantity and value of recoverable end-products,
economic efficiency, duration of optimal site occupancy, structural stability,
quality of fibre attributes, and operability status.

Presentation wise, given that a number of the required relationships were
previously reported in separate incremental contributions, i.e., parameter prediction
equation systems (Newton and Amponsah, 2005), asymptotic sizeedensity rela-
tionships (Newton, 2006a), and the composite heightediameter functions (Newton
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(Eq. (A21))
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Fig. 1. Schematic illustration of the modular-based SSDMM.
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and Amponsah, 2007), an abridged description of the methods and results associ-
ated with these relationships is presented. The nature of the model building
approach utilized dictated that the results be presented in a sequential fashion.
Analytically, not all of the required relationships could be parameterized using the
core data set and hence supplemental sources were used to develop the required
functions (i.e., mean live crown ratio and mean maximum branch diameter func-
tions were developed from Nelder plot remeasurement data whereas biomass and
wood density equations were parameterized using data derived from thinning
trials). In cases where such data bases were unavailable, applicable literature-based
functions were utilized (i.e., taper, product and value functions).

Although the development of themodular-based SSDMM for upland black spruce
stand-types shares similarities with the approach used to develop the jack pine
variant (Newton, 2009), a number of consequential advancementswere introduced in
this study. These included: (1) ensuring mathematical compatibility among yield
estimates; (2) developing and integrating a crown-based occupancy algorithm in
order to account for the response delay effect that occurs immediately following
thinning; (3) modifying the net density change function in order to account for
density-independent mortality factors during a stand’s rotation via the use of an
operational adjustment factor; (4) relaxing the merchantability specifications so that
the log distribution output can be tailored to variable log lengths and upper stem
diameters as market requirements warrant; (5) reducing product values through
a product degrade factor in order to address the overestimation arising from the use of
published functions; (6) incorporating genetic worth effects so that the increased
growth rate achievable via the use of genetically improved seedling stock can be
accounted for; (7) including additional flexibility in terms of inputting and specifying
cost informationwhich enables end-users to realistically reflect local conditionswhen
designing their crop plans; and (8) adding an operability metric to the suite of
performancemeasures so that the regimes can be contrasted in terms of the temporal
reduction in rotation age arising from a particular density control regime. Further-
more, a VisualBasic.Net algorithmic analogue of the decision-support system was
developed.

2.1. Stand-type description, data sets and preliminary calculations

Based on the forest unit descriptions and silviculture intensity classes utilized
within the central portion of the Canadian Boreal Forest Region, two commercially
important stand-types were defined for upland black spruce (Table 1): pure even-
aged stands situated on mineral soils with no history of density manipulation
(denoted PIm(N)); and pure even-aged stands situated on mineral soils with a history
of density manipulation (denoted PIm(M)). Subsequent to conducting a comprehen-
sive data quality review and verification procedure of the available temporary,
permanent and experimental permanent sample plot records within the Province of
Ontario, a total of 407 (122 in natural stands and 285 in managed stands) tree-list
measurements derived from 269 (142 in natural stands and 127 in managed stands)
sample plots were selected for use in this study. Geographically, the selected plots
Table 1
Stand-type-specific characteristics, plot data sources and types, and measurement frequ

Stand-type
denotation

Principal defining characteristics Plot
type

Serie

PIm(N) Even-aged upland black spruce stands situated on mineral soils.
Black spruce constitutes >90% of the plot’s basal area at the time
of plot establishment, or >90% of the plot’s density at time of
establishment (regenerating stands). Includes stands which
regenerated naturally following disturbance but with no history
of density manipulation. Within the SP1 working group analog
(Watt et al., 2001).

Bore
Ame
Spru

PIm(M) Density-manipulated even-aged upland black spruce
stand-types situated on mineral soils. Black spruce
constituted >90% of the plot’s basal area at the time of
establishment, or >90% of the plot’s density at time of
establishment (regenerating stands). Includes stands
which were regenerated artificially via planting or
stands which regenerated naturally but were subsequently
thinned. Within the SP1 working group analog (Watt et al., 2001)

Bore
Spru
Beck
New
Stan
Thun

a Plot series denoted according to Ontario-centric nomenclature where the plot type an
type is delineated as a temporary sample plot (TSP), permanent sample plot (PSP) or expe
legacy corporate name or government agency (n., OMNR refers to the Ontario Ministry

b Dynamic plots were those for which a sequential remeasurement was recorded whe
were largely concentrated within Forest Sections B-4, B-7, B-8, B-9, B-10, B-11 and B-
14 of the Canadian Boreal Forest Region (Rowe, 1972). These sections fall within the
northeastern, northcentral and northwestern administration regions of Ontario and
are dominated by simple and complex stands of black spruce, jack pine, and (or) aspen
(Populus tremuloides (Michx)). The temporary and permanent plots were established
mostly by forest-based industrial corporations or government departments during
the 1930e1990 period. To ensure approximately equal representation in terms of
forest age classes and site qualities across the commercially productive forest sites,
a stratified pseudo-random sampling design was used in the selection of stands for
plot establishment. The majority of the experimental plots were established within
density manipulated stands as part of various initial spacing and thinning experi-
ments established by various research agencies during the 1950e2000 period.
Structurally, the plots were circular, square or rectangular in shape with a mean
overall area of 0.0966 ha (SD¼ 0.1060 ha; minimum/maximum¼ 0.0249/0.4047 ha).
The mean number of trees measured per plot was 156 trees (SD ¼ 90 trees/plot;
minimum/maximum¼ 37/521 trees/plot). For analytical purposes, the plotswere also
differentiated based their utility in describing temporal change. Static plots were
those forwhich only a singlemeasurementwas available and hence could not be used
to derive temporal change estimates. Conversely, dynamic plots were those for which
two ormore sequentialmeasurementswere available and thus able to provide change
estimates. A summary of the number of static and dynamic plot measurements for
each stand-type is provided in Table 1.

Information available for each plot included its geographic location, disturbance
and silvicultural treatment history, ecological site type, time of plot establishment
and remeasurements, and measurement protocol. Briefly, plot measurements
included a (1) tree-list consisting of the diameter measurements at breast-height
(1.37 m or 1.3 m) e outside bark (D; �0.25 cm) for all live trees greater than
2.54 cm in D by species, and (2) D and total height (H; �0.30 m) measurements on
a subset of black spruce sample trees (nz10) usually selected from across the plot’s
diameter range. Based on the individual tree values (D and H measurements or
estimates derived from species-specific allometric-based heightediameter func-
tions) in combinationwith plot area information, the following stand-level variables
were calculated: (1) mean dominant height (Hd; m) as defined as the mean height of
the trees within the largest height quintile; (2) quadratic mean diameter (Dq; cm);
(3) basal area (G; m2/ha); (4) total volume (Vt; m3/ha) which was calculated as the
sum of the individual tree total volumes (vT; m3/tree) as determined from the D and
H values in combination with a regional-wide standardized total volume equation
(vT ¼ D2=ðb0 þ ðb1=HÞÞwhere b0 and b1 are species-specific constants derived from
7442 sample trees; accuracy (%) ¼ �17.0; Honer et al., 1983); (5) merchantable
volume (Vm; m3/ha), which was calculated as the sum of the individual tree
merchantable volumes (vM; m3/tree) for all trees greater than 9 cm in D where vM
was determined from the D and H values, vT estimate and specified merchantability
limits (0.1524 m stump-height and a 7.62 cm merchantable top diameter (inside-
bark)) according to a regional-wide standardized merchantable volume equation
(Honer et al., 1983); (6) total density (N (stems/ha)); and (7) relative density index
ency.

series and number of plots by measurement Measurement sequence and
number

sa Typeb Number of
consecutive
measurements

Number
of plots

Total
number

Static Dynamic

al-Growth (TSP; OMNR) 41 1 41 122
rican-Can (PSP) 5 5 1
ce Falls (PSP) 76 6 2

9 1
10 2
11 1
12 2

al-Growth (TSP; OMNR) 7 1 15 285
ce Falls (PSP) 19 2 11
with (PSP; OMNR) 202 3 61
Brunswick (Anon; EPSP) 30 4 4
ley (EPSP; OMNR) 12 5 6
der Bay (EPSP; OMNR) 15 8 1

11 1

d host organization responsible for initial plot establishment is acknowledged: plot
rimental permanent sample plot (EPSP); and the host organization is denoted by the
of Natural Resources).
reas static plots were those for which only a single measurement was recorded.
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(Pr; %/100; derived from the ratio of N to the maximum N attainable in a stand with
the same mean volume (Drew and Flewelling, 1979; Newton and Weetman, 1993;
Newton, 2006a)). The mensurational characteristics of the datasets are summarized
in Table 2.

2.2. Development of dynamic SDMDs (Module A)

Stand-type-specific dynamic stand density management diagrams were devel-
oped via the calibration and subsequent integration within the SDMD modelling
framework of the following relationships: (1) asymptotic mean volumeedensity
relationship and associated relative density index function; (2) yieldedensity rela-
tionships and associated isolines for quadratic mean diameter, mean dominant
height, mean live crown ratio and relative density index; (3) mean volumeedensity
relationships at the time of initial crown closure and those delineating the zone of
maximum production; and (4) survivorship functions for predicting post-crown-
closure sizeedensity trajectories. A complete account of the methods used and
results obtained for each relationship is provided in Appendix A. The graphical
version of the dynamic SDMDs were developed for each stand-type by super-
imposing the following relationships on a bivariate logarithmic graph with mean
volume on the ordinate axis and stand density on the abscissa: (1) asymptotic
sizeedensity relationship (self-thinning rule; Eq. (A1)); (2) isolines for relative
density index, quadratic mean diameter, mean dominant height, and mean live
crown ratio (Eqs. (A3), (A5), (A7) and (A9), respectively); (3) crown closure line (Eq.
(A10)); (4) lower and upper Pr isolines delineating the optimal density management
window (0.32 � Pr � 0.45); and (5) site-specific expected sizeedensity trajectories
Table 2
Mensurational characteristics of the trees and stands utilized to develop the SSDMM
for upland black spruce stand-types.

Stand-typea

(np; ns; nt)
Variableb

(units)
Mean Standard

deviation
Minimum Maximum

PIm(N)

(122; 111; 1366)
A (yr) 60 17 30 89
Hd (m) 16.27 2.51 8.49 21.91
Dq (cm) 11.67 2.99 5.68 17.42
G (m2/ha) 28.69 8.70 7.77 48.49
v (dm3) 71.12 42.22 9.20 176.24
Vt (m3/ha) 171.19 65.14 39.91 345.72
Vm (m3/ha) 100.84 58.83 2.96 260.13
N (stems/ha) 3094 1618 817 9002
Pr (%) 78.8 23.2 22.5 130.3
SI (m) 16.70 2.62 11.78 25.23
Dm (cm) 2.97 1.03 1.30 7.62
â 1.75 0.96 0.01 4.35
b̂ 9.91 3.70 2.58 17.21
ĉ 2.45 0.97 1.00 4.04
D (cm) 13.06 5.52 2.50 35.40
H (m) 12.08 4.37 2.15 23.14

PIm(M)

(285; 256; 5490)
A (yr) 28 12 12 78
Hd (m) 9.46 3.89 2.39 18.75
Dq (cm) 9.66 3.98 1.29 20.06
G (m2/ha) 22.26 12.74 0.19 60.08
v (dm3) 40.70 43.67 0.15 226.26
Vt (m3/ha) 97.95 76.36 0.22 322.24
Vm (m3/ha) 51.38 65.80 0.00 289.76
N (stems/ha) 2991 1210 600 7750
Pr (%) 49.5 30.0 1.0 125.0
SI (m) 15.69 3.92 6.46 26.00
Dm (cm) 2.27 1.74 0.20 10.30
â 1.14 0.94 0.05 5.43
b̂ 8.57 3.50 0.83 16.75
ĉ 3.29 0.96 1.00 5.88
D (cm) 7.15 4.23 1.10 23.40
H (m) 5.47 2.87 1.40 19.50

a As defined in Table 1; np denotes the number of plot measurements utilized to
establish the relationships used in the dynamic SDMD; ns denotes the number of
plot measurements associated with the diameter distribution recovery models; and
nt denotes the number of individual diameter at breast-height (D) and height (H)
measurement pairs used to establish the composite HeD relationships.

b A, Hd, Dq, G, v; Vt, Vm, N, Pr, SI and Dm denote the following stand-level variables:
mean stand-age, mean dominant height, quadratic mean diameter, basal area, mean
volume, total volume, merchantable volume, total density, relative density index,
site index and minimum diameter, respectively. â, b̂ and ĉ denote mean likelihood
estimates of the location, scale and shape parameters of the 3-parameter Weibull
probability density function as fitted to the diameter frequency distributions. Note,
site index was determined from the function developed by Carmean et al. (2006).
for a given density management regime as predicted by the net density change
function (Eq. (A11)) in association with the heighteage function (Eq. (1); Carmean
et al., 2006).

Hd ¼ 1:3þ 16:95ðSI � 1:3Þ0:1136
h
1� K

AB
50

i0:6167ðSI�1:3Þ0:3116

where K ¼ 1�
"

ðSI � 1:3Þ
16:95ðSI � 1:3Þ0:1136

# 1

0:6167ðSI�1:3Þ0:3116 (1)

where Hd is the predicted mean dominant height (m) at a given breast-height age
(AB) for a specified site quality as quantified by site index (SI (m); Hd at a breast-
height age of 50 yr).

2.3. Development of diameter distribution recovery and height prediction
equations (Module B)

Analogous to the parameter prediction method used to develop stand-level
diameter distribution yield models (i.e., expressing the parameters of a probability
density function characterizing the diameter frequency distribution as a function of
stand-level variables (Hyink and Moser, 1983)), parameter prediction equation
systems were used to recover the grouped-diameter frequency distribution from the
SDMD-generated stand-level variable estimates. The systems previously developed
by Newton and Amponsah (2005) were utilized. Appendix A provides a summary of
methods and the model specifications used. Likewise, the previously developed
regression functions by Newton and Amponsah (2007) were employed to describe
the HeD relationships. Additional details are given in Appendix A.

2.4. Taper equation selection (Module C) and development of composite biomass
functions (Module D)

Data limitation negated the development of stand-type-specific taper equations
and hence the composite nonlinear mixed-effects variable exponent taper equation
developed for black spruce by Sharma and Parton (2009) was utilized in this study
(Eq. (A19); Appendix A). Composite biomass functions were developed for esti-
mating each above-ground component (bark, stem, branch and foliage) based on
a multivariate allometric model (e.g., Jolliffe et al., 1988; Newton, 2006b). Appendix
A provides complete details regarding the calibration data sets, specified models,
parameterization techniques used, and the resultant parameter estimates and
associated regression statistics.

2.5. Selection of sawmill-specific product recovery and associated value functions
(Module E) and development of composite wood density and mean maximum branch
diameter functions (Module F)

Sawmill-specific product recovery and value functions by stand-type were
derived from sawmill simulation studies as reported in the literature (i.e., Liu and
Zhang, 2005; Zhang et al., 2006). Briefly, these functions were calibrated using
results obtained from the Optitek sawing simulator (Forintek Canada Corp., 1994)
employing both a conventional stud sawmill and a random length sawmill pro-
cessing protocol. Procedurally, for a tree stem of given diameter, length, taper and
wane, the stud sawmill processing protocol consisted of bucking the stem into
sections of fixed length (2.44 m) and then sawing the resultant sections into
dimensional lumber products based on an algorithm that maximized section-level
lumber value recovery. The random length sawmill processing protocol consisted
of optimally bucking the stem into sections of variable length (largest (4.88 m) to
smallest (1.22 m)) and then sawing them into dimensional lumber products based
on a bucking and cutting algorithm that maximized tree-level lumber value
recovery. Employing the resultant sawdust, chip and lumber volume estimates in
combinationwith market-based economic values for the year 2002, lumber volume,
lumber value and total product value, were calculated. The employment of these
virtual estimates in combination with individual tree D and H enabled the devel-
opment of size-dependent prediction equations (Lui and Zhang, 2005; Zhang et al.,
2006; Eq. (A21)). In reference to the fibre attribute functions for predicting mean
wood density per tree and mean maximum branch diameter within the first 4.9 m
sawlog per tree, multivariate allometric-based models were parameterized using
data derived from density control experiments. Complete analytical details for these
relationships are provided in Appendix A.

3. Results and discussion

3.1. The enhanced modular-based SSDMM and associated
computational framework

Expanding the dynamic SDMD modelling framework (Module
A) through the integration of the (1) Weibull-based parameter
prediction equation systems and composite heightediameter
functions (Module B), (2) dimensional-compatible variable
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exponent taper equation (Module C), (3) allometric-based compo-
nent biomass functions (Module D), (4) sawmill-specific product
recovery and value functions (Module E), and (5) composite fibre
attribute functions (Module F), yielded the modular-based SSDMM
(Fig. 1). An indepth schematic illustration and corresponding
descriptive synthesis of the computational framework is presented
in Appendix B. Included within this framework are the modelling
advancements introduced in this study, as described below.

3.1.1. Accounting for response delay, density-independent mortality,
and genetic worth effects

The Dynamic SDMD Module (Fig. B1(a)) embeds the prerequi-
site yieldedensity relationships that are used to predict the
temporal site-specific sizeedensity trajectory and associated stand-
level variables for a given density management regime. The SDMD
modelling approach commonly assumes that the sizeedensity
trajectory of a recently thinned stand immediately follows that of
a stand which was managed at the lower post-thinned density.
However, trees within recently thinned stands require a period of
time to morphologically adjust to their newly allocated growing
space and resources. In order to account for this adjustment period
a temporal response delay function was developed. This approach
was based on the difference in live crown ratios between trees
within the pre-thinned and post-thinned stand as initially
conceptualized by Newton (2003). To illustrate this concept by way
of an example, the results from a black spruce initial spacing trial
are used (i.e., Table 1 in McClain et al., 1994). Specifically, the
differential in mean live crown ratio between a density stressed
stand (surrogate for the thinned stand just before thinning (44%))
and a low-density-stressed stand (surrogate for the thinned stand
immediately following thinning (80%)), situated on the same site
and of equal age (41 yr), was 36%. However, if the density-stressed
stand was thinned at an age of 41, the model would incorrectly
assume there was no differential between the stands. Thus the
length of time required for trees within this conceptually thinned
stand to achieve a mean live crown ratio of approximately 80%,
would be considered the duration of the response delay period.
Extending this concept by accounting for intrinsic live crown ratio
change within the lower density stand in the years immediately
following thinning, the exact number of years required for the live
crown ratios in both stands to converge can be determined.
Computationally, this would be the number of years that the live
crown ratio of the tree of mean dominant height took to rebuild its
live crown ratio (based on a static live crown base) to be equivalent
to that predicted for a similar tree growing at the lower density. For
these response delay years, the trees within the recently thinned
stand which have yet to fully occupy their newly allocated space
would not be competing until their live crown ratios recovered.
Consequently, the net density change function was disabled during
this adjustment period.

Sizeedensity trajectories should also account for possible age-
related density-independent mortality arising from intrinsic
biotic and abiotic factors (e.g., mortality due to insect and disease
vectors). Consequently, a dynamic operational adjustment factor
(OA; %/yr), defined as the annual percentage of trees that are
expected to incur density-independent mortality throughout the
rotation, is used to modify the net density change projections.
Computationally, this involves subtracting (OA/100) N from the
density estimate given by Eq. (A11), as described in the following
script:

If OA> 0 then N̂
0
ðtÞ ¼ N̂ðtÞ � ðOA=100ÞN̂ðtÞ

where N̂ðtÞ is the predicted density (stems/ha) at time t as calcu-
lated from Eq. (A11), and N̂

0
ðtÞ is the resultant adjusted density
estimate at time t after accounting for density-independent
mortality factors.

Genetic worth effects, as defined as the temporary increase in
dominant height growth (GW; %/100) initiating at a specific selec-
tion age (GA; yr) which decreases in a linear fashion until rotation
age (sensu Xie and Yanchuk, 2003), was integrated into the
heighteage function as described by the following script.

If GW> 0 then for t ¼ GA:

Ĥ
0
dðtÞ ¼ ĤdðtÞ þ GWĤdðtÞ;

otherwise; for t>GA:

Ĥ
0
dðtÞ ¼ ĤdðtÞ þ

0
@GW �

�
GW

T � GA

� Xt
i¼GA

1

1
AĤdðtÞ

let ĤdðtÞ ¼ Ĥ
0
dðtÞ

where ĤdðtÞ is the predicted mean dominant height at time t
according to Eq. (1), Ĥ

0
dðtÞ is the adjusted ĤdðtÞ, and T is the rotation

length in years.

3.1.2. Ensuring compatibility among dominant height estimates
The Diameter and Height RecoveryModule (Fig. B1(b)) is used to

recover the grouped-diameter frequency distribution and corre-
sponding tree height distribution employing the Weibull-based
parameter prediction equation systems and composite
heightediameter functions in association with stand-level variable
estimatesderived fromtheDynamic SDMDmodule. Theprovisionof
two annual dominant height estimates, one from the site-specific
heighteage function (ĤdðtÞ; Eq. (1)) and the other one calculated
from the diameter-class heights (Ĥ

0
dðtÞ; Eq. (A18)), allows for an

internal comparisonand correction if requiredon thediameter-class
height predictions (Eq. (2)).

Ĥ
0
dðtÞ ¼

XJ
j¼1

Ĥðt;jÞN̂ðt;jÞ

�XJ
j¼1

N̂ðt;jÞ for D̂ðt;jÞ � D̂80ðtÞ

where D̂80ðtÞ ¼ b̂ðtÞ½ � logeð0:20Þ�ĉ
�1
ðtÞ
�

(2)

where Ĥðt;jÞ, N̂ðt;jÞ and D̂ðt;jÞ are the predicted height (m), number of
trees (stems/ha) and midpoint diameter (cm) for the jth two-
centimetre-width diameter class at time t, respectively, b̂ðtÞ and ĉðtÞ
are the predicted stand-type-specific scale and shape parameters of
the 3-parameter Weibull probability density function at time t,
respectively, and D̂80ðtÞ is the predicted diameter (cm) correspond-
ing to the 80th percentile within the recovered diameter distribu-
tion at time t. Thus in cases where Ĥ

0
dðtÞÞsĤdðtÞ, the HeD function

(Eq. (A18))was conditionized to ensuremathematically consistency.
Computationally, this involved calculating the mean diameter of
trees within the upper quintile of the diameter distribution by year
ðD̂dðtÞÞand thenadjusting the intercept terminEq. (A18) accordingly,

i:e:; l̂
0
0ðiÞðtÞ ¼

ĤdðtÞ

D̂
l̂1ðiÞþl̂2ðiÞP̂rðtÞþl̂3ðiÞĤdðtÞþl̂4ðiÞP̂rðtÞĤdðtÞ
dðtÞ P̂

l̂5ðiÞ
rðtÞĤ

l̂6ðiÞ

dðtÞ
�
P̂rðtÞĤdðtÞ

�l̂7ðiÞ ;

where l̂
0
0ðiÞðtÞ is the adjusted intercept parameter for the ith stand-

type at time t, llðiÞ; l¼ 1;:::;7 are parameter estimates specific to
the ith stand-type, and P̂rðtÞ is the predicted relative density index
at time t. The revised diameter-class heights can then be estimated
via Eq. (3).

Ĥ
0
ðt;jÞ ¼ l̂

0
0ðiÞðtÞ D̂

l̂1ðiÞþl̂2ðiÞP̂rðtÞþl̂3ðiÞĤdðtÞþl̂4ðiÞP̂rðtÞĤdðtÞ
ðt;jÞ P̂

l̂5ðiÞ
rðtÞĤ

l̂6ðiÞ
dðtÞ
�
P̂rðtÞĤdðtÞ

�l̂7ðiÞ
(3)
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Additional computation details for the variables used in Eqs. (2)
and (3) can be found in Appendices A and B (i.e., Fig. B1(a) and (b) in
association with Table B1).

3.1.3. Tailoring log and volume outputs by management objective
The Taper Analysis and Log Estimation Module (Fig. B1(c))

calculates upper stem diameters for trees within each diameter
class from which diameter-class and stand-level estimates of the
number of sawlogs and pulplogs, residual tip volumes, and
merchantable and total stem volumes are calculated, according
to the specified merchantability limits. However, these limits can
vary due to changes in market conditions or management
objectives. For example, an integrated forest operation consist-
ing a saw and pulp mill with a cogeneration power plant may
configure their slashing operations to maximize the production
of sawlogs first, pulplogs second and residual tip volumes third.
Consequently, the employment of user-specified merchantability
limits, in terms of log lengths and upper stem diameter
thresholds, allows the user to tailor the model’s output accord-
ing to their specific needs (e.g., reducing the upper merchantable
stem diameter from the traditional 10 cm to 4 cm in order to
increase the biomass volume available for the cogeneration
operation).

3.1.4. Compatibility among end-product volumes and accounting
for value degrade

The Product and Value Estimation Module (Fig. B1(e)) estimates
sawmill-specific recoverable chip and lumber volumes and asso-
ciated market-based values at the tree, diameter-class and stand
levels. According to empirical expectation, the cumulative chip and
lumber volume per tree should not exceed the merchantable
volume per tree estimate as calculated from the taper equation.
However this is not always the case since the product and taper
equations are not mathematically constrained to ensure compati-
bility between their predicted volumes. Thus via the use of a ratio
estimator, the product volume estimates are adjusted to ensure
that their additive volumes do not exceed the merchantable
volume predicted from the taper equation. Likewise, the same
proportionate reduction is used to adjust the resultant product
values. Refer to Fig. B1(e) for the computation script associated
with these adjustments.

In order to account for inflation since the time the product value
equations were developed (2002), the estimates were increased
using an adjustment factor based on a user-specified inflation rate
(Ir; mean annual rate of inflation since 2002 (%/100)) and the
calendar year in which the calculation was made (Ys). Furthermore,
the product value estimates from these equations have been shown
to overestimate actual monetary values since product downgrades
due to knots were not accounted for in the original studies (e.g., Liu
et al., 2007; Tong and Zhang, 2009). Consequently, as shown in
Fig. B1(e), a user-specified degrade adjustment factor (De; %) is used
to address this issue explicitly.

3.1.5. Predictive ability
A majority of the principal relationships used within the

estimation modules have been previously validated independently
within the source publications. These included the parameter
prediction equation systems for diameter distribution recovery
(Module B; Newton and Amponsah (2005)), composite heighte
diameter functions (Module B; Newton and Amponsah (2007)),
dimensional taper equation (Module C; Sharma and Parton (2009)),
and product recovery and value functions (Module E; see Liu and
Zhang (2005) and Zhang et al. (2006)). In addition, an assessment
of the biological reasonableness of the model’s predictions in rela-
tion to expected patterns derived from theoretical constructs
indicated the predictions were in accord with expectation: (1)
increasing rates of density-dependent mortality as the sizeedensity
trajectories approach the self-thinning line; (2) approximate
convergence of sizeedensity trajectories with the self-thinning line
as density-stress levels approach their maximum; (3) increasing
positive-skewness of size-distributions with increasing density-
stress until self-thinning occurs, thereafter, approaching a normal-
type distribution; (4) declining live crown ratios and branch sizes
with increasing density; and (5) decreasing wood density with
reductions in density-stress levels. Similarly, numerical thresholds
obtained from the measurement of density control experiments (i.e.,
Nelder plots) and provincial wide permanent sample plot data bases
were used to assess the reasonableness of the empirical estimates.
Results indicated that the predictions did not exceed the observed
maximums in terms of mean tree sizes, basal area per unit area, and
merchantable and total volume productivity. A case-study assess-
ment of the model’s ability to predict recovered product volumes
and associated monetary values was also carried out by comparing
the model’s estimates with those observed within a long term initial
spacing experiment (Zhang and Chauret, 2001). Briefly, this experi-
ment was located on a medium site quality (site index ¼ 16.9 m
(Carmean et al., 2006)) in Northwestern Ontario, and consisted of 3
initial espacement treatments (2.74 � 2.74 m, 2.0 � 2.0 m, and
1.83 � 1.83 mwhich corresponding to initial densities of 1329, 2500
and 2986 stems/ha). Sample trees within each treatment were
destructively sampled in 1998 at an age of 52 yr and subsequently
processed via a local stud mill. Differences between observed and
predicted values for the 1329, 2500 and 2986 stems/ha treatments
were respectively (1) �29 (under estimation), 10 and 4% for chip
volume, (2) �11, 33 and 19% for lumber volume, and (3) �3, 39 and
24% for total product values. These results suggest that for this
particular experiment, the model preformed adequately in terms of
predicting these output metrics (i.e., overall mean differences of 5,
14, and 20% for chip and lumber volumes, and total product values,
respectively). These initial assessments indicated that the model’s
predictions were reasonable and in general agreement with expec-
tation. However, it should be noted that these results are preliminary
and a full evaluation of the model’s predictive ability will require
comprehensive validation data sets consisting for the entire suite of
output parameters from multiple density control experiments (e.g.,
volumetric yields, log distributions, biomass and carbon values,
recoverable end-products and associated values, and fibre attributes
from experiments that implement operationally-relevant ranges of
IE, PCT and CT treatments).

3.2. An algorithmic analogue and its application in density
management

In order to reduce the complexities in implementing the
computational sequence required to derive volumetric yields, log
assortments, biomass and carbon outcomes, recoverable products
and associated values, and fibre attributes (as described in
Appendix B), an algorithmic analogue of the SSDMM was devel-
oped using the VisualBasic.Net programming language. The
program predicts and tabulates site-dependent annual and rota-
tional diameter-class and stand-level estimates in terms of volu-
metric yields, log distributions, biomass and carbon yields,
recoverable products and associated values by sawmill-type, cost
profiles and fibre attributes, for each of 3 user-specified density
management regimes. Specifically, for each tree within the
recovered diameter distribution, the program calculates its height,
number of pulp and saw logs recovered, merchantable volume,
biomass and carbon equivalents for each above-ground compo-
nent, sawmill-specific recoverable chip and lumber volumes and
associated monetary values, and individual tree fibre attributes,



Table 3
Stand-level performance indices: denotations and computations.

Index (unit) Computation

Mean annual
merchantable
volume increment:
RMAI (m3/ha/yr)

RMAI ¼ ðVm þPK
k¼1 VmðkÞÞ=AðTÞ where Vm is the standing merchantable volume (m3/ha) at rotation (A(T)) and VmðkÞ is the merchantable volume removed during the kth thinning

entry (k ¼ 1,.,K; K ¼ 4).

Mean annual
biomass
increment:
RBMI (t/ha/yr)

RBMI ¼ ðMt þ
PK

k¼1 MtðkÞÞ=AðTÞ where Mt is the standing total aboveground biomass (t/ha) at rotation and MtðkÞ is the total aboveground biomass (t/ha) removed during the kth thinning
entry (k ¼ 1,.,K; K ¼ 4).

Mean annual
carbon
increment:
RCAI (t/ha/yr)

RCAI ¼ ðCt þ
PK

k¼ 1 CtðkÞÞ=AðTÞ where Ct is the standing total aboveground carbon (t/ha) at rotation and CtðkÞ is the total aboveground carbon (t/ha) removed during the kth thinning
entry (k ¼ 1,.,K; K ¼ 4).

Percentage of
sawlogs
produced:
RSL (%)

RSL ¼ 100½ðNls þ
PK

k¼1 NlsðkÞÞ=ððNls þ
PK

k¼1 NlsðkÞÞ þ ðNlp þ
PK

k¼1 NlpðkÞÞÞ� where Nls and Nlp are the total number of sawlogs (logs/ha) and pulplogs (logs/ha) at rotation, respectively,
and NlsðkÞ and NlpðkÞ are the total number of sawlogs (logs/ha) and pulplogs (logs/ha) removed during the kth thinning entry (k ¼ 1,.,K; K ¼ 4), respectively.

Percentage of
lumber volume
recovered:
RLV(m) (%)

RLVðmÞ ¼ 100½ðVlðmÞ þ
PK

k¼ 1 Vlðk;mÞÞ=ððVlðmÞ þ
PK

k¼1 Vlðk;mÞÞ þ ðVcðmÞ þ
PK

k¼1 Vcðk;mÞÞÞ� where VlðmÞ and VcðmÞ are the lumber and chip volumes (m3/ha) recovered employing the mth sawmill
processing protocol (m ¼ s (stud mill) or r (randomized length mill)) from the merchantable-sized trees at rotation, respectively, and Vlðk;mÞ and Vcðk;mÞ are the lumber and chip volumes (m3/ha)
recovered employing the mth sawmill processing protocol from the merchantable-sized trees removed during the kth thinning entry (k ¼ 1,.,K; K ¼ 4), respectively.

Relative land
expectation
value:
E(m) (%)

EðmÞ ¼ 100$

 
LTEðmÞ � LCEðmÞ

LCEðmÞ

!
where

LTEðmÞ ¼
ðPTtðmÞð1þ IrÞAðTÞ þPK

k¼1ðPTtðk;mÞð1þ IrÞAðkÞ Þð1þ IrÞAðTÞ�AðkÞ Þ�ðCE
F ð1þ IrÞAðTÞ þCT

V�Pð1þ IrÞAðTÞ þPK
k¼1C

T
F�TðkÞð1þ IrÞAðTÞ�AðkÞ þPK

k¼1C
T
V�TðkÞð1þ IrÞAðTÞ�AðkÞ þ CT

V�HÞ
ð1þDrÞAðTÞ �1 fPTtðmÞ ¼ PtðmÞ

PTtðk;mÞ ¼ Ptðk;mÞ
CT
F�TðkÞ ¼ cTF�TðkÞð1þ IrÞAðkÞ

CT
V�P ¼ 0forthenaturalstand�type

CT
V�P ¼ csNT

I for themanagedstand�type
CT
V�TðkÞ ¼ ðcTV�TðkÞð1þ IrÞAðkÞ ÞV̂mðkÞ

CT
V�H ¼ ðcTV�Hð1þ IrÞAðTÞ ÞV̂mðTÞ

LCEðmÞ ¼
PCtðmÞð1þ IrÞAðTÞ � ðCE

F ð1þ IrÞAðTÞ þ CC
V�Pð1þ IrÞAðTÞ þ CC

V�HÞ
ð1þ DrÞAðTÞ � 1 f PCtðmÞ ¼ PtðmÞ

CC
V�H ¼ ðcCV�Hð1þ IrÞAðTÞ ÞV̂mðTÞ

CC
V�P ¼ 0 for the natural stand� type

CC
V�P ¼ csNC

I for the managed stand� type

LTEðmÞ and LCEðmÞ are the land expectation values at rotation attained employing the mth sawmill processing protocol within the density manipulated and control stands, respectively,

PTtðmÞ and PCtðmÞ are the inflation-adjusted (to the time of simulation; Ys) total product values ($/ha) recovered employing the mth sawmill processing protocol from the merchantable-sized

trees within the density manipulated and control stands at rotation, respectively, PTtðk;mÞ is the inflation-adjusted total product value ($/ha) recovered employing the mth sawmill processing

protocol from the merchantable-sized trees removed during the kth thinning entry (k ¼ 1,.,K; K ¼ 4), CE
F is the fixed costs ($/ha) incurred at the time of stand establishment (e.g., regeneration

assessment or vegetation management expenses), CT
V�P and CC

V�P are the variable costs for planting for the treated and control stand, respectively, and are equivalent to the number of seedlings

planted (NC
I and NT

I are the initial planting density (stems/ha) within the control and treated stand, respectively) multiplied by the cost per planted seedling (cs; $/seedling), CT
F�TðkÞ is the inflation-adjusted

fixed costs ($/ha) incurred during the kth thinning entry (e.g., precommercial thinning cost or logistical costs such as those associated with transporting thinning equipment to CT sites),
cCV�H and CC

V�H are the inflation unadjusted and adjusted variable costs (dollars per cubic metre of merchantable volume harvested ($/m3)), respectively, associated with crown charges

(stumpage and renewal fees), harvesting, transportation, processing and manufacturing at the time harvest within the control stand, similarly, cTV�H and CT
V�H are the inflation unadjusted and adjusted

variable costs ($/m3), respectively, at the time of harvest within the treated stand, and cTV�TðkÞ and CT
V�TðkÞ are the inflation unadjusted and adjusted variable costs ($/m3), respectively, at the time

of the kth thinning entry within the treated stand, Ir and Dr are the inflation and discount rate, respectively, and AðkÞ and A(T) are the stand ages at the time of the kth thinning entry and
rotation, respectively.

Duration of
optimal site
occupancy:
SO (%)

SO ¼ 100ðYO=YNÞ where SO is the percentage of rotation that the sizeedensity trajectory was within the conceptual optimal relative density management zone (0:32 � Pr < 0:45),
YO is the number of years in which the sizeedensity trajectory was within the conceptual optimal relative density management zone, and YN is the rotation length in years.
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fromwhich cumulative diameter-class and stand-level values, and
performance indices, are derived.

Productivity, quantity and quality of recoverable products,
economic efficiency, degree of optimal site occupancy, structural
stability, wood quality and operability status, are among the most
important elements considered when designing a crop plan. Thus in
order to simplify the decision-making process, a key set of stand-
level performance indices was formulated. These indices enabled
the contrasting of alternative density management regimes in terms
of the following: (1) overall productivity as measured by the mean
annual merchantable volume increment (RMAI; m3/ha/yr), mean
annual biomass increment (RBMI; t/ha/yr) and mean annual carbon
increment (RCAI; t/ha/yr); (2) sawlog production potential (RSL; %); (3)
end-products produced expressed as the percentage of lumber
volume recovered via the mth sawmill processing protocol (RLV(m);
%); (4) economic efficiency as quantified by relative land expectation
value (i.e., the maximum an investor could pay for bare land to
achieve a specified rate of return (discount rate) of a given manip-
ulated regime relative to the control regime, employing the mth
sawmill processing protocol (E(m); %)); (5) duration of optimal site
occupancy (SO; %); (6) stand stability as quantified by the mean
height/diameter ratio for the dominant crown class population (SS;
m/m); (7) fibre quality attributes as reflected by meanwood density
(WD; g/cm

3) andmeanmaximumbranch diameter (BD; cm); and (8)
operability status as measured by the number of years that a stand
requires to reach harvestable status as defined by target piece size
(number of merchantable stems per cubic metre of merchantable
volume) and merchantable yield (merchantable volume per unit
area) thresholds (OT; yr). Computational details for each of these
indices are provided in Table 3.

Operationally, deriving the optimal density regime or crop plan
foragivensetof objectives is a challengingmanagementproposition
considering the number of the decision variables that a resource
manager must evaluate. These include decisions on which stand-
types and site qualities are to be treated, what initial densities to
plant at, the number, intensity (removable densities), timing and
type (systematic, selective, thinning-from-below) of thinning
treatment to implement,when to conduct thefinal harvest (rotation
age), inflation and discount rates, and applicable fixed and variable
cost values. Furthermore, the selected regime must also adhere to
regulatory guidelines as issued by governing bodies (e.g., candidate
stands for CT treatments must achieve threshold structural condi-
tions such as minimum basal areas and live crown ratios before
thinning can commence). In order to exemplify the utility of the
model within this operational context, the software program was
used to evaluate the consequences of implementing thinning
treatments (PCT and CT) within natural black spruce stands, and
reducing initial espacement regimes below the commonly
employed 2500 seedlings/ha planting standard. These density
management scenarios reflect current discussions regarding forest
management practices within the central portion of the Canadian
Boreal Forest Region. Briefly, the goal of implementing PCT treat-
ments within density-stressed stands is to shorten the time to
operability status. The objective underlying CT is to minimize
merchantable volume losses that would be normally attributed to
density-dependent mortality at the later stages of stand develop-
ment while at the same time reducing the technical rotation age for
the production of high quality wood products (McKinnon et al.,
2006). The purpose of lowering planting densities is to increase
economic efficiencies through the reduction of planting costs and
avoiding the expense of subsequent thinning treatments.

3.2.1. Natural stand-types e PCT þ CT treatments
Conceptually, preferable CT density management regimes are

those which (1) increased mean tree size without incurring
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declines in stand volume growth, (2) do not unacceptably increase
the risk of volume losses to wind, snow, insects, and disease, and
(3) avoid high rates of density-dependent mortality within the
merchantable-sized tree classes which enables the recovery of
some the expected merchantable volume losses. Operationally, the
CT treatment should occur within density regulated stands
approximately 15e20 yrs from rotation age, reduce basal areas by
30e35% from an initial minimum basal area of 25 m2/ha, be
implemented only when density-dependent mortality is occurring
or imminent within the merchantable-sized classes, and only in
stands where mean live crown ratios exceed 35% (McKinnon et al.,
2006). Thus within this context, 3 stands with initial densities of
5000 stems/ha (NI) established on good quality sites (SI¼ 18) which
were subjected to (1) no thinning treatments (Regime 1; control),
(2) a single PCT treatment (Regime 2), and (3) a dual treatment
consisting of both a PCT and CT treatment (Regime 3), were con-
trasted over a 65 yr rotation. The PCT treatments were identical in
both Regime 2 and 3 and consisted of a thinning-from-below
protocol in which 2500 stems/ha were removed at age 10. The CT
treatment consisted of removing 1000 stems/ha at age 45 which
represented a 30% reduction in basal area at the time of thinning. To
account for density-independent mortality throughout the
Table 4
Stand-type specific input parameters used in the SSDMM simulations.

Input parameter (unit) [symbol] Stand-typea and treatment

PIm(N)

Regime 1:
Control

Regime 2:
PCT

Simulation year [Ys] 2011 2011
Site index [SI] 18 18
Rotation age (yr) [T] 65 65
Initial density (stems/ha) [NI] 5000 5000
Genetic worth and

selection age (%/yr) [GW/GA]
e e

Merchantable specifications
Pulplog length (m) [lp] 2.59 2.59
Pulplog minimum diameter (cm) [dp] 10 10
Sawlog length (m) [ls] 5.03 5.03
Sawlog minimum diameter (cm) [ds] 14 14
Merchantable top diameter (cm) [dm] 4 4

Rates
Interest rate (%) [Ir] 2 2
Discount rate (%) [Dr] 4 4

Operability Targets
Piece-size (stems/m3) [O1�T] 10 10
Merchantable yield (m3/ha) [O2�T] 130 130

Assessment fee and (or) site
preparation ($/ha) ½CE

F �
100 100

Planting ($/seedling) [cs] e e

Operational adjustment factor (%) [OA] 1 1
Product degrade (%) [De] 5 5
Variable cost ($/m3) ½CC

V�H or CT
V�H � 90 80

PCT Treatment
Time of treatment ½T2Að1Þ � e 10
Density removed (stems/ha) ½T2Nð1Þ � e 2500
Fixed cost of PCT ($/ha) ½CT

F�Tð1Þ� e 0.3

CT Treatment
Time of treatment ½T3Að2Þ or T2Að1Þ � e e

Density removed (stems/ha) ½T3Nð2Þ or T2Nð1Þ � e e

Fixed cost of CT ($/ha) ½CT
F�Tð2Þ or C

T
F�Tð1Þ� e e

Variable cost ($/m3) ½CT
V�H � e e

a As defined in Table 1
rotation, an operational adjustment factor (OA) of 1% was specified
for all 3 regimes. The fixed costs included a $0.1K/ha regeneration
assessment fee applicable at the time of establishment, $0.3K/ha
charge for the PCT treatment (e.g., labour and supplies for equip-
ment), and $0.1/ha for the CT treatment (e.g., transportation costs
associated with equipment transfer). Variable costs associated with
stumpage and renewal fees, harvesting, transportation and
manufacturing differed by regime in order to reflect the nominal
cost reductions arising from larger piece sizes and spatial unifor-
mity within the treated stands. The time of simulation, rate of
inflation and discount ratewere set to 2011, 2% and 4%, respectively.
Similar to a sawlog management objective in which there is a bias
towards the production of larger but few trees at rotation, the
operability targets were set at a piece size and merchantable
volume yield threshold of 10 stems/m3 and 130m3/ha, respectively.
All the required input parameter values are listed in Table 4.

The temporal mean volumeedensity trajectories for these
regimes within the context of the traditional SDMD mean
volume e density graphic are illustrated in Fig. 2(a). Note, the
stands at the time of the PCT treatment (10 yr) were below the
x-axis in Fig. 2(a) and hence not shown. However, the tabular
output from the software indicated that the stands had a mean
PIm(M)

Regime 3:
PCT þ CT

Regime 1:
Control

Regime 2:
CT

Regime 3:
Low IS

2011 2011 2011 2011
18 18 18 18
65 50 50 50
5000 2500 2500 1500
e 15/10 15/10 15/10

2.59 2.59 2.59 2.59
10 10 10 10
5.03 5.03 5.03 5.03
14 14 14 14
4 4 4 4

2 2 2 2
4 4 4 4

10 10 10 10
130 200 200 200

100 300 300 300

e 0.6 0.6 0.6
1 0 0 0
5 5 5 15
70 80 75 70

10 e e e

2500 e e e

0.3 e e e

45 e 30 e

1000 e 805 e

100 e 100 e

80 e 80 e



Fig. 2. (a) SDMD graphic for the natural black spruce stand-type. Note the following principal components of the SDMD: (1) isolines for mean dominant height (Hd; diagonal lines
ranging from a minimum of 6 m at the bottom of the graphic to a maximum of 22 m at the top of the graphic separated by 2 m increments), quadratic mean diameter (Dq;
horizontal-line lines ranging from a minimum of 4 cm at the bottom of the graphic to a maximum of 24 cm at the top of the graphic separated by 2 cm increments), mean live crown
ratio (Lr; 35, 40, 50,., 80% (diagonal lines)), relative density index (Pr; 0.1e1.0 by 0.1 intervals (diagonal lines)); (2) crown closure line (lower diagonal solid line) and self-thinning
rule at a Pr ¼ 1.0 (upper diagonal solid line); (3) lower and upper Pr diagonal isolines delineating the optimal density management window (Dm; 0.32 � Pr � 0.45); and (4) expected
65 year sizeedensity trajectories with 1 year intervals denoted by a vertical line for each of the 3 user-specified density management regimes, for stands situated on good quality
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dominant height (Hd) of 3.1 m, density of 4965 stems/ha, a mean
volume of 0.3 dm3, quadratic mean diameter (Dq) of 1.4 cm, basal
area of 0.8 m2/ha and relative density index (Pr) of 0.04, just
before treatment. Furthermore, the stands had yet to achieve
crown closure status. Later at the time of the CT treatment, as
observable from trajectory for Regime 3 in Fig. 2(a), the stand had
(1) just intersected the 16 m dominant height isoline, (2) was
slightly more thenmidway between the 12 and 14 quadratic mean
diameter isolines, (3) exactly midway between the 0.6 and 0.7
relative density index isolines, and (4) slightly above the 0.4 live
crown ratio (Lr) isoline. The corresponding interpolated mean
volume, density and basal area values were 84.6 dm3, 1845 stems/
ha and 25.1 m2/ha, respectively. Hence, according to the guide-
lines given in McKinnon et al. (2006), the stand was a candidate
for a CT treatment: i.e., previously density regulated (i.e., PCT at
age 10), pre-treatment basal area >25 m2/ha, live crown ratio
>35%, and imminent density-dependent mortality expected
within the merchantable size classes (e.g., projected to occur at
age 51 yr). The resultant thinning and rotational yield estimates
are provided in Table 5 whereas the stand-level performance
indices are given in Table 6.

Results indicated that the PCT treatments occurred during the
stage of development during which the crowns had yet to close
(i.e., sizeedensity trajectories were below the crown closure line
at the time of treatment). However, the effect of PCT was to extend
the open grown period of stand development by another 5 years,
as indicated by the occurrence of crown closure status at age 17 for
the PCT stands. Given that the dominant height of the stands
would be 6 m at age 17 and hence most of the branches within the
first 5.03 m sawlog would have been formed, this additional
growing space may have contributed to the slightly greater mean
maximum branch diameters observed within the thinned stands
(c.f., 2.65 cm versus 2.70 cm for the control and thinned stands,
respectively; Table 6). Comparing Regime 2 against Regime 1,
indicated that on the positive side, the PCT treatment (1) shorten
the time to stand operability status by 7 years, (2) produced trees
of larger mean size at rotation (i.e., increases in mean volume of
25%, quadratic mean diameter of 10%, and mean total biomass of
19%), (3) increased the percentage of sawlogs produced by 13%,
and (4) enhanced overall structural stability (e.g., reducing the
height/diameter ratio by 7%). On the negative side, however, the
single PCT treatment resulted in lower per unit area yields for
merchantable volume (10% less), biomass (14% less) and carbon
(14% less). The PCT treatment did, however, result in a gain in
economic efficiency (11%) at rotation when employing a stud mill
processing protocol. Furthermore, the reduction in the time to
operability status would also increase the economic gain given
that the stands would be harvested at age 46 rather than at an age
of 53 yr. In summary, the PCT treatment resulted in (1) earlier
stand operability status which may have translated into
substantial economic gains if the stand was harvested at the age of
operability, (2) larger but fewer trees at rotation, (3) increased
duration of the period of optimal site occupancy, (4) enhanced
structural stability, (5) lower overall per unit area yields, and (6)
sites (SI ¼ 18). Specifically: Regime 1 e establishment density of 5000 stems/ha with no
thinning (PCT) of 2500 stems/ha at 10 yr; and Regime 3 e establishment density of 5000 stem
at 45 yr. (b) SDMD graphic for the managed black spruce stand-type. Note the following prin
like lines ranging from a minimum of 4 m at the bottom of the graphic to a maximum of 20 m
horizontal-line lines ranging from a minimum of 4 cm at the bottom of the graphic to a maxim
ratio (Lr; 35, 40, 50,., 80% (diagonal lines)), relative density index (Pr; 0.1e1.0 by 0.1 interva
rule at a Pr ¼ 1.0 (upper diagonal solid line); (3) lower and upper Pr diagonal lines delineati
50 year sizeedensity trajectories with 1 year intervals denoted by a vertical line for each
quality sites (SI ¼ 18). Specifically: Regime 1 e initial planting density of 2500 stems/ha wit
thinning of 805 stems/ha at 30 yr; and Regime 3 e establishment density of 1500 stems/h
a slight decline in log quality in terms of potential knot size and
wood density.

For Regime 3, the CT treatment consisted of removing 7.5 m2/ha
of the basal area at age 45. This mid-rotation partial harvest
resulted in the recovery of approximately 31 m3/ha in merchant-
able volume. Density-dependent mortality rates within the
merchantable size classes of the CT stand were considerably lower
than that within the control stand during the post-CT period (c.f.,
151 stems/ha versus 303 stems/ha over the 20 yr period). In terms
of site occupancy, the CT stand extended the percentage of the
rotation in which it was within the optimal density management
window: 5% over that of the stand that was only PCT, and 9% over
the untreated control stand. Relative to the control and PCT stand,
the CT treatment also resulted in larger but fewer trees at rotation,
increased proportion of sawlogs, extended period of optimal site
occupancy, and enhanced structural stability. However, a decline
in overall productivity and slight reduction in log quality
were evident. The economic indices indicated that compared to
the control stand, relative land expectation values remained
unchanged for the random length mill processing protocol
compared to an approximate 22% increase for the stud mill pro-
cessing protocol.

Although specific to these selected crop plans and conditional on
the economic assumptions employed, these results suggest that
relative to unthinned density-stressed natural black spruce stands,
thinning may be a viable treatment option. Particularly, in regards to
accelerating stand operability status (as shown by the PCT treat-
ment), capturing expected mortality within the merchantable-sized
tree classes, increasing the proportion larger-sized trees and the
resultant number of sawlogs produced, and improving of stand
stability (as shown by the dual PCT and CT treatments).

3.2.2. Plantations e IE þ CT with incorporation of genetic worth
effects

The standard planting density for boreal species in the central
portion of the Canadian Boreal Forest Region is approximately
2500 seedlings/ha (i.e., 2 � 2 m square spacing). As discussed
above, reducing planting densities below this threshold is
increasing being debated due to economic constraints. However,
given the density-dependent nature of the relationship between
site occupancy and stand level productivity, lower planting densi-
ties may result in reduced productivity and declines in economic
value. Although less dense stands may incur lower mortality losses
and produce trees of larger mean size, the quality of commercially-
relevant fibre attributes could decline due to the increased
production of juvenile wood and larger knot sizes. In order to
evaluate the consequences of reducing initial espacement levels,
stand development trajectories and associated 50 year rotational
(T ¼ 50) outcomes for 3 plantations established employing
improved stock on good quality sites (SI ¼ 18) were compared.
Specifically, the 2500 seedlings/ha planting standard (Regime 1)
was contrasted with a (1) plantation also established at a density of
2500 seedlings/ha but with a CT treatment at age 30 yr (i.e.,
removing 805 stems/ha employing a thinning-from-below
thinning; Regime 2 e establishment density of 5000 stems/ha with a precommercial
s/ha with a PCT of 2500 stems/ha at 10 yr and a commercial thinning of 1000 stems/ha

cipal components of the SDMD: (1) isolines for mean dominant height (Hd; horizontal-
at the top of the graphic separated by 2 m increments), quadratic mean diameter (Dq;
um of 26 cm at the top of the graphic separated by 2 cm increments), mean live crown
ls (diagonal lines)); (2) crown closure line (lower diagonal solid line) and self-thinning
ng the optimal density management window (Dm; 0.32 � Pr � 0.45); and (4) expected
of the 3 user-specified density management regimes for plantations situated on good
h no thinning; Regime 2 e establishment density of 2500 stems/ha with a commercial
a with no thinning.



Table 5
Rotational yield estimates for density-manipulated black spruce stand-types situated on good quality sites: (1) high density natural stands subjected to precommercial
thinning (PCT) and commercial thinning (CT) treatments; and (2) plantations established at varying initial espacement (IE) levels with one subjected to a commercial thinning
treatment. Values in parenthesis denote yields derived from the thinning treatments (ordered by time of treatment).

Attributea

(t ¼ T)
Stand-typeb and treatmentc

PIm(N) PIm(M)

Regime 1: Control Regime 2: PCT Regime 3: PCT þ CT Regime 1: Control Regime 2: CT Regime 3: Low IS

AðtÞ (yr) 65 65 65 50 50 50
ĤdðtÞ (m) 19.9 19.9 19.9 17.2 17.2 17.2
D̂qðtÞ (cm) 17.5 19.2 22.4 20.6 20.8 20.8
ĜðtÞ (m

2/ha) 41 35 27 51 41 41
v̂ðtÞ (dm

3) 178 222 324 219 225 225
V̂ tðtÞ (m

3/ha) 300 270 (3) 261 (3,35) 338 327 (53) 272
V̂mðtÞ (m

3/ha) 285 256 (e) 245 (e,31) 319 305 (48) 256
N̂ðtÞ (stems/ha) 1687 1215 695 1541 1215 1205
P̂rðtÞ (%/100) 0.96 0.80 0.58 1.0 0.8 0.8

N̂lpðtÞ (logs/ha) 3515 2262 (e) 1314 (e,271) 2458 2315 (523) 1778
N̂lsðtÞ (logs/ha) 608 873 (e) 790 (e,0) 1041 862 (0) 858
V̂ rðtÞ (m

3/ha) 59 38 (e) 31 (e,9) 43 48 (10) 38

M̂pðtÞ (t/ha) 20 17 (e) 17 (e,3) 20 21 (3) 17
M̂sðtÞ (t/ha) 194 164 (e) 149 (e,26) 187 178 (25) 152
M̂bðtÞ (t/ha) 6 6 (e) 7 (e,2) 9 11 (3) 8
M̂fðtÞ (t/ha) 10 11 (e) 16 (e,4) 14 20 (5) 15
M̂tðtÞ (t/ha) 230 197 (e) 189 (e,34) 230 230 (37) 192

ĈpðtÞ (t/ha) 10 9 (e) 9 (e,2) 10 10 (2) 9
ĈsðtÞ (t/ha) 97 82 (e) 73 (e,13) 94 89 (13) 76
ĈbðtÞ (t/ha) 3 3 (e) 4 (e,1) 5 6 (2) 4
ĈfðtÞ (t/ha) 5 6 (e) 8 (e,2) 7 10 (3) 7
ĈtðtÞ (t/ha) 115 99 (e) 95 (e,17) 115 115 (18) 96

V̂cðsÞðtÞ (m
3/ha) 132 109 (e) 100 (e,21) 138 140 (26) 113

V̂ lðsÞðtÞ (m
3/ha) 150 134 (e) 123 (e,11) 150 138 (13) 124

V̂cðrÞðtÞ (m
3/ha) 113 93 (e) 89 (e,19) 118 122 (24) 97

V̂ lðrÞðtÞ (m
3/ha) 167 149 (e) 136 (e,13) 166 154 (16) 138

P̂cðsÞðtÞ ($K/ha) 7 6 (e) 5 (e,1) 8 9 (2) 6
P̂lðsÞðtÞ ($K/ha) 30 28 (e) 27 (e,2) 31 29 (2) 24
P̂tðsÞðtÞ ($K/ha) 37 34 (e) 32 (e,3) 39 37 (4) 30
P̂cðrÞðtÞ ($K/ha) 7 5 (e) 4 (e,1) 6 6 (1) 4
P̂lðrÞðtÞ ($K/ha) 41 37 (e) 36 (e,4) 44 42 (4) 34
P̂tðrÞðtÞ ($K/ha) 47 42 (e) 40 (e,5) 50 47 (5) 37

LEðsÞ ($K/ha) 3.5 3.9 4.2 5.4 5.4 4.7
LEðrÞ ($K/ha) 6.7 6.6 6.7 10.0 9.9 8.1

Notes: (1) in cases where the diameter distribution could not be recovered, incalculable size-dependent values are denoted by a dash; and (2) volumetric, log number, biomass,
carbon, lumber and chip volume, and product values (undiscounted) per unit area values include thinning yields.

a As defined in Table B1 with the exception of LEðsÞ and LEðrÞ which are the land expectation values for stud and randomization length sawmill processing protocols,
respectively, as given in Table 3.

b As defined in Table 1.
c As defined in Table 4.
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protocol; Regime 2), and (2) plantation established at a substan-
tially lower density of 1500 seedlings/ha but with no subsequent
thinning treatments (Regime 3). Note, the number of trees removed
during the CT treatment was set so that the post-treatment density
and the density of plantation established at the lowest IE treatment
would be equivalent at age 31 yr. This allows one not only to
compare the effect of the lower IE treatment but also demonstrate
the response delay concept as introduced in this study.

Specifically, for these simulations, density-independent
mortality throughout the rotation was assumed to be inconse-
quential and hence the operational adjustment factor was set to
zero. A fixed cost of $0.3K/ha was used to cover regeneration
assessment and site preparation costs at the time of plantation
establishment. Variable costs were regime-specific in order to
reflect harvesting, transportation and manufacturing cost reduc-
tions associated with increased piece size, spatial pattern unifor-
mity and reduced size variability, arising from the thinning
treatments. Similarly, product value degrade factors differed given
the expected development of larger branch diameters and by
inference larger knot sizes with increasing spacing. The increasing
use of genetically improved stock in reforestation programs
dictated that the simulations be based on a genetic worth setting of
15% at a selection age of 10 yr. A complete list of input parameters
are given in Table 4.

The temporal mean volumeedensity trajectories for each
planting regime within the context of the traditional SDMD mean
volume e density graphic are presented in Fig. 2(b). As inferred by
the intersection of the sizeedensity trajectories with the crown
closure isoline, initial crown closure status was attained at ages 13
for Regimes 1 and 2, and 18 for Regime 3. As shown in Fig. 2(b), the
sizeedensity trajectory at the time of the CT treatment (age 30;
Regime 2) was (1) just slightly above the 12 m dominant height
(Hd) isoline, (2) slightly below the 14 cm quadratic mean diameter
(Dq) isoline, and (3) slightly above the 0.7 relative density (Pr) and



Table 6
Stand-level performance indices for density-manipulated black spruce stand-types situated on good quality sites: (1) high density natural stands subjected to precommercial
thinning (PCT) and commercial thinning (CT) treatments; and (2) plantations established at varying initial espacement (IE) levels with one subjected to a commercial thinning
treatment.

Indexa Stand-typeb and treatmentc

PIm(N) PIm(M)

Regime 1: Control Regime 2: PCT Regime 3: PCT þ CT Regime 1: Control Regime 2: CT Regime 3: Low IS

RMAI (m3/ha/yr) 4.4 3.9 3.8 6.4 6.1 5.1
RBMI (t/ha/yr) 3.5 3.0 2.9 4.6 4.6 3.8
RCAI (t/ha/yr) 1.8 1.5 1.5 2.3 2.3 1.9
RSL (%) 15 28 38 30 27 33
RLV(s) (%) 53 55 55 52 50 52
RLV(r) (%) 60 62 61 59 56 59
E(s) (%) e 11 22 e Nil �1
E(r) (%) e �2 Nil e �13 �19
SO (%) 10 14 19 12 12 20
SS (m/m) 103 96 90 72 71 72
WD (g/cm3) 0.48 0.49 0.49 0.48 0.49 0.49
BD (cm) 2.65 2.69 2.71 2.64 2.67 2.69
OT (yr) 53 46 46 35 36 42

a As defined in the Table 3.
b As defined in Table 1.
c As defined in Table 4.
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the 40% live crown ratio (Lr) isolines. The corresponding interpo-
lated mean volume, density and basal area values were 72.8 dm3,
2254 stems/ha and 33.8 m2/ha, respectively. Accordingly, the stand
is a candidate for CT based on the guidelines given in McKinnon
et al. (2006): i.e., history of density regulation (i.e., planted), pre-
treatment basal area >25 m2/ha, a mean live crown ratio >35%,
and imminent density-dependent mortality within the merchant-
able size classes\(e.g., predicted to occur at age 31 yr).

The actual CT treatment resulted in reducing the basal area by
33% (11.1 m2/ha) and yielded an interim merchantable volume
harvest of 47.8 m3/ha. At rotation, all 3 plantations had achieved
a mean dominant height of 17.2 m, quadratic mean diameter
slightly greater than 20 cm, live crown ratio between 31 and 34%,
and high level of site occupancy (relative densities between 0.80
and 1.0). The resultant rotational and thinning yield estimates are
listed in Table 5 whereas Table 6 summarizes the resultant stand-
level performance indices. Although self-thinning occurred
within all 3 regimes indicating full occupancy had been achieved,
the rate of density-dependent mortality increased with increasing
planting density. Based on the stand-level performance indices,
productivity increased with increasing planting density:
merchantable volume production for the stand with a planting
density of 2500 seedlings/ha without the CT treatment was 5%
greater than the same stand with the CT treatment, and 20% greater
than the stand planted at lowest density of 1500 seedlings/ha.
Biomass and carbon productivity for the stand with the lower
planting density was 17% less than that of the other 2 regimes.
Although Regime 3 produced the highest proportion of sawlogs
over the rotation, the differences were less than 5% among all the
regimes. Similarly, the lumber volume produced at rotation was
approximately equivalent across the 3 regimes irrespective of the
sawmill processing protocol utilized. The net revenue derived from
the CT treatment nor the benefits arising from the lower planting
costs associated with planting 1500 stems/ha versus 2500 stems/ha
standard, did not translate into significant gains in economic effi-
ciency. In fact, the stand established at the lower planting density,
exhibited a 10% decline in economic efficiency, relative to the
planting standard (Regime 1). This difference can be attributed to
the greater quantity of products recovered (chip and lumber
volumes) and the associated increases in revenue: e.g., approxi-
mately 21% and 25% increase in the volume and value of products
produced, respectively, for the plantation established at
2500 stems/ha relative to plantation established at 1500 stems/ha.
Although Regime 3 had the longest duration of optimal site occu-
pancy, differences among the regimes in terms of stand stability,
wood density and branch diameter were largely inconsequential. In
terms of operability status, the time to harvestable status was
extended by 7 years when planting at the lowest density
(1500 stems/ha).

Similar to the example provided for the natural stand-type,
these results are specific to this crop plan and the associated
economic assumptions employed. Nevertheless, the comparisons
did suggest that relative to the standard practice of planting
2500 stems/ha (control regime), planting at densities substantially
below this threshold may result in declines in merchantable
volume, biomass and carbon yields, quantity, quality and value of
recoverable products, economic efficiency, and operability status.

Apart from the operational context of this example, the
comparison of two regimes with convergent sizeedensity trajec-
tories immediately following thinning, provides an opportunity to
illustrate the response delay concept. Comparing Regime 2 which
was planted at the higher density but with a CT treatment at age 30
with Regime 3 that was planted at a lower density and not thinned,
in terms of their live crown ratios immediately after thinning,
revealed that the length of the response delay lasted until age 33.
The live crown ratio at age 30 within the lower density stand was
47% versus 42% within the higher density stand. At ages 31, 32 and
33 the live crown ratios (%) were 43.3, 44.4 and 43.3 within the CT
stand versus 45.8, 44.5 and 43.4 within the lower density stand,
respectively. Thus in this example, it took 3 years for the trees
within the CT stand to rebuild their crowns and fully occupy their
newly allocated growing space.

3.2.3. Summary
As exemplified through these crop planning simulations, the

modelling advancements introduced in this study will enable users
to: (1) produce mathematical compatible yield estimates; (2)
account for intrinsic density-independent mortality factors that
were expected to affect survival rates during the rotation; (3) allow
for a temporal period for trees within recently thinned stands to
readjust morphologically through the application of the response
delay algorithm; (4) incorporate the projected increase in growth
rates arising the use of genetic enhanced stock; and (5) tailor their
simulations and output to their unique circumstances bymodifying
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the merchantability thresholds, product degrade factors, and cost
profiles. Furthermore, apart from the decision-support role that the
SSDMM provides, these examples also demonstrate that it can be
utilized as a variable-density growth, yield and wood quality
distribution model. For example, although not shown, annual
estimates for all yield attributes listed in Table 5 are also provided
by the software at both the diameter-class and stand levels.

The model’s output provides the prerequisite information to
compare alternative crop plans and subsequently select the optimal
regime for a given set of management objectives and constraints.
Although the potential utility of the enhanced model and the
associated algorithmic analogue in density management decision-
making is only partially demonstrated via these operational
examples, it is evident that the model can play a consequential role
as management objectives shift towards the production of high
value end-products, bio-energy feed stocks, and carbon credits.

3.3. Evolution, significance and overall utility of the new
modular-based SSDMM

The new modular-based SSDMM represents a plateau in terms
of the evolutionary developmental pathway of SDMD-based deci-
sion-support models. The historical lineage of model development
can be conceptualized as consisting of a three-stage incremental
process in which the model architecture has steadily increased in
complexity over a period of approximately 50 years. The first stage
involved the development of static SDMDs for commercially
important species (Japanese red pine (Pinus densiflora Siebold and
Zucc.), Sugi (Cryptomeria japonica D. Don.), Hinoki cypress (Cha-
maecyparis obtusa Siebold and Zucc.) and Japanese larch (Larix
leptolepis (Siebold and Zucc.)) in Japan during the 1960e1975
period (Ando, 1962, 1968; Aiba, 1975a,b)). These SDMDs were
based on a number of quantitative relationships derived from plant
population biology and ecological plant experimentation which
included the reciprocal equations of the competitionedensity and
yieldedensity effect (Kira et al., 1953; Shinozaki and Kira, 1956),
self-thinning rule (Yoda et al., 1963), relative density index func-
tions (Ando, 1962), and sizeedensity functions for quadratic mean
diameter, dominant height, mean volume, and mean live crown
ratio. Later in western North America, Drew and Flewelling (1979)
realized the potential of these decision-support aids in industrial
forest management and subsequently developed a static SDMD for
use in managing coastal Douglas Fir (Pseudotsuga menziesii (Mirb.)
Franco) plantations. Of significance was (1) the introduction of the
zone of imminent-competitionmortality that was used to delineate
the sizeedensity space in which density-dependent mortality was
likely to occur, and (2) quantitatively linking key stages of stand
development as predicted by the SDMD to site occupancy zones
according to Langsaeter’s forest production theory. These
incremental advancements enabled them to derive a density
management framework for coastal Douglas Fir plantations. The
framework consisted of four basic tenets: (1) stands below the
crown closure line are not fully occupying the site and hence
densities could be increased without decreasing mean tree growth;
(2) stands at or slightly below the crown closure line will result in
the attainment of maximum mean tree sizes but will conversely
cause substantial reductions in per unit area merchantable yields;
(3) stands between the lower bound of the zone of imminent
competition-mortality (relative density index of 0.55) and a relative
density index of 0.40 will result in an increase in per unit area stand
growth but will yield considerably smaller sized trees than stands
managed at lower densities; and (4) stands should not be allowed
to enter the zone of imminent competition-mortality until just
before rotation age in order to avoid the occurrence of self-thinning
within the merchantable size classes.
The second stage of development consisted of the introduction
of the dynamic SDMD model variant by Newton and Weetman
(1993, 1994). These models incorporated a site-dependent
sizeedensity trajectory sub-model in order to explicitly account
for mortality losses arising from self-thinning. To date, numerous
SDMDs have been developed for commercially important species
throughout the boreal, temperate and tropical forest regions. For
example, SDMDs have been developed for (1) Japanese red pine in
South Korea (Kim et al., 1987), (2) Monterey pine (Pinus radiata
D. Don.) in New Zealand (Drew and Flewelling, 1977) and Spain
(Castedo-Dorado et al., 2009), (3) Douglas fir in Spain (López-
Sánchez and Rodríguez-Soallerio, 2009), (4) lodgepole pine
(Pinus contorta var. latifolia Engelm.) in the western USA (McCarter
and Long, 1986; Smith and Long, 1987) and the Pacific Northwest
(Flewelling and Drew, 1985), (5) slash pine (Pinus elliottii Engelm.
var. elliottii) and loblolly pine (Pinus taeda L.) in the southern USA
(Dean and Jokela (1992) and Dean and Baldwin (1993), respec-
tively), (6) teak (Tectona grandis L.) in India (Kumar et al., 1995), (7)
pedunculate oak (Quercus robur L.) in Spain (Anta and González,
2005), (8) Scots pine (Pinus sylvestris L.) and Austrian black pine
(Pinus nigra Arn.) in Bulgaria (Stankova and Shibuya, 2007), (9)
Merkus pine (Pinus merkusii Jungh. et de Vriese) plantations in
Indonesia (Heriansyah et al., 2009), and (10) Eucalyptus globulus
and Eucalyptus nitens short rotation plantations in southwestern
Europe (Pérez-Cruzado et al., 2011). For comprehensive reviews of
the conceptual basis and description of the common functional and
empirical quantitative relationships utilized in the development of
static and dynamic SDMDs, refer to Drew and Flewelling (1977,
1979), Jack and Long (1996) and Newton (1997).

The third stage of development was the introduction of struc-
tural SDMD-based models by Newton et al. (2004, 2005). These
models were subsequently enhanced resulting in the modular-
based structural model variants (Newton, 2009; this study). The
first structural models were developed by expanding the dynamic
SDMD modelling architecture through the incorporation of a Wei-
bull-based parameter prediction equation system. The system
enabled the model to recover a stand’s diameter distribution at any
point in its development. This provided the quantitative foundation
for predicting size-dependent attributes at the diameter-class level.
In addition to the models developed for natural and managed black
spruce stands (Newton et al. (2004) and (2005), respectively) in the
Canadian Boreal Forest Region, a structural model was also subse-
quently developed for Austrian black pine plantations for use in
eastern Europe (sensu Stankova and Zlatanov (2010)). Expanding
the structural model further through the integration of additional
prediction modules for estimating tree height, biomass, carbon,
end-product volumes and value, and fibre attributes, gave rise to
themodular-based SSDMM (Newton, 2009). To date, this model has
been calibrated for natural and managed jack pine stands, and
natural black spruce and jack pine mixed stands, for use within the
central portion of the Canadian Boreal Forest Region (Newton
(2009) and (2012), respectively).

The most recent variant of the modular-based SSDMM as
presented in this study, overcomes the previous shortcomings of
SDMD-based models. Specifically, the provision of analytical
solutions for ensuring mathematical compatibility among yield
estimates, accounting for intrinsic density-independent mortality
factors, response delay following thinning and genetic worth
effects, and providing enhanced flexibility in terms of allowing
end-users to change merchantability standards, specify product
degrade factors, and adjust cost profiles, collectively comprise
a consequential contribution to this modelling area. Furthermore,
the decision-support algorithm allows resource managers to
more realistically estimate the consequences of density
management decisions across a wide array of productivity, end-
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product, economic and ecological metrics. This enhanced model
retains the advantageous elements of the previous static,
dynamic, and structural model forms, particularly in regards, to
maintaining their ecological foundation through the continued
employment of functional and empirical relationships derived
from quantitative ecology, plant population biology and forest
production theory.

The introduction of the analytical solutions to overcome the
previous shortcomings of SDMD-based models represents an
important step towards their deployment in operational forest
management. As exemplified via the use of operational relevant
crop plans, the model enabled the determination of the most
applicable regime for a given set of management objectives. Based
on the scenarios considered, thinning within natural density-
stressed black spruce stands was found to be viable treatment
option for accelerating stand operability and avoiding merchant-
able volume losses at the later stages of stand development.
Similarly, substantially lowering planting densities below the
2500 stems/ha threshold would result in declines in productivity,
economic efficiency and stand operability status.

The model presented here represents an important contribu-
tion to the development of modular-based SSDMMs for boreal
conifers. More generally, the model increments the growing
portfolio of comprehensive density management simulators that
are able to address both volumetric and end-product outcomes
simultaneously. These simulators include those developed by Di
Lucca (1999; SYLVER) for Douglas fir and other coniferous
species in western Canada, by Pretzsch et al. (2002; SILVA) for
Norway spruce (Pinus abies (L.) Karst.) and other conifers and
deciduous species in central Europe, by Hynynen et al. (2005;
MOTTI) for Scots pine (Pinus sylvestris L.) and other conifers in
Finland, and by Kotze and Malan (2007; FORSAT) for Pinus patula
(Schiede ex Schlect. & Cham.) in South Africa. As forest manage-
ment migrates from its traditional volumetric yield maximization
focus to one based on the product diversification including the
provision of a wider array of ecosystem services (Emmett, 2006;
Raudsepp-Hearne et al., 2010), development of such compre-
hensive models will become a basic necessity for optimally
managing our forest resources.
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