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Abstract: The primary objective of this study was to develop a climate-sensitive modular-based
structural stand density management model (SSDMM) for red pine (Pinus resinosa Aiton) plantations
situated within the western Great Lakes—St. Lawrence and south-central Boreal Forest Regions of
Canada. For a given climate change scenario (e.g., representative concentration pathway (RCP)),
geographic location (longitude and latitude), site quality (site index) and crop plan (e.g., initial
espacement density and subsequent thinning treatments), the resultant hierarchical-based SSDMM
consisting of six integrated modules, enabled the prediction of a multitude of management-relevant
performance metrics over rotational lengths out to the year 2100. These metrics included productivity
measures (e.g., mean annual volume, biomass and carbon increments), volumetric yield estimates
(e.g., total and merchantable volumes), pole and log product distributions (e.g., number and size
distribution of pulp and saw logs, and utility poles), biomass production and carbon sequestra-
tion outcomes (e.g., oven-dried masses of above-ground components and associated carbon mass
equivalents), recoverable end-product volumes and associated monetary values (e.g., volumes and
economic worth estimates of recovered chip and dimensional lumber products extractable via stud
and randomized length mill processing protocols), and crop tree fibre attributes reflective of end-
product potential (e.g., wood density, microfibril angle, and modulus of elasticity). The core modules
responsible for quantifying stand dynamics and structural change were developed using 491 tree-list
measurements and 146 stand-level summaries obtained from 98 remeasured permanent sample plots
situated within 21 geographically separated plantation-based initial spacing and thinning experi-
ments distributed throughout southern and north-central Ontario. Computationally, the red pine
SSDMM and associated algorithmic analogue (1) produced mathematically compatible stem and
end-product volume estimates, (2) accounted for density-dependent as well as density-independent
mortality losses, response delay following thinning and genetic worth effects, (3) enabled end-users
to specify merchantability standards (log and pole dimensions), product degrade factors and cost
profiles, and (4) addressed climate change impacts on rotational yield outcomes by geo-referencing
RCP-specific effects on stand dynamical processes via the deployment of a climate-driven biophysical
site-based height-age model. In summary, the provision of the red pine SSDMM and its unique ability
to account for locale-specific climate change effects on crop planning forecasts inclusive of utility pole
production, should be of consequential utility as the complexities of silvicultural decision-making
intensify during the Anthropocene.

Keywords: stand-level distance-independent average-tree and size-distribution yield model; repre-
sentative concentration pathway; utility pole production; computation pathway; decision-support
system; algorithmic analogue

1. Introduction

Red pine (Pinus resinosa Aiton) is an intensely managed and fire-adapted species
that occupies a wide range of sandy-textured sites throughout the Great Lakes Region of
North America. For over a century, red pine has been one of the primary species used
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in reforestation and afforestation efforts, particularly throughout the western portion of
the Great Lakes—St. Lawrence Forest Region [1], southern sections of the Boreal Forest
Region [1] and Northern Lakes and Forests Ecoregion spanning the northern sections of
the western Lake States [2]. Plantation-based productivity comparisons with other conifers
have revealed that intensely managed red pine plantations can at least double rotational
volumetric yields and produce a broader array of high-value end-products, including
utility poles, compared to similarly treated black spruce (Picea mariana (Mill) B.S.P.) and
white spruce (Picea glauca (Moench) Voss) plantations growing on equivalent site qualities
at the same locale (e.g., 2- and 3-fold increases in volumetric yield, respectively; [3]).
Conditional on the availability of acceptable sites in terms of local biotic, edaphic and
climatic conditions, the range of red pine has also been forecasted to shift in a north-eastern
direction throughout the central portion of the Canadian Boreal Forest Region under climate
change [4]. Furthermore, observational reports have indicated a possible climate-induced
westward expansion throughout the northern portion of the continental USA (e.g., [5]).
However, arriving at a general consensus on climate-induced migration patterns remains
elusive, given the observed sensitivity of the species to localized variability in temperature
and moisture extremes (e.g., [6,7]).

Apart from the possible changes in the species range arising from climate change,
practicing optimal crop planning could yield benefits in terms of enhancing carbon seques-
tration and retainment rates. More precisely, experimental evidence from the Lake States
indicate that intermediate stand-tending thinning treatments within red pine plantations
could enhance their climatic resilience via increases in residual crop tree vigour arising
from a reduction in competition stress [8]. Regulating site occupancy through density
management could also yield increases in photosynthetic-induced CO, uptake arising
from accelerated rates of tree growth, decreases in decomposition-induced CO; release
arising from reduced rates of density-dependent mortality (e.g., lower rates of abiotic
mass generation), and increases in long-term sequestrated CO, retainment arising from
the increased production of long-lived solid-wood end-products (e.g., dimensional lumber
and utility poles). The latter may also have beneficial consequences in terms of material
substitution (e.g., replacement of fossil-derived carbon-intensive building products; [9]).

Climate change environment-based growth determinates, such as localized precipita-
tion rates and mean temperatures (bioclimatic variables), directly affect dominant height
developmental patterns in red pine [7]. Consequently, the rates of stand development and
ultimately rotational productivity will vary by the degree of future climate change sever-
ity. More precisely, within the context of the representative concentration pathway (RCP)
framework established by the Intergovernmental Panel on Climate Change (IPCC [10]),
the magnitude of climate change effects on red pine productivity is expected to vary by
RCP scenario (e.g., RCP8.5 > RCP4.5 > RCP2.6) and temporally within a given RCP, by
commitment period (e.g., 2010-2040 < 2041-2070 < 2071-2100) (sensu [7]). Thus given the
increased interest in the utility of red pine within the context of climate change adaption
and mitigation efforts (e.g., natural climate solutions such as afforestation and reforestation;
e.g., [11]) and acknowledgment that red pine productivity will vary by RCP and commit-
ment period, the provision of a crop planning tool such as a climate-sensitive structural
stand density management model (SSDMM) would be a welcome development for red
pine foresters, managers and silviculturists (sensu [12]).

Briefly, the SSDMM is a variable-density yield and wood quality size-distribution model,
which could be classified as a hybrid average tree and stand-level distance-independent
size-distribution model, according to the nomenclature advanced by Porté and Bartelink [13].
Historically, the analytical lineage of this modelling approach arose some 60 years ago via
the introduction of stand density management diagrams (SDMDs; [14]). Specifically, their
developmental pathway has been characterized by three sequential phases during which
model complexity, scope and application diversity has systematically increased [14]: static
SDMDs (1962-1992+) — dynamic SDMDs (1993-2008+) — structural SDMDs (2009-2021+).
Furthermore, the recently introduced climate-sensitive SSDMM variants that have been
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developed for a number of boreal coniferous stand-types, have the potential to extend the
utility of SSDMMs in crop planning decision-making during the Anthropocene (sensu [14,15]).

Consequently, as part of a larger inter-agency participatory-based effort (sensu [16])
to develop a suite of comprehensive decision-support tools for operational deployment
in managing commercially important coniferous species (sensu [17]), the objective of this
study was to develop a climate-sensitive modular-based SSDMM and associated software
analogue for red pine plantations. Analytically, this consisted of employing the general-
ized parameterization framework introduced in the development of the SSDMM for jack
pine [18] in combination with some of the more recently introduced innovations advanced
within this modelling domain. More precisely, these advancements included: (1) ensuring
mathematical compatibility in volumetric predictions (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 [19]); (2) accounting for
density-independent mortality from extraneous factors such as insects and disease through
the use of an end-user-specified operational adjustment factor [19]; (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 [19]; (4) accounting for genetic worth and thinning release effects on growth and
stand dynamical processes through a functional adjustment to the site-based height-age
equation (e.g., [20] and [21], respectively); (5) incorporating a geographical-referencing
biophysical height-age function to account for climate-induced site productivity changes
and associated effects on stand dynamical processes over three continuous 30-year commit-
ment periods [7]; and (6) integrating a suite of end-product-based fibre attribute models for
predicting wood quality determinates at rotation [22]. The scope of this presentation deals
exclusively with the (1) model structure and associated module-specific functional speci-
fications and parameterization analytics inclusive of statistical performance assessments,
and (2) computational pathways within and among modules. Extensive provincial-wide
exemplifications of the model’s utility in crop planning decision-making under various
climate change scenarios, along with an assessment of the model’s overall predictive ability,
are to be reported concurrently within a companion contribution [23].

2. Materials and Methods
2.1. Data Sets, Preliminary Calculations, and Descriptive Statistics

Subsequent to conducting a comprehensive data quality review and verification pro-
cedure of the accessible sample plot records within the Province of Ontario, 491 tree-list
measurements and 146 stand-level summaries were obtained from 98 permanent and
experimental sample plots situated within 21 geographically-separated plantation-based
density management experiments or monitoring plot clusters. These plots were within
plantations subjected to a range of initial spacing (IS) and thinning treatments and were
periodically remeasured from 3 to 10 times over relatively long observational periods
(e.g., multi-decadal; Table A1 (Appendix A)). Nineteen experiments or monitoring plot
clusters were located within Forest Sections L.1, L.2, L.4c and L.4d of the Great Lakes—St.
Lawrence Forest Region [1], which falls within the province’s southern administrative
region. These are referenced by a geographic-based location denotation that was previously
established either by the Canadian Forest Service (CFS) or the Ontario Ministry of Natural
Resources and Forestry (OMNREF): Petawawa National Forestry Institute (AECL (Atomic
Energy of Canada Limited) spacing trial); Ballycroy (north-east of Lake Simcoe); Barr North
(north-east of Lake Simcoe); Charlebois (Port Elgin area); Durham UX Main (Uxbridge area);
Durham UX West (Uxbridge area); Flinton (north-west of Kingston); Larose (north-east of
Ottawa); Limerick South (north of Belleville); McArthur (south of Honey Harbor, Georgian
Bay); Orr Lake Hamilton; Orr Lake Main; Orr Lake Stoney; Orrock North East (Simcoe
Country Forest; north of Toronto); Orrock South (Simcoe Country Forest; north of Toronto);
Rockland (east of Ottawa); Sauble Beach (Port Elgin area); Slessor (North Bay area); and
Vivian (north of Toronto). The remaining 2 experimental installations were located within



Forests 2022, 13,1010

4 0f22

the central administrative region of Ontario: Kirkwood (north of Thessalon) and Thun-
der Bay (western area), which fall within the Forest Section L.10 of the Great Lakes—St.
Lawrence Forest Region [1] and Forest Section B.9 of the Boreal Forest Region [1], respec-
tively. Silviculturally, 20 plots were subjected solely to IS treatments, whereas the remaining
78 plots were subjected to either a single thinning treatment or a multiple sequential series
of thinning treatments (maximum of 7; Table A1).

At each temporal measurement, the collected tree-list data consisted of an identification
label (number), species, biotic/abiotic status and diameter at breast-height (1.3 m; D (cm))
for each tree that had attained a minimum breast-height diameter of 2.54 cm. In total, 491
temporal-specific plot-based tree-list remeasurements were utilized, from which mean tree
and stand-level mensurational variables were subsequently generated along with diameter
distribution metrics. More precisely, the preliminary computations required to generate
the mensurational variates for the 491 plot remeasurements involved the following: (1)
deploying an existing height-diameter equation [24], individual tree heights (H (m)) were
generated for each biotic tree; (2) given (1), the resultant height distribution was generated
and the mean dominant height for each temporal-specific plot measurement calculated (i.e.,
mean height of all trees within the upper height quintile; H; (m)); (3) given (2), deploying the
H, estimate along with establishment age information, a site index value (mean dominant
height at a breast-height age of 50 years; [7]; S; (m)) was generated for each temporal-specific
plot measurement from which a plot-specific mean was calculated and assigned; (4) total
plot-based basal area and density were calculated and scaled to the per hectare level using
the plot area information, yielding stand-level basal area (G (m?/ha) and total density (N
(stems/ha)) estimates, respectively, for each temporal-specific plot measurement; (5) total
volume (V;; m3/ha) was calculated as the scaled sum of the individual tree total volumes
as determined from the D and H measurements in combination with a regional-wide
standardized total volume equation parameterized for red pine [25]; and (6) merchantable
volume (V,; m3/ ha) was calculated as the scaled sum of the individual tree merchantable
volumes for all trees greater than 9 cm in D as calculated using a regional-wide standardized
merchantable volume equation developed for red pine [25] (i.e., utilizing the D and H
measurements, individual tree total volume estimate, merchantability limit specifications
(0.1524 m stump-height and a 7.62 cm merchantable top diameter (inside bark)) and plot
area information, individual-tree and stand-level merchantable stem volume estimates
were computed). This computational sequence yielded the following mensurational metrics
for each of the 491 temporal-specific plot measurements: mean stand and breast-height
age (A and Ay, respectively; yr), Hy, mean Sj, quadratic mean diameter (Dy; cm), G, Vi,
Vm and N. Although 146 of the temporal-specific plot remeasurements lacked the tree-
list data required for generating these metrics, mean tree and stand-level mensurational
variable estimates were nevertheless extracted from previous documented analyses and
utilized accordingly.

Overall, the plots ranged in age from 10 to 87 years and in dominant height from 4.1 m
to 33.3 m (Table A1), thus covering a wide spectrum of this species stand developmental
phases: e.g., stand initiation — open-grown and pre-crown closure — stem exclusion and
post-crown closure (self-thinning) — chronological maturity. Furthermore, the plots were
situated on a range of site qualities representative of the species’” commercial productivity
within the study region (Table A1): site indices (mean dominant height at a breast-height age
of 50 yr; [7]) ranging from 16.1 m (lower productivity quartile) to 27.1 m (upper productivity
quartile) with an overall mean value of 22.8 m. The range of density management treatments
were also reflective diverse silvicultural intensities (basic to intense) which generated a
wide array of site occupancy and stocking conditions (e.g., absolute plantation densities
varying from 300 to 5600 stems/ha (Table Al)). Refer to Table A1l for complete variable-
specific descriptive statistics for all 637 temporal-specific plot measurements utilized: e.g.,
sample-site-specific statistics for age, site index, quadratic mean diameter, mean dominant
height, basal area, merchantable and total volumes, and density, along with information
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pertaining to plot size, measurement sequence, and thinning treatment(s), for each of the
21 locales.

2.2. Modular-Specific Development of the Red Pine SSDMM

Apart from the novel introduction of a biophysical site index model to account for
climate change effects and enable spatial-based red pine crop planning, and changes
to the SSDMM model structure to accommodate the prediction of a new end-product
group (utility poles) and an array of end-product Silviscan-based fibre determinates, the
analytics deployed largely followed those previously established within this modelling
domain (sensu [26-29]). Specifically, the hierarchical-based red pine SSDMM consisted
of six sequentially linked prediction modules: Module A—Dynamic SDMD; Module
B—Diameter and Height Recovery; Module C—Taper Analysis and Pole, Log and Stem
Volume Estimation; Module D—Biomass and Carbon Estimation; Module E—Mill-Specific
Product Recovery and Value Estimation; and Module F—Fibre Attribute Estimation. A
schematic illustration of the structure of the SSDMM, including the interrelationships and
sequential flow of computations among the individual modules, along with generic input
requirements and resultant output metrics, is provided in Figure 1.

Analytically, Module A involved the development of a climate-sensitive red pine
dynamic SDMD via the parameterization and integration of a broad array of static and dy-
namic yield-density relationships employing the traditional SDMD modelling framework
along with the introduction of a biophysical site-specific height-age function to account
for climate change effects and a set of sub-models to address genetic worth and thinning
response effects (sensu [15,20,21,26]). Module B consisted of the development of a (1)
Weibull-based parameter prediction equation system (PPES) for diameter distribution
recovery, and (2) composite height-diameter prediction equation for diameter-class-specific
height estimation. Module C deployed a dimensional compatible taper equation parame-
terized for red pine by Sharma [27] to predict stem product yields (number of pulp and
saw logs, and utility poles) and stem volumes at the individual tree, diameter class and
stand levels. Module D entailed the employment of allometric-based biomass equations
developed for red pine by Lambert et al. [28] to estimate above-ground total and component
(periderm, stem, branch and foliage) biomasses and associated carbon-based equivalent
masses, at the individual tree, diameter class and stand levels. Module E utilized jack
pine sawmill-specific (stud and randomized length) product and value equations as surro-
gate prediction functions to generate chip and lumber volume estimates and associated
monetary values at the individual tree, diameter class and stand levels. Note, fiscal worth
estimates for recovered utility poles were computationally added to the chip and lum-
ber monetary values in order to generate stand-level revenue estimates (i.e., cumulative
chip and lumber inflation-adjusted fiscal worth estimates for the log (10-32 cm) and pole
(34+ cm) producing diameter classes). Module F encompassed the employment of a suite
of previously developed Silviscan-based attribute prediction models for red pine in order
to generate estimates of the principal fibre determinates underlying end-product poten-
tial (i.e., wood density, microfibril angle, modulus of elasticity, fibre coarseness, tracheid
wall thickness, tracheid radial diameter, tracheid tangential diameter and specific surface
area; [29]).
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Crop Plan Set
Specified by End-user

Module A - Dynamic SDMD

This module computes an array of
annual tree and stand level mensurational-
based metrics for each regime.

Yield-density relationships,

temporal size-density
trajectories and stand-level
volumetric yield estimates

Module C - Taper Analysis and
Pole, Log and Stem Volume

Estimation

Upper stem diameters estimated for each
tree within each recovered diameter-class.

v

Module B - Diameter and Height
Recovery

This module recovers the grouped diameter
frequency distribution and associated
height distribution by year for each regime.

Diameter frequency
distribution and
height estimates

by diameter class

Module D - Biomass and
Carbon Estimation

Pole and Logs: Diameter-
class and stand-level estimates of

the number of poles, sawlogs and
pulplogs and residual
merchantable stem tip volumes.

Taper-based Stem Volumes:
Diameter-class and stand-level

estimates of merchantable and
total volume.

Regime-specific annual and rotational
estimates of the number
of poles, number and type
of logs potentially extractable, along
with total and merchantable stem
volume estimates, are subsequently
generated at the diameter-class
and stand levels.

Multivariate allometric-based biomass
equations are populated from
tree, diameter-class and
stand-level measurational variates.

Module E - Mill-specific Product
Recovery and Value Estimation

Biomass: Diameter-class and
stand-level biomass estimates for
individual bark, stem, branch, and

] | foliage components and collectively

for all above-ground
components.

. Diameter-class and stand-level
estimates of recoverable volumes

Carbon: Diameter-class and
stand-level biomass-based carbon
equivalents for individual bark,

P stem, branch, and foliage

components and collectively
for all above-ground
components.

Sawmill-specific product
recovery and value equations.

Silviscan-based fibre attribute equations.

Module F - Fibre Attribute
Estimation

Dimensional Lumber and
Residual Chip Volumes:

by sawmill-type.

Silviscan-based Fibre
Attributes: Rotational
diameter-class and
diameter-class-weighted
stand-level estimates of wood
quality fibre attributes.

Dimensional Lumber and
Residual Chip Fiscal Values:
Diameter-class and

Annual and rotational component-
specific (bark, stem, branch and
foliage) and total above-ground
biomass estimates, and associated
carbon-based mass equivalents,
at both the diameter-class and
stand levels for each regime.

. estimates of the total
combined value of all

tand-level estimates of the
value of recoverable lumber
and chip volumes by
sawmill-type.

Rotational breast-height fibre
attribute estimates at the diameter-class and
mean-based metrics at the stand levels for
each regime (wood density, microfibial
angle, modulus of elasticity, fibre
coarseness,tracheid wall thickness,
tracheid radial diameter, tracheid
tangential diameter and specific
surface area).

Total Revenue: Stand-level

recoverable products.

Annual and rotational lumber and
chip product volume estimates, and
associated fiscal values inclusive of
poles by sawmill-processing protocol
at both the diameter-class and stand

levels for each regime.

Figure 1. Schematic illustration of the modular-based SSDMM for red pine (sensu Figure 1 in

Newton [17]): hierarchical structure and computational pathway:.

The model requires input in terms of the following crop plan specifications: site index,
locale, and a triple set of density management regimes specifying their (1) establishment
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density and rotation age, (2) climate change scenario inclusive of associated commitment-
period-specific temperature and precipitation values, (3) time, type, growth response
model, intensity and costs of thinning treatments when applicable, (4) genetic worth
effects, selection age and associated growth response model type when applicable, (5) site
preparation, establishment and rotational harvesting costs, and (6) inflation and discount
rates, calendar year of simulation, operability targets, merchantability specifications for
stem volumes, saw and pulp logs, and poles, fiscal worth estimate for utility poles, and the
operational adjustment factor. Given this input, the computation flow follows a hierarchical
pathway;, as illustrated in Figure 1.

Presentation-wise, given that several of the required relationships involved extensive
analytics in terms of parameterization and evaluation (e.g., yield—density and asymptotic
size—density relationships, Weibull-based PPES, and composite height-diameter functions)
and hence represented new contributions, explicit analytical details are provided. Specifi-
cally, as documented within the Supplementary Materials file SM-S1.PDF. Additionally, in
cases where the prerequisite relationships could not be developed given data limitations,
literature-derived functions were deployed. These included the biophysical site index,
taper, biomass and Silviscan-based fibre equations developed by Sharma and Parton [7],
Sharma [27], Lambert et al. [28] and Newton [29], respectively. Furthermore, in situations
where the required relationships could not be extracted from either the available data or
literature-based sources, jack pine surrogate equation equivalents were deployed (i.e., prod-
uct volume and value relationships developed by Newton [18]). Considering that these
surrogate equations utilize stem diameter and height as independent tree-level predictor
variables, and fiscal values for chip and lumber products are generally similar, the jack
pine based estimates were not expected to be consequentially dissimilar. Furthermore, in
order to provide a comprehensive description of the hierarchical module-based structure
and the iterative nature of the model building approach utilized, a complete account of
the deployed analytics and associated results is presented in a sequential fashion. For
newly developed relationships, information pertaining to the overall approach and data
sets utilized, statistical analyses, and resultant parameter estimates obtained, along with
applicable goodness-of-fit and predictive performance measures, are explicitly included.
For relationships extracted from the literature, the appropriate reference is provided along
with the functional expression inclusive of the reported parameter estimate values. A
detailed description of the computational sequence deployed within the resultant SSDMM
along with pertinent schematic illustrations for each module, all cross-referenced with the
parameterized functions utilized, is also provided. Specifically, as documented within the
Supplementary Materials file SM-S2.PDF.

The computational sequence was then encapsulated within a deployable algorithmic
analogue, ultimately yielding the climate-sensitive red pine crop planning decision-support
tool. This comprehensive and transparent account of the modelling approach and associ-
ated analytics inclusive of the computational pathways deployed, is provided in order to
facilitate model replication, allow for future model modification, and enable an in-depth
assessment of the underlying relationships and associated assumptions utilized.

3. Results and Discussion
3.1. The Climate-Sensitive Modular-Based SSDMM for Red Pine

Firstly, the dynamic stand density management diagram was developed via the determi-
nation and subsequent integration of the following relationships: (1) asymptotic mean volume-—
density relationship and associated relative density index (P,) function (Equation (S51) and
Equation (S2), respectively) and resultant P, isolines (Equation (S3)); (2) yield—density relation-
ships and associated isolines for quadratic mean diameter (Equation (54) and Equation (S5),
respectively), mean dominant height (Equation (56) and Equation (S7), respectively), and
mean live crown ratio (Equation (S8) and Equation (59), respectively); (3) mean volume-—
density relationships at the time of initial crown closure (Equation (510)) and those delin-
eating the zone of optimal volumetric production (P, = 0.35 (lower boundary) and P, = 0.50
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H; = 26.2695 + 0.03355Pg(]«kl)/ <1 - (1 -

(upper boundary)); and (4) survivorship function for predicting post-crown-closure size—
density trajectories (Equation (S11)). The graphical representation of the dynamic SDMD
was constructed by superimposing the following relationships on a bivariate logarithmic
graph with mean volume on the ordinate axis and stand density on the abscissa: (1) asymp-
totic size—density relationship (self-thinning rule; Equation (51)); (2) isolines for relative
density index, quadratic mean diameter, mean dominant height, and mean live crown ratio
(Equation (S3), Equation (S5), Equation (S7) and Equation (S9), respectively); (3) crown clo-
sure line (Equation (510)); (4) lower and upper P; isolines delineating the conceptual-based
optimal density management window (0.35 < P, < 0.50); and (5) expected size—density trajec-
tories for a given crop plan as predicted by the net density change function (Equation (S11))
in association with the site-based height-age function (Equation (1)) and the operational
adjustment factor which is used to account for annual density-independent mortality losses
throughout the rotation.

Similar to the methodology previously used in the development of the climate-
sensitive SSDMM variants for jack pine and black spruce stand-types ([15,17]), the SSDMM
structure was modified by incorporating the biophysical site-based height-age model de-
veloped for red pine by Sharma and Parton ([7]; Equation (1)). This rate modifier approach
attempts to reflect localized climate change effects on stand dynamical processes using the
site-based mean dominant height-age function. Conceptually, it is similar to the response
modelling methodology used to adjust various tree and stand growth and yield models in
order to account for silvicultural treatment effects (sensu [30]): e.g., modifying the existing
site productivity function that governs the temporal development of the size-density tra-
jectory via the introduction of climate-sensitive rate parameter modifiers (precipitation and
temperature variables). As a consequence, two variants of the red pine SSDMM were gener-
ated depending on which site-specific height-age model is utilized: (1) climatic-insensitive
variant when deploying Equation (1a); and (2) climate-sensitive variant when deploying

Equation (1b).
43.7309 50 1:2000
H, = 43.7309/ (1 - (1 =3 > <Ahh — 05) (1a)
2.3244—0.8297T,,;
26.2695 + 0.03355 Py ) 50 g (k) (1b)
S; Ay, — 05

where Hj is the predicted mean dominant height (m) at a given breast-height age (A, (yr))
for a specified site quality as quantified by site index (S; (m); i.e., H; at a breast-height
age of 50 yr), and Py iy and Ty ;i are respectively, the total precipitation (mm) and the
mean temperature (°C) during the growing season specific to the jth geographic locale,
kth climate change scenario and /th commitment period (sensu IPCC [10]). Note, )
and Ty values for the jth geographic location as defined by longitude and latitude
geographic coordinates, kth climate change scenario as defined by an RCP (IPCC [10]), and
Ith commitment period (2011-2040, 2041-2070, and 2071-2100), were and are obtainable
from the second-generation Canadian Earth System Model (CanESM2; [31]) when used
in combination with a spatial-based geo-referencing algorithm [32]. Briefly, the RCPs are
differentiated based on the projected change in radiative forcing at the tropopause by
2100 relative to preindustrial levels: e.g., RCP2.6, RCP4.5, and RCP8.5 denote increasingly
concerning changes in radiative forcing by 2100 of +2.6, +4.5, and +8.5 watts per square
meter (W/m?), respectively (IPCC [10]). Atmospheric CO, levels under the RCP2.6, RCP4.5
and RCP8.5 are expected to increase up to 450 ppm, 550 ppm and 1200 ppm by 2100,
respectively (IPCC [10]). The corresponding increase in global mean surface temperature
by the end of the 21st century (2081-2100) relative to 1986-2005 is likely to be 0.3-1.7 °C for
the RCP2.6, 1.1-2.6 °C for the RCP4.5, and 2.6-4.8 °C for the RCP8.5 (IPCC [10]).
Analytically, given the discontinuous change in height estimates forecasted to occur at
the beginning of the commitment periods due to the discrete and dramatic changes in the
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estimated climatic input variables, the height estimates were adjusted using a mathematical-
based difference method [15]. Furthermore, the cumulative effect of climate change is
applied gradually across the years within each commitment period through an annual
linear-proportional incremental adjustment to the precipitation and temperature values.
This approach yields a continuous mean dominant height - age trajectory for a given climate
change scenario and locale. Additionally, deploying the approach previously described for
quantifying genetic worth effects on overall stand dynamics [20], a growth modifier that
accounts for the age-specific selection gain and its associated temporal correlative decay
over the rotation, is also embedded within the site-specific height-age model (i.e., see [20] for
full analytical details). Note, although the actual genetic worth effect estimate is specified
by the end-user, a meta-based estimate was utilized in this study’s exemplification: i.e., an
8% increase in mean dominant height growth at a selection age of 15 years as previously
determined for red pine [33]. The remaining five parameterized subordinate modules were
then integrated according to the hierarchical structure graphically illustrated in Figure 1,
ultimately yielding the red pine SSDMM.

The computation pathways within and between modules as summarized in Figure 1,
are also presented in detail in Figure SM2-1. More precisely, as illustrated within these
schematic figures, the model requires end-user input in terms of the following crop plan
specifics: site index, locale, and a triple-set of density management regimes. As described
previously, this specifically includes: (1) establishment density and rotation age; (2) climate
change scenario inclusive of associated commitment-period-specific temperature and pre-
cipitation values; (3) time, type, growth response model, intensity and costs of thinning
treatments when applicable; (4) genetic worth effects, selection age and associated growth
response model type when applicable; (5) site preparation, establishment and rotational
harvesting costs; and (6) inflation and discount rates, calendar year of simulation, operabil-
ity targets, merchantability specifications for taper-based stem volume, utility pole, saw log
and pulp log calculations, current fiscal worth estimate for standard-sized utility poles, and
the preferred operational adjustment factor. Module A then generates regime-specific tem-
poral size—density trajectories in accordance with the (1) specified site quality (site index),
establishment density, genetic worth effects, type and intensity of thinning treatments, and
density-independent mortality rate (operational adjustment factor), (2) density-dependent
mortality sub-model, and (3) locale-specific induced height-growth rate changes specific to
the selected climate change scenario. Thinning growth responses, genetic worth effects and
climate change effects are all embedded within the biophysical site-based height-age model.
Essentially, this computational sequence is consistent with the dynamic SDMD modelling
framework in which the resultant temporal dynamical elements of the model, inclusive of
anthropogenic effects that together collectively govern stand development patterns and
processes, are all embedded within Module A (Figure SM2-1(a)). Module B then links the
resultant size-density trajectories and associated stand-level yield metrics produced from
Module A to the PPES, enabling the Weibull-based probability density function (PDF) to
be recovered at any time point (year) in a plantation’s size—density trajectory (i.e., output
from Module A is used to populate the PPES; Module B (Figure SM2-1(b)). Furthermore,
the resultant composite height-diameter prediction model allows height estimates to be
obtained for each recovered diameter class (Module B; Figure SM2-1(b)). Module C then
collectively utilizes the output from Module A (quadratic mean diameter estimate) and
Module B (diameter and height for each recovered size class) in association with the taper
equation, to estimate upper diameter at any stem height position for the median-sized
tree within each recovered diameter class (Module C; Figure SM2-1(c)). This enabled the
estimation of the potentially extractable log and pole products (i.e., product type, size and
associated number for each (pulp logs, saw logs and utility poles)) and residual stem tip
volume, at both the diameter class and stand levels. Additionally, via numerical integra-
tion, diameter-class-specific estimates of merchantable and total volume were calculated
and scaled to the stand level. Module D utilized output from Module B (diameter and
height for each diameter class along with the number of trees per class) in conjunction with
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the allometric-based component biomass functions, to estimate diameter class and stand
level oven-dry biomasses and carbon-mass equivalents, both on a component-specific and
collective basis (i.e., periderm, stem, branch, and foliage components and for all compo-
nents combined) (Module D; Figure SM2-1(d)). Module E and Module F both used output
from Module A (mean dominant height and relative density estimates) and Module B
(diameter and height for each recovered diameter class along with the number of trees
per class) to populate the following relationships: (1) composite sawmill-specific product
volume recovery and value functions (Module E; Figure SM2-1(e)); and (2) suite of fibre
attribute mixed-effects prediction equations (Module F; Figure SM2-1(f)). This enabled the
estimation of the (1) recoverable volumes and associated fiscal worth of sawmill-produced
end-products (lumber and chip volumetric yields by sawmill processing protocol (stud and
randomized length sawmill configurations)) for each recovered diameter class, and cumu-
latively at the stand level (Module E; Figure SM2-1(e)), and (2) eight end-product-based
fibre determinates (wood density, microfibril angle, modulus of elasticity, fibre coarseness,
tracheid wall thickness, tracheid radial diameter, tracheid tangential diameter and specific
surface area) for each recovered diameter class from which stand-level mean metrics were
derived (Module F; Figure SM2-1(f)). Refer to Figure SM2-1 for an in-depth schematic illus-
tration and corresponding descriptive synthesis of the computational framework within
and among all six modules (SM-52.PDF file; Supplementary Materials).

In summary, the sequential linkage of the six individual modules within a hierarchical-
based modelling framework, as illustrated and analytical described in Figure 1 and
Figure SM2-1, respectively, yielded the computational pathway utilized within the climate-
sensitive red pine SSDMM. Collectively, this pathway enabled the generation of scenario
and locale specific rotational estimates of volumetric yields, pole and log product distribu-
tions, biomass and carbon sequestration outcomes, sawmill-specific end-product recovery
volumes and associated fiscal worth values, wood quality metrics, and ecosystem service
performance measures, for any specified crop plan.

3.2. The Red Pine SSDMM-Based Algorithmic Analogue and its Utility

The computational sequence within and among all six modules was subsequently
translated and coded into the Fortran programming language, resulting in the red pine crop
planning software algorithm. Two model variants were included: (1) climate-insensitive
SSDMM which does not explicitly account for climatic effects via the deployment of the non-
biophysical version of the site-specific height-age function (Equation (1a)); and (2) climate-
sensitive SSDMM which does explicitly account for localized climatic effects through the
use of the biophysical version of the site-specific height-age function (Equation (1b)). A
number of internal computations and associated validation tests were embedded within
the program in order to maintain numeric equivalency among the various yield and end-
product related estimates. These included ensuring approximate equivalence between
the (1) quadratic mean diameter value generated from the yield—density relationship and
that generated from the corresponding recovered diameter distribution (n., recovery of the
diameter distribution is negated for a given rotation year if the estimates differ by more than
25%), (2) dominant height estimates derived from the site-specific height-age function and
that derived from the recovered height distribution (i.e., rescaling the height distribution to
attain equivalence with the site-based dominant height estimate [19]), and (3) merchantable
stem volume estimate and the sum of the mill-specific lumber and chip volume estimates
(e.g., adjusting the product volume estimates to comply with the merchantable volume
estimate when the former is greater than the latter [19]). Additionally, enhanced input
options were embedded within the crop planning graphical user interface (GUI) to enable
the end-user to introduce or modify various assumptions that could affect volumetric
yield and end-product outcomes and related performance indicators. These included
the ability to (1) set the operational adjustment factors for density-independent mortality,
(2) change merchantability specifications for pole and log products in order to reflect
localized harvesting thresholds or market demand requirements, (3) select the type and
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growth response rate for genetic worth effects, (4) specify product degrade levels, inflation
and discount rates, and (5) apply proprietary-based fixed and variable cost estimates if
desired. For the climate-sensitive variant, input for the geo-referenced temperature and
precipitation values specific to each commitment period for the selected climate change
scenario, is also required (e.g., locale-specific values consistent with a historical normal,
RCP4.5 or RCP8.5 scenario).

The computational sequence yields an extensive array of output for each specified
crop plan. Specifically, for each rotational year within the predicted size—-density trajectory
the program recovers the grouped-diameter frequency distribution. For each diameter
class recovered, the model provides estimates of the mean total tree height, number of
pulp logs, saw logs, and utility poles potentially recoverable, merchantable and total vol-
umes, total and component-specific biomasses and associated carbon mass equivalents,
sawmill-specific recoverable chip and lumber volumes and associated fiscal worth val-
ues, and mean-tree wood quality attributes. Cumulative total stand-level values are also
correspondingly generated. The output is presented in both tabular and graphical for-
mats, inclusive of the size—density trajectories displayed in the traditional SDMD graphic,
regime-specific annual estimates at the individual diameter-class level, regime-specific treat-
ment yields and rotational summaries, and regime-based rotational contrasts for a subset of
management-relevant performance indicators. The included rotational performance indices
were considered key determinates underlying optimal crop plan selection. Specifically,
they included the following: (1) overall volumetric, biomass and carbon sequestration pro-
ductivity as measured by mean annual merchantable volume increment (Rpz41; m3/ha/ y1),
mean annual biomass increment (Rgp;; t/ha) and mean annual carbon increment (Rc4j;
t/ha), respectively; (2) percentage of saw logs produced (Rsr.; %); (3) mill-based solid-wood
production potential expressed as the percentage of lumber volume recovered via the mth
sawmill processing protocol (Rry(,y where m = s (stud mill) or r (randomized length mill);
%); (4) number of utility poles produced over the rotation (N,,; poles/ha); (5) relative land
expectation value specific to the mth sawmill processing protocol (E,,; %); (6) duration of
optimal site occupancy (Sp (%); i.e., percentage of the rotation in which the regime was
maintained within the optimal relative density management window (0.35 < P, < 0.50));
(7) stand stability as quantified by the mean height/diameter ratio for the dominant crown
classes (Ss; m/m); (8) time to operability status as measured by the number of years that a
plantation requires to reach harvestable status as defined by the end-user-specified piece
size (number of merchantable stems per cubic metre of merchantable volume) and mer-
chantable yield (merchantable volume per unit area) thresholds (Or; yr); and (9) suite of
Silviscan-based end-product fibre attribute determinates (mean basal-area weighted fibre
attribute values for wood density (Wd(T)), microfibial angle (MH(T)), modulus of elasticity
(ME(T)), fibre-coarseness (EO(T)), tracheid wall thickness (Wt(T)), tracheid radial diameter

(ﬁr(T)), tracheid tangential diameter (5t(T)) and specific surface area (ga(T))). Refer to Table
SM3-1 within the SM-S3.PDF distributed within the Supplementary Materials zip file, for
complete computational details underlying these performance indices.

To briefly exemplify the potential utility of the algorithm in crop planning, the output
for three conventionally managed plantations which were established on medium-to-good
site qualities (i.e., site index of 23 m at a breast-height age of 50 yr [7]) at a single Ontario-
centric locale (Thessalon), are presented. Procedurally, the SSDMM software simulations
consisted of inputting the required locale-specific bioclimatic variables for an RCP8.5
climate change scenario along with the crop planning details, as presented in Table 1.
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Table 1. Input parameters for the SSDMM software simulations for red pine plantations growing on
medium-to-good quality sites under a RCP8.5 climate change scenario at Thessalon, Ontario.

Parameter (Units) 2 Regime 1 Regime 2 Regime 3
(IS) (IS+1CT) (IS+2CT)
Rotation age (yr) 75 75 75
Planting year 2022 2022 2022
Simulation years 2022-2097 2022-2097 2022-2097
Initial planting density (stems/ha) 2000 2000 2000
Genetic worth (%)/selection age (yr) 8/15 8/15 8/15
1st CT: stand age (yr)/basal area removal (%) - 55/35 40/20
2nd CT: stand age (yr)/basal area removal (%) - - 55/20
Operational adjustment factor (%) 0.01 0.01 0.01
Climate change variable settings
Mean temperature during growing 2011-2040 14.49 14.49 14.49
season (°C) [Tg] 2041-2070 15.85 15.85 15.85
2071-2100 17.76 17.76 17.76
Total precipitation during growing 2011-2040 600.0 600.0 600.0
season (mm) [Pg] 2041-2070 634.8 634.8 634.8
2071-2100 620.8 620.8 620.8
Merchantable Specifications
Pulp log length (m) 2.59 2.59 2.59
Pulp log minimum diameter (inside bark; cm) 10 10 10
Saw log length (m) 5.03 5.03 5.03
Saw log minimum diameter (inside-bark; cm) 14 14 14
Merchantable top diameter (inside-bark cm) 10 10 10
Minimum utility pole length (m) 12.2 12.2 122
Minimum pole upper diameter (inside-bark; cm) 19.9 19.9 19.9
Minimum pole diameter class (outside-bark; cm) 34 34 34
Product degrade (%) 10 10 10
Minimum Operability Targets
Piece-size (merchantable number of stems per cubic metre of 10 10 10
merchantable volume)
Merchantable volumetric stand yield (m3 /ha) 200 200 200
Economic Parameters
Interest rate (%) 2 2 2
Discount rate (%) 4 4 4
Mechanical site preparation (CAN$/ha) 300 300 300
Planting (CAN$/seedling) 0.8 0.8 0.8
Costs of 1st CT: variable (CAN$/m? of merchantable volume
removed)/fixed (CAN$/ha) ) 75/300 75/300
Costs of 2nd CT: variable (CAN$/m? of merchantable volume B B 65/300
removed)/fixed (CAN$/ha)
Rotational harvesting+stumpage+renewal+
transportation+manufacturing variable costs (CAN$/m? of 75 65 55
merchantable volume harvested)
Current (2022) net pole value (CAN$K/ pole) 0.3 0.3 0.3

Note, all fiscal input variable values are informed approximations. Computationally: (1) variable cost estimates for
thinning treatments include all on-site equipment operating costs, stumpage payments, renewal fees, transporta-
tion expenses and manufacturing costs and expressed as a function of merchantable volume removed (sensu [34]);
(2) fixed cost estimates for thinning included forest management fees (e.g., tree marking) and equipment move-
ment costs (to and from the site); and (3) rotational variable cost estimates for final harvesting include all those
associated with harvesting equipment operating, stumpage payments, renewal fees, transportation expenses and
manufacturing processing costs and expressed collectively as a function of merchantable volume harvested. * A
medium-to-good quality site was nominally defined as having a site index value of 23 m (i.e., mean dominant
height of 23 m at a breast-height age of 50; [7]). Genetic worth is the percentage increase in dominant height
growth expected to occur at the specified selection age (i.e., see [20] for specifics). Operational adjustment factor
is the annual mortality rate attributed to non-density-dependent abiotic and biotic causes. Product degrade is
an end-user specified allowance for correcting for the potential over-estimation arising from the use of product
prediction functions derived from virtual sawmill-based simulations (sensu [35]). All forecasted values for climatic
parameters were derived from second generation Canadian Earth System Model (CanESM2; [31]) which consists
of a physical atmosphere-ocean model (CanCM4) coupled to a terrestrial carbon model (CTEM) and an ocean
carbon model (CMOC). Specific estimates for the Thessalon locale were derived from a customized spatial climatic
model [32].

Figure 2 graphically illustrates the predicted temporal mean volume-density trajec-
tories for each crop plan within the traditional SDMD graphic, and Table 2 provides the
resultant rotational performance metrics.
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consistent a RCP8.5 climate change scenario on a medium-to-good site quality (S; = 23) situated in
north-central Ontario (Thessalon) as illustrated within the context of the SDMD graphic. Specifically,
graphically illustrating: (1) isolines for mean dominant height (Hd; 4-30 m by 2 m intervals), quadratic
mean diameter (Dq; 4-26 cm by 2 cm intervals), mean live crown ratio (Lr; 35, 40, 50, ..., 80%),
relative density index (Pr; 0.1-1.0 by 0.1 intervals); (2) crown closure line (lower diagonal solid
line) and self-thinning rule at a Pr = 1.0 (upper diagonal solid line); (3) lower and upper Pr values
delineating the optimal density management window (Dm; 0.35 < Pr < 0.50); and (4) expected
75 year (2022-2097) size—density trajectories with 1 year intervals denoted for each of the specified
crop plans. Specifically, Regime 1 representing an initial spacing (2.2 x 2.2 m)—no-thinning crop plan;
Regime 2 representing an initial spacing (2.2 x 2.2 m) with 1 commercial thinning (CT) treatment
(35% basal area removed at 55 yrs) crop plan, Regime 3 representing an initial spacing (2.2 x 2.2 m)
with 2 CT treatments (20% basal area removed at 40 yrs and 55 yrs) crop plan (refer to Table 1 and
text for additional crop plan specifics).

Examining these results revealed that relative to the unthinned plantation, the thinned
plantations exhibited: (1) moderate declines in merchantable volumetric productivity with
the twice-thinned plantation illustrating the highest rate of decline; (2) minor increases
in biomass productivity and carbon sequestration potential with the once-thinned plan-
tation exhibiting the largest gain; (3) moderate declines in saw log production with the
twice-thinned plantation illustrating a substantially greater rate of reduction; (4) marginal
increases in the proportion of recoverable lumber volume irrespective of sawmill process-
ing protocol; (5) consequential increases in economic worth arising from thinning with
the twice-thinned plantation exhibiting the largest increase; (6) no change for the single
thinned plantation and a major decline for the twice thinned plantation, in the duration
of optimal site occupancy; (7) considerable declines in height/diameter ratios and hence
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increased stand stability; (8) no change in the time required to attain stand operability
status; and (9) although changes were minimal for six of the eight wood quality fibre
attributes examined, thinning did elicit substantial increases in microfibial angle and de-
creases in wood stiffness (modulus of elasticity). Although these specific simulation results
and associated inferences suggest that the crop plans which included thinning treatments
were less productive in terms of volumetric yield outcomes and produced wood fibre of
slightly lower quality in terms of solid wood end-product potential, they did generate
consequential increases in mean tree sizes and stand stability, and most importantly enabled
the plantations to attained pole production status. The differences between the thinned
regimes were marginal for most of these metrics; however, the twice-thinned regime did
generate slightly better overall economic worth outcomes.

Table 2. SSDMM-derived rotational stand-level performance indices for 3 crop plans growing under
a RCP8.5 for red pine plantations situated in north-central Ontario (Thessalon).

Index 2 Crop Plan ®
(Unit) Regime 1 Regime 2 Regime 3
IS IS+1CT 1S+2CT
Rppag (m3/ha/yr) 9.2 8.4 7.9
Rpaj (m3/ha/yr) 49 5.3 5.1
Rcar (m3/ha/yr) 25 2.7 2.6
Rsy. (%) 56.8 48.4 36.1
Rey(s) (%) 80.8 84.2 84.2
Rev ) (%) 79.5 81.0 81.3
Nyp (poles/ha) 0 50 63
E(s) (CANS$k/ha) 11.0 19.6 214
E(;) (CANS$k/ha) 7.5 11.2 13.2
So (%) 22.7 227 12.0
Ss (m/m) 110.6 85.3 90.1
Or (yr) 30 30 30
Wy(r) (kg/m?) 463.5 458.4 458.4
M7y (%) 12.0 17.1 17.3
M,(7) (GPa) 13 10 10
o(7) (g/m) 488.4 505.7 506.3
W7y (km) 3.1 3.0 3.0
D,(r) (um) 329 34.2 34.2
Dy(ry (um) 30.9 317 31.7
Sa(r) (m?/kg) 2845 281.6 281.6

2 Predicted rotation values; denotations defined within main text; refer to Table SM3-1 for a detailed description
of the computations utilized (SM3.PDF file). ® Crop plan specifics provided in Table 1.

Even though Table 2 provides various management-relevant performance metrics
for informing red pine density management decision-making under climate change, the
exemplification is very limited in scope (i.e., specific to a single crop plan set, locale, site
quality and climate change scenario). Much larger scoped comparisons are required when
such models are considered for operational deployment given the uncertainty of climate
change severity and its effects on red pine productivity. For example, including multiple
climate change scenarios across a larger set of crop plan candidates and geographic locales
via extensive iterative-based simulations, would yield a wider perspective on the variability
and range of plausible outcomes achievable among crop plans (e.g., [23]). Acknowledging
and accommodating such variability will be an essential element to crop planning decision-
making during the Anthropocene.

3.3. Analytical Evolution and Expanding Capability of Red Pine SDMD-based Models

Historically, the first SDMD calibrated for red pine was the static variant contributed
by Smith and Woods [36]. Although lacking a survivorship sub-model to explicitly ac-
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count for density-dependent mortality within the size—density trajectories, the provision
of this variant along with a user-friendly software analogue, represented an important
step towards the acceptance and deployment of such models in regional stand-level man-
agement planning. However, its operational utility eventually became more limited as
forest managers increasingly moved towards more complex management goals, such as
those involving the realization of end-product production and ecosystem services objec-
tives (sensu [37]). Furthermore, not unlike other stand-level yield prediction models (e.g.,
benchmark yield curves and the Ontario variant of the Forest Vegetation Simulator [38]),
the inability to account for climate change effects on rotational forecasts also became more
problematic in terms of the model’s operational applicability. Arising from these challenges
has been an increasingly important aspirational requirement among red pine managers
for an enhanced stand-level decision-support tool. One that could simultaneously fore-
cast rotational outcomes for these diverse objectives while also accounting for climate
change effects.

Consequently, the provision of a SSDMM, as presented in this study, that is able to
address a multitude of forest management objectives and account for climate change effects
on rotational forecasts, represents a tangible first step in accommodating this operational
requirement. Additionally, although uniquely relevant to red pine managers, the modelling
advancement in terms of enabling the estimation of utility pole production significantly
extends the utility of the SSDMM in crop planning. Particularly since utility pole produc-
tion is considered a defining management performance target among red pine managers
given its consequential effect on economic worth outcomes (sensu [39]). Operationally,
however, given unknowns with respect to climate mitigation strategies and their effects, a
cautionary approach should nevertheless be exercised when explicitly interpreting model
predictions and associated crop planning inferences, particularly those pertaining to the
later commitment periods. Given that progress toward climate-sensitive spatial-specific
crop planning with respect to Canadian conifers has been challenging given the paucity
of applicable stand-level decision-support tools, the introduction of the red pine SSDMM
represents an incremental step towards spatial-explicit crop planning under climate change.
Demonstrating such utility along with an assessment of the model’s predictive ability is
the focus of ongoing research efforts and will be reported on separately (i.e., [23]).

Analytically, SSDMMs evolved from the approach used to develop dynamic stand
density management diagrams (sensu [40,41]), which were themselves derived from the
foundational static SDMD that was initially advanced by Ando [42]. Briefly, the static,
dynamic and structural model variants share commonalities in terms of their underlying
qualitative ecological foundation and associated quantitative representations, which when
integrated comprise their core analytical structure (e.g., see [14,26,43] for comprehensive
summaries). More precisely, the static diagrams introduced by Ando [42,44] in Japan and
Drew and Flewelling [43,45] in New Zealand and the Pacific Northwest, the dynamic dia-
grams proposed by Newton and Weetman [40,41] in Canada and Stankova and Shibuya [46]
in Europe, and the structural diagrams presented by Newton [17-19,47,48] in Canada and
by Stankova and Diéguez-Aranda [49] in Europe, all share commonalities with respect to
resource competition axioms, self-thinning theory, reciprocal yield—density relationships,
site occupancy—forest productivity constructs (e.g., [50-52]) and stand dynamical determi-
nates (e.g., site quality effects on stand developmental rates and self-thinning processes).
The resultant quantitative analogues of these qualitative commonalities are key analytical
pillars of all three model variants. These include the (1) -3/2 self-thinning rule [53], (2)
reciprocal equations of the competition-density and yield—density effect [54-56] or their
empirical equivalents (e.g., [43]), (3) volume-based relative density indices and associated
thresholds delineating the (i) likelihood of imminent competition-mortality occurring [45],
and (ii) optimal productivity zones based on Langsaeter’s [50] site occupancy—productivity
relationship (e.g., [40,57]), and (4) size—density relationship defining the beginning-curve
of competition [42] also known as the crown closure line [45].
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Collectively, the overwhelming empirical evidence in support of the applicability of
these underlying ecological axioms and associated functional relationships across multiple
stand-types throughout the temperate and boreal forest biomes (e.g., [58]), bodes well for
the continued development and deployment of SDMD-based models in crop planning
decision-making. Furthermore, their ecological foundation and associated allometric struc-
ture allow these models to be readily modified and adapted for ongoing consequential
changes in overall growing conditions (e.g., climate change), tree improvement (e.g., ge-
netic worth effects), management objectives and perspectives (e.g., carbon sequestration
and conservation), and market requirements (e.g., utility poles), as demonstrated in this
study. Overall, the climate-sensitive red pine SSDMM not only increments the analytical
SDMD-based modelling legacy established over the last 60 years but also has the potential
to facilitate the paradigm shift towards spatial-based climate-smart crop planning and
silvicultural decision-making.

4. Conclusions

Red pine is an intensely managed species throughout the southern boreal and north-
ern temperate forest regions of central North America. Although the species responds
readily to stand density management treatments as extensively documented in the forestry
literature, the lack of stand-level decision-support models that can account for localized
climate change effects and provide quantitative insights into their potential consequences
in terms of volumetric yield, end-product diversity and ecosystem service outcomes, has
hindered crop planning. Consequently, this study developed a climate-sensitive modular-
based SSDMM for red pine in order to address this shortcoming. The presented model
incrementally contributes to the growing portfolio of structural stand density management
decision-support systems developed for managing commercially important coniferous
species. The analytical approach that was utilized preserved the advantageous qualitative
concepts (e.g., self-thinning, yield-density and forest production axioms) and quantitative
elements (e.g., functional solutions for both density-independent and density-dependent
mortality processes and accounting for thinning and genetic worth effects on temporal
stand-dynamics) of the previous static, dynamic, and structural modelling platforms.
Furthermore, the effects of climate change on stand dynamical processes were explicitly
accounted for via the deployment of a biophysical site productivity function (e.g., inclusion
of rate parameter modifiers (precipitation and temperature) within the principal functional
determinate governing temporal stand development (site-based height-age equation)). The
resultant red pine SSDMM and associated algorithmic analogue enabled the evaluation of
crop planning efficiency across a wide array of forest management perspectives while also
accounting for localized climate change effects. Additionally, expanding the scope of the
SSDMM structure via the addition of a new product class (utility pole production), yielded
a much-needed crop planning outcome metric given the importance of this commodity
within the red pine forest products supply chain. In summary, the model’s novel ability to
forecast rotational outcomes inclusive of utility pole production and evaluate competing
crop plan efficiencies across a multitude of forest management perspectives and climate
change scenarios, should be of consequential utility as the complexities of red pine crop
planning intensify during the Anthropocene.
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Appendix A
Table A1. Mensurational summary of the calibration data set: plot, treatment, site quality and stand attributes by sample cluster.

Cluster No. No. Number of Thinnings Plot Stand Age (yr) Dominant Height (m) Site Index ?
Plots Meas. 0 1 2 3 4 5 6 7 (Sllés Mean Min Max Mean Min Max Mean Min Max
AECL 10 7-8 X 0.101 28 10 45 146 41 242 20.0 18.1 212
Ballycroy 4 4 X X X 0.040 29 21 39 27.1 255 284 27.2 27.1 274
Barr North 2 4 x 0.138 47 34 58 31.1 30.3 317 235 235 235
Charlebois 8 5 X X X 0.040 45 29 60 27.1 238 30.4 23.0 22.1 239
D“rl\}}lzri“nUX 2 4 x 0.081 59 51 69 299 293 304 210 209 210
Dur‘}/‘\i‘; UX 2 4 x 0.081 58 50 68 30.1 295 307 214 212 215
Flinton 1 3 X 0.081 51 46 57 29.2 287 30.0 223 223 223
Kirkwood 4 9 X X 0.202 58 34 87 29.1 26.4 333 215 20.8 22,0
Larose 5 4 X X 0.040 35 24 45 274 24.1 29.7 26.5 26.0 26.8
Limerick South 4 7 X X 0.040 39 28 55 274 25.1 30.1 25.0 245 253
McArthur 2 4 X 0.081 36 28 46 28.0 265 294 26.1 26.1 26.1
Orr Lake 4 9 X X X X 0.101 46 31 65 29.1 265 31.0 238 234 24.1

Hamilton

Orr Lake Main 3 7 X X 0.040 53 34 73 289 26.6 309 221 218 23
Orr Lake Stoney 6 8 X X 0.040 49 35 66 287 26.9 305 228 226 229
O”Og;slforth 11 6-8 x x x x 0.040 44 29 71 27.8 24.4 30.8 23.6 229 24.4
Orrock South 4 8 X 0.040 43 29 60 29.0 26.8 30.8 24.8 24.6 25.0
Rockland 2 10 X x 0.202 52 27 75 213 12.8 274 17.0 16.1 18.1
Sauble Beach 11 3-5 X X 0.040 42 31 53 26.7 242 294 233 26 248
Slessor 2 6 X X 0.081 38 2 54 285 265 30.0 253 25.2 254
Thunder Bay 3 4 X 0.130 40 32 47 17.2 14.1 20.1 17.0 15.8 18.0
Vivian 8 9 X X 0.101 54 38 73 28.9 24.8 31.1 217 20.6 226

Cluster D;(cm) G(m?/ha) Vi(m3/ha) V,,(m3/ha) N(stems/ha)
Mean Min Max Mean Min Max Mean Min Max Mean Min Max Mean Min Max
AECL 17.0 48 35.0 39.8 1.1 67.6 327.6 24 781.3 316.7 0.2 770.0 1913 509 4071
Ballycroy 17.7 149 20.2 346 252 427 378.5 268.7 482.0 339.9 237.0 440.7 1417 975 1775
Barr North 342 295 385 66.9 495 9238 865.2 651.7 1206.0 821.8 620.8 1146 4 747 425 971
Charlebois 19.1 134 28.1 53.3 292 72.8 583.6 345.0 801.4 522.1 308.0 742.4 2247 600 4925
D“rl\}/‘[:l‘i‘;\UX 271 243 295 68.2 57.6 85.4 8419 7182 10336 7926 677.6 968.6 1210 938 1778
D“r‘}/‘\;z‘; Ux 277 253 30.2 69.6 61.9 81.3 865.3 760.4 1030.3 816.0 7153 975.1 1156 1037 1247
Flinton 252 229 28.1 57.1 54.4 59.3 692.3 657.4 716.9 649.1 616.0 676.6 1169 926 1444
Kirkwood 23.9 16.8 334 45.1 145 66.5 533.7 193.0 766.5 496.5 180.1 711.9 1116 342 2302
Larose 19.1 13.0 26.0 72.2 417 106.1 812.4 4105 1272.5 734.0 333.2 1194.3 2720 1600 4700

Limerick South 19.4 143 274 75.8 526 1038 843.2 6117 11139 7606 565.2 10043 2944 900 5100
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Table Al. Cont.

Cluster No. No. Number of Thinnings Plot Stand Age (yr) Dominant Height (m) Site Index ?
Plots Meas. 0 1 2 3 4 5 6 7 f’}“fj Mean Min Max Mean Min Max Mean Min Max
McArthur 18.7 153 22,0 17.0 12.1 244 191.7 126.8 287.7 173.8 109.2 266.9 623 420 864
g;;ﬁft]; 233 16.5 31.8 74.9 48.0 107.5 884.3 608.2 1266.4 821.0 574.9 1176.5 1932 653 4079
Orr Lake Main 227 17.0 30.4 754 346 97.0 878.6 4375 1124.2 811.2 4138 1038.2 2155 500 3850
Orr Lake Stoney 21.9 17.0 28.0 773 533 112.3 900.0 618.4 1273.8 830.8 572.3 1166.8 2027 1000 4200
Orrog;slforth 204 145 314 67.1 33.0 111.0 763.2 359.9 1213.3 697.0 308.0 1139.8 2269 500 5600
Orrock South 239 17.1 324 716 57.6 83.4 850.5 739.0 1041.4 791.0 700.4 982.6 1780 700 3425
Rockland 2738 15.6 513 55.8 322 785 501.9 187.6 757.9 396.7 130.2 631.1 1218 380 2412
Sauble Beach 17.5 135 26.8 74.9 16.9 107.2 803.9 207.7 1167.1 710.6 195.6 1034.9 3499 300 5300
Slessor 2.4 17.8 269 583 346 88.9 686.0 380.2 1079.4 636.9 3443 1011.8 1519 802 2321
Thunder Bay 239 17.2 31.0 61.2 406 81.5 4731 3316 612.0 399.5 294.8 494.0 1608 761 2826
Vivian 24.1 14.8 348 678 34.1 89.5 809.7 4055 1103.9 754.6 378.1 1046.7 1612 733 3723

Denotations: (1) Number of periodic remeasurements per plot within a given cluster (No. Meas.); (2) Min and Max refer to minimum and maximum values respectively; (3) Dy, G, Vi, Vi
and N refer quadratic mean diameter, basal area, total volume, merchantable volume and stand density, respectively (see Section 2.1 for computational specifics). * Mean dominant
height at a breast-height age of 50 yr [7].
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