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a b s t r a c t
In order to simulate forest growth response to pre-commercial thinning (PCT), TRIPLEX1.0 – a processbased model designed to predict forest growth as well as carbon (C) and nitrogen (N) dynamics – was
modiﬁed and improved to also simulate managed forest ecosystem thinning practices. A three-parameter
Weibull distribution model was integrated to simulate thinning treatments within the newly developed
TRIPLEX-Management model. The thinning intensity component within the model allows users to simulate thinning treatments by applying basal area, stand density and volume to quantify thinning intensity.
Natural mortality decreased following thinning due to an increase in growing space for residual stems.
Predicted litterfall pools also increased after thinning events took place. The TRIPLEX-Management model
was tested against published observational data for Jack Pine (Pinus banksiana Lamb.) stands subjected to
PCT in Northwestern Ontario, Canada. The coefﬁcients of determination (R2 ) between the predicted and
observed variables including stand density, mean DBH (diameter at breast height), the quadratic mean
DBH, total volume and merchantable volume as well as belowground, aboveground, and total biomass
ranged from 0.50 to 0.88 (n = 20, P < 0.001) with the exception of mean tree height (R2 = 0.25, n = 20,
P < 0.05). Overall, the Willmott index of agreement between predicted and observed variables ranged
from 0.97 to 1.00. Results show that the TRIPLEX-Management model is generally capable of simulating
growth response to PCT for Jack Pine stands.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Forest management practices can inﬂuence the carbon (C) balance of forests (Brown et al., 1996; Thornley and Cannell, 2000;
Jandl et al., 2007), and forest thinning practices are considered
an effective way in which to accelerate tree growth, reduce mortality, and increase both productivity and overall timber yield
(Smith et al., 1997; Nabuurs et al., 2008). The Kyoto Protocol
offered countries the option to include forest managerial activities within their participation in order to enhance sink potential
into their Kyoto accounting during the ﬁrst commitment period
(2008–2012) (UNFCCC, 1997). Be that as it may, there is also a
need to modify current managerial practices to optimize forest
growth and C sequestration under conditions of climate change
(Nuutinen et al., 2006; Garcia-Gonzalo et al., 2007a). A new provision requires forest resource managers to make use of forest
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simulation models in order to be able to make decisions that satisfy long-term strategy (Peng, 2000). Henceforth, forest models
must be able to simulate key ecosystem processes regarding C,
nitrogen (N), and water cycling (Mäkelä et al., 2000; Johnsen et
al., 2001; Landsberg, 2003) and the effects of forest management
practices (e.g., thinning) on forest growth and yield as well as
C and N cycling. Therefore, it is essential to develop a processbased model with the capacity to incorporate forest management
within its scope of functionality to support decision making strategies.
Regression models based on statistical relationships are the
traditional growth and yield models used in forestry. However,
empirical models work well as management tools for forecasting
stand growth when environments only experience inconsequential
change, but they should not be used for predictions under which
new conditions arise such as changing climatic conditions. In contrast to empirical models, process-based models can be used as
important forest management tools to explore growth and yield
of forest stands to predict the effects of disturbances when environmental conditions change considerably (Mäkelä et al., 2000;
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Johnsen et al., 2001; Peng et al., 2002; Landsberg, 2003). Since
they are based on the representation of forest ecosystem processes
such as photosynthesis, respiration, soil organic matter decomposition, and N cycling, they can contribute in the prediction of
long-term impacts due to climate change. Several process-based
models such as 3-PG (Landsberg and Waring, 1997; Landsberg et al.,
2001), 4C (Lasch et al., 2005), EFIMOD (Komarov et al., 2003), FinnFor (Kellomäki and Väisänen, 1997; Matala et al., 2003), ForeSAFE
(Wallman et al., 2005), PROMOD (Sands et al., 2000), TREEDYN3
(Bossel, 1996), and TRIPLEX (Peng et al., 2002) are able to predict
forest growth and yield. FOREST-BGC or BIOME-BGC (Running and
Gower, 1991; Running and Hunt, 1993), which were developed to
simulate C and N balances, were also later modiﬁed to predict forest
growth and dynamics (Korol et al., 1996; Tatarinov and Cienciala,
2006; Petritsch et al., 2007). Conceptually speaking, the goal of all
these models is to provide forest yield estimates in the context of
a changing environment.
In general, most ecosystem models assume fully stocked evenaged forests and are not designed to simulate forest management
practices and impacts (Petritsch et al., 2007). Indeed, only a handful
of studies have reported measures on how to take into consideration forest management practices using process-based models
(Matala et al., 2003; Battaglia et al., 2004; Tatarinov and Cienciala,
2006; Petritsch et al., 2007; Miehle et al., 2009) while predicting the effects of climate change on forest functions such as
C sequestration and timber yield (Lasch et al., 2005; Cienciala
and Tatarinov, 2006; Garcia-Gonzalo et al., 2007b). These models, unfortunately, have neither been widely nor well validated
by way of comparing model predictions against independent
ﬁeld data sets. In addition, the potential effects of thinning on
growth behavior and C and N cycling have not been well presented.
For this study, model components were added into TRIPLEX1.0
(Peng et al., 2002) to incorporate thinning practices within the
process-based model. The goal was to adapt TRIPLEX1.0 to be proﬁcient in quantifying forest growth, timber yield, biomass, and
C sequestration within managed forest systems. The objective of
this study was to develop a new thinning submodel (TRIPLEXManagement) to quantify the effects of pre-commercial thinning
(PCT) on forest growth, timber yield, biomass, and C sequestration in response to climatic conditions, utilizing Jack Pine (Pinus
banksiana Lamb.) stands in Northwestern Ontario, Canada, to test
model performance. This study hypothesized that (1) PCT may
change overall diameter distribution and (2) incorporating Weibull
diameter distributions into TRIPLEX1.0 will enable the newly developed TRIPLEX-Management model to capture the response of forest
growth to PCT practices.

2. Methods
2.1. Model development
TRIPLEX1.0 is a process-based model that integrates three wellestablished models into one: 3-PG (Landsberg and Waring, 1997),
TREEDYN3.0 (Bossel, 1996), and CENTURY4.0 (Parton et al., 1993).
The model can simulate key C and N cycling processes such as C
allocation and N mineralization by utilizing monthly mean temperatures, precipitation, and relative humidity from a given forest
stand (Peng et al., 2002). This hybrid approach combines physical,
biological, and biogeochemical processes that control the dynamics of C, N, and water. A unique feature of TRIPLEX1.0 is its ability to
predict growth and yield of a forest stand based on ecological mechanisms and C balances (Zhou et al., 2005). TRIPLEX1.0 includes the
following six submodels:

(1) Photosynthetically active radiation (PAR) (Bossel, 1996). PAR is
calculated as a function of the solar constant, radiation fraction,
solar height, and atmospheric absorption. Forest production
and C and N dynamics are primarily driven by solar radiation.
(2) Gross primary production (GPP) (Landsberg and Waring, 1997).
GPP is calculated as a function of the monthly mean air
temperature, stand age, soil water content, N limitation (fN ,
dimensionless), and the percentage of frost days during a period
of a single month as well as the leaf area index.
(3) Net primary productivity (NPP) (Landsberg and Waring, 1997).
NPP is the difference between autotrophic respiration and GPP.
This is a modiﬁcation from past usage where it acted as a constant of the ratio (CNPP , dimensionless) of NPP to GPP (Peng et
al., 2002). Autotrophic respiration (GR, t ha−1 ) and maintenance
respiration (MR, t ha−1 ) were treated separately and governed
by the nitrogen factor, air temperature (Ta , ◦ C), and component C pools such as wood (Ww , t ha−1 ), branches (WBr , t ha−1 ),
foliage (Wf , t ha−1 ), coarse roots (Wcr , t ha−1 ), and ﬁne roots
(Wfr , t ha−1 ), following the recent release of the TRIPLEX-Flux
version (Zhou et al., 2008):
MR = (0.02(Wf + Wfr ) + 0.01(WBr + Ww + Wcr )) × Q10

(1)

GR =

(2)



0.35 −


fN

10

(GPP − MR)

NPP = GPP − MR − GR

(3)

0.1(Ta −20)

Q10 = 2.3

(4)

The N pool plays a substantial role as an output of the soil
submodel and an input for the forest production submodel. In
relation to TRIPLEX 1.0, nitrogen limitation is a function of available N (Navl , t ha−1 ), potential NPP (NPPpot , t ha−1 ), and the C:N
response ratio (BC:N , dimensionless) of photosynthetic products
that is calculated as:



fN = min

1.0,

Navl · BC:N
NPPpot



(5)

where NPPpot = GPPpot × CNPP . GPPpot (t ha−1 ) is the maximum
GPP without N limitation.
(4) Forest growth and yield submodel (FYG) (Bossel, 1996). The primary variables in FYG are the increment of tree diameter and
height, calculated using a function of the stem wood biomass
increment developed by Bossel (1996).
(5) Soil C and N (SCN) (Parton et al., 1993). SCN is based on the CENTURY soil decomposition submodel (Parton et al., 1993) since
it provides realistic estimates of both C and N mineralization
rates for Canadian boreal forest ecosystems (Peng et al., 1998).
Soil C decomposition rates for each pool are calculated as functions of maximum decomposition rates, soil moisture effects,
and soil temperature.
(6) Soil water submodel (SW) (Parton et al., 1993). SW is a simpliﬁed water budget module that calculates monthly water loss
through transpiration and evaporation as well as through soil
and snow water content following the soil water module within
CENTURY (Parton et al., 1993).
A more detailed description of the features, structure, mathematical algorithms, sensitivity analysis, and development strategy
of TRIPLEX1.0 have been previously reported by Peng et al. (2002)
and Liu et al. (2002).
2.1.1. Incorporating diameter distribution into TRIPLEX1.0
Diameter distribution, an important factor of stand structure,
was incorporated into TRIPLEX1.0. The three-parameter Weibull
distribution model was used for this study to characterize diameter
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distribution for a given stand since it is ﬂexible and yields probabilities with ease and without the need for numerical integration
(Cao, 2004). Certain studies have indicated that the Weibull function adequately ﬁts diameter distribution for both unmanaged and
managed forest ecosystems under a variety of thinning regimes
(Zarnoch et al., 1982; Álvarez González et al., 2002; Cao, 2004;
Nord-Larsen and Cao, 2006). The probability distribution function
of the three-parameter Weibull distribution model is described as:
f (D) =

 c   D − a c−1
b

b

 

D−a c

exp −

b



y = f (D̄, H̄, A, SD) = 0 + 1 D̄ + 2 H̄ + 3 A + 4 ln(SD)


NRemoved = NBefore

(7)

+exp −

2.1.2. Forest thinning considerations
Since the original version of TRIPLEX1.0 did not include a forest management component, forest thinning was modeled by the
inclusion of thinning time (AgeT , years) and thinning intensity (IT ,
%) in the newly developed TRIPLEX-Management model. Diameter distributions were estimated before the thinning treatment
took place in order to quantify basic stand characteristics of the
post thinning stand for future simulations. The thinning methods
“thinning from above” and “thinning from below” were designed
to model forest thinning practices. The following variables were
considered:
(1) Thinning intensity in relation to stand density (ISD , %) was ﬁxed
as an input to the model by users or modelers. The lower (L0 ,
cm) and upper (U0 , cm) bounds of the DBH class for the residual stand was determined by Eqs. (8) and (9) while the lower
(L, cm) and upper (U, cm) bounds of the DBH class for a given
stand were determined by the formula SD × f(D) > 1, which represents at least one tree in a given DBH class. The mean DBH and
the quadratic mean DBH (Dg , cm) of the residual stands were
then obtained by means of calculating the mathematical expectations of D and D2 based on the diameter distribution function
f(D) by way of Eqs. (10) and (11). The deﬁnite integrals solution was a numerical approximation by which the area beneath
the Weibull probability density function was determined by
summing numerous inscribed rectangles. For model application, this study used U0 = U for “thinning from below” and L0 = L
for “thinning from above”.
IT = ISD =

NRemoved
NBefore

(8)

b
(9)

b

U0

D = E(D) =

D · f (D)dD

(10)

L0
U0

Dg2 = E(D2 ) =

D2 · f (D)dD

(11)

L0

where NResidual and Nbefore are the number of residual trees and
the number of trees, respectively, before thinning treatment
takes place. Tree height (H, m) for each DBH class was estimated
by the height-diameter equation (Eq. (12)) for boreal Jack Pine
forests developed by Zhang et al. (2002). Mean height was then
calculated following Eq. (13).
H = 1.3 + 23.9313 × (1 − e−0.0812·D )

1.7149

(12)

U0

H=

Hf (D)dD

(13)

L0

(2) Thinning intensity in relation to basal area (IBa , %) determines
the ratio of the basal area to be removed (BRemoved , m2 ha−1 )
to the basal area before thinning treatment takes place (BBefore ,
m2 ha−1 ):



where y is the estimate of a speciﬁc Weibull parameter (a, b, and
c), and  0 to  4 are the regression model parameters. Stepwise
linear regression analysis (R Development Core Team, 2009) was
applied to identify a set of candidate functional forms based on a
0.05 signiﬁcance level.

 

L0 − a c

1 − exp −

 

U0 − a c

(6)

where a, b, and c are the location, scale, and shape parameters,
respectively, of the Weibull distribution, and D is the DBH. The location parameter, such as the name implies, places the start location
of the distribution along the abscissa. It stretches out the distribution while increasing the value of the scale parameter and holding
the shape parameter constant. The shape parameter controls the
behavior of the distribution.
The maximum likelihood method was used (R Development
Core Team, 2009) to ﬁt Eq. (6) for the DBH distribution of each plot,
including stands that were thinned. When the initial estimate of
a was negative, it was set to one-half of the minimum diameter in
the plot after which the other two parameters were reestimated. At
this point, the general form of a linear regression model was used
to relate the Weibull function parameters to mean DBH (D̄, cm), age
(A, years), mean height (H̄, m), and stand density (SD, trees ha−1 ),
which were then predicted by TRIPLEX1.0:
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IT = IBa =

BRemoved
BBefore

(14)

The lower and upper bounds of residual stands were then
computed according to Eqs. (15) and (16). They were used to
calculate mean DBH, mean height, and the mean quadratic DBH
of the residual stands through Eqs. (10)–(13).
BBefore =


SD
4

U

D2 f (D)dD

(15)

L

BRemoved = BBefore −


SD
4

U0

D2 f (D)dD

(16)

L0

(3) Thinning intensity in relation to volume (IV , %) is another alternative way in which to describe thinning intensity. This variable
represents the relative volume removal (VRemoved , m3 ha−1 ).
Volume before thinning (VBefore , m3 ha−1 ) was calculated from
stand density, tree form (ϕ) (Eq. (20)), and tree height for a given
DBH and the Weibull function (f(D)) as follows:
IT = IV =

VRemoved
VBefore

VBefore =


SD
4

(17)

U

HϕD2 f (D)dD

(18)

L

VRemoved = VBefore −

ϕ = 0.52 − 0.002 ·


SD
4

H
D

U0

HϕD2 f (D)dD

(19)

L0



− 90

(20)

For PCT treatments, the most important step was to obtain
the lower boundary (thinning threshold) and upper boundary (U0 = U) of the residual stands for all three calculation
approaches.
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2.1.3. Modiﬁcations made to the original model source code
Certain variables were recalculated for purposes of simulation.
This was necessary due to the model mechanism advancement
to the next time step when forest thinning occurs. Other model
variables or processes that were identiﬁed as phenomenon in
which full understanding remains incomplete such as tree mortality and increased litterfall due to thinning slash cannot be
auto-updated. Certain necessary changes were consequently made
to these related processes.
2.1.3.1. Modiﬁcation in the FYG submodel. Tree mortality is separated into mortality with and without competition in TRIPLEX1.0
(Peng et al., 2002). Both mortality scenarios are simply set as constant values. Given that PCT removes the majority of unhealthy
trees and increases the vigor of residual stems, the mortality
without competition scenario has been empirically reduced after
thinning in the TRIPLEX-Management version.
Total stand volume (VT , m3 ha−1 ) was estimated as a function of
mean DBH, mean height, stand density, and tree form by Eq. (21) in
the original TRIPLEX1.0 model. A tendency to always underestimate
tree volume for young stands seems to afﬂict TRIPLEX1.0 (Peng et
al., 2002). In the current version, stand volume is the sum of all tree
volume for all DBH classes (Eq. (22)). Merchantable volume (VM ,
m3 ha−1 ) was calculated as the sum of individual trees for all trees
greater than 9 cm in DBH (Eq. (23)).
V = SD ×
VT =

VM =


ϕD̄2 H̄
4


SD
4

SD
4

(21)

U

HϕD2 f (D)dD

(22)

L
U

HϕD2 f (D)dD

(23)

Table 1
Jack Pine biomass equation parameters from Lambert et al. (2005).
Component

ˇ1

ˇ2

Wood
Bark
Branches
Foliage

0.0199
0.0141
0.0185
0.0325

1.6883
1.5994
3.0584
1.7879

1.2456
0.5979
−0.9816

Note: ˇ1 , ˇ2 , and ˇ3 are the parameters used in the biomass equation of
Biomassi = ˇ1 Dˇ2 Hˇ3 .

Jack Pine biomass equations used in this study were reported by
Lambert et al. (2005) for aboveground biomass (Eq. (24) and Li et
al. (2003) for belowground biomass (Eq. (25)).
Biomassi = ˇ1 Dˇ2 H ˇ3

(24)

RB = 0.222 · AB

(25)

where Biomassi is the dry biomass compartment i of a living tree
(kg) in which i represents wood, bark, branches, and foliage; ˇ1 to
ˇ3 are the parameters of the biomass equation (Table 1); and RB and
AB are root and aboveground biomass, respectively, obtained by
adding their corresponding compartments. Biomass change rates
(IB,i , %) for each biomass component i of a stand were estimated
as the ratio of the summed biomass in each DBH class for the
before thinning and after thinning stand (Eq. (26)). Therefore, the
increments of the litterfall pools (Litteri , kg) were calculated by
the product of the original stand C pools (TRIPLEX-Management)
before thinning (WBefore,i , kg ha−1 ) and the change rates due to thinning (Eq. (27)). Furthermore, the residual stand C pools (WResidual,i ,
kg ha−1 ) were obtained by way of the differences in stand C pools
before thinning and the increments of litterfall pools (Eq. (28)).
All calculations in relation to root biomass (e.g., root litterfall) are
based on Eq. (25).

9

U0

2.1.3.2. Modiﬁcation in the SCN submodel. PCT is generally carried
out only in even-aged forests that are approximately 15 years old.
In many such forest stands, trees that are selected for removal are
often too small for heavy machinery usage. The soil environment,
therefore, is hardly affected by this type of thinning operation. Several studies have reported that prescribed thinning has a negligible
effect on soil respiration (Vesala et al., 2005; Campbell et al., 2009).
It was consequently assumed in the current study that thinning
treatments have little effect on soil processes such as soil respiration. Nevertheless, it is assumed that thinning slash is always left
on site to enrich the soil. Litterfall pools in the SCN submodel were
therefore increased by means of thinning intensity.
To quantify the biomass of residual stands and the slash that
has entered into soil, biomass equations were used to estimate
the change rate before and after thinning treatments occurred. The

ˇ3

IB,i = 1 −

L0
U
L

Biomassi f (D)dD

(26)

Biomassi f (D)dD

Litteri = WBefore,i IB,i

(27)

WResidual,i = WBefore,i (1 − IB,i )

(28)

2.2. Sites
PCT may have a positive effect on individual tree volume growth
for Jack Pine stands (e.g., Bella and DeFranceschi, 1974; Groot et
al., 1984), which in itself may lead to a shorter rotational time
period (Morris et al., 1994). Published Jack Pine forest PCT data
(Tong et al., 2005) in Northwestern Ontario was used in this study
to validate the modiﬁed model. Beginning in the 1980s or even earlier, PCT treatments were applied a single time to selected stands

Table 2
Site information based on a study by Tong et al. (2005).
Site

1
2
3
4
5
6
7
8
9
10

Stand

Furniss road
Reba road
Encamp
Mack 1
Mack 5
Graham road
Nelson Lake
Mack 2
Mack 3
Mack 4

Age (year)

36
36
26
26
26
34
31
26
26
26

AgeT (year)

14
15
12
13
13
5
11
12
12
12

IT (%)

43
36
44
62
23
21
25
68
63
65

SD (trees ha−1 )

DBH (cm)

Control

PCT

Control

4080
2700
2840
5740
5260
2800
2200
4260
5820
4940

2340
1720
1580
2180
4040
2220
1640
1360
2180
1740

9.1 (3.15)
10.9 (3.82)
9.3 (5.35)
7.8 (2.74)
8.2 (3.08)
11.9 (2.97)
11.9 (3.88)
8.4 (2.61)
7.8 (2.36)
8.5 (2.85)

Tree height (m)

VT (m3 ha−1 )

VM (m3 ha−1 )

PCT

Control

PCT

Control

PCT

Control

PCT

11.1 (4.90)
13.5 (4.07)
11.9 (4.56)
10.9 (2.52)
8.9 (3.31)
13.7 (3.56)
13.0 (2.61)
14.1 (3.08)
11.2 (2.14)
12.3 (2.12)

9.8 (3.38)
10.1 (3.83)
8.1 (4.00)
8.5 (3.29)
10.3 (2.27)
14.3 (1.84)
9.0 (1.65)
9.3 (1.50)
9.8 (1.30)
10.1 (1.70)

10.2 (4.46)
13.3 (3.48)
9.4 (3.44)
10.2 (1.94)
9.9 (2.54)
14.3 (2.58)
9.6 (1.58)
11.3 (1.69)
10.3 (0.99)
10.3 (1.07)

161.6
159.1
144.2
150.6
167.1
222.9
126.1
122.1
146.8
160.5

163.1
176.7
104.3
107.7
145.8
235.3
107.5
121.0
112.7
106.0

117.5
133.2
121.4
90.5
104.4
188.0
107.6
110.5
90.0
98.9

143.4
161.0
93.5
85.0
100.0
213.3
95.0
71.6
72.0
91.0

Note: AgeT is thinning age; IT is thinning intensity; SD is stand density; and VT and VM are stand volume and merchantable volume, respectively. Standard deviations are in
parentheses.
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Table 3
Parameters used within model simulations.
Parameter
PAR
Absorb = 0.15
Cloud = 0.4
PAR factor = 0.47
GPP
BlCond = 0.2
MaxCond = 0.02
StomCond = 0.006
ExtCoef = 0.5
TaMin = 5
TaMax = 30
Topt = 15
N factor = 0.2
Na = 3
Sla = 6
NPP
GamaF = 0.01
GamaR = 0.21
BC:N = 24.5
CNPP = 0.39
Soil C and N
Lnr = 0.26
Ls = 0.215, 0.215, 0.235, 0.255, 0.255
Soil water
A1, A2, A3 = 15, 15, 15
AWL1, 2, and 3 = 0.5, 0.3, 0.2
KF = 0.5
KD = 0.5
KX = 0.3
AWater = 250
Growth and yield
MiuNorm = 0.006 (0.005k )
MiuCrowd = 0.02
Species parameter
CSP = 0.22
CD = 25
AlphaC = 0.05
MaxHeight = 25
AgeMax = 150
a
b
c
d
e
f
g
h
i
j
k

Description

Note

Atmospheric absorption factor
Time faction of cloudy days
Solar radiation fraction

a

Canopy boundary layer conductance (ml m−2 s−1 )
Max canopy conductance (ml m−2 s−1 )
Stomata conductance (ml m−2 s−1 )
Radiation extinction coefﬁcient
Min. temperature for growth (◦ C)
Max. temperature for growth (◦ C)
Optimum temperature for growth (◦ C)
N factor for tree growth
Effects of age to GPP
Speciﬁc leaf area (m2 kg−1 )

b

Leaf turnover per year
Fine root turnover per year
C:N response ratio
A constant ratio of NPP/GPP

f

Lignin–N ratio
Lignin for leaf, ﬁne root, coarse root, branch, and wood

d

Soil water depth of layer 1, 2, and 3 (cm)
Relative root density for layer 1, 2, and 3
Fraction of H2 O ﬂow to stream
Fraction of H2 O ﬂow to deep storage
Fraction of deep storage water to stream
Max. soil water (mm)

d

Normal mortality
Competition mortality

a
a

b
b
b
a
a
c
d
e
c

g
h
i

d

d
f
f
f
f

This study
f

Wood C density (t C m−3 )
Crown to stem diameter ratio
Canopy quantum efﬁciency
Max. height (m)
Max. stand age (year)

j
a
a

This study
This study

Bossel (1996).
Coops et al. (2001).
Kimball et al. (1997).
Values are provided by CENTURY (Parton et al., 1993).
Landsberg and Waring (1997).
Zhou et al. (2005).
Steele et al. (1997).
Liu and Greaver (2009).
Ryan et al. (1997).
Newcomer et al. (2000).
Residual stand value after PCT treatment has taken place.

by way of the practice of low thinning using brush saws. Dominant Jack Pine stands were measured in 2003 (Table 2) where the
total volume and merchantable volume were estimated by summing the volumes of each segment between two cross sections as
reported by Tong et al. (2005). A total of 10 sites containing both
PCT and control stands represented the different groups of thinning intensity and thinning age. The site index was from 18 m to
20 m (the dominant height after a 50 year period of growth). At
each site, 10 plots comprising of 0.01 ha each were established,
ﬁve of which were control stands and ﬁve of which were PCT
stands. These sites were naturally regenerated or seeded throughout a period from 1967 to 1977. The thinning time (AgeT , year)
ranged from 5 to 15 years, and the thinning intensity in relation to stand density ranged from 21% to 68% of tree removal
(Table 2).
Monthly air temperature, precipitation, and relative humidity
were obtained from the IPCC 20th Century experiment applying
the third version of the Canadian Centre for Climate Modelling and
Analysis (CCCma) Coupled Global Climate Model (CGCM3.1) for the

years 1850–2000 (http://www.cccma.ec.gc.ca). The average value
of four corresponding grids for Northwestern Ontario was used in
this study.
2.3. Simulation experiments
2.3.1. Parameterization and initialization
The TRIPLEX1.0 model operates with the following sets of input
data and parameters (Table 3):
(1) An ecophysiological parameter ﬁle that characterizes the necessary eco-parameters.
(2) A stand initialization ﬁle including species, regenerated year,
latitude, site class, initial soil C, stocking, thinning time, and
thinning intensity.
(3) A form that describes species parameters such as wood C density and maximum height.
(4) A climate data ﬁle exhibiting monthly temperature, precipitation, and relative humidity.
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mean absolute error (MAE%, Eq. (29)) and the root mean square
error (RMSE%, Eq. (30)) were used to evaluate the differences in
the predicted and observed data.

Initialization

Yes
Simulation

Diameter distribution
model

MAE% = 100

n
|P
i=1 i

RMSE% = 100(Ō)

PCT

No
Simulation

Post-thinning
stand

No
Finish

Diameter distribution
model



Output

Fig. 1. Flow diagram of a simulation run. PCT refers to pre-commercial thinning.

The TRIPLEX1.0 model has been parameterized for pure Jack
Pine stands (Peng et al., 2002) in Ontario as well as Jack Pine, Black
Spruce (Picea mariana (Mill.) BSP), and Trembling Aspen (Populus
tremuloides Michx) mixed stands in central Canada and northeastern Ontario (Zhou et al., 2004, 2005). It has also been parameterized
for subtropical forest regions in southeastern China (Zhang et al.,
2008) and boreal and temperate forest ecosystems in northeastern
China (Peng et al., 2009). It is noteworthy that none of the previous
studies mentioned considered the potential impacts of thinning on
forest growth and yield.



n
(P
i=1 i

− Oi )2

0.5

n

(30)

where P is the predicated value and O is the observed value; Ō and
P̄ are the mean of the observed and predicted values, respectively;
n is the number of observations.
Three criteria were calculated to evaluate the performance of
the TRIPLEX-Management model. A linear regression between the
observed and predicted values was used to evaluate model performance. The hypothesis is that the regression passes through
the origin and has a slope of unity (45◦ ). MAE% and RMSE% were
also used to evaluate prediction errors of the TRIPLEX-Management
model. The Willmott index of agreement (d) (Willmott, 1982) is an
indicator of model performance. It carries a value from 0 to 1.0, and
is expressed as:
d=1−

Yes

(29)

nŌ
−1

Management

− Oi |

n
(P
i=1 i

− Oi )2



n
(|Pi | + |Oi |)2
i=1

(31)

where the index of 1.0 indicates perfect agreement (Willmott,
1982).
2.3.4. Sensitivity analysis
Sensitivity analysis was carried out in order to investigate the
effects of the newly introduced diameter distribution parameters
and input variables for the PCT regime on forest C dynamics in the
TRIPLEX-Management model. Sensitivity scenarios involved applying a 10% increase or decrease in Weibull distribution parameters
(a, b, and c), mortality without competition in residual stands, and
thinning intensity. Moreover, a two year advance or extension in
thinning time was also considered within the sensitivity scenarios.
The model was run repeatedly under these scenarios, after which
the results were compared to previous runs.
3. Results

2.3.2. Simulation runs
The scheme of the simulation runs is provided in Fig. 1. First of
all, simulations began at the point of yearly regeneration for each
stand. Next, if thinning occurs, the diameter distribution model
parameters were estimated from the last month of the year before
thinning. Residual stand characteristics (mean DBH, mean height,
and stand density) were calculated and reentered as an input for the
next time step in relation to the thinning intensity deﬁned by the
user. The biomass of leaf, wood, branch, and ﬁne and coarse roots
was reduced along with the change rates obtained from the biomass
equations and the diameter distribution model. The model continued to simulate forest growth, C, and N dynamics for the residual
stand until simulations concluded. Lastly, variables of interest such
as DBH, volume, and biomass were output.
2.3.3. Model evaluation
The one-sample Kolmogorov–Smirnov (K–S) test (R
Development Core Team, 2009) was used to evaluate the performance of the diameter distribution model. The statistical value of
the K–S test within a plot is the largest absolute difference between
the hypothesized distribution and the observed distribution from
that plot. The smaller the statistical value the better the ﬁt. The

3.1. Diameter distribution comparison
Table 4 provides the parameter prediction equation systems
of Weibull diameter distribution within the TRIPLEX-Management
model. The scale parameter had the highest R2 (0.83) value and the
lowest MAE% (9.0%) and RMSE% (13.2%) values among the three
Weibull parameters while the location parameter and the shape
parameter had low R2 values and high MAE% and RMSE% values
(Table 4). The mean and standard variations of the K–S test goodness of ﬁt for the entire data set were 0.19 and 0.09, indicating that
the diameter distribution model performs well overall.
Fig. 2 shows that the simulated diameter distribution carried
out by TRIPLEX-Management derived from stand characteristics
agreed well with observed Jack Pine stand diameter distributions.
PCT altered stand diameter distribution. The location parameter of
the Weibull distribution within the PCT stands was larger than in
the control stands (Fig. 2C and F) given that the PCT treatments
removed lower diameter class trees. Furthermore, diameter distributions within the PCT stands were wider than in the control stands
(Fig. 2C and F), and diameter distributions in the PCT stands were
more negatively skewed than in the control stands (Fig. 2C and F).
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Table 4
Eq. (7) estimated coefﬁcients and their statistics using stepwise linear regression analysis (R Development Core Team, 2009) for Jack Pine stands.


y

Slope coefﬁcient

a
b
c

Model statistics

Intercept

D̄

−1.149
1.621
1.269

0.471
0.586
0.259



H̄

A

SD

−0.045
0.050
−0.023

R2

MAE%

RMSE%

0.354
0.825
0.192

32.7
9.0
21.5

51.7
14.2
34.6



Notes: y is the dependent variable in Eq. (7) (y = f (D̄H̄, A, ln(SD)) = 0 + 1 D̄ + 1 H̄ + 3 A + 4 ln(SD)); a, b, and c are the estimated location, scale, and shape parameters of
the three-parameter Weibull distributions, respectively; D̄ is mean diameter at breast height; H̄ is mean tree height; A is stand age; SD is stand density; MAE% is the mean
absolute error; and RMSE% is the root mean square error.

3.2. Stand characteristic comparison
Scatter plot results of the comparisons made between the simulated and observed data in relation to stand characteristics are
provided in Fig. 3 and Table 5. The predicted and observed data pairs
were close to the 1:1 line (Fig. 3), although a general trend in underestimation occurred (Table 5). The coefﬁcient of determination (R2 )

for all stand characteristics ranged from 0.57 to 0.88 except for
mean height (R2 = 0.25) (Table 5), and the MAE% ranged from 7.3%
to 16.0% for all stand variables. The RMSE% for all forest stand variables ranged from 9.4% to 20.8%. The Willmott index of agreement
between the observed and simulated basic stand variables ranged
from 0.99 to 1.00. Statistical analysis (Table 5) conﬁrmed that
TRIPLEX-Management predicted stand variables reasonably well.
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(A) 26-years, control

(D) 36-years, control

30
20
20
10
10

0
30

0
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(B) 26 -years, PCT

(E) 36-years, PCT
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25
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(F) 36 years
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35
30
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1 2 3 4 5 6 7 8 9 10111213141516171819202122232425
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Fig. 2. Comparison between simulated and observed diameter distributions for both unmanaged (control) and managed (PCT) Jack Pine stands of different stand ages (site
1: age = 36 years, PCT age = 14; site 5: age = 26 years, PCT age = 13) in Northwestern Ontario, Canada. Solid and dash curves represent model simulated DBH distributions of
the control and PCT stands, respectively. Hollow and gray histograms represent the observed diameter distributions of the control and PCT stands, respectively.
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Fig. 3. Scatter plot comparisons between simulated and observed (A) stand density (trees ha−1 ), (B) diameter at breast height (DBH) (cm), (C) quadratic mean diameter
(cm), (D) mean tree height (m), (E) total stand volume (m3 ha−1 ), and (F) merchantable volume (DBH > 9 cm) (m3 ha−1 ) for 20 Jack Pine stands located within 10 sites in
Northwestern Ontario (Table 2). Solid diamonds represent control plots while hollow diamonds represent PCT plots. The solid diagonal representational line is the 1:1 line.

W. Wang et al. / Ecological Modelling 222 (2011) 2249–2261

2257

Table 5
TRIPLEX-Management model performance.
Variable

Regression analysis
2

Stand density (trees ha−1 )
Mean DBH (cm)
Quadratic mean DBH (cm)
Mean height (m)
Total volume (m3 ha−1 )
Merchantable volume (m3 ha−1 )
Belowground biomass (t ha−1 )
Aboveground biomass (t ha−1 )
Total biomass (t ha−1 )

R

Slope

Intercept

0.88***
0.81***
0.82***
0.25*
0.59***
0.57***
0.54***
0.50***
0.51***

0.90
0.73
0.74
0.48
0.42
0.57
0.55
0.45
0.47

234.47
2.51
2.35
5.19
78.14
50.24
4.65
22.73
27.37

MAE%

RMSE%

da

11.0
7.3
7.3
12.1
12.3
16.0
21.7
26.8
25.9

16.6
9.4
9.6
15.8
17.0
20.8
25.1
31.8
30.5

0.99
1.00
1.00
0.99
0.99
0.99
0.98
0.97
0.97

MAE% is the mean absolute error and RMSE% is the root mean square error.
*
Signiﬁcant at probability levels of 0.05.
***
Signiﬁcant at probability levels of 0.001.
a
Willmott index.

Comparison results for the most essential direct measurements
in forest inventory such as stand density, mean DBH, and the
quadratic mean DBH showed good agreement overall (Fig. 3A–C).
Regression of the predicted versus observed stand density resulted
in a high R2 of 0.88 with a slope of 0.90 and an intercept of
234 tree ha−1 (n = 20, P < 0.001). The MAE%, RMSE%, and Willmott
index were 11.0%, 16.6%, and 0.99, respectively. Model performance
in relation to mean DBH and the quadratic mean DBH was similar
to model performance of stand density (Table 5).
In general, predicted and observed mean tree height data pairs
were close to the 1:1 line (Fig. 3D). Regression of the computed versus observed mean tree height resulted in a low R2 of 0.25 with a
slope of 0.48 and an intercept of 5.19 m (n = 20, P < 0.05). The MAE%,
RMSE%, and Willmott index were 12.1%, 15.8%, and 0.99, respectively. It is likely that such a low R2 resulted from a wide range
of H/D (30-285) in the natural forests under investigation and a
relatively narrow mean height (8.1–14.3 m).
Overall agreements for total volume (Fig. 3E) and merchantable
volume (Fig. 3F) were also generally acceptable. Regression of
the computed versus observed total volume resulted in a relatively low R2 of 0.59 with a slope of 0.42 and an intercept of

78.14 m3 ha−1 (n = 20, P < 0.001). The MAE%, RMSE%, and Willmott index were 12.3%, 17.0%, and 0.99, respectively. Regression
performance for the merchantable volume was similar. Such a
low R2 is partly attributable to the limited ﬁeld data available
such as an overall narrow age range from 26 to 36 years as
well as the general tree volume calculation formula (Eqs. (24)
and (25)) used for all tree species. Considerable prediction errors
(relative error >25%, Table S1) in relation to total volume and
merchantable volume predictions were found for the PCT stands
of site 6 (SD = 2220 trees ha−1 , age = 34 years, see Table 2) where
observed total volume (235.3 m3 ha−1 ) and merchantable volume
(213.3 m3 ha−1 ) were much higher compared to the PCT stands of
site 2 (VM = 161.0 m3 ha−1 , see Table 2), exhibiting similar stands
age (36 years) but lower stand density (1720 trees ha−1 ). They were
even higher than those provided in site class 1 of the normal yield
table developed for four primary northern Ontario tree species in
the 1970s (Plonski, 1974). Similar prediction errors (relative error
>20%, Table S2) were found in the control stands of site 6. These
results indicate that the model underestimated tree production for
stands located within site classes that exhibited reasonably good
conditions.

Table 6
Predicted sensitivity of the newly introduced key variables to changes in the thinning regime for three selected Jack Pine stands (the values are the percentage change).
Jack Pine

IT
+10%

Site 1 (AgeT = 14, IT = 43%)
D̄
7.1
H̄
10.3
4.9
VT
8.5
VM
−4.2
Total biomass
−3.4
Soil C
Site 5 (AgeT = 13, IT = 23%)
D̄
0.1
H̄
0.1
−1.2
VT
−0.2
VM
−0.1
Total biomass
0.3
Soil C
Site 10 (AgeT = 12, IT = 65%)
D̄
5.1
H̄
7.5
VT
−4.4
−2.1
VM
−20.6
Total biomass
−1.0
Soil C

AgeT
−10%

+2

Mortality after PCT

a

b

−2

+10%

−10%

+10%

−10%

c

+10%

−10%

+10%

−10%

−1.8
−0.9
−0.4
−0.8
−1.2
−1.6

4.4
8.6
6.1
8.6
−1.9
−3.2

0.9
1.7
0.4
0.9
−1.8
−1.1

0.0
−0.9
−1.8
−2.0
−1.5
−1.3

0.0
0.0
1.1
1.1
1.2
−1.5

0.0
0.0
6.4
7.7
0.6
−1.5

0.0
0.0
−5.3
−6.4
0.7
−1.5

6.2
9.5
31.5
38.3
−3.8
−3.4

0.0
0.0
−22.0
−26.6
−0.6
−1.5

6.2
9.5
4.0
7.5
−5.5
−2.8

0.9
0.9
1.2
1.1
−1.9
−1.4

−1.2
0.0
0.9
−0.2
−0.1
0.1

4.8
8.1
7.4
16.0
−5.5
−0.7

0.0
0.0
−1.4
−1.1
−4.3
0.0

0.0
0.0
−0.6
−0.7
0.4
0.0

0.0
0.0
0.4
0.2
0.3
0.0

0.0
0.0
4.6
7.4
0.0
0.0

0.0
0.0
−4.7
−7.4
0.0
0.0

1.2
1.2
27.8
49.6
−0.9
−0.1

−1.2
−1.2
−24.3
−41.4
−0.1
−0.1

−1.2
−1.2
−4.0
−9.4
0.3
0.0

1.2
1.2
4.3
11.1
−1.2
−0.1

−3.4
0.0
5.9
3.6
−0.5
0.1

0.9
6.5
3.9
4.6
−13.1
−0.4

0.0
1.9
0.2
0.2
−9.2
−0.3

0.0
0.0
1.5
1.4
1.3
0.0

0.0
0.0
0.4
0.4
0.5
0.0

0.0
0.0
7.2
8.5
0.1
0.0

0.0
0.0
−6.7
−8.2
−0.1
0.0

0.9
6.5
29.1
33.5
−16.5
−0.6

0.0
1.9
−20.1
−24.0
−4.5
−0.1

−0.9
−0.9
−0.1
0.2
1.6
−0.1

4.3
12.1
8.5
10.4
−28.9
−0.7

Notes: AgeT is the thinning age; IT is the thinning intensity; D̄ is the mean diameter at breast height; H̄ is the mean tree height; VT and VM represent total volume and
merchantable volume, respectively; a, b, and c are the location, scale, and shape parameters of the three-parameter Weibull distributions, respectively.
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3.3. Stand biomass comparison
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3.4. Sensitivity to PCT treatment
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A positive relationship was found in relation to changes in
thinning intensity. For example, a 10% increase in IT resulted in
increases from 0.1% to 7.1% and from 0.1% to 7.5% for mean DBH and
mean height, respectively (Table 6). No signiﬁcant positive or negative relationships were found for total volume and merchantable
volume to thinning intensity. Similarly, no signiﬁcant relationships
were found between variables under consideration with a two year
advance or extension of thinning age and mortality adaptation for
residual stands.
The three parameters of the Weibull diameter distributions had
remarkably affected basic stand characteristics and total biomass,
but had no signiﬁcant affect on soil C for this model (Table 6). An
apparent positive response of total volume and merchantable volume was found for location parameter (a) and scale parameter
(b), especially concerning the latter. A 10% increase in the scale
parameter resulted in an increase from 27.8% to 31.5% and from
33.55 to 49.6% for total volume and merchantable volume, respectively (Table 6), suggesting that the accurate estimation of scale
parameters of the Weibull diameter distribution is critical in predicting total volume and merchantable volume. However, the shape
parameter may not follow regular patterns for all related variables.

(A) Belowground biomass (t ha -1 )

Simulation

A comparison of biomass simulations for the distribution (above
and belowground) of dry matter within the model relative to
biomass equation estimates is provided in Fig. 4. In general, predicted and observed biomass data pairs were close to the 1:1 line,
although the model underestimated biomass production (Fig. 4).
Regression of predicted versus observed total biomass resulted in
a relatively low R2 of 0.51 with a slope of 0.47 and an intercept
of 27.37 t ha−1 (n = 20, P < 0.001, Table 5). The MAE%, RMSE%, and
Willmott index were 25.9%, 30.5%, and 0.97, respectively (Table 5).
Regressions for above and belowground biomass were similar.
TRIPLEX-Management captured the growth response to PCT treatment while a systematic negative bias was detected in the biomass
simulation, especially for sites in which reasonably good conditions
existed (e.g., site 6, see Table 2). Similar results were obtained for
volume estimates. However, this study recognizes that it is possible that a bias can be produced when applying this type of national
scale biomass equation (Lambert et al., 2005) to a given local scale
forest stand. Nevertheless, statistical analysis (Table 5) conﬁrmed
that TRIPLEX-Management still produces an overall acceptable
agreement to biomass estimates generated from national biomass
equations.

30

100

4. Discussion
4.1. Thinning routines
This study revealed the applicability of the model with regard to
forest thinning simulations. TRIPLEX-Management provides multiple ways in which to quantify thinning intensity (e.g., ISD , IBa ,
and IV ) applying thinning methods such as “thinning from below”
and “thinning from above” to calculate effects of thinning on forest
growth, timber yield, biomass, and C and N dynamics. The consideration of forest management within biogeochemical-mechanistic
modeling is important since it extends the applicability of the
model from unmanaged to managed forests (Petritsch et al., 2007).
Moreover, forest models should provide the information required
for ecosystem management, forest certiﬁcation, and sustainable
management (Landsberg, 2003). The model is capable of simulating key variables related to thinning such as mean DBH, mean

50
Control
PCT
0
0

50

100
Estimation

150

200

Fig. 4. Scatter plot comparisons between simulated and estimated (A) belowground
biomass (t ha−1 ), (B) aboveground biomass (t ha−1 ), and (C) total biomass (t ha−1 )
based on biomass equations for 20 Jack Pine stands located within 10 sites in Northwestern Ontario (Table 2). Solid diamonds represent control plots while hollow
diamonds represent PCT plots. The solid diagonal representational line is the 1:1
line.

height, total stand volume, merchantable volume, biomass, and C
pools. Management practices in terms of thinning in the 4C model is
deﬁned primarily by the intensity of thinning (e.g., basal area) and
the size distribution of trees that were removed (Lasch et al., 2005).
Thinning in the FinnFor model is ﬁrst based on a reduction in basal
area and then a conversion to stand density (Garcia-Gonzalo et al.,
2007b). In addition, several adapted BGC versions (Tatarinov and
Cienciala, 2006; Petritsch et al., 2007) rely on a reduction of biomass
before converting stem C to volume growth per hectare using conversion factors. This study, however, simply tested the thinning
intensity algorithm in relation to stand density and “thinning from
below”. Other algorithms used to calculate thinning intensity (IBa
and IV ) and “thinning from above” must therefore be further tested
through a greater number of measurements in relation to both
different species and different sites in the future.
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4.2. Diameter distribution and PCT
The TRIPLEX-Management model is able to predict timber yield
(DBH > 9 cm) and implement managerial practices through the
incorporation of empirical Weibull diameter distributions. Moreover, results from this study suggest that Weibull distributions
can ﬁt well in relation to stand structure for both unthinned and
thinned stands, even if stand diameter distribution is considerably
altered by PCT.
Most process-based models such as TRIPLEX1.0 do not include
stand structure components. Although the 4C model has been
developed as a physiology-based gap model applying a cohort
approach, empirical Weibull distributions are also used within the
4C model for pole-sized stands by means of a stochastic approach
related to thinning (Lasch et al., 2005). Cohort approaches are
also used within the FinnFor model (Kellomäki and Väisänen,
1997). The difference is the diameter distribution model is directly
employed to quantify diameter distributions for thinned stands in
the modiﬁed TRIPLEX-Management model. The model therefore
does not predict diameter distributions in the ﬁve years after thinning occurs. The empirical Weibull diameter distribution model
also underestimated the number of stems in the lower range of
the diameter classes for certain PCT Jack Pine stands like site 1
(Fig. 3E). This was likely the result of the empirical diameter distribution model’s inability to seize the beneﬁt of more growth space
that resulted from the thinning treatment.
4.3. Forest growth, yield, and PCT
TRIPLEX-Management captures mechanisms that accelerate
tree growth, reduce mortality, and increase both productivity and
timber production by way of adding litterfall pools and empirically
decreasing residual stand mortality. Overall R2 between the simulated and observed thinning effects were 0.69 (n = 60, P < 0.001)
with a slope of 0.76 and an intercept of 0.07 (Fig. 5). Several studies pertaining to PCT in relation to Jack Pine stands have indicated
that PCT has a considerable and positive effect on both DBH growth
and individual stem volume growth (Morris et al., 1994; Tong and
Zhang, 2005; Tong et al., 2005; Zhang et al., 2006). Similar results
were found in most preceding experimental studies that investigated other tree species (Mäkinen and Isomaki, 2004b; Lei et al.,
2007). A thinning simulation study conducted by Petritsch et al.
(2007) also indicated that thinning enhances C allocation rates to
stems and increases growth efﬁciency as a result of higher N use
efﬁciency. This is according to the Monte-Carlo simulations used.
Overall, the TRIPLEX-Management model is capable of simulating
thinning management practices by incorporating a diameter distribution model.
Sensitivity analysis for thinning regimes (thinning time and
thinning intensity) used in this study agrees with previous thinning

Observation change (%)
Fig. 5. Scatter plot comparisons between the effects of PCT (=[control − PCT]/control) on basic stand characteristics such as stand density (trees ha−1 ),
mean diameter at breast height (DBH) (cm), the quadratic mean diameter
(cm), mean tree height (m), stand volume (m3 ha−1 ), and merchantable volume
(DBH > 9 cm) (m3 ha−1 ) for 10 sites located within Northwestern Ontario in 2003.
The dashed diagonal representational line is the 1:1 line.

experimental studies where trees generally grew larger in stands in
which heavy intensity thinning treatments were applied (Mäkinen
and Isomaki, 2004a; Simard et al., 2004; Lei et al., 2007). However,
results from this study indicate that PCT may not necessarily lead
to high stand level total yield, especially in relation to heavy thinning treatments. Results of this study are supported by Goble and
Bowling (1993) and Tong et al. (2005).
4.4. Potential application and future work
The TRIPLEX-Management model developed for this study provides a realistic tool to predict forest growth, timber yield, biomass
production, and C and N dynamics. Assuming that forest management can be accurately quantiﬁed by means of forest inventory
data, wide application will require continued research on three
fronts.
First, stand level forest simulation studies must include a
broader range of forest types and thinning prescriptions, and must
be carried out for longer timeframes. The data set used in this study
was limited to a relatively small range in stand age (26–36 years).
Moreover, it possessed a single PCT treatment and was comprised
of a single stand type within the boundaries of a single region. One
of the primary goals in developing the TRIPLEX1.0 model was to
scale up from stand to regional scales (Peng et al., 2002). Regional
application certainly depends on the composition of forest type, a
broader age range, and diverse management strategies such as PCT,
commercial thinning, harvesting, and N fertilization.
Second, it is critical to understand diameter distributions after
forest management treatments take place for different tree species.
Wood product value could be estimated based on size-dependent
stem volume. For example, stand level product values were estimated using a combination of diameter distributions and individual
tree product values (Newton and Amponsah, 2005). Forecasts for
the stand level stem volume and merchantable volume or product value require a means to predict future diameter distributions
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(Liu et al., 2009) and how diameter distribution is altered by forest
management (e.g., thinning) decisions during forest development.
Third, forest thinning effects on soil C and N also require examination since soil C plays an important role in the global C cycle,
especially in high latitude regions (Lal, 2005). Validation of the soil
C pool was not possible in this study due to the lack of soil data
available. Logistically speaking, PCT treatments may only result in
a negligible disturbance on soil since heavy machinery is hardly
used in this type of silvicultural treatment. Understanding changing
processes in soil C and N dynamics under forest management practices, especially in relation to forest thinning, will prove important
for model development and application.
5. Conclusions
TRIPLEX-Management, a new management submodel, was
developed to simulate forest growth response to PCT treatments by way of incorporating diameter distribution into the
TRIPLEX1.0 model. The implementation of forest thinning algorithms as reported by this study represents an important step
towards improving the applicability of this process-based model for
forest managers and industrial planning initiatives. Results demonstrate that the TRIPLEX-Management model is capable in capturing
the growth response to PCT for Jack Pine stands in Northwestern
Ontario, although the model has a systemic negative bias to stands
that exhibit reasonably good site conditions. It still allows for the
analysis of not only impacts of forest management strategies on
forest growth, timber yield, biomass, and C sequestration but also
how potential climate change can affect forest management for a
given forest ecosystem. Overall, the TRIPLEX-Management model
is a realistic and ﬂexible tool in which to investigate the potential effects of management strategies on forest growth and yield,
biomass production, and C dynamics.
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