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Article

Climate Effects on Black Spruce and Trembling Aspen
Productivity in Natural Origin Mixed Stands
Mahadev Sharma

Ontario Forest Research Institute, Ontario Ministry of Northern Development, Mines, Natural Resources and
Forestry, 1235 Queen Street East, Sault Ste. Marie, ON P6A 2E5, Canada; mahadev.sharma@ontario.ca;
Tel.: +1-(705)-992-9775

Abstract: Forest managers need site productivity estimates for tree species growing in mixed stands.
Models developed in the past are generally for pure stands and don’t factor in the effects of climate
change on site productivity. Therefore, site index (SI) models were developed for black spruce
(Picea mariana Mill. B.S.P.) and trembling aspen (Populus tremuloides Michx.) trees grown in natural
origin mixed stands. For this, 186 trees (93 black spruce and trembling aspen each) were sampled
from 31 even-aged natural mixed stands (sites) (3 trees/species/site) across Ontario, Canada. Stand
height growth models were developed by incorporating climate variables during growth for each
species. Stem analysis data collected from sampled trees were used to develop these models. A mixed
effects modelling approach was used to fit the models. The relationship between SIs of black spruce
and trembling aspen grown in mixed stands was analyzed by calculating correlation coefficients
and plotting black spruce SIs against those of trembling aspen. Climate effects on site productivity
were evaluated by predicting stand heights for 4 geographic areas of Ontario for the period 2021
to 2080. Three emissions scenarios reflecting different amounts of heat at the end of the century
(i.e., 2.6, 4.5, and 8.5 watts m−2) were used in the stand height growth models developed here for
evaluation. Climate effects were more pronounced for trembling aspen than black spruce only in the
far west. The relationship between SIs of black spruce and trembling aspen trees grown in natural
origin mixed stands could not be described using a linear/nonlinear mathematical function. The
models developed here can be used to estimate stand height and SI of black spruce and trembling
aspen trees grown in natural origin mixed stands in a changing climate. In the absence of climate
data, models fitted without climate variables can be used to estimate SI of both species.

Keywords: dynamic models; height growth functions; mixed effects models; biotic and edaphic
effects; climate change; site productivity

1. Introduction

Site index (SI) is a widely used measure of forest site productivity. It is defined as
stand height (average height of dominant and codominant trees) at a specified stand age [1].
Stand height is also known as top height, defined as the average height of a specified
number (e.g., 20 or 100) of the tallest and thickest trees per ha in a stand. Estimated
values of growth, mortality, and tree recruitment in a stand could be influenced by site
productivity [2]. Most stand level growth and yield models that are used in developing
forest management plans are driven by SI. Therefore, accurate estimates of SI are vital to
making informed forest management decisions.

Site index depends on site characteristics, species, growing environment, and cli-
mate [3]. Therefore, most SI models are species specific and apply to even-aged mono-
culture stands. In multi-species stands, growth may be affected by altered access to site
resources, interspecific competition, or other factors [4]. Interactions between tree species
can be dynamic, changing spatially and temporally with variability in climatic, soil and
stand conditions [5]. Similarly, mixing in tree species can increase stand productivity,
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density, and growth efficiency [6]. Thurm and Pretzsch [7] reported that the productivity
increased significantly in European beech (Fagus sylvatica) and Douglas-fir (Pseudotsuga
menziesii) mixed stands than in pure stands. Thus, SI models developed for pure stands
may not be valid for mixed stands. Furthermore, if trees of one or more species growing in
mixed stands are not appropriate (too small) for SI models, developing them for each tree
species may not be possible [8]. In such cases, SI of one species has been estimated in terms
of the SI of another species [4].

Forest managers could have a SI equation for the leading tree species but not for the
second leading species. If the SI of one species can be expressed in terms of SI of another
that it is growing with, SI conversion equations can be developed to estimate the SI of
the second species. In this case, trees from the second species do not need to be sampled
to develop SI equations, saving time and resources. However, the SIs of all tree species
growing together are not necessarily correlated. In this situation, conversion equations
cannot be developed and SI equations are needed for all species in a given stand to calculate
wood supply [9].

Recent studies showed that climate had significant effects on site productivity of
jack pine (Pinus banksiana Lamb.), black spruce (Picea mariana Mill. B.S.P.) [10], white
spruce (Picea glauca (Moench) Voss) [11], red pine (Pinus resinosa Ait.) [12], and white
pine (Pinus strobus L.) [3] plantations and jack pine and black spruce natural origin mixed
stands [13]. Therefore, climate sensitive SI models are required for each tree species to
accurately estimate wood supply. These models are also useful for developing climate
change adaptation/mitigation plans.

The objectives of this study were to (1) analyze climate effects on site productivity
of black spruce and trembling aspen (Populus tremuloides Michx.) trees grown in natural
origin mixed stands in Ontario, Canada, (2) develop stand height/SI models for these tree
species by incorporating climate variables, (3) assess the effects of future climate scenarios
on stand height growth of these tree species, (4) compare species-specific height growth
between pure and mixed stands, and (5) investigate the relationship between SIs of black
spruce and trembling aspen trees grown in natural origin mixed stands. If the relationship
is linear or nonlinear, SI conversion equations will be developed.

2. Methods
2.1. Height and Age Data

Stem analysis was conducted to obtain height-age data used in this study. Thirty-one
even-aged natural origin mixed species stands were sampled for stem analysis from across
the study species’ range in Ontario (Figure 1). These stands were dominated by black
spruce (43%) and trembling aspen (23%) with a substantial balsam fir (Abies balsamea (L.)
Mill.) component (24%) but minimal other species (10%; mix of jack pine, white spruce,
and birch (Betula spp.)).

In this study, stand height was defined as the average height of dominant and codomi-
nant trees. Three 100 m2 circular temporary sample plots (TSPs) were established at each
stand and one largest diameter (at breast height) non-veteran tree of each study species
was selected and sampled from each plot. Only trees without visible deformities, such as
forks, major stem injuries, and dead or broken tops were included in the sample. Disks
were cut at 0.15, 0.5, 0.9, and 1.3 m from ground level from each sampled tree. More disks
were cut at 10% intervals from the remaining height of the tree (between breast height and
tip), resulting in 13 disks per tree from each species.

A unique code was assigned to each sampled tree and disk. All disks sampled from
a tree were placed into a large breathable bag. These bags were transported to a lab in
Thunder Bay, Ontario, and stored at −10 ◦C until 24 h before the disks were prepared
(sanded) for ring analysis. After preparation, the major and minor axes (diameters) that
were perpendicular to one another and passed through the pith were measured. From the
major (r1) and minor (r2) axes geometric mean radius (r) was calculated (i.e., r = (r1 × r2)0.5)
on each disk. Two radii that matched this geometric mean and were at least 90◦ apart were
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located and marked. All these measurements were made inside bark. The disks were then
scanned and saved at a minimum resolution of 720 dpi. Scanned images were analyzed
for ring number and diameter growth using WINDENDROTM software (2014c, Regent
Instruments, Montreal, QC, Canada, 2014).
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Figure 1. Distribution of natural origin black spruce and trembling aspen sites sampled across
northern Ontario, Canada.

Subedi and Sharma [14] used jack pine and black spruce plantation stem analysis data
to analyze 6 techniques developed to identify the end of annual height growth and found
Graves’ [15] method to be best for these tree species. Therefore, height at a given age along
the bole of each tree was determined using this technique. For each tree, annual height
growth was calculated to obtain the height growth series needed to develop height growth
models. Height of each tree was plotted against its age to assess indications of early height
growth suppression, top breakage, or dieback. No defects were evident in any of the sample
trees so data from all 186 trees (93 black spruce and 93 trembling aspen) was analyzed.

All black spruce and trembling aspen trees were grown in natural stands. As a result,
height growth before breast height was irregular. Number of years to reach breast height
varied from 2 to 29 years for black spruce and 1 to 10 years for trembling aspen. Therefore,
unless otherwise specified, age from breast height (breast height age, BHA; in years) and
height from breast height were used for all analyses reported in this study.

Since height growth before trees reached breast height was irregular, BHA of trees
sampled from 3 plots from a site did not necessarily reach a particular BHA during the same
calendar year. However, climate variables are tied to a specific calendar year. Therefore,
if we combined height growth to obtain site scale observation by calculating mean stand
height from 3 plots, climate effects could not be analyzed as the height growth would
have been averaged across years. As a result, growth series from 3 plots from a site were
not combined. This resulted in 93 total height-age growth series for each species. Table 1
displays summary statistics of sampled trees used in this study for total height, diameter at
breast height (DBH), total age, BHA, and the climate variable significant in stand height
growth model. However, the SI values shown in the table were obtained by calculating
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mean heights of 3 trees sampled from a site at BHA 50 for each species. Since trembling
aspen trees on one site were younger than 50 years, only 30 SI are listed for this tree species.

Table 1. Summary statistics (N = number of samples; SD = standard deviation) for mean diurnal
temperature range (MDTR), total height, DBH, total age, breast height age (BHA), and site index (SI)
for black spruce and trembling aspen trees from northern Ontario, Canada, used in this study.

Variable N Mean SD Min Max

MDTR (◦C) 2294 11.99 0.83 9.50 14.50

Black Spruce

Total height (m) 93 24.77 3.28 17.70 36.30

DBH (cm) 93 20.40 2.20 14.50 26.60

Total age (years) 93 86.02 19.15 59 145

BHA (years) 93 73.84 17.53 48 138

SI (m) 31 15.34 1.74 10.24 18.15

Trembling Aspen

Total height (m) 93 29.41 4.82 17.10 44.20

DBH (cm) 93 21.57 2.12 16.60 27.02

Total age (years) 93 79.61 18.76 48 141

BHA (years) 93 74.09 18.66 44 136

SI (m) 30 17.22 1.81 12.81 21.20

2.2. Climate Data

Sample plots used here were far from weather stations. Therefore, Canadian climate
models [16] were applied to obtain estimates of climate variables for each plot location.
ANUSPLINE based on corrected Canadian weather station data [17,18] was applied in
these models to generate continuous climate grids that included many stations in Ontario.
Mean seasonal and annual values of climate variables were estimated for each location for
each year starting when the sample tree reached breast height to 2020.

Climate variables used in this study included estimates of annual, quarterly (con-
secutive 3-month periods), and monthly values of mean, minimum, and maximum total
precipitation, and air temperatures for each year. Estimates for start, end, and length
of the growing season and the sum of growing degree days were also included. These
variables were estimated using a base temperature of 5 ◦C. The growing season was defined
as the time between the day after 1 March when mean daily temperature was ≥5 ◦C for
5 consecutive days and the day after 1 August when minimum daily temperature was≤2 ◦C.
Site related variables (longitude, latitude, and elevation) were also evaluated with climate
variables. This resulted in a total of 68 site and climate variables. Estimates for all climate
variables were provided by Dan McKenney (2021, Canadian Forest Service, pers. comm.).

2.3. Stand Height/Site Index Models

The height-age relationship of a tree is nonlinear. Therefore, nonlinear mathematical
models are commonly used to express the relationship. These models are typically derived
from fractional or exponential functions [19]. The most common function that is derived
from the fractional group to describe height development over time is Hossfeld IV [19]. Sim-
ilarly, the Chapman-Richards growth function that is obtained from the exponential group
is the most commonly used function to describe the height-age relationship (see [20–23]).
Several variants of these functions are derived based on assumptions made and initial
conditions applied.

Sharma [13] evaluated three variants of Chapman-Richards function formulated using
generalized algebraic difference approach by assuming its parameters as a function of
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site (see [24]) using the data from jack pine and black spruce natural mixed stands. In his
evaluation, Sharma included a variant of Hossfeld’s base function that has been widely
used to model height-age relationship. He found the variant of the Hossfeld’s function, also
known as McDill-Amateis growth function (see [25], p. 126), superior to others in terms
of fit statistics and predictive accuracy. Therefore, this function was used to model the
height-age relationship of black spruce and trembling aspen in this study. The mathematical
form of McDill-Amateis growth function is:

H =
α0

1−
(

1− α0
H0

)(
A0
A

)α1
+ ε (1)

where, H and H0 are heights at ages A and A0, respectively, α0 and α1 are model parameters
and ε is the error term. This model has also been used in other studies that evaluated climate
effects on site productivity and developed stand height growth models by incorporating
climate variables for boreal tree species in eastern Canada [3,8–10]. In general, α0 defines
the asymptote of the curve and α1 determines the shape (also called the rate parameter).

Parameters of Equation (1) were expressed in terms of climate variables to examine
and model the climate effects on height growth. A variance function was specified to
address the heteroscedasticity in the data set [26]. Two variance functions (exponential and
power) were considered and the one resulting in the smallest Akaike information criterion
(AIC) [27] value was selected.

Finally, Pearson correlation coefficients between SIs of black spruce and trembling
aspen were calculated and the SI of black spruce was plotted against the SI of trembling
aspen to graphically explore the relationship between SIs of these tree species. Observed
values of SI (stand height at BHA 50) were used for this analysis.

2.4. Model Fitting and Evaluation

Height-age data obtained from each tree by stem analysis are hierarchical, as obser-
vations are nested in trees and trees are nested in plots. Therefore, measurements in a
plot are dependent and correlated. However, measurements among plots are independent.
The autocorrelation in the data set can be addressed by using a mixed-effects modelling
approach [28]. If required, models can be fit by adding a correlation structure [29]. Equation
(1) was first fit without climate variables and random effects in SAS [30] for both species.
Random effects associated with the asymptote and rate parameter were then included in
fitting the models.

Elevation, latitude, and longitude were designated into one group (site) and the climate
variables were divided into 2 groups (temperature and precipitation). The site and climate
variables were introduced to the model sequentially from each group. First, all temperature-
related variables were introduced one by one. The variable that was significant (α = 0.05)
and resulted in the smallest AIC value was selected as the first temperature related climate
variable to be introduced in the model. Unless otherwise specified, the p-value less than
0.05 (α = 0.05) has been considered significant in this study.

All precipitation-related variables were then added into the model one at a time in the
presence of the first temperature related climate variable. The variable that was significant
in the regression and produced the lowest AIC value was selected as the second climate
variable to be added from the precipitation group. Similarly, site related variables were
introduced into the model one at a time in the presence of temperature and/or precipitation
variables. Two-way interactions and quadratic transformations of the site and climate
variables were also introduced into the model. The site and climate variables and their
interactions and transformations that were both significant in the regression and improved
the fit statics were included in the stand height growth model.

A mixed-effects model was formulated by successively adding random effects pa-
rameters to fixed-effects parameters. The mixed-effects model was evaluated based on
goodness-of-fit criteria such as AIC, model residuals, and log-likelihood (twice the negative
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log-likelihood) ratio. The model with the smallest goodness-of-fit value was considered
best. Possible heteroscedasticity was checked by estimating residuals (observed − pre-
dicted) from the model for each growth series calculated for all 1-year growth periods and
plotting them against predicted stand heights for both species.

To evaluate climate effects on future stand height growth, stand heights were estimated
for both species using the model with climate variables for 4 regions: in the east (near
Timmins), in the centre (near Hearst), in the west (near Thunder Bay), and in the far west
(near Kenora) of northern Ontario (see Figure 1). These heights were estimated under
3 emissions scenarios known as representative concentration pathways (RCPs). Under
these pathways, different levels of warming (2.6, 4.5, and 8.5 Watts/m2) are produced at
the end of the century using the Canadian model [16]. The projected values of climate
variables that were significant in the regression were used to evaluate climate effects. For
visual analysis, height growth curves were generated for the 2021 to 2080 growth period.

3. Results and Discussion

Equation (1) was first fit to the height-age data using NLMIXED in SAS without
random effects parameters for both black spruce and trembling aspen trees. Random effects
associated with the asymptote and rate parameters were then included in the fit (Table 2).
The fit statistics (AIC and MSE) improved significantly by including the random effects.
Both random effects associated with the asymptote and rate parameter were significant at
the stand scale. The height growth model with random effects at the stand scale is written as:

Hij =
α0 + b0i

1−
(

1− α0+b0i
Hik(j 6=k)

)( Aik(j 6=k)
Aij

)(α1+b1i)
+ εij (2)

where, Hij is the stand height at age Aij (jth observations at series i), Hik is the stand height
at age Aik at the same series (kth observations at series i and j 6= k), b0i and b1i are the
stand-scale random effects associated with α0 and α1, respectively, and εij is the error term
for the jth tree of ith stand. Both random effects, b0i and b1i, have a normal distribution with
zero mean and variances σ0

2 and σ1
2, respectively (i.e., b0i ~ N(0, σ0

2) and b1i ~ N(0, σ1
2) ),

and are independent of εij ~ N(0, σ2). Other variables were as previously defined.

Table 2. Parameter estimates, standard errors (SE), fit statistics (MSE (σe
2), variance of b0 (σ0

2),
variance of b1 (σ1

2), covariance of b0 and b1 (σ0 σ1), and Akaike’s information criterion (AIC) for
Equation (2) for black spruce and trembling aspen trees from Ontario, Canada.

Parameters
Black Spruce Trembling Aspen

Estimates SE Estimates SE

Without random effects

α0 47.9863 1.0068 35.5842 0.5878

α1 1.1238 0.0070 1.0665 0.0083

σe
2 0.00609 – 0.0155 –

AIC −14,854 – −8875 –

With random effects

α0 48.2867 3.9622 36.7879 2.4958

α1 1.1390 0.0268 1.0700 0.0283

σe
2 0.0051 – 0.0139 –

σ0
2 499.88 – 171.91 –

σ1
2 0.0212 – 0.0213 –

σ0σ1 −2.2219 – −1.4307 –

AIC −15,754 – −9401 –
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Equation (2) does not factor in climate effects. To investigate the effects of climate on
stand height growth, parameters (α0 and α1) in Equation (2) were expressed in terms of
climate variables. As mentioned earlier, climate variables were divided into 2 groups (tem-
perature and precipitation) and site-specific variables (latitude, longitude, and elevation)
were put into a third group. Both parameters (α0 and α1) in Equation (2) were expressed in
terms of all 68 variables from each group successively.

When fitted independently, most temperature and precipitation related variables were
significant in the regression. However, the asymptote (α0) for black spruce and the rate
parameter (α1) for trembling aspen expressed as a linear function of mean diurnal temper-
ature range (MDTR) turned out to produce the best fit (lowest values of MSE and AIC)
in the presence of random effects. In the presence of MDTR, none of the other precipita-
tion, temperature, or site related variables were significant for both species. Similarly, no
quadratic transformations or climate variables interactions were significant for explaining
the asymptote and rate parameter for both species. As a result, the final mixed effects
models with climate variables are written as:

Hij =
α0 + b0i + α2MDTR

1−
(

1− α0+b0i+α2MDTR
Hik(j 6=k)

)( Aik(j 6=k)
Aij

)(α1+b1i)
+ εij (3)

for black spruce, and

Hij =
α0 + b0i

1−
(

1− α0+b0i
Hik(j 6=k)

)( Aik(j 6=k)
Aij

)(α1+b1i+α2MDTR)
+ εij (4)

for trembling aspen, where, α2 is the parameter associated with MDTR and all other
variables are as defined earlier. Estimated values of parameters for Equations (3) and (4)
are presented in Table 3. All estimates were significant (p < 0.01) and incorporating MDTR
significantly improved fit statistics for both species. Therefore, climate effects on height
growth of black spruce and trembling aspen trees grown in natural mixed stands can be
explained using Equations (3) and (4), respectively.

Table 3. Parameter estimates, standard errors (SE), fit statistics (MSE (σe
2), variance of b0 (σ0

2), variance
of b1 (σ1

2), covariance of b0 and b1 (σ0 σ1), power variance (δ), and Akaike’s information criterion (AIC)
for black spruce (Equation (3)) and trembling aspen (Equation (4)) trees from Ontario, Canada.

Parameters
Black Spruce Trembling Aspen

Estimates SE Estimates SE

α0 79.9536 10.3488 36.8610 2.8394

α1 1.1454 0.0259 1.4751 0.1472

α2 −2.6897 0.7722 −0.0336 0.0119

σe
2 0.0051 – 0.1421 –

σ0
2 400.00 – 249.97 –

σ1
2 0.0207 – 0.0486 –

σ0σ1 −1.9190 – −2.8906 –

δ – – −1.0314 0.0362

AIC −15,764 – −10,362 –

The coefficient of MDTR (α2) was negative for both species. However, MDTR de-
creases with the change in climate. Therefore, decreasing MDTR will positively affect the
asymptote of height growth of black spruce and the rate of height growth for trembling
aspen. Residual plots (not shown here) of heights showed some signs of heteroscedasticity
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for trembling aspen. Two variance functions (power and exponential) were evaluated to
address heteroscedasticity in the data. The power function to the height was significant in
the regression and resulted in smaller AIC for trembling aspen. However, the power to
the height was not significant for black spruce, confirming results from residual plots. The
estimated value of the weight (power of height) for trembling aspen was negative. The AIC
value decreased significantly by introducing weight into the model for this tree species.

Climate effects on future stand height growth were evaluated by estimating heights
using Equations (3) and (4) for 4 sites in Ontario for the 2021 to 2080 growth period. These
heights were estimated under the 3 emissions scenarios (RCPs) described earlier. Average
heights of sampled trees from all 31 sites at BHA 3 and annual values of MDTR projected
under 3 emissions scenarios were used as initial values and climate variable, respectively,
in developing these height profiles for each species. Estimated heights were plotted against
BHA for both species (Figures 2 and 3).
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Figure 2. Stand height profiles for natural origin black spruce trees generated using projected values of
climate variables for the period 2021 to 2080, assuming that climate remains stable (without climate) or
warms (RCP 8.5), in Equation (3) for (a) eastern (near Timmins), (b) central (near Hearst), (c) western
(near Thunder Bay), and (d) far western (near Kenora), ON, Canada. Climate variables were projected
for locations close to sample sites using 3 emissions trajectories known as representative concentration
pathways (RCPs).
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Figure 3. Stand height profiles for natural origin trembling aspen trees generated using projected
values of climate variables for the period 2021 to 2080, assuming that climate remains stable (with-
out climate) or warms (RCP 8.5), in Equation (3) for (a) eastern (near Timmins), (b) central (near
Hearst), (c) western (near Thunder Bay), and (d) far western (near Kenora), ON, Canada. Climate
variables were projected for locations close to sample sites using 3 emissions trajectories known as
representative concentration pathways (RCPs).

Height profiles generated under RCP 2.6 and 4.5 were almost identical to those under
RCP 8.5 for all sites for both species, so only the latter was included in the figures. Height
profiles were also obtained for the model without climate variables (Equation (2)) for the
same growth period. Climate effects were obvious for one region (near Kenora) for black
spruce and two regions (near Hearst and Kenora) for trembling aspen. The climate effects
were not obvious until BHA 35 for black spruce near Kenora and for trembling aspen near
Hearst. However, climate effect on stand height growth was more evident at Kenora for
trembling aspen, beginning as early as BHA 10.

Where it occurred, climate influenced both species’ height growth positively. The
maximum effect for black spruce was in the west (near Kenora) where tree height at BHA
80 under the RCP 8.5 scenario was 5% taller than tree height calculated using the model
without climate variables (Figure 2). For trembling aspen, heights near Hearst and Kenora
at BHA 80 were taller by 4% and 11%, respectively, than those calculated using the model
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without climate variables (Figure 3). Climate effects on height growth at the other sites
were minimal.

Height growth of black spruce was further analyzed by comparing stand height
growth of trees grown in natural pure and mixed species stands. Stand heights were
estimated across stand age using the model without climate variables (Equation (2)) and
the models published by Sharma and Reid [31] for natural origin pure and by Sharma [13]
for natural origin mixed (with jack pine) stands. Estimated stand heights were plotted
against stand age for all 3 stand types (Figure 4).
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Figure 4. Height growth curves generated using Equation (3) for black spruce grown in natural
origin mixed stands of northern Ontario, Canada, using average observed heights at breast height
age 5 years (1.46 m) as starting values, with trembling aspen and jack pine (using the same equation
with the parameters described in Table 3 of Sharma (2021)) compared with height growth curves for
natural pure stands generated using the same equation with the parameters described in Table 4 of
Sharma and Reid (2018).

Height in pure stands was consistently lower than that in jack pine mixed stands until
stands reached BHA 110. After that age, heights in pure stands surpassed those in jack pine
mixed stands. On the other hand, the stand height of black spruce grown with trembling
aspen was consistently higher than that in pure stands across BHA. The difference in
heights increased with BHA. This finding indicated that inter-specific competition between
black spruce and trembling aspen occurs, and is more pronounced than with jack pine,
especially after BHA 55.

Similarly, height growth of black spruce and trembling aspen in mixed stands were
compared. For this, stand heights were estimated across stand age using the model
without climate variables (Equation (2)) for both species and plotted against BHA (Figure 5).
Average heights of sampled trees from all 31 sites at BHA 5 were used as initial values in
developing these height profiles for each species. Projected stand height of trembling aspen
trees was taller than that for black spruce until BHA 85, after which black spruce stand
height was taller.
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Figure 5. Height growth curves generated using Equation (2) (by ignoring random effects and climate
variables) for black spruce and trembling aspen grown in northern ON, Canada, using average
observed heights at breast height age 5 years (1.46 and 2.33 m, for black spruce and trembling aspen,
respectively) as starting values.

Finally, stand height/SI profiles were generated using Equation (2) for black spruce
and trembling aspen trees grown in natural origin mixed stands for the range of site
productivity (Figure 6). Random effects and climate variables were ignored in generating
these profiles. Stand heights at the index age of BHA 50 were used as SIs. These curves
were very consistent with the observed trends in the data set used in this study across all
productivity classes.

To explore the relationship between SIs of black spruce and trembling aspen, SI
(observed stand height at age 50 BHA) of black spruce was plotted against SI of trembling
aspen trees grown in the same plot (Figure 7). No obvious pattern (linear/nonlinear)
was evident. The trend line was parallel to the x-axis, with black spruce SIs randomly
distributed around it. Similarly, the Pearson correlation coefficient between black spruce
and trembling aspen SIs was 0.0027. This value suggested that the quantitative linkage
between SIs of black spruce and trembling aspen trees grown in natural origin mixed stands
could not be described by a linear/nonlinear mathematical function.

Site productivity at a location is affected by climate and other environmental condi-
tions [32]. Site productivities of jack pine, red pine, white pine, black spruce, and white
spruce plantations [10–12] and of natural origin jack pine and black spruce mixed stands
in Ontario [13] were found to be affected by climatic conditions, such as changes in tem-
perature and precipitation regimes. The nature (positive or negative) and magnitude
of the effects depended on tree species. The magnitude of climate effects varied from
north to south and east to west. Similarly, the climate variables selected that affected site
productivity also varied by tree species.

Precipitation and temperature related variables, i.e., growing season total precipitation
(GSTP) and growing season mean temperature (GSMT), respectively, affected stand height
growth for jack pine and black spruce plantations [10]. Only a temperature-related variable
(GSMT) affected the height growth of red pine plantations [12]. Similarly, warmest quarter
total precipitation (WQTP) and warmest quarter mean temperature (WQMT) explained
variation in stand height growth of white spruce plantations [11]. For white pine plantations,
the climate variable that most influenced stand height growth was MDTR [3].
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Figure 6. Stand height/site index (SI) profiles generated using Equation (2) for black spruce (a) and
trembling aspen (b) trees grown in natural origin mixed stands in Northern Ontario for the range of
site productivity.

For jack pine and black spruce natural origin mixed stands, a temperature related
variable (GSMT) explained much of the variation in stand height growth for both jack pine
and black spruce trees [13]. In this study, the temperature related variable MDTR explained
much of the variation in stand height growth for both black spruce and trembling aspen
trees. Even in the natural origin mixed stands, different climate variables explained black
spruce height growth, regardless of which other tree species occurred in the mixture.

Black spruce height growth was explained by GSMT and MDTR in the presence of
jack pine and trembling aspen, respectively. Although MDTR was the climate variable
significant in the stand height growth model of black spruce and trembling aspen in this
study, it explained different aspects of the variation: the asymptote for black spruce and
the rate parameter for trembling aspen. These findings indicated that climate effects on
site productivity also depended on stand type (plantations vs. natural origin stands) and
species mixture (other tree species growing in the stands).
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Figure 7. Observed values of site indices (base age 50 BHA) of black spruce plotted against their
counterparts for trembling aspen grown in natural mixed stands.

Increase in site productivity in mixed stands has been reported in previous studies.
The productivity of Norway spruce (Picea abies), silver fir (Abies alba), Scots pine (Pinus
sylvestris), European beech (Fagus sylvatica), sessile oak (Quercus petraea), European ash
(Fraxinus excelsior) and sycamore maple (Acer pseudoplatanus) mixed stands was higher
by 7–53% than in mono-specific stands [6]. Similarly, the productivity of Douglas-fir
(Pseudotsuga menziesii (Mirb.) Franco) increased in mixed stands [7,33]. The productivity
of Norway spruce (Picea abies (L.) H. Karst.) and European beech (Fagus sylvatica L.)
mixed stands also increased compared to pure stands, but the increase depended on tree
species [34]. The increase in productivity of Norway spruce (Picea abies), sessile oak (Quercus
petraea), and common alder (Alnus glutinosa) grown with Scots pine (Pinus sylvestris) also
depended on tree species [35].

In addition to complementarity effects on a tree species growing in mixed stands, the
increase in productivity also depended on climate. In Picea abies and Abies alba mixed stands,
the productivity of Pieca abies increased with increasing maximum temperature and the
productivity of Abies alba increased with decreasing maximum temperature and increasing
minimum temperature [5]. In this study, we found that the site productivity of black spruce
was higher in mixed stands than in pure stands. However, the increase depended on the
species that it is growing with. The stand height of black spruce grown with jack pine was
higher than with trembling aspen until 50 BHA. Thereafter, the separation in stand heights
between pure and mixed with trembling aspen continued to increase but decreased with
jack pine.

Carmean et al. [13] analyzed results of 6 studies comparing SI relations among
24 hardwood and conifer tree species in the United States and the Upper Great Lakes
area of Canada. They presented SI conversion equations for trees grown in natural mixed
stands. Similarly, Nigh [4] developed SI conversion equations for 4 conifer tree species
in British Columbia, Canada, using estimated values (not observed) of SIs. Sharma [13]
also developed SI conversion equations using observed values of SI (stand height at BHA
50) for both jack pine and black spruce trees grown in mixed stands. He regressed SI of
one species against the SI of the other species along with climate variables. In this study,
however, no relationship was evident between SIs of black spruce and trembling aspen
trees grown in natural origin mixed stands that could be described by a linear/nonlinear
mathematical function.

Nigh [4] developed SI conversion equations using SI values estimated from models
fitted to the data from pure stands. Results from this study and others mentioned above,
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however, indicated that stand height growth trajectories of trees grown in mixed stands are
not the same as the ones grown in pure stands. Therefore, the information on SI values for
mixed stands obtained using models developed for pure stands could be misleading. Even
in mixed stands, the height growth trajectories of black spruce trees were influenced by the
other species present. The site productivity of black spruce grown with jack pine differed
from that when it was grown with trembling aspen.

As mentioned earlier, the climate variables significant in the stand height growth
models differed by species. Those variables were not the same even for the same tree
species (black spruce) grown in different environment (plantations vs. natural stands) and
species mixture. Therefore, more research is required to identify/determine the underlying
bioclimatic driving variables affecting tree growth. Since climate variables were selected
based on statistical significance in the stand height growth models developed here, caution
should be applied in using the models beyond the range of MDTR used in this study.

4. Conclusions

Stand height growth models were developed for black spruce and trembling aspen
trees grown in natural origin mixed stands in Ontario, Canada. The models developed
were based on McDill-Amateis growth function. The parameters of this function were
expressed in terms of climate variables so the model is useful in a changing climate. For
black spruce, the asymptote was expressed as a linear function of mean diurnal temperature
range (MDTR). For trembling aspen, the rate parameter was a linear function of the mean
diurnal temperature range (MDTR). Other precipitation and site variables were not significant
for either species. No obvious linear/nonlinear relationship were evident between SIs of these
tree species grown in natural origin mixed stands. Therefore, SI conversion equations could
not be developed to estimate SI of trembling aspen given the SI of black spruce, and vice versa.

Stand heights of black spruce and trembling aspen trees grown in natural origin mixed
stands can be estimated at any age using the models developed. SI can be obtained by
estimating the stand height at the base (index) age. If climate values are not readily available,
the site productivity can be estimated using the models fitted without climate variables.
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