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Abstract: Site index (SI) is a commonly used measure of forest site productivity and is affected by
climate change. Therefore, climate effects on site productivity were analyzed and modeled for jack
pine (Pinus banksiana Lamb.), black spruce (Picea mariana (Mill.) B.S.P.), red pine (Pinus resinosa Ait.),
and white spruce (Picea glauca (Moench) Voss) plantations using annual/seasonal values of climate
variables. Jack pine and black spruce trees were each sampled from 25 plantations (sites), and red
pine and white spruce trees were sampled from 30 and 31 plantations, respectively, from across
Ontario, Canada. Stem analysis data collected from 201 jack pine, 211 black spruce, 90 red pine,
and 93 white spruce trees were used in this study. To analyze and model climatic effects on site
productivity, parameters of the stand height models were expressed in terms of climate variables.
A nonlinear mixed-effects modelling approach was applied to fit the stand height models. Climate
effects on site productivity was evaluated by predicting stand heights in three areas (the central,
eastern/southeastern, and western parts of Ontario) for the period 2021 to 2080 under three emissions
trajectories (representative concentration pathways (RCP) 2.6, 4.5, and 8.5 watts m~2). Climate effects
on site productivity depended on tree species and location. For jack pine, climate effects were positive
and pronounced only in western Ontario under all emissions scenarios. The effects were negative
and mild after breast height age (BHA) 50 in central Ontario for black spruce. Similarly, the effects
were negative and more pronounced at all areas after BHA 35 for red pine. On the other hand, for
white spruce the effects were negative and highly pronounced from a young age under all scenarios,
mainly in the southeast. For all species except for jack pine, climate effects were more pronounced
under RCP 8.5 than the other two scenarios.

Keywords: height growth functions; dynamic site index models; climatic effects on tree growth;
nonlinear height growth models; stand/top height

1. Introduction

Site productivity influences growth, mortality, and recruitment of trees in a stand [1].
It is commonly measured in terms of a site index (SI), with SI defined as stand height
(average height of dominant and codominant trees) at a specified stand age [2]. Most stand
scale growth and yield models that are used in developing forest management plans are
driven by SI. Consequently, accurate SI estimates are fundamental for informed forest
management decisions.

The site index depends on species, site, growing environment, and climate [3]. Re-
searchers have used different approaches to examine and model climate effects on site
productivity. Some have regressed SI in terms of climate/environmental variables di-
rectly [4-7]. However, Ung et al. [5] indicated that linear relationships between the SI and
biophysical variables were inadequate for use in growth and yield models.

Similarly, Albert and Schmidt [6] found less than 40% variation in SI explained by
biophysical variables for Norway spruce (Picea abies (L.) Karst.) and common beech
(Fagus sylvatica L.) trees in Lower Saxony, Germany. On the other hand, Weiskittel et al. [7]
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reported that 68% of the variability in SI was explained by climate-related variables for tree
species grown in western U.S. forests.

Bergh et al. [8] used a process-based simulation model, to compute and compare the ef-
fect of increased temperature on net primary productivity (NPP) for Norway spruce (Picea
abies), Scots pine (Pinus sylvestris), black cottonwood (Populus trichocarpa), and European
beech (Fagus sylvatica) growing in the Nordic countries (Finland, Denmark, Norway, Ice-
land, and Sweden). Their results showed that if the temperature is increased by 4 degrees
C, Norway spruce and Scots pine NPP would increase by 24%-37% in spring. In another
study, Pedlar and McKenney [9] used published and provenance trial data to assess the
estimated growth response of five northern conifers to climate change. They reported that
climate warming could have a significant positive effect on cold-origin (northern) popula-
tions, but negative effects on warm-origin (southern) populations. Similarly, Guo et al. [10]
investigated local adaptation process of bud phenology of five black spruce populations
originating from the latitudinal range of boreal forest. They found a relationship between
bud phenology and the mean annual temperature at the sites of tree origin.

Since climate is not the sole factor influencing site productivity, SI expressed solely in
terms of climate variables would not provide accurate estimates of forest site productivity.
To improve model efficiency, other researchers defined the parameters of S models in terms
of climate- and site-related variables [11-13]. However, other than stating that incorpo-
rating biophysical variables (including climate) improved fit statistics, these researchers
did not quantify the magnitude and nature (positive or negative) of climate effects on
site productivity.

Recently, stand height growth /SI models have been developed by incorporating climate
variables in stand height growth models for several tree species in Ontario, Canada: planta-
tion grown jack pine (Pinus banksiana Lamb.) and black spruce (Picea mariana Mill. B.S.P.) [14],
red pine (Pinus resinosa Ait.) [15], white spruce (Picea glauca (Moench) Voss) [16], and white
pine (Pinus strobus L.) [3] and natural origin mixed stands of jack pine and black spruce [17]
and black spruce and trembling aspen (Populus tremuloides Michx.) [18].

When climate-sensitive SI models were developed for jack pine, black spruce, red
pine, and white spruce plantations, only 30-year average values of climate variables were
available for evaluation [14-16]. Therefore, the average values of climate variables over the
lifespan of sample trees were used to develop climate-sensitive stand height growth/SI
models for these tree species. These models were evaluated using projected average values
of climate variables significant in the models for a 30-year period under different climate
change scenarios.

However, in the case of white pine plantations and natural origin mixed stands,
annual and seasonal values of climate variables were available for past and future growth
periods. Past and future annual/seasonal values of index variables derived from climate-
related variables (e.g., climatic moisture index) were also available. Therefore, Sharma and
Parton [3] and Sharma [17,18] analyzed climate effects on site productivity of these tree
species using annual/seasonal values of temperature- and precipitation-related climate
and derived variables and developed climate-sensitive stand height growth/SI models for
these plantations and mixed stands. In these studies, model evaluation included the use of
projected annual/seasonal values of climate variables for a future 80-year growth period
under three climate change scenarios.

Since the values of climate variables fluctuate every year/season, it is intuitive to
use annual/seasonal values of climate variables to examine and model climate effects
on site productivity. Models developed using annual/seasonal values of original and
derived climate variables will provide more accurate information about the climate effects
on tree growth than those developed using the average values over the period of tree
growth. Therefore, the objectives of this study were to derive stand height growth/SI
models for jack pine, red pine, black spruce, and white spruce plantations by incorporating
yearly/seasonal values of climate variables and to assess the effects of future climate
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scenarios on stand height growth of these tree species using projected yearly /seasonal
values of climate variables.

2. Methods
2.1. Height and Age Data

Data used in this study were collected from jack pine, red pine, black spruce, and
white spruce trees grown in plantations. Twenty-five even-aged monospecific plantations
were sampled for each of jack pine and black spruce. Similarly, 30 and 31 monospecific
plantations were sampled for red pine and white spruce, respectively. These plantations
were selected from across the species’ range [19] in Ontario (Figure 1). Details of sampling
trees and collecting stem analysis data have been provided in studies by Sharma et al. [14]
for jack pine and black spruce and Sharma and Parton [15,16] for red pine and white spruce.

®  Jack Pine Sample Site
4 Jack Pine Sample & Evaluation Site
0 White Spruce Sample Site
White Spruce Sample & Evaluation Site
® Red Pine Sample Site
4 Red Pine Sample & Evaluation Site
®  Black Spruce Sample Site
4 Black Spruce Sample & Evaluation Site |

300
1

600 km
1 |

Figure 1. Distribution of jack pine and black spruce plantation sites sampled across Northern Ontario,
Canada. Latitude and longitude ranged from 47° N to 50° N and 80° W to 92° W, respectively.

Height growth of all tree species used in this study was erratic before trees reached
breast height [14-16]. Therefore, unless otherwise specified, height from breast height and
age from breast height (breast height age, BHA) were used for all analyses reported in this
study. As a result, tree height refers to height above breast height and age to BHA.

Since height growth below breast height was irregular, BHA of trees sampled from
three plots at a site did not necessarily reach a particular BHA during the same calendar
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year. Combining the growth series from the three plots would result in averaging height
growth across years, precluding analysis of climate effects on stand height growth (mean
height of three trees sampled from a site) using a climate variable value associated with a
specific calendar year. Therefore, in this study growth series from the three plots at each
site were not combined to obtain site-scale estimates.

Observed heights were plotted against their ages to form height-age curves for each
tree. Trees for which curves indicated possible injuries or early height growth suppression
were discarded. This resulted in 201 and 211 jack pine and black spruce trees, respectively,
to be used for analysis. None of red pine or white spruce trees sampled had any noticeable
defect, so all trees (90 and 93 for red pine and white spruce, respectively) were used in
analyzing climate effects and developing stand height/SI models. Summary statistics for
total age, total height, diameter at breast height (DBH), and BHA for the trees used in this
study are presented in Table 1.

Table 1. Summary statistics (N = number of samples, Std Dev = standard deviation) for total height,
diameter at breast height (DBH), total age, and breast height age (BHA) of plantation grown trees
in Ontario, Canada and climate variables that best explained the variation in stand height growth
of tree species used in this study. (CMI = climatic moisture index, MDTR = mean diurnal tempera-
ture range, PWQ = precipitation of warmest quarter, GSMT = growing season mean temperature,
AnMXxT = annual maximum temperature).

Variable N Mean Std Dev Minimum Maximum
Jack pine
Height (m) 201 16.71 2.38 11.80 23.02
DBH (cm) 201 19.59 4.02 9.90 34.30
Total age (year) 201 42.22 10.26 26.00 63.00
BHA (year) 201 38.68 10.00 23.00 60.00
CMI (April) 2700 292 2.45 —5.62 14.54
CMI (May) 2700 0.58 3.18 —6.85 10.03
MDTR (°C) 2700 12.25 1.31 7.2 16.2
Black spruce
Height (m) 211 12.55 2.23 6.82 17.85
DBH (cm) 211 16.39 2.81 10.10 24.80
Total age (year) 211 38.34 8.40 24.00 84.00
BHA (year) 211 32.01 7.10 20.00 46.00
CMI (July) 2700 —1.35 3.39 —10.1 12.28
PWQ (mm) 2700 243.67 47.72 97 406
Red pine
Height (m) 90 21.83 410 13.25 30.90
DBH (cm) 90 31.39 6.23 21.30 56.20
Total age (year) 90 59.90 18.12 27.00 97.00
BHA (year) 90 55.26 18.07 23.00 93.00
CMI (March) 3456 4.02 2.18 —1.52 14.36
CMI (April) 3456 2.72 2.62 —6.22 14.5
CMI (Oct) 3456 3.68 3.66 —6.22 19.45
CMI (Nov) 3456 5.40 2.73 —0.63 17.89

GSMT (°C) 3456 13.18 0.73 10.87 15.82
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Table 1. Cont.

Variable N Mean Std Dev Minimum Maximum
White spruce
Height (m) 93 20.98 291 15.25 29.35
DBH (cm) 93 29.97 6.67 16.30 52.90
Total age (year) 93 55.62 10.26 42.00 87.00
BHA (year) 93 49.86 10.18 35.00 82.00
AnMaxT (°C) 2700 7.44 0.52 6.14 8.05

CMI = mean monthly precipitation-monthly potential evapotranspiration.

2.2. Climate Data

All climate variables for each plot location for each tree species were estimated using
Canadian climate models [20]. These models were generated from continuous climate
grids using ANUSPLINE based on corrected Canadian weather station data [21,22], which
includes many stations in Ontario. For each plot location, estimates of average seasonal and
yearly values of these variables were calculated for each year, starting when the sampled
tree reached breast height, until 2018.

A total of 68 climate-related variables were computed, including minimum, mean, and
maximum air temperatures and total precipitation, estimated for each month of the year,
for each quarter (consecutive three-month periods), and annually. The 68 variables also
included longitude, latitude, and elevation (site-related variables). Details of calculating
climate data were documented by Sharma et al. [14] and Sharma and Parton [15,16]. In
addition, potential evapotranspiration (PET) was subtracted from mean monthly precipita-
tion (MMP) to estimate climatic moisture index (CMI) for each year (see [23]). These values
were also calculated for each plot for each species.

Total or partial CMI values were then computed by summing the 12-month or partial-
month (months for which CMI was significant in the regression) values of CMI for each year
for each sample site. Estimates for all climate variables were provided by Dan McKenney
(Canadian Forest Service, 2018, pers. comm.). Summary statistics of climate variables that
explained the variation in stand height growth of jack pine, black spruce, red pine, and
white spruce plantations are included in Table 1.

2.3. Stand Height/Site Index Equations

Sharma et al. [14] and Sharma and Parton [15,16] evaluated variants of Chapman-
Richards and Hossfeld IV functions for the tree species used in this study and found a
variant of the Hossfeld IV function (Equation (1)), also known as McDill-Amateis growth
function (see [24] p. 126), provided the best fit statistics (R% and MSE). This variant also
produced the most consistent and biologically realistic height estimates across productivity
classes for all four species studied. The variant (model form) was:

&0

« A
(- ) (%)
where H and H; are stand heights (from breast height) at BHAs A and Aj, respectively,
and w7 are model parameters and ¢ is the error term. This model form was used in this
study as the base function to examine and model climate effects on stand height growth.
In general, « defines the asymptote of the curve, and a; determines the shape. a; is also
called the rate parameter that determines the growth rate. To analyze and model the climate

effects on stand height growth, the asymptote and rate parameter (xg and a1, respectively)
in Equation (1) were expressed in terms of climate variables.

H=

ot M
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2.4. Model Fitting and Evaluation

The data used in this study came from stem analysis. These data are hierarchical
(i.e., height-age series within sites), resulting in two sources of variation: among sites and
within a site. Observations within a site (height-age series) (correlated) are dependent as
they originate from the same tree. However, observations among sites are independent. To
address the problem of autocorrelation, a mixed-effects modelling approach was used to fit
the stand height growth model for all tree species.

To examine and model climate effects on site productivity, climate- and site-related
variables were partitioned into three groups (precipitation, temperature, and site) and
introduced to Equation (1) successively from each group. The climate- and site-related
variables that were significant and resulted in the lowest Akaike information criterion
(AIC; [25]) value were selected and incorporated into the stand height models. Quadratic
transformations and two-way interactions of the climate variables that were significant in
the regression were also introduced one by one in the presence of their original variables.
All climate and site variables, their two-way interactions, and transformations that were
both significant and improved model fit were selected as climate variables.

Random effects parameters were added successively to the fixed-effects coefficients
of climate variables as necessary. Goodness-of-fit criteria such as log-likelihood (twice
the negative log-likelihood) ratio, assessment of model residuals, and AIC were used to
evaluate the model with random effects. The model with the smallest goodness-of-fit value
was considered best. The model form that resulted in the smallest value of AIC was used
as the final model for each species.

Estimated values of stand heights of jack pine, black spruce, red pine, and white
spruce trees using the models with climate variables were used to evaluate climatic effects
on future stand height growth for three areas. These areas were in the center (near Hearst),
the eastern (north of Sudbury for jack pine and black spruce and near Barrie for red pine
and white spruce), and western (near Dryden for jack pine and black spruce and near Red
Lake for red pine and white spruce) parts of Ontario, where the trees were sampled (see
Figure 1).

The evaluation of climate effects was performed under three emissions trajectories (2.6,
4.5 and 8.5 Watts/m?). These trajectories, known as representative concentration pathways
(RCPs), produce different levels of warming at the end of the century using the Canadian
model [20]. The projected values of climate variables (from [20]) that were significant
in expressing the asymptote and rate parameter in Equation (1) were used in evaluating
climate effects. Height growth curves were also generated for the 80-year growth period
(2021-2100) for all tree species for all emissions scenarios.

3. Results

The base model (Equation (1)) coefficient estimates were provided in studies by
Sharma et al. [14], Sharma and Parton [15], and Sharma and Parton [16] for jack pine and
black spruce, red pine, and white spruce, respectively. Those estimates remain the same
and, hence, are not reported here. Any differences would be associated with the climate
variables since annual/seasonal values were used in this study instead of the average
values over the trees’ past growth periods used in the previous studies.

Climate effects on stand height growth were analyzed by expressing parameters (g
and «1) in Equation (1) in terms of climate variables as described earlier. For jack pine,
mean diurnal temperature range (MDTR), its quadratic transformation, and April CMI
(CMlpy) explained the variation in asymptote. Similarly, MDTR and May CMI (CMIj1,y)
were significant in explaining the rate parameter for this tree species. For black spruce,
precipitation of warmest quarter (PWQ) and July CMI (CMIj,;) explained the variations in
the asymptote and rate parameter, respectively.

For red pine, growing season mean temperature (GSMT) and the sum of March, April,
October, and November CMIs (CMIs,,,,;) explained the variation in the asymptote and rate
parameter, respectively. On the other hand, only one temperature-related variable (annual
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maximum temperature (AnMaxT)) was significant in explaining the variation in the rate
parameter for white spruce.

As stated, random effects parameters were sequentially added to the fixed-effects
coefficients, starting with the intercept in the expression for asymptote. Only site-level
random effects associated with the intercept in expressions for both asymptote and rate
parameter were significant for all species. However, no random effects associated with the
fixed-effects coefficients attached to climate variables were significant. Final models with
climate variables and random effects for jack pine, black spruce, red pine, and white spruce
can be mathematically expressed as:

jack pine
o Bo + boi + B1 * CMIay + B2MDTR + p3sMDTR? e @)
ik =~ 1 (1 Bo+boi+B1*CMInp, +BaMDTR+B3MDTR? \ ( Ayyrzx \ P4 0aitP5CMInay+Be MDTR ijk
Hiji(1k) ( Aijk )
black spruce
Hiyp = Bo + boi + p1PWQ e 3)
T (1— BobysarQ) (Ayozs )52”2"*’33“4””’ !
Hiji1) Ajj
red pine
Hyy — ,Bo-i-b()i—l—,glGSMT . @)
’ 1 — Botboi+B1GSMTY ( Aijiizh) PatbartpaCMIsun  ~1I¢
( Hij(12k) ) ( Aijk )
white spruce
0 + boi
" 1 _ Botbo ) (Aitazn) Pt paAniiaT  Cik ©
( Hz‘jl(l;ék)) ( Ajjx )

where H;j is the stand height at age A;j (kth observations of series j and site i), Hj; is the
stand height at age A;; at the same series and site (Ith observations of series j and site i and
I k), by is site-scale random effect associated with the intercept expressing the asymptote,
and b,,; (m =1, 2, and 4) is also site-scale random effect but associated with the intercept
that expressed the rate parameter. Both random effects are independent of ¢;;. Random
effects, bo; and b,,;;, are normally distributed with mean zero and variances 092 and 2,
respectively, and covariance cyo1. Bo—Pg are fixed effects parameters to be estimated. Other
variables are as defined earlier.

Estimated parameters and fit statistics are listed in Table 2. For all species, fit statistics
(RMSE, log-likelihood, AIC) decreased when climate variables were included in the model.
Equations (2)—(5) incorporated climate variables that significantly improved fit statistics.
As a result, these equations could be used to explain the effects of climate on stand height
growth for jack pine, black spruce, red pine, and white spruce. As mentioned, only site-level
random effects associated with the intercept of functions used to express both asymptote
and rate parameter were significant for all species.

Estimated parameter values are consistent with biological expectations. For jack
pine, the coefficients of April CMI and MDTR are negative. On the other hand, the
coefficient for the quadratic transformation is positive. MDTR decreases as the rate of
climate change increases. Therefore, decreasing MDTR has positive effect on the asymptote
if evapotranspiration exceeds precipitation in April. However, the effect diminishes as the
rate of climate change increases because of the opposite sign in the quadratic transformation
of MDTR. Similarly, coefficients of both climatic variables (May CMI and MDTR) are
negative in the expression for the rate parameter. This finding indicates that growth rate
increases with the rate of change in climate if evapotranspiration is higher than total
precipitation in May.
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Table 2. Parameter estimates, their standard errors (SE), and fit statistics (MSE (c.2), variance of by
(00?), variance of by (012), covariance of by and by (0 071), and the Akaike information criterion (AIC)
for the models with climate variables (Equations (2)-(5)) for jack pine, black spruce, red pine, and
white spruce trees grown in plantation across Ontario, Canada.

Jack Pine Black Spruce
Parameters Estimates SE Estimates SE
Bo 104.810 30.622 30.002 7.0212
B1 —0.5135 0.1667 0.0890 0.0319
B2 —14.8825 5.5186 1.0922 0.0126
B3 0.8107 0.2499 0.0048 0.0012
B4 1.3133 0.0740 - -
Bs —0.0062 0.0012 - -
Be —0.0191 0.0057 - -
002 0.0184 0.0003 0.0116 0.0002
g2 83.010 37.304 200.00 83.210
oq? 0.0060 0.0020 0.0026 0.0010
ol —0.3189 0.2001 —0.3313 0.2165
AIC —8620 - —10.492 -
Red pine White spruce
Bo 78.9872 9.9897 68.606 6.9399
B1 —2.1957 0.6933 1.3575 0.0986
B2 1.0851 0.0204 —0.0246 0.0109
B3 0.0025 0.0006 - -
002 0.0066 0.0001 0.0152 0.0003
092 260.00 117.27 1232.99 680.89
a2 0.0078 0.0022 0.0086 0.0028
001 —1.1933 0.4377 —1.5901 0.9488
AIC —10452 - —5829 -

All parameter estimates were statistically significant (p < 0.05).

For black spruce, the coefficients of climate variables expressing the variation in
asymptote and rate parameters (PWQ and CMI},;,, respectively) are positive, ie., the
asymptote increases as the precipitation of the warmest quarter increases. Similarly, the
growth rate increases if July precipitation exceeds evapotranspiration during that month.

For red pine, the coefficient of GSMT expressing the variation in asymptote is negative.
Similarly, the coefficient of the climate variable (CMI,;) that was significant in explaining
the variation in the rate parameter is positive. This indicates that the increase in growing
season mean temperature negatively affects the asymptote. On the other hand, an increase
in the sum of March, April, October, and November CMIs will increase the growth rate of
red pine plantations.

For white spruce, no climate variable significantly explained the variation in the
asymptote. However, the rate parameter could be expressed in terms of one climate
variable (AnMaxT), and the coefficient of this variable was negative. Thus, for this tree
species, the asymptote is not affected by the change in climate, but height growth is reduced
if the AnMaxT increases.

To evaluate climate effects on site productivity of different tree species, future stand
heights were predicted for jack pine, black spruce, red pine, and white spruce trees at three
areas in Ontario under three climate change scenarios (Figures 2-5). These estimates were
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made for an 80-year (2021-2100) growth period using only fixed-effects coefficients in the
models. For all species, the average height value at age one BHA (0.35 m for jack pine
and black spruce and 0.5 m for red pine and white spruce) was used as the initial height
for generating height-age curves. Under all climate change scenarios, projected values of
annual/seasonal climate variables were used to estimate future stand heights for all species.
Height-age curves were also produced for a no climate change scenario for all species.

25
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Figure 2. Stand height profiles for jack pine trees generated using projected values of climate variables
for the period 2021 to 2080, assuming climate remains stable (no climate) or warms (RCPs 2.6, 4.5,
and 8.5), in Equation (2) for (a) eastern (near Sudbury), (b) central (near Hearst), and (c) western
(near Dryden) Ontario, Canada. Climate variables were projected for locations close to sample sites
using three emissions trajectories known as representative concentration pathways (RCPs).

Jack pine height growth was positively affected by climate change in the west (Figure 2).
At BHA 80, stand heights were higher by 4.4, 4.6, and 3.2% under 2.6, 4.5 and 8.5 emission
scenarios, respectively, compared to those under the no climate change scenario. However,
height growth was not significantly affected by climate change for the east and central
areas of Ontario. The positive effect in the west increased from RCP 2.6 to 4.5 but decreased
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from RCP 4.5 to 8.5. Thus, the positive effect of climate change in the west is not linear but
concave down.
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Figure 3. Stand height profiles for black spruce trees generated using projected values of climate
variables for the period 2021 to 2080, assuming climate remains stable (no climate) or warms (RCPs 2.6,
4.5, and 8.5), in Equation (3) for (a) eastern (near Sudbury), (b) central (near Hearst), and (c) western
(near Dryden) Ontario, Canada. Climate variables were projected for locations close to sample sites
using three emissions trajectories known as representative concentration pathways (RCPs).

The climate change effect on black spruce height growth was not pronounced for
stands in the east and west (Figure 3). However, the effects on height growth were negative
and minimal for stands in central Ontario. The negative effect was more pronounced under
RCP 8.5 than the other two (2.6 and 4.5) emission scenarios. At BHA 80, stand heights were
lower by 2.2, 2.9, and 5.3% under RCP 2.6, 4.5, and 8.5 emission scenarios, respectively,
compared to those under the no climate change scenario.

At all locations, red pine stand height growth was negatively affected by climate
(Figure 4). However, the differences in stand heights under RCP 2.6 and 4.5 and the no
climate change scenario were not pronounced in southeastern Ontario across stand age. At
BHA 80, under RCP 8.5 stand heights were 6.4% shorter than those under the no climate
change scenario. For the other two areas, stand heights under all three emission scenarios
were affected by climate change. At the end of the same growth period, in central Ontario,
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stand heights under RCP 2.6, 4.5, and 8.5 were shorter by 3.7, 5.8, and 10.5%, respectively,
compared to those under the no climate change scenario. Similarly, in the west, stand
heights under RCP 2.6, 4.5, and 8.5 were shorter by 5.4, 7.5, and 9.3%, respectively, relative
to the no climate change scenario.
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Figure 4. Stand height profiles for red pine trees generated using projected values of climate variables
for the period 2021 to 2080, assuming climate remains stable (no climate) or warms (RCPs 2.6, 4.5,
and 8.5), in Equation (4) for (a) southeastern (near Barrie), (b) central (near Hearst), and (c) western
(near Red Lake) Ontario, Canada. Climate variables were projected for locations close to sample sites
using three emissions trajectories known as representative concentration pathways (RCPs).

For white spruce, the difference in stand heights under all emission scenarios relative
to the no climate change climate scenario was not pronounced for central and western
Ontario across stand age (Figure 5). However, stand heights under all three emission
scenarios were lower relative to the current climate scenario in the southeastern part of the
province (near Barrie). At BHA 80, stand heights under RCP 2.6, 4.5, and 8.5 in this area
were lower by 18.3, 18.3, and 21.0%, respectively.



Forests 2022, 13, 1600 12 of 16

40 40
35 35

30

30 .
E = | | E
= 25 / z 25
S
& o
‘D g 20 ——RCP 2.6
2 2 2
2 E — g RCP 4.5
c 15 RCP 2.6 % 15
H +
& RCP 4.5 n RCP 8.5

10 10

RCP 8.5 No climate
5 No climate 5
0 0
0 20 40 60 80 0 20 40 60 80
Breast height age (yr) Breast height age (yr)
(a) (b)
40
35

= RCP 2.6

Stand height (m)
>

15 RCP-4.5
10 RCP 8.5
5 No climate
0
0 20 40 60 80

Breast height age (yr)
(0)

Figure 5. Stand height profiles for white spruce trees generated using projected values of climate
variables for the period 2021 to 2080, assuming climate remains stable (no climate) or warms (RCPs 2.6,
4.5, and 8.5), in Equation (5) for (a) southeastern (near Barrie), (b) central (near Hearst), and (c) western
(near Red Lake) Ontario, Canada. Climate variables were projected for locations close to sample sites
using three emissions trajectories known as representative concentration pathways (RCPs).

4. Discussion

Site productivity is affected by climate and other environmental conditions [26]. Cli-
mate effects on site productivity have recently been analyzed and modelled for jack pine,
black spruce, red pine, white spruce, and white pine plantations [3,14-16] and for natural
origin jack pine and black spruce [17] and black spruce and trembling aspen [18] mixed
stands in Ontario. Climatic conditions such as changes in temperature and precipitation
regimes were used to analyze climate effects in these studies. The nature and magnitude of
effects varied by species and geographic region.

As mentioned, [14-16] used average seasonal and annual values of climate variables
over the lifespan of trees to analyze climate effects on site productivity of jack pine, black
spruce, red pine, and white spruce plantations. They reported that stand height growth of
jack pine and black spruce plantations was affected by both precipitation- and temperature-
related variables (growing season total precipitation (GSTP) and growing season mean
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temperature (GSMT)). Similarly, stand height growth of white spruce plantations was
affected by warmest quarter total precipitation (WQTP) and warmest quarter mean tem-
perature (WQMT). However, red pine plantation height growth was affected only by a
temperature-related variable (GSMT).

Values of climate variables fluctuate almost every year. Therefore, the effects of climate
on tree growth vary from year to year. Now we have the projected annual/seasonal
values of climate variables available for a future 80-year growth period to evaluate climate
effects. Moreover, derived values of climate variables (e.g., CMI) are also available for use
in analyzing and evaluating of climate effects. Therefore, in this study annual/seasonal
values of climate variables including CMI were used to reanalyze climate effects on site
productivity of jack pine, black spruce, red pine, and white spruce plantations.

In contrast to findings by Sharma et al. [14] that GSTP and GSMT explained the
variation in both the asymptote and rate parameters of the jack pine and black spruce
height growth models, in this study MDTR, its quadratic transformation, and April CMI
explained the variation in the asymptote of the jack pine height growth model and PWQ
that of black spruce. Similarly, MDTR and May CMI significantly affected the rate of
height growth for jack pine and July CMI affected that of black spruce. The climatic effects
found by Sharma et al. [14] were negative for both species, minimal for jack pine and more
pronounced for black spruce. In this study, however, the effects were positive for jack pine
and negative for black spruce, and for both species, they were minimal where present.

When the average values of climate variables over tree lifespan were used, only GSMT
explained the variation in the rate parameter of the red pine height growth model [15]. The
effect of climate on site productivity was highly negative in all three areas evaluated. In this
study, however, the sum of March, April, October, and November CMI was also significant
in the model for red pine. GSMT and the sum of CMlIs explained the variations in the
asymptote and the rate parameter, respectively. The effects were negative and pronounced
only after BHA 30 for all three areas.

In another study, Sharma and Parton [16] reported both temperature- and precipitation-
related variables (WQTP and WQMT) explained the variation in both the asymptote and
rate parameter of a white spruce height growth model. The effect of climate was negative
and more pronounced for white spruce than for jack pine, black spruce, and red pine. In this
study, however, only AnMaxT was significant in explaining variations in the rate parameter
of the height growth model for white spruce plantations. The effects were negative and
highly pronounced in central Ontario. However, the effects were minimal in the other areas.

For white pine plantations, only MDTR affected stand height growth [3]. The ef-
fect was mild and positive in central Ontario and negative in the south. It was not pro-
nounced in other areas. For jack pine and black spruce natural origin mixed stands, a
temperature-related variable (GSMT) was important in explaining the variation in stand
height growth for both jack pine and black spruce trees [17]. The effect was negative and
not pronounced for jack pine but positive and pronounced after BHA 35 years for black
spruce. Annual/seasonal values of climate variables were used in analyzing and modelling
the climate effects in these studies.

Sharma [18] also examined the climate effects on site productivity of black spruce and
trembling aspen natural origin mixed stands using annual/seasonal values of climate vari-
ables. A temperature-related variable (MDTR) was important in explaining the variation
in stand height growth for both black spruce and trembling aspen trees. The effect was
positive for both species but not pronounced in three of the four areas evaluated.

Sharma [18] reported that even in natural origin mixed stands, climate variables that
explained the height growth of black spruce grown with different tree species were not
the same. Stand height growth of black spruce was explained by GSMT and MDTR in
the presence of jack pine and trembling aspen, respectively. The climate variable that
explained the variation in the stand height growth of trembling aspen grown with black
spruce was also MDTR. Although MDTR was the significant climate variable in the stand
height growth models for both black spruce and trembling aspen, it explained the variation
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in the asymptote for black spruce but in the rate parameter for trembling aspen [18]. These
findings indicated that climate effects on site productivity depend not only on tree species
but also on stand type (plantations vs. natural origin mixed stands) and species mixture
(other tree species growing in the stands).

Climate effects on site productivity also depended on the time over which climate
variable values were calculated. First, the climate variables significant in the model aver-
aged over trees’ lifespan differed from those significant based on annual/seasonal values
linked to growth period. Second, the nature and magnitude of the effects differed. Since
climate varies annually, climate effects analyzed using the annual/seasonal values would
be more accurate than those using average values. Therefore, annual/seasonal values are
recommended for analyzing climate effects on tree/forest growth.

A site index expressed in terms of biophysical variables alone does not provide
an accurate estimate of site productivity because it is determined by more than climate
and other environmental variables. Climate and environmental variables are estimated
at landscape scale, but several microsite variables (e.g., soil type, available nutrients)
also influence site productivity. Therefore, climate effects on SI should be analyzed by
incorporating climate variables in SI/stand height growth models. The effects of microsite
variables on SI/stand height growth are reflected by the initial values of stand heights
required in the models presented here. Better soil with more available nutrients may
produce higher initial height values at a particular stand age.

The results presented here are consistent with other studies conducted in other geo-
graphic regions. As Bergh et al. [8] reported, net primary production of Scots pine grown
in Nordic countries could increase with the increase in temperature. Similarly, the study
by Pedlar and McKenney [9] showed that the growth response of five northern conifers to
climate change could be positive on cold-origin (northern) populations, but negative on
warm-origin (southern) populations. As mentioned earlier, climate effects on jack pine site
productivity were positive in the north and severely negative for white spruce in the south.

The models presented here can be readily applied to statistical growth and yield
models to estimate site productivity more accurately under a changing climate. These
models characterize not only stand height growth models that can be used under a changing
climate but also a means to evaluate the effect of climate on site productivity that depends
on tree species and geographic location. For a given tree species, the climatic effect on site
productivity can be explained by interpreting the sign and magnitude of the coefficients of
the climate variables significant in the models.

The estimates for the coefficients of base model (Equation (1)) have been presented by
Sharma et al. [14] for jack pine and black spruce, by Sharma and Parton [15] for red pine,
and by Sharma and Parton [16] for white spruce. Those estimates remain the same and,
hence, are not reported here.

5. Conclusions

Climate effects on site productivity were reanalyzed and modelled for jack pine
(Pinus banksiana Lamb.), black spruce (Picea mariana (Mill.) B.S.P.), red pine (Pinus resinosa
Aiton), and white spruce (Picea glauca (Moench) Voss) plantations using annual/seasonal
values of climate variables. For this analysis, parameters of the stand height growth model
were expressed in terms of climate variables for all tree species. A nonlinear mixed-effects
approach was applied to fit the models with climate variables. Including climate variables
improved the model fit statistics for all four tree species.

Climate effects on site productivity depended on tree species and location. For jack
pine, the effects were positive and pronounced only in the west of Ontario under all three
emissions scenarios (2.6, 4.5, and 8.5 watts m’Z). For black spruce, effects were negative
and minimal after BHA 50 in central Ontario. Similarly, the effects were negative and
more pronounced in all areas (southeast, central, and west of Ontario) after BHA 35 for red
pine. On the other hand, the effects were negative and notable from when white spruce
were young under all scenarios in the southeast. The effects under RCP 8.5 were more
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pronounced than those under other two scenarios for all species except jack pine. The
difference between the effects under RCP 2.6 and 4.5, however, was not as pronounced as
those between RCP 4.5 and 8.5 for all areas for all species.

The climate effects analyzed using annual/seasonal values of climate variables differed
in nature (positive or negative) and magnitude from those estimated using the average
values of climate variables over the trees’ lifespan. Since climate effects analyzed using the
annual/seasonal values of climate variable would be more accurate than those estimated
using the average values, the former are best to be used in forest management planning.
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