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Abstract

Tree size and tree height are two essential quantities to measure structure and productivity of
forest stands. As such, they encourage predictability in changes among tree growth patterns and
are fundamental to developing forest management plans. Tree height and size (commonly
measured as diameter at breast height, DBH) vary within and between species. Monitoring their
variations is necessary to understand how forest productivity changes and how forest can be
managed accordingly. Moreover, recent climate change may affect tree height and diameter and
their relationship, because tree growth is subject to change in climate. This thesis contributes to
improving forest harvesting and silvicultural plans and tree height-diameter modelling by
analyzing variation in tree diameter and height, and climate effect on their relationships.

I first started modeling tree size distribution for a wide range of forest communities and
derived a Weibull distribution from stochastic tree recruitment, growth and mortality. I tested the
Weibull distribution model using tree size data collected from six continents and also from
Alberta, Canada. I found that the Weibull distribution provided a good description of the
curvilinear relationships of the tree size data. I further showed how to use size distribution for
predicting growth with the data from a 50-ha long-term forest dynamics plot on Barro Colorado
Island, Panama. The result showed that variation in recruitment time and growth is sufficient to
explain the differentiation in tree size.

Second, I modeled tree size (DBH) and tree height relationship and their derivative
forms. Traditional tree height-diameter equations model tree height for a given size. However,
the traditional models are cumulative functions and do not provide information about
incremental rate in relative to tree size. The latter is more informative about tree growth, hence

useful for forest management and planning silvicultural practices. Using 57,772 individual living
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trees from 575 permanent sample plots across Alberta boreal forest, I identified models (from an
inclusive list of 19 candidate models) that best described tree height-DBH relationship for seven
major tree species of Alberta. I then explored the derivatives of the best fitted tree height-DBH
models to describe tree height increment in relative to diameter increment and associated the
derivatives with life history traits of species. I found that although the cumulative height-DBH
relationships all had similar shape, the derivatives of tree height-diameter relationship between
early successional (deciduous) species were distinctly different from that of late successional
(coniferous) species. This indicates that the derivative of height-diameter relationships is more
informative then the cumulative equations in revealing tree growth patterns.

Third, I studied climate effects on tree height-DBH relationships. The need to incorporate
the effects of climate into existing tree height-DBH models has become clear, as tree height and
diameter growth are inevitably sensitive to climate changes, and consequently so are tree height-
DBH relationships. I incorporated a climate moisture index (CMI) and maximum temperature
(Tmax) into seven most common tree height-DBH models to improve the predictability of
traditional height-DBH models and to reveal whether species have specific response to climate
change conditions. I discovered that CMI had negative effects on height growth of some species,
where Tmax had significantly positive effects on height growth of all species. All climate-based
tree height-DBH models increased the predictive ability of the original models. This suggests
that climate effects need to be incorporated into models to predict tree growth. Also, the climate-
based models showed that tree species would become taller with increasing temperature although
their responses to climate moisture index would be different.

The results of my thesis contribute to improving modelling tree diameter and tree height,

understanding tree growth patterns by analyzing derivative curves, and increasing predictability
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of height-DBH models by including climate effects. The models derived and parameterized from

this thesis should be useful in guiding forest harvesting and silvicultural planning.
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Chapter One: Introduction
1.1 Overview of forest mensuration
Tree mensuration is the basis for forestry and forest management. It provides quantitative
information about trees and forest stands required for forest management and planning. Forest
management plans rely on information about growth and yield and understanding on how
harvesting and silvicultural activities might affect forest stand dynamics. Measurement of tree
diameter and height provides essential data for growth and yield modelling, for predicting stand
dynamics and for planning forest management. Tree diameter and height were first used to
calculate mean and cumulative stand volume and stand growth for long-term forest inventory
plots dating back the 1860s (Pretzsch, 2009). Since then they have been commonly measured to
describe forest stand characteristics, to model forest growth and yield, to assess site index, and to
evaluate carbon mitigation plans. By measuring tree diameter and height, harvesting and
silvicultural activities can be practiced to achieve specifically desired stand (Seely et al., 2004).
To inform such activities, it is helpful to compare the effect of different management scenarios
on the same type of stands, or of the same management scenarios on different type of stands.
Examples of such applications include predicting timber production (Garcia-Gonzalo et al.,
2007) and examining vegetation and gap dynamics (Spies and Franklin, 2014; Yamamoto,
2000).

Modelling variation in tree diameter and height, and their relationships can provide
important information and understanding about the structure and dynamics of forest stands, thus
the functional roles of forest, e.g., biodiversity maintenance and capacity in climate change

mitigation. This thesis focuses on modelling tree size distribution and tree height-diameter



relationships. In this thesis, tree size is measured as tree trunk diameter at breast height (DBH),

while tree height is measured as the height from the ground base to the top of a tree.

1.2 Tree size distribution

Trees vary considerably with their sizes, shapes, wood characteristics, and growth behaviors in
forests. These variations form routes to succession, stand structure, and ecosystem functioning.
Variation in tree growth and other attributes exists because of several factors, such as
environmental conditions, genetics, disturbances, and competition for resources. For example,
shade-intolerant tree species generally grow taller than shade-tolerant tree species prior to stand
canopy closure (Archibold, 1995). Describing the variation is central to predict stand dynamics
(Parker et al., 1985; Pretzsch et al., 2014) and how the dynamics may be affected by disturbances
(Brando et al., 2012), competition and climate (Zhang et al., 2015). Modelling tree size
distribution is a necessary for evaluating variation in tree diameter in forests.

Tree size distribution describes the number of individuals that fall within each tree size
class. Tree size distribution modelling has been exercised since the early 1940s (Bailey and Dell,
1973). The probability distributions that were used to model tree size distribution in early time
include gamma (Nelson, 1964), log-normal (Bliss and Reinker, 1964), beta (Li et al., 2002),
Johnson’s SB (Hafley and Schreuder, 1977), and the Weibull distribution (Bailey and Dell,
1973). Although many models have been used to model tree size distribution of natural forests,
they share important similarities that may indicate some general mechanisms underlying tree
dynamics and forest stand structure. For example, a widely observed reversed-J shaped diameter
distribution suggests that there is an abundance of small sized trees and few large sized trees in

forests. Uniform size distribution means that trees in a forest are approximately equally



distributed across different tree size classes. In contrast, inverse sigmoid tree size distribution
suggests that it is an old-growth or disturbance regenerated forest. Although recent studies
propose that tree size distribution could be generated using ecological metabolic theory (Enquist
and Niklas, 2001) or the variation in species traits (Coomes and Allen, 2007), understanding of
tree size distribution remains elusive.

Among the many types of probability density functions for tree size distribution, the
Weibull distribution is the most widely used model. The model was first introduced by Bailey
and Dell (1973) and has since been used for estimating tree size distribution in different regions
such as temperate forest (Wang et al., 2009) and subtropical forest (Lai et al., 2013), in different
aged forest such as uneven-aged forest (Zhang et al., 2001) and even-aged forest (Lorimer and
Krug, 1983), in different staged forest such as young forest (Bullock and Burkhart, 2005), and
old forest (Mergani¢ and Sterba, 2006). Why is the Weibull distribution applicable to so many
different types of forests? This is a not fully answered question. In this thesis I proposed a

mechanism that leads to the Weibull distribution.

1.3 Tree height-diameter relationships

The relationship between tree height and size (tree diameter) is basic to growth yield and
modelling. Tree height was used for quantifying stand index and site fertility to identify
productivity of a forest stand (Assmann, 1970; Pretzsch, 2009). Since then, tree height has been
commonly used to determine productivity of forest stands because tree height is known to be less
affected by environmental conditions than other tree attributes. In addition to being a major
component for growth and yield modelling, tree height is also an important ecological attribute

to investigate forest succession. Trees allocate most of their energy to height growth for



harvesting light in secondary succession following disturbances. As such tree height is a key
indicator to estimate disturbance and succession history (Loehle, 2000).

The field measurement of tree height is relatively difficult and laborious compared with
the measurement of tree diameter (e.g., DBH). Because of that tree height is typically estimated
from tree diameter by assuming an allometric relationship between the two. But there is a wide
variety of models in the literature used for describing the relationship between tree height and
tree diameter, including logistic model (Pearl and Reed, 1920), exponential model (Ratkowsky,
1990), polynomial model (Curtis, 1967) and Gompertz model (Winsor, 1932). These equations
have been used to describe tree height-DBH relationships since the mid-1900s (Curtis, 1967), for
different species (Rijal et al., 2012) and for different forest types (Liu et al., 2017; Peng et al.,
2001). However, selection of the “best” model to describe the height-diameter relationship for
each species is a challenging exercise as this could be subject to sample size, specific biology of
each species and modelling methods. In this thesis, I compiled a large set of data to model tree
height-diameter relationships for seven major timber species in Alberta and selected the best

model for each of the seven species.

1.4 Climate change effects

Forest ecosystems and the services they provide are known to be threatened by the rapid pace of
global change and the resulting biotic and abiotic stress. Climate change is often identified as one
of the major factors that drives change in forest ecosystems (Allen et al., 2010; Chhin et al.,
2008). Climate change has both direct and indirect effects on tree growth (Chen et al., 2016;
Sette Jr et al., 2016). For example, increasing temperature directly affects tree growth by

influencing growing season length (Wang et al., 2011) and indirectly affects water availability in



the soil and moisture availability in the air (Hogg et al., 2008; Kreuzwieser and Gessler, 2010).
Moreover, plant species have specific response to climate change (Huang et al., 2010; Zhang et
al., 2015), e.g., altering wood formation under increasing temperatures (Begum et al., 2018;
Granda et al., 2018). It has been observed that trees grew shorter in dry areas (Oboite and
Comeau, 2019) or wider in wet areas (Yeh and Wensel, 2000). Increased precipitation could also
alter the distribution of the roots (Zhang et al., 2019).

Forest systems are characterized by their specific mixture of species that differ in their
life strategies and therefore in their response to global change and induced stresses. Boreal forest
is one of the main forest types in the world. They cover 33% of the world’s forested areas and
Canada has 21% of the boreal forests. It has become evident that boreal forests are heavily
affected by recent climate change (Price et al., 2013). Because, boreal forests could become a net
carbon sink or carbon source (Hadden and Grelle, 2016; Ma et al., 2012) depending on the
relationship between growth and decomposition rates as a result of increased fire frequency
(Bond-Lamberty et al., 2007), expansion of insect outbreaks (Hogg et al., 2002) and widespread
tree mortality caused by drought (Michaelian et al., 2011). However, the effects of climate
change on boreal forest structure and dynamics sometimes might not be immediately evident
because of the nature of long -lifespans of trees. In this thesis, I investigated climate effect on
tree height-DBH relationship of species in order to understand and assess possible impact of

climate change on forest structure and dynamics.



1.5 Thesis outline
This thesis investigates the variation of tree size and tree height, their species-specific
relationship, and climate effect on the relationship for boreal forest of Alberta. Having set out the

importance of tree diameter and height and their relationships, each data chapter can be outlined.

In Chapter 2, my objectives were (1) to explain how Weibull distribution arises and how
the distribution fits a wide range of forest communities, and (2) to illustrate the use of tree size
distributions for predicting growth. I used three large-scale empirical data sets. The first data set
is the census transects data collected from Africa, Europe, North America, Mesoamerica, South
America, and tropical Asia by Gentry and colleagues. The second data set is from Alberta’s
permanent sample plot network. These data were used to test the model and showed how
Weibull distribution fits tree size distribution. The third data set is from 50-ha forest plot on
Barro Colorado Island, Panama, and was used to test the model and to predict growth. I found
that tree size distributions follow a curvilinear relationship and the Weibull distribution describes

it well. We also verified that Weibull distribution can be used to predict growth.

In Chapter 3, my objectives were (1) to model tree height-DBH relationships for seven
boreal tree species of Alberta and select the best height-DBH models for each of the seven
species, (2) to analyze the derivatives of the best-fitted models to reveal the difference in growth
patterns of the seven study species that are otherwise not obvious in the cumulative height-DBH
equations, and (3) to determine whether the growth patterns revealed by the derivatives are
associated with the life history traits of species. [ used Alberta permanent sample plots (PSP) tree

datasets. PSPs were initially established in 1960s. On average they were remeasured every 5-



years. Nineteen non-linear tree height-DBH models and the best models derivative curves were
analyzed for the seven major tree species. I respectively used nonlinear least square and
nonlinear mixed-effect models to model the height-DBH relationships. I showed that nonlinear
mixed effect models performed better than the traditional nonlinear models. I also showed that
the derivative of the best-fitted tree height-DBH models revealed tree growth patterns that were
otherwise not obvious from the traditional cumulative height-DBH relationships. The derivatives

showed tree growth was strongly associated with life history traits of species.

In Chapter 4, my objectives were (1) to incorporate climate effects into existing tree
height-DBH equations for improving the predictability of the models, and (2) to assess how
climate conditions may affect tree height-DBH relationships. I modeled five major boreal timber
species from Alberta PSP dataset. I used the climate moisture index (CMI) and annual mean
maximum temperature (Tmax), derived from BioSIM, represent climate effects. I fitted seven
most widely used tree height-DBH models from the literature to each of the five species. |
integrated CMI and Tmax into these models and selected the best model for each species. I used
the best selected model to assess the effect of climate (CMI and Tmax, respectively) on height-
DBH relationship and showed the climate based tree height-DBH models better predicted tree
height than the traditional models. The results revealed that species would grow taller with
increasing temperature, while species would have specific responses to increasing climate

moisture index.
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Chapter two: Tree size distribution across forest communities

2.1 Abstract — The size distribution of forest trees is highly right-skewed — many trees are small,
a few are large. Recent studies in macroecology predict a power-law form to the distribution,
arising from the stand-level process of self-thinning. Empirical data, however, suggest that log-
transformed diameter distributions are curvilinear and cannot be described by a power-law. Here
I derived a Weibull tree size distribution from processes of stochastic recruitment, growth, and
mortality. I tested the model with three large data sets and showed the Weibull distribution fitted
the observed size distributions very well. More importantly, I showed how tree size distribution

can be used to predict tree growth and age, key information about community dynamics.
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2.2 Introduction

Tree size distribution — a relationship describing the number of stems that fall within tree size
classes — is widely used to describe stand structure in forest and, more generally, plant
communities (Bailey and Dell, 1973; Harper, 1977; Leak, 1965; Silvertown and Charlesworth,
2001; Yoda et al., 1963). Knowledge about the variation in tree size is important to understand
competition and stand dynamics (Ford, 1975; Harper, 1977; Hynynen and Ojansuu, 2003;
Weiner and Solbrig, 1984). Numerous factors can contribute to the variation in tree size
distributions, e.g., environmental conditions, density effect, differentiation in growth and
metabolic allometrics (Enquist et al., 1998; Firbank and Watkinson, 1990; Turner and Deborah,
1983; Weiner, 1986; Yoda et al., 1963). Although tree abundances are widely recognized to have
a negative relationship to decline with increasing tree size, there remains substantial
disagreement on questions such as how the prevalent negative relationship is produced and
whether there is a universal mathematical form underlying the negative pattern (Bokma, 2004;
Brown et al., 2004; Enquist et al., 1998; Reynolds and Ford, 2005). In this study, I address these
questions. Here, tree size is measured by the diameter at breast height (dbh).

Recent advances in allometric theory and interest in the search for general community
assembly rules have renewed interest in modeling and reinterpreting tree size distribution from
the perspective of macroecology (Enquist et al., 1998; Enquist and Niklas, 2001). A significant
result arising from this macroecological effort is the revision of the long-standing “-3/2 thinning
law” originating from forestry and widely applied to model plant size (Enquist et al., 1998; Yoda
et al., 1963). The new prediction is that the dry mass of the average plant in mature populations

relates via a power-function to maximum plant density with an exponent of -4/3. If the
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relationship is expressed in terms of tree diameter (rather than tree mass) and density, the scaling

relationship becomes (Enquist and Niklas, 2001)

S =ex 2, (2.1)
where f{x) is the number of stems in a given area, x is stem diameter, and c¢ is a normalization
factor that may vary with the kind of organisms and communities.

This simple yet elegant scaling model is derived, as a first approximation, from the
assumption that the resources (energy) consumed by all individuals in a saturated community
and the resources supplied from the environment are in balance (Enquist et al., 1998). While the
model is justified theoretically, the approximate nature of first principles suggests that although
the model may predict size variation well over a certain range, it may not do so for a wider range
of size distribution. This is indeed the case in many empirical tree size frequency distributions
where the log-transformed data do not show a straight line across the range in tree size,
particularly at large diameters (see Figures 2.1 and 2.2).

Here I develop a model that fits the size distribution for a wide range of tree
communities. The model assumes that variation in tree size in a community is determined by
stochastic recruitment, growth, and mortality. I show that the stochastic processes lead to a
Weibull distribution of tree size, of which the power-law is a special case. The Weibull
distribution not only describes the negative relationship between the number of trees and tree
size, but also precisely captures the curvilinearity typically observed. Since the size distribution
depends on growth, I show further how the static tree size distribution can be used to predict
growth. Three large-scale empirical data sets are used to test the model. The first is the tree data

collected worldwide in small census transects by late Alwyn H. Gentry; the second is from the
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Alberta permanent sampling plot network; the third is from the 50-ha plot on Barro Colorado

Island, Panama.

2.3 The model
Consider a tree community changing due to recruitment, growth, and mortality of stems. By
allometric theory, stem (or body mass) growth rate is assumed to take a simple form (Calder,

1984; Enquist et al., 1998)

dx a
- , 2.2
e (2.2)

where 7 and « are constants and x is body size.

Imagine an even-aged community where all trees have the same growth rate. Model (2.2)
would predict that every stem in the community has the same size if they are observed at the
same time. Such a community rarely exists in nature. Instead, recruitment and mortality occur
continuously, and young trees colonize the space freed up by the death of old trees. Given
uneven ages in the community, model (2.2) predicts that trees will vary in size, because they
vary in age. I relax the even-age condition by considering tree age as a random variable

following an exponential distribution:

g(t) = 2e ™, (2.3)
where A is a parameter and 1/4 is the mean age of the trees in the community. This exponential
distribution is justified if mortality-colonization is a random process, independent of size and

age. This is equivalent to a classic queue model: if customers randomly arrive at a service

counter, customer waiting time follows an exponential distribution.
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Models (2.2) and (2.3) together describe a community in which trees colonize the
community at different times but grow at the same rate. If all the trees are measured (harvested)
at the same time, then tree size will vary according to a Weibull distribution (shown below).
Similarly, I can imagine a situation where all trees colonize the community at the same time and
grow at the same rate as defined by model (2.2) but each is observed (harvested) at different
times with the observation time following exponential model (2.3). This will result in the same
Weibull distribution for the tree size.

Individual tree size x in model (2.2) is a deterministic variable. But it varies from one tree
to another because of variation in age (or harvesting time). It is straightforward to derive the
probability density function (pdf) for size variation by the transformation technique for a random

dt

X

variable, 7 (x)= g(¢) , where ¢ = w(x) is a function solved from model (2.2). This

t=w(x)

leads to tree size model: f(x) = ex ™% exp( — 1 ) . Normalizing this equation we arrive at a
: g q

Weibull probability distribution:

S = BA-a)x “ep(—px %), (2.4)

where g = and a# 1. ais often called shape parameter and £ is scale parameter.

r(l-a)
When « in model (2.2) equals 1, it is easy to show that tree size distribution f{x) becomes
a power-law distribution (also called a Pareto or Zipf distribution):
f(x)=ex°, (2.5)
where & = 2 /7. Model (2.1) is a special case of model (2.5) with & = 2. See Reed and Hughes

(2002) and Solow (2005) for the derivation of the power-law model from the consideration of

statistical processes.
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2.4 Model test

2.4.1 Data

I tested the model using three large sets of tree data. The first is the forest transect data collected
over 22 years from six continents by Gentry and colleagues (Gentry, 1993, 1988; see

http://www.mobot.org/MOBOT/Research/gentry/transect.shtml). Gentry’s data contain 226 2x50

m transects located in six major forests from Africa, Europe, North America, Mesoamerica,
South America, and tropical Asia. The forests range from near-monospecific to highly diverse
rain forest stands, the latitude spans 40.43° S to 60.48° N, and the elevation varies from 20 to
3,050 m. Mesoamerica includes all the Central American countries (Panama, Costa Rica,
Nicaragua, El Salvador, Honduras, Guatemala, Belize) and five Mexican States east of the
Isthmus of Tehuantepec (Chiapas, Tabasco, Campeche, Yucatan, and Quitana Roo). In each
transect, all stems, including lianas, with diameter (dbh) larger than a certain size (the low
diameter cutoff is unknown for Gentry’s data) were measured. All the trees are grouped into dbh
classes at 2.5, 3, 4, 5, ... cm. It is unclear whether the 2.5 cm dbh class includes stems from 1,
1.5 or 2 cm. To avoid ambiguity and sampling bias, our analysis only included stems with dbh >
3 cm (i.e., the regularly spaced dbh classes). The final data includes 55,747 stems with maximum
dbh ranging between 76 and 412 cm. The European dataset has 892 stems, North American
3,761, African 5,564, Asian 5,582, Mesoamerican, 7,849, and South American 32,099 stems.
The Weibull distribution model (2.4) was fitted to each of the six regions separately.

The second data set is permanent sampling plots (PSPs) from Alberta Environments and
Parks, which were established by the Government of Alberta and forest industries starting in the
1960s (Forest Management Branch, 2005). The plot sizes vary from 400 to 8,000 m”. All

standing trees > 9 cm dbh were mapped, measured, and identified to species. PSPs remeasured
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periodically. The final data have 96,417 stems with maximum dbh = 80.8 cm. The Weibull
distribution model was fitted to the PSP data.

The third data set is from the 50-ha long-term forest dynamics plot on Barro Colorado
Island (BCI), Panama (Condit et al., 1996; Hubbell and Foster, 1983). The plot is 1000x500 m
and was established in 1981. All free-standing trees and shrubs > 1 cm dbh have been
enumerated, mapped, and identified to species (Condit, 1998). Six censuses (1982, 1985, 1990,
1995, 2000 and 2005) have been completed. The 1990 and 1995 censuses were used in this
study. There were 229,049 stems belonging to 301 species in the 1995 census. Two analyses
were conducted. (i) The Weibull distribution model (2.4) was fitted to the 1995 census diameter
data. (ii) Diameter increments between 1990 and 1995 censuses were used to fit tree growth
model (2.2). The growth model allows two independent calculations of the growth exponent o,

one directly from observed growth, and one from the Weibull fitted to the diameter distribution.

2.4.2 Parameter estimation

Least-squares regression of log-transformed data is commonly used to fit allometric scaling
exponents. However, this method is inappropriate for frequency data such as tree abundance in
diameter categories. Maximum likelihood estimation is preferred. Because each dataset has a
minimum dbh, xni,, (3 cm in Gentry’s data, 9 cm in Alberta data, 1 cm in the BCI data), the

truncated Weibull distribution was used. The truncation form is:

B —a)x % exp( —px' %) . o . .
f(x)= . The maximum likelihood method was applied to this model

exp( —fx. %)

to estimate parameters & and . The goodness-of-fit of the model was assessed using R” (e.g.,

Enquist and Niklas, 2001).
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The allometric growth model (2.2) was fitted to the BCI data using linear regression with
log-transformed data: log( dx/dt) = log( r) + a log( x) . The growth data were the mean by dbh
size classes. The growth rate dx/dt was approximated by the dbh increment between the 1990 and

1995 censuses.

2.5. Results
The tree size distributions of the Gentry tree communities, Alberta permanent sample plots and
the BCI permanent plot are shown in figures 2.1, 2.2 and 2.3. A notable feature common to all
the distributions is the curvilinearity on a log-log graph. The Weibull distribution describes this
curvilinearity well and explains a large proportion of the variation in the tree abundance, with R*
> 0.95 (Table 2.1).

The Weibull fit is also confirmed independently by fitting the growth model (2.2) for BCI
data. The fit of model (2.2) to the growth data (i.e., the increment in dbh between 1990 and
1995) led to the growth exponent = 0.6435 with standard error of 0.0354 (Figure 2.3, right
panel). This is remarkably close to « estimated from the Weibull distribution to the 1995 dbh (=

0.6856, with standard error = 0.0005; Table 2.1, bottom row).
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Figure 2.1 Tree size distributions of the six global tree communities of Gentry and the fit of

model (2.4).
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Figure 2.2 Tree size distributions of the Alberta PSP data set and the fit of model (2.4).
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I can also estimate the average age of trees for the BCI forest as 1/4 of model (2.3),

where A can be calculated from the relationship given by model (4): g = . Using S

r(l-a
estimated from the tree size distribution (Table 2.1, bottom row) and the intercept and slope of
the growth model (2.3) (Figure 2.3, right panel), Ais: 1 = pgr(1-a)=

2.2136 x exp( —3.4254 ) x (1 - 0.6435 )= 0.02568. The average age of the BCI trees is thus

estimated to be 38.9 years (=1/0.02568). This age is consisted with the average age that is

estimated to be between 30 and 50 (Stephen Hubbell, pers. comm., unpublished data).

1.00
I
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Figure 2.3 Left panel: Tree size distribution for the 1995 census of the 50 ha forest on
Barro Colorado Island, Panama and the fit of the Weibull distribution model (2.4). Right
panel: Diameter growth of trees on BCI between 1990 and 1995 and the fit of growth model
(2.2). The slope (i.e., @) of growth model (2.2) is 0.6435 with standard error = 0.0354. It is a
good match to the slope of 0.6856 estimated from tree size data using the Weibull
distribution (see Table 2.1).
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The average age can also be estimated from model (2.2) using the form integrated from

a 1 1 . .. . .
the model: 7 = ¢, + e Tl where x is the minimum diameter cutoff (= 1 cm in the
7 [24 [04

\ xo X

case of BCI), 7 is the age at xo. The average age for trees of 1 cm is estimated to be 17.7 years
(Hubbell, pers. comm.). This leads to = 17.7 + 19.6 = 37.3 years. (19.6 is the average age of
trees grow from 1 cm to x cm, calculated from the above formula.) This is almost identical to the

age estimated from 1/4.

Table 2.1 Estimates of the shape and scale parameters (o and /) of the Weibull distribution
model (4) and R® of the fit to the tree size data from the global tree communities of Gentry
(the first six regions), Alberta PSP data and the 50 ha forest on Barro Colorado Island

(BCI), Panama. The small standard errors (SE) are the result of the large sample sizes.

Region No of trees a (SE) P (SE) R

Europe 892  0.5692 (0.0073) 0.9032 (0.0302)  0.9623
Africa 5564 0.9824 (0.0002) 75.3401 (1.0100)  0.9830
Temperate North America 3761 0.5669 (0.0035) 0.7950 (0.0130) 0.9488
South America 32099 0.6510 (0.0011) 1.6706 (0.0095)  0.9718
Meso America 7849  0.7468 (0.0019)  2.9280 (0.0330)  0.9894
Tropical Asia 5582 0.6454 (0.0028) 1.5958 (0.0214)  0.9743
Alberta 96417 -0.8010 (0.0058) 0.0042 (0.0341)  0.9979
BCI 229049 0.6856 (0.0005)  2.2136 (0.0046)  0.9998
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2.6 Discussion

Trees within a forest differ in size. The variation is characterized by right-skewed distributions —
many trees are small, a few are large (Figures 2.1, 2.2 and 2.3). Although a multitude of
processes may cause this negative pattern (Enquist et al., 1998; Harper, 1977; Reynolds and
David Ford, 2005; Silvertown and Charlesworth, 2001; Weiner and Solbrig, 1984; Yoda et al.,
1963), e.g., variation in recruitment, differentiation in growth rates, competition, disturbances
and metabolic allometrics, my study showed that variation in recruitment time and growth is
sufficient to explain the differentiation in tree size of a stand. This simple hypothesis can be
understood in two ways. One is to consider an even-age stand where all the trees have the same
growth rate as defined by model (2.1) but each tree is observed at different time and this time is
an exponential distribution. Equivalently, we can consider an uneven-aged forest with the age
following an exponential distribution and all the trees are observed at the same time. In this latter
case, according to model (2.2) tree growth will vary because of the difference in age. Both
scenarios give rise to the Weibull distribution (2.4).

While the negative tree size distribution is widely observed, there is little consensus on
which is the best model describing the pattern. Power laws such as model (2.5) are commonly
observed in nature (Mandelbrot, 1990). The current debate on the power-law model centers on
questions such as what exponent the machinery of nature produces and how it is produced
(Enquist et al., 1998; Enquist and Niklas, 2001; Glazier, 2005). Previous studies show that tree
size distribution often follows a thinning power-law with exponent of -3/2 or -4/3 (Enquist et al.,
1998; Yoda et al., 1963). My study suggests that the real question is perhaps not whether there is
a universal exponent but whether the power-law as a whole is general enough for describing the

entire range of tree size distribution across different communities. Although the power-law is
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shown to be able to describe size distribution at some range (Enquist and Niklas, 2001), it
apparently fails to capture the curvilinearity across the tree size distributions as shown in figures
2.1 and 2.2 (Coomes et al., 2003). The arrival of the Weibull distribution and the fact that the
power-law is its special case suggests that the power-law is just a first approximation to tree size
distribution; trees in a community do probably not partition space in the manner of power-law.

My derivation of the Weibull is consistent with the approach of Reed and Hughes (2002)
and Solow (2005), showing that regularity in size distribution can simply arise from statistical
processes. It is worth to note that mathematically the Weibull is no more complex than the
power-law model (2.5) as both have two parameters although the latter is a special form of the
former. The Weibull is well known in forestry for modeling tree size distribution (Bailey and
Dell, 1973; Clutter et al., 1983; Gove, 2003). Beyond its popularity, however, there have not
been any serious theories proposed to explain its genesis and thus the application of the Weibull
distribution in forestry has remained a purely phenomenological exercise. The model in this
study provides a mechanistic foundation for interpreting the Weibull distribution.

In addition to the allometric growth model (2.2), other models can also be used to model

tree growth. The logistic and Gompertz models are the two most commonly used. The logistic

. . d _ B o P2t
growth model is written as 2 s a- i) , and the Gompertz model as x(¢) = ge A1 ’ , where
dt k

r, k, B, P, and [ are parameters. The logistic model under exponential harvesting, i.e., model

(2.2), leads to a tree size distribution taking the form

)afl

fo=eED 1 0<xs<k 2.6)

a+1

where c is a normalization constant and « = /4 1is a ratio of growth rate over harvesting

(mortality) rate. Obviously, model (2.6) is entirely determined by this ratio. It is interesting to
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observe that when the growth rate equals the harvesting rate, model (2.1) results. If the growth
rate is larger than the harvesting rate, the curvilinear shape in the tree size distribution such as
those observed in figures 2.1 and 2.2 will arise. If the growth rate is smaller than the harvesting
rate, the system cannot be sustained at steady state.

Similarly, it is easy to derive tree size distribution for the Gompertz growth under

exponential harvesting:

a-1
Fx) =  log /1~ log x) , 0<x<p, 2.7)

X

A
¢ and a = —.

where ¢ = ap
B

It is worthwhile to note that both models (2.6) and (2.7) can also be used to describe the
tree size distribution data studied in this paper, all resulting in high R* comparable to that of the
Weibull distribution. There are three reasons for this study to focus on the Weibull distribution.
(1) The Weibull is a model of wide application in forestry, (ii) Equations (2.6) and (2.7) are three-
parameter models. (ii1) It is often difficult to make the maximum likelihood estimation of models
(2.6) and (2.7) converge; the maximization is sensitive to the initial values required for the
iteration. In this case, least squares regression method has to be used to parameterize models
(2.6) and (2.7).

What is interesting is that the Weibull distribution very accurately reflects two important
dynamic parameters for the BCI trees, and thus can potentially be used to predict these
parameters. The first one is the growth exponent « of model (2.2), which is 0.686 estimated from
the Weibull distribution to the dbh data (Table 2.1, bottom row) and 0.644 estimated from
growth model (2.2) fitted to the independent growth data for BCI (Figure 2.2, right panel). The

second parameter is the average age (= 38 years) estimated for the BCI trees. The prediction of
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the growth rate and tree age in this study are very significant results. Tree size distribution is a
major stand structure that is a static pattern, while growth rate is a time-dependent process. It is a
big challenge in ecology how patterns may be used to infer community dynamics because
theories to predict dynamics from patterns have simply not been developed yet. I believe this
study represents a promising step toward this direction. It shows that linking patterns with
dynamics may not be as difficult as it appears. The success in predicting growth rate and tree age
lies in the fact that the tree size (Weibull) distribution is derived from a simple dynamic process
as defined by model (2.2) and (2.3). This dynamic assumption makes a lot of sense because tree

size is the outcome of many years’ growth, it ought to carry information on dynamics.
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Chapter three: Derivative curves of tree height-diameter models reveal different growth
patterns of tree species

3.1 Abstract - Models describing the relationship between tree height and tree diameter are
fundamental to forest management. They answer the question of what the height is for given a
tree size. However, the accumulative form does not answer the question of what the height
incremental rate is relative to tree size. This rate is more informative for describing the trajectory
of tree growth and is critical for silvicultural practices and forest management planning. To
address this question, I modeled height-diameter relationships for seven major forest tree species
of Alberta, Canada. I then analyzed and compared the accumulative models and their derivatives

of the best fitted height-diameter models for each of the seven species. The results showed that

the best-fitting models for each of the seven species are of the same form: ht = 1.3 + e@+bx’,

Although this model showed similar height-diameter shapes across species, their derivatives
revealed drastically different growth patterns of species. Species with different life-histories (e.g.
shade-tolerant versus shade-intolerant species or coniferous species versus deciduous species)
had very different growth patterns. This study suggests that it is necessary to examine the
derivative form of the tree height-diameter models for better understanding growth patterns and

the biology responsible for the patterns.
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3.2 Introduction

Tree size (typically measured by tree diameter at the breast height, DBH) and tree height are two
basic quantities in forestry. Because tree diameter is easier to measure than tree height in the
field, the latter is commonly predicted from allometric relationships between the two (Assmann
1970, Pretzsch 2009). These relationships are essential for assessing stand structure and
productivity (Homeier et al. 2010), estimating volume, biomass (Segura & Kanninen 2005,
Colgan et al. 2013) and carbon (Chave et al. 2005), predicting stand growth dynamics (Pretzsch
et al. 2014), and calibrating remote sensing data (Tomppo et al. 2008, Kunneke et al. 2014).
Inaccurate estimation of height will bias timber volume prediction, biomass, and carbon
estimation, thus potentially compromising forest management planning. It is therefore important
to select adequate height-diameter models for species of different growth patterns.

Many tree height-size equations have been proposed in the literature (Curtis 1967,
Wykoff et al. 1982, Farr et al. 1989, Peng et al. 2001, Calama & Montero 2004). Most of them
are statistical models selected from goodness-of-fit to field measurements of height and
diameter. For example, in boreal forest of Alberta, Canada, height-DBH models have been
developed and applied to guide silvicultural practice and estimate forest biomass (Huang et al.
1992, Huang & Titus 1999, Huang et al. 2000). Although these models have very different
mathematical forms and species are different in their strategies of growth (e.g., deciduous species
such as aspen and coniferous species such as white spruce) (Huang et al. 1992, Sharma & Parton
2007, Rijal et al. 2012), their height-DBH relationships appear to be similar (Figure 3.1a).
However, the derivatives of their statistical models could have starkly different shapes (Figure
3.1b). This raises questions why the derivative curves are so different among species, what they

may reveal about tree growth patterns of different species, and can the cumulative height-DBH
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relationships and their derivatives be related to species’ biology and ecology? For example, early
successional species are intolerance to shade (Henry & Aarssen 1997). The optimal early growth
strategy is therefore to allocate more energy to attain their maximum height to overcome shade
(Boojh & Ramakrishnan 1982). Thus, early successional species should grow fast initially and
invest to height growth at the expense of girth growth, resulting in slim, tall trees. In contrast,
late successional tree species are shade-tolerant, and could sustain slow growth when young and
grow chunky. Although height-DBH models all have similar shapes, these differences in growth
between shade-intolerant and tolerant species could be reveal by derivative curves, as illustrated

in Figure 3.1.
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Figure 3.1 (a) The height-DBH models for species aspen (Populus tremuloides), white birch
(Betula papyrifera), white spruce (Picea glauca), and lodgepole pine (Pinus contorta) and
they all have very similar shapes from this study. The black linear line is for hypothetical
species. (b) The derivative curves of the height-DBH models. The derivatives of height-
DBH models could produce very different curves, varying from a constant (in black for a
hypothetical species), decreasing (red) or even symmetrical (blue and green) height

incremental rates with respective to DBH.
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In this study, I analyzed tree height-DBH mathematical models by asking: what is the
increment in height growth given one unit of diameter increment at a given size? To answer this
question, I take derivative of the height-DBH models. The derivatives of the best fitting height-
DBH models allow for the comparison in the rate of height change as a function of diameter
among species. The derivative curves could be informative of understanding the difference in
height growth pattern among species that would otherwise be very similar in their cumulative
height-DBH mathematical models. I am particularly interested in knowing whether species of
similar life history strategies (e.g., shade-tolerant species vs shade-intolerant species or
coniferous species vs broadleaved deciduous species) may share similar growth patterns.

I compiled a large set of tree height and DBH data from forest inventory plots in Alberta,
Canada to model and compare height-DBH models and their derivative forms for seven major
tree species (aspen, white spruce, lodgepole pine, balsam poplar, black spruce, balsam fir and
white birch). My objectives were to: (1) select the best height-DBH models for each of the seven
tree species, (2) analyze the derivatives of the best-fitted models to reveal the difference in
growth patterns of the seven study species that are otherwise not obvious in the cumulative
height-DBH equations, and (3) determine whether the growth patterns revealed by the

derivatives are associated with the life history traits of species.

3.3 Materials and methods

3.3.1 Study area and data

The study was conducted in boreal forests of Alberta, Canada, with latitude ranging from 49.00-°
N to 59.70-°N and longitude from -119.65-°W to -115.05-°W (Appendix A). The study area

contains three major natural regions of Alberta (Boreal Forest Natural Region, Rocky Mountain
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Natural Region, and Foothills Natural Region). The climate in the study area is cold in the winter
following with short summer. Mean annual temperature ranges from +0.5°C to -0.5°C, and
average annual precipitation ranges from 480 mm to 800 mm (Natural Regions Committee
20006).

Data used in this study were based on permanent (inventory) sampling plots (PSPs) from
Alberta Environments and Parks, which are established by the Government of Alberta and forest
industries starting in the 1960s to monitor stand dynamics and effect of different management
practices on growth and yield (Forest Management Branch 2005). The spatial location, elevation,
slope, aspect and other attributes of plots were recorded at the time of establishment of each PSP.
The plot size varies from 400 to 8,000 m? and elevation of the PSPs ranges from 245 to 2,065 m.
Trees with DBH > 9cm within each plot were tagged, identified to species, recorded at the time
of establishment and remeasured at average 5 years interval (ranges from 2 years to 15 years).
The earliest plots were established in 1960. In this study, I included PSPs up to 2009. I excluded
PSPs and trees from analysis that met the following conditions: (1) PSPs that had major
disturbances, e.g., fires and mistletoe infestation, (2) trees that had dead top or dieback, multiple
leaders, broken top, standing dead, pronounced crook. A total of 57,772 individual living trees
belonging to seven major tree species (Table 3.1) were finally compiled from 572 PSPs for this

study.
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Table 3.1 Seven of Alberta’s major tree species name, code and number of individual trees.

Common name Scientific name Code | Individual #trees | Total #of measures
Aspen Populus tremuloides AW 6233 9408

White birch Betula papyrifera BW 489 652

Balsam poplar Populus balsamifera PB 1746 2669

White spruce Picea glauca SW 19225 31356

Black spruce Picea mariana SB 6313 9549

Lodgepole pine Pinus contorta PL 20082 32014

Balsam fir Abies balsamea FB 3684 5449

3.3.2 Fitting the best height-DBH models

A large number of mathematical models have been proposed to model tree height-DBH
relationships. Specifically, Huang et al. (1992) compared 20 nonlinear height-DBH models for
tree species in Alberta (Table 3.2; only 19 models are included in Table 3.2 because two of the
models in Huang et al. 1992 are basically the same model with a slightly different mathematical
expression). It is a very complete list of tree height-DBH models, including power type,
exponential type, and quadratic type. Although Huang et al.’s (1992) data and ours cover similar
study areas, many more data have been collected since 1992. As such, my data set is about for
times larger than the data used in Huang et al. (1992) and has a much higher spatial coverage
density of plots. With this larger data, there is no guarantee that the best models selected in
Huang et al. (1992) remain the best. I therefore remodeled the height-DBH equations shown in
Table 3.2 to test if the “best” models in Huang et al. (1992) would change for the larger data for

each of the seven species. I followed Huang et al.’s (1992) approach of non-linear least square to
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fit each of the models listed in Table 3.2. Because the data I complied include trees within a
same plot and measured multiple times (repeated measurements), I thus also used mixed-effect
models to control clustering effects of the remeasurement over the years and the similar growth
condition within a plot. I treated “plot™/’tree” as a random effect and estimated each height-DBH
model using nonlinear mixed effect models. There are several ways to incorporate the random
effects by considering one or more of the parameters in each model shown in Table 3.2 as a
random term. I tried all of the possible ways of setting up the random effect term (by adding
random effect to each parameter each time) and selected the best model for each species. Pseudo-
R?, root mean square error (RMSE) and Akaike’s information criterion (AIC) were used to
compare the performance of the non-linear least square height-DBH models and non-linear
mixed-effect height-DBH models for each species. I used the reported model parameters of
Huang et al. (1992) as my initial parameter values. I then plotted the derivative curves of the best
selected models to compare the growth pattern of the seven species and attempted to associate
the different growth patterns with known ecology of the species.

R statistical computing and graphics language (https://www.r-project.org/) and R package

“nls” and “nlme” programs (Bates & Watts 1988, Pinheiro et al. 2020) were used for modelling

analyses in this study.
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Table 3.2 19 height-DBH mathematical models from Huang et al. (1992). These models are

used in this study to fit height-DBH data for the 7 tree species to select the best model for

each of them. a4, b and ¢ are model parameters, 1.3 is tree girth height at which tree

diameter was measured. x represents DBH.

ﬁ?;lglr DBH-height models Derivative equations
1 ht = 1.3 + ax? abx?~1
2 ht = 1.3 4 e@*P/(x+1) —be®*P/0HD) / (x 4 1)?
3 ht = 1.3 + ax/(b + x) ab/(b + x)?
4 ht = 1.3 + a(1 — e~ %) abe™b*
5 ht = 1.3 + x?/(a + bx)? 2ax/(a + bx)3
6 ht = 1.3 + ae?/* -abel/* /x?
7 ht =13+ ax/(x + 1) + bx a/(x+1?*+b
8 ht = 1.3+ a(x/(1+x))? abx?~1/(1 + x)?
9 ht = 1.3 + ea+bx* bex€~lea+bxe
10 ht = 1.3+ a/(1+ be™ ) abce™ /(b + e~ )?
11 ht = 1.3 + a(1 — e 2¥)° abce P*(1 — e~bx)c-1
12 ht = 1.3 + a(l — e™2*%) abcx¢~1e~bx!
13 ht = 1.3+ ae P —abce~be” " ex
ht = {1.37 + (¢? — 1.3P)[1 a/b[1.3° + (c? —1.30)(1 — e~ ) /(1
14 _ e—ax] _ e—100a)]1/b (Cb
/[1 — e~100a]31/b — 1.30)e% /(] — ¢~100a)
15 ht = 1.3 + x?/(a + bx + cx?) x(2a + bx)/(a + bx + cx?)?
16 ht = 1.3 + ax?*™° ax®*™“=c=1(1 — clog(x))
17 ht = 1.3 + ae?/+9) —abe?/*9) /(x + ¢)?
18 ht =13+ a/(1+x7¢/b) abcx®~1/(1 + bx©)?
19 ht = 1.3 + a(1 — be~*)¢ abcde (1 — be~*)4-1
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3.4 Results
Each of the 19 height-DBH models listed in Table 3.2 was fitted to each of the seven study
species using nonlinear and nonlinear-mixed modelling approaches, respectively. The results
show that nonlinear mixed models outperformed the nonlinear models (Appendix B), and the
best models selected in this study are different from those of Huang et al. (1992) (Table 3.3).
Model 5 (Loetsch et al. 1973), model 9 (Curtis et al. 1981), model 17 (Ratkowsky 1990) and
model 18 (Ratkowsky & Reedy 1986) listed in Table 3.2 were selected as the best models for the
seven species. Model 9 is the best fit for deciduous species, aspen and white birch. Model 17 is
the best fit for conifer species lodgepole pine and black spruce (Table 3.4, Appendix B). The
coefficient of determination (R”) for Huang et al.’s models ranged from 0.55 to 0.97 with average
being 0.76 for my data, while the R* of the best models selected from this study ranged from 0.83
to 0.98 with average being 0.93. Also, RMSE of my best models were smaller then RMSE of
Huang et al.’s best models (Table 3.3). Figure 3.2 shows my models fit the data better than the
Huang et al. best models, particularly for species white spruce, lodgepole pine and balsam fir.
For comparison, I plotted the best fitted height-DBH models in Figure 3.2 together in
Figure 3.3a, and they all show similar shapes across species, with little chance to distinguish
them. However, the derivative of the models shows very different shapes across species. In
particular, the derivatives show deciduous and coniferous species have different growth patterns
(Figure 3.3b). The height growth with respective to DBH growth for deciduous species is the
highest at smaller DBH than that for conifers (Figure 3.4, Table 3.5). Deciduous species have
higher maximum height growth with respective to DBH than conifers but that trend reverses at

large DBH (Figure 3.3b, Table 3.5).
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Table 3.3. The best fit height-DBH models of this study and Huang et al. (1992), Coefficient of determination of the best

models of this study and Huang et al. (1992), Root mean square error of the best fitted models of this study and Huang et al.

(1992). a, b and c are model parameters, 1.3 is tree girth height at which tree diameter was measured.

2 of RMSE
Huang of
R? of best | et al RMSE | Huang
Species Best models of this stud Best models of Huang et al. (1992 ’ of best | etal.
y g
models (1992)
models | (1992)
best
models best
models
— a+bx¢
Aspen ht=13+e ht = 1.3 + a(1 — e~2*%) 0.96 076|095 |2.44
_ a+bx®
White birch | =13+e¢ ht = 1.3 + ax/(b + x) 0.91 0.55 096 | 2.13
— 2 2
Balsam poplar | ¢ = 13+ X7/@+ D)% 1y g3 a1 — et 0.97 077 |089 |238
j— —C
White spruce | 0= 13+ @/ (AH (/D) |y g 34 g1 — ebr)e 0.90 078 203 [3.02
— b/(x+c) c
Black spruce | 't = 1.3 +ae ht = 1.3 4+ e®+bx 0.83 0.97 143|203
— b/(x+c)
Lodgepole pine | Mt = 1.3 +ae ht = 13 + x2/(a + bx + cx?) 0.98 069 |0.64 |258
— 2 2
Balsam fir ht =13+ x7/(@+bxX)" | i _ 4134 a/(1 + (x=</b) 0.98 079 062 |230
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Figure 3.2 Graphs on the left panels show how well selected best model of our (red line) and Huang et al. (1992) (blue line) fits
the observed data for species: (a) aspen, (b) white birch, (c) lodgepole pine, (d) balsam fir. Graphs on the right panels show
observed versus predicted height for our best models (red points) and Huang et al best models (blue points) for species: (a)

aspen, (b) white birch, (c) lodgepole pine, (d) balsam fir.
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Table 3.4 The best fit height-DBH models, their derivative equations and estimated parameters for equations. a, b and c are

model parameters, 1.3 is tree girth height at which tree diameter was measured.

Species common name | Best fit model Derivative equation a b c
Aspen Bt = 1.3 4 e@+bx¢ bex€—1ea+bx’ 3.603 | -5.778 |-0.710
White birch Bt = 1.3 4 e@+bx¢ bex ¢~ lea+bx’ 3364 | -5.587 |-0.757
Balsam poplar ht = 1.3 + x%/(a + bx)? 2ax/(a + bx)? 1388 | 0.169

White spruce ht =13+ a/(1+x~¢/b) abcx~1/(1 + bx*)? 41.176 [ 0.013 | 1.334
Black spruce he = 1.3 + qeb/@+o abeb/+) 1(x + ¢)? 63.028 | -49.978 | 14.887
Lodgepole pine ht = 1.3 + aeb/(+0) abeb/C+O) /(x 4 ()2 64.136 | -43.823 | 12.484
Balsam fir ht =13+ x?/(a+bx)* | 2ax/(a + bx)? 2116 1 0.146
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a\ Best fit allometric models b] Best fit allometric model derivatives
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Figure 3.3 (a) Graphs on the left panel are the selected best fit model shapes for seven
major tree species of Alberta. (b) Graphs on the right panel are derivative curves of

selected best fit models.
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Figure 3.4 (a) Boxplot showing the difference in the maximal derivative rates between
deciduous and coniferous species as shown in Table 5, and (b) the mode DBH at which the

maximal derivative is obtained.
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Table 3.5 Maximum height growth rate at a given DBH and diameter at which have

maximum derivative.

Species Max. derivative | dbh at max. derivative
Aspen 1.65 3.43

White birch 1.56 3.19

Balsam poplar | 1.26 4.11

White spruce 1.00 6.04

Black spruce 0.68 10.10

Lodgepole pine | 0.79 9.43

Balsam fir 0.96 7.25

3.5 Discussion

Tree height is important for growth and yield modelling, estimating biomass and carbon,
quantifying site index and describing structure of forest stands. In this study, over 500 plots of
boreal mixed forest were used to evaluate and validate height-DBH models for seven major
forest tree species of Alberta. The best height-DBH models selected from this study performed
very well (Table 3.3; Figure 3.2) and improved those models developed in previous study
(Huang et al. 1992). These improvements are likely due to that much larger dataset and the
nonlinear mixed-effect modeling were used in this study. The later controlled the variation in
tree height-DBH relationships within sampling plots and also took account the repeated
measurements. The mixed-effect modeling is a necessary approach to handle the influence of
habitat conditions on tree size and height growth within each plot and the variation in individual

growth.
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This study shows that, if height-DBH models were modeled by non-linear least squares
approach, Chapman-Richard (model 11) and modified Chapman-Richard (model 19) models
overall described height-DBH relationship better than other models (Appendix B). These
findings were consistent with previous studies (Chai et al. 2018, Kalbi et al. 2018, and Tsega et
al. 2018). If non-linear mixed-effects were considered, model 15 (known as Curtis or Prodan
model in the literature) stood out as a strong candidate for all species (Appendix B). I therefore
recommend that three-parameter nonlinear mixed effect models should be used for modeling
height-diameter data for tree species of Alberta.

The derivatives of the height-DBH models describe height growth increment given one
unit increment in diameter at a given diameter. These derivative curves reveal the growth
patterns of tree height-DBH relationships that are otherwise not obvious with the height-DBH
models. These patterns are more informative for understanding the height-DBH relationship and
for making silvicultural planning. In this study, the derivatives of the best tree height-DBH
models showed deciduous and coniferous species had very different growth patterns, with
deciduous having higher height incremental rate at small diameter but lower at large diameter
than coniferous (Figure 3.4). It is interesting to observe that the deciduous in this study (aspen,
white birch and balsam poplar) are early successional species and intolerant to shading. The
growth patterns revealed by the derivatives reflect the nature of shade-intolerant pioneering
species that generally grow fast before the closure of stand canopy (Archibold 1995). In contrast,
the conifers (black spruce, white spruce, lodgepole pine and balsam fir) are shade-tolerant late
successional species. They showed lower height incremental rate at smaller diameter but higher
incremental rate at large diameter than deciduous (Fig. 3 and 4). This association of growth

patterns with species’ life history traits was only obvious with the derivative curves of the
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height-DBH relationships. As far as [ am aware, there have been no studies to associate height-
DBH relationships with the biology of study species (e.g. conifers vs deciduous) for the saplings
and mature trees. I suggest it be necessary to analyze derivative of height-diameter models for
better understanding tree growth patterns and their association with the life history traits of

species in future.
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Chapter four: Climate-based height-diameter models for major tree species of Alberta,
Canada

4.1 Abstract — Tree height-diameter relationships are central to tree growth and yield modelling.
They help understand and predict changes in tree growth. However, height-diameter
relationships may be subject to climate effects as tree height and diameter growth could be
differentially sensitive to change in climate. As such, it is necessary to incorporate climate to
model height-diameter relationship. To address this problem, I included a climate moisture index
and annual mean daily maximum temperature into the height-diameter models. I found that
climate altered tree height growth, e.g. tree grow taller under increasing temperature. I analyzed
and compared 400 climate-based height-diameter models for five major forest tree species of
Alberta. The result showed that the incorporation of climate moisture index and mean annual
temperature increased the accuracy of the height-diameter models by 3% to 7%. My study
suggests that including climate factors into the height-DBH models is necessary for better

prediction of tree growth.
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4.2 Introduction

Boreal forests provide valuable ecological (e.g., habitat for wildlife), economical (e.g., timber
and its products), and sociological (e.g., recreational areas) services, and also have an important
role in the global carbon cycle and maintaining biodiversity. These systems and the services they
provide are threatened by climate change (Price et al., 2013). Thus, it is necessary to project and
understand the effects of the climate if forests are to be managed sustainably.

Growth and yield models (GYMs) inform sustainable forest management and are relied
on the accurate measurement of tree height and diameter. However, the accurate measure of tree
height is often not feasible and is typically estimated from height-diameter relationships (Calama
and Montero, 2004; Huang et al., 1992; Peng et al., 2001). The traditional height-DBH models
assume tree height is entirely dependent on tree size, or diameter at breast height (DBH).
However, it has been found that although tree height is closely related to DBH, other factors such
as climate can directly and indirectly affect tree growth (Chen et al., 2016; Sette Jr et al., 2016).
These exogenous effects could alter the tree height-DBH relationships. For example, increased
temperature can both increase the length of the growing season and decrease water availability
and transpiration (Allen et al., 2010; Chen et al., 2005). This will have an effect on tree growth
because height is mostly affected by the availability of light (Moles et al., 2009; Pacala et al.,
1994) and availability of moisture (Hogg et al., 2005). It is also found that DBH is closely related
to water availability (Bullock, 2000; Butt et al., 2014). These climatic effects on tree height and
DBH could be species specific (Chhin et al., 2008; Huang et al., 2010; Zhang et al., 2015) as the
response of xylem and wood formations to climate could be different for different species

(Begum et al., 2018; Granda et al., 2018; Olson et al., 2018). These suggest the necessity to
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extend the traditional height-DBH models to consider the effects of climate so that to improve
the predictability of height-DBH models and hence the GYM models.

Climate impacts on the height-DBH relationship depend not only on species but also on
the severity of the change in climate, which differs in different climate zones. It is known that
climates at high latitudes will change most (IPCC, 2001; Pepin et al., 2015), suggesting that
boreal forest could be heavily affected by climate change (Kramer et al., 2000). This will have
serious consequence on 35 million hectares of natural forest in Alberta
(https://www.alberta.ca/sustainable-forest-management-statistics.aspx). For example, boreal
forests can function as a net carbon source or sink depending on the balance between growth and
decomposition rates of the trees. As such, the projected change in climate in the boreal zone can
change boreal carbon sink to carbon source (Hadden and Grelle, 2016; Lindroth et al., 1998).

Several height-DBH models have been developed for forest tree species of Alberta
(Cortini et al., 2011; Huang et al., 2009, 2000; Huang and Titus, 1994) but these models do not
account for the effect of climate change. There is a need to develop practical and reliable tree
climate-based height-diameter models for the major tree species of Alberta for quantifying the
impact of climate change, thus to improve growth-yield modeling.

In this study, [ modeled and compared climate-based height-DBH models for five major
tree species of Alberta. My objectives were to: (1) develop climate-based height-DBH models,
(2) select the best climate-based height-DBH model for each species, and (3) use the best model

to assess the effect of climate on height-DBH relationship for each species.
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4.3 Methods

4.3.1 Study area

The study was conducted in the boreal forest of Alberta, Canada (49°-59.7 °N, 119.65-115.05
°W) (Appendix A). The study area included three major natural regions of Alberta, Canada:
Boreal Forest Natural Region, Rocky Mountain Natural Region and Foothills Natural Region.
The regions have cold winters with following short warm or cool summer. Mean annual
temperature varies from +0.5°C in the Boreal and Foothills region to -0.5°C in the Rocky
Mountain region (Natural Regions Committee, 2006). Average mean annual precipitation ranges
from 480 mm in the Boreal region to 800 mm in the Rocky Mountain region. The Foothills
region has moderate annual precipitation that increases with elevation (Natural Regions

Committee, 20006).

4.3.2 Data

Permanent sampling plots (PSPs)

The data of the Alberta PSP network were used in this study. The network was established by the
government and forestry industries (Forest Management Branch, 2005). They were recensused at
average S-year intervals (varying from 2 to 15 years) by the government and forest industry
companies starting the 1960s. More than 2000 PSPs were established throughout the high
productive mixedwood forest in Alberta. The spatial location, elevation, slope, aspect, and other
attributes of plots were recorded at the time of establishment for each PSP. The plot size varies
from 400 to 8,000 m” and the elevation of the PSPs ranges from 245 to 2,065 m. All trees within
each plot were tagged, identified to species, recorded at the time of establishment. The earliest

plots were established in 1960. In this study, I included PSPs up to 2009. I excluded PSPs and
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trees from the analyses that met the following conditions: (1) PSPs that had major disturbances,
e.g., fires and mistletoe infestation, (2) PSPs that only had one census because data of multiple
censes are needed to model the effect of climate, (3) trees that had dead top or dieback, multiple
leaders, broken top, standing dead, fork, pronounced crook, severe leaning to eliminate
miscalculation of growth, (4) trees with DBH < 9 c¢m so that to eliminate saplings (9 cm is the
DBH cutoff of PSPs but some plot did include smaller stems) effect on growth, and (5) trees that
do not have measurement of both diameter and height in all census years. I used the field
measurement of diameter and height. A total of 53,599 living stems belonging to five major tree

species were compiled and modeled from 554 PSPs (Table 4.1).

Table 4.1 Sample size and the total number of measure records of height and DBH for each

of the five study species.

Common name Scientific name Code Number of stems Total number of
measures
Aspen Populus tremuloides AW 6233 9408
Balsam poplar Populus balsamifera PB 1746 2669
Lodgepole pine | Pinus contorta PL 20082 32014
Black spruce Picea mariana SB 6313 9549
White spruce Picea glauca SW 19225 31356

Climate variables
Climate data for the study region were obtained from the BioSIM software tool

(https://cfs.nrcan.gc.ca/projects/133). This tool generates data by simulation models. Simulation

models are based on regional air temperature and precipitation, which are interpolated from the
nearby weather stations, and adjusted for elevation and location differentials with regional
gradients. Based on the latitude and longitude location of PSPs, two climatic variables were

obtained: CMI (annual climate moisture index) following the calculation from Hogg (1994) and
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Tmax (mean annual daily maximum temperature) for the period of 1959-2010. Appendix D
shows minimum and maximum values of CMI and Tmax for the period of 1959-2010 obtained
for the PSPs used in this study. There was not significant correlation between CMI and Tmax.
CMI and Tmax were derived annually. Since PSPs were measured on average 5 yearly intervals,

I recalculated CMI and Tmax for PSP measurement intervals as mean CMI and mean Tmax.

4.3.3 Modelling climate-based height- DBH relationships

To develop climate-based tree height-DBH models, I selected the most widely used tree height-
DBH models from the literature (Table 4.2). I added climate factors into these base models in
two different ways. First, I added CMI and Tmax into the base models as linear term one at a
time to represent the direct effect of climate on tree height. Second, I added CMI and Tmax into
the models one at a time as a linear term of model parameters to show climate effects on height
growth. Table 4.2 shows the base model and climate-based model forms.

To estimate the models, I fit all the candidate models for each of the five species using
nonlinear modelling algorithm. I then used nonlinear mixed-effect models to cope with
clustering effect from similar growing environment and repeated measurement of trees. I treated
“plot”/’tree” as a random effect. I tried all of the possible ways of setting up the random effect
term and selected the best models from all the models for each species. Overall, I tested 184
height-DBH and climate-based height-DBH models for each species. Model comparison and
selection criteria were based on Akaike’s information criterion (AIC) and mean squared error
(MSE). I used the reported model parameters of Huang et al. (1992) or reported model

parameters of Chapter 3 as the initial parameter values. I then plotted the derivative curves of the
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best fitted models while keeping the diameter at a mean value to see how species react to climate
specifically.

All calculations were done with R statistical computing and graphics language (R Core
Team, 2019) and model fitting was done with R package “nls” and “nlme” programs (Bates and

Watts, 1988; Pinheiro et al., 2020).
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Table 4.2 Seven height-DBH and fifty-six climate-based height-DBH candidate models. These models are used in this study to
fit height-DBH data of 5 tree species in Alberta to select the best model for each species. mcmi is the mean annual climate
moisture index, mtmax is the mean annual maximum temperature, a, b, ¢ and d are model parameters, 1.3 is tree girth height

at which tree diameter was measured.

ﬁ?ﬁir Model form References
1 ht = 1.3 + adbh” (Huang et al., 1992)
2 ht = 1.3 4+ e®*+b/(abh+1) (Huang et al., 1992; Kalbi et al., 2018)
3 ht = 1.3 + dbh?*/(a + bdbh)* (Huang et al., 1992; Kalbi et al., 2018)
4 ht = 1.3 + a(dbh/(1 + dbh))"? (Kalbi et al., 2018)
5 ht =13+ a(1 - e‘bdbh)c (Peng et al., 2001; Sharma and Parton, 2007)
6 ht = 1.3 4 a(1 — e~P4bh% (Huang et al., 1992; Peng et al., 2001; Tsega et al., 2018)
7 ht = 1.3 4+ qe~bre " (Huang et al., 1992; Hulshof et al., 2015)
Height-DBH models that incorporate climatic factors
Model Model form Model Model form
number number
8 ht = 1.3 4+ adbh® + dmcmi 19 ht = 1.3 + (a + dmemi) = (1 — e~bdb)e
9 ht = 1.3 + e®+b/(@h+1) 4 dmemi 20 ht = 1.3 4 (a + dmemi) * (1 — e~P4bh%
10 ht = 1.3 + dbh®/(a + bdbh)? + dmcmi 21 ht = 1.3 + (a + dmcmi) * e~bre” "
11 ht = 1.3 + a(dbh/(1 + dbh))" + dmemi 22 ht = 1.3 + adbh+dmemi)
12 ht = 1.3 + a(1 — e ?¥®M¢ 4+ dmemi 23 ht = 1.3 + e%*+(b+dmemi)/(dbh+1)
13 ht = 1.3 + a(1 — e 2" 4 dmemi 24 ht = 1.3 + dbh?/(a + (b + dmcmi) * dbh)?
14 ht = 1.3 + ae """ 4 dmemi 25 ht = 1.3 + a(dbh/(1 + dbh))®+dmem)
15 ht = 1.3 + (a + dmcmi) * dbh? 26 ht = 1.3 + a(1 — e~ (bramemi)xdbhyc
16 ht = 1.3 + e(atdmemi)+b/(dbh+1) 27 ht =13 + a(l _ e—(b+dmcmi)*dbhc)
17 ht = 1.3 + dbh?/((a + dmcmi) + bdbh)? 28 ht = 1.3 + ge~(b+dmemiyxe=cdbh
18 ht = 1.3 + (a + dmcmi) = (dbh/(1 + dbh))P 29 ht = 1.3 + a(1 — e~ Pdbhy(c+dmemi)
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ﬁﬁir Model form rl\lflcr)r(lllir Model form

30 ht = 1.3 + a(1 — e~bdbh(ramem)y 44 ht = 1.3 + (a + dmtmax) * (1 — e~babh)c
31 ht = 1.3 4 ge~bre T 45 ht = 1.3 + (a + dmtmax) * (1 — e "24Ph%)
32 ht = 1.3 4+ adbh? + dmtmax 46 ht = 1.3 + (a + dmtmax)  ebre "

33 ht = 1.3 + e®*P/@PM+D) 4 dmtmax 47 ht = 1.3 4+ adbh®+dmtmax)

34 ht = 1.3 + dbh®/(a + bdbh)? + dmtmax 48 ht = 1.3 4 ea*®+dmimax)/(dbh+1)

35 ht = 1.3 + a(dbh/(1 + dbh))? + dmtmax 49 nt = 1.3 + dbh?/(a + (b + dmtmax) * dbh)?
36 ht = 1.3 + a(1 — e~ P9M)¢ + dmtmax 50 ht = 1.3 + a(dbh/(1 + dbh))®+amimax)
37 ht = 1.3 4 a(1 — e P4 4 dmtmax 51 ht = 1.3 + a(1 — e~ (Prdmimax)+dbhyc

38 ht = 1.3 + ae~?*"“"" + dmtmax 52 ht = 1.3 + a(1 — e~ (b*+dmtmax)«dbh®y

39 ht = 1.3 + (a + dmtmax) * dbh” 53 ht = 1.3 + ge—(b+dmtmax)«e=cabh

40 ht =13 + e(a+dmtmax)+b/(dbh+1) 54 ht =13+ a(l _ e—bdbh)(c+dmtmax)

41 ht = 1.3 + dbh?/((a + dmtmax) + bdbh)? 55 ht = 1.3 + a(1 — e~bdbh(T4mmaD

42 ht =13+ 10(a+dmtmax) * dbhb 56 ht = 1.3 + ae_b*e—(c+dmtmax)*dbh

A3 ht = 1.3 + (a + dmtmax) * (dbh/(1 + dbh))?
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4.4 Results

Each of the 56 height-DBH models listed in Table 4.2 was fitted to each of the five study species
using non-linear least square and non-linear mixed effect models, respectively. The results show
that models performed better after a climate variable was added into the models (Appendix C).
Climate based model (4) (known as the Curtis model in the literature) and model (7) (known as
the Gompertz model in the literature) were the most general models. They both were either the
best or the second best model. Climate-based model (7) was the best fit for aspen and white
spruce, and climate-based model (4) was the best fit for balsam poplar and black spruce (Table
4.3). For lodgepole pine, the climate-based model (1) was the best fit (Table 4.3). Explained
variation differed widely among species (pseudo R” ranges for top-ranked models 0.58-0.80) and
within species across all candidate models (Appendix C).

The CMI added models increased explained variation by 3% for aspen, balsam poplar,
and white spruce, and 7% for lodgepole pine. However, the explained variation was decreased
for black spruce when CMI was added into the height-DBH models (Table 4.4, Appendix C).
Three of the five species (balsam poplar, lodgepole pine, and white spruce) improved the
explained variation (as measured by R°) by 3%, 7% and 1%, respectively, when annual
maximum temperature was added into the models (Table 4.4, Appendix C). However, the
explained variation did not change for species aspen and black spruce when Tmax was added
into the models. Tmax added model parameters were significant for all species except white
spruce, while CMI added model parameters were significant for species aspen, black spruce and
white spruce (Table 4.5). All species, except lodgepole pine, showed a similar pattern when

fitting the best fit models (Figure 4.1).
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Table 4.3 The best fit climate sensitive height-DBH models. mcmi is mean climate moisture index for measurement intervals,
mitmax is mean annual maximum temperature for measurement intervals, a,b,c and d are model parameters, 1.3 is tree girth

height at which tree diameter was measured. Derivative forms represent height growth respect to climate variable change at a

given DBH.
Islg)rer;:es Climate-based height-DBH models Derivative forms
CMI ht =13 + ae_b*e—(c+dmcmi)*dbh abddbheb_e—dbh(c+dmcmi)_dbh(c_l_dmcml-)
Aspen
Tmax ht =13+ ae—(b+dmtmax)*e‘0dbh _ade—e_Cdbh(b+dmtmax)—cdbh
Balsam CMI ht = 1.3+ a(dbh/(1 + dbh))b + dmcemi d
= (b+dmtmax)
poplar Tmax ht = 1.3 + a(dbh/(1 + dbh)) (1 :i_bdbh)dmtma”bln(dbh/(l + dbhy)d
Lodgepole CMI ht =13+ adbh(b+dmcmi) adlog(dbh)dbhb+dmcml
pine Tmax ht = 1.3 + adbh(*+dmimax) adlog(dbh)dbhb+dmtmax
Black ht = 1.3 + a(dbh/(1 + dbh))b+amimax) dbh
spruce Tmax ( /( )) (1 - dbh)dmtmax+bln(dbh/(1 + dbh))d
Whi CMI ht =134+a(1 - e‘(b+dm€mi)*dbhc) addbh¢ e—dbhe(b+dmcmi)
ite — —(b+dmtmax)+e—Ccdbh _ —e~cdbh(p 1 dmtmax)—cdbh
spruce Tmax ht = 1.3 + ae ade
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Table 4.4 The best fit climate-based models code, their R> and their base models R”.

Models
Species The best | Models without without
Illjame The best model model R* | climate variable climate
variable R*
CMI added aw7nlscmic 0.70 | aw7nls
Aspen 0.67
Tmax added | awnlstmaxb 0.67 | aw7nls
Balsam | CMI added | pb4nlmecmirandomb 0.80 | pb4nls 0.77
poplar | Tmax added | pb4nlstmaxb 0.80 | pb4nls '
Lodgep | CMIadded | pllnlmecmibrandomb 0.59 | pllnls 0.53
ole pine | Tmax added | pllnlstmaxb 0.60 | plinls '
Black | CMI added - - - -
spruce | Tmax added | sb4nlstmax 0.69 | sb4nls 0.69
White | CMI added swbnlscmib 0.77 | swonls 0.74
spruce | Tmax added | sw7nlstmaxb 0.76 | sw7nls 0.75

Table 4.5 Estimated model parameters for climate-based height-DBH models. * indicates

significance at confidence level p-value<0.05.

Species Code a b c d
AW CMI model 26.440%* 1.978%* 0.095%* -0.0004*
Tmax model | 26.481%* 1.724%* 0.088%* 0.024*
PB CMI model 32.811 11.067 -0.081
Tmax model | 32.493* 11.173* 0.139%*
PL CMI model 4.049 0.499 -0.001
Tmax model | 2.645* 0.552* 0.009*
SB CMI model 29.840%* 12.830%*
Tmax model | 29.951* 13.599* -0.085*
W CMI model 30.590* 0.016%* 1.357* -0.0002*
Tmax model | 30.240 1.796 0.079 0.012
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All species showed higher height growth for given DBH in the initial or middle-range
phase when having Tmax in the model (Figures 4.1, 4.2 and 4.3). Lodgepole pine and white
spruce would grow taller with higher maximum annual temperature. CMI did not affect height
growth of balsam poplar. White spruce and aspen would grow shorter with higher climate
moisture index, while lodgepole pine would become somewhat taller (Figures 4.2 and 4.3).
There is no association between life histories, e.g., conifer vs deciduous or early successional vs
late successional species, and the effect of the climate. Instead, growth rates of all species were

affected by climate variables, positively or negatively.
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Figure 4.1 The left panel of each graph shows how well the selected best models fit the
observed data with climate (red lines) and without climate (blue lines) data into the model
for species: (a, b) aspen, (¢, d) white spruce, (e, f) lodgepole pine. The right panel of each
graph shows observed versus predicted height with climate (red points) and without

climate (blue points) for species: (a, b) aspen, (¢, d) white spruce, (e, f) lodgepole pine.
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Figure 4.2 Graphs show how the height incremental rate changes with respect to annual climate moisture index at a given

DBH for species: (a) aspen, (b) balsam poplar, (c) lodgepole pine, (d) white spruce.
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Figure 4.3 Graphs show how the height incremental rate changes with respect to mean annual daily maximum temperature at

a given DBH for species: (a) aspen, (b) balsam poplar, (c) lodgepole pine, (d) black spruce, (¢) white spruce.
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4.5 Discussion

It is necessary to quantify the effect of climate on tree height and size and their relationships for
understanding the impact of climate change on forest structure and management. In this study, I
analyzed data from over 500 permanent sample plots of Alberta that were established and
remeasured over the past 60 years. I examined around 800 climate-based models based on seven
non-linear height-DBH models for each of the five major timber species of Alberta. All seven
base models have been commonly used to model tree height-DBH relationships (Chai et al.,
2018; Huang et al., 1992; Sharma and Parton, 2007). Most of the proposed climate-based models
outperformed those traditional height-DBH models in this study as measured by R*, MSE, and
AIC criteria’s.

Climate variables were added in the base models linearly or to the parameters of the base
models to reflect the direct and indirect impact of climate on tree height (Begum et al., 2018;
Yeh and Wensel, 2000). Climate moisture index and mean temperature were used as indicators
of climate conditions. These two factors are important to plant growth. For example, dry and
cold weather conditions limit height growth (Hogg et al., 2002; Huang et al., 2013), and trees
compensate it by adjusting their xylem and wood formation (Breda et al., 2006; Zhai et al.,
2012). Also, recent studies have shown that drought is an important factor influencing tree
growth (Hogg et al., 2008; Zhang et al., 2015). The results of this study are also showed that
climate effects tree height growth and the proposed climate-based height-DBH models improved
predictions on height.

Mean annual maximum temperature has a positive effect on height growth for aspen,
balsam poplar, lodgepole pine, black spruce, and white spruce. My results are consistent with

Lines et al. (2012) and Messaoud and Chen (2011) that temperature is positively related to height
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growth. The results also suggest that temperature affects the height growth rate as trees reduce
height growth in colder areas by adjusting their xylem vessels (Breda et al., 2006; Tyree and
Dixon, 1986). Climate moisture index had a negative impact on the height growth of aspen and
white spruce. Results in this study are consistent with the finding of Zhou et al. (2019) that trees
grow shorter with increased water content in air; however, our result showed an opposite trend
from Lines et al. (2012). A positive value of CMI means higher precipitation than potential
evapotranspiration, which means moist weather conditions. A negative relationship between tree
height growth and climate moisture index might be because of higher diameter growth with
increasing nutrition and water availability in soil.

This study showed that CMI and Tmax significantly affected growth of aspen, balsam
poplar, lodgepole pine, and white spruce. Overall CMI was negatively correlated while Tmax
was positively correlated with tree growth. Climatic factors overall improved the predictability
of the height-DBH models. Therefore, the climate-based height-DBH models developed in this
study can be used to better predict height of a given diameter for the five tree species studied

here.
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Chapter five: Conclusions

Modelling variation in tree size, height and their relationship is important for quantifying
structure and function of forest ecosystems, and for predicting growth and yield of forests. In this
thesis, I have focused on studying two main tree attributes, their relationship and effect of
climate on this relationship by modelling: (i) tree size distribution, (if) tree height-DBH
relationships and their derivative patterns, and (ii7) climate effects on tree height-DBH
relationships. I used long-term empirical datasets, and came to few common and several key

conclusions.

In Chapter 2, I provided an explanation as to why Weibull distribution is so widely used in
forestry to model tree size distribution and showed that by using three large-scale empirical
datasets. I also showed how to use tree size distribution for calculating growth rates. This is a
particularly interesting contribution because the derivation of the Weibull distribution links stand
structure (tree size distribution) with processes (growth rate). All the three datasets used in the
chapter reveal that log-transformed curvilinearity is the common feature for tree size distribution.

The Weibull distribution describes this feature well.

In Chapter 3, I analyzed height-DBH relationships for seven major tree species of Alberta,
including aspen, white birch, balsam poplar, lodgepole pine, white spruce, black spruce and
balsam fir. I also assessed whether the derivative curves of height-DBH models reveal any tree
growth pattern that is related to life-history traits of species. Tree height-DBH models have been
the subject of intensive research in forestry, but little to no attention has been ever paid to the

derivative of height-DBH models. I showed that derivative curves are more informative in
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revealing tree growth pattern than the cumulative height-DBH models, and the derivatives
showed that the species with different life history strategies, e.g., coniferous vs deciduous, had

very different height growth patterns with respect to tree diameter.

In Chapter 4, I developed climate-based height-DBH models for five major tree species of
Alberta’s boreal forests (aspen, balsam poplar, lodgepole pine, white spruce and black spruce) by
using long term permanent sampling plots and two climate variables. I found that both annual
climate moisture index (CMI) and mean annual daily maximum temperature (Tmax) increased
predictability of height-DBH models. CMI had varied effect on height growth, while Tmax had
positive effect on height growth of species. Species would grow taller with increased temperature

while they had different responses to increased climate moisture index.

5.1 Major contributions to sustainable forest management
My thesis focused on two main tree attributes, height and diameter. It should deliver important

contributions to modelling tree-height relationships, hence growth and yield modelling.

Predicting growth: I showed that using the derivative of height-DBH models provide more
informative then their cumulative forms when predicting height (Chapter 3). I also showed that
climate has an impact on tree height-diameter relationships (Chapter 4). Moreover, I showed
how to use tree size distribution for calculating growth rates (Chapter 2), and how to use height-
DBH models to determine the maximum tree height growth with respect to tree DBH. Chapters
2, 3 & 4 should provide better understanding for predicting tree height and growth, hence be a

good guidance when planning harvesting and silvicultural activities.
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Understanding climate change effect: My result showed that climate affects tree height and
diameter relationships (Chapter 4). Under current and future climate change, climate-based
models will provide more accurate predictions than traditional height-DBH models. The models
show whether trees grow taller or shorter under different climate conditions, contributing to

understanding the possible effect of changing climates on forest stand structure.

Accuracy of height-DBH models: Height-DBH relationships for a given tree species could
change across regions if the growth of tree height and diameter is subject to the effect of climate
change. In current practice, a single height-DBH model is used to predict growth of each tree
species across the entire province of Alberta (Huang et al., 2013). However, Alberta has 6
natural regions characterized by differences in vegetation and climate. Hence, it is necessary to
develop models that take account of the variation in climate across these different regions. The
model developed in Chapter 4 should provide more accurate height-DBH relationships and thus

should improve growth-yield modelling.

Biomass assessment: Biomass is mostly calculated from field measurement of tree size and/or
height. Measurement of tree height is relatively laborious and less accurate. Height-DBH models
are typically used to estimate height and contribute to estimating forest biomass. Hence,
accuracy and reliability of height-DBH models is important for improving the reliability of these
biomass estimations. Climate-based height-DBH models developed in Chapter 4 should further

improve the accuracy of biomass estimates.
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5.2 Limitations and future work

I would like to note some limitations of my study despite its major contributions to modelling
tree size and height, and their relationships. Overall, my thesis only focuses on tree height and
size, ignoring other tree attributes important to forest stands, e.g., canopy size, crown height. It
would be interesting to also analyze those attributes to see which of them are most likely to
improve growth and yield modelling.

The dynamics of forest stands is ultimately determined by growth, mortality and
recruitment. Although the measures of tree size and height are necessary for describing stand
structure and dynamics, growth, mortality and recruitment are essential for understanding stand
dynamics and the change of stand structure (Parker et al., 1985; Pretzsch et al., 2014). Cortini et
al. (2017) showed that climate has a major effect on tree survival, and Kueppers et al. (2017)
found that recruitment is affected by recent climate changes. To truly understand stand
dynamics, there is a need to link the distributions of tree size and height with growth, mortality
and recruitment.

Also, in the third and fourth chapters I only used trees with DBH larger than 9 cm
because data on smaller trees are not available. Pacala and his callegues (1994) analyzed
diameter and height growth for saplings (DBH < 10 cm) of 10 dominant tree species in a north
temperate forest, and found strong relationships with growth and light availability. The exclusion
of small trees in my thesis could potentially bias the results of height-DBH relationship and
climate effects on this relationship.

In the fourth chapter about incorporating climate change effect into height-DBH models,
one possible limitation could be the number of climate variables. I only used CMI and Tmax

measure to model climate change effects. Jiang et al. (2016) found that there is a strong
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relationship between precipitation and growth but not significant relationship between growth
and degree days for western Canada boreal mixedwood forest. Also, Liu and El-Kassaby (2018)
found that evapotranspiration and growing degree days have an effect on tree height growth in
Pacific Northwest. Hence, it would be interesting to see whether other climate variables have any
significant effect on growth of Alberta boreal forest tree species. Clearly, further studies should
be done to look at this issue.

Another possible limitation could be that I only considered climate effects on tree height-
DBH relationships. Zhang et al. (2015) found that competition could also be important in driving
stand dynamics in the same region of my study. Hogg et al. (2002) found that insects could be
another component affecting growth of aspen in northwestern Alberta. Further studies can be
done with addition of other environmental, disturbance and climate effects on height-DBH

relationships so that to improve tree height-DBH modelling.
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Appendix A: Location of permanent sampling plots (PSP)
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Appendix B: Detailed model selection results for Chapter 3

Table B.1 Model selection criteria for species Aspen

Model name AIC RMSE | R* a b c
awInlme 38018.65 1.84 0.86 |4.453 0.481

awla 39623.47 1.88 0.86 |5.123 0.421

awlb 38316.76 0.97 0.96 |4.101 0.489

awlInls 44468.97 2.57 0.74 |4.133 0.494
aw2nlme 37334.04 1.75 0.88 |3.416 -10.439

aw2a 37621.1 0.97 0.96 |3.429 -10.598

aw2b 38477.61 1.03 0.96 | 3.465 -11.210
aw2nls 43546.83 2.45 0.76 | 3.495 -11.646
aw3nlme 37480.43 1.77 0.88 |[33.819 | 16.512

aw3a 38240.81 1.07 0.95 |30.426 | 12.665

aw3b 37730.47 1.83 0.87 |[36.479 | 19.852

aw3nls 43703 2.47 0.76 |39.092 |22.133
aw4nlme NA NA NA NA NA

aw4a NA NA NA NA NA

aw4b 37724.7 1.85 0.86 |[28.430 | 0.053

aw4nls 43535.51 2.45 0.76 | 28.030 | 0.055
aw5Snlme 37363.04 0.90 0.97 1.117 0.178

aw5a 38157.51 0.99 0.96 1.187 0.173

aw5b 37688.29 1.02 0.96 1.118 0.177

aw5nls 43553.94 2.45 0.76 1.227 0.169
awbnlme 37298.88 1.74 0.88 [29.465 |-9.030

awba 37862.66 1.02 0.96 |28.491 |-8.235

awobb 38603.27 1.04 0.96 |[31.294 |-10.138
awonls 43576.76 2.45 0.76 |32.109 |-10.467
aw7nlme 38338.15 0.82 0.97 10.918 | 0.387

aw7a 39400.93 0.99 0.96 10.176 | 0.341

aw7b 392934 0.99 0.96 |9.696 0.412

aw7nls 45481.72 2.71 0.71 10.578 | 0.388
aw8nlme 37299.16 1.75 0.88 [29.829 |9.528

aw8a 37849.42 1.02 096 |28.793 | 8.698

aw8b 38537 1.03 0.96 |31.634 | 10.662

aw8nls 43558.85 2.45 0.76 |32.529 | 11.043
aw9nlme NA NA NA NA NA NA
aw9a 37582.17 0.95 0.96 |3.603 -5.778 -0.710
aw9b NA NA NA NA NA NA
aw9c NA NA NA NA NA NA
aw9ab NA NA NA NA NA NA
aw9ac NA NA NA NA NA NA
aw9bc NA NA NA NA NA NA
aw9nls 43551.88 2.45 0.76 | 3.556 -7.906 -0.851
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Model name AIC RMSE | R* a b c
aw10nlme 37366.42 1.73 0.88 [23.956 | 3.345 0.122
awl0a 37916.92 1.02 0.96 |23.567 |3.415 0.132
aw10b 39655.66 1.88 0.86 |27.844 |2.251 0.071
aw10c 39099.87 1.83 0.87 |[26.821 |2.518 0.084
aw10ab 37441.99 1.75 0.88 [24.229 |3.162 0.116
aw10ac 37488.59 1.74 0.88 [23.360 |4.012 0.147
aw10bc 37193.07 1.79 0.87 |[27.480 |2.863 0.083
aw10nls 43546.53 2.45 0.76 | 25.662 | 3.547 0.113
aw1Inlme NA NA NA NA NA NA
awlla 37906.52 1.02 0.96 |23.878 | 0.094 1.361
awllb NA NA NA NA NA NA
awllc NA NA NA NA NA NA
awllab NA NA NA NA NA NA
awllac NA NA NA NA NA NA
awllbc NA NA NA NA NA NA
aw1Inls 43511.84 2.44 0.76 [ 27.108 | 0.065 1.145
aw12nlme NA NA NA NA NA NA
awl2a 37914.15 1.02 0.96 |23.717 |0.047 1.183
aw12b 37694.35 1.85 0.86 [29.062 |0.058 0.954
awl2c 37577.99 1.82 0.87 [29.642 |0.072 0.870
aw12ab NA NA NA NA NA NA
awl12ac NA NA NA NA NA NA
aw12bc NA NA NA NA NA NA
aw12nls 43511.18 2.44 0.76 |26.923 | 0.047 1.083
aw13nlme NA NA NA NA NA NA
awl3a 37576.02 1.80 0.87 |[25.163 | 1.778 0.089
awl13b 39629.73 1.88 0.86 |29.196 | 1.317 0.051
awl3c 37737.83 1.84 0.86 |28.037 |1.573 0.065
aw13ab 37361.56 1.75 0.88 [24.721 | 1.788 0.092
awl3ac 37401.84 1.74 0.88 |24.172 |2.181 0.115
aw13bc 37503.23 1.79 0.87 |28.785 | 1.489 0.058
aw13nls 43514.14 2.44 0.76 |26.266 | 1.912 0.087
awl4nlme NA NA NA NA NA NA
awl4a 39356.1 1.86 0.86 | 0.052 1.234 27.849
aw14b 40491.36 1.45 0.92 |0.081 0.462 28.272
awldc 37756.84 1.01 0.96 |0.084 0.800 25.416
awl4ab NA NA NA NA NA NA
awl4ac 37347.36 1.74 0.88 | 0.095 0.614 25.392
aw14bc 37314.78 1.74 0.88 [ 0.090 0.650 25.540
awl4nls 43513.27 2.44 0.51 0.074 0.735 27.400
aw15nlme NA NA NA NA NA
awl5a 39480.59 1.47 0.91 1.874 0.366 0.031
aw15b 37903.18 0.98 0.96 1.375 0.416 0.030
awl5c 37875.74 1.10 0.95 1.234 0.381 0.033
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Model name AIC RMSE | R* a b c d
awl5ab 37319.53 1.75 0.88 1.751 0.358 0.032
aw15ac 37385.58 1.75 0.88 | 2.451 0.268 0.035
aw15bc 37437.14 0.92 0.97 1.878 0.326 0.034
aw15nls 43537.86 2.45 0.76 | 2.251 0.339 0.030
awl6nlme NA NA NA NA NA NA

awl6a 38233.12 1.04 0.96 |[24.718 |-24.934 | 1.902

aw16b NA NA NA NA NA NA

aw16¢ 37646.92 1.83 0.87 |39.555 |-5.066 0.997
aw16ab NA NA NA NA NA NA

awlobac NA NA NA NA NA NA

aw16bc NA NA NA NA NA NA

aw16nls 43538.41 2.45 0.76 | 32.720 |-9.077 1.302
aw17nlme NA NA NA NA NA NA

awl7a 37507.5 1.80 0.87 |[31.058 |-10.725 | 1.192
awl7b 39103.33 1.83 0.87 |[33.059 |-13.634 |3.724

awl7c 39879.49 1.60 0.90 |[35.683 |-15.746 | 4.387
awl7ab 37338.19 1.74 0.88 [28.022 |-7.160 -1.948
awl7ac 38431.44 1.04 0.96 |24.069 |-2.848 -6.962
aw17bc NA NA NA NA NA NA

aw17nls 43542.18 2.45 0.76 | 33.669 |-12.643 | 1.823
aw18nlme NA NA NA NA NA NA

awl8a 37510.79 1.80 0.87 |[28.718 | 0.028 1.407
aw18b 37740.83 1.86 0.86 |[32.368 |0.028 1.298

aw18c 38815.02 1.80 0.87 |34.537 |0.056 1.007
aw18ab NA NA NA NA NA NA

awl8ac NA NA NA NA NA NA

aw18bc NA NA NA NA NA NA

aw18nls 43526.17 2.44 0.76 |30.759 |0.024 1.401
aw19nlme NA NA NA NA NA NA NA
awl19a 37517.47 1.80 0.87 26274 |1.157 0.058 |0.748
aw19b NA NA NA NA NA NA NA
awl19c NA NA NA NA NA NA NA
aw19d NA NA NA NA NA NA NA
aw19ab NA NA NA NA NA NA NA
awl9ac NA NA NA NA NA NA NA
aw19ad NA NA NA NA NA NA NA
aw19bc NA NA NA NA NA NA NA
aw19bd NA NA NA NA NA NA NA
aw19cd NA NA NA NA NA NA NA
aw19abc 37527.51 1.80 26.272 | 1.156 0.058 |0.749
aw19abd NA NA NA NA NA NA NA
awl19acd NA NA NA NA NA NA NA
aw19bcd NA NA NA NA NA NA NA
aw19nls 43511.15 2.44 0.76 | 26.724 | 0.727 0.074 | 1.933
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Table B.2 Model selection criteria for species White birch

Model name AIC RMSE | R? a b c
bw1Inlme NA NA NA NA NA

bwla 2655.24 | 1.63 0.74 2.870 0.580

bwlb 2600.97 | 0.99 0.90 3.113 0.548

bwlnls 2853.69 | 2.15 0.54 3.283 0.538
bw2nlme 2580.86 | 1.09 0.88 3.284 -10.102

bw2a 2597.26 | 0.96 0.91 3.226 -9.262

bw2b 2663.02 | 1.26 0.84 3.242 -9.355

bw2nls 2835.12 | 2.12 0.55 3.274 -9.656
bw3nlme NA NA NA NA NA

bw3a 2690.33 | 1.12 0.88 20.334 7.043

bw3b 2703.73 | 1.17 0.86 21.647 8.340

bw3nls 2839.52 | 2.13 0.55 32.379 19.028
bw4nlme NA NA NA NA NA

bw4a 2640.38 | 1.06 0.89 17.580 0.107

bw4b 2688.23 | 1.68 0.72 27.338 0.048

bw4nls 2836.43 | 2.12 0.55 22.333 0.069
bw5nlme 2607.93 | 1.18 0.86 1.164 0.188

bw5a 2646.75 | 1.13 0.87 1.105 0.192

bw5b 2595.12 | 0.99 0.90 1.081 0.195

bw5nls 2835.82 | 2.12 0.55 1.119 0.189
bw6nlme 259493 | 1.55 0.76 23.827 -7.745

bwba 264198 | 1.06 0.89 20.631 -5.808

bwo6b 2668.82 | 1.30 0.83 24.687 -8.175

bwo6nls 283526 |2.12 0.55 25.455 -8.445
bw7nlme 2616.18 | 1.57 0.76 6.691 0.504

bw7a 2656.89 | 1.08 0.89 7.669 0.432

bw7b 2608.89 | 1.00 0.90 6.893 0.478

bw7nls 2871.61 | 2.18 0.53 7.645 0.451
bw8nlme 2620.12 | 1.34 0.82 24.014 8.116

bw8a 2643.76 | 1.07 0.89 20.825 6.168

bw8b 2665.82 | 1.28 0.84 25.121 8.747

bw8nls 2835.12 | 2.12 0.55 25.923 9.032
bw9nlme NA NA NA NA NA NA
bw9a 2599.09 | 0.96 0.91 3.364 -5.587 -0.757
bw9b NA NA NA NA NA NA
bw9c NA NA NA NA NA NA
bw9ab NA NA NA NA NA NA
bw9ac NA NA NA NA NA NA
bw9bc NA NA NA NA NA NA
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Model name | AIC RMSE | R a b c
bw9nls 2837.11 |2.12 0.55 3.289 -7.321 -0.914
bw10nlme NA NA NA NA NA NA
bwl0a 2634.01 | 1.00 0.90 16.577 5.260 0.237
bw10b 2691.18 | 1.66 0.73 27.556 2.479 0.059
bw10c NA NA NA NA NA NA
bw10ab NA NA NA NA NA NA
bwl0ac 260991 | 1.53 0.77 16.432 9.085 0.290
bw10bc NA NA NA NA NA NA
bw10nls 2838.76 | 2.12 0.55 19.666 3.637 0.154
bwl1nlme NA NA NA NA NA NA
bwlla 2640.38 | 1.00 0.90 16.535 0.203 2.814
bwllb NA NA NA NA NA NA
bwllc NA NA NA NA NA NA
bwllab NA NA NA NA NA NA
bwllac NA NA NA NA NA NA
bwllbc NA NA NA NA NA NA
bwlInls 2837.26 |2.12 0.55 20.915 0.090 1.233
bw12nlme NA NA NA NA NA NA
bwl2a 2638.70 | 1.60 0.75 18.448 0.060 1.186
bw12b NA NA NA NA NA NA
bwl2c NA NA NA NA NA NA
bw12ab 2590.85 | 1.65 0.73 17.945 0.048 1.286
bwl2ac NA NA NA NA NA NA
bw12bc NA NA NA NA NA NA
bw12nls 2837.32 | 2.12 0.55 20.731 0.057 1.124
bw13nlme NA NA NA NA NA NA
bwl3a 2637.12 | 1.00 0.90 16.587 3.206 0.208
bw13b NA NA NA NA NA NA
bwl3c NA NA NA NA NA NA
bw13ab NA NA NA NA NA NA
bwl3ac NA NA NA NA NA NA
bw13bc NA NA NA NA NA NA
bw13nls 2837.77 | 2.12 0.55 20.209 1.988 0.119
bwl4nlme NA NA NA NA NA NA
bwl4a NA NA NA NA NA NA
bw14b 2698.70 | 1.69 0.72 0.032 1.408 28.474
bwl4c 2633.05 | 1.03 0.90 0.163 0.340 18.137
bw14ab 2655.00 | 1.75 0.70 0.042 1.210 27.409
bwl4ac NA NA NA NA NA NA
bw14bc 2596.24 | 1.53 0.77 0.194 -0.159 19.116
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Model name | AIC RMSE | R’ a b c d
bw14nls 2837.28 |2.12 0.55 0.093 0.719 22.098
bw15nlme 2596.71 | 1.55 0.76 3.903 0.103 0.046

bwl5a 2695.13 | 1.70 0.71 0.681 0.507 0.034

bw15b 2631.74 | 1.04 0.89 1.559 0.382 0.038

bwl5c 2602.31 | 1.05 0.89 0.844 0.455 0.038

bw15ab 2613.90 | 1.51 0.77 4.265 0.045 0.048

bwl5ac 2587.22 | 1.55 0.76 3.769 0.112 0.046

bw15bc 2587.12 | 1.09 0.88 2.315 0.312 0.039
bw15nls 2837.09 |2.12 0.55 2.115 0.307 0.039
bw1l6nlme NA NA NA NA NA NA

bwl6a 2660.86 | 1.01 0.90 16.483 -195.472 | 3.067

bwl6b 2677.36 | 1.64 0.73 251.788 | -4.642 0.539

bwl6c 2970.30 | 1.06 0.89 0.000 23.234 0.351

bw16ab NA NA NA NA NA NA

bwl6ac 2611.02 | 1.54 0.76 18.330 -112.911 | 2.687

bw16bc NA NA NA NA NA NA

bw16nls 2837.09 |2.12 0.55 24.975 -9.164 1.409
bw17nlme NA NA NA NA NA NA

bwl7a 2643.97 | 1.60 0.75 21.562 -5.458 -1.800

bw17b 2648.16 | 1.72 0.70 22.362 -5.193 -2.955

bwl7c 2692.49 | 1.68 0.72 41.443 -31.089 | 13.559
bwl7ab NA NA NA NA NA NA

bw17ac 2610.82 | 1.56 0.76 19.908 -3.080 -5.091
bw17bc NA NA NA NA NA NA

bw17nls 2837.10 | 2.12 0.55 26.141 -9.304 0.715
bw18nlme NA NA NA NA NA NA

bwl8a 2655.52 | 1.00 0.90 16.505 0.002 3.028

bw18b NA NA NA NA NA NA

bwl8c NA NA NA NA NA NA

bw18ab NA NA NA NA NA NA

bwl8ac 2613.73 | 1.54 0.76 17.331 0.001 3.171

bw18bc NA NA NA NA NA NA

bw18nls 2837.10 | 2.12 0.55 23.716 0.029 1.468
bw19nlme NA NA NA NA NA NA NA
bwl19a NA NA NA NA NA NA NA
bw19b NA NA NA NA NA NA NA
bw19c NA NA NA NA NA NA NA
bw19d NA NA NA NA NA NA NA
bw19ab NA NA NA NA NA NA NA
bw19ac NA NA NA NA NA NA NA
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Model name | AIC RMSE | R’ a b c d

bw19ad NA NA NA NA NA NA NA

bw19bc NA NA NA NA NA NA NA

bw19bd NA NA NA NA NA NA NA

bw19cd NA NA NA NA NA NA NA

bw19abc NA NA NA NA NA NA NA

bw19abd NA NA NA NA NA NA NA

bw19acd NA NA NA NA NA NA NA

bw19bcd NA NA NA NA NA NA NA

bw19nls 2839.08 | 2.12 0.55 21.964 1.266 0.063 0.624
Table B.3 Model selection criteria for species White spruce

Model name | AIC RMSE | R’ a b c d

swlnlme 129478.90 | 2.16 0.89 |2.020 0.705

swla 130364.60 | 2.23 0.88 | 2.187 0.660

swlb 131167.40 | 2.27 0.88 | 2.358 0.632

swlnls 163110.80 | 3.26 0.74 | 2.464 0.649

sw2nlme 128515.70 | 0.91 0.98 |3.612 -17.243

sw2a 130836.10 | 1.00 0.98 | 3.591 -16.550

sw2b 132843.00 | 0.92 0.98 | 3.697 -18.620

sw2nls 158456.70 | 3.03 0.78 | 3.717 -17.699

sw3nlme NA NA NA |[NA NA

sw3a 128598.90 | 2.13 0.89 | 54.321 47.558

sw3b 128366.30 | 2.13 0.89 | 58.979 54.776

sw3nls 160407.50 | 3.12 0.77 |59.249 | 48.155

sw4nlme NA NA NA NA NA

swéa 131878.60 | 0.99 0.98 | 28.835 0.041

sw4b NA NA NA NA NA

sw4nls 159803.40 | 3.09 0.77 |37.980 | 0.031

swSnlme 127171.40 | 2.03 0.90 | 1.949 0.152

swSa 128425.20 | 2.13 0.89 | 2.031 0.147

sw5b 131410.30 | 1.07 0.97 | 1.809 0.160

sw5nls 158869.20 | 3.05 -0.68 | 1.843 0.147

swonlme 127778.20 | 2.03 0.90 | 36.235 -15.525

swba 131697.10 | 1.00 0.98 | 32.966 -13.496

swbb 133696.40 | 0.92 0.98 | 39.155 -16.986

swbnls 158501.40 | 3.03 0.78 | 39.896 -16.142

sw7nlme 130828.30 | 0.78 0.99 |5.06 0.54

sw7a 132893.50 | 2.36 0.87 |6.126 0.488

sw7b NA NA NA NA NA

sw7nls 166262.20 | 3.43 0.72 | 7.358 0.497
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Model name AIC RMSE | R? a b c
sw8nlme 127632.20 | 2.03 0.90 36.899 16.335

sw8a 131435.10 | 1.00 0.98 33474 14.216

sw8&b 133256.60 | 0.92 0.98 39.725 17.785

sw8nls 158468.50 | 3.03 0.78 40.509 16.906

sw9nlme 127250.10 | 2.04 0.90 4.142 -7.280 -0.560
sw9a 129385.80 | 0.92 0.98 4.450 -6.309 -0.441
sw9b NA NA NA NA NA NA
sw9c 128020.50 | 2.11 0.89 4.304 -6.645 -0.493
sw9ab 127250.10 | 2.04 0.90 4.142 -7.280 -0.560
sw9ac NA NA NA NA NA NA
sw9bc 127451.30 | 2.05 0.90 4.584 -6.230 -0411
sw9nls 158480.60 | 3.03 0.78 3.733 -14.071 -0.934
sw10nlme NA NA NA NA NA NA
swl0a 131566.40 | 0.99 0.98 25.458 5.433 0.113
sw10b 141040.80 | 2.23 0.88 32.640 5.055 0.074
swl0c 129074.30 | 2.16 0.89 31.156 5.013 0.081
sw10ab 127692.50 | 2.04 0.90 28.294 5415 0.096
swlOac 127830.80 | 2.04 0.90 28.835 5.593 0.097
sw10bc NA NA NA NA NA NA
sw10nls 158629.50 | 3.04 0.78 28.680 6.503 0.114
swllnlme NA NA NA NA NA NA
swlla 131482.60 | 1.00 0.98 26.327 0.071 1.667
swllb 128122.10 | 2.12 0.89 39.306 0.027 1.002
swllc 129384.20 | 2.19 0.89 60.236 0.011 0.809
swllab 127156.60 | 2.03 0.90 34.664 0.041 1.248
swllac 127149.30 | 2.03 0.90 32.189 0.043 1.258
swllbc NA NA NA NA NA NA
swllnls 158312.80 | 3.02 0.78 30.870 0.063 1.693
swl2nlme NA NA NA NA NA NA
swl2a 131431.00 | 1.00 0.98 25.887 0.019 1.340
swl2b 128084.10 | 2.12 0.89 36.558 0.024 1.070
swl2c 127983.70 | 2.11 0.89 35.288 0.025 1.059
swl2ab NA NA NA NA NA NA
swl2ac 127347.30 | 2.04 0.90 36.237 0.021 1.125
swl2bc 127230.80 | 2.03 0.90 34.285 0.021 1.163
swl2nls 158323.30 | 3.02 0.78 30.010 0.015 1.361
swl3nlme 127117.50 | 2.01 0.90 32.459 2.355 0.061
swl3a 131214.80 | 0.99 0.98 26.057 2.521 0.085
swl3b 129753.80 | 2.27 0.88 35.74 2.241 0.050
swl3c 128356.10 | 2.13 0.89 33.170 2.193 0.055
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Model name AIC RMSE | R? a b c
swl3ab 127335.70 | 2.03 0.90 29.790 2.356 0.067
swl3ac 127330.40 | 2.03 0.90 31.191 2.423 0.067
sw13bc 127503.40 | 2.05 0.90 33.141 2.260 0.056
swl3nls 158355.90 | 3.02 0.78 29.770 2.750 0.082
swl4nlme 127194.90 | 2.02 0.90 0.060 0.565 29.214
swl4a 129899.10 | 2.32 0.87 0.053 0.612 30.853
swl4b 144308.40 | 1.42 0.95 0.082 0.054 31.327
swldc 129913.00 | 0.96 0.98 0.059 0.667 27.601
swl4ab 130169.00 | 2.19 0.89 0.053 0.706 30.374
swl4ac 127426.80 | 2.04 0.90 0.063 0.511 28.962
swl4bc 127368.20 | 2.03 0.90 0.066 0.456 28.755
swl4nls 158412.70 | 3.03 0.78 0.082 0.220 29.878
swlSnlme 127002.70 | 2.01 0.90 3.215 0.663 0.021
swl5a 130274.30 | 2.24 0.88 5.499 0.550 0.021
swl5b 130088.40 | 0.96 0.98 1.639 0.812 0.019
swl5c 129529.60 | 2.16 0.89 3.722 0.491 0.028
swl5ab 127126.80 | 2.03 0.90 3.730 0.612 0.022
swl5ac 127342.50 | 2.03 0.90 4.847 0.498 0.025
swl5bc 127167.30 | 2.03 0.90 3.483 0.628 0.022
swl5nls 158366.80 | 3.02 0.78 6.911 0.246 0.027
swlénlme NA NA NA NA NA NA
swlb6a 128183.10 | 2.11 0.89 |(44.117 -8.743 1.093
swl6b 12846590 | 2.14 0.89 67.591 -6.418 0.864
swloéc 128001.20 | 2.11 0.89 55.868 -7.168 0.952
swlb6ab 127164.80 | 2.03 0.90 45.502 -8.846 1.085
swl6ac 127173.10 | 2.02 0.90 46.926 -9.539 1.113
swl6bc NA NA NA NA NA NA
swlé6nls 158429.10 | 3.03 0.78 39.012 -15.481 1.360
swl7nlme NA NA NA NA NA NA
swl7a 132794.00 | 1.02 0.97 31.412 -11.399 -1.455
swl7b 137858.80 | 0.96 0.98 35.656 -12.242 -3.100
swl7c 130100.80 | 2.30 0.87 61.171 -45.406 13.988
swl7ab 127183.70 | 2.02 0.90 40.983 -21.540 3.514
swl7ac 127275.70 | 2.03 0.90 41.658 -22.361 3.988
swl7bc 127211.80 | 2.03 090 |44.512 -25.870 5.248
swl7nls 158458.60 | 3.03 0.78 41.167 -17.730 1.020
swl8nlme NA NA NA NA NA NA
swl8a 128197.60 | 2.11 0.89 38.580 0.014 1.316
swl8b 128104.90 | 2.12 0.89 46.633 0.014 1.209
swl8¢c 127935.40 | 2.11 0.89 |44.311 0.015 1.210
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Model name | AIC RMSE | R? a b c d
sw18ab 127277.70 | 2.02 0.90 |35.414 0.009 1.554
swl8ac 127228.10 | 2.03 0.90 |43.192 0.011 1.366
sw18bc 126445.40 | 2.03 0.90 |41.176 0.013 1.334
sw18nls 158337.70 | 3.02 0.78 | 34.700 0.006 1.698
sw19nlme NA NA NA NA NA NA NA
sw19a 128182.10 | 2.11 0.89 | 33.749 1.101 0.033 0.855
sw19b NA NA NA NA NA NA NA
swl19c NA NA NA NA NA NA NA
sw19d NA NA NA NA NA NA NA
sw19ab NA NA NA NA NA NA NA
swl9ac NA NA NA NA NA NA NA
sw19ad NA NA NA NA NA NA NA
sw19bc NA NA NA NA NA NA NA
sw19bd NA NA NA NA NA NA NA
sw19cd NA NA NA NA NA NA NA
sw19abc NA NA NA NA NA NA NA
sw19abd NA NA NA NA NA NA NA
swl9acd NA NA NA NA NA NA NA
sw19bcd NA NA NA NA NA NA NA
sw19nls 158313.20 | 3.02 0.78 | 30.682 0.912 0.066 1.993

Table B.4 Model selection criteria for species Lodgepole pine

Model name | AIC RMSE | R a b
plinlme 114432.00 | 1.55 [0.89 |3.359 [0.553
plla 115360.60 | 1.58 |0.88 [3.375 |0.536
pllb 117212.60 | 0.86 |0.97 |3.188 |0.550
pllnls 152264.80 | 2.61 [0.69 |2.490 |0.642
pl2nime 115251.40 [ 0.79 [0.97 |3.379 |[-11.532
pl2a 11701450 | 091 [0.96 |3.373 |-11.045
pl2b 11733220 | 1.64 |088 |3.455 |-12.439
pl2nls 151864.30 |2.59 [0.69 |3.553 |-14.410
pl3nlme NA NA NA NA NA
pl3a 118407.00 | 0.97 [0.96 |29.315 |13.978
pl3b 114935.00 | 1.56 |0.89 |39.202 |26.353
pl3nls 151534.80 |2.58 [0.69 |50.573 |38.697
pl4nlme 114077.70 | 1.53 | 0.89 |26.657 |0.056
plda 117472.60 | 0.93 [0.96 |23.126 |0.070
pl4b 115491.70 | 1.60 | 0.88 |29.194 |0.045
pl4nls 151436.10 |2.58 |0.69 |32.600 |0.038
pl5nime 114019.10 | 1.52 [0.89 |1.289 [0.179
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Model name AIC RMSE | R? a b c
pl5a 118279.20 | 0.86 0.97 1.367 0.172

pl5b 117168.40 | 0.95 0.96 1.226 0.182

plSnls 151508.70 | 2.58 0.69 1.593 0.160

plénlme 113375.80 | 1.52 0.89 | 28.598 |-10.041

pl6a 117893.50 | 0.95 096 |26.772 | -8.548

pléb 117955.50 | 1.66 0.87 |30.726 |-11.157

plénls 152107.70 | 2.60 0.69 |33.683 |-12.932
pl7nlme 115365.70 | 0.70 0.98 8.157 0.453

pl7a 117858.30 | 0.80 0.97 |8.499 0.430

pl7b 118631.90 | 0.81 0.97 |7.512 0.464

pl7nls 153426.70 | 2.66 0.67 | 6.806 0.517

pl8nlme 114197.30 | 1.52 0.89 [29.184 | 10.710

pl8a 117767.00 | 0.94 0.96 |27.111 |9.049

pl8b 120213.50 | 0.85 0.97 |31.010 | 11.633

pl8nls 151979.40 | 2.60 0.69 | 34.287 | 13.654

pl9nlme NA NA NA NA NA NA
pl9a 116103.80 | 0.85 0.97 | 4.548 -4.433 -0.316
pl9b 114911.60 | 1.56 0.89 |6.290 -5.520 -0.155
pl9c 114904.20 | 1.56 0.89 | 4.855 -4.487 -0.265
pl9ab NA NA NA NA NA NA
pl9ac NA NA NA NA NA NA
pl9bc NA NA NA NA NA NA
pl9nls 151477.90 | 2.58 0.69 |4.121 -5.993 -0.518
pl10nlme NA NA NA NA NA NA
pl10a 117472.70 | 0.92 0.96 |21.982 |3.298 0.127
pl10b 116158.70 | 1.60 0.88 [30.915 |3.138 0.064
pl10c 115536.00 | 1.59 0.88 |27.623 | 3.138 0.080
pl10ab 114179.20 | 1.53 0.89 |24.183 | 3.099 0.100
pl10ac NA NA NA NA NA NA
pl10bc 114474.60 | 1.55 0.89 [29.143 | 3.071 0.071
pl10nls 151451.10 | 2.58 0.69 |26.353 |4.335 0.105
pll1nlme NA NA NA NA NA NA
pllla 114746.10 | 1.55 0.89 |27.512 |0.043 0.858
plllb NA NA NA NA NA NA
plllc NA NA NA NA NA NA
plllab NA NA NA NA NA NA
plllac 113006.50 | 1.53 0.89 |27.589 |0.043 0.865
plllbc NA NA NA NA NA NA
plllnls 151417.20 |2.57 -0.92 |30.918 |0.044 1.085
pl12nlme NA NA NA NA NA NA
pl12a 114747.20 | 1.55 0.89 |27.784 |0.063 0.909
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Model name AIC RMSE | R? a b c
pl12b NA NA NA NA NA NA
pl12c 114754.60 | 1.56 0.89 |32.708 |0.063 0.817
pl12ab 114178.50 | 1.53 0.89 [24.842 |0.048 1.096
pl12ac 114569.40 | 1.53 0.89 |36.342 |0.053 0.881
pl12bc NA NA NA NA NA NA
pl12nls 151415.10 | 2.57 0.69 |30.510 | 0.035 1.060
pl13nlme NA NA NA NA NA NA
pll3a 114842.50 | 1.56 0.89 |25.338 |1.654 0.072
pl13b 116114.70 | 1.60 0.88 | 35.608 | 1.622 0.038
pll3c NA NA NA NA NA NA
pl13ab 113986.40 | 1.53 0.89 |25.382 | 1.669 0.072
pl13ac 114369.50 | 1.53 0.89 [23.796 | 1.925 0.094
pl13bc 114254.80 | 1.55 0.89 |31.386 | 1.598 0.047
pl13nls 151398.10 | 2.57 0.69 |27.937 |2.073 0.073
pl14nlme 113842.30 | 1.52 0.89 | 0.060 1.010 25.979
pll4a 121482.60 | 0.80 0.97 10.014 1.600 33.637
pl14b 116827.70 | 1.64 0.88 | 0.023 1.640 30.738
plldc 114723.60 | 1.55 0.89 |0.049 1.169 26.747
pll4ab NA NA NA NA NA NA
pll4ac 113958.30 | 1.53 0.89 |0.053 1.113 26.635
pll4bc 113891.40 | 1.53 0.89 | 0.057 1.037 26.196
pll4nls 151438.90 | 2.58 0.69 | 0.055 0.787 29.098
pll5nlme NA NA NA NA NA NA
pll5a 122531.10 | 1.01 0.95 -1.171 0.801 0.022
pll5b 117044.40 | 0.88 096 |-1.097 0.785 0.023
pll5c 117936.80 | 0.99 0.95 0.053 0.598 0.030
pll5ab 114015.10 | 1.53 0.89 | -0.135 0.676 0.026
pll5ac 114011.70 | 1.53 0.89 | 0.653 0.566 0.030
pll5bc 115471.10 | 0.79 097 |-0.141 0.663 0.027
pll5nls 151453.80 | 2.58 0.69 1.374 0.628 0.023
pll6nlme NA NA NA NA NA NA
pll6a 114753.50 | 1.55 0.89 |35.827 |-5.818 1.057
pll6b 115014.00 | 1.57 0.89 | 68.151 | -4.199 0.733
pll6c 114752.30 | 1.56 0.89 | 51.195 |-4.532 0.838
pll6ab NA NA NA NA NA NA
pll6ac 114080.90 | 1.52 0.89 |30.670 | -8.402 1.283
pll6bc NA NA NA NA NA NA
pllénls 151447.90 | 2.58 0.69 [45.713 |-6.874 1.020
pl17nlme NA NA NA NA NA NA
pll7a 114739.50 | 1.55 0.89 |34.550 |-18.333 | 6.157
pll7b 128006.00 | 0.89 0.96 |26.301 |-5473 -5.048
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Model name | AIC RMSE | R a b c d

pll7c 124568.50 | 0.64 098 |64.136 |-43.823 | 12.484

pl17ab 113985.50 | 1.52 0.89 ]31.291 |-13.583 |2.796

pll7ac 113920.80 | 1.52 0.89 132912 |-15.938 |4.534

pl17bc 114057.80 | 1.53 0.89 ]35.910 |-20.480 | 6.725

pll17nls 151437.20 | 2.58 0.69 |41.878 |-23.281 |6.386

pl18nlme NA NA NA NA NA NA

pl18a 114753.50 | 1.55 0.89 ]33.503 |0.040 1.095

pl18b NA NA NA NA NA NA

pll18c 114730.50 | 1.56 0.89 | 42.608 |0.043 0.913

pl18ab 113349.50 | 1.52 0.89 |26.661 |0.021 1.529

pll8ac NA NA NA NA NA NA

pl18bc NA NA NA NA NA NA

pl18nls 151438.40 | 2.58 0.69 |39.340 | 0.022 1.195

pl19nlme NA NA NA NA NA NA NA

pl19a NA NA NA NA NA NA NA

pl19b NA NA NA NA NA NA NA

pl19¢c NA NA NA NA NA NA NA

pl19d NA NA NA NA NA NA NA

pl19ab NA NA NA NA NA NA NA

pl19ac NA NA NA NA NA NA NA

pl19ad NA NA NA NA NA NA NA

pl19bc NA NA NA NA NA NA NA

pl19bd NA NA NA NA NA NA NA

pl19cd NA NA NA NA NA NA NA

pl19abc NA NA NA NA NA NA NA

pl19abd NA NA NA NA NA NA NA

pl19acd NA NA NA NA NA NA NA

pl19bcd NA NA NA NA NA NA NA

pl19nls 151397.60 | 2.57 0.69 |28.523 |0.423 0.065 4.115
Table B.S Model selection criteria for species Balsam poplar

Model name | AIC RMSE | R a b c d

pblnlme NA NA NA NA NA

pbla 11312.11 1.84 0.86 |4.021 0.484

pblb 10931.79 0.96 0.96 |3.521 0.524

pblnls 12263.50 2.40 0.76 |3.410 0.535

pb2nlme 10805.84 1.77 0.87 |3.448 -12.055

pb2a 10907.14 0.95 0.96 |3.435 -11.720

pb2b 11161.63 0.90 0.97 |3.495 -12.938

pb2nls 12269.32 2.41 0.76 | 3.495 -13.129
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Model name | AIC RMSE | R? a b c
pb3nlme 10765.20 1.74 0.88 | 35.038 19.790

pb3a 11029.19 1.01 0.96 |31.374 15.253

pb3b 11103.97 0.99 0.96 |32.044 16.087

pb3nls 12171.27 2.36 0.77 |41.612 28.333

pb4nlme NA NA NA NA NA

pbda 10959.50 0.98 0.96 | 25.078 0.062

pb4b 10909.14 1.93 0.85 | 30.535 0.042

pbénls 12201.80 2.38 0.77 |29.170 0.045

pbSnime 10774.68 1.76 0.87 1.313 0.173

pb5a 11000.93 0.89 0.97 | 1.388 0.169

pb5b 10900.73 1.01 0.96 |1.275 0.175

pb5nls 12208.68 2.38 0.77 | 1.436 0.168

pb6nlme 10915.61 0.96 0.96 |28.478 -9.153

pbba 11005.25 0.99 0.96 |28.615 -9.220

pbbb 11224.38 0.91 0.97 |32.191 -11.772

pb6nls 12307.25 2.42 0.76 | 32.026 -11.833
pb7nlme 10965.72 1.83 0.86 |10.410 0.369

pb7a 11123.42 0.90 0.97 |10.462 0.353

pb7b 11142.97 0.98 0.96 | 8.756 0.416

pb7nls 12508.33 2.52 0.74 |9.392 0.388

pb8nlme 10905.30 0.96 0.96 | 28.805 9.640

pb8a 10990.31 0.99 0.96 |28.954 9.735

pb8b 11192.10 0.90 0.97 | 32.555 12.342

pb8nls 12287.52 2.42 0.76 | 32.480 12.467

pb9nlme NA NA NA NA NA NA
pb9a 10813.99 0.91 0.97 |4.217 -4.440 -0.393
pb9b NA NA NA NA NA NA
pb9c NA NA NA NA NA NA
pb9ab NA NA NA NA NA NA
pb9ac NA NA NA NA NA NA
pb9bc NA NA NA NA NA NA
pb9nls 12170.25 2.36 0.77 |4.186 -4.860 -0.430
pb10nlme NA NA NA NA NA NA
pbl0a 10991.15 0.98 0.96 |24.103 3.175 0.109
pb10b 11435.92 1.88 0.86 |31.316 |2.328 0.051
pb10c 11370.52 1.86 0.86 |29.774 | 2.545 0.061
pb10ab 11174.92 1.73 0.88 |25.989 |2.460 0.080
pbl0ac NA NA NA NA NA NA
pb10bc NA NA NA NA NA NA
pb10nls 12234.73 2.39 0.77 | 27.740 3.140 0.080

116




Model name | AIC RMSE | R? a b Cc
pblInlme NA NA NA NA NA NA
pblla 10999.83 0.98 0.96 |24.409 |0.075 1.215
pbllb NA NA NA NA NA NA
pbllc NA NA NA NA NA NA
pbllab NA NA NA NA NA NA
pbllac NA NA NA NA NA NA
pbllbc NA NA NA NA NA NA
pbllinls 12176.61 2.36 0.77 |32.909 | 0.029 0.796
pb12nlme NA NA NA NA NA NA
pbl2a 11228.71 1.81 0.87 |28.242 | 0.069 0.882
pb12b NA NA NA NA NA NA
pbl2c 11260.94 1.82 0.87 | 48.885 0.069 0.613
pbl2ab NA NA NA NA NA NA
pbl2ac NA NA NA NA NA NA
pb12bc NA NA NA NA NA NA
pb12nls 12175.44 2.36 0.77 | 34.019 | 0.055 0.848
pb13nlme NA NA NA NA NA NA
pbl3a 10981.21 0.98 0.96 |24.332 1.827 0.088
pb13b 10952.77 1.90 0.85 | 35.375 1.443 0.034
pbl3c 11332.69 1.85 0.86 | 32.010 1.433 0.041
pbl3ab 10788.98 1.77 0.87 |27.976 1.539 0.058
pbl3ac NA NA NA NA NA NA
pb13bc NA NA NA NA NA NA
pb13nls 12205.21 2.38 0.77 | 29.024 1.678 0.057
pbl4nlme NA NA NA NA NA NA
pblda 10940.75 1.92 0.85 |0.039 1.366 28.410
pbl4b 12040.59 1.05 0.95 |0.080 0.269 29.021
pbldc 10892.23 0.96 0.96 | 0.062 1.022 25.948
pbl4ab NA NA NA NA NA NA
pbldac NA NA NA NA NA NA
pbl4bce 10788.70 1.77 0.87 | 0.059 0.945 26.971
pbl4nls 12219.12 2.38 0.77 | 0.053 0.985 27.532
pbl5nlme NA NA NA NA NA NA
pbl5a 11393.69 1.30 093 |-1.622 0.758 0.023
pbl5b 10884.56 0.90 0.97 | -0.595 0.701 0.024
pbl5c 10944.63 1.07 0.95 |-0.052 0.619 0.027
pbl5ab 10786.60 1.79 0.87 |-0.130 0.646 0.026
pblSac 10778.82 1.77 0.87 |0.192 0.600 0.027
pbl5bc 10780.48 0.91 097 |0.115 0.622 0.026
pbl5nls 12173.20 2.36 0.77 | -0.097 0.690 0.024
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Model name | AIC RMSE | R? a b c d
pbl6énlme NA NA NA NA NA NA

pbl6a 11231.64 1.81 0.87 | 33.288 -6.486 1.143

pbl6b NA NA NA NA NA NA

pbléc 11256.99 1.81 0.87 |0.22 2.774 0.212
pbl6ab NA NA NA NA NA NA

pbl6ac NA NA NA NA NA NA

pbl6be NA NA NA NA NA NA

pblénls 12173.57 2.36 0.77 | 45.895 -5.328 0.931
pbl7nlme NA NA NA NA NA NA

pbl7a 11094.29 1.00 0.96 |27.252 -7.288 -1.884
pbl7b 11839.44 1.00 0.96 |28.426 |-6.434 -4.990
pbl7c 11604.26 0.83 0.97 |48.733 -31.445 |9.537
pbl7ab 10792.43 1.76 0.87 | 31.553 -12.444 | 1.689
pbl7ac 10788.66 1.78 0.87 | 33.548 -15.124 | 3.562
pb17bc NA NA NA NA NA NA

pbl17nls 12175.99 2.36 0.77 | 40.281 -24.528 | 8.810
pb18nlme NA NA NA NA NA NA

pbl8a 10822.30 1.83 0.86 |32.924 |0.033 1.180

pb18b NA NA NA NA NA NA

pb18c 10894.55 1.86 0.86 |245.324 | 0.015 0.544
pb18ab 10826.27 1.83 0.86 |32.928 0.033 1.180
pbl8ac NA NA NA NA NA NA

pb18bc NA NA NA NA NA NA

pb18nls 12172.85 2.36 0.77 |43.193 0.036 0.969
pb19nlme NA NA NA NA NA NA NA
pb19a NA NA NA NA NA NA NA
pb19b NA NA NA NA NA NA NA
pb19c NA NA NA NA NA NA NA
pb19d NA NA NA NA NA NA NA
pb19ab NA NA NA NA NA NA NA
pb19ac NA NA NA NA NA NA NA
pb19ad NA NA NA NA NA NA NA
pb19bc NA NA NA NA NA NA NA
pb19bd NA NA NA NA NA NA NA
pb19cd NA NA NA NA NA NA NA
pb19abc NA NA NA NA NA NA NA
pb19abd NA NA NA NA NA NA NA
pb19acd NA NA NA NA NA NA NA
pb19bcd NA NA NA NA NA NA NA
pb19nls 12169.90 2.36 0.77 | 43.590 1.048 0.009 | 0.451
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Table B.6 Model selection criteria for species Black spruce

Model name | AIC RMSE | R a b c
sblnlme 32358.31 1.41 0.84 | 1.218 0.858

sbla 34627.41 1.42 0.84 | 1.711 0.715

sblb 32682.15 0.63 0.97 | 1.467 0.767

sblnls 40804.67 2.05 0.66 | 1.555 0.770

sb2nlme 32480.63 0.60 0.97 |3.360 -14.038

sb2a 32920.23 0.63 0.97 |3.312 -13.082

sb2b 33384.32 0.60 0.97 |3.429 -14.892

sb2nls 40730.94 2.04 0.66 | 3.428 -13.940
sb3nlme NA NA NA NA NA

sb3a 34661.72 1.42 0.84 | 40.815 35.967

sb3b 34611.42 1.42 0.84 |44.564 |41.545

sb3nls 40699.56 2.04 0.66 | 59.803 56.138
sb4nlme NA NA NA NA NA

sb4a 32474.61 1.43 0.83 |29.977 0.034

sb4b 32445.14 1.45 0.83 | 40.285 0.024

sb4nls 40689.88 2.04 0.66 |35.200 |0.030

sb5nlme 32258.28 1.40 0.84 | 1.834 0.167

sb5a 32955.72 0.61 0.97 | 1.855 0.166

sb5b 33016.10 0.67 096 |1.617 0.182

sb5nls 40664.86 2.03 0.66 |1.713 0.166
sb6nlme 32419.41 1.40 0.84 |27.614 |-12.186

sbba 33839.60 0.73 0.96 |21.604 |-8.512

sbob 33594.30 0.60 0.97 |29.289 -13.108

sbonls 40781.15 2.05 0.66 |29.200 |-12.207
sb7nlme 3219591 0.57 097 |2.17 0.65

sb7a 32801.22 0.61 0.97 |2.653 0.617

sb7b 32583.75 0.61 0.97 |2.801 0.609

sb7nls 40947.48 2.06 0.65 |3.37 0.618

sb8nlme 32386.93 1.40 0.84 | 28.382 13.038

sb8a 33832.93 0.73 0.96 |21.949 9.065

sb&b 33485.91 0.60 0.97 |30.035 13.972

sb8nls 40754.39 2.04 0.66 |29.976 13.047
sb9nlme NA NA NA NA NA NA
sb9a 32494.92 0.61 0.97 |31.475 -31.240 | -0.027
sb9b NA NA NA NA NA NA
sb9c NA NA NA NA NA NA
sb9ab NA NA NA NA NA NA
sb9ac NA NA NA NA NA NA
sb9bc NA NA NA NA NA NA
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Model name | AIC RMSE | R? a b c
sb9nls 40654.99 2.03 0.67 |4.151 -6.239 -0.501
sb10nlme NA NA NA NA NA NA
sb10a 33575.94 0.69 0.96 | 16.386 5.928 0.194
sb10b 34638.25 1.42 0.84 | 28.190 5.181 0.085
sb10c 32525.54 1.45 0.83 |24.723 5.210 0.104
sb10ab 32232.86 1.39 0.84 | 21.747 5.552 0.126
sb10ac 32409.43 1.41 0.84 |22.704 5.565 0.127
sb10bc 32275.98 1.40 0.84 | 26.754 5.703 0.098
sb10nls 40755.76 2.04 0.66 |22.173 5.472 0.132
sbl1nlme NA NA NA NA NA NA
sblla 32497.66 1.44 0.83 |26.543 0.046 1.125
sbl1b NA NA NA NA NA NA
sbllc NA NA NA NA NA NA
sbllab NA NA NA NA NA NA
sbllac NA NA NA NA NA NA
sbl1bc NA NA NA NA NA NA
sbl1nls 40669.61 2.03 0.66 | 28.105 0.048 1.195
sb12nlme NA NA NA NA NA NA
sbl2a 33816.27 0.69 0.96 | 16.080 0.022 1.562
sb12b NA NA NA NA NA NA
sb12¢ 32494.04 1.44 0.83 | 34.484 0.031 0.970
sb12ab NA NA NA NA NA NA
sb12ac NA NA NA NA NA NA
sb12bc NA NA NA NA NA NA
sb12nls 40671.73 2.03 0.66 | 27.560 0.029 1.127
sb13nlme NA NA NA NA NA NA
sb13a 32482.75 1.44 0.83 | 23.898 2.192 0.077
sb13b 34619.80 1.42 0.84 | 38.352 2.228 0.042
sb13c 32456.97 1.44 0.83 | 28.492 2.204 0.062
sb13ab 32207.03 1.39 0.84 |24.534 |2.342 0.079
sb13ac 32454.85 1.41 0.84 | 24.855 2.250 0.079
sb13bc NA NA NA NA NA NA
sb13nls 40703.23 2.04 0.66 | 24.083 2.359 0.087
sbl4nlme NA NA NA NA NA NA
sbl4a 32414.82 1.43 0.83 | 0.019 1.213 33.126
sb14b 32456.83 1.44 0.83 | 0.029 0.996 32.275
sbl4c 32468.71 1.44 0.83 | 0.040 0.965 27.611
sbl4ab 32252.71 1.40 0.84 | 0.023 1.197 31.966
sbl4ac NA NA NA NA NA NA
sb14bc 32229.10 1.40 0.84 | 0.057 0.640 26.868
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Model name | AIC RMSE | R? a b c d
sb14nls 40667.47 2.03 0.66 | 0.055 0.724 27.400
sb15nlme NA NA NA NA NA NA

sbl5a 33807.55 0.72 0.96 | 1.243 0.945 0.017

sb15b 32770.98 0.65 0.97 |-1.033 1.174 0.012

sb15¢ 33219.82 0.71 0.96 | -2.556 1.282 0.012
sb15ab 32501.59 0.63 0.97 |-0.701 1.162 0.012

sb15ac 32223.74 1.40 0.84 | 1.339 0.884 0.020
sb15bc 32494.86 0.62 0.97 |-1.268 1.243 0.009
sb15nls 40659.11 2.03 0.67 | 2.046 0.681 0.024
sb16nlme NA NA NA NA NA NA

sb16a NA NA NA NA NA NA

sb16b 32446.74 1.43 0.83 131.674 | -5.885 0.697

sbl6c 32494.19 1.44 0.83 111.82 -5.791 0.717
sb1l6ab NA NA NA NA NA NA

sbl6ac NA NA NA NA NA NA

sb16bc NA NA NA NA NA NA

sb16nls 40661.32 2.03 0.67 |41.721 -7.611 1.054
sb17nlme NA NA NA NA NA NA

sb17a 32492.69 1.44 0.83 | 37.223 -24.441 | 6.707

sb17b 32416.16 1.43 0.83 | 43.272 -29.845 | 8.138

sb17¢ 32505.63 1.43 0.83 | 63.028 -49.978 | 14.887
sb17ab NA NA NA NA NA NA

sb17ac 32269.66 1.40 0.84 | 33.783 -18.926 | 3.477
sb17bc 32291.41 1.40 0.84 | 35.727 -20.825 | 3.994
sb17nls 40663.15 2.03 0.67 | 38.182 -22.232 | 5.232
sb18nlme NA NA NA NA NA NA

sb18a 34329.58 0.72 0.96 |16.318 0.003 2.594

sb18b NA NA NA NA NA NA

sb18¢ 34713.69 1.43 0.84 | 67.952 0.021 0.847
sb18ab NA NA NA NA NA NA

sb18ac NA NA NA NA NA NA

sb18bc NA NA NA NA NA NA

sb18nls 40663.84 2.03 0.67 |35.900 0.018 1.259
sb19nlme NA NA NA NA NA NA NA
sb19a NA NA NA NA NA NA NA
sb19b NA NA NA NA NA NA NA
sb19c¢ NA NA NA NA NA NA NA
sb19d NA NA NA NA NA NA NA
sb19ab NA NA NA NA NA NA NA
sb19ac NA NA NA NA NA NA NA
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Model name | AIC RMSE | R? a b c d

sb19ad NA NA NA NA NA NA NA

sb19bc NA NA NA NA NA NA NA

sb19bd NA NA NA NA NA NA NA

sb19cd NA NA NA NA NA NA NA

sb19abc NA NA NA NA NA NA NA

sb19abd NA NA NA NA NA NA NA

sb19acd NA NA NA NA NA NA NA

sb19bcd NA NA NA NA NA NA NA

sb19nls NA NA NA NA NA NA NA
Table B.7 Model selection criteria for species Balsam fir

Model name | AIC RMSE |R* |a b c d

fblnlme NA NA NA | NA NA

fbla 21218.24 1.94 0.85 | 1.217 0.847

fblb 21010.60 0.64 0.98 |0.968 0.925

fbinls 25010.08 2.40 0.77 | 1.401 0.798

fb2nlme 20534.64 1.80 0.87 | 3.586 -17.033

fb2a 20870.00 0.66 0.98 | 3.608 -17.299

fb2b 21065.76 0.64 0.98 |3.632 -17.763

fb2nls 24551.46 2.30 0.79 |3.575 -16.803

fb3nlme NA NA NA | NA NA

fb3a 21055.02 1.89 0.86 | 80.561 83.738

fb3b 21051.29 1.89 0.86 | 81.372 85.479

fb3nls 24805.46 2.36 0.78 | 73.960 75.547

fb4nlme NA NA NA | NA NA

fbda 21033.18 1.88 0.86 | 46.310 0.020

fb4b 22727.72 1.88 0.86 | 48.968 0.019

fb4nls 24777.33 2.35 0.78 | 42.554 0.023

fb5Snlme 20527.21 0.62 0.98 |2.116 0.146

fb5a 20725.25 0.63 0.98 |2.132 0.145

fb5b 20952.16 0.69 0.98 |2.119 0.145

fbSnls 24578.18 2.31 0.79 | 1.987 0.152

fb6nlme 21021.54 0.63 0.98 |32.447 -13.891

fbba 21606.28 0.74 0.98 |29.176 -12.436

fb6b 21186.67 0.65 0.98 |35.971 -15.814

fbbnls 24572.53 2.31 0.79 | 34.048 -14.958

fb7nlme 21274.27 1.90 0.85 |2.03 0.681

fb7a 21534.04 0.62 0.98 |2.420 0.647

fb7b 21155.20 0.63 0.98 | 1.009 0.730

fb7nls 25223.61 2.45 0.76 | 3.045 0.612
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Model name | AIC RMSE | R? a b c
fb&nlme 20817.98 1.79 0.87 | 35.248 15.925

fb8a 21591.51 0.73 0.98 |29.733 13.188

fb8&b 21123.21 0.64 0.98 | 36.845 16.762

fb8nls 24560.09 2.30 0.79 | 34.857 15.857

fbOnlme NA NA NA | NA NA NA
fb9a 20678.41 0.62 0.98 |4.840 -7.220 | -0.416
fbob NA NA NA | NA NA NA
fb9c 22544.59 1.85 0.86 | 4.388 -7.167 | -0.495
fb9ab NA NA NA | NA NA NA
fb9ac NA NA NA | NA NA NA
fb9bc NA NA NA | NA NA NA
fbnls 24548.27 2.30 0.79 |3.729 -10.557 | -0.801
fb10nlme NA NA NA | NA NA NA
fb10a 21503.42 0.75 0.98 |20.871 8.648 0.171
fb10b 22876.00 1.91 0.85 |25.776 6.553 0.115
fb10c 20969.22 1.87 0.86 | 25.905 7.227 0.122
fb10ab 20872.35 1.81 0.87 |24.511 7.297 0.131
fbl10ac 20849.87 1.81 0.87 |24.704 8.158 0.139
fb10bc 20881.07 1.81 0.87 |26.199 7.281 0.120
fb10nls 24643.51 2.32 0.78 |23.350 7.484 0.140
fbl1nlme NA NA NA | NA NA NA
fblla 20869.70 1.85 0.86 |29.557 0.056 1.554
fbl1b 20936.12 1.87 0.86 | 39.886 0.030 1.174
fbllc NA NA NA | NA NA NA
fbllab NA NA NA | NA NA NA
fbllac 20774.42 1.79 0.87 | 28.799 0.058 1.567
fbl1bc NA NA NA | NA NA NA
fbl1nls 24557.27 2.30 0.79 | 26.565 0.068 1.698
fb12nlme NA NA NA | NA NA NA
fbl2a 20874.37 1.86 0.86 | 28.178 0.015 1.334
fb12b 20893.86 1.86 0.86 |29.561 0.015 1.325
fbl2c 20852.67 1.85 0.86 |30.229 0.016 1.279
fb12ab NA NA NA | NA NA NA
fbl2ac NA NA NA | NA NA NA
fb12bc NA NA NA | NA NA NA
fb12nls 24565.97 2.30 0.79 | 25.480 0.016 1.385
fb13nlme NA NA NA | NA NA NA
fb13a 21554.31 0.76 0.98 |21.169 3.519 0.129
fb13b 22863.47 1.91 0.85 | 28.703 2.532 0.072
fbl3c 22560.22 1.85 0.86 |27.587 2.663 0.079
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Model name | AIC RMSE | R? a b c
fb13ab 20799.32 1.80 0.87 |26.455 2.810 0.086
fbl3ac 20797.73 1.80 0.87 |26.11 2.958 0.092
fb13bc 20810.00 1.81 0.87 | 28.805 2.709 0.076
fb13nls 24580.13 2.31 0.79 | 24.835 2.903 0.094
fbl4nlme NA NA NA | NA NA NA
fbl4a 22595.19 1.86 0.86 | 0.064 0.450 28.848
fb14b 21052.24 1.90 0.86 | 0.063 0.435 29.537
fbl4dc 21682.12 0.77 0.98 |0.100 0.233 22.790
fbl4ab NA NA NA | NA NA NA
fbl4ac 20777.28 1.80 0.87 |0.075 0.312 27.759
fb14bc 20774.56 1.79 0.87 |0.076 0.300 27.619
fbl4nls 24559.42 2.30 0.79 | 0.080 0.288 26.669
fb15nlme NA NA NA | NA NA NA
fbl5a 21339.82 0.72 0.98 |5.811 0.471 0.025
fb15b 20685.83 0.66 0.98 |3.667 0.722 0.018
fbl5c 21330.77 0.76 0.98 | 1.986 0.913 0.013
fbl5ab 20580.11 0.66 0.98 |4.291 0.639 0.021
fbl5ac 20782.64 1.80 0.87 | 5.607 0.459 0.026
fb15bc 20576.74 0.63 0.98 | 4.585 0.601 0.022
fb15nls 24548.28 2.30 0.79 |6.121 0.366 0.029
fbl6nlme NA NA NA | NA NA NA
fbl6a 22178.65 0.80 0.97 |21.488 -67.643 | 2.193
fb16b 22130.52 0.69 0.98 | 12729.091 | -9.306 | 0.472
fbl6c 20877.77 1.86 0.86 | 55.99 -8.499 1.004
fbl6ab NA NA NA | NA NA NA
fbl6ac NA NA NA | NA NA NA
fb16bc NA NA NA | NA NA NA
fbl6nls 24547.49 2.30 0.79 | 36.266 -12.619 | 1.279
fb17nlme NA NA NA | NA NA NA
fbl7a 20865.55 1.85 0.86 | 42.249 -22.838 | 3.637
fb17b 20935.90 1.87 0.86 | 43.505 -24.075 | 4.077
fbl7c 22296.71 0.62 0.98 |52.154 -28.608 | 4.537
fb17ab 20789.18 1.79 0.87 | 37.381 -18.118 | 1.596
fbl7ac 20781.45 1.79 0.87 |39.317 -19.983 | 2.432
fb17bc 20775.90 1.80 0.87 |40.101 -20.825 | 2.622
fb17nls 24547.62 2.30 0.79 |37.362 -18.672 | 1.975
fb18nlme NA NA NA | NA NA NA
fb18a 21894.54 0.78 0.98 |21.477 0.002 2.440
fb18b 20900.96 1.86 0.86 |37.159 0.008 1.513
fb18c 20853.39 1.85 0.86 |40.218 0.010 1.402
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Model name | AIC RMSE | R? a b c d
fb18ab NA NA NA |NA NA NA

fb18ac 20819.89 1.80 0.87 |29.240 0.006 1.801
fb18bc NA NA NA | NA NA NA

fb18nls 24550.72 2.30 0.79 | 30.760 0.008 1.644
fb19nlme NA NA NA | NA NA NA NA
fb19a NA NA NA |NA NA NA NA
b19b NA NA NA | NA NA NA NA
fb19c NA NA NA | NA NA NA NA
fb19d NA NA NA |NA NA NA NA
fb19ab NA NA NA | NA NA NA NA
fb19ac NA NA NA |NA NA NA NA
fb19ad NA NA NA | NA NA NA NA
fb19bc NA NA NA |NA NA NA NA
fb19bd NA NA NA |NA NA NA NA
fb19cd NA NA NA | NA NA NA NA
fb19abc NA NA NA |NA NA NA NA
fb19abd NA NA NA | NA NA NA NA
fb19acd NA NA NA |NA NA NA NA
fb19bed NA NA NA | NA NA NA NA
fb19nls 24552.72 2.30 0.79 | 28.86 1.20 0.05 0.938
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Appendix C: Detailed model selection results for Chapter 4

Table C.1a CMI added models selection criteria for species Aspen

Model name MSE | R’ AIC

AW Inls 8.54 | 0.635801 | 29392.56
AW Inlme 8.30 | 0.645924 | 25422.22
AW Inlmea 9.33 1 0.602191 | 25576.94
AW Inlmeb 9.52 1 0.593922 | 25583.51
AW Inlscmi 8.00 | 0.65882 | 29318.82
AW Inlmecmirandomab NA NA NA

AW _Inlmecmirandoma 8.82 | 0.623808 | 25497.68
AW Inlmecmirandomb 8.82 1 0.623749 | 25580.08
AW Inlscmia 8.09 | 0.655124 | 29344.57
AW Inlmecmiarandomab | NA NA NA

AW Inlmecmiarandoma 8.79 | 0.625395 | 25502.18
AW Inlmecmiarandomb 8.99 1 0.616732 | 25518.77
AW 1nlscmib 8.14 | 0.653091 | 29354.05
AW Inlmecmibrandomab | NA NA NA

AW Inlmecmibrandoma 8.76 | 0.626541 | 25495.25
AW _1nlmecmibrandomb 8.98 | 0.617099 | 25516.78
AW 2nls 7.86 | 0.664748 | 28717.68
AW 2nlme 8.99 | 0.616532 | 24884.82
AW 2nlmea 8.80 | 0.624888 | 25011.94
AW 2nlmeb 8.28 | 0.646952 | 25675.01
AW 2nlscmi 7.27 1 0.690178 | 28646.02
AW 2nlmecmirandomab 8.34 | 0.644522 | 24803.9
AW 2nlmecmirandoma 7.91 | 0.662767 | 24997.35
AW 2nlmecmirandomb 7.19 1 0.693431 | 25695.94
AW 2nlscmia 7.45 1 0.682456 | 28684.78
AW 2nlmecmiarandomab 8.38 | 0.642756 | 24803.97
AW 2nlmecmiarandoma 8.05 | 0.656964 | 24903.46
AW 2nlmecmiarandomb 7.60 | 0.676159 | 25229.56
AW 2nlscmib 7.21 1 0.692629 | 28617.73
AW 2nlmecmibrandomab 8.39 1 0.642299 | 24798.09
AW 2nlmecmibrandoma 8.10 | 0.654726 | 24894.78
AW 2nlmecmibrandomb 7.4710.681643 | 25187.2
AW 3nls 7.88 1 0.664211 | 28729.63
AW 3nlme 8.98 | 0.616969 | 24929.64
AW 3nlmea 8.42 | 0.640899 | 25461.36
AW 3nlmeb 9.07 ] 0.613274 | 25073.38

126



Model name MSE R’ AIC

AW 3nlscmi 7.27 1 0.690119 | 28651.54
AW 3nlmecmirandomab 8.31 | 0.64561 | 24845.28
AW 3nlmecmirandoma 7.57 1 0.677402 | 25104.6
AW 3nlmecmirandomb 8.21 | 0.649777 | 25102.92
AW 3nlscmia 7.29 1 0.689378 | 28646.78
AW 3nlmecmiarandomab 8.35 | 0.643813 | 24836.79
AW 3nlmecmiarandoma 7.57 | 0.677388 | 25072.61
AW 3nlmecmiarandomb 8.39 | 0.642097 | 25102.92
AW 3nlscmib 7.5210.679412 | 28704.17
AW _3nlmecmibrandomab 8.40 | 0.641849 | 24850.68
AW 3nlmecmibrandoma 7.71 | 0.671475 | 25118.99
AW 3nlmecmibrandomb 8.35 | 0.644085 | 24925.25
AW 4nls 7.87 | 0.664505 | 28723.46
AW 4nlme 8.93 |1 0.619084 | 24844.91
AW 4nlmea 8.64 | 0.631622 | 24969.93
AW 4nlmeb 8.20 | 0.650489 | 25303.76
AW 4nlscmi 7.28 | 0.689716 | 28654.11
AW 4nlmecmirandomab 8.33 | 0.644989 | 24770.48
AW 4nlmecmirandoma 8.00 | 0.658871 | 24894.02
AW 4nlmecmirandomb 7.53 | 0.67898 | 25255.06
AW 4nlscmia 7.45 | 0.682289 | 28691.79
AW 4nlmecmiarandomab 8.35 | 0.644166 | 24780.73
AW 4nlmecmiarandoma 8.01 | 0.658543 | 24899.12
AW 4nlmecmiarandomb 7.59 | 0.67631 | 25260.43
AW 4nlscmib 7.21 | 0.69273 | 28622.15
AW 4nlmecmibrandomab 8.36 | 0.643384 | 24763.64
AW 4nlmecmibrandoma 8.04 | 0.657119 | 24881.11
AW 4nlmecmibrandomb 7.46 | 0.68199 | 25216.49
AW 5nls 7.76 | 0.669041 | 28684.67
AW 5Snlme NA NA NA

AW 5Snlmea 8.99 | 0.616716 | 25176.5
AW Snlmeb NA NA NA
AW 5nlmec NA NA NA
AW 5nlmeab NA NA NA
AW Snlmeac NA NA NA
AW 5Snlmebc NA NA NA

AW Snlscmi 7.16 | 0.694749 | 28610.13
AW Snlmecmirandomabc | NA NA NA
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Model name MSE R’ AIC

AW Snlmecmirandoma 8.24 | 0.648717 | 25076.36
AW Snlmecmirandomb NA NA NA
AW Snlmecmirandomc NA NA NA

AW 5nlmecmirandomab NA NA NA

AW 5nlmecmirandomac NA NA NA
AW Snlmecmirandombc NA NA NA

AW Snlscmia 7.33 1 0.687536 | 28649.23
AW Snlmecmiarandomabc | NA NA NA

AW Snlmecmiarandoma 8.33 1 0.644779 | 25092.73
AW Snlmecmiarandomb NA NA NA

AW Snlmecmiarandomce NA NA NA

AW Snlmecmiarandomab | NA NA NA
AW Snlmecmiarandomac | NA NA NA

AW Snlmecmiarandombc | NA NA NA

AW 5Snlscmib 7.01 1 0.701248 | 28577.33
AW Snlmecmibrandomabe | NA NA NA
AW 5Snlmecmibrandoma 8.22 1 0.649684 | 25065.1
AW Snlmecmibrandomb | NA NA NA
AW 5Snlmecmibrandomc NA NA NA
AW 5Snlmecmibrandomab 7.84 | 0.665623 | 24721.27
AW Snlmecmibrandomac | NA NA NA
AW Snlmecmibrandombc | NA NA NA

AW 5Snlscmic 7.06 | 0.699087 | 28543.67
AW Snlmecmicrandomabc | NA NA NA

AW Snlmecmicrandoma 8.45 | 0.63986 | 25070.64
AW 5Snlmecmicrandomb NA NA NA
AW 5Snlmecmicrandome NA NA NA
AW Snlmecmicrandomab | NA NA NA
AW Snlmecmicrandomac | NA NA NA
AW Snlmecmicrandombc | NA NA NA

AW 6nls 7.75 1 0.669381 | 28683.46
AW 6nlme NA NA NA

AW 6nlmea 8.43 | 0.640417 | 24960.93
AW 6nlmeb 7.98 | 0.659961 | 25130.46
AW 6nlmec 8.43 | 0.640728 | 25026.78
AW 6nlmeab NA NA NA

AW 6nlmeac 7.77 | 0.668884 | 24911.29
AW 6nlmebc NA NA NA
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Model name MSE R’ AIC

AW 6nlscmi 7.1510.695054 | 28608.94
AW 6nlmecmirandomabc | NA NA NA

AW _6nlmecmirandoma 7.77 | 0.668823 | 24879.23
AW _6nlmecmirandomb 7.39 | 0.684832 | 25058.95
AW 6nlmecmirandomc 7.75 | 0.669765 | 24949.56
AW 6nlmecmirandomab NA NA NA

AW _6nlmecmirandomac NA NA NA

AW _6nlmecmirandombce NA NA NA

AW 6nlscmia 7.32 ] 0.687875 | 28647.98
AW 6nlmecmiarandomabce | NA NA NA

AW 6nlmecmiarandoma 7.77 | 0.668843 | 24885.02
AW _6nlmecmiarandomb 7.35 ] 0.686746 | 25064.87
AW _6nlmecmiarandome 7.76 | 0.669362 | 24955.07
AW 6nlmecmiarandomab | NA NA NA

AW 6nlmecmiarandomac 8.18 | 0.651396 | 24820.95
AW 6nlmecmiarandombc | NA NA NA

AW _6nlscmib 6.99 | 0.702156 | 28574.85
AW 6nlmecmibrandomabe | NA NA NA

AW _6nlmecmibrandoma 7.71 | 0.67109 | 24870.21
AW _6nlmecmibrandomb 7.33 | 0.687354 | 25068.33
AW _6nlmecmibrandomc 7.72 1 0.670742 | 24947.21
AW 6nlmecmibrandomab | NA NA NA

AW 6nlmecmibrandomac | NA NA NA

AW 6nlmecmibrandombc | NA NA NA

AW 6nlscmic 7.12 | 0.69647 | 28608.15
AW 6nlmecmicrandomabc | NA NA NA

AW 6nlmecmicrandoma 7.72 | 0.670869 | 24870.85
AW 6nlmecmicrandomb 7.28 | 0.689688 | 25061.35
AW 6nlmecmicrandomc 7.75 1 0.669669 | 24953.16
AW 6nlmecmicrandomab | NA NA NA

AW 6nlmecmicrandomac | NA NA NA

AW 6nlmecmicrandombc | NA NA NA

AW 7nls 7.70 1 0.671627 | 28677.83
AW 7nlme NA NA NA

AW 7nlmea 8.34 | 0.644296 | 24971.87
AW 7nlmeb NA NA NA

AW 7nlmec 8.14 | 0.652769 | 25134.09
AW 7nlmeab 8.64 | 0.631538 | 24828.84
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Model name MSE R’ AIC

AW 7nlmeac 8.44 | 0.640361 | 24844.32
AW 7nlmebc NA NA NA

AW _7nlscmi 7.10 | 0.697476 | 28602.48
AW 7nlmecmirandomabc | NA NA NA

AW 7nlmecmirandoma 7.65 | 0.673643 | 24886.71
AW 7nlmecmirandomb NA NA NA

AW 7nlmecmirandomc 7.50 | 0.680442 | 25073.81
AW 7nlmecmirandomab 7.95 | 0.660892 | 24745.59
AW 7nlmecmirandomac 7.96 | 0.660571 | 24762.08
AW 7nlmecmirandombc NA NA NA

AW 7nlscmia 7.27 | 0.690242 28642
AW 7nlmecmiarandomabc | NA NA NA

AW 7nlmecmiarandoma 7.66 | 0.673499 | 24892.87
AW 7nlmecmiarandomb 8.06 | 0.656423 | 25485.88
AW 7nlmecmiarandomc 7.52 | 0.67949 | 25086.29
AW 7nlmecmiarandomab 7.98 | 0.65962 | 24754.44
AW 7nlmecmiarandomac 7.71 | 0.671426 | 24768.75
AW 7nlmecmiarandombc | NA NA NA

AW 7nlscmib 7.01 | 0.701247 | 28530.31
AW 7nlmecmibrandomabe | NA NA NA

AW 7nlmecmibrandoma 7.83 | 0.666003 | 24889.67
AW 7nlmecmibrandomb | NA NA NA

AW _7nlmecmibrandomc 7.64 | 0.674446 | 25074.49
AW 7nlmecmibrandomab 8.11 | 0.654414 | 24747.16
AW 7nlmecmibrandomac | NA NA NA

AW 7nlmecmibrandombc | NA NA NA

AW 7nlscmic 6.95 | 0.703478 | 28574.19
AW 7nlmecmicrandomabc | NA NA NA

AW 7nlmecmicrandoma 7.61 | 0.675628 | 24878.58
AW _7nlmecmicrandomb NA NA NA

AW 7nlmecmicrandomc 7.48 | 0.681048 | 25077.13
AW 7nlmecmicrandomab 7.86 | 0.665001 | 24726.01
AW 7nlmecmicrandomac 7.99 1 0.659156 | 24739.37
AW 7nlmecmicrandombc | NA NA NA
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Table C.1b Tmax added models selection criteria for species Aspen

Model name MSE R’ AIC

AW Inls 8.54 | 0.635801 | 29392.56
AW Inlme 8.30 | 0.645924 | 25422.22
AW 1nlmea 9.33 1 0.602191 | 25576.94
AW 1nlmeb 9.52 1 0.593922 | 25583.51
AW Inlstmax 8.57 | 0.634822 | 29368.97
AW Inlmetmaxrandomab NA NA NA

AW _Inlmetmaxrandoma 9.23 1 0.606611 | 25591.4
AW Inlmetmaxrandomb 10.36 | 0.558473 | 26350.35
AW Inlstmaxa 8.56 | 0.634983 | 29390.75
AW Inlmetmaxarandomab | NA NA NA

AW 1nlmetmaxarandoma 9.29 1 0.603752 | 26185.68
AW Inlmetmaxarandomb 9.14 | 0.610373 | 25538.76
AW Inlstmaxb 8.56 | 0.635103 | 29392.04
AW I1nlmetmaxbrandomab | NA NA NA

AW Inlmetmaxbrandoma 9.01 | 0.61586 | 25531.1
AW _Inlmetmaxbrandomb 9.11 | 0.611516 | 25543.35
AW 2nls 7.86 | 0.664748 | 28717.68
AW 2nlme 9.19 | 0.608032 | 24818.5
AW 2nlmea 8.80 | 0.624888 | 25011.94
AW 2nlmeb 8.28 | 0.646952 | 25675.01
AW 2nlstmax 7.86 | 0.664797 | 28719.6
AW 2nlmetmaxrandomab NA NA NA

AW 2nlmetmaxrandoma 8.65 | 0.631387 | 24945.93
AW 2nlmetmaxrandomb 8.50 | 0.637459 | 25866.04
AW 2nlstmaxa 7.86 | 0.664723 28719
AW 2nlmetmaxarandomab 8.79 1 0.625367 | 24807.1
AW 2nlmetmaxarandoma 8.64 | 0.631557 | 24949.45
AW 2nlmetmaxarandomb 8.28 | 0.646853 | 25620.95
AW 2nlstmaxb 7.8510.665237 | 28716.83
AW 2nlmetmaxbrandomab 9.14 | 0.610414 | 24768.01
AW 2nlmetmaxbrandoma 8.76 | 0.626529 | 24990.7
AW 2nlmetmaxbrandomb 8.57 1 0.634516 25615
AW 3nls 7.88 1 0.664211 | 28729.63
AW 3nlme 9.30 | 0.603675 | 24895.22
AW 3nlmea 8.42 | 0.640899 | 25461.36
AW 3nlmeb 9.07 |1 0.613274 | 25073.38
AW 3nlstmax 7.87 1 0.664412 | 28729.4
AW 3nlmetmaxrandomab 9.00 | 0.616216 | 24935.55
AW 3nlmetmaxrandoma 8.48 | 0.63862 | 25798.64
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Model name MSE R’ AIC
AW 3nlmetmaxrandomb 8.93 1 0.619244 | 25005.58
AW 3nlstmaxa 7.87 | 0.664418 | 28729.22
AW 3nlmetmaxarandomab 9.15 | 0.609804 | 24837.75
AW 3nlmetmaxarandoma 8.57 | 0.634441 | 25394.08
AW 3nlmetmaxarandomb 8.96 | 0.618016 | 25005.58
AW 3nlstmaxb 7.87 1 0.664275 | 28731.05
AW 3nlmetmaxbrandomab 8.74 | 0.627526 | 24849.57
AW 3nlmetmaxbrandoma 8.33 | 0.645034 | 25411.9
AW 3nlmetmaxbrandomb 8.76 | 0.62666 | 25019.08
AW 4nls 7.87 1 0.664505 | 28723.46
AW 4nlme NA NA NA
AW 4nlmea 9.47 1 0.596293 | 25175.93
AW 4nlmeb 8.27 | 0.647592 | 25716.53
AW _4nlstmax 7.87 | 0.664496 | 28725.46
AW 4nlmetmaxrandomab 8.84 | 0.622899 | 24803.89
AW 4nlmetmaxrandoma 9.83 | 0.581065 | 25296.15
AW 4nlmetmaxrandomb 8.42 | 0.640889 | 25150.25
AW 4nlstmaxa 7.87 | 0.664455 | 28724.45
AW 4nlmetmaxarandomab | NA NA NA
AW 4nlmetmaxarandoma 9.39 1 0.599753 | 25124.96
AW 4nlmetmaxarandomb 8.27 | 0.647419 | 25664.46
AW _4nlstmaxb 7.86 | 0.665025 | 28722.84
AW 4nlmetmaxbrandomab | NA NA NA
AW 4nlmetmaxbrandoma 9.46 | 0.596472 | 25160.95
AW 4nlmetmaxbrandomb 8.57 1 0.634571 | 25658.35
AW 5nls 7.76 | 0.669041 | 28684.67
AW Snlme NA NA NA
AW 5Snlmea 8.99 | 0.616716 | 25176.5
AW Snlmeb NA NA NA
AW 5Snlmec NA NA NA
AW S5nlmeab NA NA NA
AW Snlmeac NA NA NA
AW 5Snlmebc NA NA NA
AW _S5nlstmax 7.76 | 0.669111 | 28686.46
AW Snlmetmaxrandomabc | NA NA NA
AW Snlmetmaxrandoma 8.99 1 0.616824 | 25176.51
AW Snlmetmaxrandomb NA NA NA
AW Snlmetmaxrandomc NA NA NA
AW Snlmetmaxrandomab NA NA NA
AW Snlmetmaxrandomac NA NA NA
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Model name MSE R’ AIC
AW Snlmetmaxrandombc NA NA NA
AW S5nlstmaxa 7.76 | 0.669015 | 28685.96
AW Snlmetmaxarandomabc | NA NA NA
AW Snlmetmaxarandoma 9.04 | 0.614524 | 25121.29
AW Snlmetmaxarandomb NA NA NA
AW Snlmetmaxarandomc NA NA NA
AW Snlmetmaxarandomab | NA NA NA
AW Snlmetmaxarandomac | NA NA NA
AW Snlmetmaxarandombc | NA NA NA
AW Snlstmaxb 7.75 1 0.669381 | 28684.09
AW Snlmetmaxbrandomabc | NA NA NA
AW Snlmetmaxbrandoma 9.00 | 0.616468 | 25165.78
AW Snlmetmaxbrandomb | NA NA NA
AW Snlmetmaxbrandomc NA NA NA
AW Snlmetmaxbrandomab | NA NA NA
AW Snlmetmaxbrandomac | NA NA NA
AW Snlmetmaxbrandombc | NA NA NA
AW Snlstmaxc 7.73 1 0.670569 | 28674.94
AW Snlmetmaxcrandomabc | NA NA NA
AW Snlmetmaxcrandoma 9.01 | 0.616068 | 25175.2
AW 5Snlmetmaxcrandomb NA NA NA
AW Snlmetmaxcrandomc NA NA NA
AW Snlmetmaxcrandomab | NA NA NA
AW Snlmetmaxcrandomac | NA NA NA
AW Snlmetmaxcrandombc | NA NA NA
AW 6nls 7.75 1 0.669381 | 28683.46
AW 6nlme NA NA NA
AW 6nlmea 891 | 0.61993 | 25175.07
AW 6nlmeb 8.14 | 0.653016 | 25769.03
AW _6nlmec 8.43 | 0.640728 | 25026.78
AW 6nlmeab NA NA NA
AW 6nlmeac 7.77 | 0.668884 | 24911.29
AW 6nlmebce NA NA NA
AW 6nlstmax 7.75 1 0.669436 | 28685.27
AW 6nlmetmaxrandomabc | NA NA NA
AW 6nlmetmaxrandoma 8.91 | 0.620215 | 25173.58
AW 6nlmetmaxrandomb NA NA NA
AW 6nlmetmaxrandomc 8.35 ] 0.644131 | 24988.96
AW _6nlmetmaxrandomab NA NA NA
AW 6nlmetmaxrandomac NA NA NA
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Model name MSE R’ AIC

AW 6nlmetmaxrandombc NA NA NA

AW 6nlstmaxa 7.76 | 0.669359 | 28684.73
AW 6nlmetmaxarandomabc | NA NA NA

AW 6nlmetmaxarandoma 8.98|0.617249 | 25119.2
AW 6nlmetmaxarandomb 8.07 | 0.655945 | 25743.95
AW 6nlmetmaxarandomc 8.29 | 0.64654 | 24978.1
AW 6nlmetmaxarandomab | NA NA NA

AW 6nlmetmaxarandomac | NA NA NA

AW 6nlmetmaxarandombc | NA NA NA

AW 6nlstmaxb 7.75 1 0.669724 | 28682.84
AW 6nlmetmaxbrandomabc | NA NA NA

AW _6nlmetmaxbrandoma 8.92 | 0.619646 | 25165.99
AW _6nlmetmaxbrandomb 8.14 | 0.653158 | 25071.26
AW _6nlmetmaxbrandomc 8.40 | 0.641724 | 24981.37
AW 6nlmetmaxbrandomab | NA NA NA

AW 6nlmetmaxbrandomac | NA NA NA

AW 6nlmetmaxbrandombc | NA NA NA

AW 6nlstmaxc 7.75 | 0.669457 | 28684.93
AW _6nlmetmaxcrandomabc | NA NA NA

AW 6nlmetmaxcrandoma 8.90 | 0.620434 | 25157.98
AW _6nlmetmaxcrandomb 8.01 | 0.658458 | 25064.91
AW 6nlmetmaxcrandomc 8.52 1 0.636747 | 25631.59
AW 6nlmetmaxcrandomab | NA NA NA

AW 6nlmetmaxcrandomac | NA NA NA

AW 6nlmetmaxcrandombe | NA NA NA

AW 7nls 7.70 | 0.671627 | 28677.83
AW 7nlme NA NA NA

AW 7nlmea 8.83 | 0.623371 | 25132.61
AW T7nlmeb NA NA NA

AW 7nlmec 8.14 | 0.652769 | 25134.09
AW 7nlmeab 8.64 | 0.631538 | 24828.84
AW 7nlmeac 8.44 | 0.640361 | 24844.32
AW 7nlmebc NA NA NA

AW 7nlstmax 7.70 | 0.671739 | 28679.43
AW 7nlmetmaxrandomabc | NA NA NA

AW 7nlmetmaxrandoma 8.85 ] 0.622784 | 25143.63
AW 7nlmetmaxrandomb NA NA NA

AW 7nlmetmaxrandomc NA NA NA

AW 7nlmetmaxrandomab NA NA NA

AW 7nlmetmaxrandomac 8.47 1 0.639023 | 24779.02
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Model name MSE R’ AIC

AW 7nlmetmaxrandombc NA NA NA

AW 7nlstmaxa 7.70 | 0.671584 | 28679.11
AW 7nlmetmaxarandomabc | NA NA NA

AW 7nlmetmaxarandoma 8.89 |1 0.621036 | 25075.19
AW _7nlmetmaxarandomb NA NA NA

AW 7nlmetmaxarandomc NA NA NA

AW 7nlmetmaxarandomab 8.52 | 0.636862 | 24760.54
AW 7nlmetmaxarandomac | NA NA NA

AW 7nlmetmaxarandombc | NA NA NA

AW 7nlstmaxb 7.66 | 0.673468 | 28664.38
AW 7nlmetmaxbrandomabc | NA NA NA

AW 7nlmetmaxbrandoma 8.85| 0.62276 | 25131.53
AW 7nlmetmaxbrandomb | NA NA NA

AW 7nlmetmaxbrandomc 8.21 | 0.650119 | 25108.94
AW 7nlmetmaxbrandomab | NA NA NA

AW 7nlmetmaxbrandomac 8.71 | 0.628832 | 24801.82
AW 7nlmetmaxbrandombc 8.62 | 0.632601 | 25046.93
AW 7nlstmaxc 7.70 | 0.671905 | 28677.09
AW 7nlmetmaxcrandomabc | NA NA NA

AW _ 7nlmetmaxcrandoma 8.83 1 0.623434 | 25121.22
AW 7nlmetmaxcrandomb NA NA NA

AW 7nlmetmaxcrandomc 8.24 | 0.648494 | 25752.16
AW 7nlmetmaxcrandomab | NA NA NA

AW 7nlmetmaxcrandomac | NA NA NA

AW _ 7nlmetmaxcrandombc | NA NA NA

Table C.2a CMI added models selection criteria for species Balsam poplar

Model name MSE R AIC
PB Inls 9.319654 | 0.72916 | 9014.353
PB Inlme NA NA NA
PB 1nlmea 9.556318 | 0.722282 | 8280.584
PB Inlmeb 9.441157 | 0.725629 | 8044.154
PB 1nlscmi 9.550572 | 0.722449 | 9013.02
PB Inlmecmirandomab NA NA NA
PB Inlmecmirandoma 9.052727 | 0.736917 | 8270.19
PB Inlmecmirandomb 8.458545 | 0.754185 | 8050.069
PB Inlscmia 9.572547 | 0.72181 | 9012.04
PB Inlmecmiarandomab | NA NA NA
PB Inlmecmiarandoma 8.993172 | 0.738648 | 8273.801
PB_Inlmecmiarandomb 8.999812 | 0.738455 | 8038.266
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Model name MSE R AIC

PB Inlscmib 9.551337 1 0.722427 | 9012.49
PB Inlmecmibrandomab | NA NA NA

PB_Inlmecmibrandoma 9.074897 | 0.736273 | 8275.138
PB Inlmecmibrandomb | 9.028251 | 0.737628 | 8039.665
PB 2nls 7.667463 | 0.777174 | 8999.787
PB 2nlme 8.428776 | 0.75505 | 7928.059
PB 2nlmea 8.615087 | 0.749635 | 7987.029
PB 2nlmeb 7.656429 | 0.777495 | 8210.97
PB 2nlscmi 7.62111 | 0.778521 | 9001.677
PB 2nlmecmirandomab 7.856744 | 0.771674 | 7920.97
PB 2nlmecmirandoma 7.420263 | 0.784358 | 7991.132
PB 2nlmecmirandomb 6.722793 | 0.804628 | 8229.895
PB 2nlscmia 7.711948 | 0.775882 | 9001.692
PB 2nlmecmiarandomab | 7.983044 | 0.768003 | 7923.896
PB 2nlmecmiarandoma 8.017267 | 0.767009 | 7978.46
PB 2nlmecmiarandomb 7.303216 | 0.78776 | 8207.384
PB 2nlscmib 7.502998 | 0.781954 | 9000.145
PB 2nlmecmibrandomab | 7.926271 | 0.769653 | 7916.018
PB 2nlmecmibrandoma 7.956038 | 0.768788 | 7964.435
PB 2nlmecmibrandomb | 7.195595 | 0.790887 | 8200.366
PB 3nls 7.810187 | 0.773027 | 8954.133
PB 3nlme 8.680241 | 0.747742 | 7915.177
PB 3nlmea 7.930644 | 0.769526 | 8087.555
PB 3nlmeb 8.766382 | 0.745238 | 7991.847
PB 3nlscmi 7.785587 | 0.773742 8956.1
PB 3nlmecmirandomab 7.34219 | 0.786627 | 7946.395
PB 3nlmecmirandoma 6.711088 | 0.804968 | 8131.652
PB 3nlmecmirandomb 7.322816 | 0.78719 | 8008.162
PB 3nlscmia 7.727751 | 0.775422 | 8955.71
PB 3nlmecmiarandomab | 8.108382 | 0.764361 | 7902.116
PB 3nlmecmiarandoma 7.424253 | 0.784242 | 8076.325
PB 3nlmecmiarandomb 8.047564 | 0.766128 | 8008.162
PB 3nlscmib 7.886758 | 0.770801 | 8955.822
PB 3nlmecmibrandomab | 8.199245 | 0.76172 | 7911.071
PB 3nlmecmibrandoma 7.568618 | 0.780047 | 8084.052
PB 3nlmecmibrandomb 8.13258 | 0.763658 | 7984.211
PB 4nls 7.642104 | 0.777911 | 9013.996
PB 4nlme 8.772719 | 0.745054 | 7934.981
PB 4nlmea 10.11745 | 0.705975 | 8052.643
PB 4nlmeb 7.595838 | 0.779256 | 8235.524
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Model name MSE R AIC

PB 4nlscmi 7.592894 | 0.779341 | 9015.875
PB_4nlmecmirandomab 8.240178 | 0.760531 | 7927.66
PB 4nlmecmirandoma 9.199056 | 0.732664 | 8037.54
PB_4nlmecmirandomb 6.66736 | 0.806239 | 8255.229
PB 4nlscmia 7.687951 | 0.776579 | 9015.896
PB 4nlmecmiarandomab | 8.340355 | 0.757619 | 7930.682
PB 4nlmecmiarandoma 9.603028 | 0.720925 | 8044.993
PB 4nlmecmiarandomb 7.251134 | 0.789273 | 8232.26
PB 4nlscmib 7.461015 | 0.783174 | 9014.023
PB 4nlmecmibrandomab | 8.266767 | 0.759758 | 7922.894
PB 4nlmecmibrandoma 9.507967 | 0.723687 | 8031.934
PB_4nlmecmibrandomb 7.137708 | 0.79257 | 8225.01
PB 5nls 8.283372 | 0.759275 | 8931.629
PB 5nlme NA NA NA

PB Snlmea 9.414782 | 0.726395 | 8064.471
PB 5nlmeb NA NA NA

PB Snlmec NA NA NA

PB 5nlmeab NA NA NA

PB Snlmeac NA NA NA

PB Snlmebc NA NA NA

PB 5nlscmi 8.326245 | 0.758029 | 8933.54
PB Snlmecmirandomabc | NA NA NA

PB S5nlmecmirandoma 8.600651 | 0.750055 | 8045.52
PB S5nlmecmirandomb NA NA NA

PB S5nlmecmirandomce NA NA NA

PB 5nlmecmirandomab NA NA NA

PB Snlmecmirandomac NA NA NA

PB S5nlmecmirandombc NA NA NA

PB 5nlscmia 8.370995 | 0.756729 | 8933.249
PB 5nlmecmiarandomabc | NA NA NA
PB_Snlmecmiarandoma 8.863786 | 0.742408 | 8056.18
PB Snlmecmiarandomb NA NA NA

PB 5nlmecmiarandomc NA NA NA

PB S5nlmecmiarandomab | NA NA NA

PB Snlmecmiarandomac | NA NA NA

PB S5nlmecmiarandombc | NA NA NA

PB Snlscmib 8.351077 | 0.757308 | 8933.415
PB Snlmecmibrandomabc | NA NA NA

PB Snlmecmibrandoma 8.793878 | 0.744439 | 8051.98
PB Snlmecmibrandomb | NA NA NA
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Model name MSE R AIC

PB 5nlmecmibrandomc NA NA NA

PB S5nlmecmibrandomab | NA NA NA

PB Snlmecmibrandomac | NA NA NA

PB S5nlmecmibrandombc | NA NA NA

PB Snlscmic 8.295194 | 0.758932 | 8933.622
PB S5nlmecmicrandomabc | NA NA NA

PB Snlmecmicrandoma 8.911487 | 0.741022 | 8047.708
PB Snlmecmicrandomb NA NA NA

PB 5nlmecmicrandome NA NA NA

PB Snlmecmicrandomab | NA NA NA

PB S5nlmecmicrandomac | NA NA NA

PB Snlmecmicrandombc | NA NA NA

PB 6nls 8.277724 | 0.759439 | 8930.778
PB 6nlme NA NA NA

PB 6nlmea 9.333236 | 0.728765 | 8070.559
PB 6nlmeb NA NA NA

PB 6nlmec 9.024972 | 0.737724 | 7974.236
PB 6nlmeab NA NA NA

PB 6nlmeac NA NA NA
PB_6nlmebc NA NA NA

PB 6nlscmi 8.322253 | 0.758145 | 8932.682
PB 6nlmecmirandomabc | NA NA NA

PB 6nlmecmirandoma 8.543787 1 0.751707 | 8053.986
PB 6nlmecmirandomb NA NA NA

PB 6nlmecmirandomce 8.453856 | 0.754321 | 8211.38
PB 6nlmecmirandomab NA NA NA

PB 6nlmecmirandomac NA NA NA
PB_6nlmecmirandombc NA NA NA

PB 6nlscmia 8.369338 | 0.756777 | 8932.36
PB 6nlmecmiarandomabc | NA NA NA

PB 6nlmecmiarandoma 8.776709 | 0.744938 | 8062.238
PB 6nlmecmiarandomb NA NA NA

PB 6nlmecmiarandomc 8.612022 | 0.749724 | 8215.853
PB 6nlmecmiarandomab | NA NA NA

PB 6nlmecmiarandomac | NA NA NA

PB 6nlmecmiarandombc | NA NA NA

PB 6nlscmib 8.346061 | 0.757454 | 8932.558
PB 6nlmecmibrandomabc | NA NA NA

PB 6nlmecmibrandoma 8.711369 | 0.746837 | 8057.528
PB 6nlmecmibrandomb | NA NA NA
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Model name MSE R AIC
PB_6nlmecmibrandomc 8.544867 | 0.751676 | 8211.976
PB 6nlmecmibrandomab | NA NA NA

PB 6nlmecmibrandomac | NA NA NA

PB 6nlmecmibrandombc | NA NA NA

PB 6nlscmic 8.373991 | 0.756642 | 8932.338
PB 6nlmecmicrandomabc | NA NA NA

PB 6nlmecmicrandoma 8.750732 | 0.745693 | 8062.877
PB_6nlmecmicrandomb NA NA NA

PB 6nlmecmicrandomce 8.59489 | 0.750222 | 8215.282
PB 6nlmecmicrandomab | NA NA NA

PB 6nlmecmicrandomac | NA NA NA

PB 6nlmecmicrandombe | NA NA NA

PB 7nls 8.346194 | 0.75745 | 8952.296
PB 7nlme NA NA NA

PB 7nlmea 9.246823 | 0.731276 | 8043.238
PB 7nlmeb NA NA NA

PB 7nlmec 9.068015 | 0.736473 | 8024.402
PB 7nlmeab 8.828302 | 0.743439 | 7920.087
PB 7nlmeac NA NA NA

PB 7nlmebc NA NA NA

PB 7nlscmi 8.378059 | 0.756524 | 8954.25
PB 7nlmecmirandomabc | NA NA NA

PB 7nlmecmirandoma 8.442085 | 0.754663 | 8025.561
PB 7nlmecmirandomb NA NA NA

PB 7nlmecmirandomc 8.581927 |1 0.750599 | 8266.048
PB 7nlmecmirandomab 8.335504 | 0.75776 | 7912.226
PB 7nlmecmirandomac NA NA NA

PB 7nlmecmirandombc NA NA NA

PB 7nlscmia 8.407252 | 0.755675 | 8954.121
PB 7nlmecmiarandomabc | NA NA NA

PB 7nlmecmiarandoma 8.686032 | 0.747574 8034.7
PB 7nlmecmiarandomb NA NA NA

PB 7nlmecmiarandomc 8.691608 | 0.747412 | 8269.705
PB 7nlmecmiarandomab | 8.448864 | 0.754466 | 7916.127
PB 7nlmecmiarandomac | NA NA NA

PB 7nlmecmiarandombc | NA NA NA

PB 7nlscmib 8.351746 | 0.757288 | 8954.295
PB 7nlmecmibrandomabc | NA NA NA

PB 7nlmecmibrandoma 8.780741 | 0.744821 | 8028.324
PB_7nlmecmibrandomb 9.570186 | 0.721879 | 8319.226
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Model name MSE R AIC

PB 7nlmecmibrandomc 8.739338 | 0.746024 | 8268.725
PB 7nlmecmibrandomab | 8.433692 | 0.754907 | 7909.497
PB 7nlmecmibrandomac | NA NA NA

PB 7nlmecmibrandombc | NA NA NA

PB 7nlscmic 8.410885 | 0.75557 | 8954.111
PB 7nlmecmicrandomabc | NA NA NA

PB 7nlmecmicrandoma 8.663512 | 0.748228 | 8035.059
PB 7nlmecmicrandomb NA NA NA

PB 7nlmecmicrandomc 8.673114 | 0.747949 | 8019.754
PB 7nlmecmicrandomab | 8.377976 | 0.756526 | 7913.276
PB 7nlmecmicrandomac | NA NA NA

PB 7nlmecmicrandombc | NA NA NA

Table C.2b Tmax added models selection criteria for species Balsam poplar

Model name MSE R AIC

PB 1nls 9.319654 | 0.72916 | 9014.353
PB Inlme NA NA NA

PB 1nlmea 9.556318 | 0.722282 | 8280.584
PB 1nlmeb 9.441157 | 0.725629 | 8044.154
PB_Inlstmax 8.72559 | 0.746424 | 9013.034
PB Inlmetmaxrandomab NA NA NA

PB Inlmetmaxrandoma 11.78839 | 0.657415 | 8045.023
PB 1nlmetmaxrandomb 7.26922 | 0.788748 | 8305.427
PB Inlstmaxa 9.400273 | 0.726817 | 9016.276
PB Inlmetmaxarandomab | NA NA NA

PB 1nlmetmaxarandoma 11.1348 | 0.676409 | 8280.212
PB Inlmetmaxarandomb 10.32542 | 0.699931 | 8044.969
PB Inlstmaxb 9.50297 | 0.723832 | 9015.865
PB Inlmetmaxbrandomab | NA NA NA

PB 1nlmetmaxbrandoma 11.65079 | 0.661414 | 8278.361
PB 1nlmetmaxbrandomb 10.84035 | 0.684967 | 8043.57
PB 2nls 7.667463 | 0.777174 | 8999.787
PB 2nlme 8.428776 | 0.75505 | 7928.059
PB 2nlmea 8.615087 | 0.749635 | 7987.029
PB 2nlmeb 7.656429 | 0.777495 | 8210.97
PB 2nlstmax 7.093041 | 0.793868 | 8997.086
PB 2nlmetmaxrandomab 7.758361 | 0.774533 | 7937.355
PB 2nlmetmaxrandoma NA NA NA

PB 2nlmetmaxrandomb 8.724934 | 0.746443 | 8073.532
PB 2nlstmaxa 6.922526 | 0.798823 | 8991.303
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Model name MSE R AIC

PB 2nlmetmaxarandomab | 10.33782 | 0.699571 | 7924.525
PB 2nlmetmaxarandoma 10.061 | 0.707615 | 7985.837
PB 2nlmetmaxarandomb 7.527047 | 0.781255 | 8212.896
PB 2nlstmaxb 6.830752 | 0.80149 | 8991.872
PB 2nlmetmaxbrandomab 8.99972 | 0.738457 | 7929.276
PB 2nlmetmaxbrandoma 9.009413 | 0.738176 | 7988.495
PB 2nlmetmaxbrandomb 8.876645 | 0.742034 | 8209.821
PB 3nls 7.810187 | 0.773027 | 8954.133
PB 3nlme 8.680241 | 0.747742 | 7915.177
PB 3nlmea 7.930644 | 0.769526 | 8087.555
PB 3nlmeb 8.766382 | 0.745238 | 7991.847
PB 3nlstmax 7.290678 | 0.788124 | 8952.625
PB 3nlmetmaxrandomab NA NA NA

PB 3nlmetmaxrandoma 8.041009 | 0.766319 | 8302.393
PB 3nlmetmaxrandomb 7.549927 | 0.78059 | 8219.895
PB 3nlstmaxa 7.042296 | 0.795343 | 8948.193
PB 3nlmetmaxarandomab | 9.317984 | 0.729208 | 7916.391
PB 3nlmetmaxarandoma 9.179848 | 0.733223 | 8086.449
PB 3nlmetmaxarandomb 8.923021 | 0.740686 | 8219.895
PB 3nlstmaxb 7.217553 1 0.790249 | 8948.913
PB 3nlmetmaxbrandomab | 10.75716 | 0.687384 | 7910.796
PB 3nlmetmaxbrandoma 8.013165 | 0.767128 | 8089.51
PB 3nlmetmaxbrandomb 10.10505 | 0.706335 | 7991.268
PB 4nls 7.642104 | 0.777911 | 9013.996
PB 4nlme 8.772719 | 0.745054 | 7934.981
PB 4nlmea 10.11745 | 0.705975 | 8052.643
PB 4nlmeb 7.595838 | 0.779256 | 8235.524
PB 4nlstmax 7.079243 | 0.794269 | 9011.467
PB 4nlmetmaxrandomab 9.108053 | 0.735309 | 7934.495
PB 4nlmetmaxrandoma 7.183034 | 0.791252 | 8120.607
PB 4nlmetmaxrandomb 8.776347 | 0.744949 | 8405.626
PB 4nlstmaxa 6.883614 | 0.799954 | 9004.902
PB 4nlmetmaxarandomab | 10.36667 | 0.698732 | 7933.581
PB 4nlmetmaxarandoma 12.06802 | 0.649289 | 8051.822
PB 4nlmetmaxarandomb 7.428839 | 0.784109 | 8237.388
PB 4nlstmaxb 6.79342 | 0.802575 | 9005.72
PB 4nlmetmaxbrandomab 9.41879 | 0.726279 | 7936.224
PB 4nlmetmaxbrandoma 11.6518 | 0.661385 | 8055.104
PB 4nlmetmaxbrandomb | 8.795847 | 0.744382 | 8234.429
PB 5nls 8.283372 | 0.759275 | 8931.629
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Model name MSE R AIC

PB 5nlme NA NA NA

PB 5nlmea 9.414782 | 0.726395 | 8064.471
PB Snlmeb NA NA NA

PB 5nlmec NA NA NA

PB Snlmeab NA NA NA

PB 5nlmeac NA NA NA

PB Snlmebc NA NA NA

PB Snlstmax 7.600536 | 0.779119 | 8928.018
PB S5nlmetmaxrandomabc | NA NA NA

PB Snlmetmaxrandoma 7.681244 | 0.776774 | 8076.391
PB 5nlmetmaxrandomb NA NA NA

PB Snlmetmaxrandomc NA NA NA

PB S5nlmetmaxrandomab NA NA NA

PB Snlmetmaxrandomac NA NA NA

PB Snlmetmaxrandombc NA NA NA

PB Snlstmaxa 7.728582 | 0.775398 | 8929.47
PB Snlmetmaxarandomabc | NA NA NA

PB S5nlmetmaxarandoma 11.07888 | 0.678035 | 8062.214
PB Snlmetmaxarandomb NA NA NA

PB Snlmetmaxarandomc NA NA NA

PB S5nlmetmaxarandomab | NA NA NA

PB Snlmetmaxarandomac | NA NA NA

PB S5nlmetmaxarandombc | NA NA NA

PB Snlstmaxb 7.633939 | 0.778149 | 8928.956
PB S5nlmetmaxbrandomabc | NA NA NA

PB 5nlmetmaxbrandoma 10.84968 | 0.684696 | 8061.911
PB Snlmetmaxbrandomb | NA NA NA

PB S5nlmetmaxbrandomc NA NA NA

PB Snlmetmaxbrandomab | NA NA NA

PB S5nlmetmaxbrandomac | NA NA NA

PB Snlmetmaxbrandombc | NA NA NA
PB_Snlstmaxc 7.570282 | 0.779999 | 8928.235
PB S5nlmetmaxcrandomabc | NA NA NA

PB S5nlmetmaxcrandoma 9.866205 | 0.713276 | 8065.251
PB Snlmetmaxcrandomb NA NA NA

PB Snlmetmaxcrandomc NA NA NA

PB Snlmetmaxcrandomab | NA NA NA

PB Snlmetmaxcrandomac | NA NA NA

PB Snlmetmaxcrandombc | NA NA NA

PB 6nls 8.277724 | 0.759439 | 8930.778
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Model name MSE R AIC

PB 6nlme NA NA NA

PB 6nlmea 9.333236 | 0.728765 | 8070.559
PB 6nlmeb NA NA NA

PB 6nlmec 9.024972 | 0.737724 | 7974.236
PB 6nlmeab NA NA NA

PB 6nlmeac NA NA NA

PB_ 6nlmebc NA NA NA

PB_ 6nlstmax 7.599985 | 0.779135 | 8927.273
PB 6nlmetmaxrandomabc | NA NA NA
PB_6nlmetmaxrandoma 7.955831 | 0.768794 | 8081.766
PB 6nlmetmaxrandomb NA NA NA

PB 6nlmetmaxrandomc NA NA NA

PB 6nlmetmaxrandomab NA NA NA

PB 6nlmetmaxrandomac NA NA NA

PB 6nlmetmaxrandombc NA NA NA

PB 6nlstmaxa 7.734465 | 0.775227 | 8928.805
PB_6nlmetmaxarandomabc | NA NA NA

PB 6nlmetmaxarandoma 10.96498 | 0.681345 | 8070.127
PB 6nlmetmaxarandomb NA NA NA

PB 6nlmetmaxarandomc 11.1087 | 0.677168 | 8222.927
PB 6nlmetmaxarandomab | NA NA NA

PB 6nlmetmaxarandomac | NA NA NA

PB 6nlmetmaxarandombc | NA NA NA
PB_6nlstmaxb 7.633509 | 0.778161 | 8928.172
PB 6nlmetmaxbrandomabc | NA NA NA

PB_ 6nlmetmaxbrandoma 10.72241 | 0.688394 | 8067.01
PB 6nlmetmaxbrandomb | NA NA NA
PB_6nlmetmaxbrandomc 10.44174 | 0.696551 | 8225.199
PB 6nlmetmaxbrandomab | NA NA NA

PB 6nlmetmaxbrandomac | NA NA NA

PB 6nlmetmaxbrandombc | NA NA NA
PB_6nlstmaxc 7.681711 | 0.77676 | 8928.687
PB 6nlmetmaxcrandomabc | NA NA NA

PB 6nlmetmaxcrandoma 11.09242 | 0.677641 | 8064.868
PB 6nlmetmaxcrandomb NA NA NA
PB_6nlmetmaxcrandomc 10.88272 | 0.683735 | 8226.002
PB 6nlmetmaxcrandomab | NA NA NA

PB 6nlmetmaxcrandomac | NA NA NA

PB 6nlmetmaxcrandombc | NA NA NA

PB 7nls 8.346194 | 0.75745 | 8952.296
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Model name MSE R AIC

PB 7nlme NA NA NA

PB 7nlmea 9.246823 | 0.731276 | 8043.238
PB 7nlmeb NA NA NA

PB 7nlmec 9.068015 | 0.736473 | 8024.402
PB 7nlmeab 8.828302 | 0.743439 | 7920.087
PB 7nlmeac NA NA NA

PB 7nlmebc NA NA NA

PB 7nlstmax 7.547256 | 0.780668 | 8946.238
PB 7nlmetmaxrandomabc | NA NA NA

PB 7nlmetmaxrandoma 7.44149 | 0.783741 | 8055.88
PB 7nlmetmaxrandomb 8.699958 | 0.747169 | 8066.173
PB_7nlmetmaxrandomc 9.166436 | 0.733612 | 8280.107
PB 7nlmetmaxrandomab NA NA NA

PB 7nlmetmaxrandomac NA NA NA

PB 7nlmetmaxrandombc NA NA NA

PB 7nlstmaxa 7.671868 | 0.777046 | 8947.78
PB 7nlmetmaxarandomabc | NA NA NA

PB 7nlmetmaxarandoma 10.82828 | 0.685317 | 8042.964
PB 7nlmetmaxarandomb NA NA NA

PB 7nlmetmaxarandomc 10.88066 | 0.683795 | 8282.472
PB 7nlmetmaxarandomab | 10.94165 | 0.682023 | 7917.329
PB 7nlmetmaxarandomac | NA NA NA

PB 7nlmetmaxarandombc | NA NA NA

PB_ 7nlstmaxb 7.623753 | 0.778445 | 8948.602
PB 7nlmetmaxbrandomabc | NA NA NA

PB 7nlmetmaxbrandoma 9.665393 | 0.719112 | 8044.023
PB 7nlmetmaxbrandomb | NA NA NA

PB 7nlmetmaxbrandomc 10.12144 | 0.705859 | 8277.523
PB 7nlmetmaxbrandomab | 9.713172 | 0.717724 | 7922.184
PB 7nlmetmaxbrandomac | NA NA NA

PB 7nlmetmaxbrandombc | NA NA NA
PB_7nlstmaxc 7.668479 | 0.777145 | 8949.549
PB 7nlmetmaxcrandomabc | NA NA NA

PB 7nlmetmaxcrandoma 10.82079 | 0.685535 | 8039.576
PB 7nlmetmaxcrandomb 9.43003 | 0.725952 | 8328.03
PB 7nlmetmaxcrandomc 10.85748 | 0.684469 | 8023.757
PB 7nlmetmaxcrandomab | 11.11699 | 0.676927 | 7915.093
PB 7nlmetmaxcrandomac | NA NA NA

PB 7nlmetmaxcrandombc | NA NA NA
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Table C.3a CMI added models selection criteria for species Lodgepole pine

Model name MSE R AIC
PL Inls 7.537567 | 0.527677 | 109501.7
PL Inlme NA NA NA
PL Inlmea 7.592931 | 0.524207 | 81587.08
PL 1nlmeb 7.112863 | 0.55429 | 82660.39
PL Inlscmi 7.04191 | 0.558736 | 106431.7
PL 1nlmecmirandomab 8.268105 | 0.481899 | 80562.84
PL Inlmecmirandoma NA NA NA
PL Inlmecmirandomb 6.672411 | 0.58189 | 82410.63
PL Inlscmia 6.789437 | 0.574556 | 106511.2
PL Inlmecmiarandomab | NA NA NA

PL Inlmecmiarandoma 7.182672 | 0.549915 | 84360.31
PL Inlmecmiarandomb 6.551506 | 0.589466 | 82057.85
PL Inlscmib 6.663428 | 0.582453 | 106711.6
PL Inlmecmibrandomab | NA NA NA

PL Inlmecmibrandoma | 6.910933 | 0.566943 | 80841.81
PL Inlmecmibrandomb 6.506181 | 0.592306 | 82025.84

PL 2nls 7.8411 | 0.508657 | 108997.3
PL 2nlme 7.400234 | 0.536282 | 80786.26
PL 2nlmea 7.696537 | 0.517715 | 81451.76
PL 2nlmeb 8.076878 | 0.493882 | 83091.63
PL 2nlscmi 7.28274 | 0.543645 | 106523.2
PL 2nlmecmirandomab NA NA NA

PL 2nlmecmirandoma 7.279605 | 0.543841 | 81030.6
PL 2nlmecmirandomb NA NA NA

PL 2nlscmia 6.99956 | 0.56139 | 106095.1
PL 2nlmecmiarandomab | NA NA NA

PL 2nlmecmiarandoma 7.022768 | 0.559935 | 80627.66
PL 2nlmecmiarandomb 7.283884 | 0.543573 | 81997.44
PL 2nlscmib 7.368451 | 0.538274 | 106582.7
PL 2nlmecmibrandomab | NA NA NA

PL 2nlmecmibrandoma 7.276468 | 0.544038 | 81055.89
PL 2nlmecmibrandomb 7.565858 | 0.525904 | 82620.75

PL 3nls 7.68865 | 0.518209 | 108801.5
PL 3nlme 7.310821 | 0.541885 | 80751.55
PL 3nlmea 7.589368 | 0.524431 | 82079.1
PL 3nlmeb 7.444349 | 0.533518 | 82174.71
PL 3nlscmi 7.166371 | 0.550937 | 106233.1

PL 3nlmecmirandomab 6.863238 | 0.569932 | 80287.95
PL 3nlmecmirandoma 7.474775 |1 0.531611 | 83878.36
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Model name MSE R AIC

PL 3nlmecmirandomb 7.004388 | 0.561087 | 80977.79
PL 3nlscmia 7.152218 | 0.551824 | 106152
PL 3nlmecmiarandomab | 6.833762 | 0.571779 | 80168.5
PL 3nlmecmiarandoma 7.054676 | 0.557936 | 81468.81
PL 3nlmecmiarandomb 6.999578 | 0.561389 | 80977.79
PL 3nlscmib 6.777566 0.5753 | 105941.7
PL 3nlmecmibrandomab | 6.673755 | 0.581805 | 79806.82
PL 3nlmecmibrandoma | 6.840938 | 0.571329 | 80934.77
PL 3nlmecmibrandomb | 6.779053 | 0.575207 | 81335.61
PL 4nls 7.879844 | 0.506229 | 109067
PL 4nlme NA NA NA

PL 4nlmea 8.952951 | 0.438985 | 82526.69
PL 4nlmeb 8.13492 | 0.490245 83328
PL 4nlscmi 7.318369 | 0.541412 | 106625.9
PL 4nlmecmirandomab 7.292759 | 0.543017 | 80342.87
PL 4nlmecmirandoma 8.290404 | 0.480502 | 82140.5
PL 4nlmecmirandomb 7.7045 | 0.517216 | 82934.49
PL 4nlscmia 7.01903 | 0.56017 | 106113.9
PL 4nlmecmiarandomab | 7.138626 | 0.552675 | 80205.93
PL 4nlmecmiarandoma 8.180475 | 0.48739 | 81843.98
PL 4nlmecmiarandomb 7.410489 | 0.53564 | 83265.3
PL 4nlscmib 7.410615 | 0.535632 | 106691
PL 4nlmecmibrandomab | 7.334775 | 0.540384 | 80366.55
PL 4nlmecmibrandoma 8.449981 | 0.470503 | 82132.69
PL 4nlmecmibrandomb 7.626926 | 0.522077 | 82867.27
PL 5nls 7.628434 | 0.521983 | 108764.5
PL S5nlme NA NA NA

PL S5nlmea 7.733813 | 0.515379 | 81164.59
PL 5nlmeb NA NA NA

PL S5nlmec NA NA NA

PL 5Snlmeab NA NA NA

PL Snlmeac NA NA NA

PL S5nlmebc NA NA NA

PL Snlscmi 7.047532 | 0.558384 | 106026.4
PL S5Snlmecmirandomabc | NA NA NA

PL Snlmecmirandoma 8.156439 | 0.488897 | 82175.54
PL S5nlmecmirandomb NA NA NA

PL S5Snlmecmirandomce NA NA NA

PL 5nlmecmirandomab NA NA NA

PL S5nlmecmirandomac NA NA NA
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Model name MSE R AIC

PL Snlmecmirandombc NA NA NA

PL Snlscmia 6.811951 | 0.573146 | 105795.5
PL S5Snlmecmiarandomabc | NA NA NA

PL Snlmecmiarandoma 8.033537 | 0.496598 | 82015.95
PL S5nlmecmiarandomb NA NA NA

PL Snlmecmiarandomc NA NA NA

PL S5Snlmecmiarandomab | NA NA NA

PL S5Snlmecmiarandomac | NA NA NA

PL Snlmecmiarandombc | NA NA NA

PL S5nlscmib 6.94583 | 0.564756 | 105850.6
PL Snlmecmibrandomabc | NA NA NA

PL S5Snlmecmibrandoma | NA NA NA

PL 5nlmecmibrandomb | NA NA NA

PL 5nlmecmibrandomc NA NA NA

PL S5Snlmecmibrandomab | NA NA NA

PL 5nlmecmibrandomac | NA NA NA

PL S5Snlmecmibrandombc | NA NA NA

PL 5nlscmic 7.112638 | 0.554304 | 106204.6
PL S5Snlmecmicrandomabe | NA NA NA

PL S5Snlmecmicrandoma NA NA NA

PL 5nlmecmicrandomb NA NA NA

PL S5nlmecmicrandomc NA NA NA

PL S5nlmecmicrandomab | NA NA NA

PL Snlmecmicrandomac | NA NA NA

PL S5nlmecmicrandombc | NA NA NA

PL 6nls 7.627598 | 0.522035 | 108763
PL 6nlme NA NA NA

PL 6nlmea 7.74116 | 0.514919 | 81163.23
PL 6nlmeb NA NA NA

PL 6nlmec 7.520093 | 0.528772 | 81171.94
PL 6nlmeab 8.47296 | 0.469063 | 80893.93
PL 6nlmeac 9.906173 | 0.379254 | 81035.29
PL 6nlmebc NA NA NA

PL 6nlscmi 7.050157 | 0.558219 | 106030.4
PL 6nlmecmirandomabc | NA NA NA

PL 6nlmecmirandoma 7.241629 | 0.546221 | 80679.14
PL 6nlmecmirandomb NA NA NA

PL 6nlmecmirandomce 7.04503 | 0.55854 | 80689.25
PL 6nlmecmirandomab 8.089673 | 0.49308 | 80421.11
PL 6nlmecmirandomac NA NA NA
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Model name MSE R AIC

PL 6nlmecmirandombc NA NA NA

PL 6nlscmia 6.812235 |1 0.573128 | 105794.9
PL 6nlmecmiarandomabc | NA NA NA

PL 6nlmecmiarandoma 7.095839 | 0.555357 | 80538.95
PL 6nlmecmiarandomb NA NA NA

PL 6nlmecmiarandomc 6.86779 | 0.569647 | 80428.92
PL 6nlmecmiarandomab 7.99473 | 0.49903 | 80143.24
PL 6nlmecmiarandomac | NA NA NA

PL 6nlmecmiarandombc | NA NA NA

PL 6nlscmib 6.951026 | 0.564431 | 105853.4
PL 6nlmecmibrandomabc | NA NA NA

PL 6nlmecmibrandoma 7.114958 | 0.554158 | 80599.54
PL 6nlmecmibrandomb | NA NA NA

PL 6nlmecmibrandomc 6.914724 | 0.566706 | 80688.7
PL 6nlmecmibrandomab | 8.420266 | 0.472365 | 79882.47
PL 6nlmecmibrandomac | NA NA NA
PL_6nlmecmibrandombe | 8.358479 | 0.476236 | 79884.48
PL 6nlscmic 6.87691 | 0.569075 | 105794.7
PL 6nlmecmicrandomabe | NA NA NA

PL 6nlmecmicrandoma 7.032047 | 0.559354 | 80449.32
PL 6nlmecmicrandomb NA NA NA

PL 6nlmecmicrandomc NA NA NA

PL 6nlmecmicrandomab | 8.353153 | 0.47657 | 80079.22
PL 6nlmecmicrandomac | 9.724146 | 0.39066 | 80065.23
PL 6nlmecmicrandombc | NA NA NA

PL 7nls 7.602723 | 0.523594 | 108764.3
PL 7nlme NA NA NA

PL 7nlmea 7.699632 | 0.517521 | 81245.22
PL 7nlmeb 7.644128 | 0.520999 | 81780.97
PL 7nlmec 7.729359 | 0.515659 | 81521.17
PL 7nlmeab NA NA NA

PL 7nlmeac 8.483465 | 0.468404 | 80996.75
PL 7nlmebc 7.747669 | 0.514511 81012
PL 7nlscmi 7.023221 | 0.559907 | 106001.8
PL 7nlmecmirandomabc | NA NA NA

PL 7nlmecmirandoma 7.192484 | 0.549301 | 80752.76
PL 7nlmecmirandomb 7.171304 | 0.550628 | 81281.59
PL 7nlmecmirandomc 7.199592 | 0.548855 | 81027.29
PL 7nlmecmirandomab 7.114225 | 0.554204 | 80264.21
PL 7nlmecmirandomac NA NA NA
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Model name MSE R AIC

PL 7nlmecmirandombc 7.240157 | 0.546313 | 80547.14
PL 7nlscmia 6.789852 | 0.57453 | 105793.9
PL 7nlmecmiarandomabc | NA NA NA

PL 7nlmecmiarandoma 7.059985 | 0.557603 | 80622.87
PL 7nlmecmiarandomb 6.990095 | 0.561983 | 80992.61
PL 7nlmecmiarandomc 7.01973 | 0.560126 | 80800.56
PL 7nlmecmiarandomab | 6.960852 | 0.563815 | 80089.07
PL 7nlmecmiarandomac | 9.611965 | 0.39769 | 80147.79
PL 7nlmecmiarandombc 7.06957 | 0.557003 | 80292.64
PL 7nlscmib 7.201424 | 0.54874 | 106382.3
PL 7nlmecmibrandomabc | NA NA NA

PL 7nlmecmibrandoma 7.281555 | 0.543719 | 80924.36
PL 7nlmecmibrandomb | NA NA NA

PL 7nlmecmibrandomc 7.327295 | 0.540853 81290
PL 7nlmecmibrandomab | 7.231928 | 0.546829 | 80419.83
PL 7nlmecmibrandomac | NA NA NA

PL 7nlmecmibrandombc | 7.230851 | 0.546896 | 80803.69
PL 7nlscmic 6.908551 | 0.567093 | 105804.6
PL 7nlmecmicrandomabc | NA NA NA

PL 7nlmecmicrandoma 7.039229 | 0.558904 | 80682.98
PL 7nlmecmicrandomb NA NA NA

PL 7nlmecmicrandomc 7.104359 | 0.554823 | 81147.27
PL 7nlmecmicrandomab | 6.908595 | 0.56709 | 80072.06
PL 7nlmecmicrandomac | 8.421631 | 0.472279 79996
PL 7nlmecmicrandombe | 7.111948 | 0.554347 | 80648.07

Table C.3b Tmax added models selection criteria for species Lodgepole pine

Model name MSE R AIC

PL Inls 7.537567 | 0.527677 | 109501.7
PL Inlme 9.166756 | 0.425588 | 81052.31
PL Inlmea 7.592931 | 0.524207 | 81587.08
PL Inlmeb 7.112863 | 0.55429 | 82660.39
PL Inlstmax 6.612228 | 0.585661 | 107756.4
PL Inlmetmaxrandomab 11.36272 | 0.287983 | 80366.13
PL Inlmetmaxrandoma 7.068235 | 0.557086 | 81164.45
PL Inlmetmaxrandomb NA NA NA

PL Inlstmaxa 6.4159 | 0.597963 | 107477.2
PL Inlmetmaxarandomab | 8.741095 | 0.452261 | 79977.13
PL Inlmetmaxarandoma 7.186995 | 0.549644 | 80522.35
PL Inlmetmaxarandomb 6.517141 | 0.591619 81639
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Model name MSE R AIC

PL Inlstmaxb 6.40931 | 0.598376 | 107579.5
PL Inlmetmaxbrandomab | 8.615497 | 0.460131 | 80195.27
PL Inlmetmaxbrandoma 7.140744 | 0.552543 | 80539.36
PL Inlmetmaxbrandomb | 6.456883 | 0.595395 | 81690.53
PL 2nls 7.8411 | 0.508657 | 108997.3
PL 2nlme 7.400234 | 0.536282 | 80786.26
PL 2nlmea 7.696537 | 0.517715 | 81451.76
PL 2nlmeb 8.076878 | 0.493882 | 83091.63
PL 2nlstmax 6.601656 | 0.586323 | 106806.7
PL 2nlmetmaxrandomab 6.825474 | 0.572298 | 79573.87
PL 2nlmetmaxrandoma NA NA NA

PL 2nlmetmaxrandomb 7.658387 | 0.520106 | 83760.78
PL 2nlstmaxa 6.711174 | 0.579461 | 107234.3
PL 2nlmetmaxarandomab | 7.012488 | 0.56058 | 79505.8
PL 2nlmetmaxarandoma 7.390481 | 0.536894 | 80188.79
PL 2nlmetmaxarandomb 7.839189 | 0.508776 | 82040.66
PL 2nlstmaxb 6.839893 | 0.571395 | 106993.2
PL 2nlmetmaxbrandomab | 7.418604 | 0.535131 | 79638.04
PL 2nlmetmaxbrandoma 7.427147 | 0.534596 | 80488.77
PL 2nlmetmaxbrandomb | NA NA NA

PL 3nls 7.68865 | 0.518209 | 108801.5
PL 3nlme 7.310821 | 0.541885 | 80751.55
PL 3nlmea 7.589368 | 0.524431 | 82079.1
PL 3nlmeb 7.444349 | 0.533518 | 82174.71
PL 3nlstmax 6.523755 | 0.591205 | 106753.2
PL 3nlmetmaxrandomab 6.63401 | 0.584296 | 79672.64
PL 3nlmetmaxrandoma 6.714965 | 0.579223 | 80101.74
PL 3nlmetmaxrandomb NA NA NA

PL 3nlstmaxa 6.652472 |1 0.583139 | 106686.4
PL 3nlmetmaxarandomab | 7.282818 | 0.54364 | 79513.48
PL 3nlmetmaxarandoma 8.288235 | 0.480638 | 81682.59
PL 3nlmetmaxarandomb 7.084335 | 0.556077 | 81148.02
PL 3nlstmaxb 6.561997 | 0.588808 | 107067.6
PL 3nlmetmaxbrandomab | 6.814411 | 0.572992 | 79470.88
PL 3nlmetmaxbrandoma 7.41886 | 0.535115 | 81868.9
PL 3nlmetmaxbrandomb 7.00474 | 0.561065 | 80976.85
PL 4nls 7.879844 | 0.506229 | 109067
PL 4nlme NA NA NA

PL 4nlmea 8.952951 | 0.438985 | 82526.69
PL 4nlmeb 8.13492 | 0.490245 83328
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Model name MSE R AIC

PL 4nlstmax 6.62124 | 0.585096 | 106850.1
PL 4nlmetmaxrandomab NA NA NA

PL 4nlmetmaxrandoma NA NA NA

PL 4nlmetmaxrandomb 7.691586 | 0.518025 | 83837.23
PL 4nlstmaxa 6.734598 | 0.577993 | 107370.7
PL 4nlmetmaxarandomab | 7.462091 | 0.532406 | 79563.64
PL 4nlmetmaxarandoma 7.734735 | 0.515322 | 80338.66
PL 4nlmetmaxarandomb 8.136573 | 0.490142 | 83315.67
PL 4nlstmaxb 6.881855 | 0.568765 | 107087
PL 4nlmetmaxbrandomab | 8.004999 | 0.498386 | 79667.23
PL 4nlmetmaxbrandoma 9.260333 | 0.419724 | 81580.57
PL 4nlmetmaxbrandomb 9.189143 | 0.424185 | 83206.1
PL 5nls 7.628434 | 0.521983 | 108764.5
PL 5nlme NA NA NA

PL 5nlmea 7.733813 | 0.515379 | 81164.59
PL 5nlmeb NA NA NA

PL S5Snlmec NA NA NA

PL 5nlmeab NA NA NA

PL Snlmeac NA NA NA

PL 5nlmebc NA NA NA

PL S5nlstmax 6.517811 | 0.591577 | 106712.3
PL Snlmetmaxrandomabc | NA NA NA

PL S5nlmetmaxrandoma 8.396492 | 0.473854 | 82051.28
PL S5Snlmetmaxrandomb NA NA NA

PL S5nlmetmaxrandomc NA NA NA

PL S5nlmetmaxrandomab NA NA NA

PL Snlmetmaxrandomac NA NA NA

PL S5nlmetmaxrandombc NA NA NA

PL Snlstmaxa 6.449464 | 0.59586 | 106915.3
PL S5nlmetmaxarandomabc | NA NA NA

PL 5nlmetmaxarandoma 9.056072 | 0.432523 | 81390.91
PL Snlmetmaxarandomb NA NA NA

PL S5nlmetmaxarandomc NA NA NA

PL S5nlmetmaxarandomab | NA NA NA

PL Snlmetmaxarandomac 7.3483 | 0.539537 | 79476.2
PL S5nlmetmaxarandombc | NA NA NA

PL Snlstmaxb 6.487983 | 0.593446 | 106806
PL Snlmetmaxbrandomabc | NA NA NA

PL Snlmetmaxbrandoma 7.322057 | 0.541181 | 80173.54
PL S5Snlmetmaxbrandomb | NA NA NA
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Model name MSE R AIC

PL Snlmetmaxbrandomc NA NA NA

PL Snlmetmaxbrandomab | NA NA NA

PL Snlmetmaxbrandomac | NA NA NA

PL Snlmetmaxbrandombc | NA NA NA

PL Snlstmaxc 6.662026 | 0.58254 | 106579.2
PL Snlmetmaxcrandomabc | NA NA NA

PL Snlmetmaxcrandoma NA NA NA

PL Snlmetmaxcrandomb NA NA NA

PL Snlmetmaxcrandomc NA NA NA

PL Snlmetmaxcrandomab | NA NA NA

PL Snlmetmaxcrandomac | NA NA NA

PL Snlmetmaxcrandombc | NA NA NA

PL 6nls 7.627598 | 0.522035 | 108763
PL 6nlme NA NA NA

PL 6nlmea 7.74116 | 0.514919 | 81163.23
PL 6nlmeb NA NA NA

PL 6nlmec 7.520093 | 0.528772 | 81171.94
PL 6nlmeab 8.47296 | 0.469063 | 80893.93
PL 6nlmeac 9.906173 | 0.379254 | 81035.29
PL 6nlmebc NA NA NA

PL 6nlstmax 6.508572 | 0.592156 | 106715.5
PL 6nlmetmaxrandomabc | NA NA NA

PL 6nlmetmaxrandoma 8.296321 | 0.480131 | 81971.52
PL 6nlmetmaxrandomb NA NA NA

PL 6nlmetmaxrandomc 6.871645 | 0.569405 | 80367.12
PL 6nlmetmaxrandomab NA NA NA

PL 6nlmetmaxrandomac 7.630238 | 0.52187 | 80063.71
PL 6nlmetmaxrandombc NA NA NA

PL 6nlstmaxa 6.449422 | 0.595863 | 106915.1
PL 6nlmetmaxarandomabc | NA NA NA

PL 6nlmetmaxarandoma 7.383212 1 0.537349 | 80033.8
PL 6nlmetmaxarandomb NA NA NA

PL 6nlmetmaxarandomc NA NA NA

PL 6nlmetmaxarandomab | 8.376497 | 0.475107 | 79634.57
PL 6nlmetmaxarandomac | NA NA NA

PL 6nlmetmaxarandombc | NA NA NA

PL 6nlstmaxb 6.480935 | 0.593888 | 106810.5
PL 6nlmetmaxbrandomabc | NA NA NA

PL 6nlmetmaxbrandoma 7.74666 | 0.514574 | 83462.85
PL 6nlmetmaxbrandomb | NA NA NA
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Model name MSE R AIC

PL 6nlmetmaxbrandomc NA NA NA

PL 6nlmetmaxbrandomab | 8.258655 | 0.482492 | 79653.01
PL 6nlmetmaxbrandomac | 10.90741 | 0.316514 | 79871.62
PL 6nlmetmaxbrandombc | NA NA NA

PL 6nlstmaxc 6.476876 | 0.594142 | 106796.5
PL 6nlmetmaxcrandomabc | NA NA NA

PL 6nlmetmaxcrandoma 7.449576 | 0.53319 | 80028.28
PL 6nlmetmaxcrandomb NA NA NA

PL 6nlmetmaxcrandomc NA NA NA

PL 6nlmetmaxcrandomab | NA NA NA

PL 6nlmetmaxcrandomac | 10.25738 | 0.357246 | 79777.12
PL 6nlmetmaxcrandombc | NA NA NA

PL 7nls 7.602723 | 0.523594 | 108764.3
PL 7nlme NA NA NA

PL 7nlmea 7.699632 | 0.517521 | 81245.22
PL 7nlmeb 7.644128 | 0.520999 | 81780.97
PL 7nlmec 7.729359 | 0.515659 | 81521.17
PL 7nlmeab NA NA NA

PL 7nlmeac 8.483465 | 0.468404 | 80996.75
PL 7nlmebc 7.747669 | 0.514511 81012
PL 7nlstmax 6.498026 | 0.592817 | 106737.6
PL 7nlmetmaxrandomabc | NA NA NA

PL 7nlmetmaxrandoma 7.135325 | 0.552882 | 80455.39
PL 7nlmetmaxrandomb 7.101911 | 0.554976 | 80751.19
PL 7nlmetmaxrandomc 7.19477 | 0.549157 | 80759.52
PL 7nlmetmaxrandomab NA NA NA

PL 7nlmetmaxrandomac 7.561618 | 0.52617 | 79941.06
PL 7nlmetmaxrandombc 7.213238 0.548 | 80036.38
PL 7nlstmaxa 6.419424 | 0.597742 | 106926.4
PL 7nlmetmaxarandomabc | NA NA NA

PL 7nlmetmaxarandoma 8.83707 | 0.446247 | 81174.04
PL 7nlmetmaxarandomb 7.346959 | 0.539621 | 80687.87
PL 7nlmetmaxarandomc 7.264382 | 0.544795 | 80624.99
PL 7nlmetmaxarandomab | 7.256338 | 0.545299 | 79525.57
PL 7nlmetmaxarandomac | 9.154699 | 0.426343 | 79715.31
PL 7nlmetmaxarandombc | NA NA NA

PL 7nlstmaxb 6.693647 | 0.580559 | 106568.7
PL 7nlmetmaxbrandomabc | NA NA NA

PL 7nlmetmaxbrandoma 8.323286 | 0.478442 | 81753.7
PL 7nlmetmaxbrandomb 7.920281 | 0.503695 | 80524.99
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Model name MSE R’ AIC

PL 7nlmetmaxbrandomc 7.737239 | 0.515165 | 84206.19
PL 7nlmetmaxbrandomab | 8.016153 | 0.497687 | 79708.01
PL 7nlmetmaxbrandomac | 9.568217 | 0.400431 | 79756.41
PL 7nlmetmaxbrandombc 8.12556 | 0.490832 | 80010.49
PL 7nlstmaxc 6.437839 | 0.596589 | 106782.3
PL 7nlmetmaxcrandomabc | 9.541769 | 0.402088 | 79197.48
PL 7nlmetmaxcrandoma 7.235998 | 0.546574 | 80289.11
PL 7nlmetmaxcrandomb 7.493842 | 0.530417 | 84417.14
PL 7nlmetmaxcrandomc 7.13042 | 0.55319 | 80693.58
PL 7nlmetmaxcrandomab 7.29029 | 0.543172 | 79725.27
PL 7nlmetmaxcrandomac | 8.584853 | 0.462051 | 79702.73
PL 7nlmetmaxcrandombc | 7.252961 | 0.545511 | 80102.9

Table C.4a CMI added models selection cr

iteria for species Black spruce

Model name MSE R’ AIC

SB 1nls 4.146092 | 0.663549 | 29262.39
SB 1nlme NA NA NA

SB 1nlmea 4.724229 | 0.616634 | 23498.07
SB 1nlmeb 4.910728 | 0.601499 | 23629.25
SB_Inlscmi 4.4228 | 0.641094 | 29008.79
SB_1nlmecmirandomab NA NA NA

SB_Inlmecmirandoma 5.33714 | 0.566897 | 24595.87
SB Inlmecmirandomb 6.547888 | 0.468646 | 23271.85
SB Inlscmia 4.477855 | 0.636627 | 29020.98
SB 1nlmecmiarandomab | 4.698586 | 0.618715 | 22959.91
SB Inlmecmiarandoma 5.549057 0.5497 | 24621.95
SB 1nlmecmiarandomb 5.640179 | 0.542305 | 23235.49
SB 1nlscmib 4.469311 | 0.63732 | 29028.37
SB 1nlmecmibrandomab | NA NA NA

SB_1nlmecmibrandoma 5.401261 | 0.561693 | 23119.88
SB 1nlmecmibrandomb 5.668938 | 0.539971 | 23252.89
SB 2nls 3.853479 | 0.687294 | 29272.7
SB 2nlme 4.859814 | 0.605631 | 23255.95
SB 2nlmea 4.734411 | 0.615807 | 23628.64
SB 2nlmeb 4.507778 | 0.634198 | 24156.12
SB 2nlscmi 4.125834 | 0.665193 | 29019.09
SB 2nlmecmirandomab 6.356246 | 0.484197 | 23069.74
SB 2nlmecmirandoma 5.106397 | 0.585621 | 23391.81
SB 2nlmecmirandomb 5.724644 | 0.535451 | 24130.68
SB 2nlscmia 4.195693 | 0.659524 | 28993.75
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Model name MSE R’ AIC

SB 2nlmecmiarandomab | 5.666471 | 0.540172 | 22793.12
SB 2nlmecmiarandoma 5.563537 | 0.548525 | 23191.14
SB 2nlmecmiarandomb 5.170256 | 0.580439 | 23715.44
SB 2nlscmib 4.112687 | 0.66626 | 29015.59
SB 2nlmecmibrandomab | 5.443643 | 0.558254 | 22844.4
SB 2nlmecmibrandoma 5.340957 | 0.566587 | 23221.48
SB 2nlmecmibrandomb 5.013722 | 0.593142 | 23753.24
SB 3nls 3.896351 | 0.683815 | 29211.01
SB 3nlme 4.975237 | 0.596265 23282
SB 3nlmea 4.597035 | 0.626955 | 23581.42
SB 3nlmeb 5.02875 | 0.591922 | 23732.46
SB 3nlscmi 4.156708 | 0.662687 | 28955.6
SB 3nlmecmirandomab NA NA NA

SB 3nlmecmirandoma 6.450292 | 0.476565 | 24042.13
SB 3nlmecmirandomb 7.095941 | 0.424172 | 23770.57
SB 3nlscmia 4.177219 | 0.661023 | 28949.69
SB 3nlmecmiarandomab | 5.580634 | 0.547137 | 22870.69
SB 3nlmecmiarandoma 5.300368 | 0.569881 | 23375.35
SB 3nlmecmiarandomb 5.703871 | 0.537137 | 23770.57
SB 3nlscmib 4.236847 | 0.656184 | 28940.47
SB 3nlmecmibrandomab | 5.470464 | 0.556077 | 22840.15
SB 3nlmecmibrandoma 5.420307 | 0.560148 | 23378.2
SB 3nlmecmibrandomb 5.446066 | 0.558057 | 23312.52
SB 4nls 3.848508 | 0.687698 | 29292.33
SB 4nlme 4.415724 | 0.641669 | 23385.69
SB 4nlmea 5.535713 | 0.550783 | 24548.36
SB 4nlmeb 4.435279 | 0.640082 | 23842.78
SB 4nlscmi 4.121921 | 0.66551 | 29040.62
SB_4nlmecmirandomab 5.009227 | 0.593506 | 23018.19
SB 4nlmecmirandoma 6.861183 | 0.443222 | 24171.64
SB 4nlmecmirandomb 5.705727 | 0.536986 | 24227.41
SB 4nlscmia 4.208856 | 0.658456 | 29010.31
SB 4nlmecmiarandomab | 5.091898 | 0.586798 | 22954.29
SB 4nlmecmiarandoma 6.877267 | 0.441917 | 24283.33
SB 4nlmecmiarandomb 5.149831 | 0.582097 | 23805.59
SB 4nlscmib 4.105321 | 0.666857 | 29036.07
SB 4nlmecmibrandomab | 4.919542 | 0.600784 | 22981.88
SB 4nlmecmibrandoma 6.441887 | 0.477247 | 24311.88
SB_4nlmecmibrandomb | 4.987817 | 0.595244 | 23843.6
SB 5nls 3.972976 | 0.677597 | 29202.48
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Model name MSE R’ AIC

SB 5nlme NA NA NA
SB Snlmea NA NA NA

SB Snlmeb NA NA NA
SB Snlmec NA NA NA

SB Snlmeab NA NA NA

SB Snlmeac NA NA NA

SB Snlmebc NA NA NA

SB Snlscmi 4.237709 | 0.656114 | 28941.34
SB S5nlmecmirandomabc | NA NA NA

SB Snlmecmirandoma NA NA NA

SB 5nlmecmirandomb NA NA NA

SB Snlmecmirandomc NA NA NA

SB 5Snlmecmirandomab NA NA NA

SB Snlmecmirandomac NA NA NA

SB Snlmecmirandombc NA NA NA

SB Snlscmia 4.289821 | 0.651885 | 28932.44
SB Snlmecmiarandomabc | NA NA NA

SB Snlmecmiarandoma 6.048546 | 0.509167 | 24121.9
SB Snlmecmiarandomb NA NA NA

SB Snlmecmiarandomc NA NA NA

SB S5nlmecmiarandomab | NA NA NA

SB Snlmecmiarandomac | NA NA NA

SB Snlmecmiarandombc | NA NA NA

SB Snlscmib 4.290448 | 0.651835 | 28936.09
SB Snlmecmibrandomabc | NA NA NA

SB S5nlmecmibrandoma NA NA NA

SB S5nlmecmibrandomb NA NA NA

SB S5nlmecmibrandomc NA NA NA

SB Snlmecmibrandomab | NA NA NA

SB Snlmecmibrandomac | NA NA NA

SB S5nlmecmibrandombc | NA NA NA

SB Snlscmic 4.235459 | 0.656297 | 28958.69
SB Snlmecmicrandomabc | NA NA NA

SB S5nlmecmicrandoma NA NA NA

SB Snlmecmicrandomb NA NA NA

SB 5Snlmecmicrandomc NA NA NA

SB Snlmecmicrandomab | NA NA NA

SB Snlmecmicrandomac | NA NA NA

SB S5nlmecmicrandombc | NA NA NA

SB 6nls 3.977516 | 0.677229 | 29203.06
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Model name MSE R’ AIC

SB 6nlme NA NA NA
SB_6nlmea 4.822349 | 0.608671 | 24394.84
SB 6nlmeb NA NA NA
SB_6nlmec NA NA NA

SB 6nlmeab NA NA NA
SB_6nlmeac 4.739938 | 0.615359 | 23542.25
SB 6nlmebc NA NA NA
SB_6nlscmi 4.241243 | 0.655827 | 28941.48
SB 6nlmecmirandomabc | NA NA NA

SB 6nlmecmirandoma 5.803545 | 0.529048 | 24025.32
SB 6nlmecmirandomb NA NA NA
SB_6nlmecmirandomce NA NA NA
SB_6nlmecmirandomab NA NA NA
SB_6nlmecmirandomac 5.407427 | 0.561193 | 23175.99
SB 6nlmecmirandombc NA NA NA
SB_6nlscmia 4.29394 | 0.651551 | 28933.57
SB 6nlmecmiarandomabc | NA NA NA
SB_6nlmecmiarandoma 5.274424 | 0.571986 | 23154.51
SB 6nlmecmiarandomb NA NA NA

SB 6nlmecmiarandomc NA NA NA

SB 6nlmecmiarandomab | NA NA NA

SB 6nlmecmiarandomac | 5.427531 | 0.559561 | 23138.04
SB 6nlmecmiarandombc | NA NA NA

SB 6nlscmib 4.296418 | 0.65135 | 28936.85
SB_6nlmecmibrandomabc | NA NA NA
SB_6nlmecmibrandoma NA NA NA

SB 6nlmecmibrandomb NA NA NA
SB_6nlmecmibrandomc NA NA NA

SB 6nlmecmibrandomab | NA NA NA
SB_6nlmecmibrandomac | 5.445294 | 0.55812 | 23146.49
SB 6nlmecmibrandombc | NA NA NA
SB_6nlscmic 4.294165 | 0.651533 | 28939.03
SB 6nlmecmicrandomabc | NA NA NA

SB 6nlmecmicrandoma NA NA NA

SB 6nlmecmicrandomb NA NA NA

SB 6nlmecmicrandomc NA NA NA

SB 6nlmecmicrandomab | NA NA NA

SB 6nlmecmicrandomac | 5.468247 | 0.556257 | 23145.2
SB 6nlmecmicrandombc | NA NA NA

SB 7nls 3.976312 | 0.677326 | 29232.31
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Model name MSE R’ AIC

SB 7nlme NA NA NA

SB 7nlmea 4.870933 | 0.604729 | 24380.98
SB 7nlmeb NA NA NA

SB 7nlmec NA NA NA

SB 7nlmeab NA NA NA

SB_ 7nlmeac 4.085403 | 0.668474 | 23483.23
SB 7nlmebc NA NA NA
SB_7nlscmi 4.238226 | 0.656072 | 28966.46
SB 7nlmecmirandomabc | NA NA NA

SB 7nlmecmirandoma 5.227379 | 0.575804 | 23120.52
SB 7nlmecmirandomb NA NA NA

SB 7nlmecmirandomc NA NA NA
SB_7nlmecmirandomab NA NA NA
SB_7nlmecmirandomac 4.443369 | 0.639425 | 23107.27
SB 7nlmecmirandombc NA NA NA

SB 7nlscmia 4.290579 | 0.651824 | 28956.68
SB 7nlmecmiarandomabc | NA NA NA

SB 7nlmecmiarandoma 5.99912 | 0.513178 | 24030.37
SB 7nlmecmiarandomb NA NA NA

SB 7nlmecmiarandomc NA NA NA

SB 7nlmecmiarandomab | NA NA NA

SB 7nlmecmiarandomac | NA NA NA

SB 7nlmecmiarandombc | NA NA NA

SB 7nlscmib 4.20814 | 0.658514 | 29000.4
SB 7nlmecmibrandomabc | NA NA NA

SB 7nlmecmibrandoma 5.153426 | 0.581805 | 24064.87
SB 7nlmecmibrandomb NA NA NA
SB_7nlmecmibrandomc NA NA NA

SB 7nlmecmibrandomab | NA NA NA

SB 7nlmecmibrandomac | 4.431991 | 0.640348 | 22965.34
SB 7nlmecmibrandombc | NA NA NA
SB_7nlscmic 4.296898 | 0.651311 | 28967.01
SB 7nlmecmicrandomabc | NA NA NA

SB 7nlmecmicrandoma NA NA NA

SB 7nlmecmicrandomb NA NA NA

SB 7nlmecmicrandomc NA NA NA

SB 7nlmecmicrandomab | NA NA NA

SB 7nlmecmicrandomac | 4.523335 | 0.632936 | 22994.67
SB 7nlmecmicrandombc | NA NA NA
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Table C.4b Tmax added models selection criteria for species Black spruce

Model name MSE R’ AIC
SB 1Inls 4.146092 | 0.663549 | 29262.39
SB Inlme NA NA NA
SB Inlmea 4.724229 | 0.616634 | 23498.07
SB Inlmeb 4.910728 | 0.601499 | 23629.25
SB Inlstmax 4.1282 | 0.665001 | 29245.97
SB Inlmetmaxrandomab NA NA NA
SB Inlmetmaxrandoma 4.67171 | 0.620896 | 23512.35
SB Inlmetmaxrandomb NA NA NA
SB Inlstmaxa 4.108658 | 0.666587 | 29250.89

SB Inlmetmaxarandomab | 4.003115 | 0.675151 | 23253.38
SB_1nlmetmaxarandoma 4.667631 | 0.621226 | 24743.24
SB_Inlmetmaxarandomb 4.773679 | 0.612621 | 23530.47
SB_1nlstmaxb 4.116908 | 0.665917 | 29257.24
SB 1nlmetmaxbrandomab | 3.972794 | 0.677612 | 23237.71
SB Inlmetmaxbrandoma | 4.662098 | 0.621676 | 24737.16
SB 1nlmetmaxbrandomb | 4.789329 | 0.611351 | 23496.36

SB 2nls 3.853479 | 0.687294 | 29272.7
SB 2nlme 4.859814 | 0.605631 | 23255.95
SB 2nlmea 4.734411 | 0.615807 | 23628.64
SB 2nlmeb 4.507778 | 0.634198 | 24156.12
SB 2nlstmax 3.825167 | 0.689592 | 29257.58
SB 2nlmetmaxrandomab NA NA NA

SB 2nlmetmaxrandoma 4.470348 | 0.637236 | 23619.92
SB 2nlmetmaxrandomb 4.385673 | 0.644107 | 23521.54
SB 2nlstmaxa 3.857844 | 0.68694 | 29274.4
SB 2nlmetmaxarandomab | 4.738536 | 0.615473 | 23111.03
SB 2nlmetmaxarandoma 4.66661 | 0.621309 | 23476.08
SB 2nlmetmaxarandomb 4.333664 | 0.648328 | 24096.46
SB 2nlstmaxb 3.826519 | 0.689482 | 29261.04
SB 2nlmetmaxbrandomab 4.7046 | 0.618227 | 23151.29
SB 2nlmetmaxbrandoma 4.626019 | 0.624603 | 23534.23
SB 2nlmetmaxbrandomb 4.30869 | 0.650354 | 24038.6

SB 3nls 3.896351 | 0.683815 | 29211.01
SB 3nlme 4.975237 | 0.596265 23282
SB_3nlmea 4.597035 | 0.626955 | 23581.42
SB 3nlmeb 5.02875 | 0.591922 | 23732.46
SB 3nlstmax 3.87512 | 0.685538 | 29190.51
SB 3nlmetmaxrandomab NA NA NA

SB 3nlmetmaxrandoma 4.54449 |1 0.631219 | 23401.12
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Model name MSE R’ AIC
SB 3nlmetmaxrandomb 4.677017 | 0.620465 | 23683.87
SB 3nlstmaxa 3.869337 | 0.686007 | 29200.71
SB 3nlmetmaxarandomab 4.80554 | 0.610035 | 23164.84
SB 3nlmetmaxarandoma 4.523937 | 0.632887 | 23660.78
SB 3nlmetmaxarandomb 4.921441 | 0.60063 | 23683.87
SB 3nlstmaxb 3.903065 | 0.68327 | 29212.42
SB 3nlmetmaxbrandomab | 4.841368 | 0.607128 | 23139.38
SB 3nlmetmaxbrandoma | 4.540262 | 0.631562 | 23707.81
SB 3nlmetmaxbrandomb | 4.968506 | 0.596811 | 23588.68
SB 4nls 3.848508 | 0.687698 | 29292.33
SB 4nlme 4.415724 | 0.641669 | 23385.69
SB 4nlmea 5.535713 | 0.550783 | 24548.36
SB 4nlmeb 4.435279 | 0.640082 | 23842.78
SB _4nlstmax 3.819869 | 0.690022 | 29277.63
SB 4nlmetmaxrandomab NA NA NA
SB_4nlmetmaxrandoma NA NA NA
SB_4nlmetmaxrandomb 4.381298 | 0.644462 | 23553.49
SB 4nlstmaxa 3.854601 | 0.687203 | 29293.69
SB 4nlmetmaxarandomab | 4.312417 | 0.650052 | 23279.2
SB 4nlmetmaxarandoma 5.796619 | 0.52961 | 24483.12
SB_4nlmetmaxarandomb 4.328567 | 0.648741 24192
SB_4nlstmaxb 3.822496 | 0.689808 | 29281.36
SB 4nlmetmaxbrandomab | 4.303289 | 0.650793 | 23288.01
SB 4nlmetmaxbrandoma 5.675249 | 0.539459 | 24506.4
SB 4nlmetmaxbrandomb | 4.293315 | 0.651602 | 24125.48
SB 5nls 3.972976 | 0.677597 | 29202.48
SB 5nlme NA NA NA
SB 5nlmea NA NA NA
SB 5nlmeb NA NA NA
SB Snlmec NA NA NA
SB 5nlmeab NA NA NA
SB S5nlmeac NA NA NA
SB 5nlmebc NA NA NA
SB Snlstmax 3.95064 | 0.67941 | 29185.1
SB Snlmetmaxrandomabc | NA NA NA
SB Snlmetmaxrandoma NA NA NA
SB Snlmetmaxrandomb NA NA NA
SB Snlmetmaxrandomc NA NA NA
SB S5nlmetmaxrandomab NA NA NA
SB Snlmetmaxrandomac NA NA NA
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Model name MSE R’ AIC
SB 5Snlmetmaxrandombc NA NA NA
SB S5nlstmaxa 3.963757 | 0.678345 29201
SB Snlmetmaxarandomabc | NA NA NA
SB Snlmetmaxarandoma 5.102416 | 0.585944 | 24382.7
SB Snlmetmaxarandomb NA NA NA
SB S5nlmetmaxarandomc NA NA NA
SB Snlmetmaxarandomab | NA NA NA
SB Snlmetmaxarandomac | NA NA NA
SB S5Snlmetmaxarandombc | NA NA NA
SB_Snlstmaxb 3.945016 | 0.679866 | 29193.22
SB S5nlmetmaxbrandomabc | NA NA NA
SB Snlmetmaxbrandoma | 4.845764 | 0.606771 | 24364.84
SB Snlmetmaxbrandomb | NA NA NA
SB_Snlmetmaxbrandomc NA NA NA
SB Snlmetmaxbrandomab | NA NA NA
SB Snlmetmaxbrandomac | NA NA NA
SB Snlmetmaxbrandombc | NA NA NA
SB Snlstmaxc 3.922769 | 0.681671 | 29172.73
SB Snlmetmaxcrandomabc | NA NA NA
SB Snlmetmaxcrandoma 4.839562 | 0.607275 | 24403.48
SB_Snlmetmaxcrandomb NA NA NA
SB Snlmetmaxcrandomc NA NA NA
SB Snlmetmaxcrandomab | NA NA NA
SB Snlmetmaxcrandomac | NA NA NA
SB Snlmetmaxcrandombc | NA NA NA
SB 6nls 3.977516 | 0.677229 | 29203.06
SB 6nlme NA NA NA
SB_6nlmea 4.822349 | 0.608671 | 24394.84
SB 6nlmeb NA NA NA
SB_6nlmec NA NA NA
SB 6nlmeab NA NA NA
SB 6nlmeac 4.739938 | 0.615359 | 23542.25
SB_6nlmebc NA NA NA
SB_6nlstmax 3.956546 | 0.67893 | 29186.23
SB 6nlmetmaxrandomabc | NA NA NA
SB 6nlmetmaxrandoma NA NA NA
SB_6nlmetmaxrandomb NA NA NA
SB_6nlmetmaxrandomc NA NA NA
SB 6nlmetmaxrandomab NA NA NA
SB_6nlmetmaxrandomac 4.629773 | 0.624299 | 23487.63
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Model name MSE R’ AIC
SB 6nlmetmaxrandombc NA NA NA
SB _6nlstmaxa 3.967731 | 0.678023 | 29201.42
SB 6nlmetmaxarandomabc | NA NA NA
SB 6nlmetmaxarandoma NA NA NA
SB 6nlmetmaxarandomb NA NA NA
SB 6nlmetmaxarandomc NA NA NA
SB 6nlmetmaxarandomab | NA NA NA
SB 6nlmetmaxarandomac | 4.522083 | 0.633038 | 23307.56
SB 6nlmetmaxarandombc | NA NA NA
SB_6nlstmaxb 3.949547 | 0.679498 | 29193.84
SB 6nlmetmaxbrandomabc | NA NA NA
SB 6nlmetmaxbrandoma | NA NA NA
SB_6nlmetmaxbrandomb | NA NA NA
SB_6nlmetmaxbrandomc NA NA NA
SB_6nlmetmaxbrandomab | 3.827783 | 0.689379 | 23306.4
SB_6nlmetmaxbrandomac | 4.579939 | 0.628343 | 23433.41
SB 6nlmetmaxbrandombc | NA NA NA
SB 6nlstmaxc 3.958935 | 0.678736 | 29200.42
SB 6nlmetmaxcrandomabc | NA NA NA
SB 6nlmetmaxcrandoma NA NA NA
SB_6nlmetmaxcrandomb NA NA NA
SB 6nlmetmaxcrandomc NA NA NA
SB_6nlmetmaxcrandomab | NA NA NA
SB 6nlmetmaxcrandomac | 4.620508 | 0.62505 | 23414.31
SB_6nlmetmaxcrandombc | NA NA NA
SB 7nls 3.976312 | 0.677326 | 29232.31
SB 7nlme NA NA NA
SB 7nlmea 4.870933 | 0.604729 | 24380.98
SB 7nlmeb NA NA NA
SB 7nlmec NA NA NA
SB 7nlmeab NA NA NA
SB 7nlmeac 4.085403 | 0.668474 | 23483.23
SB 7nlmebc NA NA NA
SB 7nlstmax 3.955948 | 0.678979 | 29216.13
SB 7nlmetmaxrandomabc | NA NA NA
SB 7nlmetmaxrandoma 4.532563 | 0.632187 | 23479.07
SB 7nlmetmaxrandomb NA NA NA
SB_ 7nlmetmaxrandomc NA NA NA
SB 7nlmetmaxrandomab NA NA NA
SB_7nlmetmaxrandomac 4.067867 | 0.669897 | 23470.41
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Model name MSE R’ AIC

SB 7nlmetmaxrandombc NA NA NA

SB 7nlstmaxa 3.968599 | 0.677952 | 29231.54
SB 7nlmetmaxarandomabc | NA NA NA

SB 7nlmetmaxarandoma 5.052397 | 0.590003 | 24290.23
SB 7nlmetmaxarandomb NA NA NA

SB 7nlmetmaxarandomc NA NA NA

SB 7nlmetmaxarandomab | 4.426552 | 0.64079 | 23146.99
SB 7nlmetmaxarandomac | 4.022434 | 0.673584 | 23363.21
SB 7nlmetmaxarandombc | NA NA NA
SB_7nlstmaxb 3.928706 | 0.68119 | 29187.11
SB 7nlmetmaxbrandomabc | NA NA NA

SB 7nlmetmaxbrandoma | 4.527895 | 0.632566 | 23457.18
SB 7nlmetmaxbrandomb | NA NA NA
SB_7nlmetmaxbrandomc NA NA NA

SB 7nlmetmaxbrandomab | NA NA NA

SB 7nlmetmaxbrandomac | 4.014701 | 0.674211 | 23398.45
SB 7nlmetmaxbrandombc | NA NA NA

SB 7nlstmaxc 3.947177 | 0.679691 | 29221.06
SB 7nlmetmaxcrandomabc | NA NA NA

SB 7nlmetmaxcrandoma NA NA NA
SB_7nlmetmaxcrandomb NA NA NA

SB 7nlmetmaxcrandomc NA NA NA
SB_7nlmetmaxcrandomab 4.44309 | 0.639448 | 23135.24
SB 7nlmetmaxcrandomac | 4.050269 | 0.671325 | 23339.1
SB 7nlmetmaxcrandombc | NA NA NA

Table C.5a CMI added models selection criteria for species White spruce

Model name MSE R’ AIC

SW_1nls 10.67265 | 0.699339 | 121033.1
SW 1nlme NA NA NA

SW_1nlmea NA NA NA

SW_1nlmeb 17.16202 | 0.516525 | 98609.25
SW_Inlscmi 9.221604 | 0.740216 | 118547.3
SW_ Inlmecmirandomab 9.909771 | 0.72083 | 96192.59
SW_Inlmecmirandoma 13.65925 | 0.615202 | 97097.25
SW_ Inlmecmirandomb 13.87109 | 0.609235 | 98483.53
SW_Inlscmia 9.309945 | 0.737728 | 118957.8
SW_Inlmecmiarandomab | 9.969578 | 0.719145 | 96346.55
SW_Inlmecmiarandoma 14.11584 | 0.60234 | 97290.91
SW_ Inlmecmiarandomb 15.98023 | 0.549818 | 98440.75

163



Model name MSE R’ AIC

SW_Inlscmib 9.365393 | 0.736166 | 119054.3
SW Inlmecmibrandomab | NA NA NA

SW_ Inlmecmibrandoma 14.40908 | 0.594079 | 97330.11
SW_ Inlmecmibrandomb 16.17005 | 0.54447 | 98483.42
SW 2nls 9.041206 | 0.745298 | 117125.3
SW 2nlme 13.04533 | 0.632497 | 94757.22
SW 2nlmea 13.77141 | 0.612043 | 96918.6
SW_2nlmeb 11.30974 | 0.681391 | 98702.95
SW 2nlscmi 7.966876 | 0.775563 | 114986.9
SW_2nlmecmirandomab NA NA NA

SW_2nlmecmirandoma 11.45189 | 0.677386 | 95744.63
SW_2nlmecmirandomb 9.203253 | 0.740733 | 99353.78
SW 2nlscmia 7.975745 | 0.775314 | 115047.3
SW_2nlmecmiarandomab 12.5269 | 0.647102 | 94552.54
SW_2nlmecmiarandoma 12.43199 | 0.649776 | 96593.42
SW_2nlmecmiarandomb 10.0115 | 0.717964 | 98157.51
SW_2nlscmib 8.020779 | 0.774045 | 114942.4
SW_2nlmecmibrandomab | 12.55531 | 0.646302 | 94542.43
SW_2nlmecmibrandoma 12.59606 | 0.645154 | 96639.89
SW_2nlmecmibrandomb 10.07011 | 0.716313 | 98354.24
SW 3nls 9.270053 | 0.738851 | 117497.2
SW_ 3nlme 13.35074 | 0.623894 | 94552.24
SW 3nlmea 12.89484 | 0.636737 | 96879.83
SW_3nlmeb 15.89412 | 0.552243 | 97660.3
SW_3nlscmi 8.071923 | 0.772604 | 115097.5
SW_3nlmecmirandomab 11.8242 | 0.666898 | 94274.52
SW 3nlmecmirandoma 11.19437 | 0.684641 | 95633.82
SW_3nlmecmirandomb 12.48515 | 0.648278 | 97822.69
SW 3nlscmia 8.15211 | 0.770345 | 115218.1
SW_3nlmecmiarandomab | 12.92376 | 0.635922 | 94535.67
SW 3nlmecmiarandoma 11.57054 | 0.674044 | 96537.79
SW 3nlmecmiarandomb 14.42805 | 0.593544 | 97822.69
SW_3nlscmib 8.175231 | 0.769694 | 115472.8
SW 3nlmecmibrandomab | 12.27189 | 0.654286 | 94302.29
SW_3nlmecmibrandoma 11.69836 | 0.670443 | 96471.23
SW 3nlmecmibrandomb 14.68357 | 0.586346 | 97446.98
SW _4nls 9.021831 | 0.745844 | 117130.3
SW_4nlme 12.4201 | 0.650111 | 94831.51
SW 4nlmea 14.97157 | 0.578233 | 97513.01
SW_4nlmeb 11.18933 | 0.684783 | 99023.02
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Model name MSE R’ AIC
SW_4nlscmi 7.966113 | 0.775585 | 115036.9
SW 4nlmecmirandomab NA NA NA
SW_4nlmecmirandoma 12.79594 | 0.639523 | 97501.8
SW_4nlmecmirandomb 10.17374 | 0.713394 | 97248.62
SW_4nlscmia 7.947065 | 0.776122 | 115073.8
SW_4nlmecmiarandomab | 11.16617 | 0.685435 | 94524.37
SW_4nlmecmiarandoma 13.50293 | 0.619606 | 97193.88
SW_4nlmecmiarandomb 9.96106 | 0.719385 | 96942.27
SW_4nlscmib 8.016178 | 0.774175 | 114968.8
SW_4nlmecmibrandomab 11.2888 | 0.681981 | 94535.25
SW_4nlmecmibrandoma 11.14305 | 0.686087 | 95793.53
SW_4nlmecmibrandomb 10.0202 | 0.717719 | 97082.25
SW_5nls 8.987987 | 0.746798 | 116961.5
SW_5nlme NA NA NA
SW_5nlmea 13.79271 | 0.611443 | 97735.81
SW_5nlmeb 12.36614 | 0.651631 | 95576.38
SW_5nlmec 14.27197 | 0.597941 | 103250.8
SW_5nlmeab NA NA NA
SW_5Snlmeac NA NA NA
SW_Snlmebce NA NA NA
SW_5Snlscmi 7.947551 | 0.776108 | 114771.4
SW_Snlmecmirandomabc | NA NA NA
SW_5nlmecmirandoma 12.00115 | 0.661913 | 97432.71
SW_5nlmecmirandomb 11.26858 | 0.682551 | 95347.19
SW_ 5nlmecmirandome 12.27071 | 0.654319 | 103088.4
SW_5nlmecmirandomab NA NA NA
SW 5nlmecmirandomac NA NA NA
SW_5nlmecmirandombc NA NA NA
SW_5nlscmia 7.936778 | 0.776411 | 114882.9
SW_5nlmecmiarandomabe | NA NA NA
SW 5nlmecmiarandoma 12.33922 | 0.652389 | 97428.67
SW_5nlmecmiarandomb 11.33876 | 0.680573 | 95297.48
SW_5nlmecmiarandomc NA NA NA
SW 5nlmecmiarandomab | NA NA NA
SW_Snlmecmiarandomac | NA NA NA
SW 5nlmecmiarandombc | NA NA NA
SW_5nlscmib 7.917434 | 0.776956 | 114750.7
SW_Snlmecmibrandomabe | NA NA NA
SW_5nlmecmibrandoma 12.66499 | 0.643212 | 97358.69
SW_5nlmecmibrandomb 11.0975 | 0.68737 | 95305.8
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Model name MSE R’ AIC
SW_5nlmecmibrandomc 12.00593 | 0.661778 | 102907.5
SW 5nlmecmibrandomab | NA NA NA
SW_Snlmecmibrandomac | NA NA NA
SW 5nlmecmibrandombe | NA NA NA
SW_5nlscmic 8.146174 | 0.770512 | 114972.5
SW 5nlmecmicrandomabc | NA NA NA
SW_5Snlmecmicrandoma 13.14184 | 0.629779 | 97503.87
SW_Snlmecmicrandomb 11.42854 | 0.678044 | 95396.41
SW_5nlmecmicrandomc 12.83173 | 0.638515 | 103112.8
SW_Snlmecmicrandomab | NA NA NA
SW 5nlmecmicrandomac | NA NA NA
SW_Snlmecmicrandombc | NA NA NA
SW_6nls 9.000459 | 0.746446 | 116957.7
SW_6nlme NA NA NA
SW_6nlmea 12.99797 | 0.633832 | 101657.2
SW_6nlmeb NA NA NA
SW_6nlmec NA NA NA
SW_6nlmeab NA NA NA
SW_6nlmeac NA NA NA
SW_6nlmebce NA NA NA
SW_6nlscmi 7.951037 | 0.77601 | 114753.5
SW_6nlmecmirandomabc | NA NA NA
SW_6nlmecmirandoma 11.83911 | 0.666478 | 97352.3
SW_6nlmecmirandomb NA NA NA
SW_6nlmecmirandomce NA NA NA
SW_6nlmecmirandomab NA NA NA
SW_6nlmecmirandomac NA NA NA
SW_6nlmecmirandombc NA NA NA
SW_6nlscmia 7.948144 | 0.776091 | 114875.9
SW_6nlmecmiarandomabc | NA NA NA
SW 6nlmecmiarandoma 11.6098 | 0.672938 | 95352.14
SW_6nlmecmiarandomb NA NA NA
SW_6nlmecmiarandomc NA NA NA
SW 6nlmecmiarandomab | NA NA NA
SW_6nlmecmiarandomac | NA NA NA
SW 6nlmecmiarandombc | NA NA NA
SW_6nlscmib 7.912814 | 0.777086 | 114743.2
SW_6nlmecmibrandomabe | NA NA NA
SW_6nlmecmibrandoma 11.61617 | 0.672759 | 95303.62
SW_6nlmecmibrandomb NA NA NA
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Model name MSE R’ AIC
SW_6nlmecmibrandomc NA NA NA
SW 6nlmecmibrandomab | NA NA NA
SW_6nlmecmibrandomac | NA NA NA
SW 6nlmecmibrandombec | NA NA NA
SW_6nlscmic 7.920586 | 0.776868 | 114740.8
SW_6nlmecmicrandomabc | NA NA NA
SW_6nlmecmicrandoma NA NA NA
SW_6nlmecmicrandomb NA NA NA
SW_6nlmecmicrandome NA NA NA
SW_6nlmecmicrandomab | NA NA NA
SW 6nlmecmicrandomac | NA NA NA
SW_6nlmecmicrandombec | NA NA NA
SW_7nls 8.995317 | 0.746591 | 116972.7
SW_7nlme NA NA NA
SW_7nlmea 13.69995 | 0.614056 | 97486.54
SW_7nlmeb NA NA NA
SW_7nlmec 12.37625 | 0.651346 | 95765.38
SW_7nlmeab 12.45122 | 0.649234 | 94641.12
SW_7nlmeac NA NA NA
SW_7nlmebc NA NA NA
SW_7nlscmi 7.95363 | 0.775937 | 114754.2
SW_7nlmecmirandomabc | NA NA NA
SW_7nlmecmirandoma 11.8332 | 0.666645 | 97128.24
SW_ 7nlmecmirandomb 11.03563 | 0.689113 | 104181.5
SW_7nlmecmirandomc 11.22596 | 0.683751 | 95493.22
SW_7nlmecmirandomab 11.10127 | 0.687264 | 94348.02
SW_ 7nlmecmirandomac NA NA NA
SW_7nlmecmirandombc NA NA NA
SW_7nlscmia 7.95245 | 0.77597 | 114900.4
SW_7nlmecmiarandomabc | NA NA NA
SW_7nlmecmiarandoma 12.23943 0.6552 | 97193.86
SW_ 7nlmecmiarandomb 11.40541 | 0.678696 | 103982.9
SW_7nlmecmiarandomc 11.3705 | 0.679679 | 95505.49
SW_ 7nlmecmiarandomab | 11.19681 | 0.684572 | 94347.86
SW_7nlmecmiarandomac | NA NA NA
SW_ 7nlmecmiarandombc | NA NA NA
SW_7Tnlscmib 8.200375 | 0.768986 | 115049.4
SW_7nlmecmibrandomabe | NA NA NA
SW_ 7nlmecmibrandoma 13.06127 | 0.632048 | 97265.72
SW_7nlmecmibrandomb 11.89946 | 0.664778 | 97298.95
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Model name MSE R’ AIC
SW_ 7nlmecmibrandomc NA NA NA
SW_7nlmecmibrandomab | 11.41059 | 0.67855 | 94393.75
SW_7nlmecmibrandomac | 9.448082 | 0.733836 | 94469.65
SW_ 7nlmecmibrandombc | NA NA NA
SW_7nlscmic 7.925242 | 0.776736 | 114754.7
SW_ 7nlmecmicrandomabc | NA NA NA
SW_7nlmecmicrandoma 12.515 | 0.647437 | 97089.43
SW_7nlmecmicrandomb 10.82402 | 0.695074 | 103869.8
SW_ 7nlmecmicrandomc NA NA NA
SW_7nlmecmicrandomab | 11.19769 | 0.684548 | 94344.98
SW_ 7nlmecmicrandomac | 9.150969 | 0.742206 | 94412.67
SW_7nlmecmicrandombc | 11.08666 | 0.687675 | 94599.33

Table C.5b Tmax added models selection criteria for species White spruce

Model name MSE R’ AIC

SW_1nls 10.67265 | 0.699339 | 121033.1
SW 1nlme NA NA NA

SW_1nlmea NA NA NA

SW_1nlmeb 17.16202 | 0.516525 | 98609.25
SW_Inlstmax 9.963713 | 0.71931 | 118770.1
SW_ Inlmetmaxrandomab 10.84465 | 0.694493 | 96569.86
SW_ Inlmetmaxrandoma 14.03373 | 0.604653 | 97371.22
SW_ Inlmetmaxrandomb NA NA NA

SW_Inlstmaxa 10.16511 | 0.713637 | 119766.8
SW Inlmetmaxarandomab | 12.08281 | 0.659613 | 96468.1
SW_ Inlmetmaxarandoma 17.22158 | 0.514847 | 97401.72
SW  Inlmetmaxarandomb 17.95314 | 0.494238 | 98593.67
SW_Inlstmaxb 10.19841 | 0.712698 | 119955.5
SW_ Inlmetmaxbrandomab | 12.01047 | 0.661651 | 96402.54
SW_1nlmetmaxbrandoma 18.09593 | 0.490216 | 104180.1
SW_ Inlmetmaxbrandomb 18.75797 | 0.471565 | 98538.02
SW 2nls 9.041206 | 0.745298 | 117125.3
SW_2nlme 13.04533 | 0.632497 | 94757.22
SW 2nlmea 13.77141 | 0.612043 | 96918.6
SW_ 2nlmeb 11.30974 | 0.681391 | 98702.95
SW_2nlstmax 8.746356 | 0.753605 | 115985.7
SW 2nlmetmaxrandomab NA NA NA

SW_2nlmetmaxrandoma NA NA NA

SW 2nlmetmaxrandomb 17.65395 | 0.502667 | 95942.42
SW 2nlstmaxa 8.844779 | 0.750832 | 116101.5
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Model name MSE R’ AIC

SW 2nlmetmaxarandomab | NA NA NA

SW 2nlmetmaxarandoma 16.55807 | 0.533539 | 96680.51
SW 2nlmetmaxarandomb 11.96016 | 0.663068 | 98646.33
SW_2nlstmaxb 8.738908 | 0.753814 | 115839.3
SW 2nlmetmaxbrandomab | 15.93813 | 0.551004 | 94755.65
SW 2nlmetmaxbrandoma 14.53299 | 0.590588 | 96888.76
SW 2nlmetmaxbrandomb 13.73081 | 0.613186 | 98486.16
SW 3nls 9.270053 | 0.738851 | 117497.2
SW 3nlme 13.35074 | 0.623894 | 94552.24
SW 3nlmea 12.89484 | 0.636737 | 96879.83
SW 3nlmeb 15.89412 | 0.552243 | 97660.3
SW_3nlstmax 8.851537 | 0.750642 | 115933.9
SW_3nlmetmaxrandomab 13.96605 | 0.60656 | 94493.17
SW_3nlmetmaxrandoma 15.1431 0.5734 | 95450.66
SW_3nlmetmaxrandomb NA NA NA

SW_3nlstmaxa 8.914436 | 0.74887 | 116149.1
SW 3nlmetmaxarandomab | 16.42751 | 0.537217 | 94682.56
SW_3nlmetmaxarandoma 15.39272 | 0.566368 | 96655.45
SW_3nlmetmaxarandomb 15.62207 | 0.559908 | 95978.57
SW_3nlstmaxb 9.030447 | 0.745601 | 116538.4
SW_3nlmetmaxbrandomab | 16.52227 | 0.534548 | 94601.48
SW_3nlmetmaxbrandoma 13.28764 | 0.625671 | 95686.47
SW_3nlmetmaxbrandomb 18.24424 | 0.486038 | 97496.84
SW _4nls 9.021831 | 0.745844 | 117130.3
SW_4nlme 12.4201 | 0.650111 | 94831.51
SW_4nlmea 14.97157 | 0.578233 | 97513.01
SW_4nlmeb 11.18933 | 0.684783 | 99023.02
SW_4nlstmax 8.742091 | 0.753725 | 116053.1
SW_4nlmetmaxrandomab 15.04683 | 0.576113 | 94432.79
SW_4nlmetmaxrandoma 13.73268 | 0.613134 | 95896.76
SW_4nlmetmaxrandomb NA NA NA

SW_4nlstmaxa 8.846549 | 0.750782 | 116110.7
SW_4nlmetmaxarandomab | 14.55151 | 0.590067 | 94649.42
SW_4nlmetmaxarandoma 14.30661 | 0.596965 | 95893.27
SW_4nlmetmaxarandomb 11.77627 | 0.668248 | 98973.72
SW_4nlstmaxb 8.729553 | 0.754078 | 115865.2
SW_4nlmetmaxbrandomab | 13.95831 | 0.606778 | 94724.41
SW_4nlmetmaxbrandoma 15.99967 | 0.54927 | 97500.46
SW_4nlmetmaxbrandomb NA NA NA

SW_5nls 8.987987 | 0.746798 | 116961.5
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Model name MSE R’ AIC

SW_5nlme NA NA NA

SW_ 5nlmea 13.79271 | 0.611443 | 97735.81
SW_5nlmeb 12.36614 | 0.651631 | 95576.38
SW_5nlmec 14.27197 | 0.597941 | 103250.8
SW_5nlmeab 9.875498 | 0.721795 | 94515.75
SW_5nlmeac 12.55126 | 0.646416 | 94519.57
SW_5nlmebce NA NA NA

SW_5Snlstmax 8.766343 | 0.753042 | 115747.1
SW 5nlmetmaxrandomabc | NA NA NA

SW_5nlmetmaxrandoma 12.94179 | 0.635414 | 95602.88
SW_5nlmetmaxrandomb 13.09329 | 0.631146 | 95485.1
SW_Snlmetmaxrandomc 14.26589 | 0.598113 | 96694.74
SW_5nlmetmaxrandomab 11.51748 | 0.675539 | 94358.44
SW_5nlmetmaxrandomac 13.78917 | 0.611542 | 94389.31
SW_Snlmetmaxrandombc NA NA NA

SW_5nlstmaxa 8.847673 | 0.75075 | 115962.1
SW_Snlmetmaxarandomabe | NA NA NA

SW_5nlmetmaxarandoma 17.54663 | 0.50569 | 97544.45
SW_Snlmetmaxarandomb 13.78399 | 0.611688 | 95433.83
SW_ Snlmetmaxarandomc 16.41286 | 0.53763 | 96693.25
SW_5Snlmetmaxarandomab | 11.59853 | 0.673255 | 94323.56
SW_Snlmetmaxarandomac | 14.63631 | 0.587677 | 94334.44
SW_5Snlmetmaxarandombc | NA NA NA

SW_5nlstmaxb 8.75367 | 0.753399 | 115651.6
SW_5Snlmetmaxbrandomabe | NA NA NA

SW_5nlmetmaxbrandoma 13.61219 | 0.616528 | 95566.84
SW 5nlmetmaxbrandomb 14.27017 | 0.597992 | 95471.17
SW_5nlmetmaxbrandomce 16.56757 | 0.533272 | 96666.65
SW 5Snlmetmaxbrandomab | 11.52306 | 0.675381 | 94402.92
SW_Snlmetmaxbrandomac | 14.34449 | 0.595898 | 94413.87
SW_5nlmetmaxbrandombc | NA NA NA

SW_5nlstmaxc 8.665423 | 0.755885 | 115656.3
SW_5Snlmetmaxcrandomabc | NA NA NA

SW 5nlmetmaxcrandoma 13.83538 | 0.610241 | 97724.49
SW_5nlmetmaxcrandomb 13.38955 0.6228 | 95522.78
SW 5nlmetmaxcrandomc 15.99633 | 0.549364 | 103215.2
SW_5Snlmetmaxcrandomab | 10.84113 | 0.694592 | 94454.63
SW_5nlmetmaxcrandomac 13.8208 | 0.610651 | 94455.76
SW 5nlmetmaxcrandombc | NA NA NA

SW_6nls 9.000459 | 0.746446 | 116957.7
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Model name MSE R’ AIC
SW_6nlme NA NA NA
SW_6nlmea 12.99797 | 0.633832 | 101657.2
SW_6nlmeb NA NA NA
SW_6nlmec NA NA NA
SW_6nlmeab 9.762623 | 0.724975 | 94588.48
SW_6nlmeac NA NA NA
SW_6nlmebce NA NA NA
SW_6nlstmax 8.768014 | 0.752994 | 115733.8
SW 6nlmetmaxrandomabc | NA NA NA
SW_6nlmetmaxrandoma 12.33148 | 0.652607 | 97764.86
SW_ 6nlmetmaxrandomb NA NA NA
SW_6nlmetmaxrandomc 13.25483 | 0.626595 | 95415.77
SW_6nlmetmaxrandomab 12.60057 | 0.645027 | 94605.61
SW_6nlmetmaxrandomac 11.34925 | 0.680278 | 94652.35
SW_6nlmetmaxrandombce NA NA NA
SW_6nlstmaxa 8.863457 | 0.750306 | 115964
SW_6nlmetmaxarandomabe | NA NA NA
SW_6nlmetmaxarandoma 14.92436 | 0.579563 | 95450.15
SW_6nlmetmaxarandomb 13.0686 | 0.631842 | 95398.35
SW_6nlmetmaxarandomc NA NA NA
SW_6nlmetmaxarandomab 11.4121 | 0.678507 | 94399.16
SW_6nlmetmaxarandomac | NA NA NA
SW_6nlmetmaxarandombe | 10.11433 | 0.715067 | 94487.13
SW_6nlstmaxb 8.769653 | 0.752948 | 115648.2
SW_6nlmetmaxbrandomabe | NA NA NA
SW_6nlmetmaxbrandoma NA NA NA
SW_6nlmetmaxbrandomb NA NA NA
SW_6nlmetmaxbrandomce NA NA NA
SW_6nlmetmaxbrandomab | 11.29134 | 0.681909 | 94481.15
SW_6nlmetmaxbrandomac | 12.02897 | 0.661129 | 94621.21
SW_6nlmetmaxbrandombe | 10.19069 | 0.712916 | 94544.99
SW_6nlstmaxc 8.777196 | 0.752736 | 115742
SW_6nlmetmaxcrandomabc | NA NA NA
SW_6nlmetmaxcrandoma NA NA NA
SW_6nlmetmaxcrandomb NA NA NA
SW_ 6nlmetmaxcrandomc NA NA NA
SW_6nlmetmaxcrandomab | 11.32534 | 0.680951 | 94447.02
SW_6nlmetmaxcrandomac | NA NA NA
SW_6nlmetmaxcrandombe | 10.40253 | 0.706948 | 94499.49
SW_7nls 8.995317 | 0.746591 | 116972.7
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Model name MSE R’ AIC
SW_7nlme 10.5573 | 0.702588 | 94468.43
SW_7nlmea 13.69995 | 0.614056 | 97486.54
SW_7nlmeb NA NA NA
SW_7nlmec NA NA NA
SW_7nlmeab 12.45122 | 0.649234 | 94641.12
SW_ 7nlmeac NA NA NA
SW_7nlmebc NA NA NA
SW_7nlstmax 8.787204 | 0.752454 | 115720.4
SW 7nlmetmaxrandomabc | 11.37679 | 0.679502 | 94390.42
SW_7nlmetmaxrandoma 12.75587 | 0.640652 | 95855.76
SW_ 7nlmetmaxrandomb NA NA NA
SW_7nlmetmaxrandomc 12.07481 | 0.659838 | 101872.4
SW_Tnlmetmaxrandomab 13.552 | 0.618224 | 94536.03
SW_7nlmetmaxrandomac NA NA NA
SW_ 7nlmetmaxrandombc 12.7768 | 0.640062 | 94830.88
SW_7nlstmaxa 8.871097 | 0.750091 | 115991.4
SW_7nlmetmaxarandomabc | NA NA NA
SW_7nlmetmaxarandoma 17.39261 | 0.510029 | 97302.36
SW_7nlmetmaxarandomb 13.38859 | 0.622827 | 97570.43
SW_7nlmetmaxarandomc NA NA NA
SW_7nlmetmaxarandomab | NA NA NA
SW_7nlmetmaxarandomac | 11.77257 | 0.668353 | 94436.07
SW_7nlmetmaxarandombc | NA NA NA
SW_7nlstmaxb 8.664732 | 0.755904 | 115658.4
SW_7nlmetmaxbrandomabc | 11.5719 | 0.674006 | 94436.05
SW_7nlmetmaxbrandoma 13.60851 | 0.616632 | 97482.51
SW_ 7nlmetmaxbrandomb 14.89885 | 0.580281 | 97466.54
SW_Tnlmetmaxbrandomc NA NA NA
SW_7nlmetmaxbrandomab | 13.46517 | 0.62067 | 94596.68
SW_7nlmetmaxbrandomac | 10.67067 | 0.699394 | 94605.3
SW_7nlmetmaxbrandombc | 13.43787 | 0.621439 | 94828.26
SW_7Tnlstmaxc 8.76663 | 0.753033 | 115667.2
SW_7nlmetmaxcrandomabc | 12.60865 | 0.644799 | 94360.88
SW_7nlmetmaxcrandoma 14.15997 | 0.601097 | 97468.77
SW_7Tnlmetmaxcrandomb 12.37237 | 0.651455 | 104452
SW_ 7nlmetmaxcrandomc NA NA NA
SW_7Tnlmetmaxcrandomab | 13.94383 | 0.607185 | 94560.6
SW_7Tnlmetmaxcrandomac | 11.80778 | 0.667361 | 94525.69
SW_7nlmetmaxcrandombc | 14.49732 | 0.591593 | 94755.22
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Appendix D: Minimum and maximum values of CMI and Tmax for the period of 1959-

2009 for the study area

Min of | Max of | Min of | Max of
PlotiD | “cypy | oM | Tmax | Tmax
1 -16.54 | 48381 5.9 11.4
2 -16.44 | 49.02 5.9 11.4
3 -15.59 51.36 5.7 11.2
4 -14.37 54.11 5.6 11.2
5 -13.86 54.54 5.5 11.2
6 -12.86 55.92 54 10.7
7 -14.24 54.23 53 10.4
8 -17.68 54.20 53 10.4
9 -12.28 53.15 5.0 10.0
10 -12.50 53.86 5.1 10.0
11 -10.62 48.65 5.0 9.6
12 -10.70 | 48.45 5.0 9.6
13 -10.96 | 48.42 5.0 9.6
14 -16.33 49.25 54 10.0
15 -7.72 54.53 4.3 8.6
16 -6.05 56.81 4.0 8.4
17 -7.51 54.72 4.0 9.1
18 -8.29 52.58 4.1 9.2
19 -8.38 5091 4.2 9.2
20 -9.90 | 49.00 4.4 9.4
21 -9.82 48.88 4.4 9.4
22 -9.24 52.61 4.7 9.6
23 -12.56 | 42.77 4.6 9.3
24 -11.38 43.05 4.5 9.2
25 -10.58 41.05 4.5 9.1
26 -12.38 39.50 4.9 9.3
27 -10.29 40.11 4.5 9.1
28 -12.72 39.68 5.0 9.4
29 -13.04 39.97 5.1 9.4
30 -15.28 37.40 5.6 10.1
31 -16.65 40.04 6.0 10.7
32 -16.35 39.50 6.0 10.6
33 -16.03 40.29 5.9 10.5
34 -15.65 41.82 5.8 10.4
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
35 -15.17 43.16 5.7 10.3
36 -14.87 44.00 5.6 10.3
37 -13.23 48.65 54 10.1
38 -11.94 52.00 53 9.9
39 -12.86 51.89 5.3 10.0
40 -14.17 51.63 54 10.4
41 -14.58 50.78 54 10.1
42 -15.22 53.02 5.5 10.6
43 -12.70 55.55 5.4 10.6
44 -23.37 25.14 53 10.6
45 -23.55 27.34 5.5 10.7
46 -19.63 41.01 6.2 10.6
47 -20.49 40.49 6.2 10.6
48 -23.84 36.85 6.3 10.8
49 -22.37 37.42 6.3 10.7
50 -22.42 37.28 6.3 10.7
51 -22.31 38.63 6.1 10.6
52 -22.92 36.66 6.2 10.7
53 -22.83 36.21 6.2 10.7
54 -23.70 30.80 5.6 10.8
55 -18.73 44.56 5.6 10.3
56 -18.61 43.66 5.6 10.5
57 -18.42 44.61 5.5 10.2
58 -18.28 4472 5.5 10.2
59 -18.10 43.96 5.5 10.4
60 -18.37 43.50 5.5 10.4
61 -17.85 44.02 54 10.3
62 -18.18 42.95 5.5 10.4
63 -18.02 43.19 54 10.3
64 -18.41 42.31 5.5 10.4
65 -19.11 41.19 5.6 10.5
66 -19.44 40.73 5.6 10.5
67 -19.58 40.32 5.7 10.5
68 -20.23 39.39 5.7 10.6
69 -20.46 39.03 5.8 10.7
70 -20.36 39.00 5.8 10.7
71 -21.81 41.93 6.3 11.0
72 -21.55 42.45 6.3 11.0
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
73 -22.87 40.84 6.4 11.1
74 -21.42 43.28 6.3 11.0
75 -17.37 50.04 6.8 10.9
76 -17.54 50.75 6.7 10.8
77 -17.34 50.89 6.7 10.8
78 -18.57 50.17 6.6 10.7
79 -18.46 50.00 6.5 10.6
80 -18.80 49.45 6.5 10.6
81 -18.22 50.35 6.4 10.6
82 -17.78 51.70 6.4 10.5
83 -16.76 52.86 6.3 10.4
84 -25.32 38.39 7.4 11.3
85 -25.17 38.73 7.4 11.0
86 -24.78 40.13 7.3 10.9
87 -25.03 40.17 7.3 10.9
88 -24.96 40.74 7.3 10.9
89 -24.66 42.36 7.2 10.8
90 -24.55 44.09 7.1 10.9
91 -12.36 49.67 7.0 11.8
92 -12.25 49.78 7.0 11.8
93 -10.61 50.71 6.9 11.7
94 -10.61 50.71 6.9 11.7
95 -10.82 50.90 6.9 11.8
96 -10.41 50.86 6.9 11.7
97 -9.74 53.20 6.9 11.7
98 -10.48 50.39 6.9 11.6
99 -11.85 49.41 7.0 11.7
100 -12.47 48.43 7.1 11.8
101 -5.88 61.94 5.0 9.0
102 -5.53 59.53 4.9 8.9
103 -6.20 58.68 5.0 9.1
104 -6.86 56.87 5.1 9.2
105 -8.31 54.65 5.5 9.6
106 -7.95 54.79 5.4 9.6
107 -7.70 55.09 5.4 9.5
108 -9.53 51.08 5.6 9.8
109 -8.21 51.47 53 9.5
110 -7.62 52.10 5.2 9.4
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
111 -7.40 50.45 5.7 10.0
112 -8.56 48.51 5.6 10.0
113 -8.64 48.26 5.6 10.0
114 -8.40 48.66 5.5 9.9
115 -8.49 50.78 5.6 10.0
116 -17.85 29.89 6.4 10.8
117 -13.54 43.13 6.2 10.8
118 -13.58 43.47 6.3 10.8
119 -11.77 51.35 6.2 10.8
120 -11.64 51.73 6.2 10.8
121 -10.75 52.70 6.1 10.7
122 -7.69 53.22 5.6 10.1
123 -6.79 53.00 54 9.9
124 -8.98 52.06 5.8 10.3
125 -9.94 52.43 5.9 10.5
126 -11.19 50.19 6.0 10.6
127 -11.59 46.19 6.1 10.6
128 -7.48 44.79 6.0 10.5
129 -12.96 50.04 7.4 11.4
130 -12.12 48.15 7.3 11.5
131 -12.14 48.13 7.3 11.5
132 -11.05 50.47 7.3 11.5
133 -10.98 50.61 7.3 11.5
134 -9.06 52.23 6.9 11.3
135 -9.12 52.60 7.0 11.3
136 -9.35 49.87 6.9 11.2
137 -8.94 50.75 6.8 11.2
138 -4.11 54.90 5.9 10.4
139 -4.06 55.13 5.9 10.5
140 -6.16 54.19 6.2 10.9
141 -2.53 51.96 4.6 9.3
142 -1.70 53.35 4.5 9.2
143 -1.63 51.87 4.8 9.5
144 -2.17 52.03 4.7 9.5
145 -3.08 49.95 4.9 9.7
146 -5.43 52.28 5.0 9.6
147 -10.84 48.35 6.9 11.7
148 -8.62 49.76 6.7 11.3
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
149 -8.86 49.55 6.8 11.3
150 -3.89 60.55 6.4 10.8
151 -2.58 65.49 54 10.5
152 -0.90 61.71 5.2 10.3
153 0.97 62.65 5.4 10.1
154 0.76 62.84 5.4 10.0
155 -7.92 54.26 6.6 11.0
156 -7.53 54.50 6.6 10.9
157 -6.79 55.14 6.5 10.8
158 -7.14 54.69 6.7 10.8
159 -5.69 56.14 6.4 10.5
160 -5.93 55.92 6.4 10.6
161 -6.05 55.76 6.4 10.6
162 1.04 59.30 54 9.7
163 -12.28 51.59 6.9 11.5
164 -11.92 59.41 6.6 11.1
165 -7.42 53.43 6.3 10.7
166 -7.50 53.38 6.3 10.7
167 -10.10 50.68 6.8 11.1
168 -9.78 51.07 6.7 11.0
169 -12.45 50.53 6.5 11.4
170 -13.22 46.91 7.2 11.5
171 -9.32 52.74 6.5 10.9
172 -10.65 51.75 6.7 11.2
173 -10.15 49.43 6.7 11.2
174 -15.68 47.22 6.8 11.6
175 -18.42 48.59 7.0 12.0
176 -18.02 47.63 6.9 11.4
177 -19.42 40.07 7.0 11.9
178 -16.69 42.18 6.6 11.5
179 -16.53 44 .44 6.6 11.6
180 -15.56 42.80 6.5 114
181 -11.07 49.61 6.1 10.9
182 -17.68 47.91 6.3 11.2
183 -17.75 47.78 6.3 11.1
184 -17.66 47.54 6.3 11.1
185 -12.93 44.75 6.4 11.2
186 -12.98 44.64 6.4 11.2
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
187 -14.62 44.24 6.4 11.2
188 -12.09 45.27 6.1 11.0
189 -13.33 44.26 6.3 11.1
190 -17.54 47.30 6.2 11.2
191 -17.73 47.24 6.2 11.8
192 -12.43 41.99 6.2 11.2
193 -17.84 47.04 6.2 11.8
194 -14.49 41.68 6.3 11.3
195 -15.44 41.37 6.4 11.3
196 -16.05 40.72 6.6 11.5
197 -15.48 37.76 6.6 11.7
198 -15.64 37.57 6.5 11.6
199 -15.58 37.55 6.5 11.6
200 -15.66 37.58 6.5 11.6
201 -13.63 43.35 6.3 11.2
202 -13.42 43.46 6.2 11.1
203 -13.72 43.87 6.2 11.2
204 -12.29 43.64 6.2 11.1
205 -13.50 40.37 6.3 11.4
206 -14.28 41.83 6.4 11.2
207 -13.85 40.32 6.3 11.4
208 -12.04 43.15 6.2 11.1
209 -13.56 40.27 6.4 11.4
210 -13.77 40.00 6.5 11.4
211 -22.03 34.09 4.5 9.4
212 -21.61 34.70 4.5 9.3
213 -19.08 39.64 43 9.1
214 -15.23 48.90 39 8.8
215 -14.10 45.87 4.5 9.5
216 -14.12 45.92 4.5 9.5
217 -14.31 45.09 4.6 9.5
218 -14.11 41.93 4.9 9.4
219 -14.01 42.11 4.8 9.4
220 -14.74 43.81 4.6 9.4
221 -15.10 43.09 4.6 9.4
222 -14.74 43.81 4.6 9.4
223 -14.80 43.66 4.6 9.4
224 -15.51 42.20 4.7 9.4
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
225 -15.71 41.88 4.7 9.4
226 -12.88 52.14 4.3 9.4
227 -15.63 48.74 4.5 9.7
228 -18.63 50.24 4.7 9.9
229 -12.22 48.75 4.4 9.0
230 -12.55 47.73 4.5 9.6
231 -13.19 46.61 4.6 9.7
232 -14.37 47.27 4.6 9.8
233 -15.34 45.71 4.6 9.9
234 -18.40 46.26 4.7 9.9
235 -18.46 46.35 4.7 9.9
236 -18.43 46.67 4.7 9.9
237 -19.61 51.96 4.8 10.0
238 -14.09 52.55 6.0 11.7
239 -12.72 45.15 6.0 11.7
240 -11.18 46.23 5.8 11.5
241 -12.64 44.89 6.0 11.7
242 -941 45.12 5.8 11.4
243 -8.31 45.24 5.7 11.3
244 -3.22 44.50 5.5 11.1
245 -2.72 47.48 5.5 11.0
246 -2.85 47.92 5.5 11.0
247 -2.90 48.20 5.5 11.0
248 -3.40 49.48 5.5 11.0
249 -3.89 50.31 5.5 11.0
250 -8.62 46.94 5.8 11.3
251 -8.32 47.31 6.2 10.9
252 -16.79 49.18 5.9 11.4
253 -17.57 42.36 5.8 11.3
254 -17.90 40.64 6.7 10.8
255 -16.54 43.15 5.9 11.4
256 -16.30 43.22 5.9 11.4
257 -15.72 43.09 6.0 114
258 -15.25 43.10 5.9 11.4
259 -25.17 32.76 6.4 11.0
260 -23.24 37.86 6.4 11.0
261 -27.54 35.19 6.6 11.2
262 -19.89 37.83 6.0 11.0
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
263 -16.39 40.28 5.7 10.9
264 -23.99 36.56 6.6 11.1
265 -26.28 36.28 6.6 11.3
266 -19.06 38.54 6.1 11.1
267 -17.06 40.85 5.9 11.0
268 -13.55 41.95 6.1 11.0
269 -13.62 41.97 6.2 11.0
270 -13.66 42.01 6.1 11.0
271 -12.59 40.35 6.2 11.0
272 -16.54 40.93 6.2 11.0
273 -16.45 41.04 6.2 10.9
274 -16.03 41.61 6.1 10.9
275 -15.66 41.77 6.1 10.9
276 -16.09 41.41 6.1 10.9
277 -16.15 41.42 6.2 10.9
278 -20.44 36.28 2.7 8.1
279 -20.64 28.73 3.2 8.2
280 -20.83 30.58 3.2 8.2
281 -21.29 32.33 3.0 8.2
282 -21.32 32.95 3.0 8.2
283 -21.22 33.31 3.0 8.2
284 -20.19 36.33 2.7 8.1
285 -20.35 37.15 2.7 8.1
286 -20.89 33.11 3.1 8.3
287 -20.59 33.50 3.0 8.2
288 -20.45 33.49 3.0 8.2
289 -20.56 33.61 3.0 8.2
290 -16.00 32.97 3.0 8.3
291 -16.62 23.21 3.8 8.5
292 -21.52 24.26 3.6 8.4
293 -13.00 25.96 34 8.1
294 -20.86 28.81 3.8 8.7
295 -20.81 26.24 3.7 8.6
296 -18.97 28.50 3.2 8.3
297 -19.22 28.23 3.3 8.3
298 -19.80 30.02 3.5 8.5
299 -18.65 31.46 32 8.4
300 -18.41 31.58 3.1 8.3
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
301 -15.29 35.39 2.4 7.9
302 -15.12 35.53 2.4 7.8
303 -16.53 3243 3.1 8.3
304 -26.06 22.52 2.9 7.3
305 -26.21 21.58 3.0 7.4
306 -25.83 24.09 2.9 7.3
307 -24.95 26.15 2.7 7.1
308 -20.38 37.60 1.6 6.6
309 -21.98 34.34 2.1 6.7
310 -22.41 32.85 2.2 6.8
311 -21.89 35.01 2.0 6.7
312 -21.90 37.14 2.0 6.8
313 -22.25 35.88 2.1 6.8
314 -20.90 39.96 1.7 6.7
315 -25.06 24.77 0.3 7.2
316 -25.50 25.10 1.3 7.2
317 -26.34 21.24 3.0 7.4
318 -25.44 2491 1.4 7.2
319 -25.48 25.04 1.4 7.2
320 -26.22 22.60 3.0 7.4
321 -25.62 25.21 2.1 7.2
322 -25.09 24.52 0.6 7.2
323 -24.83 2291 0.1 7.2
324 -24.84 22.65 0.1 7.2
325 -24.76 21.83 0.1 7.2
326 -25.13 20.00 0.2 7.2
327 -25.16 25.19 0.5 7.3
328 -21.22 18.48 0.7 7.0
329 -21.47 18.64 0.5 7.0
330 -20.75 18.29 0.8 7.0
331 -19.79 18.28 -0.1 6.8
332 -19.80 18.16 -0.1 6.8
333 -19.19 18.33 -0.1 6.6
334 -27.09 19.61 3.4 7.7
335 -27.11 19.66 3.4 7.7
336 -24.23 31.38 2.6 7.2
337 -26.00 25.18 32 7.4
338 -19.01 41.05 3.5 8.3
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
339 -17.72 40.56 3.6 8.3
340 -17.77 40.65 3.6 8.3
341 -17.83 40.98 3.6 8.3
342 -17.65 40.14 3.6 8.3
343 -17.58 39.97 3.6 8.3
344 -17.93 41.12 3.6 8.3
345 -17.77 40.73 3.6 8.3
346 -17.59 42.79 3.3 8.3
347 -17.42 4291 3.3 8.2
348 -19.51 32.32 3.0 8.7
349 -20.08 31.71 3.1 8.7
350 -20.38 30.55 3.2 8.9
351 -21.67 29.63 34 9.0
365 -12.72 45.23 6.0 11.6
366 -14.23 51.08 54 10.1
367 -25.16 21.98 4.0 9.7
368 -25.13 24.51 4.9 9.9
369 -25.21 27.92 4.0 9.7
370 -25.81 27.12 4.0 9.2
371 -25.61 27.76 3.9 9.5
372 -26.10 27.65 3.9 9.1
373 -16.21 41.64 4.8 9.5
374 -22.96 31.64 5.2 10.1
375 -21.13 30.50 5.0 9.8
376 -20.03 30.18 49 9.8
377 -20.55 30.58 4.9 9.8
378 -19.08 42.99 4.5 9.7
379 -19.36 41.97 4.5 9.7
380 -16.70 40.69 43 9.7
381 -15.38 44.33 4.5 9.3
382 -13.69 47.18 4.5 9.1
383 -19.51 36.08 5.0 10.1
384 -19.38 36.17 5.0 10.0
385 -17.31 39.98 4.4 9.7
386 -17.31 40.01 4.4 9.7
387 -17.75 38.29 4.4 9.7
400 -22.20 29.82 5.0 9.8
401 -22.07 31.59 5.0 9.8
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
402 -18.32 40.62 4.0 8.9
403 -17.55 36.66 4.1 9.2
404 -23.71 24.34 4.2 9.5
405 -21.17 26.16 3.9 9.3
407 -21.48 27.84 3.9 9.3
408 -16.96 31.17 3.5 8.8
409 -21.35 28.19 3.9 9.3
410 -21.42 28.05 3.9 9.3
411 -21.52 37.56 43 9.2
412 -21.15 26.20 3.9 9.3
413 -17.70 18.34 3.9 8.9
414 -21.42 28.15 3.9 9.3
415 -20.18 37.03 4.9 9.2
416 -19.80 38.10 4.8 9.1
417 -20.34 36.54 5.0 9.3
418 -18.44 44.21 4.9 9.1
419 -19.68 38.14 4.8 9.1
420 -18.34 44.13 4.9 9.1
421 -18.21 44.27 4.9 9.1
422 -17.14 44.77 4.8 9.0
430 -16.10 36.43 49 10.2
431 -13.76 40.71 4.7 9.9
432 -18.96 36.80 4.8 9.9
433 -20.26 36.17 5.0 10.0
434 -14.86 34.51 4.7 10.0
435 -16.61 35.54 5.0 10.2
436 -16.81 35.09 5.0 10.2
437 -24.07 26.66 4.6 9.4
438 -24.22 26.33 4.6 9.5
439 -24.22 29.29 4.0 9.8
440 -25.01 21.01 4.1 9.8
441 -25.93 26.44 4.0 9.3
442 -25.33 34.67 3.6 8.8
443 -25.80 37.29 3.6 8.8
444 -24.10 29.47 4.0 9.8
445 -16.96 43.94 3.0 8.5
446 -25.03 28.53 4.1 9.9
447 -22.30 27.16 4.9 9.8
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
448 -18.28 40.86 4.0 8.9
449 -18.04 38.69 4.0 8.9
450 -16.16 41.35 4.6 9.4
451 -16.39 42.54 4.4 8.9
452 -18.76 39.25 4.2 9.1
453 -20.52 34.80 4.5 9.3
454 -18.88 34.66 5.1 9.2
455 -19.86 44.86 4.4 9.4
456 -22.23 40.94 4.5 9.4
457 -21.79 32.25 5.1 9.6
458 -22.19 28.97 52 9.7
459 -19.12 40.25 4.2 9.1
462 -11.59 37.90 6.0 10.6
463 -10.79 40.55 5.8 10.4
464 -11.03 39.71 5.8 10.4
466 -25.74 25.70 3.5 9.2
471 -25.80 25.41 3.5 9.2
473 -26.96 25.51 3.7 9.3
474 -26.82 25.41 3.7 9.3
475 -14.07 46.43 6.8 11.0
476 -12.90 49.30 6.3 10.7
477 -15.88 43.74 7.1 11.3
479 -13.54 47.74 6.7 10.8
481 -13.95 47.73 6.6 11.0
482 -14.03 48.23 6.6 10.9
483 -23.35 39.32 7.2 11.4
484 -1.13 65.73 5.6 9.4
485 -2.33 62.84 5.8 9.6
486 -8.55 60.48 6.8 10.4
487 -8.27 62.30 6.8 10.4
488 -7.62 66.30 6.7 10.3
489 -4.42 74.81 6.3 10.6
490 7.69 | 118.06 4.7 9.2
491 -11.47 51.96 6.5 10.6
492 -11.56 52.11 6.5 10.6
493 -7.60 59.40 7.4 11.9
494 -26.81 25.44 3.7 9.3
499 -27.61 38.35 7.3 11.5
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
500 -4.70 85.56 6.2 9.8
501 -4.25 86.24 6.1 9.7
502 -5.27 80.48 6.4 10.1
503 -23.02 63.00 7.6 11.7
504 11.47 | 122.00 3.6 7.5
505 -6.77 68.95 6.6 10.2
506 -5.49 86.17 6.5 10.0
507 -13.92 41.64 6.7 10.9
508 -0.01 80.17 5.6 9.5
509 0.09 95.83 5.5 9.2
510 -14.14 41.30 6.7 10.9
511 -7.36 72.38 6.8 10.5
512 -2.96 79.21 5.9 10.2
513 8.89 56.04 4.5 8.6
514 -9.39 44.88 6.4 10.6
515 -10.56 42.50 6.3 10.6
516 3.27 59.96 3.9 9.0
517 5.52 63.98 3.6 8.6
518 -0.14 59.56 53 9.0
519 6.55 91.58 2.2 7.4
520 15.84 | 101.48 1.7 6.7
521 7.31 95.62 2.1 7.3
522 14.60 97.96 2.0 7.2
523 14.31 96.62 2.1 7.3
524 20.76 | 108.10 1.2 6.4
525 7.58 71.25 3.2 8.2
526 20.60 | 109.30 1.2 6.5
527 7.23 87.65 2.4 7.5
528 8.92 74.85 2.9 8.3
529 7.04 87.27 2.4 7.6
530 -8.53 86.90 1.0 6.3
531 2.47 59.34 4.2 9.2
532 10.67 71.70 34 8.2
533 8.41 81.35 3.1 8.0
534 8.71 84.97 2.9 8.0
535 8.90 99.17 2.5 7.6
536 8.91 89.08 2.8 7.9
537 9.02 90.60 2.8 7.9
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
538 9.38 63.53 3.7 8.7
539 -15.65 41.28 6.8 11.0
540 -10.17 43.15 6.3 10.6
541 -10.12 42.88 6.3 10.6
542 -12.06 40.70 6.5 10.8
543 -10.30 41.98 6.3 10.6
544 -14.12 41.52 6.7 10.9
549 -14.34 37.75 7.0 11.4
550 -22.81 28.36 7.3 11.4
551 -17.98 29.86 7.1 11.3
556 -10.11 50.14 6.7 11.1
557 -7.98 52.85 6.3 10.7
558 -6.35 49.55 6.2 10.3
560 -6.23 49.62 6.1 10.2
569 -18.56 48.72 7.4 11.5
570 -16.01 52.55 7.2 11.3
571 -24.13 4422 7.5 11.7
572 -26.58 2491 3.5 8.6
574 -21.16 35.43 2.2 7.4
575 -21.87 30.78 2.8 8.3
576 -26.32 25.29 3.7 8.5
578 -26.71 22.14 3.5 7.9
579 -26.71 22.04 3.5 7.9
580 -24.78 21.31 0.1 7.2
581 -26.40 24.89 3.6 8.2
582 -26.69 22.06 3.5 7.9
583 -19.74 18.44 0.8 6.8
584 -12.75 55.51 54 10.6
585 -15.13 53.15 5.5 10.6
588 -3.95 53.74 7.1 11.3
590 -18.87 31.78 2.5 8.1
592 -18.55 32.49 2.4 8.0
593 -19.97 30.85 2.7 8.2
594 -21.08 31.02 2.6 8.2
595 -20.01 30.45 2.7 8.3
596 -23.19 30.82 2.6 8.4
598 -26.35 22.52 3.6 8.1
600 -16.55 31.10 4.0 9.1
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PlotID Min of | Max of | Min of | Max of
CMI CMI Tmax Tmax
601 -4.22 58.86 4.8 8.7
603 -18.93 34.19 7.2 12.4
604 -8.57 55.99 6.4 11.0
605 -8.61 56.20 6.3 10.9
606 -9.24 55.41 6.4 11.0
607 -14.57 48.24 6.3 11.4
608 -14.00 49.10 6.4 11.3
609 -20.21 43.62 6.3 10.8
610 -20.65 42.02 6.4 10.8
611 -19.84 43.45 6.3 10.8
614 -13.47 54.03 6.9 11.3
615 -21.37 40.56 6.5 10.9
617 -19.43 37.26 6.2 10.9
618 -21.31 39.86 6.2 10.8
619 -21.21 39.87 6.6 11.1
620 -22.69 38.99 6.5 11.0
621 -18.24 42.18 6.4 11.3
634 -7.60 41.19 4.7 9.9
636 -14.13 49.53 53 10.0
639 -16.76 45.44 4.4 8.8
645 -19.24 33.92 4.2 9.6
646 -20.20 32.50 4.4 9.7
647 -20.25 32.47 4.4 9.8
648 -21.23 31.67 4.5 9.9
664 -13.49 48.07 7.1 11.5
700 -20.33 28.44 53 9.8
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