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Abstract: Widely distributed across Quebec, balsam fir (Abies balsamea (L.) Mill) is highly vulnerable
to wind damage. The harsh winter conditions, freezing temperatures, and snow pose an additional
risk. It is important to find the mechanical loads experienced by trees during winter to adapt forest
management and minimize the risk of damage to this species. Many studies have been carried out
on wind and snow loading damage risks in Northern Europe, mostly based on post-storm damage
inventories. However, no study has continuously monitored the applied turning moment during
a period with snow loading, and no study has investigated wind and snow loading on balsam
fir. Therefore, our main objective was to conduct a pioneering study to see how trees bend under
wind loading during winter, and to see how snow cover on the canopy contributes to the loading.
Two anemometers placed at canopy height and 2/3 canopy height, air and soil temperature sensors,
a hunting camera, and strain gauges attached to the trunks of fifteen balsam fir trees, allowed us to
measure the wind and snow induced bending moments experienced by the trees together with the
meteorological conditions. Data were recorded at a frequency of 5 Hz for more than 2000 h during
summer 2018 and winter 2019. Two mixed linear models were used to determine which tree and stand
parameters influence the turning moment on the trees and evaluate the effect of winter. The selected
model for measurements made during winter found that including the snow thickness on crowns
was better than those models that did not consider the effect of snow (∆AICc > 25), but the effect of
snow depth on the bending moment appears to be minor. However, overall, the turning moment
experienced by trees during winter was found to be higher than the turning moment experienced at
the same wind speed in summer. This is probably a result of increases in the rigidity of the stem and
root system during freezing temperatures and the change in wind flow through the forest due to
snow on the canopy and on the ground during the winter season.

Keywords: windthrow; wind damage; snow monitoring; boreal forests; modeling; turning moment;
wind loading; balsam fir; season

1. Introduction

In Québec province, Canada, windthrow events in balsam fir (Abies balsamea (L.) Mill) stands can
be considered as a significant source of disturbance and economic losses [1], and are known to be
linked to forest management [2]. To improve forest management in these stands and mitigate the wind
damage risk, the stability and vulnerability of balsam fir trees has been studied as a consequence of
different types of thinning [3,4] and an existing British wind risk model: ForestGALES [5,6] has been
tested, adapted, and improved to provide a decision support tool for forest managers [3,4,7,8].
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During winter, freezing temperatures and snow cover are known to have an additional impact on
wind damage. The ForestGALES model allows for the addition of snow in the calculation of the critical
wind speed at which a tree will uproot or break. Snow is represented as an additional weight in the
crown, changing the moment due to the overhanging crown mass when the tree is bent by the wind,
and therefore increasing the turning moment applied to the trunk. However, what happens in a stand
during winter is much more complex than this simple representation. In balsam fir forests, winter and
snow cover can last for 6 to 7 months and snow can reach more than 200 cm depth. This thick layer of
snow and ice produces a change in the wind profile as the snow offers less aerodynamic resistance to
wind than ground vegetation and, therefore, the rate of change in wind speed is probably larger at
ground level during the winter season [9]. In the canopy, snow accumulates on branches and can form
large clumps of snow and ice. The weight of the snow pressing on the branches causes a change in the
shape of the crowns and a decrease in the canopy porosity likely to influence the stand wind profile
as well. This snow loading of tree crowns combined with freezing temperatures can cause severe
damages to trees, such as stem bending or stem breakage, but rarely uprooting, as frozen temperatures
increases stem stiffness [10,11], and as the weight of the snow cover on the soil, and/or frozen soil,
reinforce the root system [12].

Most of the studies conducted on wind, snow, and conifers are from Northern Europe, and are
based on long-term damage surveys. What is known from these studies is that the factors that
most influence winter breakage or uprooting are related to tree shape and stand characteristics [13].
More specifically, stem taper [10,14,15], crown characteristics [12], and the number of neighboring
trees [16] are the most important factors controlling the stability of trees in winter. In relation to this,
the choice of thinning carried out in the stands seems to be crucial in their management with an
increase in wind and snow damage risk following thinning in a stand [17,18].

There are to date no studies on the impact of snow intercepted by the canopy on the turning
moment experienced by trees during wind loading, or any study of winter impact on wind damage in
balsam fir stands, creating a lack of knowledge about winter damages in boreal stands in Northeastern
America. This gap in knowledge means that we currently are not able to model what is happening
in winter, or to estimate the potential impact of snow on the level of wind damage risk. Therefore,
improving knowledge in this area is essential to improve the decision making process for forest
management [13]. Our measurements are the first to directly measure wind and snow loading on trees
during winter.

The overall hypotheses for the study were:

(1) The additional weight of the snow on the crown will increase the lever arm on the trunk, and trees
will experience an increased turning moment at a particular wind speed with an increase of snow
thickness in their crowns compared to when there is no snow in the crown.

(2) The large negative temperatures will stiffen the trunk because of freezing, therefore trees will
experience a globally lower turning moment at a particular wind speed in winter compared to
during the summer because the crowns move less.

The first hypothesis deals specifically with the effect of snow and the second hypothesis with the
effect of freezing temperatures.

2. Materials and Methods

This article was written as a continuation of a previous study at the same site for summer only
conditions [4]. To reduce the length of the text and avoid redundancy, we refer to Duperat et al. [4]
when additional information on methods is required. All data were treated and analyzed within the R
program [19] with the help of the Tidyverse packages [20]. The key R packages are mentioned in the
relevant paragraphs, the data and R scripts are available and linked to this article.
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2.1. Stand and Climate

The study was conducted in the Université Laval Montmorency Experimental Forest (47◦16′13.0” N
71◦09′24.1” W), 80 km north of Québec City in the Laurentian Hills of the Canadian Shield.
Average annual temperature, total precipitation, and snowfall precipitation are respectively 0.5 ◦C,
1583 mm, and 619 cm. Average annual wind speed is 6.9 km/h and wind direction is mainly from the
northwest [21]. Typical of a polar subcontinental climate, snow cover persists from mid-October to
the end of May. The study area is located in the eastern section of the balsam fir/white birch (Betula
papyrifera Marsh.) bio-climatic domain of central Québec [22].

The study stand is a 38-year-old balsam fir dominated stand originating from natural regeneration
after clearcutting in 1982. It was treated by pre-commercial thinning in 1992. It is composed of balsam
fir, black spruce (Picea mariana (Mill.)), and white birch. Stand mean height is around 8 m and mean
diameter at breast height (DBH, in m) measured at 1.3 m is 12 cm. The study is concentrated on a 0.13 ha
circular portion of the stand. Tree density is 1450 stems per hectare and the trees are heterogeneously
distributed within the stand. There is a lot of regeneration and an intermittent stream crosses the
stand near its center, creating a treeless linear gap. The stand is located on a north-facing gentle slope
with minor variations in the surface of 1–2 m creating dips and raised areas where the trees can be
located. Elevation is around 745 m and soil is a glacial till with a sandy loam texture. The site is mesic
and has moderate drainage. The field work for this study was carried out between summer 2017 and
winter 2019. The stand studied was selected partly according to logistical constraints, as described in
Duperat et al. [4]

2.2. Sample Trees

During the summer of 2017, tree height and DBH were measured on all the trees within the study
area. As sample trees, we selected 15 balsam firs showing no visible symptoms of disease or crown
discoloration. The sample trees were sufficiently spaced from each other to avoid direct competition
between them. Within the possibilities left by the location constraints, the fifteen trees were chosen
across the whole range of diameter present in the stand. Height (H, in m), crown width (CrownW,
in m), crown depth (CrownD, in m), and DBH were recorded to characterize sample tree morphology.
Two types of competitors, commercial (DBH > 9.8 cm) and non-commercial (5 < DBH < 9.8 cm),
were counted when positioned within a 4 m radius from the sample tree. Six competition indices,
known to be relevant in the context of wind and snow damage [23,24], have been calculated with these
parameters [4]. In addition, the ratio of the CBAL competition index to the tree basal area (BA) = CIB
was included. All the information concerning morphological criteria, competition indices, and number
of close competitors of the sample trees are summarized in Table 1, and the competition indices are
detailed in Appendix A. Note that trees a10, a13, and a14 are missing. For the a10 tree and a13 tree, one
of their strain transducers broke and we were not able to repair it quickly enough to incorporate the
data from these trees into our analyses. For the a14 tree, the sensor wires snapped under pressure from
the huge amount of snow on the ground. Analyses were therefore conducted with 12 trees instead of
15. Since all the analysis will be made at the individual tree level, each sample tree is effectively an
experimental unit.
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Table 1. Sample trees variables: morphological criteria, competition indices, and number of close competitors.

Tree Morphological Criteria Distance Independent Distance Dependent Competitors

ID DBH H DBH2H CrownW CrownD BA CIB CBAL Cdr Cdrl C11 C12 CHegyi NCOM NNCOM NALL

a1 0.117 9.1 0.125 1.6 5.9 0.011 804.46 8.65 11.04 2.39 1.79 3.56 3.83 6 13 19
a2 0.106 6.7 0.075 0.8 1.9 0.009 1337.38 11.80 8.32 5.46 1.01 3.62 2.83 7 6 13
a3 0.110 9.2 0.111 1.5 5.7 0.01 1141.81 10.85 10.71 8.89 1.45 4.14 3.86 9 7 16
a4 0.108 8.2 0.096 1.3 5.2 0.009 1249.22 11.44 7.34 2.76 1.32 3.20 3.00 7 4 11
a5 0.175 12.5 0.383 1.8 9.0 0.024 43.61 1.05 7.30 0.00 1.03 1.76 2.55 5 1 6
a6 0.131 9.3 0.160 1.6 5.1 0.013 417.79 5.63 4.92 3.15 0.98 2.04 2.07 4 6 10
a7 0.110 9.0 0.109 1.1 5.4 0.01 1133.81 10.78 13.92 10.25 2.25 5.75 5.06 7 5 12
a8 0.099 7.8 0.076 1.1 4.3 0.008 1832.37 14.11 16.51 12.57 2.04 6.39 5.39 6 6 12
a9 0.115 8.7 0.115 1.5 5.3 0.01 873.12 9.07 8.38 1.11 0.79 2.34 2.52 7 6 13
a11 0.171 8.9 0.260 1.7 5.8 0.023 53.99 1.24 4.73 0.00 0.62 1.13 1.65 8 3 11
a12 0.103 7.4 0.079 1.4 4.4 0.008 1595.24 13.29 11.65 6.87 1.50 4.13 3.93 7 5 12
a15 0.109 8.8 0.105 1.1 5.0 0.009 1202.72 11.22 8.09 4.59 1.08 3.00 2.89 9 7 16

With diameter at 1.3 m (DBH, m), tree height (H, m), crown width (CrownW, m), crown depth (CrownD, m), subject tree basal area (BA, m2), CBAL/BA (CIB), competition indices: CBAL [25],
C11 [26], C12 [26], Cdr [27], Cdrl [27], CHegyi [28], number of commercial competitors in a radius of 4 m (NCOM), number of non-commercial competitors in a radius of 4 m (NNCOM),
and number of competitors (commercial and non-commercial) in a radius of 4 m (NALL).



Forests 2020, 11, 1089 5 of 15

2.3. Instrumentation

2.3.1. Anemometers and Wind Speed

To measure weather conditions within the stand, a 10-m-high aluminum tower (T35, Aluma
Tower Company, Vero Beach, FL, USA) was installed in the forest at the edge of our sampling area.
Wind speed and direction were measured at a frequency of 5 Hz by two 05103-L Wind Monitor Young
anemometers (Campbell Scientific, Edmonton, AB, Canada), the first one fixed at canopy height,
and the second one at 2/3 canopy height. Air temperature and soil temperature were measured with
two T107 sensors (Campbell Scientific, Edmonton, AB, Canada) at 30 min intervals. Data from the
anemometers and temperature sensors were recorded using a CR5000 datalogger (Campbell Scientific,
Edmonton, AB, Canada).

Due to the large amount of data collected, and following the existing literature [23] and our
previous study [4], we decided to work with hourly mean wind speed data (ws, m·s−1) (Figure 1).
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temperatures for winter 2019 (D).

2.3.2. Strain Gauges and Turning Moment

Wind loads were recorded on the sample trees during 83 days between July and October 2018
and 56 days between February and April 2019. On each sample tree, two strain transducers were
orthogonally fixed on the trunk at two meters height on the north and east sides to minimize the
thermal effects of the sun. The stain transducers allow measurement of the strain at the surface of
the tree trunk when trees bend and they are described in detail in Duperat et al. [4]. To record the
strain transducer signal (STS), we used a CR1000 datalogger (Campbell Scientific, Edmonton, AB,
Canada) and two CDM-A116 multiplexors (Campbell Scientific, Edmonton, AB, Canada) connected to
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the datalogger by a SC-CPI (Campbell Scientific, Edmonton, AB, Canada). Recording frequency was
5 Hz. The whole experiment was powered by 8 solar panels (5 PowerMax Ultra 80-P, Shell, The Hague,
The Netherlands and 3 SX80U, Solarex, Frederick, MD, USA) installed facing south in a clearcut located
70 m south from the tower. To convert measured strain to turning moment, the strain transducers
mounted on the sample trees had to be individually calibrated by step pulling [29,30]. The method
used to correctly carry out the pulling and calibration is fully described in previous studies [4,31].
Tree pulling calibration was carried out in summer 2018 and in winter 2019 to avoid a bias due to the
large difference in temperature and tree trunk stiffness between the two seasons.

STS missing values were filled with the previous value, with a maximum of 5 missing values being
filled. STS data were then converted into turning moment with the calibration coefficient obtained from
the pulling test. Daily drifts caused by thermal variations were removed with a Butterworth highpass
filter function from the “signal” package [32,33]. Once the data were cleaned, orthogonal turning
moments were combined to produce a single turning moment for each tree. Then, we calculated
the most probable extreme value experienced during each hour, by calculating the maximum hourly
tuning moment (Mmax, Nm) with the Gumbel method [23,34]. Please refer to our previous article [4]
for full details of the steps involved in the STS treatment.

2.3.3. Hunting Camera and Snow

To measure snow presence or absence on the crown, a HyperFire Reconyx HC500 hunting camera
(RECONYX Inc., Holmen, WI, USA) was placed facing a number of crowns. The hunting camera took
pictures of the crowns at 1 h intervals during the whole winter season. Each hunting camera picture
was visually categorized as a function of the snow thickness (Snow) on the crown sample. The analysis
leads to 4 different categories of Snow (0, 10, 20, and 30 cm snow depth) depending on the amount
of snow on the branches and the presence of big pieces of snow and snow bridges between trees
(Figures 1C and 2).
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Figure 2. Evaluation of the snow thickness on the crowns. (A) 0 [0–5 cm] traces of snow on the crowns;
(B) 10 [5–15 cm] the snow sticks to the branches, the branches start to bend; (C) 20 [15–25 cm] snow
clumps everywhere and the branches are fully bent; and (D) 30 [>25 cm] big snow clumps and bridges
between trees.
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2.4. Statistical Analysis

2.4.1. Effect of Snow Thickness in the Crowns of Balsam Fir on the Overall Turning Moment

To evaluate the impact of Snow on Mmax, a linear mixed model selection was made by using
the ‘nlme’ and ‘AICcmodavg’ packages [35,36]. Only winter data, from February 2019 to April 2019,
were used in this analysis. The response variable (Mmax) was log-transformed prior to the analyses
to linearize the relation between it and our explanatory variables and to meet the assumptions of
homoscedasticity and normality of the residuals. The model selection was made according to 3 steps:
determine the best additional variables (Table 1) to the basic model, check the collinearity between
the additional variables, and select the best model formulation to consider the relevance of the
interaction terms.

Step 1: The variable selection was made by individually adding each available tree variable
(all continuous, Table 1) to the fixed covariates: ws (continuous) and Snow (continuous) (Equation (1)).
To consider repeated measurements among trees, tree was included as a random intercept in our
models. We also included random slopes for ws and Snow as the effect of these two variables on Mmax

could potentially vary among trees:

log(Mmax) = ws + Snow + TreeVariable. (1)

The models were compared using the Akaike information criterion (AICc) [37] and the
‘AICcmodavg’ package [36]. The tree variable of the models having a ∆AICc < 2 were kept for
the following step. All the models and associated statistics are displayed in Table 2.

Table 2. Snow thickness model selection.

Step 1: Tree Variable Selection

log(Mmax) ~ ws + Snow + K AICc ∆AICc AICcWt LL Cum.Wt

CBAL 8 10,116.09 0.00 0.18 −5050.04 0.18

DBH 8 10,116.38 0.29 0.16 −5050.18 0.34

CIB 8 10,116.74 0.64 0.13 −5050.36 0.48

CrownW 8 10,116.85 0.76 0.12 −5050.42 0.61

BA 8 10,116.89 0.80 0.12 −5050.44 0.73

DBH2 H 8 10,117.77 1.68 0.08 −5050.88 0.81

C12 8 10,118.13 2.04 0.06 −5051.06 0.88

CrownS 8 10,118.53 2.44 0.05 −5051.26 0.93

Cdr 8 10,120.99 4.89 0.01 −5052.48 0.95

CHegyi 8 10,121.14 5.05 0.01 −5052.56 0.96

H 8 10,121.74 5.64 0.01 −5052.86 0.98

CrownD 8 10,123.11 7.02 0.00 −5053.55 0.98

C11 8 10,123.23 7.13 0.00 −5053.60 0.99

- 7 10,123.79 7.69 0.00 −5054.89 0.99

NCOM 8 10,124.89 8.80 0.00 −5054.44 0.99

NALL 8 10,125.62 9.53 0.00 −5054.80 0.99

NNCOM 8 10,125.79 9.70 0.00 −5054.89 1.00
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Table 2. Cont.

Step 3: Model selection

log(Mmax) ~ ws + K AICc ∆AICc AICcWt LL Cum.Wt

Snow + CBAL + ws:Snow + ws: CBAL + Snow: CBAL 11 10,081.87 0.00 0.68 −5029.93 0.68

Snow + CBAL + ws:Snow + Snow: CBAL 10 10,084.12 2.25 0.22 −5032.05 0.90

Snow + CBAL + ws:Snow + ws: CBAL 10 10,086.19 4.32 0.08 −5033.09 0.97

Snow + CBAL + ws:Snow 9 10,088.40 6.53 0.03 −5035.19 1.00

Snow + ws:Snow 8 10,096.10 14.22 0.00 −5040.04 1.00

Snow + CBAL + ws: CBAL + snow: CBAL 10 10,109.58 27.70 0.00 −5044.78 1.00

Snow + CBAL + Snow: CBAL 9 10,111.83 29.95 0.00 −5046.91 1.00

Snow + CBAL + ws: CBAL 9 10,113.88 32.01 0.00 −5047.94 1.00

Snow + CBAL 8 10,116.09 34.22 0.00 −5050.04 1.00

Snow 7 10,123.79 41.92 0.00 −5054.89 1.00

CBAL + ws: CBAL 8 10,186.68 104.80 0.00 −5085.33 1.00

CBAL 7 10,188.89 107.01 0.00 −5087.44 1.00

- 6 10,196.58 114.71 0.00 −5092.29 1.00

Note: AICc is a version of the Akaike information criteria which include a correction for small sample sizes, with
deltaAICc (∆AICc), AICc weight (AICcWt), log likelihood (LL), and cumulated AICc weight (Cum.Wt).

Step 2: The retained tree variables from step 1 were: CBAL, DBH, CIB, CrownW, BA, and DBH2H.
To verify the collinearity between these variables, they were tested two by two with a Pearson
correlation test. As they were all correlated with each other at more than 50%, only one of these
variables could be included in the final model. The variable with the smallest AICc was selected: CBAL.

Step 3: The model selection was made by testing all possible combinations of variables, and rational
interactions between the fixed covariates: ws (continuous), Snow (continuous), and CBAL (continuous).
As in step 1, the models were compared using an AICc comparison. The model with the smallest AICc
was kept as best. The tested models and associated statistics are displayed in Table 2. Once the final
model was selected, the model assumptions were verified by plotting residuals versus fitted values.
We assessed the residuals for temporal dependency with an autocorrelation function.

2.4.2. Seasonal Differences in Wind Loads in Balsam Fir Stands

Wind Profile

Due to the high accumulation of snow in winter leading to a rise in ground level, it was decided
to investigate if the anemometers recorded changes in the wind profile between the two seasons.
The ‘openair’ package [38] was used to treat the wind speed and wind direction data in summer 2018
and winter 2019. The anemometer wind speed ratio between the top and middle anemometer was
compared for each season by using the following linear regression:

wstop = wsmiddle + Season + wsmiddle × Season. (2)

Model Selection

A linear mixed model selection was made to assess the seasonal effect on turning moment.
We decided to analyze our data following the same method as for the first hypothesis, by using the
covariate Season (categorical with two levels), instead of Snow. Both Summer 2018 and Winter 2019
data were used in this analysis. In this case, the retained TreeVariable from step 1 were: C12 and CrownW
(Table 3). Only one variable could be retained, as they were all correlated with each other (Pearson
correlation coefficient >0.5). The variable with the smallest AICc was selected: C12. The tested models
from step 3 and associated statistics are displayed in Table 3. Once the final model was selected,
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the model assumptions were verified by plotting residuals versus fitted values. We assessed the
residuals for temporal dependency with an autocorrelation function.

Table 3. Season model selection.

Step 1: Tree Variable Selection

log(Mmax) ~ ws + Season + K AICc ∆AICc AICcWt LL Cum.Wt

C12 8 61,327.43 0.00 0.39 −30,655.71 0.39

CrownW 8 61,329.18 1.75 0.16 −30,656.59 0.55

CBAL 8 61,330.60 3.17 0.08 −30,657.30 0.63

DBH 8 61,330.63 3.20 0.08 −30,657.31 0.70

Cdrl 8 61,330.70 3.27 0.08 −30,657.35 0.78

CIB 8 61,330.90 3.47 0.07 −30,657.45 0.85

BA 8 61,331.12 3.69 0.06 −30,657.56 0.91

DBH2H 8 61,332.65 5.22 0.03 −30,568.32 0.94

Chegyi 8 61,333.06 5.63 0.02 −30,658.53 0.96

Cdr 8 61,333.22 5.79 0.02 −30,658.61 0.98

C11 8 61,335.41 7.98 0.01 −30,659.70 0.99

CrownD 8 61,336.04 8.61 0.01 −30,660.02 0.99

H 8 61,336.78 9.35 0.00 −30,660.39 1.00

- 7 61,340.32 12.89 0.00 −30,663.16 1.00

NNCOM 8 61,341.79 14.36 0.00 −30,662.89 1.00

NALL 8 61,341.82 14.39 0.00 −30,662.91 1.00

NCOM 8 61,342.30 14.87 0.00 −30,663.15 1.00

Step 3: Model selection

log(Mmax) ~ ws + K AICc ∆AICc AICcWt LL Cum.Wt

Season + C12 + ws:Season 9 61,163.61 0.00 0.54 −30,572.80 0.54

Season + C12 + ws:C12 + ws:Season 10 61,163.96 0.35 0.45 −30,571.98 1.00

Season + C12 8 61,327.43 163.81 0.0 −30,655.71 1.00

Season + C12 + ws:C12 9 61,327.78 164.16 0.0 −30,654.89 1.00

Season 7 61,340.32 176.70 0.0 −30,663.16 1.00

C12 7 65,576.69 4413.07 0.0 −32,781.34 1.00

- 6 65,589.57 4425.95 0.0 −32,788.79 1.00

Note: AICc is a version of the Akaike information criteria which include a correction for small sample sizes, with
deltaAICc (∆AICc), AICc weight (AICcWt), log likelihood (LL), and cumulated AICc weight (Cum.Wt).

3. Results

3.1. Hypothesis 1: Effect of Snow Thickness in the Crowns of Balsam Fir on the Overall Turning Moment

The selected model (Table 2) is a mixed linear model, tree is used as random intercept, ws and Snow
are used as random slope and the fixed covariates are ws (continuous), Snow (continuous), and CBAL
(continuous). The interaction terms are ws × Snow, ws × CBAL, and Snow × CBAL (Equation (3)):

log(Mmax) = 4.3502 + 0.5179×ws− 0.0026× Snow− 0.1814×CBAL

−0.0003×ws× Snow− 0.0066×ws×CBAL

−0.0001× Snow×CBAL.

(3)
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Model validation indicated no violation of assumptions about homoscedasticity and normality
of residuals. The selected model results are displayed in the logarithmic original value in Table 4.
The model presents a better AICc than models that do not consider the snow effect (∆AICc > 104),
meaning that the addition of Snow improves the model predictions and help in defining Mmax. However,
the snow thickness on the crown, as well as the interaction including this covariate, have little influence
on the predicted value of the maximum hourly turning moment.

Table 4. Snow thickness model results.

Log CI Lower Estimate CI Upper Std.Error DF t-Value

Intercept 4.1587 4.3502 4.5417 0.0976 16,479 44.529
ws 0.5012 0.5179 0.5347 0.0085 16,479 60.624

Snow −0.0075 −0.0026 0.0022 0.0025 16,479 −1.043
CBAL −0.2027 −0.1814 −0.1600 0.0097 11 −18.688

Ws:Snow −0.0008 −0.0003 0.0001 0.0002 16,479 −1.368
Ws:CBAL −0.0081 −0.0066 −0.0052 0.0007 16,479 −9.139

Snow:CBAL −0.0003 −0.0001 0.0005 0.0002 16,479 0.344

Note: The results are displayed in logarithms, the interaction between variables are shown with a colon between
variables names, with lower confidence interval of the estimate (CI lower), upper confidence interval of the estimate
(CI upper), standard error (Std.Error), the degree of freedom (DF), and the t-statistics (t-value).

3.2. Hypothesis 2: Seasonal Differences in Wind Loads in Balsam Fir Stands

3.2.1. Wind Profile

Wind speed during winter 2019 was stronger and the wind events were more frequent than during
summer 2018, with a mean ws at canopy top of 2.21 m·s−1 and a calm percentage of 2%, in comparison
to summer 2018 with values of 1.26 m·s−1 and 4.2%, respectively (Figure 3). The wind direction was
similar, the main winds coming from the northwest. The linear regression carried out on the ratio
between the top and middle anemometer shows an increase of 10% (±0.3, Adj.R2 = 0.883, pvalue < 0.01)
of the wind speed ratio during winter, suggesting a clear impact of the snow on the wind profile.
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3.2.2. Season Model Selection.

The selected model (Table 3, Equation (4)) is a mixed linear model, tree is used as random intercept,
ws and Season are used as random slope and the fixed covariates are ws (continuous), Season (categorical
with two levels), and C12 (continuous). The interaction term is ws x Season:

log(Mmax) = 4.3401 + 0.3268×ws + 0.2947× Season− 0.5656 ×C12

+0.1199×ws× Season.
(4)

This model gives a much better AICc than models that do not consider the season effect
(∆AICc > 176), meaning that the addition of the variable Season increases the model quality. The fixed
effects are not correlated with each other. The selected model results are displayed in the logarithmic
original value in Table 5. Model validation indicated no violation of assumptions about homoscedasticity
and normality of residuals. To allow a simpler interpretation of the results, the model’s predictions
are displayed in Figure 4 after back transformation of the logarithms (these values are only provided
for illustration purposes because this transformation introduces a bias in the values). As expected,
the turning moment increases with the decrease in C12, a low C12 representing a tree with little
surrounding competition and a high C12 representing a tree under a lot of competition. However,
contrary to our hypothesis, the winter season also significantly increases the turning moment
experienced by the trees. The turning moment therefore decreases with increasing competition
and increases with increasing wind speed.

Table 5. Season model results.

Log CI Lower Estimate CI Upper Std.Error DF t-Value

Intercept 3.2348 4.3401 5.4455 0.5639 35,997 7.694
ws 0.2789 0.3268 0.3747 0.0244 35,997 13.373

Season −0.2792 0.2947 0.8686 0.2928 35,997 1.006
C12 −0.8031 −0.5656 −0.3281 0.1065 10 −5.306

ws:Season 0.0903 0.1199 0.1495 0.0151 35,997 7.929

Note: The results are displayed in logarithms, the interactions between variables are shown with a colon between
variables names, with lower confidence interval of the estimate (CI lower), upper confidence interval of the estimate
(CI upper), standard error (Std.Error), the degree of freedom (DF), and the t-statistics (t-value).
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4. Discussion

Our results show that the turning moment experienced by the trees was highly influenced by
season, with a turning moment globally higher in winter, but apparently not strongly influenced by
the snow thickness on the crowns. These results go against our hypotheses which were that for a
similar wind speed, trees experience a higher turning moment when snow is present on their crown,
and globally lower turning moment in winter. The TreeVariables retained by our model selection
also diverge between the two models. In the first model, including only the winter dataset, at least
4 TreeVariables could have been selected instead of the competition index CBAL. However, all these
variables are interrelated, based on DBH, and relate to the social status of the tree in the forest. In the
second model, which combines summer and winter datasets, the distance-dependent competition
index C12 appears to be the key variable that links the seasons. There is thus a direct dependency of
the maximum hourly turning moment on the local competition, which confirms Hale et al. [23] results,
but also shows an influence of close competitors during the winter season.

Regarding the effect of snow thickness on the crown, care is needed with the interpretation of the
results. The depth of snow on the crown does not seem to make a difference on the turning moment
but the model selection for the winter dataset retained snow as a key variable. However, it is important
to note that our way of monitoring the presence of snow on the crowns was not optimal. It was a
first attempt to evaluate the effect of snow in the canopy on the turning moment in a practical way.
Monitoring the presence of snow on the canopy is complicated by the structure of the canopy itself and
the great variability in the interception of snow by the branches, as wind and temperature influence
the moisture content of snow and therefore the degree of stickiness to the canopy [12]. Therefore,
the accumulation of snow on trees sufficient to cause snow damage depends upon the quantity and type
of snow [12] because the same snow thickness could result in two different weights on the branches.
As the process of snow interception by trees is complex and involves components of throughfall,
adhesion, cohesion, wind removal, sliding, melting, and vapor transport [39], further work is required
to evaluate the additional load on trees due to snow.

Continuous monitoring of wind at two different height showed a significant change in the wind
profile between summer and winter, with an increase in wind speed at both anemometer heights
and reduced calm periods during winter. This is probably due to the presence of snow in winter,
which changes the geometrical structure of the stand and therefore the wind profile. This finding
supports the fact that deep snow cover also offers less aerodynamic resistance to the wind than ground
covered by vegetation and regeneration [9].

The accumulation of a large amount of snow on the ground during the winter season, with depths
up to 200 cm, also raises the effective level of the ground, while the trees themselves do not change
in height and therefore have the same length of lever arm. As observed during fieldwork, the tree
trunks remain free to move because their own radiation prevents snow from sticking to the trunk
and creates a snow-free sleeve around the trunk down to the ground. The increase of the turning
moment experienced by the trees in winter compared to summer for a similar wind speed could be
due to several reasons. It might be due to increased stem stiffness due to freezing in the large negative
temperatures or to increased root anchorage as the heavy snow depth during our data collection
(130–150 cm depth) put a heavy load on the root system. It is quite possible that the root system in
winter is completely locked in place by the snow cover and the frozen soil. The force of the wind on
the tree would therefore be mostly applied to the trunk and with very little energy dissipated in the
root system. In contrast, in summer, the soil is very wet, and the root system is more flexible, so some
of the energy initiated in the trees by the wind is dissipated in the soil. In addition, the higher stiffness
of stem and branches during winter decreases the streamlining under wind loads and, combined with
a reduced crown porosity, the drag coefficient will be higher in winter. These are probably the two
main reasons for the increase of the turning moment during winter.

An increase in the turning moment experienced by the trees, means an increased risk of stem
breakage during winter season. With climate change, the relative importance of snow seasons against
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snow free seasons is likely to change, with an increase of unfrozen soil days during the windiest
periods [40]. If the soil remains unfrozen and without deep snow cover during these windiest periods,
this could lead to an increase in overturning during early and late winter, when strong winds are
more frequent. It will be important in the near future to have reliable predictions of the future winter
climate in Quebec. It will also be useful to study the root anchorage of trees during the pre-winter and
winter periods by carrying out destructive tree winching at different temperatures and with different
snow cover on the ground, to evaluate if the changes we observed in this study are actually related to
changes in root anchorage.

5. Conclusions

Wind loading on trees is higher in winter and linked to local competition. It also appears to be
strongly related to freezing conditions as differences in snow thickness in the tree crown do not seem
to have a major impact on wind loading. However, a single estimate of snow load was applied to
all trees and a more precise measurement of the snow load should be examined. The interaction of
winter conditions with many factors normally considered in wind damage modeling should also be
examined, including the impact of below freezing temperatures on green wood mechanical properties,
changes in wind profile, changes in crown shape and porosity, and changes in root/soil stiffness.
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Appendix A. Competition Indices

Table A1. Competition indices types and formula.

Index Type Index Formula References/Definition

Distance-independent
CBAL =

∑
BAc ∗ y [25]

CDR =
∑ dc

ds
[27]

CDRL =
∑ dc

ds
∗ y [27]

Distance-dependent (DBH)
CHegyi =

n∑
c=1

dc/ds

Dcs
[28]

C11 =
n∑

c=1

dc/ds

D2cs
[26]

C12 =
n∑

c=1

(dc/ds)
2

Dcs
[26]

CIB CBAL/BA

Where BA (m2) is the individual tree basal area; y = 1 for competitor with diameter larger than the subject tree,
otherwise y = 0; d is DBH; Dcs (m) is distance between subject (s) and competitor (c).
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