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Abstract: Alberta’s forest industry is predicted to be impacted by a medium-term decline in timber
supply. Intensive silviculture tools, such as pre-commercial thinning, have been shown to increase
individual tree growth, shorten rotation lengths, and improve stand merchantability in important
commercial species such as lodgepole pine. However, lodgepole pine stands are susceptible to
western gall rust infections, and thinning at an early stage may increase infection rates. This study
collected tree and stand level data from 33 operational harvest origin lodgepole pine stands consisting
of 11 stands thinned at age 17-19 years (PCT_18), 11 stands thinned at age 23-25 (PCT_24), and 11
unthinned stands. Approximately 40 years after pre-commercial thinning, merchantable volume is
similar in all stands but thinned stands, regardless of timing, had greater individual tree size (~15%
higher) compared to unthinned stands. Pre-commercially thinned stands also had a higher potential
for commercial thinning since they have lower variability in tree size and longer live crown lengths.
In addition, delayed thinning (PCT_24) reduced western gall rust infections and the severity of
infections compared to both PCT_18 and unthinned stands. In conclusion, pre-commercial thinning
should be considered for lodgepole pine stands in order to address timber supply issues in Alberta.

Keywords: western gall rust; merchantable volume; pre-commercial thinning; lodgepole pine;

volume production

1. Introduction

The forest industry is a major contributor to Alberta’s economy but medium-term
timber supply is predicted to decline in the province as a consequence of the cumulative
effect of wildfire, insect and disease attacks, and land use change. One possible solution for
this timber supply issue is the application of more intensive silviculture practices, such as
pre-commercial thinning (PCT), on existing stands of important commercial conifer species
such as lodgepole pine (Pinus contorta var. latifolia) [1]. Intensive silviculture has been
shown to increase individual tree growth and shorten rotation lengths, thereby helping
to secure the supply of timber in the face of threats from insects, fire, and diseases [2].
However, there is the risk of increasing infection by western gall rust (Cronartium harknessii)
after thinning, which could eliminate the potential benefits of PCT.

Pre-commercial thinning involves the removal of poor-quality and smaller sized tress
in an effort to reduce competition and improve growth in the residual trees through the
redistribution of available growing space and resources. In the residual trees, the size and
persistence of crown are directly affected by available growing space [3,4], with up to 20%
greater live crown in thinned lodgepole pine stands compared to unthinned stands at 20
years of age [5]. Moreover, reducing the number of trees aids in the crown expansion of
dominant trees, facilitating their growth [6,7], which in turn results in greater volume from
bigger trees and greater potential for subsequent commercial thinning.

Lodgepole pine is one of the most important commercial conifer tree species in Alberta,
comprising more than 41% (over 600 million cubic meters) of the provincial coniferous
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growing stock [8]. After disturbance, including both wildfire and logging, lodgepole pine
often regenerates in highly dense stands, resulting in relatively slow individual tree growth.
However, PCT has the potential to increase individual tree growth and improve the future
merchantable yield and stand value. For example, in British Columbia, lodgepole pine
stands thinned to 2500 stems per hectare had 10x higher individual tree merchantable
volumes compared to unthinned stands at 20 years of age [5]. Moreover, the stand level
total volume was ~35% higher in unthinned stands, but the stand level merchantable
volume was higher in thinned stands. Similarly, in Scots pine (Pinus sylvestris) in Finland,
thinned stands showed 15% greater mean diameter than that of unmanaged stands at the
stage of the first commercial thinning [9].

The timing of pre-commercial thinning can also have an impact on growth and mer-
chantability, with early thinning shown to increase diameter growth in a variety of pine
species more than later thinning [10,11]. Long term studies of lodgepole pine in Alberta
showed that early thinned stands had higher mean annual increment (MAI) compared
to later thinned stands of the same age and productivity [12]. Moreover, PCT in younger
stands is more efficient and less costly due to relatively smaller diameters of trees [13].
It has also been noted that early thinning enhances the possibility for early commercial
thinning [14], such that the volume from first commercial thinning in early PCT Scots pine
stands was ~28% higher compared to late PCT stands [9].

Western gall rust is a pathogenic fungus that infects hard pine’s main stems and
lateral shoots and is widespread across the study region [15,16]. While branch galls do not
seriously affect growth, stem galls can cause tree mortality [17]. However, the probability
of western gall rust infection declines with tree age [18], especially after age 20 [19,20].
Therefore, delayed pre-commercial thinning may minimize losses due to western gall
rust infections since delayed thinning provides an opportunity for more pre-thinning
infections that can be removed during thinning and a reduced probability of infection post
thinning [21]. It has also been reported that thinned stands had ~12% more stem infections
compared to unthinned stands, and hence it was recommended that PCT in heavily infected
stands should be delayed or avoided due to the risk of understocking [22]. Additionally,
large galls (specifically stem gall encirclements > 50% girth) have a serious impact on
merchantability since they typically need to be removed during the manufacturing of
timber [18,23]. Each 1% increase in main stem infection in young stands was projected
to result in a 2 m3 increase in volume loss during rotation [24]. Hence, it is necessary to
understand the effect of stand management on western gall rust infections and severity to
clarify these mixed results to make decisions on operations.

Most of the existing studies on thinning in lodgepole pine stands in Alberta mainly
focus on stand level yield in fire origin stands [17,25]. However, less is known on the effect
of the timing of PCT on tree and stand level performance or western gall rust infection in
post-harvest stands. Therefore, we ask the following research questions:

1. How does the timing of thinning affect individual tree-level and stand-level mer-
chantability in post-harvest stands?
2. Is the incidence and severity of western gall rust affected by the timing of thinning?

2. Methods

Pure lodgepole pine stands in the Upper Foothills and Sub Alpine subregions of
Alberta were located around the town of Hinton (Figure 1). The elevation ranges from 1200
to 1550 m, while the moisture regime for all sites is mesic to submesic and the nutrient
regime is medium to rich (Table 1). These stands were all of harvest origin and naturally
regenerated during 1961-1964 and subsequently categorized into pre-commercial thinning
(PCT) and unthinned (control) based on the treatment applied. All PCT stands were
operationally pre-commercially thinned from below (i.e., smallest trees removed) to a
spacing of 1800 to 2500 stems per hectare, while the unthinned stands (11 stands) were not
treated. In general, the thinning principle at the time of thinning was to leave more trees in
stands with western gall rust but specific stand level thinning intensities are not available.
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The stands were selected based on their year of harvest and the year of thinning (for PCT
stands only). The crop tree species was lodgepole pine (~90%), with a lesser and variable
number of other species including white spruce (Picea glauca) and trembling aspen (Populus
tremuloides). Pre-commercially thinned stands were further divided into two categories
based on age at thinning: PCT_18 stands (11 stands) were thinned between the ages of 17
and 19 years, and PCT_24 stands (11 stands) at 23-25 years of age.

‘HIN'I'()N

Figure 1. Location of the operational site and schematic distribution of the stands. The highlighted
portion shows the Hinton wood products forest management area. Each rectangle represents one
stand, and one dot represents one plot (5.64 m-100 m?). Green dots indicate plots from unthinned
stands and red dots indicate plots from PCT stands.

Within each stand, six temporary fixed radius plots (5.64 m radius) were established
at equal intervals of 50 m and at least 30 m away from roads, other stands, seismic lines,
or creeks to avoid edge effects. Wetland areas or non-crop tree species-dominated areas
were avoided. The presence of tree stumps from thinning was used to confirm evidence
of thinning in all thinned stands. Within each sampling plot, all trees with DBH > 5.1 cm
were measured for diameter at breast height (DBH), the presence of stem galls, and the
severity/encirclement of galls. Stem gall encirclement was determined based on the
percentage of stem girth it covered and categorized into low severity (<50% of the girth)
and high severity (>50% of the girth). Western gall rust infection % was calculated as total
number of infected trees/total number of trees, while for severity, it was total number
of infected trees in the encirclement class/total number of infected trees. In total, over
3000 trees were measured and assessed for gall rust during this study.
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Table 1. Stand and site characteristics of pre-commercial thinning stands and unthinned stands.
UF: Upper Foothills; SA: Subalpine.

T . . Elevation Natural Nutrient Moisture Harvest Thinning
reatment Latitude Longitude . . .
(m) Subregion Regime Regime Year Year
53.244 —117.422 1302 UF Medium Mesic 1963 1987
53.703 —117.477 1229 UF Medium Mesic 1961 1986
53.241 —117.415 1269 UF Rich Mesic 1963 1987
53.673 —117.438 1295 UF Medium Mesic 1963 1986
53.245 —117.416 1287 UF Medium Mesic 1963 1987
PCT_24 53.247 —117.409 1258 UF Medium Mesic 1963 1987
53.243 —117.422 1302 UF Medium Mesic 1963 1987
53.288 —117.223 1249 UF Medium Mesic 1964 1987
53.247 —117.430 1283 UF Medium Mesic 1963 1987
53.242 —117.430 1369 UF Medium Mesic 1963 1987
53.244 —117.439 1344 UF Medium Mesic 1963 1987
53.728 —118.289 1403 SA Medium Mesic 1961 1980
53.721 —118.297 1417 SA Medium Mesic 1962 1980
53.725 —118.298 1437 SA Medium Mesic 1961 1980
53.741 —118.326 1450 SA Medium Mesic 1962 1980
53.705 —117.455 1283 UF Medium Mesic 1964 1981
PCT_18 53.737 —118.313 1429 SA Medium Mesic 1962 1980
53.709 —117.460 1275 UF Medium Mesic 1964 1981
53.700 —117.471 1257 UF Medium Mesic 1963 1981
53.705 —117.467 1289 UF Medium Mesic 1964 1981
53.695 —117.476 1227 UF Medium Mesic 1963 1981
53.696 —117.461 1283 UF Medium Mesic 1964 1981
53.530 —117.727 1543 UF Rich Mesic 1961 _
53.527 —117.724 1543 UF Rich Mesic 1963 _
53.710 —118.331 1508 SA Medium Mesic 1964 _
53.735 —118.300 1442 SA Medium Mesic 1962 _
53.696 —117.461 1312 UF Medium Mesic 1964 _
Unthinned 53.723 —118.282 1475 SA Medium Submesic 1961 _
53.226 —117.442 1380 UF Medium Mesic 1963 _
53.728 —118.329 1539 SA Medium Mesic 1963 _
53.270 —117.133 1268 UF Medium Mesic 1962 _
53.254 —117.089 1315 UF Rich Mesic 1961 _
53.295 —117.206 1292 UF Medium Mesic 1964

Five canopy trees were randomly selected from each plot to measure total height
(HT) and height to crown base (HCB). HCB was defined as the position of the lowest
whorl in a contiguous series containing at least one live branch. Live crown length (LCL)
was calculated as H-HCB. For the stand-level assessment, the basal area, total volume,
and merchantable volume of the trees were calculated using Forestry Tool-box, an Ms.
Excel add-in for forestry data analysis [26]. The toolbox uses volume equations developed
for lodgepole pine in Alberta [27]. For merchantable volume, the 15/11 merchantability
criterion was used, where 15 cm is the minimum diameter outside the bark at 15 cm stump
height and 11 cm is the top diameter inside the bark. This corresponds to a merchantable
tree with >13.5 cm DBH.

A linear mixed-effects Analysis of Variance (ANOVA) model, fitted using the Imer
function from the Ime4 package in R statistical software (Version 4.1.2), was performed to
determine the effect of treatment (fixed effect) on dependent response variables such as
mean DBH, basal area/ha, total volume/ha, merchantable volume/ha, live crown length,
height to diameter ratio, and % western gall rust (proportion of infected trees). Block was
set as random effect in the model. Whenever treatment effects were significant (o« = 0.05),
pairwise comparison was performed using the pairs emmeans function. Trees were divided
into 5 diameter classes from <5 ¢cm to 30 cm at an interval of 5 cm viz. (5.1-10.0 cm,
10.1-15.0 cm, 15.1-20.0 cm, 20.1-25.0 cm, and 25-30.0 cm) for analyzing diameter class
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distribution in thinned and unthinned stands. The merchantable DBH of trees in this study
was 13.5 cm, and a 20 cm DBH was considered to form a good quality large saw-log.

3. Results

The basal area (avg. = 32.5 m2/ha, p = 0.75), total volume (avg. = 250 m3/ha,
p = 0.65), merchantable volume (avg. =190 m3/ha, p = 0.17), and large sawlog volume
(avg. =100 m3/ha, p = 0.19) were not different in thinned stands compared to unthinned
ones. However, the large sawlog volume was on average 45 m?/ha greater in thinned
stands. In addition, the mean DBH was greater in thinned stands (avg. = 16.35 cm, p < 0.001)
compared to unthinned stands (13.8 cm; Table 2).

Table 2. Summary of stand level properties in PCT_24, PCT_18, and unthinned stands; values are
mean and standard error; letters indicate significant differences between treatments (Type III Analysis
of Variance Test—Satterthwaite’s method).

Treatment Density Basal Area Total Volume Merchantable Mean DBH Large Sawlog
(Trees/ha) (m?/ha) (m3/ha) Volume (m3/ha) (cm) Volume (m3/ha)
PCT_24 al448 + 48 a32 +1.10 a265 +10.1 a212 4+ 10.0 al6.2 £0.2 all5 +11.6
PCT_18 al371 £ 50 a30.5+0.8 a247 + 85 alo8 + 8.8 ale.5+0.2 b116 £+ 11.0
Unthinned b2086 + 92 a325+ 1.1 a240 £+ 10.6 b158 £+ 11.0 b13.8 £0.2 70 £9.7
F value 17.60 0.28 0.43 1.84 10.67 1.70
p <0.001 0.75 0.65 0.17 <0.001 0.19

The stand density (trees/ha) was lower in thinned stands (avg. = 1410 trees/ha)
compared to unthinned ones (2086 trees/ha), mainly due to the greater number of non-
merchantable trees (DBH < 13.5 cm) in unthinned stands (1044 trees/ha, p < 0.001) com-
pared to thinned stands (370 trees/ha; Figure 2). The numbers of merchantable trees
(avg. = 1040 trees/ha, p = 0.90) and larger diameter sawlog class trees (avg. = 270 trees/ha,
p = 0.10) were not different in thinned and unthinned stands.

1200
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Unthinned
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o

20125 25130
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Figure 2. (A) Density of trees in PCT_24, PCT_18, and unthinned stands by diameter class. The
x-axis represents the diameter distribution of trees by diameter class and the y-axis represents trees
per hectare measured in 2022. (B) Density of trees in PCT_24, PCT_18, and unthinned stands by
diameter class (based on merchantability). The x-axis represents the diameter distribution of trees by
diameter class and the y-axis represents trees per hectare measured in 2022. The error bar indicates
standard error. Letters indicate significant differences between treatments (Type III Analysis of
Variance Test—Satterthwaite’s method).
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The mean live crown lengths in thinned stands (avg. = 6.3 m, p < 0.05) were greater
than in unthinned stands (5.5 m; Figure 3). However, the mean height-diameter ratio
(HDR) was greater in PCT_24 stands (0.85, p < 0.05) compared to both PCT_18 stands (0.76)
and unthinned stands (0.77; Figure 3).

a b
a ®)
(A)
a
6 a
b

075
I |

0.00

Unthinned

PCT_18 PCT_24 PCT_18 PCT_24 Unthinned
Treatment Treatment

Live Crown Lenght (m)
Height-Diameter Ratio

Figure 3. (A) Mean live crown lengths in PCT_24, PCT_18, and unthinned stands. (B) Mean
height—-diameter ratios in PCT_24, PCT_18, and unthinned stands. The error bar indicates standard
error. Letters indicate significant differences between treatments (Type III Analysis of Variance
Test—Satterthwaite’s method).

Western gall rust infection rates (western gall rust %) were lowest in PCT_24 stands
(22.1%, p = 0.01) compared to both PCT_18 (32.8%) and unthinned stands (32.6%; Figure 4).
In addition, the proportion of trees with severe infections (western gall rust % from encir-
clement > 50%) was lower in PCT_24 stands (20.3%, p < 0.05) compared to both PCT-18
(35.6%) and unthinned stands (31.2%; Figure 4).

a a a

(A) a (8)

a
a0
b
a
a
' H
PCT_t8 PCT 24 Unininned <50 0%

o
E % =
Treatment Severity class(Stem encirclement)

Western Gall Rust infection %
Western Gall Rust infection %

Figure 4. (A) Western gall rust stem infection proportion in PCT_24, PCT_18, and unthinned stands.
Infection proportion is the number of trees infected relative to the total number of trees. (B) Western
gall rust stem infection severity (% stem encirclement) in PCT_24, PCT_18, and unthinned stands.
Infection proportion is the number of trees infected relative to the total number of infected trees. The
error bar indicates standard error. Letters indicate significant differences between treatments (Type
III Analysis of Variance Test—Satterthwaite’s method).
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4. Discussion

Pre-commercially thinned stands, regardless of timing, showed greater average tree
diameter compared to unthinned stands approximately 40 years after treatment. In addition,
delayed pre-commercial thinning until after age 20 resulted in reduced western gall rust
infections and severity of infection.

Thinning results in a shift in diameter distribution with relatively more large trees
and fewer smaller trees. This is in part due to the selective removal of smaller and poorer
trees [28], along with the increased diameter growth of residual trees [4,29], which results in
greater average tree diameter in thinned stands of ~15% in our stands. As is commonly seen
in thinning studies, the total stand volume and merchantable volume are not significantly
different between thinned and unthinned stands due to the lower stand density in thinned
stands. However, despite these differences in stand density, greater growth increments
of residual trees in thinned stands resulted in catching up with total and merchantable
volumes of unthinned stands with even greater, albeit statistically non-significant, volumes
of merchantable and large sawlog timber in thinned stands compared to unthinned ones.
In comparison, thinned lodgepole pine stands in British Columbia have been observed to
exceed the merchantable volume of unthinned stands after 15 years of growth [29], while
other studies have reported lower basal area and total volume in thinned stands compared
to unthinned stands, and that the volume loss at thinning is never made up by subsequent
increased growth [12].

Even though the timing of thinning did not show any influence on tree size or stand
merchantability in our study, previous studies in various pine species have observed the
advantage of early thinning [9,10]. One possible explanation for the insignificance of PCT
timing on merchantability after 40 years is the relatively long time since thinning, such that
later thinned stands may have caught up with earlier thinned ones over time [12], and any
initial difference in productivity is lost.

Pre-commercially thinned stands have greater potential for commercial thinning (CT)
since they have lower variability in tree size, greater average tree size at time of CT, and
longer live crown lengths for greater future growth response [30]. Moreover, high density
in unthinned stands make them less suitable for CT because they become more prone to
snow breakage and blowdown as they become taller with time. Even if the average density
in unthinned stands is acceptable, clumpiness in these is generally not suitable for CT
due to the higher cost of harvests and reduced growth response [30]. Additionally, stand
vigor factors such as live crown length, height, or position in canopy before CT affect the
response after. Trees with longer live crowns and greatest heights tend to be more vigorous.
The post-thinning basal area growth was reported to be 30% higher by leaving the same
basal area of the most vigorous trees instead of the least vigorous trees [31]. Hence, thinned
stands are likely to respond greater after CT due to longer liver crowns and top heights.
The height-diameter ratio is a valid indicator of a stand’s stability, and the average value
should be below 90 to reduce the risk of blowdown [30]. Even though height-diameter
ratios were higher in PCT_24 stands compared to PCT_18 stands, this is not significant in
the context of suitability for CT since both values fall under the recommended value for CT
operations in Alberta. However, if risk factors such as possible future impact from insect
and pest damage are considered, PCT_24 stands are more suitable for CT than PCT_18
stands since the western gall rust infection rate and severity are lower.

The timing of thinning also had an impact on western gall rust infection rate, with
PCT_24 stands having lower infection rates and severity of infection. This may be due to
the delayed thinning, removing most trees with existing stem galls and providing more
opportunity for pre-thinning infections which are subsequently removed. In addition, the
trees that remain could be the most genetically resistant ones in the population, and past
age 20, the probability of western gall rust infections declines [19,20]. The likelihood of a
wave year occurring after thinning is also reduced by delayed thinning. Overall, delayed
PCT may help in lowering post thinning infections and loss due to western gall rust.
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Pre-commercial thinning should be applied with caution in the presence of western
gall rust infection, and attempting to eradicate diseases such as western gall rust from
commercial pine stands is probably unrealistic. Management should instead strive to reduce
their impact on final volume production and quality to acceptable levels. Even though late
pre-commercial thinning helps reduce western gall rust infections, pre-commercial thinning
in younger stands is more efficient and less costly due to the relatively smaller diameters
of the trees [13]. Thus, delayed thinning may result in increased costs of operations and
hence it should be considered only if the stands have a considerable amount of western
gall rust infections. Moreover, delayed thinning helps in reducing losses due to western
gall rust, such as volume removal during timber processing or breakage or blowdown,
making them more suitable for subsequent commercial thinning compared to early thinned
stands. However, considering western gall rust infections, selective removal may result
in non-uniform spacing due to the disease’s random distribution in the stands [21,32]. In
such cases, it may be prudent to leave more trees on-site to compensate for any additional
increase in tree mortality and the long-term impact this may have on growth.

5. Conclusions

In conclusion, pre-commercial thinning is not currently widely applied in forest
management in Alberta, Canada, likely due to a lack of understanding of yield benefits
from thinning [33] and interactions with other disturbance agents such as western gall
rust. However, our study demonstrates at an operational scale that PCT, irrespective of the
timing of thinning, creates stands with similar or greater volumes than unthinned stands
but with greater average tree sizes. In addition, delayed thinning until at least age 20 has
the potential to reduce western gall rust infection rate and severity in disease prone stands.
Pre-commercial thinning should therefore be considered as a viable management option in
post-harvest lodgepole pine stands in order to address timber supply and disease issues
in Alberta.
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