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Abstract: Silvicultural practices such as pre-commercial thinning (PCT) and repeated fertilization have
been used successfully around the world to increase forest biomass for conventional wood products,
biofuels, and carbon sequestration. Two complementary studies were designed to test the hypotheses
(H) that large-scale PCT and PCT with repeated fertilization of young (13–17 years old) lodgepole
pine (Pinus contorta var. latifolia) stands, at 25 years after the onset of treatments, would enhance (H1)
productivity and structural features (diameter and height growth, crown volume and dimensions)
of crop trees; (H2) merchantable volume of crop trees, (H3) abundance of understory conifer,
herb and shrub layers, and (H4) carbon storage (sequestration) of all layers. Results are from two
studies in south-central British Columbia, Canada. The PCT study had three densities: 500, 1000, and
2000 stems/ha, an unthinned, and old-growth stand replicated at three areas. The PCT-FERT study had
four densities: 250, 500, 1000, and 2000 stems/ha with and without a repeated fertilization treatment,
and an unthinned-unfertilized stand, replicated at two areas. Heavily thinned (≤1000 stems/ha) and
fertilized stands generally had larger mean diameters and crown dimensions than lightly thinned or
unfertilized stands, whereas mean heights of crop trees remained relatively unaffected, and hence
partial support for H1. Despite differences in stand density (4- and 8-fold) of original crop trees, ingress
of intermediate crop trees over the 25 years changed density dramatically. There was no support
for H2, as mean merchantable volume of total crop trees was similar across stand densities owing to
ingress, and was also similar in fertilized and unfertilized stands. In stands thinned to ≤500 trees/ha,
there is an anticipated increase in crop tree density of 2.2 to 4.3 times over 25 years compared with
the original post-thinning densities. Mean abundance of understory conifers was generally similar
among stands owing to successional development towards canopy closure, whereas herbs and shrubs
persisted only in canopy gaps in heavily thinned stands, thereby providing no support for H3. Mean
carbon storage was similar across densities in both studies with ingress contributing a considerable
amount to carbon sequestration at the lower densities. Fertilization increased (1.4 times) mean carbon
storage significantly among total crop trees, total conifers, and the grand total of all layers, thereby
providing partial support for H4. Thus, much of the potential above-ground carbon storage lost by
thinning was restored in the heavily thinned stands at 25 years post-treatment.
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1. Introduction

Forest biomass production is being increased to meet the global demand for wood products,
wood fiber for bioenergy production, and carbon sequestration to help mitigate greenhouse gas
emissions [1,2]. Concurrent with this production imperative are conservation strategies that seek
to increase the size of protected areas, restore old-growth structural attributes, and conserve forest
biodiversity [3]. In addition, there is an ongoing and unpredictable loss of forest cover from wildfire,
insect outbreaks, windthrow, land clearing, and drought [4–7]. The silvicultural practices of stand
thinning and fertilization have been used successfully around the world to increase biomass production
in existing forests [8,9]. Intensive silviculture using these treatments is conducted in northern
Europe [10,11], and North America in general [12–16]. Lodgepole pine (Pinus contorta Dougl. ex Loud.
var. latifolia Engelm.) stands in inland areas of the Pacific Northwest (PNW) of North America have
been the focus of wood production and development of stand structural diversity [17–19].

There is much potential for intensive management in young lodgepole pine forests to generate,
relatively rapidly, forest biomass in terms of tree growth, development of overstory and understory
coniferous stand structure, as well as understory herb and shrub vegetation. Lodgepole pine has a wide
ecological amplitude and dominates 26 million ha of forests throughout the PNW of North America,
including a large proportion of the interior of British Columbia (BC) [20,21]. Extensive lodgepole pine
forests are usually maintained through repeated fire disturbance, and therefore often occupy sites of
low-nitrogen status [22]. Positive growth responses to conventional (single) and repeated applications
of nitrogen fertilizer have been reported for lodgepole pine [23,24] and other Pinus species [9,25,26].

Because stand thinning and operational-scale repeated fertilization are applied over 10s to
100s of ha, these practices have the potential to significantly increase stand-level biomass in terms of
wood production and structural diversity. Positive biomass responses of understory vegetation have
been reported following stand thinning [27–30] and fertilization [31,32]. As discussed by [33], there is
a dearth of actual silvicultural treatments designed to grow timber rapidly while simultaneously
enhancing other forest values such as biodiversity conservation, old-growth structural attributes, and
carbon sequestration. Enhanced biomass production of trees and understory vegetation in sustainably
managed forests may help to mitigate climate change by providing a steadily increasing carbon
sink [34,35]. As regenerating forests continue to grow, they sequester carbon from the atmosphere
during photosynthesis and store it in biomass above- (stem, branches, and leaves) and below-ground
(roots). While trees are only one component of carbon storage, they provide 74% of all above-ground
terrestrial carbon, and therefore are an important sink for atmospheric carbon dioxide (CO2) [36].
Large trees that are the most prominent structural features of forests, whether old- or second-growth,
are considered to be globally important carbon sinks [37,38].

Increasing the productivity of forest stands, stand thinning and fertilization also have the
potential to accelerate carbon sequestration as an ecosystem service [39–41]. Another major addition to
calculations of carbon storage in coniferous trees involves the response of crowns of crop trees to thinning
and fertilization. Crown volume of crop trees increased dramatically in heavily (≤1000 stems/ha)
thinned stands with fertilization [19] and without fertilization [42] and likely contributed to the
substantial diameter growth. Other similar reports for greater crown size and foliage production
included thinned-fertilized lodgepole pine [43], thinned versus unthinned stands of western larch
(Larix occidentalis Nutt.) [44] and Douglas-fir (Pseudotsuga menziesii var. glauca (Beissn.) Franco) [45,46].
To our knowledge, measurement of crown volume in thinned and fertilized stands for degree of carbon
storage in branches and needles has not been done.

Thus, this study was designed to test the hypotheses (H) that large-scale PCT (particularly heavy
thinning to ≤1000 stems/ha) and repeated fertilization, at 25 years after the onset of treatments, would
enhance: (1) Productivity and structural features (diameter and height growth, tree crown volume and
dimensions) of crop trees (those dominant trees destined for harvest); (2) merchantable volume of crop
trees; (3) abundance of understory conifer, herb and shrub layers; and (4) carbon storage (sequestration)
of all layers.
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2. Materials and Methods

2.1. Experimental Design and Study Areas

Data from two separate long-term studies with 25-year datasets in naturally regenerated
post-harvest lodgepole pine stands were used to test our study hypotheses: (1) PCT only (1988–2013)
and (2) PCT with fertilization (PCT+FERT) (1993–2018). The PCT study was located at each of three
regional replicate areas in south-central BC, Canada: Penticton Creek, Kamloops, and Prince George.
In 1988, stands were PCT to target densities of 500 (low), 1000 (medium), and 2000 (high) stems/ha,
an unthinned stand with densities >3000 stems/ha (unthinned), and an old-growth (120–167 years old)
stand (790–1480 stems/ha) (old-growth). Treatments were assigned to stands in a randomized complete
block design. Unfortunately, overstory trees at the Kamloops and Prince George areas were devastated
by the mountain pine beetle (MPB) (Dendroctonus ponderosae Hopk.) in 2005. The Penticton area was
unaffected, and hence represents an undisturbed replicate block to be combined with the 25-year
period of two replicate blocks in the PCT+FERT study.

The PCT+FERT study had four densities: 250 (very low), 500 (low), 1000 (medium), and
2000 stems/ha (high) with and without a repeated fertilization treatment, and an unthinned-unfertilized
stand replicated initially at each of three areas: Summerland, Kelowna, and Cariboo. Treatments
were assigned to stands in a randomized complete block design. Unfortunately, the Cariboo replicate
was decimated by MPB in 2005, and hence was not part of this study. The Summerland area was
essentially unaffected by MPB and represented an undisturbed complete replicate block over the
25-year period. An epidemic of MPB in 2008, and a ground fire in 2009, resulted in partial disturbance
of the Kelowna area, leaving small (≤0.50 ha) “islands” of relatively undisturbed forest. These stands
provided supplemental data for those datasets collected from the Summerland area. The unthinned
and old-growth pine stands acted as controls for the managed stands in both studies.

Pruning (3-m lift) was done in the low-density stand at Penticton in 1992 and in all stands with
densities <2000 stems/ha in 1998 in the Summerland and Kelowna areas. For the purposes of this
paper, data from Penticton, Summerland, and Kelowna were utilized to yield n = 3 replicate stands for
the PCT study and n = 2 (Summerland and Kelowna) replicate stands for the PCT+FERT study.

The Penticton Creek study area is located 15 km northeast of Penticton (49◦34′ N; 119◦27′ W).
All stands were located in the dry and cool Interior Douglas-fir (IDFdk) biogeoclimatic zone [47],
were 0.2–2.3 km apart, ranged in area from 20 ha (each of the thinned stands) to 100+ ha (unthinned
and old-growth stands), and were 17 years old in 1988. The Summerland study area was located
25 km west of Summerland, BC (49◦40′ N; 119◦53′ W), and the Kelowna study area 37 km northwest
of Kelowna, BC (50◦04′ N; 119◦34′ W) in the dry and mild Montane Spruce (MSdm) biogeoclimatic
subzone [47]. Area of stands ranged from 4.4 to 11.3 ha at Summerland and from 9.5 to 12.6 ha at
Kelowna, and all stands were 13 years old in 1993.

Dominant tree species in these stands included lodgepole pine with a minor component of
Douglas-fir, interior hybrid spruce (Picea glauca (Moench) Voss X P. engelmannii Parry), subalpine
fir (Abies lasiocarpa (Hook.) Nutt.), western larch, trembling aspen (Populus tremuloides Michx.), and
black cottonwood (P. trichocarpa Torr. and A. Gray ex. Hook.). Dominant understory vegetation
included willow (Salix L. spp.), Sitka alder (Alnus sinuata (Regel) Rydb.), twinflower (Linnaea borealis L.),
grouseberry (Vaccinium scoparium Leib. ex. Coville), fireweed (Epilobium angustifolium L.), pine grass
(Calamogrostis rubescens L.), and Arctic lupine (Lupinus arcticus S. Wats.).

Characteristics of the stands at each area at 25 years after initiation of treatments are listed in
Table 1. Lodgepole pine stands and crowns in 2018 for the Summerland area are illustrated in Figures 1
and 2. Further details of study stands are given in [24,28].
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Table 1. Experimental design and characteristics of lodgepole pine stands for the pre-commercial
thinning (PCT) and PCT with fertilization (PCT+FERT) studies, 25 years after initiation of treatments.

Density (stems/ha) Pine Crop Trees
(Mean ± SE)

Study Area and
Stand

Original
Pine Crop

Trees 1

Crop
Trees
Other

Species

Total
Intermediate
Crop Trees 2

Total Crop
Trees All
Species 3

DBH (cm) Height
(m)

Total
Canopy
Closure

(%)

PCT study
Penticton

Low 550 95 315 960 21.8 ± 0.3 13.9 ± 0.1 87.4 ± 1.3
Medium 1190 240 190 1620 18.7 ± 0.2 15.4 ± 0.1 89.8 ± 0.7
High 1670 15 0 1685 16.9 ± 0.2 14.7 ± 0.1 92.3 ± 0.5
Unthinned 4462 40 0 4502 10.6 ± 0.3 11.7 ± 0.2 88.9 ± 1.4
Old-growth 790 360 0 1150 19.3 ± 0.5 21.0 ± 0.3 87.3 ± 1.7

Summerland
Low 495 0 820 1315 18.2 ± 0.4 11.7 ± 0.2 88.6 ± 1.5
Medium 935 7 389 1331 17.1 ± 0.2 11.4 ± 0.1 85.7 ± 1.1
High 1306 59 54 1419 15.7 ± 0.4 11.4 ± 0.2 85.6 ± 2.1
Unthinned 2636 120 0 2756 11.3 ± 0.2 9.9 ± 0.1 89.0 ± 1.2
Old-growth 1480 40 510 2030 19.2 ± 0.7 18.7 ± 0.7 86.5 ± 1.8

Kelowna
Low 550 0 900 1450 18.0 ± 2.4 12.5 ± 0.4 94.3 ± 0.5
Medium 800 167 166 1133 18.5 ± 0.5 15.3 ± 0.2 87.2 ± 3.2
High 1467 0 100 1567 14.6 ± 0.5 13.6 ± 0.1 92.1 ± 2.6
Unthinned 1600 233 0 1833 14.9 ± 1.0 14.5 ± 0.3 92.6 ± 1.2
Old-growth 4 1243 0 0 1243 18.3 ± 0.5 19.8 ± 0.6 80.5 ± 1.4

PCT-FERT study
Summerland

Very low 210 40 1155 1405 21.9 ± 0.3 12.6 ± 0.2 81.6 ± 3.0
Very low F 265 180 380 825 22.0 ± 0.3 11.4 ± 0.1 80.4 ± 3.1
Low F 505 15 760 1280 20.0 ± 0.4 11.2 ± 0.2 91.4 ± 1.1
Medium F 745 27 90 862 20.2 ± 0.4 12.6 ± 0.3 89.0 ± 2.3
High F 1330 156 95 1581 16.9 ± 0.4 11.3 ± 0.2 91.4 ± 1.1

Kelowna
Very low 200 0 1150 1350 22.8 ± 0.6 13.5 ± 1.7 80.9 ± 3.5
Very low F 350 50 800 1200 24.5 ± 0.2 14.2 ± 0.4 88.8 ± 1.8
Low F 700 67 266 1033 20.4 ± 1.0 14.1 ± 1.3 93.9 ± 1.6
Medium F 1200 0 50 1250 19.5 ± 0.1 15.3 ± 0.2 93.2 ± 1.6
High F 1700 0 100 1800 16.3 ± 1.1 14.7 ± 0.5 93.5 ± 0.5

1 Original crop trees of lodgepole pine were those trees retained during the PCT treatment. 2 Intermediate crop trees were
those trees appearing as ingress after the PCT treatment. 3 Includes intermediate crop trees. 4 Old-growth stand from
Penticton study area to replace lost Kelowna stand. F = fertilized stand.
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Figure 2. Photographs of crowns of lodgepole pine stands: four densities of thinned, an unthinned
stand, and an old-growth stand at Summerland in summer 2018, 25 years after initiation of treatments.

2.2. Density and Fertilization Treatments

The initial treatment was PCT of pine in autumn of 1988 at Penticton (17-year-old stands) and
1993 at Summerland and Kelowna (13-year-old stands). Fertilization treatments were initiated during
the fall of 1994 and designed as large-scale optimum nutrition applications using a blended fertilizer
formulated to provide 100 kg/ha N (100 N) (urea), 100 kg/ha Phosphorus (100 P), 100 kg/ha Potassium
(100 K), 50 kg/ha Sulfur (50 S), 25 kg/ha Magnesium (25 Mg), and 1.5 kg/ha Boron (1.5 B). The objective
was to maintain a foliar N level of 1.3%, with foliar levels of all other nutrients in proportional balance
with foliar N concentration. The blended product was applied by helicopter at a rate of 906 kg/ha to
each of the four fertilized stands at the two study areas. Foliar sampling was conducted in the year after
fertilization to monitor the nutrient status of the crop trees and develop appropriate multi-nutrient
formulations for subsequent fertilizer applications. Treatments were repeated at two-year intervals for
a total of five applications: fall 1994, spring 1997, fall 1998, fall 2000, and spring 2003. One hundred,
200, 150, 150, and 150 for a total of 750 kg N/ha were applied. Other nutrients (Phosphorus, Potassium,
Sulfur, Magnesium, and Boron) were applied with Nitrogen as prescribed from the foliar analyses.
Complete descriptions of fertilization treatments are provided in [24]. In commercial forests, a typical
stand density after pre-commercial thinning is 2000 stems/ha, followed by one fertilization treatment.
Our experiment expanded the range of stand densities considerably followed by an optimum nutrition
regime of fertilization treatments [23,33]. Typical rotation times for intensively managed stands such
as these would be 40–50 years in commercial forests of southern BC.
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2.3. Growth and Size of Crop Trees

Diameter, height, and crown dimensions of crop trees were evaluated to determine the 25-year
growth response to stand density and fertilization treatments. Merchantable volume and basal area
(BA) of stands was estimated to determine the potential economic impact of these treatments. Sampling
of lodgepole pine crop trees was done with permanent variable-radius plots, systematically located in
each of the four (PCT) and nine (PCT-FERT) young pine stands, to accommodate variations in stand
density. Plot density was 20 per managed stand at Penticton (PENT) and ranged from 11 to 29 at
Summerland (SUM) and 2 to 3 at Kelowna (KEL) depending on stand area. The 10 crop trees closest to
each plot center were permanently tagged in all stands immediately after thinning to represent the
“original” crop trees. In the unthinned stands, crop trees (dominant or co-dominant stems of good
form) were chosen on the basis that those trees would be left as the future crop if the stand was thinned.
Measurement of the total height (m) and dbh (cm) at a permanent reference point was done at the
initial sampling period after the growing season in 1988 (PCT-PENT) and 1993 (PCT+FERT-SUM and
KEL). Diameter, height, and crown re-measurements were conducted after the growing season in 2013
(PENT) and 2018 (SUM+KEL) to provide 25-year growth responses. Measurement of tree heights in
2013 and 2018 were to the nearest 0.1 m using a digital hypsometer (Forestor Vertex). Height (m) and
width (m) of tree crowns were measured for all sample crop trees in every other plot in all stands.

Total and merchantable tree volume were calculated using the equations of [48]. Merchantable
volume is total volume minus the volume of the stem below stump height (30 cm) and above the
point where the stem has a diameter of 10 cm. At the stand level, total and potentially merchantable
volume/ha were estimated by multiplying the mean tree values by an estimate of density (stems/ha)
for each stand. Initial stand density was determined immediately following PCT in 1988 and 1993.

Stand densities in 2013 (PENT) and 2018 (SUM+KEL) were estimated based on the observed
percentage of dead trees among the permanently tagged crop trees. This estimate of mortality was
used to adjust the initial stand density by a percentage assumed to be representative of the mortality
experienced throughout a given stand. Although some minor mortality did occur, stand-level estimates
of merchantable volume/ha in treatment stands included ingress of large trees (intermediate crop trees)
that were added to the residual cohort of lodgepole pine crop trees selected during PCT.

Height (m) and width (m) of tree crowns were measured for all sample crop trees in every other
plot in the managed stands, and in every plot in the unthinned and old-growth stands, at each study
area. Crown volume (CRVOL) was represented by a cone shape and was calculated by:

CRVOL (m3) = 1/3 ((h) (π r2)) (1)

where h = height of crown (m), π = 3.14, and r = one-half diameter of crown at the widest point (m).
In each of the three old-growth stands, ten temporary plots were located every 50 or 100 m in

a grid pattern throughout the stand to provide measurements of mean DBH, total top height, and
crowns for comparison of tree size dimensions with the young pine stands. The original old-growth
stand at Kelowna was harvested in 2015, and no other pine stands were available. Thus, an additional
old-growth stand was added at Penticton, in the same MSdm ecological subzone as Kelowna, to replace
this lost stand.

2.4. Stand Structure Measurements

Sampling of coniferous tree species in layers in 0–1, 1–2, 2–3, and 3–6 m (understory trees), and
>12 m (crop trees) height classes was done in a 5.64-m radius circular plot (100 m2) located in the
center of each crop tree plot in fall 2013 and 2018. Understory trees were seedlings (0–1 m), small
saplings (1–2 m), or large saplings (2–3 and 3–6 m). To provide estimates of potentially merchantable
volume and carbon storage for large ingress trees, two additional height classes (6–9 and 9–12 m) of
“intermediate crop trees” were included in the sampling conducted in all stands in 2019. Mean total
abundance per ha was calculated for all seven classes. In fall 2013 and 2018, in the interval between the
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central plot tree and its nearest neighbor, percent canopy closure (CC) was estimated by four spherical
densiometer measurements, one in each of the four cardinal directions [49].

Understory vascular plants were sampled on three 25-m transects, consisting of five plots, each
containing two sizes of nested subplots: a 3-m × 3-m subplot for sampling shrubs and a 1-m × 1-m
subplot for sampling herbs, systematically located in each stand following the method of [32]. Herb and
shrub layers were subdivided into six height classes: 0–0.25, 0.25–0.5, 0.5–1.0, 1.0–2.0, 2.0–3.0, and
3.0–5.0 m. A visual estimate of percentage cover of the ground was made for each species height class
combination within the appropriate nested subplot by the same observer. These data were then used to
calculate crown volume index (m3/0.01 ha) (abundance) for each plant species. The product of percent
cover and representative height gives the volume of a cylindroid which represents the space occupied
by the plant in the community. Crown volume index values were then averaged by species for each
plot size and converted to 0.01-ha base for each species and layer. Sampling was done in July–August
2013 and 2018 and plant species were identified in accordance with [50].

2.5. Estimating Stand-Level Carbon Storage

Mean diameters of original crop trees, intermediate crop trees, and understory conifers in relation
to height classes, were used to estimate biomass of trees in all stands. Regression relationships were
used to estimate diameters for understory conifers (height classes 0–1, 1–2, 2–3, and 3–6 m) in all stands.
There was a strong and significant positive power relationship relating tree height classes to diameter
for coniferous trees in thinned (y = 0.3672x1.7137; R2 = 0.94; p < 0.01) and unthinned (y = 0.4087x1.2996;
R2 = 0.79; p < 0.01) stands. For all trees, the weighted mean carbon concentration used to convert
biomass to carbon content was 53.62% for stems, 53.49% for branches and foliage, and 51.74% for
roots [51].

Biomass (kg) of above-ground tree components (stem, branches and foliage) was determined
using species-specific equations presented by [52]:

M = aDb (2)

where M = oven dried kg, a and b = parameters, and D = DBH (cm).
Where different equations were available for a specific range of tree sizes (DBH), then the

appropriate equations used were based on actual tree size. These calculations were done for all
lodgepole pine crop (height class > 12 m), intermediate ingress (height classes 6–9 and 9–12 m), and
understory trees (height classes 1 to 4) as per the diameter measurements and distributions noted
above. Biomass of other tree species were also calculated using these same relationships.

Estimation of above-ground tree biomass needed to accommodate substantial increases in crown
volume of lodgepole pine crop trees in heavily thinned and fertilized stands. Presumably the carbon
storage in branches and foliage was greater in these stands than those in the unthinned stands.
Therefore, we compared the degree of difference (multiplication factor) from the estimate of mean
crown volume of pine crop trees in each treatment stand with that in the unthinned stand at each study
area. This factor was then used to adjust the biomass values of the branches and foliage to reflect the
differences in crown volume among treatment stands.

Biomass (kg) of total below-ground tree root mass was calculated using the equation: Total root
mass = 0.222 x total aboveground biomass (stem + branches + foliage) developed by [53].

2.6. Estimating Biomass for Herbs and Shrubs

Crown volume index of herbs and shrubs approximates the cylindrical space occupied by a plant
rather than biomass. Thus, we needed to convert volume to biomass to provide an estimate of carbon
storage in these plant layers. Regression equations found strong and significant correlations between
crown volume index and biomass for graminoids, total herbs, and for dwarf, low, and tall shrubs [32].
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Conversion factors of 41% and 47% were used to estimate carbon content from herb and shrub biomass,
respectively [54].

2.7. Statistical Analysis

In the PCT study, a randomized block one-way analysis of variance (ANOVA) [55] was conducted
to determine the effect of stand treatment (3 levels of PCT: 500, 1000, and 2000, plus unthinned and
old-growth) on mean values for diameter, height, canopy closure, crown volume, merchantable volume,
and basal area of crop trees, abundance of understory conifers and vascular plants, and carbon storage
(sequestration) of all layers.

In the PCT-FERT study, a two-factor ANOVA was conducted to determine the effects of stand
treatments (thinning and fertilization) on these same parameters in the young, managed lodgepole
pine stands. To increase replication in the PCT-FERT study, we investigated unfertilized vs. fertilized
stands regardless of stand density. This approach to the PCT-FERT analysis increased replication
from 2 to 8. Our original experimental design was unbalanced because there were no unthinned,
fertilized stands. In addition, we added an old-growth stand at each study area. Therefore, to maintain
a balanced design, the unthinned level of the density treatment and the old-growth stand were omitted
from all statistical analyses of the PCT-FERT study. Data from stands in both of these treatments are
presented in graphs to allow for a visual comparison with managed stands.

Homogeneity of variance was assessed with Levene’s test of equality of error variances.
Proportional data were transformed by arcsin square root [56]. Duncan’s multiple range test (DMRT),
with multiple contrasts, was used to compare mean values whenever a significant difference was found
based on ANOVA results [57]. In all analyses, the level of significance was at least p = 0.05 [58].

3. Results

3.1. Growth and Size of Crop Trees

In the PCT study, mean diameter of lodgepole pine crop trees was significantly (F4,8 = 9.29;
p < 0.01) different among stands (Table 2) with the three thinned and old-growth stands having
diameters 1.3 to 1.6 times larger (DMRT; p = 0.05) than the unthinned stands. Mean diameters of
intermediate crop trees were similar (p ≥ 0.50) among stands ranging from 6.9 to 8.4 cm and 10.1 to
10.5 cm, for height classes 5 and 6, respectively. Mean height of crop trees was significantly (F4,8 = 26.29;
p < 0.01) different among stands with the old-growth stands 1.4 to 1.6 times higher (DMRT; p = 0.05)
than the younger pine stands (Table 2). Mean density of lodgepole pine crop trees was significantly
(F4,8 = 5.29; p = 0.02) different among stands with the unthinned stands having the highest (DMRT;
p = 0.05) number (2899/ha) compared with the other stands (mean of 1040/ha) (Table 2). Mean density
of other species of crop trees was similar (p ≥ 0.57) among stands ranging from 25 to 138 trees/ha.
Mean density of intermediate crop trees was significantly (F4,8 = 6.99; p = 0.01) different among stands
with the highest (DMRT; p = 0.05) number appearing in the low-density stands at 678 stems/ha followed
by similar numbers in the other stands (Table 2). Comparison of mean number of total (original and
intermediate) crop trees of all species approached significance (p = 0.06) with the unthinned stands at
3030 stems/ha and the other four stand treatments ranging from 1242 to 1557 stems/ha.

In the PCT-FERT study, mean diameter was significantly (F3,8 = 44.80; p < 0.01) different among
stands with the very low-density (22.76 cm) being highest (DMRT; p = 0.05), followed by the low-
and medium-density stands, and then the high-density stands (Table 3; Figure 3a). Similarly, mean
diameter of crop trees was significantly (F1,8 = 14.93; p < 0.01) higher in the fertilized than unfertilized
stands. Mean diameters of intermediate crop trees were similar (p ≥ 0.30) among stands for both
density and fertilization ranging from 7.4 to 11.6 cm. Among these young pine stands, mean height of
original crop trees of lodgepole pine was similar (p ≥ 0.72) for both density and fertilization (Table 3).
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Table 2. Mean (n = 3 replicate study areas) ± SE 25-year responses (1993 to 2018) of overstory and
understory attributes for young lodgepole pine stands with three pre-commercial thinning densities,
unthinned, and old-growth treatments at the Penticton, Summerland, and Kelowna areas. Results of
analysis of variance (ANOVA) are also provided. Within a row, mean values with different letters are
significantly different by Duncan’s multiple range test. Significant values in bold text.

Stand Attribute
Treatment ANOVA

Low Medium High Unthinned Old-Growth F4,8 p

DBH (cm)
(Original pine crop trees) 19.33 ± 1.23ab 18.09 ± 0.50ab 15.76 ± 0.70b 12.27 ± 1.35c 18.84 ± 0.29ab 9.29 <0.01

Height (m)
(Original pine crop trees) 12.70 ± 0.64b 14.00 ± 1.30b 13.23 ± 0.96b 12.05 ± 1.34b 19.72 ± 0.59a 26.29 <0.01

Pine crop trees/ha 531.7 ± 18.3b 975.0 ± 114.3b 1481.0 ± 105.3b 2899.3 ± 836.6a 1171.0 ± 202.4b 5.29 0.02

Other species of
crop trees/ha 31.7 ± 31.7 138.0 ± 68.8 24.7 ± 17.7 131.0 ± 56.0 133.3 ± 113.9 0.78 0.57

Total intermediate
crop trees/ha 678.3 ± 183.1a 248.3 ± 70.7b 51.3 ± 28.9b 0 ± 0b 170.0 ± 170.0b 6.99 0.01

Total crop trees/ha 1241.7 ± 146.1 1361.3 ± 141.4 1557.0 ± 77.0 3030.3 ± 782.6 1474.3 ± 279.1 3.51 0.06

Canopy closure (%) 90.1 ± 2.1 87.6 ± 1.2 90.0 ± 2.2 90.2 ± 1.2 84.8 ± 2.1 1.54 0.28

Crown volume
(m3/tree) 67.75 ± 10.47a 33.52 ± 4.73b 26.19 ± 3.49b 14.24 ± 6.74b 10.74 ± 1.70b 11.26 <0.01

Total merchantable volume
(m3/ha) 113.3 ± 21.4b 195.5 ± 48.4ab 185.7 ± 36.4b 192.4 ± 30.2ab 324.6 ± 49.9a 3.76 0.053

Total basal area (m2/ha) 19.4 ± 1.9 26.9 ± 3.5 29.6 ± 4.1 31.2 ± 4.1 34.0 ± 7.0 1.45 0.30

Understory conifers
(trees/ha) 2138 ± 209b 1420 ± 158b 1343 ± 429b 2621 ± 649b 17535 ± 6644a 5.80 0.02

Abundance of herbs
(m3/0.01 ha) 5.45 ± 1.13a 5.37 ± 0.80a 3.92 ± 0.82a 3.52 ± 1.49ab 0.42 ± 0.11b 4.17 0.04

Abundance of shrubs
(m3/0.01 ha) 29.87 ± 16.24 14.98 ± 2.53 10.14 ± 4.64 17.02 ± 11.88 8.77 ± 1.63 1.24 0.37

Mean density of lodgepole pine crop trees, total intermediate crop trees, and total crop trees
(all species) were significantly (p ≤ 0.03) different in the PCT-FERT study (Table 3). Mean density
(stems/ha) of pine crop trees followed closely the original post-thinning densities from lowest (256)
to highest (1451). Total intermediate crop trees showed the most dramatic difference with the very
low- and low-density stands at 871 and 687 stems/ha, respectively. This ingress of conifers resulted in
relatively similar mean densities of total crop trees/ha ranging from 1144 to 1270 in the very low- to
medium-density stands, all less (DMRT; p = 0.05) than the high-density stand at 1592 (Table 3; Figure 4).
Only the mean number of total intermediate crop trees was significantly (F1,8 = 10.01; p = 0.01) different
with respect to fertilization with a higher (DMRT; p = 0.05) number of trees/ha in the unfertilized (592)
than fertilized (318) stands.

3.2. Architecture of Tree Crowns

In the PCT study, mean crown volume of lodgepole pine crop trees was significantly (F4,8 = 11.26;
p < 0.01) different among stands with the low-density stands 2.0 to 6.3 times higher (DMRT; p = 0.05)
than the other treatment stands (Table 2). Mean canopy closure was similar (p = 0.28) among stands
ranging from 85% to 90% (Table 2).

In the PCT-FERT study, mean crown volume of lodgepole pine crop trees was significantly
different among stands for density (p < 0.01) but not fertilization (p = 0.44). The very low-density stand
had mean volume per tree measurements that were 1.5 to 3.6 times higher (DMRT; p = 0.05) than the
other stands (Table 3, Figure 3b). Mean canopy closure among stands was significantly different with
respect to density (p = 0.03) but not fertilization (p = 0.09) (Table 3). Mean crown architecture of crop
trees at 25 years PT clearly showed the low-density stands to dominate in crown size and diameter
when compared with the other managed and unmanaged stands at both Summerland and Kelowna
(Figure 5).
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Figure 3. Mean (n = 2, 3 replicate study areas; ± SE) (a) diameter (cm) and (b) crown volume (m3/tree)
of crop trees in the very low-, low-, medium-, and high-density stands of lodgepole pine with and
without fertilization, and unthinned (Unthin) and old-growth (Old G) stands, 25 years after initiation
of treatments.

3.3. Merchantable Volume

In the PCT study, comparison of mean total merchantable volume of all crop trees was marginally
significant (F4,8 = 3.76; p = 0.053) among stands with the four young pine stands similar (DMRT;
p = 0.05) and ranging from 113 to 192 m3/ha (Table 2). The old-growth stand was also similar
to the medium-density and unthinned stands, but higher (DMRT; p = 0.05) than the low- and
high-density stands. Clearly, the availability of growing space allowed ingress of trees with a doubling
of merchantable volume in the low-density stands over the 25-year period. Despite the high number of
crop trees in the unthinned stands, the estimated merchantable volume was similar to the thinned
stands because of the relatively small mean diameters of crop trees in the unthinned stands (Table 2).
Mean merchantable volume at 325 m3/ha in the old-growth stands was still substantially higher than
the young pine stands. However, mean basal area of total crop trees was similar (F4,8 = 1.45; p = 0.30)
among stands ranging from 19.4 to 34.0 m2/ha.
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Figure 4. Mean (n = 2,3 replicate study areas; ± SE) density/ha of total crop trees and intermediate
(ingress) crop trees in the very low-, low-, medium-, and high-density stands of lodgepole pine with (F)
and without (UF) fertilization, and in unthinned (Unthin) and old-growth (Old G) stands, 25 years after
initiation of treatments.

Table 3. Mean (n = 2 replicate study areas) ± SE 25-year responses (1993 to 2018) of overstory and
understory attributes for young lodgepole pine stands among four post-thinning (PCT) densities and
two fertilization (FERT) treatments. Results of analysis of variance (ANOVA) are provided. Within
a row, mean values with different letters are significantly different by Duncan’s multiple range test.
Significant values in bold.

ANOVA

Density Fertilizer Density × Fertilizer
Mean Values F3,8 p F1,8 p F3,8 p

DBH (cm)
(Original
pine crop

trees)

very low low medium high 44.80 <0.01 14.93 <0.01 0.46 0.72
22.76 ± 0.60a 19.16 ± 0.62b 18.81 ± 0.67b 15.88 ± 0.50c

unfertilized fertilized
18.33 ± 0.99b 19.97 ± 0.92a

Height (m)
(Original
pine crop

trees)

very low low medium high 0.32 0.81 0.14 0.72 0.05 0.99
12.93 ± 0.61 12.38 ± 0.65 13.65 ± 0.98 12.76 ± 0.84
unfertilized fertilized

12.76 ± 0.47 13.10 ± 0.60

Pine crop
trees/ha

very low low medium high 38.61 <0.01 1.59 0.24 0.01 0.99
256 ± 34d 562 ± 47c 920 ± 101b 1451 ± 90a
unfertilized fertilized
745 ± 167 849 ± 180

Other
species of

crop trees/ha

very low low medium high 0.33 0.80 0.65 0.44 1.09 0.41
67 ± 39 21 ± 16 51 ± 39 54 ± 37

unfertilized fertilized
34 ± 21 62 ± 25

Total
intermediate

crop trees

very low low medium high 19.60 <0.01 10.01 0.01 2.00 0.19
871 ± 183a 687 ± 143a 174 ± 76b 87 ± 11b
unfertilized fertilized
592 ± 165a 318 ± 108b

Total crop
trees

very low low medium high 5.37 0.03 2.69 0.14 1.91 0.21
1195 ± 131b 1270 ± 87b 1144 ± 102b 1592 ± 78a
unfertilized fertilized
1371 ± 44 1229 ± 119
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Table 3. Cont.

ANOVA

Density Fertilizer Density × Fertilizer
Mean Values F3,8 p F1,8 p F3,8 p

Canopy
closure (%)

very low low medium high 5.33 0.03 3.61 0.09 0.20 0.89
82.9 ± 2.0b 92.1 ± 1.3a 88.8 ± 1.6ab 90.7 ± 1.7a
unfertilized fertilized
87.0 ± 1.6 90.2 ± 1.6

Crown
volume
(m3/tree)

very low low medium high 10.44 <0.01 0.66 0.44 0.27 0.85
88.04 ± 13.76a 57.32 ± 4.50b 40.06 ± 3.19bc 24.61 ± 1.99c

unfertilized fertilized
49.09 ± 8.16 55.93 ± 11.69

Total merch
volume
(m3/ha)

very low low medium high 3.23 0.08 3.64 0.09 0.10 0.96
102.0 ± 12.2 112.8 ± 18.7 172.9 ± 29.9 180.60 ± 24.9
unfertilized fertilized

120.6 ± 13.3 163.5 ± 21.7

Total BA/ha
(m2)

very low low medium high 7.76 <0.01 7.29 0.03 0.51 0.69
17.46 ± 1.74c 20.34 ± 1.83bc 26.78 ± 3.04ab 29.50 ± 2.62a
unfertilized fertilized

20.82 ± 1.45b 26.23 ± 2.70a

Understory
conifers

(trees/ha)

very low low medium high 1.69 0.25 3.28 0.11 0.47 0.71
3388 ± 683 3046 ± 400 2283 ± 285 2546 ± 411
unfertilized fertilized
3252 ± 259 2379 ± 345

Herbs
(grasses+forbs)
(m3/0.01ha)

very low low medium high 1.13 0.40 0.38 0.55 0.31 0.82
5.80 ± 0.59 5.03 ± 0.90 5.81 ± 0.78 3.96 ± 0.59
unfertilized fertilized
5.40 ± 0.66 4.89 ± 0.41

Shrubs
(m3/0.01ha)

very low low medium high 4.16 0.05 0.01 0.93 1.22 0.36
22.98 ± 3.09a 12.33 ± 0.92b 16.57 ± 1.33ab 9.82 ± 4.34b

unfertilized fertilized
15.56 ± 2.89 15.29 ± 2.33
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3.2. Architecture of Tree Crowns 

In the PCT study, mean crown volume of lodgepole pine crop trees was significantly (F4,8 = 11.26; 
p < 0.01) different among stands with the low-density stands 2.0 to 6.3 times higher (DMRT; p = 0.05) 
than the other treatment stands (Table 2). Mean canopy closure was similar (p = 0.28) among stands 
ranging from 85% to 90% (Table 2). 

In the PCT-FERT study, mean crown volume of lodgepole pine crop trees was significantly 
different among stands for density (p < 0.01) but not fertilization (p = 0.44). The very low-density stand 
had mean volume per tree measurements that were 1.5 to 3.6 times higher (DMRT; p = 0.05) than the 
other stands (Table 3, Figure 3b). Mean canopy closure among stands was significantly different with 
respect to density (p = 0.03) but not fertilization (p = 0.09) (Table 3). Mean crown architecture of crop 
trees at 25 years PT clearly showed the low-density stands to dominate in crown size and diameter 
when compared with the other managed and unmanaged stands at both Summerland and Kelowna 
(Figure 5).  
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respect to both density and fertilization, ranging from 17.5 to 29.5 m2/ha (Table 3). For density, the 
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Figure 5. Mean crown architecture of crop trees in the 10 treatment stands at (a) Summerland and
(b) Kelowna 25 years after initiation of treatments. Mean tree height (m) is represented by the top of
each tree depiction, and mean tree diameter (cm) is represented by the connected open circle data points.
Mean crown width is based on a relative scale among treatment stands. Very low-, low-, medium-,
and high-density stands of lodgepole pine with (F) and without (UF) fertilization, and in unthinned
(Unthin) and old-growth (Old G) stands.
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In the PCT-FERT study, mean total merchantable volume of all crop trees was similar (p ≥ 0.08)
among stands with respect to both density and fertilization. Mean total merchantable volume (m3/ha)
ranged from 102 (very low-density) to 181 (high-density) and from 121 (unfertilized) to 164 (fertilized)
despite the eight-fold difference in density at the initial time of thinning in 1993 (Table 3).
The contribution of intermediate crop trees to total merchantable volume was greatest in the very low-
and low-density stands, as noted above, due to the significantly higher density of these trees (Figure 6).
Mean total basal area of crop trees was significantly (p ≤ 0.03) different among stands with respect to
both density and fertilization, ranging from 17.5 to 29.5 m2/ha (Table 3). For density, the medium- and
high-density stands were similar and higher (DMRT; p = 0.05) than the very low-density stands; the
very low- and low-density stands were also similar. Mean total basal area (m2/ha) of crop trees was
higher (DMRT; p = 0.05) in the fertilized (26.2) than unfertilized (20.8) stands.Forests 2020, 11, x FOR PEER REVIEW 15 of 25 

 

 
Figure 6. Mean (n = 2, 3 replicate study areas; ± SE) merchantable volume (m3/ha) of total crop trees 
and intermediate (ingress) crop trees in the very low-, low-, medium-, and high-density stands of 
lodgepole pine with (F) and without (UF) fertilization, and in unthinned (Unthin) and old-growth 
(Old G) stands, 25 years after initiation of treatments.  

3.4. Understory Conifers and Vascular Plants 

In the PCT study, mean density (stems/ha) of understory conifers was significantly (F4,8 = 5.80; p 
= 0.02) different among stands with the thinned stands ranging from 1343 to 2138, similar to the 
unthinned stands at 2621, but lower (DMRT; p = 0.05) than that of the old-growth stands at 17535 
(Table 2). This high level of understory conifers in the old-growth stands was at least partly related 
to the very high abundance of subalpine fir in the 0-1 m layer in two of three stands. Mean abundance 
of herbs was also significantly (F4,8 = 4.17; p = 0.04) different among stands with the three thinned 
stands all higher (DMRT; p = 0.05) than the old-growth stands, and the unthinned and old-growth 
stands similar in mean abundance. Mean abundance of shrubs was similar (F4,8 = 1.24; p = 0.37) 
statistically among stands, however, the low-density stands had relatively more (1.8 to 3.4 times) 
shrub volume than the other stands (Table 2). 

In the PCT-FERT study, mean density (stems/ha) of understory conifers was similar (p ≥ 0.11) 
among stands with respect to both density and fertilization, ranging from 2283 to 3388 (Table 3). 
Mean abundance of herbs was also similar (p ≥ 0.40) among stands for both factors, whereas mean 
abundance of shrubs was significantly (F3,8 = 4.16; p = 0.05) different among stands with respect to 
density but not fertilization (Table 3). Mean shrub abundance was highest (DMRT; p = 0.05) in the 
very low- and medium-density stands, the latter of which was similar to the other two densities. This 
level of shrub growth was 1.4 to 2.3 times higher in the very low-density than other stands (Table 3). 

3.5. Stand-Level Carbon Storage 

Mean above- and below-ground carbon storage (Mg/ha) of crop trees of lodgepole pine, other 
coniferous species, and total crop trees was generally similar (p ≥ 0.54) among stands at 25 years after 
post-thinning in the PCT study (Table 4). Mean carbon storage of intermediate crop trees and total 
conifers also followed this pattern. However, mean carbon storage (Mg/ha) of understory conifers 

Total trees 

Intermediate trees 

Figure 6. Mean (n = 2, 3 replicate study areas; ± SE) merchantable volume (m3/ha) of total crop trees
and intermediate (ingress) crop trees in the very low-, low-, medium-, and high-density stands of
lodgepole pine with (F) and without (UF) fertilization, and in unthinned (Unthin) and old-growth
(Old G) stands, 25 years after initiation of treatments.

3.4. Understory Conifers and Vascular Plants

In the PCT study, mean density (stems/ha) of understory conifers was significantly (F4,8 = 5.80;
p = 0.02) different among stands with the thinned stands ranging from 1343 to 2138, similar to the
unthinned stands at 2621, but lower (DMRT; p = 0.05) than that of the old-growth stands at 17535
(Table 2). This high level of understory conifers in the old-growth stands was at least partly related to
the very high abundance of subalpine fir in the 0-1 m layer in two of three stands. Mean abundance of
herbs was also significantly (F4,8 = 4.17; p = 0.04) different among stands with the three thinned stands
all higher (DMRT; p = 0.05) than the old-growth stands, and the unthinned and old-growth stands
similar in mean abundance. Mean abundance of shrubs was similar (F4,8 = 1.24; p = 0.37) statistically
among stands, however, the low-density stands had relatively more (1.8 to 3.4 times) shrub volume
than the other stands (Table 2).

In the PCT-FERT study, mean density (stems/ha) of understory conifers was similar (p ≥ 0.11)
among stands with respect to both density and fertilization, ranging from 2283 to 3388 (Table 3).
Mean abundance of herbs was also similar (p ≥ 0.40) among stands for both factors, whereas mean
abundance of shrubs was significantly (F3,8 = 4.16; p = 0.05) different among stands with respect to
density but not fertilization (Table 3). Mean shrub abundance was highest (DMRT; p = 0.05) in the very
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low- and medium-density stands, the latter of which was similar to the other two densities. This level
of shrub growth was 1.4 to 2.3 times higher in the very low-density than other stands (Table 3).

3.5. Stand-Level Carbon Storage

Mean above- and below-ground carbon storage (Mg/ha) of crop trees of lodgepole pine, other
coniferous species, and total crop trees was generally similar (p ≥ 0.54) among stands at 25 years after
post-thinning in the PCT study (Table 4). Mean carbon storage of intermediate crop trees and total
conifers also followed this pattern. However, mean carbon storage (Mg/ha) of understory conifers
was significantly (F4,8 = 4.47; p = 0.03) different among stands ranging from 0.71 in the high-density
stand to 5.94 in the unthinned stand (Table 4). Mean carbon storage of understory vegetation was also
similar among stands for all components, but with herbs approaching significance (p = 0.07) with the
young pine stands at 1.2 to 1.6 times higher storage than the old-growth stands (Table 4). Mean grand
total (understory and overstory) of above- and below-ground carbon storage (Mg/ha) was similar
(F4,8 = 0.54; p = 0.71) among stands with the three thinned and old-growth stands ranging from 72 to
76 Mg/ha, and the unthinned at 50 Mg/ha.

Table 4. Mean (n = 3 replicate study areas) ± SE 25-year responses (1993 to 2018) of above- and
below-ground carbon storage (Mg/ha) for lodgepole pine stands with three post-thinning (PCT)
densities, unthinned, and old-growth treatments. Results of analysis of variance (ANOVA) are
provided. Within a row, mean values with different letters are significantly different by Duncan’s
multiple range test. Significant values in bold text.

Stand Attribute
Treatment ANOVA

Low Medium High Unthinned Old-Growth F4,8 p

Pine crop trees 63.64 ± 24.62 61.74 ± 12.64 67.40 ± 18.36 41.37 ± 6.51 60.15 ± 14.51 0.53 0.72
Other species of crop trees 3.72 ± 3.72 9.17 ± 5.91 3.03 ± 1.90 2.81 ± 1.66 6.16 ± 4.72 0.84 0.54

Total intermediate crop trees 5.25 ± 0.79 2.70 ± 0.14 0.35 ± 0.18 0 ± 0 2.32 ± 2.32 3.44 0.07
Total crop trees 72.62 ± 27.89 73.61 ± 17.39 70.77 ± 20.08 44.18 ± 6.84 68.63 ± 15.22 0.66 0.64

Understory conifers 2.77 ± 0.86abc 1.57 ± 0.28bc 0.71 ± 0.21c 5.94 ± 0.68a 4.15 ± 1.65ab 4.47 0.03
Total conifers 75.39 ± 27.03 75.18 ± 17.24 71.48 ± 19.99 50.12 ± 7.13 72.78 ± 14.05 0.54 0.71

Grasses 0.07 ± 0.01 0.06 ± 0.02 0.06 ± 0.01 0.06 ± 0.01 0.03 ± 0.00 1.94 0.20
Herbs (grasses+forbs) 0.12 ± 0.01 0.11 ± 0.01 0.10 ± 0.01 0.10 ± 0.02 0.06 ± 0.001 3.31 0.07

Shrubs 0.09 ± 0.04 0.06 ± 0.01 0.04 ± 0.01 0.06 ± 0.03 0.04 ± 0.004 1.33 0.34
Grand total 75.61 ± 27.06 75.35 ± 17.24 71.62 ± 20.02 50.28 ± 7.13 72.89 ± 14.04 0.54 0.71

In the PCT-FERT study, mean carbon storage of lodgepole pine crop trees, total crop trees, and
total conifers was similar (p ≥ 0.07) among stands with respect to density, but fertilized pine and
total crop trees had significantly (p ≤ 0.02) greater (1.4 times) carbon storage than unfertilized trees at
25 years after the initiation of stand treatments (Table 5). Mean carbon storage of total intermediate
crop trees was significantly (F3,8 = 12.71; p < 0.01) different among stands with respect to density
with the highest (DMRT; p = 0.05) level in the very low- and low-density stands where ingress was
substantial through time (Figure 4). Mean carbon storage of understory conifers, grasses, herbs, and
shrubs were all similar for both density (p ≥ 0.09) and fertilization (p ≥ 0.35) (Table 5).

The general similarity among stands with respect to density was reflected in the mean carbon
storage of total conifers (Mg/ha) which ranged from 56 to 69 over the four densities, despite an 8-fold
difference after PCT in 1993. These measurements were also well within the range of carbon estimates
(Mg/ha) for total conifers for the unthinned (50) and old-growth (73) stands (Table 4). Mean grand total
(understory and overstory) of above- and below-ground carbon storage with respect to density was
similar (p = 0.69) among stands with the same pattern and magnitude of differences as that noted for
total conifers (Table 5; Figure 7). The significantly (p = 0.03) greater level (1.4 times) of carbon storage
in fertilized than unfertilized stands was maintained for total conifers and the grand total (Figure 7).

There were no significant density × block nor density × fertilization interaction effects for any of
the tree or carbon measurements.
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Figure 7. Mean (n = 2, 3 replicate study areas; ± SE) total carbon storage (Mg/ha) of total crop trees and
intermediate (ingress) crop trees in the very low-, low-, medium-, and high-density stands of lodgepole
pine with (F) and without (UF) fertilization, and in unthinned (Unthin) and old-growth (Old G) stands,
25 years after initiation of treatments.

Table 5. Mean (n = 2 replicate study areas) ± SE 25-year responses (1993 to 2018) of above- and
below-ground carbon storage (Mg/ha) for young lodgepole pine stands among four post-thinning
densities (PCT) and two fertilization (FERT) treatments. Results of analysis of variance (ANOVA) are
provided. Within a row, mean values with different letters are significantly different by Duncan’s
multiple range test. Significant values in bold.

ANOVA

Density Fertilizer Density × Fertilizer

Mean Values F3,8 p F1,8 p F3,8 p

Pine crop trees

very low low medium high 3.44 0.07 11.03 0.01 0.23 0.88
39.55 ± 6.80 47.37 ± 6.11 63.40 ± 8.85 58.34 ± 7.66
unfertilized fertilized

42.55 ± 5.17b 61.79 ± 4.34a

Other species
of crop trees

very low low medium high 1.44 0.30 2.47 0.16 1.61 0.26
5.71 ± 2.62 0.97 ± 0.59 2.33 ± 1.56 2.85 ± 2.09
unfertilized fertilized
1.66 ± 0.88 4.27 ± 1.61

Total
intermediate

crop trees

very low low medium high 12.71 <0.01 1.81 0.22 1.31 0.34
11.10 ± 2.35a 5.55 ± 1.30b 1.72 ± 0.67bc 0.95 ± 0.25c

unfertilized fertilized
5.70 ± 2.08 3.95 ± 1.31

Total crop
trees

very low low medium high 0.80 0.53 8.72 0.02 0.03 0.99
56.36 ± 8.58 53.89 ± 6.44 67.46 ± 7.46 62.14 ± 9.42
unfertilized fertilized

49.91 ± 4.75b 70.01 ± 3.49a

Understory
conifers

very low low medium high 3.05 0.09 0.99 0.35 0.21 0.89
4.45 ± 1.49 2.55 ± 0.63 1.51 ± 0.32 0.71 ± 0.14
unfertilized fertilized
2.76 ± 0.87 1.84 ± 0.58

Total conifers

very low low medium high 0.51 0.69 6.89 0.03 0.04 0.99
60.81 ± 9.45 56.44 ± 5.97 68.96 ± 7.27 62.85 ± 9.46
unfertilized fertilized

52.68 ± 5.01b 71.85 ± 3.42a

Grasses

very low low medium high 0.46 0.72 0.59 0.46 0.64 0.61
0.070 ± 0.004 0.059 ± 0.013 0.055 ± 0.018 0.050 ± 0.007

unfertilized fertilized
0.063 ± 0.008 0.054 ± 0.008

Herbs
(grasses+forbs)

very low low medium high 0.72 0.57 0.57 0.47 0.48 0.70
0.121 ± 0.005 0.109 ± 0.011 0.112 ± 0.014 0.098 ± 0.007

unfertilized fertilized
0.114 ± 0.008 0.106 ± 0.007

Shrubs

very low low medium high 2.32 0.15 0.15 0.71 1.32 0.33
0.073 ± 0.007 0.050 ± 0.007 0.061 ± 0.005 0.046 ± 0.012

unfertilized fertilized
0.059 ± 0.007 0.056 ± 0.006

Grand total

very low low medium high 0.51 0.69 6.88 0.03 0.04 0.99
61.00 ± 9.45 56.60 ± 5.96 69.14 ± 7.27 62.99 ± 9.46
unfertilized fertilized

52.85 ± 5.01b 72.01 ± 3.42a
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4. Discussion

4.1. Growth and Size of Crop Trees

The significantly larger diameters of lodgepole pine crop trees in thinned than unthinned stands
at 25 years PCT followed that of earlier re-measurements in these same stands and other pine
species [13,19,24,42,59] and others. Heavily thinned (≤1000 stems/ha) and fertilized stands generally
had larger diameters than lightly thinned or unfertilized stands. Initial differences in stand density:
4-fold for the PCT study and 8-fold for the PCT-FERT study provided a wide range of conditions for
variable growth rates and sizes of crop trees in these managed stands. Comparable mean diameters in
thinned and thinned-fertilized stands with those in old-growth stands was maintained as reported
earlier. However, mean heights of crop trees remained relatively unaffected by thinning or fertilization
in the young managed stands and were significantly higher in the old-growth stands.

Despite differences in stand density of original crop trees, ingress of intermediate crop trees over
the 25 years changed density dramatically, and hence mean total merchantable volume. For example,
in the PCT study, stand density increased 2.3 (low) and 1.4 (medium) times owing to ingress of
coniferous crop trees; the high-density stands declined (0.9 times) in tree density owing to mortality,
over the 25 years since PCT. Similarly, in the PCT-FERT study, compared with the original post-thinning
densities, these stands increased 4.3 (very low), 2.2 (low), and 1.2 (medium) times owing to ingress of
coniferous crop trees; the high density stands declined (0.9 times) in tree density owing to mortality.
Thus, in stands thinned to ≤500 trees/ha, there may be an anticipated increase in crop tree density of
2.2 to 4.3 times over 25 years. There were still high numbers of crop trees in the unthinned stands but
the estimated merchantable volume was similar to the thinned stands because of the relatively small
mean diameters of crop tree classes in these unmanaged stands.

As predicted by [19] at the 15-year re-measurement in the PCT-FERT study, the contribution of
ingress to stand volume may be substantial as ingress trees approach a merchantable size. These authors
reported that thinning increased the proportional contribution of ingress to total stand volume by
as much as 47% within the 250 stems/ha unfertilized stands, and that this proportion decreased
with increasing crop tree density. Although the fertilizer effect on total stand volume appeared to
be negligible [19], a density effect was evident that tended to fit the results of our study at 25-years
post-thinning. There were mean estimates (%) of 23, 13, 3, and 2 of the total merchantable volume
attributed to ingress in the very low-, low-, medium-, and high-density stands, respectively, when
averaged across unfertilized and fertilized stands. Thus, initial stand-level productivity of crop trees in
heavily thinned stands should not be interpreted as total productivity at crop rotation, as ingress will
clearly mitigate some of the stand volume losses resulting from intensive PCT, as evidenced by our
comparison of total merchantable volume among stands in the two studies.

4.2. Architecture of Tree Crowns

Another aspect of the available growing space in the heavily thinned stands was the significant and
consistently larger volume of tree crowns than in the higher-density stands. The enhanced structural
development of crowns likely contributed to the substantial diameter growth of crop trees [18,60].
Thus, our results provided partial support for H1 that large-scale PCT (particularly heavy thinning to
≤ 1000 stems/ha) and repeated fertilization, at 25 years after the onset of treatments, would enhance
productivity and structural features of crop trees: mean diameter growth in heavily thinned and
fertilized stands and mean crown volume in heavily thinned stands. However, mean height growth
was unaffected.

4.3. Merchantable Volume

Mean merchantable volume of total crop trees was similar across stand densities owing to
ingress of intermediate crop trees, and also similar between unfertilized and fertilized stands. Thus,
H2, that large-scale PCT (particularly heavy thinning to ≤ 1000 stems/ha) and repeated fertilization
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would enhance merchantable volume, was not supported. The continued enhanced diameter and
crown sizes of crop trees within the heavily thinned stands seemed to be maintained during the
15 years (2003 to 2018) since the last application of fertilizer. These large trees likely have considerable
implications through time for development of old-growth structural attributes [42,59], as well as future
wood supply and enhanced carbon storage [37,38].

4.4. Stand Thinning and Ecosystem Services

Incremental silviculture treatments may enhance carbon sequestration, as well as contribute to
resilience of managed stands to the potentially difficult growing conditions predicted as a result of
climate change [40,41,61]. In a global overview, [6] discussed the risk of drought and heat-induced
mortality for the world’s forests from climate change. In terms of mitigation, [62] concluded that stand
thinning in north temperate forest ecosystems generally enhanced drought resistance and resilience.
However, lower-density stands showed greater resistance and resilience at younger (49 years) than
older ages (76 years), likely owing to larger tree sizes and water demands. In addition, heavy thinning,
in particular, was reported to improve the growth response of conifers to drought conditions [63].
A similar scenario was reported for Scots pine (P. sylvestris L.) in relation to environmental pollution
and drought in central Europe [64]. Thinning to low density may also help recharge ground water
reserves due to snow accumulating on the ground versus being captured in canopies of dense stands
where it sublimates directly into the atmosphere [65]. Reduction in fire fuels and future fuel loading in
heavily thinned stands may reduce risk and severity of wildfire [66]. Thus, density management may
be a means to moderate drought impacts on tree growth, ground water supplies, and risk of wildfire
particularly in many dry ecosystems of the PNW of North America and elsewhere, but with a caveat
on tree size, stand age, and stand structure. In addition, losses to MPB may be reduced or avoided
with stand treatments such as thinning and fertilization that increase tree vigor, at least in moderate
outbreaks of this insect [67,68].

4.5. Understory Conifer, Herb, and Shrub Layers

Stand thinning has generally increased the biomass of understory vegetation, at least in coniferous
forest ecosystems with sufficient moisture [27,30,31]. This pattern seemed to fit results from our PCT
study where mean abundance of herbs was significantly higher in the young thinned and unthinned
pine stands than old-growth stands. However, [32] reported no statistical effect of stand density on
abundance of herbs in the early years of the PCT-FERT study. A caveat was that abundance of herbs in
the very low-density stands was twice that in the unthinned stands, thereby suggesting a biologically
important difference. Fertilization had a very great positive influence on abundance of herbs during the
10-year fertilization period (1993–2003) but declined dramatically thereafter likely owing to termination
of the nutrient additions and the structural advance towards canopy closure [32]. Thus, H3 that
large-scale PCT (particularly heavy thinning to ≤1000 stems/ha) and repeated fertilization, at 25 years
since initiation of treatments, would enhance abundance of understory conifers and vascular plants
was not supported. Mean canopy closure at 83% in the very low-density stands (PCT-FERT) may
have maintained shrub growth via canopy gaps, whereas crop trees in the higher-density stands likely
limited development of this understory component. Thinning has been discussed as a tool to create
gaps for understory development in young boreal forests [69] and for variable abundance of shrubs in
young (40-year-old) Douglas-fir forests at 20 years post-thinning [70].

4.6. Stand-Level Carbon Storage

The vast majority of carbon storage was provided by the tree layer (99%) in all stands in both
studies. On a relative basis, carbon storage was similar across densities in both studies with ingress
contributing a considerable amount to carbon at the lower densities. Much of the potential carbon
storage lost by thinning (removal of coniferous trees) was restored in the heavily thinned stands
at 25 years post-thinning. Fertilization did increase (1.4 times) carbon storage significantly among
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total crop trees and total conifers and this response fit the predictions of several studies [40,69,71,72].
Indeed, [73] and [35] indicated that fertilization was one of the best methods of forest management to
increase carbon sequestration. According to [74], the potential to increase carbon storage capacity in
forests was often limited by poor nutrient availability, and hence fertilization tailored to such sites may
be particularly meaningful for carbon sequestration.

Thus, H4, that PCT (particularly heavy thinning to ≤1000 stems/ha) and repeated fertilization
at 25 years since the initiation of treatments, would enhance carbon storage in tree layers and the
overall stand level, was supported. The heavily thinned stands had high levels of coniferous ingress to
match levels of carbon storage in total crop trees in the higher-density or unmanaged young stands.
Fertilization had a significant effect on carbon storage for total conifers and the grand total of all layers.
Carbon storage in the herb and shrub component was minimal compared with that in the tree layers.

4.7. Study Limitations

To increase the degree of replication in our analyses and provide a potentially wider scope of
inferences (i.e., to include unthinned and old-growth stands), we combined the relevant replicate
stands from the PCT and PCT-FERT studies to investigate the influence of stand density on carbon
sequestration in herbs, shrubs, and trees. Thus, the two studies were in stands of slightly different ages
and the thinning treatments started at different times. However, to keep the overall post-treatment
responses consistent, we conducted measurements at 25-years since the initiation of treatments.
The experimental design for the fertilization study was limited by replication and stand disturbance.
However, these limitations needed to be balanced with the long-term (25 years) measurements of stand
responses and the intensity of repeated fertilization treatments (5 times). The time-line and degree
of treatments were unique, at least in western North America, and provided meaningful results in
this context. The results from the limited sample of trees at Kelowna followed the same pattern as
those from Summerland, thereby providing some degree of replication. To increase replication in
the PCT-FERT study, we investigated unfertilized vs. fertilized stands regardless of stand density.
This approach to the PCT-FERT analysis increased replication from 2 to 8 but did not include the
unthinned or old-growth stands. These unmanaged stands (controls) were included in the PCT analysis
of stand density and for comparison purposes with the results of the PCT-FERT study. Extrapolation
of results was limited to lodgepole pine stands in the southern interior of BC.

Estimates of biomass and carbon content in the various tree components (e.g., stems, branches,
foliage, and roots) were all based on DBH measurements. It is not surprising then that, despite slight
differences in carbon storage within the various tree components, proportion of carbon allocation
throughout the tree components remained very consistent among treatment stands. These calculations
assumed a standard tree form for the unthinned and old-growth stands and took into account the very
large size of tree crowns, and potentially root masses, that develop over time in heavily thinned stands.
Thus, although the greatest amount of carbon storage was in tree stems, the estimates for branches
and foliage for trees with large crowns may have contributed to more realistic measures of overall
tree carbon storage in these intensively managed stands. We have assumed that the equations used to
estimate carbon storage of herbs, shrubs, and trees, developed in similar ecosystems, were relevant to
our study areas. Also, we did not have measurements of soil carbon which is another major source of
potential sequestration.

5. Conclusions

To our knowledge, this is the first reporting of the 25-year responses of tree growth metrics and
stand development in thinned and fertilized stands of lodgepole pine across a wide range of densities.
In addition, this is the first full accounting of above- and below-ground carbon storage for all coniferous
tree species and layers (overstory and understory) in intensively managed forests, with comparison to
unmanaged stands.
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Heavily thinned and fertilized stands generally had larger diameters than lightly thinned or
unfertilized stands; mean heights of crop trees remained relatively unaffected by thinning or fertilization.
Despite differences in stand density of original crop trees, ingress of intermediate crop trees over the
25 years changed density dramatically, and hence mean total merchantable volume was similar across
stand densities. In stands thinned to ≤500 trees/ha, there may be an anticipated increase in crop tree
density of 2.2 to 4.3 times over 25 years.

The continued enhanced diameter and crown sizes of crop trees within the heavily thinned stands
seemed to be maintained during the 15 years (2003 to 2018) since the last application of fertilizer.
These large trees likely have considerable implications through time for development of old-growth
structural attributes, as well as future wood supply and enhanced carbon storage. The vast majority
of carbon storage was provided by the tree layer (99%) in all stands in both studies. On a relative
basis, mean levels of carbon storage in the very low- and low-density stands was comparable to that in
higher-density stands owing to coniferous ingress. Thus, much of the potential carbon storage lost by
thinning (removal of coniferous trees) was restored and even surpassed in the heavily thinned stands
at 25 years since the onset of treatments.
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