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ABSTRACT
PRE-COMMERCIAL THINNING IN EVEN-AGED FOREST MANAGEMENT OF
NORTHERN HARDWOODS: CASE STUDIES FROM THE BARTLETT EXPERIMENTAL
FOREST
by
Meghan Colleen Thornton
University of New Hampshire, September 2017
Pre-commercial and commercial thinning are common silvicultural treatments in northern
hardwood forests throughout the New England, New York, and Great Lakes regions. There are
few studies on how pre-commercial thinning influences net timber value over time. This research
uses a long-term study from the Bartlett Experimental Forest in Bartlett, New Hampshire to
examine how pre-commercial and commercial thinning influence net timber value in 2016 and
estimated net timber value in 2026, and whether the costs associated with pre-commercial
thinning are justified in the return. We also examine differences in understory species abundance
and composition, down dead wood volume and abundance, and snag density and abundance
among pre-commercial and commercial thinning treatments to assess important ecological
impacts of thinning on northern hardwood forests.
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CHAPTER I
Introduction
Northern hardwood forests, dominated by American beech (Fagus grandifolia), yellow
birch (Betula alleghaniansis), and sugar maple (Acer saccharum), cover over 8 million hectares
(20 million acres) of land across the New England states and New York (Leak et al. 2014). Other
associated northern hardwood species include red maple (Acer rubrum), white ash (Fraxinus
americanus), paper birch (Betula papyrifera), and bigtooth aspen (Populus grandidentata). The
northern hardwood forest provides timber products ranging from veneer to biomass, with the
diverse species composition contributing to a wide array of economic opportunity (Leak et al.
2014). In addition to timber value, the northern hardwood forest provides year-round recreation
opportunities, wildlife habitat for over 200 vertebrate species, and valuable watershed protection
services (Leak et al. 2014; Marquis 1967).
The primary intermediate treatments used in northern hardwood forest management are
pre-commercial and commercial thinning. These methods can be used to improve forest stand
quality and promote growth of desired species. In northern hardwoods, pre-commercial thinning
consists of removing competing trees surrounding selected crop trees (Smith and Lamson 1983,
Leak et al. 2014). Pre-commercial thinning usually occurs in the stand initiation stage of stand
development, with intent to reduce competition leading to increased growth in selected crop trees
(Oliver and Larson 1996). Crop tree spacing is an important consideration for thinning
treatments, as wide openings can permit understory species to dominate sites immediately postharvest, disadvantaging the selected crop trees (Oliver and Larson 1996). It is important to
choose a crop tree spacing that permits increased diameter growth without drastic understory
growth or other issues associated with sudden release, such as epicormic branching (Marquis
1969; Oliver and Larson 1996; Leak 2015).
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The long-term impacts of pre-commercial thinning on timber value are largely unknown,
and there is uncertainty regarding the return on the initial investment in pre-commercial thinning.
We use a long-term pre-commercial thinning experiment from the Bartlett Experimental Forest
in Bartlett, New Hampshire as a case study to examine the economic return from pre-commercial
thinning. Our first research objective is to determine if net timber value is influenced by precommercial and commercial thinning treatments 80 and 90 years post-harvest, using a Bayesian
regression modeling approach.
Managing forests for diversity is increasingly important for many landowners and forest
managers, especially when managing for ecosystem services (Messier et al. 2013). Understory
species have an important role in the forest ecosystem, as they can influence forest regeneration,
wildlife habitat, water and nutrient cycling, and forest productivity (Metzger and Schultz 1984).
Coarse woody debris, including down dead wood and snags, is widely recognized as an
important component of both functional and structural forest diversity (DeGraaf and Shigo 1985,
Yamasaki and Leak 2006, Kershaw et al. 2016).
Coarse woody debris has a crucial role in nutrient cycling and carbon storage in forest
ecosystems (Goodburn and Lorimer 1998, Janisch and Harmon 2002). Snags provide shelter,
foraging sites, and roosts for species ranging from fungi to birds and mammals (Healy et al.
1989, Goodburn and Lorimer 1998, Leak and Yamasaki 2006). Over 40 northern hardwood
vertebrate species, including the redback salamander, red-backed vole, and pine marten, are
dependent on down dead wood for habitat (Degraaf et al. 2005). Diameter size of coarse woody
debris is important for habitat suitability, as several species prefer larger diameter coarse woody
debris for nesting cavities (Goodburn and Lorimer 1998).
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We use the same long-term pre-commercial thinning experiment from the Bartlett
Experimental Forest in Bartlett, New Hampshire as a case study to assess ecological outcomes of
pre-commercial and commercial thinning. Our second research objective is to assess if precommercial thinning in northern hardwood forests influences understory species composition,
down dead wood volume and abundance, and snag density and abundance, using multivariate
and Bayesian regression modeling approaches. We hope that our results will provide forest
managers with empirically-based guidance regarding the use of pre-commercial and commercial
thinning in even-aged management of northern hardwood forests, for economic and ecological
forest management objectives.
Thesis Organization
This thesis consists of four chapters summarizing our case study of pre-commercial
thinning in even-aged management of northern hardwood forests. The current introductory
section is Chapter I. Chapters II and III are written independently as manuscripts intended for
submission to an appropriate journal. Chapter II reviews our study addressing the economic
outcomes of pre-commercial and commercial thinning 80 years post-harvest, and whether
thinning is economically justifiable within our study site at the Bartlett Experimental Forest in
Bartlett, NH. Chapter III presents our study addressing the ecological outcomes of precommercial and commercial thinning in northern hardwood forests 80 years post-harvest at our
study site. Chapter IV acts as a conclusion, summarizing the results of the previous chapters and
discussing how the results can be applied to northern hardwood forest management. We also
discuss limitations of our study and suggestions for future long-term research.
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CHAPTER II
ASSESSING TIMBER QUALITY AND FINANCIAL RETURN FOLLOWING PRECOMMERCIAL THINNING IN NORTHERN HARDWOOD FORESTS
Abstract
Pre-commercial thinning is a common silvicultural treatment in northern hardwood
forests throughout the New England, New York, and Great Lakes regions. Pre-commercial
thinning is often performed early in stand development. Some species respond more positively
than others to the reduced stand density. At the time of pre-commercial thinning, there is an
associated cost without immediate revenue. There is sparse empirical research on how precommercial thinning influences net timber value over time. This research uses a long-term study
from the Bartlett Experimental Forest in Bartlett, New Hampshire to examine how precommercial thinning influences net timber value, and whether the costs associated with precommercial thinning are justified in the return. Our results show no significant differences in
2016 or 2026 net timber value among control, light, heavy, and species cleaning treatments of
pre-commercially thinned plots 80 and 90 years after the initial harvest. There are significant
differences in value among commercially thinned treatments in 2016 at 6% interest, where
thinned plots are of greater value than other treatments. There are also significant differences in
value among commercially thinned treatments in 2026 at both 4% and 6% interest, where
thinned plots are of greater value than other treatments.
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Introduction
Northern hardwood forests, dominated by American beech (Fagus grandifolia), yellow
birch (Betula alleghaniansis), and sugar maple (Acer saccharum), cover over 8 million hectares
(20 million acres) of land across the New England states and New York (Leak et al. 2014). Other
associated northern hardwood species include red maple (Acer rubrum), white ash (Fraxinus
americanus), paper birch (Betula papyrifera), and bigtooth aspen (Populus grandidentata). The
northern hardwood forest provides timber products ranging from veneer to biomass, with the
diverse species composition contributing to a wide array of economic opportunity (Leak et al.
2014). In addition to timber value, the northern hardwood forest provides year-round recreation
opportunities, wildlife habitat for over 200 vertebrate species, and valuable watershed protection
services (Leak et al. 2014; Marquis 1967).
The primary intermediate treatments used in northern hardwood forest management are
pre-commercial and commercial thinning. These methods can be used to improve forest stand
quality and promote growth of desired species, with greater water and nutrient availability for the
remaining crop trees (Cutter et al. 2004). In northern hardwood forests, pre-commercial thinning
consists of removing competing trees from around selected crop trees (Leak et al. 2014). Precommercial thinning usually occurs in the stand initiation stage of stand development, with intent
to reduce competition leading to increased growth in selected crop trees (Oliver and Larson
1996). Commercial thinning is performed later in the rotation when enough trees have reached
merchantability for a profitable harvest. Crop tree spacing is an important consideration for
thinning treatments, as wide openings can permit understory species to dominate sites
immediately post-harvest, disadvantaging the selected crop trees (Oliver and Larson 1996). It is
important to choose a crop tree spacing that permits increased diameter growth without drastic
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understory growth or other issues associated with sudden release, such as epicormic branching
(Marquis 1969; Oliver and Larson 1996; Leak 2015).
A literature review of 30 pre-commercial thinning studies in northern hardwood forests
by Heitzman and Nyland (1991) found that species cleaning, or removing undesirable species,
seemed to be most effective in improving short-term stand value by removing low-value trees
early in stand development. Heitzman and Nyland (1991) suggest that long-term observations are
necessary for a better understanding of the economic outcome of pre-commercial thinning. In a
study of a crop-tree release of Appalachian hardwood species, Miller (2000) found that over a
ten-year period there was increased diameter and crown growth but a negative impact on bole
quality development, with control plots having higher bole quality than thinned plots (Miller
2000). Rytter (2013) found that well-timed pre-commercial thinning of silver birch (Betula
pendula) in Sweden increased diameter growth, but did not influence height growth. Mechanical
damage and soil compaction from skidding during pre-commercial and commercial thinning can
negatively impact tree quality (Cutter et al. 2004).
Many of the previous studies on pre-commercial thinning in northern hardwood forests
come from a long-term pre-commercial and commercial thinning experiment from the Bartlett
Experimental Forest (BEF) in Bartlett, New Hampshire, established after a 1933-1935 clearcut.
The BEF literature on the pre-commercial thinning experiment includes stand development 25
years post-clearcut (Marquis 1969), an early financial analysis (McCauley and Marquis 1972),
crop-tree growth mid-rotation (Leak and Solomon 1997), species and structural dynamics of the
stand (Leak and Smith 1997), and a later financial analysis when the stand was 56 and 69 years
old (Leak and Sendack 2008). The associated literature on commercial thinning looks at stand
growth, composition, and structure post-harvest (Leak 2015). The rich documentation of stand
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development through time provides an opportunity to observe economic outcomes of these
thinning treatments.
Twenty-five years post-clearcut, there were over 9,880 1.27 cm (0.1 in) or greater stems
per hectare (4,000 half inch or greater stems per acre), consisting primarily of sugar maple,
beech, yellow birch, paper birch, and pin cherry (Prunus pensylvanica), and to a lesser extent
white ash, red maple, striped maple (Acer pensylvanicum), and bigtooth aspen (Marquis 1969).
Sugar maple and beech were most abundant. Shade intolerant and mid-tolerant species had
greater average diameters, dominated the overstory, and comprised 74% of basal area (Marquis
1969). This site was chosen as the location of a pre-commercial thinning study, where heavy
thinning, light thinning, and species cleaning treatments were to be compared to a no-treatment
control. Each plot was one-tenth of a hectare (¼ acre), with a 20-meter (1-chain) buffer between
plots. In each plot, 100 trees were selected as crop trees. Crop trees were chosen based on
species, with preference given to paper birch, yellow birch, white ash, sugar maple, beech, and
red maple, if they grew from seedlings rather than sprouts, if they were large dominant or codominant trees, and if they had good bole quality (Marquis 1969).
For the heavy crop tree thinning, all species that competed directly with the chosen crop
trees were removed. About 1,519 stems and 9.4 m2 of basal area per hectare (615 stems and 41
ft2 per acre) were removed for this treatment (Marquis 1969). For the light crop-tree thinning, a
maximum of one tree competing with each crop tree was removed. About 805 stems and 5.7 m2
of basal area per hectare (326 stems and 25 ft2 per acre) were removed for this treatment
(Marquis 1969). For the species cleaning, the aspen, pin cherry, and striped maple were
removed, as well as red maple sprout clumps. About 1,531 stems and 7.6 m2 of basal area per
hectare (620 stems and 33 ft2 per acre) were removed for this treatment (Marquis 1969). No trees
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were removed in the control plots. All thinning treatments took place in the summer of 1959, and
thinning was done using sodium arsenate in frills and hand cutting (Marquis 1969). Five years
after the pre-commercial thinning, a complete stand inventory showed that plots that had
undergone thinning incurred less mortality than the control plots (Marquis 1969). Basal area
growth on all thinned plots was double the amount of the control plots (Marquis 1969).
McCauley and Marquis (1972) performed a financial analysis on the stand from the data
collected five years after thinning described in Marquis (1969). Based on market trends at the
time, they adopted a schedule of prices and specifications for pulpwood, and boltwood1
(McCauley and Marquis 1972). They found that the returns from pre-commercial thinning were
low in the first 5-10 years after the treatment, but greater returns were expected at 15-20 years.
Returns were low if pulpwood was the major goal of the stand, and higher if high value products,
such as boltwood, were the goal. Of the thinning methods studied, light crop tree and species
cleaning produced higher returns than the heavy crop tree thinning, due to the fact that fewer
merchantable trees were removed in these treatments (McCauley and Marquis 1972). The
financial analysis found that pre-commercial thinning could produce a 6% or more return on the
investment up to a projected stand age of 45 (McCauley and Marquis 1972). Their analysis
suggests using 494 crop trees per hectare (200 per acre) instead of the average of 988 per hectare
(400 per acre) used in their study. This would reduce the costs of pre-commercial thinning, and
would focus value growth on fewer stems over a longer rotation for higher value products
(McCauley and Marquis 1972).

1

Boltwood is used in the turning industry to make dowels, furniture parts, handle stock, and
other specialty products. Boltwood size specifications are 1.2-2.4 m (4-8 ft) without trim in
length, and 15.24-25.4 cm (6-10 in) in diameter (Carpenter 1969), with minimal defect.
10

Thirty-one years after the thinning study, at stand age 56, Leak and Solomon (1997)
reported long-term crop tree growth. The diameters at breast height (DBH; measured 1.37 m
above the ground) of remaining crop trees within each plot were re-measured, and a regression
analysis was performed to examine changes in growth between the first ten years after treatment
(1959-1969) and the next twenty-one years (1969-1990) (Leak and Solomon 1997). This study
indicated that white ash and yellow birch did not show a significant response to the thinning
treatments, in terms of final DBH, over the thirty-one year period, although yellow birch did
grow rapidly after release and then slowed down after five years (Leak and Solomon 1997). For
red maple and paper birch, the crop trees in the heavy thinning plots had a DBH in 1990 that was
an average of 5.08 cm (2 in) greater than the DBH of trees in the control plots (Leak and
Solomon 1997). For American beech, the increase in DBH was slightly larger than 5.08 cm (2
in), and for sugar maple it was about 2.54 cm (1 in) than in the control plots (Leak and Solomon
1997). It was unclear whether these long-term responses to pre-commercial thinning were worth
the cost, as market expectations are subject to change (Leak and Solomon 1997). While there is
an assessment of how pre-commercial thinning influenced tree quality five years post-treatment,
there is no long-term assessment of how early thinning treatments influence tree quality.
Another study was performed thirty-one years after the pre-commercial thinning to
examine species and structural changes within the stand (Leak and Smith 1997). At that time,
differences in species composition among all treatments, including the control, were minimal and
no pin cherry or striped maple remained on any of the plots (Leak and Smith 1997). The
dominant species, by order in terms of stem count, were American beech, sugar maple, paper
birch and yellow birch (Leak and Smith 1997). Aspen was absent on the species cleaning plots,
but present as a minor component in all other treatment plots (Leak and Smith 1997). While
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there were short-term changes in structure, density, and species composition between treated and
untreated plots immediately after the thinning, these differences became less apparent as the
stand aged (Leak and Smith 1997). Overall, this study showed that the thinning treatments had
little impact on overall stand structure and development over time, other than an increase in
diameter of individual crop trees (Leak and Smith 1997).
Sendak and Leak (2008) performed another financial analysis for stand ages 56 in 1990
and 69 in 2003 using the same methods reported in McCauley and Marquis (1972) to re-examine
the previous results. In this financial analysis, the species cleaning treatment was not included
because a fertilizer and lime treatment had been added to the crop trees with unknown costs. By
2003, selected crop trees were no longer identifiable, but given the number per acre averages of
each species, it was assumed that most remaining trees were previously designated crop trees
(Sendak and Leak 2008). No significant differences were found among treatments for wood
volume or value at stand ages 56 and 69. At age 56, there were no plots with a rate of return
greater than 10% for any treatment under the assumed pricing in a boltwood products. At age 69,
the percentage of plots with positive rates of return increased, but most rates were still less than
6%. None of the treatments met McCauley and Marquis (1972) expectations at stand age 45 for
product class size, but by age 69 both treatments and the control met the requirements for large
boltwood (Sendak and Leak 2008). Sendak and Leak (2008) conclude that while rate of return
could be improved if treatment costs decreased, methods of pre-commercial treatments in New
Hampshire are largely unchanged since 1959 and remain costly.
A commercial thinning in 2003, at stand age 69, removed aspen and paper birch from
some treatment plots as well as from the buffer zones between plots (Leak and Yamasaki 2012).
At the time, paper birch and aspen were species with the largest diameters, with an average DBH
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of 25-30 cm (9-12 in). This was considered to be a dominant-tree thinning (Leak and Yamasaki
2012, Leak 2015). Other species averaged a DBH of 12-22 cm (5-9 in) (Leak 2015). Residual
basal area on the control plots ranged from 30-34 m2 per hectare (130-148 ft2 per acre) and 12-28
m2 per hectare (52-122 ft2 per acre) on the thinned plots, with some paper birch left to meet a
minimum basal area of 11 m2 per hectare (50 ft2 per acre) (Leak 2015). The commercial thinning
caused an overall increase in basal area growth and diameter growth in all species, except the
remaining paper birch, which had likely reached maturity (Leak 2015). While this treatment
salvaged a fair amount of mature paper birch and aspen before they died and released other
species in the stand, Leak (2015) noted that there are potentially negative aspects to this practice.
This method could lengthen the rotation age by maintaining the shorter-lived aspen and paper
birch in the overstory until they are sawtimber sized, potentially slowing the rate at which
longer-lived species reach merchantability, as well as increase understory vegetation growth
(Leak 2015).
Our research objective was to determine if net timber value was influenced by precommercial and commercial thinning treatments 80 years post-harvest by determining the net
timber value of each treatment plot in 2016 and 2026 at 4% and 6% interest rates and
considering future increases in market value. In our study, net timber value is the value of the
standing timber less compounded cost of pre-commercial thinning, plus compounded revenue
from commercial thinning, in 2016 and estimated for 2026. While previous analyses indicate no
value gain due to pre-commercial thinning, no analyses have assessed the value of stands after a
commercial thinning and the initial pre-commercial thinning. We expected that all precommercially thinned plots would be of greater value than control plots, as lower value species
were removed and crop trees of greater quality and vigor were released. We also predicted that
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revenue from plots that were commercially thinned for paper birch and bigtooth aspen in 2003
would justify the pre-commercial costs. Our null hypothesis is that the pre-commercial thinning
treatments in 1959 and the commercial thinning treatments in 2003 have no effect on net timber
value in 2016 or 2026.
Methods
Site Description
The research area is in Compartment 22 of the Bartlett Experimental Forest (BEF) in the
White Mountain National Forest, Bartlett, New Hampshire, USA (Figures 1 and 2). All plots are
located between 335 and 396 meters (1100-1300 ft) in elevation on a northern-facing slope, on
well-drained glacial till soil (Marquis 1969). A clearcut of
the stand occurred during the winters of 1933-1935,
making it a second-growth stand (Marquis 1969). Some
large white ash were left as seed trees (Marquis 1967).
American beech, yellow birch, and sugar maple dominated
the stand prior to harvesting, with small amounts of
red maple, white ash, and paper birch also present in
the overstory (Marquis 1967).
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Figure 1. Location of the Bartlett
Experimental Forest in Bartlett, NH.

Figure 2: Location of Compartment 22 of the Bartlett Experimental Forest in Bartlett, NH.

A crop tree release with four treatments occurred in 1959 when the stand was 25 years
old. The treatments were: heavy thinning, light thinning, species removal, and control (Marquis
1969). A dominant tree removal of paper birch and aspen occurred in 2003 when the stand was
69 years old, and in some plots paper birch and aspen were retained to maintain a minimum basal
area of at least 11 m2 per hectare (50 ft2 per acre) (Leak 2015). Plots 1-20 (Table 1) represent the
1959 and 2003 thinning treatments.
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Table 1. Pre-commercial and commercial thinning treatments for each experimental plot. 1959 treatments include
light thinning (n=5), heavy thinning (n=5), species cleaning (n=5) and control (n=5). 2003 treatments include
thinning (n=7), paper birch left (n=8), and uncut (n=5).
Plot
1959 Treatment
2003 Treatment
1
Light
Uncut
2
Clean
Paper birch left
3
Light
Thin
4
Control
Uncut
5
Control
Paper birch left
6
Heavy
Uncut
7
Control
Uncut
8
Clean
Paper birch left
9
Heavy
Uncut
10
Light
Paper birch left
11
Light
Paper birch left
12
Control
Paper birch left
13
Clean
Paper birch left
14
Light
Paper birch left
15
Heavy
Thin
16
Clean
Thin
17
Heavy
Thin
18
Heavy
Thin
19
Control
Thin
20
Clean
Thin

In 2015, the plots thinned in 2003 were dominated in the overstory by white ash, sugar
maple, and yellow birch, with an average basal area of 17 m2 per hectare (75 ft2 per acre) left in
each plot (Leak 2015). The plots that were not thinned in 2003 are dominated in the overstory by
paper birch, sugar maple, and red maple, with an average basal area of 32 m2 per hectare (140 ft2
per acres) in each plot (Leak 2015).
Sampling
We collected data in May and June 2016. We measured and tallied all trees greater than
19 cm (7.5 in) DBH, 20 cm (8 in) merchantable size class, in every plot. We used a diameter
tape to measure DBH to the nearest 0.254 cm (0.1 in). We measured total height and crown
height, from the lowest living branch to the highest living leaf, using a TruPulse 360 laser
hypsometer. We visually classified crowns as dominant, co-dominant, intermediate, or
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suppressed following Marquis 1969. We estimated merchantable height as how many clear, 4.8
m (16 ft) logs are in the bole, to the nearest half log using a Biltmore stick, to an inside bark
diameter of 20 cm (8 in) size class or to a merchantable log stopper (Strong et al. 1995). We
recorded presence or absence of epicormic branches and recorded notes on any other damage or
disease.
Trees were graded using the hardwood tree grading methods outlined in Hanks (1976)
(Table 2). All trees were graded as a 1, 2, 3, or 4, with 4 being all pulpwood products. Because
diameter was often the limiting factor on the grading scale, we also assessed grade potential of
each tree. Assuming 2.54 cm (1 in) of growth over a 10-year period, no mortality, and similar
bole characteristics, we assessed whether the 2026 tree grade would increase or stay the same as
the 2016 grade.
Table 2. Tree grading specifications from Hanks (1976).

Grade Factor
Length of grading zone
(feet)
Length of grading section
(feet)
DBH, minimum (inches)
Clear cuttings (on 3 best
faces): length, minimum
(feet)c

Tree Grade 1

Tree Grade 2

Tree Grade 3

Butt 16

Butt 16

Butt 16

Best 12

Best 12

Best 12

16a

13

10

5

3

2

Cull deduction, including
crook and sweep,
excluding shake,
9
9
50
maximum within grading
section (%)
a
In ash, diameter inside bark at top of grading section must be 12 inches and DBH must be 15 inches
b
Grade 2 trees can be 10 inches inside bark at top of a grading section if otherwise meeting surface requirements for
small 1s
c
A clear cutting is a portion of a face free of defects, extending the width of the face. A face is ¼ of the surface of
the grading section divided lengthwise

Statistical Analyses
Overall, we aim to assess whether the 1959 and 2003 thinning treatments had any impact
on the net timber value as of 2016 as well as on the projected net timber value in 2026. We
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calculated net timber value in 2026 to assess whether additional diameter growth, resulting in
tree grade improvement, would increase net timber value. First, we calculated individual tree
value. Next, we determined pre-commercial thinning costs and commercial thinning revenue.
Finally, we determined net value in 2016 and 2026 with and without additional unit price
appreciation and tested for significant differences among treatments.
All grade 4 trees are excluded from data analysis because they are low quality, pulpwood
and cull products and are therefore not contributing to value of the stand and unlikely to improve
in grade (Sinacore and Howard 2012). In grading the standing timber, we recognized that the
value of a grade 1 American beech is less than that of a grade 1 yellow birch or sugar maple.
Following Sinacore and Howard (2012) to capture these value differences across the different
species present, we used the online Timber Buyers Network (TBN) calculator to determine the
value of each graded tree (http://www.timberbuyer.net/treevalue.htm). The TBN model uses
inputs of species, tree grade, price of 4/4 1 common lumber (a 2.54 cm thick board with 66%
clear area on the worst face) in US dollars per thousand board feet (MBF), DBH, and
merchantable log height to calculate tree value using the regression models from Hanks (1976),
assuming a Girard form class of 78. Hanks’ (1976) equation allocates yields by lumber grade and
provides tree value based on expected product distribution.
For the species in our data that were not included in the TBN model, we used species of
equivalent or similar specific gravity and dry weight, substituting sugar maple for yellow birch,
red maple for paper birch, and black cherry for bigtooth aspen. We calculated 2016 values as
well as future values for each tree based on the predicted grade increase assuming 2.54 cm (1 in)
of growth in ten years for all species. We used data collected for an unrelated study by D’Amato
and Curzon (personal communication 2017) on diameter growth from 2000-2010 in plots 3, 10,
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and 11 to assess species diameter growth over 10 years, to assess if our estimate of 2.54 cm (1
in) over 10 years was reasonable. We found that the 2.54 cm (1 in) diameter increase we applied
in the field is a conservative estimate for species at this site. Prices for 4/4 1 common lumber for
northern hardwood species came from the 2016 Hardwood Market Report prices for kiln-dried
prices in the Northern area (Hardwood Market Report 2016). The kiln-dried price for American
beech was not listed in the Hardwood Market Report, so we used the mean ratio of FOB (Free
On Board) price and kiln-dried price for the other listed northern hardwoods to estimate the price
of American beech after kiln drying.
After determining the standing timber value of each tree, we summed these values to
obtain plot totals. A previous financial analysis of the stand gave the initial costs in 1959
associated with each thinning treatment: light thinning cost $2.73/plot, heavy thinning cost
$4.94/plot, species cleaning cost $4.46/plot, and control plots had no initial costs (McCauley and
Marquis 1972). We calculated future value of each of the costs using interest rates of 4% and 6%
compounded from 1959 for comparison, based on historical average interest on non-real estate
loans and to be consistent with previous financial analyses (Robison and Leatham 1978). The
total stumpage revenue from the 2003 commercial thinning was provided by the USDA Forest
Service, with a total of $5,188 from the sale. The stumpage receipt did not differentiate among
the 15 treatment plots that were harvested, so we used the total revenue from the sale ($5,188) to
determine that the mean revenue per harvested plot was $345.87. We compounded the mean
revenue per plot at 4% and 6% interest from 2003 to 2016 and 2026. Plot-level costs at both 4%
and 6% interest were subtracted from 2016 and 2026 total standing timber values. Revenues
from the 2003 commercial thinning were added at 4% and 6% interest to both 2016 and 2026
values for the total standing timber values used for plot comparison among treatments.
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Additionally, we calculated the 2026 values with a 2% price increase in 4/4 1 common lumber
for northern hardwood species to see if market price changes would affect returns to the
treatments.
To test for differences in net timber value among treatment plots we created Bayesian
linear regression models in R 3.3.2 (R Core Team, 2016) using the rjags package (Plummer
2016). We chose to use a Bayesian analysis with uninformative priors to yield more robust
results with the variable replication of the plots among the 1959 and 2003 thinning treatments.
The Bayesian approach yields similar results to mixed effects modeling, a common approach
used in forestry, without distributional assumptions typical of the frequentist approach (Li et al.
2012). A Bayesian model treats parameters as random variables and produces a posterior
probability distribution (Ellison 2004). In this case, 95% credible interval is interpreted as a 95%
probability that the net timber value of the thinning treatments is within the range of specified
values. Our testable hypothesis is that thinning treatments have no impact on net timber value, so
if the credible interval overlaps 0, then there is no significant difference among those thinning
treatments.
To run a Bayesian model in rjags, we first define the model and data. All models used
total plot value as a response variable and the 1959 and 2003 thinning treatments as binary
predictor variables in a linear regression (Table 3). For the 1959 treatments, we coded the control
plots as zeroes as a reference category. We coded the heavy thinning, light thinning, and species
cleaning plots as ones, where each respective treatment was used, to test if the thinning
treatments had greater value than control plots. For the 2003 treatments, we coded the uncut
plots as zeroes as a reference category. We coded thinned plots and paper birch left plots as ones,
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where each respective treatment was used, to test if the thinned plots had greater value than
uncut plots (Quinn and Keough 2002).
We used uninformative priors with a normal distribution (0, 0.00001). We ran all models
using three Markov Chain Monte Carlo (MCMC) chains, as multiple MCMC chains are
recommended for convergence diagnostics (Kass et al. 1998). MCMC chains are a computational
method used to sample from a prior probability distribution to generate a posterior probability
distribution. We assessed convergence of MCMC chains visually with trace and density plots
and Gelman plots in addition to autocorrelation plots for the intercept and all covariates (Table
3). The model for the 1959 thinning treatments is as follows, where α represents the intercept
and β represent the coefficients, and net timber value is the dependent variable depending on
valuation year, interest rate, and the market value increase (Table 3):
𝑁𝑒𝑡 𝑇𝑖𝑚𝑏𝑒𝑟 𝑉𝑎𝑙𝑢𝑒 = 𝛼 + 𝛽! 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 + 𝛽! 𝐿𝑖𝑔ℎ𝑡 + 𝛽! 𝐻𝑒𝑎𝑣𝑦 + 𝛽! 𝐶𝑙𝑒𝑎𝑛

The model for the 2003 thinning treatments is as follows, where α represents the intercept and β
represent the coefficients, and net timber value reflects valuation year, interest rate, and the
market value increase (Table 3):
𝑁𝑒𝑡 𝑇𝑖𝑚𝑏𝑒𝑟 𝑉𝑎𝑙𝑢𝑒 = 𝛼 + 𝛽! 𝑇ℎ𝑖𝑛 + 𝛽! 𝑃𝑎𝑝𝑒𝑟 𝐵𝑖𝑟𝑐ℎ 𝐿𝑒𝑓𝑡 + 𝛽! 𝑈𝑛𝑐𝑢𝑡

As summarized in Table 3, models are organized such that group A tests for differences
in net timber value among 1959 and 2003 thinning treatments compounded at 4% and 6%
interest to the year 2016. Group B tests for differences in net timber value among 1959 and 2003
thinning treatments compounded at 4% and 6% interest to the year 2026 (Table 3). Group C tests
for differences in net timber value among 1959 and 2003 thinning treatments compounded at 4%
and 6% interest to the year 2026, considering a 2% market price increase.
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Table 3. Bayesian linear regression model parameters for net timber value in rjags. Group A are models valued in
2016, Group B are models valued in 2026, and Group C are models values in 2026 with a 2% market price increase.

A

B

C

Regression
Model
1
2
3
4
1
2
3
4
1
2
3
4

Valuation
Year
2016
2016
2016
2016
2026
2026
2026
2026
2026
2026
2026
2026

Thinning
Treatment
Year
1959
2003
1959
2003
1959
2003
1959
2003
1959
2003
1959
2003

Interest
Rate
4%
4%
6%
6%
4%
4%
6%
6%
4%
4%
6%
6%

Market
Value
Increase
0%
0%
0%
0%
0%
0%
0%
0%
2%
2%
2%
2%

Number
of
Iterations
575,000
550,000
500,000
600,000
650,000
600,000
600,000
650,000
700,000
700,000
500,000
700,000

Burn-in
Iterationsa
30,000
25,000
30,000
30,000
30,000
20,000
25,000
30,000
25,000
25,000
20,000
35,000

Thinning
Intervalb
10
10
10
10
10
10
10
10
10
10
10
10

Final
Posterior
Sample
Sizec
57,500
55,000
50,000
60,000
65,000
60,000
60,000
65,000
70,000
70,000
50,000
70,000

a

Iterations are discarded as burn-ins pre-convergence so the starting point of the chains are random (Kass et al.
1997).
b
The thinning interval is used to reduce autocorrelation in MCMC sampling chains.
c
Final posterior sample size is the number of samples generated in the posterior distribution, or the posterior density

Results
For model A-1 (Table 3, Figure 3), of net timber value in 2016 among the 1959 precommercial thinning treatments at 4% interest, the 95% credible interval overlaps 0 for control,
light thinning, heavy thinning, and species cleaning plots. There is not a significant difference in
net timber value among plots that were pre-commercially thinned and control plots in 1959.
While no pre-commercial thinning treatments were significantly different from the control
treatment, the Bayesian analysis allows us to examine the 95% credible interval for each
treatment and compare posterior distributions. For 2016 value at 4% interest, species cleaning
plots are worth a mean of $298.50 more than control plots, heavily thinned plots are worth a
mean of $258.43 more than control plots, and lightly thinned plots are worth a mean of $15.93
less than control plots.
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For model A-2 (Table 3, Figure 3), of net timber value in 2016 among the 2003
commercial thinning treatments at 4% interest, the 95% credible interval overlaps 0 for thinned
plots and plots where paper birch was left. There is not a significant difference in net timber
value among plots that were commercially thinned and plots that were uncut in 2003. While no
commercial thinning treatments were significantly different from the control treatment for 2016
at 4% interest, the 95% credible intervals indicate that thinned plots are worth a mean of $355.14
more than uncut plots, and plots where paper birch was left are worth a mean of $163.18 more
than uncut plots.
For model A-3 (Table 3, Figure 3), of net timber value in 2016 among the 1959 precommercial thinning treatments at 6% interest, the 95% credible interval overlaps 0 for control,
light thinning, heavy thinning, and species cleaning plots. There is not a significant difference in
net timber value among plots that were pre-commercially thinned and control plots in 1959.
While no pre-commercial thinning treatments were significantly different from the control
treatment for 2016 value at 6% interest, the 95% credible intervals indicate that species cleaning
plots are worth a mean of $319.35 more than control plots, heavily thinned plots are worth a
mean of $237.24 more than control plots, and lightly thinned plots are worth a mean of $9.79
more than control plots.
For model A-4 (Table 3, Figure 3), of net timber value in 2016 among the 2003
commercial thinning at 6% interest, plots that were thinned were worth a mean of $403.27 more
than the uncut plots (95% credible interval= $4.09, $809.60). The 95% credible interval overlaps
0 for plots where paper birch was left, so there is no significant difference in net timber value
among these plots and plots that were uncut in 2003. While only thinned plots were significantly
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different from the control treatment for 2016 at 6% interest, the 95% credible intervals indicate
that plots where paper birch was left are worth a mean of $229.78 more than uncut plots.
For model B-1 (Table 3, Figure 3), of net timber value in 2026 among the 1959 precommercial thinning treatments at 6% interest, the 95% credible interval overlaps 0 for control,
light thinning, heavy thinning, and species cleaning plots. There is not a significant difference in
net timber value among plots that were pre-commercially thinned and control plots in 1959.
While no pre-commercial thinning treatments were significantly different from the control
treatment for 2016 value at 6% interest, the 95% credible intervals indicate that species cleaning
plots are worth a mean of $319.35 more than control plots, heavily thinned plots are worth a
mean of $237.24 more than control plots, and lightly thinned plots are worth a mean of $9.79
more than control plots.
For model B-2 (Table 3, Figure 3), of net timber value in 2026 among the 2003
commercial thinning treatments at 4% interest, plots that were thinned are worth a mean of
$544.30 more than the uncut plots (95% credible interval= $75.32, $994.20). The 95% credible
interval overlaps 0 for plots where paper birch was left, so there is no significant difference in net
timber value among these plots and plots that were uncut in 2003. While only thinned plots were
significantly different from the control treatment for 2026 at 4% interest, the 95% credible
intervals indicate that plots where paper birch was left are worth a mean of $334.55 more than
uncut plots.
For model B-3 (Table 3, Figure 3), of net timber value in 2026 among the 1959 precommercial thinning treatments at 6% interest, the 95% credible interval overlaps 0 for control,
light thinning, heavy thinning, and species cleaning plots. There is not a significant difference in
net timber value among plots that were pre-commercially thinned and control plots in 1959.
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While no pre-commercial thinning treatments were significantly different from the control
treatment for 2026 value at 6% interest, the 95% credible intervals indicate that species cleaning
plots are worth a mean of $411.05 more than control plots, heavily thinned plots are worth a
mean of $320.73 more than control plots, and lightly thinned plots are worth a mean of $201.26
more than control plots.
For model B-4 (Table 3, Figure 3), of net timber value in 2026 among the 2003
commercial thinning treatments at 6% interest, plots where paper birch was left are worth a mean
of $506.27 more than plots that were uncut in 2003 (95% credible interval= $38.53, $956) (Table
5). Plots that were thinned are worth a mean of $669.18 more than plots that were uncut in 2003
(95% credible interval= $156.76, $1,132) (Table 5).
For models C-1, C-2, C-3, and C-4 (Table 3, Figure 3), of net timber values in 2016 and
2026 among the 1959 pre-commercial and 2003 commercial thinning treatments at 4% and 6%
interest with a 2% market price increase, the 95% credible interval overlaps 0 for all covariates,
so there are no significant differences in net timber value among these treatments. While no precommercial thinning treatments were significantly different from the control treatment for 2026
value at 4% interest with a 2% market price increase, the 95% credible intervals indicate that
species cleaning plots are worth a mean of $308.43 more than control plots, heavily thinned plots
are worth a mean of $301.94 more than control plots, and lightly thinned plots are worth a mean
of $168.83 more than control plots. While no commercial thinning treatments were significantly
different from the control treatment for 2026 at 4% interest with a 2% market price increase, the
95% credible intervals indicate that thinned plots are worth a mean of $439.70 more than uncut
plots and plots where paper birch was left are worth a mean of $340.15 more than uncut plots.
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While no pre-commercial thinning treatments were significantly different from the
control treatment for 2026 value at 6% interest with a 2% market price increase, the 95%
credible intervals indicate that species cleaning plots are worth a mean of $271.17 more than
control plots, heavily thinned plots are worth a mean of $242.61 more than control plots, and
lightly thinned plots are worth a mean of $176.37 more than control plots. While no commercial
thinning treatments were significantly different from the control treatment for 2026 at 6%
interest with a 2% market price increase, the 95% credible intervals indicate that thinned plots
are worth a mean of $437.71 more than uncut plots and plots where paper birch was left are
worth a mean of $676.67 more than uncut plots. For tables of resulting means, lower credible
intervals, and upper credible intervals for all value models, see Appendix A.
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Figure 3. Mean and 95% credible intervals compared among all models. White circles represent the mean values of
1959 pre-commercial thinning treatments. Black squares represent the mean values of the 2003 commercial thinning
treatments. Red indicates a statistically significant difference in that treatment from the control or uncut treatment.

Discussion
Pre-commercial thinning is a common silvicultural treatment used in even-aged
management of northern hardwood forests, yet few studies examine how pre-commercial
thinning influences timber value in the long term (Heitzman and Nyland 1991, Leak and
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Yamasaki 2014). While markets are unpredictable, it is important for landowners to consider
whether the costs of pre-commercial thinning are worth the return of investment. It could be a
better financial decision to wait until later in the stand rotation to thin, or to not thin at all. The
long-term study sites at the Bartlett Experimental Forest provide the opportunity to analyze how
early thinning treatments influence net timber value today and into the future. We acknowledge
the variability in replication among thinning treatments and the issues associated with a small
sample size, and therefore present our results as a case study rather than as a definitive guideline
for widespread application in all northern hardwood forests.
Previous research in the experimental thinning plots in this study found no significant
difference in stand structure and species composition among thinning treatments after 38 years
(Leak and Smith 1997). There was also no significant difference in tree growth among thinning
treatments, although species did respond variably to thinning (Leak and Solomon 1997). Our
results show that the pre-commercial thinning treatments done in 1959 at stand age 25 have no
significant influence on net timber value, in 2016 projected to 2026. Pre-commercially thinned
plots are not of greater value than control plots. Based on our results, early pre-commercial
thinning treatments do not influence net standing timber value in the long term. However, all our
models indicate that species cleaning results in the highest net timber value in the long term,
followed by heavy thinning, then light thinning. Species cleaning is the most profitable
investment of the three pre-commercial thinning treatments.
The commercial thinning treatments done in 2003 had a significant impact on 2016 net
timber value at 6% interest, with the mean revenue per harvested plot from the sale contributing
to total value. For net timber value in 2016 at 6% interest, thinned plots are worth $403.27 more
than the mean value of uncut plots. While not significant, plots where paper birch was left are
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also more valuable than plots that were uncut in 2003 at both 4% and 6% interest. We reject our
null our hypothesis of no treatment effect on plot value. Plots that were commercially thinned in
2003 are more valuable than plots that were not thinned at this time.
Diameter is often the limiting factor of grade using the grading guide from Hanks (1976).
Consequently, we predicted net timber value ten years into the future, assuming 2.54 cm (1 in)
diameter growth over this time, at a fixed market price. For 2026 net timber value at 4% interest,
thinned plots will be worth a mean of $544.60 more than the mean value of uncut plots. For
2026 net timber value at 6% interest, thinned plots will be worth a mean of $669.18 more than
the mean value of uncut plots. Plots in which paper birch was left to maintain a minimum basal
area of 11m2 will be worth a mean of $506.27 more than the mean value of uncut plots.
Assuming the same increase in diameter growth, but with a 2% increase in market price, we
found that there will be no significant difference in net timber value among the pre-commercial
and commercial thinning treatments in 2026.
Our results indicate that the early pre-commercial thinning treatments at our study site do
not yield an economic return 80 years, or even 90 years, into the rotation. While not significant,
our results also indicated that plots that received a species cleaning had the highest value,
followed by heavy thinning, followed by light thinning. However, the commercial overstory
removal of mature paper birch and aspen at stand age 69 generated revenue that outweighed the
pre-commercial costs and actually increased standing timber value in the thinned plots. The
projected increase in diameter over ten years caused enough trees in the thinned plots to increase
in grade value to be significantly more valuable than other treatment plots.
Leak (2015) concluded that the removal of paper birch and aspen provided increased
stand and diameter growth as well as a possible economic return before the loss of these early-
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maturing species from the stand, but recommends that some paper birch and aspen are retained to
contribute to the seed bank. Our results verify the economic return from the commercial
thinning, and that the removal of dominant, overstory paper birch and aspen is appropriate when
these species are abundant in a northern hardwood stand. Retaining paper birch and aspen
provide opportunities for financial return mid-rotation, and our results indicate that net timber
value in remaining species is improved in commercially thinned plots. However, forest managers
should take care to prevent logging damage during mid-rotation, commercial thinning, as it
reduces bole quality.
Further research should include a more refined experimental design, including larger
plots, consistent replication through time and subsequent treatments, and multiple field sites.
This would result in more robust statistical power and increase the ability to draw economic
inferences. Our research examines the lasting effects of pre-commercial and commercial thinning
on net timber value of the northern hardwood species at the Bartlett Experimental Forest and
lends insight into management implications of these forests.

30

Literature Cited
Carpenter, R.D. 1969. Bolt, log, and tree grades for birch. In: Doolittle, W.T. and P.E. Bruns,
comps. Birch symposium proceedings; 1969 August 19-21; Durham, NH. Upper Darby,
PA: U.S.D.A., Forest Service, Northeastern Forest Experiment Station: 26-32.
Cutter, B.E., M.V. Coggeshall, J.E. Phelps, and D.D. Stokke. 2004. Impacts of forest
management activities on selected hardwood wood quality attributes: a review. Wood and
Fiber Science 36(1) 84-97.
D’Amato, A. and M. Curzon. Personal communication. March 2017.
Ellison, A.M. 2004. Bayesian inference in ecology. Ecology Letters 7: 509-520.
Hanks, L.F. 1976. Hardwood tree grades for factory lumber. Research paper NE-333. Broomall,
PA: U.S.D.A. Forest Service, Northeastern Forest Experiment Station. 16p.
Hardwood Market Report. 2016. Memphis, TN: 94(2). http://www.hmr.com
Heitzman, E., and R.D. Nyland. 1991. Cleaning and early crop-tree release in northern hardwood
stands: a review. Northern Journal of Applied Forestry 8: 111-115.
Kass, R.E., B.P. Carlin, A. Gelman, and R.M. Neal. 1998. Markov Chain Monte Carlo in
practice: a roundtable discussion. The American Statistician 52(2): 93-100.
Leak, W.B. 2015. Dominant tree thinning in New England northern hardwoods- a second look.
Research Note NRS-201. Newtown Square, PA: U.S. Department of Agriculture, Forest
Service, Northern Research Station. 3p.
Leak, W.B. and M.L. Smith. 1997. Long-term species and structural changes after
cleaning young even-aged northern hardwoods in New Hampshire, USA. Forest
Ecology and Management 95: 11-20.

31

Leak, W.B. and D.S. Solomon. 1997. Long-term growth of crop trees after release in
northern hardwoods. North J. Appl. For. 14(3):147-151.
Leak, W.B., and M. Yamasaki. 2014. 80 years of thinning research on northern hardwoods in the
Bartlett Experimental Forest, New Hampshire. Res. Pap. NRS-20. Newtown Square PA:
U.S. Department of Agriculture, Forest Service, Northern Research Station. 8 p.
Leak, W.B., M. Yamasaki, and R. Holleran. 2014. Silvicultural guide for northern
hardwoods in the northeast. Gen. Tech. Rep. NRS-132. Newtown Square, PA: U.S.
Department of Agriculture, Forest Service, Northern Research Station. 46 p.
Li, R., B. Stewart, and A. Weiskittel. 2012. A Bayesian approach for modeling non-linear
longitudinal/hierarchical data with random effects in forestry. Forestry 85: 17-25.
Marquis, D.A. 1967. Clearcutting in northern hardwoods: results after 30 years. Research
paper NE-85. Upper Darby, PA: U.S.D.A., Forest Service, Northern Research
Station. 13p.
Marquis, D.A. 1969. Thinning in young northern hardwoods: 5-year results. U.S.D.A. Forest
Service Research Paper NE-139. Upper Darby, PA: U.S.D.A., Forest Service, Northern
Research Station. 22p.
McCauley, O.D. and D. A. Marquis. 1972. Investment in precommercial thinning of northern
hardwoods. Res. Pap. NE-245. Upper Darby, PA: U.S. Department of Agriculture Forest
Service, Northeastern Forest Experiment Station. 13 p.
Miller, G.W. 2000. Effect of crown growing space on the development of young hardwood crop
trees. Northern Journal of Applied Forestry 17(1): 25-35.
Oliver, C.D. and B.C. Larson. 1996. Forest Stand Dynamics, update ed. New York: Wiley. 520
p.

32

Plummer, M. 2016. rjags: Bayesian Graphical Models using MCMC. R package version 4-6.
https://CRAN.R-project.org/package=rjags. (Accessed 14 December 2016).
Quinn, G.P. and M.J. Keough. 2002. Experimental Design and Data Analysis for Biologists.
Cambridge University Press.
R Core Team. 2016. R: a language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria. https://cran.r-project.org.
Robison, L.J. and D.J. Leatham. 1978. Interest rates charged and amounts loaned by major farm
real estate lenders. Agricultural Economics Research 30(2): 1-9.
Rytter, L. 2013. Growth dynamics of hardwood stands during the pre-commercial thinning
phase- recovery of retained stems after release. Forest Ecology and Management 302:
264-272.
Sendak, Paul E., Leak, W.B. 2008. Early crop-tree release and species cleaning in young
northern hardwoods: a financial analysis. Res. Pap. NRS-6. Newton Square, PA: U.S.
Department of Agriculture, Forest Service, Northern Research Station. 13 p.
Sinacore, K. and T. Howard. 2015. Toward understanding economic and ecological outcomes of
selection silviculture of northern hardwoods in New England. Journal of Sustainable
Forestry 34: 319-342.
Strong, T.F., G.G. Erdmann, J.N. Niese. 1995. Forty years of alternative management practices
in second-growth, pole-size northern hardwoods. I. Tree quality development. Canadian
Journal of Forest Research 25:1173-1179.

33

CHAPTER III
ECOLOGICAL OUTCOMES OF PRE-COMMERCIAL THINNING IN NORTHERN
HARDWOOD FORESTS
Abstract
Managing forests for non-timber resources, such as wildlife habitat and biodiversity, is
increasingly important in the face of global environmental change. There are both limited and
varying reports on the influence of pre-commercial thinning in northern hardwood forests on
understory species composition and coarse woody debris volume and abundance. Our research
aims to assess whether pre-commercial thinning in northern hardwood forests influences
understory species composition, down dead wood volume and abundance, and snag basal area
and abundance from a case-study experimental thinning site at the Bartlett Experimental Forest
in Bartlett, NH, where a pre-commercial thinning occurred in 1959 and a commercial thinning
occurred in 2003. Our results indicate that the pre-commercial thinning did not influence
understory species abundance and composition, while the commercial thinning did influence
understory species abundance and composition. We also found that no thinning treatments
significantly influenced volume or abundance of down dead wood or basal area of snags. Plots
that were not thinned in 2003 had significantly more snags than plots that were thinned in 2003.
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Introduction
Northern hardwood forests, dominated by American beech (Fagus grandifolia), yellow
birch (Betula alleghaniansis), and sugar maple (Acer saccharum), cover over 8 million hectares
(20 million acres) of land across the New England states and New York (Leak et al. 2014). Other
associated northern hardwood species include red maple (Acer rubrum), white ash (Fraxinus
americanus), paper birch (Betula papyrifera), and bigtooth aspen (Populus grandidentata). The
northern hardwood forest provides timber products ranging from veneer to biomass, with the
diverse species composition contributing to a wide array of economic opportunity (Leak et al.
2014). In addition to timber value, the northern hardwood forest provides year-round recreation
opportunities, wildlife habitat for over 200 vertebrate species, and valuable watershed protection
services (Leak et al. 2014; Marquis 1967).
The primary intermediate treatments used in northern hardwood forest management are
pre-commercial and commercial thinning. These methods can be used to improve forest stand
quality and promote growth of desired species, with greater water and nutrient availability for the
remaining crop trees (Cutter et al. 2004). In northern hardwood forests, pre-commercial thinning
consists of removing competing trees from around selected crop trees (Leak et al. 2014). Precommercial thinning usually occurs in the stand initiation stage of stand development, with intent
to reduce competition leading to increased growth in selected crop trees (Oliver and Larson
1996). Commercial thinning is performed later in the rotation when enough trees have reached
merchantability for a profitable harvest. While there are several studies that address how precommercial thinning in northern hardwood forests influences tree species growth, composition,
and stand development, there is little research on how pre-commercial thinning influences
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northern hardwood understory species composition and down dead wood abundance (Goodburn
and Lorimer 1998, Leak and Yamasaki 2014).
Managing forests for diversity is increasingly important for many landowners and forest
managers, especially when managing for ecosystem services (Messier et al. 2013). Understory
species have an important role in the forest ecosystem as they can influence forest regeneration,
wildlife habitat, water and nutrient cycling, and forest productivity (Metzger and Schultz 1984).
Previous research found both a loss in understory species diversity after harvesting (Ruben et al.
1999) and minimal effects of harvesting on understory species diversity in the long term
(Metzger and Schultz 1984, Scheller and Mladenoff 2002). In a thinning study in spruce
plantations, understory species increased in richness and abundance after thinning, but
disturbance sensitive species were more abundant in unthinned controls (Haughian and Frego
2016). Both light availability and site characteristics influence understory species compositional
development post-harvest (Duguid et al. 2013). Timber harvesting alters light availability
through the forest canopy and creates soil disturbance through both soil scarification and
compaction (Zenner and Berger 2008).
Coarse woody debris, including down dead wood and snags, is widely recognized as an
important component of both functional and structural forest diversity (DeGraaf and Shigo 1985,
Yamasaki and Leak 2006, Kershaw et al. 2016). Coarse woody debris has an important role in
nutrient cycling and carbon storage in forest ecosystems (Goodburn and Lorimer 1998, Janisch
and Harmon 2002). Snags provide shelter, foraging sites, and roosts for species ranging from
fungi to birds and mammals (Healy et al. 1989, Goodburn and Lorimer 1998, Leak and
Yamasaki 2006). Over 40 northern hardwood vertebrate species, including the redback
salamander, red-backed vole, and pine marten, are dependent on down dead wood for habitat
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(DeGraaf et al. 2005). Diameter size of coarse woody debris is important for habitat suitability,
as several species prefer larger diameter coarse woody debris for nesting cavities (Goodburn and
Lorimer 1998).
In a study comparing down dead wood abundance among single-tree selection, small
group selection, and untreated control sites in northern hardwood forests, there was significantly
greater volume and abundance of dead wood in the small group and control treatments, as more
trees reached maturity and died (Sinacore and Howard 2015). Fast et al. (2008) found that
complete decay of fallen and dead standing trees of small diameter classes occurred after around
20 years. Another study shows decay rates of down dead wood are faster in unmanaged northern
hardwood stands than in managed northern hardwood stands, and indicates that there can be an
increase in down dead wood abundance for up to twenty years after harvesting (Vanderwel et al.
2008). Previous research in even-aged stand management shows reduced abundance of down
dead wood as compared to unmanaged forests in the Great Lakes region (Goodburn and Lorimer
1998). However, there is little research on down dead wood abundance in even-age management
in northeastern northern hardwood forests.
Many of the previous studies on pre-commercial thinning in northern hardwood forests
come from a long-term pre-commercial and commercial thinning experiment from the Bartlett
Experimental Forest (BEF) in Bartlett, New Hampshire, established after a 1933-1935 clearcut.
The BEF literature on the pre-commercial thinning experiment includes stand development 25
years post-clearcut (Marquis 1969), an early financial analysis (McCauley and Marquis 1972),
crop-tree growth mid-rotation (Leak and Solomon 1997), species and structural dynamics of the
stand (Leak and Smith 1997), and a later financial analysis when the stand was 56 and 69 years
old (Leak and Sendack 2008). The associated literature on commercial thinning looks at stand
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growth, composition, and structure post-harvest (Leak 2015). The rich documentation of stand
development through time provides an opportunity to observe ecologic outcomes of these
thinning treatments.
Our research objective is to assess whether pre-commercial and commercial thinning in
northern hardwood forests influence understory species composition, down dead wood volume
and abundance, and snag density and abundance, as compared to sites that have never been
harvested. We predict that increased light availability from pre-commercial treatments will
increase understory species diversity, and that site characteristics such as elevation, adjacency to
riparian areas, and adjacency to historic skid trails will also influence understory species
composition. We predict that the 1959 pre-commercial treatments have no influence on down
dead wood volume and abundance or snag density and abundance, as enough time has passed for
complete decay of fallen and dead standing trees of small diameter classes. We predict that down
dead wood will have greater volume in the reference plots (see methods), as trees in these plots
have larger diameter and are more likely to face mortality from age. We also predict that uncut
plots will have a greater abundance of down dead wood and snags than plots that received
commercial thinning treatments in 2003, as the remaining paper birch and bigtooth aspen will
likely have reached maturity and died. Our null hypothesis is that the pre-commercial thinning
treatments in 1959 and the commercial thinning treatments in 2003 have no effect on understory
species composition, down dead wood volume and abundance, and snag density and abundance.
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Methods
Site Description
The research area is in Compartment 22 of
the Bartlett Experimental Forest (BEF) in the
White Mountain National Forest, Bartlett, New
Hampshire (Figures 4 and 5). All plots are located
between 335 and 396 meters (1100-1300 ft) in
elevation on a northern-facing slope, on welldrained glacial till soil (Marquis 1969). A clearcut
of the stand occurred during the winters of 19331935, making it a second-growth stand (Marquis

Figure 4. Location of the Bartlett
Experimental Forest in Bartlett, NH.

1969). Some large white ash was left as seed trees
(Marquis 1967). American beech, yellow birch, and sugar maple dominated the stand prior to
harvesting, with small amounts of red maple, white ash, and paper birch also present in the
overstory (Marquis 1967).
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Figure 5: Location of Compartment 22 of the Bartlett Experimental Forest in Bartlett, NH

A crop tree release with four treatments occurred in 1959 when the stand was 25 years
old. The treatments were: heavy thinning, light thinning, species removal, and control (Marquis
1969). A dominant tree removal of paper birch and aspen occurred in 2003 when the stand was
69 years old, and in some plots paper birch and aspen were retained to maintain a minimum basal
area of at least 11 m2 per hectare (50 ft2 per acre) (Leak 2015). Plots 1-20 (Table 6) represent the
1959 and 2003 thinning treatments. We established four one-tenth hectare (¼ acre) plots directly
south and upslope of the historic thinning plots (21-24, Table 6) to act as reference plots. These
plots had a buffer zone of 20 meters (one chain) between them as well as between the thinning
treatment plots. There is no record of timber harvesting on these new plots.
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Table 4. Pre-commercial and commercial thinning treatments for each experimental plot. 1959 treatments include
light thinning (n=5), heavy thinning (n=5), species cleaning (n=5), control (n=5), and reference (n=4). 2003
treatments include thinning (n=7), paper birch left (n=8), uncut (n=5), and reference (n=4).
Plot
1959 Treatment
2003 Treatment
1
Light
Uncut
2
Clean
Paper birch left
8
Clean
Paper birch left
13
Clean
Paper birch left
3
Light
Thin
4
Control
Uncut
7
Control
Uncut
5
Control
Paper birch left
12
Control
Paper birch left
6
Heavy
Uncut
9
Heavy
Uncut
10
Light
Paper birch left
11
Light
Paper birch left
14
Light
Paper birch left
15
Heavy
Thin
17
Heavy
Thin
18
Heavy
Thin
16
Clean
Thin
20
Clean
Thin
19
Control
Thin
21
None
None
22
None
None
23
None
None
24
None
None

In 2015, the plots thinned in 2003 were dominated in the overstory by white ash,
sugar maple, and yellow birch, with an average basal area of 17 m2 per hectare (75 ft2 per acre)
left in each plot (Leak 2015). The plots that were not thinned in 2003 are dominated in the
overstory by paper birch, sugar maple, and red maple, with an average basal area of 32 m2 per
hectare (140 ft2 per acre) in each plot (Leak 2015). In 2014, understory stems were five times
more abundant in thinned plots than unthinned plots (Leak 2015).
Sampling
We collected data in July of 2016. Down dead wood was measured using line-intersect
sampling (LIS), which minimizes non-detection errors (Jordan et al. 2004, Kershaw et al. 2016).
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We used two lines in each plot, with the lines running diagonally from corner to corner, making
a cross. For each piece of down dead wood greater than or equal to 7.5 cm (3 in) that intersected
the line, we identified species, if possible. We measured diameter of the piece at the point it
crossed the line to the nearest 0.254 cm (0.1 in) using calipers and length of the piece using a
measuring tape. We determined angle of the wood from the horizontal using a compass, and
slope of the wood using a clinometer to account for slope correction in data analysis, as ignoring
slope can cause bias in deadwood estimates (Kershaw et al. 2016). Decay class on a scale of 1-5
was noted, where 1 represents a recently fallen log and 5 represents a highly decomposed log
based on presence of bark, twigs, structural integrity, and color (Table 7, Woodall and Monleon
2008).
Decay
class
1
2

Table 5. Description of down dead wood decay classes from Woodall and Monleon (2008).
Structural integrity
Texture of rotten
Color of
Invading
Branches and twigs
portions
wood
roots
Sound, freshly fallen,
Intact, no rot; conks
Original
Absent
Branches are present,
intact logs
of stem; decay absent color
fine twigs are attached
and have tight bark
Sound
Mostly intact; soft
Original
Absent
Branches are present,
(starting to decay) but color
many fine twigs are
cannot be pulled apart
absent, remaining have
by hand
peeling bark

3

Heartwood sound, piece
supports its own weight

4

Heartwood rotten; piece
does not support its
own weight, but
maintains its shape
None; piece no longer
maintains its shape; it is
spread out on the
ground

5

Hard, large pieces,
sapwood can be
pulled apart by hand
or is absent
Soft, small, blocky
pieces; metal pin can
be pushed into
heartwood
Soft, powdery when
dry

Reddishbrown or
original
color
Reddish or
light brown

Sapwood
only

Branch stubs will not
pull out

Throughout

Branch stubs pull out

Red-brown
to dark
brown

Throughout

Branch stubs and pitch
pockets have usually
rotted down

In every plot, all snags greater than 11 cm (4 in) were tallied. We identified species where
possible. We used a diameter tape to measure diameter at breast height (DBH; measured 1.37 m
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above the ground to the closest 0.254 cm (0.1 in). Height was measured using a TruPulse360
laser hypsometer.
We sampled understory vegetation from four milacre circular plots (Leak 2015). To
capture variance across each plot, milacre plots were located at the center of each quadrant
created by the cross from the LIS. In each milacre plot, we identified and counted all vegetation
less than or equal to 3 m (10 ft) in height.
Understory Analysis
In total, we tallied 24 unique species less than or equal to 3 m (10 ft) in height in the
understory, all of which are common in northern hardwood forests (Filip and Little 1971). To
prepare the data for the multivariate analyses, we created two data matrices. The first data matrix
contained species abundance in each one-tenth hectare (¼ acre) plot, with summed values from
each milacre plot. The second data matrix had the following categorical variables: 1959
treatment, 2003 treatment, if the plot had a riparian area, if the plot had evidence of a skid road,
and if the plot was between 335-365 m (1100-1200 ft) in elevation or 365-396 m (1200-1300 ft)
in elevation. We thought that presence of a riparian area, old skid roads, and elevation could
have an effect on understory species abundance and composition and therefore decided to test
these additional environmental factors along with treatment effects.
Nonmetric Multidimensional Scaling
We analyzed data in R 3.3.2 (R Core Team, 2016) using the vegan package (Okansen et
al. 2016). We performed a nonmetric multidimensional scaling (NMS) ordination to visualize
and quantify differences in species composition among plots (Scheller and Mladenoff 2002).
NMDS avoids the assumption of a linear relationship among variables and is considered to be an
effective ordination method for ecological data (McCune and Grace 2002). We used Bray-Curtis
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distance, with random starting configurations and 20 runs with real data. We assessed
dimensionality starting with 6 dimensions and decreasing the number of dimensions for best fit
until the final solution was reached with 3 dimensions, where stress = 9.97 (McCune and Grace
2002).
Multiplicative Response Permutation Procedure
A multiplicative response permutation procedure (MRPP) is a nonparametric procedure
for testing hypotheses positing no difference between multiple groups. It does not require any
distributional assumptions (McCune and Grace 2002). An MRPP was performed using the vegan
package (Okansen et al. 2016) in R 3.3.2 (R Core Team, 2016) using Euclidean distance, with
999 free permutations, to test for significant differences among understory species abundance
and the pre-commercial thinning treatments in 1959 and 2003, as well as the following site
characteristics: riparian area, skid road adjacency, and elevation class.
Indicator Species Analysis
An indicator species analysis (ISA) was performed to assess if any understory species
were indicators of certain treatments or site characteristics using the labdsv package (Roberts
2016) in R 3.3.2 (R Core Team, 2016). ISA works well alongside an MRPP and gives a good
description of how the species present separate among groups (McCune and Grace 2002).
Down Dead Wood Analysis
Prior to statistical analysis, we calculated the length factor, the volume factor, and the
piece factor for each measured piece of down dead wood, including the slope correction factor,
using the following equations from Kershaw et al. (2016). The equation used to determine length
factor is as follows:
𝐿𝑒𝑛𝑔𝑡ℎ 𝐹𝑎𝑐𝑡𝑜𝑟 =

10000𝜋
(2 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑖𝑛𝑒 )
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The equation used to determine volume factor is as follows:
𝑉𝑜𝑙𝑢𝑚𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =

𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
∗ 𝑙𝑒𝑛𝑔𝑡ℎ 𝑓𝑎𝑐𝑡𝑜𝑟
cos 𝑠𝑙𝑜𝑝𝑒 𝑟𝑎𝑑𝑖𝑎𝑛𝑠

Where cross sectional area is:
𝐶𝑟𝑜𝑠𝑠 𝑆𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝐴𝑟𝑒𝑎 = 0.00007854 ∗ 𝐷𝐵𝐻 !

The equation to determine piece factor is as follows:
𝑃𝑖𝑒𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =

𝑙𝑒𝑛𝑔𝑡ℎ 𝑓𝑎𝑐𝑡𝑜𝑟
(𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒 𝑙𝑖𝑛𝑒 cos 𝑠𝑙𝑜𝑝𝑒 𝑟𝑎𝑑𝑖𝑎𝑛𝑠 )

We calculated the volume per hectare for each plot by summing the volume factors for
each measured piece of down dead wood in a plot, then dividing the summed volume factor by
the number of sample lines in each plot. We calculated the number of pieces of down dead wood
per hectare for each plot by summing the piece factors for each measured piece of down dead
wood in a plot, then dividing the summed piece factor by the number of sample lines in each
plot.
To test for differences in abundance and volume of down dead wood among treatment
plots, we created a Bayesian linear regression model in R 3.3.2 (R Core Team, 2016) using the
rjags package (Plummer 2016). We chose to use a Bayesian analysis with uninformative priors
to yield more robust results with the variable replication of the plots among the 1959 and 2003
thinning treatments. The Bayesian approach yields similar results to mixed effects modeling, a
common approach used in forestry without distributional assumptions typical of the frequentist
approach (Li et al. 2012). A Bayesian model treats parameters as random variables and produces
a posterior probability distribution (Ellison 2004). In this case, the 95% credible interval is
interpreted as the 95% probability that the volume and abundance of down dead wood among
treatment plots is within a range of values. Our testable hypothesis is that thinning treatments
have no impact on down dead wood volume and abundance, so if the credible interval overlaps
0, then there is no significant difference among those thinning treatments.
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To run a Bayesian model in rjags, we first define the model and data. All models used
either volume or pieces per hectare as response variables and the 1959 and 2003 thinning
treatments as binary predictor variables in a linear regression (Table 8). Models using volume
per hectare as the response variable were log transformed to meet distribution assumptions. For
the 1959 treatments, we coded the reference plots as zeroes as a reference category. We coded
the control, heavy thinning, light thinning, and species cleaning plots as ones, where each
respective treatment was used, to test if the pre-commercial treatments had more or less volume
and pieces per hectare of down dead wood than reference plots. For the 2003 treatments, we
coded the reference plots as zeroes as a reference category. We coded uncut plots, thinned plots
and paper birch left plots as ones, where each respective treatment was used, to test if the
commercial treatments had more or less volume and pieces per hectare of down dead wood than
reference plots. (Quinn and Keough 2002).
We used uninformative priors with a normal distribution (Table 8) to improve model
convergence. We ran all models using three Markov Chain Monte Carlo (MCMC) chains, as
multiple MCMC chains are recommended for convergence diagnostics (Kass et al. 1998).
MCMC chains are a computational method used to sample from a prior probability distribution
to generate a posterior probability distribution. We assessed convergence of MCMC chains
visually with trace and density plots and Gelman plots in addition to autocorrelation plots for the
intercept and all covariates.
The model for down dead wood volume per hectare (m3) for the 1959 thinning treatments
is as follows, where α represents the intercept and β variables represent the slope coefficients
(Table 8):
𝑉𝑜𝑙𝑢𝑚𝑒 𝑚 ! 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 + 𝛽! 𝐿𝑖𝑔ℎ𝑡 + 𝛽! 𝐻𝑒𝑎𝑣𝑦 + 𝛽! 𝐶𝑙𝑒𝑎𝑛
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The models for volume per hectare (m3) the 2003 thinning treatments is as follows, where α
represents the intercept and β variables represent the slope coefficients (Table 8):
𝑉𝑜𝑙𝑢𝑚𝑒 𝑚 ! 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝑇ℎ𝑖𝑛 + 𝛽! 𝑃𝑎𝑝𝑒𝑟 𝐵𝑖𝑟𝑐ℎ 𝐿𝑒𝑓𝑡 + 𝛽! 𝑈𝑛𝑐𝑢𝑡

The conceptual model for pieces per hectare for the 1959 thinning treatments is as follows,
where α represents the intercept and β variables represent the slope coefficients (Table 8):
𝑃𝑖𝑒𝑐𝑒𝑠 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 + 𝛽! 𝐿𝑖𝑔ℎ𝑡 + 𝛽! 𝐻𝑒𝑎𝑣𝑦 + 𝛽! 𝐶𝑙𝑒𝑎𝑛

The conceptual models for pieces per hectare for the 2003 thinning treatments is as follows,
where α represents the intercept and β variables represent the slope coefficients (Table 8):
𝑃𝑖𝑒𝑐𝑒𝑠 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝑇ℎ𝑖𝑛 + 𝛽! 𝑃𝑎𝑝𝑒𝑟 𝐵𝑖𝑟𝑐ℎ 𝐿𝑒𝑓𝑡 + 𝛽! 𝑈𝑛𝑐𝑢𝑡
Table 6. Bayesian linear regression model parameters for down dead wood in rjags.
Response
Variable
Volume
(m3)/ha
Volume
(m3)/ha
Pieces/ha
Pieces/ha

Thinning
Treatment
Year
1959

Uninformative
Prior
Distribution
(0, 0.02)

Number
of
Iterations
5,000,000

Discarded
Burn-in
Iterationsa
100,000

Thinning
Intervalb
150

Final
Posterior
Sample
Sizec
33,334

2003

(0, 0.03)

5,000,000

100,000

150

33,334

1959
2003

(0, 0.00001)
(0, 0.00001)

2,000,000
3,000,000

100,000
200,000

10
10

2,050,000
3,050,000

a

Iterations are discarded as burn-ins so the starting point of the chains are random (Kass et al. 1997).
The thinning interval is used to reduce autocorrelation in MCMC sampling chains.
c
Final posterior sample size is the number of samples generated in the posterior distribution, or the posterior density
b

Snag Analysis
We calculated the basal area per hectare and the snags per hectare for each treatment plot.
To calculate basal area per hectare for each plot, we first calculated the basal area represented by
each snag, multiplied this value by an expansion factor to get the basal area per acre represented
by each snag, and summed this value for total basal area per plot. To calculate snags per hectare
for each plot, we added the total number of snags per plot and multiplied this value by an
expansion factor to determine the total number of snags per hectare represented by each
treatment plot.
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To test for differences in snag abundance and density among treatment plots, we created
a Bayesian linear regression model in R 3.3.2 (R Core Team, 2016) using the rjags package
(Plummer 2016). We chose to use a Bayesian analysis with uninformative priors for the same
reasons described earlier for down dead wood. In this case, the 95% credible interval is
interpreted as the 95% probability that the snag abundance and density among treatment plots is
within a range of values. Our testable hypothesis is that thinning treatments have no impact on
snag density and abundance, so if the credible interval overlaps 0, then there is no significant
difference among those thinning treatments.
To run a Bayesian model in rjags, we first define the model and data. All models used
either basal area or number of snags per hectare as response variables and the 1959 and 2003
thinning treatments as binary predictor variables in a linear regression (Table 9).
We used uninformative priors with a normal distribution (Table 9) to improve model
convergence. We ran all models using three Markov Chain Monte Carlo (MCMC) chains, as
multiple MCMC chains are recommended for convergence diagnostics (Kass et al. 1998).
MCMC chains are a computational method used to sample from a prior probability distribution
to generate a posterior probability distribution. We assessed convergence of MCMC chains
visually with trace and density plots and Gelman plots in addition to autocorrelation plots for the
intercept and all covariates.
The model for basal area per hectare (m2) for the 1959 thinning treatments is as follows,
where α represents the intercept and β variables represent the slope coefficients (Table 9):
𝐵𝑎𝑠𝑎𝑙 𝐴𝑟𝑒𝑎 𝑚 ! 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 + 𝛽! 𝐿𝑖𝑔ℎ𝑡 + 𝛽! 𝐻𝑒𝑎𝑣𝑦 + 𝛽! 𝐶𝑙𝑒𝑎𝑛

The model for basal area per hectare (m2) the 2003 thinning treatments is as follows, where α
represents the intercept and β variables represent the slope coefficients (Table 9):
𝐵𝑎𝑠𝑎𝑙 𝐴𝑟𝑒𝑎 𝑚 ! 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝑇ℎ𝑖𝑛 + 𝛽! 𝑃𝑎𝑝𝑒𝑟 𝐵𝑖𝑟𝑐ℎ 𝐿𝑒𝑓𝑡 + 𝛽! 𝑈𝑛𝑐𝑢𝑡
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The conceptual model for snags per hectare for the 1959 thinning treatments is as follows, where
α represents the intercept and β variables represent the slope coefficients (Table 9):
𝑆𝑛𝑎𝑔𝑠 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 + 𝛽! 𝐿𝑖𝑔ℎ𝑡 + 𝛽! 𝐻𝑒𝑎𝑣𝑦 + 𝛽! 𝐶𝑙𝑒𝑎𝑛

The conceptual models for snags per hectare for the 2003 thinning treatments is as follows,
where α represents the intercept and β variables represent the slope coefficients (Table 9):
𝑆𝑛𝑎𝑔𝑠 𝑝𝑒𝑟 𝐻𝑒𝑐𝑡𝑎𝑟𝑒 = 𝛼 + 𝛽! 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 + 𝛽! 𝑇ℎ𝑖𝑛 + 𝛽! 𝑃𝑎𝑝𝑒𝑟 𝐵𝑖𝑟𝑐ℎ 𝐿𝑒𝑓𝑡 + 𝛽! 𝑈𝑛𝑐𝑢𝑡
Table 7. Bayesian linear regression model parameters for snags in rjags.
Response
Variable
Basal area
(m2)/ha
Basal area
(m2)/ha
Snags/ha
Snags/ha

a

Thinning
Treatment
Year
1959

Uninformative
Prior
Distribution
(0, 0.001)

Number
of
Iterations
1,000,000

Discarded
Burn-in
Iterationsa
60,000

Thinning
Intervalb
20

Final
Posterior
Sample
Sizec
50,000

2003

(0, 0.001)

3,000,000

75,000

30

1,050,000

1959
2003

(0, 0.001)
(0, 0.001)

1,000,000
3,000,000

75,000
75,000

10
10

1,050,000
3,050,000

Iterations are discarded as burn-ins so the starting point of the chains are random (Kass et al. 1997).
The thinning interval is used to reduce autocorrelation in MCMC sampling chains.
c
Final posterior sample size is the number of samples generated in the posterior distribution, or the posterior density
b

Results
Understory
Nonmetric Multidimensional Scaling
The best ordination fits are for the 2003 commercial thinning treatment (p=0.005) and
elevation class (p=0.001). Skid road (p=0.013) and riparian adjacency (p=0.031) also had good
ordination fits, although less so than the 2003 commercial thinning treatment and elevation class.
The 1959 pre-commercial thinning had a weak ordination fit as compared to the other variables
(p=0.094).
In thinned plots from the 2003 commercial thinning, eastern hemlock (Tsuga
canadensis), red spruce (Picea rubens), bigtooth aspen (Populus grandidentata), red maple (Acer
rubrum), wood sorrel (Oxalis montana), and witch hazel (Hamamelis virginiana) were most
abundant (Figure 6). In uncut and reference plots from the 2003 commercial thinning,
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sarsaparilla (Aralia nudicaulis), trillium (Trillium spp.), Canada yew (Taxus canadensis),
American beech (Fagus grandifolia), and sugar maple (Acer saccharum) were more abundant
(Figure 6).
Elevation also played an important role in understory species abundance, with red spruce,
eastern hemlock, club moss (Lycopodium spp.), red maple, bigtooth aspen, hobblebush
(Viburnum lantanoides), and witch hazel associating with an elevation of 335-365 m, and
American beech, trillium, sugar maple, striped maple (Acer pensylvanicum), and Canada yew
associating with an elevation of 365-396 m (Figure 7).

Figure 6. NMS ordination of understory species among treatment plots with an overlay of 2003 commercial
thinning treatments (p=0.005). Species abbreviations are the first two letters of genus and first three letters of
species, for example ACRUB is Acer rubrum.
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Figure 7. NMS ordination of understory species among treatment plots with an overlay of elevation class. Elevation
class 1 represents plots located from 335-365 m and elevation class 2 represents plots located from 365-396 m
(p=0.001). Species abbreviations are the first two letters of genus and first three letters of species, for example
ACRUB is Acer rubrum.

Multiplicative Response Permutation Procedure
Understory species abundances were significantly different among the 2003 commercial
thinning treatments (p=0.001, A=0.151) and between elevation classes (p=0.009, A=0.039).
There were no significant differences in understory species abundance among the 1959 precommercial thinning treatments (p=0.07, A=0.0485), adjacency to skid roads (p=0.286,
A=0.006), and adjacency to riparian areas (p=0.103, A=0.017).
Indicator Species Analysis
The ISA results include an indicator value, which is the frequency of plots of that
category in which the species occurs, as well as a p-value that indicates significance. For a
complete list of indicator species by treatment and site characteristics, see Table 10. Overall,
undisturbed sites are characterized by American beech.
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Table 8. Results of the Indicator Species Analysis (ISA).
Group

Cluster

Species

1959 Treatment

Reference

Fagus grandifolia

0.5994

0.006

2003 Treatment

Reference

Fagus grandifolia

0.6762

0.002

Reference

Fraxinus americana

0.4654

0.010

Paper birch left

Rubus allegheniensis

0.5720

0.016

Thin

Viburnum latanoides

0.5023

0.038

Thin

Lycopodium obscurum

0.4286

0.050

Uncut

Acer pensylvanicum

0.4155

0.006

no

Acer pensylvanicum

0.6913

0.017

yes

Lycopodim spp

0.608

0.041

yes

Lycopodium obscurum

0.3855

0.038

no

Fagus grandifolia

0.7952

0.049

yes

Mitchella repens

0.9785

0.001

yes

Aralia nudicaulis

0.8053

0.005

yes

Lycopodim spp

0.5477

0.045

yes

Rubus allegheniensis

0.5374

0.026

335-365 m

Acer rubrum

0.5976

0.007

335-365 m

Lycopodium obscurum

0.5521

0.013

365-396 m

Taxus canadensis

0.7716

0.005

Riparian Area

Skid Road

Elevation Class

Indicator Value

p-value

Down Dead Wood
For the model of volume of down dead wood per hectare among the 1959 precommercial thinning treatments (Table 8), the 95% credible interval overlaps 0 for all covariates,
so there is no significant difference in volume of down dead wood per hectare among control,
lightly thinned, heavily thinned, and species cleaning treatment plots and the reference plots
(Figure 8). While no pre-commercial thinning treatments were significantly different from the
reference treatment, the Bayesian analysis allows us to examine the 95% credible interval for
each treatment and compare posterior distributions. Control, heavily thinned, and species
cleaning plots have less down dead wood volume per hectare than reference plots. Lightly
thinned pots had more down dead wood volume per hectare than reference plots (Figure 8).
For the model of volume of down dead wood per hectare among the 2003 commercial
thinning treatments (Table 8), uncut plots have a mean volume of 1.608 m3 per hectare more than
the reference plots. The 95% credible interval overlaps 0 for plots where paper birch was left and
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thinned plots, so there is no significant difference in volume of down dead wood per hectare
among these treatment plots and the reference plots (Figure 8). While thinned plots and plots
where paper birch was left were not significantly different from the reference plots, the 95%
credible intervals indicate that both thinning treatments had less down dead wood volume per
hectare than reference and uncut plots (Figure 8).

Figure 8. Mean and 95% credible intervals compared between the two models of down dead wood volume (m3) per
hectare. White circles represent the mean log transformed volume per hectare of 1959 pre-commercial thinning
treatments. Black squares represent the mean log transformed volume per hectare of 2003 commercial thinning
treatments. Red indicates a statistically significant difference in that treatment from the other treatments of the same
year.

For the model of pieces of down dead wood per hectare among the 1959 pre-commercial
thinning treatments (Table 8), the 95% credible interval overlaps 0 for all covariates, so there is
no significant difference in pieces of down dead wood per hectare among lightly thinned, heavily
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thinned, and species cleaning treatment plots and the reference plots (Figure 9). While no precommercial thinning treatments were significantly different from the reference treatment, the
95% credible intervals indicate that of the pre-commercial treatments, species cleaning plots had
the most pieces of down dead wood per hectare, followed by heavily thinned plots, then control
plots. Lightly thinned plots had the fewest pieces of down dead wood per hectare (Figure 9)
For the model of pieces of down dead wood per hectare among the 2003 commercial
thinning treatments (Table 8), plots that were uncut in 2003 have a mean of 511.6077 more
pieces per hectare than the reference plots (95% credible interval= 153.64, 849.5). The 95%
credible interval overlaps 0 for plots where paper birch was left and thinned plots, so there is no
significant difference in pieces of down dead wood per hectare among these treatment plot and
the reference plots (Figure 10). While thinned plots and plots where paper birch was left were
not significantly different from the reference plots, the 95% credible intervals indicate that both
thinning treatments had fewer pieces of down dead wood per hectare than reference and uncut
plots. Thinned plots had the fewest pieces of down dead wood per hectare (Figure 9). For tables
of resulting means, lower credible intervals, and upper credible intervals for all down dead wood
models, see Appendix B.
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Figure 9. Mean and 95% credible intervals compared between the two models of pieces of down dead wood per
hectare. White circles represent the mean pieces per hectare of 1959 pre-commercial thinning treatments. Black
squares represent the mean pieces per hectare of 2003 commercial thinning treatments. Red indicates a statistically
significant difference in that treatment from the other treatments of the same year.

Snags
For the model of basal area of snags per hectare among the 1959 pre-commercial thinning
treatments (Table 9), the 95% credible interval overlaps 0 for all covariates, so there is no
significant difference in basal area of snags per hectare among control, lightly thinned, heavily
thinned, and species cleaning treatment plots and the reference plots (Figure 10). While no precommercial thinning treatments were significantly different from the reference treatment, the
posterior distributions indicate that of the pre-commercial treatments, heavily thinned plots had
the greatest basal area of snags per hectare, followed by control plots, and then lightly thinned
plots. Species cleaning plots had the fewest pieces of down dead wood per hectare (Figure 10)
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For the model of basal area of snags per hectare among the 2003 commercial thinning
treatments (Table 9), the 95% credible interval overlaps 0 for all covariates, so there is no
significant difference in basal area of snags per hectare among thinned, uncut, and plots where
paper birch was left and the reference plots (Figure 10). While no commercial thinning
treatments were significantly different from the reference treatment, the 95% credible intervals
indicate that of the commercial treatments, uncut plots had the greatest basal area of snags per
hectare (Figure 10). Thinned plots and plots that where paper birch was left have less basal area
per hectare than uncut plots and reference plots.

Figure 10. Mean and 95% credible intervals compared between the two models of snag basal area (m2) per hectare.
White circles represent the mean snag basal area per hectare of 1959 pre-commercial thinning treatments. Black
squares represent the mean snag basal area per hectare of 2003 commercial thinning treatments.
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For the model of snags per hectare among the 1959 pre-commercial thinning treatments
(Table 9), the 95% credible interval overlaps 0 for all covariates, so there is no significant
difference in snags per hectare among control, lightly thinned, heavily thinned, and species
cleaning treatment plots and the reference plots (Figure 11). While no pre-commercial thinning
treatments were significantly different from the reference treatment, the 95% credible intervals
indicate that of the pre-commercial treatments, control plots had the most snags per hectare,
followed by lightly and heavily thinned plots. Species cleaning plots had the fewest snags per
hectare (Figure 11)
For the model of snags per hectare among the 2003 commercial thinning treatments
(Table 8), plots that were uncut in 2003 have a mean of 45.00555 more snags per hectare than
reference plots (95% credible interval= 11.17, 77.06). The 95% credible interval overlaps 0 for
the plots where paper birch was left and thinned plots, so there is no significant difference in
snags per hectare among these treatment plots and reference plots (Figure 11). While thinned
plots and plots where paper birch was left were not significantly different from the reference
plots, the 95% credible intervals indicate that both thinning treatments had fewer pieces of down
dead wood per hectare than reference and uncut plots (Figure 11). For tables of resulting means,
lower credible intervals, and upper credible intervals for all down dead wood models, see
Appendix C.
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Figure 11. Mean and 95% credible intervals compared between the two models of snags per hectare. White circles
represent the mean snags per hectare of 1959 pre-commercial thinning treatments. Black squares represent the mean
snags per hectare of 2003 commercial thinning treatments. Red indicates a statistically significant difference in that
treatment from the other treatments of the same year.

Discussion
Managing forests for ecological values, such as diversity, wildlife habitat, carbon storage,
and nutrient cycling has becoming increasingly more important as we understand the critical role
of ecosystem services. Timber harvesting has the potential to influence these ecological values
by affecting the understory species, down dead wood abundance and volume, and snag density
and abundance. By assessing and understanding the impacts of pre-commercial and commercial
thinning on these environmental variables, land managers and owners can make decisions to
increase the potential for ecosystem services. The long-term study sites at the Bartlett
Experimental Forest provide the opportunity to examine how pre-commercial and commercial
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thinning treatments influence forest resiliency. We acknowledge the variability in replication
among thinning treatments and the issues associated with a small sample size, and therefore
would like to demonstrate our results as a case study rather than for widespread application in all
northern hardwood forests.
From an ecological perspective, understory species appear to be resilient to disturbance
from pre-commercial thinning 57 years post-treatment. The 1959 pre-commercial thinning did
not have a significant influence on the understory species composition and abundance in 2016,
suggesting that early pre-commercial thinning does not impact understory species in the long
term and northern hardwood understory species are resilient to disturbance, which is consistent
with previous literature (Metzger and Schultz 1984). American beech is the only species
significantly associated with the 1959 treatments, in the reference plots. Historic skid road
adjacency and riparian area adjacency also did not have a significant influence on understory
species abundance and composition in the treatment plots in the thirteen years post-harvest. Club
moss and ground pine (Lycopodium obscurum) are significantly associated with riparian areas,
and striped maple is significantly associated with non-riparian areas. Partridgeberry (Mitchella
repens), wild sarsaparilla, club moss, and blackberry (Rubus allegheniensis) are significantly
associated with historic skid roads, while American beech is significantly associated with areas
without evidence of skid roads.
The commercial thinning that took place in 2003 significantly influenced understory
species composition and abundance in 2016. The removal of overstory paper birch and bigtooth
aspen allowed light to reach the forest floor, which changed the understory species dynamic by
creating microsite habitats and increasing resource availability (Metzger and Schultz 1984,
Zenner and Berger 2008, Duguid et al. 2013). American beech and white ash are significantly
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associated with reference plots, blackberry is significantly associated with plots where paper
birch was left, hobblebush and ground pine are significantly associated with thinned plots, and
striped maple is significantly associated with uncut plots.
Elevation plays a significant role in understory species composition within the treatment
plots, although the reference plots and several plots that were uncut in 2003 were in the higher
elevation class, and our analyses were unable to determine the nuances of this interaction. Red
maple is significantly associated with lower elevation plots, and ground pine and Canada yew are
significantly associated with higher elevation plots.
Changes in down dead wood volume and abundance and snag density and abundance are
not evident 57 years post-treatment, likely because northern hardwood species completely decay
over this time (Fast et al. 2008). While we acknowledge the small sample size and variable
replication among treatments, the results of our Bayesian linear regression models indicate that
the 1959 pre-commercial thinning did not influence the volume of down dead wood among the
treatment plots. Plots that were uncut in 2003 have a mean volume of 1.608 m3 per hectare more
than the reference plots. The 1959 pre-commercial thinning did not influence abundance of down
dead wood among treatments. Plots that were uncut in 2003 have a mean of 511.6077 more
pieces of down dead wood per hectare than other plots.
The results that the 1959 pre-commercial treatments did not influence down dead wood
volume and abundance confirm our prediction of no difference among treatments, as down dead
wood in northern hardwood forests has a decay time of around 20 years (Fast et al. 2008). In
2016, most dead wood we sampled was in decay classes 3 and 4, with little dead wood in decay
class 1 and 2 (Figure 12). Down dead wood volume does not seem to be influenced by precommercial thinning at this time of stand development. However, the 2003 commercial thinning
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did influence the volume and abundance of down dead wood among the treatment plots, where
uncut plots had significantly more volume and pieces per hectare than thinned plots, plots where
paper birch was left, and reference plots. This confirms our prediction that there would be more
down dead wood in plots in which paper birch and aspen were left in 2003, as these species
reached maturity and died.

Figure 12. Decay classes for all pieces of down dead wood sampled.

Snag density, expressed as basal area, is not significantly different among 1959 or 2003
thinning treatments. Snag abundance is not significantly different among the 1959 thinning
treatments. There is a statistically significant difference in snag abundance for uncut plots in
2003. Plots that were uncut in 2003 had a greater abundance of snags than reference plots, plots
where paper birch was left, and plots that were thinned in 2003. We suspect this is because the
remaining paper birch and aspen in these plots, both short-lived species, have reached maturity
and died. This is also a possible explanation for the non-significance in deadwood abundance
among the experimental plots. At this time in stand development, there is more standing dead
wood in plots uncut in 2003 than down dead wood. It would be beneficial to retain some of the
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short-lived species during the commercial thinning to provide habitat if there is concern
regarding wildlife species associated with down dead wood or snags.
For all of the response variables, there was variability within plots, suggesting that
perhaps factors other than both time-series thinning treatments influence the understory, down
dead wood, and snags. Further research should include significance of interaction effects with a
more refined experimental design, including larger plots, consistent replication through time and
subsequent treatments, and multiple field sites. This would result in more robust statistical power
and increase the ability to draw ecological inferences. However, our research, through
multivariate and Bayesian analyses, helps to understand the lasting effects of pre-commercial
thinning on resiliency of the northern hardwoods at the Bartlett Experimental Forest.
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CHAPTER IV
Conclusion
Overall, our results indicate that the 1959 pre-commercial thinning treatments had no
significant impact on current or future net timber value at varying interest rates, understory
species composition, down dead wood volume or abundance, and snag density or abundance.
These variables reflect no difference among heavy, light, species cleaning, or control plots in the
long term at our study site at the Bartlett Experimental Forest. From an economic standpoint,
pre-commercial thinning at this site is not an economically justifiable decision, as there is no
difference in net timber value in 2016 or 2026. From an ecological perspective, understory
species appear to be resilient to disturbance from pre-commercial thinning 57 years posttreatment. Changes in down dead wood volume and abundance and snag density and abundance
are not evident 57 years post-treatment, likely because northern hardwood species completely
decay over this time (Fast et al. 2008).
Our results indicate that the 2003 commercial thinning had a significant impact on the
2016 and 2026 net timber value, understory species composition, down dead wood volume and
abundance, and snag abundance. The 2003 commercial thinning did not have a significant
impact on snag density. At 2016 value with a 6% interest rate, thinned plots are more valuable
than other treatments. At 2026 value with a 4% interest rate, thinned plots are more valuable than
all other treatments. At 2026 value with a 6% interest rate, thinned plots and plots where paper
birch were left are more valuable than other treatments, with thinned plots being of greater value
than plots where paper birch was left. The increase in value from the commercial thinning
provides an economic incentive to remove the overstory paper birch and aspen before they reach
maturity, as the revenue from the commercial thinning compensates the initial treatment costs.
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Understory species composition is significantly different among the 2003 thinning
treatment plots. American beech and white ash are indicator species of reference plots,
hobblebush and club moss are indicator species of thinned plots, blackberry is an indicator
species of plots where paper birch was left, and striped maple is an indicator species of uncut
plots. Understory species composition is also significantly different between elevation classes.
Red maple and club moss are indicator species of plots at 335-365 m in elevation, and Canada
yew is an indicator species of plots at 365-396 m in elevation. Down dead wood volume and
density is significantly greater in plots that were uncut in 2003 than other treatment plots. Snag
abundance is also significantly greater in plots that were uncut in 2003 than other treatment plots.
It would be beneficial to retain some of the short-lived species during the commercial thinning to
provide habitat if there is concern regarding wildlife species associated with down dead wood or
snags.
The grading system we used focused solely on external defect, and therefore can only act
as an estimate of value. Further research could include scaling value from an end-of-rotation
harvest. While the experimental thinning plots captured a variety of stand densities, it is a
possibility that heavier thinning, resulting in fewer crop trees per hectare, could improve quality
over time. An advantage of our case study is the availability of a detailed stand history. Further
research should include significance of interaction effects with a more refined experimental
design, including larger plots, consistent replication through time and subsequent treatments, and
multiple field sites. This would result in more robust statistical power and increase the ability to
draw economic and ecological inferences. However, our research, through multivariate and
Bayesian analyses, helps to understand the lasting effects of pre-commercial and commercial
thinning on value and resiliency of the northern hardwoods at the Bartlett Experimental Forest.
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APPENDIX A
Table 1. Bayes model results of 2016 net timber value of the 1959 and 2003 treatments at 4% (A-1, A-2) and 6%
(A-3, A-4) interest. Parameter indicates the pre-commercial or commercial thinning treatments. Mean is how
different the mean values ($) are from the intercept. 2.5% and 97.5% represent the lower and upper bounds of the
95% credible interval.
Model
A-1

Thinning
Treatment
Year
1959

A-2

2003

A-3

1959

A-4

2003

Parameter
Intercept
Control
Light
Heavy
Clean
Intercept
Paper Birch
Left
Thin
Uncut
Intercept
Control
Light
Heavy
Clean
Intercept
Paper Birch
Left
Thin
Uncut

Mean
1591.03
0.2938
-15.9329
258.432
298.5043
1541.78
163.1782

2.5%
1,236.30
-621
-438.3
-164.3
-122.7
1174.37
-231.35

97.5%
1,882
621.5
431.7
686.5
723.8
1846.60
575.6

355.1433
-0.8634
1,623
-1.243
9.792
237.244
319.346
1,562.13
229.78

-46.65
-623.44
1,520.08
-618.4
-416.4
-188.8
-109
1,203.858
-158.979

762
622.4
1921.3
615.2
460.8
667.5
747.2
1,860.4
634.6

403.26575
-0.01245

4.085
-621.22

809.6
621.8

Table 2. Bayes model results of 2026 net timber value of the 1959 and 2003 treatments at 4% (B-1, B-2) and 6%
(B-3, B-4) interest. Parameter indicates the pre-commercial or commercial thinning treatments. Mean is how
different the mean values ($) are from the intercept. 2.5% and 97.5% represent the lower and upper bounds of the
95% credible interval.
Model
B-1

Thinning
Treatment
Year
1959

B-2

2003

B-3

1959

B-4

2003

Parameter
Intercept
Control
Light
Heavy
Clean
Intercept
Paper Birch
Left
Thin
Uncut
Intercept
Control
Light
Heavy
Clean
Intercept
Paper Birch
Left
Thin
Uncut

69

Mean
1,771.17
0.89
127.00
369.64
408.08
1,742.34
344.55

2.5%
1,154.90
-618.60
-353.3
-126
-92.60
1,198.03
-98.35

97.5%
2,188.90
620.50
623.30
853.80
889.50
2,136.7
793.10

544.60
0.37
1640.29
0.48
201.26
320.73
411.05
1,794.02
506.27

75.32
-621.43
823
-619.30
-327.70
-220.70
-154.80
1,163.84
38.53

994.2
620.0
2,216.6
620.9
731
847.40
942.90
2,204.20
956

669.18
1.43

156.76
-616.45

1,132
620.10

Table 3. Bayes model results of 2026 net timber value of the 1959 and 2003 treatments at 4% (C-1, C-2) and 6%
(C-3, C-4) interest, with a 2% market price increase. Parameter indicates the pre-commercial or commercial thinning
treatments. Mean is how different the mean values ($) are from the intercept. 2.5% and 97.5% represent the lower
and upper bounds of the 95% credible interval.
Model
C-1

C-2

Thinning
Treatment
Year
1959

2003

C-3

1959

C-4

2003

Parameter
Intercept

Mean
1,359.8572

2.5%
501.3

97.5%
2,157.6

Control
Light

-0.6642
168.8331

-617.2
-399.4

619.2
733.7

Heavy

301.9428

-291.6

876.3

Clean
Intercept
Paper Birch
Left
Thin
Uncut

308.4324
1,400.4275
340.5121

-286.3
552.3
-217.3

886.7
2,142.9
879.2

439.7014
0.6407

-157.9
-618.5

1,001.7
617.1

Intercept
Control
Light
Heavy
Clean
Intercept
Paper Birch
Left
Thin
Uncut

1,143.57
0.9263
176.3652
242.6059
271.1660
1,281.811
376.673

342.50
-617.5
-414.9
-361.4
-338.3
422.4
-219

1,982.5
619.8
762.8
836.2
871.6
2,133.7
940.1

437.713
-1.393

-188.1
-621.3

1,037.8
619.5
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APPENDIX B
Table 1. Bayes model results of down dead wood volume (m3) and pieces per hectare of the 1959 and 2003
treatments. Parameter indicates the pre-commercial thinning or commercial treatments. Mean is how different the
means are from the intercept. 2.5% and 97.5% represent the lower and upper bounds of the 95% credible interval.
Model
Volume per
Hectare (log
transformed)

Thinning
Treatment
Year
1959

Parameter
Intercept
Reference
Control
Light
Heavy

Log Volume
per Hectare
(log
transformed)

Pieces per
Hectare

Pieces per
Hectare

Mean

2.5%

97.5%

3.7029

2.824

4.5742

-0.0004
-0.1807
0.0217
-0.4309
-0.6208
3.70855

-13.382
-1.350
-1.145
-1.609
-1.795
3.4827

13.8323
1.0003
1.1965
0.7420
0.5625
4.3866

2003

Clean
Intercept

0.02705
-0.21556

-11.2747
-1.0519

11.2816
0.63335

1959

Reference
Paper Birch
Left
Thin
Uncut
Intercept

-0.95492
0.4492
486.2091

-1.8143
0.4752
234.8

-0.08421
1.38019
738.8

2003

Reference
Control
Light
Heavy
Clean
Intercept

-0.1873
150.8962
87.0360
208.8137
279.4555
466.7698

-618.2
-223.3
-286
-169.1
-100.3
277.07

618.3
519.5
456.4
576.8
646.5
709.4

Reference
Paper Birch
Left
Thin
Uncut

-0.3631
230.6539

-619.77
-85.59

620.6
538.9

0.1250
511.6077

-319.20
153.64

317.7
849.5
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APPENDIX C
Table 1. Bayes model results of snag basal area (m2) and abundance per hectare of the 1959 and 2003 treatments.
Parameter indicates the pre-commercial thinning or commercial treatments. Mean is how different the means are
from the intercept. 2.5% and 97.5% represent the lower and upper bounds of the 95% credible interval.
Model
Basal Area
(m2) per
Hectare

Thinning
Treatment
Year
1959

Parameter
Intercept
Reference
Control
Light
Heavy

Basal Area
(m2) per
Hectare

Snags per
Hectare

Snags per
Hectare

Mean

2.5%

97.5%

26.41652

9.547

42.47

0.02226
-9.43120
-9.62214
-8.43892
-12.90226
29.32521

-62.054
-31.831
-31.982
-30.810
-35.318
15.03

61.98
13.95
13.81
14.88
10.62
42.806

2003

Clean
Intercept

0.06143
-19.15031

-62.2
-35.91

62.231
-1.556

1959

Reference
Paper Birch
Left
Thin
Uncut
Intercept

-21.00889
6.39739
36.6980

-38.22
-12.02
-2.635

-2.862
25.520
75.63

2003

Reference
Control
Light
Heavy
Clean
Intercept

-0.2057
14.1026
6.5368
6.5306
2.6991
36.08040

-195.979
-39.826
-47.257
-47.023
-50.698
12.93

195.23
67.9
60.47
60.06
56.26
59.00

Reference
Paper Birch
Left
Thin
Uncut

0.01186
-6.75043

-62.06
-36.11

61.92
23.06

-5.54910
45.00555

-35.67
11.71

24.88
77.06
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