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Lodgepole Pine Bole Wood Density
and Decay Rate 1, 11, and 22 Years
After Felling in Central Montana,
United States

Duncan C. Lutes™ and Colin C. Hardy?

" Rocky Mountain Research Station, USDA Forest Service, Missoula, MT, United States, 2 (Retired) Rocky Mountain
Research Station, USDA Forest Service, Missoula, MT, United States

Estimates of dead and down woody material (DWM) biomass are important for nutrient
cycling, wildlife habitat assessment, fire effects and climate change science. Most
methods used to sample woody material initially assess volume then estimates of wood
density are used to convert volume to biomass. To assess initial wood density and
decomposition rate, this study examined in situ wood density of lodgepole pine logs at
the Tenderfoot Creek Experimental Forest (TCEF), central Montana, United States, 1,
11, and 22 years after felling. Mean wood density decreased from 0.39 to 0.27 g cm~3
over 22 years and the single exponential decay rate was k = 0.012 yr—' 1 and 11-years
post-feling and 0.022 yr—' 11 and 22 years post-feling. A common 5-category decay
classification system was evaluated for estimating wood density by decay class, which
identified significant difference in three of four observed classes.

Keywords: wood density, decay rate, decay class, decomposition, down woody material, lodgepole pine

INTRODUCTION

Dead and down woody material (DWM) is an important ecological component in forested systems.
Its impacts have been reviewed in previous work, which describe the role of DWM in providing
habitat for terrestrial wildlife, nutrient cycling, moisture retention, plant regeneration and aquatic
habitats (Maser and Trappe, 1984; Harmon et al., 1986; Maser et al., 1988; Gurnell et al., 1995;
Stevens, 1997). DWM often comprises a large proportion of the total above ground biomass in
forested systems, potentially 20%, or more (Grier and Logan, 1977; Harmon et al., 1986; Harmon
and Hua, 1991). As dead wood decays carbon is transferred to the atmosphere through respiration,
thus accounting for DWM is important for climate change science (Currie and Nadelhoffer, 2002;
Weedon et al., 2009; Harmon et al., 2020). The importance and relative abundance of DWM
necessitate an accurate accounting of its quantity.

Sampling procedures for quantifying the abundance of DWM have been described in earlier
work and include planar intersect (Warren and Olsen, 1964; van Wagner, 1968; Brown, 1971),
area sampling (Bate et al., 2004), relascope sampling (Stahl, 1998; Gove et al., 1999), photographic
assessments (Fischer, 1981; Ottmar et al., 1998; Keane and Dickinson, 2007) and LiDAR (Marchi
etal., 2018; Lopes Queiroz et al., 2020). Most methods measure volume initially, then biomass (mass
per unit area) is calculated as the product of volume and wood density. Because biomass is most
often used to report the abundance of DWM, accurate estimates of wood density are required.
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Factors important for determining wood density include
species and decay state (Harmon et al., 1986). Decay state is
related to time since death and the rate of decomposition;
while rate of decomposition is a function of wood and soil
characteristics, site and climate (Maser and Trappe, 1984;
Harmon et al., 1986). The density of wood is highest at the time
of death and is reduced over time through decomposition -
respiration, fragmentation and leaching - until the organic
matter that remains is integrated into the soil (Maser and Trappe,
1984; Harmon et al., 1986).

Calculating wood density and decay rate takes time and
requires specialized lab equipment, so it may be preferrable
for managers and researchers estimating current and future
DWM biomass to use locally developed wood density and decay
rate values instead of calculating the values themselves. Locally
determined values account for factors that introduce variability
into wood density and decay rate, especially climate (Harmon
et al., 1986). Lodgepole pine wood density and decay rates have
not previously been published for high elevation forests central
Montana, United States.

The results in this paper are part of a time series study and
contain material previously published in Lutes and Hardy (2013).
We provide lodgepole pine wood density and decay rate for data
collected in three sample years: 1999 (Yrl), 2009 (Yrll) and
2020 (Yr22) at the Tenderfoot Creek Experimental Forest (TCEF)
in central Montana. This research addressed four objectives: (1)
measure wood density of lodgepole pine (Pinus contorta Douglas
ex Loudon var. latifolia Engelm. ex S. Watson) boles that were
live and sound when felled; (2) test for significant change in
wood density 11 and 22 years after felling; (3) estimate single
exponential decay rate (k); and (4) compare wood density across
a common 5-category decay classification system (decay classes)
(Maser et al., 1979).

MATERIALS AND METHODS

Study Area

The TCEF is located in central Montana (46.9° N 110.9° W)
and is situated at the head of the Tenderfoot Creek drainage.
Forest cover is dominated by mixed age-class lodgepole pine
with scattered patches of subalpine fir (Abies lasiocarpa) and
Engelmann spruce (Picea engelmannii) dominating older stands.
Douglas-fir (Pseudotsuga menziesii (Mirb) Franco) is present at
the lower elevations of the TCEF. The elevations of sample sites
visited in this study ranged between 2,180 and 2,350 m (msl).

Climate

Climate data for the TCEF are available from observations
recorded at the Onion Park SNOWTEL site located within the
TCEF and were accessed from the National Water and Climate
data Center' and summarized for the period 2002-2019. Average
summer (April-September) and winter temperatures (October-
March) were 8°C and —4°C, respectively. High temperatures
during the warmest parts of summer were typically 19-21°C and

Uhttps://www.nrcs.usda.gov/wps/portal /wcc/

often fell below —25°C during the coldest parts of the winter.
Average annual water equivalent precipitation was 87 cm - about
evenly split between the two seasons.

Sampling

All wood samples in this study were cut from lodgepole pine
trees felled when live in 1998. Trees were cut in nine groups
located across the TCEF. Group locations had slopes of 0-30%
and southwest to northwest aspects. No consideration was made
for incorporating microsite conditions in this study, though
none of the group locations were in ravines or sites such that
there was concern decay rate was influenced by site conditions.
These group locations were not selected randomly; rather, they
were selected in stands representing a range of forest structures
(tree diameter, height and density) representative of the TCEF
(Barrett, 1993). Each cutting group was comprised of 7-13
felled trees. We selected trees within each group such that the
frequency distribution of diameters at breast height (DBH) of
the selected trees would be similar to the diameter distribution
of the surrounding stand. These criteria resulted in fewer sample
trees in stands with more homogeneous structure. The boles of
felled trees were partitioned into 2-m segments (hereafter termed
“logs”). Some logs were created by cutting through the entire
bole with a chainsaw perpendicular to the central axis, while the
remaining boles had the 2-m logs permanently marked with a saw
nick. The entire bole was partitioned, thus there was no defined
minimum diameter for the logs. Each log was given an identifier
consisting of concatenated tree tag number and log number with
the logs numbered sequentially starting at the base of the bole.
The sample trees yielded 390 logs. After initial samples were
collected in 1999, a sampling schedule of the remaining logs
was created with random logs selected, without replacement, for
sampling at approximately 10-year intervals beginning in 2009.

Log decay class was visually assessed using the classification
described in Maser et al. (1979;Table 1). The classification uses a
condition criteria assessment of bark, twigs, texture, shape, color
of wood, and portion of the log on the ground. An entire log
rarely met all the criteria of a class but was assigned the decay
class which met most criteria.

All wood samples were collected by cutting a 5-10-cm thick
disk perpendicular to the central axis of the sample log using a
chainsaw. The samples were cut from the ends of the logs in Yr1 -
less than 10 months after felling — and from the middle of logs in
Yrll and Yr22. The decay class best representing the condition
of the log was recorded before removing the sample and piece
diameter was measured using a fiexible d-tape after it had been
cut from the log. In Yr11 and Yr22 we recorded if the portion
of log where the sample was collected was in contact with the
ground or suspended above the ground by branches, vegetation,
etc. We also recorded if one or both log ends had been completely
cut through when initially felled in 1998 (hereafter referred to
a “segmented” logs) so we could test if segmentation modified
decomposition rate. Sample collection was made more difficult in
Yr22 by advanced decay in smaller diameter pieces and portions
of the logs in close contact with the forest soil. These pieces broke
apart or shredded into small pieces when cut and, despite careful
effort, some small, decayed portions were not collected so there
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TABLE 1 | The log decay classification characteristics used in this study were reproduced from Maser et al. (1979).

Log characteristic Decay class | Decay class Il Decay class Il Decay class IV Decay class V
Bark Intact Intact Trace Absent Absent
Twigs Present Absent Absent Absent Absent
Texture Intact Intact to partially intact Hard large pieces Small, soft, blocky pieces Soft and powdery
Shape Round Round Round Round to oval Oval
Wood color Original Original Original to faded Light brown to faded brown Faded to light

or yellowish yellow or gray
Portion of log on Elevated on Elevated on pints but Sagging near ground All'on ground All'on ground

ground supporting points slightly sagging

is a potential that wood density presented in this study for Yr22
may be a slight overestimate of the actual value. The Yrl sample
included 45 wood samples from the logs of 12 felled tree boles,
the Yr11 sample included 25 samples from 16 boles and the Yr22
sample included 29 samples from 25 boles. Samples were stored
in sealed plastic bags until lab work began.

Lab Procedure
The same laboratory procedure was used to determine wood
density for all samples. All bark was removed as were pieces
of dirt, debris, and any loose chips left over from cutting with
the chainsaw. The Yr22 samples were wrapped with fine wire
to hold all material in place during volume estimation and
in the drying oven. Pieces were first weighed and then the
volume of the undried samples was determined using water
displacement by placing a tub of water on a scale and submersing
the piece in the water bath using an apparatus where the
submersed portion of the apparatus had a known volume (USDA
Forest Products Laboratory, 1956; Williamson and Wiemann,
2010). Piece volume was calculated by assuming 1 g of water
displacement was equal to 1 cm® of wood volume. The sample
was weighted again after volume estimation and piece volume
was calculated using Eq. 1, which accounted for any water
absorbed during the short time the piece was submerged:
Vi = Vg + Wy — Wi) = Va (1)
where V,, = net volume (cm?), V, = gross volume (cm?),
W) = piece weight before submersion (g), W5 = piece weight after
submersion (g) and V,, = volume of the submerged portion of the
apparatus (cm?).

All samples were dried at 100°C until weight stabilized - at
least 4 days. Wood density was calculated using undried volume
and dry weight (Eq. 2).

D =Wy, )
where D = wood density (g cm ™), W3 = dry piece weight (g) and
V, = net volume (cm?).

Decay rate (k) was determined using the single exponential
decay equation described in Olson (1963) but in the form
published by Herrmann and Prescott (2008) (Eq. 3).

k = —[l" (Dl/DO)]/Yr

3)

where k = single exponential decay constant (yr~!), D; = Wood
density at Yr11 or Yr22 (g cm™?), Dy = Wood density at Yr1 (g
cm™3) and Yr = time period, in years, between sampling.

To assess how well externally observed log characteristics
presented in Maser et al. (1979) predicted wood density we tested
the difference in mean wood density across and between decay
classes using analysis of variance (ANOVA) and the Tukey-
honestly significant difference (HSD).

RESULTS

Histograms of DBH, height, and age for the sample trees are
shown in Figure 1. Ages for three of the trees could not be
sampled because of heart rot at stump height. Logs sampled
at Yrl displayed no substantial evidence of shrinkage or decay.
When the study was initiated (Yrl) the mean sound, bark-free
wood density of the 45 samples collected at the TCEF was 0.39 g
cm ™3,

To limit our estimates of wood density to initially sound
wood, we compared the density of samples with heart rot to
those without and removed some samples. No samples collected
at Yrl showed evidence of heart rot. Two samples collected in
Yr11 had substantial heart rot and the wood density of the pieces
was significantly lower than the 23 samples without heart rot
[0.24 g cm ™3 versus 0.34 g cm™3; t = 6.29; p(t) = < 0.0001] so
those two samples were removed from further analysis. Three
samples collected in Yr22 from logs >9 m from the stump had
minor amounts of heart rot but the mean wood density of the
samples was not different than the 26 remaining samples [0.28 g
cm ™2 versus 0.27 g cm™3; t = 0.40; p(t) = 0.720] so the three
samples were retained.

Our 2013 study found 11 samples collected from segmented
logs at Yr1l were significantly less dense than logs that were
not segmented. Wood density of the 17 samples collected from
segmented logs at Yr22 were not significantly different from the
12 samples cut from unsegmented logs [0.267 g cm~2 versus
0274 g cm™3; ¢ = 0.51, p(t) = 0.615] so the samples cut from
segmented logs in Yr22 were retained and, based on the Yr22
finding, we also included the 11 Yr11 samples removed in the
2013 results in the current analysis. The mean diameter of
samples from segmented logs and unsegmented logs were not
significantly different at Yrll or Yr22 [F = 0.009, p(F) = 0.925
and F = 2.227, p(F) = 0.147, respectively]. Mean diameter of all
samples collected at Yrl, Yrll and Yr22 were not significantly
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DBH (cm) Height (m) Age (yr)
300
200
150
100
n=47
FIGURE 1 | Diameter (DBH), height, and age distribution of the trees selected for this study in 1998. Heart rot prevented aging of three trees.

different [F = 0.07, p(F) = 0.930]. Wood density of the Yrl,
Yrll and Yr22 samples were significantly different [f = 130.75,
p(f) = < 0.0001] and significantly different from each other when
compared using Tukey HSD (all comparisons p < 0.0001). Wood
density and diameter distributions for samples are presented in
Table 2. Wood density of samples from logs in contact with the
ground collected at Yr1l (n = 14) and the density of samples
collected from suspended logs (n = 9) were not significantly
different [0.34 g cm ™3 versus 0.35 g cm™ 3t = 0.64; p(t) = 0.531].
However, at Yr22 wood density of samples collected from logs
in contact with the ground (n = 23) were significantly different
than the density of samples collected from suspended logs (1 = 6)
[0.31 g cm™3 versus 0.26 g cm™3; ¢ = 3.91; p(t) = 0.002]. Single
exponential decay rate (k) is an indicator of the decomposition
rate, where higher k values indicate faster decay. The single
exponential decay rate was k = 0.012 yr~! between Yrl and
Yrll, 0.022 yr—! between Yrll and Yr22, and 0.017 yr~!
between Yrl and Yr22.

Wood density was significantly different in three of four
observed decay classes [F = 62.25, p(F) < 0.0001]. Mean wood
density of samples cut from decay class I and decay class II logs
were not significantly different when tested with Tukey HSD
(p =0.566). Wood density of samples cut from decay class IIT and
IV logs were significantly lower than the mean wood density of
samples cut from decay class I and II logs and different from each
other (p < 0.0001) (Table 3). At Yrl only decay class I and II
logs were observed, at Yr11, only decay class II and III logs were
observed and, at Yr22, only decay III and IV logs were observed.

DISCUSSION

Wood density at Yrl was 0.39 g cm~3, which is within
the range of sound lodgepole wood density reported by

Maeglin and Wahlgren (1972) for eastern Montana (0.32-0.40 g
cm~?) but greater than green lodgepole pine density of 0.38 g
cm ™2 published in the USDA Forest Service, Wood Handbook
(Kretschmann, 2010), and lower than 0.41 g cm~2 published by
Koch (1987) for entire stemwood of similar size and age lodgepole
pine trees in the same latitudinal range.

After 22 years, we noted confounding effects on wood density
of physically segmenting logs into 2-m sections in 1998. Samples
collected in Yrll from segmented logs were significantly less
dense than those from unsegmented logs and, in our 2013 paper,
we expressed surprise that segmentation would impact wood
density 1-m from a cut after just 11 years. At Yr22 we did
not find wood density of samples cut from segmented logs to
be significantly less than those from un-segmented logs, so we
reconsidered the removal of the 11 samples from our analysis in
2013. Wood density and decay rate of downed wood is related to
diameter (Harmon et al., 1986; Johnson and Greene, 1991) so we
compared mean diameter of the samples collected each year of
our study and found no significant difference, consequently we
did not consider the difference in wood density to be due to piece
size. Herrmann and Prescott (2008) studied mass loss of sections
of 20 cm logs in the Kananaskis Valley of Alberta. After 10 years,
they found no significant difference in mass loss of center and
end sections of lodgepole pine samples but did find a significant
difference when making the same comparison of white spruce
[Picea glauca (Moench) Voss] and subalpine fir [Abies lasiocarpa
(Hook.) Nutt.]. Harmon et al. (1986) and Grier (1978) propose
there is lag time before the decay process begins, thus delaying
decomposition of recently fallen, broken or cut logs. Given that
Herrmann and Prescott (2008) noted insignificant difference of
end and center piece lodgepole pine wood density after 10 years,
the lag time proposed by Harmon et al. (1986) and Grier (1978),
and the insignificant difference in wood density from segmented
and unsegmented logs at Yr22, we assumed the wood density
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TABLE 2 | Wood density and piece diameter summary statistics for samples collected at Yr1, Yr11, and Yr22.

Year n Wood density Sample piece diameter
Min. (g Median (g Max. (g Mean (g Std. dev. Min. Median Max Mean Std. Dev.
cm~3) cm—3) cm~3) cm—3) (gcm=3) (cm) (cm) (cm) (cm) (cm)
1999 45 0.35 0.39 0.44 0.392 0.02 3.81 16.00 40.39 17.11 9.35
2009 231 0.30 0.34 0.40 0.34P 0.02 6.10 17.01 30.99 16.51 6.49
2020 29 0.19 0.27 0.35 0.27¢ 0.04 5.60 13.40 33.40 16.44 7.63

Mean wood density values with different superscript letters are significantly different.
! Excludes two samples with heart rot.

Mean sample piece diameter at each year did not differ.

TABLE 3 | Summary statistics for wood density and decay class relationships.

Decay class n Min. (g cm=3) Median (g cm~3) Max. (g cm~3) Mean (g cm~3) Std. Dev. (g cm=3)
| 22 0.36 0.39 0.44 0.392 0.02
Il 25 0.34 0.38 0.43 0.382 0.02
1l 42 0.23 0.33 0.40 0.31P 0.04
I\ 8 0.19 0.22 0.28 0.23° 0.04

Mean wood density values with different superscript letters are significantly different.

difference of segmented logs noted in our 2013 analysis was due
to chance and the 11 samples removed from the Yrll dataset
were included in the results presented is this paper. Including the
previously excluded Yr11 samples changed the mean and median
wood values for Yr11 but did not change the significance of wood
density and decay class difference tests.

As Busse (1994) and Wei et al. (1997) have noted, we found
that logs in contact with the ground at Yr22 had lower wood
density than suspended logs. This was counter to what we
observed at Yrll and may be because the logs sampled at
Yrll were initially supported by vegetation and/or their own
branches for some intervening time before decomposition of the
supporting structures and snow load pushed the logs to the forest
floor (Figure 2). Or the difference may simply be due to chance.
At Yr22, sample logs in contact with the ground had a buildup
of litter and small woody debris on and adjacent to the log, so
they appeared to have been in contact with the surface for some
time. We made no attempt to examine decay rates of the two
positions of down material individually because we could not
determine the duration of log contact with the forest floor. In
most cases, when logs were in contact with the ground, the parts
of the log nearest the ground were more decayed than other parts.
An interesting add-on to this study in the future would examine
the wood density in parts close to the forest floor compared to
other parts of the log.

Log decay rates between Yrl and Yrll and between Yrll
and Yr22 were k = 0.012 yr—! and k = 0.022 yr~!, respectively.
The slower decomposition reported at the first time interval was
likely due to the previously mentioned lag period before fungal
colonization and associated wood decomposition impacted the
density of green wood (Grier, 1978; Harmon et al., 1986). Keane
(2008) estimated the 3-year single exponential decay rate of four
dead wood components shed from trees at the TCEF: foliage,
twigs (0-0.64 cm), branches (0.64-2.54 cm) and large branches
(2.54-7.62 cm), to be k = 0.227 yr~1, k = 0.094, k = 0.046 yr~!

No samples were collected from logs assessed as decay class V.

and k = 0.045 yr~!, respectively. The decay rates computed for
our samples at the TCEE which were on average greater than
the classes reported by Keane (2008), fit the pattern of generally
reduced decay rate as piece diameter increases (i.e., surface area
to volume ratio decreases) (Harmon et al., 1986). We compared
our decay rate estimates against studies conducted in the same
general region of North America that included lodgepole pine
decay rate for similar time periods. Busse (1994) estimated the
time since trees had fallen by dating scars on adjacent trees and
calculated decay rates for lodgepole pine logs in central Oregon
of k=0.014 yr—! and k = 0.022 yr—! for class I logs aged 0-7 and
class II logs aged 10-19 years, respectively. Fahey (1983) studied
lodgepole pine boles in Wyoming and calculated mean decay rate
of k = 0.0198 yr~! after 10 years and 0.0174 yr~! after 15 years.
Herrmann and Prescott (2008) collected samples from standing
dead or recently fallen trees. They physically removed a 3 cm long
segment from the center of 20 cm samples, weighed the center
pieces, screwed the entire 20 cm sample back together and placed
them on the forest floor. After 10 and 20 years, they reported
decay rates of k = 0.073 yr~! and k = 0.072 yr~!, respectively. In
central British Columbia, Wei et al. (1997) studied aboveground
10 - 20 cm diameter woody debris 5-10 years after harvesting
and wildfire disturbances, and calculated decay rates of k = 0.021
yr~! and k = 0.004 yr~!, respectively. They proposed the faster
decay rate on the harvested sites was because logs had been
in contact with the ground longer. Johnson and Greene (1991)
studied “self-thinned” downed boles in five stands in southern
Alberta and found the decay rate ranged from k = 0.0171 yr~!
to k = 0.0299 yr—! for lodgepole pine boles that had been on
the ground 15-25 years. Making the direct comparison of decay
rate in our results and those from other studies is hard because
a variety of methods were used to determine piece age and
initial wood density. For instance, it is not clear if any of the
samples in the comparison studies were collected from boles that
were living immediately before becoming down material, as our
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the forest floor due to the decomposition of supporting structures and snow load.

FIGURE 2 | A sample being collected from a log suspended by branches and vegetation in Yr11. Many logs initially suspended were subsequently in contact with

0.9
0.8
0.7
0.6
0.5
0.4

Proportion Original
Wood Density Remaining

0.3
0.2
0.1
0.0

Years

This study

Busse (1994)

Johnson and Greene (1991) - low
Fahey (1983)

Wei et al. (1997) - harvested
Johnson and Greene (1991) - high
Herrmann and Prescott (2008)

22

et al. (1997) is for material sampled on harvest sites.

FIGURE 3 | Comparison of the proportion of wood density remaining in this and referenced studies using the published decay rates over a 22-year period. The 11 Yr
and 22 Yr decay rates from this study are graphed for the appropriate periods. Johnson and Greene (1991) published high and low rates. The decay rate from \Wei

samples were. With that in mind, our results were comparable for
specific time periods reported in the referenced studies - with the
exception of Herrmann and Prescott (2008; Figure 3).

There was significant difference in wood density in some decay
classes in this study; however, we noted limitations for using
decay class as a replacement for determining wood density in the
lab. Internal conditions, like heart rot, may lead to significantly
lower wood density but will be difficult to detect using external
log characteristics. Additionally, we noted a wide range of wood
density within decay classes; we found no significant difference
in decay class I and II wood density and we collected no decay
class V samples. Previous work has noted broad overlap in wood
density between classes (Busse, 1994; Pyle and Brown, 1999;
Harmon et al., 2008; Larjavaara and Muller-Landau, 2010), thus

limiting the usefulness of estimating wood density using decay
class; however, Creed et al. (2004) noted that red spruce (Picea
rubens Sarg.) and Fraser fir [Abies fraseri (Purch) Poir.] wood
density could be reasonably predicted using decay class when
studying the species individually.

The sample size for this study was limited by the resources
available for field collection and lab analysis. We also were
constrained by the total number of samples available - including
those to be collected in future work. These limitations precluded
us from studying how wood density varied by stand structure
and undertaking nutrient analysis. While our sample size was
relatively small it was similar to the comparison studies we
reference, except for Johnson and Greene (1991) and Busse
(1994) who collected over 100 samples.
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The influence of slope, slope shape and aspect were not
included in any analysis of this study thus any impacts these
site characteristics had on the results are unknown. We studied
only material that was initially live so we have not attempted to
describe decay rate variability due to factors such as log position,
location, condition (other than initially sound) or boles the were
standing dead before falling and becoming down material.

Future Study

Study logs will be resampled in 2030 to continue examining
the relationship of wood density, log position, segmentation of
logs and decay class. We surmised that log segmentation had
not significantly increased wood decay rate 22 years after felling
sample trees but it likely will at some future time so the impact of
segmentation will need to be continually assessed and identified
to remove bias, as well as to recommend possible protocols for
future research. Note that removing wood samples from logs is
also a form of segmentation so currently un-segmented logs will
be segmented in future sample visits, thus potentially increasing
the decay rate of adjacent logs. After just 20 years, we found that
some pieces were easily torn apart by the chainsaw, necessitating
additional care when cutting and collecting the entire sample.
This problem will only become more acute as logs become further
decayed and fragmented.

Subsequent sampling will refine decay rate at the TCEF and
further assess if the slower decay rate found in the initial 10 years
of the study was due to the lag suggested by Harmon et al.
(1986) and Grier (1978). The evidence of potential lag time in
decomposition suggests alternative loss functions for green wood
such as Weibull (Fraver et al., 2013), sigmoid (Freschet et al,
2012) or negative exponential with lag (Harmon et al., 2000)
may better estimate decay rate at TCEF and should be tested.
As decomposition progresses to create decay class V logs, an
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