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Abstract

A lack of forest management has led to millions acres of overstocked forests in the
northwest United States. Thinning forests increases stand resistance to wildfire, pests, and
disease. Traditional forest management leaves thinned trees on site as slash. Forest slash
provides stable conditions and supplies nutrients to the soil. Biomass removal from thinning
can be used for cellulosic biofuel production. Biomass removal can provide environmental,
financial, and ecosystem benefits, though biomass removal may decrease forest productivity
and disrupt soil biological properties. Soil amendments can be used to mitigate effects of
biomass removal by altering soil properties to increase forest productivity. Biochar is an
amendment that adds carbon to the soil and increases water-holding capacity, while fertilizer
can improve forest production and replace nutrients removed in biomass. This thesis
examines the effect of post-thinning biomass retention levels on forest growth, as well as

responses to fertilizer and biochar soil amendments.
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Chapter 1. Literature Review

There is a growing interest in the utilization of biomass for energy production as the
global demand to reduce reliance of fossil fuels increases. The Energy Independence and
Security Act (2007) requires the United States to replace 36 billion gallons a year of fossil
fuels with biofuels. An expanded Renewable Fuel Standard mandates that 16 billion gallons
per year come from cellulosic feedstocks by 2022. (Schnepf and Yacobucci, 2015). To meet
this demand, forest practices in the United States must adapt.

There is a concern that intensive biomass harvesting will decrease soil quality due to
the removal of aboveground nutrients. Many studies have compared the harvest techniques
of whole-tree harvesting and bole-only harvesting methods during commercial harvests
(Johnson and Todd, 1998; Egnell and Valinger, 2003; Saarsalmi et al., 2010; Kaarakka et
al., 2014; Jacobson et al., 2017). Whole-tree harvesting removes the entire felled tree, while
bole-only harvesting removes the merchantable stem, leaving branches, crown, leaves, and
needles on site. Studies typically find that whole-tree harvesting decreases soil nutrient
availability more than stem-only harvest practices (Johnson and Todd, 1998; Saarsalmi et
al., 2010) which can decrease subsequent crop productivity (Egnell and Valinger, 2003;
Jacobson et al., 2017; Kaarakka et al., 2014). Whole-tree harvesting can lead to warmer and
less stable soil temperatures in the summer months than forest soils where bole-only
harvesting occurred (Devine and Harrington, 2007). Warmer soils can be advantageous to
seedling development. Plants growing in warmer soils in temperate regions have greater root
depth potential (Kasper and Bland, 1992). However, warmer soil temperatures may reduce

soil moisture (Devine and Harrington, 2007).



The North American Long-Term Soil Productivity Study, an international program
started by the USDA Forest Service, examines the long-term consequences of harvesting,
soil organic matter removal, and compaction on soil productivity throughout North America.
After 10 years, complete removal of surface organic matter lead to significant declines in
soil carbon, reduced availability of nitrogen, and a loss of soil carbon and nitrogen, though
there were no effects on standing forest biomass (Ponder et al., 2012). In addition, a regional
report from this study showed available calcium and potassium were lower in whole-tree
harvests than bole-only harvests in the Great Lakes Region (Voldseth et al., 2011). A
twenty-year review of this region showed some differences in soil organic matter and soil
chemical properties, but responses were site-specific and dependent on soil types (Slesak et
al., 2017). While whole-tree harvesting at the commercial level has been shown to impact
soil properties and site productivity, the impacts of small-diameter woody biomass between
commercial harvests have not been studied as intensively.

The removal of small-diameter woody biomass for biofuel purposes has the potential
to provide environmental, financial, and ecosystem benefits. Producing a renewable liquid
fuel source can decrease the extraction and use of fossil fuels. Using biomass as a biofuel
source provides foresters a secondary crop in between crop rotations, which can help offset
management costs. Biomass removal can help protect the commercial timber crop as
removing slash may reduce the risk of crop damage from wildfire and disease. Wildfires are
common in the Inland Northwest. Biomass removal successfully reduces risk of wildfire,
and decreases carbon combustion and emissions when fires do occur (Evans and Finkral,
2009). Biomass removal may also decrease the risk of insect damage. Excessive slash
provides ample breeding ground and habitat for insects as it decays, which can increase pest

populations and crop damage risk (Schroeder, 2008). However, if too much biomass is



removed from the forest floor, insects may breed in and attack the standing trees at a higher
rate (Schroeder, 2008).

Forest management often involves pre-commercial thinning as it reduces tree
competition for resources such as light, water, and soil nutrients. Thinning forest stands
result in increased resource availability for remaining trees, and improves crop tree growth
(Brockley, 2005). Thinning has been shown to increase tree macronutrients such as nitrogen
and phosphorous accumulations in forest floor (Vesterdal et al., 1995). Thinning
overstocked stands in the Inland Northwest was shown to increase available nitrogen in soil,
but decrease foliar nitrogen (Chase et al., 2016). Increased light availability in thinned
forests can raise soil temperatures, which can increase soil microbial biomass and activity
(Thibodeau et al., 2000). Thinning efforts have been shown to increase soil moisture in
spring and summer months (Chase et al., 2016). The increased water-availability may
improve growth during dry years compared to unthinned stands.

Because forest management plans may include at least one pre-commercial thinning,
these small-diameter trees are a potential resource as a biofuel source. Traditional forest
practices leave felled trees on the forest floor as slash. The ideal amount of slash required for
optimal site quality is unknown, and is likely regionally specific. As slash decomposes it
adds organic matter to the soil and nutrients that were in aboveground biomass remain in
ecosystem nutrient pools as microbes mineralize nutrients to become plant available (Hazlett
et al., 2007). The majority of nutrients in a forest ecosystem are stored in belowground soil
nutrient pools (Johnson and Todd, 1998), so woody biomass removal should result in only a
small percentage of nutrient loss from the forest ecosystem. The impacts of nutrients
removal from whole-tree harvesting are site specific and depend on factors including forest

type, harvest technique, soil type, and parent material (Slesak et al., 2017). These factors



vary widely between locations, so it is difficult to make generalizations that can be applied
in every forest type, however biomass removal may have a greater impact on sites where
nutrient capital is lower as compared to sites with abundant nutrients.

Nitrogen is considered to be the limiting nutrient in western forest soils (Edmonds et
al., 1989; Coleman et al., 2014) so maintaining adequate nitrogen levels is important when
removing biomass from Inland Northwest forests. While some studies found whole-tree
commercial harvests reduced nutrient availability, (Johnson and Todd, 1998; Saarsalmi et
al., 2010), many studies showed little or no impact on nitrogen levels or site productivity
(Voldseth et al., 2011; Slesak et al., 2017). It is reasonable to assume that a less intensive
nutrient harvest from biomass removal thinning operations will have a smaller or negligible
effect on soil properties and forest productivity. There is concern that biomass removal from
pre-commercial thinnings in forests where whole-tree harvesting is practiced will have
cumulative impacts of nutrient removal over successive crop rotations (Gollany et al., 2015).
Fertilizer has potential to lessen hypothetical negative effects of removing biomass and
nutrients from forests. The addition of fertilizer is a common forestry practice and can
provide the necessary nutrients for forest growth to increase stand production. A
Scandinavian study found that whole tree harvesting with nitrogen fertilizer amendments
had equal tree volume production to traditional stem only harvesting without fertilization
after 10 years (Helmisaari et al., 2011). Further, a study conducted in the Pacific Northwest
suggests that nitrogen fertilization of Douglas-fir (Pseudotsuga menziesii var. glauca
[Beissn.] Franco) plantations can increase site productivity for 15-22 years in low quality
sites (Footen et al., 2009), however these benefits may not be visible initially. A 10-year
study looking at whole-tree harvesting effects on Sitka spruce (Picea sitchensis) stands with

fertilizer applications in upland Britain found that fertilizer increased tree growth in whole-



tree harvested stands after 5-6 years (Mason et al., 2012). Nitrogen fertilization impacts soil
processes. It has been found to decrease forest soil respiration (Haynes and Gower, 1995)
and decrease exoenzyme activity (Schimel and Weintraub, 2003).

Biochar is another soil amendment that may also mitigate the effects of biomass
removal with the additional benefit of reducing greenhouse gas emissions. Biochar is a fine-
grained, highly porous charcoal produced in the absence of oxygen.

The carbon in biochar is resistant to decomposition and is stable for over 1000 years
when added as a soil amendment (Amonette et al., 2009), so the benefits are long-term. It
has been proposed that the addition of biochar to 10% of crops worldwide could sequester
29 billon tons of CO, (Lehmann, 2007). Since biochar is a byproduct of cellulous biofuel
production, it can be returned to the feedstock’s harvest site, minimizing carbon and nutrient
loss. New technologies of portable pyrolosis units will increase the efficiency of converting
biomass to liquid fuel as the biochar and biofuel can be produced on-site (McElligott et al.,
2011).

In addition to adding carbon to the soil, the addition of the highly porous structure of
biochar can increases water-holding capacity, adsorption, and nutrient cycling (Laird et al.,
2010), though biochar studies show variable effects. It has been shown to decrease CO,
production in soils (Sohi et al., 2010) though one study found some biochars to increased
CO; production in forest nursery soils (Spokas and Reicosky, 2009), and another study in
the Inland Northwest found biochar to have a non-effect on soil respiration (Sarauer, 2017).
Biochar has highly oxidized carbon functional groups that can contribute to increased
nutrient cycling and higher cation exchange capacity (Liang et al., 2006). In one three-year
study in China, cation exchange capacity was increased by 24.5 % compared to the control

soil (Chen et al., 2011). Biochar also affects microbial diversity, abundance, and activity



rates. It has been shown to increase microbial biomass (Jin, 2010), and stabilize or increase
exoenzyme activity for certain enzymes, and to have no effect on others (Elzobair et al.,
2016; Lehmann et al., 2011). These effects may be due to biochar’s effect on soil nutrient
content, water retention, and pH, which influence microbial communities. The potential of

increased nutrient availability to the soil may mitigate nutrient loss from biomass removal.

Conclusion

There is great potential for cellulosic biofuel systems in the forested western United
States. Most biomass removal studies examine the impacts of biomass removal by
comparing whole-tree harvesting methods to bole-only commercial harvests and show
varying results of the impacts of nutrient removal on soil and forest productivity. Site
responses to biomass removal tend to be site specific. Thinning is already a common
forestry practice, and increases tree growth. Small diameter biomass removal from thinning
operations is less intensive than commercial harvesting operations, and is a potential
solution to increasing biofuel feedstocks. The impacts of biomass removal will be dependent
on site-characteristics, so regional studies need to be completed to aide future forest
management practices. Soil amendments such as fertilizer and biochar may mitigate

potential reduction of site productivity from biomass removal.
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Chapter 2: Impacts of Post-Thinning Biomass Removal on Forest Growth

Abstract

The utilization of woody biomass for biofuel can help meet the growing need to
increase renewable energy production in this country. However, there is a concern that
removing biomass from forests for biofuel production may deplete nutrients from the forest
system. Commercial harvest operations that remove whole-trees from forests have been
shown to deplete soil nutrients pools more than bole-only harvest techniques that leave
residual biomass onsite. Pre-commercial thinning in the Inland Northwest is a common
forestry practice as these forests are often overstocked. Removing small diameter biomass
from pre-commercial thinning operations can provide a feedstock for biofuel energy
systems. This study examined the impacts of four biomass treatments (full biomass removal,
full biomass retention, double biomass retention, and unthinned control) and four soil
amendment treatments on basal area and total stem volume growth. The objectives of this
study aimed to develop short-term indicators to assess the impact of small-diameter woody
biomass removal on forest productivity growth, to establish ideal biomass retention levels
for the region, and to evaluate the ability of soil amendments to compensate for potential
adverse effects from biomass removal. Biomass removal had no affect on plot or crop tree
growth compared to normal biomass retention (P<0./0). Normal biomass retention was
found to increase growth compared to larger amounts of biomass retention (P<0.10).
Biomass removal and soil amendments did not impact soil moisture or temperature levels.
Fertilizer increased basal area growth and total volume growth while biochar had no affect
on growth. Initial findings suggest removing small-diameter biomass for biofuel feedstocks

is feasible in the Inland Northwest.
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Introduction

There has been a global demand to reduce our reliance on fossil fuels and a growing
interest in the utilization of biomass for energy production. The Energy Independence and
Security Act (2007) requires the United States to replace 36 billion gallons a year of fossil
fuels with biofuels and 16 billion gallons per year will need to come from cellulosic
feedstocks (Schnepf and Yacobucci, 2015). Small-diameter woody mass from forest
residues and slash from thinning efforts can be a secondary product of forest operations, and
can be used for bioenergy. There are many benefits to using forest biomass for biofuel,
however little is known of the impacts removal operations will have on soil properties and
long-term forest productivity.

Most studies that evaluate the impacts of biomass removal examine commercial
harvest methods, comparing whole-tree harvesting to conventional bole-only harvests.
Fewer studies have been conducted to examine the removal of small-diameter woody
biomass from thinning operations. While some studies found whole-tree commercial
harvests reduced nutrient availability, (Johnson and Todd, 1998; Saarsalmi et al., 2010),
many studies showed little or no impact on nitrogen levels or site productivity (Voldseth et
al., 2011; Slesak et al., 2017). It is possible that small-diameter biomass removal will have
less impact on site conditions than whole-tree harvests as smaller quantities of biomass will
be removed. Pre-commercial thinning is a common forest management practice that reduces
tree competition for resources such as light, water, and soil nutrients, which results in higher
resource availability (Brockley, 2005).

While conventional forest management leaves forest residue from thinning
operations on the forest floor, the alternative of removing this biomass for biofuel purposes

shows promising environmental, financial, and ecosystem benefits. Increasing the practice
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of utilizing woody biomass for bioenergy would increase bioenergy feedstocks and decrease
the use of fossil fuels (Perlack et al., 2011). Removing biomass from forests and using it as a
biofuel source provides foresters a secondary crop and can reduce the risk of residual tree
damage from wildfire and disease, as slash can fuel fires (Evans and Finkral, 2009) and
decaying biomass can provide habitat for insects and fungi that could damage the crop trees
(Schroeder, 2008).

The impacts of small-diameter biomass removal from a forest site are unknown. The
impacts of nutrients removal from whole-tree harvesting are site specific and depend on
factors including site nutrient capital, soil type, parent material, climate and moisture
regime, forestry type, and harvest technique (Slesak et al., 2017). While it is difficult to
make generalizations that can be applied in every forest type, biomass harvesting from
nutrient limited sites will have a proportionally greater impact than harvesting from nutrient
abundant sites (Thiffault et al., 2011).

The addition of fertilizer is already a common forestry practice and can provide the
necessary nutrients for forest growth, most notably nitrogen, so the use of fertilizer also has
potential to lessen the negative effects of removing biomass from forests. Nitrogen is
considered to be the main limiting nutrient in western forest soils (Edmonds et al., 1989;
Coleman et al., 2014) and biomass removal can deplete nitrogen in Inland Northwest soils.
Fertilizing forest stands has the potential to increase stand production (Footen et al., 2009;
Helmisaari et al. 2011). Whole-tree harvesting with nitrogen fertilizer amendments have
shown equal tree volume production to traditional stem only harvesting without fertilization
after 10 years (Helmisaari et al. 2011). A Pacific Northwest study found nitrogen
fertilization of douglas-fir plantations increased site productivity for 15-22 years in low

quality sites (Footen et al., 2009). But growth benefits of fertilization may not be initially
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visible. A 10-year study examining whole-tree harvesting effects on Sitka spruce stands with
fertilizer applications in upland Britain found that fertilizer increased tree growth in whole-
tree harvested stands after 5-6 years (Mason et al., 2012).

Biochar may also mitigate the effects of biomass removal as it is a fine-grained,
highly porous charcoal that has high water-holding capacity, retains nutrients, and adds
carbon to the soil (Laird, 2008). It can potentially lessen soil carbon loss and increase the
soil nutrient cycling and water availability for crops. Biochar is thought to improve soil
quality and decrease greenhouse gas emissions (Laird, 2008). The carbon in biochar is
resistant to decomposition when added as a soil amendment (Amonette et al., 2009), so the
benefits are long-term. The porous quality of biochar increases water retention capacity and
soil cation exchange capacity, returning more nutrients to the soil and has been shown to
increase nutrient availability for plants and increase microbe diversity (Lehmann et al.,
2011).

In order to understand the impacts of small-diameter biomass removal on site
productivity, there is a need for regional, site-specific studies. We conducted a study that
will add to the knowledge of the impacts of biomass removal on forests in the Inland
Northwest. The goal of the study is to increase biofuel feedstocks without compromising
forest production and soil quality. The objectives of this study are to to develop short-term
indicators of the impact of small-diameter woody biomass removal on forest productivity
growth, to establish ideal biomass retention levels for the region, and to evaluate the ability
of soil amendments to compensate for potential adverse effects from biomass removal such
as decreased growth. I hypothesized that forest growth would be marginally better in plots
that retained biomass compared to full biomass removal. I expected any difference in growth

in sites with biomass removal would be mitigated by fertilizer and biochar amendments, as
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fertilizer would replace nitrogen lost, and biochar would increase water availability during

dry summers.
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Methods
Site Characteristics

Two northern Idaho study locations were chosen in different forest types (Figure
2.1). Both sites are regenerated mixed-conifer forests and have predominately silt-loam soils
that contain volcanic ash. Sites had different parent material, regeneration methods, and
species composition.

The “Pitwood” site is a mixed conifer forest of mostly douglas-fir (Pseudotsuga
menziesii (Mirb.) Franco var. glauca (Beissn.) Franco), grand fir (4bies grandis), and
western red cedar (Thuja plicata) on land owned by Potlatch Corporation and adjacent to the
St. Joe River region of the Idaho Panhandle National Forest. Its elevation ranges from
approximately 990 to 1060 meters above sea level. The site area has a slope of 20-60% with
a northern aspect. The soil parent material is metasedimentary bedrock. The soil order of
this location is classified as an Andisol. Andisol soils occur on 621,000 ha of forested land
in the western United States (McDaniel and Hipple, 2010) and are defined by its significant
ash content. It has been managed as a commercial forest. The last harvest activities before
this study occurred in the early 1990°s when douglas-fir was planted in the early 1990’s,
though natural regeneration occurred as well. Pre-treatment stand characteristic
measurements occurred in 2012 (Table 2.1).

The second site “UIEF” is a naturally regenerated mixed confer stand of ponderosa
pine (Pinus ponderosa), douglas-fir, grand fir, lodgepole pine (Pinus contorta), and western
larch (Larix occidentalis) at the University of Idaho Experimental Forest near Princeton, ID.
This forest is relatively flat with a 0 to 15 % slope and south-facing aspect. The site
elevation ranges from 830 to 890 meters above sea level. UIEF has a granite bedrock. The

most abundant soil series present are the Santa series and the Helmer series, which both
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contain significant quantities of ash. The forest is used for grazing cattle, recreation, and

research, and is managed for commercial forestry. The last major management activity in the

study stands occurred in the late 1980s, when the stands were harvested and seed trees of

mostly ponderosa pine were retained for forest regeneration. Seed trees were harvested in

2012 using bole-only harvest, leaving the slash in the stands. Pre-treatment stand

characteristic measurements occurred after the seed tree harvest in 2012 (Table 2.1).
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Figure 2.1. Site locations. Triangles indicate Potlatch Pitwood site and University of Idaho Experimental

Forest site (UIEF).



Table 2.1. Pretreatment stand characteristics.

TPH QMD BA SDI

(trees ha™) (cm) (m*h™h (trees ha™)
UIEF 1105 11 11 314
Pitwood 5054 8 24 784

Biomass Treatments

Two replicate stands approximately 6 to 10 ha in size were selected within each
location for a total of four project stands. Pitwood stands are referred to as north and south
stand, and UIEF stands are referred to as lower and upper stand. Each stand was divided into
four biomass treatment whole-plots (Figure 2.2). In each stand, one whole-plot was left
unthinned as a control. The remaining three whole-plots were thinned in spring 2013. The
stands were thinned from below, removing the smaller trees and trees of less desirable
species. Douglas-fir was favored at Pitwood with mostly western red cedar being removed.
Ponderosa pine and douglas-fir were the most abundant species left standing at UIEF after
the thinning. Thinned treatments were thinned to a relative density of 40%, with
approximately 200 trees per hectare. The three thinned whole-plots were distinguished by
their three biomass retention levels: 0x, 1x and 2x. In the 0x whole-plot treatment, all
thinning residue was removed to mimic a biomass energy harvest. In the 1x whole-plot
treatment all thinning residue was retained on site as slash. This treatment represents a
conventional thinning treatment. The 2x whole-plot treatment retained full thinning residue,
plus the addition of the biomass removed from the Ox treatments within the same stand.
These treatments provided the opportunity to compare differences between different
biomass retention levels with the goal of determining favorable amounts of biomass

retention for the sites.
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Figure 2.2. 4 representation of the biomass treatment blocks within a stand (colored blocks), and the soil
amendment split-plot treatments within each block. The study included two replicates of the block design at
each site, for a total of 64 split-plots.
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Figure 2.3. The lower stand at UIEF displaying biomass treatment blocks (colored blocks), and soil
amendment split-plot treatments within each block. The squared inside each split-plot represent the 20x20
meter measurement plot, while the corner squares represent the random corner starting location for field
measurements. The layout of the other stands is in the appendix.
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Soil Amendments

Within each whole-plot biomass treatment in each stand, four 40x40 meter
amendment treatment split-plots were randomly assigned within the treatment block (Figure
2.3) for a project total of 64 split-plots. A 20x20 meter measurement plot was assigned in
the middle of each plot, leaving a 10-meter treatment buffer between each plot. The
amendment treatments were fertilizer (F), biochar (B), fertilizer and biochar (FB), and a
control with no amendments (C). Biochar was added in the amount of 2.5 Mg/ha to each B
and FB plots. It was sprayed on UIEF plots in the upper stand in October 2013, and the
lower stand in April 2014. It was applied manually at Pitwood in May 2014. Nitrogen
fertilizer (urea) was applied to the F and FB plots in November 2013 at UIEF and May 2014
at Pitwood at approximately 630 kg/ha.

There are two treatments that serve as a control in this study, unthinned whole-plot
treatment will be referred to as the unthinned controls, and the split-plots without soil

amendments will be referred to as unamended control plots.

Biomass Retention Estimates

Three methods were used to estimate the amount of woody debris deposited in
each biomass treatment plot. Downed woody debris surveys were completed for the first two
methods using a modification of Brown’s protocol (Brown, 1978). Post-treatment surveys
were completed for each split-plot in the 1x and 2x whole-plots in 2015 (Method 1) and
2016 (Method 2). Method 1 estimated downed downed woody debris using two transects
from two random corners of each plot. Method 2 estimated downed woody debris along

three transects at random angles from the plot center.
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Method 3 estimated biomass retention in the 1x and 2x plots from the pre-treatment
standing biomass at each location in tons per hectare, and the post-thinned tons per hectare
at each thinned whole-plot. Total aboveground standing biomass was calculated from the
tree diameters using an allometric equation specific to each species group (Jenkins et al.
2003) and converted to metric tons per hectare. To calculate the downed biomass treatments,
the post-treatment standing biomass was subtracted from the pre-thin treatment aboveground
standing biomass in the thinned biomass treatments. This represented the amount cut from
each plot in tons per hectare. The amount cut in the 1x plots was assumed to be the amount
deposited as downed woody debris. The 0x plots were assumed to have 0 tons per hectare of
biomass added, as the amount cut was moved to the 2x plots. The 2x treatment was
calculated by adding the plot-average biomass cut in each 0x stand to the amount cut in each

2x plot in the corresponding stand.

Tree growth

A sample of tree heights and diameters were measured at both locations in 2012
prior to thinning. All project trees were measured in the fall of 2013. Diameter at breast
height (DBH) for all trees in plots at UIEF and in all thinned plots at Pitwood were
measured with a d-tape, identified to species, and tagged with a unique tree ID. In the
unthinned plots at Pitwood, trees with a DBH of five inches or larger were measured and
identified to species, and tagged an ID. A 5 by 5-meter subplot was randomly selected in
each unthinned plot where trees with a diameter of one inch or larger were trees were
measured and tagged. The subplot measurements were expanded to estimate the full biomass
measurements per hectare. Trees diameters were measured annually each fall from 2013

through fall 2016. Tree heights were measured annually at UIEF with TruPulse (Laser
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Technology Inc, Centenial, CO, USA) rangefinder lasers. A sample of tree heights were
taken each year at Pitwood. Missing tree heights were estimated using allometric equations
specific to tree species (Wykoff et al., 1982).

The six largest live trees in each subplot were defined as crop trees in 2016. Crop
trees were used to calculate crop tree growth in each of the previous years. Tree growth was
calculated at the plot level and crop tree as basal area growth (m?/ha) for each of the 64 plots
each year from 2013 to 2016. Plot and crop tree total stem volume was calculated from tree
diameters and heights using species specific allometric equations (Browne, 1962). Tree
growth response to downed woody debris loads was calculated using a quadratic equation y
= x + x’ + error, where y is basal area growth and x is downed woody debris in tons per

hectare.

Soil Moisture and Temperature

Soil moisture and soil temperature were taken at 10 cm with a soil moisture probe
and a soil temperature probe in three random locations in each split-plot every non-winter
season from spring 2014 through fall 2016. Additionally, two or more Em5b data loggers
(Decagon Devices, Pullman, WA) were installed in biomass treatment blocks in plots with
biochar amendments and without. Moisture and temperature readings were recorded

throughout each day at 10 cm.

Statistical Analysis
An Analysis of Covariance was performed for both the plot level and crop tree basal
area growth and total stem volume growth as the response variables. Each growth year

increment and the three-year periodic annual increment (PAI) basal area growth were
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analyzed separately as response variables. PAI basal area growth and volume growth was
defined as the 2013 to 2016 growth divided by three for an average annual growth rate.
Initial basal area and volume as measured in 2013 were used as covariates using the “aov”
function in the “stats” package in R. Each model included three factors with varying levels
including location (n=2), biomass retention/thinning treatment (n=4), and soil amendment
(n=4), as well as interactions between factors. If interactions were not significant they were
eliminated from the model. A mixed-effects linear model with a random factor of split-plot
within whole-plot within stand was completed using the “lme” function in the “nlme”
package to evaluate differences within factors and had comparable results of significance to
the ANCOVA. Adjusted means were calculated using the “Ismeans” package in R.

A regression analysis was used to calculate growth response to downed woody
debris slash loads. This was completed using the “Im” function in the “stats” package.
Means were adjusted using the “Ismeans” package.

Tukey’s ‘Honest Significant Difference’ post-hoc test was used to test each pairwise
comparisons between biomass retention/thinning treatments and soil amendment treatments
using the “TukeyHSD” function in the “stats” package. Differences within factors were
assumed to be significant at oo = 0.1.

Seasonal soil moisture and soil temperature differences between whole-plot biomass
treatments and split-plot soil amendment treatments were analyzed using an Analysis of
Variance using the “aov” function in the “stats” package with moisture or temperature as the
response variable and location (n=2), biomass treatment (n = 4), soil amendment treatment
(n=4), and season (n = 3) as factors, as well as interactions. Statistical analysis was

computed using R Studio (R Core Team, 2015).
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Results
Downed woody debris estimates

The results from the two downed woody debris survey methods differed form each
other, more strongly at UIEF (Table 2.2). Both surveys varied strongly from Method 3,
which were estimates calculated from allometric equations based on the pretreatment data
(Table 2.2). Method 3 was used to calculate the quadratic growth relationship between
downed woody debris and basal area growth (Appendix A). The regression results were not

significant at o = 0.1.

Table 2.2. Downed woody debris survey averages and estimations of metric tons per hectare per treatment.
Method one was calculated from two line transects from plot corners. Method 2 was calculated using three
transects from plot center. Method 3 used estimations from estimated the difference in pretreatment standing
tons per hectare of stands and the post-treatment standing tons per hectare within treatments.

Pitwood UIEF
Ix 2x Ix 2x
Method 1
DWD (t ha’l) 57.12 57.66 50.91 44.59
Method 2
DWD (t ha’l) 58.26 45.06 20.20 31.32
Method 3
DWD (t ha’l) 267.32 567.71 32.82 73.89

Growth response

Basal area growth and volume growth responded to locations, biomass treatments
and soil amendments at both the plot level (Table 2.3 and Table 2.5) and crop tree level
(Table 2.4 and Table 2.6). There were no interactions between soil amendment treatment
and biomass treatments. Biomass treatments and soil amendments did not affect soil
moisture or temperature. We will first examine growth response to treatments, followed by

the soil response to treatments.
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Table 2.3. Plot level ANCOVA F-statistic and p-value for basal area growth in the first three years of growth
after thinning in 2013. Variables include site location, biomass treatment, and soil amendment. Initial basal
area (basal area in 2013) was used as a covariate. Periodic annual increment (PAI) growth the growth from
2013 — 2016 divided by three years. Asterisk (*) indicates significance within factor at a = 0.05, bold text
indicates significance within factor at a = 0.1.

1* year growth | 2nd year growth | 3rd year growth PAI growth
(m”ha yr'") (m” ha yr'") (m”ha yr'") (m” ha yr'")

F p F p F p F p
Location (L) 50.46 0.00* | 40.37 0.00* | 40.72  0.00% 81.73  0.00%
Biomass (B) 0.92 0.44 3.17 0.03* | 2.95 0.04* | 4.04 0.01*
Amendment (A) | 1.32 0.28 1.93 0.13 2.45 0.07 3.19 0.03*
Initial BA (1) 77.38 0.00* | 39.19 0.00* | 0.82 0.37 32.67  0.00%
IxL 7.10 0.01* 5.18 0.03* 5.07 0.03*

Table 2.4. Crop tree ANCOVA F-statistic and p-value for basal area growth in the first three years of growth
after thinning in 2013. Variables include site location, biomass treatment, and soil amendment. Initial basal
area (basal area in 2013) was used as a covariate. Periodic annual increment (PAI) growth the growth from
2013 — 2016 divided by three years. Asterisk (*) indicates significance within factor at a = 0.05, bold text
indicates significance within factor at a = 0.1.

1* year growth | 2nd year growth | 3rd year growth PAI growth
(m2 ha! yr'l) (m2 ha! yr'l) (m2 ha! yr'l) (m2 ha! yr'l)

F p F p F p F p
Location (L) 50.51  0.00* |41.57  0.00* |13.88  0.00% |42.37 0.00*
Biomass (B) 3.15 0.03* |5.79 0.00* | 5.03 0.00* | 6.11 0.00*
Amendment (A) | 1.20 0.32 3.53 0.02* | 4.37 0.01* | 3.58 0.02*
Initial BA (I) 10.92  0.00% |21.89  0.00* |4.01 0.05 14.11  0.00*

Table 2.5. Plot level ANCOVA F-statistic and p-value for total stem volume growth in the first three years of
growth after thinning in 2013. Variables include site location, biomass treatment, and soil amendment. Initial
volume (volume in 2013) was used as a covariate. Periodic annual increment (PAI) growth is the growth from
2013 — 2016 divided by three years. Asterisk (*) indicates significance within factor at a = 0.05, bold text
indicates significance within factor at a = 0.1.

1* year growth | 2nd year growth | 3rd year growth PAI growth
(m® ha yr'") (m’ ha yr'") (m’® ha yr'") (m’® ha yr'")
F p F p F p F p
Location (L) 62.2277 0.00* | 39.55 0.00* | 52.64  0.00% 69.67  0.00%
Biomass (B) 1.5808 0.20 4.51 0.00* | 4.78 0.01* | 4.80 0.00*
Amendment (A) | 1.3945 0.25 3.05 0.04* | 3.89 0.01 3.70 0.02*
Initial volume (I) | 73.4029 0.00% | 39.19 0.00* | 0.05 0.83 25.04  0.00%
IxL 5.1328  0.03* 3.69 0.06 11.85  0.00* 10.16  0.00*
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Table 2.6. Crop tree ANCOVA F-statistic and p-value for total stem volume growth in the first three years of
growth after thinning in 2013. Variables include site location, biomass treatment, and soil amendment. Initial
volume (volume in 2013) was used as a covariate. Periodic annual increment (PAI) growth is the growth from
2013 — 2016 divided by three years. Asterisk (*) indicates significance within factor at a = 0.05, bold text
indicates significance within factor at a = 0.1.

1* year growth | 2nd year growth | 3rd year growth PAI growth
(m® ha yr'") (m’ ha yr'") (m® ha yr'") (m® ha yr'")
F p F p F p F p
Location (L) 52.84 0.00* | 47.50 0.00* | 26.03  0.00% | 4845 0.00%
Biomass (B) 5.63 0.00 9.49 0.00* | 6.12 0.00* 8.32 0.00*
Amendment (A) | 1.27 0.29 3.18 0.03* | 3.34 0.03* | 2.77 0.05
Initial volume (I) | 21.51 0.00* | 25.27 0.00* | 3.14 0.08 1596  0.00%

Basal area growth response to location

Pitwood basal area growth was greater than UIEF at the plot level and at the crop-

tree level for all growth increments (Table 2.7). The plot level periodic annual increment

(PAI) basal area growth at Pitwood was 107% greater than UIEF. Pitwood crop tree PAI

basal area growth was 44% greater than UIEF. No interactions occurred between locations

and main treatment effects. Interactions between initial basal area and location occurred due

to a steeper response to initial basal area at Pitwood than UIEF (Figure 2.4).
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Figure 2.4. The average plot-level basal area growth over the three years post-thinning by
initial basal area and location. Location and initial basal area interaction is significant (p =

0.03)
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Table 2.7. Average basal area growth by location in each year. Basal area and standard error are in (m’ ha”
). Same letters with each growth year and measurement indicate no differences between treatment levels at

a=0.1.
2013-2014 2014-2015 2015-2016 PAI

Plot

Pitwood 1.27 (0.13) 1.61 (0.16) a 1.53 (0.29) a 1.47 (0.14) a
UIEF 0.67 (0.13) b | 1.03(0.16) b | 0.42(0.3) b 0.71 (0.14) b
Crop tree

Pitwood 0.55 (0.05) 0.73 (0.05) a 0.67(0.06) a 0.65(0.04) a
UIEF 0.32 (0.05) 0.51 (0.05) b 0.51(0.06) b 0.45(0.04) b

Volume growth response to location

Pitwood volume growth was greater than UIEF at the plot level and at the crop-tree

level for all growth increments (Table 2.8). The plot level PAI volume growth at Pitwood

was 119% greater than UIEF and Pitwood crop tree PAI volume growth was 68% greater

than UIEF (Table 2.8). No interactions occurred between locations and main treatment
effects. Interactions between initial volume and location occurred at the plot level due to a

steeper response to initial basal area at Pitwood than UIEF (Table 2.5).

Table 2.8. Periodic annual increment volume growth from 2013 to 2016 by location. Volume and standard
error are in (m’ ha' y"). Same letters with each growth year and measurement indicate no differences between

treatment levels at o =0.1.

Plot PAI
Volume growth

Crop tree PAI
Volume growth

Plot
Pitwood
UIEF

12.66 (1.30) a
578(130) b

6.79 (0.55)  a
4.04(0.55) b

Basal area response to biomass treatment

Plot level growth represents the growth of live trees in the plot each year. Significant

mortality did not occur in the thinned plots, but mortality occurred in the unthinned plots,

especially during the 2015-2016 growing season, where the unthinned basal area decreased
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(Figure 2.5). The crop tree growth represents the net growth of the six largest trees that
survived the entire study period (Figure 2.6).

A regression analysis for tree growth by downed woody debris slash loads as a
continuous variable did not find any significant correlations (Appendix A). Growth was also
compared between slash treatments, as a categorical factor. Plot growth was affected by
biomass treatment starting at the second year of growth (Table 2.3). The PAI basal area
growth in the 1x treatments was 30 % greater than the 2x treatment growth, and 44% greater
than the unthinned plots (Figure 2.7). The growth in the 1x plots was not significantly
greater than the 0x plots in any year increment (Table 2.9), or for the PAI growth (Figure
2.6).

Biomass treatments were significant factors in crop tree growth for all growth year
increments (Table 2.4), and were usually due to a thinning response (Table 2.10). The PAI
basal area growth in the 1x treatments was 50 % greater than the unthinned treatment
growth, while the Ox growth was 44% greater than the unthinned plots (Figure 2.8). There
were no differences in PAI growth between the thinned treatments (Figure 2.8). Though, in

the third year, the 1x growth was 25% greater than the 2x plots (Table 2.10).
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Table 2.9. Average plot level basal area growth by treatment in each year. Basal area and standard error are

in (m* ha' y'). Same letters with each growth year and measurement indicate no differences between
treatment levels at o =0.1.

1st year growth 2nd year growth 3rd year growth
2013 - 2014 2014 - 2015 2015 - 2016

Biomass | BA BA BA

treatment | growth growth growth
0x 0.98 (0.12) a | 1.51(0.15) a 1.02 (0.27) ab
1x 1.04 (0.12) a | 1.50(0.14) a 1.45 (0.27) a
2x 0.83 (0.13) a | 1.28(0.16) a 0.82 (0.29 b
Unthinned | 1.02 (0.16) a | 1.01(0.19) a 0.62 (0.35 b

Table 2.10. Average crop tree basal area growth by treatment in each year. Basal area and standard error are

in (m* ha' y'). Same letters with each growth year and measurement indicate no differences between
treatment levels at o =0.1.

1st year growth 2nd year growth 3rd year growth
2013 - 2014 2014 - 2015 2015 - 2016
Biomass | BA BA BA
treatment | growth growth growth
0x 0.45 (0.05) ab | 0.66 (0.05) a 0.63 (0.06) ab
1x 0.50 (0.05) a 0.68 (0.05) a 0.70 (0.06) a
2x 0.43 (0.05) ab | 0.64 (0.05) a 0.56 (0.06) b
Unthinned | 0.36 (0.05) b 0.50 (0.05) b 0.48 (0.06) b
2.0
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Figure 2.7. Average annual plot basal area growth 2013 to 2016 by biomass treatment.
Same letters over bars indicate no differences between treatment levels at a =0.1.
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Figure 2.8. Average annual crop tree basal area growth from 2013 to 2016 by biomass
treatment. Same letters over bars indicate no differences between treatment levels at a =0.1.

Volume growth response to biomass treatment

Plot volume growth was affected by biomass treatment starting at the second year of
growth (Table 2.5). The PAI volume growth in the 1x treatments was 45 % greater than the
2x treatment growth, and 52% greater than the unthinned plots (Table 2.11). Volume growth
in the 1x plots was not significantly greater than the Ox treatment plots (Table 2.11). Crop
tree volume growth was affected by biomass treatment starting at the first year of growth
(Table 2.6). The PAI crop tree volume growth in the 1x treatments was 29 % greater than
the 2x treatment growth, and 47% greater than the unthinned plots (Table 2.11). The crop

tree volume growth in the 1x plots was not significantly greater than the growth in the 0x

treatment plots (Table 2.11).
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Table 2.11. Periodic annual increment volume growth by biomass treatment from 2013 to 2016. C = control, B
= biochar, F = fertilizer, and FB = fertilizer + biochar. Volume growth and standard error are in (m* ha™ y).

Same letters with each level indicate no differences between treatment levels at o =0.1.

Plot level PAI Crop tree PAI
Biomass Volume Volume
treatment | growth growth
0x 9.92 (1.27) ab | 5.73(0.55) ab
1x 11.47 (1.26) a 6.48 (0.55) a
2x 7.92 (1.31) b 5.03 (0.56) bc
Unthinned | 7.55 (1.38) b 4.42 (0.56) ¢

Basal area response to soil amendments

Basal area growth typically responded to fertilizer. Soil amendments did not affect

plot basal area growth during the first two growing seasons post-thin (Table 2.3). Fertilizer

only plots 39% higher PAI basal area growth compared to the unamended control plots

(Figure 2.9). Fertilizer only amended plots also had greater plot growth in the third year of

the study (Table 2.12). Biochar did not diminish or improve plot growth in any year (Table

2.12).

Soil amendments did not affect crop tree basal area growth during the first growing
season post-thin (Table 2.4). Fertilizer only plots 23% higher crop tree PAI basal area

growth compared to the unamended control plots, while fertilizer plus biochar (FB) plots

had 27% increased basal area growth compared to the control (Figure 2.10). In the third year

of the study, fertilizer-only plots had 30% greater growth than biochar-only amended plots

(Table 2.13). Biochar did not diminish or improve crop tree growth in any year compared to

the unamended control plots (Table 2.13).
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Table 2.12. Average plot level basal area growth by soil amendment by year. For soil amendment, C =
Control, B = Biochar, F = fertilizer, and FB = fertilizer + biochar. Basal area and standard error are in (mz

hal ). Same letters with each growth year and measurement indicate no differences between treatment levels
at a=0.1.

1st year growth 2nd year growth 3rd year growth
2013 - 2014 2014 - 2015 2015 -2016
Soil BA growth BA growth BA growth
amendment
C 0.93 (0.13) a 1.16 (0.16) a 0.63 (0.30) a
B 0.88 (0.13) a 1.26 (0.16) a 0.83 (0.30) ab
F 0.95 (0.13) a 1.50 (0.16) a 1.32(0.30) b
FB 1.12 (0.13) a 1.38 (0.16) a 1.14 (0.30) ab

Table 2.13. Average crop tree basal area growth by soil amendment by year. For soil amendment, C =
Control, B = Biochar, F = fertilizer, and FB = fertilizer + biochar. Basal area and standard error are in (mz

hal ). Same letters with each growth year and measurement indicate no differences between treatment levels
at a=0.1.

1st year growth 2nd year growth 3rd year growth
2013 - 2014 2014 - 2015 2015 -2016
Soil BA growth BA growth BA growth
amendment
C 0.40 (0.05) a 0.54 (0.05) a 0.50 (0.06) a
B 0.42 (0.05) a 0.61 (0.05) ab 0.53 (0.06) ac
F 0.44 (0.05) a 0.64 (0.05) ab 0.69 (0.06) b
FB 0.48 (0.05) a 0.69 (0.05) b 0.65 (0.06) bc
2.04
a ab b ab

3 year PAI basal area growth (m2 ha™' yr‘1)
o
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T T T

v
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Figure 2.9. Average annual plot basal area growth 2013 to 2016 by soil amendment. C = unamended control, B =

biochar, F = fertilizer, FB = fertilizer + biochar. Same letters over bars indicate no differences between treatment
levels at o =0.1.
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Figure 2.10. Average annual crop tree basal area growth 2013 to 2016 by soil amendment. C = unamended
control, B = biochar, F = fertilizer, FB = fertilizer + biochar. Same letters over bars indicate no
differences between treatment levels at a =0.1.
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Volume growth response to soil amendments
Volume growth typically responded to fertilizer at the plot level. Soil amendments

did not affect plot growth during the first growing season post-thin (Table 2.5). Fertilizer (F)
plots and fertilizer plus biochar (FB) plots had 19% and 25% and higher PAI volume growth
compared to the unamended control plots (Table 2.14). Biochar did not diminish or improve
plot or crop tree basal area growth. There were no differences between amendment

treatments on crop tree PAI volume growth.

Table 2.14. Periodic annual increment volume growth by soil amendment from 2013 to 2016. C = control, B =
biochar, F = fertilizer, and FB = fertilizer + biochar. Volume growth and standard error are in (m® ha' y).
Same letters with each level indicate no differences between treatment levels at o =0.1.

Plot level PAI Crop tree PAI
Biomass Volume Volume
treatment growth growth
C 4.84 (0.55) a 7.21 (1.30)
B 5.00 (0.55) ab 8.71 (1.30)
F 5.78 (0.55) b 10.52 (1.30)
FB 6.04 (0.55) b 10.42 (1.30)
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Soil moisture and temperature

There were highly significant seasonal and locational effects on soil moisture and
soil temperature. Soil temperatures were highest in the summer and lowest in the fall. Soil
moisture was lowest in the summer and highest in the spring. No seasonal differences in soil
moisture were found between biomass treatments or soil amendment treatments (Appendix
A). Soil temperatures were not also unaffected by biomass treatment of soil amendment

treatment (Appendix A).
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Discussion
Response to biomass retention level and thinning

During the three years following thinning, full biomass removal did not significantly
affect basal area growth or total volume growth compared to the slash retention plots at both
the plot level and the crop trees level. This indicates that forests growth in the Inland
Northwest with similar soil and forest conditions may be resilient to biomass removal during
pre-commercial thinning, and can support harvesting small diameter biomass for biofuel
feedstocks. However, some long-term studies have shown negative effects of biomass
removal that were not apparent during the first five years (Voldseth et al., 2011), so it is
possible that long term impacts in our study may not be seen at this time. Many other long
term studies found little or no impacts of commercial harvest biomass removal (Slesak et al.,
2017), so it is likely that smaller diameter biomass removal will not impact forest growth on
this site. Concurrent soil studies may provide early indicators of biomass removal impacts.

Previous bole-only harvests occurred at both locations in the late 1980°s and early
1990’s. It is not documented whether the residual biomass from these harvests was retained
in all plots, however remnants of decaying logs were visible at both locations, including in
the Ox treatments. The decaying biomass from these operations undoubtedly contributed
nutrients to soil. The lack of impact of biomass removal on growth might not be replicated
on a site that had been whole-tree harvested prior to planting or natural regeneration.

Plots with 2x biomass retention had significantly lower basal area growth and total
volume growth compared to other thinned plots with less biomass retention in some years,
which was unexpected. Some studies show increased slash retention can increase the risk of
crop pests and disease (Schroeder, 2008), which possibly occurred, though significant

mortality did not occur in thinned plots. We completed an analysis of soil temperature and
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moisture differences between biomass treatments as some studies have found well slashed
plots to increase soil moisture and decrease soil temperature (Devine and Harrington, 2007),
which could affect growth. Soil moisture and temperature were not found to be different
between whole-plot treatments (Appendix A). Decreased growth due to excess slash has not
been widely shown, and the concept of double slash performed in this study was not found
in other studies. While many studies do not report the weight of slash per area, similar
studies that did had maximum slash loads of 21.5 tons per hectare (Luiro et al., 2010) and
67.0 tons per hectare (Wall, 2008), though these studies examined nutrient response, and not
growth. After reviewing literature, the amount of slash left at Pitwood was unprecedentedly
high compared to other reported studies, due to the overstocked pre-treatment conditions and
the unique 2x slash treatment. There was not an interaction between location and biomass
treatment in the growth response, which makes the underperforming 2x growth more
interesting as UIEF had slash levels more in-line with other studies (Wall, 2008).

The results of this study suggest large amounts of slash can decrease growth.
Retaining full biomass residue from thinning operations on site did not show any benefits
over removing all biomass material on forest growth in the first three years after thinning.
Assessing an ideal biomass retention level for this region was an objective of this study. A
regression analysis was completed using the downed woody debris estimate. While there
was a peak slash level growth response at both locations, the regression results were not
significant. This may be due to wide variation in slash levels, the limited sample size, and
the accuracy of our method of estimating downed woody debris. It is possible that an ideal
biomass retention level is a range between zero biomass retention and more than full

biomass retention. Due to this knowledge, management prescriptions of Inland Northwest
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forests with similar soil conditions may include full biomass removal or retention as

convenient during thinning operations if soil impacts are minimized.

Response to soil amendments

Nitrogen is the limiting nutrient for plant growth in this region soils (Edmonds et al.,
1989; Coleman et al., 2014), so fertilization was expected to increase forest productivity
compared to the control. Fertilized plots showed increased plot level growth and increased
crop tree growth compared to unfertilized control plots during the three years of the study.
While biomass removal did not result in decreased growth in the first three years of the
study, it is reasonable to assume fertilizer would be beneficial in Inland Northwest forests
for forest productivity if longer-term research finds biomass removal impacts forest growth
later in the rotation cycle.

Biochar did not affect plot-level basal area or volume growth in any year. Crop tree
basal area growth in biochar amended plots did not differ from unamended control plots,
though crop trees in fertilizer-only amended plots had greater growth than in biochar-only
amended plot in one year. Biochar never negatively impacted growth compared to the
control plots, so it can still be used as a method of carbon sequestration in forests without
impacting growth.

Biochar is a highly variable substance and studies find growth responses ranging
from increased growth (Carter et al., 2013; Graber et al., 2010; Hossain et al., 2010),
diminished growth (Asai et al., 2009; Hammond et al., 2013) and no response (Schulz et al.,
2014). The lack of biochar affect may be due to the existing volcanic ash content in the soils.
Andisol soils which are present at Pitwood, tend to have high forest productivity compared

to soil orders without ash (Meurisse et al., 1991). The UIEF soil types also include volcanic
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ash and pumice. The porous quality of volcanic ash in soil increases water-holding capacity
in soils, which can increase forest productivity (Meurisse et al., 1991). The increased water
holding capacity in Andisol soils is an important factor for forest productivity in the Inland
Northwest as the region experiences warm and dry summers (McDaniel et al., 2005).
Biochar amended plots may not have increased growth because plots without biochar
possibly had a large enough volcanic ash cap to maintain adequate soil moisture during dry
seasons. This was also represented by the lack of differences in soil moisture and soil
temperature between soil amendment treatments. We expected to see higher seasonal soil
moisture content in biochar amended plots than plots without biochar, but this was no found
to be true. This may be due to the the amount of biochar that was applied. This study applied
2.5 Mg/ha of biochar to plots, while other biochar field studies with significant findings
applied 7.8 Mg ha™ (Ma et al., 2016), 10 Mg ha™ (Brantley et al., 2015), and 47 to 105 Mg
ha™' (Ippolito et al., 2015). It is possible that increasing the rate of biochar would have

resulted in increased impacts.

Downed Woody Debris Surveys

The initial downed woody debris surveys were found to misrepresent the site. They
were repeated using longer transects in 2016, and they again misrepresented the site. The
downed woody debris calculations conflicted with whole-plot treatments and visual site
knowledge. We determined this was due to lack of homogeneity in the spread of woody
biomass, and relatively short distance of transects within our 20 x 20 meter split-plots. A
non-random method of calculating debris, such as debris pile volume calculations, would
possibly result in more accurate calculations. It was determined that we could get the best

estimate of downed woody debris by using the known pre-treatment basal area and the post-
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treatment basal area of each plot, and factoring in the treatments. These calculations

represented the plot treatments more accurately than the downed woody debris surveys.

Limitations

The limitations of this study included a lack of confidence in the biomass amounts
applied due to DWD survey variability and a lack of full pre-treatment measurements to be
fully confident in our 2012 standing tons per hectare estimates. Our confidence in the
volume growth calculations is limited due to missing height data, which was filled in using
allometric equations. The biochar rate in this study was low compared to other studies.
Further, the biochar was sprayed on some sites, and hand applied on others, which may have

resulted in a difference in homogeneity of the treatment.
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Conclusions and research implications

This study found full biomass removal from thinning operations did not impact
forest productivity in the first three years after thinning. This indicates forests in the inland
northwest could support cellulose biofuel systems without impacting site productivity. A
follow up study is recommended to look at long term impacts of small diameter biomass
removal.

Very few studies look at the effects of slash levels greater than the amount harvested
at thinning. This study showed excessive slash negatively impacted forest growth compared
to normal biomass retention levels. This is an unprecedented result. This study had slash
levels up to 567.71 tons per hectare, and no study found reported slash amounts near this
amount. In this study the crop tree growth of thinned plots with double biomass retention
was not different than crop tree growth in unthinned plots, which indicates the negative
effects of too much slash negate the expected benefits of pre-commercial thins. It is possible
to use a quadratic curve to find the ideal amount of slash for the region using the growth
response to the DWD amounts that were applied.

This study supports previous studies that found fertilizing forest soil will increase
forest productivity, especially in nitrogen limiting environments. The study provides
evidence that amending ashy soils with biochar will not result in increased growth but can
still be used for carbon sequestration. These findings will help inform forest management of
the region.

The findings of this study should be evaluated alongside concurrent studies on soil
biological properties and invertebrate diversity at these study sites. This will lead to a
broader understanding of the impacts of biomass treatments and soil amendments at an

ecosystem level. It is recommended that trees in this study are measured again prior to their



commercial harvest to evaluate the long term impacts of biomass removal and slash

retention.
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within seasons occurred at o0 =0.1.
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Figure A.6. Seasonal moisture differences by biomass treatment. No differences between treatment levels
within seasons occurred at ot =0.1.
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Figure A.7. Seasonal temperature differences by soil amendment. No differences between treatment levels
within seasons occurred at o0 =0.1.
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Figure A.8. Seasonal moisture differences by soil amendment. No differences between treatment levels within
seasons occurred at o0 =0.1.



Downed woody debris regression
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Figure A.9. PAI basal area growth response to downed woody debris by location with fitted quadratic curve.
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Figure A.10. PAI crop tree basal area growth response to downed woody debris by location with fitted
quadratic curve.
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