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ABSTRACT

Symonds, J.T. 2011. Moisture reduction and nutrient retention associated with field-
drying forest harvest residues on clearcut sites in northwestern Ontario,
Canada. Master of Science in Forestry, Lakehead University.

Key Words: forest harvest residues, biomass, slash, field-drying, moisture content,
decomposition, litterbag, foliage shedding, nutrient patterns.

The increased utilization of forest harvest residues as supplemental, inexpensive
and renewable energy raises two key concerns: 1) continued removal may negatively
affect long-term site productivity; and 2) because 50-60% of this material“s green
weight is water, transportation and burning costs of the green biomass very inefficient.
Leaving the harvest residues to passively field-dry in the clearcut is a common forestry
practice in the Nordic countries and is also used as a nutrient management strategy.
While field-drying, nutrients are retained on site through the processes of physical
foliage shedding, leaching and decomposition. The present study investigated the effects
of field-drying on moisture reduction and the release of nutrients from black spruce
[Picea mariana (Mill.) B.S.P.], jack pine [Pinus banksiana Lamb.] and trembling aspen
[Populus tremuloides Michx.] harvest residues. Field-drying plots were established in
recent clearcut sites near Thunder Bay, Ontario, Canada. Trees of each species were
felled and the limbs gathered into small biomass piles inside netted enclosures. The piles
were left to dry for one year and sampled at regular intervals (0, 4, 8, 12, 16, 48 and 52
weeks) for moisture content, nutrient concentration and percent foliage mass.

By week 4 (Jul) the average moisture content was reduced to a 17% (wet basis).
However, the material regained moisture over the duration of the season; by week 16
(Oct) the moisture content increased to 28%, was 30% following the winter months
(May), and then reached 16% by week 52 (Jun). Decomposition rates were 2, 3 and 5
%-mth™ for coarse branch, fine branch and foliage, respectively. Field-drying for a
summer season (16 weeks) retained on site up to 34, 44, 48, 40, and 56% of the
materials N, P, K, Ca, and B, respectively. If left to overwinter and field-dry 52 weeks,
nutrient retention values increased up to 39, 57, 63, 36, and 59% for N, P, K, Ca, and B,
respectively. Nutrient retention was very strongly influenced by the species of the
material. The nutrient return from black spruce was almost entirely through the shedding
of foliage and occurred very rapidly (45% shed by week 4). Trembling aspen and jack
pine shed 30% of their foliage but required an overwintering period; however leaching
and decomposition did return a substantial amount of nutrients to the site after 16 weeks
of field-drying.

Field-drying forest harvest residues is an effective technique at reducing the
material“s moisture content in northwestern Ontario. Integrated field-drying into existing
silvicultural systems can also increase the amount of nutrients retained on site during a
biomass harvest. Optimum field-drying duration is highly dependent on the species
composition of the stand; black spruce material can be removed after one summer
season of field-drying, whereas the material from a mixed wood site (trembling aspen
and jack pine) would benefit from an overwintering period.
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1. INTRODUCTION

The energy crisis that began in the 1970%s, forced many oil-dependent countries to
consider alternative energy sources. Much attention was given to investigating sources
that were renewable and environmentally acceptable, while still remaining cost
competitive. During this time period, many countries began looking at forests as a
viable source of energy (Alemdag and Richardson 1993). Wood and forest harvest
residues, also known as biomass, were seen as viable feedstock for large scale energy
production and throughout the 1970°s and 1980 attention began shifting to forest
biomass for energy (Schobert 2002). Forest biomass was seen to hold great potential to
be a successful supplemental fuel; one if combined with other renewable sources of
energy, could fill the energy gap (McDaniels 1982).

With its plentiful forest resources, Canada began a research and development
program in 1978 called ENFOR: Energy from the Forest. The program had five
objectives: “(1) to assess, in the event of an emergency, the quantity of wood available
for energy, including standing timber and residues, known as biomass; (2) to study fast-
growing tree species for energy plantations; (3) to establish the most suitable harvesting
methods to preserve the growing balance of trees and stands, and to practice these
methods most economically; (4) to investigate the effects of biomass harvesting on
forest soil, in particular, and on the environment in general; and (5) to improve or
innovate methods of converting biomass into liquid or gaseous fuels” (Alemdag and

Richardson 1993). The ENFOR program was successful in synthesizing a great deal of



research from across Canada and organized many projects aimed at making biomass
harvesting, conversion, and usage a reality.

When oil prices dropped back down in the mid 1980%s, so did much of the
interest in forest biomass for energy. By the late 1980*s, much of forest bioenergy
research in North American ceased and attention shifted over to other areas of forest
research; all ENFOR projects were abandoned by 1990. With lower prices of oil, energy
from the forest was no longer an economically viable prospect for most developed
countries (Kimmins 1997). In Europe, however, research continued, government
incentives were put in place, and biomass began being used as a supplementary energy
source. The United Kingdom, the Netherlands and the Nordic countries became global
leaders in energy from forest biomass. Forest biomass usage also became a reality in
South American countries like Brazil, where large plantations of fast-growing
Eucalyptus were developed as an alternative to coal in order to provide power to their
steel industry (Kimmins 1997).

In the last five years, petroleum prices have increased dramatically and the world
1s now experiencing another oil crisis. Combined with an awareness of carbon
emissions and global warming concerns, many governments are revisiting the search for
inexpensive, carbon neutral, renewable energy sources and biomass is again part of the
solution. For example, the United Stated Department of Energy has proposed the “25 by
25” goal, which requires 25-percent of its electricity and 25-percent of its motor fuel be
produced from renewable sources by the year 2025 (EIA 2007). These requirements are
to be implemented under the Renewable Portfolio Standard (RPS) and Renewable Fuel

Standard (RFS), respectively (EIA 2007). In May of 2009, Ontario put into place the



Green Energy Act to encourage the development and usage of new renewable energy
sources, while also aiming to reduce greenhouse gas emissions (OGEAA 2009). In
conjunction with the Green Energy Act, the Ontario Ministry of Natural Resources is
now implementing its Forest Biofibre Policy, which is moving the province toward
greater utilization of harvesting residues for the production of bioenergy and other
biomaterials (OMNR 2008).

In the spring of 2006, the Ministry of Energy and Infrastructure (MEI), through
the Ontario Centres of Excellence (OCE), announced the investment of $4 million for
the development of a Bioenergy Research Centre. The primary goal of the Centre was
to work alongside the Atikokan Generating Station with the goal of searching out
potential local bioenergy industries and determining whether bioenergy sources for
electricity generation in northwestern Ontario was a viable and environmental
sustainable option. The three main bio-energy sources that were explored are as
follows: (1) agricultural by-products, (2) peat, and (3) wood/forest harvest residues. The
current investigation however, focuses exclusively on the latter of these three bio-energy
sources.

Increasing pressure to find inexpensive and renewable energy has turned attention
to the use of forest harvest residues, or biomass, as a supplemental fuel source. This
increased utilization raises two key concerns: 1) leaves, twigs, and branches, are very
high in nutrient concentration and continued removal of such material may negatively
affect long-term site productivity; and 2) on average 50-60% of this materials* green
weight is water, which makes transportation and burning costs much higher. There is

great incentive to implement operational forestry practices that reduce both the moisture



and nutrient content of the green biomass. Leaving forest harvest residues in the
clearcut to field-dry before removal from the site is a technique used for passively
reducing moisture content, while leaving nutrients on the site. As the forest harvest
residues are left to dry in the field, four main processes begin to alter the material“s
physical and chemical properties: 1) water is both lost and gained from the residues
through the processes of evapotranspiration and absorption, 2) mass is lost as microbial
populations begin the process of decomposition, 3) mass is also lost mechanically as
foliage and fine twigs are shed from the drying residues, and 4) nutrients are lost
through the process of leaching. Factors such as climate, environment, type of residue,
and drying times all will influence these processes and the rates at which they occur.
From an operational standpoint, the goal of a biomass harvest is to maximize the
amount of water loss by evapotranspiration while minimizing the mass loss, so as to get
the greatest yield from a site. From an ecological standpoint, the goal is to maintain soil
fertility by maximizing the amount of nutrients left on site through the processes of
decomposition, leaching, and mechanical mass loss. This research project is an attempt
to merge these two, seemingly different goals, to find some middle ground that satisfies
both operational and ecological requirements.
The purpose of this research project is two-fold:
1) To investigate the effects of field-drying on moisture reduction, decomposition,
physical mass loss (shedding of foliage), and nutrient leaching from the fine
harvest residues of northwestern Ontario®s three main merchantable tree species

(black spruce, jack pine, and trembling aspen).



2) To develop a tree nutrient database for the tree species of Northwestern Ontario
that would serve as a baseline for quantifying the degree of nutrient removal off
site through biomass harvesting and supplement the already existing tree

chemistry values from the literature (Appendix I).



2. LITERATURE REVIEW
Harvesting fresh crown material as a source of biomass poses problems because of its
high moisture content. High moisture content increases transportation costs and
decreases the efficiency of energy conversion (Johnson ef al. 1985). On average, 50 to
60% percent of the crown"s green weight is water, which must be vaporized before
burning (Liang et al. 1996). Within this high moisture range, boiler efficiency can be
improved by 1% for every percent drop in moisture content (Liang et al. 1996). As a
result, there is great incentive to reduce the moisture content of the green biomass as
much as possible before transporting. Considerable research has been conducted in
Nordic countries to investigate the effectiveness of various biomass field-drying and
storage techniques (Nurmi 1999, Nordfjell and Liss 2000, Pettersson and Nordfjell
2007). Often moisture reduction takes place in the field by piling or scattering residual
biomass across the site for an established period of time. This allows the processes of
evaporation and transpiration to dry the material before it is harvested from the site
(Johnson ef al. 1985). Nurmi (1999) found that piling Norway spruce [Picea abies (L.)
H. Karst] residues to field-dry in the clearcut was better than drying the material in
larger piles at the landing site and reduced the residue‘s moisture content from 56.0 to
28.5% (wet basis) in one year.

Field-drying is common practice in many Nordic countries because it also plays
an important role in nutrient management, a key element to maintaining long-term site
productivity. During the field-drying process, a percentage of needles are shed from the

branches, reducing the amount of nutrient-rich biomass removed from the site. Nurmi



(1999) stressed the importance of leaving the needle mass on site to enhance nutrient
cycling and stated that this was a far more important factor in the nutrient cycle than
leaching. If the foliage, being high in nutrient concentrations, is left to decompose
naturally, it should lessen the negative impact on long-term site productivity (Stupak et
al. 2008). Percentages of needles shed by field-drying have been shown to vary by
species. Raulund-Rasmussen et al. (2008) found that Norway spruce shed most of its
needles after drying, whereas the needles of Scots pine (Pinus sylvestris L.) were more
resistant. Nurmi (1999), looking at Norway spruce harvest residues, found that the
average needle contribution to the total of harvesting residue was 27.7% (dry weight);
however, within one year, only 6.9% of the residue mass was needles.

Field-drying has also been found to leave nutrients on the site through nutrient
leaching and decomposition. In a one-year broadleaf-litter decomposition study carried
out by Granhall and Slapokas (1984) in central Sweden on willow [Salix sp. L.],
Speckled alder [A/nus incana (L.) Moench] and silver birch [Betula pendula Roth.],
there was a rapid loss of dry matter within the first two weeks after placing the litter
bags on the ground. Further investigation suggested that this was likely caused by rain
and snow fall extracting the water soluble fraction of the litter. This trend, observed
within the initial two weeks of decomposition, was described as a “physical ,,leaching
phase®, where early microbial growth took place mainly with the water extractable
fraction as a carbon source”. Microbial degradation was found to be small during the
initial leaching phase, but gradually increased throughout the year resulting in the
release of recalcitrant fractions, such as lignin. Phosphorous (P) and potassium (K) were

found to be the most rapidly lost mineral elements from the litter. Granhall and Slapokas



(1984) reported that the majority of the litter types they incubated for one year leached
more than half of their P content. Litter was found to release up to 34% of the original
nitrogen (N), but in some cases N actually accumulated in the litter due to fungal
ingrowth and nitrogen immobilization. Even calcium (Ca), a recalcitrant element in
plant tissue, was released from litter that had high initial Ca content. Possible
explanations for this could be that Ca was in excess and thus could be water extractable,
or that there was a physical break down of the cell walls by repeated freezing and
thawing. Over the duration of the study, some of the leaf litter lost up to 45% of its
original dry matter percentage.

A 16-week field-drying experiment carried out by Johnson et al. (1985) in
Virginia on the twigs and leaves of red maple [Acer rubrum L.] and chestnut oak
[Quercus prinus L.] showed similar results. They found that there were significant
declines in the concentrations of P and K in both leaves and twigs over the drying
period. When scaled up to the stand level, nutrients returned to the site through leaching
and decomposition were found to be 37, 2, 34, 20, and 2 kg ha'! for N, P, K, Ca, and
magnesium (Mg), respectively. Johnson ef al. (1985) identified that these levels are
similar to the annual amounts naturally cycled in the litterfall of an Appalachian mixed
oak stand. Therefore, one of their conclusions was that a summer harvest followed by a
period of field-drying may retain the same amount of nutrients as a leaf-off, winter
harvest. They also reported a drop in moisture content of the branches from 84 to 35%
(wet basis), which is comparable to the moisture content achieved when industrial

fuelwood is dried in heated rotating drums (Johnson et al. 1985).



Compared to the leaching and decay rates of broadleaf species, rates for
coniferous species tend to occur much more slowly. Nurmi (1999) found needles of
Norway spruce stored for one year in a clearcut, lost 20% of their original dry matter
through decomposition, an average of 1.7% per month. Other studies have shown
similar results averaging at approximately 2.0% per month for Norway spruce needles
(Jirjis and Lehtikangas 1993, and Stupak et al. 2008). Stupak et al. (2008) reported the
nutrient content decreases of between 35-60% for N, P, and K, whereas decreases in Ca
and Mg were less than 32%.

In a review of literature pertaining to litter decomposition in northern forest soils,
Berg (2000) reported that decomposition rates can range from 36.5% yr' for fresh litter
but as little as 0.004% yr™' for material in more advanced stages of decay. Many studies
have confirmed that climate (temperature and precipitation) and substrate quality are the
two main controlling factors of litter decomposition rate (Meetemeyer 1978; Johansson
et al. 1995; Moore et al. 1999; Trofymow et al. 2002; Pare et al. 2006). Clear-cut
harvesting drastically alters soil temperature and moisture (Ballard 2000), and as a result
one would expect significant changes to the rates of litter decomposition and nutrient
release following a clear-cut harvesting compared to the uncut forest. However, findings
from litter decomposition experiments which compare uncut and clearcut treatments
have yielded mixed results.

Significant differences in decomposition and nutrient release rates have been
observed between clear-cut and forest for some litter material but not for others. For
example birch leaves were the only material type to exhibit a greater decomposition rate

on clearcut sites versus uncut sites, whereas the foliage, fine roots and branches of Scots



10

pine and Norway spruce showed no difference in decomposition or release rates of N
and P (Palviainen et al. 2004a). Another study by Palviainen (2004b) found that
clearcutting slightly increased mineralization rate of K, Ca, iron and aluminum of all
three tree species listed above. Another contrasting study by Prescott ef al. (2000) found
that broadleaf foliage showed no difference in decay rates between cut and uncut sites,
but needle material was found to decompose slower on clearcut sites. In some cases,
decomposition rates have been shown to differ within the first year, as predicted by Berg
(2000) but not in later stages (Duhensne and Wetzel 2000). An additional factor
influencing litter decomposition is site preparation. Disc trenching scarification has been
shown to decrease the rate of litter decomposition, especially within the first year of
incubation (Duhensne and Wetzel 2000).

Since the majority of forest harvest residue field-drying research has taken place
in the Nordic boreal region and the southeastern deciduous forest region of the United
States, and since the current research confirms that field drying rates, decomposition and
nutrient release rates are strongly affected by a complexity of factors (site temperature,
precipitation, tree species etc.), it is important to develop more regional experiments to
help investigate the success of field-drying the residue materials of Canadian boreal tree
species in northwestern Ontario.

The purpose of the current study was to investigate the effects of field-drying on
the release (by the shedding of foliage, leaching and decomposition) of nutrients from
the harvesting residues of northwestern Ontario®s three main merchantable tree species:
1) black spruce [Picea mariana (Mill.) B.S.P.], 2) jack pine [ Pinus banksiana Lamb.]

and 3) trembling aspen [ Populus tremuloides Michx.]. Piles made from the harvesting
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residues of each species were established in clearcut sites in the Lakehead Forest near
Thunder Bay, Ontario. Samples were collected over a one-year period to monitor the
changes in mass, moisture content and nutrient concentrations. Moist and dry ecosites
were strategically chosen to determine if soil moisture conditions significantly affect the
rate of nutrient leaching and decomposition of the drying materials. A litter bag
decomposition experiment was also incorporated to monitor the mass loss trends for
individual components (leaves, fine branches, and coarse branches) over the duration of
the experiment.

Within the one-year drying period, and based on evidence from the literature, the
following hypotheses were formulated and tested:

1. The majority of nutrients will be lost though the shedding of foliage as opposed
to through leaching and decomposition.

2. Mass loss through decomposition is expected to be approximately 2% mth™, but
should be higher for trembling aspen foliage compared to either jack pine or
black spruce.

3. Nutrient leaching will play a smaller role, but will still contribute in the returning
of nutrients to the site.

a. More mobile or soluble nutrients, such as P and K, are expected to leach
from material within the first four weeks.
b. More recalcitrant nutrients, such as Ca, are expected to remain

unchanged in the material until the material has overwintered.
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Nitrogen will increase in concentration during the initial months as
microbial populations break down the carbon rich compounds. Nitrogen
levels will then begin to decrease as decomposition proceeds.

. Moisture content is predicted to reach its lowest point (35-40%) by the end
of the fall (week 16).

Moisture is predicted to increase into the following spring (May), due to melt
water from snow and ice.

Moisture content should return to the same level as week 16 by the end of

the experiment (June 2009)
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3. METHODS

3.1 Site description

Six recent clearcut sites were chosen in the Lakehead Forest, near Thunder Bay Ontario
(Figure 1). A preliminary screening of potential test sites was carried out using existing
forest inventory ecosite information to identify stands that had similar soil nutrient
regime, but varied moisture regime (Figure 2). The goal was to establish three test sites
with moist mineral soil and three with dry mineral soil. Potential sites were visited and
their soil moisture regimes verified by soil pit and soil type classification. A summary of
the actual soil and site information can be seen in Table 1.

Dry sites D1 and D2 were located approximately 50 km north of Thunder Bay.
Both of these sites had moderately dry sandy soil with rapid to very rapid drainage.
Before being harvested, site D1 reportedly had a jack pine and black spruce mixedwood
stand (ES-14), whereas site D2 had a trembling aspen, balsam fir, and black spruce
mixedwood stand (ES-16) (Racey ef al. 1996). The remainder of the sites (D3, W1, W2,
W3) were located approximately 100-150 km southwest of Thunder Bay. Dry site D3
had a shallow coarse sandy loam soil with very rapid drainage and before harvest had a
black spruce, jack pine, and feather moss stand (ES-20). All three of the moist sites had
moist to moderately moist fine loamy to clayey soil with imperfect to poor drainage.
Moist site W1 originally had a black spruce, jack pine, Labrador tea (Ledum
groenlandicum Oeder), and feather moss stand (ES-22) whereas moist sites W2 and W3

reportedly had black spruce, jack pine stands with a feather moss understory. Sites D1,
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D3, W2, and W3 were the four sites used for the litter bag decomposition experiment,

which is discussed in further detail in a later section.

At each site, plot locations were chosen based on several characteristics: 1) level

micro-topography; 2) ease of accessibility (i.e., close proximity to the road to help

maximize the efficiency of repeated visits and measurements); and 3) minimal ground

obstructions (i.e., rocks, harvest residues, planted seedlings and other vegetation).
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Figure 1. Map of the Thunder Bay region (Lakehead Forest) indicating the six test site
locations. D and W indicate dry and moist sites, respectively. Corresponding

ecosite information is also indicated.
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Figure 2. Ecosite moisture regime and nutrient regime relationship matrix. Circles
indicate the ecosites of the actual test sites. Modified from Racey et al. 1996-
Terrestrial and Wetland Ecosites of Northwestern Ontario.

Table 1. Soil and site descriptions for each of the six test sites.

Site S-Type Soil Description Ecosite Ecosite Description

D1 S1 dry - v. Fresh ES-14 Pine-spruce mixed wood: sandy soil

D2 S1 dry - v. Fresh ES-16 Hardwood-fir-spruce mixed wood: sandy soil

D3 SS3 dry - mod. Dry ES-20 Spruce-pine/feathermoss: fresh, sandy-coarse loamy soil
W1 S10 moist/fine loamy-clayey ES-22 Spruce-pine/ledum/feathermoss: Moist, sandy-coarse loamy soil
W2 S10 moist/fine loamy-clayey ES-31 Spruce-pine/feathermoss: Moist, silty-clayey soil

W3 S10 moist/fine loamy-clayey ES-31 Spruce-pine/feathermoss: Moist, silty-clayey soil
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3.2 Climate data

Thunder Bay climate data for the time period of the field-drying experiment, June 2008
through June 2009, can be seen below in Figure 3. Total monthly precipitation tends to
follows the same annual pattern as mean temperature but lags slightly behind. The
average monthly temperature ranged from 17C in July to -17 C in January. On average,
the precipitation in the summer months was 50 mm and 25 mm the winter months.
During the period of study, Thunder Bay experienced two spikes of precipitation in the
fall of 2008, where the monthly precipitation doubled and reached 98 and 82 mm for
September and November, respectively. The average total annual precipitation for

Thunder Bay is around 710 mm. The total precipitation for 2008 was 634.6 mm.
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Figure 3. Climate data for Thunder Bay for the period of June 2008 to June 2009; total

monthly precipitation and average monthly temperature. Source: Environment
Canada Thunder Bay airport weather station.
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3.3 Pile construction

In late June of 2008, representative trees of each species (black spruce (Sb), jack pine
(Pj), and trembling aspen (Pot)) were selected from along the clearcut perimeter at each
of the six sites. The trees were felled, delimbed, and the branches were used to make
small biomass piles inside netted, framed enclosures (Figure 4). Two piles were created
for each species for a total of six piles per site. The enclosures were constructed from
2.5 cm x 5.0 cm lumber and were 91 cm wide by 91 cm high by 152 cm long. The top
and sides of the enclosures were covered with a 6.35 mm clear, polypropylene mesh
netting and the bottom was covered with a 2mm fibreglass screen. The enclosure
netting was designed to minimize any loss of material from the piles (i.e., shed foliage)
while still allowing the natural processes such as exposure to sun /ultra violet light,
precipitation, wind and microorganisms, all of which are normally influencing the rates
of decomposition, nutrient leaching and drying of harvest residues. General pile
information was recorded as the piles were constructed (i.e., number of branches per pile
and total green weight of branches per pile). To estimate the total mass of each
component in the piles, component mass ratios were calculated for each species using a
total of six randomly selected branches. Each branch was divided up into three
components (coarse branch [C], fine branch [F], and leaves/foliage [L]), weighed on a
tripod scale, and the average dry mass ratios were calculated using the moisture contents

calculated in the laboratory.
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Figure 4. Typical arrangement of the netted biomass enclosures at a site.

3.4 Sampling procedure

Samples were collected immediately after felling in June 2008, and at four-week
intervals for 16 weeks. The piles were left to overwinter from October to May and then
sampled again in May (week 48) and June (week 52) 2009. At each time interval,
subsamples were collected for the determination of moisture content, foliar mass loss,
and nutrient concentration. Branch tips were cut at the 5 mm mark, and the green weight
and lengths were recorded; these were considered fine branch material (F). A 10 cm
section of branch was cut at the point where the branch connected to the main stem and
the green weight and diameters recorded; these were considered coarse branch material
(C). The leaves/foliage (L) were manually removed from the fine branch back in the

laboratory.
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3.5 Moisture content measurements

At each time interval, two coarse branch samples and two fine branch samples
(including foliage) were collected from each pile; one from the upper region of the pile
and one from the lower. Since moisture was assumed to vary by sampling height within
the pile, an average pile moisture content was calculated using the upper and lower pile
moisture content values. The green weight was recorded to the nearest tenth of a gram,
on a digital field balance. The samples were taken back to the laboratory and dried at
70°C to remove most moisture, then dried for another two hours at 105°C to obtain the
oven-dry weight or dry matter percent (Miller 1998a). Percent moisture content by dry

weight was determined gravimetrically for each of the samples using equation [1].

MC % (wet basis) = [green weight (g) — oven-dry weight (g)] / green weight (g) x 100 [1]

3.6 Physical mass loss (shedding of foliage)

After the fine branch samples were oven-dried and used for moisture content
determination, the foliage was removed, and the weights of the foliage and fine branch
were recorded to the nearest tenth of a gram. This procedure was followed at each
interval to monitor changes in fine branch to foliage ratio. The average percent leaf mass
was determined for each pile at the beginning of the experiment using equation [2]. For
the remainder of the experiment, percent leaf mass was calculated and the relative leaf

mass left on the site, or shed leaf mass, was determined using equation [3].

Leaf Mass (%) = [oven-dry leaf mass / total branch mass (foliage and branch)] x 100 [2]

Shed Leaf Mass (%) = [average Leaf Mass % at To— Leaf Mass % at Ty) [3]
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3.7 Litter bag decomposition experiment

A litter bag decomposition experiment was established to: 1) provide more detailed
information about how rates of decay are affected by soil moisture regime, tree species
and component type, and 2) accurately estimate the percent mass remaining at each of
the sampling periods, not just the total mass lost from beginning to end.

In June of 2009, at the end of the field-drying experiment, one pile of each
species (Sb, Pj and Pot), was left at sites D1, D3, W2 and W3. Three trees were felled
(Sb, Pj and Pot), delimbed and the limbs brought back to the laboratory. The limbs were
divided up by component, as described in the sampling procedure section, and 432 litter
bags were filled with a known mass of leaf/foliage material (L), fine branch material (F),
or coarse branch material (C). The litter bags were field-incubated in the middle of the
biomass piles for a set duration of time (4, 8, 12, or 16 weeks) then brought back to the
lab, and the contents sorted to remove any soil or ingrown, foreign vegetation. The
samples were dried to a constant weight at 70°C, then dried for another two hours at
105°C to obtain the oven-dry weight (Miller 1998a). Mass loss was calculated using the

equation seen below in equation [4].

Mass Loss (%) = 100 — ((change in mass / initial mass) x 100) [4]
or

100 — (starting oven-dry mass* — ending oven-dry mass) /starting oven-dry mass* x 100)

%
Dry mass was estimated using MC data
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3.8 Total mass loss of pile

Total pile mass (green weight) was determined to the nearest 10g on a tripod scale when
the biomass piles were originally constructed, and at the end of the experiment. Green
weights were converted to dry mass by combining the existing component moisture
content data and the component percentage estimates. The one-year mass loss, due to
leaching and decomposition, was determined by calculating the difference between the
initial, total pile mass (Mj) and the mass at the end of the experiment (Mg). The percent

mass remaining was calculated using equation [5].

Total Mass Loss (%) = 100 — ((change in mass / initial mass) x 100) [5]
or

100 - (Mg — M + Subsample Mass, Ms (To to Ts)) / My x 100)

*
Dry mass was estimated using MC data

The end mass (M) was adjusted to include the moisture content and chemical
analysis samples taken throughout the duration of the experiment. It was assumed that
the mesh surrounding the piles prevented any physical loss of the material contained
inside the enclosures. In some cases however, there were some observable losses of
foliar mass from the enclosure, either from the enclosure tipping over, animal/human
tampering, or needles falling through the side mesh. In these cases, as much of the
material as possible was collected and weighed at the end of the experiment. If all of the
lost material could not be reclaimed, estimations of the lost mass were made using

subsamples of similar material.
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3.9 Chemical analysis

At each time interval, for each component, three chemical analysis samples were also
collected from the piles; from the upper, mid, and lower regions of the pile. The three
samples collected from throughout the pile, were weighed and processed together and
treated as a composite sample for the chemical analysis. The green weight of the
composite sample was recorded to the nearest 0.1g, on a digital field balance. The
samples were taken back to the laboratory and dried to a constant weight at 70°C. The
leaves were removed from the dried, fine branches by hand and the two components
were weighed, processed and analyzed separately for chemical composition. Each of
the three components (C, F, L) were ground using a Wiley Mini-mill (Thomas
Scientific) to pass through a number 20-mesh sieve (< 860 um). Coarse branches were
pre-treated by drilling cross-sectional cores. The shavings from these cores, comprised
of branch bark and wood, were collected and further ground using the Wiley Mini-mill
to pass through a number 20-mesh sieve (< 860 um).

Nitrogen concentrations were determined from a 200 mg subsample using a
LECO CNS-2000 (Dumas method) calibrated with a LECO orchard leaf calibration
standard (#502-055). All other nutrient concentrations (P, K, Ca, and B) were
determined by digesting a 500 mg subsample, using a concentrated hydrochloric/nitric
acid digestion (Miller 1998b) and measured using an ICP-AES (Varian Vista Pro
Radial). Additional nutrients (Mg, S, Mn, Fe, Zn) were also analyzed by acid digestion
and measured by ICP-AES for the Northwestern Ontario Tree Nutrient Database

(Appendix I).
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3.10 Nutrient dynamics

To visualize the changes in actual nutrient content instead of merely observing the
changes in nutrient concentration, the nutrient concentration data was combined with the
amount of mass remaining of each component type, as determined from the results of
the litter bag decomposition experiment. Since the contents were found to be quite
variable between species, each of the nutrient content values were converted to the

relative percent nutrient remaining using the equation outlined below in equation [6].

Nutrient content remaining (%) = 100—[(content at Ty —content at T,)/content at Ty x 100]  [6]

3.11 Cumulative nutrient retention

A spreadsheet model was developed to synthesize all of the processes taking place
during the field-drying of the harvest residue material. The combined processes
spreadsheet was used to estimate the total nutrients retained on site by the combined
processes of: 1) physical mass loss (shedding of foliage due to drying), 2) nutrient
leaching, and 3) decomposition. Two different scenarios were developed to help contrast
the nutrient returns that could be expected if the material was removed from the site
after one summer season of field-drying (16 weeks) versus if the material was dried for
one full year (52 weeks). To facilitate a direct comparison between tree species, both of
the field-drying scenarios started with 1 green metric tonne (gt) of harvest residue from
each of the three tree species. Using the average initial moisture content of each
component type and the average mass ratio of component types, the initial dry mass of
each component type for each species was estimated. The dry masses remaining at

week-16 (T4) and week-52 (Tg) were calculated for each species by removing the
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amount of mass lost through the shedding of foliage and by determining how much mass
of the remaining material was lost due to leaching and decomposition. Nutrient
concentrations were then applied to the amount of dry mass remaining at each time for
each component type and for each tree species. Nutrient concentrations were also
applied to the original dry mass of the harvest residues to determine the total nutrient
content of the residue‘s at the beginning of the experiment (Ty). The differences between
the initial nutrient contents (T,) and the nutrient contents at 16 weeks (T4) and 52 weeks
(Ts) were calculated and these values were then considered to be the amount that would
be retained on site if the material was left to field-dry in the clearcut.

To scale up to a forest management level, the abovementioned cumulative
nutrient retention data, were combined with the harvest and slash measurements
reported by Morris (2003) (Table 2). The nutrient values (N, P, K and Ca) of the full-
tree (stem only) residual/slash were adjusted using the cumulative nutrient retention data
from the present study to investigate the effects of field-drying on the amount of years it
would take to replace the nutrient levels back to their pre-harvest levels. This calculation
was performed on three drying periods (0 weeks, 16 weeks and 52 weeks) and for two
different forest types (an upland mixedwood stand and an upland black spruce stand).
Manipulating the data in this manner would demonstrate if field-drying could
significantly improve nutrient replacement times and if mixedwood harvest residue

materials required longer or shorter field-drying times than black spruce forest residues.
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Table 2. Mixedwood and black spruce forest nutrient replacement times. Source: Dave

Morris 2003.
Forest Type Ecosystem Compartment Elemental Stores
N P K Ca
kg ha™

Tree length harvesting option (delimb at the stump)

A. Mixedwood Forest Soil Reserves 3899 36 172 1226
Harvest 99 12 69 211
Residual/Slash 372 49 194 381
Annual Atmospheric Inputs 5 0.2 2 3
Replacement times (Years) 19 58 43 70

B. Black Spruce Forest Soil Reserves 2353 12 116 1331
Harvest 74 6 40 181
Residual/Slash 206 23 102 312
Annual Atmospheric Inputs 5 0.2 2 3
Replacement times (Years) 14 31 25 60

3.12 Field-drying experimental design

The experiment was set up as a repeated measures, nested, randomized complete block
design. Two piles (2) were constructed for each species (3) at each of the sites (3), for
each site moisture type (2); for a total of 36 piles. Measurements were taken (7)
throughout the one-year duration of the experiment. The linear model is presented in

equation [7].

Yijkimn = U+ M; + Sgg); + Spy + MSpy + SSpijix + Pyt + MPjgio + SPijjaon + Trn + My + STqp5 + SpTig + €ijia [7]
i=1,2 j=1,2,3k=1,2,3 1=1,2, m=1,2,3,4,5,6,7 n=1
where:

Y = is the moisture content or shed foliar mass

p = is overall Mean

M = is the fixed effect of site Moisture (Dry and Moist)

S = is the random effect of Site within Moisture type (3 replicate sites/ moisture type)
Sp = is the fixed effect of Species (Pj, Sb, Pot)

P = is the random effect of Pile within Moisture type, Site, and Species (2

piles/species/site)
T = is the fixed effect of Time (0, 4, 8, 12, 16, 48, and 52 weeks)

**The effects of the two 3-way interactions, MSpTiw, & SSpTi)kn, Were assumed to be
insignificant and were therefore pooled in with the error term.
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3.13 Litter bag decomposition experimental design

The litter bag experiment was set up as a nested, randomized complete block design.
Three litter bags (3) for each of the 3 components (coarse branch, fine branch, and
leaves/foliage), for each of the 3 species (black spruce, jack pine, and trembling aspen)
was made for each time (4, 8, 12, and 16 weeks), and placed in the biomass piles at each
of the 2 site moisture types (moist mineral and dry mineral) and for each of the replicate
sites (2); for a total of 432 litter bags. The linear model for the litter bag decomposition
experiment is similar to the model shown in equation [7], but some of the values differ

however (j =2,1=4)

3.14 Statistical Analysis

Initial ANOV As were performed using the general linear model (GLM), repeated
measure function in PASW Statistic 18, Release Version 18.0.2 (SPSS Inc. 2010).
Response variables used for the repeat measures analysis were moisture content and
mechanical mass loss (foliage shed). For each time period, a GLM multivariate AVOVA
followed by Duncans post hoc test was used to determine if the tree species were
responding differently to the treatment variables. A second GLM ANOVA was then
performed with time as a treatment variable and Duncans post hoc test was used to
give an approximate indication of differences between the times. Additional response
variables were moisture content, mechanical mass loss (foliage shed) and decomposition
rate (mass loss). Since the litter decomposition experiment was not a repeat measures
design, ANOVAs were performed, using the GLM multivariate function. Statistical
analyses, as outlined above, were run separately for each of the component types

(leaves, fine branches, and coarse branches).
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4. RESULTS AND DISCUSSION

4.1 Moisture content

At the beginning of the experiment (June) the average moisture content of the freshly
harvested fine and coarse branch residues was 50.1% and 41.8%, respectively (Figure 5
and 6). Moisture content values discussed in this section are reported on a wet basis;
therefore, approximately half of the fresh, or green, harvest residue®s original mass was
water. The initial moisture content of the branch material varied by tree species; jack
pine (44.9%) and trembling aspen (43.5 %) had higher moisture contents than did black
spruce (36.9 %) (Figure 5 and 6).

As the harvest residues dried, a consistent temporal pattern was observed across
all sites, for all materials: 1) initially there was a rapid loss of moisture within the first
four weeks after harvest (end of July) when there was very little precipitation (55mm);
2) moisture content gradually increased again into week 16 as autumn approached (end
of October) after receiving 100mm of precipitation in September; 3) the post-winter
material reached another peak in moisture in early spring as the snow finished melting;
and 4) since there was very little spring precipitation (<43mm mth™) the material began
to dry again and moisture content returned to the lowest point by week 52 (Figure 3,5
and 6).

The moisture content of both coarse and fine residues decreased to its lowest
level after four weeks of field-drying; coarse branch moisture content decreased to
20.6% and fine branch moisture content to 14.8 % (Figure 5 and 6). By week 16, the

moisture content had increased to 31.3% and 26.9% for coarse and fine branch material,
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respectively. Similar moisture content levels were observed in week 48 after
overwintering; both coarse and fine branch moisture remained at around 30%. Moisture
levels decreased again to 17.7% and 15.0% in week 52 for coarse and fine branch

residues, respectively (Figure 5 and 6).

600 - A C D C B B D

500 { 4 b

0 (Jun) 4 (Jul) 8 (Aug) 12 (Sep) 16 (Oct) 48 (May) 52 (Jun)
Weeks
Figure 5. Coarse branch moisture content (wet basis) by tree species. Error bars denote standard

error, upper case letters denote differences between weeks (p<0.05), and lower case
letters denote differences between species (p<0.05).
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Figure 6. Fine branch moisture content (wet basis) by tree species. Error bars denote standard
error, upper case letters denote differences between weeks (p<0.05), and lower case
letters denote differences between species (p<0.05).

When analyzed using a repeated measures linear model, ANOVA results
indicated that the rate of field-drying for coarse branch material was significantly
different across species (Sp) at all seven weeks of measurement (weeks 0, 4, 8, 12, 16,
48 and 52) (Table 3). The main contributing factor to this difference was the moisture
content of the trembling aspen coarse material, which was initially similar to jack pine at
week 0 but then was notably higher than the other two species throughout the entire
duration of the 52-week experiment (Figure 5). The drying resistance exhibited by the
trembling aspen coarse branch material was likely due to its distinct bark characteristics;
trembling aspen bark is notably thicker, spongier and more absorbent than the bark of

the two coniferous species. Soil moisture type (M) however, had no consistent effect on
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coarse branch moisture content. The full ANOVA table for the repeated measures
analysis of the coarse branch material can be seen in Appendix II1.

With respect to fine branch harvest residues, repeated measures ANOVA again
indicated that tree species (Sp) had an effect on the field-drying rate but only at specific
times of measurement (Table 4): that is, Weeks 0 (June), 12 (September), 16 (October),
and 48 (May). Figure 6 illustrates this trend whereby: 1) the three species begin with
moisture contents ranging from 45-55%, 2) all species then dry rapidly to approximately
15% moisture content for weeks 4 (July) and 8 (August), 3) all species begin to regain
moisture moving into week 12 (September) with trembling aspen accumulating moisture
at a slightly faster rate than the two coniferous species, 5) by week 48 (May) the
moisture content of all species is at its highest point since the beginning of the
experiment, and 6) all three species again are similar to one another again and at their
driest point by week 52 (June).

Unlike the coarse branch material, the ANOVA results for fine branch residues
showed that both soil moisture type (M) and site (S) had an effect on the rate of field-
drying at some point during the study (Table 4). These effects were largely driven by the
higher moisture contents observed at sites D1 and D2 in weeks 48 (May) and 52 (June)
(Figure 7). It should be noted that sites D1 and D2 are located in close proximity to each
other 50 km north of Thunder Bay, whereas the other four sites were located 100
southwest of Thunder Bay; therefore it is possible that these sites experienced an
increased spring moisture content as a result of different winter/spring climatic factors
(i.e., a greater snow load and/or a later spring thaw). It is probable that site precipitation

has a greater effect on the field-drying rate than the sites soil moisture regime. The full
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ANOVA table for the repeated measures analysis of the fine branch material can be seen
in Appendix IV.

Similar to other studies [Nordfjell and Liss (2000), Nurmi (1999), Pettersson and
Nordfjell (2007)], the present study confirmed that field-drying can successfully be used
in northwestern Ontario as a passive technique to reduce the moisture content of fresh
harvest residue materials. On average, transpiration and evaporation were found to
reduce original water content to less than 15% if left to dry for 4 or 52 weeks. The
present study did find that, in most cases, field-drying removed more moisture than
expected and at a faster rate. For example, after 16 weeks of field-drying, moisture
content in the fine branch material was reduced to 27% (wet basis), lower than moisture
content numbers reported in Johnson et al. (1985) at 35%. After 52 weeks of field
drying, the average moisture content was found to be around 16%, which is much lower
than the value of 28.5% reported by Nurmi (1999).

The field-drying studies in the literature tended to use a coarse scale, usually by
season or after one year, when monitoring fluctuations and trends in residual biomass
moisture, making it difficult to detect subtle changes. With the frequent remeasurements
in the current study, it was possible to detect moisture decreases to as low as 15-20%
within the first four weeks (June-Juky), increased to 29% over the following months into
autumn, remained at 30% after winter, and then returned to 15% again by June of the
following year. The observations reported by Nurmi (1999) compliment the above
findings; Nurmi (1999) made note that the moisture content of September harvested
residues increased from 56% to 61.4% during the winter months due to snow load and

ice, decreased to 46.7% by June, and reached 28.5% by the following September.
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Moisture content fluctuations reported in the literature and in this study strongly support
that field-drying is dependent on the season of harvest/drying, and on weather patterns
(temperature and precipitation). Harvest residue biomass in this study dried more
quickly than those reported in the literature because the present study investigated the
field-drying effects: 1) following a spring harvest rather than an autumn or winter
harvest; 2) in a region that experiences relatively hot and dry summer climate; and 3) in
a region that experiences relatively low amounts of winter precipitation (i.e., low snow
load).

The timing of harvest or the season during which the field-drying takes place, likely
plays a large role in the success of the field-drying practice. The present investigation
only studied the effect of field-drying following a spring harvest: i.e., the trees were
harvested early in June and the residues were left to dry for the summer months and then
left to over winter into the following spring. One would expect an autumn harvest to
yield much different results. If the trees were harvested in September for example,
instead of June, the residue material would likely be exposed to much cooler ambient air
temperatures and higher relative humidity which would slow evapotranspiration
following the harvest and thus decrease the rate of drying. Also, if the materials did not
dry sufficiently before the winter months, there is a high probability that it would absorb
more water from the snow load, thus making it more moist the following year. The
moist and cool conditions of autumn harvested material would likely change (increase)
the decomposition rates as well. A winter harvest could yield a different set of results
again. A broader range of studies would be needed to conclude that the practice of field-

drying could be successful in all seasons.
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Table 3. Significant repeated measures ANOVA results for coarse branch moisture
content from the field-drying experiment. (Soil moisture type-M, site-S, and
tree species-Sp)

Source Week df MS F Sig.
M 0 1 94.1 9.7 0.021*
4 1 33.6 1.9 0.222
8 1 46.5 8.9 0.025%
12 1 4.9 0.1 0.755
16 1 102.5 1.1 0.340
48 1 45.8 1.0 0.364
52 1 17.8 1.1 0.331
S(M) 0 2 0.9 0.1 0.916
4 2 25.0 1.4 0321
8 2 91.9 17.6 0.003*
12 2 7.8 0.2 0.848
16 2 82.7 0.9 0.467
48 2 412 0.9 0.467
32 2 4.5 0.3 0.764
Sp 0 2 218.5 225 0.002%
4 2 7433 41.0 0.000%*
8 2 461.6 88.3 0.000%*
12 2 966.8 21.0 0.002%
16 2 1416.8 14.8 0.005*
48 2 1260.9 26.5 0.001*

52 2 373.4 235 0.001*
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Table 4. Significant repeated measures ANOVA results for fine branch moisture content
from the field-drying experiment. (Soil moisture type-M, site-S, and tree

species-Sp).

Source Week df MS F Sig.
M 0 1 109.1 9.4 0.022%
4 1 47.9 3.0 0.135
8 1 38.5 24 0.172
12 1 0.0 0.0 0.985
16 1 304.1 36.1 0.001%
48 1 1076.1 252 0.002%
52 1 374.2 8.9 0.025%
S(M) 0 2 17.7 1.5 0.292
4 2 19.1 1.2 0.367
8 2 10.8 0.7 0.545
12 2 136.2 6.9 0.028*
16 2 16.5 2.0 0.222
48 2 298.7 7.0 0.027%
32 2 311.1 7.4 0.024*
Sp 0 2 279.6 24.1 0.001%
4 2 18.9 1.2 0.370
8 2 66.0 4.1 0.075
12 2 290.2 14.6 0.005*
16 2 150.0 17.8 0.003*
48 2 231.6 5.4 0.045%
52 2 58.0 1.4 0.323
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Figure 7. Fine branch moisture content dynamics by site. *No measurements were taken
during the winter months from week 20 — 44.

4.2 Physical mass loss (shedding of foliage)

At the beginning of the field-drying experiment, the average relative percent leaf/foliage

mass (dry weight) on the fine branch material was 61.0% for jack pine, 59.9% for

trembling aspen, and 66% for black spruce. Neither tree species nor site type had a

significant effect on the initial leaf mass percent. As the harvest residues dried, however,

tree species had an immediate effect on the rate at which the foliage was shed (Table 5)

(F=63.2, P<0.001). The physical mass loss of jack pine and trembling aspen were found

to follow a similar trend; both species retained the majority of their leaves, losing less
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than 8.9% during the first 16 weeks of field-drying, followed by significant post-winter
losses of up to 33.6% by weeks 48 and 52 (Figure 8). Although trembling aspen was
consistently found to shed its foliage at a slightly greater rate than jack pine, this
difference was insignificant in most cases. The exception to this statement was in week
48 where the average leaf percentage shed was much lower for jack pine (13.4%) than
trembling aspen (31.0%) (Figure 8).

The greatest observable difference in the physical foliage mass loss trends was
seen in black spruce; the needles from the field-drying black spruce were shed at a
significantly greater rate than those of jack pine and trembling aspen in every
measurement period. Black spruce lost 45.7% of its foliage within the first four weeks
(Figure 8). By week-16, black spruce had shed 54.1% of its original foliar mass. After
overwintering (weeks 48 and 52), mechanical mass loss of black spruce needles reached
63.3% (Figure 8). Site type did not affect the shedding of foliage from the field-drying
harvest residues Table 5 (F=4.3, P=0.09).

As expected from the literature, a considerable amount of physical foliage mass
loss was observed within the 52-week field-drying experiment. Raulund-Rasmussen et
al. (2008) found that physical foliar mass loss was dependent on the type of tree species
with Norway spruce shedding most of its needles after drying, whereas Scots pine
retained its foliage. These findings are consistent with the current investigation; black
spruce, like Norway spruce, held very little foliar mass by the end of the study, and jack
pine, like Scots pine, tended to resist the shedding of foliage. To compare actual
quantities of foliage mass remaining, Nurmi (1999) found that the harvest residue of

Norway spruce shed approximately 75% of its foliage after one year of field-drying;
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higher than the value of 63% observed in this investigation. Nurmi (1999) may have
reported higher losses because the piles were moved by large machines and then

weighed, whereas the current study carried out all measurements by hand.

Table 5. Significant repeated measures ANOVA results for foliar mass loss from the
field-drying experiment (Site moisture type- M, site- S, tree species- Sp).

Source Week df MS F Sig.
M 4 1 18.1 0.1 0.720
8 1 153.6 4.3 0.085
12 1 78.0 1.4 0.282
16 1 61.2 0.5 0.515
48 1 148.8 0.8 0.403
52 1 25.2 0.2 0.689
S(M) 4 2 214.8 1.7 0.264
8 2 59.5 1.7 0.268
12 2 684.5 12.3 0.008*
16 2 85.5 0.7 0.547
48 2 222.8 1.2 0.361
52 2 268.4 1.9 0.232
Sp 4 2 8108.9 63.2 0.000**
8 2 9534.2 264.6 0.000**
12 2 13139.1 235.6 0.000**
16 2 10141.3 79.2 0.000**
48 2 7637.7 41.6 0.000**
52 2 4262.2 29.9 0.001*
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Figure 8. Percent foliar mass shed from the fine branch harvest residues and retained on
the site. Error bars denote standard error, upper case letters denote differences
between weeks (p<0.05), and lower case letters denote differences between
species (p<0.05).
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4.3 Litter bag decomposition experiment

4.3.1 Foliage material

Over the incubation period, the average mass loss of the foliar material was 4.8% -mth™',
retaining approximately 81% of its original mass at the end of the 16-week experiment.
The ANOVA results of the leaf material decomposition rates showed that there was an
interaction effect between site type x time (F=7.66, P=0.02) and species x time (F=3.51,
P=0.02) (Table 6). Within the first four weeks foliage mass loss occurred at a slightly
faster rate on moister sites but then slowed for the remainder of the experiment; by week
16 the average mass remaining was 86.4% on moist sites compared to 75.2% on the dry
sites (Figure 9). Trembling aspen foliage decomposed at a faster rate (F=14.56, P=0.02)
than that of the two coniferous species (black spruce and jack pine). The mass of
trembling aspen foliage remained relatively unchanged until week 8, when it was
measured at 76.5% of its original mass. From week 8 to 16 the mass loss of the
trembling aspen foliage slowed down to 3-4%-mth™, and it reached 69.4% of its initial
mass by week 16 (Figure 10). Jack pine and black spruce foliage lost mass at a much
slower, but consistent rate, retaining nearly 86% of their original mass by the end of the
16-week period. Jack pine decomposed more quickly than black spruce but only within
the first 4 weeks; for the remainder of the experiment (weeks 8-16) their percent mass

remaining was equivalent.
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Table 6. ANOVA results for foliar mass loss from the 16-week litterbag decomposition

experiment.

Source Type Il SS df MS F Sig.

M 243.72 1 243.72 8.73 0.098

S 55.84 2 27.92 0.43 0.687

Sp 2188.72 2 1094.36 14.56 0.015*

MSp 160.52 2 80.26 1.07 0.425

SpS 300.68 4 75.17 2.68 0.065

T 2330.08 3 776.69 43.51 0.000*

MT 410.07 3 136.69 7.66 0.018*

TS 107.11 6 17.85 0.64 0.701

SpT 591.77 6 98.63 3.51 0.018*

error 505.87 18 28.10 - -
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Figure 9. Percent foliar mass remaining in the litter bag by site type. Error bars denote
standard error, upper case letters denote differences between weeks (p<0.05),
and lower case letters denote differences between site types (p<0.05).
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Figure 10. Percent foliar mass remaining in the litter bag by species. Error bars denote
standard error, upper case letters denote differences between weeks (p<0.05),
and lower case letters denote differences between species (p<0.05).

4.3.2 Fine branch material

The fine branch residues showed similar trends to the foliage material but with
slightly slower decomposition rates. The average mass loss of the fine branch material
was 3% mth™, retaining nearly 88% of its original mass at the end of the 16-week
experiment. Similar to the ANOVA results of the foliage, the fine branch decomposition
rates were affected by both site type x time and species x time interactions (Table 7).
Mass loss of the fine branch material was slightly less on sites with a moist soil regime;
the average mass remaining after 16 weeks was 90.4% for moist site types, compared to
84.6% on the dry site types (Figure 11). The fine branch material of jack pine took the
longest of the three species to begin decomposition but over the 16 weeks exhibited the

most drastic, linear decline in mass and by week 16 had 83% mass remaining. The fine
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branch material from the trembling aspen and black spruce was found to begin mass loss
sooner than jack pine (week 4), but over the 16 week experiment decomposed more
slowly and by week 12 still had approximately 90% of their original mass remaining
(Figure 12). After week 12, the black spruce fine harvest residues did not experience any
additional mass loss, whereas trembling aspen continued to decompose and by week 16

was left with approximately 86% of its original mass (Figure 12).

Table 7. ANOVA results for fine branch mass loss from the litterbag decomposition

experiment.

Source Type IlI SS df MS F Sig.

M 284.66 1 284.66 26.05 0.036*
S(M) 21.86 2 10.93 1.56 0.385
Sp 230.56 2 115.28 12.65 0.019*
M * Sp 32.63 2 16.32 1.79 0.278
Sp*S(M)  36.45 4 9.11 1.84 0.166
T 1622.45 3 540.82 189.49 0.000*
M*T 73.36 3 24.46 8.57 0.014*
T*S(M) 17.13 6 2.85 0.58 0.745
Sp*T 618.24 6 103.04 20.78 0.000*

error 89.27 18 4.96
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Figure 11. Percent fine branch mass remaining in the litter bag by site type. Error bars
denote standard error, upper case letters denote differences between weeks
(p<0.05), and lower case letters denote differences between site types (p<0.05).
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Figure 12. Percent fine branch mass remaining in the litter bag by species. Error bars
denote standard error, upper case letters denote differences between weeks
(p<0.05), and lower case letters denote differences between site types (p<0.05).
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4.3.3 Coarse branch material

As expected, decomposition rates were much slower for the coarse branch
residues when compared to the other two material types (i.e., 2% -mth™', leaving over
90% of its original mass at the end of the 16-week incubation period). The ANOVA
showed that both species (F=7.72, P=0.04) and time (F=12.01, P=0.006) affected the
rate of decomposition. Unlike the foliage and fine branch material, no interaction effects
were observed. Black spruce was found to lose very little mass (3%) throughout the
duration of the experiment when compared to average overall mass loss (11%) of the

other two species (Figure 13).

Table 8. ANOVA results for coarse branch mass loss from the litterbag decomposition

experiment.

Source Type I SS df MS F Sig.
M 21.01 1 21.01 0.56 0.532
S 75.02 2 37.51 1.82 0.318
Sp 310.66 2 155.33 7.72 0.042*
MSp 22.96 2 11.48 0.57 0.605
SpS 80.45 4 20.11 1.27 0.318
T 588.90 3 196.30 12.01 0.006*
MT 8.87 3 2.96 0.18 0.906
TS 98.07 6 16.34 1.03 0.436
SpT 201.23 6 33.54 2.12 0.101
error 284.87 18 15.83 - -
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Figure 13. Percent coarse branch mass remaining in the litter bag by species. Error bars
denote standard error, upper case letters denote differences between weeks
(p<0.05), and lower case letters denote differences between site types (p<0.05).

4.3.4 Decomposition trends

The mass loss results from each of the harvest residue materials were plotted and
the data fitted with power trendlines enabling the extrapolation of the 16-week
decomposition rates to 52 weeks. Foliage and fine branch material graphs were
separated by species and site moisture type, since the ANOVA results indicated that
rates of decomposition rates were affected by these factors. Coarse branch material
graphs were only separated by species, since the ANOVA results indicated that
decomposition was unaffected by site moisture type. In most cases, the trendlines fit the
data very closely; the average R* was 0.85, with most of the R* values being above 0.95.
Predicted mass retention values for week-52 averaged 78% ranging from 47%
(trembling aspen leaves) to 96% (black spruce coarse branches). The decomposition
trendlines for jack pine, trembling aspen, and black spruce harvest residues can be seen

in Figure 14-Figure 16.
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The final pile mass measurements were plotted on the decomposition curves to
determine how well the extrapolated litter bag values fit the actual field measurements.
In almost all cases the extrapolated curves were very similar to the actual measured
mass loss values. In some cases, however, the difference between these values was
greater. For example, the extrapolated mass remaining value for trembling aspen foliage
on dry sites was much greater than the actual value determined from the final pile
measurements. One possible explanation for this difference is that the litter bags
themselves may have some effect on the rates of decomposition. Because the material
in the litter bags was packed tightly inside a fine mesh bag compared to the material
spread loosely throughout the larger pile, it is possible that the material in the bags could
have experienced slightly different microclimate conditions than the material in the
piles. Different microclimate conditions could have ultimately affected the rate of
decomposition. Another possible explanation is that the total mass measurements of the
bulk piles were much more coarse when compared to the measurements made on the
litter bags. Since the litter bag study was much more precisely measured, in most cases,
it could be argued that the extrapolated values from the litter bag study were more trust

worthy than the average final pile measurements.
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Figure 14. Decomposition rates of jack pine residues: foliage on dry sites (a) and moist
sites (b), fine branch on dry sites (¢) and moist sites (d), and coarse branch
material (e). Point at 52 weeks is the actual final pile measurement.
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branch material (e). Point at 52 weeks is the actual final pile measurement.
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branch material (e). Point at 52 weeks is the actual final pile measurement.
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Harvest residue decomposition rates in this study were found to be similar, or
slightly above average. For example, Granhall and Slapokas (1984) found that broadleaf
foliage lost up to 45% of its original dry matter percentage over a one-year study period.
Berg (2000) stated that the decomposition rate for fresh litter is approximately 36% per
year or 3% mth™. In more temperate forests, broadleaf foliage in drying slash was found
to lose as much as 70% of original dry mass in four months (Johnson et al. 1985).

The decomposition rates observed in the foliage material of the two coniferous
species (jack pine and black spruce) were also consistent with those found in the
literature. Decomposition rates for Norway spruce needles ranged from 1.4% to 2.0%
mth™, or 17% to 24% yr™ (Jirjis and Lehtikangas 1993, Nurmi 1999, Stupak et al. 2008,
Lehto ef al. 2010). The average in my study was 22% per year or 1.8% mth™. It should
be noted however, that the decomposition of the needle material, like most other
materials, was non-linear and did not occur at a consistent rate. For example 14% of the
original needle mass was lost within the first four months and in the following months
decomposition decreased. This same trend of early decomposition could safely be
assumed for the results found in the literature, which only reported measurements after
one year of field-drying thus potentially missing this early decomposition phenomenon.

Average mass loss of woody harvest residue material, was 12% and 7.8%, for
fine and coarse branches, respectively. When extrapolated to one year, the average
annual mass loss of the fine and coarse branch material was 22% and 14.2%., or 1.8%
and 1.2% mth™, respectively. Stupak et al. (2008) reported that the crown material
(including coarse branches) of Norway spruce lost around 2.1% of its original mass mth

"or 17% of its mass within an 8 month period. In the early stages of decomposition, in
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more temperate forest regions, wood loses mass at a rate of 5% to 20% yr' (0.4 — 1.6%
mth™) depending on diameter size, climate, tree species etc (Ganjegunte 2004 and
O“Connell 1997).

The results from this study confirm the findings from existing literature; woody
harvest residue material loses, on average, between 1-2% ‘mth! within the first year of
field-drying. Therefore, from an operational standpoint, an addition loss of up to 24%
needs to be factored in if the material is left to field-dry for one year, in addition to the
losses in mass from the machinery*s biomass harvesting inefficiencies. The operational
planner also needs to be aware of the differences between tree species, primarily that
black spruce branch material is most resistant to losses in mass due to decomposition.

Decomposition was found to occur faster on the dry sites than on the sites with a
higher soil moisture regime, which seems counterintuitive. However, a study by Barker
(2008), found that reduced moisture increased soil respiration rates and as a result
accelerated decomposition rates. Attempting to relate decomposition rates to soil
moisture in this study is further complicated by the inconsistencies observed at sites D1
and D2; the residue materials at these two dry site types were actually found to have
much higher moisture values following the winter months than at any of the three moist
sites. Without microclimate data from within the biomass piles, there is no means of
confirming that soil moisture even affects the pile humidity/moisture. Although site
moisture was statistically found to affect the decomposition rates of the residue material,
ecologically and operationally these differences are minor compared to the differences
observed between component type (foliage, fine branches and coarse branches) and tree

species.
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4.4  Nutrient Patterns

4.4.1 Nitrogen

Using the calculated decomposition rates and combining these values with the nutrient
concentrations of the different harvest residue material, the actual changes in nutrient
content could be estimated. In most cases, N content of the field-drying harvest residues
showed minimal change over the duration of the 52-week field-drying experiment. The
N content in the jack pine foliage material fluctuated slightly and decreased to its lowest
point (93% of its original amount) between weeks 12 and 48 (Figure 17a). By week 52,
N content of the jack pine foliage returned to nearly 100% of its original amount,
indicating that the concentration of N was increasing at the same rate as the material was
decomposing and losing mass. The N content of the trembling aspen foliage however,
decreased linearly over the 52-week period, retaining less than 70% of its original
amount by the end of the field-drying experiment (Figure 17a).

The black spruce foliage data were removed from the nutrient study because it was
determined that the sampling procedure was becoming skewed as the study progressed.
The older, less nutrient dense foliage was being shed more quickly, leaving the newer
foliage, with a higher nutrient concentration, to be collected for analysis. Analyzing a
greater percentage of new foliage, gave the impression that the black spruce foliage
material was accumulating nutrients as it dried.

The N content of the jack pine fine branch material exhibited a slightly different
pattern when compared to the changes seen in the jack pine foliage; where N content of
the jack pine fine branch residues decreased at a near linear rate, reaching 83% and 74%

of its starting content by weeks 16 and 52, respectively (Figure 17b). Little change was
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seen in the N content of the fine branch material of the other two species (trembling
aspen and black spruce), as it fluctuated up and down by +/- 10% (Figure 17b). Similar
trends were observed in the N content of the coarse branch material of the two
coniferous species (jack pine and black spruce); where minimal changes (+/-10 %) were
observed (Figure 17¢). N content of the trembling aspen coarse material, however,
exhibited a rapid decrease to 79% by week 12 but stabilized thereafter (Figure 17¢).
Considering species differences is important when attempting to minimize
nitrogen removal during a slash harvesting operation. Forest managers need to recognize
that field-drying to retain nitrogen is effective for some harvest residue material but not
others. For example, field-drying jack pine foliage for 16 weeks before removing it from
the site retained only 7% of its original nitrogen, whereas trembling aspen foliage
retained 15% of its original nitrogen on site. If left to dry for 52 weeks, nitrogen
retention changes to 1% for jack pine foliage and 32% for trembling aspen foliage
material. Granhall and Slapokas (1984) reported results comparable to trembling aspen
from the current study such that, after one year, their leaf material had lost up to 34% of
its original nitrogen. Similarly, with the branch material, nitrogen returns were only
observed in the jack pine fine branches and trembling aspen coarse branch residues.
Little change in nitrogen content was seen with the other branch harvest residues. This is
consistent with Johnson ef al. (1985) in oak and maple twigs; a peak in nitrogen content
after 2-4 weeks of field-drying was followed by a decrease to original levels by the end
of the 16th week. Therefore field-drying will only improve nitrogen retention (though
leaching and decomposition) if the slash material is predominantly trembling aspen

(foliage and coarse branches) or jack pine (fine branches). Field-drying may not be an
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effective technique of returning nitrogen (through leaching and decomposition) of black
spruce residue material. Although black spruce likely returns a large amount of nitrogen
to the site through physical foliage loss; this will be explored further in the cumulative

returns section of this study.
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Figure 17. Relative nitrogen content remaining in foliage (a), fine branches (b) and coarse
branches (c). Dotted line indicates winter period where no measurements were
taken. Typical variance is indicated by standard error bars on jack pine data only.
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4.4.2 Phosphorous

By the end of the 52-week field-drying experiment, foliar P levels had decreased to 81%
and 39% of the original content, for jack pine and trembling aspen, respectively (Figure
18a). P was released from the aspen foliage at a faster rate than from the jack pine
foliage, indicating that whether the material is broadleaf or needle influences the release
rate. Twenty percent of the trembling aspen foliar P was released within the first 4
weeks of field-drying and by week 16 (Oct), nearly 50% of the P had been released from
the material through the combined mechanisms of leaching and decomposition (Figure
18a).

Release of P from the fine branches followed similar temporal patterns and release
rates for all three tree species. By October (16™ week) the P content in the fine branch
material ranged between 73-82% of its original amount (Figure 18b). By the 48" week,
after overwintering, the fine branch P levels was reduced further to 51-63% of its
original amount (Figure 18b), at which point no further changes were observed out to 52
weeks.

The P content of the coarse branch material remained relatively unchanged until
week 8 (Aug), then at week 12 (Sept) declined down to 78% and 83%, for jack pine and
black spruce, respectively (Figure 18c). A decrease in the P levels of the aspen coarse
branch material was also observed but was delayed until week 16 at which point it was
down to 64% of its original content (Figure 18c). Following the winter months, the
trembling aspen coarse material had released approximately 50% of its P by leaching

and decomposition. The black spruce coarse branch material on the other hand,



57

experienced an accumulation of phosphorous and by the end of the experiment was back

up to its original level (Figure 18c).

Other studies indicate that phosphorous is readily leached from drying plant
material (Granhall and Slapokas 1984, Johnson et al. 1985, Stupak et al 2008. Lehto et
al. 2010). Left on site for 16 to 32 weeks, broadleaf and coniferous harvest residue
materials have been found to lose between 15 and 65% of the original phosphorus and
potassium through the processes of leaching and decomposition. The current
investigation shows a loss of 17 to 61%. One exception, however, is that black spruce
coarse branches experienced no decrease in phosphorous. As expected, broadleaf foliage
released phosphorous at a faster rate than did coniferous foliage (Johnson et al. 1985,
and Stupak et al. 2008) and foliage and fine branches lost phosphorous at a faster rate
than did coarse branches. Since phosphorous is a rather mobile nutrient in plant
material, it is quickly and easily leached when exposed to the elements during field-
drying. If P levels were of concern on a site, field-drying could be an effective method

for retaining P on the site, especially if hardwood foliage and fine material was targeted.
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Figure 18. Relative phosphorous content remaining in foliage (a), fine branches (b) and coarse
branches (c). Dotted line indicates winter period where no measurements were
taken. Typical variance is indicated by standard error bars on jack pine data only.
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4.43 Potassium

Potassium was released rapidly from the foliage material. At week 16 (Oct), foliar K
was down to 75% of its original content for jack pine and 30% for aspen (Figure 19a).
Additional K loss occurred until the end of the 52 week field-drying experiment, and
was reduced to 54% and 14% of its original content, for jack pine and aspen,
respectively (Figure 19a).

The rate of K release observed in the fine branch materials was slower but
followed a near linear trend. By week 16, the average K content remaining in the fine
harvest residues was 69% of its original amount and was consistent for all species
(Figure 19b). After field-drying for 52 weeks, and experiencing a period of
overwintering, K levels decreased to 33%, 50%, and 48% of the original content for jack
pine, trembling aspen, and black spruce, respectively (Figure 19b).

Changes in K content in the coarse branch material varied by species as well.
Jack pine coarse branch harvest residues slowly released K after 4 weeks of field drying,
whereas trembling aspen residues took between 12-16 weeks of field-drying before it
began to release K via decomposition and leaching. By week 16, the K levels of the
coarse branch residues had decreased to 81% and 69% of its original content, for jack
pine and trembling aspen, respectively (Figure 19¢). By the following June (week 52),
the K levels had continued to decrease; levelling out at 77% and 58% of its original
content, for jack pine and trembling aspen, respectively. The K content of the black
spruce coarse branch material, however, fluctuated only slightly, and remained

relatively unchanged throughout the entire duration of the experiment (Figure 19c¢).
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Potassium is known to be the most readily leached nutrient from drying plant
material; left on site for 16 to 32 weeks, broadleaf and coniferous harvest residue
materials have been shown to lose between 50 and 85% of the original K through the
processes of leaching and decomposition (Granhall and Slapokas 1984, Johnson et al.
1985, Stupak et al 2008. Lehto et al. 2010). The current study found the residue
materials lost between 23 and 86% of the original K. One exception, however, is that
black spruce coarse branches experienced no decrease in K. Similar to P, broadleaf
foliage lost K faster than coniferous foliage and fine branches were found to lose K at a
faster rate than coarse branches. Similar to P, the K results from this study support that
the benefits of field-drying varies by tree species. Therefore forest managers need to be
considerate of the slash material*s species composition when managing a site*s K levels.
The most extreme example of this species difference is again seen in the black spruce
coarse branch material which tends to release no K during the field-drying process. The
high physical loss of foliage exhibited by black spruce, however, also needs to be
considered, but as mention previously this will be explored further in the cumulative

returns section of this study.
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Figure 19. Relative potassium content remaining in foliage (a), fine branches (b) and coarse
branches (c). Dotted line indicates winter period where no measurements were
taken. Typical variance is indicated by standard error bars on jack pine data only.
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444 Calcium

Calcium declines in soils are commonly reported, but calcium was the only nutrient that
consistently showed little to no release from any of the residue types over the 52-week
field-drying experiment (Figure 20). It is assumed that Ca was retained in the material
since the concentration of Ca increased as the material lost mass by decomposition and
the leaching of other nutrients. Any subtle trends seen in the Ca contents are
questionable since the variability was observed to be quite high, especially in the fine
branch and coarse branch material. There is one exception to this trend however, the Ca
content of the trembling aspen coarse branch material showed an evident decrease of
35% to 40% by the end of the 52-week period.

Johnson et al. (1985), Lehto et al. (2010) and Stupak et al. (2008) found that
through decomposition and leaching, calcium was either retained entirely or decreased
up to 50%, depending on the material type. The present study found that, in almost all
cases, calcium was not released from any of the field-drying material. Rather, it was
retained in the biomass fluctuating only slightly over the 52-week experiment. The
calcium content of the trembling aspen coarse branch material was the one exception to
this trend as it decreased by 40%. Calcium is an element that is supposed to be resistant
to degradation or loss from plant material. It is unclear as to why trembling aspen coarse
branch material was the only residue type to loss Ca by field-drying. The initial
concentration of Ca for trembling aspen (0.7%) was much higher than the concentration
measured in black spruce (0.4%) or jack pine (0.2%). Perhaps the higher concentration

of Ca in the trembling aspen coarse branch material indicates that it is in a more mobile
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phase instead of being bound up in the cell wall structure. Calcium depletion may not be

a concern if the slash is predominantly trembling aspen.



Relative calcium content

remaining (%)

140
120
100
80
60
40

20

140

—_
[\
(=]

—_
(=
(=]

]
(e

D
(=)

N
[w]

[\
(=]

(=]

140

120

100

80

60

40

20

64

Foliage ()

4 8 12 16 20 24 28 32 36 40 44 48 52
Fine Branch
(b)
4 8 12 16 20 24 28 32 36 40 44 48 52
Coarse Branch
(©)
M
4 8 12 16 20 24 28 32 36 40 44 48 52

Weeks

Figure 20. Relative calcium content remaining in foliage (a), fine branches (b) and coarse
branches (c). Dotted line indicates winter period where no measurements were

taken. Typical variance is indicated by standard error bars on jack pine data only.

=#—Pot



65

4.4.5 Boron

The release rates of B from the foliage of both jack pine and trembling aspen was found
to be comparable during the first 16 weeks of field-drying, with the average foliar B
content remaining being 81% of its original amount (Figure 21a). Following the winter
months however, trembling aspen began releasing B at a faster rate and after 52 weeks
of field drying had 44% of its original B content remaining, compared to 71% in the
jack pine foliage (Figure 21a).

The rate of decrease in the fine branch B was found to be similar for all tree
species for the entire duration of the experiment. At week 16 (Oct), the amount of B
remaining in the fine branch residues was 68%, 84%, and 71% of its original content for
jack pine, trembling aspen, and black spruce, respectively (Figure 21b). After 52 weeks
(Jun) of field-drying, relative B contents in the fine branch material had been reduced to
47%, 58% and 57% of its original content for jack pine, trembling aspen, and black
spruce, respectively (Figure 21a).

Boron trends in the coarse branch material were found to vary by tree species,
however, the amount of boron remaining in the material at the end of the experiment
was similar (60-70%) (Figure 21c). The B in the jack pine coarse residues followed a
fairly slow and consistent release over the 52-week field-drying period, reaching 85%
and 73% of its original content by weeks 16 and 52, respectively (Figure 21c¢).
Trembling aspen coarse branch material B was found to remain unchanged during the
initial 16 weeks of field drying, and then dropped to approximately half of its original
amount following the winter months (Figure 21c). Boron in the black spruce coarse

branches remained was retained until week 8, dropped to 60% of its original amount by
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week 12, and then remained relatively constant for the remainder of the experiment
(Figure 21c).

The only study which investigated changes in boron content of residue material
left in the field was Letho et al. (2010) who reported losses of up to 50% in Norway
spruce needles left in the field for one year. The present investigation found that
between 30% and 60% of boron was lost from the field-drying material through the
processes of leaching and decomposition. Many of the acidic and/or sandy soils in the
boreal forest, have been found to be deficient in B (Stone 1990). Field-drying, therefore,
may be a successful technique for managing micronutrients such as boron to ensure they

remain on site.
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4.5 Cumulative nutrient retention

When all of the processes were combined (foliar mass loss, decomposition, and
leaching), the results suggest that, in most cases, nutrient retention was greatest when
the material was left to field-dry for 52 weeks before removal (Figure 22 and Table 9).
Black spruce was the one exception to this statement, since for some nutrients it was
observed that field-drying for an additional 36 weeks had little effect on nutrient
retention or was found to have the opposite effect and site nutrient retention actually
decreased when the black spruce harvest residue was left on site to field-dry longer (16
weeks vs. 52 weeks).

Approximately 34% of the N in the black spruce harvest residue (87.9 kg-gt™') was
retained on site when left to dry for 16 weeks, however, this amount decreased to 14%
(36.4 kg-gt™') if the material was left in the field to dry for 52 weeks (Figure 22a). An
additional 36 weeks of field drying increased the amount of N retained on site for the
other two species from 7-26% (18.5-65.2 kg-gt™) for jack pine and 22-39% (65.3-115.8
kg-gt™) for trembling aspen.

The average relative P retention of all tree species was found to be 19% of its
original amount if left to field-dry for 16 weeks (Figure 22b). If the material was left to
dry for an additional 36 weeks, the average relative P retention increased to 31% of its
original amount (Figure 22b). Phosphorous retention after 16 weeks of field-drying was
found to be 6.0 kg-gt™' for jack pine and black spruce, and 16.9 kg-gt™ for trembling
aspen (Table 9). After 52-weeks of field-drying, the amount of P retained on site

increased up to 10.5 kg- gt for jack pine and black spruce, and 21.7 kg-gt” (Table 9).
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After 16 weeks of field-drying, between 27-48% of the material“s K was left on
site through leaching, decomposition, and the shedding of foliage (Figure 22c¢). After 52
weeks of field-drying, 52-62% of the material*s potassium was left on site (Figure 22c).
Potassium retention after 16 weeks of field-drying was found to be 23.3, 43.4, and 97.9
kg gt for jack pine, black spruce, and trembling aspen (Table 9). After 52-weeks of
field-drying, the amount of potassium retained on site increased as high as 128.0 kg- gt
in the case of trembling aspen residues (Table 9).

Field-drying for at least 16 weeks was found to leave between 20 and 40% of the
material“s Ca on site (Figure 22d). No further retention of calcium was observed if the
material was left to field-drying for longer (52 weeks). Actual quantities of Ca retained
through field-drying were calculated to be approximately 25, 115, and 112 kg gt for
jack pine, trembling aspen, and black spruce, respectively (Table 9).

For black spruce harvest residues, boron exhibited almost no change between
field-drying for 16 weeks versus field-drying for 52 weeks; leaving black spruce
biomass to dry in the field only retained an additional 3% more boron (0.02 kg-gt™) on
the site (Figure 22¢). In contrast, jack pine and trembling aspen retained 23% and 31%
more boron on the site when left to overwinter and dry for an additional 36 weeks

(Figure 22e).
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Table 9. Amount of nutrients retained on site by all processes (physical foliar mass loss,
decomposition, leaching) in kilograms-tonne™ of green harvest residue;
comparison of two different field-drying durations (16 weeks vs. 52 weeks
field-drying).

Jack Pine Trembling Aspen Black Spruce
Nutrient 16-Weeks 52-Weeks 16-Weeks 52-Weeks 16-Weeks 52-Weeks
Nitrogen (kg gt™) 18.5 65.2 65.3 115.8 87.9 36.4
Phosphorous (kg gt™) 6.0 10.7 16.9 21.7 6.1 10.4
Potassium (kg gt™) 23.3 45.6 97.9 128.0 43.4 67.2
Calcium (kg gt™) 25.5 24.5 108.1 121.0 117.9 105.3
Boron (kg gt™) 0.10 0.21 0.17 0.40 0.40 0.42

4.6 Management implications

The abovementioned cumulative retention results strongly support that each of the three
tree species respond differently to the field-drying treatment. Factors such as the initial
nutrient levels, the distribution of biomass by component (mass of leaves to fine
branches to coarse branches), and the rate of foliage shedding, differed considerably by
tree species and these differences largely drove the effect that field-drying had on site
nutrient retention. Species differences were seen most notably between black spruce and
the other two tree species (trembling aspen and jack pine). Unexpectedly trembling
aspen and jack pine were found to respond similarly, especially in physical foliage mass
loss.

This species effect is further magnified when the results are scaled up to a stand
management level using the slash measurements and nutrient replacement times
recorded by Morris (2003). The nutrient replacement times for four different biomass
harvest scenarios and two different forest types are contrasted in
Table 10. According to the findings of Morris (2003), mixedwood stands are more
sensitive to intensive biomass harvesting than black spruce. With the exception of N, all

of the nutrient replacement times for the mixedwood forest extend are between 100-170
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years, well beyond an average mixedwood rotation age (Table 10). Compared to the
nutrient replacement times for intensively harvested black spruce stands (30-89 years),
all were found to fall within a natural ecological rotation. Therefore, field-drying the
harvesting residue to retain nutrients on mixedwood sites is far more imperative than on
black spruce sites.

When comparing the benefits of the two field-drying durations, mixedwood sites
were also determined to benefit from overwintering and field-drying longer (52 weeks
vs. 16 weeks). The additional benefit of leaving the material to field-dry until the
following spring (52 weeks) is largely due to the overwintering period whereby the
material is exposed to a continuous freezing and thawing action and a heavy snowload
which loosens the foliage enough to be shed from the branches. However, from a forest
management perspective, the logistically feasibility would still need to be taken into
consideration as well. Compared to a single summer of drying (16 weeks), drying the
mixedwood residue material for a full year shortens the nutrient replacement time by 4,
37 and 24 years for N, P and K, respectively. The replacement time for Ca was found to
be unaffected by a longer field-drying time. Even though field-drying for 52 weeks
significantly shortened the nutrient replacement times on mixedwood sites, P and Ca
still require 99 and 110 years, respectively, to return to their pre-harvest levels. Again,
this is beyond the normal rotation age for a typical mixedwood stand in northwestern
Ontario. Therefore, depending on the nutrient pools in the soil, even after field-drying
for one year, sites could potentially experience deficienies in P and Ca after several

rotations.
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Field-drying residues on black spruce site for 52 weeks only shortened the
nutrient replacement times for P and K by a small amount; 15 and 12 years,
respectively. When left to field-dry for 16 weeks the nutrient replacement times were
25,78, 41 and 81 years, for N, P, K and Ca, respectively. All of these replacement times
are well within the normal rotation time for a black spruce stand. Therefore, there is
almost no benefit in leaving black spruce to field-dry for longer than 16 weeks. A
possible explanation for this phenomenon is that bulk of the nutrient retention on a black
spruce site is through foliar mass loss, which occurs early on in the drying process.
Almost no additional foliage is retained on the site if left to overwinter. In addition,
black spruce harvest residues were found to be the most resistant to decomposition and
nutrient leaching.

Field-drying is already being used as a biomass management tool in many Nordic
countries, however, most of the harvesting operations in these instances utilize harvester
equipment and cut-to-length operations, which make it easy to leave the material spread
across the site to dry, shed foliage, and release nutrients fairly evenly throughout the
clearcut. In northwestern Ontario, most harvest operations utilize feller-buncher
equipment and delimb the trees at roadside. In order to field-dry harvest residue material
in small piles or in a thin layer across the site, there would need to be a switch from full-
tree operations to a cut-to-length. Field-drying could be integrated into a standard cut-to-
length harvesting operation with little modification. Since the moisture content of the
harvest residue decreases so quickly and since a beneficial return of nutrients occurs in a
relatively short time frame, by the time the harvest cutblock is complete, the machinery

could return to the area first harvested and begin removing the dried biomass material.
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Harvesting operations usually take several months to a year to complete, depending on
the size of clearcut and the intensity of the operation, therefore the same equipment
could be used for harvesting both the trees and the biomass without the need to float
truck equipment back to the site to remove the biomass material. Therefore, in most
instances, the system could be set up as such: 1) the harvest of the clearcut would
commence in the spring, 2) over a period of several months to a year, the remainder of
the harvest area would be cut, 3) once the harvest is complete the equipment would
return to the first area cut, 4) the dried biomass material would be removed at this time,
and 5) the removal of the biomass material would be done just before site preparation

and/or the planting/regeneration of the site.

Table 10. Nutrient replacement times for a mixedwood and black spruce forest stand
under different biomass harvesting intensities and field-drying scenarios.

Replacement Times

Forest Type A A
Biomass Harvest Scenario N P K Ca
years
A. Mixedwood Forest  Conventional tree-length 19 58 43 70
(No biomass removal)
Intensive biomass harvest 58 170 100 128
(Immediate removal)
Field-dried biomass harvest 47 136 72 109
(dried 16 weeks)
Field-dried biomass harvest 43 99 48 110
(dried 52 weeks)
Decreased replacement time 4 37 24 -1
(16 weeks -52 weeks)
B. Black Spruce Forest Conventional tree-length 14 31 25 60
(No biomass removal)
Intensive biomass harvest 30 71 45 89
(Immediate removal)
Field-dried biomass harvest 25 78 41 81
(dried 16 weeks)
Field-dried biomass harvest 33 63 30 85
(dried 52 weeks)
Decreased replacement time -8 15 12 -4

(16 weeks -52 weeks)
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5. CONCLUSION

The results from this study demonstrated that field-drying forest harvest residues can be
a successful, multi-functional forest management tool. Leaving the material to passively
dry in the clearcut can reduce the moisture of the green material by more than 50% in as
little as 4 weeks if cut in early summer, thus doubling the efficiency of transportation as
well as greatly increasing the energy conversion efficiency during burning. Through the
combined processes of physical foliage mass loss, leaching and decomposition, field-
drying can also successfully retain more nutrients on site instead of having them be
exported off-site through the removal of this biomass material.

It was originally predicted that moisture content would reach its lowest point by
the end of week 16 (Oct), that melt water from snow and ice would increase the
moisture content of the material for the week 48 (May) measurement, and that moisture
content would return to the same level as week 16 by the end of the 52-week experiment
(Jun). This study found that moisture was lost at a much faster rate than expected and
reached its lowest point by week 4. The current investigation also found that moisture
content was reduced to a much lower levels than originally predicted; 17% instead of
35% (west basis), respectively. Frequent monthly measurements unexpectedly found
that moisture content began to increase again into early autumn. As predicted, moisture
content increased for the early spring measurement (week 48) following the winter
months and then reached its lowest level again by June of the following year (week 52).

Predictions were that the majority of nutrients would be returned to the site

though the shedding of foliage as opposed to the processes of leaching and
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decomposition. This study found that the retention of nutrients was very strongly
dependent on the species of the material. For black spruce, nutrient return was almost
entirely through the process of physical foliage shedding. Trembling aspen and jack
pine, however, experienced almost no physical foliage loss until week 48 and 52, but
returned a significant amount of nutrients to the site after 16 weeks of field-drying. In
this instance, leaching and decomposition played a larger role that expected.

The actual decomposition rates observed in this study were greater than the
expected 2% mth™'. Decomposition rates of the harvest residue materials were 2, 3 and
5% mth™ for coarse branch, fine branch, and foliage, respectively. As predicted, the rate
of decomposition for the broadleaf trembling aspen foliage was found to be greater
(7.5%-mth™") than the needle foliage of jack pine or black spruce (3.5% mth™).

More mobile or soluble nutrients, such as P and K, were expected to leach
quickly from material within the first four weeks, while more recalcitrant nutrients, such
as Ca, were expected to remain unchanged in the material until the material
overwintered. The study found that both P and K were readily leached from the harvest
residue material, however, they were either released from the material at a linear rate
over the duration of the experiment, or were found to have a slight lag time and were not
released until week 8 -12. The study found that calcium remained bound in the material
even following the overwintering period. The one exception to this statement was that
calcium was immediately released from the trembling aspen coarse branch material
within the first 16 weeks of field-drying.

Nitrogen was predicted to increase during the initial months as microbial

populations broke down the carbon rich compounds and would later decrease as
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decomposition proceeded. The current investigation did not find this pattern to be true.
Instead, for most of the material, the nitrogen content remained relatively unchanged
over the entire 52-week period. This does, however, indicate that the nitrogen
concentration of that material was in fact increasing slightly, but at a rate similar or
equivalent to the rate of mass being lost to decomposition.

Weather patterns likely played an important role in the field-drying process;
however, the present investigation only had access to general climate trends for the
region (Thunder Bay mean temperature and total monthly precipitation). To accurately
study the response of the material to temperature and precipitation fluctuations, further
research including the incorporation of microclimate stations in the drying slash piles at
each of the experimental sites would be required. Other factors that were not
investigated in this study but should be taken into consideration are questions such as: 1)
how the removal of harvest residues affects habitat for micro and mesofauna (insects,
small mammals etc.), 2) what effect would the removal of this biomass material
ultimately have on site biodiversity, and 3) what effect would continual biomass
harvesting have on site long-term site productivity. The removal of fine harvest residues
could also have a negative effect on soil erosion due to the loss of soil cover and greater
chance of soil compaction from the increased mechanical activity needed to harvest the
biomass material. However, if the material is going to be removed regardless, it would
be more ecologically sound and a better economic management practice to leave the

material to dry for some duration of time before removing from the site.
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