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Abstract

Wood is vital to many natural ecosystems, as it provides energy, nutrients, and habitat for
organisms from the micro- to the macro- scale. Wood is also critical to humans for
similar reasons, and can be an important medium of art and education. This dissertation
addresses three diverse aspects of wood with the contexts of science, art, and education.
First, we explored the impact of timber harvest techniques and site preparation on
microbial wood decay and subterranean termite responses on a forest-stand scale. The
amount of coarse woody debris removed post-harvest, coupled with the location and
species of the test wood stakes, significantly affected both termite and microbial-
mediated decomposition after two and a half years of exposure. These findings help to
better understand the impact of timber harvest practices on carbon cycling and associated
modes of decay. We then explored effects of wood species and wood surface preparation
on pyrography, the art of woodburning. The species of wood and the surface preparation
significantly affected line and shading work in pyrography, with more detailed linework
produced on hardwoods (Acer rubrum, Populus tremuloides) than on softwoods (Pinus
taeda, Pinus strobus). Lastly, placing wood into an educational context, high school level
lesson plans that address several science curriculum state and federal benchmarks were
developed, to be taught through the active learning technique of pyrography. A general
“Introduction to woodburning” lesson plan is included, followed by lesson plans for
cellular respiration, human impacts on the environment, photosynthesis, and the carbon
cycle. Lesson plans provide instructors with the resources needed to teach across both

science and art curriculums. Each lesson plan includes background material, vocabulary,
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assignments, instructional videos, and PowerPoint presentations. These three chapters

weave together science, art, and education using wood as the common thread.



1 Introduction

Science is a way in which we learn about the world (Eberbach & Crowley, 2009).
Art is a way in which we express our understanding of the world (Diffey, 1995), and
education is a way in which we pass these ideas and knowledge to a new generation
(Gibbons, 1998). These three major concepts are interrelated, and build on each other
(Bequette & Bequette, 2012). In this dissertation, we explore three very narrow topics
within these concepts, all related to wood and its diverse properties. First, we explored
through scientific investigation how forestry practices affect wood decomposition.
Second, we explored how pyrographic art (i.e., woodburning) techniques respond to
different species of wood. Third, we developed high school lesson plans that teach

scientific and artistic concepts through woodburning.
1.1 Effects of forest management on woody decomposition

Understanding how human activities impact our forests is critical to maintaining
forest health and resilience for generations to come. Coarse woody debris (CWD) is an
important structural and functional component of forest ecosystems and sustainability
(Harmon et al., 1986). Structurally, it creates habitat for a large number of terrestrial
organisms (Kouki et al., 2001; Lee, 2004; Ucitel, 2003). Functionally, it sequesters
carbon (C) for a relatively long time compared to most other organic matter inputs
(Chambers et al., 2001). Fungi and macro-invertebrates, as well as abiotic factors such as
ecosystem type, soil micro-climate (e.g., moisture, temperature), land use, wood
properties (e.g., chemistry, density), and location control the rate at which CWD

decomposes (Edmonds et al., 1986; Harmon et al., 1986; Tarasov, 2001). Increasing soil
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moisture and temperature usually increase wood decomposition rates (Spies, 1988).
However, extrapolating these trends over a large area is difficult due to the
aforementioned variables (Russell et al., 2014; Tarasov, 2001). This is further
complicated by the long-term nature of the wood decomposition process, which makes it

difficult to obtain significant results from short-term studies.

Forest management can also play a major role in wood decomposition rates
(Graham et al., 1994). Different forest practices, such as timber harvesting, impact the
amount and type of CWD left in the forest (Jurgensen, 1997) and the rate of
decomposition (Prescott, 1997; Trettin, 1996). Depending on the system used, timber
harvesting removes some or all of above-ground tree components that would otherwise
slowly accumulate and decompose in the forest (Riffel, 2011), and roots of the cut trees

cause a pulse of organic matter into the mineral soil (Duvall & Grigal, 1999).

Termites also have been shown to have a substantial impact on wood
decomposition (Cornwell et al., 2009). Both mound-building and subterranean termites
have been studied in tropical forests (Takamura, 2001), but much less is known about
subterranean termites present in temperate forests. Subterranean termites are one of the
most efficient decomposers of dead wood (Sugimoto Atsuko, 2000), and their impact on
man-made structures has been well documented (Grace, 1994; Kartal et al., 2013; Oi,
2022; Tsunoda, 2001). While termites are found in a wide variety of U.S. soils and forest
types (Bradford, 2014; Wang, 2002), relatively few studies have been conducted on the
impact of subterranean termites on wood decomposition in forest soils. These studies

have focused mostly on southern pine forests (Ulyshen, 2014; Ulyshen, 2016), and have



been relatively short term, usually less than one year (Little et al., 2014; Shelton, 2014;
Ulyshen, 2016).

Very little is known about the effects of forest management on termite activity
and their subsequent impact on wood decomposition. Only one study found termites to
account for ~50% of coarse root mass loss after trees were cut on a West African farm
(Attignon, 2004). Another study in the south eastern United States found that bedding
increased termite activity and wood stake decomposition (Jurgensen, 2019). However,
forest management practices could indirectly affect subterranean termite activity by
changing soil OM quantity and quality, soil physical and chemical properties, and long-
term C storage in forest ecosystems (Ackerman et al., 2007). Therefore, the first aim of
the current research described here is to investigate the effects of different timber
harvesting practices on microbial and termite-mediated wood decomposition in a

temperate forest.

1.2 The Science and Art of Pyrography

As important as it is to understand and implement best timber harvest practices,
many other aspects of our utilization and engagement with forest resources such as wood
also need to be considered. The timber harvest practices that we employ impact the forest
for generations to come. However, there is a growing problem of “nature deficit,”
wherein people are so removed from the natural ecosystem that they do not learn to care
about our forests (Louv, 2008; Silverman & Corneau, 2017). Pyrography, commonly
referred to as woodburning, is the art of burning an image onto wood, and can help

address these issues. Pyrography is intimately related to wood, since the wood is both the



platform and the medium of the art. Therefore, pyrography can bring wood resources into
direct contact with people who have never had the opportunity to appreciate our forest
resources first hand by allowing them to work with the raw materials. Furthermore, since
any image can be created through pyrography, this allows for personalization of
pyrographic arts to connect the viewer emotionally with the art, and the wood that the art
has been applied to. This emotional connection is the first step needed to engage people
in understanding the importance of our natural resources (Baur et al., 2020; Gunther et
al., 2018).

The use of pyrography as a tool to connect people with nature through art offers a
great opportunity, however the limited knowledge on the science behind woodburning
inhibits this art form from being readily accepted into the higher arts. Woodburning is
often described as a “craft”, “amateur art”, or “tourist art” (Clarise, 1909; Holmes, 1976;
Koh, 2018). Through scientific research, we can improve our understanding of
pyrography and elevate it to the same stature as other mediums such as oil and ceramics,
which have been extensively researched (Berrie, 2012; Casasola et al., 2012).

The earliest record of pyrography was identified as a way of decorating wooden
toggles in China, some of which have been dated back to the Ming Dynasty (1368-1644)
(Cammann, 1962). It has been identified as “fire needle embroidery” in ancient China,
and more recently has been coined “iron painting” or “burnt picture” in modern Chinese
folk arts (Wang, 2010). A heated metal “poker” was used in the 1800’s to create artwork
that is recognized and stored in the British Museum today (Millis, 2017). This led to the

term “poker art” to describe the process used in the early 1800’s.



Even though pyrography has been used as an art form in multiple cultures
throughout history, it is still underrepresented in research and in the art world today.
Many juried art shows do not list pyrography as an acceptable medium in which to
submit works of art, and very little scientific research on the effectiveness of scorching
wood to create lasting images has been explored. One researcher has investigated the rate
of fading on different shading values created through pyrography when exposed to
natural light (Millis, 2017). A preliminary study of the application of surface protectants
to prevent fading of pyrography art has also been made (Millis, 2019). However, both
studies relied on sycamore (Acer pseudoplatanus) only, and a systematic attempt to
investigate the response of different wood species to basic pyrographic techniques had
not been completed.

Several factors may affect the use of wood for the pyrography arts. Wood is a
material made up of different components, including hemicellulose, cellulose, and lignin,
among others. The amount, composition, and orientation of each of these components is
variable, depending on the species of wood, location within a growth ring, and overall
orientation of the wood sample (Hoardley, 1990). Hemicellulose starts to break down at
200-260 °C, whereas lignin begins to break down at temperatures between 200-400 °C
(Kawamoto, 2017), with full combustion being reached at ~700 °C (Burhenne, 2013).
Furthermore, lignin content varies by species (Santos et al., 2012; White, 1987). The
differing amounts of these components influence the rate and degree at which different
species of wood burn.

Grain appearance is an important factor in wood that needs to be considered when

selecting wood species for pyrography. The cells within each growth ring can vary in size
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and type, with large variation resulting in coarse-grained wood, and low variation
resulting in even-grained wood (Simpson & TenWolde, 1999). Even-grained woods such
as basswood (7ilia sp.) are thought to be preferred for pyrography over woods that have
distinct early- and latewood features, since latewood tends to have smaller radial
dimensions and thicker cell walls, making it denser. The denser wood most likely will
take longer to burn, since it has less open surface area of the cellular structure for heat
transfer (Popescu, 2011). Wood that shows strong characteristic differences in early and
late wood will also likely burn unevenly when working across the growth rings, which
could interfere with creating a consistent pattern (Konukcu, 2021). Even though using
even-grained wood types for pyrography is an intuitive recommendation for pyrography
artists, no research has been performed to analyze the effect of wood grain on pyrography
works. Therefore, the second aim of the current research described here is to investigate
the role of wood species and surface preparation on pyrographic techniques of line and

shade work in order to inform artists and to establish a scientific basis for future research.

1.3 Using pyrography to combine science and art into educational
materials

Pyrography also offers a unique learning tool that can provide students with
engaging ways to learn about our timber resources first hand while expressing their
understanding of other complex subjects through art. The act of drawing is inherently
active - “there is no passive way to draw” (Ainsworth, 2021). Concepts taught through

drawing become more participatory, which enhances student understanding (Mason,



2008). Children have a natural fascination with fire (Pinsonneault, 2002) and there is a
need to teach them how to safely handle it (Hardesty & Gayton, 2002).

Pyrography, as opposed to most other media, offers an increase in visualization
and planning of the artist’s work due to the fact that it cannot be erased or painted over.
Woodburning exposes students to a more specialized medium in the arts, and the novelty
of this medium may strike and hold their interest more than plain pencil drawing
(Ballarini et al., 2013). It also promotes a hands-on knowledge basis of our wood
resources. Particularly, incorporating a novel experience like woodburning with a
previously taught concept has been shown to enhance student’s ability to remember and
understand the concept (Ballarini et al., 2013). The final aim of this dissertation was to
develop high school level lesson plans that address the science curriculum benchmarks
taught through the active learning technique of pyrography. A general introduction to
woodburning lesson plan is included, using tree and plant identification within the
activity. Lesson plans for cellular respiration, human impacts on the environment,
photosynthesis, and the carbon cycle are provided to provide science and art teachers
with the resources needed to present a broad range of topics to their students.

Each lesson plan incorporates state and federal benchmarks and includes
background material, vocabulary, assignments, instructional videos and PowerPoint
presentations for easy implementation in the classroom. By giving instruction on
woodburning, safety and respect is incorporated into the classroom as part of the lessons
involved in learning how to woodburn. These lesson plans will help teachers foster the
upcoming generation to better grasp scientific concepts and have a greater emotional

connection to our natural resources.



Understanding and appreciating the beauty of wood products and scientific
concepts, beginning at the K-12 educational level, will enhance support for professional
forest management and provide a greater understanding of timber management
techniques. Understanding the art of pyrography through scientific study will help elevate
its value and promote emotional connection to our natural resources through the arts.
Studying the impacts of our forest management techniques will help us make informed
decisions to preserve our natural resources for generations to come. Hence, we have
come full circle. Leonardo Da Vinci said it best: “These are the principles for the
development of a complete mind: Study the science of art. Study the art of

science...Realize that everything connects to everything else” (Ahmed, 2019).
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2 Investigating the effects of different timber harvesting
practices on microbial and termite-mediated wood
decomposition in a temperate forest

2.1 Abstract

Wood decomposition plays a critical role in forest ecosystems and carbon
sequestration, and many factors contribute to the mass loss rates of woody debris post-
harvest. Forest management practices such as organic matter (OM) removal during
logging can impact the decay rates of residual OM. The location and species of remaining
course woody debris (CWD) may also impact the decay rate and mass loss over time. The
presence or absence of macroinvertebrates such as termites also can contribute greatly to
differing decay rates. Our study focused on mass loss of standardized wood substrates
(wood stakes) of trembling aspen (Populus tremuloides) and loblolly pine (Pinus taeda)
exposed to three different levels of post-harvest organic matter removal (tree bowl only,
whole tree plus bedding, and whole tree plus forest floor removal), with and without
exposure to subterranean termites. Termites were excluded from half of the wood stakes
by wrapping them in a fine mesh. Effects of stake placement and species were also
assessed. Overall, termite-mediated decomposition represented ~20% of total
decomposition. Aspen had a higher rate of decomposition, mass loss, and termite attack
than pine regardless of location or treatment. Differences were observed for the
interaction of OM removal treatment with location of the wood above or below ground.
The whole tree removal plus bedding treatment post timber harvest resulted in in the

highest rates of termite-mediated wood stake decomposition at 30 months exposure in
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deeper, vertical stakes as compared with more shallow, horizontal stakes. The
implications of this study are that below ground mass loss in mesh wrapped wood stakes
was lower than above ground mass loss for the bole only treatment. Therefore, if carbon
sequestration of residual OM is a primary goal in forest management, our wood stake
indexes indicate that below ground OM will sequester carbon for a longer amount of time
than above ground OM in bole only removal techniques when termites are not present.
When termites are preset, whole tree removal plus bedding resulted in a higher
decomposition rate than bole only or whole tree plus forest floor removal for below
ground wood stakes. Forest managers in termite prone areas can take this under
consideration for long term carbon sequestration in regards to below ground organic

matter decomposition goals.

2.2 Introduction

Coarse woody debris (CWD) is an important structural and functional component
of forest ecosystems and sustainability (Harmon et al., 1986). Structurally, it creates
habitat for a large number of terrestrial organisms (Kouki et al., 2001; Lee, 2004; Ucitel,
2003). Functionally, it sequesters carbon (C) for a relatively long time compared to most
other organic matter inputs (Chambers et al., 2001). Fungi, bacteria, and macro-
invertebrates as well as factors such as ecosystem type, soil micro-climate (e.g., moisture,
temperature), land use, wood properties (e.g., chemistry, density), and location on or in
the soil, control the rate at which CWD decomposes (Edmonds et al., 1986; Harmon et
al., 1986; Tarasov, 2001). Increasing soil moisture and temperature usually increase

wood decomposition rates (Spies, 1988). However, extrapolating these trends over a large
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area is difficult due to the aforementioned variables (Russell et al., 2014; Tarasov, 2001).
This is further complicated by the long-term nature of the wood decomposition process,

which makes it difficult to obtain significant results from short-term studies.

Forest management can play a major role in wood decomposition rates (Graham
et al., 1994). Different forest practices, such as timber harvesting and post-harvest site
preparation treatments, can affect the amount and type of CWD left in the forest
(Jurgensen, 1997) and the rate of decomposition (Prescott, 1997; Trettin, 1996).
Depending on the management system used, timber harvesting removes some or all of
above-ground tree components that would otherwise slowly accumulate and decompose
in the forest (Riffel, 2011). Additionally, roots of the cut trees cause a pulse of organic

matter into the mineral soil (Duvall & Grigal, 1999).

Termites have also been shown to have a substantial effect on wood
decomposition (Cornwell et al., 2009). Both mound-building and subterranean termites
have been studied in tropical forests (Takamura, 2001), but much less is known about
subterranean termites in temperate forests. Subterranean termites are among the most
efficient decomposers of dead wood (Sugimoto Atsuko, 2000), and their impact on man-
made structures has been well documented (Grace, 1994; Kartal et al., 2013; Oi, 2022;
Tsunoda, 2001). The nine species of subterranean termites in the eastern US range across
three genera: Reticulitermes (six species), Coptotermes (two species), and
Prorhinotermes (one species), with one Coptoterme species being invasive, and the
remainder native (Janowiecki et al., 2021; Suiter et al., 2009). While termites are found in

a wide variety of U.S. soils and forest types (Bradford, 2014; Wang, 2002), relatively few
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studies have been conducted on the effects of subterranean termites on wood
decomposition in natural habitats. These studies have focused mostly on southern pine
forests and have been relatively short term, usually less than one year (Little et al., 2014;
Shelton, 2014; Ulyshen, 2016).

Very little is known about the effects of forest management on termites and their
subsequent effects on wood decomposition. One study found termites accounted for
~50% of coarse root mass loss after trees were cut on a West African farm (Attignon,
2004). ‘Bedding’, a form of mounding of the soil in preparation for seedling
establishment primarily used in wet soils, increased termite activity and wood stake
decomposition in a study in a wetland in South Carolina (Jurgensen, 2019). Forest
management practices could indirectly affect subterranean termite activity by changing
soil OM quantity and quality, soil physical and chemical properties, and long-term C

storage in forest ecosystems (Ackerman et al., 2007).

In bedded sites, the soil is disturbed during the post-harvest site preparation
process of mounding. Termites create underground channels through which they travel,
and the bedding process may disrupt these pathways when soil is lifted with a backhoe
from one location and mounded in an adjacent location to create the “bed” for tree
seedling establishment, creating a dip-and-mound microtopography. Furthermore, the
dips in the soil may result in seasonal inundation due to poorly drained soils. Termites are
colonial organisms, with a queen, workers, guards, and other morphologically different
castes represented within the colony, and they return to the nest to attend the queen and

colony needs (Thorne, 1999). Occasionally, if a nest becomes too large, or if a large
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segment of the population is cut off from the queen, they may “bud” to produce a new

queen and new colony (Thorne, 1999).

No direct measurements for the number of termites or area of land needed to
cause budding and new colony formation have been found in the literature. It is possible
that the dip and mound microtopography related to bedding is too small of an area to
create isolated populations, promote budding, or cause new colony formation. When
termites are allowed to create channels in sand which are subsequently filled with water,
the termites move upward through their channels to avoid inundation until they reach the
soil surface (Forschler & Henderson, 1995). In addition to this hydrophobic behavior, the
termites also tend to avoid exposure to the surface, opting to remain inundated at the
surface of the channels rather than being directly on the soil surface (Forschler &
Henderson, 1995). As such, bedding may result in a “patchier” distribution of termite
attack on wood stakes, since the microtopography may result in barriers to termite

dispersal, and may also create inhospitable areas through either inundation or exposure.

The objective of this study was to determine the effects of OM removal and site
preparation after timber harvesting on wood decomposition by both microbes and
subterranean termites. The study was conducted at a Long-Term Soil Productivity
(LTSP) study site located in South Carolina. The overall LTSP distributed network was
established by the USDA Forest Service to monitor the effects of timber harvesting on
soil properties in forest ecosystems throughout North America (Ponder et al., 2012).
Wood is a component of forest soils, an important soil C pool (Brown, 2002; Smith,

2004), and its slow decomposition rate makes it suitable for longer-term studies (Harmon
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et al., 1986; Janisch, 2005). Wood stakes are a standard organic matter substrate used
here to be comparable to former and future studies (Adams et al., 2021; Fissore et al.,

2016).

We hypothesized that (H1) intensive organic matter (OM) removal post-timber
harvest would cause resource shortage for termites and unhospitable microclimate
conditions for microbes due to greater fluctuations in temperature and increased drying
(Bani et al., 2018; Hadi et al., 2014; Hu et al., 2017; Martius, 1997). This hypothesis
would be supported if termite damage increased under more intensive OM removal
because there was less OM available for termites to consume, while microbial
decomposition would decrease with increasing OM removal during post-harvest site
preparations. Our second hypothesis was that (H2) termites would avoid exposure to
sunlight (Cabrera & Rust, 1996; Park & Raina, 2005), and conditions deeper in the soil
would offer a more stable environment with higher humidity that is more conducive to
microbial decomposition (Gora et al., 2019; Law et al., 2019; Shorohova et al.,

2021). Support for H2 would manifest as horizontally-placed wood stakes on the soil
surface showing decreases in both microbial and termite decomposition compared to
wood stakes placed vertically in the mineral soil. Finally, we hypothesized that (H3)
species with more resins and other extractives will deter both termite and microbial decay
to a greater degree than species without these characteristics (Scalbert, 1992; Scheffer,
1966). H3 would be supported if we found greater microbial and termite decomposition
in quaking aspen (Populus tremuloides) wood stakes than in loblolly pine (Pinus taeda)

wood stakes. There are mixed results in the literature regarding the decomposition rates
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of aspen and pine, however this may be due to the large grouping of species considered

within the pines (McMahan, 1966; Seibold, 2015).

2.3 Materials and methods

2.3.1 Design of the Long-Term Soil Productivity site network

The LTSP study is the world’s largest coordinated effort to understand how soil
disturbance affects long-term forest productivity, which resulted in the establishment of
more than 62 major research installations across a broad range of forest types in the
United States and Canada. The goals of the LTSP study were to quantify the effects of
soil disturbance on soil productivity, validate standards and methods for soil quality
monitoring, understand the fundamental relationships between soil properties and forest
management practices, and to evaluate the potential for mitigating the adverse effects of

disturbance (Wallace, 2021).

All LTSP sites have similar design elements, including block treatments with
buffer zones, three levels of soil compaction: C0O, C1, C2 (CO = no compaction, C1 =
medium compaction, C2 = severe compaction), and three levels of organic matter
removal (OMO = tree bole removal only, OM1 = whole tree removal, OM2 = whole tree
+ forest floor removal. Nine 0.4 hectare plots were established within each of the three
study blocks, and a combination of OM removal and soil compaction was implemented
on each plot (Barbercheck, 1995), for a total of 27 plots at each LTSP location: 3 block
replicates x 9 treatments. Since 1989, this treatment design has been used across all LTSP

sites to investigate the effects of timber harvest and post-harvest site preparation
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treatments on soil compaction and surface soil OM levels, and how these affect forest

productivity throughout North America (Wallace, 2021).
2.3.2 Study site

The LTSP study site examined here was established in a loblolly pine (Pinus taeda)
forest on the Croatan National Forest, South Carolina in 1992. The study area has a mean
annual precipitation of 136 cm and mean annual temperature of 16 °C (Butnor et al.,
2006). Three block replicates were established on this study site: replicate 1 on the
moderately-drained Goldsboro soil (fine-loamy siliceous, thermic Aquic Paleudulte) and
replicates 2 and 3 on the somewhat poorly-drained Lynchburg soil (fine-loamy, siliceous,
thermic Aeric Paleaquelte). Subterranean termites were known to be established at the
site. The termites Reticulitermes flavipes, R. virginicus, R. malletei and R. hageni are
native to the United States, and their range extends across the study area, however genetic
testing is required to accomplish species identification (Janowiecki et al., 2021). A subset
of the full set of LTSP treatments was included in this study, including three organic
matter (OMO, OM1, OM2) removal levels, all under medium compaction (C1). In the
order of increasing levels of post-harvest organic matter removal: ClIOMO is bole-only
tree removal, C1OMI1 is bedded and whole tree removal, and C1IOM2 is whole tree and
forest floor removal. Since only medium compaction was used in our study, treatments
are referred to as OM removal levels (OMO0, OM1, and OM2) for the remainder of this
paper. In bedded plots, the soil was mounded into small piles for seedling establishment,

due to the poorly drained soils (Sanchez, 2006). The subset of treatments investigated
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here included 3 block replicates x 3 OM removal treatments, for a total of 9 study plots

(Figure 1).
2.3.3 Experimental design

Wood stakes, placed horizontally under surface organic layers (size 2.5 x 2.5 x15
cm) and vertically in mineral soil (2.5 x 2.5 x 20 cm), were cut from kiln-dried, knot-free
quaking aspen and loblolly pine ‘‘mother” stakes (2.5 x 2.5 x 50 cm) (hereafter referred
to as ‘aspen’ and ‘pine’). Stakes placed horizontally under the duff layer directly on the
mineral soil were referred to as “interface stakes” and were used to determine the effects
of the mineral soil in direct contact with the wood (Figure 2). When installing the
interface stakes, the duff layer was replaced after the interface stake was in place.
“Mineral stakes” were inserted vertically into the ground so the top of the stake was flush
with the surface of the mineral soil (Figure 2). Soil was removed with a coring tool to
prevent compaction during insertion. The top of each mineral soil stake was treated with
a neoprene sealant to reduce moisture loss after installation (Finer et al., 2016; Jurgensen,
2019). Aspen and pine were selected as the standard OM substrates due to their relatively
fast decay rates, and their use in previous long-term wood decomposition studies (Finer et
al., 2016; Risch et al., 2013). All stakes were sapwood, and two field ‘‘daughter” stakes
were cut from each mother stake. The remaining center sections, referred to as controls
(10 or 15 cm in length), were used to measure initial wood chemical and physical
properties of the daughter field stakes (Jurgensen, 2006). Controls represented wood
stakes at time 0 for analysis, with no field exposure. Control stakes from the same mother

stakes and of the same dimensions as sample stakes were used as reference points at time
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0 rather than measurements from the true sample because oven dry weights were needed
to measure mass loss, and heat treatment such as oven drying increases decomposition

resistance which would impact the field results (Severo et al., 2016).

Half of all interface and mineral wood stakes were wrapped in fine wire mesh,
with hole size of approximately 1 mm, which is a standard procedure to exclude macro-
invertebrate (e.g., termite) influence on decomposition (Ulyshen, 2013). The mesh wrap
may slightly change the microclimate around the wood stakes, which could alter the
microbial wood decomposition rate; however, the change in microbial decomposition due

to mesh wrap was beyond the scope of this study (Stoklosa et al., 2016).

Within each OM treatment plot, wood stakes were installed for each of 8
combinations of species (aspen or pine), stake location (mineral or interface), and
mesh/no-mesh. Wood stakes were installed in April 2009. A true random spatial
installation of samples could not be achieved because of obstacles such as trees, roots,
and rocks. As a result, wood stake samples were installed in a haphazard arrangement to
compensate for naturally occurring obstacles that could not be easily removed without
disturbance to the site. A total of 485 wood stakes were extracted after 2.5 years (30
months) of exposure, termite damage (present or absent) was recorded, and stakes were

dried and weighed (details below).
2.3.4 Mass loss, decomposition rate, and termite damage

Following extraction, stakes were stabilized at 12 % relative humidity for a
minimum of 2 weeks. Stakes were then dried at 105 © C for 72 hours, carefully cleaned of

any dirt or debris, and weighed (Figure 3) in order to calculate mass. Wood
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decomposition (mass loss) was determined by comparing dry mass of each field stake
with the dry mass of its corresponding control section (time = 0). When mesh was
present, all the wood stake mass loss was attributed to microbial activity only. Termite
damage was assessed visually as present or absent. Each wood stake was cleaned using a
pick to remove any soil that the termites incorporated into the wood (Figure 3). The
decomposition rate constant K (year ') was calculated as:

K = In(DW¢/DWy)/t Equation 1

where DW is dry weight at time 0, DW¢ is dry weight at time t, and t is 2.5 years. This
function has some limitations; however, it is highly valuable since samples were not

returned to the field to resample, as required for most K calculations (Finer et al., 2016).
2.3.5 Statistical analyses

First, two-way analyses of variance (ANOVA) procedures were conducted on all
data combined to test the overall effects of species, mesh/no mesh, and their interaction
on both mass loss and decomposition rate constant (K). Mass loss data was transformed
using the square root transformation to achieve normality, while K was found to fit the
normality requirements of ANOVA best when not transformed. When no interaction was
detected between species and mesh/no mesh, ANOV As were then conducted separately
for mesh data and no-mesh data to investigate effects of location, treatment, and species
on stakes with only microbial decomposition (mesh) and stakes with both microbial and
termite decomposition (no mesh) separately. We used three-way ANOV A procedures to

determine the effects of location (mineral vs. interface), treatment (OMO0O, OM1, OM2),
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and species (aspen, pine), along with all interactions. Due to the wire mesh used to
exclude termites failing on 18 wood stakes (13 pine mineral stakes and 5 aspen mineral
stakes), those data were removed from the dataset, leaving a total of 467 wood stakes
sampled for analysis. Significant ANOVA effects were assessed post-hoc using Tukey’s
grouping tests for multiple comparisons to determine which means were significantly

different. All analyses were performed using R studio (RStudioTeam, 2020).

2.4 Results

2.4.1 Overall termite activity at this study site

The mesh had its intended effect of preventing termite damage to the wood stakes,
and data indicated significant termite activity at this site. Mesh-wrapped stakes showed
no termite damage when they were intact, regardless of treatment, species, or location,
showing that the mesh treatment worked as expected to prevent termite activity. Overall,
54% of the no-mesh stakes showed termite damage. When data were pooled, overall
mass loss was ~20% greater in no-mesh stakes compared to mesh stakes, and thus
termite-mediated decomposition represented ~20% of total decomposition at this study
site (Figure 4B). Overall, decomposition constant K was ~0.011(yr™!) greater in no-mesh

stakes compared to stakes with mesh. (Figure 4D).

2.4.2 Effects of organic matter removal treatment and wood
stake location on decomposition

Post-harvest OM removal treatments produced an interaction effect with stake

location in microbial-only wood stake mass loss. Treatment alone did not significantly
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alter % mass loss or decomposition rate constant (K) for the stakes covered in termite-
excluding mesh, however the interaction of treatment and location was significant for
both mass loss (Table 2) and K (Table 3). Under microbial decomposition only, K
ranged from 0.13 to 0.14 y'! (Figure 3C), and mass loss ranged from 42% to 59% (Figure
4A) across treatments for mesh stakes.

When termites had access to wood stakes, decomposition was greatest in mineral
stakes in whole-tree removal bedded plots (OM1) and the least in mineral stakes in the
whole tree + forest floor removal plots (OM2). OM removal treatment effects were
significant for K (Table 3) and percent mass loss (Table 2) of no-mesh stakes that were
exposed to termites. Whole-tree removal bedded plots (OM1) mineral stakes showed
slightly faster decomposition rates compared to OMO and OM2 for mineral stakes after
30 months exposure for no-mesh stakes (Figures 3D). Mean percent mass loss ranged
from 59% to 78% (Figure 3D), and mean K ranged from 0.13 to 0.15 y! after 30 months
for termite-exposed wood stakes (Figures 3D). Mineral stakes in OM1 showed 24% more

wood stakes having termite damage occurrence than their equivalent interface stakes.

2.4.3 Effects of wood species on decomposition

Aspen decomposed faster than pine, regardless of OM removal treatment, termite
exposure, or stake location. Two-way ANOV As revealed highly significant differences
across species in both percent mass loss and K with no interaction effects with mesh/no
mesh when all data were pooled (Figures 4A,C; Table 1). For both mesh-covered and no-
mesh stakes, differences across species were detected for mass loss (Table 2). Mass loss

about 28% higher in aspen than pine in mesh wrapped wood stakes, and aspen also
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resulted in a significantly higher decomposition rate constant K than pine in both mesh
and no-mesh stakes (Figures 2C, D). For no-mesh stakes, a total of 93% of aspen stakes

showed termite damage compared to only 64% of pine stakes.
2.5 Discussion

2.5.1 Organic matter removal treatments and stake location
effect on microbial decomposition

In our first hypothesis (H1), we expected microbial decomposition to decrease with
increasing OM removal during post-harvest site preparations. There was a significant
interaction effect between location and treatment for mass loss, and a marginal effect for
K. Microbially-mediated mass loss of the different stake locations depended on
treatment, where shallower, horizontal stakes showed greater mass loss in OMO, while
the deeper stakes showed greater mass loss in OM1. Residual branches left on site may
have provided shade to help retain moisture, resulting in a more favorable above ground
microclimate for microbes than the higher disturbance treatments. Due to the wet site
overall, the whole tree removal plus bedding may have removes enough above ground
cover and added drainage through the dip and mound topography to warm and aerate the
soil, providing favorable a favorable microclimate for below ground microbial decay. We
expected belowground wood to decompose faster than wood on the soil surface
(Edmonds, 1991). It was assumed that mineral stakes provided a more stable environment
than interface stakes for microbial decomposition, however the overall warm and moist

macro-climate most likely created favorable conditions for microbial decomposition on
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the soil surface as well as in the mineral soil (Finer et al., 2016), resulting in the lack of
significant difference that we observed between stake locations.

Few studies have investigated decomposition rates of CWD in different OM
removal levels, however numerous studies have investigated leaf litter decomposition,
due to their overall faster decomposition rates and therefore ease of studying (Aets,
1997). Leaf litter decomposition rates, although higher than wood decomposition rates,
are thought to be correlated within species to the wood decomposition rates (Pietsch et
al., 2014; Wang et al., 2010).

Increased removal of OM through clearcutting was initially thought to increase
decomposition in regards to leaf litter (Pritchett, 1980; Spurr & Barnes, 1980). Some
studies show decomposition rates to be faster in clear-cuts (Gadgil & Gadgil, 1978; Piene
& Cleve, 1978; Prescott et al., 1993). These faster decomposition rates were associated
with increased temperature and moisture in clear-cuts compared to the uncut forest,
resulting in a more favorable microclimate for microbial decomposition (Andersen, 1955;
Bormann et al., 1974; Stone, 1973; Tamm, 1950). Not all studies have agreed with these
results, instead finding slower decomposition rates in clear-cuts compared to uncut
forests (Blair & Crossley Jr, 1988; Cortina & Vallejo, 1994; O'Connell, 1987; Whitford
etal., 1981; Yin et al., 1989), or no difference (Grigal & McColl, 1977; Wallace &
Freedman, 1986; Will et al., 1983). In the Western United States, it was reported that pine
litter mass loss occurred slower in the clear-cuts than in the forested areas, however aspen
litter showed no difference (Edmonds, 1991). Since the microclimate of the clear-cut is
less sheltered than the forested stand, it is more dependent on the overall macroclimate in

which the study takes place (Yin et al., 1989). Therefore, in cooler climates clearcutting
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may increase decomposition through greater exposure to sunlight and warmer
temperatures (Baysal & Yalinkilic, 2005), whereas in warm climates the opposite may
occur due to the drying of the soil surface, creating a less hospitable environment for
microbial decay (Keenan & Kimmins, 1993; Whitford et al., 1981). Our study site was in
the southeastern US, which tended to have a warmer and wetter environment, facilitating
microbial decomposition. Our results, however, were not directly analogous with the
previous studies, as our study focused on the amount of residual wood left on the site
after harvest.

CWD decomposition rates have been reported to be lower than that of pine needle
or leaf litter decomposition rates in clear-cuts, which is speculated to be the result of the
organic layer drying out more rapidly (Edmonds, 1991). It was concluded that cool moist
areas facilitated microbial decomposition more than hot dry areas that resulted from
clear-cuts (Edmonds, 1991). Our study site had a mean annual precipitation of 136 cm
and mean annual temperature of 16 °C (Butnor et al., 2006), however the water table was
assumed to be high, as bedding was used in one of the treatments as a form of site
preparation for replanting (Jurgensen, 2019). Bedding is typically used to increase tree
survival and establishment on poorly drained, wet soils (Gale et al., 1998; Gent Jr et al.,
1984). This is important to note, as decomposition decreases when soil aeration
decreases, i.e., as water saturation increases, there is little to no fungal decomposition
occurring, and only anaerobic bacteria can contribute to the microbial decomposition
(Edmonds, 1991). This may indicate that the warm moist macroclimate and saturated
soils may have had a significant role in microbial decomposition that overrode much of

the treatment effect at our study site. Site specific temperatures and moistures can be
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considered in future work, thus helping determine when OM removal will affect

microbial decomposition.

2.5.2 Whole-tree removal + bedding showed highest termite
activity

Unlike microbial decomposition, we expected termite-mediated decomposition to
increase with increasing levels of OM removal (H1). Significant difference in OM
removal treatment was detected regarding mass loss for termite exposed wood stakes,
however when examined with the post hoc Tukey test, the effect was found to be
marginal. Contrary to what we predicted, termite-mediated decomposition did not
increase with increasing levels of OM removal, rather the highest amount of mass loss,
K, and termite damage was seen in OM1 whole tree removal + bedding (Figure 4 B, D,
F). This may be due to the patchy distribution of termite colonies. The actual area of
termite colonies within the plots were not delineated, nor was the possibility of multiple
termite colonies investigated at the site. The area of a termite colony can range
significantly, from 9.0 m? to 1,091m? (Brown et al., 2008; Grace et al., 1989) depending
on habitat, region, food availability, and the amount of time the colony has been
established. Typically, colonies are territorial and do not overlap (Thorn et. al. 1999).
Given these variables, and not knowing the actual areas within our treatment plots that
were inhabited by termites, variability due to the actual area in which termites were
present may have more effect on the resulting termite damage, than the OM removal
treatment did. With this information, it is suggested that future studies delineate termite

colony area before implementing treatments in order to sample one known area that is
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inhabited with termites. Following the natural boundaries of the termite colony for future
testing will help clarify some of these unforeseen variables.

Below ground mass loss of CWD and other natural wood residuals (roots, buried
logs) can be an important carbon sink, sequestering carbon for over 100 years (Edmonds,
1991). Interest in belowground plant biomass is becoming more abundant in light of
climate change, and studies estimating large scale belowground biomass are starting to
emerge (Ma et al., 2021).

Mass loss from termite and microbial activity combined (i.e., no-mesh stakes) was
not detectably different in mineral soil than on the soil surface (Figure 5B). This was
unexpected, since it has been shown that subterranean termites avoid direct contact above
the soil surface (Forschler & Henderson, 1995). Termites will, however, construct shelter
tubes out of carton material (a cement like material that is made out of soil partials and
termite saliva) in order to reach food sources that are not in contact with the ground
(Cornelius & Osbrink, 2010) Furthermore, the interface wood stakes were in direct
contact with the soil surface, allowing for direct movement from the soil to the bottom of
the interface stake, from which it was observed most entry points were made by the
termites in our study. Subterranean termites have been noted to construct underground
galleries in a fractal pattern to search for food sources which minimizes gallery
construction and maximizes search efforts (Su & Bardunias, 2005). In addition to this,
some research suggests that subterranean termites can detect wood based on chemical
cues, and will alter their gallery construction towards the wood source (Su, 2005).

Carton shelter tubes on the exposed surfaces of interface stakes were also occasionally

observed and had to be removed prior to mass loss analysis in our study. Wood stakes
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being exposed to the soil in both interface and mineral placements along with the
termite’s ability to search and detect them most likely resulted in no difference in termite
attack regardless of stake placement.

Overall, forest managers should consider this information in regards to how it
applies to their forests. Taking into consideration the presents or absents of termites,
species of trees and CWD that will be left on the site, and microclimate factors all play a
part in carbon sequestration. If termites are present, it may be recommended that low or
high disturbance treatments are implemented in order to utilize the existing wood and
decrease termite mediated mass loss on site post-harvest depending on the location of the

remaining CWD.
2.5.3 Microbes and termites decompose aspen faster than pine

Our results showed significant difference between wood species for both mass loss
and K with no species interactions between any other variables (Tables 1, 2, and 3),
supporting our third hypothesis (H3). For microbial decay only, aspen stakes showed
significantly more mass loss and a higher decomposition rate constant than pine stakes
(Figure 2A, C). This was expected and agrees with many previous studies reporting
higher decomposition rates of broadleaf species compared to conifers in temperate, alpine
and boreal forests (Palviainen et al., 2010; Shorohova & Kapitsa, 2014). Specifically,
aspen stakes have been shown to decompose more rapidly than pine in similar tests,
which could be due to aspen having a lower lignin concentration as well as higher
nitrogen content than pine (Jurgensen, 2019; Wang et al., 2018). Pine contains resin,

which termites tend to avoid (Bultman et al., 1998).
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Species played a greater role in determining termite damage than the location
(above or below ground), due to termite’s preference of aspen over pine. This is in
contrast to Lee’s findings (Lee & Forschler, 2016) that Reticulitermes spp. favored pine
over poplar in two-choice paired testing, and Coptotermes spp. were shown to favor pine
over poplar (Mo, 2012), however some studies found that aspen was preferred by
subterranean termites over several different pine species tested (Kard et al., 2022; Rasib
& Ashraf, 2014). Wood species preference is also thought to be linked to wood nutrition,
with termites that are fed aspen having higher colony survival rates than colonies fed pine
(Morales-Ramos & Rojas, 2003). Overall, feeding preferences of subterranean termites
can vary based on individual colony, species, season, food availability, and many other
factors (Botch et al., 2010). However, our results were consistent with the results of
similar studies, showing that termites prefer aspen over pine in field experiments
(Jurgensen et al., 2019; Kard et al., 2022). Aspen averaged 39% higher termite damage
than pine stakes that were not wrapped in mesh, which was expected due to lower aspen
lignin concentration and C to N ratio, as has been correlated with higher wood
decomposition rates in the past (Jurgensen, 2019; Laiho & Prescott, 1999; Weedon et al.,
2009).

The species of remaining CWD also is important to consider, as the species-
specific characteristics that contribute to decomposition rates differ significantly. Aspen
decomposed at a faster rate than pine, and had a higher mass loss than pine at 30 months
in this temperate forest. Termites also attacked aspen more often than pine. This

knowledge can be utilized by forest managers in regards to carbon storage through
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planned removal or retention of different species of CWD from harvested sites, based on

landowners’ goals.

2.6 Conclusion

Insects have been noted to be an important factor in above ground CWD
decomposition rates (Edmonds, 1991), but very few previous studies have looked at the
belowground effect of macroinvertebrates on CWD decomposition rates and mass loss.
Carbon released by individual termites through digestion and respiration has been studied
in laboratory experiments (Brune and Friedrich, 2000), however overall trends in the field
regarding subterranean termite-mediated below ground wood decomposition and how it
relates to forest management practices are just beginning to emerge. Due to the increasing
interest in belowground carbon sequestration, subterranean termite damage is an
important aspect that needs to be more widely studied in order to accurately assess the
role of termites on belowground wood decomposition.

This study produced important insight into the effect of different OM removal
treatments as related to timber harvest methods in regard to the effects on microbial- and
termite-mediated decomposition and mass loss to residual wood after timber harvest. The
information gained through this study added to our understanding of the intricacy that
subterranean termite activity has in natural settings. OM removal post timber harvest
played a significant role in wood stake decomposition when exposed to termites.
Exposure to termites increased mass loss by about 20%, and decomposition rates by
about 0.5 year! at 2.5 years. Site preparation that included whole tree removal plus

bedding resulted in higher termite damage than bole-only removal or whole tree plus
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3.6 is a Magic Number

One board foot is equal to 12x12x1” or 144 inches squared
3.6 is the conversion factor
Thete is 3.6 pounds of catbon stored in one board foot of wood

Take the total number of square inches of wood you have used and divide by
144 to calculate board feet:
® 5475 / 144 = 30 board feet in these two woodburnings

Use the Magic Number!

* Multiply the number of board feet you have used by 3.6 to figure out about
how many pounds of carbon you have stored!

0.3 x 3.6 = 1.08 pounds carbon
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Discussion Questions

* How much carbon has the class as a whole sequestered (stored) through
woodburning?

* How much carbon would be stored if the artwork had been done on paper?

{more or less?)
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4.6.4 Vocabulary

Carbon Storage - the long-term storage of carbon in plants, soils, geologic formations,
and the ocean.

Carbon Release - Carbon is released back into the atmosphere when organisms die,
volcanoes erupt, fires blaze, fossil fuels are burned, and through a variety of other natural
and human activities

Natural Carbon Capture - Natural carbon sequestration is a process that has been
occurring for much of the Earth’s history. It is the process that nature uses to keep carbon
dioxide in balance in the Earth’s atmosphere in a way that optimally supports life. In
Nature, all of the carbon dioxide that was being produced was naturally kept in balance
by carbon sinks that sequestered it in the form of trees and plants, the oceans, the soil,
and stored in the bodies of animals. Because all of the life on our planet is made of
carbon, when plants and animals die, the carbon goes back into the ground and is
recycled for future use by nature.

Carbon Dioxide - a colorless, odorless gas produced by burning carbon and organic
compounds and by respiration. It is naturally present in air (about 0.03 percent) and is
absorbed by plants in photosynthesis.

Carbon Cycle - the series of processes by which carbon compounds are interconverted in
the environment, involving the incorporation of carbon dioxide into living tissue by
photosynthesis and its return to the atmosphere through respiration, the decay of dead
organisms, and the burning of fossil fuels.
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Photosynthesis - the process by which green plants and some other organisms use
sunlight to synthesize foods from carbon dioxide and water.

Fossil Fuels - include coal, petroleum, natural gas, oil shales, tar sands, and heavy oils.
All contain carbon and were formed as a result of geologic processes acting on the
remains of organic matter produced by photosynthesis

Robert Bateman - a wildlife artist living in Canada.

Foreground - the part of a scene or representation that is nearest to and in front of the
spectator Objects in the foreground seem larger than those in the background.

Middle Ground - the middle distance of a painting or photograph.

Background - the scenery or ground that is behind a main figure or object.
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4.7 Conclusion

There is a strong need to create lesson plans that art teachers can easily implement
in the classroom which incorporates active learning and cross-curriculum teaching in an
affordable and flexible manner. This allows for justification to keep art in the curriculum,
by enhancing students’ understanding of other subjects through art, while also allowing
for the flexible and safe learning environment that art class affords. The need for cross-
curriculum teaching is complex and difficult because many times teachers are unable to
coordinate between classroom schedules, and don’t have the expertise in other subject
matters to teach outside their field. These lesson plans and related material assist in filling
the resource gap for teachers, and promote student learning in novel and memorable
ways, reinforcing the concepts that have been taught in the science classroom, and
drawing connections across curriculums.

The introduction to woodburning lesson plan was implemented in a rural school
encompassing 12 students in grades K-5" in one classroom. The lesson plan was
modified for the younger students (grades K-3") whom were unable to safely control the
woodburning apparatus, by substituting painting and markers on wood rather than
pyrography. The students had collected and pressed leaves in the fall, and the
introduction to woodburning lesson plan was implemented in the spring, thus tying the
woodburning/art activity back to the earlier lesson on tree identification. Teacher
feedback indicated that the lesson plan went very smoothly. The teachers were highly
impressed at how attentive the young children were in regards to safety and detail with

the woodburning tools, and even adjusted the activities midstream to allow the 2" and 3™
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graders to use the woodburning tools due to the responsible behaviors the children
exhibited while working around the older students that were handling the hot tools. The
activity reinforced science topic of species identification of trees both through the pressed
leaf identification and the identification of the wood used as the platform for the artwork
that had been taught earlier in the school year, and the students produced lasting artwork
that demonstrated their knowledge of which they could display for years to come.

Although these lesson plans are intentionally written for high school art teachers to
utilize in their classrooms, there is a wide amount of flexibility built in. With slight to no
modifications, these lesson plans can be utilized in science camps, nature centers,
summer or afterschool programs, or interdisciplinary collaboration across the science and
art classroom. It has also been shown through our classroom experience that these lesson
plans, although targeted towards the benchmarks for high school standards, can easily be
adjusted for other age groups.

These lesson plans are intended to help enhance students’ learning in scientific and
artistic concepts through the novel and active learning experience of pyrography. These
lesson plans offer teachers a diverse array of material that can be easily accessible in the
classroom through PowerPoint, video, and student handouts, to assist in the ease of
teaching cross curriculum subject matter, and offer students different engaging activities

that allow them to express their understanding.
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4.8 Tables and figures

Figure 1. Example artwork of a students’ interpretation and conceptualization of the
concept of diffusion, which illustrates how artwork can be used to enhance and
incorporate a student’s understanding of complex concepts and practice artistic
techniques including shading and pointillism while still expressing feeling. Original

artwork by Joanna Walitalo.
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A Appendix 1

A1 Copyright permission documentation

April 16t 2023

Hi Kate,

How have you been?

| am very near graduation, and | want to touch base with you once more, just to
make sure | have all my ducks in a row regarding the usage of Robert's images
in the lesson plans that | wrote.

| am including the lesson plans as one chapter in my PhD dissertation, which will
be published and searchable through ProQuest as a dissertation through
Michigan Technological University. It would not be published as a book for
commercial purposes, but published as a dissertation that is freely searchable for
educational purposes.

Also, for the grad school formatting, they recommend that all images be black
and white, so | had to change the images to gray-scale for my dissertation. Is that
acceptable to Robert for representation of his work?

Is this still acceptable usage for Robert's images? | do not believe it changes
anything from before, it just provides a format/platform from which teachers can
access the lesson plans, as opposed to having them saved on my computer, and
personally handing them out to teachers. But | want to make sure everything is
approved and documented (or know if | need to change this portion of my

dissertation) before submitting it to the grad school.
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