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I. INTRODUCTION



Background

Plastic agricultural mulching

Plastic mulching in agricultural systems helps growers with preventing weeds, retaining
moisture, moderating soil temperatures, reducing compaction, and reducing fertilizer leaching
(Espi et al., 2006; Lamont, 1993). Combining plastic mulching with drip tape irrigation has been
used for decades as a successful method for increasing vegetable yields (Kasirajan & Ngouajio,
2012; Lamont, 1993). While there are extensive benefits of mulching for crop production, there
is currently no feasible recycling option for these plastics after their service life. Therefore,
plastic mulch, typically made from polyethylene (PE), contributes to the 150 million tons of
plastic (approximately half of solid plastics produced globally) that end up in landfills (Garcia &
Robertson, 2017). Finding a solution is a crucial, time-sensitive sustainability issue because the

use of plastic mulch is spreading globally (Transparency Markey Research, 2018).

Biodegradable plastic mulches as an alternative to plastic mulching

The best approach for addressing the plastic waste problem could be a mulch that is tilled into
the soil after harvest to biodegrade (Moore & Wszelaki, 2016). Scientists and engineers are
constantly improving biodegradable plastics for multiple uses like packaging, foodwares, and
agriculture (Vroman & Tighzert, 2009). Biodegradable plastics are defined by American Society
for Testing and Materials (ASTM) as “a degradable plastic in which the degradation results from
the action of naturally occurring microorganisms such as bacteria, fungi, and algae” (ASTM
International, 2012a). Technological advances in biopolymer production provide a promising
alternative to the PE mulches through a new generation of biodegradable plastic mulches
(BDMs) (Miles et al., 2012; Sintim & Flury, 2017). BDMs provide the same benefits as PE and
can be tilled into the field after use where they biodegrade into microbial biomass, carbon
dioxide (CO.), water, and plastic degradation by-products (Bettas Ardisson et al., 2014;
Brodhagen et al., 2015). However, important questions remain such as how biodegradation rates
vary across agricultural systems and how BDMs affect soil health (Goldberger et al., 2015;
Sintim et al., 2019; Sintim & Flury, 2017).



BDMs alter soil physical properties

The effects of agricultural mulching on soil moisture and temperature vary based on the
physiochemical properties of the mulch film and the location of deployment. Mulching creates
an artificial surface cover that alters heat and water fluxes thus affecting the soil moisture and
temperature (Steinmetz et al., 2016). This soil cover lowers evaporation (Lamont, 1993) which
leads to increased soil moisture in mulched plots compared to no-mulch plots for depths 0-15cm
(Cuello et al., 2015), 0-20cm (Li et al., 2004), and 0-90cm (Wang et al., 2016¢). Mulching also
protects against extreme fluctuations in soil moisture by maintaining higher moisture levels in
the driest conditions and preventing water-logged roots in the wettest conditions (Snyder et al.,
2015). A major incentive of mulch use is the warming of the soil above bare ground
temperatures (1.6-6.2°C (Wu et al., 2017), 2-3°C (Fan et al., 2017), 0.6-1.8°C (Li et al., 2004),
2°C (Cuello et al., 2015), 1.5°C (Wang et al., 2016a), 1.7 °C-2.8 °C (Lamont, 1993)). Dark
colored mulches absorb heat and transfer it directly to the soil through contact (Lamont, 2005)
thereby increasing soil temperatures and encouraging earlier plant development (Kasirajan &
Ngouajio, 2012) and higher crops yields (Cuello et al., 2015; Diaz-Perez et al., 2005; Ghimire et
al., 2018).

The effects of BDMs on soil moisture and temperature are less studied than the effects of PE
mulches. Higher water vapor permeability of the BDM films compared to “impermeable” PE
films (Bilck et al., 2010; Chandra & Rustgi, 1998; Domagaia—Swiatkiewicz & Siwek, 2013;
Martin-Closas et al., 2008; Steinmetz et al., 2016) likely leads to slightly lower temperature
increases in BDMs relative to PE (Moreno & Moreno, 2008). Location also impacts how BDMs
affect soil physical properties. Different trends of average daily soil temperature were observed
in BDM and bare ground treatments at three different locations across the United States (Li et al.,
2014b). As expected, in WA and TX, BDMs (except cellulose) had higher temperatures than
bare ground; while in TN, BDMs had lower temperatures than bare ground (Li et al., 2014b).
The microclimate created by BDMs is similar to PE but varies based on the material properties

of the mulch and the climate of use.



Effects of BDMs on soil health

Protecting soil health, defined as “the continued capacity of the soil to function as a vital living
ecosystem that sustains plants, animals and humans” (USDA, 2012), is an integral part of
farming in the 21% century (USDA, 2010). Common agricultural management techniques such as
intensive tillage and monocropping have led to declines in soil health (Moebius-Clune et al.,
2016). As the popularity of mulching rises as a management option to increase yields and reduce
water inputs, researchers are trying to untangle the effects of mulching on soil health (Sintim &
Flury, 2017; Steinmetz et al., 2016). A big concern is that growers could be trading short-term
agronomic benefits like yield increases for long-term negative effects on soil health (Steinmetz et
al., 2016). However, existing studies on the effects of BDMs on overall soil health have found
minimal impacts (Li et al., 2014a; Sintim et al., 2019). The adoption of BDMs by growers is
hindered by the lack of information on potential soil health impacts (Goldberger et al., 2015).

Soil carbon and soil health

Soil organic matter (SOM) is an important indicator of soil health because of the influence it has
on chemical, biological, and physical properties of the soil (Haynes, 2005; Wander, 2004). SOM
provides a source of inorganic nutrients for microorganisms along with improving the buffering
ability, water retention, and structure of the soil (Baldock & Skjemstad, 2000; Haynes, 2005).
Microorganisms consume soil organic carbon (SOC), the C portion of SOM, as a C-energy
source and in doing so increase the mineralization rates of other nutrients in the soil. Therefore
SOC is constantly being decomposed by microbes and must be replaced by plant inputs to
maintain the C balance of the soil. When soils have the same amount of C accumulating as is
decomposed, equilibrium is reached (Haynes, 2005; Paustian et al., 1997). The amount and type
of SOC that remains in the soil depends heavily on the type of inputs (Buyanovsky & Wagner,
1997). As a result, SOC consists of many (C) compounds in that range in chemical composition
and decomposability (Baldock & Skjemstad, 2000; Lehmann & Kleber, 2015). Once added to
the soil, mean residence time (MRT) or turnover time (the inverse of MRT) can be used to
characterize the decomposability of soil C (Davidson & Janssens, 2006). Soil C with a short
turnover time (days to a few years) is relatively labile and includes compounds like proteins,
nucleic acids and polysaccharides that are readily accessible to microorganisms (Krull et al.,

2003; Wander, 2004). On an intermediate timescale (years to decades), soil C is likely physically



protected from decomposition in some way which promotes stabilization (Baldock & Skjemstad,
2000; Wander, 2004). The longest lived soil C (decades to millenia) contains more alkyl and
aromatic compounds, as well as that SOC inaccesible to microbes (Jastrow et al., 2007; Krull et

al., 2003; Wander, 2004).

Since turnover times are difficult to measure in situ, fractionation methods are used to categorize
SOC into different pools based on their kinetic properties or more commonly their physical
and/or chemical properties (Liitzow et al., 2007; Rodeghiero et al., 2009). The kinetic approach
uses pools defined by the MRT of SOC in soils (Davidson & Janssens, 2006). Different studies
and models use different terms to describe the general categories based on MRT (e.g. active,
intermediate and passive). The intermediate pool is usually the largest, most difficult fraction of
SOC to study (Trumbore, 1997). The passive pool can have a long MRT because of physical
protection, chemical protection, or the complex nature of the compounds (Davidson & Janssens,
2006). Chemical fractionation methods attempt to divide organic matter (OM) based on
molecular structure and composition (Denef et al., 2009; Essington, 2015). Physical fractionation
methods divide OM into soil particle size, aggregate size, or density fractions to describe where
C is being stabilized and destabilized (Christensen, 1992; Collins et al., 1997). The most
common physical separation methods are dry sieving, wet sieving, sedimentation, and density
fractionations (Collins et al., 1997). Interpretations of soil C dynamics can be difficult due to
heterogeneity within fractions (Liitzow et al., 2007; Wander, 2004). In addition, the time scales
of the factors that control soil C stabilization make studying C dynamics difficult because they
range from rapidly reacting microbial communities to extremely slow mineral forming reactions
(Trumbore, 1997). There are many ways to study SOM depending on the purpose of the study
and usually a combination of fractions are used to describe the complete SOM dynamics of a

system (Collins et al., 1997; Moni et al., 2012; Schroth et al., 2003).

BDMs affect soil carbon cycling

The insulating effect of mulching presents competing effects on soil C management: higher
yields increasing above (Cuello et al., 2015; Ghimire et al., 2018) and below (Li et al., 2007;
Wang et al., 2016b; Zhou et al., 2011) ground C inputs versus higher mineralization rates

decreasing soil C (Steinmetz et al., 2016). After two to four years of mulch use, studies have



found decreases in SOC compared to no-mulch controls indicating increased C mineralization
rates (Cuello et al., 2015; Li et al., 2004). However, this decrease in soil C can be the same as the
increase in C inputs from higher biomass in mulch treatments leading to no net change in soil C
(Li et al., 2004; Wang et al., 2016b; Zhang et al., 2017a; Zhang et al., 2017b). BDMs are
composed of polymers with C backbones (Vroman & Tighzert, 2009) and have high C contents
(~ 50%). Thus, they could potentially be an additional source of C when they are tilled into the
soil (Bandopadhyay et al., 2018).

Mulching has mixed effects on labile C pools which are more sensitive than SOC to the effects
of mulching on soil C (Luo et al., 2015). Increases in light fraction organic carbon (LFOC) have
been reported at the soil surface after two years of mulching (Zhou et al., 2011) and below the
surface (20-40 cm) after four years of mulching (Luo et al., 2015). In contrast, a decrease in
LFOC of 4-5% after six years of mulching was reported (Wang et al., 2016b). Studies have
reported gains in microbial biomass C (MBC) under mulch treatments compared to no-mulch
treatments after two to four years (Li et al., 2004; Zhou et al., 2011). Further, using mulch for a
longer period of time (30 days before sowing and continually for two years) increased MBC in
the soil compared to the traditional timing from sowing to harvest (Liu et al., 2013). There was
no effect on the accumulation of permanganate oxidizable C (POXC) after four seasons of plastic
mulch use compared to no-mulch plots (Luo et al., 2015) nor under a non-flooded system with
plastic mulch compared to a traditionally flooded rice/wheat system after ten years (Tian et al.,

2013).

Compared to traditional PE plastic mulch, there are fewer studies on the effects of BDMs on soil
C cycling. After 18 months, no differences in SOC or MBC were found under BDMs compared
to a no-mulch control (Li et al., 2014a). In agreement, a recent study comparing four different
BDMs found no significant differences in %OM between BDMs and a no-mulch control after
two years (Sintim et al., 2019). After two years of mulch use, higher MBC was found in BDM
and no-mulch treatments compared to PE (Moreno & Moreno, 2008). When interpreting the
effects of mulching on soil C, it is important to note the environment of use because mulches are

used in a variety of systems ranging from semi-arid to periodically flooded. Due to the variable



effects of mulching (PE and BDMs) on soil C stocks, more studies are needed to ensure no loss

of C with this agricultural management technique.

BDM degradation

Three types of degradation affect agricultural plastics: photodegradation, thermo-oxidative
degradation and biodegradation (Shah et al., 2008). Photodegradation and thermo-oxidative are
part of the physiochemical weathering of BDMs, the extent of which depends on mulch type and
local climatic conditions (Hayes et al., 2017). After tillage, biodegradation occurs when
microorganisms break down BDM material as a source of energy and produce microbial
biomass, CO2, and water in the process (Kasirajan & Ngouajio, 2012). Microbes utilize BDM C
compounds once they are depolymerized to low molecular weight compounds achieved through
hydrolysis and enzymatic cleavage (Hayes et al., 2017; Saadi et al., 2013; Shah et al., 2008). Soil
microbes already have the catabolic pathways required for the breakdown of biodegradable
polymers using extracellular and/or intracellular enzymes (Barak et al., 1991; Kyrikou &

Briassoulis, 2007).

The rate of BDM biodegradation in the soil depends on many factors, mainly intrinsic mulch
properties and environmental conditions. The intrinsic mulch properties that affect
biodegradation rates include the starting polymer feedstock and the final physiochemical
properties of the mulch film such as the molecular weight, surface area, hydrophobicity and the
manufacturing process (Barragan et al., 2016; Chandra & Rustgi, 1998; Kasirajan & Ngouajio,
2012; Shah et al., 2008; Tokiwa et al., 2009). Polyesters are the most popular biodegradable
polymers because they have hydrolysable ester bonds (Albertsson & Hakkarainen, 2017;
Kasirajan & Ngouajio, 2012). Many mulch films are blends of polymers. For example, PLA
(polylactic acid) can be blended with PHA (polyhydroxyalkanoate), a microbial by-product, to
make it less brittle (Hu et al., 2008). The environmental conditions that affect biodegradation
rates of BDMs in soil include abiotic factors such as soil temperature and moisture along with
biotic factors like the native soil organisms (Brodhagen et al., 2015; Krueger et al., 2015; Shah et
al., 2008).



In particular, the role of temperature in the biodegradation of BDMs is of interest (Brodhagen et
al., 2015). Soil temperature is one of the main factors affecting SOM decomposition because of
its ability to regulate biological activity in the soil (Krull et al., 2003; Manzoni et al., 2012; Yuste
et al., 2007). It is well known that biochemical reactions involved in the microbial decomposition
of substrates are temperature dependent (Davidson & Janssens, 2006). However, the relationship
between SOM decomposition and temperature can be complex because environmental factors
like soil moisture and pH can have interacting effects. In addition, different microbes
(mesophilic vs. thermophilic) and their enzymes are affected differently by temperature
(Voroney & Heck, 2015). Enzymes and their targeted substrates each have inherent temperature
sensitivities (Davidson & Janssens, 2006; Wallenstein et al., 2011). Substrate temperature
sensitives are based on molecular structure (Davidson & Janssens, 2006) with stable soil C
substrates being more temperature sensitive than labile soil C substrates (Conant et al., 2011;
Fierer et al., 2005; Mikan et al., 2002; Vanhala et al., 2007). In general, SOM decomposition will
increase with increasing temperature with the exception of SOM physically protected from
enzymes (Wallenstein et al., 2012). Since the microbes and enzymes involved in SOM
decomposition overlap with BDM biodegradation, increased temperatures would be expected to
also increase BDM biodegradation. The temperature sensitivity of the BDM polymer, soil

microbial activity and soil enzymes will affect BDM biodegradation rates.

One accepted method for measuring the rate of biodegradation of BDMs is CO; evolution (El-
Din Sharabi & Bartha, 1993; Ho & Pometto III, 1999; Shah et al., 2008). The American Society
for Testing and Materials (ASTM, International) test D5988 can be used to estimate
biodegradability of a plastic material in ambient, aerobic soils based on CO> evolved or
biological oxygen demand. This method should not be used to make claims of a material being
“biodegradable”, but the theoretical percent biodegradation (calculated using the net gaseous C)
can be reported (ASTM International, 2012b). To address the lack of standards specifically for
BDMs in soil, a recent standard was developed that can be used to describe a plastic mulch film
as biodegradable in ambient soil. The standard, European Committee for Standardization (CEN)
EN 17033 (2018) “Plastics-Biodegradable mulch films for use in agriculture and horticulture
requirements and test methods”, requires greater than or equal to 90% biodegradation (as shown

by CO; evolution using ISO 17566) in aerobic soil conditions within two years and additionally



requires tests for physical properties, heavy metals, and ecotoxicity (Dentzman & Hayes, 2019).
More information is needed on the mechanisms of BDM biodegradation to help understand the

currently unpredictable breakdown (Brodhagen et al., 2017; Goldberger et al., 2015).

BDMs as microplastics

Soil biodegradation of BDMs is a time-consuming process (months to years) and during the
break-down of the material there is the possibility of introducing microplastics (< 5 mm) (Alimi
et al., 2017) into the soil. Currently, the amount of BDM residues that remain in the soil is
unclear (Brodhagen et al., 2017) and more specifically, it is unclear if residues exist as
microplastics. Measuring microplastic accumulation is a key research interest due to potential
negative effects of microplastics on terrestrial environments (Horton et al., 2017; Souza
Machado et al., 2018a). Microplastics can adsorb chemicals (hydrophobic organic pollutants)
like organochlorine pesticides and polycyclic aromatic hydrocarbons (PAHs) (Duis & Coors,
2016; Horton et al., 2017; Rillig, 2012; Rochman et al., 2013; Steinmetz et al., 2016). Along with
concentrating chemicals, the plastics themselves can leach chemicals such as plasticizers (Horton
et al., 2017; Souza Machado et al., 2018a). More direct effects of microplastics on soil biota
include hindering plant growth (Qi et al., 2018) and accumulation in food chains when consumed
(Rillig, 2012). In addition, multiple microplastic types (polyethylene, polyesters, and
polyacrylic) have been shown to decrease soil bulk density (Souza Machado et al., 2018b). In
general, much is unknown about the fate of microplastics in soils due to the difficulty of isolating
them from a heterogenous medium like soil (Bldsing & Amelung, 2018; Horton et al., 2017;
Rillig, 2012). Some methods focus on identifying the presence of microplastics, while others
quantify their size (Elert et al., 2017). The quantification of microplastics in soil is difficult
because a wide range of methods are used and there are no standard units or definitions (Bldsing
& Amelung, 2018). Common microplastic isolation methods include using dense liquids, filters,
sieves, or visual sorting (Hidalgo-Ruiz et al., 2012; Wang & Wang, 2018). For separating
conventional plastics from sediments, it is common to use water (1.0 g cm™ (density at 25°C)) or
salt water (1.2 g cm™ (density at 25°C )) (Claessens et al., 2011; Hidalgo-Ruiz et al., 2012; Ng &
Obbard, 2006). However, the hydrophilic nature of BDMs requires the use of a denser solution.



Chemical pre-treatments (NaOH, HCI and H>O>) can be used in microplastic isolation to digest
organic material and allow for easier identification of microplastics (Cole et al., 2014; Nuelle et
al., 2014). Enzyme digestion with proteinase-K, a broad spectrum protease, is also a successful
method for isolating microparticles from seawater samples rich in marine biota (Cole et al.,
2014; Zhao et al., 2015). However, chemical and enzymatic pre-treatments are not always ideal
because SOM consists of such a large range of C compounds (Davidson & Janssens, 2006;
Lehmann & Kleber, 2015) that plastics could also be affected by digestions targeting SOM
(Blising & Amelung, 2018). In particular, BDM microplastics are composed of starch and
cellulose polymers that overlap with the chemical composition of SOM so chemicals that destroy
SOM likely would have an effect on BDM microplastics. Once microparticles are isolated,
spectroscopic (Raman and Fourier transform infrared) methods can be used to confirm and

differentiate different types of plastics (Cole et al., 2014; Elert et al., 2017).

Research questions

In climates around the world, plastic mulches have led to higher yields of specialty crops. To
prevent the large amounts of plastic waste created by the traditionally used PE mulches, BDMs
were created to be tilled into the soil at the end of the season. The long-term effects of mulching,
in particular BDM use, on soil C stocks are relatively unknown. Some studies have demonstrated
a loss in C from increased mineralization under mulching while others show the increased C
inputs from higher yields can offset C losses. In addition, biodegradation rates of different BDMs
in different climates are unknown. This study has two separate goals associated with the role of
BDMs in soil C cycling. First, this study aims to assess the effects of BDMs on soil C cycling by
measuring soil C pools and characterizing mulches as a C input. Second, this study aims to
reveal the mechanisms of temperature induced biodegradation of BDMs with a focus on C

accumulation and transport.

A field experiment was used to measure the effects of mulching on C dynamics with replicate
field sites in Knoxville, TN and Mt.Vernon, WA. Multiple C pools were measured under
different mulch treatments over two years (Spring 2015- Spring 2017). To better understand the

effect of temperature alone on biodegradation, a lab incubation study was designed. The time-
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course of biodegradation was tracked using carbon dioxide evolution along with more indirect
measures of biodegradation such as soil C storage pools, soil microbial properties, and chemical

properties of the mulches.

Goal 1. Assess how BDMs affect soil C pool distributions after two years of deployment and
incorporation into the soil using a field study at two diverse geographical locations. Goal 1 is
divided into three specific objectives with corresponding hypotheses (H).
1. Compare the effects of different mulching treatments (BDMs versus three controls: PE,
cellulosic (paper) mulch, and no-mulch) on soil C pools over two years.

Hi.1 Higher soil temperatures and moistures under the BDMs and PE compared to the no-
mulch treatment will lead to lower soil C stocks after two years.

Hi2 For the faster turnover C pools, BDMs will have lower C compared to no-mulch
treatments in the fall due to higher temperatures increasing mineralization
throughout the growing season under the mulch treatments.

2. Analyze changes in C pools across two diverse geographical locations to see if BDMs
affect soil C differently in different climates.

Haz.1 The soil warming effects of PE and BDMs compared to the no-mulch control will be
more apparent in the cooler WA climate. This more extreme warming will lead to
higher declines in soil C pools under PE and BDMs compared to no-mulch
treatments in WA.

3. Characterize the BDM C input by quantifying the amount of C tilled into the soil and the
amount of BDM microplastics.

Hs.1 BDMs are composed of C polymers; so, it is expected that once tilled into the soil,
BDM C will contribute a similar amount of C as crop residues annually. BDMs will

have significantly more microplastics than PE and no-mulch treatments.

Goal 2. Deeply understand the mechanisms associated with BDM biodegradation at different
temperatures using a lab experiment.
1. Measure the temperature sensitivity of the decomposition of BDMs with a traditional
measure of biodegradation in addition to soil C storage pools, soil microbial properties

and chemical properties of the mulches.

11



Hi.1 Higher temperatures will increase microbial activity and lead to increased BDM
material utilization. We expect the addition of BDMs to increase the temperature
sensitivity of the soil-mulch system. In addition, higher temperatures and higher
microbial activity will lead to higher extracellular enzyme activity and a higher
bacterial and fungal abundance. We predict a decline in carbon (C) storage pools

with higher temperatures and higher microbial activity.

Organization of thesis

This multi-part thesis will include an introduction (this chapter: Chapter I), two chapters written

for future publication (Chapter II and IIT) and conclusions (Chapter V).
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II.

CONTRIBUTION OF BIODEGRADABLE PLASTIC MULCHES TO
SOIL CARBON CYCLING
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A version of this chapter is being prepared for publication in:
Marie E. English, Sean M. Schaeffer. [More authors to be added] “Contribution of

biodegradable plastic mulches to soil carbon cycling”. Peer J.

Abstract

The benefits of using polyethylene (PE) plastic mulches in crop production, lengthening the
growing season and preventing weeds, must be weighed against their contribution to the overuse
of plastics in agriculture. Biodegradable plastic mulches (BDMs) have become a viable
alternative because they provide the same benefits as PE mulches. BDMs do not result in plastic
waste because they are tilled into the soil at the end of the season to degrade into carbon dioxide,
water, microbial biomass, and plastic degradation by-products. However, little is known about
their long-term impacts on soil carbon dynamics. BDMs change soil moisture and temperature,
which affects soil organic matter formation and potentially alters C cycling. We used two years
of soil chemistry and microclimate data (Spring 2015- Spring 2017) under pie pumpkin
production to assess changes in soil C cycling for each of 7 treatments (four BDMs and three
controls: PE, cellulosic (paper) mulch, and no-mulch) at two diverse climates, Knoxville, TN and
Mt. Vernon, WA. Measured pools of C ranged in turnover time and included total organic carbon
(TOC), extractable organic carbon (EOC), microbial biomass carbon (MBC), permanganate-
oxidizable (POXC), respired CO», particulate organic carbon (POC), and carbon within particle
size fractions. PE was the only mulch treatment with possible negative effects on soil C. In TN,
PE had lower respiration rates in Fall of 2016 and lower TOC in the silt and clay fraction
compared to the bare soil treatment. In WA, PE was the only mulch treatment with a decline in
TOC after two years. These differences in C pools between PE and no-mulch after two years are
likely caused by higher moisture and temperature under PE. BDMs had no negative effects on C
pools after two years. A method was developed to isolate and measure BDM microplastics (1-2
mm) that provided evidence of BDM microplastic accumulation amounting to a small percent of
the functionally important POC pool. In order to ensure BDMs are a good alternative to PE,
more research is needed on the effects of BDMs on soil C pools and BDM microplastic residence

times.
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Introduction

Soil carbon cycling and biodegradable plastic mulching

Soil organic matter (SOM), a key aspect of soil health, provides essential soil functions like
improving the soil structure (Baldock & Skjemstad, 2000) and acting as a source of inorganic
nutrients for microorganisms (Haynes, 2005). Microorganisms consume soil organic carbon
(SOC) as a carbon-energy source and in doing so increase the mineralization rates of other
nutrients in the soil. Given the extensive benefits for soil health, maintaining or increasing SOC
levels are desirable soil management goals (Fine et al., 2017; Moebius-Clune et al., 2016). The
amount of SOC is a function of carbon (C) inputs and decomposition rates (Liitzow et al., 2006;
Schroth et al., 2003). The stability of SOC in the soil helps prevent rapid decomposition of this
important nutrient source and is controlled by three mechanisms: stabilization by intrinsic
recalcitrance of the C compound, inaccessibility to microbes and enzymes, and interactions with

minerals (Liitzow et al., 2006; Sollins et al., 1996).

Plastic mulches are used in agriculture to reduce weed pressure and protect crops from extreme
temperatures and drought conditions (Hayes et al., 2017; Lamont, 1993, 2005). Most plastic
mulch is made from polyethylene (PE) and must be removed from the field after use; however,
biodegradable plastic mulches (BDMs) can be tilled directly into the soil. A comprehensive
review on agricultural mulching concluded that the predominant mulching conditions (increased
soil moistures and temperatures) likely increase mineralization and favor the formation of labile
C while destabilizing more intermediate and passive C (Steinmetz et al., 2016). As the use of
plastic mulch (PE and BDMs) expands, it is important to understand the controls on soil C
decomposition rates, C inputs and C stabilization mechanisms in order to maintain the balance of
C in the soil. The main ways mulching (PE or BDMs) could affect soil C cycling include
increasing mineralization rates of soil C (Li et al., 2014a; Li et al., 2007; Moreno & Moreno,
2008; Wang et al., 2016b) and increasing plant biomass and thus C inputs (Cuello et al., 2015;
Ghimire et al., 2018; Li et al., 2007; Wang et al., 2016b; Zhou et al., 2011). Studies have shown
the losses from increased mineralization under mulching can be balanced by the increased inputs
(Li et al., 2004; Wang et al., 2016b; Zhang et al., 2017a; Zhang et al., 2017b). Unlike PE which
is not tilled into the soil, BDMs are a direct addition of C when tilled into the soil
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(Bandopadhyay et al., 2018). The amount and fate of C added from the tillage of BDMs into the

soil has not been well characterized.

Using multiple C pool measurements together can serve as an early indicator of the effects of
agricultural management practices (Gregorich et al., 1994). The C pools identified as important
in the biogeochemical cycling of C associated with plastic mulching are illustrated in Figure II-1.
Carbon pools are typically characterized by turnover times which describe the rate C leaves the
soil (Davidson & Janssens, 2006). Soil C with a short turnover time (days to a few years) is
relatively labile and includes compounds like proteins, nucleic acids and polysaccharides that are
readily accessible to microorganisms (Krull et al., 2003; Wander, 2004). On an intermediate
timescale (years to decades), soil C is likely physically protected from decomposition in some
way which promotes stabilization (Baldock & Skjemstad, 2000; Wander, 2004). The longest
lived soil C (decades to millenia) contains more alkyl and aromatic compounds, as well as that
SOC inaccesible to microbes (Jastrow et al., 2007; Krull et al., 2003; Wander, 2004). Total
organic C (TOC) is a sum of all of the organic C in the soil and includes many compounds
ranging in stability and turnover times (Baldock & Skjemstad, 2000; Lehmann & Kleber,
2015).The peroxide-resistant fraction mimics oxidative processes used in microbial
decomposition in order to produce a very stable C pool that represents C not available to
microorganisms (Favilli et al., 2008; Jagadamma et al., 2010; Liitzow et al., 2007).
Permanganate oxidizable C (POXC) is an intermediate C pool that is typically defined as having
a turnover time of <10 years (Culman et al., 2012; Liitzow et al., 2007). POXC is useful because
it represents microbial available C (Blair et al., 1995) and is sensitive to changes in soil
management (Blair et al., 1995; Culman et al., 2012). More labile than POXC, extractable
organic C (EOC) (Culman et al., 2012; Tirol-Padre & Ladha, 2004) is a small percentage of total
SOC (0.05-0.4%) (Haynes, 2005) but an important source of nutrients for microbes (Sanderman
& Amundson, 2008). EOC consists of soluble root exudates, plant litter leachate and native SOM
smaller than 0.45 um (Blankinship & Schimel, 2018; Haynes, 2005; Neff & Asner, 2001;
Silveira, 2005). Microbial biomass C (MBC) is considered an important labile and functional
fraction for its role in decomposition and mineralization of nutrients (Gonzalez-Quinones et al.,

2011). The amount of CO; that leaves the soil (CO: respired) is a biological indicator that
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Figure II-1. Soil C cycling under mulching. Inputs include plant (not measured) and mulch C
which are decomposed into different storage pools. Total organic C (TOC) is comprised of many
different pools of C. In approximate order of turnover time, from faster to slower, these C pools
include microbial biomass C (MBC), extractable organic C (EOC), particulate organic C (POC),
permanganate oxidizable C (POXC), and peroxide-resistant C. These storage pools are then
mineralized by microbes into CO; during respiration. Figure created by Marie English using

Canva.com
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represents aerobic microbial activity and has been shown to be useful for observing changes in
soil management (Culman et al., 2013; Haney et al., 2008b). Physically fractionating soils into
particle size fractions (PSF) such as sand (53- 2000 pum), silt (0.02-53 pm), and clay (<0.02 pm)
can provide information on the relationship between SOM and primary particles (Schroth et al.,
2003) by assuming the size of the particles matches the decomposition state (Moni et al., 2012).
Carbon in the sand fraction is considered more labile, undecomposed plant litter, compared to the
older, more microbially-derived C in the clay fraction (Liang et al., 2017; Liitzow et al., 2007).
Density fractionations often follow PSF to isolate the light fraction referred to as particulate
organic matter (POM) (Moni et al., 2012). POM contains mostly plant residues, roots, and
organism residues (Schroth et al., 2003) and is sensitive to land-use and management changes

(Christensen, 1992; Schroth et al., 2003). Particulate organic C (POC) is the C portion of POM.

BDMs as a carbon input into soil

The amount of BDM C tilled into the soil, to our knowledge, has not been previously quantified
or compared to other C pools. Due to the fact that BDMs are designed to break down in soil, and
that thousands of C compounds already exist in soil (Davidson & Janssens, 2006), there is
potentially some overlap in polymeric C used in BDMs and C compounds found naturally in
SOM. For example, starch, cellulose, polylactic acid (PLA), and polyhydroxyalkanoate (PHA)
polymers used in BDMs, occur in nature as well (Chandra & Rustgi, 1998). Because BDM
feedstocks are chemically similar to SOM, BDMs decompose in a similar fashion to plant inputs

(Eq. II-1).
Aerobic biodegradation of BDMs (Bettas Ardisson et al., 2014):

Cplastic + 02 - COZ + HZO + Cresidue + Cbiomass (Equation H'l)

where: Cplasiic = C from the plastic material
Cresidue = By-products of plastic degradation

Chriomass = Microbial biomass C

02 = Oxygen
CO; = Carbon dioxide
H>O = Water
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It is unclear how much BDM C is respired as CO2, how much enters soil C stocks and how much
remains undecomposed (Bettas Ardisson et al., 2014; Chinaglia et al., 2018). Influences on BDM
C fate include the composition of the material as well as the environment where is it deployed.

Soil moisture, temperature, and the stoichiometry of the soil (C:N) can alter SOM decomposition

rates (Davidson & Janssens, 2006; Paustian et al., 1997) and therefore the fates of BDM C.

As BDMs biodegrade at varying rates based on their composition and the environment,
microplastics (<5 mm fragments) (Alimi et al., 2017) are likely introduced into the soil
environment. BDMs are designed to biodegrade > 90 % after two years; however, in the short-
term they could pose the same problems as other microplastics such as adsorbing chemicals
(hydrophobic organic pollutants like agrochemicals) (Duis & Coors, 2016; Horton et al., 2017;
Rillig, 2012; Steinmetz et al., 2016), leaching plasticizers (Horton et al., 2017; Souza Machado et
al., 2018a), and hindering plant growth (Qi et al., 2018). Unfortunately, the abundance of
microplastics in terrestrial environments has not been well characterized due to the difficulty of
separating OM and plastics (Bldsing & Amelung, 2018; Horton et al., 2017; Rillig, 2012). This
leads to gaps in knowledge on the fate of plastics in soils (Bliasing & Amelung, 2018; Steinmetz
et al., 2016). One challenge with detection of BDM microplastics is that chemical pre-treatments
(NaOH, HCI and H>0; (Nuelle et al., 2014)) that remove OM to allow for easier identification of
microplastics, would likely affect the BDM microplastics due to overlaps in chemical
composition of the polymers. More information is needed on the fate of decomposed and

undecomposed BDM C and promising technologies exist to track this C source.

Research objectives and hypotheses for soil carbon cycling

A field experiment was used to measure the effects of mulching on C dynamics with replicate
field sites in Knoxville, TN and Mt.Vernon, WA. Multiple C pools were measured under
different mulch treatments over two years (Spring 2015- Spring 2017). The main goal of the
research described in this chapter is to assess how BDMs affect soil C pool distributions after
two years of deployment and incorporation into the soil. This can be divided into three specific

objectives with corresponding hypotheses (H).

1. Compare the effects of different mulching treatments (BDMs versus three controls: PE,

cellulosic (paper) mulch, and no-mulch) on soil C pools over two years.
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Hi.1 Higher soil temperatures and moistures under the BDMs and PE compared to the no-
mulch treatment will lead to lower soil C stocks after two years.

Hi 2 For the faster turnover C pools, BDMs will have lower C compared to no-mulch
treatments in the fall due to higher temperatures increasing mineralization
throughout the growing season under the mulch treatments.

2. Analyze changes in C pools across two diverse geographical locations to see if BDMs
affect soil C differently in different climates.

Haz.1 The soil warming effects of PE and BDMs compared to the no-mulch control will be
more apparent in the cooler WA climate. This more extreme warming will lead to
higher declines in soil C pools under PE and BDMs compared to no-mulch
treatments in WA.

3. Characterize the BDM C input by quantifying the amount of C tilled into the soil and the
amount of BDM microplastics.

Hs.1 BDMs are composed of C polymers; so, it is expected that once tilled into the soil,
BDM C will contribute a similar amount of C as crop residues annually. BDMs will

have significantly more microplastics than PE and no-mulch treatments.

Approach

To test how C cycling is affected by different mulch products, an in-depth analysis of C pools
over two years was conducted. We focused on net changes in soil C caused by the combination
of C inputs (crop residues and tilled in BDMs), C outputs from soil respiration and the internal
cycling of soil C. This study was replicated in Knoxville, TN and Mount Vernon, WA, locations
with different climates and soil types, to assess interactions between the effects of climate and
mulch treatments on C cycling. Four BDMs were compared to three controls: PE, cellulosic
(paper) mulch, and bare soil. Soil samples were collected bi-annually for two years (2015-2017)
before planting (May) and after harvest (September-October). Soil moisture and temperature
sensors were monitored throughout the season along with a meteorological station to help
compare differences in location climate. A unique microplastic isolation method for soil systems

was designed to isolate BDMs (1-2 mm) remaining in soil.
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Materials and methods

Experimental design

Site description and mulch materials

This study was replicated in two locations, the University of Tennessee East Tennessee Research
and Education Center (Plant Science Unit) in Knoxville, TN and the Washington State
University Northwestern Washington Research and Extension Center at Mount Vernon in Mount
Vernon, WA, with different climates and soil types (Table II-1). To test the effects of mulching
on soil C cycling, three controls were compared to four BDMs. The controls included a bare
ground negative control (no-mulch), a fully biodegradable mulch positive control made from
cellulose called WeedGuardPlus (sunshine paper, Aurora, CO, USA), and a control of non-
biodegradable polyethylene (PE) plastic mulch (Filmtech, Allentown, PA). The BDMs included
BioAgri (BioBag Americas, Dunevin, FL, USA) which is a starch/ polyester blend made from
feedstock Mater-Bi ® (grade M2351; starch/ polyester (PBAT) blend), Naturecycle (Custom
Bioplastics, Burlington, WA) which is a starch/ polyester blend, Organix (Organix Solutions,
Bloomington, MN) which is made from feedstock BASF ecovio® (grade M2351) (PBAT +
PLA) and PLA/ PHA which is an experimental product made from polylactic acid/
polyhydroxyalkanoate (Ingeo® PLA / Mirel™ amorphous PHA). The field and research design
of this experiment was a randomized complete block design (RCBD)-with split plot and repeated
measures (Figure I1-2). Mulches were laid on raised beds (15-20 c¢cm high, 0.8m wide, 11m
long). Sampling took place from Spring 2015 to Spring 2017. Pie pumpkins (Cucurbita pepe L)
were grown in 2015 and 2016. Complete details on fertilization and field management can be

found in Ghimire et al. (2018).

Soil moisture and temperature

Soil moisture and temperature sensors (5TM, Decagon Devices, Inc., Pullman, Washington,
USA) were installed at two depths (10 and 20 cm) to monitor the microclimates of one
replication of each treatment. The volumetric water content (VWC) and temperature (°C) were

recorded hourly by dataloggers (EM50G, Decagon Devices, Inc.).
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Table II-1. Soil properties in Spring 2015 prior to mulch treatments

Soil property Knoxville Mount Vernon
Soil type Typic Hapludult Typic Fluvaquent
Sand? 59.9% 14.2%
Silt? 23.5% 69.8%
Clay® 16.6% 16.0%
Bulk density (g cm™)° 1.41 1.31
pH 6.03 6.24
CEC (cmol kg™)® 7.23 9.19
Nitrate-N (mg kg™!)® 20.9 4.49
P (bray method) (mg kg™!)° 72.6 77.4
Organic matter %" 1.43 2.36

*Values from Sintim et al. (2019)
"Measurements are mean values of all plots across the field in Spring 2015 prior to treatment

------------------------------------------------------------------------------------------------------------ > 2991t
0 0 0 0 0 0
Cellulose BDM-4 PLA/PHA BDM-8 BDM-5 BDM-6 Black Rep 1 ]
control (tilled) 103 (removed) | (tilled) (tilled) plastic .
101 102 104 105 107 108 ]
PLA/PHA ~ Nomulch  Cellulose ~ BDM-4 BDM-6 BDM-5 Black BDM-8 Rep2 |
201 202 control (tilled) (tilled) (tilled) plastic (removed) :
203 204 205 206 207 208 !
BDM-5 Cellulose BDM-8 Black BDM-4 PLA/PHA No mulch BDM-6 Rep 3
(tilled) control (removed) plastic (tilled) 306 307 (tilled) :
301 302 303 304 305 308 i
Rep 4 E
BDM-4 Black PLA/PHA BDM-6 No mulch Cellulose BDM-8 BDM-5 '
(tilled) plastic 403 (tilled) 405 control (removed) (tilled) M ¢
401 402 404 406 407 408 1201

Figure II-2. Field design (randomized complete block) replicated in Mt. Vernon, WA and
Knoxville, TN in 2015-2016. Abbreviations of mulch treatments: BDM-4 (BioAgri), BDM-5
(Naturecycle), BDM-6 (Organix), BDM-8 (BioAgri, removed from the field).



Soil sampling

Soil samples were collected bi-annually for two years (Spring 2015, Fall 2015, Spring 2016, Fall
2016, Spring 2017) before planting (May) and after harvest (September/ October). Multiple soil
samples were collected per plot using soil cores (0-10 cm) and these subsamples were combined
by hand to create a composite sample. Samples were processed (air-dried or frozen) within a

week of collection and stored at 4°C before analysis of EOC/MBC.

Carbon pools

Total carbon content and isotopic ratio

Total C content (% C) and 8'3C of soil were measured by weighing out 80 mg of dried (105 °C),
milled soil and analyzing it through a combustion module (CM-CRDS, Costech Analystical Tech
Inc. Valencia, CA, USA) coupled to a Picarro cavity ring-down spectrometer (CRDS, Picarro
G2121-1, Picarro Inc., Santa Clara, CA, USA). With each analysis, acetanilide and sugar
standards were run to create a standard curve. The isotopic ratio (Rsample) Which is the ratio of 3C
to 1*C in a sample was converted to units relative to the international standard (Vienna PeeDee

Belamnite) (Eq. 11-2).

Converting 13C stable isotope ratio into units of &'3C:

§13¢ = (Rample _ (1))« (1000) (Equation I1-2)
q

Rstandard

where: Rsample= Isotopic ratio (**C/ 12C) of the sample

Rstandard = Isotopic ratio (1*C/ '2C) of the Vienna PeeDee Belamnite standard

Permanganate oxidizable carbon

Permanganate oxidizable C (POXC) was measured using the methods of Weil et al. (2003) and
adapted herein for use with a plate reader. In a 50 mL tube, 2.5 g of 2 mm-sieved soil (2
analytical reps of each soil), 18 mL of deionized (DI) water and 2 mL of 0.2 M KMnOj4 solution
were mixed together and shaken at 120 rpm for 2 minutes on a shaker. Samples settled for 10
minutes and then 0.5 mL of sample was mixed with 49.5 mL of DI water. A 96-well plate was

used to read 300 uL of each sample (3 replicates) on the plate reader. The color loss of solution is
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proportional to the oxidation of labile C. The sample absorbance at 550 nm wavelength was
measured using a plate reader and calibrated against known standards of differing

concentrations. POXC (mg kg™! dry soil) was calculated (Eq. II-3).

POXC = (o.ozmT“l —(a+b= abs)) x (9000 M) x (1) (Equation I1-3)

mol Mg

where: a = y-int of standard curve
b = slope of standard curve of known concentrations of KMnQOj4
abs = absorbance (550 nm) of samples
Vs = volume of solution (0.02 L)
M; = mass of soil (0.0025 kg)

Peroxide-resistant carbon

The method used to isolate peroxide-resistant C was adapted from Jagadamma et al. (2010).
Briefly, soils were oven dried (60 °C) and 1 g subsamples were placed into 50 mL centrifuge
tubes. The soil was wetted with 10 mL of DI water for 10 min. Then 30 mL of 10 % (v/v) H2O»
was added to the tube and mixed. The tubes were stored at 50°C for 2-3 days or until frothing
was complete. After cooling, samples were centrifuged (2500 xg for 15 minutes) and the
supernatant discarded. This oxidation was repeated two additional times to ensure complete
oxidation. Soils were washed (DI water/ centrifuged x 3) and then oven-dried at 60°C for 24
hours. Samples were sent off for analysis at the UT Department of Earth and Planetary sciences
stable isotope facility for %C using a Costech EA (Costech Elemental Analyzer ECS4010). The
values were reported per g dry soil (Eq. 11-4).

Unit conversion of peroxide-resistant C to g dry soil:

ug resistant C _ ugresistant C (g resistant soil)

(Equation 11-4)

g dry soil g resistant soil g dry soil
Particle size fractions

Air-dried soil (50 g) (Jiménez et al., 2011) was shaken overnight with glass beads adapted from
methods in Moni et al. (2012) and Balesdent et al. (1998) (Figure II- 3). Moderate dispersion
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Figure II-3. Combined particle size density fraction (PSDF) scheme created for POM and
microplastic isolation. The fraction lighter than 1.4 g cm™ is referred to as POM (particulate
organic matter) and that heavier than 1.4 g cm™ is referred to as CSAOM (coarse sand associated
organic matter). Figure created by Marie English using Powerpoint.
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(140 RPM) was used to break up the aggregates without destroying POM or BDMs (Schroth et
al., 2003). After dispersion, soil was wet sieved (Six et al., 2000) into particle size fractions 250
pm - 2000 pm (coarse sand), 53 pm - 250 um (fine sand), and <53 pm (silt and clay) (Balesdent
et al., 1998; Moni et al., 2012). Soils in the coarse sand and fine sand fractions were dried on the
sieve at 60°C and then transferred into metal tins to dry overnight at 105°C. To settle the silt and
clay (StC) fraction (<53 um), 0.5 M CaCl, was added to settling bins (Balesdent et al., 1998;
Jiménez et al., 2011). After 1-2 days, the plug was released, supernatant poured off and the
sediment transferred to conical tubes to be rinsed three times with DI water and centrifuged (15
min at 2500 x g). The rinsed sediments were poured into tins and dried at 105°C for C analysis.
Total organic C was measured on each fraction using the Picarro CRDS. For the coarse sand
fractions, a coffee grinder was used to homogenize the coarse fraction before C analysis. Each
fraction was converted from units per g fraction to per g dry soil using the total g dry soil

recovered for each sample (Eq. 1I-5).

Unit conversion of PSF C concentrations:

ug C ug C g fraction .
= Equation II-5
g dry soil g fraction ( g dry soil ) ( ! )

24-hour respiration

Respiration was measured as CO»-C (ug CO»-C g'! dry soil day!) released from the soil in a 24-
hr time period. Field moist soil (50 g) was placed into a 500 mL mason jar equipped with a
septum after removing roots and BDM particles by hand. Headspace CO: concentration was
measured by removing 0.5 mL gas aliquots using a syringe (2.5 mL). An infrared gas analyzer,
LI-COR, 820 (LI-COR Biosciences, NE, USA) was used to measure the CO; concentration of
the headspace air. The evolution of CO; was measured after 24 hours and used to calculate the
24-hr respiration rate. A standard curve of known CO; concentration standards was created in
order to calculate CO»-C evolved (ug CO,-C g! dry soil). The ideal gas law was used to
calculate the respiration rate (Cz4) (Eq. II-6: 1I-8).
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Respiration calculations:

Cas = (Cs (t=24) — Cs (t=0)) (Equation I1-6)
Cs = (Cpxn*M,,)/M; (Equation I1-7)
n = PV/RT (Equation I1-8)

where: Ca4 = ug CO,-C g'! dry soil day!
Cm = CO; ppm
Cs = ug CO»-C gt dry soil
n = Number of moles in the headspace
R = The universal ideal gas law constant (8.314 L-kPa/mol-K)
T = Temperature in Kelvin (299.15)
P = Site pressure (98 kPa for Knoxville, TN)
V = Volume of headspace at 299.15 K
My = Molecular weight of CO»-C 12g C mol! C
M;s = Mass of soil in the jar (g dry soil)

Extractable organic carbon and microbial biomass carbon

For this study, extractable organic C was defined as organic C extractable in 0.5 M K>SO4 (agq.).
Microbial biomass C was measured following the slurry/simultaneous chloroform extraction
method (sCFE) (Schaeffer et al., 2017). Two subsamples of soil were used to measure EOC and
MBC. Each sample of soil (10g, field moist) was shaken with 40 mL 0.5 M K>SO4 and 0.5 mL
EtOH free chloroform was added to one of the two samples to fumigate. MBC was calculated as
the difference between the fumigated and un-fumigated samples (Eq. II-11). Fumigated and un-
fumigated extracts were frozen for analysis by persulfate digestion. Briefly, 2 mL sodium
persulfate was added to 2 mL of sample in a 10 mL glass vial with a septa cap and metal crimp
seal and was oxidized overnight at 80 °C (Doyle et al., 2004; Hood-Nowotny et al., 2010). After
one hour of cooling, CO> concentration in the headspace was measured using a LICOR 820
infrared gas analyzer. To determine how much EOC was recovered from the reaction, a standard
curve of known concentrations of KHP (potassium hydrogen phthalate) was measured along with
the samples. A blank fumigated and un-fumigated sample were subtracted from the respective

measured values as well. The extraction of MBC using the chloroform fumigation methods is not
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complete; so, a correction factor (Kgc) was used to estimate total MBC from the extracted value
(Eq. I1-9: II:11). Ross (1990) suggests a common Kgc of 0.33 to provide a first estimate of soil

microbial biomass.

EOC and MBC determination:

Cxup = (Ccoz *b) +a (Equation I1-9)
Croc = Cunfum = (Cxup * V) /M; (Equation II1-10)
Cusc = (Crum— Cungum)/Kgc (Equation 1I-11)

where: Cco2 = CO2 ppm (measured on IRGA)
b = slope of KHP standard curve
a = y-intercept of KHP standard curve
V = Volume of extractant (0.04 L)
M;s = Mass of soil extracted (g dry soil)
Ckup = C ppm in vial
Ceoc = Cunfum = mg C g™ dry soil
Cram=mg C g'! dry soil
Cumc=mg C gl dry soil

Kkc = Extraction correction factor (0.33)

Density fractionation

POM can be isolated from the 53-2000 um sand fraction or the coarse sand fraction 250-2000
um (Meijboom, 1995; Schroth et al., 2003). To separate POM in this study, a density
fractionation was conducted on the coarse sand fraction. A dense liquid was used to separate the
coarse sand fraction into two density fractions, the lighter POM (<1.4 g cm™) and the heavier
CSAOM (Coarse sand associated organic matter) (>1.4 g cm™) fraction (Figure II-3). Ludox™
TM-50 colloidal silica (density = 1.4 g cm™ at 25°C) was used because it is the highest density
silica solution available (50% wt. silica suspension in water). This density fractionation started
with 4 g of soil from the coarse sand fraction. After adding Ludox™ to the soil, a plastic rod was
used to briefly stir and suspend soil in the solution for 10 seconds before letting the light (<1.4 g

cm), and heavy fractions (>1.4 g cm™ ) separate for 3 minutes (Magid et al., 1996; Meijboom,
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1995). After decanting the light fraction, fresh Ludox™ was added and the process repeated to
ensure all POM fraction particles were extracted. The POM fraction was then rinsed over a sieve
with DI water buffered to meet the pH of the Ludox™ solution to prevent crystallization. Once
rinsed, the POM was transferred to a filter for viewing using a Biichner funnel system. The C
content of the coarse sand fraction (part of the PSF) and the heavy (CSAOM) fraction were
measured using the Picarro CRDS. Both of these values were converted to per g coarse sand
fraction in order to calculate C in the POM fraction or particulate organic C (POC) (Eq. II-12: II-
13). The POM fraction was not measured directly for C content because it was analyzed for

microplastics.

Calculation of particulate organic carbon:

g heavy fraction )

Cy = Cyp*( (Equation 11-12)

C,= (Comm — Cy) (Equation 11-13)

g coarse sand fraction

where: Comm = TOC of coarse sand fraction (ug C g! coarse sand fraction) (measured)
Cur = Heavy fraction (ug C g'! heavy fraction) (measured)
Cu= Heavy fraction (ug C g'!' coarse sand fraction)

Cr = Light fraction (ug C g! coarse sand fraction)

BDMs as a carbon input into soil

To estimate how much C was added to the soil when the mulches were tilled in, theoretical
mulch C added was calculated using the C content of the mulches. The methods for analyzing
%C of the mulch materials (Cc) are described in detail in Hayes et al. (2017). The theoretical C
added annually in g C m* was calculated (Eq. II-14: 1I-15).

Calculation of theoretical mulch C added annually:

M. = M, xC, (Equation 11-14)
My, = p,, * SAn (Equation II-15)

where: M. = Concentration of mulch C tilled in annually (g mulch C m?)

Mm = Mass of mulch per plot
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Cc = Carbon content of mulch (g C g'! mulch)
pm= Density of mulch (g m? )(Hayes et al., 2017)
SAm= Surface area of mulch per plot = 121.9cm * (914.4 cm) * 5 rows

Microplastics were isolated to calculate the amount of BDMs (1-2mm) remaining in the soil after
two years (Figure II-3). Briefly, the POM fraction was decanted from the dense solution (<1.4 g
cm), rinsed, filtered, and dried. The glass beads used in this method prior to wet sieving
released any microplastics within aggregates (Blidsing & Amelung, 2018). Visual sorting with a
headlamp, microscope and tweezers was used to differentiate BDM microplastics from POM
(Hidalgo-Ruiz et al., 2012). The BDM microplastics were placed on a filter and imaged using a
stereomicroscope (Nikon SMZ800N, NI-150 high intensity illuminator). Shadows were removed
in paint software. Image-J software was used to size microplastics similar to the methods in
Cowan et al. (2013). The surface areas measured using Image-J software were converted to units
kg ha'! for comparison with standards. Calculations are similar to those in Bettas Ardisson et al.
(2014). The area of the microplastics was converted to mass using the density of the mulch and

this was divided by the volume of soil into which they are tilled (Eq. II-16: 11-21).

Converting measured microplastic areas to kg ha':

Crgha=t = My * Cong * (22220 (Equation 11-16)
Mg = Vs xp_ (Equation 11-17)
Ve = SApior * D¢ (Equation II-18)
Cnz = Cn1*p,, (Equation I1-19)
Coy = Com * (M;%) (Equation 11-20)
Cp = ;—’Z (Equation I1-21)

where: Cikgha= Concentration of mulch tilled in after two years (kg ha™!)
M; = Mass of soil per plot (kg m2)
D, = Depth of tillage (m) = 0.15 for this study
Vs = Volume of soil per plot (m?)
SApit =100 m?
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ps = Bulk density of soil (g m? ) = average of bulk density of TN soils (1300 kg m™)
Cm2 = Concentration of mulch (g mulch g! dry soil)

Cm1 = Concentration of microplastics (mm? g! dry soil)

Cm = Concentration of microplastics (mm? g'! coarse sand)

Amn= Area of measured microplastics (mm?)

Mamm= Mass of coarse sand fraction (g coarse sand)

Mr = Mass of coarse sand fractionated (g coarse sand) (~4g)

Mr = Starting mass of soil fractionated = 50 g dry soil

pm= Density of mulch (g m? )(Hayes et al., 2017)

Statistical analysis

All statistical analyses were conducted using RStudio for Mac desktop version 1.0.136 (Core
Team, 2016; Fox & Weisberg, 2011; Grolemund & Wickham, 2011; Lenth, 2016; Luo et al.,
2014; Wickham, 2007, 2017). The experimental field design was a randomized block design
(RBD) with repeat measures. To analyze the effect of mulch treatment on slower turnover C
pools (TOC, POXC, peroxide-resistant C), a change score (Spring 2017- Spring 2015) was used
justified by high spatial variation in the field (Sintim et al., 2019) and large differences in starting
C values between locations. A two-way ANOVA (Imer) (Bates et al., 2015; Kuznetsova et al.,
2016) with location, mulch treatment, and the interaction as fixed variables and block as a
random variable was conducted to compare treatment and location effects on the change in C
pools. When the ANOVA indicated significant effects (oo = 0.10), a post hoc analysis with
Tukey’s HSD (Honest significance test) was applied to compare the means. The experimental
design included four replications of each treatment within blocks. Outliers were removed using
boxplots, Q-Q plots, and Cook’s D. Residuals were checked for normality using the Shapiro-
Wilk test (W > 0.9) and equal variance using Levene’s test (o = 0.05). If these conditions were
not met, the data were log transformed. In addition, a two-tailed paired t-test was used to
compare Spring 2015 and 2017 values. Data were checked for normality using the Shapiro-Wilk
test (W > 0.8, a = 0.05).
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For C pools with quicker turnover times (respiration, EOC), a two-way repeated measures
ANOVA with one between subject factor (mulch treatment) and one within subject factor
(sampling date) was applied to these data to account for field variation and changes over time.
Residuals were checked for normality using the Shapiro-Wilk test (> 0.9) and equal variance
using Levene’s test (o = 0.05). The results were adjusted for type 3 sums of squares because Ime
defaults to type 1 sums of squares which is not appropriate for unbalanced or interaction designs.
If a factor was significant, Tukey’s post-hoc (oo = 0.10) was used to test the difference of means.
For additional tests to look at mulch treatment effect with no location or sampling date factor, a
one-way ANOVA (Imer) (Bates et al., 2015; Kuznetsova et al., 2016) was used with treatment as
a fixed variable and block as a random variable. Residuals were checked for normality using the

Shapiro-Wilk test (W > 0.9) and equal variance using Levene’s test (o = 0.05).

Results

Carbon pools

Total organic carbon

TOC was measured on the bulk soil samples for all seven mulch treatments in both locations.
The starting TOC values (mean * SE) of the no-mulch control plots in Spring 2015 (prior to any
mulch treatment) were approximately 40% lower in TN (6.24 + 0.90 mg C g!) than WA (10.8 +
0.27 mg C g'!) (Appendix A, Table 11-8). There was no effect of mulch treatment (p = 0.18),
location (p = 0.12), or the interaction of location and mulch (p = 0.86) on the change in TOC
from Spring 2015 to Spring 2017 (Table II-2). In TN, the change in TOC over two years was not
significantly different from zero for any of the mulch treatments (Figure 11-4). However, in WA,

PE (p = 0.0033) had a significant change in TOC (Appendix A, Table II-9).

Permanganate oxidizable C

POXC was measured on the bulk soil samples for all seven mulch treatments in both locations.
The starting POXC values of the no-mulch control plots in Spring 2015 (prior to any mulch
treatment) were about 60% lower in TN (169 +29.4 ug C g'!) than WA (420 + 6.43 ug C g'h)
(Appendix A, Table II-8). In TN, this amount is 2.7% of the total C and in WA, POXC makes up
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