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Single-use, petroleum-based polyethylene mulch is ubiquitous in certified
organic mulched vegetable systems, representing a broken nutrient cycle and a waste
concern. Current organic-allowable biodegradable mulches cannot match the
performance of polyethylene, in part because of the requirements that they contain
100% bio-based feedstock, and biodegrade within two years after soil incorporation. It
is valuable to understand whether management can influence postharvest degradation
rate of mulch films. Two biodegradable mulches: a potentially organic nonwoven
polylactic acid and wood particle prototype (PLA), and a widely-adopted non-organic
starch/copolymer blend, Bio360® (BLK), were used in field trials in two distinct
ecoregions of Nebraska, at Lincoln (LNK) and Scottsbluff (SBF). We tested degradation
rate, influence on soil microbial community, and microbial recruitment of buried mulch
residue under five management treatments. Mulch mass loss, tensile strength, and
gualitative presence by bulk recovery were not affected by management treatments
which included cover cropping and high rates of compost. Likewise, management had

little impact on microbial community structure present on mulch surfaces. Instead,



location and mulch type were strong drivers of degradation rate, while mulch type alone
was the primary driver of mulch-associated microbial community. BLK mulch was nearly
completely undetectable after 12 months of burial at LNK, but 67% of BLK mass
remained at SBF. PLA mass loss was initially more rapid at SBF, but after 12 months this
difference was not prominent with 33% and 37% remaining at SBF and LNK,
respectively. Direct mass measurement is uncommon in field-based biodegradable
mulch literature. We used a novel approach to direct mulch mass measurement: mesh
bags and mass by combustion. While mesh bags are instrumental in detecting mass
changes over time, we showed that they are a strong driver of microbial profiles present
in soil and mulch sample fractions, so caution is warranted in interpreting mesh bag

results as representative of field status of mulch.
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CHAPTER 1: MULCH MASS LOSS AND MANAGEMENT PRACTICE

1. Introduction

1.1 State of the Art in Mulch Membranes

Mulch membranes are a common tool in annual horticulture production
systems. Their primary functions are to manage weeds and soil moisture. Other
benefits can include soil warming or cooling, nutrient leaching prevention, among
others (Subrahmaniyan and Ngouajio, 2012). Use of mulch membranes is widespread
because of the cost savings and yield increase associated with their use. In 2006,
162,000 ha of U. S. production used mulch membranes and global consumption was
estimated at 2.6 million tons annually (Hayes et al., 2012; Briassoulis and Dejean, 2010).
Demand in all regions has grown annually since, and mulch membranes are now the
fourth most essential goods consumed by agriculture in China after chemical fertilizer,
seed, and pesticide (Yang et al., 2015).

The current state of the art in mulch membrane is unequivocally low-density
polyethylene (PE). Attributes of PE mulch film are durability, non-degradability,
economy of scale, wide availability, and customizability — many colored or metallized
products are available at various widths and thicknesses.

1.2 Ideal agronomic properties for mulch membranes

The properties of PE are ideal for mulch membrane as far as ability to provide

immediate production gains, but disposal is its drawback. For producers, PE mulch

allows ease of installation, cost effectiveness, customizability to purpose, and ready



access. It benefits consumers by reducing the cost of produce and ornamental plants.
PE mulch films also have positive externalities to ecosystems, reducing irrigation
requirements for production, decreasing required fertility input and nutrient leaching
(Lippert et al., 1964; Bhella et al., 1988). Mulch films may also reduce the need for
herbicides and insecticides in some cases. These benefits have become indispensable in
modern production systems, especially in dry environments (Yang et al., 2015).
Agronomically, the only short-term detriment of PE mulch use is the cost of disposal. An
ideal mulch material would provide all benefits of PE but require no special

management in addition to normal best practices after its working life.

1.3 The case for alternatives: drawbacks of PE mulch

Direct and indirect environmental contamination and dependence on non-
renewable petroleum are also associated with PE mulch (Steinmetz et al., 2016). Itis a
single use product, so the amount disposed annually is roughly equal to the amount
produced. The magnitude of global PE mulch film use underscores the gravity of its
negative consequences and further justifies the pursuit of bio-based alternatives. This is
especially true for certified organic production which is intended to “foster cycling of
resources (and) promote ecological balance” (USDA). Along with external or long-term
detriment, PE mulch has some immediate agronomic drawbacks that can be mitigated
by other materials making the development of viable alternatives more promising.

The primary agronomic drawback of PE mulch film for producers is the
requirement that it be removed from the field, usually every year. Costs associated with

removal are labor, hauling, and disposal fees. Depending on these, postharvest cost for



using PE mulch ranges from 100-400 USD (Goldberger et al., 2015; Moore and Wszelaki,
2016), and these costs are projected to increase. Landfilling is the most common means
of disposal, but sometimes burial or burning on site are used. Only about 1% of
disposed PE mulch was recycled in 2006 (Kasirajan & Ngouajio, 2012). Agricultural
polyethylene waste is a low-value feedstock for recycling due to photodegradation and
contamination. PE mulch waste can carry 50% or even 80% of its total mass in adhered
soil (Kasirajan & Ngouajio, 2012; Ghimire & Miles 2016). Hauling and disposal of such a
waste represents an unusual form of soil erosion, an ecologically and agronomically
detrimental process.

Another drawback to producers includes soil loading with plastic fragments due
to incomplete removal, and possible negative impact on soil physical and biological
properties (Zhang et al., 2015). For cost reasons, producers prefer to use mulch film of
minimum thickness to realize the functional benefit during the working life of the mulch,
and retain sufficient durability to remove the film completely and efficiently. The
interaction of mulch film thickness with (unpredictable) soil conditions at time of
removal may make complete removal impractical. Fragments of mulch left in soil have a
negative impact on soil properties, persist for centuries, and overloading ultimately
reduces the productive potential of a soil (Liu et al., 2014; Liu et al., 2017).

Overall, the balance of ecological drawbacks to benefits is unknown and
probably variable depending on timescale and environment. The weight of research

suggests that the short-term benefit of sustained PE mulch use generally comes at the



price of long-term harm to environment and soil productive potential (Steinmetz et al.,
2016).
1.4 A general case for biodegradable mulches

Benefits of PE mulch films stem from their physical resilience during their
working life, the period while the crop is in the field. Some drawbacks may manifest
during the working life, including acceleration of SOC mineralization (Zhang et al., 2015).
Further drawbacks stem from their resilience and resistance to degradation after their
working life, when mulch material becomes a liability as a disposal burden or soil
contaminant. This paradox has vexed the entire plastics paradigm since plastics became
a dominant material for all types of single-use applications.

Among items contributing to total plastic waste, mulches are ideally suited for
replacement with biodegradable material. End of life handling is to simply leave mulch
films in place and soil incorporate by tillage, typically already a part of management
programs.

Numerous degradable mulch formulations have been explored. Early
photodegradable formulations were PE based with additives designed to weaken and
fragment the polymer through light exposure (Kyrikou and Briassoulis, 2017). These
have failed to gain wide adoption due to unreliable degradation, questionable fate of
complete biodegradation, petroleum feedstock, and high cost (Kasirajan and Ngouajio,
2012). Various cellulosic and thermoplastic starch based biodegradable formulations
have been developed and are currently available. These have been shown to have

equivalent performance to PE in some scenarios, while in other settings they may



degrade prematurely allowing weeds to establish (Ngouajio et al., 2008). Cellulosic
membranes are particularly susceptible to premature degradation and offer less soil
temperature control (Miles et al., 2012). Formulations of thermoplastic
starch/copolymer blends compare most closely with PE, and in cases of high labor and
disposal cost they are favored over PE by producers.

In general, a viable alternative to PE must perform at least as well and the sum of
all associated costs must be less than or equal to PE. However, one particular exception

may be certified organic production.

1.5 Biodegradable mulch membranes for certified organic production

The philosophy and values underpinning certified organic agriculture conflict
with the use of PE as a single use mulch. Nevertheless, PE film is highly effective and
allowable for certified organic use. Thus, certified organic producers whose values
eschew the use of PE mulch must compete with others who embrace PE mulch.
Producers must either adopt PE mulch, or endeavor to market their products as
“beyond organic” in order to get higher prices for their products to offset the increased
cost of producing organically without PE mulch. This scenario is troubling because the
same certified organic program created to act as a marketing signal of good stewardship
may impede producers’ ability to operate without dependence on non-renewable
single-use petroleum products.

Consumers also have environmental and aesthetic concern regarding single use
plastic, especially in certified organic agriculture. Use of plastics in other applications in

certified organic production such as hoop structures, and groundcovers in outdoor



soilless certified organic production is a growing concern for advocates of ecologically
integrated farming systems.

One possible avenue to reduce petroleum dependence and increase choice for
certified organic producers is to develop practical bio-based alternatives to PE for
mulching applications in certified organic systems.

Products must be allowable as soil amendments for certified organic production
if they are intended to be incorporated into soil. This requires that any certified organic
allowable biodegradable mulch comply with general certified organic input
requirements, but currently allows the unlimited use of PE mulch film as it is intended to
be removed completely from the system at the end of its use. The restriction that most
challenges formulation of functional, certified organic allowable biodegradable mulch
membranes is that they must not contain petroleum-derived substances. This
restriction excludes all biodegradable thermoplastic starch films on the market because
they contain petroleum derived plasticizers. Another requirement is that mulches are
expected to biodegrade 90% within 2 years (ASTM D 5988/1SO 17556). This clearly
defined rule for biodegradation rate is laboratory based, but the requirements for field
degradation are less clear. A “reasonable level of degradation” must be achieved in the

field application of these mulches.

1.6 Approaches for measuring mulch biodegradation
There are many barriers to reliable quantitative biodegradation estimates that
are present in a field setting. Laboratory-based microcosm approaches to determining

soil degradation of biodegradable mulches are attractive because they avoid these



challenges. Laboratory approaches are valuable to demonstrate whether a material is
potentially fully soil biodegradable, and to determine potential biodegradation rate.
Indirect methods such as respirometry are possible in the laboratory (ISO 17556, ASTM
D5988). A wide variety of other indirect methods are possible in the laboratory based
on polymer of interest, and some can be adapted to environmental samples (Eubeler et
al., 2009; Lucas et al., 2008; Van der Zee, 2011; Spaccini et al., 2016). Results of such
approaches tend to be less variable than field-based direct measurement of mass
(Ghimire et al., 2017). However, field-based trials are necessary to corroborate results
of controlled laboratory soil simulations in the actual environment where mulches will
be used. Also, effect on biodegradation from environment, management practices, and
their interaction can only be tested in the field.

A perfect measurement of in-field biodegradation requires the ability to
determine the mass of mulch present regardless of size of particles that persist in soil,
whether as original polymer or modified molecular form without having been
metabolized to water, carbon dioxide or microbial biomass. A time-series of such a
measurement would describe the progress of biodegradation. There are several
barriers to achieving this measurement. Approaches based on recovering mulch from
bulk soil are subject to error due to the difficulty of recovering small fragments;
difficulty of separating soil, roots, and other debris from mulch; and the heterogenous
distribution in soil after tillage (Ghimire et al., 2017; Miles et al., 2012). Indirect
measurements of mulch mass loss in field soil are necessarily different from those

possible in laboratory. Respiration, measured as released CO,, is impractical due to the



small amount of mulch mass relative to all other sources of respiration in soil over the
period of years expected for most biodegradation to occur. Unique chemical markers
for mulch presence may be possible, but specific markers will differ depending on mulch
type. It also would have to be validated that the absence of a chemical marker indicates
full biodegradation of all chemical mulch components. Li et al. (2014) used percent
mulch area remaining (PMAR) as an indirect measure of biodegradation.

1.7 Introduction to the current study

Currently the most widely used biodegradable mulch films are formulated from
thermoplastic starch/copolymer blends. Several formulations are available
commercially which are mostly based on the proprietary polymers under the trade
names of MaterBi® and BioTelo®. These mulches have been thoroughly vetted for
complete soil degradation, they are understood to biodegrade completely (Bastioli,
1998). They have also become economically competitive with conventional PE mulch in
areas where labor and disposal costs are high. As such their adoption is growing rapidly.
However, all such formulations rely on petroleum for some fraction of their copolymer
component which excludes them from use in certified organic systems.

Polylactic acid is a promising feedstock for mulch membrane because it is known
to biodegrade, and formulations derived from 100% bio-based feedstock can have the
strength, flexibility, and resilience required of a mulch membrane (Masaki et al., 2005;
Hakkarainen et al., 2000). However, it has been challenging to achieve sufficiently rapid
biodegradation rates in polylactic acid mulch formulations (Siwek et al., 2015; Miles et

al., 2012; Wortman et al., 2016; Martin-Closas et al., 2016). As a result, no polylactic



acid mulch membrane has yet been commercialized. There is particular interest in
understanding what kinds of management practices may accelerate biodegradation of
biodegradable mulches in general, and polylactic acid mulches in particular.
Degradation rate of xenobiotic polymers found in mulch membranes is controlled by
numerous factors that broadly fall into the categories of mulch composition or soil
environment. Organic mulch additives such as alfalfa and soy meal have been shown to
affect the rate of molecular weight decrease of the polylactic acid polymer (Thompson
et al., 2019).

Ultimately any difference in mulch biodegradation is due to differences in
behavior of soil microbial communities in contact with the mulch substrate.
Manipulation of microbial communities has been shown to modulate degradation rate
in polylactic acid (Karamanlioglu & Robson, 2013; Hakkarainen & Albertsson, 2000).
Some common management practices are known to shift soil microbial communities.
Cover cropping and compost amendment have been shown to influence soil microbial
community composition and function (Barel et al., 2019; Finney et al., 2017; Butcher and
Lanyon, 2005; Toyota and Kuninaga, 2006). Compost tea has garnered grower
enthusiasm as a microbe-enhancing input. It is a preparation of small amounts of
compost in agueous suspension used as biological inoculum, though little evidence
suggests that commonly applied rates can reliably shift microbial community
(Scharenbroch, 2013). Often certified organic management plans utilize multiple

strategies intended to benefit soil life, with hopes of achieving synergy between them.
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The current study investigates post-harvest soil biodegradation of a novel
prototype polylactic acid mulch loaded with wood particles (PLA), and a commercially
available thermoplastic starch/copolymer blend mulch, Bio360® (BLK), under five
management strategies in a vegetable production system typical of certified organic
production field at two contrasting ecoregions of Nebraska — Western High Plains and
the Western Corn Belt (Chapman et al., 2001). It is hypothesized that 1) direct recovery
of mulch from bulk soil can estimate mulch mass in soil and 2) mulch type and
management can affect rate of mulch mass loss and tensile strength. We also used
climate and soil data in multivariate models to determine their potential impact on

mulch mass loss.

2. Materials and Methods

2.1 Site descriptions and climate

Field trials were established in 2017 in two ecoregions of Nebraska — Western
Corn Belt, Lincoln, NE (LNK), and Western High Plains, Scottsbluff, NE (SBF) to determine
the effects of various management practices and location-driven climate and soil
conditions (Table 1) on the degradation rate of two potentially biodegradable mulches
in soil.

The current study focuses on mulch mass loss during the period after soil
incorporation only, but during the working life of the mulch while it is on the soil
surface, i.e. cropping season, weathering is also sustained (Sec. 2.5). We report
precipitation and temperature information from the period of mulch installation until

the second sampling event (Figure 1). At LNK, temperature and precipitation were near
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the 10-year normal for the area. Temperature during the study period at the SBF site

was near normal precipitation was ~25% increased from the normal.

2.2 Experimental design

The study was established at two locations using split-split-plot, randomized
complete block design with three replications, and four observation timepoints for
mulch mass loss. Each block was a pair of main plot rows. Main plots were 65.84m long
x 1.83m wide extending the length of the experiment, separated by 0.30 m buffers.
Main plots were split into two 1.83 x 32.92 m subplots. Subplots were split into six 1.83
X 5.49 m sub-subplots (Figure 2). Main plot treatments were two mulch types: black
Bio360® (BLK) biodegradable plastic mulch formulated from the Mater-Bi® polymer
(Novamont S.P.A.; Shelton, CT, USA) and a prototype bio-based polylactic acid and wood
particle mulch (3M Company, St. Paul, MN; abbreviated hereafter as PLA). Mulches
were applied to main plots and used for the 2017 growing season. Other treatments
were established in fall post-harvest. Subplot treatments were removal status of mulch:
removal (CTL) and incorporation (INC). Sub-subplot treatments were five management
strategies: compost (COM), cover crop (COV), compost extract (CEX), a “kitchen sink”
management (SNK) comprised of all three management practices, and a no amendment
control (NA). These treatments were established Fall 2017 and maintained throughout
the experiment.
2.3 Mulch descriptions

Mulch properties, including thickness and weight, are outlined in Table 2. The

BLK mulch is Bio360® a leading biodegradable mulch formulated from thermoplastic
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starch and poly-e-caprolactone and formed by a film blowing process (Bastioli, 1998).
BLK mulch was supplied by Johnny’s Selected Seeds (Winslow, ME, USA). The PLA mulch
is a prototype product of 3M Company (Minneapolis, MN, USA). It is a 100% bio-based
product. The source materials used in its production are wood and polylactide resin
lactic acid produced by fermenting sugar, typically from either corn or sugar cane. PLA
was comprised of three distinct layers. The inner layer was black blown micro fiber
polylactic acid (21% mulch mass) impregnated with wood particles approximately
0.5mm in diameter (62% mulch mass). This inner layer was somewhat fragile. Both
outer layers were spun bond poly lactic acid (17% mulch mass; Lim, 2010). The outer
layers were stronger, white in color, and translucent (Figure 3). PLA thickness was 1.14
mm. Roll width was 1.07 m and roll length was approximately 74 m. Weight was 298.1
g/m?.
2.4 Sub-subplot treatment descriptions

Compost for the COM and SNK treatments was applied and incorporated by
tillage with the mulches fall 2017. Compost was topdressed after harvest in fall 2018.
Compost rate was adjusted to supply a target of 504 kg/ha total N. Compost applied at
LNK was a municipal yardwaste compost applied at a rate of 57 Mg/ha and 60 Mg/ha
(dry weight) in 2017 and 2018, respectively. Compost applied at SBF was a beef feedlot
manure compost applied at 42 Mg/ha and 51 Mg/ha dry weight in 2017 and 2018,
respectively.

Compost extract typically understood to be a suspension of compost in water

including fine particulate and soluble fractions of compost. It is not clearly defined by
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USDA organic regulations, but it is allowable for certified organic production as long as it
is included in a producer’s organic system plan and approved by their certifier
(Samuelson et al., 2019). It is usually intended as a microbial inoculant, applied at such
low rates as to supply negligible amounts of nutrient fertility. Compost extract for this
study was prepared by vigorously kneading compost inside of a nylon filter bag with 400
um openings while submerged in water. 60 g fresh (20 g dry equivalent) compost was
used per liter of water. Any compost remaining in the filter bag was discarded. We
selected a kitchen and yardwaste vermicompost on criteria recognized by popular
sources to be desirable, including presence of darkly colored fungal hyphae, protozoa,
and nematodes of diverse feeding groups visible at 400x magnification (Lowenfels
and Lewis 2010, Soil Food Web School, 2019). Compost extract was applied to CEX and
SNK plots by a coarse spray at a rate of 3742 L/ha every spring and fall. It was applied
within 48 hours of tillage in fall 2017, at time of cover crop planting in spring 2018, and
after mowing crop residues in fall 2018.

Cover crop was adapted to the available fallow period between cropping in COV
and SNK plots. A mustard cover crop (var. Mighty Mustard® Pacific Gold) was sown at a
rate of 22.4 kg/ha by broadcasting and lightly incorporated by hand raking. Mustard was
sown 23 Mar. 2019 and re-sown 20 Apr. 2019 at LNK, and sown 23 Apr 2018 at SBF. It
was terminated at a height of approximately 0.3 m by flail mowing and hand hoeing on
23 May 2018 and 30 May 2018 at LNK and SBF, respectively. After 2018 harvest, a cover

crop of cereal rye (Secale cereale) and hairy vetch (Vicia villosa) was sown by
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broadcasting and raking at a rate of 112 kg/ha and 44.8 kg/ha, respectively. Rye and
vetch were sown 28 Sept. 2018 and 24 Sept. 2018 at LNK and SBF, respectively.

The SNK “kitchen sink” treatment was established to assess whether any
synergistic or additive effects of the four active management treatments were present.
COV, COM, and CEX were applied as described above to SNK plots.

NA plots received no management other than uniformly applied management ie.
fertility, irrigation, and cultivation. The NA treatment was repeated twice within each
subplot because an intended fallow irrigation treatment became impractical to
maintain. We learned this after two events in which one inch of irrigation was applied
to the SNK prior fallow irrigation plots at LNK only. This intervention is assumed to be
negligible.

2.5 Pre-experiment field management

In order to expose mulches to a season of weathering by normal use during
vegetable production prior to soil incorporation, a mulched crop of sweet pepper
(Capsicum annuum var. Carmen) was produced. In the spring of 2017, the experimental
fields were rototilled to a depth of 20 cm. Mulch treatments and drip tape were applied
to main plots using a mulch layer/bed shaper implement. Sweet pepper was
transplanted into the mulch in a single row at 0.6 m spacing. After harvest in the fall of
2017, crop residue was mowed, and the incorporation status subplot treatment was
implemented. Mulches were removed or left the field on 28 Sept. 2017 and 5 Oct. 2017
at LNK and SBF, respectively. Removed mulch was gently cleaned and stored

temporarily for use in mesh bags (described later). Within 48 hours of removal sub-
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subplot treatments of COM and CEX, as well as these components of the SNK treatment
were applied, and experimental fields were tilled with a spading machine implement
(Celli Y70 spading machine, Celli SpA, Forli, Italy <double check this>) on 29 Sept. 2017
and 5 Oct. 2017, at LNK and SBF respectively.

2.6 Mulch and soil sampling from mesh bags

Two approaches were used to track degradation of mulch: direct recovery using
a wide-diameter soil probe, and a mesh bag approach.

2.6.1 Mesh bag preparation

To prepare mesh bags, mulch squares measuring 10 cm? were cut from the
gently washed reserved mulch that was removed from the CTL subplot treatment. Each
square was weighed then paired with a methanol-washed aluminum label embossed
with a unique ID. Mesh bags were 26 x 15 cm nylon mesh bag with 200 um openings
and hook and loop closure.

Soil for filling mesh bags was collected from sub-subplots under the CTL
treatment after mulch removal, application of COM and TEA treatments, and tillage.
This soil was sieved to 1 cm and stored at 4° C for less than one week before use in
mesh bags to be buried in corresponding sub-subplots within INC subplots. 250g soil
was added to each bag, then a mulch square was set on this soil, then another 250g soil
was added followed by the label. Eight mesh bags were prepared in this way for burial
in each sub-subplot within INC subplots. Mesh bags were buried to occupy a depth of 5-
10 cm within each INC sub-subplot in a grid pattern of two rows with four bags each,

spaced 0.61 m between rows and 0.91 m within rows (figure 4). Two mesh bags were
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recovered at approximately six-month intervals, and a total of four recovery events over
two years.
2.6.2 Mesh bag sampling

At the time of this thesis, two recovery events have been completed. Mesh bag
burial position within plot was assigned a number (1-8) and two numbers were
randomly selected for recovery for each plot and recovery event. At recovery, bags
were placed in one-gallon plastic bags, randomly assigned to biological testing (B bags)
or physical testing (P bags), and placed in coolers in the field, then held at 4° C for
maximally one week before processing.

B Bags were cut or carefully ripped open on a 4mm sieve. Mulch fragments were
recovered, loosely adhering soil brushed off with gloved hands, and stored at -20° C.
Remaining soil was homogenized, 100g was stored at -20° C, and 100g was air dried and
stored at room temperature. P bags were handled identically, except that all mulch
fragments were air dried, and in the extreme treatments (SNK & NA) 3-5 g soil adhering
or closely associated with mulch was air dried separately for future enzyme analysis.

2.7 Mulch and soil sampling from bulk soil

2.7.1 Soil chemical sampling

Soil samples used for soil chemistry (SOM, pH, and NOs) were taken from each
sub-subplot by eight 20 cm cores at time of mulch incorporation (fall 2017), and at the
spring and fall 2018 sampling events. Soil chemical analysis was performed by Ward

Laboratories (Kearny, NE, USA).
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2.7.2 Mulch sampling from bulk soil

Mulch presence in bulk soil was estimated using a large soil probe (a golf hole
cutter), 20 cm long with 10.2 cm internal diameter. Five 3 m diagonal transects were
assigned to intervals within each sub-subplot. At sampling, we removed 8 cores at 0.3
m intervals along the transect and recovered mulch fragments from each (Figure 4).
This approach resulted in sampling 653 cm? of soil surface area (0.65% of sub-subplot
area) to a depth that ensured all mulch buried in this area was recovered. Each of the
five transects were randomly assigned to a sample date. The first sample event was fall
2017, 20-22 days after initial tillage. This was to establish a baseline of mean and
variability of recovered mulch mass among sub-subplots. Baseline sampling was 19 Oct.
2017 and 26 Oct. 2017 at LNK and SBF, respectively. From this sampling event, all mulch
fragments were recovered, washed to remove soil mass, air dried and weighed. Total
recovered mulch mass will be recorded again at the final sampling event in fall 2019.
For the intervening sampling events we recorded a binary response for each core,
presence of a mulch fragment of diameter greater than 24mm was recorded as a “yes”,
absence was a “no”. A maximum of three small fragments were collected and tested for
tensile strength at each sampling event (details to follow). Then all remaining mulch
and soil was returned to its respective core hole.
2.8 Mulch tensile strength

Tensile strength decline is a measure of degradation that can detect changes in
polymer integrity that may be occurring even if mass change is absent. Our method was

designed to quickly and easily determine whether the mulch was becoming weaker,
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independent of it apparent integrity, area recovered, or mass. It is cheap, simple and
repeatable, but not the kind of thing for materials physicists. We hypothesized
differences in mulch resistance to piercing between sampling events (time), in response
to management treatments, and in response to recovery source (bulk soil vs mesh bag).
Mulch tensile strength was reported as Newtons required to pierce a layer of mulch.
Measurements were taken using a force gauge (FDX 100, Wagner Instruments,
Greenwich, CT, USA) with 45° conical 8 mm diameter tip. Mulches measured were
recovered from mesh bags (P bags), and from all INC sub-subplots recovered by large
core. Asingle layer of mulch was fitted over the mouth of a plastic 15 mL conical tube
and secured by a cap with a 1 cm drilled hole (Figure 5). The probe of the force meter
was pushed through the hole in the cap to pierce the mulch. PLA mulch collected spring
2018 held together in its original 3-layer form, so this material was pierced (Figure 3).
However, outer scrim layers of PLA had separated when collected fall 2018 from bulk
soil, and in mesh bags both layers were free from one-another so tensile strength of a
single PLA layer was tested at fall 2018 and future events, corresponding to just one
white fragment in Figure 3a. When measuring bulk soil recovered fragments from the
large cores, up to three measures were taken from three separate fragments and
averaged. The mulch fragments from mesh bags were pierced in two places and
averaged.
2.9 Mulch mass determination

Two approaches for determining mulch mass from recovered mulch fragments

were used: washing and combustion. Mulch fragments recovered by large core in fall of
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2017 and recovered from mesh bags in spring of 2018 were weighed after washing.
Mulch was discerned by appearance. Visible mulch of any particle size, that was
cohesive enough to be separated from soil was recovered. Mulch washing methods
were adjusted for each mulch type in an effort to maximize recovery. For BLK mulch, we
held mulch fragments in 0.25 mm sieves and gently polished surfaces under running
water until visibly clean. After allowing to air dry at room temperature, any adhering soil
particles that did not pass through the sieve were removed. The cleaned air dry mulch
fragments were weighed. Washing PLA mulch was more challenging because soil was
embedded in the matrix of spunbond fibers (Figure 3). Washing and flotation was used
to separate mulch fibers and soil particles. Mulch was polished in a basin of water until
visibly clean. This resulted in particles of the wood and dark middle layer of PLA to
detach from the stronger white PLA layers. These particles were recovered by mixing
the basin with soil and small mulch particles, allowing to settle for ten seconds, then
pouring the basin of water over 0.5 mm sieves, leaving some of the heavier soil particles
behind. The mulch particles were mingled with plant debris. This mixture was again
immersed in water, after a brief settling, plant debris was removed and particles of
mulch suspended in the water were recaptured with the sieve. Recovered mulch was
air dried and weighed.

Samples collected in fall 2018 were too fragile to separate from soil by washing,
therefore a combustion method was used for samples collected fall 2018 and later. Ash
content of soil, fresh mulch, and soil-covered mulch samples were determined then

mulch mass ratio in whole sample was calculated. First, recovered mulch samples were
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air dried with associated soil particles. Root material was removed as much as possible.
Samples were dried at 60°C in aluminum tins and weighed. Samples were combusted in
a muffle furnace and weighed. The furnace was programmed to ramp to 550° C over a
two hour period, hold at 550°C for four hours, then cool for 8-10 hours before samples
were removed. Furnace temperature was approximately 130°C when samples were
removed.

Ash content of soil and fresh mulch was used in calculation. Loss on ignition of
soil ranged from 4.5 - 7.9%, and 2.5 - 2.9% at LNK and SBF, respectively. Ash content of
fresh mulches was 0.45% (0.02% standard deviation) and 0.17% (0.08% standard
deviation) for PLA and Bio360, respectively (M, Formula 1).

Soil ash content was found to vary significantly between plots within each
location. To account for this, ash content was determined for mulch-free soil from each
mesh bag (Formula 1, S). Change in mesh bag mulch mass was reported as percent
mulch mass loss by dividing the mass of each recovered mulch fragment by its original

mass.

Formula 1: Mass by loss on ignition

Used to determine grams of mulch in the dry sample of recovered mulch fragments.

P-S

Mulch M =G X
ultLc ass M—S

G —mass in grams of 60°C oven dried sample of soil and recovered mulch
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P —fraction of sample mass remaining after combustion
S —fraction of soil mass remaining after combustion

M — fraction of mulch mass remaining after combustion

2.10 Soil temperature

Soil temperature was monitored in all sub-subplots with temperature sensors
(Hobo; Onset, Pocasset, MA, USA). Sensors buried at a depth of 5 cm automatically
logged temperature every four hours through the duration of the study. All sensors
were programmed to record at the same times. Monthly mean soil temperature was
used in further analysis.
2.11 Soil moisture

Soil moisture was measured approximately weekly starting at the beginning of
the 2018 production season. Soil moisture was recorded as soil water potential in kPa,
approximately weekly in extreme management sub-subplots (SNK and NA) using
Watermark 200SS soil moisture sensors (Irrometer Co., Riverside, CA USA) buried to 30
cm at SBF and 20 cm at LNK. Sensors read soil water potential from 0 kPa (saturated) to
-200 kPa (completely dry). Values were averaged to yield earl, mid, and late season soil
moisture for further analysis.
2.12 Fatty acid methyl ester analysis (FAME)

Saprophytic fungal, bacterial, and total microbial biomass associated with mulch
and soil were estimated by fatty acid methyl ester (FAME) analysis. In the current study

soil and mulch ester-linked FAMEs were extracted from B bag mulch fragments and soil
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by alkaline methanolysis (Grigera et al., 2007; Jeske et al., 2018). Briefly, approximately
10 g field-moist soil, and 1-5 g of field-moist mulch plus closely associated soil were
incubated in 0.2 M methanolic KOH. pH was neutralized with acetic acid and FAMEs
were separated into hexane, filtered through an Arcodisc® CR 13 mm syringe filter with
0.2 um PTFE membrane, evaporated to dryness, and resuspended in hexane containing
0.05 mg ml™! methyl-nonadecanoate as an internal standard. FAMEs were quantified by
gas chromatography on an Agilent 7890 GC fitted with an HP-Ultra 2 (Agilent) capillary
column (50 m, 0.2 mm I.D., 0.33 um film thickness). Identity of FAMEs was confirmed on
an Agilent 7890 GC fitted with an Agilent 5975 mass selective detector. FAMEs were
quantified on the basis of nmol FAME per gram organic matter lost on ignition (nmol
FAME/g LOI) for the sake of making comparisons between soil and mulch microbial
biomass on a per carbon. Fatty acids are named by the IUPAC system described in
Drijber et al., 2000). The biomarker C18:2¢is9,12 was used for saprophytic fungi.
Bacteria was the sum of 16 FAMES: iC14:0; iC15:0; aC15:0; C15:0; iC16:0; i10MeC17,
iC17:0; aC17:0, cyC17(9,10), C17:0, i10MeC18; a1l0MeC18; 10MeC18:0; 10MeC19:0,
cyC19(9,10), and cyC19(11,12).

2.13 Statistical analysis

2.13.1 Analysis of variance

Analysis of variance was conducted with the GLIMMIX procedure using SAS 9.4
(Cary, NC, USA) to test for effects of treatments on mulch mass loss, tensile strength,
and fragments recovered by large core. Analysis of variance was performed treating

locations as separate experiments because locations were considered fixed effects, the
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model used was more stable when locations were separated because we had no
evidence to suggest that variability was constant between locations, and because
statistically analyzing main effect of location was not possible because there would be
no replication if we considered location as a whole plot. A split-split-plot in time model
was used in which mulch type was the whole plot, management was the subplot, and
time was the sub-subplot. Block and block x mulch, and block x mulch x management
were random variables. Mulch, management, time, and all possible interactions among
these were fixed variables. All possible interactions were evaluated. When an effect
was significant, mean separation was performed using Tukey’s HSD with the LSMEANS
function. Normality was assumed for all response variables except fragments
recovered by large core which was analyzed as the binary response of number of cores
with mulch/number of cores searched.

In the case of percent mulch mass loss, residual plots suggested adequate
normality, so we assumed a normal distribution. BLK mulch at LNK was practically
unrecoverable and fully degraded at the Fall 2018 sampling. To avoid violating
assumptions of equal variance, we tested the effect of management, mulch type, and
their interaction within LNK at the Spring 2018 sampling only. Then, the effect of time,
management, and their interaction at LNK was tested within PLA mulch. Analysis for
SBF followed the full split-split-plot in time model
2.13.2 Power analysis

Power analysis for baseline mulch mass recovery by large core was performed

with SAS using the POWER procedure. Mulch mass in soil at the time of baseline
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sampling shortly after incorporation was assumed to be equal across locations and sub-
subplots, which had been subject to management treatments for a maximum of two

weeks.

2.13.3 Principal component analysis (PCA)

Variability in temperature, moisture, and soil properties unrelated to
experimental treatments existed between and within sites. We used multivariate
techniques to infer whether these may be drivers of mulch degradation.

Presented are four PCA biplots, each representing both locations. Groups “all
managements” and “extreme managements” (SNK & NA) are plotted separately, and
spring 2018 is plotted separately from fall 2018, yielding four analyses (Figures 6-9). We
arrived at this presentation after PCA was performed within location, within mulch type,
and within location by mulch type. This approach yielded few trustworthy insights
because we suspected spurious correlations due to the many comparisons and relative
scarcity of data points, so data from both locations were considered together.

Analysis was performed in R (version 3.6.0, R Foundation for Statistical
Computing, Vienna, Austria) using packages “ggplot2”, “"HSAUR”, “ggfortify”,
“maptools”, and “Hmisc”. We used the prcomp function to perform principal
component analysis (PCA) as an iterative data reduction step. First, the most granular
data was plotted: nitrate, soil OM, and pH at three sample dates (baseline fall 2017,
spring, 2018, and fall 2018); monthly temperature; early, late, and mid-season moisture;
2018 corn yield; spring and fall large core recovered mulch tensile strength; spring and

fall mesh bag recovered tensile strength; and spring and fall mass loss percent.
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Microbial and soil moisture data was only available for extreme treatments; soil
moisture as well as spring and fall FAMEs (bacterial, saprophytic fungal, and total) from
mulch and soil was only available for extreme (SNK and NA) management treatments.
These data were added to the above and PCA was performed within these extreme
management treatments. Analysis was separated into spring and fall periods such that
included variables were biologically relevant to the period of degradation. Related
variables (ie. monthly temperature) whose eigenvectors were similar in magnitude and
direction were consolidated iteratively by averaging. Presented biplots were generated
using response variables averaged across periods relevant to their respective mulch
degradation observation. For example, data collected during summer 2018 was not
included in PCA that included the spring 2018 mulch mass loss.

In the case of the extreme managements at fall 2018, no FAME data was
available from BLK mulch because it was unrecoverable. In order to perform PCA,
microbes colonizing mulch in this case was considered to be identical to microbes
colonizing soil. Regressions comparing principal components to variables were
performed with the cor.test function. The rcorr function was used to perform
regressions comparing mulch mass loss at both periods with their respective
consolidated variables: soil organic matter, pH, nitrate, soil temperature, bacterial

biomass and fungal biomass (Table 3).
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3. Results and Discussion

3.1 Bulk recovery — mulch mass baseline

Mulch mass recovered by large core was highly variable (Table 4). Management
had no significant effect on mass recovered from the baseline sampling at LNK (p = 0.43)
or at SBF (p = 0.15). This was expected as this sampling event was completed within
several days of treatment application. Despite known difference in mulch mass
incorporated between BLK and PLA, variability of this recovery method was such that
there was no significant main effect of mulch at LNK (p = 0.10) or SBF (p = 0.06). Given
this variability, sample sizes to achieve acceptable power for detecting anything but very
large differences was not possible within our design. Given the mean and standard
deviation from mulches pooled across location, a simple two-sample t-test for
difference of means with power of 0.8 would be achieved with n per group = 68 in order
to detect a 50% difference from our measured PLA mean (difference of 10.96 g/654
cm?), and n per group = 64 to detect the same relative difference from the BLK mean
(0.449 g/654 cm?). These results informed the decision to record a binary response
from each of 8 cores at future sampling events, until the final sampling when recovered
mass will be weighed again.

Based on the mass per area of fresh mulches, and assuming no in-season
degradation during the working life of the mulch before soil incorporation, the expected
amount of mulch to recover by this method was 11.4 g and 0.9g for PLA and BLK,
respectively (Table 4). Our average recovered amount matched the estimated amount

for BLK when location was pooled (n=32; Table 4). But our average recovered PLA was
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21.9 g, twice the expected amount and significantly different from 11.4 g (p = 0.01 by
one-sample t-test). The probable primary cause of this is that PLA had a high tensile
strength and the cutting edge of the core failed to cleanly cut the mulch. As a result,
mulch was recovered that laid outside actual cylinder of the core volume. Another
factor was probable imperfect washing of the recovered mulch fabric, fine adhered soil
and biofilm increased mulch mass as measured. These results underscore the

problematic nature of direct quantitative recovery of mulch from bulk field soil.

3.2 Bulk recovery — binary response for mulch presence in large cores

Bulk soil recovery provided qualitative information on the persistence of mulch
in soil revealing overall trends in mulch macro-fragment decay. Figure 10 shows the
ratio of cores containing mulch at SBF and LNK at both sample periods. Neither
management, mulch type, nor time resulted in differences between number of cores
containing visible mulch. However, at LNK the effect of mulch type and the interaction
of mulch type with time approached significance at p=0.061 and p=0.055, respectively.
The counterintuitive result of non-significant differences in Figure 10 arises from groups
containing only zeroes. In fact, out of all 144 cores searched within BLK mulch at LNK
from Fall 2018, only one contained a mulch fragment (in a TEA sub-subplot). In this
scenario, it may be inappropriate to statistically analyze this grouping of data (BLK at
LNK, fall 2018) due to a violation of the assumptions of variance in the binary
distribution. Instead we can observe that it stands out as divergent from the other
groups, but we cannot have confidence in the probability statement about the

likelihood of a true difference.



28

Consistent with others’ results, the bulk sampling approach failed to detect
significance even among evidently large differences, as well as detecting any trend in
small mulch degradation change. Wortman et al. (2016) and Ghimire et al. (2017)
attempted a similar sampling method but with more labor intensive mulch area or mass
measuring, they found the approach to be unreliable and highly variable requiring
excessive sampling to achieve useful estimates of mulch quantity in soil. Thisis
consistent with our baseline sampling described above. The binomial approach was
intended to efficiently detect dramatic changes in mulch presence, similar to a grower
searching several shovels of soil. Despite difficulty in applying statistical analysis to the
binomial response, our data shows that a quick practical search for remaining mulch can
detect large differences which were consistent with the difference in mulch loss from
mesh bags, described below.

3.3 Mesh bag recovery - mulch mass remaining

Evident sources of error are important to report from the Spring 2018 sampling
when washing and weighing was used for recovered mulch mass determination. First,
several BLK mulch fragments gained weight, apparently due to soil and/or microbial
biomass too tightly bonded to mulch surfaces to be removed without fragmenting the
mulch. Second, the middle layer of the PLA mulch had completely lost any cohesion and
appeared very similar to soil particles in color and size (Figure 3). As a result, the
process of recovering and washing these micro-fragments was imperfect. Similar to
BLK, tightly adhered soil was apparent after washing and drying PLA which introduced

error in the opposite direction.
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At Scottsbluff, NE (SBF), no significant management effect was present for mesh
bag mass loss (p=0.95). Lincoln, NE (LNK) was analyzed in two parts to exclude the
predominantly zero mass recovered of BLK mulch in fall 2018. No significant
management effect was present at LNK within PLA (p=0.28), or within Spring 2018
(p=0.90). Significant effects of mulch type and time were present at both locations
(Figure 11). The interaction of mulch and time approached significance at SBF (p=0.07),
while this interaction could not be formally tested at LNK due to violation of statistical
assumptions by the near zero amount of mulch recovered from BLK treatment at Fall
2018. Spring 2018 BLK mulch mass loss after winter burial was less than 5% at both
locations. Mean remaining BLK mulch mass was 2.1% at the LNK Fall 2018 sampling,
only 3 out of 18 bags had recoverable fragments. Mean remaining mulch mass was 67%
at SBF, with all mesh bags containing recoverable BLK mulch. At LNK within PLA, effect
of time was significant (p=0.01) with 74% remaining in Spring 2018, and 37% in Fall
2018. At SBF, PLA mulch mass remaining was not significantly changed between Spring
2018 and Fall 2018, with 48% and 33% remaining, respectively (Figure 11).

These results demonstrate that the compounded differences between locations
outweighed any imposed differences due to management within location. This
interpretation is in agreement with results of Li et al. (2014) in which high tunnel vs field
environment also had minimal effect on degradation while location effects were
present. Compost and cover crop use input organic matter and often shift soil microbial
communities (Finney et al., 2017; Butcher and Lanyon, 2005; Toyota and Kuninaga,

2006). Differences in the soil environment due to location have a distinct impact on
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degradation rate of biodegradable mulches, but these relevant differences are not easily
manipulated by management. Even our relatively high N-based rates of compost (42-60
Mg/ha) failed to shift soil environment to any extent relevant to mulch biodegradation.
Management decisions in systems that include biodegradable mulch should be informed
by general best management, rather than expectations of accelerated biodegradation of
mulch mass. Still unexplored in true field environments are specific microbial inoculants
shown to accelerate mulch or mulch polymers in laboratory setting (Thompson et al.,

2019; Motoo et al., 2012).

3.4 Mulch tensile strength

The force required to pierce a layer of fresh BLK and a single outer layer of PLA
was 4.23 and 17.47 N, respectively. Management had no significant effect on mulch
tensile strength at any location/mulch combination (p>0.62). Both mulches at both
locations became significantly less resistant to piercing over time. The effect of source
was significant at LNK for PLA mulch, and it approached significance at SBF for BLK
mulch (p=0.01 and p=0.056, respectively). Mesh bag recovered PLA mulch was
consistently more resistant to piercing (Table 5). This result of tensile strength disparity
between recovery methods suggests a habitat difference between bagged and bulk soil.
The mesh bag mulches were neither subjected to the mechanical wear of the spading
implement during soil incorporation nor to disturbance by surface cultivation by hand
hoeing. Also, the influence of arthropod shredders and the priming effects of other soil
fauna would have been largely excluded by the 200 um opening size of mesh bags

(Karberg et al., 2008).
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BLK mulch strength had the opposite trend with respect to recovery source, it
was less resistant when recovered from mesh bags (Table 5). This result is probably due
to the way mulch was sampled from bulk soil. No fragments were recovered from bulk
soil that were too small to be pierced, so the sampling was biased towards larger, more
in-tact fragments. Fragments that were too deteriorated to pierce in bags were
recorded to break at 0 newtons. Fall 2018 BLK was not recoverable at LNK, but it was
recovered at SBF and required less force to pierce than the 0.5 N threshold for detection
by the instrument.

Considered together, these tensile strength results offer insight to the limitations
of a “percent mulch area remaining” (PMAR) approach to measuring biodegradation of
mulch (Li et al., 2014). We found that deterioration of strength is occurring over time
even while fragments large enough to be pierced appeared similar over time. Mulches
with more than one ply like PLA can separate into fragments of lesser strength and more
area than their original form. Also, fibrous mulches like PLA can become stretched
without completely losing integrity, increasing their area and decreasing their tensile
strength, an obstacle also noted by Li et al. (2014).

3.5 Principal component analysis of potential biodegradation factors

Principal component analysis was used with a focus toward discerning soil
environment differences that may be associated with mulch mass loss at the two
sampling events. Figures 6-9 are biplots of this analysis, and table 3 shows regressions
between mulch mass loss and all variables used in PCA. Location differences were key

drivers of the first principal component (PC1). PC1 explained 62% of spring and 69% of
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fall variation during 2018 when all management treatments were considered (Figures 6
and 7). When microbial and moisture data was added and analysis was constrained
within the extreme management treatments, the strength of PC1 decreased to 52% in
spring and 46% in fall. In all four cases, clusters representing location appear to
segregate along PC1. Thus, the differences most strongly attributable to location such
as pH and SOM can be generally illustrated by the most strongly horizontal arrows on
figures 6-9. The second principal component (PC2) tended to predict mulch type, being
most characterized by mulch mass loss, microbial biomass extracted from mulch, and
sometimes soil nitrate. No trends resulting from management treatment were apparent
from this analysis in the presented figures or in the iterations during data consolidation.
3.5.1 PCA of Spring 2018, all managements

Figure 6 shows segregation by mulch type on PC2. PC2 correlated significantly
with fall 2017 nitrate (r = 0.34, p < 0.003), average soil temperature from burial to first
sampling (r = 0.33, p < 0.003), and mulch mass loss (r =-0.84, p <0.0001). At this
sampling event, BLK mulch mass loss was less than 5% at both locations, and PLA mulch
mass loss was 33% at LNK and 55% at SBF. This is reflected by the mulch mass loss
arrow pointing towards the lower right quadrat of the plot, occupied by points BLK in
SBF. Fall 2017 nitrate and soil temperature were increased towards the upper side of
PC2. There is a negative association between mulch mass loss vs fall nitrate and
temperature along PC2. This association is weak but may be explained by increased N

immobilization by the wood particles present in the PLA mulch and by the heat
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absorbing properties of the black mulch material. Even after soil incorporation some
mulch fragments remained on the soil surface.
3.5.2 PCA of Fall 2018, all managements

Among all managements at the fall 2018 sampling, mulch type nearly disappears
as a driver of either principal component, while location still strongly affects PC1 (Figure
7). Percent mulch mass loss is roughly the same in BLK vs PLA mulch when pooled
across location. But differences are clear when location is considered separately, BLK
persisted more than PLA at SBF, while it was nearly entirely unrecoverable at LNK
(Figure 11). This interaction with location results in the strong correlation between all
factors and mulch mass loss shown in table 3. Because BLK was lost so completely at
LNK, all location driven soil differences also associate with mass loss. All factors modeled
by Figure 7 are strongly correlated with PC1 (p < 0.001), while PC2 was only correlated
with fall 2018 nitrate (r = 0.85, p < 0.0001) and mulch mass loss (r = -0.025, p = 0.04).
These results revealed a prominent location-driven difference in soil properties which
was not strongly influenced by management and resulted in divergent summer
degradation rate of BLK mulch, but similar degradation rate of PLA mulch. PLA is known
to degrade more quickly at higher temperatures, Satti et. al. (2008) found only 10%
mineralization of PLA after 180 days of incubation at 30° C. The wood component of
PLA mulch is expected to be readily degradable in most soils. It appears that most PLA
mulch mass loss in fall 2018 was due to wood mass loss, which was roughly equal
between locations. As for difference in BLK mulch degradation between locations, it is

not possible to definitively parse the relative impact of the various differences in soil
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properties between location, but clearly the fine-textured, high organic matter, warmer
summer soil conditions of LNK resulted in more rapid BLK mulch degradation. Such a
marked degradation difference in BLK degradation between locations, and the above
edaphic properties suggests that warmer moister conditions influenced LNK mulch,
assuming that the drier air, coarser soil, and periodic drip irrigation at SBF caused
cyclical moisture in the top few inches that was not detected by the watermark sensors
buried at 30 cm. This explanation fits with optimal conditions for Mater-Bi® degradation
described by Basioli et al. (1998). Given the function of mulch film to regulate moisture
in the most shallow horizons of soil, mulch itself may accelerate mulch residue
degradation, especially in drier climates.
3.5.3 PCA of Spring 2018, extreme managements

Constraining analysis to extreme management treatments allowed inclusion of
microbial biomarker abundance (Figure 8). Significant correlations existed between PC2
and the fungal biomarker from mulch (r =-0.84, p < 0.0001), bacterial biomarker from
mulch (r =-0.52, p = 0.01), and mulch mass loss (r = -086, p < 0.0001). PC2 explained
19% of variation and was mainly driven by increased degradation and microbial biomass
present on PLA relative to BLK mulch. The inclusion of wood particle in PLA is intended
to recruit and stimulate soil microbes, specifically fungi. Li. et al. (2014) suggested
fungal biomass in soil to be stimulatory of PLA biodegradation. PLA in this study was
effective at recruiting and increasing fungal biomass on mulch surfaces, supporting that

the mass loss measured in PLA was due to biodegradation.
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When analysis was constrained to PLA (biplot not shown), mulch mass loss and
mulch-associated fungal biomass were not correlated (r =-0.03, p = 0.93) and did not
share a correlation with a principal component. The increase in fungal biomass on
mulch was not correlated with PC1 (r = 0.15, p = 0.49), which was dominated by
location-associated differences in this analysis. This demonstrates that PLA mulch
recruited and expanded fungal biomass to a similar extent at either location. The
apparent association between mulch-associated fungal and bacterial biomass and mulch
mass loss shown by figure 8 is driven by mulch type at the spring 2018 sampling event,
whereby PLA lost more weight and hosted greater fungal and total biomass. Within PLA
mulch, fungal biomass on mulch surfaces was not predictive of mulch mass loss, or
strongly influenced by location, so soil fungal community may not be a useful target for
management to increase degradation rate of PLA mulch.

Soil bacterial biomass and soil fungal biomass were associated only with
location, suggesting that mulch had little influence on biomass of surrounding soil, and
that mulch microbial colonization was not limited by the recruitment pool of either
location’s soil. Rather, location differences in degradation rate are probably due to
various compounded factors possibly including, but evidently not limited to pH, SOM,
nitrate, bacterial and fungal biomass in soil.

3.5.4 PCA of Fall 2018, extreme managements

PCA of fall 2018 extreme managements included the greatest number of possible

predictors of mulch mass loss. New predictors in this analysis were fall microbial

biomass variables and soil moisture averaged across the cropping season (Figure 9). Key
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insights are highlighted by comparison of the fall 2018 PCA with and without microbial
factors. These new factors and exclusion of non-extreme managements reduced the
explanatory power of the PCA. Fall 2018 analysis including all managements and
excluding microbial and moisture factors explained a cumulative 82% of variation in the
first two principal components (Figure 7), while this analysis among extreme treatments
only, including the microbial and moisture factors accounted for less variation in the
first two principal components, 59% (Figure 9). Most of this loss of explanatory power
was from PC1. Factors most strongly influenced by location (pH, SOM, temperature,
spring NO3s) still characterized this axis. PC2 became most strongly characterized by soil
moisture and mulch mass loss. It also correlated significantly with spring mulch
bacterial FAMEs (r = 0.41, p = 0.04), fall mulch bacterial FAMEs (r = 0.45, p = 0.02), and
fall mulch fungal FAMEs (r = 0.47, p = 0.02), but no other variables (Figure 9). These new
variables caused mulch types to segregate along PC2, as they had not in the “all
management” analysis of fall 2018. This shows that mulch type is a stronger driver of
microbial colonization than either location or management treatment. The mulch types
segregate along PC2 in a fashion that interacts with location. This may be partly an
artifact due to the required assumption that BLK mulch microbial colonization was
identical to its mesh bag soil colonization. Nevertheless, this PCA reveals that PLA mulch
recovered from SBF now contained more fungal biomass per g OM than PLA from LNK.
To explain this shift from spring, wood particle of PLA mulch at LNK may have been
consumed more completely by fall than the wood in PLA at SBF, which may have

become colonized and consumed more slowly. This is consistent with the cooler, drier
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climate and sandier soil with less water holding capacity at SBF (Table 1, Figurel). This
explanation is inconsistent however with the greater degree of mulch mass loss at
spring 2018 in SBF. Though every effort was made to recover and wash mulch
recovered from mesh bags in spring 2018, we suspect that the inner layer of the PLA
mulch was so friable that it escaped the sandwiching effect of the stronger outer layers
both during loading and mulch recovery from mesh bags. Particles of this inner layer
may have been unrecoverable due to its physical properties rather than biodegradation.

The association between soil moisture and mulch mass loss is notable because
moisture between locations was not dramatically different. Drip irrigation was provided
as required through the growing season according to our soil moisture measurements.
Also, within location variation was fairly high (Figure 12). Thus, spurious correlation
based on location difference is less concerning with the relationship between moisture
and mulch mass loss. Moisture availability significantly correlates with fall 2018 mulch
mass loss and may have been a limiting factor for mulch biodegradation. However, the
similarity in measured moisture between locations may not have existed where mulch
was degrading. Mulch mainly occupied a depth of 0-10 cm. Sensors were placed at
agronomically relevant depths according to soil type, 20 cm at LNK and 30 cm at SBF.
SBF received less precipitation and has coarser soil (Table 1, Figure 1), as well as drier
air. So it is reasonable to suspect that mulch fragments experienced a greater disparity
of available soil moisture than measured. If this is true, then the interesting insight is

that PLA degraded to an equal extent between locations by the fall 2018 sampling
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(Figures 11 & 12). This is explained by increased ability of fungi to utilize substrates in

reduced water conditions.

Conclusion

This study investigated degradation of two biodegradable mulch membranes
under a typical certified organic field vegetable production system across two distinct
locations and five management practices. Mulch mass loss, change in tensile strength,
and qualitative presence by bulk recovery was not different between management
treatments despite large differences in organic matter input. Degradation was instead
influenced by location, mulch type, and recovery method (ie. mesh bag or bulk soil).
Specific factors influencing mass loss seem to differ between mulches, but only broad
site-related differences can be described. BLK mulch was nearly completely
undetectable after 12 months of burial at LNK, but 67% of BLK mass remained at SBF.
BLK degraded more rapidly in the LNK environment of fine textured soil, low pH, higher
SOM, higher precipitation, higher temperature, and more soil moisture. PLA mulch loss
was initially more rapid at SBF, but after 12 months of burial, location difference was
not prominent with 33% and 37% remaining at SBF and LNK, respectively. Because PLA
mulch contains 38% polylactic acid, this indicates that some portion of the polymer
degraded in field conditions after 12 months of burial, at least beyond detection by
direct recovery. It remains unclear to what extent these materials will biodegrade, and
the challenge of in-situ field study of biodegradation is the most important barrier to
assessment of mulch biodegradation across many environments. Tensile strength

measurement showed that deterioration progressed over time even when area of
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individual fragments of material appeared in-tact. PLA weakened by separating into its
component layers, as well as by the possible influence of fauna and cultivation which
was more present outside the mesh bags. Both mulch types lost strength over time
indicating that deterioration may not be directly related to mass or area loss. To
demonstrate field biodegradation it will be necessary to improve methods for
confirming complete biological transformation of mulch materials. The mass by
combustion method used here is a promising method for determining mulch mass after
burial, but improvements should be made on the mesh bag method for tracking buried
mulch. The approaches in this study are suited to show agronomically relevant levels of
degradation, but we are not able to answer questions regarding persistent

microfragments of potentially biodegradable mulch.
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Tables

Table 1: General geographic information and soil properties of experimental sites.

Lincoln, NE (LNK) Scottsbluff, NE (SBF)
Latitude 40°50'13.2"N 41°53'33.4"N
Longitude 96°39'50.4"W 103°40'54.0"W
Elevation 351 m 1198 m
Mean annual precipitation® 78.7 cm 38.1cm
Soil series® Zook Tripp
Texture class® Silty clay loam Very fine sandy loam
Soil subgroup classification Fine, smectitic, mesic Coarse-silty, mixed, mesic
Cumulic Vertic Endoaquolls Aridic Haplustolls
Soil pr range 6.2-8.2 7.9-8.3
Soil pr mean 7.1 8.1

9Soil series, texture, and subgroup classification were obtained from the Web Soil Survey online
resource (Soil Survey Staff, Natural Resources Conservation Service, United States Department of
Agriculture. Web Soil Survey. Available online at the following link:
https://websoilsurvey.sc.egov.usda.gov/. Accessed [5/1/2019])

b Soil pH was measured in a 1:2 soil:water ratio by Ward Laboratories, Kearney NE, USA



Table 2: Mulch background and specifications.
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Abbreviation PLA BLK
Trade Name - Bio360°
Manufacturer 3M Corporation Novamont
Composition polylactic acid (38%) and thermoplastic starch and
wood (62%) poly-e-caprolactone
Roll Length ~74 m 1220 m
Roll Width 1.07m 1.22m
Thickness 1.14 mm 0.015 mm
Weight 298.1g/m’ 20.2 g/m’

PLA — polylactic acid and wood particle mulch; BLK — Bio360® mulch.
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Table 3: Correlations between mulch mass loss and each predictor variable included in
PCA across both mulches and locations.

Predictor of Correlation of predictor
mulch mass loss with mulch mass loss
Extreme Management
All Management (SNK & NA)
Spring 2018 Fall 2018 Spring 2018 Fall 2018
fall 2017 NO, Pearsonr -0.29 - -0.31 -
P-value * - 0.14 -
. Pearsonr -0.22 0.45 -0.11 0.55
spring NO3
P-value 0.07 Hrk 0.61 *x
H Pearsonr 0.23 -0.56 0.13 -0.64
P P-value 0.06 *EX 0.54 *F
Pearsonr -0.25 0.55 -0.17 0.55
M
50 P-value * *rH 0.41 **
. Pearson r 0.13 - 0.01 -
spring Temp
P-value 0.27 - 0.95 -
fall Tem Pearson r - 0.53 - 0.47
P P-value - Hrk - *
fall NO, Pearsonr - 0.23 - 0.26
P-value - * - 0.22
. Pearsonr - - 0.23 0.71
E
sM bacterial FAM P-value i i 0.27 ok
Pearsonr - - 0.59 0.17
M f | FAME
ShiTunga P-value - - ** 0.41
sS bacterial FAME Pearsonr - - -0.09 0.31
P-value - - 0.68 0.14
sS fungal FAME Pearsonr - - 0.27 -0.23
P-value - - 0.20 0.28
fS bacterial FAME ' earsonr ) ) ) 0.41
P-value - - - *
Pearsonr - - - -0.52
fS f | FAME
unga P-value - - - o
Pearsonr - - - 0.28
fS bacterial FAME
actena P-value - - - 0.19
fM fungal FAME Pearsonr - - - -0.13
P-value - - - 0.55
. . Pearsonr - - - 0.54
soil moisture
P-value - - - *x

FAME source abbreviations: s- spring 2018, f — fall 2018, M — extracted from mesh bag
mulch, S — extracted from mesh bag soil. Significance codes: * - p<0.05, ** - p<0.01, ***
- p<0.0001.



Table 4: Baseline bulk recovery estimation of mulch mass in soil.

Mass Recovered Coefficient
Mulch Location (g/654 cm2) of Variation

PLA LNK 19.6 136%
SBF 24.3 74%
both 21.9 103%

BLK LNK 0.7 92%
SBF 1.1 98%
both 0.9 100%

43

PLA — polylactic acid and wood particle mulch; BLK — Bio360® mulch; LNK — Lincoln, NE;
SBF — Scottsbluff, NE. Mass recovered is reported in g/645 cm? because this is the area
sampled by eight large cores. Separate locations per group N = 18; pooled locations per

group N = 32.
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Table 5: Tensile strength across time, mulch type, and recovery source. Fall 2018 BLK
was not recoverable at LNK from mesh bags and rarely recoverable from bulk soil, it was
recovered from both sources at SBF, but it often required less force to pierce than the
0.5 N threshold for detection by the instrument.

Force to Pierce (N)

Location Time Source Mulch
PLA BLK

LNK Spring 2018 Mesh Bag 25.0A 0.50 A
Bulk 17.3 B 0.51A

Fall 2018 Mesh Bag 9.1C -
Bulk 8.1C 0.03B
SBF Spring 2018 Mesh Bag 11.1a 0.53 ab
Bulk 109a 0.89a
Fall 2018 Mesh Bag 9.5ab 0.00b
Bulk 7.5b 0.31ab

PLA — polylactic acid and wood particle mulch; BLK — Bio360® mulch; LNK — Lincoln, NE;
SBF — Scottsbluff, NE.
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Figure 1: Climate from 16 May 2017 to 9 Oct 2018 at LNK and SBF locations. Black and
gray lines are weekly rolling averages of daily high and low temperature. Bars are
precipitation. Blue line is depth of snow accumulation. Data courtesy of the High Plains
Regional Climate Center stations within 12 m elevation of sites, located 10.5 and 4.7 km
from LNK and SBF sites, respectively. Cumulative precipitation before soil incorporation
at LNK was 61.6 cm, and 90.2 cm after incorporation. Cumulative precipitation before

soil incorporation at SBF was 26.6 cm, and 53.5 after incorporation (irrigation was also

applied during the growing seasons).
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Figure 2: Field layout of each block.
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Figure 3: (a) Non-weathered PLA mulch peeled into its component layers. Lighter
colored squares are the stronger outer “scrim” layers of spun bond PLA fiber, darker
speckled layer is spun bond PLA with additives to block light from the soil surface, and
impregnated with wood particles. Mass breakdown of the total mulch is 21%, 17%, and
62% white PLA scrim, dark PLA filler, and wood particle, respectively. (b) PLA mulch
after weathering during working life, fall 2017 SBF.
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Figure 4: Scale diagram of each INC sub-subplot showing mesh bag burial pattern and
transects for bulk soil sampling for mulch presence by large core (golf hole cutter).
Cores were taken from eight points, spaced 0.3 m, along each transect. If a core
location overlapped with a mesh bag location, the core was taken at a safe distance
from the mesh bag and any other transect to prevent damaging buried mesh bags or
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Figure 5: Conical tube and drilled cap apparatus to secure mulch fragment for piercing
with force meter.
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CHAPTER 2: MICROBIAL RESPONSE TO MANAGEMENT AND

MULCH

1. Introduction

Mulch films are used extensively in agriculture worldwide for their dependable
improvement of yield and production efficiency. Biodegradable compositions of mulch
film may be an important alternative technology to the conventional low density
polyethylene (LDPE) film: a single-use, petroleum-based, non-degradable product.
Currently available biodegradable mulch films (BDMs) tend to deliver equivalent crop
performance compared to LDPE depending on field conditions (Cowan et al., 2013;
Miles et al., 2012). BDMs eliminate the removal and disposal costs associated with LDPE
mulch. Postharvest management of BDM is soil incorporation by tillage which is part of
a typical vegetable production plan.

All mulch films act as a physical barrier on the soil surface during their working
life. This modifies aspects of the soil environment such as temperature, gas exchange,
and moisture (Wortman et al., 2016; Steinmetz et al., 2016). As a result, the action of
LDPE mulch film during its functional life can alter soil microbial properties and carbon
dynamics (Zhang et al., 2015). Various studies have found both that overall soil
microbial community can be measurably alerted, or unchanged by use and subsequent
removal of mulch film (Carrera et al., 2007; Dong et al., 2017).

BDMs form a surface barrier during their working life similar to LDPE films, but

they are designed to remain in soil and biodegrade along with other crop residues. As
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xenobiotic inputs, they may impact soil microbial communities more persistently or
dramatically than removed mulches. In developing understanding of ecological
outcomes of novel BDM use, it may be useful to discern between the impacts on soil
caused by its working life as a surface barrier, versus its soil incorporation.

BDMs can be formulated from a diverse set of polymers, copolymers, and
additives. As such, BDMs are expected to biodegrade through diverse microbial
pathways depending on their composition. Soil microbial communities are ultimately
responsible for the rate and extent of BDM biodegradation. Understanding microbial
community shifts on BDM surfaces after soil incorporation may suggest the microbial
groups which contribute to biodegradation, while community shifts in surrounding soil
will indicate the magnitude of mulch influence and possibly predict long term
consequences of BDM use.

Biodegradable copolymer films of thermoplastic starch with petroleum-derived
plasticizers are currently the most widely used class of BDMs. These are sometimes the
agroeconomic optimum, usually when cost of labor and disposal of LDPE is high. But the
necessity of plasticizing and stabilizing starch with petroleum based additives excludes
these films from organic production (Brodhagen et al., 2015; Shanks and Kong, 2012;
Corbin et al., 2013). When BDMs are comprised of 100% bio-based feedstock, they are
potentially allowable in organic agriculture, provided they also degrade in a reasonable
timeframe in diverse field conditions. Polylactic acid is a promising polymer for 100%
bio-based BDM production. This polymer is xenobiotic, microbial enzymes have not

evolved to be highly effective for hydrolyzing polylactic acid, so it is among the more
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recalcitrant substances used in BDMs, but it is ultimately biodegradable (Brodhagen et
al., 2015; Torres et al. 1996; Satti et al., 2018). Films of pure polylactic acid are too
brittle and UV light sensitive for mulch application (Tachibana et. al, 2009; Nuinu et al.,
2013; Man et al., 2012). Instead, nonwoven polylactic acid fabrics are promising
formulations for 100% bio-based BDMs. Loading polylactic acid fabrics with plant
particles improves several aspects of the mulch, including biodegradability of the
polylactic acid polymer component. It has been shown that the choice of organic
particle loading influences rate of molecular weight loss of polylactic acid mulch
(Thompson et al., 2019). Torres et al. (1996) found several filamentous fungi to colonize
polylactic acid in wild soils and showed that different fungi have variable power for
hydrolysis of the polymer and bioassimilation of its degradation products. Additional
strategies for manipulating microbial communities around mulches to influence
biodegradation rate are worthy of exploration.

The current study investigates the response of soil and mulch-associated
microbial communities to two BDMs, a widely used starch/copolymer mulch and a
potentially organic-allowable polylactic acid prototype in two distinct ecoregions. We
used fatty acid methyl ester (FAME) analysis to characterize microbial biomass and
community shifts in several soil microhabitats in a larger experiment tracking
performance and degradation of BDMs over two years after soil incorporation.

We hypothesized [1] removal of mulches results in similar microbial
communities regardless of mulch type, while distinct soil bacterial FAME profiles

develop dependent on mulch type when mulch is incorporated, [2] management
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including compost amendment and cover cropping impact soil and mulch bacterial
FAME profiles, [3] mesh bag soils and bulk soils will not differ in bacterial FAME profiles,
[4] wood-particle loaded polylactic acid mulch will increase saprophytic fungal biomass
on mulch surfaces relative to surrounding soil and starch-based mulch, and [5] distinct

bacterial FAME profiles will form on mulch surfaces depending on mulch type.

2. Materials and Methods

2.1 Site descriptions

Field trials were established in 2017 at two distinct locations, Lincoln, NE (LNK),
and Scottsbluff, NE (SBF) to assess changes in soil microbial communities in response to
two potentially biodegradable mulches, management practice, and location-driven
climate and soil conditions (Table 1). Sites were chosen to for their dissimilar
conditions. LNK is generally characterized by fine textured high organic matter soil with
high water holding, high rainfall, and warmer temperatures. SBF is generally
characterized by coarse textured, low organic matter soils with low moisture holding,
low rainfall, and cooler temperatures. Weather data during the period of study and

chronology of key events are shown in Figure 1.

2.2 Crop management

The experiment was cropped uniformly following a typical certified organic
vegetable rotation. In 2017 sweet pepper was grown at 0.46 m spacing using the
experimental mulches. Fertility was supplied to deliver 160 kg N/ha by fish emulsion

(OrganicGem, NPK 2.9-3.5-0.3) and bloodmeal (Earthworks Health LC, 13-1-0), side-



67

dressed three times during the growing season. Fish emulsion was applied at a total
rate of 786 kg/ha, at a 1:15 dilution. Bloodmeal was applied at a total rate of 646 kg/ha.

In 2018 sweet corn was grown at 0.2 m spacing in-row, and 1.1 m spacing
between rows. Weeds were controlled by hand cultivation. Organic soybean meal
fertilizer (Phyta-Grow, 7-1-2) was applied pre-season at a rate of 2240 kg/ha Fertility to
supply at 157 kg N/ha.

During both seasons irrigation was supplied by drip tape as needed to maintain
soil water tension moisture below 60 kPa at LNK, and 40 kPa at SBF as measured by
Watermark 200SS soil moisture sensors (Irrometer Co., Riverside, CA USA) buried to 30

cm at SBF and 20 cm at LNK.

2.3 Experimental design and mulch treatments

Studies at both locations were established using a split-split-plot, randomized
complete block design with three replications. Main plots were 1.83 x 65.84 m
extending the length of the experiment, separated by 0.30 m buffers. Main plots were
split into two 1.83 x 32.92 m subplots. Subplots were split into six 1.83 x 5.49 m sub-
subplots (Figure 2). Main plot treatments were two mulch types: black Bio360® (BLK)
biodegradable plastic mulch formulated from the Mater-Bi® polymer (Novamont S.P.A;
Shelton, CT, USA) and a prototype polylactic acid and wood particle mulch (3M
Company, St. Paul, MN; abbreviated hereafter as PLA). Mulch input totaled 135 kg/ha
and 1743 kg/ha for BLK and PLA, respectively (Table 2).

Subplot treatments were mulch removal status: removal (CTL) and incorporation

(INC), in which mulch was either removed or soil-incorporated by tillage at the
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completion of the 2017 sweet pepper cropping season. Sub-subplot treatments were
management strategies. Six management treatments were included in the project,
while this experiment considers only the two extreme treatments: a no amendment
control (NA), and a “kitchen sink” management (SNK) in which compost, cover crop, and
compost extract were applied (described below). Sub-sub-plots in the field were further
split by sample recovery source (bulk soil recovery or mesh bag recovery), sample
fraction (mulch or soil), and time (Figure 2). Mesh bags containing soil and a mulch
fragment of known weight (described below) were buried only in INC plots, where
mulch was incorporated, so only bulk recovered soil was recoverable from within the
CTL treatment while bulk recovered and litter bag soil and mulch was recovered from
INC plots (Figure 2).

2.4 Management treatments (sub-subplot treatments)

The NA treatment received no additional management beyond normal cropping
including fertility input and irrigation in-season, described above in section 2.2.

The “kitchen sink” or SNK treatment was an approach that combined
management strategies known or suspected to accelerate microbial activity. Compost,
compost extract, and cover crop were applied to SNK plots.

Compost was applied and incorporated by tillage with the mulches in the fall of
2017. In fall 2018 it was top-dressed. Compost rate was adjusted for each batch to
supply 504 kg/ha total N. Compost applied at LNK was a municipal yardwaste compost,
it was applied at 57 dry Mg/ha in 2017 (and 60 Mg dry/ha in 2018, after the final

sampling reported here so not relevant). Compost applied at SBF was a beef feedlot
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manure compost, it was applied at 42 Mg dry/ha in 2017 (and 51 Mg dry/ha in 2018,
after the final sampling reported here so not relevant).

Compost extract is typically understood to be a suspension of compost in water
including fine particulate and soluble fractions of compost. It is not clearly defined by
USDA organic regulations, but it is allowable for certified organic production as long as it
is included in a producer’s organic system plan and approved by their certifier
(Samuelson et. al., 2019). It is usually intended as a microbial inoculant, applied at such
low rates as to supply negligible amounts of nutrient fertility. Compost extract for this
study was prepared by vigorously kneading compost inside of a nylon filter bag with 400
um openings while submerged in water. 60 g fresh (20 g dry equivalent) compost was
used per liter of water. Any compost remaining in the filter bag was discarded. We
selected a kitchen and yardwaste vermicompost on criteria recognized by popular
sources to be desirable, including presence of darkly colored fungal hyphae, protozoa,
and nematodes of diverse feeding groups visible at 400x magnification (Lowenfels
and Lewis 2010, Soil Food Web School, 2019). Compost extract was applied to CEX and
SNK plots by a coarse spray at a rate of 3742 L/ha every spring and fall. It was applied
within 48 hours of tillage in fall 2017, at time of cover crop planting in spring 2018, and
after mowing crop residues in fall 2018.

A mustard cover crop (Brassica juncea cv. Mighty Mustard® Pacific Gold) from
Johnny’s Selected Seeds (Winslow, ME, USA) was sown at LNK on 22 Mar. 2018 and re-
planted to increase establishment on 20 Apr.2018. The same cover crop was planted at

SBF on 23 Apr. 2018. At all three planting events 22.4 kg/ha seed was broadcast and
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lightly incorporated by hand raking. Mustard was terminated at a height of
approximately 0.3 m by flail mowing and hand hoeing on 23 May 2018 and 30 May 2018
at LNK and SBF, respectively. Sweet corn (Zea mays cv. ‘Xtra-Tender 2171) was sown
within 24 hours at both locations. After 2018 harvest, a cover crop of cereal rye (Secale
cereale) and hairy vetch (Vicia villosa) was sown by broadcast and hand raking at 112

kg/ha rye and 44.8 kg/ha vetch.

2.5 Litter bag preparation

To prepare litter bags, mulch squares measuring 10cm? were cut from the gently
washed and air dried reserved mulch from the CTL subplot treatment. Each square was
weighed and paired with a methanol-washed aluminum label embossed with a unique
ID. Mesh bags were 26 x 15 cm, sewn from nylon mesh with 200 um openings with a
hook and loop closure. 250 g of soil sieved to 1 cm from corresponding plots was added
to each litter bag, then a mulch square was set on this soil, then another 250g soil was
added followed by the label. Eight litter bags were prepared in this way for burial within
INC subplots, four of which were used for microbial sampling. Litter bags were buried to
occupy a depth of 2-4 inches in a grid pattern within each sub-sub-plot of INC sub-plots,
two rows of four bags each spaced 0.61 m between rows and 0.91 m within rows (Figure
3).
2.6 Mulch and soil sampling

Bulk soil and litter bags were sampled on the same day during events at
approximately six month intervals after the time of mulch residue incorporation and

litter bag burial. A total of four sampling events occurred over two years (Spring ’18, Fall
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’18, Spring ‘19, and Fall '19). At the time of this thesis, two sampling events have been
completed.

At each sampling event, bulk recovery of soil was performed using latex gloves
and trowels wiped with ethanol. Four soil samples from 0-10 cm depth were
composited into a one-quart plastic bag, mixed, and approximately 250g soil was
retained. Bulk recovery of mulch was performed simultaneously, approximately 150cm?
mulch was recovered from the top 0-10 cm of soil as it was explored for bulk soil
recovery. If necessary, we found mulch visible on the surface soil and excavated the
buried portions of such pieces. These samples were collected into coolers in the field
and refrigerated for one week maximally before processing by block along with the litter
bags (described below).

At each sampling event, one litter bag was recovered by random selection from
each sub-subplot under the INC treatment for microbial testing. After excavation, litter
bags were placed in coolers in the field, then held at 4° C for maximally one week before
processing. Bags were cut or carefully ripped open on a 4mm sieve. Mulch fragments
were recovered, loosely adhering soil brushed off with gloved hands, and stored at -20°
C. Remaining soil was homogenized, 100g was stored at -20° C, and 100g was air dried
and stored at room temperature.

2.7 FAME extraction and quantification

Fatty acid methyl esters (FAMEs) were extracted from mulch and soil samples,

quantified by gas chromatography, and reported on a nmol/g soil or nmol/g OM by loss

on ignition (LOI) basis. To extract FAMEs, approximately 10 g field-moist soil, and 1-5 g



72

of field-moist mulch plus closely associated soil was added to 50 mL Teflon® tubes.
Entire recovered fragments of bag mulch were added to tubes in order to achieve as
large a sample as possible. In batches of 24 samples, 20 mL freshly prepared 0.2 M
potassium hydroxide in methanol was added to each tube and vortexed for 30 seconds.
Tubes were incubated at 37 °C for one hour shaking at 15 minute intervals to resuspend
settled sediment. Then each tube was adjusted to neutral or slightly acid pH, as
determined by pH paper, by adding 1-4 mL 1N acetic acid. From each batch one or two
samples of each type (i.e. SBF soil and LNK soil) were titrated to neutrality and the same
amount of acid was used to adjust the remaining samples of its type. To quantitatively
extract hydrophobic FAMEs from the polar methanol solution, 5 mL hexane was added
to each tube and tubes was vortexed for 30 seconds ensuring that any sediment pellet
was broken up by shaking before vortexing. Tubes were balanced with methanol and
centrifuged at 2900 G to separate liquid phases. Hexane supernatant was pipetted into
15 mL glass test tubes. An additional 5 mL hexane was added to the FAME extraction
tubes, vortexed, and centrifuged as before. The supernatant was added to its
corresponding glass tube. The methanol phase and residue was reserved for dry matter
and organic matter determination (described below). Hexane was evaporated to small
volume under a stream of N3, one drop of benzene was added to drive off any water,
and samples were evaporated to dryness. Using three washes, samples were dissolved
in <2 mL hexane and transferred to small glass vials. Samples were evaporated in these
vials and resuspended in hexane containing an internal standard of 0.05 mg/mL

methylnonadecanoate (C19:0) for use in gas chromatography.
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FAME abundance was reported on the basis of nmol FAME per gram soil or as
nmol FAME/g LOI to standardize comparisons between mulch and soil and correct for
differing amounts of adhered mineral soil on mulch samples. A combustion approach
was used to determine LOI either directly from the sample residue remaining after
FAME extraction from mulch samples, or from a subsample in the case of soil samples.
2.8 Dry mass and organic matter determination

To determine the dry mass of mulch samples, solvent and residue was decanted
into weighed foil tins after FAME extraction. For each extraction session, 2-5 “blank”
tins were filled with 20 mL fresh Methanolic KOH and the same volume of acetic acid
used to neutralize samples. Solvent was evaporated, then tins were dried in a 60 °C
oven to stable weight. Residue weight was not different due to extraction session, so
the averaged residue weight of blanks was subtracted from the oven dry residue
weights to determine oven dry sample masses.

For Spring 2018 mulch samples, blanks and sample tins were heated in a muffle
furnace to 450 °C over two hours, held at temperature for 4 hours, then cooled to
approximately 130 °C with the furnace closed. Tins were removed and weighed. Blanks
did not lose significant weight. Spring 2018 soil FAME residues were not reserved,
instead subsamples of spring 2018 soils were combusted at 550 °C separately
(temperature change explained below). An OM ratio was calculated and multiplied by
the dry sample weight to estimate sample OM mass. Formula 1 was used to calculate

organic matter LOI for spring samples.
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Formula 1:

D—-A=1LO0I

D —tin and oven-dry residue (g)
A —tin and ash (g)

LOI — Loss on ignition of organic matter (g) attributable to sample

For Fall 2018 soil samples and mulch samples, blanks and samples were
combusted following the same protocol as for Spring 2018 mulch samples, except the
furnace temperature was 550 °C because we determined that this temperature
volatilized a few percent more mulch mass while volatilizing an insignificantly greater
soil mass (data not shown). Again, blanks were prepared for each FAME extraction
session to correct for any variance due to difference in solvent concentration or acid
volume for pH adjustment. Blanks lost significant mass after combusting under this
program. Among the 19 blanks prepared across all extraction sessions, the coefficient
of variation was 2.2 and 1.5, for OD and ash residue, respectively. Mean oven and
furnace mass loss from blank tins was used as a correction for all Fall 2018 soil and

mulch samples. Organic matter LOI mass was determined using Formula 2.

Formula 2:

(D—A) — (Bp — B,) = LOI
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D —tin and oven-dry residue (g)
A —tin and ash (g)

Bp — Dry blank and tin (g)

Ba — Ash blank and tin (g)

LOI — Loss on ignition of organic matter (g) attributable to sample

2.9 Analysis and reporting of chromatograph output

Areas under chromatogram peaks were integrated, standardized to the relative area
under the peak of an internal standard (C19:0), converted to nmol FAME/g soil, matched
to their fatty acid by retention time relative to the internal standard and identity
confirmed by mass spectrometry. The total LOI content of each sample was used to
report nmol FAME/g LOI. FAMEs were designated using the IUPAC system (International
Union of Pure and Applied Chemistry and the International Union of Biochemistry and
Molecular Biology, 1978) where the total number of carbon atoms is listed first and the
position of double bonds, branch points, etc., numbered from the carboxyl end of the

awin
|

molecule. The prefixes “a” and “i” indicate anteiso and iso branching, respectively,
10Me indicates a methyl branch on the 10th carbon atom from the carboxyl end of the
molecule, and cy(9,10) refers to cyclopropane ring between the ninth and 10th carbon
atom.

Of the approximately 60 FAMEs detected, 30 were chosen based on abundance

and biomarker significance. The sum of selected biomarker FAMEs were used to

represent seven taxonomic groups for analysis by anova. These groups were total
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FAMEs (30 FAMEs) as an indicator of total microbial biomass, bacterial FAMEs (16
FAMEs), the signature FAME for saprophytic fungi (C18:2cis9,12), bacterial FAMEs
containing cyclopropyl groups (3 FAMEs), 10-methyl branched bacterial FAMEs (5
FAMEs), microeukaryotic FAMES (4 FAMEs), and the signature FAME (C16:1cis11) for

arbuscular mycorrhizal fungi (Table 3).

2.10.1 Statistical analysis - ANOVA

Analysis of variance was performed on total FAMEs, the saprophytic fungal
FAME, bacterial FAMEs, cyclopropyl FAMEs, 10-methyl FAMEs, microeukaryotic FAMEs,
and the arbuscular mycorrhizal (AM) fungal FAME using PROC MIXED on SAS 9.4 (Cary,
NC USA; Table 3). Normality was not checked, and no transformations were made to
improve normality. LNK and SBF locations were considered separate experiments.
Analysis was first performed using repeated measures in time which resulted in many
interactions with time. Analysis was then constrained to location by time combinations.
The effect of source (bulk recovery vs litter bag) on FAME profile was tested separately
for mulch and soil by treating mulch, management, and source as fixed effects (whole
plot, split-plot, and split-split-plot respectively). The effect of sample type (mulch vs
soil) on FAME profile was tested separately for litter bag and bulk recovered soils within
the INC treatment by treating mulch, management, and sample type as fixed effects
(whole plot, split-plot, and split-split-plot respectively). The effect of mulch removal
(INC vs CTL) on FAME profile was tested in bulk recovered soils by treating mulch,
removal status, and management as fixed effects (whole plot, split-plot, and split-split-

plot respectively). (Table 4).
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In comparisons where BLK mulch at LNK in Fall 2018 was included, it was
necessary to further constrain the model. This mulch was not recoverable, so no FAME
was recovered from LNK/BLK/Fall 2018 samples. To avoid a violation of assumptions of
anova, effects marked with superscripts in Table 4 were eliminated in such cases and a
split plot model was used. For the model constructed to detect effect of type, two split
plot anovas were performed. One compares soil under each mulch treatment
(eliminating the mulch level of the type factor), the other compares PLA mulch to its
surrounding soil (eliminating the BLK level of the mulch factor).

In addition to analyzing biomass as nmol FAME/ g LOI, when analysis included
only the soil level of the type factor, anova was also performed on biomass as nmol
FAME/ g soil. This unit is conventional in the FAME literature and avoids potential error
associated with determining LOI. This redundancy offers a kind of protection increasing
the trustworthiness main effect significance when it is shared across both analyses,
which is helpful given the great number of anovas performed.

2.10.2 Statistical analysis - canonical discriminant analysis

Anovas are useful to compare biomass of taxonomic groupings of lipids, however
this approach is not suited to detecting changes in microbial community composition.
We used canonical discriminant analysis to test hypotheses regarding treatment effects
on microbial community structure. Tests were performed on the 16 bacterial FAMEs,
converted to percent of total bacterial FAMEs, as a proxy for community structure
(Table 3). This set was used in part because these 16 bacterial FAMEs are largely

derived from membrane-associated phospholipid-linked fatty acids (PLFA) while FAMEs
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derived from fungi and other eukaryotes include storage, transport and cell-wall
associated FAMEs and their contribution may change with cell physiological status.
Thus, the set of 16 bacterial FAMEs would be indicative of a large proportion of the
quiescent soil bacterial community (i.e. stabilized in soil aggregates and particulate
organic matter) and thus a good indicator of overall soil bacterial community structure.
Canonical discriminant analysis was performed using PROC CANDISC in SAS. Large
differences in microbial community structure are expected between locations and
times, so location by sample event combinations were often analyzed separately in
order to discern the expectedly less prominent effects of treatments.

One analysis was performed to include all the soil samples measured for FAMEs
to date in this project. Four groupings were formed to show SBF and LNK soil in spring
and in fall.

To test effects of removal vs incorporation of each mulch, soils were grouped by
mulch type (PLA and BLK), recovery source (bulk and bagged), and removal status (INC
and CTL), pooling groups across management. Then, to test effects of management, the
above soils were grouped by mulch type, management, and recovery source; pooling
across removal status. The two above analyses were also used to detect effects of
recovery source. To test the effect of management on microbial colonization of mulch
surfaces, four groups were constructed from mulch by management treatments, pooled
across source. As a reference for magnitude of other drivers of mulch microbial
colonization, mulches were also analyzed in groups of mulch by source, pooled across

treatment. This allows comparison of mesh bag vs bulk soil recovery against the effect
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of managements. In both above mulch analyses, fall 2018 at LNK had no valid
comparisons due to the lack of BLK mulch. In some mulch comparisons, one FAME
(a10Me(C18:0) was below detection levels with enough frequency to cause non-
parametric results. In these cases (fall SBF mulch: mulch x mgmt.; and fall SBF mulch:
mulch x source), this FAME was eliminated from the analysis. To test the influence of
mulch type on recruited microbial community vs surrounding soil, groupings of mulch
and soil were set such that mulch was separated by type and season, pooled across
management and source; and soil was separated by season only, pooled across mulch
type, management, and recovery source. This analysis was performed for each location

separately.

3. Results

3.1.1 Effect of mulch removal and mulch type on soil microbial community

Hypothesis [1] was that microbial abundance and community structure of soils
with mulch removed before tillage (CTL) will be unaffected by mulch type, and that
distinct community structure would result from incorporation of PLA vs BLK mulches,
which would also be different from CTL treatments under both mulches. In spring 2018
canonical discriminant analysis of bacterial marker FAMEs found no difference due to
mulch type under the bulk recovered soils of the CTL treatments at LNK (p = 0.40) or at
SBF (p = 0.38; Figure 4a).

This pattern continued at LNK in fall 2018 where there was no difference due to
mulch type among bulk recovered soils under CTL treatments (p = 0.32). At SBF a

bacterial community difference between mulch type emerged (p = 0.02). Only the first
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canonical function was significant (p = 0.002), discrimination was most powerful along
the first canonical axis (Can1) which explained 58% of the variation. These two groups
did not vary along the Canl, rather their difference was along Can2 which was not
significant (p = 0.15) explaining 27% of variation (Figure 4b). So, while it was possible to
discriminate between PLA and BLK plots at SBF whose mulch was removed before tillage
12 month prior to sampling, the difference was minor.

No effect of removal was present on biomass of any microbial group at either
location or sample time, except on bacterial biomass in spring at SBF in a three-way
interaction between mulch type, removal, and management. In this case CTL resulted in
greater bacterial biomass under the PLA mulch by SNK management (Table 6a & 6b).

Under INC treatments, mulch type had no significant effect on soil microbial
biomass in every microbial group analyzed when the source factor was considered
(Tables 7a & 7b). When the removal factor was considered, there were no effects of
mulch type at LNK (Table 6a). At SBF there were significant interactions with mulch type
influencing bacterial and cyclopropyl bacterial biomass; however, in these cases biomass
was much more prominently affected by management than mulch type (Table 6b).

Likewise, soil bacterial community structure was rarely influenced by mulch type.
A few exceptions are present in Figure 5a which shows BLK-NA-Bag to discriminate from
PLA-NA-Bag at both locations in spring, but this difference becomes non-significant in
fall. An apparent overall pattern of mulch influence on soil is present in fall at SBF in
which mulch type sorts along DA2. This is present when pooling across management

(Figure 4b), and when pooling across removal status (Figure 5b).
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3.1.2 Effect of management on soil microbial community

Hypothesis [2] addresses the ability of our management treatments to impact
soil microbial communities. We hypothesized that management (NA — no amendment
and SNK — cover crop, compost, and compost extract) would result in differences in
microbial community and that SNK would result in greater microbial biomass.

Effects of management on microbial biomass were most prominent in spring
and at SBF. At LNK the anova model including source detected increases in total,
eukaryotic, and AM biomass under the SNK treatment which faded by fall (Table 7a). At
SBF the same model detected significant main effects of management indicating an
increase in total, bacterial, cyclopropyl bacterial, 10-methyl bacterial, eukaryotic, and
AM biomass under the SNK treatment (Table 7b). Again, all of these effects faded to
non-significance by fall after cropping with sweet corn.

The pattern of greater effect at SBF was reversed when bacterial community
structure is the response. Canonical discriminant analysis was able to significantly
discern management groups at LNK in spring, the effect diminished but persisted in fall
(Figures 5a & 5b). At SBF, soil bacterial community structure was completely unaffected
in both spring and fall when comparisons are made between SNK and NA treatments
within a mulch by recovery combination (comparing empty symbols with their filled
counterparts; Figures 5a & 5b).

3.1.3 Effect of recovery source on soil microbial community
Of all treatment factors, the greatest driver of soil bacterial community structure

was recovery source i.e. mesh bag vs bulk recovery, very much contrary to our
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hypothesis [3]. Figures 4 & 5 show recovery source sorting along the first canonical axis,
discriminating bagged from bulk soil at both locations and both sampling events in both
groupings described above. However, biomass did not reflect these compositional
differences. Only AM fungal biomass at LNK was influenced by source with bagged soils
containing slightly more AM fungal biomass (Tables 7a & 7b).

3.2.1 Effect of management on mulch-associated microbial community

Differences of biomass or bacterial community structure on mulch fragments
reflects differences in recruitment and assembly of organisms from soil as the microbial
community adapts to the mulch environment. We performed analysis that pools across
recovery method to focus on effect of mulch type and management treatments. Mulch
bacterial community structure was not influenced by management at LNK in spring
2018, but BLK mulch was not recoverable in fall at LNK. At SBF, the BLK mulch under
SNK management was significantly different from BLK under NA management in the
spring (p = 0.041), and this difference persisted in the fall (p = 0.001). Management did
not cause groups to discriminate within PLA mulch (Table 8).

Microbial biomass on mulch was mostly unaffected by management with a few
exceptions. The NA management interacted with bulk recovery and PLA mulch to
produce more fungal biomass on PLA at SBF in spring (Table 9b). Several interactions
with management are present, mostly at SBF and in spring (Tables 6a&b, 7a&b and

9a&b).
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3.2.2 Effect of source on mulch-associated microbial community

At LNK in spring 2018, source was not a driver of bacterial community structure,
in fall BLK mulch had degraded to the point of being unrecoverable. At SBF in spring
2018, source did affect mulch bacterial community structure of both mulch types. By
fall, this difference faded to non-significance (Table 8).

Some microbial biomass groups were affected by source, mostly in the fall. Both
LNK and SBF mulches contained greater total biomass on bulk recovered fragments, and

several other microbial groups followed this trend at both locations (Table 9a & 9b).

3.2.3 Effect of mulch type on mulch-associated microbial community

We hypothesized [4] that PLA mulch fragments, comprised mostly of wood
particles, would enhance fungal biomass relative to soil and BLK mulch. Tables 10a-11b
show a consistent trend for PLA to host more fungal FAME per unit organic matter LOI
than soil or BLK mulch. There is a significant interaction between mulch type and
sample fraction (soil vs mulch) in LNK bagged samples in spring, SBF bagged samples in
Fall, LNK bulk samples in spring, and SBF bulk samples in spring and fall (Tables 10a-
11b).

On mulch fragments themselves, mulch type was a much stronger driver of
bacterial community structure than management or source consistent with hypothesis
[5]. Table 8 shows Mahalanobis distances between PLA and BLK under the same source
or management treatment are consistently greater with lower p-value than
comparisons within mulch type, between source or management. Figures 6 and 7 show

that mulch type causes assembly of distinct bacterial community structure when pooled
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across treatment and recovery source. These groupings orient similarly over time and
between location, reflecting that bacterial community structures associated with BLK
mulch, PLA mulch, and soil are similar between ecoregions.

3.3 Assembly of microbial community on mulches from soil recruitment pool.

At LNK, we found that both mulches tended to host greater microbial biomass
than surrounding soil per unit of organic matter LOI, but it was roughly equal at SBF
(Tables 10 and 11). Furthermore, because BLK and PLA are chemically different,
hypothesis [5] states that bacterial community assembly would differ between BLK
mulch, PLA mulch, and soil. We found large differences in bacterial community
structure on mulches due to mulch type (Table 8). Both mulches reshaped bacterial
communities relative to their surrounding soil as well (Figure 6).

Management had very few significant effects on microbial biomass groups
associated with mulch fragments, and in these cases, interaction was present with the
effect of source i.e. bag vs bulk recovery (Tables 9, 10, and 11). The implications of
these effects are unclear. Instead of biomass differences, distinct bacterial consortium
assemblies arise between mulch types and surrounding soil, regardless of other
treatments (Figures 6 and 7, Table 12). Furthermore, between locations the patterns
between groupings are very similar (Figure 6) and the correlations between bacterial
FAMEs and the first two discriminant axes are also in close agreement (Figure 7)
indicating similar bacterial assembly on mulch surfaces regardless of surrounding soil

habitat or microbial recruitment pool.
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To confirm that soil bacterial communities are indeed distinct between locations,
Figure 8 shows highly significant differences between SBF and LNK soil at both sampling

times, pooling across all other treatments.

4. Discussion

4.1 Soil associated microbial community

4.1.1 Mulches did not change soil microbial environment

An early indicator that biodegradable mulch may be leading to possibly
undesirable long-term changes in soil would be a marked shift in soil microbial
community or biomass. In this study we compare magnitude of impacts on soil
microbial community caused by (1) mulch input vs residual effect from mulch during the
cropping season, (2) mulch type i.e. BLK or PLA, (3) management treatment i.e. SNK or
NA, and (4) soil profile and protection differences arising from mesh bag vs bulk
recovered soil. We found minimal or no soil microbial biomass differences due to
removal, mulch type, or source factors; while the SNK treatment generally increased
biomass at both locations and this effect faded over time. This suggests that xenobiotic
mulch residue was much less consequential to biomass than management in the short
term. Similarly, source (i.e. bag vs bulk) and management had roughly equal or greater
influence on bacterial community structure compared to mulch type. Results of
Kapanen et al. (2008) and Li et al. (2014) also found no significant impact of Mater-Bi®
and PLA mulches on soil biota or soil quality in the short term. Our results add to the

existing evidence that MaterBi® and PLA residues are less impactful drivers of soil
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ecological process than other accepted management practice, and their influence on
soil quality is not negative in the short term.
4.1.2 Mulch type and removal status minimally affect soil microbial community

Steinmetz et. al. (2016) reviewed some studies which found residual effects of
plastic mulching on soil microbial communities, and other studies in which no residual
effect of mulches was detected. In the current study, the removal treatment allowed a
comparison between soils subject only to mulch use during the cropping season versus
soil subject to this as well as incorporated mulch residue. This comparison is necessary
address the question whether soil microbial outcomes are driven by influences created
during the working life of the mulch, or but biochemical interaction between soil and
mulch residue once it is buried by tillage.

Polyethylene mulch is occasionally reported to cause lasting effects on the soil
environment and concomitant microbial structure (Zhang et. al., 2015; Buyer et. al.
2010, Steinmetz et. al., 2016). This is typically attributed to increased soil temperature
and reduced soil gas exchange rather than any biochemical influence. Polyethylene
mulch is recognized to be a more complete barrier to gases and sometimes more
effective in increasing soil temperature than Bio360® mulch (BLK) and similar films
which are subject to early perforation during working life due to weathering, while the
experimental PLA is a white porous fabric with less soil warming and gas barrier
potential (Wortman et. al. 2016; Cowan et. al. 2013). Even so, Kapanen et. al. (2008)
found films formulated with MaterBi® (the polymer used in BLK) to resist physical

deterioration over 9 months of strawberry production, which resulted in near parity
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with polyethylene film with respect to soil microbial community and soil temperature
during and after cropping. BLK mulch used in the current study was a thinner
membrane than that studied by Kapanen et. al. and sustained some perforation due to
weathering through the season.

Residual effect of mulch presence during its working life in the cropping season is
assumed to be most prominent at the first sampling event, approximately 225 days after
mulch removal. There was no difference in soil microbial community between PLA and
BLK mulch plots under the mulch removal (CTL) treatment in spring at either location
(Figure 4a). A small difference developed between these groups in the fall at SBF only
(Figure 5a). This suggests that any residual impact of mulch during working life on soil
microbial community is not influenced by mulch type, notable considering the porosity
and soil warming differences between these mulches during their working life (Miles et
al., 2012; Wortman et al., 2016).

We found minimal difference in residual effect between mulch film type when
mulch was removed before incorporation. The difference detected in fall at SBF eludes
interpretation or explanation. Absent a bare soil control we can only conclude that if a
residual effect of mulch use was present in spring, it is not different between mulch
type.

Where biodegradable mulch residues were incorporated in soil, we found a
significant soil bacterial community structure differences between mulch types in spring
only and in bagged soil only. Soil from bags containing BLK mulch was most distinct

from all other soils in this case (Figures 4 & 5). This indicates that any influence that
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mulches exert on bulk soil in the short term is eliminated or overwhelmed by
microfauna and/or active roots which were suppressed by the mesh bag.

4.1.3 Ranking magnitude of effect on soil microbial community: location > time > source >
management > mulch ~ removal

The goal of managing agricultural soil with the intention to increase
biodegradation of mulches relies on the ability of a management to alter the microbial
condition of the soil, which may in turn influence colonization of mulch. Likewise,
monitoring microbial responses to xenobiotic mulch residue offers early warming for
any potential threat to soil quality. We rank the magnitude of all factors to place their
impact in the broader context of total microbial variability.

Location and time were the prevailing forces driving microbial community
structure (Figure 8, Table 6). This is consistent with the general understanding that site-
specific edaphic qualities and seasonal nutrient availability, moisture, and temperature
variations are major drivers of microbial community (Grandy et al., 2009; Kuramae et al.,
2011; Schutter et al., 2001).

Recovery source (bagged vs bulk) was more influential than mulch removal,
management, or mulch type in driving soil bacterial community structure, but not
biomass. Furthermore, soil profile differences were probably present; bulk samples
were collected from 0-7.5 cm, and mesh bags occupied a depth of 5-10 cm. It has been
shown that biological communities shift rapidly across depth from 0-10 cm, but this
effect should be reduced as both sites have a history of tillage (Eilers et al., 2012). Mesh

bag differences are known to be substantial due to exclusion of macrofauna, and
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alteration of root behavior by girdling invading roots if they expand beyond the
diameter of the 200um mesh size (Bradford et al., 2002). Furthermore, in our case bags
were loaded with 8 mm screened soil. Microbial response to enclosure of soil in the
mesh bag is largely irrelevant to real systems, however, it is noteworthy that this
intervention influences soil microbial communities more dramatically than mulch
residue type, removal status, or management treatments. Among the influences upon
mulch environment caused by bagging, burial depth is the only one controllable in real
systems by management i.e. tillage depth. We cannot be sure of how microbial
communities responded to burial depth specifically, but our results corroborate the idea
of microbial habitat variability along a relatively shallow horizon. It may be useful to
compare tillage or mulch burial depth effect on mulch biodegradation rate.

Management, as intended, modified microbial communities. Overall, the SNK
treatment increased microbial biomass in spring and the effect was reduced by fall. We
detected a strong biomass response to treatment at SBF and weaker response at LNK
where soil organic matter and baseline microbial biomass is much greater. The relative
magnitude of difference in microbial biomass response was damped by this high
baseline at LNK. These effects practically disappeared by fall after the cropping season,
representing the turnover of spring cover crop and compost additions from the prior
fall, as well as the homogenizing influence of an irrigated sweet corn crop.

Despite more prominent biomass changes due to management at SBF, soil
bacterial community structure was unaffected by management suggesting that our

treatments affected microbial dosage but not recruitment pool. At LNK, where
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management changed biomass less dramatically, management did change bacterial
community structure in spring, and this effect persisted with slight reduction in fall. In
both cases however, mulch mass loss was unaffected by management.

Any shift in soil microbial biomass or bacterial community structure due to
management treatment indicates a possible difference in dosage or recruitment pool of
mulch decomposers. Response of soil-associated microbes to mulch type indicates
sensitivity of the soil microbial community to relatively small inputs of xenobiotic fresh
residue, 135 and 1743 kg/ha for BLK and PLA, respectively. If either biodegradable
mulch were to cause soil microbial communities to deviate greatly from the variation
caused by management or recovery source, this would suggest important alterations
due to mulch incorporation.

Overall, we can conclude that mulch type and removal had a minor and roughly
equal influence on soil bacterial community structure, while management has a slightly
greater impact, and recovery source had a still greater influence often causing
significantly distant clusters in canonical discriminant analysis. This result is somewhat
striking considering that SNK received compost dry matter input of 57,000 and 42,000
kg/ha at LNK and SBF, respectively, as well as cover crop residue input (biomass not
measured), while the mulch treatments only imported 135 and 1743 kg/ha of
potentially biodegradable residue. The finding that these two factors influenced soil
bacterial community very little in comparison with the recovery source suggests fairly

dramatic alteration of the mesh bag environment and illustrates a possible limitation of
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the mesh bag approach to simulate true field degradation conditions (Bradford et al.,
2002).

These results, along with no impact of mulch type on yield and very minor
influence on soil aggregate stability (Reid, 2019), suggest that these two biodegradable
mulches are not detrimental to overall soil productive potential in the short term.

To the question of bulk soil microbial response to biodegradable mulches, our
findings extend those of Li. et al. (2014) which found significant impact of both location
and mulch type on soil PFLA profiles, but no interaction between the two. We found
large differences between soil FAME profiles due to location and very modest
differences due to mulch. Our finding of large differences in mulch-associated FAME
profiles between mulches that were similar between location (described below) helps
elucidate how mulches may shift microbial composition in bulk soil, especially over
greater duration of sustained use than studied here.

4.2 Mulch associated microbial community

4.2.1 Mulches create unique microbial consortia that are similar across location
regardless of management

It was unknown to what extent soil differences due to location or management
would influence mulch microbial colonization. We found distinct site differences and
modest soil microbial changes due to management, but these did not result in
powerfully divergent microbial outcomes with respect to mulch fragment colonization

(Figures 8 & 10). Figure 9 corroborates the similar clustering pattern in Figure 8
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indicating that mulch type, independent of location, management or recovery source is
the overwhelming driver of microbial community assembly.

The biodegradable mulches in the current study behaved similarly to fresh
residues. Mulch residues recruited organisms adapted to survival on the mulch
substrate and fitter competitors for this nutrient resource were selected resulting in a
mulch-associated community structure dissimilar from surrounding soil. BLK and PLA
mulch are divergent in composition and physical properties (Table 2). Many microbes
and enzymes have been identified which are effective in hydrolyzing the xenobiotic
components of these mulches, although they may not be preferred substrates in a field
soil matrix (Janczak et al., 2018; Satti et al., 2018; Torres et al., 1996). The woody
lignocellulosic particle loading of PLA is not xenobiotic. Mechanisms of its degradation
are well understood, and present among all soils (Janusz et al., 2017).

The current study verifies the expected increase in fugal biomass associated with
buried wood particles of PLA, both relative to surrounding soil and BLK mulch. We did
not find evidence that the particular fungal consortium recruited by wood particles
accelerates PLA degradation, so it is still unknown how microbial consortia selected by
wood particle loading will influence with polylactic acid biodegradation rate. Thompson
et al. (2019) found that the type of organic particle loaded in spunbond PLA mulches
influenced molecular weight of PLA after incubation in soil microcosms, but wood
particle was not one of the loadings tested.

Most importantly, both mulches recruit similar consortia, not only across

management, but even across location. This insight alone suggests that managements
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targeting microbial shift to enhance mulch degradation may be ineffective, at least in
the short term.
4.2.2 Sequence of microbial behavior similar between locations, but slower at Scottsbluff

Fungal biomass on PLA declined from spring to fall at LNK, while PLA fragments
at SBF tended to have similar fungal biomass between spring and fall. This suggests that
most of the fungal action on wood at LNK had occurred early in 2018. At SBF surface
soils were cooler and more prone to cyclical drying and rewetting by irrigation and rapid
evaporation due to coarse soil and dry air. This may have delayed fungal action on
wood particles resulting in a longer duration of peak fungal biomass. This pattern is
slightly dampened by mesh bag recovery compared to bulk recovered mulch (Table 9b).
This may be explained by slightly deeper burial due to placement in the bag resulting in
more uniform moisture over time.

The BLK mulch was completely degraded by fall at LNK, but more than 60% of its
mass remained at SBF (Chapter 1, Figure 11). Bacterial community structure on BLK
mulch was similar across location, but total microbial biomass consistently trends higher
at LNK than SBF in spring. Total microbial biomass is also consistently increased on BLK
mulch at SBF in fall compared to spring. There is no data for BLK at LNK because it had
been fully degraded. These trends suggest that the above described conditions at SBF
not only delayed fungal action associate with PLA degradation, but also slowed

degradation of BLK.
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4.2.3 Management failed to meaningfully influence mulch-associated microbial
community

A chief objective of this work was to accelerate the biodegradation of mulch via
soil management. In some cases, management affected bacterial FAME profile on BLK
mulch surfaces, but never on PLA (Table 9b). This may be due to the powerful influence
of saprophytic fungi which was universally increased on the wood-rich PLA mulch.
These lignin-degrading fungi are known to form mutualisms between classes of bacteria
which may aid in the dissimilation of lignin (Boer et al., 2005). The fine details of PLA
degradation in soil, and bacterial-fungal competition and mutualism in lignocellulose-
rich niches are enigmatic, so reasons for resistance to bacterial community remodeling
due to management treatment are open to speculation.

Management treatment did not significantly alter degradation of either mulch at
either location (Chapter 1, Figure 11). Consistent with this result, Thompson et. al
(2019) also found neither compost nor compost extract to influence mass loss or PLA

molecular weight.

5. Conclusion

We found no dramatic changes to soil microbial communities in soils exposed to
mulch residue, evidence that short-term use of both mulch formulations under study
are non-detrimental to soil quality. Minor effects of mulch residue on soil suggest that
longer term study is warranted.

The effect of management on the microbial community structure on mulch

surfaces was relatively trivial, while the effect of mulch type is profound in shaping
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microbial consortia on mulch surfaces during decomposition. Furthermore, unique
bacterial compositions assemble on PLA and BLK mulch that are similar across locations.

PLA mulch had strong selection on assembled bacterial community, such that
recovery source and management treatment did not cause differences in its bacterial
community, while these factors only slightly and inconsistently influenced community
structure on the BLK mulch. We found high fungal biomass on PLA mulch during its
degradation. Fungi are particularly competitive decomposers of wood, so this strong
fungal component of assembled microbial communities is probably attributable to the
wood particles in PLA. We suspect that this high-lignin, low-C:N substrate, and the fungi
that it recruited, strongly shaped bacterial community structure on PLA (Boer et al.,
2005). Meanwhile, most known polylactic acid degraders are actinobacteria or bacteria
(Qietal., 2017). It may be useful to further characterize the bacterial consortia selected
by wood, because particle loading in nonwoven polylactic acid mulch is a young
technology. We can conclude that emphasis should be placed on mulch formulation
rather than agricultural management to favor polylactic acid degradation in soils.

We found that the mesh bag method, while useful for tracking known mulch
fragments during degradation, is a major influence in creating soil microbial
environment surrounding mulch fragments. The differences in soil bacterial community
composition between bulk recovered and mesh bag recovered soils were greater than
those found between mulch type or between managements. This finding agrees with a
substantial literature on litter bag and mesh bag methodology (Bradford et al., 2002;

Outi-Maaria et al., 2019). Our results confirm that mesh bags are only approximations
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of the surrounding soil microbial conditions. To improve the technique, future studies
should use bags of larger mesh size and include less soil in bags to more accurately
simulate the soil environment and detect changes in soil attributable to proximity with
mulch fragments.

Finally, the technique of combusting residue left after FAME extraction
allowed a comparison between samples with widely variable mineral content. By
reporting FAME on a g/LOI basis we corrected the systematic error introduced by
different mass ratio of adhered soil. This technique may be useful in other settings
where it is desirable to remove the influence of variable levels of inert material in

biological samples.
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Tables

Table 1: General geographic information and soil properties of experimental sites.

Lincoln, NE (LNK) Scottsbluff, NE (SBF)
Latitude 40°50'13.2"N 41°53'33.4"N
Longitude 96°39'50.4"W 103°40'54.0"W
Elevation 351 m 1198 m
Mean annual precipitation® 78.7 cm 38.1cm
Soil series® Zook Tripp
Texture class® Silty clay loam Very fine sandy loam
Soil subgroup classification® Fine, smectitic, mesic Coarse-silty, mixed, mesic
Cumulic Vertic Endoaquolls Aridic Haplustolls
Soil pH® range 6.2-8.2 7.9-8.3
Soil pr mean 7.1 8.1

9Soil series, texture, and subgroup classification were obtained from the Web Soil Survey online
resource (Soil Survey Staff, Natural Resources Conservation Service, United States Department of
Agriculture. Web Soil Survey. Available online at the following link:
https://websoilsurvey.sc.egov.usda.gov/. Accessed [5/1/2019])

b Soil pH was measured in a 1:2 soil:water ratio by Ward Laboratories, Kearney NE, USA



Table 2: Mulch background and specifications.
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Abbreviation PLA BLK
Trade Name - Bio360°
Manufacturer 3M Corporation Novamont
Composition polylactic acid (38%) and thermoplastic starch and
wood (62%) poly-g-caprolactone
Roll Length ~74 m 1220 m
Roll Width 1.07m 1.22 m
Thickness 1.14 mm 0.015 mm
Weight 298.1g/m’ 20.2 g/m’

PLA — polylactic acid and wood particle mulch; BLK — Bio360® mulch.
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Table 3: Thirty fatty acid methyl esters (FAMEs) quantified by GC/MS used to create
biomass groups for analysis by ANOVA. ‘Group’ column indicates biomass groups, Total
FAMEs are the sum of all 30. The 16 FAMEs in a bacterial group were those used in

canonical discriminant analysis.

IUPAC name (ME - methyl ester) Abbreviation Group
Methyl tetradecanoate ME iC14:0 Bacterial
Methyl tetradecanoate ME C14:0 General
13-methyltetradecanoic acid ME iC15:0 Bacterial
12-methyltetradecanoic acid ME aC15:0 Bacterial
Pentadecanoic acid ME C15:0 Bacterial
14-methylpentadecanoic acid ME iC16:0 Bacterial
9-hexadecanoic acid ME C16:1c9 General
11-hexadecanoic acid ME Cl6:1cl1 Arbuscular mycorrhizal fungal
Hexadecanoic acid ME C16:0 General
10-methylhexadecanoic acid ME il0MeC17:0 Bacterial (actinomycetes)
16-methylhexadecanoic acid ME iC17:0 Bacterial
15-methylhexadecanoic acid ME aC17:0 Bacterial
cis-9,10-methylenehexadecanoic acid ME cyC17(9,10) Bacterial (cyclopropyl)
Heptadecanoic acid ME C17:0 Bacterial
Heptadecanoic acid, 10-methyl-, ME i10Me(C18:0 Bacterial (actinomycetes)
Heptadecanoic acid, 10-methyl-, ME alOMeC18:0 Bacterial (actinomycetes)
Heptadecanoic acid, 10-methyl-, ME 10Me(C18:0 Bacterial (actinomycetes)
cis-9,12-octadecadienoic acid ME C18:2¢9,12 Saprophytic fungal
9-octadecadienoic acid ME C18:1c9 General
11-octadecadienoic acid ME C18:1cl11 General
Octadecadienoic acid ME C18:0 General
10-methyloctadecanoic acid, ME 10MeC19:0 Bacterial (actinomycetes)
cis-9,10-methyleneoctadecanoate cyC19(9,10) Bacterial (cyclopropyl)
cis-9,10-methyleneoctadecanoate cyC19(11,12) Bacterial (cyclopropyl)
5,8,11,14-Eicosatetraenoic acid ME C20:4 Eukaryotic
Ethyl 5,8,11,14,17-icosapentaenoate ME C20:5 Eukaryotic
7,10,13-Eicosatrienoic acid ME C20:3 Eukaryotic
Eicosadienoic acid ME C20:2 Eukaryotic
11-eicosanoic acid ME C20:1c11 General
Eicosanoic acid ME C20:0 General
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Table 4: Outline of the five statistical models used to constrain FAME data in order to
make statistically valid comparisons by ANOVA within each location by time
combination. Isolated effects are in bold. When a factor was eliminated from the
model by constraining within a single level, this level appears in gray. ‘Random’ and
‘fixed’ indicate the type of effect modelled when all levels of the factor are included in
analysis.

model constructed
to detect effect of

model constructed
to detect effect of

model constructed
to detect effect of

source type removal
Levels Within within within within within within

Factor Factor soil mulch bulk bag soil -
block 1,2,3 random random random random random -
mulch BLK,PLA fixed fixed® fixed® fixed® fixed -
removal INC,CTL INC INC INC INC fixed -
management SNK,NA fixed fixed fixed fixed fixed -
source bag,bulk fixed fixed bulk bag bulk -
type mulch,soil soil mulch fixed" fixed" soil -

%In Fall 2018 this effect was removed by constraining within PLA mulch.

bIn Fall 2018 these effects were removed by constraining within PLA mulch.

In Fall 2018 these effects were removed by constraining within mulch type.

BLK — Bio360® mulch; PLA — polylactic acid mulch; INC — incorporated mulch treatment;
CTL — mulch removed before tillage in fall 2017; SNK — “kitchen sink” management
treatment consisting of compost, cover crop, and compost extract amendment; NA —
management treatment receiving no amendment.
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Table 5: Factors, levels, and abbreviations. Consider this a legend for Figure 2.

Experimetal Unit Factor Levels Abbreviations
Bio360® BLK
Whole Plot Mulch i i
Poly-lactic acid PLA
. Incorporated INC
Split-Plot Removal
Control (mulch removed) CTL
cover crop, compost & SNK
Split-Split-Plot Management compost extract
none NA
Mesh Ba Ba
3rd Split Plot Source 'g &
Bulk Soil Bulk
) Mulch mulch
4th Split Plot Type . )
Soil soil

BLK — Bio360® mulch; PLA — polylactic acid mulch; INC — incorporated mulch treatment;
CTL — mulch removed before tillage in fall 2017; SNK — “kitchen sink” management
treatment consisting of compost, cover crop, and compost extract amendment; NA —
management treatment receiving no amendment



Table 6a: Lincoln Nebraska (LNK). Effects of mulch type, removal status, and management on biomass of microbial taxonomic
groups in soil. Units are nmol FAME/ g soil.

Lincoln Nebraska - Soil Cyclopropyl 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal

Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass

Mulch Removal Mgmt S F S F S F S F S F S F S F

BLK CTL SNK 116 150 | 47.3 58.3 6.2 9.5 14 3.9 8.0 9.3 9.4 11.1 4.2 5.5
NA 108 124 | 45.9 50.9 5.7 7.7 1.2 23 8.2 8.7 9.1 9.6 3.9 4.4

INC SNK 116 131 46.3 55.2 6.7 6.9 1.6 1.8 8.7 9.3 8.8 11.0 3.8 4.5

NA 109 141 44.4 51.9 6.3 11.2 14 2.2 8.3 8.9 9.1 9.2 3.7 5.3

PLA CTL SNK 109 134 | 416 55.2 7.5 8.9 2.5 1.9 6.8 8.9 7.8 10.9 4.3 4.4
NA 100 123 | 42.2 50.1 53 7.5 11 2.0 7.3 8.5 8.7 9.3 3.6 4.5

INC SNK 133 136 | 51.2 58.3 9.7 6.6 1.6 1.7 8.7 9.8 10.0 10.8 4.7 5.5

NA 106 109 | 40.8 40.4 7.0 7.5 14 1.8 6.6 6.5 8.0 7.3 3.9 4.0

S. E. of Means 8.8 14.9 4.1 5.1 1.0 1.8 0.4 0.8 0.9 1.0 1.0 1.0 0.5 0.9
Source of variation Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F
Mulch (M) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Removal (R) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mgmt (G) ns ns ns 0.01 | 0.05 ns ns ns ns ns ns <0.01 ns ns
M x R ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mx G ns ns ns ns ns ns ns ns ns ns ns ns ns ns
RxG ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mx G xR ns ns ns ns ns ns ns ns ns ns ns ns ns ns

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360® mulch, PLA - polylactic
acid and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. CTL — mulch removed after
cropping, INC — mulch incorporated by tillage after cropping. Upper portion is mean microbial biomass (nmol FAME/ g soil), FAME -
fatty acid methyl ester, lower portion is Anova of type Ill fixed effects.

0T



Table 6b: Scottsbluff Nebraska (SBF). Effects of mulch type, removal status, and management on biomass of microbial taxonomic
groups in soil. Units are nmol FAME/ g soil.

Scottsbluff Nebraska - Soil Cyclopropy! 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal
Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass

Mulch Removal Mgmt S F S F S F S F S F S F S F
BLK CTL SNK 79 88 20.8 21.3 8.0 8.2 14 1.9 3.7 3.5 3.1 3.2 2.9 8.0
NA 56 94 13.6 20.9 6.8 10.0 1.2 1.9 2.7 3.2 2.4 3.2 2.4 7.6

INC SNK 85 110 21.7 25.3 8.4 10.0 1.5 2.1 4.0 4.0 3.1 3.7 3.7 6.9

NA 53 94 13.3 23.0 49 8.3 2.1 1.8 2.5 4.0 2.4 3.4 2.2 8.4

PLA CTL SNK 82 111 21.2 25.3 8.2 11.6 1.5 2.2 3.6 4.0 3.1 3.8 3.2 8.9
NA 56 88 14.6 20.2 5.5 10.0 1.1 1.9 2.8 34 2.6 3.2 2.6 7.3

INC SNK 64 84 17.0 20.6 7.2 9.3 1.1 1.4 2.9 34 2.7 3.2 3.1 6.1

NA 61 98 15.1 21.3 7.5 12.0 1.2 1.8 2.6 3.4 2.4 3.1 2.6 9.1

S. E. of Means 6.8 13.7 1.6 2.9 1.1 2.3 0.4 0.3 0.3 0.4 0.2 0.3 0.4 1.9
Source of variation Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F
Mulch (M) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Removal (R) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mgmt (G) <0.01 ns <0.01 ns 0.04 ns ns ns <0.01 ns <0.01 ns <0.01 ns

M x R ns ns ns ns ns ns ns ns ns ns ns ns ns ns

Mx G ns ns 0.02 ns ns ns ns ns 0.04 ns ns ns ns ns

RxG ns ns ns ns ns ns ns ns ns ns ns ns ns ns

Mx G xR ns ns 0.04 ns ns ns ns ns ns ns ns ns ns ns

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360® mulch, PLA - polylactic
acid and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. CTL — mulch removed after
cropping, INC — mulch incorporated by tillage after cropping. Upper portion is mean microbial biomass (nmol FAME/ g soil), FAME -
fatty acid methyl ester, lower portion is Anova of type Ill fixed effects.
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Table 7a: Lincoln Nebraska (LNK). Effects of mulch type, sample source, and management on biomass of microbial taxonomic groups
in soil. Units are nmol FAME/ g soil.

Lincoln Nebraska - Soil Cyclopropyl 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal

Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass

Mulch Source Mgmt S F S F S F S F S F S F S F

BLK Bulk SNK 116 131 46.3 55.2 6.7 6.9 1.6 1.8 8.7 9.3 8.8 11.0 3.8 4.5
NA 109 141 44.4 51.9 6.3 11.2 14 2.2 8.3 8.9 9.1 9.2 3.7 5.3

Bag SNK 139 145 55.6 58.7 | 101 104 2.0 2.5 9.5 9.9 10.2 10.6 5.9 6.2

NA 106 105 45.5 47.1 6.1 5.8 14 14 8.1 8.3 8.7 8.8 3.8 3.6

PLA Bulk SNK 133 136 51.2 58.3 9.7 6.6 1.6 1.7 8.7 9.8 10.0 10.8 4.7 5.5
NA 106 109 40.8 40.4 7.0 7.5 14 1.8 6.6 6.5 8.0 7.3 3.9 4.0

Bag SNK 127 131 50.3 52.5 8.9 11.8 1.7 1.9 8.4 8.8 9.8 9.4 5.4 5.0

NA 109 116 | 43.2 48.5 7.6 7.4 14 1.6 7.7 8.2 9.0 9.1 3.9 4.0

S. E. of Means 9.2 14.6 4.3 5.2 1.3 2.4 0.2 0.3 0.9 1.0 1.0 1.0 0.5 0.9
Source of variation Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F
Mulch (M) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Source (S) ns ns ns ns ns ns ns ns ns ns ns ns 0.04 ns
Mgmt (G) 0.03 ns ns ns ns ns 0.03 ns ns ns ns ns 0.02 ns
M xS ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mx G ns ns ns ns ns ns ns ns ns ns ns ns ns ns
GxS ns ns ns ns ns ns ns 0.02 ns ns ns ns ns ns
MxGxS ns ns ns ns ns ns ns ns ns ns ns ns ns 0.05

Columns are sampling period: S — spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360¢®, PLA - polylactic acid
and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean
microbial biomass (nmol FAME/ g soil), FAME - fatty acid methyl ester, lower portion is Anova of type Il fixed effects.
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Table 7b: Scottsbluff Nebraska (SBF). Effects of mulch type, sample source, and management on biomass of microbial taxonomic
groups in soil. Units are nmol FAME/ g soil.

Scottsbluff Nebraska - Soil Cyclopropyl 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal
Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass
Mulch Source Mgmt S F S F S F S F S F S F S F
BLK Bulk SNK 85 110 21.7 25.3 8.4 10.0 1.5 2.1 4.0 4.0 3.1 3.7 3.7 6.9
NA 53 94 13.3 23.0 4.9 8.3 2.1 1.8 2.5 4.0 2.4 3.4 2.2 8.4
Bag SNK 68 92 19.1 22.2 8.7 8.3 11 2.7 3.2 3.9 2.8 3.3 2.7 6.6
NA 53 79 13.6 17.0 8.6 8.7 11 2.0 2.5 3.1 2.3 2.8 2.5 11.7
PLA Bulk SNK 64 84 17.0 20.6 7.2 9.3 11 14 2.9 34 2.7 3.2 3.1 6.1
NA 61 98 15.1 21.3 7.5 12.0 1.2 1.8 2.6 34 2.4 3.1 2.6 9.1
Bag SNK 78 96 19.9 24.4 9.9 8.0 1.3 2.5 34 4.4 2.9 3.5 3.2 9.5
NA 64 67 13.1 17.4 | 16.0 6.7 1.0 1.3 24 31 2.3 2.9 2.3 6.6
S. E. of Means 7.8 11.1 1.6 2.4 3.1 2.5 0.4 0.3 0.3 0.4 0.2 0.2 0.4 1.9
Source of variation Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F
Mulch (M) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Source (S) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Mgmt (G) 0.03 ns <0.01 ns ns ns ns ns <0.01 ns 0.01 ns 0.02 ns
M xS ns ns ns ns ns ns ns ns ns ns ns ns ns ns
M x G ns ns ns ns ns ns ns ns ns ns ns ns ns ns
G xS ns ns ns ns ns ns ns ns ns ns ns ns ns ns
MxGxS ns ns ns ns ns ns ns ns ns ns ns ns ns ns

Columns are sampling period: S — spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360¢®, PLA - polylactic acid

and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean
microbial biomass (nmol FAME/ g soil), FAME - fatty acid methyl ester, lower portion is Anova of type Il fixed effects.
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Table 8: Pairwise squared Mahalanobis distances for mulch fragment associated
bacterial FAMEs between mulch type by source treatments (top), and mulch type by
management treatments (bottom).

Mulch type by recovery source groupings,

Mulch type by management groupings,

pooled across management

Fall

pooled across recovery source

Spring

Spring

Fall

Scottsbluff

Lincoln

BLK_bulk BLK_bag PLA_bulk PLA_bag

BLK_bulk BLK_bag PLA_bulk PLA_bag

Squared Moholonobis distance
(Probability > Moholonobis distance)

BLK bulk 0 196 128 273
- (0.0112) (0.0289) (0.0053)

BLK_bag 196 0 321 587
(0.0112) -  (0.0036) (0.0009)

PLA bulk 128 321 0 118
(0.0289) (0.0036) -  (0.0339)

PLA bag 273 587 118 0

(0.0053) (0.0009) (0.0339) -

BLK bulk 0 47 110 193
- (NS)  (0.0398) (0.0117)
BLK bag 47 0 74 129
(NS) - (ns)  (0.028)
PLA bulk 110 74 0 47
(0.0398)  (ns) - (NS)
PLA bag 193 129 47 0
(0.0117) (0.028)  (NS) -

BLK_bulk BLK_bag PLA_bulk PLA_bag

BLK bulk 0 65 145 187
; (ns)  (0.0069) (0.0035)
BLK_bag 65 0 237 249
(ns) - (0.0018) (0.0016)
PLA bulk 145 237 0 45
(0.0069) (0.0018) - (NS)
PLA bag 187 249 45 0
(0.0035) (0.0016)  (NS) -

BLK_NA BLK_SNK PLA NA PLA SNK

BLK_NA BLK SNK PLA NA PLA SNK

BLKNA O 108 259 297
- (0.0407) (0.0059) (0.0043)
BLK_SNK 108 0 616 659
(0.0407) -  (0.0008) (0.0006)
PLA NA 259 616 0 69
(0.0059) (0.0008) - (NS)
PLA SNK 297 659 69 0
(0.0043) (0.0006) (NS) -

BLKNA O 58 120 109
- (NS)  (0.033) (0.0402)
BLK_SNK 58 0 90 77
(NS) - (ns) (ns)
PLANA 120 90 0 12
(0.033)  (ns) - (NS)
PLA_SNK 109 77 12 0
(0.0402)  (ns) (NS) -

BLK_NA BLK_SNK PLA_NA PLA_SNK

BLKNA 0O 259 753 545
- (0.0014) (<0.0001) (0.0002)
BLK_SNK 259 0 1,737 1,419
(0.0014) -  (<0.0001)(<0.0001)
PLANA 753 1,737 0 20
(<0.0001)(<0.0001) - (NS)
PLA SNK 545 1,419 20 0
(0.0002) (<0.0001)  (NS) -

BLK — Bio360® mulch; PLA — polylactic acid and wood particle mulch; NA —no
amendment management; SNK — “kitchen sink” compost, cover crop, and compost
extract management.



Table 9a: Lincoln Nebraska (LNK). Effects of mulch type, sample source, and management on biomass of microbial taxonomic groups
on mulch fragments. Fall analysis was constrained within PLA mulch because no BLK mulch was recoverable at fall sampling. Units
are nmol FAME/ g LOI.

Lincoln Nebraska - Mulch Cyclopropyl 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal
Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass
Mulch Source Mgmt S F S F S F S F S F S F S F
BLK Bulk SNK | 1986 - 566 - 159 - 25 - 74 - 93 - 37 -
NA 2024 - 611 - 168 - 34 - 73 - 111 - 36 -
Bag SNK | 2646 - 570 - 434 - 26 - 83 - 78 - 35 -
NA 2170 - 520 - 299 - 22 - 81 - 68 - 28 -
PLA Bulk SNK | 2577 3497 | 595 969 592 560 40 46 101 150 69 140 100 112
NA 2411 2915 | 454 729 618 572 36 38 75 110 47 104 64 88
Bag SNK | 3148 1490 | 536 411 | 1037 223 29 20 85 75 36 31 102 51
NA 2489 1654 | 532 417 602 294 27 22 87 73 38 40 88 51
S. E. of Means 370 395 41 69 174 122 8 5 10 7 10 10 10 13
Source of variation Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F
Mulch (M) ns - ns - ns - ns - ns - ns - 0.02 -
Source (S) ns 0.01 ns <0.01 ns ns ns 0.01 ns <0.01 ] <0.01 <0.01 ns 0.02
Mgmt (G) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
M xS ns - ns - ns - ns - ns - ns - ns -
Mx G ns - ns - ns - ns - ns - ns - ns -
GxS ns ns ns ns ns ns ns ns ns 0.02 ns ns ns ns
MxGxS ns - ns - ns - ns - ns - ns - ns -

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360¢®, PLA - polylactic acid
and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean
microbial biomass (nmol FAME/ g LOI), FAME - fatty acid methyl ester, LOI - loss on ignition, lower portion is Anova of type Il fixed
effects.
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Table 9b: Scottsbluff Nebraska (SBF). Effects of mulch type, sample source, and management on biomass of microbial taxonomic
groups on mulch fragments. Units are nmol FAME/ g LOI.

Scottsbluff Nebraska - Mulch Cyclopropyl 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal
Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass
Mulch Source Mgmt S F S F S F S F S F S F S F
BLK Bulk SNK | 1007 5805 324 1624 98 584 2 49 33 215 34 118 14 118
NA 1583 4209 472 1129 123 388 13 51 55 185 51 110 24 187
Bag SNK | 1307 2785 297 720 208 276 12 48 70 185 16 37 20 147
NA 1486 3037 349 634 252 355 12 64 78 159 21 50 25 317
PLA Bulk SNK | 3481 5495 695 864 632 1186 42 82 119 124 70 91 96 183
NA 4395 6062 483 914 1339 1433 44 89 60 156 51 81 105 143
Bag SNK | 3798 3447 551 741 820 564 41 47 128 174 37 45 99 169
NA 2867 3504 447 735 678 769 21 47 93 192 16 30 61 128
S. E. of Means 399 1285 65 128 122 303 10 20 7 25 8 10 21 64
Source of variation Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F
Mulch (M) 0.02 ns ns ns 0.03 ns ns ns 0.02 ns ns ns ns ns
Source (S) ns 0.02 ns <0.01 ns ns ns ns <0.01 ns <0.01 <0.01 ns ns
Mgmt (G) ns ns ns ns ns ns ns ns ns ns ns ns ns ns
M xS ns ns ns 0.02 0.03 ns ns ns ns ns ns ns ns ns
Mx G ns ns ns ns ns ns ns ns <0.01 ns ns ns ns ns
G xS 0.05 ns ns ns 0.01 ns ns ns ns ns ns ns ns ns
MxGxS ns ns ns ns 0.01 ns ns ns 0.03 ns ns ns ns ns

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360¢®, PLA - polylactic acid

and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean

microbial biomass (nmol FAME/ g LOI), FAME - fatty acid methyl ester, LOI - loss on ignition, lower portion is Anova of type Il fixed

effects.
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Table 10a: Lincoln Nebraska (LNK). Effects of mulch type, sample type (soil/mulch), and management on biomass of microbial
taxonomic groups on mulch and soil recovered from mesh bags. Because no BLK mulch was recoverable at fall sampling, fall analysis
was constrained within PLA mulch and then within soil type. Results of each analysis are separated by “/” with PLA at left and soil at
right. Means corresponding to PLA-constrained and soil-constrained analyses are marked by solid and broken lines, respectively,
under the Total FAMEs column to emphasize analyzed groups. Units are nmol FAME/ g LOI.

Lincoln Nebraska - Mesh bag recovered Arbuscular
Saprophytic Eukaryotic Cyclopropyl 10-methyl Mycorrhizal
Total Biomass Bacterial Biomass Fungal Biomass Biomass Bacterial Biomass Bacterial Biomass Biomass
Mulch Fraction Mgmt S F S F S F S F S F S F S F
BLK Mulch SNK | 2646 - 570 - 434 - 26 - 83 - 78 - 35 -
NA | 2170 - 520 - 299 - 22 - 81 - 68 - 28 -
Soil SNK | 1918 2128 769 862 137 152 28 37 131 145 141 155 81 92
NA | 1676 1709! 708 759 99 99 22 23 126 133 135 140 61 59
PLA Mulch SNK | 3148 1490 536 411 1037 223 29 20 85 75 36 31 102 51
NA | 2489 1654 532 417 602 294 27 22 87 73 38 40 88 51
Soil SNK | 1920 2077 ; 751 827 138 189 26 31 127 139 145 146 82 79
NA | 1670 1881 ! 660 780 117 121 21 27 117 131 137 146 60 65
S. E. of Means 343 @/130 45 37/37 | 152 45/41 5 3/4 10 7/8 9 6/7 11 6/10
Source of variation Pr>E Pr>F withir.1 Pr>E Pr>F withir.1 Pr>E Pr>F withir.1 Pr>E Pr>F withir.\ Pr>E Pr>F withir.1 Pr>E Pr>F withir.1 Pr>F Pr>F withir.m
PLA/Soil PLA/Soil PLA/Soil PLA/Sail PLA/Soil PLA/Soil PLA/Soil
Mulch (M) ns - /ns ns - /ns ns - /ns ns - /ns ns - /ns ns - /ns ns - /ns
Fraction (F) <0.01 0.04 /- <0.01 <0.01 /- <0.01 ns /- ns ns /- <0.01 <0.01 /- <0.01 <0.01 /- ns 0.03 /-
Mgmt (G) ns ns/0.03] ns ns /ns ns ns /ns ns ns/0.02] ns ns /ns ns ns /ns ns ns / 0.01
MxF ns - /- ns - /- 0.04 - /- ns - /- ns - /- 0.01 - /- <0.01 - /-
MxG ns - /ns ns - /ns ns - /ns ns - /ns ns - /ns ns - /ns ns - /ns
FxG ns ns /- ns ns /- ns ns /- ns ns /- ns ns /- ns ns /- ns ns /-
MxFxG ns - /- ns - /- ns - /- ns - /- ns - /- ns - /- ns - /-

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360® mulch, PLA - polylactic
acid and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean
microbial biomass (nmol FAME/ g LOI), FAME - fatty acid methyl ester, LOI - loss on ignition, lower portion is Anova of type Ill fixed
effects.
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Table 10b: Scottsbluff Nebraska (SBF). Effects of mulch type, sample type, and management on biomass of microbial taxonomic
groups on mulch and soil recovered from mesh bags. Units are nmol FAME/ g LOI.

Scottsbluff Nebraska - Mesh bag recovery Cyclopropyl 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal
Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass
Mulch Fraction Mgmt S F S F S F S F S F S F S F
BLK  Mulch  SNK | 1307 2785 | 297 720 208 276 12 48 70 185 16 37 20 147
NA 1486 3037 | 349 634 252 355 12 64 78 159 21 50 25 317
Soil SNK | 2411 3101 | 671 744 309 283 37 92 113 132 99 111 96 220
NA 2038 2739 1 520 593 330 298 41 70 95 106 89 98 96 410
PLA°  Mulch SNK | 3798 3447 ] 551 741 820 564 41 47 128 174 37 45 99 169
NA 2867 3504 | 447 735 678 769 21 47 93 192 16 30 61 128
Soil SNK | 2736 3036 | 694 776 345 250 45 77 118 139 102 110 113 298
NA 2409 2396 | 492 622 591 242 39 48 90 112 85 103 86 237
S. E. of Means 224 291 40 37 134 88 3 12 7 17 5 4 10 67
Source of variation Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F
Mulch (M) 0.02 ns ns ns ns ns ns ns ns ns ns ns 0.04 ns
Fraction (F) ns ns <0.01 ns ns <0.01] <0.01 0.03 0.03 <0.01] <0.01 <0.017] <0.01 0.02
Mgmt (G) ns ns 0.02 <0.01 ns ns 0.04 ns 0.02 ns 0.04 ns ns ns
M x F <0.01 ns 0.01 ns ns 0.01 | <0.01 ns <0.01 ns ns ns <0.01 ns
Mx G ns ns ns ns ns ns 0.02 ns ns ns ns ns ns ns
FxG ns ns 0.03 0.03 ns ns 0.03 ns ns ns ns ns ns ns
MxFxG ns ns ns ns ns ns ns ns ns ns ns <0.01 ns ns

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360® mulch, PLA - polylactic
acid and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean
microbial biomass (nmol FAME/ g LOI), FAME - fatty acid methyl ester, LOI - loss on ignition, lower portion is Anova of type Il fixed
effects.
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Table 11a: Lincoln Nebraska (LNK). Effects of mulch type, sample type (soil/mulch), and management on biomass of microbial
taxonomic groups on mulch and soil recovered from bulk soil. Because no BLK mulch was recoverable at fall sampling, fall analysis
was constrained within PLA mulch and then within soil type. Results of each analysis are separated by “/” with PLA at left and soil at
right. Means corresponding to PLA-constrained and soil-constrained analyses are marked by solid and broken lines, respectively,
under the Total FAMEs column to emphasize analyzed groups. Units are nmol FAME/ g LOI.

Lincoln Nebraska - Bulk recovered Arbuscular
Saprophytic Eukaryotic Cyclopropyl 10-methyl Mycorrhizal
Total Biomass Bacterial Biomass Fungal Biomass Biomass Bacterial Biomass Bacterial Biomass Biomass
Mulch Fraction Mgmt S F S F S F S F S F S F S F
BLK Mulch SNK | 1986 - 566 - 159 - 25 - 74 - 93 - 37 -
NA | 2024 - 611 - 168 - 34 - 73 - 111 - 36 -
Sail SNK | 1583 1968 ; 633 830 92 105 22 27 119 139 121 166 52 67
NA | 1570 2138 640 796 92 173 21 33 119 137 132 142 52 78
PLA Mulch SNK | 2577 3497 595 969 592 560 40 46 101 150 69 140 100 112
NA | 2411 2915 454 729 618 572 36 38 75 110 47 104 64 88
Sail SNK | 1767 1924 682 825 128 93 22 24 116 139 134 153 63 78
NA | 1732 2220 662 817 120 158 23 37 106 131 128 147 64 83
S. E. of Means 189 .ﬁ?/193 36 65/ 47 87 121/32 8 6/5 8 7/9 9 12/11 6 14/ 14
Pr>F within Pr>F within Pr>F within Pr>F within Pr>F within Pr>F within Pr>F within
S f iati Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F Pr>F
it Rk pLA/soil| T pLA/sail| pLA/Soil| " pLA/Soil] pLA/Sail| T pLA/sail| PLA/Soil
Mulch (M) ns -/ns| ns -/ns| ns -/ns| ns -/ns| ns -/ns| ns - /ns | 0.03 -/ns
Fraction (F) <0.01 0.04 /- |<0.01 ns /- |<0.01 0.02 /- ns ns /- |<0.01 ns /- |<0.01 ns /- ns ns /-
Mgmt (G) ns ns /ns| ns ns/ns| ns ns /ns| ns ns/ns| ns ns /ns| ns ns/ns| ns ns / ns
M x F ns -/- ns - /- |<o0.01 -/- ns -/- ns - /- |<0.01 - /- |<o0.01 -/-
MxG ns -/ns| ns -/ns| ns -/ns| ns -/ns| ns -/ns| ns -/ns| ns -/ns
FxG ns ns /- ns ns /- ns ns /- ns ns /- ns ns /- ns ns /- 0.03 ns /-
MxFxG ns -/- ns -/- ns -/- ns - /- ns -/- ns -/- 0.05 -/-

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360® mulch, PLA - polylactic
acid and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean
microbial biomass (nmol FAME/ g LOI), FAME - fatty acid methyl ester, LOI - loss on ignition, lower portion is Anova of type Ill fixed
effects.
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Table 11b: Scottsbluff Nebraska (SBF). Effects of mulch type, sample type, and management on biomass of microbial taxonomic
groups on mulch and soil recovered from bulk soil. Units are nmol FAME/ g LOI.

Scottsbluff Nebraska - Bulk recovery Cyclopropyl 10-methyl Arbuscular
Bacterial Saprophytic Eukaryotic Bacterial Bacterial Mycorrhizal
Total Biomass Biomass Fungal Biomass Biomass Biomass Biomass Biomass
Mulch Fraction Mgmt S F S F S F S F S F S F S F
BLK  Mulch  SNK | 1007 5805 | 324 1624 98 584 2 49 33 215 34 118 14 118
NA 1583 4209 | 472 1129 | 123 388 13 51 55 185 51 110 24 187
Soail SNK | 2855 3388 | 726 784 282 309 51 66 135 124 104 113 123 215
NA 2050 2913 | 510 710 191 258 83 57 98 122 91 106 83 255
PLA  Mulch SNK | 3481 5495 | 695 864 632 1186 42 82 119 124 70 91 96 183
NA | 4395 6062 | 483 914 | 1339 1433 44 89 60 156 51 81 105 143
Soil SNK | 2243 2666 | 592 656 251 298 37 46 102 108 95 102 108 195
NA 2350 3248 | 583 704 291 383 47 60 102 112 93 104 102 319
S. E. of Means 415 1281 71 133 97 299 17 19 10 20 9 10 22 61
Source of variation Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F | Pr>F Pr>F
Mulch (M) ns ns ns ns 0.04 ns ns ns ns ns ns ns ns ns
Fraction (F) ns 0.01 0.04 <0.01] <0.01 <0.01}| 0.03 ns <0.01 <0.01]<0.01 ns 0.01 0.04
Mgmt (G) ns ns ns ns 0.05 ns ns ns ns ns ns ns ns ns
M x F <0.01 ns 0.04 0.01 | <0.01 0.05 0.03 ns <0.01 ns ns ns 0.02 ns
MxG ns ns ns ns 0.03 ns ns ns ns ns ns ns ns ns
FxG ns ns ns ns 0.01 ns ns ns ns ns ns ns ns ns
MxFxG ns ns 0.01 ns ns ns ns ns <0.01 ns ns ns ns ns

Columns are sampling period: S —spring 2018, F — fall 2018. Mgmt - management fixed effect. BLK — Bio360® mulch, PLA - polylactic
acid and wood mulch, SNK - kitchen sink (compost, compost extract and cover crop), NA - no amendment. Upper portion is mean
microbial biomass (nmol FAME/ g LOI), FAME - fatty acid methyl ester, LOI - loss on ignition, lower portion is Anova of type Il fixed
effects.
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Table 12: Mahalanobis distances and p-values corresponding with canonical
discriminant analysis of 16 bacterial FAME abundance ratios at both locations, shown in
Figure 6. Groupings are soil, PLA mulch, and BLK mulch at spring and fall sampling
events, pooled across removal status, recovery source, and management treatment.

Lincoln BLK_Spring  PLA_Fall PLA Spring Soil_Fall  Soil_Spring

BLK_Spring 0 73 49 95 95
- (<.0001) (<.0001) (<.0001) (<.0001)

PLA_Fall 73 0 14 36 46
(<.0001) - (<.0001) (<.0001) (<.0001)

PLA Spring 49 14 0 54 62
(<.0001) (<.0001) - (<.0001) (<.0001)

Soil_Fall 95 36 54 0 3
(<.0001) (<.0001) (<.0001) - (0.0041)

Soil_Spring 95 46 62 3 0

(<.0001)  (<.0001)  (<.0001)  (0.0041) -

Scottsbluff  BLK_Fall BLK Spring PLA_Fall PLA_Spring Soil_Fall  Soil_Spring

BLK_Fall 0 37 65 53 110 125
- (<.0001) (<.0001) (<.0001) (<.0001) (<.0001)
BLK_Spring 37 0 149 120 195 204
(<.0001) - (<.0001) (<.0001) (<.0001) (<.0001)
PLA Fall 65 149 0 53 96 125
(<.0001) (<.0001) - (<.0001) (<.0001) (<.0001)
PLA Spring 53 120 53 0 78 94
(<.0001) (<.0001) (<.0001) - (<.0001) (<.0001)
Soil_Fall 110 195 96 78 0 6
(<.0001) (<.0001) (<.0001) (<.0001) - (<.0001)
Soil_Spring 125 204 125 94 6 0

(<.0001)  (<.0001)  (<.0001)  (<.0001)  (<.0001) -
BLK — Bio360® mulch, PLA - polylactic acid and wood mulch.
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Figure 1: Climate from 16 May 2017 to 9 Oct 2018 at LNK and SBF locations. Black and
gray lines are weekly rolling averages of daily high and low temperature. Bars are
precipitation. Blue line is depth of snow accumulation. Data courtesy of the High Plains
Regional Climate Center stations within 12 m elevation of sites, located 10.5 and 4.7 km
from LNK and SBF sites, respectively. Cumulative precipitation before soil incorporation
at LNK was 61.6 cm, and 90.2 cm after incorporation. Cumulative precipitation before

soil incorporation at SBF was 26.6 cm, and 53.5 after incorporation (irrigation was also

applied during the growing seasons).



115

SOi| g SO | e SO | <gm —p-50i | SOi| g —50i |
mulche] | mulch mulched |=» mulch
® &
K 3 a Z 3 Z
3292 m = 5.49 m &
S U, Sy N S SIS I -
| |
1.83 : SNK NA SNK NA :
I |
I |
| |
| |
03m | |
| |
| |
o .
) 65.84 m g
r——"1
| |
L__1
WholePlot Subplot Sub-Subplot
Block (Mulch) (Removal) (Management)

Figure 2: Field layout of each block including schematic of soil and mulch sampling for
FAME analysis. SNK — “kitchen sink” management including compost, compost tea, and
cover crop. NA —no amendment management.



116

549 m
a2
0.91m
A—-
o [  J o
1.83m 0.61m

[ L { [

v
{

Litter bag burial locations

Figure 3. Scale diagram of each sub-subplot showing burial pattern of mesh bags.



0 Lincoln NE, Spring 2018

Scottsbluff NE, Spring 2018

(=]
1

[=2]
1

.
1

N
1

117

A2: 27% of variation, p < 0.0001
& A o o

D
&

=
. o

DA1: 40% of variation, p < 0.0001

DA1: 71% of variation, p < 0.0001

LNK Spring: Prob >Mahalanobis Distance for Squared Distance to MSM

From MSM 5’ \é’ \é) 5’ \é" \é’
58 50 oA So Jo Ia
B BLK-CTL-Bulk 1 0.0304 0.0086 0.4001 0.0327 0.0029
® BLK-INC-Bulk 0.0304 1 0.0002 0.0175 0.0036 0.0016
A BLK-INC-Bag  0.0086  0.0002 1 0.0779  0.0027  0.0031
O PLA-CTL-Bulk 0.4001 0.0175 0.0779 1 0.0554 0.0237
O PLA-INC-Bulk  0.0327 0.0036 0.0027 0.0554 1 0.0028
A PLA-INC-Bag 0.0029 0.0016 0.0031 0.0237 0.0028 1
SBF Spring: Prob >Mahalanobis Distance for Squared Distanceto MSM
5 N & 5 x &
bl & g & bl g
From MSM 5’ \é" \é’ 5’ \é’ \é)
4?7 n 5 [ T A & o & 0 g A
B BLK-CTL-Bulk 1 0.0015 <.0001 0.3823 0.0003 0.0002
@® BLK-INC-Bulk 0.0015 1 <.0001 0.0028 <.0001 <.0001
A BLK-INC-Bag  <.0001  <.0001 1 <0001 0.0003 0.0019
o PLA-CTL-Bulk 0.3823 0.0028 <.0001 1 0.0057 0.0054
O PLA-INC-Bulk  0.0003 <.0001 0.0003 0.0057 1 0.69
A PLA-INC-Bag 0.0002 <.0001 0.0019 0.0054 0.69 1

10
8 4
S
S 51
Q
o o 41 .
Oo | | \Q/_ 2 & .
o > 24 A o o
}:‘ % g A» A o m
g ® S 0 =
°* o © A a A .
S
A ¢ T 21 &
A Bala S
A N
o 64
-
4 !
o
o I I 1 1 ' 1 o 1 1 N 1 N ‘IO v T v T T v T b T T 1 T v
10 -8 6 -4 2 0 2 4 6 8 10 -0 -8 -6 -4 2 0 2 4 6 8 10

Figure 4a: Canonical discriminant analysis of bacterial FAMEs from bulk and bagged soils
sampled from both locations at the spring 2018 sampling event. BLK — Bio360°®, PLA -

polylactic acid and wood mulch, INC — mulch incorporated by fall 2017 tillage, CTL —

mulch removed before fall 2017 tillage
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Figure 4b: Canonical discriminant analysis of bacterial FAMEs from bulk and bagged soils
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polylactic acid and wood mulch, INC — mulch incorporated by fall 2017 tillage, CTL —

mulch removed before fall 2017 tillage
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Figure 6: Discriminant scores of BLK mulch, PLA mulch and soil for the first two discriminant functions, DA1 and DA2, at each

sampling time, pooled across removal status, recovery source, and management treatment. PLA — polylactic acid and wood mulch,
BLK — Bio360® mulch, DA — discriminant axis. All groupings are significantly different from one another, Mahalanobis distances and
p-values are shown in Table 12.
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