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Abstract

Current agricultural soil pathogen control methalat rely on fumigation with toxic
synthetic chemicals are not sustainable. Combisioij organic matter amendment with soll
hydrothermal treatment via solarization is a biadab pest control alternative to chemical
fumigation. The application and bioconversion ofadiy-available organic amendment
resources, such as green wastes (GW), have not cmesidered. The impact of compost
inoculum on the bioconversion of GW to pesticidalatile fatty acids (VFAS) in soil during
solarization was investigated. Laboratory experitmeshowed a significant positive effect of
compost inoculum at a rate1% on aerobic and anaerobic decomposition of GWpbly when
soils were heated. Field trials showed that GW wedu conditions in soil that supported
fermentation and resulted in accumulation of VFAten soil was inoculated with compost,
VFA accumulation was enhanced at increasing sqtltderhe results indicate that green waste
bioconversion can be used to improve pest contraditions in soil during solarization. The
findings have environmental implications on greeasi® management and use of toxic synthetic

chemical fumigants.
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1. Introduction

Soil fumigation with synthetic chemicals is a cormrand effective agricultural practice
for economic control of soilborne pathogens anddse@&owever, the toxicity of conventional
fumigants presents public health and environmentaicerns, especially where agriculture
interfaces with densely populated areas (Hammoiadl ,€2010). This concern has resulted in the
phase out of essential fumigants such as methyhide highlighting the need to find more
sustainable alternatives. Soil solarization is e-glant pest control alternative that involves
covering moist soil with a transparent film. Thehrique leverages elevated soil temperature
that occurs via the accumulation of heat from iaenidsolar short-wave radiation and the
reduction in convection and evaporative coolingoféd by the tarp (Marshall et al., 2013;
Stapleton and DeVay, 1986). The increase in tenteran the upper layers of soil has been
shown to be lethal to agricultural pests such asdsefungi and nematodes (Dahlquist et al.,
2007; Tuell-Todd et al., 2009). Currently, solatiaa is hampered by the requisite 4-6 week
period of sun exposure, which often coincides witle growing season for many crops
(Stapleton et al., 1985). Decreasing the treatrtiere by adding additional stresses in the soill
and developing a better understanding of the upidgrlbiochemical processes involved in pest
inactivation could make solarization a more contpetitechnology.

Recent studies have shown that the addition of rganic carbon source to support
microbial activity along with compost, as a micralihoculum, can effectively decrease the time
needed for solarization by increasing the tempegatnd biopesticidal volatile fatty acid (VFA)
levels in the soil (Achmon et al.,, 2017; Simmonsakt 2016). Fermentation products that
accumulate in soil, such as propionic, acetic antyriz acids, have been shown to enhance

thermal inactivation of pests (Achmon et al., 20ddang et al., 2015). The combination of soll
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organic amendment and solarization treatmentsriseté soil biosolarization (SBS) (Stapleton,

2000). SBS has proven to be effective for the chmtf a variety of pests; complete inactivation
of the weed seedSolanum nigrum andBrassica nigra was achieved after 8 days of treatment
when tomato pomace was amended into soil prioB® Gchmon et al., 2017). The application

of chicken manure or dried olive pomace (with mahertrogen) into soil prior to SBS achieved

>90% inactivation forMacrophomina phaseolina (Chamorro et al., 2015; Dominguez et al.,
2016). Chicken manure and olive pomace amendnaésusyielded good inactivation (>90%) of

the nematod&lelodogyne sp. (Dominguez et al., 2016 ).

The SBS process requires an amendment that isenskge, readily available at the time
of treatment, and does not compete with marketsafumal feed. Green waste (GW) is
comprised of branches, lawn clippings, leaf lit@d other organic waste from yard trimmings.
This type of waste is currently generated on adlagale and municipalities have invested in
infrastructure for its collection, making GW a paial amendment for SBS. However,
experiments must be performed to ensure green wgastenpatible with the technology.

While there is evidence that decomposition of smiganic matter improves pest
inactivation during solarization (Achmon et al.,120Q Basallote-Ureba et al., 2016; Fernandez-
Bayo et al., 2018; Gilardi et al., 2014), it is lear to what extent the addition of compost
inoculum further improves the process. Microbed tt@onize compost are adapted to high
temperatures and decomposition of organic mattderumicroaerobic conditions, so they have
an inherent advantage for survival and growth usd&rization conditions. In particular, mature
compost from chestnut residues had a high relalbandance of microorganisms from
hemicellulolytic, cellulolytic and ligninolytic gups such as fungal groups belonging to

Ascomycota and bacterial groups belongingBtmilli (Parillo, 2017; Ventorino et al., 2016).



Compost has also been shown to contain lignocéitidcenzyme activities such as peroxidases,
acetylesterase and arabinofuranosidase (xylan-deftirey enzymes), and endoglucanase,
cellobiohydrase and@-glucosidase (cellulose-degrading enzymes) (Bal dackson, 1995).
Amending soil with a robust thermophilic, lignoagtllytic community could improve SBS
performance compared to endemic soil microbesirfance, a soil amended with a mix of 2%
wheat bran along with 8% compost inoculum reachghdn maximum temperatures at both 5.1
cm and 12.7 cm compared to the non-amended songlaolarization (Simmons et al., 2013).
Another study involving wheat bran as a soil amesirshowed that treatments containing
compost inoculum had 50% higher metabolic actiwntthe first two days of treatment compared
to treatments without compost (Simmons et al., 20I&reased microbial activity may also
increase the accumulation of VFAs to biotoxic lev8lomato pomace and wheat bran amended
in soil with compost inoculum achieved significatctumulation of VFASs such as acetic, butyric
and iso-butyric acids (Achmon et al.,, 2017; Simmetsal., 2016). Since compost addition
would be an added expense to SBS treatment, uaddimsgy the amount of compost inoculum
required to achieve enhanced decomposition is eede

This study aimed to determine the potential foregrevaste bioconversion to produce
pest-controlling VFAs during soil solarization. Additional goal was to elucidate the impact of
oxygen level and compost inoculation rates on nhialoactivity and VFA accumulation.
Overall, the research will have environmental imgions for green waste management and

alternatives to fumigation using toxic syntheti@sticals.



2. Materialsand Methods

2.1. Green waste, compost and soil preparation

A model GW was prepared by mixing 11.4 wt% (g/ggsyr clippings, 7.2 wt% woody
material, 41 wt% leaves and 40.4 wt% prunings, ainyamass basis (Yu et al., 2017). The GW
components were ground and sieved to a partickes mm. The prepared GW had a C/N ratio
of 34 and a lignin, hemicellulose and cellulose position of 15.0 wt%, 17.9 wt% and 28.9
wt% (dry basis), respectively. The compost inoculuad a C/N ratio of 19 and was collected
from the Northern Recycling Compost Facility in Zaia (California, USA). Feedstocks treated
by this facility included GW and food waste fronetburrounding areas that were composted
using the turned windrow method.

The fiber saturation point (FSP) of the GW and costgnoculum was estimated by
wetting the material via capillary action for 20uns until no change in mass was observed.
Samples were allowed to drain onto a dry soil batl no further change in mass was observed.
The moisture content was measured by weighing blo¢h saturated and oven-dry (105°C)
samples. The FSP for GW and compost were 238% 34td(8ry basis), respectively.

Soil for experiments was collected from the UC Bakiant Pathology Research Fields
(Davis, CA 38.521028N, -121.760755W, elevation 1&5.s.l). The texture of the soil was
sandy clay loam (47 wt%, 27 wt% and 26 wt% of saltand clay, respectively). The soil pH
was 7.89. The total nitrogen and organic carbon)(@@htent was 0.09 wt% and 0.79 wt%,
respectively. The water retention at 0.33 atm efpure (field capacity, FC) was 21.90% (wet
basis). The soil was sieved using a 3.18 mm meseisdn order to remove rocks, soil clumps

and large pieces of organic matter.



2.2. Aerobic incubation experiments

Prior to incubation, each component of the mixtes individually wetted to 80% of the
FC for soil and 80% of the FSP for GW and compbfiterials were then mixed to the target
amendment rate, homogenized and equilibrated ifCardfrigerator for one hour. Respiration
rate was estimated using aerobic bioreactors, thithe replicates per treatment, as described
elsewhere (Reddy et al., 2009). One hundred graimsweight) of mixtures containing soil
amended with 2 wt% GW (dry basis) and compost ihoawat 0 wt% (control), 0.01 wt%, 0.1
wt%, 1 wt% and 2 wt% (dry basis) were loaded irh® L reactors. Samples were incubated at
50 °C with an airflow of 20 mL/min for a 48-hourrpal (after the peak respiration occurred).
The incubator system was equipped with both g €&hsor (Vaisala, Suffolk, UK) and mass
flow rate meter (Aalborg, Orangeburg, NY) that ntored influent and effluent air from the
reactors. Readings for G@nd mass flow rate for each reactor were takemyeX&7 hours.
Values were used to calculate £&volution rate (CER) and cumulative €€volved (cCER) as

described elsewhere (Reddy et al., 2009).

2.3. Anaerobic Incubation experiment
Soil mixtures with GW at 0.5 wt%, 1 wt%, 2 wt%, 3% and 4 wt% (dry weight), and
with either 0 wt% or 1 wt% compost (dry weight),\asll as a soil-only control were incubated
at 30°C and 50°C for 72 hours. The same wettingopmd as described for the aerobic
incubations was used. For this experiment, the G/ @mpost were mixed together prior to
wetting and a 3 g/L NKCI solution was used to achieve 80% of the combir@® and a C/N

ratio ideal for decomposition GW (Yu et al., 2017).



Forty grams, dry weight, of each sample was added30-mL screw cap centrifuge tube
to minimize the headspace. Each sample was prepateglicate. The tubes were capped and
covered with parafilm to prevent oxygen contammatiTubes were randomly arranged in the
incubators at either 30°C or 50°C. After 72 howamples were removed from tubes for

moisture content measurement and for preparatiovatér extracts for VFA and pH analysis.

2.4. Volatilefatty acid and pH analyses

An adapted version of a published VFA extractiontpecol was used (Simmons et al.,
2016). Samples were extracted using a 2:1 (w:wgm@t dry mass weight ratio in 15mL screw
cap plastic centrifuge tubes. The mixtures werekeador 30 minutes at 450 rpm (Barnstead
MaxQ 2000 Platform Shaker, San Diego, CA). The pk$ weasured while the soil-amendment
mixture was fully suspended.

After pH analysis, the tubes were centrifuged fOrmlinutes at 15,60@xand 25°C. An
aliquot of 0.5 mL of the resulting supernatant iisred through a 042m PTFE syringe filter
(Titan-3, 17 mm filter blue 0.2 um PTFE membrankermo Fisher Scientific Inc. San Diego,
CA, USA) into 1 mL glass HPLC tubes.

An HPLC (Shimadzu, Columbia, MD) equipped with an exchange column (Bio-Rad
Aminex HPX-87H, 300 mm x 7.8 mm) and a UV deteq®PD-20A Prominence, Shimadzu,
Columbia, MD) was employed to determine the quertiftacid species present. The samples
were acidified at a 1:1 (m:m) ratio with 10 mM swl€ acid solution in Milli-Q water to ensure
that all acid species were in the protonated f&mM sulfuric acid in Milli-Q water was used
as the mobile phase with a flow rate of 0.6 mLp@rute. The column oven was set to 60°C and

the UV detector wavelength was set to 210 nm. Stalsdwere made for seven species: formic,



acetic, propionic, isobutyric, butyric, isovaleand valeric acids. The standards were prepared in

concentrations of 2000, 1000, 500, 250, 125, 633 ndg/mL.

2.5. Field experiments
2.5.1. Mesocosm description
Field solarization was completed using mesocosnet there isolated from the

surrounding non-amended field soil through mesocassertion into larger PVC pipes
embedded in the soil (Figure 1). This facilitategésmcosm isolation and simulation of a
completely amended field. Two sizes of mesocosnre weed. Large mesocosms (15 cm outer
diameter x 20 cm height, Figure 1A) were used toitoo oxygen concentration and temperature
at 5 cm and 15 cm from the soil surface (Tablelrlparallel, smaller mesocosms (5 cm outer
diameter x 20 cm height) were used to monitor VIE&uanulation over time at 5 cm and 15 cm
from the soil surface (Table 1). Smaller mesocostiswed direct soil sampling during
solarization treatment without significantly didturg the experimental plot. The depths were
chosen because the 5 cm range falls directly witheénprimary seed germination range for many
weed seeds while the 15 cm depth is within theimgotange for the crops planted post-
solarization (Marshall et al., 2013). Both mesoces$mad perforated stainless-steel plate attached
to the bottom of each mesocosm and covered witld vieegrier fabric to retain soil while still
permitting drainage of water. Large and small mesots were wrapped with 1.9 cm and 0.95
cm thick pieces of foam rubber insulation (Buna-XZPFoam Insulation Sheet, McMAster-

Carr, LA, California), respectively.

Table 1. Mesocosm sizes and associated experimamtables and measurements



Mesocosm

Monitored

Soil

Compost  Green Waste

Sample . . . content content content
size variables® o/ Wy (96 dw) (% d.w.)

Control soil (S) Large T.Q 100 0 0

Soil and compost (C) Large T.Q 99 1 0

Soil and Green Waste

(GW) Large T,Q 98 0 2

Soil, compost and

Green Waste (GW) Large T,Q 97 1 2

Soil and Green Waste

(GW) Small pH, VFA 98 0 2

Soil, compost and Small pH, VFA 97 1 2

Green Waste (GW)

* T = Temperature; VFA = Volatile Fatty Acids;;@ Oxygen concentration

Sandbag ring

Mesocosm
ininsulated
PVCsheath

Field soil
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Figure 1. (A) lllustration of large mesocosm insitie PVC pipe embedded in the soil. Open
section shows distribution of the temperature logged gas sampling tubes in mesocosm. (B)
Mesocosm placement in the field experimental piotuding field prior to film placement (left),
top view of a mesocosm embedded in soil (middlel) a&fter tarp placement (right).

The large mesocosms were loaded with the four mestdisted in Table 1. All
percentages were by dry weight. The large mesocaanigded oxygen sampling systems
(Figure 1) and temperature loggers (ThermochronttaBs model 19221, Embedded Data
Systems, Lawrenceburg, KY) at 5 cm and 15 cm depitbmperature was logged every 10
minutes.The oxygen sampling system is described elsewhetecansisted of a circular porous
hosing tube connected to PE-50 plastic tubing ibathed the surface (Achmon et al., 2018). A
valve on the end allowed for oxygen sampling whileventing gas leakage.

The small mesocosms were loaded with the GW and Ghis@ures (Table 1). One of

each sample type, GW and GWC, was removed from @fttte five plots on days 1, 3, 5, and 8.

2.5.2. Mesocosm preparation

To prepare the contents for each mesocosm, thepyge amounts of air-dried GW,
compost and soil were mixed (Table 1) thoroughlgl #ren poured into PVC mesocosms. Five
replicates per treatment were prepared. For inftrak measurements, five replicates of 100
grams of each mix sample were transferred to 29@efitylene containers with a draining
opening in the base to allow water transfer. Thghinbefore inserting the mesocosms in the
field, mesocosms and polyethylene containers werensa bath of water (one for each treatment
to avoid cross contamination) filled to a depthiléfcm to allow direct contact between the base

of the mesocosms and water layer to allowed sofitimgeby capillary action. The baths were
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placed in a 4°C refrigerator and left to equilileratvernight. Prior to inserting the mesocosms in
the PVC pipes in the field, mesocosms were plagediry soil for one hour to drain excess
water. Time

zero samples were immediately frozen at -80°Cdtarlanalysis.

2.5.3. Field preparation

The field site was located at the UC Davis Plarth®agy Research Fields where lettuce
had been planted annually with the exception ottevi@015. Prior to solarization, the field was
rototilled and an orchard float was used to flattie@ plots. The field was irrigated for 7 days
with drip irrigation and then left to dry for 2 day

PVC columns that were 60 cm in length were buriedthie soil to accommodate
mesocosms and isolate treatments in the horizdimdtion for heat and oxygen transfer (Figure
1). Two sets of columns were used; 22 cm diameaidr a6 cm diameter for large and small
mesocosms, respectively. The top 20 cm of soih&n columns was removed to provide void
space for the mesocosms.

The field site contained five replicate plots (2x15.5 m), with a 2-m buffer zone
between plots. The plots were oriented lengthwisenfwest to east. Each plot had four large
mesocosms (S, SC, GW and GWC), and eight small cossts (GW and GWC). Mesocosms

were spaced at 0.6 m increments within a plot.

2.5.4. Mesocosm placement in the field
Mesocosms were inserted into the embedded columrbel field (Figure 1B). Each
mesocosm was topped off with field soil to minimigee air gap between the soil and

solarization film. The plots were irrigated for oheur before being covered with 0.7 mil
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transparent plastic (Husky Film Sheeting; Poly-Aweer Inc., Grand Prairie, TX). In order to
ensure each mesocosm’s headspace was isolated thramof other mesocosms and the
surrounding non-amended soil, nylon mesh baggfiNgh wetted gravel and sand were placed

around the circumference at the surface of each pig€ (Figure 1).

2.5.5. Small mesocosm removal from the field during kinetic studies of VFAs
To remove small mesocosms from the field duringakeeriment, small holes were cut
in the tarp on days 1, 3, 5 and 8. Sand filled ibesrwere placed in between those samples
remaining and those being harvested in order tegmteair contamination in the remaining
mesocosms in the field. The soil in each mesocossseparated into top 0-10 cm to represent
the 5-cm depth measurements, and bottom 10-20 cnplea to represent the 15-cm depth
measurements. The soil from each depth was welednfor VFA, pH and moisture content

analysis.

2.6. Gas sampling and oxygen analysis

Gas samples were collected from large mesocosmisgdtine experiment. Prior to
collecting each sample, gas in each tube was pwgied a 3-mL syringe. Then, 1mL syringes
with three-way stopcocks to prevent air leaks, wesed to collect gas samples from the two
depths. Then 1QQ of air in the syringe was taken with a glass, tigist syringe and injected
into an Agilent 6890N Gas Chromatograph equippetth &i 12.2 m (40 ft) HayeSep, packed
stainless steel, 3.18 mm (1/8 inch) OD column. CBetion software was used for collecting
data and integration. Oxygen samples were colleate@ 4, 8, 12.5, 24, 36, 48, 81.5, 105.5,

129.5, 153.5 and 194 hours after mesocosm placemére field.
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2.7. Statistical analyses
Stepwise regression and Tukey’s Honest Signifidaffterence (HSD) post-hoc tests
were performed using JMP-IN software (version P2ZpSAS, Cary, NC). The significance level
was set at 0.05. The stepwise regression modeks epimized using the minimum least square

method considering the leverage effect using tHevitng equation (eq. 1):

E{Y}= B, + B X1+ B,Xo + BX5+ B, X1 X0 + B X1 X3 + B, X0 X3 + /311X12 (eq. 1)
WhereE{Y} = expected value of the response varighijes interceptX; = settings for variable

1, Xz = highest and lowest settings for variabl&23= highest and lowest settings for variable 3,
[ = parameter estimate for variable8t = parameter estimate for variable® = parameter
estimate for variable 33, = parameter estimate for the interaction betweerable 1 and
variable 2, 13 = parameter estimate for the interaction betwesrakle 1 and variable F3 =
parameter estimate for the interaction betweeralobei2 and variable 3, ash = parameter

estimate representing second-order effects of bierih

A Shapiro-Wilk test was performed to test for nolitga It was necessary to perform
Box-Cox transformations of the volatile fatty addta to satisfy the requirement for normality.

The value for lambda in the transformation rangetiveen 0.40 to 0.78.

3. Results and Discussion

3.1. Aerobic laboratory incubationsfor GW and compost amended soil
Aerobic incubations at 50°C were completed to meadecomposition rates during the
initial aerobic phase of biosolarization and toedetine the effect of compost inoculum level on

green waste decomposition in the soil. Cumulat@égpiration increased with increasing compost
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inoculum up to 1 wt% compost (Table 2). Respirationsamples amended with 0.1 wt%
compost was not significantly different from thateasured in non-inoculated samples, while
samples inoculated with 1 wt% and 2 wt% compostdigulificantly higher respiration (p<0.05).
The results suggest that microbial communitiesh@ tompost inoculum beneficially
impacted the initial rate of carbon breakdown uraobic conditions. Accumulation of VFAs
in soil by microbial activity requires rapid deptat of O; in air-filled void spaces followed by
anaerobic fermentation of soil organic carbon. Heeve there was a maximum compost
inoculation rate above which there was no additibleaefit for improving GW degradation for
the GW amendment level tested. This beneficial chpeas also observed in a study of sall
amended with wheat bran and compost (Simmons ,e2@16), which similarly did not derive
additional benefit from increasing the compost idom rate from 2 wt% to 5 wt% for a 2 wt%
level of wheat bran amendment. The positive efedctompost addition at lower amendment
levels may stem from elevated initial concentragioof compost-borne lignocellulolytic
microorganisms in the soil (Ball and Jackson, 199&rillo, 2017; Ventorino et al., 2016) or
from increased proximity of these microorganismdbitmmass in the soil. The proximity effect
may become irrelevant at concentrations above 2%ese may be other limiting factors, such

as nutrient limitations in the soil, that mitigatey benefits from greater compost concentrations.

Table 2. Cumulative respiration (cCCER) values aftérhours of incubation for samples with
varying levels of compost inoculum

Mixture Mean cCER (mg C£&y dry weight soil)*
0% compost 0.82 a

0.01% compost 0.99

0.1% compost 0.80 a

1% compost 1.14Db

2% compost 1.17b

* Three replicates for all treatments except 0.01 wt¥npost which had a single replicate. Means fatidwy the
same letter within columns are not statisticallffedent ata = 0.05 based on Tukey-Kramer HSD test. Mean
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respiration for 0.01 wt% compost could not be calmd due to two out of the three bioreactors recgi
insufficient aeration.
3.2. Anaerobic incubations of GW and compost amended soil

The impact of GW amendment rate and compost inotwn soil microbial activity under
anaerobic conditions was determined by measurileg atcumulation of VFAs over a 72h
incubation period at 30°C and 50°C. Of the analyZEds, only formic, acetic, propionic and
butyric acids were detected. Formic acid conceptmameasured at 72 h increased with
increasing GW addition (Figure 2A). The greatestrease was observed in the samples
containing compost inoculum that were incubatesi0acC.

Acetic acid concentration was higher than formia amncentration and increased with
increasing GW incorporation (Figure 2B). Howeveretec acid levels peaked at 3% GW for
compost inoculated samples. The lower acid conagoitr observed at 4% GW compared to 3%
GW may have been due to inhibition of microbiaihatt as acid accumulated. Samples without
compost inoculum and incubated at 30°C produceckrtiman twice the amount of acetic acid
compared to similar samples incubated at 50°C. Thiference suggests that the native
mesophilic microbial community in soil alone waseetive at fermenting organic carbon in GW
to acids under moderate temperatures. For instankbas been argued that mesophilic bacteria
involved in the degradation of lignocellulosic m&é can compete wittBacilli for carbon
sources and nutrients (Ventorino et al., 20Igcilli has been suggested to be one of the
dominant species in compost material because linglr thermo-tolerance and ability to secrete

polymer-degrading enzymes critical for lignocelkgdodecomposition (Li et al., 2013).
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Figure 2. Levels of formic (A), acetic (B), propion(C) and butyric (D) acids in samples
incubated under anaerobic conditions with (GWC) amttiout (GW) 1 wt% compost at 30 °C
and 50°C at different levels of green waste (GWegrdment. Lines included to guide the eye.
Bars represent standard deviation (n=3). Starstdesignificant differences between incubation
regimes at the same GW level (P<0.05)

The results also indicate that moderate tempestare more favorable for acetic acid

accumulation compared to thermophilic temperaturése absence of compost inoculum. When
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samples were incubated at 50°C, samples with canposulum produced twice as much acetic
acid compared to samples without compost.

Propionic acid was observed at the highest conaortr of all measured acids during
laboratory incubations (Figure 2C). The compostinated samples incubated at 50°C had
more than twice the level of propionic acid tham#her treatments at 3% GW.

Finally, butyric acid was only detected in sampiexculated with compost and incubated
at 50°C. As the GW amendment level increased, dahd butyric acid concentration (Figure
2D).

A stepwise regression analysis was performed &b wehether compost inoculum,
temperature, and GW amendment level had signifieffieicts on acid levels in experimental
soil. Increasing GW amendment level had a sigamicpositive effect on formic acid in
incubated soil samples (p<0.05, Table S1). Fornoid also was significantly greater in soil
samples incubated at %D compared to 3T (p<0.05). There was no significant effect of
compost inoculum on formic acid accumulation irl.soi

Acetic acid significantly increased with increasi®V amendment level, compost
inoculum and incubation temperature (p<0.05, T#blg. The interaction between compost
inoculum and temperature was highly significantQ®901); in incubations at 80 compost
had a greater positive effect on acetic acid actamon compared to 3C incubations. The
second order estimate for GW was also significaigigesting an optimum amendment level
exists between 0 and 4 wt% for the production etiaacid under the conditions tested.

Propionic acid levels significantly increased w@aW amendment, compost amendment
and incubation temperature (p<0.05). Like acetid,athe interaction between compost

inoculum and temperature was significant for prapioacid (p<0.05); under thermophilic
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conditions compost had a greater positive effecpmpionic acid accumulation compared to
incubation under mesophilic conditions. In addifidghe second order estimate for GW was
significant indicating an optimum level exists viithhe range of GW amendment rates tested.

The increased respiration rates and VFA accunwlain GW-amended soil under
thermophilic conditions during laboratory scale esments indicated that the addition of
compost inoculum could be beneficial for fermentiggeen waste during SBS. Many
lignocellulose degrading thermophilic microorgansshave been identified from compost and
GW degrading microbiota have been shown to se@etymes that hydrolyze cellulose and
hemicellulose (Allgaier et al., 2010; Reddy et ab11; Yu et al., 2017). In particular, during
thermophilic composting processes an enrichmentmadroorganisms known to degrade
lignocellulosic material has been observed (Bal dackson, 1995; Li et al., 2013; Liu et al.,
2018; McCarthy, 1987). Similar microorganism wopldy a significant role in the breakdown
of the complex polysaccharides into fermentableassiggnd VFAs under anaerobic conditions
(Baumann and Westermann, 2016).

In addition, although composting is an aerobic pss¢ in general, anaerobic
microenvironments may develop allowing anaerobictdraa to survive (Tuomela et al., 2000).
These anaerobic bacteria can be highly cellulglytiaying a significant role in the degradation
of organic macromolecules (Tuomela et al., 200redver, thermophilic conditions can select
a thermophilic microbiota able to decompose a tigin source of lignocellulose such as GW
(Ceballos et al., 2017).

The laboratory experiments also demonstrated thenpal for green waste to be
converted to VFAs under simulated SBS conditionser& have been several recent studies

demonstrating the use of agricultural residuesodsamendments to enhance the soil solarization
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process. These have included livestock manuresa{Bée-Ureba et al., 2016; Chamorro et al.,
2015), food processing by-products (Achmon et2017; Achmon et al., 2016; Dominguez et
al., 2016), and composts and anaerobic digestdteai@ by-products (Basallote-Ureba et al.,
2016; Fernandez-Bayo et al., 2017a; Fernandez-Bagb, 2017b; Fernandez-Bayo et al., 2018;
Kanaan et al., 2017). While other lignocellulosiorass sources have been shown to be
effective for soil treatment, green waste is uniquéhat it is produced year-round and does not
compete with animal feed markets or organic farmapgrations that rely on manure for
fertilizer. Given the substantial concentrati@iscid accumulated at the amendment rate of 2
wt% GW and considering that treatment applicati@st€ would increase with increasing

amendment levels, 2 wt% GW was selected as thedmret level for field experiments.

3.3. Temperature profilesin large mesocosms over the 8-day field trial
Temperature was measured at two depths in all lmegocosms. The average temperature at the
5 cm depth varied between 20°C and 45°C (Figure BAje temperatures at 15 cm varied
between 25 and 35°C (Figure 3B). Recent SBS stuldasised organic amendments originating
from same source of GW mixed with food waste andigly treated either via composting or
anaerobic digestion also showed >90% reductior~tearium oxyxporum f. sp.lactucae at a
similar range of temperatures after 8 days of tneat (Fernandez-Bayo et al., 2018).

The difference in mean temperature between GW aitebsly samples and GWC and
soil-only samples (Figure S1) showed that both almemt combinations resulted in increased
daily maximum temperatures. The temperature diflezebetween GW and GWC samples and
the non-amended soil was between -0.5°C and 1.#t6eab-cm depth and between -1°C and

0.5°C at the 15 cm depth. In addition, at the 5eepth the mean maximal daily temperatures
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were generally higher in the GW and GWC samples timathe non-amended or compost-
amended samples. After 3 days of biosolarizat@®, showed significantly higher maximum
temperatures than the compost-amended soil (p<0.0b¢ greater positive temperature
difference at 5 cm could be biologically relevadther studies have observed increases in soil
temperature and soil heating when soil was soldriaeing wheat bran and compost as
amendments (Simmons et al., 2013; Simmons et @L6)2 This increase in temperature may
have been due to a boost in metabolic activity wdnreiwrganic food source is introduced in soil.
The lower temperature difference at 15 cm compaoe8 cm may have been due to lower
overall temperatures at 15 cm, lower metabolicvagtat these temperatures and slightly lower
moisture content (Figure S2) which would have reduihe thermal capacity of the soil reducing

its capacity to retain heat.

3.4. Oxygen profilesin large mesocosms over the 8-day field trial

Gas phase oxygen concentration was measured atlépths in large GW and GWC
mesocosms. The initial oxygen concentration at bdd#ipths was lower than the oxygen
concentration in ambient air (21%) (Figure 4), aading oxygen was consumed while
mesocosms were equilibrating overnight at 4°C. &t 5-cm depth the oxygen concentration
dropped to below 2% for both amendment mixturesha first 12.5 h. This indicates a rapid
uptake of the available oxygen in the soil atmospland in the reservoir between the tarp and
the soil surface. Over the remaining 8 days ofttneat the average oxygen concentration for

both amendment types remained under 5% until tred fivo samplings.
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At the 15-cm depth, there was a rapid decreasgygem concentration in the first 12.5 h
(Figure 4B). Concentrations remained below 5% oryfge 36 hours. Concentrations increased

to nearly 10% by the end of the 8-day period.
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The observed levels of oxygen were not sufficiemtctassify the environment as
completely anaerobic, however, they were low enowgfoster respiration or fermentation by
obligate and facultative anaerobic or microaerophibrganisms which resulted in the
metabolism of VFAs (Krieg and Hoffman, 1986). Attihalepths, the difference between the
oxygen concentrations in GW and GWC samples wassigoificant, suggesting that samples
with and without compost consumed oxygen at simiddes. Regarding a depth effect, gas
samples collected from GW treatments at 12.5, 2d a6 hours of solarization showed
significantly lower oxygen concentration at 5 cnmgared to 15 cm (p < 0.05). This difference
may have been due to a combination of oxygen dif(uspward from the lower non-amended
soil layer into the lower depths of mesocosms amedtgr microbial consumption of,@t 5 cm.
Although oxygen levels for GWC at 5 cm were gengriawer than at 15 cm, these differences

were not significant.

3.5.Acid concentration profile over the 8-day field trial

The predominant VFAs detected in the field triahpées were acetic acid and propionic
acid (Figure 5). At the 5-cm depth, the GW and G8&@ples yielded maximum levels of acetic
acid in the first 24-72 hours (Figure 5A). Leveleeemged 15Qg/g for the remainder of the 8-
day field trial and were similar for GW and GWC gades. At the 15-cm depth, acetic acid levels
increased for the first 72 hours of treatment; athbmixtures the maximum acetic acid levels
occurred on day three. In general, the GWC sanmgdesmulated more acetic acid than the GW
samples. The stepwise regression analysis revealgignificant positive effect of increasing
depth and time on acetic acid concentration (p<sOl@thble S2). There was also a significant

positive interaction between depth and compost @ment (p<0.05); the presence of compost
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amendment increased acetic acid accumulation ath depreased. As oxygen levels were
similar in both layers and the plastic tarp redutiesl rate of VFA volatilization from the soil
surface, the difference in behavior between the @&W GWC samples at the two depths was

likely due to differences in the microbial commuyniesponsible for metabolism of GW into

VFAs.
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Figure 4. Average oxygen concentration measuredl @n (A) and 15 cm (B) depths in soil
amended with green waste (GW) and co-amended wattngvaste plus compost (GWC). Lines
included to guide the eye. Bars represent stardizvration.

There was a significant interaction between depih tame for acetic acid concentration
(p<0.05, Table S2). At the 15-cm depth, during finst 72 hours of treatment, acetic acid
production rate was higher than consumption, prorgaicid accumulation. However, after 72h,
acetic acid levels decreased suggesting decommodily microbial activity. Acetic acid is a
confirmed biotoxic compound used for pathogen ination and weed control (Malkomes,
2005). It has also been reported to eliminate btack rot, brown root rot and bed rot in tobacco
plants when applied at a rate of 1.0-1.2% by vol§Peran, 1928). Acetic acid has also been
shown to killVerticillium dahliae when applied at a 30 mM concentration (Tenuta.e802),
slightly above the elevated levels produced dutimg study (~24 mM in the liquid phase at the
maximum). Acetic acid and high temperature streagehalso shown enhanced pesticidal
efficacy which would result in reduced treatmentation for SBS (Achmon et al., 2017;
Fernandez-Bayo et al., 2018).

Propionic acid concentrations were highest at #grning of the experiment and ranged
between 30Qug/g to 350ug/g for both treatments (Figure 5 C and D). Cotregions declined
over the course of the field trial to less thanus@g for both treatments at both depths. The rate
of decline was greater at 15 cm compared to 5 €he rapid consumption of propionic acid at
15 cm in the first 24 hours suggests a faster nodisa of propionic acid at lower temperatures.

The stepwise regression analysis revealed a signifinegative effect of increasing time,
compost and depth on propionic acid concentrafe®®.05, Table S2). Furthermore, there was a

significant interaction between compost amendmeitt @epth; the decline in propionic acid
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concentration was greater at 15 cm and in treasneohtaining compost. These findings

indicate the compost inoculum may have enhancedg¢bemposition of propionic acid.
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Figure 5. Kinetic accumulation of acetic acid atrd (A) and 15 cm (B) depths and propionic
acid at 5 cm (C) and 15 cm (D) depths in field noesons amended with green waste (GW) or
co-amended with green waste plus compost (GWChed.iincluded to guide the eye. Bars
represent standard deviation.

Propionic acid has been reported to be toxi¢.tdahliae at 30 mM concentration and to

Fusarium oxysporum at 50 mM concentration (Huang et al., 2015; Terattal., 2002). The
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lower concentrations encountered during this st{idy mM in the liquid phaseand its rapid
depletion suggest a reduced impact of this GW-ddriW¥FA in pest inactivation during
treatment, as compared to acetic acid.

The field trial results largely bolstered finding®m the laboratory experiments. For
example, acetic acid was the predominant VFA founthe highest concentration in both field
and laboratory studies. Furthermore, the acetid aoncentrations from samples in the field
mesocosms were comparable on day 3 to concentsatighe laboratory experiments containing
2% GW. On the other hand, concentrations of prapiawid in the field trial were lower than
those observed in the lab and propionic acid copsiom was lower in the laboratory
experiments than in the field. This discrepancy Wksly due to the completely anaerobic
conditions achieved in the lab experiments, wheosggen was present during the first 24 hours
of the field trial. Thus, the availability oxygen the field mesocosms likely facilitated microbial
consumption of propionic acid. Also, in the anaé&dhboratory scale experiments, the GWC
samples incubated at 50°C yielded consistently drigibncentrations of VFAs than the other
three treatments. This result was not replicatethenfield; acetic acid levels were greatest at the
15-cm depth, where temperature averageiC36ver the 8-day trial, and when compost was

amended.

4. Conclusions

The accumulation of biopesticidal VFAs, particwadcetic acid, in laboratory and field
experiments demonstrated the potential of GW aama@ndment to improve soil hydrothermal
treatment using soil solarization. Compost inoculaoreased the accumulation of acetic acid in

the first 72 hours of field solarization, but ordy the 15-cm depth. Given that pathogen/pest
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inactivation would decrease with a decrease intgoilperature, the enhanced accumulation of
pesticidal acids associated with GW and compostulun would be important at lower soil
depths. This enhancement would need to be consid@rehe context of increased costs
associated with soil compost amendment and woudd me be tested with additional soil types
and at an industrial scale. In addition, measutitegimpact of the compost inoculum on spatial
and temporal changes in the soil microbiome dusigrization would be important to elucidate
mechanisms of enhanced VFA accumulation; this & ghbject of future work. It is also
important to note that SBS is only effective in tiegion of soil amended with organic matter.
Other approaches like deep application of amendsmant irrigation practices that promote
VFA transport and accumulation with increasing st@pth would need to be implemented to
achieve treatment in deep soil. Overall, the nesewill have significant impacts on the direct
use and management of green wastes in agriculgystems and on alternatives to soil

fumigation using synthetic chemicals.
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