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Highlights

- Gas exchange and soil microclimate dynamics under biodegradable plastic, polyethylene, and paper mulches were assessed.
- Elevated CO; levels were observed near planting holes of plastic mulches (both biodegradable and polyethylene).

- The plastic mulches inhibited O, exchange, but not to a level that could impair plant growth.

- Polyethylene mulch conserved soil water better than biodegradable plastic and paper mulches.
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Abstract

Biodegradable plastic mulch is potentially a suitable alterna-
tive to conventional polyethylene mulch because of the limited
disposal options of the latter. However, biodegradable plastic
mulch must perform better or comparably to polyethylene mulch
to be widely adopted. Gas exchange and soil microclimate are
important factors impacted by the use of plastic mulch, which in
turn have implications on crop productivity. A controlled-environ-
ment study was established in a greenhouse to assess gas
exchange and soil microclimate dynamics under biodegradable
plastic, polyethylene, and paper mulches with and without plant-
ing holes, as well as the impact of the mulches on the growth of
sweet corn (Zea mays). A no-mulch condition was included as
control. In addition, we monitored CO, concentrations in the
vicinity of planting holes (chimney effect) in a greenhouse and
agricultural field conditions under sweet corn production. The
plastic mulches (both biodegradable plastic and polyethylene
mulches) decreased the soil O, concentration to a minimum of
181-183 mmol mol~!, and when compared to the no-mulch, the
plastic mulches reduced water loss within 50 days by 35-68 mm.
The paper mulch inhibited light penetration more than did the
plastic mulches. There was an increase in the CO, concentration at
2.5 cm above the planting holes in the plastic mulches compared
to that under the no-mulch. The plastic mulches (both biodegrad-
able plastic and polyethylene mulches) decreased the soil growth
of sweet corn, possibly, because the canopy height of sweet corn
was more than 15 cm within a few days after planting. Overall, the
plastic mulches did not reduce O, concentration below 100 mmol
mol~!, the minimum level at which plant growth becomes
impaired. Also, the often reported improved growth of sweet corn
from plastic mulching could be attributable to other factors, such
as weed control, reduced water loss, and early season soil warm-
ing, rather than elevated CO, concentrations and fluxes in the
vicinity of planting holes.
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Introduction

Plastic mulch is an important product for agricultural crop pro-
duction. Plastic mulch is mostly made of polyethylene, but envi-
ronmental implications resulting from disposal problems make
biodegradable plastic mulch a potentially more suitable alterna-
tive. Besides the disposal advantage, biodegradable plastic mulch
must at least perform comparably to polyethylene mulch and be
cost-competitive in order to be widely adopted (Hayes et al., 2019;
Sintim and Flury, 2017). In addition, biodegradable plastic
mulches designed to biodegrade in the soil can be tilled into the
soil after usage, saving labour costs associated with the removal
and disposal of conventional polyethylene mulches (Chen et al.,
2019; Goldberger et al., 2019; Sintim et al., 2020).

Weed control is an important benefit to the use of plastic
mulch, especially in organic agriculture, where the use of herbi-
cides and pesticides is restricted (Bond and Grundy, 2001;
Rajablariani et al., 2015). Black plastic mulch controls weeds by
inhibiting light penetration; thus, clear plastics are not usually pre-
ferred in areas where weed control by occlusion is the objective
(Bond and Grundy, 2001). Under water-deficient environments,
plastic mulch can conserve water by reducing evaporative water
losses (Kara and Atar, 2013; Rajablariani et al., 2015; Saglam et
al., 2017; Xu et al., 2015; Zhang et al., 2018). In a meta-analysis
of 266 peer-reviewed publications, the use of plastic mulch in
China was found to increase crop yield by 24.3% and water use
efficiency by 27.6% (Gao et al., 2019). Saglam et al. (2017) indi-
cated that under a plastic cover, soil drying is mainly due to root
water uptake and evaporation from non-covered alleyways. The
use of plastic mulches also tends to increase soil temperature,
which is useful for early planting, especially in cold environments
(Brown et al., 1990; Ghimire et al., 2018; Lamont, 1993; Moreno
and Moreno, 2008).

The increase in soil water content and temperature from plastic
mulching stimulates microbial activities, leading to elevated soil
CO, concentrations (Bandopadhyay et al., 2018; Shen et al., 2016;
Yu et al., 2016). More importantly, plastic mulch restricts CO, dif-
fusion at the soil surface, which allows the gas to build up and
escape at elevated concentrations through holes punched for plant-
ing. The process is commonly termed as ‘chimney effect’, and is
often regarded as one of the factors leading to improved crop
growth from plastic mulching (Lamont, 1993; Marr, 1993;
Retamales and Hancock, 2012; Soltani et al., 1995; Tarara, 2000).
However, the positive impact of CO, chimney effects on crop
growth has not been experimentally proven in the literature.

Soltani et al. (1995) evaluated CO, chimney effects under
watermelon (Citrullus lanatus) production. The authors sampled
air from planting holes of plastic mulch at 10 cm height above the
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holes and analyzed for CO, concentration. Soltani et al. (1995)
found that CO, concentration under the plastic mulch was almost
twice (0.6 mmol mol!) the ambient CO, concentration, but the air
sampled 10 cm above the plastic mulch had a CO, concentration
equivalent to the ambient CO, concentration. Based on the obser-
vation, Soltani et al. (1995) surmised that the elevated CO, con-
centrations in the planting holes may have been beneficial during
the early stages of seedling growth on a calm day. Soltani et al.
(1995) measured the CO, concentration under both calm and
windy weather conditions but did not assess the diurnal fluctua-
tions in CO, concentration. Besides the wind, CO, emissions can
be affected by other atmospheric conditions, such as temperature,
solar radiation, and precipitation. Also, routine farm operations,
such as irrigation and fertiliser application, can affect CO, concen-
tration in the soil. In contrast to the assertion of Soltani et al.
(1995) that elevated CO, concentration from plastic mulching may
be beneficial to plant growth in the early season, there are concerns
that plastic mulch may actually lead to a low supply of O, in the
soil and impede biological activities (Kim ef al., 2017, Steinmetz
etal.,2016). However, it is possible that planting holes through the
mulches could allow adequate passage of ambient O, into the soil.
Also, non-covered alleyways could be a channel for gas exchange.
In addition, various mulch products have different physicochemi-
cal properties, which in turn affect their functionality. Therefore,
the objective of this study was to determine how gas exchange and
soil microclimate dynamics are affected by biodegradable plastic,
polyethylene, and paper mulches and the subsequent impact on the
growth of sweet corn.

Materials and methods

Mulch treatments

Commercial biodegradable plastic mulch (Organix), polyethy-
lene mulch, and paper mulch were tested, including a no-mulch as
the control treatment. The mulches tested in this study were the
same as those used in a companion study of a long-term field
assessment (Ghimire et al., 2018; Sintim et al., 2021) to comple-
ment the findings of the studies. Table 1 provides the major con-
stituents and physicochemical properties of the mulches. The
experiment entailed two sets of every mulch in four replications
each, with one set being intact and the other having planting holes
of 2 cm radius, through which sweet corn was planted. Moreover,
we also included two sets of no-mulch treatments in four replica-
tions each, where sweet corn was later planted in one set. Thus, we
had a treatment factor of eight levels with four replications.

Table 1. Manufacturers, major constituents, and physicochemical properties of the different mulches used in the study.

Organix Organix Solutions, BASF ecovio® Black 213 19.2 514 10-20
Bloomington, MN grade M2351
(blend of PLA and PBAT)
Paper Sunshine Paper Co., ~ Cellulose Brown 6.4 109 46.0 100
Aurora, CO
Polyethylene  Filmtech, Linear low density Black 518 2.5 82.9 <1
Allentown, PA polyethylene
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Mesocosm construction and soil processing

The mesocosms were built from two plastic buckets (Gamma
Seal Lid 2.0, Gamma Plastics Company, San Diego, CA) (Figure
1). Each bucket was equipped with two rubber gaskets, one adapter
ring, and one O-ring lid. Two sampling ports at 6.5 cm and 13.5 cm
depths from the top were installed on one bucket by drilling holes
and inserting rigid Tygon tubings (polyethylene liner with ethyl
vinyl acetate shell, 1/4 and 1/8 inch, BEV-A-LINE IV PC/IV-
NVC/L-N/T-N/F, United States Plastic Corp., Lima, OH) to the
center of the bucket. The end of the tubing inside the bucket was
covered with a Teflon membrane (PTFE membrane, Aspire
Laminated, hydrophobic, polypropylene backer, 5.0 micron, Lot
Nr. BBTN415011-9, Stelitech Corp., Kent, WA, USA) to restrict
water but allow gas exchange, and the other end of the tubing out-
side the bucket was closed with a septum. The bottom of the sec-
ond bucket was cut off, and we also installed a sampling port at 6.5
cm depth from the top of the bucket.

We sampled soils from the top 20 cm of field plots at the
Puyallup Research and Extension Center of Washington State
University, Puyallup, WA (47°11°37°N,122°19°52°W). The soil
was a sandy loam (63% sand, 31% silt, and 6% clay), classified as
a Briscot Series, coarse-loamy, mixed, superactive, nonacid, mesic
fluvaquentic Endoaquepts. The soils were air-dried, mixed thor-
oughly, and sieved through a 6-mm sieve. Samples of the air-dried
soils were taken, and water content was determined by oven drying
at 105°C for 48 h. In addition, we collected four subsamples of the
air-dried soil samples for chemical analyses (Table 2). All analyses
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were performed following standard soil testing procedures
(NCERA, 2015) by the American Agricultural Laboratory,
McCook, NE, except the CO,-C measured by the Solvita CO, burst
method (Woods End Laboratories, 2016) in Puyallup, WA.

Based on the known water content of the air-dried soil, water
was added to obtain a gravimetric water content of 0.155 g g/,
which was 70% of the field capacity of the soil. The soils were then
mixed with a mechanical shaker for 10 mins and immediately
packed into mesocosms at 1.0 g cm= bulk density. Each bucket
was filled with the processed soil, as described above, and a
HOBO Pendant Temperature/Light Data Logger (Onset Computer
Corp., Bourne, MA) was placed on the soil surface to record tem-
perature and light illuminance every 15 min. The mulches were
then laid on top of the soil and the HOBO sensors. The planting
holes were aligned at the centre of the bucket for buckets that
received mulches with planting holes. The adapter ring was
screwed onto the bucket, sandwiching the mulch, and the second
bucket (with cut-off bottom) was inserted on top of the adapter
ring. We used a plumber’s putty to make an air-tight seal between
the mulches and the two buckets. The top bucket could be sealed
with a screwable O-ring lid with an inlet valve (Figure 1). The
mesocosms were placed in a greenhouse and kept open always to
equilibrate with ambient conditions, except during gas measure-
ments.

Gas and water measurements in the mesocosms

Initial gas readings started 4-6 h post mulch installation. Soil

Compressed air
tank

Headspace of
Mesocosm

Soil compartment
of mesocosm

CO2/H:z0 Analyzer

Figure 1. Mesocosm setup and simultaneous measurement of CO; and H,O concentrations over time in the headspace of experimental
mesocosm. A schematic of the mesocosm is provided in Figure S1.

Table 2. Characteristics of the soil used for the greenhouse experiment. All data were measured by the American Agricultural
Laboratory, McCook, NE, except CO,-C, that was measured by the Solvita test method in Puyallup, WA.

Mean 29.5 804 5.03 0.42 10.6 53.0 492 242 663 92.3 318
Standard dev. 0.6 6.77 0.05 0.04 0.59 1.07 6.45 9.46 34.0 7.46 5.32

EC, electrical conductivity; CEC, cation exchange capacity; P, available phosphorus; K, Ca, and Mg, exchangeable potassium, calcium, and magnesium, respectively. Values of the mean and standard deviation are aggre-

gates of four replications.
OPEN 8 ACCESS
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CO; concentration and CO, and water vapor (H,O) diffusive fluxes
were measured with LI-7000 CO,/H,O Analyzer (LI-COR, Inc.,
Lincoln NE). For soil CO; concentration measurements, 2 mL of
air, representing the dead volume of the Tygon tubings, was first
extracted with a hypodermic needle from the sampling port and
discarded. The process was followed by sampling 3 mL of air and
injecting it into a stream of CO,-free air to obtain a peak concen-
tration value as described by the manufacturer (LI-COR, 2007). By
conversion, the 3 mL of air was drawn from a radius of 1.2 cm of
the soil. We developed a calibration curve with CO, standards 0,
0.4, 1.5, 2.5, 5, 10, and 50 mmol mol.

CO; and H,O diffusive fluxes were measured following the
non-steady state chamber method (Hutchinson and Livingston,
2002; Shahzad et al., 2019). For these measurements, the O-ring
lid was screwed tightly onto the mesocosm. The Tygon tubing out-
let of the top bucket was connected to the inlet valve of the gas
analyser. In contrast, the inlet valve on the O-ring lid was connect-
ed to the outlet valve of the gas analyzer (Figure 1). The internal
pump of the gas analyser was turned on, using a flow rate of 117.5
mL min~!, to circulate air from the mesocosm headspace through
the instrument sample chamber and back into the mesocosm
headspace. The CO, and H,O concentrations were measured
simultaneously every second for two minutes. The first 30 seconds
of the measurements were discarded, and then the rate of increase
of the CO, and H,O concentrations were determined from a linear
model. The temperature in the mesocosm headspace was recorded
immediately after the two minutes period. The CO, and H,O diffu-
sive fluxes were calculated from the CO, and H>O concentrations
following Rolston (1986).

The O, concentration was measured with a QRAE 3 gas sensor
(RAE Systems, San Jose, CA). The sensor was calibrated with 30
mL O, standards (0, 100, 180 mmol mol-') and ambient air,
assumed to be 209 mmol mol~l. Soil O, concentration was then
measured from 30 mL air, representing a 2.5 cm radius of the soil,
sampled from the sampling ports with a hypodermic needle. Gas
measurements, as described above, were made on days 0, 1, 2, 5,
10, 15, and 20. Day 0 represents the measurements taken 4-6 hr
post mulch installation. The mesocosms were left open, except
during CO, and H,O diffusive flux measurements (closed for 2
min). The mesocosms were weighed every time gas measurements
were taken to calculate the loss of soil moisture. Also, the meso-
cosms were rearranged randomly within a block at two-days inter-
vals to ensure the mesocosms received similar microclimate con-
ditions. The greenhouse was shaded with a black shade cloth to
prevent direct transmittance of solar radiation that could induce
wide variation in the temperature of the mesocosms.

Calculation of CO; and H,O diffusion coefficients

The diffusive flux and soil CO, concentration data were used
to calculate the diffusion coefficients of the soil by rearranging the
equation for Ficks Law (Jury and Horton, 2004):

Lnﬂ
Dy = _]gE Q)

where J, is the diffusive gas flux, L,, is the soil depth (6.5 cm), and
C is the gas concentration. The H,O concentration in the soil was
not measured, but we assumed a relative humidity of 99.9%. For
comparison, CO, and H,O diffusion coefficients of the soil derived
with different methods (Marshall, 1959; Millington and Quirk,
1960; Moldrup et al., 1997, 1996; Penman, 1940) are provided in
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Table S1. We calculated CO, and H,O diffusion coefficients of the
mulches considering a two-layer system: mulch (top) and soil (bot-
tom) layers. We assumed that the gases flow perpendicular to the
layers. The CO, and H,O diffusion coefficients of the mulches
(D) were then calculated based on the resistance in series
approach as follows (Jury and Horton, 2004):

_ _Lm
D = 155 ze @
Dno Jg

where L, is the thickness of the mulch.

Cultivation of sweet corn in the mesocosm

Seeds of sweet corn, cultivar Temptation, were disinfected in
70% ethanol for 1 min and rinsed several times with deionized
water. The seeds were pre-germinated in a Petri dish for 60 hrs by
sandwiching between two-layer moistened filter papers and
wrapped in aluminum foil. Pre-germinated seeds were planted in
the mesocosms at 3-cm depth on day 20 after the gas measure-
ments had been taken. We transplanted three seedlings per meso-
cosm and then thinned to two seedlings per mesocosm after five
days. The plants were irrigated frequently by drip irrigation to
maintain the moisture content at 60% to 80% field capacity of the
soil. Thus, each mesocosm received different irrigation amounts
depending on the actual water loss. The plants were supplied with
168 kg N ha!, 21 kg P ha™!, and 62 kg K ha™! via one-time ferti-
gation. We planted sweet corn in one set of the no-mulch meso-
cosms and the mesocosms that had mulches with planting holes.
The other set of the no-mulch mesocosm received irrigation and
fertigation, but it was not planted to sweet corn.

The mesocosms were subjected to gas and water measure-
ments, as described previously, on days 0, 1, 5, 15, and 30 after
planting sweet corn. After 30 days of planting, we measured the
plant height, leaf area, root biomass, shoot biomass, and the cir-
cumference of the shoots. Plant height was measured from the soil
surface to the highest point on the plant, and the shoot circumfer-
ence was measured from the center of the plant. Leaf area was
measured by placing the leaves uniformly on a white surface and
taking photographs. ImagelJ software (Rasband, 2014) was then
used to digitise the photographs and measure the total area. The
shoot and root biomass were measured by oven drying at 60°C for
48 h. The roots were sampled by gently sieving the soil through a
2 mm sieve and then washing several times with deionised water.

Monitoring chimney effect

The chimney effect was monitored during sweet corn produc-
tion in the mesocosms in the greenhouse and also under field con-
ditions. The field was an experimental site under sweet corn pro-
duction at the Northwestern Washington Research and Extension
Center, Washington State University, Mount Vernon, WA
(48°43°24°N,122°39°09°W). The field had been used to evaluate
different mulches for four continuous growing seasons in a com-
panion study [pie pumpkin (Cucurbita pepo) in 2015 and 2016,
and sweet corn in 2017 and 2018] (Ghimire et al., 2018; Sintim et
al., 2021). CO, measurements were made in 2018 (September 25-
29), and the sweet corn plants were at the grain-filling stage at the
time of the measurement. The mulches tested in the greenhouse
study were the same as those being tested in the field.

Portable infrared CO, sensors (CO, Monitor and Data Logger,
CO; Meter, Ormond Beach, FL, USA) were placed over the plant-
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ing holes at 2.5 cm height above the ground in both greenhouse
and field, with the addition of sensors placed at 15 cm height above
the Organix and polyethylene mulches in the greenhouse study.
The sensors were installed at two replications per mulch treatment
in the field and one replication per mulch treatment at the different
installation heights in the greenhouse. The sensors were set to
simultaneously measure CO, concentration and temperature every
five minutes. Ambient CO, concentration in the field was moni-
tored by placing one portable infrared CO- sensor close to a weath-
er station located about 100 m away from the field plots. The
portable sensor was placed at ~91 cm above the ground. The ambi-
ent CO, concentration in the greenhouse was also measured by
placing one portable infrared CO, sensor at ~61 cm above the
ground.

Statistical analyses

Repeated measure analyses were performed for the gas con-
centration and diffusive flux data, and analysis of variance for a
randomized complete block design for the water loss and diffusion
coefficient data, using the ‘Ime4’ package in R (Bates et al., 2015).
For the repeated measure analyses, mulch treatment was consid-
ered as between factor variable, and time was considered as within
factor variable. In addition, assumptions of normality of residuals,
homoscedasticity, and sphericity were tested. Correction for
sphericity was performed for the gas concentration and diffusive
flux data using the Greenhouse-Geisser correction method, where-
as the water loss and diffusion coefficient data were transformed
using the Box-Cox transformation method. Mean separations were
performed using the least squares means and the Tukey multiple
comparison procedure was adjusted. The significance level of all
analyses was assessed at P=0.05.

cepress

Results and discussion

Soil CO; and O, concentrations in the mesocosms
before planting sweet corn

CO, and O, concentrations in the mesocosms sampled over
time at 6.5 cm and 13.5 cm depths before planting sweet corn are
shown in Figure 2. The results showed significant effects of
mulching on the soil CO, and O, concentrations at both sampling
depths (P-value<0.001). The CO, concentration in the bottom soil
layer was greater than in the top, which is consistent with the
expected CO, concentration gradient between the atmosphere and
soil (Oh et al., 2005). The CO, concentration in the soil sampled at
both depths increased rapidly under the two plastic mulches with-
out planting holes on day 1, but then it decreased gradually there-
after (Figure 2A and B; Table S2). The Organix and polyethylene
mulches both increased the soil CO, concentration to a similar
peak (13 mmol mol! to 15 mmol mol "), but the CO, concentra-
tion declined to a greater extent in the former. Conversely, we
observed a general decline in the soil CO, concentration under the
plastic mulches with planting holes and the no-mulch and paper
mulch following a peak at day 0. Thus, the planting holes reduced
the build-up of soil CO, in the plastic mulches, with a peak soil
CO; concentration of 4.90 mmol mol™! to 5.77 mmol mol~'. The
soil CO; concentration in the no-mulch peaked at 2.8 mmol mol-!.

In contrast to soil CO, concentration, the soil O, concentration
under Organix and polyethylene mulches without planting holes
decreased significantly within the first day of installation (Figure
2C and D; Table S3). Then the soil O, concentration increased
from 183-184 mmol mol~! on day 1 to 199-204 mmol mol~! on day
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Figure 2. Soil CO; (A, B) and O, (C, D) concentrations as a function of time in the greenhouse study before planting sweet corn. Day
0 refers to the first measurements taken 4-6 h after mulch placement. The inserts show O, concentrations plotted on a magnified scale
for a detailed view. The top and bottom ports refer to measurements taken at 6.5 cm and 13.5 cm below the top of the mesocosm,
respectively. Errors indicate the standard deviation of the mean (n=4). Error bars are slightly offset from the x-axis for visibility.
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20. Planting holes reduced the inhibition of plastic mulches on soil
O,, particularly in the Organix, where the soil O, concentration
was similar to that of the no-mulch and paper mulch. The observed
differences in CO, and O, concentrations among the mulches on
day 0 are likely due to the slight delay, about 4 to 6 h, from when
the mulches were installed to when the first measurements were
taken. Results of the CO, and O, concentrations indicate that
microorganisms consumed the organic matter in the soil, using O,
and releasing CO, (Hobbie and Hobbie, 2013; Tate, 2000;
Yoshitake et al., 2007). The results are consistent with the initial
increase in CO, concentration and the decline in O, concentration.
The build-up of CO, was fast, reaching maximum concentration
within one day. This was attributable to the mixing of the soil that
induced microbial activities. As energy and nutrient sources
become depleted, microbial activities also decline (Olinger ef al.,
1996; Yoshitake et al., 2007). This led to reduced CO, concentra-
tion after the initial increase and an increase in the O, concentra-
tion from the influx of O, in the atmosphere. The soil O, concen-
trations under the no-mulch and paper mulch became comparable
to ambient O, concentration (209 mmol mol) after 15 days.

Soil CO; and O, concentrations in the mesocosms after
planting sweet corn

Sweet corn was planted after 20 days of mulch installation. At
planting, the soil CO, concentration in the two plastic mulches was
greater than that observed under the no-mulch and paper mulch
(Figure 3A and B; Table S4). There was an increase in the soil CO»
concentration in all plots one day after the first irrigation, except
under the polyethylene mulch. The CO, concentration increased by
29%, 19%, 25%, and 0.6% in the no-mulch, paper mulch, Organix,
and polyethylene mulch, respectively. However, subsequent irriga-
tion did not induce any effect on the CO, concentration.

~ No—mulch
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Fertigation, which occurred after the initial irrigations, induced a
greater impact on the CO; concentration. The CO, concentration in
the soil increased by 53%, 52%, 60%, and 89% in the no-mulch,
paper mulch, Organix, and polyethylene mulch, respectively. The
results suggested that there was a carbon source available for con-
sumption by microorganisms, but limited nutrients inhibited the
microbial respiration.

Yoshitake et al. (2007) evaluated carbon and nitrogen limita-
tions to microbial respiration. The authors observed that adding glu-
cose caused a marginal increase in microbial respiration rate,
whereas the application of ammonium nitrate had no significant
effect. However, the simultaneous addition of both carbon and
nitrogen caused an almost eightfold increase in the microbial respi-
ration rate (Yoshitake et al., 2007). At 30 days after transplanting
sweet corn, we observed an increase in the soil CO, concentration
in the no-mulch plots with plants compared to the no-mulch plots
without plants (1.88 vs 1.12 mmol mol~! in the top port and 2.06 vs
1.10 mmol mol! in the bottom port; Figure 3A and B; Table S4),
albeit it was not statistically significant. The marginal increase in
CO, concentration in the former could reflect root respiration.
Besides microbial respiration, root respiration is another important
source of CO, concentration in the soil (Kou et al., 2007; Oh et al.,
2005). However, the plants were likely still too small after 30 days
of transplanting to elevate CO, concentrations in soil significantly.

Significant differences were observed in the soil O, concen-
tration on days 0 and 15 after planting (Figure 3C and D; Table
S5). Day 15 reflects 24 h after fertigation, which tended to cause
a general decline in the soil O, concentration in the plastic
mulches. There were no differences in the soil O, concentration
between the no-mulch plots without plants and the no-mulch plots
with plants, indicating that the sweet corn had a minimal impact
on O, concentrations.
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CO; and H,O diffusive fluxes across the soil-atmos-
phere boundary

CO, diffusive flux increased rapidly across the polyethylene
mulch without planting hole on day 1 and then remained fairly
constant thereafter (Figure 4A and Table S6). Under the Organix
without planting hole, the CO, diffusive flux increased rapidly on
day 1, remained relatively constant until day 10, and then declined
after that. The initial increase in diffusive flux reflects a build-up
of CO, concentration in the soil, which caused an increase in the
CO: concentration gradient. This is more obvious in the Organix,
where the CO, concentration decreased more rapidly after the ini-
tial increase (Figure 2A and B). As a result, the CO, diffusive flux
also decreased. CO, diffusive flux across the plastic mulches with
planting holes decreased rapidly until day 5, and then remained
fairly constant thereafter (Figure 4A). On day 0, the CO, diffusive
fluxes across the plastic mulches with planting holes were general-
ly greater than across the respective plastic mulches without plant-
ing holes. The observation supports that the planting holes did
indeed reduce the buildup of CO, above the soil but under the plas-
tic mulches. The CO, diffusive fluxes in the no-mulch and paper
mulch decreased rapidly until day 2, more slowly from day 2 to
day 5, and then remained relatively constant after that. Overall, the

Dagepress

CO, diffusive fluxes across the no-mulch and paper mulch were
greater than across the plastic mulches, with and without planting
holes. Zhang et al. (2015) reported greater CO, flux across no-
mulch as compared to plastic mulch (0.19 vs 0.16 g CO, m=2 h1),
consistent with the results of our study. A similar observation was
made by Okuda et al. (2007), who reported CO, fluxes of 0.16 and
0.10 g CO, m2 h™! for no-mulch and polyethylene mulch, respec-
tively. However, other studies have reported higher CO, flux
across polyethylene mulch when compared to that across no-mulch
(Zhang et al., 2017). In a greenhouse study, Shahzad et al. (2019)
observed greater CO, flux across no-mulch than across polyethy-
lene mulch at day 0 (0.78 vs 0.14 g CO, m2 h™!). However, on day
16, the CO; flux across the no-mulch was lower than the CO; flux
across the polyethylene mulch (0.16 vs 0.24 ¢ CO, m2 hl)
(Shahzad et al., 2019).

The H,O diffusive fluxes across the no-mulch and paper mulch
were similar but greater than across the plastic mulches, with and
without planting holes. The H,O diffusive flux across Organix was
generally greater than that across the polyethylene mulch (Figure
4B and Table S6). In addition, the H,O diffusive fluxes across the
plastic mulches with planting holes were greater than across the
respective plastic mulches without planting holes. The results indi-
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Figure 4. CO, and H,O diffusive fluxes of the mulch treatments as a function of time in the greenhouse before planting sweet corn.
Day 0 refers to the first measurements taken 4-6 h after mulch placement. Error bars indicate the standard deviation of the mean (n=4).

Error bars are slightly offset from the x-axis for visibility.
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cate that the polyethylene mulch was more efficient in reducing
evaporative water losses compared to Organix, which could partly
be attributed to the thickness of the mulches. The polyethylene
mulch had a thickness of 25.4 um, and the thickness of Organix
was 17.8 um.

CO; and H,O diffusion coefficient of mulches

Table 3 shows the calculated CO, and H,O diffusion coeffi-
cients of the mulches or soil (i.e., the no-mulch treatment) on days
0 and 1 after mulch installation in the mesocosms. In general, the
CO, diffusion coefficient of the soil on day 1 was greater compared
to that observed on day 0. The diffusion coefficients of CO, in the
air are much greater than in water, reported to be 0.16 cm=2 s ™! and
1.67x10° cm™2 s7!, respectively, at 20°C (Lide, 2005). Thus, the
greater CO, diffusion coefficient of the soil on day 1 compared to
what was observed on day 0 could partly be attributable to the loss
of water after one day that increased the air-filled porosity of the
soil. In contrast, the H,O diffusion coefficient of the soil was gen-
erally greater on day O than on day 1 (Table 3), which was because
the H,O concentration in the soil was not directly measured, but we
assumed a relative humidity of 99.9%. We calculated the diffusion
coefficients of the mulches by a two-layer system, assuming the
diffusion coefficients of the soil layer under the mulches are simi-
lar to the diffusion coefficient of the no-mulch. This assumption is
likely true for day 0, but the no-mulch lost some water after one
day. Thus, the diffusion coefficients of the mulches calculated for
day 0 are more representative.

The CO diffusion coefficient of polyethylene mulch was sim-
ilar to that of Organix. The paper mulch had a significantly higher
CO, diffusion coefficient than the plastic mulches, but it was sig-
nificantly lower when compared to that of the soil. The H,O diffu-
sion coefficient was greatest in the soil and least in the plastic
mulches. Also, the CO, and H,O diffusion coefficients of the plas-
tic mulches with planting holes were higher than those observed in
the plastic mulches without planting holes, albeit most of the dif-
ferences were not statistically significant. Shahzad et al. (2019)
reported the CO, diffusion coefficient of polyethylene mulch with-
out a planting hole to be 2.23x10°° cm=2 s~! and that for bare soil
to be 4.08x102 ¢cm=2 s7!. These values are higher than those
observed in our current study, likely due to the addition of compost
in the study by Shahzad et al. (2019).

Soil water conservation in the greenhouse study

Total water loss before planting sweet corn was greatest in the
no-mulch and paper mulch, followed by the Organix (with and
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without planting holes), and then the polyethylene mulch (with and
without planting holes) (Figure SA). This order is consistent with
the H,O diffusive flux measurements. There were no differences in
the total water loss between the plastic mulches with planting holes
and the total water loss under the respective plastic mulches with-
out planting holes. The results suggest that the planting holes had
minimal effects on soil water loss. Actually, the polyethylene
mulch with a planting hole even lost less water compared to the
Organix without a planting hole. After 30 days of planting sweet
corn, the total water loss was 58.3, 20.2, 52.7, and 12.6 mm for the
no-mulch, Organix, paper mulch, and polyethylene mulch, respec-
tively (Figure 5B). These values were considerably greater than the
respective plots that were not planted to sweet corn (48.7, 6.1, 8.0,
and 0.4 mm, respectively, for the no-mulch, Organix, paper mulch,
and polyethylene mulch) (Figure 5C). The results are partly due to
transpiration and because the plots with planting holes received
supplemental water by irrigation, which increased the potential for
water loss. However, the no-mulch plots without plants received
the same amount of supplemental water by irrigation as the no-
mulch plots with plants. Thus, the greater total water loss of the lat-
ter compared to the former (a difference of 9.6 mm) reflects water
loss by transpiration. Also, the greater water loss in the no-mulch
with plants than in the paper mulch with plants suggests that the
paper mulch conserved soil water to some extent.

Light illuminance, temperature, and calculated thermal
time in the greenhouse study

Light illuminance was greatest in the no-mulch, followed by
Organix, polyethylene mulch, and then the paper mulch (Figure 6A).
The light did not penetrate the paper mulch at all, with light illumi-
nance of 0 lux. The paper mulch was brown but 13 and 9 times thick-
er than the Organix and polyethylene mulch, respectively.
Photosynthetic photon flux density (PPFD) of 100-200 umol m=2 s~
can sustain the normal growth of several plants, but PPFD as low as
17 pwmol m2 s7! can still induce growth (Paz et al., 2019; Pons and
Poorter, 2014). Thus, the least light illuminance through the paper
mulch makes it the most effective in preventing weed growth
unless there is a premature breakdown of the mulch in the field.
Ghimire et al. (2018) evaluated the effects of different biodegrad-
able plastic mulches under pie pumpkin production at different
locations, including no-mulch, paper mulch, and polyethylene
mulch as controls. The authors observed that at the Knoxville, TN
location, the weed nutsedge (Cyperus sp. L.) grew and penetrated
all the plastic mulches but did not grow under the paper mulch.
Anzalone et al. (2010) also reported that paper mulch performs

Table 3. CO; and H,O diffusion coefficients of the mulches and soil (i.e., no-mulch) calculated using flux measurements and the con-
centration gradients between the top sampling port and the atmosphere in the greenhouse.

No-mulch (145:032)x1020  (1.840.13)x102 (8.15+042)x1020  (5.15+0.23)x 102
Organi Q05£072)x107  (250£0.48)x10T (40.1£380)x10-  (38.13.96)x10-7>
Organix (hole) (9.66+4.05)x107ab  (10.72.84)x10-Toe (60.1:1.05) 107 (49.7::4.52) 10
Paper (1.00£033)x104%  (1.04=047)x10-4 (4.39:1.09) x 10 (2.76:+0.78) 10
Paper (hole) (134120104 (1.09+0.38)x10-4 (448+0.37)x 10 (L77£0.29)x 10
Polyethylene Q60+ 116)x10T0  (3.23£0.77)x10-Tab (3.86:+0.42)x10T (4.07£045)x10T

Polyethylene (hole) (12.1£283)x10™  (15.1+1.67)x107

(30.6:3.05) x 10-ab (254+2.16) <1072

Within measurement variable and sampling time, means not sharing any letter are significantly different using the least squares means and adjusted Tukey multiple comparison (P<0.05). Values represent the mean

+ standard deviation (n=4).
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better than polyethylene and biodegradable plastic mulches in
terms of weed control. These observations can be explained by the
absence of light penetration in the paper mulch, rendering paper
mulch most effective for weed control. However, paper mulch can
be prone to ripping, particularly where paper contacts the soil and
under windy conditions (Ghimire et al., 2018; Harrington and
Bedford, 2004).

The temperature was similar among the different mulch treat-
ments at the initial stages until shortly after planting sweet corn,
where temperatures under the no-mulch and paper mulch became
lower than temperatures under the plastic mulches (Figure 6B).
The temperature was relatively higher in the paper mulch com-
pared to the no-mulch, but lower when compared to those of the
plastic mulches. The greenhouse in this study was shaded, so we
expected to see similar temperatures across the mulch treatments,
which was indeed the case from the initial mulch installation until
planting sweet corn. However, the no-mulch and paper mulch had
more significant water loss so we provided more irrigation in order
to maintain the soil water content between 60 to 80% field capac-
ity. Perhaps, the frequent irrigation could have induced a larger
evaporative cooling effect in the no-mulch and paper mulch. Under
field conditions, plastic mulches were reported to induce greater
soil temperature than no-mulch, particularly before planting and
during the early growing season (Brown et al., 1990; Lamont,
1993; Moreno and Moreno, 2008; Sintim et a/., 2019). However,
Sintim et al. (2019) noted that the differences in soil temperature
between plastic and no-mulch conditions diminished later in the
growing season as the plant canopy developed and the mulches
became shaded.

Chimney effect under greenhouse and field conditions

The CO, concentrations and temperatures measured during
sweet corn production in the greenhouse and under field conditions
are shown in Figure 7. The ambient data of the field is not available
after September 27 because of sensor failure. We observed fluctu-
ations in the diurnal CO, concentrations, with higher values
observed in the evenings and early mornings, whereas lower val-
ues were observed during the day for both greenhouse and field
measurements. Diurnal fluctuation of atmospheric CO, concentra-
tion is a common occurrence and has been reported in various parts
of the world (Guha and Ghosh, 2010; Idso ef al., 2002; Imasu and
Tanabe, 2018). According to Idso ef al. (2002), the controlling fac-
tors of diurnal atmospheric CO, concentration include: i) air tem-
perature inversions at night and in the early morning, where the
inversions trap vehicular-generated CO, near the ground, thereby
increasing the CO, concentration; and ii) solar-induced convective
mixing during the mid-day period, which dilutes CO, concentra-
tion near the ground.

Under greenhouse conditions, the CO, chimney effect (i.e.,
elevated CO, concentrations) was observed at 2.5 cm above the
planting holes in the polyethylene mulch (Figure 7A). The effects
were consistently pronounced after October 29, corresponding to
when the plants received nutrients via fertigation. As already
noted, fertigation induced microbial activities that elevated the
CO:; concentrations in the soil. In addition, root respiration could
have also led to increased CO, concentrations in the soil. Under
field conditions, the CO, chimney effect was observed at 2.5 cm
above the planting holes in both Organix and polyethylene
mulches, with the effect being more obvious in Organix (Figure
7B). No CO, chimney effect was observed at 15 cm above the
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planting holes in the plastic mulches in the greenhouse.

Greenhouse temperatures measured at 2.5 cm above the no-
mulch were lower than temperatures measured at 2.5 cm above the
paper mulch and plastic mulches (Figure 7C). In addition, green-
house temperatures measured at 15 cm above the plastic mulches
were higher than temperatures measured at 2.5 cm above the plas-
tic mulches. Ambient temperatures measured in the greenhouse
were higher than those measured at 2.5 cm above the no-mulch,
but lower than those measured above the paper mulch and plastic
mulches. Under field conditions, the ambient temperatures were
generally lower compared to temperatures measured at 2.5 cm
above the no-mulch and plastic mulches (Figure 7D). The temper-
atures measured during the day at 2.5 cm above the ground tended
to be highest in the polyethylene mulch, followed by Organix, and
then the no-mulch. However, temperatures above the mulches
were similar during the evenings.

Our results indicate that plastic mulch affects the gas and
microclimate dynamics of the soil and the immediate atmosphere.
We determined that the effect was negligible at 15-cm height, like-
ly due to convective mass transfer in the greenhouse. Convective
mass transfer is expected to be much higher under field conditions,
further reducing the height in which the chimney effect could be
noticeable. The results of our study are, therefore, consistent with
the results of Soltani ef al. (1995), who observed the CO, chimney
effect near the surface of plastic mulches but not at 10 cm above
the plastic mulches. The greater chimney effect of Organix over
polyethylene mulch in the field could be attributed to differences
in the history of the field. The field reflects the effects of different
mulches used for four continuous growing seasons. Sintim et al.

Special Section - Article

(2019) initially determined that the plots under Organix had greater
CO,-C (measured by the Solvita CO, burst method) than the plots
under polyethylene mulch (82.6 mg kg! vs 72.4 mg kg™).

Growth parameters of sweet corn cultivated
in the mesocosms

Mulch effects on the growth parameters of sweet corn after 30
days in the greenhouse are shown in Table 4. We did not observe
significant differences between the mulches in all the measured
growth parameters. Plastic mulches have been shown to increase
grain and sweet corn growth cultivated in field conditions, espe-
cially under water-deficient environments (Kara and Atar, 2013;
Rajablariani et al., 2015; Xu et al., 2015; Zhang et al., 2018). In
this study, we evaluated the growth of sweet corn in a controlled
environment in a greenhouse. We ensured soil water content
remained between 60% to 80% of field capacity to avoid water
stress. Also, the greenhouse was slightly shaded, which prevented
direct transmittance of solar radiation. More importantly, we ade-
quately controlled weeds, a major factor that results in better crop
growth by mulching (Rajablariani et al., 2015).

Overall, the results indicate that the impact of the chimney
effect induced by the plastic mulches on sweet corn growth was
minimal. This is consistent with the observation that the chimney
effect was only noticeable at 2.5 cm above the mulch surface but
not at 15 cm above the mulch surface. As the canopy height of the
sweet corn was more than 15 cm within a few days after planting,
no effect on plant growth would be expected. However, the chim-
ney effects could, perhaps, positively impact a different crop with
lower canopy height.
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Conclusions and implications

Plastic mulching increased the soil CO, concentration, but
planting holes in the plastic mulches decreased the peak soil CO,
concentration by 62% to 71%. On the contrary, plastic mulch
decreased the soil O, concentration to a minimum of 181 mmol
mol! to 183 mmol mol . The value is well above 100 mmol mol !,
the minimum O, concentration in which plant growth becomes
impaired (Hanslin et al., 2005). Organix conserved soil moisture
better than the no-mulch and paper mulch but not as much as
polyethylene mulch. We observed that the impact of the planting
hole on soil water loss was minimal compared to the impact on
CO; and O, dynamics.

The paper mulch inhibited light penetration the most, followed
by polyethylene mulch, Organix, and then no-mulch. The results
make paper mulch the most effective in controlling weeds, as long
as its integrity stays intact. There was evidence of a chimney effect
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at 2.5 cm above the plastic mulches, but it was not discernible at
15 cm height. Thus, we did not observe a significant impact on the
growth of sweet corn. Improved growth of sweet corn from plastic
mulching could, therefore, be attributable to other factors, such as
weed control, reduced water loss, and early season soil warming.
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