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Abstract: Soil-biodegradable plastic mulches (BDMs) are made from biodegradable materials that can
be bio-based, synthetic, or a blend of these two types of polymers, which are designed to degrade in soil
through microbial activities. The purpose of BDMs is to reduce agricultural plastic waste by replacing
polyethylene (PE) mulch, which is not biodegradable. Most studies have evaluated the breakdown of
BDMs within annual production systems, but knowledge of BDM breakdown in perennial systems
is limited. The objective of this study was to evaluate the deterioration and degradation of BDMs
in a commercial red raspberry (Rubus ideaus L.) production system. Deterioration was low (≤11%
percent soil exposure; PSE) for all mulches until October 2017 (five months after transplanting, MAT).
By March 2018 (10 MAT), deterioration reached 91% for BDMs but remained low for PE mulch (4%).
Mechanical strength also was lower for BDMs than PE mulch. In a soil burial test in the raspberry field,
91% of the BDM area remained after 18 months. In-soil BDM degradation was minimal, although
the PSE was high. Since mulch is only applied once in a perennial crop production system, and the
lifespan of the planting may be three or more years, it is worth exploring the long-term degradation
of BDMs in perennial cropping systems across diverse environments.
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1. Introduction

Agricultural plastic mulch, primarily made of polyethylene (PE), has been used widely in
agriculture since the 1950s [1]. Plastic mulch provides multiple benefits, such as suppressed weed
growth, decreased use of herbicides, and increased water-use efficiency and crop yield. Globally,
the mulch film market has an annual projected growth rate of 7.4% from 2018 to 2026 and an estimated
value of ~4.3 billion US dollars in 2019 [2]. In China, PE mulch was applied to approximately 20 million
ha of agricultural land in 2011 [3]. In North America, it was estimated that approximately 115,000 tons
of PE mulch was used in 2016, and the estimated use in 2020 is 134,000 tons [4].

The continued use of PE mulch imposes two important challenges: (1) PE mulch is difficult
to recycle, because its contamination with soil and plant debris (up to 50% by weight) has led to a
lack of viable recycling programs, and (2) PE mulch is nonbiodegradable (predicted to remain in the
environment up to 300 years) due to polyethylene chemical bonds being virtually resistant to microbial
breakdown [1,5–8]. Therefore, most agricultural PE mulch is stockpiled on-site, landfilled, or burned,
which creates environmental problems [1,9]. In addition, PE mulch is seldom completely removed from
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the field, and remaining PE mulch fragments can impair soil chemically, physically, and biologically
properties [10]. A promising and potential alternative to PE mulch is soil-biodegradable plastic mulch
(BDM) that is designed to biodegrade at least 90%, as assessed by the conversion of carbon from
biodegradable polymers to CO2 within two years by naturally occurring soil microorganisms in
accordance with a laboratory test [11]. Biodegradable polymers can be bio-based or synthetic (e.g.,
derived from fossil fuels), with bio-based polymers tending to have higher rates of biodegradation
than synthetic polymers [12]. The EN 17033 is the only testing regime for BDMs at the time of writing
this paper and is used to distinguish BDMs from oxodegradable plastic mulches, which fragment to
nonbiodegradable small mulch pieces (predominantly PE mulch). It is also important to note that
BDMs are designed and advertised to be tilled into soil after crop production, which reduces plastic
waste generation. However, at present in the USA, manufacturers are not required to test mulches for
biodegradability under agricultural field conditions. Consequently, field studies, including the one
reported in this paper, use the term “BDM” to refer to products that are advertised as soil-biodegradable,
but this does not imply these mulches have been tested and found to be at least 90% biodegradable in
all agricultural settings and soil conditions.

There are many reviews describing the breakdown of BDMs, which is impacted by many
factors such as water, oxygen, temperature, mulch thickness, and microbial community size and
composition [1,12–14]. In this paper, the breakdown of BDMs is defined as starting with deterioration
on the surfaces of raised beds, followed by both additional in-soil deterioration and biodegradation [15].
Deterioration primarily consists of abiotic forces such as weather-induced damage (e.g., sunlight, wind,
or temperature) of the BDM, causing it to weaken and fragment [14,16]. Biodegradation involves
both abiotic and biotic factors. Biotic factors encompass naturally occurring microorganisms that
can use the molecules in BDM in their metabolism to produce carbon dioxide, water, and microbial
biomass [11,17]. Therefore, the degradation of BDMs can maintain or reduce the accumulation of
plastics in the environment.

In the past decade, researchers have quantified the deterioration of BDMs in annual vegetable and
strawberry (Fragaria × ananassa L.) production settings using semi-quantitative measurements, such as
percent soil exposure (PSE) [18–23]. Cowan et al. [18] demonstrated, however, that PSE measurements
are not a measure of degradation. To measure the degradation of BDMs, Calmon et al. [24] developed
an in situ burial test. This test involved measuring the visible mulch surface area reduction as an
estimate for degradation. The in situ burial test showed that degradation over a 24-month period was
lowest in a Mediterranean climate (~10%) and highest in a continental climate (~80–90%), whereas it
was intermediate in an oceanic climate. Li et al. [25] used a similar method to quantify the area loss of
four different BDMs following tomato (Solanum lycopersicum L.) productions at three locations in the
USA. Degradation varied across the three locations 24 months post-mulch burial, with the highest
degradation (>97%) in a humid continental climate location with a warm soil, high air temperature,
and a high abundance of fungi relative to Mediterranean and subtropical climates.

These studies advance the nascent knowledge of BDM performance and degradation in annual
production systems where BDMs are tilled into the soil after a single growing season and the soil is
tilled several times each year thereafter. In a perennial system, however, mulch stays in place longer;
thus, there is more environmental weathering of the mulch before it is incorporated into the soil.
Therefore, the degradation of a BDM in annual and perennial systems might differ due to differences
in physical integrity at the time of soil incorporation. Tachibana et al. [26] were the first to study the
degradation of BDMs in a perennial system (orange (Citrus reticulata L.)). Each BDM in their study
consisted of different ratios of polylactic acid (PLA); chemically modified starch (e.g., derived from corn
(Zea mays L.), sugar beets (Beta vulgaris L. subsp. vulgaris), switchgrass (Panicum virgatum L.), and/or
sugarcane (Saccharum officinarum L.)); and poly(butylene adipate-co-terephthalate) (PBAT) [7]. It was
found that BDM containing more chemically modified starch degraded rapidly on the soil surface after
four months, whereas BDMs that contained more PLA and PBAT degraded little. However, multi-year
studies are needed to assess the degradation of BDM in perennial systems.
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To our knowledge, this study is the first study to evaluate BDM deterioration and degradation over
multiple years in a perennial fruit production system. The specific objective of this study was to evaluate
the deterioration and degradation of BDMs using both semi-quantitative (PSE) and quantitative (mulch
mechanical properties and digital image analysis) methods of assessment. Floricane red raspberry
(Rubus ideaus L.) is used here as a model perennial crop, because it has a growing cycle of six or more
years, and growers are increasingly using plastic mulch due to horticultural benefits [23,27].

2. Materials and Methods

2.1. Experimental Location and Design

The study was carried out in a commercial raspberry farm in Lynden, WA, USA (48◦58′06” N,
122◦25′30” W; 33 m above sea level) from 2017 to 2019. The site has a Lynden sandy loam, classified as
a Podzol (FAO), or a sandy, mixed, mesic Typic Haplorthods [28,29]. The experimental design was
a randomized complete block with five mulch treatments (one PE mulch and four BDMs; Table 1)
replicated 5 times. Blocking was done across rows to control for soil variations in texture. Each plot
was 36-m-long and spaced 3 m center-to-center. The mulches were chosen based on suggestions
provided by mulch manufactures for this production system combined with preliminary studies on
commercial raspberry farms (DeVetter and Honcoop, unpublished data). All mulches are commercially
available, and the primary biodegradable ingredient of the BDMs was PBAT, with PLA or starch as a
co-component. Two different thicknesses of BDMs (Organix Solutions, Bloomington, MN, USA and
PolyExpert Inc., Laval, QC, Canada) were used, 12.7 and 15.2 µm, to test the suitability for perennial
crop production. Additional mulch polymer properties are provided in Hayes et al. [30].

Table 1. Polyethylene (PE) and biodegradable plastic mulch (BASF and Novamont) treatments applied
to tissue culture “WakeTMField” raspberry in May 2017 in Northwestern WA, USA.

Mulch Product z Thickness
(µm) Converter Key Product Ingredient(s) y

BASF 0.5 12.7 Organix Solutions, Bloomington, MN, USA PLA + PBAT z

BASF 0.6 15.2 Organix Solutions, Bloomington, MN, USA PLA + PBAT
Novamont 0.5 12.7 PolyExpert Inc., Laval, QC, Canada Starch-based, PBAT copolyester
Novamont 0.6 15.2 PolyExpert Inc., Laval, QC, Canada Starch-based, PBAT copolyester

PE 25.4 FilmTech, LLC., Stanley, WI, USA Polyethylene
z BASF and Novamont mulch treatments, manufactured by Organix Solutions and PolyExpert Inc., respectively,
are biodegradable based on EN 17033 (tests biodegradability in a laboratory setting with an agricultural or forestry
soil) and have TUV OK Soil Biodegradable certification. BASF 0.5 and BASF 0.6 are made of the same feedstock but
with different thicknesses (0.5 = 0.5 mil and 0.6 = 0.6 mil). Novamont 0.5 and Novamont 0.6 are made of the same
feedstock but with different thicknesses (0.5 = 0.5 mil and 0.6 = 0.6 mil). y The specific content of each polymer is
not provided by the manufacturers due to proprietary reasons. z PLA = polylactic acid and PBAT = poly(butylene
adipate-co-terephthalate).

2.2. Weather and Soil Characteristics

The field site has a warm Mediterranean climate (Csb) [31]. Annual air and soil temperature at
20 cm depth, solar radiation, relative humidity, total rainfall, and wind speed were collected from
the Washington State University Nooksack AgWeatherNet station, located 8 km east of the study site.
From April 2018 to October 2019, when BDM treatments were buried in mesh bags within the plots,
the average soil temperature and moisture were measured (5 TM sensors; Meter Group, Inc., Pullman,
WA, USA) and recorded (EM50 Digital loggers; Meter Group, Inc.) at 10 cm depth every 15 min in four
BDM treatments in the third replicate. PE mulch was removed in March 2018 and was not included in
the mesh bag test (see “mesh bag samples and burial” methods). The sensors were buried next to and
at the same level as the mesh bags.
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2.3. Field History, Mulch Laying, and Field Maintenance

In Sept. 2016, a commercial fumigation company (Trident Agriculture Products, Woodland,
WA, USA) broadcast fumigated the entire field at the rate of 54 L·ha−1 (Telone C-35®; 65% 1,3-di-
chloropropene and 35% chloropicrin; Dow Agrosciences, Indianapolis, IN, USA). Fumigation was done
to manage root lesion nematode (Pratylenchus penetrans (Cobb) Filipjev and Schuurmans Stekhoven).
After fumigation, the entire field was seeded with a winter wheat (Triticum aestivum L.) cover crop.
In May 2017, raised beds were formed 0.36-m-high and 0.91-m and 1.0-m-wide at the top and bottom,
respectively. Mulches were applied 1 week later, on 17 May 2017, and were laid over the raised beds
using a custom-built flat-bed layer. Simultaneously, drip tape (emitter spacing 61 cm, BlueLine PC
Clipperline, TORO, Bloomington, MN, USA) was placed slightly off-center on the bed. Immediately
after mulch-laying, a customized dibble was used to create planting holes 10-cm-wide, 7.5-cm-deep,
and spaced 66-cm-apart along the row center. Tissue culture “WakeTMField” raspberry transplants
were planted on the same day in the raised beds. Two months after mulch-laying, wooden trellising
posts to support raspberry plant growth were installed.

2.4. Mulch Deterioration

Mulch deterioration during the growing season was measured as percent soil exposure (PSE),
which is an indicator of mulch functionality and performance. PSE was visually assessed by the
same person from May 2017 to March 2018 in a 1-m2-area in the center of each plot twice per month
(approximately the 15th and 30th of each month). A PSE of 0% represented a completely intact mulch,
whereas a rating of 100% represented fully exposed soil. Ratings were made in 1% increments until
20% exposure, and then, 5% increments were used thereafter [18]. Mulch mechanical properties
were assessed on environmentally weathered mulches collected from the field on 20 January 2018,
approximately 8 months after mulch application. A 1-m2 mulch sample was collected from the raised
bed surface of each plot in the first three replicates. Within 24 h of mulch collection, mulch samples
were cleaned by gently showering the surface with tap water to remove soil. Next, mulch samples
were air-dried for 24 h at ambient air temperature (25 ◦C), then shipped to the Washington State
University Textiles Laboratory in Pullman, WA, USA for assessment. Three specimens (2.5-cm-wide
and 15-cm-long each) in each the machine (along the mulch roll) and transverse (perpendicular
to the mulch roll) directions were randomly cut from each mulch sample using a hydraulic press.
Elongation (percent elongation at peak load; %) and breaking force (peak load; measured in Newton,
N) were measured (Instron 5565A; Instron; Norwood, MA, USA) in accordance to ASTM D5035-11 [32].
The distance between the two specimen holders of the tester, which is the effective testing length,
was set at 75 mm. Elongation is a measure of how much the material can stretch before breaking,
and the breaking force indicates how much force is needed to pull apart the material.

2.5. Mesh Bag Samples and Burial

On 30 March 2018, one 15 × 15-cm weathered mulch sample was cut from the top of the raised bed
in each BDM plot, placed in a labeled plastic bag, transported under ambient temperature conditions
(25 ◦C) to Washington State University Northwestern Washington Research and Extension Center,
and stored at 4 ◦C. PE mulch was not included in the mesh bag study, because it is not biodegradable [33].
On the same day, soil was collected at a 0-10-cm depth from the top of the raised bed of each respective
plot using a shovel. Three soil samples from each plot were bulked, thoroughly mixed, and stored at
4 ◦C until mesh bag preparation.

On 11 April 2018, the mulch samples were gently cleaned with wet paper towels to remove
adhered soil, then cut into three 5 × 5-cm mulch samples. Each 5 × 5-cm mulch sample was placed
into a white nylon mesh bag (1-mm mesh opening; Industrial Netting, Inc., Minneapolis, MN, USA)
measuring 10 × 14 cm. In each bag, the mulch sample was sandwiched between approximately 100 g
of soil from its respective plot, with soil evenly distributed on both sides of the mulch sample (50 g of
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soil per side). The open side of the mesh bag was folded and stapled with stainless-steel staples (Salco
Inc, East Syracuse, NY, USA) so that the final size of each mesh bag was 10 × 10 cm. BASF 0.6 mulch
was chosen as a no-soil mesh bag treatment (BASF 0.6NS) to assess whether including soil in the mesh
bag would impact degradation. BASF 0.6NS mesh bags were assembled as described above, except no
soil was added into the mesh bags.

Mesh bags with BDMs were stored at 4 ◦C for 1.5 days until placement in the field. Three mesh
bags per plot (for three subsequent samplings) were attached together using a nylon string and buried
in their respective plots, on the western side of the raised bed (beds oriented in a north-south direction).
Mesh bags were placed parallel to the row at a depth of 10 cm in the area immediately adjacent to the
south side of the region where PSE data were collected [34]. In BASF 0.6 plots, the mesh bags without
soil (BASF 0.6NS) were attached together with a separate nylon string and buried in-line with the mesh
bags that contained soil.

2.6. Mesh Bag Collection, Cleaning, and Imaging

Mulch degradation was assessed using a method similar to the ones described in Calmon et
al. [24], Rasband [35], and Sintim et al. [34]. One buried mesh bag per plot, from north to south,
was removed from the field every 6 months (18 October 2018, 18 April 2019, and 25 October 2019)
and stored at 4 ◦C for no more than 4 days before cleaning and imaging. The stapled side of the
mesh bag was cut open using scissors. Soil and mulch were removed and placed on a sieve (1 mm;
Dual Manufacturing Co; Franklin Park, IL, USA). Mulch samples, including BASF 0.6NS, were gently
washed using tap water and then air-dried. The mulch sample from each mesh bag was placed on
white paper (Aspen 30; Boise Paper; Boise, ID, USA) to create a distinct contrast and covered with a
transparent plastic sheet. A brush (2.4-mm LaurenTM; Princeton Artist Brush Co.; Princeton, NJ, USA)
was used to gently move the mulch corners so that the sample was laid flat to determine its real surface
area. Two rulers (30-cm Westcott; Seneca Falls, NY, USA) were placed parallel to two adjacent sides of
the mulch sample for scale. A photograph (ELPH 180, Canon; Tokyo, Japan) of each mulch sample
was taken, and the mulch area was calculated using ImageJ (National Institute of Health, Bethesda,
MD, USA) with the Threshold Color plugin. Each image was uploaded separately for calibration and
analysis. Each picture was analyzed three times, and the mean and standard deviation were calculated.
The area of the mulch samples prior to burial (April 2018) was calculated based on the sample size
(5 cm × 5 cm = 25 cm2) and was considered as a 100% mulch area. The area of each mulch sample
measured thereafter was relative to this amount.

2.7. Statistical Analysis

All data were analyzed with JMP 14.0.0 (SAS Institute, Cary, NC, USA). Mulch-breaking force
and remaining mulch area in the mesh bags were analyzed as a randomized complete block design
by analysis of variance (ANOVA), while mulch elongation data were log-transformed before being
analyzed by ANOVA. A Tukey’s honest significant difference test was used for comparisons at a
significance level of p = 0.05. PSE data were analyzed with a Wilcoxon nonparametric test, and mean
separations were performed with a Wilcoxon nonparametric multiple comparison procedure, because
that data did not meet the assumptions of ANOVA. Nontransformed data and standard deviation
are presented.

3. Results

3.1. Environmental Data

Raspberry plants begin actively growing in April in this region, and visible growth stops in October.
The climate data recorded for the experimental period is summarized in Table 2 (WSU AgWeatherNet,
2020). The climate during the 2018 and 2019 growing seasons (April through October) was very similar
and, on average, was: 14.3 ◦C daily temperature, 20.1 ◦C daily maximum temperature, 9.0 ◦C daily



Horticulturae 2020, 6, 47 6 of 15

minimum temperature, 3084 MJ·m2 solar radiation, 80% relative humidity (RH), and 414-mm total
rainfall. During the winter (November 2018 through March 2019), the average daily temperature
was 2.5 ◦C, while the RH (84%) and precipitation (351 mm) were very similar to the growing season.
Most precipitation (78%) occurred in October 2017 through February 2018, when the air temperature
was 5.1 ◦C on average. There were 78 days with wind speeds over 36 km·h−1 from May 2017 to
February 2018; 33 of these days occurred from May to October 2017, and 45 days occurred from
November 2017 to February 2018 (data not shown).

Soil temperature at a 10-cm-depth was similar for all mulch treatments during the entire study
(data not shown). Average soil temperature was 15.0 ◦C from April to October 2018, 4.8 ◦C from
November 2018 to March 2019, and 15.0 ◦C from April to October 2019 (Figure 1; Novamont 0.6
data was excluded from April to October 2018, because the sensor was accidently removed by a field
worker). Average soil moisture at a 10-cm-depth for all mulch treatments was 0.20 m3

·m−3 (range was
0.18 to 0.24 m3

·m−3) from April to October 2018, 0.18 m3
·m−3 (range was 0.13 to 0.23 m3

·m−3) from
November 2018 to March 2019, and 0.16 m3

·m−3 (range was 0.12 to 0.19 m3
·m−3) from April to October

2019 (Figure 1).
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Figure 1. Monthly soil temperature (◦C) and precipitation (A) and monthly volumetric water content
(m3.m−3) (B) from April 2018 to October 2019 in a raspberry field. Soil sensors were installed at a
depth of 10 cm in the third replicate of four BDM treatments; data were recorded every 15 min, and the
average was calculated for all treatments due to strong similarity. Monthly precipitation was taken from
the Washington State University Nooksack AgWeatherNet Station located 8 km east of the study site.
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Table 2. Environmental data near the commercial raspberry field used in this study in Northwestern
WA, USA in 2018 and 2019.

Environmental Variables z April–October
2018

November
2018–March 2019

April–October
2019

Average daily air temperature (◦C) 14.4 5.2 14.3
Average daily maximum air temperature (◦C) 20.5 10.5 19.8
Average daily minimum air temperature (◦C) 8.8 1.0 9.2

Total solar radiation (MJ/m2) 3278 891 2889
Relative humidity (%) 84 84 77

Total rainfall (mm) 335 351 493
z Data summarized from Washington State University AgWeatherNet Station at Nooksack Station located 8 km east
of the study site.

3.2. Mulch Deterioration

Just after application, the PSE did not differ among treatments and was 0% for PE mulch and
less than 1% for all BDMs (p = 0.37; Figures 2 and 3). From 14 July 2017 onwards, the PSE differed
among treatments but was initially low for all treatments. For example, on 14 July 2017, the PSE for
BASF 0.6 was 1.6% (similar to other BDM treatments), while the PSE for PE mulch was 0% (p = 0.01).
The installation of the support posts on 15 July 2017 caused damage to all mulches in the form of small
rips and tears. The PSE increased slowly until 27 October 2017 and was 13% on average for all BDMs
and 1% for PE mulch (p = 0.01). The PSE increased rapidly thereafter for BDMs and, on 15 November
2017, exceeded 50% for BASF 0.5 and Novamont 0.6 (p = 0.02) and exceeded 50% for BASF 0.6 and
Novamont 0.5 on 16 January 2018 (p = 0.01). The PSE was similar for all four BDM treatments on 19
March 2018 (86% on average) and reached 91% on average on 30 March 2018 (the last date for the PSE
assessment), while the PE mulch remained intact (4%) (p = 0.01).

The elongation (the amount of stretch before breaking) and breaking force (the amount of force
exerted at the point of breaking) in machine and transverse directions differed among treatments (Table 3).
In the machine direction, PE mulch had greater elongation (175%) than all BDMs (11% on average)
(p < 0.0001). The breaking force was also greater for PE mulch (7.7 N) (p = 0.002), while BASF 0.6 also
had a high breaking force (6.4 N) but was statistically similar to BASF 0.5 (4.9 N). Novamont 0.5 and
Novamont 0.6 had the lowest breaking forces (2.7 N on average). In the transverse direction, elongation
was again greater for PE mulch (261%) than for all BDMs (11% on average) (p < 0.0001). The breaking
force in the transverse direction was greatest for PE mulch (5.6 N) and BASF 0.6 (4.8 N), intermediate for
BASF 0.5 (3.1 N) and Novamont 0.6 (3.0 N), and lowest for Novamont 0.5 (1.5 N) (p < 0.0001).
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Figure 2. Percent soil exposure (PSE) of polyethylene (PE) and biodegradable plastic mulch (BASF and
Novamont, where 0.5 and 0.6 indicate the film thicknesses: 0.5 mil = 12.7 µm and 0.6 mil = 15.2 µm)
treatments applied in a raspberry field in May 2017. * indicates significant difference at p < 0.05 among
treatments on the same date, using a nonparametric Wilcoxon multiple comparisons test at each time
point. Values are the mean of 5 replications, and error bar is ± standard error.
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Figure 3. Appearance of polyethylene (PE) and biodegradable plastic (BASF and Novamont, where 0.5
and 0.6 indicate the film thicknesses: 0.5 mil = 12.7 µm and 0.6 mil = 15.2 µm) treatments applied to
raised beds in a raspberry field in May 2017 and photographed 58 days after transplanting (DAT) (14
July 2017), 136 DAT (30 Sept. 2017), 197 DAT (30 November 2017), and 306 DAT (19 March 2018).

Table 3. Elongation (%) and breaking force (N) in the machine and transverse directions for polyethylene
(PE) and biodegradable plastic mulch (BASF and Novamont, where 0.5 and 0.6 indicate the film
thicknesses: 0.5 mil = 12.7 µm and 0.6 mil = 15.2 µm) treatments collected from the soil surface on 20
January 2018 (8 months of field exposure); all mulches were applied on raised beds in a raspberry field
in May 2017.

Machine Direction Transverse Direction

Treatment Elongation (%) Breaking Force (N) Elongation (%) Breaking Force (N)

BASF 0.5 9.9 ± 0.2 b z 4.9 ± 0.6 ab 9.5 ± 0.6 b 3.1 ± 0.5 b
BASF 0.6 12.4 ± 0.9 b 6.4 ± 0.6 a 12.5 ± 0.8 b 4.8 ± 0.4 a

Novamont 0.5 10.0 ± 1.0 b 2.5 ± 0.4 b 8.1 ± 0.3 b 1.5 ± 0.1 c
Novamont 0.6 12.4 ± 4.1 b 2.9 ± 0.5 b 12.2 ± 0.9 b 3.0 ± 0.2 b

PE 174.8 ± 21.2 a 7.7 ± 0.2 a 261.4 ± 51.2 a 5.6 ± 0.2 a

p-value <0.0001 0.002 <0.0001 <0.0001
z Values are the mean of 3 replications ± standard error. Means followed by the same letter within a column are not
significantly different at p < 0.05 using a means comparison with a Tukey’s honestly significant difference test for
all dates.

3.3. Mesh Bag Mulch Area

The amount of mulch remaining after burial in mesh bags did not differ due to treatments (p = 0.28;
Table 4). Although there was a difference in degradation due to sampling time (p < 0.0001), there was
very little degradation of all treatments at all times (Table 4). The average remaining mulch area for all
treatments was 97% at six months after burial (MAB), 90% at 12 MAB, and 91% at 18 MAB (p = 0.74,
0.18, and 0.38, respectively; Figure 4). There was very little variation (1% to 12%) among the three
ImageJ images.
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Figure 4. Biodegradable plastic mulch (BASF and Novamont, where 0.5 and 0.6 indicate the film
thicknesses: 0.5 mil = 12.7 µm and 0.6 mil = 15.2 µm) treatments removed from mesh bags 6 months
after burial (MAB) (October 2018), 12 MAB (April 2019), and 18 MAB (October 2019). Prior to burial,
mulches were weathered on top of a raised bed in a raspberry field for 11 months, then cut into squares
measuring 25 cm2 and buried in April 2018 in their respective plots at a depth of 10 cm. All treatments
were buried with 100g of soil in the mesh bags, except BASF 0.6NS, which was buried without soil in
the mesh bags.
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Table 4. Mulch area (%) of biodegradable plastic mulch (BASF and Novamont, where 0.5 and 0.6
indicate the film thicknesses: 0.5 mil = 12.7 µm and 0.6 mil = 15.2 µm) treatments prior to burial (0) and
collected 6, 12, and 18 months after burial (MAB). Burial was in April 2018 in raised beds of a raspberry
field at a depth of 10 cm.

Mulch area (%)

Treatment z 0 MAB y 6 MAB 12 MAB 18 MAB

BASF 0.5 100.0 ± 0 x 95.6 ± 0.8 89.3 ± 1.9 92.0 ± 1.7
BASF 0.6 100.0 ± 0 96.7 ± 0.7 96.4 ± 1.8 93.7 ± 1.1

BASF 0.6NS 100.0 ± 0 96.4± 0.7 95.1± 1.3 92.0± 2.0
Novamont 0.5 100.0 ± 0 97.6 ± 0.3 82.3 ± 7.0 87.1 ± 4.1
Novamont 0.6 100.0 ± 0 96.0 ± 1.9 84.9 ± 5.6 88.4 ± 1.7

p-value 1 0.74 0.18 0.38
z All mulches were placed in mesh bags with 100 g of soil, except BASF 0.6NS, which had no soil in the mesh
bags. y Mulches were applied in a raspberry field in May 2017, collected in March 2018, and cut into squares
measuring 25 cm2 for burial. Mulch area at 0 MAB was not measured; the area was calculated based on the size of
the mulch samples (5 cm × 5 cm = 25 cm2), which was considered as the 100% mulch area. x Values are the mean of
5 replications ± standard error.

4. Discussion

BDMs in this study did not remain intact on raspberry beds as long as PE mulch, which was
expected. While BDMs began to deteriorate early in the growing season, deterioration was relatively
low (13% on average) until 27 October, and therefore, the overall weed control and yield were similar
for PE and all BDM treatments in this study [27]. The first damage to BDMs occurred during mulch
application, when plant debris from the previous raspberry planting (e.g., raspberry canes) and winter
cover crop residue punctured the BDMs. No such damage was observed with PE mulch, similar
as reported in a study by Zhang et al. [23]. Further damage to BDMs occurred during trellis post
installations in July, but again, little damage occurred to PE mulch. This is because PE mulch can
stretch more than BDM before it tears, and small holes in PE mulch do not enlarge much over time.
The gradual increase in deterioration of BDMs after Aug. 2017 was likely due to raspberry growth.
The raspberry cultivar used in this study has a trailing growth habit, and its prickles created many
holes in the BDM when its canopy started covering and touching the mulch after July 2017 [27,36].
PE mulch again was not damaged much by the prickles and, thus, remained intact throughout this
period. Indeed, PE mulch in this study remained completely intact until growers removed it in March
2018 to apply fertilizer and to prevent the mulch from restricting the raspberry primocane emergence.
In contrast, BDMs had 90% PSE by March 2018. Of note, some BDMs became attached to the raspberry
canes by the prickles and were lifted up when the canes were trellised. This required the manual
removal of the BDM for food safety concerns, to prevent BDM fragments from being harvested with
the fruit during mechanical harvest.

Increased PSE for BDM treatments after Aug. 2017 was also likely due to fall precipitation (147 mm
from Sept. to October 2017), as water is an important factor contributing to mulch deterioration and
degradation [12]. In contrast, BDM deterioration remained relatively low from June to Aug. 2017,
when there was 24 mm of precipitation and the RH was 77%. The great increase in PSE for all BDM
treatments that was observed between 27 October and 15 November 2017 was likely due to strong
winds (15 days with maximum wind speed over 36 km·h−1). High winter winds are common for the
production area where the study was carried out because of cold air outflows from the Fraser River
Valley in British Columbia, Canada and was also observed in Zhang et al. [23]. BDM deterioration
continued to increase in March 2018, because field workers who trained the canes stepped on the
mulch, and also, mulch that adhered to canes was lifted from the soil surface. These results indicate
that BDM is more susceptible than PE mulch to damage from cropping practices, as well as weathering.

BDMs are more susceptible to damage than PE mulch, because BDMs do not stretch as much,
and less force is needed to tear BDMs (i.e., lower elongation and breaking force). This is a result of the
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feedstocks and thicknesses of BDMs. Many studies have shown that the bio-based feedstocks commonly
used in BDMs can significantly reduce the mulch mechanical properties, including elongation and
breaking force [37–39]. All BDMs in the current study contained up to 20% bio-based materials (i.e.,
PLA or starch-based materials). Further, in this study, the thickness of BDM treatments was only 50%
to 60% that of the PE mulch. Thinner BDMs are preferred, because they degrade more quickly, and they
are less expensive. Thus, it is expected that BDMs will have lower mechanical strength and, therefore,
be more susceptible to weathering during exposure to environmental conditions, which is actually
beneficial for biodegradation [12].

Mechanical properties are indirect indicators of mulch degradation, because the physical integrity
of BDMs will deteriorate during the biodegradation process [15,18,22]. Although the BDMs in this
study were made with the same feedstocks (PLA, PBAT, and starch) and by the same manufacturers
as the BDMs used in Cowan et al. [18] and Zhang et al. [23], both the elongation and breaking force
of BDMs were generally lower (100% to 416% and 18% to 124%, respectively) in the current study,
likely due to differences in the lengths of environmental exposure. Cowan et al. [18] and Zhang et
al. [23] sampled mulch treatments five months after application, and mulches were in place only during
the summer season. In the current study, all mulch treatments were sampled approximately eight
months after application, which included the summer plus three months of fall and winter. Greater
environmental weathering occurred during the fall and winter due to increased wind and precipitation,
which likely further reduced the mulch elongation and breaking force [12,15].

The low degradation after 18 months of burial in the soil may have been due to moderately warm
air and soil temperature and soil moisture at the study site. Changes to the mulch physical integrity
(deterioration) and chemical structure (degradation) occur to a lesser extent than at a site with higher
air and soil temperature and soil moisture [40]. For example, Hayes et al. [15] reported that changes
in mulch mechanical properties were less at Mount Vernon, WA, USA (50 miles south of the current
study site), which has a Mediterranean climate (warm and dry summer), than at Knoxville, TN, USA,
which has a subtropical climate. Calmon et al. [24] also found that BDM degradation mseasured as a
surface area was the lowest (~10%) in a Mediterranean climate, similar to the results of the current
study. Additionally, Li et al. [25] found similar results to the current study when different BDMs
(BioAgri and BioTelo) were buried for 24 months in mesh bags with soil in the bags following tomato
productions at three locations (Lubbock, TX, Knoxville, TN, and Mount Vernon, WA, USA). The amount
of remaining mulch 24 months post-burial was greatest in WA (89% to 99% of their original areas)
compared to the other two locations. BioAgri and BioTelo are both made of similar feedstocks as the
Novamont mulches used in the current study. In another mesh bag study (no soil was included in
the bags) that was established in WA and TN following an annual crop of pie pumpkin (Cucurbita
pepo L.), BDMs made of similar feedstocks as the current study were more than 90% intact in WA
after 18 months of soil burial and were 80% to 85% intact in TN [40]. In the current study, there was
no difference in the BASF 0.6 mulch area between the two mesh bag methods (mesh bags with and
without soil). This suggests that, at least for our experiments, the addition of soil into the mesh bags
did not accelerate visual mulch degradation.

Both Novamont mulch treatments in this study had numerically greater degradation than the
BASF mulch treatments that include PLA as a feedstock. This result is consistent with Tachibana
et al. [26], Karamanlioglu and Robson [41], and Weng et al. [42]. Polymer chain mobility and the
hydrolysis of ester linkages in PLA are reduced at temperatures commonly found in soil, which are
lower than the glass transition temperature of PLA (49.2 ◦C) and much lower than the temperatures
in composting conditions (up to approximately 80 ◦C) [34]. Consequently, the degradation rate at
ambient temperatures commonly found in agricultural production systems is slower for mulches
containing PLA [43–45]. Novamont and BASF BDM treatments include the feedstock PBAT, which is
composed of both ester and aromatic chains of random chain lengths. The shorter chains have an
increased degradation rate [46–48].
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Air and soil temperatures and soil moisture can also impact the community composition of native
fungi and bacteria in the soil, which are key to the biodegradation of BDMs [12]. Relatively low air and
soil temperatures at this study site may inhibit the activity of plastic-degrading microorganisms and
result in low degradation rates of BDMs [25]. Fungi in the family Trichocomaceae (e.g., genera Aspergillus
and Penicillium) can effectively secrete plastic-degrading hydrolases that promote the degradation of
BDMs [49,50]. Moore-Kucera et al. [51] extracted DNA from the surfaces of different mulches (including
BioAgri and BioTelo) at three locations (Lubbock, TX, Knoxville, TN, and Mount Vernon, WA, USA)
and found less diverse microorganisms in the Trichocomaceae family in WA compared to the other two
warmer locations. This corresponds to the low biodegradation of BDMs that was found in Northwest
WA, which also matches degradation results found by Li et al. [25] and Sintim et al. [40]. Moreover,
the study site was broadcast fumigated eight months before mulch application, which has the potential
to reduce key soil microbial populations that play important roles in the biodegradation of BDMs [12,52].
However, the burial of mesh bags occurred 20 months after fumigation. Soil fumigation effects tend to
be short-lived in the raspberry system and provide ~6-12 months of protection by suppressing soil
pathogens, which allows crops to establish [53]. Soil fumigation alone does not drastically alter soil
microbial communities based on previous studies done in this system, and microbial communities tend
to be more responsive to seasonal effects than management practices [54]. Nonetheless, the effects of
soil fumigation on BDM degradation deserve further study, but it seems unlikely that they would have
a large effect based on the current knowledge of soil microbial communities in response to fumigation
in raspberry systems.

5. Conclusions

To our knowledge, this study was the first to investigate the deterioration and degradation of
BDMs in a perennial fruit production system. Although the PSE increased over time and mulch
mechanical properties were lower for all BDMs than PE mulch, the BDMs used in this study did
not have extensive visual degradation after 18 months of soil burial. The findings of this study are
consistent with other studies with similar climates but in annual production systems. Potential factors
that can slow down the degradation of BDMs in this climate include moderately warm soil and
air temperatures, moderate summer precipitation, and the reduced abundance of plastic-degrading
microorganisms that could be exacerbated by soil fumigation practices. However, mulch application is
only required once in a raspberry planting system that has a lifespan of six or more years compared
to annual mulch applications in vegetable or strawberry production systems. Thus, it is worthwhile
to investigate changes in the mulch mechanical and chemical properties more rigorously and the
long-term degradation of BDMs in perennial fruit production systems, as these production systems
allow more time for mulch degradation. Moreover, unlike annual systems where growers mechanically
incorporate BDMs into the soil after production, perennial systems do not permit easy mechanical
incorporation due to the presence of the crop. The lack of incorporation through tillage could restrict
degradation due to the presence of larger mulch fragments, which are slower to degrade. Therefore,
future research should explore ways to incorporate BDMs into the soil to encourage microbial activities
necessary for biodegradation or explore the application of products such as composts that can be
surface-applied to accelerate degradation.

It is also important to note that the degradation of BDMs was estimated by quantifying changes
in the mulch surface area, which is not a direct measurement of biodegradation. To better assess
biodegradation, future research should monitor the carbon fate and CO2 evolution and, also, consider
using gel exclusion chromatography, scanning electron microscopy, and Fourier-transform infrared
spectroscopy to evaluate changes in the molecular level. Additionally, for a perennial system that
may benefit from a longer mulching period, BDMs with different feedstocks and thicknesses could be
experimented, along with characterizing their associated biodegradation rates. Lastly, we suggest that
perennial fruit growers choose a proper BDM product that fits their production needs and climates.
Consulting local extension specialists and checking mulch properties may be necessary.
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