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Abstract. Planting floricane-fruiting red raspberry (Rubus ideaus L.) propagated through
tissue culture (TC) is becoming increasingly popular in the Pacific Northwest. However,
there is a challenge associated with their establishment compared with traditional planting
materials (dormant roots and canes), especially regarding weed management due to their
sensitivity to herbicides. In addition, there has been an increased interest in late summer
planting compared with traditional spring planting because growers find improved estab-
lishment in late summer planting. Although polyethylene (PE) and biodegradable plastic
mulches (BDMs) have demonstrated excellent weed control and increased plant growth and
yield in spring-planted TC raspberry, their impacts in late summer plantings are still
unknown. The overall objective of this study was to investigate whether PE mulch and
BDMs have similar effects on weed management and raspberry growth and yield in late
summer plantings as in spring plantings. One PE mulch, four BDMs (BASF 0.5, BASF 0.6,
Novamont 0.5, and Novamont 0.6), and a bare ground (BG) control were evaluated in a
commercial ‘WakeHaven’ raspberry field planted in Aug. 2017. Mulch performance
[percent soil exposure (PSE)], mulch mechanical properties (elongation and breaking
force), soil temperature and moisture, plant growth, fruit yield and quality, and weed
suppression were measured from 2017 to 2019. Average PSE was 1.4% and 2.0% to 15.0%
by Dec. 2017 in the PE and BDM treatments, respectively. PE mulch generally had greater
elongation and breaking force than BDMs. All BDMs were removed by Mar. 2018 because
of the damage caused by on-farm activities and strong winds. Although average primocane
height was greater for plants grown with PE mulch compared with all the other treatments
except BASF 0.5 in Sept. 2018, there was no difference in yield between PE and the BG
treatments, potentially because of cold damage on the buds in PE plots. There were no weeds
in any of the mulched treatments in Sept. and Oct. 2017 and in PE mulch in Sept. 2018. In
contrast, the BG plots had 51, 51, and 266 weeds/m?, respectively, and required handweed-
ing and herbicide applications. In addition, early season application of herbicides to
suppress primocane emergence was not required in the PE plots. Overall, PE mulch could
be a viable tool for growers planting raspberry in late summer. The suitability of BDMs with
similar thicknesses and formulations as used in this experiment is uncertain for late summer
plantings because of the damage caused by on-farm activities and strong winds.

The Pacific Northwest (PNW, composed
of Washington and Oregon in the United
States and British Columbia in Canada) is

an important region for floricane-fruiting red
raspberry (Rubus idaeus L.) production
(DeVetter et al., 2020; USDA NASS, 2019).
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Typically, growers plant bareroot canes or root
cuttings in the spring, allow plants to establish
the year of planting, and begin harvesting fruit
from floricanes the next summer. Subsequent
floricane production over future years allows
the planting to produce fruit annually for the
life of the planting.

Raspberry growers in the PNW have re-
cently started to transition from using bareroot
canes and root cuttings to TC transplants (P.
Moore, personal communication). TC is a
technique that allows nurseries to rapidly pro-
duce clean plants that are free from diseases,
nematodes, insects, and viruses (Theiler-
Hedtrich and Baumann, 1989). In addition,
some desirable cultivars are available only as
TC transplants, and many other raspberry
cultivars are increasingly being offered as
TC transplants (Peerbolt, 2020). However,
TC transplants are more expensive than tradi-
tional forms of planting material. They also
can be difficult to establish because they
compete poorly with weeds, and the green
foliage on TC transplants limits the use of
post-plant herbicides. Poor planting establish-
ment may ensue, resulting in a field that
produces low yields and possibly with shorter
planting longevity, which reduces on-farm
profitability.

To promote the establishment and growth
of TC transplants, some growers have started
planting in late summer (August) because this
planting time allows plants a longer period of
time for establishment. In this system, TC
transplants overwinter and grow primocanes
during the first and second years, with first
fruit production occurring ~22 months after
planting. Late summer plantings also elimi-
nate the challenges associated with spring
planting, such as rain, saturated soils, and poor
weather conditions that can delay planting.
Although late summer planting systems are
promising, weed management is still a chal-
lenge.

Plastic mulches, such as PE, have been
used globally in agriculture since the 1960s,
primarily in annual production systems, and
provide the benefits of weed control, im-
proved plant growth, modified soil tem-
perature and moisture, and increased yields
(Kasirajan and Ngouajio, 2012; Lamont,
2017; Miles et al., 2012). PE mulch use in
perennial systems is limited, but has demon-
strated benefits such as improved weed man-
agement and establishment in spring-planted
TC raspberry (Trinka and Pritts, 1992; Zhang
et al., 2019). However, PE mulch removal
and disposal can be expensive and is esti-
mated to cost up to $534/ha in horticultural
systems with a 2.4-m spacing between bed
centers (Velandia et al., 2019). PE mulch also
has waste management challenges (Kasirajan
and Ngouajio, 2012). Mulch is seldom
recycled because of contamination with re-
sidual soil and plant debris, high cost of
transport, and limited availability of recy-
cling facilities that can handle PE mulch
waste (Grossman, 2019; Levitan and Barros,
2019). It is estimated that less than 10% of
agricultural PE mulch in the United States is
recycled, and most is landfilled, stockpiled,
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or burned (Goldberger et al., 2015; Kasirajan
and Ngouajio, 2012; Levitan and Barros,
2019; Miles et al., 2017).

One potential alternative to PE mulch is
BDM. BDMs are designed to biodegrade at
least 90% into CO,, water, and microbial
biomass through microbial activities within
2 years under ambient soil conditions or
standardized laboratory testing conditions
[American Society for Testing and Materials
(ASTM) 5988-18, 2018; Brodhagen et al.,
2015; European Norms (EN) 17033, 2018].
In the past decade, many studies have dem-
onstrated that BDMs can provide benefits
comparable to PE mulch in annual produc-
tion systems in terms of weed management,
soil temperature and moisture modification,
and yield enhancement (Anzalone et al.,
2010; Costa et al., 2014; DeVetter et al.,
2017; Ghimire et al., 2018; Miles et al., 2012).
Few studies have explored the use of BDMs in
perennial production systems. Mulch require-
ments for perennial systems are different from
those for annual systems because perennial
crops typically require a longer mulching
period. Furthermore, mulch incorporation via
tillage cannot be done annually in perennial
systems. Therefore, it is unknown whether
BDMs designed for relatively short periods of
use are suitable in perennial production sys-
tems like floricane-fruiting raspberry.

Trinka and Pritts (1992) found PE mulch
suppressed weeds and provided improved soil
moisture and temperature for primocane-
fruiting red raspberry in New York. In addi-
tion, Krol-Dyrek and Siwek (2015) and Tecco
et al. (2016) demonstrated that BDMs sup-
pressed weeds and improved primocane-
fruiting raspberry yield. However, those studies
were predominately focused on primocane-
fruiting raspberry, which differs physiologi-
cally and in its cultivation relative to
floricane-fruiting raspberry (DeVetter et al.,
2020). Although Zhang et al. (2019) found both
PE mulch and BDMs provided weed control
and increased yield of floricane-fruiting rasp-
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berry compared with the standard grower
practice of BG cultivation (herbicides plus
handweeding), the mulches were removed after
10 months. In addition, all of the previously
mentioned studies were conducted in a spring-
planted system in which growers expect mulch
to stay in place for ~6 to 10 months. In contrast,
growers expect the mulch to stay in place for 18
to 24 months during the establishment phase of
summer-planted floricane-fruiting raspberry.

The objectives of the current study were
to evaluate the deterioration of PE mulch and
BDMs, mulch mechanical properties after
agricultural weathering, and the impacts of
PE mulch and BDMs on soil temperature and
moisture, plant growth, yield, fruit quality,
and weed suppression in a late summer
planting of floricane-fruiting raspberry estab-
lished as TC transplants. This study contrib-
utes knowledge regarding the feasibility and
implications of using PE mulch and BDMs in
late summer floricane-fruiting raspberry
plantings established using TC transplants
in the PNW, as well as general information
about the use of PE mulch and BDMs in
perennial fruit crops.

Materials and Methods

Experimental design. The study was con-
ducted on a commercial farm in Whatcom
County, WA (lat. 48°56'N; long. 122°32'W)
from 2017 to 2019. The soil type is a sandy
loam, characterized as volcanic ash and loess
over glacial outwash (USDA, 2019). Before
the current study, the field had been planted
with ‘WakeField’ raspberry, which was re-
moved in 2016. The entire field was then seeded
with a winter wheat (Triticum aestivum L.)
cover crop in Sept. 2016 and bed fumigated
[Telone C-35 (65% 1,3-di-chloropropene and
35% chloropicrin); Dow Agrosciences, Indi-
anapolis, IN] at 25 L-ha™' by a commercial
fumigation company (Trident Agriculture Prod-
ucts; Woodland, WA) in June 2017. Fertilizer
(11IN-52P-0K; P provided as P,Os) was broad-
cast at a rate of 145 kg-ha™' in June 2017 after
fumigation. Raised bed dimensions were 0.4 m
high and 0.7 and 1.0 m wide across the top and
bottom, respectively, and were formed during
the bed fumigation operation. The experimental
design was a randomized complete block with
six treatments replicated five times. The six
treatments included one black PE mulch, four
black BDMs, and a BG control that is industry
standard practice (Table 1). The plots were
spaced 3 m center-to-center, and each plot was
64 m long nested within a single row. The
experimental area was 0.6 ha (90 m X 64 m) and
spanned 30 rows within a field of 150 rows.

Mulch laying and field maintenance.
Mulches were applied on 10 Aug. 2017 with
a custom-built flatbed mulch layer (Corvallis,
OR) modified by the authors (width and
height extended) to enable mulch application
over preformed fumigated raised beds.
Mulch was applied over the drip tape (50-
cm emitter spacing and 0.67 L per h per 1-m
flow rate, Thinwall Dripline; TORO, Bloo-
mington, MN), which was placed slightly off
center on the bed by the grower the same day

as mulch laying. A custom-made dibble was
used to create planting holes (10 cm wide and
12.5 cm deep) immediately after mulch lay-
ing. Holes were 71 c¢cm apart along the bed
center. TC transplants of ‘“WakeHaven’ grown
in 40-cm?® pots were hand planted on 29 Aug.
2017. A custom-blend liquid fertilizer (10
kg-ha'N, 11kg-ha' P, 10kg-ha' K, 4kg-ha
Ca, and 4 kg-ha™! Mg) was injected weekly
through the single driptape from 25 Apr. to 27
June 2018. Plants in all treatments were irri-
gated and fertilized identically. The grower
mechanically cultivated the alleyways of the
field after mulch application, which inadver-
tently created many tears in the plastic
mulches along the raised bed sides. From
Oct. 2017 to Mar. 2018, 100 wind events with
speeds of more than 36 km-h™' [Washington
State University (WSU) AgWeatherNet, 2019]
enlarged and worsened the initial mulch dam-
age caused by mechanical cultivation. As a
result, BDM treatments in all replicates and PE
mulch from the third replicate were removed by
Mar. 2018 (~8 months after application). PE
mulch in the other replicates was kept on the
raised beds until Mar. 2019 (=20 months after
application), when the grower manually re-
moved it.

Mulch deterioration. Mulch deterioration
was visually assessed as PSE in the center 1-
m? area in each plot twice per month (ap-
proximately the 15th and 30th of each month)
from Aug. 2017 to Mar. 2018. A rating of
0% represented a completely intact mulch,
whereas a rating of 100% represented a plot
with fully exposed soil. Ratings were made in
1% increments until 20% exposure and then
5% increments were used thereafter (Cowan
et al., 2013).

Mulch mechanical properties. A single 1-
m? section of mulch on the raised bed surface
was collected from each plot in the first three
replicates on 20 Jan. 2018 for assessment of
mechanical properties. Mulches were cleaned
by gently showering the surface with tap water
to remove soil. After cleaning, all mulches
were air-dried for 24 h before transporting to
the Textiles Laboratory in Pullman, WA, for
evaluation. Both elongation (measured by
percentage elongation at break; %) and break-
ing force (measured in Newton; N) were tested
(Instron 5565A; Instron, Norwood, MA) fol-
lowing ASTM D5035-06 Standard Test
Method for Breaking Force and Elongation
of Textile Fabric (Strip Method) with the only
exception that the samples were tested under
ambient temperature of 25 °C rather than
21 °C (ASTM, 2006). Each sample was tested
by placing the two sample clamps 75 mm apart
on-center. Six specimens measuring 2.5 cm
wide and 15 cm long were randomly cut from
each of the 1-m? samples with three specimens
from the machine direction and three speci-
mens from the transverse direction. A hydrau-
lic press with a dye was used to cut the
specimens.

Soil temperature and moisture. Soil tem-
perature and moisture were measured (5 TM
sensors; Meter Group, Inc., Pullman, WA)
and recorded (EMS50 Digital loggers; Meter
Group, Inc.) every 15 min in all treatments in
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Table 1. Polyethylene (PE) and biodegradable plastic mulches (BASF and Novamont treatments) applied to tissue culture ‘WakeHaven’ raspberry in Aug. 2017 in

northwestern Washington, 2017-19.

Mulch product” Thickness (um) Converter Key product ingredient(s)
BASF 0.5 12.7 PolyExpert Inc., Laval, Quebec, Canada PLA + PBATY

BASF 0.6 15.2 PolyExpert Inc., Laval, Quebec, Canada PLA + PBAT

Novamont 0.5 12.7 Dubois Agrinovation, Saint Remi, Quebec, Canada Starch-based, PBAT copolyester
Novamont 0.6 152 Dubois Agrinovation, Saint Remi, Quebec, Canada Starch-based, PBAT copolyester
PE 254 FilmTech, LLC, Stanley, WI Polyethylene

“BASF and Novamont are soil biodegradable products according to American Society for Testing and Materials D5988-18 and European Norms 17033 standards.
YPLA = polylactic acid; PBAT = polybutylene adipate-co-terephthalate.
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Fig. 1. Percent soil exposure (PSE; %) of polyethylene (PE) and biodegradable plastic mulches (BASF and
Novamont treatments, where 0.5 = 12.7 pm and 0.6 = 15.2 um) in 2017 and 2018. *Significant
difference at P < 0.05, using a nonparametric Wilcoxon multiple comparisons test.

the third replicate from Aug. 2017 to Mar.
2018 for BDM treatments and from Aug.
2017 to Mar. 2019 for PE and BG treatments.
Sensors were permanently installed in the
center of each plot in the third replicate, 5 cm
from the initial plant crown and 10 cm deep
in the soil. The distance between the sensors
and dripline emitters was kept at 10 cm and
was consistent across all treatments. In Mar.
2018, loggers were retrieved from all BDM
treatments because all of these mulches were
removed due to damage. The sensor and
logger in the PE mulch treatment were moved
to the second replicate because ripped PE
mulch in the third replicate was removed as
well. The sensor in the PE plot was inten-
tionally removed from Oct. 2017 to Jan. 2018
to protect sensors from pruning and cane-
tying activities, whereas the sensor in the BG
plot was buried in the soil to protect it during
this period.

Cumulative plant growth. Plant growth
was measured as primocane height and num-
ber from the same 10 permanent plants per
plot from Aug. to Oct. 2017 and May to Sept.
2018, except for the plants in the BDM treat-
ments from June to Aug. 2018 as mulch had
been removed. However, final primocane
height and number data were collected from
all treatments in Sept. 2018. Primocane height
was measured from the base of the crown to
the tallest leaf tip from Aug. to Oct. 2017 and
May to Sept. 2018, and primocane number per
plant was measured by counting the number of
primocanes that were more than 30 cm tall
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from June to Sept. 2018 (Zhang et al., 2019).
Primocane emergence was determined in July
2019 from a 10-m region in the center of each
plot by counting all primocanes emerging be-
yond the crown area, including those that were
chemically removed through “primocane burn-
ing” by growers (DeVetter et al., 2020; Zhang
et al., 2019). Primocane height and number
were determined again in Sept. 2019 from the
same 10 plants in the PE and BG treatments.
Fruit yield. Yield was determined from a
permanent 18-m-long region within each
plot. Fruit were machine harvested 15 times
from PE mulch and BG plots from 28 June to
6 Aug. 2019. No yield data were collected
from BDM-treated plots because the treat-
ments were removed by Mar. 2018 due to
machine and wind damage. Furthermore, anal-
ysis of primocane growth data showed no
differences among the BDM treatments com-
pared with the BG treatment in Sept. 2018.
Average berry mass and fruit quality.
Thirty ripe berries were randomly collected
from each PE mulch and BG plot on 29 June,
16 July, and 6 Aug. 2019 and frozen at—10 °C
after determination of average berry mass.
These measurement times correspond to
early, mid, and late harvest. Berry quality
[soluble solids concentration (SSC), pH, and
titratable acidity (TA)] was measured from
frozen samples. On 29 Aug. 2019, berries
were thawed at room temperature (22 °C) for
4 h and then fruit from each treatment plot
and time point were crushed in a sample mesh
bag (Agdia, Inc., Elkhart, IN) before the juice

was strained into a test tube. SSC (%) of the
juice was measured as °Brix using a digital
refractometer (HI-96801; Hanna Instruments,
Woonsocket, RI). Initial juice pH and TA
were determined simultaneously using a dig-
ital titrator (HI-84532; Hanna Instruments)
that titrated to an endpoint of pH 8.1 using a
solution of 0.1 N sodium hydroxide. Juice
from each treatment plot and time point were
analyzed three times for SSC, pH, and TA, and
the means of the three values were calculated.

Weed suppression. Total number of weeds
and dry shoot biomass within a 1-m? area
adjacent to the south side of the PSE region
were determined monthly from Aug. to Oct.
2017 and May to Sept. 2018 and 2019. How-
ever, weed data were not recorded in the BDM
treatments in 2018 and 2019 due to mulch
removal. Weeds were counted, clipped at the
soil surface, and dried at 38 °C for 5 d, and
then dry shoot biomass was recorded.

Statistical analyses. All data were ana-
lyzed with JMP14.0.0 (SAS Institute, Cary,
NC). Data were evaluated for assumptions of
normality and homogeneity of variance be-
fore using analysis of variance (ANOVA).
Mulch mechanical properties (i.e., elongation
and breaking force in the machine and trans-
verse directions), primocane height from
Sept. 2017 to Aug. 2018 and in Sept. 2019,
primocane number, fruit yield, average berry
mass, and fruit quality variables were ana-
lyzed as a randomized complete block design
using ANOVA. Mean separations were per-
formed with Tukey’s honestly significant
difference test with o = 0.05. Mulch deteri-
oration (i.e., PSE), primocane height in Aug.
2017 and Sept. 2018, and monthly number of
weeds and dry shoot biomass were analyzed
using a Wilcoxon nonparametric test, and
mean separations were performed with a
Wilcoxon nonparametric multiple comparison
procedure because these data did not meet the
assumptions for ANOVA. Original means are
presented.

Results

Mulch deterioration. PSE differed among
treatments on 16 and 31 Jan., 16 Feb., and 2
Mar. 2018 (P = 0.04, 0.03, 0.02, and 0.01,
respectively), where all BDM treatments had
higher PSE than PE mulch (Fig. 1). The
average PSE across all BDM treatments
was only 2% on 27 Oct. 2017 but increased
t0 61% on 19 Mar. 2018. PE mulch maintained
a low PSE (2%) until 2 Mar. 2019, but it
increased to 21% on 19 Mar. 2019.
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Table 2. Elongation (%) and breaking force (N) in the machine and transverse directions for polyethylene (PE) and biodegradable plastic mulches (BASF and
Novamont treatments, where 0.5 = 12.7 um and 0.6 = 15.2 pm) collected 20 Jan. 2018; all mulches were applied in a raspberry field in Aug. 2017.

Mulch mechanical properties

Machine direction

Transverse direction

Treatment Elongation (%) Breaking force (N) Elongation (%) Breaking force (N)
BASF 0.5 19.2 ¢* 6.2 be 22.6b 4.4 ab
BASF 0.6 269 c 7.5 ab 31.4b 4.8 ab
Novamont 0.5 359bc 52¢ 37.1b 38b
Novamont 0.6 5360 6.5 be 70.6 b 53 ab

PE 218.1a 7.8 a 3326a 63a

P value <0.0001 0.0008 0.002 0.02

“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.

Table 3. Average monthly soil temperature (°C) from Aug. 2017 to Mar. 2019 in “WakeHaven’ raspberry grown with polyethylene (PE) and biodegradable plastic
mulches (BASF and Novamont treatments, where 0.5 = 12.7 um and 0.6 = 15.2 um) compared with bare ground (BG). Sensors were installed at a depth of 10

cm in the third replicate of each treatment, recorded every 15 min, and data were averaged by month.

Monthly soil temp (°C)

BASF 0.5 BASF 0.6 Novamont 0.5 Novamont 0.6 PE BG
Aug. 2017 23.1 24.2 23.2 23.7 24.2 22.5
Sept. 2017 19.1 19.6 18.4 18.5 19.8 17.5
Oct. 2017 11.2 11.5 11.8 11.3 11.8 10.3
Nov. 2017 6.4 6.9 7.3 6.9 7.0 6.2
Dec. 2017 2.0 2.5 2.9 2.4 2.3 2.0
Jan. 2018 3.1 3.6 3.9 34 3.2 3.5
Feb. 2018 34 4.1 44 3.9 44 3.6
Mar. 2018 6.1 6.8 7.2 6.4 7.6 6.2
Apr. 2018 -~ - - - 10.9 10.6
May 2018 - - - - 17.2 17.7
June 2018 - - - - 17.4 17.4
July 2018 - - - - 20.9 20.3
Aug. 2018 - - - - 19.0 18.7
Sept. 2018 - - - - 15.4 15.0
Oct. 2018 - - - - - 10.1
Nov. 2018 - - - - - 7.9
Dec. 2018 - - - - - 4.6
Jan. 2019 - - — - - 4.2
Feb. 2019 - - - - 1.4 0.7
Mar. 2019 — — — — 7.9 5.8

“Soil temperature data for BASF and Novamont treatments after Mar. 2018 were not available, as biodegradable plastic mulches were removed in Mar. 2018; the
sensor in the PE plot was intentionally removed from Oct. 2017 to Jan. 2018 to protect the sensor from pruning and cane-tying activities.

Mulch mechanical properties assessment.
Elongation and breaking forces in machine
and transverse directions differed for each
treatment and among treatments (Table 2). In
general, machine direction had lower elon-
gation and higher breaking force than the
transverse direction. In the machine direc-
tion, PE mulch had the highest elongation
(218.1%), whereas BASF 0.5 (19.2%) and
BASF 0.6 (26.9%) had the lowest elongation;
the remaining treatments were intermediate
(44.8% on average) (P < 0.0001). Breaking
force in the machine direction was highest for
PE mulch (7.8 N), which was similar to BASF
0.6 (7.5 N), and lowest for Novamont 0.5
(5.2 N) (P = 0.0008). In the transverse direc-
tion, elongation was highest for PE mulch
(332.6%), but was the same across all other
mulch treatments (on average 40.4%) (P =
0.002). Breaking force in the transverse direc-
tion was highest for PE mulch (6.3 N), which
was similar to BASF 0.5, BASF 0.6, and
Novamont 0.6 (average 4.8 N), and was lowest
for Novamont 0.5 (3.8 N) (P = 0.02).

Soil temperature and moisture. Soil tem-
perature under mulched treatments was usu-
ally numerically higher than the BG control
(Table 3; data exclude all BDM treatments
after Mar. 2018 due to BDM removal; data
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from the PE mulch treatment are not pre-
sented from Oct. 2018 to Jan. 2019 because
of sensor removal). Before BDM removal
(Mar. 2018), the average soil temperature across
all mulched treatments was 18.1 °C (range was
17.8 to 18.6 °C), which was 1.3 °C higher than
the BG control. From mulch application to PE
mulch removal by the grower (Mar. 2019), soil
temperature under PE mulch was 1.6 °C greater
than the BG control. Soil volumetric water
content followed a similar trend as soil temper-
ature from Aug. 2017 to Mar. 2018, where the
average soil volumetric water content in all
mulched treatments was 0.22 m*/m® whereas it
was 0.18 m*m? in the BG control (Table 4; data
exclude all BDM treatments after Mar. 2018
because of BDM removal; data from the PE
mulch treatment are not presented from Oct.
2018 to Jan. 2019 because of sensor removal).
From Aug. 2017 to Mar. 2019, the average soil
volumetric water content was 0.20 m*/m? in the
BG control and 0.19 m*m? for PE mulch.
Primocane height and number. Baseline
plant height measured in Aug. 2017 did not
differ among treatments (P = 0.20; Table 5).
A month after transplanting, plants grown
under all mulched treatments were 27 cm tall,
which was 4 cm numerically greater than the
BG control (P = 0.16). Although plants grown

with mulches were always numerically taller
than the BG control, there were no statistical
differences between treatments until Aug.
2018, when plants grown with PE mulch were
on average 15 cm taller than plants grown in
the BG control (P = 0.04). In Sept. 2018,
plants grown with PE mulch had the greatest
primocane height compared with all other
treatments except BASF 0.5, which was sim-
ilar to the PE mulch treatment (P = 0.01).
There were no differences in primocane num-
ber per plant among treatments during the
entire study period (data not shown). Average
primocane numbers in June, July, Aug., and
Sept. 2018 were 16.5, 18, 19, and 20 per plant
across all treatments, respectively (P = 0.61,
0.56, 0.79, and 0.83, respectively). Primocane
emergence measured in July 2019 was signif-
icantly lower in the PE mulch treatment (6.1
primocanes/m) than the BG control (10.7
primocanes/m) (P = 0.007), whereas primo-
cane emergence was not measured in BDM
plots because of early removal of BDMs. In
Sept. 2019, there were no differences in pri-
mocane height and number per plant between
PE mulch (344 cm and seven primocanes,
respectively) and the BG control (343 cm and
seven primocanes, respectively) (P = 0.80 and
0.52, respectively).
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Table 4. Average monthly soil volumetric water content (m*/m?) from Aug. 2017 to Mar. 2019 in “WakeHaven’ raspberry grown with polyethylene (PE) and
biodegradable plastic mulches (BASF and Novamont treatments, where 0.5 = 12.7 um and 0.6 = 15.2 pum) compared with bare ground (BG). Sensors were
installed at a depth of 10 cm in the third replicate of each treatment, recorded data every 15 min, and data were averaged by month.

Monthly soil volumetric water content (m*/m?)

BASF 0.5 BASF 0.6 Novamont 0.5 Novamont 0.6 PE BG
Aug. 2017 0.17 0.14 0.16 0.15 0.14 0.13
Sept. 2017 0.26 0.19 0.33 0.27 0.23 0.19
Oct. 2017 0.24 0.20 0.30 0.25 0.20 0.21
Nov. 2017 0.27 0.23 0.32 0.27 0.20 0.26
Dec. 2017 0.27 0.23 0.33 0.27 0.20 0.25
Jan. 2018 0.29 0.25 0.34 0.30 0.22 0.27
Feb. 2018 0.29 0.24 0.34 0.29 0.24 0.25
Mar. 2018 0.28 0.22 0.35 0.29 0.22 0.24
Apr. 2018 -~ - - - 0.24 0.24
May 2018 - - - - 0.18 0.18
June 2018 - - - - 0.14 0.20
July 2018 - - - - 0.11 0.14
Aug. 2018 - - - - 0.15 0.15
Sept. 2018 - - - - 0.11 0.13
Oct. 2018 - - - - - 0.13
Nov. 2018 - - - - - 0.22
Dec. 2018 - - - - - 0.25
Jan. 2019 - - - - - 0.26
Feb. 2019 - - - - 0.21 0.18
Mar. 2019 - - — - 0.21 0.22

“Soil volumetric water content data for BASF and Novamont treatments after Mar. 2018 were not available as biodegradable plastic mulches were removed in
Mar. 2018; the sensor in the PE plot was intentionally removed from Oct. 2017 to Jan. 2018 to protect sensor from pruning and cane-tying activities.

Table 5. Average monthly primocane height from Aug. to Oct. 2017, Apr. to Sept. 2018, and Sept. 2019 in “WakeHaven’ raspberry grown with polyethylene (PE)
and biodegradable plastic mulches (BASF and Novamont treatments, where 0.5 = 12.7 um and 0.6 = 15.2 pm) compared with bare ground (BG).

Primocane ht (cm)

Treatment Aug. 2017  Sept. 2017  Oct. 2017  Apr. 2018  May 2018  June 2018  July 2018  Aug. 2018  Sept. 2018  Sept. 2019
BASF 0.5 24 27 28 33 74 - - - 272 ab -
BASF 0.6 23 27 27 35 73 - - - 265b -
Novamont 0.5 23 27 27 35 74 - - - 263 b -
Novamont 0.6 22 27 28 35 73 - - - 264 b -

PE 23 27 29 36 74 133 178 242 283 a 344
BG 20 23 26 32 69 126 165 227b 267b 343

P value 0.20 0.16 0.55 0.27 0.78 0.21 0.06 0.04 0.01 0.80

“Primocane height was not measured in BASF and Novamont treatments from June to Aug. 2018, as biodegradable plastic mulches were removed in Mar. 2018.
YMeans 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, except Sept. 2018, which was analyzed using a nonparametric Wilcoxon multiple comparisons test.

Fruit yield. There was no difference in
total fruit yield in 2019 between PE mulch
and the BG control (P = 0.37; Table 6). Total
raspberry yield averaged across plots col-
lected from 15 harvests was 110.3 kg/18 m
for PE mulch and 117.5 kg/18 m for the BG
control. Plants grown in the BG control had a
higher yield compared with plants grown
with PE mulch in the first harvest (P = 0.03),
whereas plants treated with PE mulch had a
higher yield than plants treated with the BG
control during the sixth harvest (P = 0.03). No
other yield differences were observed on in-
dividual harvest dates.

Average berry mass and fruit quality.
Average berry mass measured at early, mid,
and late harvest time points did not differ
between treatments and averaged 5.4, 5.7,
and 3.6 g, respectively (P = 0.25, 0.06, and
0.81, respectively). SSC, pH, and TA did not
differ among treatments within each sam-
pling date except for the SSC of fruit har-
vested at the midseason sampling point (data
not shown), when fruit from plants grown
with PE mulch had a higher SSC (8.8%) than
the BG control (8.1%) (P =0.03). The overall
average pH and TA across treatments were
3.1% and 1.6%, respectively. There was a
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harvest time effect for SSC within each treat-
ment. The SSC of fruit was highest during the
late sampling point (11.6%), intermediate dur-
ing the early sampling point (10.2%), and
lowest during the midsampling point (8.5%)
for both PE mulch (P = 0.03) and the BG
control (P = 0.0003).

Weed suppression. Monthly number of
weeds was typically higher in the BG control
than mulched treatments (data not shown and
data exclude all BDM treatments after June
2018 because of BDM removal). In Sept. and
Oct. 2017, the number of weeds in the BG
control was 51 weeds/m?, but there were no
weeds in any mulched plots (P =0.01 for both
dates). Weed dry shoot biomasses for the
same sampling times were 6.4 g/m? and 3.4
g/m?, respectively, in the BG control. There
were no differences in the number of weeds
between PE mulch and the BG control from
May to Aug. 2018 after the grower treated
weeds with herbicides and handweeded the
plots. However, number of weeds in the BG
control was 266 weeds/m? and there were still
no weeds in PE mulch plots in Sept. 2018
(P =0.01). Weed dry shoot biomass in BG
control was 1.6 g/m? for the same date. In
contrast, in July 2019, number of weeds and

dry shoot biomass were higher in the plots
treated with PE mulch (13 weeds/m? and 0.03
g/m?, respectively) compared with no weeds
observed in BG control plots (P = 0.01 for
both). The most predominant weed species
was common chickweed (Stellaria media L.).

Discussion

This study demonstrated that the specific
thicknesses and formulations of BDMs eval-
uated in this study did not successfully over-
winter in a late summer floricane-fruiting
raspberry planting. Previous research with
similar BDM products in a spring-planted
floricane-fruiting raspberry field did not ex-
perience damage as extensive as what was
observed in this study (Zhang et al., 2019).
This could be because of longer primocanes
in the first year of the spring-planted rasp-
berry study resting on the mulches, thereby
keeping the mulches in place and protecting
them from wind damage. In the current study,
tears, rips, and holes 2 months after applica-
tion were the primary reasons that PSE in-
creased in the BDM treatments, which was
consistent with a tomato (Solanum Ilycoper-
sicum L.) field study planted with BDMs
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Table 6. Yield of “WakeHaven’ raspberry planted in late summer in 2017 with polyethylene (PE) mulch and bare ground (BG). Harvest data were collected from
all 15 harvest points from 28 June to 6 Aug. 2019.

Yield (kg/18 m)
Treatment 1 2 3 4 6 7 8 9 10 11 12 13 14 15 Total yield
PE 34b% 43 33 5.1 20.7a  11.6 10.2 9.7 7.4 6.3 5.5 6.3 4.7 3.6 110.3
BG 95a 8.5 4.7 6.8 10.6 170b 115 9.6 9.7 6.3 6.6 4.5 6.0 3.4 25 117.5
P value 0.03 0.07 0.18 0.10 0.07 0.03 0.93 061 1.00 0.09 046 0.06 050 0.06 0.08 0.37

“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.

(Miles et al., 2012). In the current study,
damage at the edges of the mulches, primarily
BDMs and one PE plot, occurred due to
equipment from on-farm activities and were
subsequently enlarged by 100 wind events
with speed more than 36 km/h from Oct.
2017 to Mar. 2018 (WSU AgWeatherNet,
2019). High winter winds are common for
the production area where the study occurred
because of cold air outflows from the Fraser
River Valley in British Columbia.

The slightly lower breaking force and
especially the smaller elongation (i.e., less
elasticity) of BDMs indicate that these for-
mulations and thicknesses were more suscep-
tible to on-farm activities that can puncture
the film and cause damage. Cowan et al.
(2016) and Thompson et al. (2019) reported
that bio-based plastic mulches have lower
tensile strength and mechanical resistance
compared with PE mulch. Dharmalingam
et al. (2015) and Mendes et al. (2016) re-
ported that tensile strength of plastic mulches
is reduced when thermoplastic starch [e.g.,
polylactic acid (PLA)] is included. All BDMs
used in this study contain bio-based materials
(e.g., PLA and starch). These results suggest
that BDMs may need to be reformulated to be
more durable to withstand on-farm activities
and winter conditions to be suitable for late
summer plantings of floricane-fruiting rasp-
berry where the mulch is exposed for several
months (not covered with plant material).
Alternatively, thicker BDMs may decrease
the incidence and severity of damage ob-
served in this study.

In contrast to the BDM treatments, PE
mulch did overwinter, with the exception of
one replicate that was ripped due to on-farm
activities. More careful use of equipment
would avoid such damage, and growers
may need to adjust their farming practices
to include plastic mulches. PE mulch pro-
vided weed suppression benefits relative to
BG. Soil temperatures under PE mulch were
similar to temperatures under BDMs and
both were higher than the BG control, which
is similar to what has been reported in other
studies (DeVetter et al., 2017; Ghimire et al.,
2018; Zhang et al., 2019) and may have
contributed to increased primocane growth.
Soil volumetric water content was generally
higher in BDMs compared with PE mulch
and the BG control. Northwest Washington
has a Mediterranean climate characterized by
dry summers and wet winters. There was
774 mm precipitation at the study site from
Oct. 2017 to Mar. 2018 (WSU AgWeather-
Net, 2019). Lower soil volumetric water
content under PE mulch may be due to its
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impermeability that prevented rainfall from
percolating into the soil. Bilck et al. (2010)
reported BDMs made from PLA and poly-
butylene adipate terephthalate (PBAT) had
up to 250 times higher water vapor perme-
ability than PE mulch. The high permeability
of BDMs likely allowed rainfall to move
through the mulch, which raised soil volu-
metric water content relative to soil under
PE mulch. The soil volumetric water content
under Novamont mulches was higher than
BASF mulches, which was consistent with
our previous study (Zhang et al., 2019).
Within each BDM product, thinner mulch
(BASF 0.5 and Novamont 0.5) always had a
higher soil volumetric water content than its
corresponding thicker counterpart, and this
was attributed to thickness impacting move-
ment of water through the mulch material.

Both Trinka and Pritts (1992) and Zhang
et al. (2019) reported plastic mulches in-
creased primocane height in comparison with
no-mulch treatments. Plants grown in BDM-
treated plots had primocane heights similar to
the BG plots, which was inconsistent with
what has been observed in past studies (Krél-
Dyrek and Siwek, 2015; Tecco et al., 2016;
Zhang et al., 2019). This discrepancy was
likely because of the early removal of BDMs
(Mar. 2018) in the current study. In late
summer planting systems, raspberry starts
acclimating shortly after planting (Durner,
2013; Funt and Hall, 2013), and plant growth
primarily occurs the following growing sea-
son (Apr. to Sept. 2018 in this study). Be-
cause BDMs were removed in Mar. 2018,
plants grown in these plots during the 2018
growing season were under similar condi-
tions to the plants grown in the BG control.
Thus, plants had similar primocane heights
across BDM treatments and the BG control in
the study.

Raspberry primocane height was 6% to
8% greater among plants grown with PE
mulch compared with the other treatments
except for BASF 0.5 in Sept. 2018. Zhang
et al. (2019) also observed primocane height
of spring-planted TC raspberry grown with
PE mulch to be 25% higher than the BG
control. In the same study, it was also re-
ported that spring-planted raspberry plants
grown with PE mulch and BDMs had a
higher primocane number (11-14 primo-
canes/plant) by the end of the first growing
season compared with the BG control (7
primocanes/plant), which was not observed
in the current study. The longer establishment
period (18-24 months) for the late summer
planting systems compared with the spring
planting systems (4- to 6-month) may pro-

vide adequate growing conditions and time
for raspberry plants to establish and develop
the maximum potential primocane height and
number regardless of mulching.

Reducing the early flush of primocanes
could reduce the need for chemically or
physically removing primocanes through
“burning” or “cutting,” which may in turn
increase on-farm efficiency and profitability.
Early-growing primocanes are chemically or
physically removed because they compete
with developing flowers and fruit for nutrient
and water resources (Crandall and Adams,
2020; DeVetter et al., 2020; Howard et al.,
1989). PE mulch suppressed primocane
emergence compared with the BG control
in Spring 2019 (early emerged primocanes
were chemically burned on 8 Apr. 2019 and
10 May 2019 by growers); however, we did
not observe any differences in primocane
number per plant in Sept. 2019. Thus, the
concern that PE mulch could physically in-
terfere with primocane emergence and re-
duce primocane number into the next year
was not supported in our study. Instead, the
suppressed primocane emergence observed
early in the season under PE mulch may have
allowed more photosynthates and mobile
nutrients to be conserved and translocated
to support fruit production and the formation
of more desirable primocanes emerging from
the crown region.

PE mulch application did not increase
overall yield as reported in a previous study
with spring-planted floricane-fruiting rasp-
berry (Zhang et al., 2019). Winter injury
among plants grown with PE mulch may be
a contributing factor to the observed delay in
fruit production and the lack of a yield effect
observed in this study. Sensteby and Heide
(2014) reported that ‘Glen Ample’ raspberry
(floricane-fruiting) had 71% budbreak after
storage at 10 °C for 1175 h. Funt and Hall
(2013) described that floricane-fruiting rasp-
berries grown across the world require 800
to 1600 chilling hours with a base tempera-
ture of 7.2 °C. From 1 Oct. to 31 Dec. 2018,
plants in this study accumulated ~1077 chill-
ing hours (assuming a base temperature of
7.2 °C) (WSU AgWeatherNet, 2019). Wil-
liams (1960) showed that ‘Malling Promise’
raspberry (floricane-fruiting) kept at 3.3 °C in
the greenhouse for 1008 h followed by expo-
sure to 10 °C for 1 week induced raspberry
budbreak. In our study, there were 16 d with
maximum air temperatures over 10 °C in Jan.
2019 followed by 10 d with minimum air
temperatures below —5 °C before mid-Feb.
2019 (WSU AgWeatherNet, 2019). Although
the chilling requirement for the cultivar
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included in this study is not known, these
environmental data and past studies suggest
that the plants may have met their chilling
requirements before Jan. 2019, and warmer
temperatures in Jan. 2019 could have enabled
plants to deacclimate. This effect and the
onset of deacclimation may have been greater
for raspberry plants grown with PE mulch
given the higher soil temperatures. Visual
observations made in Jan. 2019 indicated that
plants grown with PE mulch had more swol-
len and expanded buds compared with plants
in the BG control. Subsequent Feb. 2019
temperatures below —5 °C may have there-
fore been more damaging to the primary buds
of raspberry grown with PE mulch. As a
result, secondary buds developed, but yield
was lower and delayed. Warmund and
George (1990) showed that cold injury on
raspberry primary buds led to delayed flower-
ing and fruiting.

In addition, frequent machine harvests at
2.5-day intervals on average could be another
factor that led to a lack of an observable yield
effect of raspberry grown with PE mulch.
Plastic mulches have been demonstrated to
hasten fruit maturity (Lalitha et al., 2010; Miles
et al., 2012; Zhang et al., 2019), which was
opposite to what was observed in the current
study. Because of delayed fruit develop-
ment, more flowers were visually observed
on plants grown with PE mulch compared
with the BG control during the first several
harvests. Over-the-row machine harvesters
harvest fruit through shaking and vibrations
of harvester rods, which when done fre-
quently could potentially knock off more
flowers from the plants, thereby reducing the
yield of plants grown with PE mulch.

Competition from weeds for nutrients,
water, and space may hinder the establishment
of TC raspberry plants (Lawson and Wiseman,
1974). Both PE mulch and BDMs suppressed
weeds when mulches were present. Although
growers handweeded in Dec. 2017 and May
2018 and applied herbicide (Simazine; Win-
field United, Puyallup, WA) in BG plots, PE
mulch successfully suppressed weeds com-
pared with the BG control. The suppression of
weed populations could be a contributing
factor for increased raspberry primocane
growth compared with the BG control.

Conclusions

Overall, PE mulch increased plant growth
and both PE mulch and BDMs increased soil
temperature while suppressing weeds com-
pared with the BG control in floricane-fruiting
raspberry established as TC transplants in late
summer. Although plants grown with PE
mulch produced the same yield as plants
grown with the BG control, fruit size and
quality tended to be greater when PE mulch
was used. Primocane growth was also in-
creased with mulch application. Therefore,
PE mulch can be a viable management tool
for raspberry growers practicing late summer
plantings. Based on this study, the suitability
of BDMs is unknown due to the damage
caused by traditional on-farm activities and
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strong winds. Different formulations, thicker
mulch materials, and more careful in-field
management practices could reduce the risks
associated with BDM durability for this plant-
ing time and system. Further studies are
needed to explore the suitability of BDMs in
floricane-fruiting raspberry in late summer
plantings. Although there was no yield en-
hancement when PE mulch was used in our
study, raspberry growers in the PNW are
currently planting new fields in late summer
with PE mulch due to other perceived benefits,
such as weed management and modified soil
conditions. In years without extremely cold
weather that potentially can be more damaging
to primary buds in plants treated with PE
mulch, the yield might be higher among plants
grown with PE mulch than BG.
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