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Abstract: Soil tillage is generally recognized as having a negative effect on soil health and weed seed
predators. Recent advancements in conservation tillage practices allow for further comparison of
how different levels of soil disturbances could influence soil food web communities. Field trials were
conducted in 2017 and 2018 at two different sites to measure the effects of four cover crop termination
treatments: conventional till (CT), no-till (NT), strip-till following roller-crimping (ST-RC), and
strip-till with a living mulch between crop rows (ST-LM) on soil health using nematode community
indices as soil health bioindicators. Following cover crop termination, the soil was monitored in
the subsequent bell pepper (Capsicum annuum) crop over three sampling dates (June, August, and
October). In the ST-RC treatment plots, soil nutrients were enriched (increased Enrichment Index,
EI) and the soil food web structure was improved (higher Structure Index, SI) by the mid-season
of the 2017 trial. In the 2018 trial, the ST-RC treatment enhanced fungal decomposition pathways
(fungivore/fungivore + bacterivore ratio) throughout the bell pepper crop cycle and enhanced
bacterial decomposition (abundance of bacterivorous nematodes) by the end of the cropping cycle
compared to the no-till treatment, suggesting that the ST-RC treatment can further improve soil
health conditions achieved by the NT treatment. Scatter plots of sampling points revealed that the
treatments CT and NT had very distinct nematode-weed community assemblages in both trials,
with the ST-RC and ST-LM treatments distributed closely with the NT treatment. Multivariate
analysis among soil health bioindicators, weed pressure and weed seed predation explained 76.4
and 55.7% of the variance in the 2017 and 2018 trials, respectively. Weed pressure was consistently
negatively related to (1) the SI, indicating soil disturbance would lead to more weed pressure; (2) the
EI, indicating soil with higher weed pressure was linked to poor soil nutrient cycling, (3) cover crop
residues left in the field from conservation tillage, or (4) how well the living mulch of red clover
covered the ground. This study did not show that weed seed predation would lead to lower weed
pressure but weed seed predation increased as weed biomass increased.

Keywords: bell pepper; conservation tillage; living mulch; roller-crimper; soil disturbance; soil
health; weed seed predation

1. Introduction

Incorporating cover crops into conservation tillage systems offers several potential
agronomic benefits. These may include improved soil food web structure [1] and soil
quality [2,3], increased soil organic matter [4] and soil water retention [5,6], as well as
reduced soil erosion [7], plant-parasitic nematode infestation [1,8], arthropod pests [9], plant
diseases [10,11] and weeds [12]. In no-till cover cropping systems, herbicides are commonly
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used to terminate the cover crop prior to cash crop planting. However, organic farmers
generally use mechanical tools to terminate their cover crops. Mechanical termination
can be achieved by using a flail or rotary mower, roller crimper, or tillage. However,
tillage results in soil disturbances which can be detrimental to beneficial organisms on
or below ground. Mowing is one approach employed to terminate some cover crops
with imperceptible soil disturbance. However, this method has potential pitfalls such
as cover-crop regrowth following mowing and uneven spatial distribution of cover-crop
residues [13]. Osterholz et al. [14] suggested that more research is needed to investigate the
interactions between cover crops and tillage for weed control and soil health.

Recent advances in roller-crimper design offer a reliable method to physically termi-
nate cover crops without biomass entangling associated with rotary mower usage. The
roller crimper typically consists of a water-filled drum with chevron-patterned blades that
is propelled by a tractor. As the tractor is driven over the cover crop, the roller crimper
flattens plants while crimping their stems every 4–10 cm depending on the roller design.
Further, the crimped cover crop residue remains on the soil surface for a longer period
compared to residue following rotary mowing, which can lead to a longer period of weed
suppression. However, using a roller crimper to terminate a cover crop may not provide
similar weed suppression relative to an herbicide terminated cover crop. For example, total
weed biomass suppression within a soybean crop following roller crimping of hairy vetch
(Vicia villosa) and rye (Secale cereale) achieved 26 and 56%, respectively, compared to that of
herbicide termination of these cover crops [12].

The efficacy of weed suppression in conservation tillage systems has been shown
to be strongly related to its effect on weed fecundity [15], which can be impacted by
weed seed predation [16]. Weed seed predators may include ground beetles (Coleoptera:
Carabidae) [17], fire ants, Solenopsis geminata (Fabricius) (Hymenoptera: Formicidae), ro-
dents [18] and crickets (Orthoptera: Grylloidea) [19]. Carabids are also important generalist
predators in annual row-crop systems [20]. However, they can be distressed easily by soil
disturbances. In a study by Menalled et al. [16], the density, diversity and activity of carabid
species were higher in no-till compared to conventionally tilled systems. However, few
studies have explored relationships between tillage type and soil disturbance, and their
subsequent effects on weed seed predation in organic farming systems.

In light of soil degradation problems caused by continuous tillage [2] and its negative
impact on soil health [21,22], soil and nematode ecologists have demonstrated that free-
living nematodes are good soil health indicators because they play important roles in soil
nutrient cycling [23]. Several studies using nematode community indices as soil health
indicators have shown that no-till farming and organic mulches can enhance nematode
diversity, soil food web structure and crop yields [23–26].

This study was part of a larger project conducted to investigate the impact of conser-
vation tillage on above- and below-ground organisms in organic vegetable plantings. The
specific objectives of this study included: (1) assessing different cover crop conservation
tillage practices on soil health using nematodes as soil health bioindicators, and (2) examin-
ing the relationships between soil health, weed suppression, weed seed predation, and bell
pepper (Capsicum annuum L.) yield. We hypothesized that different cover crop conservation
tillage practices would influence the soil nutrient cycling pathways or the soil food web
structure in the subsequent cash crop differently, and that there would be an affiliation
between soil health improvement and weed suppression.

2. Materials and Methods
2.1. Field Trials

Two trials were conducted in separate fields >50 m apart in 2017 and 2018 at the
University of Maryland Central Maryland Research and Education Center in Upper Marl-
boro, MD, USA (38◦51′35.46′′ N, 76◦46′40.86′′ W, 34 m a.s.l.). This site is in the Atlantic
Coastal Plain ecoregion of Maryland and had an annual rainfall of approximately 972 mm
in 2017 and 1674 mm in 2018. Soils at the Upper Marlboro Center are Annapolis series
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fine-loamy, glauconitic, mesic Typic Hapludults [27]. In the 2017 trial, the field was under-
going transition to organic production (<3 years of organic farming), and the 2018 trial was
conducted on a field that had been managed organically for six years. In both field trials,
the entire experimental site was 57.3 m wide and 68.6 m long, with 16 individual plots of
9.8 m × 9.1 m.

Each field trial consisted of four pre-plant cover crop termination treatments:
(1) conventional till (CT), (2) no-till (NT), (3) strip till after roller-crimping (ST-RC), and
(4) strip till with living mulch between crop rows (ST-LM). Three treatments (CT, NT, and
ST-RC) were planted with an annual cover crop mixture of rye (Secale cereal L.) and crimson
clover (Trifolium incarnatum L.) at 75.3 and 8.8 kg/ha, respectively, whereas the ST-LM
treatment was planted with a perennial red clover (Trifolium pratense L.) at 13.4 kg/ha. All
treatments were arranged in a randomized complete block design with each treatment
replicated four times.

All cover crops were planted in the fall using a no-till grain drill with 17.8 cm spacing
between drills. In the CT treatment, the cover crop was terminated using a flail mower
followed by chisel plowing and rototilling to incorporate the cover crop residue into the
soil as a green manure. In the NT treatment, the cover crop was terminated using a flail
mower and its residue remained as an organic mulch. In the ST-RC treatment, the cover
crop was terminated using a roller crimper, and the crop rows were strip tilled using a
two-row strip tiller (Bigham Brothers Inc., Lubbock, TX, USA) which created 27.9 cm wide,
15 cm deep tilled strips with 1.2 m spacing between strips. In the ST-LM treatment, the red
clover was strip-tilled and mowed with a rotary mower in 2017 and flail-mowed in 2018.
The rye/crimson clover cover crop mix in the NT and ST-RC treatments were terminated
when the rye reached anthesis and the red clover in the interrow areas of the ST-LM plots
remained as an interplanted living mulch.

Prior to termination, cover crop biomass was estimated by randomly placing a 0.25 m2

quadrat in two sampling spots within each plot and clipping all vegetation within each
quadrat at the soil line. Cover crop biomass was separated into rye, crimson clover, or
weeds, and dried in an oven at 60 ◦C and weighed. Samples of red clover in the ST-LM
treatment were not collected as it continued to grow over the duration of the cropping cycle.

Approximately 2.5-month-old greenhouse grown ‘Red Knight’ green bell peppers
(Capsicum annuum L.) were transplanted into each plot on 15 June 2017 or 19 June 2018.
Pepper intra- and inter-row spacing was 0.6 m and 1.2 m, respectively. Each plot contained
eight rows with 20 plants per row in 2017 and 19 plants per row in 2018. Pepper plants were
fertilized using pelletized poultry litter (MicroStart 3-2-3 poultry litter Perdue AgriRecycle,
Seaford, DE, USA) at a rate of 2615 kg/ha soon after planting (20 June 2017 and 22 June
2018) and an additional 1121 kg/ha later in the season (20 July 2017, 6 July 2018). All plots
were drip irrigated as needed.

2.2. Nematode Community Analysis

Soil samples were collected at pepper planting (17 June 2017, 21 June 2018), at the
initiation of harvest (2 August 2017, 14 August 2018), and soon after final harvest (23
October 2017, 4 October 2018). Six soil cores were collected with a 2.54 cm diameter soil
probe, inserted 20 cm deep into the soil close to the pepper root zone, composited into a
bucket, homogenized by hand, put in ziploc bags, and transferred to the laboratory for
analysis. Nematodes were extracted from a subsample of 250 cm3 of soil per sample by
sieving and centrifugal flotation method [28]. Nematodes were identified to the genus
level wherever possible and counted under an inverted microscope. Each nematode was
assigned to one of the trophic groups: algivores, bacterivores, fungivores, herbivores,
omnivores, or predators according to Yeates et al. [29]. Nematode richness was calculated
based on the total number of taxa recorded. The Simpson’s index of dominance was
calculated as λ = ∑ (pi)2, where pi is the proportion of each of the ith taxon present [30],
whereas diversity was calculated as 1/λ. The fungivore to fungivore + bacterivore (F/F + B)
ratio was calculated to characterize the dominant decomposition pathways [31]. Taxonomic
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families were assigned a colonizer-persister (c-p) rating according to the 1–5 c-p scale of
Bongers and Bongers [32]. The free-living nematode maturity index (MI) was calculated
as ∑ (pici), where p is the proportion, and c is the c-p value of taxon i [33]. Similarly, the
plant-parasitic nematode maturity index (PPI) was calculated for taxa that were categorized
as plant-parasitic nematodes. In addition, the enrichment index (EI) was calculated as
100 × [e/(e + b)] to assess soil food web responses to available nutrient resources, the
structure index (SI) was calculated as 100 × [s/(s + b)] to reflect the complexity of trophic
connection in soil food webs, and the channel index (CI) was calculated as CI = 100 × [0.8
F2/e] to determine if a soil food web was dominated by fungal or bacteria decomposition
where e, s, and b are enrichment, structure, and basal food web components, and F2 is
abundance of fungivores with c-p value of 2 [34].

2.3. Weed Data Collection

The percent surface coverage by weeds, organic residue, and bare soil following cash
crop planting were estimated monthly by placing permanent 2.0 m2 quadrats encompassing
three pepper plants in two locations per plot. Weeds from each quadrat were clipped at the
soil line, dried at 60 ◦C and weighed. In addition, another 0.1 m2 quadrat was randomly
placed within each plot to record weed abundance by species and percent of weed coverage
weekly. Number of weed species (richness) was recorded per quadrat.

2.4. Weed Seed Predation

In 2017, rates of weed seed consumption by predatory insects (seed predation) were
measured by placing 10 weed seeds in field baits for 3–4 days (depending on weather) and
counting the number of seeds remaining after exposure in the field. Each weed seed bait
was constructed of 10 × 10 cm square Petri dishes that were buried flush with the ground
surface within each plot. Holes ~2 cm in diameter were cut in the bottoms of the Petri
dishes and covered with filter paper to allow rainwater drainage and for equilibration of
soil moisture with immediate soil environment. Soil samples were collected from random
locations within the experimental plots, dried, homogenized, and passed through a 500 µm
sieve to remove any additional weed seeds. Weed seeds were collected from mature weeds
from the field margins and were chosen to represent two size classes of seeds; redroot
pigweed (Amaranthus retroflexus L.) and lambsquarter (Chenopodium album L.) as small
seeded (~1.0 mm), and giant foxtail (Setaria faberi Herrm.) as large seeded species (~2.5 mm
diameter). These weeds served as indicator species for weed seed predation. Separate weed
seed baits were placed in each plot repeatedly throughout the growing season to assess
weed seed consumption by seed predators. The weed seed predation baits were installed
initially in 2018, but due to record rainfall during the summer of 2018, they were either
flooded or workers were not able to collect the baits in time for the data to be meaningful.
Thus, no weed seed predation data was reported for 2018.

2.5. Pepper Yield

The pepper yield data collection was initiated upon maturity or when fruits reached
marketable sized of >6.35 cm in length and diameter that matched either the US Fancy,
US No. 1 and US No. 2 grades [35]. Fruits were harvested on a weekly basis, counted,
and weighed until the first hard frost (19 October 2017) or until crop senescence (3 October
2018). Total fruits harvested throughout a crop season were used for the data analysis.

2.6. Statistical Analysis

The nematode data from each field trial were checked for normality using Proc Uni-
variate in Statistical Analytical Software (SAS) version 9.4 (SAS Institute Inc., Cary, NC,
USA). Wherever necessary, data were normalized using log10 (x + 1) or square root transfor-
mation prior to analysis of variance (ANOVA) using Proc GLM in SAS with sampling date
nested within treatment. If significant interaction between treatment and sampling date
was detected (p ≤ 0.05), data were re-analyzed by date. Otherwise, means from repeated
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measure over time were presented. The means were separated using the Waller-Duncan
k-ratio (k = 100) t-test wherever appropriate, and only true means were presented.

For all parameters other than nematodes, data were only used to perform canonical
correspondence analysis (CCA). In each trial, CCA was performed using CANOCO™ 4.5
for Windows software (Microcomputer Power, Ithaca, New York, NY, USA) to visualize
the relationships between nematode assemblage with weed data including weed count,
total weed coverage (%), weed dry weight, weed species richness, weed seed predation
(of amaranth, foxtail, and lambsquarter in 2017 only), coverage by bare ground and cover
crop residues (%), and pepper yield (fruit number, fruit weight). Average data across dates
per trial were used. The nematode assemblage parameters used in this study included
nematode richness (rich), abundance of five nematode trophic groups including algivores,
bacterivores, fungivores, herbivores, omnivores, predators, and EI, SI, CI, PPI, and MI.

3. Results
3.1. Nematode Community Analysis as Soil Health Indicators

At cover crop termination, the dry biomass of rye and crimson clover were 4643 and
3239 kg/ha, respectively in 2017, and 3579 and 999 kg/ha, respectively, in 2018. During
both field trials, 65 genera or taxa of nematodes were detected, including two algivores,
21 bacterivores, 12 fungivores, 8 herbivores, 12 omnivores and 10 predators. The nematode
genera present in both field trials and their guilds are listed in Table 1.

Table 1. Nematode genera and their allotted guild reported in the 2017 and 2018 Trials.

Nematode Guild Nematode Guild Nematode Guild

Achromadora A-3 Aphelenchus F-2 Ecumenicus O-4
Paracyatholaimus A-3 Aphelenchoides F-2 Enchodelus O-4

Alirhabditis B-1 Ecphyadophora F-2 Epidorylaimus O-4
Anguilluloides B-1 Neotylenchus F-2 Eudorylaimus O-4
Diploscapter B-1 Filenchus F-2 Labronema O-4
Panagrellus B-1 Psilenchus F-2 Mesodorylaimus O-4

Panagrolaimus B-1 Nothotylenchus F-2 Miodorylaimus O-4
Rhabditidae B-1 Diptherophora F-3 Pungentus O-4
Acrobeles B-2 Dorylaimoides F-4 Timmus O-4

Acrobeloides B-2 Leptonchus F-4 Aporcelaimellus O-5
Cephalobus B-2 Tylencholaimus F-4 Aporcelaimus O-5
Cervidillus B-2 Tylencholaimellus F-4 Laimydorus O-5

Drilocephalobus B-2
Eucephalobus B-2 Tylenchus H-2 Tripyla P-3
Heterocephalobus B-2 Hoplolaimus H-3 Trobilus P-3

Monhystera B-2 Helicotylenchus H-3 Clarkus P-4
Plectus B-2 Ditylenchus H-3 Ironus P-4

Wilsonema B-2 Pratylenchus H-3 Mononchus P-4
Zeldia B-2 Tylenchorhynchus H-3 Mylonchulus P-4

Chronogaster B-3 Meloidogyne H-3 Aetholaimus P-5
Prismatolaimus B-3 Paratrichodorus H-4 Discolaimium P-5
Teratocephalus B-3 Nygolaimus P-5

Alaimus B-4 Paravulvus P-5
A = algivore, B = bacterivore, F = fungivore, H = herbivore, O = omnivore, p = predator. Number following the
feeding group indicates c-p value assigned by [32,34] and Nemaplex database [36].

In the 2017 Trial, most nematode parameters showed significant interaction between
the sampling date and the cover crop treatment (p ≤ 0.05). As such, results are presented
for each sampling date separately (Table 2). However, no interaction was observed be-
tween sampling date and treatment for nematode richness and plant-parasitic nematode
index (PPI). Thus, the average data of richness and the PPI values from the three sampling
dates are presented in Table 3. While the nematode richness (number of genera) was not
influenced by tillage treatment during the pepper cropping cycle, the PPI shifted towards a
higher value in the ST-LM and ST-RC treatments compared to the CT treatment (p ≤ 0.05).
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Considering the NT treatment as the undisturbed soil control, the abundances of all nema-
tode trophic groups did not differ between the disturbed soil treatments (CT, ST-RC, and
ST-LM) and the NT treatment on the initial (right after cover crop termination and pepper
planting) and final (after final pepper harvest date) sampling dates. However, there was
an effect of tillage observed on nematode abundance of all trophic groups at 6 weeks after
pepper planting (midterm). During this period, the abundance of bacterivorous nematodes
was the greatest in the NT treatment. Further, their abundances were significantly lower in
the CT and ST-RC treatments than the ST-LM treatment (p ≤ 0.05). Similarly, the ST-LM
treatment was the only disturbed soil treatment that did not contain a reduced number
of other free-living nematodes compared to the NT treatment. The CT and ST-RC treat-
ments contained a reduced abundance of herbivores, fungivores, omnivores, and predators
compared to the NT treatment (p ≤ 0.05).

Table 2. Effect of tillage on nematode community in the 2017 Trial.

Nematode z CT y NT ST-LM ST-RC

17 June 2017
Abundance ——————————-nematodes/250 cm3 soil ———————–
Algivores 3 ± 2 a 0 ± 0 a 1 ± 1 a 0 ± 0 a

Bacterivores 356 ± 74 ab 258 ± 47 ab 667 ± 229 a 150 ± 36 b

Fungivores 338 ± 86 a 339 ± 39 a 372 ± 65 a 384 ± 66 a

Herbivores 36 ± 10 a 166 ± 75 a 53 ± 14 a 66 ± 21 a

Omnivores 28 ± 7 a 36 ± 7 a 30 ± 6 a 32 ± 19 a

Predators 10 ± 7 a 24 ± 10 a 24 ± 6 a 21 ± 6 a

Indices
F/(F + B) x 0.52 ± 0.03 bc 0.62 ± 0.03 ab 0.40 ± 0.10 c 0.73 ± 0.03 a

Diversity 6.36 ± 0.61 a 5.52 ± 0.61 ab 4.49 ± 0.86 ab 3.98 ± 0.42 b

Maturity index (1–5) 1.81 ± 0.05 ab 2.11 ± 0.08 a 1.74 ± 0.15 b 2.16 ± 0.07 a

Enrichment index (%) 74.61 ± 1.48 a 62.87 ± 5.88 ab 77.36 ± 6.93 a 56.43 ± 1.96 b

Structure index (%) 29.38 ± 5.45 a 43.49 ± 4.47 a 36.26 ± 2.18 a 35.96 ± 5.30 a

Channel index (%) 27.21 ± 2.11 b 47.76 ± 9.72 ab 23.64 ± 10.60 b 64.13 ± 5.46 a

2 August 2017
Abundance —————————nematodes/250 cm3 soil ————————–
Algivores 22 ± 4 a 53 ± 28 a 2 ± 2 b 5 ± 2 ab

Bacterivores 494 ± 121 c 7555 ± 1901 a 3019 ± 728 b 841 ± 158 c

Fungivores 282 ± 57 b 1315 ± 426 a 969 ± 266 a 203 ± 31 b

Herbivores 49 ± 15 b 375 ± 87 a 207 ± 79 a 39 ± 12 b

Omnivores 32 ± 8 b 193 ± 44 a 144 ± 47 ab 29 ± 7 b

Predators 18 ± 3 b 115 ± 44 a 54 ± 16 ab 22 ± 6 b

Indices
F/(F + B) 0.37 ± 0.03 a 0.17 ± 0.05 b 0.25 ± 0.02 b 0.20 ± 0.02 b

Diversity 8.67 ± 0.54 a 3.54 ± 0.65 c 4.58 ± 0.52 bc 5.68 ± 0.71 b

Maturity index (1–5) 1.85 ± 0.03 a 1.89 ± 0.07 a 1.90 ± 0.12 a 1.56 ± 0.10 a

Enrichment index (%) 74.87 ± 1.83 ab 56.49 ± 7.18 b 56.60 ± 10.13 b 89.08 ± 1.87 a

Structure index (%) 38.89 ± 3.49 b 22.86 ± 3.87 c 27.59 ± 1.13 c 48.31 ± 5.00 a

Channel index (%) 19.57 ± 1.16 ab 15.52 ± 5.43 ab 26.16 ± 5.44 a 7.32 ± 1.36 b

23 October 2017
Abundance ————————-nematodes/250 cm3 soil —————————-
Algivores 160 ± 91 a 60 ± 28 a 78 ± 6 a 88 ± 13 a

Bacterivores 2298 ± 594 a 1495 ± 256 a 2079 ± 161 a 2498 ± 442 a

Fungivores 1853 ± 364 a 1553 ± 287 a 1555 ± 152 a 1653 ± 299 a

Herbivores 358 ± 117 a 303 ± 36 a 383 ± 68 a 395 ± 144 a

Omnivores 420 ± 24 a 258 ± 36 a 410 ± 32 a 285 ± 63 a

Predators 170 ± 34 a 85 ± 15 a 160 ± 17 a 135 ± 25 a

Indices
F/(F + B) 0.46 ± 0.04 a 0.50 ± 0.06 a 0.43 ± 0.04 a 0.40 ± 0.06 a

Diversity 7.87 ± 0.45 ab 7.21 ± 0.65 b 10.04 ± 0.68 a 7.45 ± 1.36 b



Horticulturae 2022, 8, 425 7 of 16

Table 2. Cont.

Nematode z CT y NT ST-LM ST-RC

Maturity index (1–5) 2.25 ± 0.08 a 2.15 ± 0.03 a 2.36 ± 0.05 a 2.10 ± 0.12 a

Enrichment index (%) 64.37 ± 5.08 a 69.80 ± 3.35 a 59.01 ± 4.40 a 72.43 ± 6.46 a

Structure index (%) 60.40 ± 1.53 a 58.14 ± 2.23 a 63.46 ± 2.81 a 61.80 ± 4.93 a

Channel index (%) 33.39 ± 6.44 a 30.86 ± 6.18 a 33.97 ± 3.88 a 24.58 ± 7.48 a

z Values are means from four replicates (n = 4) and those followed by the same letter(s) in a row are not dif-
ferent according to Waller-Duncan k-ratio (k = 100) t-test. Treatments: y CT = conventional tillage; NT = no-till;
ST-LM = strip-till with living mulch; ST-RC = strip-till following roller-crimping. x F/(F + B) = ratio of fungi-
vores/(fungivores + bacterivores).

Table 3. Effect of tillage on nematode richness and plant-parasitic nematode index in 2017.

Nematode z CT y NT ST-LM ST-RC

Richness 30 ± 2 a 28 ± 1 a 28 ± 2 a 28 ± 2 a

Plant-parasitic
index (3–5) 2.60 ± 0.08 b 2.73 ± 0.08 ab 2.84 ± 0.06 a 2.84 ± 0.06 a

z Values are means from four replicates and three repeated measures (n = 12) and those followed by the
same letter(s) in a row are not different according to Waller-Duncan k-ratio (k = 100) t-test. Treatments:
y CT = conventional tillage; NT = no-till; ST-LM = strip-till with living mulch; ST-RC = strip-till following
roller-crimping.

With respect to nematode community indices, the ST-LM treatment contained a lower
F/F + B ratio than the NT treatment at the initial sampling date indicating a soil condition
dominated by bacterial decomposition pathway. This also resulted in the ST-LM treatment
containing the lowest MI among all treatments (Table 2). At mid-term, all conservation
tillage treatments (NT, ST-LM, ST-RC) had lower F/(F + B) values than the CT treatment
indicating that the latter promoted more fungal decomposition pathways. However, the
CT treatment had the highest nematode diversity followed by the ST-RC treatment and
both were higher than the NT treatment (p ≤ 0.05). At the mid-term sampling, the EI was
similar in the ST-LM and NT treatments but was significantly higher in the ST-RC treatment
(p ≤ 0.05), indicating a greater enhancement in soil nutrient enrichment. The SI was also
higher in the ST-RC treatment compared to the NT and CT treatments (p ≤ 0.05) and
similar to the ST-LM and NT treatments. Furthermore, during mid-term, the CI was similar
between the NT, CT, and ST-RC treatments but lower in the ST-RC treatment than the ST-
LM treatment indicating greater bacterial decomposition than the ST-LM system. However,
by the final harvest, the different soil health indices were similar among treatments. Only
diversity was higher in the ST-LM treatment than the NT and ST-RC treatments (p ≤ 0.05;
Table 2).

In 2018 Trial, the effects of tillage treatment on soil health differed compared to the
2017 trial. No interaction was observed between treatment and sampling date for each
nematode parameter tested except for the abundance of bacterivores. Thus, treatment
means over the three sampling dates were combined for each index except for bacterivore
abundance (Tables 4 and 5). Overall, the ST-RC treatment contained the greatest abundance
of fungivores, and the ST-LM and CT treatments had a greater number of algivores and
omnivores compared to the NT treatment (p ≤ 0.05, Table 4). All disturbed soil treatments
(CT, ST-LM and ST-RC) contained similar abundance of herbivores and predatory nema-
todes, and most of the nematode community indices were similar compared to the NT
treatment. Contrary to this, the F/(F + B) value was greater in the ST-RC treatment than in
all other treatments (Table 4, p ≤ 0.05). The ST-RC treatment was the only one that had a
higher abundance of bacterivores compared to the NT treatment on the final sampling date
(Table 5, p ≤ 0.05).
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Table 4. Effect of tillage on nematode community in the 2018 Trial.

Nematode z CT y NT ST-LM ST-RC

———————————-nematodes/250 cm3 soil ———————————
Abundance
Algivores 18 ± 4 ab 2 ± 1 c 34 ± 14 a 5 ± 2 bc

Fungivores 173 ± 28 ab 142 ± 25 b 160 ± 35 ab 211 ± 31 a

Herbivores 100 ± 65 b 123 ± 42 ab 297 ± 88 a 166 ± 77 b

Omnivores 32 ± 6 a 13 ± 3 b 28 ± 5 a 23 ± 5 ab

Predators 23 ± 6 a 16 ± 5 a 18 ± 4 a 13 ± 3 a

Indices
Richness 22 ± 1 a 21 ± 1 a 22 ± 1 a 20 ± 1 a

F/(F + B) x 0.44 ± 0.06 b 0.45 ± 0.05 b 0.39 ± 0.06 b 0.54 ± 0.06 a

Diversity 6.88 ± 0.81 a 7.69 ± 1.05 a 6.83 ± 1.43 a 5.32 ± 0.78 a

Maturity index
(1–5) 2.15 ± 0.05 a 2.05 ± 0.08 a 2.14 ± 0.09 a 2.07 ± 0.05 a

Plant-parasitic
index (3–5) 2.78 ± 0.10 a 2.94 ± 0.04 a 2.94 ± 0.03 a 2.84 ± 0.05 a

Enrichment
index (%) 71.46 ± 3.07 a 70.54 ± 3.31 a 68.64 ± 4.81 a 66.39 ± 3.41 a

Structure index
(%) 59.84 ± 4.72 a 51.63 ± 4.39 ab 61.45 ± 5.50 a 46.44 ± 5.02 b

Channel index
(%) 30.78 ± 6.61 a 30.07 ± 6.09 a 30.49 ± 6.90 a 42.70 ± 7.90 a

z Values are means from four replicates and three repeated measures (n = 12) and those followed by the
same letter(s) in a row are not different according to Waller-Duncan k-ratio (k = 100) t-test. Treatments:
y CT = conventional tillage; NT = no-till; ST-LM = strip-till with living mulch; ST-RC = strip-till following roller-
crimping. x F/(F + B) = ratio of fungivores/(fungivores + bacterivores).

Table 5. Effect of tillage on abundance of bacterivorous nematodes in the 2018 Trial.

Bacterivores z CT y NT ST-LM ST-RC

—————————nematodes/250 cm3 soil ——————————
21 June 2018 112 ± 27 a 121 ± 16 a 211 ± 80 a 76 ± 20 a

14 August 2018 345 ± 40 a 285 ± 72 a 347 ± 82 a 214 ± 24 a

4 October 2018 190 ± 33 ab 117 ± 9 b 136 ± 29 b 245 ± 52 a

z Values are means from four replicates and three repeated measures (n = 12) and those followed by the
same letter(s) in a row are not different according to Waller-Duncan k-ratio (k = 100) t-test. Treatments:
y CT = conventional tillage; NT = no-till; ST-LM = strip-till with living mulch; ST-RC = strip-till following
roller-crimping.

3.2. Relationships of Soil Health with Weed Suppression and Pepper Yield

In the 2017 Trial, the weed species recorded here included annual ryegrass (Lolium
perenne L.), carpetweed (Mollugo verticillata L.), common henbit (Lamium amplexicaule L.),
common vetch (Vicia sativa L.), dandelion (Taraxacum officinale Weber), evening-primrose
(Oenothera biennis L.), fall panicum (Panicum dichotomiflorum Michaux), fleabane (Erigeron
philadelphicus L.), giant foxtail, goosegrass (Eleusine indica (L.) Gärtner, horse nettle (Solanum
carolinense L.), large crabgrass (Digitaria sanguinalis (L.) Scopoli), redroot pigweed, purple
nutsedge (Cyperus rotundus L.), plantain (Plantago major L.), purslane (Portulaca oleracea L.),
marestail (Erigeron canadensis L.), ragweed (Ambrosia artemisiifolia L.), smartweed (Persicaria
pensylvanica (L.) Gómez, and yellow wood sorrel (Oxalis corniculata L.). Seedlings of
miscellaneous broadleaf weeds and grasses were also recorded.

The relationships between nematode assemblages, weed abundance and biomass, and
pepper yield data for each trial were depicted in ordination diagrams. For the 2017 trial, the
first two canonical axes in the ordination diagram explained 76.4% of the variance between
the environmental variables (nematode data, % residues, and % clover coverage) and weed
assemblage (% weed coverage, weed dry weight, and abundance of each weed species)
(Figure 1A). The percent of weed coverage (% Weed) was negatively related to the percent
of bare ground (% Bg) and the structure index (SI), but positively related to the abundance
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of bacterivores, fungivores, herbivores and algivores. The percent coverage by cover crop
or weed residues (% Resid) was not related to the % Weed value but was positively related
to the nematode richness and diversity, as well as the fungivores to fungivore + bacterivore
ratio (FFB), the channel index (CI), the maturity index (MI) and the abundance of predatory
and omnivorous nematodes. The percent coverage by clover (% Clov) was negatively
related to the % Resid but positively related to the Plant parasitic index (PPI) and the
Enrichment index (EI) and the pepper yield including total fruit number (Tfrtno) and
total fruit weight (Tfrtwt). Abundances of most weed species were positively related to %
residues and higher nematode richness and diversity values but were negatively related to
% Clov. Weed seed predation on lambsquarter, foxtail and amaranth [%lamb(P), %foxtail(P)
and %Ama(P)] were also mostly positively related to the % Resid, Twdwt (Total weed dry
weight), abundance of predatory and omnivorous nematodes, and the MI and CI values.
Although all three weed seed predations were also positively related to abundance of
many weed species present, especially one of the dominant weeds, ragweed, they were
not related to the abundance of another dominant weed species, foxtail. None-the-less,
these weed seed predations were negatively related to % Clov, EI, PPI, and pepper yield
(Tfrtno, Tfrtwt).

Scatter plots of sampling points revealed differences in tillage treatments in CCA
where the CT treatment distributed distantly from the NT, ST-RC, and ST-LM treatments.
Though the NT treatment overlapped very slightly with the CT treatment, it was also
segregated from the ST-RC and ST-LM treatments. On the other hand, the two strip-
till practices were clustered together (Figure 1B), indicating similar community structure
between these two strip-till systems but they are distinct from the CT and NT treatments.

In the 2018 Trial, weed species recorded here included carpetweed, common henbit,
dandelion, evening-primrose, garden spurge (Euphorbia hirta L.), giant foxtail, gooseg-
rass, large crabgrass, prickly sida (Sida spinosa L.), purple nutsedge, ragweed, redroot
pigweed, smartweed, smooth crabgrass (Digitaria ischaemum (Schreber) Muhlenberg), wild
chamomile (Anthemis cotula L.) and yellow wood sorrel. Seedlings of miscellaneous grasses
were also recorded.

The first two canonical axes in the ordination diagram only explained 55.7% of the
variance between the environmental variables (nematode data, % Residues, % bare ground
and % Clover coverage) and weed assemblage measured (% Weed coverage, weed dry
weight and abundance of each weed species) (Figure 2).

Though some of the relationships between the nematode community indices and the
weed assemblage in 2018 were different from that in 2017, the % Weed was consistently
negatively related to the SI and % Bg. The % Weed was also negatively related to the % Clov,
EI, and abundance of algivores, bacterivores, omnivores as well as to pepper yield (Tfrtno,
Tfrtwt) in 2018. However, the % Weed was positively related to the PPI. The % Resid
(cover crop + weed residues) was again positively related to the Div, Rich, MI and predator
abundance values of nematodes as in 2017 but also with the abundance of herbivores
(Figure 2A). Unlike in 2017, the % Clov was negatively related to the % weed coverage
and the PPI but positively related to the % Bg, pepper yield, EI, SI and the abundance of
algivores, omnivores, and bacterivores. The majority of the abundances of different weed
species were positively related to the % Weed, Twdwt, and the PPI but negatively related
to the EI, pepper yield (Tfrtno, Tfrtwt), % Clov and % Bg.

When sampling points were plotted against the canonical axes, the NT treatment was
distinctly separated from the CT treatment, but partially overlapping with the ST-RC and
ST-LM treatments. While the ST-RC treatment was distinct from the CT treatment, the
ST-LM treatment was slightly overlapping with the CT treatment (Figure 2B).
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Figure 1. (A) Canonical correspondence analysis biplot of environmental variables (red arrows)
with weed assemblage and yield variables (blue triangles) in 2017 bell pepper cropping sys-
tem following four tillage regimes. Red triangles include: Alg = algivores, Bact = bacterivores,
Fungi = fungivores, Herb = herbivores, Omn = omnivores, Pred = predators, Rich = richness, Div
= diversity, FFB = fungivore to fungivore + bacterivore ratio, MI = maturity index, PPI = plant-
parasitic nematode index, EI = enrichment index, CI = channel index, SI = structure index, % Clov
= red clover living mulch coverage, % Resid = cover crop + weed residues coverage, and % Weed
= weed coverage. Blue triangles include: weed seed predations of Amaranth [Ama (P)], foxtail
[Fxtail (P)], and lambsquarter [Lamb (P)]; Twdwt = total weed dry weight, abundance of weeds
of Hrsnetl = horse nettle, Yellwdsr = yellow wood sorrel, Vtch = common vetch, Rye = ryegrass,
Evenpros = evening-primrose, Ragwd = ragweed, Pigwd = pigweed, clov = clover, Fallpan = Fall
panicum, Flbane = fleabane, Mrstail = marestail, Pltn = Plantago, Purslne = purslane, Dande = dan-
delion, buckwht = buckwheat, Brdseedl = miscellaneous broadleaf seedlings, Nutsedg = nutsedge,
Carpwd = carpetweed, Gsegrass = goosegrass, Crbgr = crabgrass, Gseedln = miscellaneous grass
seedlings, Smrtwd = smartweed; Tfrtno = total fruit number, Tfrtwt = total fruit weight. (B) Scattered
plots of sampling points in CT = conventional till, NT = no till, ST-LM = strip-till with living mulch,
and ST-RC = strip-till and roller crimper treatments.
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Figure 2. (A) Canonical correspondence analysis biplot of environmental variables (red arrows) with
weed assemblage and yield variables (triangles) in 2018 bell pepper cropping system following four
tillage regimes. All abbreviations are as described in Figure 1. Additional variables in triangles
include abundance of chammle = chamomile, Prksida = Prickly sida, Spurg = Spotted spurge,
Smcrbgr = smooth crabgrass. (B) Scattered plots of sampling points in CT = conventional till, NT =
no till, ST-LM = strip-till with living mulch, and ST-RC = strip-till and roller crimper treatments.
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4. Discussion
4.1. Effects of Tillage Treatment on Nematode Community Assemblage

Results from both field trials supported our hypothesis that different cover crop
conservation tillage practices would influence soil nutrient cycling pathways or soil food
web structure in the subsequent pepper crop differently. This was captured in ANOVA
and scatter plots of sampling points. However, slightly different results were observed
between the 2017 and 2018 trials. This was likely due to differences in cover crop biomass
generated and a difference in field history. In 2017, the field site used was in its third
year of organic transition, whereas the site in 2018 had been farmed organically for six
years. Thus, we anticipated that the field site used during the 2018 trial would respond
to soil health modification faster. This was reflected in the shorter-term effects of cover
crop conservation tillage (CT, ST-LM and ST-RC treatments) on nematode communities
that ended by the mid-season in 2017 compared to the longer-term effects on nematode
assemblage that lasted the whole season in 2018. In 2018, cover crop conservation tillage
effect on nematode assemblage lasted until final pepper harvest. In addition, the cover crop
residue in 2017 had C:N ratio of 33:1, whereas that in 2018 was 42:1. Higher C:N ratio of
cover crop residues in 2018 tentatively contributed to a slower break-down of cover crop
residues, and subsequently provided a longer-term effect on soil health.

The results from both field trials consistently demonstrated that nematode community-
weed assemblages behaved distinctly differently between the NT and CT treatments based
on the scatter plots of samples in both sites (Figures 1B and 2B) regardless of whether the
field was previously farmed organically three or six years with annual cover crop rotations.
This is consistent with other research showing improved nematode assemblage in fields
with at least two years of no-till practices [26,37,38].

Further, the current study showed that the two strip-till treatments (ST-LM and ST-RC)
generated more distinct nematode assemblage than the CT and NT treatments in both
trials. In 2017, both the ST-LM and ST-RC treatments shifted the PPI towards a higher
value compared to the CT treatment. Higher PPI values in the strip-till systems than the CT
treatment indicated that the plant-parasitic nematodes were shifting towards the slower
reproductive genus Paratrichodorus than the fast reproductive genera such as Meloidogyne
and Hoplolaimus. The strip-till practices often improved soil food web structure better
than the NT treatment. For example, in 2017, the ST-LM treatment decreased F/(F + B)
compared to the NT treatment at bell pepper planting, indicating an initial stimulation of
bacterial decomposition in the ST-LM treatment plots. As only a legume (red clover) was
used in the ST-LM treatment, whereas other treatments consisted of a grass and legume
mixture, the bacterial decomposition pathways were stimulated more quickly in the ST-LM
treatment plots because of the low C:N [26]. Red clover was chosen as the living mulch
because it is a perennial clover that would last the duration of the crop cycle and thus
could suppress weeds in the inter-row area the entire growing season. The increase in
bacterial decomposition detected in the ST-LM treatment plots at the initial bell pepper
planting was expected. The ST-LM treatment did not continue to enhance the bacterial
decomposition throughout the pepper crop cycle. Notwithstanding, it still maintained a
higher abundance of bacterivores compared to the CT treatment at the mid-term of the bell
pepper crop. In addition, at the end of the bell pepper harvest period, the ST-LM treatment
with a perennial red clover contained higher nematode diversity than the NT treatment. In
2018, throughout the cropping cycle, the ST-LM treatment increased algivore and omnivore
abundance compared to the NT treatment, indicating a soil food web that is more efficient
in nutrient cycling than the NT treatment.

On the other hand, performing strip-till practice using the ST-RC method provided
a different level of nematode assemblage improvement. In the 2017 trial, there was an
increase in structure and enrichment indices (SI and EI) in the ST-RC treatment compared
to the NT treatment at the mid-term sampling period. These findings showcased the
advantage of using a mixed planting of gramineous and leguminous cover crops in a
conservation tillage system. Compared to a sole leguminous cover crop in the ST-LM
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treatment, the cover crop mix in the ST-RC treatment slowed down the organic matter
decomposition rates, which enhanced the soil food web structure and nematode diversity
at least until the mid-season of the cash crop cycle in 2017. In 2018, stimulation of different
types of decomposition (bacterial and fungal) was greatest in the ST-RC treatment and the
effect lasted the entire bell pepper cropping cycle. It was anticipated that the EI and SI
would be higher in the strip-till cover cropping systems than the CT or NT treatments as
previously reported [1,39]. We did observe better soil health indices in the ST-RC plots in
both years. However, the effect was transient and there was a lack of a profound or longer
lasting impact of strip tillage in this study. This could have occurred because each trial was
conducted in a single season at each field site. Wang et al. [1] reported an increased EI in a
ST-RC treatment leguminous cover crop [sunn hemp (Crotalaria juncea)] in the first crop
cycle. However, an increase in the SI was only detected following a consecutive strip-till
practice in the same field. Similarly, Dupont et al. [26] only observed a positive effect of
cover cropping on nematode communities following a repeat of cover cropping practice
within the same field.

4.2. Relationships of Weed Suppression to Cover Crop Residues, Soil Health, and Pepper Yield

One of the main mechanisms whereby conservation cover cropping could suppress
weeds is through mulching effect [40,41]. Both field trials demonstrated that weed coverage
and weed biomass were consistently negatively related to the living mulch of red clover
covering the ground (% Clov). When using red clover as a living mulch in the ST-LM
treatment, a higher % of living mulch coverage was negatively related to abundance of
most weed species in both years and was negatively related to the % Weed in 2017. The
weed suppression effect of red clover could have occurred via competition and through
the release of phytotoxins [42]. We could not demonstrate that high cover crop residues
contributed to better weed suppression as the % Residue recorded here encompassed cover
crop residues as well as weed residues from natural weed senescence. In fact, the close
positive relationship between the % Residues and weed biomass production confirmed
that majority of the % Residues here was accumulated from weed residues.

The next objective of this study was to examine if there would be an affiliation between
soil health indices and weed suppression. The negative relationships between the SI
and the % Weed coverage were consistent in the 2017 and 2018 trials, and total weed
biomass (Twdwt) was consistently negatively related to the EI in both years. Both findings
indicated that weed pressure was higher when the soil was disturbed (lower SI) or low in
nutrient cycling (low EI). Many weed scientists have advocated for less soil disturbance
because soil disruptions lead to greater weed seed densities and requires more intense weed
management in the subsequent crops [43]. Kremer and Li [44] provided further evidence
on how soil health management could lead to better weed suppression. They suggested
that weed suppressive bacteria with fluorescein diacetate hydrolase, dehydrogenase, and
phosphatase enzyme activities were associated with improvement in soil quality measured
by higher water-stable aggregates and soil organic matter.

Because soils with high EI and SI are generally considered healthy [34], the current
study supported the supposition that healthy soil lead to lower weed biomass (Twdwt).
However, weed biomass was not always positively related to the % weed coverage as
observed in the 2017 trial. Additionally, the Twdwt was consistently negatively related to
the bell pepper yield (Tfrtno, Tfrtwt) in both trials. Two other key nematode soil health
indicators are richness and diversity, both of which were positively related to the % Resid
indicating that greater cover crop or weed residues in the NT or strip-till treatment systems
would enhance soil microbial diversity. Furthermore, better % Clov coverage was positively
related to the EI and pepper yields in both years, and the SI as well as abundance of free-
living nematodes including algivores, bacterivores and omnivores in the 2018 trial. One
question raised is why conservation cover cropping enhanced soil health while suppressing
weeds? Liebman and Davis [3] provided a series of explanations, including that the smaller
seed size of many weeds appear to be more susceptible to phytotoxic effects of cover crop
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than crop species. Not to mention that bell pepper plants were transplanted in both trials.
In addition, Liebman and Davis [3] also suggested that in a conservation cover cropping
systems, cover crop residues delayed N availability and this may favor large-seeded crops
or transplants with established root system over small-seeded weeds.

4.3. Relationships between Weed Seed Predation with Soil Health Indicators

Though the weed seed predation study was only available in the 2017 trial, it showed
that weed seed predation activities were positively related to weed biomass (Twdwt), cover
crop and weed residues (% Resid) as well as abundance of omnivorous and predatory
nematodes. This result was expected as omnivorous and predatory nematodes are nema-
tode trophic groups that are most sensitive to soil disturbances [32]. This finding supports
the supposition that reduced soil disturbance results in more active weed seed predation.
Menalled et al. [16] also reported that no-till treatment alone resulted in a three-fold in-
crease in seed predation by carabid species than the conventional tillage systems. This
result is also consistent with previous findings that weed seed predation can be reduced
by soil tillage [20]. In addition, Thorbek and Bilde [45] reported that the indirect effects
of soil tillage (e.g., weed seed burial into deeper soil, and changes in soil microclimate)
caused greater losses in weed seed predators (mostly carabid beetles) than direct mortality
imposed by tillage. Our data in 2017 also supported the hypothesis that organic residues
can provide a niche, thus enhancing weed seed predation. Shearin et al. [17] reported
that cover cropping with pea/oat–rye/vetch enhanced the abundance of the weed seed
predator, Harpalus rufipes Degeer (Coleoptera: Carabidae), during the cover crop cycle as
well as in the subsequent corn crop planted into the cover crop residues despite the soil
being tilled.

However, how much weed seed predation contributed to weed suppression was not
conclusive in our trial, as weeds were manually removed periodically during the pepper
crop cycle as weed biomass would have been too great if left unmanaged. The 2017 data
also showed that weed seed predation activities were positively related to weed biomass
as suggested by Mirsky et al. [41]. None-the-less, as suggested by Gallandt et al. [46],
although weed seed predation may contribute to a small portion of weed mortality, when
combined with other weed suppressive mechanisms from cover cropping (allelopathic
effect, mulching effect from cover crop residues, delayed in N availability), the synergistic
impact may contribute significantly to an integrated weed management program.

5. Conclusions

Although the effects of tillage on nematode communities varied slightly by year or
field history, the ST-RC treatment with rye and crimson clover cover crop mix enriched
soil nutrients (increased in enrichment index) and improved the soil food web structure
(higher structure index) by mid-season in 2017. Further, in 2018, there was increased
fungal decomposition throughout the season and enhanced bacterial decomposition after
final harvest in the ST-RC treatment. These results suggest that a ST-RC system can be
used to further improve soil health conditions achieved by the NT treatment. Further, it
is encouraging that higher structure and enrichment indices were consistently linked to
lower weed coverage and weed biomass, respectively. To the best of our knowledge, this
is the first study in which the relationships between nematode community indices as a
soil health indicator and weed seed predation have been investigated. While cover crop
residues generated from conservation cover cropping practices play a significant role in
supporting weed seed predation activities, weed seed predation did not influence weed
biomass production or coverage in the current study.
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