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Maize (Zea mays L.) is the most common arable crop on sandy soils in the Netherlands, and it is often grown for
several consecutive years after temporary grassland. For the maize-growing years, reduced tillage intensity and
prolonged growing period of cover crops could limit declines in soil organic matter (SOM) and soil biota while
maintaining soil structure and maize yield. We measured soil parameters and maize yield in an eight-years field
experiment on sandy Gleyic Podzol. Treatments included four cropping systems differing in tillage intensity but
with conventional sowing dates (conventional inversion tillage (CT), non-inversion tillage (NIT), strip tillage (ST)
and no-till (NT)), and two cropping systems (CT-prolonged and ST-prolonged) with prolonged growing period of
a winter rye-winter pea cover crop combined with a late sown short-season maize (18 weeks growth). After eight
years, we found no evidence for differences in SOM or total carbon content between the treatments. However, in
the reduced-tillage treatments, SOM content was higher in the top (0-15 cm) than in the bottom (15-30 cm) of
the plough layer, while in CT and CT-prolonged, this stratification was inverted. We observed differences in
earthworm abundance, biomass and functional group distribution. In comparison to CT (100 %), the earthworm
abundance was 153 % in NIT, 235 % in ST and 206 % in NT whereas earthworm biomass was 269 % in NIT,
325 % in ST and 475 % in NT. Epigeic earthworms were more affected by tillage than endogeic earthworms.
Compared to CT, earthworm biomass was higher in CT-prolonged. The initially low earthworm population
recovered during the course of the experiment independent of tillage intensity.

Higher soil penetration resistance was observed in the reduced tillage systems compared to CT, independent of
prolonging the cover crop. Despite the increased penetration resistance, the maize yields in NIT and ST were
similar to CT. The maize yields were lower in NT, CT-prolonged and ST-prolonged compared to CT, but no
differences were observed between CT-prolonged and ST-prolonged. The biomass of the harvested prolonged
cover crop closed the yield gap in relation to CT in four out of six years in which cover crop biomass in CT-
prolonged and ST-prolonged was quantified. Based on our results, we recommend strip tillage for continuous
maize-cropping systems on Dutch sandy soils. In the case of severe compacting of compaction prone soils, we
recommend conventional tillage with a prolonged cover crop and short-season maize variety.

1. Introduction

Soil tillage and the lack of year-long soil coverage in annual cropping
systems can lead to soil degradation (Lal, 2004; Van Eekeren et al., 2008;
Poeplau et al., 2011). For this reason, regenerating practices have been
put forward, such as reduced tillage and cover cropping (e.g., Lal and
Kimble, 1997; Dabney et al., 2001; Hobbs et al., 2008; Schreefel et al.,
2020). There is evidence that such practices may have a positive influ-
ence on soil properties.

Ploughing decreases both soil aggregation and the protection of soil
organic matter (SOM) (Six et al., 2000; Sheehy et al., 2015), leading to
increased SOM mineralization and carbon dioxide emissions (Paustian
et al., 2000; Reicosky, 2003). Multiple meta-reviews have attributed a
decrease in soil organic carbon (SOC) losses and even an increase of
carbon (C) sequestration to no-till agriculture (e.g., West and Post, 2002;
Freibauer et al., 2004). However, other authors have critiqued these
studies as they limit soil sampling to surface soil layers where no-till
shows relative increases in SOC compared to inversion tillage. When
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soil sampling includes the whole plough layer or more, no-till fails to
show consistent SOC accrual, as inversion tillage effectively re-
distributes surface SOC to deeper layers where SOC concentrations are
then higher than in no-till (VandenBygaart et al., 2003; Baker et al.,
2007; Angers and Eriksen-Hamel, 2008; Blanco-Canqui and Lal, 2008).

Cover cropping is another management practice which can sequester
carbon. The input of organic residues of annual crops is often not enough
to counteract SOM decomposition from tillage, leading to a gradual
decrease in SOM (Blanco-Canqui and Lal, 2009; Poeplau and Don,
2015). Cover cropping could limit this decrease (Ruis and
Blanco-Canqui, 2017).

Both tillage and cover crop residue management have a profound
impact on the abundance, diversity and vertical distribution of soil or-
ganisms (House and Parmelee, 1985; Kladivko, 2001; Van Eekeren et al.,
2008; Roger-Estrade et al., 2010). Earthworms are regarded as indicator
species of soil health that greatly impact the physical, chemical and
biological quality of the soil (Pulleman et al., 2012; Blouin et al., 2013;
Bertrand et al., 2015). Earthworms can play a crucial role in maintaining
and improving soil properties in the absence of tillage (Joschko et al.,
1992; Chan, 2001; Yvan et al., 2012). Many authors have demonstrated
that reduced tillage or no-till practices lead to higher earthworm
abundance, biomass, species richness (Chan, 2001; Van Capelle et al.,
2012; D’Hose et al., 2018) and functional diversity (Capowiez et al.,
2009; Pelosi et al., 2014). Tillage systems also have a distinct impact on
weed abundance and diversity and influence the possibilities of weed
control, which in turn impact soil biodiversity too (Melander et al.,
2013). However, effects on soil biodiversity may vary between histories
of land-use (short- and long-term), soil and environmental conditions,
types of tillage, and earthworm functional groups (Chan, 2001; Briones
and Schmidt, 2017).

The effect of reduced tillage compared to conventional tillage on the
physical and structural soil properties also depend on soil type, envi-
ronmental conditions, crop species, crop rotation and time after adop-
tion (Lipiec et al., 2006; Strudley et al., 2008; Vogeler et al., 2009; Soane
et al., 2012). Sandy soils do not shrink and swell like soils containing
clay, and thus lack the ability to maintain or restore soil structure
without tillage, which may limit the success of no-till on these soils
(Ehlers and Claupein, 1994; Van Ouwerkerk and Perdok, 1994 in Soane
et al., 2012; Munkholm et al., 2003)

Silage maize is the most grown arable crop in the Netherlands and is
dominant in regions with sandy soils (CBS, 2021). However, data are
lacking on the impacts of reduced tillage or no-till in continuous
maize-cropping systems in the Netherlands (see lack of Dutch studies in
Cannel et al., 1985; Van den Putte et al., 2010; Rusinamhodzi et al.,
2011; Soane et al., 2012; Pittelkow et al., 2015; Huang et al., 2018) and
European data are scarce (Rietra et al., 2022). Additionally, no-till
management may reduce maize productivity, especially under wetter
and/or colder conditions (Van den Putte et al., 2010; Rusinamhodzi
etal., 2011; Ogle et al., 2012; Pittelkow et al., 2015; Rietra et al., 2022).
The subsequent decrease in underground C inputs from root turnover
and exudation may limit the gains in SOM attributed to no-till (Ogle
et al., 2012; Sheehy et al., 2015).

Based on the above, research on soil tillage in silage maize on sandy
soils should focus not only on the effect of the absence of tillage — such as
no-till — on soil quality and yields, but also on the effects of methods with
an intermediate intensity of soil tillage. For example, non-inversion
tillage disturbs the whole soil surface but leaves the soil stratification
intact, and this is thought to support soil structure, water infiltration and
epigeic and anecic earthworms (Morris et al., 2010; Crittenden et al.,
2014; Bertrand et al., 2015). Strip tillage leaves more than 75 % of the
soil surface undisturbed and only cultivates small strips in which the
usual restraints on seedling emergence and crop growth are alleviated
while the soil between strips is conserved (Licht and Al-Kaisi, 2005;
Fernandez et al., 2015; Ren et al., 2019), thus potentially leading to
better maize yields on sandy soils than with no-till (Vyn and Raimbault,
1992).
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Cover cropping may mitigate the detrimental effects of soil tillage on
SOM and earthworms as well as the aforementioned adverse effects of
reduced tillage on soil structure (Lal, 2015; Dabney et al., 2001; Blan-
co-Canqui et al., 2015). Winter rye (Secale cereale L.) is a commonly used
cover crop whose residue is usually incorporated into the soil in early
spring. However, new maize varieties with a very short growing season
that can be sown later and reach the required dry matter content for
silage within 18 weeks (Groten and Meesters, 2023) enable maximizing
the growth period of the cover crop. This provides the possibility to sow
a grain-legume mixture as cover crop, for example winter rye-winter pea
(Pisum sativum L.), which can be harvested as feed.

In silage maize production systems, the effects of reduced tillage and
prolonged cover cropping on an integral set of soil and yield parameters
have not been studied before. The objective of this research was there-
fore to investigate the long-term effects of reduced tillage and cover
cropping on soil properties and maize yield. An eight-year long experi-
ment was carried out on a sandy soil in the Netherlands, which included
four tillage techniques (differing in tillage intensity, tillage depth and
soil inversion), and two cover crop strategies (conventional and pro-
longed). We hypothesized that in a period of eight years of maize
cropping after grassland conversion, decreasing the intensity of tillage
and prolonging the cover cropping period will (1) limit SOM and Cygtqa
declines and (2) improve the abundance, biomass and diversity of
earthworms, compared to conventional tillage without prolonged cover
cropping. Furthermore, we hypothesized that (3 a) reduced tillage will
increase soil physical constraints to crop growth, but that (3 b) pro-
longed cover cropping can mitigate this. Lastly, we hypothesized that (4)
reduced tillage and a shorter growing season for maize will reduce yield
compared to respectively conventional tillage and a longer growing
season.

2. Materials and methods
2.1. Study site

The field experiment was established in April 2012 in De Moer, in the
south of the Netherlands (5.013E — 51.629 N) on a sandy Gleyic Podzol
with an A-horizon of 40 cm. The previous crop was a five-year-old
conventionally managed grassland with a mixture of perennial winter
ryegrass (Lolium perenne L.) and white clover (Trifolium repens L.). The
grassland was only mown (no grazing) and was fertilized yearly with
55 m® ha™! cattle slurry manure (4.4 g N, 1.4 g P,Os and 5.3 g K20 per
kg fresh slurry) and inorganic fertilizer (180 kg N ha™! calcium
ammonium nitrate). Mean annual precipitation and temperature at the
site during the experimental period were 786 mm and 11.0 °C, respec-
tively (KNMI weather station Gilze-Rijen, 2021).

2.2. Experimental setup

The experiment consisted of six treatments in a randomized block
design with four replicates (blocks) and lasted for eight years (2012 —
2019). Four treatments were tillage-intensity treatments in a conven-
tional maize-cropping system with a winter rye cover crop that was
chemically killed in April, before maize sowing in early May (treatments
1-4). Below, treatments 2, 3 and 4 are referred to as reduced-tillage
treatments. Two treatments (5 and 6) were an alternative maize-
cropping system combining a short-season maize and a prolonged
winter rye-winter pea cover crop that was harvested in the second half
of May before the sowing of maize at the end of May.

1) CT: conventional inversion tillage (25 cm deep ploughing + culti-
vator for shallow seedbed preparation) with glyphosate-killed winter
rye cover crop

2) NIT: non-inversion tillage, full-field (Kverneland CLI (30 cm deep
subsoiler, 4 tines per 3 m) + power harrow (3 m)) with glyphosate-
killed winter rye cover crop
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3) ST: rotary strip tillage (Kuipers-Pol Strip Rotavator: tilled strips
15 cm wide and deep, with 60 cm untilled between strips) with
glyphosate-killed winter rye cover crop

4) NT: no-till (direct drilling without seedbed preparation; Evers Agro
Hunter) with glyphosate-killed winter rye cover crop

5) CT-prolonged: conventional inversion tillage (ploughing) with
delayed cover crop termination by harvesting in generative stage and
late sowing of an ultra-short season maize variety (18 weeks from
sowing to harvest at > 34 % whole plant dry matter content)

6) ST-prolonged: rotary strip tillage with delayed cover crop termina-
tion by harvesting at the generative stage and late sowing of an ultra-
short season maize variety (18 weeks from sowing to harvest at >
34 % whole plant dry matter content)

The plot size was 18 x6 m, including eight maize rows at a row width
of 75 cm. Manuring, sowing, weed control, harvesting and cover crop
sowing were carried out in line with normal practice for silage maize in
this part of the Netherlands (details in Supplementary Table Al). In
April 2012, the five-year-old grassland was killed using glyphosate
(Round-Up, Monsanto, 5 L/ha) before soil tillage. In treatments 1-4,
after the maize harvest in September/October, a winter rye cover crop
was sown which was terminated with glyphosate in April of the
following years (2013-2019). In treatments 5 and 6, the winter rye-
winter pea cover crop was harvested at the end of May at the genera-
tive stage; no glyphosate was used. Prior to the grassland conversion in
2012, 25 m® of cattle slurry was applied and no further manure was
applied in 2012 after grassland conversion. In each of the following
years, all treatments received 40 m> ha™! of cattle slurry by shallow
injection. This slurry manure was applied after cover crop termination in
CT, NIT, ST and NT. In CT-prolonged and ST-prolonged, this slurry
manure was split, with 25 m® given to the cover crop in early spring and
15 m® given prior to maize sowing, except in 2018 and 2019 when all
40 m® was applied before maize sowing. In the ST and ST-prolonged
treatments, the slurry was injected in the maize row from 2012 to
2015 and injected full-field from 2016 to 2019; the other treatments
received slurry manure by full-field injection throughout the experi-
ment. Together with maize sowing, inorganic N fertilizer was applied in
the maize row at a rate of 30 kg N ha~!. Potassium sulphate (K2SO4) was
applied full-field at the start of the growing season at a rate of
400 kg ha! (years 2012, 2013, 2014) and 300 kg ha! (year 2016).
Dolokal (47 % CaO and 5 % MgO) was applied in 2017 at a rate of
300 kg ha™. In all treatments, weeds were controlled using a herbicide
application in June following normal practice. No irrigation was used,
except for the extremely dry year 2018.

2.3. Measurements

2.3.1. Soil chemical properties

The soil properties (0-30 cm) in April 2012, before establishment of
the experiment, were pHgc) 5.4, SOM 4.5 % by weight, P51, 75 mg P20s
100 g7 ! soil, and Pg,ci2 7.6 mg P kg ™! soil. In October 2019, per plot 40
randomly distributed 0-30 cm soil cores were taken at random in and in
between the two central maize rows (auger diameter 1.2 cm; Eijkel-
kamp, Giesbeek, the Netherlands) and at a minimal distance of 2 m from
the plot borders and directly divided into two samples, one from the
0-15 cm soil layer and one from the 15-30 cm soil layer. After collec-
tion, the samples were passed through a sieve (mesh size 1 cm) to
remove plant material and debris, homogenized and oven-dried at 40°C.
From this sample, a sub-sample was taken to determine SOM, Cqotal,
Niotal, Ptotal, hot Water extractable carbon (HWC), pHgc and soil mois-
ture content. SOM was determined by loss-on-ignition. Cioa Was
measured by incineration of dry material at 1150 °C, after which the
produced CO, was determined by an infrared detector (LECO Corpora-
tion, St. Joseph, MI, USA). Niota1 Was determined by digestion with
H2S04/H50,/Se and subsequent SFA-analysis. Pyt Wwas measured using
Fleishmann acid (Houba et al., 1997), and HWC was determined

Soil & Tillage Research 244 (2024) 106196

according to the method of Ghani et al. (2003). Soil acidity was
measured in 1 M KCI (pHkcp). Soil as dried at 105 °C for 24 h to deter-
mine soil moisture content.

2.3.2. Soil physical properties

Water infiltration was measured in October 2019 in situ, using a
single ring method in which PVC pipes of 15 cm height and 15 cm
diameter were inserted 10 cm into the soil. Each ring received 500 mL of
tap water, and the time needed for complete infiltration in the soil was
recorded. The average infiltration time of the three rings per plot was
calculated and expressed in mm min~!. Penetration resistance was
measured in October 2019 in each experimental plot using an electronic
penetrologger (Eijkelkamp, Giesbeek, the Netherlands) with a cone
surface of 1.0 cm? and a 60° apex angle. Cone resistance was recorded
per cm of soil depth and expressed as an average of 10 randomly
distributed penetrations per layer (0-10, 10-20, 20-30, 30-40 and
40-50 cm), in MPa. Bulk density was measured in October 2019 using
100 cm® rings in the soil layer 5-15 cm depth in blocks 1, 2 and 3 for the
CT and ST treatments, by drying and weighing the collected soil at 105
°C for 48 h. Soil structure was determined in October 2019 in situ be-
tween two rows of maize in two soil blocks (20 x 20 cm) per experi-
mental plot: one collected at 0-25 cm and one at 25-45 cm depth. In
each block, the percentage of crumbs, sub-angular blocky elements and
angular blocky elements was estimated visually as described by Peer-
lkamp (1959) and Shepherd (2000). In the same blocks, rooting in-
tensity and macroporosity were assessed as described by De Boer et al.
(2018), by scoring the root density (score 0-10; O for no roots and 10 for
above average) and abundance of macropores (score 0-10; O for no
macropores and 10 for above average), respectively.

2.3.3. Earthworms

Earthworms were sampled in September, in 2012, 2013 (excluding
CT-prolonged and ST-prolonged treatments), 2015 and 2019, by digging
two soil cubes of 20 x20x20 cm per plot per sampling year. Soil cubes
were hand-sorted to extract all earthworms. The earthworms were
carefully rinsed with water, dried with a paper tissue, weighed and
stored in 70 % ethanol prior to identification. Each earthworm was
examined to determine life stage (adult versus juvenile), species (Sims
and Gerard, 1985; Stop-Bowitz, 1969) and functional group (epigeic or
endogeic; Bouché, 1977). Numbers and biomass were expressed per mz,
and mean individual biomass was calculated at plot level.

2.3.4. Crop yields

Per plot, 12 m of the two central maize rows were harvested at silage
maturity using a two-row Haldrup maize harvester (J. Haldrup a/s,
Lggstgr, Denmark), and the yield was subsequently weighed. From a
representative subsample of approximately 1000 g, the dry matter (DM)
content of the harvested biomass was obtained after drying at 70 °C for
24 hours, and was then used to calculate maize DM yield (t ha™1). The
maize N and starch contents in the DM were determined by NIRS by
Eurofins (Wageningen, the Netherlands). The N (kg ha~') and starch
yields (t ha™!) were calculated by multiplying the N and starch contents
with the DM yield. In 2015, the N and starch contents could not be
determined as all designated samples were lost after their DM content
had been determined. The DM yield of the winter rye-winter pea cover
crop in the CT-prolonged and ST-prolonged treatments, which was
intended to be harvested as silage feed, was determined from 2014 to
2019 a few days before maize sowing by harvesting and weighing three
strips of 3 x0.83 m crop per plot. DM content was determined in a sub-
sample and was used to calculate DM yield. For the CT-prolonged and
ST-prolonged treatments, the winter rye-winter pea yield was added to
the maize yield to provide a combined DM yield of the cropping system.

2.4. Statistical analyses

All statistical analyses were performed in R, version 4.0.3 (R Core
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Team, 2023). The Shapiro-Wilk test of normality (Royston, 1982) was
carried out for all parameters, using the residuals of block and treatment
(for the parameters measured in 2019 only), and of block, treatment,
year and treatment x year for maize yield and earthworm data as they
were measured over a number of years. Parameters that did not meet the
assumption of normality were square root-transformed. ANOVA (ran-
domized block design) was carried out on the parameters to test for
treatment effects (for the parameters measured in 2019 only) and for
treatment x year effects for maize yield and earthworm data. In case of
significant (P < 0.05) treatment effects or interactions, the least signif-
icant difference (L.s.d.; a = 5 %) was used to assess differences between
treatments.

3. Results
3.1. Soil chemical properties

There was no treatment effect on SOM in the 0-30 cm soil layer after
the eight years of the experiment (Table 1). However, significant dif-
ferences were found in the sub-layers 0-15 cm and 15-30 cm. The CT
and CT-prolonged treatments had lower SOM contents in the top
0-15 cm layer and higher SOM content in the 15-30 cm layer, as
compared to the reduced-tillage treatments (NIT, ST, NT and ST-
prolonged). No significant differences between the four reduced-tillage
treatments were found in either soil layer. Cita showed similar treat-
ment effects as observed for SOM, but with lower significance levels. The
effects on HWC were identical to those on SOM. For Nia), a trend in the
0-15 cm layer indicated an increase with decreasing tillage intensity.
The C:N ratio was not affected by the treatments in any soil layer.

3.2. Soil physical properties

Soil macro-structure and bulk density were not significantly affected
by treatments after the eight years of the experiment (Table 2). CT-
prolonged showed the highest macroporosity in the subsoil (25-45 cm
depth) followed by NT (Table 5). The root intensity in the 25-45 cm soil
layer tended to be lower in ST and ST-prolonged, similar between CT
and NT, and highest in CT-prolonged and NIT. Water infiltration rate
was not influenced by treatment. The penetration resistance showed
treatment effects in the 0-30 cm layer, where CT and CT-prolonged

Table 1
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generally had the lowest values and NT, ST and ST-prolonged the
highest (Fig. 1 and Table 2). Soil moisture was lowest in CT, NIT and ST
the 15-30 cm layer.

3.3. Earthworms

Significant treatment effects were found for the total earthworm
abundance, total biomass, epigeic earthworm abundance and adult
earthworm abundance (Table 3). All earthworm parameters showed
significant year effects but no significant treatment x year interactions.

Throughout the experiment, ST-prolonged had the highest total
earthworm abundance and biomass, and ST had the highest epigeic
earthworm abundance (Table 4); for these parameters, however, the
differences between ST-prolonged, ST and NT were not significant. CT
had the lowest total earthworm abundance and total earthworm
biomass. CT-prolonged had a higher total earthworm biomass, but no
higher total earthworm abundance compared to CT. CT-prolonged and
CT had the lowest epigeic earthworm abundance. NIT had a total
earthworm abundance and biomass that were similar to CT. On average,
NIT had more epigeic earthworms than CT-prolonged, but the difference
with CT was not significant.

Earthworm abundances and biomass changed during the course of
the experiment, as indicated by the significant year effects (Table 3). In
general, the earthworm parameters showed a decline between 2012 and
2013 and a recovery beyond the 2012 level from 2013 to 2019.

At the end of the experiment (October 2019), the total earthworm
abundance and adult earthworm abundance tended to increase with
decreasing tillage intensity (Table 5). The number of species tended to
be lowest in CT, CT-prolonged and ST-prolonged, and they tended to be
higher in increasing order in ST, NT and NIT. The epigeic earthworm
abundance and total earthworm biomass showed significant treatment
effects (Table 5). The epigeic earthworm abundance increased with
reduced tillage intensity, both in the conventional maize-cropping sys-
tem (CT, NIT, ST and NT) and in the prolonged cover crop systems (CT-
prolonged and ST-prolonged), in particular for the epigeic species
L. rubellus (Table A3). Although the endogeic earthworm abundance was
not affected by treatment, the adults of the dominant species
A. caliginosa were most abundant in CT-prolonged (Table A3). The
earthworm biomass increased with reduced tillage intensity in the
conventional cropping system, but not in the prolonged cover cropping

Soil chemical properties in October 2019 after eight years of the experiment (CT: conventional tillage, NIT: non-inversion tillage, ST: strip tillage, NT: no-till, CT-
prolonged, conventional tillage with prolonged period of cover crop and ST-prolonged: strip tillage with prolonged period of cover crop).

Parameter Unit Layer (cm) Treatment P-value
CT NIT ST NT CT-prolonged ST-prolonged
SOM % 0-30 4.1 4.15 4.1 4.15 4.1 4.15 0.951
0-15 4.1b 4.6 a 4.5a 4.6 a 4.0b 4.5a 0.003
15-30 4.1a 3.8b 3.8b 3.7b 4.2a 3.8b <0.001
Crotal g C kg ! soil 0-30 21.8 22 22.4 21.8 21.7 21.4 0.618
0-15 22.1 be 23.8a 24.2a 23.7 ab 21.2¢ 22.6 abc 0.015
15-30 21.6 20.3 20.7 19.9 22.2 20.1 0.069
HWC mg C kg~ ! soil 0-30 794 774 837 835 774 819 0.575
0-15 766 b 930 a 1025 a 994 a 734 b 942 a 0.002
15-30 822a 618 b 649 b 676 b 814 a 696 b <0.001
Niotal g N kg~ ! soil 0-30 1.45 1.43 1.48 1.48 1.45 1.49 0.823
0-15 1.5 1.58 1.65 1.68 1.45 1.6 0.062
15-30 1.4 1.28 1.3 1.28 1.45 1.38 0.145
C:N ratio 0-15 14.9 15.4 14.7 14.2 14.7 14.2 0.372
15-30 15.5 16.2 16.2 15.7 15.3 14.9 0.452
0-30 15.2 15.7 15.3 14.8 15.0 14.5 0.307
Protal mg P kg™ ! soil 0-30 735.5 727.5 729 731.6 725.2 715.4 0.937
0-15 741 724.2 727.5 740.2 725.5 688.5 0.380
15-30 730 730.8 730.5 723 725 742.2 0.958
PHkal 0-30 4.85 4.95 4.86 4.90 4.74 4.80 0.674
0-15 4.81 5.01 4.90 4.97 4.70 4.86 0.191
15-30 4.89 4.88 4.83 4.83 4.78 4.74 0.929

Values followed by the same letter (a-c) within a row are not statistically different at the 5 % error level.
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Table 2
Soil physical properties in October 2019 after eight years of the experiment (CT: conventional tillage, NIT: non-inversion tillage, ST: strip tillage, NT: no-till, CT-
prolonged, conventional tillage with prolonged period of cover crop and ST-prolonged: strip tillage with prolonged period of cover crop).

Parameter Layer (cm) Unit Treatment P-value
CT NIT ST NT CT-prolonged  ST-prolonged
Soil macro-structure Crumb 0-25 % 6 0 9 3 8 4 0.502
25-45 0 0 0 0 0 0
Blocky 0-25 48 86 59 78 54 55 0.430
25-45 83 87 91 81 82 89 0.381
Sub- angular blocky ~ 0-25 46 14 33 20 39 41 0.440
25-45 18 13 9 19 18 11 0.381
Macroporosity 0-25 Visual score 4.5 4.3 7.0 6.4 4.0 4.8 0.209
25-45 (0-10) 3.0b 3.0b 2.3b 3.8 ab 6.1a 2.0b 0.033
Rooting intensity 0-25 Visual score (1-10) 6.9 5.5 5.4 6.3 5.4 5.4 0.578
25-45 5.8 6.3 4.1 5.6 6.9 4.1 0.052
Water infiltration n/a mm min~! 2.6 2.7 3.2 2.8 1.9 2.3 0.529
Penetration resistance 0-10 MPa 0.39¢ 0.60 be 0.92a 0.90 a 0.41c 0.71 ab <0.001
10-20 0.85c 1.34b 1.75a 1.60ab  0.77c 1.50 ab <0.001
20-30 1.82 be 227 a 245a 2.21 ab 1.60c 2.27 a 0.002
30-40 3.20 3.18 3.15 3.12 3.07 3.06 0.977
40-50 3.44 3.35 3.33 3.32 3.29 3.18 0.896
Bulk density® 5-15 gem™> 1.40 1.30 0.897
Soil moisture 0-30 % 13.5cd 13.2d 13.8bcd  14.6 ab 15.0 a 14.2 abe 0.010
0-15 15.6 15.5 16.0 16.6 16.0 16.4 0.280
15-30 11.5¢ 11.0c 11.5¢ 12.6 ab 141a 12.1 be <0.001

Values followed by the same letter (a-d) within a row are not statistically different at the 5 % error level.
# Only measured for CT and ST in blocks 1, 2 and 3.
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Fig. 1. Penetration resistance (MPa) from 0 to 50 cm depth in October 2019 after eight years of the experiment (CT: conventional tillage, NIT: non-inversion tillage,
ST: strip tillage, NT: no-till, CT-prolonged, conventional tillage with prolonged period of cover crop and ST-prolonged: strip tillage with prolonged period of cover
crop). Grey symbols (see legend) indicate significance of the treatment effect per cm soil depth.

Table 3
P-values of fixed effects (6 treatments and 4 years): of earthworm parameters.
Effect Total Adult Juvenile Epigeic Endogeic Total Individual Number of
abundance abundance abundance® abundance” abundance® biomass biomass species
Treatment 0.003 0.011 0.118 <0.001 0.126 0.002 0.267 0.593
M
Year (Y) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.008 <0.001
YxT 0.393 0.419 0.694 0.722 0.808 0.435 0.567 0.372

@ Parameters were square-root-transformed prior to ANOVA

system. ha~. For all tested yield properties, significant year x treatment in-
teractions were found (Table 6). Fig. 2 presents the mean values for each
year X treatment combination. Maize DM yield of NT was significantly
lower than CT in all years except 2015. In 2013-2019, ST had similar
maize DM yields compared to CT, and in 2012 it had a higher yield than

3.4. Crop yields

The average maize yield over all treatments and years was 14.5 t DM
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Table 4

Treatment effects on earthworm parameters over the course of the experiment (measured in September in 2012, 2013, 2015 and 2019). In 2013, earthworm data were
not collected for the CT-prolonged and ST-prolonged treatments (CT: conventional tillage, NIT: non-inversion tillage, ST: strip tillage, NT: no-till, CT-prolonged,
conventional tillage with prolonged period of cover crop and ST-prolonged: strip tillage with prolonged period of cover crop). Year effects are shown in Supplementary
Material Table A4.

Parameter Unit Treatment

CT NIT ST NT CT-prolonged ST-prolonged
Total abundance nm?2 49d 75 cd 115 ab 101 abc 76 bed 126 a
Adult abundance nm? 20c 36 be 43 ab 41 ab 31 be 57 a
Juvenile abundance® nm? 14(27) 18(35) 38(66) 34(53) 25(39) 42(63)
Epigeic abundance” nm? 3(8) cd 12(21) be 33(52) a 19(37) ab 2(7)d 29(49) ab
Endogeic abundance” nm 2 30(41) 37(54) 44(63) 48(61) 60(68) 71(76)
Total biomass gm2 19¢ 28 be 41 ab 43 ab 36 b 55a
Individual biomass g worm ™! 0.37 0.48 0.37 0.54 0.56 0.50
Number of species n 1.3 1.6 1.6 1.5 1.4 1.8

Means followed by the same letter (a-d) within a row are not statistically different at the 5 % error level, if no letters appear in a row these results are not statistically
different.

@ Parameters were square-root-transformed prior to ANOVA due to non-normality. Numbers in brackets represent original means, numbers outside brackets
represent back-transformed means.

Table 5
Earthworm numbers and biomass in October 2019 after eight years of the experiment (CT: conventional tillage, NIT: non-inversion tillage, ST: strip tillage, NT: no-till,
CT-prolonged, conventional tillage with prolonged period of cover crop and ST-prolonged: strip tillage with prolonged period of cover crop).

Parameter Unit Treatment P-value
CT NIT ST NT CT-prolonged ST-prolonged
Total abundance nm~? 63 151 209 200 109 152 0.075
Adult abundance nm 2 13 59 53 66 56 56 0.058
Juvenile abundance nm? 47 84 153 122 47 91 0.142
Epigeic abundance nm 2 22b 47 ab 106 a 106 a 19b 94 a 0.024
Endogeic abundance nm 2 38 97 100 81 84 53 0.460
Total biomass gm™> 16c 43 be 52 ab 76 a 51 ab 56 ab 0.022
Individual biomass g worm ™! 0.31 0.31 0.24 0.36 0.52 0.43 0.162
Number of species n 1.8 2.8 2.3 2.5 1.5 1.8 0.085

Means followed by the same letter (a-c) within a row are not statistically different at the 5 % error level.

prolonged had lower maize DM yields than NT. Nitrogen and starch
yields of maize followed similar trends to the maize DM yield (Table A5
and Figure A1).

Table 6
P-values of fixed effects of yield parameters®.

Effect Maize DM Combined DM Nyield®  Starch From 2014 onwards, combining the DM yield of maize and winter

yield yield yield rye-winter pea cover crop in CT-prolonged and ST-prolonged changed

Treatment <0.001 <0.001 <0.001  <0.001 the trend described above (Table A5). This combined DM yield did not

M differ between the two prolonged treatments in most years, except for in
Year (Y) <0.001 <0.001 <0.001  <0.001 . . C e

Y% T <0.001 0.006 <0001 <0.001 2012, when the combined DM yield was significantly lower for ST-

prolonged. Furthermore, CT had higher combined DM yields
compared to the combined DM yields of both CT-prolonged and ST-
prolonged only in 2016 and 2017. In addition, in 2014 CT-prolonged
had a higher combined DM yield than ST.

® Analysis of combined DM yield excluded the years 2012 and 2012 as the DM
yield of winter rye-winter pea cover crop was not measured in those years, which
meant no combined DM yield could be calculated for these years.

# Data of block 1 from 2018 were excluded from all ANOVA tests of yield
parameters. Irrigation was unsuccessful in reaching this block, causing outlying
yields. 4. Discussion

¢ N and starch yields missing from 2015.

4.1. Effects of tillage system
CT. Furthermore, ST had a significantly higher maize DM yield than NT
in 2012, 2014, 2018 and 2019. In all years, NIT did not differ signifi- 4.1.1. Soil organic matter and C

cantly from either CT or ST, but it had higher maize DM yields than NT After eight growing seasons, the SOM and Cyotal content in 0-30 cm
in 2012, 2014 and 2017-20109. were not affected by tillage treatment. Consequently, we reject our first
CT-prolonged and ST-prolonged maize DM yields were statistically hypothesis that in a continuous maize-cropping system, reduced tillage
similar in all eight years. These treatments had lower maize DM yields can limit the decline in SOM and Ciqa that is found in inversion tillage in
than CT, NIT and ST throughout the experiment, except in 2012, when the medium- to long-term following grassland conversion.
ST-prolonged had a maize DM yield which was not lower than CT and Inversion tillage led to an alteration in the vertical distribution of

NIT. Throughout the experiment, ST-prolonged had lower DM yields SOM through a translocation of surface SOM and crop residues
than ST. Similarly, CT-prolonged had a consistently lower maize DM (0-15 cm) to deeper soil layers (15-30 cm) and a subsequent ploughing
yield than CT. However, compared to NT, CT-prolonged had similar up of this deeper layer which was lower in SOM. Surface SOM may be
maize DM yields in 2012, 2014, 2018 and 2019, and in 2012 and 2019 responsible for the greatest benefits both to the functioning of ecosystem
maize DM yields were similar between ST-prolonged and NT. In the components and to the delivery of ecosystem services (Chan, 2001;
other years (2013, 2015, 2016 and 2017), CT-prolonged and ST- Franzluebbers, 2002; Holland, 2004); nevertheless, this process of burial

by inversion tillage can apparently maintain SOM or Cyota1 content in the
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Fig. 2. Maize DM yield for all year-treatment combinations; (CT: conventional tillage, NIT: non-inversion tillage, ST: strip tillage, NT: no-till, CT-prolonged, con-
ventional tillage with prolonged period of cover crop and ST-prolonged: strip tillage with prolonged period of cover crop). Bars with overlap in letters overhead are

not statistically different at the 5 % error level.

plough layer that is similar to reduced or no-till methods. This is
confirmed by several meta-analyses of studies that included sampling to
a depth beyond just the topsoil (0-15 cm; VandenBygaart et al., 2003;
Baker et al., 2007; Blanco-Canqui and Lal, 2008). Similarly, using a
sampling depth of 40 cm, another meta-analysis found the same
decrease in SOM after conversion of grassland to arable cropping, irre-
spective of whether conventional tillage or no-till methods were used
(Luo et al., 2010). This underlines the importance of sampling depth
when determining SOM build-up and carbon sequestration in a tillage
experiment (VandenBygaart and Angers, 2006; Baker et al., 2007; An-
gers and Eriksen-Hamel, 2008; Blanco-Canqui and Lal, 2008). However,
these studies lacked geographic and soil conditions that are comparable
to the present study. Krauss et al. (2022), analysing a cohort of long-term
reduced tillage experiments from France, Germany, the Netherlands,
and Switzerland found an average increase in SOC with reduced tillage
compared to conventional inversion tillage of 20.8 % in the layer
0-10/15 cm of soils, and a decrease in the layers 10-20 and 15-20/30 of
1.7 % and 6.6 %, respectively. Digging deeper they also observed dif-
ferences in SOC stratification in the soil layers below the plough layer up
to a depth om 1 m. Cumulative carbon sequestration in the soil profile
(0-100 cm) was 0.27-0.28 Mg ha ! y! higher with reduced tillage
relative to conventional inversion tillage, independent of bulk density
correction. The experiments included in Krauss et al. (2022) were
however all managed organically, with organic fertilization and without
chemical weed control and were all in a diverse crop rotation. They were
also performed on soil types with a minimum clay content of 10 % and
thus not represent conditions similar to our present study. Moreover, De
Los Rios et al. (2022) found that in north-west Germany, on a sandy
loam, no-till limited SOC declines by 28 % in the soil layer 0-30 cm in
comparison to conventional tillage during 7 years following grassland
conversion to silage maize, while subsoil (30-90 cm) SOC was unaf-
fected by tillage treatment. The benefits of reduced tillage or no-till to
SOC storage thus seem to be highly dependent on soil texture. Our re-
sults show no net effect on SOM of reduced tillage in a sandy soil under
north-western European conditions, and indicate a translocation of
surface SOM to a deeper layer rather than (only) a decrease in SOM due
to higher mineralization when inversion tillage is applied. Furthermore,
reduced maize yield with NT and - by correlation — reduced below-
ground biomass could have limited SOM inputs with NT.

4.1.2. Soil structure

No difference in soil macrostructure, bulk density (measured in CT
and ST) or water infiltration rate was observed after the final harvest of
this eight-year study. However, differences occurred in penetration
resistance that do not correspond to the differences found in soil mois-
ture (Table 2), but more clearly reflect differences in soil tillage. The
rooting intensity score in the subsoil showed a trend which seemed to
correspond to the treatment effect on penetration resistance in the
20-30 cm layer, as CT had a lower penetration resistance and a higher
rooting score than ST and CT-prolonged had a lower penetration resis-
tance and higher rooting intensity score than ST-prolonged. NT also
showed a higher penetration resistance than CT but a similar penetra-
tion resistance to ST. NIT had a higher penetration resistance than CT in
the layers 10-20 cm and 20-30 cm, but it had a slightly higher root
intensity in the subsoil. These results partially confirm our hypothesis (3
a) that reduced tillage leads to increased soil physical constraints to crop
growth.

Munkholm et al. (2003) also found increases in penetration resis-
tance in a Danish sandy loam soil in which no-till was compared to
ploughing. On sandy soils in the Netherlands, no-till led to soil
compaction and increased penetration resistance in the 5-30 cm layer
(Van Ouwerkerk and Perdok, 1994 in Soane et al., 2012). Ehlers and
Claupein (1994) explained that sandy soils in Germany may not be able
to maintain structural stability with no-till as they are incapable of
restoring soil structure by “endogenous forces”, due to the
physio-chemical nature of sand.

On the other hand, loamy and clayey soils can stabilize or recover
after an initial increase in bulk density or penetration resistance in the
topsoil from no-till due to shrinking/swelling nature of clay-containing
soils (Munkholm et al., 2003; Vogeler et al., 2009). Jabro et al. (2011)
concluded that on a sandy soil strip tillage in comparison to conven-
tional tillage reduced in-row soil compaction, as it increased porosity
and decreased bulk density, which consequently increased the water
infiltration rate. Our study does not support this finding and ST could
also not limit soil compaction in relation to NT. However, we measured
neither penetration resistance nor bulk density separately in the in-row
and between-row positions. NIT had similar penetration resistance to NT
and higher penetration resistance than CT in the 10-30 cm layer,
meaning that although NIT loosened up the 0-10 c¢m topsoil, it could not
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limit soil compaction relative to NT in the 10-30 cm layer. Furthermore,
NT may increase penetration resistance in the topsoil, but may have no
adverse effect on penetration resistance in the subsoil (Yang et al.,
2022). The score of root intensity in the subsoil tended to be lowest in ST
and ST-prolonged, similar between CT and NT, and highest in
CT-prolonged and NIT. Low root intensity scores in ST and ST-prolonged
could be explained by restricted root proliferation to the rotavated strips
(Ren et al., 2019) and the fact that root intensity was determined be-
tween the rotavated strips in this study.

Macropore (earthworm burrows, root channels) connectivity is
usually found to increase with no-till management on soil types other
than sandy, which generally translates to higher water infiltration rates
(Strudley et al., 2008). However, opposite effects of no-till have also
been reported (Lipiec et al., 2006). Divergent responses of several soil
hydraulic functions can also occur when no-till and conventional tillage
are compared; in a loamy soil, Vogeler et al. (2009) found higher water
infiltration rates that increased with time after adoption of no-till due to
an increase in vertically-oriented macroporosity (biopores), but they did
not find increased water retention due to a similar overall macro-
porosity. Studies on sandy soils are lacking, and our study suggests these
benefits of no-till to water infiltration do not appear in these soils.

4.1.3. Earthworms

The total earthworm abundance, epigeic earthworm abundance and
total earthworm biomass increased with decreased tillage intensity,
which confirms our hypothesis (2). In a meta-analysis, Briones and
Schmidt (2017) found that no-till practices could increase earthworm
biomass by 196 %, compared to conventional ploughing. In our exper-
iment, differences were even more pronounced. In 2019, total earth-
worm biomass increased by 225 % in ST and 375 % in NT, compared to
CT. This is more in line with Van Capelle et al. (2012) and D’Hose et al.
(2018), who found, in their respective German and European
meta-analyses, that no-till increased earthworm biomass by 350 % and
416 %, respectively. D’Hose et al. (2018) also found an increase of
125 % in earthworm abundance with no-till and no interaction with soil
texture. However, Van Capelle et al. (2012) found an interaction of
tillage effects with soil texture on earthworm abundance, showing in-
creases with reduced or no-till on silt and loam soils but not on sandy
soils. They state that this interaction is strong for soil biota that rely on
sufficient pore space. Moreover, macropore disruption by tillage is a
greater problem for earthworms on clay soils, in which it is more diffi-
cult for earthworms to rebuild burrows.

Our finding that treatment effects were more pronounced for
earthworm biomass than for abundance resonates with the findings from
D’Hose et al. (2018). The greater influence of no-till on earthworm
biomass may be caused by the vulnerability of larger earthworms to soil
disturbance (Briones and Schmidt, 2017). No-till can favour earthworm
proliferation through reduced injuries, exposure to predation,
micro-climate changes such as aeration or soil moisture, and increased
food availability at the soil surface, as it leaves SOM stratification intact
(Capowiez et al., 2009; Roger-Estrade et al., 2010). Our finding that
earthworm biomass was not significantly higher in NIT than in CT is
reflected in comparisons of deep (>15 cm) non-inversion tillage with
ploughing in both Briones and Schmidt (2017) and D’Hose et al. (2018).
Deep non-inversion tillage may still alter soil properties too much or
directly injure too many earthworms.

Different species and functional groups respond differently to
ploughing (Chan, 2001; Pelosi et al., 2014; Briones and Schmidt, 2017).
Pelosi et al. (2014) and Van Capelle et al. (2012) found no difference in
abundance of epigeic earthworms between ploughing and no-till.
Briones and Schmidt (2017) found that epigeic earthworms were more
likely to benefit from reduced or no-till practices than endogeic earth-
worms because of decreased mechanical disturbance and increased food
availability at the soil surface. We also found a significant increase in
epigeic earthworm abundance with reduced tillage intensity, but no
additional increase between ST and NT. The epigeic species L. rubellus
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benefitted specifically from reduced tillage intensity, which is confirmed
by Crittenden et al. (2014). Different studies have found that endogeic
abundance can either suffer from (De Oliveira et al., 2012), show no
response to (Pelosi et al., 2014) or even benefit from (Nuutinen, 1992;
Wyss and Glasstetter, 1992; Pelosi et al., 2009; Van Capelle et al., 2012)
inversion tillage as the layer they live in is enriched with organic ma-
terial that would otherwise largely remain in the topsoil or on top of the
soil (Chan, 2001). Our study resonates with the findings of Pelosi et al.
(2014), as endogeic earthworm abundance showed no response to
reduced tillage in relation to CT. Since SOM was increased in the soil
layer at 15-30 cm depth with CT due to SOM burial, sampling worms
only to a depth of 20 cm may have underestimated the actual abundance
of endogeic earthworms, as they may have migrated to a depth lower
than 20 cm (Pitkanen, 1988 as cited in Nuutinen, 1992; Van Capelle
et al., 2012). We observed an increase in earthworm abundance after an
initial decline between 2012 and 2013 (Table A4). This regeneration
shows that the earthworm population is able to adapt to tillage and
cropping regimes after grassland conversion. However, the absence of
an interaction between treatment and year suggests that this regenera-
tion over time does not happen faster or more pronounced in
reduced-tillage situations than in conventional inversion tillage.

4.1.4. Yield

In seven out of eight years, NT gave a significantly lower maize yield
than CT. In contrast, ST gave a maize yield that was similar to CT in 2nd
to 8th year and a higher yield in the first year. Furthermore, NIT did not
differ in maize yield from either CT or ST in any of the years. Therefore,
we accept our hypothesis (4) that no-till leads to lower maize yields, but
we reject the hypothesis (4) that reduced tillage reduces yields.

Pittelkow et al. (2015) concluded in the largest meta-analysis on the
topic of crop yields with no-till that maize yield is globally reduced by
7.6 % on average compared to traditional inversion tillage. Several
other studies have shown that no-till tends to reduce maize yield more in
colder climates or regions with high rainfall (Van den Putte et al., 2010;
Toliver et al., 2012; Rusinamhodzi et al., 2011; Ogle et al., 2012; Huang
et al., 2018). This may explain why our eight-year average no-till maize
yield decreased by more than twice this average reduction, namely by
17.8 %. Our results are thus in line with studies which have found no-till
maize yield declines of 12.8 % on average for Europe (Van den Putte
et al., 2010), 13.2 % over the course of 14 years on a sandy loam soil in
Switzerland (Anken et al., 2004), and 13.8 % on a loamy sandy soil in
the two years after grassland conversion in Germany (Struck et al.,
2019).

The possible reason for yield reduction with NT is that early devel-
opment of maize is impeded by restrictive soil physical conditions, as we
found that the penetration resistance in the upper 30 cm of the soil was
higher in NT than in CT. No-till may, through a higher soil strength,
depress fine root growth on sandy soils (Dobre, 2000; Chassot et al.,
2001). An additional cause of the lower yield in NT could be that con-
ventional inversion tillage provides a more homogenous seedbed, which
results in a more uniform sowing depth and optimal soil-seed contact for
germination (Pittelkow et al., 2015). Seedbed preparation may have
been sufficient in the ST treatment to obtain similar yields to CT, but this
may not be the case for NT. This is reflected in the lower gemination rate
with NT, but not with ST compared to CT (Table A2). The lower
germination rate with NT may also be caused by a sub-optimal sowing
technique. Regarding strip-tillage, Ren et al. (2019) found that it could
sufficiently loosen the topsoil for maize seedlings. Ren et al. (2019) also
found that although root proliferation was restricted to the tilled rows,
this did not negatively impact yield. Furthermore, no-till can lead to
lower soil temperatures, especially on wet soils, and slower N mineral-
ization, which can slow down early development (Anken et al., 2004).
Both Anken et al. (2004) and Van den Putte et al. (2010) found no silage
maize yield reduction relative to ploughing when non-inversion tillage
practices were applied, which is in line with our results. Further in-
vestigations into soil-seed contact and early plant (i.e., fine root)
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development, soil temperature, N-mineralization and microbial activity
directly following cultivation and sowing are necessary to better explain
why NT gave a lower yield than CT, whereas there was no lower yield in
ST and NIT. Another contributing factor to the yield deficit of NT
compared to CT may have been increased weed coverage (Table A2),
which is known to be an increased risk with reduced tillage (Melander
et al., 2013; Krauss et al., 2022).

4.2. Effects of prolonged cover cropping

Similar to the effects of tillage system, SOM and Cgya content in
0-30 cm were not affected by cover cropping strategy. Consequently, we
reject the hypothesis that in a continuous maize-cropping system, pro-
longing the period of cover cropping can limit the decline of SOM and
Ciotal that is observed in the medium- to long-term following grassland
conversion. The similar SOM and Cg,to) may indicate that in prolonged
cover cropping, lower belowground maize C allocation, as a result of
decreased maize productivity, was compensated for by higher below-
ground cover crop C allocation. Delaying cover crop termination can
increase the yield of a winter rye cover crop by between 83 % and
200 %, according to Clark et al. (1994) and Duiker and Curran (2005).
Cover crop biomass has been positively correlated with SOC (Jian et al.,
2020). Greater aboveground cover crop biomass has been linked to
greater root biomass and rhizo-deposition, which are all factors that
contribute substantially and more effectively than aboveground biomass
to SOC (Rasse et al., 2005; Kong and Six, 2012; Austin et al., 2017).

For soil structure, the hypothesis (3 b) that prolonged cover cropping
can mitigate the soil physical constraints to crop growth induced by
reduced tillage is partially rejected, since no notable differences between
ST and ST-prolonged were observed in soil physical variables.

Earthworm biomass at the end of the eight years period was higher in
the CT-prolonged treatment than in the CT treatment, which may be
explained by a higher (belowground) biomass production of the cover
crop in CT-prolonged, providing more food for earthworm growth as
reflected in the relatively high individual earthworm biomass in CT-
prolonged and ST-prolonged. However, this may not be the only
explaining factor, as no similar difference was observed between ST-
prolonged and ST.

Maize yields were lower in prolonged cropping systems compared to
conventional systems, which can be explained by the shorter maize
growing season and a higher weed coverage in CT-prolonged and ST-
prolonged comparted to CT and ST, respectively. No glyphosate was
used to terminate the prolonged cover crop that was harvested prior to
maize sowing, which may have promoted weed growth especially in the
ST-prolonged treatment. When left as mulch, the higher biomass of the
prolonged cover crop would have likely led to lower weed pressure
(Melander et al., 2013) and potentially increased maize yields (Yang
et al., 2022). However, by harvesting the cover crop mixture as silage,
the DM yield gap compared to CT was bridged in four out of six years in
which cover crop biomass in CT-prolonged and ST-prolonged was
measured. Feed value of the cover crop biomass would, however, have
differed from that of the maize silage. To reduce the yield gap and make
the system with prolonged cover cropping more profitable, breeders are
currently successfully working on ultra short-season maize varieties (18
weeks growth) that currently yield 2-3 t DM more than the varieties
used in this experiment (Groten, 2014; Groten and Meesters, 2023).

5. Conclusion and recommendations

No-till and reduced tillage are generally assumed to be a manage-
ment strategy that by default sequester C and improves both soil-
physical and biological quality. However, this may be an over-
generalization which disregards differences in response to no-till and
reduced tillage between crops, climatic zones and soil types. On a sandy
soil in the temperate climate of the Netherlands, no-till and reduced
tillage did not lead to a higher SOM and Ciuta in the plough layer
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(0-30 cm) compared to conventional ploughing after eight years of
continuous maize cropping. From the perspective of climate change
mitigation, our results do therefore not suggest a benefit of reduced
tillage and prolonged cover cropping in a continuous maize-cropping
system. At the same time, no-till led to a reduction in maize yield
compared to conventional tillage, which may have been due to sub-
optimal soil-physical circumstances and direct drilling technique.

A goal in future maize cropping can be to improve soil biodiversity
without the yield penalty of no-till that has been confirmed in this study.
Throughout our experiment, both strip tillage and non-inversion tillage
maintained maize yields at the level of inversion tillage. In the first year
after grassland conversion, strip tillage led to a higher maize yield than
inversion tillage. Moreover, strip tillage had beneficial effects on the
earthworm community that were similar to no-till, in contrast to the
detrimental effects of inversion tillage. Therefore, strip tillage may also
have beneficial effects on other biological soil properties. Non-inversion
tillage did not have a favourable influence on earthworms relative to
inversion tillage. Based on our results, we would therefore recommend
strip tillage for grassland conversion and continued use during maize
cropping on sandy soils in the Netherlands.

On sandy soils a potentially effective way to optimize soil biodiver-
sity and productivity is to prolong the cover cropping period. Indeed, in
the plough layer the reduced-tillage treatments had higher penetration
resistance than inversion tillage. Using a prolonged cover crop with
inversion tillage for the maize combines a loose topsoil and improved
earthworm abundance. Due to the prolonged period of cover cropping,
the reduced length of the growing season for maize led to reduced maize
yields. However, improved, high-yielding short-season maize cultivars
may close the maize yield gap observed in this study and cause the
prolonged cover cropping system to outperform the conventionally
cover cropped systems in terms of total DM yield.
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