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Abstract: Low-diversity weed communities are dominated by few species that are highly competitive
to crops. The management of such weed communities should rely upon sustainable cultural and non-
chemical practices, especially in crops such as spinach (Spinacia oleracea L.), where very few herbicides
are available. A two-year field trial (2020 and 2021) was conducted to evaluate different fertilization
practices (broadcast and banded), intra-row spacings (15 cm, 11 cm, 7 cm), and mechanical weed
control treatments (untreated, one treatment, two treatments) for the management of a low-diversity
weed community in spinach. Weed competition severely affected spinach commercial biomass
(R2 = 0.845). Compared to broadcast fertilization, banded fertilization reduced weed biomass and
improved spinach yield and nitrogen use efficiency. Narrow intra-row spacing (7-cm) reduced weed
biomass by 28 and 45% compared to intra-row spacings of 11-cm and 15-cm, respectively. Two
mechanical weed control treatments resulted in 49% lower weed biomass compared to a single
treatment. Commercial biomass increased with decreasing intra-row spacing (R2 = 0.881) and
increasing the number of mechanical treatments (R2 = 0.911). More cultural and non-chemical
practices should be evaluated for weed management in spinach, especially at sites infested with
low-diversity weed communities.

Keywords: Setaria viridis (L.) P.Beauv.; Chenopodium album L.; banded fertilization; intra-row spacing;
cage weeder; commercial biomass; nitrogen use efficiency

1. Introduction

Spinach (Spinacia oleracea L.; 2n = 2x = 12) belongs to the botanical family Amaranthaceae
and is considered one of the most important leafy vegetables consumed in all continents of
the world [1]. In Europe, spinach production reached about 700 thousand tonnes, harvested
on about 41 thousand hectares in 2019 [2]. It is a valuable food source for human nutrition
as its leaves are rich in minerals, vitamins, and other molecules with antioxidant properties
and phenolic compounds [3]. Mature leaves can be consumed fresh or stored frozen
after cooking in boiling water; cultivation can also be directed towards the production
of processed spinach or fresh-cut baby leaves [4–6]. The crop can be grown both in the
greenhouse and under field conditions as a cool-season leafy vegetable [7]. However, there
are hybrids and cultivars that are resistant to bolting, higher temperatures, and longer
photoperiods and are a viable option for summer cultivation [8].

Weeds are an important obstacle to spinach productivity, as they reduce its commercial
biomass and affect the quality of the harvested product [9–11]. The impact of weed
competition on spinach yield is likely to be higher in fields infested with low-diversity
weed communities. Such weed communities are dominated by a small number of weed
species that are highly competitive and well adapted to the soil and climatic conditions
of a given agricultural area [12–14]. Storkey and Neve [13] recently emphasized that as
the number of species in a given weed community decreases, crop yield losses increase.
Furthermore, herbicides are not a sustainable weed control option in agricultural areas
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with low weed diversity because their use increases the risk of selection of herbicide-
resistant weed populations [15]. Therefore, weed management in such areas should
first rely upon sustainable cultural practices and non-chemical weed control methods.
However, all alternative methods should aim to contribute to the restoration of weed flora
composition [13]. Promoting weed species diversity should be regarded as a central issue
in the development of sustainable weed management systems in agriculture [16]. This
should be the target, rather than completely eliminating certain weed species from a given
agricultural area and creating conditions for the invasions of other weed species that may
also become dominant and highly competitive.

In any case, weed control is challenging in spinach fields since very few herbicides are
available for use in this crop [17]. During past years, lenacil was the dominant herbicide for
selective weed control in several spinach-producing countries in Europe [18–20]. However,
it is very likely to be withdrawn from the market in European Union (EU) after the end
of 2021 due to concerns for its environmental fate and impact on human health and
non-target organisms [21,22]. In light of this situation, there are serious concerns among
spinach growers in the EU regarding the available weed control options in the near future.
Phenmedipham, a photosystem II (PS II) inhibitor, is the only option for the selective control
of broadleaf weeds [23,24]. For the selective control of grass weeds, available herbicides
are limited to acetyl-CoA-carboxylase (ACCase) inhibitors (i.e., cycloxydim, quizalofop-
p-ethyl, and propaquizafop) [18,20]. There is much evidence that overreliance on these
herbicides will lead to the rapid evolution of herbicide-resistant weed populations [25]. As
a result, there is an urgent need to evaluate alternative non-chemical weed management
practices to develop sustainable weed management strategies in spinach fields [26].

Increasing the populations of crop plants in the row is an effective strategy for sup-
pressing weeds and achieving higher yields [27]. De Cauwer et al. [9] found that narrow
intra-row spacings reduced weed biomass and increased total and commercial spinach
biomass. Similar reports indicated that the use of increased plant populations within
the row can improve the competitiveness of even low-competitive crops with slow early
growth rates [28,29]. In addition, such practices can be combined with mechanical weed
control treatments between crop rows to further suppress weeds [9,28–30]. The study
by De Cauwer et al. [9] provided evidence on the potential of such practices for weed
suppression in spinach in Central Europe. However, there are no recent relevant studies
conducted on this crop in the soil and climatic conditions of the Mediterranean region. As
for mechanical weed control, spring-tine harrows, split-hoes, and finger-weeders provide a
sufficient level of weed control between crop rows and are safe for spinach plants grown
at 20–30 cm row spacing [9,31,32]. Cage weeders are another option since they are very
effective and completely safe for leafy vegetables even in early growth stages. When this
kind of machinery is used, the first cage loosens the soil and the second one pulverizes it,
uprooting young weed seedlings [33]. Although they are very promising for weed control
in leafy vegetables, no studies have recently evaluated their performance in spinach along
with crop establishment at narrow intra-row spacings.

Except for the above-mentioned practices, fertilization management is another factor
that can be used for weed management purposes. Although the conventional fertiliza-
tion practice in spinach is to broadcast the fertilizer at seedbed preparation, it should be
remembered that weeds have a more aggressive nutrient uptake compared to crops and
tend to be more competitive at higher nutrient levels [34]. Thus, broadcast fertilization
should be avoided in fields with heavy weed infestation as it favors weed growth over crop
growth [35]. In contrast to broadcast fertilization, banding fertilizers under the crop rows
provide crops a competitive advantage over weeds by giving cultivated plants optimal
access to nutrients [26]. In leafy vegetables, there is evidence that banded fertilization
promotes crop growth over weed growth [36,37]. Moreover, this practice is beneficial
from an agro-ecological point of view as it reduces fertilizer inputs in agriculture [38].
Considering all these reasons, banded fertilization should be considered as an alternative
for fertilizing spinach and other leafy vegetables [26]. However, no studies have assessed
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the potential of banded fertilization for weed management purposes in spinach. There are
also no studies available in this crop evaluating banded fertilization along with the factors
of intra-row spacing and mechanical weed control in a single field trial.

The objective of the present study was to evaluate different fertilization practices
(broadcast and banded), spinach intra-row spacings, and the number of mechanical weed
control treatments for weed management in spinach. The experiment was conducted at a
site infested with a low-diversity weed community dominated by two specific species. The
effects of all experimental factors on spinach yield performance and nitrogen use efficiency
are also presented.

2. Materials and Methods
2.1. Site Description

A two-year field trial was conducted in the prefecture of Agrinion in western Greece
during the 2019–2020 and 2020–2021 growing seasons. The experimental site was located
at 21◦25′18′′ east latitude and the north longitude was 38◦32′10′′. To collect precise location
data, the World Geodetic System 1984 (WGS84) was the geographic coordinate system used.
Spinach was the crop studied, and in particular, the hybrid ‘Strongher F1’ was selected as
plant material (Agrogen S.A., Athens, Koropi, Greece). This hybrid is suitable for spring
cultivation in these areas and was also selected for its rapid and upright growth and
resistance to 11 races of downy mildew (Peronospora farinosa f. sp. spinaciae Byford). The
crop was grown in the field from April to June in both 2020 and 2021. Regarding climatic
conditions during the experimental period, similar air temperature data were collected
in the two growing seasons, while monthly precipitation in April and May was 29.6 and
46 mm higher, respectively, in 2020 than in 2021 (Table 1).

Table 1. Mean, mean maximum, and mean minimum monthly temperature (◦C) and total monthly
precipitation (mm) values observed in the experimental area.

Month

Weather Parameter

Mean
Temperature (◦C)

Mean Maximum
Temperature (◦C)

Mean Minimum
Temperature (◦C)

Total
Precipitation (mm)

2020 2021 2020 2021 2020 2021 2020 2021

March 12.7 11.2 18.1 16.1 7.3 6.3 53.0 69.8
April 14.8 15.1 20.7 20.7 8.9 9.5 39.8 10.2
May 21.0 21.2 27.3 27.4 14.7 15.0 48.8 2.8
June 23.2 25.0 29.1 31.6 17.3 18.4 25.6 20.6

The soil type was clay loam (CL) with the following characteristics (0 to 30 cm): 28.1%
clay, 25.9% silt, and 46.7% sand with a pH of 7.3 and an organic matter content of 1.0%.
Spinach and swiss chard (Beta vulgaris L. subsp. cicla) were the crops grown on the soil of
the experimental field in the previous growing seasons. At this site, a low-diversity weed
community was established in which Setaria viridis (L.) P.Beauv. and Chenopodium album
L. were the dominant weed species. These species were very persistent throughout the
experimental period and accounted for more than 95% of the total weed biomass in both
2020 and 2021 (data not shown). Other weed species such as Portulaca oleracea L., Tribulus
terrestris L., and Polygonum aviculare L. were also present but at very low densities (data
not shown).

2.2. Experimental Setup

For seedbed preparation, the soil was initially plowed to a depth of 35 cm on 9 April
2020 and 10 April 2021. Soil plowing was followed by disc harrowing and spring-tooth
harrowing to break up soil clods. A ‘Krosker’ cultipacker (Agricultural Machinery—S.
Milonas 1983 O.E., Thessaloniki, Adendro, Greece) was also run on the field as a final
operation to prepare a firm seedbed. Spinach was sown on 18 April 2020 and 20 April
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2021 using a manual precision seed drill ‘SJ Expert’ suitable for sowing leafy vegetables
(Sepeba Ibra, Les Grès, Saint Mar-tin du Fouilloux, France). The crop was sown in rows
that were spaced 30 cm apart, at a sowing rate of 25 kg seed ha−1 and a sowing depth of
2.5 cm. After sowing, the soil was cultipacked again to achieve good seed-soil contact, and
an initial irrigation was carried out with sprinklers [39].

The experiment was conducted in a three-factorial (split-split-plot arrangement) ran-
domized complete block design (RCBD) with four replications (blocks). Two fertilization
practices were assigned to the main plots, three spinach intra-row spacings were assigned
to the subplots, and three different mechanical weed control treatments were assigned to
the sub-subplots. Each sub-subplot included ten rows of spinach and was 3 m wide and 5 m
long, giving a total sub-subplot size of 15 m2. The subplots were 12 m wide and 15 m long
giving a total subplot size of 180 m2, while the main plots were 36 m wide and 15 m long
giving a total main plot size of 540 m2. The experimental layout included 72 experimental
units (sub-subplots), and the total acreage of spinach in the experimental area was 1.080 m2.
Borders of 0.60, 1.2, and 2.4 m were also kept between adjacent sub-subplots, subplots, and
main plots, respectively, in both 2020 and 2021. In 2021, new plots were established in an
adjacent but different area of the same site to avoid any residual effects of the fertilizer on
the studied parameters and to actually repeat the experiment in time.

The different fertilization regimes included the broadcast and banded applications of a
synthetic complete fertilizer (N-P-K: 12-12-12 + 35 SO3 + 10% organic matter; Organofert®,
Hellagrolip S.A., Athens, Paleo Faliro, Greece). For broadcast application, the fertilizer
was applied after the initial tillage operation to supply the soil with 120 kg N ha−1, 120 kg
P2O5, and 120 kg K2O ha−1. For banded application, the fertilizer was placed in bands at
10 cm depth below crop rows to supply the soil with 66 kg N ha−1, 66 kg P2O5 ha−1, and
66 kg K2O ha−1. Spinach emerged on 25 April 2020 and 26 April 2021, and the stand was
hand-thinned (on 3 May in both years) when the plants had reached the 3-leaf growth stage
(BBCH: 13). Thinning was done in such a way that we obtained three different intra-row
spacings, namely 15 cm, 11 cm, and 7 cm.

As for mechanical weed control treatments, weeds were mechanically controlled
between crop rows with a cage weeder (K.U.L.T. Kress Umweltschonende Landtechnik
GmbH, Vaihingen an der Enz, Germany/E. Sanidas—Agricultural—Gardening Equipment
& Tools, Goumenissa, Kilkis, Greece). All mechanical operations were conducted at a work-
ing speed of 3 km h−1 and a working depth of 3 cm. An untreated control was maintained
where weeds remained uncontrolled, while the first weed control treatment included a
single inter-row mechanical weeding at the 4-leaf growth stage of spinach (BBCH: 14). The
second weed control treatment included two inter-row mechanical weedings at the 4- and
6-leaf growth stages of spinach (BBCH: 14–16). In both years, the dates for the first and
second mechanical treatment were 13 and 20 May, when most weeds were between the
‘white’ or ‘thread’ (emergence) and 2-leaf growth stages (BBCH: 09–12).

As for other crop management practices applied during both growing seasons, irri-
gations were carried out weekly with sprinklers to supply the crop with 25 mm of water
per week, depending on the rainfall events that occurred. To adequately meet the nitrogen
requirements of spinach, a foliar application of completely water-soluble urea (N-P-K:
46-0-0; AGRI.FE.M. Ltd., Athens, Aspropirgos, Greece) was carried out 15 days after crop
emergence. Urea was applied at a concentration of 1.5% (v/w) with a pressurized Gloria®

410 T sprayer (Gloria Haus & Gartengeraete GMBH, Witten, Germany) calibrated to deliver
210 L ha−1 of spray solution at a constant pressure of 400 kPa through a brass hollow-cone
nozzle (2 mm diameter; 80◦ spray angle) to provide 69 kg N ha−1 to the crop. Spinach
anthranose [Colletotrichum dematium f. sp. spinaciae (Ellis & Halsted) Arx] was controlled
by two foliar pyraclostrobin (Signum® 26,7/6,7 WG, Basf Hellas S.A., Athens Greece)
applications at 67 g ai ha−1 (400 L ha−1 spray solution; 275 kPa pressure) at the 4- and
6-leaf growth stages of spinach (BBCH: 14–16). Sulfoxaflor (CloserTM 120 SC, Corteva
Agriscience Hellas S.A., Athens, Greece) was also applied at 24 g ai ha−1 (200 L ha−1 spray
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solution; 275 kPa pressure) to control green peach aphid infections [Myzus persicae (Sulzer,
1776)] at the 9-leaf growth stage of spinach (BBCH: 19).

2.3. Data Collection

Four 0.25 m2 (0.5 × 0.5 m) metallic quadrats were placed in each sub-subplot the day
after the last mechanical weeding, in areas with uniform weed flora and away from the
margins. Each quadrat included two crop rows resulting in a total of 8, 10, and 16 spinach
plants per quadrat at intra-row distances of 15 cm, 11 cm, and 7 cm, respectively. Weeds
were harvested by clipping plants to a height of 2 cm with scissors, separating them by
species, and placing them in numbered plastic bags. The first weed harvest was carried
out in two quadrats, at approximately three weeks after the last mechanical weed control
treatment and when the spinach stand was successfully established (29 May 2020 and
30 May 2021). The weed samples were then weighed to determine the fresh weed biomass
per unit area using a ‘KF–H2’ digital balance (Zenith S.A., Athens, Greece). The biomass
of the two dominant weed species (i.e., S. viridis and C. album) was measured separately,
while the total weed biomass was also measured. To do this, the biomass of other weeds
that occurred at minor densities were included in the measurements of total weed biomass.
Weed biomass was reassessed the day before spinach harvest (15 June in both 2020 and
2021) in the other two quadrats in each sub-subplot.

Spinach was harvested on 16 June in both years, when the plants had reached their
typical leaf mass before the onset of shoot elongation (BBCH: 49). In each sub-subplot, the
entire three middle rows of spinach were harvested to measure the total (fresh) spinach
biomass per unit area. Harvest was done with scissors at a height of 5 cm to reduce the
proportion of petioles in the harvested vegetation. Subsequently, the harvested vegetation
was manually sorted into commercial (green leaves) and non-commercial spinach biomass
(cotyledons, petiole parts separated from leaves, yellow leaves, etc.). Spinach waste, the
proportion (%) of non-marketable spinach biomass to total spinach biomass, and the
proportion (%) of total weed biomass to total spinach biomass were also assessed. In
addition, nitrogen use efficiency (NUE) was estimated as the ratio of total spinach biomass
to the total amount of nitrogen supplied to the crop.

2.4. Statistical Analysis

Data from each measurement were subjected to an initial 4-factor Analysis of Variance
(ANOVA) conducted at a = 0.05 significance level. Years, fertilization practices, intra-row
spinach spacings, and mechanical weed control practices were considered as fixed effects
while replications (blocks) were considered as random effects. The initial ANOVAs revealed
that the effects of years on the studied parameters were not significant (p-Value ≥ 0.05).
Therefore, combined data analyses were conducted over the two growing seasons (2020
and 2021) for each parameter. To run the model for each parameter, fertilization, intra-row
spacing, and mechanical weed control were considered as fixed effects, while replications
were considered random effects. For each factor, means were separated according to
Fischer’s LSD (Least Significance Difference) test at an a = 0.05 significance level.

To express the relationships between (a) total weed biomass and the different intra-row
spacings (b) total weed biomass and the number of mechanical weed control treatments,
data fitted to the second order polynomial model (Equation (1)):

y = a + bx + cx2 (1)

where a is the intercept, b and c are constants, y is the dependent variable representing
total weed biomass, and x is the dependent variable representing (a) intra-row spacing
or (b) mechanical weed control treatments. The same model was used to express the
relationships between (a) total/commercial spinach biomass (considered as the dependent
variables y) and the different intra-row spacings (considered as the dependent variable x)
and also between (b) total/commercial spinach biomass (y) and the number of mechanical
weed control treatments (x). To express these relationships, data were pooled over all
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other experimental factors when intra-row spacing, or mechanical weed control was the
dependent variable in each case. In addition, the relationship between total/commercial
spinach biomass and total weed biomass was expressed according to the reciprocal linear
model (Equation (2)):

y =
1

a + bx
(2)

where a is the intercept, b is the slope of the regression line, y is the dependent variable
representing total/commercial spinach biomass, and x is the independent variable rep-
resenting total weed biomass. In all regression analyses where total weed biomass was
used as the dependent or independent variable, data from the second evaluation of weed
biomass were used. Statgraphics Centurion XVI (Statgraphics Technologies, Inc., P.O. Box
134, The Plains, VA 20198, USA) was the statistical package used for all data analyses.

3. Results
3.1. Weed Biomass

S. viridis biomass was affected by the different fertilization practices in the first
(p-Value ≤ 0.01) and the second evaluation (p-Value ≤ 0.05). C. album biomass was not
affected by the factor of fertilization (p-Value ≥ 0.05). In addition, significant were the
effects of intra-row spacing and mechanical weed control on the biomass of both S. viridis
and C. album (p-Value≤ 0.001) and also on total weed biomass in both evaluations (Table 2).

Table 2. The effects of fertilization, intra-row spacing, and mechanical weed control on the biomass
of Setaria viridis (L.) P.Beauv. and Chenopodium album L., and total weed biomass. For each parameter,
p-Values are shown as derived from three-factor Analysis of Variance (ANOVA) (a = 0.05).

Source Df 1

p-Value

S. viridis
Biomass

C. album
Biomass

Total Weed
Biomass

Eval 2 1 Eval 2 Eval 1 Eval 2 Eval 1 Eval 2

Fertilization (F) 1 * 4 ** 0.7824 0.7506 * *
Error 3 (a) 3

Intra-Row Spacing
(IRS) 2 *** *** *** *** *** ***

F × IRS 2 0.9945 0.9369 0.6569 0.5715 0.8732 0.8519
Error (b) 12

Mechanical Weed
Control (MWC) 2 *** *** *** *** *** ***

F ×WC 2 0.5870 0.2438 0.9723 0.9776 0.8794 0.8717
IRS ×WC 4 0.6166 0.5279 0.5493 0.4948 0.7835 0.8216

F × IRS ×MWC 4 0.8795 0.7829 0.9946 0.9955 0.9996 0.9989
Error (c) 36

Total 71
1 Df; Degrees of freedom. 2 Eval; Evaluation. 3 Error (a); Block × F, Error (b); Block × IRS (F), Error (c); Block ×
MWC (F × IRS). 4 *, **, ***; p-Value ≤ 0.05, 0.01, and 0.001, respectively.

Banded fertilizer application reduced S. viridis biomass by 15–19% compared to broad-
cast fertilizer application. The intra-row spacing of 11 cm resulted in 17–23% lower fresh
weight for S. viridis compared to the intra-row spacing of 15 cm. Selecting the intra-row
spacing of 7 cm caused up to 25% reductions to the biomass of this species in comparison
to 11 cm. As for mechanical weed control, one treatment reduced S. viridis fresh weight
by more than 60% in both evaluations compared to the untreated control. In sub-subplots
treated mechanically two times, S. viridis biomass was 47% lower than in plots treated
mechanically one time (Table 3).
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Table 3. Setaria viridis (L.) P.Beauv. and Chenopodium album L. biomass (g m−2) data obtained for
each experimental factor. Total weed biomass data (g m−2) are also included. Means were separated
according to Fischer’s Least Significance Difference (LSD) test (a = 0.05).

Factors

Weed Biomass

S. viridis
Biomass
(g m−2)

C. album
Biomass
(g m−2)

Total Weed
Biomass
(g m−2)

Eval 1 1 Eval 2 Eval 1 Eval 2 Eval 1 Eval 2

Fertilization (F)
Broadcast 97.9 a 2 164.9 a 62.0 a 109.3 a 164.2 a 283.4 a
Banded 82.9 b 133.6 b 61.1 a 105.2 a 146.9 b 246.7 b

LSDF 8.58 13.63 10.24 18.45 16.23 29.40

Intra-Row Spacing (IRS)
15 cm 114.3 a 182.2 a 85.5 a 150.7 a 204.1 a 343.5 a
11 cm 87.8 b 151.1 b 60.9 b 103.9 b 151.9 b 262.7 b
7 cm 69.2 c 114.5 c 38.3 c 67.1 c 110.6 c 188.9 c

LSDIRS 15.01 24.87 12.35 21.78 26.71 47.94

Mechanical Weed Control (MWC)
Untreated (Control) 171.9 a 279.7 a 105.2 a 180.6 a 282.2 a 472.8 a
One Treatment (1×) 65.4 b 110.4 b 53.6 b 95.3 b 122.1 b 213.0 b
Two Treatments (2×) 34.6 c 57.7 c 25.9 c 45.9 c 62.4 c 109.3 c

LSDMWC 12.94 21.54 24.22 42.32 33.62 60.89
1 Eval; Evaluation. 2 Different lowercase letters in the same column indicate significant differences between means
of each factor.

The intra-row spacing of 11 cm reduced C. album fresh weight by 29 and 31%, in
the first and the second evaluation, respectively, compared to the intra-row spacing of
15 cm. Spinach establishment with 7 cm intra-row spacing resulted in the lowest values of
C. album biomass in both evaluations. Regarding mechanical weed control, C. album fresh
weight decreased by 47–49% in sub-subplots receiving one treatment in comparison to
untreated control sub-subplots. Two mechanical treatments resulted in the lowest biomass
production in this species.

In the first and the second evaluation, total weed biomass was 11 and 13% lower,
respectively, in the main plots where fertilizer was applied in bands than in the main plots
receiving broadcast fertilization. The results of the first evaluation revealed that narrow
intra-row spacing resulted in the lowest values of total weed biomass. Total weed biomass
was highest under 15 cm intra-row spacing while intermediate values corresponded to
11 cm. Moreover, weed fresh weight per unit area was lowest in sub-subplots receiving two
mechanical weed control treatments and highest in untreated sub-subplots. Intermediate
values corresponded to sub-subplots receiving a single treatment. The results of the second
evaluation are consistent with those of the first evaluation. There were strong relationships
between total weed biomass and either intra-row spacing or mechanical weed control
(Figure 1).

The expression of total weed biomass as a function of intra-row spacing was per-
formed according to the second order polynomial model: TWB = 76.837 + (14.4706
× IRS) + (0.220427 × IRS2) where TWB; total weed biomass, IRS; intra-row, n = 12,
p-ValueModel ≤ 0.001, R2 = 0.843, root mean square error (RMSE) = 31.425, and mean abso-
lute error (MAE) = 19.286. This relationship indicated that 84.3% of the variation observed
in total weed biomass was due to the different intra-row spacings of spinach (Figure 1a).
Pooled over all other experimental factors, weed biomass decreased by 24% in subplots
where spinach was thinned to 11 cm intra-row spacing instead of 15 cm. In addition, the
narrowest intra-row spacing (7 cm) resulted in 28 and 45% lower weed fresh weight per
unit area compared to the wider intra-row spacings of 11 and 15 cm, respectively.
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Total weed biomass was also expressed as a function of the number of mechani-
cal weed control treatments according to the second order polynomial model: TWB =
472.851 − (359.11 ×MWC) + (99.234 ×MWC2) where TWB; total weed biomass, MWC;
mechanical weed control, n = 12, p-ValueModel ≤ 0.001, R2 = 0.912, root mean square error
(RMSE) = 48.748, and mean absolute error (MAE) = 33.745. This relationship indicated
that 91.2% of the variation observed in total weed biomass was due to the number of
weed control treatments (Figure 1b). Pooled over all other experimental factors, total
weed biomass was 55% lower in sub-subplots treated mechanically once than in untreated
sub-subplots. Moreover, two mechanical treatments resulted in 49 and 77% lower weed
biomass compared to one treatment and the untreated control, respectively.

3.2. Spinach Biomass

Fertilization influenced both total and commercial spinach biomass (p-Value ≤ 0.01).
The proportions of spinach waste and weed biomass to total spinach biomass were also
significantly affected by the different fertilization practices (p-Value ≤ 0.05). Similar results
were obtained for nitrogen use efficiency (p-Value ≤ 0.001). Significant were the effects of
intra-row spacing on total and commercial spinach biomass (p-Value ≤ 0.001). The same
was observed for the proportion of weed biomass in total spinach biomass and also for
nitrogen use efficiency (p-Value ≤ 0.001). The proportion of weed biomass in total spinach
biomass was also affected by the interaction between intra-row spacing mechanical weed
control. Spinach waste proportion in total spinach biomass was another factor affected by
the factor of intra-row spacing (p-Value ≤ 0.05). The factor of mechanical weed control
exerted a great influence on all studied parameters (Table 4).

Before explaining the results of mean separation for each factor, it should be noted
that there was a strong relationship between total spinach and total weed biomass as well
as between commercial spinach and total weed biomass (Figure 2).

There was a strong negative correlation between total spinach biomass and total weed
biomass described by the reciprocal linear model: TSB = 1/[0.0284963 + (0.0000474821× TWB)]
where TSB; total spinach biomass, TWB; total weed biomass, n = 72, p-ValueModel ≤ 0.001,
R2 = 0.836, root mean square error (RMSE) = 0.00397871, and mean absolute error
(MAE) = 0.00305125. Commercial spinach biomass was also negatively correlated with
total weed biomass as well: CSB = 1/[(0.0337985 + 0.0000658688 × TWB)] where CSB; com-
mercial spinach biomass, TWB; total weed biomass, n = 72, p-ValueModel ≤ 0.001, R2 = 0.845,
root mean square error (RMSE) = 0.00533835, and mean absolute error (MAE) = 0.00413492.
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Table 4. The effects of fertilization, intra-row spacing, and mechanical weed control on total spinach biomass, commercial
spinach biomass, spinach waste proportion, weed biomass proportion, and nitrogen use efficiency. For each parameter,
p-Values of are presented as derived from three-factor Analysis of Variance (ANOVA) performed (a = 0.05).

Source Df 1

Spinach Biomass

p-Value

Total
Spinach
Biomass

Commercial
Spinach
Biomass

Spinach Waste
Proportion

Weed
Biomass

Proportion

Nitrogen
Use

Efficiency

Fertilization (F) 1 ** 3 ** * * ***
Error 2 (a) 3

Intra-Row Spacing (IRS) 2 *** *** * *** ***
F × IRS 2 0.8985 0.9598 0.8510 0.7064 0.1362
Error (b) 12

Mechanical Weed Control (MWC) 2 *** *** *** *** ***
F ×MWC 2 0.8704 0.7157 0.7317 0.4892 0.1495

IRS ×MWC 4 0.9944 0.9402 0.4851 * 0.8715
F × IRS ×MWC 4 0.9996 0.9998 0.7078 0.9732 0.9967

Error (c) 36
Total 71

1 Df; Degrees of freedom. 2 Error (a); Block × F, Error (b); Block × IRS (F), Error (c); Block ×MWC (F × IRS). 3 *, **, ***; p-Value ≤ 0.05, 0.01,
and 0.001, respectively.
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As for the effects of fertilization on crop productivity, banded fertilization increased
total spinach biomass and commercial spinach biomass by 11 and 12%, respectively, com-
pared to broadcast fertilization. Moreover, the proportions of non-commercial spinach
biomass and weed biomass in total spinach biomass were significantly lower in the main
plots where fertilizer was applied in bands than the values recorded in the main plots
where broadcast fertilization was carried out. This agronomic practice was also beneficial
for the crop since it improved its nitrogen use efficiency by 38% when applied instead of
the conventional fertilization practice (Table 5).
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Table 5. Total spinach biomass (t ha−1), commercial spinach biomass (t ha−1), spinach waste proportion (%), weed biomass
proportion (%), and nitrogen use efficiency (kg kg−1) data obtained for each experimental factor. Means were separated
according to Fischer’s Least Significance Difference (LSD) test (a = 0.05).

Factors

Spinach Biomass

Total
Spinach
Biomass
(t ha−1)

Commercial
Spinach
Biomass
(t ha−1)

Spinach Waste
Proportion

(%)

Weed
Biomass

Proportion
(%)

Nitrogen
Use

Efficiency
(kg kg−1)

Fertilization (F)
Broadcast 24.1 b 1 19.4 b 20.1 a 17.6 a 12.2 b
Banded 27.0 a 22.1 a 18.6 b 13.8 b 19.7 a

LSDF 1.19 1.22 0.71 2.48 0.77

Intra-Row Spacing (IRS)
15 cm 21.8 c 17.4 b 20.6 a 22.9 a 13.7 c
11 cm 26.2 b 21.5 a 18.5 b 14.2 b 16.3 b
7 cm 28.6 a 23.2 a 19.0 b 10.1 c 17.9 a

LSDIRS 1.50 1.34 1.02 3.56 0.86

Mechanical Weed Control (MWC)
Untreated (Control) 21.1 c 16.5 a 22.0 a 30.1 a 13.1 c
One Treatment (1×) 26.3 b 21.4 b 18.8 b 11.5 b 16.4 b
Two Treatments (2×) 29.2 a 24.2 a 17.3 c 5.6 c 18.3 a

LSDMWC 1.96 1.57 1.00 3.79 1.22
1 Different lowercase letters in the same column indicate significant differences between means of each factor.

Total spinach biomass was influenced by both the factors of intra-row spacing and the
number of mechanical weed control treatments as well. The same was observed regarding
the relationship between commercial spinach biomass and intra-row spacing. Commercial
spinach biomass was also strongly related to the number of mechanical weed control
treatments that were applied. The second order polynomial regressions used to express the
above-mentioned relationships are presented (Figure 3).
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Total spinach biomass values were related to the different intra-row spacings accord-
ing to the model: TSB = 28.3566 + (0.432474 × IRS) − (0.0563672 × IRS2) where TSB; total
spinach biomass, IRS; intra-row spacing, n = 12, p-ValueModel ≤ 0.001, R2 = 0.844, root
mean square error (RMSE) = 1.32479, and mean absolute error (MAE) = 0.944132. The fol-
lowing equation was used to establish cause-effect relationships between commercial spinach



Diversity 2021, 13, 616 11 of 16

biomass and intra-row spacing: CSB = 19.9071 + (1.0405 × IRS) − (0.0805667 × IRS2) where
CSB; commercial spinach biomass, IRS; intra-row spacing, n = 12, p-ValueModel ≤ 0.001,
R2 = 0.881, root mean square error (RMSE) = 1.04555, and mean absolute error
(MAE) = 0.729403 (Figure 3a). Crop biomass was by 17% in the subplots thinned to 11 cm
than in the subplots thinned to 15 cm intra-row spacing. The corresponding increase in
commercial biomass reached 21%. Thinning the crop to obtain 7 cm distances between
plants in the rows increased the fresh biomass of the crop by 9 and 24% in comparison
to 11 and 15 cm, respectively. Commercial biomass was by 8% higher under 7 cm than
under 11 cm intra-row spacing. In addition, a threefold increase was recorded under the
narrowest intra-row spacing (7 cm) compared to the widest intra-row spacing (15 cm).

The equation expressing total spinach biomass as a function of mechanical weed
control was: TSB = 21.8782 + (5.1345 × MWC) − (0.729542 × MWC2) where TSB; total
spinach biomass, MWC; mechanical weed control, n = 12, p-ValueModel ≤ 0.001, R2 = 0.813,
root mean square error (RMSE) = 1.67268, and mean absolute error (MAE) = 0.97166. It
was revealed that 81.3% of the variance in total spinach biomass was due to the different
number of weed control treatments. The strong relationship between commercial spinach
biomass and the number of mechanical weedings is expressed as: CSB = 16.4977 + (5.89707
×MWC) − (1.01323 ×MWC2) where CSB; total spinach biomass, MWC; mechanical weed
control, n = 12, p-ValueModel ≤ 0.001, R2 = 0.911, root mean square error (RMSE) = 1.15514,
and mean absolute error (MAE) = 0.821088 (Figure 3b). Performing one weeding increased
total and commercial spinach biomass by 20 and 23%, respectively, in comparison to the
untreated control. Doubling the number of mechanical treatments resulted in 9% higher
crop biomass and 12% higher commercial biomass. In addition, increases of 27 and 32%
were recorded for total and commercial spinach biomass, respectively, in sub-subplots
receiving two mechanical operations than the values recorded in untreated plots.

As for other parameters, spinach waste proportion decreased in subplots with intra-
row spacings of 7 and 11 cm compared to subplots with intra-row spacing of 15 cm. The
lowest values were observed in sub-subplots treated mechanically twice while the highest
values corresponded to untreated sub-subplots. Intermediate values corresponded to one
weeding. Similar observations were made regarding the proportion of fresh weed biomass
in total spinach biomass. In particular, the lowest values of this parameter corresponded to
7 cm intra-row spacing and two mechanical weedings. Intermediate values corresponded
to 11 cm intra-row spacing and one mechanical treatment. The lowest values corresponded
to subplots with 15 cm intra-row spacing and sub-subplots where weeds were left uncon-
trolled. Following the differences observed in spinach biomass production, nitrogen use
efficiency increased by 16% under 11 cm than under 15 cm intra-row spacing. Furthermore,
the highest values of this index occurred under the narrowest intra-row spacing (7 cm).
Concerning the effects of mechanical weed control on nitrogen use efficiency, performing a
single operation increased its value by 20%. Doubling the number of operations resulted in
9% higher nitrogen use efficiency compared to one single operation (Table 5).

4. Discussion

Combined with other experimental factors, banded fertilization reduced S. viridis
biomass compared to broadcast fertilization. Blackshaw et al. [40] recorded a similar
reduction in biomass of this species. It is, therefore, suggested that banding fertilizers at
a depth of 10 cm under spinach rows (or at a depth of 7.5 cm depth under seed) is an
effective method for the management of grass weeds with a shallow, fibrous rooting system
such as S. viridis [40]. Different results were obtained for C. album. The little impact of
banded fertilization on C. album can be attributed to the deep taproot of this broadleaf
species, which allows nutrient uptake from deeper soil layers [40]. Although the effects
of the fertilization method may depend on weed species, it was observed that banded
fertilization reduced total weed biomass. Because most annual weeds germinate in the
upper soil layers, broadcast fertilizer incorporation boosts their emergence and growth. In
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contrast, precise application of fertilizers placement at a certain depth reduces weed seed
germination and also limits the access of germinated seedlings to the added nutrients [41].

Regarding the effects of spinach intra-row spacing on weed biomass, it was found
that narrow intra-row spacings (7 and 11 cm) resulted in significant reductions in S. viridis
and C. album biomass and total weed biomass. An explanation might be that spinach
establishment at narrow intra-row spacings accelerated crop canopy closure resulting in
reductions of the light transmitted to the soil surface and the weeds growing beneath the
crop canopy [27]. As a result, weed emergence and consequently weed biomass decreased
with decreasing intra-row spacing, and these results are consistent with the corresponding
findings of another recent study on spinach. In particular, De Cauwer et al. [9] also observed
negative and strong linear regressions between weed biomass and intra-row spacing in
two out of their three spinach cultivars studied. Reducing the distance between plants in
the row is a common practice for weed suppression in a wide variety of minor crops and
leafy vegetables [26]. Our results are also in agreement with recent studies conducted with
poorly competitive legumes, whose growth rates are lower compared to spinach [28,29].

The above studies have also shown that increasing the number of mechanical weed
control treatments is a recommended strategy to increase the efficacy of mechanical weed
control. In the present study, such strong relationships were found as weed biomass
decreased with the increasing number of weed control treatments. Two mechanical weed
control treatments caused significant reductions in weed biomass compared to a single
treatment. The explanation is that a single mechanical weed control treatment eliminated
only the first flush of germinating weed seedlings; there were several weeds that escaped
the treatment and continued to emerge and develop between crop rows. On the contrary,
two mechanical weedings maximized the levels of weed control because the first treatment
eliminated the first flush of early germinating weed seedlings, and the second operation
controlled also the weed seedlings that escaped the first treatment [29]. Our results are
in agreement with those of De Cauwer et al. [9] who found that the combination of
pre-emergence and post-emergence mechanical weed control reduced weed biomass in
spinach compared to a single treatment. These results are encouraging because optimizing
mechanical weed control methods is a priority issue in spinach, where very few herbicides
are approved for use [17]. Moreover, the performance of the cage weeder used for weed
control between spinach rows in the present study was satisfactory. This is due to the fact
that most weeds were between the ‘white’ or ‘thread’ (emergence) and 2-leaf growth stages
at the time of treatment. Cage weeders work at very shallow depth and are, therefore,
effective only on early germinating weed seedlings [33]. To control weeds at later growth
stages between spinach rows, spring-tine harrows, and split-hoes are examples of the
equipment that can be used [31,32]. In any case, research should continue and focus on
both the efficacy and the selectivity of various mechanical weed control methods on spinach
and other leafy vegetables.

Other findings of the current study were the cause-effect relationships established
between weed and spinach biomass. The strong influence of weed competition on spinach
productivity can be attributed to the low diversity in the weed community that infested this
site. This situation is common in Greece, where the lack of crop rotation and sustainable
farming practices has led to the development of low-diversity weed communities at several
agricultural sites in the country. There are several examples from recent studies where
strong and negative correlations between crop yield and weed biomass have been observed
at such agricultural sites [29,42–44]. Weed diversity has recently been highlighted as an
important factor determining the impact of weed interference on crop yield [45,46]. Meta-
data analysis by Storkey and Neve [13] showed that yield losses exceed 60% when the weed
community is less diversified and consists of only five species. In contrast, yield losses
are expected to be less than 30% when the weed community is diversified and consists
of 20 weed species. The increased competitiveness of low-diversity weed communities
can be attributed to the fact that they are usually dominated by species that have similar
resource requirements to crops in a given agricultural area [47]. As a result, crops suffer
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from competition from weeds that compete strongly for the same or similar resources
and are present in very high densities in the field [13,48]. Combinations of sustainable
weed management practices should be implemented at such sites aiming to promote weed
species diversity and restore weed flora composition. Several recent reports highlight
the importance of weed diversity in mitigating crop yield losses because diverse weed
communities tend to be less competitive to crops [48–51]. In addition, several studies
have also indicated that increasing species diversity in weed communities is a measure to
prevent the establishment of noxious invasive weeds on agricultural lands [16,52–54].

Concerning banded fertilization, it increased spinach yields compared to broadcast
fertilization. This is attributed to the better access of spinach plants to nutrients due to
the precise placement of fertilizer below crop rows. Our results agree with those of other
researchers who found that banding fertilizers under crop rows resulted in higher crop
productivity in another leafy vegetable, namely lettuce (Lactuca sativa L.) [36,37]. The
same authors also found that banded fertilization increased crop yield at various C. album
densities and periods of competition from this particular weed species. A similar trend
was observed in the current research where although fertilization had no effect on C. album
biomass, total and commercial spinach biomass increased in the main plots that received
banded fertilization. In adition, lower fertilization inputs (approximately 45%) and higher
spinach yields resulted in improved nitrogen use efficiency for the crop. Our findings
are consistent with other studies where alternative fertilization methods resulted in lower
inputs, higher yields and improved nitrogen use efficiency for spinach [55].

As for the effects of the other factors on crop yield, strong relationships were observed
either between intra-row spacing and spinach biomass or between the number of me-
chanical weed control treatments and spinach biomass. Spinach establishment at narrow
intra-row spacing and two mechanical treatments resulted in lower weed biomass and
consequently higher total and commercial biomass. These results are in line with those
of other studies that also found a positive relationship between spinach stand density
and crop yield, and between the number of weed control treatments and spinach biomass
production [9]. These results are also in partial agreement with other studies where higher
seeding rates and multiple mechanical weeding improved crop productivity compared to
conventional agronomic practices [28,29].

5. Conclusions

Banded fertilization reduced weed biomass and fertilizer inputs and subsequently
improved spinach yield and nitrogen use efficiency. Weed biomass decreased as spinach
intra-row spacing decreased, and the number of mechanical weed control treatments
increased. Reverse trends were observed in the total and commercial biomass of spinach.
Both parameters increased when spinach intra-row spacing decreased, and the number
of mechanical weed control treatments increased. Further research is needed to evaluate
more cultural and non-chemical weed management practices in this crop where available
herbicides are limited. In addition, competition from this low-diversity weed community
affected the yield performance of spinach at a significant point. Our results validated that
the loss of diversity in weed communities results in severe crop yield losses. Therefore, all
sustainable weed management practices should be focused on increasing species diversity
in the weed communities of such agricultural areas. As recently highlighted in several
relevant studies, increasing the diversity of weed communities on agricultural land can
be a measure to mitigate crop yield losses due to weed competition and prevent the
establishment of noxious weed species.
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