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Abstract: Organic farming systems are considered not compatible with conservation tillage mainly
because of the reliance of conservative systems on herbicides. In this three-year field experiment,
we tested the performances of an innovative vegetable organic and conservative system (ORG+)
combining the use of cover crops (exploited as either living or dead mulch) and no-till techniques.
This system was compared to “business-as-usual” organic farming (ORG) and integrated farming
system (INT) based on the same crop sequence: savoy cabbage (Brassica oleracea var. sabauda L. cv.
Famosa), spring lettuce (Lactuca sativa L. cv. Justine), fennel (Foeniculum vulgare Mill. Cv.
Montebianco), and summer lettuce (Lactuca sativa L. cv. Ballerina RZ). The results of crop yield
parameters and weed abundance contribute to spotlight potentialities and weaknesses of organic-
conservative management of field vegetables. In particular, ORG+ caused significant yield depletion
for all the crops and revealed suboptimal weed control and N availability. The agroecosystem
services provided by the cover crops grown in the ORG+ as dead mulch or living mulch were
affected by weather conditions and not always resulted in significant crop gain. Nevertheless,
interesting results in terms of P availability and reduced N surplus encourage further development
of the system targeting more sustainable organic vegetable production.

Keywords: sustainable agriculture; climate change mitigation; cabbage; fennel; lettuce; cover crops;
green manure; no-till; dead mulch; living mulch; Mediterranean climate

1. Introduction

The response to a growing demand for food under climate change and environmental risks
connected to intensive agriculture requires more efficient and sustainable agricultural practices.
Ecological intensification has been proposed as a solution to these challenges, and organic farming
principally relies on this, by promoting biodiversity and soil health [1-4]. Organic farming is
increasingly growing in Europe, with almost 14.6 million hectares of agricultural land as of 2017 and
a corresponding growth of more than 75% in a decade [5].

However, the current organic management practices have been an object of debate recently.
Organic farmers still rely heavily on conventional intensive tillage to incorporate crop residues,
organic fertilizers, and cover crops and most importantly to control weeds [6]. The intensive tillage
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leaves the soil exposed to wind and water erosion; destroys soil structure; and accelerates organic
carbon loss due to oxidation, leaching, and translocation [7]. Reduced or no-tillage has been proposed
in conventional agriculture to solve these problems. These practices are the key of “conservation
agriculture” (CA), which not only contributes to sustain soil health and labor savings but also was
shown to decrease greenhouse gas emissions through carbon sequestration and the reduction of
energy use [8-10]. The implementation of reduced or no-tillage in organic agroecosystems may
provide additional benefits to soil quality and may enhance resource use efficiency compared to
conventional tillage systems [11,12]. However, these systems are challenged with nutrient availability
at key crop growth stages and weed pressure, which are difficult to cope with in the absence of
synthetic fertilizers, herbicides, and an adapted direct weed control [6]. These problems, often
compromising crop yields, have limited so far the adoption of no-till by organic farmers, who in a
recent survey showed interest to conservation practices for soil building purposes [13].

According to the Food and Agriculture Organization of the United Nations (FAO) definition
[14], conservation agriculture systems imply also the diversification of cropping systems (e.g., by
intercropping, cover cropping, agroforestry, and mixed farming) and permanent soil cover with crop
residues or mulching material. The intensive use of cover crops has the potential to comply with these
two principles. In organic farming, cover crops are normally used as green manures to provide
nutrients to the cash crops and to increase soil fertility. Legume cover crops provide also by their N2-
fixing ability additional soil N for cash crops upon incorporation and decomposition [15-17].
Nevertheless, cover crops are well-known to provide a wide range of ecological services, such as
protection against soil erosion, reduction of leaching and increased availability of nutrients,
improvement of soil and water quality, and weed and pest control [18]. Moreover, it has been
suggested that cover cropping effect would be higher by decreasing tillage intensity through an
expected higher ecological intensification, which could alleviate weed and crop nutrition problems
related to reduced tillage or no-till [19].

Cover crop-based no-till is one of the forms in which conservation practices can be integrated in
organic farming. In these systems, cover crops could be grown to remain at the surface either as dead
or living mulch when cash crop is to be planted [20]. Cover crops in no-till can reduce weed
infestation during their growth and/or by their residues making a physical barrier, preventing
sunlight reaching the soil surface or through allelopathy [21]. However, residues left on the soil
surface generally slows down the decomposition rate and nitrogen release compared to their
incorporation [22]. It has been shown the importance of cover crop management such as the selection,
planting, and termination time and a complex rotation for the success of organic no-till, especially in
vegetable systems which could suffer more from competition, nutrient shortage, and weeds [20].

On the other hand, the effects of conservation agriculture practices on soil greenhouse gas (GHG)
emissions are still uncertain, especially when adopted within organic agriculture. Cover crops may
impact soil processes in ways that could potentially increase or decrease GHG emissions [23]. Tillage
also may indirectly affect GHG fluxes by altering soil biological and physical parameters in a variable
way, demonstrating different responses across cropping systems [24]. Increased emissions in no-till
farming were reported previously compared to conventionally tilled systems linked to soil types,
climatic conditions, and the duration of conversion, although some studies showed lower emissions
or no consistent effect [24-26].

Despite the environmental and economic promises that may hold, limited knowledge is
available on organic cover crop-based no-till in Europe with far too little information concerning their
performance in Mediterranean climate zone [18,26-28]. Thus, further investigation is needed as the
success of organic reduced tillage systems may depend also on local pedoclimatic conditions. In this
research, we aimed to study the transitional agronomic and environmental effects of the
implementation of an organic conservation system (ORG+) within an organic vegetable rotation
under Mediterranean conditions, with respect to an integrated management system (INT) and a
standard organic one (ORG). Our objectives were to evaluate their performance in terms of (a) crop
production, (b) nutrient availability, (c) N budget and use efficiency, and (d) weed infestation.
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2. Materials and Methods

2.1. Site Characteristics

A three-year field experiment (2014-2017) was carried out on two adjacent fields (F1 and F2) at
the Centre for Agri-environmental Research “Enrico Avanzi” of the University of Pisa, San Piero a
Grado, Pisa, Italy (43°40" N Lat; 10°19” E Long; 1 m above mean sea level and 0% slope). The climate
is typical Mediterranean with seasonal peaks of rainfall in spring and fall. Total average annual
rainfall is 907 mm, and mean annual temperature is 15 °C. The soil was classified as Typic
Xerofluvent, according to the USDA taxonomy [29]. The soil texture was loam sandy. Averaged over
the two fields and two soil depths (i.e.,, 0-10 and 10-30 cm), soil organic matter content (Walkley—
Black method) was 2.3 g 100 g soil, total N (Kjeldahl method) was 1.25 mg g soil, and available P
(Olsen method) was 4.25 mg kg soil. More details on the main parameters of soil fertility measured
at the beginning of the experiment are reported in Reference [26].

2.2. Experimental Design and Crop Management

The field experiment was based on the following crop sequence: Savoy cabbage (Brassica oleracea
var. sabauda L. cv. Famosa F1, Bejo), spring lettuce (Lactuca sativa L. cv. Justine, Clause), fennel
(Foeniculum vulgare Mill. Cv. Montebianco F1, Olter), and summer lettuce (L. sativa L. cv. Ballerina
RZ, Rijk Zwaan). The experimental field was split in two fields in order to rotate the crops both in
space and time. For this reason, in 2014, the rotation started with fennel in the first field (F1) and with
cabbage in the second field (F2). The experiment layout was explained in a recent paper focusing on
GHG emissions in two years (2014-2016) [26]. Conversely, this paper covers the entire duration of
the crop rotation that was replicated for three years (2014-2017). In F1, the crop sequence was fennel
(2014), summer lettuce (2015), savoy cabbage (2015), spring lettuce (2016), fennel (2016), and summer
lettuce (2017). In F2, the crop sequence was savoy cabbage (2014), spring lettuce (2015), fennel (2015),
summer lettuce (2016), savoy cabbage (2016), and spring lettuce (2017).

Three different cropping systems were assigned to the experimental plots according to a
randomized complete block (RCB) design [30] with one factor (i.e., the cropping system) and with
three levels (i.e., the treatments) and three blocks per field following the main soil gradient of each
field. The elementary plots were of size 63 m?(21 m long x 3 m wide) and were separated by alleyways
of 3 m width within the blocks and 5 m width between the blocks.

The three cropping systems compared were a control, represented by an integrated farming
system (INT) based on conventional tillage practices (i.e., spading, rotary cultivation, and hoeing),
mechanical and chemical weed control, chemical pesticide, and mineral fertilizer (ammonium nitrate,
superphosphate, and potassium sulphate) use; a standard organic cropping system (ORG), built
upon the same tillage practices as INT, mechanical weed control, fertilization based on commercial
solid organic fertilizers (pelleted dried manure, blood meal, rock phosphate, and potassium sulphate)
and on the use of cover crops incorporated as green manures, and crop protection by substances and
biocontrol agents admitted according to the Reg. CE 2007/834 and Reg. CE 2008/889; and an organic
conservation system (ORG+) including continuous no-tillage, use of cover crops managed as living
or dead mulches, reduced organic fertilizer application (same products used in ORG), cultural and
thermal (i.e., flaming) weed control, and crop protection strategy as described for ORG.

The three tested cropping systems differed not only in terms of tillage intensity and use of
agrochemicals but also more generally on external resource use. The ORG+ system was mainly
designed to exploit internal natural resources. That is why fertilization levels were kept at a
minimum, aiming to support naturally occurring soil-fertility-building processes rather than directly
supplying nutrients to the crops. The total amounts of N supplied as fertilizers for the entire crop
rotation cycle were 303, 155.6, and 55.5 kg N ha respectively for INT, ORG, and ORG+. For P
fertilizers, totals of 292, 192, and 87 kg P2Os ha! were supplied respectively to INT, ORG, and ORG+.
K fertilizers were supplied at 603, 385, and 120 kg K20 ha respectively to INT, ORG, and ORG+. The
intensive use of cover crops in ORG+ was designed to replace several passes of mechanical weeding
and herbicides. In the ORG system, a spring green manure mixture of field peas (Pisum sativum L.)
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and faba beans (Vicia faba var. minor Beck.) and a summer green manure mixture of red cowpea (Vigna
unguiculata L. Walp), buckwheat (Fagopyrum esculentum L.), grain millet (Panicum miliaceum L.), and
foxtail millet (Setaria italica L.) were chopped and incorporated into the soil before summer lettuce
and fennel, respectively. In the ORG+ system, red clover (Irifolium pratense L.) was directly seeded
and established as a living mulch for both summer lettuce and cabbage whilst the same summer cover
crop mixture included in the ORG system was directly seeded on spring lettuce residues and
terminated as dead mulch before the transplanting of fennel. In the ORG+ system, the termination of
the dead mulch as well as the management of crop residues and living mulch was implemented by
rolling with roller crimper alternated with flaming. The roller crimper used was the Clemens Eco-
Roll (Clemens Technologies, Wittlich, Germany), whilst the flaming machine was a prototype
developed by Maito (MAITO Srl., Arezzo, Italy). The two machines and operating conditions are
described in detail in References [28,31] and in the Table S7. Direct transplanting of the field
vegetables into the untilled soil in the ORG+ system was successfully implemented by using the
modified version of the FAST transplanting machine produced by Fedele Mario Costruzioni (Fedele
Costruzioni Meccaniche, Lanciano, Chieti, Italy) and developed by the University of Pisa [32].

Sprinkler irrigation was applied to all the treatments at the same volume in the ten days after
transplant and, afterwards, every 3 days until harvest only during summer (May to September).

Detailed information on the management of each crop grown in each year/treatment in the two
experimental fields is reported in Table S7.

2.3. Sampling Protocol and Measurements

Crop biomass production was assessed at harvest time (field vegetables) or before management
(cover crops) by sampling the aboveground biomass of each crop on 3 areas per elementary plot.
Plant samples collected in each sampling area were processed separately and the data were then
averaged to obtain one value per each parameter per elementary plot (i.e., the block). The size of the
sampling areas varied according to the spatial arrangement of the crops. For the cover crops, the
biomass produced by each cover crop species and the total biomass were assessed on 0.5 m? (1 m
wide x 0.5 m long) areas. For large row vegetables (i.e., fennel and savoy cabbage) transplanted at
0.75 m between the rows, the sampling areas covered two crop rows and were of the size 1.5 m?(1.5
m wide x 1 m long), including 4 and 8 plants per sampling area, respectively, for savoy cabbage and
fennel. Likewise, for the lettuce crops, the sampling areas covered 2 rows but the size of the areas was
1 m? as the crops were transplanted with an inter-row space of 0.5 m. In this case, the total number of
plants sampled was 10 per sampling area. In the same areas, the total aboveground biomass of weeds
was also collected.

In the lab, crop and weed biomass were manually separated and the fresh weight of their total
biomass was measured. Crop biomass was subdivided in marketable product (i.e., corymbs for savoy
cabbage, swollen bases for fennel, and heads for lettuces) and residues (i.e., discarded products, outer
leaves, and rotten/diseased/damaged plant biomass) that were fresh weighted separately.

The mean fresh weight of each marketable product unit (i.e., corymbs, swollen bases, and heads)
was determined by dividing the total fresh weight of the marketable product by the number of
product units. The mean dimension of the marketable products was assessed by measuring the
lengths of the two main orthogonal diameters of each corymb, swollen basis, and head that were
finally averaged to obtain one value for the mean diameter (cm) of the product unit of each crop.

From each of the three total plant samples collected in each plot, a representative subsample of
each component (marketable product and residues, for the crops, and total aboveground biomass,
for the weeds) was fresh weighted and oven-dried at 60 °C until constant weight. The dry material
was then weighted to obtain the dry weight and the percentage of moisture. The Harvest Index was
calculated as the ratio between the dry matter of marketable yield and the dry matter of total
aboveground crop biomass. On the dry samples of the two components of the biomass of each
vegetable crop (i.e.,, marketable product and residues), total nitrogen (Kjeldahl method) and total
phosphorus (colorimetric method) concentration were determined.
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2.4. Calculations
N and P20s accumulation in each biomass component were calculated as follows:
Nacc;, =Nconc, x dw, (1)

P,O;acc;, =Pconc, x dw, x2.29 )

where “Nacc/” and “P20sacc’” are, respectively, the N and P20s accumulation (kg ha™) in the “i”
biomass component of the crop (i.e., crop residues or marketable product); “Nconc” and “Pconci”
are, respectively, the N and P concentration (g 100 g d.m™) in the “i” biomass component of the crop;
and “dwi” is the dry matter (kg ha™) in the “i” biomass component of the crop. The N and P20s
accumulation in the total aboveground biomass of each crop was calculated as the sum of the
accumulation in crop residues and marketable product.

The N budget (kg N ha™) at the level of single crops was estimated according to the following
equation:

N = (Nfert+ N

budget

rain T Nowin ¥ Nig) = (Ne0) 3)
where “Nfert” is the amount of N supplied by mineral and organic fertilizers (kg N ha') applied to
the single crop; “Nrain” is the amount of N supplied by rainfall that occurred in the growing period
of the crop (kg N ha™), assuming that the mean N concentration in rain water is 3 mg N kg; “Nmin”
is the amount of N originated by the mineralization of the soil organic N in the first 30 cm of depth
in the growing period of the crop (kg N ha), assuming that the organic N content is 1.10 mg N kg™
soil, the bulk density of the soil is 1.46 kg dm3, and the mineralization rate accounts for 2 g 100 g
year™’; “Nfix” is the amount of N fixed from the atmosphere through symbiotic N2 fixation of legume
cover crops (i.e., red clover, pigeon bean, field pea, and red cowpea), assuming that the percentage
of N derived from Nzfixation on total N accumulated in the aboveground biomass of legumes is 80%
and that there are no differences in the mineralization rate of legume cover crops managed as
living/dead mulches or as green manures; and “Nacc” is the N accumulation in total biomass of the
crops.

To assess the N use efficiency and to test whether N represented a limiting factor for crop yield
in all the three systems, N surplus [33], N utilization efficiency (NUtE) [34], N Recovery Efficiency
(NREac) [35], and Partial Factor Productivity (PFP) [36] were calculated as follows:

Nsurplus,; = Nfert, - Nacc,, 4)
Nsurplus, ; =Nfert, - Nacc,, (5)
NUtE, =Y, Nacc,, (6)
NREac; = Nacc,;, Ninput, 7)
NREac;; = Nacc,; Nfert, (8)
PFP, =Y, Ninput, 9)
PFP;, =Y, Nfert, (10)

where “Nfert;” is the N supplied as fertilizers (kg N ha™) to the “i” crop; “Ninput;” is the total N
input (kg N ha™) of the “i” crop; “Nacc,;” is the N accumulated (kg N ha™) in total aboveground

"1y

biomass of the “i” crop; “Nacc,;” is the N accumulated (kg N ha™) in the marketable product of the

"y

i” crop; and “Y;” is the fresh weight of the marketable product of the “i” crop (Mg ha).

2.5. Statistical Analysis
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Data normality was assessed using the Shapiro-Wilk test. Other tests consisted of the Student’s
t-test to verify that the mean error was not significantly different to zero, the Breusch-Pagan test for
homoscedasticity, and the Durbin—-Watson test for autocorrelation.

All the dependent variables except for N use efficiency parameters were modelled in a linear
mixed model using the extension package ImerTest (tests in the linear mixed effects models) [37] of
R software [38]. We analyzed first the agronomic performances of each crop species (i.e., savoy
cabbage, fennel, spring lettuce, and summer lettuce) separately in terms of fresh marketable yield (Y),
dry matter of marketable yield (dwy), dry matter of residues (dwr), total aboveground dry matter
(dwy), harvest index (HI), total aboveground dry matter of weeds (dww), mean fresh weight of
marketable product unit (MFW), mean diameter of marketable product unit (MD), N concentration
in marketable yield (Nconcy) and in residues (Nconcr), N accumulation in marketable yield (Naccy),
residues (Naccr) and total aboveground biomass (Nacct), P concentration in marketable yield (Pconcy)
and in residues (Pconcr), P20s accumulation in marketable yield (P2Osaccy), and residues (P2Osaccr)
and total aboveground biomass (P20sacct). For these dependent variables, the cropping system and
the year were the fixed factors whilst the block and the year were the random factors. The year was
also tested as a fixed factor to test the effect of interannual variability on the dependent variables.

The agronomic performances of each cropping system at the level of entire crop sequence were
analyzed separately for each field by summing the performances of each crop grown in the field over the
entire experimental period (2014-2017). The global performances of the cropping systems were tested
either including or not the contribution of cover crops in order to assess how they could lead to different
performances in the systems. Cover crops affected only dry matter and nutrient parameters related to
weed biomass (dww), crop residues (dwr, Naccr), and total crop aboveground biomass (dwt, Nacct). When
analyzing these parameters as dependent variables, the cropping system, the inclusion/exclusion of cover
crops and the field (i.e., F1 or F2) were the fixed factors and the block was the random factor. The field
was considered as a factor as, in the crop sequence, there were slight differences in the number of
occurrences of a single crop in the single field (Table S7). In the case of the analysis of parameters related
to the crop marketable product (dwy, Naccy, and P20saccy), the cropping system and the field were the
fixed factors and the block was the random factor. The effect of cover crops was not considered for these
variables as they resulted from the sum of the marketable yield or the N accumulation in marketable yield
of the vegetable crops and thus were not affected by the contribution of cover crops. Fitted correlations
among the slopes were set. The analysis of variance was run.
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3. Results

3.1. Weather Conditions

As shown in Figure 1, the weather conditions in the three experimental years differed from the
normality for the area in many cases.
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Figure 1. Monthly total rainfall (mm) and mean maximum and minimum air temperature (°C) from
January 2014 to December 2017 compared to multiannual mean values (1993-2017).

Monthly mean maximum temperatures were higher than multiannual values in most cases
during the three experimental years. In particular, the winters were always warmer than usual, and
so, it was also for the summer seasons in 2015 and 2017. Values below the multiannual means were
registered in summer 2014 and in winter 2016/2017, instead. The hottest months in terms of maximum
mean temperature were July 2015 and August 2017 with 32.4 °C. The lowest maximum mean
temperature was registered in January 2017 (10.3 °C).

Likewise, the mean minimum temperatures were higher than multiannual values in the
experimental period. Only in winter 2017, we observed values below the normality of the period. The
coolest month was January 2017, indeed, with -0.8 °C, and the hottest was July 2016 (+20 °C).

The three experimental years were also characterized by high levels of rainfall compared to the
multiannual trend. The rainiest months were January 2014 (355 mm), November 2014 (290 mm),
October 2015 (254 mm), and September 2017 (234 mm). Unusual high peaks of rainfall occurred also
in July 2014, August 2015, June 2016, September 2016, and September 2017. The driest month was
July 2017 when the experiment ended, with no rainfall registered at all.

3.2. Living Mulch, Dead Mulch, and Green Manure Biomass Production and NP Accumulations

The dry biomass produced by the spring cover crops never exceeded 3 Mg ha”, and it varied
over years (Table 1). The mixture of field pea and pigeon bean grown in the ORG system clearly
produced higher biomass than the red clover living mulch (ORG+), which was productive only in the
first year. Red clover produced very low biomass especially in the second year, likely because of the
low rainfall occurred in spring.

The summer cover crop mixture was more productive and stable than the spring one. This was
mainly because of the constantly high biomass production of foxtail millet and grain millet.
Buckwheat biomass was very scarce, especially in the last two years, whereas red cowpea was
steadily present over years at around 1 Mg ha (Table 1).
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Table 1. Dry matter production of spring and summer cover crops and their weeds at termination

dates in organic farming (ORG) and organic and conservative system (ORG+) in the three years.

Means =+ SE.
Cropping Spring Cover Crop Summer Cover Crop
Year Systems Aboveground Dry Matter (Mg ha™) * Aboveground Dry Matter (Mg ha1)*
Tp Vf Ps Tot We Vu Fe Pm Si Tot We
ORG 126+ 080+ 206+ 077+ 075+ 009+ 112+ 092+ 288+ 019z
2014/15 0.11 0.15 0.48 0.06 0.13 0.03 0.14 0.11 0.27 0.05
ORG+ 227+ ) ) 227+ 259+ 045+ 014+ 038+ 034 131+ 316=
0.02 0.02 0.22 0.06 0.06 0.11 0.08 0.37 0.92
ORG i 181+ 115+ 296+ 081+ 110+ 002+ 044+ 212+ 3.68+ 130z
2015/16 0.51 0.21 0.90 0.25 0.23 0.01 0.29 0.36 0.35 0.43
0.09 £ 0.09 £ 025+ 001+ 017+ 373+ 416+ 209+
ORG+ - - n.a.l
0.02 0.02 0.06 0.00 0.14 0.82 1.41 0.50
ORG ) 065+ 051+ 116+ 074 1.02+ 0.00x 194+ 177+ 473+ 047=
2016/17 0.08 0.10 0.10 0.18 0.28 0.00 0.22 0.24 0.11 0.02
0.77 + 0.77 + 166+ 0.00+ 076+ 113+ 355+ 132+
ORG+ n.a.l
0.28 0.28 0.33 0.00 0.13 0.10 0.06 0.42

! n.a. is not available; * Tp is Trifolium pratense, Vf is Vicia faba var. minor, Ps is Pisum sativum, Vu is
Vigna unguiculata, Fe is Fagopyrum esculentum, Pm is Panicum miliaceum, Si is Setaria italica, Tot is total
biomass of cover crop mixtures, and We is total weed biomass.

3.3. Field Vegetable Biomass Production and NP Accumulations

The results of the statistical analysis of savoy cabbage, fennel, spring lettuce, and summer lettuce
yield, biomass production, produce dimension, and NP concentration and accumulation are
reported, respectively, in Tables S1-54.

3.3.1. Savoy Cabbage

The cropping system had significant effects on all the tested variables except for the dry biomass
of the weeds and the P concentration in the marketable product (Table S1). The year effect was not
significant for fresh marketable yield, total dry matter, mean fresh weight of corymbs, the dry
biomass of the weeds, and the accumulations of N and P20sin marketable yield and total biomass.

In Tables 2 and 3, the within-year effect of the cropping system for all the tested variables on
crop biomass production is shown.

Table 2. Least squares means and standard errors of marketable fresh yield (Y), dry matter of
marketable yield (dwy), dry matter of residues (dwr), total aboveground dry matter (dwt), mean fresh
weight of corymbs (MFW), Harvest Index (HI), and mean diameter of corymbs (MD) in savoy
cabbage. Confidence level: 95%.

Dependent Lsmeans (+SE)
Variable INT ORG ORG+

Y 2014 (Mg ha?) 25.33(2.80) a 25.39 (2.80) a 12.15 (2.80) b

Y 2015 (Mg ha™) 22.53 (2.80) b 33.25(2.80) a 14.62 (2.80) b

Y 2016 (Mg ha?) 24.26 (2.80) a 24.98 (2.80) a 2.61(343)*Db
dwy 2014 (Mg ha?) 1.91(0.19) a 1.91(0.19) a 0.91 (0.19) b
dwy 2015 (Mg ha?) 1.76 (0.19) b 2.63(0.19) a 1.64 (0.19) b
dwy 2016 (Mg ha™) 1.92 (0.19) a 2.39(0.19) a 0.27 (0.24) * b
dw: 2014 (Mg ha1) 3.35(0.26) a 3.76 (0.26) a 1.32(0.26) b
dwr 2015 (Mg ha?) 2.23 (0.26) a 2.37(0.26) a 1.43 (0.26) b
dwr 2016 (Mg ha™) 3.18 (0.26) a 2.75(0.26) a 0.78 (0.26) b
dw: 2014 (Mg ha?) 526 (0.43) a 5.67 (0.43) a 2.24(043)b
dw: 2015 (Mg ha™) 3.99 (0.43) ab 5.00 (0.43) a 3.08 (043) b
dw: 2016 (Mg ha™) 5.10 (0.43) a 5.14 (043) a 0.96 (043) b

MFW 2014 (g) 949.99 (104.82) a 952.11 (104.82) a 455.74 (104.82) b
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MFW 2015 (g) 844.99 (104.82) b 1246.65 (104.82) a 548.33 (104.82) b
MFW 2016 (g) 909.86 (104.82) a 936.81 (104.82) a 255.32 (128.37) b
HI 2014 0.36 (0.01) a 0.34 (0.01) a 0.42 (0.01) b
HI 2015 0.43 (0.01) a 0.52 (0.01) b 0.53 (0.01) b
HI 2016 0.37 (0.01) a 0.46 (0.01) b 0.26 (0.02) ¢
MD 2014 (cm) 17.42 (0.86) a 16.74 (0.86) a 11.25 (0.86) b
MD 2015 (cm) 19.90 (0.86) a 20.83 (0.86) a 16.42 (0.86) b
MD 2016 (cm) 19.21 (0.86) a 18.74 (0.86) a 12.88 (1.05) b

Means followed by different letters are statistically different (95% confidence interval). * Value
statistically not different from zero.

In terms of fresh marketable product, the organic conservative system (ORG+) yielded significantly
less than the standard organic (ORG) and the integrated system (INT) in all three years. The worst results
were achieved in 2016, when the ORG+ yielded only 2.61 Mg ha (a value that was even statistically not
different from zero) as many cabbage plants in intercropping with the living mulch of red clover were not
able to reach the corymb set stage. Averaged over the first two years, ORG+ yielded around 50% less than
ORG and INT. Nevertheless, in 2015, ORG+ yielded statistically not different from INT both in terms of
fresh (Y) and dry matter (dwy) of marketable yield. In 2015, ORG significantly outyielded INT, whilst in
the other two years, the yields of the two systems were comparable.

The dry matter of residues was always lower in ORG+ than in ORG and INT. As a result, the total
aboveground dry matter produced by savoy cabbage in the three years followed the same trend, with
lowest values in ORG+. Only in 2015, we did not observe any statistical differences between ORG+ and
INT, with INT performing not differently from ORG. Interestingly, the HI revealed a substantial similarity
between ORG and ORG+, with the two systems showing values significantly higher than INT in two years
over three (i.e., in 2015 and 2016 for ORG and in 2014 and 2015 for ORG+). Only in 2016, due to the very
low yield, ORG+ was significantly lower in terms of HI with respect to ORG and INT.

The mean fresh weight of corymbs followed the same trend as the biomass of marketable yield,
with ORG+ showing significantly lower values than ORG (in all three years) and INT (in 2014 and
2016). The MFW in ORG+ was clearly lower if compared to ORG and INT.

The mean diameter of corymbs had a similar trend in all the three years, with ORG+ showing on
average 5 cm lower values with respect to INT and ORG.

In Table 3, the within-year main effects of the cropping system on N and P concentration and
accumulation in savoy cabbage biomass are shown.

Table 3. Least squares means and standard errors of N concentration in marketable yield (Nconcy)
and residues (Nconcr); N accumulation in marketable yield (Naccy), residues (Naccr), and total
aboveground dry matter (Nacct); P concentration in marketable yield (Pconcy) and residues (Pconc:);
and P20s accumulation in marketable yield (P20saccy), residues (P2Osaccr), and total aboveground dry
matter (P20sacct) in savoy cabbage. Confidence level: 95%.

Dependent Lsmeans (+SE)

Variable INT ORG ORG+
Nconcy (g 100 g*) 2014 2.68 (0.11) a 272 (0.11) a 4.04(0.11)b
Nconcy (g 100 g1) 2015 3.31(0.11)a 2.37(0.11) b 1.79 (0.11) ¢
Ncongy (g 100 g1) 2016 297 (0.11) a 2.54(0.11) b 3.14(0.14) a
Nconer (g 100 g1) 2014 2,63 (0.09) a 1.85 (0.09) b 2.81(0.09) a
Nconer (g 100 g1) 2015 2.91 (0.09) a 2.12 (0.09) b 1.56 (0.09) ¢
Nconer (g 100 g1) 2016 2.55(0.09) a 2.05(0.09) b 2.44(0.09) a

Naccy (kg ha) 2014 51.62 (6.19) a 51.91(6.19) a 36.22 (6.19) a
Naccy (kg ha1)2015 58.31(6.19) a 61.92 (6.19) a 29.41(6.19) b
Naccy (kg ha1)2016 57.19 (6.19) a 60.38 (6.19) a 8.40 (7.58) b
Nacc: (kg ha1)2014 88.43 (6.98) a 69.84 (6.98) a 37.84 (6.98) b
Naccr (kg ha)2015 64.53 (6.98) a 50.27 (6.98) a 22.31(6.98) b
Naccr (kg ha)2016 81.48 (6.98) a 56.79 (6.98) a 19.20 (6.98) b
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Nacar (kg ha1)2014 140.04 (12.50) a 121.75 (12.50) a 74.06 (12.50) b

Naccr (kg ha1)2015 122.83 (12.50) a 112.19 (12.50) a 51.73 (12.50) b

Nacc: (kg ha1)2016 138.67 (12.50) a 117.17 (12.50) a 24.80 (12.50) * b
Pconcy (g 100 g1) 2014 0.34 (0.01) a 0.32 (0.01) a 0.35 (0.01) b
Pconcy (g 100 g) 2015 0.31(0.01) a 0.33(0.01) b 0.30 (0.01) a
Peoncy (g 100 g1) 2016 0.32 (0.01) a 0.33 (0.01) a 0.32 (0.01) a
Peonc: (g 100 g1) 2014 0.23 (0.01) a 0.22 (0.01) a 0.28 (0.01) b
Peonc: (g 100 g1) 2015 0.19 (0.01) a 0.21 (0.01) a 0.19 (0.01) a
Pconcr (g 100 g1) 2016 0.21 (0.01) a 0.22 (0.01) a 0.25 (0.01) b
P2Osaccy (kg ha1)2014 14.87 (1.52) a 1427 (1.52) a 7.36 (1.52) b
P20saccy (kg ha1)2015 12.45 (1.52) a 19.92 (1.52) b 11.22 (1.52) a
P20saccy (kg ha1)2016 1418 (1.52) a 18.10 (1.52) a 2.01(1.87)*b
P20sacer (kg ha1)2014 17.96 (1.73) a 19.46 (1.73) a 8.78 (1.73) b
P>Osaccr (kg ha1)2015 9.66 (1.73) ab 1142 (1.73)a 6.29 (1.73) b
P>Osaccr (kg ha1)2016 1553 (1.73) a 13.92 (1.73) a 447 (1.73)b

P20sacct (kg ha1)2014
P20sacct (kg ha1)2015
P20sacct (kg ha™)2016

32.83 (3.04) a
22.11 (3.04) a
29.71 (3.04) a

33.73 (3.04) a
31.35 (3.04) b
32,02 (3.04) a

16.14 (3.04) b
17.51 (3.04) a
5.80 (3.04) * b

Means followed by different letters are statistically different (95% confidence interval). * Value

statistically not different from zero.

N concentration in corymbs and residues was normally higher in INT than ORG, except for 2014,
when we did not observe any difference for marketable yield. The cabbage grown in ORG+ plots
showed values of N concentration lower than ORG and INT only in 2015, whilst in 2014, it showed
the highest value for Nconcy and, in 2016, it performed equal to the other two systems. As a result of
the combination between concentration and dry matter production, N accumulation showed overall
significantly lower values in ORG+ than ORG and INT. Only for Naccy in 2014, we observed
comparable results among the three systems.

For P concentration, ORG+ did not show lower values compared to ORG and INT. In 2014, both
Pconcyand Pconc: were higher in ORG+ than ORG and INT. Also, in 2015, Pconcrwas higher in ORG+.
P accumulation in the dry matter of savoy cabbage was affected by dry matter production values and
revealed normally lower values in ORG+ than ORG and INT but with some exceptions in 2015, when
P20saccy and P20sacc: and P20saccr were not different in ORG+ and INT. Oppositely to N
accumulation, in absolute terms, ORG produced slightly higher values of P accumulation in savoy
cabbage total biomass with respect to INT and ORG+.

3.3.2. Fennel

For fennel, the effect of the cropping system was significant for all the dependent variables tested
except for HI and P20saccr(Table S2). The year effect was not significant only for Naccr, Pconcy, Pconcr,
P20Osaccr, and P20sacct.

The data on biomass production of fennel at harvest time in all three years are reported in Table
4. For this crop, there were no significant differences between INT and ORG, although the integrated
system always resulted in the highest values of fresh and dry marketable yield. For the organic
conservative system, we observed encouraging results, as the fennel in ORG+ plots performed
statistically equal to ORG in 2014 and 2015, although always significantly lower than INT. In 2015,
the fresh dry matter of swollen bases collected in the ORG+ plots was even higher than that in the
ORG plots, although not significantly. The same trend was observed also for the mean fresh weight
of the swollen bases.

Overall, the yield depletion observed in the ORG+ system, compared to ORG and INT, averaged
ca. 35%. The dry matter of residues in ORG+ was statistically not different from ORG only in 2015
and was always lower than INT. The dry matter of the total aboveground biomass was not different
between INT and ORG, whereas it was significantly lower in ORG+. For HI, as mentioned, we did
not observe any differences among the three cropping systems. The mean diameter of the swollen
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bases was significantly affected by the cropping systems and the highest values were always shown
by INT. The ORG system produced bases with similar diameters to INT in 2014 and 2016. In 2015,
ORG was significantly lower than ORG+ and INT, instead.

Table 4. Least squares means and standard errors of marketable fresh yield (Y), dry matter of
marketable yield (dwy), dry matter of residues (dwr), total aboveground dry matter (dwt), mean fresh
weight of swollen bases (MFW), Harvest Index (HI), and mean diameter of swollen bases (MD) in

fennel. Confidence level: 95%.

Dependent Lsmeans (+SE)
Variable INT ORG ORG+

Y 2014 (Mg ha?) 12.33(1.27)a 10.08 (1.27) ab 6.96 (1.27)b

Y 2015 (Mg ha?) 21.68(1.27)a 13.77(1.27)b 14.82 (1.27) b

Y 2016 (Mg ha™) 16.03 (1.27) a 12.55(1.27)a 6.62 (1.27)b
dwy 2014 (Mg ha?) 0.64 (0.06) a 0.50 (0.06) ab 0.44 (0.06) b
dwy 2015 (Mg ha™) 0.91 (0.06) a 0.88 (0.06) a 0.65 (0.06) b
dwy 2016 (Mg ha™) 0.77 (0.06) a 0.76 (0.06) a 0.38(0.06) b
dwr 2014 (Mg ha™) 1.20(0.10) a 1.21(0.10) a 0.76 (0.10) b
dw: 2015 (Mg ha) 1.55(0.10)a 1.31 (0.10) ab 1.10 (0.10) b
dw: 2016 (Mg ha!) 1.55(0.10) a 1.52(0.10) a 0.76 (0.10) b
dw: 2014 (Mg ha™) 1.84(0.14) a 1.71 (0.14) a 1.20 (0.14) b
dw: 2015 (Mg ha?) 2.47(0.14) a 2.18(0.14) a 1.75(0.14) b
dw: 2016 (Mg ha™) 2.32(0.14) a 2.28(0.14) a 1.14 (0.14) b

MFW 2014 (g) 231.11 (23.85) a 188.93 (23.85) ab 130.58 (23.85) b
MFW 2015 (g) 406.53 (23.85) a 258.12 (23.85) b 277.85 (23.85) b
MFW 2016 (g) 300.56 (23.85) a 235.28 (23.85) a 124.03 (23.85) b
HI 2014 0.35(0.02) a 0.30 (0.02) b 0.37(0.02) a
HI 2015 0.37(0.02) a 0.40 (0.02) a 0.37(0.02) a
HI 2016 0.33(0.02) a 0.33(0.02) a 0.33(0.02) a
MD 2014 (cm) 6.68 (0.36) a 6.62 (0.36) a 424 (0.36) b
MD 2015 (cm) 9.58 (0.36) a 8.00 (0.36) b 8.58 (0.36) a
MD 2016 (cm) 7.86 (0.36) a 6.84 (0.36) a 4.53 (0.36) b

Means followed by different letters are statistically different (95% confidence interval).

Data on N and P concentration and accumulation in biomass components of fennel under the
three cropping systems are shown in Table 5. In 2014 and 2016, N concentration was higher in INT
than ORG heads and in ORG than ORG+ heads. In 2015, ORG+ showed higher values than ORG. For
N concentration in crop residues, the INT system showed significantly higher values than ORG and
ORGH+ in 2015 and 2016. In 2014, there were no differences between INT and ORG, only with ORG+.
In 2015, ORG and ORG+ showed similar results. N accumulation in marketable dry matter was higher
in INT than ORG in all three years. Only in 2015, we did not observe any differences between ORG
and ORG+. The same trend was observed also for N accumulation in crop residues, a parameter for
which there were no significant differences between INT and ORG in 2014 and 2016. For P uptake,
the differences among the three systems were less evident. ORG+ showed similar results to INT in
many cases (i.e., for Pconcyin all three years, for Pconc:in 2015, for P2Osaccyin 2014, and for P2Osaccr
and P20sacct in all three years).
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Table 5. Least squares means and standard errors of N concentration in marketable yield (Nconcy)
and residues (Nconcr); N accumulation in marketable yield (Naccy), residues (Naccr), and total
aboveground dry matter (Nacct); P concentration in marketable yield (Pconcy) and residues (Pconc:);
and P20s accumulation in marketable yield (P2Osaccy), residues (P2Osaccr), and total aboveground dry
matter (P20sacct) in fennel. Confidence level: 95%.

Dependent Lsmeans (+SE)

Variable INT ORG ORG+
Nconcy (g 100 g1) 2014 2.88(0.10) a 2.47(0.10) b 1.51 (0.10) c
Nconcy (g 100 g) 2015 1.93(0.10) a 1.17(0.10) b 1.57 (0.10) c
Nconcy (g 100 g) 2016 2.03(0.10) a 142 (0.10) b 1.09 (0.10) c
Nconer (g 100 g1) 2014 2.79(0.14) a 3.06 (0.14) a 220(0.14)b
Nconer (g 100 g1) 2015 2.26(0.14) a 1.61 (0.14) b 1.63 (0.14) b
Ncone: (g 100 g1) 2016 2.92(0.14) a 2.37(0.14) b 1.68 (0.14) c

Naccy (kg ha') 2014 18.53(1.37)a 1240 (1.37)b 6.55(1.37) ¢
Naccy (kg ha™)2015 17.72 (1.37) a 10.38 (1.37) b 10.35(1.37)b
Naccy (kg ha)2016 1542 (1.37)a 10.70 (1.37) b 4.13(1.37) c

Naccr (kg ha)2014
Naccr (kg ha)2015
Naccr (kg ha)2016

3443 (3.38)a
3527(3.38) a
4536 (3.38) a

37.69 (3.38) a
21.03 (3.38) b
35.76 (3.38) a

16.70 (3.38) b
17.87 (3.38) b
12.72 (3.38) b

Nacct (kg ha™)2014
Nacct (kg ha)2015

52.97 (4.08) a
52.99 (4.08) a

50.10 (4.08) a
31.41 (4.08) b

23.26 (4.08) b
28.22 (4.08) b

Nacc: (kg ha1)2016 60.78 (4.08) a 46.47 (4.08) b 16.84 (4.08) ¢
Pcongy (g 100 g) 2014 0.41(0.03)a 0.48 (0.03) a 0.44 (0.03) a
Pconcy (g 100 g) 2015 0.50 (0.03) a 0.37 (0.03) b 0.55(0.03) a
Pconcy (g 100 g1) 2016 0.45 (0.03) a 0.35 (0.03) b 0.49 (0.03) a
Peonc: (g 100 g1) 2014 0.34 (0.04) a 0.30 (0.04) a 0.41 (0.04) b
Pconc: (g 100 g1) 2015 0.29 (0.04) a 0.24 (0.04) a 0.33(0.04) a
Peonc: (g 100 g1) 2016 0.27 (0.04) a 0.24 (0.04) a 0.47 (0.04) b
P20saccy (kg ha1)2014 5.82(0.69) a 5.61(0.69) a 4.40 (0.69) a
P20saccy (kg ha1)2015 10.40 (0.69) a 7.49 (0.69) b 8.26 (0.69) b
P:Osaccy (kg ha)2016 7.81(0.69) a 6.00 (0.69) a 425 (0.69) b
P:0sacc: (kg ha)2014 10.27 (1.42) a 8.41(1.42) a 7.10 (1.42) a
P:0sacc: (kg ha1)2015 10.30 (1.42) a 7.10 (1.42) a 8.41(1.42)a
P:0sacc: (kg ha)2016 9.596 (1.42) a 8.33(142)a 8.09 (1.42) a

P20sacct (kg ha)2014
P20sacc: (kg ha)2015
P2Osacct (kg ha)2016

16.09 (1.83) a
20.70 (1.83) a
17.41 (1.83) a

14.02 (1.83) a
14.60 (1.83) b
14.33 (1.83)a

11.50 (1.83) a

16.67 (1.83) ab

12.34(1.83) a

Means followed by different letters are statistically different (95% confidence interval).

3.3.3. Spring Lettuce

For the spring lettuce crop grown before fennel, the effect of the cropping system was not significant
only for the P concentration in marketable yield. Besides P concentration in heads, the year did not
significantly affect also the harvest index (HI) and the N accumulation in heads (Naccy) (Table S3).

The results of biomass production of spring lettuce at harvest time are shown in Table 6. For this
crop, the performances of the ORG+ system were particularly negative. All the biomass components
were significantly depleted by the ORG+ system, which was always lower than ORG and INT.
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Table 6. Least squares means and standard errors of marketable fresh yield (Y), dry matter of marketable

yield (dwy), dry matter of residues (dwr), total aboveground dry matter (dwt), mean fresh weight of heads
(MFW), Harvest Index (HI), and mean diameter of heads (MD) in spring lettuce. Confidence level: 95%.

Dependent Lsmeans (+SE)
Variable INT ORG ORG+
Y 2015 (Mg ha!) 22.11 (2.29) a 21.65(2.29) a 8.41 (2.29)b
Y 2016 (Mg ha!) 32.21(2.29)a 23.72 (2.29) b 5.20 (2.29)
Y 2017 (Mg ha™!) 16.83 (2.29) a 14.79 (2.29) a 7.86 (2.29) b
dwy 2015 (Mg ha?) 1.08 (0.10) a 1.08 (0.10) a 0.55 (0.10) b
dwy 2016 (Mg ha) 1.63 (0.10) a 1.53(0.10) a 0.38 (0.10) b
dwy 2017 (Mg ha) 1.19(0.10) a 1.10 (0.10) a 0.56 (0.10) b
dw: 2015 (Mg ha ) 0.59 (0.04) a 0.43 (0.04) b 0.24 (0.04) c
dwr 2016 (Mg ha) 1.25(0.04) a 0.78 (0.04) b 0.17 (0.04) ¢
dwr 2017 (Mg ha) 0.69 (0.04) a 0.67 (0.04) a 0.23 (0.04) b
dw: 2015 (Mg ha™?) 1.67 (0.11)a 1.51(0.11)a 0.78 (0.11) b
dw: 2016 (Mg ha™1) 2.89 (0.11)a 2.31(0.11)b 0.54 (0.11) ¢
dw: 2017 (Mg ha) 1.88(0.11) a 1.77 (0.11) a 0.78 (0.11) b

MFW 2015 (g) 221.13 (22.85) a 216.54 (22.85) a 84.10 (22.85) b
MFW 2016 (g) 322.12 (22.85) a 237.23 (22.85)b 51.96 (22.85) ¢
MFW 2017 (g) 168.28 (22.85) a 147.84 (22.85) a 78.60 (22.85) b
HI 2015 0.63 (0.03) a 0.72 (0.03) ab 0.70 (0.03) a
HI 2016 0.56 (0.03) a 0.66 (0.03) b 0.71 (0.03) b
HI 2017 0.63 (0.03) ab 0.62 (0.03) a 0.71 (0.03) b
MD 2015 (cm) 15.21 (0.59) a 15.76 (0.59) a 11.63 (0.59) b
MD 2016 (cm) 17.87 (0.59) a 17.23 (0.59) a 9.95(0.59) b
MD 2017 (cm) 7.81(0.59) a 7.76 (0.59) a 437 (0.59) b

Means followed by different letters are statistically different (95% confidence interval).

The concentration of N in heads and residues was highest in INT in all three years. INT did not
differ from ORG only in 2017 whilst differed from ORG+ in 2015 and in 2017 (for crop residues) (Table
7). The amount of N accumulated in marketable product and residues was significantly higher in INT
and ORG than ORG#+ in all three years. Naccrand Nacct: were not statistically lower in ORG than INT
only in 2017. For P, the concentration in heads of lettuce was higher in ORG and ORG+ than INT in
2015, lower in ORG and ORG+ than INT in 2016, and not different among the systems in 2017. For
crop residues, the P concentration was significantly higher in ORG+ than ORG and INT. The P
accumulation in marketable yield was higher in INT than ORG and in ORG than ORG+ in 2015 and
2016. In 2017, there were no differences between INT and ORG, which both outperformed ORG+. For
crop residues, INT was still the treatment with the highest P accumulation levels, being higher than
ORG and ORG+ in 2015 and 2016 and higher than ORG+ alone in 2017. ORG and ORG+ did not differ
from each other only in 2015. As a result, the total accumulation of P in the aboveground biomass of
lettuce was higher in INT and ORG than ORG+ in 2014 and 2016 and was not different between INT
and ORG only in 2016. P accumulation in total biomass in ORG+ was always lower than ORG.

Table 7. Least squares means and standard errors of N concentration in marketable yield (Nconcy) and
residues (Nconcr); N accumulation in marketable yield (Naccy), residues (Naccr), and total aboveground
dry matter (Nacct); P concentration in marketable yield (Pconcy) and residues (Pconcr); P2Os accumulation
in marketable yield (P2Osaccy), residues (P2Osaccr), and total aboveground dry matter (P2Osaccy) in spring
lettuce. Confidence level: 95%.

Dependent Lsmeans (+SE)
Variable INT ORG ORG+
Nconcy (g 100 g1) 2015 3.24(0.10) a 2.74(0.10) b 3.23(0.10)a

Ncongy (g 100 g) 2016 3.06(0.10)a 2.23(0.10) b 2.07(0.10) b
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Ncongy (g 100 g1) 2017 3.06 (0.10) a 2.99 (0.10) a 2.65(0.10) b
Neone: (g 100 g1) 2015 2.35(0.08) a 1.92 (0.08) b 229 (0.08) a
Neone: (g 100 g1) 2016 2.29 (0.08) a 1.71 (0.08) b 1.46 (0.08) ¢
Nconc: (g 100 g) 2017 2.05 (0.08) a 1.99 (0.08) a 1.88 (0.08) a
Naccy (kg ha') 2015 3524 (3.20) a 29.79 (3.20) a 17.69 (3.20) b
Naccy (kg ha1)2016 49.75 (3.20) a 34.12 (3.20) a 7.83 (3.20)b
Naccy (kg ha1)2017 36.01 (3.20) a 33.12 (3.20) a 14.79 (3.20) b
Nacer (kg ha1)2015 0.59 (0.04) a 0.43 (0.04) b 0.24 (0.04) ¢
Nacer (kg ha1)2016 1.25 (0.04) a 0.78 (0.04) b 0.17 (0.04) ¢
Nacer (kg ha1)2017 0.69 (0.04) a 0.67 (0.04) a 0.23 (0.04) b
Nacar (kg ha1)2015 49.17 3.68) a 38.16 (3.68) b 23.15(3.68)
Nacar (kg ha1)2016 78.49 (3.68) a 47.53 (3.68) b 10.28 (3.68) ¢
Nacc: (kg ha1)2017 50.13 (3.68) a 46.53 (3.68) a 19.04 (3.68) b
Pconcy (g 100 g1) 2015 0.39(0.02) a 0.48 (0.02) b 0.45 (0.02) b
Pconcy (g 100 g1) 2016 0.49 (0.02) a 0.40 (0.02) b 0.42 (0.02) b
Pconcy (g 100 g1) 2017 0.44 (0.02) a 0.45 (0.02) a 0.44 (0.02) a
Pcone: (g 100 g1) 2015 0.28 (0.02) a 0.25 (0.02) a 0.32(0.02) b
Peonc: (g 100 g1) 2016 0.24(0.02) a 0.23 (0.02) a 0.29 (0.02) b
Pconcr (g 100 g) 2017 0.26 (0.02) a 0.24 (0.02) a 0.31(0.02) b
P:Osaccy (kg ha1)2015 9.74 (1.20) a 11.96 (1.20) b 5.66 (1.20) ¢
P2Osaccy (kg ha1)2016 18.09 (1.20) a 14.11 (120) b 3.69 (1.20) ¢
P20saccy (kg ha1)2017 11.95 (1.20) a 11.28 (1.20) a 552 (1.20) b
P20saccr (kg ha1)2015 3.84(0.36) a 2.45(0.36)b 1.73 (0.36) b
P:Osaccr (kg ha1)2016 6.97(0.36) a 4.20 (0.36) b 1.18 (0.36) ¢
P>Osaccr (kg ha1)2017 4.13(0.36) a 3.76 (0.36) a 1.59 (0.36) b
P20sacc: (kg ha1)2015 13.58 (1.20) a 14.41 (1.20)a 7.39(1.20) b
P20sacc: (kg ha1)2016 25.07 (1.20) a 18.30 (1.20) b 4.87(1.20) ¢
P20sacc: (kg ha1)2017 16.08 (1.20) a 15.04 (1.20) a 7.11(1.20)b

Means followed by different letters are statistically different (95% confidence interval).

3.3.4. Summer lettuce

For the lettuce crop grown in the summer before savoy cabbage, the statistical analysis gave
significant results for all the parameters, except HI (as affected by the cropping system), Pconcy,
Pconcr, and P2Osacct(Table S4).

As for the marketable yield (expressed as fresh matter or dry matter), in 2014, INT and ORG
were superior to ORG+ whereas, in 2016, there were no significant differences between ORG and
ORG+ but only with INT and, in 2017, we did not find any difference among the treatments (Table
8). A similar trend was also identified for dry matter production of crop residues with the exception
of 2016, when INT was higher than ORG+ only. For the total biomass of the crop, we found the same
trend as for the dry matter of heads. The mean fresh weight of each lettuce head was found to be
higher in INT and ORG than ORG+ in 2015, and higher in INT than ORG and ORG+ in 2016. No
differences were found among treatments in 2017. The mean diameter of lettuce heads was higher in
INT than ORG and higher in ORG than ORG+ in 2015 and 2016, whereas in 2017, ORG was equivalent
to ORG+.

Table 8. Least squares means and standard errors of marketable fresh yield (Y), dry matter of
marketable yield (dwy), dry matter of residues (dwr), total aboveground dry matter (dwt), mean fresh
weight of heads (MFW), Harvest Index (HI), and mean diameter of heads (MD) in summer lettuce.
Confidence level: 95%.

Dependent Lsmeans (+SE)
Variable INT ORG ORG+
Y 2015 (Mg ha!) 26.60 (2.64) a 24.54 (2.64) a 441 (2.64)*b
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Y 2016 (Mg ha™) 24.44 (2.64) a 13.79 (2.64) b 8.34(2.64)b
Y 2017 (Mg hal) 13.08 (2.64) a 10.34 (2.64) a 772 (2.64) a

dwy 2015 (Mg ha™) 1.20 (0.10) a 1.12 (0.10) a 0.30 (0.10) a
dwy 2016 (Mg ha) 1.26 (0.10) a 0.83 (0.10) b 0.54 (0.10) b
dwy 2017 (Mg ha™) 0.70 (0.10) a 0.51 (0.10)a 0.43(0.10) a
dw: 2015 (Mg ha-) 0.87 (0.05) a 0.56 (0.05) b 0.12 (0.05) ¢
dw: 2016 (Mg ha™) 0.35(0.05) a 0.25 (0.05) ab 0.18 (0.05) b
dw: 2017 (Mg ha-) 0.48 (0.05) a 0.50 (0.05) a 0.38 (0.05) a
dw: 2015 (Mg ha ) 2.07(0.14) a 1.68 (0.14) a 0.42 (0.14) b
dw: 2016 (Mg ha-1) 1.61 (0.14) a 1.08 (0.14) b 0.72 (0.14) b
dw: 2017 (Mg ha) 1.19(0.14) a 1.01 (0.14) a 0.81(0.14) a
MFW 2015 (g) 266.00 (26.40) a 245.43 (26.40) a 44.14 (26.40) * b
MFEW 2016 (g) 244.36 (26.40) a 137.88 (26.40) b 83.38 (26.40) b
MFW 2017 (g) 130.83 (26.40) a 103.39 (26.40) a 77.22 (26.40) a
HI 2015 0.58 (0.02) a 0.66 (0.02) b 0.71 (0.02) ¢
HI 2016 0.78 (0.02) a 0.77 (0.02) a 0.75 (0.02) a
HI 2017 0.59 (0.02) a 0.50 (0.02) b 0.54 (0.02) b
MD 2015 (cm) 13.13(0.77) a 9.77 (0.77) b 5.25(0.77)
MD 2016 (cm) 21.61 (0.77) a 18.36 (0.77) b 13.66 (0.77) ¢
MD 2017 (cm) 8.64(0.77) a 6.82 (0.77) ab 5.64 (0.77) b

Means followed by different letters are statistically different (95% confidence interval). * Value
statistically not different from zero.

The concentration of N in the marketable yield was higher in INT than ORG and ORG+ in 2016
and 2017 (Table 9). In 2015, ORG was also higher than ORG+. The residues were richer in N in the
INT plots, as well. INT was not different from ORG+ in 2015 and from ORG in 2017. The N
accumulation in marketable yield was higher in INT than ORG+ in all three years. In 2015 and 2017,
INT did not differ from ORG, only from ORG+. For N accumulated in crop residues, in 2015, INT and
ORG were significantly higher than ORG+ whereas, in 2016, ORG+ was equivalent to ORG and, in
2017, there were no differences among the cropping systems. The total N accumulation in
aboveground biomass of the lettuce was higher in INT and was significantly lower in ORG+.
Nevertheless, in 2016 and 2017, the lettuce crop achieved N accumulation levels equivalent to ORG.
For P concentration, summer lettuce showed normally higher levels for ORG and ORG+ with respect
to INT. In 2016 and 2017, we did not find any significant differences among treatments. The residues
showed a similar trend. Due to the lower biomass production, the N accumulation was very low in
the ORG+ system anyway. Only in 2017 (marketable product and total biomass) and 2016 (residues),
no differences were found among the three cropping systems tested.

Table 9. Least squares means and standard errors of N concentration in marketable yield (Nconcy)
and residues (Nconcr); N accumulation in marketable yield (Naccy), residues (Naccr), and total
aboveground dry matter (Nacct); P concentration in marketable yield (Pconcy) and residues (Pconcr);
P20s accumulation in marketable yield (P20Osaccy), residues (P2Osaccr), and total aboveground dry
matter (P20sacct) in summer lettuce. Confidence level: 95%.

Dependent Lsmeans (+SE)

Variable INT ORG ORG+
Nconcy (g 100 g) 2015 3.30(0.09) a 2.92(0.09) b 2.50(0.09) c
Nconcy (g 100 g1) 2016 3.01(0.09) a 2.49(0.09) b 2.47(0.09) b
Ncongy (g 100 g1) 2017 2.61(0.09) a 2.34(0.09) b 2.15(0.09) b
Nconer (g 100 g1) 2015 1.66 (0.08) a 2.21(0.08)b 1.56 (0.08) a
Nconc: (g 100 g) 2016 1.85(0.08) a 1.37(0.08) b 1.52 (0.08) b
Nconc: (g 100 g) 2017 1.96 (0.08) a 1.81 (0.08) a 1.52 (0.08) b

Naccy (kg ha) 2015 39.47 (2.60) a 32.52(2.60) a 7.41(2.60)b
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Nacey (kg ha)2016 37.35 (2.60) a 20.57 (2.60) b 13.63 (2.60) b
Naccy (kg ha)2017 18.20 (2.60) a 12.06 (2.60) ab 9.26 (2.60) b
Nacer (kg ha1)2015 14.55 (1.12) a 12.54 (1.12) a 1.91 (1.12) *b
Nacer (kg ha)2016 6.45(1.12) a 3.36 (1.12) ab 2.80 (1.12) b
Nacer (kg ha)2017 9.40 (1.12) a 9.17(1.12)a 573 (1.12) a
Nacc: (kg ha)2015 54.03 (3.54) a 45.06 (3.54) a 9.32 (3.54) b

Nacct (kg ha)2016
Nacc: (kg ha)2017

43.81 (3.54) a
27.59 (3.54) a

23.93 (3.54) b
21.22 (3.54) ab

16.43 (3.54) b
14.99 (3.54) b

Pconcy (g 100 g1) 2015 0.24 (0.02) a 0.44 (0.02) b 0.47 (0.02) b
Pconcy (g 100 g1) 2016 0.37(0.02) a 0.35(0.02) a 0.39(0.02) a
Pconcy (g 100 g1) 2017 0.37(0.02) a 0.38 (0.02) a 0.37(0.02) a
Pconc: (g 100 g) 2015 0.15(0.02) a 0.25(0.02) b 0.38 (0.02) c
Pconc: (g 100 g1) 2016 0.22 (0.02) a 0.20 (0.02) b 0.26 (0.02) a
Pconc: (g 100 g1) 2017 0.24 (0.02) a 0.25(0.02) a 0.24 (0.02) a
P20Osaccy (kg ha™)2015 6.60 (1.03) a 11.26 (1.03) b 3.20(1.03) c
P20saccy (kg ha)2016 10.71 (1.03) a 6.65(1.03)b 4.89 (1.03) b
P20saccy (kg ha)2017 6.11 (1.03)a 4.61(1.03)a 3.68 (1.03)a
P20Osaccr (kg ha™)2015 3.11(0.32)a 3.25(0.32)a 1.07 (0.32) b
P20saccr (kg ha)2016 1.79 (0.32) a 1.12(0.32) a 1.07 (0.32) a
P20sacer (kg ha)2017 2.71(0.32) a 2.82(0.32)a 2.03(0.32) a
P20sacc: (kg ha™)2015 9.70 (1.30) a 14.51 (1.30) b 4.27(1.30) c
P20sacct (kg ha)2016 12.49 (1.30) a 7.77 (1.30) b 5.96 (1.30) b
P20Osacct (kg ha1)2017 8.82(1.30) a 7.43(1.30) a 5.70 (1.30) a

Means followed by different letters are statistically different (95% confidence interval). * Value
statistically not different from zero.

3.4. Weed Biomass at Harvest Time of the Field Vegetables

The effect of the cropping system on the dry matter produced by weeds at harvest time of savoy
cabbage, fennel, and spring and summer lettuce is reported in Tables S1-54, respectively. Only in the
case of savoy cabbage, there were no significant differences among treatments. Neither were there
differences due to the year. The interaction between the cropping system and year was not significant
only in the case of summer lettuce.

In savoy cabbage, the organic conservative system (ORG+) did not perform worse than the other
two systems in terms of weed suppression (Table 10). Only in 2016, we highlighted significantly
higher weed biomass at harvest than in ORG and INT, although far under the 1 Mg ha of dry matter.
The level of weed biomass was higher in fennel in INT and ORG+ plots, whilst on average, the ORG
plots showed lower values than in savoy cabbage. In one year (2014), weed biomass in ORG reached
a level statistically not different from 0, resulting in a weed biomass significantly lower than INT and
far lower than ORG+. In 2015, weeds were significantly more abundant in INT plots whilst ORG and
ORG+ were statistically not different from each other. In 2016, we did not find any difference among
the treatments, but the level of weed biomass was ca. 50% less in ORG than INT and ORG+. In the
lettuce crops (i.e., spring and summer lettuce), ORG+ showed everytime higher levels of weed
biomass, with only two years (i.e., 2015 for spring lettuce and 2016 for summer lettuce) with values
below 1 Mg ha'. As expected, the INT system reached very low levels of weed infestation, accounting
for 4 out of 6 cases for a level statistically not different from 0. The performance of ORG dramatically
varied upon the lettuce crops, with significantly higher values than INT and equal to ORG+ registered
in summer lettuce in 2015 and 2017. In spring lettuce, only in 2017, the ORG plots showed a mean
value higher than 2 Mg ha' that was significantly higher than INT.

Table 10. Least squares means and standard errors of the dry matter of the weeds collected at harvest
time of savoy cabbage, fennel, spring lettuce, and summer lettuce in the three years. Confidence level:
95%.
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Dependent Lsmeans (+SE)
Variable INT ORG ORG+

Savoy cabbage (Mg ha™) 2014 0.17(0.14) a 1.01 (0.14) b 0.58 (0.14) ¢
Savoy cabbage (Mg ha™) 2015 0.36 (0.14) a 0.17 (0.14) a 0.53(0.14) a
Savoy cabbage (Mg ha™) 2016 0.52(0.14) a 0.29 (0.14) a 0.73(0.14)b
Fennel (Mg ha') 2014 0.63 (0.16) a 0.15(0.16) *b 1.44 (0.16) c
Fennel (Mg ha™) 2015 1.41 (0.16) a 0.79 (0.16) b 0.86 (0.16) b
Fennel (Mg ha™) 2016 0.78 (0.16) a 0.39 (0.16) a 0.77 (0.16) a
Spring lettuce (Mg ha) 2015  0.17 (0.24) * a 0.39(0.24)*a 0.60 (0.24)b
Spring lettuce (Mg ha) 2016 ~ 0.21 (0.24) * a 025(0.24)*a 1.25(0.24) b
Spring lettuce (Mg ha™) 2017 0.60 (0.24) a 2.08(0.24)b 1.59(0.24) b
Summer lettuce (Mg ha) 2015  0.28 (0.23) * a 1.30 (0.23) b 1.28 (0.23) b
Summer lettuce (Mg ha) 2016  0.30 (0.23) * a 0.81(0.23) a 0.80(0.23) a
Summer lettuce (Mg ha') 2017  0.96 (0.23) a 1.99 (0.23) b 2.04 (0.23) b

Means followed by different letters are statistically different (95% confidence interval). * Value
statistically not different from zero

3.5. Total Biomass Production and Nutrient Uptake at Crop Sequence Level

The results of the statistical analysis of the performances of the cropping systems at the level of
the entire crop sequence are reported in Tables S5 and S6. As shown in Table S5, the cropping system
significantly affected all the tested variables other than the yield-related ones, except the dry biomass
of the weeds. The inclusion of cover crops in the analysis of the performances of the cropping system
at the crop sequence level significantly affected all the tested variables, whereas the position in the
crop sequence (i.e., the field) was shown to be significant only for the dry matter produced by the
weeds. For yield-related variables (Table S6), the cropping systems significantly affected all the
parameters whilst the position in the sequence (field) affected only the N accumulation in marketable
yield.

For the total fresh marketable yield of all the crops grown in the entire crop rotation in the three
years (Figure S1), overall, the INT system outperformed ORG by 12.5% and ORG+ by 161% whereas
ORG was superior to ORG+ by 132%.

In Figure 2, the interaction effects between cover crops and cropping system on total production
of dry matter in marketable yield (dwy), residues (dwr), total aboveground biomass (dwt), and weeds
(dww) is shown.
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Figure 2. Interaction between cover crops (without (CC-) vs. with (CC+)) and cropping system (INT
vs. ORG vs. ORG+) on dry matter production (Mg ha™) of marketable yield (dwy), residues (dwr),
total aboveground biomass (dwt), and weeds (dww) at the level of entire crop sequence: Within the
same dependent variable, bars with different letters are significantly different (confidence level 0.95).

The total dry matter marketable yield production did not differ between INT and ORG, whereas
it was lower in ORG+, whatever the level of cover crops. For total dry matter residue production, the
highest value was shown by ORG CC+. ORG+ CC+ was not different from INT CC+, INT CC-, and
ORG CC- but was higher than ORG+ CC-. As a result, total aboveground dry matter production of
the crop sequence followed the same trend as dwr. The net gains in total crop dry matter production
due to inclusion of cover crops in calculations were 8.05 and 5.17 Mg ha!, respectively, for ORG and
ORGt+. Total weed dry matter was significantly lower in INT CC-, where the dry matter of weeds
collected in the inter-crop period was not considered, than all the other treatments. The highest weed
abundances were observed in INT CC+ and ORG+ CC+. Intermediate results were achieved by the
remaining treatments.

In Figure 3, we reported the interaction effects between cover crops and cropping system on
total N accumulation (kg N ha™) in marketable yield (Naccy), residues (Naccr), and total aboveground
biomass (Naccy).
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Figure 3. Interaction between cover crops (without (CC-) vs. with (CC+)) and cropping system (INT
vs. ORG vs. ORG+) on total N accumulation (kg N ha™) in marketable yield (Naccy), residues (Naccr),
and total aboveground biomass (Nacct) at the level of entire crop sequence: Within the same
dependent variable, bars with different letters are significantly different (confidence level 0.95).

Total N accumulation in marketable product was significantly higher in INT than ORG,
irrespective of cover crops level. Averaged over cover crops, ORG+ accumulated less than 100 kg N
ha, resultingly significantly lower than INT and ORG. For crop residues, we observed a different
trend, with the highest N accumulation observed for ORG CC+, followed by INT CC+ and INT CC-
and different from ORG CC- and ORG+ CC+. ORG CC- showed the lowest value. Total N
accumulation in aboveground crop biomass followed the same trend as Naccr. ORG CC+ was the
only treatment that accumulated more than 500 kg N ha™. Averaging cover crops levels, INT
accounted for around 450 kg N ha™' whereas the best performing ORG+ treatment (i.e., ORG+ CC+)
accounted only for 236 kg N ha. The net gain in N accumulation due to inclusion of cover crops in
calculations accounted for 166 kg N ha for ORG and 78 kg N ha' for ORG+.
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3.6. Nitrogen Use Efficiency

In Table 11, the results of the analysis of N use efficiency of the single crops averaged over the
three experimental years and of the entire crop sequence, considering or not considering the
contribution of cover crops, are shown.

Table 11. N use efficiency indicators averaged over the three years for savoy cabbage, fennel, spring
lettuce, summer lettuce, and the entire crop sequence with and without the contribution of cover
crops.

PFP:* PFPsi *
Cropping N budget Nsurplus:* Nsurplusy* NUtE:*
Crop NREac* NREac¢* (Mgfm. (Mgf.m.
System (kg Nha?) (kgNha?) (kgNha') (Mgf.m.kg?N)
kg'N)  kg'N)

INT -3.45 -25.78 51.90 0.18 1.03 1.24 0.18 0.22
Savo
Y ORG 227 -57.82 0.20 0.25 1.07 1.98 0.26 0.48
cabbage
ORG+ 21.79 -17.56 7.44 0.20 0.67 1.63 0.14 0.34
INT 93.23 65.92 104.27 0.30 0.37 0.46 0.11 0.14
Fennel ORG 81.34 34.34 65.84 0.30 0.35 0.55 0.10 0.16
ORG+ 52.60 5.23 20.99 0.40 0.32 0.81 0.13 0.34
INT -15.38 -38.61 -19.65 0.35 1.31 243 0.47 0.88
Spring
ORG -4.78 -28.63 -16.81 0.42 1.11 2.46 0.46 1.02
Lettuce
ORG+ 5.61 -20.09 -15.97 0.40 0.78 - 0.28 -
INT 14.53 4.22 14.33 0.50 0.75 0.91 0.38 0.46
Summer
ORG -19.13 -29.91 -21.57 0.53 2.79 - 1.52 -
Lettuce
ORG+ -1.74 -13.11 -9.61 0.51 1.19 - 0.62 -
Crop INT 539.98 226.96 226.96 0.29 0.58 0.99 0.17 0.28
sequence ORG 355.58 42.55 42.55 0.32 0.65 1.53 0.21 0.49
without
ORG+ 313.27 0.25 0.25 0.32 0.40 1.89 0.12 0.59
cover crops
Crop INT 539.98 226.96 226.96 0.29 0.58 0.99 0.17 0.28
sequence ORG 456.46 42.55 42.55 0.22 0.81 2.24 0.18 0.49
with cover
crops ORG+ 365.30 0.25 0.25 0.21 0.53 2.81 0.11 0.59

* N surplus calculated on N accumulation in total crop biomass (Nsurplusi) and N accumulation in
marketable yield (Nsurplusyi); N utilization efficiency (NUtE:); N Recovery Efficiency of total N inputs
(NREaci) and of fertilizers only (NREacs); and Partial Factor Productivity of total N inputs (PFPi) and
of fertilizers only (PFPs).

For savoy cabbage, the N budget (i.e., the difference between all the N inputs and N
accumulation in total biomass) was positive only for ORG and ORG+. In particular, ORG+ resulted
in the lowest value, with about 22 kg N ha™ of surplus. Overall, for cabbage, the three systems did
not overconsume or exploit N. Nevertheless, the important contribution of N from sources other than
fertilizers was clearly shown by the negative values of N surplus calculated in terms of total N
accumulation for all three systems (Nsurpluss). The fertilizers covered actually the N accumulation
of corymbs in ORG and ORG+ whilst gave a surplus of around 50 kg N ha™ in INT (Nsurplusyi).
Apparently, the efficiency in converting into marketable yield the unit of N accumulated in the
biomass was not different among the systems (NUtE) and accounted for around 0.2 Mg f.m. kg total
N accumulation. The recovery of total N inputs was close to 1 (i.e., the level at which N accumulated
in total biomass was equal to the N inputs) for INT and ORG, whilst ORG+ accumulated only 67% of
total N inputs. If considering only N from fertilizers, the three systems clearly all showed they
accumulated also N from other sources, as they all showed values far higher than 1. The efficiency in
converting the unit of N supplied in marketable yield (PFP) was higher in the ORG system, either
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considering the totality of N inputs or only the fertilizers. Interestingly, ORG+ outperformed INT
when considering only N from fertilizers as an input.

For fennel, the N budget was sensibly more positive than for savoy cabbage. The ORG+ revealed
an N surplus close to zero when considering the total N accumulation (only 5.23 kg N ha™'). The NUtE
was slightly higher in the ORG+ and converted more efficiently the N accumulated into swollen bases
(+0.1 Mg f.m. kg' N). The PFP was lower than in savoy cabbage and reached the maximum in ORG+.

For spring lettuce, ORG+ was the only treatment showing a slightly positive N budget (5.61 kg
N ha!), but when considering as N inputs, only the N from fertilization of all the treatments gave
negative values, meaning N outputs were higher than inputs due to low values of N from fertilizers.
The NUtE results did not show any difference among the systems and averaged around 0.4 Mg f.m.
kg™ N. The lettuce in ORG+ plots did not uptake 22% of the N supplied as total inputs. NReacs and
PFPs were not calculated for ORG+ as N fertilizers were not applied. More than double the N
accumulated in crop biomass in ORG and INT came from sources other than fertilizers (NReac).
ORG+ was the less efficient system in terms of conversion of N supplied into marketable yield.

In summer lettuce, the INT system resulted in a positive N budget (+14.53 kg N ha™') and surplus
(4.22 and 14.33 kg N ha!, respectively, for Nsurpluss and Nsurpluss) whereas ORG and ORG+ always
gave negative values due to nonuse of fertilizers. The NUTe was not different among the systems
and reached the highest values in the crop rotation (around 0.5 Mg f.m. kg N). ORG (2.79) and ORG+
(1.19) showed the highest efficiency in recovery of N supplied as total inputs, whilst INT did not
reach the tie value of 1 even when considering only N from fertilization. The productivity of N units
(PFP) was higher in ORG than ORG+ and then INT.

Considering the entire crop sequence, it is clear how all the systems produced high N surplus
expressed as N budget that peaked 540 kg N ha in INT, 356 kg N ha'in ORG, and 313 kg N ha in
ORGH+. If considering also N fixation of legume cover crops, the N budget of ORG and ORG+ reached,
respectively, 457 and 365 kg N ha-'. Interestingly, the two organic systems differed from INT in terms
of N surplus that was close to 0 but still positive for INT and very negative for ORG and ORG+,
especially when considering also N accumulated by cover crops, as we did not distinguish between
N accumulation derived from N fixation. This means the two organic systems strongly relied on N
sources other than fertilizers. When considering only N accumulation in marketable yield, the N
surplus was close to 0 for ORG+, positive for ORG (around 43 kg N ha), and still high for INT (227
kg N ha™). Averaged over crops, NUtE was around 0.30 Mg f.m. kg N for all the systems when not
considering cover crops, whereas it became 0.1 Mg fm. kg N lower in ORG and ORG+ when
including N from cover crops in calculations. The N recovery was far lower from 1 in all the systems
when considering total N inputs, with ORG showing the highest value (0.65 Mg f.m. kg N).
Including N accumulated by cover crops increased the efficiency of ORG and ORG+, with ORG
reaching 0.81 Mg f.m. kg N. If accounting only N from fertilization, the results clearly showed how
INT was able to accumulate 99% of fertilizer N whilst ORG and ORG+ were underfertilized and relied
upon additional N from other natural sources. Finally, the PFP of total N inputs was comparable
among the systems and a bit lower in ORG+ than ORG and INT. Nevertheless, the PFP of fertilizers
only clearly segregated among INT and the two organic systems. Due to the low N fertilization rates,
ORG+ resulted in being the most productive system per unit of N supplied as fertilizers (+0.1 Mg f.m.
kg1 N with respect to ORG and +0.31 Mg f.m. kg~' N with respect to INT).

4. Discussion

In this work, we studied the agronomic performances of an organic conservative management
of a two-year field vegetable crop rotation compared to a standard organic and an integrated
management system in Mediterranean conditions.

Our study confirms previous evidences (e.g., References [18,27,28,39]) that organic no-till
systems are promising strategies to improve the sustainability of organic field vegetable systems but
still need strong development and further investigations. In our experiment, we designed the organic
conservative system with the main aims to reduce GHG emissions, to produce nonrenewable energy
saving, and to emphasize use of internal natural resources in compliance with the principles of
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organic no-till [6,20] and agroecology [27,39]. This resulted in very basic application of organic
fertilizers in the ORG+ plots, where most of the regulating services (i.e., nutrient availability and
weed suppression) were supposed to be provided by the cover crops grown as living or dead mulch.
Given the not so high and stable biomass production of the dead mulch and the variable growth of
the living mulch grown in the ORG+ plots (Table 1), the provision of agroecological services was not
expressed enough to enhance system performances. Further research efforts are still needed to
identify the cover crop species and management options most adapted to no-till conditions in order
to enhance the level and the stability of ecosystem service delivery by cover crops. Selection of cover
crop species should be done taking into account traits related to rooting capacity, high nutrient
uptake and mobilization, N2 symbiotic fixation, low water consumption, quick soil cover, and
creeping habitus (especially for living mulch use) [20]. The level of biomass production of the cover
crops is indeed the crucial factor behind the functioning of no-till, cover crop-based cropping systems,
as also pointed out by Reference [28].

For savoy cabbage, our results clearly showed how lack of nitrogen was likely the most
important limiting factor for crop yield and N accumulation in ORG+. In the best years (2014 and
2015), the cabbage managed under ORG+ conditions yielded 50% lower than INT, whereas it was
almost unable to complete the reproductive phase in 2016 (Table 2). Nevertheless, the results
achieved by the ORG and INT systems were overall far below the standard for Central Italy [40] but
in line with other similar experiments [41]. It is noteworthy that the harvest index was normally
higher in ORG+ plots than in INT (Table 2). This result, combined with the low dry matter production
of corymbs, highlights that also the vegetative growth was not well completed by the crop in the
conservative system, likely due to a lack of readily available nitrogen from the initial stages after
transplanting. To prove this hypothesis, further investigations are needed, looking at early indicators
of crop nutrient status at the vegetative stage, such as the NDVI (Normalized Difference Vegetation
Index) or the LAI (Leaf Area Index), as suggested by Reference [42].

Besides the concentration of total N in the root zone, the mineralization rate of soil organic matter
and of organic fertilizers applied uniquely at the transplanting stage also might have differed
between ORG+ and tilled systems. In the ORG+ system, the N fertilizers were broadcast spread over
the soil just before transplanting the cabbage and this might have likely caused poor contact with the
soil and consequently a slowdown in the mineralization rate of the fertilizers. The N use efficiency
indicators studied (Table 11), in particular, the NReacc (showing a 33% of reduced recovery of N
applied as fertilizers in ORG+), clearly support this hypothesis. In a recent paper published on GHG
emission in the same experiment [26], a lower N20 emission from ORG+ plots than in INT and ORG
was demonstrated. This might have been due to the low supply of fertilizers in the organic
conservative system. Nevertheless, in the same paper, peaks of N2O emission after application of
organic fertilizers have been reported, possibly due to no incorporation of the fertilizers. Our findings
thus support the option to increase N fertilization rates at least in the transition phase to no-till in
order to better support plant growth, given the uncertainty of the mineralization rate of the organic
fertilizers in untilled soils. Another important option to be tested is to place fertilizers directly into
the crop furrow [43] on the transplanting date in order to enhance contact between nutrients and
roots and, more importantly, to stimulate the mineralization of the organic material and fertilizer N
uptake while preventing high N20 emissions. Given the organic nature of the fertilizers and their low
N concentration, a significant caustic effect of N on crop roots should not occur with in-furrow
applications.

Among other potential stressors, excluding any effect of noxious organisms (e.g., pests and
diseases), we can argue that also soil compaction caused by no-till in first 0-10 cm soil layer might
have played a role. This is well known in literature on no-till, especially in the transitional stage from
inversion tillage to conservative management as in our case [6,44]. The use of the modified
transplanting machine mounting shank openers [32] should have been reduced at least at the
beginning problems of compaction for rootlets. At later stages, the persistence of shallow compaction
might have caused a limited vertical root development that we were not able to assess.
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Actually, neither weeds nor P seemed to have been the real limiting factors for cabbage. For
weed biomass at harvest (Table 10), we did not find clear and strong differences between ORG+ and
tilled systems. Likewise, for P concentration in plant tissues (Table 3), we did not observe significant
depletion in ORG+ plots, but rather often an increase. This trend was also evident for fennel (Table
5), for which we did not detect any significant differences between ORG+ and INT. This is an
interesting issue that is worth further investigating in the future. We hypothesize that, besides a
concentration effect due to poorer crop biomass produced, there might have been other reasons for
this increase in P content under no-till plus living mulch, first of all symbiosis with arbuscular
mycorrhizal fungi (AMF) and soil acidification mediated by the living mulch root exudates [45].

Nevertheless, besides P availability, the contribution of the studied living mulch of red clover
was not appreciable in terms of crop advantages. Other authors [46] highlighted how the
management of living mulch plays a key role in determining its ability to grow without competing
for resources with the crop and to deliver weed suppression and nutrient mobilization. In particular,
it was shown how a sowing date of the living mulch earlier than the transplanting date of the
vegetable crop can reduce the performance of the living mulch compared to sowing contemporary to
transplanting [46]. In our case, the red clover did not always establish well after its direct seeding due
to soil compaction and poor seed-soil contact. Then, the clover covered the soil pretty well at crop
transplanting (summer lettuce and cabbage). Anyway, in many cases, we observed the clover
outgrowing the cabbage and, more often, summer lettuce at early development stages of the crops,
whereas competition with weeds at later stages was not satisfactory. This was also because the in-
crop management of the living mulch, i.e., inter-row flaming, was feasible and effective only until the
crop did not cover the rows, but in many cases, the most aggressive weeds started to grow only later
in these stages. This was especially the case of summer lettuce, for which we observed repeatedly
problems of summer grass weed species (e.g., Digitaria sanguinalis (L.) Scop., Setaria italica subsp., and
viridis (L.) Beauv.) escaping from control with flaming. Another weakness of this management system
was the control of the weeds within the row that was simply not feasible with the operating machines
available. Developing machinery for effective weed and living mulch management also at later stages
and within the row is thus required to improve no-till systems based on living mulch. To enhance
the living mulch establishment, as its direct seeding can be problematic, and to reduce soil
compaction due to passes of heavy machinery like direct drillers, alternative strategies, e.g., testing
permanent living mulch lasting for years before regeneration as suggested by References [6,47],
should be tested. This could also help solve the problem of controlling weeds within the crop row as
creeping, permanent living mulch can have enough time to cover the entire soil surface during their
growth.

For fennel and, more importantly, on the two lettuce crops, we identified in weed management
the most important factor together with nutrient management affecting crop yield in the organic
conservative system. As pointed out by Reference [48], weed control represents an important yield
determinant in organic fennel due to scarce competitiveness of the crop. For lettuce, weed
competition is a major issue given its short cycle, small plant height, low soil cover capacity, and
shallow root [49].

Weed biomass at harvest in spring lettuce was always higher than the other systems except for
in 2016 (not different from ORG) (Table 10). In summer lettuce, ORG+ had more weeds than INT in
all years, but not significantly in 2015. ORG+ did not differ from ORG in all three years (Table 10).
The high weed presence and the low yield observed in summer lettuce might be partially explained
by the performances of the living mulch of red clover. The lowest yield observed in 2015 (4.41 Mg
f.m. ha™, a value not statistically different from 0) can be linked, in our opinion, to the overgrowth of
the living mulch, which peaked 2.27 Mg d.m. ha™ (Table 1) and was too competitive with the crop
from early stages. In 2016, when the summer lettuce reached the highest yield (Table 8), the biomass
production of the living mulch was almost null. Nevertheless, the weeds were also not so aggressive
(Table 10), maybe because weather conditions more favorable to the crop. In 2017, when the weed
biomass reached a peak over 2 Mg d.m. ha™' (Table 10), the crop yield was not much depleted, maybe
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because of favorable weather conditions and also a slightly higher N availability from the living
mulch, the biomass of which was a bit higher than in 2016 (Table 1).

For spring lettuce, the relationships between crop yield and weed biomass were more evident
than in summer lettuce, as also shown by the huge yield depletion in the ORG system in 2017 in the
presence of the highest weed abundance (Tables 6 and 10). The absence of a new cover crop grown
immediately before the spring lettuce and the poor regeneration of the red clover after cabbage
harvest might have led to insufficient weed control.

In our experiment, the weed biomass at harvest of fennel was higher in ORG+ than ORG and
INT only in 2014 (Table 10), leading to a marketable yield much lower than achievable [40,41] (Table
4). The yield was still low in 2016, although weed biomass was half that of 2014 (Table 10).
Nevertheless, in 2015, the marketable yield of fennel in the conservative system reached a peak and
did not differ from the standard organic system (ORG) (Table 4). If we look at the composition and
biomass produced by the summer cover crop mixture grown before fennel (Table 1), we can easily
argue that the performances of the fennel were very related to the growth of the cover crops grown
before its transplant and terminated as dead mulch. In 2014, the low yield of fennel and the high
weed biomass at harvest can be explained by the low biomass produced by the dead mulch (only
1.31 Mg d.m. ha™'). For dead mulch, the importance of achieving high amounts of biomass production
of cover crops to produce good soil cover, weed suppression, and nutrient release has been reported
by many authors [6,50] and, in a recent paper, produced in similar conditions [28]. The summer cover
crop mixture adopted in this study performed quite well but with the contribution of 2-3 species,
whilst one of them (i.e., buckwheat) was very scarce in the canopy (Table 1). This finding emphasizes
the need to investigate further in species/varieties of cover crops adapted to use as dead mulches in
no-till systems. Besides quantity, also quality of cover crop biomass can be a key factor in terms of
service delivery. In 2015 and 2016, when the cover crop biomass production was satisfactory, we can
identify two different compositions of the mixture, with grass species (i.e., foxtail millet and grain
millet) dominating in 2015 and a more balanced composition in 2016 (Table 1). This difference might
have led to different killing rates and different kinetics of decomposition [31]. The termination
technique (i.e., roller crimping plus flaming [28,31]) was very effective in both years in terms of killing
rate, which was proximate to 95%. In 2015, the more abundant dead mulch obtained allowed the
fennel to complete regularly the first stages after transplanting and to establish well, given the good
soil moisture level conserved below the mulch and the thickness of the mulch, which prevented
weeds from emerging at early stages. The not-so-quick mineralization rate of the biomass,
characterized by a dominance of grass plants (i.e., high C:N ratio), avoided quick disappearance of
the mulch that was as effective as at early stages in reducing weed emergence and growth, especially
at later stages. Probably, this did not happen in 2016, when a higher presence of red cowpea biomass
in the mixture might have led to a quicker decomposition of the dead mulch, freeing space for weeds
to develop earlier than in 2015. In fennel, inter-row flaming was not as effective as in cabbage due to
the presence of the dead mulch layer, which did not allow to enhance exposure time because of the
burning risk. Thus, our findings encourage further research efforts aimed at identification and testing
in different pedoclimatic conditions of high biomass producing cover crops with high long-lasting
capacity. Different termination techniques and machinery should be also tested in order to allow for
distribution of the dead mulch along the crop furrow. Monitoring of mineralization rates of dead
mulch provided by different cover crop species managed differently is also recommended.

As shown in Table 5, in 2016, the concentration of N in swollen bases and residues of fennel in
ORG+ reached the lowest values, revealing insufficient crop N uptake and a nonrelevant contribution
from the cover crops in terms of N supply. Red cowpea, the only legume in the mixture, which was
supposed to deliver N to fennel through N2 biological fixation, did not produce nodules in the first
year, maybe due to low presence of the required Rhizobium strain, whereas it showed regularly root
nodules in the second and third year. This behavior might have produced different interactions with
the grass companion cover crops (foxtail millet and grain millet) in terms of N availability, leading to
different levels and quality of service provision to the fennel.
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In terms of nutrient management, for fennel and cabbage, our findings highlighted how a unique
application of N fertilizers at crop transplant could not be enough to sustain the crop during its
growth. Fertigation with organic soluble fertilizers can be an option to achieve an increased nutrient
availability for the vegetables, to simultaneously reduce water volumes for irrigation, and to reduce
water availability for weeds by concentrating irrigation on the crop row [51]. Nevertheless, this
option may interfere with mechanical/thermal weed control due to the presence of the irrigation
hoses on topsoil. Subirrigation combined with no-till can be an alternative valuable option in that
sense [51].

Overall, from an agroecological point of view, our results demonstrate that the total biomass
production of the low-input organic conservative systems can be as high as in the standard organic
and integrated systems if cover crop biomass is also considered. Cover crops thus were confirmed to
be indispensable tools in conservative low-input systems. What clearly made a huge difference was
the proportion of marketable yield on total biomass, which was normally higher in the tilled systems
because of faster mineralization of crop residues and organic fertilizers and lower weed abundance.
Insisting on the fine-tuning of organic conservation systems is thus worth to be pursued in order to
enhance the marketable productivity of these systems.

5. Conclusions

The organic conservative system tested in our experiment (ORG+) revealed to be ineffective in
terms of crop yield and N uptake for the four vegetable crops. Nevertheless, potentialities in terms
of reduction of environmental pollution risks by avoiding nitrogen surplus in the soil and better
exploitation of natural internal resources (N from N2-fixation and higher availability of soil P) were
highlighted. As organic cover crop and no-till based cropping systems should express their potential
when designed tailored to local pedoclimatic and agronomic conditions, we encourage further
development of the system through additional investigations on soil nutrient cycling processes and
weed dynamics in no-till systems, as well as on developing and testing innovative technologies for
the management of cover crops, weeds, irrigation, and fertilization adapted to such systems.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Total fresh
marketable yield (Mg ha™) of the entire crop sequence under the three cropping systems (INT, ORG, and ORGH+).
Bars are standard errors. Confidence level 95%, Table S1: Agricultural practices carried out in Field 1 for each
crop in the whole experimental period, Table S2: Agricultural practices carried out in Field 2 for each crop in the
whole experimental period, Table S3: Type III analysis of variance table with Satterthwaite’s method of the
model Imer (y~cropping system*year+(1|block)+(1|year) for savoy cabbage. Confidence level: 95%, Table S4:
Type III analysis of variance table with Satterthwaite’s method of the model Imer (y~cropping
system*year+(1|block)+(1lyear) for fennel. Confidence level: 95%, Table S5: Type III analysis of variance table
with Satterthwaite’s method of the model Imer (y~cropping system*year+(1Iblock)+(1 | year) for spring lettuce.
Confidence level: 95%, Table S6: Type III analysis of variance table with Satterthwaite’s method of the model
Imer (y~cropping system*year+(1|block)+(1 | year) for summer lettuce. Confidence level: 95%, Table S7: Field log
of Field 1 and Field 2 with dates and operational details on each field operation practiced in the three years of the
experiment
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