
Nitrogen

Article

Effects of Different Organic Soil Amendments on Nitrogen
Nutrition and Yield of Organic Greenhouse Tomato Crop

Anastasios Gatsios 1 , Georgia Ntatsi 1 , Dionisios Yfantopoulos 1, Penelope Baltzoi 2, Ioannis C. Karapanos 1,
Ioannis Tsirogiannis 2 , Georgios Patakioutas 2 and Dimitrios Savvas 1,*

����������
�������

Citation: Gatsios, A.; Ntatsi, G.;

Yfantopoulos, D.; Baltzoi, P.;

Karapanos, I.C.; Tsirogiannis, I.;

Patakioutas, G.; Savvas, D. Effects of

Different Organic Soil Amendments

on Nitrogen Nutrition and Yield of

Organic Greenhouse Tomato Crop.

Nitrogen 2021, 2, 347–358. https://

doi.org/10.3390/nitrogen2030024

Academic Editor: Germán Tortosa

Received: 13 July 2021

Accepted: 24 August 2021

Published: 26 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Laboratory of Vegetable Production, Department of Crop Science, Agricultural University of Athens,
11855 Athens, Greece; gatsios@aua.gr (A.G.); ntatsi@aua.gr (G.N.); yfantopoulos@aua.gr (D.Y.);
karapanos@aua.gr (I.C.K.)

2 School of Department of Agricultural Technology, University of Ioannina, Kostakii Arta, 47100 Arta, Greece;
pinelbalt@uoi.gr (P.B.); itsirog@uoi.gr (I.T.); gpatakiu@uoi.gr (G.P.)

* Correspondence: dsavvas@aua.gr; Tel.: +30-210-5294510

Abstract: Manure is a common source of nitrogen (N) in organic farming. However, manure is not
always easily available, while the maximum N amount added as animal manure in organic agriculture
is restricted by EU regulations. The present study was designed to test whether green manuring
with a warm-season legume and intercropping with a cold-season legume can substitute farm-yard
manure or compost as N sources in organic greenhouse tomato crops. To test this hypothesis, a winter-
spring (WS) tomato crop was installed in February following the incorporation of crop residues of
an autumn-winter (AW) tomato crop intercropped with faba bean, which had been fertilized with
cowpea residues as green manure. This treatment, henceforth termed legume treatment (LT), was
compared with the use of compost or manure as an N fertilization source in both tomato crops. In
addition, a combination of compost and LT was also used as a fourth treatment. The results showed
that green manuring with legumes and particularly cowpea can contribute a significant amount of N
to the following organic tomato crop, through the biological fixation process. Nevertheless, legumes
as green manure, or compost, or their combination cannot efficiently replace farmyard manure as an
N fertilization source. Compost exhibited a slow mineralization course.

Keywords: Solanum lycopersicum; cowpea; faba bean; rhizobia; green manure; intercrop; nitrogen;
farmyard manure; compost

1. Introduction

Organic farming has grown significantly over the last two decades. According to
Willer and Lernoud [1], during this period the cultivated organic area almost increased
sevenfold, while the share of organic cultivation in the total cultivated area increased
fivefold. The main reasons for this increase were, on the one hand, the concern of many
people about the impact of conventional agriculture on their health and the environment [2],
and especially on the pesticide residues in food [3], and on the other hand, the decision of
many farmers to turn to organic farming. This can be ascribed especially to the fact that the
growers have seen an impasse in conventional cultivation due to soil degradation, reduced
soil fertility, and the evolution of pesticide resistance. If we add to this the fact that public
awareness about greenhouse gas emissions and climate change has significantly risen in
the last decades, it is easy to justify this increased interest in organic farming.

However, organic farming has many limitations imposed by national or international
regulations, the implementation of which is controlled by public or private certification
bodies. Thus, the application of synthetic chemicals is prohibited for both plant protection
and fertilization purposes [4] and only environment-friendly practices, such as crop rota-
tion, enhancement of soil fertility through biological processes, composting, and beneficial
biota can be deployed to maintain soil fertility and control pathogens and pests [4,5].
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Nitrogen (N) availability is critical for plant performance in both conventional and
biological farming systems [6,7]. However, in many countries and throughout EU, the use
of inorganic N, not only synthetic but also of mineral origin, is prohibited in organic farming.
Thus, sufficient availability of N becomes the most critical factor for yield performance in
organic crops. Consequently, adequate supply of N in organic crops is a primary concern
for the economic success of this production system [8–10].

Farm-yard manure (FYM) is one of the most common organic amendments in organic
plant production, both in highly intensive systems, which are more frequent in Northern
and Central European countries, and in less intensive cropping systems found mainly in
Mediterranean regions [11,12]. The total amount of livestock manure applied as fertilizer
should provide N at amounts that do not exceed 170 kg of N per hectare according to
the Commission Reg. (EC) No 889/2008 [13]. This amount is insufficient for greenhouse
tomato crops, especially when production takes place year-round [14]. Furthermore, animal
manure originating from factory farming systems is forbidden by the same regulation,
while in some countries animal manure of organic farming origin is compulsory.

Compost is another main soil amendment in organic farming that successfully con-
tributes to the soil structure maintenance and nutrient supply [15,16]. The most important
factors that define the use of either compost or animal manure are the cost of the product,
its quality, and its availability in the market. For example, compost from olive-mill wastes
of high quality and low cost is easily available in the Mediterranean basin [17].

The use of legumes as green manure or intercrops can be an important source of N
in organic agriculture [18,19]. Legumes, when cultivated as green manure, can supply a
significant amount of N to subsequent organic tomato crops [20]. This is ascribed to their
ability to fix N2 from the atmosphere through symbiotic relationships with rhizobia [18]. It
is well documented that inoculation of the legume seeds with suitable rhizobia strains may
result in increased nodulation, biological N fixation (BNF), and total biomass, especially
if the legume species have not been cultivated before in the specific soil [12,21]. The use
of green manure, although highly recommended in organic farming as reported explicitly
in the EU Regulation, is rather difficult to be implemented in greenhouses compared to
open-field crops, mainly due to economic reasons [11].

In the above context, the present study was designed to test the possibility of using
legumes as green manuring and intercropping, as an alternative source of N in a greenhouse
tomato crop grown according to organic farming practices. To address this question,
cowpea was cultivated for green manuring during summer, while faba bean was cultivated
as intercrop during autumn and winter by sowing between the tomato rows. Legume
biomass was incorporated either alone or in combination with olive-mill waste compost
and compared with FYM application in terms of its ability to provide inorganic N and
enhance the yield of the next tomato crop, which was planted in February and terminated
in June.

2. Materials and Methods
2.1. Site and Plant Material

An experiment was conducted to evaluate legume biomass, applied as green manuring
and intercropping, alone or in combination with compost, as sources of N in organic tomato
crop. The experiment was carried out in a commercial greenhouse located in Preveza,
North-Western Greece (38◦59′29.2′′ N; 20◦45′36.1′′ E, 5 m.a.s.l.) from February 2018 to June
2018. The experimental tomato crop followed another organic tomato crop (preceding
tomato crop), which was established on 2 August 2017 and terminated on 19 January 2018.
The experiment was laid out as a randomized complete block design with four replicates
and the plot size was 15 m2.

Four different fertilization treatments were applied in the experimental tomato crop
(Table 1). In treatment 1(FYM), farmyard manure was applied at a rate of 50 t ha−1,
which was considered the control treatment. The FYM was obtained from free-range cattle
farming and contained 0.34% N, 0.15% P, and 0.48% K. In treatment 2 (OMWC), only
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olive-mill waste compost, containing 1.26% N, 0.08% P, and 1.03% K, was applied at a rate
of 30 t ha−1. In treatment 3 (legume treatment: LT), cowpea (Vigna unguiculata (L) Walp.)
was grown for 2 months during the summer and incorporated into the soil as green manure
before establishment of the preceding tomato crop. In the same experimental plots, faba
bean (Vicia faba L.) was cultivated as intercrop during the preceding tomato crop and the
produced biomass was incorporated into the soil at crop termination. Finally, in treatment
4 (LT + OMWC), the same compost as in treatment 2 (OMWC) was applied in combination
with the legumes used as green manure and intercrops in treatment 3 (LT).

Table 1. Description of the organic matter applied as organic fertilization source in each experimental
treatment. FYM: farmyard manure; LT: legume treatment; OMWC: olive-mill waste compost.

No Treatment Description

1 FYM Farmyard manure 50 t ha−1 (considered as control)
2 OMWC Olive-mill waste compost 30 t ha−1

3 LT Cowpea green manure before the preceding tomato crop
and faba bean intercropped with the preceding tomato crop

4 LT + OMWC
Cowpea green manure before the preceding tomato crop
and faba bean intercropped with the preceding tomato crop
plus olive-mill waste compost at a rate of 30 t ha−1

Prior to their sowing, the seeds of cowpea were inoculated with a mix of Bradyrhizobium
sp. VULI11, isolated from nodules of field-grown cowpea in Greece [22], whereas the seeds
of faba bean were inoculated with a mix of Rhizobium sp. symbiovar (sv.) viciae, isolated
from field-grown faba bean nodules in Greece [23]. Faba bean was sown between the
tomato rows at a density of 10.67 seed m−2, 85 days after tomato transplanting. OMWC
was applied at the same dose in treatment 4 as in treatment 2 (Table 1).

The experimental tomato crop was established on 9 February 2018 by planting grafted
seedlings of the commercial hybrid ‘Ekstasis F1’ (Solanum lycopersicum L.). The commer-
cial rootstock Maxifort F1 (S. lycopersicum × S. habrochaites) was used for grafting. The
plant density was 2.13 plants m−2. The plants were cultivated following organic farming
practices as specified in the EU Regulation (EC) No 889/2008 [13]. About 2.5 months
after planting, the plants exhibited visible N deficiency symptoms in all treatments, albeit
differing in the severity between treatments. Following standard commercial practices, this
problem was addressed by applying a soluble organic N fertilizer containing 14% N in the
form of amino acids via the drip irrigation system to all treatments. The organic N fertilizer
was applied at four doses on April 25 and 29 and on May 2 and 6. The total amount of
fertilizer applied was 16 g m−2, which provided 22.4 kg N ha−1 to all treatments.

Climatic data, particularly air temperature and relative humidity, were automatically
recorded on an hourly basis throughout the experimental period using suitable sensors
and data loggers. Using this data, monthly averages of temperature (mean, maximum,
minimum) and relative humidity (%) were computed, which are presented in Table 2.

Table 2. Monthly averages of mean, maximum, and minimum daily temperatures (Tmean, Tmax,
and Tmin, respectively) and relative humidity (RHmean, RHmax, and RHmin, respectively) inside the
greenhouse during the experimental period (February to June 2018).

Month Tmean Tmax Tmin RHmean RHmax RHmin

February 2018 13.1 15.7 11.6 87.3 94.4 79.2
March 2018 14.7 20.9 10.5 82.9 93.1 75.1
April 2018 19.3 27.5 13.6 78.1 89.4 68.3
May 2018 23.1 31.0 18.1 70.8 87.1 55.3
June 2018 25.5 33.1 20.1 62.3 84.6 33.9
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2.2. Legume Biomass, N Fixation and N Accumulation

The aboveground biomass of cowpea and faba bean was quantified before their
incorporation to the soil by harvesting all the shoots from an area of 1 m2 in each plot center
and determining their total fresh weight. Furthermore, a sub-sample of legume biomass
was collected from each plot. After recording their fresh weight, the samples of legume
biomass were oven-dried at 65 ◦C to constant weight to determine their dry weight. The
obtained fresh and dry weight data were used to determine the dry matter content of each
sample, expressed as % w/w. Subsequently, the dried samples were ground using a ball
mill and sieved through a 40 mesh sieve. The obtained powder was used to determine
total-N and carbon (C) concentrations through high temperature combustion using an
elemental analyzer (Unicube, Elementaranalysensysteme GmbH, Hanau, Germany).

The N derived from the atmosphere (Ndfa) in the aboveground biomass of legumes
was determined by applying a method based on the natural abundance of 15N in plant
tissues relative to the air [12,24,25]. This method was described in detail in two previous
papers [12,25]. Briefly, the δ15N values were estimated in the Stable Isotope Facility of
the University of California at Davis, as parts per thousand (‰) deviations relative to
the nominated international standard of atmospheric N2 (0.3663%), using the following
equation [26]:

δ15N(‰) =

(
atom%15Nsample− 0.3663

0.3663

)
× 1000 (1)

The obtained values of δ15N (‰) were subsequently used to determine the percentage
of Ndfa by substituting them to the following equation suggested by Unkovich et al. [24]:

%Ndfa =

(
δ15N of reference plant− δ15N of legume

δ15N of reference plant− B

)
× 100 (2)

where “B” is the δ15N in shoots of cowpea or faba bean plants grown on an inert medium
under complete N starvation throughout their life, which rendered them fully dependent
on N2 fixation. The B values used in the current study were −1.61 for cowpea and −0.50
for faba bean, as suggested by Unkovich et al. [24]. The reference plant used in the current
study to estimate their δ15N values substituted in Equation (2) was the grass weed Digitaria
sanguinalis (L.).

The %Ndfa values obtained from Equation (2) were subsequently used to determine
the total amount of biologically-fixed N2 by cowpea and faba bean per cultivated area unit
(BNF, kg ha−1) using the following equation [27]:

BNF =
DB×Nt×%Ndfa

100
(3)

where DB is the total dry biomass of the shoot, Nt is the concentration of total N (% w/w)
in the aboveground dry biomass of each legume, and %Ndfa are the values obtained from
Equation (2).

2.3. Tomato Leaf Analysis

To estimate the nutritional status of tomato, the leaf N, P, and K concentrations were
estimated by collecting from each plot five young, fully expanded leaves of the same
physiological age 75 days after transplanting. The leaves were washed with distilled water,
chopped, and oven-dried at 65 ◦C until they reached a constant weight. Subsequently
the leaf samples were powdered using a ball mill and passed through a 40 mesh sieve.
To extract K and P, 0.5 g of powdered material was burned in a muffle furnace at 550 ◦C
for 5 h, and the obtained ash was dissolved in 1 N HCl. Phosphorus (P) was measured
photometrically as phosphomolybdate blue complex at 880 nm using a spectrophotometer
(U-2000, Hitachi, Tokyo, Japan). Potassium (K) was determined through flame photometry
using a Sherwood Model 410 instrument (Cambridge, UK). Another 0.5 g of powdered leaf
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material was used to determine the concentrations of organic C and total N in leaves using
the same instrument and procedures as described above for the legume crops.

2.4. Soil Analysis

At five sampling dates during the experiment, soil samples were collected from
the central square of each plot (dimensions 2 × 2.5 m). More specifically, soil samples
were collected before incorporation of the organic matter to the ground, at 27, 57, and
92 days after organic matter incorporation to the soil and at termination of the tomato
crop. The soil sample of each plot was obtained by collecting and mixing five soil cores
weighing about 400 g from the root zone of five plants at a depth of 0–20 cm. Samples
were prepared as described by Miller et al. [28] and analyzed to determine the total-
N, NO3-N, NH4-N, and plant-available P and K concentrations in the soil. Total N in
soil samples was determined by applying high temperature combustion using the same
elemental analyzer as for leaf mineral analysis. Mineral N (N-min, i.e., NO3-N + NH4-N)
was extracted from the soil samples using a 1 M KCl solution, as described by Keeney
and Nelson [29]. The NO3

− concentrations in the sample extracts were determined by
applying the Copperized Cadmium Reduction Method to reduce NO3

− to NO2
− and

photometrically measuring the NO2
− concentration at 540 nm after its conversion to a

diazo-complex (Griess-Ilosvay procedure) [29]. The NH4
+ concentration was measured

photometrically at 630 nm by applying the indophenol blue method [29]. Plant-available
phosphorus was determined using the Olsen method [30] and quantified photometrically
as phosphomolybdate blue complex at 680 nm [31]. The photometric determinations of
NO3

−, NH4
+, and P were performed using a Spectronic Helios spectrophotometer (Thermo

Electron Corporation, Mercers Row, Cambridge, UK). Exchangeable soil K was determined
using a flame photometer (Sherwood Model 420, Sherwood Scientific, Cambridge, UK)
following extraction with an ammonium acetate solution.

2.5. Tomato Production and Yield Components

The impact of the experimental treatments on yield was assessed by harvesting two or
three times a week (depending on the climatic conditions) all ripe tomatoes from 10 plants
of each plot center square and recording their number and total fresh weight.

2.6. Statistical Analysis

The experiment was set as a randomized block design with four treatments and four
replications per treatment. The impact of the different organic soil amendments on nitrogen
nutrition and yield of tomato was estimated by applying single-factor ANOVA using the
STATISTICA software package, version 12.0 for Windows. When ANOVA rendered a
significant impact of the treatments on a measured parameter, the means were separated
by applying the Duncan’s multiple range test at p < 0.05. Data are presented in graphs and
tables as means of four replicates, whereas in the graphs the standard error of means is
displayed to facilitate visual detection of significant differences.

3. Results
3.1. Aboveground Legumes Biomass and Biological N Fixation

The aboveground fresh (FB) and dry biomass (DB), the dry matter content, the total N
concentration in dry biomass, the amount of N per unit of cultivated area, the percentage
of N derived from the atmosphere (% Ndfa), and the total amount of biologically fixed N
did not differ significantly between the two legume treatments (LT and LT + OMWC) for
both cowpea and faba bean (Table 3). Cowpea cultivated for green manuring produced
aboveground biomass over 3100 g m−2, with a dry matter content of about 13%. Moreover,
the N derived from the atmosphere (Ndfa) was approximately 90%, resulting in 140 kg ha−1

of symbiotically fixed N. On the other hand, the faba bean intercropped with tomato
produced relatively low amounts of biomass and thus, despite the relatively high Ndfa
(80%), the BNF was barely 15 kg ha−1.
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Table 3. Aboveground fresh (FB) and dry biomass (DB), dry matter content (DMC), total-N concentration in the above-
ground dry biomass, total-N content per cultivated area unit, percentage of N derived from the atmosphere (Ndfa), and
total amount of biologically fixed N (BNF) by cowpea used as green manure and by faba bean used as intercrop in an
organic tomato crop.

Treatment FB
(g m−2)

DMC
(%)

DB
(g m−2)

Total-N
(mg g−1)

Total-N
(g m−2)

Ndfa
(%)

BNF
(kg ha−1)

Cowpea as green manure applied before the preceding tomato crop

LT 3165 12.8 405 3.68 15.0 93.2 140
LT + OMWC 3128 13.4 417 3.65 15.2 88.0 134
Significance ns ns ns ns ns ns ns

Faba bean intercropping applied in the preceding tomato crop

LT 650 8.21 53.6 3.53 1.89 77.8 14.7
LT + OMWC 630 8.56 54.1 3.44 1.86 80.2 15.0
Significance ns ns ns ns ns ns ns

Means (n = 4); ns = not significant differences; LT: legume treatment; OMWC: olive-mill waste compost.

3.2. Soil Measurements

OMWC and FYM treatments resulted in higher levels of organic C, total N, and
available P and K in the soil, compared to the application of legumes as a sole manure
source. In addition, the FYM treatment increased the available soil P compared to the two
compost treatments (Table 4).

Table 4. Impact of different organic fertilizer treatments on organic C, total N, and available P and K
in soil after incorporation of organic materials in an experiment with organic greenhouse tomato.

Treatment C (%) N (%) P (mg kg−1) K (mg kg−1)

FYM 2.71 a 0.22 a 167 a 756 a

OMWC 2.75 a 0.23 a 132 b 783 a

LT 2.01 b 0.20 b 112 c 556 b

LT + OMWC 2.81 a 0.24 a 130 b 763 a

Significance ** ** ** **
Means (n = 4) followed by different letters within each column indicate significant differences according to the
Duncan’s multiple range test (p < 0.05); ** significant at p < 0.01. FYM: farmyard manure; LT: legume treatment;
OMWC: olive-mill waste compost.

Prior to the incorporation of organic amendments, no difference in NH4-N concentra-
tions was recorded between treatments, which ranged at low levels. After incorporation
of the organic amendments to the soil, the FYM treatment exhibited significantly higher
NH4-N levels in the soil compared to the other three treatments, in all subsequent measure-
ments. In the other three treatments, the NH4-N levels were similar and below 4 mg kg−1

in all samplings (Figure 1).
The NO3-N concentrations exhibited significant differences between treatments before

incorporation of organic materials to the soil in January 2018. Thus, in the FYM treatment,
the soil NO3-N level was significantly higher compared to that found in the other three
treatments. The lowest soil NO3-N concentration was recorded in the OMWC treatment
and the difference to the two legume treatments was significant. These differences were
consistently detected throughout the cropping period, i.e., after incorporation of organic
amendments to the soil until termination of the experiment (Figure 2).
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3.3. Tomato Leaf Analysis

As shown in Table 5, the total N concentration in the tomato leaves was signifi-
cantly higher in the FYM treatment, while in the OMWC treatment it was lower, com-
pared to the two LT. On the contrary, the P and K levels showed no statistical difference
among treatments.

Table 5. Impact of different organic fertilization treatments on leaf N, P, K concentrations in organic
greenhouse tomato.

Treatment N
mg g−1

P
mg g−1

K
mg g−1

FYM 19.3 a 2.03 52
OMWC 13.1 c 2.27 48
LT 14.7 b 2.14 51
LT + OMWC 14.8 b 2.09 47
Significance * ns ns

Means (n = 4) followed by different letters within each column indicate significant differences according to the
Duncan’s multiple range test (p < 0.05); * significant at p < 0.05; ns = not significant. FYM: farmyard manure; LT:
legume treatment; OMWC: olive-mill waste compost.

3.4. Tomato Production and Yield Components

The tomato fruit yield was significantly affected by the different N fertilization treat-
ments, as shown in Table 6. The FYM treatment showed the highest yield in tomato fruits,
while the treatment with OMWC rendered the lowest yield. The difference was due, ex-
clusively, to the average number of fruits per plant, whereas the mean fruit weight was
similar in all treatments.

Table 6. Impact of different organic fertilization treatments on total yield, fruit number per plant,
and mean fruit weight (MFW) in an organic greenhouse tomato.

Treatment Yield
(g m−2)

Fruit
(No Plant−1)

MFW
(g Fruit−1)

FYM 7732 a 19.4 a 186
OMWC 5048 c 13.1 c 180
LT 6216 b 15.2 b 191
LT + OMWC 6413 b 15.8 b 190
Significance of
differences ** *** ns

Means (n = 4) followed by different letters within each column indicate significant differences according to the
Duncan’s multiple range test: **, *** significant at p < 0.01 and p < 0.001, respectively; ns = not significant. FYM:
farmyard manure; LT: legume treatment; OMWC: olive-mill waste compost.

4. Discussion
4.1. Aboveground Legumes Biomass and Biological N Fixation

The amount of symbiotically fixed N2 by a legume crop that is provided to the soil
after incorporation of the fresh shoot biomass to the soil depends on many factors and can
range from 17 to 200 kg, according to relevant reports of many researchers [12,32–34]. In
this study, the biomass produced by cowpea in the 2-month summer crop was relatively
high. In addition, the %Ndfa in the shoots of cowpea was much higher than that reported
by Peoples et al. [35], probably due to the low level of mineral N contained in the soil in
the current study. As a result, a large amount of symbiotically fixed N2 (140 kg ha−1) was
provided to the soil through green manuring with cowpea, which is slightly lower than the
maximum amount of N (170 kg ha−1) allowed to be applied by animal manure to organic
crops according to the relevant Regulation (EC) 889/2008.

The% Ndfa in the shoot of faba bean was also high compared to those reported in the
literature [21,35]. On the other hand, faba bean as intercrop did not produce considerable
amounts of shoot biomass. This was probably due to the interception of solar radiation
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by the upper part of the tomato canopy, as faba bean was sown 85 days after tomato
transplanting, while the sunshine was already limited due to the short day and the overcast
sky in Autumn-Winter season. In addition, the sowing density of faba bean was low,
particularly 10.67 seeds m−2 as the available cultivation area for an intercrop was limited
by the presence of the tomato crop. Thus, despite the high Ndfa values, BNF by faba bean
ranged at low levels in both treatments, which did not exceed 15 kg ha−1.

4.2. Soil Measures

The impact of green manure on total soil N was significantly lower than that of manure
or compost. As reported by Peoples et al. [36], the effect of green manuring on the total
N of the soil is not always easy to detect. Also, according to Sainju et al. [37], repeated
applications of green manure are necessary for a significant increase of soil C and organic
N through a cumulative effect.

As anticipated, the lowest values of available soil P and K were recorded in the
treatment with sole green manure, as no other nutrients than the symbiotically fixed N
were provided to the soil. Nevertheless, the P and K concentrations in all treatments in
both experiments were sufficient for tomato cultivation, according to Gianquinto et al. [38]
and Sainju et al. [39].

The availability of N in organic farming does not depend only on total N provided
to the soil but also on the rate of N net mineralization, which provides plant-available
N to plants. The consistently higher concentrations of NH4-N in the FYM treatment in
all sampling dates compared to all other treatments obviously reflects higher net miner-
alization rates in this treatment. Nevertheless, the NH4-N concentrations were always
below 10 mg kg−1, as expected, because in well-aerated soils with neutral pH and sufficient
microbial activity, the nitrification process is rapid [40–42].

The treatment with FYM resulted in NO3-N values within the sufficient range for
tomato cultivation [39,43] during the first two sampling dates after organic matter in-
corporation. However, in the next sampling (75 days after transplanting), the NO3-N
concentration decreased to insufficient levels. In the other three treatments, with legumes
or compost or a combination of both, the NO3-N concentration ranged lower than the
sufficient level in all sampling dates. In the treatment with sole compost, consistently lower
NO3-N values were recorded, compared to the treatments with legumes, indicating that
the mineralization rate of compost was substantially lower than those of legume biomass
and FYM [44,45].

4.3. Tomato Growth and Yield Components

In this experiment, the leaf total N concentrations were in all treatments lower than
those suggested in the literature for tomato, which range from 30 to 50 mg g−1 [38,46–48].
These results are in agreement with the insufficient concentrations of soil inorganic N
during most or the entire cropping period. As a result, symptoms of N deficiency, i.e.,
plants with thin stems and light green leaves [39,49], appeared in all treatments. In the
FYM treatment, in which the soil was adequately supplied with mineral N [38,39] for about
2.5 months after crop establishment, the N deficiency symptoms were observed much later
than in the other three treatments. However, when the level of plant available N in the FYM
treatment decreased to insufficient levels, the plants showed symptoms of N deficiency in
this treatment as well. The total leaf N in the FYM treatment was significantly higher than
in the other three treatments, reflecting the higher N availability in the soil. The values of P
and K in the leaves were within the optimal range [38,39] in all treatments, reflecting the
adequacy of these nutrient elements in the soil.

Furthermore, the different soil amendments imposed significant differences in the
tomato fruit yield, which are attributed to the different concentrations of inorganic N in
the soil [50–52]. Thus, the FYM treatment showed the highest yield, whereas in the two
legume treatments the yield was similar, but higher than in the treatment with sole compost
application. The low yield performance in the sole compost treatment, despite the similarly
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high amount of organic N provided to the soil by this treatment compared to the other
treatments, is ascribed to the low rate of N mineralization in the compost. This finding
suggests that the benefits of compost application in organic crops with respect to N supply
to the plants should be anticipated in the long term and not in the crop established shortly
after its incorporation into the soil.

5. Conclusions

This study confirms that green manuring with legumes and particularly cowpea can
contribute a significant amount of N to the next organic tomato crop, through biological
N2-fixation processes. This amount may be slightly lower than the maximum amount of N
that can be applied through animal manure in organic farming according to current EU
regulations. In contrast, faba bean as an intercrop in a greenhouse tomato crop did not
yield a significant amount of biomass and therefore did not supply the next tomato crop
with sufficient amounts of N, mainly due to the limitations governing the sowing density,
but also due to insufficient interception of solar radiation, as tomato limits the exposure of
the faba bean plants to the sun, especially during the autumn-winter season. Application
of compost in organic greenhouse tomato provides limited amounts of plant-available N to
the crop planted after incorporation of the compost to the soil due to low N mineralization
rates, although it may be beneficial for subsequent tomato crops. Green manuring with
legumes, alone or in combination with compost, increased the yield of organic tomato
compared to sole compost. However, application of free-range cattle manure (FYM) seems
to be the most effective strategy for supplying tomato with inorganic N, partly because
of rapid N mineralization. Nevertheless, sole supply of FYM is not suggested in long-
term greenhouse tomato crops because, due to rapid N mineralization, the FYM provides
sufficient amounts of mineral N to the crop only for a short period after its incorporation to
the soil. In the current study, this period did not exceed 3 months.
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