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Abstract: The performance of Vicia sativa L. cultivars and cultivar mixtures used as green manure
under two seed rates in a Mediterranean environment was investigated in a split plot design, over the
period 2014–2016. Six common vetch cultivars grown in pure stands or in mixtures were established
at two seed rates (S1 = 100 Kg ha−1 and S2 = 180 kg ha−1). Growth traits (e.g., plant height, biomass
yield, LAI, CGR) were monitored until incorporation into topsoil. The nitrogen (N) concentration
of the incorporated biomass along with the decomposition rate were determined, and the effects
on the N supply to the soil were evaluated two, four and six months after biomass incorporation.
The increment in residual soil N four months after green manuring fluctuated from 17 to 45 kg ha−1

among cultivars, and after six months, from 22 to 50 kg ha−1. The average decomposition rate of
organic substances was slightly higher for S2 for all time intervals; however the highest value (62.6%)
was recorded for S1 six months after biomass incorporation. Seed rate-independent genotypes were
identified with regard to the decomposition of organic matter and are suggested as being suitable for
green-manuring farming systems with a low seed rate, a fact that offers options with economic and
environmental benefits.

Keywords: Vicia sativa; green manure; seed rate; cultivar; cultivar mixtures; organic matter; N
accumulation; growth parameters

1. Introduction

The knowledge of being on the verge of global climate change and the assumption that
one of the main driving forces behind these changes is overwhelmingly of anthropogenic
origin leads us to the adoption of cultivation strategies that will play a key role in sustain-
able land use. In this context, the introduction of traditional agricultural practices such
as green manuring may represent a viable and robust path to increase productivity and
sustainability and preserve the planet’s natural resources for future generations to come.

Green manuring is the practice of incorporating undecomposed fresh/dry plant
material into soils, either in place or brought from a distance [1,2]. It is widely accepted
as a sustainable practice due to crop quality, the yield advantage of the following crops,
soil quality improvement, better quality silage, as well as the high utilization efficiency of
light, water and nutrients for subsequent crops [3–6]. Green manure approaches may also
drive long-term increases in soil organic matter and microbial biomass and the rates of
enzyme activity in soil, as well as soil physical properties such as aggregate stability [7]
and hydraulic conductivity [8]. Although there are many crops that can be included
in green manure-cropping systems, legume crops have an edge over nonlegume crops
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due to their ability to fix atmospheric N [9,10] through a biological process in which
atmospheric N2 is converted into a plant-usable form, which potentially could improve
soil fertility [11], increase N-uptake efficiency [12], and improve the nitrogen use efficiency
of the succeeding crops [13]. Moreover, legumes enhance the availability and conservation
of N for subsequent crops either via the slow release of N from decomposing green manure
residues or through the mineralization of soil N pools [14]. This has a direct impact on the
reduction in the excessive application of synthetic N fertilizer, which has caused serious
environmental damage, including soil deterioration, inefficient fertilizer use, and nitrate
contamination of surface and groundwater [15].

Among legume species that could be used as green manure, common vetch (Vicia
sativa L.) has great potential, mainly due to its ability to form a vigorous root system that
develops nodules even at the early stages, its high tolerance to biotic [16,17] and abiotic
stresses [18], its high N availability [19], and the easiness in its incorporation. Common
vetch, originating in the near-Eastern center of diversity [20], is thus a well-adapted crop in
the Mediterranean region, western Asia and in countries of the former Soviet Union [21,22].
It is a multi-purpose crop [23,24] with high nutritional value [25], used in pasture, as
grain for livestock feed and for the production of silage and hay [26]. Furthermore, it
is an excellent candidate for rotations in low-input or organic agriculture systems, as a
substantial amount of N can be left by common vetch crop residues in the soil, available
for the subsequent crops [27,28], and due to its high effectiveness in weed control [29,30].
At present, the same cultivars of common vetch that are used for fodder and grain are also
used for green manure. However, it is questionable as to whether the selection of a cultivar
for use as green manure that is based only on yield traits will be efficient, since other genetic
differences between cultivars may allow some of them to accumulate more nitrogen than
others [31]. Within this context, the evaluation of different commercial cultivars cultivated
for green manure is of great importance. In addition, it would be interesting to investigate
the potential of also using common vetch cultivar mixtures that, according to Wolfe [32],
vary regarding their ability to produce increased yields, making them better than, worse
than or even equal to the mean of the individual cultivar components grown in pure stands.
Although previous studies have been conducted on the performance relating to grain
yield, mixing ability, stability, dry matter production and protein content of common vetch
cultivar mixtures [33,34], there is a lack of information on the ability of such mixtures,
composed of suitable cultivars, to satisfy the demands of green manuring systems. Yet,
proper assessment of green manure cultivation techniques such as seed rate that affect
plant growth rate, the duration of the fully closed canopy, competition for nutrients, water,
and light outlines qualified cultivars for use as green manure [31].

Given that in most agricultural soils, the top surface layer loses about 50% of its
antecedent soil organic carbon (SOC) pool in about 25–50 years after conversion from
natural ecosystems in temperate climates [35], and that N2-fixation, by grain and forage
legumes, contributes only 16%–23% of the global N supply [36], agricultural ecosystems
should adopt sustainable land management such as green manure in order to reduce the
need for external N fertilizer inputs [37] and to contribute to the maintenance of long-term
agricultural productivity.

Despite the availability of research data regarding the quantification of N from green
manure practices in subsequent crops [38], little is known about the potential N increment
in the soil, and even less is known about the quantification pattern of organic matter
decomposition in the soil from specific superior-performance commercial cultivars of
common vetch and their mixtures cultivated as green manure crops at the optimal seed rate.
In these ways, green manure approaches may become more profitable and will involve less
risk to the farmer, regardless of net value. Therefore, our two-fold objective was to study
the effect of (1) seed rate and (2) cultivar/genotype on (a) Vicia sativa L. green manure
growth (plant height, LAI, biomass production, CGR and N accumulation ability) and
(b) on soil amendment (increase in residual N and organic matter decomposition) under
Mediterranean conditions.



Agriculture 2021, 11, 733 3 of 17

2. Materials and Methods
2.1. Experimental Site

The study was carried out at the Institute of Industrial and Forage Crops (IIFC) in
Larissa, Central Greece (39◦30′02.85′′ N, 22◦42′50.37′′ E, elevation 77 m ASL), over the
period 2014–2016. The soil of the experimental field was classified as typical Vertisol [39,40],
while the texture was clay with medium nutrient concentration. The soil particle size
distribution (at 0–25 cm sampling depth) of the experimental field is illustrated in Table 1.
The study soil had a moderately shallow groundwater table, fluctuating from 200 to 250 cm
below the surface early in the spring, to deeper layers later in the summer.

Table 1. Soil properties of the experimental site.

Chemical Properties

pH (H2O 1:1) (25 ◦C) 7.4 Na(cmol kg−1) 0.30
Organic Matter (%) 0.7 K(cmol kg-1) 1.5
P(POlsen) (mg/kg) 6.2 CaCO3(cmol kg-1) 1.3

EC (mS/m) 429 mg(NO3
-N + NO2

-N)/kg soil 5.8
Total N (Kjeldahl) (g/100 g) 0.09

Physical Composition
Sand (%) 20 Clay 55
Silt (%) 25 Texture Clay

Weather data for the experimental area, such as incident solar radiation, air tem-
perature, rainfall, wind speed, relative humidity and class-A pan evaporation rate, were
recorded hourly by the Network of Agro-meteorological Stations Horta srl. In general, the
study area (Larissa, Central Greece) is characterized by a typical Mediterranean climate
with hot, dry summers and cool, humid winters. Figure 1 illustrates the mean air tem-
perature and precipitation for both experimental years. During the crop cycle period, the
mean air temperature reached a maximum value of 13 ◦C in 2015 and 15 ◦C in 2016. In the
vegetative phase of the crop, from January until April, the total precipitation was 222 mm
in 2015 and 208 mm in 2016. The total precipitation from May until October was 269 mm
in 2015 and 259 mm in 2016, a time period crucial for the course of soil amendments such
as residual soil N and the decomposition of organic matter. Hence, weather data showed
no considerable differences among the experimental years.
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Figure 1. Monthly means of average air temperature (◦C) and precipitation (mm) for the 2014–2015
and 2015–2016 growing seasons.

2.2. Genetic Material

A total of eight non-GM cultivars of common vetch (Vicia sativa L.), developed by
IIFC and registered in the Greek National Variety Catalogue, were selected to be evaluated
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in this study based on (1) productivity and adaptability in Mediterranean region, (2) N
fixation profiles, (3) genetic diversity, and (4) cultivation adaptability in a low-input system.
Analytically, the genetic material used in field experiments comprised six common vetch
cultivars, Alexandros, Kallirroi, Pegasos, Evinos, Zefyros and Tempi, and two cultivar
mixtures, Mix1 (Alexandros, Kallirroi, Pegasos) and Mix2 (Kallirroi, Evinos, Zefyros).
Genotypic traits such as anthesis in days after sowing (DAS) and weight of 1000 seeds
(1000 SW) for all genetic materials, according to breeders’ official description, are presented
in Table 2. All cultivars and mixtures under study had similar 1000 SW and equally high
and uniform seed germination percentage, which led to uniformity in the final established
plant density for all the genetic materials in the two specific seed rates applied, approx. 160
and 280 plants m−2 for S1 and S2, respectively. Additionally, the uniformity of the studied
material regarding time of anthesis meant that plants were at a similar phenological stage
(growth stage/BBCH 65: 50% flowers open) upon incorporation into topsoil.

Table 2. Days after sowing (DAS) until anthesis and 1000 seed weight for each cultivar and cultivar
mixture according to breeders’ official description.

Varieties DAS (Until Anthesis) 1000 SW (g)

Alexandros 139 60
Kallirroi 136 64
Pegasos 135 65
Evinos 132 61
Zefyros 139 65
Tempi 135 61
Mix1 130 63
Mix2 132 63

2.3. Field Experiments and Management

The experimental design was a factorial split plot with three replications. The main
factor comprised the two seed rates, S1 = 100 kg ha−1 and S2 = 180 kg ha−1, and the
sub-factor comprised the six Greek cultivars and the two cultivar mixtures of Vicia sativa.
Each experimental plot occupied an area of 6 m2, with 7 4 m-long rows that were 0.25 m
apart, and treatments were maintained in the same experimental site with the second-year
plot neighboring the first-year plot. The two external rows of every plot were considered
as border lines. Non-limiting conditions were maintained throughout the growth cycle by
applying 60 kg P ha−1 at sowing. For weed control, post sowing, herbicide was applied each
year. Sowing occurred during the second half of November in both experimental years.

2.4. Growth and Productivity

In each replicate plot, plants were repeatedly sampled from 1 m2 in the two middle
rows for the calculation of plant biomass yield, height, specific leaf area (SLA), leaf area
index (LAI) and yield components, in order to perform a full growth analysis. Specifically,
leaf area index (LAI) was measured using ImageJ Ops software [41]. The samples were
taken after the plants had reached the desired height, beginning at 95 DAS, each year,
and repeating the procedure every fortnight. All plant samples were cut near the soil
surface and the belowground fractions were left in the field. The dry matter of stems and
leaves was determined by drying samples in a convection oven at 70 ◦C until obtaining
constant weights.

2.5. Determination of Total N Concentrationin Plants, and Soil Samples and Total N Applied

The final plant samples were taken during the third 10-day interval in April for the
first and second year, when 50% of the plants had reached anthesis, for all cultivars and
mixtures that were under study. All 48 samples of aboveground biomass, after drying, were
milled to a fine powder with a particle size < 1 mm to determine the total concentration in
plant tissues, using the standard Kjeldahl method [42], in both years of evaluation. Total N



Agriculture 2021, 11, 733 5 of 17

applied as green manure was calculated as the product of N concentration times biomass
yield. At the phenological growth stage of anthesis (BBCH 65: 50% flowers open), all
remaining plants in each plot were incorporated into the topsoil. Green manure crops
should be incorporated at the flowering stage because with increased crop growth dura-
tion, carbonaceous content (carbohydrate and cellulose) increases and nitrogenous content
(amino acid and protein) decreases, leading to increase in the C/N ratio of crops, which
results in slower decomposition of plant material [1]. After a period of two months, soil
samples were taken from of each experimental plot in order to determine the impact of
green manure in total soil nitrogen in both plant densities. Within each plot, four soil
samples were collected at 0–30 cm depth, sealed in plastic bags and stored in a refrigerator
(4 ◦C) until being processed for further analyses. Soil and sediment samples were air-dried
and milled in order to determine the total soil N in the two months after incorporation
(Soil N1), again using the standard Kjeldahl method [42]. The same procedure, to deter-
mine total soil N, was followed four months (Soil N2) and six months (Soil N3) after the
incorporation of the above ground biomass, on the third 10-day intervals of August and
October, respectively, for both experimental years.

2.6. Decomposition of Organic Matter

The decomposition of organic matter incorporated into the soil was studied using the
mesh bag method [43] in each experimental plot in the field. Identical samples of 5.1 g
of air-dried vetch leaves (without petioles) were weighed and wrapped in polyester bags
(mesh 2 mm× 2 mm, size of bags 5 cm× 5 cm) and placed in the soil in an upright position,
with the upper end 10 cm below the soil surface with a distance of 2–3 cm between bags.
Three vetch leaf bags were dug up two months later in every experimental plot. The bags
were gently washed and air dried at 60 ◦C until obtaining constant weights. The mean
decrease in dry weight was used to calculate the % degradation of organic substances.
The three mash bags of the second measurement for each plot were dug up four months
later, while the three bags of the third measurement were dug up six months after the
incorporation of plants into the soil, following the same procedure.

2.7. Measurements and Calculations

Crop growth rate (Crop growth rate, CGR, g m−2 day−1) was calculated for the
period between the stem elongation and anthesis as the difference in biomass accumulation
divided by the time in days after sowing [44], and was calculated as the first derivative of
Equation (1):

CGR =
W2 −W1

T2 − T1
(1)

T1 and T2 = time in days for stem elongation and anthesis, respectively.
W1 and W2 = dry weight at T1 (stem elongation) and T2 (anthesis), respectively.
Based on the measurements of the leaf area and the dry weight of the green leaves,

the specific leaf area (SLA, m2kg−1) was calculated (data not presented), which represents
the total leaf area per unit dry weight of the leaf mass, and through it the leaf area index
(LAI, m2 m−2) was calculated [45], by using Equation (2):

LAI = SL ∗ SLA ∗ 10−4 (2)

SL = dry weight of green leaves.
All measured and derived (from the calculations mentioned) data were subjected to

analysis of variance (ANOVA) using SPSS22 software (SPSS Inc. version 22.0, IBM Corp,
Armonk, NY) following the experimental design. As test criterion for detecting differences
between means, the LSD0.05 was used [46], as well as Tukey’s honestly significant dif-
ference (HSD) test at two levels, with significance (p = 0.05) and remarkable significance
(p = 0.01) [47]. The results regarding residual soil nitrogen and the decomposition of or-
ganic matter are graphically represented in a visualization methodology known as PCA
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biplot analysis [48,49]. The initial analysis of ANOVA showed the non-significant effect
of the factor “Year” as well as the interactions “Year X Seed rate” and “Year X Cultivar”.
Based on these results, we proceeded with the ANOVA as a two-year average.

3. Results
3.1. Agronomic Traits
3.1.1. Plant Height

Plant heights of eight cultivars grown under two seed rates, as two-year averages,
during anthesis are presented analytically in Table 3. Significant differences (p < 0.05) for
plant height were detected between the two seed rates (S1: 92.12 cm vs. S2: 101.21 cm)
averaged across genotypes, while significant differences (p < 0.05) were also observed
among the cultivars and mixtures within each seed rate, suggesting that genotype had a
significant effect on plant height. However, when comparing the plant height between
seed rates within each cultivar, only the cultivars Evinos and Tempi showed significant
differences between S1 and S2.

Table 3. Agronomic traits at two seed rates (S1, S2) of each cultivar and cultivar mixture. Plant height (cm), leaf area index
(LAI; m2m−2), biomass yield (t ha−1), crop growth rate (CGR; t ha−2day−1), plant nitrogen concentration (N%) and total N
applied. Different letters indicate significant differences between/among means of cultivars within the same seed rate at
p < 0.05, according to Tukey’s method, and LSD† indicate significant differences between seed rates within the same cultivar.

Cultivar

Seed Rate Alexandros Kallirroi Pegasos Evinos Zefyros Tempi Mix1 Mix2 Mean

Plant
Height (cm)

S1 103.2c 88.3a,b 91.3b 92.2b 83.6a,b 80.6a 88.2a,b 110.3c 92.12 A

S2 110.6b 99.7a,b 96.6a,b 99.7a,b 90.7a 93.9a,b 99.9a,b 116.9b 101.21 B

LSD† ns ns ns 7.5 * ns 13.3 * ns ns

LAI (m2m−2)
S1 5.4c 5.1b,c 3.7a,b 3.5a 4.1a,b,c 3.0a 4.1a,b,c 5.9d 4.36 A

S2 6.5a 5.4a 6.0a 5.9a 5.7a 5.5a 6.1a 6.4a 5.91 B

LSD† ns ns 2.3 * 2.4 * ns ns 2.5 * ns

Biomass yield
(t ha−1)

S1 4.47b 4.06b 3.64a,b 3.97a,b 4.51b 2.19a 4.22b 4.37b 3.93 A

S2 7.79c 7.00a,b 6.79a 7.33b 7.38b,c 6.84a,b 7.48b,c 7.49b,c 7.33 B

LSD† 3.32 * 2.94 ** 3.15 * 3.36 ** 2.87 * 4.65 ** 3.26 ** 3.12 **

CGR
(t ha−2day−1)

S1 0.137b 0.143b,c 0.141b 0.155d 0.201f 0.116a 0.176e 0.148c,d 0.152 A

S2 0.357d 0.228a 0.295b 0.358d 0.312c 0.285b 0.319c 0.309c 0.308 B

LSD† 0.22 ** 0.08 ** 0.15 ** 0.2 ** 0.11 * 0,18** 0.14 ** 0.16 **

Plant N%
S1 2.95a 3.13a,b 3.61b,c 3.19a,b 2.91a 3.19a,b 3.98c 3.18a,b 20.89 A

S2 3.03a 3.41a 3.49a,b 3.29a,b 2.94a 3.2a 4.1b 3.2a 20.82 A

LSD† ns ns ns ns ns ns ns ns

Total N applied
(t ha−1)

S1 13.2b,c 12.7b 13.1b 12.6b 13.1b 7a 16.8d 13.9c 12.81 A

S2 23.6a 23.8a 23.7a 24.1a 21.7a 21.9a 30.7b 24a 24.19 B

LSD† 10.4 ** 11.1 ** 10.6 ** 11.5 ** 8.6 * 14.9 ** 13.9 ** 10.1 **

S1, 100 kg ha−1; S2, 180 kg ha−1; LSD†, least significant deference at p < 0.05 and p < 0.01; *,** significant at p < 0.05 and p < 0.01, respectively;
ns, no significant (p > 0.05).

The variation rate of the plant height of all cultivars is illustrated in Figure 1. An-
alytically, plants from all cultivars and cultivar mixtures, after an initial period of crop
establishment, at approximately 68 DAS (about 68 days), reached a height of about 20 cm.
Then, plant height increased almost linearly until flowering (50% of plant in anthesis),
reaching higher values, while the stem elongation ceased due to transition to the repro-
ducing stage. This vegetative phase is the most appropriate at which to incorporate the
plants into the topsoil, because the stem is still thin without becoming woody, meaning
lower lignin concentrations [50].

It is worth noting (Figure 2) that plant heights were increased almost parallel to each
other, meaning that the differences in values remained almost identical in all cases. The
mixture Mix2 recorded higher rates of plant height increase, reaching a mean of 4.5 and
5 cm d−1 for the S1 and S2 seed rates, respectively, while the cultivar Alexandros had a
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mean rate increase of 4.4 cm d−1 for both seed rates. Likewise, those two cultivars recorded
greater final height, i.e., 103.2 and 110.6 cm for cv. Alexandros, and 110.3 and 116.9 cm for
mixture Mix2, at S1 and S2, respectively, and their values were different (p < 0.05) from all
the other recorded values at the two seed rates.
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3.1.2. Leaf Area Index

LAI values, as two-year averages, during anthesis are presented in Table 3, while
the LAI variation rate between cultivars for the two seed rates is illustrated in Figure 3.
Significant differences (p < 0.05) were detected between the two seed rates (S1: 4.36 vs. S2:
5.91) averaged across cultivars, whereas significant differences (p < 0.05) among the studied
genotypes were found in the low seed rate (S1) in contrast to the high seed rate (S2), where
no significant differences among cultivars were detected. In addition, the leaf area index
for the majority of cultivars, except for Pegasos, Evinos and Mix1, was not affected by seed
rate (p < 0.05). No significant interactions (p < 0.05) were observed between the measured
or calculated variables (data not shown).

Specifically, Figure 3 shows that LAI of all studied cultivars and mixtures increased
initially at small rates, reaching values bigger than 1.0 at the beginning of spring and
remained at small values for almost a month. Then, LAI increased at remarkable high rates,
reaching values above 3.0 in almost all cases, and stayed high until flowering.

It is noteworthy that at the S1 seed rate, LAI started decreasing by the start of anthesis,
apparently due to the ageing and falling off of the older leaves, a phenomenon which we
did not observe at the S2 seed rate, except for cultivar Kallirroi, in which the older leaves
start falling immediately after anthesis. Concurrently, all cultivars that were cultivated at
the S2 seed rate produced higher LAI values compared to those that were cultivated at
the S1 seed rate. In fact, at S2, LAImax reached 6.5 and 6.4 for cv. Alexandros and Mix2,
respectively, whereas at S1, the corresponding numbers were 5.4 and 5.9 (Table 3).
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3.1.3. Biomass Yieldand CGR

The means of biomass yield and crop growth rate are presented in Table 3, as two-year
averages for every studied cultivar and mixtures. Significant differences (p < 0.05 and
p < 0.01) in biomass productivity and in CGR were found between seed rates averaged
across cultivars (S1: 3.93 t.ha−1 vs. S2: 7.33 t.ha−1 for biomass and S1: 0.152 t.ha−1 vs.
S2: 0.308 t.ha−1 for CGR) and within each genotype for all cultivars and mixtures tested,
almost throughout the growing period and specifically during flowering (50% of plants in
anthesis). Significant differences (p < 0.05 and p < 0.01) in biomass production and CGR
were also detected between cultivars grown at each seed rate.

Analytically, dry biomass production fluctuated from 2.19 to 4.51 tha−1 for S1, while
for S2 it fluctuated from 6.79 to 7.79 tha−1. Alexandros exhibited higher biomass production
for both seed rates. The cultivar Tempi recorded a remarkable biomass increase in response
to seed rate, reaching values of 4.65 tha−1. The accumulation of dry matter per square
meter, from stem elongation until flowering, increased as a function of seed rate and in
almost all cultivars under study recorded double values for S2. Specifically, for S1, a higher
growth rate was recorded from the cultivar Zefyros (0.201 t ha−2day−1) and the mixture
Mix1 (0.176 t ha−2day−1), while for S2, a higher growth rate was recorded from the cultivars
Alexandros and Evinos (0.36 t ha−2day−1day−1).

3.1.4. Plant Nitrogen Concentration and Total Nitrogen Applied

Plant tissue total N concentration demonstrated statistical differences among cultivars
grown at each seed rate. Contrarily, no differences (p < 0.05) were detected between seed
rates averaged across cultivars, as well as within each cultivar (Table 3). Specifically, Mix1
statistically differed from the other cultivars and mixtures, reaching the highest values
estimated at 3.98% and 4.1% for the S1 and S2 seed rates, respectively. The lowest values
were observed in cv. Zefyros and were calculated as 2.91% and 2.94% for the S1 and S2
seed rates, respectively. Additionally, significant differences were detected (p < 0.05 and
p < 0.01) in the total nitrogen applied between seed rates averaged across cultivars (S1:
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12.81 tha−1 vs. S2: 24.19 tha−1) and among cultivars grown at the same seed rate (Table 3).
Once again, cultivar mixture Mix1 statistically differed from the other cultivars, at both
seed rates, recording higher values (viz. 16.8 tha−1 at S1 and 30.7 tha−1 at S2), while cv
Tempi recorded the lowest value of total nitrogen applied (viz. 7 tha−1) at the low seed rate.

3.2. Soil Amendment
3.2.1. Residual Soil Nitrogen (N)

Residual soil nitrogen (N) estimated from soil analysis by the standard Kjeldahl
method at two (Soil N1), four (Soil N2) and six (Soil N3) months after plants were incorpo-
rated into the soil as green manure is presented in Table 4. It is worth mentioning that the
initial soil nitrogen of the experimental field was calculated, using the same method, at
87 kg ha−1. Cultivar clusters regarding the residual soil nitrogen contribution are illustrated
in Figure 4.

Table 4. Soil nitrogen and soil organic matter at two, four and six months after the incorporation of Vicia sativa plants at two
seed rates (S1, S2) for each cultivar and cultivar mixture. Different letters indicate significant differences between/among
means of cultivars grown at the same seed rate at p < 0.05, according to Tukey’s method, and LSD† indicates significant
differences between seed rates within the same cultivar.

Cultivar

Seed Rate Alexandros Kallirroi Pegasos Evinos Zefyros Tempi Mix1 Mix2 Mean

Soil N1
(kg ha−1)

S1 99a 103a 100a 104a 93a 104a 106a 102a 101 A

S2 95a 96a,b 97a,b 107b,c 105a,b,c 99a,b,c 108c 101a,b,c 101 A

LSD† ns ns ns ns ns ns ns ns

Soil N2(kg ha−1)
S1 107a,b 115a,b 113a,b 106a,b 101a 114a,b 126b 110a,b 112 A

S2 109a 125a,b 116a,b 124a,b 132b 123a,b 130b 122a,b 122 A

LSD† ns ns ns ns 31 * ns ns ns

Soil N3(kg ha−1)
S1 115bc 118d,e 123e,f 124f 109a 114b,c 130g 113a,b 118 A

S2 125bc 133e,f 115a 122b 137f 129c,e 136f 122b 127 B

LSD† 10 * 15 * 8 * 2 ** 29 ** 15 ** 6 * 9 **

ORG1(%)
S1 34.9a,b 34.4a,b 25.1a 30.5a,b 38.9a,b 42.8b 32.4a,b 27.6a,b 33 A

S2 42b 34.2a 28.48a 29.3a 35a,b 33.8a 38.4a,b 34.7a,b 35 B

LSD† 7.1 * ns ns ns ns 9 * 6 * 7.1 *

ORG2(%)
S1 42.1a 49.5a,b 43a 44a,b 45.9a,b 57.3b 40a,b 42.3a 45.5 A

S2 50.8 bc 46.5a,b,c 41.7a 47.1a,b,c 52.2c 49.3b,c 49.1b,c 54c 48.8 B

LSD† 8.7 * ns ns ns ns 8 * 9.1 * 11.7 *

ORG3(%)
S1 47.1a 48a,b 45.6a 42.2a 46.7a 62.6b 37.3a 45a 46.8 A

S2 49.9b,c 47.6b 40.41a 46.8a,b 46.6a,b 56.1c 46.7a,b 52.3b,c 48.3 B

LSD† ns ns ns ns ns ns 9.4 ** 7.3 *

N1, N2, N3 (kg ha−1): soil nitrogen two, four, six months after biomass incorporation, respectively. ORG. MATTER 1,2,3 (%): soil
organic matter two, four, six months after biomass incorporation, respectively. LSD†, least significant difference at p < 0.05 and p < 0.01.
*,** significant at p < 0.05 and p < 0.01, respectively; ns, not significant (p > 0.05).

In the two-month period after the incorporation of common vetch plants, it was
observed that there was an increment in residual soil nitrogen, and higher values were
recorded in relation to the initial value in all cases under study. Significant differences
among cultivars were detected only at the S2 seed rate. Contrarily, no significant differences
were recorded between seed rates, either averaged across cultivars or within each cultivar.
The highest values were calculated at 106 and 108 kg ha−1 for S1 and S2, respectively, for
the mixture Mix1. The lowest value was estimated at 93 kg ha−1 for cv. Zefyros at S1 and
95 kg ha−1 for cv. Alexandros at S2.
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Similarly, four months after the incorporation of common vetch plants, seed rate had
no significant impact on residual N concentration in the upper 40 cm of the soil profile
when averaged across cultivars. Nevertheless, the increment in residual soil nitrogen
fluctuated from 17 to 39 kg ha−1 and from 22 to 45 kg ha−1 for the different cultivars, at S1
and S2, respectively. On the contrary, significant differences among the studied cultivars
were detected in both seed rates. In particular, at the low seed rate (S1), Mix1 contributed a
higher rate of N accumulation in the soil (viz. 129 kg ha−1), while cv. Zefyros demonstrated
a lower rate of N accumulation (viz. 101 kg ha−1). In the case of the S2 seed rate, Mix1 and
cv. Zefyros statistically differed from the other cultivars and contributed substantially more
N into the soil (viz. 130 kg ha−1 and 132 kKg ha−1, respectively), while cv. Alexandros
added the smallest amount of nitrogen into the soil (viz. 109 kg ha−1).

Finally, the end of the six-month period after the incorporation led to the recording
of a significant difference (p < 0.05) between seed rate averaged across cultivars, where,
according to Table 4, the S2 seed rate recorded higher values than the S1 seed rate (S1:
118 kg ha−1 vs. S2: 127 kg ha−1). Significant differences (p < 0.05) were also observed
between cultivars within each seed rate, whilst the residual soil increment was calculated
at from 22 to 43 kg ha−1 at S1 and from 28 to 50 kg ha−1 at S2. Once again, at S1, cv.
Zefyros contributed the lowest amount of mineralized N into the soil and Mix1 the highest
amount, as their yields were 109 and 130 kg ha−1, respectively. In the case of S2, cv. Pegasos
contributed the lowest amount of N, estimated at 109 kg ha−1, while Mix1 and cv. Zefyros
contributed the highest amount of N in soil, at approximately 137 kg ha−1. It is notable
that cv Pegasos and Evinos presented a differentiation from the rest of the cultivars, since
they obtained higher values in the lower seed rate than in the higher seed rate.

Biplot analysis based on principal component analysis (PCA) of residual soil nitrogen
N1, N2 and N3 at two, four and six months after the incorporation of common vetch
plants, respectively, is illustrated in Figure 4. Variables (viz. seed rate, N1, N2 and N3)
are represented by linear biplot axes pointed in the same directions, whilst cultivars and
mixtures are represented by dots [41]. The goodness-of-fit is 98.2%, namely 76.1% for
Dimension 1 and 22.1% for Dimension 2. Analytically, since the distance between the dots
approximates their similarity, we observe that all cultivars grouped into two clusters in
relation to seed rate, although no statistical differences was detected in the ANOVA (N1
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and N2), as has been shown in Table 4. This could be interpreted as the ability to use
any of the above genotypes for green manuring at a low seed rate and eventually plant
population. It is notable that cv Zefyros under S1 is differentiated, as it was not grouped
in either of two clusters. This could be attributed to genetic or seed rate effects; however,
further research is needed to study the cultivar–seed rate interactions.

3.2.2. Decomposition of Organic Matter

Decomposition percentage of organic matter derived from Vicia sativa genotypes under
study, two (ORG1), four (ORG2) and six (ORG3) months after the placement of plant tissue
mesh bags underground, is presented in Table 4, while in Figure 5, the PCA biplot analysis
of the corresponding data is illustrated.
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Figure 5. PCA biplot analyses of decomposition percentage of organic matter two (ORG1), four
(ORG2) and six months (ORG3) after the incorporation of biomass for six cultivars and two mixtures
of common vetch at two seed rates (S1: 100 kg ha−1; S2:180 kg ha−1).

A significant effect (p < 0.05) of seed rate on decomposition of organic matter of com-
mon vetch plants was observed in the two-month period. Likewise, significant differences
(p < 0.05) were detected among cultivars in the same time period, as resulting from Tukey’s
analysis. Specifically, decomposition rate of green manure of the cultivars Alexandros
and Tempi and the mixtures Mix1 and Mix2 was significantly affected (p < 0.05) by seed
rate. The higher rate of decomposition was recorded by cv. Tempi at the S1 seed rate (viz.
42.8%) and by cultivar Alexandros (viz. 42%) at the S2 seed rate. It is interesting to note
that plant tissue of cv. Tempi decomposes to a greater extent at the lower seed rate not
only in the two-month period after green manure management, but also in the four- and
six-month periods.

Decomposition rate of organic substance had a similar course of development four
months after the incorporation of common vetch plants. Seed rate significantly affected
the organic matter decomposition of Alexandros, Tempi, Mix1, and Mix2 vetch plants, and
significant differences among cultivars were detected at both seed rates. Cultivar Tempi
recorded the higher rate of crop residue decomposition at approximately 57.3% at the S1
seed rate, and the mixture Mix2, at approximately 54%, at the S2 seed rate.

The effect of seed rate on the decomposition of organic matter was clearly minor six
months after the green manure management, since significant differences were detected
only in the cases of the Mix1 and Mix2 mixtures. Otherwise, the obtained data showed a



Agriculture 2021, 11, 733 12 of 17

slight variation in the recorded values between the four and six-month periods after the
incorporation of all vetch plants. Furthermore, at the S1 seed rate, no significant differences
were detected among the genotypes Alexandros, Pegasos, Evinos, Mix1 and Mix2, while
statistically significantly different values were obtained from genotypes Kallirroi and Tempi.
Additionally, in the denser plant population, significant differences among cultivars were
recorded (Table 4), and decomposition rates fluctuated from 40.41% to 56.1%.

As depicted by the biplot representation of decomposition of organic matter in
Figure 5, there are four distinct clusters of cultivars. The first cluster (upper right) is
formed by the cultivar Alexandros and mixture Mix1, with higher values for ORG1. In the
second cluster (lower right), we find those genotypes that perform better for ORG2. The
third group (upper left) consisted of cultivars that display the lowest values at the S1 seed
rate, six months after the administration of green manure. This last group also coincides
with the highest values at the S2 seed rate, four months after the green manure. Finally, the
last group (lower left) is that formed by cultivars with medium performance with regard to
the decomposition of organic matter, especially four months after the incorporation of green
manure into the topsoil. Additionally, in this group, we can distinguish two sub-clusters.
One sub-cluster is formed by the cultivars Evinos, Mix1 and Alexandros, characterized
mainly by their low values for ORG3 at the S1 seed rate, and the other sub-cluster is formed
by the cultivars Pegasos, Tempi and Kallirroi, with the lowest values for ORG1 in the
denser plantation. The goodness-of-fit is very high at approximately 98.4%.

4. Discussion

The assessment framework quantifies the effect of Vicia sativa cultivars used as green
manure on residual soil N and the decomposition of organic matter, aspects that are
difficult to measure, and allows us to explore the performance of those cultivars in order to
evaluate their introduction into cropping management that leads to environmentally and
economically viable prospects.

Concerning plant height, the obtained results show that when the comparison was
applied within cultivars, very few differences could be attributed to the seed rate effect;
however, significant differences were detected among the genotypes within each seed rate.
Such findings are in accordance with previous studies [51–53], indicating that plant height
is a characteristic mostly dependent on genotype rather than on cultivation techniques,
such as plant density. Further, it is notable that equally high plants were recorded for both
seed rates, demonstrated that an increase in seed rate not always leads to an increase in
plant height. It is remarkable that the higher the plants were, the higher the obtained LAI
values, confirming previous studies [54–56].

According to López-Bellido et al. [57] and Ravasi et al. [58], leaf area index (LAI) is
simulated as a function of crop development and the crop responses to seed rate, which is
in accordance with the results obtained in the present study, since higher values of LAI were
recorded in the higher seed rate (S2). In addition, the duration of the period from sowing
to flowering and therefore to the fully closed canopy (LAI > 3; light interception > 95%)
is very important for V. sativa in order to incure high yield potential in a certain environ-
ment [59]. Generally, autumn-sown populations have greater growth duration because
they start to grow from the seedling stage [60], which is in agreement with our findings
in both plant densities. Moreover, the crop development requires a canopy that enables
full light interception and sufficient storage of N in leaves to maintain a non-N-limited
photosynthetic apparatus for converting incoming radiation into new biomass [61]. In
full agreement with that, our results reveal that LAI, even at a low seed rate, remained at
satisfactory levels and the crop of all genotypes had a closed canopy (LAI > 3) for over
30 days, giving the opportunity to achieve higher productive rates and to minimize losses
in photo-synthetically active radiation, demonstrating that all cultivars and mixtures under
study are capable of sufficient crop development and are suitable for use as green manure.

Many researchers reported that increasing seed rate resulted in an increased dry matter
yield of different legume species including common vetch [62–64], which is consistent with
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our study. In addition, the obtained results demonstrate that despite the slight differences
that were recorded in LAI, especially at the higher seed rate, significant differences were
observed among Vicia sativa genotypes for biomass (Table 3), reflecting the different yield
potential of the monitored genotypes. Vlachostergios et al. [33] reported considerable
advantages of cultivar mixtures over their component cultivars for dry matter yield, which
were verified by our findings. Analytically, Mix1 and Mix2, along with cv. Alexandros
were the highest yielding genotypes for dry biomass.

Regarding the residual soil N increment, after the incorporation of plants into the
topsoil, significant differences within each seed rate were detected between the mixtures
and cultivars in almost all cases. It is worth mentioning that the increase in seed rate led to
an increment in residual soil N which was not statistically significantly different (p < 0.05)
for soil N1 and soil N2 (Table 4). On the contrary, after the time period of six months, the N
concentration in the soil (N3) was significantly affected by seed rate in all genotypes and
recorded higher values for the S2 seed rate. This should be attributed to the additional
biomass yield that was produced from the increase in seed rate and hence plant population,
since the dominant factor for the mineralization of green manures is the quantity of the
biomass of the green manure crops [65,66]. However, residual N concentration recorded
high values even in genotypes with a lower dry matter yield (viz. cultivars Evinos and
Pegasos), showing that cultivars producing low biomass were not necessarily limited
by poor functioning of the soil’s N3 fixation processes [67]. In most cases, a higher N
concentration in plant tissue is associated with higher residual soil N concentration [68].
Our results confirm this, especially in the case of the mixture Mix1, which recorded higher
values of soil N concentration in the time period, studied and had the statistically higher
plant nitrogen concentration. Moreover, when comparing the amount of mineralized N in
the soil, it can be seen that sufficient N soil accumulation was accomplished even at a lower
seed rate, and higher levels of N were released four and six months after the incorporation.
These findings can also be attributed to the increased decomposition of organic matter
(Table 4) in that time period, since the nitrogen concentration in the soil is strictly related to
the soil organic matter, which represents the widest terrestrial reservoir of the element [69].
Additionally, as illustrated in Figure 4, the biplot axes of N2 and N3 coincide, suggesting
that the amount of residual N in the soil remains at the same high levels in the four and six-
month periods after the green manure management. This comprises an important finding
that enables a successful synchronization of subsequent crop’s N demands through the
management of the implementation time of green manure. Additionally, the biplot axes of
N2 and N3 form an acute angle with the biplot axis of N1, presuming a positive correlation
between these variables. Regarding genotypes, there are two distinct clusters. The first
cluster (upper left) is formed by the genotypes with the lowest values of residual N, arising
mostly from the S1 seed rate. The second cluster (lower left) is formed by genotypes that
display the highest performance. We pointed out the small distance between genotypes
within the same cluster, which indicates the existence of similarities. The cultivar Zefyros
is a case apart and displayed away from the two clusters. This specific genotype seems to
be strongly seed rate-dependent, since it recorded the lowest values of residual N at the S1
seed rate and the highest values at the S2 seed rate.

Typically, it is well known that decomposition of organic matter mainly depends on the
availability of N in soil [1,70], as well as the suitable temperature and humidity that benefit
microbial activity and thus increase the decomposition rates of the organic material [71–73].
highest values of decomposition rate occurred from September to October (ORG3), which
was primarily relative to a higher concentration of residual soil N3 (Table 3) and to the
favorable environmental conditions (measured data of mild relatively air temperatures
and high precipitation) during this period, are in line with Zhang et al.’s [74] findings.
In addition, similarly high values of organic matter decomposition were recorded for all
genotypes (Table 4) four months (ORG2) after the green manure management. These results
are confirmed by the PCA biplot representation in Figure 5 in the formation of an acute
angle between the biplot axes of ORG2 and ORG3. Additionally, our results show that
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an increment in seed rate does not coincide with an increment in the decomposition of
organic matter. Specifically, the cultivar Tempi, followed by the cultivars Kallirroi and
Pegasos, recorded higher values at the low S1 seed rate and are grouped into a sub-cluster
in Figure 5. Hence, these genotypes are not influenced by the seed rate/plant population
and can be used in cropping systems as green manure with a low seed rate, a fact that
offers options with economic and environmental benefits.

5. Conclusions

Common vetch green manure-based systems may provide alternatives to current
approaches for sustainable crop production; our work has identified suitable common
vetch cultivars and cultivar mixtures with potential for soil fertility improvement via green
manure practices in typical Mediterranean environments. Cultivar mixtures seem to be
able to compensate for some of the disadvantages relating to cultivars in pure stands and
perform better for soil N concertation, especially under a higher seed rate. However, the
use of cultivars mixtures may not be justified without the provision of detailed information
about cultivation parameters such as crop growth and development, biomass production
and improvement of soil characteristics, among others. In other words, high-performance
cultivars can deliver the same, if not better, results in pure stands and can also improve
the results of low-performance cultivars when mixed with them. Cultivar mixtures can
be a meaningful alternative in situations such as a lack of seed availability or a high cost
of high-performance cultivars, for example, but should be carefully designed and include
the best ‘ingredients’ possible in their composition. Additionally, our results suggest that
low seed rates might not be recommended, based on biomass production and short-term
N contribution. On the contrary, as most cultivars were found to be seed rate-independent
regarding long-term soil N contribution and the degree of degradation of the organic
matter, and residual N in the soil remains at the same levels in the four- and six-month-
periods after the incorporation of biomass, green manuring at a low seed rate could thus
be suggested to improve the profitability and sustainability of green manuring practices,
but further research is needed in order to determine the minimum seed rate under which
success is compromised.
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