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Abstract Research Article
Green manuring with legumes is widely used to enhance nutrient
recycling in Mediterranean agroecosystems, especially under calcareous
soil conditions where nutrient availability is commonly constrained. This
study examined growth performance and organ level macro and
micronutrient distribution in four legume species chickpea (Cicer
arietinum L.), faba bean (Vicia faba L.), forage pea (Pisum sativum L.),
and vetch (Vicia sativa L.) grown as sole green manure crops under field
conditions in in a calcareous Mediterranean field soil. Growth
parameters, nodulation traits, and nutrient concentrations were quantified

in roots, stems, leaves, flowers, and nodules. Plant organ had a highly Article History
significant effect on all macro- and micronutrients analyzed, whereas Received :05.12.2025
species effects were limited and significant only for N, Fe, and B. Accepted :20.01.2026

Significant species x organ interactions were observed for Ca, Mg, Fe,
Cu, Mn, and B, indicating context-dependent nutrient allocation among
organs. Nitrogen was preferentially concentrated in nodules (measurable
in chickpea and faba bean, but weak in forage pea and vetch) and flowers,
consistent with symbiotic N fixation in nodules and high metabolic
demand in reproductive tissues. In contrast, Fe and Mn were enriched
primarily in roots and nodules and, for Mn, also in photosynthetically
active leaves, whereas B was predominantly enriched in leaves and, in
some species, roots under calcareous, alkaline soil conditions. Overall,
the results indicate that organ-level nutrient partitioning is the primary

determinant of nutrient distribution in legumes grown under calcareous Keywords
Mediterranean conditions (soil pH=7.49), whereas species-specific Mediterranean conditions
effects are secondary and element-dependent. These findings show that green manure

organ composition and biomass distribution, together with soil nutrient partitioning
constraints, should be considered when evaluating legume species for calcareous soil

green manure use. organ-level allocation
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1. Introduction

Green manuring is widely applied to
support nutrient recycling and organic matter
inputs in agricultural soils. Leguminous
species are commonly preferred as green
manure crops because of their ability to fix
atmospheric nitrogen symbiotically and to
accumulate both macro- and micronutrients
during vegetative and reproductive growth
stages (Dutta et al., 2022). The performance of
legume-based green manures mainly depends
on species-specific traits, including growth
habit, biomass production, nodulation, and
organ-level nutrient distribution at
incorporation (Allito et al., 2021; Aydi Ben
Abdallah et al., 2024). Previous studies show
that nutrients in legumes are unevenly
distributed among roots, nodules, stems,
leaves, and reproductive organs Metabolically
active organs, particularly nodules and
photosynthetically active tissues, tend to
accumulate higher levels of nitrogen and
certain mineral elements than structural tissues
(Dovrat et al., 2020; Tang et al., 2024). In
contrast, most research has concentrated on
total aboveground biomass or single organs,
and detailed organ-level analyses under field
conditions, particularly those simultaneously
considering multiple plant organs and
nutrients, remain limited (Hansen et al., 2021).
Mediterranean agroecosystems are generally
characterized by calcareous soils with high
lime content, neutral to slightly alkaline pH,
and low organic matter (Duran et al., 2024).
These conditions may alter nutrient uptake and
internal allocation in legumes compared with
non-calcareous soils, making organ-level
nutrient partitioning a key factor in evaluating
their suitability as green manure crops (Bolan
et al.,, 2023; Stein et al., 2023). Chickpea
(Cicer arietinum L.), faba bean (Vicia faba L.),
forage pea (Pisum sativum L.), and vetch
(Vicia sativa L.) are widely cultivated across
Mediterranean regions and are frequently used
as sole green manure crops under field
conditions (Yeremko et al., 2025). Their
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contrasting growth habits, biomass allocation
patterns, and nodulation traits allow robust
comparisons of organ-specific nutrient
distribution under comparable environmental
conditions (Allito et al., 2021; de Freitas et al.,
2023). Accordingly, this study aimed to
evaluate growth traits and macro- and
micronutrient distribution among plant organs
in four legume species grown as green manure
under field conditions in a calcareous
Mediterranean soil. We hypothesized that (i)
nutrient concentrations differ among organs
and (i1) legume species exhibit distinct organ-
level nutrient distribution patterns relevant to
green manure use.

2. Material and Methods
2.1 Site preparation and growth conditions
2.1.1. Study area and field preparation

The experiment was carried out in a coastal
area of Manavgat, Antalya (Tirkiye)
(36°48'30" N, 31°23'18" E), at an elevation of
about 25 m above sea level. The field had been
left fallow for four years with no cropping or
chemical inputs. Before sowing, soil samples
were taken from two layers (0-30 and 3060
cm) to assess initial soil conditions, after which
the field was ploughed and prepared using
conventional tillage practices.

2.1.2. Initial soil characterization

Initial soil physicochemical and nutrient
properties of the experimental field were
determined prior to plot establishment, and the
results are presented in Table 1. The soil had a
clay loam texture and was non-saline, with
neutral to slightly alkaline pH and very high
lime content in both soil layers. Organic matter
and total N levels were low throughout the soil
profile, indicating limited native fertility.
Available P and Zn contents were very low,
whereas K and Ca levels ranged from medium
to high. These characteristics describe the
baseline soil conditions under which the field
experiment was conducted.
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Table 1. Initial physicochemical and nutrient properties of the soil before green manuring.

Parameter Unit 0-30 cm Classification 30-60 cm Classification
Texture - Clay loam Fine-textured soil Clay loam Fine-textured soil
Field capacity % 58.89 High 55.37 High
Saturation (%) % 44.22 — 42.24 —
pH — 7.49 Neutral 7.75 Slightly alkaline
Total salt % 0.01 Non-saline 0.01 Non-saline
Lime % 45.92 Very calcareous 45.30 Very calcareous
Organic matter % 1.11 Low 0.70 Very low
Total organic C % 0.64 — 0.40 —
Total N % 0.06 Low 0.05 Low
Extractable S mg kg™! 11.35 — 11.35 —
Available Ca mg kg™! 4893.90 High 4612.50 High
Available Mg mg kg™! 168.80 Medium 187.00 Medium
Available P (P20s) kg da! 1.46 Very low 0.56 Very low
Available K (K20) kg da! 25.56 Medium 21.12 Medium
Available B mg kg™! 0.34 Very low 0.30 Very low
Fe mg kg™! 8.30 High 6.90 High
Cu mg kg™! 1.80 Sufficient 1.08 Sufficient
Zn mg kg™! 0.25 Low 0.15 Very low
Mn mg kg™! 8.24 Low 6.80 Low
Available Mo ppb 17.70 — 12.84 —
Available Co mg kg™! 9.12 - 8.80 -

2.1.3. Meteorological conditions The experiment was arranged in a

Meteorological  data  covering the  randomized complete block design with four

experimental period from December 2022 to
October 2023 were obtained from the Turkish
State Meteorological Service (Anonymous,
2024). The region has a typical Mediterranean
climate, with mild and rainy winters and hot,
dry summers. During the growing and
decomposition periods, temperature and
precipitation conditions were within the long-
term regional averages, providing suitable
climatic conditions for the growth of the
studied legume species and subsequent green
manure decomposition.

2.1.4. Crop management practices

No irrigation was applied during the
experiment, as sowing was carried out in the
winter season and crop water requirements
were met by natural precipitation. No mineral
or organic fertilizers were applied throughout
the experimental period. Weed control was
performed regularly using mechanical
methods when necessary.

2.2. Experimental design and treatments

plant species used as green manure—chickpea
(Cicer arietinum L.), faba bean (Vicia faba L.),
forage pea (Pisum sativum L.), and vetch
(Vicia sativa L.)—and three replications. Each
species was randomly assigned within each
block, yielding a total of 12 experimental plots.
Plot size was 5 x 2 m, with buffer zones of 0.5
m between adjacent plots within a block and 1
m between blocks to minimize potential cross-
plot interference. Sowing was carried out on 6
December 2022. Certified seeds of all species
were obtained from a local seed producer.
Plant species was the sole experimental factor.

2.3. Sampling and analytical procedures
2.3.1. Plant

Atharvest (29 April 2023), plants from each
plot were randomly sampled and combined
into a composite sample. Before excavation,
soil moisture was increased, and plants were
removed by shovel and hand to limit root
damage, with care taken to preserve roots and
nodules. After sampling, plant materials were
first washed with tap water and then with
distilled water to remove adhering soil
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particles. Samples were then separated into
roots, fine roots, nodules, stems, leaves, and
reproductive organs. Prior to drying, fresh
weights were recorded for physical
measurements. The plant samples were air-
dried on absorbent paper and then oven-dried
at 65 °C until constant weight. The dried
samples were prepared for laboratory analyses.
Plant samples were analyzed for total N, P, K,
and selected macro- and micronutrients. Total
N was determined using the Kjeldahl method
(Bremner, 1965). Total P was measured
colorimetrically using the
vanadomolybdophosphoric  yellow method
(Murphy and Riley, 1962), and K was
determined following standard procedures
(Jackson, 2005). Macro- and micronutrient
concentrations were determined after wet
digestion and quantified by inductively
coupled plasma optical emission spectrometry
(ICP-OES) following standard instrumental
protocols (Senila, 2024).

2.3.2. Soil

Immediately after harvest, the entire above-
and belowground biomass of each species was
returned to the soil in the same plots to
minimize N losses. Incorporation was carried
out manually, without mechanical mixing,
leaving no plant residues on the soil surface.
Biomass was buried within the effective soil
fertility layer. After a decomposition period of
about 7-8 months, soil samples were collected
from each plot on 18 October 2023 for
chemical analyses. Because the experimental
plots were small (5 X 2 m), sampling was
carried out from the plot center at a single
depth (0-30 cm) to minimize edge effects and
spatial variability. Soil samples were air-dried
in the shade, gently crushed, and sieved
through a 2-mm mesh prior to chemical
analyses. Care was taken to avoid
contamination  during  sampling  and
preparation, particularly for micronutrient
analyses. Physicochemical and nutrient
properties were determined using standard
laboratory methods. Total N was measured by
the Kjeldahl method (Bremner, 1965). Soil pH
and electrical conductivity (EC) were
measured potentiometrically in a 1:2.5 (w:v)
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soil-to-water suspension. Soil organic matter
and total organic carbon (TOC) were
determined using the Walkley—Black wet
oxidation method (Walkley and Black, 1934).
Available phosphorus (P-Os) was determined
using the Olsen method (Olsen, 1954).
Exchangeable potassium (K20O), Ca, and Mg
were extracted with ammonium acetate and
quantified by ICP-OES (Thomas, 1982).
Available micronutrients (Fe, Cu, Zn, and Mn)
were determined using DTPA extraction
(Lindsay and Norvell, 1978). Soil texture was
determined using the Bouyoucos hydrometer
method (Bouyoucos, 1962), and saturation
percentage was determined gravimetrically.
Detailed soil physicochemical properties are
presented in Table 1.

2.4. Statistical analysis

Statistical analyses were conducted using
SPSS software. Data were analyzed by
analysis of variance (ANOVA) under a
randomized complete block design, with plant
species and plant organ treated as fixed factors
and their interaction (species x organ) included
in the model. Statistical significance was
assessed at p<0.05.

3. Result
3.1 Growth and nodulation characteristics
Growth and nodulation characteristics of
the four legume green manure species are
presented in Table 2. Shoot dry matter showed
marked variation among species, ranging from
approximately 26 g plant™ in forage pea to
about 452 g plant! in faba bean, while
chickpea and vetch had intermediate values.
Root dry matter also varied among species,
with the highest mean recorded in faba bean
(=19 g plant™); lower values were observed in
forage pea and vetch (approximately 0.6-1.0 g
plant™). These large interspecific differences
reflect inherent differences in growth habit and
biomass allocation among species. Plant height
ranged from approximately 78 to 141 cm
among species, with greater values in forage
pea and vetch than in chickpea and faba bean.
Root length and fine root length showed
moderate interspecific variation, ranging from
about 19 to 28 cm and from approximately 15
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to 27 cm, respectively. Nodule number per
plant ranged from approximately 12 to 24, with
higher means in forage pea and vetch. Nodule
dry weight was measured only in chickpea and
faba bean and averaged approximately 6.4 and
5.4 g plant™, respectively. Nodules of forage
pea and vetch did not reach sufficient mass for
dry weight determination and were therefore
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not included in nodule dry weight
measurements. The growth and nodulation
data presented in Table 2 are descriptive (mean
+ SD) and were not subjected to formal
statistical ~ testing;  therefore, observed
differences among species are reported as
trends rather than statistically significant
effects.

Table 2. Growth and nodulation of 4 legume green manure species grown under field conditions (mean

+ SD, n=3).
Nodule
dry
Shoot Root Plant Root Fine root Nodule weight
Species dry matter dry matter height length length number (g
(g plant™) (gplant®) (cm) (cm) (cm) (plant™) plant™)
231.00 = 5.01+ 21.17 + 20.32 + 6.35=+
Chickpea  268.89 0.87 78.50 £16.04 8.39 18.83 £ 1.26 7.73 1.74
452.00 £ 19.17 + 27.83 + 11.53 542+
Faba bean  108.39 3.55 77.58+ 1597 6.66 27.42 +£4.50 0.50 0.52
Forage 0.60 = 140.56 + 19.08 + 23.03 £
Pea 26.07+10.39  0.12 38.63 3.41 15.08 +£0.38 7.56 NA
1.00 = 114.78 + 23.83 + 23.56 =
Vetch 372.67+3246 0.28 19.25 4.21 20.56 +2.41 4.34 NA

3.2. Distribution of macronutrients among
plant organs and species

The distribution of macronutrients among
plant organs of the four legume green manure
species is presented in Table 3. TOC values
were relatively consistent across species and
organs (=50-56%), while nodules exhibited
consistently lower TOC values (=41-45%) in
chickpea and faba bean. N concentrations
varied markedly among organs and species. In
chickpea and faba bean, nodules and flowers
showed the highest N concentrations, with
nodule N ranging from approximately 3.8 to
4.9% and flower N from approximately 3.6 to
4.2%. In forage pea and vetch, flowers also had
the highest N concentrations (=4.7 and 4.9%,
respectively), whereas root and stem N
concentrations across all species generally
remained at or below approximately 1.7%. P
concentrations varied clearly among plant
organs. Stem P concentrations remained below
0.10% across species, while root P
concentrations ranged from approximately
0.05 to 0.14%. In contrast, leaves, nodules
(when present), and flowers showed higher P
concentrations, with the highest value found in
forage pea flowers (<0.49%). K concentrations

showed moderate variation among species and
organs (~0.7-2.0%). Higher K concentrations
were commonly observed in nodules (where
present), leaves, and flowers. Elevated K
values were recorded in nodules of chickpea
and faba bean and in flowers of forage pea,
whereas stem K concentrations showed greater
interspecific ~ variability, ranging from
approximately 0.7 to 1.9%. Ca concentrations
ranged widely among plant organs and species
(=0.15-3.56%). The highest Ca concentration
was recorded in chickpea nodules (>3.5%).
Elevated Ca concentrations were also found in
leaves of faba bean and forage pea and in roots
of forage pea, whereas stem and flower Ca
concentrations were consistently lower across
species. Under calcareous soil conditions
characterized by high CaCOs content, Ca
availability is generally high, and plant Ca
distribution is therefore largely governed by
limited phloem mobility and tissue-specific
structural demand rather than uptake
limitation, reinforcing accumulation in
nodules, leaves, and roots. Mg concentrations
showed relatively limited variation compared
to other macronutrients, ranging from
approximately 0.09 to 0.50%. Slightly higher
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Mg concentrations were observed in nodules
and leaves across species, whereas stem and
flower Mg concentrations generally remained
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vetch, nodule dry weight could not be
determined due to insufficient nodule biomass,
and therefore these values were excluded from

below approximately 0.20%. In forage peaand  further quantitative analyses.

Table 3. Distribution of macronutrients (TOC, N, P, K, Ca, Mg) among plant organs of 4 legume green
manure species under field conditions (mean = SD, n = 3)

Species Organ TOC (%) N (%) P (%) K (%) Ca (%) Mg (%)
Root 51.68 +0.57 0.87+£027  0.05+0.015 1.02+0.31 1.20+0.58 0.27+0.17
Chick Nodule  40.93 +7.06 488+0.57 0.23+0.066 1.95+059 3.56+097 0.50+0.12
pea Stem 55.08 +0.75 1.29+0.54  0.09+0.031 1.41+047  0.58+020 0.09+0.04
Leaf 52.13+£0.24 2.81+028  0.17+0.040 125+032 244+038  0.21+0.03
Flower  55.70 + 1.41 3.64+044  0.36+0.062 1.57+041  030+007 0.16+0.02
Root 51.87+0.87 1.06+0.10  0.07+0.015 0.86+0.24 126+0.07 0.13+0.01
Nodule  44.85+2.54 3.76 £0.57  0.26+0.122 1.71£0.79 2.12+1.18  0.23+0.04
Faba bean  Stem 54.22 +0.35 0.99+0.17 0.06+0.010 0.73+£0.12 143+044  0.14+0.04
Leaf 50.68 + 0.90 2.50+0.28  0.10+0.021 1244006 298+054  0.34+0.03
Flower  55.75+0.10 421+0.34  0.32+0.053 1.30+0.06 0.15+0.01  0.10+0.01
Root 50.13 +3.23 1.67+0.07  0.14+0.087 1.81+£1.02 250+0.79  0.44+0.25
Stem 55.14+0.63 1.17+041  0.07+0.015 1434035 058+0.11  0.10+0.04
Forage Pea  Leaf 53.22 +1.65 324+0.13  0.17+0.044 1.45+£022 1.97+024 0.30+0.05
Flower  54.47 +0.62 470+0.34  0.49+0.076 195+021 036+0.18 0.18+0.01
Root 52.65+0.28 1.49+0.16  0.09 +0.006 1.12+021 1.36+0.17  0.16+0.00
Stem 53.94 + 0.44 1.48+0.35  0.09+0.023 1.88+0.11 0.82+0.12  0.15+0.02
Vetch Leaf 52.41 +0.47 3.32+£0.07 0.18+0.015 1.75+0.14 1.88+029  0.24+0.02
Flower  54.40 + 1.87 486+140 037+0.124 1.64+042 042+051 0.16+0.03

3.3. Distribution of micronutrients among
plant organs and species

The distribution of micronutrients (Fe, Cu,
Zn, Mn and B) among plant organs of the four
legume green manure species is presented in
Table 4. Fe concentrations showed pronounced
variation among both plant organs and species.
Across species, the highest Fe concentrations
were consistently observed in roots and
nodules (where present), whereas stem, leaf,
and flower Fe concentrations remained
substantially lower. In chickpea and faba bean,
nodule Fe concentrations ranged from
approximately 2447 to 3743 mg kg!, whereas
root Fe concentrations reached around 3569
mg kg in forage pea and 1921 mg kg™ in
vetch. Fe concentrations in stems, leaves, and
flowers were generally <450 mg kg™ across
species. Accordingly, high Fe concentrations
were mainly restricted to roots and nodules,
with much lower levels in aboveground
organs. Cu concentrations differed among
species and organs. Root Cu concentrations
were highest in forage pea (=17.4 mg kg™') and
vetch (=14.7 mg kg™'), whereas leaves and
flowers of chickpea and faba bean also showed

elevated Cu levels (=6—9 mg kg™). Stem Cu
concentrations remained low across species,
generally below =3 mg kg™'. Zn concentrations
differed markedly among plant organs and
peaked in forage pea flowers (=102.8 mg kg™).
Elevated Zn concentrations were also found in
vetch flowers and leaves (=33—40 mg kg™),
leaves of faba bean and forage pea (=<30—40 mg
kg™), and nodules of chickpea and faba bean
(=26-30 mg kg'), whereas stem Zn
concentrations generally remained below =13
mg kg across species. Mn concentrations
showed clear organ-specific patterns. The
highest Mn concentration was observed in
chickpea nodules (=80.6 mg kg™). Elevated
Mn concentrations were also recorded in roots
of forage pea (=46.9 mg kg™') and vetch (=40.4
mg kg™), as well as in leaves of each species
(=32-47 mg kg'). In contrast, stem Mn
concentrations generally remained below
approximately 20 mg kg!, whereas flower Mn
concentrations showed greater variability. B
concentrations varied substantially among
organs and species. The highest B
concentrations were observed in chickpea
leaves (=82.4 mg kg™') and in roots and leaves
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of forage pea and vetch (=60-78 mg kg™).
Moderate B concentrations were recorded in
forage pea flowers (=56.8 mg kg™'), whereas
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stem and flower B concentrations in chickpea
and faba bean generally remained below
approximately 40 mg kg™.

Table 4. Distribution of micronutrients (Fe, Cu, Zn, Mn and B) among plant organs of four legume

green manure species under field conditions (mean + SD, n = 3).

Species  Organ Fe Cu Zn Mn B
(mg kg ") (mg kg ') (mg kg ") (mg kg ') (mg kg ")
Chick- Root 1226.07 + 601.78 593 +3.44 8.90 + 4.34 22.73 +8.81 32.61 +14.03
pea Nodule 3743.27 +949.48 3.96 +0.98 29.70 £ 15.67 80.58 £20.14 24.76 +2.77
Stem 91.55+40.98 1.98 + 1.00 9.25+4.14 8.92+3.42 2542 +8.28
Leaf 329.21 +107.81 5.27 +1.50 17.46 +3.90 32.27+7.23 82.40 +£2.28
Flower 181.41 +£32.29 5.91+2.54 36.84 + 6.93 36.52+7.67 14.70 + 3.95
Faba Root 1159.85 + 81.76 495+£1.02 10.23 £2.02 27.72 +1.81 19.14 £4.77
bean Nodule 2446.56 + 1272.34 4.69 £2.25 26.64 £ 3.04 64.15 +14.30 3229+ 1.52
Stem 149.62 + 33.62 2.65+1.52 11.62 +5.54 9.62+1.19 22.89+2.72
Leaf 454.09 +260.64 6.60 +0.53 29.72 £ 6.14 46.87 +3.35 35.61 £2.37
Flower 50.15 + 6.03 8.91+1.00 30.35+3.52 9.57 +£0.59 9.88 +1.01
Forage  Root 3569.50 + 718.88 17.39 £ 1.45 23.32+4.28 46.87 £34.94 69.56 +37.58
Pea Stem 89.21 +33.94 231+1.15 12.56 +5.50 8.92+1.02 36.31 +£5.34
Leaf 407.15+117.18 5.64 +1.52 39.50 + 9.64 35.19+£2.78 65.10 £ 16.36
Flower 130.96 + 41.37 3.05+1.28 102.75+70.77 17.24 £2.96 56.78 + 12.68
Vetch Root 1921.05 +304.93 14.74 £6.29 16.03 £2.69 40.35 +4.07 77.18 £11.02
Stem 117.94 +3.63 2.65+0.58 12.59+£5.11 9.94+1.71 25.17+3.79
Leaf 305.08 + 148.38 430+ 1.15 33.43 £ 8.27 33.43+3.16 60.89 + 14.84
Flower 58.09 + 1.49 6.86 +0.93 40.24 £9.48 18.66 +3.42 13.97 £ 10.59

Table 5. Summary of univariate ANOVA results for the effects of species, organ, block and species %

organ interaction on measured chemical variables

Species Organ SpeciesxOrgan Block

Variable  (F,p) (F.p) (F,p) (F,p)

TOC 0.161, 0.919 20.045, <0.001 1.442, 0.233 0.710, 0.534
N 8.953, 0.012 172.282, <0.001 1.270, 0.310 1.873, 0.729
P 2.519, 0.155 108.096, <0.001 1.375, 0.260 0.995, 0.466
K 3.430, 0.093 4.610, 0.032 1.902, 0.106 2.191, 0.179
Ca 0.263, 0.850 43.673, <0.001 5.177,0.001 0.455, 0.656
Mg 3.849, 0.075 18.094, <0.001 3.458, 0.009 1.807, 0.413
Fe 7.691, 0.018 91.103, <0.001 4.800, 0.001 2.553, 0.396
Cu 4.411, 0.058 15.858, 0.001 13.639, <0.001 1.563, 0.273
Zn 4.641, 0.053 11.875, 0.002 2.069, 0.080 1.409, 0.363
Mn 0.671, 0.601 21.554, <0.001 3.574, 0.007 0.536, 0.607
B 28.621, 0.001 28.615, <0.001 4.430, 0.002 —

3.4. Statistical effects of species and organ
Univariate ANOVA results indicated that
organ effects were significant for all macro-
and micronutrients analyzed (Table 5). Species
effects were significant for N, Fe and B,
whereas no significant species effect was
detected for TOC, P, K, Ca, Mg, Cu, Zn or Mn.
Significant species X organ interactions were
observed for Ca, Mg, Fe, Cu, Mn and B,
indicating that organ-level variation differed
among species for these elements. In contrast,

interaction effects were not significant for
TOC, N, P, K and Zn. Block effects were not
significant for any variable, except that the
block effect for boron could not be estimated
due to negligible residual variance.

4. Discussion

4.1. Organ-level nutrient partitioning in a
calcareous mediterranean soil

4.1.1 Macronutrients

214



This study demonstrated pronounced
differences in macronutrient concentrations
among plant organs across all four legume
green manure species, confirming the first
hypothesis. The strong and consistent organ-
level responses observed for all macronutrients
show that nutrient allocation within the plant is
mainly governed by organ-specific functional
demands rather than species identity (Tang et
al., 2025; Zhao et al., 2020). Since external
nutrient and water inputs were absent, these
patterns are interpreted as reflecting inherent
physiological allocation strategies associated
with organ function. TOC was generally stable
across most above- and belowground organs.
However, nodules consistently showed lower
TOC values in chickpea and faba bean. This is
linked to the biochemical nature of nodules,
which are richer in mineral and protein
fractions associated with symbiotic N fixation
than in structural C (Sulieman and Tran, 2014;
Zhang et al., 2025). Nitrogen showed clear
organ-level differentiation. The highest
concentrations occurred in nodules (where
present) and flowers, whereas the lowest were
consistently observed in roots and stems. In
forage pea and vetch, where nodule dry weight
could not be quantified, flowers and leaves
functioned as the primary N-enriched organs.
This distribution reflects the key role of
nodules and reproductive tissues in N fixation,
transport, and metabolic demand, whereas
stems and roots primarily fulfill structural and
transport functions (Ma et al., 2024; Melino et
al., 2022). P differed clearly among plant
organs across species. Low P concentrations
were observed in stems, moderate levels in
roots, and higher concentrations in leaves,
nodules, and flowers, with flowers showing the
highest values, especially in forage pea. This
distribution reflects the preferential allocation
of P to metabolically active tissues associated
with energy transfer, nucleic acid synthesis,
and reproductive development (Lambers,
2022). Potassium exhibited moderate yet
distinct organ-level differences, with higher
concentrations typically found in nodules
(where present), leaves, and flowers, while
stems showed lower concentrations despite
some interspecific variation. This pattern is
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consistent with the role of K in osmotic
regulation, enzyme activation, and phloem
transport, particularly in active and
reproductive organs (Wegner et al., 2025). Ca
varied more among plant organs than other
macronutrients. The highest Ca levels were
found in chickpea nodules, with higher
concentrations also observed in leaves and
roots depending on species. Stem and flower
concentrations were consistently low. This is
related to the low phloem mobility of Ca and
its accumulation in tissues important for
structural stability and cell wall development
(Wdowiak et al., 2024). Under calcareous soil
conditions characterized by high CaCO:s
content, Ca availability is generally high, and
plant Ca distribution is therefore largely
governed by limited phloem mobility and
tissue-specific structural demand rather than
uptake limitation, reinforcing accumulation in
nodules, leaves, and roots. Mg varied within a
narrower range than Ca and K but still showed
clear organ-level differences. Higher Mg
concentrations were generally found in
nodules, leaves, and roots, whereas stems and
flowers consistently showed lower levels. This
pattern reflects the role of Mg in chlorophyll
structure and enzyme activity, especially in
photosynthetically active tissues (Ishfaq et al.,
2022). Overall, the results show that
macronutrient distribution under calcareous
Mediterranean field conditions is primarily
determined by organ identity. The consistent
enrichment of nodules, leaves, and
reproductive organs in N, P, K, Ca, and Mg
emphasizes the role of internal nutrient
partitioning in governing nutrient dynamics of
legume green manures, regardless of species
differences. Reports from studies conducted
under contrasting environmental conditions
show that organ-specific macronutrient
distribution in legumes is a common feature,
indicating that the relevance of these findings
extends beyond the specific conditions of this
study (Lambers, 2022; Zhao et al., 2020).

4.1.2. Micronutrients

Clear organ-level differentiation in
micronutrients further indicates that internal
nutrient  regulation  extends  beyond
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macronutrients (Table 4). Because the study
was conducted under non-fertilized and non-
irrigated conditions, these patterns are
interpreted as reflecting intrinsic physiological
allocation and internal regulation rather than
short-term  management  effects. Fe
concentrations were highest in roots and
nodules where present. Leaves nonetheless
showed relatively higher Fe levels than stems
and flowers, indicating that Fe distribution is
not confined to belowground or symbiotic
tissues. This pattern reflects Fe retention in
roots together with selective translocation to
metabolically active aerial organs under
calcareous conditions, where Fe availability is
chemically constrained (Bhat et al., 2024; Ning
et al., 2023). Comparable Fe accumulation
patterns in roots and nodules have been
reported for legumes grown on calcareous and
alkaline soils, where restricted Fe mobility
enhances tissue-specific retention rather than
uniform distribution (Ning et al., 2023; Vélez-
Bermudez and Schmidt, 2023). Importantly,
very high Fe concentrations were restricted to
roots and nodules, while aboveground organs
showed much lower levels, indicating organ-
specific ~ regulation rather than  soil
contamination. Mn showed clear organ-level
specificity, but its distribution differed from
that of Fe. Although nodules and roots
contained high Mn concentrations in some
species, leaves also represented an important
Mn sink, especially in faba bean, forage pea,
and vetch, indicating greater demand in
photosynthetically active tissues rather than
uniform accumulation in belowground organs
(Alejandro et al., 2020). Such contrasting Fe—
Mn allocation patterns highlight element-
specific regulatory mechanisms operating
within plant organs under calcareous soil
conditions. Cu concentrations showed clear
species- and organ-dependent patterns: they
were highest in roots for forage pea and vetch,
whereas in chickpea Cu concentrations were
comparable between roots and flowers, and in
faba bean the highest Cu concentrations were
observed in flowers and leaves. This pattern
suggests species-dependent differences in Cu
uptake efficiency and internal redistribution
rather than strict organ dominance, consistent
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with known mechanisms of Cu transport and
tissue-specific homeostasis (Wairich et al.,
2022). Similar species- and organ-specific Cu
allocation strategies have been reported in
legumes grown under contrasting soil chemical
constraints, supporting the broader relevance
of these findings. Zn distribution among plant
organs reflected differences in tissue-specific
uptake and transport. Higher Zn concentrations
were typically observed in metabolically active
tissues, including leaves and reproductive
organs, as well as in nodules, in agreement
with reported Zn allocation patterns (Rasheed
et al., 2024). Preferential Zn enrichment in
reproductive and symbiotic tissues has been
interpreted as an adaptive strategy that
supports enzymatic activity and reproductive
success under Zn-limiting conditions. B
showed clear organ-level variation, with
highest concentrations mainly in leaves and, in
some species, roots. This distribution reflects
the close link between B, cell wall structure,
and actively growing tissues, and aligns with
established concepts of B transport and
homeostasis (Miwa and Fujiwara, 2010).
Considering the very low available B content
of the experimental soil (Table 1), these organ-
specific patterns emphasize the role of internal
allocation mechanisms in sustaining tissue-
level B sufficiency (Fatnassi et al., 2022; Miwa
and Fujiwara, 2010). These micronutrient
patterns are especially relevant under the soil
conditions of this study, characterized by very
high CaCOs content (>45%), neutral to slightly
alkaline pH, and low organic matter (Table 1).
In calcareous Mediterranean soils, the
availability of several nutrients—especially
Fe, Zn, and B—is limited by chemical fixation
and low solubility (Jamal et al., 2023;
Martinez-Rios et al., 2024; Vélez-Bermudez
and Schmidt, 2023; Vera-Maldonado et al.,
2024). In this context, the pronounced organ-
level effects observed for micronutrients
suggest that functional internal regulation and
selective organ allocation largely determine
nutrient concentrations, even when soil
availability is strongly constrained.

4.2. Species effects: limited but meaningful
differentiation
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Although organ effects were pronounced,
species effects were limited and significant
only for N, Fe, and B (Table 5), thus partially
supporting the second hypothesis. Overall, the
four legume species showed broadly similar
nutrient allocation patterns, with species-
dependent variation confined to a few elements
(Li et al., 2022; Zhao et al., 2020). Species-
level differences in N concentration were
consistent with variation in growth and
nodulation traits (Table 2) (Allito et al., 2021;
Koutroubas et al., 2023). Clear interspecific
differences were also evident in shoot and root
dry matter: faba bean produced substantially
higher above- and belowground biomass,
forage pea showed very low biomass despite
greater plant height, and chickpea and vetch
had intermediate values. The low biomass
observed in forage pea reflects a species-
specific growth strategy marked by rapid
vertical growth and reduced investment in
structural biomass. Such a pattern is common
in fast-growing legumes that favor early

canopy formation  and  reproductive
development over overall biomass
accumulation under non-fertilized field

conditions, rather than stress or experimental
limitation (de Deus et al., 2022; Koutroubas et
al., 2023). These contrasting growth strategies
are critical for green manure systems because
biomass production governs the return of
organic matter and nutrients to the soil. In this
context, forage pea acts as a more qualitative
than quantitative green manure, where higher
nutrient concentrations, rapid tissue turnover,
and early decomposition may partly offset
lower biomass, whereas faba bean contributes
primarily through greater biomass production.
Evidence from legume-based systems likewise
shows that biomass quality and allocation
influence N and P cycling beyond total
biomass alone (Gao et al., 2024). Nodulation
traits further explained species-dependent N
dynamics: chickpea and faba bean, which
produced measurable nodule biomass, showed
higher N concentrations in nodules and
reproductive  organs, reflecting effective
symbiotic fixation and internal allocation
(Allito et al., 2021; Ma et al., 2024). In
contrast, forage pea and vetch formed many
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small nodules with insufficient mass for dry
weight determination; therefore, comparisons
of nodule-derived N were limited to chickpea
and faba bean, emphasizing that species
differences in N concentration should be
interpreted in relation to measurable nodule
biomass rather than nodule number alone
(Igbal et al., 2022; Koutroubas et al., 2023).

4.3. Species x organ interactions and
context-dependent nutrient allocation
Significant species X organ interactions
were detected for Ca, Mg, Fe, Cu, Mn, and B
(Table 5), indicating that organ-level nutrient
differentiation for these elements varied
among species. Rather than indicating superior
nutrient accumulation by any single species,
these interactions point to context-dependent
allocation patterns shaped by organ function
and species-specific traits (Liu et al., 2024a;
Wang et al, 2022). Across species, Fe
concentrations were consistently highest in
roots and nodules (where present), whereas Mn
concentrations were highest in nodules and
were elevated in roots or leaves depending on
species. Variation in the degree of enrichment
among species resulted in significant
interaction effects. These patterns are
consistent with the limited mobility of Fe and
Mn and their preferential retention in root-
associated and symbiotic tissues, particularly
under high-pH, calcareous soil conditions
where availability is chemically constrained
(Alejandro et al., 2020; Ning et al., 2023;
Vélez-Bermudez and Schmidt, 2023; Saleem
et al., 2023). Similarly, species x organ
interactions for Ca and Mg likely reflect
differences in tissue-specific  structural
demand and ion partitioning rather than
differences in total nutrient uptake (de Bang et
al., 2021; Wdowiak et al., 2024). These results
indicate that nutrient distribution cannot be
adequately described by species means alone
and that organ-specific responses must be
considered when evaluating nutrient dynamics
in green manure systems, particularly for
elements exhibiting significant interaction
terms (Tou et al., 2025; Zhang et al., 2024).
From a green manure perspective, nutrient
return to the soil is therefore more strongly
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influenced by the relative contribution of
different plant organs than by species identity
per se (Cai et al., 2025; Ji et al., 2022;
Tripolskaja et al., 2023). Organs enriched in N
and P (e.g., leaves, flowers, and nodules),
together with micronutrient-specific hotspots
(e.g., Fe in roots and nodules, Zn in leaves and
flowers, and B in leaves or roots), are likely to
play a disproportionate role in nutrient cycling
following soil incorporation (Aydi Ben
Abdallah et al.,, 2024; Cai et al.,, 2025).
Because nutrient return is a function of both
concentration and biomass proportion, organs
with high nutrient density may contribute less
to total nutrient inputs if their biomass fraction
is small at incorporation. Accordingly,
selecting legumes for green manure use should
consider biomass production, growth traits,
and adaptation to calcareous Mediterranean
soils, as well as organ-level nutrient
distribution (Attia et al., 2024; de Deus et al.,
2022; Durén et al., 2024; Liu et al., 2024Db).

5. Conclusion and Recommendations

Under the conditions of this field study,
nutrient distribution in legume green manures
grown on calcareous Mediterranean soils was
governed mainly by plant organ rather than by
species identity. Across the four species
examined, internal nutrient partitioning
repeatedly favored nodules, leaves, and
reproductive tissues, indicating that organ
composition plays a central role in determining
nutrient return potential. Species-specific
differences were observed for only a limited
number of elements and were strongly element
dependent, with their expression largely
shaped by organ-level allocation. In this
context, species identity alone provides an
incomplete basis for evaluating green manure
performance, and species effects are better
interpreted through organ-specific responses
than through whole-plant averages. From a
practical agronomic perspective, these results
suggest that green manure management should
move beyond total biomass production.
Biomass distribution and organ composition at
the time of incorporation are also critical, as
species producing lower biomass may still
contribute to soil fertility when enriched in
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rapidly decomposing, nutrient-dense organs,
particularly in low-input systems without
fertilization or irrigation. Although this
experiment was conducted at a single site with
limited replication (n = 3) over one growing
season, and nodule dry weight could not be
determined for forage pea and vetch due to
insufficient biomass, the consistency of organ-
level nutrient patterns across species
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