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Abstract Nitrogen (N) is a major fertilizing element for plants.
The distribution of N in legumes is influencing the efficiency of
the next crop. Nitrogen storage in legumes is actually estimated
by N fixation in shoots, whereas there is little knowledge on the
contribution of roots and nodules to legume N and soil N. Here,
we studied the contribution of roots and nodules of grain and
pasture legumes to plant N and soil N in Mediterranean fields.
Experiments were run under rainfed conditions for a 2-year
period in three regions of Portugal. Entire plants including top
plant and visible roots and nodules were sampled at the end of
the growing seasons for grain legumes, sweet and yellow lupine,
and over two harvests in case of pastures. N2 fixation was mea-
sured for grain legumes and pasture legumes using 15N tracing.
Our results show that aboveground N concentration did not vary
among legumes, but differed in the belowground tissues. Field
studies show that 7–11% of total legume Nwas associated with
roots and nodules. Data also show an allocation of 11–

14 kg N fixed t−1 belowground dry matter in indeterminate
legumes, which represents half the amount of total aboveground
plant. This finding demonstrates that investigation relying only
on shoot N underestimates the role of legumes for soil N fertility.

Keywords Abovegroundmaterial . Mixed permanent
pasture . 15N techniques . Pasture type . Sweet lupine .Visible
root and nodule . Yellow lupine

1 Introduction

The distribution of nitrogen (N) in shoots, pods and seeds, and
belowground tissues of grain, pasture, forage legumes has
important implications for the N harvest index and fertilizer
N value of legume residue for the subsequent crop in a rotation
or for the neighboring non-legume in intercropping systems.
Plant N from symbiotic fixation of atmospheric N2 is added to
the ecosystem mainly via the decomposition of legume parts
or via urine and feces from grazing animals in pastures. In
addition, rhizodeposition, i.e., exudates and products of root
and nodule necrosis, may also add N to the soil (Fustec et al.
2010; Herridge et al. 2008; Huss-Danell et al. 2007; Høgh-
Jensen and Schjoerring 2000; Walley et al. 2007). Thus, N2-
fixing plants can make important contributions to increase the
sustainability of agricultural ecosystems by reducing the use
of energetically costly mineral N fertilizers.

Nevertheless, most estimates of symbiotic N2 fixation rely
on shoot N only (Carranca et al. 1999a, b; Herridge et al. 2008;
Muhammad et al. 2006; Peoples et al. 2001). Limited knowl-
edge on the contribution of belowground tissues to the N har-
vest index and fertilizer N value is partly due to difficulties in
undertaking quantitative studies on belowground inputs. Esti-
mates of N balance based on standard root harvesting data, i.e.,
visible roots and nodules, may be confounded by neglecting
the decayed roots, detached nodules, and rhizodeposits (Fustec
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et al. 2010). However, the contribution of root N and
rhizodeposited N to the soil N pool is difficult to measure,
particularly in the field, and most studies for this purpose
have been conducted in soil cores or pots. Most methods of
quantifying belowground biomass require a considerable labor
and time investment. Recently, Walley et al. (2007) assumed
that root and rhizodeposited Nwas respectively 14 and 10% of
total plant N when calculating N2 fixation by pulse legumes in
the Northern Great Plains of North America.

In this context, a study was developed under rainfed Med-
iterranean conditions for a 2-year period to provide an actual
quantitative estimate of the contribution of harvested roots and
nodules of grain and pasture legumes (Fig. 1) for total plant N
and soil N benefit. It was hypothesized that belowground of
legumes may have a significant contribution for the total N2

fixation. The study may contribute for the awareness regard-
ing legume role for a consistent sustainability of Mediterra-
nean ecosystems.

2 Material and methods

2.1 Site description

Three experiments, A, B, and C, were conducted in three
regions of Portugal: (A) south west (Pegões, 38° 24′ N, 8°
35′ W), (B) central west (Óbidos, 39° 20′ N, 9° 13′ W), and

(C) south inland (Estremoz, 38° 51′42.66 N, 7° 32′32.83″ W
and Vaiamonte, 39° 07′–39° 08′ N, 7° 29′–7° 30′ W).

All experimental sites were generally characterized by a
Mediterranean-type climate with mild autumns and winters
and hot and dry summers. Average minimum and maximum
air temperatures did not differ significantly during both
growth periods at location A in 2001/2002 and 2003/2004
and ranged from a minimum of 6 °C in December and January
to a maximum of 23–26 °C in April, May, and October
(Carranca et al. 2013). Monthly rainfall in 2001/2002 varied
from a maximum value of 126 mm in January 2002 to the
lowest amount of 20 mm in February 2002, and in 2003/2004,
it ranged from 179 mm in October 2003 to 29 mm in April
2004; for the 30-year period, the mean annual rainfall in the
region was 708 mm and the mean annual temperature was
15.5 °C. Taking into account data from a meteorological sta-
tion which existed in the neighborhood at site B (Caldas da
Rainha), the mean annual air temperature in 2004/2005 and
2005/2006 was 15 °C (Carranca et al. 2013) and ranged from a
monthly average of 10.4 °C in January to 19.8 °C in August.
The 30-year mean annual rainfall was about 610 mm, but less
than 10 % occurred between May and September. In
2010/2011 and 2012/2013 at site C, the mean monthly tem-
perature did not differ significantly between Estremoz and
Vaiamonte and ranged from 10 to 17 °C during the growth
period. Mean annual rainfall in Vaiamonte was about 700 mm
whereas in Estremoz was about 670 mm.

Fig. 1 View of Portuguese experimental sites with sweet lupine at Pegões (a), yellow lupine at Óbidos (b), and improved pasture at Vaiamonte (c)
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In location A, soils are sandy and correspond to Haplic
Podzols (IUSS 2006); they are moderately acidic, i.e.,
pH(H2O)=5.5–6.0, and show total organic C and N contents
of 7 and 0.6 g kg−1, respectively at 0–20 cm depth. In location
B, soils are Haplic Podzols associated with Haplic Arenosols
(IUSS 2006) and show neutral reaction, i.e., pH(H2O)=6.9, and
contents of total organic C and N of 3 and 0.2 g kg−1, respec-
tively at 0–20-cm depth. In location C, soils correspond most-
ly to Dystric Cambisols and Eutric Luvisols overlying granitic
bedrock (IUSS 2006), respectively at Vaiamonte and
Estremoz, and show a sandy loam texture at 0–20-cm depth;
they are moderately acidic, with pH(H2O) of 5.5–6.0, and the
contents of organic C and N are 15 and 1.3 g kg−1, respective-
ly, and do not differ in both soils.

2.2 Layout of the experiments

In 2001/2002 and 2003/2004, at location A, a 2-year experi-
ment was run in a completely randomized block design with
eight replicates. The sweet lupine (Lupinus albus L.) was
sown at a rate of 60 seeds m−2 in plots of 5 m2 each. Root
inoculation was by native Rhizobium sp.

In 2004/2005 and 2005/2006, at location B, a 2-year ex-
periment was also run in a completely randomized block de-
sign with eight replicates. The yellow lupine (Lupinus luteus
L.) was sown at a seeding rate of 12 g seeds m−2 in plots of
5 m2 each. Similarly to experiment A, in this experiment, root
infection was also by natural N2-fixing bacteria in soil.

At location C, permanent mixed swards were chosen in four
agro-forestry systems located at south inland Portugal: at
Estremoz, two improved pastures older than 5 and 12 years
and one natural pasture older than 25 years and, at Vaiamonte,
one introduced pasture older than 30 years. In 2010/2011 and
2012/2013, a 2-year experiment was run under completely ran-
domized blocks with three replicates. In each pasture, plots
were randomly distributed outside the cork oak tree (Quercus
suber L.) canopy influence. These 1.2-m2 plots were moved to
adjacent sites after each plant harvest. Subclover (Trifolium
subterraneum L.) was the dominant legume in all pastures
and represented more than 90 % of legumes. During the exper-
imental period, root nodulation in all pasture legumes was by
native soil fixing bacteria. The experimental plots were
protected with fences and cages to restrict the access of cows,
sheep, and pigs for grazing the herbage during the study period.

Oat (Avena sativaL.) was sown at a rate of 12 g seedsm−2 as
a reference crop for both grain legumes. Ammonium nitrate
fertilizer doubly enriched with 5 atoms% 15N was applied an-
nually in the liquid form to all plots, 1 week after plants emer-
gence and at rates of 10 and 20 kg N ha−1, respectively for both
sweet and yellow lupines and for oat by using the A-value
technique. In pastures of experiment C, the associated non-le-
gumes, mostly Phalaris, Lolium, Plantago, and composite
plants were used as reference crops. 15N fertilizer was applied

to each plot using the 15N dilution technique (Carranca et al.
1999a, b) in the same form and enrichment as reported for
experimentsA andB, and the rate of 3 kgNha−1 applied 1week
after plant emergence and repeated in new plots after the winter
cut, after discarding the aerial biomass produced during au-
tumn-winter. New plots were arranged in adjacent areas in
2012/2013, the second year of experiment.

Phosphorus (P) and potassium (K) were annually applied
as basal dressing at a rate of 60 kg ha−1 for grain legumes. For
pastures, P was only incorporated into the soil in 2010 at basal
dressing at a rate of 40 kg ha−1, whereas K was annually
applied as topdressing using a rate of 50 kg ha−1.

2.3 Plant sampling and analysis

In experiments A and B, complete plant legume and oat, i.e.,
above- and belowground material, were harvested from 15N-
labeled areas at physiological maturity, to establish the symbi-
otic N2 fixation capacity by legumes. In experiment C, com-
plete pasture plants were excavated from each plot in winter, at
the end of February, and in spring, at the end of April, recov-
ering as much visible roots and nodules as possible, either
attached to the plants or spread in the soil surrounding the roots.
We emphasize that rhizodeposits were not taken into account.

In the laboratory, pasture legumes were separated from non-
legumes. In all experiments, plant material was divided into
aboveground material and visible roots, plus nodules in case
of legumes. Plant samples were washed with deionized water
with care to avoid losing plant material and were dried at about
75 °C for 24 h to determine the dry matter yield (g DM m−2)
and ground lower than 0.5 mm, avoiding any cross contamina-
tion, and analyzed to evaluate the N concentration (g N kg−1

DM) and %15N enrichment, respectively by dry combustion
(LECO) and automatic N analyzer-mass spectrometer at the
Laboratorio de Isotopos Estables, at Universidad Autonoma,
in Madrid, Spain. Plant N yield (g N m−2) was calculated as
the product of DM yield and N concentration. Percent N de-
rived from the atmosphere (%Nda) by legumes was estimated
using the reference value of 0.3663 % for air natural 15N abun-
dance, and the non-legumes were used as reference crops
(Carranca 1996; Carranca et al. 2013). The corresponding plant
tissue in the non-legumes was used as reference. Fixed N2

(g N m−2) was calculated as the product of %Nda and N yield
(g N m−2).

2.4 Evaluation of symbiotic N2 fixation

The A-value technique (Carranca 1996; IAEA 1983) was used
to evaluate the symbiotic N2 fixation in A and B experiments.
The A-value is based on the concept similar to that for 15N
isotopic dilution that is when a plant is confronted with two or
more different sources of a given nutrient, it will absorb from
each source an amount which is in direct proportion to the
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respective amount available for the crop. This approach is
applied when fixing and non-fixing crops receive different
amounts of fertilizer N. This is the case of poor soils, when
a higher amount of N is added to the non-fixing crop to ensure
its adequate growth. Using the A-value, %Nda was estimated
in each plant tissue according to the expression (Carranca
1996; IAEA 1983):

Nda %ð Þ ¼ A fixð Þ � %Ndf fix: leg:ð Þ=Afertilizer fix: leg:ð Þ ð1Þ

where,

fix. = fixed
fix. leg. = fixing legume

A fixð Þ ¼ Asoilþfix:–Asoil non−fix: leg:ð Þ ð2Þ

where,

Asoilþfix: ¼ 100–%Ndf fix: leg:ð Þ
� �

=

%Ndf � amount of fertilizer N fix legð Þ kg ha−1
� �� �

ð3Þ

Ndf %ð Þ ¼ N derived from fertilizer %ð Þ
¼ %atom15N exc: plantð Þ=%atom15N exc: fertilizerð Þ

� �

� 100

ð4Þ
Afertilizer (fix. leg.)=amount of labeled fertilizer applied to fixing
legume (kg N ha−1)

N2fixed kg N ha−1
� � ¼ %N in legume=100ð Þ

� Asoil fix: leg:ð Þ− Asoil non‐fix: leg:ð Þ
� � ð5Þ

Using the 15N dilution technique, %Nda was estimated in
each plant tissue according to the expression (Carranca et al.
1999b):

Nda %ð Þ ¼ 1– % at: 15N exc fix: leg:ð Þ=% at: 15N exc: non‐fix: cropð Þ
� �� �

� 100 ð6Þ
where,

at. exc. = atom excess
fix. leg. = fixing legume
non-fix. crop = non-fixing crop

2.5 Statistical analysis

In each experiment, results were analyzed by ANOVA (Sta-
tistics 6.0) to evaluate effects of factors such as years of study,
plant tissue, pasture type and cuts on legumes biomass, N
concentration, legume N, Nda, and N2 fixation. Mean separa-
tion was performed for significant differences with plant or-
gans using the Bonferroni’s test.

3 Results and discussion

Improved N management is needed to optimize economic
returns to farmers and minimize environmental concerns as-
sociated with the N use. Symbiotically N2 fixed is of particular
significance in sustainable agriculture as it allows reducing the
use of chemical N in the production of field crops. It contrib-
utes to productivity both directly, where the fixed N2 is har-
vested in grain or pasture/forage aboveground material, or
indirectly by contributing to the maintenance or enhancement
of soil fertility in the agricultural system. The majority of
values for legume N2 fixation reported in the literature are
based on shoots, because root harvesting under the field con-
dition is extremely difficult and time consuming.

The hypothesis of the present study was confirmed, as it
was observed that the belowground tissues, i.e., roots and
nodules, of both grain and pasture legumes showed a signifi-
cant contribution for the total N2 fixed in the plant and for soil
N benefit.

In experiments A and B, harvested roots and nodules bio-
mass of sweet and yellow lupines cultivated in the sandy soils
represented 15–16 % of the aerial plant dry weight (356 and
288 g DM m−2, respectively for sweet and yellow lupines)
(Table 2). In experiment C, recovered belowground tissues
of pasture legumes represented 21 % of aboveground plant
biomass, i.e., 173 g DM m−2, a greater percentage than for
grain legumes (Table 1). Pasture legumes exhibited abundant
fine roots with nodules, whereas the tested grain legumes had
taproots where nodules were attached, but most of the adven-
titious lateral roots were not nodulated.

The N concentration in plant tops in experiments A, B, and
C was quite similar and averaged 24 g N kg−1 DM, but in
visible roots and nodules, the total N varied from 12.2, 25.8,
and 19.5 g N kg−1 DM, respectively in the sweet lupine, yel-
low lupine, and subclover in the mixed stands (Table 1). In
case of pasture legumes, the N concentration in harvested
roots and nodules was 19.5 g N kg−1 DM, quite similar to
19.3 g N kg−1 DM determined by Huss-Danell et al. (2007)
for red clover (Trifolium pratense L.) cultivated in Sweden.

Fixation rate was above 90 % Nda in both grain legumes
and did not differ significantly between above- and below-
ground plant tissues in both cases (Table 1). Under the stress
environmental conditions, i.e., sub-humid dry climate and
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poor soils, the symbiotic N2 fixation capacity of both grain
legumes with native fixing bacteria was very high and fully
replenished plants N requirements. Visible roots and nodules
contributed to 7 and 9 % of total plant fixed N2, respectively,
by sweet and yellow lupines (Table 1, Fig. 2).

Pasture legumes, mostly subclover, presented a lower fix-
ation rate than grain legumes (Table 1). However, the rate of
fixation was moderate to high in all pastures and similar to that
reported in earlier studies (Carranca et al. 1999b). These

results indicate that indigenous rhizobial population in all sites
was efficient in the symbiosis with the pasture legumes, even
in the case of natural pasture at Estremoz (72 % Nda). Below-
ground tissues in pasture legumes fixed 51 % Nda, which
represented 71 % of nitrogen derived from atmosphere in
the aerial plant material (72 % Nda), and accounted for 11 %
of total N2 fixed in the plant (4.0 g N m−2).

ANOVAwas applied to data obtained in the three experi-
ments (A, B, C), and results are included in Table 2. Although

Table 1 N concentration in belowground tissue varied among legume
species but did not differ in the aboveground material. Means of above-
and belowground biomass (g DM m−2), N concentration (g N kg−1 DM),
legume N (g N m−2), N derived from atmosphere (%Nda), and N2 fixed

(g N m−2) in experiments A, B, and C assuming the mean effects of
factors (years of study, pasture type, and cuts) and for the significant
interactions of these factors with plant tissues in case of pasture legumes

Source of variation Legume biomass
(g DM m−2)

N concentration
(g N kg−1 DM)

Legume N
(g N m−2)

Nda (%) N2 fixed
(g N m−2)

Sweet lupine

Aboveground 356a 26.2a 8.9a 94a 8.9a

Belowground 58b 12.2b 0.7b 92a 0.7b

Yellow lupine

Aboveground 288a 22.2a 6.4a 99a 6.3a

Belowground 42b 25.8a 0.6b 98a 0.6b

Pasture legumesa

Aboveground 173a 23.5a 2.2.7a 72a 3.5a

Belowground 37b 19.5b 0.50b 51b 0.4b

Significant interactions for pasture legumes

Years of studyb×plant tissuec

1 1 116.5a 23.8a 2.8a 77.4a 2.1a

1 2 25.4c 21.0b 0.5c 50.0b 0.2c

2 1 56.8b 22.9ab 1.6b 68.4a 1.4b

2 2 11.7c 18.0b 0.3c 53.3b 0.2c

Pasture typed×plant tissue

1 1 52.9bc 27.5a 1.4bc 81.4ab 1.1b

1 2 16.4c 21.0c 0.3 cd 62.5abc 0.2c

2 1 49.1bc 16.8d 1.0bcd 60.3bc 0.8bc

2 2 9.3c 14.2d 0.2d 46.6c 0.1c

3 1 179.7a 28.6a 4.8a 86.2a 4.2a

3 2 25.7bc 25.1ab 0.6bcd 45.0b 0.3bc

4 1 65.0b 22.8bc 1.4b 63.8abc 1.0b

4 2 23.0bc 20.1 cd 0.4bcd 50.4c 0.2c

Cute×plant tissue

1 1 65.5b 26.3a 1.9a 70.5ab 1.6a

1 2 24.5c 20.7b 0.6b 45.4c 0.3b

2 1 107.8a 20.4bc 2.4a 75.3a 1.9a

2 2 12.7c 18.3c 0.2b 56.8bc 0.1b

For each legume species, means with different letters in each column were significantly different (p<0.05), according to Bonferroni’s test
a Annual production (cut 1+cut 2)
b 1=2010/2011, 2=2012/2013
c 1=aboveground, 2=belowground
d 1=natural, older than 25-years; 2=sown, older than 5 years; 3=sown, older than 12 years, 4=sown, older than 30 years
e 1=first cut in winter, 2=second cut in spring

Underestimated role of legume roots for soil N fertility 1099



factors, i.e., years of study and plant tissue in case of experi-
ments A and B and years of study, pasture type, cut and plant
tissue in case of experiment C, significantly affected most
legume characteristics, in general, interactions with plant tis-
sues were not significant (p≥0.05), except for pasture legumes
(Table 2). However, interactions in pasture legumes showed
that only the aboveground material was significantly affected
by years of study and pasture type (Table 1). The improved
pasture older than 12 years at Estremoz, i.e., pasture three in
Table 1, fixed 8.3 g N m−2 in the top plant, about four times
higher than the amount of N2 fixed by other pasture legumes,
which did not differ from each other. That value was greater
than the amount of N2 fixed by belowground tissues in all
pastures, i.e., 0.4 g N m−2 (Table 1). A significant effect
(p<0.05) on fixed N2 was also observed for the interaction
between cuts and plant tissues in pasture legumes (Table 2),
where the average top plant material fixed a higher amount of
N2 during the spring, i.e., 1.9 g N m−2 at cut 2, but not signif-
icantly different from 1.6 g N m−2 at cut 1 at the end of winter
(Table 1). The lowest value was found in the belowground
tissues for both cuts, which did not vary significantly from
each other and corresponded to 0.2 g N m−2. Years of study
did not affect the belowground characteristics (Table 1).

The impact of belowground N contribution on estimated
N2 fixed by tested grain and pasture legumes ranged from 7 to
11 %. Estimates for both lupine species (7–9 %) were smaller
than the values (13–14 %) quantified by Unkovich et al.
(1997) andWalley et al. (2007) for lupine roots under the field
condition. However, they were in the range of values (9–
12 %) reported by Fillery and McNeill (2001) for Lupinus
angustifolius L. The value determined in the present pasture
legume (11 %) is also within the last range, but is smaller than
the estimate of 12.6 % reported by Huss-Danell et al. (2007)
for the red clover in a mixed stand under rainy conditions and
even smaller than the range of values (17–24 %) reported by
McNeill et al. (1997) for subclover grown in intact cores of
soil-plant systems. Present data were determined under sub-
humid dry climate in rainfed conditions whereas most data in
the literature were obtained under soil moist and controlled air
temperature or under higher rainfall and lower temperature.
High air temperature increases root and nodule decomposition

and mineralization rate in soil; then, the recovered material at
harvest was probably lesser under the present field conditions
than in controlled environments, since the rhizodeposition
was not taken into account. We emphasize that our values
are much lower than those 22–68 % reported in the studies
of Walley et al. (2007), Fuhrer (2004), Fustec et al. (2010),
Mathieu et al. (2007),McNeill and Fillery (2008), Peoples and
Griffiths (2009), and Yasmin et al. (2006) which included the
rhizodeposits that represented more than 7 %.

For all legume species, the content of plant N per unit area
was highly dependent on legume biomass. This was particu-
larly relevant in indeterminate legumes with indeterminate
nodules as it is the case of tested grain and pasture legumes.
On average, 20–25 kg of aboveground N was fixed for aver-
age ton of aboveground DM by tested grain and pasture le-
gumes . These data conf i rmed the range of 20–
25 kg N fixed t−1 aboveground DM proposed by Peoples

Table 2 N2 fixation did not vary in the belowground tissue. ANOVA
results for sweet and yellow lupines and pasture legumes biomass, Nda, N
concentration, legume N, and N2 fixed

Source of variation Legume
biomass

Nda N concentration Legume N N2

fixed

Sweet lupine

Years of
study (Y)

*** *** *** *** ***

Plant tissue (T) *** *** *** *** ***

Significant interaction

Y×T * ns ns ns ns

Yellow lupine

Years of study
(Y)

*** ns ** *** ***

Plant tissue (T) *** *** ns *** ns

Interaction

Y×T ns ns ns ns ns

Pasture legumes

Years of study
(Y)

*** ns ** *** **

Pasture age (P) *** ** *** *** ***

Cut (C) * *** *** *** ns

Plant tissue (T) *** * *** *** ***

Significant interactions

Y×P * ** ns ns **

Y×C ns ns ** *** *

Y×T ** ns ns *** **

P×C ** *** *** ns ns

P×T *** * ns ns ***

C×T *** ns *** ns *

Y×C×P * *** *** *** **

Y×C×T ns * ns ns *

P×C×T ns * ** ns ns

ns non-significant (p≥0.05, probability level for F-values)

*p<0.05; **p<0.01; ***p<0.001 (probability level for F-values)

0
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100
150
200
250
300
350
400

Sweet
lupin

Yellow
lupin

Pasture
legumes

Biomass (g DM m-2)

0
1
2
3
4
5
6
7
8
9
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lupin

Yellow
lupin

Pasture
legumes

N2 fixed (g N m-2) 
Aboveground

Belowground

Fig. 2 The contribution of N2 fixed by belowground tissues of grain and
pasture legumes is relevant. Biomass (g DMm−2) and N2 fixed (g N m−2)
in above- and belowground tissues of lupines and pasture legumes
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et al. (2001) in Eastern Australia, for L. angustifolius and
clover. Nevertheless, those values were higher than the range
5–16 kg N fixed t−1 DM estimated by Carranca (2013) for
shoots of indeterminate pea, faba bean, chickpea, and
subclover in similar semi-humid dry climate conditions. This
shows the high N harvest indices of these legumes. Using the
same reasoning, present data showed an allocation of 11–
14 kg N fixed t−1 visible belowground DM, corresponding
to about half the amount of top plant DM and denoting the
relevant potential contribution of legumes belowground to the
sustainability of agricultural systems. Total legume N input
via N2 fixation by grain and pasture legumes ranged 31–
39 kg N fixed t−1 DM.

Present data proved that studies relying only on the shoot N
greatly underestimate the role of legumes in maintaining the N
fertility in soils. However, whereas the aboveground measure-
ments give net cumulative seasonal values, root measure-
ments rather give point-in-time values and do not account
for the turnover of fine roots and nodules and the leakage of
root cells content. Formowitz et al. (2009) and Urquiaga et al.
(1998) supported that the positive effects of legume root res-
idues in soil are small in a short term due to the slow miner-
alization rate, but this fact depends on the type of roots and
climate. Mycorrhizal hyphae in thicker pasture roots is formed
by chitin, a recalcitrant material which can account signifi-
cantly for the stable organic matter pool, lasting for years in
the soil (Norby and Jackson 2000), whereas non-mycorrhized
roots as in grain legumes and fine roots in pasture legumes are
fast-decomposing material. Depending on the climate charac-
teristics, that fact may be positive in order to restrict the po-
tential N losses out of the ecosystem. Caddish et al. (2002)
reinforced this statement and referred that belowground N
inputs may become protected from mineralization then
playing a more important role in building of soil structure
rather than in soil N supply by its high C content. Our results
undoubtedly show that the contribution of grain and pasture
legumes for the improvement of soil fertility and stability en-
hancement of Mediterranean ecosystems is in high proportion
associated with the amount and functions of the respective
belowground.

4 Conclusion

Present results highlight the valuable inputs of biomass and N
of visible belowground material for the ecosystems. Under the
present Mediterranean conditions, aboveground N did not
vary among grain and permanent pasture legumes with differ-
ent compositions and ages, but differed in the belowground
organ. The contribution of visible roots and nodules to the
accumulated N by the sweet and yellow lupines and subclover
in mixed stands, either improved or natural pastures with dif-
ferent ages, represented 7–11 % of total N2 fixed. Present data

showed an allocation of 11–14 kg N fixed t−1 of belowground
dry matter, i.e., the half amount of total aboveground plant
material which reveals the relevant contribution of legume
harvested roots and nodules to the sustainability of agricultur-
al systems even though the rhizodeposits were not accounted
for. This proves that N balance studies relying only on the
shoot N greatly underestimate the role of legumes in maintain-
ing the soil N fertility. Further long-term studies on the con-
tribution of belowground tissues to the soil N fertility and soil
structure are fully encouraged to confirm present data and
statements.

Acknowledgments Authors acknowledge the support by the Portu-
guese Foundation for Science (FCT) through the projects POCTI/AGG/
42616/01, POCTI/AGG/42825/01, and PTDC/AGR/AAM/102369/
2008. Acknowledgements are also due to Centro Experimental de
Pegões, CELBI company (Óbidos), Fertiprado (Vaiamonte), and Herdade
do Olival (Estremoz) for their assistance in experimental fields.

References

Caddish G, Ndufa JK, Yasmin K, Mutuo P, Beggs EM, Keerthisinghe G,
Albrecht A (2002) Use of stable isotopes in assessing belowground
contributions to N and soil organic matter dynamics. 17th WCSS,
14–21 August, Thailand, Symposium 59, Paper 1165, pp 1–10

Carranca C (1996) N cycling in Portuguese soils and its assessment by
15N tracer techniques. Ph.D. dissertation in Agronomy, Agricultural
University of Lisbon

Carranca C (2013) Legumes: properties and symbiosis. In: Camisão AH,
Pedroso CC (eds) Symbiosis: evolution, biology and ecological ef-
fects. Animal Science, Issues and Professions, Nova Science
Publishers, New York, pp 67–94, ISBN 978-1-62257-211-3

Carranca C, De Varennes A, Rolston DE (1999a) Biological nitrogen
fixation by fababean, pea and chickpea, under field conditions, es-
timated by the 15N isotope dilution technique. Eur J Agron 10:49–
56, PII S 1161-0301(98)00056-5

Carranca C, De Varennes A, Rolston DE (1999b) Biological nitrogen
fixation estimated by 15N dilution, natural 15N abundance, and N
difference techniques in a subterranean clover-grass sward under
Mediterranean conditions. Eur J Agron 10:81–89, PII S 1161-
0301(98)00049-2

Carranca C, Madeira M, Torres MO (2013) N2 fixation by two lupine
species under different soil management systems. Transferred N2

fixed by legume to intercropped eucalyptus. Rev Ciências
Agrárias 36:71–83. (http://agricultura.isa.utl.pt/scap_revista)

Fillery IRP, McNeill AM (2001) Methods for assessing the contribution
of below-ground plant residue N to soil N pools. 11st Nitrogen
Workshop, Book of Abstracts. INRA, Reims, France, pp 17–18

Formowitz B, Joergensen G, Buerkert A (2009) Impact of legume versus
cereal root residues on biological properties of West African soils.
Plant Soil 325:145–156. doi:10.1007/s11104-009-9964-6

Fuhrer J, Swiss Federal Research Station, European Association for
Agriculture and Nature Grain Legumes Research (2004) Nitrogen
cycle of grain legume crops. Environmental aspects of the nitrogen
cycle in legume-based cropping systems. Session C. In: Abstracts of
the international workshop on the methodology for environmental
assessment of grain legumes. Agroscope FAL Reckenholz, Zurich,
pp 30–31

Underestimated role of legume roots for soil N fertility 1101

http://agricultura.isa.utl.pt/scap_revista
http://dx.doi.org/10.1007/s11104-009-9964-6


Fustec J, Lesuffleur F, Mahieu S, Cliquet JB (2010) Nitrogen
rhizodeposition of legumes. A review. Agron Sustain Dev 30:57–
66. doi:10.1051/agro/2009003

Herridge DF, Peoples MB, Boddey RM (2008) Global inputs of biolog-
ical nitrogen fixation in agricultural systems. Plant Soil 311:1–18.
doi:10.1007/s11104-008-9668-3

Høgh-Jensen H, Schjoerring JK (2000) Below-ground nitrogen transfer
between different grassland species: direct quantification by 15N leaf
feeding compared with indirect dilution of soil 15N. Plant Soil 227:
171–183. doi:10.1016/j.agee.2008.02.009

Huss-Danell K, Chaia E, Carlsson G (2007) N2 fixation and nitrogen
allocation to above and belowground plant parts in red clover-grass-
lands. Plant Soil 299:215–226. doi:10.1007/s11104-007-9376-4

IAEA (International Atomic Energy Energy) (1983) Proceedings of an
international symposium on the use of stables isotopes in plant nu-
trition, soil fertility and environmental studies. Vienna

IUSS Working Group (2006) World reference base for soil resources
2006. Volume 103. World soil resources report, 2ª Edição, Roma,
FAO

Mathieu S, Fustec J, Faure ML, Corre-Hellou G, Crozat Y (2007)
Comparison of two 15N labelling methods for assessing nitrogen
rhizodeposition of pea. Plant Soil 295:193–205. doi:10.1007/
s11104-007-9275-8

McNeill AM, Fillery IRP (2008) Field measurement of lupin below-
ground nitrogen accumulation and recovery in the subsequent
cereal-soil system in a semi-arid Mediterranean-type climate. Plant
Soil 302:297–316. doi:10.1007/s11104-007-9487-y

McNeill AM, Chunya Z, Fillery IRP (1997) Use of in situ 15-N labelling
to estimate the total below-ground nitrogen of pasture legumes in
intact soil-plant systems. Aust J Agric Res 8:295–304

Muhammad S, Müller T, Joergensen RG (2006) Decomposition of pea
and maize straw in Pakistan soils along a gradient in salinity. Biol
Fertil Soils 43:93–101. doi:10.1007/s00374-005-0068-z

Norby RJ, Jackson RB (2000) Root dynamics and global change: seeking
an ecosystem perspective. Research review. New Phytol 147:3–12

Peoples M, Griffiths J (2009) The legume story—what happens to fixed
nitrogen? Cropping nitrogen from legumes. Part II. CSIRO Research

Peoples MB, Bowman AM, Gault RR, Herridge DF, Mccallum MH,
McCormick KM, Norton RM, Rochester IJ, Scammell GJ, Scwenke
GG (2001) Factors regulating the contributions of fixed nitrogen by
pasture and crop legumes to different farming systems of eastern
Australia. Plant Soil 228:29–41. doi:10.1023/A:1004799703040

Unkovich MJ, Pate JS, Sanford P (1997) Nitrogen fixation by annual
legumes in Australian Mediterranean agriculture. Aust J Agric Res
48:267–293

Urquiaga S, Cadish G, Alves BJR, Giller KE, Boddey RM (1998)
Influence of the decomposition of roots of tropical forage species on
the availability of soil nitrogen. Soil Biol Biochem 30:2099–2106

Walley FL, Clayton GW, Miller PR, Carr PM, Lafond GP (2007)
Nitrogen economy of pulse production in the northern great plains.
Agron J 99:1710–1718

Yasmin K, Cadish G, Baggs EM (2006) Comparing 15N-labelling tech-
niques for enriching above- and below-ground components of the
plant-soil system. Soil Biol Biochem 38:397–400

1102 C. Carranca et al.

http://dx.doi.org/10.1051/agro/2009003
http://dx.doi.org/10.1007/s11104-008-9668-3
http://dx.doi.org/10.1016/j.agee.2008.02.009
http://dx.doi.org/10.1007/s11104-007-9376-4
http://dx.doi.org/10.1007/s11104-007-9275-8
http://dx.doi.org/10.1007/s11104-007-9275-8
http://dx.doi.org/10.1007/s11104-007-9487-y
http://dx.doi.org/10.1007/s00374-005-0068-z
http://dx.doi.org/10.1023/A:1004799703040

	Underestimated role of legume roots for soil N fertility
	Abstract
	Introduction
	Material and methods
	Site description
	Layout of the experiments
	Plant sampling and analysis
	Evaluation of symbiotic N2 fixation
	Statistical analysis

	Results and discussion
	Conclusion
	References


