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INTRODUCTION

Biological nitrogen fixation (BNF) is the distinguishing feature of a legume in a cropping
system. Most legume species are able to form a symbiosis with alpha- or beta-
proteobacteria, collectively called rhizobia, that use solar energy captured by the plant to
break the bond in inert atmospheric dinitrogen and form reactive N species, initially
ammonium (NH4"). As a result of this symbiosis, the legume crop requires little or no input
of N fertilizer and makes little demand on soil N reserves. Since the manufacture of
synthetic fertilizer consumes fossil fuel, thereby releasing CO,, and the transport and
spreading of organic and synthetic N fertilizers consumes further fuel, the use of legumes
in cropping systems has immediate environmental benefits arising from reduced fossil fuel
use. Nitrates from fertilizers and soil N reserves may also leach through the soil column
into groundwater, and the denitrification of nitrates from synthetic or organic sources is the
primary source of nitrous oxide (N2O), a powerful greenhouse gas, from agricultural soils
(Philippot and Hallin 2011). Hence maintaining the reactive N within the plant, as happens
in a symbiotic legume in the growing season, avoids some potential for environmental
damage.

Crop residues of legumes contain some of the N that they have fixed, and this becomes
available to subsequent crops. These residues are considered just as likely to contribute
to leaching or N2O release as any other crop residue (see the Legume Futures report on
N2O), but a portion of the fixed N remains in the soil/plant system reducing N fertilizer
needs in subsequent crops.

Depending on the genetic constitution of the rhizobium, hydrogen may be released during
N fixation (Golding & Dong 2010). This gas stimulates the growth of hydrogen-fixing
bacteria in the rhizosphere, and these compete successfully for living space with other
rhizosphere organisms, including many pathogens. Some of the hydrogen bacteria have
plant growth-promoting properties (Maimaiti et al. 2007). Thus the use of BNF leads to
positive changes in the structure of the soil microbiological community.

Large, continental- or global-scale estimates of BNF have been attempted. Yang et al.
(2010) used a range of national databases to compile an estimate of BNF in Canada. An
Australian estimate also used national databases, and noted that below-ground residues
were not included (Unkovich et al. 2010). A global estimate factored in below-ground
residues and highlighted some of the other uncertainties in the process (Herridge et al.
2008). Chief amongst these uncertainties is the amount of N fixed by crops. A recent
attempt to produce a high-resolution assessment of global N flows in cropland cited one of
the main limitations of their method as the lack of crop-specific N fixation data (Liu et al.,
2010a). This was highlighted by their use of N fixation figures from Smil (1999), who had
commented on their own use of unreliable data on average annual BNF rates of important
species and cultivars.
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For these reasons, we set out to develop an improved estimate for BNF across Europe.
BNF is usually quoted on a kg ha™ basis from experiments conducted in a limited area and
time, and datasets from a wide range of crops and growing conditions show a wide range
in amounts fixed, depending especially on biomass and available soil N. Previous
attempts to estimate N fixation have tended to follow a common approach in that they
calculate the amount of N fixed as the as the product of the land area cultivated and
fixation per area. The figures for the former are obtained from published databases such
as FAOstat and, subject to the level of detail made available about data collection
methods, are taken at face value. In contrast, data on N fixation range hugely for each
legume species depending on growing conditions, in particular biomass production and
available soil nitrogen. Yields range more than 10-fold across species, countries and
years. Thus we took the approach that it is not desirable simply to use legume areas for
each country and convert these to overall fixed N using an average figure for BNF. Hence
we attempted to take a stepwise approach using the most detailed available data and
robust scientific logic.

Most legume crops maintain their N concentration within a relatively narrow physiological
range. This is true across a 10-fold range of overall biomass yields, for annual grain
legumes (Evans et al., 1989; Pilbeam et al., 1997; Unkovich et al., 2010) and for perennial
forage legumes (Carlsson and Huss-Danell 2003). In most circumstances, a legume with
its rhizobia can fix its own N, so growth of the crop is unlikely to be limited by N supply.
Rather, crop N vyield is likely to reflect overall crop yield as limited by other factors,
including rainfall and temperature.

Grain yields of the grain legumes can be used to estimate biomass by using data on
harvest index and root:shoot ratio, and sufficient data are available on N concentrations in
seeds, straw and roots of the main species to allow N yields to be calculated. Further
factors to be considered are rhizodeposition, the deposition of N in the root zone from
dead cells, root exudates, and shed fragments of roots (Fustec et al. 2010) and the
amount of N derived from fixation.

In contrast, data on yields of fodder/forage legumes and legume-grass systems (hereafter
“forage legumes”), and their legume content, are not available in any systematic way.
Furthermore, the moisture content of the yields that are published on FAOstat is not clear,
while that in Eurostat is stated as 65%. The CAPRI model allows some estimation of
biological N fixation based on Eurostat data on the areas of forages per country (Britz and
Witzke, 2012). Yields of grazed pastures are not estimated in any database.

Thus we have adopted different methodologies for estimating BNF by grain and forage
legumes.

Legume Futures Report 1.5:
Biological nitrogen fixation (BNF) in Europe



Legume-supported cropping systems for Europe

METHODS

Forage legumes

BNF of forage legumes was estimated for each country in the EU27 as the product of crop
area, N retention, and biological fixation coefficient. Crop areas were obtained from
Eurostat. N retention (N in plant biomass) was obtained from the Common Agricultural
Policy Regionalised Impact (CAPRI) model, an economic model for agriculture focussed
on Europe, which uses input data mainly compiled from official Eurostat data (Britz and
Witzke, 2008). The latest complete dataset within CAPRI is from 2009, so datasets from
that year were used. The biological fixation coefficients (kix) are determined by the N fixed
per hectare and the proportion of the grassland that is assumed to include a legume
component.

The current version of CAPRI accounts for the share of forage legumes in all grasslands,
but after an initial round of calculations, the predicted N fixation values were considered to
be too high. Consequently, the proportions of forage legumes in these systems were re-
estimated in collaboration with colleagues in the Legume Futures network and checked, as
far as possible, with Eurostat data. This process, which follows the approach
recommended by Eurostat to improve estimates of BNF in grasslands (Eurostat, 2013) led
to the derivation of revised figures for ksx that are used in this study.

Grain legumes

Data on areas and yields of grain legumes were taken from FAOstat (FAOstat 2014), as
this differentiates more individual crops than Eurostat. Only classes that represent
agricultural production of grain legumes harvested for dry grains were included (defined in
Table 1), because production of horticultural legumes such as vining pea is generally high-
input and seldom relies on BNF. Cowpea was excluded as annual production in EU27 is
less than 200 t and there is very little available data on N partitioning. There are some
inconsistencies between FAOstat and Eurostat in the major grain legume crops, especially
a misallocation of UK faba bean to "pulses" instead of "broad beans, dry", so the areas of
pea, faba bean, lupins and soya were taken from Eurostat, while those of lentil, chickpea,
common bean and vetches were taken from FAOstat.

The production data generally represent mass at commercial moisture content, which we
taken as 14%. To convert these production figures to above-ground biomass production,
the harvest index of each crop was used. This value is fairly consistent within each
species, although extreme values can be found in exceptional growing conditions. Above-
ground biomass was then converted into above-ground N yield by first converting the
widely available data on average grain protein concentration to grain N concentration
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using the standard conversion factor of 5.60 (Sosulski and Holt, 1980; Mariotti et al., 2008).
This, divided by the N harvest index, gives the above-ground N yield.

Accurate determination of root biomass production is notoriously difficult as it is hard to
quantitatively separate roots from field soils, and root tissues tend to die as an annual crop
reaches harvest maturity. Although some previous studies have assumed root biomass to
be a constant proportion of above-ground biomass, here we adopted a species-specific
approach using root:shoot ratios that are obtainable for many species based on mid-
season growth when living root mass is at its maximum. From above-ground biomass and
root:shoot ratio, root biomass was calculated. Root N yield was then calculated using root
biomass and values of root N concentration from the literature, where available. While
root N yield is lower than above-ground N yield, our calculations show that it is important.

Table 1. Definitions of grain legume categories used by FAO and included in this study.
Cowpea and horticulturally produced vegetable legumes were excluded from the analysis.

Name FAO Category Genus and species covered
Beans Beans, dry Phaseolus spp. and most Vigna spp.
Faba bean Broad beans, Vicia faba

horse beans, dry

Chickpea Chick pea Cicer arietinum

Lentil Lentil Lens culinaris

Lupins Lupins Lupinus spp. (L. albus, L. angustifolius, L. luteus)
Pea Peas, dry Pisum sativum

Soya bean Soybeans Glycine max

Vetches Vetches Vicia species other than V. faba (mostly V. sativa)

Rhizodeposition is a relatively recent addition to the legume N budget, and covers
biomass left in the soil from root exudates, leachates, root-cap cells, and detached or dead
root fragments. Although it is hard to determine experimentally there are a few estimates
in the literature, usually given as proportional rhizodeposition, the proportion of plant N in
rhizodeposits relative to total or above-ground N. Here we use species-specific values
where available, otherwise the default of 0.15 (Mahieu et al., 2007; Wichern et al., 2008).

From this sequence of calculations, the total N production of a grain legume crop was
calculated, relative to its grain production. Converting this to an estimate of N fixation
required one more factor, namely the proportion of N derived from the atmosphere (Ndfa).
This figure may be as low as zero, when there is plentiful mineral N in the soil, the
appropriate symbiont is not available, or the legume-rhizobium symbiosis is ineffective. It
may also exceed 90% in the opposite circumstances. Thus Ndfa is the most sensitive
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factor in estimating overall European BNF. Here we used values extracted from the
literature for the most typical agronomic conditions available, i.e., no or low levels of N
fertilizer addition. This gave a mean value of 63%, which is comparable with than that
used in other studies on this scale (e.g. 57%, Herridge et al., 2008) and is much lower
than the 75% used in CAPRI.

These figures, on a per-tonne-harvested basis, were then converted to totals for the EU27
countries, based on the grain production statistics for 2009, to be comparable with the
forage legume data.

RESULTS

Grain legumes in Europe were calculated to fix about 13 and 20 times more N per hectare
than temporary or permanent pastures respectively (Table 2). Although permanent
pastures had the lowest fixation rate per hectare, they were responsible for nearly half of
the total 811 Gg of N fixed across Europe (Figure 1). Total N fixation by grain legumes
was comparable with that of the temporary grasslands, although the area of grain legumes
grown is very much smaller (78 and 1.6 M ha respectively).

Across countries, the yields of N fixed in both temporary and permanent grassland
systems were smallest in Cyprus and highest in Denmark (Figure 1, with supporting data
in Supplementary Table 1). However, the total amounts of N fixed tended, not surprisingly,
to be determined by cultivated land areas. In temporary systems, Malta had the least N
fixation (9 t) and Italy the greatest (27.8 Gg). In permanent systems, the least N fixation
was in Cyprus (20 t) and the greatest in France (62.3 Gg).

Total N yield of the different grain legume crops ranged from 63.6 kg t”' for pea to 106.9 kg
t' for soya bean (Table 3; full calculations shown in Supplementary Table 2). The
amounts of N fixed by each crop ranged from 28.4 kg t”' for beans to 68.9 kg t™ for lupins.
Finally, the N balance for each crop ranged from -9.4 kg t™ for beans to 23.9 kg t" for faba
bean.

Table 2. Area-weighted mean N fixation (with standard deviation) and total N fixed in
temporary and permanent pastures and by grain legumes in the EU27 in 2009.

Temporary grassland Permanent grassland Grain legumes Total
Mean N fixation (kg ha™) 10.1 (0.5) 6.8 (0.3) 133 (10)
Total N fixed (Gg) 172 414 225 811

Legume Futures Report 1.5:
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Table 3. Calculated quantities of total N production and N fixed, and overall N balance (N
fixed — N offtake) by grain legume crops EU27 in 2009. All figures are kg of N per tonne of
grain production. Full calculations are shown in Supplementary Table 2.

Common Faba  Chick- Lentil Lupins Pea Soya Vetches
bean bean pea bean
Total N 58.7 811 832 825 761 575 965  87.7
production
N fixed 26.0 62.4 41.6 57.7 62.4 40.2 50.2 63.2
N balance -7.9 22.2 11.6 18.1 13.3 5.8 -4.6 23.2

The calculated total amounts of N fixed by each grain legume crop across EU27 in 2009
are presented in Figure 2. In common with the results for forage legumes (Table 2), the
figures are largely a reflection of the areas of each crop grown, with the most N fixed by
pea and the least by chickpea. The total fixation of 225 Gg was dominated by 3 crops,
pea, faba bean and soya bean, which between them were responsible for about three
quarters of all N fixation. A large proportion of the total N was fixed by a fourth category of
crop, “pulses”, but this is an amalgamation of many minor grain legume species together
with varied reporting of some of the more common species.

The potential extent by which the N in cropping systems is being replenished or depleted
after the growth of grain legume crops is shown by the N balance data (Figure 3).
Common bean and soya bean have negative N balances of -1.1 and -4.6 Gg respectively,
indicating a net loss of N from these systems. All other grain legumes have positive N
balances with the greatest being for 18.4 Gg for faba bean.

The total amounts of N fixed by grain and forage legume systems per country show a
range of three orders of magnitude from 120 t in Malta and Cyprus to 151 Gg in France
(Figure 4). Nearly half of all N fixed in the EU27 is in three countries, France, Italy and UK.
Figure 4 also shows the large variation in the relative amounts N fixed by forage and grain
legumes in each country. In Ireland and Lithuania almost all fixation is by forage legumes
whereas in Austria, France and Latvia about 40% of fixation is by grain legumes.

Legume Futures Report 1.5: 10
Biological nitrogen fixation (BNF) in Europe



Legume-supported cropping systems for Europe

Austria
Belgium & Luxembourg
Bulgaria
Cyprus

Czech Republic
Denmark
Estonia

Finland

France
Germany
Greece
Hungary
Ireland

Italy

Lithuania
Latvia

Malta
Netherlands
Poland
Portugal
Romania
Slovak Republic
Slovenia

Spain

Sweden

UK

N Fixed (kt)

0 20 40 60 80 100
| I

]
I

® Temporary

O Permanent

—

Figure 1. Calculated quantities of N fixed by forage legumes in temporary and permanent
pastures in the EU27 countries in 2009. Details are given in Supplementary Table 1.
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Figure 2. Calculated quantities of total N fixed (Gg) by grain legume crops across the
EU27 countries in 2009. Details are given in Supplementary Table 4.
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Figure 3. Calculated N balance (N fixed — N grain offtake) for grain legume crops across
the EU27 countries in 2009. Overall N balance was 36.6 Gg
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Figure 4. Calculated quantities of N fixation by forage and grain legumes in EU27
countries in 2009. Detailed figures are provided in Supplementary Table 3.
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DISCUSSION

Approach

Any study that attempts to present an integrated estimate of agricultural N fixation will be
faced by the substantial difficulty of how to deal with the contribution from legumes in the
various types of forage systems. We took the basis for this element of the analysis from
outputs by the CAPRI model as it is an integral part of agricultural planning in the EU.
Until now, it has been difficult to derive reliable N fixation estimates from CAPRI as it has
required the use of databases that are not publicly accessible. To overcome this issue
and to make our estimates more accurate we, in conjunction with partners in the Legume
Futures network, derived new, country-specific fixation coefficients for temporary and
permanent pastures. This is an important modification in that it includes permanent
pastures, hitherto not included in the CAPRI model. This decision was vindicated by the
finding that these systems made the greatest contribution to total agricultural N fixation
across the EU, even though the per-hectare fixation was low. The decision to use a
species-specific model for the grain legumes was supported by the wide range of Ndfa
values found, in contrast to the fixed value of 75% in the CAPRI model. We can therefore
recommend that species-specific values be used in further developments of the CAPRI
model, at least for the major grain legumes that are separately itemized in the Eurostat
database, namely pea, faba bean, lupins and soya bean.

Forage legumes

Our fixation coefficients give slightly higher results than the figure of 5 kg ha™ used in three
models that deal with N budgets in European agriculture (MNP, 2006; MITERRA, Velthof
et al 2009; INTEGRATOR, De Vries et al, 2011a). The difference is likely to be because
the figures we used accounted for the areas devoted to the growth of near-monocultures
of clovers and lucerne, which can fix considerable amounts of N. There is no indication of
how these are accounted for in other models. An attempt to estimate N fixation in
Canadian agriculture assumed N fixation of 4 kg ha™ in improved and unimproved
pastures, but dealt with lucerne and hay (a mixture of clovers, lucerne and grasses)
systems separately (Yang et al., 2010). This approach was not practicable in the present
study because of the different ways that data are gathered in Canada and the EU. Data
on yields and areas of alfalfa, clovers and "other forage legumes" are available, at a stated
moisture content of 65% in Eurostat and an unknown moisture content in FAOstat. Data
on yields and areas of mixed forages such as grass-clover pastures, and their legume
content, are not available in any systematic way. Thus significant improvements in the
ability to predict N fixation in the permanent and temporary pasture and fodder systems
that are responsible for the majority of N fixed by European agriculture will only be
possible if more detailed and reliable production statistics become available.

14
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Grain legumes

Grain legume crops are grown almost exclusively as monocultures, so the issue of
estimating proportions, as alluded to above for forage legumes, is not a consideration.
This allowed the construction of a simple model of N partitioning in the main agricultural
grain legume species grown in Europe. This refines the concept of Peoples et al. (2009)
in that it relates fixation to readily available data on grain production, and it incorporates
the most recently available data on below-ground N partitioning and rhizodeposition.

The figures for N fixation by this novel approach compare closely with those used in other
studies of similar scope. Four European N budget models use amounts of N fixed
between 0.75 to 2.0 times the amount of harvested N for all grain legumes (2.0 in IMAGE,
MNP, 2006; 0.75 in IDEAg, Leip et al., 2008; 1.0 in MITERRA, Velthof et al., 2009; 1.2-1.3
in INTEGRATOR, De Vries et al., 2011a). The values calculated in this study ranged from
0.75 for beans to 1.53 for vetches and faba bean. A wide-ranging review concluded that
globally crop legumes fix an average of 20 kg of N per tonne of shoot biomass (Peoples et
al., 2009), which is in line with our values of 15 — 39 kg t".

N balance

Detailed prediction of the N partitioning in each grain legume crop also allowed the
prediction of N balance, the difference between N fixed and N removed in grain. This is
not the same as the N remaining after cropping, as it does not take into account mineral N
in the soil before cropping (N not derived from the atmosphere), and the processing of
crop residues varies widely in different systems. Nevertheless, positive values give a
useful indication of the potential input of atmospheric N to a system, whereas negative
values indicate an overall mining of soil N. As with the other values from the N partitioning
model, those for N balance compare well with experimental studies. As examples: for faba
bean the N balance related to shoot biomass was reported as 19 kg t” (Peoples et al.,
2009) and 9 kg t" (Vinther and Dahlmann-Hansen, 2005), compared to our value of 14
kgt'. For lentils the N balance related to grain production was 18 kg t" (Kurdali et al.,
1997) and 25 kg t" (Schmidtke et al., 2004), compared to our value of 19 kg t'. A meta-
analysis of 637 soya bean datasets found a partial N balance (based on aboveground N
only) of -17 kg t™ of grain, compared with our value of -18 kg t ™.

While the growth of the majority of grain legumes results in potential N gains, negative
values were calculated for beans and soya bean, driven by low N fixation in the former and
high grain N content in the latter. The extent to which a negative balance is a problem in
practice is, however, questionable. Many experimental studies have found that growth of
both beans and soya bean can be beneficial to a following crop (e.g. Hesterman et al.,
1987; Bergersen et al., 1992; Green and Blackmer, 1995). Given that the growth of beans
and soya bean does not result in a net N increase in the system, it is likely that these
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reported benefits are a result of other processes. These include promotion of the
mineralisation of soil organic matter, the so-called priming effect (Jenkinson et al, 1985;
Kuzyakov et al, 2000), and nitrate sparing, where the legume takes up less of the soil
nitrate than would a non-legume crop (Herridge et al 1995), as well as other legume-
specific and non-specific break crop effects (Legume Futures report 1.6). Thus while in
well managed, diverse rotations, the calculated negative N balance is probably sustainable,
monoculture of beans or soya bean is likely to be as unsustainable as any other
monoculture.

BNF in Europe

Overall, the calculated figure of 0.81 Mt of N fixed in EU27 by agricultural legumes in 2009
is broadly comparable with the mean estimate of 1.12 Mt from four European N budget
models (De Vries et al., 2011b) and the value of 1.1 Mt submitted to the United Nations
Framework Convention on Climate Change (EEA, 2008). Most of the difference occurs
because the N budget models allow for ~5 kg ha™ of N fixation by free-living microbes in
all non-legume arable land, in contrast to our focus on legumes.

Problems and limitations

The greatest challenge to this exercise was to estimate BNF in forage systems, where the
yield is uncertain (especially in grazed systems), the legume content is unknown and
management is variable. Hence, we refined the use of area-based figures for N fixation as
far as possible by the derivation of new, country-specific constants for N fixation based on
expert opinion. Significant improvements to this would need more detailed data on land
areas under cultivation, their management, the proportion of legumes present and their
temporal variation. The collection of such data would require wide-ranging changes to the
way current agricultural statistics are collected, and this need has been recognised on the
Eurostat website: “The comparability and transparency of the estimation of BNF in
forage/fodder legumes and legume-grass mixtures could be improved if a set of common
guidelines on the estimation method and update frequency were established” (Eurostat,
2013).

In terms of the calculations of N fixed by grain legumes, the most sensitive figure is Ndfa.
The approach adopted here was to select literature values from a wide range of sources
constrained, where possible, to agronomic conditions that were appropriate for Europe.
Nevertheless, published values of Ndfa vary widely and depend on a complex set of
interacting factors such as existing and applied mineral N, presence of suitable rhizobia,
and efficiency of the plant-rhizobium symbiosis (e.g., Hardarson and Atkins, 2003;
Herridge et al, 2008). A further refinement to the present method would be to include
variables that are known to modify N fixation, such as soil N status, soil moisture, soil pH
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and temperature, that are available from national institutions in Europe, and to use
constants that relate them to N fixation as they become available (Liu et al., 2010b).

CONCLUSIONS

The amount of N fixed by forage legumes and legume-grass systems was predicted by a
combination of outputs from the CAPRI model and improved, country-specific N fixation
coefficients. For grain legumes, the higher quality of available data made it possible to
construct a detailed model based on N partitioning. Both approaches predicted quantities
of N fixed that were broadly comparable with previously published estimates. Combining
these figures with published crop production statistics allowed the production of detailed
crop- and country-specific figures for N fixation by grain legumes that, for the first time,
took into account the large differences in yields across Europe. The results also showed
that while the amount of atmospheric N fixed into farming systems is likely to increase with
increasing cultivation of many species of grain legumes, this is unlikely for beans and soya
bean which apparently mine soil N reserves. Only minor adjustment to the Ndfa of soya
bean, through management or breeding, is required to make it a net contributor to the N
balance.

The results confirm that reliable estimates of agricultural N fixation in Europe require
accurate crop production and yield statistics. Estimating N fixation would be greatly
facilitated by changes to some of the information that is currently collected. This would
result in more accurate figures for N fixed and N balance, which are crucial for reliable
calculations of N losses such as nitrate leaching and emissions of the greenhouse gas
N2O. These are vital for refined predictions of the effects of strategic changes in the use of
legumes in farming systems. Ultimately this will lead to the development of better policies
to reduce the environmental impacts of European agriculture.
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SUPPLEMENTARY TABLES

Supplementary Table 1. Areas (Eurostat, 2013), N retention, N fixation coefficients ksx and
N fixed by temporary and permanent grasslands in EU27 in 2009.

Country Area N retent_i10n N fix‘at.ion N fixe_? Total N fixed
(1000 ha) (kg ha™) coefficient (kg ha™) (Gg)

Temp. Perm. Temp. Perm. Kix Temp. Perm. Temp. Perm. Total
Austria 156 1708 152 80 0.06 9.1 4.8 1.4 8.2 9.6
Ejgr‘::;oirg 103 580 257 198 0.06 154 11.9 16 6.9 8.5
Bulgaria 107 1906 30 42 0.08 24 3.3 0.3 6.3 6.6
Cyprus 28 14 39 30 0.05 2.0 1.5 0.05 0.02 0.08
Czech Republic 687 982 48 63 0.14 6.7 8.8 4.6 8.6 13.3
Denmark 475 216 149 157 0.14 20.9 21.9 9.9 4.7 14.6
Estonia 139 256 104 61 0.15 15.6 9.2 22 24 4.5
Finland 621 58 129 72 0.05 6.5 3.6 4.0 0.2 4.2
France 3433 9614 107 93 0.07 75 6.5 25.8 62.3 88.0
Germany 905 4784 159 159 0.08 12.8 12.7 11.5 60.7 72.2
Greece 281 1078 108 87 0.19 20.5 16.5 5.8 17.8 23.6
Hungary 174 1000 39 55 0.17 6.6 9.4 1.2 9.4 10.5
Ireland 586 3272 274 161 0.05 13.7 8.0 8.0 26.3 34.3
Italy 2333 3978 74 57 0.16 11.9 9.2 27.8 36.5 64.3
Lithuania 483 908 37 57 0.12 4.4 6.9 2.1 6.2 8.4
Latvia 402 714 54 62 0.07 3.8 43 1.5 3.1 4.6
Malta 4 0 45 43 0.05 23 22 0.009  0.000 0.009
Netherlands 196 848 364 225 0.05 18.2 1.2 3.6 9.5 13.1
Poland 1531 3420 90 64 0.07 6.3 4.5 9.7 15.4 251
Portugal 420 1264 92 54 0.05 4.6 27 1.9 34 5.4
Romania 801 4640 86 50 0.10 8.6 5.0 6.9 23.0 29.9
Slovak Republic 174 720 49 65 0.14 6.9 9.1 1.2 6.6 7.8
Slovenia 31 294 76 44 0.05 3.8 22 0.1 0.6 0.8
Spain 804 8464 84 58 0.07 5.9 4.0 4.8 34.1 38.9
Sweden 1096 452 169 84 0.11 18.6 9.3 20.4 4.2 246
UK 1159 9844 275 116 0.05 13.8 5.8 15.9 57.1 73.0
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Supplementary Table 2. Constants (bold) and calculated values used to derive estimates
of fixed N and N balance for FAO classes of grain legumes. No constants were available
for the Pulses category, for which production-weighted means of the other categories were
used (82.15 for Total N, 53.85 for Fixed N and 7.71 for N balance). All calculated
quantities are relative to one tonne of grain production.

Cr)]o;; r:: E::i C;;k' Lentil Lupins Pea ﬁ;):i Vetches

Moisture content (g g”) 0.140 0.140 0.140 0.140 0.140 0.140 0.140 0.140
Grain protein content (g g™") 0.25 0.29 0.22 0.29 0.36 0.25 0.40 0.29
Protein to N 6.25 6.25 6.25 6.25 6.25 6.25 6.25 6.25
Grain N production (kg) 33.85 40.18 30.00 39.63 49.12 34.40 54.76 39.90
Harvest index 0.480 0.490 0.310 0.415 0.440 0.507 0.519 0.340
N harvest index 0.830 0.675 0.805 0.650 0.840 0.729 0.730 0.790
Above ground biomass (t) 1.792 1.755 2.774 2.072 1.955 1.696 1.657 2.529
Above-ground N production 40.78 59.52 37.26 60.97 58.48 47.19 75.02 50.51
(kg)

Root:shoot ratio 0.265 0.230 0.440 0.370 0.282 0.110 0.200 0.350
Root biomass production (t) 0.475 0.404 1.221 0.767 0.551 0.187 0.331 0.885
Root N content (g g™ 0.022 0.022 0.014 0.014 0.012 0.022 0.017 0.029
Root N production (kg) 10.30 8.88 17.09 10.73 6.51 410 5.70 25.76
Proportional rhizodeposition 0.150 0.185 0.530 0.150 0.171 0.120 0.195 0.150
Rhizodeposition (kg) 7.66 12.66 28.81 10.76 11.11 6.16 15.74 11.44

Total N production (kg) 58.75 81.06 83.16 82.46 76.10 57.45 96.46 87.71

Proportion of N derived from

0.442 0.770 0.500 0.700 0.820 0.700 0.520 0.720
atmosphere, Ndfa

N fixed (kg) 26.0 62.4 41.6 57.7 62.4 40.2 50.2 63.2
N balance (kg) -7.9 22.2 11.6 18.1 13.3 5.8 -4.6 23.3
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Supplementary Table 3. Calculated quantities of N fixed (t) by grain legume crops in EU27
in 2009.

Country Chickpea Common bean Fababean Lentil Lupins Pea Soyabean Vetches
Austria 418 37 1395 3576 201
Belgium & Lux 19 169 253
Bulgaria 114 44 106 93 201 20 23
Cyprus 4 6 31 1 4 6
Czech Rep 162 137 2087 682 6
Denmark 901
Estonia 3 6 302
Finland 450
France 143 27295 775 512 21683 5508
Germany 2965 0 6671
Greece 112 570 156 162 44 109 613
Hungary 24 6 1 37 647 3591 2
Ireland 400
Italy 320 308 6104 84 893 23485 537
Latvia 62 105 6
Lithuania 93 318 661 917 95
Malta 10 46
Netherlands 114 393 101
Poland 740 967 3557 314 10 324
Portugal 27 52
Romania 3 580 1392 1206 4228
Slovakia 6 6 12 19 470 772 15
Slovenia 16 44 56 10
Spain 897 342 1741 687 281 5948 140 2588
Sweden 20 1629 1966
United Kingdom 42955 6080
Total 1484 3554 86872 1821 5267 52760 42024 4459
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Supplementary Table 4. Crop production (FAO, 2013), and calculated quantities of total N
production, N fixed and the N balance for grain legume crops in the EU27 in 2009. All

figures in Gg.
Common Faba Chickpea Lentil Lupins Pea Soya Vetches Total
bean bean bean
Crop
. 136 1392 35 32 84 1313 992 67 4051

production
N production 8.0 112.8 2.9 2.6 6.4 75.4 95.7 59 310
N fixed 3.5 86.9 1.5 1.8 53 52.8 490.8 4.2 206
N balance -1.1 31.0 04 0.6 1.1 7.6 -4.6 1.6 37
Supplementary Table 5. Sources of constants reported in Supplementary Table 2.

Common Faba Chickpea Lentil Lupins Pea Soya Vetches

bean bean bean
Moisture correction® default default default default default default default default
Grain protein content 1 1,2 1 1 1,2 1,2 1,3 4
Protein to N 5,6 5,6 5,6 5,6 5,6 5,6 5,6 5,6
Harvest index 7,8,9, 12, 13, 15,16 17 18,19 20,21,22 23 4, 24

10, 11 14
N harvest index 8 25,26,27 27,28 28 29 30, 31 3 4,32
Root:shoot ratio 33,34 19, 35, 38 39 19 31, 40, 43, 44 32,45

36, 37 41, 42
Root N content 33, 46 47,48 28 28 49 50, 51 23 32,52
Proportional default 54 27, 54 default 54 21, 31, 55 default
rhizodeposition® 54
Ndfa 56, 57 58, 59 59, 60 59, 61, 66 58, 59 3,60,23, 68,69
62, 63, 67
64, 65

@ Default value for grains harvested dry was based on the typical industry reporting figure of 0.14.
® Default value of 0.15 based on figures in ** and **.
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