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Abstract

To apply the isotope dilution (ID) technique, it is necessary to grow the "N,-fixing" crop in a soil where the mineral
N is labelled with '>N. Normally the "N,-fixing" crop and a suitable non-N,-fixing control crop are grown in the
same labelled soil and the '*N enrichment of the control crop is assumed to be equal to the 'N enrichment of
the nitrogen (N) derived from the soil in the "N,-fixing" crop. In this case the proportion of unlabelled N being
derived from the air via biological N; fixation (BNF) in the "N,-fixing"crop will be proportional to the dilution of
the enrichment of the N derived from the labelled soil.

To label the soil, the technique most often used is to add a single addition of *N-labelled N fertilizer shortly
before, at, or shortly after, the planting of the crops. Data in the literature clearly show that this technique results
in a rapid fall in the >N enrichment of soil mineral N with time. Under these conditions, if the control and
the "N,-fixing" crops have different patterns of N uptake from the soil they will inevitably obtain different N
enrichments in the soil-derived N. In this case the isotope dilution technique cannot be applied, or if it is, there will
be an error introduced into, the estimate of the contribution of N derived from BNF.

Several experiments are described which explore different strategies of application of the ID technique to attempt
to attenuate the errors involved. The results suggest that it is wise to use slow-release forms of labelled N, or in
some cases, multiple additions, to diminish temporal changes in the >N enrichment of soil mineral N. The use of
several control crops produces a range of different estimates of the BNF contributions to the "N,-fixing” crops, and
the extent of this range gives a measure of the accuracy of the estimates. Likewise the use of more than one N
enrichment technique in the same experiment will also give a range of estimates which can be treated similarly.
The potential of other techniques, such as sequential harvesting of both control and test crops, are also discussed.

Introduction

Of the techniques available to quantify the contribution
of biological N fixation (BNF) to nodulated legumes
and other "Nj-fixing" plants, only techniques which
utilize the stable isotope N can provide direct esti-
mates of the quantity of biologically-fixed N incorpo-
rated into plant tissue. The use of '>N-labelled N; gas is
usually only feasible for short-term experiments under
controlled conditions, but the N isotope dilution (ID)
technique can be applied to field studies over the whole
plant growth cycle.

To apply the ID technique it is necessary to grow
the "N-fixing" legume in a soil where the mineral N

is labelled with '°N. If the '*N enrichment of the N
being absorbed from the soil by this plant is known,
then the amount of unlabelled N being derived from the
air via BNF will be proportional to the dilution of the
enrichment of the N derived from the labelled soil.
Normally the "N,-fixing" crop and a suitable non-
N,-fixing control crop are grown in the same labeliled
soil and the N enrichment of the control crop is
regarded as the 15N enrichment of the N in the legume
derived from the soil. In fact, if the !°N enrichment of
the labelled soil N can be determined by direct analysis
of the N enrichment of the soil mineral N [12,19,38],
then the use of control crops can be dispensed with.
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In the case where a non-N,-fixing control crop is
utilized, the basic assumption made in applying the
technique is that the >N enrichment of the N derived
from the soil by the "N,- fixing" crop is equal to the N
enrichment of the N in the control crop. Alternatively
this can be expressed as: The ratio (R) of labelled
fertilizer N to unlabelled soil N accumulated by the
plants is the same for the "Ns-fixing"” crop and the
control crop.

Labelling the soil N with °N
Addition of soluble labelled N fertilizer

The technique most often used is to add a single addi-
tion of soluble *N-labelled N fertilizer (eg. ammoni-
um sulphate or urea) to the surface of the soil shortly
before, at, or shortly after, the planting of the crops.
This form of N addition results in a rapid fall in the
I5N enrichment of soil mineral N, as the ’N-labelled
N is added to the soil mineral N pool which is con-
tinuously being replenished by unlabelled N from the
mineralization of soil organic matter [17,38,49]. This is
illustrated by data from arecent field experiment where
I5N-labelled ammonium sulphate (10 kg N ha=!) was
added 1 day after planting of Phaseolus vulgaris (Fig. 1
- Boddey et al., unpubl. data). Under these conditions if
the control and the legume crops have different patterns
of uptake of N from the soil they will inevitably obtain
different N enrichments in the soil-derived N. As is
evident from the basic assumption of the technique
this mean that the isotope dilution technique cannot be
applied, or if it is, there will be an error introduced
into the estimate of the contribution of N derived from
BNF [3,11,14,35,45,50,51,52].

The obvious solution to this problem would appear
to be to select a non-N,-fixing control crop which has
the same soil-N uptake pattern as the "N,-fixing" crop.
While the uptake of soil N by a non-N,-fixing crop can
be studied by sequential harvests, this is not possible
in the case of the "Nj-fixing" crop as there is no way
to distinguish between unlabelled N derived from soil
and that derived from BNF.

Ledgard et al. [28] developed a technique to com-
pare the ratio (R) of fertilizer N to soil N in "Ny-
fixing" and control crops which depended on the use of
increasing additions of labelled N and the measurement
of the natural N abundance in both crops in a treat-
ment where no N fertilizer was added. The technique
requires great care to be taken to avoid contamination
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Fig. 1. Decline in N enrichment of soil mineral N (KCI extract)
in soil amended with 10 kg N ha~! of 'SN-labelled ammonium
sulphate (10.1 atom % I5N). Vertical bars indicate standard errors of
means (20 replicates). Boddey et al., (unpubl. data)

of the unfertilized plots with enriched N and the use of
a sensitive (double inlet) mass spectrometer. While the
technique can theoretically be used to select appropri-
ate control crops for any particular legume crop (any
control crop which attained a >N enrichment similar
to the enrichment of the N derived from the soil by the
legume), the extra work involved and its low sensitivi-
ty in soils with low natural >N abundance [3], has not
encouraged its application by other workers.

A further technique was explored by Wagner and
Zapata [46] based on the interesting idea that if the ratio
of added labelled to native unlabelled sulphur taken up
from the soil by the two crops is equal, then the ratio of
labelled to unlabelled N should also be equal. As both
S and N are controlled in the soil by similar microbio-
logical processes the idea was logical. However, in two
experiments designed to test this technique, Hamilton
et al. [20,21] found that there was no fixed relation-
ship between the ratios of labelled to unlabelled S and
labelled and unlabelled N among the different control
crops and legume crops and thus the ratio of labelled
to unlabelled S could not be used as evidence for equal
(or unequal) ratios of labelled to unlabelled N derived
from soil sources by the different crops.

Rennie and Thomas [36] suggested that it was pos-
sible to test if the >N enrichment of the soil N taken up
by the "N,-fixing" and control was equal, by calculat-
ing the soil ‘A-value’ for each of the crops from the %
Ndff and % Ndfs (%N derived from fertilizer and soil,
respectively). They quite correctly stated that if the
‘As-value’ was equal for the "N,- fixing” and control
crops then the two crops did remove N from the soil



with the same N enrichment. However, to calculate
the %Ndfs in the "N,-fixing" crop it is necessary to
apply the >N ID technigue and assume that the basic
assumption of equality of (R) for both crops holds [7].
As the technique is based on circular logic, it follows
that the ratio R will always be the equal for all crops
tested and hence the "test" is no test at all.

It is apparent that testing the basic assumption of
the ID technique is extremely difficult and the question
arises of the magnitude of possible errors involved in
relying on this assumption without testing it. While
most investigators appear to be conscious of the risks
involved, most studies, even recent ones, generally use
a single addition of I°N labelled fertilizer and a single
harvest of the "N,-fixing" and control crops (the single
SN addition/single harvest technique) without testing
whether soil N uptake patterns of the two crops were
the same.

Magnitude of errors involved in the use of the "single
SN addition single harvest technique”

As it is difficult to discover the N enrichment of
soil-derived N in a "N,-fixing" crop, how can it be
determined whether there are significant differences
between this enrichment and that derived from the soil
by the control crop? The answer is by inference: it is
logical to assume that if there are large differences in
15N enrichment between different control crops, then it
is possible that there will be large differences between
the 1’N enrichment of the control crop and that of the
soil-derived N in the legume.

Only a small proportion of the ID studies to quan-
tify BNF contributions to legumes have used more
than one control crop. However, in almost all of them
where the soil was amended with a single dose of sol-
uble labelled fertilizer, significant differences between
the >N enrichments of different control crops were
recorded [15,19,21,46,50]. This is illustrated by data
from a recent field experiment conducted at our Cen-
tre, where 4 non-N,-fixing control crops (non-nod soy-
bean, rice, okra and sorghum) were used in an exper-
iment to quantify the BNF contribution to soybean
inoculated with two different Bradyrhizobium japon-
icum strains (Boddey et al., unpubl.).

Figure 2 shows the contrasting uptake patterns of
labelled and unlabelled N by the non-nod soybean and
the sorghum whichresulted at the final harvest (73 days
after planting - DAP) of '>N enrichments of 0.1491
and 0.1012 atom % N excess in the two controls,
respectively. The estimates of the BNF contributions
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Table 1. FEstimates the contribution of biological-
ly fixed nitrogen to nodulating soybean inoculated
with either 20W or CB 1809 strains of Bradyrhizobi-
um japonicum using 4 different non-No-fixing control
crops

%dfab of nodulating soybean
20W  CB 1809

Controls

Non nod soybean  47.2 583

Sorghum 157 325
Rice 502 597
Okra 137 315

LSD (Student) 306 250

2Soil labelled at planting with a single addition of 1SN~
labelled ammonium sulphate. Data are means of 4
replicates. Boddey et al. (unpubl. data).

b9, N derived from BNF,

(% N derived from BNF - %Ndfa) to the nodulated
soybean ranged from 13.7t0 50.2%, and 31.5t0 59.7%,
for the soybean inoculated with the strains 29W and
CB 1809 of B. japonicum, respectively, depending on
which control was used (Table 1).

Occasionally differences in N uptake patterns
between legume and control crops are so large that
application of the ID calculations yields clearly erro-
neous negative estimates of contributions of BNF
[29,33,37,51].

As has been pointed out by several authors when
the %Ndfa in the "N,-fixing" crop is high, the estimate
of %Ndfa is relatively insensitive to mismatching of
soil N uptake patterns of the different crops [7,22,23].
This is well illustrated. by a simulation of the influence
of a 5, 10 or 20% variation in N enrichments of
different control crops on the estimates of Ndfa of the
"N,-fixing" crop (Fig. 3).

It follows that if it is thought that %Ndfa is low, or
could be low, then the application of the ID technique
using a single dose of 1’N labelled fertilizer at planting
with a single harvest at crop maturity, will not yield a
reliable estimate of the BNF contribution to the "Nj-
fixing" crop.
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Fig. 2. Accumulation of labelled (- - - 0 - - -) and total N (——e—) by 2 non-N;-fixing control plants (non-nod soybean and sorghum) in soil
amended with 2.0 kg N ha~? of 1"N-labelled ammonium sulphate (21.3 atom % 1°N) at planting. Vertical bars indicate standard errors of means

(4 replicates). Boddey et al., (unpubl. data).
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Fig. 3. Simulation of the influence of 5( ), 10 (- - -) or 20%
(=++=--=+--) variation in the '3N enrichment of different control crops
on the estimates of N derived from BNF, at decreasing propottions of
N derived from BNF (%Ndfa). For the simulation it was assumed that
there was a 10% variability in the >N enrichment of the "N»-fixing"
Ccrop.

Strategies to apply the ID technique to provide
reliable estimates of BNF contributions

Labelling the soil to diminish temporal variations of
5N enrichment of soil mineral N

From the above discussion it is apparent that when
the soil is labelled with a single dose of '’N-enriched
fertilizer at planting, different crops can obtain very
different N enrichments in the N they accumulate
from the soil. An obvious solution to this problem

is to attempt to label the soil in such a manner that
temporal variations in >N enrichment of soil mineral
N are diminished. Possible techniques were discussed
by Chalk [11] and Boddey [3] although just about all
techniques have their disadvantages:

a. Pelleting '>N-labelled ammonium sulphate with
gypsum was used by Witty [49] and later by others
[7,18], but these latter authors showed that it was not
very effective in slowing down >N release.

b. Immobilizing the mineral N from these fertilizers
by adding sugars, cellulose, sawdust or straw has also
been tried [9,18,30,33,39,40]. The favourable effect
of immobilizing the labelled fertilizer was shown in
an experiment where 3 control crops were utilized to
quantify the BNF contribution to field grown soybean
in an experiment performed in the field near Brasilia
[4]. The data show that in the treatment where sugar
was mixed with the ’N-labelled ammonium sulphate
fertilizer in a C:N ratio of 10:1, rates of decline of I’N
enrichment of the plants with time were considerably
reduced (Fig. 4). In the treatment where the labelled
fertilizer was immobilized with sugar, the differences
between the N enrichments of the different control
crops were considerably less than when no sugar was
added (Table 2).

However, even in cases where such techniques
were used to immobilize the added labelled N, signif-
icant differences in *N enrichment between different
control crops have been reported [7,46,49].
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Table 2. N enrichment and total N accumulation of nodulated soybean
and 3 non-N,-fixing control crops grown in soil amended with SN-labelled
ammonium sulphate at planting, with or without the addition of sugar at a

C:N ratio of 10:12

Crop Total N accumulation 5N enrichment
(gm—2) (Atom % 5N excess)

-Sugar +Sugar -Sugar +Sugar
Nodulated soybean 17.71 20.36 0.3616 0.3238
Non-nod soybean 15.81 15.96 0.4314 03770
Sorghum 6.63 6.18 0.4272 0.3253
Sunflower 16.70 20.93 0.6217 0.4778
LSD (Student) 7.36 11.60 0.1362 0.1481

#After Boddey and Urquiaga [4].

The other disadvantage is that adding carbon
sources is likely to reduce the availability of soil N
to the plants thus affecting (probably positively) the
amount of N derived from BNF by the legume. This
does not seem to have been the case in the study
described above [4] where total N yield of the nodu-
lated soybean and control crops was not significantly
affected by the addition of sugar (Table 2).

c. Additions of *N labelled plant material or com-
post. This has also been used quite frequently, especial-
ly by our group in Rio [5,6,7,24,41]. Again initially N
enrichment of soil N declines quite quickly, although
less quickly than if soluble labelled fertilizer is added.
This treatment also immobilises soil N (see b. above)
but in our (tropical) conditions after about 18 months
soil ’N enrichment becomes virtually stable.

d. Multiple small additions of labelled soluble N
fertilizer. This technique has been favoured by many
authors {5,6,16,29,42,43], but has been criticized by
Rennie [34] on the basis that if test and control crops
assimilate different quantities of mineral N between
harvests then the residual mineral N in the soil at har-
vest will be different for the two crops. A further addi-
tion of labelled N to this pool will then cause a different
initial enrichment in the mineral N for the two crops
at the start of the second growth period. However, if
the quantity of labelled N added is small compared
with plant uptake then it is unlikely that significant
amounts of residual mineral N are available at the time
of harvest, which as Rennie admits, invalidates this
criticism. The evidence suggests that this technique is
more effective in reducing temporal changes in N
enrichment of soil mineral N than the single addition
technique, and has the advantage that the "N enrich-

ment of the soil mineral N is still high towards the end
of the crop growth cycle when BNF inputs are usu-
ally largest. If small amounts are used this does not
significantly alter soil mineral N availability, unlike
techniques b. and c. above, so that it is a good tech-
nique to use if the objective of the study is to estimate
BNF in an actual farming system. The disadvantage
comes in the labour involved in the additions and mak-
ing sure that no significant amounts of >N salts are
absorbed by the leaves of the developing or mature
plants. This latter problem can be attenuated by apply-
ing the !N material dried onto sand particles which
can be brushed off the leaves and then subsequently
washed into the soil by irrigation [2,10].

Use of several control crops

Recently we suggested that a good strategy to apply
the ID technique is to use several controls in conjunc-
tion with a technique to reduce temporal changes in
5N enrichment of soil mineral N [7]. None of the
above techniques will produce a completely stable and
uniform 5N enrichment of soil mineral N unless the
fertilizer is mixed throughout the whole volume of the
soil and then left to equlibriate for many months [41].
As for normal field experiments this is not practical, the
idea behind this strategy is that if there are still consid-
erable changes in soil mineral N enrichment with time
then each different control crop can give an indepen-
dent estimate of the BNF contribution to the legume. If
the range of these estimates is small, then it is probable
that the estimate is fairly accurate, and the range of the
different estimates gives an idea of the accuracy. The
data in our paper illustrates the use of this approach.
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Fig. 4. Decline in !N enrichment of 3 non-N;-fixing control plants grown in soil amended with !SN-labelled ammonium sulphate with (A) or
without (B) the addition of sugar in a C:N ratio of 10:1. —e—— non-nod soybean, - - 0 - - - sorghum, ----m---- sunflower. Vertical bars indicate

standard errors of means (4 replicates). After Boddey and Urquiaga [4].

Naturally more work and analyses are involved but a
much more reliable estimate of the BNF contribution
to the legume is obtained.

Use of two different methods of applying "N

This technique was suggested by Hamilton et al. [20]
and its use demonstrated in a recent paper of Viera-
Vargas et al. [44]. It is recommended that contrasting
techniques of application of >N to the soil are utilized.
By contrasting it is meant that they cause different
types of changes in °N enrichment in the soil mineral
N with time. Probably this means that either a single
addition of soluble labelled fertilizer, or a slow- release
form (options b. or c¢. above) should be used togeth-
er with the multiple additions technique. The former
techniques cause a decrease in "N enrichment of soil
mineral N with time, and the latter can cause an over-
all increase of enrichment of this N with time. It is
preferable also to use several control crops with this
technique, although perhaps just 2 may be sufficient
instead of 3 or so for the multiple controls technique
described above (section: Use of several control crops).
If the legume and one of the control crops have iden-
tical patterns of soil N uptake in the two SN labelling
treatments then the estimates of N derived from BNF
by the legume will also be identical. It follows that the
control crop which gives the closest agreement in BNF
estimate in the two contrasting >N labelling treatments
is that which is giving the estimate closest to the true
contribution.
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Fig. 5. 15N enrichment of the forage legume Centrosema (hybrid
Itaguai ~---{----) and the non-N,-fixing control crops, Panicum
maximum (cv IR 442 —e—) and Sorghum bicolor (cv BR 301
- --®---), grown in a concrete tank filled with Itaguai series soif
(Typic Hapludulf) amended with either (A) N-labelled organic
matter or, (B) with unlabelled organic matter and split applications
of 13N-labelled ammonium sulphate. Vertical bars indicate standard
errors of the means (4 replicates). After Viera Vargas ef al. [44].
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Fig. 6. Estimates of the proportion of plant nitrogen derived from N fixation (% Ndfa) by nodulated common beans (Phaseolus vulgaris cv.
Negro Argel) using 4 different non-N;-fixing control crops and either the 1N isotope dilution (ID) or total N difference (TND) techniques. ID
estimate of % Ndfa = 100. (1 - (Atom % °N excess in beans/Atom % 5N excess of control)). TND estimate of % Ndfa = 100. (Total N of beans
- Total N of control)/(Total N of beans). CV = Coefficient of variation. Different capital or lower case letters above bars indicate significant
differences between means (4 replicates) at p = 0.05 (Tukey). After Viera Vargas et al. [44].

Typical results showing the contrasting changes in
plant >N enrichment are shown in Figure 5, and when
it was applied to quantify the BNF contribution to
nodulated Phaseolus vulgaris grown in pots, it was
found that the non-nodulating mutant of P. vulgaris
gave similar estimates of N derived from BNF regard-
less of the labelling technique used (Fig. 6). This tech-
nique probably requires even more work, more exper-
imental units and more N analyses than the multiple
control methods (section: Use of several control crops),
but it may be worthwhile in some circumstances.

Time course measurements of crop PN enrichment

This technique can be applied with just one control
crop and with a single addition of soluble labelled fer-
tilizer at planting, but better quality results will almost
certainly be obtained if a slow-release form of N fer-
tilizer is used and perhaps even more than one control.
In this approach several (probably at least 5) complete
harvests of each crop (legume + controls) are taken dur-
ing the season. The harvests should be spaced so that
more of them are taken during the time of maximum
N; fixation by the legume, if this can be predicted. At
each complete harvest the material is analysed for total
N and N enrichment and from these data the curve of
the recovery of labelled fertilizer (or excess ’N) can
be plotted for each crop. If the curve of the recovery
of labelled fertilizer is very similar for the control crop

(or one of the control crops) then the estimate of BNF
in the legume derived from this control crop should be
closest to the true BNF contribution. The equations of
growth curve of Hamilton et al. [19] can be used to fit
the accumulation of labelled fertilizer by the different
crops:

TN —c.exp (Nu-1)

where T "N is the SN accumulation by the crop, Nu
is the 1PN uptake constant and t is the time in days. If
the constant Nu and the proportionality constant ¢ are
equal the curves can be considered to be of the same
shape. Even visually this is usually evident from the
graphs. This kind of approach was used by Boller and
Nosberger [8], and also by Pareek er al. [32], Watanabe
et al. [48] and Watanabe [47]. Even if the curves are not
very similar a good idea of the size of the error in the
estimate for the BNF contribution to the legume can
be obtained from the data. Again more pots, or plots
are required and hence more '*N-labelled material is
necessary, as well as a considerable number of extra
analyses for N and 1*N enrichment.

A modelling technique which theoretically
requires no control plant

If the N enrichment of the soil mineral N is com-
pletely stable with time, space and depth in the
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pots/plots then theoretically any truly non-N»-fixing
control plant, or even none at all, can be used to quanti-
fy the BNF contribution to a legume. The approach was
first suggested by Kohl and Shearer [26] and applied
(with a control crop) by our group to quantify BNF con-
tributions to 11 Panicum maximum ecotypes [31].

If no control is used then the SN enrichment of
the soil mineral N is estimated from KCI (or similar)
extracts of the soil. This was first tried by Chalk et al.
[12].

By estimating the decline in >N enrichment of soil
mineral N in a soil amended with a single dose of
labelled fertilizer using KCl extracts, and evaluating
the total N and >N accumulation in the legume crop,
and fitting curves to these parameters, it is theoreti-
cally possible to estimate the amount of N and its BN
enrichment taken up by the legume for each day dur-
ing crop growth, and from this estimate the overall 5N
enrichment accumulated by the legume during plant
growth. In the two studies published recently [19,38]
the authors claim that this approach was successful
for both a pot study on soybean and a field study on
lupin, respectively. In the first study on soybean one
worrying aspect was that the >N enrichment of the
soil mineral N declined much faster under the soybean
plants than under two control crops (non-nod soybean
and ryegrass). This would suggest that there is an inter-
action of the crop type with the rate of decline of 5N
enrichment in the soil, which if true, would invalidate
the whole concept of the ID technique. This was not
discussed by the authors, and it may be that it was due
to excretion of fixed (unlabelled) N into the soil by
the soybean and was an artifact of the very small pots
used. In the field study [38] there was a poor fit (R?
=0.60) of the curve of labelled fertilizer accumulation
under the lupin which may have caused some error in
the BNF estimate. In both studies control crops were
incorporated in the experimental design for verifica-
tion purposes and BNF estimates derived from these
controls and the modelling method were in reasonably
good agreement. In neither case did the authors pre-
dict the total N accumulation of the control crops using
their technique and compare it to the actual N accumu-
lation observed. This seems like a missed opportunity
and would have provided the technique with a very
good verification procedure.

The technique requires a considerable number of
soil samples to be taken from each plot throughout the
growth cycle (the above authors sampled at 6 occa-
sions during crop growth) and each must be extract-
ed with KCI and the N enrichment of the mineral

N from these samples measured by mass or emission
spectrometry. In the soils used by these workers min-
eral N levels were apparently reasonably high though-
out plant growth making such measurments of >N
enrichment feasible. However, it is our experience that
such analyses on soils of low mineral N content often
encountered in tropical soils are extremely difficult,
at least for analyses with a mass spectrometer where
more than 500 g N sample~! are usually required. In
this case large quantites of soil have to be extracted,
the extracts distilled and the large volumes of distillate
dried, which means using large quantities of reagents
all which may have traces of mineral N in them and
cause major errors in the estimates of soil mineral ’N
enrichment. These problems have been discussed by
Chen et al. [13] and should be less acute if an emission
spectrometer is used for the 1N analyses or a modern,
continuous-flow ANCA-IRMS instrument [1] where
less than 50 ug of N are required for analysis.

To summarise, the technique is fairly laborious and
difficult to apply in tropical soils of very low mineral N
content. It still requires more verification, but it could
be a very valuable technique for studies where soil
mineral N levels are high and it is not desirable to low-
er them during the study. As mentioned above (section:
Labelling the soil to diminish temporal variations. . .)
some of the techniques aimed to slow down tempo-
ral changes of N enrichment of soil mineral N can
immobilize soil N and thus cause changes in the N,-
fixing activity of the legume. If it is desirable that a
single dose of labelled fertilizer is used, for example
in a study on the effect of fertilizer N on BNF of the
legume, then this modelling technique could be much
more satisfactory than any other.

Seed nitrogen

If the quantity of N in the seed is a significant propor-
tion of the total N accumulated by the legume, or the
control crop, this must be taken into account. This will
apply particularly to studies of BNF throughout plant
ontogeny where at early harvests seed N constitutes a
large proportion of plant total N. Normally this seed N
is unlabelled and most of it is incorporated into plant
tissue. If the control crop has far less seed N than the
legume crop (or vice versa) as may be the case with a
grass or cereal being used as a control for soybean (or
even worse Canavalia spp.) then considerable overes-
timates of BNF can be recorded. This is apparent in
the work of Kucey [27] and has been fully discussed



by Jensen et al. [25], Hamilton et al. [19] and Smith et
al. [38].

Conclusion

The main conclusion is that there is no quick and sim-
ple method to reliably quantify the contribution of BNF
to legume or other "N,-fixing" crops in the field. As
mentioned above (section: Addition of soluble labelled
N fertilizer) the technique where just one control crop
is used with a single addition of soluble >N labelled
fertilizer at, or near planting, with a single harvest
at crop maturity, is that most frequently used. This
strategy requires few plots, and hence only a small
area to be labelled, and only a few samples have to
be analysed for I5N enrichment, but as argued above
(section: Magnitude of errors involved. . .) the results
are of limited value, sometimes useless, especially if
BNF contributions are small. All the other techniques
described above (sections: Strategies to apply. .. and A
modelling technique. . .) require more work, the use of
more plots, more 15N enriched material, and all gen-
erate more samples to be analysed for ’N. However,
these techniques can yield estimates of BNF contri-
butions to plants growing under field conditions for
which the limits of accuracy are known with some
confidence.

_Among the techniques discussed in the sections:
Strategies 10 apply... and A modelling technique. ..
that requiring least work and expense is the use of a
slow-release form of N with several non-N,-fixing
control crops, as described by Boddey et al. [7]. The
major disadvantage of this technique is that such slow-
release forms of N can often immobilize soil mineral
N, sometimes to the point where overall soil N avail-
ability is decreased such that the BNF contribution to
the legume is increased. If this can prejudice the objec-
tives of the experiment then it is recommended that
small frequent additions of labelled fertilizer should be
used (section: Labelling the soil to diminish. .. option
d.) or the modelling technique described in the section:
A modelling technique. .. [19,38].
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