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Abstract

The four commonly used methods for measuring biological nitrogen fixation (BNF) in plants are: the total nitrogen
difference (TND) method, acetylene reduction assay (ARA) technique, xylem-solute (or ureide production) method
and the use of N labelled compounds.

The TND method relies on a control non-N,-fixing plant to estimate the amount of N absorbed by the fixing
plant from soil. It is one of the simplest and least expensive methods, but works best under low soil N conditions.
The ARA technique measures the rate of acetylene conversion to ethylene by the N;-fixing enzyme, nitrogenase.
The ethylene produced can then be converted into N, fixed, using a conversion ratio, originally recommended as 3.
Although the method is inexpensive and highly sensitive, its major disadvantages are, the short-term nature of the
assays, the doubtful validity of always using a conversion ratio of 3 and the auto-inhibition of acetylene conversion
to ethylene. The ARA technique is therefore not a method of choice for measuring BNFE.

The xylem-solute technique can be used to measure BNF for those species that produce significant quantities of
ureide as product of BNF. Although simple and relatively inexpensive, it is an instantaneous assay and also needs
to be calibrated against a known method. The most serious limitation is, that only a small proportion of N;-fixing
plants examined are ureide exporters, and the method is therefore not widely applicable.

The 1N methods, classified into the isotope dilution and A-value methods, appear to be the most accurate, but
also the most expensive. They involve labelling soil with N fertilizer and using a non-N,-fixing reference plant to
measure the 'YN/1*N ratio in the soil. The N isotope dilution approach is both operationally and mathematically
simpler than the A-value approach. To limit potential errors in the selection of reference crops, it is recommended
to use 13N labelled compounds or soil labelling methods that result in the slow release of '*N or the slow decline
of N/IN ratio in the soil. Additionally, the use of several reference plants rather than a single one can improve
the accuracy of the results.

Introduction 90 million tons ha~! yr~! in agricultural systems of

which the Rhizobium-legume symbiosis is estimated to

Nitrogen is a major nutrient element required by crop
plants, and its scarcity in soil significantly affects
crop yields. On the other hand excessive amounts in
soil could result in undesirable environmental effects.
Thus, both the gains and losses of N in agricultural
soils are important processes which need to be mea-
sured.

Depletion of soil N in agricultural soils occurs pri-
marily through plant N uptake. This is often replen-
ished through fertilizer N additions or at least in part
through natural processes, the most important of which
is biological nitrogen fixation (BNF). It has been esti-
mated that on a global scale, BNF may contribute some

contribute about 40 million tons [25]. Accurate mea-
sures of BNF are important as a prerequisite in deter-
mining how environmental factors can be managed for
higher contributions from BNF, and to get a good esti-
mate of N balance in various soil-plant systems.
Several methods have been devised for measuring
BNF. However, some of these are only qualitative and
not very useful for quantification purposes [8]. The
most suitable methods are those that can distinguish
between the amounts or proportions of plant N derived
from atmospheric N, fixation, distinct from the N con-
tribution from soil, and where relevant, from fertilizer
applied N. Details of the various methods for mea-
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suring BNF have been sufficiently given in several
reviews [7-9, 14, 16, 32, 50, 54]. The present paper
will therefore not attempt to duplicate these details.
Instead, it is intended to critically assess the strengths
and weaknesses of those that have been most often
used, and to discuss situations under which the meth-
ods could most usefully be applied, as well as, efforts
to find solutions to some of the problems identified.

Total nitrogen difference (TND) method

This is one of the oldest and simplest methods, and
has provided many valuable estimates of N, fixed,
upon which several management practices have been
based. The TND method measures BNF as the differ-
ence between the total N contents of plants that fix
N; and those that do not derive N from fixation. In
essence, the method is based on the assumption that
both the N, fixing and non-fixing control plants absorb
equal amounts of soil N for growth [46]. However,
this assumption may not hold under all situations, as it
requires that the different plants, in addition to being
similar in root morphology and in several physiologi-
cal attributes, should also absorb their N from similar
depths and horizons [11]. The fulfilment of the under-
lying assumption is therefore the greatest limitation of
the TND method [8].

Despite the stated limitations, the TND method has
on several occasions provided BNF estimates that are
not significantly different from those obtained using
more sophisticated and expensive techniques [22, 43].
These similarities therefore justify a close examina-
tion of the strengths of the TND method, and when it
is most likely to provide satisfactory results. As sug-
gested by Danso [9], and supported by the studies of
Paterson and LaRue [40] and Rennie [45], the TND
method will often give reliable estimates of N, fixed in
plants grown in soils or systems in which the initial N
content is low. This is because BNF is high under these
conditions, in contrast to soil N uptake, and therefore
potential errors introduced by the inability of a control
plant to correctly assess the amount of soil N absorbed
by the fixing plant is of limited effect (compared to
where soil N uptake is high and BNF is low). Several
such situations exist, e.g., in areas consisting of sand
dunes, systems undergoing primary colonization, and
in many semi-arid areas. It is therefore not surpris-
ing that the values of N, fixed assessed by Dommer-
gues [15] for Casuarina stands growing on the sand
dunes in Cape Verde are still widely quoted, while the

BNF studies by Gauthier et al. [21] in a sandy soil
in Senegal generally showed no significant differences
between TND estimates of N fixed and those obtained
using the more expensive and more sophisticated *N
methodologies.

The acetylene reduction assay (ARA) technique

The ARA technique is based on the fact that nitroge-
nase, the enzyme involved in N, fixation is also able
to catalyse the reduction of acetylene to ethylene [17].
The ARA technique as used today to measure BNF
is based on procedures outlined by Hardy et al. [26].
Simply, the method involves incubating the sample to
be assayed, e.g., detached nodules, decapitated plant
with roots and nodules attached, whole plants, etc., ina
gas-tight chamber containing 0.03 to 0.1% (v/v) acety-
lene for periods of time ranging from a few minutes to
several hours. At the end of the incubation period, a
gas sample from the incubation vessel is injected into a
gas chromatograph fitted with a Porapak N or P column
and assayed for ethylene production [24].

The amount of ethylene produced could itself be
used as a measure of nitrogenase or relative N,-fixing
activity. Otherwise, the quantity of ethylene formed
can be converted into total amount of nitrogen fixed by
multiplying ethylene produced by a conversion factor
of 3 [24]. The rationale is, that stoichiometrically, 3
pairs of electrons are used up during the conversion
of N, to NH4 compared to the single pair of electrons
used in the conversion of acetylene to ethylene, i.e.,

Nj + 8HT + 12ATP + 6~ — (1)
2NHf + 12ADP + 12Pi

C:H; + 2HT + XATP +2¢~ — )
C;Hy + ADP + XPi

The ARA technique therefore indirectly measures BNF
by estimating enzyme activity based on electron flux
through nitrogenase. The use of the ARA technique has
been facilitated by the fact that no end products oth-
er than ethylene have been identified in this reduction
reaction [24]. Also, the ethylene produced is stable,
and can be stored, thus making it possible to anal-
yse the gas samples at a later period after sampling.
These advantages, together with simplicity, low cost
and high sensitivity made the ARA technique a method
of choice, particularly in the 1970s, and together with



the oil crisis, generated great interest in BNF stud-
ies.

Although the method is still in use, it is no longer
that popular, to the extent that many reviewers and edi-
tors of journals often tend to question or reject papers
that base their interpretations on ARA measurements
[53]. What then could have contributed to this paradox?
Detailed accounts of the problems associated with the
ARA technique have been provided in several critical
reviews [8, 16, 338, 58], and only the major ones will
be outlined briefly in this paper.

1. Probably the most apparent problem is that the
ARA technique, as frequently used involves short-
term assays, in contrast to the process it is intended
to measure, BNF that proceeds over long durations
in crops. ARA measurements therefore have to be
extrapolated to cover several periods over which
no measurements were made. The incorrect impli-
cation here is, that N, fixation rates are constant
over long periods. In fact rates of N, fixation are
known to exhibit very wide diurnal [4, 44] and sea-
sonal variations [61, 62]. To minimise these errors,
frequent sampling is required, making the method
more tedious than originally intended.

2. Very few ARA measurements have been performed
directly on whole plants growing in the field. How-
ever, it has been noted that any disturbance in
the N,-fixing system induces an increased resis-
tance to the flow of oxygen into nodules and this
adversely affects the rate of acetylene conversion
into ethylene [36, 58]; the greater the disturbance,
the greater the effect. For different samples, Vessey
[53] has thus ranked the inhibition of acetylene
conversion as follows: whole nodulated root with
shoot intact < detached, whole nodulated roots <
partially nodulated roots < nodulated root segments
< detached nodules < nodule slices; even the shak-
ing of nodules to remove adhering soil is reported
to have adverse effects [58].

3. Most often the sample used for ARA assays con-
sists of uprooted plants. The problem here is, that
the amount of ethylene produced will be gov-
erned by the proportion of the active nodules that
remained intact on the plant in the uprooting pro-
cess. Utmost care is therefore needed in the uproot-
ing process itself. However, even in normal friable
soil or in pot studies, it is difficult to recover 100%
of intact nodules, especially where a substantial
number of them are located on the lateral roots. Full
recovery of nodules becomes an almost impossible
task where plants are uprooted from dry and diffi-
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cult to work soils. Also, as plants grow older, the
most active nodules tend to be the newly formed,
small nodules located on the distal ends of roots,
often the small lateral roots that are at the great-
est risk of detaching with the slightest disturbance.
This may in part contribute to some of the reported
declines in ARA estimates of N, fixation, much
earlier, e.g. [55] than has been detected when the
I5N labelling method was used [32].

4. Serious doubts with the ARA technique as a mea-
sure of BNF have been raised; this has been
attributed to the validity in using the conversion
factor of 3 to derive N, fixed. This ratio was actu-
ally suggested only on theoretical grounds (see
equations 1 and 2). In actual practice, some of
the conversion ratios that have been reported for
different N,-fixing systems range from as low as
1.5 to as high as 25 for some non-plant systems
[26]. Therefore, there is great uncertainty as to the
correct conversion ratio to be used, unless a prior
calibration (e.g., by using '°N, gas as a standard)
has been done for each system. Even then, for the
same Rhizobium-plant symbiosis, the conversion
ratio does not always remain the same; it has been
shown to vary under different environmental con-
ditions [58].

5.The original suggestion to incubate samples in
closed containers containing 10% acetylene results
in an acetylene-induced inhibition of ethylene pro-
duction [38]. To reduce such errors, it is recom-
mended to use an open flow-through gas system in
which air containing 10% acetylene is passed con-
tinuously through the assay vessels and the effluent
gas analysed for ethylene [58]. The open flow-
through system contrasts with the normal assay
procedure in that it measures the rate of ethylene
production rather than its accumulated concentra-
tion [58]. This again makes the ARA technique
more tedious and methodologically more demand-
ing than originally perceived.

Given the above-stated difficulties, several researchers
have raised questions as to the best possible use of ARA
data. Vessey [53], among many others have suggested
the possibility of using ARA measurements for the rel-
ative ranking of BNF in different treatments. In doing
so, the assumption would have to be, that whatever
imperfections there are in the ARA technique, would
affect the different treatments equally. This assump-
tion has been refuted by Witty and Minchin [58] and
Minchin et al. [37]. For example, Minchin ez al. [37]
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called attention to the fact that the acetylene-induced
inhibition of ethylene production is inversely related
to the stress imposed on the treatment. Thus, it is like-
ly that an incorrect ranking can be made by compar-
ing ARA measurements for different treatments (i.e.
under different stresses), one of which is normally an
unstressed control.

Analysis of N solutes in xylem exudate and plant
parts.

This method is based on the determination of the com-
position of nitrogen compounds in plant tissues or the
N flowing through the xylem sap to the shoot. The
solute method was developed as a method for differ-
entiating between fixed N and soil-derived nitrate N in
plants [34].

In most agricultural soils, nitrate is the predominant
form of N for plant growth [51] and the form of nitro-
gen most readily assimilated by growing plants. The
nitrogen fixed in the nodule is exported via the xylem
stream to the shoot either as amides, predominantly
asparagine and glutamine or as the ureides, allantoin
and allantoic acid [39]. However, substantial ureide
production is restricted to some tropical legume species
[42] and none of the temperate legumes examined so
far has been found to produce ureides. Because ureide-
exporting species have low nitrate reductase activity in
their roots [1], much of the absorbed nitrate is trans-
ported to the shoot unchanged. Therefore the com-
position of the N compounds in the xylem exudate
of nodulated ureide-producing plants change progres-
sively from one dominated by ureides to one domi-
nated by nitrate and amino compounds as the plant’s
dependence on N, fixation decreases in response to
increasing contributions from soil N uptake [27, 34].
These changes are so specific that it has been possible
to use changes in xylem exudate and in shoot extracts
as an indication of the N,-fixing ability of a legume,
and even some quantitative measurements have been
made [27, 28, 34]. For measuring the proportion of the
plant’s N derived from fixation, a calibration relating
xylem solute composition in the presence of different
levels of nitrate N with measured values of N, fixation
using e.g., PN labelling is needed [27].

The sampling and analytical techniques have been
described in detail by Peoples et al. [42] and will not
be repeated here. The sample collection may be done
by root bleeding or tissue extraction, but the original
method of decapitating plants and collecting the xylem

exudate has proven to be difficult under some circum-
stances, e.g., when the soil is dry [27, 52]. Pre-watering
is therefore sometimes necessary but not always suc-
cessful. An alternative method developed by Herridge
[29] originally using soybean has proved very success-
ful. It involves applying a mild vacuum to the lower
end of the detached shoot of the plant and cutting suc-
cessively from the top end of the shoot to allow the
xylem contents to be drawn through. The exudate is
trapped in a 5-ml vacutainer connected in series to the
source of the vacuum and the shoot.

Compared to the 1N labelling methods, the xylem
exudate method is simpler, less expensive, and the
method has great potential in many studies, such as
in the screening of large germplasm collections for
relative N, fixation ability. It was initially hoped that
it would become a potential tool for measuring N,
fixation in trees. However, the method is severely hin-
dered by the fact that only a small proportion of known
N,-fixing plants are ureide exporters. For example, of
35 nitrogen fixing trees examined, only two showed
a high abundance of ureides in the xylem sap [30],
and Sanginga et al. [49] could not find any signifi-
cant correlation between ureide production and BNF
in Leucaena. Besides, the xylem-exudate method is an
instantaneous assay and unlike the 1*N soil-enrichment
methods, requires the interpolation of several inde-
pendent estimates of solute composition at different
growth stages before a time-integrated estimate of BNF
in plants over a growing season may be made.

The N labelling methodologies

The >N methods may be classified into :
—Use of 3 N,-labelled gas
— The isotope dilution method
—The A-value method

The common principle behind these three methods is
that the N,-fixing plants or systems are grown in soil
or an atmosphere containing SN/!#N ratio measurably
different from the almost constant SN/MN ratio of
0.3663% present in the atmosphere. The incorpora-
tion of N, from fixation will thus result in a different
I5N/1N ratio in plant tissue than that of the substrate on
which the plant is growing. In the case of fixing plants
incubated under !5 N, labelled gas, the N in the plant
tissues of a N,-fixing plant will have a significantly
increased N/1*N ratio, in contrast to where avail-
able soil N rather than the N; in air is labelled. These



methodologies have all been extensively reviewed [7,
8,9, 14, 86, 57]. Details on how to use these methods
will not therefore be given in the present paper. Rather,
an attempt will be made to give a critical assessment
of their limitations and strengths.

The use of '’N, gas is the only direct method for
detecting BNF, but has limited practical or field appli-
cation in terms of quantifying BNF. The limited field
applicability stems from the fact that plants can be
enclosed for only short durations in sealed containers,
and therefore under conditions often completely differ-
ent from those in the field. Replacing all the air in the
field by 1SN, labelled gas is an impossible task. The
method is therefore, most useful in exploratory stud-
ies of plants in ecosystems where not much is known
about their N, fixing capabilities.

Both the isotope dilution [20, 33] and A-value
methods [18] involve growing plants on soil contain-
ing higher 'S N/!“N ratio than that of the N fixed from
the atmosphere with both methods, the YN/!*N ratio
of the N, that is fixed results in plant tissues accumu-
lating N of a lower 1SN/1*N ratio than that assimilated
from the labelled soil. The most important and difficult
requirement for these methods is, how to accurately
determine the integrated "YN/!#N ratio of soil -derived
N. The difficulty stems from the fact that the SN/4N
in a labelled soil does not remain constant with time
[19]. In addition, the amounts of this N of changing
ISN/14N ratio absorbed by a plant can vary drastically
with plant age, or time. The estimation of the inte-
grated N/1N ratio absorbed by a fixing plant from
soil cannot therefore be adequately established simply
by using instantaneous chemical extraction methods
[14]. What has therefore been adopted as an alterna-
tive approach is to use the "N/'N ratio in selected
non-N,-fixing plants that accumulated their N from
only soil to represent the integrated >N/“N ratio of
the soil N absorbed by the fixing plant. The higher the
N, fixation that occurred, the greater the dilution that
will occur in the SN/!*N ratio of the tissues of the
fixing plant, compared to the N in the reference plant
[9].

The A-value method involves applying higher rates
of 15N enriched fertilizer to the reference plants (to
allow good growth, particularly in N-poor soils) than
to the N,-fixing plant (so as not to severely depress N,
fixation). The assumption here is, that the available,
native (unlabelled) soil N (A,) is not altered through
the addition of different rates of a >N enriched fertil-
izer, and thus the A, assessed by the reference plant is
equal to A, assessed by the fixing crop. Since the A
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value measured for the fixing crop also includes that
for N, fixed (A; + A,), then the A value for fixed N;,
A, isequal to A; + A, (fixing crop) ~ A, (reference
crop). The proportion of N derived from atmospheric
N, fixation (% Ndfa) can then be calculated using the
following equation {14]:

% Ndff
R

The A-value method has more underlying assump-
tions and is more complicated conceptually and math-
ematically. Therefore, it is not surprising that the A-
value method has been criticised more often than the
isotope dilution method (14). Consequently, the A-
value method has been less often used to measure BNF,
compared to the isotope dilution method. The discus-
sion of the 5N soil labelling approach for measuring
N; fixation will therefore focus largely on the isotope
dilution method. However, there are situations where
the A-value method gives more reliable estimates than
the isotope dilution method [48]. Details of the A-
value method for measuring N, fixation, including the
equations used have been provided elsewhere [9, 12,
18].

The isotope dilution method can be classified into
two: (a) one that relies on the inherent higher N/14N
ratios in some soils than that of atmospheric N; [50]
or (b) where a >N enriched inorganic or organic N
source has been deliberately added to soil to artificially
increase any discrepancies between the 1> N/1*N ratio of
soil N and that of atmospheric N, {20, 33]. In both cas-
es, what is measured is the extent to which the > N/*N
ratio of plant tissue N is lowered (relative to soil N) as a
result of the assimilation of unlabelled N; [14]. A major
difference between the two approaches, is that for the
5N natural abundance approach (in contrast to where
5N labelled fertilizer is added), the 'SN/'*N ratios of
soil N and atmospheric N, are not vastly different.
This therefore necessitates far greater precautions and
more sophisticated and expensive instrumentation than
is necessary when 1N labelled materials are directly
applied to soil [14]. These requirements of the '*N nat-
ural abundance method tend to limit its use to the more
advanced laboratories, mostly in developed countries.
For example, emission spectrometers are more rugged
and considerably cheaper than mass spectrometers but
cannot detect these low levels of differences in 'SN/14N
ratios or §'°N natural abundance. Besides, as will be
discussed later, the application of label to soil is of
greater utility in soil N balance studies compared to the
15N natural abundance method which is used mostly

x Aa

% Ndfa =
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to only measure N, fixation. However, a major advan-
tage of the natural abundance method is, that it may be
less prone to serious errors from reference plants than
where a 15N label is applied to soil, due to the more
gradual decline in the natural 'SN/*N ratios of soils
[41].

The accuracy of BNF measurements using the iso-
tope dilution method depends very much on how accu-
rate the soil >N/!“N ratio assessed by the reference
plant reflects that of soil-derived N in the fixing plant.
Consequently, this is the greatest source of error with
these 15N methods, especially for the many studies that
may have been conducted without prior selection of a
suitable reference plant and where the criteria suggest-
ed by Fried et al. [19] have not been satisfied. In any
case prior selection may not work always, as a partic-
ularly reference plant may not be satisfactory under all
environments [6, 10]. Even some non-nodulating iso-
lines have been found to nodulate in some soils (Danso,
unpublished data), and it should therefore not be taken
for granted that non-nodulating isolines can be used
as non-fixing reference plants without examining their
roots for nodules.

There is a need to examine the sources of the prob-
lem with obtaining reliable reference plants and to
devise remedial measures. The major cause underlying
reference plants giving erroneous measures of SN/!4N
ratio absorbed by the fixing plant has been identified
as the rapid decline of the ’N/MN ratio with time
that occurs in soils into which N labelled fertilizers
have been added [19, 59)]. Further experiments [60]
revealed that by using practices that result in fairly
stable 1*N/'N ratios in soil with time, mis-matches
between the >N/*N ratio of the N in the reference
plant and the true I>N/!#N ratio of soil sampled by the
fixing plant are drastically reduced. Although the ideal
situation, a completely stable 'SN/!*N ratio over time
is not practically possible in most situations, the aim
should be to adopt 1N labelling materials and methods
that result in more gradual declines in the 'SN/!*N ratio
in soil [14]. These include the use of organic matter-
labelled 3N, slow-release inorganic N formulations
[19, 60], or the application of the required amount of
ISN fertilizer in small splits over time rather than as a
single dose [11, 14]. Further improvement in the accu-
racy of the >N methods has resulted from using the
mean of the YN/*N estimated by several reference
plants [3] and possibly in conjunction with practices
that result in a slowly declining N/'N ratio of the
soil [S]. However, it is essential to note that reference
crop induced errors in BNF measurement are of little

importance at high levels of N; fixation, in contrast to
when N, fixation is low [12, 23].

A disadvantage of the SN methods which has
received considerable attention is the high cost in mate-
rial and equipment. Danso et al. [14] have made sug-
gestions on where cuts in the cost of using 1*N labelled
fertilizers to measure BNF can be made. They pointed
out that the use of small isotope sub-plots instead of
the traditional yield plots and using fertilizer enriched
with 1 to 10 atom % '°N excess rather than highly
enriched fertilizers may lower costs without signifi-
cantly decreasing the accuracy of the determination.
Furthermore, emission spectrometers, several times
less costly than mass spectrometers are now available,
and should in most cases (unless the '*N natural abun-
dance method is used) be capable of providing reliable
measures of BNF.

There are several advantages of the >N methods.
These include:

1. Giving truly integrated estimates of BNF for whole
growing seasons or up to desired periods.

2. Direct applicability in the field.

3. Ability to distinguish the nitrogen derived from
fixation from that derived from soil or fertilizer.
This is important for assessing soil N balances or
for comparing varieties, species or treatments that
accumulate e.g., similar amounts of N but differ
in N, fixation, or where differences in the genetic
potentials for total N accumulation bear no rela-
tionship with relative N,-fixing abilities.

4. Where necessary, treatments can be ranked for
BNF ability simply on the basis of differences in
their 1SN/!*N ratios. The lower the Y N/!N ratio,
the higher the N, fixing ability.

5.The >N methods are often more reliable and pro-
vide more accurate results.

6. In addition to providing estimates of BNF, the use
of 1N labelling methods provides many addition-
al useful agronomic information, such as the fer-
tilizer use efficiency of the legume or reference
crop (particularly if it happens to be an important
crop). Other information or benefits that can be
obtained at no extra cost include the use of such
labelled plant material to also label soil N for fur-
ther BNF studies or to assess ease of decomposition
of different organic matter sources and rates of N
mineralization. Useful data on N transfer between
plants have also been reported from experiments
intended to measure BNF. Thus, the often cited
high cost of the >N methodology should always



be viewed in terms of the secondary benefits that
can be obtained.

Conclusion

None of the methods for measuring BNF can be sin-
gled out as being near perfect. They each have their
strengths and weaknesses that need to be considered in
deciding when to use what method. The TND method
is relatively very simple and inexpensive, and is most
reliable in soils with low available N content. Many
estimates of BNF have unfortunately been made using
more sophisticated and expensive methods in situa-
tions where the simpler and cheaper TND method
could have been used. Another advantage of the TND
method is, that for most experiments total N is deter-
mined as one of the routinely examined parameters,
in which case TND determinations may not involve
extra work other than the growth and total N deter-
mination for the control. Experiments are needed to
examine whether the reliability of TND estimates may
not be improved by using the mean total N from sev-
eral potential control crops rather than from a single
one.

The ARA technique certainly has lost the favour it
enjoyed in the early 1970s despite its simplicity and
low cost. Although there appears general agreement
that the ARA technique may not be valid for quanti-
fying N, fixation, ARA could still be a useful tool in
some studies. For example, it could be used to provide
highly useful indications of potential N,-fixing species,
especially in novel or unexplored environments. It has
other qualitative uses, such as for establishing the time
of onset of fixation or for screening Rhizobium for
ineffective strains. One potential area where advantage
may be taken of the rapidity, sensitivity and low cost of
the ARA technique is, for screening large collections
of plants, e.g., in breeding programmes for increas-
ing BNF in crops; the ARA technique should at least
be capable of identifying and thus eliminating obvious
non- (or very poor) N,-fixers prior to using more time-
consuming and expensive methods on the remaining
plants. The ARA technique has also been used as a
standard method for screening potential non-N,-fixing
crops to be used as reference plants to estimate BNF
by the 1*N soil labelling methods.

The xylem-exudate method, like the ARA tech-
nique is simple and inexpensive and very useful for
comparing the N,-fixing abilities of different plant
genotypes. However, it suffers from being an instan-
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taneous assay, and would need the extrapolation of
several independent measurements to obtain integrat-
ed values of N, fixed. Besides, the method is only
limited to N,-fixing plants that produce ureide.

The N methods have great potential, and in gen-
eral are capable of providing more accurate data on
BNF than most other methods. Their major limitation,
that of the accuracy of the reference crop in assess-
ing the integrated uptake of N/'*N ratio of soil N,
particularly when N, fixation is low can be overcome
or reduced to tolerable levels. This may be done by
decreasing the rapid rate at which the SN/!*N ratio
of soil N declines, e.g. by incorporating '*N labelled
fertilizers that release their "N slowly in soil, using
15N labelling procedures that result in an operationally
steady level of >N with time, and better still in con-
junction with the use of several rather than only one
reference crop. The SN methods give an integrated
measure of BNF, can be applied directly in the field,
are able to distinguish N; fixed from soil-derived N,
and are good for many studies on N turnover in soils,
in addition to their being used to measure BNF.

References

1. Atkins CA, Pate IS, Griffiths GJ and White ST (1980) Econo-
my of carbon and nitrogen in nodulated and non-nodulated
NO;-grown cowpea [Vigna unguiculata (L.) Walp.]. Plant
Physiol. 66: 978-903

2. Attewell J and Bliss F A (1985) Host plant characteristics
of common bean line selected using indirect measures of Np
fixation. In: Evans HJ, Bottomley PJ and Newton WE (eds)
Nitrogen Fixation Progress, pp 3-9 Dordrecht, the Nether-
lands: Martinus Nijhoff Publishers.

3. Awonaike KO, Danso SKA and Zapata F (1993) The use of a
double isotope (1*N and 34S) labelling technique to assess the
suitability of various reference crops for estimating nitrogen
fixation in Gliricidia sepium and Leucaena leucocephala. Plant
and Soil 155/156: 325-328

4. Ayanaba A and Lawson TL (1977) Diurnal changes in acety-
lene reduction in field-grown cowpeas and soybeans. Soil Biol
Biochem 9: 125-129

5. Boddey RM, Urquiaga S and Neves MR (1990) Quantification
of the contribution of N fixation to field grown grain legumes
- a strategy for the practical application of the N isotope
dilution technique. Soil Biol Biochem 22: 649-655

6. Chaiwanakupt P, Siripaibool C and Snitwongse P (1991) Eval-
uation of the appropriate non-N;-fixing crops to quantify nitro-
gen fixation by soybean using the 15N isotope dilution method.
In: Proceedings Symposium on Stable Isotopes in Plant Nutri-
tion, Soil Fertility and Environmental Studies, pp 89-99.
STI/PUB/845, IAEA, Vienna

7. Chalk PM (1985) Estimation of N, fixation by isotope dilution:
An appraisal of techniques involving >N enrichment and their
application. Soil Biol Biochem 17: 389-410



10.

11.

13.

14.

13,

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Danso SKA (1985) Methods of estimating biological nitrogen
fixation. In: Ssali H and Keya SO (eds) Biological Nitrogen
Fixation in Africa, pp 213-244. MIRCEN, Nairobi

Danso SKA (1988) The use of 15N enriched fertilizers for esti-
mating nitrogen fixation in grain and pasture legumes. In: Beck
DP and Materon LA (eds) Nitrogen Fixation by Legumes in
Mediterranean Agriculture, pp 345-357 Dordrecht, the Nether-
lands: Martinus Nijhoff Publishers

Danso SKA (1991) Natural and artificial methods of N
labelling of soil to estimate biological nitrogen fixation:
Review of symposium papers. In: Proceedings Symposium
on Stable Isotopes in Plant Nutrition, Soil Fertility and Envi-
ronmental Studies pp 147-152. STI/PUB/845, IAEA, Vienna
Danso SKA, Bowen GD and Sanginga N (1992) Biological
nitrogen fixation in trees in agro-ecosystem. Plant and Soil
141: 177-196

Danso SKA, Hardarson G and Zapata F (1986) Assessment of
dinitrogen fixation potentials of forage legumes with '*N tech-
nique. In: Haque I, Jutzi S, and Neate PYH (eds) Proceedings of
a Workshop on Potentials of Forage Legumes in Farming Sys-
tems of Sub-Saharan Africa, pp 26-57. ILCA, Addis Ababa,
Ethiopia

Danso SKA, Hardarson G and Zapata F (1988) Dinitrogen
fixation estimates in alfalfa-ryegrass swards using different
nitrogen-15 labelling methods. Crop Sci 28: 106~110

Danso SKA, Hardarson G and Zapata F (1993) Misconcep-
tions and practical problems in the use of N soil enrichment
techniques for estimating N; fixation. Plant and Soil 152: 25~
52

Dommergues YR (1963) Evaluation du taux de fixation de
1’azote dans un sol dunaire reboise filae (Casuarina equiseti-
folia). Agrochimica 105: 179-187

Denison RF, Weisz PR and Sinclair TR (1983) Analysis of
acetylene reduction rates of soybean nodules at low acetylene
concentrations. Plant Physiol 73: 648-651

Dilworth M (1966) Acetylene reduction by nitrogen-fixing
preparations from Clostridium pasteurianum. Biochem Bio-
phys Acta 127: 285-294

Fried M and Broeshart H (1975) An independent measurement
of the amount of nitrogen fixed by a legume crop. Plant and
Soil 43: 707-711

Fried M, Danso SKA and Zapata F (1983) The methodology of
measurement of Ny fixation by non-legumes as inferred from
field experiments with legumes. Can J Microbiol 29: 1053-
1062

Fried M and Middelboe V (1977) Measurement of amount of
nitrogen fixed by legume crop. Plant and Soil 43: 713-715
Gauthier D, Diem HG, Dommergues YR and Ganry F (1985)
Assessment of N fixation by Casuarina equisetifolia inocu-
lated with Frankia ORS021001 using *N methods. Soil Biol
Biochem 17: 375-380

Ham GE (1978) Use of '*N in evaluating N, fixation of field-
grown soybeans. In Isotopes in Biological Dinitrogen Fix-
ation, Proceedings Advisory Group Meeting, pp 151-161.
STI/PUB/478, IAEA, Vienna

Hardarson G, Zapata F and Danso SKA (1988) Dinitrogen fixa-
tion measurements in alfalfa ryegrass swards using nitrogen-15
and influence of the reference crop. Crop Sci 28: 101-105
Hardy RWF, Burns RC and Holsten RD (1973) Applications
of the acetylene-ethylene assay for measurement of nitrogen
fixation. Soil Biol Biochem 5: 47-48

Hardy RWF and Havelka UD (1975) Nitrogen fixation research
- A key to world food? Science 188: 633-643

26.

27.

28.

29.

30.

31.

32

33

34,

35.

36.

37.

38.

39.

41.

42.

43.

44,

Hardy RWF, Holsten RD, Jackson EK and Burns RC (1968)
The acetylene-ethylene assay for N; fixation: Laboratory and
field evaluation. Plant Physiol 43: 1185-1207

Herridge DF (1982a) Relative abundance of ureides and nitrate
in plant tissues of soybean as a quantitative assay of nitrogen
fixation. Plant Physiol 70: 1-6

Herridge DF (1982b) Use of the ureide technique to describe
the nitrogen economy of field-grown soybeans. Plant Physiol
70: 7-11

Herridge DF (1984) Effects of nitrate and plant development
on the abundance of nitrogenous solutes in root-bleeding and
vacuum-extracted exudates of soybean. Crop Sci 25: 173-179
Kessel C van, Nakao P, Roskoski JP and Kevin K (1988) Ureide
production by Ny -fixing leguminous trees, Soil Biol Biochem
20: 891-897

Knowles R (1981) The measurement of nitrogen fixation, In:
Gibson AH and Newton WE (eds) Current Perspectives in
Nitrogen Fixation. pp 26-57. Amsterdam: Elsevier Press
Kumarasinghe KS, Danso SKA and Zapata F (1992) Field
evaluation of Ny fixation and partitioning in climbing bean
(Phaseolus vulgaris L.) using 15N, Biol Fertil Soils 13: 142-
146

McAuliffe C, Chamblee DS, Uribe-Arango H and Woodhouse
Jr WW (1958) Influence of inorganic nitrogen on nitrogen
fixation by legumes as revealed by 15N. Agron J 50: 334-337
McClure PR and Israel DW (1979) Transport of nitrogen in
the xylem of soybean plants. Plant Physiol 64: 411-416
McClure PR, Israel DW and Volk RJ (1980) Evaluation of
the relative ureide content of xylem sap as an indicator of N
fixation in soybeans. Plant Physiol 66: 720-725

Minchin FR, Sheehy JE and Witty JF (1986) Further errors in
the acetylene reduction assay: effects of plant disturbance. J
Exp Bot 37: 1581-1591

Minchin FR, Witty JE and Mytton LR (1994) Reply to “Mea-
surement of nitrogenase activity in legume root nodules: In
defense of the acetylene reduction assay” by J.K. Vessey. Plant
and Soil 158: 163-167

Minchin FR, Sheehy JE and Muller M (1983) A major error in
the acetylene reduction assay: decreases in nodular nitrogenase
activity under assay conditions. J Exp Bot 34: 641-649

Pate JS and Atkins CA (1983) Nitrogen uptake, transport and
utilization. In: WJ Broughton (ed) Nitrogen Fixation Vol 3.
Oxford: Clarendon Press

Patterson TG and LaRue TA (1983) Nitrogen fixation by soy-
beans: Seasonal and cultivar effects and comparison of esti-
mates. Crop Sci 23: 488-492

Peoples MB, Bergersen FI, Turner GL, Sampet C, Rerkasen B,
Bhromsiri A, Nurhayati DP, Faizah AW, Sudin MN, Norhayati
M and Herridge DF (1991) Use of natural enrichment of N
in plant available soil N for the measurement of symbiotic
N; fixation. In: Proceedings Symposium on Stable Isotopes in
Plant Nutrition, Soil Fertility and Environmental Studies, pp
117-129 STI/PUB/845, IAEA, Vienna

Peoples MB, Faizah AW, Rerkasem B and Herridge DF
(1989) Methods for Evaluating Nitrogen Fixation by Nodu-
lated Legumes in the Field, Monograph No. 11. ACIAR, Can-
berra

Phillips DA, Jones MB, Center DM and Vaughn CE (1983)
Estimating symbiotic nitrogen fixation by Trifolium subterra-
neum (cultivar Woogenellup) during regrowth. Agron J 75:
736-741

Rainbird RM, Atkins CA and Pate JS (1983) Effect of tem-
perature on nitrogenase functioning in cowpea nodules. Plant
Physiol 73: 392-394



45.

47.

48.

49.

50.

SL.

52.

53.

54.

Rennie RJ (1984) Comparison of N balance and N isotope
dilution to quantify N fixation in field-grown legumes. Agron
1 76: 785-790

Rennie RJ and Rennie DA (1983) Techniques for quantifying
N, fixation in association with non-legumes under field and
greenhouse conditions. Can J Microbiol 29: 1022-1035
Rennie RJ, Rennie DA and Fried M (1978) Concepts of 1N
usage in dinitrogen fixation studies. In: Isotopes in Biological
Dinitrogen Fixation, pp 107-130. IAEA, Vienna

Sanginga N, Danso SKA, Zapata F and Bowen GD (1990)
Influence of reference trees on Nj-fixation estimates in Leu-
caena leucocephala and Acacia albida using '°N labelling
techniques. Biol Fertil Soils 9: 37-42

Sanginga N, Mulongoy K and Ayanaba A (1988) Nodulation
and growth of Leucaena leucocephala (Lam.) de Wit as affect-
ed by inoculation and N fertilizer, Plant and Soil 112: 129-135
Shearer G and Kohl H (1986) Nj-fixation in field settings:
Estimations based on natural >N abundance. Aust J Plant
Physiol 13: 699-757

Stevenson FJ (1986) Nitrogen in Agricultural Soils. ASA
Monograph No 22, 940 pp Madison, Wisconsin: American
Society Agronomy

Streeter JG (1979) Allantoin and allantoic acid in tissues and
stem exudate from field-grown soybean plant. Plant Physiol
63: 478-480

Vessey JK (1994) Measurement of nitrogenase activity in
legume root nodules. In: Defense of the Acetylene Reduction
Assay. Plant and Soil 158: 151-162

‘Weaver RW (1986) Measurement of biological dinitrogen fix-
ation in the field. In: Hauck RD and Weaver RW (eds) Field
Measurement of Dinitrogen Fixation and Denitrification, pp
1-10. SSSA Special Publication No 18

35,

56.

57.

38.

59.

60.

61.

62.

41

Westermann DT, Kleinkopf GE, Porter LK and Leggett GE
(1981) Nitrogen sources for bean production. Agron J 73; 660~
664

Witty JF (1983) Estimation of Nj-fixation in the field using
5N-labelled fertilizer: Some problems and solutions. Soil Biol
Biochem 15: 631-640

Witty JF and Day JM (1978) Use of 1N, in evaluation asym-
biotic N, fixation. In: Isotopes in Biological Dinitrogen Fix-
ation. Proceedings Advisory Group Meeting, pp 135-150.
STI/PUB/478, IAEA, Vienna

Witty JF and Minchin FR (1988) Measurement of nitrogen
fixation by the acetylene reduction assay: myths and myster-
ies. In: Beck DP and Materon LA (eds) Nitrogen Fixation
by Legumes in Mediterranean Agriculture, pp 331-344. Dor-
drecht: Martinus Nijhoff Publishers

Witty JE, Minchin FR, Sheehy JS and Minquez MI (1984)
Acetylene-induced changes in the oxygen diffusion resistance
and nitrogenase activity of legume root nodules. Ann Bot 53:
13-20

Witty JF and Ritz K (1984) Slow-release nitrogen-15 fertilizer
formulations to measure nitrogen fixation by isotope dilution.
Soil Biol Biochem 16: 657-661

ZapataF, Danso SKA, Hardarson G and Fried M (1987a) Nitro-
gen fixation and translocation in field-grown fababean. Agron
J79: 505-509

Zapata F, Danso SKA, Hardarson G and Fried M (1987b)
Time course of nitrogen fixation in field-grown soybean using
nitrogen-15 methodology. Agron J 79: 172-176



