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Summary. Dissimilaritiesin soil N uptake between Nyfixing and
reference non-No-fixing plants can lead to inaccurate N, fixation
estimates by N difference and **N enrichment methods. The natural
5N abundance (&°N) method relies on a stabilized soil *N pool and
may provide reliable estimates of N, fixation. Estimates based on the
41N and differencesin N yield of nodulating and non-nodulating
isolines of soybean were compared in this study. Five soybeans from
maturity groups 00, IV, VI, and VIII and their respective
non-nodulating isolines were grown &t three elevations differing in
ambient temperature and soil N availability. Despite large differences
in phenologica development and N yield between the non-nodulating
isolines, the 8°N values measured on seeds were relatively constant
within asite. The &N method consistently produced lower N2
fixation estimates than the N difference method, but only in three of
the 15 observations did they differ significantly. The average crop N
derived from N, fixation across sites and maturity groups was 81 % by
N difference compared to 71 % by &°N. The magnitude of difference
between the two methods increased with increasing proportions of N
derived from N2 fixation. These differences between the two
methods were not related to differencesin total N across sites or
genotypes. The low N2 fixation estimates based on &°N might
indicate that the nodulating isolines had assimilated more soil N than
the nonnodulating ones. A lower variance indicated that the estimates
by N difference using non-nodul ating isolines were more precise than
those by 4%° N. Since the differences between the estimates were
large only at high N5 fixation levels (low soil N availability), either
method may be used in most situations when a non-nodulating isoline
is used as the reference plant. The 42°N method may have a
comparative advantage over N difference and >N enrichment
methods in the absence of a suitable non-N,-fixing reference plant
such as a hon-nodulating isoline.
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Knowledge of the amounts of N, fixed by the legume-Rhizobium
spp. symbiosis and crop remova of soil N are essential for the
optimal exploitation of the N,-fixing process to improve crop system
productivity. Of the many techniques that have been used to provide
measures of N2 fixation by legumes, there is no single method suited
for all field conditions (Peoples et a. 1989; Peoples and Herridge
1990). Each technique has its own unique advantages and
limitations.

Estimates of N, fixation from differences in total N between
No-fixing and non-N,-fixing reference plants are yield-dependent
and assumes similar amounts of soil N uptake by the N-fixing and
the reference plants. Accuracy of the N isotope enrichment
method is assumed to be yield-independent (Fried and Broeshart
1975) and to provide reliable estimates of N, fixation when the
N,-fixing and non-N,-fixing plants sample the same soil N pool
over time. However, >N enrichment of the soil N pool declines
from the time the isotope is applied. Differences in N uptake
patterns between the Ny-fixing and non-N,-fixing plants can
therefore lead to inaccurate estimates (Witty 1983).

A stabilized soil N pool eliminates the problem of declining
N enrichment of the available soil N pool. Allowing sufficient
time for the incorporated °N to equilibrate with native soil N would
be a good strategy in the measurement of N, fixation. Pareek et al.
(1990) observed that N dilution estimates of N, fixation by
Sesbania spp. in a flooded lowland rice soil usini5 different
reference plants gave similar estimates when SN was allowed to
equilibrate. Under most field conditions the time required to
approach equilibrium is expected to be long, and hence impractical.
In addition, a long equilibration time can lead to substantial loss of
applied N.
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Many soils have a N naturd abundance (&° N) that is
sgnificantly greater than the amosphere and can be used to
etimate N2 fixation (Dewiche and Steyn 1970; Shearer and
Kohl 1986; Peoples and Herridge 1990). Soils with stable and
sufficiently high &°N values can provide credible n, fixation
edimates since differences in the pattern of soil N uptake by
N,-fixing and non-N,-fixing plants is no longer a mgor factor
influencing the estimate. The reports on the rdiability of the &
BN method in measuring N, fixation are inconsistent. Problems
can arise due to spatid and tempora variability in the leve of a
BN of avalable soil N (Turner et d. 1987, Bremer and van
Kessdl 1990), dthough sampling dtrategies can be developed to
minimize the effect (Peoples et d. 1991). More serious errors
result from variability during analysis by isotope fractionation
and N lossss during sample processing (Peoples et a. 1989),
and lack of precison in messuring smal differences in &°N
(Bremer and van Kessd 1990). Severd soils have been reported
to be rdaivdy uniform in &°N levels with depth and time,
feciliteting accurae N, fixation messurements (Bergersen et d.
1989; Peoples et a. 1991). Observing proper precautions during
sample andyss and the use of modern precise mass
spectrometers equipped with dua or triple collectors (Ledgard
and Peoples 1988; Bremer and van Kessd 1990), therefore, can
potentially provide reiable estimates of N fixation usng &°N
procedures.

In the present study, we compared N difference and &°N
methods for measuring N, fixation by nodulating soybeans
usng non-nodulating isolines as the nonN,-fixing reference
plants. We used genotypes from a range of soybean Maturity
Groups and ther respective non-nodulating isolines grown in
three dStes on an devationd transect on the idand of Maui,
Hawaii. This study was part of a larger investigation which
dedt with effects of devation, soil type, soil N, and genotype
on rhizobid competition and nodulation; growth, yied, N
upteke, and N, fixation; and phenology of soybean isolines
(George et d. 1987, 1988, 1990).

Materials and methods

Experimental plan

Five nodulating soybean genotypes and their respective
non-nodulating isolines from four Maturity Groups were grown at
three dites differing mainly in mean tempeature and soil N
availability on the island of Maui, Hawaii (‘Fable 1). The three sites
were on an elevational transect within the same latitude which
received similar rainfall and irradiance. At each site, the five
genotypes and their respective isolines were assigned in a random
complete block design with three replicates.

Field and plant culture

Procedures followed for soil amendment, rhizobial inoculation, and
plant culture have been described previously (George et al. 1987).
The fields, which were under grass vegetation, were tilled to a
depth of 40 cm after removal of al above-ground grass residues a
month before the start of the experiment. The soils were amended
with lime to equalize pH between sites. Nutrients other than N were
applied at maximum fertility levels. Seeds of soybean maturity
groups 00 (Clay, nodulating and non-nodulating), 1V (Clark,
nodulating and non-nodulating), VI (D68-0099, nodulating;
D68-0102, non-nodulating; N77-4262, nodulating, indeterminate;

Table 1. Characteristics of three sites on an elevational transect on the
island of Maui, Hawaii

Site Soil classification KCl extr. Temperature
(elevation) soil N °C)
(g kg™
Soil Alir

Kuiaha Clayey, ferritic, 0.03 25 23
(320 m) isohyperthermic

Humoxic Tropohumult '
Haleakala Clayey, oxidic, 0.05 23 21
(660 m) isothermic

Humoxic Tropohumult
Olinda Medial over loamy- 0.02 20 18
(1050 m) skeletal, isomesic

Entic Dystrandept

KCl extr. soil N, KCl-extractable soil N determined on top 20 cm layer
at start of experiment; temperature, values averaged for experimental
period

and N77-4273, non-nodulating, indeterminate), and VIII (Hardee,
nodulating and non-nodulating) were planted at all three sites on 29
July 1985. Seeds were sown in four rows 60 cm apart in 2.4- by
4.0-m plots to give afinal population of 400000 plants ha-1. Fields
were maintained at field capacity through drip irrigation throughout
the experiment period.

Sampling and analytical procedures

Details of field harvest procedures, dry weight determination, and
totd N andysis have been described esewhere (George et a.
1988). Plants wee harvested at physiologica maturity. Each
nodulating isoline was harvested along with its non-nodulating
isoline. Details of procedures followed for 15N analysis have been
given by Bremer and van Kessel (1990). Ground seed samples were
predigested in a 570 KMn04/50070 HZS04/reduced Fe mixture to
recover NO; and NO2 during Kjeldahl digestion. Kjeldahl digests
were steam-distilled and evaporated to dryness at a constant
temperature of 60 °C in a forced-air oven used exclusively for &
15N samples. Evaporated distillates were analyzed in an isotopic
ratio mass spectrometer.

Determination of ISN natural abundance of fixed N2

All five nodulating isolines used in the field study were grown in
the greenhouse to determine the **N natural abundance of fixed N,.
The seeds were inoculated with the same inoculant strains as in the
field and sown in vermiculite in pots watered with N-free nutrient
solution (Singleton 1983). Plants were thinned to two per pot 10
days after germination and were grown to maturity. There were
four replicates arranged in a completely random design. Seeds were
harvested at physiological maturity and analysed for °N following
the same procedure as the field samples.

N, fixation and soil N uptake calculations

The natural >N abundance is expressed as §!°N, the per mil '°N excess
over atmospheric N, (Shearer and Kohl 1986) and calculated as fol-
lows:

15 _ 15
SISN = atom% N (samplz atom% °N (atmos. N,) 1000
atom% °N (atmos. N,)

where atmos. N, is atmospheric N,.
The percentage of N derived from atmosphere (% Ndfa) by the
85N method was calculated using the equation:

15 _ 815
%Ndfa = —51—5-N°—575ﬁ 100
85N, - 8N,
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Table 2. Days to physiological maturity (R7) and 8'°N values of non-nodulating (Nonnod) soybean isolines grown in three sites on an elevational

transect in Hawaii

Nonnod isoline

Kuiaha Haleakala Olinda
Days to R7 515N Duration 815N Duration 515N
Clay (00) 68 3.9 (0.6) 73 2.5(0.2) 93 2.1 (0.2)
Clark (IV) 83 3.6 (0.5) 88 1.8 (0.9) 107 2.6 (0.1)
D68 (VI) 85 3.2 (0.2) 96 1.8 (0.2) 112 2.2 (0.2)
N 77 (VD) 90 3.5 (0.8) 102 2.1 (0.9) 128 2.0 (0.1)
Hardee (VIII) 101 3.8 (0.2) 112 1.9 (0.5) 133 2.3(0.2)
LSD (0.05) 1.2 NS 0.7 NS 0.5 0.24
CV (%) 0.7 14.7 0.4 22.7 0.2 5.8

Means (SD). §'°N, per mil "N excess over atmospheric N,; LSD, least significant difference; CV, coefficient of variation

Table 3. Estimates of N derived from N, fixation by soybeans grown
in three field sites on an elevational transect in Hawaii

Genotype Estimates of N derived from N, Probability
fixation (%) (t-test)
8'°N method N difference method

Kuiaha (320 m)

Clay (00) 75 9 85 (9) NS
Clark (IV) 67 (1) 82 (4) *k
D68 (VD) 61 (4 85 (%) *k
N77 (VD) 71 (18) 70 (9) NS
Hardee (VIII) 77 (4) 80 (3) NS
Haleakala (660 m)
Clay 62 (6) 62 (4) NS
Clark 67 (15) 71 (5) Ns
D 68 63 4 65 (5) NS
N77 . 56 (26) 66 (4) NS
Hardee 76 (7) 68 (6) NS

Olinda (1050 m)

Clay 80 (15) 95 (1) NS
Clark 82 (10) 98 (1) NS
D68 82 (13) 98 (1) NS
N 77 77 (6) 98 (1) *

Hardee 72 (10) 96 (17) NS

Means (SD). Data by N difference method derived from George et al.
(1988). *P<0.05, ** P<0.01, significantly different from §°N esti-
mate

where 815No is the seed 815N vaue of the non-nodulating reference plant,
815N2 is the seed 815N value of N in the N2-fixing plant, and 815Na is the seed
815N value of fixed N in the N2fixing plant grown on Nfree medium in the
greenhouse (Shearer and Kohl 1986). The percentage of N derived from soil (olo
Ndfs) was cal culated using the equation:

% Ndfs=100-% Ndfa

The amount of N derived from the atmosphere ly the N difference method was
determined by subtracting the total N accumulation by the non-nodulating isoline
fromthat of theN2-fixing isoline.

Statidtica andysis

All data were subjected to anaysis of variance. Estimates of N derived from N>
fixation by N difference and 815N methods were compared with paired t-tests.

Resultsand discussion

The differences in soil N availahility and ambient temperatures
between stes and a range of soybean maturity groups were used
to vay soil N upteke and n~2 fixation in this sudy. The
KCl-extracted s0il N and mean temperature varied subgtantialy
between dtes (Table 1). As reported earlier (George et d.
1988), the dtes were associated with large differences in growth
and N vyied of both nodulating and non-nodulating isolines. The
nodulating and non-nodulating isolines were  Smilar  in
phenological development except for physiologica  maturity
(George et d. 1990).

The &°N values determined on seeds were not significantly
different between non-nodulating isolines a the lowest and
intermediate eevations (Table 2). At the highest ste, three of
the five isolines had similar &°N vadues. The &°N vdues of the
non-nodulating isolines differed among Stes and ranged from
an average of 2.0 a the intermediate Ste to 3.6 a the lowest
dte. Conddering the differing durations (Teble 2) and the
differences in N yidld among non-nodulaing isolines (George et
ad. 1989), the differences in &°N vdues within a ste ae
negligible. Even a the highes dte where the &°N vaues
differed gatidtically, the growth durations of three isolines with
smilar 8°N ranged from 93 to 133 days. The &°N vaues of the
five maturity groups were thus rdatively constant within a site.
The rdaively constant &°N value of the non-nodulating isolines
within a dte suggest tha the natural *N abundance of the
avalable soil N might not have changed significantly with time
during the experiment. Similar obsavations have been reported
dsawvhere (Ledgard et d. 1984; Bergarsen et d. 1989; Peoples
eta. 1992).

The &°N method estimated lower N2 fixaion than the N
difference method (Table 3) in the mgority of observations.
Aveage N deived from N2 fixation as estimated by the &°N
method was 9% lower than the N difference estimate, but was
detigtically sgnificant only in 3 out of the 15 observations.
Also, the edimates by the two methods were postively
corrdated (Fig. 1). Reports comparing N difference and &°N
edimates of N2 fixation by soybeans in the fidd present varying
conclusions;
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the two methods give smilar esimates (Kohl e a. 1980), the
&°N method edimates lower N2 fixation than the N difference
(Wada et d. 1986), and the &°N method estimates higher N2
fixation than the N difference (Amarger et d. 1979). The
conflicting findings are probably due to differences in soil N,
relative N upteke by the N2-fixing; soybeans, and the reference
or vaiability in soil &°N. In the present study, the differences
between the two methods in some indtances are relatively greet,
but not satigticdly dgnificat, due to a lage vaiance
associated with the &°N estimates.

Sncethe &°N edimates of n2 fixation were lower than the
N difference edimates, it is unlikely that isotopic fractionation
influenced the edimates which were based on seed &°N.
Moreover, 85% of the totd N measured a harvest was found in
the seed, which is higher than the &°N estimates of total N2
fixed a dl dtes (Table 4). The data of Shearer et d. (1980)
indicated that the atom % N of seeds of N2-fixing soybeans
represented most accurately the vaue for aom % N of the
whole plant. Accordingly, Kohl et d. (1980) and Bergersen et
a. (1985) have reported no significant differences between esti-
mates of N2 fixation based on &°N of whole plant or seeds.
Other soybean studies, however, have observed

100

Correlation Coefficient=0.72 (P<0.01)
90 -

considerable tissue variation in &°N (Peoples et a. 1991), or
have found that when N2 fixation is prolonged late into
seedHfilling, preferentid assmiletion of the newly fixed N can
lead to a different seed &°N content to that of the shoot or
whole plant (Bergersen e d. 1989; 1992). This might explain
some of the variahility in estimates of N2 fixation in the present
study by &°N.

In evduating the two methods, it is prudent to note how
closdly the methods digtinguished n~2 fixation capacities of
genotypes within and across sites. Both methods estimated the
highest and the lowest proportions of N derived from N2 fixation
a the highest and the lowest sites, respectivdy (Tadle 5),
corresponding to the extractable soil N levels (Table 1). The
differences in n2 fixation estimates between the two methods
were not related to the differences in totd N assmilation among
Stes or among genotypes (Table 5, 6). Further, by either
method, the average percentage of N derived from N2 fixation
was Smilar among genotypes despite large differences in totd
N. Although the n2 fixation estimates based on &°N of seeds
could be less precise, due to a larger variance associated with
this nethod than with the N difference estimates, both methods
prove useful in comparing N2 fixation by soybean genotypes
within and across environments. The differences between

Table 5. Total N and percentage N derived from N, fixation by soy-
beans and soil N uptake by nodulating and non-nodulating isolines
grown in three field sites on an elevational transect in Hawaii

% N from N fixation (8 15N)

80

70

60

Site Total N N, fixed (%) Soil N uptake
(kgha™) ——— (kgha )
N diff. 8PN
Nomnod &N
Kuiaha 295 80 70 58 88
Haleakala 250 66 65 84 87
Olinda 120 97 79 3 27
LSD (0.05) 13 3 8 8 20
CV (%) 8 5 16 23 29

50 | ! I I
60 70 80 90 100

% Nfrom N fixation (N difference)

Fig. 1. Relationship between N difference and & !N estimates of N, fix-
ation by soybeans in three sites in an elevational transect in Hawaii

Table 4. Seed N and N, fixed (8!°N) by soybenas grown in three field
sites on an elevational transect in Hawaii

Site Seed N (kg Nha~1) N, fixed (kgNha™1)
Kuiaha 255 207
Haleakala 211 163
Olinda 100 94
LSD (0.05) 9 21
CV (%) 6 19

Values are means of five genotypes at each site; LSD least significant
difference; CV, coefficient of variation

Total N and N difference (N diff.) data derived from George et al.
(1988); Nonnod, actual N yield of non-nodulating isolines, derived
from George et al. (1988); 8'°N, data based on 8!°N estimates of N,
fixation. For other explanations, see footnotes to Table 4

Table 6. Total N and percentage N derived from N, fixation by five
soybean genotypes and soil N uptake by nodulating and non-nodulat-
ing isolines grown in field sites on an elevational transect in Hawaii

Genotype Total N N, fixed (%) Soil N uptake
(kgha™) ————  (kgha )
N diff. &N
Nonnod 8N
Clay (00) 1604 81 72 36 48
Clark (IV) 221 84 72 44 67
D68 (VD) 238 83 69 49 81
N 77 (V) 234 78 68 57 76
Hardee (VIII) 256 82 75 53 63
LSD (0.05) 17 4 11 11 26
CV (%) 8 5 16 23 29

Values are means across three sites; for other explanations, see foot-

notes to Tables4 and §



the two methods were generdly larger with higher proportions
of N deived from N2 fixation (Fig. 1). It is likey that the
differences between the two methods were greatest a the
highest ste (Table 3) because of the severdy redtricted growth
and N uptake by the non-noduleting isolines (George & d.
1988). Thus, the estimates based on &°N may be more redigtic
a the highest site since they are yidd-independent. Estimates of
N2 fixation were smilar at the intermediate Ste, which had the
highes extractable soil N and where the proportion of N
derived from n2 fixation estimated by N difference was the
lowest. Thus, soil N availability becomes an important factor to
be conddered in comparing &°N and N difference methods of
edtimating N2 fixation.

Soil N uptake by the nodulaing isolines caculated from the
&°N data was substantialy higher than the actual N yield of
non-nodulating isolines a two of the three sites (‘Table 5) and
for dl genotypes (Table 6). At the highest site, #°N estimates of
s0il N uptake were severd-fold grester than the N yidds
recorded by the nonnodulating isolines, but this may reflect the
influence of restricted soil N availability a this Ste (George et
a. 1988). Under these conditions, the ability of the non-
nodulating isolines to extract soil N might have been poorer
than that of the more wgoroudy growing, nodulaing isolines.
At the intermediate site which had the highest extractable soil N
(Table 1), estimates of soil N uptake predicted from &°N for the
nodulating isolines were amilar to actud measurements in the
nonnodulating isolines. Despite differing KCl-extractable N, the
&°N edimates of soil N uptake by nodulating isolines were
smilar a the lowest and the intermediste Stes These
differences in soil N uptake by nodulating and non-nodulating
plants across and within sites warrant a closer scrutiny in the use
and interpretation of N difference and &°N derived etimates of
soil N uptake and N2 fixation.

Conclusions

15N naturd dbundance and N difference estimates of N,
fixation were compared in five soybean genotypes (maturity
groups 00, 1V, VI, and VIII) grown &t three dtes differing in
soil N availability and ambient temperature. In most cases the N
difference and &°N methods produced statistically smilar
edtimates of N2 fixaion degpite an average 9% difference
between the edimates. Across stes, &°N  vdues of
non-nodulating isolines differed, but not across isolines within a
dte, indicating that &°N vdues may have been relatively
congant for the duraion of the study. The differences in N2
fixation esimaes between the two methods could have been
mainly due to differences in soil N uptake between fixing and
nonfixing isolines or to the andyss of only seeds for &° N.
The proportions of N derived from n2 fixation, determined by
ather method, were sSmilar across genotypes. The dtes of
highest and lowest n2 fixation were the same with both
procedures. On the basis of the current study it would appear
that both techniques could be equaly useful in comparing N2
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fixation capacities of soybean genotypes within and across
environments when nonnodulating isolines are used as the
non-N2-fixing reference. The N difference method, however, is
an esder and more economical method because it does not
require meticulous andytica procedures or sophisticated and
epensve equipment. The &°N method many have a com
padive advantage over N difference and N enrichment
methods when the non-N.-fixing reference is not a non-
nodulaing isoline.
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