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The ability to predict the symbiotic performance of rhizobia introduced into different environments would allow for
a more judicious use of rhizobial inoculants. Data from eight standardized field inoculation trials were used to develop
models that could be used to predict the success of rhizobial inoculation in diverse environments based on indices of
the size of indigenous rhizobial populations and the availability of mineral N. Inoculation trials were conducted at five
diverse sites on the island of Maui, Hawaii, with two to four legumes from among nine species, yielding 29 legume-site
observations. The sizes of indigenous rhizobial populations were determined at planting. Soil N mineralization
potential, total soil N, N accumulation and seed yield of nonnodulating soybean, and N derived from N, fixation in
inoculated soybean served as indices of available soil N. Uninoculated, inoculated, and fertilizer N treatments
evaluated the impact of indigenous rhizobial populations and soil N availability on inoculation response and crop yield
potential. The ability of several nathematical models to describe the inverse relationship between numbers of
indigenous rhizobia and legume inoculation responses was evaluated. Power, exponential, and hyperbolic functions
yielded similar results; however, the hyperbolic equation provided the best fit of observed to estimated inoculation
responses (r> = 0.59). The fact that 59% of the observed variation in inoculation responses could be accounted for by
the relationship of inoculation responses to numbers of indigenous rhizobia illustrates the profound influence that the
size of soil rhizobial populations has on the successful use of rhizobial inoculants. In the absence of indigenous
rhizobia, the inoculation response was directly proportional to the availability of mineral N. Therefore, the hyperbolic
response function was subsequently combined with several indices of soil N availability to generate models for
predicting legume inoculation response. Among the models developed, those using either soil N mineralization
potential or N derived from N, fixation in soybean to express the availability of minera N were most useful in
predicting the success of legume inoculation. Correlation coefficients between observed and estimated inoculation
responses were r = 0.83 for the model incorporating soil N mineralization potential and r = 0.96 for the model
incorporating N derived from N, fixation. Several equations collectively termed "soil N deficit factors' were also found
to be useful in estimating inoculation responses. In general, models using postharvest indices of soil N were better
estimators of observed inoculation responses than were those using laboratory measures of soil N availability.
However, the latter, while providing less precise estimates, are more versatile because all input variables can be
obtained through soil analysis prior to planting. These models should provide researchers, as well as regional planners,
with a more precise predictive capability to determine the inoculation requirements of legumes grown in diverse
environments.

Determining the need to inoculate is an important consideration
in the cultivation of leguminous crops. Often the decision of
whether to use inoculants is not predicated on any measurable
factors of the environment but is divined through an analysis of
legume cropping history or from previous success in improving
yields with an inoculant. While these methods may provide a good
basis for a decision in individua instances, they do little to
elucidate the underlying mechanisms that determine inoculation
responses. Without an understanding of the environmental factors
that contribute to achieving a response to rhizobial inoculation, the
successful use of an inoculant will remain a sitespecific
phenomenon. The ability to predict locations and legume species
that will most likely respond to inoculation will enable
decison-makers to make broader recommendations and direct
resources where they are needed most.

Several inoculation trials have been conducted to identify
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the factors that contribute © the success or failure of rhizobial
inoculants in improving legume yields (2, 10). However, the failure
to correctly identify or quantify the primary independent variables
determining inoculation responses has hampered the use of these
results to generate predictions regarding the performance of
inoculants under various environmental conditions. Cropping
history (2), magnitude (7, 9, 10) and effectiveness (7) of indigenous
rhizobial populations, soil N availability in relation to legume N
requirements (4, 9), and environmental constraints, which interact
with management inputs to determine legume yield potential and N
requirements (6), al significantly influence inoculation responses.
Therefore, it is the interaction among these factors that will
ultimatdy determine the likelihood and magnitude of inoculation
responses.

From the results of inoculation trials conducted at several sites
on the island of Maui, Hawaii, that varied greatly in soil N
availability and soil rhizobial populations, the relationship

between the inoculation response and the size of the indig-

enous rhizobial population was mathematically described and
quantified. The resulting single-variable response regres-
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TABLE 1. Measures of soil N availability in the Maui inoculation trials®

Site Soil variables Crop variables
Nonnodulating soybean N derived
N mineralization

No. Name (pg of N/g of soil/wk) Total N (%) N accumulation Seed yield fro.m N}y
(kg of N/ha/day) (kg/ha) fixation (%)

1 Hashimoto Farm 7.0 (0.4) 0.0753 (0.0004) 0.415 (0.156) 627 (282) 82.0 (7.9)
2 Kuiaha 27.4 (0.9) 0.2527 (0.0052) 0.583 (0.044) 840 (53) 76.3 (3.5)
3 Kula Agricultural Park 17.5 (0.5) 0.1512 (0.0022) 0.382 (0.118) 485 (127) 80.3 (5.6)
3a 24.3 (1.2) 0.1448 (0.0033) 0.523 (0.082) 935 (236) 75.6 (6.6)
4 Haleakala Station 44.1 (2.0) 0.3163 (0.0074) 1.100 (0.051) 1711 (98) 58.2 (3.5)
5 Tengan Farm 20.9 (1.2) 0.1906 (0.0008) 0.951 (0.225) 1356 (269) 15.5 21.4)

“ Numbers in parentheses are the standard errors of the means.

sion was subsequently combined with measures of soil N
availability to generate predictive models for determining the
magnitude of the increase in legume yield likely to result from
rhizobial inoculation. These models provide the predictive
capability needed to determine the inoculation requirements of
legumes grown in diverse environments and are based on
measurements of independent soil and microbial properties.

400

MATERIALSAND METHODS

Field inoculation trials. Eight field inoculation trias were
conducted at five well-characterized sites on the island of Maui,
Hawaii, from August 1986 to May 1988 (9). The site
characteristics were as follows. devation, 37 to 670 m; mean
annua rainfal, 322 to 1,875 mm/year; mean soil temperature, 22.1
t0 34.1°C; and mean air temperature, 18.6 to
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FIG. 1. Comparison of the fit of observed to estimated inoculation responses by use of a hyperbolic equation to describe the relationship
between numbers of indigenous rhizobia and legume inoculation responses. Only 26 of the 29 total species-site combinations are presented.
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TABLE 2. Regression analysis of the relationship between indigenous rhizobia and the legume inoculation response

Coefficient of

Equation Coefficient Residual linear correlation

mean for observed vs

Type Form? by by by square predicted values
r)
Linear y = by — bi(x) 65.6 0.002 10,030 0.15
Logarithmic y = by — by(log x) 123.2 43.6 7,014 0.56
Quadratic y = by — by(x) + by(x?) 71.6 0.02 <0.000 10,069 : 0.23
y = by — by(log x) + by(log x?) 162.9 134.6 24.6 5,521 0.69
Power ¥ = by(x)™2 207.2 1.2 4,162 0.77
y = by(by)* 497.6 0.4 4,442 0.76
Exponential y = byle~41dee 9] 207.2 2.8 4,162 0.77
Hyperbolic y = by(1/x) 201.9¢ 4,054 0.77

: by, y intercept; b, and b,, slope coefficients.

. x =1+ the M_I.’N of indigenous rhizobia; y = percent increase in mean economic yield of inoculated over uninoculated Crops.
In the hyperbolic model, b, functions as both the y intercept and the slope coefficient.

24.9°C. Site soils included two soil subgroups: Torroxic
haplustolls and Humoxic tropohumults. No less than four but as
many as seven legumes were planted at each site from among the
following: Glycine max c¢v. Clak IV (nodulating and
nonnodulating isolines; P. Creagan, U.S. Department of
Agriculture, Bdtsville, Md.); Phaseolus lunatus cv. Henderson's
Baby; Vigna unguiculata cv. Big Boy or cv. Knuckle Purplehull;
Phaseolus vulgaris cv. Bush Bountiful; Arachis hypogaea cv.
Burpee Spanish or cv. McRan Vaencia, Leucaena leucocephala
cv. K-8; Lathyrus tingeatus (tinga pea); Medicago sativa cv.
Florida 77; and Trifolium repens cv. Regal Ladino. This protocol
yielded 29 legume species site observations. Crops were (i)
inoculated at 10° to 107 cells seed®, depending on seed size, with
an equa mixture of three effective strains of homologous rhizobia
in a peat based inoculant; (ii) fertilized with urea at no less than
800 kg of N ha-1, applied at weekly intervals at arate of 100 kg of
N ha-1; or (iii) left uninoculated, with no N applied. Crops were
grown under drip irrigation, the soil pH was adjusted when
necessary (5.5 to 5.9), and nonlimiting amounts of nutrients were
applied as described by Thies et al. (9). Inoculation trials were set
up in a split-plot design with legume species in main plots and N
source treatments in subplots. Economic yield was defined as seed
yield at harvest maturity (3) for the grain legumes and total above-
ground biomass for the forage legumes. The number of indigenous
homologous rhizobia was determined by the
most-probable-number (MPN) plant infection assay (8) from
random field soil samples taken at planting as described previously
(9).

Soil N availability. Soil mineral N available for plant growth
was assessed with both laboratory methods and appropriate
controls in the field inoculation trias (e.g., nonnodulating soybean
isoline). Soil anaysis yielded measures of soil N mineralization
potential and total soil N (Table 1). Twenty five 2.54-cm coresto
a depth of 25 cm of uncultivated field soil were taken from each
field ste. Soil cores from each Site were combined, mixed
thoroughly, sieved through a 2.8-mm mesh screen, and air dried
for 4 days prior to analysis. Soil N mineralization potential was
determined in an incubation assay conducted at 40°C for 7 days
under waterlogged conditions (5). Total soil N was

determined by micro-Kjeldahl digestion (1). Crop measures of soil
N availability included N accumulation and seed yield of
nonnodulating soybean and N derived from N, fixation in
inoculated soybean (Table 1). Nitrogen accumulation by
nonnodulating soybean (kilograms hectare-l day-1) was
determined by dividing total N uptake (seed N plus stover N)
(kilograms hectare-1) at harvest maturity (3) by the crop duration
(days). Percent N derived from N fixation was determined by
subtracting total N accumulated at harvest maturity by
nonnodulating soybean from that accumulated by inoculated
soybean and converting the result to a percentage.

Model development. Economic yield increase due to inoc-
ulation was converted to percent increase to eliminate differences
in the yield potential of the nine legume species as a variable. The
relative inoculation response at each site was therefore expressed
as the percent increase in the mean yield of inoculated crops (1)
over that of uninoculated (U) crops: [(I-U)/U] x 100. The relative
response was regressed against 1 + the number of indigenous soil
rhizobia as counted in the MPN plant infection assay to find the
best mathematical description (BMD) of the relationship between
these two variables. Regression analysis with the BMD was
performed on an individua-site basis to generate a table of y
intercept coefficients. These coefficients were regressed against
measures of soil N availability to determine the mathematical
relationship between these coefficients and available soil N.
Mathematical expressions incorporating measures of soil N
availability were then substituted for the y intercept coefficientsin
the BMD to produce predictive models for legume responses to
rhizobial inoculation. All analyses were performed with the
nonlinear regression and correlation analysis modules of SYSTAT
version 4.0 (11).

RESULTSAND DISCUSSION

The legume response to rhizobia inoculation was inversely
related to the number of indigenous rhizobia. The abilities of
linear, logarithmic, quadratic, power, first-order exponential, and
hyperbolic expressions to describe this relationship were evaluated
(Table 2). The BMD was sdected by comparing residual mean
square values from these



32 THIESET AL.

APPL. ENVIRON. MICROBIOL.

Inoculated legume

insufficient indigenous
rhizobia to meet plant

indigenous rhizobia sufficient
to meet plant demand for BNF

Environmental stress reduces growth
constraints Y
y non-nodulating
Soil Rhizobium plant demand for BNF Available soil legume or
. - . non-viable
population nitrogen inoculant

soil N sufficient
to meet plant N

demand for BNF or outcompete inoculant strains demand

'

Inoculation response

Y Y

No response

FIG. 2. Conceptual model for predicting legume inoculation responses. BNF, Biological nitrogen fixation.

regression anayses and coefficients of linear correlation (r)
between the observed inoculation responses and those predicted
by the various equations. A higher sum of sgquares for regression
was obtained for equations with lower residua mean sguare
values. Higher r vaues indicated a closer fit to a 1:1 agreement
between observed and estimated inocul ation responses.

Power, first-order exponential, and hyperbolic functions yielded
similar r values (Table 2); however, the hyperbolic equation was
selected as the BMD because of its lower residual mean square; its
less precipitous slope of the regression line, which alows for
estimation of dightly greater inoculation responses over a wider
range of indigenous rhizobial numbers; and its simplicity. This
equation takes the following form: relative response = bo x [1/(1 +
indigenous rhizobia)], where the relative response is the increase
in yield due to inoculation (percent); indigenous rhizobia are the
numbers of infective rhizobia g of soil-! as counted in the MPN
plant infection assay; and bo, the slope coefficient, is the y
intercept, which represents the maximum inoculation response
predicted in the absence of indigenous rhizobia. A comparison of
responses observed in the inoculation trials and those estimated by
this equation is presented in Fig. 1.

The hyperbolic regression yields an P of 0.59, indicating that
59% of the variation obsarved in inoculation responses could be
accounted for by the inverse relationship of inoculation responses
to numbers of indigenous rhizobia. The greater responses were
observed when indigenous rhizobia numbered between 0 and 10
cdlsg of soil ™t (Fig. 1). In this

range, there is a high probability that an inoculation response will
be obtained as long as N is limiting crop yield. Little or no
response is expected when the numbers of indigenous rhizobia are
greater than 100 cells g of soil-1.

A large variation in the magnitude of inoculation responses was
observed in the absence of indigenous rhizobia (Fig. 1).
Inoculation responses in the absence of indigenous rhizobia
represent soybean grown at five different sites. The observed
varigtion was related to differences in site characteristics,
particularly the quantity of soil N available for crop growth (Table
1).

A conceptua model for predicting the legume inoculation
response is presented in Fig. 2. This model emphasizes the key
roles played by plant symbiotic N demand and the ability of the
indigenous rhizobial population to meet that demand. The model
assumes that to realize benefit from rhizobia inoculation, there
must be a demand for symbiotic N in the cropping system. In the
absence of indigenous rhizobia, the magnitude of any inoculation
response will be directly proportional to plant demand for
symbiotic N, which is a function of crop growth potential in that
system. The greater the demand, the greater the potential response
to inoculation. If indigenous rhizobia are present and effective,
they will satisfy a portion of this demand. The greater the
proportion of symbiotic N demand met by indigenous rhizobia, the
smaller the magnitude of any inoculation response. The hyperbolic
equation can be used to describe these two effects and estimate the
inoculation response by redefining the y intercept (bo) in terms of
available soil N supply such that bo = function(soil N availability).
It is assumed that the



VOL. 57, 1991 MODELING SYMBIOTIC PERFORMANCE OF RHIZOBIA

350 - y \._‘\' T ! ' i T d 4 ' T T T ! T ]
300 [ .
: A
250 [ .
200 [ ]
150 3
L ~—— Linear (r=0.47) =]
C B, ]
= 100 — —.— Hyperbolic (r=0.54) e
-} - I S
IRIEIE Logarithmic (r=0.53, ]
8 s0 [ g (=059 b
< ¥ ]
2 s ]
o 0 - a -
Q o 4
§=) - ]
..5- E S0 . vy T
® s Y 10 20 30 40 50
Do
® = . . N .
£ a Soil N Mineralization (ug N/g soil/wk)
> o+
T 350 :"'I"'l"'l"'l"'"‘l“'l"'l"'l'.‘/"_
- C ' R
x - 7 —
3 300 [~ — Exponential (r=0.98) /,/ ]
I F —— Linear (r=0.94) 7 ]
> 250 [ y -
S r --- Parabolic (r=0.98) 7 B ]
g C y ]
= 200 [ -
150 | .
100 F —:
50 [ v =
z ]
o F et -
- ‘/’ 4
L e ]
-50 TR VXS EATETT BTSN R R NS S SR B

0 10 20 30 40 50 60 70 80 290 100

N derived from Nitrogen Fixation (%)

FIG. 3. Regression analysis of the relationship between y intercept (b,) values from hyperbolic regressions performed on the basis of site
and measures of soil N availability (A) and symbiotic N demand (B).
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TABLE 3. Measures of soil N availability (MSA) in the Maui inoculation trials and their relationship to the
y intercept (b,) in the hyperbolic model*

Coeflicient of

Coefficient Residual linear correlation
Relationship to b, MSA u mean for observed vs
b b square predicted values
1 2 (r)
Linear: b, = b, N mineralization pg of N/g of soil/wk 314.7 5.1 3,680 0.83
— by(MSA)
Total soil N % 335.6 742.3 3,659 0.83
Seed yield of kg/ha 422.4 0.2 2,329 0.91
nonnodulating soybean
N accumulated by kg of N/ha/day 440.0 364.3 2,049 0.92
nonnodulating soybean
Exponential: b, N derived from N, % 7.3 0.05 1,212 0.96

= b,[er2MSA)] fixation

4 Relative response = b, X [1/(1 + number of indigenous rhizobia)].

quantity of soil N available will dictate symbiotic N demand. This
relationship will not hold if yield is limited a a site by
environmental factors other than N (Fig. 2).

A summary of the measures of soil N availability in the Maui
inoculation trials is presented in Table 1. Significant relationships
between bo values generated by hyperbolic regressions performed
on the basis of site and both N mineralization potential and N
derived from N fixation are illustrated in Fig. 3. While linear,
hyperbolic, and logarithmic functions may all be used to describe
the relationship between N mineralization potential and these y
intercept coefficients, the relationship is most nearly linear. The
single point deviating from a linear relationship (Fig. 3A) was
from a site at which factors other than N were the mgjor limita
tions to yidd, for there was no significant difference in yield
among the uninoculated, inoculated, and fertilizer N treatments at
this site (9). When this point is excluded from the analysis,
correlation coefficients for linear, hyperbolic, and logarithmic
relationships between soil N mineralization and bo values become
r=0.92, r =0.75, and r = 0.86, respectively. The relationship
between N derived from N, fixation and bo values for each site is
best described by an exponentia equation, athough both linear
and parabolic relationships were highly significant (Fig. 3B).
Significant linear relationships were also obtained among bo
values for each site, N accumulation and seed yield of
nonnodulating soybean, and total soil N (r =0.85,r=0.82,andr =
0.46, respectively). Substitution of these equations for the y
intercept coefficient (bo) in the hyperbolic response regression
yielded useful predictive models (Table 3).

The models can be evaluated by comparing residual mean
square values and the correlation (r) between observed inoculation
responses and those estimated by each function (Table 3).
Incorporating expressions of N availability into the hyperbolic
response model improved agreement between observed and
estimated inoculation responses, as compared with the agreement
obtained when the initial hyperbolic equation was used (r = 0.77)
(Table 2). Of these expressions, the exponential equation
involving N derived from N fixation in soybean and the linear
equation incorporating soil N mineralization potential may prove
most useful in estimations of bo. A comparison between observed
inoculation responses and regression lines generated by these two
equationsis shown in Fig. 4A and 4B. Substitution of bo with

expressions involving indices of available N acts to proportionally
decrease estimated inoculation responses as N availability
increases (and symbiotic N demand decreases), yielding better
estimates and improving the agreement between observed
responses and those estimated by the hyperbolic response model
(Fig. 5B and 5C).

Nitrogen derived from N, fixation in soybean is the best
estimator of a potential inoculation response in relation to soil
mineral N status, because it is a direct expression of symbiotic N
demand. Therefore, it not only reflects soil N availability but also
integrates the effects of all other environmental variables on yield
potential. Incorporating the exponential equation involving N
derived from N, fixation in soybean into the hyperbolic response
regression provided the best fit (r = 0.96) of observed to predicted
values (Fig. 4B and 5C). The ahility to predict the inoculation
response with this equation and others relying on postharvest
variables is limited and after the fact, however, because of the need
to grow nonnodulating and nodulating soybeans at a site to obtain
an estimate of nitrogen derived from N, fixation. The value of the
equation incorporating soil N mineralization potential lies in the
fact that all variables required in the model can be obtained
through soil analysis prior to planting. Hence, this equation may
prove more useful for those wishing to estimate the potentia
inoculation response of legume crops introduced into new areas.

Another approach to estimating symbiotic N demand involves
the use of soil N deficit factors (Table 4). Expressionsinvolving
these factors use the difference between crop N demand and soil N
supply to fractionally decrease the maximum predicted inoculation
response such that bo = b X [(N demand - N supply)/N demand],
wherebo isthey intercept in the hyperbolic response regression, b
is the maximum predicted inoculation response (percent increase
in economic yield), N demand is either N accumulation (kilograms
of N hectare-1 day-1) or seed yield (kilograms hectare-1) of crops
grown with no N limitation to yield (fertilizer N treatment), and N
supply is either N accumulation (kilograms of N hectare-1 day-1)
or seed yield (kilograms hectare-1) of nonnodulating soybean. N
supply can also be estimated by use of N mineralization potential
or total soil N. However, if either of these variables is used, the
general equation is modified as follows: bo = bl x {[N demand - (b2
x N supply)]/N demand}, where b, isa
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.FIG. .4. Comparison betvyeen observed inoculation responses and those estimated by hyperbolic response models incorporating either N
mineralization (A) or N derived from N, fixation (B) to express soil N availability.

coefficient that adjusts for the change in the units of measurement
of N demand and N supply.

The lowest residual mean square value and best correlation
between observed and estimated inoculation responses (r = 0.90)
were achieved with the equation that uses seed yield to express
both crop N demand and soil N supply

(Table 4). Although &l of the equations incorporating soil N
deficit factors provide reasonable inoculation response estimates,
their usefulness is increased when actual yield data from regions
of interest are used to provide input values.

In summary, inoculation responses were inversely related to
numbers of indigenous rhizobia. This relationship was
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FIG. 5. Analysis of fit of observed inoculation responses and those estimated by the hyperbolic response model (A), the response model
incorporating N mineralization (B), and the response model incorporating N derived from N, fixation (C). See Fig. 4 for explanations of N
Min and Ndf.
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TABLE 4. Soil N deficit factors in the Maui inoculation trials and their relationship to the y intercept () in the hyperbolic model®

Coefficient of

Coefficient . linear
Relationship to b, Mela\.ls %l:nf;nzr()p U Measure of soil N U Rif::[llal correlation for
(fractional decline) supply (NSUP) observed vs
(NDEM) square .
by by predicted
values (r)
by = b, X {{[NDEM — N accumulated by kg of N/ha/ N mineralization pg of N/g of soil/wk 397.6 0.05 2,865 0.86
b,(NSUP))/NDEM} N-fertilized plants  day
N accumulated by kg of N/ha/ Total soil N % 360.5 49 3,268 0.83
N-fertilized plants  day
Yield of N-fertilized kg/ha N mineralization pg of N/g of soil/wk 388.3 67.1 3,016 0.89
plants
Yield of N-fertilized kg/ha Total soil N % 369.0 7,640.7 3,255 0.87
plants
by = b; X [NDEM — N accumulated by kg of N/ha/ N accumulated kg of N/ha/day 317.3 2,831 0.88
NSUP)YNDEM] N-fertilized plants  day by
nonnodulating
soybean
Yield of N-fertilized kg/ha Yield of kg/ha 326.5 2,425 0.90
plants nonnodulating
soybean

< Relative response = by X [1/(1 + number of indigenous rhizobia)].

best described by a hyperbolic equation. The fact that 59% of the
observed variation in inoculation responses could be accounted for
by the relationship of inoculation responses to numbers of
indigenous rhizobia illustrates the profound influence that the size
of soil rhizobial populations has on the success of rhizobial
inoculation. y intercept coefficients generated from the use of the
hyperbolic equation based on site were significantly related to
various measures of soil N availability. Significant relationships
were quantified, and the resulting expressions were substituted for
the y intercept (bo) in the hyperbolic equation to generate models
for predicting legume responses to rhizobia inoculation. While
predicted values from the model incorporating N derived from N,
fixation, a postharvest variable, were most highly correlated with
observed inoculation responses, their use in a predictive capecity
is limited. On the other hand, the model that combines soil N
mineralization potential with numbers of indigenous rhizobia,
while providing less precise estimates of inoculation responses, is
more useful, because al input variables can be obtained through
soil analysis prior to planting. These models reduce the need to
conduct multiple field inoculation trials to estimate the responses
to inoculation that can be expected by farmers. They also provide
the predictive capability needed by extension specialists making
inoculation recommendations to farmers and by regiona planners
determining the inoculation requirements of legumes introduced
into new areas and, in turn, the need for and capacity of inoculant
production facilitiesin their areas.
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