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Abstract:

The most common grain legumes in temperate and sub tropical regions are Pisum, Phaseolus and Vicia
beans. Their yields are often lower than the potential yield due to deficiencies in both P and N. The
objectives of this research were to evaluate the relative effectiveness of different sources of phosphorus
fertilizers, levels and methods of application on dry beans (Phaseolus vulgaris L.) and fababean (Vicia
faba L.) and also to evaluate the effects of N and P fertilizers and their interaction on nodulation, N2
-fixation and growth of fababean, dry bean and green pea (Pisum sativum L.) grown in the field.

In 1980, a split plot, randomized complete block design with four replications was used. Main plots
were 0 and 100 Kg ha-1 N applied as ammonium nitrate (NH4 NO3). Sub plots were a no P control,
two P sources, orthophosphoric acid (H3 PO4) as liquid P fertilizer and triple superphosphate. In 1981,
the orthophosphoric acid was replaced by monoammonium phosphate. In 1982, 1983 and 1984,
factorials in randomized complete block designs with four replications were used with varying levels of
N and P fertilizers.

There were differential responses of fababean and dry bean grain yields to P sources and methods of
application. Nodulation and N2-fixation in fababean reached a maximum at pod filling and remained
constant until pod filling was complete and then showed a decline. In dry bean, however, maximum
nodulation and N2Tixation reached a maximum during pod set and declined rapidly during the final
weeks of growth. Application of 100 Kg ha-1 of fertilizer N reduced nitrogenase activity by 75, 72, 82
and 75 percent in dry bean at the four harvests but only 47,60,62 and 57 in fababean. Excellent positive
linear correlations between acetylene reduction rates and nodule number and mass were found with
both fababean and dry bean in 1980.

Increasing P supply increased nodule number and nodule dry weight but these increases paralleled
increases in shoot and root dry weight and suggested that increasing P supply increases nodulation and
N2fixation in the three different species of host plants by stimulating the plant growth rather than by
affecting nodule initiation and function. A model is proposed to explain the inhibitory effects of
ammonia on nitrogenase activity. It suggests that ammonia acts as an uncoupler or ion ionophore and
dissipates the electrochemical proton gradient created by the bacteriod respiratory chain. More
importantly, the destruction of the membrane potential suppresses the low potential electrons that
might be necessary in reduction reactions within the bacteroids.
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ABSTRACT

The most common grain legumes in temperate and sub-tropical regions are Pisum,
Phaseolus and Vicia beans. Their yields are often lower than the potential yield due to
deficiencies in both P and N. The objectives of this research were to evaluate the relative
effectiveness of different sources of phosphorus fertilizers, levels and methods of applica-
tion on dry beans (Phaseolus vulgaris L.) and fababean (Vjcia faba L.) and also to evaluate
the effects of N and P fertilizers and their interaction on nodulation, N, -fixation and
growth of fababean, dry bean and green pea (Pisum sativum L.) grown in the field.

In 1980, a split plot, randomized complete block design with four replications was
used. Main plots were 0 and 100 Kg ha™' N applied as ammonium nitrate (NH4 NO; ). Sub
plots were a no P control, two P sources, orthophosphoric acid (H; PO, ) as liquid P fertil-
izer and triple superphosphate. In 1981, the orthophosphoric acid was replaced by mono-
ammonium phosphate. In 1982, 1983 and 1984, factorials in randomized complete block
designs with four replications were used with varying levels of N and P fertilizers.

There were differential responses of fababean and dry bean grain yields to P sources
and methods of application. Nodulation and N, -fixation in fababean reached a maximum
at pod filling and remained constant until pod filling was complete and then showed a
decline. In dry bean, however, maximum nodulation and N, -fixation reached a maximum
during pod set and declined rapidly during the final weeks of growth. Application of 100
Kg ha™! of fertilizer N reduced nitrogenase activity by 75, 72, 82 and 75 percent in dry
bean at the four harvests but only 47, 60, 62 and 57 in fababean. Excellent positive linear
correlations between acetylene reduction rates and nodule number and mass were found
with both fababean and dry bean in 1980.

Increasing P supply increased nodule number and nodule dry weight but these
increases paralleled increases in shoot and root dry weight and suggested that increasing P
supply increases nodulation and N, -fixation in the three different species of host plants by
stimulating the plant growth rather than by affecting nodule initiation and function. A
model is proposed to explain the inhibitory effects of ammonia on nitrogenase activity. It
suggests that ammonia acts as an uncoupler or ion ionophore and dissipates the electro-
chemical proton gradient created by the bacteriod respiratory chain. More importantly, the
destruction of the membrane potential suppresses the low potential electrons that might
be necessary in reduction reactions within the bacteroids.




CHAPTER 1
INTRODUCTION

Grain legumes represent the most economic source of protein for human nutrition
and many compete successfully wi;rh animal protein sources in relation to protein and
essential amino-acid content (Macgillivry and Bosley, 1962). Protein production from 1 ha
of land is 28.8 times greater from soybeans and 14.5 times, greater from dry beans, than
from beef (Harkness, 1967). '

Pisum, Phaseolus and Vicia beans are the most common legume crops in the tempera-
tate and sub-tropical regioﬁs. Peas probably originated from the Middle East and are grown
over thé world on about 9 million hectares annually. The production is approximately 10
million metric tons per year (Allen and Allen, 1981 ).l

The common bean (Phaseolus vulgaris L.) is frequently cultivated in most agricultural
areas of the world and is the primary food staple in many developing countries, especially
Latin America (Bazan, 1975; Pinchinat, 1977).

Fababean (Vicia faba) is a major food legume in the Middle East and is used as a for-
age in cereal-legume rotations throughout much of the Canadian, Northern Great Plaiﬁs.
Fababean is capable of achieving high seed yields (7 metric tons/ha) and protein contents
(23 to 32%) (Koala, 1982; Evans et al., 1972). They require large quantities of nitrogen to
" attain full yield and protein potential ’and may be influenced by phosphorus availability
(McEween, 1970; Richards, 1977). |

Bean yields are often Iowgr than the potential yield due to deficiencies in both P and

N in the tropics (FAO, 1979; Hernandez-Bravo, 1973; Graham, 1978). An alternative to
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extensive fertilizer application which is too costly for many small farmers is to utilize N, -
fixation through the legume-Rhizobium symbiosis. It is also assumed that P deficienc{/ is
the most important single limiting factor for N, -fixation and legume production.

. About 85 percent of the cultivated soils in Montana tested medilun%, low or very low
%n available P (Sims, 1971). Consequently, most cultivated soils in Montana will give an
economic response to P fertilizer additions unless there is a more .Iimiting factor. The
most common phosphorus fertilizer used in Egypt is a low quality ordinary superphos-
phate which is broadcast appligd (El-Attar, 1981; Sims, 1981, personal communication}.
Many current methods in both developed and developing countries do not include banding
P fertilizer near the seed or placement with the seed. Therefore, source, rate and method of
application of P may be negatively influencing symbiotic N, -fixation in those conditions.

There are many questions regarding the role of phosphorus in nodulation and N,-
fixation. Studies with some of these species do not separate out the effects of phosphorus
from other factors such as host plant effects. It is well documented that high rates of com-
bined N inhibit nodulation and N,-fixation (Oghoghorie and Pate, 1971). The inhibition
mechanism is still unclear even though a few §tudies have considered the PXN interaction
as a means of overcoming some of the ammonia inhibition of nodulation and N, -fixation.

The literature is limited on the effect and mechanism of P and PXN interactions on
food legumes. The objectives of this research were to: (1) evaluate the relative effective-
ness of different sources and levels of phosphorus fertilizers; (2) evaluate methods of appli-
cation on dry bean and fababean in soils of low P availability; and (3) to evaluate the
effects of N and P fertilizers and their interaction on nodulation N, -fixation and growth of

fababean, dry bean and green pea.




CHAPTER 2
LITERATURE REVIEW

Effect of P Placement on Nodulation, N, -Fixation and Growth

Cuinmings (1943) stated that the ‘“most efficient and most effective placement of
fertilizer- is that which provides for an adequate supply of soluble nutrients in a well aerated
zone of moist soil occupied by actively absorbing plant roots at periods of growth when the
demands of the plant for nutrients are most acute.”” These factors have been recognized,
but they have not been quantitatively characterized for many legumes, such as fababean
and dry bean. A major problem has been the difficulty in achieving the ideal conditions
which Cummings described.

Barid application of fertilizer places the fertilizer in a smaller soil volume than broad-
cast application when the fertilizer is added at the same rate. Consequently, roots in
contact with banded fertilizer will be in zones. of higher fertilizer concentration than roots’
with broadcast application. However, broadcast application usually results in more zones
of root-fertilizer contact.

Diwit (1953) developed an equation that expresses the relation between plant uptake
of both banded and broadcast fertilizer, whereby the smaller volume of fertilized soil with
banded placement is compensated by the higher concentration that results in greater ferti-
lizer uptake per unit volume of fertilized soil. Singh and Black (1964) confirmed that
Diwit’s compensation function represents the results to a first approximation.

Currently, there is iittle information available to compare the efficiency of broadcast

versus band placement of P on nodulation, N, -fixation and growth of fababean and dry
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bean. However, there is considerable informaﬁon available involving the effect of fertilizer
placement on the corn growth {(Zea mz‘ays L.). Bates et al. (1965) repo&ed that the growth
and nutrient content of corn was substantially increased by fertilizers placed with the seed
in comparison to the same rate located either 5 cm below or beside the seed. Nelson
(1956) concluded that 224 kg/ha of fertilizer in the row is frequently as effective as 448
kg/ha broadcast for increasing corn yields. Werkhoven et al. (1967) reported that banding
28 was as effective as broadcasting 56 kg P/ha. Nelson and Randall (1968) found a signifi-
cant response in early growth and yield when the fertilizer was placed in a band near or in.
.direc;c contact with the seed without significant difference bétween the two treatments.

Radioactive P has permitted determination of the quantity of fertilizer P absorbed
by plants with different placement methods. Nels;on et al. (1949) reported that fertilizer P
absorbed by plants was less for broadcast than for plagement with the seed or for mixing in
the row. However, broadcast was equal to the other placement methods with respect to
corn yield and total P content.

The effects on plant uptake \of banded versus broadcast Fare dependent on such fac-
tors as soil structure, temperature, moisture, and chemical form of the P. Olsen et al.
(1967) reported that absorption of P by corn seedlings was inversely related to thé soil
moisture tension. The decreased P uptake with increased soil moisture ;cension may play an
important role when comparing banded and broadcast 'appliéation. Banded P is near the
plant and the soil moisture develops high tension sooner than an area further removed
from the plant due to water uptake by the plant. Consequently, broadcast and incorpo-
rated P hight be more readily absorbed than banded P during dry periods.

Robinson et al. (1959) studied the effect of temperature on response of red clover to
banded P in a P-deficient soil. They noted a 22% vield increase to band application at 10°C
and only 34% at 27°C. This was not due to the banded application being less effective at

higher temperatures, but due to the broadcast being more effective at higher femperatures.
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It was concluded that band placement was apparently the more effective because of an
increased conceﬁtration of phosphorus in a small portion of the root zone. Furthermore a
band "application would be particularly important on soils l_dw in available phosphate,
especially if they were high in P fixing capacity. Ketcheson (1957) found that fertilizers
distributed in bands compared to seea placement resulted in a greater increase in yield of
dfy métter at 13°C than at 20°C for greenhouse grown corn.

Some investigat.ors have not found band application to be superior to broadcast. Ham
et al. (1973) reported that soybean seed yields increased with increasing rates of applied P
and the yield from seed placed fertilizer was gréater per unit P than the yield from band
and broadcast P. Ham et al. {(1978) also studied. the effects of fertilizer plapement on
soybean seed yield, N, -fixation, and **P uptake in‘soybean. Seed vyield and fotal plant P
increased significantly from adding P fertilizer, although no differences were found among
the various placements. I;c was speculated that the lack of differences among fertilizer place-
ments may have been due to the warm soil temperatures on a well-drained soil with a pH
of approximately 7.0. |

Yost et al. {1979) reported that broadcrast treatments gave greater yields than band
treatments at the same rates for the first corn crop grown. However, total yields in the
field and P uptake at the end of four seasons were very similar for broadcast and band
treatments in which the same total amount of P had been applied to a high P-fixation
capaci'ty sail.

Duell (1974) reviewed the literature on P fertilization. for forage establishment and
fouﬁd that legume seedlings are usually less capable than grasses to obtain P from the low
soil-P concentrations associated with broadcast fertilizer applications. Seedling growth of
both grasses and legumes is often enhanced by placing P in concentrated bands directly
underneath the seed row (band seeding). Moving the fertilizer band as little as 2 or 3 cm to

the side of the seed row is often sufficient to significantly reduce early growth of legume
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seedlings. Brown (1959) seeded alfalfa with triple superphosphate banded and broadcast at
rates ranging from 100 to 800 kg/ha. All banded rates ex;:ept the lowest resulted in a
doubling of alfalfa seedling size. How.ever, only the highest broadcast rate increased the
alfalfa seedling growth rate. |

Sleight et al. (1984) reported that the amount of P uptake by oats (Avena sativa L.)
was nearly proportional to the volume of the soil containing the applied P fertilizer.
Apparently, the éarly beneficial effects of banding are obtaihed primarily from ,placing all
of the fertilizer where contact by active roots is more likely, rather than from any increase
in availability that may be obtained from decreased soil-fertilizer contact associated with
banding. This suggests that the most efficient use of P fertilizer in which P is relatively
immobile in soils will be made by the young plants if the fertilizer is mixed thoroughly
with the soil near the seed.

Effects of band and broadcast placements might be affected by N availability. Miller
et al. (1958) reported that placement of N fertilizer caused a relative increase in the
feeding power of the root system on band-placed phosphorus. N had a greater influence
when mixed with P than when placed in a band 3 to 4 inches from the band. The influence
was nearly independent of the soil phosphate level when the N was mixed in the band
phosphorus. However, it was not independent of the soil phosphate level when the nitro-
gen was separated from the phosphorus band.

In a split-root experiment with corn, Engelstad and Allen (1971) showed that P
applied :co one side of the root system was translocated throughout the entire root systeﬁ
and was effective in promdting root and top growth. The;/ found that the presence of
" ammonium N enhanced the uptake of P from a band, but had no effect on uptake of P

mixed throughout the soil.
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The management of P placement might be different on the tropices with soils of high P
fixing capacity. The traditional way to cope with the high P fixation is to apply the fertil-
izer in bands to minimize the volume of soil with which it will react. The high cost of

superphosphate and other energy-dependent inputs has led to exploring additional ways of

managing high P-fixing soils with limited capital resources, particularly in small farming.

systems in the tropics. The results are completely different in soils with extremely high
fixation capacity and very low levels of available P. Studies by Yost et al. (1979) on a

Brazilian oxisol which requires 750 ppm P at the standard solution concentration indicate

that banded applications are inferior to broadcast application for the first corn crop. The:

available P in the soil was so low that root development was limited to the regions where P-

was applied. However, the very limited root development around the banded tl;eatment_s
caused the plants to be less resistant to periods of moisture stress. Similar results were

reported by Hansen (1979). The best method for applying P to these high adsorbing soils

appears to be an initial broadcast application followed by maintenance band applications.

Effect of P Sources on Nodulation, N, -Fixation and Growth

Any soil condition may cause some degree of reversion from soluble to jnsoluble
forms. Divalent and polyvalent cations in the soil cause reversion of water soluble phos-
phates to less soluble forms when P fertilizer is applied to soil. The term fixation there-
fore refers to the degree of reversion which adversely affects the recovery; of applied P by
plants or chemical extractants {(McLean and Logan, 1970). Soils differ éreatly in P ﬁxing
capacity, plants respond differentially to a given source of P depending on the P fixing
capacity of the soil. This implies that there is a best source of P for a given soil' condition.
This has not been evaluated for fababeans and dry beans with respect to nodulation,

N, -fixation and yield in Montana.
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McLean and Logan {1970) evaluated the sources of P for pljants grown in soils with
differing phosphorus fixation tendencies. They found that P content of corn seedlings
increased in direct proportion to water solubility of “‘available’”” P in relatively low fix-
ation soils. However, P content decreased with increased water solubility of P in high fix-
ation soils.

Many other workers have reported similar results. Increased yields or P availability to
crops has been obtained with increased water solubility of P fertilizer in low P fixatien
soils (Lawton et al.,, 1956; Webb and Pesek, 1958; Webb et al., 1961}. However, several
reports {McLean and Wheeler, 1964; Webb and Pesek, 1959) indicated that increased water
solubility is of little or no benefit on acid soils. Rock phosphate under acid conditions has
produced crop yields equal to or better than those from superphosphate (McLean et al.,
1952). ' |

The development of superphosphoric acid, containing approximately equal amounts
of ortho and condensed phosphates has also created much interest in the agronomic effec-
tiveness of condensed phosphates (Gordon and Kamprath, 1971). However, their effeéz-
tiveness as fertilizers is considered to be almost entirely dependent upon their hydrolysis to
orthophosphate (OP) (Sutton and Larsen, 1964). Although several factors affect the
hydrolysis rate. The above authors found that the level of biological activity was the most.
important factor in soils. -In soils with low levels of biological activity., P uptake by rye
grass (Lolium muitiflorum Lam.) was significantly lower with pyrophosphate than with OP.
Pyrophosphate was a relatively ineffective source of P pridr to hydrolysis to the ortho-
phosphate form. Differences between P sources in soils with higher levels of biological
activity were detectable only in the first cutting. Uptake of P by barley (Hordé,;um. vulgare
L.) from solutions containing pyrophosphate was lower by a factor of 2.4 than that from

- OP solutions.
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Soil phosphorus levels, formulations, and plant growth stage might also explain
differences obtained wit.h different P sources. Bureau et al. (1953) ’found that superphos-
phate and double superphosphate were equally available as a source of phosphorus on the
high phosphorus soil throughout the growing season. However, superphosphate was slightly
superior on the medium and low phosphorus soils. Calcium metaphosphéte was less availa-
ble than superphosphate or double superphosphate in the early portion of the season, but
equaled the availability of the superphosphate carriers during the latter part of the season.
However, calcium metaphosphate furnished less phosphorus to plants throughout the
season than either of the above sources on ’ghe high phbsphorus soil.

Robertson and Hutton (1972) evaluated ten phosphorus sources on the growth of
corn, peanut (Arachis hypogae L.), oat and soybean (G/ycine max. L.)‘and found that
these crops responded differentially. However, the phosphorus sources could be arranged
in the follow'ing. descending order of response: superphosphate, dinitra phosphate (17-22-
0), fused tricalcium phosphatg (< 40 mesh), dinitraphosphate (17-33-0), fused tri-calcium
~ phosphate (< 40 mesh), concentrated superphosphate, calcium metaphosphate, potassihm
metaphosphate and rock phosphate.

Terman et al. (1964) compared liquids and solid P fertilizers and reported that crop
yields with liguids and suspensions produced from superphosphoric acid were equal to
those obtained with other water-soluble solid phosphates when they contacted the same
amount of soil and supplied the same quantities of N and P. Lathwell ét al. (1960) com-
pared liquid and granular formulations of several water-soluble P sources for supplying P to
corn and smail grains in New York, lowa, and several southeastern states.. They found that
responses to the liquid forms on P-deficient soils were similar to those obtained with CSP
(coﬁcentrated superphosphate solid). Additionally, response to P was similar when

ammonium poiyphosphate (APP) was applied in either liquid or granular form. However, a
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difference existed between the solid and liquid forms when the P was applied to high fixing

soils due to the greater initial soil contact by the liquid form.

Effect of Combined N on Nodulation, N, -Fixation and Legume Growth

Establishment of the N, -fixing symbiosis between legumes and rhizobia involves four
main phases, during each of which the host and the microsymbiont must be in close associ-

ation. These phases (1) establishment of the microsymbiont on-the root sﬁrféce, (2) infec-

tion, (3) nodule initiation and development, and (4) N, -fixation are all subject to a num--

ber of factors, intrinsic in the symbionts or in the environment including nutrition that can
promote or inhibit the successful development of the symbiotic association. The factor
most widely studied in relation to this is inorganic nitrogen.

Early research reviewed by Fred, Baldwin, and McCoy (1932) suggested that nodula-
tion and subsequent fixation can be inhibited by concentration of available inorganic nitro-
gen. Burk and Lineweaver (1930), and Wilson, Hull, and Burri (1943), showed that fixation

by Azotobacter could be prevented by the presence of sufficient inorganic nitrogen.

Recently, studies have been performed to evaluate the influence of varying quantities -

of available nitrogen on the fixation process in léghmes with the advent of the use of the
nitrogen isotope of mass 15 as a tracer. The presence of inorganic nitrogen diminished sym-
biotic N, -fixation in soybean, Norman and Krampitz (1946); soybean and lespedeza (Les-
pedeza sp.), Thorton (1946); peanut , Thorton and Broadbent (1948); soy\bean, péanut,
alfalfa (Medicago sativa L..), lespedez, ladino clover (Trifolium repens L.), and birdsfoot
trefoil (Lotus corni(':u/atus‘ L.), Allos and Bartholomew (1955). Much more work has been

done on soybean, but findings are similar: inhibition of nodulation and N, -fixation by the

addition of mineral N (Williamson and Diatloff, 1975; Johnson et al., 1975; Bhangoo and

Albritton, 1976; Criswell et al., 1976).

Al
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Soybean apparently cannot fix sufficient nitrogen for maximum growth response
although combined nitrogen normally reduced the amount of N fixed symbiotically. This
indicates the essentiality of combined nitrogen. Allos and ‘Bartholbmew (1959) fr)und that
soybean, peanut, alfalfa, Iespedeza, ladino clover and birdsfoot trefoil exhibited an appar-
ent capacity to supply by fixation, only about one-half to three-fourths of the total
nitrogen which could~ be used by the plant. However, combined nitrogen cannot be used as
a supplement to the fixation system, because as soil N or fertilizer N increases, fixation
decreases.

The reasons for the greater growth hfrom combined nitrogen are not clear. Some have
attributed it to a greater energy cost for fixation (Allam, 1931; Ryle et al., 1978), though
others have suggested that the majq‘r effect of nitrogen addition is to overcome nitrogen
stress which occurs as the seed nitrogen reserves are depleted and before fixation is of
sufficient magnitude to meet the deménds of the growing plant (Pate and Dar, 1961;
Hoglund, 1973; Gibson, 1966, 1976).

Gas exchange studies have identified a large respiratory CO,, loss associated with sym-
biotic fixation (Mahon, 1977&;, 1979; Ryle et al., 1978). This increased respiration occurs
throughout the fixation period, and in soybean was sufficient to account for a 10 to 15%
loss of the daily assimilates supply (Ryle et al., 1978). A carbon loss of this magnitude
would be expected to have a significant effect on growth. However, other studies have
shown similar respiration rates (Minchin and Pate, 1973) and growth (Gibson, 1966, 1976)
on atmospheric and combiﬁed nitrogen.

Legume response to N is confounded by the ability of the vplants to utilize both
nitrate and N, . Nitrate is considered the primary source of nitrogen available from the soil.
Nitrate uptake and subsequent reduction by nitrate reductase is the primary pathway of

soil nitrogen utilization. Harper and Hageman (1972) reported that the utilization of N,
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through the symbiotic relatiqn'ship with rhizobia affords a second major pathway of

nitrogen input to legumes.

Effect of N Fertilizer on Fababean Nodulation, N, -F'ixation and Growth

Nitrogen fertilization of non-leguminous crops generally leads to an increase in dry

matter produced. However, N, -fixation by root nodules complicates the effect in legumes.

With fababean (Vicia faba L.),. McEwen (1970) reported decreased nodulation and

increased yield from the addition of N. Candlish and Clark {1975) demonsfcra,ted increased
suppression of N, -fixation in fababean with increased increments of nitrate on greenhouse-
grown plants. Dean and Clark‘ (1977, 1979} reported reduced N fixation in fields high in
nitrate in Manitoba, Canada. Tﬁey also studied the effect of low level nitrogen fertilization
on nodulation, acetylene reduction and dry matter in fababeans and three other legumes
{(green pea, soybean and dry bean). The addition of 30’kg N/ha as ammonium nitrate
depressed nodulation in all species, especially dry bean. Acetylene reduction was also
depressed in all species. However, acetylene reduction in fababean was siéniﬁcantly greater
than in pea and dry bean. More than 90% of fababean and pea produced nodules, but only
77% of dry bean. However, in spite of low nodullation and fixation rates, dry bean yielded
significantly more dry matter and N than fababean and green pea. Nitrogen fertilizer
increased dry matter in all species, except fababean. Richards and Soper (1979) also found
that fababean aeriai yield was not affected by N fertilizer up.to 600 mg N/potl (200 mg
N/kg soil) appliecj at seeding. Only the highest rate of N employed (9300 mg N/pot at seed-
ing), significantly increased fababean yield (13.2%). However, protein content and total N
uptake into fababean shoots were unaffected by all N applications used. Symbiotic fixa-

tion on low nitrate soils accounted for up to a maximum of 146.0 kg N/ha, but with high

gy
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nitrate soils, acetylene reduction was 37% less than the maximum rate 'found at the low
nitrate location (Dean and Clark, 1977). V

Fababean, grown in the Canadian prairies, have l:esbonded toN applications..Rc;galsky
(1972} in Manitoba, and .Sadler (1975) in Saskatchewan reported that N broadcast on the
surface at seeding significantly increased fababean seed yields, suggesting symbiotic N fixa-
tion was not fully able to satisfy the fababean requirements.

Kralova and Mouchova (1974) in Czechoslovakia reported the maximum aerial yj_eld
of fababean harvested at flowering oceurred when 105 to 210 mg N/kg soil had been applied
at seeding. Fababean receiving the higher rates of N fertilizer had fewer nodt.xl‘es than faba-
beans receiving no supplemental N. However, researchers in Great Britain noted that faba-
bean were capable of fixing all of their N requirements. Rates of N fertilizer proadcast oh
the surface at seeding in excess of that which could be symbioticaily fixed by fababean,
resulted in seed yield increases of less than 10% with protein content being unaffected
{(McEwen, 1970b). Split N applications and single large mid-season N applications also did .
not affect seed yield and protein content (McEwen, 1970b). In identical growth ghamber
experiments with“Pisum sativum L. and Vicia faba L., Rinno et al. (1973) reported that
single large N applications at the onset of flowering significantly increased aerial yields oflh
green pea but had no effect upon fababean. They concluded that fababean dérived suffi-

cient N from symbiotic fixation.

Effect of N Fertilization on Green Pea Nodulation, N, -Fixation and Growth

In work reported by Chen and Phillips (1977), N fixation in green pea was reduced by
NH, and NO; ions which also caused earlier nodule senescence. Sosulski and Buchan
(1978) found that N fertilizer depressed N fixation. in pea, while increasing seed yield and

N content.
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Combined nitrogen inhibited nodulation (Pate and Dart, 1961), franslocation of
photosynthate to the nodules (Small and Leonard, 1969), and symbiotic nitrogen fixation
in green pea (Bethlenfalvay and Phillips, 1978; Ogoghorie and Pate, 1971;_Mahon, 1977a,
1977b) but generally stimulates growth above inoculated control levels. Sosulski and
Buchan (1978) found in Canada that, nitrogen fertilization of 106 kg N/ha at seeding
severely depressed nitrogenase activity but markedly increased forage and seed yields as
well as protein contents.

It is .unlikely that the only effect of supplemental nitrogen is the alleviation of the
early nitrogen stress since nitrate application after 4 weeks of symbiotic growth rapidly
increased dry-matter production in pea (Mahon, 1277b) and nitrogeﬁ source altered plant

morphology (Minchin and Pate, 1973).

Effect of N Fertilization on Dry Bean Nodulation, N, -Fixatibn and Growth

The ability of dry bean to support Rhizob}'um phaseoli and to subsequently benefit
from symbiotically fixed N, has been defined by Rennie (1981) as nis, the nitrogen

fixation supportive trait.

Dry bean is inferior in nis (nitrogen:fixation supportive trait as defined by Rennie

(1981) and Rennie et al. (1982)), i.e., in their ability to support and benefit from their
symbiotic association with N, -fixing Rhizobium phaseoli.

Poor and variable N fixation is not well understood, but has been attributed to the
inhibition of nodulation by antibiotics leaching from the testa (Kreaman, Abel-Ahaffar,
and Elgabaly, 1972), delay in rhizobial activity until flowering (Cackett, 1965), shor’F
growing season of bean (Gallagher, 1968), and seasonal variation (Masefield, 1971).
Thompson also attributed poor nodulation to seed coat antibiotics in subterranean clover

(Trifolium subterranean L.). However, Rennie and Kemp (1983) reported that the use of

acetylene reduction assays underestimate N,-fixation in dry bean. To support their view, -
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they cited published data, using direct (Rushel et al., 1982; Rennie and Kemp, 1983) or
indirect (Westermann et al., 1981) **N techniques to quantify N, fixation in the field,
which showed that some bean cultivars may obtain approximately 50% of their plant N
requirements from N, fixation and may fix up to 100 kg N fixed ha™! per annum.

The response of dry bean to N fertilization gnder some field conditions is also depen-
_dent upon the cultivar (Burke and Nelson, 1967, 1969) or/and the Rhizobium (Rennie and
Kemp, 1983) indicating that there may be a range of effectiveness for the rhizobia-cultivar

relationship (or N, fixation limitation due to the characteristics of the cultivar itself).

Effect of Cultivar

| Rennie and Kemp (1983) using 26 cultivars found that the addition of 40 kg fertilizer
N ha™! on a Typic Haploboroll soil caused a 10% reduction in percent N derived from
atmosphere (% Ndfa) in most cultivars but had no effect on ‘Redkloud’. In contrast, the
cultivar ‘Limelight” suffered a 60% reductidn in % Ndfa;. This indicated a host-specific reac-
tion in nis to mineral N and potential for breeding this resistaﬁce into other bean lines.
They also found that pole bean cultivars had higher % Ndfa and thus superior nis than bush
cultivars. The actual amounts of N, fixed varied between 40 kg ha™' and 125 kg ha™

depending on the cultivar.

Effect of Strains of Rhizobium

Strains of R. phaseoli can significantly alter the amount of N, fixed (Rennie and
Kemp, 1983) and therefore the yield of dry bean ecultivars under conditions of N-free
growth or in the field. Some str'ailjs fixed more than ‘iOO kg N ha™! in the variety Aurora
resulting in dry matter and N yields in excess of uninoculafed treatments re.ceiving 40 or
100 kg fertilizer N ha™. Therefore, R. ﬁhéseoli are as efficient as other rhizobia in supply-
ing fixed N, to their host plant and, in N,-fixing mode, certain dry bean cultivars can

meet their genetic yield potential in the field without the addition of fertilizer N.
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Mode of Action of Combined Nitrogen

Understanding how nitrate and ammonium decrease biological N-reduction in legume
root nodules is important for devising strategies for maximum N, fixation. One method
fo.r studying interactions between combined nitrogen and N, fixation is to supply excess
nitrate or ammonium to legumes and examine the effect on root functioning. Morphologi-
cal effects of supplying NH, NO; to rbot nodules have been described (Dart and Mercer,

1966).

Large amounts of applied N reduce root-hair infection (Munns, 1968; Dazzo and Brill, »

1978) and the root hair curling phenomenon which is thought to be an initial step in
Rhizobium infection (Thornton, 1936). Root hairs were eliminated on Medicago roots at
concentrations above 1 mM N as would be found in fertile soils and conventional nutrient
solutions (Munns, 1968). In support of this theory, Tanner and Anderson (1963) showed
that nitrate in the external medium catalyzed the destruction of indoleacetic acid (I1AA),
while NH,*-N, decreased the amount of tryptophan converted to |AA. Féh,raeus and Ljung;
gren (1959) reported that formation of polygalacturonase (PA) by rhizobia in thé legume

root zone possibly plays a role in root hair infection and PA formation is suppressed by

NaNO;. Added IAA can partly offset nodule inhibition by nitrate (Munns, 1968; Valera -

and Alexander, 1965). Several strains of Rhizabium‘ grown with nitrate cause nitrite
accumulation and associated loss of 1AA activity (Tanner and Anderson, 1964), at least
under certain cultural conditions in bacteriological media. Vincent (1965) suggested that
nitrite is the prime inhibitor of nodulétion, operating in part by accelerating the destruc-
tion of 1AA.

¥

Combined N reduced nodule number (Dart and Mercer, 1965). Dart and Wildon

{1970) observed that combined N restricted primary root nodulation in Ungigulata sinensis .

and Vicia atropurpurea but did not. affect nodule number on the secondary roots. Recent

1
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papers (Dart and Wildon, 1970; Raggio et al., 1965; Harper and Cooper,' 1971; Munns,
1968a, 1968b) report inhibition or delay of nodulation by maintained concentrations of
nitrate. | |

Combined N reduced nodule mass (Summerfield et al., 1977). Dart and Wildon (1970)
reported that the presence of 100 ppm of inorganic N during the growing seasoﬁ signifi-
cantly reduced nodule weight of soybeans at mid-pod fill stage, but no effect was noticed
when N was apﬁlied at 200 ppm, 10 days before the harvest. |

Nitrate has been reported to induce early nodule senescence. Pin-Ching et al. (1977) >
investigated the temporal sequence of nitrate-induced root nodule senescence in terms
of nitrogenase activity and leghemoglobin content to determine whether CO, enrichment
could alter that time course. Increasing CO, concentration from 0.00032 atm to 0.00120
atm did not significantly alter the time course of nitrate-induced root nodule senescence.

These results suggest that in spite of the fact that cofactors derived from photosynthetic

-products presumably were more available to decrease hypothetical competition between

nitrate reductase and nitrogenase, nitrate still induced a rapid senescence of root nodules
under the higher CO, concentration.

Positive yield responses are associated with decreased N fixed during later growth
stages due to nodule senescence (Pin-Ching et al., 1977) or competition betWeen nodules
and seed formation for plant assimilates. The N,-fixing activity of nodulated ropts (Gib-
son, 1974) and the total amount of N fixed (Allos and Bartholomew, 1959} is reduced by
inorganic N as measured by ’S‘Nz , C,H,, or nitrogen-balance studies.

Degree of inhibition varies with tﬁe form of the N-compound (Dart and Wildlon,

1970). NO;-N generally decreased acetylene reduction more than NH,*-N,

~

~

Numerous factors affect the degree of inhibition. Inhibition varies with the species >

(Allos and Bartholomew, 1959), and cultivar (Gibson, 1974) and the rhizobium strain

(Pate and Dart, 1961). The degree of inhibition varies also with the season (Pate and Dart,

A
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1961), light intensity ‘(Dart and Mercer, 1965), temperatiire (Gibson, 1974) and the
" nutritional conditions (Pankhurst, 1981).
The primary mechanism of inhibition of nodulation by nitrate nitrogen has yet'to be\\
identified, even if the morphoiogical effects resulting from combined N are easily seen:/
Khan et al. (1981) concluded that the primary effect of high levels of NO;-N was a
decreased translocation of photosyrithates to the nodules. This resulted in depression of
14C radioactivity in nodules, and nodule inhibition.

Small and Leonard (1969) reported data which suggested that !*C-labelled photosyn-
thate was retranslocated out of pea root nodules on Pisum sativum L. plants treated with
NaNO;. Such movement of photosynthate could have a considerable effect on the energy
available for N, -fixation (Rigaud, 1976).

Oghoghorie and Pate {1971) explored the concept that N, -fixing nodules and NO;-
assimilating centers compete for supplies of reductant and carbon skeletoné derived from
photosynthate. This might be overcome by increasing tiie photosynthate available to root
nodules if the competition results in root nodule senescence. When they induced leaf nitrate

reductase by supplying nitrate to either the roots or the leaves, root nodule senescence,
however, was observed only when nitrate was supplied to the roots, in spite of the fact 'Ichat
leaf nitrate reductase utilized significant amounts of photosynthate. This result suggests
that nitrate does not induce. root nodule senescence through competition between nitrate
reductase and nitrogenase for products of photosynthesis.

Shanmugam and Moraridi (19I76) demonstrated a strong correlation between the
suppression of nitrogenase biosynthesis. by NH,* and subsequent assimilation of NH4",
presumably to the level of amino acids. This implies the overall mechanism of regulation of
nitrogenase biosynthesis involves the conversion cif NH;* to the level of amino acids.

Virtanen et al. (1955), usirig a split-root technique, showed .that nodulation was

inhibited on the root system exposed'to combined nitrogen, but was unaffected on the
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part growing in nitrogen free media. Likewise, Raggio et al. (1965), working with excised
roots of Phaseolus, showed that nitrate fed through the cut eﬁd with the organic nutrient
may increase nodulation or reduce it only slightly, but nitrate in' the external bathing

solution reduces it drastically.

Effect of P on Nodblation, N, -Fixation and Growth of Legumes

Heltz and Whiting (1928) found that 60 kg P/ha increased fhe average number of
nodules per pIanf from 37.8 to 49.6 in field experiments. Fletcher (1961) also reported a
significant effect of P on the nodule number on the P-tolerant soybean cultivar ‘Chief’ 'and
P-sensitive cultivar ‘Lincoln’, grown in the greenhouse. In one experiment, a maximum
number of nodules was found at 280 part per 2 million (pp2m) a|_1d in another case, at 870
pp2m. Maximum nodule number per plant varied between 12 to 25. .Howeverl, Perkins
(1924) reported that added P was not essential for nodulation. A sharp reduction in the
number of nodules resulted when P was applied at 0 and 666 kg/ha in pot trials with two
soils and quartz sand.

DeMooy and Pesek (1966, 1969, 1970) found that nodulation and growth of all .
plant parts including roots at all stages of development and production of seed at maturity
increased considerably with very high rates of P and. K, and required some 500 pp2m P and
700 pp2m K for maximum nodulation. Maximum yield production in the field required
similarly high rates of fertilization: 280 to 450 kg P and 560 to 675 kg K/ha.

Gates (1974) studied the symbiotic response to phosphorus and sulfur of Sty/os-
anthes humilis and found that phosphorus had a beneficial effect on ’the initiation of
nodules, which were first detected at day 11 in high-phosphorus plants, but not until day
14 in low P-plant. Phosphorus increased nodule riumber, volume and dry weight. Nodule
relative growth rates were stimulated from 0.3 g/g/day at low phosphorus levels to 0.7

g/g/day at high phosphorus levels over days 23-26. Nodules were pink earlier in response to
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phosphorus. This suggested that from the eaﬂiest stages, phos.phorus not only promoted
the development of an increased mass. of nodular tissue, but also favored an effective sym-
biosis.

In the tropics; several workers have found that P fertilization increased N concentra-
-tions in tropical legumes (Andrew and Robins, 1966; Dradu; 1974; Shaw et a;l., 1966;
Graham and Rosas, 1979); while Falade (1973) reported no change.

The increase in N concentration in Sty/osanthes humilis with P fertilization reported
by Shaw et al. (1966) was greatly enhanced by the addition of S. Tofal N fixed élsq
increased as P fertilization increased yieId..

Dradu (1974) found that the application of 625 kg/ha of single superphospha;te
" increased desmodium dry matter yield and N uptake by 75 and 99% on Buganda loam and
- by 198 and 372% on Kyebe red loam, respectively. He also reported that omission of P on
these sojls depressed nodulation, N yield in nodules, P concentra'tions in tops, seedling
vigor, and seedling growth.

Graham and Rosas (1979) working in Latin America applied phosphorus from 0 to
315 kg/ha as t‘riple superphosphate and measured plant and nodule development, P dis-
tribution and N, (C,H,) fixation 42 days after planting. Nodules were a strong s'ink for P,
nodule weight increased ninefold and P concentration in nodules by almost 50% c;ver the
range of P fertilization used. Other plant tissues benefited less. Levels of N, (C,H;)
Ifixation, specific nodule activity, and nonstruétural cqrbohydrate in nodules were highly
correlated with supply' of P. .

Whiteaker et al. (1976) demonstrated that the Yield of dry bean to low P level was
strain specific. They found that the most efficient line produced 74% mdre dry weight per
unit of P than did the least efficient. Two types of response were evident when the bean
lines were grown at high levels of P. Responders produced greater dry weight vield as P

supply was increased; non-responders did not. Lines which were the most efficient at stress
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P levels were not always responders. Selecting lines with the combined attributes of effi-
ciency under element stress and response to high levels of the element should be of interest
to plant breeders who must develop cultivars adapted to a wide range of environments.
They concluded that the physiological basis for differences in efficiency of P utilization
involved partic_ipation of P in metabolic processes and is based on factors other tr;an
absorption from the environment.

Sharrﬁa et al. (1973) reported that the beneficial effect of P fertilization was immedi-
ately clear and continued ub to the 45th day after sowing in cowpea (Vigna pinensis). The -
maximum number of nodules occurred when P was applied at the rate of 74 to 111 kg/ba.

Wagner et al. (1978) reported that added phosphorus caused a significant increase in
nodulation of annual medicago species. They showed that imprbved grqwth or photosyn-
thetic output due to adding phosphorus was associated with bettér nodulation. Root
growth was also increased by phosphorus addition. Potentlally this would provide more ..
sites for nodule development. The observed vegetative response associated with addmg

phosphate to the soil was partly due to additional nitrogen furnished through N fixation.

N and P Interaction on Nodulation, N, -Fixation and Growth of Legumes

Few studies have been reported on the interaction of nitrogen and phosphorus on the
nodulation and N, fixation of Iegurhes. Gétes and Wilson (1974) described an e;<periment
in which a wide range of mineral nitrogen and phosphorus treatments were applied to S.
humilis plants nodulated with the commercial strain of rhizobium. They deduced that
mineral nitrogéﬁ is not necessarily detrimental to nodulation and that, when in balance
with favorable levels of phosphorus, may have a beneficial effect on plant growth and
nodulation. Phosphorus' greatly stimul%ted growth. and nodulation at all of 6 levels of PX5

levels of N. N depressed nodulation at P, to Py, kg/ha, but was beneficial at P,5, to
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Pi000. Balanced combinations of N and P stimulated nodulation and allowed stylo to

achieve higher yield and N content than could symbiotic N alone.

Methodology for Assessing Phosphorus Involvement in Nitrogen Fixation

Robson (1983) has outlined several approaches to assessing the relative requirements
of host-legume growth and symbiotic nitrogen fixation: First, a negative interaction
between a ﬁutrient and nitrogen on the legume growth can indicate that symbiotic nitro-
gen fixation has a greater requirement than host-legume growth. Anderson (1956) pro-
posed that whenever two treatments each produce a positive résponse and the interaction
between them is negative, they correct the same deficiency. For examble, negative inter-
actions between nitrogen and the supply of molybdenum {(Anderson and Spencer, 1950}, -
cobalt (Ahmed and\Evans, 1961), calcium (Loneragan, 1959; Andrew, 1976), and copper
(Snowball et al., 1980) bn legume growth have been observed. However, Gates and Wilson
(1974), Zaroug and Munns (1979), Robson et al. (1981) working with small seed legumes,
have observed a positive interaction between nitrogen and phosphorus on podule number
and dry weight. This positive interaction suggests that host-legume»growth has a greater
requirement for phosphorus than symbiotic nitrogen fixation.

A second ‘approach is to examine the effect of nutrient supply on nitrogen concen-
trations in the plant. When a nutrient shows a negative interaction with combined nitrogen
on the growth of a legume, correcting that deficiency:should increase nitrogen concentra-
tions in tops. This has been shown with cobalt by Ahmed and Evans (1960), Reddy and
Raj (1975), Chatel et al. {1978), with copper by Greenwood and Hallsworth:(1960), with
molybdenum by Anderson and Spencer (1950).

A third approach is to assess the role of mineral nutrients in symbiotic nitrogen fix-
ation is to study how nodule distribution, size, we‘ight and number is affected by the allevi-

ation of nutrient deficiencies. Nutrient deficiencies which are specifically involved in
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nodule function may lead to increased nodule number and weight. Anderson and Spencer
(1950) showed that molybdenum-déficient plants of Trifolium subterraneum had more
than doubled total nodule weight in Lupinus angust"ifo/ius at flowering (Robson et al.,
1979). Copper deficiency increased the number of nodules but decreased the size of
individual nodules in 7. subterraneum.

These effects of deficiencies of molybdenum, cobait, and copper on nodule number
and weight are probably associated with nitrogen deficiency in the plant leading to com-
pensatory increases in nodule development. In contrast, deficiencies of other nutriepts
generally reduce nodule number and weight.

A fourth approach is to show that application of that nutrient increases rates of
acetylene reduction prior to increasing growth. For examplg, cobalt appl'ication increased
rates of acetylene reduction both per plant and per gram nodule before affecting growth of
L. angustifolius (Dilworth et al., 1979). Similarly, copper-application increased the rate of
acetylene reduction per plant and per gram nodule prior to marked effects__ on growth of 7.
subterraneum.

Acetylene reduction rate studies have been me.asured‘ usually only after a growth
response {Robson, 1983). Acetylene reduction studies are‘ generally expressed as moles of
ethylene produced per plant per unit time which gives an absolute fixation rate. Robson
(1983) stated that there is no indication as to whether differences in host-plant growth,
nodulation, or nodule function are responsible for higher rates of fixation. Specific activ-
ity, however, which is the rate of acetylene reduction -expressed on a nodule weight basis,
may indicate whether the treatment affects .nodule function rather than affecting the

host-plant growth.




CHAPTER 3
MATERIALS AND METHODS

Field Experiment 1980

Field plots were established in the summer of 1980 at the Montana State University
Arthur H. Pbst Field Research Laboratory. A split plot, randomized complete block design
with four replications was used. Main plots were 0 ahd 100 kg ha™! N applied as ammon-
ium nitrate (NH,NO;). Indigenous N |n main plots not receiving fertilizer nitrogen waé
approximafely 60 kg ha™! at planting. Subplots consisted of a no P control: two P sources,
orthophosphoric acid (H;PO,) as quuid fertili'zer (ortho), aﬁd triple superphosphate (TP);
two P rates, 27 and 54 kg ha™ ; with two methods of application, involving broadcast on
the surface and incc‘>r[.aoration within the surface 16 cm of soil (B) or drilled near the seed

in bands (S) (Table 1).

Table 1. Summary of Fertilizer Treatments used in Sﬁbplots at Bozeman, Montana, 1980.

Treatment Designation*

Treatments P Method of ,
Number Rate ‘ Application Source
1 Cy — —_

2 -1b S ortho
3 15 B ortho
4 .50 S ~ ortho
5 50 B ortho
6 27 S TP

7 27 ' B TP
8 54 S TP~
9 b4 B - TP

*Cy = inoculated control; S = banded with the seed; B = broadcast; qrtho = orthophos-
phoric acid; TP = triple superphosphate. '
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The rates of orthophosphoric acid were reduced to 15 kg P/ha for the low rate and

50 kg P/ha for the high rate due to difficulties experienced with the application.

Two Iegurﬁe crops, fababean (Vicia faba L. cv. Ackerperle) and dry bean (Phaseolus .

vulgaris L. cv. Ul 111) were used in two separate experiments. Seed was inoculated with
appropriate commercial rhizobium inoculants in powdered peat carrier (R. /eguminosarum

for fababean and R. phaseolii for dry bean (Nitragin Co., Milwaukee, WI)).

Seed was planted May 1980, 2.64 cm deep, in four-row plots with a John Deeré 71 '

Flexiplanter with a fertilizer attachment for the application of dry fertilizer. Liquid fertil-
izer (H; PO4) was applied with a gravity flow applicator attached to the blanter. Broadcast
applications were made by hand with the dry fertilizer and a plastic sprinkler can for the
liquid. Row spacings were 60 cm apart with 15 seeds m™* (250,000 seed ha™? ). Experimen-
tal design was a randomized block, split-plot arrangement with four replications. The
nitrogen treatments formed the main plots and the phosphorus and control treatments the
subplots.

Two plant samples per treatment were collected 24, 44, 64 and 85 days after seed-
ing and represent first, second, third,.and fourth harvest, respectively.

Acetylene reduction, nodule number, shoot and root dry weights, .;shoot nitrogen (%
w/w), root nitfogen (% wiw) _and percent P were determined at each harvest. Seed yield
was measured at maturity and was based on the two external rows.

Total nitrogen percent was determined by the Kjeldahl procedure. Acetylene reduction
assay was performed as described by Burris (1972) and Kisha (1983) with the following
modifications. Root systems of two plants from each treatment and from each of tv;/o
replicates were excavated carefully with a spade. Plants were taken from the middle foqr
rows to exclude border effects. Root samples were washed, bIot'ged dry, and incubated
for one hour immediately after extraction in 500 ml, assay chambers (Mason jars). The

jars were sealed with a stopper fitted with an air-tight tygon sleeve. Fifty milliliters
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(50 ml) of air was withdrawn and replaced with 50 m! of high purity acetylene (C, H,)
giving a final concentration of 10% of purified acetylene in each chamber.

Gas samples were withdrawn with a syringe and stored in 7 ml evacuated blood-
sampling tubes (Vacutainer®) after one hour and later injected into a Tracor Model 550
gas chromatograph with a dual H, flame ionization detector. Ethylene (C, H) and C, H,
were separated in the 30 m X .32 cm column of Porapak T®. Gas pressures entering the.
chromatogra;;h were 30, 50 and 472 mimin~! for He, H, , and compressed air, respectively.

Twenty-fi\}e microliter (25 ul) gas samples were iﬁjectéd into the gas chromatograph
‘with a Hamilton gas syringe with Chaney adaptor.

Ethylene peak heights were 'standar'dized with a dilution curve for C, H, calibrating
gas (1000 ppm C,H, in He, Applied Sciences). Total nitrogenase activity was expressed .
as umole C, H, plant™ hr~!. Shoot and root total percent nitrogen (% N) were determined
by a semimicro Kjeldahl method (Bremmer, 1965) and percent phosphorus (% P) by per-
chloric acid (HCIQ,) digestion of plant éan;ples followed by a colprimetric détermination
of the P in the digest (Oisen and Dean, 1965). |

Soil samples were collected ffom twelve locations representing the site prior to
planting. The soil samples were composited and analyzed for pH, electrical conductivity,
and organic matter content as well as for nutrients (Table 2). The soil was homogeneous,
non-saline, slightly acidic and was on an eroded field of Amsterdam Var. of silt loam’

(fine-silty, mixed family of Typic Haploborolls).

Meteorological Observations

Precipi;catidn, evaporation and average temperatures were recorded daily approxi-
mately 300 m from the plots by the Weather Service Climatological Station and are sum-

marized in Tables 105 and 106 (Appendix).
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Table 2. Summary of Soil Properties at Experimental Site, 1980.

Soil Depth

. - Chemical Test ’ 0-15¢cm
Nitrate-N ppm . 748+ 1.09
Phosphorus (Bray) ppm ' ~ 65.00+ 8.00
K* ppm : 409.20+ 9.12
Ca*t ppm : 1540+ 1.562
Mg** ppm 498+ 0.73
Na* ppm 0.10+ 0.00
Fe ppm - 2434+ 0.85
Zn \ ppm : : 064+ 0.13
Cut* ppm 3.24+ 0.11
Mn* . ppm 74.00 = 14,70
pH " 6.58+ 0.11
E-C mmhos/cm 0.80+ 0.00
o.M % 140+ 0.10

Statistical Analysis

Statistics were based on contrast comparisons as shown in Table 3. The treatments
were divided into 9 mutually orthogonal contrasts and 8 additional contrasts representi'ng
the interaction between C; and each of C,, C;, C,, Cs, Cs, C;, Cs and C,, respectively.
The contrast comparison coefficients are reported in Table 4.

Means and error mean squares used in the comparisons were previously obtained by
analyzing the experiment as a split plot. All programs used were from ‘MSUSTAT' (Lund,

1979).

Field Experiment 1981

Field experiments were established on June 23, 1981 as described for 1980 with the
following modifications. The two sources of phosphorus used were monoammonium phos-
pha;ce, 11-48-0; (MP) and triplé superphosphate, 0-45-0, (TP) at two levels of application,
60 kg P,05/ha and 120 kg P,0s/ha applied either broadcast and incorporated prior to

seeding (B) or banded with the seed (S). Treatments were split into main plots containing O
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Table 3. Summary of Contrast Comparisons used in Analysis, 1980.

Contrast Designation Contrast Description
1 C, Nvsno N
2 C. Control vs P treatments
3 Cs Ortho vs TP
4 Cs Banded vs Broadcast application
5 Cs P; low level vs P, at high level
6 Cs P, vs P, in Ortho
7 C, P; vs P, in TP
8 Cs Banded vs Broadcast in Ortho
9 Co Banded vs Broadcast in TP
10 Ci X C,; N X (control vs P treatments)
11 C, X C; N X (Ortho vs TP)
12 Ci X C4 N X (Banded vs Broadcast)
13 C;, X Cs NX (P, vsP,)
14 C; X Cg N X (P, vs P, in Ortho)
15 C, X C, N X (P, vs P, in TP)
16 C; X Cg N X (Banded vs Broadcast in Ortho)
17 C, X Gy N X {Banded vs Broadcast in TP)

and 100 kg ha™ nitrogen applied as ammonium nitrate. The experimental design was a
2X2X2 factorial in a split plot with the nitrogen Ievel§ as main plots and P sources, rates
and methods of application as subpldts. Three replications were used.

Two control treatments.were included in each replication (uninoculated and no P,
and inoculated no P). Two legume crops, fababean (cv. Ackerperle) aﬁd dry bean (cv. U{
111) were seeded with a John Deere 71 Flexiplanter. Except for the uninoculateg]‘ control,
seed was coated with peat cultures containing recommended strains of Rhizobium (Nitragin
Co., Milwaukee, WI)-.

In addition to the \}ariables measured during the 1980 field experiment, pods were
counted and dry weight evaluated for dry bean in the third harvest, and dry bean and
fababean for the fourth harvest.

All plots were irrigated to field capacity one day prior to t_he second, third and fourth
harvests to allow easy excavation of roots and nodules. '

Meteorological observations are reported in Tables 105 and 106 (Appendix).




29

Table 4. Summary of Contrast Comparison Coefficienfs, 1980.

Treatments* )
_+N -N
Contrasts 1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9

1 C T 1T 1 1t 1t 1t 1 1 1 =1-1-1-1-1-1-1-1-1
2 ¢, +8 -1 -1 -1 -1 -1 -1 -1 -1 48 -1 -1 -1 -1 -1 -1 -1 -1
3 G, o 1 1 1 1 -1-1-1-1 o1 1 1 1-1-1-1-1
4 Cs o-1 1T-1 1-1 1-1 1 0 -1 41 -1 41 -1 +1 -1 +1
5 Cs o 1 1-=1-1 1 1-1-1 o 1 1 -1-1 1 1-1 -1
6 Cg o 1 1-1-1 0 000 O 1T 1-1-1 00 0 0
7 C, O 0 00 0 1 1-1-1 0 000 O 1 1-1-1
8 Cg o-1 1-1 1 0 000 O0-11-1 1 0000
9 G, 0O 00 0 O0-1 1-1 1 0O 00 0 O0-1 1-11
10 c,xC, +8 -1 -1 -1 -1 -1 -1 -1 -1 -8 1 1 1 1 1 1 1 1
1MCxC; 0 1 1 1 1 -1 -1-1 -1 0 -1-1-1-1 1 1 1 1
12 C;XxC, 0 -1 1 -1 1 -1 1 -1 1 0 +1 -1 +1 -1 +1 -1 +1 -1.
13¢C;xC;, 0 1 1 -1 -1 1 1 -1-1 o-1-1 1 1-1-1 1 1
14¢xCs 0 1 1-1-1 0 000 0-1-1 1 1000 O
15¢,xC;, 0 0 0 0 O 1 1 -1-1 0O 00 0 O0-1-1 11
1%6¢,xC¢ 0-1 1-1 1. 0 0 00 0 1-1 1-1 0 0 0 O
17C;xC,, 0 0 O 0,0 -1 1 -1 1 0O 00 0 O 1-1 1-1

*Treatment number refer to those of Table 1.

The field was similar to the one used in 1980. Soil samples were collected prior to
planting as previously described and results of chemical analyses are reported in Table 5.
The soil was a fine-silty, mixed family of Typic Haploborolls (Koala, 1982). The experi- ‘

mental area had been fallowed the previous year.

Statistical Analysis

Two separate analysis of variances were calculated. The experiment was first analyzed
as a split plot design in a factorial arrangement omitting the two controls. This analysis
allowed the determination of the N and P main effects and interactions. A second analysis
was performed as a split plot in randomized complete block design with the two controls

included. The nitrogen treatments served as main plots and all 10 subplots as independent
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Table 5. Summary of Soil Properties at Experimental Site, 1981.

. Soil Depth
Chemical Test 0-15cm 156-30 cm
Nitrate-N ppm 6.6 6.6
Phosphorus (Bray) ppm 40 33
K* ppm ' 428 93
Ca™ . meq/100 g 20 46
Mg meq/100 g 5.6 o 2.5
Cu . ppm - 3.7 3.8
Zn ppm 0.6 _ - 0.5
Fe ppm 26 25
Mn ppm 38 42
B ppm 0.3 ' 0.5
SO, ppm 72 ’ 80
pH - 6.4 6.7
EC : mmhos/cm 3.7 - 37
o.M % 1.5 1.3

treatments. This analysis allowed the comparison between uninoculated treatment, inocu-
lated and P treated plots. This second analysis also permitted the consideration of 3 rates

of P, 0, 60 and 120 kg ha™* rather than two used previously.

Field Experiment 1982

The experiment was conducted at the Montana State University Arthur H. Post Field
Research Laboratory as in previous years to evaluate the effect of N and P on nodutation,
N2‘ fixation, growth and yield of fababean cv. Diana, dry bean cv. Ul 111 and green pea
(Pisum sativum cv. Gardfield). The soil and its physical properties are as described pre-
viously in 1980.

The rates of phosphorus used in 1980 and 1981 were small and limited to two. This
produced limited effects on nodulation and N, fixation. To test phosphorus effects on a
wider range, eight rates were used in 1982, ranging from 0 to 210 kg ha! in 30 kg ha™!
increments. Nitrogen rates were either deficient O kg N/ha (plants primarily dependent on

N, fixation) or sufficient, 200 kg N/ha (N fertilizer supplied at rates sufficient to satisfy
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the crop requirement). Phosphorus and N fertilizers were surface broadcast as triple
superphosphate (0-46-0) and NH,NO; (34-070) respectively and rotary-tilled to 15 cm
depth. Plots were 4.5 m X 5 m in size.

The experimental design was a factorial in a randomized complete block with 4 repli-
cations. One week before planting, soil samples were taken for laboratory tests and moist-
ure determinations. Seeds were coated with peat cpltures'containing recommended strains
of Rhizobium (Nitragin Co., Milwaukee, W1).

Two plant samples were collected as described previously at 4,'6 and 8 weeks from
seeding and used to determine shoot, root dry weight and nodﬁle number and dry weight
and total nitrogen content of shoots, roots, and nodules. Number of pods for the third and
fourth harvests were also evaluated. At maturity, grain yield was estimated using the two

external rows.

Field Experiments 1983 and 1984

A third set of field experiments were conducted in 1983 and 1984 under the same
soil conditions as previously described with the following modifications.

In 1982, the rates of N used were either deficient or sufficient. In order to evaluate
the inte.raction of N and P on a wider range ar‘1d N at less inhibitory concentrations, four
rates of phosphorus and four rates of N in factorial combination were used in arandomized
complete block design replicated four times. Phosphorus rates ranged from 0 to 180 kg/ha
in 60 kg/ha increments aﬁd N rates ranged .from 0 to 75 kg/ha in 25 'kg/ha increments.

Two plant samples were collected in 1983 as described previously and used to deter-
mine shoot, root, and nodule dry weight. The sample number was increased to four plants
in 1984. Percent total nitrogen in shoots and roots Were also evaluated. At maturity, grain

yield was estimated from the two border rows and percent N in the grain was determined.




32

All laboratory analyses were performed as in previous years except for percent nitro-
gen. Percent N on shoot and grain were measured using a Near Infrared Analyzer. This
equipment was previously calibrated with a nitrogen autoanalyzer test value. Regression
equations obtained from the calibration studies are given in Table 107 (Appendix). Corre- -
lation coefficients for the selected equations are also.reported. Acceptable conelation coef-
ficients existed betWeen the Nitrogen Analyzer and the infrared A-test values.

The advantages of using the infrared A are principally its:

— high accuracy and repeatability

— speed of analysis |

— and low operating cost

Statistical Analysis and Computer-generated Response Surfaces

Analysis of variances and orthogonal polynomials comparisons were calculated for
1983 and 1984 data using ‘MSUST'AT’ (Lund, 1979). Means were separated using least
significant difference (LSD). |

Response surfaces were plotted from selected variables in 1983. These graphics were
generated by SAS/GRAPH, implemented on VAX 11/780 computer at Montaea State
University. The 3-D plot program with a grid option was used. The utility of response sur-
faces and other applications of computer-generated graphics has been promoted by Cady
and Fuller (1970). Computer-generated surface plots provide a visual representation of the
response and interaction characteristics of the response and interaction characteristics of
the data that are not readily apparent when screening a data set directly. They are helpful

also in interpreting complex response models (Schoney et al., 1981).
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CHAPTER 4
RESULTS AND DISCUSSION

Effects of Placement and Source of P Fertilizer on Nodulation
N, Fixation and Growth of Fababean, 1980

Shoot and Root Dry Weights

Fababean shoot dry weight means and analysis of variance are reported in Tables ‘1 08
and 109 in the Appendix, respectively. Nitrogen fertilizer did not increase shoot weight at
any harvest (Table 6; Table 109, Appendix). Phosphorﬁs application significantly increased
shoot dry weight only at the ysecond harvest (P < 0.05) Orthophosphoric acid treatments
produced significantly higher shoot.weight than triple superphosphate (P < 0.05) at the
first sampl.ing but they became significantly lower at the second sampling (P < 0.01, Tablle‘
6). Broadcast application of P was significantly higher than banded P at the first harvest
(P < 0.05), nonsignificantly higher at the second harvest but became signiﬁéantly less at
the third harvest (P < 0.05, Table 6).

Nitrogen fertilization did not increase root dry weight during the entire growth period
neither did phosphorus levels, sources and methods of application (Tables 110 and 111,

Appendix).

Nodule Number

Nodule number was significantly reduced by the application of 100 Kg ha™ N in the

control treatments as well as in those receiving P application (Table 7; Tables 112 and 113,
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Table 6. Effects of N Fertilizer, Phosphorus Sources and Methods of Application on Faba-
bean Shoot Dry Weight at Bozeman, Montana, 1980.

. Methods of
Days from Control P Sources ' Application
Planting -N +N Ortho TP S B
_ ‘ ‘g plant™
24 - 1.298 1462 . 1.450 1.307 - 1.309 1.448
44 - '3.720 3.992 3.809 = 4.641 4.141 4.309
64 9.762 10.000 9.337 9.167 9.723 8.781

85 34.320 46.400 - 39.090 . 39.990 39.240 39.840

Table 7. Fababean Nodule Number as Affected by N and P Applications at Bozeman
Montana, 1980.

Days from _ Control Percent P : Percent
Planting -N +N Reduction -N +N Reduction
: ---N° plant™---- % --- N plant™ -~ - %
24 90.00 43.00 . 52 77.1 43.1 44
44 189.2 114.2 40 203.2 100.0 51
64 298.3 213.8 28 308.7 197.8 36

85 326.0 164.8 49 303.2 189.2 38

Table 8. Fababean Nodule Dry Weight as Influenced by N, P Source and Method Appli-
cation at Bozeman, Montana, 1980.

Source
Rg\r/: Methods of Application
Plant. ___Control Ortho - - . TP Banded Broadcast
ing -N +N -N +N -N +N -N +N -N +N
g plant™

24 .0702 .0522 .1061 .0604 .0891 .0600 .0840 .0462 .1102 .0742
44 4006 .1850  .6660 .2208 .4890 .2059 4966 .1697 .6584 .2570
64 1.209 4175 1.791 6396 1.727 .4972 1.522 399 1.9955 6375
86 1.797 .6438 2.191 .8048 2.338 .8006 2.134 577 2.3958 1.0281
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Appendix). Phosphorus levels, sources and methods of application did not affect signifi-
cantly nodule number in this experiment. However. a slight increase in nodule number was

observed with triple superphosphate relative to orthophosphoric acid.

Nodule Dry Weight

The effects of N fertilization on nodule dry weight paralleled those of nodule number
(Tables 114 and 115, Appendix). Nitrogen application had a greater éffect on nodule dry
weight than nodule number (Tables 7 and 8). Phosphorus application tended to increase
nodule dry weight at all harvests but was statistically significant only at the second harvest.
It was noted, however, that the increase due to phosphorus was mainly on plants not
receiving nitrogen application. Orthophosphoric acid was more effective than triple sﬁper-
phosphate in increasing nodule dry weight at most harvests but was significantly higher
only at the second harvest (P < 0.01). Since triple superphosphate had higher nodule num-
ber, this suggests that it might have increased nodule initiation but orthophosphoric acid
may have caused better nodule development. The effect of methods of P application on
nodule dry weight was dependent on plant N nutrition. There was no significant difference
between banded and broadcast application on plant reliant on symbiotically fixed N.

Nodule dry weight was higher on broadcast treatments supplied with 100 Kg ha™* N.

Nitrogenase Activity

The effect of N application on both fababean nitrogenase activity and acetylene
reduction paralleled those of nodule number and dry weight (Tables 116 and 117, Appen-
dix). Application of 100 Kg ha™! N reduced nitrogenase activity by 47, 60, 62 and 51% at
the successive sampling dates in the control treatments (Table 8). Nitrogenase activity was

not influenced by P levels, sources or methods of application in 1980.
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Table 9. Effect of Sources of P on Fababean Nitrogenase Activity at Bozeman, Montana,

1980.
Days from " Control Ortho © TP
planting -N +N ~-N " +N -N +N
umole C,H, plant™ hr™! ‘
24 7.43 5.13 9.47 4.90 9.71 4.82
44 27.27 7.94 23.74 10.35 26.58 9.97
64 43.01 15.50 38.64 14.50 - 38.80 14.62
85 37.77 15.87 31.48 1 7.92 43.55 19.10

Positive linear correlations between acetylene reduction rates and nodule number and
mass (Table 10) were found with fababean plants. The regression equations had'y inter-
cepts‘above zero suggesting that all the nodules were not recovered from the plants. There
were no significant correlations between nitrogenase activity and plant root nitrogen con-
centrations excep’é at the second harvest where a negative correlation_ existed with shoot N

concentrations (Table 10). The excellent correlations between nodulation, nodule mass

and acetylene reduction are consistent with othér reports {(Duke et al., 1980).

Table 10. Correlation Coefficients of Nitrogenase Activity with Nodule Number and
Weight in Fababean at Bozeman, Montana, 1980.

Days after Seeding )
Variable 24 44 . 64 85

Nodule number 89** 9b** 97** .88**
Nodule weight JO** 81** 90** .87**
Shoot % N -.27 -.66* A2 0 -1 -
Root % N -.26 -.15 -.09 .06
Specific activity o7 ~-.08 -.40 -.21

* and ** denote significance at the 5 and 1% levels, respectively.

Specific Activity

Specific activity is defined as the nitrogenase activity per unit dry weight of nodule.
There was an exponential decline in specifié activity as nodules aged and the senes-

cent region became an increasingly large component of nodule weight. Neither nitrogen
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fertilization nor phosphorus supply affected épecific activity. However, specific activity
was signfic,a'ntly affected by ﬁethods of P application at all plant growth stages (Tables
118 and 119, Appendix). Specific activity for banded application was always significantly |

higher than broadcast. Similar trends were obtained with dry bean.

Shoot N Concentrations

Nitrogen fertilizer application did not significantly increase shoot N concentrations
except at the second harvest (Tables 120 and 121, Appendix). Increasing phosphorus sup-
ply did not affect N concentrations. Triple superphosphate significantly increased shoot' N
concentrations at the third harvest as compared to orthophosphoric acid and banded appli-
cation was greater than broadcast primarily when phosphorus was applied as triple super-
phosphate (Table 11). Shoot N con;:entrafions were highest at the second hafvest before
maximum N, -fixation (C,H,) was obtained at the third harvest. This suggests that some N
may have been going at the third harve.st, into the first pods formed. |

Table 11. Shoot Nitrogen Concentrations as a Function of N, P Sources and Methods of
Application in Fababean at Bozeman, Montana, 1980.

Days from Control Ortho | TP

planting -N N - S B- S B
24 1.63 1.66 144 1.45 - 1.64 1.45
44 4.18 4.55 - 4,29 4.36 4.58 4.18
64 3.97 3.72 3.90 3.22 3.87 4.20
85 4.16 3.92 3.87 3.84 4.15 3.79

Root N Concentrations

Plants receiving 100 Kg ha™ had higher root N concentrations than those reliant on
symbiotically fixed N (Table 12). However, during periods of maximum nodulation and
N,-fixation (C,H,), plants reliant on symbiotically fixed N had equal root N concentra-

tions as those plants receiving N fertilizer. Triple superphosphate resulted in significantly
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Table 12. Root Nitrogen Concentrations as a Function of N, P Source and Method of
Application in Fababean at Bozeman, Montana, 1980. .

Method of

Days from Control . P Source - Application
Planting -N +N Ortho TP S B
24 1.49 1.90 1.50 1.44 1.50 144
44 1.83 1.90 1.95 1.93 1.96 1.93
64 1.61 1.69 1.57 < 1.73 1.66. 1.64
85 1.05 1.62 1.51 1.36 1.52 1.36

higher root N concentrations than ortthhosphoric acid at the third harvest (P < 0.05)
but was less at maturity (Tables 122 and 123, Appendix). Inéréasing P supply increased
root N concentrations in triple superphosphate (contrast C,) but had no effect with ortho-
phosphoric acid. Root N conceﬁtratibns were higher when P was banded than when broad-
cast. Root N concentrations declined gradually from the second harvest to maturity sﬁg-.

gesting translocation to the reproductive organs.

Grain Yield

There were signifiéant phosphorus sources X nitrogen as well as method of P applica-
tion X nitrogen interactions (Tables 13 and 14). Triple éuperphosphate, banded application
increased fababean grain yield relative to the control on plants supplied with 100 Kg ha™!
of inorganic N. Broadcast phosphorus at 27 Kg ha™ resulted in aﬁ initial decrease in grain
yield followed by an increase to the control level. On plants reliant on symbiotically fixed
N, banded application significantly decreased fababean grain. yield at the low'phosphorus
level followed by an increase to the control level. Broadcast application in that case did not
affect fababean grain yield. Banded and broadcast decreased grain yield relative_ to the con-
trol when phosphorus was applied as orthophosphoric acid on plants supplied with inor-
ganic N. However, banded application resulted in greater grain yield reduct‘io.n than

broadcast.
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Table 13. Effects of Phosphorus and Nitrogen Application on Fababean Final Forage and
Grain Y__ields, and_ @rain Pe_r_cent Total Nitro_g(_a'n at _B_ozeman,_Montana, 1980.

Nitrogen -

Forage Yield “Grain Yield Grain
Treatments . -N +N -N +N -N +N

---------------- gM ™2 e ------%N------

1 1357 1391 542.0 570.0 4.32 4.74
2 996 1030 504.8 488.3 4.11 4.44
3 1010 981 536.7 490.5 5.22 4,72
4 1011 1030 482.0 435.0 4.28 4,07
5 883 913 504.2 421.2 4.60 4.06
6 1363 1367 543.0 585.2 4.64 4.86
7 1403 1400 588.8 560.0 5.49 5.07
8 1415 1351 587.0 576.5 5.17 4.70
9 1408 1341 595.0 569.7 461 4.69

Table 14. Contrast Comparison Mean Squares for Fababean Forage and Grain Yields and
Grain N Concentratlons at Bozeman, Montana 1980.

Grain

Forage Grain
Contrasts g/m? %N

C, : 383 12480** .2653
C, - 263800%* 19040%* 1406

Cs 2550000%* 137800%* 3.4780%*
" Cs 12540 1034 1.1990

Cs 2801 4013* 1.4040
Cs 16200 16820%*# 1.0950
C, 162 1311 3960
Cs 39200%* 903 1.4450
C 1568 238 .1200
- Cy X G, ‘ 3364 42 6588
C; X C; 8464 7251%*% 0272
C; X Cq4 ) 961 5738%* 3906
C; X Cs 1936 3393 1482
C; X Cs ) 968 2265 .1682
C; XC, 8712 1210 .0181
Ci X Cg 1362 2158 6728
Ci XGC 50 3681* 0041

*and ** denote significance at the 5 and 1% levels, respectively.
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Forage Yield
Nitrogen application did not increase fababean forage yield evaluatéd at tht—:i end of
the growing season (Tables 13 and 14). Orthophosphoric acid significantly décreased faba.-
bean forage yield relative to the control or triple superphosphate which were both equal.

There was no significant difference between banded and broadcast applications.

T

Grain N Concentrations

N fertilization had no effect on fababean grain N concentrations (Tables 13 and 14).
P supplied as orthophosphoric acid decreased grain nitrogen concentrations with the
banded appl_ication. When orthophosphoric acid was broadcast, there was an increase -in N
concentrations at low P level (27 Kg ha™!) followed by a sharp decrease. P supplied as
triple superphdsphate increased grain N concentrations with bpth banded and broadcast
applications. However broadcast application reached a peak at low P level and decreased

to the control level.

Effects of Placement and Source of P Fertilizer on Nodulation,
N, -Fixation and Growth of Fababean, 1981

Shoot and Root Dry Wéights

Mean sduares values for fababean shoot dry weight are reported in Table 15 and
mean values in Table 124 (Appendix). Shoot weight was not significantly affected by N

fertilizer, phosphorhs levels, sources and methods of application. Slight differences were

observed near the end of the growing season where low phosphorus level (60 Kgha™') and -

mono-ammonium phosphate increased shoot weight.
Nitrogen and P supply, P sources and methods of application did not significantly

affect root dry weight (Tablé 16; Table 125, Appendix).
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‘Table 15. Analysis of Variance for Fébabean Shoot Dry Weight at Bozeman, Montana,

1981.
’ Weeks from Emergence
Source of Variation df 4 7 10 13
Mg—zan Squares

N vsno N 1 0.0282 76.16 1189 9188
Inoculated vs not inoculated 1 0.2139 73.21** 7.97 6514.7**
No P (inoculated) vs P (factorial) 1 0.0320 10.64 74.15 185.7

' Factorial 14 o

P sources 1 0.0252 12.61 42.38 3662*

P levels . 1 0.0052 68.64* 1.802 559.7
Methods of application 1 0.1302 9.72 435.0 360.2
All 2, 3 and 4 factors interaction 11 0.4906** 124.26** 2000.0** 11484.2**
Error 36 0.0843 9.879 124.9 696.2

* and ** denote significance at the 5 and 1% levels, respectively.

Table 16. Analysis of Variance for Fababean Root Dry Weight at Bozeman, Montana,

1981.
Weeks from Emergence
" Source of Variation df 4 . 7 13
' ' Mean Squares
Nvsno N 1 .0350 0.3183 37.29
Inoculated vs not inoculated 1 .1409*%* .1361 88.45**
No P (inoculated) vs P (factorial) 1 .0103 .0076 4,71
Factorial 14 ‘
P sources : 1 .0239 .0463 19.13
P levels . 1 .0001 .1938 13.76
Methods of application 1 .0380 .1964 1.96
All 2, 3 and 4 factors interaction 11 .2743** 1.9827** 67.88%*
Error 36 .0159 .1347 11.86

* and ** denote significance at the 5 and 1% levels, respectively.

Nodule Number

Mean squares and mean values are reported in Table 17 and Table 126 (Appendix) .
respectively. Application of 100 Kg ha™ N only slightly reduced fababean nodule number
at all harvests except at the second sampling (7 weeks from emergence) where a significant
decrease was observed. Increasing phosphorus supply generally increased nodule number

but this was not statistically significant in 1981. Triple superphosphate produced higher
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Table 17. Analysis of Variance for Fababean Nodule Number at Bozeman, Montana, 1981.

Weeks from Emergence

Source of Variation - df 4 7 13
Mean Squares

NvsnoN 1 132.0 22970* ~ 5762
Inoculated vs not inoculated 1 1610.55 19912.08** 169932**
No P (inoculated) vs P (factorial) 1 1220.29 165.52 74136**

Factorial 14

P sources 1 261.3 6604* 2080

P levels 1 481.3 3658 18720
Methods of application 1 216.7 728 19040
All 2, 3 and 4 factors interaction 11 8433.0** 21543%** 124559* *
Error 36 663.6 . 1296 8137

* and ** denote significance at the 5 and 1% levels, respectively.

nodule numbers than monoammonium phosphate probably due to nitrogen in monoam-
monium phosphate. Nodule number was higher in banded than broadcast application at

most harvests.

Nodule Dry Weight

Fababean nodule dry weight followed the same pattern as nodule number (Table 18;
Table 127, Appendix). Nitrogen addition decreased nodule dry weight except only at the
second harvest (P < 0.01). This differs greatly from dry bean results where significant
decreases were obtained at all harvests. Increasing phosphorus supply increased nodule

weight at maturity (P < 0.01).

Shoot and Root N Concentrations

Mean shoot N concentrations decreased gradually from 4.8% at the first sampling date
to 2.9% at maturity (Table 128, Appendix). Nitrogen application did not increase shoot N
concentrations except at the third harvest (Table 1‘9). Root N concentrations also decreased
from the first sampling to maturity. Root N concentrations were higher on plants reliant

on symbiotically fixed N at periods of optimum nodulation and N, -fixation (C,H,), third
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Table 18. Analysis of Variance for Fababean Nodule Dry Weight at Bozeman, Montaha,

1981.
Weeks from Emergence
Source of Variation df 4 7 ' 13
, Mean Squéres

NvsnoN 1 .0012 1.707** 9400
Inoculated vs not inoculated 1 0234 ** 0.4523** 6.7980**
No P {inoculated) vs P (factorial) 1 .0002 0.0260 2.4294**

Factorial 14

P sources 1 .0102* .1938** .1519

P levels 1 .0002 .0624 .3745
Methods of application 1 .0008 0137 .0052
All 2, 3 and 4 factors interaction 11 .0302** .1568* 3.5076**
Error © 36 .0019 0157 .2434

* and ** denote significance at the 5 and 1% levels, respectively.

Table 19. Analysis of Variance for Fababean Shoot %N at Bozeman, Montana, 1981.

Weeks from Emergence

Source of Variation df 4 7 10 13
Mean Squares

Nvsno N ) 1 .0605 3.337 0.4472* 0.0187
Inoculated vs not inoculated 1 0.9747* 0.4896 0.2059 0.2809*
No P (inoculated) vs P (factorial) 1 0.04561 0.2721 0.2049 0.0001

Factorial 14 '

P sources 1 0070 4163 2.516** 0.0075

P levels 1 .0616 .0809 0.0020 0.0021
Methods of application _ 1 .0080 .3350 0.1365  0.0154
All 2, 3 and 4 factors interaction 11 .8300** 1.8085** 0.9470** 0.4821**
Error 36 1973 0.3480 0.1598 0.0803

* and ** denote significance at the 5 and 1% levels, respectively.

and fourth harvests, but were not statistically significant (Table 20). Increasing P supply

also increased root N concentrations (Téble 129, Appendix).

Shoot and Root P Concentrations

Shoot and root phosphorus concentrations were higher in the early stage of plant

growth-and graduélly declined with age. Plants reliant on symbiotically fixed N had higher

shoot and root P concentrations than plants supplied with 100 Kg ha™! N. In general, there
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was no significant difference due to P sources, levels and methods of application for both

shoot and root P concentrations {Tables 21 and 22).

Table 20. Analysis of Variance for Fababean Root %N at Bozeman, Montana, 1981.

.Weeks from Emergence

Source of Variation df- 4 7 13
Mean Squares

NvsnoN 1 1717 3.499 .1325
Inoculated vs not inoculated 1 3.0120** 2.4843** 9042**
No P (inoculated) vs P (factorial) 1 0.0186 0.3330 .0495

Factorial - 14 :

P sources : 1 0.0120 0.0105. .0059

P levels 1 0.0024 0.9436* .0809
Methods of application 1 0.15619° 0.5105 0221
All 2, 3 and 4 factors interaction i1 1.4002** 2.0866** 1.2224**
Error 36 - .1792 .1804 .0937

* and ** denote significance at the 5 and 1% levels, respectively.

Table 21. Analysis of Variance for Fababean Shoot %P at Bozeman, Montana, 1981.

Weeks from Emergence

Source of Variation df 4 7 10 13
' Mean Squares

NwvsnoN 1 .0031 .0004 .0020 .0002
Inoculated vs not inoculated 1 .0017 .0004 .0001 ..87X1073
No P (inoculated) vs P (factorial) 1 .0013 .0015 .0006 .0005
~ Factorial 14 _

P sources 1 .0007 .0001 0012 .0019*

P levels 1 .0014 .0006 .24x10°% 351076
Methods of application 1 0015 438x10°° .94x10°¢  .0004

All 2, 3 and 4 factors interaction 11 0:0062** .0040*%* 0011** .0037**
Error .. ’ 36 .0013 .0006 .0003 .0004

* and ** denote significance at the 5 and 1% levels, respectively.
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Table 22. Analysis of Variance for Fababean Root %P at Bozeman, Montana, 1981.

Weeks from Emergence

Source of Variation df 4 -7 13
Mean Squares

NvsnoN 1 .0015 .00563 .0026
Inoculated vs not inoculated 1 .0015 41x10% - .0002
No P (inoculated) vs P (factorial) 1 .0010 .0001 .64x107¢ .

Factorial 14 '

P sources 1 .0006 .23x10* .0003

P levels 1 59X 1076 .37x10™* .0001
Methods of application 1 .156x107¢ 16x10°6 .36x1078
All 2, 3 and 4 factors interaction - 11 .0082** .0035** .0020**
Error 36  .0005 ~.0008 .0002

*and ** denote significance at the 5 and 1% levels, respectively.

Discussion on Fababean 1980 and 1981 Field Experiments

"~ There is indication from the 1980 data that the rates of P used were too small to pro-
duce the expected results in a high P fixing soil. Band application of soluble P fertilizers
often results in more efficient use of the ferfcilizer by the crop being grown than is obtained
with tgroadcast application (Sleight et al., 1984). In thelory, band application ‘redt.Jces soil
fertili“zer contact, resulting in less ‘“fixation’’ of the P by the soil than would occur witH
broadcast application. This leaves more P chemically availgble to the crop (Tisdale and
Nelson, 1975). There was substantially greater grain yield reduction as a result of banding -
orthophosphoric acid than-broadcasting. It is suggested that banding orthophosphoric acid
in this soil concentrated root development in the regions where P was applied and the
limited root development around the bands caused the plants to be less resistant to periods
of moisture stréss that occurred at the end of Juiy and éarly August (TAble 106, Appen-
dix). Yost et al. (1979) described a similar situation on a Brazilian oxisol of low available
P. The fact that root dry weight did respond to P supply and that shoot weight was lower
in banded than broadcast treatments supports the above assumption. Nodule number, dry

weight and nitrogenase activity were much higher in fababean than dry bean but were
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generally not affected by P sdpbly in 1980 (Tables 7, 8, and 9} and this is attributed to the'
low levels of P useq. In experiments (1982, 1983 and 1984) where P supply was high, the
above parameters increased with increasing P applications. It is also éqggested that the high
grain yield on plots not receiving combined N resulted from the high rate of symbiotic N, - r
fixation of the fababean plants that had oufperformed those supplied with 100 Kg/ha N as V
ammonium nitrate. This is supported by the high nitrogenase activity values (43 umole
C,H, plant™ hr™'})in t.he -N treatments (Table 9) as well as the shoot N concentrations
(Table 11).

Results obtained in the 1981 field experiment supported those of 1980. In 1981,
however, orthophosphoric acid was replaced by monoammonium phosphate and this might
explain the low nodulation obtained with this tre;ztment (containing inorganic N) relative
to triple superphosphate. Phosphorus levels were also raised to 60 Kg/ha and 120 Kg/ha for
the low and high applications, respectively. This explains in part the positive responses of:

shoot weight, nodule number and mass to P additions relative to 1980.

Effects of Placement and Source of P Fertilizer on Nodulation, N, -Fixation .
and Growth of Dry Bean, 1980

Shoot Dry Weight

Shoot dry weight mean and contrast comparison values are reported in Tables 132
and 133 (Appendix). Shoot weight was generally not increased by the nitrogen rate used.
In fact, plant grqwth seemed to be negatively affected by nitrogen and was significantly
lower at the second harvest (day 44).

Phosphorus application increased shoot weight slightly at all harvests but a significant
difference was. reached only at the third harvest {contrast C,, P < 0.01). There was ﬁo

significant interaction between P and N treatments.
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Triple superphosphate was more effective than orthophosphoric acid (contrast C;)
but was significantly higher only at maturity (P < 0.01). |
Seed banded application resulted in significantly higher shoot wgight than broadcast

at the third (P < 0.05) and fourth (P < 0.01) harvests.

Root Dry Wéight

Contrast comparison and root. dry weight mean values are given in Tables 134 and
136 (Appeﬁdix). Nitrogen application had no effect on root dry weight while effects due
to P sources aﬁd levels were qnly evident at maturity (contrasts C,, C;, Cs, Cs and C,).

Triple superphosphate was more effective than orthophosphoric acid at the third
harvest (contrast C,, P < 0.05). Maxfmum root weight Was obtained at P, level (contrast
Cs )} with both sources of P (contrasts C; and C,). The significant contrast C, X C, (P <
0.01) at maturity suggests a positive interaction between P, and N when phosphorus is
applied as triple‘superphosphate.

Results obtained with root dry weight in dry bean must be interpréted carefully since
approximately the same volume of soil was excavated each time. A treatment that might
result in a more extensive root development might still show a low root weight value, indi-
cating that all of the roots were not recovered. This is méinly true with treatments result-

ing in more fibrous root systems,

Nodule Number, Dry Weight and Nitrogenase Activity

Nodule number was significantly reduced (P < 0.01) by nitrogen application at all
stages of plant growth (Table 23; Ta.bles 136 an‘d 13.7, Appendix). Tﬁese results agree with
those of Cackett (1965), Gallagher (1968) and Graham (1978) obtained with dry bean.
Triple superphosphate increased nodule number by 11 percent on treatments not receiving
nitrogen relative to the control (also not receiving nitrogen) and orthophosphoric acid

lowered it by 12 percent (contrast C; ). However, nodule dry weight (Table 24; Tables 138
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and 139, Appendix) and nitrogenase activity (C, H, ) (Table'25; Tables 33 and 34, Appen-
dix) were increased more by orthophosphoric acid than triple superphosphate in the -N
treatments. These results suggest that triple superphosphate influences nodulation by
increasing nodule initiation but not nodule growth. The specific activitywdata support this
hypothesis since there was a 9 percent reduction caused by triple superphosphate as

compared to orthophosphoric acid (Table 26).

Table 23. Effect of Source of P on Dry Bean Nodule Number at Bozeman, Montana, 1980.

Days from Control Ortho TP 7
Planting -N +N -N +N -N +N
N° plant™
24 21.75 16.50 18.44 9.69 21.19 16.13
44 28.25 24.0 21.19 14.00 31.06 23.13
64 17.75 13.75 16.06 9.69 20.50 13.38
85 16.25 12.75 17.94 10.00 20.25

13.25

Table 24. Effect of Source of P on Dry Bean Nodule Weight at Bozeman, Montana, 1980.

Days from Control Ortho TP
Planting ~-N +N -N +N -N +N
g plant™
24 0.261 0.142 0.336 0.151 0.306 0.137
44 1.447 0.349 1.729 0.396 1.6356 0.334
64 5410 1.269. 6.048 1.343 5.242 1.102
85 7.857 1.921 8.651 1.891 1.816

8.004

Table 25. Effect of Source of P on Dry Bean Nltrogenase Actlwty (C,H, ) at Bozeman,

Montana, 1980.

Days from Control Ortho .TE
Planting -N" +N -N +N -N +N
umole C, H, plant™ hr™!
24 0.9225 ' 0.4175 1.0725 0.230 1.060 0.258
44 1.4300 0.6675 1.6025 0.340 1.630 0.500
64 3.2300 0.4600 2.9625 0.485 2.888 0.580
85 1.5400 0.5175 1.7700 ©0.443 1.650 0.393
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Table 26. Effect of Source of P on Dry Bean Specific Activity at Bozeman, Montana,

1980.
Days from 7 Control Ortho ‘ TP -
Planting -N +N -N +N -N +N
) pmole C;H, plant™ hr™ per unit dry weight of nodule in g
24 36.94 37.98 58.09 37.16 52.23 26.77
44 10.43 26.76 16.19 2994 15.31 20.65
64 6.04 6.14 8.79 24.54 8.10 9.65
85 217 4.25 3.56 30.99 3.17. 4.81

Broadcast application increased nodule number more than banded application except
at the final harvest but nodule dry weight was inéreased more by banded than broadcast
(Table 27). This suggests an increased nodule initiation as a result of broadcast which is
not followed by nodule development. This is again supported by the nitrogenase activity
with a 11 percent increase and the specific activity \(alues with a 6.6 percent increase of
banded over broadcast applications.

Table 27. Effect of Banded (S) and Broadcast (B) Applications on‘Dry Bean Nodule
Number, Dry Weight, N,-ase and Specific Activities at Bozeman, Montana, °

1980. . ”
Days from Nodule Number Nodule Weight N, -ase Specific Activity
Planting S B S ‘B S B S B
N° plant™! g plant™! umole C, H, umole C, H,
plant™ hr* plant™ hr!

g™t nodule

24 19.13 20.50 0.364 0.279 1.140 0.993 57.50 52.81

44 25.00 27.25 1.835 1.429 1.643 1.690 16.00 15.50

64 17.13 19.44 6.357 . 4.933 2.983 2.868 8.69 8.21

85 - 19.66 18.63 9.352 7.203 1.810 1.610 3.16 3.57

Nitrogenase activity for dry bean as influenced by P levels, sources, methqd of appli-
cation and N treatments are reported in Table 140 (Appendix) and analysis of variance in
Table 141 (Appendix). Nitrogenase activity was very sensitive to N applicatiqn7 Applica-

tion of 100 Kg N/ha reduced it drastically by 74.8, 72, 82.3 and 74.6 percent at the first,
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second, third and fourth harvest, respectively. Even in treatments not receiving nitrogen,
nitrogenase activity in dry bean was minimal at the first and second sampling dates,
increased slightly at the third harvest and declined sharply thereafter until maturity (Table
25).

. Nitrogenase activity was highly correlated with nodule number and nodule weight at
all harvests except for nodule weight at the first harvest (Table 28). These high correla-
tion values sug'gest that nodule number and weight can serve as a qualifative indicator of
N, -fixation activity in experiments where nitrogenase activity is not available when using
effective strains. No reliable correlations, however, were found between nitrogenase
activity and N concentrations in either shoot or root and specific activity. This is due to
the fact that these variables are highly influenced by soil fertility level and nitrogen appli-
cation rates. These results are consistent with those of fababean in 1980.

Table 28. Correlation Coefficients of Dry Bean Nitrogenase Activity with Nodule Number
and Weight, Shoot and Root %N and Specific Activity at Bozeman, Montana,

1980.
, Days after Seeding

Variable 24 44 64 85
Nodule number .80** b9* J9** .78*%*
Nodule weight 1 .86** . 83** 84**
Shoot N% .04 - T7** .04 -.11
Root N% .13 -.60** 12 -.10
Specific Activity 47* -.20 -.30 -.30

* and ** denote significance at the 5 and 1% levels, respectively.

Shoot N Concentrations

Overall means on shoot N concentrations and statistical analysis are reported in
Tables 144 and 145 (Appendix). Nitrogen fertilizer application affected shoot nitrogen
concentrations only at the second harvest (contrast C,). Increasing phosphorus supply

increased nitrogen concentrations in shoots at the first (P < 0.05) and third harvests (P <
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0.05, contrast C, ). Orthophosphoric acid increased nifrogen concentrations in shoots more
than triple superphosphate at the first and second harvests but was less at the third and
fourth harvests (Table 29). Similar effects existed between banded and broadcast ar')pli-
cations. Banded application resulted in higher N concentrationsv at the first harvest (P <
0.01) but was outperformed by broadcast at the other sampling dates.

Table 29. Effects of P Source, Method of Application and N Treatments on Dry Bean
Shoot N Concentration at Bozeman, Montana, 1980.

Method of

'

Days from N Treatments + P ____PSource ' Application Control
Planting -N +N Ortho TP "8 B - (NgPy)
%N ' ’ |
24 1.392 1.363 1.488 1.312 1.497 1.303 1.201
44 2.956 3.427 3.218 3.212 3.134 - 3.297 . 3.005
64 2.328 2.343 2.025 2.683 2.154 2.654 - 2,192

85 2.559 2610 = 2544 2.565 2.310 2.799 2.826

Root N Concentrations

Overa‘II means and analysis are reported in Table‘s 146 énd 147 (Appendix). Nitrogen
concentrations in roots were relatively high at the first harvest (1.56%) but decreased
steadily to about 1.00% N at maturity. Nitrogen application increased root nitrogen con-
centrations only at the second harvest (P < 0.05; contrast C, ). High phosphorus level (50
Kg/ha) was more effective than low phosphorus (15 Kg/ha) on orthophosphorfc acid
(contrast C,) but was not significantly different for triple superphosphate. Phosphorus
sources and methods of application did not have any significant effect on root nitrogen

concentrations.

Grain Yield
Dry bean grain yield varied with N application and P levels, sources and methods of

application (Tables 148 and 149, Appendix). Treatments not receiving nitrogen resulted in




52
significantly higher grain yields (173.4 gm™) than those receiving 100 Kg N/ha (158.6
gm~2, contrast C, ). Nitrogen fertilizer prolongs vegetative growth thereby inducing water
stress. Banded application of orthophosphoric acid resulted in significantly higher grain
yield (P < 0.01) than broadcast. However, when P was applied as triple superphosphate,
broadcast application became significantly higher (P < 0.01). Increasing phosphorus supply
increased dry bean grain yield. Yield levels varied from 145.0 gm™2 on treatments not
receiving P to 168.6 gm™2 on t'he high P treatments. A maximum grain yield of 256.5 gm™2
was obtained with a banded application of 27 Kg P/ha as triple superphosphate on trleat-

ments not receiving nitrogen.

Grain N Concentrations

Nitrogen application did not affect N concentrations in grain as much as did P levels,
sources and methods of application (Tables 148 and 149, Appendix). Nitrogen concentra-
tions increased with increasing levels of P (P < 0.01) and were significantly higher with

broadcast application than banded with both sources of P.

\ Dry Matter Yield

Dry bean dry matter yield Was not affected by nitrogen application (Tables 148 and
149, Appendix). Phosphorus application either as orthophosphoric acid or triple super-
phosphate significantly lowered the dry matter yield (contrast C, ). This is believed to be
due to the fact that P application has increased the maturity rate of the dry bean plant
causing eariy senescence of the leaves before the final samplﬂing. There were no significant

differences between banded and broadcast applications.
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Effects of Placement and Source of P Fertilizer on Nodulation
N, -Fixation and Growth of Dry Bean, 1981

Shoot Dry Weight

Mean squares values for dry bean shoot dry weight are reported in Table 30 and
overall means in Table 150 (Appendix). Nitrogen application increased shoot weight at all
sampling dates but statistically significant only at the sécond (P < 0.05) and third har\;e‘sts
(P < 0.01). This differed from results obtained in 1980. Phosphorus fertilization did not
increase shoot weight relative to the control. Monoammonium phosphate was slightly
superior to triple superphosphate and there were no significant differences between broad-

cast and banded applications.

Table 30. Analysis of Variance for Dry Bean Shoot Dry Weight at Bozeman, Montana,

1981. ‘ :
Weeks from Emergence
Source of Variation df 4 7 10 13
- Mean Squares
NvsnoN 1 0327 584.70* 7387** 26710
Inoculated vs not inoculated 1 .0675 9.40 1062 3484*
No P vs P (factorial) 1 .2b46 9.19 " b7 1022
Factorial 14 ‘
P sources 1 0919 129.0 * 3.92 2034
P levels 1 .03562 12.61 1337 2199
Methods of application 1 0252 26 1075 10.0’
All 2, 3 and 4 factors
interaction 11 1.5506** 165.50** 5692%* 7455**
Error . 36 1749 23.50 341 754

* and ** denote significance at the 5 and 1% levels, respectively.

Root Dry Weight

Root dry weight mean squares are reported in Table 31 and mean values in Table 151

(Appendix). Nitrogen fertilization only affected on root weight at maturity. Monoammon-

ium phosphate increased root weight more than tripleé superphosphate at all harvests, but
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was only statistically significant at maturity. Similar results were obtained from banded

and broadcast applications. ‘

Table 31. Analysis of Variance for Dry Bean Root Dry Weight at Bozeman, Montana,

1981.
* Weeks from Emergence
Source of Variation df 4 7 13
~ Mean Squares

Nvsno N 1 .0608 .0621 2.321*
Inoculated vs not inoculated 1 .0080 .0014 .0002
No P vs P (factorial) 1 .0054 .0845* .0540

Factorial 14 '

P sources 1 .0027 .0481 2.2320*

P levels 1 .0001 .0320 4901
Methods of application 1 .0044 .0001 .2625
All 2, 3 and 4 factors interaction 11 .0755** .1884** 3.3087**
Error - 36 0106 ' 0123 - .4889

* and ** denote significance at the 5 and 1% levels, respectively.

Nodule Number

The effects of nitrogen application on nodulation paralleled those of 1980 experia'
ment. Nodule number was reduced at all stages of plant growth (Table 152, Appendix) but
was not statistically significant probably because of overall poor nodulation (Table 32).
The most reduction occurred at 7 weeks after emergence at which date the +N treatments
reduced nodule number by 45 percent. The results did not show any significant difference

as related to phosphorus sources, levels and methods of application.

Shoot Nitrogen Concentrations

Table 33 indicates that nitrogen application .increaéed shoot nitrogen concentrations

at the first and second harvests (P < 0.05). Monoammoniu'm phosphate resulted in highgr
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shoot nitrogen concentrations at the second harvest, but was similar to triple superphos-

phate at other harvests. This probably indicates a transitory effect of the N added in mono-

ammonium phosphate. Increasing phosphorus supply did not affect nitrogen concentra-

tions and no significant difference was noted between methods of P applications.

Table 32. Analysis of Variance for Dry Bean Nodule Number at Bozeman, Montana, 1981.

Weeks from Emergence

Source of Variation df 4 7 A3
Mean Squares

NvsnoN 1 45.07 18230 1402 .
Inoculated vs not inoculated 1 2250.95 2106.8 3570.8
No P vs P (factorial) 17 2518.07 1419.8 1716.5

Factorial 14

P sources 1 1725 204.2 . 5229*%

P levels 1 3088 526.7 713
Methods of application 1 58.5 35.0 1645
All 2, 3 and 4 factors interaction 11 11843** 9363.6** 20148**
Error 36 982.0 867.3 1092

* and ** denote significance at the 5 and 1% levels, respectively.

Table 33. Analysis of Variance for Dry Bean Shoot %N at Bozeman, Montana, 1981.

Weeks from Emergence

Source of Variation df 4 7 10 13
Mean Squares
NvsnoN 1 2.285* 8.4600* 1.032 .2996
Inoculated vs not inoculated 1 .0288 .5b834* .0675 .0055
No P vs P (factorial) 1 .0656 .0224 .2600 3910*
Factorial 14 . Co
P sources 1 .0140 .6816* .3350 .0469
P levels 1 0752 .b334* 0213 .0363
Methods of application 1 1728 0127 .0094 .280
All 2, 3 and 4 factors .
interaction 11 1.2371** 2.0639** 1.6473** .3374**
36 - .1396 1097 .1337

Error

.0605

* and ** denote éignificance at the 5 and 1% levels, respectively.
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Root Nitrogen Concentrations

1

Root and shoot nitrogen concentrations decreased steadily from the first harvest to
maturity as reported for 1980. Nitrogen application and P levels, sources and methods of-

application did not significantly affect root nitrogen concentrations (Table 34).

Table 34. Analysis of Variance for Dry Bean Root %N at Bozeman, Montana, 1981.
Weeks from Emergence

Source of Variation df . 4 7 13.
Mean Squares

Nvsno N 1 .6657 5.2980 .2136
Inoculated vs not inoculated 1 .0807 1.2949* .0817
No P vs P (factorial) 1 9120 .2905 .0082

Factorial 14

P sources : 1 .0070 0910 .0527

P levels 1 2.0500* 4313 .0653
Methods of application 1 0631 .2685 .0042
All 2, 3 and 4 factors :

interaction 11 3.9939** . 2.7742%** .1.1500 .

Error . . 36 2927 .2689 ~ .0550

* and ** denote significance at the 5 and 1% levels, respectively.

Shoot and Root P Concentrations -

Increasing N and P supply did not increase shoot phosphorus concentrations (Table
35; Table 155, Appendix). A.dditio_nally, there were also no significant responses due to '
phosphorus sources and methods of application. However, a geﬁeral decline in shoot
phosphorus go'ncentrations was observéd from the first har\/est to maturity, similar to
shoot and root nitrogen conceﬁtrations.

Increasing P supply increased root P concentrations at the second and fina[ harvests.
At all levels of phosphorus supply, phosphorus concentrations in roots were much greater
in the -N treatments than those in the +N treatments. No significant differences existed
relative to P sources and methods of application even though brbadcast application resulted

in higher P concentrations at later stages than banded application (Table 36).
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Table 35. Analysis of Variance for Dry Bean Shoot %P at Bozeman, Montana, 1987.

Weeks from Emergence

Source of Variation df 4 7 10 13
. Mean Squares

Nvsno N 1 .0017 .0026 .0021 .0074*
inoculated vs not inoculated 1 .0058* .16X10™ .68x10°%  .0001
No P vs P (factorial) 1 .0061* .62x10°8 .0004 .0005

Factorial 14 .

P sources 1 .21X10™4 .79X10°% .0020 .0005

P levels 1 .0004 .0003 .0002 .0003
Methods of application 1 .0005 .89x10™* A49x10%  .0002
All 2, 3 and 4 factors
v interaction 11 .0074** 0021** .0116** .0068*
Error 36 .0009 .0003 .0011 .0006

* and ** denote significance at the 5 and 1% levels, respectively.

Table 36. Analysis of ‘Variance for Dry Bean Root %P at Bozeman, Montana, 1981.

Weeks from Emergence

Source of Variation df 4 7 13
Mean Squares

NvsnoN 1 .0087 .0306* .0024
Inoculated vs not inoculated 1 68x10-5 .50x10°3 .18x10™#
No P vs P {factorial) 1 .01656* .0028 .14x1073

Factorial 14

P sources 1 .0009 .0004 .0005

P levels 1 .0025 .0003 .0001
Methods of application 1 .0020 .0007 .23x107*
All 2, 3 and 4 factors interaction 11 . 0573** .0101** .0040**
Error 36 .0025 .0010 .0002

*and ** denote significance at the 5 and 1% levels, respectively.

Pod Number and Dry Weight

Nitrogen fertilization increased pod number and dry weight sampled at the third and

final harvests (Table 157, Appendix). Increasing P supply increased pod number and dry

weight but no statistical significant difference was observed.
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Dry Matter and Grain Yields

Dry matter and grain yields were significantly increased by N fertilization at the .06
and .05 levels respectively (Table 37; Table 158, Appendix). Increasing P supply resulted in
higher dry matter and grain yields. Banded application was significantly higher than bréad-
cast for both straw and grain yields and for both sources of P used (Table 37). Monoam-
monium phosphate significantly increased dry matter yield and nonsignificantly inéreased

grain yield over those obtained with triple superphosphate.

Table 37. Analysis of Variance for Dry Bean Grain. Yield at Bozeman, Montana, 1981.

Source of Variation df Mean Squares
NvsnoN 1 750600*
inoculated vs not inoculated 1 55815*
No P vs P (factorial) 1 10290

Factorial 14

P sources 1 17130

P levels 1 3834
Methods of application 1 159900* *
All 2, 3 and 4 factors interaction 11 102653* *
Error 36 12030

* and ** denote significance at the b and 1% Iévels, respectively.

Discuséion on Dry Bean 1980 and 1981 Field Experiments

In 1980, dry bean grain yield was higher in plots not receiving nitrogen application
(Table 158, Appendix). This is similar to results reported for fababean grain yield the same
year under the same conditions. The fact that phosphorus application increased grain yield
in dry bean and not in fababean suggests the existénce of species differences between the
two crops with respect to P fertilization and availability. Also, P may have helped dry bean
mature earlier and avoid HZO stress due to its shallow roots relative to fababean.

Field observations on the growth pattern of dry bean at the ek;;erimental site over the
years showed that N deficiency always resulted in stunted leaves (chlérosis) and smallér

plants. HoWever, well supplied N plants do not always result in higher grain yield. This
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implies that N supply may not limit seed yield, but that other factors may be limiting.
Since N, -fixation (C,H,) in dry bean has been shown by us and oﬁhers (Kreaman et a'I.,
1972) to be very limited, plants not receiving nitrogen are considered nitrogen deficient. In
fababean, however, plants reliant on symbiotically fixed N can be as efficient as N supplied
plants (Richards et al., 1979). It is suggested in this study that nitrogen deficient dry bean
plants flower and mature early, thus escaping that pell'iod of water stress prevailing at the
end of July and early August (Table 2, Appendix). Plants receiving substantially higher N
.applications have higher dry matter production early in the season but become substanti-
ally more affected by water stress at the critical period of pod formatioh and development
as the soil water is depleted. These plants result usually in lower or equal yield to those not

receiving nitrogen. |

Grain yield was increased when orthophosphoric acid was applied in band relative to
broadcast and the converse of that was true in triple superphosphate. This corresponded
to situations of minimum vegetative growth and is consistent with the above hypothesis
of physiological drought and soil moisture depletion. This conceptual approach would
explain the increased nodule dry weight ahd acetylene reduction data in plants supplied
with orfhophosphoric acid relative to triple superphosphate (Tables 23 and 24) since nodu-
. lation and acetylene reduction are highly sensible to soil water stress.

Total plant acetylene reduction activity of most legumes usually increases with plant
age until the start of pod,’filling.and then decreases markedly (Dean and Clark, 1979). In
the fababean plant, the results showed that nodulation and N,-fixation reached a maxi-
mum at pod filling and remained constant until pod filling was complete and then showed
a decline. However, in dry bean, nodulation and N, -fixation reached a maxima during pod ‘

set and declined rapidly during the final weeks of growth (Table 24).
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The results showed increased shoot and root nitrogen concentrations with increasing
phosphprus supply (1980) and are similar to results found by Robson et al. (1981) on sub-
terranean clover (7rifolium subterraneum L.) and Gates and Wilson (1974) on Sty/osah;‘hes
humilis. )

The general decline in N and P concentrations from the first harvest until maturity
reflects nutrients translocation to reprodﬁctive organs as described previously for fababean
1980 field experiment and also, the dilution effect as biomass accumulates. The excellent
correlations obtained here between no'dule number and mass and nitrogenase activity are
consistent with findings with fababean in the same year.

In 1981, the rates of P ‘uéed were higﬁer than in i980 and orthophosphoric acid was
replaced by monoammonium phosphate. Also the plots were.irrigated to field capacity one
da{( prior to sampling and there was 50.8 mm more rainfall than in 1980 (Table 108,
Appendix). Therefore, the conditions were more favorable to dry bean grain yield (Table
158, Appendix). The fact that method of P application on grain yield was highly signifi-
cant (P < 0.01) but P sources and levels had no effect suggests that the effect of P is
mainly related to P fixation relation'ships. The twb P sources used being less reactive in the
soil than orthophosphoric acid used in 1980, it is possible that banded might have supplied
- more available P than 'broadcast,. contrary to 1980. Since grain 'yield was increased by
nitrogen application in 1981, it is not surprising that yield obtained from monoammonium
phosphate was higher or equal to triple superphosphate due to its additional nitrogen
content. Also the positive response of glrain yield to N suggests that water was a less

limiting factor in 1981.
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Effect of Inoculation of Fababean and Dry Bean Seed on Growth and Nodulation

During the 1981 field experiments, two control treatments (inoculated, Cy and
uninoculated, Co) were included to test the necessity of rhizobium inoculation on faba-
bean and dry bea'n. Fababean is a newly introduced legume crop and dry bean was Ipre-
viously grown in the area, but not in recent years. Therefore, few studies have been reported
assessing the need of ihoculation in Montana soils.

As pointed out by Vincent (1965), many inoculation responses have gone unrecorded
in the literature. Equally, many workers fail to report lack of responsé, regarding it as'a
failure. Unlike the microbiologist, most farmers and agronomists would be delighted when
inoculation proves unnecessary.

The most reliable method for establishing inoculation need still remains that of actu-
ally comparing the response of inoculated and uninoculated seeds on the site in question.

Results pertinent to fababean are summarized in Table 38. These results show that
shoot and root dry weights were significantly increased by inoculation at most harvests as
compared to the uninoculated control. Shoot and root nitrogen concentrations were also
increased by inoculation. The most dramatic differ'encclas occurred with nodulé number and
dry weight. Nodule number was 54, 200 and 130 percent higher in inoculated treatménts
than in the uninoculated controls at the first, second and final sampling respectively.
There were more than 200, 360 and 380 percent increases in nodule dry weight in the
inoculated treatments at the above sampling dates. Shoot and root P concgntrations were
not abpreciably affected by inoculation.

Dry bean inoculation data are reported in Tables 39, 40 and 41. Respoﬁses to inocula-
tion in dry bean were less dramatic than in fababean. However, significant responses were
observed. Inoculation increased shoot dry weight of d'ry bean at all harvests but the first ('4

weeks from emergence) and was significant at 13 weeks from emergence. ‘Root dry weight -
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Table 38. Effect of Inoculation of Fababean Seed on Growth and Nodulation at Bozeman,

Montana, 1981.

Weeks from Emergence

4 7 10 13
Treatments -N  +N ~-N +N -N +N -N +N .
Shoot weight’ Co* 1.200 1.000 1360 16.17 33.10 38.17 86.17 91.63
g/2 plants C, 1333 1400 19.63 20.00 29.80 3820 111.2 159.7
LSD .05 N.S. 5.21 N.S. 43.7 .
Shoot N% Co, 3.797 4.140 3.760 3.937 3.047 3.457 2907 2.397
C; 4430 4647 4.213 4290 2.843 3.137 2907 3.010
LSD .05 0.736 N.S. N.S.: 0.470
Shoot P% C, .1865 .1942 .1316 .1257 .0926 .1144 1244 1124
C, 2415 .1869 .1252 .1104 .1006 .1147 1174 1160
LSD .05 0.0593 - N.S. N.S. - N.S. |
Root weight C, 4267 .3733 1.187 1.597 —_— —_— 9.667 7.633
9/2 plants C, 6033 .7300 1.507 1.703 —_— — 13.270 14.900
LSD .05 0.2093 N.S. 5.708
Root N% C, 2810 2.877 2187 2.300 — —_ 1.307 1.010
C, 3.877 3.813 3.437 2.870 —_— —_— 1.603 1.810
LSD .05 0.702 0.704 0.507
Root P% C, .1589 .1284 .1293 .1105 _ _ .0861 .05632
C, .1782 .1544 .1453 .1018 —_ —_— .0805 .0756
LSD .05 0.0380 _ 0.0464 0.0252
Nodule number C0 5533 30.33 33.00 4467 —_ _ 2143 162.3
N°/2 plants C, 6500 67.00 1423 98.33 —_ —_— 428.3 414.3
LSD .05 42.70 59.67 ’ 149.5
Nodule weight C, 0500 10300 .1087 .1067 - —_ 4467 326
g/2 plants C; .1067 .1500 .7400 .2500 _ —_ 2.040 1.743
LSD .05 0.0726 0.2076 0.818

*Cg = uninoculated; C, = inoculated.

was also increased at all samplings. Shoot and root nitrogen concentrations were higher

with inoculation at the time of maximum nodulation and N;-fixation (7 weeks from

emergence). Inoculation had minor effects on shoot and root phosphorus concentrations.

Nodulation was poor in dry bean as compared to fababean. However, inoculation had a

tremendous effect on nodule number and resulted in 400, 120 and 256 percent increases in
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Table 39. Effect of Inoculation of Dry Bean Seed on Growth and Nodulation at Bozeman,
Montana, 1981. '

Weeks from Emergence

_ 4 7 10 13
Treatments -N +N -N +N . -N +N -N +N
Shoot weight  C,* 1.767 1.867 2050 26.00 2503 30.95 4523 63.17
g/2 plants C, 1633 1.700 24.23 26.80 37.97 55.47 48.00 128.60
' 1.SD .05 N.S. N.S. N.S. 45.50
Shoot N% C, 3.5647 3.597 2267 3.197 2220 2623 1.780 2.077
C, 3450 3.890 2640 3.707. 2.210 2333 1.737 2033
LSD .05 N.S. 0.549 ; N.S. N.S.
Shoot P% C, 1715 .1810 .1407 .1232 . 0680 .0931 .1745 .1165
C, .2618 .1884 .1461 .1223 .0683 .0898 .1626 .1415
LSD .05 0.0493 N.S. . N.S. 0.0401
Root weight C, -2433 .1533 .4667 .5800 —_— —  1.833 1.883
g/2 plants C, .2800 .2200 .6300 .6800 _ ——  1.617 2117
LSD .05 N.S. 0.1836 N.S.
Root N% Co, 2227 1920 1.627 1.423 _ —— 7733 .6967
C, 2180 2293 2.523 1.840 _ —— .9367 .8633
LL.SD .05 N.S. 0.859 N.S.
Root P% Co 2774 .1077 .1168 .0587 —_ —— .0632 .0325
C; .2496 .1385 .1390 .0724 _ ——  .0463 .0344
LSD .05 0.0820 0.0635 N.S.
Nodule number C 3.00 11.67 36.00 7.67 _ — 9.00 18.00
N°/2 plants C; 36.00 37.00 60.00 36.67 _ P 70.00 26.00
LL.SD .05 N.S. 48.8 548
*Cg = inoculated; C| = inoculated. |

inoculated treafments relative to the control. Pods number and weight were also signif-
icantly increased by inoculation (Table 40). The superiority of inoculation on shoot and
root weights, nitrogen concentrations, pods number and weight did not translate into
higher grain and str'aw yields. As a matter of fact, yields_ obtained from the inoculated
treatments were lower than 'tHe uninoculated ones (Table 41). These results imply that
under some conditions, nitrogen supply in dry bean and fababean may not limit seed yield, .
but that other factors may be limiting. It is suggested that the high perfofmance of these

plants has caused a depletion of the soil water around the roots causing a water stress at a
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critical period'and resuiting in lower yields. Since +N increased dry bean grain yields
significantly, it appears that the nodules only fixed N, appreciably at the 7 week stage and
that before and after that time, the inoculated plants without fertiliier N were probably N
deficient. Also, the nodules of C, plants apparently were having a parasitic effgét (using
‘photosy,nthate but not fixing much N). Also fertilizer N gives N immediately to thé plants
whereas fixed N comes late in the season and doesn’t last long. This explains why the dry
matter yield became lower at 'matu.rity in ino;:ulated plots after being higher during the
entire growing‘season..

Table 40. Effect of Inoculation (C;) of Dry Bean Seed on Pods Number and Dry Weight -
at Bozeman, Montana, 1981. '

Weeks after Emergence

10 13
Pods Number Pods wt. Pods Number Pods wt.
Treatments ~-N +N -N +N N +N -N +N
Co 17.33 24.00 11.57 16.20 27.33 45,67 35.67 62.00
C| 23.00 32.67 18.03 23.70 28.67 49.00 37.80 74.23

LSD .05 N.S. N.S. N.S. N.S.

Table 41. Effect of Inoculation (C;) of Dry Bean Seed on Final Straw and Grain Yields at
Bozeman, Montana, 1981.

Straw Grain
Treatments ~-N +N -N +N
Kg/ha '
Co 1873 2430 1693 T 3352
C 1 507 1947 1457 2403

LSD .05 786 790




65
These results on fababean and dry bean have demonstrated that seed inoculatio.h is
necessary in Montana soiis for effective nodulation and N, -fixation on these crops. How-
ever, under dryland conditi_ons, nodulation and N, -fixation may not limit gra;in yield.
Factors such as water stress caused by water depletion around the root zones of well nodu-

lated plants may be the limiting factor for increased grain yield production;

Effects of N and P on Growth, Nodulation and Nitrogen Fixation in Fababean

Field Experiment 1982

Shoot Weight. Fababean shoot dry weight‘was significantly affected by P supply at
the first harvest (P < 0.01) and at maturity (P < 0.05) (Tables 42 and 159, Appéndix). At
intermediate sampling dates, shoot weight was increased with increasing P supply relative
to the control plots, but greater variations were observed among treatments. This is believed
to be due to variations among sampling units rather than between phospi'\orus treatménts.
At the first sampling, the highest dfy matter was produced by plants supplied with 150 Kg
P/ha in the +N regime and by 2l10 Kg P/ha in the -N regime.

Table 42. Analysis of Variance for Fababean Shoot Dry Weight as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana, 1982.

Weeks from Emergence

Source
of Variation df 4 8 10 - 12 14
Mean Squares, ‘
P - 7 3.70** 14.36 31.09 105.10*, 118.80
N 1 13.68** 34.22* 108.90* 44.14 42.17
PXN 7 0.83 6.03 15.20 51.68 36.27
Error 45 0.94 7.99 18.76 39.48 66.61

*P < 0.05; **P < 0.01.
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Nitrogen fertilization significantly increased shoot dry weight only during the first
(P < 0.01) and second harvests (P < 0.05). By the third harvest, plants reliant on symbiot-
ically fixed N outperformed those recei.ving 200 Kg/ha of inorganic N. 'The NXP inter-
action was not signiﬁcént at any harvest. The shoot dry weight results demonstrate the
ébility of the fababean to meet its N requirements for growth in two ways. It may absorb
N that is available in soil or reduce atmospheric N, and uses it for growth. The abilit\) of
the -N regime plants to outperform those receiving N at the third harvest (10 weeks from
emergence) suggests that fababean was fixing more or as much N, as was supplied as fertil-
izer N. The fact that shoot weight responded to N fertilization only during the early part
of the growing season when nodulation was not fully developed tends to support the above
suggestion, Several researchers also found that nitrogen application had no effect on faba-
bean shoot dry-weight (Dean and Clark, 1980; Richards and Soper, 1982), while others
reported increasing fababean vegetative grow"ch with increasing N supply (Graman et al.,
1978; Salih, 19§0). Rinno et al. (1973) reported that single large N application at the onset
of flowering significantly increased aerial yields of P. sativum but had no effect ulpon faba-
bean and concluded that fababean derived sufficient N from symbiotic fixation. Other

factors may account for the variable response of fababean to N application.

Root Weight. In the following series of experiments, the term root dry weigHt desig- -
nates roots with nodules removed unless specified otherwise.

Fababean root dry weight data and analysis of variance are reported in Tables 160
(Appendix) and 43, respectively. Root weight was significantly increased by phosphorus
supply at all harvests except at the third sampling date (10 weeks from emergence). The
mode of nitrogen nutrition did not significantly influence root weight except at the first
harvest (4 weeks from emergence) when the -N treatments had higher root weight. How-

ever, when nodule dry weight was added to the roots, the resulting weight was a function
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Table 43. Analysis of Variance for Fababean Root Dry Weight as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana 1982.

Source : Weeks from Emergence
of Variation df 4 8 10 12 14

Mean Squares ‘ ‘
0.1228** 0.5264* 0.5985 1.4530* 3.1530**

P 7

N 1 0.8487** 0.0763 +0.7504 0.1216 0.3122
PXN 7 0.0528 0.1863 0.3902 0.4197 1.6920
Error 45 0.0311 0.1846 0.4173 0.5374 1.0190

*P < 0.05; **P < 0.01.

of mode of N nutrition. All treatments not receiving N app]ication had higher root +
nodule weight at the second (P < 0.05), third (P < 0.01), fourth (P < 0.05) and fifth
(nonsignificant) harvests. This is explained on the basis that during the vegetative growth
’stage, active root nodules utilize significant quantities of photosynthate for nodule growth
and for N,-fixation and this considerably reduces root extension and growth. The root
nodules represent, then, an added sirtk for photosynthate and mineral nutrients and
compete with other plant organs for the assimilates they require. A non-nodulated plant
does not have this additional assimilate sink although' it does expend energy reducing
nitrate wHen NO;-N is the source of available N. We expect, then, the pattern of dry
matter distribution to be different depending upon its mode qf N nutrition.

The superiority of the -N treatments at the first harvest (Table 43) can be attributed
to nodule formation representing a sink source. The nodule number (Table 160, Appendix)
showed that at 4 weeks from emergence, N,-fixation was sufficiently developed to repre-

sent a considerable added sink for photosynthate.

Nodule Number and Dry Weight. Nodule number and dry weight data are reported in

Tables 161 andv 162 (Apbendix) and analysis of variance in Tables 44 and 45, respectively.

High nodule number was generally associated with high P level but was only statistically
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significant a’\c the fourth harvest (P < 0.05) at 12 weeks from emergence. The highest -
nodule number was observed at P = 120, 180, 180, 150 and 180 Kg/ha at e;*ach of the
successive harvests in the ~N treatments.

Table 44. Analysis of Variance for Fababean Nodule Number as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana, 1982.

Source Weeks from Emergence
of Variation df 4 8 10 12 14
' Mean Squares '
P 7 2444 221 19356 10210* 8263
N 1 30490** 13360** 20240** 248700**  83080**
PXN 7 861 519 3577 5475 2106

Error 45 1688 3008 2805 3990 4871
*P < 0.05; **P < 0.01. '

N fertilization significantly red_uced nodule number at all g-rowth stages at the P .01
level. Plants with 200 Kg/ha inorganic N had only 69, 61, 44, 53 and 64 percent of. the
nodules of those reliant on syrﬁbiotic N at each successive sampling date. Maximum nodule
reduction occurred during period of‘maximum nodulation, at 10 and 12 weeks from emer-
gence.

There were no significant NXP interaction at any harvest. However, on plots receiving
200 Kg/ha N, maximum nodule reduction generally occurred at low phosphorus level,
These observations suggest that high P application may reduce the inhibitory effect of high
inorganic nitrogen even though there was no significant NXP interaction.

Nodule dry weight folIoWed the same pattern as nodule number. High nodule mass
was also associated with high phosphorus level but the increase reached statistical signifi-
cance only at matu'rity at 12 (P< 0.01) and 14 (P < 0.05) weeks from emergence (Table
45).

Nitrogen application significantly reduced nodule dry weight at all harvests (P < 0.01).

However, this did not result in complete inhibition of nodule initiation and development.
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Table 45. Analysis of Variance for Fababean Nodule Dry Weight as Affected'by P Supply
- and Mode of N Nutrition at Bozeman, Montana, 1982.

Source Weeks from Emergence
of Variation df 8 | 10 12 14
Mean Squares
P 7 0.0523 0.0352 0.2685**  0.1846*
N 1 2.7100** 4.9120** 3.2090** 2.7680**
PXN 7 0.0152 0.0568 0.0781 0.0633

Error 45 0.0321 0.0528 0.0664 0.0835
*P < 0.05; **P < 0.01. '

Dry Matter Distribution in Fababean. P and N supply affected the dry matter distri-
bution within the fababean plant. |

Phosphorus supply increased total dry matter (shoot + root + nodule dry weight) at
- all harvests and reached a significant level at the first (P < 0.01) and fourth harvests (P <
0.05). Nitrogen application significantly increased total dry matter only at the first sam-
pling date (P < 0.05) and had no effect at the secqnd harvest. By the third hérvest, total
dry matter was significantly I6wer iln plants receiving 200 Kg/ha of ammonium nitrate. At
maturity, there was no significant difference between the N regimes. This is an indication
that total dry matter was higher in +N treatments only during the period of nodule initia-
tion and development. When nodules were fully operative, plants reliant on symbiotic N
produced more dry matter than nonsymbiotic ones. [t is concluded that the fababean
plant, when fully fixing nitrogen can produce as much or more dry matter than plants
receiving 200 Kg/ha N. The decline in total dry matter in the -N treat.ments at the 4th and
5&1 harvests parallels that of nodulation at these sampling dates.

Phosphorus supply did not significantly affect the relati_ve distribution of dry matter
between the ab'ove and the underground portion 01; the plant {root:shoot ratio). Phos-
phorus or N had no effect on thg root to total dry matter ratio except for nitrogen at t'he

first harvest. Root + nodule to shoot ratio was significantly higher on plants reliant on
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symbiotically fixed N. This supports the suggestion that nodules represent an added sink

for photosynthate and compete with other plant organs.

Shoot N Concentrations. Increasing P supply did not significantly affect shoot N

concentrations at any harvest averaged over mode of N nutrition, Tables 46 and 163
(Appendix). Plants reliant on symbiotically fixed N had significantly lower N concentra-
tions at the first hgrvest, 4 weeks from emergence (Fig. 1). There was also a significant
NXP interaction (P < 0.05). This corresponded to the period of lowest nodulation and N,
fixation. At 8 weeks from emergence sampling, a crossing over was obtained between
plants reliant on symbiotic N and plants supplied‘with fertilizer N (Fig. 2). At low P level,
plants supplied with fertilizer N had n'onsignificantly higher shoot N content than plants
reliant on symbiotic N. At higher P level (> 60Kg/ha) the converse was true. At 12 weeks
from emergence sampling, as nodulation and N, fixation became fully effective, plants
from the -N regime had nonsignificantly higher shoot N concentrations than those sup-
plied with 200 Kg/ha of fertilizer N (Fig. 3). This is an indication that the - N regime plants
were getting as much or higher N from symbiotic fixation compared to the +N regime
plants. It is concluded from these results, i.e., shoot dry weight and other variables, that
fababean plants reliant on symbiotically fixed N can be as efficient as plants receiving 200
Kg/ha of fertilizer N. Also, some of the fertilizer N may have been immobilized in the soil.

Table 46. Analysis of Variance for Fababean Shoot N Concentrations as Affected by P
Supply and Mode of N Nutrition at Bozeman, Montana, 1982.

Weeks from Emergence

Source
of Variation df, 4 8 12
Mean Squares
P 7 0.0141 0.1107 0.56234
N 1 1.0250** 0.1806 0.2889
PXN : 7 0.0409* 0.2678 0.4300
Error 45 0.0159 0.2025 0.3405

*P < 0.05; **P < 0.01.
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Pod Number and Pod Dry Weight. Pod number a‘nd dry weight evaluated at the third |
and fourth sampling dates were highly variable (Table 164, Appendix). At the last sampling
date, pod number was significantly increased by nitrogen fertilization (P < 0.01) and poc'i
dry weight by N and P applications. 'i'here was no NXP interaction for either pod number
and pod dry weigﬁt. These results suggést that the increased nodulation in the -N treat-

ments did not translate into higher pod number and dry weight at these sampling dates.
<

Field Experiment 1983

Shoot Dry Weight. The analysis of variance and mean valu.es for fababean shoot dry
weight are given in Tables 47 and 43, respectively. The mean squares presented in Table 47
indicate that P levels did not have any significant effect on shoot dry weight except at the
third sampling date (P < 0.05). A orthogonal comparison was used to partition Ithe effect
of P levels into three components, linear, quadratic and cubic. This hés shown that the -
effect of P on shoot weight was cubic. Response surfaces for Ifababean shoot weight at 5
weeks (Fig. 4) and 9 weeks (Fig. 5) from emergence showed also the effect of P application
to be cubic. The LSD test and the response surfaces showed that generally P application
significantly increased shoot dry weight over the control. Nit.rogen application had_no sig-
nificant effect on shoot dry weight except at maturity. Significant posit_ive NXP interaction ‘

was detected at the fourth sampling date.

Nodule Number and Dry Weight. Analysis of variance and mean values for fababean

nodule number are reported in Tables 49 and 50 respectively.'- Phosphorus application
increased fababean nodule number at all harvests. However, statistically significant differ- -
ences were recorded only at the 5 weeks from emergence sampling (Fig. 6)..Nitrog¢‘en
application up to 75 Kg/ha did not significantly reduce nodule number for the entire
growing season. When the P level was high, nodulation Was even improved by 25 Kg/ha N

at the first (Fig. 6) and Iaét sampling dates (Table 50). The shape of the response sufface
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Table 47. Analysis of Variance and Orthogonal Polynomlals for Fababean Shoot Dry
Weight at Bozeman, Montana, 1983.

Weeks from Emergence

Source
of Variation df 5 7 9 1 13 .
_ _Mean Squares

Blocks 3 24.40 121.9 74.5 863.2 2016

P-levels 3 25.42 170.2 1183.0* 1086.0 1691
Linear 1 37.70 345.8 46.59 2655.0 2700
Quadratic 1 24.73 3.40 841.7 .18 1695
Cubic 1 277.40%* 161.3 2661.0** 602.0 778.9

N-levels 3 19.12 36.5 284.4 1852.0 4806*
Linear 1 9.60 44.09 28.50 301.56 7539*
Quadratic 1 33.55 .014 32.35 5242.0* 3039
Cubic 1 14.21 65.40 792.20 11.28 3842

NXP 9 9.42 64.20 489.0 2092.0* 565.0

Error 45 15.19 108.20 356.9 759.0 1315.0

*P < 0.05; **P < 0.01.

Table 48. Mean Values of Fababean Shoot Dry Weight g/2 Plants at Bozeman, Montana,

1983, e . u
Weeks from Emergence
Treatments 5 7 9 11 13
. g/2 plants
P-levels
Py 11.38 28.89 66.32 82.64 115.3
P, 12.48 33.35 71.36 93.78 117.4
P, 14.41 31.17 54.82 91.31 113.8
Ps 13.03 36.55 74.37 102.70 135.9
LSD .05 2.18 741 13.45 19.62 N.S.
N-levels ’ .
No 12.82 30.91 66.69 86.27 109.5
N, 12.56 33.49 62.41 103.20 119.2
N, 11.64 31.52 72.45 100.10 108.2
N, 14.28 34.04 65.33 80.82 145.5
LSD .05 N.S. N.S. N.S. 19.62 25.82
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Table 49. Analysis of Variance and Orthogonal Polynomials for Fababean Nodule Num-

ber at Bozeman, Montana, 1983.

Source Weeks from Emergence
of Variation df 5 7 , 9 11 13
. _Mean Squares

Blocks 3 8739 1531 4637 7422 4066

P-levels 3 68650* 2573 6034 8678 12290
Linear 1 82850* 4307 5900 11890 28740*
Quadratic 1 77350 812 7098 12070 6745
Cubic 1 45760 2599 5104 2066 1399

N-levels 3 33580 4934 1226 2921 3941
Linear 1 70120 - 11980* 2486 1887 6652
Quadratic 1 2849 1444 90 6786 1341
Cubic 1 27760 1378 1103 89 3830

NXP 9 8015 1740 1283 2384 6489

Error 45 20340 2991 3967 4336 5160

*P < 0.05; **P < 0.01.

Table 50. Mean Values for Fababean Nodule Number N°/2 Plants at Bozeman, Montana,

1983.
Weeks from Emergence
Treatments 5 7 9 11 13
N°/2 plants
P-levels .
Po 234.2 125.4 118.8 153.2 119.5
P, 288.1 128.4 164.4 127.7 150.6'
P, 392.1 152.9 149.1 1556.2 182.1
P3 306.9 141.7 152.6 184.7 172.2
LSD .05 101.6 N.S. 44.8 46.9 51.1
N-levels )
No 333.7 158.1 157.6 173.3 161.7
N 354.8 144.7 '142.3 145.8 175.6
N, 269.2 120.0 147.8 144.1 145.8
N; 263.6 '125.6 137.2 157.7 141.3
N.S. N.S. N.S.

LSD .05 N.S. N.S.
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for nodule number at 5 weeks from emergence (Fig. 6) was nearly identical to that of
shoot dry weight at the same sampling kFig. 4). This suggests that increase in nodule
number with increasing P supply was‘directly related to increase in shoot dry Weight. These
results are in agreement with those of 1980, 1981 and 1982 field experiments. There was
no significant NXP interactioﬁ.

Results in Table 51 indicate that there was a significant effect of P application on
nodule dry weight at the fourth harvest and that the effect was linear. This is well illus-
trated by the response surface for nodule dry weight in Figure 7. Nodule dry weight
increased with irllcreasir)g P application. Nitrogen application significantly reduced nodule
dry weight at all harvests (Table 51). The deéfease was essentially linear in response. Per-
cent decreases in nodule dry weight were 47, 51, 57 and 35 at the second, third, fourth
and fifth harvests, respectively (Table 52). Thus NO,™-N negatively influenced nodulation
via nodule mass rather than nodule numbers. A significant NXP interaction was obseryed

at the fourth harvest.

Root Dry Weight. Root dry weight including nodules was increased by P application

but the increase did not reach a statistically significant level (Table 53‘). Treatments receiv-

ing no or a low level (25.Kg/ha) of fertilizer N had higher root + nodules dry weight than

those supplied with 50 or 75 Kg/ha N (Table 54). This is consistent with the 1982 field

experiment.

Shoot N Concentrations. Shoot N concentrations were not increased by P application

but increased with N levels (Tables 55 and 56) with significant levels at the first and fourth

harvests. These results suggést first, that there is a dilution effect due to an increased sh'ooIt'

dry weight by P and second, that during period of optimum nodulation, N concentrations

from N, fixing plants are comparable to N supplied ones.
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Table 51. Analysis of Variance and Orthogonal Polynomials for Fababean Nodule Dry
Weight at Bozeman, Montana, 1983.
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Weeks from Emergence

.1680 .2543 2175

Source

of Variation df 7 9 11 13 T
_ Mean Squares |

Blocks 3 .1908 .0632 .6489 1335

P-levels 3 .0194 .1682 1.330** .3042
Linear 1 .0625 2311 3.009** .6498 |
- Quadratic 1 .0018 .0315 642 L1122 §
Cubic 1 ~.0038 .2420 .339 .1605 |
N-levels 3 .6649** .9249** 2.330** 9923** |
Linear 1 1.5699** 2.7120** 6.906** 2.676%* :
Quadratic 1 .0743 0613 .017 .1024 3
Cubic 1 2916 0012 .067 .1990 “
NXP 9 .0659 .1661 .6886* 3776 j
Error 45 .0751

*P < 0.05; **P < 0.01.

Table 52. Mean Values for Fababean Nodule Dry Weight g/2 Plants at Bozeman, Montana,

1983. S o
Weeks from Emergence ]
Treatments 7 9 1 : 13
g/2 plants ‘
P-levels ‘
P, .528 .7625 .868 932 ‘
P, .529 .8819 992 1.192
P, 577 7205 881 1.152 i
P, 598 9788 1.5156 1.246
LSD .05 N.S. N.S. .359 N.S.
N-levels ' }
No 774 1.096 1.501 1.420 ‘
N, .685 .966 1.298 1.257 '
N, .363 .793 -.918 . .924
N, 410 .b39 .649 921
L.SD .05 0.195 .293 .359 332




Table 53. Analysis of Variance and Orthogonal Polynomials for Fababean
Weight (root + nodules) at Bozeman, Montana, 1983.
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Root Dry

Source Weeks from Emergence
of Variation df 5 7 9 " 13
Mean Squares
Blocks 3 .660 3.442 5.367 . 29.27 .218
P-levels 3 945 3.018 -15.020 25.75 5.816
Linear 1 1.427 5.299 6.995 56.24* 8.91
Quadratic 1 1.043 1.960 14.150 10.15 A7
Cubic 1 .365 1.794 23.910 10.86 8.37
N-levels 3 1.343 2.756 7.184 34.76 25.150
Linear 1 3.036 2.016 3.640 66.09* 1.77
Quadratic 1 535 473 13.900 10.87 22.23
Cubic 1 458 5.778 - 4.007 27.31 51.44*
NXP 9 .687 1.692 5.707 38.33* 21.690
Error 45 1.049 2.307 6.094 13.83 11.600
*P < 0.05.

Table 54. Mean Values for Fababean Root Dry Weight g/2 Plants at Bozeman, Montana,

1983. _
Weeks from Emergence
Treatments 5 7 9 11 13
g/2 plants
P-levels
Po 2.62 4.70 7.13 8.19 10.62 -
P, 2.87 491 7.58 10.56 11.49
P, 3.21 4.72 6.23 . 10.29 10.86
P; 2.95 5.62 8.56 11.07 11.94
LSD .05 N.S. N.S. 1.76  2.65 N.S.
N-levels .
No 3.26 5.18 7.34 10.68 11.19
N, 3.03 5.38 7.61 11.77 11.77
N, 2.61 442 8.07 9.11 9.51
N, 2.75 4.97 6.48 8.54 12.44
LSD .05 N.S. N.S. N.S. 2.65 N.S.
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Table 55. Analysis of Variance and Orthogonal Polynomials for Fababean Shoot Percent
' N at Bozeman, Montana, 1983.

Source Weeks from Emergence
of Variation df 5 7 9 11 13
Mean Sqdares
Blocks 3 0656 0169 .2884 2197 00194
P-levels 3 0019 . .1235 .0661 .2227 .2285
Linear 1 .0020 .2880 .0861 .0475 .0845
Quadratic 1 .0025 .06505 .0791 .6201 .6006*
Cubic 1 .0011 .0320 .0330 .0003 .0005
N-levels 3 .4102** .0644 3923 .5060* .0044
Linear 1 1.128** .06056 0145 .2050 ., .0045
Quadratic 1 .0900 1225 .8213 1.0760* .0006
Cubic 1 01256 .0101 3413 .2365 .0080
NXP 9 .0648 .0690 .2393 1724 1701
Error 45 0921 .1067 3125 1747 .1184
*P < 0.05; **P < 0.01.
Table 56. Mean V_g[ug_s foL Fg_l_)apt_aan_ _§hoot.% N_a'g Bozem_gn_,_M_on_tar_laLJ_983._~ o
Weeks from Emergence
Treatments 5 7 9 11 13
% N
P-levels .
P, 4.87 3.84 3.51 4.09 4.39
P, 4.84 3.68 3.45 3.86 4.16
P, 4.85 3.68 3.36 3.84 4.13
P, 4.85 3.64 3.43 4.01 4.29
LSD .05 N.S. N.S. N.S. N.S. 0.25
N-levels : -
No 4.64 3.62 3.34 3.72. 4.23
N, 4.81 3.76 3.45 4.14 4,23
N, 497 3.76 3.66 4.03 4.26
N, 4.99 3.71 3.37 3.93 4.24
LSD .05 22 N.S. N.S. 0.30 N.S.
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Forage and Grain Yields. Mean squares presented in Table 57 indicate that P or N did
not significantly increase forage or grain yields. The highest forage and grain (Fig. 8) yields
were obtained howeve;' with 120 Kg/ha P averaged over N treatménts (Table 58). The
results suggest that the increased supply of P did not translafe into a significant hig‘helr
grain yield. The response surface for grain yield (Fig. 8) showed high grain vield at low-and
high N levels. This can be interpreted on the basis that at no of low N fertilizer application
(with 120 kg/ha P), N, fixation was sufficient to prevent N deficiency. At high N fertiiizer
application (75 Kg/ha), N, fixation was inhibited but there was enough inorganic N to pre-
vent a deficiency from significantly affecting grain yield. At moderate N fertilizér rates (25
to 50 Kg/ha), however, N, fixation was significantly reduced without the compensatory
effect of combined N. This resulted in lower grain yield. Our results are in agreement with

those obtained by Salem (1984) on Egyptian soils.

Field Experiment 1984

Shoot and-Nodule Dry Weight. The analysis of variance and orthogonal polynomials

for fababean shoot dry weight are given in Table 59 and mean values in Table 60. The
analysis indicates that P application did not significantly affect shoot dry weight at any
harvest. | .

Plants reliant on symbiotically fixed N had higher shoot dry weight at the second,
third and fourth harvests than those supplied with 75 Kg/ha N (Table 60). This parallels
nodulation behavior at these harvests. These results are glso consistent withv earlier findings
on fababean in 1982 and 1983 experiments.

Data in Tables 61 and 62 indicate that P application increased nodule dry weight at
all harvests but was not statistically significant and nitrogen supply significantly decreased

it at all harvests except at maturity.
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Table 57. Analysis of Variance and Orthogonal Polynomials for Fababean Forage and
Grain Yields Kg/ha at Bozeman, Montana, 1983.

Source
of Variation df Forage Seed
o Mean Squares .
Blocks 3 2235000 281500
P-levels 3 2022000 154900
Linear 1 3881000* 262900
Quadratic 1 1046 X106 ** 486
Cubic 1 2181000 6893000**
N-levels 3 1648000 315700
Linear 1 937500 354800
Quadratic 1 1609000 293300
Cubic 1 2401000 298900
‘NXP 9 491800 . 137800
Error 45 808200 155500
**P < 0.01.

Table 68. Mean Values for Fababean Forage and Grain Yields Kg/ha at Bozeman,'Monténa,

) 1983. o L
Treatments .Forage Grain Forage | Grain
P-levels N-levels A
Po 5145 1719 No 5466 1775
P, 5016 1670 N, 4911 1584
P, 5731 1878 N, 5539 1834
P, 5640 1841 Ns 5617 . 1914
LSD .05 640 N.S. LSD .05 640 281
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Table 59. Analysis of Variance and Orthogonal Polynomials for Fababean Shoot Dry
Weight at Bozeman, Montana, 1984.

Weeks from Emergence

Source
of Variation df 4 6 8 10
Mean Squares .
Blocks 3 7.340 65.39 387.60 544.4
P-levels 3 2.478 40.49 24.03 194.7
Linear 1 2.103 18.93 - 18.79 2.5
Quadratic 1 3,151 84.57* 37.67 300.6
Cubic 1 2.181 17.96 17.62 281.0
N-levels 3 1.988 57.61* 97.63 b85.1*
Linear 1 0.690 0.18 10.19 304.4
Quadratic 1 0.378 36.23 141.30 : 684.9*
Cubic 1 4.896 136.40%** 141.40 766.1*
NXP 9 6.259 3.39 44.72 129.9
Error 45

3.526 18.19 68.77 - 168.0

*P < 0.05; **P < 0.01.

Table 60. Mean Values of Fababean Shobt Dry Weight g/4 Plants at Bozeman, Montana,

1984, ‘
Weeks from Emergence ,
Treatments 4 6 8 10
a/4 plants
P-levels
P, 7.113 16.87 27.26 44.41
P, 6.180 15.07 26.17 37.85
P, 6.792 18.80 29.10 45.76
P, 6.837 , 16.00 . 27.12 43.65
LSD .05 N.S. 3.04 N.S. N.S.
N-levels
No - 7.071 19.42 30.71 51.81
N, 6.823 16.35 24.72 41.03
N, 6.236 15.45 27.08 40.57
N, 6.792 16.51 27.12 38.27

LSD .05 ' N.S. 3.04 5.90 8.95
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Table 61. Analysis of Variance and Orthogonal Polynomials for Fababean Noduie Dry
ngght at Bozeman, Montana, 1984.

Weeks from Emergence

Source

of Variation _df 4 6 8 10

Mean Squares )
Blocks 3 0.0149 0.1771 0.1792 0.2203
P-levels 3 -0.0069 0.3553 0.1006 0.0866
Linear 1 0.0013 0.1767 0.2576 . 0.2066
Quadratic 1 0.0118 0.6972* 0.0441 0.0005
Cubic 1 0.0075 0.1921 0.0002 0.0528
N-levels 3 0.1069* 0.6595** 1.337** 0.1913
Linear 1 0.0816 - 0.6578* 0.6625 0.0586
Quadratic 1 0.0008 . 0.0056 1.2880* 0.0356
Cubic 1 0.2382* 1.415** 2.0610** 0.4797
NXP 9 0.0294 0.0466 0.1737 - 0.1094
Error 45 0.0353 0.1358 0.2123 0.1559

*P < 0.05; **P < 0.01.

Table 62. Mean Values of Fababean Nodule Dry Weight g/4 Plants at Bozeman, Montana,

1984. ‘
Weeks from Emergence
Treatments 4 6 8 10
g/4 plants ‘
P-levels
Po 3444 1.064 0.9981 0.8913
P, 3700 ' 0.901 1.061 - 09725
P, 3663 . 1.254 1.167 1.069 .
P, ' .3950 1.001 0.9994 0.9988
LSD .06 N.S. 0.262 ' N.S. N.S.
N-levels '
No . 4631 1.306 . 1.4840 1.136
N, .3931 - 1.104 0.9706 0.9612
N, - .2675 0.8231 09119 0.8769
N, 3519 0.9869 0.8581 . 0.9575
1.SD .05 0.134 0.262 0.3281 ] N.S.‘
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Root Dry Weight. In general, root dry weight was not affected by P and N applica-

tions except at the highest N rates (Tables 63 and 64). When nodule mass was added to the
root weight, the resulting total weight was higher on plant reliants on symbiotic N at the
time of optimum nodulation and N, -fixation (Tables 65 and 66). These results support the
sgggestion that root nodules form a sink for photosynthates and compete with other plant

organs.

Shoot N Concentrations. Shoot N concentrations were not increased by P supply

(Tables 67 and 68). Considering that shoot N concentrations were increased in earlier
experiments (1982 and 1983), the lack of response in this experimént might be dule to
dilution effects brought by the high yields of plants reliant on symbiotically fixed N.
Nitrogen fertilization had no significant effect on plant nitrogen concentrations. However,
the trend was higher N content on plants not receiving fertilizer nitrogen. These results also
support the suggestion that.'fababean plants reliant on syhbiotic N can be as effectively

supplied with N as plants receiving 200 Kg/ha of inorganic N.

Assessment of the Role of P in Fababean Nodulation and N, Fixation

These results showed that P in.creased fababean shoot dry weight at most harvests in
1982, 1983 and 1984 field experiments. Nitrogen fertilization also increased shoot weight
early in the growing season, before nodulation and N, fixation became effective. However,
the interaction between N and P was not negative. Therefore P does not meet the first
criterion established by Robson (1981) of negative int‘eraction with combined N necessary
for direct involvement in N, fixation. However, the results showed that increasing P supply
nonsignificantly increased shoot N conéentrations on plants reliant on symbiotically fixed =
N during periods of optimum nodulation (Fig. 2) but had no efféct on plants supplied
" with 200 Kg/ha of fertilizer N in the 1982 field ‘experiment. In 1983 an.d 1984, shoot N

2
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Table 63. Analysis of Variance and Orthogon’al Polynomials for Fababean Root Dry
Weight at Bozeman, Montana, 1984.

Source . Weeks from Emergence

of Variation df 4 6 8 10
Mean Squares

Blocks 3 0.6682 5.289 10.54 0.278

P-levels -3 0.0404 5.419* 1.90 . 2.648
Linear 1 0.0493 3.226 3.58 0.535
Quadratic 1 0.0594 11.330* 1.16 4.473
Cubic 1 0.0124 1.698 0.96 2.938

N-levels 3 0.1199 9.293** 11.65* 5.8562
Linear 1 0.0047 1.430 9.75 2.865
Quadratic 1 0.2014 4.415 - 8.12 4.558
Cubic 1 0.15636 22.030** 17.09* 10.130

NXP 9 0.7313* ° 0.4356 : 1.68 - 1.379

Error 45

0.3447 1.650 3.79 2.685

*P < 0.05; **P < 0.01.

Table 64. Mean Values of Fababean Root Dry Weight g/4 Plants at Bozeman, Montana,

1984.
Weeks from Emergende
Treatments 4 6 : 8 10
g/4 plants
P-levels : ‘ .
Po 1.896 4,867 5.011 5.150
P, 1.872 4.282 5.593 4,593
P, . 1.982 5.616 5.755 5.587
Ps 1.884 4.518 : 5.711 5.086
LSD .05 N.S. 0.91 N.S. N.S. ‘
N-levels :
No 1.914 5.937 - 6.741 ' 5.999
N, 1.931 4.496 5.454 4943
N, 1.791 4.229 5.006 - 4,742
N3 1.998 4.620 4.869 - 4.731

LSD .05 ' “N.S. 0.91 1.386 1.167
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Table 65. Analysis of Variance and Orthogonal Polynomials for Fababean Nodule + Root

Dry Weight at Bozeman, Montana, 1984.

Source Weeks from Emergence
of Variation df 4 6 8 10
Mean Squares ’

Blocks 3 4285 .1169 .1281 .0777
P-levels 3 .0868 .1356 .0656 .0806 -
Linear 1 .1575 .0551 .0263 .18563
Quadratic 1 .0452 .3306* .1702 ~.0827
Cubic 1 .0578 0211 .0003 .0038
N-levels 3 .2302 .1023 .0497 .3293*
Linear 1 1403 1711 0195 .0263
Quadratic - 1 3452 .01566 .0352 1314

Cubic - 1 .2060 - .1201 .0945 .8303**
NXxP 9 .0845 .2178** 0613 .1936*
Error 45 .1010 .0757 .0644

*P < 0.05; **P < 0.01.

. .0862

Table 66. Mean Values of Fababean Nodule + Root Dry Weight g/4 Plants at Bozeman,

Montana 1984

Weeks from Eme,rg'ence

10

Treatments 4 6 8
% N
P-levels :
P ' 3.81 3.83 3.68 3.24
P, , 3.74 ) 3.62° 3.51 3.28
P, 3.70 3.77 3.63 . 3.38
- P 3.87 3.69 3.49 3.21
L.SD .05 N.S. 0.20 N.S. N.S.
N-levels
No 395 '3.83 3.62 3.38
N, . 3.74 3.76 - 3.49 3.24
N, . 3.76 3.66 3.63 3.09
N, 3.67 3.66 - 3.67 - 3.40
LLSD .05 0.23 N.S. N.S. - 0.21
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concentrations were not affected byl P supply (Tables 55 and 67). However, N content was
similar on plants reliant on N, fixation or combined N. In results reported by Gates and
Wilson (1974), increasing the supply of P to levels which increased subterranean clover
growth also increased N concentrations in tops. These results would tend to suggest a
direct effect of P on nodulation and N, -fixation based on the second criterion. For nutri-
ents involved in symbiotic N,-fixation independent of host-plant nutrition, their defi-
ciencies result in greater nodule dry weight (Anderson and Spencer, 1950; Robson et al.,
1979). In the experiments reported here, the converse appears to be true. Increasing P
supply did increase nodule numbers and dry weights in 1882, 1983 and 1984.,I-iowever,
the increases were not significant at somé harvests. It is further observed that in most
harvests where P had caused signi‘ficant' increases in shoot weight, nodule number.and dry
weight, P did not increase nodule number or dry weight prior to affecting shoot wefght.
This was well illustrated b;/ the response surfaces for shoot weight and nodule number at .
the 5 weeks from emergence sampling in 1982 (Figs. 4 and 6).

It is therefore concluded from the above observations that increasing P supply in-
creases N, fixation in fababean by stimulating the host plant growth rather than by affect-

ing nodule initiation and function.

Effects of N and P on Growth, Nodulation and Nitrogen Fixation in Green Pea

Field Experiment 1982

Shoot Dry Weight. Analysis of variance for green pea shoot dry weight and mean

values are reported in Tables 67 and 165 (Appendix), respectiveiy. Shoot dry weight was
significantly increased by P supply and mode of N nutrition during the entire -growing
season. Shoot weight was increased at the four harvests by 40, 38, 29 and 40 percent at the

highest P treatment (210 Kg/ha) over the control on plants reliant on symbiotic N. On
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plants supplied with 200 Kg/ha N as ammonium nitrate, the highest P rate (210 Kg/ha)
increased shoot weight by 89, 51, 61 and 48 percent relative to the control treatment.
Therefore, P had more effect on plants supplied with fertilizer N than those reliant on
symbiotically fixed N. Nitrogen fertilization increased shoot weight by 35, 26, 15 and 18
percent at the successive sampling dates. These results suggest that while the effect of
fertilizer N on green pea shoot weight was decreased during nodulation, N, fixation did
not compensate for tﬁe 200 Kg/ha of combined N. This indicates that'the ability of green
pea plants reliant on N,-fixation to compensate for fertilizer N is lower than fababean
plants. Similar results were reported by Mahon (1977b). Results obtained at the first and
second harvests indicated that at low P level (0 to 90 Kg/ha) plants not receiving fertilizer
N generally had higher or equal shoot weight than those supplied with combined N. At
higher P level, the converse was true. This is shown by the significant NXP interaction at
the second (P < 0.01) and third (P < 0.05) harvests (Table 67). The fact that shoot dry
weight was higher or equal in -N treatments than in +N treatments at low P level, suggests
that at low to medium soil fertility, green pea plants can be N self-sufficient. -

Table 67. Analysis of Variance for Green Pea Shoot Dry Weight as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana, 1982.

Weeks from Emergence

Source :
of Variation df 4 : 8 10 12
' _ Mean Squares
P 7 7.89** 62.80** 31.91%** 49.20**
N 1 52.18** 267.10%* 70.73** 88.74*
PXN 7 1.82 51.78** 23.46* 2.61
Error 45

1.01 13.08 9.69 13.89
*P < 0.05; **P < 0.01. '

Root Dry Weight. Tables 68 and 166 (Appendix) indicate that root dry weights for

treatments receiving the highest P rate were 58, 39, 53 and 47 percent higher at each

successive harvest than the control treatments. However, the increase obtained at the
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second harvest was not statistically significant. Root weights in the -N regime were signifi-
cantly higher (P < 0.01) than .thosé receiving 200 Kg N/ha at the first harvest (Table.1‘66,
Appendix}. However, they b-ecame significantly lower at the second harvest (P < 0.01) and
similar at the third and fourth harvests. Significantly higher dry wéight at all harvests (P <
0.01) resulted when nodule weight was added to the root weight. There were then 67, 117
and 113 percent increases in root weights in the -N regime as compared to the +N regime.
These results are similar to those obtained with fababean and support the hypothesis that
active root nodules represent an added sink for photosynthates and mineral nutrients and
compete with other plant organs for the assimilates they require. There was no significant
NXP interaction.

Table 68. Analysis of Variance for Green Pea Root Dry Weight as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana, 1982.

Source Weeks from Emergence »
of Variation df 4 -8 10 12
Mean Squares
P 7 0.0419* 0.0143* © 0.0255** "~ 0.0170*
N 1 0.8860** 0.1360** 0.0008 0.0153
PXN 7 0.0140 0.0163* 0.0048 0.0035
Error 45 0.0155 0.0075 0.0068 0.0058

*P < 0.05; **P < 0.01.

Nodule Number. The pea plants were abundantly nodulated in 1982 with maximum

nodule number. reaching over 500 nodules per two plants (Table 167, Appendix). Phos-
phorus supply significantly increased nodule number at the first harvest, 4 weeks from

emergence (Table 69). Nitrogen application significantly reduced nodule number at all

harvests. Nodule number varied from 437 in -N plots to only 70 nodules per 2 plants in

+N plots at the 4 weeks smpling. This represents a reduction of more than 500. percent. At
- the 8 weeks sampling, nodule number varied from 409 to 75 nodules per 2 plants, repre-

senting a reduction of more than 400 percent. By the third harvest (10 weeks) the -N plots
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contained 136 nodules per 2 plants as compared to 43 for the +N plots. This l;epresents a
200 percent reduction. At the last sampling date (12 weeks), more than 100 percent reduc-
tion was recorded as nodule number decreased from 164 to 78 nodﬁles per 2 plants. In
fababean, NO;-N had no effect on nodule number, N, -fixation and plant growth, but was
highly inhibitory to green pea nodulation and N, -fixation. There was, however, no sig- ‘
nificant NXP interaction. l

Table 69. Analysis of Variance for Green Pea Nodule Number as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana, 1982.

Weeks from Emergence

Source '
of Variation df 4 8 10 4 12
Mean Squares '
P 7 36410** 26680 - - 7985 4184
N 1 2159000%* 1782000** 139700 ** - 118800**
PXN 7 9143 31560 4922 7930
Error 45 12250 15950 3733 5887

*P < 0.05; **P < 0.01.

Nodule Dry Weight. Results obtained with nodule dfy weight paralleled those of

nodule number (Table 70; Table 168, Appendix). Phosphorus éupply increased nodule
weight of plants reliant on symbiotically fixed N at all harvests and was significant at thé
second harvest (P < 0.05) and at maturity (P < 0.05). it had little effect on plants supplied
with fertilizer N.

The inhibitory effect of fertilizer N on nodule dry weight was gréater than on nodule
number. For example, the minimum reduction on nodule dry weight following the applica-
tion of 200 Kg/ha of combined N was ovel; 700 percent at 8 weeks from emergence sam-
pling. These results suppdrt earlier reports (Chen and Phillips, 1977; Sosulski and Buchan,
1978; Mahon, 1977a, 1977b) that N application has a highly negative effect on pea nodule

initiation as well as nodule development. : !
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Table 70. AnaIyS|s of Variance for Green Pea Nodule Dry Weight as Affected by P Supply
and Mode of N Nutrition at Boaeman, Montana, 1982.

Source Weeks from Emergence
of Variation df 8 10 12
Mean Squares
P 7 0.0297** 0.0357 0.0338*
N 1 2.9840** . 4.7250** 3.56530**
PXN 7 0.0276 0.0406 0.0252
Error 45

0.0118 0.0206 0.0133

*P<0.05; **P < 0.01.

It has been observed in this study thét the green pea plants had very small nodules.
However, when abundantly nodulated, the underground mass of plants reliant on symbi-
otic N is mainly composed of the nodule mass (Tables 166 and 168, Appendix). These data
support the assumption that nodules represent a sink for carbohydrates and therefore com-
pete with the root system. This could have practical significance since a reduced root

system may not be as efficient as an extended one in a stress situation such as for water.

Total Dry- Matter. Total dry matter (root + nodules + shoot) was significantly in-

cr_eased by P sﬁpply at all harvests and plants supplied with the highest P rate were 64,
44, 44 and 77 percent highér than the control tréatments at each successive harvest. Plants
.reliant on symbiotically fixed N, however, had lower total plant dry matter thén thpse
receiving 200 Kg/ha N.
Increasing P supply significantly increased the root:shoo’t\ratio averaged over mode of
N nutrition only at the first 'harves't and had no effect at other sampling dates. This ratio
was significantly higher in the -N treatments at the first (P < 0.01)’ and third (P < 0.05)
harvests. Plants in the’-N regime had higher root + nodules:total dry matter ratio at all
harvests than those ‘in +N regime. These results indicate the followi.ng trends. First, that P
did not affect the partition of dry matter distribution within the green pea plant. Second,

that plants reliant. on symbiotic N had lower dry matter than those receiving 200 Kg/ha
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of combined N. This contrasts with the fababean total dry matter results where symbioti-
cally supplied plants were as efficient as N fertilized ones. It appears that the high nodula-

tion rate in green pea did not compensate for the 200 Kg/ha of fertilizer N.

Shroot N Concentrations. Phosphorus supply increased, non-significantly, shoot N
concentrations during periods of optimum nodulation (Table 169, Appendix). Nitrogen
application had no effect except at the second harvest where plants reliant on symbiotic N
had significantly higher shoot N concentrations. This indicates that plants dependent on
symbiotic N developed higher N concentrations than those receiving 200 Kg/ha of inor-
ganic N at the peak of N, fixation. There was no‘ significant NXP interaction. The N fertil-
ized plants had higher shoot weights and, thus, lower N concentration, indicates the dilu-

tion effect.

Grain Yield. Pea grain yield was not significantly increased by N and P applications
(Table 170, Appendix). This means that the increased nodulafion resulting from the P
application did not translate into higher grain yield. The fact that the application of 200
Kg/ha of fertilizer N did not increase shoot N concentrations or grain yield over the non-
fertilized plants contrasts with results reported by Sosulski and Buchan (1978). Theyﬂ
found that N fertilization of 106 Kg/ha at seeding severely depressed nitrogenase activity
but markedly increased fdrage and seed yields as well as protein contents. They concluded
that geater grains in seed yield and protein content could be achieved by N fertilization
than the common practice of seed inoculation. Our results suggest, however, that seed
yield obtained by inoculation in a dryland agriculture is equal to that obtained from N

fertilization.
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Field Experiment 1983

Shoot and Root Dry Weight. Mean squares in Table 71 indicate that there were sig-

nificant differences between P treatments for shoofc dry weight at the first and second har-
vests. The effect of P on shoot weight was essentially linear. The mean differences were
tested afnong P levels by LSD test and are presented in Table 72. The results showed that
shoot weight increased with increasing P supply. Nitrogen application increased shcl)ot
weight at all harvests and reached a significant level at the second harvest. The effects of
P and N on pea shoot weights are consistent with those of 1982 experiment and are shown
in Figures 9, 10 and. 11.

' Root dry weight was significantly increased by P levels at the second and third har- '

vests (Tables 73 and 74) but was decreased by N additions (Figs. 12 and 13). -

Nodule Number and Nodule Dry Weight. As in 1982, nodule number was signifi-

cantly increased by P levels at all harvests (Tables 75 and 76). There were 82, 90 and 60
percent increases at the first, second and third harvests respectively bletween P.0 (0 Kg/ha)
and P, (120 Kg/ha). The effect of P on nodule number wa; linear. Nitrogen application -
decreased nodule number at all harvests and was significant at the first (P < 0.05) and last
- sampling date (P§ 0.01). There was no significant NXP interaction. However; compared
to 1982, the inhibitory effect of combined N was less pronounced. This probably is due
to the lower rates of fertilizer N used in 1983. Response surfaces (Figs. 14, 15 and ]6)
illustrate these' relationships. -Combined equations were also calculated to describe the
above relationships as follows:

At the first harvest,

1. Y = 89.58 + 18.13P** - 1497 N**R? = .25

At the second harvest:
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Table 71. Analysis of Variance and Orthogonal Polynomials for Green Pea Shoot Dry
Weight g/2 Piants at Bozeman, Montana, 1983.

Source Weeks from Emergence
of Variation df 5 7 ' 9
Mean Squares .
Blocks 3 71.96 44.24 6.44
P-levels 3 67.72** 413.10** : 210.40
Linear 1 181.6** 940.10** 612.40
Quadratic 1 6.12 298.9 2.21
Cubic 1 15.41 .25 16.63
N-levels 3 7.1 270.10* 32.56
Linear 1 19.64 0.31 37.81
Quadratic 1 1.38 7.41 57.23
Cubic 1 0.29 802.50** 2.63
NXP 9 14.66 184.80* 163.70
Error 45 13.74 78.61 184.10

*P < 0.05; **P < 0.01.

Table 72. Mean Values of Grean Pea Shoot Dry Weight Averaged over N and Averaged
Q\_/er P Levels, Respectively, at Bozeman, Montana, 1983.

Weeks from Emergence

Treatments b 7 : 9
lant
P-levels 9/2 plants
P, 12.77 25.78 40.56
P, 14.54 33.64 43.86
P, 14.73 36.90 45,26
P, 17.73 36.12 49.31
LSD .05 - 264 6.31 N.S.
N-levels
Ny 14.08 31.28 42.86
N, 14.75 38.23 45.08
N, ' 1543 28.67 46.31
N; 15.561 34.26 44.74

LSD .05 N.S. 6.31 N.S.
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Table 73. Analysis of Variance and Orthogonal Polynomials for Green Pea Root Dry
Weight g/2 Plants at Bozeman, Montana, 1983.

Source Weeks from Emergence

of Variation df 5 7 9

Mean Squares

Blocks 3 1.0860 2672 .0148

P-ievels 3 4373 1.100** .6222**
Linear 1 .8736*% 3.093** 1.492**
Quadratic 1 .1296 .1871 3615
Cubic 1 .3088 .0215 0131

N-levels 3 .5955* .2201 .1384
Linear 1 1.181* 4867 .2096
Quadratic 1 0121 0400 - .1416
Cubic 1 .5934 1337 ‘ .0641

NXP 9 .0991 . .2516 .0982

Error 45 1716 .2347 1429

*P < 0.05; **P < 0.01.

Table 74. Mean Values of Green Pea Root Dry Weight Averaged over N and P Levels,
Respectively, at Bozeman, Montana, 1983. -

Weeks from Emergence

Treatments 5 ' 7 9
g/2 plants
P-levels '
P, 969 1.102 1.262
P, 1.288 1.440 1.264
P, . 1.206 1.687 1.362
P, 1.345 1.709 1.6756
LSD .06 0.295 345 .269
N-levels B .
No 1.414 1.681 _ 1.432
N, 1.147 1.5635 1.419
N, 1.284 1.334 1.452
N, 963 1.388 . 1.261

LSD .05 . ' .295 . .345 ' N.S.
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Table 75. Analysis of Variaﬁce and Orthogonal Polynomials for Green Pea Nodule Num-
ber at Bozeman, Montana, 1983.

Source Weeks from Emergence

of Variation df 5 7 ‘ 9

Mean Squares

Blocks 3 15100 5879 14410

P-levels 3 9173** 8656** . 6240**
Linear 1 26290** 21220** - 15650**
Quadratic 1 1216.0 4422 1089
Cubic 1 4.3 . 324 1980

N-levels 3 6898* 1722 8658**
Linear 1 17920** 4425 25380**
Quadratic 1 1081 “ 400 ‘ 162.6
Cubic 1 1688 . 340 427.8

NXP 9 1360 938 974

Error 45 1652 1288 1219

*P < 0.05; **P< 0.01.

Table 76. Mean Values of Green Pea Nodules Number Averaged over N and P Levels,
Respectively, at Bozeman, Monta_na_, 1 983. ,

Weeks from Emergence

Treatments 5 7 ' 9
N°/2 plants ‘
P-levels : '
Py 65.81 56.56 78.06
P, 93.12 93.50 . .110.30
P, " 110.60 103.8 109.30
P, 120.40 1074 125.00
LSD .06 28.94 , 25.66 24.86 .
N-levels .
No ’ 118.1 97.94 129.6
N; 102.2 99.62 119.60
N, . 101.0 86.00 : ., 94.87
N, , 68.6 . 77.69 78.50

LSD .05 28.94 N.S. ' 24.86
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2. Y =68.18 + 16.29P** - 744 N** R2 = 22
At the third harvest,

Y = 115620 + 13.99 P** - 17.81 N** R? = 27

where Y = nodule number
P = P fate in increments of 60 Kg/ha
N = N rate in increments of 25 Kg/ha

“** = denotes significance at the 0.01 level

These regression equations show that nodule number was significantly influenced by P
and N applications. However, the onv correlation values suggest that other variables might
also be important in controlling nodule number in green pea.

Mean squares (Table 77) and mean values (Table 78) show that nodule dry weight
followed the same pattern as nodule number and was consistent with results obtained in
1982. Nodule dry weight was significantly increased by P levels and decreased by N appli-
cation. The lower N rates used in 1983 resulted in lower inhibitory rates as compared to
1982. There was no significant NXP iﬁteraction. These relationships are expressed in the
following equations:

At the first harvest,

It

3. Y=.68+.05P* - .18N**R?> = .65
At the second harvest, .
Y = 51 + .08P** - .13 N** R* = .34
At the third harvest,
4, Y = .57 + .06 P** - .14 N** R? = .57
Y, P and N are as defined previously. Nodule dry weight variability was better explained by

P and N than nodule number, but was still dependent of other factors such as moisture

relations in the plots.
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Table 77. Analysis of Variance and Orthogonal Polynomials for Green Pea Nodules Dry
Weight g/2 Plants at Bozeman, Montana, 1983.

Source Weeks from Emergence

of Variation df b 7 9

Mean Squares

Blocks 3 .0398 0111 .0416

P-levels 3 1167%* .1894* .1028**
Linear 1 .2040*%* b5104** .2526**
Quadratic 1 .1056* .0576 .0512
Cubic 1 .0374 .0001 .0047

N-levels 3 .9059** 5105** .5320**,
Linear 1 2.675** 1.334** 1.656**
Quadratic 1 .0420 .0410 .0015
Cubic 1 .0003 .1566 .0389

NXP 9 0217 .0931 .0082

Error 45 .0235 .0543 .0240

*P < 0.05; **P < 0.01.

Table 78. Mean Values of Green Pea Nodules Dry Weight Averaged over N and Averaged

over P Levels, Respectively, at Bozeman, Montana, 1983.

Weeks from Emergence

Treatments b 7 9
a/2 plants
P-levels
Po 223 .240 .246
P, 398 378 374
P, .383 461 .408
P, 396 479 423
LSD .05 0.109 0.166 10
N-levels
No .6561 536 - .566
N, 413 .b46 461
N, .236 .284 .255
N, .100 .193 .169
LSD .05 0.109 0.166 .110
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Shoot N Concentrations. There was no consistent trend on shoot N concentrations as

a function of P application (Tables 79 and 80). Shoot N concentrations were generally
higher on plants reliant on symbiotic N than those receiving fertilizer N. This is co_nsistent-
with the results obtained in 1982 and supports the assumption that plants dependent oﬁ
symbiotic N caﬁ accumulate more N than those receiving 756 Kg/ha (1983) but not up to

200 Kg/ha (1982) of fertilizer N.

Grain Yield. Table 81 indicates that P supply nonsignificantly increased seed yiéld.,
Plants reliant 6n symbiotically fixed .N had higher seed yield than those supplied with 75
Kg/ha of combined N. These results contrast with those obtained in Canada by Sosulski
and Buchan (1978) and are consistent with the 1982 experiment. Both years results
support the hypothesis that Nz fixation on nonfertilized plants was able to supply more N
than plants fertilized with 75 Kg/ha of combined N or supplied N as effectively as those
receiving 200 Kg/ha of combined N resulting in higher or eqﬁal seed vyield respectively.

These results also demonstrate the importance of seed inoculation.

Field Experiment 1984

Shoot and Root Dry Weight. Meah squares reported in Table 82 indicate that there

were no significant effects of P and N on green pea shoot dry weight. The mean values,
however {Table 83), showed that shoot weight was increased with increasing P levels and |
that N supplied plants had lower shoot dry weight than those reliant on symbiotic N. The
trend of P and N effects on shoot weight is consistent with the 1982 and 1983 experiments
even if statistically significant effects were not observed.

Root dry weight was not affected by either P or N application except for N at the
first harvest (Tables 84 and 85). Sirﬁilar trends were observed when nodule dry weight wés

added to the root dry weight (Tables 86 and 87).
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Table.79. Analysis of Variance and Orthogonal Polynomials for Green Pea Shoot %N,
at Bozeman, Montana, 1983.

Source Weeks from Emergence

of Variation df 5 ‘ 7 9

Mean Squares

Blocks 3 1214 .1187 .0743

P-levels 3 1927** .0654 .1893
Linear 1 .0228 0361 .05678
Quadratic 1. .0977 .1600* .2627
Cubic 1 4575** .0001 .2475

N-levels 3 .1510* .0388 .2831
Linear 1 .0428 .0805 .6040
Quadratic 1 4064 ** 0006 .0977
Cubic 1 .0038 .0551 .2475

NXP 9 .0499 0322 .0672

Error 45 .0373 .0364 .1501

*P < 0.05; **P < 0.01.

Table 80. Mean Values of Green Pea Shoot %N Averaged over N and Averaged over P

Levels, Respectively, at Bozeman, Montana, 1983.

Weeks from Emergence

Treatments b 7 9
% N

P-levels .
P, 4.14 3.90 2.40
P, 4.35 3.78 2.18
P, 4.11 3.76 . 2.38
P, 4.16 3.84 243

LSD .05 14 14 N.S.

N-leveis :
No 4.30 3.85 2.46
N, 4.13 3.87 2.34
N, 4.09 3.76 243
Nj 4,24 3.79 2.16

LSD .05 14 N.S. .28
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Table 81. Mean Values of Green Pea Seed Yield Averaged over N and Averaged over P
Levels, Respectively, Kg/ha at Bozeman, Montana, 1983.

P-levels Yield (Kg/ha) N-levels Yield (Kg/ha)
P, 2057 No 2203
P, - 2196 N, 2103
P, 2128 N, 2011
P, 2117 Ns 2180
LSD .05 N.S. LSD .05 N.S.

Nodule Dry Weight. Phosphorus application increased nodule dry weight and was

highly significant at the final harvest (Tables 88 and 89). Increasing N application signifi-
cantly decreased nodule dry weight at all harvests. The effects of P and N on nodule dry
weight are consistent with those of 1983. Significant NXP interactions on nodule dry

weight were recorded at the second and final harvests (Table 88).

Shoot N Concentrations. Phosphorus and N had no significant effect on shoot N

concentrations except at the first harvest in which plants reliant on symbiotic N had higher

(P < 0.01) shoot N content than those receiving 75 Kg/ha of fertilizer N (Tables 90 and

91). This observation confirm the results of 1982 and 1983 that the pea plants reliant on.

symbiotic N can accumulate N as effectively as fertilized plants.

Asseésment of the Role of P in Green Pea Nodulation and N, Fixation

Results based on the 1982, 1983 and 1984 experiments showed:

First, that the NXP interaction on green pea shoot weight was usually positive (Tables
67, 71 and 82). This suggests that P might not be directly involved in N, fixation. These
results contrast with those obtained with faba bean where no significant interactions were
observed.

Second, that increasing P supply increased, nonsignificantly, shoot N concentra;ci.ons

in 1982 but was not consistent in 1983 and 1984.
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Table 82. Analysis of Variance and Orthogonal Polynomials for Greén Pea 'Shoot Dry
Weight at Bozeman, Montana, 1984. o

Source Weeks from Emergence
of Variation df 4 6 8
Mean Squares -
Blocks 3 0.3825 13.80 95.08
P-levels 3 0.5927 18.11 74.31
Linear 1 0.7050 20.08 3545
Quadratic 1 0.9702 28.46 185.00*
Cubic 1 0.1029 5.77 2.654
N-levels 3 2.6950 22.76 9.83
Linear 1 0.4636 0.90 - 312
Quadratic 1 0.2209 6.650 - 0.32
Cubic 1 7.399** 60.88* 26.05
NXP 9 1.339 22.64* 32.68
Error 45

0.9961 9.69 356.12

*P < 0.05; **P< 0.01.

Table 83. Mean Values of Green Pea Shoot Dry Weight Averaged over N and P Levels,
Respect'iyely, at Bozeman, Montana, 19__84.'

Weeks from Emergence

Treatments 4 6 8
g/4 plants
P-levels :
P, 5.819 14.06 16.92
P, 6.217 14.13 21.48
P, 6.136 12.83 19.10
P 6.231 15.43 21.35
LSD .05 N.S. . 2.22 4,22
N-levels
No 6.460 16.79 20.60
N, 5.893 13.62 19.79
N, .5.624 13.07 18.69
N, 6.426 14.07 19.77

LSD .05 0.711 2.22 N.S.
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Table 84. Analysis of Variance and Orthogonal Polynomials for Green Pea Root Dry

Weight at Bozeman, Montana, 1984.

Source Weeks from Emergence .
of Variation df 4 6 : 8
: Mean Squares -
Blocks 3 0.0935 0.2200 0.1873
P-levels 3 0.0225 0.0722 0.0269
Linear 1 0.0137 0.1877* 0.0208
Quadratic 1 0.0405 0.0129 0.0410
Cubic 1 0.0134 0.0158 0.0189
N-levels 3 0.0958** 0.0476 0.0697
Linear 1 0.2096** 0.0314 0.0016
Quadratic 1 0.0207 0.1097 0.1980
Cubic 1 0.0570 0.0016 0.0095
NXP 9 0.0776** 0.2157** 0.0407
Error 45 0.0220 0.0473 0.0674

*P < 0.05; **P < 0.01.

Table 856. Mean Values of Green Pea Root Dry Weight Averaged over N and "P Levels,

Respectively, at Bozeman, Montana, 1984.

Weeks from Emergence

Treatments 4 6 8
a/4 plants
P-levels
Po 0.6037 0.6356 0.7131
P, 0.6150 0.7750 0.7469
P, 0.56775 0.7669 0.6494
P, 0.6669 0.6844 0.7169
LSD .05 N.S. N.S. N.S.
N-levels
No 0.6681 0.6575 . 0.6369
N, 0.5344 0.6906 0.7744
N, 0.6994 0.7294 0.6650
N 0.6613 0.7844 0.7500
LSD .05 0.1056 N.S. ‘ N.S.




(AR

Table 86. Analysis of Variance and Orthogonal Polynomials for Green Pea Nodule + Root
Dry Weight at Bozeman, Montana, 1284.

Weeks from Emerge‘nce

Source
of Variation df 4 6 8
Mean Squares :
Blocks 3 0.0732 0.1963 0.1828
P-levels 3 0.0174 0.0510 0.0494 -
Linear 1 0.0042 0.1121 0.0146
Quadratic 1 0.0420 0.0366 0.1122
Cubic 1 0.0060 0.0043 -0.0215
N-levels 3 0.0514 0.0331 0.0582
Linear 1 0.0891 0.0006 0.0285
Quadratic 1 0.0650 . 0.04980 0.1425
Cubic 1 0.0000 0.0500 0.0035
NXP 9 0.0877** . 0.2546** 0.0489
Error 45 0.0226 0.0544 0.0732
**P < 0.01.

Table 87. Mean Values of Green Pea Nodule + Root Dry Weight Averaged over N and P
Levels, Respectively, at ?p;em_an_,_*Montana, ~19__84.

Weeks from Emergence

Treatments 4 : 7 6 8
g/4 plants
P-levels '
P, ' . 0.6744 0.7187 0.7475
P, 0.7025 0.8488. 0.8206
P, 0.6613 0.8238 0.6906
P, - 0.7356 . : 0.7894 C 0.7850
LSD .06 N.S. N.S. N.S.
N-levels ‘
No 0.7075 0.8062 0.7331
N, 0.6119: 0.8144 0.8331-
N, 0.7431 0.7287 0.6944
N, 0.7112 0.8313 0.7831

LSD .05 '. 0.1070 N.S. ‘ N.S.
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Table 88. Analysis of Variance and Orthogonal Polynomials for Green Pea Nodule Dry
Weight at Bozeman, Montana, 1984.

Source Weeks from Emergence

of Variation df 4 6 8
: _ Mean Squares _ )
Blocks 3 0.0019 0.0027 0.0014
P-levels 3 0.0013 ’ 0.0067 0.0069**
Linear 1 . 0.0025 0.0113* 0.0006
Quadratic 1 0.0000 0.0056 0.0200**
Cubic 1 0.0363** 0.0031 0.0003
N-levels 3 0.0296 * * 0.0393** 0.0154**
Linear 1 0.0257** 0.0410** 0.0179**
Quadratic 1 0.0103** 0.0121* ‘ 0.0044
Cubic 1 0.0528** 0.0650** 0.0240**
NXP 9 0.0016 0.0089** 0.0030*
Error 45

0.0011 0.0028 10.0014

*P< 0.05; **P < 0.01.

Table 89. Mean Values of Green Pea Nodule Dry Weight Averaged over N and P Levels,
_Respectively, at Bozeman, Montana, 1984. '

. Weeks from Emergence
Treatments 4 6 ) 8

g/4 plants
P-levels
P, ~0.0731 . 0.0881 0.0363
P, 0.0894 0.0769 0.0788
P, 0.0856 0.0588 0.0425
P, 0.0713 0.1075 0.0706
LSD .05 N.S. 0.0377 0.0266
N-levels :
No 0.1400 0.1506 : 0.0988
N, 0.0813 0.0888 ‘ 0.0625
N, 0.0450 0.0425 0.0319
N, 0.0531 0.0493 0.0350

LSD .05 0.0236 0.0377 0.0266
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Table 90. Analysis of Variance and Orthogonal Polynomials for Green Pea Shoot Nitrogen

Concentrations at Bozeman, Montana, 1984.

Weeks from Emergence

Source
of Variation df 4 6 8
‘ Mean Squares '
Blocks 3 0177 1014 .0181
P-levels 3 0156 .0135 .0131
Linear 1 .0263 .0015 .0090
Quadratic 1 .0189 .0352 .0189
Cubic 1 .0015 .0038 .0113
N-levels 3 J131%* 0102 .0672
Linear 1 .0008 .0300 .0070
Quadratic 1 .0564 .0002 .0189
Cubic 1 .2820** .0003 .1758
NXP 9 .0349* - .0628* .0657
Error 45 .0159 .0195

.0607

*P < 0.05; **P < 0.01.

Table 91. Mean Values of Green Pea Shoot Nitrogen Concentrations Averaged over N and
P Levels, Respectively, at Biz‘_em_an,vi\/l_grltana, 1984.

Weeks from Emergence

Treatments 4 6 8
: %N
P-levels _
P, 4.11 4,23 2.99
P, 4.03 4.17 2.97
P, 4.06 4.23 3.04
P, 4.06 4.19 2.99
L.SD .05 N.S. N.S. N.S.
N-levels
No 4.18 4.19 2.91
N, " 4,00 4,18 3.03
N, 4.01 4,22 3.06
N; 4.07 4.23 3.01
LSD .05 .09 N.S. N.S.
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Third, that P supply increased npdule dry weight of plants reliant on symbiotically‘
fixed N at all harvests in 1982, 1983 and 1984 but had generally no effect on plants sup-
plied with 200 Kg/ha or 75 Kg/ha of inorganic N. However, the effects of P supply on
nodule dry weight, thus on N, fixation paralleled effects c;n shoot dry weight. |
It is therefore concluded that P acts on green pea N, fixation by increasing the pea
shoot growth and may not act directly on nodule initiation and development but influ-

ences those parameters indirectly through the host plant.

Effects df N and P on Growth, Nodulation and Nitrogen Fixation in Dry Bean

Field' Experiment 1982

Shoot Dry Weight. Phosphorus supply significantly increased dry bean shoot weight

at all harvests (Table 92). Shoot weight was increased by more than 81, 47, 563 and 100
percent by the highest P rate used (210 Kg/ha) relative to the control at the first, second,
third and fourth harvests, respectively (Table 171, Appendix). Nitrogen application also
increased shoot weight during the entire growing'seasc[)n (P < 0.01). It was noted that at
‘Iow P level, N application did not increase shoot dry weight. At high P level, however,
shoot weight of plants supplied with fertilizer N was higher than nonfertilized ones. This
interaction effect was significant at maturity (P < 0.01). These results are consistent with
the dry bean 1980 and 1981 experiments but differ from those of fababean and green
pea. In fababean, plants reliant on symbiotic N had higher shoot dry weight than those
supplied with 200 Kg/ha of fertilizer N after nodulation and N, fixation were effective 10
weeks from emergence. Green pea plants were also shown to be N self-sufficient in soils
of low to medium soil fertility. The dry bean shoot weight results confirm earlier reports
* (Cackett, 1965; Gallagher, 1968; Robinson et al., 1974) that dry bean N, fixation is very

ineffective in meeting the plants needs.
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Table 92. Analysis of Variance for Dry Bean Shoot Dry Weight as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana, 1982.

Source Weeks from Emergence
of Variation df 4 8 10 12
. Mean Squares »
P 7 7.68** 38.46* 112.7** 72.1*%*
N 1 57.87** 571.60** 746.2%* 1764.0**
PXN 7 2.24 23.18 73.6 68.9**
Error 45

1.06 16.46 39.5 14.5
*P < 0.05; **P < 0.01. '

Root Dry Weight. Root dry weight was significantly increased by P supply at the first

(P < 0.05), second (P < 0.d1) and fourth (P < 0.01) harvests (Table 93). Nitrogen applica-
tion increased root dry weight from the second harvest to maturity (P < 0.01). Significant

NXP interaction was recorded at ﬁlaturity (P < 0.05).

Table 93. Analysis of Variance for Dry Bean Root Dry Weight as Affected by P Supply
and Mode of N Nutrition at Bozeman, Montana, 1982.

Weeks from Emergence

Source jp—
of Variation df 4 8 10 12
Mean Squares
P 7 ~0.0190* 0.2220** 0.2585 - 0.5123**
N 1 0.0009 1.1480** 1.0660** 7.9170**
PXN 7 0.0070 0.0564 0.1642 0.2192*
Error 45 0.0072 0.0548 0.1282 0.0917

*P < 0.05; **P < 0.01.

Nodule Number. In 1982, few nodules were recorded on plants reliant on symbiotic

N and almost none on treatments receiving 200 Kg/ha; of inorganic N (Table 173, Appen-
dix). Nodule nﬁmber on the -N regime averagéd only 6 nodules per 2 plants at the first
sampling, 8 nodules at the second, 1.4 at the third and-only 0.63 at the final harvest. They
weré completely inhibited in plots receiving N. This explains why P supply did not have
any effect on nodule number and dry weighf in this experiment. Poor nodulation in 1982

as compared to 1980 and 1981 experiments illustrate the great variability existing between
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growing seasons as well as a poor ability of dry bean plants (cultivar Ul 11‘.1) to meet their
genetic yield potential in the field without the addition of fertilizer N. The results do not
support the view of Rennie and Kemp (1983) that dry bean in N, -fixing mode, can meet |
its N requirements. This discrepancy.l might be related to differences existing between dry

bean cultivars.

Shoot N Concentrations. Phosphorus supply did not significantly increase dry bean

shoot N concentrations at any sampling date (Table 94). However, N content was signifi-
cantly higher in fertilized plants, supporting the assumption that little N, fixation was
taking place in the dry bean plants. No significant NxP interéction was recorded. Unlike
the fababean crop, dry bean plhants were highly dependent on inorganic N for optimuh
growth, There was a gradual decline in N concentrations in dry bean, similar to fababean
and green pea, with increasing plant age and this corresponds to nutrient translocation to
the reproductive o'rgans at maturity.

Table 94. Analysis of Variance for Dry Bean Shoot N Concentrations as Affected by P
Supply and Mode of N Nutrition at Bozeman, Montana, 1982

.Weeks from Emergence

Source
of Variation df 4 8 10 12
Mean Squares
P 7 0.339 ‘ 0.188 0.125 0.031
N 1 32.920** 38.130** 13.060** 1.166%
PXN 7 0.103 0.399 0.069 0.150
Error ' 45 0.211 0.282 0.087 0.163

*P<0.05; **P< 0.01.

Grain Yield. Increasing P supply did not increase grain yield (Table 95). Grain yieid
was significantly higher in treatments not receiving N than those fertilized with 200 Kg/ha
of inorganic N. This is consistent with the 1980 and 1981 experiments. Treatments not

receiving P and N (control) had the highest grain yield (45680 Kg/ha) as compared to the
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Table 95. Dry Bean Grain Yield as Affected by P Supply and Mode of N Nutrition at
Bozeman, Montana, 1982.

P Supply - Mode of N Nutrition
Kg/ha . R\ ' 4N
‘ Kg/ha
0 4580 2561
30 2521 3596
60 2944 3413
20 3093 2890
120 3949 2392
150 3164 2499
180 2461 2799
210 3852 2372
CV % 27.91
LSD .05 1220

average yield of 3067 Kg/ha. These resﬁlts are similar to those of 1980. High P level
increased grain vyield of plants in the .-N regime but ndlt those in the +N regime. At I.ow P
level, however, grain yield was higher in the +N regime. Thiis is illustrated by the highly
significant NXP interaction (P < 0.01). 'i'otal rainfall of 1982 growing season was similalr
to 1980 and both years are considered dry. It is then concluded that under drylénd farrn-
ing conditions of limited soil water availability, early maturing bean varieties and/or timing
of planting that will allow the plants to escape the period of water stress prevailing at the
end 6f July and early August (at Bqéeman) might be as important as soil fertility consider-
ations. .THis hypothesis is supported by the negative correlation lexisting between grain
A yfield and shoot dry weight. Nitrogen fertilized plants had higher shoot dry weight but
lower grain yield. The high grain yields obtained with dry begn in;"these experiments show
. that this crop has a great potential as a rotation crop énd may compete successfully wi'gh

wheat in dryland agriculture.
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" Field Experiment 1983

Shoot and Root Dry Weights. Table 96 indicates that P application had a significant

effelct‘on dry bean shoot dry weight only toward maturity (9-and 11 weeks from emer-
gence). The effect of P at these sampling dates was linear as shown in Table 96 and by the
response surface in Figure 17 for the 9 weeks from emergence sémpling. Nitrogen addi-
. tions, howéver, did not have_z any influence oﬁ ghoot weight, presumably due to moisture
limitations. |

Root dry weight increased with increasing P level and was significant at the third and

fourth harvests (Tables 98 and 99). .

Nodule Number. Low levels of P (60 and 120 Kg/ha) increased, nonsignificantly,

nodule number relative to the control at the first (Fig. 18) and second (Fig. 19) harvests
(Tables 100 and 101). At the highest rate of P used (180 Kg/ha), however, nodule number
was decreased. This is illustrate_zd in the response surfaces of Figures 18 and 19. At the third
and fourthy harvests, nodule number was lower on treatments receiving P fertilizer except
for the application of 60 Kg/ha of P at the third harvest. This differs fro'm earlier results
obtained at all samplinQ dates and the decrease was highly significant except at maturity.
Nodule number was reduced by 67, 73, 53 and 54 percent at each Quccessi.ve harvest on
plants supplied with fertilizer N. The above relationships are expressed in the following
equations: |

At the first harvest,

5. Y =21.00 + 0.96 P - 4.61 N** Rz = .17

At the second harvest,

6. Y. = 4217 -, 097P - 833N**R? = .19

At the third harvest,

7. Y =39.056 - 0.73P - 6.28 N** Rz = .18
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Table 96. Analysis of Variance and Orthogonal Polynomials for Dry Bean Shoot Dry
* Weight at Bozeman, Montana, 1983.

Source Weeks from Emergence
of Variation - df 5 7 : 9 1
- Mean Squares
Blocks 3 17.39 74.89 52.07 ' 120.2
P-levels 3 9.172 ~38.38 420.3** 2088*
Linear 1 24.28* 20.62 1122** 5201**
Quadratic 1 2.194 52.83 . 138.6 702
Cubic 1. 1.041 41.70 .85 360
N-levels 3 3.385 8.62 142.7 189.9
Linear 1 6.053 12.10 3.71 16.91
Quadratic 1 " .180 13.11 423.0* 308.5
Cubic 1 3.923 .35 1.47 244.3
NXP . , 9 1.191 14.00 123.7 674.5
Error 45 5.686 28.06 93.07 528.3 -

*P < 0.05; **P < 0.01.

Table 97. Mean Values of Dry Bean Shoot Dry Welght Averaged over N and Averaged over
P Levels Respectlvely, at Bozeman, Montana, 1983

Weeks from Emergence

Treatments _ 5 o 7 9 1
g/2 plants
P-levels
Po : 6.99 20.03 - 36.05 48.21
P, 7.69 20.17 37.06 53.89
P, 8.58 . 18.51 40.50 55.59
P, 8.53 : 22.28 47.39 74.52
LSD .05 N.S. N.S. 6.87 16.37
N-levels :
No 8.30 19.18 37.43 56.04
N, 8.37 ) 20.21 42.51 57.39
N, 7.43 20.80 43.13 63.10
N 7.70 20.41 37.94 55.67

LSD .05 N.S. N.S. . N.S. . : N.S.































































































































































































































