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ABSTRACT

Legume seeds are usually inoculated with liquid or peat-based rhizobial
inoculants, but the recent introduction of soil-applied granular inoculants for chickpea
(Cicer arietinum L.) in Saskaichewan has stimulated interest in this formulation. Field
and growth chamber experiments with chickpea were conducted to assess the efficacy
of granular inoculants compared to seed-applied liquid or peat-based inoculants.

In the field, granular inoculants were either placed in the seed furrow or side
banded 2.5 or 8.0 cm below the seed. The nodule dry weight for the liquid inoculant
was lower than that for the peat or granular inoculants. Nodule formation in the seed-
inoculation treatments was restricted to the crown region of the root system. whereas
soil inoculation in particular, below the seeding depth resulted predominantly in lateral
root nodules. In the field, soil inoculation increased dry matter yield plant™ over seed
inoculation, but the increase was minor in the growth chamber. In 1997 granular
inoculant placed below seed increased kabuli seed vield by 36 and 14% over the liquid
and peat-based inoculants, respectively, whereas desi seed vield increased 17 and 5%.
respectively. However, yields were inconsistent in 1998. In the field. seed protein
concentration, percentage N derived from atmosphere (%Ndfa) and amount of N
fixed for the seed were typically lower for the liquid inoculant than those for the peat
and granular inoculants. Similar trend was observed for %Ndfa and N fixed in the
growth chamber. The rate of N fixation in the growth chamber increased from the late
vegetative stage (28 DAP) t0 a peak at the early pod-filling stage (56 DAP) and
declined thereafter. The dry weight of lateral root nodules was highly correlated with
both plant dry weight and seed yield but the relationship was inconsistent in kabuli in
1998, presumably due to droughty conditions. Based on the field resuits. placing
granular inoculant 2.5 to 8.0 cm below the seed may be the optimum.

The isotopic fractionation (B) values during N fixation by desi and kabuli
chickpeas, grown in N-free nutrient solution, were not influenced by the infecting
rhizobial strain at the flowering stage, but the B values for the harvested seed in the



desi were dependent on the rhizobial strain. Nodule dry weight. plant dry weight and
N accumulation did not differ in either the desi or kabuli chickpea. except for plant N
yteld, which was lower in the mixed-strain inoculant in the kabuli chickpea.

The survival of Rhizobium ciceri on chickpea seed. treated separately with
Apron, Arrest 75W, Crown or Captan, was examined under laboratory conditions
Fungicide treatment decreased rhizobial viability on the seed. The toxicity of the
fungicides in terms of rhizobial viability increased in the foilowing order: Controt =
Crown < Arrest = Apron < Captan. In the growth chamber, Crown reduced nodulation.
N; fixation and shoot dry matter. Seed treated with Arrest and Captan decreased
nodule dry weight and N, fixation, but only Arrest reduced dry matter vield. Apron
had no effect on any of the parameters measured at the early pod-filling stage and may
be compatible with chickpea inoculum.

it
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1. INTRODUCTION

Chickpea (Cicer arietinum L.) is one of the most important dryland pulse crops
in the Indian sub-continent, Turkey and the Middle East. It has recently been
introduced into Saskatchewan and currently is grown on nearly 140,000 ha
(Saskatchewan Agriculture and Food, 2000). Like other legumes, chickpea can fix
atmospheric N; through a symbiotic association with an effective strain of Rhizobium,
reducing its dependence on soil N. The chickpea-Rhizobium symbiosis is highly
specific (Silsbury, 1989), and because western Canadian soils do not contain sufficient
numbers or the specific rhizobia to establish an effective association, inoculation is
essential to ensure that a large and effective rhizobial population is available in the
rhizosphere of the plant to facilitate nodulation and N fixation (Hynes et al., 1995).

The success of any inoculation program depends on many factors, including
environmental conditions, rhizobial strain, inoculant carrier and inoculation method
(Smith, 1992; Hynes et al., 1995). Most early research in the area of Rhizobium
inoculant formulation focused on the carrier material, which included peat (Kremer
and Peterson, 1982); coal (Crawford and Berryhill, 1983); clay. e.g.. montmorillonite
and vermiculite (Sparrow and Ham, 1983; Paau et al., 1990); alginate (Jung et al..
1982); polyacrylamide gel (Dommergues et al., 1979); and compost made from
sawdust or rice husks (Khatri et al., 1973). Ideally, the carrier material should support
large numbers of viable rhizobia for extended periods of time in a suitable
physiological state to maintain the effectiveness of the rhizobia and to facilitate the
ready formation of a symbiotic association with the host seedling (Paau et al., 1990;
Paau, 1991).

The most common inoculation method involves treating the seed with a peat-
based or liquid inoculant prior to planting. Although this practice is widely accepted,
its efficiency is questionable under several situations (Brockwell and Bottomley, 1995;
Brockwell et al., 1995). The following have been identified as situations or conditions



in which seed inoculation may not be suitable: (1) pre-emergence disease or insect
attack may make it necessary to use seed dressings of fungicides or insecticides, many
of which are toxic to rhizobia (Brockwell, 1977; Brockwell and Bottomley, 1995;
Brockwell et al., 1995); (2) inoculation for large-hectare sowings of pulse crops with
high seeding rates is a major task, which restricts the seeding operation (Brockwell,
1977; Prairie Agricultural Machinery Institute, 1991; Rennie et al., 1993); (3) seeds of
crops, which push the seed coat and the cotyledons out of the soil during emergence
(epigeal emergence), in which case rhizobia on the seed coat are not deposited in the
soil (Brockwell, 1977; Jauhri and Rao, 1989); (4) seed coats of some legumes contain
materials toxic to rhizobia (Thompson, 1960); (5) some seeds are extremely fragile
and over-handling can cause reduced germination and emergence (Wani et al., 1995);
(6) the seed surface places a limit on the number of rhizobia which may be applied. a
common problem when seed size is small (Brockwell et al., 1980; Clayton et al.,
1996); and (7) there is little protection from desiccation on the seed before planting
and exposure to environmental stresses, including drought and high temperature after
planting (Kremer and Peterson, 1982; Smith, 1992).

As a consequence of the many limitations associated with seed inoculation.
interest is growing in the use of granular inoculants because they are applied directly to
the soil. Granular inoculation has advantages in terms of storage. handling and ease of
application and the fact that rhizobial rates can be increased far beyond those applied
by conventional seed inoculation (Bezdicek et a_l., 1978). Soil inoculation minimizes
direct contact with chemically treated seed and does not involve seed mixing which
may disrupt delicate seeds (Smith, 1992). Granular inoculants are able to withstand
low moisture conditions as compared to the powdered form (Dean and Clark, 1977).
Furthermore, granular inoculant provides slow release of rhizobia over a longer period
(Bashan, 1986). Although the superiority of direct soil inoculation over seed
inoculation is widely recognised, little information is available on this method of
introducing rhizobia to the soil. Therefore, the main objectives of this research

program were to:



A

Evaluate the effect of seed and soil inoculation methods on nodulation, N> fixation
and yield in chickpea;

Determine the optimum placement depth for granular inoculum;

Examine the contribution of lateral root nodulation to N; fixation and yield;
Investigate the time-course of N fixation in chickpea;

Examine the survival of Rhizobium ciceri strain CP39 inoculated onto fungicide-
treated chickpea seeds, and the subsequent nodulation, N; fixation and dry matter
production of chickpea.



2. LITERATURE REVIEW

2.1 Chickpea

Chickpea belongs to the family Leguminosae, subfamily Papilionoideae, and
tribe Viceae (Saxena, 1984). It is an indeterminate herbaceous annual. According to
Singh (1978), the likely progenitor of the cultivated species is Cicer reticulatum. The
main cuitivated types are the large-seeded, rounded and cream-coloured kabuli
chickpea (also known as garbanzo), and the relatively small-seeded, irregularly shaped
and variously coloured desi chickpea, also known as bengal gram (Smithson et al..
1985). As a result of its larger size and reduced pigmentation (tannin), the kabuli
chickpea is regarded as more advanced through sustained selection (Smartt, 1990).
Although loss of pigmentation improves the nutritional quality of chickpea. it
increases susceptibility to insects and diseases. For this reason, the distribution of the
two types may be related in part to the distribution and severity of insects and diseases.

The cultivated form of chickpea likely originated in Anatolia. Turkey
(Ladizinsky, 1975; Keatinge et al., 1995) and traditionally has been grown throughout
the semi-arid regions of the Indian sub-continent and the Mediterranean (Singh and
Auckland. 1975). [t is the third most important puise crop (after dry bean and pea).
accounting for about 15% of the world pulse production (Saskatchewan Pulse Crop
Development Board. 1997). India, Pakistan, Bangladesh and Nepal grow almost 90%
of the total world area of chickpea (Minchin et al., 1980; Saxena, 1984). India is the
largest chickpea producer with an annual production of about 4.5 million tonnes from
about 7.0 million ha (Amin et al., 1994), and Turkey is the largest chickpea exporter
(Keatinge et al., 1995).

Chickpea is also an important crop in Mexico. [n Australia and North America,
chickpea is a recent introduction. The first commercial cultivation of the kabuli
chickpea in the United States began in 1981 and it is now grown in California and in



the Palouse Region of Washington and northern Idaho (Kaiser and Muehlbauer. 1994).
In Canada, both desi and kabuli chickpeas were introduced into the western Canadian
agricultural system in the late 1980s (Vandenberg and Slinkard, 1996). The crop is
best suited to the Brown and Dark Brown soil zones (Vandenberg and Slinkard, 1997).

Chickpea is a cool season plant usually grown as a winter crop in India, the
Middle East, Australia, and South and Central America and matures on residual soil
moisture. [t is very sensitive to excessive moisture, high humidity and cloudy weather
which limit flower production, seed set and yield (Kay, 1979), but increase the
incidence of diseases (Saxena, 1984). Among the four major diseases {ascochyta
blight. fusarium wilt, botrytis and stunt) of chickpea, ascochyta blight is the most
serious and can destroy the entire crop (Smithson et al., 1985; Saskatchewan Pulse
Crop Development Board, 1997).

2.2 Symbiotic nitrogen fixation

Chickpea, like most legumes, establishes a symbiotic association with a
compatible strain of Rhizobium. The Rhizobium-legume symbiosis is a well-organized
system involving many steps: signal exchange and recognition of the symbiotic
partners; attachment of the rhizobia to the plant root hairs; root hair deformation:
invasion of the root hair by rhizobia; infection thread formation; nodule initiation;
bacteriod development; and formation of N-fixing nodules (e.g.. Vincent. 1980;
Sprent, 1989; Hirsch, 1992; Mylona et al., 1995). Nodules are grouped into two main
types; determinate and indeterminate (Hansen, 1994). In determine nodules [e.g.,
soybean (Glycine max L. Merr.), common bean (Phaseolus vulgaris L.)}, cell division
is over a short duration and the nodules are usually spherical. In contrast,
indeterminate nodules {e.g., pea (Pisum sativum L.), alfalfa (Medicago sativa L.)]
possess a meristem which gives rise to differentiated cells that may become infected
with rhizobia. Due to the continued cell division indeterminate nodules are generally
cylindrical in shape (Hansen, 1994). Chickpea nodules have not been studied in
detailed but based on the shape, they may be indeterminate.



Once symbiosis is established the host piant provides carbon substrate as a
source of energy, and the bacteria reduce atmospheric N> to ammonia, which is
exported to piant tissues for protein synthesis (Keyser and Li, 1992, Paul and Clark,
1996). The effectiveness and efficiency of the symbiotic system is dependent markedly
on the mutual compatibility of both partners (Keyser and Li, 1992). Thus, in many
soils, sufficient numbers of the bacteria of the correct rhizobial species, and strain for
the host cultivar must be introduced (Hynes et al., 1995). Despite the selection of
effective rhizobial strains for use as inoculants, inoculation does not always lead to
increased N, fixation due to environmental stress and the inability of the inoculant
strain to occupy a significant proportion of the nodules (McLoughlin et al., 1990a,b;
Thies et al., 1991; Griffith and Roughley, 1992; Carter et al., 1995; Issa and Wood,
1995).

2.3 Factors influencing the success of inoculation

The success or failure of an inoculation technology is determined by a number
of factors. Soil factors, such as moisture (Boonkerd and Weaver, 1982; Postma and
van Veen, 1990: Griffith and Roughley, 1992; Issa and Wood, 1995), temperature
(Munevar and Wollum, 1981; Roughley, 1985; Kluson et al., 1986), pH (Evans et al..
1990; Blamey et al., 1993; Flis et al., 1993; Brady et al., 1994), salinity (Singleton et
al.. 1982; Singleton. 1983; Elsheikh and Wood, 1990a,b; Zahran, 1991), N availability
(Streeter, 1988; Minchin et al., 1989; Abaidoo et al., 1990; Kanayama, 1990), climatic
conditions (Roughley et al., 1993; Hansen, 1994), and the presence of competing
indigeneous rhizobial populations (Bohlool and Schmidt, 1973; Singleton and
Tavares, 1986; Thies etal., 1991, 1992), influence the ability to achieve increased crop
productivity through inoculation. Under adverse climatic or soil conditions or when
indigeneous rhizobial populations are high, soil inoculation out-performed the
conventional seed-applied inoculant (Scudder, 1975; Dean and Clark, 1977; Bezdicek
et al., 1978; Brockwell et al., 1980; Kamicker and Bnll, 1987; Danso and Bowen,
1989; Hardarson et al., 1989; McDermoutt and Graham, 1989; Danso et al., 1990;
Rice and Olsen, 1992). In these studies, the significance of high rates of inoculum in



achieving maximum survival of the introduced rhizobia was emphasized. The success
of soil inoculation in the field depends on the relative competitive advantage provided
by the high rate of rhizobia application and the ability of the rhizobia to persist under
unfavourable environmental conditions when applied as granular inoculant as

compared to seed-applied inoculation.

2.3.1 Effect of the inoculated seed

For any inoculation method, the number of rhizobia applied and the number that
survive are important factors that influence nodulation and N> fixation. Evaluation of
seed-applied inoculation has revealed that in small seeded legumes the surface area of
the seed often cannot accommodate sufficient inoculant to obtain maximum
nodulation (Brockwell et al.. 1980). In addition, the numbers of infective rhizobia can
drop dramatically between seed inoculation and planting (Rodriguez-Navarro et al.,
1991; Ramos and Ribeiro, 1993; Roughley et al., 1993). In these studies, poor survival
of inoculant rhizobia after their application to the seed was linked to seed coat toxins.

chemical treatments and other environmental factors.

2.3.1.1 Seed size
The inoculum potential of seed-applied inoculants is a function of the number

of rhizobia applied and their subsequent survival both on the seed and before
germination. [n studies on the effect of inoculant rates on nodulation. the numbers of
rhizobia and quantities of carrier have been confounded (Roughley et al., 1993),
making it difficult to separate the individual effects. One important disadvantage of
seed-applied inoculants is the limitation of the quantity of rhizobial inoculum that can
be placed on the surface of the seed (Brockwell et al., 1980, 1982; Smith, 1992;
Clayton et al., 1996). Although high rhizobia populations can be easily applied to
large-seeded legumes (e.g., kabuli chickpea), the scope for this approach is limited
because a large amount of the inoculant on the seed is unlikely to remain in place
during passage through the seeder (Brockwell et al., 1988; Roughley et al., 1993).
According to Brockwell et al. (1988), inoculant losses in the range of 94-99% occurred



between soybean inoculation and planting, attributable, in part, to separation of
inoculant and seed as it passed through the machinery. On the contrary, they observed
no such loss of rhizobial viability with liquid inoculants applied directly to the
seedbed.

2.3.1.2 Mode of seed germination
Another downside of seed-applied inoculants is that in legumes with epigeal

germination the seed coat often adheres to the cotyledons when they are pushed above
ground during seedling emergence, leaving only a portion of the inoculum in the soil.
In the case of crops grown on residual soil moisture, the introduced rhizobia cannot
move downward with the growing root from the dry surface soil where the inoculum
was placed (Wani et al., 1995). The only report on the influence of epigeal germination
on inoculation is by Jauhri and Rao (1989), who evaluated the reduction in the
inoculated rhizobial population due to epigeal germination and emergence in soybean
(Glycine max) seed. using different levels of gum arabic as adhesive. They found that
the loss of rhizobia increased linearly with increasing concentration of gum arabic and
decreased with increase in soil moisture or the depth of placement of inoculated seed
in the moist soil. The results suggest that increase concentration of gum arabic
enhanced the binding of the inoculant rhizobia to the seed coat that eventually was
carried above the soil surface. On the other hand, an increase in soil moisture as well

as depth of sowing facilitated release of the rhizobia from the seed coat.

2.3.1.3 Seed-coat toxins
Toxic diffusates from seed coats affect the survival of rhizobial inoculum

applied to legume seeds (Thompson, 1960; Materon and Weaver, 1984; Rodriguez-
Navarro et al., 1991). Thompson (1960) showed that untreated and autoclaved seeds of
subterranean clover (Trifolium subterraneum L.) and their extracts inhibited the
growth of Rhizobium trifolii when placed on the surface of yeast mannitol agar in petri
dishes with a suspension of 5 x 10° rhizobia, but soaked seed did not. Further
investigation showed that the inhibitor was associated with, and extractable from, the
seed coat. The presence of inhibitory compounds in the seed coat of subterranean



clover was evident since soaking the seed before inoculation and planting greatly
improved nodulation by the applied inoculum. Furthermore, physical separation of the
seed coat and the inoculum, by coating the seed with inert material before inoculation,
improved nodulation of subterranean clover (Thompson, 1960).

Bowen (1961) tested surfaced-sterilized seed of Centrosema pubescens,
subterranean clover and alfalfa (Medicago sativa L.) against seven Rhizobium strains
isolated from a wide range of legumes. He found that the degree of inhibition varied
markedly with Rhizobium strain and legume species. Generally, seed diffusates from
subterranean clover were more inhibitory than those from C. pubescens or alfaifa.
Moreover, aimost all of the antibacterial activity arose from the seed coat. The
relationship between the inhibitory effect, identified by the agar-plate assay. and the
multiplication of Rhizobium around the seeds in a more natural environment was
studied by inoculating subterranean clover seeds and planting them in heat-sterilized
sand or soil moistened to field capacity with plant nutrient solution. He found that R.
trifolii strain RTR 151 multiplied on seed in sand, but did so to a much lesser extent
than on glass beads used as the control. In the soil, a decline in population occurred
around the seed, whereas a slight increase occurred around the beads. He concluded
that seed diffusates had an inhibitory effect on rhizobial growth.

The inhibitory effect of seed diffusates of different legumes on rhizobial
growth was also examined by placing surfaced-sterilized, soaked and unsoaked seeds
in petri plates on which a rhizobial population had been established (Dadarwal and
Sen. 1973). The unsoaked seeds of all the legumes examined showed a clear growth
inhibition zone around them, but the soaked seeds were not inhibitory. In addition,
Dadarwal and Sen (1973) investigated the survival of rhizobia inoculated on surface-
sterilized soaked (for 24 h) and unsoaked pea (Pisum sativum) and desi chickpea
seeds. For the unsoaked seeds, the applied rhizobial population declined by 40 and
88% for the pea and desi chickpea, respectively, after 24 h. Seven days after
inoculation, only 10 and 6% of the initial numbers of rhizobia applied to the unsoaked
pea and desi chickpea seeds, respectively, survived. In contrast, the rhizobial
population on the soaked seeds increased over the first seven days. In pot studies, they



found that inoculation of unsoaked seeds increased pea yield by 28.7% and desi
chickpea yield by 33.8%, whereas inoculation of soaked seeds increased pea yield by
79.5% and desi chickpea yield by 74.5%.

Rodriguez-Navarro et al. (1991) observed that the failure in the establishment
in a new sulla (Hedysarum coronarium L.) field was associated with a decrease of
viable rhizobia on the seeds before they germinated. The decline in viability was
attributed partially to seed coat toxicity. Similarly, Materon and Weaver (1984)
reported a toxic seed coat effect on Rhizobium populations. For example, a 10-fold
decline in rhizobial numbers within one day was found for R. trifolii peat inoculant on
white clover (7rifolium repens L.) seeds (Materon and Weaver, 1985). A 90%
reduction in the number of viable cells of R. meliloti and R. trifolii occurred within one
hour when peat-base inoculant was applied to alfalfa and white clover seeds (Burton,
1976). Similarly, significant losses of viability of B. japonicum peat inoculum on
soybean seeds were observed by other researchers. In these studies, a 10-fold decline
was observed after one week (Davidson and Reuszer, 1978), after two days (Elegba
and Rennie, 1984) and after one hour (Burton, 1976).

The nodulation failure of birdsfoot trefoil (Lotus corniculatus) was attributed
to a rapid decline in numbers of viable rhizobia on the seed due to seed coat toxicity,
as only 5% of those applied were present 24 h after inoculation (Chapman et al.,
1990). Similarly, Lowther and Patrick (1995) observed that the survi\fal of 13 strains
of Rhizobium loti on birdsfoot trefoil seed 24 h after inoculation varied from 1 to 89%.
Working with R. leguminosarum bv. trifolii strains WU9S, Bradyrhizobium japonicum
strain CB1809 and B. [upini strain WU425, Griffith and Roughley (1992) reported that
numbers of viable rhizobia on seed dropped rapidly in the first 6 b, whereas on beads
some multiplication occurred up to the third day. Thereafter, numbers declined with
time, but were always significantly greater on beads than on seeds for the first 14 d
after inoculation. After storage for 28 d, this difference in survival disappeared. While
the rapid death rate on seeds compared with beads in the first 6 h after inoculation
could be attributed to the effects of seed coat toxin, the effect of environmental stress,
such as desiccation, could have been a complicating factor.
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2.3.2 Effect of environmental factors

The environmental conditions during inoculation and planting can affect the
survival and infectivity of rhizobia on the legume seed. Dehydration of inoculated seed
and its exposure to high temperature have been identified as major factors limiting
nodulation success (Brockwell et al., 1987; Roughley et al., 1993; Hansen, 1994).

2.3.2.1 Moisture

Inoculant carriers help stick the inoculum onto the seed surface and protect the
rhizobia, to some extent, from desiccation. However, desiccation of the seeds and
adhering rhizobia is still a serious problem, when using conventional inoculation
techniques (Hansen, 1994). Only a few studies have been conducted to examine the
effect of dehydration on viability of rhizobia after seed inoculation and before
planting. Roughley et al. (1993) determined the survival of Bradyrhizobium sp. on
narrow-leaf lupin (Lupinus angustifolius L.) during seed inoculation, transport to the
field, planting and on seed recovered from the soil. Using the most probable number
(MPN) method, they found that the number of viable bradyrhizobia declined by a
factor of 10 after one hour. During the 3.75 h that elapsed, while the seed was augered
into a truck from the mixer, transported to the field and augered into the seed box. the
number of viable rhizobia declined to less than 1% of the original number. Rapid death
occurred in the air seeder where a further decline of 40% occurred in § min. At the
point of sowing, the number of viable rhizobia per seed decreased from logio 5.15 to
3.83, an overall loss of 1.3 x 10° rhizobia or 95% of the rate applied. Following the
first day in the soil, 85% of the remaining rhizobia died as a result of desiccation. The
quantity of peat within the range of 0.125 - 3 times the Australian recommendation for
inoculating seed had no effect on the nodulation of narrow-leaf lupin, indicating the
carrier offered the rhizobia little or no protection from desiccation.

The decline in viability of R. trifolii strains WU1 and R. meliloti WU96 was
investigated during the first hour after inoculation of mung bean (Vigna radiata) seeds
(Salema et al., 1982). Besides using adhesive alone for the inoculation, they included a

treatment in which a mixture of sucrose and sodium glutamate was added to minimize
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desiccation of the rhizobial cells. The results indicated that, when the chizobia on the
seed were unprotected, the decline in numbers occurred in distinct phases: a phase of
relatively slow death rate, while the seed remained moist, followed by a very high
death rate phase shortly after loss of visible moisture on the seed. Following the
second phase, numbers of viable rhizobia stabilized for about 15 min before a
significant death rate resumed. On the other hand, the overall death rate was reduced
when the rhizobia were protected against desiccation.

Tolerance to desiccation varies considerably among rhizobia. For example,
slow-growing strains of Bradyrhizobium japonicum and the “cowpea miscellany”
survived better than fast-growing R. meliloti and R. trifolii, when subjected to severe
desiccation at 27°C or 50°C (van Rensburg and Strijdom, 1980). In contrast, a higher
survival rate was recorded for the fast-growing strains than the siow-growing strains
when subjected to mild desiccation (moisture tension of about 80 MPa) at 27°C.
However, at this same moisture tension, the slow-growing strains survived in higher
numbers than the fast-growing strains, when the temperature was increased to 40°C.
Although the authors attributed the difference in behaviour of the Rhizobium species at
différent moisture tensions to differences in the internal water-retaining abilities of the
cells, the fact that the slow-growing strains were more resistant to desiccation than the
fast-growing strains at 40°C, but not at 27°C, illustrates that temperature also plays an
important role in determining the survival of these Rhizobium strains on inoculated

seed.

2.3.2.2 Temperature

Exposure of rhizobial inoculant to high temperatures during transportation,
storage, and planting often results in decreased numbers and N»-fixing effectiveness of
the rhizobia (Ayanaba, 1977; Kremer and Peterson, 1983). In the tropics and
subtropics, where high temperatures prevail during and after planting, poor survival of
thizobia in peat-based inoculants applied to seed is common (Scudder, 1975; Kremer
and Peterson, 1982, 1983). For most rhizobia, the optimum temperature for growth in
culture is between 28 and 31°C, with many unable to grow below 10 or above 37°C

12



(Graham, 1992). Somasegaran et al. (1984) reported a decline in viability of 10
inoculant strains during 8 weeks incubation at 37°C, while exposure to 46°C was lethal
to all strains in less than 2 weeks. Storage of cowpea rhizobia in peat-based, seed-
applied inoculant at 35°C also decreased root infection (Wilson and Tang, 1980).

The effect of temperature on the survival of rhizobia in soils has been
extensively studied, but only a few researchers have examined the impact of excessive
heat on rhizobia inoculated onto seed before planting. Inoculation of several legumes
with different strains of rhizobia showed that rhizobial survival was better at 25°C than
at 35°C after 2, 7 and 28 d following inoculation (Herridge and Roughley, 1974).
Brockwell et al. (1987) reported that 99.9% of B. japonicum on seed died between
inoculation and the time the seed was planted, and attributed this to the high air
temperature of 38°C. For these reasons, rhizobia in granular inoculant with the
rhizobial cells entrapped in the carrier and passed through several hardening
treatments (Bashan, 1986) should be able to withstand harsh environmental stresses.

It is clear that significant losses of rhizobial cells can occur after seed
inoculation and planting, decreasing the number of viable rhizobia available for
nodulation. Since the number of viable rhizobia in the inoculum has an influence on
nodulation and seed yield, these losses must be considered a possible limiting factor in
inoculation and underscore the significance of an alternative method of inoculation to

ensure the availability of sufficient numbers of rhizobia for effective nodulation.

2.3.3 Effect of fungicide seed treatment

Seed treatment with fungicide is essential in the production of many legumes to
prevent losses from seedborne pathogens and seedling damping-off (Brockwell et al.,
1980; Phipps, 1984; Sinclair and Backman, 1989; Ramos and Ribeiro, 1993).
Although some reports are conflicting, a number of studies have conclusively shown
that some of these chemicals are incompatible with Rhizobium (Rennie and Dubetz,
1984; Ramos and Ribeiro, 1993; Revellin et al., 1993).
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Ramos and Ribeiro (1993) used five fungicides: Benlate 50% [(methyl-1-
butylcarbomoil)-2-benzimidazolcarbamate], Vitavax 75% (5,6 dihydro-2 methyl-1.4-
oxathiin-3- carbaxanilide), Banrot 40% [3-(2-methylpiperidino)-propyl - 3.4-
dichlorobenzoate)], Difolatan 80% [ cis-N-(1,1,2,2- tetrachloroethytrio)-4-
cyclohexane-1,2-dicarboximide] and Ridomil 25% [alpha-(2 chlorophenyl)- alpha-4
(chiorophenyl)-5-pyrimidinemethanol] to evaluate fungicide effects on survival of
Rhizobium on the seeds and subsequent nodulation of bean (Phaseolus vulgaris L).
They found that these fungicides had deleterious effects on rhizobial survival 24 h
after fungicidal seed treatment. Furthermore, they observed that under field conditions
Benlate seed treatment with seed inoculation resulted in reduced nodule occupancy,
whereas Benlate seed treatment with inoculant applied in the seed furrow had no effect
on survival of the inoculum.

Curley and Burton (1975) found that Captan (N-tri-chloromethylthio-4-
cyclohexene-1,2-dicarboximide) at 0.8 g kg™ seed significantly reduced the number of
the rhizobia after 24 h incubation. In a pot experiment, Chamber and Montes (1982)
also observed that Captan at 2.0 g kg" seed reduced nodule mass and acetylene-
reducing activity, when B. japonicum was either seed-applied or applied as a granular
inoculant. However, they found that the number of nodules per plant was higher with
granular inoculation than with seed-applied inoculation. Although Captan did not
affect seed yield in this study, protein concentration was lower, particularly with the
seed-applied inoculant. Rennie and Dubetz (1984), in a two-year field study.
concluded that Captan, Thiram [bis(dimethylthiocarbamoyl)disulfide] and Carbathiin
(5,6-dihydro 2-methyl-1,4-oxathiin-3-carboxanilide) had no effect on nedulation and
N; fixation when granular inoculant was applied. In other studies, Thiram at 0.6 g kg™
seed had no effect on numbers of viable rhizobia on the seed (Curley and Burton,
1975), but at 0.93 g kg'[ seed, it inhibited growth of B. japonicum (Tu, 1980, 1982)
and reduced nodule mass and acetylene reduction activity over the entire seven weeks
of a pot experiment (Tu, 1981). In contrast, Welty et al. (1988) observed that Thiram
increased nodule weight and yield of chickpea.
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Catroux and Ammaud (1991) showed that Carbendazim (methyl benzimidazoi-
2-yl carbamate) decreased the survival of B. japonicum on soybean seeds and also
decreased nodulation and yield in the field, although early nodulation in the
greenhouse was not affected. Similarly, Carboxin (5,6-dihydro 2-methyl-1,4-oxathiin-
3-carboxanilide) decreased the number and weight of nodules and growth of soybean
in pot experiments (Curley and Burton, 1975; Mallik and Tesfai, 1985; Tesfai and
Mallik, 1986). However, in a mixture with Thiram, Carboxin had no effect on
chickpea nodulation (Welty et al., 1988). Iprodione [3-(3.5 dichiorophenyl)-N-
isopropyl-2,4-dioxoimidazolidine- 1-carboxamide] also decreased the survival of B.
Japonicum (Evans et al., 1989), nodulation of lupins (Evans et al., 1986) and also
decreased nodulaticn and yield of soybean in the field (Catroux and Amaud, 1991).
Revellin et al. (1993) reported decreased survival of B. japonicum and reduced
nodulation and yield of soybean in both greenhouse and field studies using Germipro
UFB (carbendazim and iprodione), Apron 35 J {metalaxyl [methyl N-(2
methyoxyacetyl-1-cyclopentyl)-3-phenylurea]}, and Tachigaren [hymexazol (5-
methylisoxazol-3-ol}].

From the above discussion, it is clear that the deleterious effect of fungicides
on inoculum is a consequence of the direct contact of the fungicide and inoculant when
the latter is seed-applied. Therefore, granular inoculant, which avoids direct contact of
the inoculant with the fungicide, may overcome the incompatibility problem between
rhizobia strains and fungicides (Brockwell et al., 1980; Chamber and Montes, 1982:
Rennie and Dubetz, 1984; Ramos and Rebeiro, 1993; Hansen, 1994).

2.3.4 Effect of soil factors

Soil environmental factors influence legume inoculation directly by affecting
the multiplication, survival and distribution of the inoculant rhizobia in the soil and
indirectly through their effects on the host plant. Thus, soil conditions can influence
various stages of the nodulation process, such as rhizobial attachment, infection and
nodule formation (Vlassak and Vanderleyden, 1997). The major limiting factors may
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vary with location, but include moisture stress, high temperature, soil acidity and high
available soil nitrogen (Graham, 1985).

2.3.4.1 Soil moisture stress

Soil water affects the number of introduced rhizobia in the soil, their
distribution down the soil profile and the susceptibility of the plant root hairs to
infection (Roughley, 1985). Gray and Williams (1971) pointed out that most
microorganisms cannot multiply at matric potentials less than -1.5 MPa, due to their
inability to exert sufficient suction to empty pores of less than 0.2 um dia (the
maximum diameter of water-filled pores at matric potential -1.5 MPa). Similarly,
Amara and Miller (1986) found that the number of Rhizobium phaseoli declined at
matric potentials less than -1.5 MPa. Investigation on the population dynamics of 10
strains of B. japonicum in loamy sand at water potentials between -1.5 and -0.01MPa
showed that numbers of all strains declined in proportion to the water content (Mahler
and Wollum, 1980). They observed that the numbers of B. japonicum cells were
between one and three orders of magnitude smaller under a matric potential of -1.5
MPa than at or near field capacity. In a comprehensive study on the effect of soil water
potential on growth and survival of root nodule bacteria in peat culture and on seed,
Griffith and Roughley (1992) observed that all strains (R. leguminosarum bv. trifolii,
B. japonicum and B. lupini) survived best at water potentials of -0.01 MPa compared
to -0.25 MPa and -1.0 MPa. Populations of chickpea and bean rhizobia were also
higher at -0.03 MPa than at -1.5 MPa (Issa and Wood, 1995).

However, differences in drought susceptibility exist among species of
Rhizobium. For example, Bushy and Marshall (1977) observed that fast-growing
strains of Rhizobium declined by four orders of magnitude during drying of a sandy
soil, but the slow-growing strains declined by only two orders of magnitude. Van
Rensburg and Strijdom (1980) and Mary et al. (1994) also suggested that fast-growing
rhizobia are more susceptible to extreme desiccation in soil than the slow-growing
rhizobia, although milder desiccation had little effect on the fast-growing rhizobia
relative to the slow-growing rhizobia.
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Apart from survival and multiplication, water supply affects the movement of
rhizobia in the soil. Since spatial distribution of introduced rhizobia in the soil is a
major factor determining the onset and pattern of nodulation on legume roots (Worrall
and Roughley, 1976; Date, 1991), restricted movement of rhizobia during drought
would affect Nj-fixation indirectly. Griffin and Quail (1968) suggested that moving
bacteria require a continous water pathway in soil pores with neck radii less than | to
1.5 um, which represents a soil moisture potential of -0.09 MPa. Hamdi (1971) found
that the downward movement of R. srifolii in soil is directly related to the amount of
water applied. In laboratory studies, percolating water was a major factor affecting the
dispersal of rhizobial inoculum (Breitenbeck et al., 1988; Worrall and Roughiey,
1991). Thus, nodulation of legumes planted in partly dry soils will likely be affected,
due to the failure of the inoculum to migrate away from the inoculated site. This effect
has been observed in light-textured soil, where seed germination and root penetration
occurred without nodule development, although large numbers of rhizobia from the
seed-applied inocuiant were recovered from the inoculation site (Brockwell and
Whalley, 1970).

Although few of the studies presented above correlated the rhizobial survival
and distribution with nodulation and N fixation, it is well established that the greater
the number of the introduced rhizobia the better the nodulation and N fixation
(Weaver and Frederick, 1974a.b). Athar and Johnson (1996) demonstrated that nodule
occupancy by strains of R. meliloti declined from 57% to 38% when water potential
decreased from -0.03 to -1.0 MPa. The number of nodules was reduced by 42% and
70% as water potential decreased from -0.03 to -0.5 MPa and from -0.5 to -1.0 MPa,
respectively.

For the above reasons, Brockwell et al. (1987) suggested that high rates of
inoculation should increase nodulation and N; fixation. In addition, placement of the
inoculant rhizobia in the soil zone, where infectable foci on the seedling roots formed,
should enhance nodulation and nodule occupancy. As legume plants age, their roots
extend beyond the zone of inoculation, particularly when the inoculant is seed-applied.
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However, the proportion of nodules occupied by the inoculant rhizobia would be low
because rhizobial movement is restricted under low-moisture conditions.

In low moisture soils, Scudder (1975) obtained higher nodulation and N,
fixation with granular inoculation as compared to seed-applied inoculation. When
rhizobia are introduced into low-moisture soil by seed inoculation, they are likely to
remain at the depth of seeding, and be subjected to wide fluctuations in moisture and
temperature stresses, unless distributed down the soil profile by rain or irrigation
(Roughley, 1985). Therefore, placement of granular inoculant below the seeding depth
would partly overcome the limited rhizobial mobility (Vance and Graham, 1995) and
also enhance survival of the introduced rhizobia because of better moisture conditions.
Furthermore, granular inoculant (e.g. clay carriers) is in a dry solid state and is less
susceptible to desiccation, increasing survival of the rhizobia (Jung et al., 1982;

Kremer and Peterson, 1983; Sparrow and Ham, 1983; Materon and Weaver, 1985).

2.3.4.2 High soil temperature

High soil temperature influences the growth and survival of Rhizobium
(Roughley, 1985), competition for nodule occupancy (Roughley et al., 1980; Kluson et
al., 1986; Graham, 1992), nodulation and nodule activity (Munevar and Wollum.
1981; Kishinevsky et al., 1992). At 28°C, Brockwell et al. (1987) recovered 4-5% of
the viable soybean inoculum from the soil 24 h after sowing, but less than 0.2%
survived sowing at 38°C. Different species of Rhizobium and different strains of the
same species differ in their susceptibility to temperature. For example, the optimum
temperature for growth of B. japonicum ranged from 27.4 to 35.2°C (Munevar and
Wollum, 1981), whereas cowpea strains evaluated by Eaglesham and Ayanaba (1984)
grew well at 40°C. Cowpea strain 201 survived better than strains 3281, T-1 and TAL-
309 at 35°C (Boonkerd and Weaver, 1982). However, in many soils, the impact of
high temperature on rhizobial survival is determined by the interaction between soil
moisture and soil texture. [n general, the adverse effect of high temperature on
rhizobial survival is more pronounced in soils with high water content (Chatel and
Parker, 1973; Boonkerd and Weaver, 1982; Roughiey, 1985).
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Certain clays, such as bentonite, kaolinite and montmorillonite, protect
rhizobia from death associated with drying and heat stress (Bushy and Marshall, 1977;
Hartel and Alexander, 1984; Heijnen and van Veen, 1991; Heijnen et al., 1992;
AbdelGadir and Alexander, 1997). Heijnen et al. (1992) suggested that a clay
amendment to sandy soils improved the survival of rhizobia by increasing the
protective micro-habitats available to the bacteria in the soil. Marshall (1964) found
that clay amendment to Rhizobium inoculant prior to soil inoculation with peat-base
inoculant protected root-nodule bacteria against high temperatures. AbdelGadir and
Alexander (1997) modified the technique of Bashan (1986) and Smidsrod and Skjak-
Braek (1990) to immobilize R. leguminosarum bv. phaseoli cells in montmoriilonite
and kaolinite in a study on ihe survival and infectivity under heat stress. They found
that the immobilized ceils survived well and grew, whereas free cells added to the soil
died rapidly at 43°C. Moreover, the isolates, which survived 43°C, were effective at
nodulating kidney bean.

No one has specifically compared the performance of seed-applied inoculation
to soil inoculation with granular inoculant under high soil temperatures, but it can be
argued that clay-based granular inoculants would result in improved survival. Already
some of the commercial granular inoculants (e.g., MicroBio RhizoGen, Saskatoon.
Canada) use clay-amended carrier materials.

The temperature at the surface of soils in the tropics and subtropics is often
high and can cause rapid death of rhizobia. For example, the maximum temperature in
sandy soils of Western Australia was 59°C at 1.3 cm and 47°C at 5.1-cm depth (Chatel
and Parker, 1973). Day et al. (1978) counted the number of cowpea rhizobia in the
profile of soils at Samaru, northern Nigeria, where bare soil surface temperatures can
exceed 60°C. In the upper 5 cm, 5 to 50 rhizobial celis per g soil were present, and
mm with depth, reaching 18,000 rhizobial cells per g soil at 20 to 25 cm. Thus,
high temperatures can restrict rhizobial numbers and, consequently, nodulation to the
subsurface region where temperatures are not extreme. Alfalfa plants grown in hot soil
conditions in California formed few nodules in the top 5 cm of the soil, but nodulated
extensively below this depth (Munns et al., 1977). In bean, Graham and Rosas (1978)
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also reported fewer nodules close to the surface in spaced plantings than in plantings
with closed canopies and attributed these differences to soil temperature.
Consequently, a method of inoculation which places the inoculant rhizobia at an
optimum depth would undoubtedly maximize the benefit from inoculation.

High soil temperature also influences the proportion of nodules formed by
strains of B. japonicum from different serogroups (Weber and Miller, 1972). Roughley
et al. (1980) found that strains of other Rhizobium species were poor competitors with
B. japonicum on the promiscuously nodulating soybean cultivar Malayan between 24
and 33°C, but at 36°C they formed about 74 to 88% of the nodules. Graham (1992)
suggested the use of higher than normal inoculation rates under such high temperature
conditions. In Puerto Rico, Smith and del Roi Escurra (1982) reported that granular
inoculant at about 10 times the normal application rate was required for good
nodulation. In another study, a seed-applied treatment, providing log 0.59 cells cm™,
was not successful in forming nodules, whereas granular inoculant treatments, that
provided between log 5.59 and log 6.59, produced significant nodulation (Smith et al.,
1981). Similarly, Wey and Saint Macary (1982) demonstrated maximum nodulation of
soybean, when 10" celis ha™ of USDA 138 were applied as a granular inoculant in a
hot tropical soil in Senegal.

2.3.4.3 Soil acidity

The influence of soil pH on the growth and survival of rhizobia is well
documented (Graham, 1992; Jayasundara et al., 1998), but its influence on competition
for nodule occupancy has received little attention. In general, nodulation declines at
soil pH below 5.0 in most species including lupin, which is regarded as relatively acid
tolerant (Jayasundara et al., 1998). For inoculated legumes in low pH soils, problems
often include death or failure of the inoculant strain to multiply, due to H", Mn*" or
N toxicity, and deficiencies of Ca, Mg or P (Coventry et al., 1987; O’Hara et al,,
1988; Richardson and Simpson, 1988; Evans et al., 1990, 1993; Carter et al., 1995),
inhibition of root hair growth and infection (Flis et al., 1993) and inhibition of nodule
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functioning through reduced availability of molybdenum (Coventry et al., 1985; Rai,
1991; Blamey et al., 1993; Brady et al., 1994). How these factors interact is not clear.

Differences among rhizobial strains in pH tolerance alter the outcome of
competition among strains. For example, Voss et al. (1984) found that nodule
occupancy of the bean strains Car37 and Car43 was reduced from 22 and 65%,
respectively, in soil of pH 5.1, to only 3 and 5% after the soil was limed to pH 6.7. On
the other hand, nodule occupancy by Car04 increased from 12% at pH 5.1 to 60% at
pH 6.2. Similar results have been reported by others (Dughri and Bottomley, 1983;
Ramos and Boddey, 1987; Vargas and Graham, 1988).

Several approaches have been used to increase nodulation when rhizobia are
used in acid soils (Vance and Graham, 1995). These include liming the soil, which is
expensive for low resource farmers in the tropics, and pelleting the seed with lime.
Although the latter technique is relatively inexpensive, it can interfere with planting
operations.

Increased inoculum rates have enhanced nodulation response in some studies
(Munns, 1968; Pijnenborg et al.,, 1991). On soil with pH 5.8, granular inoculant,
applied with or below the alfalfa seed, produced more nodules with nodule occupancy
between 87 and 98% compared to the seed-applied treatment which had a nodule
occupancy of 49% (Rice and Olsen, 1988). The authors reported similar results in
another experiment conducted at the same location in Alberta (Rice and Olsen, 1992).
Thus, soil inoculation, using granular inoculant, is ‘one effective way to improve

inoculation response in acid soils.

2.3.4.4 High available soil nitrogen

High levels of combined N inhibit root infection, nodule initiation, and nodule
development and function (Keyser and Li, 1992; Dogra and Dudeja, 1993; Biederbeck
et al., 1996), but the precise mechanisms responsible for the inhibitory effects are
poorly understood (Streeter, 1988). However, the effect varies with the host plant
(Chalifour and Nelson, 1987), the inoculant strain (McNeil, 1982; Gibson and Harper,
1985; La Favre and Eaglesham, 1987) and environmental factors (Thies et al., 1991;
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Hardarson, 1993). Truchet and Dazzo (1982) observed that the addition of at least 18
mM of nitrate to the roots of alfalfa seedlings completely inhibited accumulation of R.
meliloti cells on root hairs, root hair curling, infection thread development, and nodule
formation, suggesting that nitrate may influence the signal-response between the two
partners. Other studies also suggest that combined N alters nodule occupancy of strains
of soybean Rhizobium (McNeil, 1982).

Thies et al. (1991) reported that, in the absence of indigenous rhizobia, the
response to incculation is directly proportional to the level of availabie soil N. A few
reports (Bergensen et al., 1989; Brockwell et al., 1989) indicate that high rates of
inoculation can improve inoculation response in the presence of high nitrate. Working
with a high nitrate soil, Heﬁ‘idge et al. (1984) observed that increasing the rate of
inoculum resuited in higher soil numbers of rhizobia in the rhizophere, improved
nodulation and N; fixation, and a larger residual population of rhizobia the following
year. The explanation advanced for these observations was that concentrations of
nitrate in the soil water were not uniform and that the parts of the root system exposed
to low concentrations of nitrate were nodulated. However, these conditions would
most likely be satisfied when large populations of rhizobia were extensively
distributed through the soil by applying heavy rates of inoculant. Spraying a water
suspension of B. japonicum strain CB1809 directly into the seed bed (containing
extractable mineral N from 37.6 to 18.5 mg N per kg dry soil) at 100 times the normal
rate, resulted in significant colonization of the seedling rhizosphere by rhizobia and
significant nodulation (Brockwell et al., 1989). Similar results were reported by
Bergensen et al. (1989). Even though it is not economical to inoculate legume crops at
such a high rate, this illustrates that the detrimental effect of combined N on
nodulation and N fixation can be ameliorated by proper inoculation strategies.



2.3.5 Effect of indigenous rhizobial population

In most bacteria, including rhizobia, the ability to establish and maintain
themselves in the soil depends on their ability to compete with the indigenous
population (Hicks and Loynachan, 1989; Thies et al., 1991; Toro, 1996). Where
naturalized rhizobia are few or absent, the introduction of a new strain by inoculation
of seed or soil is normally successful, provided other factors are favourable (Brockwell
et al., 1995). In their investigations, George et al. (1987) and Abaidoo et al. (1990)
concluded that in the absence of indigenous rhizobia, nodulation is a stable
characteristic of the introduced rhizobial strains as long as plant growth conditions are
favourable. On the other hand, where large populations of indigenous rhizobia occur,
competition for nodule occupancy becomes a major factor determining the crop
response to inoculation (Dowling and Broughton, 1986; Thies et al., 1991; Bottomley,
1992; Keyser and Li, 1992; Thies et al., 1992; Brockwell et al., 1995).

Indigenous rhizobia often occur in high numbers and are well adapted, giving
them an advantage in certain aspects of competition, such as bacterial motility,
attachment and nodule initiation (Keyser and Li, 1992; Thies et al., 1992).
Consequently, indigenous strains dominate the nodules. and response to inoculation is
usually not observed (Kapusta and Rouwenhorst, 1973; Kvien et al., 1981; Ge and Xu.
1982). For example, Ireland and Vincent (1968) observed that an inoculant, supplying
10° rhizobia seed™, was inadequate to nodulate white clover (Trifolium repens) when
the introduced strain was outnumbered by clover rhizobia already present in the soil. In
such situations, the application of massive inoculant rates can overcome the
competition from indigenous rhizobia (Kapusta and Rouwenhorst, 1973), but such a
delivery system would be more practical with soil inoculation.

2.3.5.1 Relationship between inoculum rate and nodule occupancy

Increased inoculum rates enhance the competitive advantage of rhizobia
introduced into soil, although a threshold value typically occurs above which
additional inoculum did not increase the competitive success of the isolate (Ireland and
Vincent, 1968; Hiltbold et al., 1980; Brockwell et al., 1982; Singleton and Tavares,




1986). Increasing inoculum rate within the range of log;o 0.32 to 6.28 per seed in 7 and
10-fold increments improved colonization of lupin rhizospheres and increased
nodulation (Roughley et al., 1993). They observed that, when the seed was inoculated
with either logig 6.27 or 5.27 bradyrhizobia per seed, more than 90% of the plants
were nodulated after 43 d compared to 12, 21 and 34% for plants inoculated with log;o
1.27,2.27 and 3.27, respectively.

Caldwell and Vest (1970) reported that the nodule occupancy of introduced
rhizobia averaged 0.5 to 10% in soil with an established indigenous population.
Others, however, have reported that nodule occupancy by introduced rhizobia can be
increased, on the average, to 20% by increasing the inoculum rate (Kuykendail and
Weber, 1978). Johnston et al. (1965) increased the proportion of inoculum-produced
nodules from 5% with the standard rate of inoculum to as high as 25% with a rate 25
times the standard rate.

In a field trial, Weaver and Frederick (1974b) demonstrated that to achieve
nodule occupancy greater than 50% in soybean, the bradyrhizobial number must be at
least 1,000 times greater than the estimated number of indigenous rhizobia. Similar
results were obtained in soybean by Pinochet et al. (1993) with 8. japonicum in French
soils. Recent field inoculation trials at five ecologically diverse sites, using several
legumes, revealed that in the presence of an indigenous rhizobial population, the
population of seed-applied B. japonicum must be 70 times that of }he indigenous
population to occupy < 15% of the soybean nodules (Tlﬁes etal., 1992).

Brockwell et al. (1987) used three closely related strains of B. japonicum to
inoculate each of three successive crops of soybean grown at the same site to evaluate
the population dynamics of these strains. They found that in soil initially free of B.
Japonicum, rhizobial populations around the young seedlings were related to inoculum
rates. Although nodule occupancies for the second and third years were dominated by
naturalized B. japonicum strains, the magnitude of domination was reduced by
increased rates of inoculum.

Many models, relating nodule occupancy to the numbers of indigenous
rhizobia and the number of rhizobia applied as inoculant, have been proposed (Bohlool
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and Schmidt, 1973; Marques Pinto et al., 1974; Amarger and Lobreau, 1982; Thies et
al., 1991). Bohloal and Schmidt (1973) observed that the percentage of nodules
formed by a particular rhizobial strain varied proportionally with the logarithm of the
number of rhizobia in the inoculum. For Rhizobium leguminosarium bv. phaseoli,
Beattie et al. (1989) presented a model in which 2 linear relationship between the
logarithm of the nodule occupancy by the inoculant strain (A) and the logarithm of the
ratio of inoculant strain (A) to the indigenous rhizobia (S) is described by the

following equation:
Log[Pa/(1-Pa)] = Clas+ klog[la/Is] [2.1]

where, P, the proportion of nodules occupied by strain A; /, is the number of rhizobial
cells applied to the seed; /s is the number of indigenous R. leguminosarium bv.
phaseoli cells per gram soil; Cl,s is the intercept, i.e., the competitive index (a
positive value indicates 4 is more competitive than S); and & is the slope. Similar
models have been developed to assess and compare the competitiveness and
nodulation success of R. leguminosarium and R. meliloti (Marques Pinto et al., 1974),
various strains of R. leguminosarium bv. trifolii (Labandera and Vincent, 1975) and
various rhizobial strains for faba bean and alfalfa (Amarger and Lobreau, 1982).

In an extensive study at several locations in Hawaii. using various levels of
available soil N and indigenous rhizobial populations, Thies et al. (1991) observed that
inoculation responses were inversely related to the number of indigencus rhizobia.
They developed the following equation describing the hyperbolic relationship between
the yield response to inoculation and the size of the indigenous rhizobia population
(determined by most probable number (MPN) plant infection assay):

Y =(314.7 - 5.09 x Npiq) x (1 + numbser of indigenous rhizabia) [2.2]

where Y is the percentage increase in yield due to inoculation and Npy is N
mineralization potential (ug N g soil week™). The study demonstrated that the

numbers of indigenous rhizobia accounted for 59% of the observed variation in



inoculation response, indicating that the size of soil rhizobial populations had a strong

influence on the success of inoculation.

2.3.5.2 Effect of repeated inoculation on nodule occupancy

The intense competition from the indigenous population of rhizobia has made
it difficult to establish introduced rhizobia strains in most soils. Most research on
altering nodule occupancy is, therefore, directed at facilitating an immediate shift in
strain distribution (Miller and May, 1991). As an ideal, producers would prefer to
forgo inoculating every time they grow the same legume crop on the same field.
However, this view is probably not shared by many Rhizobium researchers and
inoculant companies as better performing Rhizobium strains are being identified or
constructed by various methods (Evans et al., 1987; Paau, 1989; Bosworth et al., 1994;
Sharypova et al., 1994).

Nevertheless, some rhizobial strains introduced to the soil can persist for many
years and many compete directly with subsequent inoculant rhizobia for nodulation
(Kamicker and Brill, 1987). Dunigan et al. (1984) reported that repeated massive
inoculation with a competitive strain eventually changed nodule occupancy in soil
containing 3 x 10° indigenous rhizobial cells g soil. In this seven-year study, B.
japonicum strain USDA 110 was used as the soil inoculum at 1 x 10® ceils per cm row
for three successive years. The recovery of strain USDA 110 in soybean nodules was
approximately 4, 6, and 7% in the fisst three years, respectively. However, recovery for
the fourth year reached 17%, and 54% by the seventh year. McLoughlin et al. (1990a)
examined the estabiishment and persistence of six introduced B. japonicum strains
over three years in Wisconsin soil with a low indigenous population of B. japonicum
(< 10 rhizobial cells g soil). In their study, application of liquid inoculum at a high
rate of 1 x 10° rhizobial cells per 2.5 cm row to the seed furrow produced 100%
nodule occupancy in the first growing season. Without further inoculation in the
second and third year, they found that 60% of the nodules from all plots was formed
by the introduced strains.
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In spite of the many successes achieved in increasing the nodule occupancy by
inoculant strains with high doses of inoculum, massive inoculation does not always
enhance nodule occupancy. For example, the nodule occupancy of R. leguminosarum
bv. trifolii strain 285 was not related to the inoculum concentration, but to the high
competitive ability of the strain (Martensson, 1990). In a similar manner, Kamicker
and Brill (1987) reported that, in addition to increased inoculum rate, inoculum

placement also influenced nodule occupancy.

2.3.5.3 Inoculum placement and nodule occupancy

Rhizobia move through the soil either actively with their flagella or passively
by water movement (Issa et al., 1993a,b). Rhizobial movement, however, is possible
only when the soil is saturated or at a nearly saturated water capacity (Vlassak and
Vanderleyden. 1997). Bacterial movement is restricted below feld capacity, since
larger pores are filled with air and soil water occurs as a discontinuous film,
(Chamblee and Warren, 1990; Worrall and Roughley, 1991). Madsen and Alexander
(1982) reported that B. japonicum did not move beyond 2.7 cm in the absence of
percolating water. Consequently, it has been argued that a method of inoculation that
provides a greater spatial distribution of introduced rhizobia would increase the
chances of the inoculum coming into contact with the emerging root hairs of the host
plant (Date, 1991; Brockwell et al., 1995).

Seed inoculation, either by peat or liquid inoculant, often results in a high
density of rhizobial cells near the seed with nodulation restricted to the upper tap root
(Worrall and Roughley, 1976; Danso and Bowen, 1989; Hardarson et al., 1989; Danso
et al., 1990; Ciafardini and Lombardo, 1991). Nodulation of the more distal parts of
the tap root and the lateral roots by the inoculant strain is reduced, due to the low
density of this strain in the vast bulk of the soil (Weaver and Frederick, 1974a,b;
Wadisirisuk et al., 1989). Kamicker and Brill (1987) evaluated the ability of three
strains of B. japonicum to form nodules on field-grown soybean in soil with a highly
competitive indigenous B. japonmicum population. They observed that increasing
inoculum rates resulted in a higher proportion of the nodules being formed by the
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introduced inoculant strain. Moreover, the vertical distribution of the nodules,
containing the inoculant strain, was affected by the method of adding the inoculant to
the soil. In their study, a larger proportion of nodules, containing the inoculant strains,
was formed in the lower part of the root when the inoculant was tilled into the soil as
compared to when the same amount of inoculant was added to the seed furrow only.
They concluded that at least 10° rhizobial cells must be added to each seed and
surrounding soil to form at least 50% of the nodules when the indigenous population
was 10° cells g" soil. Rice and Olsen (1992) similarly observed that, on a moderately
acid soil, granular inoculant applied with or below the seed resulted in greater nodule
occupancy than when applied in the seed row. In addition, granular inoculant applied
with or below the seed was more effective at a site with a population of low
indigenous R. meliloti than at a site with a higher population.

Competition for nodule occupancy is a complex phenomenon with interactions
among the bacteria, the host and the environment. However, the above findings clearly
indicate that the best way to establish a new strain of rhizobia within a naturally
occurring population is to apply a heavy rate of effective, persistent inoculum
strategically close to the growing legume roots. Such an inoculant delivery system is
practical with soil inoculation, but the accuracy of the placement could be improved
and the concentration increased by using seeding equipment with attachments that
place the granular inoculant in the seed bed or below the seed (Muldoon et al., 1980;
Brockwell et al.. 1987).

2.4 Effect of inoculation method on nodule formation and activity, and yield
Methods of rhizobial inoculation can have a great influence on the extent of
nodulation (Smith and del Roi Escurra, 1982; Rice and Olsen, 1988; Danso et al.,
1990), nodulation pattern, the amount of N, fixed (Kamicker and Brill, 1987;
Hardarson et al., 1989; McDermott and Graham, 1989; Ciafardini and Lombardo,
1991) and yield (Bezdicek et al., 1978; Muldoon et al., 1980). Increased inoculum
rates result in increased nodulation and N, fixation, especially under stress conditions.

Moreover, the depth of inoculum placement in the soil can affect the location of the
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nodules on the root system (Wadisirisuk et al., 1989), subsequently influencing the
onset of nodule activity and the amount of N fixed over the entire growing season
(Wadisirisuk et al., 1989; Hardarson, 1993).

2.4.1 Nodulation and nodulation pattern

The location of nodules on the roots depends to a large extent on the
inoculation procedure, timing of application and depth of inoculum placement
(Ciafardini and Barbieri, 1987; Kamicker and Brill, 1987; Danso and Bowen, 1989;
Hardarson et al., 1989; McDermott and Graham, 1989; Wadisirisuk et al., 1989;
Danso et al., 1990; Ciafardini and Lombardo, 1991; Ocumpaugh and Smith, 1991).
Nodule formation is restricted to the vicinity of inoculum placement due to the limited
movement of rhizobia in the soil and rhizosphere. Thus, with seed inoculation, most of
the nodules occur at the crown region of the roots, whereas soil inoculation.
particularly below the seed, results in the formation of nodules on the lower portion of
the roots. For this reason, Zablotowicz et al. (1991) suggested that more uniform
dispersion of inoculum would be desirable, but this would require the addition of
higher levels of inoculum to the soil. Caetano-Anolles et al. (1992). working on
growth and movement of spot-inoculated R. meliloti, concluded that the rate of
movement and multiplication of rhizobia did not occur fast enough to keep up with the
rate of root elongation. They observed that most of the nodules developed near the
inoculation site, with more nodules at higher inoculum rates.

Wilson (1975) placed a liquid suspension of rhizobial cells at 1.5, 10 and 20
cm below the surface of soil in pots in the greenhouse to evaluate the influence of
inoculum placement on the nodulation pattern. He found that 84 and 83% of the
nodules from the 10 and 20 cm inoculation, respectively, occurred deeper than 7.5 cm
below the soil surface, but only 15% of the nodules from the 1.5 cm inoculation was
formed deeper than 7.5 cm below the soil surface.

Using B. japonicum strains 110 and 142 separately in peat, and in granular
formulations, Bezdicek et al. (1978) reported that granular inoculum enhanced
nodulation by strains 110 and 142 by 14 and 19%, respectively, over seed treatment
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with peat inoculant. They also observed that doubling the granular inoculum rate
significantly increased nodulation. In groundnut (drachis hypogaea), soil-applied
inoculum produced 41.8 nodules per plant with nodule dry weight of 3.92 mg, whereas
seed-applied inoculum resulted in 25.5 nodules per plant with nodule dry weight of
2.77 mg (Hedge and Brahmaprakash, 1992). Soil inoculation produced more than four
times the number of nodules with about twice the dry weight on soybean roots
compared to that for seed-applied inoculant (Muldoon et al., 1980).

Using a rhizobial suspension for soil inoculation on soybean, Danso and
Bowen (1989) observed that soil inoculation produced over 50% more nodules than
seed-applied inoculation, although nodule weight was similar. They also found that
seed inoculation produced 94% of the nodules at 0-5 cm from the stem base compared
to 63% with soil inoculation. Similar results were reported subsequently by Danso et
al. (1990).

In a greenhouse study, inoculation of soybean seed resulted in fewer nodules
and the nodules were located predominantly on the tap and crown roots within 0-5 cm
from the stem base as compared to treatments where the bradyrhizobia were
distributed throughout the soil or placed at specific depths (Wadisirisuk et al., 1989).
In general, they observed maximum nodulation at the 5-cm zone immediately below
the level at which the inoculum was placed. For instance, for the 5 and 10-cm
placement, this zone developed 56 and 53% of the nodules, respectively, 75 days after
planting. Similarly, Ocumpaugh and Smith (1991) examined early- and late-planted
arrowleaf clover (Trifolium vesiculosum) in the field and observed that when granular
inoculum was placed with untreated seed at planting, nodulation of tap and lateral
roots was superior to the seed-inoculated treatments. In greenhouse and field studies,
Hardarson et al. (1989) used different inoculation techniques, including peat-based
seed inoculation, soil inoculation by mixing Bradyrhizobium with soil, inoculum
placed at the level of seeding and inocuium placed 5 cm below the seed. They reported
that seed inoculation produced most of the nodules on the crown of the roots, in
contrast to the profuse and well-distributed nodules when the inoculum was applied
throughout the soil. Furthermore, most nodules were produced in the lower portions of
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the root when the inoculum was placed below the seed. In a similar study, Kamicker
and Brill (1987) also found that inoculant added to the seed furrow produced nodules
mainly in the top portion of the soybean root system, whereas inoculant incorporated
into the soil produced nodules mostly in the lower portion of the root system.

As a result of the enhanced nodulation with soil inoculation, Brockwell (1985)
argued that inoculant, placed in the seed zone of the soil, is relatively far from the
infectible region of the seedling roots. Moreover, this situation is compounded by the
limited mobility of the inoculant rhizobia. This is one of several reasons that justifies
the use of aiternative inoculation methods, such as the use of granular or liquid
inoculant applied uniformly to the seed bed.

2.4.2 N; fixation

Although estimates of N; fixation in both greenhouse and field conditions are
variable, soil inoculation usually results in enhanced N, fixation as compared to seed-
applied inoculant, particularly under unfavourable soils conditions (Scudder, 1975;
Hardarson et al., 1989; Danso et al., 1990). Wadisirisuk et al. (1989), using an '*N-
isotope-dilution method, showed that mixing inoculum with the soil or piacement
below the seed resulted in greater N fixation both in terms of the percentage and total
N fixed at 55 and 75 days after planting. In Ontario, the amount of N fixed, as
estimated by acetylene reduction and averaged over three locations, was 94% greater
for granular (soil-applied) inoculant as compared to seed inoculation (Muldoon et al.,
1980). Methods of inoculation greatly influence the proportion or amount of N fixed
by legumes through the effects on nodulation patterns (Danso and Bowen, 1989;
Wadisirisuk et al., 1989), and the onset and duration (Zapata et al., 1987; Imsande,
1989) of N fixation.
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2.4.2.1 Crown vs. lateral root nodules

While nodules at the crown region are active during the early stage of plant
growth, N; fixation declines early in the growing season. For example, Bergensen
(1958) reported that N, fixation in soybean declined significantly by 65 days after
planting. Nodules on the lower root system and lateral roots are formed later and
continue fixing N longer (Ciafardini and Barbieri, 1987; Hardarson, 1993). Therefore,
nodulation on the lower part of the root system may be essential for maximum N,
fixation, in order to match the high N demand during pod fill (Imsande, 1989).

In soybean, McDermott and Graham (1989) demonstrated that crown root
nodules accounted for 100% of the acetylene reduction activity at 20 days after
planting, but the contribution declined to about 20% at 76 days after planting.
Greenhouse and field experiments in another study also showed that the position of the
nodules on the root system of soybean had a greater influence on the amount of Na
fixed than the number or fresh weight of nodules (Hardarson et al., 1989). In the
greenhouse, N fixation was estimated by an '*N-isotope-dilution method. Results
indicated that all of the treatments in which the bradyrhizobia were inoculated into the
soil, and which had most of the nodules formed at the 5 to 15 cm soil depth, derived
more than 90% of their N from the atmosphere. In contrast, plants inoculated with a
seed-applied inoculant had greater total nodule dry weight with most of the nodules in
the top 5 cm of the root system, but derived only 15% of their N from the atmosphere.
Although the response in the field was not as high as observed in the greenhouse. the
trend was similar (Hardarson et al., 1989).

Wolyn et al. (1989), using the non-quantitative acetylene reduction technique,
similarly reported higher acetylene reduction values for common bean nodules on
lateral roots at all growth stages beyond R3 (50% bloom) compared to that of the
crown-root nodules, even though average nodule weight did not differ at any stage. In
addition, they found that the leghemoglobin concentration in the lateral-root nodules
was greater than that in the crown-root nodules after the R3 stage. At the late pod-
filling stage, lateral-root nodulation scores correlated positively with acetylene
reduction and leghemoglobin content (r = 0.72 and r = 0.66, respectively), whereas no
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correlation was detected for crown-root nodulation scores. In a field study with
common bean, Vikman and Vessey (1992) also reported a sharp decline in acetylene
reduction rates of the crown-root nodules of bean with the onset of pod filling in
contrast with that of the non-crown-root nodules. The acetylene reduction rates for the
non-crown-root nodules was maintained through the pod-filling stage and was four
times higher than that of the crown-root nodules around the mid pod-filling stage. In
another study, the authors observed a sharp drop in nitrogenase activity in the nodules
on the top part of the root system to a third of its previous level at 63 days after
planting, whereas that of the nodules on the mid part of the root system remained
unchanged or increased (Vikman and Vessey, 1993). Apparently the iack of inoculum
at the distal parts of legumé roots resulted in a decline in N, fixation at the onset of
pod filling. Thus, a method of inoculation that delivers Rhizobium to the lower

portions of the root system should enhance the proportion or amount of N, fixed.

2.4.2.2 Time course of nodule activity

The amount of N> fixed is affected by the length of time a legume actively
supports N, fixation (Hardy, 1977), which, in turn, is influenced by inoculation
method and the depth of placement of the inoculum. Nitrogen fixation generally
reaches a peak at the early pod-filling stage and declines during the late reproductive
phases (Latimore et al., 1977; Imsande, 1989). Pena-Cabriales et al. (1993) found that
N; fixation in common bean, as estimated by "*N isotope dilution, increased up to 63
and 77 days after planting for greenhouse and field-grown plants, respectively, and
thereafter declined. Assessment of nitrogenase activity, using acetylene reduction
assays, also indicted that the activity increased until the reproductive stages and then
decreased to undetectable levels during the late pod-filling stage (Pena-Cabriales et al.,
1993). As determined by the A-value method, the maximum rate of N, fixation for
soybean was observed between the R1 and R3 growth stages (pod fill), after which the
amount declined by half between the RS and R7 growth stages (between pod fill and
physiological maturity) (Zapata et al., 1987).
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Kumaga et al. (1994) found that N; fixation in bambara groundnut (Vigna
subterranea) reached its peak at the mid pod-filling stage; thereafter, N, fixation by
cv. Ex-Ada declined to an undetectable level, whereas cv. CS-88-11 maintained N,
fixation up to physiological maturity. This cultivar difference may be due to the
differences in growth habit, since Ex-Ada is a bunch type, whereas CS-88-11 is a
slightly spreading type that matures two weeks later than Ex-Ada. In a growth chamber
study, Vessey (1992) found that N, fixation, as estimated by nitrogenase activity,
declined in field pea with the onset of pod filling in the determinate cultivar Express,
whereas N; fixation in the indeterminate cultivar Century did not reach its peak until
several weeks into the pod-filling stage. However, under field conditions, N, fixation
dropped sharply with the onset of pod filling in Century. This decline was attributed,
in part, to environmental conditions, e.g., water stress. Graham and Rosas (1977) and
Rennie and Kemp (1983) also showed that indeterminate cuitivars of common bean
fixed more N over the growing season than determinate cultivars.

Although maintenance of N> fixation into the pod-filling period is dependent
on genetic and environmental factors, it should be possible to enhance N; fixation by
inducing optimum nodulation on the lateral roots. [n all the studies discussed above,
seed inoculation methods were used and it is likely that almost all of the nodules were
formed at the crown region or top part of the root system. These nodules enter into a
stage of senescence at relatively early plant growth stages (Bergensen, 1958), and are
also in the layer of soil that is subject to great fluctuation in both temperature and
moisture (Wilson, 1975) with the onset of pod filling. Thus, it is iikely that N; fixation
could be enhanced by a method of inoculation that provides deeper placement of
inoculum in the soil to minimize adverse environmental effects on nodules and also
inoculates more of the root system, instead of only the crown. Several studies have
shown that lateral-root nodules are responsible for maintaining or even increasing
nitrogenase activity during the pod-filling stage (Wolyn et al., 1989; Vikman and
Vessey, 1992, 1993).
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2.4.3 Yield and quality

Considerable yield increases have been reported in several studies with
granular inoculants, particularly under adverse environmental conditions. Scudder
(1975) obtained yield increases in soybean of up to 38% for granular-applied inoculant
over seed-applied inoculant under hot and dry conditions in Florida on a field that had
not been previously cropped to soybean. In contrast to this observation, Nelson et al.
(1978) reported that yield and total N content in the leaves and grain of soybean were
not affected by either granular or seed-applied inoculants. This suggests that the soils
had an adequate population of rhizobia for nodulation and indicates that routine
inoculation of soybean may not be necessary when soybean is grown frequently.

In Ontario, granular inoculant increased soybean seed yields by 20% over seed-
applied treatments and 48% over the non-inoculated control in a two-year study
(Muldoon et al., 1980). The authors further found that soil-applied inoculants
increased seed protein content by 7%, while oil content decreased by 3%. Brockwell et
al. (1980) evaluated methods of inoculation with several legumes including chickpea,
soybean and field pea. They concluded that soil inoculation was superior to seed
inoculation in foliage dry weight when seeds were treated with fungicide. However,
when fungicide was not used, responses to inoculation generally were equally good for
all three forms of inoculation (granular, liquid, seed applied). They also demonstrated
that increasing the rate of soil inoculation, which may not be practical with seed
inoculation, often resulted in higher grain yield. Bezdicek et al. (1978) also reported a
yield advantage for granular-applied inoculant over seed-applied inoculant with the
same strain. [n the study by Bezdicek’s group, the yield for the soil-applied inoculant
was 60% higher than for the seed-applied inoculant.

High yield in soybean has been reported with the use of granular inoculant,
even when 160 kg ha" N was applied (Dubetz et al., 1983). This indicates that the
granular inoculum not only fixed enough N for optimum yield, but the "N data
(Rennie et al., 1982) also showed that the soybean in a fixing mode apparently ignored
the applied fertilizer N (Dubetz et al., 1983). Chamber (1983) examined the influence
of several methods for rhizobial inoculation on nodulation and yield of soybean in
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Spain. He found that, compared to seed inoculation, inoculating the furrow with solid
inoculum gave good plant growth, which correlated positively with grain yield and
protein concentration. In field trials, using faba bean (Vicia faba L.) in several
locations in Manitoba, Dean and Clark (1977) observed that granular inoculum
increased plant vigor from an early stage relative to seed-applied inoculum. They
reported that when soil moisture was low, granular inoculant resulted in a yield
enhancement of 730 kg ha™ compared to seed-applied inoculant.

Granular inoculants increased yield of lentil (Lens culinaris) in small plots and
on-farm field trials by 16% and 36%, respectively, over seed inoculation (Stephens
and Chamberlain, 1996). They also reported that granular inoculants provided a yield
advantage of 13% above that of seed-appiied inoculants for field pea over the period of
1991 to 1995. '

Soil inoculation also increased yield of alfalfa on moderately acid soils (Rice
and Olsen, 1988). In another study, Rice and Olsen (1992) compared soil-applied
inoculants with an uninoculated control and the conventional seed-applied inoculants.
In this experiment, using aifalfa on a moderately acid soil (pH 5.8), it was concluded
that granular inoculant applied with or below the seed resulted in a significant yield
increase over the conventional seed-applied inoculant at a site with a normal
indigenous population. [n arrowleaf clover, Ocumpaugh and Smith (1991) found that
granular inoculant with the seed resuited in more vigorous seedlings with nearly
double the dry matter yield of those with the seed-applied inoculant.

It can be argued at this point that the importance of delivering large numbers of
thizobia is a challenge, and the best system to date is the soil-applied granular
inoculants. Brockwell et al. (1995) in a recent review concluded that soil inoculation is
often better and never worse than conventional seed inoculation for initiating
nodulation and N, fixation. Soil inoculation facilitates the application of large numbers
thizobia for more effective nodulation and N, fixation, while providing a micro-habitat
that helps protect the rhizobia from harsh environmental conditions. If legumes are
cuitivated on soils with low available soil moisture, high temperature, low acidity or
other forms of adverse environmental conditions that affect the viability of the
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introduced rhizobia, then the use of granular inoculant may be the best agronomic

practice.
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3. EFFECT OF INOCULUM PLACEMENT ON NODULATION AND N,
FIXATION BY CHICKPEA
3.1 Intraduction

Chickpea can obtain a significant portion of its N requirement through
symbiotic N, fixation when grown in association with effective and compatible
Rhizobium ciceri strains (Beck et al., 1991; Beck 1992). The crop is new to
Saskatchewan, and, because the soils do not contain sufficient numbers of the specific
rhizobia if present (Rennie et al., 1982; Hynes et al., 1995), inoculation is necessary to
provide sufficient numbers of the correct rhizobial strain for effective nodulation and
N fixation. However, the success of inoculation often is limited by several factors.
including environmental conditions (Bottomley, 1992; Graham, 1992). the number of
infectious cells applied (Bissonnette and Lalande. 1988; Brockwell et al.. 1995), the
presence of competing strains of rthizobia (Thies et al., 1991, 1992) and the inoculation
methods (Brockwell and Bottomley, 1995; Toro, 1996).

Several studies have shown that a large majority of the rhizobia. applied to
seed via conventional seed inoculation, die on the seed prior to seeding or shortly after
placement in the soil due to exposure to seed treatment chemicals. seed coat toxins.
dehydration or excessive heat (Brockwell et al., 1980; Roughley et al.. 1993).
Consequently, a method of inoculation in which the inoculum can be applied directly
to the soil in high doses, and at the same time remain protected from adverse
environmental conditions, has received much attention (Wilson. 1975: Bezdicek et al..
1978).

Scudder (1975), using granular inoculant in the seed furrow, obtained a 38%
yield increase over seed-applied inoculant in soybedn under hot and dry conditions in
Florida. Similarly, Bezdicek et al. (1978), working with soybean, found that placing
granular inoculant in the soil with the seed was superior to seed-applied inoculant.
Brockwell et al. (1980) summarized the resuits of experiments with several legumes,
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including chickpea, where granular inoculant was used. They found that, when
conditions were unfavourable for the survival of rhizobia, or when germination was
delayed due to environmental conditions, soil inoculation resulted in better nodulation
and often better plant growth and yield than seed-applied inoculants. Other
investigators working with soybean (Muldoon et al., 1980; Chamber, 1983), faba bean
(Dean and Clark, 1977), arrowleaf clover (Ocumpaugh and Smith, 1991) and alfalfa
(Rice and Oslen, 1988, 1992) have reported similar findings.

The depth of inoculum placement is an important factor that can influence the
benefits of granular inoculation. It is well established that movement of rhizobia in the
soil is limited (Madsen and Alexander, 1982; Kamicker and Brill, 1987). This finding
is supported by reports that seed-applied inoculum or granular inoculum at the seeding
depth results in nodulation predominantly in the crown region of the root system
(Danso and Bowen, 1989; Hardarson et al., 1989; Danso et al., 1990). Contrary to the
belief that crown-root nodules are of supreme importance, McDermott and Graham
(1989), Wolyn et al. (1989) and Vikman and Vessey (1992), using the non-
quantitative acetylene reduction assay, have shown that lateral-root nodules which
were formed later are more active during pod filling and seed maturation and can
provide significant fixed N during later reproductive stages of the plant as compared to
crown nodules. Thus, inoculation strategies, aimed at positioning the inoculant
rhizobia to intercept lateral roots, can improve nodulation of the lower part of the root
system and. consequently, improve fixation. Hardarson et al. (1989) and Wadisirisuk
et al. (1989) demonstrated this in soybean by placing the inoculum below the seed.
However. none of the studies examined the optimum placement depth for effective
nodulation and N fixation. Therefore, the objectives of this study were to: 1) evaluate
the effect of seed and soil inoculation methods on nodulation, N; fixation and yield of
chickpea; 2) determine the optimum placement depth for granular inoculum; and 3)
examine the contribution of lateral-root nodules to N fixation and yield.
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3.2 Materials and methods
3.2.1 Study sites and soil test

In 1997, field experiments were conducted at four sites in Saskatchewan: near
Elbow, Kenaston, Outlook and Watrous. Another site on the same farm near Outlook,
as well as a site on the same farm near Watrous, were used for similar studies in 1998.
The sites were located in the Dark Brown soil zone and were within commercial
fields. The soils were classified as Orthic Dark Brown Chemozems, according to the
Canadian System of Soil Classification (Soil Classification Working Group, 1998).
These sites were selected because of low soil N levels and the absence of a history of
chickpea production. Soil sampling was carried out prior to seeding at each location in
the spring of 1997 and 1998. Chemical anaiyses of soil samples for pH and
conductivity (determined on a 1:1 soil:water suspension (Hogg and Henry, 1984));
NO;-N (calcium chioride extractable); P and K (sodium bicarbonate extractable (Olsen
et al., 1954)) were performed by Enviro-Test Laboratories, Saskatoon, SK (Table 3.1).
Soil moisture content was also determined. The soil at Kenaston was also sampled in
the fall of 1997, but because the results were similar to those obtained in the spring,
data are not presented. Chickpea was grown on samples of the soils obtained from
each site (0-30 cm depth), but did not nodulate after six weeks in a pot experiment in a
growth chamber, confirming the absence of R. ciceri.

3.2.2 Experimental procedure

A randomized complete block design with four replications was used at all
sites. Each experiment consisted of 11 inoculation treatments with either desi (cv.
Myles) or kabuli (cv. Sanford) chickpea (Cicer arietinum L.). In 1997, the desi
chickpea was planted on May 14 at Elbow, Kenaston and Outlook, and on May 20 at
Watrous. For the 1998 desi experiments, planting was on May 9 and 20 at Watrous
and Outlook, respectively. Each plot was planted with a double disc press drill with
separate discs for seed and fertilizer placement (Fabro Ltd., Swift Current, SK) and
consisted of 7 rows (six chickpea rows and one flax row) 12 m long and 15 ¢m apart.
Duplicate experiments with kabuli chickpea were conducted at both Kenaston and
Watrous in 1997 and at both Outlook and Watrous in 1998. The seeding rate for desi



chickpea was 110 kg ha™ and 160 kg ha™ for kabuli chickpea (Saskatchewan Pulse
Crop Development Board, 1997).

Table 3.1. Soil test data (0-30 cm) from the experimental sites prior to seeding, 1997
and 1998.

Gravimetric EC NO;-N P K
moisture pH (mSem™" (kgha') (kgha®) (kgha™)

Locations content (%)

1997
Elbow 9.5 7.9 0.33 8.8 11.2 440
Kenaston 13.1 8.2 0.45 8.4 6.6 240
Outlook 16.4 7.1 0.82 10.8 9.2 540
Watrous 19.4 7.5 0.48 9.2 32.0 540

1998

Outlook 10.6 8.3 0.5 124 18.4 440
Watrous 19.4 8.1 0.2 16.4 12.4 540

"EC values < 2 indicate that salinity effects are usually negligible (Bower and Wilcox.
1965).

Six commercial inoculants of Rhizobium ciceri (Table 3.2) were applied each
year at the recommended rate. Eleven inoculation treatments were used: 1) seed
inoculation using two different peat inoculants (A or B brand) or two different liquid
inoculants (A or B brand); 2) soil inoculation, with two granular inoculants (A or B)
placed either in the furrow with the seed at planting, side banded 2.5 cm below the
seed or 8 cm below the seed and 3) a non-inoculated control. Inoculants with the same
designation, e.g., A, indicate that the identical Rhizobium strain or strains were used in
the different carriers. Inoculant A contained a single strain, CP39 (ICARDA, Aleppo,
Syria; and kindly formulated by MicroBio RhizoGen Corp., Saskatoon), whereas
inoculant B contained a mixture of three strains, 27A2, 27A7 and 27A9 (LiphaTec
Inc., Milwaukee, WI). The liquid formulation of inoculant B was not available in
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1997; hence, an experimental liquid formulation (Inoculant C), containing single strain
27A2 (Agrium Biologicals Inc., Saskatoon, SK), was used.

Seed inoculation was performed by throughly mixing a measured amount of
peat or liquid inoculant according to the manufacturer’s recommendation, with t.5 kg
seed and using 5 ml of 1% gum arabic solution as sticker in plastic bags immediately
before seeding. The granular inoculants were soil-applied either in the seed row or to
the side of the seed row at different depths, using a second set of discs (adjusted for
the various depths). Triple superphosphate (0-45-0) was applied at planting in the seed
row at the rate of 20 kg ha” P;Os. To minimize contamination, the non-inoculated
plots were planted first. [n addition, all treatments with the same rhizobia strain(s)
were planted consecutively before switching to other treatments to minimize the
potential for inadvertently contaminating the treatments. Moreover, the planter was
thoroughly cleaned with a vacuum cleaner and then disinfected with 70% ethanol after
planting each treatment plot. Flax was used as the reference crop for the assessment of
percentage N derived from the atmosphere (%Ndfa).

Weeds were controlled by hand hoeing during the growing season. The plants
relied on natural precipitation throughout the growing season. Mean monthly
precipitation and mean maximum air temperature for the various sites for the 1997 and

1998 growing seasons are presented in Appendix 1.
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Table 3.2. Name, designation, manufacturer and the rates of commercial inoculants
used in 1997 and 1998.

Rhizobium strain Designation = Manufacturer Application rate
CP39 Liquid A MicroBio RhizoGen 4.5 ml/kg seed
27A2 Liquid C' Agrium Biologicals Inc. 4.5 ml/kg seed
27A2,27A7,27A9 Liquid B LiphaTec Inc. 4.5 ml/kg seed
CP39 Peat A MicroBio RhizoGen 1.95 g/kg seed
27A2,27A7,27A9 Peat B LiphaTec Inc. 6.15 g/kg seed
CP39 Granular A  MicroBio RhizoGen 9.0 kg/ha
27A2,27A7, 27A9 Granular B LiphaTec Inc. 5.6 kg/ha

"Liquid formulation C was used in 1997 instead of Liquid B because it was not

available,

3.2.3 Sample collection and analysis

In 1997, sampling was performed by randomly excavating the root systems of
five plants to a depth of approximately 20 cm from the central rows of each plot at the
flowering and early pod-filling stages for desi chickpea and at the early pod-filling and
late pod-filling stages for kabuli chickpea. Soil adhering to the roots was carefully
removed and the whole plants and dropped nodules were bagged and transported to
the laboratory. Roots were gently washed under running tap water and nodules were
collected. Nodules from the crown region and lateral roots were separated and
counted. The crown region was defined as that part of the root extending 3 cm in all
directions from the stem base, whereas the lateral roots were defined as that part of the
root system extending beyond 3 cm from the stem base. The nodules and the whole
plants were dried in an oven at 60 °C for 7 d and dry weights were determined.

At maturity, a 1-m?® area of unsampled center rows of each plot was hand-
harvested with a sickle. Whole plant samples were dried at 60°C for 48 h and
subsequently weighed. Following biomass determination, the plants were threshed
with a stationary thresher. Seeds were cleaned, weighed, and yields were calculated on
a per hectare basis. The seed was milled to a < 2-mm particle size with a Wiley mill
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(Arthur H. Thomas Company, Philadelphia, PA) and then finely ground by passing
through a cyclone mill (Tecator model Cyclotec 1093) equipped with a 0.4-mm sieve.
Seeds of flax were ground with a mortar and pestle. Approximately 1-mg samples of
ground seed were analyzed for total N and atom percent "N excess with an isotope
ratio mass spectrometer VG Micromass 602E (Isotech, Middlewich, England) (Bremer
and van Kessel, 1990). Seed protein was determined by multiplying total N by the
factor 6.25 (Tkachuk, 1969) and then expressed as protein concentration. Atom % "N
excess was calculated with reference to the natural '*N abundance of the atmosphere
(0.3663 atom % '*N) (Rennie and Kemp, 1984).

Data collection and analysis for the 1998 experiments were similar to the
previous year except for the first sampling of the desi plots, which was done at the
early pod-filling stage instead of the flowering stage. In addition, the plants were not
sampled at the late pod-filling stage at the Outlook site since it was not possible to

recover most of the nodules because the soil was too dry and difficult to excavate.

3.2.4 Caiculations
Natural '*N abundance was calculated according to Bremer and van Kessel
(1990):

55N = [ atom % "*N (sample) —atom % "N (standard)

. J100o 3.1
atom % N (standard)

where the standard is atmospheric N, gas (0.3663 atom % “°N).
The percent N derived from the atmosphere (%Ndfa) was then calculated as follows:

0 = (X——y)
%Ndfa [(x_c J1oo 3]

where x is 8'°N of seeds of plants deriving all their N from soil (in this case flax), y is
the 5'°N in chickpea seed, and ¢ is 5'°N of chickpea seeds from plants grown in an N-
free medium (for details of the experiment see chapter 4). The ¢ values for desi
chickpea were 1.0009 and 1.0005 for the single strain CP39 and mixed strain (27A2,
27A7 and 27A9), respectively. The value for kabuli chickpea and rhizobial strain

combinations was 1.0007.



3.2.5 Statistical analyses

Data for each site were analyzed separately, using the general linear model
procedure of SAS (SAS Institute, 1996). The error terms for each year were examined
for homogeneity of variance (Snedecor and Cochran, 1980), using Bartlett’s test. For
the 1998 data, Bartlett’s test produced chi-squared values, which were not significant.
Hence, the error terms for the Outlook and Watrous sites for each cultivar were
considered homogeneous. Similarly, the error terms for all the parameters measured in
the 1997 kabuli experiments were also homogeneous, according to Bartlett’s test. On
the other hand, some of the variances (e.g., for yield) for the 1997 desi experiments
were heterogeneous. However, the variances were not too distinct from each other
and, according to Gomez and Gomez (1984), if the highest error MS is not three-fold
larger than the smallest error MS, the error variances can be considered homogeneous.
Dr. R. J. Baker (personal communication) also argued that failure to correctly account
for heterogeneous error variances would have little effect on the estimation of, or
comparisons among, main effects of a fixed factor. In the analyses, inoculation
treatment was considered a fixed factor; hence, heterogeneity of variances would not
have much affect on the comparisons among treatment means. Therefore, combined
analyses were conducted separately for the 1997 and 1998 experiments.

Significant differences among treatment means were evaluated with LSD at the
5% probability level. Orthogonal contrasts (P < 0.05) were used to statistically
compare inoculant formulations and inoculation methods. The combined analysis of
data over years was not performed because, although four similar experiments were
conducted at four locations in 1997, only two experiments, each at one location were
conducted for desi in 1998. For the kabuli, although two similar experiments were
conducted in both years, one of the 1998 experiments was conducted at a site different
from that of 1997. Moreover, liquid B was not available in 1997, so liquid C was used
instead; therefore, one of the treatments was different between years. Correlation
analyses of shoot dry matter per plant and seed yield ha™ averaged over sites were
performed separately on dry weight of crown nodules and lateral root nodules per
plant averaged over sites.
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3.3 Results
1.3.1 Individual plant data
3.3.1.1 Plant growth and nodulation

Moisture conditions at Watrous in both 1997 and 1998 favoured early seedling
emergence, and plant growth was more vigorous than at the other sites (Appendix 1).
However, plant growth at Elbow in 1997 was restricted by low soil moisture at
seeding (Tabie 3.1), but this apparently did not affect plant growth response to
inoculation. On the other hand, in 1998, seeding at OQutlook was eleven days later than
at Watrous due to drought conditions, but no rain occurred during this delay. The
Outlook plots were seeded on 20 May and according to Environment Canada, average
precipitation at Qutlook for May 1998 was 57% less than normal (Appendix 1). As a
result of the low soil moisture (Table 3.1), seedling emergence was slow and plant
stand was low, particularly in treatments where granular inoculants were placed below
the seed. The soil was very dry and it was observed that the upper 30 cm was very
hard and difficult to penetrate with a shovel. The resistance encountered by the disc
openers for both the granular inoculant (i.e. 2.5 and 8.0 cm below seed placement) and
the seed prevented the discs from penetrating to the desired depth. Hence the seeds
were deposited just below the soil surface where the soil moisture content apparently
was too low for optimum germination, particularly for the large-seeded kabuli. Dry
conditions during the later part of the growing season at Outlook in 1998 also made
sampling for plant roots and attached nodules difficult and plans to sample roots at late
pod-filling were abandoned. Inoculation treatments produced similar results for both
desi and kabuli chickpeas at all locations. Therefore, genotype data were averaged
over locations for each year. With the exception of for the Outlook plots in 1997
(Appendices 2 and 3), limited (though sparse) nodulation occurred on non-inoculated
plots (appendices 4-19), despite the care taken to avoid contamination.



Number of nodules per plant in 1997: Inoculation treatments and depth of inoculant
placement significantly influenced numbers of nodules and nodulation patterns in both
desi and kabuli chickpeas at all locations. For the 1997 growing season, averaged over
locations, the peat-based inoculants produced more nodules per plant than for the
liquid inoculants at both sampling dates in both desi chickpea (Tables 3.3-3.6) and
kabuli chickpea (Tables 3.7-3.10). Furthermore, the average number of nodules for the
liquid + peat-based inoculants was higher than the average for the six granular
inoculants at both sampling dates. In the desi experiments, these differences in nodule
numbers were significant at the 5% level at the flowering stage (Table 3.3), but the
differences increased as the plants approached the early pod-filling stage (Table 3.4),
and were significant at the 1% level.

In 1997, the total nodule numbers for the granular inoculants applied in the
seed furrow were significantly higher than when the granular incculants were placed
below the seed at both sampling dates in desi chickpea (Tables 3.3-3.6), but the
differences were significant only at the early pod-filling stage in the kabuli chickpea
(Tables 3.7-3.10). Again, the differences in the desi chickpea increased from the
flowering stage (7 = 0.05) to the early pod-filling stage (P = 0.01). However. no
significant differences in total nodule numbers were observed between the granular
inoculant placed in the seed furrow and the peat-based inoculant. Rhizobial strain or
strains in the same formulation did not differ in number of nodules and the strain
interactions were not significant in either the desi or the kabuli chickpeas.
Furthermore, the depth of placement of the granular inocuiant (2.5 cm and 8.0 cm
below the seed) had no effect on nodule numbers.

In 1997, the location x inoculation interaction for the total number of nodules
per plant was significant only at the early pod-filling stage for the desi chickpea (Table
3.6) and only at the late pod-filling stage for the kabuli chickpea (Table 3.10), due
primarily to the higher number of nodules for the liquid inoculant at Watrous for the
desi chickpea (Appendix 4) and the low number of nodules for the liquid inoculant at
Watrous for the kabuli chickpea (Appendix 5), relative to the peat-based inoculant.
The significant differences in total number of nodules for the desi chickpea and the
kabuli chickpea in 1997 reported above are due primarily to differences in number of
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nodules in the crown area (Tables 3.3-3.10). Very few of the differences in number of
nodules on the lateral roots were significant.

Location had a significant effect on number of nodules in the desi experiments
(Tables 3.5 and 3.6), but the effect was not significant in the kabuli experiments
(Tables 3.8 and 3.10). Total nodule numbers at both the flowering and early pod-
filling stages for desi chickpea at Qutlook (Appendices 2 and 3), Kenaston
(Appendices 6 and 7) and Watrous locations (Appendices 4 and 8) were generally two
to three and half times greater than those recorded at Elbow (Appendices 9 and 10).
On the other hand, total nodule numbers for the kabuli chickpea were similar at
Watrous (Appendices 5 and 11) and Kenaston (Appendices 12 and 13).

Nodule dry weight in 1997: For the 1997 experiments, nodule dry weight was often
not consistent with the number of nodules produced in either the desi or the kabuli
experiments at all locations (Appendices 2-13). Differences in number of nodules
plant” often were not detected as differences in nodule dry weight plant™. For
example, in the desi chickpea experiments, granular inoculants placed below the seed
produced a lower number of nodules, but the total dry weights were not significantly
different from those for the peat inoculants (Tables 3.3-3.6). The orthogonal contrast
of liquid + peat vs. granular inoculant treatment indicated no significant differences in
the nodule dry weight. Total nodule dry weights for the liquid inoculants were lower
than that for the peat inoculants at both the flowering and the early pod-filling stages
in desi chickpea (Tables 3.3 and 3.4). At the flowering stage, total nodule dry weight
for the granular inoculant piaced 2.5 cm below the seed was significantly (P = 0.03)
higher as compared to that for placement 8.0 cm below the seed. Total nodule dry
weight for granular B inoculants at the early pod-filling stage in the desi was
significantly (P = 0.01) higher than for granular A inoculants.
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Table 3.3. Number of nodules, dry weight of nodules and dry matter production from
various inoculation treatments of Myles desi chickpea at the flowering stage, averaged
over the Elbow, Kenaston, Outlook and Watrous locations, 1997.

Nodule no. plant™ Nodule dry wt. Shoot
(mﬂlant'l) dry wt.

Inoculant’ Crown Lateral Total Crown Lateral Total (g plant™)
Non-inoc 015 109 124 23 29 5.2 1.23
Liq A 1.38 243 380 184 101 285 1.29
LiqC 118 328 445 29 116 345 1.19
Peat A 185 309 494 338 204 542 1.22
Peat B 303 333 635 439 159 598 1.29
Gran A with seed 135 221 356 214 270 484 1.43
Gran A 2.5 cm bs 040 333 3.73 108 423 530 1.41
Gran A 8.0 cm bs 034 211 245 70 365 435 1.33
Gran B with seed 1.56 451 6.08 184 290 474 1.24
Gran B 2.5 cm bs 0.58 3.18 3.75 181 470  65.1 1.36
Gran B 8.0 cm bs 036 255 291 66 293 359 1.40
LSD.0s) 099 169 198 190 157 239 ns
Contrasts*
Non-inoc vs.imoc ~ 1.05** 1.91** 296** 178* 24.0** 418** 0.9
Liq vs. peat 1L16** 036  1.52* 18.2** 73 255** 0.2
Lig A vs. liqC 020 085 065 4.5 1.5 6.0 0.10
Lig vs. gran 0.58 013 038 69  243*+ 174* 012
Peat A vs. peat B 1.18* 024 141 101 4.5 56 0.07
Peat vs. gran 1.68** 024  1.90** 25.1** 17.0** 8.1 0.11
Liq+peat vs. gran 1.I0** 005  1.14* 16.0** 20.7** 4.6 0.11*
Granwsvs.granbs  1.04** 057 161* 93 108 L5 0.04
Gran2.5vs.gran 8.0 0.14 093  1.06 77 118  194* 0.02
GranAvs.granB  0.14 086 1.00 1.3 0.2 1.2 0.06
Granstrxwsvs.bs 002 0.5  0.13 6.1 72 132 0.08
Granstrx2.5vs.8.0 008 030 022 39 6.0 9.9 0.06

*, ** Significant at the 0.05 and 0.01 levels, respectively.
* Non-inoc = non-inaculated, inoc = inaculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain
* Differences between specified treatments.
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Table 3.4. Number of nodules, dry weight of nodules and dry matter production from
various inoculation treatments of Myles desi chickpea at the early pod-filling stage,
averaged over the Elbow, Kenaston, Outlook and Watrous locations, 1997.

Nodule no. plant™ Nodule dry wt. Shoot
(mg plant™) dry wt.
Inoculant’ Crown Lateral Total Crown Lateral Total (g plant™!
Non-inoc 0.23 0.55 0.78 66 176 242 37
Lig A 2.28 1.51 3.79 478 26.6 74.4 3.87
LigC 3.05 1.36 441 65.6 21.9 875 402
Peat A 3.76 1.76 553 88.0 424 1304 4.4
Peat B 431 1.81 6.13 100.1 30,0 1301 4.00

Gran A with seed 200 224 424 559 514 1073 436
Gran A 2.5 cm bs 059 225 2284 224 995 1219 4388
Gran A 8.0 cm bs 038 208 245 6.1 784 845 454
Gran B with seed 2.48 336 584 825 551 1376 472
Gran B 2.5cmbs 078 242 320 300 120.8 150.8 4.68
Gran B 8.0 cm bs 0.61 260 321 296 1049 1345 528

LSDi0.0s) 151 108 18 407 398 462 071
Contrasts*

Non-inoc vs. inoc 1.79** 1.59** 338** 46.2** 455%c 91.7%* (.74**
Liq vs. peat 1.37** 035 1.73** 37.4** 120 493** (.13
LigAwvs.liqC 0.77 0.15 0.62 17.8 4.7 13.1 0.15
Liq vs. gran 1.53** 1.06** 047 19.0 60.8** 41.8** (0.80**
Peat A vs. peat B 0.55 0.05 0.60 12.1 124 03 0.14
Peat vs. gran 4.04** (0.71* 2.20** 56.3** 489** 75 0.67**

Ligtpeatvs. gran  2.21** 0.88%* 133** 376%* 548% 172  0.74**
Granwsvs.granbs  1.65** 046  2.11** 47.2%% 47.7%* 05 031
Gran2.5vs.gran 8.0 0.19 0 0.19 83 185 269 0.3
GranAvs.granB 030 060° 091 192 172  364** 030
Granstrxwsvs.bs 003 038 041 33 IL1 78 021
Granstrx2.5vs.80 003 0.8 020 80 26 106 047

*_** Significant at the 0.05 and 0.01 levels, respectively.

" Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.

* Differences between specified treatments.
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Table 3.6, Mean squares from the analysis of variance for number of nodules, dry weight of nodules and dry matter production
from various inoculation treatments of Myles desi chickpea at the early pod-filling stage, at the Elbow, Kenaston, Outlook and

Watrous locations, 1997,

Mean squares

43

Nodule number plant™’ Nodule dry wt. Shoot dry wi.
Source of variation' d.f. Crown Lateral Total Crown Lateral Total
Locations (L) 3 42.16* 52.30%* 184.55%+* 0.027 0.023%* 0.100** 58.469%*
Reps in locations 12 6.60%* 1.09 10.11** 0.009** 0.003* 0.015*+ 4.564**
Inoculation (1) 10 33.36** 8.58%* 41.07** 0.017%* 0.02]%+* 0022+ 3.742%+*
Non-inoc vs. inoc 1 47.00** 36,77** 166.91** 0.03]1** 0.030** 0.122%* 7.947**
Liq vs. peat | 30,25%* 1.96 47.61%* 0.022%* 0.002 0.039** 0.245
LigA vs. ligC 1 481 0.18 3.13 0.003 0.000 0.001 0.189
Liq vs. gran | 55,82+ 26.67%* 5.32 0.009 0.089** 0.042%+* 15.293*+
Peat A vs, peat B | 242 0.02 2.88 0.001 0.001 0.000 0.179
Peat vs, gran | 201.84** 11.06* 115.72%+ 0.076%* 0.057+* 0.001 10,919+
Lig+peat vs. gran 1 187.97%*  2968** 68,27+ 0.054** 0.115** 0.011% 20.822%*
Gran ws vs, gran bs 1 58.08** 4.56 95.20*%* 0.047%* 0.048** 0.000 1.971
Gran 2.5 vs. gran 8 ] 0.56 0.00 0.56 0.001 0.005 0.012 0.264
Gran A vs, gran B 1 2.16 8.88* 19.80 0.009 0.007 0.032+* 2,151
Gran str X ws vs, bs | 0.44 6.75 10.64 0.002 0.001 0.000 1.278
Granstrx 2.5 vs. 8 ] 0.0} 0.49 0.64 0.001 0.011 0.002 3,608
Lxl 30 4,30+ . 2,22%» 6.74** 0.003%* 0.003** 0.004 0.963
Error 120 1.19 1.21 2.68 0.001 0.001 0.003 0,934

Total 175

*, ** Significant at the 0.05 and 0.01 levels, respectively.
Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws = with seed, bs = below seed, str = strain.



Table 3.7. Number of nodules, dry weight of nodules and dry matter production from
various inoculation treatments of Sanford kabuli chickpea at the early pod-filling
stages, averaged over the Kenaston and Watrous locations, 1997.

Nodule no. plant™ Nodule dry wt. (mg plant™) Shoot
dry wt.
Inoculant’ Crown Lateral Total Crown Lateral Total & pl'ys
Non-inoc 045 043 0.88 9.5 13.0 225 6.18
LigA 260 200 460 64.3 58.0 12222 6.24
LiqC 3.90 198 538 80.3 5335 133.8 6.14
Peat A 5.73 303 875 178.8 670  245.8 6.55
Peat B 733 420 11.53 2213 88.0 3093 8.14
Gran A with seed 2.93 5.53 8.45 82.0 116.3  198.3 7.32
Gran A 2.5cm bs 050 548 5.98 20.3 1743 194.5 8.94
Gran A 8.0 cm bs 040 533 573 43 1228 1270 8.25
Gran B with seed 225 555 730 380 123.0 161.0 7.69
GranB2.5¢mbs 0.75 435 5.0 225 162.5 185.0 8.83
Gran B8.0cm bs 043 470 5.13 28.3 1848 213.0 8.64
LSDya.0s) 165 319 360  7LS 471 758 149
Contrasts*
Non-inoc vs. ino¢ 2.23%* 379** 6.02** 64.5* 102.0** 166.5** 1.49*
Liq vs. peat 3.28** 1.63 4.90** 1278** 218 149.6** [.16*
LigAvs.liqC .30 0.02 1.28 16.0 4.5 11.6 0.10
Liq vs. gran 2.04** 3.17** 1.13 39.7 91.5** 51.8* 2.09**
Peat A vs. peat B 1.60 .17 278 42.5 21.0 63.5 1.59*
Peat vs. gran 5.32** 154 3.78** 167.5** 69.8** 07.8** (.93*
Lig+peat vs. gran 3.68** 235** 133 103.6** 80.7** 23.0 1.51**
Granws vs. granbs  2.07** 0.58 2.64* 41.2 41.5** 0.2 1.16*
Gran 2.5 vs. gran 8.0 0.21 0.10 0.11 5.1 14.6 19.8 0.44
Gran A vs. gran B 0.13 058 0.71 59 19.0 13.1 0.22
Granstrxwsvs.bs (.37 0.07 0.29 18.1 7.5 25.6 0.17
Granstrx2.5vs.80 011 025 0.14 10.9 36.9* 47.3 0.25

*_ ** Significant at the 0.05 and 0.01 levels, respectively.
* Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.
* Differences between specified treatments.

fgpl! =g plant?
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Table 3.8. Number of nodules, dry weight of nodules and dry matter production from
various inoculation treatments of Sanford kabuli chickpea at the late pod-filling stages,
averaged over the Kenaston and Watrous locations, 1997.

Nodule no. plant™ Nodule dry wt. (mg plant™) Shoot

dry wt.

Inoculant™ Crown Lateral Total Crown Lateral Total ( gp_l")’
Non-inoc 0.48 0.50 0.98 18.0 33.0 51.0 8.77
LigA 2.25 2.58 483 67.8 770 144.8 10.30
LigC 3.58 2.23 580 1048 123.5 228.3 9.16
Peat A 6.00 435 1035 1753 105.5 280.8 12.31
Peat B 5.30 545 1075 1848 136.5 3213 12.54

Gran A with seed 2.95 5.38 833 768 154.0 230.8 12.49
Gran A 2.5 cm bs 078 703 780 340 179.8 213.8 15.57
Gran A 8.0 cm bs 0.15 498 5.13 23 178.3 180.5 14.20
Gran B with seed 1.93 5.75 768 425 145.0 187.5 12.12
Gran B 2.5 cm bs 048 475 5.23 19.8 2043 224.0 13.46
Gran B 8.0 cm bs 0.13 403 4.15 9.5 169.8 179.3 15.34

LSDyo.05 1.59 3.77 4.54 57.4 91.4 118.0 4.18
Contrasts®

Non-inoc vs. inoc 1.87*%* 4.15** 6.03** 53.7* 114.4** 168.1** 398*
Lig vs. peat 2.34* 250 5.24** 938** 208 114.5*  2.70*
LiqAvs. ligC 1.33 0.35 0.97 37.0 46.5 83.5 1.14
Liq vs. gran 1.85%* 2092%* |07 55.5** 71.6** 16.1 4.13**
Peat A vs. peat B 0.70 1.10 0.40 9.5 31.0 40.5 0.23
Peat vs. gran 4.58** 042 4.16** 149.2** 509 98.4** 144
Lig+peat vs. gran 3.21**  1.67 1.55 102.4** 612** 412 2.79%*
Granws vs. granbs  2.06** 037 2.43 43.3* 336 9.8 234
Gran2.5vs. gran 8.0 0.49 1.39 1.88 21.0 18.0 39.0 0.26
Gran A vs. gran B 0.45 0.95 1.40 13.8 2.3 11.4 0.45
Granstrxwsvs.bs  0.67 0.80 1.47 254 15.0 40.4 0.05
Granstrx 2.5vs. 8.0 0.14 0.67 0.80 10.7 16.5 5.7 1.63

*, ** Significant at the 0.05 and 0.01 levels, respectively.

" Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.

* Differences between specified treatments.

Sgpi’ =gplant’

54



‘UIBNS = 1IS ‘PIIS MO|Iq = 5q ‘PIIS YIM

— sm “yejnuesf = uzap ‘pinbyj = brrp ‘parenoout = soul ‘pareINOUL-UOU = JOUI-UON

-Kj2An22dsal *s12A3] 1070 PUB GO0 SY) 18 WBdYIUIS 44 '«

LS B0y,
S0'€ L00'0 £00'0 $00°0 26'9 08'€ £9'C 09 1011y
oLl $00'0 2000 000 S0l #178 £6'12 1] 1%
150 8100 «110°0 100°0 S0 050 01'0 | g 'SA §'C X IS uBID
100 6000 0000 900°0 S| #0'0 o1z 1 §q ‘SA SM X 215 URID)

96°0 7000 ¥00'0 #0000 209 L6'E 120 1 g ueid 'sa y uein
9¢°| £00°0 200'0 70000 01'0 800 9¢'0 I g w3 ‘sA g7 veID
+6T 1 000'0 «+810°0 8100 «SSL X *4S9'St | sq ueId 'sA sm uelp)
sell’'SY 0100 ++ST10 ++90Z°0 | FAX «+ 17901 +406°65C | uesd sa wod+bry
+15°01 #1S11°0 +4860°0 +eL€C0 «+10'1LL 75'8¢ «+0C'6£€ 1 ueaB sA 189
+60°01 9100 2000 LOO'0 08'0¢ rA%S AL | d wad ‘'sa v 1834
«sZ1'TS +2€0'0 ++001°0 6100 61'61 «o€E0T1  +420°0S 1 uwid ‘sa bry
$0'0 100°0 1000°0 1000 059 100 9L'9 | D bij ‘sa v br
+$$°01 +4+6L1°0 $00°0 «+1€1°0 ++80°261 ' M k4 ++18°S8 1 1ead 'sA b
+$1°91 ++20C°0 «+9L0°0 +0£0°0 +4SE'E0T  «4EEPOL  aall'9E 1 J0UL *SA JOUL-UON
++LL6 »*SH0°0 +$20°0 ++0¥0°0 ++£L°09 LY «sOL' VY ol (1) uonenaou]
0¢'9 1100 200°0 L00'0 «15'81 +69'8 +76'9 9 suopuoo| ut sdoy
+SU'Y9 £20°0 110°0 2000 $9'S¢€ 91’8 69'6 | (‘1) suoneod0]
1810, fetoe’] umoi) 210, je1ae] UMo1) yp LUoneLIeA JO 30Imog
“m A1p 1004S 1M AIp 2InpoN _'_:u_m nqunu ANpoN
sa1enbs URIAl

'£661 ‘suonwoo]

snonepy pue uojseudy| oy e ‘sadms Suijy-pod Ajxea aur 18 eadyolyo 1ngey pIojueg JO SIUSUNEAL) UONBINIOU] SNOLIBA tWOY

uononpoid sanpw AIp pue $3[npou jo WM AIp ‘so|npou JO 3QUNU 10§ OURLIEA JO sisKjeuw ay) woly sarenbs uBdN 6'¢ A9EBL

55



9¢

Table 3.10. Mean squares from the analysis of variance for number of nodules, dry weight of nodules and dry matier production

from various inoculation treatments of Sanford kabuli chickpea at the late pod-filling stages, at the Kenaston and Watrous

locations, 1997,

Mean squares

Nodule number plant” Nodule dry wt. Shoot dry wt.
Source of variation' df. " Crown Lateral Total Crown Lateral Total
Locations (L) ! 3.52 22.00 7.92 0.002 0.146** 0.181* 71.47
Reps in locations 6 2.36* 6.33** 12.16** 0.004 0.006 0,015* 11.82*
Inoculation (1) 10 3445 27.56* 65.70* 0.033*+ 0.020* 0.040* 41,00*
Non-inoc vs, inoc I 25.64+* 125.26**  264.22%* 0.021* 0.095** 0.205%* 114.85*
Liq vs. peat l 59.95** 50.00 219.45%» 0.070%* 0.003 0.105* 58.07
LigA vs. ligC | 7.02 0.49 3.80 0.005 0.004 0.028 5.16
Liq vs. gran | 40.89** 102,08%* 13,76 0.037%* 0.061** 0.003 205.22**
Peat A vs, peat B 1 1.96 4.84 0.64 0.001 0.012 0.007 0.21
Peat vs. gran | 252,08** 2.08 208,33** 0.267** 0.031 0.116** 24.92
Lig+peat vs, gran 1 198.40** 53.33 46.00 0,201%* 0.072%* 0.032 149,27%+
Gran ws vs, gran bs | 14.08%* 1.45 62.73 0.020* 0.012 0.001 58.30
Gran 2.5 vs, gran 8 1 1.56 15.40 28.13 0.003 0.003 0.012 0,53
Gran A vs. gran B ] 243 10.83 23.52 0,002 0.001 0.001 2,37
Gran str X ws vs. bs | 6.10 2,73 17.00 0.008 0.002 0.018 0.04
Gran strx 2.5 vs. 8 | 0.15 3.51 5.12 0.001 0.002 0.000 21,22
Lxl 10 2.05¢* 11.45** 16.64** 0.003 0.007 0.011 14.03**
Error 60 0.98 1.94 3.71 0.002 0.004 0.006 5.24
Total 87

*, ** Significant at the 0.05 and 0.01 Jevels, respectively.

Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws = with seed, bs = below seed, str = strain,



For the kabuli experiments in 1997, analysis by contrast showed that the peat
inoculants produced a higher total nodule dry weight than the liquid or granular
inoculants at both the early pod-filling stage (Table 3.7) and the late pod-filling stage
(Table 3.8). However, total nodule dry weight for the granular inoculant was higher
than for the liquid inoculant at the early pod-filling stage.

The interaction between inoculation treatment and location was not significant
for total nodule dry weight for either chickpea type at either sampling date (Tables 3.5,
3.6, 3.9 and 3.10), except for desi at the flowering stage, presumably due to the higher
nodule dry weight for the liquid inoculation at Watrous (Appendix 8). Except for the
early pod-filling stage in the kabuli experiments, location had a significant effect on
nodule dry weight due to the low nodule dry weight at Elbow (Appendices 9 and 10)
and Outlook (Appendices 2 and 3) in the desi experiments, and the higher nodule dry
weight at Kenaston (Appendix 13) as compared to Watrous (Appendix 3) in the kabuli
experiments at the late pod-filling stage. The greatest nodule dry weight (263 mg
plant™) in the desi experiments occurred with granular B inoculant placed 2.5 ¢cm
below the seed at Watrous at the early pod-filling stage (Appendix 4). For the kabuli
experiments, the greatest nodule dry weight was 389.5 mg plant™” for peat B inoculant
at Kenaston during the late pod-filling stage (Appendix 13).

Number of nodules in 1998: Unlike the 1997 field season, the 1998 results at
Outlook and Watrous indicated that the granular inoculants produced more nodules
than the average of the peat and the liquid inoculants at the early pod-filling stage in
both chickpea types (Tables 3.11-3.14). However, seed treatment with peat-based
inoculants resulted in higher nodule numbers as compared to the liquid inoculants.
Liquid A performed poorly and was not significantly different from the non-inoculated
control in both the desi and kabuli chickpeas at the early pod-filling stage. Liquid B
produced more nodules than liquid A at the early pod-filling stage in the kabuli
experiment (Table 3.12), but not for the desi experiment (Table 3.11).

The interaction between location and inoculation was not significant for total
nodule numbers at the early pod-filling stage in either the desi or kabuli experiment
(Tables 3.13 and 3.14). Similarly, location had no effect on total number of nedules.
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Sampling at the late pod-filling stage was performed at Watrous only due to dry soil
conditions at Qutlook, which made it difficult to excavate and recover roots and
attached nodules. At the late pod-filling stage, the total nodule numbers at Watrous
were similar to those observed at the early pod-filling stage in both chickpea cultivars,
and followed a trend similar to that in 1997 (Appendices 14 and 15).

Nodule dry weight in 1998: The total dry weight of the nodules at the early pod-
filling stage was greater in the peat and granular than the liquid inoculation treatments
in both chickpea types (Tables 3.11-3.14). For the desi experiments, no significant
difference in nodule dry weight was observed for the peat vs. granular inoculant, but
the difference was significant in the kabuli experiments. Liquid B inoculant produced
more total nodule dry weight than liquid A inoculant at the early pod-filling stage in
the desi experiments (Table 3.11), but not in the kabuli experiments (Table 3.12). For
the kabuli chickpea, granular inoculant B placed with the seed resulted in higher total
nodule dry weight as compared to treatments in which the granular inoculant B was
placed below the seed (Table 3.12). For both chickpea types, total nodule dry weight
at the early pod-filling stage for the liquid A inoculant was not significantly different
from the non-inoculated control.

In 1998, no significant interaction was observed between location and
inocuiation for total nodule dry weight at the early pod-filling stage in the desi
experiments (Table 3.13), but the interaction was significant (P = 0.02) in the kabuli
experiments (Table 3.14), presumably due to the extremely low total nodule dry
weight for the liquid inoculants at Outlook. The effect of location on nodule dry
weight was not significant for either the desi or the kabuli chickpeas. Dest chickpea
plants grown from seeds inoculated with peat A inoculant produced the greatest total
nodule dry weight (307.5 mg plant") at the early pod-filling stage at Outlook
(Appendix 16), whereas granular A placed 8 cm below the seed resuited in the highest
nodule dry weight (275.0 mg plant™’) at the early pod-filling stage at Watrous
(Appendix 17). For the kabuli chickpea, the highest nodule dry weight at Watrous
occurred in the peat B treatment (317.5 mg plant™") (Appendix 18), whereas at Outlook
the highest nodule weight of 206.0 mg plant™ was achieved for the peat A treatment
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(Appendix 19). At the late pod-filling stage, total nodule dry weight for the desi
chickpea at Watrous (Appendix 14), unlike the kabuli chickpea (Appendices 15 and
18), was generally lower as compared to that observed at the early pod-filling stage
(Appendix 17).

Table 3.11. Number of nodules, dry weight of nodules and dry matter production from
various inoculation treatments of Myles desi chickpea at the early pod-filling stage,
averaged over the Outlook and Watrous locations, 1998.

Nodule no. plant™ Nodule dry wt. (mg plant™) Shoot
dry wa.
Inoculant Crown Lateral Total Crown Lateral Total  (gpl')®
Non-inoc 0 013 013 0 3.0 3.0 4.70
LigA 0.18 035 033 9.5 16.0 255 4.16
LiqB 2.00 140 340 76.3 48.0 1243 4.73
Peat A 3.27 238 5.65 193.3 70.8 264.0 5.13
Peat B 3.88 230 6.18 150.5 41.0 191.5 539

Gran A with seed 243 545 7.88 80.3 163.0 243.3 6.26
Gran A 2.5 cm bs .13 623 735 21.8 182.3 204.0 5.94
Gran A8.0cmbs 040 670 7.0 7.8 196.3 204.0 7.03
Gran B with seed 213 470 6.83 873 134.5 221.8 5.59
Gran B 2.5 cm bs 108 610 7.18 255 I31.5 157.0 591
Gran B 8.0 cm bs 060 495 555 19.0 134.5 153.5 6.33

LSDyg.05) 1.72 1.92 303 45.9 76.2 94.3 0.97
Contrasts®

Non-inoc vs. inoc 1.71* 393** 564** 67.1* 108.8** 175.9%*  (.95%*
Liq vs. peat 2.49%* 1.47** 395** 1200** 239 [52.9** 0.82*
LigAvs.ligB 1.82* 1.0§ 2.87 66.8** 320 98.8* 0.57
Liq vs. gran 0.21 4.81%* 5.02** 2.6 125.0*%* [22.4** [.74**
Peat A vs. peat B 0.61 0.08 0.53 428 29.8 725 0.26
Peat vs. gran 2.28** 335** 1.07 131.6** [01.1** 30.5 0.92%*

Lig+peat vs. gran 1.04** 4.08** 3.04** 67.1** 113.1** 459* 1.32%*
Granwsvs.granbs 1.48** 092 0.56 65.3** 124 52.9 0.38

Gran 2.5 vs. gran 8.0 0.61 034 094 10.3 85 1.8 0.76*
Gran A vs. gran B 005 088 092 7.3 47.0* 39.7 0.47
Granstrxwsvs.bs 050 048 098 4.5 38 8.3 0.28
Granstrx2.5vs.8.0 0.13 081 0.69 3.8 3.5 1.8 0.34

*, ** Significant at the 0.05 and 0.01 levels, respectively.

* Non-inoc = non-inoculated, inoc = inoculated, Lig = liquid, Gran = granular, ws =
gvith seed, bs = below seed, str = strain.

* Differences between specified treatments.

Jgpl' =g plant’
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Table 3.12. Number of nodules, dry weight of nodules and dry matter production from
various inoculation treatments of Sanford kabuli chickpea at the early pod-filling

stage, averaged over the Outlook and Watrous locations, 1998.

Nodule no. plant™ Nodule dry wt. (mg plant™)  Shoot
dry wi.

Inoculant’ Crown Lateral Total Crown Lateral Total  (gpl')’
Non-inoc 0.05 0.50 0.55 1.5 21.8 23.0 6.53
LigA 0.55 1.13 1.68 26.5 508 773 7.78
LiqB 245 2.73 5.18 69.3 73.0 1423 6.39
Peat A 3.25 2.68 593 1440 903 2343 8.39
Peat B 488 3.25 8.13 1650 793 2443 9.30
Gran A with seed 2.50 5.05 7.55 59.0 1150 1740 7.86
Gran A 2.5cm bs 0.88 8.38 9.25 16.0 1645 180.5 8.86
Gran A 8.0 cm bs 0.58 7.90 8.48 8.8 173.0 181.8 8.57
Gran B with seed 3.00 5.10 8.10 923 1508 2430 8.97
Gran B2.5cm bs 1.40 6.00 740 353 1335 168.8 9.02
Gran B 8.0 cm bs 0.20 6.50 6.70 10.3 1373 1475 8.31
LSDq 05 1.57 212 258 56.4 76.5  86.7 1.90
Contrasts®
Non-inoc vs. inoc 1.92%* 4.37** 6.29** 61.2** 95.3** 1564** 1.82*
Liq vs. peat 2.57** 1.4 3.60** 106.6** 229 129.5**  1.76*
Liq A vs. lig B 1.90* 160 350** 428 22 650 139
Liq vs. gran 0.07 4.56** 4.48** 110 83.8** T72.8** .51**
Peat A vs. peat B 1.63* 0.57 2.20 210 220 10.0 0.91
Peat vs. gran 2.64%* 3.52** (.88 117.6** 60.8** 56.7* 0.25
Lig+peat vs. gran 1.36** 4.04** 268** 64.3** 72.3** 8.1 0.63
Granws vs. granbs  1.99** 2.12** 0.13 58.1** 192 38.9 0.28
Gran2.5 vs. gran 8.0 0.75 0.01 0.74 16.1 6.2 10.0 0.50
Gran A vs. gran B 0.21 1.24* 1.03 18.0 10.3 1.7 0.34
Granstrxwsvs.bs 033 002 031 0.4 16.0 16.3 0.37
Granstrx 2.3 vs. 8.0 0.45 0.49 0.04 8.9 24 2.4 0.21

* ** Significant at the 0.05 and 0.01 levels, respectively.
' Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.
* Differences between specified treatments.

Sgpl" =g plant’



Table 3.13. Mean squares from the analysis of variance for number of nodules, dry weight of nodules and dry matter production
from various inoculation treatments of Myles desi chickpea at the early pod-filling siage, at the Outlook and Watrous locations,
1998,

Mean squares

19

. Nodule number plant” Nodule dry wi. Shoot dry wt,
Source of variation' d.f.  Crown Lateral Total Crown Lateral Total
Locations (L) | 1.92 0.10 1.14 0.005 0.003 0.016 28.25
Reps in locations 6 1.93* 8,32+ 17.84*+ 0.002 10,0006 0.009 5,29%
Inoculation (1) 10 13.28** 47.82%¢ 59,224+ 0.032%+ 0.037%* 0.056** 5.70%+
Non-inoc¢ vs. inoc | 21.20* 112.33%# 231.14%+ 0.033** 0.086** 0,225%+ 6,58+
Liq vs, peat | 49,50%* 17.11* 124 82%+ 0,133%* 0.005 0.187** 5.29*
LigA vs. liqB | 13.32* 4,41 33.06 0.018** 0.004 0.039* 1.31
Liq vs. gran 1 0.50 277.92%+ 302.00%* 0.000 0.188*+ 0.180** 36.00**
Peat A vs. peat B | 1.44 0.02 1.10 0.007 0.004 0.021 0.26
Peat vs. gran 1 62.56** 134.67** 13.65 0.208%* 0.123%* 0.011 10.13%*
Liq+peat vs. gran 1 20.75%+* 319.8]1** 177.63%* 0.087%* 0.245%* 0.401* 33,72
Gran ws vs, gran bs | 23,21%* 9.00 3.30 0.045%+ 0.002 0,030 1.50
Gran 2.5 vs. gran 8 1 2.88 0.91 7.03 0.001 0.001 0.000 4.55*
Gran A vs, gran B 1 0.03 919 10,27 0.001 0.027* 0.019 2.62
Gran str X ws vs. bs l 2.16 3.15 10.53 0.000 0.001 0.001 0.02
Granstrx2.5vs. 8 ] 0.13 5.28 3.78 0.000 0.000 0.000 0.89
Lxl 10 2.39%+ 2.98 7.39 0,002 0.005 0.007 0.76
Ervor 60 0.76 3.14 4,07 0.003 0.003 0.004 2.10

Total 87

*, ** Significant at the 0,05 and 0.01 levels, respectively,
' Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws = with seed, bs = below seed, str = strain.



Table 3.14. Mean squares from the analysis of variance for number of nodules, dry weight of nodules and dry matter production
from various inoculation treatments of Sanford kabuli chickpea at the early pod-filling stage, at the Outlook and Watrous locations,
1998,

Mean squares

9

Nodule number plant” Nodule dry wt, Shoot dry wt.
Source of variation' d.f.  Crown Lateral Total Crown Lateral Total
Locations (L) | 35.89 93.69 245,56 0.034 0.077 0.214 270.16%*
Reps in locations 6 0.55 1.58 2.61 0.001 0.001 0.004 9,184+
Inoculation () 10 1889 55.13 63.03 0.025 0.019 0.037 7.55
Non-inoc vs, inoc 1 26.74** 138.89** 287.5]** 0.027** 0.066**  0,178** 23.89*
Liq vs. peat l 52,53%* 8.61 103.68** 0.091** 0,004 0.134*+ 24.77*
Liq A vs, ligB 1 14.44* 10.24 49.00** 0.007 0.002 0.017 7.80
Liq vs, gran 1 0,07 249.80**  24).65** 0.001 0.084**  0,064** 27.49¢+
Peat A vs, peat B 1 10.56* 1.32 /9,36 0.002 0.001 0.001 3.30
Peat vs, gran | 83.48*+ 149.11** 945 0.166%* 0.045**  0,039* 0,73
Lig+peat vs. gran 1 35.32%* 313.96** 138.68** 0.079** 0.101**  0.001 7.7
Gran ws vs, gran bs 1 42.14%* 47.88*~ 0.18 0.036** 0.004 0.016 0.78
Gran 2,5 vs, gran 8 | 4.50 0.01 435 0.002 0.001 0.001 2,00
Gran A vs, gran B ] 0.56 18.50* 12.61 0.004 0.001 0.001 1.37
Gran str X ws vs, bs 1 0.17 0.01 0.09 0.001 0.004 0.009 0.99
Granstrx 2.5 vs. 8 1 1.62 1.90 0.01 0.001 0.000 0.001 0.36
Lxl 10 1.99 3.63 5.36 0.003 0.005 0,006* 2,90
Error 60 0.49 4.29 4.84 0.001 0.002 0.051 2,58
Total 87

*, ** Significant at the 0.05 and 0.01 levels, respectively.
' Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws = with seed, bs = below seed, str = strain.



Nodule distribution in 1997: Inoculum placement significantly affected the
distribution of nodules on the root system and the distribution was consistent across
locations in both chickpea types. The peat and liquid inoculants produced majority of
the nodules at the crown region, whereas the soil-applied (granular) inoculants
produced mainly lateral root nodules, especially when the granular inoculum was
placed below the seed (e.g., Tables 3.4 and 3.7). In the desi experiments averaged over
locations for the 1997 field season, granular inoculant placed at 2.5 and 8.0 cm below
the seed formed 72-97% of the nodules on the lateral roots (on nodule dry weight
basis) compared to only 25-36% for the peat and liquid inoculants at the flowering and
early pod-filling stages (Tables 3.3 and 3.4, respectively). Similarly, 87-97% of the
nodules formed by granular inoculant placed below the seed in kabuli were located on
the lateral roots compared to 27-54% for the peat and liquid inoculants at the early and
late pod-filling stages (Tables 3.7 and 3.8, respectively).

Nodule distribution in 1998: The position of the nodules in 1998 experiments was
similar to that in 1997. For example, based on dry weight, granular inoculants placed
below the seed produced 79-96% of their nodules on the lateral roots in both chickpea
types at the early pod-filling stage as compared to 21-39% in the peat inoculants
(Tables 3.11 and 3.12). There were no marked differences among inoculant strains in
either chickpea type in both years indicating that the pattern of nodule formation was

due primarily to the depth of inoculant placement.

3.3.1.2 Dry matter yield

1997: At all sampling dates, averaged over locations, shoot dry matter was
significantly affected by inoculation methods except for the flowering stage in desi
chickpea, even though a similar trend was observed (Tables 3.3-3.10). For the 1997
experiments, inoculation generally increased shoot dry matter per plant compared to
the control, but dry matter yield increases were higher with the granuiar inoculants
placed below the seed than when placed in the seed row or for peat and liquid
inoculants. Orthogonal contrasts confirmed that shoot dry weight in both desi and
kabuli chickpeas were significantly higher for soil inoculation as compared to seed
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inoculation (Tables 3.3-3.10). Moreover, whereas the differences were detected at the
5% level in the desi chickpea at the flowering stage (Table 3.3), the significance
increased to the 1% level at the early pod-filling stages (Table 3.4). Shoot dry weight
for the kabuli plants grown from seeds treated with peat-based inoculants was
significantly higher than that for the liquid formulated treatments at the early pod-
filling stage (Table 3.7) and at the late pod-filling stage (Table 3.8). Peat B inoculation
resulted in higher shoot dry matter production than peat A inoculation in the kabuli
chickpea at both the early pod-filling stage (Table 3.7) and the late pod-filling stage
(Table 3.8).

The interaction between location and inoculation for shoot dry weight was not
significant at the early pod-filling stage (Tables 3.6 and 3.9) in either chickpea type.
However, a significant interaction was observed in the desi at flowering (Table 3.5),
presumably due to lack of significant differences among inoculation treatments at
Elbow (Appendix 9) relative to significant differences at the other three sites
(Appendices 2, 6 and 8). A significant interaction was also observed in the kabuli at
late pod-filling (Table 3.10), presumably due to the low shoot dry matter for the
granular B inoculant placed with the seed in 1997 at Watrous (Appendix 5) relative to
the high dry matter vield at Kenaston (Appendix 13). Location had a significant effect
on shoot dry matter at both sampling dates in the desi chickpea (Tables 3.5 and 3.6)
but was significant only at the early pod-filling stage in the kabuli chickpea (Table
3.9).

1998: Shoot dry weight data for the 1998 field season again showed that the granular
inoculant treatments were significantly better at enhancing shoot dry weight as
compared to the seed-applied inoculants in the desi (Tables 3.11 and 3.13), but not in
the kabuli (Tables 3.12 and 3.14). Contrast analysis also indicated that placing the
granular inoculant 8 cm below the seed resulted in higher shoot dry weight compared
to 2.5-cm below seed placement in the desi at the early pod-filling stage (Tables 3.11
and 3.13). In both chickpea types, the peat-based inoculants were superior to the liquid
inoculants in enhancing shoot dry matter (Tables 3.11-3.14).



As observed in 1997, the location x inoculation interaction was not significant
for shoot dry matter in either the desi or the kabuli type at the early pod-filling stage,
indicating that the inoculants performed similarly across locations (Tables 3.13 and
3.14). In general, in 1998 shoot dry weight of both desi and kabuli chickpeas at
Watrous were higher than those at Qutlook at the early pod-filling stage (Appendices
16-19). For example, the mean shoot dry weight for the kabuli chickpea at Watrous
was 54% higher than the mean for the kabuli chickpea at Outlock (Appendices 18 and
19).

In 1998, shoot dry weight at the late pod-filling stage was evaluated only at
Watrous. For the desi, dry matter at this stage for the non-incculated control was not
significantly different from those for the liquid inoculants and peat-based inoculant B
(Appendix 14). As in the desi experiments, shoot dry matter in the kabuli experiments
was lower in the liquid inoculant treatments than all the other inoculant treatments
(Appendix 15). Although shoot dry weight was higher for the granular inoculants
compared to the peat-based inoculants, they did not differ statistically.

3.3.2 Plot data

3.3.2.1 Biomass and seed yield

1997: At final harvest in 1997, plant biomass and seed yield for both kabuli and desi
types, averaged over locations, were significantly increased by inoculation (Table 3.15
and 3.16, respectively). In particular, granular inoculant placed below the seed and
seed inoculated with peat-based inoculant A produced the highest yields (Tables 3.17
and 3.18). The differences in plant biomass and seed yield between granular
inoculants placed in the seed furrow and placement below the seed were significant for
both kabuli (Table 3.15) and desi (Table 3.16), except for the seed yield in kabuli
(Table 3.15). In each instance, granular inoculant below the seed performed better than
granular inoculant placed with the seed.

The significant location by inoculation interaction for plant biomass and seced
yield in the desi experiments (Table 3.16), was due primarily to the relative lack of
response to inoculation at Elbow (Appendix 20) and Outlook (Appendix 21) as
compared to the excellent response at Watrous and Kenaston (Appendices 23 and 25,
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Table 3.15. Mean squares from the analysis of variance for whole plant biomass, seed yield, seed protein concentration, percentage
N derived from atmosphere for the seed (%Ndfa) and amount of seed N fixed for Sanford kabuli chickpea averaged over Kenaston

and Watrous locations, 1997,

Mecan squares

99

Sources of variation' d.f. Biomass Seed yield Protein conc. %Ndfa N3 fixed
Locations (L) { 1385018 934828 14.37 11260+ 479
Reps in locations 6 1039076** 374000** 5.14%* 625%* 314+
Inoculation (I) 10 936536* 294595* 18.57%* 1255 *»* 403 %*
Non-inoc vs. inoc | 3160804** 1202501** 93.26** 8457*+ 2326**
Liq vs. peat 1 735078 229503 34.83** 1193+ 648*
LigA vs. liqC 1 65025 45156 0.07 1028+ 151
Liq vs. gran l 27528134+ 80990 *+ 76.23%* 2732++ 1831+*
Peat A vs, peat B I 636006 211600 7.49* 103 98
Peat vs, gran l 371008 98102 2.26 99 135
Liq+peat vs, gran 1 2058010*+ 588700* 41.89** 1548+ 1184**
Gran ws vs, gran bs | 1776704* 344401 0.11 2 191
Gran 2,5 vs, gran 8.0 | 35113 528 0.37 85 26
Gran A vs, gran B 1 618802 288300 4.97 42 280
Gran str x ws vs, bs | 22817 13301 0.11 215 n
Granstrx 2,5 vs. 8.0 | 37812 378 0.08 7 12
Lxl 10 236088 75593 1.51 146* 97*+
Error 60 142863 43071 1.42 67 38
Total 87 '

*, ** Significant at the 0,05 and 0.01 levels, respectively.

Non-inoc = non-inoculated, inoe = inoculated, Lig = liquid, Gran = granular, ws = with seed, bs = below seed, str = strain,



Table 3.16. Mean squares from the analysis of variance for whole plant biomass, seed yield, seed protein concentration, percentage
N derived from atmosphere for the sced (%Ndfa) and amount of seed N fixed for Myles desi chickpea averaged over Elbow,

Kenaston, Outlook and Waltrous locations, 1997,

Mean squares

Sources of variation' d.f Biomass Seed yield Protein conc, %Ndfa N fixed
Locations (L) 3 56830089+ 17182147%* T7O.21%* 11120%* 13561%*
Reps in locations 12 1152347%* 489958+ 12.65* 1505** 394+
Inoculation (I) 10 919034** 357938** 17.38%* 1622** 769+%*
Non-inoc vs. inoc | 5090126** 1918621 ** 84.2] ** 82554+ 35544+
Liq vs. peat I 606452 336400 15.67* 4035+%* 1324%*
Liq A vs. ligC | 78 378 2.28 378 40
Liq vs, gran ] 1017846 441459 52,47+ 4856** 2086**
Peat A vs, peat B 1 90313 29403 0.88 140 3
Peat vs, gran | 3038 2109 5.73 66 |
Liq+peat vs, gran l 452836 153015 59.73¢* 2744** 876**
Gran ws vs, gran bs 1 2671992%* 1026675** 17.64* 1512** 1817+
Gran 2,5 vs, gran 8.0 | 205889 78400 993 7 8
Gran A vs, gran B | 15504 14259 0.00 320 11
Gran str x ws vs, bs | 3763 102 1.29 201 34
Gran strx 2.5 vs. 8.0 | 11827 1806 4.89 11 39
Lxl 30 325172 * 115505* 3.67 191 112
Error 120 206927 70869 6.24 127 101

Total 175
*, ** Significant at the 0,05 and 0.01 levels, respectively,
" Non-inoc = non-inoculated, inoc = inoculated, Lig = liquid, Gran = granular, ws = with sced, bs = below seed, str = strain.




respectively). For both kabuli and desi experiments, biomass and seed yields were
higher at Watrous (Appendices 22 and 23) than the other sites (Appendices 20, 21, 24
and 25).

Table 3.17. Whole plant biomass, seed yield, seed protein concentration, percentage N
derived from atmosphere for the seed (%Ndfa) and amount of seed N fixed for
Sanford kabuli chickpea, averaged over Kenaston and Watrous locations, 1997.

Biomass Seed yield Proteinconc. %Ndfa N fixed

Inoculant’ (kgha!) (kgha') (gks™) (kg ha!)
Non-inoc 1563 658 173 30.3 55
LigA 1810 821 189 449 11.1
LiqC 1938 928 190 60.9 17.2
Peat A 2376 1159 217 62.6 25.6
Peat B 1978 929 203 67.6 20.7
Gran A with seed 2094 1054 214 70.6 25.3
Gran A 2.5 cm bs 2720 1290 220 70.2 322
Gran A 8.0 cm bs 2585 1291 219 66.0 29.2
Gran B with seed 2068 975 214 64.8 22,0
Gran B 2.5cm bs 2324 1090 212 69.3 254
Gran B 8.0 cm bs 2326 1105 209 67.0 24.8
LSDyo.05) 541 306 14 13.5 11.0
Contrasts*

Non-inoc vs. inoc 659%* 406** 36** 34.1** 179+
Liq vs. peat 303 170 21** 12.2* 90+
Lig A vs. lig C 128 107 1 16.0* 6.1
Liq vs. gran 479** - 260** 25 15.1%* 123 **
Peat A vs. peat B 398 230 14* 5.0 49
Peat vs. gran 176 90 5 29 33
Liq+peat vs. gran 327 175 15*+* 9.0** 7.8%*
Gran ws vs. gran bs 408* 180 1 0.4 4.3
Gran 2.5 vs. gran 8.0 67 8 2 33 1.8
Gran A vs. gran B 227 155 6 1.9 48
Gran str x ws vs. bs 53 21 1 4.1 23
Granstrx2.5vs. 8.0 69 7 1 1.0 1.2

*, ** Significant at the 0.05 and 0.01 levels, respectively.

" Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.

* Differences between specified treatments.
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Table 3.18. Whole plant biomass, seed yield, seed protein concentration, percentage N
derived from atmosphere for the seed (%Ndfa) and amount of seed N fixed for Myles
desi chickpea, averaged over Elbow, Kenaston, Outlook and Watrous locations, 1997.

Biomass Seed yield Proteinconc. %Ndfa N fixed

Inoculant’ (kgha)  (kgha) (gke™ (kg ha™)
Non-inoc 1757 962 176 32.8 10.8
LigA 2184 1211 187 414 17.9
LigC 2188 1218 192 48.3 20.1
Peat A 2434 1390 197 58.7 27.8
Peat B 2328 1329 201 62.9 284
Gran A with seed 2199 1237 196 50.8 21.3
Gran A 2.5 cm bs 2437 1385 215 60.6 31.7
Gran A 8.0 cm bs 2578 1466 201 60.5 30.9
Gran B with seed 2113 1171 199 56.2 23.1
Gran B 2.5cmbs 2469 1392 207 62.5 30.3
Gran B 8.0 cm bs 2556 1451 205 64.0 326
LSDyo.05) 411 246 16 10.0 7.6
Contrasts®

Non-inoc vs inoc 592++ 363** 24+ 23.8**  15.6**
Liq vs. peat 195 145 10* 16.0** 9.1**
LigAvs. ligC 4 7 5 6.9 2.2
Liq vs. gran 206 136 14** 14.3** 93+
Peat A vs. peat B 106 61 4 42 0.6
Peat vs. gran 11 10 5 1.7 0.2
Lig+peat vs. gran 109 63 10** 6.3%*  4.8**
Gran ws vs. gran bs 354%* 210** 10* 8.4%* Q2%+
Gran 2.5 vs. gran 8.0 114 70 8 0.7 0.8
Gran A vs. gran B 25 25 0 3.6 0.7
Gran str x ws vs. bs 47 25 -4 23 1.1
Gran strx 2.5 vs. 8.0 27 1t 6 0.8 1.6

* ** Significant at the 0.05 and 0.01 levels, respectively.

* Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.

* Differences between specified treatments.
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1998: Averaged over locations, seed inoculation with peat and granular inoculants
placed with the seed in the kabuli chickpea resulted in higher yields compared to the
other treatments (Table 3.19). However, the contrast of liquid or peat-based inoculant
vs. granular inoculant was not significant for either biomass or seed yields. Biomass
and seed yields in 1998 at the Outlook were affected by droughty conditions
(Appendix 1), and the effect was most severe in the treatments where the inoculants
were placed below the seed in the kabuli experiment due to problems encountered
with seed placement, as previously described. With granular inoculation, e.g., granular
inoculant B placed 8 cm below the seed was the only treatment that reduced biomass
and seed yield of kabuli significantly below the non-inoculated control treatment
(Appendix 26). Inoculation did not affect biomass and seed yield at Watrous, except
for the biomass yield enhancement due to granular A placed with the seed (Appendix
27). Unlike the 1997 experiments and the desi experiments in 1998, biomass for the
kabuli in 1998 was significantly higher (P = 0.03) in granular A than granular B
inoculants, although the difference in seed yield was not significant {Table 3.19).

Desi biomass and seed yields averaged over locations were significantly higher
in the inoculation treatments than in the control (Table 3.20). On average, inoculating
the soil with granular inoculants consistently increased biomass and seed yields over
that for seed-applied liquid inoculant in the desi, but the contrast of peat vs. granular
indicated no significant difference. The peat inoculation resulted in higher biomass
and seed vields than liquid inoculation. At Qutlook, desi biomass and seed yields were
significantly increased by inoculation (Appendix 28), but unlike Watrous (Appendix
29), both biomass and seed yields for granular inoculants placed 8 c¢m below seed
were lower than the other granular inoculant treatments and the peat inoculants, as was
reported above for kabuli. At Watrous, the maximum biomass yield was obtained with
granular A inoculant placed in the seed furrow at planting and was 1659 kg ha™ over
the control. Similarly, the greatest increase in seed yield due to inoculation was 644 kg
ha™ and occurred in granular B placed 8 cm below the seed. Despite the apparent
differences in the kabuli experiments, no significant location x inoculation interactions
were observed for biomass and seed yields in either chickpea type in 1998, although
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location had significant effect on both parameters in desi and kabuli chickpeas
(Tables 3.21 and 3.22).

Table 3.19. Whole plant biomass, seed yield, seed protein concentration, percentage N
derived from atmosphere for the seed (%Ndfa) and amount of seed N fixed for
Sanford kabuli chickpea averaged over Outlook and Watrous locations, 1998.

Biomass Seed yield Proteinconc. %Ndfa N, fixed

Inoculant’ (kgha!)  (kgha) gkg" (kg ha™
Non-inoc 3742 1218 190 75 33
LigA 3734 1251 207 21.1 11.3
LigB n7 1246 207 285 14.0
Peat A 3940 1317 239 40.6 204
PeatB 3958 1393 233 41.7 22.0
Gran A with seed 4361 1362 243 40.7 21.7
Gran A 2.5cm bs 4190 1268 246 44.2 225
Gran A 8.0cm bs 4062 1176 243 373 17.1
Gran B with seed 4062 1360 230 44.1 225
Gran B 2.5cm bs 3869 1185 243 394 18.7
Gran B 8.0 cm bs 3487 954 258 303 14.0
LSDyo.05) 613 285 42 16.1 7.2
Contrasts®

Non-inoc vs inoc 196 33 45 29.3** 5.1
Liq vs. peat 224 107 29 16.4** 8.6**
LiqAvs.ligB 17 5 0 74 27
Liq vs. gran 280 3l 37** 14.5** 6.8**
Peat A vs. peat B 18 76 6 1.1 1.6
Peat vs. gran 56 137 8 1.8 1.8
Lig+peat vs. gran 168 84 22 6.4 1.5
Gran ws vs. gran bs 310 215* 11 4.6 4.0
Gran2.5vs. gran 8.0 255 162 6 8 5.1*
Gran A vs. gran B 398+ 102 0 2.8 20
Gran str x ws vs. bs 270 108 0 42 31
Granstrx2.5vs. 8.0 127 70 9 1.1 0.4

* ** Significant at the 0.05 and 0.01 levels, respectively.

* Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.

* Differences between specified treatments.
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Table 3.20. Whole plant biomass, seed yield, seed protein concentration, percentage N
derived from atmosphere for the seed (%Ndfa) and amount of seed N fixed for Myles
desi chickpea averaged over QOutlook and Watrous locations, 1998.

Biomass Seedyield Proteinconc. %Ndfa N, fixed

Inoculant’ (kgha')  (kgha') (gkg"h (kg ha™)
Non-inoc 2311 1222 156 17.2 6.7
LigA 3056 1521 169 19.9 9.8
LigB 2971 1495 174 44.0 209
Peat A 3504 1813 193 49.1 275
Peat B 3564 1751 217 53.7 34.7
Gran A with seed 3733 1805 200 56.9 34.0
Gran A 2.5 cm bs 3571 1748 237 60.3 39.6
Gran A 8.0 cm bs 3418 1690 230 59.3 36.8
Gran B with seed 3503 1755 208 54.9 33.7
Gran B 2.5 cm bs 3459 1731 222 54.6 34.1
Gran B 8.0 cm bs 3418 1726 226 53.5 35.2
LSDg.0s) 490 210 32 14.7 10.7
Contrasts®

Non-inoc vs. inoc 1109** 482%* 52%* 33.4**  24.0**
Liq vs. peat 521** 274+ 34+ 19.5**  15.8**
LigAvs.ligB 85 26 5 24.1**  11.1*
Liq vs. gran 504>+ 235* 50** 24.6**  20.2**
Peat A vs. peat B 60 62 24 46 7.2
Peat vs. gran 17 39 16 5.2 435
Liq+peat vs. gran 243* 98+ 32+ 14.9**  12.3**
Gran ws vs. gran bs 152 56 25* 1.0 28
Gran 2.5 vs, gran 8.0 97 32 2 1.1 0.9
Gran A vs. gran B 114 10 : 4 4.5 25
Gran str x ws vs. bs 141 38 2 1.4 0.7
Gran strx 2.5 vs. 8.0 56 27 6 0.1 2.0

® ** Significant at the 0.05 and 0.01 levels, respectively.

' Non-inoc = non-inoculated, inoc = inoculated, Liq = liquid, Gran = granular, ws =
with seed, bs = below seed, str = strain.

* Differences between specified treatments.
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Table 3.22. Mean squares from the analysis of variance for whole plant biomass, seed yield, seed protein concentration, percentage
N derived from atmosphere for the seed (%Ndfa) and amount of seed N fixed for Myles desi chickpea averaged over Outlook and

Watrous locations, 1998,

Mean squares

Sources of variation' d.f, Biomass Seed yield Protein conc, %Ndfa N, fixed
Locations (L) 1 92194833** 10857137** 252.86%* 1135* 7529%¢
Reps in locations 6 516785+%* 146772%* 5.19 64 71
Inoculation (1) 10 1234088** 254555+ 58.79%* 1814+ 996**
Non-inoc vs, inoc 1 8414125%* 1688052 ** 189.62 ** 8134++ 4150%*
Liq vs. peat | 2164240** 598965*¢ 89.930+ 3033¢+ 1980++
Liq A vs. liqB ! 28561 2730 0.97 2326** 495*
Liq vs, gran | 3057018** 659063** 293.90** 7281+ 4849+*
Peat A vs. peat B [ 14280 15068 22,75 84 203
Peat vs, gran 1 2844 18506 30.57 319 239
Liqtpeat vs. gran I 1149346* 182676* 205.62+* 4260** 2920**
Gran ws vs, gran bs 1 237407 33675 66.78* " 70
Gran 2.5 vs. gran 8.0 | 69938 8065 0.11 9 6
Gran A vs, gran B 1 164385 1302 1.75 243 77
Gran str X ws vs. bs I 279720 17821 1.07 26 4
Gran str x 2.5 vs. 8.0 ! - 21528 5618 2.64 0 3l
Lxl 10 193441 35706 8.47*+ 174+