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ABSTRACT

Pearl millet, Pennisetuns americanum (1.) Lecke, is often estab-
lished under stressful ensironmenta:l conditions. Thus, establishment
capability is crucial to success of the crop. Ohjectives of this study
were (i) to verify previous results associating establishment of the
crop with density and size of seed. and (i) to identify other seed and
seedling traits of pearl millet that are related to seed density and
size. Seed of four populations was divided by gravity table into three
density fractions, cach of which was then separated, by dockage
sieves, into three size fractions. Seed representing cach population-
density-size fraction was evaluated in a field stody at Manhattan,
ESin 1981 and in the laboratory . Seedling emergence increased from
40% with small, low-density seed. to 62% with large, high-density
seed. Days from seeding to anthesis decreased from 70 with small,
low-density seed, to 62 with large, high-density seed. In both cases,
density and size interacted in such a manner that each factor had
most effect at low lesels of the other, Seed weight, a germination
index that emphasized speed of germination, and seed diameter were
positively affected by both seed density and size. In addition, ger-
mination, seedling height 24 days after seeding, and proportion of
vitreous starch in seed endosperm were positively related to seed
density. Seedling respiration rate, on a per-seed basis, was associated
positively with seed density and size. With a tixed weight of seed,
however, there was little effect, Results indicated that seed density
and seed size were effective criteria of field establishinent and of
seed quality as determined by a number of Liboratory tests. In some
cases, however, the nature of the density > size interaction implied
that the major etects of both Tactors were effectively integrated in
seed weight,

Additional index words: Germination, Grain vield, Seed dinmeter.
Seedling respiration, Seed protein content, Seed weight, Pennisetum
americanum (1..) Lecke.

PE-\RI. MILLLT, Pennisetin americanunt (L) Lecke.
1s an important food crop in senmiarid parts of
Africa and Asia (Rachic and Majmudar. 1980). Usu-
ally. the crop must be established under conditions of
uncertain ranfall and without benefits of advanced
tillage and sceding technology. Superior seed quality
and scedling vigor are. therefore. requisites 1o con-

sistent establishment of satisfactory stands. Study of
those traits should be a part of any comprehensive
cffort to improve pearl nullet,

In many crops. sced germination. seedling vigor. and
other traits considered important in establishment ca-
pability have been found to be associated positively
with size. density. and/or weight of seeds (Abdullahi
and Vanderlip, 1972: Kauffmann and Guitard. 1967:
Kneebone and Cremer, 1955: Ries and Everson, 1973:
Sung and Delouche. 19625, Gardner (1980) found that
seed germination. sceedling emergence. and eventual
gramn vicld were related positively 1o seed size and seed
density i pearl millet. Superior seedling vigor of heavy
sceds of barley. Hordeum vuleare L., has been attrib-
uted to an inercased quantity of mitochondrial protein
and higher respiratory activity of mitochondria
(McDaniel. 1969). Bartee and Kreig (1974) reported
that in upland cotton. Gossypium hirsutum L.. quan-
ttics of organic and inorganic materials available to
germinating seeaiings were greater in seeds of high
density than in those of low density. A positive rela-
tionship between seedling vigor and seed protein con-
tent has been noted in wheat, Trviticum aestivany 1.,
(Lowe ctal.. 1972: Ries and Everson. 1973).
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Objectives of this study were (i) to verify findings
of Gardner (1980) relative 10 effects of sced density
and sced size on sced germination. ficld emergence,
and final grain vield: and (i1) to identify other seed and
scedling traits related to sced density and seed size.

MATERIALS AND METHODS
Seed Lots

Sced sources (populations) were: RMP 1 (RMP). HMP
550 (HMP). Serere 3A (SER). and Sencgal Bulk (SEN). Seed
of each population was separated into fractions of high. me-
dium, and low density by gravity table. Subsequently, cach
density fracuion was separated into three size fractions by
means of dockage sieves. Size fractions were large (retained
on 2.8-mm round-hole sieve). medium (passed 2.8-mm
round-hole sieve but retained on 2.4-mm round-hole sieve),
and small (passed 2.4-mm round-hole sieve).

Field Study

A field study was planted at the Kansas Agricultural Ex-
periment Station Agronomy Farm. Manhattan on 3 June
1980. Soil at the site was an Ivan siltiy clay loam (fine-silty,
nuxed. mesie Cumulic Hapludoll). The experimental area
received 84 kg N and 34 kg P ha ' on 30 Apr. 1980. Mean
monthly temperatures during the growing season were 25.8.
31.0. 28.8. and 22.5 °C for June. July. August. and Septem-
ber. respectively. Mean monthly precipitation for the four
maonths was 66.8, 29.7. 68.3. and 42.9 mm, respectively, That
was < 50% of normal for the period and was especially
deficient in July, but drought stress was not apparent.

Experimental design was a split plot in which the main-
plot arrangement was a randomized complete block. Pop-
ulations were matn-plot treatments and the nine possible
density-size combinations were subplot treatments. There
were three replications, Each plot consisted of two rows 6.1
m long. Row spacing within and betwzen plots was 0.76 m.
Seeding was by means of a two-row vacuum planterand 110
sceds were placed in cach row of cach plor.

Field emergence was expressed as a pc-centage of the num-
ber of seeds planted with seedlings counted on 24 or 25 June.
when most were in the three- 1o five-leaf stage. Seedling height
was measured from the ground to ihe highest potnt of the
extended fohage 24 days after seeding on three random plants
from cach row of each plot. Mcasurements for the six plants
in cach plot were averaged to give a mean height. Days to
anthesis was the number of davs from seeding until at lcast
509 of the plants produced heads and 30% of emerged heads
were in full anthesis. Heads were hand harvested from cach
plot and threshed. Grain yieid was adjusted to a moisture
content of 125 g H,O kg ! of 1otal weight and expressed as
kg ha '

Laboratory Determinations

Lots of 50 seeds were placed ¢n moist filter paper in petri
dishes and mamtained at 27 °C in a germinator for 7 days.
Germination counts were made daily beginning with the
second dav. A seed was considered germinated when it had
produced a plumule and a radicle. Germination index. de-
signed to emphasize speed of germinatior as well as total
germination, was calculated from daily germination counts
accoiuing to a formula described by Maguire (1962), with
the exception that counts were based on 50 rather than 100
sceds. Seed weight was determined on 50 seeds dried to con-
stant weight at 65 °C. An independent measure of seed size
(diameter) was obtained by sizing 50 sceds with a series of
five dodder sicves with hole dianicters of 3.51, 2.62, 2.01,
1.65, and 1.45 mm. All seeds passed the coarsest (1op) sicve
while none passed the finest (bottom). Sceds retained on cach
sieve were counted and average sced diameter calculated by

assuming sceds 10 be of the same diameter as the holes of
the retaining sieves. Lots of 50 seeds were classified visually
according to shape as (1) elongate, (2) medium-elongate, (3)
medium-spheroid. and (4) spheroid. Individual seeds, in
samples of 10, were scctioned longitudinally through the germ
face. Halved sceds were examined under a 10x stercomicro-
scope. and the apparent proportion of chalky to vitrecous
starch in the endosperm was rated as (0 1o 20% chalky).
1(21 10 40% chalky). 2(41 to 60% chalky). 3(61 to 80% chalky),
and 4(81 to 100% chalky). Observations for the 10 sceds of
cach sample were averaged.

Scedling respiration was determined on samples of 50 seeds
placed in serum bottles with 5000 mm? of vermiculite and
5 mL of water. Samples of 0.5 mL of gas were withdrawn
for determination of CO, content at intervals of 48, 72, 96,
and 120 h following introduction of the seed. Carbon dioxide
content of the extracted gas was determined by means of a
modified Carle 8501 thermal conductivity gas
chromatograph® with a 1.83 my column of Porapak S at 30 °C.
and a N carrier gas at a flow rate of 72 mL h '. Respiration
rate was computed by means of the tollowing formula:

Peak height of observation for €O,

Rate = Astoppered time in hours)

where f'is a standardization factor including corrections for
the aliquot taken and the peak size per pmole of CO, injected
into the machine. Rates were expressed in two ways: (i) as
pumoles of CO, produced per hour by 50 seeds, and (ii) as
umoles of CO, produced per hour by | g of seed. Total N
was determined spectrophotometrically (Technicon Indus-
trial Systems. 1977). and multiplied by 6.25 to obiain sced
protein content.

Data on seedling respiration were analvzed in two ways:
(1) with CO, production averaged across times of cxtraction.
and (i1) with times of extraction treated as a factor in the
model. In the second analysis. the model was a three-rep-
licate split plot. with populations as main-plot treatments
and the nine possible combinations of seed density and seed
size as subplot treatments. In the latter case. data from cach
population were analvzed separately as a three-replicate split
plot, with combinations of seed density and seed size as
main-plot treatments and times of CO, extraction as subplot
treatments. Design for the study of relative embryo size was
a three-replicate. randomized complete block with treat-
ments consisting of all available combinations of popula-
tions. seed density, and seed size. Only populations of HMP,
SEN. and SER were available for this study. In all other
laboratory determinations. design was a three-replicate split
plot in which main-plot treatments were the four populations
and subr.ot treatments were combinations of seed density
and sced size. Deficiency of seed in some of the population-
density-size fractions resulted in missing cells in several of
the laboratory analyses and necessitated pooling of certain
nonerror interactions. Pooled interactions are indicated in
the analysis of variance tables. Data on sced shape were
clearly nonparametric and were not subjected to variance
analysis.

RESULTS
Field Study

Field Emergence. Number of scedlings emerged in
the ficld was affected by population. seed density, and
the density X size interaction (Table 1). Percent emer-
gence for RMP, HMP, SER. and SEN was 36, 57, 66,
and 53. respectively [LSD(C.05) = 5%). Generally,

Y Mention of a trade mark or proprictary product docs not imply
approval by the Kansas Agric. Exp. Stn. to the exclusion of other
products that also may be suitable.
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Table 1. Analysis of variance summaries for field variables and
seed starch appearance,

Table 2. Effects of seed density and seed size on field emergence
and days to anthesis.t

Mean sjuare

Field Seed

Source of emer- Seedling Daysto  Grain starch
variation df  gence height anthesis  yield appearance
% mm kg ha!
Replication 2 1864 202 91.34%* 118 433 0.256
Population (P} 3 2042.6%* 15235* 415.52%* 407 226 3.524%*
Errora 6 45.1 1743 3.70 104118 0.063
Seed density (D)} 2 1319.9%* 14 586** 131.13** 702 881%* 5. 188°*
Seed size (S) 2 98.2 742 36.13* 130780 0.338*
DS 4 225.7%* 257 33.87* 123792 0.086
PD 6 78.2 463 6.46 411716 0.327%
PS 6 17.5 1 847 16.36 36 353 0.364**
PDS 10 55.7 466 18.38 127 301** 0.142
Lrrorb 59 47.6 BHH 9.90 76 625 0.083
CV (error a) 12,6 176 3.2 57 10.2
CV (error b} 129 l'Zl 5’ 49 HH

*,** Significant at the I’ < 0.05and P « () 0 lowlq reqpo(‘uwl\

emergence was assoctated posiively with both seed
density and seed size. but the density < size inter-
action was such that each factor had most eflect at low
levels of the other. Thus, emergence irom high-densin
seeds was unaflected by seed size, and emergence from
large seeds was unaflected by seed density (Tabie 2).

Seedhing Hewgh. Average seedling height 24 davs
after seeding was affected by population and seed den-
sity (Table ). Average haight for RMP, HMP. SER.
and SEN was 193, 248, 251 and 214 mim. respectively
[LSD(0.05)=29 mm]. Average height of seedlings from
sced of Tow. medium. and lngh density was 205, 2335,
and 247 mm. respectively [ESIX0.05) = 14 mm].

Davs to Anthesis. Nursher of davs from seeding to
anthesis was affected by population. seed density, seed
size, and the density X size interaction (Table 1),
Mecans for RMP, HMP. SER. and SEN were 66, 07,
58, and 63 davs. respectively TESI0.05) = 2 davs).
Generally, time required to reach anthesis was asso-
ciated negatively with both seed density and seed size.
but. as with ficld emergence. the etfect of cach factor
was significant only at low levels of the other (Table
5
2).

(ram Yield Nean vields tor stands trom seed off
low. medium. and high density were 410, 636, and 714
kg ha . respectivels [LSD(0.03) = 135 kg ha '], but
applicabihity ot density mean differences was comph-
cated by slgmhumw of the populannn > density X
size interaction. Other real eflects in the grinm- }uld
data may have been obscured by the ligh CV (Table
b).

Laboratory Determinations

Germination. Total germination after 7 davs was
affected by population and seed density (Table 3). Ger-
mination tended to inerease with seed density, but the
effect was significant only with HMP, creating a sig-
nificant population X density interaction (Tables 3
and 4).

Gernunation Index. In all populations. the index
was higher with seed ot medium and high density than
with seed of low density. That relationship. however.
was more pronounced with HMP than with the other
populations. contributing 1o a significant population
X density interaction (Tables 3 and 4). The significant

Field emergence (%) Days Lo anthesis

Seed -

density Small  Medium Large Small  Medium Large
Low 40 43 59 70 66 63
Medium 57 57 58 63 63 63
High 59 57 62 63 63 62

t LS (0.05) for comparing interaction mears: field emergence = 6%, days
to anthesis = 3.

Table 3. Analysis of varience summaries for five laboratory
variables.

Menn square

Germina-
(Germina-  tion Seed Seed Seed

Source of

variation df tion index weight  diameter protein

e ['4 mm gkg!
Replication 2 9.5 15691 0.0046 0.0066* 1.9
Population(P) 3 1197.4%* 18901** 0.1740** 0.1515°* 8971.2°*
Errora 6 21.6 500 0.0014 0.0009 11.8
5eed density (1) 2 583.2%% Qyl5** (.0535%* 0.0187°** 20.5
Seed size (S) 2 32.6 1234%  0.2532%* 1.3127** 155.3%*
DS 4 554 708*  0.0011 0.0242%* 115.9**
PO 6 125.2%% 1176%% 0.0115** 0.0248%¢ 74.1%¢
PS + PDS 13 28.5 263 0.0060* 0.0168%* 184.0°%*
Errorb 54 36.2 257 0.0026 0.0024 114
CV (error a) 5.3 92 93 2.1 6.2
( \’ 1(*rr0r bb 6. 8 66128 3.4 6.1

b Slgmflcnm. at Lho P < 0.05and P < 0.01 lowlq reqpecuvcly

density X size interaction {Table 3) reflected a com-
plex relationship. which could not be gencrahized.

Seed Werght, Weight of 50 sceds was affected by
population. sced density. and seed size (Table 3). Seed
weight generally icereased with density, but the efiect
wis more pronounced with some populations than with
others. resulting i a significant population X density
interaction (Tables 3 and 4). Seed weights for small,
medium, and large sced were (L34, 0.45. and 0.38 g.
respectively [ESD(0.05) = 0.03 g]. Although the es-
tmate tor the p()olcd p()pllldll()n X siz¢ and popula-
non < density < size interactions was significant (Ta-
ble 3). exanmnation of the second-order-interaction
means showed no gross departures from the toregoing
observations.

Sced Dramerer. Average seed diameter varied with
population. sced density, seed size. and all interactions
among those factors (Table 3). Sced duameter in-
creased rather regularly with seed size. Examination
of second-order-interaction means showed that sig-
nificant mleractions involving size reflected relatively
minor deviations from that relationship. The rela-
tionship between seed diameter and seed density could
not be generalized. showing pronounced inconsistency
across populanons (T able 4) as well as size classes.

Seed Shape. Average raungs & RMP, HMP, SER,
and SEN were 4.0, 2.6, 2.9, and 3.8. respectuively (non-
parametnie data). Density and size effects. though ap-
parent in HMP. SER. and SEN were inconsistent.

Sced Stareh Appearance. Apparent proportnon of
chalky to vitreous starch varied with populanon, sced
density, seed size, asd the population X density and
population X size interactions (Table 1), Proportion
of chalky starch generally was higher in seeds of low
density than in those of high density, Seed size aftected
starch appearance only in RMP, where small- and me-
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Table 4. Effects of population and seed density on germination, germination index, seed weigh., and seed diameter.13

Density Density Density Density
Lew Medium High Low Medium High Low Medium High Low Madium High
Pc julation Germination (%) Germination index Seed weight (g) Seed diameter {(mm)
RMP 70 78 74 179 207 199 0.26 0.29 0.34 1.94 1.94 1.97
HMP 74 92 94 205 270 279 0.46 0.47 0.46 2.08 2.10 2.06
SER 88 €4 96 244 269 279 0.563 0.54 0.6V 2.28 2.22 2.24
SEN 84 90 82 221 254 224 0.34 0.38 0.52 2.03 2.04 2.20

1 LSD (0.05) for comparing density means in the same population: germination = 10%, germination index = 26, sced weight = 0.08 g, seed diam = 0.08 mm.
1 L.SD (0.05) for comparing population means at the same or different seed density: germination = 10%, germination index = 36, seed weight = 0.08 g, seed

diam = 0.08 mm.

Table 5. Effects of population, seed denaity, and seed size on
seed starch appearance. *‘I

Sccd dcn-m.\

Population  Low Medxum ngh Smnll

Mednum Large

RMP 3.3 2.3 1.9 25
HMP 3.0 2.6 2.4 2.7
SER 3.2 29 28 3.1
SEN z & 2. l 1 7 2.0

t Scale = 0 (O te 20‘ (‘hulky) to 4 (Hl to 100‘ chnlky).
t L.SD (0.05) for comparing population x density or population x size
interaction means = 0.5.

Table 6. Analysis of variance summueries for seedling respiration
nvernged across t'mes of CO, cxtmcuon

Mean square for umol C(), h !

Source of e o i i
varlatmn df 50 seeds I g wed
Rephcutmn 2 40.86 I 14.56
Population (P) 3 48.52 76.16
Errora 6 16.22 56.26
Seed density (1)) 2 96.05** 61.58
Seed size (S) 2 23.66* 46.06
DS 4 11.23 53.79
PS 6 33.70%* 102.46°**
Pl + PDS 9 6.59 22,74
Errorb 42 5.03 22.56
CV (error a) 32.0 an.g

8 19 5

CV (error b) 1

*.** Significant at l.he P < 005and P < 0.01 Ievels reqpecuvely

dium-sized seed were higher than large seed in pro-
portion of chalky starch (Table 3).

Seedling Resprrarion. Variance analysis results for
individual populations. with umes of extraction treated
as subplots. showed that rate of CO, evolution varied
significantly with ume of extraction. being low at 48
h and reaching a maximum at 96 1o 120 h. In no case.
however. did time of extraction interact significantly
with cither seed denstty or seed size. Analysis ol var-
1ance results for seedling respiration averaged across
times of COL extraction are shown in Table 6. Amount
of CO, produced per hour by 30 seeds was aflected by
seed density, seed size. and the population X size in-
teraction. Secdhings from seed of low, medium. and
high density produced CO- at rates of 1121, 12,92,
and 13.72 ymol h ', respectively [LSD(0.05) = 1.25
pmol h 'L Respiration rate generally increased with
seed size. but the relationship was not consistent across
populations. When €O, production was placed on a
fixed-weight-of-seed basis. most signiicant effects dis-
appeared with only the population X size interaction
remaining significant at the 0.05 level.

Seed Protein Protein content of seeds was aflected
by population. seed size. and all interactions among

those factors and seed density (Table 3). Mean con-
tents for RMP, HMP. SER. and SEN were 106, 113,
82, and 129 g kg ', respectively [LSDO.0O5) = 3 ¢
kg ).

DISCUSSION

Limitations of methods for separating density and
size classes of seed should be considered in interpret-
ation of results. Gravity-table separation divided seed
lots into density classes. but provided no measure of
the actual density of those classes. Size separation
through use of sieves probably was atlected by ditter-
ences in seed shape. Shape differences probably also
affected gravity table separation of seed density classes.
Effects of seed density and seed size on seed weight
and seed diameter indicate that density and size sep-
aritions were effective and meaningful. The significant
effect of seed density on seed diameter, as measured
by dodder sieves. indicates that density classes ditlered
in sceed size or shape as well as in seed density, and
persistence of that cffect after seed sizing by dockage
sieves reflects hmitations of sieving,

Field results are in general agreement with those of
Gardner (1980). who found field emergence of pearl
millet 1o be associated positively with both seed den-
sity and sced size. Graan yvield also was affected by
both density and size in that study. In this experiment.
eflects of size on grain vield were not signiticant. Gard-
ner (1980) found that. while superior emergence and
grain vield usually were obtaimed with seeds from the
upper half of the size range. exceptionally large seeds
frequently gave poor results. That effect was not ob-
served in this study.

The nature of the density X size interaction implies
a compensatory relationship between those factors in
seedling emergence. Low-density seeds gave satisfac-
tory emergence provided they were suthictently large:
small sceds performed satistactorily, provided they
were high in density. There also appeared to be a com-
pensatory relationship between density and size in days
to anthesis. Such » llellOl]Shlp suggests that seed den-
sity and seed size are important, primarily as com-
ponents of sced mass and that there is a threshold level
above which mass is unimportant. The tendency for
density and size effects 1o lose signtficance when weight
of seed 1s held constant, as occurred in secedhing res-
piration, implies that the major effects of seed density
and size are efiectively integrated in those of seed
weight.

No compensatory relationship was apparent, how-
ever, in seed germination. seedhling height, or grain
vicld, where neither size etfects nor the density X size

R\
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interaction was significant; nor in germination index.
where a density X size interaction with noncompen-
satory features occurred.

Results indicate a strong positive association of sced
density and proportion of vitrcous starch in the en-
dosperm of pearl millet. That is in general agreement
with observations on wheat, where vitreous endo-
sperm long has been asociated with high test weight
(Shollenberger and Coleman, 1926). According 10 Ya-
mazak! and Briggle (1969). differences in kernel den-
sity of wheat are due. at least in part. to variation in
the amount of air space within the kernel. Those au-
thors noted that in low-protein wheat there may be
insuflicient protein to fill the intergranular spaces in
the endosperm. resulting in low kernel density. They
pointed out that most soft (chalky) wheats are lower
in both protein and test weight than hard (vitreous)
wheats. De Francisco et al. (1982). however. tound no
relationship in pearl millet starch between vitreous-
ness and physical hardness as determined by particle-
size distribution after grinding.

This study indicated no well-defined relattonship
between seed density and seed protein content of pearl
millet. The possibility of complications resulting from
seed shrivelling warrants consideration. Since shri-
velled seeds probably would be lowan density and high
in protein. due to mcomplete filling of the protein ma-
trix with starch. therr presence would tend 1o mask
any positive assoctation of'density and protein content
that nught extst among normal sceds. Shrivelled seeds
would tend o accumulate in low-density. small-size
fractions where thew relative abundance would vary

with the seed-density and seed-size characteristics of

individual populations. The likelthood of staustically
significant interactions under such circumstances is
obvious. Gardner (1980) observed a negative corre-

fation between tield emergence and protein content of

pearl millet seed.

Results indicate that seed density and size are ef-
fective criteria of field establishment capabihity and
that density and size measurements generally agree
with results of other tests of seed guahty, Since. in
seedling emergence. density and size were important
primarily as components ot seed mass or weight. choice

of seed weight vs, density and size as a criterion of

ostablishment capability appears to be largely a mater
of convenience. Precise measurement of density and
size s technicalhy ditheult. and. tor that reason. plant
breeders and other workers evaluating large numbers
of small seed lots may find seed weight a more practical
criterion. On the other hand. primitive as well as ad-
vanced methods of processing seed for planting usually
involve procedures that separate seeds on the basis of
density (fanmimg. winnowing) and size (screening). It
is mportant to understand the mechanical as well as

genetic effects that such practices may have on seed
quality.

Design of this study permitted analysis of only in-
trapopulation cflects of seed density and seed size. It
has not been establisned that intra- and interpopula-
tion effects of those traits are the same. Therefore,
population differences in seed density and size should
be interpreted with caution when those traits are used
as criteria of establishment capability.

ACKNOWLEDGNENTS

Gravity table separation of seed density classes was made
by Dr. 1. C. Belauche, Director. Seed Technology Labora-
tory. Misstssippi State Univ.. Mississippt State. The authors
are also indebted to the following persannel at Kansas State
Univ.: Dr. L. C. Davis, Biochemistry Dep.. for assistance
with determinations of seedling respiration: Mr. N. S, Hill,
Agronomy Dep.. for help with seed protein determinations:
and Dr. K. E. Kemp. Statistics Dep.. tor guidance with sta-
tistical procedures.

REFFRENCES

Abdullahn, A and R.L. Vanderhp. 1972, Relationships of vigor tests
and seed source and size to sorghum seedling establishment. Agron.
Jo64 143144,

Bartee. SN and D.R. Kreig, 1974, Cotton seed density: Associated
physical and chemucal properties of 1en caliivars, Agron. J, 66:433-
435

De Francisco. A E. Varriane-Marston. and R.C. Hoseney. 1982

Hardness of pearl miller and gram sorghum. Cereal Chem. 595
hE

Gardner. L 1980, The effect of seed size and density on field emer-
gence and yvield of peart mmllet [Pennisetuns amertcanint (L) K.
Schum.). M.S. thests. Agronomy Depariment. Kansas State Um-
versity, Manhattan, KS,

Kautfmann, M., and A.A. Gunard. 1967, The effect of seed size
on carly plant development m barley. Can. ). Plant Sai. 47:73-
8.

Kneebone, W.R.. and C.L. Cremer. 1955, The relatonship of seed
stze 10 seedling vigor in some native grass species, Agron. J. 47:472-
477,

Lowe. L.B.. G.S. Avers. and S.K. Ries. 1972, Relanonship of seed
protemn and amino acid composition 1o seedhing vigor and vield
of wheat. Agron. 1. 64:608-611.

Maguire, 1.1, 1962, Speed of germunation-md in selection and cval-
uation for seedhing emergence and vigor. Crop Sei. 2:176-177.
McDamiel, R.G. 1969, Relationships of seed weight. seedling vigor
and muochondrial metabolism 1 bharley. Crop Sci. 9:823-827.
Rachie. K.O.. and J.V. Majmudar. 1980. Pearl millet. Pennsylvania

Siate Umiversity Press, University Park, PA.

Ries. S.K.. and EH. Everson. 1973, Protein content and seed size
relanionships with seedling vigor of wheat cultvars, Agron. J.
63:884-8806

Shollenberger. J.H.. and D.A. Coleman. 1926 Relation of kernel
texture 1o physical charactenstics. mithing and baking qualiies.
and chemical compositton of wheat. USDA Bull, 1420, Available
from State U'miversity Libraries,

Techmcon Industrial Systems. 1977, Industrial method no. 334-74
w/B 4 . Individual/simultancous determination of mitrogen and/
or phospharus in BD acid digests (revised). Technicon Industrial
Systems, Tarnvtown, NY.

Sung. T.Y.. and 1.C. Delouche. 1962, Relation of specific gravily 1o
vigor and viability of rice seeds. Proc. Assoc. Off Seed Anal.
32:162-164.

Yamazaki. W.T.. and LW, Briggle. 1969. Componenis of test weight
in soft wheat. Crop Sci. 9:4537-459.


http:4:143-1.14



