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ABSTRACT
Grain development in wheat (Triticum aestivum L.) is a complex

process that responds to interactions among primary genotypi¢ factors
and the environment. This study was conducted to determine the ef-
fects of salinity stress on kernel occurrence and kernel mass distri-
butions within the main spike. Mexican semidwarf wheat cuitivars
Yecora Rojo and Anza were grown in sand tanks in the greenhouse
with saline and nonsaline nutrient solutions. At harvest, each spikelet
position and grain position was identified and the weight of every
kernel was determined. Hierarchical multiple linear regression models
were derived and fit to the kernel mass patterns. In a similar manner,
logistic regression models were derived and fit to the kernel occur-
fence patterns. Kernel mass was shown to be highly dependent on
spikelet location long the spike, kernel position within the spikelet,
and salinity stress. Results from the logistic regression models confirm
that these same factors affect kernel occurrence. Both types of statis-
tical analysis are advantageous, since the changes in kernel occurrence
and kernel mass distributions due to each of the above factors can be
easily detected and studied.

GRAIN DEVELOPMENT in wheat is a complex process
that responds to interactions among many pri-

mary genotypic factors and the environment. Two im-
portant yield components, the number and mass of
individual kernels, may be reduced by adverse con-
ditions through effects on floret development and fer-
tilization, as well as on the size and partitioning of
the assimilate pool. Interactions among florets at the
time of anthesis and competition between the devel-
oping kernels for photosynthates influence the number
and size of the kernels that are ultimately formed.
Patterns of kernel set and growth in wheat spikes have
been studied by removal of competing sink sites and/
or by reduction of carbohydrate supplies through de-
foliation and shading (e.g., Rawson and Evans, 1970;
Bremner and Rawson, 1978; Pinthus and Millet,1978;
Fischer and HilleRisLambers, 1978; Simmons et al.,
1982; McMaster et al., 1987). Evans et al. (1972)
suggested that the mechanisms involved in inhibition
of kernel setting in the more distal florets and spikelets
are more likely to be controlled by hormones than by
competition for assimilates. Conversely, kernel de-
velopment is determined by the availability of assim-
ilates, the growth potential of the kernel and the
resistance within the phloem to the movement of as-
similates to the kernel (Bremner and Rawson, 1978).

Proper analysis of yield component parameters is
critical for the correct interpretation and understanding
of the anatomical factors involved. Analysis of these
yield parameters is complicated by the physical ge-
ometry of the spike; the potential occurrence and final
mass of a kernel will be influenced by both the po-
sition of the spikelet along the spike and the position

of the kernel within the spikelet. A further compli-
cation arises because of the stochastic nature of the
spike development process. Not all spikes under the
same environmental conditions will produce the same
number of spikelets, and different spikelets within the
same spike can exhibit quite different kernel set and
kernel mass patterns.

In this paper, kernel occurrence and kernel mass
distributions in mature spikes of two Mexican hard
red spring wheat cultivars (¥ecora Rojo and Anza)
are determined. Distribution patterns and interactions
among the kernels in the nonsaline control spikes are
compared with salt-stressed spikes. To facilitate these
comparisons, a series of empirically based, statistical
models are developed and fit to the yield component
data. Through the use of such models, formal tests
concerning changes in the distribution patterns caused
by salinity stress can be carried out.

The development of the models and the test results
concerning salinity-induced changes in kernel occur-
rence and kernel mass distribution patterns are pre-
sented. Additionally, we discuss the motivation behind
the model parameterization, as well as an anatomical
interpretation of the parameter estimates and test re-
suits.

MATERIALS AND METHODS

Plant Culture
Yecora Rojo and Anza wheat were grown in six sand

tanks in the greenhouse in Riverside, CA, during January
through May 1989. Details of the growth conditions are
given in a companion paper (Grieve et al., 1992). Three
tanks of nonsaline control plants were irrigated with a mod-
ified Hoagland’s nutrient solution that had an osmotic po-
tential (0s) of -0.05 MPa and an electrical conductivity (ECi~,)
of 2.0 dS m- ~. In the second set of three tanks, plants were
salinized with nutrient solution that contained NaCl and
CaCl2 (2:1 molar basis). The 0s of this solution was -0.65
MPa; ECiw ~- 14.3 dS m-1.

Approximately 10 plants of each cultivar were randomly
selected from each tank. Mainstem leaves were identified
as they developed and were tagged with distinctively col-
ored wire rings. Plants were harvested at maturity; main
spikes were dissected and examined in detail. Each devel-
oped kernel was identified by both its spikelet position and
grain position wihtin the spikelet. Spikelets were numbered
acropetally, with spikelet position No. 1 being defined as
the first visible node of the rachis. Within each spikelet,
the basal floret (and the kernel therein) was designated 
grain position 1, the second floret was designed as position
2, the third 3, etc. The recorded data consisted of whether
or not a kernel occurred (developed) within each spikelet
and grain position, and the weight of each developed ker-
nel.

Since < 1% of all the developed kernels occurred at or
beyond Grain Position 4, we limit our investigation of ker-
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Fig. 1. Geometric representation of a spike, showing how spikelet positions can be scaled into spikelet locations. The total number

of spikelets produced on the spike was considered a stochastic nuisance parameter, and was removed through the scaling
procedure before comparing spikes with different spikelet counts.

nel mass and kernel occurrence data to the first three grain
positions.

Spikelet Position Scaling

Statistical analyses of mainstem components based on the
position of the individual kernels along the spike are com-
plicated by the fact that, even within a given treatment, not
all main spikes have the same number of spikelets. There-
fore, a scaling procedure was used to facilitate the com-
parison of both mass and occurrence data from all the tagged
plants in each treatment. Each spikelet position number was
divided by 1.0 plus the total number of spikelets for that
spike. Every spikelet position number was thereby con-
verted to a spikelet location value contained within the (0,1)
interval. This scaling procedure allowed for simultaneous
comparison of all the yield data within a given treatment.

This scaling approach is illustrated in Fig. 1. The ex-
ample spike in this diagram has a total of 20 spikelets and
five potential grain positions. These spikelet positions can
be converted to 20 spikelet locations by dividing each spi-
kelet position number by 21. After such a scaling, the mass
of the kernels within each grain position could be plotted
(along the 0,1 spikelet location axis) and directly compared
with the kernel mass data from another spike having a dif-
ferent number of spikelets. The histogram to the right of
the example spike in Fig. 1 shows the frequency count of
total number occurring spikelets per spike for Yecora Rojo
in the control treatment. Note that if we had limited our
analysis to only those spikes with 21 spikelets (the most
common spikelet occurrence rate), we would have had to
discard almost one-half of the total available data from this
treatment.

Statistical Methodology and Model
Parameterization

As previously implied, any statistical model used to de-
scribe either the kernel mass or occurrence data should ac-
count for both spikelet location and grain position effects.
However, differences between individual spikes within a
given treatment can also be quite pronounced, and should
be accounted for when possible. This is especially true when
modeling the kernel mass data, since specific kernel mass
features can vary considerably from spike to spike.

Figures 2a and 2b highlight two important artifacts that
consistently appeared in the data. In Fig. 2a, the observed
kernel mass patterns within the basal grain position have
been plotted for three spikes from the Yecora Rojo control
treatment. Note that the relationship between kernel mass
and spikelet location tends to be fairly consistent from spike
to spike; i.e., the mass of the kernels in each spike tends
to follow the same type of curved pattern across the spikelet
locations. However, these patterns also appear to be shifted
up or down the kernel mass axis. This shifting occurs be-
cause different spikes will tend to produce kernels of dif-
ferent mass, even under similar environmental conditions.
In this paper we refer to such a change in the kernel mass
distributions as a change in the spike’s kernel mass distri-
bution potential, and we develop models that can account
for these KMDP differences.

In Fig. 2b, the individual kernel weights within Grain
Positions 1 and 2 have been plotted for these same three
spikes. Note that the correlation between the mass of these
neighboring kernels is quite high. This type of correlation
structure can be exploited during the modeling stage by
developing hierarchical equations that relate the mass of an
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Fig. 2. (a) Example of kernel mass patterns for three Yecora
Rojo control spikes exhibiting different kernel mass
distribution potentials within the basal grain position, and
(b) Correlation plot of the observed kernel masses occurring
in the first two grain positions for the three spikes illustrated
in Fig. 2a.

individual kernel to the mass of the kernel within the pre-
vious position, in addition to the spikelet location and grain
position parameters. Not only will this improve the model’s
accuracy, it will also considerably improve our ability to
correctly assess the effects of the spikelet location and grain
position factors. Adjusting for the position-to-position cor-
relation structure will help account for the differences in
kernel mass between spikes, and thus separate these effects
from spikelet location and/or grain position effects.

Given the above considerations, grain position specific
equations can be formulated using second-order hierarchical
polynomial equations, interrelated through the use of cor-
relation and indicator parameters. For a given wheat variety
and salinity stress level,

Yx,j,k = the expected mass of a kernel occurring in the
xth spikelet location and jth grain position of the
kth spike,

wherex = i/(nk + 1), i = 1,2 ..... nk (the unsealed spikelet
position number), j = 1,2,3, and k = 1,2 .... ,N. (For no-
tational convenience, we will drop the spikelet-location
subscript x during the remainder of this paper.) The kernel
mass in the first grain position is defined as:

Ylk = B01k + Bll[x] + B21[x 2] + el [1.0]
= Ulk + El

where el - iid N(0,tr~2), EO’,kl/0= Ulk is the expected
mass of a kernel within the kth spike, and E(.Vlk) = 
represents the expectation averaged across all spikes. B rep-
resents a regression coefficient. Brackets are used instead
of subscripts, for legibility. The kernel mass within the
second grain position is defined as:

Y2k = B02 + B12[x] + B22[x2]

+ C2Lv~ - u,.] + I2[z] + e2 [2.0]

where x is defined as before, e2 -- iid N(0,o’22), and 
represents an indicator variable where z = 0 ifylk exists,
or z = 1 if no kernel occurs at Y~k and we replace Ylk with
Olk (estimated from 1.0). C represents a regression coeffi-
cient. The expected mass of the Y2k kernel within the kth
spike, given the observed weight of the Ylk kernel, is:

E(Y2k l Yl~k) = B02 + B12[x] + B22[x2] +
C2[y~k - u,.] [2.1]

= U2k lYlk

The expected Y2k kernel mass averaged across all k spikes
can then be defined to be E(Y2k) = u2, assuming all Y~k
kernels exist. When the Y~k kernel does not exist, the ex-
pected mass of the Y2k kernel within the kth spike becomes:

E0,Eklk) = B02 + B12[x] + B22[x2]

+ C2[U~k -- Ul.] + I2 [2.2]

The model describing kernel mass within the third grain
position is:

Y3k = B03 + BI3[x] + BEa[x2]
+ C3Lv2k -- U2] + I3[Z] + e3 [3.0]

where e3 - iid N(0,o’32), and z again represents an indicator
variable where z = 0 if Y2k exists, or z = 1 if no kernel
occurs at Y~k and we set Y2k = a2k[Ylk (given y~ exists). 
represents a regression coefficient. Since the parameteri-
zation of Eq. [3.0] is identical to Eq. [2.0], expected kernel
weights can be found in the same manner as shown in Eq
[2.1] and [2.2].

Each of the models defined above relates the expected
kernel mass to three factors: the spikelet location, grain
position, and individual spike attributes. In Eq. [1.0], the
expected kernel mass distributions are assumed to have
common Bll and B21 parameters within a given salinity
stress level and variety; i.e., the curvilinear relationship
between kernel mass and spikelet location is constant across
the spikes. By allowing for individual intercept estimates,
however, one can also account for potential differences in
kernel mass distributions between spikes. In Eq. [2.0] and
[3.0], the relationship between the kernel mass distributions
and the spikelet location is again specified to be constant
across the spikes, while individual spike characteristics are
accounted for through the C2 and C3 correlation parame-
ters. By exploiting both the correlation structure between
neighboring kernels and the more general spikelet location
and grain position dependencies, these models can effec-
tively account for the major competing factors affecting
kernel mass production. Furthermore, indicator variables
are included in Eq. [2.0] and [3.0], to ascertain the effects
on a kernel’s mass when the kernel in the previous position
fails to develop.

An important benefit derived from using these models is
the ability to formally study changes in kernel mass incurred
from changes in salinity stress levels. This can be done by
using a general F-testing approach, as outlined in Weisberg
(1985), by nesting the above equations across stress levels
and then combining and/or eliminating some of the param-
eters. When comparing the kernel mass data within the
second or third grain position across treatments, tests for
changes in the correlation structures between neighboring
kernels can also be carried out. In this manner, each factor
that is affecting the expected kernel mass can be tested
across stress levels, independently of other factors. The full
and restricted model parameterization for each grain posi-
tion is given in the Appendix.

Statistical models that describe the kernel occurrence dis-
tributions can be developed from logistic regression equa-
tions in the following manner. For a given wheat variety
and salinity stress level, define zx,j. k as:
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Zx,j.k = 1 if a kernel occurs (develops) in the xth spi-
kelet location and jth grain position of the
kth spike, and

Zx.j,k = 0 otherwise.
Next, separate the Zx.j.k data points into nonoverlapping sub-
sets based on their spikelet location values, where each
subset represents a specific spikelet location interval con-
tained within the (0,1) spikelet location range. Within each
interval, compute the mean kernel occurrence frequency
and the mean spikelet location value associated with this
frequency by averaging across the Zx, k data. Let pq j rep-
resent these kernel occurrence frequer/~ies and m,~ rep~’esent
the corresponding mean spikelet location values within the
qth interval. The following logistic regression model(s) can
then be fit to this data:

ln[pq,j/(1 -- pq,j)]
= B0~ + Bl~[mq] + Be~[mq2] + ... + Bti[mtq] [4.0]

where the superscript t represents the highest order poly-
nomial term that can be fit to the data, such that the Bt
parameter estimate is found to be statistically significant.

The logistic models defined above relate the long-run,
average kernel occurrence rate for a wheat plant under a
specific stress level to two factors: the spikelet location and
grain position. Individual spike characteristics are no longer
accounted for, since the data points are based on treatment
averages.

The advantage of working with averaged data is that
goodness-of-fit statistics based on m-asymptotic distribu-
tional results will be usable during the model testing stages.
Thus, changes in the kernel occurrence distributions across
different stress levels can again be assessed with tests of
homogeneity (e.g., by comparing the difference between
the cumulative squared deviance residuals, from the full
and reduced models, to an appropriate chi-square distri-
bution). Note that a significant change in the sums of the
deviance residuals indicates only that differences between
the fitted logistic equations exist; graphical methods for
determining where these differences are occurring along the
spikelet location axis will be presented in the discussion
section.

For a more detailed discussion on logistic regression model
building and testing, the reader is referred to Hosmer and
Lemeshow (1989).

RESULTS AND DISCUSSION

Kernel Mass Equations: Model Fitting and Testing

The data set consisted of 4960 developed kernels
from 188 spikes; Table 1 gives total kernel counts by
wheat type, treatment level, and grain position. Sixty-
three kernels were deleted during the model-building
analysis; 58 of these kernels were only partially de-
veloped, and 5 were abnormally large. Additionally,
99.8% of all the developed kernels occurred within
the first three grain positions.

The kernel mass equation parameter estimates and
summary statistics, found with the SAS (1985) GLM
procedure, are given in Table 2. Aside from the in-
dicator variables, t-test statistics revealed that all pa-
rameter estimates except one were significant well below
an o~ = 0.01 level. Furthermore, six of the eight in-
dicator parameters were significant at or below an ¢x
= 0.02 level, and a seventh indicator parameter was
significant at about an o~ = 0.05 level. These equa-
tions tend to explain the kernel mass data well, with
9 out of the 12 fitted models explaining between 78
and 88% of the observed variability. The mean-square

Table 1. Number of developed kernels at each grain position
for Yecora Rojo and Anza wheat main spikesA"

Yecora Rojo Anza
Osmotic potential, MPa Osmotic potential, MPa

Grain
Position - 0.05 - 0.65 - 0.05 - 0.65

no.

1 507 (7), 438 (6) 560 (6) 515 (6)
2 418 (3) 418 (8) 497 (4) 487 (4)
3 221 (4) 237 (5) 281 (7) 318 (3)

The full data set consisted of 4960 kernels from 118 spikes; however,
a total of 63 kernels were abnormally developed and therefore deleted
from the analysis.
Number of kernels deleted from the analysis are given in parentheses.

error estimates were usually --10.0 mg, suggesting
that the mass of an individual kernel could generally
be predicted to within =6.3 mg of its ture value 95%
of the time.

Plots of predicted vs. observed kernel mass data
within the first three grain positions are shown in Fig.
3 for a typical Yecora Rojo spike grown under the -
0.05 MPa control treatment. In the first grain position,
note that the predicted kernel weights follow a smooth
quadratic curve, as dictated by Eq. [1.0]. Fitting a
unique intercept estimate allowed this curve to adjust
for this spike’s particular kernel mass distribution po-
tential (the KMDP estimate for this spike was 23.87
mg). However, the model for this first grain position
cannot respond to individual kernel weights that de-
viate too far from the general curve, such as the first
kernel mass (identified in Fig. 3 by the letter A). The
second and third grain-position models can respond to
individual kernel mass deviations through both the
correlation and indicator parameters. Note that the ob-
served and predicted kernel mass identified by the
letter B in the Position-2 plot are nearly identical; this
agreement occurs because knowledge of the unusually
low mass of the preceding kernel (A) is used in the
model. In a similar manner, the high observed and
predicted kernel mass identified by the letter C in the
Position-3 plot occurs in part because no kernel de-
veloped in the previous position. Hence, the indicator
parameter in Eq. [3.0] added 3.07 mg to the grain
mass estimate.

The tests statistics concerning changes in kernel mass
distributions across treatment levels are given in Table
3. All the general F-tests concerning spikelet location
parameters reveal highly significant salinity influ-
ences. There is also some evidence within the Yecora
Rojo cultivar that estimates of adjacent kernel corre-
lations decreased at the higher salinity level (Table 2).
This pattern was not evident in the Anza cultivar.

Kernel Occurrence Equations:
Model Fitting and Testing

Before the kernel occurrence models could be de-
veloped, it was necessary to average the Z,,,i,k data.
This was done by separating each treatment data set
into 12 nonoverlapping subsets based on the spikelet
location values. Each subset covered exactly 8% of
the total spikelet location axis; the subset bounds were
defined to be (0.02,0.10), (0.10,0.18), (0.18,0.26),
.... (0.90,0.98). (Spikelet location values never fell
below 0.02 or above 0.98.) The total number of spi-
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Table 2. Parameter estimates: Kernel mass equations for two wheat cuitivars. (All parameter estimates are significant at the 0.01
level, unless otherwise noted.)

Yecora Rojo Anza

Grain
Osmotic potential (MPa) Osmotic potential (MPa)

position Parameter - 0.05 - 0.65 - 0.05 - 0.65

1 E(B01k) 30.26:~ 37.25:~ 19.69~: 30.51:~
B11 50.82 58.64 68.31 63.30
B21 - 58.56 - 61.23 - 66.27 - 64.45

2 B02 29.30 30.70 18.71 26.42
B12 67.36 101.6 88.34 95.66
B22 - 79.88 - 108.5 - 91.65 - 101.7
C2 0.872 0.773 0.830 0.748
~ 1.895~" 1.395" 1.484§ 1.694~"

3 /]03 18.60 1.160§ 9.921 7.743
BI3 75.69 190.1 98.47 139.6
B23 -99.29 -217.1 - 111.1 - 152.1
C3 0.809 0.631 0.875 0.924
/3 3.070"~ 8.193 3.435 4.680

1 R2 0.867 0.779 0.825 0.802
MSE (mg) 11.14 7.74 5.96 5.55

2 R2 0.872 0.842 0.783 0.878
MSE (mg) 9.42 10.65 9.59 6.36

3 R2 0.839 0.652 0.641 0.651
MSE (mg) 8.94 17.00 11.71 11.41

*,~" Significant at the 0.05 and 0.02 levels, respectively.
All individual intercept estimates are significant at the
Not significantly different from 0.

0.01 level.

kelets falling within each of these subsets represents
the maximum potential kernel occurrence counts (if
kernels had occurred in every one of the spikelets
within a subset, then this subset would have had a
100% kernel occurrence rate). The total number of
developed kernels within each grain position in each
subset were then divided by the maximum potential
kernel occurrence count to produce the kernel occur-
rence rates (the p -frequencies) The mean spikelet

. cbJ . ¯ "
location values associated with these subsets (the mq
values) were defined to be the arithmetic average of
all the individual spikelet location values falling within
each subset.

The decision to split the Zz,j,k data into exactly 12
subsets was not made arbitrarily. It was decided a
priori that each of the mq estimates should be based
on --50 potential kernel occurrence counts. Partition-
ing the data into 12 subsets generally achieved this
goal.

The logistic regression models were fit to these data
by using the SAS CATMOD procedure (SAS, 1985);
the resulting maximum-likelihood parameter estimates
for each model are shown in Table 4. All the param-
eter estimates were significant through the second de-
gree well below the ¢x = 0.01 level, indicating that a
very strong relationship existed between the average
kernel occurrence rate and spikelet location.

The cumulative deviance values (and corresponding
×2 probabilities) are given at the bottom of Table 4.
These goodness-of-fit statistics suggest that the logis-
tic regression models fitted to the Anza kernel occur-
rence rates were sufficient in explaining all of the
observed occurrence rate variability. This was not the
case for three of the six logistic regression models to
fit to the Yecora Rojo data.

The predicted vs. observed kernel occurrence rates
for the Anza data at -0.05 MPa are shown in Fig. 4
for the first three grain positions. In these plots, pre-
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Fig. 3. Predicted versus observed kernel masses for grain
positions 1, 2, and 3 at each spikelet location in a Yecora
Rojo control spike. "A": unusually low kernel mass in position
1; "B": the correct prediction of low kernel mass in position
2, based on the knowledge of the low kernel mass in position
1; "C": a correct upward adjustment in the prediction of
the kernel mass in position 3, based on the knowledge of no
kernel development in position 2.
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Table 3. General F-tests: Kernel mass equations for wheat.
Full model Reduced model

Grain
position RSS~" df RSS df Hypothesis~ F-value Probability

Yecora Rojo

1 8307.89 868 8629.88 870 (Bll 1,B211) 16.23 0.0001
= (B112,B212)

2 8176.90 815 27787.8 818 (B021,B121,B221) 651.5 0.0001
= (B022,B122,B222)

2 8176.90 815 8229.70 816 (C21) = (C22) 0.0221
3 5755.98 439 13333.0 442 (B031,BI31,B231) 192.6 0.0001

= (B032,B132,B232)
3 5755.98 439 5856.37 440 (C31) = (C32) 7.66 0.0059

1 5783.01 1003 5897.01 1005 (B111,B211) 9.89 0.0001
= (B112,B212)

2 7720.45 966 23942.2 969 (B021,BI21,B221) 676.6 0.0001
= (B022,BI22,B222)

2 7720.45 966 7739.92 967 (C21) = (C22) 0.1186
3 6687.10 579 13904.5 582 (B031,B131,B231) 208.3 0.0001

= (B032,B132,B232)
3 6687.10 579 6691.20 580 (C31) = (C32) 0.35 0.5543

Residual sum of squares.
Equations given in Appendix.

dicted rates are represented by the smooth curves. The
observed average rates within each grain position ap-
pear to be well described by the fitted equations for
this cultivar and treatment level.

The general X2 test statistics, computed from the
difference of the deviance scores, are shown in Table
5. All of the ×2 statistics were significant well below
the o~ = 0.01 level, suggesting that the observed ker-
nel occurrence distributions within both cultivars were
influenced by the increased salinity.

Salinity-Induced Changes in the
Kernel Mass Distributions

As indicated in Table 3, all of the general F-tests
concerning spikelet location parameters revealed that
significant changes in these estimates were occurring
across the treatments. Therefore, understanding how
these changes affect the estimated kernel mass be-
comes important.

Changes in observed kernel mass averages across
treatments were discussed in detail in Grieve et al.
(1992). Here we concentrate instead on how and where
changes occur in the estimated maximum kernel mass.
The fitted response equations were used to determine
for each grain position the spikelet location yielding
the maximum kernel mass and the estimated kernel
mass for that location. In Table 6, the predicted kernel
mass at the maximum kernel mass location is given
for each grain position within both cultivars and treat-
ment levels. Increases in the estimated maximum ker-
nel mass ranged between 22 and 29%; all increases
were statistically significant. Additionally, the largest
kernel mass always occurred in Grain Position 2, the
next largest in Position 1, and the smallest in Position
3. These results are similar to those found by Grieve
et al. (1992) concerning changes in the average kernel
mass across treatment levels.

The F-tests shown in Table 3 also suggest that a
change in the kernel-to-kernel correlation structure may
have occurred within the Yecora Rojo cultivar across
treatment levels. However, the variability associated

Table 4. Parameter estimates: Kernel occurrence equations for
two wheat cultivars. All parameter estimates are significant
at the 0.01 level, unless otherwise noted.

Yecora Rojo Anza
osmotic potential osmotic potential

(MPa) (MPa)
Grain
position Parameter - 0.05 - 0.65 - 0.05 - 0.65

1 B01 - 4.388 - 10.03 -2.732 - 7.492
Bll 45.56 112.9 23.57 68.64
B21 -76.19 -324.4 -19.11 -114.9
B31 35.28 379.6 NS 55.26
B41 NS:~ - 157.0t NS NS

2 B02 - 4.450 - 6.067 - 3.725 - 6.410
BI2 34.66 47.01 27.77 50.54
B22 -36.22 -65.15 -25.65 -73.16
B32 NS 25.01" NS 29.06

3 B03 - 7.527 - 15.21 - 4.760 - 8.850
B13 43.20 78.16 26.92 49.98
B23 - 50.58 - 79.95 - 28.89 - 51.26

1 Deviance 8.96 14.30 11.64 10.06
(Probability) (0.346) (0.046) (0.235) (0.261)

2 Deviance 23.21 17.03 13.56 3.74
(Probability) (0.006) (0.030) (0.139) (0.879)

3 Deviance 10.88 4.98 14.72 7.26
(Probability (0.284) (0.836) (0.099) (0.610)

*,~" Significant at the 0.05 and 0.02 levels, respectively.
Parameter was not statistically significant, and hence was not included
during the final model estimation process.

with the Yecora Rojo KMDP estimates decreased sub-
stantially when the -0.65 MPa stress level was ap-
plied, from 51.64 mg down to 11.25 mg. This in turn
implies that the range in which an individual kernel
mass could occur was reduced by half. Such a reduc-
tion is bound to lower the correlation estimate, since
the strength of the kernel-to-kernel correlation will be
directly related to the range of the kernel mass data.
Therefore, it seems more likely that the application of
salinity stress caused the average kernel mass between
spikes to behave more uniformly, rather than changing
the correlation structure within the spike itself. This
conclusion is supported by the lack of any significant
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Fig. 4. Predicted versus observed mean kernel occurrence rates
for grain positions 1, 2, and 3 at each spikelet location in
Anza control spikes.

Table 5. General chi-squares tests: Kernel occurrence equations
for two wheat cultivars.~-

Full model Reduced model
Grain ~
position Deviance df Deviance df value Probability

Yecora Rojo
1 20.40 14 48.17 19 28.03 0.0001
2 40.15 16 183.4 20 143.3 0.0001
3 15.86 18 107.6 21 91.72 0.0001

Anza

1 13.78 16 37.30 20 23.52 0.0001
2 15.35 16 30.75 20 15.40 0.0039
3 21.97 18 68.57 21 46.60 0.0001

Hypothesis: The fitted logistic regression parameter estimates do not
change between the -0.05 MPa and -0.65 MPa treatments.

changes in the correlation parameter estimates for Anza
(where the corresponding reduction in the variability
of the KMDP estimates was much less severe).

The effect on a kernel’s mass when the kernel in
the previous position fails to develop can be seen di-
rectly in Table 2. The estimates associated with the
indicator variables imply that, in this case, the average
mass of a kernel increased anywhere from 1.4 to 8.2
mg. These results indicate that the loss of a kernel
within a spikelet may be partially compensated for by
an increase in the mass of the adjacent kernel. Pre-
vious work (Rawson and Evans, 1970; Bremner and
Rawson, 1978; Pinthus and Millet, 1978) has shown
that removal of sink sites by sterilization of neigh-
boring (adjacent) florets, particularly those in the cen-

Table 6. Estimated mass of kernel at the maximum kernel mass
location for two wheat cultivars.

Osmotic potential (MPa)
Grain Increase due to
Position - 0.05 - 0.65 salinity~"

mg

Yecora Rojo
1 41.29 51.29 24.2
2 43.50 54.48 25.2
3 33.02 42.78 29.6

1 37.29 46.20 23.9
2 40.00 48.92 22.3
3 31.74 39.77 25.3

Defined as: % change = [mass (-0.65 MPa) - mass (-0.05 MPa)]/
mass (-0.05 MPa).

Table 7. Average kernel occurrence rates in two wheat cultivars
across treatments.

Yecora Rojo Anza
Osmotic Potential (MPa) Osmotic Potential (MPa)

Grain
Position - 0.05 - 0.65 - 0.05 - 0.65

1 79.97 84.72 85.89 82.93
2 65.93 80.85 76.23 78.42
3 34.86 45.84 43.10 51.21

tral spikelets, leads to increased growth of the remaining
kernels. This response may be the result of reduced
competition for supplies of assimilates, minerals, and
internal growth substances. Alternatively, this re-
sponse may be due to the removal of an inhibitory
effect, perhaps one of a hormonal nature.

Salinity-Induced Changes in the
Kernel Occurrence Distributions

The X2 test statistics in Table 5 confirm that the
kernel occurrence distributions were also changing
across treatment levels. As shown in Table 7, raising
the salinity level tended to raise the overall average
kernel occurrence rate within each grain position (with
the exception of the first grain position in Anza); how-
ever, to understand how these kernel occurrence rates
change along the spikelet location axis, direct com-
parisons of the fitted logistic regressions should be
made.

One way to make such a comparison would be to
plot the logistic curves predicted under both treat-
ments on the same graph and look for where they
differ. A natural extension of this approach would be
to subtract one curve from the other; i.e., subtract the
predicted kernel occurrence rates under the -0.65
MPa treatment from the predicted rates under the - 0.05
MPa treatment at every point along the spikelet lo-
cation axis. The resulting curve would represent the
difference between the predicted probabilities, and
hence the change in the kernel occurrence rate subject
to a change in the spikelet location.

These types of plots, referred to in this paper as
logistic difference probability plots, are shown for each
cultivar and grain position in Fig. 5. There are some
striking similarities between the LDP plots. For ex-
ample, within the first quarter of the spike, the kernel
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Fig. 5. Logistic difference probability plots for Yecora Rojo
and Anza cultivars showing the effect of salinity on the
predicted kernel occurrence rates for grain positions 1, 2,
and 3 within the spikelet. The ordinate records the excess
of the occurrence rate for the control over the stress treatment.
Note the areas along the spike of increasing kernel occurrence
rates under "A" (control conditions) and "B" (stress
conditions).

occurrence rates in the control treatments tended to
exceed the rates in the salinity treatments anywhere
from 10 to 25%, regardless of the grain position or
cultivar. These areas of increasing probabilities are
identified by the letter A within Fig. 5. Five of the
six LDP plots also show that a simultaneous increase
in the kernel occurrence rates took place under the
salinity treatment. These increases, which tended to
occur more toward the terminal end of the spike, are
identified by the letter B in Fig. 5.

The cumulative effect of salinity stress on kernel
development seems to be a general readjustment of
the kernel occurrence distributions. Under salinity stress,
the kernel production potential in both cultivars seemed
to have drop slightly near the spike base, but then
increase more strongly up toward the spike apex. The
only exception to this occurred with the first grain
position in Anza, which showed a slightly higher ker-
nel occurrence potential at both the spike base and
apex.

Anatomical Interpretations

Spikelets are linked in parallel to the source of as-
similates along the rachis. However, this parallel link-
age does not imply that each spikelet can access the
same amount of assimilates during kernel filling; rather,
both the potential for kernel production and the ulti-
mate kernel mass are strongly influenced by the po-
sition of the spikelets along the spike. This influence
of spikelet position (location) is also clearly subject
to individual spike characteristics and the prevailing
environmental conditions during the growth of the plant.

Bremner and Rawson (1978) found a clear indica-
tion of a partial in-series linkage within the spikelets
themselves. The degree of correlation between adja-
cent kernels found in this study seems to support such
a hypothesis. The magnitude of the correlation param-
eter estimates within the models suggest that the mass
of an individual kernel is strongly influenced by fac-
tors unique to each spikelet, in addition to spikelet
location and grain position effects. These factors could
again be related to the actual amount of available as-
similates, which would explain the consistent increase
or decrease in kernel mass occurring throughout the
spikelet. It is not clear, however, what effect (if any)
the environmental conditions may have on this in-
series linkage.

Thornley et al. (1981) presented a model to predict
kernel growth in response to changing environmental
conditions that is based on spikelet anatomy and in-
cludes assumptions on pathway resistance to assimi-
late movements and biochemical response functions.
We wish to stress that the models presented here are
empirically based statistical models, which should not
be interpreted as (nor can they take the place of) an-
atomically based models. However, proper formula-
tion and interpretation of such statistical models can
increase our understanding of the morphological
processes that influence grain yield. In this manner,
the maximum amount of information contained within
the experimental data can be extracted and used in the
formulation and/or testing of models based on anatom-
ical assumptions.

CONCLUSION

Both kernel production and kernel mass are influ-
enced by many factors within a spike. These factors
include physical characteristics, such as the spikelet
location and grain position of each kernel, as well as
many complicated anatomical factors. Kernel produc-
tion and mass are also influenced by environmental
conditions, such as temperature, available light and
nutrient supply, and salinity, among others.

The results found in this study indicate that salinity
stress can have a strong effect on the final kernel oc-
currence and kernel mass distributions within the spikes.
Furthermore, the results indicate that these mass and
occurrence distributions tend to be reasonably pre-
dictable, once the physical characteristics mentioned
above are accounted for.

Finally, we believe the statistical modeling ap-
proach presented here should prove useful for other
types of nondestructive grain development studies, such
as light or nutrient deprivation studies, temperature
stress studies, etc. These types of models provide a
comprehensive way to assess the effects of the treat-
ment variable in relation to the different physical char-
acteristics of the spike, and thereby increase our
potential for understanding the underlying anatomical
mechanisms inherent in the spike development process.

APPENDIX

The kernel mass model parameterization used to compute
the F-values listed in Table 3 is described below.

Grain Position 1

Define kl = 1, 2, . .., N~ and k2 = 1, 2, . .., N2.
For kernel mass data from the -0.05 MPa level, define
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wO = 1, wl = x, w2 = x2, vO = 0, vl = 0, v2 = 0;
for data from the — 0.65 MPa level, define wO = 0 wl =
0, w2 = 0, vO = 1, vl = x, v2 = x2. The full model is
parameterized as:
[A] E(y1[kl,k2]) = 501kI[wO] + 501k2[vO] + 5111[wl]

+ 5211[w2] + 5112[vl] + 5212[v2]
The reduced model is parameterized as:
[B] E(y1[kl,k2]) = 501kl[wO] + 501k2[vO] + BU[x] +

521 [x2]

The computed F-value represents a formal test of the hy-
pothesis

H0: (5111,5211) = (5112,5212).
Rejection of this test implies that the spikelet location

(linear and quadratic) parameter estimates are changing across
the treatment levels.

Grain Position 2
For kernel mass data from the —0.05 MPa level define

wO = 1, wl = x, w2 = x2, vO = 0, vl = 0, v2 = 0,
and rl = _y lk — u1 , zl = 0 (if the kernel in Position 1
occurs) or rl = ulk — ul , zl = 1 (if the kernel in Position
1 does not occur), r2 = 0, and z2 = 0. For data from the
-0,65 MPa level define wO =0, wl = 0, w2 = 0, vO
= 1, vl = x, v2 = x2, rl = 0, zl = 0, r2 = _y lk - fi,_,
z2 = 0 (if the kernel in Position 1 occurs) or r2 = ulk -
MJ , z2 = 1 (if the kernel in Position 1 does not occur).
The full model is parameterized as:

[A] E(y2k) = 5021 [wO] + 5022[vO] + 5121 [wl] +
5122[vl] + 5221[w2] + 5222[v2] +
C21[rl] + C22[r2] + 721[zl] + 722[z2]

The reduced model which is used to test for equivalent
spikelet location parameter estimates across treatment levels
is:

[B] E(y2k) = 502 + 512[*] + 522[x2] + C21[rl] +
C22[r2] + I21]zl] + I22[z2]

The formal hypothesis being tested is:
H0: (5021,5121,5221) = (5022,5122,5222)
The reduced model which can be used to test for an equiv-
alent correlation parameter estimate is:
[C] E(y2k) = 5021 [wO] + 5022[vO] + 5121 [wl] +

5122[vl] + 5221[w2] +
5222[v2] + C2[ylk -«,.] +
721[zl] + 722[z2]

The formal hypothesis being tested through this equation
is:

H0: (C21) = (C22).

Grain Position 3
For kernel mass data from the —0.05 MPa level define

wO = 1, wl = x, w2 = x2, vO = 0, vl = 0, v2 = 0,

and rl
occurs),
Position
from the
= 0, vO
= y2k -or r2 =
does not

= ^2k ~ #2-> zl = 0 (if the kernel in Position 2
L = #2k|yik - "2-* zl = 1 (if the kernel in

2 does not occur), r2 = 0, and z2 = 0. For data
- 0.65 MPa level define wO = 0, wl = 0, w2
= 1, vl = x, v2 = x2, rl = 0, zl = 0, and r2
i<2., z2 = 0 (if the kernel in Position 2 occurs),

"2k|Xik ~ &2., z2 = 1 (if the kernel in Positon 2
occur). The full model is parameterized as:

[A] E(y3k) = 5031[wO] + 5032[vO] + 5131[wl] +
5132[vl] + 5231[w2] + 5232[v2] + C31[rl] +
C32[r2] + 731[zl] + 732[z2]

The reduced model which is used to test for equivalent
spikelet-location parameter estimates across treatment lev-
els is:

[B] E(y3k) = 503 + 513M + 523[x2] + C31[rl] +
C32[r2] + 731[zl] + 732[z2]

The formal hypothesis being tested is:
H0: (5031,5131,5231) = (5032,5132,5232)
The reduced model which can be used to test for an equiv-
alent correlation parameter estimate is:
[C] E(y3k) = 5031[wO] + 5032[vO] + 5131[wl] +

5132[vl] + 5231[w2] + 5232[v2] + C3[y2k - u2.]
+ 731[zl] + 732[z2]

The formal hypothesis being tested through this equation
is:

H0: (C31) = (C32).
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