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ABSTRACT

Index selection was developed to help breeders prac-
tice simultaneous selection for several traits. Our ob-
jective was to compare selection differentials, expected
gains, and relative index efficiencies of several indexes
constructed to improve cold tolerance of two maize (Zea
mays L.) populations. Cold tolerance traits were per-
centage emergence, emergence index (i.e., rate of emer-
gence), and seedling dry weight.

Best predicted results for all traits were given by a
rank summation index, a multiPlicative, weightfree in.
dex, and a base index (index weights were reciprocals of
phenotypic standard deviations). These indexes were
not seriously affected by unequal variances among traits
and combined 1) simplicity of use, 2) freedom from need
to estimate genetic parameters, and 3) good selection
differentials and predicted gains in each trait and in
the aggregate genotype. Our results also showed that
selection for dry weight/plot identified lines with excel-
lent percentage emergence and seedling dry weight.

Additional index words: Zea mays L., Selection index,
Selection advance.

THE goal of many plant breeding programs is simul-
taneous improvement of a crop for several traits.
Consequently, plant breeders must consider a number
of traits during the selection process. Smith (1936)
develoFed index selection to cope with the complex
task of improving breeding material by selecting si-
multaneously for several quantitative traits. Hazel
(1943) later extended index selection procedures by
outlining methodology to estimate genetic variances
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and covariances and by defining the aggregate geno-
type (i.e., genetic worth of an individual) as a linear
function of genetic values, each weighted by their rela-
tive economic weights. The Smith-Hazel approach is
considered the optimum index when accurate estimates
of variances and covariances are available (Williams,
1962). Plant breeders, however, often do not have re-
liable estimates of variances and covariances or the in-
formation that is needed to assign relative economic
weights. Therefore, several researchers have suggested
using indexes that are “weight-free” (i.e.,, do not use
relative weighting factors) or are “parameter free”
(i.e., do not use genetic variances and covariances).

Elston (1963) proposed a multiplicative index with-
out economic weighting factors. Index values for each
line are calculated by multiplying phenotypic devia-
tions for each trait in the index (deviations from
minimum or maximum values in the experiment also
can be used). This index does not use estimates of
phenotypic and genotypic variances and covariances.
Mulamba and Mock (1978) developed a “parameter-
free” index to improve density tolerance in maize (Zea
may L.). They constructed a rank summation index
(RSI) by summing the ranks of the traits included in
the index. Use of RSI also eliminates the need to
assign relative economic weights, although weights can
be used with RSI,

Pesek and Baker (1969) suggested that breeders
usually would be better able to specify a desired gain
than an economic weight for a trait. The index de-
veloped by Pesek and Baker (1969), therefore, uses
desired gains to determine relative weights and maxi-
mizes expected response in proportion to the gain
specified by the breeder.

Our objective was to compare selection differentials,
expected gains, and relative index efficiencies of sev-
eral indexes constructed to improve cold tolerance
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of two maize populations. Cold tolerance traits were
percentage emergence at 30 days after planting, emer-
gence index (a measure of rate of emergence for the
30-day period after planting), and seedling dry weight
at 45 days after planting.

MATERIALS AND METHODS

The data used to compare indexes were collected in a recur-
rent selection program designed to improve cold tolerance of
two maize populations, BSI13(SCT) and BSSS2(SCT) (Mock and
Eberhart, 1972). Each cycle, 100 or 144 S,-lines from each pop-
ulation were grown in a simple lattice design with two replica-
tions at one location. Seeds of each S,-line were planted in one
row-plots, 1.52 m long, spaced 76.2 cm. Data were collected for
percentage emergence at 30 days after planting, emergence in-
dex (a measure of rate of emergence for the 30-day period after
planting), and seedling dry weight at 45 days after planting
(Mock and Eberhart, 1972). A selection index was used to
choose lines with highest percentage emergence and seedling
dry weight and lowest emergence index values (k = 1.75). Se-
lected lines were recombined in a diallel to form a new pop-
ulation for the next cycle of selection (Mock and Bakri, 1976).

We calculated phenoytpic and genotypic variances and covari-
ances and heritabilities for cold-tolerance traits for C0 to C5
cycles of BS13(SCT) and for CO to C4 cycles of BSSS2(SCT).
These estimates are biased by genotype X environment inter-
actions, maternal effects, and by 1/4 of the dominance genetic
variance. Genotype X environment interactions likely are the
most serious source of bias in our data. Maternal effects prob-
ably are more important for percentage emergence and emer-
gence index than for seedling dry weight (Grogan, 1970). Mc-
Connell and Gardner (1979), however, studied reciprocal crosses
of F; hybrids and concluded that maternal effects were not
important for percentage germination and seedling vigor. Gro-
gan (1970) reviewed a number of studies suggesting that cold
tolerance traits were controlled primarily by additive, multiple-
gene systems. One recent study, however, used generation means
analyses to show that most genetic variability for percentage
germination and seedling vigor in 15 maize crosses was nonaddi-
tive (McConnell and Gardner, 1979).

Estimates of genetic parameters and S,-line means were used
to compare various selection indexes in terms of: 1) selection
differentials, 2) predicted gain in each trait, and 3) predicted
gain for the aggregate genotype. Selection differentials for each
trait were computed by subtracting the cycle mean from the
mean of the selections (109, selection intensity) and were ex-
pressed as a percentage of the appropriate single-trait differential.

The general procedures we used to compute index param-
cters were outlined by Lin (1978). The selection index (I) and

m
aggregate genotype (EI) were defined as: I = 2 by X; =
1=1

X’ band H= I a,g, == g’a, where X = vector of m phenotypic
i=1

values, b = vector of m index weights, g = vector of n genetic
values, @ = vector of relative economic weights (i.e., 1, —1, 1
for percentage emergence, emergence index, and seedling dry
weight, respectively). Smith (1936) demonstrated that the cor-
relation between I and H was highest when b = P-G g, where
P and G were phenotypic and genotypic variance-covariance
matrices, respectively. Gains predicted for each trait by the
Smith-Hazel (SH) index were calculated as follows: A = k G
b/(b" P by, k = 1.75.

The desired gain index (DG) proposed by Pesek and Baker
(1969) substitutes a vector of desired gains (k) for A in the
predicted gain formula; hence, & = G h for DG. We used
four sets of desired gains because gains were difficult to specify
for emergence index and seedling dry weight. Also, predicted
gains were sensitive to the amount of gain specified. Gains for
DGI were determined as the difference between the cycle means
for percentage emergence, emergence index, and seedling dry
weight and 959, 14 days, and 4 dg/plant, respectively. Like-
wise, goals for DG2 were set at 95%, 12 days, and 5 dg/plant.
High cycle means for seedling dry weight in the C4 cycle made
it necessary to set goals for DGl of 6 and 7 dg{plant for
BS§SS2(SCT)C4 and BSI13(SCT)C4, respectively. Similarly, DG2
goals were 7 dg/plant for BSSS2(SCT)C4 and 8 dg/plant for

BS13(SCT)C4. We also used desired gains of one genetic stand-
ard deviation for each trait (DG3) and equal to 109, of the
cycle mean (DG4). Additionally, a base index (BASE) was
cgmputed by using equal index weights for each trait (Williams,
1962).

The Elston (1963) weight-free index (EWF) was calculated as
I = (Xi—L)(X:—1L)(Xs—1s). S;-line means for each cold tolerance
trait were used for X;, X,;, and X,;. Minimum values for each
experiment were used for ! values. It was not possible to cal-
culate predicted gains for EWF because EWF is a curvilinear
index. Baker (19%4), however, showed that EWF (composed of
two traits) could be closely approximated by the linear index,

= Z X,/o,, where o, = phenotypic standard deviation for
i=1 1 1

the i** trait. Thus, approximate predicted gains (4) for EWF
can be obtained by using this linear index (BSD) with 1/a, as
1

index weights (Baker, 1974).

All lines in each cycle were ranked from lowest to highest
for each trait (emergence index values were premultiplied by
—1.0), and rank summation index (RSI) (Mulamba and Mock,
1978) was calculated by summing the ranks of the three traits,

I = 3 Rank X,. Although it was not possible to obtain pre-
1=1

dicted gains for RSI, we found that RSI could be approximated
by BSD because both indexes transform the data so that the
variances for each trait are equal. (RSI also changes the shape
of the distribution for each trait, but RSI approaches a normal
distribution as n increases.) Additionally, we calculated rank cor-
relation coefficients among several indexes because theoretical
considerations suggested that correlations among RSI, BSD, and
EWF should be high.

Several studies have shown that single-trait selection methods
produce maximum gain for the primary trait. Therefore, single-
trait indexes were computed for percentage emergence (PEX),
emergence index (EIX), and seedling dry weight (SDWX). We
used economic weights of 1 and 0 for Frimary and secondary
traits, respectively. Selection differentials and predicted gains
were derived for single-trait selection schemes by setting index
weights equal to 1 for the primary trait and equal to ¢ for
other traits. Selection differentials also were obtained for dry
weight/plot, which was calculated as the product of seedling dry
weight, percentage emergence, and numbers of seeds planted/
plot.

Predicted gains for all indexes were expressed in genetic
standard deviation units, and relative index efficiencies were
computed by expressing predicted gain for each trait as a per-
centage of the gain predicted by single-trait selection. Finally,
the relative selection efficiency of each index to improve cold
tolerance was evaluated by expressing gain predicted in the
aggregate genotype (i.e.,, sum of genetic gains for three traits)
!:)ydeach index as a percentage of the gain predicted by the SH
index.

RESULTS

Estimates of genetic variance were largest for per-
centage emergence and smallest for seedling dry weight
in both BS13(SCT) and BSSS2(SCT) (Table 1). How-
ever, the relative differences in genetic variance among
the traits were not reflected in heritability (h2) values.
Phenotypic and genotypic correlations among traits
usually were higher in BS13(SCT) than in BSSS2(SCT)
cycles, indicating that stronger genetic relationships
existed among traits in BS13(SCT) than in BSSS2
(SCT).

We observed large differences among selection in-
dexes for mean and range of selection differentials
(Table 2). RSI, EWF, BSD, and DG3 usually gave
largest selection differentials for each trait across all
cycles of BS13(SCT) and BSSS2(SCT). Ranges in Ta-
ble 2 indicated that selection differentials for RSI,
EWF, and BSD also were more uniform in size across
all cycles than were those for other indexes. SH and
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of BS13(SCT) and BSSS2(SCT) maize populations.
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phenotypic (r;,) and genotypic correlations (ry) for cold tolerance traits

BS13(SCT)t BSSS2(SCT)t

Trait X Range X Range
Percentage emergence o} 127.90 + 9.568 14.71 + 6.11,327.30 + 46.55  118.13 + 10.92  32.46 + 14.85,238.33 = 37.01

he 0.61 0.39, 0.85 0.65 0.36,0.79
Emergence index @ 3.62 + 0.27 0.13 = 0.05, 15.52 + 2.25 1.77 £ 0.14 0.09 + 0.08, 6.29 = 0.94

he 0.49 0.28,0.84 0.47 0.21,0.82
Seedling dry wt u’e 0.21 + 0.02 0.03 +£0.01, 0.66 + 0.21 0.13 + 0.02 0.04 =+ 0.01, 024 + 0.08

h 0.61 0.41,0.78 0.54 0.46, 0.80
Percentage emergence-emergence index Tph -0.32%* —0.53**, —0.01 ~0.24%* —0.59**, —0.01

Tg —-0.57 -092 ,-0.19 -0.20 -0.73 0.11
Percentage emergence-seedling dry wt Tph 0.41%* 0.11 , 0.74** 0.22%* —0.09 , 0.42**

rg 0.54 021 , 0.85 0.11 —-0.42 , 045
Emergence index-seedling dry wt Tph —0.33** —0.52** 0.10 -0.10 —0.43**, 0.17

g -0.44 -0.69 , —0.04 0.10 -0.36 , 041

** Significant at the 1% level of probability.

1 Mean and range over six cycles of selection.

1 Mean and range over five cycles of selection.

Table 2. Selection differentials (10% selection intensity) for cold tolerance for various selection indexes expressed as a percentage of the

single-trait selection differential.

BS13(SCT) BSSS2(SCT)

Percentage Emergence Seedling Percentage Emergence Seedling

Index emergence index dry wt emergence index dry wt

RSI 75.71 70.4 53.1 76.8 62.9 57.9
53.3, 97.9 53.9, 88.5 43.8, 85.7 69.1, 84.7 44.4, 88.9 49.6, 72.3

EWF 64.9 73.2 75.3 61.8 63.6 76.5
43.3, 979 53.9, 88.5 60.9, 92.8 51.8, 82.3 52.6, 81.5 58.5, 87.8

BSD 69.9 74.1 72.1 62.4 45.5 75.9
55.4, 974 61.5, 89.5 52.2, 92.8 59.6, 68.1 -3.7, 68.4 61.0, 87.7

SH 93.3 57.7 39.1 91.6 14.4 17.5
82.8,100.4 36.4, 80.8 16.2, 59.5 87.1, 98.56 —-50.0, 68.4 —22.0, 46.0

BASE 98.3 49.9 35.8 99.0 30.0 20.7
93.9,101.2 27.3, 80.8 4.4, 726 917.0, 100.0 5.3, 57.9 3.2, 52.3

DG1 -12.6 76.4 39.4 28.3 29.9 46.7
—40.0, 61.7 54.6, 100.0 -1.0, 96.4 6.4, 44.0 -57.9, 90.0 —-175.6,100.9

DG2 -19.7 73.6 34.2 23.3 411 42.8
—60.7, 56.5 53.9, 92.3 —23.8, 95.2 6.4, 45.4 -57.9, 90.0 —175.6, 90.4

DG3 59.1 63.3 76.5 53.3 40.8 52.7
20.3, 974 22.2, 80.8 57.1, 91.7 26.0, 73.4 -579, 77.8 -61.0, 93.0

DG4 16.1 81.8 23.5 35.9 243 39.3
—38.0, 58.0 73.1, 92.3 -29.1, 96.4 6.4, 59.6 -57.9, 88.9 -175.6, 86.2

PEX 94.9 57.8 35.2 92.1 11.2 4.8
84.7,100.4 36.4, 80.8 19.8, 59.5 87.1, 99.0 -50.0, 63.2 —46.0, 39.1

EIX 60.1 85.0 41.9 30.3 74.3 ~22.8
37.0, 81.3 75.6, 94.7 -2.2, 76.2 —-36.2, 684 42.1, 94.7 —656.9, 41.9

SDWX 417.9 32.3 93.2 12.1 -11.9 974
0.0, 87.3 0.0, 63.2 80.4,100.0 ~24.8, 39.9 —47.4, 40.0 86.3, 104.6

Percentage emergence 100.0 36.9 26.4 100.0 17.0 14.2
9.1, 73.1 —15.2, 72.6 0.0, 37.0 —6.5, 43.1

Emergence index 26.0 100.0 27.4 23.5 100.0 13.0
~13.3, 50.0 -3.2, 369 ~23.0, 55.7 —4.0, 64.6

Seedling dry wt 36.7 28.2 100.0 24.3 11.3 100.0

5.6, 726 0.0, 53.9 2.1, 419 —21.1, 50.0

Dry wt/plot 70.2 34.0 86.1 66.6 20.8 89.6

45.6, 97.4 11.1, 47.4 78.5, 97.3 53.9, 78.3 -10.5, 50.0 79.3, 96.9

T Mean (first line) and range (second line) over six cycles of selection of BS13(SCT) and five cycles of selection of BSSS2(SCT).

BASE gave larger selection differentials for percent-
age emergence than for emergence index and seedling
dry weight because these indexes placed most emphasis
on the trait with largest genetic variance (i.e., per-
centage emergence). SH occasionally gave negative
selection differentials for emergence index and seed-
ling dry weight in BSSS2(SCT). The DG indexes also
produced negative selection differentials (Table 2).
Across BS13(SCT) cycles, for example, average selec-
tion differentials for percentage emergence were

—12.69, for DGl and —19.79, for DG2. Ranges
showed that selection differentials for DG indexes
were much less consistent across cycles of BS13(SCT)
and BSSS2(SCT) than were those for RSI, EWF, BSD,
and BASE.

In BS13(SCT) and BSSS2(SCT), selection differen-
tials produced by PEX, EIX, and SDWX for their re-
spective primary traits were smaller than were differen-
tials for corresponding single-trait selection methods
(Table 2). Single-trait indexes, however, usually pro-
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Table 3. Predicted gains (genetic standard deviations) for cold tolerance traits of BS13(SCT) and relative index efficiencies for several
selection indexes (single-trait selection = 100%).

Predicted gains Relative index efficiencies
Percentage Emergence Seedling Percentage Emergence Seedling
Index emergence index dry wt emergence index dry wt
BSD 1.17% -1.11 1.14 87.0 91.9 82.6
0.98,1.38 ~1.29, —0.87 . 1.11,1.29 76.0, 92.1 54.7,119.4 65.4,103.3
SH 1.39 -0.98 0.84 103.2 81.2 62.6
1.16, 1.64 —-1.62, —0.62 0.54,1.23 99.2, 106.5 38.5,123.0 36.0,101.7
BASE 1.38 -0.88 0.80 102.7 72.8 59.6
1.13,1.62 —1.44, —0.62 0.38,1.11 100.0, 103.1 32.3,118.0 26.0, 100.0
DG1 0.19 —-0.64 0.57 14.2 53.0 42,1
0.05, 0.70 ~1.05, —0.14 0.03, 0.81 3.9, 43.2 11.5, 79.6 2.5, 92.3
DG2 0.14 —0.61 0.69 10.5 50.8 43.7
0.04, 0.52 —1.05, ~0.10 0.04,1.46 2.7, 32.1 8.2, 79.6 3.3, 94.2
DG3 1.02 -1.02 1.02 76.4 84.0 75.7
0.66,1.17 -1.17, 0.66 0.66,1.17 44,0, 914 54.1,120.4 64.7, 92.6
DG4 0.33 -0.87 0.23 24.1 1.7 16.8
0.02, 0.65 -1.60, —0.29 0.04, 0.53 1.4, 50.8 23.8,100.0 3.3, 62.3
PEX 1.40 -0.89 0.79 103.8 73.5 58.6
1.16, 1.67 ~1.49, —-0.32 0.37,1.22 100.0, 105.6 19.9, 122.1 24.7,100.8
EIX 0.93 —1.34 0.75 69.2 110.8 55.8
0.33,1.51 -1.63, —1.11 0.03,1.19 20.4,100.7 101.2, 125.4 2.2, 94.2
SDWX 0.81 -0.73 1.41 60.3 60.0 106.1
0.32,1.31 -1.11, -0.03 1.31,1.59 24.8, 94.2 2.9,107.5 100.7,114.3
Percentage emergence 1.35 -0.76 0.74 100.0 61.9 55.0
1.10, 1.62 -1.37, ~0.19 0.27,1.18 11.8,112.3 18.0, 97.6
Emergence index 0.64 -1.21 0.50 475 100.0 374
0.19,1.13 -1.61, ~0.93 0.05, 0.90 11.7, 76.3 3.2, 68.7
Seedling dry wt 0.69 —-0.57 1.34 51.0 47.3 100.0
0.32,1.06 ~-0.94, —0.05 1.12, 1.55 248, 74.1 3.1, 85.0

T Mean (first line) and remge (second line) over six cycles of selection of BS13(SCT).

Table 4. Predicted gains (genetic standard deviations) for cold tolerance traits of BSSS2(SCT) and relative index efficiencies for several
indexes (single-trait selection = 100%).

Predicted gains Relative index efficiencies
Percentage Emergence Seedling Percentage Emergence Seedling
Index emergence index dry wt emergence index dry wt
BSD 0.9471 —0.561 0.59 70.0 43.5 42.8
0.24, 1.25 -1.20, 0.10 0.11,0.88 22.6, 86.2 -12.4, 86.7 9.2, 65.7
SH 1.40 -0.65 0.12 104.3 46.8 8.6
1.14,1.56 -1.26, —-0.01 -0.72,0.656 98.7,109.0 -1.2,106.3 -60.0, 48.5
BASE 1.33 ~0.46 0.24 99.1 38.3 17.4
1.01,1.63 -1.15, 0.17 —0.39,0.63 95.3,102.1 —-21.0, 821 —32.5, 444
DG1 0.16 -0.33 0.65 12.2 277 40.1
0.02, 0.47 -0.95, —0.02 0.09, 1.36 1.4, 324 2.6,101.1 5.7,103.8
DG2 0.08 -0.38 0.48 6.3 32.2 35.4
0.02, 0.42 —0.95, —0.09 0.07,1.03 14, 124 11.1,101.1 5.8, 78.6
DG3 0.563 -0.53 0.53 39.7 45.2 38.9
0.07,0.92 -0.92, —0.07 0.07,0.92 6.6, 66.4 8.6, 86.2 5.8, 70.2
DG4 0.46 —-0.49 0.25 34.2 41.7 18.6
0.03, 1.04 -1.01, 0.29 0.01, 0.65 2.1, 856.3 -30.9, 72.1 0.8, 49.6
PEX 1.40 —-0.48 0.14 104.6 40.5 10.4
1.14,1.67 -1.23, 0.12 -0.76,0.76 100.0, 109.0 -17.6, 96.6 —-63.3, 44.8
EIX 0.42 -1.61 -0.71 31.2 128.4 -51.6
~0.12,1.26 —2.24, -0.96 —1.59,0.41 -76., 86.9 101.9, 196.5 -101.9, 30.6
SDWX 0.18 0.79 1.61 134 -67.6 110.1
-0.60, 0.90 -0.29, 1.95 1.38, 1.83 -56.6, 51.0 —136.8,116.6 108.0,119.2
Percentage emergence 1.34 -0.37 0.24 100.0 31.1 17.7
1.06, 1.57 —-1.06,0.17 —0.44,0.73 -1.3, 76.7 -36.7, 51.4
Emergence index 0.33 —-1.18 ~0.39 24.3 100.0 28.4
-0.13, 1.02 -1.69, —0.81 -0.97,0.34 -12.3, 70.3 —-61.8, 25.4
Seedling dry wt 0.24 0.47 1.37 17.8 —40.1 100.0
—0.60, 0.66 —0.48, 0.81 1.20, 1.67 —47.2, 42.0 -117.6, b51.1

t Mean (first line) and range (second line) over five cycles of selection of BSSS2(SCT).
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Table 5. Means and ranges of rank correlation coefficients among various selection indexes in BSSS2(SCT) (above diagonal) and

BS13(SCT) (below diagonal).*,**

Index
Index RSI EWF SH BASE DG3
RSI 0.95% 0.64 0.76 0.67
0.93,0.99 0.69,0.98 0.24,0.89 0.64,0.88 —0.46,0.97

EWF 0.97 0.56 0.66 0.65

0.95, 0.99 0.70,0.97 0.10,0.81 0.52, 0.87 —-0.59,0.97
BSD 0.99 0.98 0.58 0.70 0.63

0.98, 0.99 0.97,0.99 0.24, 0.87 0.64,0.76 —0.47,0.99
SH 0.86 0.82 0.94 0.43

0.83,0.89 0.72,0.88 0.79,0.89 0.87,0.99 0.10,0.71
BASE 0.81 0.75 0.98 0.63

0.73,0.92 0.59, 0.95 0.69, 0.94 0.97, 0.99 0.18,0.71
DG3 0.92 0.93 0.76 0.69

0.75,0.99 0.84,0.98 0.79, 0.99 0.42,0.92 0.36, 0.90

*,%* r >0.16 and 0.21 significant at 0.05 and 0.01 levels of probability, respectively.

selection of BS13(SCT) and five cycles of selection of BSSS2(SCT).

duced larger selection differentials for secondary traits
in BS13(SCT) than did single-trait selection methods.
In BSSS2(SCT), genetic correlations among traits were
small (Table 1), and single-trait indexes did not al-
ways produce larger differentials for secondary traits.
Additionally, dry weight/plot gave large selection dif-
ferentials for percentage emergence and seedling dry
weight; differentials for emergence index were small,
but they were in the desired direction (Table 2).

Generally, larger genetic gains were predicted for
BS13(SCT) (Table 3) than for BSSS2(SCT) (Table 4).
Our data showed that BSD, SH, BASE, and DG3 gave
large predicted gains in BS13(SCT), with moderate
fluctuations in predicted gains across cycles (Table
3). Similar results were shown for BSD and DG$ in
BSSS2(SCT), but SH and BASE predicted small gains
for seedling dry weight in BSSS2(SCT) cycles (Table
4). Also, rank correlations between BSD and SH were
higher for BS13(SCT) cycles than for BSSS2(SCT) cy-
cles (Table 5).

In nearly all comparisons, DG3 predicted larger
genetic gains in each trait than did other DG indexes
(Tables 3 and 4). In BS13(SCT), for example, gains
predicted by DG3 for percentage were at least three
times larger than those predicted by DG1, DG2, and
DG4 (Table 3). Single-trait indexes always produced
larger predicted gains in primary traits than did their
corresponding single-trait selection methods (Tables
8 and 4). Similar results usually were observed for
secondary traits.

Rank correlations between BSD and RSI and be-
tween BSD and EWF in BS13(SCT) were 0.97** or
higher (Table 5), corroborating theoretical calcula-
tions that predicted gains for BSD should approximate
predicted gains for RSI and EWF in BSI3(SCT). In
BSSS2(SCT), rank correlations between BSD and RSI
and EWF were high, but the ranges of coefficients
indicated that BSD would not be a reliable predictor
for BSI and EWF in some BSSS2(SCT) cycles.

Relative index efficiencies (Tables 3 and 4) demon-
strated that indexes differed in selection efficiency.
Across all traits in BS13(SCT), for example, DG1, DG2,
and DG4 were much less efficient than all other in-

1 Mean (first line} and range (second line) over six cycles of

Table 6. Predicted gain in the aggregate genotype (AH) and pre-
dicted relative selection efficiencies for several methods of im-
proving cold tolerance in BS13(SCT) and BSSS2(SCT).

BS13(SCT)} BSSS2(SCTH§
Relative Relative
selection selection
Index AH efficiency AH efficiency
BSD 3.39 108.3 2.04 98.6
2.74,3.78 94.3,126.3 0.25, 3.06 58.1,117.8
SH 3.21 100.0 2.07 100.0
2.66, 4.01 0.43,2.89
BASE 3.06 94.8 2.02 97.7
2,18, 4.02 84.8,104.8 0.45, 2.66 92.0,104.7
DG1 1.40 45.8 1.04 50.3
0.64, 3.06 11.2, 98.7 0.20, 1.96 10.6, 67.8
DG2 1.34 44.0 0.95 45.9
0.35,2.76 8.7, 88.7 0.19,1.60 10.6, 5b6.4
DG3 3.06 98.0 1.60 713
1.98,3.51 49.4,123.4 0.21,2.76 21.1,114.1
DG4 1.42 46.6 1.20 58.0
0.59, 2.48 16.1, 80.0 0.21, 2.39 11.3, 87.7
PEX 3.07 95.3 2.02 97.6
2.51, 4.02 89.8,100.3 0.43,2.86 95.7,100.0
EIX 3.02 94.1 1.22 58.9
1.95, 3.81 71.9,120.4 0.09,3.10 20.9,134.2
SDWX 2.96 91.8 0.90 433
1.92, 3.62 74.7,107.2 -0.27,2.25 5.5,106.6
Percentage
emergence 2.85 87.9 2.02 97.6
2.01,3.89 78.2, 97.0 0.45,2.50 86.5,104.7
Emergence
index 2.35 73.8 111 53.6
1.73,2.98 659.0, 92.1 0.13,2.33 23.1, 80.6
Seedling
dry wt 2.60 82.4 1.17 56.6
1.98, 3.03 60.6,104.2 -0.11,2.30 -256.6,108.0

1 Genetic standard deviation units. 1 Mean (first line) and
range (second line) for CO through C5 cycles of selection.

§ Mean (first line} and range (second line) for CO through C4 cycles of
selection.

dexes (Table 3). In BSSS2(SCT) however, only BSD
displayed good average index efficiencies for each trait.
SH and BASE were uniformly efficient across BS13
(SCT) cycles, but ranges in Table 4 indicated that
their relative efficiencies were considerably different
for each trait in BSSS2(SCT). Relative index efficien-
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cies also showed that single-trait indexes and selection
methods were much less efficient for secondary traits
in BSSS2(SCT) than they were in BS13(SCT) (Tables
3 and 4).

All selection indexes predicted larger changes in
the aggregate genotype (AH) for BS13(SCT) cycles
than for BSSS2(SCT) cycles (Table 6). BSD, BASE,
SH, PEX, and percentage emergence predicted great-
est changes for AH in both BS13(SCT) and BSSS2
(SCT), and across all cycles of both populations, BSD,
BASE, and PEX were nearly as efficient as SH. DG3
also predicted high AH in BS13(SCT), but DG3 ex-
hibited inconsistent results across BSSS2(SCT) cycles.
DGI, DG2, and DG4 displayed lower relative selec-
tion efficiencies than all other indexes and single-
trait selection methods. Additionally, single-trait in-
dexes and single-trait selection methods displayed
larger ranges for AH in BSSS2(SCT) than in BSI3
(SCT) (Table 6).

DISCUSSION

Mock and Eberhart (1972) proposed that selection
for improved cold tolerance should involve simulta-
neous improvement in percentage emergence, emer-
gence index (i.e, rate of emergence), and seedling dry
weight. Later, Mock and Bakri (1976) concluded that
SH placed too much emphasis on percentage emer-
gence when econornic weights were equal for all traits.
These authors pointed out, however, that it was dif-
ficult to assign meaningful weights for cold-tolerance
traits and suggested that the DG index procedure
would be a logical alternative to SH. Our results,
however, indicated that DGI1, DG2, and DG4 would
not be desirable indexes to use to improve cold-
tolerance traits. DG3 usually gave good selection dif-
ferentials and predicted gains in BS13(SCT), but, in
BSSS2(SCT), DG often produced negative selection
differentials and mediocre predicted gains for each
trait and for the aggregate genotype. Our results also
suggested that predicted gains were very sensitive to
the relative amount of gain specified for each trait.
The DG index performance was especially poor when
relatively large gains were specified for one trait and
small gains were desired for other traits. Furthermore,
it was rather difficult to specify meaningful desired
gains for emergence index and seedling dry weight.

Eagles and Frey (1974) recommended use of BASE
tc improve economic value of oats (dvena sativa L.)
because: 1) BASE was relatively simple to use, 2)
logical economic values were available for their traits,
and 3) BASE gave predicted and actual gains that were
equivalent to SH. We also found that BASE and SH
predicted nearly identical genetic gains for each trait
and for genetic worth, and that BASE and SH ranked
lines similarly (Table 5). However, we encountered
several problems with BASE and SH because variance
for each trait were substantially different and because
SH and BASE maxiniized gain for the aggregate geno-
type rather than for each trait in the index. Thus,
with equal economic weights for each trait, SH and
BASE placed most weight on the trait with largest
genetic variance (i.e.. percentage emergence), and less
weight was given to emergence index and seedling dry
weight. Also, SH and BASE occasionally predicted large

decreases in seedling dry weight; these decreases likely
were caused by undesirable correlations in a few cy-
cles. SH and BASE probably should not be used with
equal economic weights in our selection programs be-
cause emergence index and seedling dry weight need
more improvement than percentage emergence in
BS13(SCT) and BSSS2(SCT) (Mock and Bakri, 1976).
SH and BASE may have given better results if relative-
ly larger economic weights had been given to emer-
gence index and seedling dry weight. Accurate mone-
tary values cannot be placed on cold-tolerance traits;
therefore, the rationale for assigning economic weights
for SH and BASE would parallel rationale used to
specify desired gains (e.g., 59, emergence is equal to 1
dg of seedling dry weight compared to desired gains of
159, for percentage emergence and 3 dg for seed-
ling dry weight).

The single-trait index, PEX, showed good average
predicted gains and selection differentials for each
trait in BS13(SCT), but predictions for PEX in BSSS2
(SCT) were not acceptable. Use of PEX also would
require estimation of genetic parameters. Selection
based on percentage emergence would be less compli-
cated than use of PEX, but single-trait selection for
percentage emergence predicted small advances in
other traits.

Our data suggested that breeders should consider the
use of RSI, EWF, or BSD to improve composite traits,
such as cold tolerance, involving individual traits with-
out logical economic weights. These indexes also merit
consideration when variances of index traits differ
substantially in size. We found that RSI, EWF, and
BSD combined 1) simplicity of use, 2) freedom from
need to estimate genetic parameters, and 3) good se-
lection differentials and predicted gains in each trait
and in the aggregate genotype across cycles of both
populations. Plant breeders often are interested in the
dependability of a selection method across selection
cycles, and these indexes usually gave small ranges in
size of predicted gains across cycles.

Breeders also should consider using dry weight/plot
to improve cold tolerance of maize populations. In
our study, selection based on dry weight/plot identi-
fied lines with excellent percentage emergence and
seedling dry weight. Selection differentials for seed-
ling dry weight were larger than those for percentage
emergence, even though variances for percentage emer-
gence were much larger than those for seedling dry
weight (Table 1). Selection for improved dry weight/
plot probably would not result in large improvements
in emergence index (Table 2). However, data used to
calculate emergence index must be collected on an
every-other-day basis, and selection usually is based
on experiments grown only in one location. As a re-
sult, estimates of genetic parameters used to con-
struct selection indexes are biased by genotype X en-
vironment interactions. Several researchers have re-
ported that errors in estimating genetic parameters can
seriously affect the accuracy of an index (Brim et al.,
1959; Heidhues, 1961; Williams, 1962; Harris, 1964).
Also, Mock (1979) found that cold tolerance traits dis-
played significant genotype X environment interac-
tions. Selection for dry weight/plot would be a logical
way to cope with genotype X environment interactions
because data can be easily collected at several locations.
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Greater gains for cold tolerance in a recurrent selec-
tion program likely would be realized by basing selec-
tion on data for dry weight/plot collected at several
locations rather than on an index constructed with
data biased by genotype X environment interactions.
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