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Summary. The efficiency of selection for yield and fruit
size using parts of the complete-season record was evalu-
ated using data collected for individual strawberry
seedlings (Fragaria x annanasa) in four genetic tests.
Part-records were generated for each trait using cumula-
tive weekly sums, and these were compared with com-
plete records to assess the value of extended data collec-
tion. In addition, part-records were generated using data
from alternate weeks of harvest. Scoring separate sets of
seedlings in alternate weeks was assumed to allow a
doubling of the unselected population size, halving the
selection proportion and increasing selection intensity.
Heritabilities estimated for part-records were often larger
for mid-season cumulative part-records than for the
complete-season records. Seasonal patterns for broad-
sense and narrow-sense heritabilities differed, suggesting
temporal expression of genes that condition yield and
fruit size. Predicted genetic gains were largest using cu-
mulative part-records between 4 and 12 weeks of the
15-week season, depending on trait and breeding objec-
tive (breeding value versus clonal value), with 8 -9 weeks
as a reasonable compromise. Selection using alternate-
weeks records was identified as an efficient alternative to
selection using total complete-season records. Superior-
ity of the alternate-weeks option depends on the balance
between increased selection intensity and decreased indi-
vidual genetic information, and will differ for specific
traits and program designs.
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Introduction

Indirect selection, or selection for a secondary trait to
obtain a correlated response in a commercially important

target trait, has a broad range of applications in plant
and animal improvement (Searle 1965). Indirect selection
can be an efficient alternative to direct selection for the
target trait when: (a) the secondary trait has a superior
distribution of genetic and environmental parameters,
conferring a greater precision of selection, (b) selection
for the secondary trait is more economical, or (c) assess-
ment of the secondary trait can be conducted more
quickly, shortening the generation interval (Falconer
1981). Selection based on performance during a portion
of the production cycle, defined here as part-record selec-
tion, is a version of indirect selection that has been widely
studied and applied in animal improvement programs.
Theoretical and empirical studies have demonstrated the
efficiency of part-record selection for egg production and
quality (VanVleck and Doolittle 1964; Lerner and
Cruden 1948; Lowe and Garwood 1980; Ayyagari et al.
1980) and for milk yield in dairy cattle (VanVleck and
Henderson 1961; Danell 1982). Part-record selection has
been less explicitly applied to plant improvement, al-
though mose perennial crops are selected using informa-
tion from a portion of their commercial production cycle.
Determination of an optimal selection age for forest
trees, using juvenile-mature correlations, followed proce-
dures analogous to part-record selection in animal pro-
grams (Lambeth 1980; Loo et al. 1984).

The most common incentive for part-record selection
in both animals and perennial trees has been to shorten
the generation interval with minimal reduction of the
genetic gain per generation. Alternatively, part-records
may provide genetic information that is nearly equal to
that obtained from complete records, with a fraction of
the data collection effort. A planned decision to collect
part-records thus permits redistribution of program ef-
fort to tasks that have the highest likelihood of generat-
ing selection response. Collection of part-record infor-



mation may allow an increase in the number of individ-
vals evaluated in each generation when data collection is
a program-limiting step. If the number of individuals to
be retained after each cycle of selection is predetermined,
‘increasing the initial population size will decrease the
selected proportion and increase selection intensity. Part-
records may also be advantageous when selected traits
are conditioned by genetic and environmental effects that
change during the production cycle. Parts of the total
record (or functions of these part-records) may provide
more precise genetic information than the complete
record. Evidence for changes in the relative proportions
of genetic and environmental parameters that might af-
fect selection efficiency is available for both plants and
animals (Madden et al. 1955; Franklin 1979; Atchley
1984).

In many continuous-cropping plant species (e.g.
strawberries and cane-berries), initial selections are made
from populations of seedlings evaluated in a single year.
Generation intervals are often fixed by flowering cycles
or by a need for advanced testing under commercial
conditions. Conversely, the large effort required for ob-
taining individual plant data within a single season is
often program-limiting, and planned collection of part-
records may be an efficient alternative to collection of
records for the complete season. The objective of the
study reported below was to investigate the opportunity
for improving seedling selection efficiency in a straw-
berry improvement program by using part-records.

Materials and methods

Selection efficiency. The selection efficiency for comparison of
part-record and direct selection methods is calculated as the
ratio of the gain predicted for the two alternatives (Falconer
1981):

E=G,.[/G, (1)

In Eq. (1), G, is the gain expected in the target trait, y, due
to direct selection, and G, is the gain expected in trait y by
selecting on the secondary trait, x. In this study, direct traits
were seasonal totals and secondary traits were the relevant part-
records. Efficiencies greater than 1.0 imply superiority of the
part-record method. Gains for breeding value from direct mass
selection and for mass selection using part-records were pre-
dicted as follows (Falconer 1981):

G,=ihlo, @
Gyx=ixhibyr, 0, &)

In Eqs. (2) and (3), {, and i, are selection intensities, k7, h,
and h, are narrow-sense heritabilities {or the square root of
narrow-sense heritability), and o, is the phenotypic standard
deviation, where subscripts y and x denote direct and secondary
traits; r, is the additive genetic correlation between direct and
secondary traits. Gains and selection efficiencies were predicted
for clonal selection by substituting broad-sense heritabilities

(H?) into Egs. (2) and (3). Genotypic, or total genetic, correla-
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tions (r,,) should be used when predicting gains from clonal
selection, but in practice 7, and r,, were nearly identical and only
r, is presented.

Materials and measurements. The materials and measurements
used for the present study are a subset of those available from
four genetic tests of strawberry seedlings established in Septem-
ber of 1985 and 1986. Results for analyses of genetic and envi-
ronmental parameters that condition complete-season yield,
fruit size and appearance score are given in Shaw et al. (1989),
together with detailed descriptions of cultural methods, test lo-
cations, experimental design, statistical analyses and the as-
sumptions required for their interpretation. Briefly, data were
collected for individual seedlings from 28 and 39 biparental
crosses, for the 1985 and 1986 trials, respectively; crosses tested
in each year form a partial diallel design with 18 and 15 parents.
The parents of all crosses were a random sample of named
varieties and advanced selections from the current California
breeding population, and quantitative inference relating to se-
lection efficiency must be limited to this reference population.
Tests were established for all crosses at two locations in each
year. Weekly yields and fruit numbers were recorded for each
plant on 15 consecutive wecks, beginning the 2nd week of April
and ending in late July of the year follwing planting. These 15
weeks represent the total season’s production. Seedlings were
distributed between two completely random plots of 6-10
plants per location for the 1985 trials, and the 1986 trials were
established using two plots of 6 plants at each location in a
randomized complete block design. After losses due to mortality
and non-flowering plants, parameters were estimated using
records for 610 and 938 seedlings in 1985 and 1986, respectively.

Part-records were generated to test two hypotheses. First,
records were generated for each of the 15 weeks of harvest using
cumulative weekly yields and fruit sizes (cumulative yield
divided by cumulative fruit number). Comparison of gains pre-
dicted for selection using cumulative part-records with gains
predicted for direct selection provides an assessment of the
need for expending program effort on late season harvests. Sec-
ond, analyses were conducted for part-records generated using
cummulative yield and fruit size for alternate weeks (odd and
even) of harvest. The rationale here is that evaluation of sepa-
rate sets of seedlings in alternate weeks permits a doubling of the
unselected population size, which will increase selection inten-
sity when the number of individuals retained after each cycle of
selection is predetermined. Comparison of gains predicted for
selection using alternate-weeks part-records with gain predicted
for direct selection tests the relative value of complete genetic
and environmental information versus increases selection inten-
sity (see below).

Parameter estimates. Parameter estimates for the components
of Eqs. (2) and (3) were obtained from the data described
above, as follows. Analyses of variance and cross-products were
performed for part and complete records using the least-squares
procedure DIALL (Shaffer and Usanis 1969). ANOVA and
ANCOVA results from supplemental SAS analyses were used to
modify DIALL output, to reveal all genetic x location interac-
tion terms (see Shaw et al. 1989, for details), resulting in the
form and expected mean squares given in Table 1. Causal com-
ponents of variance and covariance were estimated from linear
functions of these expected mean squares and cross products
(Becker 1981). Heritabilities and genetic correlations were esti-
mated as:

4(o?

= @
z(o'jca) + Ufm + 2(092::1) + Usle + avzv
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Table 1. Expected mean squares for the analysis of variance of yield, fruit size and appearance score, with results from the two test

locations considered simultaneously

Source df (1985) df (1986) EMS?*
Location (L) 1 1 024 ki 051 + ky 05, + ks ok, + kgof
Reps/L - 2 02+ ksoq
GCA (G) 14 14 6L+ ko +k,0%, +kyoi+k, 0l
SCA (S) 13 24 o2+ ko +kyo8
GxL 12 14 62 +kioi . +k05.1
SxL 13 24 6l + kol
residual 586 858 al
2 ¢2 —Variance due to locations 1985 1986
oaq, —Variance due to replications in locations k 1.7 120
of  —Variance due to general combining ability (GCA) kl 4.6 57'2
of  —Variance due to specific combining ability (SCA) kz 23.9 23' 4
0% — Variance due to GCA by location interaction k3 90.5 115.4
62, —Variance due to SCA by location interaction k4 _ 238.4
62 —Pooled residual variance ks 328.0 476.0
k,—k¢ —are coefficients for model components of variance: 6 )
4(c2, + 62) o
2 — gca sca 5 100 L \
2(0’;‘5‘,) + a.szca + 2(0-:361) + asle + a-‘zv ( ) — 1986 O/ \
. = so} / o

r, = 2 6 IS
! [Gi(aca)*ag(yca)]l/z © 5 60 \

In Egs. (4) and (5), 02,,, 02, 62,,, 02, and ¢ are variances > a0l / Y / C\
due to general and specific combining ability, interactions of 3 d o
general and specific combining ability with location and an error = 20| / 1985
variance that includes within-family genetic and environmental °
sources (Hallaver and Miranda 1981). In Eq. (6), 6, yca)> 02 geays . . . .
and o2, are the genetic covariance between traits x and y and April May June July

their gentic variances based on general combining ability.

Selection intensities. Selection intensities are fixed in practice by
the initial population size and by the number of plants retained
after each cycle of selection (i.e. the selected proportion). Al-
though selection based on cumulative weekly part-records may
reduce seasonal data collection effort, weekly data collection is
more likely to be program limiting. Initial population sizes, and
thus selection intensities, were assumed equal when predicting
gains from selection using cumulative part-records and com-
plete-season records. Conversely, planned collection of data in
alternate weeks would allow a doubling of the initial population
size, if different sets of plants are evaluated in alternate weeks.
I assumed that the number of plants retained after selection is
not affected by choice of selection method, and that doubling
the initial population size will reduce the selection proportion by
one-half. An initial selection proportion of 0.05 for direct and
cumulative part-record selection, and a reduced selection pro-
portion of 0.025 for alternate-weeks examples were assumed for
this study.

Results

Seasonal patterns for yield and fruit size differed some-
what between test years (Figs. 1 and 2). Individual plants
initiated production between weeks 1 and 10 in the 1985
trial, resulting in a peak for average yield at the 10™ week
of harvest (4™ week of May). Virtually all plants in the

Fig. 1. Distribution of average individual plant yield through-
out the production season for genetic tests established in 1985
and 1986
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Fig. 2. Distribution of individual plant fruit size throughout the
production season for genetic tests established in 1985 and 1986

1986 trial had initiated production by the 3¢ harvest (4"
week of April), and average yield was largest for this
harvest. Seasonal patterns for fruit size were similar for
both years, but 1985 sizes were larger than those for 1986
through 11 weeks of harvest. Cumulative fruit size was
calculated only for plants that had initiated production,



Table 2. Means and standard deviations (SD) for yield (g/plant)
and fruit size (g/fruit) based on cumulative weekly assessments,
for 15 weeks in two years
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Table 4. Narrow-sense heritability (h%), broad-sense heritability
(H?) and genetic correlation (r,) for fruit size based on cumula-
tive weekly data collected in two test years

Weeks Yield Size Week 1985 1986
1985 1986 1985 1986 h? H? r, h? H? A
Mean* SD Mean SD  Mean SD  Mean SD 1 - - - - - -
2 0.12 0.39 -0.01 0.09 0.14 0.67
1 7 23 38 4 221 78 16.7 101 3 0.08 0.39 0.20 0.10 0.19 0.77
2 52 71 129 104 210 8.2 158 64 4 0.19 0.46 0.78 0.10 0.24 0.85
3 102 98 212 138 195 7.1 148 4.8 5 0.16 0.58 0.81 0.10 0.23 0.88
4 175 129 249 155 18.7 6.9 136 4.5 6 0.12 0.65 0.83 0.11 0.24 0.89
5 222 151 296 174 18.0 6.6 13.5 441 7 0.22 0.77 0.85 0.13 0.30 0.89
6 275 178 345 190 180 64 13.5 3.9 8 0.23 0.67 0.82 0.14 0.27 0.94
7 369 230 391 202 17.7 5.2 12.7 3.7 9 0.26 0.43 0.85 0.15 0.24 0.97
8 440 256 448 218 171 438 124 33 10 0.37 0.38 0.87 0.13 0.19 0.99
9 531 289 501 236 162 4.3 12.1 3.1 11 0.34 0.34 0.94 0.13 0.20 1.00
10 635 322 552 254 149 39 11.7 29 12 0.28 0.34 0.96 0.13 0.20 1.00
11 700 336 598 271 147 3.5 114 28 13 0.33 0.38 1.00 0.14 0.20 1.00
12 804 375 644 292 138 3.2 112 2.6 14 0.34 0.45 1.00 0.13 0.20 1.00
13 873 404 685 310 137 3.0 110 25 15 0.33 0.46 - 0.12 0.18 -

14 929 429 703 319 129 29 108 25
15 970 447 724 329 125 28 107 24

2 Means for 1985 and 1986 based on 610 and 938 plants, respec-
tively; standard deviations are included as an indication of the
distribution of individual plant values

Table 3. Narrow-sense heritability (%), broad-sense heritability
(H?) and genetic correlation (r,) for cumulative weekly yields in
two test years

Week 1985 1986
K B o D
1 0.05 021 025 023 042 0.7
2 021 021 052 036 065 082
3 018 018 069 035 064 080
4 018 018 075 035 063 081
5 023 025 080 033 061 084
6 027 027 087 035 058 082
7 031 031 094 038 055 0.87
8 039 039 095 031 050 090
9 038 038 097 040 048 092
10 037 038 098 040 045 094
1 034 034 09 038 039 096
12 031 031 100 036 036 098
13 027 027 100 036 036  1.00
14 024 028 1.00 036 036 1.0
15 024 023 - 035 035 -

and was not dependent on time of initiation to the same
extent as average weekly yield. Yearly differences in pro-
duction pattern are reiterated by inspection of cumula-
tive weekly means (Table 2). Plants in the 1986 trials had
produced 50% of their seasonal yield after 7 weeks of
harvest, whereas plants in 1985 trials had accumulated
50% of their season total after 9 harvests. Cumulative
fruit size was larger throughout the 1985 season. Shaw

et al. (1989) argued that the between-year differences ob-
served for seasonal yield and fruit size in these trials were
due to environment rather than genetic sampling, using
data from 5 biparental crosses common to all trials; a
similar argument can be made for yearly differences in
production pattern.

Maximum estimates of h? for yield were obtained
after 8 or 9 weeks of harvest in the 1985 (h2 = 0.39) and
1986 (h? = 0.40) trials, respectively (Table 3). Estimated
h? for yield decreased after the eighth harvest for the 1985
trial (k) = 0.21), but not for the 1986 trial (h2 = 0.35).
Late-season yields contributed little to the season total in
1986 and are of little consequence to estimates of genetic
parameters. Broad-sense heritabilities (H?) for vyield dif-
fered between years both in maximum value (H2,,, = 0.39
and 0.65) and in pattern. Importantly, H? differed from
h? for cumulative harvests 1 through 10 in the 1986 trial,
but did not differ in 1985. Differential expression of
genes between years is common, as evidenced by frequent
observations of significant genotype x years interaction
variances (Comstock and Moll 1963). Genetic correla-
tions between part- and complete-season yield records
increase with the number of harvests in both years, but
not linearly. Patterns of heritabilities and genetic correla-
tions for cumulative fruit size were similar for the two
years, although parameters differed somewhat in magni-
tude (Table 4). Differences between H? and A2 for fruit
size were present throughout the season and for both
years, demonstrating the importance of dominance gene
action. Both the pattern and magnitude of genetic corre-
lations between part and seasonal records for fruit size
were similar to those for yield (Tables 3 and 4). Differ-
ences between H? and h® changed throughout the harvest
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Table 5. Efficiencies for breeding-value selection (E,,) and clon-
al selection (E,), for yield and fruit size based on cumulative
weekly data in two years

Weeks  Yield Size

1985 1986 1985 1986

Ebv Ec Ebu Ec Ebu Ec Ebu Ec
1 012 026 058 079 - - - -
2 052 054 083 111 0.0 0.00 0.58 0.5
3 059 0.61 080 1.08 0.10 0.8 0.70 0.79
4 071 076 081 1.09 059 0.78 0.77 098
5 08 0.83 080 111 05 091 0.80 099
6 1.00 094 082 106 050 099 085 1.03
7 114 1.09 091 1.09 0.69 110 093 1.15
8 129 124 095 109 068 099 093 1.15
9 133 125 098 1.08 0.75 083 1.08 1.12

10 129 126 100 1.07 080 083 1.03 1.02
1 124 120 100 1.01 0.83 0.82 1.04 1.05
12 114 116 100 098 088 183 1.04 1.05
13 110 1.08 1.03 1.01 099 090 1.06 1.05
14 1.08 110 1.03 1.01 1.02 099 1.04 1.05
15 100 1.00 100 100 1.00 1.00 1.00 1.00

season, for both yield and fruit size. This difference was
largest for size after 7 weeks of harvest in both years, and
after 3 weeks of harvest for yield in the 1986 trial. These
observations suggest that genes conditioning genetic
variation for these traits were expressed temporally. Se-
lection efficiencies differed somewhat between traits,
years and selection objectives (Table 5). However, part-
record selection efficiency for yield was larger than direct
selection efficiency for all cases by the 10" week of har-
vest (E,, and E, > 1.0), and was larger in 3 of 4 cases after
the 7** harvest. Efficiencies for clonal selection of fruit
size were maximum in both years for 7 weeks of harvest,
whereas selection efficiency for breeding value was
greater than 1.0 after 14 and 9 weeks of harvest for the
1985 and 1986 trials, respectively.

Means for alternate-weeks part-records differed by
between 4% and 15% and these differences were signifi-
cant for traits in both years (Table 6). Heritabilities esti-
mated for alternate-weeks part-records differed in mag-
nitude, but complementary estimates were within one
standard error (Table 7), with the exception of H? for
fruit size in 1985 (H2y, = 0.33, H?,,, = 0.53). Also, heri-
tabilities for alternate-weeks part-records were uniformly
smaller than the maximum heritability for cumulative
part-records, and were usually smaller than heritabilities
estimated for seasonal totals. For example, A2 maximum
was 0.40 at weeks 9—10, 2 was 0.35 and the average 4*
for odd and even weeks was 0.33 for yield in 1986 (Ta-
bles 3 and 7). Genetic correlations between alternate-
weeks part-records and season totals ranged between
0.91 and 1.00 which, together with observations on
means and heritabilities, suggests that each assessment

Table 6. Descriptive statistics for yield and fruit size for camula-
tive alternate weeks data

Weeks Yield Size
1985 1986 1985 1986
Mean®* SE = Mean SE Mean SE Mean SE

Odd 540 97 501 59 117 04 10.5 0.1
Even 624 108 534 64 123 0.1 109 0.1

? Means for both odd and even weeks treatments are based on
610 and 938 plants for the 1985 and 1986 trials, respectively;
standard errors are phenotypic standard deviations divided by
the square-root of these sample sizes, and are appropriate for
comparison of treatment means

Table 7. Heritabilities and genetic correlations for yield and
fruit size based on cumulative data for alternate weeks

Weeks 1985 1986

h? H? r h? H 7

Yield Odd 0.19 029 0.93 0.28 0.28 1.00
Even 0.14 0.18 0.95 036 037 1.00

Size 0Odd 033 033 095 012 0.8 1.00
Even 033 053 091 0.07 025 1.00

Table 8. Efficiencies for selection for breeding value (£,,) and
clonal value (E,) based on cumulative alternate weeks data®

Weeks 1985 1986
Ebv Ec Ebv Ec

Yield Odd 1.03 1.18 1.01 1.01

Even 0.86 0.95 1.15 1.16

Average 0.94 1.06 1.08 1.09
Size Odd 1.08 1.08 1.09 1.33

Even 1.03 1.31 1.09 0.89

Average 1.06 1.20 1.09 1.11

# This treatment assumes retention proportion of 0.05 for the
base population (i =2.06) vs. 0.025 for a doubled population
(=234

captured a similar fraction of the production season.
Efficiencies for selection using alternate-weeks informa-
tion ranged from 0.86 to 1.33, and were larger than 1.00
for 13 of the 16 cases presented in Table 8.

Discussion
Selection using cumulative or alternate-weeks part-

records can be efficient alternatives to direct selection for
improvement of yield and fruit size in strawberries. The



relative contribution of genetic and environmental effects
to the phenotypic variance of individual traits differed
between production seasons and changed throughout
each production season as well. Because the parents and
environments tested were sampled from a single reference
population, the differences observed between trials estab-
lished in consecutive years reflects genetic, climatic and
statistical sources of variation. Limitations to inference
should recognize that genetic variances and correlations
typically have large associated standard errors. Further
refinement of the operational recommendations derived
from this study should proceed by continued sampling
and estimation of these parameters. Frequent monitoring
is needed because genetic variances and correlations are
expected to change as the result of successful selection.
Regardless of such limitations, several observations were
consistent for trials evaluated in both years. Heritabilities
for season totals were lower than those for early-season
part-records, suggesting that environmental effects were
relatively more important to late-season production.
Changes in the relative values of narrow-sense and
broad-sense heritabilities were observed for both yield
and fruit size throughout the production season and sug-
gest temporal expression of genes that condition these
traits.

Because selection efficiency depends on the distribu-
tion of genetic and environmental parameters, and be-
cause these parameters vary within and between seasons,
choice of a single selection option necessarily requires
a compromise. Conservatively, scoring for cumulative
yield could be terminated by week 10, and perhaps much
earlier. Clonal selection efficiency for cumulative fruit
size was largest using part-records for 7 weeks of harvest
for both years; early part-record selection for breeding
value would be an efficient option only for the 1986
trials. For cumulative part-records, selection using 8 or 9
weeks harvest information represents a reasonable com-
promise: selection efficiencies for the examples presented
were near maximum for all traits, selection objectives and
years, and data collection effort would be reduced by
6—7 harvests. Selection using part-records generated by
sampling in alternate weeks was also identified as an
efficient compromise. Data collection in alternate weeks
samples the entire production cycle, and may be advanta-
geous when genetic variation is temporally expressed or
when production patterns differ among years. Sampling
the entire cycle may be especially important when genetic
effects are temporally variable, and when selections for
varietal potential (clonal value) and parental potential
(breeding value) must be made from the same genetic
test.

The principle advantage of the alternate-weeks op-
tion was assumed to be a doubling of the evaluation
potential, which halves the proportion selected and in-

creases indirect selection intensity (i,,,) relative to that
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for direct selection (f,). Selection intensity does not
change linearly with the proportion selected (Falconer
1981), and direct comparisons are best made between
specific alternatives. For the cases presented, reducing
the proportion selected from 0.05 to 0.025 increased se-
lection intensity from 2.06 to 2.34, a change that was
usually enough to confer an advantage for the alternate-
weeks option. The relative advantage of the alternate-
weeks option would be greater when the initial selected
proportion is large, because halving the selected propor-
tion has a larger effect on selection intensity. For exam-
ple, reducing an initial selected proportion from 0.2 to
0.1 changes selection intensity from 1.40 to 1.76, a 26%
change, compared to a 14% increase for the example
above.

One potential disadvantage of the alternate-weeks
method is that sets of seedlings sample different portions
of the production season, and individuals in different sets
may not be directly comparable when making individual
plant selections. One solution to this problem is to dis-
tribute selection intensity evenly among sets. Another is
to use sets as units of blocking, correcting individual
values for estimated block effects prior to selection. The
most serious confounding will result from genes that con-
dition the initiation and pattern of production, a prob-
lem that might be partially corrected using estimated
family x set interaction effects, again prior to selection.
Comparing the performance of individuals with different
production patterns is a general problem for selection of
continuous-cropping species, and programs will benefit
from knowledge about the inheritance of such traits.
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