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Optimum Allocation of Objective Color
Measurements for Evaluating Fresh Strawberries
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Abstract.Components of variance were estimated for 10 strawberry(agaria xananassacolor traits to determine their
relative importance and to design optimal sampling strategies. The color attributes of >2000 fruit from 47 genotypes from
the Univ. of California Strawberry Improvement Program were evaluated over three harvest dates (HDs) in one growing
season. Measurements were obtained for a moderate number of fruit from each genotype on each date, and two
measurements were obtained for each trait on all fruit. Variances for HDs were nonsignificant or small (0% to 8% of the
total variance). Genotypex date variances were highly significant but small€6% of the total) for all color traits except
internal hue (14% of the total). For external color traits, the within-fruit variance was greater than the among-fruit
variance (16% to 64% and 0% to 14% of the total, respectively). For internal color traits, the among-fruit variance was
greater than the within-fruit variance (20% to 37% and 9% to 19% of the total, respectively). Obtaining two
measurements per fruit for several fruit on one HD is an efficient strategy for characterizing a genotype’s fruit color; seven
to 22 fruitare needed to estimate a genotype’s fruit color within 2 units (Commission Internationale de L’Eclairage L*a*b*
or degrees) with 95% confidence.

The color of fresh strawberries is a highly variable trait ¥ArS: 30 selections from a previously described seedling popula- -
seedling populations and one of the most important traits f (Shaw, 1991), the parents of the seedling population, and =
selecting commercially acceptable cultivars. The value of obj&€veral additional genotypes chosen for their atypical fruit colora-
tive color measurements for a breeding program depends on th@i- Selections from the seedling population were chosen for &
consistency and precision in relevant production environment@Xterior (skin) or interior (flesh) color, or both, that was near the

Plant breeders maximize the efficiency of genotypic evaldight or dark extremes of the original phenotypic distribution. A
tions by identifying the most important sources of sampling aHaiformly distributed sample rather than a random sample of 3
genotypex environment interaction variance and by replicatin@enotypes was chosen for this study so that the consequences of
sampling procedures among and within genotypes over the nfodfeme color values for sampling parameters c_ould be evaluated-;
important sources (Allard, 1960; Comstock and Moll, 1963). THe'ther. Each genotype was represented by eight to 20 runner?
optimum allocation of observations can be determined by repé&@nts atthe Univ. of California Strawberry Research Facility near s
edly evaluating a representative population of genotypes over Y}@tsonville. Runners were planted on 9 Nov. 1990 and grown as-
relevant test environments (Wehner, 1987) from which Comg@commendedforcommermalwmter-planted strawberries (Welch,
nents of variance can be estimated and compared. In a studyltﬂﬁg)-_ ) )
compared clonal representatives of a strawberry seedling populaETuitand harvest dates (HDsRipe, fully colored strawberries
tion at two locations, Shaw (1991) found that additilecation Were harvested on 29 Apr., 30 May, and 24 June 1991 (HDs 1, 2,
and dominance location interactions accounted for 0%to 1% ar@'d 3, respectively). Fruit from all runner plants of a given
0% to 12% of the phenotypic variance for fruit color trait§€notype were pooled during harvest, transported to Davis, Calif.,
respectively. Averaging the color values of three fruit per genotypedn air-conditioned car, stored at 0C with 85% to 90% relative
with two measurements per fruit resulted in large error variancagmidity, and evaluated for color within 4 days of harvest. Dam-
a result suggesting that more extensive sampling could subs@gfd and overripe fruit were excluded from the study. K
tially improve the precision of genotypic estimates for strawberry Altogether, 2023 and 2007 fruit were evaluated for externaland
color traits. In this study, we investigated the relative importaniéernal color, respectively. Each genotype was represented by 302
of the within-fruit sampling variance, the variation among fruit & 55 fruit. The number of fruit per HD ranged from 615 to 705. 3
a given genotype, and the variation associated with samplinﬁrﬁ't from four genotypes were not avallab_le on HD 1 ar_ld data for §
genotype’s fruit on several dates within a growing seasoniiernal-color measurements were also missing for a single geno-o

per genotype per HD ranged from 2 to 25 and 13 to 15 on HDs 1

and 2, respectively. On HD 3, each genotype was represented by
15 fruit. If >25 fruit were available for study on HD 1 or >15 fruit

broad range of fruit color was chosen to represent the Califordfnpled.

germplasm. The study population included six California culti- Color measuremen®bjective measurements in Commission
Internationale de L'Eclairage (CIELAB) color space (CIE, 1978)

_— were obtained with a reflectance spectrophotometer (Colormet;
Received for publication 28 Dec. 1992. Accepted for publication 28 May 199%8gtron, Reno, Nev.). The instrument used a D65 illuminant and a
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differences of about2 units are typically noticeable (J. Weitzwhere F is the number of fruit sampled; R is the number of
personal communication). observations per fruit (replications); am?%i ozgd, 02@ " ando’ are
Each fruit was measured for external and internal color. Extestimates of the genotype, genotyaate, fruit within genotype

Minolta,

nal color was measured on two sides of a fruit that was centeredamtidate, and error variances, respectively. When R measurements
gently pressed against the instrument’s aperture (Fig. 1). Inteyex fruit are obtained, the number of fruit (n) necessary to estimate

color was likewise measured on 2 sides of a longitudinally cut fraigenotype’s mean color trait value for a single date wathimts
(CIELAB or degrees) with 95% confidence is estimated as (Steel

(Fig. 1).

Statistical analysisAnalyses of variance were performed usingnd Torrie, 1980)

SAS’s (1988) GLM procedure with Type Il sums of squares to test, _ 4 96[0?
for main effects of genotype and date, genotygate interaction '

+ 1/Rx 02]/&

f(gd)

effects, and differences among fruit nested within genotype and
date. Analyses were conducted for 10 dependent variables: exter- Results and Discussion

nal and

random-effects model and that the genotypes were arepresentatii@escriptive statistics and significance ted&anges for L*,
hue, and chroma for the six cultivars included in this study
Components of variance were estimated by equating lineaeraged 36% and 56% for external and internal color traits (27%
functions of the expected mean squares (Table 1) with experinterd5% and 46% to 67% for individual traits, respectively) of the
tal mean squares. Repeatabilities (r) for multiple measurementsaimges obtained for the entire population (Table 2). Conversely,
ranges for external and internal color traits averaged 97% (70% to 3

population.

a single date were estimated as

Mg = crzgl[crzg + ozgd +1/Fxo? , + 1/IFRx0?] [1] Shaw (1993) for a related segregating seedling population evalu-

internal L*, a*, b*, hue, and chroma. Tests assumed a

@)
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136%) and 89% (73% to 107%) of the values reported by Sacks andz’

f(gd)
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Fig. 1. The size, shape, and locations of the areas measured for color traits are represented by white disks of paper on the fruit surfaces.

Table 1. Form of expected mean squares for analysis of external and internal fruit color traits.

df
Source External Internal Expected mean sqdares
Genotype (G) 46 46 0%+ k 0% o+ KO+ K 0%
Date (D) 2 2 0%+ k 0% g + K, O+ k07,
GxD 88 87 0%+ K, Oy + K O
Fruit (F) within G and D 1886 1871 0%, + K 0%
Error within F 2022 2006 o’

e

ZCoefficients were estimated using SAS’s (1988) GLM procedure from Type Ill sums of squares as follows:
External Internal

K, 20 20

k, 273 274

K, 794 787

K, 255 254

ke 11555 1140.2
K 285 285

(o)
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ated at Watsonville the previous year. Although the results frovith little sacrifice in selection efficiency.
trials conducted in different years are not directly comparable, theAmong-fruit variation accounted for 0% to 14% and 20% to
similarity of ranges suggests that the values of traits in our t8%% of the phenotypic variance for external and internal color
population are representative of those likely to be encounterettaits, respectively (Table 4). When among-fruit variances are
seedling selection programs. large, evaluating more fruit should be an efficient strategy for
In terms of human perception, differences among color traitproving the precision of genotypic estimates for external and
means for the three HDs were small (0.4 to 4.8 units over all traitsyernal color traits.
Differences among means were also small compared with thélhe within-fruit sampling variances were large, ranging from
range of values observed for each of the color traits. External cdl6%6 to 64% and 9% to 19% of the phenotypic variance for external
was slightly darker and internal color was a slightly bluer and maned internal color traits, respectively (Table 4). Thus, increasing
chromatic red as the season progressed (Table 2). the number of observations per fruit should substantially improve
Highly significant differences among genotypes were found fitre precision of genotypic estimates for external and internal fruit
all color traits (Table 3). No significant differences among HO®lor.
were found for external a*, b*, hue, and chroma and internal L* Optimum allocationThe optimum allocation of objective color
(Table 3). However, highly significant differences among HOmeasurements to observations per fruit, fruit within genotypes,
were found for external L* and internal a*, b*, hue, and chronaad harvests per growing season is determined by the cost ands
(Table 3). Genotype date interactions were highly significant fobenefit of a given measurement. The phenotypic variaﬁga)(f 5
all color traits (Table 3). Highly significant differences among frug genotypic mean can be estimated as
nested within genotypes and dates were found for all color traits_, _
except externgl huey(F')I' able 3). 029 - 029 * 0290/ D+ 02f<9d>/DF+ o’/DFR [3]
Components of varianc®ifferences among genotypes conwhere D, F and R are the number of HDs, fruit, and observations
tributed the largest single component of variance for all fruit colper fruit, respectively. Thus, the contributiona, ozf( ’ orozgd
traits, except external and internal hue (Table 4). The low getmthe phenotypic variance can be reduced and the precision ofZ
typic variation found for hue suggests that breeding for this trgénotypic estimates can be increased by sampling more dates
may be more difficult than breeding for other color traits. more fruit per date or obtaining more observations per fruit.
Variance components due to HD were small, ranging from 0%For all external color traits except hag, > 02f(gd) > ozgd. For
to 8% of the phenotypic variance (Table 4). Genotypdate external huepzf( o = 0 ando?, > ¢? . Thus, the precision of
interaction variances were smat6do of the total) for all color genotypic estimates for external color can be increased most
traits except internal hue, with the interaction accounting for 148ficiently by reducing the contribution of_. The contribution of
of the phenotypic variance (Table 4). Because the variance due’i@an be reduced by increasing the number of HDs, the number:
genotypex date interaction is small for most color traits, estimate$ fruit per date, or the number of observations per fruit (Eq. [3]).
of a genotype’s fruit color can be improved substantially withokor internal color traitsy?, o) > o?, > ozgd. Thus, to increase the
sampling on several dates within a growing season. Further, ihecision of genotypic es&lmates for internal color, the sampling
small date and genotypelate effects suggest that the breeder mayrategy should reduce the contributiorcné?(fgd by increasing the
evaluate different genotypes on different dates in a growing seasomber of HDs or the number of fruit per ciate (Eq. [3])-

dny wouy pepeoju

S

/

oejqnd-poud-swid-yrewlsiem-jpd-awrid),

5]
Table 2. Descriptive statistics for 10 strawberry color traits on three harvest dates in 1991. Statistics were based on genotypic values for 42 genoty
that were common to all three dates. Five genotypes for which no data were available on one of the dates were omitted from the comparisongel

Harvest External Internal §
date L* a* b* Hue Chroma L* a* b* Hue Chroma §
1 Mean 28.2 33.7 21.9 32.4 40.4 51.7 26.9 22.6 41.5 354 f
SE 0.7 0.7 0.7 0.4 1.0 1.2 1.1 0.5 1.0 1.1 ;
2 Mean 27.1 33.2 21.5 32.1 39.8 51.9 29.9 24.4 39.9 38.6 ZO
SE 0.7 0.9 0.9 0.5 1.2 1.2 0.9 0.5 0.5 1.0 ol
3Mean 26.9 33.4 22.2 325 40.3 51.3 311 25.4 39.7 40.2 ﬁ
SE 0.8 1.0 1.0 0.6 1.4 1.1 0.8 0.4 0.4 0.9 @
All §
Mean 27.4 33.5 21.9 32.3 40.1 51.6 29.3 24.1 40.4 38.1 @
Range 17.4-38.7 18.4-42.6 8.6-33.2 24.3-39.7 20.3-53.5 33.2-66.7 7.0-39.3 15.0-31.0 35.5-65.8 16.8-49.6

Table 3. Results of analysis of variance for 10 strawberry color traits based on 47 genotypes and three harvest dates.

External Internal
Source L* ax b* Hue Chroma L* a* b* Hue Chroma
Mean squares
Genotype (G) 16528 2248.4 2477.3 742.8 4408.8 4122.77 24119 651.6" 765.7° 2798.8
Date (D) 590.2 61.6° 97.2% 53.8% 96.5" 257.85 42717 1745.0° 807.0° 5652.8
GxD 52.3" 90.3" 114.7° 59.7" 1775 109.9" 1225 41.6" 132.2° 1364
Fruit (F) within G and D 1279 18.4 25.07 17.7¢ 35.07 36.7 39.9 13.2" 24.8 45.8"
Error 8.5 6.9 17.8 17.7 15.9 7.0 6.8 3.6 4.7 9.0

N Nonsignificant or significant & < 0.01, respectively.
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Table 4. Components of variad@nd proportions of phenotypic variance (in parentheses) for 10 strawberry color traits.

External Internal
Parameter L* a* b* Hue Chronia L* a* b* Hue Chroma
Components of variance and proportions of phenotypic variance
02g 20.2 27.2 29.8 8.6 534 51.0 29.1 7.8 8.1 33.9
(0.62) (0.64) (0.55) (0.31) (0.64) (0.68) (0.49) (0.42) (0.30) (0.49)
o, 05 0.0 0.0 0.00 -0.1 0.1 3.6 15 0.6 4.8
(0.01) (0.00) (0.00) (0.00) (0.00) (0.00) (0.06) (0.08) (0.02) (0.07)
ozgd 1.4 2.5 3.1 1.5 5.0 2.6 2.9 1.0 3.8 3.2
(0.04) (0.06) (0.06) (0.05) (0.06) (0.03) (0.05) (0.05) (0.14) (0.05)
ozf(gd) 2.2 5.7 3.6 0.00 9.6 14.8 16.6 4.8 10.0 184
(0.07) (0.14) (0.07) (0.00) (0.11) (0.20) (0.28) (0.26) (0.37) (0.27)
o’ 8.5 6.9 17.8 17.7 15.9 7.0 6.8 3.6 4.7 9.0

(0.26) (0.16) (0.33) (0.64) (0.19) (0.09) (0.12) (0 19) (0.17) (0.13)
Repeatabilitiesand rf for 95% confidence

M. 0.63 0.64 0.55 0.31 0.64 0.68 0.53 0.45 0.30 0.53
M, 0.72 0.70 0.66 0.46 0.70 0.71 0.56 0.51 0.33 057
s 2 0.88 0.86 0.84 0.73 0.86 0.89 0.81 0.77 0.56 0.81
Mo.2 0.91 0.89 0.87 0.79 0.89 0.92 0.86 0.82 0.62 0.86
n 7 9 12 9 17 18 20 7 12 22

ZSmall negative components were interpreted as zero.

re = Repeatabilities for several measurements on a single date, where F is the number of fruit sampled and R is the number of observations
(replications).

*When two observations per fruit are obtained, n is the number of fruit necessary to estimate a genotype’s mean color trait value for one harv
within 2 units (CIELAB or degrees) with 95% confidence.
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Sampling several fruit from each genotype on a single date willo?, andozf(gd)from this study should be valid for other strawberry
improve efficiency for external and internal color traits. Moreovegsppulations, assuming that the range of variation is similar to ours =
sampling several fruit on a single date will often be easier themd that scale interactions not evaluated here are minimal. Geno—
sampling on several dates or obtaining many random and unbidagpd x date interaction effects may be specific to the population @
measurements from a single fruit. Sampling on several dates isstveluated as well, but the smatl] , values estimated for the broad
least desirable option because it is likely to be the most costhnge of genotypes included in'our sample suggest that the contri-5
Further, the small amount of genotypelate variation suggestsbution of such interactions to the phenotypic variances in other &
that the benefits of sampling fruit on several HDs would lp@pulations will be small.
negligible unless harvesting on more than one date would beAn alternative to comparing repeatabilities for different sam-
necessary to obtain sufficient fruit. Although sampling severaing distributions is to estimate the number of samples required to 3
fruit will be more efficient for external and internal color traits thapbtain a previously defined confidence level. When two observa-
obtaining several measurements for each fruit, more than tinas per fruit are obtained, the number of fruit necessary to
measurement for each fruit may be needed to avoid sampling @atimate a genotype’s mean color trait value for a single HD within
Fruit surfaces often receive uneven exposure to sunlight, espemits (CIELAB or degrees) with 95% confidence is given in
cially when fruit are wedge-shaped, and, as with appiedus Table 4. Estimates of n (Eg. [2]) for the color traits range from
domesticdorkh.) (Gross, 1987), the side of the fruit that faces teeven to 22 fruit (Table 4).
light is typically more colored than the side that faces the plant.Although color traits are highly variable in experimental straw-
Measuring the entire surface of strawberries may prove to bebamry populations, genotypic values appear stable over many of theg
effective technique for reducing within-fruit sampling variancenvironmental factors that affect cultivar selection decisions. 2
and avoiding sampling bias. Francis (1970) suggests that the cbiitgractions between genetic effects and test location are small
of a cranberry’s\{accinium macrocarpoAit.) entire surface can (Shaw, 1991), and the fruit color of genotypes is stable during post- ©
be measured with the use of a spinner, i.e., a device that spinhitimeest storage (Sacks and Shaw, 1993). With the above citations,
fruit in front of a fixed color-measuring instrument. To avoidur current results suggest that the fruit color of strawberry
sampling bias, we recommend measuring external and integeotypes can be evaluated efficiently with one HD and a moder-
color traits on at least two opposite sides per fruit. In generate number of fruit per genotype.
obtaining two observations per fruit for several fruit on one HD is
an efficient strategy for determining a genotype’s fruit color. Literature Cited
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