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Optimum Allocation of Objective Color
Measurements for Evaluating Fresh Strawberries
Erik J. Sacks1 and Douglas V. Shaw
Department of Pomology, University of California, Davis, CA 95616

Additional index words. Fragaria ×ananassa, genotype × environment interaction, sample size

Abstract. Components of variance were estimated for 10 strawberry (Fragaria ×ananassa) color 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 t
measurements were obtained for each trait on all fruit. Variances for HDs were nonsignificant or small (0% to 8% of the
total variance). Genotype × 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 fruit are needed to estimate a genotype’s fruit color within 2 units (Commission Internationale de L’Eclairage L*a*b*
or degrees) with 95% confidence.
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The color of fresh strawberries is a highly variable trai
seedling populations and one of the most important traits
selecting commercially acceptable cultivars. The value of ob
tive color measurements for a breeding program depends on
consistency and precision in relevant production environme

Plant breeders maximize the efficiency of genotypic eva
tions by identifying the most important sources of sampling
genotype × environment interaction variance and by replicat
sampling procedures among and within genotypes over the
important sources (Allard, 1960; Comstock and Moll, 1963). 
optimum allocation of observations can be determined by re
edly evaluating a representative population of genotypes ove
relevant test environments (Wehner, 1987) from which com
nents of variance can be estimated and compared. In a stud
compared clonal representatives of a strawberry seedling po
tion at two locations, Shaw (1991) found that additive × location
and dominance × location interactions accounted for 0% to 1% 
0% to 12% of the phenotypic variance for fruit color tra
respectively. Averaging the color values of three fruit per geno
with two measurements per fruit resulted in large error varian
a result suggesting that more extensive sampling could sub
tially improve the precision of genotypic estimates for strawb
color traits. In this study, we investigated the relative importa
of the within-fruit sampling variance, the variation among frui
a given genotype, and the variation associated with sampl
genotype’s fruit on several dates within a growing seaso
evaluating the fruit color of strawberry genotypes.

Materials and Methods

Genotypes. A population of 47 strawberry genotypes with
broad range of fruit color was chosen to represent the Calif
germplasm. The study population included six California c
for publication 28 Dec. 1992. Accepted for publication 28 May 19
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vars, 30 selections from a previously described seedling pop
tion (Shaw, 1991), the parents of the seedling population, 
several additional genotypes chosen for their atypical fruit col
tion. Selections from the seedling population were chosen
exterior (skin) or interior (flesh) color, or both, that was near 
light or dark extremes of the original phenotypic distribution.
uniformly distributed sample rather than a random sample
genotypes was chosen for this study so that the consequen
extreme color values for sampling parameters could be evalu
further. Each genotype was represented by eight to 20 ru
plants at the Univ. of California Strawberry Research Facility n
Watsonville. Runners were planted on 9 Nov. 1990 and grow
recommended for commercial winter-planted strawberries (We
1989).

Fruit and harvest dates (HDs). Ripe, fully colored strawberries
were harvested on 29 Apr., 30 May, and 24 June 1991 (HDs
and 3, respectively). Fruit from all runner plants of a giv
genotype were pooled during harvest, transported to Davis, C
in an air-conditioned car, stored at 0C with 85% to 90% rela
humidity, and evaluated for color within 4 days of harvest. Da
aged and overripe fruit were excluded from the study.

Altogether, 2023 and 2007 fruit were evaluated for external
internal color, respectively. Each genotype was represented b
to 55 fruit. The number of fruit per HD ranged from 615 to 7
Fruit from four genotypes were not available on HD 1 and data
internal-color measurements were also missing for a single g
type from HD 2. Excluding the missing data, the number of f
per genotype per HD ranged from 2 to 25 and 13 to 15 on H
and 2, respectively. On HD 3, each genotype was represent
15 fruit. If >25 fruit were available for study on HD 1 or >15 fru
were available on HDs 2 and 3, the available fruit were rando
sampled.

Color measurement. Objective measurements in Commissio
Internationale de L’Eclairage (CIELAB) color space (CIE, 197
were obtained with a reflectance spectrophotometer (Color
Agtron, Reno, Nev.). The instrument used a D65 illuminant an
45°/normal illuminating and viewing geometry. Hue (h), expres
as an angular measure, and chroma (C*) were calculated as fo
(CIE, 1978): h = arctan (b*/a*) and C* = (a*2 + b*2)1/2. In CIELAB
color space, the minimum perceptible difference for the typ
observer is about ±1 unit (Instrumar Engineering, 1989), where
J. AMER. SOC. HORT. SCI. 119(2):330–334. 1994.
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differences of about ±2 units are typically noticeable (J. Wei
Minolta, personal communication).

Each fruit was measured for external and internal color. E
nal color was measured on two sides of a fruit that was centere
gently pressed against the instrument’s aperture (Fig. 1). Int
color was likewise measured on 2 sides of a longitudinally cut
(Fig. 1).

Statistical analysis. Analyses of variance were performed us
SAS’s (1988) GLM procedure with Type III sums of squares to
for main effects of genotype and date, genotype × date interaction
effects, and differences among fruit nested within genotype
date. Analyses were conducted for 10 dependent variables: 
nal and internal L*, a*, b*, hue, and chroma. Tests assum
random-effects model and that the genotypes were a represe
population.

Components of variance were estimated by equating l
functions of the expected mean squares (Table 1) with exper
tal mean squares. Repeatabilities (r) for multiple measureme
a single date were estimated as

r
F,R

 = σ2
g
/[σ2

g
 + σ2

gd
 + 1/F × σ2

f(gd)
 + 1/FR × σ2

e
] [1]
J. AMER. SOC. HORT. SCI. 119(2):330–334. 1994.

Table 1. Form of expected mean squares for analysis of e

df

Source External
Genotype (G) 46
Date (D) 2
G × D 88
Fruit (F) within G and D 1886
Error within F 2022
zCoefficients were estimated using SAS’s (1988) GLM pro

External Internal
k1 2.0 2.0
k2 27.3 27.4
k3 79.4 78.7
k4 25.5 25.4
k5 1155.5 1140.2
k6 28.5 28.5

Fig. 1. The size, shape, and locations of the areas measured for color traits 
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where F is the number of fruit sampled; R is the number 
observations per fruit (replications); and σ2

g
, σ2

gd
, σ2

f(gd)
, and σ2

e
 are

estimates of the genotype, genotype × date, fruit within genotype
and date, and error variances, respectively. When R measurem
per fruit are obtained, the number of fruit (n) necessary to estim
a genotype’s mean color trait value for a single date within δ units
(CIELAB or degrees) with 95% confidence is estimated as (St
and Torrie, 1980)

n = 1.962[σ2
f(gd)

 + 1/R × σ2
e
]/δ2 [2]

Results and Discussion

Descriptive statistics and significance tests. Ranges for L*,
hue, and chroma for the six cultivars included in this stu
averaged 36% and 56% for external and internal color traits (2
to 45% and 46% to 67% for individual traits, respectively) of th
ranges obtained for the entire population (Table 2). Convers
ranges for external and internal color traits averaged 97% (70%
136%) and 89% (73% to 107%) of the values reported by Sacks
Shaw (1993) for a related segregating seedling population ev
331

xternal and internal fruit color traits.

Internal Expected mean squaresz

46 σ2
e + k1 σ

2
f(gd) + k2 σ

2
gd + k3 σ

2
g

2 σ2
e + k1 σ

2
f(gd) + k4 σ

2
gd + k5 σ

2
d

87 σ2
e + k1 σ

2
f(gd) + k6 σ

2
gd

1871 σ2
e + k1 σ

2
f(gd)

2006 σ2
e

cedure from Type III sums of squares as follows:

are represented by white disks of paper on the fruit surfaces.
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ated at Watsonville the previous year. Although the results
trials conducted in different years are not directly comparabl
similarity of ranges suggests that the values of traits in ou
population are representative of those likely to be encounte
seedling selection programs.

In terms of human perception, differences among color
means for the three HDs were small (0.4 to 4.8 units over all t
Differences among means were also small compared wit
range of values observed for each of the color traits. Externa
was slightly darker and internal color was a slightly bluer and 
chromatic red as the season progressed (Table 2).

Highly significant differences among genotypes were foun
all color traits (Table 3). No significant differences among H
were found for external a*, b*, hue, and chroma and intern
(Table 3). However, highly significant differences among H
were found for external L* and internal a*, b*, hue, and chr
(Table 3). Genotype × date interactions were highly significant 
all color traits (Table 3). Highly significant differences among 
nested within genotypes and dates were found for all color
except external hue (Table 3).

Components of variance. Differences among genotypes co
tributed the largest single component of variance for all fruit c
traits, except external and internal hue (Table 4). The low g
typic variation found for hue suggests that breeding for this
may be more difficult than breeding for other color traits.

Variance components due to HD were small, ranging from
to 8% of the phenotypic variance (Table 4). Genotype × date
interaction variances were small (≤6% of the total) for all colo
traits except internal hue, with the interaction accounting for
of the phenotypic variance (Table 4). Because the variance 
genotype × date interaction is small for most color traits, estim
of a genotype’s fruit color can be improved substantially wit
sampling on several dates within a growing season. Furthe
small date and genotype × date effects suggest that the breeder
evaluate different genotypes on different dates in a growing s
332

Table 3. Results of analysis of variance for 10 strawberry color trait

External

Source L* a* b* Hue
Mean s

Genotype (G) 1652.8** 2248.4** 2477.3** 742.8**

Date (D) 590.2** 61.6NS 97.2NS 53.8NS

G × D 52.3** 90.3** 114.7** 59.2**

Fruit (F) within G and D 12.9** 18.4** 25.0** 17.7NS

Error 8.5 6.9 17.8 17.7
NS,** Nonsignificant or significant at P ≤ 0.01, respectively.

Table 2. Descriptive statistics for 10 strawberry color traits on three h
that were common to all three dates. Five genotypes for which no

Harvest External

date L* a* b* Hue
1 Mean 28.2 33.7 21.9 32.4

SE 0.7 0.7 0.7 0.4
2 Mean 27.1 33.2 21.5 32.1

SE 0.7 0.9 0.9 0.5
3 Mean 26.9 33.4 22.2 32.5

SE 0.8 1.0 1.0 0.6
All

Mean 27.4 33.5 21.9 32.3
Range 17.4–38.7 18.4–42.6 8.6–33.2 24.3–39
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with little sacrifice in selection efficiency.
Among-fruit variation accounted for 0% to 14% and 20% 

37% of the phenotypic variance for external and internal co
traits, respectively (Table 4). When among-fruit variances 
large, evaluating more fruit should be an efficient strategy 
improving the precision of genotypic estimates for external a
internal color traits.

The within-fruit sampling variances were large, ranging fro
16% to 64% and 9% to 19% of the phenotypic variance for exte
and internal color traits, respectively (Table 4). Thus, increas
the number of observations per fruit should substantially impro
the precision of genotypic estimates for external and internal f
color.

Optimum allocation. The optimum allocation of objective colo
measurements to observations per fruit, fruit within genotyp
and harvests per growing season is determined by the cos
benefit of a given measurement. The phenotypic variance (σ2

p
) of

a genotypic mean can be estimated as

σ2
p
 = σ2

g
 + σ2

gd
/D

 
+

 
σ2

f(gd)
/DF

 
+

 
σ2

e
/DFR [3]

where D, F and R are the number of HDs, fruit, and observat
per fruit, respectively. Thus, the contribution of σ2

e
, σ2

f(gd)
, or σ2

gd
to the phenotypic variance can be reduced and the precisio
genotypic estimates can be increased by sampling more d
more fruit per date or obtaining more observations per fruit.

For all external color traits except hue, σ2
e
 > σ2

f(gd)
 > σ2

gd
. For

external hue, σ2
f(gd)

 = 0 and σ2
e
 > σ2

gd
. Thus, the precision of

genotypic estimates for external color can be increased m
efficiently by reducing the contribution of σ2

e
. The contribution of

σ2
e
 can be reduced by increasing the number of HDs, the num

of fruit per date, or the number of observations per fruit (Eq. [3
For internal color traits, σ2

f(gd)
 > σ2

e
 > σ2

gd.
 Thus, to increase the

precision of genotypic estimates for internal color, the sampl
strategy should reduce the contribution of σ2

f(gd)
 by increasing the

number of HDs or the number of fruit per date (Eq. [3]).
J. AMER. SOC. HORT. SCI. 119(2):330–334. 1994.

s based on 47 genotypes and three harvest dates.

Internal

Chroma L* a* b* Hue Chroma
quares

4408.8** 4122.7** 2411.9** 651.6** 765.7** 2798.8**

96.5NS 257.8NS 4271.7** 1745.0** 807.0** 5652.8**

177.5** 109.9** 122.5** 41.6** 132.2** 136.4**

35.0** 36.7** 39.9** 13.2** 24.8** 45.8**

15.9 7.0 6.8 3.6 4.7 9.0

arvest dates in 1991. Statistics were based on genotypic values for 42 genotypes
 data were available on one of the dates were omitted from the comparison below.

Internal

Chroma L* a* b* Hue Chroma
40.4 51.7 26.9 22.6 41.5 35.4
1.0 1.2 1.1 0.5 1.0 1.1
39.8 51.9 29.9 24.4 39.9 38.6
1.2 1.2 0.9 0.5 0.5 1.0
40.3 51.3 31.1 25.4 39.7 40.2
1.4 1.1 0.8 0.4 0.4 0.9

40.1 51.6 29.3 24.1 40.4 38.1
.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

tory.com
/ at 2025-11-28 via free access



Table 4. Components of variancez and proportions of phenotypic variance (in parentheses) for 10 strawberry color traits.

External Internal

Parameter L* a* b* Hue Chroma L* a* b* Hue Chroma
Components of variance and proportions of phenotypic variance

σ2
g 20.2 27.2 29.8 8.6 53.4 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)
σ2

d 0 5 0.0 0.0 0.00 –0.1 0.1 3.6 1.5 0.6 4.8
(0.01) (0.00) (0.00) (0.00) (0.00) (0.00) (0.06) (0.08) (0.02) (0.07)

σ2
gd 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)
σ2

f(gd) 2.2 5.7 3.6 0.00 9.6 14.8 16.6 4.8 10.0 18.4
(0.07) (0.14) (0.07) (0.00) (0.11) (0.20) (0.28) (0.26) (0.37) (0.27)

σ2
e 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)
Repeatabilitiesy and nx for 95% confidence

r1, 1 0.63 0.64 0.55 0.31 0.64 0.68 0.53 0.45 0.30 0.53
r1, 2 0.72 0.70 0.66 0.46 0.70 0.71 0.56 0.51 0.33 0 57
r5, 2 0.88 0.86 0.84 0.73 0.86 0.89 0.81 0.77 0.56 0.81
r10, 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.
yrF,R = Repeatabilities for several measurements on a single date, where F is the number of fruit sampled and R is the number of observations per fruit
(replications).
xWhen two observations per fruit are obtained, n is the number of fruit necessary to estimate a genotype’s mean color trait value for one harvest date
within 2 units (CIELAB or degrees) with 95% confidence.
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Sampling several fruit from each genotype on a single date
improve efficiency for external and internal color traits. Moreo
sampling several fruit on a single date will often be easier 
sampling on several dates or obtaining many random and unb
measurements from a single fruit. Sampling on several dates
least desirable option because it is likely to be the most co
Further, the small amount of genotype × date variation sugges
that the benefits of sampling fruit on several HDs would
negligible unless harvesting on more than one date wou
necessary to obtain sufficient fruit. Although sampling sev
fruit will be more efficient for external and internal color traits th
obtaining several measurements for each fruit, more than
measurement for each fruit may be needed to avoid sampling
Fruit surfaces often receive uneven exposure to sunlight, 
cially when fruit are wedge-shaped, and, as with apples (Malus
domestica Borkh.) (Gross, 1987), the side of the fruit that faces
light is typically more colored than the side that faces the p
Measuring the entire surface of strawberries may prove to b
effective technique for reducing within-fruit sampling varian
and avoiding sampling bias. Francis (1970) suggests that the
of a cranberry’s (Vaccinium macrocarpon Ait.) entire surface ca
be measured with the use of a spinner, i.e., a device that sp
fruit in front of a fixed color-measuring instrument. To av
sampling bias, we recommend measuring external and int
color traits on at least two opposite sides per fruit. In gen
obtaining two observations per fruit for several fruit on one H
an efficient strategy for determining a genotype’s fruit color.

Comparison of repeatabilities (Eq. [1]) for single meas
ments with those for several measurements demonstrate
sampling multiple fruit on one HD with two observations per f
is an efficient strategy for all color traits (Table 4). In a popula
with less genotypic variation than ours, the magnitude of
repeatability would be smaller but the gain in precision from e
additional measurement would be greater. Although estimat
repeatability depend on the σ2

g
 of the population studied, estimat
J. AMER. SOC. HORT. SCI. 119(2):330–334. 1994.
of σ2
e
 and σ2

f(gd)
 from this study should be valid for other strawberr

populations, assuming that the range of variation is similar to o
and that scale interactions not evaluated here are minimal. Ge
type × date interaction effects may be specific to the populati
evaluated as well, but the small σ2

gd
 values estimated for the broad

range of genotypes included in our sample suggest that the co
bution of such interactions to the phenotypic variances in ot
populations will be small.

An alternative to comparing repeatabilities for different sam
pling distributions is to estimate the number of samples require
obtain a previously defined confidence level. When two obser
tions per fruit are obtained, the number of fruit necessary
estimate a genotype’s mean color trait value for a single HD wit
2 units (CIELAB or degrees) with 95% confidence is given 
Table 4. Estimates of n (Eq. [2]) for the color traits range fro
seven to 22 fruit (Table 4).

Although color traits are highly variable in experimental straw
berry populations, genotypic values appear stable over many o
environmental factors that affect cultivar selection decision
Interactions between genetic effects and test location are sm
(Shaw, 1991), and the fruit color of genotypes is stable during po
harvest storage (Sacks and Shaw, 1993). With the above citati
our current results suggest that the fruit color of strawbe
genotypes can be evaluated efficiently with one HD and a mod
ate number of fruit per genotype.
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