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ABSTRACT. Previous studies have recognized considerable variation in the soluble solids content (SSC) of strawberries
(Fragaria ·ananassa) during Florida’s fruiting season. Cultivars with stable fruit SSC over time would be valued in
the commercial industry as a result of their more uniform quality. The within-season stability of 410 genotypes from
the strawberry breeding program of the University of Florida was estimated using data from clonally replicated first-
year seedlings and advanced selections evaluated at two locations over two consecutive seasons. Stability was
measured using a linear regression approach. For each genotype, the SSC measured at different harvest dates was
regressed on the mean SSC of an independent set of genotypes at each harvest date. Genotypes with steep slopes are
sensitive to small environmental and physiological changes and are considered unstable compared with genotypes
with slopes close to zero. Approximately 90% of individual genotype slopes were not different from the population
slope value and were classified in the average stability group, whereas the remaining 10% were equally distributed
between the unstable and stable groups. Although a preliminary genetic analysis indicated that SSC stability may
have low narrow-sense heritability (h2 = 0.06 ± 0.05), a group of genotypes exhibited stability across multiple
environments. Soluble solids content stability and mean soluble solids were independent, and genotypes with both
stable and high levels of SSC were observed.

Soluble solids content is an important element of strawberry
fruit quality. Approximately 80% to 90% of the SSC consists
of sugars (Perkins-Veazie, 1995), and high levels have fre-
quently been associated with favorable sensory ratings in taste
panel evaluations (Jouquand et al., 2008; Wozniak et al., 1997).
Either SSC alone or its value relative to the percentage of
titratable acidity in the fruit correlates positively with the level
of sweetness perceived by panelists (Sims et al., 1997).

Studies examining the inheritance of SSC in strawberries
(Shaw 1988, 1990; Shaw et al., 1987) have estimated varying
levels of additive and dominance control and demonstrated
some selection response for this trait. Shaw (1988) detected
substantial differences in SSC across harvests and also found
significant genotype · harvest interactions that accounted for
30% of the phenotypic variance. Jouquand et al. (2008) and
Whitaker et al. (2011) reported similar interactions during
Florida’s growing season, and they noted that the fruit SSC
for some genotypes was more variable than for others.

Differences in strawberry SSC across harvest dates have
been previously associated with changes in a number of plant
physiological states and environmental conditions. For exam-
ple, sugar uptake rates have been shown to be higher in pri-
mary fruit (Forney and Breen, 1985), which predominate at
the beginning of harvest cycles (MacKenzie and Chandler,
2009). In addition, Olsen et al. (1985) detected changes in the
source-sink ratio throughout the fruiting period that may also
affect SSC. Recently, MacKenzie et al. (2011) implicated in-
creasing temperature as the major cause of declining SSC at
the end of the season in Florida. The SSC decline appeared to be
independent of changes in yield in this study. Regardless of the
underlying causes for SSC variation in strawberry fruit,
cultivars that maintain stable SSC throughout the season would

be highly desirable as a result of their more uniform eating
quality. The typical fruiting season in west–central Florida
extends from late November to late March and is characterized
by widely varying environmental conditions, making Florida an
ideal location to examine SSC stability over time.

A number of procedures have been proposed to analyze the
stability of genotypes across different environments. Extensive
reviews of these methods have been prepared by Becker and
Leon (1988) and Freeman (1973). Most were developed to
evaluate agronomic crops that are harvested only once in
a season and are assessed for stability (usually yield stability)
across multiple environments (unique combinations of location
and year). However, by modeling correlations for observations
arising from the same plant, the regression approach introduced
by Finlay and Wilkinson (1963) can be adapted to within-
season stability analyses by considering each harvest as
a separate ‘‘environment.’’

In the regression approach, the performance of individual
genotypes is linearly regressed against the population mean for
each environment or against the mean of an independent set of
genotypes (Freeman and Perkins, 1971) in each environment.
These environmental means reflect the combined effects of
physiological and environmental conditions that were com-
mon to all genotypes in the environments and estimate how
favorable conditions were for the trait of interest. Unstable
genotypes are sensitive to small changes in field conditions and
are associated with steeper slopes. Genotypes with slope esti-
mates close to zero are considered stable according to the static
concept in that they do not react as much to changes in field
conditions. Genotypes with slopes close to 1.0 (or close to the
population’s slope) have average stability across the season, but
they may also be considered stable according to the dynamic
concept of stability (Becker and Leon, 1988). The regression
approach to stability has been successfully applied in a number
of crops and traits, including such diverse examples as yield in
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triticale [· Triticosecale (Goyal et al., 2011)], fruit size in bell
pepper [Capsicum annuum (Stoffella et al., 1995)], ripening
date of blueberry [Vaccinium sp. (Gupton et al., 1996)], and
isoflavone content (Murphy et al., 2009), phosphorus concen-
tration (Maupin et al., 2011), and oleic acid content (Lee et al.,
2012) in soybean (Glycine max). A retrospective study in pro-
cessing tomato (Solanum lycopersicum) used regression to exam-
ine soluble solids stability across environments (Ashburner et al.,
2003). They determined that soluble solids stability was a better
predictor of cultivar adoption than mean soluble solids across
the environments.

The objective of this study was to examine the within-season
stability of SSC for a representative subset of genotypes in the
strawberry breeding program of the University of Florida. By 1)
examining the variation for SSC stability in this set of
germplasm; 2) exploring the relationship between SSC stability
and other traits such as mean SSC and yield; and 3) obtaining
a preliminary estimate of the heritability of SSC stability, the
potential for measuring and making improvements in this trait
and selecting stable individuals can be more accurately
assessed. To our knowledge, this study is the first application
of the regression approach to examine stability across harvest
dates within environments.

Materials and Methods

PLANT MATERIAL AND DATA COLLECTION. SSC data were gathered
during two consecutive strawberry growing seasons in 2010–11
and 2011–12. In each season, the evaluations were conducted at
two locations: the Gulf Coast Research and Education Center in
Balm, FL (lat. 27�45#37.98$ N, long. 82�13#32.49$ W) and the
test plots of the Florida Strawberry Growers Association in
Dover, FL (lat. 28�0#55.55$ N, long. 82�14#5.24$ W).

The population evaluated during the 2010–11 season consisted
of unselected seedlings from 26 biparental crosses organized in
two sets. The first set was composed of 371 seedlings from 19
crosses following a five · four factorial mating design (one cross
missing). The second set consisted of 134 seedlings from seven
biparental crosses that were made among 10 different parents.
This set constituted a random sample of the crosses already
generated in the breeding program for evaluation during the
2010–11 season. Fourteen additional control genotypes, includ-
ing cultivars and advanced selections, were also included. Crosses
from both sets were representative of the strawberry breeding

program at the University of Florida in the sense that they were
part of the main genetic pool that is evaluated to select out-
standing individuals.

The population evaluated during the 2011–12 season con-
sisted of 200 advanced selections and eight cultivars. The
selections accounted for 78% of the breeding program’s
collection of elite genotypes and originated from 92 crosses
between 86 parents. Fifty of these selections were evaluated for
SSC as unselected seedlings in 2010–11 and, therefore, were
replicated across the two seasons.

Seedlings and selections were asexually propagated at the
breeding program’s summer nursery site in Monte Vista, CO (lat.
37�40#46.10$ N, long. 106�8#10.83$ W) where they were clonally
propagated through runners during the summers of 2010 and
2011. Multiple bare-root daughter plants (runners) from each
genotype were dug and shipped to Florida �10 d before
planting. Four plants per seedling were established during the
first season, two at the Balm location on 11 Oct. 2010 and two at
Dover on 14 Oct. 2010. During the next season, eight daughter
plants from each selection were established at the same
locations, four at Balm on 11 Oct. 2011 and four at Dover on
12 Oct. 2011.

Single-plant plots were spatially organized in randomized
complete block designs within each site. The sites were
prepared and maintained according to standard commercial
practices, which are more fully described in MacKenzie et al.
(2011). Briefly, beds were 91.5 m long, 71 cm wide, 15 cm high
at the edges, and 18 cm high in the center and were fumigated
with a mixture of telone and chloropicrin approximately one
month before transplanting. There were two offset rows of
plants per bed. Plant spacing was 38 cm within rows and 28 cm
between rows. After transplanting, the runner plants were
overhead irrigated for 10 d during daylight hours to facilitate
establishment. Once established, the plants were irrigated and
fertilized each day exclusively through the drip tape. Field
preparation was essentially the same across locations and
seasons, but practices such as pest control and fertilization
differed across locations and seasons.

SSC was measured four times during the 2010–11 season
and five times during the 2011–12 season. Measurements at
Dover were taken the day after measurements were taken at
Balm (Table 1). One ripe fruit (100% red) from each plant was
squeezed by hand until the expressed juice covered the prism of
a handheld digital refractometer (PAL-1; Atago, Tokyo, Japan)

Table 1. Summary statistics for harvest means: percent soluble solids content (SSC) from fruit of strawberry genotypes harvested nine times over
two seasons in Balm, FL, and Dover, FL.

Harvest

Balm Dover

Date Genotypes (no.) Mean SSC (%) SE Date Genotypes (no.) Mean SSC (%) SE

2010–11 Season
1 11 Jan. 2011 101 9.9 0.16 12 Jan. 2011 84 9.8 0.20
2 8 Feb. 2011 105 6.7 0.11 9 Feb. 2011 102 6.4 0.12
3 22 Feb. 2011 111 7.3 0.11 23 Feb. 2011 110 6.3 0.11
4 8 Mar. 2011 109 6.0 0.08 9 Mar. 2011 113 5.1 0.07

2011–12 Season
1 13 Dec. 2011 48 9.0 0.18 14 Dec. 2011 51 8.4 0.13
2 3 Jan. 2012 49 8.2 0.17 4 Jan. 2012 50 8.0 0.15
3 24 Jan. 2012 47 10.6 0.21 25 Jan. 2012 51 10.2 0.19
4 15 Feb. 2012 52 8.3 0.15 14 Feb. 2012 47 6.9 0.16
5 6 Mar. 2012 52 6.7 0.12 7 Mar. 2012 52 6.5 0.10
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that was calibrated with deionized water. Ripe fruit were not
present on all plants on all harvest dates as a result of different
ripening patterns. For the first season, only genotypes that were
sampled in at least six of eight harvests (four in Balm and four
in Dover) were included in the analysis, leaving 329 genotypes
in the first set and 113 genotypes in the second set. For the next
season, only genotypes sampled in at least eight of 10 harvests
(five in Balm and five in Dover) were included in the analysis,
reducing the number of genotypes to 173. The number of
genotypes replicated across seasons decreased to 40.

Constraints in time and labor dictated that SSC could be
measured only four or five times within a season for all genotypes
in the study. To gain a more detailed picture of the fluctuation of
SSC across harvests, a small study was planted adjacent to the
main study in Balm in 2011–12. A subset of eight genotypes
was clonally replicated 10 times and planted within 10 blocks in
a single row. SSC was measured each week for a total of 16
weeks according to the methods previously described.

STABILITY ANALYSIS. SSC stability was estimated for all ge-
notypes using the approach described by Finlay and Wilkinson
(1963) in which genotype values are regressed on environ-
mental means. However, rather than estimating stability across
environments (unique combinations of location and year), we
evaluated the stability of repeated measures across harvests
within each environment; therefore, our model permits corre-
lation across observations from the same plant.

As suggested by Freeman and Perkins (1971), independent
groups of genotypes were used to estimate a mean for each harvest.
The 113 seedling genotypes from the second set of crosses in
2010–11 and 52 randomly chosen advanced selections in 2011–
12 were used exclusively to calculate harvest means (Table 1).
These means reflect the combined effects of physiological and
environmental conditions that were common to all genotypes
and provide estimates of how favorable conditions were for
SSC during the relevant interval before harvest. Harvests with
low SSC means correspond to periods with unfavorable
conditions compared with harvests with higher means.

Only those genotypes that were not used to estimate harvest
means were evaluated for stability (Table 2). A linear regression
of SSC for each genotype was fitted against harvest means within
each environment, and the magnitude of the slope of each
genotype was considered an estimate of its stability. The number

of slopes estimated per individual varied according to the number
of environments in which it was evaluated (up to four).

To detect within-season associations between SSC and
yield, individual values of SSC were regressed on each plant’s
yield at the corresponding harvest date. Only observations from
the first three harvest dates of the 2011–12 season were
included in this analysis because yield was not recorded at
every harvest. More details on data collection are available in
Whitaker et al. (2012).

STATISTICAL ANALYSIS. Within each season, the SSC of the
rth replicate of the ith genotype measured during the lth harvest
date at the mth location is given by yilmr, where

yilmr ¼ a11 þ
XD�1
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Here, a11 is the intercept of genotype 1 at Site 1 (baseline
levels of each factor) and l11 is the slope of genotype 1 at Site 1
(baseline levels of each factor). The dis are D-1 indicator
variables for each genotype different from the baseline (i =
1,., D). If i� represents the genotype under consideration,
then

di ¼
1 if i ¼ i�

0 otherwise:

�
½2�

The sms are S-1 indicator variables for each site different
from the baseline (m = 1,., S). If m� represents the site under
consideration, then

sm ¼
1 if m ¼ m�

0 otherwise:

�
½3�

The bis, gms, and qims are fixed effects of genotypes, sites,
and their interactions, respectively, that allow for complete
heterogeneity of intercepts. The combination of terms inside

Table 2. Summary statistics for genotype means: percent soluble solids content (SSC) from fruit of strawberry genotypes harvested nine times
over two seasons in Balm, FL, and Dover, FL.z

Harvest

Balm Dover

Genotypes (no.)

Mean SSC Minimum SSC Maximum SSC

Genotypes (no.)

Mean SSC Minimum SSC Maximum SSC

-------------------------(%)------------------------- -------------------------(%)-------------------------

2010–11 season
1 286 10.0 5.0 17.3 279 9.5 5.8 17.9
2 272 6.5 3.3 11.4 273 5.9 2.7 12.8
3 309 7.0 4.1 12.6 314 6.5 2.8 13.7
4 328 5.5 3.3 9.0 327 4.8 2.9 7.7

2011–12 season
1 118 9.2 4.7 13.9 118 8.3 5.6 12.0
2 114 8.5 5.7 11.8 112 8.2 5.3 12.4
3 116 10.7 6.7 15.5 116 10.1 7.2 14.5
4 120 8.3 4.9 12.7 113 6.7 4.3 10.4
5 120 7.0 4.8 10.3 120 6.5 4.5 9.8
zGenotypes used to estimate harvest means are not included.
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the first parenthesis represents the general intercept of the
model. The ris, §ms, and jims are fixed effects of genotypes,
sites, and their interactions, respectively, that allow for com-
plete heterogeneity of slopes. These terms capture the portion
of the variation that is a linear function of the harvest mean
value (Perkins and Jinks, 1968). The combination of terms
inside the second parenthesis represents the general slope of the
model. X lðmÞ is the SSC mean of harvest l within site m (this is
the only quantitative regressor in the model). The term
eilmr ; Nð0;SÞ is the residual deviation associated with the
rth replicate of the ith genotype in the mth site measured at the
lth harvest. This is the only random component in the model,
and its variance–covariance matrix, S, was specified as block-
diagonal with first-order autoregressive structure rjk�k

0 j
m s2

m on
each block. The significance of this structure was tested against
the diagonal matrix s2In of the ordinary least squares model by
means of a likelihood ratio (LR) test. The autocorrelation
coefficient (rm) and variance (s2

m) were specific to each
location. This structure imposes independence across plants
but allows correlation across harvests of individual plants.

Because different populations were evaluated across seasons
with a reduced number of genotypes replicated across seasons,
independent models for each season were estimated. The
models were fitted using the maximum likelihood estimation
capabilities of the Mixed Procedure of SAS (Version 9.2; SAS
Institute, Cary, NC). The heterogeneity of intercepts and slopes
across genotypes and locations was tested by estimating the
significance of the fixed effects in the corresponding summa-
tions in Eq. [1] by means of F tests. To detect genotypes with
slopes that deviate significantly from the population’s value,
95% confidence intervals for the slope of each genotype were
calculated. Values of SSC were log-transformed to stabilize the
variances.

The regression fitted to evaluate within-season associations
between SSC and yield allowed for heterogeneity of slopes
across stability groups (stable, average, and unstable) and used
the same variance–covariance structure of the model in Eq. [1].

HERITABILITY ESTIMATION. Broad-sense (H2) and narrow-
sense (h2) heritabilities of regression slopes were estimated for
the first set of seedling genotypes (originating from the factorial
mating design), including the second season observations from
the replicated trial of advanced selections. The variance
components involved in the estimation of H2 and h2 were
generated through univariate analysis using ASReml software
(Gilmour et al., 2009). The analysis incorporated pedigree
information and was carried out assuming heterogeneous errors
across seasons following the general mixed model:

yijkmn ¼ mþ Sn þ LmðnÞ þ f j þ mk þ fmjk þ gð fmÞiðmnÞ þ eijkmn

½4�

where yijkmn is the regression slope of the ith genotype from
the jkth family at the mth location during the nth season, m is the
population mean, Sn is the fixed effect of season, Lm nð Þ is
the fixed effect of location within season, f j is the female
random effect ;NIID(0, s2

f ), mk is the male random effect
;NIID(0, s2

m), fmjk is the family random effect ;NIID(0, s2
fm),

g( fm)i jkð Þ is the genotype within family random effect
;NIID(0, s2

g), and eijkmn is the random residual effect associated
with each season ;NIID(0, s2

eÞ. Wald F statistics using an
incremental P value were used to test the fixed effects (Gilmour
et al., 2009).

Estimates of h2 and H2 were calculated according to the
following formulas:
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Results and Discussion

Considerable variation of SSC was observed throughout
both seasons. Harvest means ranged from 5.1% to 9.9% and
from 6.5% to 10.6% during the first and second seasons,
respectively (Table 1). The highest SSC values were consis-
tently observed in January and the lowest values in March, near
the conclusion of the typical fruiting season in Florida. This
drop in SSC in March is consistent with other studies conducted
using commercial cultivars (MacKenzie et al., 2011). The
behavior of SSC in Balm during the 2011–12 season for five
harvests is illustrated in Figure 1 in comparison with a small
adjacent study, which was harvested 16 times throughout the
season. The five sampled harvest dates seem to be representa-
tive of the seasonal variation as a whole, because they include
both extreme and midrange values.

The SSC of the evaluated genotypes varied quite dramati-
cally (Table 2). The range of genotype means during the first
season was slightly wider (2.7% to 17.9%) than the range
observed during the second season (4.3% to 15.5%). Factors
such as the different number of genotypes in each season, the
fact that genotypes in the second season had undergone

Fig. 1. Within-season behavior of the soluble solids content (SSC) for an
independent set of 52 randomly chosen strawberry seedlings and selections
used to estimate harvest means for the main population under study compared
with the values from an adjacent but independent trial with a subset of eight
strawberry genotypes harvested each week (2011–12 season in Balm, FL).
Bars represent SE.
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selection for a suite of commercial traits including flavor, and
different weather conditions across seasons could all have a role
in the reduced variability in 2011–12.

Results for the fixed effects from Eq. [1] are presented
in Table 3. The heterogeneity of slopes across genotypes
(harvest · genotype interaction) was highly significant in both
seasons. This confirms that genotypes differ in their response
to harvest dates and, therefore, have significantly different
stabilities as defined by Finlay and Wilkinson (1963). This
also lends additional support to the results of Jouquand et al.
(2008) and Whitaker et al. (2011) who observed that the SSC
of some genotypes is more variable than others. The signif-
icant three-way interaction (harvest · genotype · location)
revealed slope inconsistency across locations. In other words,
one or more strawberry genotypes differed in their response to
harvest date in Balm compared with Dover.

The fitting of the models was significantly improved by
using the autoregressive covariance structure as an alternative
to using the diagonal matrix structure of the ordinary least
squares estimation [LR (P < 0.001)]. This implies that impor-
tant information was gained by modeling correlation across
repeated measures.

Given that parents of all seedlings shared pedigree linkages
and were not explicitly selected for stability, we expected both
seedling sets to behave similarly on average throughout the
season. Therefore, the slopes of the population regression
lines were anticipated to be close to 1.0. Comparable
behavior was also expected from both groups of advanced
selections resulting from randomization of the groups. The
estimated population slopes were 1.18 in Balm and 1.03 in
Dover during 2010–11 and were 0.94 in Balm and 1.03 in
Dover during 2011–12. Only the first slope of 1.18 deviated
significantly from the expected value of 1.0. As mentioned by
Freeman and Perkins (1971), populations may diverge from
unity when an independent group of genotypes is used to
estimate harvest means. Nevertheless, genotypes with
steeper slopes will still be associated with lower stability,
and genotypes with flatter slopes will still be associated with
higher stability.

Approximately 95% of genotype slopes ranged between
0 and 2.5 across the four environments. Estimates outside this

range are reported, but such extreme values should be regarded
with caution. In each environment, genotypes were classified
as stable, unstable, or as having average stability if their slopes
were significantly less, greater, or not different from their cor-
responding population slope value. Figure 2 shows the regression
lines of three genotypes representing each group. Harvest dates
with unfavorable conditions are located on the left portion of the
horizontal axis with higher means toward the right. Selection FL
10-168 is representative of individuals with average stability. Its
line runs parallel to the population line, because it maintained
close to average levels of SSC throughout the season. In contrast,
selection FL 10-169 was classified as unstable because small
changes in field conditions produced large changes in SSC. It
had relatively low SSC under poor conditions but eventually
exceeded the population average under better conditions.
Finally, FL 10-177 represents stable individuals. It had average
SSC under favorable conditions but above-average SSC under
unfavorable conditions.

It is possible to describe the overall SSC behavior of a single
genotype by its mean across all harvest dates and the slope of
its regression line. Figure 3 shows the distribution of these two
variables for each environment. The majority of individual
slopes (�90%) did not significantly deviate from their
corresponding population slopes and were therefore part of
the average stability group. The remaining 10% were equally
distributed between the unstable and stable groups. Unstable,
average and stable genotypes are respectively clustered in the
upper, middle, and lower portion of each panel in Figure 3.
Notably, each group is distributed across the values of SSC on
the horizontal axis, suggesting that stability (static or dynamic)
is not associated with specific levels of mean SSC. This
hypothesis is supported by a low Pearson correlation coeffi-
cient (r = 0.018) that was not significantly different from zero
(a = 0.05). The independence of these two traits means that it
is possible to observe individuals with both stable and high
levels of soluble solids. This was not necessarily expected,
because stability analyses in other crops and traits have
frequently associated high stability with low overall means
(Goyal et al., 2011).

Table 3. Multiple regression results: Type III tests of fixed effects of
genotype, location, and harvest on soluble solids content (SSC) of
strawberry fruit harvested from seedlings and breeding selections in
two locations (Balm, FL, and Dover, FL) over two seasons.

Source of
variation

2010–11 seasonz 2011–12 seasony

dfnum
x dfden

x P value dfnum dfden P value

Genotype (G) 328 627 <0.001 120 551 <0.001
Location (L) 1 627 <0.001 1 551 0.025
G · L 328 627 <0.001 120 551 0.057
Harvest (H) 1 1958 <0.001 1 1966 0.001
H · G 328 1958 <0.001 120 1966 <0.001
H · L 1 1958 <0.001 1 1966 0.056
H · G · L 328 1958 <0.001 120 1966 0.044
zFor 2010–11: s2

Balm = 0.02723; s2
Dover = 0.03592; r2

Balm = –0.2154
and r2

Dover = –0.2493.
yFor 2011–12: s2

Balm = 0.03139; s2
Dover = 0.02807; r2

Balm = –0.1399
and r2

Dover = –0.1431.
xdfnum and dfden indicate the number of df for the numerator and
denominator used to derive F statistics.

Fig. 2. Regression lines of soluble solids content (SSC) on harvest date means
for three strawberry genotypes illustrating heterogeneity of slopes. The
population line was included for reference (2011–12 season in Balm, FL).
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Whitaker et al. (2012) estimated genetic correlations be-
tween mean SSC and other plant and fruit traits using some of
the same breeding populations as in the present study. For most
pairs of traits (such as for SSC and fruit size), correlations were
low in magnitude, had high SEs, or both. However, for SSC
and marketable yield, an additive genetic correlation (± SE) of
–0.76 ± 0.15 indicated that selection for higher SSC in the
University of Florida strawberry breeding program could
reduce genetic gains for yield over time and vice versa. This
raises the question of whether there is also a negative relation-
ship between SSC stability and fruit yield. Such a relationship is
not apparent at the phenotypic level, because Pearson correla-
tion coefficients between SSC regression slopes and means of
early yield (r = 0.011) and total yield (r = 0.015) were not
statistically different from zero (a = 0.05). However, yield on
individual plants fluctuates over the course of the season, and it
is possible that negative correlations could exist between yield
and SSC at individual harvest dates, thereby influencing SSC
stability. As a result of labor and time constraints, fruit were only
weighed on three of the harvest dates on which SSC was mea-
sured. Nevertheless, to examine this question, individual values
of SSC were regressed on each plant’s yield at the corresponding
harvest date. The regression did not detect linear relationships
in the population as a whole or within each stability group,
suggesting that changes in fruit load did not significantly affect
SSC throughout the season. However, because the model only
considers yield recorded on the date SSC was measured, and
does not consider fruit harvested before and after each SSC
evaluation, the fruit load during the development of the evaluated
fruit is underestimated. For this reason it is not possible, using the
data at hand, to rule out the contribution of genotype-specific
fruiting patterns to within-season SSC stability.

Within each season, most genotypes (81%) were consis-
tently classified in the same stability group across locations.

The remaining genotypes switched groups as predicted by the
significant three-way interaction reported in Table 3. However,
only one genotype switched between the stable and unstable
groups. The remaining genotypes switched from stable to
average or unstable to average and vice versa. It is possible
that certain factors differed across locations and affected the
stability of some genotypes more than others. Unfortunately,
because this approach uses an overall measure of all the con-
ditions affecting each harvest, it is not possible to isolate the
effect of individual factors. Some discrepancies across loca-
tions and seasons may also arise as a result of the chosen
statistical methods. Because the null hypothesis places all
genotypes in the average group unless there is enough evidence
to conclude otherwise, some disagreements may be a conse-
quence of high levels of Type II error.

Table 4 lists the group of genotypes that were replicated
across seasons. Only 40 of the 50 genotypes had sufficient
observations to estimate their slopes in both seasons. As
discussed previously, there are discrepancies in slope across
the four environments. However, genotypes FL 10-144, FL 10-
153, FL 10-155, and FL 10-177 were classified as stable in one
environment and exhibited values smaller than the population
averages in two other environments. FL 10-175 was notable in
that it was classified as stable in one environment and also had
slope values smaller than the population in the three other
environments. Similarly, FL 10-151 was classified as unstable
in one environment and had slope values larger than the
population in the other three environments. FL 10-169 was
the only genotype that switched from stable in 2010–11 to
unstable in 2011–12.

The estimate of narrow sense heritability for the slope was
low (h2 = 0.06 ± 0.05), and no dominance effects were detected.
This indicates that there may be a small amount of genetic
control for stability. Low heritability implies that environmen-
tal (non-genetic) conditions were responsible for most of the
variation in SSC stability observed in the population. For
comparison, estimates of heritability for SSC mean from
a previous study were H2 = 0.30 ± 0.04 and h2 = 0.21 ± 0.08
(Whitaker et al., 2012). Because stability was estimated as
a function of harvest means (an environmental index), low
genetic control was expected for this trait. Although higher
heritabilities would be desirable from a breeding standpoint,
it is nonetheless encouraging that a group of genotypes con-
sistently obtained small slopes under multiple environments.
This is noteworthy for an estimated trait that has a substan-
tial amount of inherent error variation. It is possible that
improvements in sampling could reduce error variation and
lead to higher heritability estimates that would facilitate
gains from selection. It is also possible that multiple generations
of selection for stability could affect the heritability of the trait. In
the present study, stable individuals contribute a small amount
of variation, only representing 5% of the individuals in the
population.

It is important to mention that, for each genotype, only one
slope could be estimated per location, making location the unit
of replication for slope. The lack of replicated slopes for each
location affects the accuracy of genetic parameter estimates and
does not allow an estimate of the genotype · location inter-
action effect (shown to be significant in the regression analysis).
In the future, heritability estimates might be effectively
improved by the use of greater numbers of clonal replicates.
Greater precision could also be obtained by evaluating SSC at

Fig. 3. Distribution of regression slope and overall means of soluble solids
content (SSC) for individual strawberry genotypes by season and location.
Symbols show the regression slope for each individual as being significantly
lower (stable), significantly higher (unstable), or not significantly different
(average) from the respective population slope value.
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more harvest dates or measuring subsamples (multiple fruit per
plant) at each harvest date.

Conclusions

Results from this study revealed that the within-season
stability of SSC, as measured in this study, is a trait that shows
statistically significant variation across genotypes in the straw-
berry breeding program at the University of Florida. Although

the heritability of SSC stability appears to be low, this study has
identified genotypes having within-season SSC stability under
multiple environments. The data suggest that stability is not
phenotypically associated with specific levels of SSC or yield,
and individuals with both stable and high levels of SSC were
identified in the population.

It could be argued that average stability (a slope near the
population slope value) is desirable because it would ensure high
performance for SSC during favorable environmental condi-
tions. However, the critical challenge for strawberry growers in
Florida is not to incrementally improve SSC early in the season
when market supply is low and fruit quality is generally accept-
able but to maintain quality at the conclusion of the season when
overall market supply increases and conditions are unfavorable
for SSC. Under this circumstance, stability in the static sense
(regression slopes nearer zero) is the most advantageous.

In the future, it would be advisable to more comprehensively
examine the influence of genotype-specific yield fluctuations
on SSC stability as well as the impact of environmental variables
like temperature and precipitation. Such information may help to
refine practical strategies for improving within-season stability
of SSC in strawberries.
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