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Abstract. Experiments were conducted to study the effect of time of digging and nursery-
growing environment on the levels of non-structural carbohydrates in ‘Festival’
strawberry transplants (Fragaria ·ananassa) over 2 years in southeastern Queensland,
Australia. We were interested in determining whether there was a strong relationship
between the potential productivity of this material and reserves in the plants. First, bare-
rooted plants were obtained from Stanthorpe in southern Queensland from early March
to mid-April/late April. Second, bare-rooted plants were sourced from Stanthorpe (a
warm-growing area) or from Toolangi in Victoria (a cool-growing area). In Year 1 of the
experiments, the nursery material from the different treatments was grown at Nambour
in southeastern Queensland and fruit yield determined. The total weight of non-
structural carbohydrates/plant increased as digging was delayed and was higher in the
plants from Stanthorpe than the plants from Toolangi. Plants dug on 17 Mar. in Year 1
had higher weights of non-structural carbohydrates [292 mg/plant dry weight (DW)]
than plants dug on 3 Mar. (224 mg/plant) and higher early yield to the end of June or to
the end of July and higher total yield to mid-October adjusted by the length of the
growing season for the different treatments. Plants dug on 1 Apr. (408 mg/plant) or on
13 Apr. (445 mg/plant) had higher reserves than the plants dug on 17 Mar. but lower
yields. Only the differences in yields between the plants dug on 3 Mar. and 17 Mar.
reflected the differences in carbohydrates. The stock from Stanthorpe had greater
reserves (408 mg/plant) than the stock from Toolangi (306 mg/plant) but similar yields in
Year 1 possibly because of poorer flowering in the nursery plants. It was concluded that
carbohydrate reserves in transplants only partially reflect their productivity in this
environment.

Strawberry growers in southeastern
Queensland produce berries from May to
October in a subtropical climate. Total cul-
tivation is �600 ha, worth U.S. $147 million
(Menzel and Toldi, 2010). The industry in
southeastern Queensland shares many simi-
larities with the industry in Florida. There are
common cultivars, production techniques, and
pests and diseases in these two growing areas
(Peres et al., 2009; Vock, 1997). Total culti-
vation in Florida is �4000 ha, worth �U.S.
$330 million (Santos et al., 2009; Whitaker
et al., 2011).

Producers in southeastern Queensland
obtain new bare-rooted transplants from
nurseries situated at Stanthorpe in southern
Queensland or at Toolangi in Victoria. Con-
ditions in the southern growing area are �2
to 3 �C cooler during nursery plant develop-
ment compared with those in the northern
growing area. There are also differences in
photoperiod, which can impact on growth,
flowering, and fruit production in short-day
strawberry plants (Stewart and Folta, 2010).
Low temperatures can increase the distri-
bution of plant DW to the roots, which are
important storage tissues (Bringhurst et al.,
1960; Wang and Camp, 2000). Short days
can induce flower production in the nursery
plants before they are harvested (Durner et al.,
1984).

Previous research showed that the opti-
mum time for the planting of ‘Festival’ in
southeastern Queensland is mid-March with
lower productivity from earlier or later plant-
ings (Menzel and Smith, 2011). It was pos-
tulated that the poorer performance of the
material planted in early March compared

with the performance of plants planted in
mid-March was related to the small size of
the plants. The lower yield of the plants
planted after mid-March was related to
the shorter growing season. This work also
demonstrated that nursery material from
Queensland and Victoria had similar produc-
tivity when grown in southeastern Queensland.

Non-structural carbohydrates are used by
plants for growth and metabolism and gener-
ally include substances such as starch (storage
sugar) and soluble sugars, which do not
form part of the cell structures such as the
cell wall (Da Silveira et al., 1978). These
carbohydrates are then available for cell me-
tabolism, whereas carbohydrates in the cell
wall such as cellulose are generally not avail-
able for respiration, etc. Da Silveira et al.
(1978) indicated that ‘‘The energy readily
available to a plant is determined by total
non-structural carbohydrate (TNC) analyses.’’
Soluble sugars are immediately available for
metabolism, whereas starch must be broken
down into individual units of glucose before
it can be metabolized.

Several studies have examined the rela-
tionship between nursery plant quality and
the concentration of non-structural carbohy-
drates in strawberry transplants (Bringhurst
et al., 1960; Hicklenton and Reekie, 2000;
Kirschbaum et al., 1998; Lieten et al., 1995;
López et al., 2002; Palha et al., 2002; Ruan
et al., 2009; Schupp and Hennion, 1997).

Palha et al. (2002) investigated the rela-
tionship between fruit production and the
concentration of non-structural carbohydrates
in the roots of ‘Chandler’ and ‘Douglas’ trans-
plants in Portugal over 2 years. The plants
were dug in mid-October, early November
or mid-November, and stored at 2 �C for
0, 2, or 4 weeks before being planted. The
concentration of starch generally increased
as harvesting was delayed and decreased the
longer the plants were stored. In contrast,
there were small or no significant changes in
the concentration of soluble sugars. There
was a strong correlation between early yield
and the concentration of non-structural car-
bohydrates in the roots before planting (R2 =
0.73). The results of this experiment show
the importance of reserves for the establish-
ment and growth of strawberry transplants.

Most of the studies on carbohydrates in
transplants relate to stock that was stored in
a cold room before planting and grown in a
temperate or Mediterranean environment.
There have been only a few investigations
that relate to plants that were planted as soon
as they were dug and grown in a subtropical
environment. Bare-rooted plants grown for
producers in subtropical areas are generally
supplied with the leaves intact, whereas bare-
rooted plants grown for producers in tem-
perate or Mediterranean areas are generally
supplied with the leaves pruned.

Kirschbaum et al. (1998) measured the
concentration of non-structural carbohydrates
in plants of ‘Sweet Charlie’ grown in Canada
(a cool site) or Florida (a warm site) and
planted in Florida. The northern-grown plants
had a slightly higher concentration of soluble
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sugars in the crown than the southern-grown
plants (5.5 vs. 4.3 mg�g–1 DW) and two to
three times the concentration of soluble
sugars (4.6 vs. 1.5 mg�g–1) or starch (5.1 vs.
2.1 mg�g–1) in the roots. There were no sig-
nificant differences in the concentration of
reserves stored in the leaves. These authors
concluded that the better performance of
northern-grown plants in Florida is likely to be
related to a greater concentration of carbohy-
drates in the plants, especially in the roots.
There could also be differences in flowering
related to differences in daylength between
the two growing areas (Stewart and Folta,
2010) and differences in the incidence of dis-
eases (MacKenzie et al., 2009).

We report on the effect of time of dig-
ging and nursery-growing environment on
the reserves of non-structural carbohydrates
in bare-rooted plants of ‘Festival’ grown in
southeastern Queensland over 2 years. First,
the material was grown at Stanthorpe and
harvested at various times from early March
to late April. The samples were then trans-
ported to the laboratory at Nambour, and
plant DW and the concentrations of soluble
sugars and starch determined. In a separate
experiment, plants were obtained from a
nursery at Stanthorpe (a warm site) or from
a nursery at Toolangi in Victoria (a cool site)
for a similar analysis. In Year 1 of the exper-
iments, the nursery material from the differ-
ent treatments was grown at Nambour and
fruit yield determined.

Our study differs from previous research
in that the total amount of non-structural
carbohydrates in the plants was determined,
not just the concentration. Small changes in
the concentration of reserves are likely to be
important if they contribute to large changes
in absolute weights of reserves. It is there-
fore important to measure the dry weight
of the plants along with the concentration of
reserves (Goldschmidt and Golomb, 1982;
Menzel et al., 1995). We proposed that the
total amount of reserves would increase as
digging was delayed and that the stock from
Toolangi would have greater reserves than
the stock from Stanthorpe. We were partic-
ularly interested in determining if the poor
performance of transplants planted in early
March compared with that of transplants
planted in mid-March (Menzel and Smith,
2011) was the result of low levels of carbohy-
drates in the nursery material.

Materials and Methods

Time of digging. In 2008, bare-rooted plants
of the strawberry cultivar Festival, growing
at Stanthorpe in southern Queensland (lat.
28.6� S, long. 152.0� E, elevation 872 m),
were dug on 3 Mar., 17 Mar., 1 Apr., or
on 13 Apr. The mother plants from which
these transplants were taken were planted
in October the previous year and grown as a
commercial nursery crop over summer on
a fine sandy soil under standard horticul-
tural practices (Vock, 1997). The amount of
chilling below 7.2 and 10 �C accumulated
by the transplants from 1 Jan. up to the time

of digging was calculated for each of the
harvesting dates.

The plants were transported overnight to
Nambour; separated into leaves, crown, and
roots; and dried in an oven at 60 �C for 3 d
to determine plant dry weight. Samples from
individual boxes containing 500 plants were
used as replicates. The consignments were
selected at random at the packhouse. The
concentrations of non-structural carbohydrates
(starch, sucrose, fructose, glucose, maltose,
and sorbitol) in the leaves, crown, and roots
were also determined (Mac�ıas-Rodr�ıguez et al.,
2002) on pooled samples from 15 or 30 plants
for each replicate (n = four replicates per
treatment). The analysis for starch was con-
ducted using a Megazyme total starch assay
kit using the alpha amylase/amyloglucosidase
method (<http://www.megazyme.com>). The
analysis for soluble sugar profile was conducted
using high-performance liquid chromatogra-
phy (HPLC). The sugars were extracted and
analyzed by HPLC using the relevant refer-
ence standards. The weight of carbohydrates
in the leaves, crown, and roots was calculated
by multiplying plant dry weight by the con-
centration of carbohydrates in the different
plant parts.

The concentration of non-structural car-
bohydrates in strawberry plants has been
described in various terms, including starch
(Bushway and Pritts, 2002; Pertuzé et al.,
2006), soluble sugars (Ohi et al., 1995), or
starch and soluble sugars (Gagnon et al.,
1990; Kirschbaum et al., 1998; Lieten, 1997;
Lieten et al., 1995). Sometimes several in-
dividual sugars are listed (Nishizawa, 1994;
Nishizawa and Shishido, 1998; Nishizawa
et al., 1997; Ruan et al., 2009). Finally, some
authors present their data as ‘‘total non-
structural carbohydrates’’ where the values for
sugars and starch are combined (Kirschbaum
et al., 2010). Some investigators include
values for a single plant part or part of the
tissue (e.g., a core of the crown). There are
also differences in analytical techniques with
the values presented on a wet weight or DW
basis.

The data on plant DW, DW distribution,
weight of carbohydrates/plant, and the distri-
bution of carbohydrates in the plant were
analyzed by two-way analyses of variance
(ANOVA; 2 years · four digging times), with
no blocking, using Genstat (Version 11; VSN
International, Hemel Hempstead, U.K.). The
data on the concentration of non-structural
carbohydrates in the plants were analyzed by
two-way ANOVA (2 years · four digging
times) with separate analyses for the leaves,
crown, and roots and with no blocking.

In the ANOVAs to examine the effect
of time of digging on plant DW, plant DW
distribution, weight of non-structural carbohy-
drates, and the distribution of non-structural
carbohydrates, the effect of time of digging
was much greater (P < 0.001) than the in-
teraction between time of digging and year,
which was not significant (P > 0.05) or less
significant (P values generally between 0.02
and 0.04). Hence, the data on plant growth
and carbohydrate levels have been presented

as general means (effect of time of digging)
pooled over the 2 years.

The relationship between the concentra-
tion of carbohydrates in the plants and the
number of days in the nursery since 1 Jan. and
the accumulation of chilling below 7.2 or
10 �C with the different times of digging was
assessed by regression. The graphics software,
SigmaPlot (Version 11; Systat, Chicago, IL),
was used to analyze these data.

We also collected data on fruit yield from
the different times of digging in 2008. Plants
from the different treatments were planted
at Nambour (lat. 26.6� S, long. 152.9� E,
elevation 29 m) 1 or 2 d after digging at
Stanthorpe. The strawberry plants were grown
as commercial crops as described by Menzel
and Toldi (2010) and Vock (1997). The
experiment was laid out in five randomized
blocks with the fruit harvested each week
from the same 20 plants in each plot (n = 100
plants per treatment). Information was col-
lected on early yield to the end of June or
to the end of July and total yield to mid-
October adjusted by the length of the grow-
ing season for the different treatments (22,
24, 26, and 28 weeks). These data were
analyzed by one-way ANOVA (four digging
dates).

A second experiment was conduced in
2010 with a similar set-up and data analyses
as in 2008. The transplants were harvested on
7 Mar., 29 Mar., 11 Apr., or on 26 Apr. These
times of digging were slightly later than in
the first experiment. No yield data were col-
lected in 2010.

Nursery-growing environment. Bare-rooted
plants of ‘Festival’ were obtained from
Stanthorpe and from Toolangi in Victoria (lat.
37.6� S, long. 145.5� E, elevation 620 m) on
1 Apr. in 2008. Stanthorpe was considered a
warm-growing area for nursery production,
whereas Toolangi was considered a cool-
growing area.

Samples from individual boxes contain-
ing 500 plants were used as replicates. The
plants from the nursery at Stanthorpe in this
experiment were the same as the plants that
were dug in early April in the previous ex-
periment. The plants were separated into
leaves, crown, and roots to determine plant
DW and concentrations of non-structural
carbohydrates as described previously. The
chemical analyses were conducted on pooled
samples from 15 plants for each replicate (n =
four replicates per treatment). The data on
plant DW, DW distribution, weight of carbo-
hydrates/plant, and the distribution of carbo-
hydrate in the plant were analyzed by two-way
ANOVA (2 years · two sources), with no
blocking. The data on the concentration of
non-structural carbohydrates in the plants
were analyzed by two-way ANOVA (2 years ·
two sources) with separate analyses for the
leaves, crown, and roots and with no blocking.

Data on fruit yield from the two nursery-
growing areas were collected in 2008. Plants
from the different treatments were planted at
Nambour 1 or 2 d after digging at Stanthorpe
or Toolangi. The experiment was laid out
in four randomized blocks with the fruit
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harvested each week from the same 40 plants
in each plot (n = 160 plants per treatment).
The plants were grown in a separate exper-
iment to those in the first experiment, which
compared different digging dates. Informa-
tion was collected on early yield to the end
of June or to the end of July and total yield
to mid-October. Total yield was not adjusted
for the length of the growing season that was
identical in the two treatments. These data
were analyzed by one-way ANOVA (two
sources).

A second experiment was conduced in
2010 with a similar set-up and data analyses
as in 2008. The transplants were harvested on
11 Apr., slightly later than in 2008. No yield
data were collected in 2010.

In the ANOVAs to examine the effect
of source of nursery material on the perfor-
mance of the plants, there was no significant
(P > 0.05) interaction between source of
nursery material and year on plant DW, plant
DW distribution, weight of non-structural
carbohydrates, and the distribution of non-
structural carbohydrates. Hence, the data on
plant growth and levels of carbohydrates are
presented as general means (effect of nursery-
growing environment) pooled over the 2 years.

Results

Time of digging. In 2008, the first two
sets of plants accumulated little chilling be-
low 10 �C (8 or 17 h) and no chilling below
7.2 �C. There was a steady increase in chill-
ing below 10 �C (57 or 83 h) and below 7.2 �C
(30 or 42 h) over the next two harvests.
Similarly, in 2010, there was a steady increase
in the amount of chilling below 10 �C be-
cause digging was delayed (21, 24, 35, or
85 h) but little chilling below 7.2 �C (8, 8, 8,
or 18 h).

Plant DW was higher in the last three
harvests compared with the first harvest as
a result of higher leaf weight and especially
crown and root weight (Table 1). There was
also a change in the distribution of plant
weight with a decrease in the proportion of
dry matter allocated to the leaves because
harvesting was delayed and an increase in the
proportion allocated to the roots (Table 1).
Allocation to the crown varied little with the
time of harvest.

The main non-structural carbohydrates
measured in the strawberry plants were glu-
cose [mean concentration of 4.0% ± 0.1%

DW (± SE)], fructose (3.1% ± 0.1%), and
starch (2.1% ± 0.2%), with a lower concen-
tration of sucrose (1.2% ± 0.1%), maltose
(0.4% ± 0.1%), and sorbitol (less than 0.1%).
The mean concentration of all the sugars
measured was 8.7% ± 0.2%, and the mean
concentration of the non-structural carbohy-
drates measured was 10.8% ± 0.3%. Soluble
sugars accounted for more than three-fourths
of the carbohydrates analyzed.

The mean concentration of non-structural
carbohydrates was highest in the roots
(12.2% ± 0.6% DW), intermediate in the
leaves (11.3% ± 0.2%), and lowest in the
crown (9.0% ± 0.3%). The concentra-
tion of sugars was highest in the leaves
(10.0% ± 0.2%), intermediate in the roots
(8.9% ± 0.4%), and lowest in the crown
(7.3% ± 0.3%). There was a slightly different
pattern with starch, which was highest in the
roots (3.4% ± 0.3%), intermediate in the
crown (1.7% ± 0.1%), and lowest in the leaves
(1.3% ± 0.1%).

The effect of time of digging on the con-
centration of non-structural carbohydrates in

the leaves was small (Table 2). For instance,
the difference in the values of total non-
structural carbohydrates among the treat-
ments was only 1.8% DW. The variation in
the different components reflected the varia-
tion in the total pool. Time of digging had
an intermediate effect on the crown and
a greater effect on the roots with the concen-
tration of total non-structural carbohydrates
ranging from 7.5% to 11.0% and 8.4% to
16.8% in these plant parts (Table 2). This
was mainly the result of changes in the con-
centration of fructose, maltose, and starch.

The total weight of non-structural
carbohydrates/plant increased as harvesting
was delayed with the roots (8.4-fold increase)
more sensitive than the leaves (1.4-fold in-
crease) or the crown (3.2-fold increase) (Table
1). There was also a change in the distribution
of the carbohydrates with a decrease in the
proportion stored in the leaves as harvesting
was delayed and an increase in the proportion
stored in the roots. These responses were
reflected in the changes in the distribution
of plant DW (Table 1).

Table 1. The effect of time of digging on plant dry weight and distribution [within brackets] and on the weight and distribution [within brackets] of non-structural
carbohydrates in ‘Festival’ strawberry plants grown at Stanthorpe in southern Queensland, Australia, in 2008 and 2010.

Time of digging

Dry wt (g/plant) or [dry wt distribution (%)]z

Wt of non-structural carbohydrates (mg/plant dry wt)
or [distribution (%)]z

Leaves Crown Roots Plant Leaves Crown Roots Plant

Early March 1.5 [68.2] 0.4 [16.8] 0.3 [15.0] 2.2 155 [73.6] 27 [13.2] 28 [13.2] 210
Mid-March/late March 2.3 [61.2] 0.6 [15.9] 0.9 [22.9] 3.8 254 [64.1] 50 [12.8] 97 [23.1] 401
Early April 2.1 [53.4] 0.7 [16.9] 1.2 [29.7] 4.0 260 [54.2] 61 [13.0] 157 [32.8] 478
Mid-April/late April 1.9 [46.3] 0.8 [19.2] 1.4 [34.5] 4.1 224 [40.8] 87 [15.8] 236 [43.4] 547

LSD (P = 0.05)y 0.3 [2.6] 0.1 [1.3] 0.2 [2.3] 0.5 40 [4.0] 7 [1.5] 27 [3.5] 58
zData are the means of eight replicates per treatment pooled over 2 years; 1 g dry weight = 0.0353 oz. The transplants were dug on 3 Mar., 17 Mar., 1 Apr., or on 13
Apr. in 2008 and on 7 Mar., 29 Mar., 11 Apr., or on 26 Apr. in 2010.
y
LSD is least significant difference for the means calculated from the analysis of variance.

Table 2. The effect of time of digging on the concentration of non-structural carbohydrates in ‘Festival’
strawberry plants grown at Stanthorpe in southern Queensland, Australia, in 2008 and 2010.

Time of digging

Concn of non-structural carbohydrates (% dry wt)z

Glucose Fructose Sucrose Maltose Total sugars Starch
Total

carbohydrates

Leaves
Early March 4.1 2.9 2.1 0.1 9.3 1.0 10.3
Mid-March/late March 4.1 3.2 2.5 0.2 10.1 1.3 11.4
Early April 4.4 3.6 2.2 0.3 10.5 1.6 12.1
Mid-April/late April 4.3 3.5 2.0 0.4 10.2 1.5 11.7

LSD (P = 0.05)y
NS 0.4 0.3 0.1 NS 0.1 1.2

Crown
Early March 3.2 2.3 0.8 0.1 6.4 1.1 7.5
Mid-March/late March 3.3 2.8 0.9 0.1 7.1 1.4 8.5
Early April 3.3 2.8 0.7 0.3 7.2 1.9 9.0
Mid-April/late April 3.8 3.4 0.9 0.6 8.8 2.2 11.0

LSD (P = 0.05) 0.3 0.2 0.1 0.1 0.5 0.2 0.6

Roots
Early March 3.9 2.2 0.5 0.2 6.8 1.6 8.4
Mid-March/late March 4.3 3.1 0.7 0.4 8.5 2.3 10.8
Early April 4.5 3.4 0.6 0.9 9.5 3.6 13.1
Mid-April/late April 4.3 4.3 1.0 1.1 10.8 6.0 16.8

LSD (P = 0.05) NS 0.5 0.3 0.1 1.2 0.4 1.6
zData are the means of eight replicates per treatment pooled over 2 years. The values for total sugars
include values for the concentration of sorbitol; 1 g dry weight = 0.0353 oz. The transplants were dug on
3 Mar., 17 Mar., 1 Apr., or on 13 Apr. in 2008, and on 7 Mar., 29 Mar., 11 Apr., or on 26 Apr. in 2010.
y
LSD is least significant difference for the means calculated from the analysis of variance; NS is

nonsignificant at P > 0.05.
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There were relationships between the con-
centration of non-structural carbohydrates in
the crown and roots and the accumulation
of chilling below 10 �C in the plants dug at
different times (Fig. 1). There was no relation-
ship between the concentration of carbohy-
drates in the leaves and the accumulation
of chilling below 10 �C and no relationship
between the concentration of carbohydrate
in any plant part and the accumulation of
chilling below 7.2 �C. There were relation-
ships between the concentration of non-
structural carbohydrates in the crown and

roots and the number of days in the nursery
in the plants dug at different times (Fig. 2).
Some of the SEs associated with the regres-
sion coefficients in these analyses were higher
than those in the regressions with the accu-
mulation of chilling.

Data were collected on the yield of the
different treatments in 2008 when they were
planted at Nambour (Table 3). Yields to the
end of June, yields to the end of July, and
relative total yield adjusted for the length of
the growing season in the different treat-
ments were highest in the plants dug on 17

Mar. with lower yields in the plants dug earlier
or later.

The data in 2008 were used to explore
the relationship between productivity and
carbohydrate reserves in the transplants dug
at different times. Plants dug from early
March to mid-April had progressively greater
weight of carbohydrates (as a result of in-
creases in plant DW or concentration of
carbohydrates), but these increasing reserves
did not always correspond to increasing fruit
yield. Plants dug on 17 Mar. had higher
weights of non-structural carbohydrates (292 ±
15 mg/plant) than plants dug on 3 Mar. (224 ±
30 mg/plant) and higher yields (Table 3). Plants
dug on 1 Apr. (408 ± 37 mg/plant) or on 13
Apr. (445 ± 17 mg/plant) had higher reserves
than the plants dug on 17 Mar. but lower
yields. The higher reserves in the plants dug on
17 Mar. compared with those dug on 3 Mar.
were mainly the result of higher plant DWs
(2.8 ± 0.2 g/plant vs. 2.2 ± 0.2 g/plant) with the
plants generally having similar concentra-
tions of carbohydrates in the leaves, crown,
and roots. The higher reserves in the plants
dug on 1 and 13 Apr. compared with those
dug on 17 Mar. were the result of both
higher plant DWs (3.6 ± 0.3 g/plant and 3.6 ±
0.1 g/plant vs. 2.8 ± 0.2 g/plant) and higher
concentrations of carbohydrates in the roots.

Nursery-growing environment. In 2008,
mean average monthly maximum tempera-
tures between January and April were sim-
ilar at the two sites (21.7 �C for Toolangi and
22.8 �C for Stanthorpe), whereas the mean
average monthly minimum temperature was
3 �C lower at Toolangi compared with condi-
tions at Stanthorpe (9.2 �C compared with
12.1 �C). In 2010, mean average monthly
maximum and minimum temperatures were
2 to 3 �C lower in the southern nursery
(22.6 �C compared with 25.1 �C and 11.2 �C
compared with 13.8 �C). In 2008, the dif-
ferences in average maximum and minimum
temperatures were 12.5 �C at Toolangi com-
pared with 10.7 �C at Stanthorpe. In 2010, the
differences in average maximum and mini-
mum temperatures were 10.1 and 11.3 �C at
the two sites.

The plants from Stanthorpe were larger
than those from Toolangi as a result of
higher root DWs (Table 4). The plants from
Stanthorpe also had a higher proportion of
DW allocated to the roots and a lower pro-
portion allocated to the crown. Allocation
to the leaves was similar in the two nursery
stocks.

The mean concentration of non-structural
carbohydrates in the plants from the two
nurseries was 10.7% ± 0.3% with a similar
make-up as found in the first experiment
(mean concentration of 10.8% ± 0.3%). There
was also a similar distribution of the sugars
and starch in the different plant parts (data not
presented).

The effect of nursery-growing environ-
ment on the concentration of non-structural
carbohydrates in the plants was smaller than
the effect of time of digging. The total con-
centration of non-structural carbohydrates was
higher in the leaves and roots of plants from

Fig. 1. Relationship between the concentration of non-structural carbohydrates and the accumulation of
chilling below 10 �C in the ‘Festival’ strawberry plants dug from early March to late April at
Stanthorpe in southern Queensland, Australia. Data are from four digging times over 2 years with four
replicates per treatment (N = 8). Bars show SEs of the means. ConcCrown = 7.3 (SE = 0.7) + 0.04 (SE =
0.01) · hours of chilling (R2 = 0.51); and ConcRoots = 8.0 (SE = 0.9) + 0.10 (SE = 0.02) · hours of chilling
(R2 = 0.80). Circles = crowns; squares = roots.

Fig. 2. Relationship between the concentration of non-structural carbohydrates and the number of days the
‘Festival’ strawberry plants spent in the nursery from 1 Jan. The plants were dug from early March to
late April at Stanthorpe in southern Queensland, Australia. Data are from four digging times over
2 years with four replicates per treatment (N = 8). Bars show SEs of the means. ConcCrown = 3.0 (SE =
2.1) + 0.07 (SE = 0.02) · days (R2 = 0.53); and ConcRoots = –2.6 (SE = 2.2) + 0.17 (SE = 0.03) · days (R2 =
0.86). Circles = crowns; squares = roots.

Table 3. The effect of time of digging on the yield of ‘Festival’ strawberry plants dug at Stanthorpe and
grown at Nambour in southern Queensland, Australia, in 2008.

Time of digging
Yield to end of June

(g/plant)z

Yield to end of July
(g/plant)z

Relative total yield
(g/plant/week)z

3 Mar. 116 250 34.9
17 Mar. 175 382 42.0
1 Apr. 75 219 36.7

13 Apr. 57 181 30.7

LSD (P = 0.05)y 23 56 4.6
zData are the means of five replicates per treatment. Relative total yield was yield to mid-October divided
by the length of the growing season that was 20 to 28 weeks in the different treatments.
y
LSD is least significant difference for the means calculated from the analysis of variance.
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Stanthorpe as a result of a higher concentra-
tion of sucrose and starch (leaves) or su-
crose, maltose, and starch (roots) compared
with the total concentration in the plants
from Toolangi (Table 5). In contrast, the
concentrations of non-structural carbohy-
drates in crowns of the two groups of plants
were generally similar.

The stock from Stanthorpe had a greater
weight of stored carbohydrates/plant than
the stock from Toolangi as a result of greater
reserves in the leaves and the roots (Table 4).
This was associated with a higher allocation
of total plant reserves to the roots in the stock
from Stanthorpe compared with the alloca-
tion in the stock from Toolangi and a lower
allocation to the crown. In other words, the
stock from Stanthorpe had a greater weight of
carbohydrates per plant than the stock from
Toolangi mainly as a result of their larger
roots.

Yields were collected from the plants
from the two nursery-growing areas in 2008
when they were planted in Nambour. Early
yield to the end of June or to the end of July
and total yield until mid-October were not
significantly (P > 0.05) different in the plants
from the two nurseries (data not presented).
The data in 2008 were used to explore the
relationship between productivity and carbo-
hydrate reserves in the transplants from the
two nurseries. The transplants from Stanthorpe
(408 ± 37 mg/plant) had a greater weight
of carbohydrates than the transplants from
Toolangi (306 ± 18 mg/plant), but the two
groups of plants had similar yields. There
was no relationship between yield and car-
bohydrate reserves in the two stocks.

Discussion

Time of digging had a strong effect on
the accumulation of non-structural carbohy-
drates in the ‘Festival’ transplants growing
in southern Queensland. Bare-rooted plants
harvested in early March had lower reserves
than plants harvested later. The plants from
Toolangi also had lower reserves than the
plants from Stanthorpe. Overall, reserves in
the transplants only partially reflect their pro-
ductivity in this environment.

Hicklenton and Reekie (2000) reviewed
data relating quality and the concentration
of non-structural carbohydrates in strawberry
transplants, particularly plants that are stored
at low temperatures before planting. Bringhurst
et al. (1960) and Lieten (1997) suggested

a quality standard based on the concentration
of starch or sucrose in the roots of the new
transplants, but data collected by Hicklenton
and Reekie did not support such general re-
lationships. There was no threshold leaf or
root starch or individual sugar concentration
that reflected plant growth after storage. We
were unable to demonstrate a critical concen-
tration of carbohydrates in the plants for opti-
mum production in southeastern Queensland.

Main non-structural carbohydrates in the
strawberry plants. The main non-structural
carbohydrates measured in the strawberry
plants were glucose, fructose, and starch with
lower concentrations of sucrose, maltose, and
sorbitol. Soluble sugars were the dominant
carbohydrates analyzed. Our results suggest
that presenting data on reserves as starch
or soluble sugars alone would underestimate
the amount of non-structural carbohydrates
in a plant. The inclusion of data for minor
sugars such as inositol, xylose, and arabinose
(Mac�ıas-Rodr�ıguez et al., 2002) is not likely
to result in significantly higher values of non-
structural carbohydrates.

Effect of time of digging on carbohydrate
reserves. López et al. (2002) studied the re-
serves of ‘Camarosa’ and ‘Pajaro’ transplants
growing at three nurseries located at different
elevations (10, 284, or 703 m) in Spain over
3 years. There were strong correlations (R2s

of 0.87 and 0.64) between the concentration
of starch in the crown and the accumula-
tion of chilling below 7 �C until the end of
December in the two cultivars. In our ex-
periments, there were similar correlations be-
tween the concentration of non-structural
carbohydrates and the time in the nursery or
the accumulation of chilling in the nursery
(Figs. 1 and 2). The weight of stored carbo-
hydrates increased as digging was delayed.
The crown and especially the root accumu-
lated carbohydrates as digging was delayed.
However, the leaves were still important and
contributed on average approximately half of
the plant’s reserves.

The reserves of non-structural carbohy-
drates only partly reflected the productivity
of the material dug at different times. Plants
dug in early March had lower reserves than
plants dug in mid-March and lower yields.
However, further increases in reserves in
plants dug in April were not reflected in
higher productivity. Even when yields were
adjusted for the shorter growing season, the
plants planted in April still had lower rela-
tive yields than the plants planted in mid-
March. Overall, the relationship between
yield and carbohydrate reserves in this envi-
ronment is unclear. Menzel and Smith (2011)
showed that the optimum time for planting
of ‘Festival’ in this area is mid-March with

Table 4. The effect of nursery-growing area in Australia on plant dry weight and distribution [within brackets] and on the weight and distribution [within brackets]
of non-structural carbohydrates in ‘Festival’ strawberry plants in 2008 and 2010.z

Nursery-growing area

Dry wt (g/plant) or [dry wt distribution (%)]y

Wt of non-structural carbohydrates (mg/plant dry wt)
or [distribution (%)]y

Leaves Crown Roots Plant Leaves Crown Roots Plant

Stanthorpe, Queensland 2.1 [53.4] 0.7 [16.9] 1.2 [29.7] 4.0 260 [54.2] 61 [13.0] 157 [32.8] 478
Toolangi, Victoria 1.8 [55.1] 0.7 [21.2] 0.8 [23.7] 3.3 175 [54.0] 63 [19.5] 87 [26.5] 325

LSD (P = 0.05)x
NS [NS] NS [1.1] 0.2 [2.6] NS 43 [NS] NS [1.1] 33 [3.7] 77

zStanthorpe was classified as a warm-growing area and Toolangi as a cool-growing area.
yData are the means of eight replicates per treatment pooled over 2 years; 1 g dry weight = 0.0353 oz. The transplants were dug on 1 Apr. in 2008 and on 11 Apr. in
2010.
x
LSD is least significant difference for the means calculated from the analysis of variance; NS is nonsignificant at P > 0.05.

Table 5. The effect of nursery-growing area in Australia on the concentration of non-structural
carbohydrates in ‘Festival’ strawberry plants in 2008 and 2010.z

Nursery-growing area

Concn of non-structural carbohydrates (% dry wt)y

Glucose Fructose Sucrose Maltose Total sugars Starch
Total

carbohydrates

Leaves
Stanthorpe, Queensland 4.4 3.6 2.2 0.3 10.5 1.6 12.1
Toolangi, Victoria 4.3 3.4 1.0 0.2 8.9 0.9 9.8

LSD (P = 0.05)x
NS NS 0.2 NS 0.5 0.2 0.5

Crown
Stanthorpe, Queensland 3.3 2.8 0.7 0.3 7.2 1.9 9.1
Toolangi, Victoria 3.1 3.3 0.7 0.5 7.6 1.6 9.2

LSD (P = 0.05) NS 0.3 NS 0.1 NS 0.2 NS

Roots
Stanthorpe, Queensland 4.5 3.4 0.6 0.9 9.5 3.6 13.1
Toolangi, Victoria 4.2 3.6 0.3 0.5 8.7 2.5 11.2

LSD (P = 0.05) NS NS 0.2 0.1 NS 0.3 1.4
zStanthorpe was classified as a warm-growing area and Toolangi as a cool-growing area.
yData are the means of eight replicates per treatment pooled over 2 years. The values for total sugars
include values for the concentration of sorbitol; 1 g dry weight = 0.0353 oz. The transplants were dug on
1 Apr. in 2008 and on 11 Apr. in 2010.
x
LSD is least significant difference for the means calculated from the analysis of variance; NS is

nonsignificant at P > 0.05.
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lower productivity from earlier or later plant-
ings. The present study indicates that one of
the reasons for the lower productivity of the
plants planted in early March is that they have
low reserves. This is mainly because these
plants are smaller than the plants dug later.

Palha et al. (2002) found that there was
a strong correlation between early yield and
the concentration of non-structural carbo-
hydrates in the roots before planting in
strawberry plants grown in Portugal. The
transplants were dug and stored at different
times. Their work was slightly different from
our studies in that they only measured the
concentration of carbohydrates, not the weight
of carbohydrates in the roots.

Effect of nursery-growing environment on
carbohydrate reserves. The effect of nursery-
growing environment on reserves was smaller
than the effect of time of digging. The plants
from Stanthorpe (a warm-growing area) were
larger than the plants from Toolangi (a cool-
growing area) and had a higher concentration
and weight of carbohydrates in the leaves and
roots.

López et al. (2002) found that strawberry
transplants from a high-elevation nursery
(703 m) generally had a higher concentra-
tion of starch in the crown than transplants
from low- (10 m) or medium-elevation nurs-
eries (284 m) in Spain. Differences in the
concentration of soluble sugars among the
three nurseries were not as great as those
recorded for starch. The high-elevation nurs-
ery accumulated �1200 to 2000 h of chilling
below 7.0 �C over the 3 years of the experi-
ment compared with 200 to 800 h of chilling
in the low-elevation nursery. Conditions in
these nurseries were much cooler than those
recorded in Australia. Ruan et al. (2009)
conducted similar work in Korea and found
that the transplants grown at high elevation
were approximately double the size of those
grown at low elevation and generally had a
greater concentration of sucrose, fructose, and
glucose.

There was no clear relationship between
productivity and carbohydrate reserves in the
transplants from the two different nurseries.
The plants from Stanthorpe had higher car-
bohydrate reserves than the plants from
Toolangi but similar yields when grown at
Nambour. Low temperatures can induce
flower initiation in the nursery transplants
(Durner et al., 1984; Stewart and Folta,
2010; Tanino and Wang, 2008). Durner et al.
(1984) for instance showed that June-bearing
cultivars produced 2.1 or 0.3 inflorescences/
plant when grown at day/night temperatures
of 18/14 or 22/18 �C under short days. No
inflorescences were produced at higher tem-
peratures. It is possible that better flower-
ing in the stock from Toolangi counteracted
their lower reserves of carbohydrates. The
previous work showed that transplants from
Stanthorpe had similar yields as transplants
from Toolangi in 2 of 2 years (Menzel and
Smith, 2011). The results reported here in-
dicate that this occurs despite the plants from
southern Queensland having greater reserves
of stored carbohydrates.

Strawberry plants dug in mid-March had
higher reserves and higher yields than plants
dug in early March. In contrast, plants dug
in April had higher reserves than those dug
in mid-March but lower yields. Plants from
Stanthorpe had higher reserves than plants
from Toolangi but had similar yields, possi-
bly because of poorer flowering. The reserves
of carbohydrates in transplants only par-
tially reflect potential productivity in this
environment.
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