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Abstract

Suojala, T." 2000. Pre- and postharvest development of carrot yield and quality.
University of Helsinki. Department of Plant Production. Section of Horticulture.
Publication no. 37. Helsinki. 43 p. + appendices.

lAgricultural Research Centre of Finland, Plant Production Research, Horticulture,
Toivonlinnantie 518, FIN-21500 Piikkio, Finland, e-mail: terhi.suojala@mit.fi

Storage is a prerequisite for a year-round supply of domestic vegetables. The quality
of vegetables after long-term storage is primarily determined during the growing sea
son, and storage conditions can only help to maintain the quality as long as possible.
Similarly, the quantity of the marketable yield is determined by conditions during the
growing season, and loss during storage is affected by both pre- and postharvest fac-
tors.

This study aimed to show how the quality and quantity of carrot at harvest and
after storage can be better controlled. The main emphasis was on the effects of har-
vest time on yield, storability and sensory quality, with the aim of optimising the
timing of harvest. In addition, development of the carrot plant during the growing
season was investigated to characterise the determinants of yield production. The
sugar composition of carrot storage root was studied as a possible descriptor of the
plant’s stage of development. Field experiments were conducted at the Vegetable
Experimental Site of the Agricultural Research Centre of Finland and on vegetable
farms in 1995-1998. Two cultivars, ‘Fontana and ‘Panther’, were used, and there
were 3—6 harvests in September—October.

Despite the large variation in average yield at different growing sites, the yield
increase generally ceased in early October. On average, 10-36% of the total yield at
the final harvest was produced after early September, when the weather was already
less favourable for growth. This suggests that carrot till has considerable potential
for yield production late in the growing season. The yield increase during the harvest
period can be estimated on the basis of thermal time.

Delaying the harvest improved storability up to late September or early October;
thereafter storability remained at the same level. Only a prolonged period of frost
injured the plants so severely that their storability declined. The effect of harvest time
was similar irrespective of cultivar, growing site, year and storage conditions.
Weather conditions did not account for the improved storability. It is hypothesised
that the concentration of antifungal substances increases at the end of the growing
season, which makes the storage roots more resistant to storage pathogens. Healing at
10°C for 7 days was effective in decreasing the incidence of infections caused by
Mycocentrospora acerina.

Changes in sugar content and composition during the harvest period were de-
pendent on the year and growing site, and do not provide evidence for the existence
of any developmental stage definable as maturity. Neither do changes during storage



seem to be related to storage potential. A new finding in carrot was the notable drop
in the sucrose and total sugar content following frost injuries on farms in 1996. Un-
expectedly, this did not have an adverse effect on the storability or sensory quality of
carrots. Sensory quality improved dightly when harvest was delayed. The two culti-
vars analysed were not found to differ in sensory aspects, and the changes during
storage were relatively small.

The results showed that the timing of harvest is an essential factor affecting the
yield, quality and storability of carrot. It is concluded that, in southern Finland, the
optimal harvest time for the carrot cultivars used in the study is early October, after
which no mgjor yield increase or improvement in quality or storability is to be ex-
pected; a later harvest only increases the risk of frost injuries. In large areas, harvest-
ing must be started early enough to get the entire crop lifted before winter. The car-
rots intended for the longest storage should, however, be harvested late to minimise
storage losses. The findings concerning optimal harvest time are likely to apply to
other cultivars kept in storage, too.

Key words: Daucus carota L., development, growth, harvest time, maturity, sensory
quality, storability, storage, sugars



1 Introduction

Carot (Daucus carota L. ssp. sativus
(Hoffm.) Schiibl. & G.Martens) originates
from the wild forms growing in Europe and
southwestern Asia (Banga 1984). The west-
ern type of cultivated carrot is thought to de-
rive from the anthocyanin-containing forms
found in Afghanistan. Cultivation of carrot
spread to Europe in the fourteenth century.
The first cultivated carrot types were purple
or violet; yellow and, later, orange types were
derived from this anthocyanin type by selec-
tion. The orange-coloured form was selected
in the Netherlands in the early seventeenth
century.

In 1998, 18.5 million tonnes of carrots
were produced worldwide in an area of
794 000 hectares (FAO 1999). On a global
scale, carrot is only a minor crop, but in
northern countries, it is one of the major field
vegetables. In Finland in 1995-1998, the
yearly production area of carrot ranged from
1650 to 1954 hectares, which makes carrot
the most common field vegetable after gar-
den pea (Information Centre of the Ministry
of Agriculture and Forestry 1999). The har-
vested yield per year varied between 52 and
68 million kilograms in 1995-1998. Due to
the short growing season, most of the yield
has to be kept in cold storage for varying
lengths of time to supply the domestic mar-
ket.

Carrot has been a subject of active re-
search throughout the 20" century. Most of
the research has arisen out of practical prob-
lems, and lacks a sound theoretical back-
ground. Some areas, such as biomass parti-
tioning (reviews by e.g. Hole 1996, Benjamin
et a. 1997), have been studied in greater de-
tail. Moreover, carrot has served as a model
plant in plant physiology and more recently in
biotechnology. In Finland, carrot has been
studied in relation to storage diseases (Mu-
kula 1957), plant nutrition (Evers 1989c,
Salo 1999), the effects of soil physical prop-
erties (Pietola 1995) and the development of

artificial seeds (Sorvari et a. 1997).

Despite the large amount of experimental
work done on carrot, problems interfering
with the production chain still exist. The
background of this study was the variation in
the storage performance of carrot. It is esti-
mated that in Finland the average loss during
storage can be as high as 30% (Lehtimaki
1995), which represents a considerable cost.
Long storage can aso impair the quality of
carrot. Preharvest factors primarily determine
the quality of the products at harvest and after
storage; storage conditions can only help to
maintain the quality as long as possible. By
examining the effects of developmenta stage
and harvest time, this study aimed to show
how the quality and quantity of carrot after
storage could be better controlled. Develop-
ment of the carrot plant during the growing
season was investigated to characterise the
determinants of yield production. Therefore,
the whole chain — from biomass partitioning
in the field to maintenance of quality at the
end of storage —was covered.

1.1 Vegetative development and
growth of carrot

1.1.1 Functions and initiation of storage
root

The major ecological function of the carrot
storage root is as a reserve of assimilates for
the production of a flowering stem after ap-
propriate stimuli (Hole 1996). It also forms
the route for the trandocation of photosyn-
thates from shoot to fibrous roots and for the
transport of water and nutrients from fibrous
roots to the shoot (Benjamin et al. 1997). It
may further act as a water reservoir, helping
to maintain a constant supply of water to the
leaves (Olymbios 1973, ref. Benjamin et al.
1997).

The storage organ derives mainly from
root tissues but, in the mature state, the hypo-
cotyl makes up about one inch of the upper



part of the storage organ (Esau 1940). The
secondary growth resulting in the swollen
taproot begins with the initiation of the sec-
ondary cambium between primary xylem and
primary phloem. The cambium is formed
simultaneously with the first leaves (Esau
1940). Hole et al. (1984) observed initiation
of the cambium at 11 days after sowing and
completion of the cambia ring a 20 days
after sowing in a controlled environment.
Under field conditions, initiation and com-
pletion of the cambium occurred ten days
later (Hole et al. 1987b). Esau (1940) de-
scribed the development of the secondary
growth of carrot root. Cambial cells divide to
form xylem on the inside and phloem on the
outside. Most of the secondary tissues consist
of parenchyma cells, which embed the ves-
selsin xylem and sieve tubes and companion
cells in phloem. As a consequence of en-
largement of the circumference of the root,
cells of the cortex and endodermis rupture. It
is at this time that the orange colour appears
in the root. Periderm, arising from meris-
tematic activity in the pericycle, forms the
new protective layer. Cell division continues
throughout the development of the storage
root in the field together with cell expansion
(Hole et al. 1987c).

1.1.2 Partitioning of assmilateswithin a
plant

Partitioning of the carbohydrates between
plant parts is often described by the concepts
“source” and “sink”. Source is a plant part
that exports more carbon than it imports,
while sink is a plant part that imports more
than it exports (Ho et a. 1989). The ability of
an organ to import assimilates, sink strength,
is affected by the availability of assmilates
and distance to the source and, in particular,
by the genetically determined ability of the
sink to compete for assimilates (Ho 1988).
During vegetative growth, the storage root is
considered as a sink, competing with fibrous
roots and shoots for the assimilates produced

by photosynthetic plant parts. The relation-
ship between shoot and root can be simply
described by estimating the ratio of their
weights. However, the ratio is often related to
plant size and age (Hole 1996). The effect on
plant size can be overcome by using the ratio
of logarithms of organ weights, the al-
lometric ratio (Richards 1969).

Hole et al. (1983) found that |ate matur-
ing carrot cultivars have a high shoot to root
ratio. Among the cultivars used in their study,
high root yields tended to be associated with
large shoots, and the highest yielding culti-
vars invested in shoot growth during early
development (Hole et a. 19874). The differ-
ences between cultivars in partitioning arise
very early, a subject which has been inten-
sively studied. Timing of initiation of the
storage root did not explain cultivar differ-
ences in dry matter distribution (Hole et al.
1987b). Hole et a. (1987a) found that the
ratios of the growth rates of shoot to storage
root before and after storage root initiation
were positively correlated with the shoot to
root ratio at final harvest 125 days after
sowing. Fibrous roots may also play arole in
the control of partitioning: a cultivar with a
larger proportion of storage root at maturity
was found to invest more carbohydrates in
fibrous roots at the time of storage root ini-
tiation (Hole and Dearman 1990), and varie-
tal differences in alocation between storage
root and fibrous roots occurred soon after
initiation (Hole and Dearman 1991).

Environmental conditions modify the
partitioning between shoot and storage root.
Light affects the shoot to root ratios, but
mostly via the effect on plant size (Hole and
Sutherland 1990, Hole and Dearman 1993),
since the shoot to root ratio usually declines
with time and as plant weight increases (Cur-
rah and Barnes 1979). Olymbios (1973, ref.
Hole 1996) found an increase in shoot to root
ratio at higher temperature, which may indi-
cate a true change in partitioning, since the
total weight also increased. The effect of
density, like that of light, is attributed to the
modification of photosynthesis and growth
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(Barnes 1979, Hole and Dearman 1993),
with alower total weight and higher shoot to
root ratio at high density or in low light.

1.1.3 Climatic factors affecting total plant
and storageroot growth

Storage root growth depends on the assimi-
late supply from the photosynthetic plant
parts. Since partitioning to the storage root is
more or less dependent on the genotype and
total plant weight, storage root growth can be
estimated from the total growth.

The main factors determining the poten-
tial crop yield are leaf area, net assimilation
rate, length of growing period and utilisable
fraction of the biomass (harvest index)
(Forbes and Watson 1992). Leaf area index
(LAI, ratio of the total area of the leaves of a
crop to the ground ared) determines the frac-
tion of interception of light. Together with
the net assimilation rate, which refers to the
rate of dry matter production per unit leaf
area, LAl determines the rate of dry matter
production per area at a given time. The
length of the growing period affects the yield
by its effects on the duration of photosynthe-
Ss.

In addition, the growth pattern of a plant
must fit the seasona climatic cycle. Carrot
has a slow growth rate in the early part of its
vegetative development. Salo (1999) reported
that the dry weight of the shoot increased
rapidly from July up to the middle of August,
whereas the rapid dry weight accumulation
into storage roots did not start until the mid-
dle of July. Evers (1988) found that 40-68%
of the final shoot weight but only 17-26% of
the final root fresh weight was reached at 2—
2.5 months after sowing, in August.
Therefore, much of the early part of the
growing season is used for constructing the
growing potential for the later part of the
season.

Irradiation

Irradiation is the primary factor regulating
photosynthesis. Hole and Sutherland (1990)
studied the effects of different light regimes
on the growth of carrot at 20°C and obtained
higher plant weights with a longer day and
higher photosynthetic photon flux density
(PPFD). Comparison of light regimes with
similar daily light integrals showed that a
long photoperiod (16 h, 300 pmol m*s?) was
more effective than a short photoperiod and
high PPFD (8 h, 600 umol ms"). The im-
portance of photoperiod was aso emphasised
by Rosenfeld et al. (1998c), who grew
carrrots at constant temperatures under dif-
ferent light regimes during three periods of
time in a controlled climate. In October—De-
cember, when day length was shortest and
the total amount of photosynthetically active
radiation (PAR) (natural + artificial light)
was about one-third of that in the other two
periods, the mean root size was 38 g. In
April-June and July—September, the average
day length and total level of PAR were the
same, but the roots were heavier in the
autumn period (130 g), when day length was
decreasing towards harvest, than in the spring
period (85 g), when day length increased.
Therefore, long days and high radiation were
particularly favourable during early growth
stages.

Hole and Dearman (1993) found that
carrot responded to decreasing PPFD in a
different way from red beet and radish. Dif-
ferent light intensities at a constant photo-
period had no clear effect on shoot fresh
weight or leaf area in carrot, but the dry
weight of shoot and the fresh and dry weights
of storage root and fibrous roots were re-
duced in low light. The reduction in storage
root dry weight was much smaller in carrot
than in red beet and radish. According to the
authors, at decreasing PPFD, carrot main-
tains leaf area and shoot fresh weight, and its
thus high photosynthetic capacity: storage
root growth is not therefore severely limited.
They concluded that the asymptotic response



of carrot yield to high plant density is compa-
rable to the response to low light, and there-
fore light competition at high densities has
little effect on the dry matter distribution in
carrot.

Temperature

Temperature affects growth mainly by con-
trolling the rates of chemical reactions, and
thus the usage of photosynthetic products.
Knowledge of the temperature requirements
of carrot is still insufficient. Carrot is classi-
fied as a cool-season crop, the minimum
temperature for growth being 5°C and the
optimum temperature 18-25°C (Krug 1997).
Barnes (1936) found that the optimum tem-
perature for carrot growth is 16-21°C. In the
study of Bremer (1931), in which soil tem-
peratures ranged from 12 to 28°C, the highest
growth rate was obtained at 16°C. Rosenfeld
et a. (1998b) grew carrots at constant tem-
peratures of 9, 12, 15, 18 and 21°C and ob-
served the highest root weight at 12 and
15°C. However, light level had a more
marked effect on root weight than had tem-
perature in the temperature range investi-
gated (Rosenfeld et al. 1998c).

Wheeler et al. (1994) studied the effects
of temperature and CO, enrichment on carrot
growth in polyethylene-covered tunnels along
which a temperature gradient was imposed.
A 1°C rise in mean soil temperature (in a
range of 7.5to 10.9°C) increased total weight
by 37% and root weight by 34% at 134 days
after sowing. At the stage of seven visible
leaves, no effects of temperature on root or
total weight were found. Hence the effect of
temperature was caused by the advanced
timing of growth and development.

Olymbios (1973, ref. Benjamin et al.
1997) found an increase in shoot weight with
an increase in the temperature of shoot and/or
root environment from 15 to 25°C. Root
weight was also increased, but less so than
shoot weight and it fell when root tempera-
ture was higher than shoot temperature. On
the basis of this study and knowledge of
other species, Hole (1996) suggested that the
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storage root has a lower temperature opti-
mum than the shoot. The same phenomenon
had aready been noted by Bremer (1931),
who reported that storage root weight did not
increase when temperature rose above 20°C,
whereas shoot weight was highest at the
highest temperature (24—-26°C).

CO,

An increase in the concentration of carbon
dioxide in air generaly enhances photosyn-
thesis and growth. Dry matter production of
carrot has also been reported to be enhanced
by an increased CO, concentration (Wheeler
et a. 1994), especially at high temperatures
(Idso and Kimball 1989). An increase in CO;
concentration promoted dry matter partition-
ing to roots at an early growth stage (Wheeler
et al. 1994) and raised the dry matter content
of shoot and root (Mortensen 1994). Aware
of the possibly smaller effects of a higher
CO, concentration at low temperature,
Mortensen (1994) studied the impact of an
elevated CO, level on the yield of eight
vegetable species under field conditions in
Norway. A significant increase in dry weight
was found only in lettuce, carrot and parsey.

Water

Water supply affects photosynthesis indi-
rectly by inducing the stomata to close when
there is a shortage of water. This results in a
drop in the CO, concentration in the ledf,
which inhibits photosynthesis (Forbes and
Watson 1992).

Carrot is not very senditive to drought as
it has a deep and dense root system. Pietola
(1995) reported that the root system of a car-
rot plant has a total length of 150-200 m at a
depth of 0-50 cm. Soil compaction and irri-
gation increased the length of fibrous rootsin
the upper 30 cm of the soil profile.

Evers (1988) and Pietola (1995) found
only dlight effects of irrigation on final yield,
regardless of the varying weather conditions
in the experimental years. Evers (1988) even
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found that irrigation decreased yield in the
first year, when a crust formed on the soil
surface due to heavy rain. Similarly,
Dragland (1978) reported that a 3-week pe-
riod of drought at an early stage, from the 2-
true leaf stage onwards, increased the yield,
but that drought in July—August or prior to
harvest lowered the yield. Relying only on
natural precipitation resulted in the poorest
yield. Serensen et al. (1997) found that
drought stress during a 3-week period at any
growth stage reduced the total yield, though
aways by less than 10%. Wind shelter may
increase water use efficiency, since Taksdal
(1992) reported yield increases and an im-
provement in quality due to the erection of
artificial windbreaks especialy in dry and
sunny years.

However, larger yield losses due to

drought have also been reported, particularly
in a warmer climate (Sri Agung and Blair
1989, Prabhakar et al. 1991). Shortage of
water also affects root shape, which is more
pointed and conica under low moisture con-
ditions (Barnes 1936, Sri Agung and Blair
1989).
To summarise, irradiation may be considered
the main factor regulating carrot growth. Car-
rot is, however, able to maintain its photo-
synthetic capacity in low light better than
some other vegetable species, and thus it is
amenable to growth at high plant density.
Temperature affects mainly the rate of devel-
opment. Moderate temperatures are the most
favourable for the growth of carrot, and the
storage root seems to have a lower tempera-
ture optimum than the shoot. An increase in
the CO, concentration promotes dry matter
production, and hence carrot is likely to
benefit from the greenhouse effect. Water
stress interferes with photosynthesis, but due
to the wide root system, irrigation has not
always proved profitable in carrot produc-
tion. Consisting mostly of very fine roots, the
root system makes carrot relatively insens-
tive to nutrient availability, one of the basic
requirements of growth in addition to cli-
matic factors.

The deteriorating environmental condi-
tions for growth at the end of the growing
season in the north inhibit the yield produc-
tion of carrot. However, little is known about
the vegetative development patterns of carrot
cultivars in relation to the seasonal cycle in a
northern climate. The significance of the de-
clining temperature, day length and irradi-
ance in the latter part of the growing season
is not clearly documented. Neither has the
minimum temperature for growth and yield
production been reported in the literature.

1.2 Changesin the quality of carrot
during growing season

The optimal timing of harvest is influenced
not only by yield quantity, but aso by
changes in quality. According to Mazza
(1989), the most important quality attributes
for carrot are size, shape, uniformity, colour,
texture and internal aspects (sensory quality
and nutritional value, especialy vitamin A).
The following looks at the development of
these quality attributes during the growing
season. In addition to the attributes men-
tioned, changes in sugar content and compo-
sition are discussed as possible descriptors of
maturity.

1.2.1 Size, shape and uniformity

The size of the individual root increases with
growing time and total plant weight and is
affected by plant density. Root size depends
on the purpose for which the carrots will be
used, but uniformity of size is a common de-
mand. Models for estimating the mean root
size and size distribution at different spacings
within and between rows were developed by
Benjamin and Sutherland (1992) and further
modified by Benjamin and Reader (1998).
Root shape is primarily determined by
genotype but it changes during growth and
can be modified by environmental condi-
tions. Low temperature (10-15°C) and a low



soil moisture content increase the root length
relative to width (Barnes 1936, Rosenfeld et
al. 1998a). Rosenfeld (1998) found that cyl-
indricity increased with growing time and
was lower in carrots grown at low tempera-
tures. Similarly, root tips were more rounded
after a long growing time and at high tem-
perature. Rounding of the root tips together
with simultaneous thickening and colouring
was defined as ripening (or maturation) of
the fleshy root by Banga and de Bruyn
(2968). Although Rosenfeld (1998) points
out that the term maturity has little bearing on
carrot root, he found that cylindricity showed
the closest connection with chemical vari-
ables and might be used, together with root
weight, as a criterion for fully developed
roots.

1.2.2 Carbohydrates

Soluble sugars are the main form of storage
compounds in carrot. They account for 34—
70% of the dry weight of the storage root and
are stored in the vacuoles of the parenchyma
cells (Goris 1969a, Ricardo and Sovia 1974,
Nilsson 1987a). Steingrover (1983) divided
the development of carrot into three periods:
period 1 (18-25 days after sowing at a con-
stant temperature of 20°C), when no soluble
sugars are stored; period 2 (25-32 days after
sowing), when reducing sugars are stored;
and period 3, when mainly sucrose is stored
in the tap root. At 30-50 days after sowing,
the concentration of sucrose starts to increase
more rapidly than does that of hexoses
(fructose, glucose), resulting in a higher su-
crose to hexose ratio (Steingrover 1981, Hole
and McKee 1988). Therefore, sucrose is the
predominant transport and storage sugar at
maturity (Daie 1984), but its proportion is
affected by genotype and environment (Goris
19693, Phan and Hsu 1973, Ricardo and So-
via 1974, Nilsson 1987a). Carrot cultivars
differ three-fold in their ability to accumulate
sugars, and cultivars with high net assimila-
tion rates have a capacity for high sugar yield
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(Lester et a. 1982). The relationship between
reducing and non-reducing sugars in a con-
trolled environment also varies by cultivar
(McKeeet al. 1984).

The concentration of starch in carrot
storage rootsis low, ranging from 1% to 10%
of dry matter (Goris 1969b, Steingrover
1981, Nilsson 1987a). Starch formation has
not been extensively studied, but it has been
suggested that it may reflect the assimilation
rate and contribute to the regulation of sugar
storage (Nilsson 1987a, Hole 1996).

Changes in the accumulation of reducing
and non-reducing sugars have been related to
the activities of enzymes, e.g. acid and aka
line invertases and sucrose synthetase (Ri-
cardo and ap Rees 1970, McKee et al. 1984),
although enzyme activities have not aways
shown a clear relationship with changes in
carbohydrates (Hole and McKee 1988). Re-
cently, Sturm et al. (1995) developed a de-
tailed working model for the synthes's, trans-
port, storage and usage of sucrose in carrot in
which enzymes play a key role. Their model
was supported by earlier results on the in-
verse relationship between the activity of acid
invertase and sucrose accumulation (Ricardo
and ap Rees 1970, Oldén and Nilsson 1992).

1.2.3 Carotenes and colour

Carotenes give carrot its characteristic orange
colour. There is a positive correlation be-
tween carotene content and colour (Bradley
and Dyck 1968, Rosenfeld et al. 1997b).
Skrede et al. (1997) found that a high caro-
tene content results in a more reddish and
darker colour but a less intensive hue. Alfa
and beta carotene account for more than 90%
of all carotenoidsin carrot (Simon and Wolff
1987). A high growing temperature is known
to favour carotene production (Banga and de
Bruyn 1968, Rosenfeld 1998). Nilsson
(1987b) found a strong positive correlation
between carotene content and accumulated
day-degrees above 6°C. Carrots grown in
more southerly locations contained a higher
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level of carotenes than did carrots from
northern growing sites (Balvoll et al. 1976,
Skrede et a. 1997) and were a darker colour
than those produced further north (Hardh et
al. 1977, Baardseth et al. 1996, Rosenfeld et
al. 1997ab).

Carotene content increases with the age
and size of the root (Phan and Hsu 1973,
Fritz and Weichmann 1979, Nilsson 1987a,b,
Fleury et al. 1993, Rosenfeld 1998). Under
field conditions, the genera trend is for an
increase in the carotene content during most
of the growing season to be followed by a
constant level of carotenes. In various stud-
ies, the maximum content was reached at 90—
130 days after sowing (Phan and Hsu 1973,
Fritz and Habben 1975, 1977, Lee 1986,
Nilsson 1987a). The carotene level was
clearly reduced when sowing was delayed up
to July (Nilsson 1987a). In the greenhouse,
carotenes continued to accumulate up to the
last harvest (Fritz and Habben 1977). In a
controlled climate (Rosenfeld 1998), the
maximum carotene content had not been
reached at 100 days after sowing, when the
experiment was terminated.

1.2.4 Sensory quality

Sensory quality is an increasingly important
quality aspect. The contribution of different
components to the sensory quality of raw
carrots has been studied but is still not fully
understood. Alabran and Mabrouk (1973)
suggested that the non-volatile chemical con-
stituents (sugars and amino acids) are pri-
marily responsible for the taste of fresh carrot
and that the contribution of volatile compo-
nents is small compared with that of non-
volatile compounds. Simon et al. (1980) em-
phasised the importance of both sugars and
volatile terpenes in determining raw carrot
flavour. Their findings implied that sweet-
ness and overall preference are enhanced by
sugars and diminished by volatiles, whereas
harsh, turpentine-like flavours are associated
with the presence of volatiles and a reduction

in sugars. Schaller et al. (1998) reported that
intensity of taste was positively correlated
with essentia oils and sweetness with sugars
in carrots cultivated at different levels of ni-
trogen fertilisation. Howard et al. (1995)
found that high sugar to terpinolene ratios
were associated with fresh carrot flavour,
aroma, aftertaste and sweet taste. Heatherbell
and Wrolstad (1971) noted that differencesin
volatiles were quantitative rather than quali-
tative. Habegger et al. (1996), however, em-
phasised that the volatile composition and
amount of each compound were also impor-
tant for carrot aroma.

High sensory quality and sweetness have
been reported to correlate with sugar content
(Balvoll et a. 1976, Simon et al. 1982, How-
ard et al. 1995). However, sugar content did
not predict sweet taste in the studies of Ro-
senfeld et al. (1997b, 1998b). Rosenfeld et al.
(1998b) found that the sweetest carrots,
which were grown at low temperatures, con-
tained the highest amounts of glucose and
fructose and lower amounts of sucrose and
total sugars. The discrepancy between sugar
content and sweetness was partly explained
by the relative chemica sweetness, but other
factors were also involved.

Results on the development of sensory
quality before harvest time are few, but some
information on the effects of environmental
factors is available. Rosenfeld et al. (1998b)
observed that a low growing temperature
favoured sweet taste, acidic taste, crispness
and juiciness of carrots, whereas high grow-
ing temperatures resulted in bitter taste and
high firmness of roots grown in phytotrons.
Similar results were obtained in carrot varie-
ties grown in the field in southern and north-
ern Norway, and it was suggested that the
variation among geographical locations was
determined by growing temperature (Rosen-
feld et a. 1997a,b). Rosenfeld et a. (1998c)
found that temperature had a more marked
effect than light on sensory variables in car-
rots grown in climate chambers. Different
day and night temperatures did not alter the
sensory quality in comparison to a constant



temperature with the same mean temperature
(Rosenfeld et al. 1999). In some experiments,
growing season and site were more important
in explaining the variation in sensory quality
than was the cultivar (Martens et al. 1985,
Rosenfeld et al. 1997ab). These findings
regarding the importance of environmental
factors lead to the assumption that the timing
of harvest might have a significant effect on
sensory quality, as environmental conditions
change continuously during the growing sea-
son.

Some information is available on the
changes in volatile components during the
growing season. Heatherbell and Wrolstad
(1971) found that the total essential oil con-
tent remained relatively constant for the first
20 weeks of the growing season but that the
concentrations of individual compounds
changed. At the end of the growing season,
the total content of essential oils increased.
Likewise, concentrations of acetaldehyde and
ethanol increased dramatically towards the
end of the season, indicating anaerobic respi-
ration. These changes may affect the flavour
of carrot, but the subject was not analysed in
depth in the study.

1.2.5 Compositional changes as indicators
of maturity

According to Watada et al. (1984), physio-
logical maturity, although not usually ob-
served in organs like roots, foliage, stems and
tubers, is the stage of development at which a
plant or plant part will continue ontogeny,
even if detached. They distinguish physio-
logical maturity from “horticultural matur-
ity”, the stage of development at which a
plant or a plant part can be used for a par-
ticular purpose. In carrot, maturity in this
sense would require a satisfactory outer, sen-
sory and nutritional quality combined with an
adequate potential for storage and shelf life.
Severa scientists have attempted to find
indicators for maturity to optimise the harvest
time of carrot with regard to either nutritional
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values, yield or storage potential. Sugar con-
tent or composition has often been inter-
preted as a maturity index. Goris (1969b) and
Phan and Hsu (1973) defined maturity as the
time at which the concentration of soluble
sugars attains a constant value but the root is
still growing. Fritz and Weichmann (1979)
suggested use of the sucrose to hexose ratio
as the criterion of the appropriate harvest
date from the standpoint of nutritional quality
but not of storage ability. Later, Le Dily et al.
(1993) monitored compositional changes in
carrot overwintering in the field and defined
maturity as the stage with the maximum su-
crose to hexose ratio.

The use of sugar composition as an indi-
cator of maturity has been questioned. In
Sweden, Nilsson (1987a) found that sucrose
accumulation continued up to the final har-
vest, a finding at variance with the presence
of a real maturity stage. He concluded that
“maturity” should only be considered as a
reduction in metabolic activity in an envi-
ronment no longer favourable for growth.
However, he mentioned that since the caro-
tene content seemed to be influenced by the
accumulated day-degrees, the use of carotene
as an indicator variable should be further
studied. Rosenfeld (1998) noted that neither
the ratio of sugars nor any other chemical
variable indicated the presence of a definable
stage of biological development that could be
considered as maturity. He concluded that the
computed term “cylindricity”, indicating root
shape, might be used as a criterion for fully
developed roots, together with root weight.

1.3 Posthar vest development of carrot

The life of fruit and vegetables can be di-
vided into three major physiological stages
following germination: growth, maturation
and senescence (Wills et al. 1998). Matura-
tion usually starts before growth ceases and
includes different activities, depending on the
product. Senescence is defined as the period
when catabolic (degradative) biochemical
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processes overcome anabolic processes,
leading to ageing and death of tissues. After
harvest, the senescence gradually impairs the
quality of the products and finally makes
them unusable.

Postharvest life functions cannot be
stopped, but they can be slowed down by
controlling the storage environment. Biologi-
cal processes affecting the quality of vegeta-
bles during storage are respiration, ethylene
production, compositional changes, growth
and development, transpiration, physiological
breakdown, physical damage and pathologi-
cal breakdown (Kader 1992). The relative
importance of each factor varies largely from
one species to another.

1.3.1 Factors causing storage loss

Carrot has good physiological storability.
Provided that carrots are not infected by mi-
crobes causing storage diseases, they can be
stored for 6-8 months without loss of quality
under optimal storage conditions (tempera-
ture 0°C and relative humidity c. 98%) (Bal-
voll 1985). Carrot has low metabolic activity
at low temperatures, as shown by the low
respiration rate (Stoll and Weichmann 1987).
A low storage temperature also prevents the
onset of new growth. However, carrot is sen-
gitive to wilting if not protected from water
loss. In commercial refrigerated stores, stor-
age diseases, mainly caused by pathogenic
fungi, pose the greatest risk. Ethylene in the
air may impair the sensory quality by induc-
ing the synthesis of phenolic compounds,
which give rise to a bitter taste (Sarkar and
Phan 1979, Lafuente et a. 1989, 1996).

Transpiration

Transpiration is the mass transfer of water
vapour from the surface of the plant organ to
the surrounding air. The driving force is the
gradient of water vapour pressure between
the tissue and the surrounding air, which is
affected by the relative humidity and tem-

perature of the air and the product (Ben-
Y ehoshua 1987). The rate of water loss of
carrot is affected by the surface area of the
root, the water vapour pressure deficit and air
velocity (Apeland and Baugered 1971). The
significance of the surface areais seen in the
fact that large carrots lose less weight than
small carrots and cylindrical carrots less than
cone-shaped ones. Root tips, where the ratio
of surface areato weight is high, are the most
susceptible to water loss (Apeland and
Baugered 1971).

Water loss due to transpiration results in
shrivelling, loss of bright colour and in-
creased risk of post-harvest decay (van den
Berg and Lentz 1973, Goodliffe and Heale
1977, Den Outer 1990). An 8% weight loss
is reported to make carrots unsaleable
(Robinson et al. 1975). Van den Berg and
Lentz (1973) showed that the optimum rela
tive humidity during storage is 98% to 100%,
a level that efficiently reduced postharvest
decay and moisture loss compared with stor-
age at 90% to 95% RH. During storage, thin-
walled cells, such as those in phellogen and
oil ducts, die and form a fatty layer of dead
crushed cells, which accounts for the loss of
bright colour (Den Outer 1990). A new peri-
derm is formed below to prevent further
desiccation, but the process is ow at low
temperatures and cannot prevent water |0ss.

Shibairo et a. (1997) observed some
cultivar differences in moisture loss charac-
teristics during short-term storage but they
were mainly associated with the specific sur-
face area of the root. Differences between
cultivars were pronounced when carrots were
harvested at a mature stage compared with
those harvested early. Preharvest water stress
increased postharvest weight loss and short-
ened the shelf-life of carrots (Shibairo et al.
1998a), which led the authors to recommend
that carrots should not be harvested under
water stress. They suggest that preharvest
water stress lowers the integrity of the mem-
branes in the root, which enhances moisture
loss during storage. Increased potassium (K)
application reduced the postharvest moisture



loss by increasing root weight and maintain-
ing tissue integrity, but the K fertilisation is
likely to be of benefit only in soils with avery
low K content (Shibairo et al. 1998b).

Respiration

Storage compounds accumulating in the stor-
age organ during growth and maturation are
consumed in the course of metabolic activi-
tites during storage. Respiration includes the
oxidative breakdown of sugars, starch and
organic acids into carbon dioxide and water,
with the concurrent production of energy,
heat and intermediary compounds to be used
in biochemical reactions (Wills et al. 1998).
At low temperatures, the respiration rate is
low, and it comprises only a minor part of
weight loss compared with transpiration
(Apeland and Baugered 1971). Apeland and
Hoftun (1974) found that respiration first
decreased after harvest and later increased
with time in store, more at 2 and 5°C than at
0°C. Transfer to 5°C from a lower tempera-
ture initialy increased the respiration rate
above that at constant 5°C but the rate soon
declined.

The respiration intensity of carrots de-
creases when they are harvested after a
longer growing time (Fritz and Weichmann
1979, Mempel and Geyer 1999). According
to Fritz and Weichmann (1979), in late ma-
turing cultivars respiration increased again in
the final two harvests in October. The differ-
ences between harvest dates persisted after
storage but were smaller. Mempel and Geyer
(1999) reported that the increase in respira-
tion soon after harvest was larger in younger
than in older carrots.

Mechanical loads increase the respiration
rate, which may impair the quality of carrots
(Mempel and Geyer 1999). Repeated drops
from a lower height resulted in a larger in-
crease in respiration than did fewer drops
from a greater height. Respiration intensity
also increased with each step of packing.

Lowering the oxygen concentration or

17

increasing the carbon dioxide concentration
in storage air reduces the respiration rate of
carrot (Apeland and Hoftun 1971, Robinson
et a. 1975), but the gas composition is criti-
cal. Carrot is very sensitive to CO, concen-
trations of 4% or higher or to oxygen con-
centrations of 8% or lower (Stoll and
Weichmann 1987).

Fungal diseases

Storage diseases may cause considerable
storage losses, since roots showing even mi-
nor damage must be discarded before mar-
keting. Three pathogenic fungi, Mycocentro-
gpora acerina (Hartig) Deighton, Botrytis
cinerea Pers. and Sclerotinia sclerotiorum
(Lib.) de Bary, have been considered the
most harmful throughout the production area
of carrot (Lewis and Garrod 1983) and they
are also the most common storage pathogens
in Finland. In the investigation of Mukula
(1957), the most important pathogens during
storage were S. sclerotiorum, B. cinerea,
Semphylium radicum and Fusarium avena-
ceum, with the first two fungi accounting for
77% of the total decay. M. acerina spread to
Finland in the 1970s (Tahvonen 1985) and,
as a soil-borne pathogen, is today viewed as
the most serious storage disease of carrot. M.
acerina has also been reported as one of the
major storage diseases in other Nordic coun-
tries (Arsvoll 1969, Hermansen and Amund-
sen 1987, Ramert 1988) and other temperate
areas (Derbyshire and Crisp 1971, Le Cam et
al. 1993).

Mycocentrospora acerina (Hartig) Deighton

Carrot roots attacked by Mycocentrospora
acerina are characterised by large, black and
sunken lesions on their shoulders, sides and
tips (Dixon 1981). In cross-section, the rotted
area is mainly black but it has a diffuse wa-
ter-soaked brown margin (Snowdon 1992).
The fungus is able to grow at temperatures of
-3 to 27°C; the optimum temperature is 17—
21°C (Gundel 1976).
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1°C (Gundel 1976).

The pathogen is soil-borne (Neergard
and Newhall 1951), and it survives for long
periods in the soil as dark thick-walled
chlamydospores that germinate in the pres-
ence of a host plant (Snowdon 1992). In-
fected crop residues increase the pool of
chlamydospores in the soil, and passive dis-
persal is possible by cultivation of the soil
and by water running on the soil surface
(wall and Lewis 1980b); the role of air-
dispersal from one field to another is insig-
nificant (Hermansen 1992, Evenhuis et al.
1997).

Germination of the spores is stimulated
by root exudates (Wall and Lewis 1980b).
The main forms of the fungus on harvested
carrots are chlamydospores and short lengths
of the mycelia that remain on senescent peti-
oles and in soil particles attached to the roots
(Davies et al. 1981). Although the senescent
foliage can maintain a supply of inoculum,
foliar infection accounts for only a small pro-
portion of the inoculum in the store (Wall
and Lewis 1980a). Infection is brought about
by germination of the chlamydospores
through wounds (Davies and Lewis 1980,
Davieset al. 1981).

M. acerina is predominantly a wound
pathogen (Davies et al. 1981) as the root is
usually infected via damaged lateral roots or
abrasions in the periderm. An intact periderm
is highly resistant to the pathogen, but the
resistance diminishes gradually towards the
inner tissues (Davies 1977, Davies and Lewis
1981b, Davies et a. 1981). The resistance of
the periderm involves inhibition of spore
germination and prevention of penetration
(Davies and Lewis 1981b). Inhibition of
spore germination at the root surface declines
progressively during storage, but as the
spores age smultaneoudly, inhibition remains
high and penetration of an intact periderm is
rare (Davies and Lewis 1981b). Resistance of
the periderm is not likely to result from me-
chanical obstruction alone as the periderm is
rarely completely intact (Davies and Lewis
1981b).

At the beginning of carrot storage, infec-
tions are microscopic (Davies et al. 1981).
The small light brown areas of collapsed
cells remain localised, and cells around the
lesions accumulate suberin and lignin. Lig-
nification and suberisation are, however, not
regarded as being the main barriers to the
spreading of the lesions (Davies et a. 1981).
Garrod et a. (1982) considered that structural
barriers directly contribute only a very small
proportion of the tissue resistance, but they
may protect the cell protoplasts until they
have accumulated high levels of antimicro-
bial substances. On the other hand, the onset
of progressive lesions may coincide with a
decline in levels of antifungal compounds,
which can therefore be regarded as an aspect
of senescence (Davieset al. 1981).

The main antifungal compounds pro-
duced by carrot roots, and which are active
against M. acerina, are facarindiol (hep-
tadeca-1,9-diene-4,6-diyne-3,8-diole; Garrod
et a. 1978) and 6-methoxymellein (6-
methoxy-8-hydroxy-3,4-dihydroi socoumarin;
Davies 1977). The concentration of falcarin-
diol decreasestowards the inner tissues of the
root, which corresponds to the gradient in the
resistance (Garrod et al. 1978). Olsson and
Svensson (1996) found a negative correlation
between the concentration of falcarindiol and
the susceptibility of a cultivar to M. acerina
in 14 of 16 cultivars tested.

Garrod and Lewis (1979) showed that
falcarindiol is present in the extracellular oil
droplets found in periderm and pericyclic
parenchyma in particular and, to a lesser ex-
tent, in phloem parenchyma. Falcarindiol is
known to inhibit germination of the chlamy-
dospores (Garrod et al. 1978) and aso myce-
lial growth of M. acerina (Garrod and Lewis
1982). The antifungal effect is caused by dis-
ruption of the membranes not specific to
fungi. The extracellular location of falcarin-
diol may prevent disruption of the mem-
branes of the host plant (Garrod and Lewis
1979).

The formation of 6-methoxymellein is
enhanced by inoculation or infection by fungi



(Davies and Lewis 19814a). It also accumu-
lates in response to other exogenous agents,
such as heat-killed conidia of Botrytis cine-
rea, surface freezing, ethylene or UV radia-
tion (Harding and Heale 1981, Hoffman and
Heale 1987, Hoffman et al. 1988, Mercier et
al. 1993). The compound is also effective
against B. cinerea. The potentia to accumu-
late 6-methoxymellein falls with time in stor-
age (Goodliffe and Heale 1978).

Botrytis cinerea Pers.

The tissue colonised by Botrytis cinerea be-
comes water-soaked, leathery and covered
with grey mould and grey-brown spores
(Snowdon 1992). Under cool humid condi-
tions, the mould may remain white. The fun-
gus survives in crop debris and in soil as
sclerotia. Vigorous young plants are not at-
tacked, but the senescent foliage can be in-
fected by air-borne spores or through contact
with soil or crop debris. Harvested roots
carry the infection in leaf debris, in soil at-
tached to the roots or on the root surface. The
pathogen is usualy present on stored carrots,
e.g. in soil adhering to the root (van den Berg
and Lentz 1968). During storage, the fungus
can spread into adjacent roots by contact or
over longer distances by air-borne spores
(Goodliffe and Hede 1977). It is able to
grow at temperatures of -0.3 to 35°C, with a
maximum rate at 20°C (van den Berg and
Lentz 1968).

Resistance to infection declines in the
course of storage (Goodliffe and Heae
1977). The increased susceptibility has been
associated with the decrease in the potential
to accumulate 6-methoxymellein (Goodliffe
and Heale 1978). Weight loss of roots in-
creases the incidence of infections: water 10ss
of more than 5% markedly reduces the ability
of the phloem parenchyma to resist infection
(Goodliffe and Heale 1977). Root tip, which
has a high surface to weight ratio and is often
damaged at harvest, is more easily infected
than are other areas of the root. The ability of
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the roots to resist infection varies from year
to year, due to differences in growing and
storage conditions.

Periderm is an effective barrier to infec-
tion, but when carrots had lost water, a larger
proportion of the surface inocula produced
visible lesions (Goodliffe and Heale 1977).
Goodliffe and Hedle (1977) suggested that
resistance to the pathogen might be due to
the accumulation of the 6-methoxymellein
found in resistant lesions. Accumulation of
this substance is triggered by various stress
factors (Hoffman et al. 1988), probably by
the action of an endogenous elicitor possibly
released after cell death. Hoffman et al.
(1988) concluded that ethylene biosynthesis
is required for resistance response to B. cine-
rea and for the accumulation of 6-
methoxymellein, but other ethylene-induced
compounds may also affect the resistance.

Sclerotinia sclerotiorum (Lib.) de Bary

Slerotinia sclerotiorum is one of the most
successful and widely-spread plant patho-
gens. According to information gathered by
Boland and Hall (1994), 278 genera and 408
species are reported as host plants of the fun-
gus. Carrot tissue infected by S sclerotiorum
is soft and watery but not discoloured
(Snowdon 1992). Pure white mould appears
on the surface. Primary lesions usually occur
in the crown region, but during storage the
mould may spread to adjacent roots by con-
tact. The sclerotia form as irregularly shaped
whitish bodies that, after exuding drops of
liquid, dry out and turn to black resting bod-
iesfrom2to0 20 mmin size.

Sclerotia can persist in the soil for many
years (Snowdon 1992). After wet weather or
irrigation, the sclerotia germinate by produc-
ing apothecia and ascospores. The spores are
injected into the air and foliage. Dense foli-
age, which can retain water, and dying foli-
age are susceptible to invasion. The primary
infection is through leaf tissue very near to or
in contact with sclerotia lying near the soil
surface (Finlayson et al. 1989a). The myce-
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lium invading to leaf tissue is able to grow
down the petiole to the upper part of the root
and so escape the mechanical barrier to
penetration caused by root periderm. Symp-
toms of the disease are rarely present at the
time of harvest, but roots have the incipient
infection when taken to store. In storage, the
fungus does not form spores but spreads only
by direct contact of the mycelium (Snowdon
1992).

In the study of Le Cam et a. (1993), S
sclerotiorum was the most aggressive of the
pathogens tested on carrot but only at tem-
peratures above 5°C. Van den Berg and
Lentz (1968) found that the fungus grows
even at 0°C and that it has a maximum
growth rate at 20°C. Rapid cooling after har-
vest is emphasised to control the spread of
the fungus (Finlayson et al. 1989b, Pritchard
et al. 1992).

1.3.2 Effect of harvest time on storage loss

Timing of harvest may affect storage losses
via the effects of carrot age and develop-
mental stage and weather conditions before
and during harvest. Transpiration is affected
indirectly by the size and shape of carrots
(Apeland and Baugerad 1971, Shibairo et al.
1997) or directly by preharvest water stress
(Shibairo et al. 1998a). The respiration rate
of carrots during storage fals with the
growing time (Fritz and Weichmann 1979,
Mempel and Geyer 1999).

There is shortage of comprehensive
studies on the effect of harvest time on stor-
age diseases. According to Mukula (1957),
the longer the growing period the lower were
the amounts of Sclerotinia sclerotiorum and
Botrytis cinerea. In one experiment, a dlight
increase in storage losses due to these patho-
gens was found again in the final harvest.
The susceptibility of carrots to Semphylium
radicinum and Fusarium rots increased with
an increase in growing period.

Davies and Lewis (1980) and Villeneuve
et al. (1993) observed a higher rate of Myco-

centrospora acerina in older carrots. In
younger carrots, fewer inoculation sites be-
came infected and fewer localised lesions
developed into progressive infections (Davies
and Lewis 1980). The age of the root af-
fected mainly the rate of development of lo-
calised lesions and the development of pro-
gressive infection, not the fina level of in-
fection. The resistance of the periderm tissue
was not affected by the age of the roots.
Therefore, it was suggested that root age
would influence either susceptibility to dam-
age or the wound-healing potential, and that
changes in the periderm structure would not
have a direct effect on infection (Davies and
Lewis 1980). The greater potentia for
wound-healing in younger roots was reported
by Lewis et a. (1981), who found that the
healing potential declined after 176 days.

The significance of weather conditions
for the post-harvest life of carrots was em-
phasised by Fritz and Weichmann (1979),
who found a positive correlation between
storage loss and rainfall and high humidity
before harvest. They concluded that weather
conditions affect storage quality more than
does the composition of the plant. Similarly,
Villeneuve et al. (1993) suggested that high
humidity and precipitation, which increase
root turgor, would make carrots more sus-
ceptible to mechanical damage and thereby to
infection by M. acerina.

1.3.3 Effect of mechanical injuriesand
healing on storage loss

Mechanical damage in harvest influences
deterioration through weight loss and in-
creased disease incidence. In addition, plant
and soil debris among the roots increases the
guantity of inoculum in the harvested yield
(Derbyshire and Shipway 1978). Mechanical
damage aso raise the respiration rate and
hence the consumption of reserve com-
pounds of the roots (Mempel and Geyer
1999).

Infections by al the pathogens studied



are enhanced by wounding (Mukula 1957,
Derbyshire and Crisp 1971), and infection by
M. acerina is restricted mainly to wounds
(Davies et a. 1981). Therefore, higher rates
of diseases have been reported after me-
chanical harvesting than after hand-lifting
(Apeland 1974, Tucker 1974b). Neverthe-
less, comparison between hand-lifted and
machine-harvested yields in two seasons
(Geeson et al. 1988) did not show any con-
sistent differences in the incidence of rotting
due to the major pathogens, Botrytis cinerea
and Rhizoctonia carotae. Technical im-
provements to the lifting machinery in recent
decades have probably reduced harvest dam-
age, but injuries are still more likely to occur
in mechanical harvesting than in manual har-
vesting.

Wound healing is an important factor in
determining the storage potential of carrot.
Davies and Lewis (1980) postulated that dif-
ferences in the healing potential might also
be related to the year-to-year variation in
storage potential. Healing may be enhanced
by prestorage treatments. Lewis et al. (1981)
showed that healing of the wounds at 15 or
25°C before storage diminished the infection
by M. acerina. On wounded phloem paren-
chyma tissue, maximum resistance was
reached after 5 days healing. In xylem pa-
renchyma, a less resistant tissue, a healing
period as short as 6-12 hours significantly
reduced infections. Similarly, Le Cam et al.
(1993) observed reduced infection by M.
acerina when carrots were healed at 5-7°C
for 12-36 hours before cold storage, and
Hoftun (1993) found a positive effect of
prestorage at 5°C for 2 or 3 weeks or at 10°C
for 1 week.

Lewis et al. (1981) suggested that the
beneficial effect of healing might be attrib-
uted to antifungal substances accumulating
on wound surfaces. After a 40 h healing pe-
riod, Garrod and Lewis (1980) detected a 20-
fold increase in the concentration of falcarin-
diol in the surface layer of the wounded tis-
sue, possibly due to breaking of the falcarin-
diol-containing oil ducts on the wound sur-

21

face (Lewis et al. 1983). Lewis et al. (1983)
concluded that the preformed inhibitor, falca-
rindiol, is probably the main barrier to infec-
tion during the first 16 h after wounding and
healing, and that its effect isreinforced by the
inducible compound, 6-methoxymellein.

Most studies on wound healing have
been conducted on artificia wounds, which
may not fully correspond to the damage
caused by mechanical harvesting. However,
in the Netherlands, it is recommended that
carots harvested under wet conditions
should be given a prestorage treatment of 2—3
weeks at 5°C or 1 week at 10°C to enhance
the healing process (Schoneveld and Verduis
1996). When harvested under dry conditions,
carrots can be taken to the store immediately
and forced cooling is not necessary at the
beginning. The carrots should, however, be
protected from transpiration.

1.3.4 Compositional changesduring
storage

The quality of vegetables deteriorates gradu-
ally during storage in response to endogenous
factors and environmental conditions. Proc-
esses such as transpiration, respiration, acti-
vation of growth and attacks by pathogens
lead not only to quantitative losses but quality
losses, which can destroy the marketability of
the product or remain invisible. Composi-
tional changes are usualy studied only in
marketable carrots.

A common trend in sugar composition is
for the hexose content to increase and the
sucrose content to decrease, especially during
the first months of storage (Phan et al. 1973,
Nilsson 1987b, Oldén and Nilsson 1992, Le
Dily et a. 1993). Most experiments record
only minor changesin the total sugar content.
Nilsson (1987b) found that compositional
changes occurred irrespective of harvest date
and that the differences were maintained
throughout storage. In natural development
of carrot root in the field in France (Le Dily
et a. 1993), sucrose and total sugar contents
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reached their maxima in December. The su-
crose content started to decrease in mid-
February and the fructose and glucose con-
tents in March. In contrast to harvested and
cold-stored carrots, there was no accumula-
tion of hexoses. Therefore, the change in
carrot composition in the post-harvest period
differs from that in the natural environment.

Carotene content is little affected during
storage (Fritz and Weichmann 1979, Le Dily
et a. 1993). Phan et a. (1973) even found
that the content increased dlightly during
storage, but when the roots started to form
shoots and rootlets, the carotene content de-
creased in xylem but not in phloem. The ni-
trate content, which is not usually very high
in carrots but may be noxious in children’s
food, decreases dightly during storage (Nils-
son 1979, Kidmose and Henriksen 1994).

Changes in sensory quality during stor-
age are not widely documented in the litera-
ture. Evers (1989Db) found that taste and tex-
ture scores given after 4 or 6 months' storage
were lower than after harvest. However, or-
ganicaly cultivated carrots received higher
taste scores after storage.

1.4 Aims of the study

Storage is a prerequisite for a year-round
supply of domestic vegetables. The quality of
root vegetables after long-term storage is
primarily determined during the growing sea-
son. Quality is at its highest at harvest, after
which it can only be maintained at the same
or a lower level. The natural senescence of
products sets limits on the maximum period
of storage. Conditions prevailing during stor-
age control the rate of postharvest changes
and affect the maximum storage time. Simi-
larly, the quantity of marketable yield is de-
termined by conditions during the growing
season. The proportion of yield that is still
marketable after storage is affected by both
pre- and postharvest factors.

This study aimed to show how the qual-
ity and quantity of carrot after storage can be

better controlled. The main emphasis was on
the effects of harvest time, with the aim of
optimising the timing of harvest. Criteria for
the optimal harvest time were defined as 1)
high total yield, 2) low storage loss, 3) high
quality of yield at harvest and 4) maintenance
of quality during storage. Development of the
carrot plant during the growing season was
investigated to characterise the determinants
of yield production. Evaluation of quality
concentrated on sensory quality, which, to-
gether with outer quality, is the most easily
perceptible quality characteristic in fresh
consumption. The sugar composition of car-
rot storage root was studied as a possible
descriptor of the plant’s stage of develop-
ment.

More specific objectives were:
1. to investigate the patterns of shoot and
storage root growth of carrot in a north-
ern climate (1);
2. to establish when the growth of carrot
storage root ceases in autumn and no
further yield increaseis gained (I1);
3. to determine the optimal harvest time
to minimise storage loss (111);
4. to characterise the factors accounting
for changes in storability during the har-
vest period (1V);
5. to study changes in soluble sugar
content and composition during the har-
vest period and storage as chemical en-
ergy reserves and possible descriptors of
maturity (V); and
6. to establish the optimal harvest time
for the best sensory quality at harvest and
after storage (V1).

2 Material and methods

2.1 Field experimentsin 1995-1997
(1111, V=VI)

Field experiments were conducted at the
Vegetable Experimental Site of the Agricul-



tural Research Centre of Finland at Ko-
kem&ki and on vegetable farms. Two culti-
vars were used: Panther F; (Sluis and Groot,
the Netherlands), a fresh-market variety
commonly used for storage in Finland, and
Fontana F;, (Bgjo Zaden, the Netherlands), a
late variety cultivated for the processing in-
dustry. At Kokemé&ki, a split-plot experiment
with the two cultivars in whole plots and
harvest time in subplots was conducted in
1996 and 1997. There were six harvest dates
at approximately 10-day intervals in Septem-
ber and October (Table 1).

The experiments on farmers' fields were
conducted:

1. to obtain a large volume of experi-

mental data within three years,

2. to provide insight into the variation in

yield level and average storage loss be-

tween farms; and

3. to estimate the uniformity of the effect

of harvest time under varying growing

conditions.
The farm experiments were started in 1995,
when the yield of cv. Fontana was harvested
from nine farms three times at 2-week inter-
vals (Table 1). Most of the farms were lo-
cated near Huittinen, two of them were near
Pori and one was the Hame Research Station
at Pakane, which is here considered as a
farm. In 1996, the experiments were contin-
ued on six ‘Fontana farms in the Huittinen
region. Nine farms (five in the Forssa and
four in the Laitila region) with cv. Panther

Table 1. Harvest datesin experiments.
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were included in the study in 1996 and 1997,
and there were four harvest dates at approxi-
mately 2-week intervals in September and
October.

Measurements and analyses

At the Vegetable Experimental Site, samples
for growth anaysis were taken at approxi-
mately 10-day intervals starting at 43 and 54
days after sowing in 1996 and 1997, respec-
tively (1). The samples were analysed for the
number of true leaves per plant (longer than
0.5 cm), the length of the longest leaf, the
fresh and dry weights of the leaves, the
maximum thickness and length of the storage
root, and the fresh and dry weights of the
storage root. In addition, leaf area was meas-
ured six times in 1996 and four times in
1997. Specific leaf area (SLA) and mean
relative growth rate (RGR) were calculated
according to the formula given by Hunt
(1990).

At each harvest date in all experiments,
the variables measured were:

* total fresh and dry yield per area (not

on farmsin 1995) (1)

* fresh weight of the shoot per plant (I1)

* contents of soluble sugars (fructose,

glucose, sucrose) at harvest (V)

* contents of soluble sugars after 2—3 du-

rations of storage (only in 1995 and

1996) (V)

Coding  Vegetable Experimental Site  Farm experiments
of harvest cv. Fontana cv. Fontana cv. Panther cv. Panther
1996 1997 1995 1996 1996 1997
H1 5 Sept 8 Sept 12 Sept 11 Sept 10-11 Sept  9-11 Sept
H2 16 Sept 18 Sept 26 Sept 25 Sept 23-24 Sept 23-24 Sept
H3 26 Sept 29 Sept 10 Oct 8 Oct 7-9 Oct 7-8 Oct
H4 7 Oct 9 Oct 22 Oct 21-22 Oct  21-22 Oct
H5 16 Oct 20 Oct
H6 28 Oct 30 Oct
Growing time from sowing to H1 (d)
106 117 107-130  114-120 104-120  113-128
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* storage losses (weight loss, proportion

of diseased carrots, total loss) after 3

storage durations (111).

In addition, the sensory quality of carrots
produced at the Vegetable Experimenta Site
and on 2-3 farms was analysed soon after
harvest and after 2 storage durations in 1996
and 1997 (V1).

Soluble sugars were analysed at the
Laboratory of Food Chemistry of the Agri-
cultural Research Centre of Finland (V).
Fructose, glucose and sucrose were assayed
by gasliquid chromatography (GLC) em-
ploying the method of Li and Schuhmann
(1980) with modifications of Haila et al.
(1992). Tota soluble sugars were calculated
as the sum of fructose, glucose and sucrose.

Sensory analyses were performed in co-
operation with the unit for Food Chemistry
and Technology of the Agricultural Research
Centre of Finland (VI). The sensory panel
had 12 members, both people trained in sen-
sory analysis and untrained vegetable spe-
cidists. The attributes evaluated were juici-
ness, crispness, sweetness, bitterness and
overall flavour. The first four attributes, to-
gether with fruity taste, are regarded as the
most important variables describing the inner
sensory quality of carrots by Fjeldsenden et
a. (1981). Overdl flavour was included to
describe the overall sensory quality of carrots
as a preference attribute. A 9-point scale was
used. For overal flavour, each integer on a
scale from 1 to 9 was used but for other at-
tributes, only integers 1, 3, 5, 7 and 9 were
used. Each point of the scale was given a
verbal description.

Sorage experiments (111)

Yield samples were stored in woven poly-
propylene bags (75 g m?) in batches of ap-
proximately 10 kg of carrots. Samples from
different experimental sites were stored in the
same store, which differed each year. Storage
conditions were as follows: in 1995-1996,
temperature 0+0.5°C, relative humidity 80—
85%; in 1996-1997, temperature 0+ 1°C, rela

tive humidity 85-95%; in 1997-1998, tem-
perature 0.5+0.5°C, relative humidity 90—
100%. In the first two years, the cooling
system comprised a refrigeration coil
installed in the ceiling of the store. In the last
year, an indirect cooling system with a heat
exchanger cooled by outside ar or by
mechanical refrigeration, which maintains
the humidity in the store, was used. In the last
two years, water vapour was added to the air
to raise the air humidity. Storage losses were
analysed three times during storage between
January and April.

2.2 Experiment in 1998-1999 (1V)

In 1998, carrots of cv. Panther were grown at
the Vegetable Experimental Site in a ran-
domised complete block design with four
replicate blocks. The yield was harvested
three times (H1 = 16 September, H2 = 30
September, H3 = 14 October). At each har-
vest, the carrots were randomly divided into
the following treatments:

1. no mechanical treatment, storage at

0.5°C

2. mechanical treatment, storage at 0.5°C

3. mechanical treatment + inoculation

with Mycocentrospora acerina, storage

at 0.5°C

4. no mechanical treatment, 7 days at

10°C before storage at 0.5°C

5. mechanical treatment, 7 days at 10°C

before storage at 0.5°C

6. mechanica treatment + inoculation

with M. acerina, 7 days at 10°C before

storage at 0.5°C.

The mechanical treatment was performed by
a shaking apparatus developed in the Neth-
erlands for assessing the susceptibility of po-
tatoes to black spot (Meijers 1981). In treat-
ments 3 and 6, the carrots were inoculated
during shaking by adding 200 ml of coarse
sand inoculated with M. acerina. Half of the
carrots (treatments 1-3) were taken straight
to the cold store on the afternoon of the har-



vest date. Carrots from treatments 4—6 were
kept for 7 days at 10°C to heal the wounds,
after which they were taken to the cold store.
The temperature during cold storage was
0.5°C£0.5°C and relative humidity 90-100%.
Storage losses were analysed on 1 February
and 7 April, 138 and 203 days after H1, re-
spectively.

2.3 Statistical analysis

The results were analysed mainly by mixed
models (Littell et al. 1996). In the farm ex-
periments with cv. Panther, the growing area
(Forssa or Laitila region) was a fixed factor,
and each farm within the area was regarded
as a “random” farm representing typical cul-
tivation methods and conditions in that area,
although the farms could not be randomly
selected (lI-11, V). Therefore, it was as
sumed that results could be generalised
within the area, and separate farms were not
of primary interest. In the experiments with
cv. Fontana, al the farms represented the
same growing area, which can be regarded as
the most important production area of this
cultivar for the processing industry. When the
sensory quality data from the farms were
analysed, each farm’ s data were treated sepa-
rately, since only 2-3 farms were included
(V).

The models used are presented in greater
detail in separate papers (1-1V, VI1). The SAS
MIXED procedure (Littell et al. 1996) was
used to fit the mixed models by the restricted
maximum likelihood (REML) estimation
method. The effect of harvest time, which
was the primary objective of the experiments,
was further studied by estimating differences
in each response variable between harvest
and the mean of following harvests.
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3 Results and discussion

3.1 Patter ns and cessation of carrot
growth

Analysis of growth patterns (I) during the
growing season showed that shoot fresh and
dry weights and leaf area reached their
maxima 90-130 days after sowing and
started to decrease thereafter. On the other
hand, temperature and the daily sum of irra-
diance remained relatively high up to ap-
proximately 100 days after sowing, mid or
late August, after which they decreased
clearly. Therefore, most of the growing sea-
son was used for building up the photosyn-
thetic capacity, and much of the storage root
growth occurred under less favourable con-
ditions: the storage root weight of cv.
Fontana doubled and that of cv. Panther in-
creased dightly less after late August. Earlier
studies on the shoot and root growth of carrot
in Finland have given smilar results: Salo
(1999) reported that the dry weight of shoot
increased up to mid August, whereas the
rapid growth of storage roots started in mid
July. Evers (1988) found that only 17-26%
of the final root fresh weight was reached in
the middle of the growing season 2-2.5
months after sowing. A slow growth rate in
the early part of vegetative growth therefore
inhibits efficient utilisation of the short
growing season.

Our findings on the relation between leaf
and storage root growth of carrot are in
agreement with those of Fritz and Habben
(2977), who found that, in the field, the shoot
weight of different cultivars declined before
the maximum root weight was achieved. In
the greenhouse (mean day temperature 15°C,
night temperature 10°C), shoot weight started
to decrease at 100 days after emergence and
under field conditions at 130-170 days after
emergence. However, Nilsson (1987a) re-
ported that the cessation of root growth at the
end of September in Sweden coincided with
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Table 2. Yield increase after different harvest dates (in comparison to final harvest). In farm

experiments, figures are means of all farms.

V egetable Experimental Site, Kokeméki

Yield increase, t ha® (% of yield at final harvest)

1996 1997
Harvest date Fontana Panther Fontana Panther
H1 = 5-8 Sept 29.4 (36) 20.1 (29) 234 (22) 17.0 (18)
H2 = 16-18 Sept 18.8 (23) 9.8 (14 11.2 (11) 89 (10
H3 = 26-29 Sept 115 (14) 45 (6) 9.6 (9 11.3 (12)
H4 = 7-9 Oct 8.4 (10 -0.1 (0 -46 (-4 -02 (0
H5 = 16 Oct 34 (5 -1.1 (-2)
Yield at final harvest 81.6 70.2 105.0 93.6
Farm experiments
cv. Panther cv. Fontana
1996 1997 1996
Harvest date Forssa Laitila Forssa Laitila Huittinen
H1=9-12 Sept 14.3 (22) 4.8 (10) 16.5 (200 19.9 (27) 6.4 (14)
H2 = 23-26 Sept 54 (9 1.8 (4) 51 (6) 6.3 (9) 4.4 (9
H3 = 7-10 Sept 32 (5 -1.1 (-2) -16 (20 09 (O 26 (6)
Yield at final harvest 64.0 46.6 81.9 74.3 47.0

afall in shoot weight, irrespective of sowing
date. Wheeler et a. (1994) and Habben
(2972) found no decline in shoot weight up
to the last harvest at 4-5 months after sow-
ing. Differences in the senescence of leaves
may be related to genotype and the plant’s
nutritional status, but obviously maintenance
of the photosynthetic potential, even at the
end of the growing season, would ensure
maximum root growth.

Hole et al. (1987a) reported that cultivars
with a high root yield tend to have high shoot
weights. The same was seen in our study at
the Vegetable Experimental Site, where cv.
Fontana, having a high shoot weight and a
large leaf area, also produced a higher root
yield. Relative growth rates were similar in
both cultivars in relation to time from sow-
ing, which shows that the differences had
arisen earlier. No clear differences in emer-
gence rate of the cultivars were noticed.
Therefore, the higher potential for yield for-
mation in cv. Fontana seems to be deter-
mined soon after emergence. Partitioning to
leaf production at an early stage, resulting in
a higher shoot to root ratio, apparently en-

sures a potential for high biomass production
and high root weight (Hole et a. 1987a).
Hole et a. (1987a) concluded that the shoot
to root ratio characteristic of a given cultivar
was determined at 2748 days from sowing.

Although the relative growth rates of the
two cultivars were similar at a given time,
they were lower in cv. Panther a a given
plant weight. This is probably due to the fact
that cv. Panther reached the same plant
weight later as cv. Fontana in the growing
season and therefore under less favourable
growing conditions. The differences in root
weight between cultivars increased markedly
after late August, suggesting that the smaller
leaf area of cv. Panther was not sufficient to
fully utilise the diminishing growth factors.
Early development of the photosynthetic po-
tential is thus crucia for achieving a high
yield in a northern climate, where the short
growing season sets limits on growth.

Results concerning the development of
yield at the Vegetable Experimental Site and
on farms (I1) showed that the statistically
significant increase in total fresh yield gener-
ally ceased in early October, despite the large



variation in average yield level at different
experimental sites. The only exceptions to
this timing were the farms at Laitilain 1996,
where no yield increase was gained after the
second harvest at the end of September. The
average yield gain after the first harvest was
4.8-29.4 tha', which corresponds to 10—
36% of the total yield at the final harvest
(Table 2). This means that up to one-third of
the yield potential achieved was produced
after thefirst harvest in early September. How-
ever, most of the yield increase was achieved
before the end of September, and no statisti-
cally significant yield gain occurred when the
harvest was delayed beyond the first week of
Octaober. Injuries due to night frosts on 21
September and low precipitation probably
promoted leaf senescence and thereby re-
duced the growth potential on farmsin 1996.

The timing of cessation of growth coin-
cided with earlier results, athough there is
probably considerable variation between dif-
ferent cultivars. In Germany, Fritz and Hab-
ben (1977) found intervarietal differences in
the cessation of growth in both the green-
house and the field. In the field, root growth
stopped between the end of September and
the end of October. In southern Sweden, root
yield increased significantly up to 23 Sep-
tember in the first year and up to 15 October
in the following year (Nilsson 1987b). Flgnes
(1973) reported that, in Norway, root growth
was dlight after the beginning of October.
Earlier data on yield development in the late
season are not available for Finland.

Yield increase resulted from continuing
photosynthesis, as the dry matter yield usually
increased up to the same harvest as the fresh
yield. However, on farms in 1996, when se-
vere night frosts injured the plant stands on
21 September, no further accumulation of dry
matter was observed. Therefore, the increase
in fresh yield in that year was due to solely
the higher water content of storage roots. The
possibility of dry matter being transported
from senescing leaves to storage root has not
been studied.

These findings suggest that, despite low-
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ering temperature and irradiation, carrot still
has substantial potential for yield production
late in the growing season if the plants re-
main healthy and uninjured. The uniform
timing of cessation of growth at different
growing sites also suggests that the cultivars
in the study do not reach an endogenous limit
for yield production under conditions pre-
vailing in Finland but that environmental
factors determine the termination of growth.
The same was noted by Rosenfeld (1998),
who concluded that carrots can grow for long
periods at temperatures above those required
for vernalisation. Even after 3 months at a
temperature as low as 9°C, carrots remained
unvernalised and continued their growth.

Development of yield could be related to
thermal time from sowing to harvest. Espe-
cialy at Kokemaki, thermal time (Tg of 0°C)
produced regression models with a good fit
(I, Figure 6). The results from Kokemé&ki
suggest that cv. Panther is able to produce,
on average, 63 kg ha' (95% confidence in-
terval (Cl): 56, 70) of its root yield per one
day-degree above 0°C, and cv. Fontana a
yield increase of 83 kg ha (95% ClI: 75, 91)
per one day-degree above 0°C at the end of
the growing season. Farm experiments with
cv. Panther gave similar slope values for
yield increase in response to thermal time
unless the carrot stands were injured by frosts
(11, Table I11). Hence, it is suggested that the
models describe the cultivar-specific re-
sponse to temperature under conditions suit-
able for growth. The higher response to
thermal time in cv. Fontana may be due to
the larger foliage of the cultivar. Even though
senescence of the foliage started simultane-
oudly in both cultivars, the mean fresh weight
of foliage remained much higher in cv.
Fontana throughout the harvest season.

Since the low Tg values proved success-
ful in describing the yield response to tem-
perature, carrot is able to utilise very low
temperatures at the end of the growing sea
son, too. Low base temperatures have previ-
ously been applied to early growth of carrot:
Brewster and Sutherland (1993) obtained a
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base temperature of 1.0°C for the seedling
growth of carrot. In the growth model of
Benjamin and Aikman (1995), a base tem-
perature of 1.3°C was used for carrot and
white cabbage. This was determined as the
base temperature for seed germination
(Wagenvoort and Bierhuizen 1977), and
Benjamin and Aikman (1995) assumed that it
also applied to subsequent growth. All in all,
the minimum temperature for growth and
development in carrot appears to remain near
0°C throughout the vegetative cycle.

Thermal time also explained the yearly
differences in the average yield level: high
yields were produced in 1997, awarm season
(I1). Analysis of growth showed that, in that
year, plants invested more in leaf production
by growing a lower number of thicker and
longer leaves (I). The stronger partitioning to
shoot was also seen in the linear equations
between shoot and root weights, where the
intercepts were higher in 1997. This supports
the suggestion that high temperature is more
favourable for shoot growth than for storage
root growth (Hole 1996). Leaf area was,
however, not much higher in 1997, a finding
in accordance with the data of Hole and
Dearman (1993), who showed that, at low
photosynthetic photon flux density, carrot
maintains its leaf area and leaf fresh weight,
but that the dry weight of leaves is dimin-
ished. This limits storage root growth less
than in red beet or radish. The maintenance
of leaf area is also seen in our results for
1996, a year with less irradiance and lower
temperature, when leaf fresh and dry weights
were also reduced.

The large variation in yield level between
growing sites is a striking feature of the farm
experiments (11, Figure 4). The variation can-
not be explained by a single factor but may
be related to difference in sowing times,
drought sensitivity of the soil and other
edaphic factors. Although the levels of mac-
ronutrients in soil at the time of the first har-
vest and fertilisation practices were quite
variable, no clear shortage of nutrients was
observed (data not shown). The uniformity in

yield development during the harvest period
despite the variation in average yield suggests
that the yield potential of a given cultivar in a
given field is determined during the early part
of the growing season, e.g. by the productiv-
ity of the soil and the cultivation technique
used. In the latter part of the season, envi-
ronmental conditions control the rate of
growth, largely irrespective of the yield al-
ready produced.

3.2 Effect of harvest time on storage
perfor mance

The timing of harvest influenced markedly
the total storage loss of carrot cvs Fontana
and Panther (I11). The earliest harvests were
unfavourable for storability of the yield, and
delaying harvest decreased the storage loss.
In farm experiments, the point of time after
which there was no further improvement in
storability was H2 (25-26 September) in cv.
Fontanain 1995 and 1996. In cv. Panther, the
improvement in storability continued up to
H3 (7-8 October) in 1996 and up to H2 (23—
24 September) in 1997. At the Vegetable
Experimental Site in 1996, storage loss of
both cultivars did not decrease further after
H4 on 7 October. In 1997, storage loss was
much lower than the year before and it
showed a decreasing trend up to H5 on 21
October, after which there was a sharp in-
crease in diseases and total loss.

Even the unusually late harvest at the end
of October did not increase storage loss, de-
gpite frost injuries and rainy weather during
the last harvest in 1996. Only the yield from
the very late harvest at Kokemaki on 30 Oc-
tober 1997 suffered great losses. This dete-
rioration in quality is easy to understand, as
the carrots were lifted from frozen soil and
the daily minimum temperatures had ranged
between -1.0 and -12.6°C during the previ-
ous 10 days.

The results from different locations show
that, under northern conditions, delaying the
harvest improves storability up to the end of



September or beginning of October. After
this point in time, storability remains a a
constant level. Only a prolonged period of
very cold weather injures the plants so se-
verely that their storability isimpaired.

Similar effects of harvest time have been
found by Weichmann and Ké&ppel (1977),
who noticed that late harvesting decreased
weight loss and respiration intensity during
storage. Only carrots from the latest harvest
at the end of October had a higher weight
loss and respiration intensity. Later, Fritz and
Weichmann (1979) studied a larger volume
of data and found no clear relation between
harvest time and storage loss in late maturing
cultivars. The occurrence of storage diseases
was low, and losses consisted mainly of
weight loss, which first decreased and then
increased at the latest harvest dates. In the
data of Nilsson (1987b), the incidence of
storage diseases fluctuated and no relation to
harvest date was found.

In the present study, the effect of harvest
time was mainly due to the lower occurrence
of storage diseases in the later harvests and
the average level of diseases was higher than
in earlier studies. This may have helped re-
vea the importance of harvest time. The
largest differences between harvest dates
were observed in the yield in which disease
infections were common. Nevertheless, de-
gpite the differences in the level of diseased
carrots in farm experiments, losses almost
invariably diminished with a later harvest
(111, Figure 3).

The large between-farm variation in av-
erage storage loss (l11, Figure 3) cannot be
satisfactorily explained. High rates of Myco-
centrospora acerina were related to the fre-
guent cultivation of carrot on the experimen-
tal fields (Suojala and Tahvonen 1999). The
variation in the incidence of Botrytis cinerea
may be partly associated with the variation in
the mean size of the root: a negative correla
tion (r = -0.73, P = 0.042) was found be-
tween mean root size and B. cinerea infec-
tion on farms with cv. Panther in 1996, when
the fungus was the magjor pathogen. The nu-
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trient content of storage roots at different
growing sites did not revea any clear rela-
tionships with storage losses (data not
shown). To improve the control of storability,
more effort should be put into determining
storage potential during the growing season,
since the present results demonstrate that it is
possible to produce carrots with very high
storage potential .

The infection rates of both of the major
storage pathogens, M. acerina and B. cine-
rea, decreased with a later harvest. Mukula
(1957) found that the amount of Sclerotinia
sclerotiorum and B. cinerea decreased with a
longer growing period, a finding supported
by the present results. However, the findings
on M. acerina are in direct contrast to the
results of Davies and Lewis (1980) and Vil-
leneuve et al. (1993), who reported a higher
level of M. acerina in older carrots. In the
study of Davies and Lewis (1980), the
youngest roots (127 days at harvest) were the
most consistently resistant. The contradiction
might be partly explained by the age of the
carrots. Here, the age of carrots at harvest
varied between 104 and 170 days in the dif-
ferent experiments and harvests and thus the
plants were, on average, younger than those
studied earlier.

Weight loss did not show any consistent
trends in relation to harvest time, but it in-
creased during storage. The direct effect of
trangpiration on total storage loss is usualy
very low compared with that of storage dis-
eases, provided that water loss does not lead
to wilting. Indirectly, weight loss increases
storage loss by intensifying the susceptibility
to pathogens, such as B. cinerea (Goodliffe
and Heale 1977), and it may also impair the
outer and sensory quality. Storage conditions
(e.g. temperature, relative humidity, air cir-
culation, method of cooling) affect weight
loss markedly. In 1997-1998, when a store
equipped with a heat-exchanger system was
used, weight loss was much lower than in the
previous years, which may have contributed
to the low total lossin that year. On the other
hand, the high incidence of B. cinerea in the
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1996 yield may have partly resulted from the
rather high weight loss during storage.

The general improvement in storability
during the autumn was not explained by
weather conditions, since the changes in pre-
cipitation and air temperature were very dif-
ferent in each year, whereas the changes in
storability were uniform. Thisisin contrast to
the observations of Fritz and Weichmann
(21979), who emphasised the significance of
weather conditions for the post-harvest life of
carrots. Villeneuve et al. (1993) postulated
that high humidity and precipitation, which
increase root turgor, might make carrots
more susceptible to mechanical damage and
so to infection by M. acerina. This effect was
not found in our experiments where carrots
were harvested under conditions of varying
humidity. The significance of environmental
factors for storability cannot, however, be
excluded. The decline in temperature of the
soil and carrot roots during the autumn has-
tens the cooling of carrots when transferred
to storage and so may enhance storability.
Environmental conditions in late autumn may
also be less favourable for the survival and
spreading of pathogens. On the other hand, a
low temperature during mechanical harvest-
ing may increase the risk of harvest damage
and hence provide a penetration route for the
fungi to the root. All the material in the pres-
ent study was hand harvested, which proba-
bly resulted in a dightly lower storage loss
than in normal mechanical harvesting.

The results for 1996 and for the last har-
vest in 1997 showed that carrot roots can
withstand very low temperatures without im-
pairment of their storage quality. Although
temperatures were not measured on experi-
mental fields or in the soil, recordings made
nearby at ground level suggest that the tem-
perature of the upper part of the root must
have fallen to -5 to -10°C. In carrots from
farms in 1996, frost injuries were even seen
as transversal cracks in the upper parts of the
roots. These cracks must have been caused
by ice formation in extracellular spaces, since
the injuries did not result in disruption of the

root tissues. Tucker (1974a) studied the
freezing injuries of carrot roots by exposing
overwintered carrots to -2.5°C for 24 hours.
After thawing, these roots rotted quickly.
Zhang and Willison (1992) observed that,
following freezing at a cooling rate of 4.8°C
h™, carrot root samples survived temperatures
of -3 and -6°C but were partly injured at -
9°C. LTs, the temperature at which half of
the cells were killed, was as low as -12°C.
The duration of the freezing stress and differ-
ent stage of cold acclimation may explain the
differences in the observed frost tolerance of
carrot. Our observations from the field also
demonstrate that quite a low temperature for
one night is not detrimental to the storability
of the root but that a prolonged period of
repeated frosts, as observed between H5 and
H6 at Kokemd&ki in 1997, does impair the
storability. A long period of frost probably
leads to some intracellular freezing and cell
death, which provides the route for the
pathogens to the root.

Comparison of storage results for the
different years is hindered by the use of dif-
ferent stores. The storage temperature was
near optimum each year, but the variation in
relative humidity may have affected the re-
sults. The polypropylene bags used in storage
mitigated the effect of air humidity, but still
the level of weight loss varied between years
and stores. Nevertheless, preharvest condi-
tions have an effect on overall storability and
on the incidence of various pathogens. Pre-
harvest water stress is reported to increase
postharvest weight loss (Shibairo et al.
1998a), which in turn increases the suscepti-
bility to B. cinerea (Goodliffe and Heale
1977). Hence the low precipitation at the end
of the 1996 season may partly account for the
high occurrence of B. cinerea.

On the other hand, it has been suggested
that high humidity and precipitation might
make carrots more susceptible to infection by
M. acerina (Villeneuve et a. 1993). Simi-
larly, the infection of leaves by S scle-
rotiorum, which did not cause substantia
losses in the present study, is enhanced by



high humidity in the canopy (Finlayson et al.
1989a, Snowdon 1992). However, changes
in experimental fields and stores between
years do not allow in-depth analysis of the
causes for year-to year variation in average
loss; more important, the harvest time effect
was constant, irrespective of growing site,
year and storage conditions.

The uniform results on the improvement
in dtorability towards the late autumn
prompted interest in the mechanisms of a
reduced level of infections, especially by M.
acerina. Davies and Lewis (1980) suggested
that root age influenced infections by M.
acerina by affecting the susceptibility to
damage or wound healing potential. McGarry
(1995) showed that the tissue toughness of
carrot storage roots increases towards the end
of crop growth, making roots less susceptible
to mechanical damage and hence to storage
pathogens. The contribution of mechanical
damage and wound healing to the decrease in
the incidence of infections was studied in
1998-1999 (1V).

The most important finding was that arti-
ficia inoculation with M. acerina resulted in
fewer infections in later harvests, implying
that the resistance of storage roots improved
in the field (1V). The mechanism of the im-
proved resistance was not the lower suscepti-
bility to damage, since mechanical treatment
alone did not affect the disease rate. This may
have been caused by the low level of natural
infection. Moreover, the method of causing
mechanical damage by shaking may not have
been effective enough. Neither could the
better resistance to M. acerina in later har-
vested carrots be attributed to the better
wound healing potential, since the relative
effect of healing was greatest in early har-
vested carrots, that is, in those with the high-
est level of infections. Healing at 10°C was
effective in reducing the rate of infection by
M. acerina in inoculated carrots, although the
effect was not clearly seen at the first date of
analysis.

Combined with earlier research (Davies
et a. 1981, Garrod et a. 1982), the results

31

led to the hypothesis that the concentration of
antifungal substances increases towards the
end of the growing season, which makes the
carrots more resistant to M. acerina and pos-
sibly to other storage diseases, too. The early
harvested carrots would thus have a lower
level of antifungal substances, and the heal-
ing period would raise their concentration,
bringing it close to the level of later har-
vested carrots, in which better resistance
cannot be achieved. There seems to be a
common limit for resistance, probably irre-
gpective of the type of tissue: Lewis et al.
(1981) reported that healing tended to bring
infections down to a similar level in al tis-
sues despite the initial gradient in suscepti-
bility. This hypothesis concerning the contri-
bution of antifungal compounds needs to be
assessed in future studies.

Our results suggest that infections due to
M. acerina can be minimised by late har-
vesting, possibly combined with a prestorage
healing treatment. Healing is especially bene-
ficia for early harvested yield, which has
poor resistance to storage fungi. Preharvest
healing at 5 or 10°C, as recommended in the
Netherlands for carrots harvested under wet
conditions (Schoneveld and Verduis 1996),
may, however, increase the risk of other dis-
eases such as those caused by S scle-
rotiorum, which benefit from a higher tem-
perature. In practice, temperature control
during transport and the early phase of stor-
age is dependent on many factors, such as air
and soil temperature, mass of harvested yield
per day, method of storage and cooling ca-
pacity. Therefore, temperature does not usu-
aly drop to the recommended level very fast,
which may promote healing of the wounds
but, on the other hand, may enhance the
spread of S sclerotiorum. Methods for fore-
casting the quantity and species of storage
diseases in the harvested yield, which have
been tested by Hoftun (1985) and Hermansen
and Amundsen (1995), would aid in opti-
mising the handling of products.

As quite a short period of wound healing
has proved useful in curbing M. acerina, an
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optimal procedure for improving the resis-
tance of carrot to storage fungi could be de-
veloped, possibly by combining temperature
control with other methods of inducing re-
sistance. The possible adverse effects of
chemical resistance agents on sensory quality
should be kept in mind, as it is known that
some of them, especially 6-methoxymellein
(Sarkar and Phan 1979, Lafuente et al. 1989,
1996) and possibly polyacetylenes (Lund
1992), may import off-flavours to carrot.
Proper crop rotation remains the foundation
of the prevention of severe storage diseases.

3.3 Changesin soluble sugar content
and compaosition during harvest
period and storage

Changes in sugar content and composition
during the harvest period were dependent on
the year and location (V). On farms in 1995
and 1997 and at the Vegetable Experimental
Site in 1996 and 1997, the trend in sugar
composition followed the general patterns
reported in earlier studies (Goris 1969a, Phan
and Hsu 1973, Ricardo and Sovia 1974,
Nilsson 1987a), with an increase in the su-
crose content and sucrose to hexose ratio.
Fructose and glucose concentrations changed
little during the harvest period, and any
trends found were towards lower values. In
farm experiments, the statistically significant
accumulation of sucrose continued up to H2
in 1995 and up to H3 in 1997. At Kokemaki,
sucrose concentrations increased statistically
significantly up to H4 in 1996 and up to H5
in 1997.

In 1996, however, when severe frosts
injured the plants on farms on 21 September,
the accumulated storage carbohydrates were
probably used in the production of new
leaves a few weeks later. Sucrose and total
sugar contents declined dramatically in both
cultivars after H2. Changes in the fructose
and glucose concentrations were small. By
destroying part of the foliage, frost caused
the storage root to become a “source” of as-

smilates. A similar effect has been noted in
defoliated tap roots in which sucrose stored
in vacuoles is used in the formation of new
leaves (Sturm et al. 1995). Frost-injured car-
rots from H6 at Kokemaki in 1997 did not
start new growth and showed no decline in
sugar content.

The range of total sugar content in dif-
ferent harvests and years, 4.5-7.5% of fresh
weight, was similar to the values obtained in
earlier studies conducted at northern latitudes
(Balvoll et al. 1976, Evers 1989a, Hogstad et
a. 1997) and a more southerly locations
(Lester et al. 1982, Le Dily et al. 1993).
However, higher total sugar contents and
sucrose to hexose ratios have been measured
at high temperatures in a controlled climate
(Rosenfeld 1998b,c) and under field condi-
tions, especialy after a long growing period
(Weichmann and Képpel 1977, Fritz and
Weichmann 1979, Le Dily et a. 1993). In the
light of of the present results and other stud-
ies conducted in northern Europe (Balvoll et
al. 1976, Evers 1989a, Hogstad et al. 1997),
it seems likely that the relatively short and
cool growing season reduces the accumula-
tion of sucrose under northern conditions.

Of interest is that in farm experiments,
the total sugar content and the sucrose to
hexose ratio were, on average, lower in the
warm growing seasons, 1995 and 1997, than
in the cooler year, 1996, when comparing the
results for the first harvest. A high sugar
content has previously been associated with
lower temperatures (Evers 1989a, Rosenfeld
et a. 1998a). Other studies, however, report
high sugar concentrations at higher tempera-
tures (Nilsson 1987b, Hogstad et a. 1997,
Rosenfeld et al. 1998b), and temperature was
found to have a stronger influence on chemi-
cal composition than light (Rosenfeld et al.
1998c). These results seem to be in direct
contrast to the findings of this study, at least
in terms of temperature. Note, however, that
August 1996 was quite warm and dry, al-
though most of the growing season in that
year was cool. The high sugar content in
early harvests in 1996 may be partly ex-



plained by the low precipitation in August
and September, as drought has been reported
to increase the sucrose content of carrot
(Barnes 1936, Dragland 1978).

As well as between years, the sugar
content varied between farms. Differences in
the total sugar content at H1 could be more
than 2% units. The variation between farms
was not related to the thermal time from
sowing to harvest. The large variation in total
sugar content and composition may be due to
many environmental factors, such as micro-
climate, soil type (Habben 1972), suscepti-
bility of the soil to drought and differencesin
fertilisation and other cultivation practices
(Hogstad et al. 1997).

Differences between cultivars were less
digtinct than differences between growing
stes and years. At the Vegetable Experi-
mental Site, cv. Fontana, which is regarded
as a late cultivar in Finland, had a lower su-
crose to hexose ratio than had cv. Panther,
the earlier cultivar. Moreover, the changes
during harvest period were dightly different
in the two cultivars. In the farm experiments,
however, the sugar composition varied more
between 1995 and 1996 in cv. Fontana than
between the two cultivarsin 1996.

During storage, the compositional
changes usually followed the common trend,
with an increasing hexose content and a de-
creasing sucrose content (Phan et al. 1973,
Nilsson 1987b, Oldén and Nilsson 1992, Le
Dily et al. 1993). In the 1995 yield, however,
the sucrose content increased once again at
the end of storage. Likewise in 1996, com-
pletely opposite results were obtained for the
carrots from the last two harvests in farm
experiments. In cv. Panther in particular, the
fructose and glucose concentrations de-
creased and sucrose concentrations increased
during storage.

The unusua trends observed in the late
harvests in 1996 are probably due to prehar-
vest frosts which reduced the sucrose content
at harvest. The total sugar content of the in-
jured carrots changed very little during stor-
age, and hence most of the sucrose accumu-
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lation during storage was due to the recom-
bination of hexoses to sucrose. Accumulation
of sucrose might be related to the ageing of
carrot roots, which was promoted by the frost
injuries. Rutherford (1981) mentions that
some recombination of reducing sugars to
sucrose occurred after prolonged periods of
storage, which was also observed in the 1995
yield at the end of storage. Similarly, Svan-
berg et a. (1997) noticed that in early culti-
vars, which were more mature at the time of
harvest, sucrose increased in relation to hex-
oses during storage.

The significance of the post-harvest
changes in sugar composition remains un-
known. Nilsson (1987b) suggested that the
accumulation of hexoses during storage was
related to vernalisation and that removal of
foliage and lateral roots at harvest might
stimulate the onset of hexose accumulation.
This assumption was not supported by our
results, in which the hexose accumulation
occurred after different times in storage, if at
all. Compositional changes might indicate
the storage quality by affecting the behaviour
of carrots after they have been taken from
storage, an issue that has not been exten-
sively studied. Changes during storage do not
appear to contribute to the storage potential,
since the total amount of sugars, that is the
source of energy for maintaining the metabo-
lism of the plant, does not decrease much
during cold storage and storage losses usually
increase linearly with time (111).

Despite the large variation in sugar com-
position observed in the experimental data,
changes during the harvest period do not
provide evidence for the existence of either
physiological or horticultural maturity, as
already noted by Rosenfeld (1998). As the
roots were still growing, when the contents
of total sugar and sucrose decreased in 1996,
the results do not show a clear relation be-
tween root growth and sucrose accumulation.
Even under “normal” growing conditions,
neither the changes in the sucrose or total
sugar content nor those in the sucrose to hex-
ose ratio coincided with the cessation of
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growth (V, Table 3). Similarly, compositional
changes do not seem to be related to stor-
ability, as each year the later was the harvest
the better was the storability, with the excep-
tion of the very late harvest, H6, at Kokemaki
in 1997 (I11). Therefore, the compositional
changes cannot be used to predict the storage
root growth or storage perfomance of the
yield.

3.4 Changesin sensory quality during
harvest period and storage

The sensory quality of carrot was dightly
affected when harvest was delayed (VI1). At
Kokeméki, the effect of harvest time was
statistically significant in all sensory attrib-
utesin 1996 and in sweetness in 1997 which
received higher scores for intensity in the
later harvests. Similarly, the preference at-
tribute overall flavour achieved higher scores
in later harvests. No differences were found
in the sensory quality of the two cultivars,
and the harvest time effect was not dependent
on cultivar in either of the years. On farms,
the effect of harvest time was not so clear: in
1996, changes in sensory quality were statis-
tically significant only on one of the three
farms, where juiciness was higher in the later
harvests. On the same farm in 1997, scores
for al attributes except bitterness increased
after H1 and H2. On the other farm, no clear
effects of harvest time were found in that
year either.

The attributes most affected were juici-
ness, crispness and sweetness. Harvest time
influenced bitterness only at Kokemaki in
1996. The scores for the preference attribute
overall flavour increased with increasing
juiciness, crispness and sweetness and with
decreasing bitterness. Therefore, the carrots
from the later harvests seemed to have a
higher sensory quality.

The changes in sensory quality continued
up to different time points in 1996 and 1997.
The risk of obtaining low sensory scores was
particularly marked when the harvest was too

early, as were H1 and H2 at Kokemaki and
H1 on farm 2. On the two other farms, no
clear effect of harvest time was found. The
dependence of the harvest time effect on lo-
cation may be partly related to the age of the
carrots, since the growing time from sowing
to harvest was shorter on farm 2 and at Ko-
kemaki than on the other farms. Therefore,
the more advanced developmental stage of
carrots from farms 1 and 3 in 1996 and from
farm 3in 1997 might explain the similarity in
the sensory quality of carrots harvested on
different dates.

Of interest is that the sensory scores
given for carrots from the latest harvests were
at least as high as those given for earlier har-
vested carrots. Thus even the severe frosts
that caused visible frost injuries to carrots on
farmsin September 1996 and at Kokemé&ki in
late October 1997 (I1) did not affect the
guality. Neither did the notable decline in
total sugar content, which was on average
5.9% of fresh weight in H1, 6.2% in H2 and
4.8% in H3 and H4 in the yield used for sen-
sory analyses in 1996 (V, Fig. 4), interfere
with the sensory quality. Other factors must
have exceeded the contribution of sugar
content to carrot flavour. This finding is in
contrast to many earlier studies reporting a
positive correlation between sensory quality
and sugar content (Balvoll et al. 1976, Simon
et a. 1982, Schaller et a. 1998). However,
Rosenfeld et al. (1997b, 1998a) showed that
sugar content did not predict sweet taste. The
sweetest carrots, which were grown at low
temperatures, contained the highest amounts
of glucose and fructose and a lower amount
of sucrose and total sugars (Rosenfeld et al.
1998a).

Changes in the sensory quality of mar-
ketable carrots during storage were relatively
small and therefore the sensory quality re-
mained high. Only the attributes related to
texture showed some decline: at Kokemaéki,
scores given for crispness decreased during
storage in 1996 and those for juiciness in
1997. On farm 2 in 1996, crispness decreased
during storage. Other effects of storage time



were not statistically significant at the 5%
level. The effect of storage is, however, diffi-
cult to determine, as the evaluations were
performed at intervals of a few months and
the panelists usage of the evaluation scae
may have changed with time. The harvest
time effect did not usually depend on the
time of evaluation. On farm 2 in 1997, the
differences between harvest times were
found only after storage, not in autumn. In
some cases, the ranking of harvest times
changed during storage (bitterness on farm 1
in 1996 and juiciness on farm 3 in 1997). On
the whole, the differences found shortly after
harvest still existed at the end of storage.

The improvement in sensory quality with
a later harvest may be related to low tem-
peratures at the end of the growing season,
since Rosenfeld et al. (1998a) observed that a
low growing temperature favoured positive
sensory attributes in carrots, whereas high
growing temperatures resulted in a bitter taste
and high firmness of roots grown in phyto-
trons. The variation in sensory quality be-
tween geographical locations was tentatively
attributed to growing temperature (Rosenfeld
et al. 1997ab). At the end of the growing
season, day length and the daily light integral
decrease together with temperature, but Ro-
senfeld et al. (1998b) found that temperature
was more important than light in explaining
the variation in sensory variables in carrots
grown in climate chambers.

The two cultivars used at Kokemaki
were not found to differ in sensory aspects.
This is a somewhat surprising finding, since
the cultivars are used for different purposes,
cv. Fontana for processing and cv. Panther
mainly for fresh consumption. However,
Martens et al. (1985) and Rosenfeld et al.
(1997a,b) showed that the variation in sen-
sory quality was largely related to the grow-
ing season and growing site, only a smaller
part being explained by the cultivar. There-
fore, if we assume that the effect of harvest
time, like that of growing site, arises from the
lowering temperature, we should expect the
effect of harvest time to exceed that of culti-
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var. Since only two cultivars were used in the
study and since both were cultivated in the
same experiment only at Kokeméki, firm
conclusions cannot be drawn about the fac-
tors determining sensory quality.

3.5 Optimisation of harvest time

Data on the development of marketable yield
and the average storage losses at different
harvest dates show that a later harvest tends
to produce a higher marketable yield and a
lower storage loss. This results in a higher
guantity of marketable yield per cultivated
area after storage and reduces the average
cost of storage per marketed kg of carrots.
Timing the harvest to the very end of the sea-
son, which turned out also to be favourable
for yield quality and its maintenance, is there-
fore recommended. Too early a harvest was
particularly unfavourable for the quality as-
pects evaluated, that is sugar content and
composition and sensory quality. A statisti-
cally significant yield increase or improve-
ment in storability usually continued up to
late September or early October.

In terms of total yield, quality and stor-
age performance, harvesting in early October
is therefore more advantageous than an ear-
lier harvest in the cultivars used in the study.
Delaying harvest until after mid October in-
creases the risk of frost injuries, which may
interfere with mechanical harvesting, even
though yield storability and quality may not
suffer. Moreover, in large areas, harvesting
has to be started early enough to be sure that
the entire yield is harvested before winter.
Root size requirements may also necessitate
an earlier harvest. However, the yield in-
tended for the longest storage should be har-
vested late to minimise storage losses. Ob-
servations on some other cultivars let us as-
sume that the present findings are likely to be
valid for other cultivars used for storage, too.
This optimal time of harvest applies to south-
ern Finland, where most of the carrot culti-
vation is located.
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4 Conclusions

The yield potential of carrot is determined
during early stages of growth. A large leaf
area and high shoot weight developing early
enough are the basic factors determining the
potential for high root yield, especidly in a
northern climate where a slow growth rate
cannot be compensated for by a longer
growing period. Maintenance of high shoot
weight permits the better utilisation of di-
minishing growth factors at the end of the
growing season, when decreasing tempera-
ture and irradiation control the cessation of
growth, irrespective of plant size and yield
level.

In the present data, 10-36%, on average,
of the total yield at the final harvest was pro-
duced after early September, when the
weather conditions were already less favour-
able for growth. The statistically significant
increase in yield generaly ceased in early
Octaober. Thus carrot still has substantial po-
tential for yield production late in the grow-
ing season as long as plants remain heathy
and uninjured. The yield increase during the
harvest period can be estimated on the basis
of thermal time.

Delaying the harvest improves storability
up to the end of September or beginning of
October under northern conditions, whether
the risk for storage diseases is high or not.
After this point in time, storability remains at
the same level. Only a prolonged period of
frost injures the plants so severely that their
storability is impaired. The effect of harvest
time was similar irrespective of cultivar,
growing Site, year and storage conditions.
Wesather conditions did not account for the
improved storability. The better resistance to
Mycocentrospora acerina could be attributed
neither to the lower susceptibility to damage
nor to the better potential for wound healing.
It is hypothesised that the concentration of
antifungal substances increases at the end of
the growing season, which improve the re-
Sistance of storage roots to storage patho-
gens. Healing at 10°C was effective in miti-

gating infections by M. acerina, which may
also be due to the accumulation of antifungal
substances.

Changes in sugar content and composi-
tion were dependent on the year and growing
site; they do not provide evidence for the ex-
istence of physiological or horticultura ma-
turity. Neither do changes during storage
seem to be related to storage potential. A new
finding, not earlier reported in carrot, was the
notable drop in the sucrose and total sugar
content following frost injuries. Unexpect-
edly, this did not have an adverse effect on
the storability or sensory quality of carrots.

Sensory quality improved dightly when
harvest was delayed. It is concluded that
avoiding too early a harvest ensures the best
sensory quality of carrot. The two cultivars
analysed were not found to differ in sensory
aspects, and the changes during storage were
relatively small. Therefore, high sensory
quality could be maintained up to the end of
storage.

Combining the results on the trends in
yield level, quality and storability, it is con-
cluded that the optimal harvest time for the
carrot cultivated in southern Finland is early
Octaober, after which no major yield increase
or improvement in quality or storability is
reached. A later harvest increases the risk of
frost injuries, which may interfere with me-
chanical harvesting and, after long duration,
may be detrimental to storability and quality.
However, over large areas, harvesting has to
be started early enough to be sure that the
entire yield is harvested before winter, but
carrots intended for the longest storage
should be harvested late to minimise storage
losses. The results are likely to be valid for
other cultivars used for storage, too.

The objective of this study was to
achieve a better control of the quality and
guantity of carrot after storage. It was shown
that the timing of harvest is an essential fac-
tor affecting the yield, quality and storability
of carrot yield, both at an experimental site
and on commercial farms. Conducting a sub-
stantial part of the research on farms proved



successful in that a large volume of experi-
mental data was obtained from a variety of
experimental conditions and in verifying the
applicability of the results. The large varia-
tion between growing sites in the average
storage quality of carrots stresses the need for
further studies on the determination of stor-
age potential during the growing season and
for the development of methods to forecast
storability and improve the resistance to stor-
age diseases.
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Selostus

Por kkanasadon maar an ja laadun muuttuminen kasvukaudella ja varastoinnin
aikana

Kotimaisten vihannesten ympérivuotinen tarjonta edellyttéa varastointia. Vihannesten laatu va-
rastoinnin jalkeen maaraytyy suurelta osin jo kasvukauden aikana, ja varasto-oloilla voidaan vain
pyrkid sdilyttdméaén laatu mahdollismman pitkdan. Kasvukauden aikaiset tekijdt ratkaisevat
my0Os sadon madran. Varastoinnin aikaiseen méaaralliseen héavikkiin vaikuttavat sekd kasvukau-
den ettd varastoinnin aikaiset tekijat.

Taman tutkimuksen tavoitteena oli parantaa porkkanan varastoinnin jakeista laatua ja pie-
nentdd varastohédvikkid. Tutkimuskohteena oli erityisesti sadonkorjuun goittumisen vaikutus
sadon méaéréan, varastokestavyyteen ja aistittavaan laatuun, tavoitteena korjuuajan optimointi.
Lisaks tutkittiin kasvin kehitysta kasvukaudella ja kasvumuuttujien yhteyttd sadontuottoon.
Porkkanan varastojuuren sokerikoostumusta tutkittiin mahdollisena kehitysvaiheen kuvagjana.
Kenttakokeet tehtiin MTT:n vihanneskoepaikalla K okeméel 14 ja vihannestiloilla vuosina 1995—
1998. Kokeissa kaytettiin lgjikkeita‘ Fontana ja‘ Panther’, ja satoa korjattiin 3—6 kertaa syys-o-
kakuussa

Sadon mééré kasvoi yleensa lokakuun alkupuolelle asti huolimatta keskisadon suuresta
vaihtelusta koepaikkojen valilla. Keskimaédrin 10-36 % viimeiseen korjuukertaan mennessa tuo-
tetusta sadosta syntyi syyskuun alun jalkeen, jolloin sd&olot olivat jo véhemman otolliset kasvul-
le. Tama osoittaa, ettd porkkanalla on huomattava sadontuottokyky viela kasvukauden lopulla.
Sadonlisdys korjuukaudella voidaan arvioida lampdsumman perusteella.

Sadonkorjuun siirtéminen syyskuun loppuun tai lokakuun alkuun paransi varastokestévuutté.
Tata myohaisempikééan korjuu e heikentanyt sdilyvyytta. Vasta pitkdan jatkunut pakkasakso
vaurioitti porkkanoita niin, etté niiden séilyvyys heikkeni. Sadonkorjuugjan vaikutus oli saman-
lainen lgjikkeesta, kasvupaikasta, vuodesta ja varasto-oloista riippumatta. S&8olot eivat selittd
neet sdilyvyyden muutoksia. Varastotautien kestavyyden lisdantymisen arvellaan johtuvan anti-
fungaalisten aineiden kertymisesta porkkanan juureen. Sadonkorjuuta seurannut viikon mittainen
esijaahdytys 10 °C:n lampdtilassa vahensi porkkananmustamédan aiheuttamia varastotappioita
verrattuna suoraan kylméavarastointiin.

Varastojuuren sokeripitoisuuden ja -koostumuksen muutokset sadonkorjuukaudella vaihteli-
vat vuosien ja kasvupaikkojen valillg, joten ne eivét naytéa soveltuvan kehitysvaiheen kuvaajaksi.
Myosk&an varastoinnin aikaiset muutokset sokereiden méaérissi tai suhteissa elvat nayta liittyvan
varastokestavyyteen. Porkkanoiden aigtittava laatu parani hieman, kun sadonkorjuuta sirrettiin
myohempaan. Kahden tutkitun lgjikkeen vélilla e havaittu eroja aistittavassa laadussa. Aistittava
laatu e myo6skaén muuttunut selvasti varastoinnin aikana.

Tulosten mukaan sadonkorjuun gjoittuminen vaikuttaa oleellisesti porkkanasadon maaraén,
laatuun ja varastokestavyyteen. Tutkittujen Igjikkeiden optimaalinen korjuuaika Etelé& Suomessa
on lokakuun alkupuoli, jonka jalkeen e ole odotettavissa merkittavaa sadonlisdysta tai varasto-
Suurilla viljelyaloilla sadonkorjuu on aloitettava gjoissa ennen talven tuloa, mutta pitkéén varas-
toitavat erdt olis syyta korjata myohdan varastotappioiden minimoimiseksi. Korjuugjan vaikutus
lienee samanlainen myds muilla varastointiin soveltuvillalgikkeilla

Avainsanat: aistittava laatu, Daucus carota L., kasvu, kehitys, sadonkorjuuaika, sokerit, varas-
tointi, varastokestavyys
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