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Matching the growth pattern of a vegetable cultivar with the seasonal changes in climate is a prereq-
uisite for successful yield production in a northern climate. This paper describes the growth charac-
teristics of two carrot cultivars in relation to climatic conditions in two years, with special reference
to the factors associated with high yield. Cv. Fontana produced twice as large a leaf area and shoot
weight as cv. Panther. Increased partitioning to shoot in the former cultivar also resulted in a higher
root yield. Uniformity in relative growth rates during the period of analysis suggests that intervarie-
tal differences in the shoot to root ratio and in the yield potential appear very early. Nearly half of the
root weight at final harvest was gained after mid-August, when temperature and daily irradiance
began to decrease. A large leaf area may ensure better utilisation of diminishing growth resources at
the end of the growing season. In the more favourable growing season, 1997, plants invested more in
leaf production than they did in 1996: shoot fresh and dry weights were considerably higher but leaf
area was not much higher.
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Introduction

The main factors determining the potential crop
yield are leaf area, net assimilation rate, dura-
tion of growing period and utilisable fraction of
the biomass (harvest index) (Forbes and Watson
1992). In a northern climate, the shortness of the
growing season restricts the high yield that might
be obtained through long duration of growth. A

high yield can, however, be achieved by using
cultivars which have a high net assimilation rate
and which are able to maintain their growing
potential even under the less favourable condi-
tions prevailing at the end of the season. The
harvest index should be optimal to ensure effi-
cient partitioning to harvestable plant part while
preserving a sufficient photosynthetic leaf area.
In addition, leaf area development should match
the seasonal variation in environmental condi-
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tions to ensure the effective utilisation of growth
resources.

Little information is available on the patterns
of the vegetative development of carrot cultivars
in a northern climate. Neither is the production
physiology of carrot, e.g. effects of environmen-
tal factors on net photosynthesis, well under-
stood. In contrast, the partitioning of photosyn-
thates between shoot and storage root has been
extensively studied. It is known that the distri-
bution of dry matter between shoot and storage
root is primarily determined by genotype, and
that the genotypic differences arise very early
(Stanhill 1977, Hole et al. 1983, Hole et al.
1987). Environmental factors such as light, tem-
perature and density also influence shoot to root
ratios, but the effect is often due to changes in
plant size, since the shoot to root ratio generally
decreases with plant age and size (Barnes 1979,
Hole and Sutherland 1990).

This study aims to:
1 investigate the patterns of shoot and root

growth of carrot in a northern climate
2 evaluate the characteristics that determine the

potential of a cultivar to produce a high yield
3 investigate the yearly differences in the pat-

tern of growth.

Two cultivars with contrasting growing hab-
its were compared.

Material and methods

Material for growth analysis was obtained from
a field experiment conducted at the Vegetable
Experimental Site of the Agricultural Research
Centre of Finland at Kokemäki (61°16’N,
22°15’E) in 1996 and 1997. The experiment
comprised two cultivars arranged in a ran-
domised complete block design with four repli-
cates. The cultivars were Panther F

1
 (Sluis and

Groot, the Netherlands), which is a Nantes-type
fresh-market variety commonly used for storage

in Finland, and Fontana F
1
 (Bejo Zaden, the

Netherlands), which is a late Flakkee-type vari-
ety cultivated for the processing industry. The
cultivars are known to have contrasting grow-
ing habits, cv. Panther producing small foliage
and cv. Fontana large foliage.

A different experimental field was used in the
two years to ensure proper crop rotation, but the
distance between the fields was less than 100 m
and the soil type remained similar, that is, fine
sand rich in organic matter (pH 6.0–6.3). Seeds
were sown to a depth of 1 cm (114 seeds m-2,
seedling emergence 87–89% of sown seeds) in
double rows on a flat bed on 22 May in 1996
and on 14 May in 1997. The bed had four dou-
ble rows 40 cm apart. The final density was ap-
proximately 40 plants per row metre in both cul-
tivars and in both years. Fertiliser applied be-
fore sowing included 60 kg ha-1 nitrogen, 42 kg
ha-1 phosphorus and 84 kg ha-1 potassium (+oth-
er macronutrients and micronutrients in a com-
pound fertiliser), and a top dressing with 20 kg
ha-1 nitrogen was given in July. The field was
irrigated three times in 1996 (altogether 60 mm)
and five times in 1997 (altogether 105 mm).
Chemical plant protection to control weeds and
carrot psyllid (Trioza apicalis) was applied as
necessary. Fungal diseases were not found.

Samples for growth analysis were taken at
approximately 10-day intervals starting at 43 and
54 days after sowing in 1996 and 1997, respec-
tively. The samples consisted of subsamples tak-
en from each of six subplots reserved for six
harvest dates used in the other part of the exper-
iment (Suojala 1999). The subsamples of three
plants were taken from two inner rows of each
bed in a systematic order. At the first sampling,
three adjacent plants were taken starting at 30 cm
distance from the end of the plot; in the follow-
ing samplings, a guard area including two carrot
plants was left intact between the sampled plants.
The results for the subsamples were averaged for
the analysis of data; thus the variables analysed
were based on 18 plants per replicate.

The samples were rinsed with water and an-
alysed for the number of true leaves per plant
(longer than 0.5 cm), the length of the longest



51

A G R I C U L T U R A L A N D F O O D S C I E N C E I N F I N L A N D

Vol. 9 (2000): 49–59.

leaf, fresh and dry weights of the leaves, the
maximum thickness and length of the storage
root and fresh and dry weights of the storage root.
Dry weights were determined after the fresh sam-
ple had been dried to a constant weight at 70°C.
In addition, leaf area was measured on six plants
per plot six times in 1996 and four times in 1997.
Different methods of measurement were used in
the two years: in 1996, leaf blades and petioles
were photocopied onto a transparency, from
which the leaf area was measured later by an LI-
3100 Area Meter (Li-COR Inc., Lincoln, Nebras-
ka, USA). In 1997, the leaves were photocopied
onto white paper and the leaf area was analysed
by image analyses (Olympus Cue-2 Image Ana-
lyzer). Because of the different methods used,
the results for the two years are not strictly com-

parable. Specific leaf area (SLA) was calculat-
ed as the ratio of total leaf area per plant to total
leaf dry weight per plant (Hunt 1990).

The mean relative growth rate (RGR) of to-
tal plant growth was calculated by the formula
(Hunt 1990):

RGR = ln (W
2
) – ln (W

1
) / (t

2
 – t

1
),

where W
1
 andW

2
 are total dry weights at suc-

cessive times 1 and 2 and t
1
 and t

2
 are times as

days after sowing.

Weather data
Data on daily mean temperatures and precipi-
tation were obtained from the meteorological

Fig. 1. Daily mean temperature and daily sums of global irradiance as the means of 10-day periods and
precipitation and irrigation as 10-day sums.
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station of the Finnish Meteorological Institute
situated at the Vegetable Experimental Site. The
daily sum of global irradiance was measured at
Jokioinen, 80 km from the Experimental Site.
Figure 1 shows temperature and irradiance as
means of 10-day periods and precipitation as
10-day sums. In 1996, the monthly mean tem-
peratures were lower than the long-term aver-
age, except in August and October. In 1997, the
monthly mean temperatures were high, only
May being slightly colder and October consid-
erably colder than the long-term average. Total
precipitation from sowing date to the last
harvest was 271 mm in 1996 and 365 mm in
1997.

Statistical analysis
Growth attributes were analysed by the follow-
ing mixed model:

y
ijk

 = µ + B
i
 + C

j
 + BC

ij
 + T

k
 + BT

ik
 + CT

jk
 + e

ijk
 ;

where µ is the overall mean, B is the random
effect of the block, C and T are the fixed effects
of cultivar and time, respectively, BC, BT and
CT are interactions and e

ijk
 is the error term. The

random variables B
i
, BC

ij
, BT

ik
 and e

ijk
 are all

assumed to be independent and normally distrib-
uted with zero means and variances s

B
2, s

BC
2 s

BT
2

and s
e
2, respectively. Separate models were fit-

ted for both years. The SAS MIXED procedure
(Littell et al. 1996) was used to fit the mixed
models by the restricted maximum likelihood
(REML) estimation method.

Leaf and root weights and leaf area index
were ln-transformed prior to analysis to ensure
homogeneity of variances. Checking the aptness
of the models by residual analyses did not indi-
cate any cross departures from the assumptions
of the models.

Relationships between logarithmic storage
root and shoot weights and between RGR and
total plant weight were analysed by linear func-
tional relationships using the SAS REG proce-
dure (SAS Institute 1990).

Results

Leaf growth
Two cultivars showed marked differences in
growth variables; leaf growth in particular var-
ying markedly between the cultivars. The maxi-
mum shoot weight of cv. Fontana was about
twice that of cv. Panther in both years (Fig. 2).
Shoot fresh weights increased up to 90–100 days
after sowing, remained at a plateau for up to 130
days after sowing and then decreased. Similar-
ly, shoot dry weights reached their maxima at
100–130 days after sowing in both years. The
number of leaves did not increase after 75–85
days after sowing, and the maximum length of
leaves was reached at 96–106 days after sow-
ing. The maximum fresh weight of the shoot was
about 10 g higher and the dry weight 1 g higher
in 1997 than in 1996 in both cultivars.

Leaf areas were measured only up to 95–115
days after sowing. Large differences in shoot
weight were reflected in the leaf area index,
which had a maximum measured value of 6 in
cv. Fontana and about 3 in cv. Panther (Fig. 3).
The absolute maximum values cannot be esti-
mated, since leaf area could not be measured as
regularly as other growth variables. The specif-
ic leaf area did not differ between the two culti-
vars, but it was lower in 1997 than in 1996. As a
result, despite the higher shoot weight in 1997,
the leaf area was not much higher and thus the
leaves were thicker. The higher leaf weight was
not due to a larger number of leaves: on the con-
trary, plants produced one leaf less in 1997, but
the leaves were longer (Fig. 2).

Storage root growth
Storage root weights increased up to the last
harvests, with a slower growth rate at the end of
the season (Fig. 4). Differences in the root weight
between cultivars increased markedly at 100
days after sowing in both years. The higher root
weight in 1997 was mainly due to the thickness
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Fig. 2. Development
of weight, number
and length of leaves
during the growing
season. Probability
values are given for
the effects of cultivar
(C) and growing time
(T) and for their inter-
action (C*T).
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Fig. 3. Development of leaf area index and specific leaf area during the growing season. Probability values
are given for the effects of cultivar (C) and growing time (T) and for their interaction (C*T).

of the roots: only the roots of cv. Panther were
slightly longer in 1997.

Partitioning between shoot and
storage root

The relationship between logarithmic root and
shoot weights was linear up to 106–127 days af-
ter sowing, after which leaf senescence lowered
the ratio (Fig. 5). The linear phase was quanti-
fied by linear equations (Table 1). Cv. Fontana
had a higher shoot to root ratio than cv. Panther,

as indicated by the higher intercept and steeper
slope. The slope values remained similar in the
two years, but the intercepts were higher in 1997,
indicating higher partitioning to shoot during the
early part of the growing season.

Relative growth rate
The relative growth rate diminished rapidly with
time and a higher plant weight (Figs 6 and 7).
RGR was similar in both cultivars in relation to
growing time. At a given plant weight, RGR was
lower in cv. Panther.
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Fig. 4. Development
of weight, thickness
and length of storage
roots during the
growing season.
Probability values are
given for the effects
of cultivar (C) and
growing time (T) and
for their interaction
(C*T).
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Fig. 5. Relation between logarithmic storage root weight
and logarithmic shoot weight.

Table 1. Linear relations between logarithmic shoot (s) and storage root (r) dry weights (ln s = a + b * ln r).

Year Cultivar Period, a (95 % CI) b (95 % CI) r2

days after sowing

1996 Fontana 43–127 0.168 (0.104,  0.232) 0.608 (0.582, 0.635) 0.98
Panther 43–127 –0.257 (–0.295, –0.219) 0.497 (0.481, 0.512) 0.99

1997 Fontana 54–106 0.515 (0.429,  0.601) 0.545 (0.494, 0.596) 0.96
Panther 54–106 0.022 (–0.010,  0.054) 0.515 (0.494, 0.534) 0.99

Discussion

Patterns of growth
In the experimental years, temperature and irra-
diance remained relatively high up to approxi-

mately 100 days after sowing (Fig. 1). After this
period, that is mid or late August, the daily sum
of irradiance and mean temperature decreased
clearly. By then, leaf area and leaf weight had
reached their maximum. Root weight, however,
doubled in cv. Fontana and also increased in cv.
Panther after this point in time, hence in the less
favourable climate. A decline in shoot weight at
the end of the growing season due to senescence
of the oldest leaves is a commonly known phe-
nomenon, but its relation to root growth has var-
ied. Our findings are in agreement with those of
Fritz and Habben (1977), which showed that the
shoot weight of different cultivars declined be-
fore maximum root weight was achieved. In a
greenhouse, this occurred at 100 days after emer-
gence and under field conditions 130–170 days
after sowing. However, Nilsson (1987) reported
that the cessation of root growth at the end of
September in Sweden coincided with a fall in
shoot weight, irrespective of sowing date.
Wheeler et al. (1994) and Habben (1972) found
no decline in shoot weight up to the last harvest
at 4–5 months after sowing. Differences in leaf
senescence may be cultivar-specific, but obvi-
ously maintenance of the photosynthetic poten-
tial, even at the end of the growing season, would
ensure maximal root growth. In 1996, the low
precipitation at the end of the season may have
promoted dying of the oldest leaves.

Cultivars
Hole et al. (1987) reported that cultivars with a
high root yield tend to have high shoot weights.
The same was also seen in our study, in which
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cv. Fontana, with a high shoot weight and large
leaf area, also produced a higher root yield. Sur-
prisingly, the commonly used concept “earli-
ness” did not bear any relation to intensity of
growth: cv. Fontana, considered a late variety
under our conditions, had higher shoot and root
weights throughout the period analysed. How-
ever, the relative growth rates were similar in
both cultivars in relation to time from sowing,
which shows that the differences had arisen ear-
lier. No clear differences in the emergence rate
of the cultivars were noted. Therefore, the high-
er potential for yield formation in cv. Fontana

seems to be determined soon after emergence,
probably due to the stronger partitioning to shoot
growth. It would seem that partitioning to leaf
production at an early stage, resulting in a high-
er shoot to root ratio, ensures a potential for high
biomass production and high root weight (Hole
et al. 1987). Hole et al. (1987) concluded that
the shoot to root ratio characteristic of a given
cultivar was determined within 27–48 days of
sowing. The determining factor in the shoot to
root ratio may be the relative growth rates of
shoot and root at an early stage (Hole et al. 1987).
It is also suggested that fibrous root activity dur-
ing initiation of the storage root may contribute
to regulation of the shoot to root ratio (Hole and
Dearman 1990).

Although the relative growth rates of the two
cultivars were similar at a given time, they were
higher in cv. Fontana at a given plant weight.
The most likely explanation is that cv. Panther
reached the same plant weight as cv. Fontana
later in the growing season and therefore under
less favourable growing conditions. The differ-
ences in root weight between cultivars increased
markedly after late August, which suggests that
the smaller leaf area of cv. Panther was not suf-
ficient for the full utilisation of the diminishing

Fig. 6. Relative growth rate of total plant weight during the
growing season. Probability values are given for the ef-
fects of cultivar (C) and growing time (T) and for their in-
teraction (C*T).

Fig. 7. Relative growth rate in relation to total plant weight.
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growth resources. The decrease in growth rate
in larger plants is probably due to the competi-
tion between plants and limiting growth resourc-
es. Therefore, the effect of plant weight on rela-
tive growth rate is likely to be dependent on the
environmental conditions and does not necessar-
ily indicate a causal relation.

The relationship between logarithmic shoot
and root dry weights showed cultivar-specific
values, cv. Fontana having a higher partitioning
to shoot than cv. Panther, as indicated by the
higher intercept and slightly steeper slope in the
linear regression. Hole et al. (1983) showed that
carrot cultivars differed only in the values of the
intercept α, which increased with the later ma-
turity of a cultivar. This was also confirmed in
our study, while the slope was also steeper for
cv. Fontana, especially in 1996. The relation be-
tween root and shoot weights was linear during
most of the growing season, but leaf senescence
resulted in a decline in the ratio. This is in con-
trast to the model developed by Barnes (1979),
in which the intercept changed linearly with time,
and a time-dependent parameter was included in
the model. The time-dependence was due to
maintenance respiration of the shoot and root
tissues. Leaf senescence, which clearly broke
down the linear dependency in our data, was not
considered significant in the model of Barnes
(1979).

Years
Comparison of the years showed that in 1997,
the year with higher temperature and global ra-
diation, plants invested more in leaf production
by growing a lower number of thicker and long-
er leaves. The stronger partitioning to shoot was

also seen in the linear equations between shoot
and root weights, the intercepts being higher in
1997. This finding supports the suggestion that
high temperature is more favourable for shoot
growth than for storage root growth (Hole 1996).
Leaf area was not much higher, which resulted
in a lower specific leaf area in 1997. A similar
finding was made by Hole and Dearman (1993),
who showed that, at low photosynthetic photon
flux density, carrot maintains its leaf area and
leaf fresh weight, whereas the dry weight of
leaves is diminished. Storage root growth is
therefore limited less in carrot than in other spe-
cies. The maintenance of leaf area under less
favourable conditions was also seen in our re-
sults in 1996, but the leaf fresh and dry weights
were reduced in that year.

In conclusion, the basic factors associated
with high root yield are a large leaf area and high
shoot weight developing early in the growing
season. Even though cv. Fontana had a higher
shoot to root ratio, and thus a smaller harvest
index, it was able to produce not only a higher
biomass but also a higher root weight. This is
suggested to result partly from better utilisation
of the diminishing growth resources. Since a
considerable part of the growing time of late
harvested field vegetables coincides with less
favourable growing conditions, greater effort
should be made to produce a large photosynthetic
capacity early enough, for instance by optimis-
ing sowing time, by promoting emergence (seed
priming, preparation of the seed bed, covering
with moulches) or by using cultivars with fast
early growth. The results reported here are for
two cultivars only. Research should therefore be
extended to the determination of root yield in
other cultivars and the regulation of early de-
velopment.
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SELOSTUS
Porkkanan kasvu ja biomassan jakautuminen varastojuuren

ja verson välillä pohjoisissa oloissa
Terhi Suojala

Maatalouden tutkimuskeskus

Vihanneslajikkeiden kasvurytmin oikea ajoittuminen
suhteessa ympäristötekijöiden muutoksiin on sadon-
tuotannon edellytys pohjoisissa oloissa. Tässä tutki-
muksessa kuvataan kahden porkkanalajikkeen kasvua
suhteessa säätekijöihin kahtena koevuonna, erityista-
voitteena arvioida satopotentiaalia sääteleviä kasvu-
muuttujia. Fontana-lajike tuotti kaksinkertaisen leh-
tialan ja lehtimassan Panther-lajikkeeseen verrattuna.
Suurempi lehtimassa ja -ala edesauttoivat myös suu-
ren juurisadon muodostumista. Molempien lajikkei-
den suhteellisten kasvunopeuksien yhtäsuuruus kas-
vukaudella merkitsee, että lajikkeiden väliset erot

verso/juuri -suhteessa ja satopotentiaalissa syntyvät
hyvin aikaisin. Lähes puolet varastojuurten painosta
syntyi elokuun puolivälin jälkeen, jolloin lämpötila
ja säteily alkoivat selvästi vähetä. Suuri lehtiala var-
mistanee vähenevien kasvutekijöiden tehokkaamman
hyväksikäytön kasvukauden lopulla. Sääoloiltaan
suotuisampana kasvukautena 1997 kasvit sijoittivat
yhteyttämistuotteitaan enemmän lehtien tuotantoon
kuin vuonna 1996: lehtien tuore- ja kuivapainot oli-
vat selvästi korkeammat, mutta lehtiala ei paljon
vaihdellut eri vuosina.
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