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The ability of carrot, leek and white cabbage to deplete the soil
inorganic nitrogen (N) pool was studied. All three crops are late-har-
vested crops with a long growing season, but they have been found to
have very different root growth. At their optimal N supply, carrot left
27 kg nitrate-N ha−1 in the top 100 cm of the soil, leek left 87 kg N
ha−1 and white cabbage left only 11 kg N ha−1, in accordance with
previously published differences in rooting depth among the three
crops. Compared at a supply of 160 kg N ha−1, 52, 65 and 4 kg
nitrate-N ha−1 was left in the soil by carrot, leek and white cabbage
respectively. Apart from an extensive root system, white cabbage also
had a much higher N-uptake capacity than the two other crops. The
significance of differences in root growth, N-uptake capacity and
other factors in determining the ability of the three crops to deplete
the soil inorganic N pool is discussed.

Kristian Thorup-Kristensen

and Jørn Nygaard Sørensen

Department of Fruit, Vegetable and
Food Science, Danish Institute of
Agricultural Science, P.O. Box 102,
DK-5792 Aarslev, Denmark

Key words: carrot, leek, nitrate
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Introduction

The nitrate which is lost by leaching after vegetable
cropping originates from unused nitrogen (N) left
in the soil by the crop and from N mineralized
from soil organic matter and from crop residues
after harvest (Macdonald et al., 1989). To achieve a
high N use efficiency and low losses to the environ-
ment, it is important to add only as much N as is
needed for optimal crop yield.

Minimizing the N supply to the crop will reduce
the amount of N left in the soil at harvest. One of
the methods used for this purpose is the Nmin

method (Wehrmann et al., 1988; Sørensen, 1993).
With this method, soil is sampled before establish-
ment of the vegetable crop or early during its
growth, and analysed for its content of inorganic N
(ammonium-N and nitrate-N). By correcting the
amount of N added as fertilizer for the amount of
inorganic N in the soil, an attempt is made to add
only what is needed by the crop.

Even when crops are supplied only with the
amount of N needed for optimal yield, they
will leave some inorganic N in the soil at harvest

(Macdonald et al., 1989). In experiments with N
catch crops, differences in the ability of various
plant species to deplete the inorganic N pool of the
soil have been found to be closely related to differ-
ences in root growth (Thorup-Kristensen, 1993a;
Grindlay, 1995). In addition, among vegetable
crops, large differences in rooting depth are found
(Burns, 1980; Greenwood et al., 1982; Smit et al.,
1996).

As carrot, leek and white cabbage all have a long
growing season, they should all have the potential
to produce a high biomass, take up much N and
deplete the soil efficiently, but they are reported to
have very different root growth. Brassica crops
rapidly produce an extensive and deep rooting sys-
tem (Burns, 1980; Greenwood et al., 1982; Smit et
al., 1996; Thorup-Kristensen & Van den Boogaard,
1998). Leek and other allium crops have shallow
root systems (Burns, 1980; Greenwood et al., 1982;
Smit et al., 1996). Carrot seems to have an interme-
diate rooting depth compared with the two other
crops (Thorup-Kristensen & Van den Boogaard,
1999).
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Soil nitrogen depletion by vegetable crops

Using data from an experiment with N supply for
vegetable crops, the aim of this study was to analyse
the ability of leek, carrot and white cabbage to
deplete the soil inorganic N pool at harvest, at well-
defined levels of N supply. The significance of differ-
ences in root growth and other characters of the
crops is discussed. Other results from the experiment
have been published by Sørensen (1993).

Materials and methods

During 3 years, 1988–1990, carrots (Daucus carota
L.), leeks (Allium porrum L.) and, in 1988–1989,
white cabbages [Brassica oleracea L. convar. capitata
(L.) Alef. var. alba DC.] were sown at the end of
April. Each year the vegetable crops followed either
barley (Hordeum 6ulgare L.) or white cabbage as
previous crops.

The plant density of leeks, cabbages and carrots
was 50, 4 and 110 plants m−2, respectively. The row
distance was 50 cm. The plants were irrigated and
sprayed against pests when necessary.

Each vegetable crop was grown at four rates of N
supply. Fertilizer N was applied twice. The first N
application, just after emergence, was based on the
content of soil inorganic N before sowing, measured
in four layers of 25 cm each. Nitrate-N and ammo-
nium-N were determined colorimetrically according
to slightly modified methods of Best (1976) and
Crooke & Simpson (1971), respectively.

The fertilization of leek and carrots was based on
soil inorganic N content in the 0–25 cm layer,
whereas for white cabbage the 0–50 cm soil layer was
used. At the first fertilization, N was applied to bring
the soil content up to half the final supply (Table 1).
The second application was made after approxi-
mately 8 weeks, at the four-leaf stage for leeks and
the five-leaf stage for carrots using the 0–50 cm soil
layer inorganic N content for both crops. For white
cabbage it was made at the 12-leaf stage using the
0–100 cm soil layer inorganic N content. Fertilizer N
was added according to the total supply as specified

in Table 1. At harvest, soil was sampled and analysed
for its content of inorganic N in four layers of 25 cm
each.

Leeks and carrots were harvested at the beginning
of October and the plant production from 6 m2 was
determined. White cabbage was harvested at the end
of October from an area of 8 m2. The total dry
matter (DM) production was recorded and analysed
for total N (AOAC, 1984).

The N treatments were arranged in randomized
complete block designs with four replicates. The ex-
periment was conducted on a sandy loam soil. Statis-
tical analysis was carried out on data averaged after
each previous crop within each year, thus n=6 for
leek and carrot (3 years and two previous crops) and
n=4 for white cabbage (2 years and two previous
crops). Data were analysed using the SAS statistical
package (SAS, 1990).

Results

The N supply that was found to give the optimal
saleable yield was estimated as 60, 220 and 320 kg N
ha−1 for carrot, leek and white cabbage, respectively
(Sørensen, 1993). At the optimal N supply, white
cabbage took up 350 kg N ha−1, approximately twice
as much as each of the two other crops at their
optimal N supply. This difference in N uptake among
the three crops was due to a combination of high DM
production and high N concentration in the DM of
white cabbage (Table 2). Carrot had a similar DM
production, but a much lower N content, whereas
leek had a high N concentration combined with a low
DM production. The low total N concentration in
carrot DM was due to the fact that a high proportion
of the carrot DM, more than 80%, was found in the
roots which had a very low N content (Table 3). Very
little DM was found in the top, which had N concen-
trations comparable to those of the two other crops.

When the crops were compared at a fixed supply of
160 kg N ha−1, the differences in N uptake were
much smaller. At this supply, carrot took up almost
as much N as white cabbage, but leek still took up
less than the two other crops.

Both carrots and leeks showed a lower response in
N uptake than did white cabbage. Further, they
showed a sharp increase in the amount of nitrate-N
left in the soil when the N supply was increased from
the third to the fourth level of N supply (Fig. 1), at a
level of N supply where white cabbage left very little
residual N in the soil.

The amount of nitrate-N left in the top 100 cm of
the soil was very different among the three vegetable
crops, but after all three the amount left increased
with increasing N supply (Fig. 1). White cabbage left

Table 1. Rates of total nitrogen supply during growth
of vegetable crops

Total nitrogen supply (kg N ha−1)

N1 N4N2 N3

280220Leek 160100
Cabbage 160 240 320 400
Carrot 60 100 140 180

The total N supply includes both soil inorganic and
applied fertilizer nitrogen.
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K. Thorup-Kristensen and J. Nygaard Sørensen

Table 2. Dry matter production (above-ground plant parts plus carrot storage root) and N concentration in the
crop dry matter at harvest

Leek Cabbage Carrot

% N in DMDM (t ha−1)% N in DMDM (t ha−1)% N in DMDM (t ha−1)

1.713.31.56.2 1.0615.1N1
N2 7.2 1.9 14.7 2.0 1.1314.8
N3 7.5 2.2 16.0 2.2 15.4 1.24
N4 7.5 2.4 16.0 2.4 15.3 1.34

LSD0.05 0.7** 0.3*** 0.7** 0.3* 1.6ns 0.16*

*** PB0.001; ** PB0.01; * PB0.05; ns Not significant.

very little nitrate-N in the soil, from 4 kg N ha−1 at
the lowest N supply of 160 kg N ha−1 rising to only
11 kg N ha−1 at an optimal supply of 320 kg N ha−1.
Carrot had an optimal supply of only 60 kg N ha−1,
but still it left 27 kg nitrate-N ha−1 at this very low
supply, rising to 67 kg N ha−1 at the maximum supply
of 180 kg N ha−1. Leek left most nitrate-N in the soil,
leaving 50 kg N ha−1 even when the supply was only
100 kg N ha−1, well below the optimal supply. At the
estimated optimal supply of 220 kg N ha−1 it left 87
kg N ha−1, rising to 122 kg nitrate-N ha−1, at the
maximum supply of 280 kg N ha−1.

Compared at the estimated optimal N supply, it is
clear that the amount of N left in the soil after the
three crops was not related to the estimated optimal
N supply (Fig. 1a). White cabbage, with the highest N
supply (320 kg N ha−1), left the lowest amount of
nitrate-N in the soil with only 11 kg nitrate-N ha−1.
Carrot, with an estimated optimal N supply of only 60
kg N ha−1, left approximately 25 kg N ha−1 even at
this very low supply, and leek, which had an interme-
diate optimal N supply, left 87 kg N ha−1.

Comparing the ability of the crops to take up N and
deplete the soil at their optimal N supply is of practical
relevance. Still, optimal N supply, defined as the N
supply leading to the highest production of what is
considered saleable products, is not a biologically
meaningful term. Comparing the N residues left by the
three crops at a similar N supply of 160 kg N ha−1

shows how efficient they are at depleting the soil of a
fixed amount of N. Compared in this way, the high
efficiency of white cabbage is even more striking, as
white cabbage, carrot and leek left 4, 52 and 65 kg
nitrate-N ha−1 respectively (Fig. 1b). The figures for
carrot were calculated as the average between crops
receiving an N supply of 140 and 180 kg N ha−1.

The depth distribution of the N left in the soil also
varied strongly among the three crops (Fig. 2). Under
white cabbage the subsoil was very efficiently de-
pleted, and most of the small amounts found were
found in the upper soil layers. After leek, the lowest

amounts of nitrate-N were found in the top 25 cm of
the soil, with high contents in the three deeper soil
layers measured. Carrots left some nitrate-N in all
soil layers. Compared at the optimal N supply or at
a fixed N supply of 160 kg N ha−1 (Fig. 3), the
ability of carrot and leek to deplete the top 25 cm soil
layer was not very different, but carrot depleted the
soil layers below 25 cm more efficiently than leek.

Discussion

There were very significant differences in the ability
of the three crops to take up N and deplete the soil
inorganic N pool. White cabbage was best at deplet-
ing soil nitrate-N, followed by carrot and leek as the
least efficient crop. The differences were even clearer
when the ability of the crops to deplete subsoil layers
was compared. This result is in accordance with the
rooting depth of the three crops (Burns, 1980; Green-
wood et al., 1982; Smit et al., 1996; Thorup-Kris-
tensen & Van den Boogaard, 1998, 1999). The results
thus support the hypothesis that the existing differ-
ences in rooting depth are significant for the ability of
different crop species to utilize soil-available N re-
serves from deeper soil layers.

However, other factors than root distribution in
the soil profile seem to be of importance. The ob-
served difference in depletion efficiency between white

Table 3. Root and top dry matter production, N con-
tent and N concentration of carrots at harvest

Root Top Root Top Root Top

(t DM ha−1) (kg N ha−1) (% N in DM)

1311.813.2N1 1.570.9929
N2 1.691.04331341.912.9

13.3N3 1.741.16371532.1
N4 13.1 2.1 165 39 1.26 1.82

LSD0.05 1.3ns 0.5ns 18* 8* 0.17* 0.09*

*** PB0.001; ** PB0.01; * PB0.05; ns Not significant.

94

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
t
a
t
s
b
i
b
l
i
o
t
e
k
e
t
 
T
i
d
s
s
k
r
i
f
t
a
f
d
e
l
i
n
g
]
 
A
t
:
 
1
0
:
2
4
 
5
 
S
e
p
t
e
m
b
e
r
 
2
0
0
8



Soil nitrogen depletion by vegetable crops

Fig. 1. Effect of N supply on (a) N uptake by the three crops and
(b) the amount of nitrate-N left in the soil at harvest. Bars show
SE (n=6 for carrot and leek, n=4 for white cabbage).

Kristensen & Van den Boogaard, 1999), carrots de-
velop a deep root system during their long growing
season. This should make them able to deplete the
top metre of the soil profile almost as efficiently as
white cabbage. Previous results have shown that car-
rots can deplete soil inorganic N reserves to very low
levels, but also that this occurs only at a quite low
total N supply (Thorup-Kristensen, 1993b; Thorup-
Kristensen & Van den Boogaard, 1999).

To deplete the soil inorganic N pool, a crop needs
to have a sufficiently high N-uptake capacity, as well
as a root system that is well distributed in the soil and
brings the crop into contact with as much soil N as
possible. When the amount of available N is close to
the uptake capacity of the plants, it has been found
that plants respond by reducing the N-uptake rates of
the root system (Robinson et al., 1994). Thus, at high
N supply they will leave N in the soil even if they
have enough roots to deplete the soil. This is sup-
ported by the results of Engels et al. (1992), who
found that the adverse effect of low root-zone tem-
peratures on nutrient uptake was strongly dependent
on shoot demand. If shoot demand was kept high,
the effect of low root-zone temperature on nutrient
uptake was of a very short duration; apparently, the
roots adapted to the low temperature conditions to
be able to meet the shoot demand of nutrients.

Thus, the N-uptake efficiency of the root system
can be strongly dependent on the shoot demand for
N, and it cannot be concluded from a high amount of
inorganic N left in the soil that its root system was
insufficient for depleting the soil. The difference in
N-uptake capacity between the two crops may ex-

cabbage and carrot is surprisingly large. Although the
rate of depth penetration of the carrot root system is
slower, and carrot is less efficient than brassica crops
in spreading its roots into the interrow soil (Thorup-

Fig. 2. Depth distribution of nitrate-N left in the soil at harvest of vegetables at variable N supply. Bars show SE (n=6 for carrot and
leek, n=4 for white cabbage).
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K. Thorup-Kristensen and J. Nygaard Sørensen

Fig. 3. Depth distribution of nitrate-N left in the soil at harvest of vegetables, compared at (a) an optimal N supply for each crop, or (b)
a fixed N supply of 160 kg N ha−1. For carrot the values at 160 kg N ha−1 were obtained as the average of the values at 140 and 180
kg N ha−1, respectively. Bars show SE (n=6 for carrot and leek, n=4 for white cabbage).

plain why white cabbage was so much more efficient
than carrot in depleting the soil. This difference in
uptake capacity, where carrot takes up much less N
at the same biomass production than white cabbage,
can also be seen from other experiments. Carrots
normally have a maximum N uptake of around 200
kg N ha−1 (Greenwood et al., 1980; Thorup-Kris-
tensen, 1993b; Thorup-Kristensen & Van den
Boogaard, 1999), much lower than the values to 400
kg N ha−1 found here with white cabbage.

The reason for the large difference in uptake capac-
ity between carrot and white cabbage could be that
carrot stores most of its biomass in the storage root,
while white cabbage stores most of its biomass in the
leaves (Table 3). Root material normally has lower N
concentrations than leaves and above-ground plant
material (Greenwood et al., 1980; Jensen, 1991), as
also found in the present carrot crops (Table 3).
Accordingly, it can be calculated from the data of
Greenwood et al. (1980) that crops where the root
material is harvested (sugar beet, red beet, radish,
swede, turnip, carrot and parsnip) had much lower
optimum N fertilizer rates (average 103 kg N ha−1)
than species grown for leaf production (leek, spinach,
lettuce, Brussels sprouts, summer cabbage and winter
cabbage), with average optimum N rates of 223 kg N
ha−1.

Leek has lower relative growth rates than, for
example, brassica species (Van der Werf et al., 1996),
and in this experiment (Sørensen, 1993) leek pro-
duced much less biomass than white cabbage and
carrot. With a low biomass production, but with
most of its biomass in N rich leaf material, the

N-uptake capacity of leek was as high as that of
carrot.

Root distribution and uptake capacity are impor-
tant, but it is also important that the root system is
efficient. Root efficiency may be reduced by, for
example, pests and diseases (e.g. Haverkort et al.,
1994), ageing of the plant and its root system (Cheng
et al., 1990) or low temperatures (Engels et al., 1992;
Hood & Mills, 1994). All of these factors could be
important in the late autumn, when the measure-
ments were made. In the late autumn, carrots will
normally be losing leaf material and preparing for
winter dormancy. As with leaf function, the function-
ing of the root system may be declining in the late
autumn. Brassica species grown as catch crops in the
autumn have been found to be able to maintain soil
N at very low levels compared with other plant
species in the late autumn at low temperatures (Tho-
rup-Kristensen, 1994). Laine et al. (1994) found that
N uptake of Brassica napus was less sensitive to low
temperatures than N uptake of Secale cereale.

The soil N depletion by carrot and leek can be
compared more directly, as the two crops had ap-
proximately the same level of N-uptake capacity.
Thus, differences in soil depletion can be related more
directly to differences in root distribution and effi-
ciency. The data show that although leek and carrot
can take up approximately the same amount of N,
leek was less efficient in utilizing the N in the soil.
This difference corresponds to the differences in root-
ing depth between the two crops (Smit et al., 1996;
Thorup-Kristensen & Van den Boogaard, 1999).
Even at a N supply well below its optimum, leek left
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Soil nitrogen depletion by vegetable crops

much N, especially in the subsoil layers, indicating
that its root system was not in contact with N in the
deeper soil layers.

Differences between leek and carrot in the amount
of N left in the soil were mainly found at low N
supplies, where carrot left less than leek, but at the
highest N supply the difference in N residues was
small. At low levels of N supply carrots had the
advantage of their better distributed root system,
which brought the crop into contact with more of the
inorganic N in the soil. At higher N supply the
differences between the two crops became smaller,
suggesting that uptake capacity rather than root dis-
tribution became limiting.

The results show that efficient reductions in nitrate
leaching from vegetable production cannot be ob-
tained only by optimizing fertilizer N recommenda-
tions. Strategies involving N catch crops and
optimization of the crop rotation are also needed.
Catch crops can be grown either after vegetable crops
to prevent N leaching losses, or before the vegetable
crops to ensure that the available N is concentrated
in the upper soil layers, where it can also be reached
by shallow-rooted crops such as leek (Thorup-Kris-
tensen, 1993b; Thorup-Kristensen & Nielsen, 1998).

In conclusion, significant differences exist among
crops in their ability to deplete soil inorganic N
reserves, differences which cannot be overcome only
by improving N fertilizer recommendations. The dif-
ferences found among the three crops tested in the
present experiment were closely related to differences
in root growth, but differences in N-uptake potential
also seem to be important.
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