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Abstract
An experiment was made to measure root growth of nitrogen catch crops, to investigate whether differences in root
growth among plant species are related to their ability to deplete the soil nitrate-N pool. Large differences were
observed in root growth parameters. Monocot species had rooting depth penetration rates in the range of 1.0 to
1.2 mm d−1 ◦ C−1 , whereas the non-legume dicot species had rates between 1.5 and 2.3 mm d−1 ◦ C−1 . Substantial
differences were also found in the lag time from sowing until significant root growth was observed. The estimated
temperature sum needed for the crops to reach a rooting depth of 1.0 m varied from 750 d ◦ C for fodder radish
to 1375 d ◦ C for Italian ryegrass. The depth distribution of the root system varied strongly, and at a depth of
1.0 m the non-legume dicot species generally had root intensities (number of root intersections m−1 line on the
minirhizotrons) 12 times as high as the monocot species.
The amount of nitrate left in the topsoil (0–0.5 m) was only weakly correlated to a few of the measured plant and
root parameters, whereas nitrate left in the subsoil (0.5–1.0 m) was clearly correlated to several root parameters.
Subsoil nitrate residues were well correlated to root intensity, but showed even stronger correlations to more simple
estimates of rooting depth. In the deepest soil layer measured (1.0–1.5 m), the soil water nitrate concentration was
reduced from 119 µg L−1 without a catch crop to 61 µg L−1 under Italian ryegrass and to only 1.5 µg L−1 under
fodder radish.
The results show that to identify the important differences in root growth among catch crops, root growth must
be measured in deep soil layers. In this study, none of the measurements made aboveground or in the upper soil
layers were well related to subsoil nitrate depletion.

Introduction
When catch crops are grown to prevent nitrogen (N)
leaching losses, it is important that they are able to
deplete the soil nitrate-N pool to very low levels.
Therefore, catch crops must grow enough biomass to
be an efficient N sink, and they must develop a root
system, which can exploit the soil. Thus, to identify
the optimal plant species to be grown as catch crops
it is necessary to study differences in root growth and
∗ FAX No: 4563904394.
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root efficiency among relevant species (Lainé, et al.,
1993; Thorup-Kristensen, 1993).
Though catch crops have been studied intensively
during the last decades, only a few studies have dealt
with roots (Grindlay, 1995; Lainé et al., 1993; ThorupKristensen, 1993; Vos et al., 1998). Apart from the
fact that root studies tend to be very laborious, the
lack of root studies could also be due to uncertainties
about which root parameters to measure. Which traits
of the root system determine its ability to deplete the
soil nitrate-N pool?
It is normally found that well growing crops (Macdonald et al., 1989) or catch crops (Thorup-Kristensen,
1994) can deplete the soil inorganic N pool within
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their root zone even at a rather high N supply. Therefore, studies of root length density (Burns, 1980; Vos
et al., 1998) or N uptake per mm root length (Lainé
et al., 1993; Rao et al., 1993) are unlikely to lead to
identification of better catch crop species. Even if all
relevant species can normally deplete their root zone
efficiently, differences may still exist due to differences in rooting depth. Deep-rooted catch crops will
have access to a larger soil volume, and can thus deplete parts of the soil volume not available for more
shallow-rooted crops.
In accordance with this, the few studies which have
shown significant differences in root growth among
catch crops (Grindlay, 1995; Thorup-Kristensen,
1993) have focused on differences in rooting depth.
In both studies, cruciferous catch crops were found to
have deeper rooting than winter rye, and accordingly
depleted the soil more effectively.
Vos et al. (1998) found that the rooting depth
of catch crops was closely related to aboveground
growth, as found by Greenwood et al. (1982) for a
number of main crops. Thus, Vos et al. (1998) conclude that differences in rooting depth among catch
crops can be studied by measurements of biomass production and root length density in upper soil layers
only. However, contrary to Thorup-Kristensen (1993)
and Grindlay (1995), no difference in rooting depth
was found by Vos et al. (1998) when comparing rye
and white mustard using this method.
Differences in N depletion due to differences in
rooting depth are of special interest for environmental
protection. N in deep soil layers is more prone to
leaching loss than N in upper soil layers (ThorupKristensen and Nielsen, 1998). Therefore, N taken up
from deep soil layers by a deep-rooted catch crop will
reduce N leaching losses more than the uptake of a
similar amount from the upper soil layers.
The objectives of the present work is to test the
hypothesis that (1) highly significant differences in
rooting depth exist among catch crops, and (2) that
these differences are important for soil nitrate depletion by catch crops. Furthermore, it is attempted to
establish which root traits are the most relevant to
measure when trying to identify the best catch crops.

Materials and methods
Effects of catch crops on depletion of soil nitrate-N in
the autumn were studied during 2 years. The experi-

ment was located at the Research Centre Aarslev (10◦
270 E, 55◦ 180 N), on a Typic Agrudalf soil (Table 1).
Weather data were obtained from a weather station situated less than 500 m from the experimental
site (Figure 1). Temperature sums (day ◦ C) were
calculated as the sum of daily average temperatures.
The experimental design was a randomised complete block, with three replicates. The catch crop plots
were 5 by 10 m. The seven catch crop species were
winter rye (Secale cereale), Italian ryegrass (Lolium
multiflorum), oats (Avena sativa), phacelia (Phacelia
tenacetifolia), winter rape (Brassica napus), fodder
radish (Raphanus sativus) and hairy vetch (Vicia villosa). The seeding rates were 180, 20, 180, 15, 15, 20
and 100 kg seed ha−1 , respectively. Apart from these
seven catch crop species, a catch crop consisting of
a mixture of winter rye and hairy vetch, the seeding
rate of each halved compared to pure stand, and a control treatment were included. In the second year, two
further species, Malva sylvestris and Agrostemma githago, were included with seeding rates of 30 kg seed
ha−1 each.
The experiment was established by sowing catch
crops within an organic crop rotation on 31 July 1996
and again 5 August 1997. The catch crops were grown
after the harvest of a green pea crop. The pea residues
were rotovated into the soil and the soil was ploughed
before the sowing of the catch crops.
Plant and soil samples were taken in mid November. Plant material was sampled from one m2 by
cutting the catch crops just below ground level. The
plant material was washed to remove soil. Root material was sampled by washing roots from two soil blocks
of 0.12 by 0.30 m, and 0.2 m deep excavated from each
plot. The root and aboveground plant materials were
dried at 80 ◦ C for 20 h and weighed. The plant and
root material was then analysed for N content by a dry
combustion method (Hansen, 1989), and the sand content was determined as the content of acid insoluble
solids.
Soil was sampled as nine samples combined into
one bulk sample for each soil layer in each plot. The
soil samples were split into sub-samples representing
0.25 m layers, in most cases down to 1.0 m, but in
some treatments down to 1.5 m. The soil was analysed
for its content of ammonium-N and nitrate-N after extraction for 1 h in a 1 m KCl solution. In the results,
only the nitrate-N fraction is shown, as nitrate is the
leachable form of nitrogen.
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Table 1. Main characteristics of the soil used for the experiment

0–25 cm
25–50 cm
50–75 cm
75–100 cm

%C

%N

% Clay

% Silt

% Sand

pH

1.8
0.8
0.3
0.2

0.16
0.07
0.04
0.03

14.7
18.2
21.2
20.5

27.1
28.6
28.3
26.5

55.0
51.9
50.0
52.7

7.0
6.4
5.1
5.7

Figure 1. Monthly precipitation (mm) and monthly average temperature (◦ C) during the experiments.

Root measurements
Directly after the catch crops were sown, two
minirhizotron glass tubes (70 mm in outer diameter
and 1.5 m long) were inserted into the soil in each plot.
The minirhizotrons were installed at an angle of
30◦ from vertical, reaching a total depth of approximately 1.0 m in the soil in the first year. After a
modification of the drilling equipment, they were installed to reach a total depth of 1.2 m in the second
year. The holes for the minirhizotrons were made by
drilling twice, first with a spiral auger with a diameter
of 60 mm to remove most of the soil, and subsequently
with a piston auger with a diameter of 74 mm. The
slightly higher diameter of the drilling equipment was
necessary due to the plasticity of the moist soil, which
also prevented problems with gaps between the glass
surface and the soil.
Root intensity was measured on four dates during the autumn each year, with a final measurement
at about the time of soil sampling in mid November.
Root intensity was measured by counting the number

of roots crossing lines painted on the minirhizotron
surface. For every 40 mm along each of two 40 mm
wide counting areas on the ‘upper’ surface of each
minirhizotron, the number of roots crossing 40 mm of
vertical line and the number of roots crossing 40 mm
of horizontal line were counted. Due to the angle
of 30◦ from vertical, 40 mm along the minirhizotron surface represent a soil layer of 34.6 mm. Root
intensity was calculated as the number of root intersections m−1 line in each soil layer. On the same four
dates, root frequency was recorded as the fraction of
the 40 mm sections along each counting area on the
minirhizotrons where roots were observed.
Rooting depth was observed more frequently, and
during the early growth phase rooting depth was recorded twice a week. For each of these observation
dates, one value for rooting depth was estimated for
each plot as the average of four single observations,
i.e. the deepest root in each of the two counting areas
on each of the two minirhizotrons in the plot. Rates
of rooting depth penetration were estimated using data
from the period when each crop had reached a rooting
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depth of at least 0.15 m until it reached 0.9 m in 1996
or 1.1 m in 1997.
Statistical analyses of the data were performed using the GLM procedure of the SAS statistical package
(SAS, 1990). In tables where the data are averaged
across 2 years, the data were averaged within each
year before calculating SE.

Results
The growth and biomass production of the catch crops
varied from 2.5 to more than 5 Mg ha−1 , with rye
showing the lowest biomass production and fodder
radish showing the highest (Table 2). The N content
in catch crop biomass varied less, from app. 100 kg N
ha−1 for rye to more than 160 kg N ha−1 for fodder
radish.
Root growth
Significant differences among the catch crops were
found in most of the root parameters measured, but the
ranking of the crops was very different among the root
parameters studied. As an example, Italian ryegrass
showed the highest root biomass (Table 2), but the
lowest root intensity in the subsoil (Figure 2b).
The ranking of the crops also varied during their
growing period. At the first date of root observation,
the cereal crops and fodder radish had the highest total
root intensity (Table 3) and the deepest rooting (Figure 3, Table 4), the rest of the crops showing low
values. At the later measurements, fodder radish still
showed high root intensity and deep rooting compared
to other crops, whereas the root systems of rye and
oats developed much more slowly. Winter rape and
phacelia showed fast root growth similar to fodder
radish, and from six weeks and onwards, their root
systems were deeper and they had much higher root
intensity than rye and oats (Figure 2).
The rates of rooting depth penetration were found
to be very different among the crops. The two cruciferous crops increased their rooting depth with 2
mm d−1 ◦ C−1 or more (Table 4, Figure 3), followed
by phacelia, M. sylvestris, and A. githago with 1.5–
1.7 mm d−1 ◦ C−1 . The rest of the crops had rooting
depth penetration rates within a rather narrow range of
0.9–1.2 mm day−1 ◦ C−1 . These differences, together
with the differences in lag time to initiate root growth,
meant that fodder radish used 750 d ◦ C and Italian
ryegrass more than 1350 d ◦ C from sowing to reach a

Figure 2. Depth distribution of root intensity (a) 6 weeks after
sowing, (b) in November, and (c) root frequency in November.

rooting depth of 1.0 m (Table 4). Final rooting depths
could not be measured, as many of the crops reached
the bottom of the minirhizotrons (1.0 m in 1996 and
1.2 m in 1997) well before the end of the measurement
period.
At the end of the growing season, not only the total
root intensity (Table 3), but also the depth distribu-
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Table 2. Dry matter production (total and root), total N content in the catch crops and soil nitrate-N residues in the top 1.0 m of the
soil in November, average 2 years (figures in brackets are SE, n=2)
Total DM

Root DM

N content

Mg ha−1

Soil nitrate-N
kg N ha−1

F. radish
Winter rape
Phacelia

5.6(0.4)
5.4(0.7)
4.7(0.8)

0.9(0.4)
1.4(0.0)
0.5(0.2)

160(6)
148(2)
102(4)

15(5)
9(2)
26(7)

Rye
Oats
Italian ryegrass

3.1(0.4)
3.8(0.6)
5.4(0.1)

1.0(0.0)
0.7(0.1)
1.9(0.3)

91(4)
88(19)
123(13)

24(12)
31(5)
24(6)

Rye/vetch mix.
Hairy vetch
– no catch crop –

4.7(1.2)
4.3(1.7)
–

1.4(0.4)
0.6(0.1)
–

143(27)
153(33)
–

29(9)
51(18)
129(31)

Malva sylvestrisa
Agrostemma githagoa

5.6
6.3

2.0
1.0

105
132

11
18

a Only included in 1 year.

Data for root frequency in the deepest soil layers
show that fodder radish had roots in every single root
observation section (40 mm vertical and 40 mm horizontal line on the minirhizotrons). Phacelia and winter
rape also had very high root frequencies in this soil
layer (Figure 2c), whereas rye, oats and ryegrass all
showed much lower root frequencies than the crucifers
and phacelia in the subsoil.
Nitrogen uptake and soil depletion
Figure 3. Depth penetration by catch crop roots during the autumn,
data from each of the 2 years are shown. The statistics of the
regressions are shown in Table 4.

tion of the root systems (Figure 2) were very different
among the catch crops. The rye, ryegrass and oats
showed clearly declining root intensity with depth, and
low root intensities in the deepest soil layers (Figure 2b). With the cruciferous crops and phacelia, the
root intensity varied less with soil depth, and the
highest root intensity was observed at a depth of 50 cm
or more (Figure 2b). Thus, in November the root intensity of fodder radish, winter rape and phacelia were
on average 12 times as high as that of rye, oats and
ryegrass in the deepest soil layers, though there were
little differences between the two groups of crops in
the upper soil layers.

All catch crops strongly reduced the amount of nitrateN in the soil in November. In the plot without a catch
crop, 129 kg N ha−1 was found in the upper 1.0 m
of the soil, the non-legume catch crops reduced this
to between 8 and 31 kg N ha−1 , and hairy vetch left
51 kg N ha−1 . Where no catch crop had been grown,
much of the nitrate was found in deeper soil layers, but
under the catch crops most of the nitrate was generally
found in the upper soil layers (Table 5).
The amount of nitrate-N left in the top 1.0 m of the
soil was significantly correlated to several factors including N content in the biomass, total root frequency
and root intensity (Table 6, Figure 4).
Only few and weak correlations between plant or
root parameters and nitrate-N left in the top 0.5 m of
the soil were found, and the root measurements made
in this soil layer showed no correlation to any of the
soil nitrate-N measurements. Much stronger correlations were found when plant and root parameters were
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Table 3. Root intensity calculated for the whole depth of the minirhizotrons at four dates shown as number of weeks after sowing
and approximate number of day ◦ C after sowing, average 2 years (figures in brackets are SE, n=2)

3 weeks
360 d ◦ C

Root intensity (intersec. m−1 line on the minirhizotrons)
4 weeks
6 weeks
520 d ◦ C
760 d ◦ C

F. radish
Rape
Phacelia

2.8(1.1)
1.3(0.7)
1.3(0.1)

11.5(0.8)
4.8(0.3)
8.2(1.4)

Rye
Oats
Ryegrass

4.1(1.7)
2.7(0.6)
1.3(1.1)

Rye/vetch mixt.
Vetch
Malvaa
Agrostemmaa

12 weeks
1320 d ◦ C

90(10)
48(14)
87(17)

138(4)
108(13)
160(29)

6.9(2.1)
5.1(0.1)
2.1(1.7)

17(3)
18(6)
10(4)

35(2)
34(3)
82(3)

2.7(0.1)
1.3(1.0)

5.5(1.2)
2.3(1.2)

16(7)
6(1)

42(5)
18(2)

0.4
0.3

2.1
0.6

19
13

58
65

a Only included in 1 year.

compared only to the amount of nitrate-N left in the
subsoil (0.5–1.0 m).
The measurements made in the 1.0–1.5 m soil layer
showed the most distinct differences among the crops
in their ability to reduce the soil nitrate-N content
(Table 5). The nitrate concentration in the soil water in
the 1.0–1.5 m layer, (calculated from Table 5) varied
from 119 µg nitrate L−1 without a catch crop, to 61 µg
nitrate L−1 under Italian ryegrass, 23 µg nitrate L−1
under rye and only 1.5 µg nitrate L−1 under fodder
radish.
Both years the N uptake by fodder radish and
winter rape was higher than the uptake by the three
monocot crops (Table 2), in accordance with the observed differences in root growth. The N uptake by
rye, ryegrass and oats were not very different from
their reduction of nitrate-N in the top 1.0 m of the soil.
Contrary to this, winter rape and fodder radish took up
30–40 kg N ha−1 more than the observed reduction in
nitrate-N content in the top 1.0 m of the soil, and also
the nitrogen fixing crops contained more N than what
would be expected from their depletion of the soil.

Discussion
Rooting depth
The results confirmed that large differences in rooting depth exist among the catch crops. As previously

found (Grindlay, 1995; Thorup-Kristensen, 1993), the
crucifer catch crops were faster in developing deep
rooting, and obtained a much higher root intensity in
the subsoil than rye and other monocot crops. Very
fast and deep rooting of crucifer crops has previously
been found by Böhm (1974) and Barraclough (1989).
They both found a much faster root development for
the crucifer crops than they found for winter wheat in
other studies (Böhm, 1978; Barraclough and Leigh,
1984).
Other studies have only found small differences in
root growth between crucifer and cereal catch crops
(Vos et al., 1998; Van Dam and Leffelaar, 1999).
However, Vos et al. (1998) made their measurements
only in the upper 0.6 m of the soil and Van Dam and
Leffelaar (1998) measured rooting depth development
only during 40 days from sowing. Within such limited
depth or time, also the present results show little difference between cereal crops and crucifer crops; the
differences were found later and at larger depth.
The observed differences in rooting depth were
the result of differences both in the length of the
initial lag-phase until significant root growth started
and the subsequent rate of rooting depth penetration.
The results indicate that early root growth is related
to seed size, as the ranking of species by lag-time
and by seed size is similar. Also Zagal (1994) and
Whiteley and Dexter (1982) found higher root growth
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Table 4. Regression parameters of rooting depth against temperature sum. The lag time is the estimated temperature sum until
a rooting depth of 0.1 m is reached. Estimated temperature sum until a rooting depth of 1.0 m is obtained is shown for each
crop.
Lag time
d ◦C

Depth penetration rate
mm d−1 ◦ C−1

R2

Depth after 1000 d ◦ C
M

F. radish
Winter rape
Phacelia

301
397
377

2.0
2.3
1.7

0.99
0.94
0.99

1.5
1.5
1.2

751
789
908

Rye
Oats
Ryegrass

222
200
532

1.2
1.0
1.1

0.97
0.95
0.95

1.0
0.9
0.6

1001
1134
1375

Rye/vetch mixt.
Vetch

250
342

1.1
0.9

0.99
0.96

0.9
0.7

1086
1356

Malvaa
Agrostemmaa

431
572

1.7
1.5

0.95
0.98

1.1
0.7

960
1172

Time to 1.0 m
d ◦C

a Only included in 1 year.

of large-seeded species than of small-seeded species
when measured approx. 2 weeks after sowing.
The rates of rooting depth penetration which were
observed for rye, oats and ryegrass were lower than
previously observed for wheat by Barraclough and
Leigh (1984), who estimated a rate of 1.8 mm d−1
◦ C−1 . However, Barraclough and Leigh (1984) also
estimated a longer lag-phase of 680 d◦ C to initiate
root growth. Thus, calculating the predicted rooting
depth using their equation yields similar estimates
of rooting depth as the present equations for winter
rye and oats for the period between 600 d◦ C and
1200 d◦ C, covering most of the measurements in both
experiments.
The measured rates of rooting depth penetration
were remarkably constant within botanical groups. As
an example, the three monocot crops, rye, oats and
ryegrass showed rates of 1.0–1.2 mm d−1 ◦ C−1 , and
the two crucifer species had rates of 2.0–2.3 mm d−1
◦ C−1 . The roots of hairy vetch grew at a rate of 0.9 mm
d−1 ◦ C−1 , the same rate as previously determined
for a number of pea genotypes grown as a main crop
(Thorup-Kristensen, 1998).
The depth distribution pattern of the root system
was very different among the crops, and this characteristic also seems to be related to botanical groups
(Figures 2a and 1b). Materechera et al. (1993) found
similar differences in depth distribution between four
monocot species (barley, oats, wheat and ryegrass) and
the dicot crop safflower. The studies of root systems of

many plant species made by Kutschera and Lichtenegger (1982a,b) also show that the monocot species have
high root densities in the upper soil layers but clearly
declining densities with depth, whereas, among dicot
species many examples exist where the highest root
density is found in deeper soil layers.
N uptake and soil depletion
It would be obvious to assume a strong negative correlation between N content in the catch crops, and N
residues left in the soil, but this relationship was not
found to be straightforward. The reason may be that
the sum of catch crop N and nitrate-N in the top 1.0 m
of the soil does not include all the variables relevant
for the N budget. Some N was assimilated from below
1.0 m as demonstrated for ryegrass, rye and fodder
radish, and roots from below 0.2 m were not included
in the estimate of crop N content. Furthermore, some
of the crops had lost significant amounts of leaves before the November sampling, which was especially
true for oats and phacelia, as well as for rye due to
severe leaf diseases.
The amount of nitrogen left in the upper 0.5 m of
the soil did not vary as much among the crops as the
amount left in deeper soil layers and it did not correlate
to any of the root measurements. This indicates that
the amount of nitrate-N left in the upper 0.5 m must
be the result of factors not measured in the present
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Table 5. Depth distribution of nitrate-N (kg N ha−1 ) in the soil under catch crops in November (figures in brackets are SE, n=2)

0–0.5

Soil layer (m)
0.5–1.0

F. radish
Winter rape
Phacelia

13(4)
8(2)
22(7)

1.3(0.9)
0.7(0.3)
4(0)

Rye
Oats
Ryegrass

18(8)
20(3)
10(6)

6(4)
11(2)
14(0)

20(1)

Rye/vetch mixt.
Vetch
– no catch crop –

20(6)
19(0)
46(18)

8(3)
32(18)
83(49)

41(14)

Malvaa
Agrostemmaa

6
5

1.0–1.5
0.4(0.0)

8

5
13

a Only included in 1 year.

Table 6. F values for the estimated slope of the regression lines for soil nitrate-N residues against various plant and root parameters.
A statistical model allowing separate intercepts for the 2 years but estimating one slope covering both years was used. ∗ , ∗∗ and ∗∗∗
shows significance levels of p <0.05, p >0.01 and p <0.001, respectively, for the estimated slope. Data from the two treatments
containing legumes were not included in this analysis

0–1.0 m

kg nitrate-N ha−1 layer−1
0–0.5 m
7∗

0.5–1.0 m

Biomass
Aboveground biomass
Root biomass
N uptake
%N in catch crop DM

4
1
2
11∗∗
7∗

1
9∗
7∗
0

0
0
1
2
1

Depth after app. 40 days
Depth after 1000 d ◦ C
Temp. sum to reach 1.0 m

4
10∗∗
6∗

0
0
0

65∗∗∗
76∗∗∗
65∗∗∗

Root int. 0–1.0 m
Root int. above 0.5 m
Root int. below 0.5 m

2
0
5∗

0
0
0

4
0
15∗∗

Root freq. 0–1.0 m
Root freq. above 0.5 m
Root freq. below 0.5 m

6∗
1
7∗

0
1
0

11∗∗
0
20∗∗∗
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Figure 4. Four examples of the relationships between soil nitrate-N content in the 0–1.0 or 0.5–1.0 m soil layers in November and various
factors. (a) and (b) shows examples of the weaker correlations found when considering the whole 0–1.0 m soil layer, whereas (c) and (d) shows
the much closer correlations obtained when considering only the 0.5–1.0 m soil layer. F values for the slope of the regressions are shown in
Table 6.

experiment. One of these factors could be the ability of
the plants to remain viable and active in late autumn.
The strongest correlations between measured plant
and root parameters and soil nitrate-N residues were
found between some of the root growth parameters
and the nitrate-N content in the 0.5–1.0 m soil layer.
This result shows that whereas the total amount of nitrogen left in the soil in the autumn may depend on
many factors, the amounts left in the soil layers below 0.5 m is strongly dependent on differences in root
growth.
The observed differences in the depletion of soil
layers below 1.0 m were more distinct than differences
among crops in the top 1.0 m which is most frequently
considered. For the crucifer catch crops, roots were
clearly not limiting subsoil nitrate depletion, and under winter rape and fodder radish the 0.5–1.5 m soil
layer was virtually devoid of nitrate. Rye and ryegrass

also reduced the nitrate content even in the 1.0–1.5 m
soil layer, but they were clearly less effective than fodder radish. Crucifer catch crops have previously been
found to deplete subsoil N reserves more efficiently
than monocot crops as rye or ryegrass (Aufhammer
et al., 1992; Thorup-Kristensen, 1994). Substantial N
uptake from soil layers below 1.0 m has previously
been found by Strebel and Duynisveld (1989) and
Daigger and Sander (1976).
The large differences found in the N depletion of
the deepest soil layers show that differences in root
growth among catch crops are very important for their
environmental effect, as nitrate in deeper soil layers
are highly prone to leaching loss (Thorup-Kristensen
and Nielsen, 1998). Therefore, catch crop uptake of
nitrogen from deep soil layers will have a larger effect on total leaching loss than the uptake of similar
amounts from the upper soil layers.
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What to measure
The results show that it is important to study root
growth of catch crops. As root studies are often restrained by very laborious methods, it is important to
find simple methods that will allow root studies to be
included in more catch crop experiments. The methods
should be relatively easy to use, but still give the relevant information about the ability of the catch crops
to deplete the soil.
The results of the present study showed very strong
correlations between some of the measured root parameters and soil nitrogen depletion. The strongest correlations were found using some of the less laborious
methods e.g. rooting depth measured approximately
40 days after sowing. When the minirhizotrons were
installed, this measurement took only 5–10 min per
plot to perform. More detailed measurements of depth
development rates require that such measures are repeated, but this is still easy to do compared to other
methods for studying roots.
Attempts to simplify root measurements by measuring only in upper soil layers, as done by Sainju et
al. (1998) or Vos et al. (1998), will only identify the
important differences among catch crops, if root density in the upper soil layers is well correlated to root
density and nitrate depletion in deeper soil layers. In
the present study, no such correlations were found, and
only the root measurements made in deeper soil layers
correlated to soil nitrate depletion. Thus, for screening purposes, root measurements may be simplified by
measuring only in deeper soil layers.
Measurements of root intensity or root frequency
are more laborious than measurements of rooting
depth, but they give more information about the root
system. The measurement of root intensity, which
is comparable to root length density (Merrill and
Upchurch, 1994), is especially time consuming. Much
of the time used for measuring root intensity is spent
on counting very high root intensities mostly found
in the topsoil. Based on the absence of correlation
between topsoil root data and soil N depletion, these
data may not be very relevant for the study of soil
nitrate-N depletion by crops or catch crops.
Data for root frequency showed better correlation
to soil nitrate depletion than data for root intensity,
though root frequency is a much simpler analysis to
make. The better correlations obtained may be due to
the different nature of the two measures. Many roots
at a few sites in a soil layer can give a high average estimate of root intensity, but high estimates of

root frequency are only obtained where roots are more
evenly distributed in the soil. Due to the high mobility
of nitrate, high root densities are not needed to enable
to crops to deplete a specific soil layer (Robinson et
al., 1991; Robinson, 1996).
In spite of the high mobility of nitrate, some studies have indicated that quite high root length density
(RLD) is needed for N depletion of the soil (e.g.
Wiesler and Horst, 1994). This may be due to the
methods used for measuring the root system, rather
than to a real need for high RLD. The results show an
average RLD for each soil layer, not whether the roots
were well distributed or concentrated in a smaller part
of the soil volume. Measurements of root frequency
or other methods showing root distribution rather than
root length may be better suited to estimate the ability
of a root system for N depletion of a soil layer.
Final rooting depth of a catch crop is not the only
important parameter determining its effect on subsoil
nitrate-N content at the end of the growing season.
For at least two reasons, fast early root growth and
N uptake from the soil is also important. N depletion
of deeper soil layers has been found to be slower than
N depletion of upper soil layers (Strebel and Duynisveld, 1989). Therefore, it can be important that the
catch crop roots reach the deep soil layers early, as this
will allow more time for efficient N depletion. Further,
under Northwest European climate conditions, the autumn is a normally period with surplus precipitation,
and therefore downward movement of nitrate. Early
N uptake from the upper soil layers will thus reduce
the downward movement of nitrate during the autumn,
and thereby reduce the nitrate concentration in deeper
soil layers. In this way, catch crops can reduce nitrate
concentrations even below their rooting depth, and this
may be the reason why Italian ryegrass reduced the
nitrate content in the 1.0–1.5 m soil layer by approximately 50% even though it had very few roots below
1.0 m.

Conclusion
Large differences in root growth were observed, and
as previously found, crucifer crops had fast and deep
rooting compared to cereal crops. To obtain deep
rooting when grown as a catch crop, a plant species
must show fast establishment and a high rooting depth
penetration rate. Species with fast depth penetration
are most likely to be found among non-legume dicot
species.
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The differences in root growth were important for
the ability of the catch crops to deplete deep soil layers
of their nitrate content. The use of catch crops that
can take up nitrate from deep soil layers can increase
the environmental and agronomic value of catch crops
considerably.
Significant N uptake from soil layers below 1.0 m
by catch crops and main crops may question previous results on nitrogen leaching, as they are generally
based on the assumption that N leached to below 1.0 m
is lost. Significant N uptake from below 1.0 m could
have consequences for both agronomic and political
strategies for reducing nitrogen leaching losses.
By using the minirhizotron method, it was relatively easy to obtain relevant data about root growth of
catch crops. Other methods, which can reveal differences in rooting depth, could be equally useful, but
measurements of crop N content or root growth in
upper soil layers are not likely to give the relevant
information.
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