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Abstract

Catch crops (winter rye and fodder radish) were grown on lysimeters with rhizotron facilities
from August or September till March in two consecutive years, to study root growth and
water and nitrogen dynamics under different regimes of irrigation and N supply. Catch crops
took up 20 to 30 g N m–2, of which a considerable part (37–48%) was present in dead leaves
in March. Rooting depth increased by 2.6 cm day–1 for both species at the start of the grow-
ing season.

Catch cropping reduced the NO–
3-N concentration in the soil considerably during the whole

duration of the experiments, first in the top layers, than further down the soil profile. The
reduction in total leached N was similar to the total crop N uptake. Nitrate-N concentrations
in leached water were reduced by 49–85 mg l–1 (by 62 to 99%), dependent on N availability
and irrigation. Due to catch cropping the NO–

3-N concentration in the percolate decreased
with increasing irrigation (or precipitation), whereas the amount of N leached increased with
irrigation. Evapotranspiration from a catch cropped soil is close to the potential evapotran-
spiration under optimal growth conditions.

Keywords: winter rye, fodder radish, catch crops, evapotranspiration, nitrogen leaching,
mineralization, nitrogen uptake, rhizotron, rooting depth.

Introduction

Catch crops are cultivated after the harvest of a summer crop to reduce losses of
N by leaching during autumn and winter. They often effectively reduce the nitrate
concentration in leaching soil water by absorbing up to 19 g m–2 N (Vos & Van Der
Putten, 1997). The N uptake by catch crops and the resulting reduction in N leaching
from the soil widely vary with specific conditions in field experiments (Landman,
1990; Schröder et al., 1992). Analysis of the processes determining catch crop
growth and N leaching may make it possible to relate observed variations to environ-
mental conditions so that the effectiveness of catch crops in reduction of N leaching

Netherlands Journal of Agricultural Science 46 (1998) 267-284

Netherlands Journal of Agricultural Science 46 (1998) 267



may be improved. The nitrogen uptake depends on the uptake capacity of the crop
and the availability of N in the rooted soil. Rooting depth and root density are impor-
tant characteristics and determine how much nitrogen can be taken up (Van
Noordwijk, 1982). Catch crop species differ in root density and in the rate at which
rooting depth increases (Thorup-Kristensen, 1993), and consequently, the rate at
which N in various soil layers can be taken up by the crop.

The rate of N leaching depends on the percolation rate of soil water and its N con-
centration. Both will vary from one year and location to another. Both percolation
rate and N concentration in the soil solution are reduced by catch crops. Little is
known about transpiration by catch crops and the subsequent reduction in percola-
tion rate. Simulated transpiration by a catch crop under Swedish conditions is 30 to
50 mm water from mid August until the start of April (Lewan, 1993).

The aim of this paper is to quantify the effects of precipitation, catch cropping and
N fertilizer rates on soil water and N dynamics and catch crop biomass, N uptake
and root growth.

Materials and methods

The Wageningen Rhizolab (Van De Geijn et al., 1994) is a facility to monitor both
soil N transport and root length in a soil profile throughout the growing season of
crops; it combines the features of a lysimeter with those of a rhizotron. Time courses
of root development, soil solution nitrogen concentration, water content and temper-
ature in the soil profile can be followed. Soil N transport and relevant catch crop
growth processes, such as root growth and N uptake were studied in the Rhizolab,
and the results were used to interpret results of field studies better, and to estimate
how much N will leach with and without cultivation of a specific catch crop, in
various conditions. Two experiments were done in the Rhizolab. Experiment 1 in
1993–1994 with fodder radish and Experiment 2 in 1994–1995 with winter rye.

Experiment 1

In Experiment 1, from 1 September 1993 until 14 March 1994, fodder radish was
grown on two 1.25 * 1.25 m Rhizolab compartments at two irrigation regimes. Two
other compartments were kept fallow and received the same irrigation. The low irri-
gation rate (Ilow) was equivalent to 1 mm day–1 until 2 November, and to 2 mm day–1

thereafter, comparable to a rather dry autumn and normal Dutch winter. The high
rate (Ihigh) was equivalent to 3 mm day–1, comparable to an extremely wet winter.
Irrigation was supplied twice a week. Below, treatments are indicated with CIlow,
CIhigh, FIlow and FIhigh, where C stands for ‘cropped’ and F for ‘fallow’.

The Rhizolab compartments filled from 0 to 100 cm below ground level with a
sandy soil with an organic matter content of 41 mg g–1 dry matter and a pH-H2O of 6,
and packed to a dry bulk density of 1.35 g cm–3. From 100 to 170 cm below ground
level, a river sand without organic matter was used with pH-H2O of 4.5, packed to a
bulk density of 1.54 g cm–3. The soil profiles were unfertilized, and drained at 170
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cm below ground level. After Experiment 1 the sandy soil was taken out of the
Rhizolab compartments and stored until August 1994 when it was used in Exper-
iment 2.

Fodder radish was sown on 1 September 1993 at 12.5 cm row distance. After
emergence the plants were thinned in the rows to 1 per 4 cm. This is a bit higher than
to the normal seeding density of 1.2 to 2.0 g m–2. Fodder radish was also sown
around the compartments to minimize border effects, e.g., incidence of light directly
on the side of the canopy.

Crop management was aimed at optimal growth conditions: sowing depth and dis-
tances between the seeds were standardized. Spots with low plant densities were
filled with plants transplanted from outside, assuring a good and homogeneous crop
establishment. Water shortage, sometimes delaying emergence in field experiments,
was absent. The radish crop was protected against frost by covering it with
transparant plastic, below which the air was heated to 4 ± 2 °C and ventilated. This
happened during frost periods from 19 November to 6 December 1993 and from 11
to 25 February 1994. The border plants had frozen to death in the first frost period.
Therefore, on 10 December 1993 the crop was surrounded by a vertically installed
shade gauze transmitting about 50% of the light, with the same height as the crop.
The crop was harvested on 15 March 1994, about the normal incorporation time in
practice.

Because of the limited number of Rhizolab compartments available it was impos-
sible to replicate the treatments. Everything possible was done to avoid differences
from one compartment to another, except for the imposed treatments: the compart-
ments were filled with the same soil in the same way and were placed next to each
other, so that environmental conditions were similar. Because of these precautions it
is plausible that clear differences between compartments are due to the treatments
and not to compartment effects.

To determine the nitrogen mineralization rate, sandy soil was stored in plastic
bags with the open end rolled up (about 200 g soil per bag with a gravimetric water
content of 20%). The samples were buried at 15 cm below ground level next to the
Rhizolab compartments, so that they were subject to the same temperatures as the
soil in the compartments. At two to four week intervals during the experiment, five
bags were removed for determination of mineral N fractions. The mineral N present
in the bags after incubation, minus that present at the start of the experiment, was
assumed to be mineralized from organic matter. It increased in time, and in Ex-
periment 2, then decreased, presumably due to denitrification. The maximum value
of mineralised N in the course of time was taken as the total N mineralized during
the experiment.

Experiment 2

Winter rye was grown in four Rhizolab compartments from 24 August 1994 until 17
March 1995. The compartments were filled with the same soil in the same way as in
Experiment 1. All compartments received 3.07 g m–2 P and 10.0 g m–2 K, respective-
ly, in the top 10 cm. There were four N fertilization rates: (1) zero N (N0), (2) 7 g
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m–2 at sowing in the upper 10 cm of the soil profile (N7s), (3) the same plus an extra
application of 7 g m–2 N, supplied with the irrigation water, equally divided over
three applications at 26, 36 and 47 days after sowing (N14), and (4) 7 g m–2 N placed
at 40–50 cm depth in the soil (N7d). The deep placement was meant to test the effect
of N that has ‘leached’ already to a certain depth before the catch crop starts to grow.
N14 is meant to be amply supplied with N during the whole experiment. The irri-
gation rate was equivalent to 3 mm day–1, to study the performance of the crop at a
high percolation rate. Soil properties and drainage conditions were the same as in
Experiment 1.

Winter rye was sown on 24 August 1994 at 12.5 cm row distance in the compart-
ments. Only seeds of 2.5 to 3 mm in diameter were used, to obtain a homogeneous
crop. Rye was also sown around the compartments. The distance between seeds in
the row was 1.5 cm, corresponding to the normal seeding density of 18 g m–2. On
30 August all rows contained 70 plants or more. There were no replications. The
same precautions to avoid compartment effects were taken as in Experiment 1. Net
N mineralization was determined from the increase in mineral N in soil buried in
plastic bags near the Rhizolab compartments, similar to Experiment 1.

Measurements

Rhizolab measuring equipment was installed in the soil profiles according to Van De
Geijn et al. (1994) unless changes are mentioned below.

Root number was determined regularly as described by Smit et al. (1994), by
recording the roots on video tape in horizontally installed glass tubes (minirhi-
zotrons) and counting the number of roots at regular positions in the profile. Root
length was measured in auger samples taken at 10 cm depth intervals at 3 occasions
during the growing season (October, November, March).

Soil moisture content was determined hourly by capacitive moisture sensors, and
daily averages were calculated for selected days (matching N measurements) and
used in further calculations. In soil solution and in drainage water, NO–

3-N and
NH+

4-N concentrations were determined according to Walinga et al. (1989). The soil
solution was sampled with under-pressurized ceramic cups and porous tubes. The
amount of drainage water was recorded and it was sampled weekly for determina-
tion of NO–

3-N and NH+
4-N concentrations. For Experiment 1, the measurements of 

NO–
3-N concentrations in the drainage water failed. To estimate leached N, the con-

centrations measured once every 14 days at 150 cm depth were used. The concentra-
tions in the weeks between these measurements were obtained by linear interpola-
tion.

For determination of mineral N balances, NO–
3-N and NH+

4-N were determined in
auger samples of the soil collected at two occasions during the growing season (at
sowing and at harvest).

Capacitive sensors, thermocouples, ceramic cups and porous tubes were installed
in duplicate at 5, 10, 15, 20, 30, 40, 60, 85, 115 and 150 cm below ground level in
Experiment 1. In Experiment 2, the depths were adapted to have a better monitoring
of the fate of fertilizer N applied from 40 to 50 cm below ground level. They were
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installed in duplicate at 5, 15, 30, 45, 55, 70, 90, 115 and 150 cm below ground
level.

Soil from the bags incubated to determine mineralization was dried at 40 °C and
extracted with 0.01 M CaCl2 and subsequently concentrations of NO–

3-N, NH+
4-N and

total soluble N were determined (Walinga et al., 1989). Mineralization data were
converted to g m–2 in the Rhizolab compartments assuming a uniform bulk density
and a uniform mineralization rate in the layer 0–100 cm below ground level.

At the end of the experiment, the crops were harvested. For fodder radish
(Experiment 1) living and dead leaves, stems and pen roots were distinguished.
Winter rye (Experiment 2) was separated in living leaf blades and sheaths, dead
leaves and stubbles. Root weights were determined in auger samples. Total N con-
centrations were determined in all plant parts (Novozamsky et al., 1974, 1983)
except for radish fine roots, in which the same N concentration as in pen roots was
assumed.

Calculations

Radiation use efficiency was calculated by assuming half of radiation between emer-
gence and canopy closure to be intercepted, and all radiation after canopy closure.
For estimating amounts of nitrogen and water in the profile the point measurements
were assumed representative for a layer around the point of measurement (e.g. the
measurement at 5 cm for 0–10 cm depth, at 90 cm for 80–100 cm depth). Evapo-
transpiration during a period was calculated according to Equation 1 with all terms
in mm:

evapotranspiration = irrigation – change in soil water content – leaching (1)

For comparison, the potential evapotranspiration (Penman, 1948) was calculated.
Data were used from the weather station at Wageningen, at 2 km from the experi-
mental site.

Results

Soil water balance

The soil water balance was evidently affected by the treatments in Experiment 1
(Figure 1a-d), but not in Experiment 2 (Figure 1e-h): the differences in N supply did
not affect transpiration by the rye crop (Figure 1h). The water storage in the profile
(0–170 cm depth) increased to an equilibrium level that increased with irrigation
rate (Figure 1b). In CIlow the soil water was temporarily depleted, but the equilibri-
um level was the same as in FIlow after the irrigation rate had been increased from 1
to 2 mm day–1. At the end of the experiments (cumulative) evapotranspiration was on
average 40 ± 11 mm (average and standard deviation over the specified group of
compartments) for the fallow compartments, 204 ± 15 mm in radish (Figure 1d) and
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Figure 1. Soil water dynamics in Experiments 1 (fallow/fodder radish; a-d) and 2 (winter rye; e-h). a and
e: Cumulative irrigation. b and f: Total soil water in the profile. c and g: Cumulative drained water. d
and h: Cumulative evapotranspiration and potential evapotranspiration. Symbols: b-d: = FIlow,

= FIhigh, = CIlow, = CIhigh.  f-h: = N0, = N7s, = N7d,
= N14. The thick line in d and h is the potential evapotranspiration.



168 ± 9 mm in rye (Figure 1h). Rye had a high evapotranspiration rate until the end
of November and did not transpire much until february, when it increased again.
Radish continued to transpire throughout the winter. Radish reduced total leaching
by 155 ± 2 mm, compared to fallow (Figure 1c). The difference in leaching between
Ihigh and Ilow was 215 ± 2 mm, not as large as the difference in irrigation, 259 mm
(Figure 1a). This is also reflected by a higher water storage at the high irrigation rate
(Figure 1b). The evapotranspiration in the cropped treatments was sometimes higher
than the potential evapotranspiration that was calculated from the weather data.

Soil N balance

The N balances of Experiments 1 and 2 (Table 1) differ considerably in both their in-
put and output terms. Firstly, the mineral N content at the start of the experiment is
higher in Experiment 2, in N0, than in any treatment of Experiment 1. This is proba-
bly because a crop had grown on the soil just before Experiment 1, whereas it had
been stored for 5 months before the start of Experiment 2. During that time, Nmin
had increased by mineralization, from the low final Nmin concentrations of
Experiment 1. The rigorous mixing of the soil before filling the Rhizolab compart-
ments will also have increased Nmin by stimulating mineralization. The balances of
the profiles are mostly not zero, and differ from one treatment to another. Positive
balances, (2–18% of N present at the start, applied or mineralized) mean that not all
N is recovered at the end of the growth period in the profile, the leachate and the
crop. This may be due to inaccuracies in measurements, or to unquantified process-
es: denitrification was not measured, but may amount up to 20% of the available ni-
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Table 1. Mineral N balances (g m–2) of soil profiles in Experiments 1 and 2. See text for explanation of
treatments.

Experiment 1 FIlow FIhigh CIlow CIhigh

a. Profile start (8 September 1993) 12 12 12 12
b. Mineralisation 21 21 21 21
c. Leaching 18 22 0 1
d. Crop uptake radish 0 0 20 20
e. Profile end (16 March 1994) 11 11 9 6

Balance (a+b-c-d-e) 5 0 5 6

Experiment 2 N0 N7s N7d N14

a. Profile start (24 Aug 1994) 19 20 18 18
b. Mineralisation 23 23 23 23
c. Fertilisation 0 7 7 14
d. Leaching 9 12 17 18
e. Crop uptake rye 27 25 27 28
f. Profile end (13 Mar 1995) 2 3 3 3

Balance (a+b+c-d-e-f) 4 9 1 6



trate under winter field conditions (Richter & Richter, 1991). Moreover, some N
may be present in unrecovered decomposing crop material. In Experiment 2, the un-
recovered Nmin was higher in N7s and N14, that were fertilized at the top of the pro-
file, than in the other treatments. Denitrification may have been higher in N7s and
N14, due to the extra N available from fertilization, compared to N0. In N7d, N
leaching was earlier and more intensive, so less N could be denitrified than in N7s
and N14. Apparently this was not counteracted by a possibly lower oxygen concen-
tration in the subsoil than at the top of the profile.

Crop N uptake was not affected by the treatments (Table 1). Fodder radish deplet-
ed the profile in March, compared to fallow. It reduced leaching effectively. At the
very high N availability in Experiment 2, rye could not prevent N leaching complete-
ly, despite its high N uptake.

Crop biomass and N accumulation

Both biomass and N in the crop were higher in rye (Experiment 2) than in radish
(Experiment 1) (Figure 2). Experiment 2 also had the highest N supply in the soil,
both in fertilized and unfertilized treatments (Table 1). Also, sowing was 8 days
earlier in Experiment 2, allowing the rye crop to grow longer at relatively high light
intensities in September and October (Table 2). Radiation use efficiency was on
average 0.70 g MJ–1 global radiation in radish and 1.0 g MJ–1 in rye. Moreover,
November was warmer in 1994 (rye) than in 1993 (radish) (Table 2). Total biomass
was not affected by the treatments; in rye N7s and N7d had a somewhat lower bio-
mass than N0 and N14, but for N only N7s is lower. There was no consistent effect
of increase in N supply on total biomass. This can be explained by the high N avail-
ability in the soil without fertilization (Table 1). However, root biomass decreased
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Figure 2. Crop biomass and N contents at the
end of the experiments. = green leaves, =
stems (incl. rye sheaths), = stubble, =
roots, = dead leaves.



with N supply in rye (N0 - N7d - N7s - N14). The shoot root ratio (dead leaves ex-
cluded) was higher in radish than in rye, confirming results from other experiments
(Van Dam & Hüner, unpublished results; Vos & Van der Putten, 1997). 40 to 50% of
biomass and 37 to 48% of N was present in dead leaves, indicating a considerable
biomass turnover.

N concentrations were 47 mg g–1 in green leaves, 35 mg g–1 in dead leaves, 32 mg
g–1 in stems and 27 mg g–1 in pen roots of radish. In rye these concentrations were 47
mg g–1 in green leaves, 39 mg g–1 in dead leaves, 35 mg g–1 in sheaths and stems and
24 mg g–1 in roots.

Root length

The rooting depth reached 100 cm on 6 and 13 October in radish at low and high irri-
gation respectively, and on 29 September in rye in all treatments (Figure 3a, d). On
average the rooting depth increased 2.6 cm day–1 in radish and rye.

The numbers of roots counted on the glass tubes are presented in Figure 3b and e
for a selection of measurement dates. After 12 October in rye and 13 October in
radish, the changes in root numbers were small (data not shown). Therefore, for later
dates the root length densities (RLD) in the auger samples are presented (Figure 3c,
f). Both on the glass tubes and in the auger samples rye had more roots than radish.
The shape of the root profile was similar for both species; Root density was high in
the top 10 cm and much lower and slightly decreasing with depth in the rest of the
profile. After mid October, roots accumulated at 100 cm depth, on the interface of
the topsoil and the subsoil, into which the roots did not grow. This effect was more
pronounced in radish than in rye. In radish, RLD was lower in the top 50 cm in Ihigh
than in Ilow, but below 60 cm depth the root length density was higher in Ihigh than
in Ilow; the roots in Ihigh showed a greater tendency to explore deeper layers as
compared to Ilow.
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Table 2. Monthly average weather data during Experiments 1 and 2, compared to long term averages for
the Netherlands (Bor et al., 1994). Temperature in °C; Global radiation in 107 J m2 month–1.

Temperature Aug Sep Oct Nov Dec Jan Feb Mar

Experiment 1 14.7 12.8 9.1 2.4 4.6 4.8 1.2 7.0
Experiment 2 17.4 13.8 9.3 9.7 4.9 3.3 6.4 5.2

Long term av. 16.7 14.2 10.7 6.1 3.3 2.2 2.5 4.9

Radiation

Experiment 1 40.7 26.9 19.1 9.3 4.0 7.1 14.7 23.7
Experiment 2 48.9 23.9 21.1 8.6 6.3 8.1 11.3 30.9

Long term av. 47.4 31.8 19.2 9.0 5.5 7.1 13.8 26.0
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Nitrogen in soil and drainage water.

Leaching started later in Ilow than in Ihigh in Experiment 1, and later in the cropped
than in the fallow compartments (Figure 4). The amount of N leached increased with
irrigation (Experiment 1) and with N supply (Experiment 2: N0 - N7s - N7d - N14)
(Table 1). In N7d the increase in N leaching compared to N0 (8 g m–2) was slightly
larger than the nitrogen application. In N7s and N14 only a part of the applied N
leached. Nitrate concentrations in drainage water were higher in FIlow (78 mg l–1 on
average) than in FIhigh (50 mg l–1 on average). The radish catch crop reduced the
average NO–

3-N concentration in drainage water to 1 and 5 mg l–1 in CIlow and
CIhigh, respectively. The difference in N leaching between FIlow and FIhigh is rela-
tively small: the amount of N leached in FIlow was 82% of that in FIhigh (Table 1)
although the amount of leached water in FIlow was only 51% of that in FIhigh. In
CIlow, leaching started only after the irrigation had been increased from 1 to 2 mm
day–1. In rye the NO–

3-N concentration in the leachate increased with N supply, from
26 mg l–1 in N0 to 51 mg l–1 in N14.

The effect of growing a catch crop on the amount of NO–
3-N in soil and drainage

water was evident: the maximum difference in the NO–
3-N content of profiles be-

tween fallow and radish-cropped treatments is 22 g N m–2, quite similar to the N pre-
sent in the radish crop at harvest (20 g m–2, Table 1). On 14 March the nitrate content
of the profile in the fallow treatment was still higher than in the cropped treatment
on 14 March (Figure 4), suggesting that fodder radish continued to take up N until
the end of the experiment. The Nmin content of the radish-cropped profiles in
March, based on N concentrations in the auger samples (Table 1), were however
higher than those of NO–

3-N based on the soil solution measurements (Figure 4).
NH+

4-N concentrations were negligible. Therefore, it seems that in some cases not all
mineral N can be measured from soil solution samples extracted with suction cups
and porous tubes. This method may lead to underestimation of Nmin.

In Experiment 2 (Figure 5) the time course of the nitrate content of the profile had
the same pattern in all treatments: N present at the start was depleted, first in the up-
per soil layers, than also in the deeper ones. On 17 October no nitrate was left in the
soil down to 50 cm depth in N7s and to 60 cm depth in N0 and N7d. Thereafter a net
increase in NO–

3 occurred in that layer until 16 February, after which the nitrate con-
tent of the soil profile decreased, suggesting an increase in rye uptake activity to-
wards spring; leaching rate was constant during that period. In N7s and N14 the NO–

3
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Figure 3. Root profiles during Experiments 1 (a-c) and 2 (d-f). In b, e and f, root parameters are aver-
aged over the treatments (bars are average standard deviations). a and d: Rooted depth. b and e:
Numbers of roots in the profile at several moments from sowing to mid October.  c and f: Root length
density at three moments during the growing season. (Note: X-axes in c and f have different scales).
Symbols:  a: = Ihigh, = Ilow; b: = 9 September, = 16 September, 
= 23 September, = 6 October, = 13 October;  c: Ilow: = 15 October 93, =
17 November 93, = 15 March 94,  Ihigh: = 15 October 93, = 17 November 93,

= 15 March 94;  d: = N0, = N7s, = N7d,  = N14;  e: = 1
September, = 8 September, = 15 September, = 29 September, = 12
October;  f: = 12 October 94, = 10 November 93, = 14 March 94.



content of the soil increased at the start of the experiment. In N14 this will have been
due to the split application of N, but the difference in behaviour between N7s on one
hand and N0 and N7d on the other cannot be explained by this. NH+

4-N concentra-
tions in soil were low during the whole of the experiments (data not shown).

Discussion

N accumulation

Crop management was directed at optimal growth conditions and resulted in a high
N uptake in both experiments. Treatments had no effect on total biomass production
or N accumulation, although the partitioning to root increased when supply of water
or N decreased. The small magnitude of the treatment effects indicate that growth

A.M. VAN DAM AND P.A. LEFFELAAR

278 Netherlands Journal of Agricultural Science 46 (1998)

Figure 4. NO–
3-N contents in layers of soil profiles and in drainage water during Experiment 1. Areas

represent contents (g m–2) measured in soil solution in different layers (in cm depth) and leached water.
Symbols: = 0–30 cm depth, = 30–50 cm, = 50–70 cm, = 70–100, = 100–170 cm, =
leached.



conditions were already close to optimal at the lowest levels of N and water supply.
Despite the precautions to minimize edge effects of the compartments, growth may
have been slightly enhanced by light falling on the side of the canopy. The high
transpiration, sometimes higher than the potential evapotranspiration, is an indica-
tion of this. Nevertheless the radiation use efficiency was rather low when compared
to other studies (e.g. 1.25 g MJ–1 global radiation for cereals, Gallagher & Biscoe,
1978; 1.19 g MJ–1 for catch crops, Vos & Van Der Putten, 1997). Weather conditions
were not exceptional for the Netherlands (Table 2).

The shoot to root ratio was higher in radish than in rye, as is also found in other
experiments (Vos & Van der Putten, 1997; Lainé et al., 1993). This implies that
radish invested relatively less biomass in roots without any evidence that the amount
of roots limited nutrient uptake. This may be so because radish compensated for the
smaller investment in root biomass by its higher specific root length (667 ± 82 cm
g–1 in radish and 254 ± 53 cm g–1 in rye). Yet, when evaluated by root length instead
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Figure 5. NO–
3-N contents in layers of soil profiles and in drainage water during Experiment 2. Areas

represent contents measured in soil solution in different layers (in cm depth) and leached water.
Symbols: = 0–40 cm depth, = 40–50 cm, = 50–60 cm, = 60–100, = 100–170 cm, =
leached.



of biomass, rye still had a more extensive root system than radish (Figure 3c and f).
At the start of the growing season, before the canopy is closed, this may enhance
growth: more biomass can be invested in shoots, and thus more light can be inter-
cepted. Rye has, however, a higher specific leaf area (Vos & Van der Putten, 1997),
so that it would need less leaf mass for the same light interception.

The nitrogen content of the crop were high compared to summer crops of the same
biomass (Greenwood et al., 1990) but in the same range as those reported for amply
fertilized catch crops by Vos and Van Der Putten (1997). This may be due to the dif-
ferent growth conditions as compared to summer crops, and the resulting difference
in development stage: both rye and radish consisted mainly of vegetative material at
harvest. Therefore in modelling the growth of a rye catch crop, the crop N concen-
tration is related to temperature sum rather than biomass (Van Dam et al., 1996). In
most catch crop studies, less biomass was formed, and less nitrogen accumulated
(e.g. Landman, 1990; Sörensen, 1992). Vos and Van der Putten (1997), however,
found biomass and nitrogen accumulation in catch crops in the same range as report-
ed here. Nitrogen concentrations in dead leaves were also high compared to other
studies, e.g. in grassland (Whitehead, 1995). Redistribution of N from senescing tis-
sue is less important in a catch crop in winter than in a summer crop: in winter the
growth rate of the crop may be so low that not all N from the dying tissue is needed
for new biomass.

The amount of dead leaves is mostly lower in field experiments than found here
(Figure 2; Vos & Van der Putten, 1997). This may be due to the lush growth of the
crops here, which promoted senescence by shading. Also, in the field decomposition
of dead leaves may occur, where the N content of a catch crop may show a net de-
crease of as much as 6 g m–2 N from November to March (Vos & Van der Putten,
1997). In Experiments 1 and 2, the dead leaves accumulated on top of the gravel lay-
er, above the irrigation system, so that they were rather dry and less susceptible to
decomposition than dead leaves on a moist soil surface in the field. The decomposi-
tion in the field experiments may lead to underestimation of total growth and N ac-
cumulation of catch crops.

Deep rooting assured the possibility to take up all N in the 0–100 cm layer, so that
N transported downward could yet be absorbed. In October in both experiments the
rooting density was much higher than required for unrestricted N uptake (Van
Noordwijk, 1982). The average rate of increase in rooting depth of 2.6 cm day–1 is
comparable to the average rate in fodder radish in a field soil, 2.3 cm day–1, calculat-
ed from data of Thorup-Kristensen (1993). In the field, increase in rooting depth in
rye is much slower than in radish (Thorup-Kristensen, 1993), a difference that did
not occur in the Rhizolab. Here, the soil profile was homogeneous from 0 to 100 cm
depth and initially Nmin was high in this whole layer. This may have caused rye
roots to grow deeper and faster in the Rhizolab than in a field soil, in which nutrients
and organic matter are mostly concentrated in the top 40 cm of the profile. Later in
the season, radish had a stronger tendency than rye to accumulate roots at the bottom
of the topsoil (at 100 cm below ground level, Figure 3e and f). This may be caused
by a relatively greater tendency in radish than in rye to grow deep into the soil.
However, it may also be influenced by smaller amounts of N available to radish than
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to rye: in Experiment 1 there was no nitrate left to radish in the top 100 cm at the be-
ginning of November. This is supported by a stronger accumulation of roots at 100
cm below ground level in CIhigh, in which N leached faster, than in CIlow (Figure
3c). For rye, N was available in the top 100 cm during the whole experiment.

The results show that nitrogen accumulation by a catch crop is potentially very
high. From field experiments lower values have been reported (Landman, 1990;
Schröder et al., 1992). Differences may be due to a slower or less complete crop es-
tablishment, freezing of non-winterhardy crops, shallower rooting and lower nitro-
gen availability trough autumn and winter. Exploring these factors may yield clues
to improvement of catch crop efficacy.

Leaching

When reduction of nitrogen leaching is considered, two factors are important. Firstly,
the concentration of nitrate in the leaching water should preferably be lower than the
Maximum Allowable Concentration (MAC) of 11.3 mg N l–1, according to the EC
Nitrate Directive (Tunney, 1992). Secondly, the amount of N that is leached from the
plant-soil system is important, because N losses cost much energy, if they are re-
placed by fertilizer (i.e. 38.6 MJ kg–1 N, Evers & Pothoven, 1995).

The average nitrate concentrations in the leachate were reduced to values below
the MAC by radish in Experiment 1. Concentrations were reduced by 73 and 49 mg
N l–1 in Ilow and Ihigh, respectively. No fallow treatments were included in Exper-
iment 2, but if all N taken up by rye had leached, average concentrations in the
leachate would have been 85 ± 4 mg N l–1 higher than they were now. Catch crops are
effective in reducing the N concentration in leaching water, and the reduction is
larger at low than at high irrigation (and hence percolation). For reducing the nitrate
concentration in the leachate it is desirable that a catch crop transpires little water.
Figure 1d and h suggest that evapotranspiration is not dependent on species, but on
the potential evapotranspiration rate.

The amount of nitrogen that leached increased with irrigation (Experiment 1,
Figure 4) and with N supply (Experiment 2, Figure 5). Thus, the effect of irrigation
(or precipitation) on the amount of leached N is different from the effect on the con-
centration in the leachate, which decreased with increase in irrigation. Deep place-
ment of fertilizer in N7d increased leaching, compared to N7s; in N7d fertilizer N
was less available to other processes, like uptake and denitrification, because it
leached earlier. However, N uptake was about the same in N7s and N7d. In N7s more
N may have been denitrified than in N7d, resulting in more unrecovered nitrogen in
the balance (Table 1). Compared to field experiments (e.g. Wyland et al., 1996;
Schröder et al., 1996), leached N was high, because N supply was also high. The
high N supply by mineralization presumably resulted from soil mixing at the start of
the experiments.

N availability in the soil profile

Ideally, catch cropping will reduce N in soil during autumn and winter, so that less N
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leaches. Moreover, it will increase N availability in the succeeding spring and sum-
mer for the next crop, by mineralization of N from the catch crop. As proved in this
study (Figures 4 and 5) and other ones (Elers & Hartmann, 1987; Breland, 1996),
catch cropping indeed reduces N in the profile in autumn and winter. However, in
March, N in soil is still lower in the cropped profiles compared to the fallow treat-
ments. In Experiment 2, the soil N content is even decreased from February to
March, presumably by increased uptake activity of rye at increasing temperatures in
this period. At that moment, N availability is decreased by the catch crop, so that ex-
tra fertilizer might be required to reach the same N availability as in the fallow soil.
In the field, decomposition of dead leaf material may increase soil N, especially
when a catch crop is killed by frost. Therefore, the optimal moment for harvesting a
catch crop or incorporating it in the soil would be after the main leaching period,
but, in case of a winter-hardy catch crop species, before the start of renewed growth
at the end of winter. When the catch crop is ploughed into the soil, the time needed
for mineralization of catch crop N and the time course of the N demand of the suc-
ceeding crop should also be taken into account for optimizing N availability after a
catch crop.

We conclude that under Rhizolab conditions a considerable percentage (up to
48%) of catch crop N was present in dead material at the end of the catch crop
growth period, which is more than in field experiments. Dead material may decom-
pose faster in the field (due to wetter conditions) so that catch crop N accumulation
in field experiments may be underestimated. A rye catch crop sown at the end of au-
gust can potentially take up 28 g m–2 N. Potentially, rooting depth increases by 2.6
cm day–1 for both species at the start of the growing season.

Catch cropping greatly reduced the NO–
3-N concentration in soil, first in the top

layers, then further down the soil profile. The reduction in N leaching is similar to
crop N uptake. Nitrate-N concentrations in leached water can be reduced by values
up to 49–85 mg l–1, depending on N availability and irrigation. The reduction in
NO–

3-N concentration in the leachate by catch cropping decreases with irrigation (or
precipitation), whereas the leached amount of N increases with irrigation. Evapo-
transpiration from a catch cropped soil is close to the potential (Penman) evapotran-
spiration.
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