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Abstract
It was the aim of this study was to evaluate the hypothesis that low rooting density of faba beans is the major
reason for the comparable low depletion of Nmin -nitrogen from the rooted soil volume during the vegetation period.
Therefore a simulation study was carried out using data from a two-year field experiment with faba beans and the
reference crop oats. Since the nitrate dynamics in the soil is closely coupled with the water budget, the model
simulated also the water uptake by plants, movement and content in the soil applying a numerical solution of the
Richard’s equation. The nitrogen budget part of the model includes calculation of vertical nitrate movement in the
soil, mineralisation of nitrate from organic matter and nitrate uptake by the crop. Vertical nitrate movement was
simulated with the convection-dispersion equation. Mineralisation was computed from a simple first order kinetic
approach using only one fraction of mineralisable organic matter. Nitrate uptake was assumed to be determined
either by the nitrogen demand of the crop, which was estimated from a logistic growth equation that was fitted to
measured data of N-accumulation, or by the maximum nitrate transport rate towards the root surface. The latter
was computed from a steady state solution of the diffusion - mass flow equation for cylindrical co-ordinates.
For oats the model calculated a maximum nitrate transport rate towards roots that was quite close to the measured
N-uptake of that crop. For faba beans, however, the calculated maximum nitrate transport towards roots was much
lower than total N-uptake and lower than for oats. Consequently, simulated Nmin -contents below faba beans were
during the growing season about 20-30 kg N ha 1 higher than below oats. This difference matches quite close with
the observed differences between the two crops. Therefore it was concluded that low nitrate uptake resulting from
low rooting density is the main reason for higher residual nitrate contents below faba beans at harvest time.
Introduction
The amounts of nitrate nitrogen in the rooted soil below
the legume crop faba bean at harvest time are usually
much higher than below non-leguminous crops, e.g.
cereals (Hauser, 1992; Maidl et al., 1991). Due to the
higher amounts of nitrogen and much lower C/N ratio
of faba bean straw compared to cereal straw, the Nmin content of the soil is further growing during autumn.
During the leaching period the nitrate concentration
of the soil solution below faba beans therefore often
exceeds the allowed level for drinking water in Germany and the European Community (BMG, 1986) and
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the practicability of growing the break crop faba beans
in protected water collection areas is sometimes questioned. In this study the reasons for the comparable
low depletion of the Nmin -content in the rooted soil by
faba beans are evaluated.
In a preceding paper (Kage, 1995) the hypothesis
was examined that nitrogen fixation activity of faba
bean root nodules leads to a suppression of the nitrate
uptake activity. In that study it was shown that faba
beans reduce their nitrogen fixation activity at very
low nitrate concentrations. Thus there appears to be
only a small influence of nitrogen fixation on nitrate
uptake. It seems therefore unlikely that nitrogen fixation seriously decreases nitrate uptake of faba beans.
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In the present study the hypothesis will be examined
that the low rooting density and total root length of faba
beans, which is about 1-2 km m 2 (Müller, 1984; Reid
et al., 1984), may limit the transport of nitrate nitrogen
from the bulk soil to the roots and thereby the nitrate
uptake capacity of this crop.
Nitrate transport in the soil and towards the roots
is accomplished by mass flow and diffusion (Barber,
1962). These processes are physically well defined,
and the hypothesis formulated above therefore seemed
to be provable with a mathematical model.

Material and methods
Since nitrate transport rate to roots is dependent on
the nitrate concentration in the soil, the model had to
incorporate all quantitatively important processes that
influence the nitrate budget of the rooted soil. The model consequently simulated soil water budget including
transpiration, evaporation, water uptake of roots as
a function of depth and time and the vertical flow
of water in the soil. The second main component of
the model is the soil nitrogen budget including: vertical nitrate transport, nitrogen uptake of plants, nitrate
transport to the roots by mass flow and diffusion and
formation of nitrate nitrogen from soil organic matter.
Dry and wet deposition and denitrification on the other
hand are assumed to be of lower quantitative importance and may almost compensate each other. So these
processes are neglected in the model.
The necessary input parameters were taken from
a field experiment conducted in 1982 and 1983 on an
experimental site near Göttingen, Germany (Meyer,
1984; Müller, 1984; Müller et al., 1985).
Experimental data
The experiment of Müller et al. (1985) was designed to
explore the differences in the soil water and soil nitrogen budget between faba beans and oats. It was conducted in 1982 and 1983 on an experimental field with
a loamy, loess derived soil (typical hapludalf) under a
conventional tillage system (mouldboard plough) near
Göttingen, Germany. The crops were sown on March
19 and March 10 in 1982 and 1983, respectively, with
a row width of 14.7 cm for oats and 29.4 cm for faba
beans. The previous crop was winter wheat in 1982
and summer wheat in 1983. Nitrogen fertilisation was
given to oats only at rates of 30 and 40 kg N ha 1 on
May 10 1982 and May 20 1983, respectively. Rainfall

from May to August was 162 mm in 1982 and 205 mm
in 1983, both values less than the long-term average of
264 mm.
Measurements of root length density were carried
out weekly with the profile wall method and once during the vegetation period with the monolith method
(Böhm, 1979). Owing to the underestimation of root
length density by the profile wall method (Köpke,
1979), the data were calibrated to the results of the
monolith method using empirical regression equations
(Müller, 1984). The interpolated Data of Root length
density are shown as a function of time and depth in
Figure 1. Soil water contents were measured gravimetrically 2-3 times a week down to a depth of 2 m at 10
cm intervals. The data of hydraulic conductivity as a
function of soil water tension were taken from earlier
measurements for the same field (Ehlers, 1976, 1977;
Opara-Nadi, 1979).
Nitrate contents of the soil were measured in intervals of two weeks down to a depth of 1 m in intervals
of 0.2 m. Dry matter production was determined from
yields of the above ground biomass in two-week intervals from 0.6 m2 sub-plots. The nitrogen accumulation
then was calculated from the average total nitrogen
content of the plant material and the dry matter data.

Model
Soil water balance
Since the soil water balance part of the model is very
similar to the models of Feddes et al. (1978) and
Duynisveld (1983), only a brief description will be
given. For more details the reader is referred to the
original papers cited above as well as to Kage (1992).
Vertical water transport in the soil profile is calculated using the water content based formulation of the
Richard’s equation:








@ = @ D () @ + k() S ( ) (1)
@t @z w
@z
where  s the volumetric water content of the soil,
t is the time, z is the depth, Dw () is the diffusivity of
water, k () is the unsaturated hydraulic conductivity

and S( ) is the so called sink term which accounts for
the water uptake of the roots.
Equation (1) is solved numerically by an implicit finite difference scheme with explicit linearisation
(Remson et al., 1971). For this purpose the soil col-
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Figure 1. Root length density (cm3 cm
Göttingen.

1

of faba beans and oats as a function of depth and time in 1982 and 1983 on Hoffmeisterschlag,

umn was divided into 20 intervals of 10 cm thickness
down to a depth of 2 m. For the upper boundary condition of Equation (1) the sum of soil evaporation and
precipitation corrected for interception was used. The
lower boundary condition was defined through measured or interpolated volumetric water content in 200
cm depth.
The relationships between DW and  and k and
 were described using the functions suggested by
Van Genuchten (1981) in the revised form of Wösten
and Van Genuchten (1988). The necessary parameters
for this relationships were estimated with the program
RETC (Van Genuchten, unpublished work) using data
on hydraulic conductivity vs. soil water tension and

soil water content vs. soil water tension (Ehlers, 1976,
1977; Opara-Nadi, 1979) for the different soil layers
of the profile (Table 1).
The sink term S( ),i in the layer i of the finite
difference scheme is calculated from a hypothetical
maximum sink term Smax Ψ ;i that is defined by the
following equation:

( )

RDicf
Smax;i ( ) = Trp  i  
z=z
X

r
cf
RDi

i=1

(2)
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Table 1. Parameters of the Van Genuchten-Mualem equation found
by fitting to data on soil water tension vs. soil water content and
hydraulic conductivity vs. soil water tension
Depth
(cm)
0-10
10-20
20-30
30-40
40-50
50-70
70-90
90-110
110-130
130-160
160-190
190-200



r
(cm3 cm

3



s
) (cm3 cm

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.4918
0.4341
0.4292
0.3718
0.3913
0.3917
0.3835
0.3822
0.4170
0.4192
0.3930
0.3944

n
3

) (cm

1

)

0.0440
0.0130
0.0112
0.0138
0.0161
0.0220
0.0139
0.0086
0.0290
0.0209
0.0094
0.0053

l
(m d

1.2635
1.2574
1.2668
1.2453
1.2524
1.2254
1.1494
1.1410
1.1367
1.1677
1.2205
1.2886

Ks
1

)

-4.185
-3.848
-3.780
-2.107
-0.378
-0.202
1.161
2.085
-3.507
-5.578
-3.516
-2.896

5.76
1.52
1.13
6.54
22.18
45.83
68.92
37.30
76.68
3.36
1.00
0.35

where Trp is the potential transpiration rate, RDi is
the rooting density in the layer i, zr is the maximum
rooting depth, z is the thickness of the layers and cf is
an empirical factor that accounts for root competition.
This factor is set to a value of 0.5 according to the
results of Ehlers et al. (1991).
The maximum sink term Smax Ψ ;i is converted
to the actual sink term S(Ψ ;i by multiplication with
an empirical reduction factor
) as described by
(Feddes et al., 1978). This factor declines from a value
of one at matrix potentials  -800 hPa down to zero at
20000 hPa.
Potential evapotranspiration, the sum of interception, potential evaporation and potential transpiration,
is calculated according to Van Bavel (1966). The interception rate was determined following an empirical
approach (Hoyningen-Huene, 1983), as a function of
leaf area index and rainfall intensity. Potential evaporation was calculated from the relationship suggested by
Ritchie (1972) and Duynisveld (1983), actual evaporation was determined from an empirical function using
potential evaporation and the water potential in 10 cm
depth as input parameters (Beese et al., 1978). The
potential transpiration at least is then calculated as the
remaining part of the potential evapotranspiration after
subtracting potential evaporation and interception and
taking also into account an empirical crop resistance.



)

( )

(

ally very low, only nitrate and organic nitrogen are
considered for in the model.
Vertical nitrate transport
Vertical nitrate transport in the soil profile is described
by the convection-dispersion equation (Addiscott and
Wagenet, 1985):




@ (Cl ) = @   D @Cl
s @z
@t
@z
@Fw  Cl S (z; t) + P
m
@z

(3)

where Cl is the nitrate concentration of the soil
solution, Ds is the apparent dispersion coefficient, Fw
is the water flow rate, S(z,t) is the nitrate uptake rate
of the roots and Pm is the production rate of nitrate
nitrogen from organic matter.
The term Ds is the sum of the dispersion coefficient
Dh (v), which is a function of pore water velocity, v,
and the effective diffusion coefficient, De ), which is
a function of the volumetric soil water content (Beese
and Wierenga, 1980):

(

Ds = Dh (v) + De ()

(4)

The value of the apparent dispersion coefficient was
assumed to be identical with the pore water velocity, v,
calculated from volumetric water content, , and water
flow rate, Fw:

Dh = v = Fw

(5)

Equation (3) is solved numerically using the CrankNicholson procedure (Remson et al., 1971). The same
discretisation as Equation (1) is used. The upper boundary condition of Equation (3) is a zero flow rate, for
the lower boundary condition a zero gradient in 200 cm
depth was assumed. The initial condition was the measured nitrate concentration from 0 to 100 cm. Since no
Nmin -measurements were available for depths below
100 cm, all layers from 100 to 200 cm were initialised
with the measured Nmin -content of the layer 90-100 cm
depth.

Soil nitrogen balance

Nitrate uptake by plant roots

Since in well aerated soils the concentration of ammonium compared to the concentration of nitrate is usu-

It is assumed that the nitrate uptake by the plant roots
URact is determined either by the nitrogen demand of
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Table 2. Parameters Nplmax (maximum N-content), Npl0 (N-content
at sowing) and rg (growth rate parameter) of logistic growth functions estimated from measured data of N-accumulation of Faba
beans and oats on Hoffmeisterschlag in 1982 and 1983
Crop

Year

Nplmax
(kg
N ha 1 )

Npl0
(kg
N ha 1 )

rg
(d 1 )

Faba bean
Faba bean
Oats
Oats

1982
1983
1982
1983

313.03
283.26
138.62
154.32

0.089
0.097
0.815
0.382

0.0880
0.0767
0.0700
0.0615

the plants Ndem or the maximum nitrate transport rate
to the root system URmax :

=
=

URmax < Ndem :
URmax > Ndem :

URact URmax
URact Ndem

(6)

Nitrogen demand of plants is derived in a simple
empirical way through fitting a logistic growth function
(Thornley and Johnson, 1990) to measured data of
nitrogen content of the plants at different times:

max  Nplo
Npl(t) = Npl + (Npl
Npl
o
max Npl0 )e rg t

(7)

where Nplmax , is the maximum N-content accumulated in the plants, Npl0 , the nitrogen content at sowing
and rg is a growth rate parameter. The parameter values found for faba bean and oats in 1982 and 1983 are
shown in Table 2.
The derivative of Equation (7) versus time is used
as a quantification of the nitrogen demand Ndem . In
addition, a nitrogen deficit defined in Equation (9) is
thought to influence nitrogen demand. Thus:

Ndem = rg  Npl(t) 





1

Npl(t)
Nplmax + Ndef

(8)

The nitrogen deficit term Ndef is the sum of the
positive differences between Ndem and URmax :

Ndef =

X

t=tact max f(Ndem
t=0

URmax)  t; 0g(9)

This simply means that unfulfilled nitrogen demand
from previous time steps is added to the actual demand
until it can be met by the nitrate uptake rate.

Nitrogen transport to roots
The maximum nitrogen transport rate to roots is calculated using the single root model approach (Gardner, 1960). The nitrate transport to a single root located in the centre of a cylindrical flow domain may be
described by the following partial differential equation
(Nye and Spiers, 1964):


@Cl  = 1  @ r  D  f ()    @cl + r  J  C
l
w l
@t
r @r
@r



(10)

where r is the distance to the root centre, Dl is the
diffusion coefficient of nitrate in water, f () is the
tortuosity factor and Jw is the water flux density.
Baldwin et al. (1973) developed an analytical solution of Equation (10) assuming steady state conditions.
In this solution the authors used a term called root
absorbing power, , which is simply:

= 2   Ia  cla

(11)

where I is the actual nutrient influx rate (uptake rate
per unit root length), a is the root diameter and Cla is
the nutrient concentration at the root surface.
Substituting this relationship for into equation
(viii) of Baldwin et al. (1973) and solving for I, the
maximum influx rate, Inmax , can be calculated which
is attained when the concentration at the root surface,
Cla , reaches a definable low value, CImin :


Inmax = Cl 2aJwa 1Clmin  2aJwa 


aJwa
Db
2

=


2

x 2 aJDbwa
a
x 2 1
a



1
(12)

where Cl is the average nitrate concentration in
the soil solution, a is the root radius, Jwa is the water
flux density at the root surface, and x is the half mean
distance between the roots in a given soil layer.
The minimum concentration Clmin is defined as
the lowest concentration where nitrate uptake matches transport to roots (De Willigen and Van Noordwijk,
1987). Since faba beans (Kage, 1995) are like most other plant species (Peuke and Kaiser, 1996) very efficient
in nitrate uptake, this value will be usually very low
(< 10 7 mol cm 3 ), which is equivalent to less than 1
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kg N in a 30 cm soil layer a volumetric water content
of 30%. Therefore the exact value of this parameter is
not very important. It can set to zero, as it was done in
this study, in order to calculate the calculate maximum
uptake rate which is only transport limited.
The half mean distance between roots, x, is computed from the root length density RD by (Nye and
Tinker, 1977):

x= p

1

  RDi

(13)

The term Db in Equation (12) is the product of the
effective diffusion coefficient De and the buffer power
b. Since for nitrate the buffer power is identical with
the volumetric water content , the following equation
holds (Van Rees et al., 1990):

Db = Dl    f

(14)

where f in Equation (14) stands for the impedance
factor which accounts for the tortuosity of the diffusion
pathway in the soil. This parameter is a function of
the soil water content . In the model the empirical
relationship:

f = 3:35  2

(15)

derived from experimental data of Barraclough and
Tinker (1981) was used.
For each rooted soil layer i the maximum nitrate
uptake rate ARmax;i is computed from the maximum
nitrate influx rate Inmax;i and the root length in that
particular layer Lr;i :

ARmax;i = Inmax;i Lr;i

(16)

The sink term of Equation (10) then is computed
either from the nitrogen demand and the proportion
of the maximum nitrate uptake rate to the sum of the
maximum uptake rate in all rooted soil layers:

max;i
Si = Ndem  i AR
 z = z
X

r

ARmax;i
i=1

(17)

or if the sum of the maximum uptake rates is smaller
than the nitrogen demand the sink term is simply the
maximum uptake rate itself:

Si = ARmax;i

(18)

Mineralisation
For modelling the mineralisation of nitrate-nitrogen
from organic matter a simple approach is used. It is
assumed that mineralisation follows first order kinetics and there exists only one fraction of potentially
mineralisable organic matter, Npm .

dNpm = N  k  f (T; ) = P
pm
min
m
dt

(19)

The influence of soil water content and soil temperature is accounted for by a reduction factor fmin (T,
) as described by Groot (1987). The soil temperature
which is needed for the computation of the reduction
parameter is calculated from the measured average air
temperature in 2 m height (Groot, 1987).
The two parameters Npm and k of Equation (19)
were estimated by fitting the calculated Nmin -content
below oats at harvest to the measured Nmin -content at
harvest (see Figure 8). The assumption is made that
the mineralisation rate of the soil below faba beans
is the same as below oats. Therefore the parameter
values found for oats: 390 and 490 kg N ha 1 for
Npm and 0.0045 and 0.005 d 1 for k in 1982 and 1983
respectively, are also used for faba beans.
The simulation started at the first Nmin sampling
date after N-fertilisation (May 24) and ended at August
1th. The time step size was variable, using a water
content change of 0.005 cm3 cm 3 during a time step
as a target value for the time step length. Maximum
time step length, however, was restricted to 2 hours.
Scenario calculation
In order to give a more systematic view on the possible
limitations of low root length densities on soil nitrate
depletion, a simulation study for simplified conditions
was carried out were root length density was varied
over a range found for faba beans and oats in the subsoil. The depletion of a Nmin -nitrogen amount of 30 kg
N ha 1 situated in an isolated soil layer of 30 cm thickness through a root system acting as a zero sink was
studied during a 30 days simulation period. A volumetric water content of 0.2 cm3 cm 3 (De = 2.5710 6 cm2
s 1 ) was assumed and mass flow was either neglected or considered according to a water uptake rate of
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1 mm d 1 from that layer. The calculation was done
through a simple numerical integration of the nitrate
uptake using Equation (12) for calculation the maximum uptake during each time step.

Results
Soil water contents
The simulated soil water contents below oats and faba
beans agree quite well with measured values for faba
beans (Figure 2) and oats (Figure 3) in 1982. The
same is true for 1983 (data not shown). Discrepancies
between measured and simulated soil water contents
occurred on July 30 in the soil depth of 90-120 cm. It
appears possible that this is due to a methodological
problem. Soil water contents were measured gravimetrically with two augers differing in diameter. The
thicker was used for 0-100 cm, the second one then was
introduced into the same bore hole down to a depth of
2 m. This procedure made it likely that drier soil material from the upper layers contaminated the probes in
the first layers of the second auger.
Nitrate uptake rates
Calculated actual nitrate uptake rates for faba beans
are about 1 to 2 kg N ha 1 d 1 and therefore much
lower than the N-demand calculated from measured
N-accumulation,which had peak values up to 6 kg N
ha 1 d 1 (Figure 4). Actual nitrate uptake rate of faba
beans is consequently during almost all the simulation time identical with the maximum possible nitrate
uptake rate, limited by the transport of nitrate to the
roots. The N-content of faba beans at the start of simulation plus the integration of the calculated nitrate
uptake rate over the simulation period gave values of
113 kg N ha 1 in 1982 and 124 kg N ha 1 in 1983 compared to a measured total N-accumulation of 308 kg in
1982 and 274 kg in 1983 (Table 3). This indicates that
the predominant part of the measured N-accumulation
of faba beans is therefore contributed by N2 -fixation,
being about 63% 20 of total N-accumulation in 1982
and 55% in 1983.
The actual nitrate uptake rate of oats is contrary
to the situation with faba beans in almost full accordance with the nitrogen demand which was derived
from measured N-accumulation data (Figure 5). This
was mainly due to the much lower total N-uptake of
oats being 134 kg ha 1 in 1982 and 140 kg ha 1 in

Table 3. Calculated components of the nitrogen budget of faba
bean and oats on Hoffmeisterschlag 1982 and 1983

N content of plants
Begin of simulation
End of simulation
Nitrate uptake
Mineralisation
Nitrate inflow
(at 100 cm depth)
Nmin -content of soil
Begin of simulation
End of simulation

Faba beans
1982 1983

Oats
1982

1983

34
308

31
274

57
134

29
140

79
38
6

93
69
7

77
43
4

111
68
7

60
25

53
36

41
11

53
17

1983, which resulted in a calculated N-demand lower than 2.5 kg N ha 1 d 1 (Figure 5). Maximum N
demand was about two weeks later in 1983 compared
to 1982.
In both years shortly after the N demand reached its
maximum value the calculated nitrate uptake rate was
lower than the N demand (Figure 5). This indicates that
the maximum uptake rate URmax was in both years not
substantially higher than the actual nitrate uptake rate.
This seems to be a quite realistic outcome of the calculations, since oats received in both years only small
amounts of nitrogen and it is likely that oats absorbed
nitrate from the soil at or close to the maximum rate.
Mineralisation of nitrate from soil organic matter and
net flow of nitrate into the rooting zone
The very simple approach of simulating the mineralisation from organic matter calculated a cumulative
mineralisation during the simulation period of 68 days
of 38 and 69 kg N ha 1 for faba beans in 1982 and 1983
respectively and of 43 and 68 kg N ha 1 for oats in
1982 and 1983 (Table 3). Despite the fact that similar
amounts of potential mineralisable organic matter and
the same reaction constant was assumed for the two
crops, there was a small difference in calculated mineralisation. This is caused by small differences in the
water content of the upper soil layers, which resulted
in different values of the reduction factors in Equation
(19).
Due to the negative water balance of the soil during
the simulation period and the resulting upward flow of
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Figure 2. Simulated (——) and measured (x) volumetric water contents ( standard deviation ( ) ) as a function of soil depth on faba beans
plots for 4 different times in 1982 on Hoffmeisterschlag in 1982.

water also the flow of nitrate at 100 cm depth was in
both years and for both crops mainly upward directed.
Integration over the simulation period resulted in a net
inflow of nitrate into the rooting zone of 4 to 7 kg N
ha 1 (Table 3).
Nitrate content of soil
In 1983 both crops started with the same level of soil
nitrate content, whereas in 1982 oats had already taken
up about 20 kg N ha 1 more than faba beans (Figure
6). Despite the high N demand of faba beans the soil
nitrate content below faba beans does not decrease in
the same amount as it does below oats. The difference
being in both years about 20-30 kg N ha 1 . The model
was able to reproduce this different reaction mainly as
a consequence of the low nitrate uptake capacity of the
faba bean root system (Figure 4, Table 3).

The highest nitrate content under faba bean was
found at the soil depths of 0 - 20 cm and 80 - 100 cm
of the soil profile (Figure 7). This distribution pattern
of mineral nitrogen is also simulated by the model. For
the soil layer 0-20 cm the reason for a high mineral
N-content is probably the ongoing mineralisation of
nitrate and the low soil water content at the end of
the growing season (Figure 4). Under these conditions
the simulated diffusion flow decreases more than the
mineralisation rate.
There was almost no depletion of nitrate nitrogen
in the layers 80-100 cm. Also in the soil depth from
20 to 80 cm depth faba beans are obviously not able
to extract mineral nitrogen in the same amount as oats
(Figure 8).
In oats the depletion of the Nmin -nitrogen is simulated too high for the soil layers from 20 down to 60
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Figure 3. Simulated (——) and measured (x) volumetric water contents ( standard deviation ( ) ) as a function of soil depth on oats plots for
4 different times in 1982 on Hoffmeisterschlag in 1982.

cm depth (Figure 8). Below that depth, the calculated
N uptake is lower than measured uptake.

proportional and the importance of mass flow increases
as root length density decreases (Figure 9).

Scenario calculation
Discussion
A root length density of 0.2 cm cm 3 is under the
conditions assumed obviously sufficient to exhaust the
assumed Nmin -nitrogen pool of 30 kg N ha 1 in a soil
layer of 30 cm thickness almost completely during 30
days (Figure 9).Thereby it seems to be without much
importance if mass flow was considered in the calculations or not. For a root length density of 0.1 cm cm 3
and with mass flow, however, there was a remaining nitrate amount of 8 kg N ha 1 calculated, without
mass flow the value was 10.8 kg N ha 1 . Reducing the
root length density further to 0.06 or 0.03 cm cm 3
increases the amount of not available nitrate more than

A necessary condition for the soil nitrogen part of the
model is a correct estimate of the water content of the
different soil layers as well as rates of water uptake
and water movement between the soil layers because
the effective diffusion coefficient is a function of the
soil water content and the water uptake rate determines
the mass flow to the roots. Water uptake rates of roots
and the water flow between the soil layers are not
measurable in a direct way, but the quite good agreement between measured and simulated water contents
(Figures 2 and 3) indicates that these parameters are
correctly estimated by the model.
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Figure 6. Measured and calculated nitrate content of the soil below
faba beans and oats in 1982 and 1983, Göttingen, Hoffmeisterschlag.

Figure 4. Nitrogen accumulation rate of faba beans (++++) derived
from fitting a logistic growth function to measured nitrogen amounts
in faba bean shoots and calculated nitrate uptake rates (——) of faba
beans for the years 1982 and 1983 on Hoffmeisterschlag, Göttingen.

Figure 5. Nitrogen accumulation rate of oats (++++) derived from
fitting a logistic growth function to measured nitrogen amounts in
oats shoots and calculated nitrate uptake rates (——) of Oats for the
years 1982 and 1983 on Hoffmeisterschlag, Göttingen.

It is, however, necessary to be noticed that this good
agreement was partly achieved by fitting the crop resistance parameter needed in the calculation of the potential transpiration rate. Without doing this and using the
value for the crop resistance reported by Duynisveld
(1986) the model already gave an acceptable prediction of the water balance (data not shown). In this study
the water balance part of the model was used more to
interpolate between measured values and to estimate
not measured values rather than really to predict the
water balance of the two crops in both years.
The model was able to calculate the differences
in soil nitrate depletion between oats and faba beans
sufficiently well (Figures 6, 7 and 8). There are at least
some problematic points which need to be discussed.
The simulation of too high mineral nitrogen content
in the soil depth 80 to 100 cm for oats is probably a
consequence of the lacking root length density data for
soil depths larger than 100 cm. Therefore no nitrate
uptake was calculated below 100 cm. This resulted in
high nitrate concentrations in the soil depth below 100
cm and consequently a quite high vertical nitrate inflow
of 4-7 kg N ha 1 during the simulation period into the
90-100 cm soil layer from the underlying soil layers
(data not shown). Because of the low rooting density
of oats in that soil depth (< 0.2 cm cm 3 , Figure 1),
the maximum uptake rates for nitrate uptake were quite
small, not significantly exceeding the nitrate inflow in
the soil layer (see Figure 9 and Table 3). Consequently
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Figure 7. Simulated (Bars) and simulated soil Nmin -content (——) as
a function of soil depth and time for faba beans on Hoffmeisterschlag
in 1983.

Figure 8. Measured (Bars) and simulated (——) soil Nmin -content
as a function of soil depth and time for oats on Hoffmeisterschlag in
1983.

no full depletion of the nitrogen amounts in that depth
was calculated.
For faba beans, however, the simulated high nitrate
content in the soil depth from 60 to 100 cm seems
to be no artefact. In that depth the rooting density of
faba beans is in both years very low, reaching from
a value of 0.03 cm cm 3 to almost zero (Figure 1).
The simulation study shown in Figure 9 showed that
a rooting system with a root length density of 0.03
cm cm 3 , as it is found for faba beans in the subsoil,
is only able to extract quite small amounts of nitrate
nitrogen. It therefore seems likely that indeed nitrate
transport to roots because of the low rooting density
restricted nitrate uptake of faba beans.

Figure 9. Simulated depletion of the Nmin -content of an isolated
soil layer of 30 cm thickness for different root length densities and
without and with mass flow (assumed water uptake rate of 1 mm
d 1 ). Roots are assumed to act as zero sinks, other parameters: vol.
water content 0.20 cm cm 3 , root radius 0.02 cm.
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One of the most serious errors influencing the reliability of the calculations may be seen in the large error
root length density measurements normally have. But
it has to be noticed that the difference in root length
density between faba beans and oats are in the order
of one magnitude. A calculation where rooting density
values of faba beans were simply doubled in their value (data not shown), resulted in only slightly reduced
residual nitrate contents of the soil. This was to some
extent due to the fact that rooting depth was not altered.
On the other hand the assumptions of an evenly
root distribution in every soil layer made in the model
is obviously not true, especially for faba beans. This
can lead to a serious overestimation of the real nitrate
uptake capacity of the simulated root systems (Baldwin
et al., 1972; De Willigen and Van Noordwijk, 1987).
Higher rates of mineralisation of nitrate from
decomposing roots, nodules or senescent leaves are
sometimes refered to be responsible for the higher
nitrate content of the soil at harvest of faba beans.
However, one has to consider that some of the mineralised nitrogen can be taken up again, when it is
mineralised before nitrate uptake activity of faba bean
roots stops because of ripening. A scenario calculation
where the mineralisation was increased from 69 kg N
ha 1 to 99 kg N ha 1 resulted in an enhancement of
nitrate uptake of 24 kg N ha 1 and only 6 kg N ha 1
increase of soil mineral N content at harvest. This indicates that these processes probably play only a minor
role in enhancing residual nitrate contents. The further
increase of nitrate nitrogen in the soil after harvesting
faba beans, however, is without doubt mainly caused
by higher rates of mineralisation.
The main result of this study, that low rooting density limits nitrate uptake of faba beans, is in contradiction
with most studies concerning the relationship between
rooting density and nitrate availability to plants (Barraclough, 1986, 1989; Keulen et al., 1975; Willigen
and Noordwijk, 1987). All these authors came to the
conclusion, that because of the high mobility of the
non-absorbed nitrate ion, transport of nitrate to roots
is usually not a limiting factor of plant nitrate uptake.
It is, however, necessary to look closely at the input
parameters used in these studies. The cited investigations have been made with crops that have, at least in
the top soil, root length densities about one order of
magnitude higher than common root length densities
of faba beans.
Root length densities as low as found for faba beans
in the upper soil layers are found for most of the
other important agronomic crops only in the subsoil.

Kuhlmann et al. (1989), reported from an experiment
with wheat where root length density may have limited uptake of nitrate from the deep subsoil (120 to
150 cm depth). The authors found a fair agreement
between this observed uptake rate and a simulation of
nitrate uptake with a mathematical model quite similar
to that used in this study. Wiesler and Horst (1994)
showed also a quite close relationship between root
length density of maize cultivars in the subsoil and the
extent of soil nitrate depletion, but their model calculations indicated that nitrate transport does not have
limited uptake. This contradiction between model and
measurement might be due to the critical assumption
that the total root length has an uptake activity high
enough to ensure that the root can act as a zero sink.
Recent studies (Henriksen et al., 1992; Lazof et al.,
1992) indicate that this may not be true, because uptake
activity of older parts of the roots declines drastically.
This assumption is also made in this study, but it may
be speculated that root ageing plays a more important
role in maize than it does in faba beans.

Conclusions
The hypothesis is confirmed: The nitrate uptake of
faba beans is limited by the transport of nitrate from
the bulk soil to the root surface. The decrease of nitrate
uptake capacity of faba beans as a consequence of
lower rooting density explains the observed differences
of soil nitrate content between faba beans and oats
during the vegetation period.
This conclusion is supported by results from other
experiments (Kage, 1995), which demonstrated a very
sensible restriction of N2 -fixation in presence of nitrate
nitrogen. A serious repression of nitrate uptake activity
of faba bean roots due to the nitrogen fixation activity
therefore appears unlikely.
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Böden und Lockersedimenten. Texte Umweltbundesamt 17/83.
Ehlers W 1976 Rapid determination of unsaturated hydraulic conductivity in tilled and untilled loess soil. Soil Sci. Soc. Am. J.
8, 837–840.
Ehlers W 1977 Measurements and calculation of hydraulic conductivity in horizons of tilled and untilled loess-derived soil.
Geoderma 19, 293–306.
Ehlers W, Hamblin A P, Tennant D and Van der Ploeg R R 1991 Root
system parameters determining water uptake of field crops. Irrig.
Sci. 12, 115–124.
Feddes R A, Kowalik P J and Zaradny H 1978 Simulation of Field
Water use and Crop Yield. Simulation Monographs. PUDOC,
Wageningen.
Gardner W R 1960 Dynamic aspects of water availability to plants.
Soil Sci. 89, 63–73.
Groot J J R 1987 Simulation of nitrogen balance in a system of winter
wheat and soil. Simulation Report. CABO-TT, Wageningen. 69
p.

Hauser S 1992 Estimation of symbiotically fixed nitrogen using
extended N difference methods. In Biological Nitrogen Fixation
and Sustainability of Tropical Agriculture. Eds. K Mulongoy, M
Gueye and D S C Spencer. pp 309–321. John Wiley and Sons,
Chichester.
Henriksen G H, Raj Raman D, Walker L P and Spanswick R M
1992 Measurements of net fluxes of ammonium and nitrate at
the surface of barley roots using ion-selective microelectrodes:
II. Patterns of uptake along the root axis and evaluation of
the microelectrode flux estimation technique. Plant Physiol. 99,
734–747.
Hoyningen-Huene J 1983 Die Interzeption des Niederschlages in
landwirtschaftlichen Pflanzenbeständen. DVWK-Schriften 57,
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