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Abstract
Root observations were carried out on cauliflower using the minirhizotron and the soil core method in two years
on two locations with different soil types, a loess loam and a humic loamy sand. Total root length (RL) (cm cm−2 )
of cauliflower was correlated to total shoot dry weight (Wsh ) (g m−2 ) RL=0.0124(±0.005)∗Wsh , r 2 =0.76. There
was an acceptable correlation (r 2 =0.88) between the minirhizotron and the soil core methods for the sub-soil data,
whereas the minirhizotron method underestimated rooting intensity for the top soil. Changes in rooting depth over
time could be described for both soil types using a segmented function of temperature sum, consisting of an early
exponential and a later linear phase. The increase of rooting depth during the linear phase was 0.107(±0.01) cm
◦ C−1 d−1 . A simple descriptive root growth model based on the assumptions of a negative exponential decline
of root length density (RLD) with soil depth, of a fixed ratio of RLD at the top of the soil profile and at rooting
depth (rRLD ) and of a fixed fraction of dry matter increase allocated to fine-roots (ffR ) was formulated and used
to describe the temporal and spatial variation of RLD found in the field. Slightly different estimates of ffR and of
rRLD could be found for the different soil types, indicating a higher fraction of fine-root dry matter for the loess
loam soil and a somewhat deeper root system for the humic loamy sand soil. A cross validation using the parameter
values obtained from adjusting to the rooting data of one soil type for predicting RLD values of the other soil type,
however, indicated that still quite satisfactory estimates (r 2 =0.91 and 0.95) of RLD could be obtained.

Introduction
Fertilisation and irrigation supply regimes aiming to
optimise resource use efficiency have to take into account the temporal and spatial rooting pattern of a
crop (Schenk et al., 1991). The development of such
strategies may strongly be facilitated by the use of well
calibrated crop growth models which include modules
that are able to predict these patterns with sufficient
accuracy (Benjamin et al., 1996).
In intensively managed vegetable cropping systems the relevance of appropriate root growth models
is high, because under these conditions often considerable amounts of nitrate are leached into the subsoil
(De Neve and Hofman, 1998; Hähndel and Iser∗ FAX No: 511 762 3606. E-mail: kage@gem.uni-hannover.de

mann, 1993) where nitrate availability may become
low because of low root length density (Kage, 1997;
Kuhlmann et al., 1989; Van Noordwijk et al., 1993;
Wiesler and Horst, 1994a). The amount and the time
when these nitrogen amounts become available can
only be predicted with detailed knowledge of the root
growth patterns of a particular crop in combination
with appropriate models for nutrient transport to the
root system (Baldwin et al., 1973; De Willigen and
Noordwijk, 1987; Kage, 1997; Van Noordwijk and
Van de Geijn, 1996). Because of the higher mobility
of water compared with nitrate, critical values of root
length density for water uptake are very low (De Willigen and Noordwijk, 1987; Kage and Ehlers, 1996)
and models which predict rooting depth (Chapman et
al., 1993; Groot, 1987) may be sufficient for many
practical purposes like irrigation scheduling despite
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the fact that absolute rooting density and spatial arrangement of the roots influences water availability
(Droogers et al., 1997; Tardieu et al., 1992).
The availability of rooting data for vegetable crops
is still limited, but older studies (Fröhlich, 1956;
Greenwood et al., 1982) are now supplemented by
more recent work (Jackson and Bloom, 1990; Jackson and Stivers, 1993; Smit et al., 1996; ThorupKristensen, 1998; Thorup-Kristensen and Van den
Boogaard, 1998) often using the minirhizotron technique (Taylor, 1987). This method has several advantages like moderate time consumption, non destructivity and the possibility to study root turn-over (Cheng
et al., 1991; Van Noordwijk et al., 1994). However,
it needs to be calibrated using core sampling methods (Box and Ramseur, 1993; Majdi et al., 1992;
Upchurch, 1987) if absolute values of RLD are desired.
According to Van Noordwijk and Van de Geijn
(1996) approaches for root growth models within crop
growth models may be categorised in (a) simple descriptive functions of the temporal and spatial root distribution without any feed back between shoot growth
and root growth and distribution (Gerwitz and Page,
1974), (b) models including the interaction of root
and shoot growth based on their functional equilibrium (Brouwer and De Wit , 1969; Savin et al., 1994)
but describing spatial root distribution still with empirical functions and (c) models which also take into
account responses of root expansion to local growing conditions. e.g. nutrient or water supply (Asseng
et al., 1997; Grant, 1993; Jones et al., 1991; Manschadi et al., 1998; Pages and Jordan, 1991). Van
Noordwijk and Van de Geijn (1996) state that for
most applications quantifying the root effects on above
ground processes, models of type ‘b’ may be more
appropriate because they are more robust and more
easily parameterised than models at a higher level of
complexity.
The aim of the presented study is to quantify root
growth and distribution of field grown cauliflower on
different soil types in relation to above ground dry
matter production. Thereby the minirhizotron and soil
core method were used. The obtained data were used
to elaborate and parameterise a root growth model
for cauliflower. This was done within the context of
an existing crop growth model for cauliflower (Kage
and Stützel, 1999b). Such a calibrated root growth
model may contribute to model based optimisations of
fertilisation strategies.

Materials and methods
The field experiments were carried out on two different locations. One location (Hannover) was on the
campus of the department of horticulture in Hannover,
Germany. There, the soil type is a loamy humic sand
with 1.5% C, 78% sand, 10% silt and 6% clay in the
plough layer, 0–30 cm depth. The second location
(Ruthe), on an experimental station situated about 15
km south of Hannover, has a loess loam with 1% C,
10% sand, 80% silt and 10% clay in the plough layer
of 30 cm depth.
The experimental layout at Hannover in 1994 was
a two factorial split plot design with two nitrogen fertilisation (normal/reduced) as sub-units, two irrigation
levels (irrigated/not irrigated) as main units and four
replications as randomised blocks. Rooting data were
collected only from the irrigated treatment. In this experiment birds attacked the plants shortly before the
last harvest, which resulted in some underestimation
of crop productivity during the last part of the growth
period. In 1996, the experiment was a completely randomised block design with three irrigation treatments
and four replications from which only data of the
optimally irrigated treatment are presented. The experiment at ‘Ruthe’ is a long-term rotational experiment
consisting of two crop rotations, two tillage regimes,
and two nitrogen fertilisation levels with three replications. In this experiment, root data were collected only
from the mouldboard tillage plots. Nitrogen was given
in all experiments as ammonium nitrate according
to the Nmin -fertilisation schedule (Scharpf and Wehrmann, 1975). For cauliflower, this defines a target
supply level of 300 kg N/ha including the soil nitrate
from 0 to 60 cm depth. Reduced fertilised plots received 70% of this supply. The planting density was 4
plants m−2 in a 0.5∗ 0.5 m pattern for all experiments
except for the experiment in 1996 at Hannover were
the planting density was 3.3 plants m−2 (0.5∗ 0.6 m).
The cultivar ‘Fremont’ was used in all experiments.
Planting dates are summarised in Table 1. General
crop husbandry was as described in (Kage and Stützel,
1999b).
Soil cores were extracted on one or two sampling
dates per experiment (Table 1) with a special root
auger of 8 cm diameter (Eijkelkamp Agriresearch
Equipment, Giesbeek, NL) down to a depth of 90 cm.
Cores were divided into 10 cm depth increments except for the loess loam experiment in 1996, were 15
cm increments were used. Samples were taken at two
positions within a field plot, one beneath a cauliflower
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Table 1. Planting dates, dates of root observations in the field experiments used in this study
Year

Activity

Loamy sand

Loess loam

1994

Planting
Installation of tubes
Minirhizotron observations

March 31
April 6
May 26
June 08
June 23
July 04
July 5

April 7
April 8
June 1
June 14
June 29
June 12
June 15
July 11

June 27
July 9
August 2
August 9
August 15
August 22
August 27
August 29

April 9
April 17
June 1
June 14
June 29
July 12

Soil core extractions

1996

Planting
Installation of tubes
Minirhizotron observations

Soil core extractions

plant and one in a mid-row position. Soil cores were
stored at 4 ◦ C until roots were washed out over a 1.25
mm sieve and root length was determined after removing organic debris from the sample using the method
of (Newman, 1966).
Two minirhizotron tubes made of polyacryl with an
outer diameter of 4.6 cm and a total length of 120 cm
were installed per plot at an angle deviating 30◦ from
the vertical to avoid preferential root growth along the
tubes (Bragg et al., 1983). The upper parts of the tubes
were painted black and closed with a rubber stopper to
avoid light penetration (Levan et al., 1987). Holes for
the tubes were drilled by hand-driven soil augers in a
two step procedure. First, an auger of a diameter of 4
cm was used for a pilot hole, followed by a second
spiral auger of 4.5 cm diameter. The minirhizotron
tubes usually could be installed manually into the resulting hole with slight pressure indicating a close fit of
the tube to the soil without severe soil compaction in
the vicinity of the tube.
For root observations, an endoscope equipped with
a glass fiber light source (Richard Wolf GmbH, Knittlingen, Germany) of a total length of 180 cm and a
diameter of 1.8 cm was used. The view of the endoscope was at the right angle to its main axis and the
aperture angle of the endoscope lens was 60◦. To ensure a constant distance between the endoscope lens
and the tube surface the endoscope was fixed within

July 1

Figure 1. Scoring scheme according to Maertens (1987) used to in
the minirhizotron observations. One root totally crossing the visible
tube sector is equivalent to a scoring of 1. Maximum scoring is 5
even for observations with very dense rooting.

the tube by means of two PVC rings attached 15 cm
from the bottom of the endoscope 10 cm apart. To
facilitate an inspection of the minirhizotron tubes in
effective soil depth increments of 5 cm at an installation angle of 30◦, the endoscope was marked with
rings in 5.77 cm spacings. Observations were taken
from every tube in two view directions each deviating 45◦ from of the perpendicular in effective vertical
increments of 5 cm. In 1994, all inspections were
recorded using a video camera mounted on top of
the endoscope, whereby video as well as audio data
for location identification were stored using a battery
driven video recorder. Thereafter, video tapes were
analysed in the laboratory, using the scoring scheme of
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dWsh /dt, the growth rates of the tap root, dWtR /dt,
and the fine-roots, dWfR /dt:
dWsh
dWtR
dWfR
dWt
=
+
+
dt
dt
dt
dt

(1)

If allometric growth of the shoot and the tap root is
assumed, as was found for the relationship between
leaf and stem dry matter in cauliflower (Kage and
Stützel, 1999b) the relationship between the natural
logarithms of shoot and tap root dry matter is linear:
ln WtR = ptR + otR · ln Wsh
Figure 2. Relationship between the natural logarithms of the dry
weight of the tap root of cauliflower, WtR , and the shoot dry
matter, Wsh . The regression line shown is: ln(WtR ) = −2.221
(±0.133)+0.9501 (±0.0246) · ln(Wsh ), r 2 =0.96, n=72. Data are
from the loess loam experiments only.

Maertens (1987) (Figure 1). In 1996, root observations
were directly converted into root score values at the
field plot. For correlation with soil core measurements,
the scores were pooled according to the respective
spatial aggregation of the soil core data.
Tap root extraction was performed using a spade
by excavating a single cauliflower plant to a soil depth
of 30 cm. The above-ground plant parts were cut off
for further analysis and the remaining tap root was
washed thoroughly using an intensive jet of water until
all soil was removed. Afterwards the root parts were
oven dried at 70◦ and 105 ◦ C and weighed.
Model
The model module outlined in the following section
aims to calculate the root growth and distribution of
cauliflower based on a given total dry matter production rate, a simple dry matter partitioning scheme and
some easily determined relationships describing the
increase of rooting depth and the vertical root distribution. Thereby the root system of cauliflower is
divided into two parts, a tap-root part mainly fulfilling
supporting functions for the stem and a fine-root part
responsible for water and nutrient uptake. Fine-root
growth is modelled with respect to total length, depth
increase and vertical root distribution.
Tap root growth
The whole-plant dry matter growth rate, dWt /dt, (g
m−2 d−1 ) is the sum of the growth rate of the shoot,

(2)

The parameters otR and ptR represent constants,
which may be easily derived from linear regression
analysis of double logarithmic plots of tap root versus
shoot dry matter. Following the analysis of Kage and
Stützel (1999b) and assuming that a certain fraction of
total dry matter growth rate, ffR , is allocated to the fine
roots the following equation is obtained (for details of
derivation see ‘Appendix’):
!
dWt
1 − ffR
dWsh
=
(3)
dt
dt
1 + eptR otR W otR −1
sh

which expresses the shoot dry matter growth rate as
a function of the whole-plant growth rate, the standing shoot dry matter, and the fraction of dry matter
allocated to the fine roots.
Assuming that a certain fraction of total dry matter
growth rate, ffR , is allocated to the fine root fraction
the fine root growth rate simply is:
dWf r
dWt
= ffR
dt
dt

(4)

Tap root growth then simply is calculated by inserting
Equation (3) and Equation (4) into Equation (1), and
solving for dWtR /dt:
!
dWt
dWt
1 − ffR
dWtR
=
−
dt
dt
dt
1 + eptR otR W otR −1
sh

dWt
· ffR
−
dt
which may be further simplified to:
dWt
dWtR
=
dt
dt

otR −1
eptR otR Wsh
(1 − ffR )
otR −1
1 + eptR otR Wsh

(5)
!

135

Figure 3. Root length density of cauliflower determined by the soil core method from 2 years and two locations in northern Germany. Bars
indicate sample standard error.

large containers filled with loess loam soil (Kochler,
unpublished results).

Fine-root growth
If the fraction of dry matter increase attributed to
fine-root growth, ffR , is known, the increase of total
fine-root length dRL/dt (cm m−2 d−1 ) may simply be
calculated from the total dry weight increase (g m−2
d−1 ) and the average specific root length SRL (cm
g−1 ).
dWt
dRL
=
· ffR · SRL
dt
dt

(6)

The value of SRL may be regarded as a parameter or calculated from the average diameter and the
average dry matter content of the roots. Here, a constant value of 7000 cm g DM−1 was used which was
derived from experiments with cauliflower grown in

Rooting depth
Rooting depth zr (cm) is often found to increase
linearly with temperature sum within certain development stages, but lag phases in rooting depth increase (Thorup-Kristensen, 1998; Thorup-Kristensen
and Van den Boogaard, 1998) as well as diminishing
rooting depth increases in later developmental stages
(Jaafar et al., 1993; Masse et al., 1991) have been
observed. As physiological maturity is not reached in
cauliflower crops for commercial vegetable production, we used a combination of an early exponential
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increase followed by a linear increase in rooting depth
for rooting depth description.
During the first phase rooting depth increase,
dzr /dt (cm d−1 ) therefore is:
dzr
= azr · (Ta − Tb ) · zr
dt

(7)

Where Ta (◦ C) is the daily mean of air temperature, Tb
(◦ C) is the base temperature for root growth and azr is
a constant (◦ C−1 d−1 ).
This equation can be integrated:
zr = zr0 · eazr · TSum

(8)

where zr0 is the rooting depth at the day of transplanting and TSum the sum of average daily temperatures
above the base temperature, which we assumed to be
0 ◦ C.
During the linear phase rooting depth increase is
simply:
dzr
= bzr · (Ta − Tb )
dt
◦ C−1

(9)

d−1 )

bzr
azr

(10)

The temperature sum at which the rooting depth increase switches from the exponential to the linear
phase, TSumcrit, is obtained by substituting zrc from
Equation (10) for zr in Equation (8). Rearranging
gives:
 
rc
ln zzr0
(11)
TSumcrit =
azr
The rooting depth at any time after the plants
received the critical temperature sum can now be
calculated with the following equation:
zr = zrc + bzr · (TSum − TSumcrit )

The root length density, RLD, (cm cm−3 ) of many
annual arable and vegetable crops decreases approximately exponentially with soil depth (Barraclough,
1984; Gerwitz and Page, 1974; Greenwood et al.,
1982):
RLD = RLD0 · e−kr ·z

(12)

(13)

where the constant kr (cm−1 ) is the fractional decrease
in RLD per unit increase of soil depth and RLD0 is the
root length density at zero soil depth.
Integration of Equation (13) from z=0 to a depth
z = zr were the root length density is very low yields
the root length RL (cm cm−2 ):
z=zr
Z

RLD0 · e−kr ·z · dz

RL =
z=0

=

is another constant.
where bzr (cm
In order to obtain a continuously derivable function the exponential and the linear part of the function
have to predict the same rooting depth increase at the
switching point from one part to the other. Therefore,
by combining the right hand sides of Equation (7) and
(9) and solving for zr at this switching point, zrc ,
where maximum rooting depth increase is reached can
be calculated:
zrc =

Vertical root distribution

RLD0
· (1 − e−kr ·zr )
kr

(14)

The second term of Equation 14 approaches 1 if
the product of kr and zr is high.
To calculate the average rooting density RLDav
(cm cm−3 ) within a certain soil layer located between
two soil depths z1 and z2 Equation (14) may be set up
for both depths. The difference between RL at z2 and
z1 divided by the distance z2 − z1 gives the desired
value of RLDav :
RLDav =

RLD0 · (e−kr ·z1 − e−kr ·z2 )
kr · (z2 − z1 )

(15)

At the moment, kr and RLD0 remain unknown
parameters.
Equation (14) may then rearranged to calculate
RLD0 from zr , which is given from Equations (7)
to (12) and RL which can be derived from numerical
integration of Eq. (6):
RLD0 = RL · kr

1
1 − e−kr ·zr

(16)

Using Equation (13) for the depth z = zr and introducing a new parameter, rRLD , describing the ratio
of RLD at zr , RLDzr , and RLD0 the following identity
can be found for the parameter kr :


zr
ln RLD
ln(rRLD )
RLD0
=−
(17)
kr = −
zr
zr
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Thereby, the introduction of rRLD avoids the necessity of using an iterative solution of the above set
of equations.
Parameter estimation and statistics
The above algorithms were implemented as a submodel for root growth and as a modified partitioning
submodel for cauliflower within the HUME modelling
environment (Kage and Stützel, 1999a) and combined
with other submodels for light use efficiency based
calculation of dry matter production (Kage et al.,
1999) and development (Kage and Stützel, 1999b).
The HUME modelling environment supports parameter estimation based on the Marquardt algorithm
(Marquardt, 1963) using an algorithm from Press et
al. (1986).
To calculate the increase of total root length (Equation (6)) the fraction of dry matter increase attributed
to fine root growth, ffR , the specific root length and
the total dry matter growth rate need to be known.
An estimate of total dry matter growth rate may be
obtained from derivatives of fitted growth curves or
from more complex crop growth models. We used
the latter approach and adopted for this purpose a
light use efficiency (LUE) based dry matter production module (Kage et al., 1999) in combination with
model modules for predicting development and dry
matter partitioning of cauliflower (Kage and Stützel,
1999b). The dry matter production model module used
assumes a linearly decreasing LUE with increasing
levels of daily radiation according to the equation:
dWt
= Q · (LUE0 − LUEdec · PAR)
dt

(18)

where Q is the amount photosynthetic radiation intercepted by the canopy (MJ m−2 d−1 ). LUE0 (g DM
MJ−1 ) and LUEdec (g DM MJ−2 m−2 d−1 ) are parameters describing a function of a linear decrease of
LUE with the daily sum of photosynthetically active
radiation, PAR (MJ m−2 d−1 ). The parameter LUE0
had to be re-adjusted to take into account the growth
of the tap root and the fine-roots, which the previous
version of the module did not consider. As objective
function the un-weighted squared sum of measured
and simulated shoot dry weight of all normal fertilised
treatments was used. The value of LUEdec , however,
was left unchanged at 0.36 (g DM MJ−2 m−2 d−1 ).
The parameters ffR (Equation (6)) and rRLD (Equation (17)) were estimated by minimising the unweighted square sum of measured and simulated RLD

values. Measured values are obtained either directly
from soil core measurements or are derived from
minirhizotron observation data using an empirical regression equation.
The parameter estimation procedure for the parameter LUE0 from the dry matter production module
and the parameters ffR and rRLD from the root growth
module were performed separately in an iterative way
for the whole data set, until no further change of parameter values occurred. Specific estimates of ffR and
rRLD for parts of the data set then were made using the
LUE0 value obtained for the whole data set.
All other statistical analyses were performed using the procedures ANOVA, REG and NLIN from the
SAS system (SAS Institute, 1988).
The descriptive and predictive power of a model
can be evaluated by linear regression of output and
measured data and several other statistical measures.
One of them is the modelling efficiency EF (Smith et
al., 1997):
P
(yi − ŷi )2
(19)
EF = 1 − P
(yi − ȳ)2
Where yi is the value of the ith observation, ŷi is
the ith model prediction and ȳ is the average of the
observations. Modelling efficiency approaches one for
complete agreement between simulated and measured
values, but may also become negative if the model
describes the data less well than the observation mean.

Results
A close linear relationship exists between the natural
logarithms of tap root and shoot dry weight (Figure 2),
which was not significantly influenced by the level of
nitrogen supply in our experiments. From this linear
regression the parameters of ptR and otR of Equation
(2) are estimated to be −2.221 (±0.0133) and 0.9501
(±0.0246) (Figure 2).
Likewise, the root length density data from all experiments showed no significant difference between
the nitrogen treatments (Figure 3), even for the 1996
experiment on the loess loam location where a slight
tendency towards higher RLD values of the normalfertilised treatment in the subsoil could be found. The
30% reduction of N supply had no significant effect
on total plant dry matter production in our experiments (data not shown). The differences between the
RLD values for the two sampling positions (near plant,
inter row) were not significant (data not shown). The
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Table 2. Parameters RLD0 and kr (±SE) together with the coefficient of determination, r 2 , of the negative exponential function
describing the decrease of root length density with soil depth (Equation 13). Also shown are the corresponding calculated total
root length RL=RLD0 /kr (Equation 14) and the simulated total above-ground dry matter, Wsh , of the cauliflower crops. Data
from two years at two different soil types (loess loam, loamy sand) with two different N-supply levels (normal/reduced)
Date

Soil

Fert.

RLD0
(cm cm−3 )

kr
(cm−1 )

r2

1994
June 15

Loess loam

Norm.

3.31
(±0.32)

0.052
(±0.007)

0.96

64

539.3

1994
June 15

Loess loam

Red.

3.78
(±0.16)

0.056
(±0.003)

0.99

67

421.9

1994
July 11

Loess loam

Norm.

4.00
(±0.37)

0.032
(±0.004)

0.93

127

1257.4

1994
July 11

Loess loam

Red.

3.73
(±0.32)

0.031
(±0.004)

0.94

122

1045.1

1994
July 05

Loamy sand

Norm.

2.74
(±0.18)

0.032
(±0.003)

0.96

86

948.9

1994
July 05

Loamy sand

Red.

2.96
(±0.42)

0.033
(±0.007)

0.84

89

812.8

1996
July 01

Loess loam

Norm.

1.60
(±0.27)

0.025
(±0.006)

0.86

64

752.7

1996
July 01

Loess loam

Red.

3.93
(±0.10)

0.068
(±0.002)

0.99

58

647.7

1996
August 29

Loamy sand

Norm

2.74
(±0.29)

0.049
(±0.007)

0.94

55

647.7

absolute values of RLD at the end of the growing
season were in the range of 1–3 cm cm−3 in the upper 10 cm and about 0.1 cm cm−3 in 80–90 cm soil
depth. The decrease with depth is in general linear on
a logarithmic scale or negative exponential for nontransformed values. Increase of RLD from June 15
to July 11 on the loess loam experiment in 1994 was
substantial. In the soil depth of 50–60 cm, for instance, the RLD increased from about 0.1 cm cm−3
to nearly 1 cm cm−3 . Equation (13) then was used
to summarise the soil core observations from different
soil depths, giving estimates of RLD0 and kr for the
different sampling dates from which also RL may be
estimated (Equation (14)). Thereby the median depth
of the soil cores was taken for zr . Again, there were no
significantly different estimates of kr and RLD0 for the

RL
(cm cm−2 )

Wsh
(g m−2 )

different fertilisation treatments, with the exception of
the 1996 loess loam data. Here significant different estimates of RLD0 and kr were obtained for the normal
and reduced fertilised treatment. There was substantial
variation in total root length (Table 2). This variation
is related to differences in shoot dry matter (Table 2,
Figure 4). Because for some soil core measurement
data no corresponding measured shoot dry matter were
available, we used the model interpolation from measured values of shoot dry matter (Figure 4). There is an
indication that the ratio of total root length–shoot dry
matter is higher for the reduced fertilisation plots, but
this effect was not significant (Figure 5).
The data obtained from the minirhizotron observations showed no significant differences between
the nitrogen treatments. The differences between the
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Figure 4. Simulated and measured shoot dry matter of cauliflower
from 2 years and two different soil types. Error bars indicate standard error of the sample. Simulations are performed with a light use
efficiency adjusted to the measured data from the normal fertilised
plots.

Figure 6. Root length density scores for cauliflower observed in
minirhizotrones from two years and two locations in northern
Germany.

Figure 5. Relationship between total root length (RL) obtained
from fitting a negative exponential equation to data from soil cores
(Table 2) and simulated shoot dry matter (Wsh ) of cauliflower for
two different nitrogen supply rates. Data are from experiments in
two years and on two soil types. Regression equation for all data
shown is RL=0.1024 (±0.0053) · Wsh , r 2 =0.76.

sampling locations (near plant, mid row) were also not
significant although there was an indication of fewer
roots at the inter row position at early observations
dates (data not shown). Therefore, all data for one soil
depth class were pooled giving one value for each day
and observation date. Except for the early sampling
dates, where a steadily decrease of score values with
soil depth could be found, root scores increased from 0
to about 40 cm soil depth and decreased from there on
(Figure 6). This decrease was strongly dependent on

Figure 7. Rooting depth (zr ) of cauliflower as a function of
accumulated temperature sum (Tsum ) after transplanting. Data
are from two year (1994 and 1996)and two soil type (loess
loam, LL, loamy sand, SL). The regression line shown is
∗ exp(a ∗ T
zr = zr0
zr sum ) for Tsum < ln((bzr /azr )/zr0 )/azr and
∗ (T
zr = bzr /azr + bzr
sum − ln((bzr /azr )/zr0 )/azr ). Parameter
values: zr0 =6.04 (±1.52), azr =0.00394 (±0.000384), bzr =0.107
(±0.00953), r 2 =0.953, n=14.
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Table 3. Estimates for parameters rRLD (±SE) (ratio of root
length densities at soil surface to RLD at rooting depth) and
fraction of fine root dry weight, ffR , (±SE) correlation between
the parameters, C, and modelling efficiency, EF. Data set
from four field experiments: two years and two locations with
different soil types (loess loam, loamy sand)

Figure 8. Correlation between root scores (sc) from minirhizotron
observations and root length density (RLD) of cauliflower as determined by soil core measurements for two different locations
and two years for soil depths >30 cm. The nonlinear regression
line for all data is: RLD=ln(1-sc/5)/f, f = −2.299 (±0.099),
r 2 =0.83, n=28. The linear regression for loess loam, July 11 1994
(· · · ) is y = −0.2191 (±0.1581)+0.2510 (±0.0460)·x, r 2 =0.88,
n=6 and for loess loam, June 15 1994 (- - -) is y = −0.0021
(±0.0632)+0.0985 (±0.0326)·x, r 2 =0.70, n=6.

sampling date. The absolute values of the root scores
and the observed rooting depth increased substantially
with time for the subsoil. The increase of rooting depth
could well be described using the approach outlined in
Equations (6) to (11), indicating a lag phase of rooting depth increase followed by a linear increase with
temperature sum (Figure 7). There were no significant differences in this relationship between years and
soil types. Interrow sampling positions tended towards
a slightly, but insignificantly longer lag phase than
inrow positions (data not shown).
A highly significant relationship could be found
between the minirhizotron root scores below 30 cm
soil depth and the corresponding RLD values from
the soil cores (Figure 8). The non-linear function used
here was motivated by the upper limit of root scores
of 5. Again, there were no significant differences
between years and soil types. Parameters of linear regressions fitted to different sampling dates on the loess
loam soil were quite different (Figure 8).
The non-linear function shown in Figure 8 was
used to convert the root scores from soil depths >30
cm into root length density values for all sampling
dates where no core measurements were available.
These RLD’s and the available RLD data from soil
core measurements were used to estimate the fraction
of dry matter increase attributed to the fine-roots ff r

Data set

ffR (-)

rRLD (-)

C

EF

Loess loam

0.120
(±0.00530)

0.0180
(±0.00395)

0.59

0.95

Loamy sand

0.0984
(±0.00512)

0.0286
(±0.00706)

0.49

0.90

1994

0.110
(±0.00539)

0.0257
(±0.00615)

0.55

0.91

1996

0.114
(±0.00577)

0.0127
(±0.00331)

0.58

0.95

All Data

0.117
(±0.00441)

0.0210
(±0.00384)

0.55

0.92

and the ratio of RLD at the rooting depth to the RLD
at the soil surface, rRLD , as described above.
The value of LUE0 obtained by adjustment to the
measured shoot dry matter data is 7.36 (±0.06) g DM
MJ−1 for total plant dry matter instead of 6.66 (Kage
et al., 1999) for above ground dry matter production. The resulting prediction of shoot dry matter gives
a linear regression with an insignificant intercept of
Y =0.96 (±0.03) · X, r 2 =0.96, n=16 for the data of the
normal fertilised treatments (Figure 4).
The estimated values of ffR and rRLD indicate that
the fraction of dry matter increase attributed to fineroot growth was higher in the loess loam soil than in
the humic loamy sand and that in the humic loamy
sand a greater percentage of roots is in the deeper soil
layers. There were also marked differences between
the two experimental years with respect to the value of
rRLD , rRLD being higher in 1994 than in 1996 (Table
3). The model described the total variation found in
the experimental data with parameter values obtained
from the same data set (Figure 9a), but again the two
soil types behaved differently. The descriptive value
of the model was generally better for the medium soil
depth than for either the upper soil and deeper soil
layers (Table 4). However, the parameter values obtained from an adjustment to either the data from the
experiments on humic loamy sand or to the loess loam
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Table 4. Slope and intercept of the linear regression of the calculated vs. observed root length density values of cauliflower plants for the
different soil depths from the parameterisation procedure as well as r 2 of the linear regression, residual mean square error, RMSE, and
modelling efficiency, EF
Soil depth

Slope
(cm)

0–10
10–20
20–30
30–40
40–50
50–60
60–70
70–80
80–90

0.4383
0.2148
1.1773
0.7681
0.9469
0.9935
1.1574
1.0766
0.7271

Intercept

1.5665
1.4995
−0.2201
0.0719
0.0349
0.0365
0.0089
0.0085
0.0113

r2

n

RMSE

0.4422
0.1450
0.5593
0.7336
0.8022
0.8649
0.7653
0.6112
0.7759

5
5
5
15
15
13
12
11
11

0.3745
0.4358
0.4155
0.2026
0.1357
0.0881
0.1093
0.0990
0.0473

EF
−0.4115
−1.9545
0.5466
0.6476
0.7966
0.8400
0.7097
0.5890
0.5001

Figure 9. Calculated vs. measured root length density (RLD) of cauliflower (a) parameterisation using the whole data set for both soil types,
(b) Evaluation of the model using the data from the loamy sand soil and the parameter estimations derived from the loess loam soil experiments
(c) validation of the model using the data values from the loess loam soil and the parameter estimates derived from the RLD values of the loamy
sand soil experiments. The regression equations shown are (a) y=0.0233 (±0.0299)+0.9824 (±0.0321)·x, r 2 =0.92 for parameterisation, all data,
y = −0.0272 (±0.0425)+1.1031 (±0.0403)·x, r 2 =0.95 parameterisation, data from the loamy sand experiments, y=0.0686 (±0.0335)+0.8274
(±0.0411)·x, r 2 =0.90 parameterisation for the data from the loess loam experiments, (b) validation y=0.0710 (±0.0279)+0.7669 (±0.0341)·x,
r 2 =0.91 for loamy sand, (c) validation for loess loam y = −0.0819 (±0.0420)+1.3040 (±0.0462)·x, r 2 =0.95.

also gave an acceptable prediction for the other data
group (Figures 9b and c).

Discussion
The aim of the presented paper was to characterise rooting dynamics of cauliflower in relation to
shoot growth using the soil core and the minirhizotron
method. The collected rooting data were used to develop and parameterise a simple empirical root growth
model module which describes and predicts rooting
pattern of cauliflower as determined by temperature
sum and crop growth rate.

The minirhizotron method gave unrealistic estimates of the root distribution in the topsoil (Figures 3
and 6). This drawback of the method has been previously observed (Vos and Groenwold, 1987; Wiesler
and Horst, 1994b) and may be caused by several
factors e.g. soil compaction due to agitating the tube
during the measurement, soil drying in the vicinity
of tubes due to gaps between soil and tube or light
penetration into the minirhizotron tube. However, the
method seemed to give reliable values of the rooting
depth (Figure 7) and root scores for the subsoil correlated quite well with the RLD values of the soil coring
method (Figure 8). The linear regression between the
soil core data and minirhizotron scores obtained for
the loess loam in 1994 indicate that the relationship
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between the data from both methods may vary with
time even within one crop (Bragg et al., 1983; Wiesler
and Horst, 1994b). This problem may partly be overcome by using a non-linear relationship between root
scores and root length density values (Figure 8). The
limitations of the minirhizotron method in the topsoil region is not in every case very critical since here
root length density is usually high enough to rapidly
exhaust mobile resources like water and nitrate. The
sub-soil region, where the method gives more reliable
results seems more relevant for this resources because
here low RLD may be critical for uptake ( Kuhlmann
et al., 1989; Kage & Ehlers, 1996; Kage, 1997).
From Equation (14) follows that kr decreases with
increasing rooting depth. This is in accordance with
the results from June 15 and July 11 in 1994 obtained
at the loess loam (Table 2) and those of Greenwood
et al. (1982) who found kr for cauliflower and other
vegetable crops to decrease with increasing total root
length. Also, the absolute kr values of Greenwood et
al. (1982) ranging from about 0.1 for early sampling
dates with low total root length to about 0.05 for
later states agree quite well with our data (Table 2).
But their reported values of total root length and the
ratio of total root length–shoot dry weight for cauliflower are considerably higher. From their data the
relationship RL=0.215 (±0.012) · Wsh , r 2 =0.97 was
calculated, which predicts almost twice the amount
of root length per unit shoot dry weight than we
found (Figure 5). This may partly be explained by the
fact that the experiments of Greenwood et al. (1982)
were carried out with direct-drilled cauliflower seeds
and not with transplants as in our experiments. Root
growth may substantially be reduced due to the limited volume of the peat cubes in which the cauliflower
plants were cultivated during the plant nursery period.
Linear increases of rooting depth with accumulating thermal time (Figure 7) have been found by
several authors (Barraclough and Leigh, 1984; Jaafar et al., 1993; Pellerin and Pages, 1994; ThorupKristensen, 1998; Thorup-Kristensen and Van den
Boogaard, 1998). The finding of Thorup-Kristensen
and Van den Boogaard (1998) that rooting depth of
cauliflower increases after a lag phase with a rate of
0.102 cm d−1 ◦ C−1 agrees strikingly well with our
data from two different soil types (Figure 7). This indicates that rooting depth development of cauliflower
is not strongly dependent on soil conditions as long
as critical parameters like bulk density and soil water content are within a certain range optimal for root
growth (Barber et al., 1988; Vepraskas, 1988). The

lag phase in rooting depth development of cauliflower
may be explained by limited assimilate supply to the
root system at early growth stages (Aguirrezabal and
Tardieu, 1996) or by the transplanting shock and the
root system disturbance caused by using transplants
instead of direct-drilled plants.
One critical point of our model approach may be
fact that root density at rooting depth is, according
to Equations (14) and (12), changing with changing
values of RLD0 and, therefore, with total root length
and time, because we assume a constant ratio, rRLD ,
between rooting density at zero soil depth and rooting depth. Rooting depth, however, as we describe
it with Equations (7) to (12) using our minirhizotron
data (Figure 7) is operationally defined as the deepest
soil depth where roots could be detected. This should
imply a more or less constant value of RLD at zr . But
this approach avoids the need for an iterative solution
of the equation system describing the root distribution (Hansen et al., 1990) and is obviously still able
to describe and predict our data with sufficient accuracy (Figure 9, Table 3). Furthermore, the ratio of root
density at the soil surface and at rooting depth is quite
low (Table 3) and, therefore, the absolute calculated
values of RLD at rooting depth are also low.
Models of root growth can be motivated by the
aim to achieve a fundamental understanding of the
complex interactions between soil, plant and climatic
factors resulting in the immense complexity and plasticity of a plant root system (Grant, 1993; Jones, 1991;
Pages, 1991). More applied approaches like the one
presented here aim at acceptable descriptions of rooting patterns in time and space (Barraclough and Leigh,
1984; Greenwood et al., 1982) which may facilitate
the prediction of the main functional aspects of root
growth, like water and nutrient uptake with mechanistic models (De Willigen and Noordwijk, 1987). The
presented model is simple and needs only four parameters, i.e. ffR , the fraction of dry matter increase
attributed to fine-roots, azr and bzr describing the increase of rooting depth during the early exponential
and the later linear phase, respectively, and rRLD , the
ratio of root length density at the top of the soil profile
and at rooting depth. Additionally, an average value of
the specific root length is needed. Such a simple model
may be successfully parameterised even with the limited amount of data which are usually available from
rooting studies in field experiments. Our parameterisation approach was successful with one examination of
root length distribution with the soil core method at
the end of the growing season of the crop accompan-
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ied by some minirhizotron observations throughout
the growing season. Whereas the more time consuming soil core method gives reliable estimates of total
root length and its vertical distribution, the minirhizotron method is able to give additional information
needed to identify the parameter values for describing the rooting depth development and the change
of the vertical root distribution during time. If this
approach is able to describe and predict root distribution pattern under altered nitrogen and water limitations remains to be proven. Problems will arise for
soil profiles with compacted layers (Barraclough and
Weir, 1988; Tardieu, 1988) or under extreme stress
situations (Klepper and Rickman, 1990).

Conclusions
Fine and tap root growth of cauliflower are closely
coupled to shoot growth, as indicated by an allometric relationship of tap root and shoot dry weight and
a linear relationship of root length–shoot dry weight.
The development of rooting depth could successfully
be described using an expo-linear function of temperature sum. The vertical root distribution follows
the negative exponential decline which has been observed for many other annual agricultural crops. Using
this relationships it was possible to construct a simple
empirical root growth model module for cauliflower
which may facilitate further analysis of root function
as a key characteristic for nutrient and water use efficiency. Further refinements of the model may include a
value of ffR and rooting depth development depending
on the nutrient and water supply of the crop.
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Section editor: B E Clothier

Assuming that a certain fraction of total dry matter
growth rate, ffR , is allocated to the fine-root fraction
the fine root growth rate simply is:
dWt
dWfr
= ffR
dt
dt
From this Equation (1) may be rewritten:

Appendix
Equation (2) may be transformed to:
otR
WtR = eptr Wsh

Differentiation of Equation (A1) with respect to Wsh
results in:
dWtR
otr −1
= eptR otR Wsh
dWsh
Applying the chain rule to the left hand side of
Equation (A2) and rearranging leads to:
dWtR dWsh
dWtR
=
dt
dWsh dt

dWt
dWtR
dWsh
=
(1 − ffR ) −
dt
dt
dt
Introducing Equation (A2) into Equation (A3) and
substituting for dWtR /dt in Equation (A5) and some
rearranging gives:
!
dWt
1 − ffR
dWsh
=
dt
dt
1 + eptR otR W otr −1
sh

