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Abstract

The effects of water supply patterns on yield variability of Vicia faba L. were studied by
means of a crop growth model. The model simulates crop dry matter production and soil
water availability in dependence on plant characteristics and weather and soil data. Conse-
quences of various weather conditions on growth were evaluated, using 4 data sets from
various soils and sites in Western Europe. In set 1 (14 years; heavy clay soil; Netherlands) and
set 3 (2 years; 9 locations in Western Europe), linear regressions of measured versus simulat-
ed seed yields, fitted through the origin, had slopes of aimost 1 and accounted for 68 % (set 1)
and 12 % (set 3) of the yield variation. In both sets, these regressions accounted for about
80 % of the variation, if deviations, due to damage effects of hail, lodging, and diseases were
excluded (these damage effects are not calculated in the model). In set 1, the average seed
yield was 5.3 t ha' (measured and simulated) and the standard deviation (s.d.) was 1.3
(measured) and 1.5 t ha' (simulated). Simulated irrigation after the end of flowering (i.e. from
grain filling onwards) stabilized yield (s.d. = 0.4 t ha™") on a high level (6.2 t ha™"). Simulated
irrigation during the whole season had almost no additional effect. The results for set 3 were
similar to set 1. Simulations for set 1 showed that the ‘target’ soil water contents during
flowering for optimum final seed yields varied from 0.27-0.32 cm® cm™ for this soil type
(pF-values of respectively 3 and 2.3), depending on temperature and air humidity. After
flowering a water content higher than 0.32 cm® cm™ was required. Two strategies for breeding
ideotypes were evaluated; doubling the rooted depth and root growth rate stabilized seed
yields (the s.d. was reduced by 30 % in set 1), but doubling the water extraction capacity of
the crop had almost no effect. The model accounted for less than 1 % of the variation in set 2
(14 years; light silty loam; Netherlands) and 4 (3 years; 5 regional experimental farms;
Netherlands). This was different from set 1 and 3 and probably due to effects of capillary rise
(in set 2) and diseases (in set 4), which are not included in the model. In set 4, the yield gap
between simulated and measured yields increased with observed disease attack in the field,
from less than 1 t ha” with ‘absent or low’ attack to more than 3.5 with ‘severe’ attack. The
simulation studies show how control of water availability stabilizes faba bean yields in many
environments. They also indicate the importance of disease control and of breeding ideotypes
with deeper rooting capacity.
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Introduction

Faba bean (Vicia faba L.) is a protein-rich seed crop and can be an alternative for
imported soya bean residues as a raw material for the animal-feed compounding
industry. Variability in yield is a major problem with this crop. In field experiments
yield and dry matter partitioning were strongly affected by the amount and temporal
distribution of water supply (Grashoff, 1990a, 1990b). Grashoff & Verkerke (1991)
showed that faba beans are inefficient in adapting to conditions of water shortage.

The objective of this paper is to investigate whether variation in natural water
supply is a major cause of the yield variability of faba beans in Western Europe. A
general crop growth simulation model was adapted for faba beans and used to ana-
lyse results of field experiments under various weather conditions, soil types and
sites in Western Europe. Next the model was used to explore the possibilities for
improvement of yield stability with crop management and breeding.

Model description

Figure 1 shows the simplified structure of the model. The calculation of crop growth
under adequate soil water conditions is based on general crop growth simulators
(Spitters et al., 1989; Penning de Vries et al., 1990). The development stage of the
crop is simulated through integration of the rate of development, which is influenced
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by temperature (letter A in Figure 1). Assimilation rate is calculated from the in-
cident amount of photosynthetically active radiation (PAR) (letter B in Figure 1), the
fraction of PAR intercepted by the canopy (letter C in Figure 1), and the photosyn-
thesis/light response curve of individual leaves. The total amount of carbohydrates
available for growth is calculated from the assimilation rate, the reallocation and
redistribution of dry matter on the one hand, and losses due to respiration of the plant
organs (‘maintenance respiration’ in Figure 1) on the other. Dry matter growth of the
plant organs is determined by the total net carbohydrate production, the fraction of
carbohydrates allocated to the plant organs and the values for conversion of carbo-
hydrates into dry matter (‘growth respiration’ in Figure 1). The fraction of carbo-
hydrates allocated to the organs is affected by the development stage of the crop (cf.
Van Heemst, 1986) (letter D in Figure 1). Leaf area growth is calculated from the dry
matter allocated to the leaves and the specific leaf weight, which is also influenced
by the development stage of the crop.

The parameters and functions specific for faba beans were mainly derived from
experiments presented in Table 1a. The parameters for growth respiration were cal-
culated from the chemical composition of plant organs, using equations of Vertregt
& Penning de Vries (1987). Table 2 presents some of the essential parameters and
functions for faba beans*

Table 1. Experiments used for a) calibration and b) simulation studies

Objective Set Sites Years Description Referen-
Ce***
a) Calibra-  silt De Eest 1977 local growing conditions
tion heavy clay De Bouwing 1980 2 irrigation treatments Grl
De Bouwing 1981 2 irrigation treatments Grl
De Bouwing 1988 2 irrigation treatments Grl
sand Droevendaal 1981 2 irrigation treatments Grl
Droevendaal 1982 5 irrigation treatments Grl
Droevendaal 1984 5 irrigation treatments Grl
b) Simul- 1 De Bouwing 1975-1988  local growing conditions
ation 2 De Eest 1976-1989  local growing conditions
studies 3 JFBT)* 9 locations,
W-Europe 1985-1986  local growing conditions Ebm
4 (MCB)** 5 Dutch lo-
cations 1987-1989  sowings, irrigations,

disease control vdS

* JFBT-locations in Cambridge (UK), Dijon (F), Gottingen (G), Hohenheim (G), Dundee (UK),
Roskilde (D), Nottingham (UK) and Vienna (A).

** MCB-locations Ebelsheerd, Lelystad, Valthermond, Vredepeel, Wijnandsrade.

*** Ebm: Ebmeyer (1984); Grl: Grashoff (1990a, 1990b); VdS: van der Schans & van den Berg
(1991).

* A complete, documented listing of the simulation model and a quantification of all the parameters
and functions can be requested at the author’s address.
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Table 2. Essential crop parameters and functions, specific for faba beans. Description in CSMP-
format.
* Developmental rate in the vegetative and in the reproductive phase, respectively (d-1).
PARAM DVRV=0.0268, DVRG=0.0172

* Effect of average daily temperature (deg. C) on developmental rate in the vegetative and * re-
productive phase, respectively.

FUNCTION DVRVTT = -10.,0.01, 0.,0.01, 20.,1., 30.,0.8

FUNCTION DVRGTT = 0.,0.01, 4.,0.01, 20.,1., 30.,1.2

* Potential growth rate of roots into depth (m d-1), Potential dying rate of roots into depth
* (m d'), Maximum rooted depth (m), Minimum rooted depth (m).
PARAM PGRRT=0.006, PDRRT=-0.006, RTDMAX=0.7, RTDMIN=0.5

* Specific leaf weight (kg ha-1) in dependence on development stage.
FUNCTION SLWT = 0.,,360., 0.6,320., 0.8,240., 1.,200., 1.2,320., 2.1,320.

* Maximum photosynthetic rate of single leaves (kg CO2 ha-1 d-1) and initial photosynthetic
* efficiency (kg CO2 ha-1 h-1 (J m-2 s-1)-1 at reference temperatures of 15 and 10 deg C,
respectively.

PARAM PMAXP = 35., PEI = 0.48

* Extinction coefficient of the crop for diffuse radiation, scattering coefficient, and reflection
* coefficient of the leaves for total radiation.
PARAM KDIF=0.7155, SCV=0.2, RCLV=0.1

* Fraction of the crop growth rate allocated to the roots, shoots, leaves, stems, pod walls, seeds and
* reserves, in dependence on developmental stage.

FUNCTION CARTT =0,05 1,02, 12,0, 21,0

FUNCTION CASHT =0,05, 1,08, 1.2,1,, 21,1

FUNCTION CALVT =0,0.70, 0.8,040, 1,030, 1.2,0.10, 13,0, 1.6,0., 2.1,0.
FUNCTION CASTT =0,0.25, 0.8,0.50, 1.,045, 12,0.35, 13,030, 160, 2.1,0.
FUNCTION CAPWT =0,0., 0.8,0., 1.,0.10, 1.2,0.30, 1.3,0.30, 1.6,0, 2.1,0.
FUNCTION CASET =0.0, 0.8,0,, 1,0, 1.2,0.25, 13,040, 16,1, 21,1
FUNCTION CARET =0.0.05, 0.8,0.10, 1,0.15, 1.2,0.00, 13,0, 1.6,0., 2.1,0.

* Conversion factor for CH2O to dry matter for roots, leaves, stems, podwalls, seeds and reserves
PARAM CFRT=0.652, CFLV=0.534, CFST=0.693, CFPW=0.687, CFSE=0.608, CFRE=0.790

Detailed measurements of maintenance respiration were not available, so com-
monly used coefficients for the different plant organs were used (Spitters et al., 1989;
Penning de Vries et al., 1990). For leaves and stems, the decrease of these coeffi-
cients with plant development was accounted for, using an approach described by
Kropff (1989).

Soil water balance

A water balance model for a free draining soil profile is included, according to van
Keulen (1975; 1986) and Jansen & Gosseye (1986). In this concept, the soil is
divided in 10 layers of 10 cm. The daily change in soil water content is calculated
from rainfall (and irrigation) (letter E in Figure 1), crop transpiration (letter F in
Figure 1), soil evaporation and percolation. Percolation is calculated as the amount of
water in excess of field capacity, which drains to the next soil layer. Potential tran-
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spiration and evaporation are calculated with the combination equation of Penman.
In this equation are included: the incoming radiation, air humidity and wind speed
(all included in letter G in Figure 1), LAI and properties of the transpiring cq.
evaporating surfaces (e.g. roughness, emissivity, reflectance, resistance for vapour
transport) (generally represented by letter H in Figure 1). Soil evaporation is reduced
when the upper layer of the soil dries out. The model does not calculate capillary
rise, however the relative contribution of each soil layer to the total soil evaporation
is calculated following a mimic procedure (van Keulen, 1975). In this concept, the
relative contribution of each soil layer to the total evaporation decreases exponential-
ly with the depth of the layer. The relative contribution of each soil layer to the total
transpiration is based on the rooted length in each layer and the maximum water
uptake per rooted length.

Crop-water relations

When the soil dries out, stomata close and transpiration falls below its potential
value. The ratio between actual and potential transpiration (TRAN/TRP) (see at letter
J in Figure 1), is supposed to decrease linearly with soil water content from unity at a
critical water content, to zero at wilting point (Feddes et al., 1978) (letter K in Figure
1). The critical water content at which water uptake is reduced (which is somewhere
below the field capacity of the soil) is not only dependent on the soil type. According
to Doorenbos & Kassam (1979) and Driessen (1986), the critical soil water content is
also affected by the water extraction capacity of the crop and this differs between
species. Based on the sensitivity of faba beans to water shortage, this crop belongs to
the group with a rather ‘weak’ extracting capacity, like clover and carrots (Driessen,
1986). The critical soil water content is also affected (from day to day!) by TRP and

Table 3. Measured (meas) and simulated (simu) dates of onset of flowering (Julian date), seed

yields (t ha 100% dry matter), harvest indices (g g'l) and dates of crop maturity (Julian date) for

different water supply treatments during and after flowering in 1980 and 1988 (clay soil) and 1982

(sandy soil). d=dry; i=irrigated; nr =natural rainfall.

Year Treatment Onset of Seed yield Harvest index  Date of crop
Flowering maturity

meas  simu meas  simu meas  simu meas  simu

1980 d-i 152 152 6.3 6.3 062 0.52 259 251

i-i 152 154 5.8 5.9 0.53 0.46 259 254
1982 d-d * 150 151 4.0 4.0 060 051 23] 218
i-d 150 151 39 3.6 049  0.38 222 220
d-i 150 151 6.2 6.4 0.64 054 237 238
i-i 150 151 6.2 6.0 0.56 049 237 241
nr. 150 151 4.1 4.6 0.57 0.48 222 224
1988 d-i 155 151 6.7 6.4 0.65 0.57 259 246
i- 155 151 6.0 6.2 056 051 266 249

* In 1982, d-d got two irrigations after flowering (also included in the simulation).
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Fig. 2. a: The relations of relative conductance, transpiration (TRAN/TRP), photosynthesis and
expansive growth rate versus leaf water potential (from Grashoff & Verkerke 1991); b: The derived
relations of vegetative growth, vegetative competition strength (COMPET) and photosynthesis
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the leaf area index (LAI) (Jansen & Gosseye, 1986). The ratio TRAN/TRP linearly
affects the actual assimilation rate (letter L in Figure 1), thus assuming a constant
water use efficiency. The ratio TRAN/TRP indicates the level of the water availabil-
ity to the crop.

Two other crop-water relations were included in the simulation model. Firstly,
water shortage accelerates the development of the faba bean crop. With water short-
age, pod development begins earlier in the season and maturity is reached earlier
(Grashoff, 1990a; Table 3). In the model this process is accounted for by dividing the
development rate (and the relative death rate) by the ratio TRAN/TRP, which repre-
sents the level of water availability to the crop. This relation is represented by letter
M in Fig. 1. Our way of simulation implicitly assumes the following underlying
mechanism: water shortage causes stomatal closure, lower transpiration rates, de-
creased ‘cooling’ of leaves, higher leaf temperatures and a higher development rate
of the canopy (cf van Keulen & Seligman, 1987). These arguments can only give a
qualitative explanation. The quantification of our way of simulation was done by
calibration based on experiments. This is shown in the section on model calibration
of this article.

Secondly, faba beans show little osmotic adjustment under water shortage and,
most probably by this reason, the expansive growth decreases linearly with decreas-
ing leaf water potential (Grashoff & Verkerke, 1991). The relative stomatal conduct-
ance, relative transpiration (TRAN/TRP) and relative assimilation decrease slower,
following a negative exponential curve (Fig. 2a). Grashoff & Verkerke (1991) stated
that, with decreasing leaf water potential, these relations might result in a shift in
competition for assimilates in favour of developing reproductive organs. In our sim-
ulation model however, calculation of leaf water potential is not included. When the
leaf water potential in Fig. 2a is omitted, this results in an exponential curve for the
relative expansive growth versus TRAN/TRP, and in a linear relation of relative
assimilation versus TRAN/TRP (as shown in Fig. 2b). It is assumed that the expan-
sive growth determines the sink strength of the vegetative shoot and consequently
determines the fraction of assimilates flowing to the growing stems and leaves
(Hsiao, 1976; Grashoff & Verkerke, 1991). So, with decreasing TRAN/TRP, the
fraction of assimilates flowing to the stems and leaves (COMPET) decreases much
faster than the assimilation rate (Fig. 2b). The surplus assimilate is used for the
developing pods and seeds. This effect is present from about onset of flowering till
the end of allocation of assimilates to stems and leaves (about 6 weeks after end of
flowering!). This relation is represented by letter P in Figure 1. The root growth is
not affected by TRAN/TRP as we could not measure a clear effect of water shortage
on root growth.

Input data

The input variables for the model are standard data of daily solar radiation, temper-
ature, rainfall, air humidity and wind speed; date of crop emergence and values of
crop dry matter and leaf area index at emergence; rootable depth; some character-

istics of soil water retention, such as total pore space, volumetric soil water content at
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field capacity, at wilting point and at air-dry soil; reflection coefficient for total
radiation of the soil, average clod height and extinction coefficient for soil evap-
oration.

Model calibration

Simulation of crop growth was calibrated on the basis of 7 field experiments with
varying water supply patterns (Table la). This calibration is illustrated in Fig. 3.
Figure 3a shows the measured dry matter production of cv. Minica grown on a heavy
clay near Wageningen in 1988. Two irrigation treatments were included: 1) irrigated
during and after flowering (henceforward referred to as i-i) and 2) the natural rain-
fall. This rainfall pattern resulted in mild water shortage during flowering, followed
by plenty of water afterwards (d-i). The d-i treatment showed the typical advanced
start of seed growth, earlier maturity and higher final seed yields compared to i-i, as

a) De Bouwing 1988 Measured b) Simuiation 1
dry matter yleid (kg/ha) dry matter yieid (kg/ha)
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Fig. 3. Calibration of the simulation model. a: measured dry matter yields of two irrigation treat-
ments d-i and i-i, Wageningen, 1988; b: simulation with water shortage only affecting assimilation
rate ; c: as b but with added effect of water shortage on development rate (and relative death rates)
of plant organs; d: as ¢ but with added effect of water shortage on assimilate partitioning.
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described earlier by Grashoff (1990a) for similar experiments in 1980 and 1981.

A simulation, including the relation of TRAN/TRP versus assimilation rate, but
omitting the relations of TRAN/TRP versus development rate, and of TRAN/TRP
versus dry matter partitioning, showed essential deviations from the experimental
results: the advanced start of seed growth in d-i was not found in the simulation, and
the simulated final seed yield of i-i was higher than in d-i (Fig. 3b). Figure 3¢ shows
the simulation result including the relations of TRAN/TRP versus (1) assimilation
rate and (2) development rate. The simulated advanced start of seed growth in d-i
agreed with the measured effect in Fig. 3a. Also the earlier maturity in d-i than in i-i
is simulated more correctly. However, the simulated seed growth in i-i caught up
with d-i and final seed yield in the i-i simulation was higher than in d-i (Fig. 3c).
This essential contrast with the measurements remained in the simulation, even when
(by trial and error) stronger accelerating effects of TRAN/TRP were explored with
the model.

Figure 3d shows the simulation result including the relations of TRAN/TRP versus
(1) assimilation rate, (2) development rate and (3) assimilate partitioning, calibrated
by ‘trial and error’. This simulation shows the most correct agreement with the
experimental results in Fig. 3a.

This calibration gave also good results for the other experiments of Table la.
Some examples are shown in Table 3. The model showed not only a good calculation
of the positive effect of mild water shortage during flowering on seed yield and
Harvest Index in 1980 and 1988, but also the growth and yield limitation due to
water shortage after flowering in the experiments of 1982 was simulated correctly.
However, the model showed some systematical over-estimation of the final Harvest
Index, due to an over-estimation of straw weight in the last weeks before maturity.
No attempt was made to simulate this feature correctly, because detailed measure-
ments on respiration losses during maturation were not available.

Data collection for studies on yield variability

As input for the following simulation studies, data sets of crop performance, weather
and soils were collected from four groups of locations in The Netherlands and West-
ern Europe. Set 1: 14 years of experimental results on heavy clay in The Nether-
lands; set 2: results of 14 years on a silty loam soil with high capillary rise in The
Netherlands; set 3: results of 2 years at 9 locations in Western Europe (subsequently
called ‘JFBT-trials’); set 4: results of 3 years on 5 regional experimental farms in
The Netherlands (‘“MCB-trials’). An overview of the characteristics of all data sets is
given in Table 1b.

To compare the simulations with experimental results, above-ground dry matter
yield and seed yield at final harvest were used. In the MCB-trials, 3 different sowing
times were used, classified as ‘early’ (beginning of April), ‘middle’ (end of April)
and ‘late’ (end of May). Disease attack was classified as ‘absent or mild’, ‘moderate’
or ‘severe’, based on observations in the canopy. ‘Absent or mild’ was defined as: no
occurrence of disease symptoms, or only late in senescence; ‘moderate’ was: clear
occurrence of leaf damage during pod filling; ‘severe’ was: damage of canopy early
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in the season, and damage of pods and seed loss at final stages (van der Schans &
van den Berg, 1991). The observed diseases were mainly leaf-spot diseases (Botrytis,
Uromyces) and virus diseases (especially the Bean Leaf Roll Virus, BLRV). The
above classifications were used for further analysis of residual deviations between
simulated and measured yields.

Results of the studies on yield variability
Yield variability on De Bouwing 1975-1988 (data set 1)

The data set of the De Bouwing Experimental Farm (set 1 in Table 1b) shows a good
agreement between measured and simulated average seed yields (measured 5.3 and
simulated 5.3 t ha') (Fig. 4a). The yield variability, expressed as the standard devia-
tion, was 1.3 t ha for the measured data set and 1.5 t ha' for the simulated set. This
set is subsequently referred to as the ‘control’ simulation. For 1979, the model

seed yield (kg d.m./ha) seed yield (kg d.m./ha)
10000 ~ . 10000 - . .
@----0 simulated yield o---o simulated yield X
- s—a measured yield I o — - simulated irrigation after flowering
8000 L 000 L simulated irrigation during whole season
r . /ﬁk
o /W _ o A
6000 |- 6000 | Sgla =8 it ¥
‘I \? -;B\ Q' lZI/ \ !
+ Foa K N K i ':'
4000 |- a0} 4 8 /3
l“ ”, “ K L
2000 - 2000 Y

a P TR R SEEP SR SN W | b N VNN S TP SREPUNN ISR R
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seed yield (kg d.m./ha)
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[ a—-—a simulated high water extracting capacity
e simulated deeper rooting crop
8000
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2000

c EE CRNPRN NN PR RPN SH S |
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harvest year
Fig. 4. Simulation studies with the data set of De Bouwing 1975-1989 (data set 1).

a: comparison between measured and simulated yields; b: model explorations with irrigation; c:
model explorations with breeding strategies. H= hail and frost damage in 1979.
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showed a large over-estimation of the seed yield. A possible explanation is the fact
that the 1979 crop was severely damaged by frost in spring and by hail. These effects
are not included in the model, as quantified relations between hail or frost and crop
‘damage are not available for faba beans. A linear regression of simulated versus
measured yields, fitted through the origin, had a slope of 0.99 and accounted for
68 % of the variation. When the data pair of 1979 was excluded from analysis, this
percentage increased to 77 %.

Simulation of a situation with plenty of water after the end of flowering resulted in
stabilization of yield (standard deviation was 0.4 t ha" compared with 1.5 t ha” for
the ‘control’ simulation) on a high level of seed production (average of 6.2 t ha™)
(Fig. 4b). Plenty of water during whole season was slightly less advantageous, with
an average seed yield of 6.1 tha™ and a standard deviation of 0.5 t ha’. Only in 1986,
plenty of water during the whole season gave a higher seed yield than plenty of water
after flowering. This exception will be discussed later. In the model, plenty of water
was realized by surplus irrigations of 20 mm d'. This results simply in a soil at field
capacity. Surplus water drains off (in the model) and has no negative effect on
growth.

In a second simulation study the effect of a deeper rooting crop was explored. The
standard values for root growth rate (0.006 m d') and maximum rooted depth (0.7 m)
were doubled to 0.012 m d"' and 1.4 m respectively. This corresponds to a larger
available and exploitable water buffer. Compared to the ‘control’ simulation, this
resulted in an increase of average seed yield to 5.7 t ha” and a reduction of var-
iability (standard deviation = 1.0 t ha™)(Fig. 4c). Increasing only the root growth rate
or only the maximum rooted depth showed almost no effect compared to the ‘con-
trol” simulation.

In a third study, the root growth rate and the rooting depth were kept at their
original values, but now it was assumed that a faba bean crop could be ‘bred’ with a
soil water extraction capacity comparable to sorghum and sugar cane (Driessen,
1986). In the model, this is expressed as a change of the water uptake characteristics
of the crop. It means a doubling of the average soil water content range between field
capacity and the critical soil water content below which actual crop transpiration is
reduced. Compared to the ‘control’ simulation, the average seed yield increased only
to 5.4 t ha'' and the standard deviation remained 1.5 t ha™ (Fig. 4c).

Yield variability on De Eest 1976-1989 (data set 2)

In contrast with the results for De Bouwing, the data set of De Eest (set 2 in Table
1b) showed little agreement between measured and simulated seed yields (Fig. 5).
The measured average seed yield (6.4 t ha™') was underestimated by the simulation
(5.6 t ha') and the measured variability (standard deviation 1.0 t ha) was over-
estimated (1.4 t ha™"). Moreover, a linear regression fitted through the origin account-
ed for less than 1 % of the variation. A regression not fitted through the origin
accounted for only 10 % of the variation. No data pair could be excluded from
analysis for specific reasons.

The soil of De Eest can provide the crop with important amounts of capillary
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rising ground water. A capillary supply of 2 mm d' is possible at a distance of 1.3 m
between the ground water level and the bottom of the rooted zone (this is called the
‘Z-value’). The ground water level at De Eest is about -1.2 m from the soil surface in
normal years and never falls below -2 m, not even in extremely dry years (J.Sinke,
personal communication).

The process of capillary rise is not included in the model, but the effect of capil-
lary rise was explored in a rough and simple way. It was assumed that a negative
linear relation exists between the averaged soil water content of the upper 70 cm of
the soil profile and the additional water supply by capillary rise from deeper soil
layers. The maximum capillary water supply was assumed to be reached at the
permanent wilting point. To avoid complex adaptations of the model, the additional
water was supplied at the top layer of the soil. For each year at De Eest, five
simulation runs were carried out with amounts of maximum ‘capillary water supply’
of respectively 0, 5, 7.5, 10 and 15 mm d"'. The largest improvement of correlation
between measured and simulated seed yields was reached with a maximum capillary
rise of 5 mm d”, and these results were included in Fig. 5. The simulated average
seed yield increased from 5.6 t ha' to 6.2 t ha' (measured: 6.4 t ha') and the
standard deviation decreased from 1.4 t ha” to 0.8 t ha” (measured 1.0 t ha'). The
percentage of variation accounted for increased from 10 % to 21 %.

Yield variability in JFBT-trials 1985 and 1986 (data set 3)
Analysis of the data from the 9 West-European JFBT-locations (set 3 in Table 1b)
showed that a linear regression of simulated versus measured seed yields, fitted

through the origin, accounted for only 12 % of the variation. Figure 6 shows that for
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6 out of 8 locations, simulated values showed almost a one-to-one relation with the
measured values of 1985 and 1986. Yields were strongly overestimated for the
locations at Dundee and Roskilde. It is not likely that these deviations are due to
effects of low temperatures at these northern locations. The effects of temperature
(on development rate, photosynthesis and respiration) are included in the model.
Dundee 1985 and 1986 and Roskilde 1985 showed high average values for lodging
(5 on a scale of 1=no lodging, to 9=severe) and damage by Botrytis fabae was
observed. These effects are not included in the model, as quantified relations be-
tween lodging or diseases and crop damage are not available for faba beans. When
these locations were excluded from analysis, a linear regression fitted through the
origin showed a slope of 1.0 and accounted for 81 % of the variation.

The average of the simulated seed yields over all locations and both years (4.5 t
ha') was higher than the measured value (3.9 t ha'). The simulated variability was
only slightly overestimated, with a standard deviation of 1.4 t ha" for the simulated
yields and a standard deviation of 1.2 for the measured yields. The relative standard
deviation for simulated and measured yields was equal (30 %).

In an exploration with plenty of water after the end of flowering, the model
simulated a large reduction in variability of seed yield (standard deviation = 0.8 t
ha™) and a higher average seed yield (6.4 t ha"). This was mainly due to the fact that
the irrigations enhanced the low yields of 1986 (compare the 1986 data in the Figs 7a
and 7b). Actually, the growing season of 1986 had less rainfall and higher temper-
atures than 1985 at most locations. Averaged over the locations, the precipitation rate
of June and July was 150 mm in 1985 and 90 mm in 1986. An exploration with
plenty of water during the whole season resulted also in an average seed yield of 6.4
t ha' and a standard deviation of 0.8 t ha™ (Fig. 7c). At some locations, seed yields
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Fig. 7. Simulation studies with the JFBT data set of 9 locations in Western Europe, 1985 and 1986
(data set 3). a: simulated yields; b and c: model explorations with irrigation. B = 1985. B = 1986.
1 = Cambridge. 2 = Dijon. 3 = Gottingen. 4 = Hohenheim. 5 = Dundee. 6 = Roskilde. 7 =
Nottingham. 8 = Vienna. 9 = Wageningen.

with plenty of water after flowering were slightly higher than with plenty of water
during the whole growing season (compare Figs 7b and 7c: especially Dundee 1985,
but also Hohenheim 1985 and Vienna 1985). But, for some other locations the
reverse effect was simulated (Figures 7b and 7c: Roskilde 1986, Wageningen 1986).
It is concluded that plenty of water after flowering is almost as effective for yield
stabilization as plenty of water during the whole season, but does not always give the
optimum seed yields.

Exploration of optimum soil water content for seed production of faba beans
Next, the required soil water contents in different development stages for optimum
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seed yield were explored. Fixed values for soil water content were used as input
‘forcing functions’ for the model and simulation runs were made, varying these
values in the development periods ‘during flowering” and ‘after flowering’. The soil
water content ‘before flowering’” was kept at field capacity in all runs and was
allowed to change immediately after the start of the next development period. The
first results showed that the best stages for changing soil water contents for optimum
seed production, were not exactly the beginning and end of flowering, but the start of
the first pod development (about one week after onset of flowering) and the point at
which the assimilate partitioning to reproductive organs exceeds the flow to stems
and leaves (about two weeks after end of flowering). In subsequent runs, these stages
were used.

Figure 8 shows the results for the clay soil of experimental farm De Bouwing,
with a volumetric soil water content of 0.40 cm® cm™ at field capacity and of 0.22 at
permanent wilting point. In this example, the climatic data of 1976 were used. The
total dry matter yield increased with increasing soil water content until a level at 0.32
cm’ cm™ either during or after flowering. However, the curve of simulated final seed
yields showed an optimum at an average soil water content during flowering of 0.30
cm’ cm”. The simulated seed yields increased with increasing average soil water
content after flowering.

When other years were simulated, the general shape of the resulting curves was
the same as in Fig. 8. However, the optimum soil water content during flowering was
different for each of the years (1976-1988) and varied between 0.27 and 0.32 cm’
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Fig. 9. Simulated soil water contents during flowering, required for optimum final seed yields for
De Bouwing 1976-1988 (data set 1). The water content after flowering was kept at field capacity in
all years.

cm™ for this soil type (Fig. 9). Seed yield reductions up to 500 kg ha' were found
with super-optimum water contents during flowering. Sub-optimum water contents
during flowering resulted in larger yield reductions. In all the years, final seed yields
increased with increasing average soil water contents after flowering, but showed no
further increase with soil water contents higher than 0.32 cm® cm™. Simulation re-
sults with other locations and soil types were comparable with those presented in the
Figs 8 and 9.

Yield variability in the MCB-trials 1987-1989 (data set 4)

Finally, the data from the 5 regional farms in the Netherlands (set 4 in Table 1b)
were analysed with the model. In contrast with the other trials, which were kept as
healthy as possible, these ‘MCB-trials’ were practice-oriented (including treatments
with different sowing times), with disease protection as commonly advised for prac-
tice. The growing seasons of 1987 and 1988 were ‘wet’, with more precipitation than
normal in June and July (1987) or July and August (1988). The season of 1989 was
warmer than normal, but periods of extreme water shortage did not occur (van der
Schans & van den Berg, 1991). When all the results of the MCB-experiments were
plotted as one group, a linear regression between measured and simulated results
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could not be fitted through the origin. Even a regression line not fitted through the
origin accounted for only 19% of the variation and showed a large deviation from a
one-to-one relation. From field observations it appeared that diseases might have had
important effects in these trials. Disease damage is not included in the model, as
relations between diseases and crop damage are not yet quantified for faba beans.
However, the measured yields (with possible disease damage) could be compared
with simulated yields (without the effect of diseases). For this comparison, the results
were classified according to the field observations about disease attack of the foliage.
Now it appeared that measured and simulated yields in the group with ‘absent or
mild’ disease attack agreed well, with only small deviations from the diagonal, up to
about 1 t ha' (Fig. 10). In this group, a linear regression accounted for 32% of the
variation (when it was fitted through the origin) or for 67% (when it was not fitted
through the origin). In the group with ‘moderate’ disease attack, the deviations in-
creased to 2 t ha”' and with ‘heavy’ disease attack even to 3.5 t ha'. Figure 10 shows
also, that the group with ‘absent or mild’ disease attack consisted mostly of data
from crops which were sown ‘early’, at the beginning of April. The largest devia-
tions in the group with ‘heavy’ disease attack were data from crops which were sown
‘late’, at the end of May. However, also some crops sown at the beginning or at the
end of April belonged to the group with ‘heavy’ disease attack (Fig. 10).

Discussion

The regressions of simulated versus measured seed yields (excluding some disturb-
ances due to hail or lodging) accounted for almost 80% of the variation of the data
sets of De Bouwing (data set 1) and the West-European JFBT-locations (data set 3).
This means that a large part of the observed yield variability is caused by variability
of the input values in the model: radiation, temperature, air humidity, wind speed,
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rainfall and soil characteristics. Our results show that a large yield variation range is
caused by the variation of these input data: for the West-European JFBT locations,
the yield variation range due to the factors included in the model was 4.5 t ha™. (This
is calculated from the difference between the lowest and the highest yield data on, or
close to the diagonal in Figure 6.) These results were based on data sets of 9 loca-
tions, but only for 2 contrasting years, as weather data sets of many years were not
available. The weather data set of 14 years for De Bouwing can be seen as an
example for the variability in longer term data, but only for one location. Anyhow, as
the yield variation range of the JFBT-locations was almost as large as that of De
Bouwing (Figure 4), this indicates that those two data sets covered at least an impor-
tant part of possible variation in weather and yields in Western Europe.

In the simulation studies, irrigation increased the average yield by 15% for De
Bouwing and 40% for the West-European JFBT locations and reduced the yield
variability by 75% and 60%, respectively. That means that water supply is the major
factor affecting yield variability. Irrigation stabilized the seed yields at an average
level of about 6 t ha™, due to yield increments in dry years, not only for one location
(Fig. 4, De Bouwing), but for many locations in Western Europe (Fig. 7). The
simulation studies support that variability in rate and distribution of water supply
between years is a major cause of variability in yield of faba beans grown in Western
Europe.

The model does not account for effects of capillary rising ground water. The
simulations accounted for less than 10% of the variation and underestimated the
average seed yield with 0.8 t ha' for the location De Eest (data set 3; Fig. 5), where
capillary rise is likely to be important, due to soil type and ground water table. Our
model was able to support the importance of capillary rise, using explorations with
additional ‘capillary water supply’. These showed an improved agreement between
measured and simulated values of average seed yields and yield variability (Fig. 5).
The percentage of accounted variation increased to 20%. However, this value is still
very low and a regression fitted through the origin was not possible. This low value
was mainly due to a measured top seed yield of 8 t ha' in 1982, which was not
reached in any of the simulations for 1982. If this value was excluded, the percentage
of accounted variation increased to 61% (regression not fitted through the origin) or
24% (fitted through the origin). Our method simulating ‘capillary rise’ was rough, as
it was not based on independently quantified processes. Moreover, it was not real-
istic, as we added the additional water to the top layer of the soil, to avoid complex
adaptations of the model. Models which simulate capillary rise in a physical proper
way are available (Penning de Vries et al., 1990). However, the calibration of such
models can be a bottle-neck, although improvements have been made (Woodhead et
al., 1991).

At the other hand, it can be questioned if a model including capillary rise is needed
for simulations in Western Europe. De Eest has a ‘Z-value’ (see before) for 2 mm
capillary water supply per day of 1.3 m, with a ground water table of -1.2 m.
Locations, with such a high capillary rise, combined with an almost optimum and
constant ground water table, are scarce in Western Europe. For instance, the Z-value
for De Bouwing is only 40 cm.
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The presented results show that crop management methods and breeding strategies
which reduce or avoid water shortage are very important. The simplest solution
would be to grow faba beans on soils with high capillary rise, such as De Eest. In
fact, this location was the highest-yielding location in almost all the JFBT trials from
1977 onwards (cf. Dantuma et al., 1983; Ebmeyer, 1984). However, as these soils are
scarce, this solution is not very realistic.

Optimization of irrigation strategy is a second possibility. As simulation studies
for De Bouwing did not differ essentially from our studies with other soil types
without capillary rise, the results of De Bouwing will be discussed as an example.
Figure 8 shows that, after flowering, the soil water content in the clay at De Bouwing
has to be higher than 0.32 cm® cm™ for both maximum seed yield and maximum total
yield. Seed yield decreases linearly with lower soil water contents after flowering.
During flowering, however, the required soil water content for optimum final seed
yield is lower than for maximum total yield. For De Bouwing 1976, the simulated
optimum value during flowering was 0.30 cm’ cm™. Comparable simulations for
1975-1988 showed, that super-optimum water contents during flowering can reduce
final seed yields with up to 500 kg ha™.

However, sub-optimum water contents during flowering can result in larger seed
yield reductions than super-optimum contents (Fig. 8). In fact, this figure shows that,
when the soil water content during flowering becomes much lower than the required
optimum, onset of irrigation after flowering is too late. This might explain why in
some exceptions, such as Wageningen 1986 (Fig. 4) and Roskilde 1986 (Fig. 7), the
seed yields with plenty of water during the whole season were higher than with
plenty of water after flowering. The spring of 1986 was in fact very dry. So, although
postponement of irrigation till after flowering has a positive effect on dry matter
distribution to the seeds (Fig. 2, Table 3), it does not always give higher final seed
yields than irrigation during the whole growing season.

From the previous sections it is concluded that, in general, the explorative sim-
ulation studies (Figs 4, 6, 7 and 8) support the conclusions from experimental work
(Grashoff, 1990a, 1990b), that irrigation, applied mainly after flowering, can be as
effective for yield stabilization as irrigation during the whole season. Defining and
maintaining the ‘optimum level of mild water shortage during flowering’ needs
further attention. The simulations indicate that these conclusions can be generalized
to other weather conditions, soils and sites.

Grashoff (1990b) stated that simulation studies might help to define the critical
soil water values for optimizing water supply. Figure 8 shows that the model can
quantify the soil water content representing an ‘optimum level of mild water shortage
during flowering’ (Grashoff, 1990a) . Figure 8, however, holds only for a single year.
Figure 9 shows that this optimum itself is not constant. For the location De Bouwing,
it varies between 0.27 and 0.32 cm® cm™ for different years, corresponding to pF-
values of 3 and 2.3, respectively. This is caused by the fact that daily temperature, air
humidity and windspeed, which differ for the flowering period in each year, affect
the daily potential transpiration TRP. In our model concept, this modifies the critical
soil water content at which TRAN/TRP starts to decrease. Consequently, also the soil
water content for optimum dry matter partitioning during flowering differs for each
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day and year and a ‘general’ optimum value cannot be defined. Nevertheless, the
Figs 8 and 9 indicate, that a ‘preferred’ range of soil water contents during flowering
can be defined which do not always give optimum yields, but stabilize yields on an
acceptable level. For the soil of De Bouwing, the soil water content during flowering
should be kept up or above the average value for optimum seed yields (0.30 cm’
cm™). After flowering, water content should not be lower than is required for maxi-
mum total yields (for De Bouwing 0.32 cm® cm” in all years). It appears that the
simulated ‘target’ soil water content during flowering is only slightly lower than the
simulated ‘tarzet’ water content after flowering. Obviously, under very dry weather
conditions irrigation is not only needed after flowering, but even during flowering.

A third possibility to optimize faba bean yields was shown in the evaluation of
some breeding strategies for ideotypes. A doubling of the rooted soil depth, com-
bined with a doubling of the root growth rate, decreased the variability by 35%. That
indicates that this breeding strategy is less effective for yield stabilization than irriga-
tion activities are. Nevertheless, from an economical or practical point of view,
breeding for deeper rooting varieties has some advantages, as irrigations are expen-
sive or even simply not possible in some situations. Breeding for deeper rooting
varieties may be more effective than breeding for a faba bean with ‘sorghum-like’
water extraction capability, which had no effect on yield variability at all (Fig. 4c).
With a higher extraction capacity, the model calculates a higher growth rate in the
early growing season of a dry year. But, at continuing water shortage, the soil water
buffer is exhausted by the crop before the seed production is completed. That ex-
plains why the final seed yield can be even lower with higher extraction capacity
(Fig. 4c, 1976). In our simulations was not accounted for extra carbohydrate in-
vestments in a higher rooting density to obtain a higher water extraction capacity.
Van Keulen et al. (1975) showed that rooting density is not likely to be the major
limiting factor for the water extraction capacity.

The previously discussed management activities and breeding strategies dealt with
water shortage. In our model, the nitrogen balance of the crop and processes concem-
ing nitrogen fixation are not included. Nevertheless, the simulated yields agreed well
with the measured yields, for many years and weather conditions (Fig. 4) and at
many locations (Fig. 6). This indicates, that in a simulation model for a leguminous
crop, the inclusion of, for instance, effects of water shortage on nitrogen fixation
(Roughly et al., 1983; Shamsun Noor et al., 1989) are not needed, at least not
explicitly.

However, other important factors were found. In the regressions shown before,
some data pairs were excluded from analysis (Fig. 4a, 1979; Fig. 6, Roskilde, Dun-
dee). These data pairs deviated due to effects not accounted for in the model, like
hail damage, lodging and diseases. These were interpreted as accidental disturbances
and therefore excluded. The analysis of the MCB-data (set 4) clearly shows that this
is an oversimplification of the situation in practice. The simulation model did not
account for any substantial part of the variation in the total MCB-data set of five
experimental farms in The Netherlands.

Nevertheless, Figure 10 shows that the deviation of measured and simulated yield
pairs from the diagonal increased from 1 t ha™ for the group of ‘absent or low’
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disease attack to 3.5 t ha' in the ‘severe’ group. This shows that the model also helps
to discover or estimate yield reductions due to factors not accounted for in the model.
Apparently, in the MCB-data set, diseases were more important for yield variability
than water shortage. An important question is why diseases were more important
than in the previous data sets. A tendency was found that disease damage increased
with later sowing times in the MCB-trials (Fig. 10). Fungi disease pressure usually
increases with humid conditions in the season and these conditions occurred espe-
cially during July in both 1987 and 1988. At a certain calendar date the late sown
crops are usually in an earlier development stage as the early sown crops. In this
way, diseases may be more harmful in the late sown crops, as they may cause
damage during a longer development period. However, there was disease protection
in the MCB-trials, but this was obviously not effective enough. This is somewhat in
contrast with opinions in the Netherlands Extension Service some years ago, that it
was possible to control the most common diseases and pests in faba beans (choco-
late-spot, rust, aphids) in an effective way. A first reason for this contrast might be,
that the attack of the Bean Leaf Roll Virus (BLRV) during 1987-1989 was more
important than in previous years, due to warm winters and early increase of aphid
populations. Secondly, crop protection might have been more intense and preventive
in trials at De Bouwing and in the JFBT, than in the practice oriented MCB-trials.

The general conclusion is that water shortage is in many cases the major limiting
factor for yield in Western Europe and causes considerable yield variation. However,
crop growth reducing factors such as diseases may sometimes overrule these effects
(Fig. 10). The present simulation study has shown how control of water availability
could stabilize faba bean yields within an acceptable range in many environments. In
addition, the simulations indicate that disease control is then becoming even more
essential.
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