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Abstract 
A supply-demand regulated population dynamical model of the growth and development of winter 

oilseed rape is used to simulate the effect of the damage caused by 2 pest species, the pod midge 

(Dasineura brassicae) and the pollen beetle (Meligethes aeneus). The model distributes the daily 

supply of photosyntheates through a metabolic pool where pods have highest priority followed by 

buds, stems, leaves and roots.  

The model captures the well known mechanisms of compensation and offers an explanation for 

overcompensation for pollen beetle attacks. Further a large source of variation in the ability to 

compensate for pollen beetle attacks was found to be the rate of budsetting per plant per degree-day. 

The model suggest, that oilseed rape is able to compensate to some extend for damage caused by the 

pod midge by increasing the size of the pods. 

 

 

Introduction 
The pollen beetle (Meligethes aeneus F.) is a serious pest of both oilseed rape (Brassica napus L.) and 

turnip rape (Brassica campestris) in large parts of Europe. A large input of pesticides is often 

necessary to keep this pest under control. Pollen beetles cause damage by destroying the immature 

buds in search for pollen, which is the food source of this beetle. They also feed on pollen of other 

plant species but rape is a preferred species for oviposition, which causes the pollen beetles to seek 

rape fields with plants in the bud stage. 

 

In several countries damage thresholds are used (Andersson, 1988; Nilsson, 1987; Graham, 

1982,Viettinghoff & Daebler, 1986), but very often their scientific foundations appear to be weak. 

Damage thresholds in winter rape range from 1.0 beetle/plant in spring rape in the former DDR 

(Viettinghoff & Daebler, 1986) to 15 - 20 beetles/plant in winter rape in England (Graham, 1982). 

Free and Williams (1979) believe that the damage caused by pollen beetles is overestimated. This 

confusing picture is mainly due to 3 reasons. Firstly, climatic differences between the countries and 

years. Secondly, different plant densities. Thirdly, rape plants have a strong capacity for compensation 

(Williams and Free, 1979; Tatchel, 1983; Lerin, 1987, Axelsen & Nielsen, 1990), which makes it very 

difficult to assess the damage. The latter is the main reason why it is difficult to establish reliable 

damage thresholds.  
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The pod midge (Dasineura brassicae Winn.) is also a well-known pest of rape in north-western 

Europe, but its status as a pest is more uncertain than the status of the pollen beetle. The pod midge 

oviposits in the pods of rape or other closely related plants, but rape is the preferred species (Åhman, 

1988). The growth of the larvae, up to 200 per pod (Sylvèn, 1949) cause the pods to dry up and 

eventually to open and the seeds drop out. In Denmark and southern Sweeden winter rape are often 

sprayed once or twice during bloom to keep this midge under control. In Denmark in 1992 the damage 

threshold has been exceeded if 7 - 8 % of the pods have been damaged (Nielsen, pers. comm.) This 

threshold is only based on the cost of insecticide, application of the insecticide and wheel damage and 

does not take any kind of compensation into consideration. 

 

Thus there is a need for scientifically based damage thresholds, which can be used in different 

climates, at different plant densities and take compensation into consideration. When a bud or a pod 

has been damaged it is not a photosyntheate sink anymore and the resources are allocated to other 

pods, buds or vegetative growth. This process is described well by simulation models using a 

metabolic pool. Gutierrez et al. (1984) and Gutierrez et al. (1991a+b) have been able to model 

successfully the growth of a several crop species under very different climatic conditions and therefore 

a model that can simulate growth of rape crops may quantify the compensation in response to pest 

injury. The model described in this paper does not give exact damage thresholds for the insect pests on 

oilseed rape, but gives an scientifically well founded estimate of the compensation to pest injury.   

 

The model 
The driving forces in the model are temperature, solar radiation and the demands of the different parts 

of the rape plant. The daily production of assimilates is placed into a metabolic pool from which it is 

distributed first to reproductive organs and then to vegetative growth (Gutierrez, 1988, Graf et al., 

1990). In detail, the priorities in this model were pods, buds, stems, leaves and roots. Assimilates used 

by the flowers were neglected. The production of assimilates by the pods did not contribute to the 

metabolic pool, since they are known to retain their own production for their own development (Allen 

& Morgan, 1972; Major et al, 1978). 

The model makes daily calculations of the dry weight of leaves, stems, pods, seeds and oil; the surface 

area of leaves, stems and pods; and the numbers of buds, flowers and pods. 

   

 

Pods 

The development of every single pod was modelled in the same way as the development of the entire 

plant. The production of photosyntheate was based on demand, temperature and solar radiation. The 

production entered a metabolic pool, from which it first was distributed primarily to oil production, 

second to seed growth and finally to growth of the husks. If the production of photosyntheates by a 

pod could not satisfy the demand, it received supplies from the plant metabolic pool. Calculations 

always started with the largest pods, i.e. if there was a shortage of supplies the smaller ones received 

no supplies from the plant metabolic pool. If a pod had received less than twice its respiration during 

20 D, abscission occurred.  

Buds 

The development of the buds was also modelled individually, but not as detailed as the development 

of the pods. Their supplies came from the plant metabolic pool and the largest buds received their 

supplies first, leaving smaller buds without supplies if a shortage occurred. The rule for abscission was 

similar to that for the pods. Buds were modelled to burst when their dry weight exceeded 0.01 g (Field 

measurements of mature buds: average from 10 buds from winter rape = 0.102, S.E. = 0.006, N = 10). 

 

Nitrogen balance. 

The nitrogen balance is demand driven and the nitrogen demand was assumed to be proportional to the 

demand for chlorophyll in the different plant organs(1): 

 NP-M*C*p=ND kkk

n

=0k

  (1) 
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where ND is the total daily nitrogen demand, NPk is the amount of nitrogen already present in the 

plant organ, p is a constant defining the relation between nitrogen and chlorophyll, Mk is the mass of 

the plant organs (leaves, stems etc.), Ck is the maximum concentration of chlorophyll and k symbolise 

the plant organ.  The constant p was found by simulation and Ck was measured in the laboratory. 

(results reported in this paper). The plants were assumed to take up nitrogen from the soil according to 

their demand as long as the soil was not depleted. The amount of nitrogen in the soil was assumed to 

stem exclusively from artificial fertiliser and leaching was ignored.    

 

Due to the large mobility of nitrogen(Salisbury & Ross, 1978, Ogunlela et al., 1989), a nitrogen pool 

containing all nitrogen in the plant was established and redistributed every day. The distribution 

priority was primarily pods, buds and stems sharing the resources and if anything was left the leaves 

got their share.  

 

In the model the nitrogen concentration was assumed to control leaf senescence by aid of following 

criteria (2): 

 

where NSleaves is the nitrogen supply in the leaves and NDleaves is the demand for nitrogen in the leaves. 

If the criteria (2) was not satisfied the leaf mass was reduced to obtain satisfaction. 80% of the nitro-

gen of senescing leaves was retrieved (Zhang et al., 1991). 

In the case of nitrogen shortage after the leaves had fallen off, available chlorophyll was distributed 

among pods, buds and stems relative to their maximum chlorophyll concentration, which reduced the 

assimilation efficiency of these organs. 

 

Assimilation 

The assimilation of solar radiation was modelled as a predation process depending on the leaf area 

index (Gutierrez et al., 1987; Graf et al., 1990). Total leaf area index was calculated by equation (3) 

where the areas of stems and pods were converted to "leaf equivalents". 

where LA is the total leaf area, SAk is the surface area, c is the chlorophyll concentration  mass by a 

constant (p) and for pods by multiplying the square root of the mass by a constant (Appendix 1).  

  

Pests 

The damage caused by the pod midge was simulated by coupling this model with an already existing 

model (Axelsen, 1993a) and choosing the destroyed pods randomly from the pods present at any time. 

Pollen beetle damage was simulated by letting the pollen beetles destroy 3 buds/day (Axelsen, 1993b). 

This is the only parameter that is expressed in calendar time in stead of degree-days. Developmental 

thresholds are shown in table 1. The immigration of pollen beetles was simulated by a normal distri-

bution and started in the early bud stage and ended in early bloom. 

 

Climatic data 

The climatic data used was hourly measurements of temperatures (10 cm depth and 2 m height) and 

global solar radiation obtained from the automatic meteorological station at Ødum, 20 km north of 

Århus, Denmark 

 

Input parameters are shown in appendix 1. In the simulations these parameters are used if nothing else 

is specified.  
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Plant analysis 
 

The growth analysis was carried out in 1991 and 1992. Plant material was obtained from a research 

plot (22m * 50m) at the edge of a rape field (variety Topas, double low) that was cultivated according 

to normal agricultural practice. In both years the research plots were situated less than 100 m from the 

meteorological station at Ødum. The field was fertilised by 160 kg Nitrogen/ha on 20 of April and ? in 

1991 and 1992, respectively.  

 

Weekly samples of 15 randomly chosen plants were taken from early September to late October and 

again from mid May to harvest. In the winter samples were only taken monthly. Plants were cut at 

ground level, i.e. roots were not included in the growth analysis. Plants were dissected into leaves, 

stems, buds, flowers and pods. The analysis consisted of : 

 1. Counting buds, flowers and pods. 

 2. Measurements of the areas of leaves, stems and pods (measured by an area meter). 

 3. Determinations of dry weight of leaves, stems, buds and pods. (Dried at 105 C for 24 h)    

During early bloom 100 buds, ready to burst, were collected and their dry weight determined. Finally, 

at harvest 100 pods were chosen randomly for an investigation of the relation between pod dry weight 

and seed dry weight. Results from the growth analysis are presented together with charts of simulation 

results. Results from 1991 were used to estimate maximum growth rates and for model fitting, while 

the results from 1992 were used for validation only. 

 

During summer 1991 2 plants were chosen every week for chlorophyll analysis of pods, stems and 

leaves, performed according to Gyldenholm (1968). The maximum chlorophyll content was 0.128, 

0.160 and 0.350 mg/g fresh weight for leaves, stems and pods, respectively. 

 

Model fitting 
In the model the development of plant parts is dependent on the growth rate and their initial weight. 

These initial weights are very hard to determine exactly from experiments because it is difficult to 

decide when e.g. the stem has begun to develop from the leaf rosette and when a pod is a pod and not 

only the pistil of a flower with senescing petals. Consequently these parameters were found during the 

fitting process. In rape, the time when stem elongation is initiated is closely tied to the vernalisation, 

since tiny buds can be found shortly after the stem elongation can be recognised. The mechanism 

controlling vernalisation is unknown and consequently it was not possible to incorporate a calculation 

of this parameter into the model.   

Thus the time of vernalisation had to be fitted to observations in both 1991 and 1992.  

 

Due to a lack of quantitative data on frost damage in relation to climatic data, no attempt was made to 

simulate frost damage in the model. It was therefore necessary to fit the dry weight of leaves and 

stems to observations for both years. This fitting was done in early spring before the growth season 

commenced. 

 

The fitting was done by eye by aid of graphics at the end of the simulation program and the fitting 

process was ended when the coincidence between observed and simulated data was satisfactory for all 

the parameters estimated by the plant analysis ( number of buds, flowers and pods and dry weight of 

leaves, stems and pods)(Fig. 1).  
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Simulations of plant growth in 1992  
There was one parameter, that was necessary to adjust in 1992 relative to 1991 and this parameter was 

the bud creation rate. This parameter is a constant in the model and the plant analysis from 1992 

showed a bud creation rate of 1.4 per D, while the 1991 value was 2.7 per D.  With this adjustment 

the ability of the model to simulate the development of winter rape in grown in 1991/1992 is rather 

good for most parameters (Fig 2.). Only the peak number of flowers differs considerably. The model 

overestimates the stem weight slightly and underestimates the final number of pods. Further the 

simulated curve for the development is a little humped relative the observed one, but the coincidence 

is rather good at harvest.   

The concurrence between observations and simulations is improved if the pod growth rate is reduced 

to 50% (not shown). This reduction is confirmed by observations from 1992 and may be due to 

shortage of water.  

 

When considering the differences between simulations and observations in 1992 the large climatic 

differences between the 1991 and 1992. In 1991 May and June were extremely cold while July was 

very warm. In 1992 temperatures were very low until the first week of May where temperatures 

became very high for the time of the year and a drought period began. This drought lasted throughout 

May and June and the first rain came in the first week of July. Taking the climatic differences into 

consideration the simulation of the development in 1992 is a strong support of the model. 

 

Simulation results 
The model was used to investigate the effect of the damage caused by pod midges and pollen beetles, 

when the compensatory power of rape is taken into consideration.  

 

 

Pod midge 

 
Figure 1. Comparison between observed (closed circles) and simulated (open circles) values of number of 

a) buds, b) flowers, c) pods/plant, and dry weight of d) buds, e) stems and f) pods/plant. Data from 90/91. 

 
Figure 2. A comparison between observed and simulated values of number of a) buds, b) flowers, c) 

pods per plant and dry weight of d) buds, e) stems and f) pods per plant during the growth season 

1991/1992. 
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Simulations of pod yield versus pod midge damage show a reduction of about 5% per 10 destroyed 

pods (Fig. 3) for climatic input from both growth seasons at low attack levels. For 1992 data this 

figure lasts for higher attack levels also, but an increased effect of the damage is seen using 1991 

climatic data. 

 

Simulations of the pod yield versus pod midge damage at different plant densities are shown in fig. 6. 

The slopes at the different densities are almost identical, i.e. the effect of pod midge damage is 

independent of plant density (Fig. 4).  

 

The pollen beetle 
The effect of the pollen beetle damage turned out to differ from 1991 to 1992 in simulations. In 1991 

an important reduction in yield occurred at more than 10 beetles/plant, while a similar reduction 

occurred at about 4-5 beetles/plant in 1992. The reason for this difference was the factor, which had to 

be changed in 1992, relative to 1991, to make the simulation fit observed data, namely the bud 

creation rate. The importance of this parameter is demonstrated in fig. 5, where the resulting pod 

weight is shown as a function of the cumulative pollen beetle attack, i.e. the density of pollen beetles 

when immigration had ended. The ability to compensate for pollen beetle damage is clearly dependent 

on the rate of bud setting and therefore it was appropriate to investigate which factors control the bud 

setting rate. Plant analyses was not set up to gain information on this subject but the number of buds 

on the date when the highest number of buds was observed is correlated with the dry weight of the 

plant (Fig. 6).    

 

Another important factor is the timing of the pollen beetle attack. The importance of this factor was 

quantified by changing the average time of arrival from a very early arrival (500 D) through arrival 

that coincided well with the bud stage to a very late arrival (600 D) (Fig 7). The initial parameter 

560 D was chosen to let the start  

 
Figure 3. Simulations of the loss in pod dry weight at different levels of pod midge damage using 

climatic measurements from the growth seasons 1990/1991 and 1991/1992. 
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Figure 4. Simulations of the impact of pod midge damage at various plant densities on the pod dry 

weight at harvest, climatic data from the season 1991/1992. 
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Figure 5. Simulations of the pod dry weight per plant after pod midge attacks at various plant densities. 

Climatic dat from the season 1991/1992. 

 
Figure 6. Correlation between dry weight of leaves + stem (DW) and bud number shortly before 

bloom. Regression in 1991: -6.67 + 13.4*DW, R2= 0.81; and 1992: -13.4 + 8.87*DW, R2= 0.87.  
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of immigration coincide with the early bud stage. It is clearly seen that the earlier the arrival, the more 

important is the damage.  

 

The impact of plant density on the ability of the rape plants to compensate for pollen beetle attack is 

rather weak. (Fig. 8). At all densities the loss begins to be important at 5 - 7 beetles/plant with a 

tendency to highest values at higher plant densities. It is remarkable, that the simulations show a slight 

overcompensation at low attack levels. 

 

 
Figure 7. The pod dry weight at harvest vs. pollen beetle attacks at different times during the bud stage. 

The degree-day value given in the legend is the average arrival time. 500 is early and 600 is late bud 

stage. 
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Discussion 
The model is able to simulate in detail the development of the different plant parts in both 1991 and 

1992. The plant analysis from 1992 and the simulations for this year are completely independent. 

Further the model is able to simulate the compensation for damage to winter rape made by flocks of 

whopper swans (Cygnus cygnus)(Laubæk & Axelsen, in prep). When considering the strength of the 

model it is worth to stress the very large climatic differences between 1991 and 1992. Spring 1991 was 

rather cold but sunny and the summer was very cold and rainy. The crop was harvested as late as 31. 

July. Spring 1992 was cold and rainy, often with overcast skies until 10. May when an 8 weeks long 

period with clear skies, high temperatures and drought began. The crop was harvested on 9. July. Due 

to these differences the growth of the crop was also very different between the 2 years, with small high 

yielding plants in 1992 relative to 1991, when plants were large but yield relatively low. The model 

captures these differences and offers an explanation of the large differences in leaf area per plant 

between the 2 years (see fig 1 and 2). 

 

Compensation for a pod midge attack has not been described before, but the model suggests that 

compensation must take place some years. In the simulations the number of pods at harvest is 148 and 

97 in 1991 and 1992, respectively. If 50 % of these pods are destroyed it is seen from fig. 3 that the 

yield is slightly less than 50% in 1991 but about 75% in 1992 (Plant densities were even the two 

years). This means that compensation by increasing the weight of the remaining pods should take 

place in 1992 but not in 1991.  

 

The simulations of pod yield at various pollen beetle infestations (fig 5,7 and 8) takes the 

compensation into consideration and is a good tool, when an economic damage threshold has to be 

established. Compensation is actually captured by the model with the aid of the metabolic pool 

concept and the distribution of photosyntheates according to the priories mentioned earlier. When 

 
Figure 8. Simulations of the impact of plant density on the compensation after a pollen beetle attack. 

Notice the overcompensation at low attack levels. 
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some buds are damaged by pollen beetles the supplies they would have required are allocated to other 

buds, stems or leaves. Thus some buds that would otherwise have aborted due to shortage of supplies 

are retained on the plant, or if the plant has enough supplies for all buds, the stem and/or leaves will 

get a larger part of their demand satisfied. In the latter case stem size and probably leaf area will be 

increased by a pollen beetle attack as shown in fig. 9. This may be the background for the overcom-

pensation for a pollen beetle attack, which has been simulated by the model and observed by a few 

authors (Nilsson, 1980, Boelcke & Vietinghoff, 1987, Axelsen & Nielsen, 1990).  Boelcke & 

Vietinghoff concluded that the plants might overcompensate if the pollen beetle attack did not occur in 

the early bud stage. In the simulations in fig. 7 the mean arrival time is in the middle of the bud stage, 

i.e. the Boelcke and Vietinghoff's conclusions are consistent with the simulations. Another mechanism 

of compensation is to develop more seeds per pod and to produce larger seeds (Tatchel, 1983). The 

model does neither simulate the number of seeds per pod nor the seed size, but larger seeds and/or 

more seeds per pod will give a larger pod weight. The simulations with large attacks of pollen beetles 

and pod midges give larger average pod weight. A third known mechanism of compensation for pollen 

beetle attack is increasing the number of pods (Axelsen & Nielsen, 1990), which is also captured by 

the model (Fig. 9).  

 

It is no simple task to establish thresholds in oilseed rape, since the power of compensation depends 

strongly on the bud creation rate (fig. 5), which seems to vary from year to year. In 1991 the threshold 

is at about 9 - 10 beetles per plant when the infestation is at maximum and the beetles begin to arrive 

at the early bud stage (73 plants/m2). The corresponding number for 1992 is 4 - 5 beetles per plant. 

Presently it is not known precisely which mechanism controls the bud creation rate, but based on the 

results in fig. 6, the size of the plant is an important factor. If the correlation between plant size and 

bud setting is a general trend, it will be possible to calculate a damage thresholds that might differ con-

siderably from year to year based on plant size after winter. 
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Figure 9. The mechanisms of compensation in the simulations. (a) The number of pods per plant 

during the summer 1991, (b) The average dry weight of stem, (c) The average dry weight of pods at 

harvest.  
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Appendix 1  
Table of the input parameters used in the oilseed rape model. 

 

Developmental times ( D) 

 

 Leaves (nitrogen controlled); 

 Roots = 1157;   Morrison et al. 1989 

 Stem = 1157;           _ 

 Flower = 35;  Fitting parametre 

 Pod = 600;   Morrison et al. 1989 

 Temperature threshold = 5 C   -  

 

Growth parameters 

 Bud creation rate(1991) = 2.7 (plant-1 D-1) Field data  

 Bud creation rate (1992) = 1.5 (plant-1 D-1);     - 

 Max growth rate (all organs) = 0.025 (g g-1 D-1)     - 

 Prime bud weight = 0.0004;   Fitting parameter 

 Prime pod weight = 0.003;  Fitting parameter 

 Prime leaf weight = 0.010;    Fitting parameter 

 Prime root weight = 0.022;  Fitting parameter 

 Prime stem weight = 0.05   Fitting parameter  

 Extinction = 0.34;  Field data 

      Dates of vernalisation: 3 Oct. 1990, 18 Oct. 1991 Fitting parameter  

 Delay between vernalisation and bud initiation = 105 D Fitting parameter 

 Plant density = 74 m-1;  Field data  

  

Factor (p) to convert from mass to surface area 

 pLeaves = 172 cm2/g  Field data 

 pStems = 53 cm2/g  Field data 

 

 

 

"Field data" means that the parameter estimation was based on the growth analysis described in this 

paper.  


