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Abstract  

Knowing the right functional response is important when modelling populations, assuming a 
type 1 functional response in place of, e.g., a type 3 will almost certainly result in different 
structures and dynamics for the food webs modeled. This project investigates functional 
responses in blue mussels (Mytilus edulis). The aim of this study is to investigate if predicted 
functional response changes, depending on whether one measure it on an individual, or on a 
whole population and take the average. I make the hypothesis that there is a change from 
type 1 to type 3 and that it might be because of individual variation. I construct a model with 
a type 1 functional response for one individual with individual variation in clearance rate 
(CR). The parameters used are estimated from literature. The model was run with both single 
individuals and populations and the resulting functional responses were plotted. This showed 
that the population functional response has a logistic shape at first, and then a linear shape. 
To test the model’s accuracy parameters were taken from an article that measured CR at 
different algae concentrations. The model was run to simulate distributions of CR values and 
95% confidence intervals were generated. The model proved to be quite accurate since four of 
five observed CR values fitted inside the confidence intervals. In conclusion, there is a 
difference in functional response depending on how the measurement is done, and the 
duration of the assay is important to get a correct estimate of the CR.  
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1. Introduction 

1.1 Background   
A functional response in ecology, is 
the ingestion rate of a consumer as 
a function of food density. The 
functional response is often 
divided into three types which can 
be seen in figure 1. Type 1 is when 
the consumption rate rises linearly 
with prey density up to a 
maximum, after which the intake 
rate is constant. Type 2 has a 
curvilinear increase, the 
consumption rate rises with prey 
density but gradually decelerates 
until a plateau is reached, which 
follows from the assumption that 
the consumer is limited by the prey 
handling time. Type 3 has a 
sigmoidal or “S-shaped” increase, 
this is caused by learning time, 
prey switching, or a combination of 
both phenomena (Begon et al 
2006). 

When measuring functional 
response in filter feeders, one often 
has many individuals together in 
an aquarium and measures the 
initial prey concentration in the 
water (initC), and the outcome prey 
concentration. Then to get the 
individual functional response one 
divides this group functional 
response by the number of 
individuals. This often results in a 
type 3 response (Pascoe et al 2009, 
Strohmeier et al 2009). However when measuring the functional response in filter feeders on 
single individuals one often gets a type 1 response, which could be expected considering that 
filter feeders have negligible handling time (Jeschke et al 2004). I make the hypothesis that 
this change from type 1 to type 3 might be because of the individual variation. If you take the 
average of many individuals with slightly different responses you might end up with a type 3 
response even though on an individual level they have a type 1 response. A transition from an 
individual type 1 functional response to a population-level type 2 functional response has 
already been shown in the case of some grazing zooplankton (Morozov et al 2012) 

Functional responses are centerpieces of theoretical ecology, because of their importance in 
determining the stability of predator–prey systems. A consumer’s functional response to 
changes in food density is an important part of the regulation of both predators and preys 
and functional responses link together different trophic levels (Jeschke et al 2004). Knowing 
the right functional response is thereby important when modelling populations. Assuming a 
type 1 functional response in place of, e.g., a type 3 will almost certainly result in very 
different structures and dynamics for the food webs modeled (Williams and Martinez 2004, 
Myerscough et al 1996). 

Figure 1. A shows the three most commonly described types of 

functional responses, here ingestion rate is plotted against 

algae concentration. In B it is the grazing rate (which is 

basically the same as clearance rate) that is plotted against the 

algae concentration which gives a different shape on the 

curves. Figure from Chowfraser and Sprules 1992. 

 



2 

The blue mussel 
(Mytilus edulis) is a 
filter-feeder, it filters 
bacteria, plankton, 
and detritus from the 
water. M. edulis is one 
of the most 
extensively studied 
marine organisms 
(Tyler-Walters 2008). 
It is known that M. 
edulis does not start 
to filter water until the 
algae reaches a certain 
concentration, when it 
reaches that 
concentration they 
start to filter at a 
maximum rate until the 
concentration reaches an 
upper threshold where the filtration rate start to decrease. There is an individual variation in 
these threshold levels (Riisgård et al 2011, Riisgård et al 2013). In figure 2 one can see how 
these properties looks when put in a model and plotted. This conforms well to the properties 
of a type 1 functional response as described above and showed in figure 1.  

1.2 Purpose 
The purpose of this project is to investigate if one predicts different individual functional 
responses depending on whether one measure it on an individual, or on a whole population 
and take the average.  

In this project I will only investigate the functional response of M. edulis, I will use 
information gained from previously executed experiments to build my model. The 
investigation will first be theoretical, where I construct a model and test my hypothesis, then 
I will make simulations of real experimental results to test the accuracy of the model and how 
well the experiment estimates the clearance rates. 

 
 

2. Methods 
2.1 Method 
I constructed a mathematical model that shows a type 1 functional response for one 
individual using the software Berkeley Madonna 8.3.18 for Windows. The model was then 
run with different number of individuals to see if the functional response would change with 
a larger number of individuals. I also reviewed articles that had measured the clearance rate 
in M. edulis to find one that was sufficiently detailed so the different parameters could be 
estimated and reconstructed in the model, to see if the model gives a similar result as the real 
experiment, which would show that the predictions made by the model are accurate. To test if 
the observed values from the article are good estimates of the clearance rate the model was 
also run with a shorter stop time then the one used in the article. 

2.1.1 Model construction 
When measuring the functional response in mussels one needs the mussels clearance rate 
(CR), but most often in the literature, on individual mussels, it is the filtration rate that has 
been measured. Filtration rate (the volume of water that goes through the filters of filter-
feeders per unit of time) is only equal to clearance rate (volume of water cleared from all its 

Figure 2. The clearance rate of an individual mussel, is zero up to a 

threshold then the mussels filtrate at a maximum rate up to an upper 

threshold where the CR starts to decrease. 
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food particles per unit of time) if retention efficiency on the filters is 100%. Most often, the 
retention efficiency is almost equal to 100% for particles that are >4 µm, which means that if 
it is stated in the article that the particles >4 µm the measured filtration rate can be used as 
the clearance rate (Mohlenberg and Riisgard 1978). The clearance rate is used to calculate the 
ingestion rate (IR), which is the CR * Initial concentration.  

Below you can see the equation I used to calculate the rate of decrease of prey concentration 
(C) at any time t, resulting from the filtering activity of a population of N different individuals 
(equation 1). It is minus the sum of the individual clearance rates ri (the clearance rate) 
divided by the volume (V) times the initial prey concentration (C) (Coughlan 1969). 

𝑑𝐶

𝑑𝑡
=  

− ∑ 𝑟𝑖
𝑁
𝑖

𝑉 ∗ 𝐶
 

Equation 1. 

When building the model I also took the thresholds for when the mussels start to filter at a 
maximum level and when the rate decreases into account and the values I put as the Cmin and 
Cmax are taken from previous experiments. Since there is an individual variation in the mussel 
clearance rate and threshold levels for Cmin and Cmax. This was taken into account by setting 
the CR to 0 under Cmin, to CRmax above Cmin and to get a decrease above Cmax the the CR was 
set to CRmax*Cmax/C. The model was built using the computer program Berkeley Madonna 
and it described a type 1 functional response for one individual mussel. The full model can be 
seen in appendix 1.  

The model was used to simulate the functional response of a collection of individuals that 
vary slightly in their individual functional responses. I then calculated the population 
clearance rate using the equation:  

𝐶𝑅𝑝𝑜𝑝 =  
[log(𝑖𝑛𝑖𝑡𝐶) − log(𝐶)] ∗ 𝑉

𝑁 ∗ 𝑡
 

Equation 2. 

The population clearance rate was used to calculate the ingestion rate: 

𝐼𝑅𝑝𝑜𝑝 = 𝐶𝑅𝑝𝑜𝑝 ∗ 𝑖𝑛𝑖𝑡(𝐶) 

Equation 3. 

2.1.2 Parameterization 
The parameters in the model were chosen after studying literature that investigates the 
clearance rate in M. edulis. The clearance rate seemed to vary around 2 l/h in most articles so 
I choose to set the mean CR to 2. There were no standard deviations given in the literature 
but from looking at different CR measurements I estimated that it should be approximately 1. 
After some test runs in the model were made I put the standard deviation of natural 
logarithm of the CR to 0.15, which gives a standard deviation of 1.16. The values for Cmin and 

Cmax were taken from Riisgård (2013), Cmin = 0.7 and Cmax = 8 these values were used for all of 
the simulations. There were no standard deviation given in the article by Riisgård (2013) and 
nothing to calculate it from so I had to make an estimate for this value. To make the estimate 
good the model was carefully examined and different values were tested to see what would 
happen and what would be the best values for the model to be accurate. 

2.1.3 Functional response 
First, to test if the equation for the population clearance rate was correct the model was ran 
25 times with N=1 and one time with N=25 and the mean of the 25 individual runs were 
compared to the population run.  

To test if the functional response would change when going from one individuals to many 
individuals the model was run 15 times with N=1 and 15 times with N=25. The result of these 
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runs were then plotted to see the resulting functional response. The effect of stop time i.e. 
how long the model is run before the CR is measured was also investigated by running the 
model with different stop times and plotting the results.  

2.1.4 Comparing the data with real results 
One article (Riisgård 1991) was chosen which had examined the filtration rate of M. edulis at 
different concentrations and was sufficiently detailed in the sense that all parameters used 
were written and the clearance rate and standard deviation could be calculated from the 
figures. To extract data from the models in the article the software GetData Graph Digitizer 
2.26 was used. With this software each Graph could be manually digitalized and the 
measured clearance rate values retained. 

The article used the same group of mussels for every concentration measurement so the 
model had to be changed to do the same. In the previous runs where individuals are 
compared against populations it is different groups of mussels for each given initial 
concentration. 

The article measured the cell concentration in cells/ml but the constructed model measured 
in mg/l, so the initial concentrations used in the article were recalculated to 
mg/l according to a formula in Riisgård et al. (2013), so 1000 cell/ml = 1.26 mg/l.  

The model was then run with the parameters used in the article 104 times for each initial 
concentration, this was done in order to generate simulated distributions. To further test the 
effect of stop time the model was run 103 times with the same parameters but a shorter stop 
time to generate simulated distributions. Histograms were constructed with the values 
obtained, to display the distributions. The full model used for these simulations can be seen 
in appendix 2. 

2.1.5 Statistical analysis 
The data generated by the model and the data gained from the article was used for statistical 
analyses. This was performed using the software R-3.1.3 for Windows (32/64 bit), which is a 
free software for statistical computing and graphics. (The R Foundation for Statistical 
Computing 2014). To make the process of analyzing the data easier the separate program 
Rstudio was used which gives a better overview of the data, the version of Rstudio used was 
0.98.1102 (RStudio Inc 2014). 

Before the statistical analysis simulated data was checked for normal distribution by Shapiro-
Wilk test and Q-Q plots. If the data did not fulfill the assumption of normality it was log-
transformed to see if a normal distribution could be met, if that was not the case non 
parametric tests were used. 

To test if there was a statistical difference between the calculated population ingestion rate 
for a set number of individuals and the mean of, as many, individual ingestion rates a 
Wilcoxon signed rank test was used since the data was not normally distributed even after a 
log transformation. The Wilcoxon signed rank test was also used on the data gained from the 
15 runs with N=1 and N=25, to test if the mean of 15 runs with N=1 would differ from the 
mean of 15 runs with N=25. 

I tested the data gained from the article and the simulated distributions made by the model in 
order to be able to reject or accept the hypothesis that the observed sample (the experimental 
data) could be generated by the model built in this experiment. To do this upper and lower 
quantiles for the interval around the mean containing 95% of the observations was 
calculated. First the data from each initial concentration was tested for normality, but since 
the data was not normally distributed the simple built in R-function qnorm could not be used 
to construct the quantiles. Instead the values were ranked from smallest to largest and the 
value that was just superior to the first 2.5% and first 97.5% values were selected as the start 
of the quantiles. 

All figures are made in R, unless otherwise stated.  
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3. Results 
There was no significant difference between the mean of 25 individual IR and the IR 
calculated for a population of 25 individuals (p-value= 0.93) this is shown in figure 3, the 
small dots indicate standard error.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 shows the result of 15 runs in the model with N = 1. As can be seen in A there is some 
individual variation but the pattern is the same. B zooms in around Cmin and one can see that 
there is an instant change in the IR from 0 to > 0 when the threshold is reached and that this 
threshold is slightly different between different individuals. 

  

Figure 3. The mean ingestion rate of 25 individuals, and the ingestion rate of a population of 25 
individuals plotted against the inital concentration in mg chl a l-1 of units of biomass, standard error 
is indicated by the small dots. There is no significant difference (p-value=0.9754). 
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Figure 5 shows the result of 15 runs in the model with N = 25, each line shows the mean IR of 
the 25 mussels. One can see that there is some individual variation but not as much as in 
figure 4. B zooms in around Cmin and one can see that there is a smooth transition from IR=0 
to IR>0, without much of a discontinuity. This transition has a logistic shape much like the 
type 3 functional response. There was no difference in the mean of the 15 runs with N=1 
(figure 4) and the mean of the 15 runs with N=25 (figure 5), p-value = 0.82. Neither was there 
a difference if one only compared the mean of the values from the zoomed in plots, figure 4B 
and 5B, p-value = 0.63. 

 

 

Figure 4. The ingestion rate of one individual plotted against the initial concentration. Each line 
represents one individual and thereby one run with the model, the parameters used for the 
simulation are shown in A. B shows the marked area in the upper picture. 
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The result of running the model with different stop times can be seen in figure 6, a long stop 
time gives a curve which continues to rise even after Cmax while a short stop time reaches a 
plateau after Cmax.  

 

  

Figure 5. The mean ingestion rate of a population of 25 individuals plotted against the initial concentration. 
Each line represents one run with the model, the parameters used for the simulation are shown in the A. B 
shows the marked area in A. 
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The quantiles calculated for an interval around the mean containing 95% of the calculated CR 
values at each initial concentration and the observed CR values from the article are presented 
in table 1. The stop time is used is the same as in the article, 0.16. Only one of the observed 
values ended up outside of the 95% interval around the mean, the one measured at the initial 
concentration 50.4 mg chlorophyll a/l, this value is written in bold.  

 

C (mg chl a l-1) Quantiles Observed values Stop time 

3.78 2.5%  quantile = 1.2351 1.995 0.16 

 97.5% quantile = 2.8290   

7.56 2.5%  quantile = 1.0750 2.102 0.16 

 97.5% quantile = 2.8378   

18.9 2.5%  quantile = 0.4334 1.02 0.16 

 97.5% quantile = 1.4694   

37.8 2.5%  quantile = 0.2140 0.636 0.16 

 97.5% quantile = 0.7386   

50.4 2.5%  quantile = 0.1604 0.654 0.16 

 97.5% quantile = 0.5534   

 

The simulated distributions of CR values at each initial concentration used in the studied 
article can be seen in figure 7, the thick lines show the approximate location of the observed 
values from the article. The stop time used is the same as in the article; 0.16. None of these 
distributions were normally distributed, but they were approximately log normally 
distributed except from the one at 7.56 mg chl a/l. 

 

Figure 6. The resulting plot at N=10 when the model was run with different stop 

times measured in hours. 

Table 1. The calculated lower and upper quantiles for each initial concentration used in the studied 

article and the observed CR values from the article. CR values written in bold indicates that the value 

was outside the interval containing 95% of the calculated CR rates and thereby not likely to be an 

outcome of the model. 
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Table 2 shows the quantiles calculated for an interval around the mean containing 95% of the 
calculated CR values at stop time 0.001 for each initial concentration and the observed CR 
values from the article. The observed values written in bold indicate that these values ended 
up outside of the interval around the mean containing 95% of the calculated CR values.  
  

Figure 7. The simulated distributions from 104 runs made with the model, for each initial concentration used in 

the studied article and the same stop time; 0.16. The thick lines show the approximate place of the observed 

values. 
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Table 2. The calculated lower and upper quantiles for each initial concentration used in the studied 

article and the observed CR values from the article. CR values written in bold indicates that the value 

was outside the interval containing 95% of the calculated CR rates and thereby not likely to be an 

outcome of the model. 

 

 

C (mg chl a l-1) Quantiles Observed values Stop time 

3.78 2.5%  quantile = 1.7481 1.995 0.001 

 97.5% quantile = 2.0761   

7.56 2.5%  quantile = 1.7088 2.102 0.001 

 97.5% quantile = 2.0624   

18.9 2.5%  quantile = 0.7328 1.02 0.001 

 97.5% quantile = 0.9375   

37.8 2.5%  quantile = 0.3663 0.636 0.001 

 97.5% quantile = 0.4686   

50.4 2.5%  quantile =0.2747 0.654 0.001 

 97.5% quantile = 0.3514   

 

The simulated distributions of CR values at the shorter stop time 0.001 for each initial 
concentration used in the studied article can be seen in figure 8. The thick lines show the 
approximate location of the observed values from the article. As can be seen here and in table 
2, only one of the values fell inside of the 95% interval, the one observed at the initial 
concentration 3.78 mg chl a/l. 
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4. Discussion 
The first test performed showed that there was no statistical difference between the mean of 
25 individual IR and the IR calculated for a population of 25 individuals (figure 3). Which is 
as expected since the equation for calculating the population CR (equation 2) essentially is 
the total clearance rate divided by the number of individuals. I still wanted to test this 
though, to make sure that the equation was working correctly. 

4.1 Individuals to populations 
The aim of this report was to investigate if the functional responses predicted changes, 
depending on whether one measure it on an individual, or on a whole population and take 
the average. If the individual mussels show a type 1 functional response, one should get a 
discontinuous function for IR, being 0 below Cmin, and then equaling Cmin*CRmax at Cmin. This 
is the case when running the model with N=1, as can be seen in figure 4B. 

But in figure 5, one sees that for many individuals (N=25), the model gives a smooth 
transition from IR=0 to IR>0, without much of a discontinuity. Moreover, this transition has 
a logistic shape much like the type 3 functional response (figure 1A and 5B). Although the 

Figure 8. The simulated distributions from 103 runs made with the model, for each initial concentration used in 

the studied article, the stop time is here 0.001 compared to the stop time used in the article which was 0.16. 

The thick lines show the approximate place of the observed values. 
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functional response gained is not exactly type 3, because at some concentration above cmin, 
the IR becomes linear again which can be seen in figure 5A, so it is more of a hybrid between 
type 1 and 3. It is known that the logistic shape has a huge influence on the dynamics 
predicted by, for example predator-prey models (Begon et al 2006). So I believe it is likely 
that it would make a difference in terms of model predictions, if one uses the "individual" 
functional response (type 1) or the "population" functional response from this model. But this 
will need to be further explored.  

The Wilcoxon signed rank test showed no significant difference between the mean of the 15 
N=1 runs and the 15 N=25 runs. This is not strange since the population runs in a way is a 
mean of many individual runs, but one might expect a difference if individuals are so 
numerous that they draw the concentration below Cmin or Cmax for some individuals. This 
would have to be more tested. 

Another important part is the effect of stop time. According to figure 6, the shape and level of 
the IR curve depends a lot on stop time. Since continuous models assume instantaneous 
variations, i.e., infinitively small time steps, the “real” functional response to use in a 
continuous model should be the one with the shortest stop time. However, experimental 
determinations of IR (on which the parameters in the model are based) need some time to 
run before clearance rates can be measured, because the mussels need an acclimation time. 
So they are thereby likely to poorly estimate clearance rates and thus IR.  

It also need to be taken into account that the parameters used in this model are estimates 
based on literature studies, but not exact values. The value of the mean CR is not so 
important to get exactly right since that only changes the height of the curve but the standard 
deviation is important since that changes the appearance of the curve. Both the standard 
deviation for the CR mean and the standard deviations of the threshold levels are just 
approximations made by me, I have not done any calculations on these, so this might be a 
source of error. It would be good to make further tests with more exact and calculated 
approximations of the standard deviations. 

4.2 Comparing with real data 
When comparing the CR values observed in the article with the simulated distributions made 
by the model only one of the observed values fell outside of the interval around the mean 
containing 95% of the observations (table 1). This is good since it means that the model is 
probably quite accurate at predicting CR values that relate to reality. It also indicates that 
even though the standard deviations for the thresholds are only approximations they seem to 
work quit well. It was the value observed at the highest algae concentration (50.4 mg chl a/l) 
that fell outside of the confidence interval and it seems as if the observed CR values are not 
decreasing as fast as the ones predicted by the model, because even if the observed value at 
37.8 mg chl a/l is inside the confidence interval it is at the higher half which can be seen in 
table 1 and figure 7. I believe that this might be a matter of parameterization i.e., 1 or 2 
parameters are not well estimated. Though this is probably not caused by the standard 
deviation issue, the problem probably lies in the formula for the rate of decrease in CR after 
Cmax. This might be because of that in reality the mussels need a longer acclimatization period 
before the CR is fully decreased but in the model the decrease is instantaneous. Other factors 
can be that there was some variation in the measurement of the algae concentration and this 
might have affected the preciseness of the CR calculations (Riisgård 1991), but this does not 
explain why it is only a deviation at high initial concentrations. 

In the simulated distributions with a shorter stop time only one of the observed CR values 
from the article fitted in the interval around the mean containing 95% of the observations 
(figure 8 and table 2), it was the one at the lowest concentration 3.78 mg chl a/l. If one looks 
at figure 8 it is clear that the observed CR value always lies higher than the calculated 
distribution of CR values. This might be explained by looking at figure 6, where it is clear that 
a longer stop time gives higher CR values and the deviation gets bigger as the concentration 
increases. This shows that stop time is an important factor when measuring CR and thereby 
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IR and might influence the resulting functional response. Even such a short stop time as ten 
min which is used in the article is clearly to long for the estimate to be correct, but if one want 
to measure at a shorter stop time there comes other technical difficulties. For example if one 
would want to measure after ten seconds the difference in concentration might be too little 
for the instrument to detect. Another thing that gets obvious when comparing figure 7 and 8 
is that the variation in the simulated distribution gets smaller with a shorter stop time. Which 
shows that the estimation of CR gets more accurate at a shorter stop time. 

To get an even more accurate estimation of the modelled distributions I could have made 
more runs, especially in the one with a shorter stop time where only 103 runs were made, but 
I did not have the time and felt as if 103 would be enough to get a good approximation.  

4.3 Conclusion 
This reports aim was to investigate if the functional response changes when measured on 
populations instead of individuals. According to the result presented here and showed by 
Morozov et al. 2012 this seems to be the case. How much difference the results presented 
here would make in model predictions will have to be further investigated before any 
conclusions can be made, but I believe that it is likely that it would make a big difference. The 
result from this study also indicates that stop time is an important factor to get a proper 
estimation the CR, and that the deviation gets larger at higher concentrations, thereby 
experiments performed at low concentrations are more likely to be accurate.   
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Appendix 
Appendix 1 
The first model with estimated parameters used for the test between individuals and 

populations. 

METHOD RK4 
 
STARTTIME = 0 
STOPTIME=0.001 
DT = 0.02 
 
d/dt(C) = -(ARRAYSUM(r[*]))/V*C 
init C = 7; Food density in mg chl a l-1 of units of biomass. 
 
 
{functions} 
 
rmean= 2 ; Mean clearance rate in l.h-1.mussel-1 
lnrmean=LOGN(rmean); natural logarithm of rmean 
lnrsd=0.15; Standard deviation of natural logarithm of r 
INIT rmax[1..N] = EXP(NORMAL(lnrmean, lnrsd)); Initial values for clearance rates of N mussels, 
drawn from a lognormal distribution with mean lnrmean and standard deviation lnrsd 
NEXT rmax[1..N]=rmax[i]; ensures that the same clearance rate as the initial rate is used throughout 
for each individual mussel. 
V=14.4; Volume of clearing experiment in l. 
N=25; number of individual mussels in experiment 
 
cmean = 0.7 ; Mean value for cmin in mg chl a l-1 of units of biomass 
lncmean = LOGN(cmean) ;Natural logarithm of cmean 
lncsd= 0.1 ;Standard deviation of natural logarithm of c 
INIT cmin[1..N] = EXP(NORMAL(lncmean, lncsd)); Initial values for cmin, drawn from a lognormal 
distribution with mean lncmean and standard deviation lncsd 
NEXT cmin[1..N]=cmin[i] ;Ensures that the same cmin as the initial is used throughout 
 
cmmean = 8 ; Mean value for cmax in mg chl a l-1 of units of biomass 
lncmmean = LOGN(cmmean) ;natural logarithm of cmmean 
lncmsd = 0.1 ;Standard deviation of natural logarithm of c 
INIT cmax[1..N] = EXP(NORMAL(lncmmean, lncmsd)); initial values for cmax, drawn from a lognormal 
distribution with mean lncmmean and standard deviation lncmsd 
NEXT cmax[1..N]=cmax[i] ; ensures that the same cmax as the initial is used throughout 
 
 
r[1..N] = IF C< cmin[i] THEN 0 ELSE IF C<cmax[i] THEN rmax[i] ELSE rmax[i]*cmax[i]/C ; The 
individual clerance rate with a type 1 functional response. The IF, THEN, ELSE function is used to 
define the upper and lower thresholds 
 
CRpop = IF TIME = 0 THEN 0 ELSE (LOGN(INIT(C))-LOGN(C))*V/(N*TIME) ; The population 
clearance rate, if time is zero then the CR is zero because the mussels have not started to filtrate yet. 
 
IR = CRpop*INIT(C) ; The population ingestion rate 

 

  



 

Appendix 2 
The model with parameters taken from the article. The text written in bold indicates 

differences from the previous model in appendix 1. 

 
METHOD RK4 
 
STARTTIME = 0 
STOPTIME=0.16 ; same as in the article 
DT = 0.02 
 
d/dt(C) = -(ARRAYSUM(r[*]))/V*C 
init C = 3.78; Food density in mg chl a l-1 of units of biomass. The five different init C used are; 
3.78, 7.56, 18.9, 37.8 and 50.4 
 
 
{functions} 
 
rmean= 1.856 ; Mean clearance rate in l.h-1.mussel-1. Mean CR rate calculated from the article. 
lnrmean=LOGN(rmean); natural logarithm of rmean 
seed=1 ; added to allow use of the same populations at different INIT C 
lnrsd=0.2145; Standard deviation of natural logarithm of r. Calculated from the article. 
INIT rmax[1..N] = EXP(NORMAL(lnrmean, lnrsd, seed*i)); Initial values for clearance rates of N 
mussels, drawn from a lognormal distribution with mean lnrmean and standard deviation lnrsd 
NEXT rmax[1..N]=rmax[i]; ensures that the same clearance rate as the initial rate is used throughout 
for each individual mussel. 
V=14.4; Volume of clearing experiment in l. Same volume as used in the article 
N=25; number of individual mussels in experiment. Same number as used in the article 
 
cmean = 0.7 ; Mean value for cmin in mg chl a l-1 of units of biomass 
lncmean = LOGN(cmean) ;Natural logarithm of cmean 
lncsd= 0.1 ;Standard deviation of natural logarithm of c 
INIT cmin[1..N] = EXP(NORMAL(lncmean, lncsd, seed*i)); Initial values for cmin, drawn from a 
lognormal distribution with mean lncmean and standard deviation lncsd 
NEXT cmin[1..N]=cmin[i] ;Ensures that the same cmin as the initial is used throughout 
 
cmmean = 8 ; Mean value for cmax in mg chl a l-1 of units of biomass 
lncmmean = LOGN(cmmean) ;natural logarithm of cmmean 
lncmsd = 0.1 ;Standard deviation of natural logarithm of c 
INIT cmax[1..N] = EXP(NORMAL(lncmmean, lncmsd, seed*i)); initial values for cmax, drawn from a 
lognormal distribution with mean lncmmean and standard deviation lncmsd 
NEXT cmax[1..N]=cmax[i] ; ensures that the same cmax as the initial is used throughout 
 
 
r[1..N] = IF C< cmin[i] THEN 0 ELSE IF C<cmax[i] THEN rmax[i] ELSE rmax[i]*cmax[i]/C ; The 
individual clerance rate with a type 1 functional response. The IF, THEN, ELSE function is used to 
define the upper and lower thresholds 
 
CRpop = IF TIME = 0 THEN 0 ELSE (LOGN(INIT(C))-LOGN(C))*V/(N*TIME) ; The population 
clearance rate, if time is zero then the CR is zero because the mussels have not started to filtrate yet. 
 
IR = CRpop*INIT(C) ; The population ingestion rate 
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