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SUPPLEMENTARY MATERIAL  

 

Statistical analysis of synergistic or antagonistic effects 

The analysis was made in two steps. In a first step, we fitted the data using a generalised 

linear mixed effect model (glme) with a binomial distribution. From the model output, we 

then estimated the probability of mortality due to the fungus treatment, the oil treatment, 

and the combined treatment. In a second step, we estimated the “additive” mortality, i.e., 

the expected mortality when both treatments are applied, but in absence of synergistic or 

antagonistic interactions between the two treatments. The additive mortality is our null 

hypothesis in this test. Then, the “additive” mortality was compared to the observed 

combined mortality (the alternative hypothesis). A positive difference between the 

observed combined mortality and the “additive” mortality indicates a synergistic interaction 

between the treatments, while a negative difference indicates an antagonistic interaction. 

To assess the statistical significance of the difference, we used a parametric bootstrapping 

method based on the glme fit of the first step, to estimate by numerical simulations the 95% 

confidence interval. The details and the R-code are given in the following. 
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Step 1: We fitted the count data of dead and alive beetles with a generalized linear mixed 

effect model with binomial distribution. The explanatory variables are the two treatments 

and their interaction. Note that the explanatory variables are coded as 1 when the 

treatment was applied and 0 when the treatment was not applied. Since the experiment 

was carried out twice, the trial was included as random factor. We used the command 

“glmer” of the library “lme4”. The R-command reads as: 

 

out <- glmer(mortality ~ fungus * oil + (1|trial), family = binomial) 

 

For example, on day 20, the output of the model is: 

summary(out) 

Generalised linear mixed model fit by maximum likelihood (Laplace Approximation) [glmerMod] 

Family: binomial ( logit ) 

Formula: mortality ~ fungus * oil + (1 | trial) 

AIC BIC logLik deviance  df.resid  

100.7 106.4 -45.4 90.7  18 

Scaled residuals:  

Min 1Q Median 3Q Max  

-1.5419 -0.9704 -0.4674 0.3606 3.5890  

Random effects: 

Groups Name Variance  Std.Dev. 

trial(Intercept) 0.05464  0.2338   

Number of obs: 23, groups: trial, 2 

Fixed effects: 

Estimate  Std. Error z value Pr(>|z|) 

(Intercept) -4.0607  1.0219  -3.974 7.08e-05 *** 

fungus  2.6833  1.0491  2.558 0.0105 * 

oil  3.0524  1.0420  2.929 0.0034 ** 

fungus:oil -0.7748  1.1141  -0.695 0.4868 

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

Correlation of Fixed Effects: 

(Intr) fungus oil 

fungus  -0.948  

oil  -0.955 0.930  

fungus:oil 0.893 -0.942 -0.935 
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The estimated parameters are related to the logit of the probability of mortality due to the 

fungus alone (mfungus), the oil alone (moil), and the combined treatment (mcombined) as 

follows: 

 

mfungus = (Intercept) + fungus 

moil = (Intercept) + oil 

mcombined = (Intercept) + fungus + oil + fungus:oil 

 

These logits of mortality probabilities are then transformed into mortality probabilities 

(Mfungus, Moil, and Mcombined) by the formulas 

 

Mfungus = 1 / (1 + exp(-mfungus)) 

Moil = 1 / (1 + exp(-moil)) 

Mcombined = 1 / (1 + exp(-mfcombined)) 

 

Step 2. Based on the inferred mortality probabilities of step 1, we estimated the “additive” 

mortality probability of the fungus and the oil treatment. This “additive” mortality 

probability is given by the formula  

Madditive = Mfungus + Moil x (1 – Mfungus) 

 

 

Then, the “additive” mortality probability was subtracted from the observed combined 

mortality probability as 

 

∆M = Mcombined - Madditive = Mcombined - Mfungus - Moil x (1 – Mfungus) 

 

At this point, it is worth noticing that the difference ∆M is not equal to the interaction 

parameter of step1 model, i.e., ∆M ≠ fungus:oil, and neither to the inverse of the logit of 

the interaction parameter ∆M ≠ 1 / (1 + exp(-fungus:oil)) (as the parameters are on a logit 

scale we may also think that ∆M might be equal to the inverse of the logit of the interaction 

term). For instance in the above example we computed ∆M = 0.296, while the interaction 

term fungus:oil = -0.775 and 1 / (1 + exp(-fungus:oil)) = 0.315. In particular, this implies that 
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the statistical significance of the difference cannot directly be deduced from the glme model 

output. For this reason, we have to numerically simulate the distribution of the difference 

∆M, in order to estimate its 95% confidence interval. The simulation was done as follows. 

 

The four parameters of the glme model ((Intercept), fungus, oil, fungus:oil) follow a 

multivariate Normal (or Gaussian) distribution with mean values given by their estimates 

(fixed-effect estimates) and variance-covariance matrix computed from their standard error 

(fixed-effect std. error) and the correlation (correlation of fixed-effect).1 Both can be 

extracted directly from the summary of the model output by the following R-commands: 

 

 mean values:    summary(out)$coefficient[,1] 

 variance-covariance matrix:  summary(out)$vco 

 

Therefore, we can simulate the distribution of the fitted parameters, which can then be 

cascaded into the computation of the difference in mortality ∆M. This procedure generates 

the distribution of the difference ∆M, from which we extracted the 95% confidence interval. 

We used the library “mvtnorm” to simulate the parameters from a Normal multivariate 

distribution.2, 3 The R-code for the simulation reads as follows: 

 

library(mvtnorm) #library for multivariate Normal distribution 

N_sim <- 10000 #number of simulations 

deltaM <- rep(NA,N_sim) #vector to store the output of the simulation 

#loop for the simulation 

for (i in 1:N_sim){ 

#drawing the model parameters 

t <- rmvnorm(1,mean = summary(out)$coefficient[,1],sigma = as.matrix(summary(out)$vco)) 

#computation of mortality probability logit 

m_fungus <- t[1] + t[2] 

m_oil <- t[1] + t[3] 

m_combined <- t[1] + t[2] + t[3] + t[4] 

#computation of mortality probability 

M_fungus <- 1 / (1+exp(-m_fungus)) 

M_oil <- 1 / (1+exp(-m_oil)) 

M_combined <- 1 / (1+exp(-m_combined)) 
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#compute the difference between the combined and the "additive" mortality probability 

deltaM[i] <- M_combined - M_fungus - M_oil * (1-M_fungus) 

} 

 

Then, we can draw the histogram of the simulated distribution of the difference ∆M. For 

example, with the data on day 20, we obtained the following distribution. The red dashed 

vertical lines correspond to the 95% C.I., and the red vertical line gives the value of ∆M. 

 

 
 

The 95% confidence interval can be extracted as follows: 

sort(deltaM)[0.025*N_sim] #lower bound of the 95% C.I. 

sort(deltaM)[0.975*N_sim] #upper bound of the 95% C.I. 
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