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Appendix 1 

In this appendix we present raw Daphnia abundance, Simocephalus (competitor) prevalence, and 

Metschnikowia (disease) prevalence data over time (Fig. A1a–c). Additionally, we provide 

additional model selection and statistical details for Daphnia growth models (Tables A1–A4), 

Simocephalus establishment success (Table A5), and disease epidemic severity (Table A6). Lastly, 

we present a logistic regression of Simocephalus establishment success by peak Daphnia density (b, 

Fig. A2) and linear relationship between disease epidemic severity and peak Daphnia density (Fig. 

A3, Table A7).  

  



 

Figure A1. (a) Daphnia density throughout the experiment for our order of arrival treatments. 

Densities are means ± SE. Solid lines and points represent parasite-free treatments, dashed lines and 

open points are for treatments with parasites. The shaded region was used to estimate Daphnia 

growth rate (b). (b) Prevalence of the competitor Simocephalus throughout the experiment, colors, 

linetypes, and symbols same as (a).  

  



Estimating Daphnia population growth 

We used maximum likelihood to choose between four phenomenological models of Daphnia 

population growth: 

Model 1: Ricker function  

𝑦  ~  𝑏𝑥  𝑒!!"           (1) 

Model 2: Power Ricker function (Persson et al. 1998, Bolker 2008) 
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Model 3: Modified power Ricker 
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         (3) 

Model 4: Modified logistic (Vonesh and Bolker 2005) 

𝑦  ~  𝑎   !! !!!

!!!!" !!!
          (4) 

Equation 1 represents a simple unimodal function of time, with initial rate of increase b and peak at 

1/a. Equation 2 modifies the Ricker function by adding a scaling parameter ε, which affects how 

quickly the maximum growth rate b changes above and below peak abundance at x = a. Equation 3 

modifies Eq. 2 by allowing for a more non-linear dependence on time. Equation 4 is a modification 

of the logistic growth equation that results in a unimodal relationship with time, where ε affects 

initial rate of increase, φ controls the inflection point, β affects the rate of decline, and a adjusts the 

unit scale. We fit these models to population abundance between days 5 and 24 (shaded region in 

supplemental Fig. A1a), which captures initial population growth, peak abundance, and decline. We 

compared the fit of these models to the data using AIC. Model 2, the power Ricker function, fits the 

data best, evidenced by the lowest AIC value and overwhelming weight of evidence (Table A1; 

Burnham and Anderson 2004).  

  



Table A1. Model selection results for Daphnia growth models.  

Model ΔAIC DF weight 

Eq. 2 0 4 0.954 

Eq. 3 6.0 4 0.045 

Eq. 4 46.8 5 <0.001 

Eq. 1 451.9 3 <0.001 

 

We used AIC to determine whether allowing b or ε to vary by treatments improved the fit of this 

model to the data (Table A2). This would tell us whether the peak (b) or shape (ε) of Daphnia 

population growth explained more of the data. We fixed a to its experiment-wide value, because all 

of our Daphnia populations peaked on the same day (Fig. A1a) and this date corresponded to a 

specific sampling event. Three models were similar in AIC (Table A2). All allowed peak density, b, 

to vary by both early and late arriver identity. While allowing ε to vary by particular treatments 

improved the model fit slightly (Table A2), it contributed little on its own. Furthermore, b and ε are 

positively correlated (linear regression, F1,74 = 42.93, p < 0.0001, r2 = 0.355). Accordingly, we 

focused on differences in b to explain the effects of arrival order and parasite presence on dynamics 

in our Daphnia populations. We estimated b for each experimental unit (tank), and used this value 

in a generalized linear mixed effects model. 

  



Table A2. Model selection shows that peak density, b, is the greatest contributor to differences 

among experimental Daphnia populations. 

 

Model ΔAIC DF weight terms 

 

0 8 0.3855 b ~ early:late 

𝑦  ~  𝑏
𝑥
𝑎   𝑒

!!!!
!

 0.4 10 0.3151 b ~ early:late, ε ~ early 

 

1.7 9 0.1663 b ~ early:late, ε ~ parasite 

 

3.6 10 0.0635 b ~ early:late, ε ~ late 

 

3.8 12 0.0575 b ~ early:late, ε ~ early:late 

 

7.5 13 0.0092 b ~ early:late:parasite 

 

10.1 17 0.0024 b ~ early:late, ε ~ early:late:parasite 

 

13.1 6 <0.001 b ~ early 

 

40 8 <0.001 ε ~ early:late 

 

43.5 6 <0.001 ε ~ early 

 

44.1 6 <0.001 b ~ late 

 

46.7 13 <0.001 ε ~ early:late:parasite 

 

51.4 6 <0.001 ε ~ late 

 

55 4 <0.001 null model 

 

56.6 5 <0.001 ε ~ parasite 

 

56.8 5 <0.001 b ~ parasite 

 

  



Generalized linear mixed model results and summary statistics: 

Daphnia growth 

We used a generalized linear mixed effects model to test whether b differed significantly among our 

treatments. We ignored within-tank variation in the estimate of b, leaving the values unweighted. 

Weighting by the standard error of b yields almost identical results (i.e. only switches position of 

models 10 and 6 in Table A3) and does not change our major conclusions. We used these estimates 

of b to test whether the three-way interaction between early arriver identity, late arriver identity, and 

presence or absence of parasites affected Daphnia population growth. This factorial model did not 

include the simultaneous arrival treatments (Table 1), which were not implemented factorially. The 

model contained spatial block as a random effect and a Gaussian error distribution. We used AIC to 

support our removal of non-significant interaction terms; the model selection process is shown in 

Table A3, and summaries for the reduced and full models are shown in Table A4. We used post hoc 

comparisons to test for significant differences in growth rate between all treatments (including the 

simultaneous arrival treatments, all adjusted for multiple comparisons (false discovery rate, 

Benjamini and Hochberg 1995). 

 We performed similar analyses for Simocephalus establishment success and disease 

epidemic severity. Establishment success for the competitor Simocephalus was defined as 

persistence until the end of the experiment (~40 days), and was modeled with a binomial error 

distribution. We used AIC to remove uninformative interaction terms from the model, and present 

the reduced model summary in Table A5. To estimate disease epidemic severity, we integrated 

disease prevalence over time, obtaining the area under the curve using the trapezoid rule. This 

represents the overall burden of disease for each host population. We used a negative binomial error 

distribution to account for overdispersion, and present the full model in Table A6. 

  



Table A3. Model selection for mixed effects models of Daphnia growth rates. ‘Model’ describes 

model formula, identified by ‘id’. ‘ΔAIC’ shows change in AIC value for models relative to the 

lowest AIC value (i.e. best-fitting), ‘DF’ is the degrees of freedom for the model and weight shows 

strength of support. All models include random effect of spatial block. 

 

Model, b ~ … + block(re) id ΔAIC DF weight 

early + late 5 0 5 0.5252 

early + late + parasite 7 1.5 6 0.2519 

early + late + early:late 8 3.5 7 0.0935 

early 2 5.0 4 0.0426 

early + late + parasite + early:late + early:parasite 9 5.2 8 0.0381 

early + late + parasite + early:late + early:parasite + late:parasite 10 6.4 9 0.0211 

early + parasite 6 6.6 5 0.0198 

early*late*parasite 11 8.4 10 0.0078 

late 3 20.8 4 <0.001 

Null 1 23.6 3 <0.001 

parasite 4 25.3 4 <0.001 

 

  



Table A4. Statistical summary table of reduced and full Daphnia growth models. Bold p-values are 

significant at α = 0.05 

 

Reduced model, b ~ early + late + block(re) 

   Fixed effects F DF p 

early 27.1553 1, 54 <0.0001 

late 7.2148 1, 54 0.00959 

Random effects Variance Std. dev. 

 block 13.15 3.63 

 residual 83.97 9.163 

 
    Full model, b ~ early*late*parasite + 

block(re) 

   Fixed effects F DF p 

early 25.3431 1, 49 <0.0001 

late 6.7333 1, 49 0.01245 

parasite 0.4747 1, 49 0.49409 

early:late 0.0168 1, 49 0.89737 

early:parasite 0.1803 1, 49 0.67301 

late:parasite 0.7191 1, 49 0.40056 

early:late:parasite 0.0051 1, 49 0.94321 

Random effects Variance Std. dev. 

 block 12.4 3.52 

 residual 89.97 9.49 

  

  



Table A5. Summary statistics for generalized linear mixed effects model of Simocephalus 

establishment success. Bold p-values are significant at α = 0.05. 

 

Model: Simocephalus establishment (yes/no) ~ … + block(re), binomial error 

Wald χ2-tests, n = 64 

	   	   	  Fixed effects χ2 DF p 

early 4.159 1 0.0414 

late 0.7538 1 0.3853 

parasite 2.856 1 0.0909 

late:parasite 3.661 1 0.0557 

Random effects Variance Std. dev. 

block  0.2372 0.4871 

  

 

 

 

 

Figure A2. Logistic regression of Simocephalus establishment success by peak Daphnia density (b). 

Gray and dashed lines represent treatments with parasites, dark gray and solid lines are parasite-

free. n = 80, logistic regression – b, χ2 = 8.42, p < 0.005; parasite χ2 = 4.72, p < 0.05. 

  



Table A6. Summary statistics for generalized linear mixed effects model of integrated disease 

prevalence (i.e. epidemic size of fungal parasite Metschnikowia bicuspidata). Bold p-values are 

significant at α = 0.05. 

 

Model: Integrated disease prevalence ~ … + block(re), negative binomial 
error 

Wald χ2-tests, n = 29 
	   	   	  Fixed effects χ2 DF p 

	   	   	   	  early 0.9774 1 0.3223 
late 0.1272 1 0.7213 
early:late 6.505 1 0.0108 

    Random effects Variance Std. dev. 
block  0.171 0.4132 

 residual 0.9334 0.9661 
  

 

Figure A3. Epidemic severity is a positive, linear function of peak Daphnia density (b). Symbols 

represent individual tanks, color and shape represent treatments.  



Table 7. Summary statistics for glmm of disease epidemic severity by peak Daphnia population 

density. Residual degrees of freedom given by Kenward–Roger approximation.   

Fixed effects F DF p 

b 9.53 1, 37.05 0.0038 

Random effects Variance Std. dev. 

block 1.48 1.22 

 residual 4.78 2.18 
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