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S1 Detection of A. astaci DNA in Experiments 1 and 216

Total DNA was isolated from the uropods and/or abdominal cuticle of each cray�sh (both euthanized and those17

that died during the experiment) using the modi�ed standard NucleoSpin R© Microbial DNA kit protocol (Macherey18

Nagel, Germany). Cuticle samples were lysed by agitation on a Vortex Mixer (Corning, USA) for 30 min (medium19

strength), using Macherey Nagel Bead Tubes Type B provided in the kit. To increase the concentration of the �nal20

sample, initial 100 µl DNA eluate was used for a second elution from the column. The quality of the isolated DNA21

was tested by electrophoresis in 1% agarose gel.22

The detection of pathogen DNA in the cray�sh cuticle was performed by PCR-based assay using the speci�c23

primers 42 (5′ GCT TGT GCT GAG GAT GTTCT 3′) and 640 (5′ CTA TCC GAC TCC GCA TTC TG 3′) which24

amplify the ITS (Internal Transcribed Spacer) region of the A. astaci 5.8 rRNA gene, were used (Oidtmann et al.,25

2006). Ampli�cation success, i.e. presence or absence of fragment of expected size (569 bp) was tested using 2%26

agarose gel electrophoresis.27
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S2 Primers used for ampli�cation of innate immunity and metabolic28

genes29

Table S2.1: Primers for the ampli�cation of innate immunity and metabolic genes. ProPO - prophenoloxidase,
C/EBP-β - CCAAT/enhancer-binding protein beta, EF1α - Elongation factor 1-α, GAPDH - Glyceraldehyde 3-
phosphate dehydrogenase, CS - citrate synthase.

Primer name Sequence (5′-3′) Length Tm GC% Prod. Primer

Len. e�ciency (%)

ProPO-F ACTGGCATCTCGTTTACCCC 20 59.75 55
98 96

ProPO-R GTCGTACCTAGCGACCATCTG 21 60 57.14

C/EBP-β-F AGTGGTTGAAAGGCACGACG 20 61.16 55
99 108

C/EBP-β-R AAACGCCAGCTCCGTACC 18 60.05 61.11

EF1α-F CTGGTACTGGAGAGTTTGAAGC 22 58.67 50
99 90

EF1α-R CAACAACGAGCTGCTTGAC 19 57.56 52.63

GAPDH-F GCCACCCAGAAAACTGTTGA 20 58.6 50
100 106

GAPDH-R CCTTAGCAGCACCAGTGGAA 20 59.96 55

CS-F ACCTCACAATTCACAGTGACCA 22 59.83 45.45
102 108

CS-R CAGCAGCAAATGCGAGGTA 19 58.53 52.63
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S3 Linear multilevel modelling30

The technique of multilevel modeling (MLM) was used for data analysis (Monsalves et al., 2020; Peugh, 2010) to31

provide answers to growth-related research questions: (a) what average growth trajectory best describes the rate32

of growth over time for all cray�sh, (b) what is the variability in growth rates across cray�sh, and �nally (c) do A.33

astaci infection and food availability explain variability in growth rates?34

S3.1 Methods35

Linear multilevel modelling (MLM) with two levels (Table S3.1) was used to estimate random and �xed rates of36

weight and length gain over time, and to assess the in�uence of predictors, such as food availability and A. astaci37

zoospore concentration, on cray�sh growth. Multilevel models are conceptually similar to regressions. However,38

in ordinary regressions the parameters (intercept and slope) are generally �xed values estimated from the sample39

(�xed e�ect), whereas in multilevel models the parameters may vary due to inter-individual di�erences (random40

e�ect).41

Table S3.1: Summary of data and variables at two levels in this study design.

Level Subindex Independant Dependant

variables variables

1 timepoint t = 0, 1, 2, ..., n∗ TIMEti Y 1
ti = WEIGHT

Y 2
ti = LENGTH

2 individua i = 1, 2, ...,m∗∗ PLAGUEi

FOODi

∗ n = 9 (Experiment 1); 6 (Experiment 2)

∗∗ m = 55 (Experiment 1); 60 (Experiment 2)

MLM framework used in this study is a family of three nested models for Experiment 1 and four nested models42

for Experiment 2. In the model selection procedure for Experiment 1, we �rst start with the simplest form of the43

model with �xed and random intercepts (unconditional means model, Model 1). In each advanced version of the44

model, a new aspect is added to the model, such as �xed and random slope (Model 2) and conditional growth45

due to A. astaci infection (Model 3). Each new model is compared with the previous model to evaluate the better46

model �t, i.e., to assess the contribution of the added aspect to the model through ANOVA, using the most common47

statistics such as the chi-square likelihood ratio test (χ2), the Akaike information criterion (AIC), and the Bayesian48

information criterion (BIC). The �rst two steps in model selection procedure in Experiment 2 were similar to those49

in Experiment 1. Additionally, in Experiment 2, Model 3 captures conditional growth due to food availability, and50

Model 4 captures conditional growth due to food availability and A. astaci infection.51
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MLM models were built using the lme4 package (optimizer: bobyqa) in R (Bates et al., 2015). A detailed52

speci�cation of all data levels, model variables, and model equations is provided below.53

Model 1: The simplest model used in this study is Unconditional means model (null-model)54

Level 1 : Yti = β0i + rti (1)

Level 2 : β0i = γ00 + u0i (2)

where for each cray�sh i, the observed size in time t is modeled as the sum of mean size during the growth (β0i) and55

residual rti that re�ects the di�erences between observed and predicted size during the growth. Each individual's56

mean size during the growth (β0i) is modelled as mean size of all cray�sh (γ00; �xed e�ect) and term u01 (random57

e�ect) that re�ects deviations of individual's mean size around grand-mean γ00. Combined equations (1) and (2)58

yield the following form of the model:59

Yti = γ00 + u0i + rti . (3)

The slope of this linear model is zero.60

Model 2: Adding the predictor TIME to Model 1 allows us to predict the growth trajectory with a line whose61

slope can be di�erent from zero:62

Level 1 : Yti = β0i + β1iTIMEti + rti (4)

Level 2 : β0i = γ00 + u0i (5)

Level 2 : β1i = γ10 + u1i . (6)

The interpretation of model parameters is changed with respect to the Model 1: β0i now re�ects initial size of63

cray�sh at time t = 0, while intercept γ00 represents grand mean of all cray�sh at time t = 0. New term β1i re�ects64

how each individual's size changes over time and it is modelled as grand-mean rate of growth in time (slope) of all65

cray�sh γ10 and residual term u1i that re�ects individual cray�sh di�erences in size change around the grand-mean.66

Combined equations (4), (5) and (6) form the model:67

Yti = γ00 + γ10TIMEti + u0i + u1iTIMEti + rti (7)

Parameters β0i and β1i estimate �xed e�ects, while parameters u0i and u1i estimate random e�ect.68
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Model 3A: Model 3A is conditional model where predictor variable PLAGUE is added to Model 2 to explain69

intercept and slope variance:70

Level 1 : Yti = β0i + β1iTIMEti + rti (8)

Level 2 : β0i = γ00 + γ01PLAGUEi + u0i (9)

Level 2 : β1i = γ10 + γ11PLAGUEi + u1i (10)

Adding categorical predictor variable changes interpretation of γ00 and γ10 parameters. Since R defaults to the71

dummy coding system of the categorical variable PLAGUE, γ00 represents the mean size of cray�sh in the Control72

group at time t = 0, while γ00 + γ
(7500)
01 and γ00 + γ

(15000)
01 represent mean size of cray�sh in two infected groups in73

Experiment 1 at time t = 0. Similarly, γ10 represents the the mean slope of size growth in the Control group, while74

γ10 + γ
(7500)
11 and γ10 + γ

(15000)
11 represent the mean slope of size growth in infected groups, respectively. Equations75

(8), (9) and (10) yield the following combined model equation:76

Yti = γ00 + γ01PLAGUEi + γ10TIMEti + γ11PLAGUEi · TIMEti + u0i + u1iTIMEti + rti , (11)

where γ00, γ01, γ10 and γ11 are �xed e�ect parameters, while u0i and u1i are random e�ects parameters that re�ect77

individual cray�sh di�erences.78

Model 3B: Model 3B is version of Model 3A in which the 3-level variable PLAGUE is replaced by the 2-level79

variable FOOD.80

Model 4: The most complex in this family of models is Model 4, in which the predictor variable PLAGUE is81

added to Model 3B. Since one of the study objectives was to investigate the interaction between food and infection82

on the growth of cray�sh, the mathematical interaction term between FOOD and PLAGUE is also added to the83

model equations:84

Level 1 : Yti = β0i + β1iTIMEti + rti (12)

Level 2 : β0i = γ00 + γ01PLAGUEi + γ02FOODi + γ03PLAGUEi · FOODi + u0i (13)

Level 2 : β1i = γ10 + γ11PLAGUEi + γ12FOODi + γ13PLAGUEi · FOODi + u1i (14)
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The �nal form of Model 4 is obtained by joining the equations (12), (13) and (14):85

Yti = γ00 + γ01PLAGUEi + γ02FOODi + γ10TIMEti +

+ γ11PLAGUEi · TIMEti + γ12FOODi · TIMEti + γ03PLAGUEi · FOODi + (15)

+ γ13PLAGUEi · FOODi · TIMEti + u0i + u1iTIMEti + rti .

The random e�ects used in Models 1-4 are assumed to be normally distributed and independent from the error86

distribution. The variance of the rti is denoted by σ2, the variance of the u0i is denoted by τ00 and the variance of87

the u1i is denoted by τ11. Finally, nested models used in the data analysis are:88

EXPERIMENT 1: Model 1 Model 2 Model 3A

EXPERIMENT 2: Model 1 Model 2 Model 3B Model 4
89

S3.2 Results: EXPERIMENT 190

Rate of growth All three nested MLM models - (i) unconditional means model (Model 1, null- model), (ii) linear91

growth model with random slope and intercept (Model 2, intermediate model), and (iii) conditional growth model92

(Model 3A, �nal model) - were built upon the longitudinal data-set on weight and length measured in Experiment93

1. The model selection procedure of ANOVA detected an increase in model predictability with each added feature,94

and identi�ed Model 3 to have the best model structure in terms of the obtained goodness of �t value and the95

number of model parameters used (Table S3.2, Table S4.2 A).96

The assessment of �xed e�ects in the Model 3 (Table S3.2; Table S4.2 BC) showed that there was no signi�cant97

di�erence in weight between the groups at the beginning of the experiment. This is due to γ01 levels which are98

found not to be signi�cant, despite the fact that intercept values for the 7500-group and the 15000-group (γ00 +99

γ01 = 136.6 and 160.5 mg, respectively) di�ered slightly from the mean weight value of the control group (γ00 =100

155.7 mg) at the start of experiment (Figure 2B). Weight increased signi�cantly in all groups, but at di�erent rates.101

Due to signi�cant interaction term (γ11), the growth rate (i.e., the slope coe�cient) of the control group γ10 =102

12.7 mg/wk was signi�cantly higher than the growth rates in the 7500-group and the 1500-group (γ10 + γ11 = 10.2103

mg/wk and 9.5 mg/wk, respectively), indicating a signi�cant e�ect of A. astaci infection on growth rate. Variance104

component estimates showed (Table S3.2; Table S4.2 D): signi�cant variance of observed versus predicted growth105

within cray�sh (σ2 = 313.8 mg2), signi�cant variance of weight at start (τ00 = 2040.0 mg2), small - but signi�cant106
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Table S3.2: Summary of nested multilevel regression models (MLMs) for the cray�sh growth in Experiment 1.
Model structures are given in SI Section C, values in parentheses represent 95% con�dence intervals (CIs), and
bold values denote statistical signi�cance of �xed e�ects at p < 0.001. For a detailed statistical analysis of model
selection, goodness of �t, and signi�cance of model parameters, see Table S4.2 and Figure S4.2.

Model 1 Model 2 Model 3

Parameters Value of category (95% CI)

Regression coe�cients (�xed e�ects)

A Intercept (γ00) 234.8 (221.6, 247.7) 150.3 (137.5, 163.2) 155.7 (131.8, 179.6)

B Time (γ10) - 10.7 (10.1, 11.2) 12.7 (11.9, 13.4)

C Plague (γ01)

Control - - Reference A

7500 - - -19.1 (-50.7, 12.5)

15000 - - 4.8 (-26.9, 36.4)

D Interaction (γ11)

Time:Control - - Reference B

Time:7500 - - -2.5 (-3.5, -1.5)

Time:15000 - - -3.2 (-4.2, -2.2)

Variance components (random e�ects)a

Residual (σ) 64.9 (60.7, 69.6) 17.7 (16.5, 19.1) 17.7 (16.5, 19.1)

Intercept (
√
τ00) 42.6 (33.1, 55.0) 46.5 (38.6, 57.3) 45.2 (37.4, 55.7)

Slope (
√
τ11) - 1.7 (1.3, 2.2) 1.0 (0.5, 1.4)

Correlation - -0.36 (-0.61, -0.04) -0.58 (-0.85, -0.22)

Model summary

ICCb 0.30 0.87 0.87

LogLikb -2636.1 -2130.9 -2109.6

Deviance 5272.2 4261.7 4219.2

AICb 5278.2 4273.7 4239.2

BICb 5290.6 4298.5 4280.6

a Variance components are given in the square-rooted form

b Intralevel correlation coe�cient (ICC), Log-likelihood (LogLik), Akaike information

criterion (AIC), Bayesian information criterion (BIC)

slope variance across cray�sh (τ11 = 1.0 mg2wk−2), and a negative covariance relationship between intercept and107

slope.108

S3.3 Results: EXPERIMENT 2109

Rate of growth The set of four nested models - (1) unconditional means model (Model 1, null-model); (2) linear110

growth model with random slope and intercept (Model 2); (3) linear growth model conditional on food (Model 3B);111

and (4) linear growth model conditional on food and A.astaci infection (Model 4) - were compared by ANOVA to112

con�rm that each additional variable contributed to the predictive ability of the model. Model 4 was identi�ed to113

have the best model structure in terms of the goodness-of-�t value obtained and the number of model parameters114
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used (Table S3.3, Table S5.2 A.)115

The �xed-e�ects assessment in the Model 4 (Table S3.3; Table S5.2 BC) showed no signi�cant di�erence in weight116

between groups at the beginning of the experiment (see also Figure 3B). This is due to the statistical insigni�cance117

of the main e�ects of food (γ01), infection (γ02), and food:infection interaction (γ03) in the model (Table S3.3). This118

result is consistent with the randomized design of the groups at the start of experiment, which were characterized119

by the similar size distribution of cray�sh.120

The e�ects of food and A. astaci infection became signi�cant when combined with time (Table S3.3; Table S5.2121

BC) resulting in the signi�cantly di�erent growth rates (i.e., linear slopes) under di�erent experimental conditions.122

The e�ect of food on growth rate was stronger than the e�ect of A. astaci infection: the average growth rate123

of control (non-infected) cray�sh fed �ve times a week was 30.8 mg/wk (γ10), compared with an average growth124

rate of 21.0 mg/wk (γ10 + γ12) for infected cray�sh under the same feeding regime and average growth rate of 2.5125

mg/wk for food-restricted control cray�sh group (γ10 + γ11). The average growth rate of infected food-restricted126

individuals was 0.2 mg/wk (γ10 + γ11 + γ12 + γ13). The decrease in growth rate due to infection was higher when127

food was abundant (i.e., feeding regime �ve times per week; γ12) than when food was restricted (i.e., feeding once128

a week; γ12+ γ13), due to a signi�cant three-way interaction term between time, food and A. astaci infection (γ13).129

Variance component estimates showed (Table S3.3; Table S5.2 D): signi�cant variance of observed versus predicted130

growth within cray�sh (σ2 = 509.5 mg2), signi�cant variance of weight between cray�sh at the start of experiment131

(τ00 = 9550.9 mg2) and small - but signi�cant - slope variance across cray�sh (τ11 = 6.1 mg2wk−2).132
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Table S3.3: Summary of nested multilevel regression models (MLMs) for the cray�sh growth in Experiment 2.
Model structures are given in SI Section C, values in parentheses represent 95% con�dence intervals (CIs) and
bold values denote statistical signi�cance of �xed e�ects at p < 0.001. For a detailed statistical analysis of model
selection, goodness of �t, and signi�cance of model parameters, see Table S5.2 and Figure S5.2.

Model 1 Model 2 Model 3 Model 4

Parameters Value of category (95% CI)

Regression coe�cients (�xed e�ects)

A Intercept (γ00) 349.5 (320.1, 378.5) 283.8 (258,1, 309,5) 277.0 (240.9, 313.2) 276.8 (225.8, 327.7)

B Time (γ10) - 14.2 (10.5, 17.9) 26.5 (24.5, 28.5) 30.8 (28.9, 32.7)

C Food (γ01)

5x wk - - Reference A Reference A

1x wk - - 14.3 (-36.9, 65.4) 17.7 (-54.4, 89.7)

D Plague (γ02)

Control - - - Reference A

15000 - - - 1.0 (-71.1, 73.1)

E Time*Food (γ11)

Time:5x wk - - Reference B Reference B

Time:1x wk - - -24.8 (-27.7, -21.9) -28.3 (-31.0, -25.7)

F Time*Plague (γ12)

Time:Control - - - Reference B

Time:15000 - - - -9.8 (-12.6, -6.9)

G Food*Plague (γ03)

5x wk:Control - - - Reference A/C/D

5x wk:15000 - - - Reference A/C/D

1x wk:Control - - - Reference A/C/D

1x wk:15000 - - - -6.6 (-108.6, 95.4)

H Time*Food*Plague (γ13)

Time:5x wk:Control - - - Reference B/E/F

Time:5x wk:15000 - - - Reference B/E/F

Time:1x wk:Control - - - Reference B/E/F

Time:1x wk:15000 - - - 7.5 (3.4, 11.6)

Variance components (random e�ects)a

Residual (σ) 76.0 (69.9, 83.0) 22.2 (20.2, 24.5) 22.6 (20.6, 24.9) 22.6 (20.6, 24.9)

Intercept (
√
τ00) 107.8 (88.9, 132.7) 98.5 (82.76, 119.7) 98.0 (82.3, 119.1) 97.7 (82.1, 118.7)

Slope (
√
τ11) - 13.4 (11.1, 16.6) 4.4 (3.4, 5.8) 2.5 (1.3, 3.6)

Correlation - -0.17 (-0.41, 0.10) -0.27 (-0.53, 0.04) -0.37 (-0.69, 0.03)

Model summary

ICCb 0.67 0.95 0.95 0.95

LogLikb -1923.9 -1678.6 -1628.9 -1609.8

Deviance 3847.8 3357.2 3257.8 3219.6

AICb 3853.8 3369.2 3273.8 3243.6

BICb 3865.1 3391.9 3304.0 3288.9

a Variance components are given in the square-rooted form

b Intralevel correlation coe�cient (ICC), Log-likelihood (LogLik), Akaike information criterion (AIC), Bayesian

information criterion (BIC)

10



S4 Statistical support for EXPERIMENT 1133

Table S4.1: Descriptive statistics (panels A/B), results of robust ANOVA (C/D), and post-hoc testing (E/F) for
response variables in Experiment 1: weight/length.
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Figure S4.1: E�ects of repeated infection of marbled cray�sh juveniles using two A. astaci zoospore concentrations
(7500 and 15000 zoospore/ml) on (A) total length gain (total growth), and (B) rate of length increment (rate
of growth). Signi�cant di�erences in panel A are marked with di�erent letters, errorbars represent 95% con�dence
intervals (CIs) around the mean.
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(a) Prediction based on �xed e�ects

(b) Prediction based on �xed and random e�ects

Figure S4.2: Measured temporal trajectories of weight in Experiment 1 and predicted trajectories by �nal MLM
model (Model 3A).
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Table S4.2: MLM model selection procedure for response variable weight in Experiment 1 (A). Summary statistics
for �nal Model 3A: (B) Analysis of deviance, (C) Analysis of variance, and (D) Summary statistics of random and
�xed e�ects.
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(a) Prediction based on �xed e�ects

(b) Prediction based on �xed and random e�ects

Figure S4.3: Measured temporal trajectories of length in Experiment 1 and predicted trajectories by �nal MLM
model (Model 3A).
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Table S4.3: MLM model selection procedure for response variable length in Experiment 1 (A). Summary statistics
for �nal Model 3A: (B) Analysis of deviance, (C) Analysis of variance, and (D) Summary statistics of random and
�xed e�ects.
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S5 Statistical support for EXPERIMENT 2134

Table S5.1: Descriptive statistics (panels A/B), results of robust ANOVA (C/E), and post-hoc testing (D/F) for
response variables in Experiment 2: weight/length.
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Figure S5.1: E�ects of repeated infection of marbled cray�sh juveniles with 15000 zoospore/ml of A. astaci under
two feeding regimes (once a week and �ve times a week) on: A) total length gain, and B) rate of length increment.
Signi�cant di�erences in panel A are marked with di�erent letters, errorbars represent 95% con�dence intervals (CIs)
around the mean.
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(a) Prediction based on �xed e�ects

(b) Prediction based on �xed and random e�ects

Figure S5.2: Measured temporal trajectories of weight in Experiment 2 and predicted trajectories by �nal MLM
model (Model 4).
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Table S5.2: MLM model selection procedure for response variable weight in Experiment 2 (A). Summary statistics
for �nal Model 4: (B) Analysis of deviance, (C) Analysis of variance, and (D) Summary statistics of random and
�xed e�ects.
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(a) Prediction based on �xed e�ects

(b) Prediction based on �xed and random e�ects

Figure S5.3: Measured temporal trajectories of length in Experiment 2 and predicted trajectories by �nal MLM
model (Model 4).
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Table S5.3: MLM model selection procedure for response variable length in Experiment 2 (A). Summary statistics
for �nal Model 4: (B) Analysis of deviance, (C) Analysis of variance, and (D) Summary statistics of random and
�xed e�ects.
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Table S5.4: Summary statistics for expression level (log2 (Fold change)) of CS, GAPDH, C/EBP-β and ProPO
genes.
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Table S5.5: Fisher's exact test (A) and pairwise post-hoc comparisons (B) for the proportion of dead cray�sh at
the end of Experiment 2.
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