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SUPPLEMENTARY METHODS  
 

Habitat suitability modelling using generalized additive models 

In addition to the habitat suitability modelling using Maxent, four generalized additive models 

(GAMs) were built using R, R studio and the mgcv, mass, corrplot, raster and ggplot2 

packages [26,27,43–47]. This was done for comparison purposes to produce habitat suitability 

results based on more classical statistical modelling approaches that do not rely on machine-

learning methods (i.e. Maxent). First, descriptive statistics were calculated and correlations 

between the independent variables were specified, after which the GAMs were built and 

sensitivity analyses were performed. Given the models from Maxent and the GAMs being 

build up in different ways, regarding each different dependent variable – all pathogens 

together and separately (Borrelia, Rickettsia and Anaplasma/Ehrlichia) – the models from 

Maxent and the GAMS are considered complementary to each other.   

Correlations  

In the GAM analysis, to identify multicollinearity issues among spatial determinants, 

the correlations between all these variables was investigated in a correlation matrix 

(Supplementary Figure S1). If the correlation between two variables was higher than  

(-)0.9, a choice was made between the two variables based on substantive grounds of 

relevance for the analysis. This led to the exclusion of Bio 5, Bio 10, Bio 11, Bio 13, Bio 16, 

Bio 17 and Bio 19 from the analyses, unless these variables had already proven to be 

important in the Maxent models. Therefore, Bio 11 was included in the analyses for the 

pathogens.  

Modelling  

Initially, for every dependent variable – pathogens, Borrelia species, Rickettsia species 

and Anaplasma/Ehrlichia species – a GAM was chosen over a generalized linear model 

(GLM), because data from the literature made it plausible for a relation between the 
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dependent and the independent variables to be represented by a non-linear curve, thus 

showing a potential optimal range for the spatial determinants in connection to the occurrence 

of the dependent variable. Regarding pathogens, Borrelia, Rickettsia and 

Anaplasma/Ehrlichia species, four GAMs were produced, which, considering the outcome of 

the dependent variables, were assigned to the family ‘Binomial’.  

Modelling started with a univariable regression analysis; the results can be found in 

the supplementary material (Supplementary Table S8 – Table S11). A p-value forming the 

cut-off value was decided upon, resulting in a maximum of ten independent variables for the 

next modelling step. This led to a cut-off value of p < 0.10 for pathogens in general, p < 0.15 

for Borrelia species, p <0.05 for Rickettsia species and p < 0.15 for Anaplasma/Ehrlichia 

species. The model fit determined the order of importance of the remaining independent 

variables for the next modelling step. In order to generate final models for the dependent 

variables, forward and backward selection based on the Akaike information criterion (AIC) 

was performed on the remaining independent variables. Number of ticks was used as an offset 

variable when generating the final models for pathogens, Borrelia, Rickettsia and 

Anaplasma/Ehrlichia species, since the number of ticks collected varied per sampling 

moment and considering that higher numbers of ticks would lead to a higher probability of 

finding pathogens. Of the final models generated per dependent variable, by both forward and 

backward selection, the model with the lowest AIC was taken as the most important final 

model. Then, based on these final models, the resulting habitat suitability maps were created.  

Sensitivity analyses  

Model assumptions related to multicollinearity, potential influential outliers and 

linearity, independence and homoscedasticity of the residuals were checked for all final 

models. When the variance inflation factors (VIFs) were higher than 4.00 and therefore 

indicated possible problematic multicollinearity, the variable with the high(est) VIF was 
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removed from the model and the AIC and VIFs of the new model were checked, in order to 

see if the model improved. When Cook’s distance was greater than 1.00 and thus indicative of 

a potential influential outlier, the observation was removed from the dataset and the model 

rerun and results compared. When the final model did not change, it was seen as reliable. 

Furthermore, it was checked for all final models, whether smooth terms or linear terms had 

the best fit to the data, by means of an ANOVA.  
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SUPPLEMENTARY RESULTS  
 

GAM results for presence of pathogen-carrying ticks  

The spatial determinants that were most important in the GAM for pathogen-carrying 

ticks were Bio 4 and NDVI in springtime. Both forward and backward selection led to the 

same final model, with linear terms (p-value ANOVA was 0.17) and an AIC of 92.31. Bio 4 

and NDVI in springtime both showed a positive association with pathogen-carrying ticks. 

Supplementary Figure S2 shows the habitat suitability map based on the GAM. Model 

assumptions were met and there were no indications for potential influential outliers (VIF Bio 

4 and NDVI in spring: 1.01, Cook’s distance of 0.26). 

 

GAM results for presence of Borrelia-carrying ticks 

The spatial determinants that were most important in the GAM for Borrelia-carrying 

ticks were Bio 1 and Bio 7. Forward selection led to the final model, with smooth terms (p-

value ANOVA was 0.00023) and an AIC of 123.87. Given the smooth terms, the GAM did 

not show indications regarding the association between the spatial determinants and Borrelia-

carrying ticks. Supplementary Figure S2 shows the habitat suitability map based on the GAM. 

Initially, Bio 2 was included in the final model, but this spatial determinant was removed due 

to a VIF of 4.72. Furthermore, given a Cook’s distance of 12.96, a potential influential outlier 

in the form of data from site 5038, was removed. After this, the model was rerun. Model 

assumptions were then met and there were no more indications for potential influential 

outliers (VIF Bio 1 and Bio 7: 1.39, Cook’s distance of 0.30).  

 

GAM results for presence of Rickettsia-carrying ticks    

The spatial determinants that were most important in the GAM for Rickettsia-carrying 

ticks were Bio 4 and Bio 8. Forward selection led to the final model, with linear terms (p-
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value ANOVA was 0.137) and an AIC of 84.54. Temperature seasonality and mean 

temperature of wettest quarter both showed a positive association with the presence of 

Rickettsia-carrying ticks. Supplementary Figure S2 shows the habitat suitability map based on 

the GAM. Model assumptions were met and there were no indications for potential influential 

outliers (VIF Biovars 4 and Biovars 8: 1.19, Cook’s distance of 0.25).  

 

GAM results for presence of Anaplasma/Ehrlichia-carrying ticks 

The spatial determinants that were most important in the GAM for 

Anaplasma/Ehrlichia -carrying ticks were Bio 18 and Bio 7. Backward selection led to the 

final model, with smooth terms (p-value ANOVA was 0.0029) and an AIC of 80.84. Given 

the smooth terms, the GAM did not show indications of association between the spatial 

determinants and Ehrlichia-carrying ticks. Supplementary Figure S2 shows the habitat 

suitability map based on the GAM. Given a Cook’s distance of 1.64, a potential influential 

outlier in the form of data from site 5038, was removed. Model assumptions were then met 

and there were no more indications for potential influential outliers (VIF Bio 18 and Bio 7: 

1.37, Cook’s distance of 0.84).  
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SUPPLEMENTARY TABLES  
Supplementary Table S1. Latitude and longitude in World Geodetic System 1984 (WGS84) 
of each sampling site.   
 
Site(ID) WGS84Latitude WGS84Longitude 

5000 46.1442 11.9521 

5001 46.1993037 12.1253363 

5002 46.1825 12.195 

5003 46.478346 12.448012 

5004 46.158888 12.0573201 

5005 46.032543 12.009134 

5006 46.130056 12.310583 

5009 46.106111 12.287778 

5014 46.136444 12.367389 

5017 46.0603207 11.913008 

5018 46.0539569 12.2283882 

5019 46.139861 12.351278 

5026 46.29261 12.80602 

5038 45.6415 11.12927 

5041 45.98786 12.21527 

5044 46.40963 13.18198 

5074 46.092943 12.221204 

5079 46.104861 12.441278 

5080 46.067969 11.830914 

5084 46.308424 12.010278 

5091 46.1882798 12.0387767 

5092 46.1774617 12.1896286 
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5093 46.2426104 12.3038316 

5094 46.1697452 12.1151069 

5095 46.1088134 12.2840926 

5096 46.1367489 12.2593797 
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Supplementary Table S2. PCR systems used for tick-borne pathogen detection. 
 

Specie Target Name Sequence Lenght 

(bp) 

Use Reference 

Borrelia spp 23S 

rRNA 

Bo_bu_sl_23S

_F 

GAGTCTTAAAAGGGCGATTTA

GT 

73 Screening by real-

time PCR 

 

[48] 

Bo_bu_sl-

23S_R 

CTTCAGCCTGGCCATAAATAG 

 

Borrelia spp Fla FlaB280F GCAGTTCARTCAGGTAACGG 645 Nested-PCR and 

sequencing 

[49] 

FlaRL GCAATCATAGCCATTGCAGATT

GT 

flaB_737F GCATCAACTGTRGTTGTAACAT

TAACAGG 

407 

FlaLL ACATATTCAGATGCAGACAGA

GGT 
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Anaplasma spp 16S 

rRNA 

Ana_spp_16S_

F 

CTTAGGGTTGTAAAACTCTTTC

AG 

160 Screening by real-

time PCR 

[48]  

 

 Ana_spp_16S_

R 

CTTTAACTTACCAAACCGCCTA

C 

  

A. phagocytophilum msp2 An_ph_msp2_

F 

GCTATGGAAGGCAGTGTTGG 77 Screening by real-

time PCR 

[50] 

An_ph_msp2_

R 

GTCTTGAAGCGCTCGTAACC 

  

Anaplasma / Ehrlichia  16S 

rRNA 

EHR1 GAACGAACGCTGGCGGCAAGC ND / 

693 

Nested-PCR and 

sequencing 

[51] 

EHR2 AGT AYC GRA CCA GAT AGC 

CGC   

EHR3 TGCATAGGAATCTACCTAGTAG 629 / 

592 EHR4 AGT AYC GRA CCA GAT AGC 

CGC 
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Rickettsia spp. gltA Rick_spp_gltA

_F 

GTCGCAAATGTTCACGGTACTT 78 Screening by real-

time PCR 

[48] 

 

Rick_spp_gltA

_R 

TCTTCGTGCATTTCTTTCCATTG 

  

Rickettsia spp. 1 citrate 

synthase 

Rsfg877 GGG GGC CTG CTC ACG GCG G 381 PCR and 

sequencing 

[52] 

Rsfg1258 ATT GCA AAA AGT ACA GTG 

AAC A 

Rickettsia spp. 2 OmpB Rc.rompB.436

2p 

GTCAGCGTTACTTCTTCGATGC 475 Nested-PCR and 

sequencing 

[53] 

Rc.rompB.4,83

6n 

CCGTACTCCATCTTAGCATCAG 

Rc.rompB.4,49

6p 

CCAATGGCAGGACTTAGCTACT 267 

Rc.rompB.4,76

2n 

AGGCTGGCTGATACACGGAGT

AA 
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Babesia/Theileria 18S 

rRNA 

RLB-F2 GACACAGGGAGGTAGTGACAA 400 Screening by 

PCR and 

sequencing 

[54] 

RLB-R2 CTAAGAATTTCACCTCTGACAG

T 

Ixodes ricinus 

(Nucleic acid extraction 

control) 

18S 

ribosoma

l RNA 

F-16sIxodes AAAAAAATACTCTAGGGATAA

CAGCGTAA 

97 Screening by real-

time PCR 

[20] 

R-16sIxodes ACCAAAAAAGAATCCTAATCC

AACA 

  

TBEV 3’ non-

coding 

region 

F-TBE 1 GGGCGGTTCTTGTTCTCC 67 Screening by real-

time PCR 

[20] 

R-TBE 1 ACACATCACCTCCTTGTCAGAC

T 

  

CCHFV S 

segment 

CCHFV NF CAAGGGGTACCAAGAAAATGA

AGAAGGC 

181 Screening by real-

time PCR 

[55] 

CCHFV NR GCCACAGGGATTGTTCCAAAG

CAGAC 
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Supplementary Table S3. Descriptive statistics tick data. 
 
 
Statistics  Ticks Total  Larves Nymphes Males Females  

Mean  29.84 4.70 22.88 1.18 1.09 

Standard 

Deviation  
47.15 17.95 38.08 1.86 2.29 

Median  9 0 7 0 0 

First quartile 2 0 2 0 0 

Third quartile 33 0 27 2 1 

Minimum 1 0 0 0 0 

Maximum 256 124 206 8 15 

Range   255 124 206 8 15 

 
n = 105 sampling moments 
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Supplementary Table S4. Presence of pathogens per tick life stage. 
 

  
Percentage of sampling moments 

(n/N) 

No pathogen detected in any stadium 36% (35/98) 

Pathogen presence solely in larvae stadium 3% (3/98) 

Pathogen presence solely in nymph stadium 38% (37/98) 

Pathogen presence solely in adult stadium 8% (8/98) 

Pathogen presence in larvae and nymph stadium 2% (2/98) 

Pathogen presence in larvae and adult stadium 0% (0/98) 

Pathogen presence in nymph and adult stadium 8% (8/98) 

Pathogen presence in all stadia (larvae, nymph, 

adult)  
2% (2/98) 
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Supplementary Table S5. Presence of pathogens at each sampling site. 
 
 

Site  WGS84 Percentage of sampling moments positive for 

(ID) Latitude Longitude Any pathogen (n/N) Borrelia spp. (n/N) Rickettsia spp. (n/N) Anaplasma/Ehrlichia spp. (n/N) 

5000 46.1442 11.9521 38% (3/8) 13% (1/8) 13% (1/8) 38% (3/8) 

5001 46.1993037 12.1253363 90% (9/10) 60% (6/10) 50% (5/10) 50% (5/10) 

5002 46.1825 12.195 38% (5/13) 31 % (4/13) 8% (1/13) 8% (1/13) 

5003 46.478346 12.448012 66% (2/3) 66% (2/3) 0% (0/3) 0% (0/3) 

5004 46.158888 12.0573201 83% (10/12) 33% (4/12) 50% (6/12) 50% (6/12) 

5005 46.032543 12.009134 100% (1/1) 100% (1/1) 100% (1/1) 0% (0/1) 

5006 46.130056 12.310583 33% (1/3) 33% (1/3) 0% (0/3) 0% (0/3) 

5009 46.106111 12.287778 33% (2/6) 17% (1/6) 0% (0/6) 33% (1/6) 

5014 46.136444 12.367389 50% (1/2) 50% (1/2) 0% (0/2) 0% (0/2) 

5017 46.0603207 11.913008 50% (1/2) 50% (1/2) 0% (0/2) 0% (0/2) 

5018 46.0539569 12.2283882 55% (6/11) 27% (3/11) 45% (5/11) 18% (2/11) 

5019 46.139861 12.351278 100% (3/3) 67% (2/3) 33% (1/3) 0% (0/3) 
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5026 46.29261 12.80602 100% (1/1) 100% (1/1) 0% (0/1) 100% (1/1) 

5038 45.6415 11.12927 100% (1/1) 100% (1/1) 0% (0/1) 100% (1/1) 

5041 45.98786 12.21527 100% (1/1) 100% (1/1) 100% (1/1) 0% (0/1) 

5044 46.40963 13.18198 100% (1/1) 100% (1/1) 100% (1/1) 100% (1/1) 

5074 46.092943 12.221204 100% (4/4) 50% (2/4) 75% (3/4) 25% (1/4) 

5079 46.104861 12.441278 0% (0/1) 0% (0/1) 0% (0/1) 0% (0/1) 

5080 46.067969 11.830914 0% (0/1) 0% (0/1) 0% (0/1) 0% (0/1) 

5084 46.308424 12.010278 67% (2/3) 33% (1/3) 33% (1/3) 0% (0/3) 

5091 46.1882798 12.0387767 100% (1/1) 0% (0/1) 100% (1/1) 0% (0/1) 

5092 46.1774617 12.1896286 100% (4/4) 25% (1/4) 75% (3/4) 50% (2/4) 

*5093 46.2426104 12.3038316 
    

5094 46.1697452 12.1151069 66% (2/3) 33% (1/3) 66% (2/3) 0% (0/3) 

5095 46.1088134 12.2840926 50% (1/2) 50% (1/2) 50% (1/2) 50% (1/2) 

5096 46.1367489 12.2593797 100% (1/1) 0% (0/1) 100% (1/1) 0% (0/1) 

* Pathogen detection did not take place after data collection at this specific site
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Supplementary Table S6. Descriptive statistics spatial determinants in North-East Italy. 
 

Spatial Determinants North-East Italy  

Statistics  Bio 1 Bio 2 Bio 3 Bio 4 Bio 5 Bio 6 

Mean 9.78 9.85 30.60 811.50 26.39 -5.54 

Standard Deviation 4.90 2.15 4.23 42.46 5.88 3.47 

Median 10.78 9.58 31.15 804.10 26.56 -4.38 

First quartile 5.98 7.95 27.13 773.58 21.34 -7.93 

Third quartile 14.50 12.14 34.63 853.68 32.31 -2.58 

Minimum -5.49 3.70 14.49 712.55 8.48 -17.09 

Maximum 15.30 13.37 37.3 900.72 34.38 -0.18 

Range 20.78 9.67 22.81 188.18 25.90 16.91 

              

Spatial Determinants North-East Italy  

Statistics  Bio 7 Bio 8 Bio 9 Bio 10 Bio 11 Bio 12 

Mean 31.93 13.56 3.18 19.64 -0.28 41.65 

Standard 

Deviation 
2.80 4.22 5.91 5.10 4.37 13.68 

Median 31.10 13.40 3.41 20.33 0.98 39.35 

First quartile 29.39 10.50 -1.33 15.49 -3.39 32.58 

Third quartile 34.89 16.90 7.94 24.65 3.68 47.68 

Minimum 25.42 0.57 -11.44 3.74 -14.58 21.34 

Maximum 37.09 23.40 17.85 25.98 4.71 101.34 

Range 11.67 22.90 29.29 22.24 19.29 80.00 
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Spatial Determinants North-East Italy  

Statistics  Bio 13 Bio 14 Bio 15 Bio 16 Bio 17 Bio 18 

Mean 8.63 0.27 55.18 16.85 4.15 12.18 

Standard Deviation 3.43 0.12 5.80 5.54 1.73 4.10 

Median 7.86 0.25 54.82 16.53 3.75 12.48 

First quartile 6.37 0.19 50.74 12.87 2.93 8.67 

Third quartile 9.83 0.32 58.59 19.60 4.84 15.27 

Minimum 4.14 0.05 43.01 8.38 1.59 5.04 

Maximum 21.08 0.88 74.56 38.47 12.84 22.96 

Range 16.94 0.83 31.55 30.09 11.26 17.92 

 

  Spatial Determinants North-East Italy  

Statistics  Bio 19 DTM N*_Autumn N*_Winter N*_Spring N*_Summer 

Mean 8.07 846.47 0.47 0.28 0.37 0.57 

Standard 

Deviation 
4.27 838.93 0.20 0.19 0.22 0.20 

Median 6.72 645.75 0.52 0.30 0.42 0.63 

First quartile 4.84 33.50 0.36 0.16 0.23 0.51 

Third quartile 9.89 1509.24 0.63 0.42 0.55 0.71 

Minimum 2.65 -6.00 -0.50 -0.59 -0.40 -0.43 

Maximum 29.65 3831.77 0.82 0.81 0.83 0.87 

Range 27.00 3837.77 1.32 1.40 1.23 1.30 

*N = NDVI 
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 Frequency Table CLC North-East Italy 

Grid_Code  Frequency  Percentage Cumulative percentage  

11  2244 3.64 3.64 

12  706 1.15 4.79 

13  72 0.12 4.91 

14  78 0.13 5.03 

21  15213 24.71 29.74 

22  1729 2.81 32.55 
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Supplementary Table S7. Descriptive statistics spatial determinants at the sampling sites.  
 

Spatial Determinants Sampling Sites 

Statistics  Bio 1 Bio 2 Bio 3 Bio 4 Bio 5 Bio 6 

Mean 10.45 9.61 31.20 789.30 26.18 -4.67 

Standard 

Deviation 
1.18 0.75 1.25 26.55 1.62 0.77 

Median 10.60 9.61 31.22 787.90 26.05 -4.75 

First quartile 9.58 8.96 30.05 769.30 25.04 -5.22 

Third quartile 11.50 10.17 32.20 807.70 27.31 -4.01 

Minimum 8.17 8.56 29.18 745.00 23.41 -6.10 

Maximum 12.37 10.98 33.25 850.40 28.57 -3.18 

Range 4.20 2.42 4.07 105.40 5.16 2.92 

 
            

Spatial Determinants Sampling Sites 

Statistics  Bio 7 Bio 8 Bio 9 Bio 10 Bio 11 Bio 12 

Mean 31.00 13.23 3.05 20.01 0.61 55.42 

Standard 

Deviation 
1.70 2.70 2.36 1.32 0.95 10.13 

Median 30.77 13.46 2.56 20.04 0.77 52.89 

First quartile 29.74 12.04 1.52 19.03 -0.11 50.62 

Third quartile 31.29 15.26 3.23 21.17 1.38 55.42 

Minimum 28.99 5.66 0.49 17.64 -1.18 44.30 

Maximum 36.66 17.18 11.73 21.80 2.76 90.8 

Range 7.67 11.51 11.24 4.16 3.94 46.50 
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Spatial Determinants Sampling Sites 

Statistics  Bio 13 Bio 14 Bio 15 Bio 16 Bio 17 Bio 18 

Mean 12.10 0.24 60.8 21.45 5.57 14.51 

Standard 

Deviation 
2.68 0.09 3.44 4.28 1.42 1.53 

Median 11.59 0.21 59.87 20.4 5.31 14.46 

First quartile 10.40 0.20 58.41 19.65 4.96 13.50 

Third quartile 12.37 0.24 62.49 21.29 5.52 15.16 

Minimum 9.48 0.17 56.61 17.63 4.00 11.28 

Maximum 20.14 0.64 70.63 35.95 10.90 19.34 

Range 10.65 0.46 14.02 18.32 6.9 8.06 

 

              
Spatial Determinants Sampling Sites 

Statistics  
Bio 

19 
DTM N*_Autumn N*_Winter N*_Spring N*_Summer 

Mean 10.89 707.12 0.62 0.24 0.49 0.72 

Standard 

Deviation 
3.64 563.95 0.12 0.18 0.13 0.14 

Median 9.55 551.33 0.65 0.27 0.53 0.76 

First quartile 8.92 215.94 0.6 0.11 0.43 0.71 

Third quartile 10.99 1164.07 0.68 0.37 0.57 0.78 

Minimum 6.78 38.24 0.21 -0.09 0.15 0.26 

Maximum 23.63 1957.67 0.77 0.49 0.74 0.86 

Range 16.84 1919.43 0.55 0.58 0.59 0.59 

*N = NDVI 
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Frequency Table CLC Sampling Sites 

Grid_Code Frequency  Percentage Cumulative percentage  

11 0 0.00 0.00 

12 0 0.00 0.00 

13 0 0.00 0.00 

14 0 0.00 0.00 

21 2 7.69 7.69 

22 1 3.85 11.54 

23 0 0.00 11.54 

24 0 0.00 11.54 

31 14 53.85 65.38 

32 2 7.69 73.08 

33 6 23.08 96.15 

41 0 0.00 96.15 

42 0 0.00 96.15 

51 0 0.00 96.15 

52 1 3.85 100 

Total 26 100 100 
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Supplementary Table S8. Results univariable regression analysis Pathogens.  
 

GAM Pathogens  

Spatial 

Determinant 
p-value  Model fit (R-squared) 

Bio 1 0 0.11 

Bio 2  0.22 0.08 

Bio 3 0.35 0 

Bio 4 0.03 0.13 

Bio 5 0.02 0.09 

Bio 6 0 0.11 

Bio 7 0.8 0.01 

Bio 8 0.09 0.03 

Bio 9 0.13 0.06 

Bio 10 0 0.11 

Bio 11 0 0.08 

Bio 12 0.6 0.01 

Bio 13 0.36 0.04 

Bio 14 0.35 0 

Bio 15 0.34 0.05 

Bio 16 0.12 0.11 

Bio 17 0.33 0.05 

Bio 18 0.75 0.01 

Bio 19 0.13 0.07 

NDVI_Autumn 0.21 0.05 
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NDVI_Winter 0.01 0.08 

NDVI_Spring 0.05 0.16 

NDVI_Summer 0.29 0.05 

DTM 0.24 0 

CLC 2.1 0.48 0.01 

CLC 2.2 0.99 0.01 

CLC 3.1 0.2 0.01 

CLC 3.2 0.99 0.01 

CLC 3.3 0.06 0.01 

CLC 5.2 0.99 0.01 
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Supplementary Table S9. Results univariable regression analysis Borrelia spp.  
 

GAM Borrelia spp. 

Spatial 

Determinant 
p-value  Model fit (R-squared) 

Bio 1 0.02 0.05 

Bio 2  0.09 0.02 

Bio 3 0.13 0.01 

Bio 4 0.1 0.02 

Bio 5 0.02 0.05 

Bio 6 0.06 0.02 

Bio 7 0.05 0.03 

Bio 8 0.42 0 

Bio 9 0.41 0.05 

Bio 10 0.02 0.05 

Bio 11 0.05 0.03 

Bio 12 0.46 0.06 

Bio 13 0.55 0.03 

Bio 14 0.15 0.03 

Bio 15 0.61 0.01 

Bio 16 0.6 0.03 

Bio 17 0.16 0.02 

Bio 18 0.86 0.02 

Bio 19 0.28 0.03 

NDVI_Autumn 0.3 0.02 
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NDVI_Winter 0.95 -0.01 

NDVI_Spring 0.3 0.03 

NDVI_Summer 0.22 0.01 

DTM 0.58 -0.01 

CLC 2.1 0.18 0.02 

CLC 2.2 0.99 0.02 

CLC 3.1 0.57 0.02 

CLC 3.2 0.99 0.02 

CLC 3.3 0.35 0.02 

CLC 5.2 0.99 0.02 
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Supplementary Table S10. Results univariable regression analysis Rickettsia spp. 
      

GAM Rickettsia spp. 

Spatial Determinant p-value  Model fit (R-squared) 

Bio 1 0.01 0.07 

Bio 2  0.98 -0.01 

Bio 3 0.61 0.02 

Bio 4 0.03 0.14 

Bio 5 0.1 0.04 

Bio 6 0 0.1 

Bio 7 0.76 0 

Bio 8 0.02 0.05 

Bio 9 0.03 0.05 

Bio 10 0.03 0.06 

Bio 11 0.09 0.07 

Bio 12 0.41 0.02 

Bio 13 0.76 -0.01 

Bio 14 0.5 0.02 

Bio 15 0.31 0.05 

Bio 16 0.17 0.11 

Bio 17 0.15 0.07 

Bio 18 0.28 0 

Bio 19 0.06 0.12 

NDVI_Autumn 0.19 0.09 

NDVI_Winter 0.02 0.08 
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NDVI_Spring 0.14 0.09 

NDVI_Summer 0.15 0.07 

DTM 0.06 0.31 

CLC 2.1 0.07 0.01 

CLC 2.2 0.99 0.01 

CLC 3.1 0.27 0.01 

CLC 3.2 0.27 0.01 

CLC 3.3 0.1 0.01 

CLC 5.2 0.99 0.01 
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Supplementary Table S11. Results univariable regression analysis Ehrlichia spp. 
      

GAM Ehrlichia spp. 

Spatial Determinant p-value  Model fit (R-squared) 

Bio 1 0.6 0.01 

Bio 2  0.32 0.1 

Bio 3 0.24 0.07 

Bio 4 0.21 0.15 

Bio 5 0.31 0.01 

Bio 6 0.08 0.08 

Bio 7 0.08 0.07 

Bio 8 0.42 0.12 

Bio 9 0.24 0.01 

Bio 10 0.41 0.03 

Bio 11 0.71 -0.01 

Bio 12 0.04 0.07 

Bio 13 0.21 0.07 

Bio 14 0.47 0.07 

Bio 15 0.36 0.15 

Bio 16 0.03 0.07 

Bio 17 0.04 0.07 

Bio 18 0.11 0.09 

Bio 19 0.41 0.18 

NDVI_Autumn 0.37 0.02 

NDVI_Winter 0.1 0.08 
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NDVI_Spring 0.65 0 

NDVI_Summer 0.44 0.02 

DTM 0.59 0.12 

CLC 2.1 0.18 -0.01 

CLC 2.2 0.99 -0.01 

CLC 3.1 1 -0.01 

CLC 3.2 0.5 -0.01 

CLC 3.3 0.88 -0.01 

CLC 5.2 0.99 -0.01 
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SUPPLEMENTARY FIGURES  
 

Supplementary Figure S1. Correlation matrix spatial determinants.  
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Supplementary Figure S2. Habitat suitability maps for North-East Italy from GAM. Greener 
colours indicate a better habitat suitability, for (a) probability of presence of all pathogen-
carrying ticks, (b) probability of presence of Borrelia-carrying ticks, (c) probability of 
presence of Rickettsia-carrying ticks, and (d) probability of presence of Ehrlichia-carrying 
ticks.  
 

(a) 

 

(b) 

 

(c) 
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(d) 
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SUPPLEMENTARY DETAILS ON MAXENT MODELLING 

Results Maxent model for probability of presence of pathogen-carrying ticks 
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Results Maxent model for probability of presence of Borrelia-carrying ticks 
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Results Maxent model for probability of presence of Rickettsia-carrying ticks 
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Results Maxent model for probability of presence of Ehrlichia-carrying ticks  
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