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Section 1:  Details of Multinomial Logistic Regression 

Critics of using area under the receiver operating characteristic curve (AUC) for 

model evaluation stress that the method does not consider the fit of the model and 

recommend complementing AUC analyses with other procedures (Lobo et al. 2007). 

Multinomial logistic regression (MLR) was used to address other aspects of predictive 

ability including model fit. MLR accommodates a categorical outcome with multiple 

(e.g., the observational CDC data) levels without forcing ordinality (Ananth and 

Kleinbaum 1997; Kleinbaum et al. 2010). The observational CDC data contain four 

categories of Lyme disease risk and three categories of tick presence. The MLR model 

for tick presence (Y), and a single predictor variable (X), for instance, can be expressed 

as: 
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MLR was used to generate the odds ratio (OR) for a particular outcome category 

(e.g., established tick presence as categorized by CDC) compared to a reference outcome 

category (e.g., absence of ticks as categorized by CDC), given particular predictor 

variables (e.g., the NDVI model or the Lyme Patch model). ORs and 95% confidence 

intervals (CIs) were calculated for each outcome level compared to the reference (no tick 



presence or no/minimal Lyme disease risk). Akaike information criterion (AIC), which 

considers both model fit and complexity, was computed and used to assess goodness-of-

fit. 

Results of the MLR analyses 

ORs and 95% CIs from MLR models comparing model predictions to CDC 

observations across the Eastern United States are presented in Table 6 of the main text 

and Table S3 of the this Text S2. The Tick Patch, Herbaceous, and NDVI models all 

yielded at least one OR that was significantly greater than one in comparisons to both 

observed Lyme disease risk and observed tick presence data. The other three models 

failed to demonstrate significant positive predictive ability and the Development model 

failed to converge. Based on AIC in MLR analyses of Lyme disease risk and tick 

presence, Tick Patch and the “Top 3” ensemble model had the best fit among the 

individual models and ensemble models, respectively, that were positively associated 

with observed data (Table 6 of the main text). In comparison to observed Lyme disease 

risk, Tick Patch AIC showed better fit than the “Top 3” ensemble model whereas the 

opposite was true for observed tick presence. When moving from low to high levels of 

CDC-defined Lyme disease risk or tick presence, ORs for the NDVI model increased 

incrementally in magnitude, while ORs for the Tick Patch model decreased 

incrementally in magnitude. 



ORs and CIs from MLR for selected geographic sub-analyses are presented in Table 

S2 (not all data shown). The only sub-analysis that produced all significantly positive 

ORs for both Lyme disease risk and tick presence was the Tick Patch model in the 

South. The Herbaceous model produced at least one significantly positive OR in all sub-

analyses except for the Midwest and high elevation areas, while the NDVI model 

achieved the same in all sub-analyses except for the Midwest, South, and rural areas. 

The Lyme Patch model was the only model with significant positive ORs in the 

Midwest. OR estimates for the Development model were unstable across all sub-

analyses, though some estimates were significantly positive in rural areas. The 

Coniferous model did not produce any significant positive ORs. 

Section 2:  Details of Spatial Autocorrelation Analyses 

For spatial analyses, the reported classifications were grouped into all possible 

dichotomizations (e.g. for Lyme disease, dichotomizations included minimal no vs. low, 

medium and high; minimal/no and low vs. medium and high; and minimal/no, low, and 

medium vs. high). As above, model outcome was spatially averaged at the county level. 

A spatial logistic model was also used to fit CDC observed data to model outcome 

for n counties, according to the following model:  

௜ݕܲሺ	ሾݐ݅݃݋݈ ൌ 1ሻሿ ൌ ߙ ൅ ௜ߣ ൅ ߚ ௜ܺ,  



where ݕ௜ is the dichotomized observed Lyme disease category; ߙ is the overall baseline 

risk; ߣ௜ is the county-specific spatial random effects; and ߚ represents log odds ratio 

associated with measures of population response ( ௜ܺ). We modeled the spatial random 

effects to control for potential spatial confounders using an intrinsic conditional 

autoregressive (CAR) model (Lee 2011). Let ݅~݅′ denote that county ݅ and county ݅′ are 

spatial neighbors sharing a common boundary.  

The CAR model is often formulated by the conditional distribution of ߣ௜ given its 

neighbors. Let ݉௜ denote the number of neighbors of county i, the conditional 

distribution is Gaussian with mean ଵ
௠೔
	∑ ௜~௜ᇱ	௜ᇱߣ  and variance ߬ଶ/݉௜. Therefore the CAR 

model assumes each ߣ௜ is a spatial average of its neighbors and parameter ߬ଶ controls 

the degree of spatial similarly. To ensure identifiablility, we impose the constraint Σߣ௜ ൌ

0.  

To demonstrate sensitivity to spatial autocorrelation, the fit models were compared 

to the analogous generalized linear model (GLM), fit according to the following model:  

௜ݕܲሺ	ሾݐ݅݃݋݈ ൌ 1ሻሿ ൌ ߙ ൅ ߚ ௜ܺ 

Results of the spatial autocorrelation analyses 

Among GLM models with significant (α=0.05) parameter estimates (β), the inclusion 

of spatial autocorrelation resulted in slight deviation in the parameter estimates (-2.0% 

to 3.7%) compared to that resulting from the GLM. Those parameters whose estimates 



show the greatest degree of dissonance (≤ ±10%) did not have significant p-values 

(α=0.05) in the GLM model. All models produced small estimates of τ2 (0.003, 0.034) as 

compared to the parameter estimate or the model’s intercept, which indicates that the 

contribution of spatial correlation to the model outcome’s ability to predict CDC-

observed data is negligible.
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Table S1 - AUC values for predictive models using CDC data (Lyme disease risk and Tick 

presence) as gold standard, before and after applying elevation cut-off and sub-analyses 

Area 

Observational Data 

Set / 

Dichotomization 

Tick Patch 
Lyme 

Patch 
Development Coniferous Herbaceous NDVI 

Overall without Elevation Cut-Off (N=1814)  

 Lyme disease risk         

  N vs L/M/H   0.64*† 0.65*† 0.50 0.60* 0.58* 0.52 

  N/L vs M/H 0.50† 0.51† 0.65* 0.65* 0.49 0.67* 

  N/L/M vs H 0.55*† 0.55*† 0.79* 0.71* 0.55* 0.70* 

  N vs H 0.44† 0.50† 0.78* 0.75* 0.60* 0.69* 

 Tick presence        

  A vs R/E 0.60*† 0.60*† 0.52 0.58* 0.56* 0.52 

  A/R vs E 0.54*† 0.54*† 0.59* 0.64* 0.60* 0.55* 

  A vs E 0.58*† 0.58*† 0.58* 0.65* 0.61* 0.55* 

Overall with Elevation Cut-Off (N=1814) 

 Lyme disease risk        

  N vs L/M/H 0.65* 0.65* 0.56* 0.44 0.62* 0.53* 

  N/L vs M/H 0.50 0.51 0.37 0.64* 0.53 0.66* 

  N/L/M vs H 0.54 0.54* 0.25 0.68* 0.57* 0.71* 

  N vs H 0.57* 0.57* 0.30 0.69* 0.64* 0.72* 

 Tick presence        

  A vs R/E 0.60* 0.61* 0.52 0.56* 0.60* 0.55* 

  A/R vs E 0.55* 0.55* 0.45 0.61* 0.62* 0.57* 

  A vs E 0.58* 0.58* 0.47 0.61* 0.64* 0.58* 

Northeast (N=217) 

 Lyme disease risk        

  N vs L/M/H 0.56 0.56 0.72* 0.58 0.58 0.63 

  N/L vs M/H 0.51 0.52 0.67* 0.61 0.63* 0.62* 

  N/L/M vs H 0.50 0.51 0.85* 0.66* 0.65* 0.67* 

  N vs H 0.57 0.57 0.94* 0.65 0.64 0.72* 

 Tick presence        

  A vs R/E 0.56 0.57 0.30 0.57 0.59 0.69* 

  A/R vs E 0.52 0.53 0.73* 0.65* 0.66* 0.62* 

  A vs E 0.56 0.57 0.77* 0.62* 0.64* 0.70* 

Midwest (N=544) 

 Lyme disease risk        

  N vs L/M/H 0.55* 0.55* 0.47 0.50 0.57* 0.53 

  N/L vs M/H 0.49 0.50 0.54 0.55 0.58* 0.50 

  N/L/M vs H 0.67* 0.68* 0.60 0.61 0.60* 0.60 

  N vs H 0.68* 0.68* 0.61 0.60 0.63* 0.58 

 Tick presence        



  A vs R/E 0.52 0.52 0.50 0.50 0.56* 0.50 

  A/R vs E 0.61* 0.61* 0.60* 0.51 0.55 0.48 

  A vs E 0.60* 0.60* 0.59* 0.51 0.56 0.48 

South (N=1053) 

 Lyme disease risk        

  N vs L/M/H 0.78* 0.79* 0.54* 0.60* 0.66* 0.60* 

  N/L vs M/H 0.64* 0.63* 0.75* 0.66* 0.53 0.59 

  N/L/M vs H 0.66* 0.65* 0.78* 0.64* 0.52 0.61 

  N vs H 0.83 0.83* 0.77* 0.70* 0.58 0.58 

 Tick presence        

  A vs R/E 0.71* 0.72* 0.55* 0.57* 0.63* 0.58* 

  A/R vs E 0.69* 0.70* 0.47 0.63* 0.67* 0.55 

  A vs E 0.74* 0.74* 0.49 0.64* 0.69* 0.57* 

Urban (N=619) 

 Lyme disease risk        

  N vs L/M/H 0.59* 0.59* 0.58* 0.66* 0.62* 0.52 

  N/L vs M/H 0.50 0.51 0.65* 0.66* 0.54 0.65* 

  N/L/M vs H 0.54 0.55 0.73* 0.71* 0.58* 0.66* 

  N vs H 0.47 0.47 0.74* 0.77* 0.65* 0.66* 

 Tick presence        

  A vs R/E 0.60* 0.60* 0.56* 0.67* 0.61* 0.56* 

  A/R vs E 0.55 0.54 0.58* 0.70* 0.62* 0.57* 

  A vs E 0.58* 0.58* 0.59* 0.72* 0.64* 0.58* 

Rural (N=1195) 

 Lyme disease risk        

  N vs L/M/H 0.67* 0.68* 0.57* 0.56* 0.56* 0.57* 

  N/L vs M/H 0.50 0.51 0.46 0.63* 0.52 0.63* 

  N/L/M vs H 0.59 0.60* 0.45 0.63* 0.52 0.63* 

  N vs H 0.48 0.48 0.49 0.66* 0.52 0.60 

 Tick presence        

  A vs R/E 0.60* 0.60* 0.55* 0.53 0.54* 0.53 

  A/R vs E 0.54 0.54 0.54 0.57* 0.59* 0.54 

  A vs E 0.57* 0.58* 0.56* 0.57* 0.59* 0.55 

Coastal (N=538) 

 Lyme disease risk        

  N vs L/M/H 0.55 0.55 0.56* 0.63* 0.57* 0.56* 

  N/L vs M/H 0.66* 0.67* 0.72* 0.60* 0.56* 0.69* 

  N/L/M vs H 0.68* 0.69* 0.82* 0.60* 0.58* 0.75* 

  N vs H 0.61* 0.62* 0.83* 0.68* 0.52* 0.75* 

 Tick presence        

  A vs R/E 0.53 0.53 0.55* 0.62* 0.57* 0.57* 

  A/R vs E 0.54 0.54 0.63* 0.62* 0.56* 0.61* 

  A vs E 0.51 0.51 0.62* 0.64* 0.58* 0.61* 



Inland (N=1276) 

 Lyme disease risk        

  N vs L/M/H 0.65* 0.66* 0.55* 0.54* 0.55* 0.53 

  N/L vs M/H 0.54 0.53 0.48 0.61* 0.57* 0.68* 

  N/L/M vs H 0.56 0.57 0.47 0.62* 0.55 0.67* 

  N vs H 0.46 0.47 0.49 0.63* 0.53 0.66* 

 Tick presence        

  A vs R/E 0.60* 0.61* 0.53 0.48 0.51 0.52 

  A/R vs E 0.47 0.53 0.53 0.54 0.52 0.55 

  A vs E 0.57* 0.57* 0.54 0.54 0.52 0.55 

High Elevation (N=956) 

 Lyme disease risk        

  N vs L/M/H 0.60* 0.60* 0.51 0.57* 0.49 0.54* 

  N/L vs M/H 0.56* 0.56* 0.52 0.62* 0.51 0.63* 

  N/L/M vs H 0.55 0.56 0.45 0.65* 0.48 0.69* 

  N vs H 0.50 0.50 0.46 0.66* 0.48 0.70* 

 Tick presence        

  A vs R/E 0.59* 0.59* 0.49 0.57* 0.49 0.59* 

  A/R vs E 0.49 0.49 0.53 0.59* 0.52 0.57* 

  A vs E 0.46 0.46 0.52 0.60* 0.52 0.58* 

Low Elevation (N=858) 

 Lyme disease risk        

  N vs L/M/H 0.64* 0.64* 0.54 0.59* 0.58* 0.52 

  N/L vs M/H 0.57* 0.58* 0.85* 0.72* 0.57* 0.67* 

  N/L/M vs H 0.61* 0.62* 0.90* 0.70* 0.52 0.72* 

  N vs H 0.48 0.49 0.91* 0.75* 0.58* 0.72* 

 Tick presence        

  A vs R/E 0.55* 0.55* 0.54 0.56* 0.55* 0.54* 

  A/R vs E 0.52 0.52 0.65* 0.64* 0.61* 0.57* 

    A vs E 0.54 0.54 0.64* 0.64* 0.61* 0.57* 
* AUC values are significant (p<0.05) 
† N=1750, some counties had no deciduous forest so patch isolation could not be calculated 

Bolded AUC values indicate a positive association 

N=none/minimal; L=low; M=moderate; H=high; A=absent/none; R=reported; E=established 

 



Table S2 - Odds ratios in MLR for predictive models using CDC data as gold standard – selected 

sub-analyses 

Area Northeast (N=217) Midwest (N=544) 

Outcome Lyme disease risk (CDC) 
Tick presence 

(CDC) 
Lyme disease risk (CDC) 

Tick presence  

(CDC) 

  OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

Tick Patch^             

1v0 1.8 (0.1, 41.2) 2.0 (0.3, 14.7) 0.4 (0.3, 0.7) 0.9 (0.5, 1.6) 

2v0 2.5 (0.1, 53.1) 1.9 (0.3, 11.8) 0.8 (0.4, 1.8) 0.3 (0.1, 0.6) 

3v0 1.7 (0.1, 36.9)    0.1 (0.0, 0.6)    

Lyme Patch^             

1v0 0.9 (0.4, 1.8) 0.8 (0.5, 1.3) 1.2* (1.1, 1.4) 1.0 (0.9, 1.1) 

2v0 0.8 (0.4, 1.6) 0.8 (0.6, 1.2) 1.0 (0.9, 1.2) 1.4* (1.1, 1.6) 

3v0 0.8 (0.4, 1.7)    1.7* (1.1, 2.6)    

Development             

1v0 <0.001 (<0.001, >1000) 21.2 (0.0, >1000) 0.0 (<0.001, >1000) 0.3 (<0.001, >1000)

2v0 <0.001 (<0.001, >1000) 0.7 (0.0, 45.4) -1.7 (<0.001, >1000) >1000 (<0.001, >1000)

3v0 <0.001 (<0.001, >1000)    >1000 (<0.001, >1000)    

Coniferous             

1v0 1.5 (0.1, 41.3) 4.6 (0.6, 37) 1.1 (0.4, 3.3) 1.5 (0.4, 5.0) 

2v0 0.7 (0.0, 17.6) 0.3 (0.0, 1.4) 1.0 (0.2, 5.6) 1.2 (0.2, 5.7) 

3v0 0.1 (0.0, 1.8)    0.4 (0.0, 6.8)    

Herbaceous             

1v0 0.3 (0.0, 10.5) 0.2 (0.0, 2.7) 0.3 (0.1, 0.9) 0.3 (0.1, 0.9) 

2v0 1.1 (0.0, 37.4) 9.1* (1.1, 75.2) 0.2 (0.0, 1.1) 0.4 (0.1, 1.8) 

3v0 9.2 (0.3, 306)    0.0 (0.0, 1.3)    

NDVI           

1v0 1.1 (0.9, 1.4) 1.3* (1.0, 1.5) 1.0 (0.9, 1.1) 1.0 (0.9, 1.1) 

2v0 1.2 (0.9, 1.5) 1.2* (1.0, 1.4) 1.0 (0.9, 1.1) 1.0 (0.9, 1.1) 

3v0 1.3* (1.0, 1.7)    1.3 (0.9, 1.8)    
* Significant positive OR estimate: 95% CI excludes the null (1.0) and OR estimate is >1.0 (p<0.05). 
^ N=217 in Northeast and N=543 in Midwest, some counties had no deciduous forest so patch size and patch 

isolation could not be calculated. 

 For Lyme Disease Risk, 0 = minimal/no risk, 1 = low risk/Lyme disease reported, 2 = medium risk, 3 = high risk. 

For Tick Presence, 0 = absent/none, 1 = reported, 2 = established. 

 

 



Table S3 - Odds ratios in MLR for predictive models using CDC data as gold standard, before 

and after applying elevation cut-off 

Area Overall (N=1814) With Elevation Cut-Off Applied (N=1814) 

Outcome Lyme disease risk (CDC) Tick presence (CDC) 
Lyme disease risk 

(CDC) 
Tick presence (CDC) 

  OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

Tick Patch^             

1v0 3.9* (2.9, 5.3) 2.2* (1.6, 3.0) 4.3* (3.2, 5.7) 2.3* (1.8, 3.1) 

2v0 2.0* (1.2, 3.4) 1.5* (1.1, 2.1) 2.1* (1.3, 3.3) 1.8* (1.3, 2.4) 

3v0 0.9 (0.5, 1.7)   1.4* (0.8, 2.3)   

Lyme Patch^         

1v0 0.7 (0.7, 0.8) 0.8* (0.8, 0.9) 0.7 (0.7, 0.8) 0.8 (0.8, 0.9) 

2v0 0.8 (0.7, 0.9) 0.9 (0.8, 1.0) 0.8 (0.8, 0.9) 0.9 (0.8, 0.9) 

3v0 1.0 (0.9, 1.2)   0.9 (0.8, 1.1)   

Development         

1v0 0.2 (<0.001, 269.8) 15.4 (0.0, >1000) 10.8* (5.2, 22.4) 4.2* (2.2, 8.1) 

2v0 <0.001* (<0.001, 0.2) 0.0* (0.0, 0.6) 1.8* (1.0, 3.4) 4.2* (2.0, 8.8) 

3v0 <0.001* (<0.001, <0.001)   2.8* (1.2, 6.6)   

Coniferous         

1v0 0.4 (0.2, 0.6) 0.7 (0.4, 1.3) 1.5* (1.0, 2.2) 1.6* (1.0, 2.6) 

2v0 0.2 (0.1, 0.5) 0.2 (0.1, 0.3) 0.7 (0.4, 1.3) 0.6 (0.4, 0.9) 

3v0 0.1 (0.0, 0.1)   0.3 (0.2, 0.7)   

Herbaceous         

1v0 4.8* (2.8, 8.2) 1.6 (0.9, 2.9) 9.2* (5.4, 15.7) 2.6* (1.4, 4.7) 

2v0 1.4 (0.5, 3.7) 7.0* (3.7, 13.2) 2.7* (1.0, 7.1) 10.5* (5.6, 19.7) 

3v0 4.1* (1.4, 11.6)   8.0* (2.9, 22.3)   

NDVI         

1v0 0.9 (0.9, 1.0) 1.0 (0.9, 1.1) 1.1* (1.0, 1.1) 1.1* (1.0, 1.1) 

2v0 1.1 (1.0, 1.2) 1.1* (1.0, 1.2) 1.1* (1.0, 1.2) 1.2* (1.1, 1.2) 

3v0 1.7* (1.4, 2.0)   1.7* (1.4, 2.0)   
^ N=1750, some counties had no deciduous forest so patch size patch isolation could not be calculated 
* Significant positive OR estimate: 95% CI excludes the null (1.0) and OR estimate is >1.0 (p<0.05) 

 For Lyme Disease Risk, 0 = minimal/no risk, 1 = low risk/Lyme disease reported, 2 = medium risk, 3 = high risk. 

For Tick Presence, 0 = absent/none, 1 = reported, 2 = established. 

 

 


