
Supplementary: Methods  

 

Detailed Statistical Analysis 

 

All statistical analyses and data visualisations were conducted in R version 4.2.2. To assess 

differences in overall and diel activity between management phases, we compared overall and 

diel Relative Abundance Indices (RAIs) using Multi-Response Permutation Procedures 

(MRPP) via the vegan package (Oksanen et al., 2025). Spatial distributions of station-level 

RAI in each management phase were mapped using the ggplot2 (Wickham, 2016) and sf 

packages (Pebesma, 2018). These maps provided descriptive landscape context and were not 

used to formally test spatial shifts between phases. Inference concerning predictors of banteng 

habitat use was based primarily on the GLMM analysis. 

 

For the Generalised Linear Mixed Models (GLMMs), variance inflation factors (VIFs) were 

calculated for main effects prior to model fitting to assess potential collinearity among 

predictor variables. This was performed using the performance package (Lüdecke et al., 

2021). All VIF values were strictly below 5, indicating low correlation among predictors. 

Given the nature of camera-trap data, which often contains a high proportion of zeros, the 

GLMMs were fitted with a Tweedie distribution and a log link function using the glmmTMB 

package (Brooks et al., 2017) to properly account for zero inflation and overdispersion. 

 

For models of banteng habitat use, the full model included percentage canopy cover 

(canopy_rf), tree basal area (BA_rf), tree density (tree_rf), slope (slope), distance to the 

nearest water source (water_DIS), Euclidean distance to the nearest village (village_DIS) and 

distance to patrol roads (patrol_DIS). Anthropogenic disturbance variables included 

RAI_villager, RAI_ranger and RAI_researcher. Survey month (month_char) was included to 

account for seasonality, and camera-trap station (Station) was treated as a random effect to 

account for repeated measures. Two-way and three-way interaction effects among 

anthropogenic pressures were evaluated because NTFP collection, research activities and 

ranger patrols may overlap spatially and temporally, such that the association between one 

activity and banteng habitat use could depend on the presence of other activities. 

 



For models predicting banteng habitat use and NTFP collector activity, fixed effects included 

the covariates described above, including distance to patrol roads and seasonal variables. 

Incidence rate ratios (IRRs) were derived from model coefficients to quantify effect sizes. 

Model diagnostics, including tests for spatial and temporal autocorrelation in the residuals, 

were performed using the DHARMa package (Hartig, 2022). For banteng habitat-use models, 

backward elimination began with full models containing main effects and two-way and three-

way interactions among anthropogenic activities. At each step, a reduced model obtained by 

removing one term was compared with the current model using a likelihood ratio test 

implemented through the anova function in R. Comparisons were made between nested 

models fitted to the same dataset with the same random-effects structure. Terms were removed 

when their exclusion did not significantly reduce model fit (p ≥ 0.10), and the reduced model 

was used for the next comparison. Lower-order terms were allowed to be removed while 

associated higher-order interactions remained in the model. AIC values were reported using 

the bbmle package (Bolker, 2023) to compare models representing the main research 

questions, alongside the null and final selected models. Term removal was determined by 

likelihood ratio tests rather than AIC differences. 

 



Table S1. Descriptions and characteristics of all predictor variables used in the Generalised 

Linear Mixed Models (GLMMs) for banteng habitat use and villager intrusion. 

Variables Code Unit Level of 

Measurement 

Source 

Environmental factors     

Percentage of canopy cover canopy_rf Percentage Ratio Pongpattananurak et al., 

(2020) 

Tree basal area BA_rf m²/ha Ratio Pongpattananurak et al., 

(2020) 

Tree density tree_rf tree/ha Ratio Pongpattananurak et al., 

(2020) 

Slope slope degrees Ratio Pongpattananurak et al., 

(2020) 

Distance to the nearest water 

source 

DIS_water meter Ratio Pongpattananurak et al., 

(2020) 
Spatial Accessibility factors 

    

Distance to the nearest village village_DIS meter Ratio Pongpattananurak et al., 

(2020) 

Distance to patrol roads patrol_DIS meter Ratio Pongpattananurak et al., 

(2020) 

Seasonal factor 
    

Time periods month_char time Nominal This study 

Anthropogenic Disturbance     

RAI of non-timber forest product 

(NTFP) collectors 

RAI_villager Detections/100 

trap nights 

Ratio This study 

RAI of research team personnel RAI_researcher Detections/100 

trap nights 

Ratio This study 

RAI of  ranger patrols RAI_ranger Detections/100 

trap nights 

Ratio This study 

 

 



References 

 

Bolker, B. (2023). bbmle: Tools for General Maximum Likelihood Estimation. R package 

version 1.0.25.1. 

Brooks, M.E., Kristensen, K., van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A., 

Skaug, H.J., Maechler, M. & Bolker, B.M. (2017). glmmTMB balances speed and 

flexibility among packages for zero-inflated generalized linear mixed modelling. The 

R Journal, 9, 378–400. https://doi.org/10.32614/RJ-2017-066 

Hartig, F. (2022). DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) 

Regression Models. R package version 0.4.6. 

Lüdecke, D., Ben-Shachar, M. S., Patil, I., Waggoner, P., & Makowski, D. (2021). 

performance: An R package for assessment, comparison and testing of statistical 

models. Journal of Open Source Software, 6(60). https://doi.org/10.21105/joss.03139 

Oksanen, J., Simpson G. L., Blanchet, F. G., Kindt, R., Legendre, P., Minchin P. R., O'Hara, 

R. B., Solymos, P., Stevens, M. H. H., … Weedon, J. (2025). vegan: Community 

Ecology Package Version: 2.7-3. 

Pebesma, E. (2018). Simple Features for R: Standardized Support for Spatial Vector Data. 

The R Journal, 10(1), 439-446. https://doi.org/10.32614/RJ-2018-009 

Pongpattananurak, N. (2020). Wildlife habitat management plan for Nang Ram Valley and 

the Thap Salao Valley in Huai Kha Khaeng Wildlife Sanctuary and Thap Salao Forest 

– Huai Khok Kwai National Forest. Faculty of Forestry. Kasetsart University, 

Bangkok, Thailand (In Thai). 

Wickham, H. (2016). ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New 

York. 

 

 

 

 


