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Supplementary Information 

This supplementary information has not been peer reviewed. 

Title: Incorporating uncertainty in Indigenous sea Country monitoring with Bayesian 

statistics: towards more informed decision-making  

 

Table S1. Details on sites sampled in the Dampier Peninsula using Baited Remote 

Underwater Video Stations (BRUVS), to estimate fish abundance.  

Site lat long Description 

Djulbard -16.5394 122.8138 

Rocky  reef that extends NW from the mouth of the 

mangrove creek. Can be affected by  westerly winds 
and currents if tide is not properly selected. Sparse 
coral cover, mixed with macroalgae. Exposed. Reef 
partially exposed during spring lows; BRUVS 
locations selected for permanently subtidal.  

Ngamagoon -16.4296 122.9027 

Rocky  reef following the contour of the coastline 
starting ~1km north of the mangrove creek entrance. 
Sparse coral cover mixed with macroalgae- similar to 

Djulbard. Exposed and not good v isibility if western 
winds and high currents. 

Boorrogoron -16.4659 123.0323 

Coral reef site with moderate coral cover. BRUVS 
follow the contour of the reef and are deployed at the 
reef margin. Visibility can be low and best targeted 
at slack tide; nearby muddy habitat close to pearl 

farm can increase turbidity.  

Jigoorloon -16.4503 123.1057 

Coral reef site with high to moderate coral cover. 
BRUVS follow the contour of the reef and are 
deployed at the reef margin. Close to boat launch at 
Ardy aloon. 

Joorrol -16.4312 123.2060 
Coral reef site with high coral cover. BRUVS follow 
the contour of the reef and are deployed at the reef 
margin. Close to boat launch at Ardyaloon. 
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Fig. S1. Non-parametric test for dispersion from posterior simulated residuals of model in 

equation (1) refitted assuming a Poisson distribution instead of a Negative Binomial. Model 

validation plot generated using the R package DHARMa version 0.4.6 (Hartig 2022). 

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

Regression Models. R package version 0.4.6. https://CRAN.R-

project.org/package=DHARMa  

https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
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Appendix S1. Selection of model fixed covariates 

Covariates were considered for inclusion in modelling to account for variation in fish 

abundance related to time-of-day (Thompson and Mapstone 2002; Mallet et al. 2016; 

Zemke-White, J., and K. 2002), depth in the water column (Brokovich et al. 2008; 

MacDonald, Bridge, and Jones 2016; Dubuc et al. 2019), tidal amplitude (Gibson 2003; 

Dubuc et al. 2019; Ellis and Bell 2008; Sheaves, Johnston, and Baker 2016), current speed 

(Fulton, Bellwood, and Wainwright 2005; Liao 2007; Eggertsen, Hammar, and Gullström 

2016), and water clarity or visibility (Unksworth et al. 2014). The time and approximate 

depth of each video station deployment was recorded by rangers during sampling. Time was 

expressed as the number of minutes past midnight, hereafter 𝑀, and the natural log of 𝑀 was 

considered for modelling as it conferred greater linarity with the response. The depth in 

meters, 𝐷, was recorded from the boat depth sounder at the time of deployment; it is unlikely 

to correspond to the exact position of the video station on the ocean floor and is therefore an 

approximate measure. Measurements of tide, current, and water clarity were approximated 

using video imagery and tidal predictions. Tidal amplitude, 𝑇, was predicted for the time of 

each deployment using a harmonic tidal clock (XTide 2; Flatter 2022; using harmonics 

parameters at https://github.com/manimaul/MX-Tides-

iOS/blob/master/resources/harmonics-2004-06-14.tcd), with Karrakatta Bay as the 

reference station (latitude -16.3667, longitude 123.0333; approximately 10 km and 34 km 

from the nearest and furthest BRUVS deployments). Current speed, 𝐶 and water clarity, 𝑊, 

were categorized by video analysts using an ordinal scale 0-5 with 0 representing low current 

speed or water clarity and 5 representing high current speed or water clarity  (see Table S2). 

Alternative models of 𝐴, the 𝑀𝑎𝑥𝑁 summed over the ten fish species presented in Table 1 of 

the main text, resulted from the addition of covariates to the intercept only model shown 

below in equation 1 (eq 1). We considered three alternative models resulting from the 

inclusion of all covariates (eq 2); ln(𝑀), 𝐷 and 𝑇 (eq 3); and ln(𝑀)  and 𝑇 (eq 4). Due to 

overdispersion in 𝐴 we assumed a Negative Binomial data generating process, 𝑁𝐵: 

𝐴 ~ 𝑁𝐵(𝜇, 𝜑) 

eq 1                                        ln(𝜇) =  𝛽0 + Δ𝐵 + Δ𝑆 + Δ𝑌 + Δ𝑆:𝑌 

eq2          ln(𝜇) =  𝛽0 +  𝛽1 ln(𝑀) + 𝛽2𝐷 + 𝛽3𝑇 +  𝛽4𝐶 + 𝛽5𝑊 + Δ𝐵 + Δ𝑆 +  Δ𝑌 + Δ𝑆:𝑌 

eq3                    ln(𝜇) =  𝛽0 + 𝛽1 ln(𝑀) + 𝛽2𝐷 + 𝛽3𝑇 +  Δ𝐵 + Δ𝑆 +  Δ𝑌 + Δ𝑆:𝑌 

eq4                               ln(𝜇) =  𝛽0 + β1 ln(𝑀) + β3T +  Δ𝐵 + Δ𝑆 +  Δ𝑌 + Δ𝑆:𝑌 

𝛽∗ ~𝒩(0, 1) 

https://github.com/manimaul/MX-Tides-iOS/blob/master/resources/harmonics-2004-06-14.tcd
https://github.com/manimaul/MX-Tides-iOS/blob/master/resources/harmonics-2004-06-14.tcd
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Δ∗~𝜁∗𝜎Δ∗
;  𝜁∗~ 𝒩(0, 1);  σΔ∗

~ Γ(2, 2); 

𝜑 ~ Γ(2, 1) 

where 𝛽0 is the “global” Bardi Jawi among-sites and among-years mean fish abundance on 

the natural log scale; 𝛽[1,2,3,4,5]  are the slope parameters adjusting for ln(𝑀), 𝐷, 𝑇, 𝐶, and 𝑊; 

Δ[𝐵,𝑆,𝑌,𝑆:𝑌] are the random effects adjusting for BRUVS-, site-, year- and site-year-specific 

deviations; and 𝜑 is the overdispersion parameter. Δ∗ parameters were estimated indirectly 

as the multiplication of the standardised effects 𝜁∗ and their respective standard deviations 

𝜎∗. The prior sampling distributions are Gaussian (𝒩(mean, standard deviaton)) and Gamma 

(Γ(shape, inverse scale)) and were calibrated by prior predictive checks to be weakly 

informative. See the main text Statistical Analyses: Main model for further explanation of 

modelling and note that the 𝛽1 presented here is unrelated to that used in Statistical 

Analyses: Evaluation of monitoring design.  

Alternative models were compared to the intercept-only model using leave-one-out cross-

validation (LOO), which is a fully Bayesian model selection procedure for estimating 

pointwise out-of-sample prediction accuracy (Hooten and Hobbs 2015; Vehtari, Gelman, and 

Gabry 2016). For each model, we calculated the expected log pointwise predictive density 

(𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜) using the log-likelihood evaluated at the posterior simulations of the parameter 

values (Vehtari, Gelman, and Gabry 2016). The pairwise differences in 𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜 (Δ𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜) 

were compared between models along with their standard errors. The computed Δ𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜 

values, relative to the intercept only model, are shown in Table S3 where we see that 

inclusion of covariates to the intercept only model reduced the predictive performance. For 

this reason, and given its relative simplicity, the intercept-only model was retained.  

 

Table S2. Water clarity and current speed categories (0 to 5) along with water clarity 

category reference images and current speed category descriptions.  

Category Category reference 
Current speed Water clarity 

0 No obvious water movement. 
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1 Water movement obvious. Material 
moving very slowly across the screen. 
Fish not affected. Vegetation may sway 
slightly. 

 
2 Vegetation is clearly swaying, and/or 

partially leaning in a uniform direction. 
Particles in the water are moving 
together horizontally in the water. Fish 
not affected by current. 

 
3 Vegetation is swaying strongly and is 

uniformly/ or partially leaning in one 
direction with the current. Particles and 
very small bits of vegetation are in 
suspension and moving together 
horizontally in the water. Some fish may 
be affected by current. 

 
4 All vegetation is leaning all together in 

one direction at a 45° angle with the 
current. Particles and small bits of 
vegetation are moving uniformly 
horizontally in the water. Fish are 
affected by current. 

 
5 Very fast current. All Vegetation is 

uniformly horizontally flattened to the 
substrate. Particles and large pieces of 
vegetation are in suspension and moving 
very fast in the water. Current has a 
significant effect on fish. 

 
 

Table S3. Leave-one-out cross-validation (LOO) expected log pointwise predictive density 

(𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜); pairwise differences in 𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜 for models with the inclusion of all, or a subset, of 

the fixed covariates time of day (𝑀), depth in the water column (𝐷), tidal amplitude (𝑇), 

current speed (𝐶) and water clarity (𝑊), relative to the intercept only model (𝛥 𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜); and 

the respective standard errors. 

Model covariates 𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜 𝑠𝑒(𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜) Δ 𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜 𝑠𝑒(Δ 𝑒𝑙 𝑝𝑑̂𝑙𝑜𝑜) 
None (intercept only) -435.346 10.296 0 0 

ln(𝑀), 𝑇 -436.094 10.265 -0.747 0.869 
ln(𝑀), 𝐷, 𝑇 -437.066 10.659 -1.720 1.738 

ln(𝑀) , 𝐷, 𝑇, 𝐶, 𝑊 -438.682 10.919 -3.335 2 
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Appendix S2. Model prior and fitting specifications 

Priors for the best model were weakly informative relative to the model linear scale (natural 

logarithm; Fig. S2). We note that some of the standard deviations (𝜎∗) were influenced by the 

priors most likely due to current time span of the monitoring program, but we expect this 

issue to be resolved over time as the program evolves and more data is added. 

 

Fig. S2. Visual assessment of prior influence on posterior distribution. Parameter estimates 

are on the link (natural log) scale. 

Parameters were estimated using No-U-Turn Sampler (NUTS) Hamiltonian Monte Carlo 

(HMC) by constructing four chains of 5,000 steps each. Half of these iterations (2,500) were 

used as a warm-up, so a total of 10,000 steps were retained to estimate posterior 

distributions (i.e., 4 × (5,000 - 2,500) = 10,000). All four independent chains reached 

convergence (Fig. S3), i.e., the Gelman-Rubin statistic (Gelman and Rubin 1992), 𝑅̂, was 

approximately 1 for all parameters. We adopted a target average proposal acceptance 

probability of 0.99, and a maximum tree depth of 20, i.e., the maximum number of steps in 

each iteration was 220. No divergent transitions were observed. Posterior predictive checks 

to assess goodness-of-fit are provided below in Fig. S4. 
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Fig. S3. Left-hand column contains posterior distribution of parameters in the best model 

(see Appendix S2 below). Parameter estimates are on the link (natural log) scale. Right-hand 

column contains traceplots demonstrating that all chains converged on the same results.  
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Fig. S4. Posterior predictive checks for main model of equation (1). (a) depicts the 

relationship between observations and average predictions of the MaxN summed across the 

ten fish species in Table 1. Dashed line represents a 1:1 relationship. In (b), observed density 

of MaxN (thick black line) overlaying 1,000 mean posterior predictions (thin grey lines). 
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Appendix S3. Summary of “Closing the Circle”, an investigation into sharing monitoring 

results across generations of Traditional Owners in sea Country. Available online at: 

https://wamsi.org.au/wp-content/uploads/2021/10/Closing-the-Circle-AIMS-Workshop-

Report.pdf. This investigation was conducted during a one-week workshop at the One Arm 

Point Remote Community School with participation of school children, Bardi Jawi and 

Oorany Rangers, Elders and members from the Bardi Jawi Prescribed Body Corporate and 

Ranger Steering Committee, as well as researchers from AIMS and The University of 

Western Australia. This work was done in collaboration with the Western Australian Marine 

Science Institution, Scitech, and Inspiring Australia.  

 

 

 

https://wamsi.org.au/wp-content/uploads/2021/10/Closing-the-Circle-AIMS-Workshop-Report.pdf
https://wamsi.org.au/wp-content/uploads/2021/10/Closing-the-Circle-AIMS-Workshop-Report.pdf
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