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Challenging for marine species 

•  Marine habitat has 3 dimensions 



Challenging for marine species 

•  Dynamic habitat with currents 

Affect voluntary movement 

Affect observed movement 

current data at time t,  
where the animal is observed 



Challenging for marine species 

•  Interaction with habitat 

habitat i value at time t  
where the animal is observed 



Challenging for marine species 

Measurement error 
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Challenging for marine species 

+ + 

Measurement error 

+ 

Habitat data Currents 3D 



Challenging for marine species 

+ + 

Measurement error 

= 

complex model 

+ 

Habitat data Currents 3D 
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Maximising the likelihood 

parameters to estimate: 

unobserved states: 

•  Estimating parameters 

- Maximum likelihood estimation (MLE) 

 

•  Varied methods: 

- Analytical solution 

- Simulation based (Particle Filter, Bayesian MCMC) 

Slow! 



Template model builder (TMB) 

•  Developed by Kasper Kristensen 

•  C++ template with R interface 



Assessing TMB as a tool to fit 
movement models to marine data 

•  Comparing TMB to Bayesian MCMC (JAGS) 

•  Identifying robust models in TMB 



First difference correlated random 
walk 



First difference correlated random 
walk 



Polar bear GPS & Argos 

•  Argos data:  
•  large measurement error! 
•  use for many marine animals 

•  GPS data: 
•  “true” states 



140°W 135°W 130°W

69°N

70°N

71°N

72°N

73°N

74°N

●

●●

●

●●●

●
●

●●●
●

●●
●
●

●●

●
●

●
●

●

●

●●
●
●

●
●

●
●●
●●
●
●●

●

●
●●●●

●●
●●●

●

●●●●●●●●
●●●●●●●●●●●●●●●●●●●●
●●●●

●
●●●●●●●●●●●●●●
●●●
●

●●
●●●●●

●

●
●
●
●

●●
●●
●●●●●

●

●
●●
●●●●●●●
●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●

●
●●●●
●●

●●●●●●●●
●●●●●●●●

●
●●●●●

●

●●●●●●●●● ●

●●●●●●
●●●●●●●●●●

●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●
●

●
●

●
●●

●
●

●●

●

●

●

● ●●

●

●
●●●

●●●
●●●

●●●
●

●●●
●●●

●
●

●●●●●
● ●

●●●●●●●
●
●

●

●

●

●●●

●

●

●
●
●●●●

●

●

●

●
●

●

●

●●●●● ●●

●

●●●●
●

●
●
●●● ●

●
●●●●●
●●

●

●
● ●

●
●●

●●

●

●

●

●

●
●

●●●●
●●●●●

●●●● ●●●
●●●

● ●
●●● ●●●●

●

●
●● ●
●

●

●

●●●●●●
●●

●

● ●●●●
●

●
●●●
●
●●●●●

●

●●●●●●
●● ●
●
●●●

●

●●

●

●
●

●

●
●

●
●
●
●●

●

●
●●●●● ●● ●●●●
●

●●●
● ● ●●●●

●

●
●

●●

●

●
●

●●●
●

●

●●●●●●
●●●

●

●
●●●●
●●●●●

●

●

●
●

●

●
●
●●
●

● ●●●
●●●● ●
●

●●
● ●

●

●

●
●●●●
●●●●●●●●●●●
●

●
●
●●●●●●●●

●

●●
●

●
●●
●●●●●

●●●
●

●
●

●
●

●●●

●●●●●●●●●●●
●
●●
●

●

●●●●●
●

●
●
●
●● ●
●●●●●●●●
●●●●●●●
●
●●●●●●●

●

●●●

●
●●●

●

● ●●
●●
●●●●●●●●●

●
●●●●●

●

●●
●

●

●
●

●●

●

●

●

●

●

●
●

●
●

●●

●

●●●●●●●●●●●

●
●●●●●

●
●

●●●●●●●●●●●●
●●●●●
●●●●●●

●●●●●●●
●

●●●●
●●

●●●●●●●
●●●●●●●●●●●
●

●●
●●
●●●●●
●●●●●●●●●●●●●●●●

●

●

●●●●
●
●

●
●
●●●●●●

●

●●●●
●
●
●
●●●

●

● ●●●●

●

●●●●

●

●●●
●●●●●●●●●●●●●●

●●●●●
●●●●●●●●

●
●●●●

●

●●●●●●●●

●●●●●

●●●●
●
●●

●

●

●

●

●●●●●●●●●
●

●●●●●●●●

●●●●●●●●●●
● ●

●

●
●●●●●●●●●●●

●●●
●●

●

●
●

●
●●

●

●

●
●

●
●

● ●●●●●●
●

●●●●●●●●●
●●●●

●

●
●●
●●
●
●
●

●
●●●●

●

●

●

●●
●
●

●●
●
●●●●●●
●
●

●

●

●●●●●●●
●

●

●
●
●

●
●● ●●●●●
●
●

●●●
●●●
●●●●●

●
●

●
●

●

●

●
●

●●●●●
●

●

●●●
●●●●●●●●
●

●
●●●●●●

●●●●●●●

●

●●
●●

●

●

●●
●●●

●

●●●●●

●

●

●●
●●●●●●●●
●●●●
●

●

●

●
●●●●●●

●
●●●
●

●
●●●●●●●●
●●●●●●●●●

●
●●●

●
●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●

●●●●●●
●●●●●●●

●●
●●●●●●●●●●●●

●●
●●

●
●

●●●●

●

●●●●●●

●

●
●

●
●●●●●●●●●

●●●●●●●●
●●●●
●

●●●
● ●
●●

●

●
●

●
●●●●●●●●

●

●

●
●

●●●●●

●
●●●

●

●●●
●●●●●●●●●●

●
●●●●●●●●●●●●●●●●●●● ●

●

●
●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●●●●●●

●

●

●

●
●●●

● ●●●●●●●●●
●●●●●●●

●

●●
●●

●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●
●●●●●●●
●
●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●
●●
●●

●●●●●●●
●
●

●

●●●●●●●●● ●●●●●●
●

●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●
●
●

●●●●●●●

●
●●●●

●

●●●●●

●

●

●

●●●●
●

●
●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●●●●

●

●●
●●

●

●

●●

●

●

●

●●●
●●●●●●●

●

●

●●●●●●●●

●●●●●●●●●●●
●●●●●●●●●●

●●●●●●●●
●●●●●●●●●●●
●●●●●●
●●

●

●

●
●
●

●●●●●●
●● ●

●

●
●●

●

●
● ●●●

●

●●●
●●

●

●

●●
●

●

●
●●●●
●
●●●
●
●

●

●●●●●●●●●●
●●●

●

●

●●●●
●

●
●
●●

●
●●●●●●●

●●●●●●●●

●

●●●
●●

●●●
●● ●

●

●

●

●

●

●
● ●

●
●●●

●●
●●●

●

●●●
●●●●

●
●

●
●
●
●●
●
●●

●●● ●●

●
●●●●

●●●
●●
●●●

●

●
●●

●

●●●
●

●
●●●

●
●

●

●

●
●
●

●●
●

●

●
●●

●
●

●●
●

● ●
●

●

● ● ●
●

●

●
●

●●●

●

●

●
●

●

●

●●
●

●
● ●

●● ●
●
●

●
●
●
●
●

●
● ●●

●

●
●

●
●

●
●
●●●●●●●

●
●
●●●●

●

●

●● ●●
●

●●
●
●●

●
●●●●●●● ●●

●●

●

●●
●
●

●
●●●●●●

●●
●
●

●●●●
●

●●

●

●

●

●

●●
●

●●

●

●●●●
●● ● ●

●●●
●
●●●

●
●
●

●

●
●
●

●

●
● ●

●●
●

●●●
●

●

●

●●
●
●
●●●●●

●●
●

●
●
●

●
●

●

●

●
●●●

●●
●

●●●
●
●
●

●●
●●
●●●●●●●●

●
●●

●●●
●
●

●●●●
●●●●●●●●●●●●

●
●

●

●
●

●
●●●●●●

●●●●●●●
●●●

●●●
●●●●●

●
●
●●●●●

●

140°W 135°W 130°W

69°N

70°N

71°N

72°N

73°N

74°N

●

●●

●

●●●

●
●

●●●
●

●●
●
●

●●

●
●

●
●

●

●

●●
●
●

●
●

●
●●
●●
●
●●

●

●
●●●●

●●
●●●

●

●●●●●●●●
●●●●●●●●●●●●●●●●●●●●
●●●●

●
●●●●●●●●●●●●●●
●●●
●

●●
●●●●●

●

●
●
●
●

●●
●●
●●●●●

●

●
●●
●●●●●●●
●●●●●●●●

●

●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●

●
●●●●
●●

●●●●●●●●
●●●●●●●●

●
●●●●●

●

●●●●●●●●● ●

●●●●●●
●●●●●●●●●●

●●●●
●●●●●●●●●●●●●●●●●●●●●

●●●●
●

●
●

●
●●

●
●

●●

●

●

●

● ●●

●

●
●●●

●●●
●●●

●●●
●

●●●
●●●

●
●

●●●●●
● ●

●●●●●●●
●
●

●

●

●

●●●

●

●

●
●
●●●●

●

●

●

●
●

●

●

●●●●● ●●

●

●●●●
●

●
●
●●● ●

●
●●●●●
●●

●

●
● ●

●
●●

●●

●

●

●

●

●
●

●●●●
●●●●●

●●●● ●●●
●●●

● ●
●●● ●●●●

●

●
●● ●
●

●

●

●●●●●●
●●

●

● ●●●●
●

●
●●●
●
●●●●●

●

●●●●●●
●● ●
●
●●●

●

●●

●

●
●

●

●
●

●
●
●
●●

●

●
●●●●● ●● ●●●●
●

●●●
● ● ●●●●

●

●
●

●●

●

●
●

●●●
●

●

●●●●●●
●●●

●

●
●●●●
●●●●●

●

●

●
●

●

●
●
●●
●

● ●●●
●●●● ●
●

●●
● ●

●

●

●
●●●●
●●●●●●●●●●●
●

●
●
●●●●●●●●

●

●●
●

●
●●
●●●●●

●●●
●

●
●

●
●

●●●

●●●●●●●●●●●
●
●●
●

●

●●●●●
●

●
●
●
●● ●
●●●●●●●●
●●●●●●●
●
●●●●●●●

●

●●●

●
●●●

●

● ●●
●●
●●●●●●●●●

●
●●●●●

●

●●
●

●

●
●

●●

●

●

●

●

●

●
●

●
●

●●

●

●●●●●●●●●●●

●
●●●●●

●
●

●●●●●●●●●●●●
●●●●●
●●●●●●

●●●●●●●
●

●●●●
●●

●●●●●●●
●●●●●●●●●●●
●

●●
●●
●●●●●
●●●●●●●●●●●●●●●●

●

●

●●●●
●
●

●
●
●●●●●●

●

●●●●
●
●
●
●●●

●

● ●●●●

●

●●●●

●

●●●
●●●●●●●●●●●●●●

●●●●●
●●●●●●●●

●
●●●●

●

●●●●●●●●

●●●●●

●●●●
●
●●

●

●

●

●

●●●●●●●●●
●

●●●●●●●●

●●●●●●●●●●
● ●

●

●
●●●●●●●●●●●

●●●
●●

●

●
●

●
●●

●

●

●
●

●
●

● ●●●●●●
●

●●●●●●●●●
●●●●

●

●
●●
●●
●
●
●

●
●●●●

●

●

●

●●
●
●

●●
●
●●●●●●
●
●

●

●

●●●●●●●
●

●

●
●
●

●
●● ●●●●●
●
●

●●●
●●●
●●●●●

●
●

●
●

●

●

●
●

●●●●●
●

●

●●●
●●●●●●●●
●

●
●●●●●●

●●●●●●●

●

●●
●●

●

●

●●
●●●

●

●●●●●

●

●

●●
●●●●●●●●
●●●●
●

●

●

●
●●●●●●

●
●●●
●

●
●●●●●●●●
●●●●●●●●●

●
●●●

●
●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●

●●●●●●
●●●●●●●

●●
●●●●●●●●●●●●

●●
●●

●
●

●●●●

●

●●●●●●

●

●
●

●
●●●●●●●●●

●●●●●●●●
●●●●
●

●●●
● ●
●●

●

●
●

●
●●●●●●●●

●

●

●
●

●●●●●

●
●●●

●

●●●
●●●●●●●●●●

●
●●●●●●●●●●●●●●●●●●● ●

●

●
●●●●●●●●●●●●●●●●●●●

●●●●●●●●●
●●●●●●

●

●

●

●
●●●

● ●●●●●●●●●
●●●●●●●

●

●●
●●

●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●●
●●●●●●●
●
●●●●●●●●●●●●
●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●●●●●●●●●●●●●●●●●●●●●●●●
●●●●●●●●●●●●●●●●●●
●●
●●

●●●●●●●
●
●

●

●●●●●●●●● ●●●●●●
●

●●●●
●●●●●●●●●●●●●●●●●●●●●●●●●●●●●●

●●●●●
●
●
●

●●●●●●●

●
●●●●

●

●●●●●

●

●

●

●●●●
●

●
●●●●●●●●●●●●●●●●●●● ●●●●● ●●●●●●●

●

●●
●●

●

●

●●

●

●

●

●●●
●●●●●●●

●

●

●●●●●●●●

●●●●●●●●●●●
●●●●●●●●●●

●●●●●●●●
●●●●●●●●●●●
●●●●●●
●●

●

●

●
●
●

●●●●●●
●● ●

●

●
●●

●

●
● ●●●

●

●●●
●●

●

●

●●
●

●

●
●●●●
●
●●●
●
●

●

●●●●●●●●●●
●●●

●

●

●●●●
●

●
●
●●

●
●●●●●●●

●●●●●●●●

●

●●●
●●

●●●
●● ●

●

●

●

●

●

●
● ●

●
●●●

●●
●●●

●

●●●

●
●●●

●

●
●
●●
●●
●
●●

●●● ●●

●
●●●

●
●●●

●●
●●●

●

●
●●●

●●●
●

●

●●●

●
●

●

●

●

●●

●●
●

●

●
●●

●
●

●●
●

● ● ●

●

● ● ●
●

●

●
●
●●●

●

●

●

●

●

●

●●●

●
●

●
●●

●
●
●

●●
●●
●

●
● ● ●

●

●
●

●
●

●
●
●●●●●●●

●
●
●
●
●●

●

●

●● ●●
●

●●
●
●●

●
●
●●●●●●

●●●
●

●

●●
●

●

●
● ●●●●●

●●
●
●

●●●●
●

●●

●

●

●

●

●
●
●

●●

●

●
●●●

●● ● ●
●●●

●
●●●

●
●
●

●
●
●
●

●

●
●

●

●●
●

●●
●●

●

●

●●●
●
●●●●●

●●●
●

●●
●

●
●

●

●
●●●

●●● ●●●
●
●
●

●●
●●
●●●●●●●●
●
●●

●●●
●
●

●●●●
●●●●●●●●●●●●

●●

●

●●
●
●●● ●●●

●
●●

●
●●●
●●●

●●●
●●●●●

●
●
●●●●●

●

TMB JAGS 

Similar parameter and state 
estimates but much faster 
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Similar parameter and state 
estimates but much faster 
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TMB JAGS 

Similar parameter and state 
estimates but much faster 

< 10 sec > 25 min 



Rhinoceros auklet light geolocation 

K. Studholme 



First difference correlated random 
walk 



First difference correlated random 
walk 

Model 1: Model 2: 



Model selection 

3389 3066 AIC: 

Normal distribution t distribution 



Can compare many models 

Bird 1 

Bird 2 

… 

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 
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Katie Studholme 

Thanks! 
Questions? 


