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Appendix 1 
Characterizing movement strategies  
Our approach involved calculating the daily net-squared displacement (NSD; Bunnefeld et al. 2011) 

for each individual, and fitting the NSD time series with a mixture-model of two normal 

distributions (to identify clusters 1 and 2, which for dispersal and migratory individuals represented 

two discrete ranges) and one pseudo-uniform distribution (identifying a third cluster that 

characterized transitions between clusters 1 and 2). Ultimately, we quantified the probability of 

remaining in cluster 1 (q11), 2 (q22), or 3 (q33) between time steps, as well as the number of 

transitions from clusters 1 and 2, and used these values to classify movement strategy. Dispersal 

was classified when q11>0.95, q22>0.95 and q33>0.85 and the individual did not leave the second 

cluster (Fig. 3A). Migration was classified when q11>0.95, q22>0.95 and q33>0.85 and the individual 

transitioned from cluster 2 back to cluster 1 at least once (Fig. 3B). Movement was classified as 

nomadic when q11>0.95, q22>0.90 and q33<=0.85 (Fig. 3C), and as resident when q22<=0.90 and 

q33<=0.90 (Fig. 3D). Given the uncertainty inherent to classifying nomadic individuals, we used 

conservative cut-offs for this strategy.  

 We characterized any individual that did not fit the above criteria as “uncertain” (n = 4 

tortoises), which required secondary examination of the number of transitions between clusters and 

time spent in each cluster. Following Bastille-Rousseau et al. (2016), we classified the four 

uncertain tortoises as nomadic because they demonstrated more than one trip to and from the 

second cluster annually. Moreover, five tortoises initially classified as nomadic were reclassified as 

migratory given their annual pattern of transition between and within the first and second clusters.  

 We validated the sensitivity of our classification to the starting point of the NSD time series 

using a bootstrap approach. For each individual, we repeated the classification by postponing the 

starting date by 2–14 days (i.e. 13 total permutations representing start dates on day 2, 3, 4 ... 13). 
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When classification was sensitive to convergence problems of some iterations (n = 12), we verified 

that the actual classification was robust and converged by visually inspecting chains and looking at 

the Gelman–Rubin statistics 𝑅 <1.1 (Gelman and Rubin 1992). We observed >95% agreement for 

60 (95%). When the classification was sensitive to the starting date (n = 3), we reran the 

classification by removing the first three weeks of locations.  

 

Table A1. Movement strategies of 63 adult giant tortoises inhabiting the Galapagos islands, 2009–
2015. Movement strategies were characterized based on the net squared displacement time-series 
and a clustering algorithm (see Fig. 3 and methods for further details).  

		 Alcedo	Volcano	 		 Eastern	S.Cruz	Island	 		 Espanola	Island	 		 Western	S.Cruz	Island	 Percent	

		 Female	 Male	 		 Female	 Male	 		 Female	 Male	 		 Female	 Male	 Female	 Male	 Overall	

Dispersal	 0	 0	
	

1	 0	
	

0	 0	
	

0	 0	 0.028	 0	 0.016	

Migration	 6	 5	 	 4	 5	 	 0	 0	 	 11	 6	 0.583	 0.592	 0.587	

Nomadic	 0	 0	 	 1	 1	 	 1	 2	 	 3	 1	 0.139	 0.148	 0.143	

Resident	 0	 0	
	

1	 0	
	

8	 7	
	

0	 0	 0.250	 0.259	 0.254	

	

Table A2. Mixed-effects model of resource selection for 63 migratory and non-migratory giant 
tortoises, 2009–2014 in the Galapagos, with parameter estimates (β), 95% confidence intervals (CI), 
and variance estimates of the random coefficients. 

Variables	 Migratory	individual	 Non-migratory	 Non-migratory		
(Espanola	excluded)	

NDVI	monthly	 0.742	(0.193,	1.291)	 -1.997	(-2.821,	-1.173)	 -0.928	(-2.29,	0.435)	

LST	monthly	 1.168	(0.359,	1.977)	 -0.924	(-2.09,	0.241)	 1.549	(-0.335,	3.433)	

LST	monthly^2	 4.062	(2.966,	5.158)	 3.902	(2.503,	5.301)	 6.117	(3.493,	8.74)	

NDVI	predictability	 -0.21	(-0.574,	0.155)	 0.842	(0.311,	1.372)	 0.628	(-0.374,	1.629)	

LST	predictability	 -1.614	(-2.075,	-1.152)	 0.231	(-0.279,	0.741)	 0.375	(-0.454,	1.205)	

NDVI	monthly:	LST	monthly	 -4.131	(-5.187,	-3.074)	 -2.645	(-3.941,	-1.349)	 -7.597	(-10.578,	-4.616)	

NDVI	monthly:	LST	monthly^2	 2.856	(0.948,	4.763)	 0.264	(-1.742,	2.269)	 -7.122	(-12.558,	-1.685)	

	 	 	 	

Random	variance	Species	 0.01	 0.0004	 0.0004	

Random	variance	Species:ID		 0.004	 0.0004	 0.0004	
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Table A3. Mixed-effects model of resource selection for 37 migratory giant tortoises, 2009–2014 in 
the Galapagos, with parameter estimates (β), 95% confidence intervals (CI), and variance estimates 
of the random coefficients. 

Variables	 Model	1		 Model	2	

Highland	use	 	 	

NDVI	vs	warm	 2.510	(1.672,	3.349)	 	

LST	vs	warm	 -1.931	(-3.583,	-280)	 	

	 	 	

Random	variance	Species	 0.16	 	

Random	variance	Species:ID		 0.0004	 	

	 	 	

Lowland	use	 	 	

NDVI	vs	warm	 1.857	(1.106,	2.608)	 3.493	(2.299,	4.687)	

Rate	vs	cool	 -0.336	(-1.271,	0.599)	 -0.486	(-1.421,	0.449)	

LST	vs	cool	 2.507	(0.937,	4.078)	 	

LST	vs	warm	 	 -1.720	(-2.083,	-0.611)	

	 	 	

	 	 	

Random	variance	Species	 0.16	 0.16	

Random	variance	Species:ID		 0.0004	 0.0004	
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Figure A1. Correlations between temperatures estimated from the Modis Terra Land Surface 
temperature and local weather stations.   
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Figure A2. Average residency time (i.e. the continuous period of residence) of 63 giant tortoises 
from four different species (shaped-coded) in their two main ranges (cluster). Time spent is 
expressed as the average number of days spent in a cluster per year. For migratory individuals, each 
cluster was associated to either being in the cool (cluster 1) or warm (cluster 2) range based on its 
relative altitude for an individual. Movement strategies are color coded. Inspired from Cagnacci et 
al. (2011)  
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Figure A3. Relationship between mass, movement strategies, sex and species of 63 giant tortoises 
followed with GPS telemetry in three islands of the Galapagos, 2009–2014.  
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Figure A4. Probability of use of different environmental characteristics (y-axes) based on the 
proportion of GPS locations found areas along the listed environmental gradients (x-axes) for 63 
adult giant tortoises from four different species. Environmental characteristics were extracted based 
on remote sensing layers from the MODIS Terra satellite.  

	


