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strategies. For example, partial migration can evolve where 
density dependent processes operate in combination with 
seasonal �uctuations in habitat suitability (Swingland 
and Coe 1979, Kaitala et  al. 1993, Alerstam et  al. 2003). 
Alternatively, partial migration can also be maintained when 
the associated bene�ts or ability to migrate apply to only 
a sub-group of individuals (see pathway 2 in Fig. 1; Boyle 
2008, Singh et  al. 2012, Yackulic et  al. unpubl.). In par-
tially migratory systems, resident and migratory individuals 
may coexist in a given area during a portion of the annual 
cycle (Ball et al. 2001, Jahn et al. 2010, Bischof et al. 2012, 
Yackulic et  al. 2014) but may utilize local resources quite 
di�erently, and with di�erent implications for individual 
�tness (Chapman et al. 2011). Whereas evidence is strong 
that movement strategies are driven by large-scale structur-
ing of the environment (Mueller et al. 2011), less well under-
stood is how the resource selection patterns associated with 
di�erent strategies should di�er when constrained to a single 
area (see pathway 3 in Fig. 1).

Although many studies have addressed the impact of 
environmental variation and patterns of resource selection 
(see pathways 4 and 5 in Fig. 1), in partially migratory sys-
tems it is unclear how resident versus migratory individuals 
should use local areas based on the availability and predict-
ability of resources. Migration enables individuals to exploit 
large-scale spatio�temporal variation in resources and migra-
tory individuals frequently outmatch their sedentary coun-
terparts over the full annual cycle (Fryxell et al. 1988), yet, 
in some cases, residents may outmatch migratory individuals 
(Middleton et al. 2013). At �ne scales, resident individuals 
may be expected to outmatch migrants due to knowledge 
of local conditions, although this too is not always the case 
(Ball et  al. 2001, Bischof et  al. 2012). Integrating broad-
scale analyses of movement strategies across environmen-
tal gradients with �ner-scale analyses of resource selection 

may reconcile previous incongruities by identifying 1) the 
conditions that favor di�erent movement strategies, 2) how 
individuals using di�erent strategies perform under di�erent 
environmental conditions, and 3) how future environmental 
changes should impact the frequency of di�erent strategies 
(Singh et al. 2010).

Here we study a model genus, giant Galapagos tortoises 
Chelonoidis spp., in which predation is absent after the 
juvenile stage (Congdon et  al. 1993), allowing us to con-
centrate on only the environmental drivers of movement 
(Blake et al. 2013). Multiple colonization events onto dif-
ferent islands from a single founder individual, coupled 
with strong environmental variation among and within 
islands, have led to the evolution of up to 16 di�erent 
species of tortoise (Caccone et  al. 2002, Poulakakis et  al. 
2015), of which 11 are extant and spread over six islands 
within the Galapagos Archipelago. Some species are known 
to migrate seasonally in response to vegetation productiv-
ity (Blake et al. 2013, Bastille-Rousseau et al. 2016a) with 
partial migration being maintained by variation in tortoise 
body size (Blake et al. 2013, Bastille-Rousseau et al. 2016a, 
Yackulic et al. unpubl.). Moreover, environmental structure 
in Galapagos is driven largely by topography and rainfall 
(Trueman and d�Ozouville 2010), which are readily quan-
ti�ed. Giant tortoises play important roles as ecosystem 
engineers, through bulldozing, grazing and seed dispersal 
(Merton et al. 1976, Hnatiuk 1978, Blake et al. 2012), and 
maintaining their populations and ecosystem function will 
be challenging in the face of accelerating anthropogenic 
change (Watson et al. 2009, Trueman et al. 2013). For these 
reasons the Galapagos environments and their endemic, 
ectothermic and herbivorous giant tortoises occurring on 
multiple islands in strikingly di�erent ecological settings 
provides an ideal model system for studying the spatio�
temporal drivers of animal movement and resource selec-
tion. We capitalize on this unique system to di�erentiate 
movement strategies by the distance, timing and duration 
of movements (Bunnefeld et al. 2011, Fleming et al. 2014, 
Bastille-Rousseau et al. 2016a) and to determine how envi-
ronmental variability structures movement strategies and 
subsequent patterns of resource selection.

Using a combination of remote sensing data and GPS-
tagged tortoises, we investigate how environmental variabil-
ity and individual animal characteristics drive the adoption 
of movement strategies which, in turn, shapes resource use 
and selection. Previous work on a single species of giant 
tortoise illustrated the importance of vegetation productivity 
on tortoise movement (Blake et  al. 2013). Because of this 
and because tortoises are ectotherms, we hypothesized that 
vegetation productivity and temperature would be the main 
drivers of movement. We therefore expected that migratory 
and non-migratory individuals will di�er in their exposure to 
and selection of these variables. More speci�cally, we address 
the following questions: 1) to what degree is the environ-
ment structured and predictable inside the realized range of 
each species? 2) How does environmental structuring inter-
act with individual characteristics to determine the frequency 
of distinct movement strategies within each species? 3) How 
does resource availability and predictability drive di�erences 
in resource use and selection between migratory and non-
migratory individuals? 4) For migratory individuals, how 
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Figure 1. Pathways through which environmental dynamics and 
individual characteristics in�uence population level patterns in 
movement strategies and individual level of resource selection. 
Environmental dynamics (captured here using remote sensing data) 
and individual characteristics can in�uence the frequency of 
movement strategies in population (arrows 1 and 2). Di�erent 
movement strategies can then have di�erent patterns of resource 
selection (arrow 3) which can also be in�uenced by environmental 
dynamics and individual characteristics (arrows 4 and 5).
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does environmental structuring drive tortoise distribution in 
each seasonal range?

By answering these questions, we not only reveal gen-
eral mechanisms likely driving the movement patterns of 
a diverse set of species across a variety of spatio�temporal 
scales but also deepen our understanding of the ecol-
ogy of iconic, yet poorly understood Galapagos tortoises. 
Given that protecting animal migration phenomena repre-
sents one of the greatest challenges in conservation today 
(Wilcove and Wikelski 2008, Middleton et al. 2013), a rig-
orous understanding of animal movement processes across a 
variety of biological scales � from individuals to species � is 
an urgent need.

Material and methods

Study area and data collection on tortoise 
movements

Giant tortoises occur on six di�erent islands throughout 
the Galapagos Archipelago. Interactions between shift-
ing ocean currents, wind direction and topography cre-
ate extensive spatiotemporal gradients in temperature, 
precipitation and, by extension, vegetation (Trueman 
and d�Ozouville 2010). Islands that attain high elevations 
(above 1300 m) have dry conditions in the highlands fol-
lowed by a humid zone at intermediate elevations due to 
the creation of a cloud band persisting for most of the year 
(Trueman and d�Ozouville 2010). Islands that attain inter-
mediate elevation only have humid highlands. Rainfall 
declines at lower elevations and arid lowlands dominate 
the terrestrial surface area of Galapagos. Two seasons 
are generally recognized; a cool dry season from June to 
November during which time highlands vegetation remain 
lush, and a hot wet season from December to May during 
which lowlands and uplands receive similar high levels of 
precipitation.

Between 2009�2014, we deployed custom-built GPS 
tags (e-obs) onto 68 adult tortoises from four species on 
three di�erent islands (Santa Cruz, Espanola Island and 
Isabela; Fig. 2). Our tagged sample of tortoises consisted 
of 18 individuals (nine females, nine males) on Espanola 
Island (C. hoodensis), 11 (six females, �ve males) on Isabela 
Island (C. vandenburghi; Alcedo Volcano population), and 
39 individuals in two populations on Santa Cruz Island: 
14 (seven females, seven males) from eastern Santa Cruz 
(C. donfaustoi) locally called �Cerro Fatal� and 25 (17 
females, eight males) from western Santa Cruz (C. por-
teri) in �La Reserva� (Russello et al. 2005, Poulakakis et al. 
2015). Tagged tortoises included individuals of both rec-
ognized morphotypes � �saddlebacks� (with elevated frontal 
portions of the carapace, which occur on arid low-lying 
islands) and �domes� (with carapaces that extend low over 
the head, which occur on islands with humid highlands; 
Fritts 1983), and varied across arid and humid habitats typ-
ical of the archipelago. Tortoises on Santa Cruz Island and 
Alcedo Volcano were exposed to greater variation in veg-
etation abundance along elevation gradients than tortoises 
on the topographically �at Espanola Island (Trueman and 
d�Ozouville 2010).

Tortoises are largely immobile at night, so to maximize 
battery life we programmed GPS units to record locations 
every hour during the day (05 a.m. � 07 p.m.) yielding 
893 204 tortoise locations (78�26 788 among individu-
als). When tags were attached, tortoise size (curved cara-
pace length) and sex were recorded. From carapace length, 
we estimated tortoise mass based on island-speci�c allo-
metric relationships (Bastille-Rousseau et  al. 2016b). All 
animal handling procedures followed the guidelines of 
the Galapagos National Park, the Max Planck Institute of 
Ornithology, and IACUC protocol no. 121202 of the State 
Univ. of New York, College of Environmental Science and 
Forestry.

Remote sensing data

To quantify spatio�temporal change in environmental 
conditions and identify conditions that favor speci�c 
movement strategies, we used moderate resolution imag-
ing spectroradiometer (MODIS) data from the Terra satel-
lite (Justice et al. 1998) to quantify vegetation conditions 
at a resolution of 250 m. More speci�cally, we derived 
indices from the normalized di�erence vegetation index 
(NDVI), which reliably relates to vegetation productivity 
and resources available to herbivores (Pettorelli et al. 2005, 
Hebblewhite et al. 2008, Mueller and Fagan 2008). NDVI 
data were acquired as 16-day composites, yielding 23 com-
posites per year from 2000�2015. To correct for NDVI 
errors induced by clouds and other sources, we performed 
iterative interpolation data reconstruction following Julien 
and Sobrino (2010). Within one annual time-series, for 
each pixel on a given day, an �alternative� NDVI value was 
computed as the mean between the immediately preceding 
value (16 days earlier) and the following value (16 days 
later). Missing data were also replaced with the mean of 
the preceding and following values. NDVI errors were 
identi�ed when the alternative NDVI value di�ered from 
the observed value by 0.02 units. Correcting these errors 
was an iterative process. First, we identi�ed the date of 
maximum di�erence, and for all pixels on that day where 
errors were identi�ed, the alternative NDVI value replaced 
the observed value. Next, a new time series of alterna-
tive NDVI values was computed from the modi�ed time 
series, errors were corrected on the date of maximum dif-
ference, and the process was iterated until no more errors 
were detected (see Julien and Sobrino 2010 for further 
details). �is approach was deemed more appropriate than 
a parametric �t, such as the double logistic approach (Hird 
and McDermid 2009), given that we did not have strong 
a priori expectations for seasonal variation in vegetation 
development, especially for highland areas where produc-
tivity can be relatively homogenous in time (Blake et  al. 
2013).

Because tortoises are ectothermic, temperature di�er-
ences may drive movement decisions and interact with their 
foraging requirement. �erefore, we acquired nightly land 
surface temperature (LST) values at a 1-km resolution from 
the Terra satellite. Night-time LST values were considered 
less biased by vegetation structure and earth emissivity than 
day-time values (Wang et al. 2008). Given the high num-
ber of pixels with unreliable values due to cloud cover, we 




























