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Abstract

Context Interactions between wildlife and anthro-
pogenic infrastructure, such as roads, fences, and
dams, can influence wildlife movement, and poten-
tially cause human-wildlife conflict. In the Galapa-
gos archipelago, two species of critically endangered
giant tortoise encounter infrastructure and human-
modified vegetation in farms, which could influence
movement choices.
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Objectives We investigated factors influencing tor-
toise movement and habitat selection in the agricul-
tural landscape of Santa Cruz Island, Galapagos.
Methods We examined the movement of 27 tor-
toises collected using GPS tracking between 2014
and 2020, in relation to the location of vegetation,
ponds, fences, and roads.

Results We found that tortoises preferred pasture
over native vegetation, but there was little difference
among their preferences for native vegetation, crops,
or invasive vegetation. Tortoises also travelled
slower in pasture, and faster in invasive vegetation,
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compared to crops and native vegetation. Tortoises
were more likely to be found closer to ponds than
predicted by chance. Our results indicated that most
fences were porous to tortoises, with limited impact
on their movement. Tortoises were more likely to use
areas near roads with low-traffic.

Conclusions Pastures, and ponds are important
habitat for tortoises in farms and are likely to be used
preferentially by tortoises. Overall, fences and roads
did not strongly obstruct tortoise movements, how-
ever, this may lead to potential injury to tortoises on
roads and property damage for farmers. To best iden-
tify priority areas for managing wildlife on farms, we
recommend evaluating the combined effects of mul-
tiple anthropogenic landscape features on wildlife
movements.

Keywords Fences - Galapagos - Human-wildlife
conflict - Integrated step-selection functions -
Resource selection - Roads

Introduction

Globally, land modification is increasing rapidly; only
20-34% of the Earth’s terrestrial landscapes experi-
ence very low human impact (LeB et al. 2012; Riggio
et al. 2020; Theobald et al. 2020). Land modification
is usually associated with proliferation and expansion
of infrastructure, such as roads and fences (Laurance
et al. 2015). For instance, ~25 million kilometres of
newly paved roads will likely be constructed world-
wide by 2050 (Alamgir et al. 2017). As the human
footprint expands outside urban areas, wildlife must
navigate encounters with novel, man-made features,
including transmission lines, railroads, bridges,
fences, roads and dams (Coulon et al. 2008; Abrahms
et al. 2016; Zeller et al. 2016; Prokopenko et al.
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2017; Reinking et al. 2019; FEisaguirre et al. 2020).
The ubiquity of man-made features in the landscape,
allows us to asses the impact of specific infrastructure
characteristics on animal movement such as type of
road, or different fencing materials (Jakes et al. 2018).
For example, various tortoise species in the Karoo
region of South Africa encounter four main fence
types (Lee et al. 2021). Trying to cross electric or fine
mesh fences is more likely to result in mortality for
these tortoises, whereas regular fences are more eas-
ily crossed, illustrating the importace of distinguish-
ing the impacts of different types of infrastructure
(Lee et al. 2021). Changes in land use, and expansion
of different types of infrastructure, can strongly influ-
ence the movements of animals, especially migratory
species (Wilcove and Wikelski 2008; Harris et al.
2009; Seidler et al. 2015; Shaw 2016).

Changes to animal movement patterns caused
by human-modified land and infrastructure, such as
roads and fences, can have cascading effects on the
ecological dynamics of wildlife populations and their
interactions with people (Cozzi et al. 2013; Beyer
et al. 2016; Jakes et al. 2018). Natural areas converted
to human-modified vegetation, such as farms, can
attract wildlife, leading to property damage or crop
consumption (Songhurst et al. 2016). For some spe-
cies, avoidance of infrastructure can disrupt move-
ment and reduce connectivity, causing population
decline and loss of genetic diversity (Seidler et al.
2015; Cosgrove et al. 2018).

For example, road type has a strong impact on
the abundance and demography of Mojave Desert
Tortoises (Gopherus agasszii), there are fewer and
smaller tortoises within the vicinity of high-traffic
roads compared to roads with medium- or low traf-
fic, likely due to road mortality (Nafus et al. 2013).
Likewise, the extinction risk of Blanding’s turtles
(Emydoidea blandingii) increased closer to roads
(Beaudry et al. 2008). Individuals of other species,
however, can be attracted to infrastructure for ease
of travel; studies designed to examine the impacts
of four-wheel drive trails on reptiles indicated that
the density of most species increased with proxim-
ity to trails, possibly because trails facilitated move-
ment, or thermoregulation (Munger and Ames 2001;
Munger et al. 2003). Globally, however, wildlife inter-
acting with transportation infrastructure is leading to
increases in mortality risk for wildlife and property
damage for people (Olsson and Widen 2008; St. Clair
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et al. 2019; Shilling et al. 2020). To adequately sup-
port wildlife movement in human-modified land-
scapes we need a detailed understanding of the influ-
ences of infrastructure and habitat change on wildlife.

Even isolated oceanic islands are not free of the
global expansion of the human footprint (Russell and
Kueffer, 2019). On Santa Cruz Island in the Galapa-
gos Archipelago, for example, two critically endan-
gered giant tortoise species (Chelonoidis porteri
and Chelonoidis donfaustoi) regularly interact with
human-modified vegetation and infrastructure. These
tortoise species are morphologically and ecologically
similar, and while both species use the agricultural
area, their distributions do not overlap. C. porteri is
found only in the west and C. donfasutoi in the east
(Poulakakis et al. 2015). As both tourism and the
local human population are predicted to continue to
increase in the Galapagos (Epler 2007; Sampedro
et al. 2018), interactions between tortoises and infra-
structure are also likely to increase as human activi-
ties continue to expand (Yackulic et al. 2017; Pike
et al. 2021). Many adult tortoises spend around half
of each year (Blake et al. 2013; Pike et al. 2021) in
the agricultural area in the highlands, where they reg-
ularly interact with roads, fences, ponds, and human-
modified vegetation, such as pasture for livestock,
various transitory and permanent crops, and areas
of invasive vegetation (Laso et al. 2020; Pike et al.
2022). The aim of the Galapagos National Park Ser-
vice is to increase the abundance and geographical
range of these and other tortoise species, to their for-
mer levels. If successful, this will further increase the
number of interactions between tortoises and anthro-
pogenic landscape features (Blake et al. 2015b; Cayot
et al. 2017). While tortoise population growth may be
a desirable outcome for conservationists (MacFarland
et al. 1974; Gibbs et al. 2014), increasing interac-
tions between tortoises and farmers, including fence
breakage, crop depredation, and tortoise-automobile
interactions may lead to an increase in tortoise-human
conflict, thereby undermining conservation efforts
(Blake et al. 2015b; Benitez-Capistros et al. 2018,
2019). To support the recovering tortoise populations
and minimise this conflict, policymakers and land
managers must understand the influence of infrastruc-
ture and land use on tortoise movements.

We investigated the influence of infrastructural
characteristics and human-modified vegetation cover

on the movement dynamics of Santa Cruz tortoises,
addressing the following questions and predictions:

(1) Are tortoises selective in their use of different
vegetation types in farmland, specifically, vegeta-
tion dominated by invasive, native, crop, or pas-
ture species? We predicted that tortoises would
select crop and pasture vegetation and avoid
invasive vegetation based on differences in forage
quality (Pike et al. 2022).

(2) How do tortoises respond to ponds? We predicted
tortoises would be strongly attracted to ponds
because they provide opportunities for ther-
moregulation and drinking (Ellis-Soto 2021).

(3) What are the characteristics of fences, and do
they limit tortoise movements? We predicted
that tortoises would avoid complex fences with
closely spaced posts, compared to fences with
fewer posts, and a simpler structure.

(4) How do tortoises respond to different types of
roads? We predicted that tortoises would be
attracted to low-traffic roads, because roads facil-
itate movement, but would avoid roads with high
traffic levels, because on these, frequently pass-
ing cars would cause disturbance.

Methods
Study site

Three main native vegetation types characterise Santa
Cruz Island (Fig. 1A): arid lowlands, humid high-
lands, and a transition zone between these vegetation
types (Wiggins and Porter 1971; Rivas-Torres et al.
2018). The humid highlands were first used for agri-
culture in the early 1900s, and now at least 88% of the
humid highlands are modified to support agriculture
(Watson et al., 2010; Trueman et al., 2013).

We collected location data from 27 GPS-tracked
tortoises, of both species, in areas where they were
using agricultural land between 2014 and 2020 (Blake
et al., 2013). Tortoises were tracked using custom-
built GPS transmitters (e-obs GMBH, Munich, Ger-
many), that obtained hourly locations between 06:00
and 19:00 as tortoises are largely immobile at night
(Bastille-Rousseau et al. 2016). Blake et al. (2013)
provide a detailed description of tracking methods.

@ Springer
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Fig.1 Santa Cruz Island showing the covariates used to assess
the effect of the agricultural landscape and roads on tortoise
movement and habitat selection. A White rectangle indicates
the location of the agricultural area shown in the other three
maps; B Agricultural vegetation (green, yellow and purple

Our sample of Chelonoidis porteri, from the west-
ern part of the island, included twelve males, seven
females, and one juvenile. Our sample of C. donfaus-
toi, from the eastern part of the island, included four
males and three females. The two species that are on
Santa Cruz have recently been classified (2015) as
two different species based on genetic differences,
but are very similar in ecology, size, and physical
appearance (Poulakakis et al. 2015). We tested for
differences in responses to agricultural infrastructure
and vegetation between species, and we found no evi-
dence of such differences (Supplementary Informa-
tion S1), thus we combined data for both species to
obtain more statistical power to detect effects.

@ Springer

areas) and ponds (blue dots); C Locations of farm fencing
(black lines); D Three types of roads, based on levels of traffic
(yellow: low-traffic roads, orange: medium-traffic roads, red:
high-traffic roads)

Determining habitat preference - integrated
step-selection functions

Integrated step-selection functions use conditional
logistic regression to determine the probability a
habitat characteristic and or movement characteristic
being ‘used’, as a function of what is ‘available’ in
the landscape (Signer et al., 2019). ‘Available’ loca-
tions are simulated using parametric distributions of
step lengths (the straight line distance between two
consecutive GPS points), and turn angles (the turn-
ing angle between headings of two consecutive steps)
that are parameterised using the observed step lengths
and turn angles of the GPS tracked animals (Thurfjell
et al. 2014; Michelot et al. 2019). Each ‘used’ (or
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observed GPS) location is allocated a set of ‘avail-
able’ or simulated locations, based on the distribu-
tion of step lengths and turn angles that could have
been used. This set of used and available steps is
called a ‘strata’ and can be considered the sampling
unit of the models. Environmental covariates that are
extracted at the end of a step can then be examined to
determine if an animal is using that habitat character-
istic more than is expected by chance, this is called
‘selection’. If a habitat characteristic is used less than
expected by chance, the behaviour is called ‘avoid-
ance’ (Signer et al. 2019; Fieberg et al. 2021).

If an animal travels faster in the time period
between locations, step lengths are longer, whereas
if it travels slower, step lengths are shorter. To deter-
mine if habitat characteristics also influence animal
movement, environmental covariates can be extracted
at the beginning of a step and included in an interac-
tion with step length to examine if animals are more
likely to move faster or slower in specific habitats
(Signer et al. 2019). Thus, when an interaction was
included with tortoise step length for our models
relating to questions on vegetation type, ponds, and
road type, the environmental covariate in the interac-
tion was extracted at the start of the step.

We used the ‘amt’” package to simulate 30 avail-
able steps for each ‘used step’ (i.e., each hourly GPS
location) using an exponential distribution for step
lengths and a Von Mises distribution for turn angles
(Signer et al. 2019; Fieberg et al. 2021). The envi-
ronmental covariates used in the models (vegetation
class, fence type, land-use type, distance to roads, and
distance to ponds, in meters) were rasterised in QGIS
v.3.4. (QGIS Development Team, 2016) (Fig. 1B-D).

To identify population-level habitat and move-
ment-selection by tortoises on farms, while account-
ing for individual variation, we constructed our inte-
grated step-selection functions following Muff et al.
(2020). Population-level step-selection functions can
be estimated using an Inhomogenous Poisson Pro-
cess model with stratum-specific fixed intercepts, as
it is the likelihood equivalent of a conditional logis-
tic regression (i.e. SSF; Mulff et al. 2020). We created
a mixed effects model framework using the ‘glm-
mTMB’ package (Brooks et al. 2017) that included
a random intercept for each individual, and allowed
individuals to vary in their response to movement
and habitat and characteristics, with a random slope
for the main fixed effects in the models (see specific

details for each model below). Because integrated
step-selection functions are scale-dependent (Thur-
fiell et al. 2014; Bastille-Rousseau et al. 2018a), we
customised each model to the spatial or temporal
scale at which tortoises were likely to respond to the
landscape features in question (see Table 1 for over-
view of covariates). As a result, models sometimes
differed in the number of tortoises they included, as
some tortoises may not have interacted with the spe-
cific landscape feature in the model at all, or too few
times to allow the model to converge (see Supplemen-
tary Information S2 for sample size details). All mod-
els included step-length and the cosine of turn angle
as terms, to account for general space-use behaviour
(Forester et al. 2009; Signer et al. 2019).

How did tortoises respond to vegetation class in
farmland?

We determined if tortoises selected or avoided dif-
ferent vegetation classes, and examined whether
they moved slower or faster in each. Vegetation
classes were determined using satellite imagery,
automatically classified using a random forest algo-
rithm, and validated with drone imagery, producing
maps of vegetation at a 15-m resolution (Laso et al.
2020). We adapted these fine-scale vegetation data
from Laso et al. (2020; see Supplementary Informa-
tion S3 for details), to produce four main vegetation
classes with which tortoises interacted (Fig. 1B). The
four categories we used were: ‘pasture’ including
grasses planted by farmers for livestock, and natu-
rally occurring grasses on agricultural land. ‘Inva-
sive vegetation’, which included various naturalised
species, most commonly blackberry (Rubus niveus),
guava (Psidium guajava), and Cuban cedar (Cedrela
odorata) that grow aggressively in large areas and
negatively impact native biotia (Laso et al. 2020).
‘Crops’ included both permanent crops such as cof-
fee and bananas, and transitory crops such as toma-
toes, watermelon and corn. ‘Native vegetation’ was
the remaining vegetation that occurs naturally on the
islands, such as evergreen forest and shrublands, and
humid tallgrass. To assess whether movement deci-
sions were influenced by vegetation class we fitted a
model including vegetation classes (i.e., native, inva-
sive, pasture, or crop), and an interaction with tor-
toise step length (n=24 tortoises, strata=66,372).
Because movement decisions are made over the

@ Springer
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Table 1 Overview of covariates used in each of the models to assess either tortoise selection of habitat and/or movement character-
istics while in the agricultural area of Santa Cruz Island

Model Covariates Description

1. Influence of vegetation on selection Vegetation type + Type of vegetation (either pasture, invasive,
crop or native) tortoise was in at the end
of the step (sampled at 5 h intervals)

Step length + Scaled distance between steps
Turn angle Cosine of the turn angle between steps
2. Influence of vegetation on movement Vegetation type : step length + Type of vegetation (either pasture, invasive,

crop or native) tortoise was in at the start
of the step with an interaction with scaled

step length
Step length + Scaled distance between steps
Turn angle Cosine of the turn angle between steps
3. Influence on pond proximity on selec-  Distance to pond + Log(distance to the nearest pond at the end
tion and movement of the step+1)
Distance to pond : step length + Log(distance to the nearest pond at the start

of the step+ 1 ) and an interaction with
scaled step length

Step length + Scaled distance between steps
Turn angle Cosine of the turn angle between steps
4. Influence of type of fence crossing on Fence type + Whether the fence had a simple, or complex
selection construction
Step length + Scaled distance between steps
Turn angle Cosine of the turn angle between steps
5. Influence of proximity of low-traffic Distance to low-traffic road + Log(distance to the nearest low-traffic road
road on selection and movement at the end of the step+1)

Distance to low-traffic road : step length + Log(distance to the nearest low-traffic road
at the start of the step+ 1) and an interac-
tion with scaled step length

Step length Scaled distance between steps
Turn angle Cosine of the turn angle between steps
6. Influence of proximity of medium-traf- Distance to medium-traffic road + Log(distance to the nearest medium-traffic
fic road on selection and movement road at the end of the step+ 1)
Distance to medium-traffic road : step Log(distance to the nearest medium-traffic
length + road at the start of the step+ 1) and an
interaction with scaled step length
Step length + Scaled distance between steps
Turn angle Cosine of the turn angle between steps
7. Influence of proximity of high-traffic Distance to high-traffic road + log(distance to the nearest high-traffic road
road on selection and movement at the end of the step+1)

Distance to high-traffic road : step length  Log(distance to the nearest high-traffic road
+ at the start of the step+ 1) and an interac-
tion with scaled step length

Step length + Scaled distance between steps
Turn angle Cosine of the turn angle between steps

Only Model 1 had steps sampled at 5 h intervals, for all other models tortoise steps were sampled hourly

distance a tortoise can see, but vegetation classes over a longer time scale than individual movement
occurred over areas greater than that, at a paddock selection by tortoises, as after walking one hour (the
scale, vegetation class selection was likely to occur default sampling period) a tortoise would likely be in

@ Springer
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the same vegetation type. Therefore, to assess veg-
etation class selection patterns at a more appropriate
scale, we re-sampled our used and available steps
at 5-hour intervals between steps, and constructed
another model with vegetation class (n=21 tortoises,
strata=5738). As models with categorical variables
designate one category as the reference factor, we
chose the native vegetation category as the refer-
ence factor in the models, to determine how tortoises
reponded to human-modified vegetation in compari-
son to native vegetation, for both the short- and long-
time scale models.

How did tortoises respond to ponds in farmland?

Artificial and natural water bodies (hereafter referred
to as ‘ponds’) are a common feature of the agricul-
tural landscape on Santa Cruz, and are frequented
by tortoises (Ellis-Soto 2021). Locations of ponds
(n=58) were collected in the field in 2019 (Fig. 1B;
Ellis-Soto 2021). To investigate tortoise response to
ponds in the agricultural area (both natural and man-
made), we examined tortoise preference for proximity
to ponds in the landscape, and their movement char-
acteristics as their proximity to ponds changed. As
the effect of the pond is expected to decrease, with
distance from pond (Prokopenko et al. 2017), we
incorporated this distance decay effect by adding 1
and taking the natural logarithm to the distance of the
nearest pond to each tortoise step for our variable for
tortoise distance to pond (hereafter called distance to
pond). For each tortoise, we compared their used to
available locations in relation to distance to the pond,
and examined interactions between distance to pond
and step length, expecting step length to decrease if
they preferred to linger near ponds (n=27 tortoises,
strata=73,711).

How do tortoises respond to simple vs. complex
fences?

To first determine the structural attributes of fences
in farmland, we conducted 205 “fence surveys” in
2019 in the east (82 surveys) and west (123 surveys)
of the Santa Cruz highlands. At each fence survey,
we selected a random 10-m section and recorded the
fence’s material, and the land-use associated with the
fence as ‘crop’ (which included transitory or perma-
nent crops or, rarely, housing) or ‘non-crop’ (which

included paddocks for livestock, abandoned land, and
land for tourism, forestry, or national park). For each
fence, we recorded the distance between the ground
and first wire, distance between posts, and height
to the nearest mm, measured in three places along
the 10-m survey (between 0 and 1 m, 4-5 m, and
9-10 m). To test for structural differences between
‘crop’ and ‘non-crop’ fences, we used univariate lin-
ear models with square root transformations in the
‘stats’ package in R V.4.0.2 (R Core Team, 2020).

Fences that were structurally complex, with closely
spaced posts (<50 cm apart) and additional wire, had
greater potential to impede tortoise movement than
simple fences with few upright posts and less hori-
zontal wire. Thus, when we encountered complex
fences, (see Fig. 2) we also conducted ‘gap surveys’
to investigate the porosity of these fences to tortoises.
We conducted a gap survey by walking the fence’s
length and recording any gaps>50 cm and any signs
of damage, such as broken wire or posts.

In the process of analysing and classifying fences,
we found that 76% of fences around non-crop farms
(defined above) were simple fences, and 86% of
fences around crops were complex. Using the Ecua-
dorean Ministry of Agriculture’s 2014 census, we
extracted the locations of fences (Fig. 1C) and land-
use types of farms (CGREG, 2015) and labelled
any fence around crops ‘complex’ and around non-
crop areas ‘simple’. To evaluate fence crossings,
we extracted all the instances when a tortoise step
started in one land-use type (e.g. crops ) but ended
in a different land-use type (e.g.non-crop area), indi-
cating a fence crossing. This allowed us to determine
if tortoises selected or avoided crossing complex
fences compared to simple fences (n=25 tortoises,
strata=26,615). We expected that if complex fences
were avoided by tortoises, they would be crossed
much less than their availability would suggest.

How did tortoises respond to roads in farmland?

Roads in the Galapagos range from two-lane paved
highways to seldom-used, single-lane dirt tracks.
Road network data were obtained by combining local
government data (CGREG) and open-source datasets
(OpenStreetMaps). Tortoises may respond differ-
ently to different road types, so we separated roads
into three categories: high, medium, or low traffic
(Fig. 1D). Roads were classified based on a number
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Fig. 2 Images of two typical fence types seen in the agricul-
tural area of Galapagos. The left image shows an example of a
complex fence, constructed with horizontal and vertical posts
both <50 cm apart; difficult for giant tortoises to cross. The

of factors determined using satellite imagery, field
surveys, and consulting with local residents (Laso
2021). Our classification is summarised as follows:

1. High-traffic roads included paved highways, pri-
mary, secondary, and urban roads that had rela-
tively high vehicle traffic;

2. Medium-traffic roads included narrow gravel
and service roads connected to main roads with
higher vehicle traffic, and.

3. Low-traffic roads were tertiary and seasonal
roads, constructed of gravel or dirt with relatively
low traffic levels, or restricted vehicle access (see
Supplementary Information S4 for examples of
road types).

57% of the agricultural area had a road within

100 m: 6% of these were high-traffic roads, 12%
medium-traffic roads, and 39% low-traffic roads.

@ Springer

right image shows a simple fence constructed with vertical and
horizontal posts > 50 cm apart; easily crossed by tortoises. Gap
transects, in which the number of gaps>50 cm were quanti-
fied, were performed only on complex fences

For each tortoise, we examined distance to the near-
est road, and examined the interaction between dis-
tance to road, and tortoise step length. As above with
ponds, to incorporate the decay of the road effect
when tortoises were very far from roads we took the
natural log+1 to our distance to nearest road vari-
ables for all models (hereafter called distance to road,
see Table 1). If tortoises preferred the road area, we
expected their used steps to be closer to the road
than their available steps. If tortoises travelled slower
when closer to roads, we expected to see shorter step
lengths (a positive interaction), alternatively if tor-
toises travel faster when closer to roads, we expected
their step length would be longer when closer to roads
(a negative interaction). To assess differences in tor-
toises response to road proximity based on road type,
we constructure a separate model for each road type
(n=27 tortoises, strata=73,711).



Landsc Ecol (2023) 38:501-516

509

Results

How did tortoises respond to vegetation class in
farmland?

We found that compared to native vegetation, tor-
toises were significantly more likely (mean odds ratio
of 1.46) to be found in pasture (Fig. 3). Tortoises used
crop and invasive vegetation about as much as native
vegetation ( Supplementary Information S5). We also
detected differences in tortoise movement within
vegetation classes. When tortoises were in pastures,

Fig. 3 Tortoise responses
to human-modified
vegetation compared to
native vegetation use in the
agricultural area of Santa
Cruz, Galapagos. Tortoises
preferred pastures, but there
was little difference in their
use of crop or invasive veg-
etation (measured at 5-hour
timescales). Estimates 0.0
above the zero (dashed) line

indicate selection, and those

below the line indicate

avoidance. Error bars show .02
the standard error of the

0.4

0.2

they travelled significantly slower than when in native
vegetation, whereas in invasive vegetation they trav-
elled significantly faster. There was little difference
between movement in crop and native vegetation
(Supplementary Information S6) (Figs. 3, 4).

How did tortoises respond to ponds in farmland?
We found that tortoises responded strongly to pond
proximity, and preferred locations closer to ponds,

consequently avoiding distances further from ponds
(mean odds ratio 0.62; Supplementary Information
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Fig. 5 Tortoise response

to ponds in the agricul- D0 = == =i o wwimims

tural area of Santa Cruz,
Galapagos. Tortoises
preferred to be closer to
ponds. Estimates above the
zero (dashed) line indicate
selection, and those below

the line indicate avoidance. 02
Error bars show the stand-
ard error of the mean =

-0.4 1

Increasing distance
to pond increasing step length

S7). We found no influence of pond proximity on
tortoise movement (Supplementary Information
S7) (Fig. 5).

Fence structure

84% of the fences we investigated were constructed
from barbed wire and live trunks of the Porotillo
tree (Erythrina fusca), the remaining 16% were con-
structed either with wooden posts, stone or were
chain-linked wire. Most of the fences we sampled
(60%) met our definition of simple fences, 30% could
be classified as complex, and 10% were intermedi-
ate. ‘Gap analysis’ of complex fences revealed that
21/28 complex fences (75%) had gaps (range=1-10
gaps per gap survey), and, on average, a tortoise
would encounter a gap it could cross every 86 m
(12 m). While most gaps (69%) in fences appeared
to be caused by damage to the structure (e.g., bro-
ken posts), some (31%) fences had built-in gaps. We
found that fences constructed around crops had a bar-
rier closer to the ground (mean distance =25 cm + SE
4 cm for crops vs 48 cm+SE 1 cm for non-crop
fences) (f593=8.9, p=<0.001), and their vertical
posts were closer together (753 =3.2, p=<0.001),
than fences around non-crop areas.

@ Springer

Increasing distance to pond:

Pond proximity

Did tortoises avoid crossing complex fences?

We found that fence crossings occurred often (we
detected a total of 26,639 fence crossings), however,
fences around non-crop areas were crossed more
often (79% of crossing events) than fences around
crops (21% of crossing events). We found tortoises
were significantly less likely to cross complex fences
(mean odds ratio of 0.91) than simple fences (Sup-
plementary Information S8). We were expecting com-
plex fences around crops to strongly restrict tortoise
movement into crops, however, most tortoises in our
sample crossed gaps in these fences at some point.
Collectively there were 10,624 (16% of the used steps
in the vegetation model) tortoise locations in crop
vegetation.

How did tortoises respond to roads in farmland?

All the tortoises in our sample interacted with at
least one type of road (low-, medium-, or high-
traffic). Overall, we found that tortoises were more
likely (mean odds ratio of 0.86), to be found closer
to low-traffic roads than expected by chance (Table 2)
whereas there was no significant impact of road prox-
imity for medium and high-traffic roads (Supplemen-
tary Information S9-10). We did not detect a differ-
ence in tortoise movement in relation to their distance
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Table 2 Model output for tortoise response to low-traffic
roads in the agricultural area of Santa Cruz Island, Galapagos

Term Estimate SE z p-value

Distance to low-traffic - 0.149 0.062 —2.400 0.016
road

Distance to low-traffic - 0.049 0.036 —1.350 0.179
road : step length

Step length 0.040 0.004 9.730 >0.001

Turn angle —-0.249 0.005 -46.760 >0.001

Tortoises preferred to be closer to low-traffic roads. An interac-
tion is denoted with “: *

to any of the road types (Table 2 and Supplementary
Information S9-10).

Discussion

Tortoises used all vegetation types, and, compared to
native vegetation, preferred pasture. The probability
of finding tortoises in invasive or crop vegetation was
approximately equal to native vegetation. We found
tortoises moved most slowly in pasture, and faster
in invasive vegetation relative to their movement in
native vegetation. Tortoises were also more likely to
be found closer to ponds and low-traffic roads. We
found most fences were easy to cross, however tor-
toises preferred to cross fences with a simple rather
than complex structure.

Movement speed can be informative for discerning
behavioural state: moving slower may suggest forag-
ing or resting, and moving faster may indicate trav-
elling or searching. Here we found tortoises change
their movement process in response to vegetation
class. When tortoises were in pastures they tended to
move slower, lingering in these areas, whereas when
they were in invasive vegetation they moved quickly.
To accurately add behavioural context, however,
future studies could use accelerometers or behav-
ioural-change-point analysis (Patterson et al. 2009).

Both species of Santa Cruz tortoises are general-
ist grazers that forage on a variety of ground plants,
including cultivated grasses, such as sour grass (Pas-
palum conjugatum), a species used extensively in
livestock pasture (Blake et al. 2015a). Areas where
the soil is tilled or shaded, for example corn crops,
may have fewer ground plants, including the grasses
and forbs eaten by tortoises. Areas with invasive

species typically have high vegetation density, how-
ever, they have fewer of the vegetation characteristics
preferred by tortoises, especially large grazing lawns,
and are characterised by low tortoise density (Pike
et al. 2022). It follows, then, that tortoises also travel
faster while in invasive vegetation, and move slower
in pasture. Food availability may, therefore, contrib-
ute to the differences we observed in resource selec-
tion and movement characteristics among vegetation
classes.

Infrastructure, such as artificial water bodies, can
also influence animal movement (Smit et al. 2007).
On Santa Cruz, many farms had ponds for livestock
and irrigation, which attracted large numbers of
tortoises (Ellis-Soto 2021). Ponds may be used by
tortoises for thermoregulation, because water can
buffer short-term temperature fluctuations. In addi-
tion, ponds may be important for foraging in the dry
season, when plant productivity can decline else-
where (Blake et al. 2020b). Some previously ephem-
eral ponds are now maintained as permanent water
sources, which may artificially elevate tortoise abun-
dance or encourage tortoises to delay migration. In
many ecosystems, large herbivores can overexploit
local resources, or change their movement patterns in
response to artificial water (Loarie et al. 2009). For
example, artificial water bodies allow African savan-
nah elephants (Loxodonta africana) to occupy areas
they otherwise could not use, which can degrade
surrounding vegetation (Loarie et al. 2009; Oliveira-
Santos et al. 2016). Although a link between extended
access to ponds and local resource exploitation has
not been established, our previous research on these
tortoises (Pike et al. 2021) showed that some individ-
uals remain on farms longer than was optimal in the
past (Yackulic et al. 2017), and increased pond avail-
ability may contribute.

Fences, constructed to delineate ownership,
enclose livestock, and manage the spread of disease
are often barriers to wildlife movement (Seidler et al.
2015; Gordon 2018; Jakes et al. 2018; Reinking et al.
2019). We expected fences would obstruct tortoise
movement in the agricultural area, especially as this
has been reported for other turtle and tortoise spe-
cies (Peaden et al. 2017; Lee et al. 2021). Contrary
to our expectations, fences in the agricultural area
were not very effective barriers. Instead, most fences
(60%) offered little resistance to tortoise movement,
and included spaces large enough for adult tortoises
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to traverse them. While complex fences were present
(30% of our sample), 75% had gaps at a mean inter-
val of 86 m, rendering them fairly porous to tortoises.
Thus, although complex fences may present a tem-
porary obstruction, a tortoise is likely to either find
a gap, or a simple fence, nearby, allowing passage.
Therefore, tortoises were frequently recorded in crops
surrounded by complex fences, and tortoises still
regularly crossed between crops and other vegetation
types, although less frequently than into vegetation
types surrounded by simple fences.

Fences, as they are currently constructed, do
not appear to be significant impediments to tortoise
movements. This is important, because access to
high-quality foraging grounds in the highlands pro-
vides energy critical for migrating tortoises (Blake
et al. 2013; Yackulic et al. 2017; Bastille-Rousseau
et al. 2018b). On the other hand, conflict with farm-
ers can occur when fences around valuable crops
are ineffective against tortoises, and farmers have
reported economic losses from tortoise damage to
crops and fences (Benitez-Capistros et al. 2018,
2019). The majority (69%) of the gaps in fences we
encountered were caused by broken posts or wires,
which can be expensive to repair (Benitez-Capistros
et al. 2018) thus gaps often remain for sometime and
make fences ‘leaky’. Giant tortoises can ‘bulldoze’
through poorly constructed fences, likely contributing
to conflict with farmers. More durable fencing mate-
rial around vulnerable crops would prevent access to
tortoises and reduce income loss to farmers, although
this would add to fence construction costs. However,
maintaining connectivity between important tortoise
habitats, such as pastures, ponds, and the Galapagos
National Park will become more critical if fencing
becomes more effective, because connectivity among
habitat types is paramount for the effective conserva-
tion of these migratory tortoises.

Tortoises were more likely to be found close to
low-traffic roads. An attraction to roads, and road-side
habitats, has been documented for a number of large
mammals such as Asian elephants (Elephas maximus)
that use areas close to roads for foraging (Wadey et al.
2018; Eisaguirre et al. 2020), however this result is
not typical for turtles (Boarman and Sazaki 2006;
Beaudry et al. 2008; Shepard et al. 2008). Wild-
life may be attracted to roads for multiple reasons,
including ease of travel, foraging, thermoregulation,
etc. (Rytwinski and Fahrig 2013; Bidder et al. 2015;
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Abrahms et al. 2016). Giant tortoises occur along
these linear features, grazing on roadside vegetation
and gathering on roads in heavy rain to drink from
pools of water (KP and FC observations). Proximity
to roads in the highlands may also confer thermoregu-
latory benefits in the agricultural area, which is gen-
erally much cooler and can be closer to the tortoise’s
thermal minimum than the lowlands (Blake et al.
2020a). Indeed, carapace temperatures of Mojave
Desert tortoises were higher closer to roads, although
this may be negative for this species, which lives in
high-temperature environments (Peaden et al. 2017).
Although roads attractive to tortoises have relatively
low traffic levels, travelling at lower speeds, there is
still the risk of road-strikes, damaging vehicles, and
injuring tortoises. Indeed, a tortoise sustained inju-
ries from a vehicle collision on a medium-traffic road
during fieldwork for this study (KP personal obser-
vation). Vehicle collisions are a well-known prob-
lem, affecting many other turtle species (Boarman
and Sazaki 2006; Peaden et al. 2017). Vehicle strikes
are currently infrequent for giant tortoises, and are
high-profile events when they do occur (Cayot et al.
2017). But traffic is expected to increase, as tour-
ism, and local demand for more roads to access the
lowlands, also increase (Cayot et al. 2017; Sampedro
et al. 2018). Road use by wildlife causes some of the
best-known human-wildlife conflicts (van der Grift
et al. 2013; Laurance et al. 2015) both globally and in
Galapagos (Tanner and Perry 2007; Garcia-Carrasco
et al. 2020). Roads in the Galapagos also cause sig-
nificant mortality to the island’s avifauna and lava liz-
ards (Tanner and Perry 2007; Garcia-Carrasco et al.
2020). To reduce wildlife mortality, for tortoises,
Galapagos birds, and lava lizards, increased invest-
ment in road signage and speed limit enforcement
are pre-requisites, and more creative solutions such
as wildlife underpasses may be needed (Tanner and
Perry 2007; Garcia-Carrasco et al. 2020).

We found that the tortoises’ response to roads dif-
fered with road type in the agricultural area. Low-
traffic roads were the most abundant, and tortoises
tended to choose locations that were closer to these
roads than expected by chance. On the other hand,
we did not detect strong effects of medium and high-
traffic roads, however they are also much less abun-
dant making it difficult to capture instances when
tortoises interact with these features. Futhermore,
the differences in characteristics between high-traffic
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and medium- and low-traffic roads were stark. The
40-km-long, high-traffic road links the main township
to the main port and the airport. This main road per-
mits vehicles to travel at over 70 km/hr, and is in sig-
nificantly better condition than the medium- and low-
traffic roads, which are mostly dirt or gravel (Tanner
and Perry 2007; Garcia-Carrasco et al. 2020). It is
unclear whether the roads and traffic levels are driv-
ing the patterns observed here or if it is another factor
associated with road types and their levels of traffic
that can explain this result. Regardless, the finding
that tortoises tend to be found closer to some roads
warrants continued attention to this area of research.

One limitation of our study was limited availabil-
ity and resolution of the environmental co-variates we
used. The spatial resolution of the land cover dataset
is 15 m (Laso et al. 2020), but in reality, vegetation
is rarely found in homogenous patches of that size,
and this is a potential source of increased variability
in our models. Also, we combined permanent crops
(mostly coffee, bananas, and plantains) and transi-
tory crops (mostly tomatoes, corn, watermelon, and
cassava) as we did not have samples large enough to
examine these two crop types separately (Laso et al.
2020). On Santa Cruz, transitory crops cover approxi-
mately 1% of agricultural land, and permanent crops
8% (Laso et al. 2020). Although combining crop
types allowed for an overall insight into the selection
of crops relative to other vegetation, this reduced our
ability to discern differences in attractiveness among
crop types for tortoises. Compared to most perma-
nent crops on Galapagos, transitory crops are usually
ground-cover plants, more susceptible to tortoise dep-
redation and damage. If tortoises use transitory crop
areas, it is likely to lead to income loss for farmers
(Benitez-Capistros et al. 2018). However, without
more samples of tortoise movement in different crop
types, we are limited in our ability to recommend
crop-specific management strategies for tortoises in
these areas. We also note that the Galapagos Islands
have different levels of human encroachment, and that
our results for Santa Cruz Island represent the high-
est level of potential for human-wildlife conflict on
the spectrum of conservation issues presently facing
giant tortoises.

Our evaluation of tortoise movement in relation
to infrastructure and human-modified vegetation
shows that these features can influence tortoise dis-
tribution and resource use in the agricultural area.

Ponds, pasture and low-traffic roads may be used
preferentially by tortoises for resources, and ease of
travel, whereas invasive vegetation was quickly tra-
versed by tortoises, potentially indiciating that they
were only moving through. Negative impacts result-
ing from these interactions with infrastructure and
vegetation were more likely to affect landholders
than tortoises, especially if tortoises cause damage to
either infrastructure or valuable crops. Understanding
and evaluating the influence of anthropogenic land-
scape features on wildlife movement and fine-scale
resource use can be helpful in identifying the factors
likely to cause, or exacerbate, negative interactions
between humans and wildlife. To best identify prior-
ity areas for managing wildlife on farms in other sys-
tems, we recommend evaluating multiple anthropo-
genic landscape features and assessing the interplay
between infrastructure and access to human-modified
vegetation.
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