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Abstract

Aim: Over the last decades, the study of movement through tracking data has grown
exceeding the expectations of movement ecologists. This has posed new challenges,
specifically when using individual tracking data to infer higher-level distributions (e.g.
population and species). Sources of variability such as individual site fidelity (ISF), en-
vironmental stochasticity over time, and space-use variability across species ranges
must be considered, and their effects identified and corrected, to produce accurate
estimates of spatial distribution using tracking data.

Innovation: We developed R functions to detect the effect of these sources of vari-
ability in the distribution of animal groups when inferred from individual tracking data.
These procedures can be adapted for their use in most tracking datasets and tracking
techniques. We demonstrated our procedures with simulated datasets and showed
their applicability on a real-world dataset containing 1346 year-round migratory trips
from 805 individuals of three closely related seabird species breeding in 34 colonies
in the Mediterranean Sea and the Atlantic Ocean, spanning 10years. We detected an
effect of ISF in one of the colonies, but no effect of the environmental stochasticity
on the distribution of birds for any of the species. We also identified among-colony
variability in nonbreeding space use for one species, with significant effects of popu-
lation size and longitude.

Main conclusions: This work provides a useful, much-needed tool for researchers
using animal tracking data to model species distributions or establish conservation
measures. This methodology may be applied in studies using individual tracking data
to accurately infer the distribution of a population or species and support the deline-
ation of important areas for conservation based on tracking data. This step, designed
to precede any analysis, has become increasingly relevant with the proliferation of
studies using large tracking datasets that has accompanied the globalization process

in science driving collaborations and tracking data sharing initiatives.

KEYWORDS
animal movement, environmental stochasticity, metapopulation study, site fidelity, species
distribution

1 | INTRODUCTION

Although movement is a widespread characteristic in the animal
kingdom, the study of movement ecology has been hampered by
the scarcity of, and difficulty in obtaining, individual tracking data
(Dingle, 1996). Since the 90s, the technological advances in animal
tracking have facilitated the acquisition of large amounts of individ-
ual movement data with increasing precision (Wilmers et al., 2015).
This boosted the development of long-term (Klaassen et al., 2014),
metapopulation (Ferreras, 2001) and even ecosystem-wide (Courbin
et al,, 2018) tracking studies. The miniaturization and increasing
precision of tracking devices has overtaken the development of
tools to prepare and analyse tracking data (Gupte et al., 2022) and
has revealed sources of variability in the estimation of higher-level

ecological groups' spatial distributions (e.g. colony, population and
species) from individual movement data that are yet to be properly
addressed (Gutowsky et al., 2015).

Among the most important sources of variability when using
methods to scale up from individual tracks to the space use of
higher-level ecological groups, we can find the following: the pres-
ence of individual site fidelity (ISF; Spiegel et al., 2017), the varia-
tion in space use according to changing environmental conditions
at a range of temporal scales (Paiva et al., 2013) and the heteroge-
neous use of space by distant populations (Frederiksen et al., 2012;
Matthiopoulos, 2003).

Firstly, fidelity to a geographic area is a well-documented phe-
nomenon, present in a wide range of animal species (Switzer, 1993),

and can be related to breeding or foraging behaviour, and to social
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interactions (Giuggioli & Bartumeus, 2012; Torney et al., 2018). An
individual shows fidelity to a site when, based on previous expe-
rience, it returns to the same area where it had bred successfully
or found a favourable environment for foraging (Schmidt, 2004).
Although ISF usually refers to the individuals returning to the
same breeding area (Schumm et al., 2021; Shimada et al., 2021),
fidelity also occurs independently of the breeding period, to for-
aging areas or nonbreeding areas (Léandri-Breton et al., 2021;
Robillard et al., 2018). Regardless, its effect must be considered
when individual tracking data are used to infer the distribution of
a population, as it can bias results towards areas preferred by the
animals with better data coverage (Giuggioli & Bartumeus, 2012;
Lascelles et al., 2012).

Secondly, temporal changes in environmental conditions also
play an important role in populations' distributions. Despite being
based on individual decisions, an animal's use of space is linked to
the optimal use of resources, and therefore, affected by environ-
mental dynamism (Wolf & Trillmich, 2007). For instance, herds of no-
madic herbivores move following peaks in productivity of grasslands
(Aikens et al., 2017), migratory bird species change their distribu-
tions along the year or specific route characteristics and nonbreed-
ing areas of migratory birds are linked to changing environmental
conditions (Dias et al., 2011).

Lastly, failing to consider the entire distribution of a species
when it spans a heterogeneous environment leads to underestimat-
ing its space use. Individuals from different parts of this distribution
will be exposed to different environmental conditions and ecological
pressures and will thus exhibit a differential use of space (Jeltsch
et al., 2013). In fact, it has been shown that the size of the home
ranges calculated using tracking data can be correlated with the size
of the study area (Nekolny et al., 2017). Thus, maximizing not only
the number of animals tracked, but also the geographical area where
they are tracked from, seems necessary to obtain precise space-use
estimates (Borger et al., 2006). In addition, in species with spatially
structured distributions, or in migratory species with nonoverlap-
ping nonbreeding distributions among populations, tracking individ-
uals from only a few breeding populations could lead to an erroneous
estimation of their nonbreeding areas (Webster et al., 2002).

Behind all these sources of variability there are specific ecolog-
ical drivers, mentioned in previous paragraphs which, although of
great interest, do not represent the goal of the current study. Here,
we focus on presenting a method to detect (1) how individuals hav-
ing different spatial preferences and uneven sampling intensities
can affect the higher-level distribution when pooling all individual
data without weighting or correcting; (2) how different sampling ef-
forts across time can bias the results, if spatial preferences of the
study species vary along time; (3) how different sampling efforts
across space can bias the results, if there is a spatial structure in
the space use of the target species. The set of functions we devel-
oped here, once applied to the tracking data prior to their use in
any analyses answering ecological questions, can help to detect the
presence of these three sources of variability. Correcting for the de-
tected sources of variability, and then using the corrected data in the
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ensuing analyses, will guarantee more accurate distribution maps,
protected area delimitations and space-use studies.

Marine top predators are a particularly useful group to study
the effect of these sources of variability in tracking data since they
show geographically widespread distributions and diverse move-
ment and migratory patterns (Yurkowski et al., 2018). In addition,
(1) they are often faithful to foraging and wintering areas (Chapman
et al., 2009; Léandri-Breton et al., 2021; Wege et al., 2016); (2) their
movements and distributions are affected by the dynamism of the
marine environment (Albert et al., 2021; Patterson et al., 2021);
and (3) they may display space-partitioning among populations
(Wakefield et al., 2013). Lastly, they have, in recent years, been sub-
ject to a plethora of tracking studies, and although some start to ac-
knowledge the need to account for these and other biases (Fauchald
et al., 2021; O'Toole et al., 2020), a unified framework to detect
these three main sources of bias would be beneficial particularly for
multiyear and multicolony studies.

Among marine top predators, Calonectris shearwaters are
medium-sized Procellariforms that engage on year-round, long-
distance and often trans-equatorial migrations (Gonzalez-Solis
et al.,, 2007) and show remarkable philopatry to the natal colony
(Thibault, 1994). Three of the four extant species breed on the
Mediterranean and Atlantic coasts, and their nonbreeding distribu-
tions are composed of discrete pelagic areas over the Atlantic and
Indian Oceans (Dias et al., 2011; Gonzalez-Solis et al., 2007). All
these characteristics make them a suitable study group to investi-
gate the effects of the sources of variability listed above.

In this work, we aim to provide a set of tools to understand the
effects that (a) ISF, (b) environmental stochasticity over time and (c)
the geographic extent of sampling effort, have on the distributions
of mobile species tracked using animal-borne devices, regardless of
tracking method, or habitat and characteristics of the study species,
and to demonstrate their applicability to a real set of tracking data. To
do so, we first tested the performance of the method with artificial
datasets simulating different degrees of ISF, as well as different sam-
pling regimes and efforts, and then demonstrated its applicability to
real data by collating, for the first time, a dataset of 1346 year-round
trips from 805 individuals of three Calonectris shearwater species
breeding in 34 colonies. This constitutes a robust and diverse data-
set and provides a relevant example to demonstrate the applicability
of the method. Finally, we provide examples of the direct application
of these methods by (1) calculating the nonbreeding distribution of
each of the species and (2) evaluating the representativeness of each
colony on the entire species based on their geographic location and

centrality to the species breeding distribution.

2 | METHODS

We describe here the procedures developed to detect instances in
which the methodology used to obtain population- or species-level
space-use measures from individual tracking data can introduce bi-
ases. In particular, we aim to test the effects of ISF and temporal and
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spatial variation in a tracking dataset, applicable to most sets of ani-
mal tracking data, as long as it can be split into discrete bouts such as
foraging trips, migratory cycles, or even days, weeks or years (bouts,
hereafter). We first demonstrate the efficiency of the procedures
in simulated datasets and then illustrate the use of these methods
using the nonbreeding distributions of Calonectris shearwaters
tracked with Global Location Sensors (GLS, Wilson et al., 1992). In
our worked example, the bouts were clearly defined as a migratory
trip. In other types of data and species, bouts might be less evident
and need to be carefully decided based on the research question and
spatial ecology of the study species.

2.1 | Testing for ISF

To detect the bias caused by individuals with larger sample sizes
preferring certain areas, we propose a method that consists of ob-
taining an estimate of space use for each bout and then comparing
the similarities of bouts from the same individual to those of bouts
from different individuals. If ISF exists within the sample being eval-
uated, space use of bouts from the same individual should be, on
average, more similar among them than that of bouts of different
individuals of the same sample. We estimate the space use of each
individual with the autocorrelated kernel density estimate method
(AKDE; Fleming & Calabrese, 2017) provided by the package “ctmm”
(Fleming & Calabrese, 2021). This method models the movement of
the animal, from the relocations obtained with the tracking device,
as a continuous-time stochastic process, which separates the dis-
crete observation process (a relocation every few minutes or hours
depending on the device) from the continuous-time process which
is the movement of the animal (the animal has continued to move
between relocations, even if our observation process does not have
information on where the animal has been in that time). From these
models, an unbiased measure of space use can be estimated that
considers the existing autocorrelation in tracking data with high spa-
tiotemporal resolution (Fleming et al., 2015).

We developed a function, indEffectTest, in the R programming
language, that computes, for every possible pair of bouts regardless
of the individual that performs them, the similarity (i.e. spatial over-
lap) between their utilization distributions (UD). To assess this simi-
larity, we used the Bhattacharyya affinity (BA), which is based on the
comparison of two UD (p, and p,, evaluated at locations determined
by x and y) to their joint distribution, and ranges from O (completely
disjunct UD) to 1 (identical UD):

0 +o0
BA=J J VP1(X, ¥)Po(x, y)dx dy

In the BA version provided in the overlap function from the
“ctmm” package, the calculation of the BA is corrected for small
sample bias (Winner et al., 2018) which, in addition to the modelling
of autocorrelation in the AKDE, provides a fairly unbiased measure
of overlap, and a distribution to draw confidence intervals (Cl) from,
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FIGURE 1 Example results of the individual site fidelity (ISF)
function. On the top panel, a simulated dataset with high ISF, with a
WBR of 95%, and on the bottom panel a simulated dataset without
ISF, with a WBR of 45%. The vertical blue line represents de median
within-individual overlap, while the horizontal lines represent the
95% Cl of each between-individual overlap. The Cl represented in
orange does not contain the median within-individual overlap, while
those represented in green do. High proportion of orange intervals
indicates high levels of ISF.

thanks to the propagation of error from the uncertainties generated
around the UD estimates. The mean and 95% Cl of pairwise overlaps
between all bouts are stored in an array of square matrices. The indEf-
fectTest function provides the density plots of the within-individual
and between-individual median overlaps to visualize differences in
their distribution. In addition, it calculates the median of all within-
individual median overlaps as a point estimate of within-individual
overlap and provides the number of times in which this point es-
timate falls above each of the between-individual overlap ClI (as a
proportion of the total number of between-individual pairings). This
value (within-between ratio, WBR hereafter) is a population-level
measure of how similar the within-individual and between-individual
overlaps are in that population's sample. Thus, if a large proportion
of the between-individual overlap Cl contains the within-individual
overlap median, this would indicate that the within-individual and
between-individual overlaps are similar, suggesting no effect of the
ISF in the spatial distribution at a population level. Conversely, if the
median of the within-individual overlaps falls above the majority of
the between-individual Cl, this would indicate higher overlaps within
individuals than between individuals, a clear indication of the pres-
ence of ISF (Figure 1).

To demonstrate the function's ability to detect the effect of ISF,
we performed practical examples by generating datasets that simu-
lated 10 different degrees of fidelity (one dataset for each scenario).
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To simulate ISF, we generated the bouts over a resistance surface
with a “hole” of null resistance inside. We set high resistance out-
side the “hole” to simulate maximum levels of fidelity and to simulate
sequentially decreasing levels of fidelity, we sequentially decreased
the value of resistance.

We performed additional tests on simulated datasets to analyse
the performance of the function under different sample sizes for
each individual, as well as for different sampling rates. The code for
simulating the trips and running the different tests can be found at

the GitHub repository specified in Appendix S1.

2.2 | Testing for temporal variability

The aim of this test was to explore the existence of changes in distri-
bution over time and not to understand why or how these changes
occur. In the example with empirical data, we tested variability
among years, but the user may select any other temporal unit. When
testing differences in nonbreeding distributions of migratory spe-
cies, for instance, or differences in foraging distributions of central
place foragers such as colonial animals, the temporal unit is obvi-
ous: nonbreeding season and foraging trip, respectively. For species
with nomadic movement or with less evident temporal units, the
selection of this unit is not as straightforward. The user is advised
to carefully consider the biological meaning of defining a unit, the
aim of the analysis and the hypotheses being tested to select an ap-
propriate time unit to split the data. In general, larger temporal units
will allow larger within-group variabilities, and thus less possibility
of finding significant differences when compared to between-group
variability.

The existence of temporal variability can be detected with an
approach that mimics the method used to test the effect of ISF (see
Section 2.1): the aim is to check whether variability in space use
within a unit of time is the same as between units. The function is
the same as above, but instead of the individual, the temporal unit is
the grouping variable. Thus, we ignore the individual identity for this
and compare overlaps of trips within and between temporal units.
The “between-group” values are overlaps of all pairs of trips from
the different temporal units (regardless of the individual identity),
while the “within-group” values are overlaps of all pairs of trips from
the same temporal unit. Thus, a large WBR indicates that the overlap
values within temporal units are similar to the overlap values be-
tween temporal units, which suggests a lack of effect of the time in
the spatial distribution at a population level.

In the case of individuals tracked repeatedly each year, and
then for consecutive years, the ISF effect and year effect can be
confounded: in case there is an effect of the year (i.e. distributions
shift from year to year), testing the effect of ISF using the dataset
containing all years of tracking might cause an underestimation of
within-individual overlap, thus underestimating in turn the WBR for
the individual effect test. In this case, we suggest testing first for the
temporal effect and, if the test shows no differences among years,
calculating the effect of ISF for the entire dataset. In case a temporal
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effect is detected, we recommend testing the effect of ISF year by

year instead of for all the data pooled together.

2.3 | Testing for spatial variability

We propose a method to test the representativeness of each spatial
unit with respect to the entire species (i.e. how well the distribution
of a unit represents the distribution of the entire species) in spatially
structured populations with large spatial ranges. In our example,
since the study species is colonial, we used breeding colonies (from
now on colonies) as spatial units. However, depending on the species
studied, this choice might not be obvious. The user should decide
then, based on the spatial ecology and distribution of the study spe-
cies, and the spatial scope of their research question, if spatial vari-
ability is an issue and at which scale it should be tested.

This method works in two steps schematically described in
Figure 2a-g. The first step is aimed at obtaining unbiased species
distributions and can be accomplished with the simulateDistribution
function (Appendix S2: Table S1). Empirical tracking data collected at
different colonies have biases related to different sampling efforts
and population sizes in all sampled colonies (i.e. the larger colonies
will not necessarily be the ones with a larger sample). To correct
these biases, we first simulate distributions for each colony by pool-
ing all trips of each colony together and calculating colony-level
space use (Figure 1a,b). In this instance, we are going to estimate
space use using independent and identically distributed (IID) kernel
density estimation (KDE) provided by the functions in package “ade-
habitatHR” (Calenge, 2006), since the AKDE method uses individual
movement models that are not applicable to population-level space-
use estimates. The user should be aware that, for tracking data with
high temporal resolution and for small sample sizes, this method,
which does not consider autocorrelation of tracking data, can under-
estimate space use (Fleming et al., 2015). The effects that the choice
of smoothing parameter has on the resulting distribution should also
be considered, a parameter that can be controlled by the scale ar-
gument in the simulateDistribution function (Lascelles et al., 2016).
Colony-level space use is represented by the obtained KDE surface,
and a number of locations that is proportional to the colony size can
be generated with a distribution proportional to the density surface
(Figure 2c). Once we have locations simulating each population's dis-
tribution, in a number proportional to each population's size, we pool
the simulated locations from all populations to generate a simulated
distribution that mimics that of the entire species, but unbiased by
different sample sizes of each population, and faithful to the real
population sizes (Figure 2c,d).

The drawback of this process is that it requires a good knowl-
edge of the population distribution to generate a simulated location
dataset against which researchers can compare their real location
data. In our worked example, we have used our own data, since
the dataset includes a good representation of the entire breeding
distribution of the species. If such a comprehensive dataset is not
available, users can skip the simulateDistribution step, and simply
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FIGURE 2 Schematic representation of the two-step process developed to test the effect the spatial variability in the use of space.

generate random points within a known distribution of the spe-
cies (e.g. those provided by the BirdLife database for birds, or the
International Union for Conservation of Nature, IUCN, website for
species with a red list assessment), thus starting the process at step
Il'in Figure 2. Although this second procedure simplifies the process,
it has the drawback that the relative abundances within different re-
gions of the distribution will not be correctly represented, and thus,

the representativeness of each subpopulation will not be accurately
represented.

Once we have a set of spatial locations representing the dis-
tribution of the species, we calculate how well each colony rep-
resents it, based on inclusion with the bootstrapColony function
(Figure 2e,f). For each colony, it iteratively subsamples individual
tracks from the full colony sample and calculates a pooled UD
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from which the desired outline polygon (usually a core area, 50%
UD) is obtained. The inclusion value is calculated as the number of
locations from the simulated species distribution (created on the
previous step) included in this subsample core area. This inclusion
value is estimated sequentially from n = 1 trip until n = total of
trips and for a user-defined number of iterations at each step. If
the subsample is correctly representing the population distribu-
tion, the inclusion value should approximate the quantile for the
UD (in this case 50%). As the number of randomly selected trips
increases, the inclusion value increases as well, until it stabilizes at
a point (an asymptote) when adding more trips to the dataset no
longer increases the inclusion value. To calculate the asymptote,
a nonlinear least squares model (nls function in R) is fitted, with

the formula:

a x Sample size

Inclusionmean™ ——M———
1+ b x Sample size

where a and b are given start values of 1 and 0.1, respectively, and
Inclusion mean is the mean inclusion value at each sample size. Through
this model, we calculate the value for the Inclusion mean at which con-
tinuing to increase sample size will not increase inclusion further (i.e.
the asymptote; Figure 2g). We regard this value as the maximum in-
clusion value (MIV) possible for that colony. Because MIV is calculated
based on 50% UD, they range between 0 and 0.5 (i.e. even if a sample
represents the entire species perfectly, its 50% UD will only include
around 50% of the simulated locations). However, values higher than
the UD percentage (in this case 50%) can occasionally occur, as the UD
is calculated based on the locations of the colony, but the inclusion is
calculated from the simulated locations of the entire species. In addi-
tion, users must exercise caution when comparing the representativity
of colonies with vastly different sample sizes, as the biases introduced
by the violation of the IID assumption and the bootstrapping of the
KDE have a larger effect in small sample sizes. The function then mul-
tiplies the MIV obtained by 100, producing the value of “species inclu-
siveness,” defined as the percentage of points of the entire species that
falls within the 50% UD of the sampled colony.

2.4 | Empirical application

To demonstrate the use of these functions, we put together a data-
set containing year-round trips from Cory's (Calonectris borealis),
Scopoli's (C. diomedea) and Cape Verde (C. edwardsii) shearwaters
obtained between the summers of 2007 and 2016, from 34 breed-
ing colonies (Table 1). Locations were obtained from GLS (Wilson
et al., 1992), which register ambient light and derive longitude from
the time of twilight and latitude from the length of the light period,
obtaining low spatial accuracy positions with a temporal resolution
of one or two positions per day (Halpin et al.,, 2021). The dataset
contains individuals tracked for up to eight consecutive years, which
allows us to also test the effect of ISF. Details of GLS deployment for
each of the colonies can be found in Appendix S2: Table S2.

Coierity i itibutions EVMITR VR

241 | Data preparation

The twilight events were calculated from the raw light measure-
ments (obtained from the GLS) and visually inspected and adjusted
when necessary. The locations were obtained using either Intiproc®
(Migrate Technology, 2012) or Biotrack® (BiotrackLtd) software, or
the “Geolight” package in R (Lisovski & Hahn, 2012). We discarded
position data from 20days before and after each equinox, as lati-
tudes cannot be correctly inferred from day length during these pe-
riods (Ekstrom, 2004), and applied a quadratic speed filter following
McConnell et al. (1992) to remove other highly inaccurate locations.
Phenological states (migrating, breeding, wintering or staging) were
assigned using custom-made R routines and confirmed by visual in-
spection: the first two consecutive days of directional commuting
movement were assigned as the beginning of migration, and the first
two consecutive days without a fixed direction were considered as
the beginning of a stationary period (either breeding, wintering or
staging). Only the nonbreeding stationary periods (i.e. wintering and

staging) were selected for the analyses.

2.4.2 | Individual site fidelity

To test the effect of ISF on nonbreeding distributions, we selected,
for each species, all the colonies where individuals had been tracked
more than once (Appendix S2: Table S3). We ran the indEffectTest
function for each colony, using individual as the grouping variable,
to obtain a WBR value based on debiased estimates of within- and
between-individual overlaps. High WBR values are indicative of an
effect of the ISF in the studied colony.

2.4.3 | Temporal differences

Since in our dataset each of the trips corresponded to a year, and
to avoid confounding interannual differences with ISF, we used a
subset of the original data containing only one trip per individual,
randomly selected but ensuring a similar sample size for each year
(through a stepwise custom-made R function that randomly selected
trips per year, without selecting two trips from the same individual,
but weighted the selection at every step to ensure all years had the
same number of trips, whenever possible). With the resulting data-
set (Appendix S2: Table S4), we ran the indEffectTest test for each

colony, using year as the grouping variable.

2.4.4 | Spatial differences

Before proceeding with the analysis, we calculated the representa-
tiveness of our sample at each of the colonies, using the repAssess
function from the package “track2kba” (Beal et al., 2020; Beal,
Oppel, et al., 2021). This function performs a representativity test to
estimate how many trips would be necessary to accurately represent
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(Continued)

TABLE 1

2008 2009 2010 2011 2012 2013 2014 2015 2016 Total

2007

Breeding colony

Breeding population

Species

71

10

13 11 10

13
66

Curral Velho

Cabo Verde

Cape Verde shearwater

29
1346

Raso

129 164 221 268 76 75 144 131

72

Total

Note: The bottom row contains the total number of trips per year and the end column the total number of trips per colony.
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the distribution of the entire colony, and how far away the current
sample size is from that number. This approach is akin to that of spe-
cies discovery curves and calculates a value of representativity that
ranges between 0 and 100.

After calculating the colonies representativeness, we selected
only those with a representativeness >80% (Table 2). From those
colonies, we simulated the distribution of each species using the
simulatedDistribution function, with a multiplication factor of 1 (i.e.
one location at sea was generated for every individual in the colony).
We obtained a set of simulated locations for each species (Table 2),
which was used in the following step. Finally, we ran the bootstrap-
Colony function (see Section 2.3 of this section and Appendix S2:
Table S1), which calculated, for each colony, a value of species in-
clusiveness, a measure of how well space use by individuals of that

colony represents space use by the entire species.

2.4.5 | Examples of applicability of the
developed methods

To further demonstrate the applicability of these methods, we
used them in two different types of analyses, which exemplify
possible uses. First, we calculated the nonbreeding distribution
of each species, and to ensure these distributions were unbiased
by different population and sample sizes from each colony, and
due to different colony sizes, we used the following procedure:
we first selected the colonies with a sample size larger than five
individuals and a local representativeness >80%. Then, for each
of those colonies, we selected the full dataset (if ISF has not been
detected) or one track per individual (if ISF has been detected),
and with the resulting dataset we followed the workflow of the
package “track2kba” (Beal et al., 2020) to obtain rasterized abun-
dance maps proportional to the colony sizes. We obtained 21 ras-
ter layers, seven for Cory's shearwater colonies, 12 for Scopoli's
shearwater colonies and two for Cape Verde shearwater colonies.
Finally, for each species, we added the colony-level raster layers to
produce a more accurate, unbiased representation of the distribu-
tion of the species.

Second, we used generalized linear models to model the ob-
tained colony inclusiveness value, that is, how well they represent
species nonbreeding distribution in relation to several variables
that could be of interest to disentangle ecological from method-
ological drivers of differences in inclusiveness: geographic loca-
tion, centrality in the breeding distribution and colony and sample
size. We ran these models for Cory's and Scopoli's shearwaters
(data from Cape Verde were excluded since we had data from only
two colonies). The sampling unit for these models were the sam-
pled colonies, and to use as response variables, we calculated two
values: (1) the distance of each colony to the geographic centroid
of the species' spatial distribution and (2) the distance of each col-
ony to the centre of the species' spatial distribution accounting for
population sizes of each colony. For the distance to the geographic
centroid (1), we calculated a KDE of all known breeding locations
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(Continued)

TABLE 2

Species

n simulated
locations

inclusiveness

Local representativeness

WBR (ISF)  WBR (year)

Sample size

Population Colony

Species

74.6

14.8
0.0

Tremiti

Middle Adriatic

17.6
29.9

11,000

89.1

0.0

Strofades

lonian Sea

1420

0.0 96.7

17.8

15
70
28

Paximada

Aegean Sea

49.4

66
13,000

0.0 99.4

18.3
8.7

Curral Velho

East Cabo Verde

Cape Verde shearwater

50.8

97.9

0.0

Raso

West Cabo Verde

Note: Colonies with a sample size <5 or local representativeness <80.0% (in italics) were considered nonrepresentative, and species inclusiveness was not calculated.
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for each species (Appendix S2: Table S5), obtained the centroid of
the 95% contour of that kernel and calculated the straight-line dis-
tance of each colony to that centroid. To calculate the centre of the
species accounting for population sizes (2), we repeated the same
process but weighing each colony by their population size and cal-
culating the KDE of those weighed locations. The centroid of that
distribution was taken as the species centre of mass (species cen-
tre, hereafter), and we calculated the straight-line distance of each
colony to this species centre. These two distances were included
as predictors in the model, as a measure of how centric each col-
ony is within the species breeding range, both geographically and
taking into account breeding population distribution. For Scopoli's
shearwaters, we modelled the inclusiveness value against colony
latitude and longitude (and their interaction), distance to the spe-
cies centre, geographic centre, sample size and colony size. Since
sample size and colony size had a few extreme values, these vari-
ables were log-transformed before being entered into the model.
For Cory's shearwaters, we could not include all variables in the
full model since the number of colonies was smaller than the num-
ber of predictors (we are only using the colonies with representa-
tiveness >80%), so we ran the full model without the interaction
between latitude and longitude, and without the distance to the
geographic centre (since it was strongly correlated with the dis-
tance to the species centre). For both species, we used Variance
Inflated Factor (VIF; Dormann et al., 2013) values of the predictor
variables and diagnostic plots to sequentially remove variables
in order to obtain the most parsimonious model. To compensate
for the small sample size in these models, particularly for Cory's
shearwaters, we used a robust method to estimate standard er-
rors, provided by the package “jtools” (Long, 2019), which is more
stable to the effects of highly leveraged points than the ordinary
least squares (OLS) method provided by the Im function (Cribari-
Neto et al., 2007).

All analyses were performed in R (R Core Team, 2021) versions
from 3.4.4 to 4.0.2. All the developed functions and their argu-
ments are defined and explained in the supplementary material
(Appendix S2: Table S1). The code for all the functions and perfor-
mance tests can be found at https://github.com/VirginiaMorera/

Tracking_data_analysis

3 | RESULTS
3.1 | Results of ISF test on the simulated dataset

We ran the ISF test in data simulating a situation where the tracked
animals were not colonial (e.g. a residential species where all trips
from the same individual had a common origin but trips from dif-
ferent individuals had different origins). Within that paradigm, we
tested the function in 10 simulated datasets of decreasing site fidel-
ity (Figure 3). At null resistance (i.e. simulating the absence of ISF),
WBR value was 4.8%, increasing up to 85.8% at maximum resistance
(Table 3).
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FIGURE 3 Simulated datasets created to test the ISF function. The datasets consist of 10 trips of 100 positions each for each of the
10 animals simulated (in different colours). From left to right and top to bottom, ISF has been increased by increasing the resistance of the

surface outside the allowed area (see Section 2) from O to 1.

3.2 | Results of the empirical application

3.2.1 | ISF effect

Values of WBR (with high values indicative of an effect of ISF) were
on average higher for Cory's shearwater than for the other two spe-
cies, ranging between 11.3% (Chafarinas) and 36.0% (La Graciosa)
for Cory's shearwater, between 0.0% (Strofades) and 53.1% (Filfla)
for Scopoli's shearwater and between 8.7% (Raso) and 18.3% (Curral
Velho) for Cape Verde shearwater (Table 2).

3.2.2 | Interannual differences in distribution

Values of WBR were much lower in testing for interannual differ-
ences (evidencing no differences among years) than in the test for ISF

and again higher for Cory's shearwaters than for the other two spe-
cies. Values ranged between 6.2% (Berlenga) and 21.5% (Veneguera)
for Cory's shearwaters, and the only nonzero value for the other two
species was for the Scopoli's shearwaters of Chafarinas (2.5%).

3.2.3 | Spatial differences in species
representativeness

Before the analyses, we excluded three of the 34 sampled colonies,
which had less than five trips. From the 31 remaining colonies, we
selected one trip per individual for Flifla (Scopoli's shearwater) since
a WBR higher than 50% suggested an effect of ISF. With the result-
ing dataset, we obtained values of local representativeness >80% in
22 of them (Table 2). With these, we proceeded to test their species
inclusiveness.
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We simulated nonbreeding distributions from each of those
breeding colonies using the simulateDistribution function and obtained
a dataset that contained more than 78,000 locations for Cory's shear-
waters, more than 250,000 for Scopoli's shearwaters and more than
10,000 for Cape Verde shearwaters (Table 2).

Values of species inclusiveness for Cory's shearwater colonies
ranged between 27.4% (Timanfaya) and 52.2% (Vila); for Scopoli's
shearwater colonies from 17.6% (Strofades) to 53.4% (Zembra); and
for Cape Verde shearwaters from 49.4% (Curral Velho) to 50.8%
(Raso; Table 2).

TABLE 3 Results of the ISF test on simulated datasets

Within-between ratio (WBR, %)

Resistance Noncolonial
0.0 4.8
0.1 6.3
0.2 4.3
0.3 8.3
0.4 12.2
0.5 12.9
0.6 23.4
0.7 21.6
0.8 30.7
0.9 54.7
1.0 85.8

Note: For resistances outside the allowed polygon from O to 1,
simulating ISF from low to high (see Section 2), we calculated how many
within-individual overlap values fell below, inside and above the 95%

Cl of the between-individual overlap, for datasets simulating both a
noncolonial and a colonial species.

TABLE 4 Main parameters from the

. . Species
models obtained from the selected linear >
models testing representativeness for Cory's
Cory's and Scopoli's shearwaters. shearwater
Scopoli's
shearwater

Coierit i itibutions EYMTRCVRERE

For Cory's shearwaters, after running the full model we found
none of the predictors had a significant effect on the species inclu-
siveness value. We performed stepwise selection on the full model
and found that none of the models improved the intercept-only model,
with all effects being nonsignificant despite an R? of .57 (Table 4). After
running the full linear model for the Scopoli's shearwater data, we
found high VIF values for distance to geographic centre and distance
to population centre. We removed distance to geographic centre and
latitude, until we obtained a model with low VIF values indicating no
correlation among variables. From the final model, longitude had a
negative effect on species inclusiveness and population size had a pos-
itive effect on it, while distance to the population centre and sample
size had no significant effect (Table 4; Appendix S2: Figure S1).

3.2.4 | Nonbreeding distributions of three
species of Calonectris shearwaters

After selecting one track per individual for the colony of Filfla, for
which we found an effect of ISF, and since tests for temporal vari-
ability were not able to detect any effect in our data, we used data
from all years together to plot the nonbreeding distribution of each
species. We also plotted, for each species, the nonbreeding distri-
bution of each of the main breeding areas, to compare them to the
distribution of the entire species. For Cory's shearwaters globally,
the main nonbreeding area was off the coast of South Africa, at the
confluence between the Agulhas and Benguela currents and the
Agulhas current retroflection (Figure 4a; Appendix S2: Figure S2). In
single-area distributions, however, we observed that the main non-
breeding area for animals breeding in the Azores was the Agulhas
retroflection, with secondary areas in the North and South central
Atlantic (Figure 4b); for colonies in the Atlantic Iberian coast, the

main nonbreeding area was the confluence between the Agulhas

Effect Estimate p Value 95% Cl
Intercept 41.27 .006 27.63,54.91
Latitude 5.82 199 -7.41,19.06
Distance to population centre 2.67 .643 -18.59, 23.94
Population size -2.36 669 -22.79,18.08
Sample size 7.47 261 -13.20, 28.05
Adjusted R? .57

Intercept 36.02 .000 31.33,40.70
Longitude 823 .039 =585, =057
Distance to population centre 3.43 .259 -3.08,9.94
Population size 7.87 .004 3.34,12.40
Sample size 413 .061 -0.23,8.50
Adjusted R? .51

Note: Continuous predictors are mean-centred and scaled by 1 standard deviation. Effects with
a p value <.05 and/or a Cl not overlapping O are considered significant and highlighted in bold. A
parameter of the goodness of fit (adjusted R?) is also shown.
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and Benguela currents (Figure 4c¢); and for animals from the Canary
and Savages Islands, the main nonbreeding area was the south-
ern Benguela current, with the Canary current, off the coast of
Western Sahara and Senegal, as a secondary area (Figure 4d).
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FIGURE 4 Nonbreeding distributions
of Cory's shearwaters corrected for
sample effort and weighted by population
size. Using data from all representative
colonies pooled together to represent the
species' nonbreeding distribution (a), and
using data only from the representative
colonies in (b) Azores, (c) the Iberian coast
and (d) Canary and Savage islands. Pink
diamonds in (a) show the location of all
sampled colonies. In (b-d), pink diamonds
show representative colonies for each
population. Scales show the number of
individuals per 0.1 x0.1° cell.

FIGURE 5 Nonbreeding distributions
of Scopoli's shearwaters corrected for
sample effort and weighted by population
size. Using data from all representative
colonies pooled together to represent the
species' nonbreeding distribution (a), and
using data only from the representative
colonies in (b) the Eastern Mediterranean,
(c) Central Mediterranean and (d) the
Western Mediterranean. Pink diamonds
in (a) show the location of all sampled
colonies. In (b-d), pink diamonds

show representative colonies for each
population. Scales show the number of
individuals per 0.1 x0.1° cell.

For Scopoli's shearwaters, the main nonbreeding area was the
Canary current (Figure 5a), but the distribution of nonbreeding birds
changed if we considered only animals from the eastern, central or
western colonies, with animals from the westernmost colonies using

51017 SUOLLILLIOD SAIKE.D 3 o1 fdde aL) AQ pouienob a1 S1LE YO ‘38N J0 S [N 0 A1 BUIIUO 3| O (SUOPUOD-PUE-SUWLSY W00 A3 1 ARe.q1jBu 1 |Uo//:Sdu) SUORIPUOD PLE SWiS | aU1 39S *[£202/0T/62] Lo AriqiTauluo A1 1o nig AQ ZyOgT IPP/TTTT'OT/I0pAL0Y" 3|y Aeicl pujuo//SdIY WOJ) pepROIUMOQ ‘T ‘E20Z ‘Zv9rZLrT



MORERA-PUJOL ET AL.

Coierity i itibutions EYMITR VAR

0.8
35 0.7
0.6
. 0.5
0.4
0.3
0.2

0.1

All colonies

30 -20 -10

0.0

0.8

{(b)
o7 % 0.0035

06 107 0.0030
0.5 04 ; .' 0.0025
04  -101 0.0020
0.3 201 0.0015
0.2 0.0010

-30

0.1 0.0005
W Cabo Verde -40 E Cabo Verde

0.0000

FIGURE 6 Nonbreeding distributions
of Cape Verde shearwaters corrected for 20 (@
sample effort and weighted by population
. . . 10 4
size. Using data from all representative
colonies pooled together to represent the 0-
species' nonbreeding distribution (a), and
using data only from the representative -10 4
colonies in (b) eastern Cabo Verde and
(c) western Cabo Verde. Pink diamonds -20 1
in (a) show the location of all sampled
colonies. In (b) and (c), pink diamonds -30 1
show representative colonies for each 0
population. Scales show the number of )
individuals per 0.1 x0.1° cell. ) 50 -40
E
T 204
®© 20 (c)
10 4
0 4
-10 .
_20 .
-30 .
-40 -
50 o

more southern nonbreeding areas, and animals from the eastern
Mediterranean colonies spending the nonbreeding period mainly in
the Northern hemisphere (Figure 5b-d). The only nonbreeding area
of Cape Verde shearwaters was off the southern coast of Brazil and

Uruguay (Figure 6).

4 | DISCUSSION

In this study, we provide a workflow to test the effect of three major
sources of variability in spatial studies at the species level (ISF, tem-
poral variability and spatial variability), potentially applicable to a
wide variety of tracking datasets. In a context of increasingly sophis-
ticated, miniaturized, and inexpensive animal tracking devices, stud-
ies using individual tracking data are proliferating, with ever larger
extents both spatially and temporally. This emphasizes the need to
account for the biases described here when studying space use at a
population or species level, that is, before putting all tracks together
towards generating a single measure of space use that does not con-
sider potential differences in individual behaviour.

The ISF test is useful for datasets with uneven amounts of data
for each individual. It detects instances when trips from the same
individual are more similar than trips from different individuals,
which causes the areas preferred by the more represented indi-
vidual to be overrepresented in the distribution at a population
level, and it can help designing future tracking studies to avoid this

-30 -20 -10

0.0 50 -40 -30 -20 -10

Longitude

effect. The solution will largely depend on the type of data, size of
the dataset, the type of analysis to develop and the aims of each
particular study. In general, researchers should aim to (a) subset
the data so the sampling effort is evenly distributed among all in-
dividuals, for example, sequentially removing one random track
from the repeatedly sampled individuals and testing for the effect
of ISF again until the effect is no longer detected or (b) apply dif-
ferent weights to each track, with larger weights applied to trips of
underrepresented individuals.

The test for interannual differences gives a measure of how
spatial distribution varies among years at the population level. We
would expect this test to find a significant effect of temporal vari-
ability in adaptable species that live in dynamic but predictable
environments. On the contrary, species less able to track environ-
mental conditions, or those that live in relatively constant environ-
ments, would have the same distributions year after year, resulting
in nonsignificant effects of temporal variability on the distributions.
Practically, what to do with a dataset that exhibits temporal vari-
ability will depend on the type of analysis planned. As an example,
if the goal is to model species distributions based on environmental
variables (a species distribution model), the effect of year should be
considered by either modelling the tracks of each year separately
and with the corresponding values for the environmental variables,
or using a spatiotemporal model that will account for temporal as
well as spatial autocorrelation (e.g. Martinez-Minaya et al., 2018).
Conversely, if no temporal variability has been detected, a possible
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course of action could be to average the values of the environmental
variables during the whole tracking period, to capture general trends
rather than detailed conditions, and use it in a species distribution
model with all tracked positions to obtain general large-scale envi-
ronmental preferences of the species.

The spatial variability test calculates how well a population rep-
resents the entire species distribution. In spatially structured popu-
lations, we would expect the inclusiveness value to be low for any
of the sub-populations tested. Conversely, in unstructured popula-
tions, or in migratory species with very low migratory connectivity
(i.e. that mix in common nonbreeding areas; Marra et al., 2019), we
would expect the inclusiveness to be relatively high and similar for
the majority of populations. Researchers aiming to represent the
space use or environmental preferences of a species should take
care in not using individual populations to represent the whole
species when the representativeness is low. Instead, the different
population sizes should be considered when combining data from all
tracked populations, so the weight of each population in the species
distribution is proportional to its size (Beal, Dias, et al., 2021; Beal,
Oppel, et al., 2021; Carneiro et al., 2020; Davies et al., 2021).

In our simulated datasets, the indEffectTest was able to detect
the effect of ISF as intended, as the WBR value increased with in-
creasing simulated ISF. These datasets were simulated as noncolo-
nial but central place forager individuals (i.e. each individual had a
different starting position, but all trips from one individual started
in the same location). These particular settings are just an example
of the conditions under which tracking data may be collected, but
users can use the code provided (see Section 2) and modify it to
but simulate trips with characteristics similar to their real data (du-
ration, number of positions and step length), in order to know the
ability of the function to detect ISF in a dataset of those particular
characteristics.

Applied to our GLS dataset of nonbreeding distributions of
Cory's, Scopoli's and Cape Verde shearwaters, the proposed method
detected an effect of the ISF in the distributions of two out of the
31 colonies tested. It did not detect an effect of temporal variability
for any of the colonies, and there was spatial variability in species
among the 21 colonies that were representative enough to enter the
analysis. For most of the sampled colonies, the WBR value was high.
For the colony of Filfla (Scopoli's shearwater), where the function
detected a WBR of 53.1% (i.e. the median within-individual overlap
is above the majority of between-individual overlap values) indicat-
ing an effect of ISF in the population-level space use, the correct
course of action to take was to select one single trip per individual.
For the rest of the colonies, no effect of the ISF was found, and we
did not take any action on them.

The general lack of ISF found in our shearwater dataset agrees
with published evidence suggesting a lack of individual consistency
in the use of foraging areas during breeding and in several migratory
and nonbreeding parameters for both Cory's and Scopoli's shear-
waters (Courbin et al., 2018; Dias et al., 2011; Mdiller et al., 2014;
Zango et al., 2019). At a population level, there are studies reporting

interannual consistency in nonbreeding distribution and migration
phenology of seabirds (Bogdanova et al., 2014; Legrand et al., 2016),
and our results agreed with these findings, showing that within-
individual overlaps were mainly inside the 95% Cl| of between-
individual overlaps for the three species.

In our example with these three phylogenetically close spe-
cies that share nonbreeding areas, we found that the Cape Verde
shearwater, the species with the most restricted breeding and non-
breeding distributions, had consistently higher inclusiveness values,
while Cory's and Scopoli's shearwaters, with widespread breeding
distributions, and several discrete nonbreeding areas had more
diverse values of inclusiveness, as high as around 50% (maximum
inclusiveness) but as low as 17.6% in the case of Strofades (one of
the easternmost colonies of Scopoli's shearwaters). As expected,
these highly spatially structured populations exhibited low values
of species inclusiveness in each of their populations, that is, they
poorly represented the distribution of the entire species, which has
implications for study design and interpretation of results of single-
population studies.

When trying to understand which factors affected the inclusive-
ness values, we found that for Cory's shearwaters, neither popu-
lation or sample size, nor any geographical or population structure
(represented in the distances to the geographic and population cen-
tre of the species) had an effect in such values. Since in six out of
the 13 colonies we had sampled the sample size was not enough
to achieve an 80% of representativeness, only seven colonies were
used for the inclusiveness analysis. This small sample, and the fact
that we did not have a good representation of the species to simulate
the distribution, might have affected our ability to detect the effects
of the geographic structure in the inclusiveness values. For Scopoli's
shearwaters, however, we found that inclusiveness was positively
affected by sample size and population size. These results indicate
that larger colonies would better represent the entire distribution of
the species, which particularly in the case of Scopoli's shearwaters
seems logical since its largest colony, Zembra, represents about 80%
of the entire species population, and, thus, getting a representative
sample from that colony means obtaining a representative sample of
the majority of the species. The model was not able to predict large
differences in inclusiveness with increasing values of sample size.
The relationship with longitude, although not significant, might sug-
gest a west-to-east decline in inclusiveness values. Birds breeding in
the easternmost colonies of the Mediterranean used the northern-
most nonbreeding areas preferentially (Ramos, 2019), which made
their use of the southernmost nonbreeding locations less likely.
Thus, they were not good in representing the entire nonbreeding
distribution of the species, although necessary for the complete
knowledge of the wintering grounds of the species. As with the re-
sults detailed above, the representativeness of each colony or popu-
lation can offer insights into their migratory connectivity: in species
with low migratory connectivity, all populations will present higher
values of representativeness, while in species with high connectiv-

ity, each population will have a low level of representativeness.
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The findings obtained from our shearwater dataset are a clear
example of the implications of this work for conservation studies.
When the aim is to identify areas where the study species is more
abundant, it would be more convenient to concentrate sampling ef-
forts in colonies or breeding areas with larger populations. However,
when the aim is to define the entire range of a given species, that
is, any region in which an individual from the study species can
be found, a sampling strategy including spread colonies or areas
throughout the range of the species would be more appropriate. In
addition, these methods could help decide when the data already
collected are representative enough to extract conclusions relevant
for conservation, thus avoiding the collection of more superfluous
data and making the most of the data already collected. This work
will serve as an example of the importance of taking these issues
into consideration, as well as providing the tools to do so.

Collaborative datasets, metapopulation studies and their appli-
cations to predicting distributions of animals from unsampled areas
(Péron et al., 2018; Wakefield et al., 2017) and to informing con-
servation and management policies (Hays et al., 2019) are becoming
common-place in the current scientific context, although they do not
always account for the sources of variability explored here (but see
Beal, Dias, et al., 2021). The proposed method provides an objective
protocol for the detection of three of the main sources of variability
(ISF, interannual variability and spatial variability). This is a first step
in the building of more accurate spatial and spatiotemporal models
of movement and species distribution that can be used by move-

ment ecologists working with a wide diversity of tracking data types.
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