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1 Abstract
1.1 Background

Beyond proximity-based social networks and home range overlap, animal telemetry data can
also be used to measure intragroup social dynamics including individual position within groups,
individual and group-level movement directions, leadership patterns and lagged follower behav-
iours. We used a scoping review of literature across domains, including behavioural ecology,
collective movement, and GISciences, to identify widely used metrics for measuring intragroup
social dynamics not openly available in the R programming language.

1.2 Results

The scoping review identified a series of metrics for measuring intragroup social dynamics
commonly used in the literature and not available in the R programming language at the time
of the review. We developed a suite of new functions for the R package {spatsoc} to make these
metrics readily available in the R programming language for broader application across study
species and systems. We present a case study to illustrate these new functions for measuring
intragroup social dynamics with animal telemetry data.

1.3 Conclusions

The open availability of these new and flexible functions in {spatsoc} will allow researchers to
more comprehensively measure the multifaceted social behaviours in their study systems. Users
can now start by detecting spatiotemporal groups and analysing social networks, then move to
investigating the behaviours of individuals, dyads and groups within animal social populations.
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3 Background

Many facets of group living need to be considered to characterize animal social systems [1].
Beyond associations, additional types of dyadic relationships including genetic, affiliative, agonis-
tic, and cooperative [2] and the interactions between spatial phenotypes, social phenotypes, and
environments [3]. Using direct observations, researchers have studied intragroup social dynamics
including social foraging [4-6], spatial position within groups [7,8] and the influence of individual
traits such as age, sex, and dominance [9-11]. Unfortunately, direct observations can be labour-
intensive to collect and susceptible to observer bias [12], with low spatial and temporal resolution
making them imperfect for studies of collective movement [1].

Pairing advanced remote tracking technologies with emerging methods expands opportunities
to measure intragroup social dynamics. The availability and resolution of remote tracking data
continues to improve [13-15]. There are over two decades of research on measuring interactions
between moving individuals from the study of “moving point objects” in GISciences [16—19] to
group coordination [20,21], leadership, and decision making [22-24]. Despite this, we suggest the
lack of availability of open source tools [25-27] is the missing piece between the call to integrate
technology enhanced research with multidisciplinary approaches to better study animal social
systems [1,28].

The R package {spatsoc} was developed to derive social networks from animal telemetry data
using aggregated association rates, interindividual distances, and home range overlap [29]. The
methods in {spatsoc} have been used to measure social cohesion [30], human-wildlife conflict [31],
socioecology and resource availability [32], community structure [33], the influence of stress on
social proximity [34], and social patterns in non-social species [35]. Despite the substantive and
varied applications of {spatsoc}, users lacked sufficient and accessible functionality for measuring
the behaviour of individuals within social groups.

We first conducted a scoping review to identify metrics applicable to spatiotemporal data focusing
on dyadic interactions, leadership patterns, and dominance hierarchies. Of the resulting metrics,
we selected those with a high evidence of use, and lack of availability in the R programming
language, either through R packages or supplemental materials in the literature. Here we present
19 new functions in the R package {spatsoc} [29] for measuring intragroup dynamics. We will
demonstrate these new functions through a case study and discuss biological interpretations.

4 Implementations

4.1 Scoping review

We conducted a scoping review to identify metrics used in ecology studies for measuring dyadic
interactions, dominance hierarchies and leadership patterns. We focused on metrics applicable to
spatiotemporal data such as GPS telemetry. The scoping review expands on the review conducted



by [36] to also include metrics that measure group-level dynamics, leadership patterns, and
lagged-follower behaviours, and to explicitly establish their open source availability in the R pro-
gramming language. We established a list of nine benchmark papers (Supplement A Table S Table
S 1) that were relevant to our objectives and verified whether each paper was indexed in at least
one of our selected databases (Web of Science and Scopus). We used an iterative search method
to fine-tune the search terms measuring the total number of papers returned and sensitivity
of the search. Sensitivity is defined as the proportion of benchmark papers returned from each
database [4.2.7 37]. Search terms were developed in four categories: topic, population, method
and exclusion. Topic included terms associated with dyadic interactions, dominance hierarchies
and leadership patterns. Population included terms associated with animals, wildlife and ecology.
Method included terms associated with data collection and data types. Finally, a list of exclusion
terms were used to remove irrelevant papers. Each category of terms was combined with OR
operators and all four categories of terms were combined with AND operators. The resulting set
of papers used in further steps was the combination of the last iteration of search terms applied to
both of the Web of Science (using the “TS” field) and Scopus (using the “TITLE-ABS-KEY” field)
databases (Supplement A Table S 2). The temporal range of articles was limited to 1980-2023 using
the PY (Web of Science) or PUBYEAR (Scopus) fields. The resulting set of papers were imported
into Covidence [38] for deduplication, title and abstract screening, full text screening, and data
extraction.

Articles were screened based on the following criteria for exclusion:

« Paper does not describe dyadic or group metric related to leadership or dominance (e.g. [39])

« Paper describes metric that is not applicable to spatiotemporal data (e.g. [40] used focal obser-
vations and video recordings)

« Paper does not describe metric beyond static interaction (e.g. [41] used home range or spatial
overlap)

« Paper does not describe metric beyond group size (e.g. [42])

« Paper full text is not available in English (e.g. [43])

« Paper is a thesis

« Paper is a book chapter (e.g. [44])

Despite the intended focus on animal ecology, some papers discussed movement data more
generically or, alternatively, specifically focused on human or robotic movement data (e.g. [45]).
These papers were retained when the metrics described were deemed applicable to animal
spatiotemporal movement data. Papers using mathematical models or simulations were largely
beyond the scope of this review but papers were retained when the parameters used as inputs
could be applied to spatiotemporal data (e.g. [46]). Review papers were read for building the
scope of the introduction and discussion but not included in data extraction unless they explicitly
discussed dyadic measures (e.g. [1]).

The goals of data extraction were to record the breadth of metrics for measuring dyadic interac-
tions, dominance hierarchies and leadership patterns applicable to spatiotemporal data, and the
degree of code availability. General information about each paper was recorded including the
type of study (empirical, simulation, algorithm, model, or review), study species and study region.



Metrics discussed in each paper were listed including data input required, citations and inter-
pretation. Code availability was described including location of code (e.g. Zenodo, or GitHub),
programming languages and software packages used. The data extraction form is in Supplement
A Table Table S 3.

Metrics identified were aggregated using a manual process to identify synonymous terms. This
aggregation process was required due to variability in defining metrics during data extraction
and differences between authors in describing metrics (e.g. distance to group “center”, “centroid”,
or “center of mass”). Each paper’s study location was geocoded using the {tidygeocoder} package
[47] and the study species were parsed using the {rgnparser} package [48] which provides
the GNparser [49] taxonomic parser in R. We calculated frequencies for each categorical field
including programming language, software package, analysis code availability, geographic region,
study species and metric used. For many fields, authors did not provide sufficient information to
determine how metrics were calculated, e.g. not including the programming language or software
package used, and as a result, counts are presented as an overall frequency including papers with
missing fields.

Metrics were selected for inclusion in {spatsoc} based on their relative importance (as measured
by frequency of use in the scoping review), and their lack of availability in R when the review
was conducted (Supplement Section 11). Some metrics were specifically not chosen for inclusion
such as metrics relating to posture, metrics relating to static interaction or home range overlap
and metrics based on statistical models such as Hidden Markov model and Granger causality. A
full list of metrics not selected is in Supplement Section 12.

4.2 Software

The R package {spatsoc} was originally developed to detect spatiotemporal groups in animal
telemetry data for building social networks [29]. In this new version, {spatsoc} provides an
additional suite of functions to measure individual, dyadic and group level behaviours within
spatiotemporal groups. These measures of intragroup dynamics are derived from three geospatial
operations (distance, direction, and centroid) calculated in internal functions built on top of the R
spatial packages {sf} [50], {lwgeom} [51] and {s2} [52]. Improving on past versions, {spatsoc} now
accommodates data in both projected and geographic coordinate reference systems.

5 Results

The final set of search terms (Supplement A Table S 2) applied to both Web of Science and Scopus
returned a database of 3878 articles between 1980 and 2023. Manual deduplication removed 128
articles and Covidence [38] identified an additional 799 duplicated articles. 2527 articles were
excluded during title and abstract screening and 275 articles were excluded by full text screening.
The resulting database included 141 studies (see Supplement B for detailed PRISMA).

Data extraction revealed a total of 119 unique metrics including metrics used in articles that
may not explicitly measure intragroup social dynamics. For example, if an article measured an
individual’s position within the group and also their step length, both metrics were recorded.
The review indicated variability in the methodological definitions relating to intragroup social



dynamics. Differences in defining spatiotemporal groups were largely centered on spatial and
temporal thresholds (Supplement B Table S 12). Similarly, fission-fusion dynamics were defined
by spatial and temporal thresholds [e.g. 53,54], but also how to handle missed observations and
temporary separations [e.g. 55,56] (Supplement B Table S 14). Definitions of group-level leadership
patterns were based on measures of leadership including tendency to be at the front of the group
[e.g. 57,58,59], directional correlation delay [e.g. 60,61], and movement initiations [30,e.g. 62,63]
(Supplement B Table S 13).

Details in the methods and supplemental materials were used to assess the availability of the
extracted metrics in open source programming languages commonly used in ecology. Accompa-
nying code was not available in a supplement or linked repository for 82% of articles and 67% of
articles did not indicate any software package (e.g. R package, Python library) used. R was the
most common programming language followed by MATLAB and Python (Supplement B Table S 5)
in the database of articles. Metrics already provided by existing open source software packages
(e.g. DI provided by {wildlifeDI} [45]), or code accompanying articles (e.g. FLICA code provided
alongside [64]) were not selected for inclusion in {spatsoc}. Finally, metrics were prioritized for
inclusion in {spatsoc} according to measured frequency of use in the database of articles and
external searches were conducted to ensure no availability in R packages were missed by the
scoping review (see Supplement B Table S 10 Supplement C). The resulting set of metrics provided
by new functions in the R package {spatsoc} for measuring intragroup social dynamics is shown
in Table Table 1.



Table 1: Description of new functions in the R package {spatsoc} for measuring intragroup

dynamics categorized by family. All available functions in the R package {spatsoc} including new

and existing functions are listed in Table 15.

Function

Description

Spatial interface
get_geometry()
Edge-list generation
edge_delay()
edge_alignment()
edge_direction()
edge_zones()

Dyad

fusion_id()

Centroid
centroid_group()
centroid_dyad()
centroid_fusion()
Direction
direction_step()
direction_to_centroid()
direction_to_leader()
direction_group()
direction_polarization()
Distance
distance_to_centroid()
distance_to_leader()
Leadership
leader_direction_group()

leader_edge_delay()

Setup data for geometry interface

Directional correlation delay based edge-lists
Directional alignment based edge-lists
Direction based edge-lists

Behavioural zones based edge-lists

Identify fusion events

Group centroid
Dyad centroid

Fusion event centroid

Direction step

Direction to group centroid
Direction to group leader
Group mean direction

Polarization

Distance to group centroid

Distance to group leader

Leadership along group direction

Leadership in directional correlation delay

6 Discussion: case study

The expected input data structure for functions in {spatsoc} is a data.table with columns
representing the individual identifiers (e.g. “ID”), the date and time (e.g. “datetime”) and the



coordinates (e.g. “X”, “Y”) of each location. Other tabular data formats in R can be converted to
data.table with the function as.data.table. Many of the functions in {spatsoc} process input
data using {data.table}'s modify-by-reference to avoid making copies of input data and, instead,
directly adding or updating columns in place. Functions that return the input data.table with
an added column do not need to be reassigned (e.g. group_pts and group_times). In contrast,
functions that reshape the input data, return aggregated results or require an internal merge need
to be reassigned (e.g. edge_dist and centroid_dyad). Each function’s documentation describes
if it uses modify-by-reference or if its output needs to be reassigned The FAQ vignette lists all
functions in these two categories and users are encouraged to read more about {data.table}'s
modify-by-reference in their vignette about Reference Semantics.

Table 2: Expected input data structure for {spatsoc} functions: a data. table with columns repre-
senting the individual identifier (“ID”), date and time (“datetime”) and coordinates (“X” and “Y”)

of each location.

ID X Y datetime

A 715851 5505340 2016-11-01 00:00:54
699640 5509638 2016-11-01 00:01:02
710205 5505888 2016-11-01 00:00:44
700875 5490954 2016-11-01 00:00:47
701672 5504286 2016-11-01 00:00:48

Mmoo 0w

705583 5513813 2016-11-01 00:00:48

Functions previously available in {spatsoc} can be used to identify spatiotemporal grouping, gen-
erate distance based edge-lists and conduct data-stream permutations (see existing functionality
in [29]; Table S 15). These functions have allowed users to detect interactions between individuals,
measure co-occurrence within and across species, and generate social networks from animal
telemetry data [30,35,e.g. 65,66].

Spatiotemporal grouping can be performed given animal movement data, temporal and spatial
thresholds, and one of three grouping functions: group_pts(), group_lines() or group_polys().
These return a unique identifier for each spatiotemporal group defined by point-based distances,
linear trajectory overlap and home range overlap, respectively.

get_geometry() is a new helper function added to {spatsoc} to provide an alternative interface
for providing coordinates and, optionally, coordinate reference systems. Instead of providing the
names to columns for the X and Y coordinates using the coords argument, the get_geometry()
function adds a simple feature geometry list column (sfc) using the {sf} package [50]. The
geometry method is used by default for all {spatsoc} functions that require coordinates when
the coords argument is left null. This interface also extends {spatsoc} to allow users to provide
coordinates in any coordinate reference systems, including both projected and longlat degrees,
supported by the {sf} package. The following examples and case study will illustrate the geometry
interface throughout.


https://docs.ropensci.org/spatsoc/articles/faq.html
https://r-datatable.com/articles/datatable-reference-semantics.html

For example, the suggested group_pts () workflow with the example data from the package and
the get_geometry() helper function to identify spatiotemporal groups (Table 3):

# Load packages
library(data.table)
library(spatsoc)

# Read example data
DT <- fread(system.file("extdata", "DT.csv", package = "spatsoc"))

# Cast the character column to POSIXct
DT[, datetime := as.P0SIXct(datetime, tz = 'UTC')]

# Set variables
temporal threshold <- '20 minutes'
spatial threshold <- 50

id <- 'ID'
coords <- c('X', 'Y")
utm <- 32736

# Setup DT for geometry interface
get geometry(DT, coords = coords, crs = utm)

# Temporal grouping
group times (DT, datetime = ‘'datetime’, threshold = temporal threshold)

# Spatial grouping with timegroup

group pts(
DT,
threshold = spatial threshold,
id = id,
coords = coords,
timegroup = 'timegroup'’



Table 3: Spatiotemporal groups measured using group_times() and group_pts(). group_times()
returns a ‘timegroup’ column indicating temporal groups within the specified temporal threshold.

group_pts() returns a ‘group’ column indicating spatiotemporal groups within the provided
timegroup and specific distance threshold. Example output showing a subset of three spatiotem-

poral groups.

ID datetime

geometry

timegroup group

2016-11-08 12:00:43
2016-11-08 12:00:54
2016-12-02 20:00:53
2016-12-02 20:00:48
2016-12-12 02:00:27

o H O W o W

2016-12-12 02:00:48

POINT (697250 5510781)
POINT (697243 5510778)
POINT (699459 5510354)
POINT (699445 5510330)
POINT (697934 5507852)
POINT (697928 5507853)

91 1487
91 1487
383 1779
383 1779
494 5542
494 5542

Users can also measure interindividual distance using the edge

dist() function (Table 4) and

identify nearest neighbours using edge_nn() function (Table 5). For example:

# Measure interindividual distance
interindividual dist <- edge dist(

DT,

threshold = spatial threshold,
id = id,

timegroup = 'timegroup’,

returnDist = TRUE,
fillNA = TRUE



Table 4: Distance based edge-lists measured using edge_dist(). Using the ‘timegroup’ column

returned by group_times(), edge_dist() returns a distance based edge-list where individuals in

the column ‘ID1’ are within the provided distance threshold from ‘ID2’. Optionally, measured

distances can be returned in the column ‘distance’ if ‘returnDist’ is TRUE and NAs can be

returned where an individual is not within the provided distance threshold if ‘fillNA’ is TRUE.

Example output showing six observations of one timegroup with distances returned between focal
individual ‘ID1’ and neighbour ID2’.

timegroup ID1 ID2 distance

1436 B H 4812
1436 C NA NA
1436 E G 1319
1436 E ] 12.36
1436 F NA NA
1436 G E 1319

# Identify nearest neighbours
nearest neighbours <- edge nn(

DT,
id = id,
timegroup = 'timegroup’,

returnDist = TRUE

Table 5: Distance based edge-lists measured using edge_nn(). Using the ‘timegroup’ column
returned by group_times(), edge_nn() returns a distance based edge-list where individuals in
the column ‘NN’ are the nearest neighbour to focal individuals in the column ‘ID’. Optionally,
measured distances can be returned in the column ‘distance’ if ‘returnDist’ is TRUE and a distance
threshold can be provided using ‘threshold’. Example output showing six observations of one
timegroup with distances returned between focal individual ID’ and nearest neighbour ‘NN’.

timegroup ID NN distance

1424 J B 6419
1424 G E 2053
1424 H E 338949
1424 I F 4392
1424 B G 2713
1424 G 2053

10



Building on these, {spatsoc}'s new functions provide more detailed measures of an individual’s
behaviour with respect to their conspecifics. We aim to provide users with accessible, flexible
functions that will help to identify leader-follower patterns, fission-fusion dynamics and poten-
tially dominance behaviours from animal telemetry data in their ecological systems. Sufficient
data quality and resolution are a continued consideration when determining if a particular data
set is suited to the new functions in {spatsoc}. For example, the directional correlation delay
functions leader_direction_delay and edge delay depend on a sufficiently high temporal
resolution to capture correlations in lagged movement directions between individuals that are
biologically relevant. While the example data used in the case study may not be sufficient for
biological interpretation for all functions, it is used for illustrative purposes due to its accessibility
in the package. We refer users to the references accompanying each function for more details on
ensuring their data is appropriate.

6.1 Position within groups

Extending {spatsoc}'s abilities to identify spatiotemporal groups, a new set of functions are now
available to measure individual’s relative position within spatiotemporal groups. After identifying
spatiotemporal groups with e.g. group_pts(), we can measure the group centroid, as defined by
the mean of individual locations in a group, using centroid group() (Table 6).

# Measure group centroids
centroid group(DT)

Table 6: Group centroids measured using centroid_group(). Using the ‘group’ column returned

by group_pts(), centroid_group() returns the column ‘centroid’ representing the centroid of all

individual’s locations in each spatiotemporal group. Example output showing a subset of the
centroids for three spatiotemporal groups.

ID timegroup group geometry centroid

B 463 1859  POINT (698424 5511571) POINT (698410 5511576)

463 1859  POINT (698396 5511582) POINT (698410 5511576)
I 471 8728  POINT (698754 5506683) POINT (698752 5506679)
] 4n 8728  POINT (698749 5506674) POINT (698752 5506679)
B 643 2039  POINT (699011 5511657) POINT (699003 5511660)
G 643 2039  POINT (698995 5511664) POINT (699003 5511660)

Then we can measure each individual’s distance and direction to the group centroid using
distance_to_centroid() and direction_to_centroid() (Figure 1). The distance to group cen-
troid is the geographic distance from the focal individual to the group centroid. The direction
to group centroid is the direction from the focal individual to the group centroid. The rank
of individuals’ distances to the group centroid can be optionally returned using the argument
return_rank. Spatial position within groups with respect to the group centroid has been studied
in relation to predation risk [67,68], leadership [61,69] and group cohesion [30,70].

11



# Measure distance to group centroid
distance to centroid(DT, return_rank = TRUE)

# Measure direction to group centroid
direction to centroid(DT)

A) B)
2501
T 1o ————
o
S
C 2o ——m———— 200 A
o
O 3 ————.
3 150
S 4 o
(@]
v 51 o
Y 100 -
C
8 6+ *
R
o 504
o 71 —
C
g 8+ — e —— 0-
0 20 40 60 80 2 0 2
Distance to group centroid [m] Direction to group centroid [rad]

Figure 1: A) Distance and B) direction to group centroids measured using distance_to_centroid()
and direction_to_centroid(). Using the ‘centroid’ column returned by centroid_group,
distance_to_centroid() and direction_to_centroid() return the columns ‘distance_centroid’
and ‘direction_centroid’ representing the focal individual’s distance and direction to the
group centroid. Optionally, the rank distance to the group centroid can be returned by
distance_to_centroid() if the argument ‘return_rank’ is true.

6.2 Directions

Next, we can use movement directions to measure how individuals and groups move together. We
can measure an individual’s movement direction using direction_step() and the mean direction
of each spatiotemporal group identified by group_pts() using direction_group() (Table 7).

# Measure movement direction
direction step(DT, id = id)

# Measure mean movement direction of each spatiotemporal group
direction group(DT)

12



Table 7: Individual and group mean directions measured using direction_step() and

direction_group(). direction_step() returns the column ‘direction’ representing the movement

direction of each individual to their next relocation. Using the spatiotemporal groups returned

by group_pts, direction_group() returns the column ‘group_direction’ representing the mean

direction of all individuals in each spatiotemporal group. Example output showing the movement
directions of individuals and mean direction of two spatiotemporal groups.

ID timegroup group direction group_direction
E 623 5629  2.4033 [rad] 2.687 [rad]
H 623 5629  3.0019 [rad] 2.687 [rad]
I 623 5629  2.6582 [rad] 2.687 [rad]
C 1426 3640  0.1258 [rad] 0.168 [rad]
F 1426 3640  0.1819 [rad] 0.168 [rad]
I 1426 3640 0.1963 [rad] 0.168 [rad]

We can measure polarization, the uniformity of movement directions in a group of individuals,
using direction_polarization() (Figure 2). Polarization is on a scale of 0-1 where values near 0
show that individuals in a group are moving in different directions (or “non-aligned”) and values
near 1 show that individuals are moving in similar directions or (“aligned”). Polarization in the
movement direction of groups of animals has been used to study cognition [71], learning [72],
the influence of habitat [73] and individual differences [69] in collective behaviour.

# Measure direction polarization
direction polarization(DT)

13
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Figure 2: Direction polarization measured using direction_polarization(). Using the ‘direc-

tion’ column returned by direction_step() and ‘group’ column returned by group_pts(),

direction_polarization() returns a column named ‘polarization’ indicating the polarization in

directions in each spatiotemporal group. Ranges of directions shown for a sample of groups in

four equal interval categories of direction polarization. Values of polarization range from 0 (non-
alignment) to 1 (alignment).

The interindividual direction, or direction from a focal individual to a neighbour, can be measured
using edge_direction() (Figure 3). Like edge_alignment(), the interindividual directions are
returned in an edge-list format. Interindividual direction has been used to study risk exposure in
schooling fish [74], coordinated movement [75] and mass migration [76].

# Measure interindividual direction
dyad directions <- edge direction(
edges = interindividual dist,
DT = DT,
id = id

The directional alignment, or relative difference between two individuals’ directions, can be mea-
sured using edge_alignment () (Figure 3). The differences in movement directions are returned in
an edge-list format similar to edge_dist() and other edge-list generating functions. Directional
alignment has been used to study leadership [77], decision making [24], and information transfer
[78].

14



# Measure directional alignment
directional align <- edge alignment(
DT = DT,
id = id,
signed = FALSE
)

A)

B)
timegroup ID1 ID2 direction_dyad direction_diff

1 F E -1.06 [rad] 0.08 [rad]
1 E F 2.08 [rad] 0.08 [rad]
2 F E 1.99 [rad] 0.34 [rad]
2 E F -1.15 [rad] 0.34 [rad]
3 F E 2.86 [rad] 0.57 [rad]
3 E F -0.28 [rad] 0.57 [rad]

Figure 3: A) Example locations for individuals ‘E’ (purple) and ‘F’ (blue) showing concurrent
movement paths in timegroups 1, 2 and 3. B) Interindividual direction and directional_alignment()
using edge_direction() and edge_alignment(). Using distance based edge-lists returned by
edge_dist() or edge_nn() and the ‘timegroup’ column returned by group_times(), edge_direction()
returns a column named ‘direction_dyad’ representing the direction between the focal individ-
ual (‘ID1’) and the neighbouring individual (‘ID2’). Using the ‘direction’ column returned by
direction_step(), the edge_alignment() function returns a column named ‘direction_diff’ repre-
senting the absolute difference in movement directions between two individuals (‘ID1’ and ‘ID2’).
Optionally, the signed difference can be returned by edge_alignment() if the argument ‘signed’
is true.

6.3 Behavioural zones

The behavioural zones [20], or non-overlapping behavioural regions around a focal individual,
can be measured using edge_zones() (Figure 4). The distance from the focal individual to each

15



neighbour is used to assign the neighbours to behavioural zones. In addition, the direction from
the focal individual to each neighbour can be used to determine if the neighbour is within a
“blind volume” outside of the individual’s visual perception. [20] defined three non-overlapping
zones. The “zone of repulsion” is at a minimum distance around the focal individual within which
neighbours are expected to move away to avoid collisions. The “zone of orientation” is around the
focal individual beyond the “zone of repulsion” within which neighbours are expected to orient
themselves to the movement of their neighbours. The “zone of attraction” is beyond the “zone of
orientation” where neighbours are expected to be attracted to the position of the focal individual.
The edge_zones () function is designed to allow for flexible definitions of zones including distance
thresholds, zone labels and blind volume thresholds. The behavioural zones metric has been used
to study the impact of individual movement speed and predator evasion [79] and identifying rules
of interaction in large animal groups [80].

# Define zone thresholds, labels and blind volume
zone_thresholds <- c(10, 25, 50)

zone_labels <- c('repulsion', 'orientation', ‘'attraction')
blind volume <- 3

# Measure behavioural zones
zones <- edge zones(
dyad directions,
zone _thresholds = zone thresholds,
zone labels = zone labels,
blind volume = blind volume

16
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blind

L)

Figure 4: Behavioural zones measured using edge_zones(). Using the ‘distance’ column returned

by edge_dist(), the edge_zones() function returns the column ‘zone’ representing the behav-

ioural zone of the neighbour (ID2) with respect to the focal individual (ID1). Optionally, the

‘direction_dyad’ column returned by edge_direction() can be used to define the blind volume, or

the range of interindividual directions that are beyond the visual perception of the focal individual.

Example shows positions of neighbour ‘E’ in behavioural zones with respect to focal individual
‘G’ across the sample period.

6.4 Position along group direction

An individual’s position relative to the mean group direction can be calculated with
leader direction group(). We first calculate each individual’s movement direction with
direction_step(), the group’s centroid with centroid_group() and the group’s mean direc-
tion with direction group(). Then leader direction group() rotates the coordinate system
around the group centroid by the group’s mean direction for each spatiotemporal group. This
new axis represents individual’s front-back position within the group along the group’s mean
direction [57,62,70] (Figure 5). The rank of individual positions within spatiotemporal groups [81]
can be optionally returned when the argument ‘return_rank’ is true.
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# Measure movement direction
direction step(DT, id = id)

# Measure mean movement direction of each spatiotemporal group
direction group(DT)

# Measure position along group direction
leader direction group(DT, return_rank = TRUE)
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Figure 5: A) Example spatiotemporal group showing relative positions and movement directions
of individuals (small points and grey arrows) with respect to the group centroid and mean group
direction (large point and black arrow). B) Position along the group direction measured using
leader_direction_group(). Using the ‘group_direction’ column returned by direction_group()
and ‘centroid’ column returned by centroid_group(), leader_direction_group() returns a column
named ‘position_group_direction’ representing the front-back position along the mean group
direction. Optionally, the rank position along the mean group direction if the argument
‘return_rank’ is true.

Taking this simple, dynamic definition of leadership, we can identify the distance and direction
of individuals to the leader of each spatiotemporal group using distance_to leader() and
direction_to_leader() (Figure 6). The distance to leader is the geographic distance from the
focal individual to the group’s leader and the direction to leader is the direction from the focal
individual to the group’s leader. The front-back position within the group, and distance and
direction to the group leader has been used to study interaction rules [82], leadership [62,77],
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risk avoidance [83], and how reproduction influences social structure [58]. In addition, a user can
calculate an individual’s time spent leading by calculating the rate each individual was in the
first ranked position out of the total observations. Other definitions of leadership in the scoping
review also include the directional correlation delay, described below, and movement initiations
(Supplement B Table S 13).

# Measure distance to leader
distance to leader(DT)

# Measure direction to leader
direction to leader(DT)
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Figure 6: A) Distance and B) direction to group leaders measured using distance_to_leader
and direction_to_leader. Using the ‘rank position_group_direction’ column returned by
leader_direction_group(), distance_to_leader() and direction_to_leader() return columns named
‘distance_leader’ and ‘direction_leader’ indicating the distance and direction of the focal individ-
ual to the leader of the spatiotemporal group. Note: for individuals identified as leaders using
‘position_group_direction’, the distance is 0 and the direction is NA.

6.5 Dyadic fusion events

Dyadic fusion events, or temporal periods where two individuals are within a given threshold
distance from each other, can be identified using fusion_id() (Figure 7). Given the variability in
defining dyadic fission-fusion dynamics in the literature (Table S 14), the fusion_id() function
flexibly allows users to set specific thresholds and definitions that match their study species
and research questions. This will also allow users to easily compare their results to previously
published work by using the same thresholds and definitions. The threshold argument defines
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the spatial distance threshold to establish a fusion event. The n_min_length argument defines
the minimum number of successive fixes that are required to establish a fusion event. The
n_max_missing defines the maximum number of allowable missed observations for either indi-
vidual in a dyad within a fusion event. The allow_split argument defines if fusion events allow a
temporary spatial splitting for one observation without resulting in a fission event. Identification
of fusion events has been used to study resource seasonality [84], information transfer [85],
decision making [86], and habitat selection [87].

# Identify dyads
dyad id(interindividual dist, idl = 'ID1', id2 = 'ID2')

# Identify dyadic fusion events
fusion events <- fusion id(
interindividual dist,
threshold = spatial threshold,
n_min_length = 3,
n_max_missing = 1,
allow split = TRUE

# Measure centroids of dyadic fusion events
centroid fusion(

interindividual dist,

DT,

id = id
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timegroup ID1 ID2 distance
1 ] NA NA

] C 11.26[m]
3 ] C 9.98[m]
4 ] C 35.89[m]
5 ] NA NA

Figure 7: A) Example dyadic fusion event for dyad of individuals ]’ and ‘C’ with black
points representing the centroid of fusion observations returned by centroid_fusion(). B) A
dyadic fusion event identified using fusion_id. Using the distance based edge-lists measured
using edge_dist() and the dyad id returned by dyad_id(), fusion_id() a returns a column named
‘fusionID’ representing the dyadic fusion events defined with user specified constraints: the
distance threshold (‘threshold’), the minimum number of observations defining a fusion event
(‘"n_min_length’), the maximum number of missing observations from either individual in a fusion
event (‘'n_max_missing’) and if a single observation where individuals are beyond the distance
threshold should result in a fission event (‘allow_split’). In B), a dyadic fusion event is identified
for individuals ‘J" and ‘C’ given they are within the distance threshold at timegroups 2, 3, and
4. Individual T’ is shown at timegroups 1 and 5 with no neighbours within the threshold spatial
distance (ID2 is NA).

6.6 Directional correlation delay

The directional correlation delay can be calculated with leader_direction_delay() to measure
the correlation between movement directions of a focal individual and a neighbour within a
specified temporal window [23]. The directional correlation delay time represents the delay that
maximizes the mean directional correlation delay across the sampling period. The delay time can
be used to indicate if an individual is leading their neighbour (where the delay time is positive)
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or following their neighbour (where the delay time is negative). The window argument controls
the number of time steps around the focal time (e.g. window = 2 defines the window to include
t_9,t_1,t9,t1,15). The min_nobs argument sets the minimum number of valid observations for
the focal individual in the temporal window required for each focal observation. The splitBy
argument is used to define sampling periods within which the directional correlation delay
and delay time are calculated. leader_direction_delay() uses the fusion events defined with
fusion_id() to ensure that dyads are within a minimum distance for a specified minimum
number of timesteps. The mean directional correlation delay is calculated across all fusion events
in the sampling period for each dyad and delay time defined by the window argument. The direc-
tional correlation delay time can be used to measure leadership patterns and generate hierarchical
leadership networks depending on the study system [23,88-90].

The momentary directional correlation delay is adapted from the global directional correlation
delay [62] and can be measured with edge_delay(). In contrast to the global directional corre-
lation delay [23], the momentary directional correlation delay [62] measures the correlation
between movement directions within dyads at each time step. The edge_delay() function uses
the fusion events defined with fusion id() like leader direction delay() and returns the
momentary directional correlation delay time that maximizes the directional correlation delay at
each time step. The window and min_nobs arguments are shared with leader_direction_delay().
The momentary leadership index can be calculated from the output of edge_delay by taking the
mean of the directional correlation delay time for each focal individual (ID1) at each time step [62].

# Measure global directional correlation delay
leader delay <- leader direction_delay(
edges = fusion_events,

DT = DT,
window = 3,
id = id,

min nobs = 2

# Measure momentary directional correlation delay
delay <- edge delay(
edges = fusion_ events,

DT = DT,
window = 3,
id = id,

min_nobs = 2

# Calculate momentary leadership index
delay[, momentary leadership index := mean(direction_delay),
by = .(ID1, timegroup)]
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A)

ID1 ID2 direction_delay direction_cor max_direction_cor

E H -3 0.1416 FALSE
E H -2 0.0802 FALSE
E H -1 0.1542 FALSE
E H 0 0.7253 TRUE
E H 1 0.1712 FALSE
E H 2 0.0443 FALSE
E H 3 0.0309 FALSE
B)
timegroup ID1 ID2 direction_cor direction_delay

1 E H 0.7080 -1

1 H E 0.9854 -2

2 E H 0.9827 0

2 H E 0.9827 0

3 E H 0.9982 0

3 H E 0.9982 0

4 E H 0.8876 2

4 H E 0.7291 -3

Figure 8: A) Example global directional correlation delay [23] for focal individual ‘E’ (ID1)
and neighbour ‘H’ (ID2) indicating individual ‘E’ had a movement direction most similar to
individual ‘H’ at the temporal delay of 0. Using the fusion events identified by fusion_id() and
the ‘direction’ column returned by direction_step(), leader_direction_delay() returns a column
named ‘direction_cor’ indicating the correlation of directions between ID1 at time ¢ and ID2 at
time ¢ 4+ 7 where 7 represents the temporal delay returned in the column named ‘direction_delay’,
and a column named ‘max_direction_cor’ indicating the temporal delay that maximizes the
mean directional correlation delay. B) Example momentary directional correlation delay [62] for
individuals ‘E’ and ‘H’ during four timesteps of a fusion event. Using the fusion events identified
by fusion_id() and the ‘direction’ column returned by direction_step(), edge_delay() returns a
column named ‘direction_cor’ representing the maximum directional correlation delay at each
time step for each dyad and a column named ‘direction_delay’ representing the corresponding
temporal delay that maximizes the directional correlation delay at the focal timestep within the
temporal window specified by the user. Notably, the momentary directional correlation delay for
ID2-ID1 is not the inverse of ID1-ID2, and therefore both individual’s perspectives are returned.
The momentary directional correlation delay is calculated in the code example but is not shown
here for simplicity.
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7 Conclusion

An ever expanding collection of methods have been described for studying animal social systems.
The scoping review identified hundreds of metrics applied to species across the globe. Despite
this, a lack of their accessibility in open source software risks limiting the application of these
methods broadly. The open source package {spatsoc} [29] for the R programming language [91]
has improved accessibility to methods for spatiotemporal grouping and social network analysis
with animal telemetry data [30,35,e.g. 65,66]. Despite this, proximity-based association is only
one dimension and studying intragroup social dynamics will allow researchers to further measure
animal social systems. The new functions in {spatsoc} and the accompanying case study presented
here make openly available a series of metrics that, while commonly used in the literature, are
largely absent from R packages. Paired with the continued development of animal tracking tech-
nology [15,92] and novel data collection methods [93,94], the open availability of these metrics in
R will broaden their application across research questions, including, among others, long-standing
ecological concepts such as:

« Social foraging theory and producer-scrounger dynamics where “producers” are those who
discover patches and “scroungers” are those who join patches discovered by others [4,95,96].
This concept can be applied to animal telemetry data by evaluating the position of individuals
within groups, the individual’s arrival timing to forage patches and the characteristics of forage
patches. Individuals balance risk of predation and foraging success by adjusting their spatial
position within groups [6,11], and the foraging strategy selected by an individual can be influ-
enced by the size of forage patches [97].

« Leader-follower behaviour in groups of moving animals is studied both to determine factors
that causally influence leadership, and for the influence of leader-follower strategies on foraging
success and downstream fitness. Applied to animal telemetry data, leadership can be defined
simply by identifying the individual at the foremost position along the front-to-back axis of the
group’s direction [62,70] or by calculating the directional correlation delay between individuals
and building leadership hierarchies [23]. Leadership in a group of moving animals can inform
animal decision making, group coordination, and migratory patterns [61,62,82,98].

« Individual traits can influence behaviours related to intragroup dynamics. Dominance is related
to foraging success [11,99] and choice of foraging strategy [10,100,101]. Dominant, aggressive,
grooming and other interindividual behaviours are typically measured using focal observations.
However, some metrics have been developed for remotely estimating dominance behaviours.
The directional correlation delay can be used to derive hierarchies of leadership which can be a
proxy for dominance relationships in certain species [88,90]. Dominance relationships can also
be inferred from animal telemetry data using movement initiations [64], approach-avoidance
behaviours [24] and displacement events [102].

The lack of open source code and transparency of methods alongside research (Table S 4, Table
S 5, Table S 6) continues to slow the progress of science by limiting the broader application of
new methods. We hope that the availability of these metrics in {spatsoc} will allow researchers to
apply them to diverse study species, systems or research questions, including novel applications
that could have management and conservation implications for vulnerable species [103].
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8 Availability and requirements

Project name: spatsoc

Project home page: https://github.com/ropensci/spatsoc
Operating system(s): Platform independent
Programming language: R (= 3.4)

Other requirements: R packages adehabitatHR (= 0.4.21), data.table (= 1.15.0), igraph, sf, Iwgeom
(= 0.2.15), CircStats, stats, units (= 0.8-6), rlang. System dependencies GDAL (>= 2.0.1), GEOS (>=
3.4.0), PROJ (>= 4.8.0), sqlite3

License: GPL-3

Any restrictions to use by non-academics: None
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https://github.com/robitalec/extending-spatsoc-application-paper and on Zenodo at https://doi.
org/10.5281/zenodo.19712779. The data used in this case study are included with the package and
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Table S 2: Search strings for scoping review using Web of Science and Scopus

Source

String

Web of Science

Scopus

TS=(“dominance hierarch*” OR “leadership” OR “dominance” OR “collective
move*” OR “fusion-fission” OR “fission-fusion” OR (“fission*” AND “fusion™”)
OR (“producer*” AND “scrounger”) OR “producer-scrounger” OR “leader-
follower” OR “leader follower” OR (“leader*” AND “follower*”) OR (“finder*”
AND “joiner*”) OR “group cohesion” OR “dynamic interaction” OR “lead-
ership pattern®” OR “collective behav*” OR “spatiotemporal group*” OR
“relative motion” OR “group dynamics”) AND TS=(“ecolog™” OR “animal*”
OR “wildlife”) AND TS=((“spatial*” AND “network*”) OR “track*” OR “gps”
OR “telemetry” OR “PIT” OR “video” OR “RFID” OR “biotelem™” OR
“spatiotemporal” OR “spatio-temporal” OR “GPS” OR “movement pattern*”)
NOT TS=(“human group*” OR “robot*” OR “genetic algorithm” OR “cell
movement” OR “cellular” OR “sport*” OR “team sport*” OR “task force” OR
“food web*” OR “host plant*” OR “fossil” OR “urbanism” OR “psychiatry” OR
“bile”) AND PY=(1980-2023)

TITLE-ABS-KEY (“dominance hierarch*” OR “leadership” OR “dominance”
OR “collective move*” OR “fusion-fission” OR “fission-fusion” OR (“fis-
sion”” AND “fusion*”) OR (“producer*” AND “scrounger”) OR “producer-
scrounger” OR “leader-follower” OR “leader follower” OR (“leader*” AND
“follower*”) OR (“finder*” AND “joiner*”) OR “group cohesion” OR “dynamic
interaction” OR “leadership pattern*” OR “collective behav*” OR “spatiotem-
poral group®” OR “relative motion” OR “group dynamics”) AND TITLE-
ABS-KEY (“ecolog™ OR “animal*” OR “wildlife”) AND TITLE-ABS-KEY
((“spatial*” AND “network™”) OR “track™” OR “gps” OR “telemetry” OR “PIT”
OR “video” OR “RFID” OR “biotelem™” OR “spatiotemporal” OR “spatio-
temporal” OR “GPS” OR “movement pattern*”) AND NOT TITLE-ABS-KEY
(“human group™” OR “robot™” OR “genetic algorithm” OR “cell movement”
OR “cellular” OR “sport™ OR “team sport*” OR “task force” OR “food web*”
OR “host plant*” OR “fossil” OR “urbanism” OR “psychiatry” OR “bile”) AND
PUBYEAR > 1980
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Table S 3: Data extraction form for scoping review to identify metrics for studying intragroup

dynamics

Category

Field

General

Study information

Dyadic social metrics

Dominance

Code availability

Misc

Covidence #

Study ID

Title

Type of study (Empirical, simulation, algorithm, model, review, other)
Species

Region

Metric used or described

Software package(s) used

Citation for metric if not introduced in this paper
Interpretation

Data input required

Definitions of “leader”, “initiator”, etc

Dominance metric

Interpretation

Citation for dominance metric if not introduced in this paper
Analysis code availability

Programming language

Analysis code link

Analysis code availability location (e.g. GitHub, Zenodo, FigShare)
Other comments about code availability

Discussion points

Etc

11 Supplement: Scoping review results

Results
PRISMA

+ 3870 references imported for screening as 3870 studies
» 128 duplicates identified manually
» 799 duplicates identified by Covidence

« 2943 studies screened against title and abstract
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» 2527 studies excluded
« 416 studies assessed for full-text eligibility
» 275 studies excluded
- 184 Does not discuss dyadic measure
— 86 Metric not applicable to spatiotemporal data
2 Book chapter
2 Full text not in English
— 1 Thesis
» 0 studies ongoing

» 0 studies awaiting classification
+ 141 studies included

Table S 4: Count of code availability in references screened for full text extraction of scoping
review

Code availability N

No 115 (82%)
Yes 26 (18%)

Out of 141 articles, 52 did not list a programming language or GUI program. Of the 89 that did, 21
articles listed more than one programming language or GUI program, therefore the total count
below will be greater than the number of articles.
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Table S 5: Count of programming language or GUI program used in references screened for full
text extraction of scoping review

Programming language N

R 62 (36.26%)
NA 52 (30.41%)
MATLAB 15 (8.77%)
Python 6 (3.51%)
CUDA 4 (2.34%)
Ucinet 3 (1.75%)
Perl 3 (1.75%)
C++ 3 (1.75%)
NetLogo 2 (1.17%)
SPSS 2 (1.17%)
SchoolTracker 1(0.58%)
Bonsai 1 (0.58%)
Keras 1(0.58%)
TensorFlow 1(0.58%)
SYSTAT 1(0.58%)
Fortran 1 (0.58%)
Mathematica 1(0.58%)
Brodgar 1 (0.58%)
Stata 1 (0.58%)
ArcGIS 1(0.58%)
Pascal 1(0.58%)
Matlab 1 (0.58%)

Hawth Tools for ArcGIS 1 (0.58%)
Wolfram Mathematica 1(0.58%)

Ctrax 1 (0.58%)
StreamPix 5 1 (0.58%)
MoveMine 1 (0.58%)
Java 1 (0.58%)
Netlogo 1 (0.58%)
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Out of 141 articles, 113 did not list a software package. Of the 28 that did, 14 articles listed more
than one software package , therefore the total count below will be greater than the number of
articles.
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Table S 6: Count of software packages used in references screened for full text extraction of
scoping review

(a)

Software package used N

NA 113 (66.86%)
wildlifeDI 9 (5.33%)
geosphere 3(1.78%)
adehabitat 2 (1.18%)
moveVis 2 (1.18%)
ctmm 2(1.18%)
CircStats 2 (1.18%)
corrMove 2 (1.18%)
adehabitatHR 2 (1.18%)
numpy 2 (1.18%)
h5py 2 (1.18%)
matplotlib 2 (1.18%)
pathlib 2 (1.18%)
swaRm 1 (0.59%)
forecast (cross correlation) 1 (0.59%)
move 1 (0.59%)
moveUD 1 (0.59%)
boot 1 (0.59%)
MASS 1(0.59%)
BBMM 1(0.59%)
momentuHMM 1 (0.59%)
adehabitatLT 1 (0.59%)
DescTools 1 (0.59%)
splancs 1 (0.59%)
vegan 1 (0.59%)
EloRating 1 (0.59%)
compete 1(0.59%)
changepoint 1(0.59%)
igraph 1 (0.59%)
rethinking 1 (0.59%)
pdist 42 1(0.59%)

BRERReR 1(0.59%)



Table S 7: Count of references screened for full text extraction across temporal period (1980-2023)
of scoping review

15
S 10
(@]
o
5-
0 [ | [ W |
1980 1990 2000 2010 2020

Year of publication

Table S 8: Map of study regions georeferenced using {tidygeocoder} from references screened for
full text extraction of scoping review
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Table S 9: Count of species parsed using {rgnparser} in references screened for full text extraction
of scoping review

Species N

Columba livia 9 (7.09%)
Danio rerio 6 (4.72%)
Rangifer tarandus 6 (4.72%)
Gasterosteus aculeatus 5 (3.94%)
Papio anubis 5(3.94%)
Poecilia reticulata 5(3.94%)
Macaca fuscata 4 (3.15%)
Ovis aries 4 (3.15%)
Bos taurus 3(2.36%)
Ateles geoffroy 3(2.36%)
Equus ferus 3 (2.36%)
Hemigrammus rhodostomus 3(2.36%)
Loxodonta africana 3 (2.36%)
Odocoileus virginianus 3 (2.36%)
Bison bison 2 (1.57%)
Capra aegagrus 2 (1.57%)
Cervus elaphus 2 (1.57%)
Ciconia ciconia 2 (1.57%)
Equus hemionus 2 (1.57%)
Homo sapiens 2 (1.57%)
Panthera pardus 2(1.57%)
Varecia variegata 2 (1.57%)
Acinonyx jubatus 1(0.79%)
Acryllium vulturinum 1 (0.79%)
Ailurus fulgens 1(0.79%)
Anser anser 1(0.79%)
Astyanax mexicanus 1(0.79%)
Aves NA 1 (0.79%)
Callisaurus draconoides 1 (0.79%)
Canis familiaris 1(0.79%)

Canis lupus 1(0.79%)
1
ARyt crodi 1 (0.79%)




Table S 10: Count of metrics used to measure intragroup dynamics in references screened for full
text extraction of scoping review

Metric N
interindividual distance 61 (14.66%)
nearest neighbour distance 19 (4.57%)
directional correlation delay 18 (4.33%)
speed 17 (4.09%)
position within group 16 (3.85%)
direction 15 (3.61%)
fission fusion 15 (3.61%)
zones 15 (3.61%)
distance to group centroid 14 (3.37%)
directional alignment 9(2.16%)
DI 7 (1.68%)
group centroid 7 (1.68%)
polarization 7 (1.68%)
Don 6 (1.44%)
Prox 6 (1.44%)
velocity 5 (1.20%)
voronoi 5 (1.20%)
group velocity 5(1.20%)
rank position within group 5(1.20%)
direction to group centroid 5(1.20%)
group size 5(1.20%)
distance 5 (1.20%)
group direction 5 (1.20%)
acceleration 4 (0.96%)
time spent leading group 4 (0.96%)
Lixn 4 (0.96%)
interindividual direction 3(0.72%)
HAI 3 (0.72%)
flock 3 (0.72%)
trend setting 3(0.72%)
group speed 15 3 (0.72%)

ematiiaino n 2 (028%)



Table S 11: Count of metrics used to measure dominance in references screened for full text
extraction of scoping review

Dominance metric N

NA 112 (77.24%)
focal observations 14 (9.66%)
direction correlation delay 5 (3.45%)
fleeing events 2 (1.38%)
survey 2 (1.38%)
approach-avoidance events 2(1.38%)
egalitarian leadership index 1(0.69%)
movement initiations 1(0.69%)

proportion of paired flights led 1 (0.69%)
spatially constrained trend-setter 1 (0.69%)

video observations 1(0.69%)
displacement events 1 (0.69%)
directional consistency index 1(0.69%)
feeding-queuing events 1(0.69%)

Table S 12: Review of definitions of spatiotemporal groups in references screened for full text
extraction of scoping review

study_id definition

Quaglietta 2014 interaction if within 100 m and 1 hour

Mielke 2020 group defined as all individuals within visual contact of focal
individual

Leighty 2008 proximity defined as 8 m; approach/avoidance after event defined

as changes in interindividual distance after an event

Hansen 2015 fish considered isolated if not within three body lengths of any
other fish; group defined by within three body lengths

Bista 2022 temporal threshold 2 hour, distance threshold 100 m
Pinacho-Guendulain 2017  group using 30 m chain rule

Lemasson 2014 group when within 5 body lengths

Inoue 2019 proximity defined as two body lengths away
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Table S 13: Review of definitions of leadership in references screened for full text extraction of

scoping review

study_id definition
Rahman 2020 leadership as tendency to be at the front of the group
Quera 2023 following Krause et al. (2000) and Collignon et al. (2019), the

Andrienko 2013

Amornbunchornvej 2018

Kano 2021
Pettit 2013

Pérez-Barberia 2018
Laube 2005
Milner 2021

Strandburg-Peshkin 2018

Andersson 2008

Jolles 2017
King 2015
Bracken 2022

Flack 2018

ACM 2007

Jolles 2018

authors define a motion leader as an individual who initiates
movement towards a certain direction and is followed by other
group members

leader is an object that moves in front of others; trend setter is an
object whose movements are copied by others

following relation is where two individuals perform the same
sequence of actions with some fixed delay; initiator is individual
who first performs a sequence of actions and all other individuals
follow

leader from directional correlation delay

leadership based on directional correlation delay; leadership also
based on tendency to use route taken on solo flight

leadership is ranked position along front-back axis
leadership extends flock with constance over previous time steps

leader is animal that is dominant to at least one and subordinate
to none

an individual leads if it has repeated influence either directly or
hierarchically on the behaviour of others

leader if and only if individual doesnt follow anyone and is
followed by N others

leader in terms of propagation of movement changes in the group
leader-follower dynamics from velocity-cross correlation

leader initiates movement away from another individual (follower)
who joins or who doesn’t and leader returns

leaders are birds who are ahead of the flock on average and
followers those who are behind

leader IFF x does not follow anyone and is followed by N others;
leadership pattern if x is followed by minimum M others for K time
unit intervals

measure of leadership as proportion of time spent in front of group
centroid
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Table S 14: Review of definitions of fission-fusion in references screened for full text extraction
of scoping review

study_id definition

Baden 2016 NA

Aguilar-Melo 2018 fission when greater than or equal to 1 individual were not observed with
a group for 2 consecutive scans; fusion when greater than or equal to 1
who were previously not observed with group are observed with group
for 2 consecutive scans

Barocas 2016 fission and fusion defined as joining and leaving group in subsequent
observations

Haydon 2008 fusion where solitary to grouped and fission where grouped to solitary

Fortin 2009 group/fusion when within 100 m; fission when two or more consecutive

locations separated by > 100 m

Body 2015 fusion greater than or equal to 2 groups merging into one; fission one
group splitting into greater than or equal to 2

DellaLibera 2023 define a fission and fusion event if one or more individuals left or
joined the group, respectively. in the rare cases of missing data, missing
individuals are not considered as having changed group membership, and
individual ‘disappearances’ and ‘reappearances’ in the dataset are not
considered as fission-fusion events

Wielgus 2020 group where simultaneously within 1 km or >= 1 km for <= 2 hr; fusion
where together then different by one time step; fission reverse

Nishikawa 2014 converged when IID less than 20 m; separated when IID greater than 20
m; converged and separated synonymous with fission fusion

Krueger 2014 NA

Lesmerises 2018 grouped/fission fusion if within 50 m for two relocations; to minimize the
false fission events, considered dyad valid if together at t0, t2, but apart
at t1; if one missing GPS location, dyad valid if before and after missing
loc distance was <50 m

Merkle 2015 group defined as within 100 m within 24 hours

12 Supplement: Selected metrics

12.1 Selected metrics
The following metrics were not selected due to their availability in existing R packages:

« {wildlifeDI}: DI, Don, Prox, Lixn, Cs, DI in direction, DI in displacement, HAI, IAB, Cr, Ca
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« {corrMove}: diffusive movement correlation, drift movement correlation, overall component
movement correlation
« {changepoint}: change point analysis

The following metrics were not selected due to their availability in code accompanying the
publication:

« mFLICA provided in code accompanying [64] and R package {mFLICA} [116]
« StickyDBSCAN provided in code accompanying [56]

The follow metrics were not selected due to the expected input data differing from existing
{spatsoc} functions (XYT):

« all metrics relating to posture

The selected metrics are listed in Table 1. All existing functions in {spatsoc} are listed below in
Table S 15.

49



Table S 15: Description of all functions (new and previously existing) available in the R package
{spatsoc} categorized by family.

Function Description Category

Spatial interface
get_geometry() Setup data for geometry interface New

Edge-list generation

edge_dist() Distance based edge-lists Existing
edge_nn() Nearest neighbour based edge-lists Existing
edge_delay() Directional correlation delay based edge-lists New
edge_alignment() Directional alignment based edge-lists New
edge_direction() Direction based edge-lists New
edge_zones() Behavioural zones based edge-lists New
Dyad

dyad_id() Identify dyads Existing
fusion_id() Identify fusion events New
Centroid

centroid_group() Group centroid New
centroid_dyad() Dyad centroid New
centroid_fusion() Fusion event centroid New
Direction

direction_step() Direction step New
direction_to_centroid()  Direction to group centroid New
direction_to_leader() Direction to group leader New
direction_group() Group mean direction New
direction_polarization()  Polarization New
Distance

distance_to_centroid() Distance to group centroid New
distance_to_leader() Distance to group leader New
Leadership

leader_direction_group() Leadership along group direction New
leader_edge_delay() Leadership in directional correlation delay New

Temporal grouping
group_times() Group times Existing

Spatial grouping

Boilihiiérhgiiic )

Existing



Distance, direction and rank distance to group centroid

The scoping review found 21 studies that used the group centroid, distance to group centroid,
direction to group centroid, or rank distance to group centroid metrics, across 14 study species.
4 studies had code available. The {swaRm} package provides functionality to calculate the group
centroid and the distance to the group centroid. At the time when the scoping review was
conducted, to the best of our knowledge, there were no R packages that provide the rank to
distance to group centroid metric.

Polarization, directional alignment and interindividual direction

The scoping review found 20 studies that used the polarization, directional alignment or interindi-
vidual direction metrics, across 11 study species. 4 studies had code available. The {CircStats}
and the {swaRm} packages provide functionality to calculate the polarization order parameter.
At the time when the scoping review was conducted, to the best of our knowledge, there were
no R packages that provide the directional alignment or interindividual direction metrics. After
the scoping review was conducted, the {swaRmverse} package was released which provides the
direction to nearest neighbour metric [117].

Behavioural zones

The scoping review found 13 studies that used the behavioural zones metric, across 9 study
species. 4 studies had code available. At the time when the scoping review was conducted, to the
best of our knowledge, there were no R packages that provide the behavioural zones metric.

Position within group, rank position within group, distance and direction to leader

The scoping review found 18 studies that used the position within group, rank position within
group, distance to leader, or direction to leader metrics across 14 study species. Only 1 study had
code available. At the time when the scoping review was conducted, to the best of our knowledge,
there were no R packages that provide these metrics.

Directional correlation delay

The scoping review found 17 studies that used the directional correlation delay metric, across 12
study species. Only 1 study had code available using a combination of MATLAB (closed source),
CUDA (closed source), and Python (open source). At the time when the scoping review was
conducted, to the best of our knowledge, there were no R packages that provide this metric.
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