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Animal migrations are extensive, ubiquitous, and in decline. To effectively
protect migratory species, it is often crucial to identify the interconnected sets
of sites they rely upon. Gaps between primary ecological research and syn-
thesised information that is useful to policymakers has limited effective con-
servation of long-distance migrants, particularly in the marine realm. By
synthesising 1304 references to identify 1787 sites and develop model migra-
tory networks for 109 species, we show the minimum extent of marine
megafauna connectivity across the global oceans. Our analyses underscore the
importance of transboundary cooperation for migratory species conservation

at scales larger than current regional structures afford and provide a free
online system that will enable policymakers to efficiently summarise how
marine migrants use and connect their jurisdictions.

From rock art depicting ungulate herds on the move, to Aristophanes
suggesting one ‘buy some light clothing’ when the swallows return,
humans have long observed the seasonal comings and goings of ani-
mals. Modern telemetry devices have now recorded humpback whales
(Megaptera novaeangliae) swimming from the coast of Brazil to
Antarctica', leatherback turtles (Dermochelys coriacea) travelling
20,000 km from Indonesia to Oregon’, and Arctic Terns (Sterna
paradisaea) undertaking the longest known migration: up to
80,000 km each year from pole to pole’. While these animals
demonstrate the phenomenon at its most extreme, perhaps an even
more remarkable element of migration is its ubiquity. From Monarch
butterflies to blue whales, animals of all sizes, life history strategies,
and taxonomic groups take part in migrations®. Unfortunately, the
routes and resources critical for numerous migrations are under
threat, and many populations of migratory species are in decline*.
Indeed, nearly half of all marine migratory species are listed as threa-
tened, near threatened, or data deficient’.

Effective conservation of these migratory species requires us to
understand not only the scale of their movements, but also their
transboundary nature’'°. Migratory movements connect life stages

that occur in disparate areas of the planet. As animals move across
vast areas, they encounter a diverse suite of threats governed by
disjointed sets of policy instruments that impede coordinated
protection®". Failures of existing mechanisms to comprehensively
protect migrants are evident both in management outcomes
(migratory fish stocks are overfished at twice the rate of those that
remain in a single jurisdiction'?) and conservation shortfalls (91% of
migratory birds are inadequately protected across their life cycle®™).
The unprecedented rate of declines in migratory populations®”*,
and global attention on the goals of the Kunming-Montreal Global
Biodiversity Framework (GBF), have resulted in urgent calls to
understand the role of migratory species in ecological communities—
before those communities are degraded beyond recognition. How-
ever, we can neither understand a species’ ecological roles nor assess
any protections provided to a migratory population if we do not
understand their migratory cycles.

Animal movement data repositories such as Movebank®, Birdlife
International’s Seabird Tracking Database'®, and regional or taxonomic
data aggregation projects (e.g. the Retrospective Analysis of Antarctic
Tracking Data (RAATD)”, Animal Telemetry Network, ZoaTrack",

Centre for Biodiversity and Conservation Science, The University of Queensland, St Lucia, QLD, Australia. 2School of the Environment, The University of
Queensland, St. Lucia, QLD, Australia. *Marine Geospatial Ecology Lab, Nicholas School of the Environment, Duke University, Durham, NC, USA. *Smithso-
nian’s National Zoo and Conservation Biology Institute, Migratory Bird Center, Washington, DC, USA. < e-mail: daniel.dunn@ug.edu.au

Nature Communications | (2025)16:4089


http://orcid.org/0000-0002-0365-6385
http://orcid.org/0000-0002-0365-6385
http://orcid.org/0000-0002-0365-6385
http://orcid.org/0000-0002-0365-6385
http://orcid.org/0000-0002-0365-6385
http://orcid.org/0000-0002-2873-4060
http://orcid.org/0000-0002-2873-4060
http://orcid.org/0000-0002-2873-4060
http://orcid.org/0000-0002-2873-4060
http://orcid.org/0000-0002-2873-4060
http://orcid.org/0009-0003-8199-7542
http://orcid.org/0009-0003-8199-7542
http://orcid.org/0009-0003-8199-7542
http://orcid.org/0009-0003-8199-7542
http://orcid.org/0009-0003-8199-7542
http://orcid.org/0000-0002-6213-1765
http://orcid.org/0000-0002-6213-1765
http://orcid.org/0000-0002-6213-1765
http://orcid.org/0000-0002-6213-1765
http://orcid.org/0000-0002-6213-1765
http://orcid.org/0000-0002-4900-5289
http://orcid.org/0000-0002-4900-5289
http://orcid.org/0000-0002-4900-5289
http://orcid.org/0000-0002-4900-5289
http://orcid.org/0000-0002-4900-5289
http://orcid.org/0000-0001-5845-3588
http://orcid.org/0000-0001-5845-3588
http://orcid.org/0000-0001-5845-3588
http://orcid.org/0000-0001-5845-3588
http://orcid.org/0000-0001-5845-3588
http://orcid.org/0000-0001-8932-0681
http://orcid.org/0000-0001-8932-0681
http://orcid.org/0000-0001-8932-0681
http://orcid.org/0000-0001-8932-0681
http://orcid.org/0000-0001-8932-0681
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59271-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59271-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59271-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-59271-7&domain=pdf
mailto:daniel.dunn@uq.edu.au
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-59271-7

Shortfin Mako /surus oxyrinchus

MiCO

ON | OFF Metasite / Site Feeding Migrating Observation (1)
ON | OFF Connection = — Oneway — Return ©)
ON| OFF Node @
ON | OFF Corridor @)
Other Layers
RTH #sites: 1 METASITE
T tsim 1 > S!mnﬁn Mako /surus oxyrinchus B o
site Method  Activity  #individuals
Southeast of
4 Masgasca T Observation 1
NORTH sites: 4 Corridors NORTH
LT #itd © Bowner Uoweling PACIFIC
CACYFIC 4 Basedon Literature review OCEAN
OCEAN *sltes-‘$5~ { s References 2
\ « Rogers, P. J., C. Huveneers, B. Page, S. D. Goldsworthy, M. Coyne,
$sites:2 A.D. Lowther, J. G. Mitchell, and L. Seuront. 2015. Living on the
continental shelf edge: habitat use of juvenile shortfin makos
Isurus oxyrinchus in the Great Australian Bight, Souther
Australia. Fisheries Oceanography 24:205218
Long, Lat: 44.51094,-36.00816
S0 #sites: 1
Y, A #sites: 2 L
A M ¢ ites: Z»sues 4
#sites: 1
AN
~ INDIAN / STAA LY Fsites: 2 #sites: 2
SOUTH / AR OCEAN #sites; Ssitere 1 #sites:3
PACIFIC SOUTH = #sites: 2
OCEAN ATLANTIC
EA

O0CEAN

Fig. 1| Web interface showing an example synthesised global connectivity
model for the Short-finned Mako (Isurus oxyrinchus). The number of combined
sites (#sites) is noted for each circular metasite. Colours indicate known behaviour
associated with each metasite (e.g. breeding, feeding). Red arrows indicate known
links between locations, with the number adjacent to the arrow indicating the
minimum number of known individuals connecting the two metasites. The inset
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L

shows the information available when clicking on a particular metasite. The crim-
son shading indicates the IUCN range map for this species, highlighting range areas
which lack connectivity information. View the dynamic versions of this and over
100 other network models at mico.eco/system (including an option to change
viewing colours).

OBIS-SEAMAP*°) have grown exponentially over the last two decades
and are incredibly useful resources for researchers considering
migratory connectivity”. While making tracking data available through
such repositories is critical, the jump from raw data to usable knowl-
edge still requires synthesis and communication'>??, There are also
questions around the effectiveness of data archiving policies to truly
ensure raw datasets are accessible”. To address these challenges, a
new type of knowledge repository has been developed to fill the gap
between raw data repositories and managers, planners, and policy-
makers. The development of Important Bird and Biodiversity Areas®,
Important Marine Mammal Areas* and Important Shark and Ray
Areas® all signal a shift to aggregating actionable knowledge that can
more easily be directly consumed by management and policy pro-
cesses. These knowledge repositories are complementary to, and fre-
quently reliant upon, raw data repositories. While these taxonomic
knowledge repositories have made steady headway in identifying cri-
tical areas for megafauna populations, the connectivity generated by
movement between the locations has remained in the shadows.

In this work, we aim to summarise not only the known key use
areas for a core set of marine migrants, but also the critical links
between them. Here we present a platform hosting a freely accessible,
cross-taxa, global dataset describing migratory species connectivity in
the ocean (MiCO, accessible at: www.mico.eco), which contains net-
works for over 100 species, representing fishes, marine mammals, sea
turtles and seabirds. We present a preliminary estimate of the pre-
viously unquantified (minimum) scale and extent of migratory links
across the world’s oceans.

Results

This study builds upon a dataset of migration 'sites’ and 'routes’
identified in Kot et al.’®. Defining ‘migration’ itself is an object
of extensive discussion”. Here, we use it to mean movements of at

least 100 km between key habitat areas, using the limit from the
Global Registry of Marine Species®. This captures both seasonal
migratory movements between breeding and non-breeding areas®,
and within-season foraging movements for some central-place
foragers.

Kot et al.* reviewed literature on ecological connectivity gener-
ated by the movements of 173 marine species across 4 taxonomic
groups, and we expanded the dataset following that publication. Of the
species reviewed, 109 had relevant geospatial information that
described connectivity (i.e. at minimum, two identifiable locations/
sites linked by the movement of at least one individual), including
40 seabirds (938 sites), 34 marine fish (1198 sites), 28 marine mammals
(21 of these being cetaceans) (1430 sites) and 7 sea turtles (1910 sites).
After extracting information from these papers on site locations,
routes (i.e. connections between sites; n =5498), and behaviours (e.g.
breeding, wintering, foraging, etc.), we synthesised these into sum-
mary metasites (n=1787) and created interactive connectivity net-
works for each species (e.g. Fig. 1) which were analysed to assess
geographic and taxonomic trends in connectivity. Similar numbers of
metasites were generated across taxonomic groups (fishes, 521; marine
mammals, 401; sea turtles, 513; seabirds, 352 (Fig. 2)). Note that the
'routes’, and therefore metaroutes, were recorded using start and end
locations of migratory movements, and do not describe a specific path
travelled. We found migratory links exist between almost every region
in the world (Fig. 3).

On average, countries were connected to 27.9 +20.8 (mean + sd,
median =22) other EEZs or to ABNJ by migratory marine species. The
most highly connected countries were the United States and France,
with routes linking them to 115 and 114 other national waters, respec-
tively. This is likely due to their high number of overseas territories and
large investments in sampling effort, rather than any ecological driver.
Ectotherms (fishes, sea turtles) tended to connect tropical regions to
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Fig. 2 | Locations of all migratory species metasites. Marginal density plots show
the latitudinal and longitudinal distribution of metasites across four taxonomic
groups: fishes (blue), marine mammals (red), sea turtles (green) and seabirds
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(orange). Base map is from rnaturalearth®. Source data and code to reproduce this
map can be found at 10.5281/zenodo.14873514.

each other, with numerous routes recorded, particularly in the equa-
torial Americas. On the other hand, endotherms (seabirds and marine
mammals) had more routes moving from the tropics to the poles, or
even pole to pole (Fig. 3). Across all groups, there were extensive inter-
and intra-regional movements, emphasizing the importance of both
regional and global governance structures in migratory species con-
servation and management.

The system includes migratory information collected using over
16,000 animal-borne tags (conservative estimates: 6658 deployed on
fishes, 2468 on marine mammals, 3367 on sea turtles and 3521 on
seabirds). Most animals measured are of unknown sex for all taxa
except sea turtles, for which females are most commonly recorded
(Fig. 4A). Sea turtles also, along with seabirds, have more data col-
lected from breeding adults than any other life stage, while fish and
marine mammals have mostly migratory (or observation) information
from animals of unknown life stages (Fig. 4B).

Discussion

The network models described here constitute a freely accessible,
cross-taxa, global dataset describing migratory connectivity in the
ocean for over 100 species, representing fishes, marine mammals, sea
turtles and seabirds. They provide an initial baseline of information on
the (minimum) extent of connectivity generated by megafauna across
the world’s oceans. While the models are not comprehensive, even for
the species reviewed, the dataset already reveals and confirms inter-
esting gaps and biases in data collected on migratory species. In par-
ticular, we found latitudinal differences in the distribution of sites
among taxonomic groups that reflect both ecological and anthro-
pogenic influences. For example, the clumped distribution of sea turtle
research near the equator is driven by the largely tropical distribution
of this taxon®. On the other hand, the distribution of seabird sites
identified was biased towards polar regions, under-representing the

numerous tropical species within this group. This is reflective of sea-
bird research broadly, which has a comparative lack of study sites in
the tropics—underrepresenting some of the most species-rich and
human-impacted areas of the globe”. Lower levels of breeding syn-
chrony in tropical seabirds, and thus reduced efficiencies in tag
deployment and collection compared to polar species, are likely at
least partly responsible for the reduced tagging in the tropics®. Given
likely declines in close to half of the seabird populations of the Great
Barrier Reef *, this underrepresentation of tropical seabirds may mean
we are losing connections between regions before they are even
identified.

The extensive migratory information revealed within the MiCO
system only scratches the surface of the true connectivity of the global
oceans. However, it is important to note that the system does not claim
to show all oceanic migratory connectivity: rather, it shows us the
minimum connectivity that has been measured. In this way, gaps
within the system can be informative. Because the species included in
MiCO are all known migrants®, absences of migratory links shown in
the system do not indicate that no migration occurs, but rather may
highlight opportunities to address data gaps. The system includes the
functionality to visualise migratory links overlaid upon the best avail-
able range maps for each species, as a coarse indicator of these
potential gaps (Fig. 1). As an example, there is little information avail-
able for the Spiny dogfish Squalus acanthias, which is known to
migrate—the lack of data indicates further research, or better access to
and aggregation of, existing data is critical.

The existence of biases in biological datasets is well-known?**,
and in our system, these are observed in both geography and tax-
onomy. Specifically, geographic biases mimicking the wealth and dis-
tribution of university researchers were evident (Fig. 2). Data on
migratory connectivity have been collected from locations (mostly the
USA, UK, and Europe) that broadly reflect the distribution of ecological
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Fig. 3 | Region-to-region connections summarised from the MiCO system for
four taxonomic groups: seabirds (top left), sea turtles (top right), marine
mammals (bottom left), fishes (bottom right). Shades indicate the key regional
groups: Africa (red), the Americas (green), Asia (orange), Europe (blue), Oceania/
Antarctica (purple), and Areas Beyond National Jurisdiction (grey). Note that
because start-end locations of movement were summarised rather than complete
telemetry tracks, these diagrams do not include links to regions through which
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animals transited, and as such represent minimum linkages. Data and code to
reproduce chord diagrams can be found at https://zenodo.org/records/14873514
(https://doi.org/10.5281/zenod0.14873514). Species silhouettes from PhyloPic
(https://www.phylopic.org), individual image contributors are: Wandering alba-
tross, Alexandre Vong (2023, CCO 1.0); Green turtle, Edwin Price (2023, CCO 1.0);
Humpback whale, Guillame Dera (2023, CCO 1.0); Albacore tuna, Felix Vaux (2021,
CCO0 1.0).

research published worldwide®. Further, there are sex and age class
biases within taxonomic groups themselves. This is almost entirely due
to logistical constraints around capturing and tracking migratory
marine species: for example, satellite tags are almost exclusively
deployed on nesting female turtles (Fig. 4A), while breeding seabirds
are often easy to access but difficult to visually determine sex in the
field, leading to high numbers of adult breeders of unknown sex in our
database (Fig. 4B). To capture complete migratory connectivity
information within species, demographic gaps must be identified and
accounted for (either via targeted data collection, or appropriate
modelling of population-level uncertainty).

Much discussion has been had on the importance of collating and
sharing animal tracking data, and possible mechanisms for doing

$02°%¢%_As evidence mounts that the impacts of deploying biologging
tags can be non-trivial*>*, justifying the costs to animals is increasingly
important. Indeed, national standards (e.g. the Australian code for the
care and use of animals for scientific purposes*?) explicitly call for
balancing the potential effects to animal wellbeing against the benefits
of intrusive data collection. Examples such as the North Atlantic Cur-
rent and Evlanov Sea basin (NACES) MPA, in which 2188 seabird tracks
contributed to Birdlife International’s Seabird Tracking Database were
used to identify a critical foraging area in the Atlantic Ocean, show the
potential policy outcomes that can be achieved for highly mobile
species when researchers commit to sharing data****. However, the
NACES MPA is the exception not the rule, and a lack of accessible
information on marine migratory connectivity continues to hamper
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population size was counted or estimated. For a list of species included in this figure,
see Supplementary Table 1. Data and code to reproduce this figure can be found at
https://zenodo.org/records/14873514 (https://doi.org/10.5281/zenodo.14873514).

the development of environmental assessments and conservation
planning that meaningfully address the needs of migrants.

The need for easily accessible geographic information on migra-
tions has been made explicit in the mandate given to the Convention
on Migratory Species (CMS) to develop a Global Atlas of Animal
Migration. MiCO supports delivery of the Atlas and illuminates and
summarises the fundamental problem that led to the creation of CMS:
no country can manage its migratory species alone. Beyond informing
CMS, the networks identified through this literature review provide
diverse opportunities to integrate migratory connectivity into policy.
The use of these models to inform environmental impact assessments
may radically alter their geographic scope, as cumulative impacts
across many species’ migratory cycles can now be feasibly included.
Further, these models provide an ecological analogue to economics
and trade models that underpin many current studies on telecoupled
effects between human and natural systems, e.g. refs. 45,46. Addi-
tionally, the role of migratory species as vectors of disease transmis-
sion, including zoonotic diseases, has recently been highlighted®’.
However, our understanding of transmission pathways has been
drastically limited by the lack of access to synthesised information on
how migratory species connect the world. Delivery of these models of
migratory connectivity through the MiCO system could enable epi-
demiological assessments of the role of migratory species con-
temporaneously with outbreaks of e.g. highly-pathogenic avian
influenza, which is currently decimating seabird colonies and other
wildlife*s,

Finally, and perhaps most importantly, networks identified
through this literature review can support ocean governance struc-
tures to better consider migratory connectivity. Currently, governance
of fisheries (a primary source of mortality for turtles*’, sharks®,
seabirds”, and marine mammals®®) in areas beyond national jurisdic-
tion (ABN], i.e. >200 nautical miles from shore) occurs on a regional
basis, with insufficient cooperation among regions to address, e.g.
pole-to-pole migrations. Our networks can support interested parties
to better understand with which Regional Fisheries Management

Organisations (RFMOs) species from their jurisdiction are interacting,
thus opening the door for engagement with these bodies from non-
fishing nations. Similarly, Regional Seas Organizations (fora where
countries cooperate to tackle shared environmental issues) are largely
limited to national jurisdictions and operate on one side or another of
an ocean basin. Information contained within our system can support
these groups to identify target species and regions for collaborative
management of shared biodiversity.

Systematic conservation planning and environmental assess-
ments are common and critical tools used in conservation but have
rarely been designed to address migratory connectivity (c.f *.), instead
more commonly focusing on terrestrial or larval connectivity’**.
Impressive global movement syntheses have been published for mul-
tiple key taxa (e.g. Pacific predators’, albatrosses™, fishes”’, and sea
turtles®®) that demonstrate the complex and extensive connectivity of
marine migrants, however, these analyses do not provide easily
accessible, actionable knowledge for policymakers engaged at the
national or species level. A lack of accessible information has led
conservation planners to use broad habitat models for migratory
species that cover most of the globe, with no record of the relative
importance of different areas. Protection of a proportion (e.g.
refs. 59,60) of a species' range is unlikely to be effective for migrants,
as this is unlikely to capture key habitats across a species’ migratory
cycle and life history stages, nor ensure persistence of safe routes
between these habitats to maintain population connectivity. The
freely-accessible, cross-taxa connectivity models presented in this
study provide a critical resource that can enable inclusion of the
functional connectivity generated by marine migrations in conserva-
tion planning, and thus the delivery of a system of area-based man-
agement tools that are well-connected with respect to migratory
species.

We are at a critical moment to scale up efforts to conserve bio-
diversity, as the world comes together to meet the new goals and
targets set through the GBF. Recognition of the importance of con-
nectivity to the conservation of biodiversity has resulted in the
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inclusion of connectivity directly (or indirectly) in a quarter of the
goals and more than a fifth of the targets under this framework®.
Despite this significant focus on connectivity, the connectivity gener-
ated by marine megafauna remains unassessed and unaddressed
under the GBF, as there are no suggested indicators for either marine
connectivity or migratory connectivity®>. The GBF is likely to drive a
huge expansion of area-based management as the world aims for 30%
of the globe to be 'effectively conserved and managed through eco-
logically representative, well-connected and equitably governed sys-
tems of protected areas and other effective area-based conservation
measures [OECMs].' Unless we can generate and incorporate infor-
mation on migratory connectivity into the developing network of
MPAs and OECMs, it is entirely feasible that we will protect 30% of the
planet (with concomitant costs to industry) without providing effec-
tive protection to the species that society values (and legislates to
protect) the most. If society seeks to preserve the incredible ebb and
flow of animal migrations for future generations, then we must
underpin national and international governance structures with an
understanding of how migratory populations connect us and the
ecosystems upon which we rely.

Methods

Data

The MiCO system (https://mico.eco/system) is an online tool that
collects, displays, and summarises information about marine migra-
tions to support policymakers. It was developed to describe regional to
global-scale connectivity generated by migratory marine mega-
vertebrates, with an initial focus on species utilising areas beyond
national jurisdiction. Tutorials on the capabilities of the online system
are available at mico.eco/system-help.

The list of species to be evaluated in this study was selected from
the initial high-seas species considered by MiCO" and focused on
those listed in CMS appendices or managed by an RFMO, excluding
sturgeon, sea ducks and taxonomic families with limited representa-
tion. While our approach maximises the utility of the system for spe-
cific policy arenas, we acknowledge that species listed under CMS or
managed by RFMOs represent a fraction of all migratory marine spe-
cies. As such, and despite the breadth of work undertaken here, con-
nectivity for more than two-thirds of migratory marine megafauna
remains unassessed.

For this study, a total of 5476 sites were identified from the lit-
erature across all taxonomic groups: 1910 sea turtle sites, 1430 marine
mammal sites, 1198 fish sites, and 938 bird sites. Sites were identified
based on the authors’ description of either processed data (26.7% of
studies) or tracks (73.3% of studies), and were usually associated with a
specific behaviour. If no behaviour was noted in the study, the site was
listed as an 'observation'. Reviewers collecting data from the literature
identified the centroid of the activity described. While identification of
the exact centroid for a given activity was an inherently subjective
process, training of reviewers to ensure standardisation, as well as
quality control of datasheets by the review manager, increased
reproducibility and confidence in the results. A buffer was applied to
each centroid to describe the area used. To focus the system on pro-
vision of regional to global scale information on connectivity, we used
1° as the smallest buffer for sites, and applied a 5° or 10° buffer to larger
sites to allow for differentiation among the size of areas identified in
different studies and to increase the efficiency of reviewers assessing
the literature. Using such a coarse resolution for sites also decreases
the sensitivity of the sites to potential errors in deciding on the exact
location of the centroid. These sites made up the base dataset used in
this study. The data collected for those sites were subjected to quality
control processes to ensure all identified literature was included,
reviewer responses were standardised, and georeferencing of sites
conformed with site names and species distributions (Supplemen-
tary Fig. 1).

Site aggregation

To address duplication of sites identified in different studies of
the same species, we developed a site aggregation process
(Supplementary Fig. 2). Aggregation of sites into 'metasites' had
three objectives: 1) aggregate information across multiple sites
that identify a species’ activities in the same location; 2) maintain
information on large-scale (>500 km) connections generated by
animal movements; 3) maintain the resolution of information on
critical reproductive life history stages; 4) provide a minimum
level of known animals sampled within a site and moving between
sites. To address these objectives, we developed a five-step pro-
cess for site aggregation that was run on the sites and routes for
each species in the MiCO System.

Data prep. The site aggregation process iteratively selected a site and
identified sites that should be aggregated with it based on a series of
rules. Because the process iteratively selected sites to examine, the
groupings of sites that were aggregated together were dependent on
the order of the sites in the dataset. We use this inherent prioritisation
to maintain information at a high resolution for reproductive sites. All
reproductive sites were examined first and were ordered from smallest
(1°) to largest (10°). All remaining sites were evaluated after the
reproductive sites based on size, with the largest sites (10°) considered
first. This approach for non-reproductive sites was chosen to limit
overlap between non-reproductive sites and generate the most parsi-
monious network.

Site section. We iteratively selected the next site (the 'Lookup Site")
within the sorted set of sites to evaluate which sites should be aggre-
gated with it. All sites in the sorted site dataset were evaluated to
determine if their centroid fell within the radius (buffer) of the lookup
site. Those sites that met this criterion ('Nearby Sites') were grouped
for further consideration (Supplementary Fig. 3).

The sites identified in Kot et al.*® have very coarse resolutions
(1-10° radii). When aggregating sites together with 10° sites, it is pos-
sible that sites that were >1000 km away could be selected for inclu-
sion. To ensure that large-scale connectivity between such sites was
not lost in the aggregation process, routes and connections were
projected to a metre-level Azimuthal Equidistant projection (centred
at 0° N, 0° E) and any routes or connections >500 km long were not
included in the aggregation process for a given Lookup Site. That is to
say, any Nearby Site that included a route or connection to a Lookup
Site >500 km away from it was removed from consideration for
grouping ('Removed Site') with the Lookup Site. To account for the
removal of the site, any sites that were: a) greater than 1° from the
Lookup Site centroid, and b) within the buffer of the Removed Site,
and c) closer to the Removed Site centroid than the Lookup Site cen-
troid were also removed so that they could later be aggregated with
the Removed Site (see Supplementary Figs. 2 and 3 for the decision
flowchart).

Metasite centroid definition. To develop a metasite from the Lookup
Site and any Nearby Sites that were not removed during site selec-
tion, an iterative subprocess was implemented. In this subprocess,
the new metasite centroid was calculated as the average latitude and
longitude from those remaining sites, and the buffer from the
Lookup Site was used as the metasite buffer. Any sites with centroids
that did not intersect the metasite buffer were removed, and a new
metasite centroid was calculated repeatedly until all sites inter-
sected the metasite buffer. Any sites included in the new metasite
were removed from consideration for aggregation into subsequent
metasites.

Data duplication check. Information on the sampling technology,
temporal scope of site use, and species behaviour within the site was
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collated from individual sites included within the new metasite.
Information on number of individuals, sex, and life history stage was
summed. Given that many tracking studies either reuse or build on
existing datasets, we implemented a three-step process to identify
potentially duplicate data and ensure that our sample size estimates
were a minimum estimate of known connectivity in a site, or travelling
between sites (for routes and connections).

The first step was to identify duplicate sites. All references used in
the Kot et al.? literature review included a unique reference ID
(ZoterolD). If sites had the same ZoterolD and identical latitudes and
longitudes, they were considered duplicate sites. In this situation, only
the site with the greatest number of individuals was included when
summing any count of individuals.

Sites that had a route between them and were aggregated toge-
ther in a metasite were considered the same site, so as not to double
count animals moving within a metasite. Again, only the site with the
greatest number of individuals was included when summing any count
of individuals.

Finally, if sites included in the same metasite met both of the
following conditions, they were assumed to have used the same data
and only one site was included:

a. The sites came from references with at least one author with the
same surname, and

b. The temporal scope (i.e. months and years) identified for one site
was a subset of the other site

As above, if these conditions were met, only the site with the
greatest number of individuals was included when summing any count
of individuals.

Metasite aggregation. Following the data duplication check, the new
metasite was added to a database of metasites for the species under
consideration. Site identification codes (IDs) used to define connec-
tions were then replaced with the corresponding metasite IDs, and all
connections that joined the same metasites were aggregated into
metaconnections. If metaconnections subsequently connected a
metasite to itself, they were removed. If site information was not
included when summing numbers of individuals in a metasite (due to
data duplication), the individuals on associated routes/connections
were not included when calculating the same statistics. Final model
outputs (points and polyline feature layers within file geodatabases)
were then generated from the metasite information and made avail-
able via the MiCO System. All products in the MiCO System are freely
distributed under the CC-BY copyright.

Network models. Network models were generated in R using the
igraph® package version 2.1.1, using metasites as nodes and the
metaroutes as edges. The radius of a given metasite was used as the
radius for the node, and the weight of the edges was based on the
number of individuals associated with the metaroute. Nodes were
coloured based on the activities occurring in the metasite.

Additional methods

Two summary exports were made from the file geodatabases: one, a
subset of all metaroutes which had source and destination metasites in
different EEZs; and two, a list of all metasites and their associated
metadata. All subsequent analyses were undertaken in R version
4.3.0%, using the packages tidyverse® version 2.0.0, circlize®® version
0.4.16, jsonlite®” version 1.8.8, and ggExtra®® version 0.10.1. Metasites
were allocated to a region of the UN geoscheme based on the latitude
and longitude of the metasite centroid. These were geographic allo-
cations rather than political, for example, the British Virgin Islands was
allocated to the Caribbean rather than to Northern Europe. Twenty-
three individual breeding stages (specific to species groups) were
summarised into four key life stage categories: ‘Breeding Adult’, ‘Non-

breeding Adult’, Juvenile’, and ‘Unknown’. Adjacency matrices were
constructed from the data on metaroutes that crossed EEZs, and were
used to generate chord diagrams.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available as follows.
Network models generated in this study are available on the open-
source system, http://MiCO.eco, and file geodatabases for all under-
lying species data can be downloaded from this site under a CC-BY
Open License. Raw literature review datasheets are available at UQ
eSpace data repository: https://doi.org/10.48610/aa77f3c. Summary
datasets, including all data and code required to reproduce figures, are
available at github.com/lkbentley/mico, https://doi.org/10.5281/
zenodo.14873514.

Code availability

Code to reproduce analyses and figures is publicly available at
github.com/lkbentley/mico, https://doi.org/10.5281/zenodo.14873514.
Code utilised in the back end of the mico.eco system is available to
replicate analyses at https://github.com/danielcdunn/mico/tree/main/
OutsideMiCOAggregation, https://doi.org/10.48610/aa77f3c.
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