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Keywords: Data and knowledge mobilisation are significant challenges in ecology and resource management, with the
Data mobilisation journey from data collection through to management action often left incomplete due to difficulties sharing
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information across diverse and dispersed communities. This disconnect between science and management must
be resolved if we are to successfully tackle the increasing impact of human activity on our ecosystems. Across
their North Atlantic range, Atlantic salmon (Salmo salar L.) populations are in steep decline in many areas and
urgent actions are required to curb this decline. Being commercially important this species has been subject to
intense research, but management action often suffers from both a lack of access to this knowledge resource and
support for its integration into effective management strategies. To respond to this challenge, the science and
management communities must place higher priority on mobilising existing and emerging knowledge sources to
inform current and future resource use and mitigation strategies. This approach requires a more complete picture
of the current salmon ecology data and knowledge landscape, new mechanisms to enable data mobilisation and
re-use, and new research to describe and parameterise the responses of wild populations to habitat changes. Here
we present a unique interface for registering and linking data resources relevant to the Atlantic salmon life cycle
that can address the data mobilisation aspect of these challenges. The Salmon Ecosystem Data Hub is a salmon-
specific metadata catalogue, natively interoperable with many existing data portals, which creates a low resis-
tance pathway to maximise visibility of data relevant to Atlantic salmon. This includes the capacity to annotate
datasets with life-stage domains and variable classes, thereby permitting dispersed data to be formally con-
textualised and integrated to support hypotheses specific to scenario-based modelling and decision-making. The
alignment and mobilisation of data within the Salmon Ecosystem Data Hub will help advance the development of
appropriate environmentally driven forecast models and an ecosystem-based management approach for Atlantic
salmon that optimises future management strategies.

1. Introduction global data creation rates estimated at incomprehensible figures such as
the 463 exabytes (10' bytes) per day by 2025 (Raconteur Publishing,
Data in the modern world is generated at an incredible rate, with https://www.raconteur.net/infographics/a-day-in-data/). The
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environmental and ecological sciences exist very much in the midst of
this large-scale data generating revolution. Enabling technologies such
as satellite remote sensing and autonomous vehicles are advancing at
pace (e.g., De Robertis et al., 2021; Ohman et al., 2019), and data cre-
ation in these sciences is set to become faster and wider in scope as
observation techniques improve in tandem (Sharma et al., 2021). This
rapid increase is creating an urgent requirement for simple but effective
curation tools. Both creator and primary user communities need these to
ensure data streams, old and new, efficiently feed research and man-
agement activities.

The implementation of data curation solutions that improve open-
ness and re-use is often labelled Data Mobilisation (Baker et al., 2015;
Schulman et al., 2021). This term, though not precisely defined, conveys
the understanding that to facilitate reproducible and replicable science
the sharing of data and repeatable methods are of critical importance.
The basic tenets of data mobilisation; accessibility, discovery, re-use,
preservation, and sharing of data resources, are becoming increasingly
valued elements of the scientific method across the natural sciences
(Tenopir et al., 2011) facilitating efficient integration of these resources
and enhancing their legitimacy (Gorospe et al., 2016). This shift is
supported by the reported upward trend of familiarity among re-
searchers of principles such as Findable, Accessible, Interoperable and
Reusable Data (FAIR, Wilkinson et al., 2016) in the State of Open Data
reports (Digital Science et al., 2021) as well as the growth of online
repositories, e.g., Global Biodiversity Information Facility (GBIF),
Knowledge Network for Biocomplexity (KNB), Long Term Ecological
Research Network (LTERN), and Ocean Tracking Network (OTN).
Alongside an increasing online presence, the use of persistent Digital
Object Identifiers (DOI) has emerged as a method for citing datasets,
creating an incentive to publish data that parallels established academic
norms for scientific publications (Data Citation Synthesis Group, 2014).
Knowledge mobilisation is then of prime importance during knowledge
exchange between researchers, resource managers, and policy makers so
that science may be implemented as actions in the real world (Geij-
zendorffer et al., 2016; Young et al., 2013). It is integral to effective
decision-making by improvement of the auditable reasoning behind
management decisions, thus servicing a need for evidence-based man-
agement (Hvenegaard et al., 2021). In many ways, data and knowledge
mobilisation principles are the modern, digital expression of the concept
of scientific repeatability and accountability.

Physical earth sciences have been ahead of the curve in respect to
data mobilisation, with oceanography being exemplary through efforts
such as the United Nations Educational, Scientific and Cultural Orga-
nization's (UNESCO) Intergovernmental Oceanographic Commission
(I0C). The IOC has provided support for the development of data ex-
change standards since the 1960's (Michener, 2015) and created the
Global Ocean Observing System (GOOS) in the 1990's with the goal of
systematic ocean monitoring and data sharing (Dexter and Summer-
hayes, 2010). Today oceanography thrives within a community where
data sharing is a prized outcome of costly data creation activity, leading
to the widespread advertisement and re-use of data, raw and derived
products, via portals such as the National Oceanic and Atmospheric
Administration's (NOAA) Environmental Research Division's Data Ac-
cess Protocol (ERDDAP. Simons and Mendelssohn, 2012). This culture is
beneficial within the ocean sciences, but also propagates to other sci-
entific disciplines where this data may be of use to investigate driving
forces behind observed trends. Arguably the nature of biological data
flowing from ecology driven observation activities may present chal-
lenges for the application and uptake of a similar approach to low fric-
tion data sharing. In ecology, data curation tools and methods have been
in development by the ecoinformatics communities since the 1990's
(Coleman, 2010; Michener, 2015). Ecologists now have improved access
to several online resources that can add value and longevity to their data
(e.g., see repositories and standards listed in https://www.re3data.org/
or https://fairsharing.org/). Ecological research produces highly varied
data outputs, not to mention the variability in methods, and complex
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curation solutions are to be expected, but the sheer volume of options
and standards available (that often appear to overlap or compete) may
lead to confusion among the targeted users of these tools and inhibit
widespread adoption (Tenopir et al., 2015). The challenge needs to be
met, as sufficiently rich, well-described data is one of the most valued
attributes of open cooperative research programmes (Melero and
Navarro-Molina, 2020).

Whilst efforts to improve data and knowledge mobilisation in the
wider research community are ongoing (e.g.,Benson et al., 2021), there
is still a recognised need to enhance the toolkit available to researchers
to allow frictionless adoption of FAIR principles (Teperek et al., 2019). A
disconnect remains between the complex requirements of mobilisation,
and the limitations imposed on data providers by time constraints and
technical understanding. Whilst this exists, mobilisation of historic or
legacy data resources will be unachievable, and the quickly amassing
new data resources are in danger of becoming fragmented and unre-
coverable. There is a requirement for the creation of tools that make it
easier to achieve mobilisation objectives, such as an online presence and
interoperable metadata. A methodical, step-by-step approach to
embracing/adopting FAIR principles universally within the ecological
sciences is required, enabling incremental data mobilisation carried out
by data providers and supported by research communities with interests
in the data.

Exacerbating technological barriers, sociological barriers to data
mobilisation are also prominent in the minds of data creators and
owners. Concerns regarding privacy, ownership, poor interpretation and
misuse, and failure to stay abreast of rapid technological advances in
ecoinformatics, are often identified as challenges to effective knowledge
exchange (e.g., Cvitanovic et al., 2015; Digital Science et al., 2021;
Reichman et al., 2011; Tenopir et al., 2015), and these factors are often
synergistic or compounding in nature. These aspects require advocacy
and building confidence in the cataloguing infrastructure and under-
standing them can greatly enhance the utility of knowledge generated
(Nguyen et al., 2018).

Here we introduce a response to data mobilisation challenges in
support of an urgent requirement to advance cooperative research and
the future management of Atlantic salmon (Salmo salar L.): an iconic fish
species that is experiencing significant population declines.

2. Data challenges in advancing Atlantic salmon management

Atlantic salmon are a highly prized commercial species and arguably
one of the most studied fish species on the planet (Birnie-Gauvin et al.,
2019; Woodward et al., 2021). Ranging throughout the temperate and
subarctic regions of the North Atlantic (Thorstad et al., 2011) this
anadromous species exhibits an extremely diverse array of life histories
(Fleming, 2011; Forseth et al., 2011; Thorpe, 1994) and their lifetime
survival integrates risks of both natural and anthropogenic origins, from
both freshwater and marine habitats. Populations have been in decline
for decades and local extinctions have been recorded throughout their
range (Chaput, 2012; Parrish et al., 1998).

As a result of the complex life cycle, the factors that ultimately shape
the reproductive success of any individual Atlantic salmon will operate
across wide ranging physical scales (e.g., North Atlantic basin to indi-
vidual river reaches). Life-stage specific pressures will elicit responses in
terms of salmon growth and survival, and these not only differ between
life stages, but act alongside factors that will vary in their specificity
between populations (e.g., Olmos et al., 2019; Vollset et al., 2022). In
common with that of other species, salmon management now contends
with new climate trends, with drivers of population change (e.g.
increased variability, and unprecedented extreme events) occurring at
scales that are often orders of magnitude larger than the scale of man-
agement experience. This new climate change context exacerbates the
crisis of long-term, widespread, declines in abundance and highlights a
need for improved efforts by management communities to save the
species from further local extinctions.
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Current management interests span multiple organisations across
multiple jurisdictions. The provision of advice on managing high seas
mixed stock fisheries is coordinated by the North Atlantic Salmon
Conservation Organization (NASCO). This is supported by stock advice
from the International Council for the Exploration of the Seas (ICES)
(ICES, 2021a), geared towards the operation of nationally regulated
coastal or individually managed in-river salmon fisheries. While the
current NASCO-ICES stock assessment process fulfils its required inter-
national functions, it also underpins the production of some nationally
scaled conservation advice and associated strategies (e.g., Conservation
Regulations). Although the outputs of coordinated international stock
assessments are freely available (ICES, 2021a), the underlying data are
not, and the modelling outputs are not readily transferable for integra-
tion into regular management decision-making that is being undertaken
by river managers at the scale of specific threatened salmon stocks. Most
practical local (e.g., single river stock) Atlantic salmon management
activity is restricted to local estuarine/riverine fishery management or
other freshwater actions aimed to maximise annual production and
safeguard recruitment (e.g., Thorstad et al., 2021). These activities
largely rely upon the provision and use of locally available data (Fig. 1)
and the integration of data from a limited number of audit points (such
as counts of smolts leaving or adults returning to monitored river sys-
tems) to underpin modelling of abundance.

Atlantic salmon management should benefit from the extensive
research and monitoring investment over recent decades, with integra-
tion of rich and well-mobilised data resources. Instead, much of the
applicable data resources that could provide valuable insights into the
factors responsible for salmon population declines are widely dispersed
across a diverse community, aggregated at varying biological and
geographical scales, and present challenges for harmonisation and
further collective synthesis (ICES, 2020a). This situation currently limits
the ability to consider wider marine data resources alongside local rich
data sources when planning local management actions and undertaking
informed scenario-testing. To achieve the scale of advance required to
address the challenges facing Atlantic salmon, and develop more
focused management actions based on better predictions, we require
considerable interdisciplinary efforts and a shift towards improved data
integration and wider ecosystem-based approaches (Curtin and Prellezo,
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2010; Link, 2010) in how salmon stocks are being assessed and managed
(Bull et al., 2022; Crozier et al., 2017; Watz et al., 2022; Woodward
et al., 2021). Lessons on utilising these resources could be learnt from
Pacific salmon management where data driven models are routinely
integrated into management programmes to improve knowledge across
management levels (Crozier et al., 2019, 2021; Hare et al., 2016; Hyatt
et al., 2017; Scheuerell et al., 2006, 2021; Walsh et al., 2020).

Focusing attention towards improving understanding of the pro-
cesses driving the reduced marine survival of Atlantic salmon, data
acquisition and data mobilisation play key roles in linking surveillance
networks (e.g., GBIF, GOOS, OTN) to research and the development of
adaptive management strategies. Several wide-scale physical environ-
mental data sets that are applicable for describing certain ocean con-
ditions are easily accessed and well mobilised (e.g., sea surface
temperature, salinity, colour and currents, derived from remote sensing
and delivered through platforms such as Copernicus and ERDDAP).
However, challenges remain for accessing, re-purposing and re-
evaluating their relevance alongside other resources to assist salmon
management in light of recent additions or new knowledge (ICES,
2020a). The hierarchical nature of possible environmental drivers of
salmon marine survival (Olmos et al., 2019; Vollset et al., 2022) focuses
attention on the relevance and descriptive power of available data re-
sources for use in directing future management challenges. Application
of space and time data filters, guided by recent salmon migration studies
(Almodoévar et al., 2020; Gilbey et al., 2021; Olmos et al., 2019;
Rikardsen et al., 2021; Strgm et al., 2019) may help better refine and
describe the applicability of available marine datasets, and improve
their use.

3. Harnessing data to assist future Atlantic salmon management

One current advance that demonstrates the power of harnessing and
synthesising data from multiple jurisdictions is in the development of a
life cycle model for Atlantic salmon at the scale of the North Atlantic
Ocean (ICES, 2021b). The dynamics of all stock units considered by ICES
(Northern Europe, Southern Europe and North America) are jointly
analysed within a singular unified model, developed in a Bayesian
framework. It allows for analysing (hindcasting) historical time-series of

Fig. 1. Examples of potential data sources and
indicative positions across the Atlantic salmon life
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data to infer changes in the marine survival and maturation schedule
over the last five decades. Formulating the dynamics of all stock units in
a single model using a harmonised demographic scheme provides a tool
for modelling covariation in key life history transitions among different
populations that may share part of their migration routes at sea and may
be exploited by the same marine fisheries (Olmos et al., 2019). Results
were used to quantify the amount of temporal variation in those key life
history traits that is accounted for by changes in sea surface temperature
and primary productivity (Olmos et al., 2019). The life cycle modelling
framework hence constitutes an important tool for future improvement
of our understanding of the drivers and mechanisms that shape the
dynamic of Atlantic salmon populations. The modelling framework is
easily expandable and provides an opportunity to assimilate new sources
of information when they become available (e.g., better proxies for
salmon growth and survival). This new framework comes with an online
database and a suite of R programs, including an R Shiny application for
web interface, offering a mechanism to harmonise data from multiple
sources into a format used directly by the model. This approach
strengthens the robustness of the workflow from data processing
(export/update) to hindcasting and the production of outputs (catch
advice) (Hernvann et al., 2021; Rivot et al., 2021).

Future development of this modelling framework would benefit from
improved data mobilisation, enabling model refinement to better
represent the mechanisms that shape the response of salmon populations
to ecosystem changes. Building a suitable universal mechanism for data
mobilisation that spans the range of potentially relevant knowledge
sources across the different scales would solve some of the limitations
being placed on the potential for advancing collective analysis (such as
the life cycle model) and for wider knowledge exchange to promote
advances through the tiers of management.

One collective approach aiming to address this and disconnections
among the areas of current Atlantic salmon management was jointly
developed by Pacific and Atlantic salmon scientists in response to de-
clines in populations in recent decades (Crozier et al., 2017). The Likely
Suspects Framework approach focuses collective attention on providing
a wider life cycle view of salmon survival processes for management,
and promoting improved understanding of the driving processes (Bull
et al.,, 2022). In the UK, for Atlantic salmon, the approach is being
advanced by the Missing Salmon Alliance (www.missingsalmonalliance.
org). Phase one of the implementation of the approach in the Northeast
Pacific began in 2020 via the Salmonscape Workshop Series, which was
hosted by the North Pacific Anadromous Fish Commission (NPAFC) and
partners as part of International Year of the Salmon (https://yearofthesa
Imon.org/) activities (Siegle et al., 2021).

Underpinning the approach is the requirement for the collective
identification and testing of specific mortality hypotheses that span the
life cycle, the development of new ecosystem indicators and their use in
directing management activities (e.g., Large et al., 2015; Sobocinski
et al., 2021). Hypotheses testing plays a role in the development of
understanding proximate drivers of recent population change, utilising
hindcast analysis, where sufficient data resources are available. It also
forces thinking towards knowledge gaps and prioritisation of future
research and monitoring needs. It contributes knowledge to the impor-
tant discovery process that could suggest potential new focus areas for
salmon management actions, and highlights ways in which established
and emerging surveillance networks can be mobilised and integrated to
provide better forecasting and understanding of early warnings of state
changes (Litzow and Hunsicker, 2016). This could highlight new envi-
ronmental and biological indicators (e.g., Harvey et al., 2020), where
greater management emphasis will be required in response to future
changes, or where redundancies may lie in the light of predictions.
Unrestricted access to data is a prerequisite for any collective hypothesis
testing process that advances our understanding of the potential mech-
anisms that shape population dynamics and productivity, like those
behind recent changes in marine growth (Todd et al., 2021; Vollset et al.,
2022) and early maturation of salmon (Tréhin et al., 2021). This needs
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to be supported by improved data mobilisation efforts pooled across
disciplines and spatio-temporal scales.

In response we present the Salmon Ecosystem Data Hub (SalHub) as
a mobilisation platform for Atlantic salmon-focused activities. This on-
line tool offers the salmon research and management communities the
opportunity to be jointly involved in efforts to mobilise data to progress
our current understanding of factors affecting survival, and assist with
implementing new adaptive management strategies. It creates the basis
for organising a rich and growing collection of datasets that will guide
researchers to sources to enable collective hypothesis testing.

In its current form SalHub is a metadata cataloguing tool for a
designated community (Baker et al., 2015), where already mobilised
knowledge and data can be indexed and more opaque resources can
begin to be transitioned towards FAIR without exposing users to the full
complexities of metadata authoring. It is a place where stakeholders in
Atlantic salmon conservation and management may begin to describe
and index data resources into a context specific structure, derived from
the salmon's life cycle. To promote user confidence initially SalHub is
accessible only to registered users. Going forward, the aim is to establish
this tool as a publicly accessible presence, promoting open data whilst
still maintaining a layer of restriction for opt-out resources, e.g.,
embargoed information or data identified as potentially sensitive. Users
agree to encourage resource sharing and academic collaboration
through a Memorandum of Understanding.

The Missing Salmon Alliance Likely Suspects Framework team has
launched the application as a Minimum Viable Product as part of an
Agile (http://agilemanifesto.org/) development plan. The application is
ready to develop further functionality and as the user base grows it is
anticipated that the research and management communities will pro-
vide guidance for subsequent development opportunities. This system is
built upon a range of modern and open-source technologies (Fig. 2). The
core data structures of the web application are a graph database
(NEO4J), an extension of the mathematical graph (Trudeau, 2013) and
more commonly referred to as a Labelled Property Graph (LPG). This is
coupled to two primary data storage locations, a simple cloud-based file
store (AWS S3) providing unstructured data capacity, and an SQL
database (PostgreSQL) providing structured data capacity. Alongside
these technologies the scientific programming language R (R Core Team,
2022) provides the programmatic tools for interacting with these stor-
age structures (read, write, report and visualise), as well as enabling the
presentation of the resource to a community of web-based users via the R
Shiny package (Chang et al., 2022). Github provides a mechanism for
community engagement in the development process (https://github.
com/Missing-Salmon-Alliance/).

The initial metadata entries in the SalHub database were harvested
from a review of existing data resources of relevance to Atlantic salmon
carried out during the NASCO-ICES WKSALMON workshop on salmon
mortality at sea (ICES, 2020a). Around 100 data sources were identified
and described in SalHub to provide a new organisational tool for future
cooperative workshops. The number of described resources in SalHub
has since increased to over 250. Of these, around one third are open data
and include a URL to the data itself. The remaining entries are a com-
bination of resources identified via publications or targeted searches for
specific data sources. Whilst this approach has proven useful in painting
the knowledge landscape with a broad brush to begin the process, much
of the finer detail of the data representations remain absent. This will
require input from data creators to enable resources to be fully utilised in
future hypothesis-testing frameworks.

Users intending to submit/register data resources may do so via a
form designed as an intuitive and quick method to capture the level of
detail required for findability and attribution. There is a minimum
required fields restriction, set at a very low level of detail (title, natural
language description and contact details) to encourage engagement and
enable communication between data providers and the user community.
Additional and optional fields invite further description of a resource's
availability, geographic coverage and temporal range. A set of user
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1. User Interface
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(| Hypotheses

Fig. 2. The organisational structure and technology currently in use to operate the Salmon Ecosystem Data Hub. (1.) The R Shiny package provides the User
Interface. (2.) Labelled property graph (NEO4J) provides the metadata catalogue. (3.) A combination of local and remote data storage solutions are provided by

multiple technologies. Arrows represent catalogue indexing pathways.

guide videos have been created to assist users with this process and links
are available via the application itself.

The fields found in the data submission process are derived from an
existing metadata standard, Ecological Metadata Language (EML)
(Jones et al., 2019), a strict and structured syntax for documenting
research data, which is recognised as a leading metadata standard for
ecological sciences. EML is already used by many metadata catalogues,
such as the KNB, ensuring every effort put into describing a knowledge
resource via SalHub is interoperable with the KNB and other online data
portals. The use of EML also opens up pathways for development of
SalHub that include implementing data federation capabilities (efficient
mirroring of resources across repositories) and more easily leveraging
technological advances made across large federated data repository
networks (e.g., the Data Observation Network for Earth (DataONE), htt
ps://www.dataone.org/). This means that tools for more advanced an-
notations, version tracking and provenance representation will be

available to data resources within SalHub with only minor developer
input. SalHub already mirrors metadata to the KNB, albeit with
restricted access, as part of this potential development track.

In addition to creating a simple metadata catalogue, a key outcome
of SalHub is to implement a data network within which described re-
sources may be indexed, and in turn utilised, in the context of addressing
core questions facing Atlantic salmon research and management. The
conditions and factors influencing salmon key life history traits (e.g.,
survival, growth, maturation) will vary continuously and be expressed
singly, cumulatively, or in more complex (i.e., additive or synergistic)
ways. Understanding and agreeing on the extent of these functional
domains and associated data sources provides opportunities to link up
valuable data resources and extend the reach of freshwater-based fish-
eries science to assist with providing a more holistic life cycle view (Bull
et al., 2022).

We propose an organisational structure into which salmon-related
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Fig. 3. The Atlantic salmon life cycle and representation of the main Life-Stage Domains used to organise knowledge resources within SalHub (left). Life-Stage
Domains: RR - River Rearing, RS - River Migration Smolt, EpS - Estuary Migration Post-smolt, CpS - Coastal Migration Post-smolt, OM - Ocean Migration, CA -
Coastal Migration Adult, EA - Estuary Migration Adult, RA - River Migration Adult. The relationship between Life-Stage Domains and an illustrative subset of Variable
Classes is expanded in the table (right), giving an index within which data resources are related. Lifecycle graphic developed by Natascia Tamburello at ESSA

Technologies (www.essa.com).
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knowledge can be classified in this context. This structure incorporates
eight classes representing a range of space-time domains occupied by
salmon during successive life stages and as they transition between them
(Olmos et al., 2019), and 60 subclasses (Variable Classes) based on what
we have identified as descriptors for the range of variables that may
influence salmon growth and survival (Fig. 3). These life-stage domains
and subclasses are presented to the user through a tick box driven
interface following on from the initial metadata forms, offering the
opportunity to index any knowledge resource within this basic organ-
isational structure.

Variable Classes provide further granularity to the structure of the
database indexing network. They are authored with existing definitions
in mind, such as the Essential Ocean Variables proposed by GOOS
(https://www.goosocean.org/) and the Biodiversity Observation Net-
work's Essential Biodiversity Variables (https://geobon.org/ebvs/), and
are either set deliberately narrow, for well-defined observable metrics
(e.g., Sea Surface Temperature) or wider to capture sets of observable
events (e.g., Pathogens/disease status). Variable classes are grouped into
three categories:

e Physical conditions: physical metrics that are relevant to salmon at
one or more of the main life-stage domains (e.g., estimated wetted
accessible area for egg deposition, or daily Sea Surface Temperature
time series)

e Biological processes: other species that may be relevant (as com-
petitors, prey, predators) to salmon at one or more of the main life-
stage domains (e.g., the biomass of sandeels, one of their main
prey along marine migration routes, or population trends in known
predator species)

A
s

Ecological Informatics 70 (2022) 101746

e Salmon traits: metrics from the salmon themselves, from individual
or population measurement or assessment (e.g., data on distribution,
abundance or body condition).

This organisational structure also parallels a key aspect of data
mobilisation, that of the annotation of data resources with highly
defined (dereferenceable) terms describing observations or attributes
within the resource. As the landscape of controlled vocabularies and
ontologies is potentially confusing to the intended audience (data cre-
ators/providers), annotation addresses one of the barriers to user
engagement described previously. SalHub's domain-variable class
structure offers a discipline specific, and therefore familiar, mechanism
to move data resources into a framework which has an emergent
property similar to that of metadata annotation. Though currently
lacking the formal definitions recommended by the FAIR principles, it
provides a step towards more robust data description and annotations
that may be deployed in future development, i.e., linking in with
existing variable classes such as the Essential Ocean Variables (EOQV),
Essential Biodiversity Variables (EBV), or controlled vocabularies like
the British Oceanographic Data Centre's Vocabulary Server (http://vo
cab.nerc.ac.uk/collection/).

The domain-variable class structure may also be utilised not only to
describe data resources, but to frame research questions. It will assist in
assessing the utility of multiple spatial and temporally scaled datasets
for inclusion in the testing of hypothesized relationships between the
declines in salmon survival and various environmental and ecosystem
factors, and in considering their use as future indicators of change.
Several key salmon mortality hypotheses have already been indexed
within this structure so that data resources can be inherently linked to
broad questions.

- Wi 3 o \ h o 1# ol
() | Leaflet | Tiles © Esri — Sources: GEBCO, NOAA, CHS, OSU, UNH. CSUMB, National Geographic, DeLorme. NAVTEQ, and Esri, @ OpenStreetMap contributors

Fig. 4. The Salmon Ecosystem Data Hub map interface. Resources are automatically clustered by the map software based on proximity and will adjust with the zoom
level. Single resource markers (blue), clusters representing 2-9 resources (green), clusters representing 10-99 resources (yellow). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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Browsing resources within SalHub is achieved through a set of pre-
defined filters on separate pages. These filters are defined using a se-
lection of mortality hypotheses, through the domain-variable class index
directly, or by the spatial properties of the resources displayed on an
atlas (Fig. 4) that also incorporates additional layers to enhance the
context available to the user (e.g., ICES ecoregions (ICES, 2020b), NAFO
Divisions (https://www.nafo.int/About-us/Maps), and/or the NASCO
rivers database location data (https://nasco.int/about-nascos-rivers-
database/)).

The LPG provides the technical capacity for storing this organisa-
tional structure and the metadata captured through the user interface. It
is also a versatile starting point for future development opportunities
such as linking in with existing knowledge graphing activities (e.g.,
Akenhead et al., 2021). The LPG itself is not an appropriate place to
directly store data files: data and knowledge are ultimately held in
digital formats and locations that depend on the nature of the entry and
how the user has chosen to store them. There are four distinct possi-
bilities for storing the resource: 1. If data are already available online a
URL may be supplied within the metadata, 2. A file may be uploaded
along with the metadata directly and stored within the SalHub file store,
3. Structured resources may then be passed on to the SQL database if
appropriate, and 4. Data may remain with the metadata author in their
own storage solution. Data availability is arranged via correspondence
between the requester, the SalHub data administrator, and the owner.

Given the geographic range that salmon cover throughout their life
cycle, and the breadth of jurisdictions, and potential knowledge holders,
data resources are numerous and widespread. We suggest that SalHub
offers novel support for future collaborative research and can contribute
to the development of more effective salmon management. Benefits
include:

e Centralising the search for information sources relevant to Atlantic
salmon.

e Ready consideration of resources within multiple existing online
repositories and databases, making it easier to visualise and inter-
rogate the knowledge landscape of the Atlantic salmon, and
encourage greater utilisation of valuable and hard-earned datasets.

e As data sources are gathered in a single location, it becomes more
achievable to create and share associated workflows from source
materials to synthesis and data products. This visibility may be of use
to help improve and elaborate on formal data pipelines (e.g., formal
data calls in support of cooperative stock assessment exercises (ICES,
2021a), and in assisting with bridging this activity to wider de-
velopments in ecosystem-based management.

e Early career scientists may also benefit by accessing a wider pro-
fessional network of data providers, and later stage career scientists
will benefit from the improved re-use and attribution of their
outputs.

4. Discussion

Collaborative efforts calling for the development of suitable data
mobilisation systems to assist future salmon management across their
range are gaining momentum (e.g., Bull et al., 2022; ICES, 2020a; Siegle
et al., 2021; Woodward et al., 2021). Ongoing data initiatives (such as
the development of SalHub) begin to address these requirements and
need to be supported. They provide guidance, and a direction of travel
that can be emulated and used to promote effective management
change. However, the development of data solutions faces multiple
technical and operational challenges to promote widespread uptake of
this, or similar, interoperable systems into current and future salmon
research, stock assessment and management frameworks.

Whilst it is recognised that simply indexing every potential resource
in a single location will not address all the challenges of data and model
limitations when there is a requirement to forecast complex ecological
systems, we believe it represents a step in the right direction for the
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future of Atlantic salmon management. Even in its early developmental
stages it presents to the ecological sciences a unique tool to bridge the
gap between ecoinformatics experts and discipline/species experts,
promoting data mobilisation in a space where limited salmon-specific
data tools exist. It already supports the development of the Likely Sus-
pects Framework (Bull et al., 2022) by the Missing Salmon Alliance and
offers a common platform for the re-synthesis and sharing of knowledge
resources, and the promotion of cooperative analysis in support of hy-
pothesis-testing.

As a general example of the database's utility, a researcher interested
in processes influencing salmon growth or survival during a specific life
stage may engage with SalHub by firstly selecting the appropriate filters
(i.e., domains and/or variable classes). These will provide a list of
potentially valuable source material to assess the opportunities for hy-
pothesis development and testing. In time, further refinement of search
tools will allow users to specify spatial or temporal extents. As a direct
example of SalHub's current utility, research efforts to test hypotheses to
determine the proximate drivers of changes in early marine survival in
southern European Atlantic salmon stocks are underway using it to
organise data resources synthesised from various sources. These include
oceanographic models (Atlantic Margin Model 7. O'Dea et al., 2017;
Scottish Shelf Model. Wolf et al., 2016), salmon marine survival data
(ICES, 2021a), river conditions prior to emigration (Hannaford, 2004)
and the abundance, composition and distribution of biota from various
trophic levels e.g., Continuous Plankton Recorder (Johns, 2011), and
pelagic fish species (ICES, 2021c).

Existing online data platforms aimed at salmon research and man-
agement tend to focus on visualisations of specific analysis, e.g., the
Pacific Salmon Explorer (PSE) https://www.salmonexplorer.ca/ or the
Spatial Hydro-Ecological Decision System (SHEDS) https://pitdata.
ecosheds.org/fish-movements/). Others, e.g., the SalmoGlob Toolbox
(https://sirs.agrocampus-ouest.fr/discardless_app/WGNAS-ToolBox/)
(Hernvann et al., 2021), facilitate specific data (i.e., assessment model
data input and outputs) synthesis. Collating data and communicating
and disseminating trends through visualisations such as those found in
the PSE and SHEDS are of the utmost importance to improve public
engagement in science. Specific and live syntheses such as SalmoGlob
demonstrate novel and critically important pathways to maintaining up-
to-date sets of time series data and indirectly provide support for greater
communication on the functioning and capabilities of assessment
models, fostering the integration of new data in the latter. SalHub per-
forms a unique function in this space, offering strategic enrichment of
the knowledge base underpinning current and future salmon research,
serving knowledge exchange and resourcing the research activities that
these platforms (and others) may potentially draw benefits from.

Development of SalHub is still in its infancy, and several limitations
need to be addressed moving forward. It has been launched with the
understanding that its long-term success is reliant on the acceptance and
use by the wider salmon research community. There is a requirement to
consider expansion within the resource to capture valuable fisheries
focused Indigenous Knowledge (e.g., Reid et al., 2021; Sethi et al.,
2011), and it would be pertinent to explore what community driven
solutions (such as SalHub or similar) could offer this effort. A critical
approach to the usage, analysis and integration of the resources regis-
tered in SalHub by the scientific users will require maintenance, as
would be expected regardless of data source. Building closer ties to
existing data repository networks (e.g., DataONE) will enhance
longevity and ensure that resources can remain sustainable by providing
persistent metadata, whilst maintaining a degree of freedom to evolve
capabilities that can emerge from community interaction in the devel-
opment process.

5. Recommendations for improving data mobilisation for
salmon management

The scale of progress required to address the challenges facing
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Atlantic salmon will require considerable interdisciplinary efforts and a
major shift towards improved data integration in order to develop wider
ecosystem-based approaches in how salmon stocks are being assessed
and managed. It is hoped that data owners populating new resources
into SalHub will be encouraged by the opportunities presented to
contribute to cooperative research initiatives in the pursuit of improved
future salmon management. Further to this altruistic motivation, there
are tangible benefits for data owners via increased co-authorship op-
portunities and direct data citations (Data Citation Synthesis Group,
2014).

For the full potential of SalHub to be realised, extensive cooperative
efforts from within the salmon science and management communities
will be required in populating knowledge resources and expanding them
to include wider sources alongside newly synthesised products. Regular
updates and reliable submissions of data from key sources will assist
with the promotion, uptake and use of the resource in the science
communities, whereas recognition and endorsement by statutory bodies
such as NASCO, and established expert groups (e.g., ICES Working
Group on North Atlantic Salmon (ICES, 2021a)) would help marshal
resources towards addressing critical management needs.

By cooperatively building a data mobilisation network and a user-
group that is truly multi-disciplinary, SalHub can provide a new space
for innovative data pipelines to be developed and shared, ensuring
widespread incorporation of high-quality synthesised products. Assisted
and guided by these efforts the synthesis of a wide range of biotic and
abiotic indicators for use in stock assessment (Harvey et al., 2020) could
promote a greater mechanistic understanding of how and why salmon
populations are declining (Woodward et al., 2021). Capitalising on this
new knowledge could drive the design of robust, and adaptive, man-
agement support systems, providing forecasting capacity, and directing
practical actions to address the salmon crisis.
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