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ARTICLE INFO ABSTRACT

Keywords: Scales and otoliths (ear stones) from fish are routinely sampled for age estimation and fisheries management
Database purposes. Growth records from scales and otoliths can be used to generate long-term time series data, and in
Fish scale combination with environmental data, can reveal species specific population responses to a changing climate.
2;:’::16 Additionally, scale and otolith microchemical data can be utilized to investigate fish habitat usage. A common

problem associated with biological collections, is that while sample intake grows, long-term physical storage is
rarely a priority, and much of the sampling took place before the advent of open-access digital infrastructure.
Material is often collected to meet short-term objectives and resources are seldom committed to maintaining and
archiving collections. As a consequence, precious samples are frequently stored in many different and unsuitable
locations, and may become lost or separated from associated metadata. The Marine Institute's ecological research
station in in Newport, Co. Mayo, Ireland, holds a multi-decadal (1928-2020) collection of scales and otoliths
from various fish species, gathered from many geographic locations. Here we present an open-source database
model and archiving system to consolidate and digitize this collection, and show how this case study infra-
structure could be used for other biological sample collections. The system utilizes the FAIR (Findable Accessible
Interoperable and Reusable) open-data principles, and includes a physical repository, sample metadata cata-
logue, and image library.

FAIR data principles

1. Introduction purpose of age estimation for the last 100 years (Rivers and Ardren,

1998). Due to their largely inorganic composition, these structures can

Calcified biomineral structures from fish, such as otoliths (ear
stones), scales, opercula (gill covers) and vertebrae contain growth
marks which form incrementally and be used to estimate fish age
(Panfili et al., 2002). For example, in otoliths, which assist the fish in
hearing and maintaining balance, annual bands are formed due to a
slowing of growth rates in winter (Campana and Thorrold, 2001;
Popper et al., 2005). Furthermore, growth marks can be deposited at a
rate that is proportional to body growth, and can be used to reconstruct
individual growth histories (Farley et al., 2007; Friedland et al., 2000;
Pannella, 1971). Estimates of population growth rates and age structure
are important parameters in the stock assessment of many commer-
cially exploited species (Begg et al., 1999; Mapp et al., 2017; Marine
Institute, 2019; Wells et al., 2013). Therefore, calcified structures have
been routinely collected by fisheries institutes worldwide for the
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be dried and stored easily for extended periods of time, and subse-
quently enabled many institutes to have amassed large multi-decadal
collections.

Biomineral samples from fish can be used to answer a diverse range
of ecological research questions using both established and advanced
analytical techniques. Measurements of growth marks in calcified
structures provide a proxy for fish growth, and can be used to assemble
extended biochronology time series and to examine relationships with
climatic, population and fishing related drivers (Matta et al., 2010;
Morrongiello et al., 2019; Peyronnet et al., 2007; Smolifiski and Mirny,
2017). Many studies have used trace elements and isotopes in the in-
organic portion of calcified structures to infer fish origin (Adey et al.,
2009; Flem et al., 2017; Zeigler and Whitledge, 2011) and habitat usage
(Brennan et al., 2019; Fraile et al., 2016) or to detect exposure to
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pollution (Limburg et al., 2015; Limburg and Casini, 2019; Lépez-
Duarte et al., 2016). The extraction of DNA from scales and otoliths
facilitates the study of temporal change in genetic diversity (Hansen
et al., 2002; Hutchinson et al., 2003), while measurements of stable
isotopes in the organic component of scales (MacKenzie et al., 2012;
Nonogaki et al., 2007; Trueman et al., 2012) and more recently otoliths
(Gronkjeer et al., 2013; Sirot et al., 2017) support investigations of diet,
metabolism and trophic structure. As sclerochronology techniques de-
velop so too does the potential for scale and otolith archives (or other
biomineral collections) to provide insight into marine ecosystem pro-
cesses (Hunter et al., 2018; Morrongiello et al., 2012).

The maintenance of scale and otolith collections can change de-
pending on management, ongoing monitoring priorities, and project-
specific research needs (Copp et al., 2014). The material is usually
collected to serve short-term management objectives and its long-term
storage is often not maintained according to clearly defined standard
operating procedures (Rivers and Ardren, 1998). As a consequence,
procedures change with employee turnover and over time a sample's
provenance may become ambiguous. For example, short-hand used for
species names may be uninterpretable after two decades, leaving the
sample unusable. Continuous sampling programs and opportunistic
sampling of fish scales and otoliths can create invaluable, albeit irre-
gular, archive collections. Essential metadata is often recorded in a field
notebook or a digital spreadsheet, which is rarely stored with the as-
sociated physical samples, and if it is, it can become separated after
time. Furthermore, if samples are not appropriately stored, pests and
moisture can degrade their integrity after long periods of time (Vollmar
et al., 2010). Propriety software is currently available for implementing
collection management (CM) systems, but it can be expensive and de-
pendent on ongoing investment (Peluso et al., 2016; Short and Anderl,
2012) and limited in adaptability and scalability. As a result, CM sys-
tems can become inaccessible after long periods of time. A viable al-
ternative is to develop tailored open-access inventory software (Arriaga
et al., 2015; Gries et al., 2016).

Global legislative efforts to ensure that research data remains ac-
cessible have contributed to significant improvements in data quality,
interoperability, and visibility (Wieczorek et al., 2012; Clarke and
Margetts, 2014). At the European regional level, the INSPIRE Directive
is a legislative driver for governments to construct standardized spatial
data infrastructure, specifically for environmental data (Craglia and
Annoni, 2007). The INSPIRE regulations aim to enable spatial data
sharing between public sectors, improve public access, and support
cross-boundary policy formation. To comply with INSPIRE regulations,
data infrastructures must contain the flexibility to align within the
widely used Observations and Measurements (O&M) model, (Cox,
2016). Furthermore, other standards structures have gained widespread
community usage, such as biodiversity data standards, like Darwin Core
(Wieczorek et al., 2012). Recently, the FAIR (Findable Accessible In-
teroperable and Reusable) open-data principles (Wilkinson et al.,
2016), were created through a bottom-up, community based initiative.
A component of the FAIR principals requires the usage of existing
standards (e.g. INSPIRE, O&M, Darwin Core). Consequently, scientists
have implemented FAIR data repositories specifically intended for
sample and data management (Adam et al., 2019; Conze et al., 2017;
Dassié et al., 2017; Lehnert et al., 2006; McNutt et al., 2016). However,
a FAIR compliant system and model for local repositories, purposefully
designed for physical ecological sample archives and their derived data,
has yet to materialize.

The Marine Institute (MI) in Ireland, recently constructed an
INSPIRE compliant Data Catalogue for its environmental data
(Leadbetter et al., 2019; Leadbetter et al., 2020). The CM system pre-
sented in this paper is an extended feature of the Data Catalogue de-
scribed by Leadbetter et al., 2020. The CM system was explicitly de-
signed to house a fish scale and otolith collection, which consists of
thousands of samples, dating back to 1928, from a range of geographic
locations. The system was developed with two primary objectives; to 1)

Ecological Informatics 59 (2020) 101115

produce a scalable and interoperable CM archive database and physical
repository for scale and otolith samples, and 2) document a work-flow
to archive past, present, and future samples, and their data progeny.
The aim of this study is to lay a road map, and provide a toolbox, for
other agencies who wish to create an ‘open’ digital and physical in-
frastructure for their own biomineral archives. While this system was
specifically designed for fish scale and otolith archives, and their re-
sulting images and data, it could certainly be adapted for biological
sample archives from a variety of species, locations, or time periods.

2. MI research station & history

A field research station has been operating in the Burrishoole
catchment in Newport, Ireland since 1955 with a primary focus on the
monitoring of native fish species including Atlantic salmon (Salmo salar
L.), brown trout (Salmo trutta L.) and European eel (Anguilla anguilla L.).
The diadromous migration of these populations has been monitored for
many decades, as they move between marine and freshwater habitats,
through permanent fish traps constructed at the base of the Burrishoole
catchment. The Burrishoole catchment is an internationally important
index system for the long term monitoring and stock assessment of
these species, and biological samples have been collected and stored at
the Burrishoole research station throughout its existence. The owner-
ship and management of the research station has changed over the
decades, from the privately owned Salmon Research Trust (SRT), to the
publicly owned Salmon Research Agency of Ireland (SRAI). Since 1999,
it has been owned and managed by the MI, an Irish government state
agency, primarily responsible for providing aquatic scientific and
technical advice to the government. Commensurate with its compli-
cated history, the biological samples housed at the research station
derive from many sources and locations. There is a multi-decadal col-
lection of thousands of salmonid and trout scales, and eel otoliths from
Burrishoole populations. In addition, the collection comprises samples
from pollack (Pollachius pollachius L.), Arctic char (Salvelinus alpinus L.),
and Bluefin tuna (Thunnus thynnus L.), and other species, collected
during various research projects. During the amalgamation of the SRAI
and the FRC (Fisheries Research Centre) into the MI, many biological
samples were physically moved from locations around Ireland to the
Burrishoole research station. Therefore, the resulting collection of
biological samples is a mix of species, sample types and populations, all
of which needed to be catalogued and stored correctly in one CM
system.

3. System design - physical sample repository

The fish scales and otoliths in the MI collection were often stored in
acid-free envelopes, in bundles of 50-100 samples. These bundles ty-
pically had a common metadata grouping factor, for example, they
were the same species and collected in the same season. Scales and
otoliths had also been mounted and stored on glass microscope slides,
which were stored vertically in either slide cabinets or lying flat in slide
trays within black archival cardboard boxes. The slides were also ty-
pically grouped according to a common metadata factor. The CM
system was designed to accommodate these original sample metadata
groupings. Once samples had fulfilled their purpose, they were put into
arbitrary storage by the researcher who had collected them, Appendix
A.

The envelopes were re-housed in clear plastic storage containers,
fitted with desiccant pouches to prevent mould outbreaks. The sample
repository used nested storage; 21 smaller containers fit into one large,
mobile ‘unit’. Each small container was allocated a bundle of envelopes.
The glass slide samples were re-housed in the new archive-quality
cardboard boxes. A globally unique repository identifier was assigned
to each sample (envelope or glass slide) using archival quality labels
and a thermal transfer label printer.
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4. System design — database
4.1. The MI data catalogue & IFBA database

The MI's metadata repository, known as the Data Catalogue, is an
online infrastructure which supports the storage of datasets generated
by systems, programs, and individual researchers within the Institute
(Leadbetter et al., 2019). The Data Catalogue is operated through
Drupal, an open-source, web-based content management system.
Drupal enables database specialisation by permitting developers to
build custom ‘modules’, which are a set of instructions written for a
specific function. The database developed, named IFBA (Irish Fish
Biochronology Archive) is a self-contained module, that operates as an
extended feature of the MI Data Catalogue module. This system was
specifically designed for scales and otoliths, because they are, globally,
the most commonly collected and used biomineral structures from fish
used for aging purposes (Panfili et al., 2002). The system is flexible
enough to be adapted for any biological sample type (e.g. shells, corals,
vertebra, etc.). The documentation for the IFBA database is publicly
available in the GitHub repository, https://github.com/
IrishMarinelnstitute/IFBA. The IFBA dataset (O O Maoiléidigh et al.,
2020) is described in the Marine Institute's Data Catalogue (Leadbetter
et al., 2020).

The IFBA database is access controlled, to ensure security and data
quality, so users are allocated a login and password to upload sample
metadata. First a digital ‘sample set container’ is created for a bundle of
envelopes (Appendix B), which corresponds to a physical small storage
container. After the digital and physical sample set container is gen-
erated there are three options for uploading samples within the sample
set container. The first option is to manually upload the fish sample
metadata (e.g. length, weight) for each sample into the sample set
container table within the IFBA database. The second option, if time is
limited, is to upload one sample from the container, named a
‘Representative Sample’ (RS), as a tag to indicate what is in the sample
set container. For example, a container may have one RS to indicate it
contains 100 salmon scale samples, from 1975, from a specific location.
The third option is for an elevated privilege user to upload the sample
metadata through a standard, pre-populated CSV template. The unique
archive id links each physical sample to its entry within the IFBA da-
tabase (Appendix B).

4.2. Data model & vocabularies

A conceptual diagram of the many types of data that can be gen-
erated from one fish is shown in Fig. 1. There are 4 parameters of
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critical information for digital storage: fish sampling location, date,
species, and life stage. The CM database design is centred on each
physical sample, Fig. 2. The metadata, such as fish length, weight, and
day collected, is typically written on the sample envelopes. Some en-
velopes and glass slides contained no metadata, or were labelled with
only a lab number and species. Furthermore, older labels were often
either illegible or damaged. Therefore, samples that contained the ne-
cessary critical information were prioritized to be catalogued first in the
database and repository. The internal vocabulary (and shorthand) used
during sample labelling within the MI field station changed through
time, and between researchers. Furthermore, the local vocabularies
used were often not in accordance with best practice (Hedden, 2010).
The usage of controlled vocabularies, which is a pre-defined list of
terms, enables consistent and accurate information labelling (Mao
et al., 2005). The field station's local vocabulary was mapped to in-
ternationally recognized controlled vocabularies, with strong content
governance models. Controlled vocabulary terms from FishBase (Froese
and Pauly, 2010), the World Register of Marine Species (WoRMS
Editorial Board, 2020), and the Interna tional Council for Exploration of
the Seas (ICES) were used to ensure interoperability and transparency
(Table 1). The model allows the physical repository to be adapted to
accommodate various laboratory storage systems.

4.3. Geo-referencing sampling location

For contemporary samples, geographic coordinates of the sampling
location are often recorded. For older samples the sampling location
can be ambiguous and may only refer to a lake, estuary, catchment or
region where the fish was captured. Depending on the planned analyses
for the archive samples, precise sampling location may not be required,
and a broad location on classification can still be useful. Water
Framework Directive (WFD) management areas provided the geo-
graphic reference boundaries for sampling locations (EPA, 2015) for the
IFBA CM system. Each of these geographically referenced boundaries
are classified as a ‘Geographic Feature’ within the MI Data Catalogue, as
defined in Leadbetter et al., 2020. A Geographic Feature defines the
feature type, and stores the dataset's (in this case the sample's) spatial
information as points, lines, or polygons, in alignment with the Eur-
opean Commission's INSPIRE spatial data infrastructure. A custom py-
thon script was used to create WKT (Well-known text) files for the WFD
catchment boundaries (Herring, 2011), and can be found in this re-
pository; https://github.com/IrishMarinelnstitute/IFBA. Within IFBA,
scale and otolith samples with a known sampling point are allocated
coordinates, and coordinate data are nested within the appropriate
catchment boundary, for high-level search capabilities (e.g. searching
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Fig. 1. A mind map of the potential information associated with a fish scale or otolith sample.
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Fig. 2. Data model for the IFBA fish scale and otolith archive.

Some of the external vocabulary servers used for various parameters in the data model.

Vocabulary server

CM Parameter

Description

Link to parameter

Terms used

International Council for the Exploration of the Seas
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Parr
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Springfish

samples by WFD catchment). If the sampling point is unknown, but the
WEFD catchment is known, samples are allocated to the catchment
boundary.

4.4. Image library

Scale and otolith images are used for age and growth estimations. In
IFBA, images are stored in a collaborative online space. The image file
name for any image is the same as the unique archive sample id in the
IFBA database. An example of the data progeny resulting from a fish
scale sample is illustrated in Appendix B. During imaging, the sample id

is permanently marked onto the image to prevent file name corruption
issues. Furthermore, there is Boolean phrase within the IFBA database
to indicate if the sample catalogued is held within the time-series image
library.

4.5. Process flow

Formal documentation of process flows is often used in industry to
document logistical pathways and reveal areas where efficiency could
be improved upon. In line with the Marine Institute's Data Management
Quality Management Framework (Leadbetter et al., 2019), to document
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Fig. 3. A process flow for the scale and otolith CM system.

the procedures involved in storing, uploading metadata, and imaging
samples, a high-level process flow was developed (Fig. 3). The process
flow outlines where the sample metadata is generated, analysed, and
eventually stored. Furthermore, it documents how the physical samples
and digital data are linked. This cross-disciplinary process flow is novel
because it outlines how the operational part (routine sampling of fish
for government mandated stock assessment) of an organization (the
MI), and the research capacity of an organization (imaging and reading
growth on scales and otoliths), can be interlinked. Additionally, the
management of the IFBA dataset follows the procedures and roles
outlined within the MI's Data Management Quality Framework
(Leadbetter et al., 2019).

4.6. FAIR data principles

The criteria of how the IFBA database addresses the requirements of
the FAIR (Findable, Accessible Interoperable, and Reusable) data
management principles (Wilkinson et al., 2016) can be found in
Table 2. The FAIR principals were created by a group of stakeholders
from academia, industry and funding agencies to enhance data reusa-
bility and findability by machines. In utilizing the FAIR principles, re-
searchers can allow for interoperability between their datasets.

4.7. Observations and measurements mapping

A representation of the IFBA database in the Observations and
Measurements (O&M) model has been created to comply with both the
ISO 19156 standard and the INSPIRE regulations, Fig. 4. Within O&M
model, an Observation is action whose result is an estimate of the value

of some property of the feature of interest obtained using a specified
procedure (Cox, 2016). For the O&M representation of IFBA, the sam-
pling portion of O&M has been used, and as such Observations have
been made against a specimen. The specimen, in this case a fish, was
removed from the environment and analysed ex-situ. Multiple Ob-
servations are made against an individual specimen, each leading to a
subsequent result. Following Leadbetter and Vodden (2015), the
property being observed may be complex and have multiple attributes.
Within IFBA, for example, the length of the fish specimen has units of
measure of metres. The specimen is linked to a geographic feature of
interest from which it was collected. The geographic feature to which
the specimen is linked is defined within the MI Data Catalogue. This O&
M representation demonstrates the extensibility of the [FBA database to
allow for other biological samples. This approach can also be extended
to representing the content of the IFBA database to other data serial-
isation models, such as Darwin Core (Wieczorek et al., 2012; see listing
in Appendix C). Furthermore, the general concept can be applied to
other sample types.

5. Discussion

Properly maintaining and curating archives of fish calcified struc-
tures and their metadata is essential to realize their full scientific value.
By developing and implementing an open-source and on-site CM system
for scale and otolith archives, researchers can maintain the physical and
digital integrity of biological samples at a notably lower cost than if
using a proprietary software or a large-scale open data repository.
Furthermore, an open-source CM archive system is more likely to en-
dure changes in budgets and employee turnover. Another benefit of
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Table 2
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How the IFBA CM system meets the FAIR principles of Data Management (Wilkinson et al., 2016) (Table adapted from Leadbetter et al., 2020).

FAIR term FAIR principle How the IFBA system meets the FAIR principle
Findable F1. (Meta)data are assigned a globally unique and persistent Samples are assigned a persistent unique identifier physically, and then catalogued into the
identifier digital system using the identifier.
F2. Data are described with rich metadata The Data Model in Fig. 2 and the O&M Model in Fig. 4 outlines the rich metadata model for
sample data description.
F3. Metadata clearly and explicitly include the identifier of the The unique identifier is clearly outlined on the physical sample, and links it to the digital
data they describe system (Fig. 2). Furthermore, resulting images of the sample are also permanently linked to
the unique identifier.
F4. (Meta)data are registered or indexed in a searchable resource =~ Metadata are indexed and searchable locally, and further work is being doing to make it more
widely searchable
Accessible Al. (Meta)data are retrievable by their identifier using a The metadata are stored in a Web-based system which uses a standard HTTP to retrieve
standardized communications protocol metadata from a Web address based on the sample's unique identifier.
A2. Metadata are accessible, even when the data are no longer Even if samples have been destroyed for analyses, their metadata is still recorded and
available preserved. The dataset to which the destroyed samples belonged can be accessed from within
the MI Data Catalogue system.
Interoperable I1. (Meta)data use a formal, accessible, shared, and broadly The data have been mapped to the Observations and Measurements model, as described in
applicable language for knowledge representation. Section 4.7, and therefore comply with ISO, Open Geospatial Consortium, and INSPIRE Spatial
Data Infrastructure standards.
12. (Meta)data use vocabularies that follow FAIR principles The controlled vocabularies the IFBA system utilized can be found in Table 1.
13. (Meta)data include qualified references to other (meta)data Data stored within IFBA references dataset metadata and geospatial feature metadata stored
within the MI Data Catalogue (Leadbetter et al., 2020).
Reusable R1. Meta(data) are richly described with a plurality of accurate Figs. 3 and 4 show the breadth of attributes recorded in the metadata. The mapping to O&M

and relevant attributes

demonstrating that more than a minimum set of attributes is described.
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Fig. 4. An Observations and Measurements model for the IFBA database.
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developing software as open-source, is that once created, modules can
be readily shared, reused and extended by others.

To the best of our knowledge, IFBA is the first CM system to follow
INSPIRE regulations and utilizes the FAIR open data principals. This
feature is particularly important for biomineral archives which may be
collected for one purpose but which could potentially support a much
wider range of analyses (e.g. age/growth, genetics, stable isotopes, or
trace elements). IFBA provides the infrastructure and system to prop-
erly store and catalogue material collected through publicly-funded
programmes. The system links the physical sample with all associated
data within one repository and digital catalogue, thus relinquishing
individual ownership of or responsibility for samples and data and
preserves them for posterity. Furthermore, the availability of geo-
graphically referenced samples from past years can facilitate research
into unforeseen events. For example, the impacts on fish growth of a
weather anomaly, such as a period of abnormally cold water tem-
peratures, could be investigated by sourcing scale or otolith samples
from the relevant time period. Since the samples have already been
collected, they could be easily located within IFBA, with minimal re-
source requirements. Studies like these can only exist once previous
biomineral samples have been physically archived and digitally cata-
logued, and made available to all researchers. The CM system presented
here is fully scalable and can be used to store samples data from a range
of sources. Data management plans (e.g. as required for Horizon 2020
projects) for short term projects as well as long term archival pro-
grammes could feature a national archive, such as the IFBA system
created in this study, for sample deposition post-project, increasing the
accessibility of the material and allowing for their re-use and reducing
the proliferation of data archival centres.

5.1. Limitations & lessons learned

The material within IFBA was derived from numerous sources, and
its collation involved many different agencies and researchers.
Extensive research and effort was made to decipher shorthand used by
researchers for various metrics (for example, fish length used to be
recorded using the imperial system, and today it is recorded using the
metric system). Accurate archiving of the material relied on commu-
nication with staff who had worked alongside the archive for long
periods. In person communication was critical to decode the shorthand
within the archive collection. The ability to decipher shorthand dis-
appears with time, as researchers change jobs or retire, leaving in-
valuable collections meaningless (Rivers and Ardren, 1998; Fegraus
et al., 2005). Appropriately archiving these collections before key
personnel retire is paramount. This case study took over two years to
develop and implement, one full-time staff member, numerous student
work-placements, and an equipment budget of approximately 10,000
euros. Furthermore, the authors would like to note this project required
extensive and persistent internal collaboration between fisheries sci-
entists and data managers within the MI. For example, it was necessary
for the fisheries scientists to explain the complexity of the data pro-
duced when sampling diadromous fish populations through time. In
addition, it was equally important for the data managers to educate the
fisheries scientists on informatics science, specifically on how to
structure, model, and store data, in accordance with best practice. The
data managers led and continue to have the role of maintaining the
digital infrastructure for the archive, while the fisheries scientists
played a key role in IFBA's design, and continue to collect samples and
populate the database. The effort to catalogue all samples is still on-
going, and the IFBA database is continually being developed and im-
proved upon.

5.2. Conclusions & future work

Machine Learning is revolutionizing many scientific disciplines,
including marine science (Malde et al., 2019). Indeed, a large amount of
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images of fish scales or otoliths (in association with their interpreted
age data), could be used to develop an image recognition algorithm
(Mapp et al., 2017; Moen et al., 2018). The application of machine
learning techniques to the analysis of calcified structures could auto-
mate fish aging. The IFBA system presents a digital and physical in-
frastructure to facilitate such application. Furthermore, with the ad-
vancements in genetic techniques, biomineral archives could also be
seen as analogous to DNA banks, which can be critical to document
changes in the genetic structure of fish populations. The IFBA infra-
structure could also be adapted for any research institute or field office,
and has the potential to catalogue material and images from other
biological sample types, such as corals or shells.
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