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Abstract

Teleost fishes show the most outstanding reproductive diversity of all vertebrates. Yet to
date, no one has been able to decisively explain this striking variability nor to perform
large-scale phylogenetic analyses of reproductive modes. Here, we describe STrategies
Of REproduction in FISH (STOREFISH) 2.0, an online database easing the sharing of
an original data set on reproduction published in 2007, enriched with automated data
extraction and presentation to display the knowledge acquired on temperate freshwater
fish species. STOREFISH 2.0 contains the information for 80 freshwater fish species and
50 traits from the analysis of 1219 references. It is anticipated that this new database
could be useful for freshwater biodiversity research, conservation, assessment and

management.

Database URL: www.storefish.org

Teleost fishes are the most speciose taxa of vertebrates with
>34 000 species described so far (1). They have colonized
almost every possible marine and freshwater habitats from
tropics to polar regions (2). They displayed the most out-
standing reproductive diversity of all vertebrates (2—4). This
includes, among others, egg diameter, larval size, gender
systems, spawning dynamics, modes of fertilization, mat-
ing systems, secondary sexual characteristics and parental
care (2, 3). Yet to date, no one has been able to decisively
explain this striking diversity nor to perform large-scale
phylogenetic analyses of reproductive modes (3, 4). This
is mainly due to the lack of information on the reproduc-
tion of numerous species (3) despite the recent progresses
on their phylogeny (~80% of the families) (5). Therefore,
only few studies attempted analysing the evolution of a
© The Author(s) 2020. Published by Oxford University Press.

handful of reproductive traits for a large number of species
(6) while many more works compared numerous traits but
for a low number of species (7). The comparative anal-
ysis of reproduction of teleosts is useful to understand
trade-offs between reproductive traits (e.g. oocyte diame-
ter and fecundity) and highlights common patterns of life
history (e.g. 8, 9). Reproductive traits are also increas-
ingly being used, often combined with other traits, in a
wide range of applications in ecological and evolution-
ary research (10-12), such as for river (13) and fisheries
(14) management, to predict fish invasions (15) or for the
assessment of climate change (16).

Trait-based approaches first require gathering data on
several traits, which could be defined as measurable eco-
logical, life history, morphological, physiological and
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behavioural expressions of species’ adaptations to their
environment (11). Cano-Barbacil et al. (12) recognized two
types of traits (1): biological traits describing life cycle,
physiological and/or behavioural characteristics including
maximum body size, longevity, or feeding and reproduc-
tive strategies and (2) ecological traits or requirements
that are linked to habitat preferences, water flow, pollu-
tion or temperature tolerances (12). This essential step is
time-consuming and usually considered tedious and tricky
to perform because no efficient automatic system exists
(17-19). Despite progress to transform data described in
natural language (free text) into a computable database
that can then be statistically analysed, it is indeed still
necessary to manually search information in each refer-
ence (18). This explains why phenomics—as a counterpart
to genomics—which aims to make large-scale compar-
isons of phenotypes, is still in its infancy, and today only
semi-automatic approaches appear feasible (20) [see, for
instance, refs. (17, 21)]. For fish, the largest database ever
developed is FishBase [www.fishbase.org (22, 23)]. Cre-
ated by Daniel Pauly and Rainer Froese in the late 1980s
(http://www.seaaroundus.org/tag/fishbase/), this database
was initially conceived to service the fisheries science com-
munity and has since evolved to cover many aspects of
the life history of fish (24). It is today the electronic ency-
clopaedia on fish (25) and in recent years has received
more citations per year than any other fisheries reference
(26). Many other databases were also developed for fish,
such as FishTraits [http://www.fishtraits.info/ (11)], FishT-
EDB [http://www.fishtedb.org/ (27)], Osteobase [http://ost
eobase.mnhn.fr/ (28)], FishEthoBase [http://www.fishetho

base.net/ (29)] or TOFF [http://toff-project.univ-lorraine.fr
(30)], often with links to FishBase.

In 20085, a research programme was launched to evalu-
ate whether it is possible to extrapolate the zootechnical
knowledge acquired from one species to others to help
diversifying aquaculture production (31). The rationale
was that if clusters of species were sufficiently homo-
geneous, this could allow predictions of biological pat-
terns between species (31). Once completed, this approach
would allow the application of existing zootechnical tech-
nologies proven to work on one species to others belonging
to the same cluster, thus lowering the uncertainty when
farming a new species and saving both time and money
(32-34). In order to evaluate the reliability of such a
comparative approach, reproduction was used as a proof-
of-concept function because its control is a prerequisite
for domesticating new fish species (31). This research
programme was restricted to temperate freshwater fishes
inhabiting chiefly Western Europe because European inland
aquaculture had several opportunities for diversification
(31). We also anticipated that enough reliable information
was available in the literature (31). Because FishBase did
not contain enough data for the targeted species at the time,
the first goal of this project was to develop a new database,
which was entitled STOREFISH, acronym for STrategies
Of REproduction in FISH (31). The entire development
of the STOREFISH database was divided into four main
tasks [see Figure 1 in Teletchea (35)]. The first task was to
establish a structured and semantically formalized ontology
(17, 19), which could be defined as a controlled vocabulary
that describes objects and the relations between them in a
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Figure 1. Data processing and feature extraction workflow. Traits defined as numbers were extracted using python’s regular expression, text entries

were extracted semi-automatically by keywords extraction. Incomplete or difficult data extraction were curated by experts.
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formal way (36). Based on a 6-month literature search, a
preliminary list of 135 traits was established, among which
50 were finally kept. For each of them, a definition was pro-
posed and validated by a group of 10 fish specialists (31).
Among the 50 biological and ecological traits (Table 1), 23
are categorical (e.g. egg buoyancy) and 27 are numerical
(e.g. oocyte diameter) [see also Frimpong and Angermeier
(11)]. They were grouped into five main categories: 7 traits
for egg, 7 for larvae, 12 for females, 9 for males and 15 for
spawning conditions (31). The second task was to select
species among the 150 initially identified based on a few
reference books and FishBase: 80 (belonging to 19 fami-
lies) were finally included in the database; for the others,
very little information was found (31). The third task con-
sisted of searching and reading publications. It appeared
particularly difficult because most relevant references were
dispersed and old (usually not available online at that time,
but see https://www.biodiversitylibrary.org/). This required
going to different public institutions, such as the National
Museum of Natural History in Paris, which host old arti-
cles, and manually photocopying hundreds of articles or
other references. The fourth task consisted of manually
entering data into an Excel® sheet, which was performed
by the last author and lasted for ~1.5 years. After ~2 years
of work, >80% of the 4000 cells (80 species x 50 traits)
of the database were filled corresponding to the analysis of
>1000 references (31).

From these original or primary data, a set of secondary
data (16) was manually generated by the last author for
species (65 out of 80) and traits (29 out of 50) for which
enough information was available. Based on this new
data set, a first study aimed at establishing a typology of
reproductive strategies to evaluate whether it is possible
to extrapolate the knowledge acquired on one species to
other (37); this new classification confirmed that extrap-
olations concerning biological traits cannot be based on
phylogeny only and differed significantly from classifica-
tions earlier proposed (8, 9, 13, 14). Two additional studies
(i) demonstrated that the relationship of oocyte diameter
and temperature to incubation time for temperate freshwa-
ter is different from marine fish (38) and (ii) highlighted
how the different trade-offs at the early life stages ensured
that first feeding of larvae of temperate freshwater fish
occurs in spring and early summer (39). A fourth study
summarized the differences in reproductive traits between
freshwater and marine fish and highlighted the possible
implications for aquaculture practices (40). Altogether,
the five articles linked to the STOREFISH project were
cited by ~200 articles (including 47 self-citations), with a
mean of 14 4 8 per year. The articles are grouped into five
categories: basic biology (z = 80), aquaculture (7= 61), cli-
mate change (7 = 36), invasive species (7 =9) and fisheries

management (n = 7). This assessment demonstrates that the
potential applications of this project, as expected in 2007,
go well beyond aquaculture and that many researchers are
looking for open-access data (12, 16). In addition, three
of the four articles using the data in STOREFISH were
much more cited than the original publication, which partly
explains the reluctance of data holders to make data avail-
able because of the lack of proper citation (16). Also, even
though we applied for several grants in the past decade
to develop an online version and enlarge the database, we
were never able to obtain any funding (35). In conclusion,
the STOREFISH project may illustrate why data holders
are reluctant to make primary data available given the rel-
atively limited perceived advantages, the effort involved
in preparing the data as well as the lack of funding and
proper citation; so altogether, the lack of databasing work
by research institutions (16, 41).

The aim of the present article is to describe STOREFISH
2.0, an online database easing the sharing of the origi-
nal data published in 2007 (31), enriched with automated
data extraction and presentation to display the knowl-
edge acquired on temperate freshwater fish species. It is
anticipated that this new database could be useful for fresh-
water biodiversity research, conservation, assessment and

management (12, 16).

Material and methods

Data processing

Each trait was isolated from the original Excel® database
and modelled to establish how secondary data should be
automatically generated (Table 1). The relevant columns
and lines were first exported as a csv file and then processed
using Python regular expression. The general overview
of the process used to extract primary data is presented
in Figure 1. For categorical traits where one or more cat-
egories were present, a keyword search was performed on
the primary data. If the keyword(s) search was successful,
the category value was assigned, otherwise an expert cura-
tion was required to avoid any ambiguity. For numerical
traits, three type of values were mostly present: (i) one num-
ber, which was extracted as is; (ii) one interval if a hyphen
was between two numbers—in this case, the mean of the
two numbers was calculated; and (iii) multiple numbers
(single or interval)—in this situation, only the first value
(or mean of an interval) was stored. Some traits contained
only qualitative data as in egg buoyancy, or spawning sub-
strate and other traits contained both numerical and qual-
itative values as egg diameter or larval size upon hatching
(31). In this case, both numerical and categorical extrac-
tions may be performed but only the relevant data type is
displayed in STOREFISH 2.0 (Table 1).
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Database setup

We used the Django framework from previous database
setup such as a in the repository of red blood cell proteins
called RESPIRE (42) and a web portal for virtual screen-
ing management called dockNmine (43). We reused some
of the core routines in STOREFISH 2.0, for instance those
involving mining routines making use of Biopython (44)
and those for literature management. The database is pow-
ered by Apache 2.4 web server running on a virtual machine
powered by Ubuntu 18.04 LTS, mysql 5.6 is used to store
data content. To enhance the user experience, bootstrap 3.0
and Amcharts javascript libraries are used. The database
content is backed up every day.

Results and discussion

Transformation of primary data into secondary
data

The original STOREFISH database was filled in with 3256
unique traits description, i.e. 81.4% out of a maximum of
4000 annotations (80 species with 50 traits each). These
traits listed in 1949 Excel® lines were first split into 14 836
primary data in csv files as many lines contained more than
one unique annotation. The processing of these csv files
allowed us to identify 8236 primary data for numerical
traits and 6600 primary data for categorical traits. The
processing of primary data using regular expressions for
numerical traits allowed to recognize 1836 single numeri-
cal values, to extract the mean of 2518 numerical intervals,
and 3396 additional numbers when more than one num-
ber was found in the original annotation. This secondary
data processing allowed to extract 94% of the primary data
found in the initial version of STOREFISH for numerical
traits. The unambiguous assignation of traits by category
could also be performed for 53% of primary data. The
remaining ambiguous cases required expert curation; some
primary data were not conclusive for the considered trait.
A few examples for each of the treatments and special cases
requiring human curation are indicated below.

Depending on the difficulty of treatment of the primary
data content, three types of processing routines were per-
formed (Table 2). In the first case, computational transfor-
mation allowed to unambiguously determine the secondary
data value. For oocyte diameter in Barbatula barbatula,
a single numerical value ‘1’ was present in the primary
data; therefore, the number was recognized ‘as is’ without
any further treatment and converted into a float numeri-
cal value of 1.0. When an interval was found, such as for
the oocyte diameter of Tinca tinca (0.4-0.5), it was con-
verted into the average float value of 0.45. When more
than one number was detected, as for the oocyte diameter
in Lepomis gibbosus (0.529 and 0.477), only the first one

was kept. Primary data may also contain mean values with
the plus—minus separator sign. In that situation, the mean
value was kept and the standard deviation was not consid-
ered. In all three situations, only a single numerical value
was extracted, converted when possible to the mean value
for the parameter. When no numerical value was present,
like in the oocyte diameter for Aphanius iberius (‘big eggs’),
no secondary data was obviously computed. Data process-
ing was equally unambiguous for categorical data where a
single keyword, or a short list of keywords, defines the trait.
The ‘photophobic’ status for the reaction to light trait in
Alosa alosa was straighforward from the single value found
in the primary data, as for the spawning season (months)
for Oncorbynchus tshawytscha (September and October).
Even when complex sentences were present in the primary
data, as in the sibling intracohort cannibalism annotation
for Esox lucius, exact keyword matching (‘cannibalism’)
allowed to qualify the category without error. In this long
sentence, multiple data were present: the expert indicated
that the starting day of cannibalism was present, alongside
the fish length at this time. Those traits are however not
addressed in the present database, but we plan to extract
more secondary data in the future.

In the second case, transformation required more atten-
tion than single numerical or categorical value extraction
detailed earlier. The values extracted were correct but
incomplete. An example is given for the Onset of Oogene-
sis in Ictalurus punctatus where 2 months were correctly
detected (November and March), but the intermediate
months were not taken into account. Indeed, primary data
contained the period description (from November until
March), but many literal forms may exist even in this simple
case: (i) from November to March, (ii) starting in Novem-
ber and ending in March and (iii) ending in March after
slow increase in November. Since all sentences may be
valid English (or non-native writing in English) and can be
found in publications, caution must be taken and expert
curation was performed to adjust the initial list to a more
correct one (November, December, January, February and
March). In most cases in this situation, no secondary data
were extracted; so, the expert curation is mandatory to val-
idate data, if they should be present; such primary data
have never been analysed before (31, 37-40) and explained
why they required additional work to be transformed into
reliable secondary data.

In the third case, the aforementioned methods lead to
inconsistencies or errors. Expert curation was then manda-
tory to correct these errors. We illustrate these situations
with two examples for the oocyte diameter trait. For the
species Blicca bjoerkna, three interval values were detected.
Due to the sentence ordering, a percentage was wrongly
transformed into millimetres, the secondary data becoming
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75.0 mm instead of 0.884 mm (mean of the valid first inter-
val). Since there were three intervals (and thus six numerical
values), only an expert can indicate which value has to
be kept in the secondary data annotation. After curation,
the secondary data extraction was kept, but the curated
and corrected value was saved in a dedicated field in the
database. A more complex example is for Morone sax-
atilis. For this species, the numerical value picked was
the correct one (838), but the authors had indicated the
numerical value in micrometres instead of millimetres, as
found in most articles. This situation could be handled
using complex bioinformatics treatments, but after evalua-
tion, we found the expert annotation to be more robust, in
particular less prone to false-positive detection.

After careful analysis of the primary data present in
the initial STOREFISH, we have set up a limited set of
transformations to ensure that most data were transformed
into numerical and categorical data unambiguously. These
transformations were kept conservative, with simple trans-
formation rules, so our expertise could concentrate on
the most tedious cases, where multiple data were detected

(up to 36 numerical in primary data for some entries). The
programmatic transformation of data led to the automatic
annotation of 75% of the original corpus, manual cura-
tion added an extra 10% and the remaning values will need
further evaluation (contradictory or non-existing data in
primary data) for a future release of the database. Upon
curation, we have set up more rigid naming conventions for
future data incorporation and identified the need to have
shorter primary data text extraction, which could ease the
arrival of new curators.

Overview of STOREFISH 2.0

This database contains the information for 80 freshwater
fish species and 50 traits from the analysis of 1219 refer-
ences (Figure 2). After a short description of the content
of the database, the first page presents two graphs display-
ing the data coverage by species and traits, both classified
from the best to the least known, which allows a rapid
assessment of the knowledge acquired in the past decades
(Figure 2). The data coverage ranges from 100% for yellow

Storefish 2.0: a database on the reproductive strategies of teleost fishes

nd §0 raits fram the analy 1219 raterance

Data coverage by species

100%
JE ehart iy arsarry

Dt ¢

Figure 2. STOREFISH home page. Accessible data are available by species, traits or by reference. A search-as-you-type box allows to rapidly find a

species of interest.
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Figure 3. Comparison of trait enrichment between Perca fluviatilis (442 primary data, resulting in 237 secondary data) and Alburnus alburnus

(146 primary data, resulting in 102 secondary data).

perch Perca flavescens to 52% for black carp Mylopharyn-
godon piceus, and from 100% for oocyte diameter to 25%
for spermatogenesis duration (Figure 2). The second page
presents the 80 species with their scientific name, order,
family and common name. By default, species are alpha-
betically ordered, but they can also by classified by their
order, family or common name. Species can be displayed
one by one with on the top of the page an overview of
the trait completeness, total data found and number of ref-
erences used; and when available, a picture provided by
the last author (45, 46). An external link to FishBase was
also added. Then, a graph shows the number of data found
for each of the 50 traits with a different colour for egg,
larvae, female, male and spawning conditions. Two con-
trasting examples are provided in Figure 3, which highlights
a species, European perch Perca fluviatilis, for which many
information has been found and one barely known, bleak
Alburnus alburnus. These two examples illustrate that most
studies focused on economically valuable species and con-
versely fish species with a small distribution range as well
as endemic species present lower coverage and data avail-
ability in trait databases (12). This represents the biggest
obstacle for biodiversity data users because many species
and regions are still highly under-sampled or completely
unrepresented (e.g. rare taxa, regions that are difficult
to access) in online databases (10, 25). Conversely, it
also demonstrates that we accumulated considerable traits
information for some species by painstakingly reviewing
accessible literature (11). Then, five tables present in detail
the information for each trait, with five columns: trait id,
trait, primary data (raw information as originally entered
in the Excel® sheet by the last author), secondary data
(extracted as explained in Figure 1) and reference. We chose
to provide primary data online because it allows detecting
knowledge gaps regarding trait information and possible

discrepancies among fish-trait databases (12). It could also
be useful to evaluate the intraspecific variability of traits,
that is, differences of traits within species for instance due
to different environments or geographical variation (12).
Intraspecific trait variability is frequently neglected as trait
values are summarized as averages per species; thus, only
secondary data (16) are available in most publications, or
it is assumed to be negligible compared to interspecific vari-
ability (37-39), which might lead to biased results (10, 12).
Secondary data were automatically extracted and manually
curated when necessary (Figure 1), and then used to per-
form the graphs as well as the univariate statistics showed
in the database.

The third page presents for each of the 50 traits, grouped
into the five main categories, the definition described in
Teletchea et al. (31). It is possible to display all informa-
tion acquired for each of the 50 traits by clicking on it.
The third page presents the reference with a graph show-
ing the number of references per year. The oldest reference
was published in 1928, while the most recent analysed is in
2010; the last author stopped looking for references in the
past decade. It is anticipated that many more articles have
been published on the reproduction of those species and
therefore new data will now be regularly added. By clicking
on each reference, it is possible to access all data extracted
in the database linked to it. The fourth page entitled statis-
tics presents univariate analysis from the secondary data,
using box plots for numerical traits, and pie charts for
categorical traits (Figure 4).

Future updates of STOREFISH 2.0

Although the call for open-access data is becoming louder,
long-term and large-scale data are still difficult to obtain
(16). This may be due to the fact that only few water
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Figure 4. Example of detailed database statistics for numerical traits (oocyte diameter, left) and categorical traits (reaction to light, right). The graphs
are interactive online, discrete values are shown upon mouse hovering on the displayed data. Void categories indicate there is no primary data, No
category indicates that no category was detected, ambiguous values indicate that multiple categories were found for one species, with no category

being more representative of the secondary than any other.

managers, policymakers or even scientists are aware that
globally shared open-access data can be useful (16). Devel-
oping an online database is a long journey and first requires
the clear standardization of trait definitions, better known
as ontologies, which are not yet available for many taxa,
hampering data gathering and sharing (10, 19). Such stan-
dardization may result in researchers concentrating their
efforts on a limited number of traits (50 in STOREFISH)
and, therefore, reducing research of other traits that may be
revealing for particular groups or poorly understood eco-
logical functions (10). Then, standardized protocols and
corresponding database tools are required for recording
trait data but are not yet available or applied in freshwater
fish (12). Besides, the capture of phenotypic information
in natural language in a way that is amenable to computa-
tional analysis has been a major challenge of the past two
decades (19). Therefore, till today, data are still entered
by dedicated encoders (24). Encoding does not only imply
manual typing of data; rather, it is that aspect of doing
science that involves searching the literature for pertinent
information, breaking this information down to units of
data and finally encoding these into an interface incorpo-
rating rules and error traps, as does the FishBase encoding
interface (24). In contrast to FishBase (1) or Fishtraits
(11), all information in STOREFISH was entered by one
person (ET.), and no data entries were verified by a sec-
ond person. Therefore, we will continue to use feedback
from peer reviewers and users of the database, as well as
our continuing review of literature, to update and cor-
rect it, as performed for FishTraits (11) and FishBase. As
any database, a user should always check the date of last
update, gain a basic understanding of the data flows and
be aware of the risk of error propagation (16). Despite the
multitude of possible pitfalls and limitations in the usage
of data from different sources, the benefits of having them
publicly available clearly outweigh the potential issues (16).
Public availability of data exposes them to possible scrutiny

by peers, opens the potential to reuse including integration
in large-scale analyses, represents an increased resource effi-
ciency (not requiring new investments in data generation
for well-covered areas) and results in a better understand-
ing of gaps in the data (16). To make sure that our database
will remain accessible, which is a major issue due to the lack
of resources to manage and preserve data for the long term
[see Costello et al. (47)], we plan to make STOREFISH a
fully machine-readable linked open data (16) and adhere to
the FAIR principles, namely making data findable, accessi-
ble, interoperable and reusable, to be able to join the Open
Traits Network (41).

Conclusion

Nearly 135 years after the onset of the STOREFISH project,
the database is ultimately online. Even though technologies
have improved during this time, human curation remains
essential at each step of the process, particularly for search-
ing and encoding primary data (23, 24). Yet, the trans-
formation of primary data into secondary data can be
quite efficiently performed automatically if primary data
are correctly entered within the database. Now that we
know better how to enter the primary data to automat-
ically extract the information, we anticipated to release
an enlarged database next year, focusing on the early
life stages of American freshwater fish species (48). In
the future, our main goal is to combine the data gath-
ered within STOREFISH 2.0 and similar databases with
concept and methods of systematics (33, 34), to better
understand the evolution of life history across the tree
of life of fishes as well as help answering more applied
questions, such as the onset of cannibalism or the link
between larval size and feeding protocols (33, 34). We also
anticipate that this new database could be useful for fresh-
water biodiversity research, conservation, assessment and

management.
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