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INTRODUCTION

Survey and fishery observation programs produce large
quantities of biological and environmental data. However,
translating those data into effective monitoring informa-
tion that is useful for decision making remains a challenge.
Agencies that collect data often lack the resources to report on
all facets of their data in a timely fashion. Typically, detailed
stock assessments report on data for only a small subset of
species. While such focused analyses are required for manage-
ment of some stocks, broad monitoring programs across an
array of species and data types are essential for detecting eco-
logical surprises and “unknown unknowns” (Hilborn 1987,
Wintle et al. 2010) as well as understanding species trends in
a timely fashion. As part of a movement toward open data
(e.g., Obama 2013; Government of Canada 2018), many raw
datasets, including those collected by government agencies,
are now made available. However, processing and visualizing
those datasets requires domain-specific knowledge (e.g., about
sampling protocols), advanced skills (e.g., data management,
population modelling, computer programming), and time.
Collectively, these factors often limit the ability for interested
parties to derive meaningful insights.

Automated visualization and reporting is one solution to
these problems. Data visualization can serve as much more
than just an endpoint of data analysis—it can serve as a crit-
ical component of the scientific process (Fox and Hendler
2011). Visualization can facilitate rapid understanding of
data, engage stakeholders, and raise awareness of data gaps.
Visualization can also serve as a tool for those with domain-
specific knowledge to spot errors in data sets or identify data
gaps where surveys or other data collection could be planned
to gather necessary data. Furthermore, compared to the
structured nature of statistical models, the unconstrained na-
ture of visualization helps detect the unexpected (Wickham
et al. 2015). The advancement of data-analysis and dynamic-
report-generation packages for the statistical software R (R
Core Team 2019), such as knitr (Xie 2017), makes it increas-
ingly practical to generate reproducible visualization reports
of survey and fishery monitoring data.

A number of governmental agencies have developed visu-
alization reports or websites featuring fisheries data. For ex-
ample, the International Council for the Exploration of the
Sea (ICES) maintains a website visualizing the data in their
ICES Stock Assessment Database from 2014 onwards (ICES
2019, available: https://ices.dk/data/assessment-tools/Pages/
stock-assessment-graphs.aspx). The site includes plots of
catches, recruitment, fishing mortality, spawning stock bio-
mass, and status with respect to reference points for stocks.
The Australian government agency maintains the “Status of
Australian Fish Stocks Reports,” which have visualized recent
catches, stock status, and reported distribution of 120 species
since 2012 (available: https://www.fish.gov.au/). In the United
States, where species are assessed and reviewed by eight region-
al fisheries management councils within the National Marine
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Modern survey and fishery observation programs generate vast quantities of data. However, regulatory agencies often lack the
capacity to translate those data into effective monitoring information. Here, we describe an approach of automated visualization
of raw fisheries data and demonstrate it with a report on 113 groundfish species in Pacific Canadian waters. Our implementation
consists of two pages per species that show standardized visualizations of temporal trends and spatial distributions of commer-
cial catches and survey indices, along with analyses of age, size, maturity, and growth. The approach facilitates discussions on
stock assessment and survey prioritization, increases transparency about data holdings, and makes data available for regular
review by interested parties. We encourage other agencies to consider similar approaches for their own data.

Fisheries Service (NMFS), no publicly available common set
of data visualizations exist. However, a variety of graphics are
published in stock assessments, ecosystem indicators are visu-
alized in Regional Ecosystem Status Reports (available: https:/
www.integratedecosystemassessment.noaa.gov/), and graphi-
cal tools exist for specific purposes such as visualizing ground-
fish distributions in Alaska (Barbeaux 2018). In Canada,
examples include Ricard and Shackell (2013)—a report sum-
marizing Fisheries and Oceans Canada (DFO) survey data for
marine fish and invertebrates on the East Coast Scotian Shelf
and Bay of Fundy.

Collectively, data visualization reports and websites, such
as those mentioned above, are important syntheses of informa-
tion and communication tools. However, these visualizations
primarily report on stock status and assessment outputs (but
see Ricard and Shackell 2013). No agency, to our knowledge,
has a one-stop location to view all available raw fisheries de-
pendent and independent data for all major stocks in a com-
mon format that encourages rapid comparison among stocks.
Furthermore, most fish stocks worldwide lack a formal assess-
ment, but some quantity of raw data often exists. Even where
assessments do exist, we contend there remains value in stan-
dardized visualizations of raw data across multiple stocks and
visualizing data between assessment cycles. There also remains
value in collecting visualizations, which would ordinarily be
scattered within hundreds of pages of individual stock assess-
ments, so that they can be viewed simultaneously and com-
pared. Such an approach facilitates new research ideas—such
as correlations that might exist between population trends or
relationships between fishery trends before and after manage-
ment changes—and addresses questions such as: What raw
data are available for various stocks? Given the data available,
which analyses could be used to assess various stocks? What
data-gaps need to be filled to conduct formal assessments of
new stocks, or improve on previous ones? Are there warning
signs in the raw data that might trigger an in-depth analysis?
What is the one place someone can go to see all the available
fisheries dependent, fisheries independent, growth, and matu-
rity data visualized for all stocks in a given region for any num-
ber of other uses (e.g., building ecosystem models)?

To address this gap, here we make the case for large-scale,
consistent-format visualization of raw fisheries data. We
demonstrate the concept through a report focusing on 113
groundfish species on the west coast of Canada (Anderson
et al. 2019). In this region, the commercial groundfish fleet
is subject to 100% on-board and dockside monitoring, while
numerous fisheries-independent trawl and longline surveys
are conducted annually, producing large quantities of valu-
able data (Stanley et al. 2015). At the same time, assessment
scientists face limitations in personnel and time. As a result,
most stocks are not regularly examined through stock assess-
ment, leaving most monitoring data unreported. Although the
Canadian government is engaged in an open data initiative
(Government of Canada 2018), some of DFO’s commercial
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data holdings cannot be shared in raw format due to privacy
laws. Furthermore, data that are shared are not easily digested
without advanced data processing skills and extensive knowl-
edge of the survey programs and commercial fisheries.

Our goals with the visualization report were manifold and
included: (1) ensuring that the current state of knowledge on
indices of abundance for all groundfish stocks are available for
regular review by DFO scientists, managers, and all interested
parties; (2) facilitating discussions related to stock assessment
and survey-program prioritization; (3) increasing transparen-
cy about our data holdings; and (4) producing standardized
tools, data-set derivation, and visualizations that are useful
elsewhere (e.g., in stock assessments).

METHODS

We aimed to make the report automated and reproducible
so that it could be efficiently updated on a regular basis. We
ensured report production was transparent with regards to
how the data were extracted from databases and treated prior
to plotting, and developed the code and report in the open and
under version control (available: https://github.com/pbs-as-
sess/gfdata;  https:/github.com/pbs-assess/gfplot;  https://
github.com/pbs-assess/gfsynopsis). Often, raw data cannot be
plotted in a meaningful way without first undergoing some
data tidying (Wickham 2014) and/or mathematical modelling,
and for this we aimed to use consistent methods across species.
To accomplish these aims, we developed a family of R packag-
es that facilitated extraction of data from relational databases
(package “gfdata”), tidying and arranging the necessary data
for modelling or plotting, fitting statistical models, plotting the
data and statistical models (package “gfplot”), and compiling
the visualizations into a report format (package “gfsynopsis”).
We wrote the packages in a modular format (Figure 1) so that
individual functions could be used for other purposes—e.g.,
so data could be extracted and biological models fit for stock
assessments in a consistent, standardized way.

In designing the report, we made the following design con-
siderations and incorporated them throughout construction
of the report:

(1) Simplify understanding of the collection of plots for each
species by maintaining a consistent layout for all species
(including empty plots to emphasize a lack of data for
some species);

(2) Enable rapid viewing of all data for an individual species
at once by limiting the report to two pages per species;

(3) Maximize information that could be presented in the
limited space by focusing on data types relevant to the
most species;

(4) Organize data to facilitate clear and simple interpreta-
tion by grouping similarly focused visualizations together;

(5) Present contextual information essential to interpreta-
tion by displaying metadata alongside visualizations
where possible;

(6) Enable simple differentiation among data sources by
maintaining consistent color meaning throughout (e.g.,
data from a given survey always uses the same color) and
use colorblind-proof colors where possible;

(7) Leave species pages entirely visual by describing the visu-
alizations in detail at the beginning of the report;

(8) Minimize misinterpretation by highlighting caveats and
uncertainty wherever possible (e.g., through shading to
indicate periods of increased uncertainty in reported
catches or indicating sample sizes associated with age

and length frequencies); and

(9) Avoid false interpretation by omitting visualizations
where sample sizes were clearly too low to draw mean-
ingful inference (e.g., omitting von Bertalanffy growth
model fits if < 20 fish were sampled or omitting spatial
density maps if < 5% of survey sets caught the species).

We focused our analysis on species of commercial, rec-
reational, conservation, or First Nations interest, as well as
those that are regularly caught in DFO surveys. We included
population trends and biological data from both commercial
fisheries and scientific surveys to give an overall snapshot
of available information for each species. Of the fisheries-
independent surveys conducted by DFO, we presented data
from those that provided the greatest spatial and taxonomic
coverage of the species. We chose to focus on aspects of the
data that were most important to stock assessment, such as in-
dices of abundance, catch and composition data, and growth
and maturity analyses. We displayed both spatial and tempo-
ral aspects of the data.

We settled on presenting visualizations of: (1) temporal
trends and spatial distributions of fisheries-independent sur-
vey data and commercial fisheries catch and catch per unit
effort (CPUE); (2) temporal trends in length and age fre-
quencies; and (3) biological quantities including length at age,
weight at length, age at maturity, length at maturity, and matu-
rity frequencies from fisheries-independent surveys and com-
mercial data sources. We additionally presented a summary of
counts of available biological data (ages, aging structures such
as otoliths, lengths, weights, and maturities) for all commer-
cial and research samples. Throughout report development,
we solicited feedback from stakeholders and other potential
users of the report on which data to include, as well as on re-
port structure and design. We also sought feedback from data
experts for various species groups to ensure that data being
captured were accurate, complete, and presented faithfully.

RESULTS

Our implementation included two pages of visualization
for 113 species of British Columbia (BC) groundfish and
sharks (Anderson et al. 2019; Figures 2-4). Figures 2-4 are
included here as examples to demonstrate our visualizations;
see Anderson et al. (2019) for full descriptions and interpreta-
tions of the data. The species covered in the report included:
34 rockfish species; 16 elasmobranch and 1 chimaera spe-
cies; 15 flatfish species; 9 gadiform species (cods); 16 sculpin
and poacher species; 3 greenling/lingcod species; 6 eelpout,
3 prickleback, and 7 other perciform species; and 1 species
each of smelt, sablefish, and snailfish. The visualizations for
many data-limited species included mostly empty plots, which
graphically emphasized the lack of data (e.g., Figure 4, last
row)—effectively turning unknown unknowns about a given
species (Wintle et al. 2010) into “known unknowns.” For data-
rich species, nearly all available data were visualized together
on two pages for the first time. Overall, the approach has had
many benefits with respect to transparency, assessment effi-
ciency, stakeholder engagement, and monitoring (Table 1) and
has been well received by stakeholders, managers, and other
fisheries scientists (DFO 2019).

DISCUSSION
We have described an automated large-scale visualiza-
tion approach that we have implemented as a report present-
ing up-to-date population trends and biological data from
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Figure 1. Data-to-document workflow for generating the data synopsis report. (A) The automated workflow from data ex-
traction to report production. (B) Example modular functions built for this report. Shown are functions for extracting biological
data from commercial and fishery-independent surveys, which are then passed to functions for tidying and arranging the data
or fitting statistical models to the data prior to generating visualizations. The functions are modular so that a data-extraction
function can be paired with multiple data-tidying functions, the data-extraction and data-tidying functions can be used for oth-
er purposes (e.g., in stock assessments), and the plotting functions can be used with different underlying data sources.

commercial fisheries and research surveys. Additionally, the
visualizations can be rapidly updated with new data in be-
tween report publications for specific purposes. Stock assess-
ments are not available for most species included in our report
and are not available every year for most species that are
assessed, which has limited the dissemination of these data
in the past. Our approach facilitates the broad monitoring
of groundfish populations; it ensures groundfish scientists,
managers, and interested parties have access to consistent,
up-to-date, and easily digestible visualizations of data hold-
ings. The approach increases transparency, provides a mech-
anism for regular review of data by relevant parties, allows
for timely identification of changes in trends, and facilitates
discussions concerning stock assessment and survey-program
prioritization.
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We contend it is the combination of public availability,
large-scale consistent-format visualizations, rapid data-to-
document reproducibility, and a focus on raw data that makes
our approach novel and useful. Undoubtedly, many agencies
worldwide have internal tools (e.g., R packages) to extract
data from databases and visualize it. While these tools are im-
portant and useful, they have limited utility for stakeholders
and scientists outside of an agency. Even within an agency,
having a single go-to report will increase speed and efficiency
since these tools require time and expertise to use, and effort
is duplicated when several people independently extract data
on the same species. In terms of format, the individual plots
that make up our two-page species summaries are based on
standard visualizations often seen scattered throughout stock
assessments. However, we contend this is a case where “the



5.49 SILVERGRAY ROCKFISH
Sebastes brevispinis (405)

Order: Scorpaeniformes, Family: Scorpaenidae, FishBase, WoRMS
Last Research Document: Starr et al. (2016)
Last Science Advisory Report: DFO (2014)
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Figure 2. Example first page for Silvergray Rockfish Sebastes brevispinis, featuring metadata and temporal and spatial trends from
fisheries-independent surveys and commercial catch and effort data in British Columbia, Canada. (Top row) Relative biomass indi-
ces from up to 10 surveys, commercial catch in each geographical region (panels) and gear type (color), and standardized (solid line)
and unstandardized (dashed line) commercial bottom catch per unit effort (CPUE). (Bottom row) Modelled relative biomass in space
from four synoptic trawl surveys (left), two hard bottom long line surveys (second from left), and the International Pacific Halibut
Commission (IPHC) setline survey (third from left); commercial trawl (second from right) and hook and line (right; H & L) CPUE.

FisHeriEs | www.fisheries.org 5



Length frequencies
SYNWCHG SYNHS SYNQCS SYNWCVI HBLLOUTN HBLLOUTS IPHCFISS Commercial Growth

218 1932 H
|asa 432 N 60 -
®
15 1323 —
il | | g
882 %02 N = 40
s =
o
223 1348 =
d h @
1 4 - Females Males
436 234 N E
%_L 2 ® k=0.10 k=0.13

g £y T linf = 59.2 linf = 54.7

S Hm t0=-2.30 10=-0.34

g‘ 887 411 8 0 .

£ ﬂ_ 2 0 20 40 60

I N N o

= - | s : ;

D [1oa2 506 1S3 Length—weight relationship

-g 136t 2 6

% g Females Males

) In(a) =-10.70  In(a) = -10.96
« i EY N b=287 b=293
1 8
2087 ~—~4
ks
T 3 2
s B
1567 g
2.
934 73 [uﬂ]] 8
(=3
E
540
- 0
20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 0 20 40 60
Length (cm) Length (cm)
Age frequencies
SYN WCHG SYNHS sYNQCS SYN Wevi HBLL OUTN HBLL OUT S IPHC FISS Commercial
H 88 § BR € i ge R BERER 058
o
o o o
[+ o (0]
80 o ¥
60 > o
o °
-]
Lo °o $
Q o
o 8 3
B 08 o
8 40 &9 o8
2 o ] bt ¢
% e Q
5 o
53 8
20| g
[+
o]

0 éggéuémé géééuv}«:é gggééu'uoé gggo&éém gggééurcoz': gggo&uﬂbé gggoﬁﬂém gééé&vg«'ﬂn
88855558 §S8S55558 SS5585528% SS5555858 SSS55588 SS855555, 88858555 88558888 s
NANNNNNNN NNNNNN N NNNNNNNN N NNNNNN NANNNNNNN NNNNN NN NANNNNNANN NNNNNNNN
Age at maturity Length at maturity Maturity frequencies

1.00 1.00 ' 2183 602 805 1059 627 3126 2744 2326 723 1121 331

1013 1841 555 1‘28 2517 1491 5797 2777 2208 779 1088
g 0.75 gws F 05 = 36.1 Irenare | ¢
3 §™" F50-4300m Maturing -
E E F 95 = 49.9cm Mature
£0.50 £0.50 Embryos
o o M 05 = 35.3cm Ripe
8 8 M 50 = 42.9cm Sex
© 025 D 0.251 M95=50.5cm _ Running Ripe | _
o o F Spent
-=M
0.00 0.00 - ' oy Restng |_
20 20 40 60
Age (years) Length (cm)
Survey specimen counts
#Length | DB 7| 700 110d180d1500800tz000220d190d2300
# Weight 400 [ 50 700|800 600
#Maturity | Y K] 500 700 600|500 m 'm
#Age 00| oofiood 20
# Age structures

mna 1DﬂR mnn 2nn2 7004 9nnﬁ 2008 9n1n 7017 9n14 2018 2018 1998 1”8 9nnn 7007 7nn4 7nna 2008 7{110 7n19 7ﬂ14 2018 2018

Figure 3. Example second page for Silvergray Rockfish, featuring biological sample, maturity, and growth data in British Colum-
bia, Canada. (Top left) Length frequencies by year and survey for females (colored) and males (grey). (Top right) Length-age von-
Bertalanffy and weight-length model fits. (Second row) Age frequencies by year and survey. (Third row) Age-at-maturity and
length-at-maturity model fits and frequency of maturity stage by month. (Bottom row) Counts of available fish lengths, weights,
maturities, ages, and aging structures from all available survey and commercial samples.
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5.68 CANARY ROCKFISH

Sebastes pinniger (437)
Order: Scorpaeniformes, Family: Scorpaenidae, FishBase, WoRMS.
Last Research Document: Stanley et al. (2009)

Last Science Advisory Report: DFO (2009)

GOSEWIC Status Report: COSEWIC (2007)

COSEWIC Status: Threatened, SARA Status: No Status
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Order: Pleuronectiformes, Family: Pleuronectidae, FishBase, WoRMS
Last Research Document: Starr (2009)
Last Science Advisory Report: DFO (1999)
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5.113 SAND SOLE

Psettichthys melanostictus (636)
Order: Pleuronectiformes, Family: Pleuronectida, FishBase, WoRMS
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Figure 4. A consistent layout across species enables rapld comprehen5|on of data, comparison across species, and highlights
missing data (blank panels). Some missing data are due to a lack of sampling or aging for a given species and others are be-
cause a given species is more susceptible to trawl or longline survey gear. Shown here from top to bottom are three species in
decreasing order of data richness: Canary Rockfish Sebastes pinniger, Petrale Sole Eopsetta jordani, and Sand Sole Psettichthys
melanostictus.
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Table 1. Features and examples of their benefits for large-scale
consistent-format visualization of raw fisheries data.

Feature

Example benefits

Assembles all data for
all species in one place
in a common format

Many visualizations

in close proximity
encourages comparison
across data sets

Promotes regular review
of survey trends for all
species

Builds trust between
contributors of data and
government agency

Makes data
interpretable to all
interested parties

Highlights data richness
and data poverty

Identifies data
anomalies

Assists rapid prototyping of operating
models and proposing candidate
management procedures

Assists parameterizing ecosystem models

Provides a quick reference when initiating
or reviewing any stock assessment

Allows comparisons of all fisheries
dependent and independent index trends
for similarities and contrasts

Allows simultaneous consideration of
spatial and temporal trends

Inspires new research ideas

Shows recent declines in multiple survey
indices for stocks with no planned
assessment or in between assessments

Assists in discussions of stock assessment
prioritization

Allows industry associations that have
contributed time or money to survey
programs to see their data being used

Ensures data collected with tax-payer
funds are not left hidden on internal
government servers

Makes visualized data available to
public, Indigenous people, NGOs, fishing
industry, fishery managers, consultants

Turns raw data into interpretable graphics
for interested parties lacking the skills,
time, and institutional knowledge to do
this with available data (i.e., open data is
not enough)

Ensures data have been interpreted
appropriately and with caveats by those
with institutional knowledge

Assists with discussions of survey data
prioritization (e.g., aging-structure
collection priorities)

Makes known unknowns clear

Shows consistent deviations in survey
indices across stocks that indicate
historical deviations from survey design

Allows detection of fish lengths or weights
entered in wrong units

whole is greater than the sum of its parts.” Having such a va-
riety of plot types in close proximity (a high data-to-ink ratio;
Tufte 2001) enables comparison and a rapid understanding of
any assessed or unassessed stock in a way that is not otherwise
possible. As examples, in our case, up to 10 survey indices can
be compared among themselves and with commercial CPUE,
length and age composition patterns are plotted for all surveys
together, and spatial and temporal survey patterns can be con-
sidered simultaneously.

Internally, the approach we describe here provides many
features and resulting benefits that would extend to any agen-
cy taking a similar approach (Table 1). Specifically within our
region, as one example, the report has become an indispens-
able tool for developing operating models when implementing
a management procedure approach to fisheries management
(e.g., Butterworth and Punt 1999) for data-limited groundfish
stocks. The report gives analysts a quick overview of available
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data types and quantities and, therefore, what management
procedures are possible for a given stock. Second, the ap-
proach has helped analysts identify numerous anomalies in
our databases. For example, we noticed that 2009 was con-
sistently a low index year in one of our longline surveys and
discovered that the survey design was not followed precisely
that year. This information had been lost to current stock as-
sessment scientists. Third, the ease with which we can skim
survey indices and composition data has enabled us to detect
notable changes quickly. For instance, immediately after the
2019 survey data were entered, we regenerated the report and
skimmed survey indices for any major changes. We noted a
rapid decline in some Arrowtooth Flounder Atheresthes sto-
mias survey indices and early signs of recovery of Bocaccio
Rockfish Sebastes paucispinis in survey indices and age com-
positions. These types of issues have played into discussions
of assessment prioritization and work planning.

It is important that the approach we describe is automated
from data extraction to report generation because the product
is most useful with up-to-date data and it would be an enor-
mous undertaking to repeatedly recreate such a report from
scratch. This is considerably easier with carefully organized
and maintained relational databases. This report and its data-
to-document workflow demonstrate the value of investing in
the development and ongoing maintenance of organized da-
tabases for any agency collecting and housing large quantities
of data (e.g., Michener and Jones 2012). The functions we
created to extract groundfish data for the report are available
within our organization for those requiring access to the da-
tabases, and facilitate internally reviewed, standardized, and
consistent data extraction methods. Importantly, the func-
tions allow us to work efficiently while living with the legacy
of multiple historical databases without the need to create a
single monolithic database.

Unlike detailed species-specific analyses conducted in stock
assessments, we liken the mass visualization of raw fisheries
data to window shopping. The approach gives a quick flavor of
the available data for a given stock and hints at possible indices
of relative population trends. However, the outputs are not a
substitute for species-specific stock assessment (or graphical
syntheses of stock assessment output; e.g., ICES 2019). For
example, stock assessments may use different data sources that
are most applicable for specific species, analyze data on a finer
spatial scale, or make considerations for special cases that are
not included in our report. Furthermore, relative biomass in-
dices based on survey or commercial CPUE data in the report
require careful, species-specific interpretation as they may not
best represent abundance trends for some stocks. For example,
biomass indices may be based on surveys with particularly low
catchability for certain species, or commercial CPUE may be
influenced by management changes.

We suggest that an approach such as we have presented
would have broad utility across taxonomic groups, regions,
and types of data. A similar approach could be useful nearly
anywhere agencies monitor multiple ecosystem elements (e.g.,
populations, species, and/or environmental processes) with
relevant data maintained in databases. The approach would
be especially useful for agencies that lack the capacity to as-
sess those elements in great depth at a frequency that meets
management needs. However, even with regular detailed as-
sessments, such an approach can provide a broad overview
in a consistent format across all elements. We hope our ap-
proach can serve as a template for other regions and species



groups—as one of many tools—to turn survey and fisheries
data into effective broad monitoring.
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