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REVIEWS

Innovating transcriptomics for practitioners in freshwater 
fish management and conservation: best practices 
across diverse resource‑sector users

C. A. D. Semeniuk   · K. M. Jeffries · T. Li · C. M. Bettles · S. J. Cooke ·  
B. A. Dufour · E. A. Halfyard · J. W. Heath · K. Keeshig · N. E. Mandrak ·  
A. J. Muir · L. Postma · D. D. Heath

of conventional (capture-based) sampling methods, 
which provide only a temporal “snapshot” and gener-
ate data lacking in sensitivity and prognostic ability. 
Here, we propose an innovative genomics approach 
to develop a health toolkit that will allow resource-
sector users to determine the health status of fresh-
water fishes, including their coping capacity, to envi-
ronmental stressors. The stress-response transcription 
profile (STP)-chip is a suite of quantitative gene tran-
scription assays that represents key gene pathways 
broadly associated with fish functional responses 

Abstract  Thriving freshwater fish populations 
contribute to people’s economic prosperity and well-
being. Yet, freshwater fish populations are in criti-
cal condition around the globe. Most stressors to 
freshwater fishes, fisheries, and culture stem from 
habitat impacts, water-quality issues, and aquatic 
invasive species. Logistical difficulties of monitor-
ing fish health are compounded by the limitations 
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to environmental stress; therefore, the differential 
expression of well-selected genes can provide sensi-
tive fish-health status indicators. Despite the scientific 
achievement of using genomics tools, actualizing the 
toolkit in practice is only successful if resource-sector 
users have full buy-in. We present seven case stud-
ies representing different practitioners and resource 
users – Indigenous rightsholders, environmental con-
sultants (industry), commercial aquaculture, environ-
mental charities (ENGO), and fishery commissions 
and managers (government) where each explores the 
benefits and risks associated with the adoption of a 
genomics fish-health toolkit. Using a co-production 
approach, wherein practitioners and resource users 
are engaged from the outset, these case studies reveal 
translational pathways that would be needed to over-
come barriers to technological adoption and, hence, 
accelerate the responsible uptake of genomics-based 
applications in fisheries assessment, management, 
and conservation.

Keywords  Gene-expression · Fish health · 
Genomics toolkit · Adaptive capacity · Innovative 
technology · Case study

Introduction

Freshwater ecosystems are among the most threat-
ened and degraded on the planet (Dudgeon et  al. 
2006) as evidenced by freshwater biodiversity declin-
ing by greater than 80% since 1970 according to the 
World Wildlife Fund Living Planet Index (Harrison 
et al. 2019). Not surprisingly, freshwater fishes have 
been impacted by human activities with extinction 
rates that exceed those of nearly every other taxa 
(Sisk et  al. 1994). Unlike the marine realm, where 
the primary driver of fish population declines is 

often overharvest, there are many interacting stress-
ors in fresh waters, often external to the fisheries sec-
tor, that influence fish populations (Adamus 2001; 
Cooke et  al. 2016). For example, hydropower facili-
ties impede connectivity and change flows in rivers; 
pollution acts on fishes and their food supplies; habi-
tats needed for key life-history processes are altered; 
and invasive species (including pathogens) compete 
with native species and alter ecosystem structure and 
function (reviewed in Dudgeon et al. 2006; Arthing-
ton et  al. 2016; Ives et  al. 2018; Reid et  al. 2019). 
Overharvest does occur in inland waters (Allan et al. 
2005), but tends to be not as readily detectable as in 
marine environments (Post et al. 2002). Fishes reared 
in culture facilities face their own suite of stressors, 
both within the hatchery and after release (for con-
servation or management purposes); and the ability 
to assess the health and adaptability of cultured fish 
can be critical for maximizing production in culture 
facilities (Moreira et  al. 2021). Exacerbating those 
stressors is climate change, which can have dramatic 
effects on fish populations given the manifold effects 
of water temperature on the biology of fishes (Myers 
et al. 2017).

Knowledge of the health status and adaptive cop-
ing capacity of a population is therefore particularly 
important as fish face the need for rapid adaptation to 
increasing and varied stressors (Bernos et  al. 2020). 
The diversity of tools to assess the health and con-
dition of fishes and fish populations has expanded 
greatly in the last few decades (Sopinka et al. 2016), 
but most approaches are still limited and rely directly 
on standard assessments of fish necropsies, body-con-
dition indices, collection of blood to run basic assays 
(e.g., cortisol, glucose), or indirectly on community- 
and population-based indices such as Index of Biotic 
Integrity (Hughes et  al. 1998). Genomics-based 
approaches can contribute to addressing the pressures 
facing freshwater fishes (Su et al. 2021). For example, 
they can be used to determine whether freshwater fish 
populations, individuals, or both, possess the scope to 
adjust, acclimate, and evolve in response to contem-
porary stressors including climate change, aquatic 
invasive species, and pollution across a gradient of 
environmental impacts (Bahamonde et  al. 2016). 
Genomic methods can provide remarkable opportu-
nities for transformative fish and fisheries assessment 
technologies that can potentially overcome the logisti-
cal difficulties of conventional methods. In particular, 
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transcriptional profiling—the quantification of tran-
scribed variation at multiple gene loci with the goal 
of detecting a coordinated (and adaptive) response to 
specific stimuli – can prove a valuable tool for identi-
fying and ultimately reducing abiotic and biotic stress 
in animals (He et al. 2016). Such an approach would 
improve fish health through increased resilience to 
disease and more accurate diagnostic tests, and adapt-
ing production to accelerated climate change (He 
et al. 2016; Connon et al. 2018). This method can be 
more sensitive, prognostic, and accurate than conven-
tional assessment methods of fish health, and the data 
gathered would be more robust and comprehensive. 
Nonetheless, to improve the sustainability of fresh-
water fish resources, even transformative genomic 
tools are not enough if they are not widely adopted 
outside of academia. The comfort level with genom-
ics technologies, such as transcriptomics, is gener-
ally low within the fisheries and aquaculture sectors 
(Millar 2013; Kadykalo et  al. 2021), and regional 
users may be more receptive should a marketable 
transcriptomics ‘toolkit’ be developed expressly for 
their use. However, because government agencies, 
non-governmental organizations (ENGOs), and pri-
vate enterprises are acutely aware of the public scru-
tiny given any decisions impacting freshwater fish 
resources, they need strong evidence that new tech-
nologies will provide returns on investments of time 
and money with a measurable improvement in fisher-
ies management.

Here, we explore ways to actualize the use of tran-
scriptomics in fisheries for sectors directly involved in 
their assessment, management and/or conservation. 
We begin by reviewing the benefits and limitations of 
conventional methods employed for fish-health moni-
toring. We then discuss the more recent incorporation 
of adaptive capacity as an indicator of a fish popula-
tion’s status, and introduce the role of transcriptomics 
as a way to assess the ability of species and popula-
tions to respond and adapt to environmental change. 
While the call for the use of transcriptomics in fish 
management and conservation is not new (Connon 
et al. 2018), its adoption by non-academics has yet to 
be fully realized, and we explore the development of 
a transcriptomics toolkit for use by agencies, organi-
zations, industries and communities firsthand. In 
particular, we describe the process of creating a user-
friendly tool—its development, calibration, and vali-
dation—and propose features that would be required 

to overcome barriers to its adoption and facilitate its 
use in best practices. To deepen this discussion, we 
present case studies from five different Canadian sec-
tors that detail the advantages and potential risks of 
incorporating transcriptomic technologies in their 
own suite of tools when addressing threats to Cana-
da’s freshwater fisheries resources. We conclude with 
a brief description of a research program funded by 
Genome Canada that is currently developing a ‘uni-
versal’ transcriptomics profile array with the goal 
of enabling effective management interventions to 
advance the sustainability, productive capacity, and 
resulting competitive position of the Canadian fish-
eries and aquaculture sectors, and protect livelihoods 
and ways of life.

Conventional methods of fish health monitoring

Often missing in fisheries assessment and monitor-
ing are data on the health and physiological status 
of individual fish, which can serve to link observa-
tions of fish declines with changes in habitat or other 
stressors (Jeffrey et  al. 2015). Although focusing on 
individuals is not intuitive, stressors act on individu-
als, which then cascade up to influence population-
level processes (Callow and Forbes 1998). Conven-
tional fish-health assessment sampling often involves 
conducting laborious fish health assessments using 
necropsies (Adams et  al. 1993) or sampling tissues, 
such as blood and muscle, to evaluate physiological 
status (e.g., energy density, stress hormones such as 
cortisol, oxidative stress biomarkers, osmoregula-
tory status; Adams and Ham 2011). Both of these 
approaches are laborious and may fail to detect poten-
tial issues given that efforts tend to focus on one or 
several biomarkers rather than using a broader panel 
of biomarkers, not unlike those used in veterinary or 
human medicine. Moreover, they tend to fail to test 
for key pathogens (including viruses)(Chapman et al. 
2021). In addition, many of the conventional meas-
ures of stress (such as cortisol) can be influenced by 
method of capture/handling and only yield informa-
tion on the status of the animal in very recent history 
(minutes to hours; Sopinka et  al. 2016). Finally, the 
volume of tissue (e.g., blood) or type of tissue (e.g., 
whole body for proximate body analysis) may require 
that animals be lethally sampled, which may be unde-
sirable if working with rare species.
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Genetic and genomic tools would overcome many 
of these shortcomings of conventional sampling 
(Leese et al. 2016). Indeed, ‘omics’ tools tend to rely 
on very small amounts of tissue (e.g., a non-lethal gill 
biopsy) and provide longer-term integrated measures 
of fish health and condition that span organismal sys-
tems and functions (Jeffries et al. 2021). Great oppor-
tunities exist for incorporating such tools into rou-
tine fisheries assessment and monitoring to provide 
information on immune function, pathogen presence, 
stress, reproductive state, and metabolic state and, 
thus, allow linking observed trends in fish populations 
to specific mechanistic drivers allowing targeted man-
agement interventions (Cruz et al. 2012; Miller et al. 
2014). There is also much opportunity to use omics 
to address pressing conservation issues for imperiled 
fishes (Castañeda et al. 2021). Ultimately, these omic 
tools reveal the capacity of fishes to respond to dif-
ferent forms of environmental stress (Hamdoun and 
Epel 2007).

Genomic variation and its effects on adaptive 
capacity

Whether individuals, populations, or species are able 
to cope with the stressors they face is determined by 
their adaptive capacity – that is, the ability to move 
when conditions change (individual behavioural flex-
ibility), ability to acclimate to changes (plasticity in 
response, tolerance), and the ability to evolve as a 
population or species (adaptive potential and standing 
genetic variation) (Houde et  al. 2015; Beever et  al. 
2016; Hare et al. 2016). Determining a species’ (non)
adaptive capacity must first begin with identifying if 
variation exists in response to environmental change, 
and whether this variation occurs at the species-, 
population-, or individual-level (Seaborn et al. 2021). 
Recent advances in genomics technologies have dem-
onstrated that such genomic variation gives rise to a 
multitude of behavioural and physiological pheno-
types that interact with varying degrees of success 
with changing environmental conditions (Kültz et al. 
2013). Reflecting both genetic and environmental fac-
tors (López-Maury et al. 2008), the up- or down- reg-
ulation of certain functional genes either in isolation 
or in epigenetic coordination with others is an adap-
tive process that mediates an organism’s response 
to both biotic and abiotic environmental change/

stress (Schulte 2004). Indeed, patterns of differential 
expression of selected (or candidate) genes are inter-
preted as putatively representing adaptive variation 
among natural populations (Whitehead and Crawford 
2006; He et al. 2015).

Changes in gene expression are a result of a cel-
lular response that leads to the transcription of DNA 
into RNA, and the translation of mRNA into proteins 
that contribute to the functional response of individu-
als to an abiotic or biotic stressor (Stanford and Rog-
ers 2018). Quantifying the first step in gene expres-
sion—i.e., transcription—by measuring mRNA 
transcript abundance provides a method of identifying 
the intermediate step between the genetic makeup of 
an individual and the functional response to stressors 
(Jeffries et  al. 2021). Measuring the transcriptomic 
response at multiple selected gene loci with the goal 
of detecting a coordinated (and potentially adaptive) 
response to specific stimuli has applications in assess-
ing health and adaptive capacity in wild and captive 
fish populations (De Groot et al. 2002; Connon et al. 
2018). In general, organisms with transcriptional pro-
file patterns reflecting plastic- or specifically adapted 
phenotypes have the greatest capacity to cope with 
stress (He et  al. 2016). This transcriptome response 
is both sensitive to and reflective of an individual’s 
health status and affects population dynamics, spe-
cies interactions, community ecology, and, ultimately, 
ecosystem-level processes (De Groot et al. 2002). As 
a result, targeting specific types of genes (i.e., tran-
scripts) that respond can allow researchers to distin-
guish between different types of stressors (DeBiasse 
and Kelly 2016; Schwartz 2020).

Use of transcriptomics—from researchers 
to practitioners

Another advantage of targeting transcripts is that 
laboratory-based approaches that quantify mRNA are 
the same across fish species, and therefore there is 
the ability to screen numerous species within a com-
mon facility with relatively rapid turnaround times 
(Qian et  al. 2014). Two of the more common con-
temporary methods for assessing the transcriptome 
stress response in fishes is to use RNA sequencing 
technology to examine whole transcriptome patterns 
(e.g., reviewed in Oomen and Hutchings 2017) or to 
use a more targeted candidate gene approach such as 
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high-throughput qPCR to examine suites of genes that 
are indicative of specific responses (e.g., Jeffries et al. 
2014; Miller et al. 2014; Wellband et al. 2018; Toews 
et al. 2019). While RNA sequencing is ideal for char-
acterizing transcriptome responses of species with lit-
tle or no molecular genetic information available, it 
is still relatively expensive and computationally chal-
lenging to perform, the data are complex, and there 
may be a longer turnaround time from sample collec-
tion through data interpretation than is appropriate for 
rapid (i.e., “real time”) monitoring of fishes (Logan 
& Buckley 2015). Further, environmental research-
ers using RNA sequencing often lack the sample sizes 
necessary to address the full range of phenotypic plas-
ticity that may occur within and among populations 
(Todd et al. 2016). The alternative is to generate tran-
scriptome resources or mine existing publicly avail-
able resources to obtain molecular genetic sequence 
information and develop assays that target specific 
genes of interest or ‘biomarkers’ of a response (e.g., 
Akbarzadeh et al. 2018; Swirplies et al. 2019; Houde 
et  al. 2019). An important consideration for either 
of these approaches is that the researchers must rec-
ognize that the methods of collecting fish prior to 
sampling can influence the transcriptome patterns of 
highly inducible genes (Jeffry et al. 2020). For exam-
ple, a fish can be dip-netted from a tank or collected 
using electrofishing and sampled much quicker than 
fish captured by using gill nets, beach seines or trap 
nets. While no formal assessment of the effects of 
different capture methods on the transcriptome have 
been reported, the time it takes to capture and han-
dle the fish can influence the transcriptome patterns, 
especially when considering stress-inducible genes 
(Jeffries et  al. 2021). One way to address this issue 
is to develop transcriptome assays that reflect slow-
responding processes (e.g., acclimatization or the 
adaptive immune response) that would not be greatly 
influenced by the acutely stressful capture experience 
(discussed in Jeffrey et  al. 2020). Further, samples 
must be collected from live animals and immediately 
preserved (i.e., in RNA stabilizing solution or flash 
frozen in liquid nitrogen) and stored correctly (i.e., 
at  − 80 °C) to avoid RNA degradation (Jeffries et al. 
2021). Any degradation of the RNA will hinder this 
approach; therefore, application may be limited in 
remote locations.

The above discussion clarifies a need to rapidly 
quantify the capacity for fishes to adapt and acclimate 

to stressors, with large numbers of individuals for 
genome-specific, large-effect markers of anthropo-
genic stress, all at relatively low cost. One way this 
can be achieved is through a partnership of universi-
ties, users, and biotech companies to work together to 
develop a set of transcriptional profile arrays with a 
multitude (e.g., 70–100) of genes known to play a role 
in environmental stress response (including endog-
enous control genes). While gene sequence varia-
tion is common among fish species, small conserved 
regions of DNA should exist within genes associated 
with fitness for closely related species (Cooper and 
Brown 2008; Akbarzadeh et  al. 2018; Moura et  al. 
2019), and one can target those regions to produce 
“universal” transcriptional assays. Using existing 
gene sequence data (e.g., GenBank) for diverse fish 
species, one can identify short (60–120  bp) regions 
of highly conserved DNA sequence to design primers 
and probes for quantitative real-time PCR (qPCR) for 
selected gene loci, capable of discriminating among 
gene homologs. Selected loci should include known 
function genes from fitness-related gene catego-
ries: immune-pathogen/parasite resistance; growth 
and metabolism; stress response; neural plasticity; 
osmoregulation; apoptosis; hypoxia; contaminant 
response/detoxification; and circadian rhythm (Hook 
2010). By including multiple genes with related func-
tion, one can avoid bias due to incorrect gene func-
tion assumptions in non-model fish species, as well as 
more accurately identify the specific stressor leading 
to a response, both primary goals of transcriptional 
profiling.

After calibrating qPCR assays for the candidate 
genes, assays are then tested using tissues collected 
from representative individuals from the target fish 
species with the goal of determining tissue specificity 
and assay sensitivity (minimal copy number detection 
for at-rest fish; Shahraki et al. 2019). Further valida-
tion can incorporate lab- and field-based tests using 
fish undergoing known stressors in captive and wild 
environments. Many candidate genes are expressed 
in tissues available for non-lethal biopsy sampling 
(e.g., gill, red blood cells, muscle tissue; Jeffries 
et al. 2021); however, some key genes are expressed 
in tissues that can only be collected terminally (e.g., 
brain, spleen, liver). Ultimately, qPCR assays must 
be transitioned to high throughput nanofluidic qRT-
PCR platforms (such as Thermo Fisher OpenArray® 
or the Fluidigm Biomark™ HD systems) that have 
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the potential to provide assays capable of simulta-
neous qPCR at multiple gene loci. For example, the 
OpenArray® ‘gene chips’ (Fig.  1) can contain over 
100 candidate gene transcription assays (in dupli-
cate) for use with cDNA from RNA that has been 
derived from multiple tissues, and provide low-cost 
(e.g., ~ 0.30 ($CDN) per Taqman™ qPCR assay on 
OpenArray®), high throughput (single chip can assess 
12 fish at 112 genes on an OpenArray®) assessment 
of fish health. The idea is for users to collect tissues 
from targeted fish, fix the tissues in a stabilizing stor-
age solution (e.g. RNAlater™), and send the samples 
for RNA extraction and gene-transcription analysis 
(although users with suitable facilities could perform 
the full analysis in house). Using gene chips com-
posed of pre-determined stress-response transcription 
profile (STP) markers, a full gene transcriptional pro-
file would be available rapidly and at relatively low 
cost.

Although many gene transcription chip platforms 
are available, the methodology for gene transcription 
profiling for assessing fish health would be similar 
across platforms. The key component to such ‘STP-
chips’ would be the suite of qPCR assays designed to 
have high PCR efficiency across a broad range of fish 

species of interest. For example, Genome Canada—
a non-profit organization that supports the use of 
genomics-based technologies for improved Canadian 
living, awarded a multi-year research project grant in 
2019 for the development, testing, and verification of 
the first universal gene expression panel for fish health 
(Genome Canada 2019). Spearheaded by the University 
of Windsor, researchers from the Genomic Network 
for Fish Identification, Stress and Health (GEN-FISH; 
https://​gen-​fish.​ca) from 13 universities are working to 
produce and validate STP-chips for approximately 42 
key Canadian freshwater fishes (Supplementary Materi-
als Table S1). The first task was to select 112 candidate 
genes of known function to assay physiological stress 
responses at the mRNA level, as well as internal con-
trol genes (e.g., Jeffries et al. 2021) – the list of prelimi-
nary candidate genes includes a diverse range of array 
of putative gene function (Supplementary Materials 
Table S2). A subset of Canadian university labs directly 
involved with GEN-FISH (as principle investigators) 
are working towards the development and initial test-
ing of those qPCR assays. Other collaborator university 
labs, in collaboration with partners representing vari-
ous resource-use sectors across Canada, are perform-
ing validation assays of the STP-chip using controlled 

Fig. 1   Genomics health 
toolkit in action. Resource-
sector users sample fish 
tissue (fins, gill, liver, mus-
cle) as part of their routine 
monitoring program. Tissue 
is sent to laboratories where 
samples are processed, 
and RNA extracted and 
prepared for transcriptomic 
analysis. Expression levels 
of a set of universal-health 
genes are measured from 
the Stress-response Tran-
scription Profile (STP)-
chip; and values interpreted 
and translated into a health 
report. Results are then 
delivered to resource users 
for integration into their 
assessment, conservation 
and management programs

https://gen-fish.ca
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challenges in the lab and in the field. While still a work 
in progress (e.g., the final list of genes included on the 
STP-chip will depend on the outcome of the valida-
tion trials), the individual qPCR assay details will be 
made public at https://​gen-​fish.​ca. Although the GEN-
FISH Network will initially provide data analyses and 
interpretation, ultimately individual research-, govern-
ment-, and commercial (consultant) labs will provide 
formal health reports that would include reliability esti-
mates (based on repeatability analyses), to be used in 
the assessment, management, and conservation of their 
fish(eries) resources. STP-chips, whether developed by 
GEN-FISH or not, have the potential to minimize the 
technological and resource limitations of conventional 
fish health assessment (e.g. necropsies, disease and 
stress challenges) and foster better supplementation of 
commercial, recreational, and at-risk fish stocks. The 
chips also have important applications in aquaculture 
for determining the transcriptomic profile of important 
performance and production traits under various culture 
practices (Canario et al. 2008).

Benefits and costs of the STP‑chip toolkit 
for practitioners

Whether resource-sector users adopt novel tech-
nologies for health assessment, such as the STP-chip 
toolkit, depends on the perceived benefits and costs 
of the tool, which can be unique to each user. The fol-
lowing section provides seven case studies from the 
perspectives of an Indigenous-use rights holder and 
three Canadian resource-use sectors: industry (i.e., 
environmental consultants, commercial aquaculture), 
environmental NGO, and government. Each contri-
bution represents a case study specific to a resource-
sector user; and highlights the potential advantages of 
using the STP-chip within the field, as well as iden-
tifies unique potential barriers to its adoption. Col-
lectively, these case studies suggest a suite of best-
practices needed to facilitate widespread use of the 
transcriptomic toolkit.

Case study 1: indigenous perspectives and best 
practices

There are many ways in which Indigenous Nations 
and organizations are engaging with fisheries in 
terms of research, commercial, traditional, and 
recreational use (Reid et  al. 2021). Increased 

knowledge of the mechanisms of harm to fish popu-
lations could support both Indigenous goals and 
priorities, as well as reinforce communities’ con-
cerns regarding negative impacts to a highly valued 
resource. Knowledge gained from the use of tran-
scriptomics could support calls for further study 
into cumulative stresses or sublethal responses in 
fish populations as a result of stressors related to 
industrial, agricultural, commercial, or residential 
development. Important stressors include increases 
in water temperature, entrainment and impinge-
ment, pollution, loss of or destruction of criti-
cal habitat(s), introduction of invasive species and 
accumulation of microplastics (Desforges et  al. 
2022).

Another potential benefit of a transcriptomics 
toolkit could be as an early warning system for cli-
mate-related stress responses in certain species (e.g., 
to increasing water temperatures, increased intensity 
of storm events, introduced and/or invasive species 
and damage to or loss of habitat)(Brosset et al. 2021). 
The ability to identify species-specific threats, espe-
cially to species of concern or value (cultural and/or 
economic) to the community could be extremely ben-
eficial. This knowledge could provide communities 
with the potential to support early adoption of pro-
tective measures for key species and aid in recovery 
actions by providing baseline data on several health 
variables (e.g., chronic stress, immune function, aero-
bic scope; Brosset et  al. 2021). Comparing baseline 
data to emerging trends has the potential to sup-
port calls for higher environmental protections and 
standards, as well as the implementation of adaptive 
strategies.

Data collected from the use of transcriptomics 
could be compared or added to the wealth of Tradi-
tional Ecological Knowledge (TEK) and community-
based observations of fish stressors. This could add 
important detail to interviews with local fishers about 
changes to species and fish communities over time. 
A transcriptomics toolkit could also provide valuable 
data on (further) loss of critical habitat for key spe-
cies such as the Lake sturgeon (Acipenser fulvescens), 
which could help communities create and imple-
ment strategic resource-management plans. This 
would be especially critical for those who stand to 
lose livelihoods and to prevent the loss of species of 
cultural importance (e.g., white sturgeon (Acipenser 
transmontanus).

https://gen-fish.ca
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In the actualization of the transcriptomics tool in 
the form of an STP-chip, simply sharing a handbook 
or toolkit would do little to support communities in 
benefiting from this technology without first engaging 
with communities to understand needs and concerns, 
as well as working to understand and address barri-
ers. Care should be taken to ensure that the adoption 
of this technology supports precautionary approaches 
and is not used to negatively impact treaty rights in 
any way. It is important to gain an understanding of 
Indigenous worldviews, cultural differences, and 
potential structural barriers at the outset of any pro-
ject, partnership or collaboration with Indigenous 
groups (e.g. language considerations, protocols, dif-
ference in timelines, differing priorities and priority 
species). It is also important to understand that each 
Indigenous Nation represents its own government, 
and people. Work done with one community can-
not necessarily be transferred to, and adopted by, 
another. Consequently, time, energy, and commitment 
are needed to understand the needs and concerns of 
each community. However, it is possible that devel-
oping strong relations with one nation will, in turn, 
strengthen processes and aid in the development of 
best practices for other groups.

One best-practices approach may be to consider 
how STP-chip processes and procedures could be 
incorporated into a training program for Indigenous 
users. There may be hesitation to adopt a new tech-
nology where the data are stored outside of the com-
munity or have the potential to impact not only eco-
nomic livelihoods, but treaty rights. In general, the 
first step of connecting with a community would be 
to approach Chief and Council and/or the Environ-
ment Office. After consideration and review of a 
project proposal, depending on the nature of what is 
being decided, the community may wish to consult 
with elders, youth, and different community groups. 
It is likely that there would need to resolve infrastruc-
ture, training, buy in, education and data management 
issues before adopting any toolbox that is created 
without community input.

Case study 2: toxicity thresholds and effects—science 
versus practice, environmental consulting

In many environmental contaminant situations such as 
coal mining, selenium has become a primary element 
of concern because of its bioaccumulative nature in 

food webs (Schneider et al. 2015). Studies have raised 
concerns about selenium effects on aquatic resources 
in both the US (e.g., Southeastern Idaho) and west-
ern Canada (e.g., British Columbia; Hamilton 2004), 
with fishes generally considered one of the most sen-
sitive taxa to selenium in aquatic systems (Khan et al. 
2017). The scientific community agrees that tissue 
selenium level is the most reliable indicator of toxic 
effects in the field due to its bioaccumulation from 
diet-borne exposures (Janz et al. 2010; DeForest and 
Adams 2011). In recent years, non-governmental 
experts (consulting scientists) have proposed higher 
site- and species-specific selenium thresholds in diet 
and tissue relative to those broadly defined by gov-
ernment. This difference in opinion is due, in part, 
to the selection of datasets and caveats from various 
scientific literature sources used to develop adequate 
guidelines (Lemly and Skorupa 2007; McDonald and 
Chapman 2009; Ohlendorf et  al. 2008; Janz et  al. 
2010; DeForest and Adams 2011). This illustrates the 
critical importance of considering other factors, such 
as environmental and cellular, when investigating 
potential selenium toxicity in fishes.

Relative species sensitivities are not well under-
stood, but established linkages between the molecular 
or cellular mechanisms of selenium toxicity (i.e., oxi-
dative stress), effects on individuals (i.e., teratogenic 
deformities), and acute adverse effects on populations 
and community structure provide clear examples of 
ecotoxicological cause-effect relationships between 
exposure and altered population dynamics (Janz 
et  al. 2010). Given the ongoing debate surrounding 
the application of a generic versus site- or species-
specific selenium tissue benchmark, a next logical 
step is to develop field and associated lab studies that 
directly relate selenium toxicity effects to the internal 
selenium concentration in the organism. Transcrip-
tomics offers the potential to improve scientific under-
standing of selenium toxicity in real-world scenarios 
by revealing toxicant-responsive genes and identify-
ing unique expression profiles. For example, Janz 
et al. (2010) described the toxicodynamic process of 
selenium incorporation into vitellgenin (VTG; via 
vitellogenesis), a phospholipid glycoprotein incorpo-
rated into developing ovarian follicles (Kime 1998), 
that is then enzymatically cleaved into primary yolk 
proteins (Arukwe and Goksoyr 2003) that bind sele-
nium in fishes (Kroll and Doroshov 1991). Monitor-
ing the expression response of genes associated with 
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VTG could offer a valuable tool for early detection of 
selenium transfer to eggs or ovary, where potential 
risk of population-level effects, including recruitment 
failure, could be detected early.

From a regulatory standpoint, the effective appli-
cation of transcriptomics could bring added certainty 
to decision-making when considering more liberal, 
site-specific aqueous selenium benchmarks. Recent 
studies (e.g., Pacitti et al. 2016) have indeed applied 
transcriptomic technology to evaluate rainbow trout 
(Oncorhynchus mykiss) antiviral response to selenium 
supplementation in an aquaculture setting. Thus, the 
application in natural aquatic environments holds 
real promise. Regulators can leverage the “precau-
tionary principle” in contrasting ways as a means to 
hold steady on applying an industry-wide standard 
or blocking it even in the presence of strong science-
supporting alternatives (e.g., Saltelli et  al. 2022; 
Viatori 2019). Transcriptomics has the potential to 
break those barriers of uncertainty and offer regula-
tors more confidence to make key industry decisions. 
As with other recent ‘innovative tools’ (e.g., environ-
mental DNA), decision-makers appear open to new 
approaches to assessing large infrastructure projects, 
as long as the method is backed by sound science and 
validation (Jerde 2021).

Case study 3: qualification vs. quantification of 
habitat alteration effects, environmental consulting

Characterization of aquatic ecosystems by private-
sector consultants as part of environmental assess-
ments for infrastructure development projects are 
typically subjective and rely on varied qualitative 
information and data (e.g. substrate composition, 
macrophyte abundance, flow morphology, etc.) to 
determine current functioning and, by extension, the 
sensitivity of a particular fishery (Dufour, pers. obs.). 
This evaluation process relies on information that 
may be outdated and lacks specificity to enable an 
accurate understanding of the fishery; namely, envi-
ronmental pressures and stressor-related effects on 
fish species. The ability to integrate a scientific pro-
cess as a part of this evaluation through use of tran-
scriptomics technologies can provide end-users with 
the ability to understand and identify unique system 
stressors (e.g. turbidity, temperature, pollutants, etc.), 
direct project planning and design, and implement 
effective mitigation strategies during construction to 

break project cause-stressor linkages and thus mini-
mize impacts.

The identification of unique system stressors can 
also challenge conventional methods employed as 
part of compliance inspections during active project 
construction. Typical inspections focus on visual 
observations of control/protection measures and often 
focus solely on controlling potential sediment intru-
sion into the system (B. Dufour, pers. obs.). The use 
of transcriptomic technologies can provide an exten-
sion to these inspections by providing a quantitative 
evaluation of fish responses to active construction 
stressors (e.g. changes in turbidity, temperature and 
flow). The use of transcriptomic technologies during 
active construction can also increase our understand-
ing of construction impacts on fishes and aquatic eco-
systems, particularly indirect impacts not currently 
well understood and where minimal existing infor-
mation exists (e.g., vibration, noise, water quality). 
Characterizing indirect stressors and responses can 
increase knowledge of these relationship impacts and 
contribute to more effective management and mitiga-
tion of effects on fishes and fish habitat during con-
struction projects.

In a competitive marketplace, the cost of service 
is often a significant contributing factor in successful 
procurement of consultant work, in both public and 
private sectors. The feasibility of adopting any new 
technology requires an evaluation of cost of imple-
mentation versus pursuit success, while still ensur-
ing meaningful and purposeful data can be generated. 
Ensuring that transcriptomic technologies are not cost 
prohibitive is paramount to their success and early 
adoption by private sector end-users. Conversely, in 
a marketplace not solely driven by cost, highlighting 
new technologies as innovative approaches and value-
added services can be advantageous in the proposal 
evaluation process and enable proponents the abil-
ity to leverage these new technologies by supporting 
and complementing their fisheries management and 
watershed policies and initiatives.

Limitations to the use of data generated through 
transcriptomic technologies may be a barrier to adop-
tion and negatively affect marketability for private 
sector end-users. The ability to incorporate these data 
into larger watershed protection and management 
plans likely does not currently exist. The integration 
of transcriptomic data by fisheries and watershed 
managers requires a cooperative effort and acceptance 
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across multiple jurisdictions, including consult-
ants, proponents, provincial regulatory agencies, and 
municipal level regulators.

The acceptance of transcriptomic technologies by 
end-user consultants has the potential to be trans-
formative to private-sector industry that, in the past, 
has relied on practices that are static and subjective. 
Leveraging the peer-reviewed, scientific approach 
employed by academia can provide valid and reliable 
data to increase our understanding and protection of 
fisheries in a landscape where development stressors 
are only becoming more complex (e.g., Lacaze et al. 
2019).

Case study 4: freshwater‑adapted pacific salmon 
strains, commercial aquaculture

Canada is ideally situated for a vibrant and fast-grow-
ing finfish aquaculture industry, yet production has 
plateaued (Chopin 2015). The vast majority of that 
production is marine culture based and, indeed, Yel-
low Island Aquaculture Ltd. (“YIAL”) primarily mar-
kets sea-cage reared Chinook salmon (Oncorhynchus 
tshawytscha). However, as regulations and restric-
tions on marine open-cage culture become more 
stringent due to concerns over escapement (Bjørndal 
and Tusvik 2019), land-based culture of freshwater 
and marine finfish species is being actively explored 
(Davidson et  al. 2016; Bjørndal and Tusvik 2019). 
The marine finfish industry is thus actively pursuing 
the development of normally marine-production spe-
cies best suited to freshwater culture for full life-cycle 
rearing.

Of specific concern is the performance of the obli-
gate anadromous Chinook salmon under full life-
cycle fresh water. Unlike Atlantic salmon (Salmo 
salar) and many other salmonids, Chinook salmon do 
not have naturally occurring land-locked populations 
or life histories within anadromous populations (Hea-
ley 1991). YIAL is thus experimenting with family-
level breeding trials in full freshwater recirculating 
rearing conditions. While these trials are promising, 
using transcriptional profiling to accelerate the pro-
cess of developing a recirculated freshwater adapted 
strain of Chinook salmon is an exciting prospect and 
would open up the commercial freshwater culture of 
this iconic species. Barriers to the adoption of tran-
scriptional profiling can be categorized into: (1) 
cost; (2) turn-around time for results; (3) accuracy 

/reliability; and, (4) acceptance by government 
regulators.

The two primary applications of the STP-chip 
for companies such as YIAL would be to: (1) select 
appropriate mature fish for breeding to improve per-
formance under recirculating freshwater rearing 
conditions, and (2) routinely monitor fish health and 
performance (e.g., Føre et al. 2018). Logistically, pro-
ducers would need to have access to transcriptional 
profiling at costs low enough for relatively large num-
bers of fish to be tested, plus the process should be 
non-lethal. Furthermore, the turn-around time for the 
profiling results would have to be less than 30  days 
for the data to be of maximal value since fish grow 
quickly and the relevance of transcriptional data 
would become increasingly weak especially early in 
the growth cycle (J. Heath, pers. obs.). Of perhaps 
greater concern are the related issues of accuracy/
reliability and acceptance of the outcomes to govern-
ment regulators. Transcriptional profiling for salmon 
health and performance would have to provide results 
that would be closely correlated with health and per-
formance (e.g. growth, feed conversion). The specific 
challenge would thus be to “validate” a gene panel 
that would be appropriate to reflect Chinook salmon 
status. While conventional fish-health technologies 
(e.g. microbial assays, biopsies, necropsies) have lim-
itations, they are well-accepted by fish-health person-
nel, whereas gene transcription profiles are not (J.W. 
Heath, pers. obs.). Thus, not only would the STP-chip 
have to be validated in peer-reviewed literature, a 
concerted effort to educate through clear communica-
tion—free from vested interest—would be essential.

Case study 5: assessing restoration success, 
environmental charities

Globally, environmental non-government organiza-
tions (ENGOs) and charities lead, or collaborate on, 
many applied fish conservation projects. These prac-
titioners turn private financial contributions and gov-
ernment grants into on-the-ground action using the 
best available knowledge to address local threats to 
fishes and fish habitat. Increasingly, ENGO groups 
are seeking to assess the efficacy of the restora-
tion and mitigation techniques being applied, which 
requires high-quality monitoring data.

A challenge faced by ENGOs is that the collection 
of monitoring data to assess conservation projects 
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is labour intensive, requires a professional capacity 
lacking in smaller organizations and, in the case of 
population-level data, is obtainable only after several 
years of data collection, which rarely matches funding 
and reporting timelines. To this end, fish conservation 
practitioners stand to benefit from the development 
of easy-to-use transcriptomic tools capable of assess-
ing species’ response to stressors, or conversely, their 
response to the restoration of habitats or the mitiga-
tion of stressors. Additionally, the ability to assess 
adaptive potential of populations may highlight those 
populations with the greatest potential to respond to 
recovery actions.

Another challenge facing conservation practition-
ers is identifying the most impactful stressor when 
multiple stressors influence populations (e.g. Hale 
et al. 2017; O’Brien et al. 2019). Determining the rel-
ative importance of each stressor may dictate which 
remedial actions should be applied and how resources 
should be allocated. Transcriptomics may be a valu-
able tool in this regard as there is evidence that gene 
expression biomarkers can highlight specific stress-
ors after fish have been exposed to a suite of stressors 
(Houde et al. 2019), potentially including multifacto-
rial effects such as simultaneous exposure to multiple 
pathogens (Krol et al. 2020).

Arguably, one of the most attractive promises of 
transcriptomic tools in general, and the STP-chip 
specifically, is the potential to support the adaptive 
management of conservation projects (Flanagan et al. 
2018). Rather than waiting for populations to respond 
to conservation action as an indication of how recov-
ery actions mitigate presumed stressors, ENGOs will 
be able to rapidly assess the adaptive potential of pop-
ulations to face habitat change (Connon et  al. 2018) 
or, conversely, respond to habitat restoration. Users 
will then be able to refine their approach to recovery 
actions appropriately.

How ENGOs will manage the large datasets sure 
to arise from transcriptomic tools warrants considera-
tion. Making these datasets available to the broader 
community will be important for the development of 
transcriptomic tools and the downstream conserva-
tion ramifications. Many ENGOs face high turnover 
in staff and management and, thus, secure data ware-
housing is imperative (E. Halfyard, pers. obs.). It may 
be prudent to learn from data managers in other big 
data fields, such as biotelemetry (e.g. Iverson et  al. 
2019).

Case study 6: fisheries management, governmental 
commissions

Fishery managers have long recognized the value and 
potential application of genetics to Great Lakes fish-
eries management (Billingsley 1981). “Omics” tools 
continue to evolve in scope and application, becom-
ing more powerful discriminators with greater resolu-
tion (Bernatchez et al. 2017; Casey et al. 2016). Cur-
rent management challenges that could be informed 
by a ‘transcriptomics tool kit,’ include: (1) native fish 
restoration; (2) responses of populations to changing 
environments; and, (3) effects of invasive species on 
population health and sustainability.

Restoration

Fishery managers have been engaged for more than 
a half-century to re-establish economically and eco-
logically important freshwater fishes (e.g., lake charr 
Salvelinus namaycush (Muir et al. 2012) and ciscoes 
Coregonus spp. (Eshenroder and Krueger 2002)). 
New transcriptomics tools could help address out-
standing issues such as differential strain perfor-
mance of stocked lake charr (Larson et  al. 2021; 
Scribner et al. 2018). Indeed, rapid assessment tech-
niques for strain performance and adaptation could 
strengthen stocking decisions (e.g., He et  al. 2015), 
inform development of superior captive- breeding 
approaches (Bernatchez et  al. 2017) and, ultimately, 
contribute to economical use of hatchery resources. 
Fishery managers are also interested in how and 
where shifts in growth or maturation rates affect 
recruitment in response to fishing pressure (Dunlop 
et al. 2015; 2018), which is another potential area that 
could be informed by a transcriptomics tool kit (He 
et al. 2015).

Changing environments

Native deep-water species such as those in the Lau-
rentian Great Lakes have narrow metabolic require-
ments for cold, well-oxygenated water, which limits 
their physiological scope for activity (Evans 2007). 
Changing aquatic thermal regimes, as is occur-
ring rapidly in Lake Superior (Cline et  al. 2013) 
and projected to occur in all Great Lakes (Collings-
worth et  al. 2017) have implications for dispersal, 
habitat availability, growth, niche partitioning, and 
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ultimately, recruitment for Great Lakes fish commu-
nities. Transcriptomics could help identify the ability 
of populations to adapt to such change or where habi-
tat conservation or restoration activities are required. 
For example, the Lake Erie Committee (GLFC 1981) 
is currently evaluating the feasibility of cisco Corego-
nus artedi restoration given a changing environment. 
An understanding of the adaptive capacity of cisco 
could help inform the Lake Erie Committee’s deci-
sion to pursue restoration objectives.

Invasive species

The sea lamprey (Petromyzon marinus), which is par-
tially responsible for the decimation of some Great 
Lakes fish populations (Muir et  al. 2012), has been 
controlled by pesticides for 60  years (Siefkes et  al. 
2012), but remains a threat. A transcriptomics toolkit 
could potentially help identify adaptive responses by 
invasive species to control measures. For example, 
of 336 genes differentially expressed in lampricide-
treated sea lamprey populations compared to native 
non-treated populations and experimental controls, 
many of the up-regulated genes were functionally 
linked to uncoupling oxidative phosphorylation, the 
pesticide’s mode of action (Yin et al. 2021). A tran-
scriptomics toolkit could potentially test the efficacy 
of lampricides by identifying which sea lamprey pop-
ulations are more robust to lampricide exposure.

Implementation

While advancements in omics have revolutionized 
the science, several important challenges remain to 
the integration of new omics methods, results, and 
guidance into Great Lakes fishery management. 
A standardized and repeatable means of interpret-
ing transcriptomics results could strengthen com-
mitment to implementation by mangers. A techni-
cal transcriptomics toolkit would likewise require a 
well-conceived plan for transferring the science in 
plain language to the management community, such 
that new knowledge can be implemented and tran-
scriptomics-based management decisions effectively 
communicated to stakeholders. A final challenge to 
adoption of a transcriptomics toolkit by fishery man-
agers is that results must be interpreted in appropriate 
spatio-temporal, ecological, and geological contexts 

and presented in a relevant social context recognizing 
diverse stakeholder values.

Case study 7: recovery potential assessment of 
species at risk, federal government

Within the Government of Canada, Fisheries and 
Oceans (DFO) is the lead for managing fisher-
ies, oceans and freshwater resources. This mandate 
includes a commitment to ensuring healthy and sus-
tainable aquatic ecosystems, including the recov-
ery of at-risk aquatic species, which is supported by 
decision-making processes based on sound science. 
After an aquatic species is assessed as Threatened, 
Endangered or Extirpated, DFO undertakes a num-
ber of actions to support the implementation of the 
Species at Risk Act (SARA). Many of these actions 
require scientific information on the current status of 
the species, threats to its survival and recovery, and 
the feasibility of recovery. Usually, this information 
is incorporated into a Recovery Potential Assess-
ment (RPA) (DFO 2007) and then into advice for the 
design of long-term monitoring programs to inform 
recovery and management decisions. These programs 
need to not only fill gaps in the knowledge of the spe-
cies abundance and distribution, but they would also 
ideally be able to contribute information for predic-
tions on how the species may respond to changes in 
their environment.

Transcriptomic tools offer great potential for 
monitoring programs designed for assessing baseline 
information and ecological responses in aquatic spe-
cies at risk (Connon et al. 2018; Bernos et al. 2020), 
especially as most of these species have limited 
genomic resources (Veldhoen et  al. 2012). Many of 
the at-risk designated units of freshwater fish in cen-
tral Canada, such as River Darter (Percina shumardi; 
DFO 2019), Bull Trout (Salvelinus confluentus; DFO 
2017), and Lake Sturgeon (Acipenser fulvescens, 
DFO 2010a, b), have major threats to their recovery 
that include: habitat alteration/degradation/fragmen-
tation; mortality, injury or reduced survival related to 
fishing activities; water quality changes; and climate 
change. It has been shown that variation in expression 
of ecologically important genes can provide infor-
mation about the potential of small, at-risk popula-
tions of freshwater fishes to respond to rapid climate 
change and habitat degradation (Brauer et al. 2017). 
Furthermore, differences in water quality across sites 
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is an important factor influencing expression varia-
tion potentially related to metabolic and reproduc-
tive traits within and across populations (Grummer 
et al. 2019). Therefore, inclusion of this type of gene 
expression response in a health toolkit could also pro-
vide useful information on the adaptive potential of 
aquatic species at risk of interest to DFO. Another 
advantage to monitoring at-risk species is that tran-
scriptomic data can be collected from a small tissue 
biopsy using non-lethal methods (Veldhoen et  al. 
2012, 2014). Examples for how transcriptomic data 
may be used in a predictive fashion already exist for 
commercial (e.g. Pacific salmons—Oncorhynchus 
spp. (Miller et al. 2011)) and subsistence (e.g. Arctic 
grayling -Thymallus arcticus (Veldhoen et al. 2014)) 
fisheries of importance to DFO.

Incorporating transcriptomics results into formal 
science advice for RPAs, risk assessments and man-
agement decisions remains challenging. Connon 
et al. (2018) highlighted the main issues; specifically, 
translating complex information into clear and under-
standable advice (especially when involving Indig-
enous community partners), establishing a measure 
of confidence in the results, and defining thresholds 
that would trigger a management or policy change. 
Furthermore, managers often want to see a period 
of verification of results over time and validation of 
the “cause and effect” using both laboratory and field 
experiments. These needs can be very time consum-
ing and costly, and are often impeded by the availabil-
ity of stable funding.

Overcoming barriers to adoption

Barriers between knowledge and action are common 
with the so-called “knowledge-action” gap (Cooke 
et  al. 2021), and is even more apparent when deal-
ing with knowledge generated using novel technol-
ogy (Nguyen et  al. 2021). The decision of whether 
users adopt novel technologies is often complex and, 
therefore, the study of adoption must draw upon mul-
tidisciplinary knowledge generated through natural 
science, social science, ethics, and policy analyses. 
In economic theory, rational users’ decisions are 
determined by a cost–benefit framework such that, 
one chooses to adopt a new practice as long as the 
benefit of adoption outweighs the cost. (Mas-Colell 
et  al. 1995). However, the real world has witnessed 

numerous advantageous innovations that failed to be 
widely adopted (Li et  al. 2021). This intractability 
becomes especially problematic when the innovation 
process requires large-scale human capital and tech-
nological inputs, and the end products are scientifi-
cally proven to be beneficial. Adoption decisions of 
a new technology can be affected by lack of scientific 
understanding, and influenced by communication 
and social learning that, in turn, can change users’ 
risk perception and preferences. The innovation-
adoption lifecyle reveals that innovations spread in a 
predictable manner—first being embraced by early 
adopters before wider acceptance and use (Rogers 
1962). Anticipated market response, as well as vari-
ous behavioral, economic and policy instruments, 
also play important roles in facilitating or obstructing 
pathways to technology adoption. Other key drivers 
of adoption and rejection (Streletskaya et  al. 2020) 
include emerging risks for which information is not 
readily available (e.g., AIS, climate change) and deci-
sions that must be made despite uncertainty associ-
ated with diverse data-gathering approaches (Huang 
et al. 2011).

Robust selection of technologies must, therefore, 
consider multiple criteria. These criteria can influ-
ence the decision-makers’ goals and often reflect pri-
orities that vary among users who represent different 
fish(ery) resource-use sectors. Investigating how best 
to achieve efficient adoption by users can be informed 
by social-science studies and methodologies, such as 
incentive-compatible economic experiments, indi-
vidual- and focus-group surveys, and empirical anal-
ysis. For example, behavioural instruments—such 
as social norm nudging, anchoring, and information 
framing—can be effective in increasing the likeli-
hood of adoption by end-users (Li et  al. 2021). In 
addition, survey and focus-group studies, commu-
nity consultation, and trust-building can help identify 
users’ decision-making factors regarding technology 
acceptance and adoption preferences. These meth-
ods can also identify users who are likely to be early 
adopters—allowing one to then model the effective-
ness of subsidizing early-stage adoption. Such multi-
criteria decision-making encourages users to evaluate 
the potential value of the transcriptomic toolkit by 
juxtaposing economic costs of adoption alongside the 
expected allocation of effort, level of data certainty, 
social acceptance, and known expertise with con-
ventional approaches. These studies provide critical 
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information that collectively assist users in assessing 
the utility of adopting genomic toolkits for their own 
objectives, reveal the barriers to potential adoption 
and other concerns, and help promote ex-ante mitiga-
tion strategies. By facilitating partnership and dynam-
ical communication between genomicists, social sci-
entists, and users from the outset using a knowledge 
co-production framework (Cooke et  al. 2020), this 
process can ultimately allow users to better orien-
tate both their current and future benefit–cost priori-
ties based on a bio-socioeconomic representation of 
freshwater fish(eries) and fish culture sustainability.
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Conclusion

In this paper we presented an innovative genomics 
approach to develop transcriptomic profile arrays that 
will allow resource-sector to rapidly and economi-
cally measure gene expression responses of individ-
ual fish to a number of important biological and envi-
ronmental stressors such as water-quality stressors, 
aquatic invasive species, and climate change. While 
the genomic technology behind the STP-chip concept 
is exciting and promising, there are certainly risks 
associated with its commercial actualization, as con-
veyed through the case studies. We highlight the need 
for: (i) reliability of universal transcriptional profil-
ing across spatio-temporal gradients; (ii) quantifiable 
evidence for return on investments of time and money 
with measurable improvements in fisheries and fish 
culture yields; (iii) general acceptance across multi-
ple jurisdictions and knowledge-holders; (iv) big-data 
management and accessibility requirements; and, (v) 
integration and incorporation into training, infrastruc-
ture, and best-practices. By co-engaging with multi-
ple resource-sector users from the outset to address 
the costs associated with the adoption of genomics 
tools, one can facilitate cost-effective management 
of natural resources for Indigenous governments and 
communities, ENGOs, fishery managers, environ-
mental consultants and captive-breeding facility oper-
ators; and ultimately protect the livelihoods and ways 
of life for all. This paper describes the costs and ben-
efits of genomics-based technology in fisheries appli-
cations; however, future work is needed to broaden 
the scope of such innovation. This paper represents 
the first step.

References

Adams SM, Ham KD (2011) Application of biochemical and 
physiological indicators for assessing recovery of fish 
populations in a disturbed stream. Environ Manage 
47(6):1047–1063

Adams SM, Brown AM, Goede RW (1993) A quantitative 
health assessment index for rapid evaluation of fish con-
dition in the field. Trans Am Fish Soc 122(1):63–73

Akbarzadeh A, Günther OP, Houde AL, Li S, Ming TJ, Jeffries 
KM, Hinch SG, Miller KM (2018) Developing specific 
molecular biomarkers for thermal stress in salmonids. 
BMC Genomics 19(1):749

Allan JD, Abell R, Hogan ZEB, Revenga C, Taylor BW, Wel-
comme RL, Winemiller K (2005) Overfishing of inland 
waters. Bioscience 55(12):1041–1051

Arthington AH, Dulvy NK, Gladstone W, Winfield IJ (2016) 
Fish conservation in freshwater and marine realms: sta-
tus, threats and management. Aquat Conserv Mar Fresh-
wat Ecosyst 26(5):838–857

Arukwe A, Goksøyr A (2003) Eggshell and egg yolk proteins 
in fish: hepatic proteins for the next generation: ooge-
netic, population, and evolutionary implications of endo-
crine disruption. Comp Hepatol 2(1):4



935Rev Fish Biol Fisheries (2022) 32:921–939	

1 3
Vol.: (0123456789)

Bahamonde PA, Feswick A, Isaacs MA, Munkittrick KR, Mar-
tyniuk CJ (2016) Defining the role of omics in assessing 
ecosystem health: perspectives from the Canadian envi-
ronmental monitoring program. Environ Toxicol Chem 
35(1):20–35

Beever EA, O’Leary J, Mengelt C, West JM, Julius S, Green 
N, Magness D, Petes L, Stein B, Nicotra AB, Hellmann 
JJ (2016) Improving conservation outcomes with a new 
paradigm for understanding species’ fundamental and 
realized adaptive capacity. Conserv Lett 9(2):131–137

Bernatchez L, Wellenreuther M, Araneda C, Ashton DT, Barth 
JMI, Beacham TD, Maes GE, Martinsohn JT, Miller 
KM, Naish KA, Ovenden JR, Primmer CR, Young Suk 
H, Therkildsen NO, Withler RE (2017) Harnessing the 
power of genomics to secure the future of seafood trends. 
Ecol Evol 32:665–680

Bernos T, Jeffries K, Mandrak NE (2020) Fish conservation 
genomics: a review of next-generation sequencing appli-
cations. Fish Fish 30:587–604

Billingsley LW (1981) Stocks concept international sympo-
sium. Can J Fisheries Aquat Sci 38:1457–1923

Bjørndal T, Tusvik A (2019) Economic analysis of land based 
farming of salmon. Aquac Econ Manag 23(4):449–475

Brauer CJ, Unmack PJ, Beheregaray LB (2017) Comparative 
ecological transcriptomics and the contribution of gene 
expression to the evolutionary potential of a threatened 
fish. Mol Ecol 26:6841–6856

Brosset P, Cooke SJ, Schull Q, Trenkel VM, Soudant P, Leb-
igre C (2021) Physiological biomarkers and fisheries 
management. Rev Fish Biol Fisheries 31(4):797–819

Calow P, Forbes VE (1998) How do physiological responses 
to stress translate into ecological and evolutionary pro-
cesses? Comp Biochem Physiol A Mol Integr Physiol 
120(1):11–16

Canario AV, Bargelloni L, Volckaert F, Houston RD, Massault 
C, Guiguen Y (2008) Genomics toolbox for farmed fish. 
Rev Fish Sci 16(sup1):3–15

Casey J, Jardim E, Martinsohn JT (2016) The role of genetics 
in fisheries management under the EU common fisheries 
policy. J Fish Biol 89(6):2755–2767

Castañeda RA, Ackerman JD, Chapman LJ, Cooke SJ, Cud-
dington K, Dextrase AJ, Drake DAR (2021) Approaches 
and research needs for advancing the protection and 
recovery of imperilled freshwater fishes and mussels in 
Canada1. Can J Fish Aquat Sci 78(9):1356–1370

Chapman JM, Kelly LA, Teffer AK, Miller KM, Cooke SJ 
(2021) Disease ecology of wild fish: opportunities and 
challenges for linking infection metrics with behav-
iour, condition, and survival. Can J Fish Aquat Sci 
78(8):995–1007

Chopin T (2015) Marine aquaculture in Canada: Well-estab-
lished monocultures of finfish and shellfish and an 
emerging integrated multi-trophic aquaculture (IMTA) 
approach including seaweeds, other invertebrates, and 
microbial communities. Fisheries 40:28–31

Cline TJ, Bennington V, Kitchell JF (2013) Climate change 
expands the spatial extent and duration of preferred 
thermal habitat for Lake Superior fishes. PLoS ONE 
8(4):e62279

Collingsworth PD, Bunnell DB, Murray MW, Kao YC, Feiner 
ZS, Claramunt RM, Lofgren BM, Höök TO, Ludsin SA 

(2017) Climate change as a long-term stressor for the 
fisheries of the Laurentian Great Lakes of North Amer-
ica. Rev Fish Biol Fisheries 27(2):363–391

Connon RE, Jeffries KM, Komoroske LM, Todgham AE, 
Fangue NA (2018) The utility of transcriptomics in fish 
conservation. J Exp Biol 221(2):jeb148833

Cooke SJ, Allison EH, Beard TD, Arlinghaus R, Arthington 
AH, Bartley DM et  al (2016) On the sustainability of 
inland fisheries: finding a future for the forgotten. Ambio 
45(7):753–764

Cooke SJ, Nguyen VM, Chapman JM, Reid AJ, Landsman SJ, 
Young N, Hinch SG, Schott S, Mandrak N, Semeniuk 
CAD (2020) Knowledge co-production: a pathway to 
effective fisheries management, conservation, and gov-
ernance. Fisheries 46(2):89–97

Cooke SJ, Jeanson AL, Bishop I, Bryan BA, Chen C, Cvi-
tanovic C, Young N (2021) On the theory-practice gap 
in the environmental realm: perspectives from and for 
diverse environmental professionals. Socio-Ecol Pract 
RES 3(3):243–255

Cooper GM, Brown CD (2008) Qualifying the relationship 
between sequence conservation and molecular function. 
Genome Res 18:201–205

Cruz F, Brennan AC, Gonzalez-Voyer A, Muñoz-Fuentes V, 
Eaaswarkhanth M, Roques S, Picó FX (2012) Genetics 
and genomics in wildlife studies: implications for ecol-
ogy, evolution, and conservation biology. BioEssays 
34:245–246

Davidson J, May T, Good C, Waldrop T, Kenney B, Terjesen 
BF, Summerfelt S (2016) Production of market-size 
North American strain Atlantic salmon Salmo salar in a 
land-based recirculation aquaculture system using fresh-
water. Aquacult Eng 74:1–16

De Groot RS, Wilson MA, Boumans RM (2002) A typol-
ogy for the classification, description and valuation of 
ecosystem functions, goods and services. Ecol Econ 
41(3):393–408

DeBiasse MB, Kelly MW (2016) Plastic and evolved responses 
to global change: what can we learn from comparative 
transcriptomics? J Hered 107(1):71–81

DeForest DK, Adams WJ (2011) Selenium accumulation and 
toxicity in freshwater fishes. In: Beyer WN, Meador J 
(eds) Environmental contaminants in biota: interpreting 
tissue concentrations, 2nd edn. CRC, Boca Raton, FL, pp 
193–229

DeForest DK, Brix KV, Adams WJ (1999) Critical review 
of proposed residue-based selenium toxicity thresh-
olds for freshwater fish. Hum Ecol Risk Assess Int J 
5(6):1187–1228

Desforges JE, Clarke J, Harmsen EJ, Jardine AM, Robichaud 
JA, Serré S, Cooke SJ (2022) The alarming state of 
freshwater biodiversity in Canada. Can J Fish Aquat Sci 
79(2):352–365

Dudgeon D, Arthington AH, Gessner MO, Kawabata ZI, 
Knowler DJ, Lévêque C, Naiman RJ, Prieur-Richard AH, 
Soto D, Stiassny ML, Sullivan CA (2006) Freshwater 
biodiversity: importance, threats, status and conservation 
challenges. Biol Rev 81(2):163–182

Dunlop ES, Eikeset AM, Stenseth NC (2015) From genes to 
populations: How fisheries-induced evolution alters stock 
productivity. Ecol Appl 25(7):1860–1868



936	 Rev Fish Biol Fisheries (2022) 32:921–939

1 3
Vol:. (1234567890)

Dunlop ES, Feiner ZS, Höök TO (2018) Potential for fisheries-
induced evolution in the Laurentian Great Lakes. J Great 
Lakes Res 44(4):735–747

Evans DO (2007) Effects of hypoxia on scope-for-activity and 
power capacity of lake trout (Salvelinus namaycush). Can 
J Fish Aquat Sci 64(2):345–361

Flanagan SP, Forester BR, Latch EK, Aitken SN, Hoban S 
(2018) Guidelines for planning genomic assessment and 
monitoring of locally adaptive variation to inform spe-
cies conservation. Evol Appl 11(7):1035–1052

Føre M, Frank K, Norton T, Svendsen E, Alfredsen JA, 
Dempster T, Eguiraun H, Watson W, Stahl A, Sunde 
LM, Schellewald C, Skøien KR, Alver MO, Berck-
mans D (2018) Precision fish farming: A new frame-
work to improve production in aquaculture. Biosyst Eng 
173:176–193

Good C, Davidson J, Welsha C, Snekvik K, Summerfelt S 
(2010) The effects of carbon dioxide on performance and 
histopathology of rainbow trout Oncorhynchus mykiss in 
water recirculation aquaculture systems. Aquacult Eng 
42:51–56

Grummer JA, Beheregaray LB, Bernatchez L, Hand BK, Lui-
kart G, Narum SR, Taylor EB (2019) Aquatic landscape 
genomics and environmental effects on genetic variation. 
Trends Ecol Evol 34(7):641–654

Hale R, Piggott JJ, Swearer SE (2017) Describing and under-
standing behavioral responses to multiple stressors and 
multiple stimuli. Ecol Evol 7(1):38–47

Hamdoun A, Epel D (2007) Embryo stability and vulnerability 
in an always changing world. Proc Natl Acad Sci USA 
104:1745–1750

Hamilton SJ (2004) Review of selenium toxicity in the aquatic 
food chain. Sci Total Environ 326(1–3):1–31

Hare JA, Morrison WE, Nelson MW, Stachura MM, Teeters 
EJ, Griffis RB, Alexander MA, Scott JD, Alade L, Bell 
RJ, Chute AS (2016) A vulnerability assessment of fish 
and invertebrates to climate change on the Northeast US 
Continental Shelf. PLoS ONE 11(2):e0146756

Harrison I, Abell R, Darwall W, Thieme ML, Tickner D, Tim-
boe I (2018) The freshwater biodiversity crisis. Science 
362(6421):1369–1369

He X, Wilson CC, Wellband KW, Houde ALS, Neff BD, Heath 
DD (2015) Transcriptional profiling of two Atlantic 
salmon strains: implications for reintroduction into Lake 
Ontario. Conserv Genet 16(2):277–287

He X, Johansson ML, Heath DD (2016) Role of genomics and 
transcriptomics in selection of reintroduction source pop-
ulations. Conserv Biol 30(5):1010–1018

Hook SE (2010) Promise and progress in environmental 
genomics: a status report on the applications of gene 
expression-based microarray studies in ecologically rel-
evant fish species. J Fish Biol 77(9):1999–2022

Houde ALS, Garner SR, Neff BD (2015) Restoring species 
through reintroductions: strategies for source population 
selection. Restor Ecol 23(6):746–753

Houde ALS, Akbarzadeh A, Günther OP, Li S, Patterson DA, 
Farrell AP, Hinch SG, Miller KM (2019) Salmonid 
gene expression biomarkers indicative of physiological 
responses to changes in salinity and temperature, but not 
dissolved oxygen. J Exp Biol 222(13):jep198036

Huang IB, Keisler J, Linkov I (2011) Multi-criteria decision 
analysis in environmental sciences: ten years of applica-
tions and trends. Sci Total eEnviron 409(19):3578–3594

Hughes RM, Kaufmann PR, Herlihy AT, Kincaid TM, Reyn-
olds L, Larsen DP (1998) A process for developing and 
evaluating indices of fish assemblage integrity. Can J 
Fish Aquat Sci 55(7):1618–1631

Iverson SJ, Fisk AT, Hinch SG, Mills Flemming J, Cooke 
SJ, Whoriskey FG (2019) The oceantracking network: 
advancing frontiers in aquatic science and management. 
Can J Fish Aquat Sci 76(7):1041–1051

Jeffrey JD, Hasler CT, Chapman JM, Cooke SJ, Suski CD 
(2015) Linking landscape-scale disturbances to stress 
and condition of fish: implications for restoration and 
conservation. Integr Comp Biol 55(4):618–630

Jeffries KM, Hinch SG, Gale MK, Clark TD, Lotto AG, Cas-
selman MT, Li S, Rechisky EL, Porter AD, Welch DW, 
Miller KM (2014) Immune response genes and patho-
gen presence predict migration survival in wild salmon 
smolts. Mol Ecol 23(23):5803–5815

Jeffries KM, Teffer A, Michaleski S, Bernier NJ, Heath DD, 
Miller KM (2021) The use of non-lethal sampling for 
transcriptomics to assess the physiological status of wild 
fishes. Comp Biochem Physiol B Biochem Mol Biol 
256:110629

Jerde CL (2021) Can we manage fisheries with the inherent 
uncertainty from eDNA? J Fish Biol 98(2):341–353

Kadykalo AN, Cooke SJ, Young N (2020) Conservation 
genomics from a practitioner lens: evaluating the 
research-implementation gap in a managed freshwater 
fishery. Biol Cons 241:108350

Khan KU, Zuberi A, Fernandes JBK, Ullah I, Sarwar H (2017) 
An overview of the ongoing insights in selenium research 
and its role in fish nutrition and fish health. Fish Physiol 
Biochem 43(6):1689–1705

Kime DE (1998) Endocrine disruption in fish. Kluwer Aca-
demic Publishers, Norwell (MA, USA)

Kroll KJ, Doroshov SI (1991) Vitellogenin: potential vehicle 
for selenium in oocytes of the white sturgeon (Acipenser 
transmontanus). In: Williot P (ed) Acipenser. Cemagref 
Publishers, Montpellier (France), pp 99–106

Kültz D, Clayton DF, Robinson GE, Albertson C, Carey HV, 
Cummings ME, Dewar K, Edwards SV, Hofmann HA, 
Gross LJ, Kingsolver JG (2013) New frontiers for organ-
ismal biology. Bioscience 63(6):464–471

Lacaze É, Gendron AD, Miller JL, Colson TLL, Sherry JP, 
Giraudo M, Houde M (2019) Cumulative effects of 
municipal effluent and parasite infection in yellow perch: 
a field study using high-throughput RNA-sequencing. Sci 
Total Environ 665:797–809

Larson WA, Kornis MS, Turnquist KN, Bronte CR, Holey ME, 
Hanson SD, Treska TJ, Stott W, Sloss BL (2021) The 
genetic composition of wild recruits in a recovering lake 
trout population in Lake Michigan is influenced by cap-
ture location and stocking history. Can J Fisheries Aquat 
Sci 78(3):286–300

Leese F, Altermatt F, Bouchez A, Ekrem T, Hering D, Meiss-
ner K, Zimmermann J (2016) DNAqua-Net: develop-
ing new genetic tools for bioassessment and monitoring 
of aquatic ecosystems in Europe. Res Ideas Outcomes 
(RIO) 2:e11321



937Rev Fish Biol Fisheries (2022) 32:921–939	

1 3
Vol.: (0123456789)

Lemly AD, Skorupa JP (2007) Technical issues affecting the 
implementation of US Environmental Protection Agen-
cy’s proposed fish tissue-based aquatic criterion for sele-
nium. Integr Environ Assess Manage Int J 3(4):552–558

Li T, Fooks JR, Messer KD, Ferraro PJ (2021) A field experi-
ment to estimate the effects of anchoring and framing on 
residents’ willingness to purchase water runoff manage-
ment technologies. Resour Energy Econ 63:101107

Logan CA, Buckley BA (2015) Transcriptomic responses to 
environmental temperature in eurythermal and stenother-
mal fishes. J Exp Biol 218(12):1915–1924

López-Maury L, Marguerat S, Bähler J (2008) Tuning gene 
expression to changing environments: from rapid 
responses to evolutionary adaptation. Nat Rev Genet 
9(8):583–593

Mas-Colell A, Whinston MD, Green JR (1995) Microeconomic 
theory, vol 1. Oxford University Press, New York

McDonald BG, Chapman PM (2009) The need for adequate 
QA/QC measures for selenium larval deformity assess-
ments: implications for tissue residue guidelines. Integr 
Environ Assess Manag 5(3):470–475

Miller KM, Li S, Kaukinen KH, Ginther N, Hammill E, Curtis 
JMR, Patterson DA, Sierocinski T, Donnidon L, Pavlidis 
P, Hinch SG, Hruska KA, Cooke SJ, English KK, Far-
rell AP (2011) Genomic signatures predict migration 
and spawning failure in wild Canadian salmon. Science 
331:214–217

Miller KM, Teffer A, Tucker S, Li S, Schulze AD, Trudel M, 
Juanes F, Tabata A, Kaukinen KH, Ginther NG, Ming TJ 
(2014) Infectious disease, shifting climates, and oppor-
tunistic predators: cumulative factors potentially impact-
ing wild salmon declines. Evol Appl 7(7):812–855

Moreira M, Schrama D, Farinha AP, Cerqueira M, Raposo 
de Magalhães C, Carrilho R, Rodrigues P (2021) Fish 
pathology research and diagnosis in aquaculture of 
farmed fish; a proteomics perspective. Animals 11(1):125

Moura MT, Silva RL, Nascimento PS, Ferreira-Silva JC, Can-
tanhêde LF, Kido EA, Benko-Iseppon AM, Oliveira MA 
(2019) Inter-genus gene expression analysis in livestock 
fibroblasts using reference gene validation based upon a 
multi-species primer set. PLoS ONE 14(8):e0221170

Muir AM, Krueger CC, Hansen MJ (2012) Re-establishing 
lake trout in the Laurentian Great Lakes: past, present, 
and future. In: Taylor WW, Lynch AJ, Leonard NJ (eds) 
Great Lakes fisheries policy and management: a bina-
tional perspective, 2nd edn. Michigan State University 
Press, East Lansing, pp 533–588

Myers BJ, Lynch AJ, Bunnell DB, Chu C, Falke JA, Kovach 
RP et al (2017) Global synthesis of the documented and 
projected effects of climate change on inland fishes. Rev 
Fish Biol Fisheries 27(2):339–361

Nguyen VM, Delle Palme C, Pentz B, Vandergoot CS, Krueger 
CC, Young N, Cooke SJ (2021) Overcoming barriers to 
transfer of scientific knowledge: integrating biotelemetry 
into fisheries management in the Laurentian Great Lakes. 
Socio-Ecol Pract Res 3(1):17–36

O’Brien AL, Dafforn KA, Chariton AA, Johnston EL, Mayer-
Pinto M (2019) After decades of stressor research in 
urban estuarine ecosystems the focus is still on single 
stressors: a systematic literature review and meta-analy-
sis. Sci Total Environ 684:753–764

Oomen RA, Hutchings JA (2017) Transcriptomic responses 
to environmental change in fishes: insights from RNA 
sequencing. Facets 2(2):610–641

Pacitti D, Lawan MM, Feldmann J, Sweetman J, Wang T, 
Martin SAM, Secombes CJ (2016) Impact of selenium 
supplementation on fish antiviral responses: a whole 
transcriptomic analysis in rainbow trout (Oncorhynchus 
mykiss) fed supranutritional levels of Sel-Plex®. BMC 
Genomics 17(1):116

Paquet PJ, Flagg T, Appleby A, Barr J, Blankenship L, Camp-
ton D, Delarm M, Evelyn T, Fast D, Gislason J, Kline 
P (2011) Hatcheries, conservation, and sustainable fish-
eries—achieving multiple goals: results of the Hatchery 
Scientific Review Group’s Columbia River basin review. 
Fisheries 36(11):547–561

Post JR, Sullivan M, Cox S, Lester NP, Walters CJ, Parkinson 
EA et al (2002) Canada’s recreational fisheries: the invis-
ible collapse? Fisheries 27(1):6–17

Qian X, Ba Y, Zhuang Q, Zhong G (2014) RNA-Seq technol-
ogy and its application in fish transcriptomics. Omics J 
Integr Biol 18(2):98–110

Reid AJ, Carlson AK, Creed IF, Eliason EJ, Gell PA, Johnson 
PT et al (2019) Emerging threats and persistent conser-
vation challenges for freshwater biodiversity. Biol Rev 
94(3):849–873

Reid AJ, Eckert LE, Lane JF, Young N, Hinch SG, Darimont 
CT, Marshall A (2021) “Two-eyed seeing”: an indige-
nous framework to transform fisheries research and man-
agement. Fish Fish 22(2):243–261

Rice J, Bradford MJ, Clarke KD, Koops MA, Randall RG, 
Wysocki R (2015) The science framework for imple-
menting the fisheries protection provisions of Canada’s 
fisheries Act. Fisheries 40(6):268–275

Rogers EM (1962) Diffusion of innovations. Free Press, New 
York

Saltelli A, Dankel DJ, Di Fiore M, Holland N, Pigeon M 
(2022) Science, the endless frontier of regulatory cap-
ture. Futures 135:102860

Schneider L, Maher WA, Potts J, Taylor AM, Batley GE, 
Krikowa F, Gruber B (2015) Modeling food web struc-
ture and selenium biomagnification in lake macquarie, 
New South Wales, Australia, using stable carbon and 
nitrogen isotopes. Environ Toxicol Chem 34(3):608–617

Schulte PM (2004) Changes in gene expression as biochemical 
adaptations to environmental change: a tribute to Peter 
Hochachka. Comp Biochem Physiol B Biochem Mol 
Biol 139(3):519–529

Schwartz TS (2020) The promises and the challenges of inte-
grating multi-omics and systems biology in comparative 
stress biology. Integr Comp Biol 60(1):89–97

Scribner K, Tsehaye I, Brenden T, Stott W, Kanefsky J, 
Bence J (2018) Hatchery strain contributions to emerg-
ing wild lake trout populations in Lake Huron. J Hered 
109(6):675–688

Seaborn T, Griffith D, Kliskey A, Caudill CC (2021) Building 
a bridge between adaptive capacity and adaptive poten-
tial to understand responses to environmental change. 
Glob Change Biol 27(12):2656–2668

Shahraki AH, Heath D, Chaganti SR (2019) Recreational water 
monitoring: Nanofluidic qRT-PCR chip for assessing 
beach water safety. Environ DNA 1(4):305–315



938	 Rev Fish Biol Fisheries (2022) 32:921–939

1 3
Vol:. (1234567890)

Siefkes MJ, Steeves TB, Sullivan WP, Twohey MB, Li W 
(2013) Sea lamprey control: past, present, and future. 
Great Lakes Fisheries Policy and Management. Michigan 
State University Press, East Lansing, pp 651–704

Sisk TD, Launer AE, Switky KR, Ehrlich PR (1994) Identify-
ing extinction threats: global analyses of the distribution 
of biodiversity and the expansion of the human enter-
prise. Bioscience 44:592–604

Sopinka NM, Donaldson MR, O’Connor CM, Suski CD, 
Cooke SJ (2016) Stress indicators in fish. Fish physiol-
ogy, vol 35. Academic Press, Cambridge, pp 405–462

Streletskaya NA, Bell SD, Kecinski M, Li T, Banerjee S, Palm-
Forster LH, Pannell D (2020) Agricultural adoption and 
behavioral economics: Bridging the gap. Appl Econ Per-
spect Policy 42(1):54–66

Su G, Logez M, Xu J, Tao S, Villéger S, Brosse S (2021) 
Human impacts on global freshwater fish biodiversity. 
Science 371(6531):835–838

Swirplies F, Wuertz S, Baßmann B, Orban A, Schäfer N, 
Brunner RM, Hadlich F, Goldammer T, Rebl A (2019) 
Identification of molecular stress indicators in pikeperch 
Sander lucioperca correlating with rising water tempera-
tures. Aquaculture 501:260–271

Todd EV, Black MA, Gemmell NJ (2016) The power and 
promise of RNA-seq in ecology and evolution. Mol Ecol 
25:1224–1241

Toews SD, Wellband KW, Dixon B, Heath DD (2019) Varia-
tion in juvenile Chinook salmon (Oncorhynchus tshaw-
ytscha) transcription profiles among and within eight 
population crosses from British Columbia, Canada. Mol 
Ecol 28:1890–1903

Veldhoen N, Ikonomou MG, Helbing CC (2012) Molecular 
profiling of marine fauna: integration of omics with envi-
ronmental assessment of the world’s oceans. Ecotoxicol 
Environ Saf 76:23–38

Veldhoen N, Beckerton JE, Mackenzie-Grieve J, Stevenson 
MR, Truelson RL, Helbing CC (2014) Development of 
a non-lethal method for evaluating transcriptomic end-
points in Arctic grayling (Thymallus arcticus). Ecotoxi-
col Environ Saf 105:43–50

Viatori M (2019) Uncertain risks: Salmon science, harm, and 
ignorance in Canada. Am Anthropol 121(2):325–337

Wellband KW, Heath JW, Heath DD (2018) Environmental and 
genetic determinants of transcriptional plasticity in Chi-
nook salmon. Heredity 120(1):38

Whitehead A, Crawford DL (2006) Neutral and adap-
tive variation in gene expression. Proc Natl Acad Sci 
103(14):5425–5430

Williams SE, Shoo LP, Isaac JL, Hoffmann AA, Langham G 
(2008) Towards an integrated framework for assessing 
the vulnerability of species to climate change. PLoS 
Biol 6(12):e325

Yin X, Martinez AS, Perkins A, Sparks MM, Harder AM, 
Willoughby JR, Sepúlveda MS, Christie MR (2021) 
Incipient resistance to an effective pesticide results 
from genetic adaptation and the canalization of gene 
expression. Evol Appl 14:847–859

Adamus PR (2001) Indicators for monitoring biological 
integrity of inland, freshwater wetlands: a survey of 
North American technical literature (1990–2000)

DFO. (2007) Revised Protocol protocol for conducting recov-
ery potential assessments. DFO Can. Sci. Advis. Sec. 
Sci. Advis. Rep. 2007/039.

DFO (2019) Recovery Potential Assessment – River Darter, 
Percina shumardi (Great Lakes-Upper St. Lawrence 
populations). DFO Canadian Science Advisory Secre-
tariat Science Advisory Report 2019/051

DFO (2017) Recovery Potential Assessment of Bull Trout, 
Salvelinus confluentus (Saskatchewan–Nelson rivers 
populations). DFO Canadian Science Advisory Secre-
tariat Science Advisory Report 2016/050

DFO (2010a) Recovery potential assessment of Lake Stur-
geon: Assiniboine-Red Rivers – Lake Winnipeg pop-
ulations (Designatable Unit 4). DFO Canadian Sci-
ence Advisory Secretariat Science Advisory Report 
2010a/051

DFO (2010b) Recovery potential assessment of Lake Stur-
geon: Winnipeg River-English River populations (Des-
ignatable Unit 5). DFO Canadian Science Advisory 
Secretariat Science Advisory Report 2010b/052

Eshenroder RL, Krueger CC (2002) Reintroduction of native 
fishes to the Great Lakes proper: a research theme area. 
Great Lakes Fishery Commission Board of Technical 
Experts. Ann Arbor, Michigan. http://​www.​glfc.​org/​
resea​rch/​Nativ​efish.​html

Genome Canada (2019) “Environmental DNA ("eDNA"), 
meta-barcoding and transcriptional profiling to improve 
sustainability of freshwater fisheries and fish culture.” 
https://​www.​genom​ecana​da.​ca/​en/​envir​onmen​tal-​dna-​
edna-​meta-​barco​ding-​and-​trans​cript​ional-​profi​ling-​
impro​ve-​susta​inabi​lity Accessed December 16, 2021.

GLFC (1981) A joint strategic plan for management of Great 
Lakes fisheries. Great Lakes Fisheries Commission, 
Ann Arbor, Michigan

Healey MC (1991) Life history of chinook salmon (Onco-
rhynchus tshawytscha).&nbsp;Pacific salmon life histo-
ries, pp 311–394

Ives JT, McMeans BC, McCann KT, Fisk AT, Johnson TB, 
Bunnell DB, Frank KT, Muir AM (2018) Food-web 
structure and ecosystem function in the Laurentian 
Great Lakes – Toward a conceptual model. Freshwater 
Biol, pp 1–23

Janz DM, DeForest DK, Brooks ML, Chapman PM, Gilron 
G, Hoff D, Hopkins WA, McIntyre DO, Mebane CA, 
Palace VP, Skorupa JP, Wayland M (2010) Selenium 
toxicity to aquatic organisms. Pages 139–230 in Chap-
man PM, Adams WJ, Brooks ML, Delos CG, Luoma 
SN, Maher WA, Ohlendorf HM, Presser TS, Shaw DP 
(eds) Selenium toxicity to aquatic organisms. Ecologi-
cal assessment of selenium in the aquatic environment, 
pp 141–231

Jeffrey JD, Carlson H, Wrubleski D, Enders EC, Treberg JR, 
Jeffries KM (2020) Applying a gene-suite approach to 
examine the physiological status of wild-caught wall-
eye (Sander vitreus). https://​doi.​org/​10.​1101/​2020.​02.​
29.​971374

Krol E, Noguera P, Shaw S, Costelloe E, Gajardo K, Val-
denegro V, Bickerdike R, Douglas A, Martin SAM 
(2020) Integration of transcriptome, gross morphology 
and histopathology in the gill of sea farmed atlantic 

http://www.glfc.org/research/Nativefish.html
http://www.glfc.org/research/Nativefish.html
https://www.genomecanada.ca/en/environmental-dna-edna-meta-barcoding-and-transcriptional-profiling-improve-sustainability
https://www.genomecanada.ca/en/environmental-dna-edna-meta-barcoding-and-transcriptional-profiling-improve-sustainability
https://www.genomecanada.ca/en/environmental-dna-edna-meta-barcoding-and-transcriptional-profiling-improve-sustainability
https://doi.org/10.1101/2020.02.29.971374
https://doi.org/10.1101/2020.02.29.971374


939Rev Fish Biol Fisheries (2022) 32:921–939	

1 3
Vol.: (0123456789)

salmon (Salmo salar): lessons from multi-site sam-
pling. Front Genet 11(610)

Millar PH (2013) Canadian fisheries and aquaculture: how 
genomics can address sectoral challenges. Genome Can-
ada, Genome Atlantic and Genome British Columbia, p 
24. https://​www.​genom​ecana​da.​ca/​sites/​defau​lt/​files/​pdf/​
en/​Fishe​ries_​and_​Aquac​ulture_​EN.​pdf

Ohlendorf H, Covington S, Byron E, Arenal C (2008) 
Approach for conducting site-specific assessments of 
selenium bioaccumulation in aquatic systems. Prepared 
for the North America Metals Council—Selenium Work-
ing Group, Washington, DC Prepared by CH2M HILL 
and NewFields. December

Stanford BC, Rogers SM (2018) R (NA)‐tistic expression: the 
art of matching unknown mRNA and proteins to environ-
mental response in ecological genomics

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://www.genomecanada.ca/sites/default/files/pdf/en/Fisheries_and_Aquaculture_EN.pdf
https://www.genomecanada.ca/sites/default/files/pdf/en/Fisheries_and_Aquaculture_EN.pdf

	Innovating transcriptomics for practitioners in freshwater fish management and conservation: best practices across diverse resource-sector users
	Abstract 
	Introduction
	Conventional methods of fish health monitoring
	Genomic variation and its effects on adaptive capacity
	Use of transcriptomics—from researchers to practitioners
	Benefits and costs of the STP-chip toolkit for practitioners
	Case study 1: indigenous perspectives and best practices
	Case study 2: toxicity thresholds and effects—science versus practice, environmental consulting
	Case study 3: qualification vs. quantification of habitat alteration effects, environmental consulting
	Case study 4: freshwater-adapted pacific salmon strains, commercial aquaculture
	Case study 5: assessing restoration success, environmental charities
	Case study 6: fisheries management, governmental commissions
	Restoration
	Changing environments
	Invasive species
	Implementation

	Case study 7: recovery potential assessment of species at risk, federal government

	Overcoming barriers to adoption
	Conclusion
	Acknowledgements 
	References




