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e Département des sciences fondamentales, Université du Québec à Chicoutimi, Chicoutimi, Québec, Canada 
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A B S T R A C T   

Biodiversity loss has accelerated over the past century and freshwater species overall are among those experi-
encing greatest declines. Genetic resources have the potential to help evaluate the full magnitude of this loss and 
represent a key tool to effectively allocate conservation resources and monitor the success of restoration efforts. 
The full power of genetic resources will be realized when the daunting task of referencing all DNA sequences of 
freshwater organisms is complete. Here, we quantified the availability and distribution of barcode and genome 
data for freshwater macroscopic organisms in Canada, a country rich in inland water resources and thus 
particularly vulnerable to aquatic species losses. Impressively, most inland water species (86 %) were repre-
sented by barcodes recorded in the BOLD Systems database, while very few had full genomes available (<4 %) in 
the NCBI database. We identified barcode data deficiencies in northern regions and for taxa assessed as most at 
risk or without sufficient information for conservation status classification. As expected, the speciose insect group 
had a lower-than-average number of records per species and a high proportion of data deficient species without 
adequate barcode coverage. This study highlights where future sequencing resources should be prioritized within 
initiatives such as the Canada BioGenome Project and BIOSCAN Canada and provides a workflow that could be 
applied internationally to inform conservation management plans and to mitigate biodiversity loss.   

1. Introduction 

Freshwater ecosystems hold approximately 10 % of the world’s 

described species. However, the deterioration of freshwater habitats by 
multiple stressors poses accelerating threats to freshwater biodiversity 
(Dudgeon et al., 2006; Dudgeon, 2019; Reid et al., 2019) and the 
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irreplaceable services provided by these ecosystems (Albert et al., 2021). 
The highest rates of extinction and population decline among aquatic 
taxa are occurring in freshwater species (IPBES, 2019; Young et al., 
2016) and global freshwater biodiversity loss has been characterized as 
a crisis (Harrison et al., 2018; Tickner et al., 2020). Improved moni-
toring methods were raised as a key priority by a panel of global 
freshwater biodiversity researchers to overcome current taxonomic 
limitations and inefficiencies in monitoring (Maasri et al., 2022). This is 
particularly important within Canada, a country which holds 20 % of the 
global freshwater volume (Messager et al., 2016). Notably, a study by 
Desforges et al. (2022) reporting the lack of knowledge to assess the 
state of freshwater biodiversity in Canada concluded that there were 
insufficient data to assess the conservation status for 38 % of species 
dependent on freshwater habitats for at least part of their lifecycle. Data 
deficiency was particularly high in invertebrate groups that serve as 
bioindicators of ecological integrity such as Trichoptera (caddisflies; 68 
% of species are data deficient) and Ephemeroptera (mayflies; 78 % data 
deficient). Additionally, 12 % of freshwater species were assessed as’At 
Risk’, with the greatest proportions of at-risk species appearing in rep-
tiles (50 %), amphibians (31 %), and birds (20 %). A further 18 % of all 
species were listed as ’Special Concern’ (Desforges et al., 2022). 

In general, the extent of declines in freshwater biodiversity is not 
fully known as most ecosystems and taxa are poorly monitored (Díaz 
et al., 2019). Although open-access data repositories like the Global 
Biodiversity Information Facility (GBIF; https://www.gbif.org/) are 
improving our understanding of biodiversity distributions and dy-
namics, many gaps remain. Genetic resources are poised to address 
many conservation questions, but a comparison of the conservation 
status of a diversity of species with the availability of reference barcodes 
and genomes is lacking. Networks aimed at growing national and in-
ternational initiatives to characterize biodiversity on Earth are 
contributing to a rapid and continuous expansion of reference genomes 
(e.g., the Earth Biogenome Project (Lewin et al., 2018), Genome 10K 
(Haussler et al., 2009)) and DNA barcodes (e.g., the Barcode of Life Data 
System (BOLD) (Ratnasingham and Hebert, 2007) and International 
Barcode of Life (IBOL) (https://ibol.org/)). Numerous independent 
barcoding campaigns are also targeting taxon- and region-specific flora 
and fauna (Weigand et al., 2019). These databases can provide more 
complete knowledge on species occurrences to help assess their status 
and work towards their management and restoration. For example, of 
12.5 million individual specimens collected by the Canadian Aquatic 
Biomonitoring Network (CABIN), only 57 % could be identified to genus 
level based on morphology, but extensive sequencing efforts of these 
specimens are underway to help improve identifications (Curry et al., 
2018). 

Developments in applications of environmental (e)DNA (defined as 
DNA directly isolated from environmental samples) offer promising 
avenues for the biomonitoring of natural ecosystems to inform conser-
vation (Thomsen and Willerslev, 2015). Meta-analyses have shown that 
eDNA approaches meet or exceed detection capabilities of conventional 
techniques for monitoring aquatic ecosystems (Keck et al., 2022; Mcel-
roy et al., 2020). eDNA can be used to survey a broad diversity of or-
ganisms, including elusive, rare, cryptic, or invasive species, which may 
evade conventional capture (Berry et al., 2021; Balasingham et al., 
2018; Deiner et al., 2017; Jerde et al., 2011). Moreover, eDNA surveys 
can help to fill gaps in conservation status assessments by allowing re-
searchers to track species distributions across bro. Finally, in places 
where conventional biomonitoring requires extensive resources, such as 
in freshwater-rich regions, eDNA surveys can be an option as they can be 
conducted across large spatial scales in a consistent way (Bush et al., 
2019). While exhaustive and well curated reference sequence data are 
essential for biodiversity monitoring through eDNA, and existing data-
bases have made massive progress since their inception a mere 25 years 
ago, there remain key taxonomic discrepancies to be addressed for 
conservation and management research (Hotaling et al., 2021). Given 
the urgency of the biodiversity crisis, it is prudent to identify and 

prioritize these gaps to help mitigate current and future biodiversity 
declines. 

Our main study objectives were to 1) identify the availability of 
genetic records (i.e., annotated genomes or barcodes) for freshwater 
species in Canada and identify zones of record richness and deficiency; 
2) determine the taxonomic groups exhibiting the greatest data de-
ficiencies (i.e., taxa to focus future sequencing efforts on); and 3) eval-
uate whether sufficient genetic reference data exist for most ‘At Risk’ 
freshwater species in Canada (where At Risk is defined as taxa listed as 
‘Threatened’, ‘Endangered’, or ‘Extirpated’; see definitions in Desforges 
et al. (2022)). We compiled barcode and whole genome records from 
two major public repositories, the Barcode of Life Data System (BOLD, 
https://www.boldsystems.org/) for barcodes and the National Center 
for Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/) 
database for whole genome assemblies, and investigated the taxonomic 
distribution of DNA sequence records in relation to species conservation 
status, species ranges, and human footprint index. We first present the 
distribution of species barcodes and genome assemblies restricted to 
Canadian inland water taxa but mapped across a global footprint index. 
To do so, we used the list of freshwater-reliant taxa compiled by the 
Desforges et al. (2022) study, comprising six major taxonomic groups 
with Canadian species conservation status, and mapped the availability 
of barcodes and full genome assemblies for Canadian species at risk or 
with data deficiencies. We then provide a more in-depth study of 
Canadian/Canada-centric species in terms of their representation within 
the BOLD repository, the spatial extent of the genetic records relative to 
species ranges, and whether biases exist in terms of conservation status 
or geography (latitudinal and longitudinal gradients). 

2. Material and methods 

Our approach consisted of five main steps which span the compila-
tion and analysis of genetic resources available for freshwater-reliant 
taxa in Canadian waters to identifying priority taxa for future 
sequencing efforts (see Fig. 1). 

2.1. Canada’s freshwater species list 

Desforges et al. (2022) compiled a list of Canada’s native freshwater- 
dependent taxa (defined loosely as habitats that spanned a gradient from 
fresh to brackish waters). Briefly, species data were collected for the 
following macroscopic taxonomic groups: plants, invertebrates, fishes, 
herpetofauna (amphibians and reptiles), birds, and mammals. Species 
were included if they accomplished all or part of their lifecycle in or on 
inland waters, or if the species showed dependency on inland waters for 
food or habitat. The species lists were compiled using data from the 
Committee on the Status of Endangered Wildlife in Canada (COSEWIC), 
the Canadian Endangered Species Conservation Council (CESCC) 2015 
Wildlife Species Report and the International Union for Conservation of 
Nature (IUCN) Red List. The final species list resulted in the identifica-
tion of over 3000 unique taxa as species, subspecies, or geographically 
distinct populations (Desforges et al., 2022). COSEWIC was used as the 
primary source for conservation status data rather than global assess-
ments due to the Canadian-specific assessment process. When species 
were not assessed by COSEWIC, CESCC data were used to determine 
their status (see Desforges et al. (2022) for details). These statuses were 
grouped in increasing degree of risk as follows: ‘Not Available’, ‘Data 
Deficient’, ‘Not at Risk’, ‘Special Concern’, ‘Threatened’, ‘Endangered’, 
‘Extirpated’, and ‘Extinct’; ‘Not Available’ was assigned to taxa that 
were not considered by COSEWIC or CESCC for conservation assessment 
and ‘At Risk’ was used to describe taxa with conservation statuses of 
‘Threatened’ or worse. 

For taxa that were assigned more than one conservation status in 
COSEWIC due to different management units, conservation statuses 
were scored (from 0-‘Not Available’ to 8-‘Extinct’) and the mean score 
was used to determine the status for the entire species. For taxa 
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identified to the subspecies level, the conservation status reflected this 
subspecies only. For example, Esox americanus vermiculatus (Grass 
pickerel) was identified as being of ‘Special Concern’ whereas Esox 
americanus americanus (Redfin pickerel) is not at risk. These subspecies 
both occur in Canada, though they have diverging ranges, which has led 
to genetically distinct populations. In contrast, a mean conservation 
status was assigned for Oncorhynchus nerka (Sockeye salmon) since 
COSEWIC assesses different populations that are not sufficiently distinct 
to define specific subspecies. Overall, 12 % of all identified taxa were 
found to be ‘At Risk’, 18 % identified as ‘Special Concern’, and 38 % 
lacked sufficient data to enable their assessment (i.e., categorized ‘Data 
deficient’) (Desforges et al., 2022) (Online Appendix Table A1). 

2.2. Harmonization of Canada’s freshwater species list with reference 
databases 

The list of taxa compiled by Desforges et al. (2022) was downloaded 
on March 30, 2022. In the case of duplicate entries with conflicting 
conservation status assessments (the case for only two taxa), the most 
critical status was selected to avoid potentially underestimating a spe-
cies’ conservation status. Following basic text cleaning of species names 
in R (i.e., removing non-ASCII characters and leading/trailing white-
space), species spellings were verified using the gnr_resolve() function 
from the package taxize (Chamberlain and Szöcs, 2013) against taxon 
names indexed in the Integrated Taxonomic Information System (ITIS) 
and Global Biodiversity Information Facility (GBIF). Species flagged as 
misspelled were manually corrected based on the primary spelling 
recorded in ITIS or GBIF. To cast a wide net in our search for genetic/ 
genomic records, we appended taxonomic synonyms where available 
using the ns_search_spp() function from the R package natserv (Cham-
berlain, 2020). Taxonomy upstream of genus was accessed from ITIS, or 

GBIF if valid taxonomy was not available in ITIS, using the classification 
() function in taxize; only family, order, and class assignments were 
retained in addition to genus, species and subspecies, where available. 

2.3. Compilation of publicly available barcode and annotated genome 
records 

Specimen and sequence records were downloaded from BOLD Sys-
tems using the bold_seqspec() function from the R package bold 
(Chamberlain, 2021) on June 18, 2022. In cases where subspecies were 
included by Desforges et al. (2022), records were queried at both the 
species and subspecies ranks. To determine whether taxa without pro-
grammatically accessed records were truly missing from BOLD Systems 
(as opposed to being the subject of program interruption or failure, for 
example), taxa without records were manually verified online at https 
://www.boldsystems.org/. In some cases (0.6 % of total records), we 
detected identical BOLD records for different species; sometimes this 
occurred when querying taxa with subspecies information or taxa with 
only genus-level records in BOLD. Redundant BOLD records were 
retained and factored into record counts for taxonomic groups, but 
unique record counts were also reported to assess frequencies of DNA 
markers and sequence lengths. Unique BOLD records were identified by 
their process identification codes (processid). 

Basic genome records were downloaded from the NCBI Genome 
database on June 18, 2022 using the entrez_search() function, specifying 
only the organism search parameter, from the R package rentrez 
(Winter, 2017). Unique NCBI Genome records were filtered by their 
Entrez Unique Identifiers (UIDs). 

Fig. 1. General workflow of the approach used for the species list, the query of reference databases, the compilation and the projection of available georeferenced 
records over the global and Canadian human footprint index, and the identification of key regions of data deficiencies and taxonomic groups most underrepresented 
in BOLD and in the NCBI genome database. The colored ovals with white text represent data and the underlined black text represents data manipulations. The final 
data produced by each step were used as the initial input for the subsequent step. *Only georeferenced records with an assigned longitude are included. **LC = Land 
cover, HF = Human footprint, T = Threat level. 
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2.4. Human footprint index 

The human footprint index was compiled using eight anthropogenic 
pressures: (1) extent of built environments; (2) crop land; (3) pasture 
land; (4) human population density; (5) night-time lights; (6) railways; 
(7) roads; and, (8) navigable waterways. Following (Sanderson et al., 
2002), each metric was scaled between 0 and 10, weighted to its pres-
sure importance and summed. Canada’s human footprint index was 
calculated following the same protocol, considering 12 pressures which 
included the global footprint and additional pressures: (9) presence of 
dams and reservoirs; (10) mining activity; (11) oil and gas; and, (12) 
forestry (Hirsh-Pearson et al., 2022). 

2.5. Data analyses 

BOLD records for Canadian inland water macroorganisms that had 
associated georeferenced data were projected (WGS 1984) over the 
global human footprint index 2009 (Venter et al., 2016) and the Cana-
dian human footprint index (Hirsh-Pearson et al., 2022); note: not all 
BOLD records had georeferenced data. For every projected BOLD record, 
the value of the human footprint index was extracted using the sampling 
coordinates and the function extract() from the terra package in R 
(version 4.1.2; R Core Team, 2020) (Hijmans, 2023). Average values 
(±SD) of human footprint index were summarized by phylum (global 
mapping) and COSEWIC assessments (Canadian mapping). We tested 
the link between human footprint indexes and record-related factors 
(phylum, taxon, and conservation status) by applying linear mixed effect 
models (LMM) using sampled species as a random effect to account for 
the non-independence of same species observations. 

For each species, the projected BOLD records were used to quantify 
the density of genetic records as a function of latitude. Using a resolution 
of 0.1-degree latitude, the number of records per latitudinal band was 
estimated as the (number of records)/ (maximum latitude - minimum 
latitude). For species with a single observation, this would be 1/0.1 
(number of records/latitude band). Potential taxonomic differences in 
the range - BOLD density relationship were tested using a two-way 
ANOVA including observation density as the response variable and 
latitudinal band midpoint and phylum as explanatory variables, testing 
both their main effects and interaction. 

To compare the density and distribution of taxa that had at least one 
georeferenced BOLD record (~1900 species) with all georeferenced 
observations present on GBIF in Canada, we applied a GBIF Occurrence 
Download from doi:10.15468/dl.a5mbxn on 15 June 2022. The distri-
bution of species records was visualized at 100 km2 resolution. Areas 
with a comparatively high and low number of records in BOLD and GBIF 
were visualized by clustering records into three groupings (low-me-
dium-high) based on equal quantiles (0.33, 0.66, and 1) at a log(x + 1) 
scale. 

3. Results 

3.1. Compilation of records from BOLD (barcodes) and NCBI (annotated 
genomes) 

Desforges et al. (2022) listed 3212 taxa, 17 of which were assigned to 
subspecies or geographically distinct populations. Given that many 
taxonomic synonyms were identified (1028 synonyms across 754 taxa), 
we queried a total of 4175 unique taxon names against the BOLD and 
NCBI Genome databases. Based on queries to BOLD, we identified 2751 
taxa (86 %) that had at least one barcode. However, of the 85,419 BOLD 
records downloaded in total, 84,889 records were unique, indicating 
that 0.6 % of records (530) were redundant across taxa. Most of the 
unique records reported the DNA marker information (96 %), and a clear 
majority were for the 5′ end of the mitochondrial cytochrome c oxidase 
subunit I gene (COI-5P; total of 68,480 records). Other DNA markers 
were also represented, but at much lower frequencies including the 

internal transcribed spacer 2 (ITS2; >3 %), ribulose-bisphosphate 
carboxylase (rbcL; >3 %), and megakaryocyte-associated tyrosine ki-
nase (matK; 3 %) genes. DNA sequences downloaded as BOLD metadata 
were on average 630 bp in length (range 75–1989 bp). 

Most phyla were captured in BOLD, with fishes, plants, birds, am-
phibians, and reptiles having ≥96 % of their affiliated taxa represented 
by at least one barcode (Online Appendix Table A2). Taxa assessed as 
Not At Risk were the best represented group by BOLD records (97 %; 987 
of 1020 taxa had at least one BOLD record). From there, taxa decreased 
in representation as their conservation status increased in severity: taxa 
of Special Concern (91 %; 513 of 562), Threatened (89 %; 153 of 172), 
Endangered (85 %; 142 of 168), Extirpated (80 %; 12 of 15), and Extinct 
(75 %; 3 of 4). Taxa assessed as Data Deficient had the lowest repre-
sentation in BOLD (72 %; 762 of 1053 taxa had at least one BOLD 
record). 

Arguably, a single barcode is not adequate to capture the potential 
intraspecific variability present. To explore which taxa had at least some 
redundancy in barcoding, we also identified which taxa had at least 5 
barcodes per species (Fig. 2). Particularly vulnerable taxonomic groups 
containing high proportions of taxa at risk (or data deficiencies) and 
with few BOLD records were observed throughout the tree of life 
(Fig. 2). Podicipediformes (Aves), Squamata (Reptilia), Coleoptera 
(Arthropoda), Stylommatophora (Mollusca), Dioscoreales (Magnolio-
phyta), and Lycopodiales (Lycopodiophyta) were among the orders with 
the highest percentage of species at risk lacking representation in BOLD 
(Fig. 2; Online Appendix Table A3). As expected, the insects were among 
the most speciose groups and overall had a sizable number of records. 
However, even well-known aquatic bioindicator groups like the 
Ephemeroptera – Plecoptera – Trichoptera (EPT) had lower-than- 
average numbers of records per species and high proportions of data 
deficient species without adequate barcode coverage (Fig. 2; Online 
Appendix Table A3). 

Based on queries to the NCBI Genome database, only 115 genomes 
corresponded to taxa in the Desforges list (<4 %), and of these, 109 
records were unique (Fig. 2; Online Appendix A Table A4). Of the unique 
records, 63 were for complete genome assemblies and 46 for draft as-
semblies. Mammals were the group with the best representation in NCBI 
(5 of the 7 taxa listed by Desforges et al. (2022)), followed by reptiles (5 
of 16). Fishes were the third best represented group (41 of 204 taxa in 
Desforges et al. (2022)) and also accounted for the most genome records 
in NCBI, with Salmoniformes and Perciformes having the most repre-
sentative genomes. Invertebrates were the group represented by the 
fewest genome records (<1 %; 14 of 1959 taxa). Low numbers of Extinct 
and Extirpated taxa were reported in Desforges et al. (2022), but were 
disproportionately well represented by genomes (Extinct: 1 of 4 taxa; 
Extirpated: 3 of 15). Taxa designated Endangered, Threatened, of Spe-
cial Concern, or with assessments Not Available were between 4 and 5 % 
represented by genomes in NCBI. Taxa designated Data Deficient were 
the least represented by genomes (0.7 %; 7 of 1053 taxa). 

3.2. Sequence distributions in terms of geographic ranges and human 
footprint 

BOLD records for Canadian inland water taxa were distributed 
throughout North America, Europe, Asia, South America, and Africa 
(Fig. 3a). The top 20 species found outside of Canada’s borders were 
mostly restricted to insects from the orders Trichoptera and Ephemer-
optera (Online Appendix Table A5). Overall, global human footprint 
index values varied significantly by phyla recorded from BOLD records 
(LMM, F7,56,039 = 23.11, p < 0.001), with Chordata records acquired 
from the most impacted regions (highest index). When grouping records 
by major taxonomic groups (at class level), fishes and reptiles were more 
commonly associated with a higher human footprint index compared to 
birds and invertebrates. Limiting the records to those acquired within 
Canada’s borders showed that the COSEWIC assessment was signifi-
cantly correlated to the Canadian human footprint index (LMM, F7,1854 
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= 8.73, p < 0.001), with records of species classified as Endangered and 
Threatened being associated with the highest footprint index (Fig. 3b). 
When considering taxa, the same pattern as observed in the global 
dataset emerged; Canadian fish records were associated with regions 
with the highest footprint index. 

3.3. The spatial distribution of Canadian BOLD records 

Species with a range centered in the Canadian North had a lower 
density of BOLD records compared to those with ranges in the south of 
the country (Fig. 4a). The decreasing relationship between density of 
BOLD records and the center of latitudinal range were similar across 
major taxonomic classes (Phylum × Range Center, p = 0.50) (Fig. 4b). 
Across Canada, there was a clear lack of BOLD data in the northern and 

central parts of the country. In comparison, areas with high concentra-
tions of GBIF observations extended more to the north compared with 
the density of BOLD records (Fig. 5). 

4. Discussion 

Based on our analyses of two large sequence databases, we identified 
the distribution and taxonomic coverage of genetic resources for 
macroscopic species dependent on inland water habitats for at least part 
of their life cycle in a country endowed with vast aquatic resources. 
Although our findings showed that a large proportion of taxa were 
represented by at least one barcode, there were geographic gaps and 
taxonomic orders with fewer sequences per species (i.e., <5 sequences 
used here as cutoff). Furthermore, taxa whose conservation status could 
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Fig. 2. Diversity, conservation status and 
availability of genetic and genomic records 
for various inland water-associated taxa in 
Canada. The numbers next to the order 
names refer to the number of whole ge-
nomes available in NCBI. (a) Log(1 + x)- 
transformed number of species (gray bars) 
and number of sequences per species 
available in BOLD (red points) for each 
taxonomic order. (b) % of species within 
each order that have ≥ 5 sequences in 
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within each order with their sequence 
availability in BOLD. Taxonomic groups 
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to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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not be assessed due to data deficiency had the least number of genetic 
resources. Most studies use 5 to 10 individuals per species for the pur-
pose of species delineations and/or to estimate genetic diversity within 
and between species using DNA barcoding; while these specimen sample 
sizes have been broadly applied, the required sample sizes for estimating 
intraspecific variation within species is highly taxon-specific (Phillips 
et al., 2019). With numerous programs underway to build 

comprehensive reference databases drawing from both barcoding and 
whole genome sequencing efforts, our workflow is a valuable output for 
triaging sequencing projects to prioritize taxa of unknown conservation 
status or at risk. We also consider the benefits of ensuring that multiple 
individuals are sequenced to assess intraspecific variability. 

Fig. 3. Distribution of Canadian inland water taxa with BOLD records shown in the context of the human footprint (scale on the right, where a higher index value 
reflects more intense footprints). (a) Global map of distribution of human footprint index by phylum, with symbols colour coded by taxonomic groups. Inset plot on 
the right shows values of the global human footprint index across the different taxonomic groups. (b) Map of BOLD record distributions shown in the context of 
Canada’s human footprint index, with symbols colour coded by COSEWIC assessment status. Inset plot on the right shows values of the Canada human footprint index 
across the conservation status bins. See Online Appendix Table A3 for a list of the top 20 Canadian taxa with barcodes found outside of Canada. 
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4.1. Biases in species representation 

Charismatic taxa are most heavily sampled, resulting in an over-
representation of some commonly studied organisms that are not 
necessarily the most important species from a functional or ecological 
perspective (i.e., charismatic may not equate to keystone). For instance, 
28 % of arthropods considered were not listed in BOLD, yet this group is 
at the center of many food web interactions (Nakano and Murakami, 
2001; Twining et al., 2019). Another bias is geographic coverage, 
whereby easily accessible sites (e.g., closer to roads and research cen-
ters) and those with a higher human footprint index (Hughes et al., 
2021) are currently overrepresented. Both our worldwide and Canadian 
analyses have shown that records from fishes are typically acquired from 
more degraded habitats compared to birds, while invertebrates and 
amphibians are generally sampled in relatively intact regions (Fig. 3). 
This observation is concordant with previously identified sampling 
biases, notably showing that >80 % of GBIF records are acquired <2.5 
km from a road (Hughes et al., 2021). 

We observed that records from species with the highest conservation 
concerns (COSEWIC’s assessments Endangered and Threatened) were 
from degraded regions (Fig. 3; Online Appendix Fig. A1). It is also worth 
noting that although the species list used as a starting point for this study 
(Desforges et al., 2022) is relatively exhaustive for macroscopic taxa, 
some groups (e.g., amphipods) as well as smaller organisms (e.g., 
crustacean zooplankton, rotifers, etc.) are not considered, and thus were 
not included in our data compilation. Other studies report that these 
taxonomic groups are currently poorly represented in barcode and 
genome databases (Weigand et al., 2019; Young and Hebert, 2022). 

4.2. Challenges with taxonomic assignments and metadata 

While DNA barcoding and metabarcoding are flexible and powerful 
biomonitoring approaches, there currently exist key limitations, 

particularly with respect to taxonomic identification. Notably, species 
identification requires both: 1) validated links between the DNA barcode 
and formal taxonomic identification (i.e., a voucher specimen, a Linnean 
name, and a valid taxonomy); and 2) a consistency of sequences within 
the species range. This latter point may not be equally feasible across 
different biomes and can thus require greater efforts in developing 
reference databases. Likewise, in megadiverse regions, such as the tro-
pics, typically there are a large proportion of unassigned reads from 
species, because they have not yet been described or linked to a barcode. 
Here, barcodes without formal taxonomic identifications have been used 
in taxonomy-free monitoring approaches (Wilson et al., 2016). For 
barcodes matched to species by formal taxonomic identification, our 
study and others have highlighted that certain taxa are underrepre-
sented in genetic databases, in terms of both the incidence and abun-
dance of barcodes, in particular arthropods (Young and Hebert, 2022). 
Insects are indicative of freshwater ecosystem health and quality, 
forming part of the Water Framework Directive monitoring of ecological 
status in the European Union and of the Canadian Aquatic Bio-
monitoring Network (CABIN), and yet were found to be among the most 
data deficient group in our study which was based on species level 
assessments. 

Finally, quality control of barcodes and their metadata, notably the 
geographic location, are important components of the taxonomic 
assignment protocol (Weigand et al., 2019). Approximately 90 % of 
barcodes in our study of Canadian taxa had sufficient geographic met-
adata to be included in our analysis of the spatial distribution of BOLD 
records, which was important to identify key areas where populations 
might have been under-sampled. Requirement standards vary between 
databases and ensuring that complete metadata are collected going 
forward will be valuable for conducting syntheses like this one, and can 
help address questions related to geographic variation in genetic 
diversity. 

Fig. 4. The relationship between the spatial density of barcode sequences available in BOLD and the distribution of taxa (shown as the species latitudinal midpoint of 
BOLD records). Although many taxa had a relatively low number of records (located in bottom half of panel (a), northern taxa had disproportionately fewer BOLD 
records, with the numbers of BOLD records per latitude band decreasing as a function of the central position of a taxon’s latitudinal distribution; a pattern evident 
across many phyla (b). 
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4.3. Reproducibility 

The BOLD database, including barcode sequences and associated 
metadata, is easily accessible for download (e.g., via an R package) and 

is constantly updated, which means our study could be revisited to track 
the growth of species records. A challenge of this study and future en-
deavors towards the identification of data deficiencies in reference da-
tabases is the variability in taxonomy (including variable taxon name 

Fig. 5. Spatial overlap between georeferenced observations (GBIF) (a) and BOLD (b) records. Data include all inland water species listed by Desforges et al. (2022) 
with barcode sequences in BOLD. The gridded figure (c) is the high–low distribution of BOLD vs GBIF counts. 
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spelling, synonyms), which in this study made it challenging to query 
databases when taxonomic names differed between the Desforges et al. 
(2022) and BOLD lists. 

4.4. Opportunities for eDNA metabarcoding for biomonitoring and 
conservation 

eDNA metabarcoding holds considerable potential as an ecological 
tool for inferring population- and community-level sorting of haplotypes 
and species (Overcast et al., 2021). Such an approach could be applied to 
understand drivers of biodiversity at different scales, especially in eco-
systems responding to and recovering from anthropogenic disturbance. 
The majority of records in our BOLD search were for the mitochondrial 
cytochrome c oxidase subunit I gene (COI). DNA metabarcoding of COI 
is presently the best tool available to collect data on both species iden-
tification and intraspecific genetic diversity (Antil et al., 2022; Hebert 
et al., 2004). 

COI barcodes contain important within-species variation for many 
different taxonomic groups (e.g., crustacean zooplankton: Derry et al., 
2009; Frisch et al., 2021; Martin et al., 2021; rotifers: Derry et al., 2003; 
benthic macroinvertebrates: Ge et al., 2021). As such, COI barcoding is 
sometimes applied to track ‘intraspecific diversity’ in the form of cryptic 
speciation (e.g., De Luca et al., 2021). In addition, the genetic structure 
of metapopulations and metacommunities can be examined by tracking 
changes in COI haplotypes to reveal the relative importance of envi-
ronmental selection (e.g., acidification) versus spatial and biogeo-
graphical landscape factors (Derry et al., 2009; Frisch et al., 2021; 
Martin et al., 2021). Combined with community metabarcoding of other 
markers (e.g., 18S rRNA gene or ITS), inferences of ecological responses 
to disturbance among taxa (COI + 18S rRNA gene: Astorg et al., 2022), 
and among genotypes or haplotypes within species (ITS2: Thibodeau 
et al., 2015; rbcL: Pérez-Burillo et al., 2021) can also be examined. 
Further, Petit-Marty et al. (2021) found reduced intraspecific nucleotide 
diversity in long-lived animal species assessed as threatened by the In-
ternational Union of Conservation of Nature (IUCN); COI barcodes also 
hold potential as an intraspecific tool for early assessment of species 
conservation status. Taken together, COI data may be used to reveal 
differences in ecological tolerances among haplotypes, to identify 
neutral demographic processes linked with population bottlenecks 
resulting from environmental selection, or to analyze spatial distribution 
patterns resulting from a blend of historical and contemporary gene flow 
and colonization history (Frisch et al., 2021; Hebert et al., 2004; Orsini 
et al., 2013; Rubinoff and Holland, 2005). 

Strategies to develop biodiversity monitoring priorities include 
focusing on at risk or data deficient species, selecting different phylo-
genetic groups to ensure a broad coverage across the tree of life, and 
increasing spatial coverage to improve our understanding of intraspe-
cific species variability. Overall, genetic diversity in Canada’s most 
pristine habitats is largely unknown (Fig. 5). For obvious logistical 
reasons, these habitats tend to be undersampled. However, new initia-
tives are aimed at improving the coverage of Canadian aquatic diversity 
and population health. In particular, Genome Canada’s GEN-FISH 
initiative is currently attempting to sequence eDNA from representa-
tive fish species across Canada’s six major drainage basins (e.g., Wei-
gand et al., 2019). Funding for such monitoring programs is pertinent to 
both refining our understanding of Canada’s genetic diversity and 
increasing the accuracy of public databases. Similar efforts in other ju-
risdictions are sorely needed. 

BOLD provided an extensive coverage (86 %) of Canadian inland 
water species. The phylogenetic and spatial representation examined in 
our analyses helped identify where future resources should be focused to 
address deficiencies in the remaining 14 % of species, and to bolster 
sequencing efforts of taxa that have few barcodes to address intraspecific 
variability. Large-scale barcode sequencing initiatives such as iBOL 
BIOSCAN (https://ibol.org/programs/bioscan/) have targets to cover 
half of the world’s ecoregions to support the iBOL Planetary Biodiversity 

Mission. These ambitious long-term initiatives will hopefully continue to 
increase the coverage of species by establishing a complete census of all 
multicellular species as well as a global biosurveillance program. 
However, with projected end dates of 2045, the timeline is likely to be 
too late to prevent the loss of significant biodiversity. Thus, in the near- 
term, targeted and collaborative initiatives such as the present study are 
essential to address taxa that are either At Risk or Data Deficient, so that 
resources grow together. One immediate way that genetic resources 
could prove useful is in identifying key biodiversity areas (KBAs). In 
Canada, efforts are underway by the Wildlife Conservation Society and 
partners to identify and prioritize KBAs (https://www.kbacanada.org/). 
For many species or areas, there has been the need to rely extensively on 
experts. Unfortunately, that expertise often fails to adequately consider 
the freshwater invertebrates discussed here. KBAs may be inappropri-
ately delineated if the knowledge of species distributions is incomplete. 
As such, eDNA could serve as a rapid and robust means of ensuring that 
some of the most cryptic and understudied species are considered when 
identifying KBAs (Hunter et al., 2018). 

Another major sequencing initiative is the Canada BioGenome 
Project, funded by Genome Canada and part of the International Earth 
BioGenome Project. This initiative aims to sequence species relevant to 
in situ and ex situ conservation planning, biodiversity, and the economy. 
Initial funding is targeting the generation of genome assemblies for 
approximately 400 species, which will be collaboratively selected with 
Indigenous peoples’ organizations, as well as other stakeholders and 
end-users. Policy recommendations will also be provided on how to 
responsibly implement the use of genomic tools in wildlife conservation, 
co-management, ecosystem-based management, species restoration, and 
environmental monitoring. Whole genome sequencing, assembly and 
annotation in collaboration with the European Bioinformatics Institute 
(EBI) and in line with practices established as part of the Earth Bio-
Genome Project (https://www.earthbiogenome.org) will be conducted 
for the chosen species. The resultant genomes will be made freely 
available to interested non-experts by the development of a user-friendly 
geospatial platform to store and distribute data. Additional genome se-
quences have been and/or are in the process of being released as part of 
the CanSeq150 project, a project established by CGEn, Canada’s na-
tional platform for genome sequencing and analysis, to provide genomes 
for 150 Canadian species in support of conservation efforts. The list of 
species to be sequenced (or already sequenced) in this framework in-
cludes many taxa reliant on inland waters (Online Appendix Table A6; 
https://www.cgen.ca/canseq150-overview). Finally, portable long-read 
sequencing platforms (currently, Oxford Nanopore) offer opportunities 
to collect genetic data when shipping of specimens is difficult from 
remote sampling locations (Krehenwinkel et al., 2019). 

5. Recommendations and conclusions 

Conserving and managing biodiversity requires knowledge of the 
spatial distribution of species and how that distribution is changing over 
time. Such knowledge is fundamental to regional, national, and inter-
national (i.e., IUCN Red List) threat assessment. Here we argue that 
genetic resources could help address some of the data deficiencies that 
have been plaguing inland water (and other) ecosystems for decades. It 
is evident that many species are undergoing range shifts due to climate 
change, habitat destruction, species introductions, and species exploi-
tation, and we are also losing species in some areas before we know they 
exist (Revenga et al., 2005). The use of eDNA to monitor biodiversity 
could allow us to detect and anticipate these urgent scenarios. 

Using our analytical framework, we identified a priority list of 18 
taxa that would benefit from immediate sequencing based on conser-
vation risk and availability of barcodes (Online Appendix Table A3). To 
continue to grow biodiversity and conservation status assessments, 
consistent taxonomy must be used within and across databases to pre-
vent redundancies and facilitate comparisons and synthesis. Overall, we 
have provided insights into the molecular resources available for taxa 
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reliant on inland waters in Canada, as well as highlighted general per-
spectives and recommendations that may contribute to future national 
and international biodiversity and conservation assessment based on 
eDNA approaches and associated molecular genetic resources. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.biocon.2023.109963. 
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