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Abstract

1. Mutually respectful and reciprocal relationships between people and their environ-

ment is a central tenet of many Indigenous worldviews. Across the Americas, this

relational connection is particularly evident when it comes to freshwater ecosys-

tems. However, there are numerous threats to these central relationships between

Indigenous peoples and their environment. Using all available ways of knowing to

conserve, prioritize, and restore relationships between Indigenous peoples and the

environment they live in, and are a part of, is critical. Despite legislative require-

ments and policy commitments, developing and implementing inclusive approaches

that bridgemultiple ways of knowing remains a challenge.

2. This systematic map examines the extent, range, and nature of published case stud-

ies that seek to bridge Indigenous and Western sciences in ecological research,

monitoring, or natural resource management across Canada’s freshwater aquatic

ecosystems. A total of 74 Canadian case studies from 72 articles were included in

the systematic map. There were 30 distinct species of focus across the collection of

case studies.

3. This systematic map highlights the diversity of ways knowledge systems can be

woven, but that the application of these approaches is limited to some key regions

(the Pacific and northern regions) and species (whitefish and salmon). The extent

and nature of information providedwith regards to demographics (e.g., gender, age)

of Indigenous knowledge holders contributing to the studies varied widely and in

general was poorly reported. Across all of the case studies included in the system-

atic map there were 78 distinct Indigenous knowledge systems represented.

4. Fifteen different methodological approaches were identified with community-

based participatory research being themost prevalent approach. The presence and

diversity of Indigenous methodologies employed was also notable and was greater

as compared to a previous study of Canada’s coastal marine regions.
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5. Collectively, these findings point to a potential emerging transformation in research

focused on freshwater ecosystems, habitats, and species to a practice that elevates

the role of Indigenous communities, centres Indigenous science andknowledge, and

is informed by Indigenous ways of being and doing.
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1 INTRODUCTION

Mutually respectful and reciprocal relationships between people and

their environment is a central tenet of many Indigenous worldviews

(Berkes, 2012; Diver et al., 2019; Kimmerer, 2013; Larsen & John-

son, 2017; McGregor, 2018; Virtanen et al., 2020). This long-standing

relational connection to the more-than-human-world (i.e., nonhuman

beings such as plants, animals, water, and rocks) can be found among

Indigenous peoples globally (Berkes, 2012; Cajete, 1994; McGregor,

2018; Virtanen et al., 2020). Across the Americas, this relational con-

nection is particularly evident when it comes to freshwater ecosys-

tems. For example, water is essential to life in Anishinaabek Creation

stories (McGregor, 2014). This is also reflected in the important role

of Indigenous women as keepers of the water across what is known

to many Indigenous peoples as Turtle Island (i.e., the North American

continent; Anderson, 2010, Anderson et al., 2013; McGregor, 2008a;

Privott, 2019). In addition to the relational connection to water, there

are many instances where a similar relationship can be found with fish

across the northern part of Turtle Island and Inuit Nunangat1 (Todd,

2014; Latulippe, 2017). For the Paq’tnkekMi’kmaq it is the Ka’t (Amer-

ican eel; Davis et al., 2004). For the Teetł’it Gwich’in it is łuk dagaii

(broad whitefish; Hodgson et al., 2020). And for First Nations span-

ning the Pacific Northwest it is salmon (Colombi & Brooks, 2012; Arm-

strong & William, 2015) and herring (linang to the Haida and wán̓ái to

the Haíłzaqv/Heiltsuk; Gauvreau et al., 2017; Jones et al., 2017).
These relational connections draw attention to the importance of

moving beyond intrinsic and instrumental values related to the envi-

ronment to also considering the central role of relational values (Chan

et al., 2016; Pascual et al., 2017; Sheremata, 2018). Instrumental values

pertain to human needs (e.g., species contributing to food security and

material well-being) and intrinsic values pertain to nature’s inherent

value (i.e., those beyond any direct or indirect benefit to humans; Chan

et al., 2016; Pascual et al., 2017; Sheremata, 2018). Relational values

are those values directly tied to desirable relationships (e.g., respect-

ful and reciprocal relationships betweenpeople and their environment;

Pascual et al., 2017). So, while the species noted above contribute to

food security and material well-being (i.e., instrumental values) there

1 Inuit Nunangat refers to the Inuit homelands in present day Canada, including the Inuvialuit

Settlement Region (Northwest Territories), Nunavut, Nunavik (northernQuebec) andNunatsi-

avut (northern Labrador) (ITK, 2018).

are important relational values that have often been overlooked by

Western institutions and value systems.

Furthermore, there are numerous threats to these central relation-

ships among Indigenous peoples and their environment (Lyver et al.,

2019; Tang & Gavin, 2016). For example, relocation (i.e., enforced or

voluntary) andmigration of Indigenous peoples has resulted in changes

to traditional livelihoodpractices and/or a loss of traditional rights (Bal-

lard, 2012; Tang & Gavin, 2016). In other instances, the general degra-

dation or alteration of waterways, species, and habitats have nega-

tively impacted the ability of Indigenous peoples tomaintain their rela-

tional connections and practice their rights (Fox et al., 2017; Tang &

Gavin, 2016). These threats are further compounded by the intensify-

ing impacts of climate change (Lyver et al., 2019). For example, Watt–

Clouter (2005, 2015), in asserting an Inuit ‘right to be cold’ highlights

the impacts of climate change on Inuit culture, traditional lands, and

relational connections with animal relatives (see also Jodoin et al.,

2020). The impacts and consequences associated with the loss of rela-

tionships and continued engagement with the environment are sig-

nificant, including the loss of knowledge, language, and cultural insti-

tutions (Lyver et al., 2019). Accordingly, conserving and restoring the

myriad relationships between Indigenous peoples and the environ-

ment can help to support both reconciliation and self-determination.

As Anishinabe scholar Deborah McGregor notes, it is critical to rec-

ognize these relationships as relational responsibilities founded with

environmental justice for all (McGregor, 2009).

Using all available ways of knowing (see Table 1) to conserve, pri-

oritize, and restore relationships among Indigenous peoples and the

environment they live in, and are a part of, including their traditional

territories, is critical (Fox et al., 2017). Indeed, drawing upon multi-

ple ways of knowing, such as Indigenous science and Western sci-

ence (see Table 1), is an important undertaking, which can strengthen

the evidence base for policy advice and decision making (Alexan-

der, Provencher, Henri, Taylor, et al., 2019; Ban et al., 2018; Henri,

Martinez-Levasseur et al., 2020; Johnson et al., 2016;Mistry&Berardi,

2016; Tengo et al., 2014). Accordingly, environmental research, moni-

toring, natural resource management, and conservation practices that

are inclusive of Indigenous science and knowledge are essential.

Indigenous peoples around the globe comprise less than 5% of

the world’s population yet protect 80% of global biodiversity (Toledo,

2013). This relationship to biodiversity is particularly salient between

Indigenous peoples (specifically First Nations, Inuit and Métis) and
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TABLE 1 Glossary of key terms (adapted fromAlexander, Provencher, Henri, Taylor, Lloren et al., 2019)

Term Definition

Knowledge system A knowledge system is made up of agents, practices, routines, and institutions that organize the production,

validation, transfer, and use of knowledge (Cornell et al., 2013;Miller &Munoz-Erikson, 2018).

Indigenous knowledge system An Indigenous knowledge system is a ‘cumulative body of knowledge, practices, and beliefs, evolving and governed

by adaptive processes and handed down and across (through) generations by cultural transmission, about the

relationship of living beings (including humans) with one another andwith their environment’ (Díaz et al. 2015).

An Indigenous knowledge systemmay be further defined as ‘a “high-context” body of knowledge built up over

generations by culturally distinct people living in close contact with a “place”’ (Johnson et al., 2016: p. 5) that

includes Indigenous science and improves through processes of addition and revision (Nelson, 2005).

Indigenous science Indigenous science is ‘a “multi-contextual” system of thought, action and orientation applied by an Indigenous

people throughwhich they interpret howNature works in ‘their place’ [. . . ] Indigenous science is derived using

the samemethods asmodernWestern science including: classifying, inferring, questioning, observing,

interpreting, predicting, monitoring, problem solving, and adapting” (Johnson et al. 2016:5). Indigenous science

is embedded in an Indigenous knowledge system.

Western science With roots in Greek philosophy and the Renaissance,Western science is a fluid and evolving body of knowledge

that tends to favour objectivity and reductionism (Mazzocchi, 2006).Western science includes knowledge

appropriated over the ages frommany cultures, and such knowledge ‘wasmodified sufficiently to fit Eurocentric

worldviews, metaphysics, epistemologies, and value systems’ (Aikenhead andOgawa, 2007:543).

Bridging knowledge systems A process that maintains the integrity of each respective knowledge systemwhile enabling the reciprocal

exchange of understanding for mutual learning (Rathwell et al., 2015). This is akin to what Johnson et al. (2016)

refer to as weaving knowledge systems.

freshwater ecosystems, habitats, and species inCanada (e.g., Anderson,

2010; Latulippe, 2017; McGregor, 2008,2014; Schuster et al., 2019;

Todd, 2014), which has ∼20% of the world’s freshwater supply in the

Great Lakes alone, shared with the United States (Statistics Canada,

2020). The relationshipwithwater is further evidentwhenone looks at

amap of Canada, where almost all Indigenous communities are located

next to water. While Canada has a history of evidence informed deci-

sion making and environmental management (Cooke et al., 2016), the

effective consideration and inclusion of Indigenous knowledge in envi-

ronmental governance continues to pose a perennial challenge (Eckert

et al., 2020;Henri, 2012;Menzies&Butler, 2006;Nadasdy, 2003; Sand-

los, 2007).

Through the Government of Canada’s commitment to achiev-

ing reconciliation with Indigenous peoples (First Nations, Inuit,

and Métis) and evidence informed decision making, there has

been a renewed emphasis on the inclusion and consideration of

Indigenous knowledge in regulatory decisions, project reviews,

environmental research, and governance. Evidence of this commit-

ment is most apparent in the amended 2019 Fisheries Act (i.e., Bill

C-68), the 2019 Impact Assessment Act, Canadian Energy Regulator Act

and Canadian Navigable Waters Act (i.e., Bill C-69), and in the 2019

Minister Mandate Letters (see Trudeau 2019 Mandate Letters). A

common thread found across these legislative requirements and

ministerial mandates is an explicit emphasis on the consideration and

inclusion of Indigenous knowledge to guide decisionmaking.

Despite the legislative requirements and policy commitments,

developing and implementing inclusive approaches that bridge mul-

tiple ways of knowing remains a challenge (McGregor, 2008; Walsey

& Brewer, 2018). In response, there has been an emerging consen-

sus on the need for easily accessible examples and strategies (i.e., how

to do so) for bridging Indigenous science and Western science that

are accessible to Indigenous communities, researchers, regulatory pro-

grams, and decision-makers seeking to build on this knowledge base

and implement new legislative requirements. There are a plethora of

place-based case studies from across the globe that have provided key

insights on this front (e.g., Bélisle et al., 2018; Stefanelli et al., 2017;

Thompson et al., 2020; Thornton & Scheer, 2012). Canada is no excep-

tion. For example, a recent systematicmap identified over 70published

case studies across Canadawhere Indigenous and other science-based

knowledge were brought together in coastal and marine research and

management (Alexander, Provencher, Henri, Taylor, Lloren et al., 2019).

Similarly, Castleden et al. (2017) examined integrative approaches in

the context of water research, management, and governance across

Canada. In this paper we seek to build upon and extend the ecologi-

cal/environmental context of such reviews to freshwater ecosystems

more broadly, including for example empirical case studies where the

focus may be on freshwater species (e.g., trout, walleye, beaver) and

habitats (e.g., rivers, ponds, wetlands; see Section 2.4.2).

This systematic map examines the extent, range, and nature of

published case studies (i.e., peer-reviewed academic literature, grey

literature, and theses/dissertations) that seek to bridge Indigenous

and Western sciences in ecological research, monitoring, or natural

resource management across Canada’s freshwater aquatic ecosys-

tems. Systematic mapping is an evidence synthesis method that ‘col-

lates, describes and catalogues available evidence (e.g., primary, sec-

ondary, quantitative or qualitative) relating to a topic of interest’ using

rigorous, objective, and transparent processes (Haddaway et al., 2016;

James et al., 2016). By cataloguing and describing the evidence and its

associated meta-data via a searchable database, report (e.g., narrative

synthesis), and in some instances a geographical information system,

systematic maps help to identify key research gaps that may benefit

fromadditional primary researchandhighlight knowledge clusters that
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would permit more in-depth analysis (Haddaway et al., 2016; James

et al., 2016). Accordingly, compiling such a collection is a crucial first

step in support of future analysis and/or evidence synthesis.

In this manuscript, we distinguish between ‘Indigenous science’ and

‘Western science’ (Table 1). We recognize that there is a risk in simpli-

fying or reifying knowledge systems which are diverse, complex, het-

erogeneous, and increasingly intertwined through negotiations across

epistemological and cultural boundaries (Agrawal, 1995; Alexander,

Provencher, Henri, Taylor, Lloren et al., 2019; Cajete, 2000; Ford, 2015;

Johnson et al., 2016). However, when seeking to examine instances

where multiple ways of knowing have been brought together, delin-

eations help facilitate explorations at such intersections. In addition,

while the case studies we are reviewing have predominantly described

‘Indigenous knowledge’, we prefer employing the term ‘Indigenous sci-

ence’ to avoid reinforcing an artificial dichotomy between Indigenous

knowledge systems and Western science. We think of ‘science’ as

something all societies create within their own ontological constructs

(Johnson et al., 2016; Turnbull, 2000a, 2000b). As Turnbull states: ‘Sci-

ence, in the general sense of systematic knowledge,was never uniquely

Western, having exemplifications in a wide variety of cultures both

ancient and modern, including Islam, India and China, the Americas,

Africa and the Pacific’ (Turnbull, 2000a: p. 6).

2 MATERIALS AND METHODS

2.1 Question and question components

What methods, models, and approaches have been used in studies

that seek to bridge Indigenous and Western sciences in freshwater

research, monitoring, or management in Canada?

The primary question can be broken down into the following three

components:

Population: Cases of freshwater research, monitoring, or manage-

ment.

Study design: Articles that report empirical results, either qualita-

tivelyorquantitatively, andwhereknowledgeweavingpractices and/or

methods are discussed or inferred that seek to bridge Indigenous and

Western sciences.

Geographical scope: Case studies conducted within Canada’s juris-

dictional boundaries, as well as cases where traditional Indigenous

territories overlapped contemporary nation-state boundaries (i.e., the

Canada–US border).

2.2 Systematic map protocol

The original protocol was published in March 2019 (Alexander,

Provencher, Henri, Taylor et al., 2019). However, all relevant method-

ological details have been included here and in the accompanying sup-

plementary material (see Supporting Information 1 and 2). This sys-

tematic map followed the Collaboration for Environmental Evidence

Guidelines (CEE V.5; 2018) and complied with the Reporting Standards

TABLE 2 Comparison between freshwater search terms used in
this review and terms employed in the published protocol

Marine search terms used in

Alexander, Provencher, Henri,

Taylor, et al. (2019)

Freshwater search terms

used in this review

Ecosystem Aquatic

Habitat Freshwater

Marine Stream

Coast Water

Aquatic River

Wetland Fluvial

Ocean Lake

Sea Pond

Wildlife fish Wetland

Whale Estuary

Marinemammal Reservoir

Polar bear Canal

Bird

Seabird

Shorebird

Food-web

Alga

Seaweed

for Systematic Evidence Synthesis in Environmental Research (ROSES)

(Haddaway et al., 2017; see Supporting Information 1). Our methods

deviated from the original published protocol in the following four

ways: (i) marine search terms were replaced with freshwater-specific

terms (see Table 2); (ii) Google was not used as a search engine; (iii)

eligibility criteria were modified; and (iv) some data extraction codes

weremodified. Reviewerswere never responsible formaking decisions

about articles they have authored during any stage of this process.

2.3 Searching for articles

This systematic map used standardized search terms across four pub-

lication databases, specialized websites, and one web-based search

engine. The bibliographies of relevant reviews and systematic reviews

were screened to identify any articles that may not have been found

using the search strategy noted above. Searches were conducted

between July 2019 andDecember 2019.

2.3.1 Search terms and languages

The search string was adapted from the published protocol to replace

terms related to coastal and marine environments with those spe-

cific to freshwater environments to reflect the scope of this map (see

Table 2).
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A scoping exercise was done to evaluate the sensitivity of the new

search terms and their wildcards. Database-specific search strategies

(including Boolean operators), date ranges, and number of returns for

eachdatabase canbe found inSupporting Information2 (2.1, Literature

searches). A collection of benchmark papers (n= 10; Supporting Infor-

mation 2.2; Table S6) was used to ensure relevance and comprehen-

siveness of the search strings. All searches were conducted in English.

2.3.2 Searches

Searches for relevant case studies were conducted through biblio-

graphic databases, specialized websites, a web-based search engine,

and calls for evidence. All search results within Canada’s jurisdictional

boundaries were retained regardless of publication year, as well as

results where Indigenous territories overlapped contemporary nation-

state boundaries (i.e., the Canada–US border).

Four bibliographic databases (i.e., ISI Web of Science Core Col-

lections, Scopus, ProQuest Dissertations & Theses Global, and Fed-

eral Science Library [Canada]) were searched in July 2019 using Car-

leton University’s institutional subscriptions. See Supporting Informa-

tion 2 for search details. As a supplement to the bibliographic database

searching, a search using Google Scholar was performed in November

2019 using two simplified search strings to search for additional pub-

lished literature and grey literature (see Supporting Information 2.1).

The top 250 search results for each search string were saved in small

batches in ‘My Library’ and exported for screening in Excel. In a devi-

ation from the published protocol, Google was not used as a search

engine for this reviewdue to its lackof consistencyand limitedability to

return relevant results in past reviews. Specialist websites (i.e., Library

and Archives Canada, Canadian Public Documents Collection, Govern-

ment of Canada Publications, Fisheries and Oceans Canada) relevant

to the topic were manually searched using their built-in search facili-

ties in August and September 2019 using six simplified English search

term combinations (see Supporting Information 2.1). The top 30 search

results fromeachwebsite (up to 180 results perwebsite), sorted by rel-

evance, were screened for inclusion in the systematic map. The bibli-

ographies of 35 articles identified as relevant reviews during screening

stages (see Supporting Information 2.3, Table S7) were hand-searched

for any additional relevant articles that were not captured during the

above searches.

Calls for evidence were also used to complement the search strat-

egy described above. To capture relevant articles, reports, and grey lit-

erature, these calls were circulated among the authors’ professional

networks and on social media platforms (i.e., Twitter, Facebook). In

addition, calls for evidence were distributed via personalized emails

to the Aboriginal Aquatic Resource andOceanManagement (AAROM)

recipient groups/organizations (n = 33) and co-management boards in

Canada with a mandate related to freshwater ecosystems (n = 18) in

November 2019.

2.4 Article screening and study eligibility criteria

2.4.1 Screening process

The results from all four bibliographic databases were exported as .RIS

files and imported into EPPI Reviewer 4 (Thomas et al., 2010) where

duplicates were removed prior to screening. Results from Google

Scholar screened at both the title and abstract stage and full-text stage

were exported directly in Excel.

All articles were screened for inclusion in the map at two dis-

tinct stages: (i) title and abstract and (ii) full text using the crite-

ria outlined below (see Section 2.4.2). Prior to screening articles at

title and abstract, a consistency check was performed on an ini-

tial subset of 558/5576 articles (10% of articles imported into EPPI

Reviewer) by three reviewers (SMA, LN, and AB). Inter-reviewer

Kappa statistics ranged from 0.471 to 0.542 indicating a ‘moder-

ate’ level of agreement between reviewers (Landis & Koch, 1977).

Discrepancies were discussed and the inclusion criteria were clar-

ified before the same three reviewers screened another subset of

101/5576 articles, which resulted in inter-reviewer Kappa statis-

tics ranging 0.710–0.807 indicating a ‘substantial’ to ‘almost perfect’

level of agreement. Any discrepancies were again discussed, and a

fourth reviewer (JJT) was brought in to reconcile any differences

before screening was allowed to proceed. Attempts were made to

find the full text of any article included at title and abstract using

Carleton University subscriptions or by using inter-library loan ser-

vices when needed. Prior to full-text screening, a consistency check

was again performed between the three reviewers (SA, LN, and AB).

A random subset of 65 articles (20% of articles included at title and

abstract) were screened in two batches resulting in Kappa statis-

tics ranging 0.082–0.909 indicating a large variation in agreement

between the three reviewers. Discrepancies were discussed and inclu-

sion criteria were further clarified with the help of a fourth reviewer

(JJT). Another subset of 20 articles were screened by the three

reviewers resulting in Kappa statistics ranging 0.432–0.765 indicating

‘moderate’ to ‘substantial’ agreement and screening was allowed to

proceed after any discrepancies were reconciled and the inclusion cri-

teriawere reviewed and clarified a final time. During screening review-

ers had the ability to request a second opinion from another mem-

ber of the review team for any articles with unclear eligibility. At no

point during title and abstract or full-text screening was a reviewer

allowed to influence the inclusion decision for any article that they

authored.

2.4.2 Eligibility criteria

A pre-established set of eligibility criteria (Table 3) guided article

screening. All four inclusion criteria needed to be met to be included

in the final dataset of articles and case studies.
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TABLE 3 Eligibility criteria

Population

Case studies that concern freshwater water bodies (e.g., lakes, rivers, source water), habitat, ecosystems, or species (including Diadromous fish).

Study design

Articles that report empirical results – either qualitatively or quantitatively – where knowledgeweaving practices and/or methods are discussed or

inferred. Empirical studies included fall into one of three broad categories: (1) studies focused on environmental/ecological research andmonitoring

(i.e., those reporting on direct or indirect observation or experience from Indigenous science andWestern science (i.e., environmental data); for

example, Fraser et al. (2006); (2) studies focused on the processes and practices of bridging knowledge systems in the context of decision-making

(e.g., Latulippe, 2017); and (3) studies concernedwith perceptions of ecological or environmental phenomenon (e.g., perceptions of ecosystem

services Levine et al., 2017).

Geographical scope

Case studies conductedwithin Canada’s jurisdictional boundaries, as well as cases where traditional Indigenous territories overlapped contemporary

nation-state boundaries (i.e., the Canada-US border).

Language

English.

2.4.3 Critical appraisal

Critical appraisal refers to the processes of assessing the validity of

studies included in evidence synthesis (e.g., systematic reviewsand sys-

tematic maps). Key aspects focus on evaluating ‘internal validity’ – the

extent to which individual studies are free from bias – and ‘external

validity’– the extent of generalizability of individual study findings (CEE

V.5). However, given the broad objective and scope of this systematic

map, the validity of individual case studies was not appraised. Accord-

ingly, it is important tonote therehasbeennoappraisal as to thequality

or extent of knowledge bridging – only that it is present or reported to

have occurred.

2.4.4 Data coding strategy

For this study, coding and data extraction were conducted at the case

study level rather than at the article level. The result of this is that in

some instances a single article (e.g., Arsenault et al., 2018) could con-

tribute two or more case studies. A standardized questionnaire (Sup-

porting Information2.5)wasdeployed throughGoogleForms to collate

responses and ensure consistency across coders. The questionnaire

(Supporting Information 2.5) was modelled on (Alexander, Provencher,

Henri, Taylor, Lloren et al., 2019) with slight modifications to a few

variables (e.g., changes in categorical variables) and a few additional

questions. Specific changes are noted in Supporting Information 2.5.

Included studies were coded by one of three team members (SA, LN,

and AB). However, prior to coding and data extraction, a consistency

check was conducted with the questionnaire. Three reviewers (SA, LN,

and AB) extracted data from a random subset of four of 58 articles (7%

of articles included at full text from publication databases; does not

include specialist websites or other sources of literature) as a consis-

tency check. All coding decisions were reviewed by the review team

and any discrepancies were reconciled and clarified before allowing

data extraction by the three reviewers to continue. In addition, the

lead author reviewed all coding decisions for consistency upon the con-

clusion of meta-data coding. Resulting data compiled from the Google

Form was exported and recorded in a comma separated file. Format-

ting of the data was standardized in R and analysed using a customized

script. TheR code and data files used for formatting and analysis can be

accessed via OSF here.

2.4.5 Data mapping method

Narrative synthesis was used to summarize findings and insights

(Popay et al., 2006). As a textual approach, narrative synthesis was

used to explore relationships within and between studies – through

textual descriptions, grouping and clustering cases, and content anal-

ysis – particularly those related to understanding the variability of

study design, settings, and study populations (Popay et al., 2006). To

help identify trends and gaps in the evidence, narrative synthesis was

complemented by the use of descriptive statistics, figures, tables, and

framework-based synthesis. Specifically, framework-based synthesis

(e.g., Dixon-Woods, 2011; Alexander, Provencher, Henri, Taylor, Lloren

et al., 2019) guided the development of three structuredmatrices (Fig-

ures 5, 6 and 10). Maps depicting the centroid of case study polygons

(reflecting the approximate geospatial extent for each) used ArcMap

10.6.1 (ESRI, 2019), bar graphsweremadeusing baseR, and structured

matrices developed using ggplot2 (Wickham, 2016). Sankey data visu-

alizations (Figures 7–9) were produced in R using the publicly available

package networkD3 (Allaire et al., 2017).

3 RESULTS

3.1 Number and types of articles

Searches across four bibliographic databases and Google Scholar

resulted in 5988 records once duplicates were removed (See Support-

ing Information 2.1 and Figure 1). Screening at title and abstract –

based upon the eligibility criteria (Table 3) – resulted in 424 articles
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F IGURE 1 ROSES flow diagram

identified as relevant. All but 12 articles were retrieved for full text

screening (via open access, Carleton University institutional subscrip-

tions, or interlibrary loan). Screening at full text resulted in the exclu-

sion of 347, the majority of which were excluded on outcome (i.e., the

articles did not include Indigenous science and Western science [i.e.,

environmental data]). A complete list of excluded articles accompa-

nied by their reason for exclusion can be found in Table S8 (Supporting

Information 2.4, Excluded at full text). After the two-stage screening

process, 64 articles were included in this systematic map from biblio-

graphic databases andGoogle Scholar. Screening specialist and supple-

mental sources (e.g., contributed grey literature, organizational web-

sites, reference lists of relevant reviews) resulted in an additional eight

articles being included in the systematic map. Combined, the system-

atic map includes 74 individual case studies from 72 articles.
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F IGURE 2 Bibliographic characteristics of articles included (n= 72)

The 72 articles and 74 case studies varied across a number of met-

rics related to the frequency of publications, article type, and with

regards to authorship affiliations and Indigenous representation. Over

50%of case studies havebeenpublished in the last decade (47/72 since

2010, Figure 2a). However, over 94%of the studies included have been

published since 2000 suggesting a potential turning point for the emer-

gence of this field and related integrative practices (94%, 68/72, Fig-

ure 2a). Between 2004 and 2020 therewereminor variations in annual

volume of publications ranging from 1 to 7 articles in a given year, this

being aside from an anomalous 2018 with 12 publications (Figure 2a).

Peer-reviewed academic literature accounted for themajority of publi-

cations (44/72)while grey literatureaccounted for the least (fouroutof

72, Figure 2b). The majority of first authors were from academic insti-

tutions (60/72, Figure 2c). Among the publications included in this sys-

tematic map, approximately 44% (n = 32) had Indigenous authors or

authors who represent Indigenous communities, organizations, and/or

governments (Figure 2d).

3.2 Systematic map

A systematic map constitutes the central output from this research.

This map is composed of a database in the form of a case-based

matrix that includes relevant meta-data and coded values (e.g., binary,

categorical) for the case studies (Supporting Information 3), as well as

the geographical distribution and location of each case study (Figure 3,

Supporting Information 2.6, Figs. S1 and S2).
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F IGURE 3 Geographic distribution of case studies included in the
systematic map (n= 74; locations reflect the centralized point of each
case study)

3.3 Geographic distribution of included case
studies

While the 74 case studies identified and included in this systematic

map span across Canada’s freshwater ecosystems, they are far from

being evenly distributed. At the sub-national level (i.e., province, ter-

ritory, Inuit regions), the number of case studies that have been con-

ducted in both British Columbia (24%; 18/74; Figures 3 and 4) and

the Northwest Territories (22%; 16/74; Figures 3 and 4) account for

close to 50% of the studies. However, when the four Inuit regions that

form Inuit Nunangat are viewed collectively (i.e., Inuvialuit Settlement

Region, Nunavut, Nunavik, and Nunatsiavut), the number of case stud-

ies (20%; 15/74; Figures 3 and 4) is also notable and on par with both

British Columbia and the Northwest Territories.

3.4 Empirical, ecological, and hydrological scope
of included studies

The empirical focus of the case studies fell into two broad categories:

(i) environmental/ecological research and monitoring; and (ii) manage-

ment and decision making. Case studies that were characterized as

environmental/ecological research and monitoring, which accounted

F IGURE 4 Geographic distribution of case studies by province,
territory and Inuit Nunangat

for over 60% (45/74), reported on observations (direct or indirect) or

experience from Indigenous andWestern sciences. The remaining 40%

(29/74) of case studies focused on bridging knowledge systems in the

context of decision making, specifically with regards to the processes

and practices of knowledge bridging.

Examining the ecological focus of the included case studies revealed

insights regarding which species have been studied and where. There

were 30 distinct species across the collection of case studies included

in the systematic map (Figure 5). Notable clusters of case studies

include Coregonus spp. (whitefish, n = 11), Oncorhynchus spp. (Pacific

salmon, n= 9) and Salvelinus spp. (char, n= 9). From a geographical and

jurisdictional standpoint, the Northwest Territories stands out with

regards to taxonomic coverage (n=12). In addition, theNorthwest Ter-

ritories had a cluster of case studies concerning Coregonus spp. (white-

fish, n= 5). Other notable regions with regards to taxonomic coverage

include Alberta (n= 8) andOntario (n= 10).

Case studies were also characterized based upon the hydrological

scale and focus (i.e., basin, watershed, water body). By far, the most

prevalent hydrological scale at which case studies are focused is best

classified aswater body (n=63; e.g., river, lake, pond; Figure6).Notable

clusters of case studies at the hydrological scale of a water body can be

found in the Northwest Territories (n = 12), British Columbia (n = 9),

Inuvialuit Settlement Region (n= 8), andOntario (n= 8).

3.5 Methods, models and approaches

A core objective for this systematic map was to identify the diver-

sity and better understand the landscape with regards to themethods,

models, and approaches employed to bridgemultiple ways of knowing.

To this end, we specifically focused on two key aspects: (i) methodology
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F IGURE 5 Structuredmatrix showing the frequency with which the location of a case study fell within each jurisdiction and focused on a
species (n= 21). Genus are as follow: 1= Acipenser spp., 2= Aeromonas spp., 3= Anodonta spp., 4= Castor spp., 5= Catostomus spp., 6= Coregonus
spp., 7= Esox spp., 8=Hiodon spp., 9= Lampsilis spp., 10= Lasmigona spp., 11= Lota spp., 12=Micropterus spp., 13=Oncorhynchus spp., 14=
Ondatra spp., 15= Papilio spp., 16= Perca spp., 17= Platygobio spp., 18= Pomoxis spp., 19= Populus spp., 20= Rana spp., 21= Sagittaria spp., 22=
Salvelinus spp., 23= Sander spp., 24= Stenodus spp., 25= Thaleichthys spp., 26= Thymallus spp., 27=Ursus spp

(i.e., overarching research design); and (ii)methods. In the case ofmeth-

ods,we focusedon identifying anddistinguishingbetween themethods

used for collecting Western scientific data and those used for acquir-

ing, compiling, documenting, or representing Indigenous science and

knowledge.

An examination ofmethodologies revealed a number of results with

regards to research design. The first notable finding was that there

were 15 different research designs used (Figures 7 and 8). The sec-

ond notable finding was that community-based participatory research

was the most prevalent methodology employed (Figures 7 and 8). The

third notable result was both the presence and diversity of Indigenous

methodologies employed (Kovach, 2010; Figures7and8).While visual-

ized in aggregate here to illustrate and highlight how their application

collectively compares to other methodologies, it is important to note

that there were four different Indigenous methodologies employed: (i)

Indigenous Métissage (Donald, 2012); (ii) Spirit-Cantered (Debassige,

2010); (iii) Two-Eyed Seeing (Bartlett et al., 2012); and (iv) Anishi-

naabe Mino-Bimaadiziwin (Debassige, 2010). These four methodolo-

gies are what Drawson et al. (2017) referred to as culture-specific,

given their origins are rooted in specific Indigenous cultures. In addi-

tion, there were four other research approaches applied across the

case studies examined here that Drawson et al. (2017) highlighted

as methodologies that have been adapted from a Western context

to an Indigenous cultural context: (i) mixed methods; (ii) Emic-etic

approach; (iii) community-based participatory research; and (iv) story

telling.

The specific methods employed to mobilize Indigenous science and

knowledge systems (hereafter Indigenous science) and collect West-

ern scientific datawere also characterized. In the context of freshwater

research andmonitoring therewere 13 differentmethods employed to

document, compile, and mobilize Indigenous science (Figure 8). With

regards tomethods used forWestern scientific data there were 18 dif-

ferent methods employed (Figure 8). When examining the application

of diverse methods across different hydrological scales we find that

for those focused on water bodies (e.g., rivers, lakes) draw upon the

entire suite of Indigenous science methods (n = 13) and all but one of

the Western science methods (n = 8). Whereas those case studies at

the watershed level (n = 5 and n = 5 for Indigenous science andWest-

ern science methods, respectively) and basin level (n = 4 and n = 4)

both employed far fewermethods (Figure9). Constructing a structured

matrix to examine the pair-wise application of Indigenous and West-

ern sciencemethodswas also revealing (Figure 10). Frequent combina-

tions included: (i) document review (Western science) and interviews

(Indigenous science); (ii) abiotic sampling (Western science) and inter-

views (Indigenous science); and (iii) document review (Western sci-

ence) andworkshops (Indigenous science).
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F IGURE 6 Structuredmatrix showing the frequency with which the location of a case study fell within each jurisdiction and hydrological scale
of the research (n= 74)

3.6 Indigenous science and demographics of
knowledge holders

Details concerning the demographics of Indigenous participation and

contributions were examined for each case study to better under-

stand the representation of Indigenous science and knowledge sys-

tems, and knowledge holders. The extent and nature of information

provided with regards to demographics varied widely and in general

was poorly reported. For example, the majority of case studies did

not report the age group of knowledge holders (65%; 48/74; Fig-

ure 11a) or the gender of knowledge holders (62%; 46/74; Figure 11c).

Indeed, 13 case studies did not report demographic details regarding

age group, gender, or whether Elders were included. The reported con-

tribution of youth is relatively low (19%; 14/74; Figure 11a). While

there appears to be higher levels of youth involvement in the more

recent reports and literature (i.e., 2018 and 2019), there is no clear

pattern that youth involvement has changed over time. The participa-

tion and contributionof Indigenous science andknowledge fromElders

was the most common to be drawn upon (76%; 56/74) and most com-

monly reported demographic (Figure 11a). Themajority of case studies

involved Indigenous science and knowledge systems of First Nations

(77%; 57/74), with significantly fewer case studies including Inuit

knowledge (16%; 12/74) and Métis traditional knowledge (8%; 6/74;

Figure 11d). Across all of the case studies included in the systematic

map therewere 78 distinct Indigenous science and knowledge systems

represented.

4 DISCUSSION

4.1 Evidence gaps and insights

This systematic map revealed a few notable evidence gaps and some

key insights. The first notable evidence gap concerns how few stud-

ies there were from Newfoundland and Labrador and New Brunswick,

and the complete absence inNunatsiavut. The secondnotable evidence

gap was the relatively small number of studies that includedMétis tra-

ditional knowledge. While there was not a complete absence, as was

found by Alexander, Provencher, Henri, Taylor, Lloren et al. (2019),

the number of case studies in the freshwater context that involved
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F IGURE 7 Relationship among regions, study focus, hydrological scale, andmethodology for selected case studies (n= 74). Indigenous
methodology includes: (i) IndigenousMétissage; (ii) Spirit-Centered; (iii) Two-Eyed Seeing; and (iv) AnishinaabeMino-Bimaadiziwin. *Note that
Inuit Nunangat cases are included via their respective province or territory

weaving Métis traditional knowledge and Western science was quite

small, accounting for only 8% of the studies identified and included.

Reporting on thedemographics of Indigenous participation and con-

tributions continues to be a critical gap that has been similarly iden-

tified (Hitomi & Loring, 2018; Alexander, Provencher, Henri, Taylor,

Lloren et al., 2019). Indeed, age and gender were not reported in over

half of the case studies. However, based uponwhatwas reported, there

were some important observations. First, male and female knowledge

holder participation rate in the freshwater case studies were compara-

ble (Figure11c) as compared to trends observed in research focusedon

environmental and climatic change where male bias definitely charac-

terizes who is engaged in those studies (Hitomi & Loring, 2018). This

lack of a gendered bias in freshwater studies could reflect the spe-

cial relationship between Indigenouswomen andwater (e.g., women as

protectors of the sacredwater in Syilx culture; Anderson, 2010;Ander-

son et al., 2013;McGregor, 2008a; Privott, 2019).

Second, with regards to youth participation as knowledge holders in

this systematic map, we found 19% of studies (14/74) involved youth,

which is higher than reported in the previous coastal/marine system-

atic map using the same protocol (7%; 5/71 studies reporting involv-

ing youth; Alexander, Provencher, Henri, Taylor, Lloren et al., 2019).

While time trends in these small sample sizes (an artefact of the habitat

and geographic scope of the systematicmap) are difficult to determine,

it would be informative to see whether cases of youth involvement

across all the habitat types (coastal/marine, freshwater, and terrestrial)

havebeenconsistentover timesince the literature startedemerging20

years ago or if youth engagement is a more recent phenomenon in the

field. There have been numerous calls to diversify knowledge holders

and include youth (e.g., Henri, Brunet, et al., 2020), and a future anal-

ysis of this could explore if these calls have been answered or are at

least being considered more regularly in project planning. In regions

where youth make up the majority of the population, programs that

involve youth in Indigenous and Western science weaving are critical

to engaging the next generation of environmental leaders (Provencher

et al. 2013; Pedersen et al., 2020).

There were also several insights that emerged from this system-

atic map, specifically with regards to the methodological approaches,

research methods, and the demographic of knowledge holders which

we speak to further below.

One of the central objectives of this systematic map was to exam-

ine and document the ‘methods, models, and approaches’ employed

to bridge multiple ways of knowing. To this end, there are some

particularly salient findings and associated insights related specifi-

cally to the: (i) greater diversity of methodological approaches; (ii)
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F IGURE 8 Relationship between Indigenous sciencemethods, methodology andWestern sciencemethods for selected case studies classified
as research andmonitoring (n= 45)

prevalence of community-based participatory research; and (iii) pres-

ence and diversity of Indigenous methodologies employed. Indeed,

there were three times as many methodological approaches (N = 15)

compared to what Alexander, Provencher, Henri, Taylor, Lloren, et al.

(2019) found when examining a similar set of case studies across

Canada’s marine and coastal ecosystems. This methodological diver-

sity was mirrored by a greater diversity of research methods (see

below). In addition to these differences in research approaches, we

found that among the publications included in this systematic map,

approximately 44% (n = 32) had Indigenous authors or authors who

represent Indigenous communities, organizations, and/or governments

– more than double what was found when in a similar systematic map

focused on Canada’s marine and coastal ecosystems (21%; Alexander,

Provencher, Henri, Taylor, Lloren, et al., 2019). Collectively, these find-

ings point to a potential emerging transformation in research focused

on freshwater ecosystems, habitats, and species to a practice that ele-

vates the role of Indigenous communities, centres Indigenous science

and knowledge systems, and is informed by Indigenous ways of being

and doing.

Another key finding here was the greater diversity of methods

employed in the freshwater context compared to what was found

in Alexander, Provencher, Henri, Taylor, Lloren et al. (2019) – which

focused on the coastal-marine context – both with regards to meth-

ods employed to document, compile, and mobilize Indigenous science

and knowledge systems and when it came to methods used for West-

ern scientific data (Figure 8). Most striking is that this diversity is not

spread across the case studies. We find that case studies focused on

the hydrological scale of water bodies (e.g., rivers, lakes) draw upon

nearly the entire suite of methods, whereas those case studies at the

watershed level and basin level employed a much smaller subset of

methods (Figure 9). While the structured matrix examining the pair-

wise application of methods was revealing, its limitations are evident

as these methods are not just employed in pairs. These observations

and insights together suggest a set of important questions and fur-

ther inquiry focused on digging deeper into the common bundling of

methods and exploring whether certain methods and/or bundles are

more commonly associated with particular research questions and/or

scales (i.e., ecological, hydrological). Insights from a more in-depth and
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F IGURE 9 Relationship between Indigenous sciencemethods, hydrological scale andWestern sciencemethods for selected case studies
classified as research andmonitoring (n= 45)

F IGURE 10 Structuredmatrix showing the frequency where specific Indigenous sciencemethods were employed alongside specificWestern
sciencemethods for case studies classified as research andmonitoring (n= 45)
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F IGURE 11 Demographics of knowledge holders

nuanced analysis could help to illustrate the diverse pathways to bridg-

ingmultiple ways of knowing and provide guidance for practitioners.

4.2 Limitations of the methods used

While the systematic map method used here as outlined above aimed

to be comprehensive, we acknowledge its limitations. Specifically,

there are five potential limitations associated with the search strat-

egy employed. These limitations are related to: (i) search terms; (ii) lan-

guage; (iii) citation screening; (iv) semantic challenges; and (v) eligibil-

ity criteria. Indigenous, Aboriginal, First Nation, Inuit, and Metis were

included in the search strings. While these were included to be inclu-

sive of the common distinctions, it is important to note that they are

relatively contemporary ‘labels’ often imposed externally and do not

always reflect how Indigenous peoples self-identify. This search was

limited to English language terms and results. However, French is one

of Canada’s official languages and thus impacts the inclusion of stud-

ies published in the French language (e.g., francophone theses). Ref-

erence lists of 35 relevant reviews were screened (backwards cita-

tion screening) as a way to identify potential empirical studies not

captured by the search string. We did not, however, conduct any for-

ward citation screening (e.g., papers that cite the relevant reviews)

as another means to identify potential empirical studies not captured

by the search string. Fourth, as Cheng et al. (2019) highlight, there

is an inherent semantic challenge for interdisciplinary fields such as

this, which are characterized by a high diversity of terms used across

studies. Finally, there are limitations related to the eligibility criteria

– specifically study design. As noted in the eligibility criteria above, we

articulated the study design as follows:

Articles that report empirical results – either qualitatively or quanti-

tatively – where knowledgeweaving practices and/or methods are dis-

cussed or inferred

The benefit of defining the criteria as such is that it helped facili-

tate the screening and identification of examples that could provide

insights when it comes to methods, models, and approaches. However,

the absences of weaving practices and/or methods being discussed or

inferreddoesnotmean that a given studydidnot employ suchpractices

andmethods. This in turn has implications aswell for the evidence base

as noted in the following section.

4.3 Limitations of the evidence base

It is equally important to note the limitations of the evidence base.

Alexander, Provencher, Henri, Taylor, Lloren et al. (2019) highlighted
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two key aspects related to knowledge bridging in practice, noting that

changes to a search strategywould struggle to identify exampleswhere

the contributions of Indigenous knowledge are never acknowledged

or are published as a separate, stand-alone study. Here, we also draw

attention to the limitations of the evidence base that is borne out of the

criteria used for the study design requiring the discussion or inferring of

weavingpractices and/ormethods.Havingplaced these specific param-

eters on the screening – which in many cases was necessary – means

that we have captured a particular constellation of case studies where

multiple ways of knowing are brought together. However, there may

be other pathways and approaches (e.g., Indigenous-led research and

monitoring) where the weaving and bridging of knowledge is inherent

and embedded within all of the work because it was conducted by and

with Indigenous knowledge holders and a dichotomy between knowl-

edge systemswas never articulated.

Another limitation of the evidence base is the inherent bias

towards peer-reviewed academic literature and underrepresents grey

literature studies (from consultants or Indigenous organizations) or

Indigenous-led initiatives that were not documented through publica-

tions or reports. The associated bias for written material versus other

mediums (e.g., video documentaries) and the unnecessary emphasis

on Western peer-review standards for credibility makes it difficult

for non-academic community reports or Indigenous-led initiatives to

bother going through the peer-review process asWestern practices of

peer-review do not alignwith Indigenous validation systems that are in

place (see Loseto et al., 2020). Furthermore, some reports and studies

may not be widely distributed or easily accessible. Indeed, community

and Indigenous-led reports are often kept with Indigenous organiza-

tions and not sharedwith external researchers, organizations, and gov-

ernments for varying reasons such as mistrust and fear. This last point

speaks to the importance,morebroadly, of strengtheningand renewing

relationships based upon recognition of rights – including knowledge

sovereignty – and respect (see Wong et al., 2020 for a more in-depth

discussion).

5 CONCLUSION

Drawing upon all available ways of knowing to conserve and restore

relationships between Indigenous peoples and the environment is

critical (Fox et al., 2017). Furthermore, using Indigenous and West-

ern sciences is an important undertaking which can strengthen the

evidence-base, build trust, and enhance legitimacy for decisionmaking

(Alexander, Provencher, Henri, Taylor, Lloren et al., 2019; Ban et al.,

2018; Henri, Martinez-Levasseur, et al., 2020; Johnson et al., 2016;

Mistry & Berardi, 2016; Tengo et al., 2014).

5.1 Implications for policy, management
and research

Compiling a collection of case studies is a crucial first step in support

of future analysis and/or evidence synthesis. For example, future in-

depth analysis of such a collection of case studies could: (i) help identify

better practices and approaches to guide future projects; (ii) provide

critical insights for engaging with multiple knowledge systems; and (iii)

highlight successful examples that offer promising pathways for mov-

ing forward (Alexander, Provencher, Henri, Taylor, Lloren et al., 2019).

Indeed, this systematic map identified close to thirty published case

studies that focused on the processes and practices of bridging knowl-

edge systems in the context of decision-making. Further, in-depth anal-

ysis and evaluation of these case studies, especially when combined

with the other approximately thirty case studies identified by Alexan-

der, Provencher, Henri, Taylor, Lloren et al. (2019) could provide key

insights and more nuance across different decision-making contexts

(e.g., co-management of natural resources, conservation planning, reg-

ulatory decisions).

Bridging Indigenous and Western sciences, as illustrated across

many of the case studies included in this systematic map: (i) highlights

the many benefits that can come with applying multiple ways of know-

ing to devising management strategies (Reid et al., 2021) and; (ii) can

further strengthen relationships with First Nation, Métis, and Inuit

communities inCanada,whichhaveoftenbeenmarginalized fromenvi-

ronmental research and decision making (Berkes, 2009). Furthermore,

bridging knowledge systems offers a promising approach and pathway

to help bend the curve on freshwater biodiversity (sensu Tickner et al.,

2020) and achieve the UN Sustainable Development Goals (e.g., Goals

14 and 15). It is important to note though that not all Indigenous com-

munities choose to engagewithWestern science, nor acknowledge the

settler-state’s forms of governance, instead choosing to maintain and

practice Indigenous scientific and governance systems (Ariss & Cut-

feet, 2012).

The results of this systematic map also provide key insights to

inform the practices and processes associated with research and mon-

itoring. First, there are many pathways and approaches to bridging

Indigenous andWestern sciences that can help to inform a wide diver-

sity of research questions across multiple ecological and hydrological

scales. However, these approaches are often contextual, place-based,

and will vary depending upon the question at hand. Accordingly, fur-

ther inquiry would help to parse out these different pathways. Sec-

ond, it is important to remember that the methodological approaches

and methods were operationalized through a wide suite of research

practices. While not the focus of this review, Wong et al. (2020) high-

light the importance and imperative of ethical research practices (e.g.,

free, prior, and informed consent). Similarly, a closer examination of

the bridging and weaving process will be essential to identify exam-

ples that support the co-existence of knowledge systems and seek to

‘remedy, rather than reinforce, existing power relations; respect differ-

ences, instead of suppress them; and uphold, as opposed to diminish,

their unique strengths’ (Reid et al., 2021, p. 4).
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