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26

ABSTRACT

27

Horizon scanning is a systematic approach increasingly used to explore emerging trends,

28

issues, opportunities, and threats in conservation. We present the results from one such

29

exercise aimed at identifying emerging issues that could have important scientific, social,

30

technological, and managerial implications for the conservation of inland waters in

31

Canada, in the proximate future. We recognized six opportunities and nine challenges,

32

for which we have provide research implications and policy options, such that scientists,

33

policy makers, and the Canadian society as a whole could prepare for a potential growth

34

in each of the topic areas we identified. The issues spanned a broad range of topics from

35

recognizing the opportunities and challenges of community-enabled science and the need

36

to consider the legal rights of nature, to the likely increase of pharmaceuticals in

37

wastewater due to an aging population. These issues represent a first baseline that could

38

help decision makers identify and prioritize efforts, while simultaneously stimulate new

39

research avenues. We hope our horizon scan will pave the way for similar exercises

40

related to the conservation of biodiversity in Canada.

3
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41

INTRODUCTION

42

Rivers, lakes, springs, and other inland waters1 are often classified among the most

43

threatened ecosystems on the planet (Dudgeon et al. 2006; Reid et al. 2018). For

44

example, fewer than 40% of large rivers remain free flowing (CBD 2014) and

45

approximately 80% of the world’s human population has experienced high levels of threat

46

to water security for the last decade (Vörösmarty et al. 2010; Abel et al. 2019). Vertebrate

47

populations in fresh water environments have shown to be particularly threatened, with

48

declines in their abundances as dramatic as

49

approximately one-third being listed as threatened under the IUCN Red List (Collen et al.

50

2014). While inland water issues are of top concern for conservation biologists,

51

economists, and national security experts alike, current approaches for managing inland

52

waters have often failed to slow or reverse the declines in freshwater biodiversity (Strayer

53

and Dudgeon 2010). Foreseeing future and emerging threats to inland waters as well as

54

opportunities for improved monitoring or management can allow practitioners to prioritize

55

research, plan strategically, and facilitate enhancements of management and

56

conservation efforts in a pre-emptive way (Reid et al. 2018). For the last decade, horizon

57

scans have facilitated such efforts by systematically exploring emerging trends, issues,

58

opportunities, threats, and events relevant to various topics in conservation. In particular,

59

Sutherland et al. (2019) have annually published horizon scans in global conservation,

1

All surface waters contained within lands (FAO 2008).

4

83% since 1970 (WWF 2018) and
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60

touching upon subjects that range from microplastic pollution (Sutherland et al. 2011) to

61

the use of robots to target invasive species (Sutherland et al. 2017). Nonetheless,

62

emerging issues specifically related to inland waters have been addressed only loosely

63

and none specifically within the Canadian context.

64

Canada holds 20% of the world’s fresh water and is home to more lakes than any

65

other country, approximately 2,400,000 (Figure 1a) (Messager et al. 2016). Although

66

Canada is a water-rich nation, there are a few key disconnects. For one, on a per capita

67

basis, Canadians use more water than most other nations, only second to the U.S.A.

68

(Hoekstra and Mekonnen, 2012; OECD 2016). Yet, the vast majority (92%) of Canadian

69

water resources renew only over longer times scales (e.g., only a small fraction of our

70

water is found in rivers and is replenished quickly whereas the water residence time of

71

lakes is much longer and renews over longer time scales; Sprague 2007). In addition,

72

there is a disparity between the distribution of fresh water in Canada and the distribution

73

of human populations, whereby the supply of water available to most Canadians is much

74

smaller than the national total because a substantial fraction of the renewable water flows

75

to the Arctic (Sprague 2007; Renzetti and Dupont 2017). Moreover, many changes in

76

Canadian inland waters are occurring in remote regions and disproportionately affect

77

Indigenous communities (Figure 1b) (Patrick 2011). Finally, a recent synthesis of

78

Canadian watershed health (based on stream flow, quality, fish and invertebrate

79

abundances) and stressors (e.g.,pollution, water use, fragmentation, invasive species

80

and climate change) has highlighted the heterogeneity of data quality and availability for
5
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81

large regions of the country (WWF 2017).

Therefore, Canada would benefit from

82

proactive management and readiness to deal with future threats to its inland waters as

83

well as opportunities to improve conservation efforts. Horizon scanning allows us to

84

identify issues that are emerging and whose impact is currently unknown, in the hope of

85

motivating the data collection required to inform policy and research decisions in the

86

future. Here we report the results of a horizon-scan exercise that sought to identify issues

87

and opportunities related to governance/management, technology, and society that might

88

have an effect on the conservation of inland waters, and the biodiversity therein, in

89

Canada within the next 5-10 years.

90

91

MATERIALS AND METHODS

92

Our horizon scan followed the methodological framework described in Sutherland et al.

93

(2011). In the current exercise, representatives of the Groupe de recherche

94

Interuniversitaire en Limnologie at McGill University invited 30 researchers with expertise

95

in a wide range of topics related to fresh and/or inland waters to participate in a two-day

96

workshop in Montreal in January 2019. The invitees were selected to maximize

97

representation of expertise, gender and backgrounds (in terms of where participants

98

originated from): 17 agreed to participate. Prior to the workshop, participants submitted

99

up to three issues (positive or negative in nature) that they considered will become

100

important in the conservation of inland waters in Canada in the next 5-10 years, along

6
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101

with a description (200-300 words) and a relevant bibliography. These contributions were

102

subsequently collated and consolidated to avoid repetition. The resulting 33 distinct

103

issues were returned to the participants for evaluation and ranking. Each participant

104

anonymously ranked all issues by taking into consideration their novelty (i.e., noting

105

whether the issue was already widely recognized such as climate change), its potential

106

impact, and its likelihood of occurrence. The median scores for these rankings were used

107

as a starting point for discussions during the workshop. Workshop participants broke out

108

into groups to discuss proposed issues and to consider any new issue that arose during

109

the discussions. All participants then scored each issue individually and anonymously.

110

Low scores identified issues that are already well known in Canada, unlikely to be

111

important, and/or unlikely to occur, whereas high scores denoted issues that could have

112

a strong impact and are least mainstream issues in Canada. The submitted scores were

113

converted to ranks and the median rank for each issue was calculated. Through this

114

procedure, the group identified 15 emerging issues and opportunities that are likely to

115

have substantial implications for the conservation of inland waters in Canada. Importantly,

116

we refer to inland waters as all continental waters that may be on the surface or

117

underground. We specifically did not restrict our discussions to fresh waters, as many

118

inland waters in Canada can be quite salty. Given that the expertise of the participants of

119

the workshop was mainly related to research, NL and RP provided input on the

120

manuscript, and refined the policy implications of the 15 issues previously identified.

121
7
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122

We acknowledge that the set of issues identified here could have been influenced by the

123

composition of our group. However, it is worth noting that a recent review of decade’s

124

worth of global horizon scanning efforts showed no association between the participants’

125

expertise and the emerging issues selected (Sutherland et al. 2019). Our group was

126

largely from the academic sphere spanning the fundamental-applied continuum, and

127

represented a population that was gender-balanced. Members originated from disparate

128

regions of Canada or international locations, and were from different career stages (i.e. 1

129

PhD student, 4 post-doctoral fellows, 2 science professionals, and 10 university

130

professors). One participant was an Indigenous scientist, and another was a government

131

employee. All issues were subjected to a democratic and confidential voting process,

132

which minimizes biases arising from any one individual (Sutherland et al. 2019). We

133

emphasize that our list of issues is not necessarily exhaustive but rather an important

134

subset, as identified by our participants.

135
136

As a secondary evaluation of the novelty of each of the issues identified we conducted a

137

search in Web of Science of the past five years’ worth of manuscripts published in the

138

Canadian Journal of Fisheries and Aquatic Sciences. We searched for issue-specific

139

keywords in the topic or title field tags. All entries were then manually verified to

140

correspond to the target issue. We also quantified the relative frequency of the term

141

climate change (in terms of the relative proportion of articles where this term appears), as

142

a point of comparison for a timely issue that is already well studied.
8
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143

144

ISSUES: FROM CHALLENGES TO OPPORTUNITIES

145

Chromite Mining in the Ring of Fire

146

The 'Ring of Fire’ is a 5000 km2 crescent-shaped chromite deposit (North America’s

147

largest) in the Lowlands of Northern Ontario (Beukes et al. 2017). Chromite is needed for

148

producing stainless steel but is mined in few countries. The Ring of Fire is thus the

149

potential target of a massive development project, likely to proceed when the region’s

150

infrastructure is modernized. The project will involve several underground mines and

151

possibly an open pit, both of which may cause water contamination through the release

152

of chromium-6 (hexavalent chromium). Chromium-6 is a priority substance in the

153

Canadian Environmental Protection Act because it is soluble, environmentally persistent,

154

and induces a broad suite of toxicological effects on fish and birds (Velma et al. 2009).

155

The Ring of Fire is in close proximity to the traditional territory of nine First Nations

156

communities (James Bay Treaty, 1905). The mineral deposits in the Ring of Fire lie

157

beneath a unique ecoregion that comprises the world’s largest peatland and a global

158

breeding hotspot for waterfowl (Beukes et al. 2017).

159
160
161
162

Research implications:
1) Identify preventative and mitigative measures for chromium-6 and other
contaminants from mining activities.
9
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163

2) Forecast potential downstream or legacy effects (e.g., bioaccumulation)

164

3) Determine the natural occurrence and spatiotemporal variability of chromium-6 in

165

soils, untreated chromite ore, and surface/groundwater, and identify areas of

166

ecological sensitivity.

167

Policy options:

168

1) Apply evidence-based decision-making processes regarding mining and ore

169

processing in the region (e.g., advantages of wet milling over dry in terms of

170

potential to generate chromium-6).

171

2) Include First Nations communities in the consultation process following

172

commitments made in the United Nations Declaration on the Rights of Indigenous

173

Peoples (UNDRIP) and the Calls to Action set forth by the Truth and Reconciliation

174

Commission of Canada (TRC 2015).

175

3) Provide rigorously-documented baseline studies to the public.

176
177

Consequences of dynamic winter conditions for aquatic life and its management

178

Winter in Canada is generally characterized by sub-zero temperatures, high snowfall, and

179

ice-covered waterbodies. However, such winters are becoming increasingly rare in face

180

of current rates of climate change in parts of southern Canada. Across such regions, the

181

previously long “deep freeze” is becoming a more dynamic season with episodic freeze-

182

thaw events and rapid fluctuations in temperature, along with shorter periods of ice cover

10
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183

(Sharma et al. 2019). Winter is regarded as a strong selective force on aquatic life, yet

184

we know remarkably little about aquatic ecosystems during this season (Hampton et al.

185

2017). Some recent observations – such as extensive winter methane and CO2 gas

186

production and release in lakes (Denfeld et al. 2018), under-ice nitrification contributing

187

to winter-kill events (Powers et al. 2017), and river ice dynamics altering the distribution

188

of fish (Brown et al. 2011) – reveal that winter effects are still largely unknown. This gap

189

in knowledge about how aquatic ecosystems function in winter, particularly when coupled

190

with dynamic conditions related to climate change, generates important uncertainty for

191

the management of inland waters in Canada.

192
193
194
195

Research priorities:
1) Quantify the variation in freeze-thaw events (frequency, intensity), and associated
impacts on aquatic life.

196

2) Harness the power of remote sensing and other tools like Earth Engine to interpret

197

freeze/thaw timing by fusing data from optical satellites and radar satellites (e.g.,

198

Canada's Radarsat and IceSat series).

199

3) Study how animal habitat use and behaviour differ in winter compared to other

200

seasons, and identify conditions and events (such as the development of frazil ice)

201

that may limit survival or reduce post-winter fitness of individuals.

202

Policy options:

11
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203
204
205
206
207
208

1) Recommend construction windows to protect sensitive aquatic habitats, based on
knowledge of winter dynamics and changing climatic conditions.
2) Account for winter dynamics in aquatic management during other seasons (e.g.,
fish stocking, restoration, biomanipulation).
3) Include important winter refuges when considering the protection of critical habitats
for species at risk.

209
210

Considering effects of rapid global change requires integrating evolutionary

211

adaptive capacity

212

Assessments of aquatic community responses to environmental stressors typically focus

213

on biodiversity at the species level, thereby overlooking a key component of biodiversity:

214

variation within species. Intraspecific variation can act as an evolutionary insurance policy

215

against rapid environmental change, as well as having significant effects on community

216

dynamics and ecosystem services (Schindler et al. 2015; Mimura et al. 2016). For

217

Canada to successfully manage and conserve its inland waters, standard environmental

218

impact assessments could be complemented by “evolutionary impact assessments”

219

(EvoIA). EvoIA entails the assessment of intraspecific variation and its potential for

220

enabling adaptive responses that maintain the long-term health of aquatic communities

221

and ecosystems (Laugen et al. 2014). EvolA allows for more targeted and efficient use of

222

conservation resources as it identifies not only current contributions of evolution to

12
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223

biodiversity and ecosystem function, but it can also predict how specific management

224

actions will enhance future contributions to the same services – that is “evosystem

225

services”.

226
227
228
229
230
231
232

Research priorities:
1) Improve knowledge of within-species genetic differentiation to support the
identification of Designatable Units (DUs) used by COSWEIC
2) Develop field-ready genomic monitoring kits for rapid and easy assessment of
intraspecific diversity.
Policy options:

233

1) Consider management procedures that account for adaptive capacity of

234

populations (e.g., setting restrictions to avoid selective fishing/harvest, which

235

cause genetic bottlenecks).

236
237

2) Train practitioners to enhance competency with evolutionary principles and
methodology (e.g., through workshops or online training platforms).

238
239

Dynamics of state changes caused by multiple stressors

240

Most research and impact assessments have traditionally focused on how individuals,

241

populations, communities, and ecosystems respond to a single stressor, such as

242

temperature or turbidity or acidity. Yet these and many other stressors likely act

13
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243

simultaneously in complex and often unpredictable ways (Folt et al. 1999). Despite

244

multiple stressors being the norm on the Canadian landscape, it is still not well understood

245

how multiple stressors interact to influence organisms, populations, communities, and

246

ecosystems (Ormerod et al. 2010). Multiple stressors have the potential to combine

247

additively, multiplicatively, or in other ways making it difficult for environmental managers

248

to predict responses (Jackson et al. 2016). It may also be possible for multiple stressors

249

to trigger regime shifts between alternative system states or alter tipping points (e.g.,

250

Leichenko et al. 2014) such that shifts are accelerated, delayed, or made more or less

251

abrupt (Piggott et al. 2015). Resource managers will face challenges in determining what

252

to do in the face of regime shifts given the complexity arising from multiple stressors.

253

Finally, multiple stressors have the potential to generate entirely new “non-analog” states

254

to which systems might shift – states that would not be observed even at high levels of a

255

single stressor.

256
257
258
259

Research Priorities:
1) Determine how multiple stressors influence the probability and nature of tipping
points that influence shifts between system states.

260

2) Define which combinations of particular stressors generate the strongest non-

261

additive and nonlinear effects on organisms, populations, communities, and

262

ecosystems.

263

Policy options:
14
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264
265
266
267

1) Integrate

multiple

stressors

in

environmental

risk

assessments

and

authorization/permitting decisions.
2) Integrate non-additive and non-linear effects of stressor combinations in
conservation management.

268
269

Expansion of land and water use in northern Canada

270

Since 1900, surface temperature in the Arctic (60-90 oN) has been increasing at a rate

271

that is twice that of the global average (Overland et al. 2018). As such, northern areas

272

hold considerable potential for both an expansion of agriculture (Arsenault 2017) and

273

hydroelectric development (Canadian Hydropower Association 2009), amongst other

274

climatic and development-related pressures. Although northern agricultural expansion

275

could be a positive step towards northern food security and assist in feeding the growing

276

global population, important considerations include heightened water use pressures and

277

increased loading of agrochemicals to nearby water bodies. Also, the common perception

278

of hydropower as ‘clean renewable energy’, combined with increasing political pressure

279

to reduce greenhouse gas emissions, could provide impetus for hydroelectric power

280

development within vast areas of the Arctic (WWF 2017). Such development could

281

produce an array of impacts on northern First Nations and Indigenous communities, as

282

well as affect sensitive populations of invertebrates, fishes, and birds – as has been the

15
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283

case for many existing hydropower projects in Canada and the US (Willacker et al. 2016),

284

and elsewhere in the world (Winemiller et al. 2016).

285
286
287
288
289
290
291
292
293
294
295

Research priorities:
1) Conduct life cycle assessment research to fully characterize current and potential
hydropower impacts in northern Canada.
2) Identify crops or strains that have the greatest local benefit while mitigate their
impacts on water resources.
3) Investigate the effects of agricultural expansion (northward) on land-water linkages
(e.g., fragmentation).
Policy options:
1) Develop northern-based farming and agricultural research institutes (e.g.,
Northern Farm Training Institute, NWT).

296

2) Develop a national-level plan for intensive land use projects in northern Canada.

297

3) Expand the National Hydrometric Program (Water Survey Canada) to provide

298

more extensive flow and water level data for northern systems.

16
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299
300

Expectation for increased rigour and transparency in environmental decision

301

making

302

The environmental assessment procedure in Canada has been under increased scrutiny

303

recently, and has launched this topic into the forefront of public policy discussions. Calls

304

for transparency in the use and sharing of data, and in the assessment of regional and

305

cumulative impacts are mounting (Westwood et al. 2019). Additionally, the need to

306

consider the impacts of such projects in the context of larger national goals (e.g.,

307

biodiversity targets, UN Sustainable Development Goals, and reduced carbon emissions)

308

has been consistently highlighted. The changes made in 2012 to the Canadian

309

Environmental Assessment Act, Fisheries Act, and Navigable Waters Protection Act (now

310

Navigation Protection Act), as well as the subsequent review and introduction of Bills C-

311

68 and C-69 have attempted to address such problems by putting an emphasis on

312

creating registries to improve public access to environmental information. The aim of

313

these changes is to encourage meaningful public participation in environmental decision-

314

making (Jacob et al. 2018). Putting evidence-based decision making into broader practice

315

will require additional capacity within natural resource management agencies (Cooke et

316

al. 2017), open data efforts, and regional assessments.

317
318

Research priorities:

17
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319

1) Determine how data collected from strategic impact assessments can be

320

integrated into national databases, such that it is useful for conservation planning.

321

2) Conduct case studies to investigate the effects of legislative reforms on

322
323
324
325
326
327
328
329

transparency, accountability, and meaningful public involvement.
Policy options:
1) Provide open access to baseline and monitoring data, methodologies, and
metadata.
2) Include rigorous scientific methodologies in environmental decision making while
facilitating the implementation of Indigenous knowledge.
3) Make publicly available all documents used to inform government regulatory
impact analysis statements.

330
331

Geopolitical tensions over water access and trade

332

Under current climate change and human population growth, access to clean fresh water

333

is a major global concern (World Economic Forum, 2018). Stress on water resources will

334

arise from direct consumption, and indirectly through the consumption of commodities

335

that require substantial quantities of water for their production. Current analysis of national

336

water footprints from around the world have placed Canada as the second largest user

337

of fresh water, only second to the U.S.A. (OECD 2016). Serious water issues are already

338

apparent within Canada, ranging from hundreds of boil-water advisories to the

18
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339

fragmentation of water management across multiple levels of government (Mitchell 2017).

340

Growing global trade networks could further strain access to clean water in Canada,

341

whether nations are geographical neighbours or not. Some recent examples that could

342

spark geopolitical tensions over water include Wisconsin’s approval for the diverting of 28

343

million liters of water per day from Lake Michigan to the Mississippi River watershed to

344

support local industry (https://dnr.wi.gov/topic/WaterUse/Racine/). Although in 2013 the

345

Parliament of Canada approved a law prohibiting bulk water exports, some water policy

346

experts argue that considerable uncertainty remains over the strength of the protection

347

afforded by Canadian laws, particularly as new trade deals are negotiated (Rivera 2015;

348

Barlow 2016). Moreover, it is expected that under climate change and with increased

349

global environmental degradation, markets will become highly unstable, and over 200

350

million environmental refugees will seek asylum in Canada by 2050 (Murray 2010). In that

351

context, preserving water security on a global scale can be a lynchpin to an equitable,

352

prosperous and sustainable future, and it is clearly in Canada’ interest to contribute to

353

that outcome.

354
355
356
357

Research priorities:
1) Improve understanding of how climate change will influence water demand for
agriculture and other intensive practices.
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358

2) Identify Canadian waterbodies most likely to be affected by shifting water demands

359

and evaluate scenarios to determine which conservation strategies will be most

360

effective.

361
362
363
364
365
366
367

Policy options:
1) Determine the most effective policy levers to protect water quality and quantity,
while also encouraging a reduced national water footprint
2) Engage in stakeholder activities to promote participatory process in water-related
issues.
3) Explore options for Canada to contribute more fulsomely to the resolution of water
issues in other countries.

368
369

Increased loading of pharmaceuticals in wastewater

370

Pharmaceuticals are emerging environmental contaminants that are increasingly used in

371

human and veterinary medicine. Today, almost 70% of all Canadian citizens 65 years

372

and older take five or more drugs (CIHI 2018) and by 2031 it is expected that one in four

373

Canadians will be over 65 (Statistics Canada). Many drugs are not efficiently eliminated

374

by sewage treatment plants and are directly discharged into wastewater, finding their way

375

into inland waters (Koné et al. 2013). Despite the relatively low concentrations reported

376

in effluents of sewage treatment plants, several classes of drugs are expected to pose

377

high environmental risks including analgesics (e.g., salicylic acid, naproxen, and

20
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378

ibuprofen), antibiotics (e.g., sulphamethoxazole and ciprofloxacin), antidepressants (e.g.,

379

fluoxetine), and hormone disrupters (Koné et al. 2013). The effects of such compounds

380

on aquatic organisms is often evaluated using acute toxicity assays. However, a major

381

concern is that their chronic toxicity and their subtle effects are not understood (Fent et

382

al. 2006). Although many pharmaceuticals are considered of low risk for lower-trophic-

383

level taxa, the potential remains for food-web-mediated effects on primary consumers

384

(Hamilton et al. 2016). Potential mitigation options include the development of advanced

385

treatment technologies of municipal wastewaters, source reductions, and proper

386

ecotoxicological testing of new generation drugs.

387
388

Research priorities:

389

1) Determine the safety limits for drugs and drug combinations in the environment.

390

2) Determine the impacts of key drugs, with an emphasis on sublethal and chronic

391
392
393
394

thresholds in individuals, populations and communities.
3) Develop advanced wastewater treatment techniques/options across different
scales, from communities to cities.
Policy options:

395

1) Development of efficient treatment and mitigation approaches.

396

2) Reduce improper disposal or collection of unused pharmaceuticals.

397

3) Increase monitoring of pharmaceuticals in effluents.

21
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398
399

Increased risk of petroleum spills arising from new pipelines

400

With growing oil production in Canada, there is increasing demand for transport of crude

401

oil through pipelines to major refineries and terminals across North America. While most

402

research on threats posed by oil spills has focused primarily on high-profile events in

403

coastal marine environments, risks to inland aquatic ecosystems such as the Great

404

Lakes have been largely overlooked (IJC 2018). Nonetheless, existing and planned oil

405

transport infrastructure poses important threats of ecologically-significant spills in

406

sensitive fish habitats and species-rich environments such as estuaries, rivers, bays, and

407

wetlands (IJC 2018). Crude oil spills can impact all levels of an aquatic food web, and

408

their effects on benthic invertebrates can persist beyond 25 years (Bertrand and Hare,

409

2017). Moreover, laboratory experiments have revealed negative short-term and latent

410

impacts on growth and development of several fish species, including the economically-

411

and culturally-important salmonids (Alderman et al. 2018). However, the scope,

412

magnitude, and persistence of the effects of crude oil on freshwater biota, the recovery

413

capacities of aquatic habitats, and the behaviour and fate of oil products in freshwater

414

systems remain poorly understood.

415
416

Research priorities:

22
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417
418

1. Develop technologies and test models for rapid and accurate detection of spills
(especially slow leaks that may go unnoticed for some time).

419

2. Understand the ecological effects of spills during different seasons (e.g., spring

420

runoff versus frozen winters) to inform possible seasonal limits on oil transport.

421

Policy options:

422

1. Consider sensitive aquatic habitats when planning pipeline routing and

423

configurations (e.g., salmon bearing streams and spawning/incubation/rearing

424

seasons).

425
426
427
428

2. Ensure that the standards of response planning for inland spills meet those upheld
for marine environments.
3. Incorporate modern safety standards and monitoring protocols into authorizations
for the construction and operation of pipelines to minimize the risk of spills.

429
430

Increasing pressure for Canada to enshrine constitutional rights to a healthy

431

environment and the rights of nature

432

Health Canada has estimated that, each year, over 14,000 premature deaths in Canada

433

are the result of air pollution, toxic chemicals, and other environmental risk factors (Health

434

Canada 2017). International comparisons have shown that Canadian environmental laws

435

and policies are lagging behind other industrialized countries (Boyd 2015). For example,

436

when a person or company obtains a legal right to land or water in Canada, these private

23
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437

rights often trump public rights regarding that water or land. As a result, the public often

438

has little recourse for the negative impacts that the private use inflicts on the wider

439

community. Many communities and environmental organizations are seeking innovative

440

institutional arrangements that can address the environmental degradation of inland

441

waters and improve our stewardship of ecosystem health (Curran 2015). As a result, more

442

than 100 nations around the world now recognize constitutional environmental rights and

443

responsibilities. Several provinces have forms of enforceable environmental rights and

444

150 Canadian municipalities have passed declarations recognizing their residents’ right

445

to live in a healthy environment. Pressure is now increasing for the federal government

446

to legislate similar rights and to include protection provisions in the Canadian constitution.

447
448

Research priorities:

449

1) Establish quantitative, objective definitions for terms such as “healthy” and “harm”

450

as they relate to inland waters so they can be applied in legal and policy

451

frameworks.

452
453
454
455
456
457

2) Develop and track standardized-nation-wide testing of key health indicators for
inland waters
Policy options:
1) Expand and unify municipal and provincial declarations of environment rights to all
jurisdictions.
2) Determine what constitutes ecological harm from a legal perspective.
24
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458
459

3) Apply the emerging approach “legal personality” to provide water systems with
legal standing and enforceable rights.

460
461

Invasions by novel pathogens will challenge biosecurity and conservation

462

Invasive pathogens are being recorded with greater frequency in ecosystems worldwide

463

(Fisher et al 2012).

464

transport of organisms are creating conditions in Canada that are conducive to the spread

465

and proliferation of pathogens that threaten endemic freshwater biodiversity and fisheries

466

(Schmeller et al. 2018). Many pathogens can go undetected before producing die-offs,

467

or can remain an unrecognized cause of mortality (Adams et al. 2018). Immense numbers

468

of undescribed taxa of bacteria, protozoa, oomycetes, and fungi are potentially

469

transported between disparate regions and can undergo rapid evolutionary changes that

470

affect their virulence or host repertoire in Canada (Hoberg & Brooks 2015; Robin et al.

471

2017). One such important emerging threat to Canadian freshwater biodiversity is

472

Batrachochytrium salamandrivorans, the chytrid fungus responsible for recent

473

catastrophic declines in wild salamanders in Europe after being introduced through the

474

pet trade (Martel et al. 2014). Although we recognize that Canada has recently restricted

475

the import of salamanders to limit the introduction of B. salamandrivorans into Canada

476

(https://www.cbsa-asfc.gc.ca/publications/cn-ad/cn17-17-eng.html), continued vigilance

477

is needed. The limited ability to detect emerging invasive pathogens will impede

Current rates of climate change, nutrient pollution, and global

25
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478

conservation efforts to prevent or promptly contain and manage outbreaks across the

479

Canadian landscape.

480
481
482
483
484
485
486

Research priorities:
1) Determine how global stressors promote the emergence and virulence of novel
pathogens, and whether synergistic interactions are at play.
Policy options:
1) Reassess existing regulations concerning inspection of travellers and goods at
ports of entry to maximize detection of new pathogens.

487

2) Exercise vigilance towards illegal importations of amphibians (e.g., Government of

488

Canada 2017) and aquatic organisms in general using current mechanisms (e.g.,

489

the Aquatic Invasive Species Regulations SOR/2015-121 under the Fisheries Act).

490
491

New satellite and remote sensing technologies can transform our understanding

492

of aquatic ecosystems and their dynamics.

493

Recent advances in satellite and remote sensing technologies have set the stage for

494

transforming aquatic ecosystem research and monitoring. In particular, several new

495

satellites (launched since 2013) improve our ability to estimate lake properties. For

496

example, Landsat-8 provides a greater depth of possible measurement values within

497

images, and thus improve the signal-to-noise ratio (Roy et al. 2014). More recently,

498

Sentinel-2a and -2b have enhanced the frequency of imaging a given point on Earth’s

26
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499

surface, when data are combined across satellites (Pahlevan et al. 2017). A second major

500

area of advancement is the development of Google Earth Engine (Gorelick et al. 2016),

501

which enables users to access and manipulate the full suite of satellite images remotely,

502

greatly minimizing data storage and processing demands. Google Earth Engine has

503

already allowed for planetary-scale assessments of global surface water distribution at

504

fine resolution across multiple decades (Pekel et al. 2016), and it holds considerable

505

promise for creating new time series of lake characteristics at regional, continental, and

506

planetary scales.

507
508
509
510

Research priorities:
1) Seek out effective ways to expand remote sensing training into high school and
early undergraduate levels.

511

2) Develop remote sensing hardware and software to identify sensitive aquatic

512

habitats, such as groundwater upwelling zones, salmon redds, and winter thermal

513

refugia.

514

3) Improve multi-scale (reach, watershed, ecoregion) assessments of aquatic habitat

515

condition and stressors by incorporating new information available from emerging

516

remote sensing technologies.

517
518
519

Policy options:
1) Incorporate systematic remote sensing into government monitoring programs at
all levels (federal, provincial, territorial, municipal, Indigenous).
27
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520
521

2) Develop planning methodologies that incorporate remotely-sensed data and
inform the prioritization of conservation and restoration actions.

522
523

Opportunities and challenges from technology-enabled community science

524

Over 85% of Canadians own a smartphone (CRTC 2019); which translates into

525

approximately 31.7 million potential sampling platforms distributed across the country.

526

Smartphones generate opportunities for community-based science and could help to fill

527

important data gaps on aquatic ecosystems that exist for most Canadian watersheds

528

(WWF 2017). Relying on engaged communities will be critical as monitoring resources

529

are sparse, and resource management agencies are unable to provide complete

530

coverage of the country – especially in the vast and difficult-to-access northern regions.

531

Moreover, the increase in accuracy and the development of novel sensors in

532

smartphones, in synergy with technological advances (e.g., computer vision), will enable

533

important improvements in the data quality of community-based science (Kosmala et al.

534

2016), while facilitating the validation and geo-localization of entries. Beyond data

535

acquisition, however, including schools and communities directly in the scientific process

536

provides excellent opportunities to educate and engage the public. Existing successful

537

programs, such as iFish (http://www.ifishalberta.com/; Papenfuss et al. 2015) and Water

538

Rangers (https://waterrangers.ca/en/) provide valuable models that could be further

539

developed.

28

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 29 of 63

540
541
542

Research priorities:
1)

aquatic data.

543
544

2)

3)

549

Policy options:
1)

2)

Incorporate instantaneous public reporting into early detection and rapid response
procedures for aquatic invasive species.

552
553

Further engage Northerners as technological stewards with formal funding
opportunities.

550
551

Study how to incentivize the broader population and keep community scientists
engaged.

547
548

Explore best practices for passive versus active engagement of community
members.

545
546

Develop robust processes for curation and validation of community-generated

3)

Explore options for linking with “Big Data” initiatives of commercial data providers,

554

such as Google and Amazon, to increase the development and distribution of third-

555

party applications and decision support tools.

556
557

Opportunities from national data integration

558

The landscape of nation-wide ecological data collection and curation is changing through

559

the collaborative efforts among academic research networks, government scientists, and
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Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 30 of 63

560

NGO partners. Large research networks focused on inland waters are paving the way to

561

a new scale of ecological inference, mainly by integrating spatial, temporal, historical, and

562

“dark” (collected but unused: Heidorn 2008) ecological data. This integration will naturally

563

involve partnerships and multi-sector research co-design, stimulating in this way a long-

564

term vision for data sharing and management while increasing data accessibility to

565

researchers, stakeholders, and policy makers. With systematic and continuous nation-

566

wide sampling, ecological variability across inland waters will be better understood

567

(Soranno et al. 2015), and gaps between fundamental ecological research and its

568

application by managers will be greatly narrowed (Cadotte et al. 2017). Current examples

569

that provide a model for scaling up include the NSERC Canadian LakePulse Network in

570

Canada (Huot et al. 2019) and the National Lakes Assessment Program in the USA.

571

Programs such as these will be instrumental in ensuring that Canada meets its

572

commitments under the 2030 Agenda and the implementation of the associated UN

573

Sustainable Development Goals.

574
575
576
577
578
579
580

Research priorities:
1) Develop best approaches for extrapolating from monitored to non-monitored inland
waters.
2) Improve forecasting of responses to environmental stressors such as invasive
species, climate change, or pollution through large scale surveys.
Policy options:
30
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581
582

1) Support the development and management of large, comparative datasets that
will facilitate evidenced-based decision making.

583

2) Promote data sharing, trust and rights across sectors.

584

3) Establish open and long-term nation-wide monitoring databases.

585
586

Whole community monitoring opportunities arising from environmental DNA

587

The application of environmental DNA (eDNA) metabarcoding to biomonitoring of aquatic

588

systems has remarkable potential. Although techniques are still developing (Goldberg et

589

al. 2016; Pawloski et al. 2018; Cristescu & Hebert 2018), there are tremendous

590

opportunities for the use and development of eDNA surveys in Canada, as a complement

591

or supplement to conventional, time- and resource-intensive sampling. Scaled up, eDNA

592

metabarcoding has the potential to transform the frequency and range at which aquatic

593

communities are monitored, generating an unprecedented amount of biodiversity data.

594

Additionally, because of the relatively simple field equipment required, it is feasible to

595

sample eDNA across very large spatial scales and at high temporal frequencies. There

596

remain several challenges, such as high rates of false-positives and false-negatives

597

(Cristescu & Hebert 2018). However, with the establishment of coordinated efforts to

598

standardize methods for metazoan community detection, the approach could soon be

599

ready for widespread adoption and routine use in biodiversity assessments (Rees et al.

600

2014). The scale of data generation will foster collaborations with bioinformaticians, while

31
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601

taxonomists will be crucial for building and improving reference databases. These

602

techniques have the potential to allow conservation practitioners to better inform policies

603

related to invasive species spread, climate-related range shifts, and seasonal signals,

604

amongst other critical conservation challenges.

605
606
607
608
609
610

Research priorities:
1) Develop more comprehensive genetic libraries of aquatic species, with a focus on
building localized and well validated species libraries.
2) Address high incidences of false positives and false negatives, and deal with the
complications arising from DNA decay, DNA advection, and primer bias.

611

3) Explore the use of environmental RNA (eRNA) as a means to examine the living

612

biodiversity in an ecosystem (i.e. tracking species relative abundances through

613

space and time).

614
615
616
617
618

Policy options:
1) Consider the systematic use of eDNA in routine monitoring for the early detection
of invasive species or climate-induced range shifts.
2) Manage fisheries and ecosystem heath based on detailed understanding of
community composition and dynamics.
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619

DISCUSSION

620

Inland waters constitute an extremely valuable natural resource, in economic, cultural,

621

aesthetic, scientific, and educational terms. Fresh water has been identified by Canadians

622

as their most important natural resource for 10 years running (RBC Blue Water Project

623

2017). As stewards of one fifth of the planet’s inland waters, Canadians also bear a large

624

international responsibility.

625
626

Despite the importance of inland waters, monitored populations of freshwater vertebrates

627

have experienced marked declines since the 1970s, relative to terrestrial and marine

628

ecosystems (WWF 2018). Forecasting future conservation issues concerning inland

629

waters can identify important gaps in our knowledge, identify new tools and help

630

proactively manage these ecosystems through informed policy (Sutherland et al. 2007).

631

Moreover, while efforts have been made to identify and highlight threats to global

632

freshwater biodiversity (e.g., Reid et al. 2018), or broadly considered Canadian

633

conservation issues (Boxall et al. 2012), these earlier studies have been not focused on

634

Canadian aquatic systems, despite the vast freshwater resources within the region. The

635

impetus for our horizon scanning exercise was to address this gap and herein we have

636

identified 15 issues (for a summary see Table 1). Our list of issues comprises a carefully

637

derived subset of both challenges and opportunities that we assess as un-recognized or

638

under-appreciated, and that require immediate attention to effectively prepare for the near
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639

future. Some of the issues we have listed are not unknown and have been addressed in

640

other countries, yet they are relatively new in the Canadian context. Indeed, based on our

641

search in Web of Science, we found that many issues have been addressed infrequently.

642

For example, with the exception of changing winter dynamics, none of the issues have

643

been addressed in more than 10 articles published in CJFAS in the last 5 years, compared

644

to climate change that has been the subject of 126 publications (Figure 2).

645
646

We identified potential socio-political conflicts that could pose significant threats to the

647

management of Canada’s water resources. Examples include debates among national

648

and international stakeholders on access to and extraction of water, increased risk of oil

649

spills arising from the development of new pipelines, and tensions over chromite mining

650

in Northern Ontario. However, we also identified opportunities to improve the

651

management of Canada’s water resources in the face of rapid geopolitical and

652

environmental changes. For example, community science (often referred to as citizen

653

science) can play an important role in filling data gaps related to watersheds and aquatic

654

ecosystems – including in the northern regions of the country. Similarly, the integration of

655

ecological data at the national scale can stimulate a long-term collaborative vision in data

656

sharing and water management, and can allow for an increase in data accessibility to

657

researchers, stakeholders, and policy makers. National-scale monitoring programs for

658

inland waters are essential to achieve commitments under the 2030 Agenda for

34
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659

Sustainable Development and its 17 Sustainable Development Goals (Dickens et al.

660

2019; Huot et al. 2019).

661
662

A recurrent issue during our discussions was the influence of climate change on many of

663

the emerging issues we have identified; its ramifying effects are still unclear and will

664

almost certainly vary across the country (e.g., Sharma et al. 2019). In this context, it

665

should not be surprising that we identified an expansion of land and water use in the north

666

as an emerging issue. In light of climate change and warming temperatures in northern

667

regions,

668

assessments, while making these more transparent, will allow for more targeted and

669

efficient use of resources in conservation practices in an increasingly unpredictable future.

integrating

evolutionary

adaptive

capacity

into

environmental

impact

670
671

The emerging issues we have identified certainly reflect, in part, the interests and

672

knowledge of the participants engaged in the exercise, which in our case was comprised

673

mainly of academics. In future efforts, we envisage engaging with a group with broader

674

range of professions and backgrounds, with greater representation of Indigenous

675

peoples, NGOs, and government employees– so that more perspectives are represented.

676

Nevertheless, our group did identify a wide range of issues that are only loosely related

677

to academic and pure research questions. We see this publication as a first step to

678

engage the broader Canadian community to address the future of conservation of inland

679

waters in Canada.
35

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 36 of 63

680

ACKNOWLEDGEMENTS

681

This project was organized with the support of the Groupe de recherche Interuniversitaire

682

en Limnologie, and the Liber Ero Chair at McGill University. IGE, RB, MC, SJC, AH

683

acknowledge support from the Canada Research Chairs program, and KG, CB and NSG

684

acknowledge funding from the NSERC-funded LakePulse Network. WJS is funded by

685

Arcadia. The authors also thank Sara Pancheri for developing Figure 1a. Finally, we

686

would like to thank Amanda K. Winegardner, who was an active participant in the

687

workshop and provided substantial edits and comments of the manuscript.

688

REFERENCES

689
690

1. Abell, R., Vigerstol, K., Higgins, J., Kang, S., Karres, N., Lehner, B., Sridhar, A.

691

and Chapin, E., (2019). Freshwater biodiversity conservation through source water

692

protection: Quantifying the potential and addressing the challenges. Aquatic

693

Conservation: Marine and Freshwater Ecosystems, 29(7): 1022-1038.

694

2. Adams, A. J., Pessier, A. P., and Briggs, C. J. (2017). Rapid extirpation of a North

695

American frog coincides with an increase in fungal pathogen prevalence: Historical

696

analysis and implications for reintroduction. Ecology and Evolution, 7(23): 10216-

697

10232.

36

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 37 of 63

698

3. Alderman, S.L., Lin, F., Gillis, T.E., Farrell, A.P., and Kennedy, C.J. (2018).

699

Developmental and latent effects of diluted bitumen exposure on early life stages

700

of sockeye salmon (Oncorhynchus nerka). Aquatic Toxicology, 202: 6-15.

701
702

4. Arsenault, C. (2017). In Canada, climate change could open new farmland to the
plow. Reuters.

703

5. Bertrand, K., and Hare, L. (2017) Evaluating benthic recovery decades after a

704

major oil spill in the Laurentian Great Lakes. Environmental Science and

705

Technology, 51: 9561-9568.

706

6. Beukes, J.P., Du Preez, S.P., Van Zyl, P.G., Paktunc, D., Fabritius, T., Päätalo, M.

707

and Cramer, M., 2017. Review of Cr (VI) environmental practices in the chromite

708

mining and smelting industry–Relevance to development of the Ring of Fire,

709

Canada. Journal of Cleaner Production, 165:874-889.

710

7. Boxall, A.B., Rudd, M.A., Brooks, B.W., Caldwell, D.J., Choi, K., Hickmann, S.,

711

Innes, E., Ostapyk, K., Staveley, J.P., Verslycke, T. a nd Ankley, G.T., 2012.

712

Pharmaceuticals and personal care products in the environment: what are the big

713

questions? Environmental health perspectives, 120(9): 1221-1229.
37

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 38 of 63

714
715

8. Boyd, D. R. (2015). Cleaner, greener, healthier: a prescription for stronger

Canadian environmental laws and policies. UBC Press.

716

9. Brown, R. S., Hubert, W. A., and Daly, S. F. (2011). A primer on winter, ice, and

717

fish: what fisheries biologists should know about winter ice processes and stream-

718

dwelling fish. Fisheries, 36(1): 8-26.

719

10. Cadotte, M. W., Barlow, J., Nuñez, M. A., Pettorelli, N., and Stephens, P. A. (2017).

720

Solving environmental problems in the Anthropocene: the need to bring novel

721

theoretical advances into the applied ecology fold. Journal of Applied

722

Ecology, 54(1): 1-6.

723
724
725
726
727
728

11. Canadian Hydropower Association (2009). Resource overview: Hydropower in
Canada: past, present, and future. Hydro Review 28(7).
12. Canadian Institute for Health Information (2018). Drug Use Among Seniors in
Canada, 2016. Ottawa, ON.
13. Canadian Radio-television and Telecommunications Commissions (2019).
Communications Monitoring Report 2018.

729

38

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 39 of 63

730

14. Collen, B., Whitton, F., Dyer, E.E., Baillie, J.E., Cumberlidge, N., Darwall, W.R.,

731

Pollock, C., Richman, N.I., Soulsby, A.M. and Böhm, M. (2014). Global patterns of

732

freshwater species diversity, threat and endemism. Global ecology and

733

Biogeography, 23:40-51.

734

15. Convention on Biological Diversity. (2014). Global Biodiversity Outlook 4.

735

16. Cooke, S.J., S. Wesch, L.A. Donaldson, A.D.M. Wilson and N. Haddaway. (2017).

736

A call for evidence-based conservation and management of fisheries and aquatic

737

resources. Fisheries, 42(3): 143-149.

738

17. Cristescu, M.E. and Hebert, P.D.N. (2018) Uses and misuses of environmental

739

DNA in biodiversity science and conservation. Annual Review of Ecology,

740

Evolution, and Systematics, 49: 209-230.

741

18. Curran, D. (2015). Water law as a watershed endeavour: federal inactivity as an

742

opportunity for local initiative. Journal of Environmental Law and Practice, 53.

743

19. Denfeld, B. A., Baulch, H. M., del Giorgio, P. A., Hampton, S. E., and Karlsson, J.

744

(2018). A synthesis of carbon dioxide and methane dynamics during the

39

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 40 of 63

745

ice‐covered period of northern lakes. Limnology and Oceanography Letters, 3(3):

746

117-131.

747
748

20. Deo, R. P. (2014). Pharmaceuticals in the surface water of the USA: a
review. Current Environmental Health Reports, 1(2), 113-122.

749

21. Dickens, C., Smakhtin, V., McCartney, M., O’Brien, G., & Dahir, L. (2019). Defining

750

and Quantifying National-Level Targets, Indicators and Benchmarks for

751

Management of Natural Resources to Achieve the Sustainable Development

752

Goals. Sustainability, 11(2), 462.

753

22. Dudgeon, D., Arthington, A.H., Gessner, M.O., Kawabata, Z.I., Knowler, D.J.,

754

Lévêque, C., Naiman, R.J., Prieur‐Richard, A.H., Soto, D., Stiassny, M.L. and

755

Sullivan, C.A. (2006). Freshwater biodiversity: importance, threats, status and

756

conservation challenges. Biological reviews, 81(2): 163-182.

757
758

23. Fent K., Weston, A.A., Caminada, D. (2006). Ecotoxicology of human
pharmaceuticals. Aquatic Toxicology, 76: 122-159.

40

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 41 of 63

759

24. Fisher, M. C., Henk, D. A., Briggs, C. J., Brownstein, J. S., Madoff, L. C., McCraw,

760

S. L., and Gurr, S. J. (2012). Emerging fungal threats to animal, plant and

761

ecosystem health. Nature, 484(7393), 186.

762

25. Folt, C. L., Chen, C. Y., Moore, M. V., & Burnaford, J. (1999). Synergism and

763

antagonism among multiple stressors. Limnology and oceanography, 44: 864-877.

764

26. Goldberg, C.S., Turner, C.R., Deiner, K., Klymus, K.E., Thomsen, P.F., Murphy,

765

M.A., Spear, S.F., McKee, A., Oyler‐McCance, S.J., Cornman, R.S. and Laramie,

766

M.B. (2016). Critical considerations for the application of environmental DNA

767

methods to detect aquatic species. Methods in Ecology and Evolution, 7(11),

768

1299-1307.

769

27. Gorelick, N., Hancher, M., Dixon, M., Ilyushchenko, S., Thau, D., & Moore, R.

770

(2016). Google Earth Engine: Planetary-scale geospatial analysis for everyone.

771

Remote Sensing of Environment. http://doi.org/10.1016/j.rse.2017.06.031.

772
773

28. Government of Canada 2017. Regulations amending the wild animal and plant
trade regulations. Canada Gazette, Vol. 151, No. 11. May 31, 2017.

41

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 42 of 63

774

29. Hamilton, P.B., Cowx, I.G., Oleksiak, M.F., Griffiths, A.M., Grahn, M., Stevens,

775

J.R., Carvalho, G.R., Nicol, E. and Tyler, C.R.(2016). Population-level

776

consequences for wild fish exposed to sublethal concentrations of chemicals - a

777

critical review. Fish and Fisheries, 17: 545–566.

778

30. Hampton, S.E., Galloway, A.W., Powers, S.M., Ozersky, T., Woo, K.H., Batt, R.D.,

779

Labou, S.G., O'Reilly, C.M., Sharma, S., Lottig, N.R. and Stanley, E.H. (2017).

780

Ecology under lake ice. Ecology Letters, 20(1): 98-111.

781

31. Health Canada (2017). Health Impacts of Air Pollution in Canada. Ottawa, Canada.

782

32. Heidorn, P. B. (2008). Shedding Light on the Dark Data in the Long Tail of Science.

783
784

Library Trends, 57: 280–299.
33. Hoberg, E. P., and Brooks, D. R. (2015). Evolution in action: climate change,
biodiversity

786

Transactions of the Royal Society B: Biological Sciences, 370(1665): 20130553.

787
788

dynamics

and

emerging

infectious

disease. Philosophical

785

34. Hoekstra, A.Y., and Mekonnen, M.M. (2012). The water footprint of humanity.
Proceedings of the National Academy of Sciences, 109: 3232–3237.

42

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 43 of 63

789

35. Huot Y, Brown CA, Potvin G, Antoniades D, Baulch HM, Beisner BE, Bélanger S,

790

Brazeau S, Cabana H, Cardille JA, Gregory-Eaves I, Fortin MJ, Lang AS, Laurion

791

I, Maranger R, Prairie YT, Rusak JA, Segura PA, Siron R, Smol JP, Vinebrooke

792

RD and Walsh DA. accepted. The NSERC Canadian Lake Pulse Network: A

793

national assessment of lake health providing science for water management in a

794

changing climate. Science of the Total Environment

795

36. International Joint Commission. (2018). Potential ecological impacts of crude oil

796

transport in the Great Lakes Basin. Great Lakes Science Advisory Board Science

797

Priority Committee, Energy Transport and Water Quality Work Group.

798

37. Jackson, M. C., Loewen, C. J., Vinebrooke, R. D., and Chimimba, C. T. (2016).

799

Net effects of multiple stressors in freshwater ecosystems: a meta‐analysis. Global

800

Change Biology, 22(1): 180-189.

801

38. Jacob, A.L., Moore, J.W., Fox, C.H., Sunter, E.J., Gauthier, D., Westwood, A.R.,

802

and Ford, A.T. (2018). Cross-sectoral input for the potential role of science in

803

Canada’s environmental assessment. FACETS, 3: 512–529.

43

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 44 of 63

804

39. Koné M, Cologgi DL, Lu W, Smith DW, Ulrich AC. 2013. Pharmaceuticals in

805

Canadian sewage treatment plant effluents and surface waters: occurrence and

806

environmental risk assessment. Environmental Technology Reviews, 2: 17-27.

807

40. Kosmala, M., Wiggins, A., Swanson, A., and Simmons, B. (2016). Assessing data

808

quality in citizen science. Frontiers in Ecology and the Environment, 14(10): 551-

809

560.

810

41. Laugen, A.T., Engelhard, G.H., Whitlock, R., Arlinghaus, R., Dankel, D.J., Dunlop,

811

E.S., Eikeset, A.M., Enberg, K., Jørgensen, C., Matsumura, S. and Nusslé, S.

812

(2014).

813

consequences of fishing in an ecosystem approach to fisheries management. Fish

814

and Fisheries, 15(1):65-96.

Evolutionary

impact

assessment:

accounting

for

evolutionary

815

42. Leichenko, R., O’Brien, K., Aandahl, G., Tompkins, H., and Javed, A. (2004).

816

Mapping vulnerability to multiple stressors: A technical memorandum. CICERO,

817

Oslo.

818

43. Martel, A., Blooi, M., Adriaensen, C., Van Rooij, P., Beukema, W., Fisher, M.C.,

819

Farrer, R.A., Schmidt, B.R., Tobler, U., Goka, K. and Lips, K.R. (2014). Recent
44

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 45 of 63

820

introduction

of

a

chytrid

fungus

821

salamanders. Science, 346(6209): 630-631.

endangers

Western

Palearctic

822

44. Messager, M. L., Lehner, B., Grill, G., Nedeva, I., & Schmitt, O. (2016). Estimating

823

the volume and age of water stored in global lakes using a geo-statistical

824

approach. Nature communications, 7, 13603.

825

45. Mimura, M., Yahara, T., Faith, D.P., Vázquez‐Domínguez, E., Colautti, R.I., Araki,

826

H., Javadi, F., Núñez‐Farfán, J., Mori, A.S., Zhou, S. and Hollingsworth, P.M.

827

(2017). Understanding and monitoring the consequences of human impacts on

828

intraspecific variation. Evolutionary applications, 10(2): 121-139.

829
830
831
832

46. Mitchell, B. (2017). The hydrological and policy contexts for water in Canada.
In Water Policy and Governance in Canada (pp. 13-28). Springer, Cham.
47. Murray, S. (2010). Environmental Migrants and Canada’s Refugee Policy. Refuge:

Canada's Journal on Refugees, 27(1): 89-102.

833

48. OECD. (2016). Water Governance in Cities, OECD Publishing, Paris.

834

49. Ormerod, S. J., Dobson, M., Hildrew, A. G., & Townsend, C. (2010). Multiple

835

stressors in freshwater ecosystems. Freshwater Biology, 55, 1-4.

45

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 46 of 63

836

50. Overland, E. Hanna, I. Hanssen-Bauer, S. -J. Kim, J. E. Walsh, M. Wang, U. S.

837

Bhatt, R. L. Thoman. (2018). Surface Air Temperature. Arctic Report Card: Update

838

for 2018.

839

51. Pahlevan, N., Sarkar, S., Franz, B. A., Balasubramanian, S. V., & He, J. (2017).

840

Sentinel-2 MultiSpectral Instrument (MSI) data processing for aquatic science

841

applications: Demonstrations and validations. Remote Sensing of Environment,

842

201: 47–56.

843

52. Papenfuss, J. T., Phelps, N., Fulton, D., & Venturelli, P. A. (2015). Smartphones

844

reveal angler behavior: a case study of a popular mobile fishing application in

845

Alberta, Canada. Fisheries, 40(7), 318-327.

846

53. Patrick, R.J., 2011. Uneven access to safe drinking water for First Nations in

847

Canada: Connecting health and place through source water protection. Health &

848

Place, 17:386-389.

849

54. Pawlowski, J., Kelly-Quinn, M., Altermatt, F., Apothéloz-Perret-Gentil, L., Beja, P.,

850

Boggero, A., Borja, A., Bouchez, A., Cordier, T., Domaizon, I. and Feio, M.J.

851

(2018). The future of biotic indices in the ecogenomic era: Integrating (e) DNA
46

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 47 of 63

852

metabarcoding in biological assessment of aquatic ecosystems. Science of the

853

Total Environment, 637: 1295-1310.

854

55. Pekel, J.F., Cottam, A., Gorelick, N., and Belward, A. S. (2016). High-resolution

855

mapping of global surface water and its long-term changes. Nature, 540(7633): 1–

856

19.

857

56. Piggott, J. J., Townsend, C. R., and Matthaei, C. D. (2015). Reconceptualizing

858

synergism and antagonism among multiple stressors. Ecology and evolution, 5(7):

859

1538-1547.

860

57. Powers, S. M., Baulch, H. M., Hampton, S. E., Labou, S. G., Lottig, N. R., &

861

Stanley, E. H. (2017). Nitrification contributes to winter oxygen depletion in

862

seasonally frozen forested lakes. Biogeochemistry, 136(2): 119-129.

863

58. RBC Blue Water Project. 2017. 2017 RBC Canadian Water Attitudes Study.

864

http://www.rbc.com/community-sustainability/_assets-custom/pdf/CWAS-2017-

865

report.pdf

866

59. Rees, H. C., Maddison, B. C., Middleditch, D. J., Patmore, J. R., & Gough, K. C.

867

(2014). The detection of aquatic animal species using environmental DNA–a
47

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 48 of 63

868

review of eDNA as a survey tool in ecology. Journal of Applied Ecology, 51(5):

869

1450-1459.

870

60. Reid, A.J., Carlson, A.K., Creed, I.F., Eliason, E.J., Gell, P.A., Johnson, P.T., Kidd,

871

K.A., MacCormack, T.J., Olden, J.D., Ormerod, S.J. and Smol, J.P. (2018).

872

Emerging threats and persistent conservation challenges for freshwater

873

biodiversity. Biological Reviews.

874
875

61. Renzetti, S. and Dupont,D.P. (2017). Introduction. In Water Policy and
Governance in Canada.

876

62. Rivera, A. (2015). Transboundary aquifers along the Canada–USA border:

877

Science, policy and social issues. Journal of Hydrology: Regional Studies, 4: 623-

878

643.

879

63. Robin, C., Andanson, A., Saint-Jean, G., Fabreguettes, O., & Dutech, C. (2017).

880

What was old is new again: thermal adaptation within clonal lineages during range

881

expansion in a fungal pathogen. Molecular Ecology 26: 1952-1963

882

64. Roy, D.P., Wulder, M.A., Loveland, T.R., Woodcock, C.E., Allen, R.G., Anderson,

883

M.C., Helder, D., Irons, J.R., Johnson, D.M., Kennedy, R. and Scambos, T.A.
48

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 49 of 63

884

(2014). Landsat-8: Science and product vision for terrestrial global change

885

research. Remote sensing of Environment, 145:154-172.

886

65. Rudd, M.A., K.F. Beazley, S.J. Cooke, E. Fleishman, D.E. Lane, M.B. Mascia, R.

887

Roth, G. Tabor, J.A. Bakker, T. Bellefontaine, D. Berteaux, B. Cantin, K.G. Chaulk,

888

K. Cunningham, R. Dobell, E. Fast, N. Ferrara, C.S. Findlay, L.K. Hallstrom, T.

889

Hammond, L. Hermanutz, J.A. Hutchings, K.E. Lindsay, T.J. Marta, V. Nguyen, G.

890

Northey, K. Prior, S. Ramirez-Sanchez, J. Rice, D.J.H. Sleep, N.D. Szabo, G.

891

Trottier, J.-P. Toussaint, J.P. Veilleux. (2011). Generation of priority research

892

questions to inform conservation policy and management at a national level.

893

Conservation Biology, 25: 476-484.

894
895

66. Schindler D.E., Armstrong J.B. and Reed T.E. (2015). The portfolio concept in
ecology and evolution. Frontiers in Ecology and Evolution, 13: 257–263.

896

67. Schmeller, D.S., Loyau, A., Bao, K., Brack, W., Chatzinotas, A., De Vleeschouwer,

897

F., Friesen, J., Gandois, L., Hansson, S.V., Haver, M. and Le Roux, G. (2018).

898

People, pollution and pathogens–Global change impacts in mountain freshwater

899

ecosystems. Science of the Total Environment, 622:756-763.
49

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 50 of 63

900

68. Sharma, S., Blagrave, K., Magnuson, J.J., O’Reilly, C., Oliver, S., Batt, R.D.,

901

Magee, M., Straile, D., Weyhenmeyer, G., Winslow, L. and Woolway, R.I. (2019).

902

Widespread loss of lake ice around the Northern Hemisphere in a warming

903

world. Nature Climate Change.

904

69. Sharma, S., Blagrave, K., Magnuson, J.J., O’Reilly, C.M., Oliver, S., Batt, R.D.,

905

Magee, M.R., Straile, D., Weyhenmeyer, G.A., Winslow, L. and Woolway, R.I.

906

(2019). Widespread loss of lake ice around the Northern Hemisphere in a warming

907

world. Nature Climate Change,

908

70. Soranno, P.A., Bissell, E.G., Cheruvelil, K.S., Christel, S.T., Collins, S.M., Fergus,

909

C.E., Filstrup, C.T., Lapierre, J.F., Lottig, N.R., Oliver, S.K. and Scott, C.E. (2015).

910

Building a multi-scaled geospatial temporal ecology database from disparate data

911

sources: fostering open science and data reuse. GigaScience, 4(1): 28.

912
913
914

71. Sprague J.B. (2007). Great wet north? Canada’s myth of water abundance. In Eau

Canada: the future of Canada's water. UBC Press. pp. 23-35.
72. Statistics Canada 2017. The Internet and Digital Technology. Ontario, Canada.

50

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 51 of 63

915

73. Strayer, D.L. & Dudgeon, D. (2010). Freshwater biodiversity conservation: recent

916

progress and future challenges. Journal of the North American Benthological

917

Society, 29: 344– 358.

918

74. Sutherland, W.J., Bardsley, S., Bennun, L., Clout, M., Côté, I.M., Depledge, M.H.,

919

Dicks, L.V., Dobson, A.P., Fellman, L., Fleishman, E. and Gibbons, D.W. (2011).

920

Horizon scan of global conservation issues for 2011. Trends in ecology &

921

evolution, 26(1): 10-16.

922

75. Sutherland, W.J., Barnard, P., Broad, S., Clout, M., Connor, B., Côté, I.M., Dicks,

923

L.V., Doran, H., Entwistle, A.C., Fleishman, E. and Fox, M. (2017). A 2017 horizon

924

scan of emerging issues for global conservation and biological diversity. Trends in

925

Ecology & Evolution, 32(1): 31-40.

926

76. Sutherland, W.J., Butchart, S.H., Connor, B., Culshaw, C., Dicks, L.V., Dinsdale,

927

J., Doran, H., Entwistle, A.C., Fleishman, E., Gibbons, D.W. and Jiang, Z. (2018).

928

A 2018 horizon scan of emerging issues for global conservation and biological

929

diversity. Trends in ecology & evolution, 33(1): 47-58.

51

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 52 of 63

930

77. Sutherland, W.J., Fleishman, E., Clout, M., Gibbons, D.W., Lickorish, F., Peck,

931

L.S., Pretty, J., Spalding, M. and Ockendon, N. (2019). Ten years on: A review of

932

the first global conservation horizon scan. Trends in ecology & evolution.

933

78. The James Bay Treaty - Treaty No. 9. Canada, November 6, 1905.

934

79. Velma, V., Vutukuru, S.S. and Tchounwou, P.B. (2009). Ecotoxicology of

935

hexavalent chromium in freshwater fish: a critical review. Reviews on

936

Environmental Health, 24: 129-146.

937

80. Vörösmarty, C.J., McIntyre, P.B., Gessner, M.O., Dudgeon, D., Prusevich, A.,

938

Green, P., Glidden, S., Bunn, S.E., Sullivan, C.A., Liermann, C.R. and Davies,

939

P.M.

940

biodiversity. Nature, 467(7315): 555.

(2010).

Global

threats

to

human

water

security

and

river

941

81. Westwood, A. R., Olszynski, M., Fox, C. H., Ford, A. T., Jacob, A. L., Moore, J.

942

W., & Palen, W. J. (2019). The Role of Science in Contemporary Canadian

943

Environmental

944

Assessment. University of British Columbia Law Review, Forthcoming.

Decision

Making:

52

The

Example

of

Environmental

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 53 of 63

945

82. Willacker, J. J., Eagles-Smith, C. A., Lutz, M. A., Tate, M. T., Lepak, J. M., and

946

Ackerman, J. T. (2016). Reservoirs and water management influence fish mercury

947

concentrations in the western United States and Canada. Science of the Total

948

Environment, 568, 739-748.

949

83. Winemiller, K.O., McIntyre, P.B., Castello, L., Fluet-Chouinard, E., Giarrizzo, T.,

950

Nam, S., Baird, I.G., Darwall, W., Lujan, N.K., Harrison, I. and Stiassny, M.L.J.

951

(2016). Balancing hydropower and biodiversity in the Amazon, Congo, and

952

Mekong. Science, 351(6269): 128-129.

953

84. World Economic Forum. 2018. The Global Risks Report 2018, 13th Edition. 80 p.

954

85. World Wildlife Fund. (2017). A national assessment of Canada’s freshwater -

955
956

Watershed Reports. Toronto, Canada.
86. World Wildlife Fund. (2018). Living planet Report 2018: Aiming higher.

957

53

Can. J. Fish. Aquat. Sci. Downloaded from www.nrcresearchpress.com by 142.127.23.241 on 12/06/19
For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.

Page 54 of 63

958

Figures

959

960
961

Figure 1. Canada is home to 20% of the world’s freshwater and over 2,400,000 lakes.

962

Nonetheless, extreme events and reductions in water levels have been recently

963

documented even in remote locations or in areas with few human settlements. A)

964

Proportion of permanent open fresh water across Canada within each 1:50,000 sheet of

965

the National Topographic System. Water presence was estimated from multiple Landsat

966

30-m resolution images by the European Commission's Joint Research Centre and

967

summarized in Google Earth Engine. B) Extreme droughts (levels 3 and 4) were reported

968

in 2018 for the Skeena-Nass river system in northern B.C., preventing salmon from

969

reaching upstream fall spawning sites.

970
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971

Percentage of all manuscripts published in CJFAS
over the last 5 years
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Figure 2. Literature scan for all publications in CJFAS over the last 5 years that address

974
the 15 issues identified in the horizon scan. Labels on the x axis represent the keywords

975
used to search for each issue. Climate change was used as a control issue for novelty as

976
it is widely known and has received significant attention.
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977
ISSUE

RESEARCH PRIORITY

1. Identify preventative and mitigative
measures for chromium-6 and other
contaminants from mining activities.

CHROMITE MINING IN THE RING OF FIRE

2. Forecast potential downstream or legacy
effects (e.g.,bioaccumulation).
3. Determine the natural occurrence and
spatiotemporal variability of chromium-6 in
soils, untreated chromite ore, and
surface/groundwater, and identify areas of
ecological sensitivity.

56

POLICY OPTION
1. Apply evidence-based decisionmaking processes regarding mining
and ore processing in the region (e.g.,
advantages of wet milling over dry in
terms of potential to generate
chromium-6).
2. Include First Nations communities in
the consultation process following
commitments made in the United
Nations Declaration on the Rights of
Indigenous Peoples (UNDRIP) and the
Calls to Action set forth by the Truth
and Reconciliation Commission of
Canada (TRC 2015).
3. Provide rigorously-documented
baseline studies to the public.
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1. Quantify the variation in freeze-thaw
events (frequency, intensity), and
associated impacts on aquatic life.

CONSEQUENCES OF DYNAMIC WINTER
CONDITIONS FOR AQUATIC LIFE AND ITS
MANAGEMENT

CONSIDERING EFFECTS OF RAPID GLOBAL
CHANGE REQUIRES INTEGRATING
EVOLUTIONARY ADAPTIVE CAPACITY

2. Harness the power of remote sensing and
other tools like Earth Engine to interpret
freeze/thaw timing by fusing data from
optical satellites and radar satellites (e.g.,
Canada's Radarsat and IceSat series).
3. Study how animal habitat use and
behaviour differ in winter compared to
other seasons, and identify conditions and
events (such as the development of frazil
ice) that may limit survival or reduce postwinter fitness of individuals.

1. Improve knowledge of within-species
genetic differentiation to support the
identification of Designatable Units (DUs)
used by COSWEIC.
2. Develop field-ready genomic monitoring
kits for rapid and easy assessment of
intraspecific diversity.

57

1. Recommend construction windows to
protect sensitive aquatic habitats, based
on knowledge of winter dynamics and
changing climatic conditions.
2. Account for winter dynamics in aquatic
management during other seasons (e.g.,
fish stocking, restoration,
biomanipulation).
3. Include important winter refuges when
considering the protection of critical
habitats for species at risk.

1. Consider management procedures that
account for adaptive capacity of
populations (e.g., setting restrictions to
avoid selective fishing/harvest, which
cause genetic bottlenecks).
2. Train
practitioners
to
enhance
competency with evolutionary principles
and
methodology
(e.g.,
through
workshops or online training platforms).
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1. Determine how multiple stressors
influence the probability and nature
of tipping points that influence shifts
between system states.
DYNAMICS OF STATE CHANGES CAUSED BY
MULTIPLE STRESSORS

EXPANSION OF LAND AND WATER USE IN
NORTHERN CANADA

2. Define which combinations of
particular stressors generate the
strongest non-additive and nonlinear
effects on organisms, populations,
communities, and ecosystems.

2. Integrate non-additive and non-linear
effects of stressor combinations in
conservation management.

1. Conduct life cycle assessment research to
fully characterize current and potential
hydropower impacts in northern Canada.

1. Develop northern-based farming and
agricultural research institutes (e.g.,
Northern Farm Training Institute, NWT).

2. Identify crops or strains that have the
greatest local benefit while mitigate their
impacts on water resources.

2. Develop a national-level plan for intensive
land use projects in northern Canada.

3. Investigate the effects of agricultural
expansion (northward) on land-water
linkages (e.g., fragmentation).

EXPECTATION FOR INCREASED RIGOUR AND
TRANSPARENCY IN ENVIRONMENTAL
DECISION MAKING

1. Integrate multiple stressors in
environmental risk assessments and
authorization/permitting decisions.

1. Determine how data collected from
strategic impact assessments can be
integrated into national databases, such that
it is useful for conservation planning.
2. Conduct case studies to investigate the
effects of legislative reforms on transparency,
accountability, and meaningful public
involvement.

58

3. Expand the National Hydrometric
Program (Water Survey Canada) to
provide more extensive flow and water
level data for northern systems.
1. Provide open access to baseline and
monitoring data, methodologies, and
metadata.
2. Include rigorous scientific methodologies
in environmental decision making while
facilitating the implementation of Indigenous
knowledge.
3. Make publicly available all documents used
to inform government regulatory impact
analysis statements.
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GEOPOLITICAL TENSIONS OVER WATER
ACCESS AND TRADE

1. Improve understanding of how climate
change will influence water demand for
agriculture and other intensive practices.
2. Identify Canadian waterbodies most likely
to be affected by shifting water demands and
evaluate scenarios to determine which
conservation strategies will be most effective.
1. Determine the safety limits for drugs in the
environment.

INCREASED LOADING OF
PHARMACEUTICALS IN WASTEWATER

2. Determine the impacts of key drugs, with
an emphasis on sublethal and chronic
thresholds in individuals, populations and
communities.
3. Develop advanced wastewater treatment
techniques/options across different scales,
from communities to cities.

INCREASED RISK OF PETROLEUM SPILLS
ARISING FROM NEW PIPELINES

1. Develop technologies and test models for
rapid and accurate detection of spills
(especially slow leaks that may go unnoticed
for some time).
2. Understand the ecological effects of spills
during different seasons (e.g., spring runoff
versus frozen winters) to inform possible
seasonal limits on oil transport.

59

1. Determine the most effective policy levers
to protect water quality and quantity, while
also encouraging a reduced national water
footprint.
2. Engage in stakeholder activities to promote
participatory process in water-related issues.
3. Explore options for Canada to contribute
more fulsomely to the resolution of water
issues in other countries.
1. Development of efficient treatment and
mitigation approaches.
2. Reduce improper disposal or collection of
unused pharmaceuticals.
3. Increase monitoring of pharmaceuticals in
effluents.
1. Consider sensitive aquatic habitats when
planning pipeline routing and configurations
(e.g., salmon bearing streams and
spawning/incubation/rearing seasons).
2. Ensure that the standards of response
planning for inland spills meet those upheld
for marine environments.
3. Incorporate modern safety standards and
monitoring protocols into authorizations for
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the construction and operation of pipelines
to minimize the risk of spills.

INCREASING PRESSURE FOR CANADA TO
ENSHRINE CONSTITUTIONAL RIGHTS TO A
HEALTHY ENVIRONMENT AND THE RIGHTS
OF NATURE

INVASIONS BY NOVEL PATHOGENS WILL
CHALLENGE BIOSECURITY AND
CONSERVATION

1. Establish quantitative, objective definitions
for terms such as “healthy” and “harm” as
they relate to inland waters so they can be
applied in legal and policy frameworks.
2. Develop and track standardized-nationwide testing of key health indicators for
inland waters.

1. Determine how global stressors promote
the emergence and virulence of novel
pathogens, and whether synergistic
interactions are at play.

60

1. Expand and unify municipal and provincial
declarations of environment rights to all
jurisdictions.
2. Determine what constitutes ecological
harm from a legal perspective.
3. Apply the emerging approach “legal
personality” to provide water systems with
legal standing and enforceable rights.
1. Reassess existing regulations
concerning inspection of travellers
and goods at ports of entry to
maximize detection of new
pathogens.
2. Exercise vigilance towards illegal
importations of amphibians (e.g.,
Government of Canada 2017) and
aquatic organisms in general using
current mechanisms (e.g., the
Aquatic Invasive Species Regulations
SOR/2015-121 under the Fisheries
Act).
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1. Seek out effective ways to expand remote
sensing training into high school and early
undergraduate levels.

NEW SATELLITE AND REMOTE SENSING
TECHNOLOGIES CAN TRANSFORM OUR
UNDERSTANDING OF AQUATIC ECOSYSTEMS
AND THEIR DYNAMICS.

2. Develop remote sensing hardware and
software to identify sensitive aquatic
habitats, such as groundwater upwelling
zones, salmon redds, and winter thermal
refugia.
3. Improve multi-scale (reach, watershed,
ecoregion) assessments of aquatic habitat
condition and stressors by incorporating new
information available from emerging remote
sensing technologies.

61

1. Incorporate systematic remote sensing
into government monitoring programs at all
levels (federal, provincial, territorial,
municipal, Indigenous).
2. Develop planning methodologies that
incorporate remotely sensed data and inform
the prioritization of conservation and
restoration actions.
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1. Develop robust processes for curation and
validation of community-generated aquatic
data.
OPPORTUNITIES AND CHALLENGES FROM
TECHNOLOGY-ENABLED COMMUNITY
SCIENCE

2. Explore best practices for passive versus
active engagement of community members.
3. Study how to incentivize the broader
population and keep community scientists
engaged.

OPPORTUNITIES FROM NATIONAL DATA
INTEGRATION

1. Develop best approaches for extrapolating
from monitored to non-monitored inland
waters.
2. Improve forecasting of responses to
environmental stressors such as invasive
species, climate change, or pollution through
large scale surveys.

62

1. Further engage Northerners as
technological stewards with formal funding
opportunities.
2. Incorporate instantaneous public reporting
into early detection and rapid response
procedures for aquatic invasive species.
3. Explore options for linking with “Big Data”
initiatives of commercial data providers, such
as Google and Amazon, to increase the
development and distribution of third-party
applications and decision support tools.
1. Support the development and
management of large, comparative datasets
that will facilitate evidenced-based decision
making.
2. Promote data sharing, trust and rights
across sectors.
3. Establish open and long-term nation-wide
monitoring databases.
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1. Develop more comprehensive genetic
libraries of aquatic species, with a focus on
building localized and well validated species
libraries.
WHOLE COMMUNITY MONITORING
OPPORTUNITIES ARISING FROM
ENVIRONMENTAL DNA

2. Address high incidences of false-positives
and false-negatives, and deal with the
complications arising from DNA decay, DNA
advection, and primer bias.
3. Explore the use of environmental RNA
(eRNA) as a means to examine the living
biodiversity in an ecosystem (i.e. tracking
species relative abundances through space
and time).

1. Consider the systematic use of eDNA in
routine monitoring for the early detection of
invasive species or climate-induced range
shifts.
2. Manage fisheries and ecosystem heath
based on detailed understanding of
community composition and dynamics.
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Table 1. Tabular summary of the 15 issues identified with their corresponding Research Priorities and Policy Options. Issues

980

are presented in alphabetical order.
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