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ABSTRACT

Fisheries and Oceans Canada’s Fish and Fish Habitat Protection Program (FFHPP) has a
regulatory regime in place to avoid, mitigate and offset the negative effects of projects on fish
and fish habitat. To understand these negative effects, Pathways of Effects (PoE) diagrams are
used to describe linkages between the works, undertakings, and activities (WUAs), the
‘pressures’ by which WUAs affect the ecosystem, and the resulting ‘endpoints’ affecting fish
and/or fish habitat. Twenty original PoE diagrams have been recently combined into four
proposed diagrams focused on 1) land-based WUAs, 2) energy and noise producing WUAs, 3)
in-water WUAs, and 4) WUAs affecting water flow. Here we provide a selective review of these
four PoE diagrams to assess whether the pressures, pathways, and endpoints are valid,
comprehensive, and complete. A range of support levels were found for pressure pathways,
identifying well supported connections, those that have a theoretical basis but lack extensive
research, those with potential alterations for improved comprehensiveness and accuracy, and
those lacking support. Numerous recommendations are included for alterations to terminology
and addition or removal of linkages and nodes. Related resources are included in a database
that may serve to support the application and further development of additional PoE diagrams. It
is challenging to encompass the wide variety of complex impacts that human activities may
have on fish and fish habitat, and we recognize a trade-off between the comprehensiveness and
tractability of these diagrams in communication and decision making. Consideration of this
trade-off while integrating these recommendations is important to ensure maximum validity and
applicability by FFHPP. To employ ecosystem-based management accounting for the
cumulative effects of activities on ecosystem state, there is a need to further identify
interconnectivity amongst these PoE diagrams, as well as how various pressure pathways
interact to produce cumulative effects.




CONTEXT

Fisheries and Oceans Canada (DFO)'s Fish and Fish Habitat Protection Program (FFHPP) has
a regulatory regime in place to avoid, mitigate and offset the negative effects of projects on fish
and fish habitat. In order to understand these negative effects, linkages need to be made
between the works, undertakings and activities (WUAs; see DFO (2021) for definitions), the
‘pressure’ by which WUAs affect the ecosystem, and the resulting ‘endpoints’ affecting fish and
fish habitat (Figure 1).

WUA PRESSURE ENDPOINT
e.g. excavation ——p| altered vegetation ——p» Change or loss of
riparian zone
Term Definition
Works, undertakings and Human actions that may impose pressures on fish and fish
activities (WUAs) habitat
Pressure A human driven change in any chemical, physical, or biological

entity that can cause an effect on fish and/or fish habitat and
may lead to harmful impacts.

Endpoint Measurable change to fish populations or fish habitat
components caused by a WUA through one or more pathways

Linkage Directional connection between a WUA, pressure node, or
endpoint
Pressure pathway A series of linkages from a WUA(s) to pressure nodes,

terminating at endpoints

Figure 1: Example of an individual linkage within a Pathway of Effects diagram including the work
undertaking and activity (WUA), pressure, and endpoint affecting fish and fish habitat. Definitions of key
terms included.

The FFHPP relies upon existing Pathways of Effects (PoE) diagrams to support regional
practitioners in identifying and communicating the effects of proposed WUAs on fish and/or fish
habitat. Through changes to the modernized Fisheries Act in 2019, the FFHPP now has a
higher regulatory standard through which proposed WUAs are reviewed. However, there are
concerns that existing PoE diagrams cannot be applied in a consistent manner in support of the
regulatory review of projects, and in the assessment of their associated risks to fish and fish
habitat. To effectively manage fish and fish habitat, it will be necessary to have scientifically
validated PoE diagrams for common WUA categories that will enable their consistent use for the
assessment of effects nationally.

To facilitate the consistent assessment of projects under the Fisheries Act, FFHPP has
reworked existing PoE diagrams and consolidated them into fewer diagrams that align with their
categories of WUAs. The original 20 diagrams (see APPENDIX: Table 1A) were simplified and
consolidated into four categories: 1) land-based WUAs, 2) noise and energy producing WUAs 3)
in-water WUAs, and 4) WUAs affecting flow. It is thus important to ensure that the pathways and
linkages to resulting endpoints on fish and fish habitat are accurate, valid, comprehensive, and
complete. The restructured and validated PoE diagrams, and the standardization of their use,




will help determine where a project fits in the FFHPP Risk Management Framework, and
ultimately whether the project requires a non-regulatory (e.g., letter of advice), or regulatory
(e.g., authorization) instrument.

DFO’s FFHPP has therefore requested the Canadian Science Advice Secretariat (CSAS) to
conduct a peer review of the revised PoE diagrams, including consideration of their redesign,
validation of existing linkages, and assessment of completeness. Revised and validated PoE
diagrams may allow the FFHPP to consider impacts of project types in a consistent manner,
and to understand the effects of a project at the site and ecosystem level. This will help ensure
that fish and fish habitat are conserved and protected consistently across the country. The
objective of this document is to review the recently proposed PoE diagrams to assess
whether the pressures, pathways, and endpoints are valid, comprehensive, and
complete.

APPROACH

We conducted a review of the accuracy and completeness of the four draft PoE diagrams
through a literature search using Google, Google Scholar, and Open Government Portal. A
hierarchical search approach was used, focused on combinations of keywords related to the
activities, pressures, and endpoints ranging from general combinations of keywords to specific
combinations that spanned the pressure pathways. For example, to explore the literature
surrounding the pressure pathway from input of organic matter -> decrease in habitat access ->
change or loss of fish passage, general keywords were searched such as ‘coarse wood* fish
habitat’, as well as more specific combinations such as ‘coarse wood* fish passage’. In doing
so, we aimed to identify support, or lack thereof, for specific pathways, as well as connections,
pressures, activities, or endpoints that are not currently included. A systematic review of a topic
this large and complex was not possible due to resource constraints, hence this work takes the
form of a selective, narrative-style review. Through this review, we identified pathways with
varied levels of support or in need of some additions or alterations, identifying each pathway as
a specific numeric category (Table 1). Supporting literature referenced here is included in an
associated spreadsheet database.

Table 1: Categories of pathways identified based on levels of support

Category Description

/ Strong, direct basis of support in scientific literature linking the pressure
pathway to the endpoint, including numerous, robust studies and/or
syntheses or metanalyses

1l Direct basis of support in scientific literature linking the pressure pathway to
the endpoint based on at least one robust study

I Theoretical basis of support linking the pressure pathway to the endpoint,
but no direct scientific evidence

* In combination with categories 1,111, denoting that alterations or additions
would improve accuracy and/or completeness, which are outlined within the
document

v No support found




REVIEW OF PATHWAYS OF EFFECTS DIAGRAMS
GENERAL CONSIDERATIONS

The ways in which WUAs and related pressures impact fish and fish habitat have been the
subject of much research, review, and synthesis to date. Canadian Science Advisory Secretariat
(CSAS) processes have addressed various aspects, including four key endpoints - changes in
habitat structure and cover, sediment concentrations, water temperature, and oxygen
concentrations (DFO 2006), and subsequently, four DFO technical reports were produced
focusing on changes in structure and cover (Smokorowski and Pratt 2007), temperature and
oxygen (Mason and Metikosh 2007), water flow (Clarke et al. 2008), and suspended sediment
(Robertson et al. 2006). Subsequently, DFO (2014) characterized the productivity-response
curves to WUA effects on fish habitat, which included 12 different key endpoints — wetted area,
sediments, structure/cover, nutrients, food supply, mortality, temperature, noise,
electromagnetic fields, access to habitat, dissolved oxygen, and water flow.

It is important to recognize the balance between building comprehensive diagrams that integrate
the complexity by which WUAs may impact fish and/or fish habitat, and those that are functional
for their expressed purpose of FFHPP decision making and proponent communication. For
example, the ‘Decrease in food supply’ endpoint is challenging to include comprehensively
because a very large number of pressures may impact it, which would create an intractable
level of complexity in the PoE diagrams. This is well illustrated in the Land-based PoE, where
food supply may be affected by a loss of undercut banks, decrease in water quantity, decrease
in water quality, decrease in organic structure, increase in water temperature, and decrease in
baseflow. Further, there are complex interactions amongst various environmental factors, such
as that between temperature and dissolved oxygen, which are not all addressed
comprehensively for the sake of diagram tractability. We focused our suggested alterations
around the above 12 endpoints, including the core ways in which WUAs and associated
pressures impact fish and fish habitat, and in cases of inconsistencies amongst diagrams, we
relied on the factors and terminology included in DFO (2014). In some cases, relevant factors
such as dissolved oxygen, carbon dioxide, pH, and salinity, were assumed to be included under
a generic pressure node ‘altered water quality’. In taking this approach, recognizing this balance
of complexity, our review and proposed changes to draft POE diagrams is not completely
comprehensive of every way in which WUAs, pressures, and endpoints are potentially
interconnected, but focus on core connectivity and diagram functionality. It is left to those that
further develop and utilize these diagrams to interpret implicit complexities within general
descriptive categories.

Although a focus on somewhat simplistic, tractable PoE diagrams is logical for this exercise, for
many purposes it is also important to recognize the complex ways in which WUAs may impact
fish, fish habitat, and ecosystems more generally. We did not comprehensively review whether
all WUAs that are of relevance to FFHPP are included in the PoE diagrams, as this falls outside
the scope of this exercise. However, it is worth noting that commercial shipping and its impacts
are not currently included in the PoE diagrams as they were the subject of a separate CSAS
process (DFO 2020a). Nor are any recreational activities such as boating and fishing, which fall
outside of Fisheries Act regulatory reviews, but can have impacts on fish and fish habitat and
are regulated. Last, we focused here on reviewing the validity and completeness of the PoE
diagrams connecting pressures to endpoints, but do not address evidence relating endpoints to
the ability to support fish and fish productivity.




LAND-BASED DIAGRAM

The proposed PoE diagram for land-based activities (Figure 2) includes WUAs: grading (e.g.
development site, bank stabilization), excavating (e.g. new drains, trenches, ponds, pits), site
preparation, stockpile management, land clearing, grubbing, site access, vegetation
maintenance, vegetation clearing, cleaning and maintenance of structures, vegetation planting,
and maintenance of industrial equipment (washing, refueling, servicing, storing).

As a general note on structure, the other PoE diagrams include sub-activities, which pressure
pathways are further organized under, and this diagram does not, creating a lack of
consistency. The stated WUAs are proposed to apply the following pressures:

1. Input of organic matter in water (e.g., fallen branches, trees, woody debris)

2. Altered groundwater flows to surface waters

3. Altered vegetation

4. Alteration of slopes and banks

5. Alteration of land drainage patterns

6. Introduction of oil, grease, fuel, herbicides, and other deleterious substances

Grading (e.g. site, bank ilization), excavating (e.g. new drains, trenches, pond site pr ion, stockpile land clEarlng grubbing, site access, i i e,
clearing, cleaning and maintenance of structures, vegetation planting, e of industrial g, servicing, storing)
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Figure 2: Draft (September 2020) pathways of effects diagram for land-based WUAsS.




1. Input of organic matter in water (e.g., fallen branches, trees, woody debris)

Input of organic matter -> Decrease in habitat access -> Change or loss of fish passage
(nr)

We considered habitat access under the definition of the ability of fish to occupy a habitat, which
may be deterred by physical (e.g., passage, noise), chemical (e.g., deleterious substances), or
biological (e.g., fear) factors. Although the introduction of vegetation (e.g., coarse woody
materials or debris) from anthropogenic activities logically has potential to obstruct fish passage
in stream ecosystems (Evans 1980), this phenomenon is not well documented in the literature.
This may be partially because, through activities such as logging, major concurrent alterations
occur to riparian vegetation, banks and slopes, and land drainage patterns, so loss of fish
habitat is rarely attributed directly to input of organic matter such as woody materials. There is,
however, more research on the impacts of beaver dams on fish passage, which is conceptually
similar in that organic materials create a physical in-water obstruction (Lokteff et al. 2013;
Bouwes et al. 2016). Lokteff et al. (2013) found that beaver dams present a partial obstruction to
movement by numerous trout species, with passage success depending on an interaction
between species and environmental characteristics such as water flow and the seasonal timing
of migration. However, beaver dams also have recognized beneficial impacts on fish habitat
(Bouwes et al. 2016). More broadly, vegetation, especially large woody material, plays many
important beneficial roles in fish habitat, shaping river/stream morphology, creating flow refugia,
providing structural cover for feeding as well as refuge from predators and water flows in
rivers/streams, and structural habitat in lakes, reservoirs, estuaries, and coastal marine
ecosystems as well (Angermeier and Karr 1984; Harmon et al. 1986; Murphy and Koski 1989;
Everett and Ruiz 1993; Beechie and Sibley 1997; Thévenet and Statzner 1999; Smokorowski
and Pratt 2007). Hence, the input of organic materials may have complex impacts on aquatic
ecosystems and fish habitat, depending on the nature of the input and characteristics of the
system. The fate of deposited large woody materials depends on complex water flow and
material characteristics, which influences the rate at which wood materials form jams, and the
temporal stability of jams (Abbe and Montgomery 1996) that structure aquatic habitats and
potentially influence their role in fish habitat, including fish passage. Despite playing beneficial
roles in aquatic systems through natural deposition processes, the input of vegetation into rivers
may not be beneficial in less-natural circumstances (e.g., logging).

There is a theoretical basis to suggest that input of organic material (vegetation) due to WUAs
can impact fish passage in streams, but it is not well supported with empirical data. As
discussed above, input of organic material is an important natural process, but potential
negative effects on fish passage may arise when WUAs result in increased input of woody
material. Therefore, it would be more accurate and complete to alter ‘Input of organic matter in
water’ to ‘Increased input of woody material’ for clarity [1]. In this case ‘woody material’ refers to
trees, branches, and woody debris. As discussed above, the exact size and amount of woody
debris that may cause a passage issue is not well studied or known. Upon entering the water,
there are a range of potential issues covered in the in-water PoE diagram (e.g., smothering,
alterations in water quality, change or loss of cover), hence, a connection may be added from
‘Increased input of wood material’ to ‘See in-water diagram’ [2]. Last, there is no logical
connection between ‘Decrease in habitat access’ and ‘Change or loss of fish passage’ or
‘Increase in water temperature’. Alterations to in-water structure may have a variety of effects
such as alterations in water temperature and changes to fish passage; however, these effects
are covered in the In-water PoE diagram. Hence, the linkage between ‘Increased input of woody
material’ and ‘Decrease in habitat access’ and ‘Change or loss of fish passage’ may be
removed here [3], instead referring to the in-water PoE diagram [2] for more comprehensive
coverage of its effects.




Input of organic matter -> Decrease in habitat access -> Increase in water temperature
(Ir)

Coarse woody materials play a complex role in aquatic ecosystems, particularly in streams and
rivers, shaping geomorphology, flow and substrate distributions, water temperature and diverse
aspects of the biological community (Angermeier and Karr 1984; Harmon et al. 1986; Heifetz et
al. 1986; Murphy and Koski 1989; Fausch and Northcote 1992; Crispin et al. 1993; Gurnell et al.
1995; Beechie and Sibley 1997; Crook and Robertson 1999; Thévenet and Statzner 1999).
Structure influences water flow patterns and in turn affects water temperatures in stream habitat
(Hester et al. 2009; Majerova et al. 2015; Weber et al. 2017). However, as discussed above,
these effects are covered comprehensively in the in-water PoE diagram, hence these
connections could be removed [3].

2. Altered groundwater flows to surface waters

Altered groundwater flows to surface waters -> Decrease in baseflow -> Decrease in
habitat access -> Change or loss of fish passage (/)

Groundwater influxes commonly play an important role in maintenance of the quantity and
quality of fish habitat in streams and rivers due to their contribution to water flow (Blackport et al.
1995; Power et al. 1999; Fleckenstein et al. 2004; Chu et al. 2008; Perkin et al. 2017).
Therefore, altering [reducing] groundwater flows into stream and river systems often results in a
decrease in baseflow of river and stream ecosystems, which in turn results in lower water levels
and a decrease in habitat access through change or loss of fish passage (Fleckenstein et al.
2004; Beatty et al. 2010).

Altered groundwater flows to surface waters -> Decrease in baseflow -> Increase in water
temperature (1)

Temperatures of groundwater flows are often more moderate than surface waters due to the
buffering effect of the land mass from more rapid and extreme changes in environmental
temperature above the surface. Therefore, seasonally, when water temperatures are relatively
high in streams and river ecosystems, groundwater flows maintain colder water temperatures
(Keery et al. 2007). This is particularly important in certain shallow stream ecosystems, which
are kept relatively cool during the summer months, providing habitat for cold water species such
as salmonids (Curry et al. 1994; Blackport et al. 1995; Power et al. 1999; Mason and Metikosh
2007; Chu et al. 2008; Waco and Taylor 2010; Rolls et al. 2012; Perkin et al. 2017). On the
other extreme, during winter, groundwater flows are warm relative to ambient surface waters,
and can be essential to maintaining overwintering pools (Cunjak 1996; Power et al. 1999;
Mason and Metikosh 2007). Therefore, this pathway could be altered to address the dual role
groundwater plays in maintaining water temperature and fish habitat, from the current ‘Increase
in water temperature’, to ‘Altered water temperature’ [4].

Additional considerations

Decreases in baseflow also result in loss of wetted area, which means direct loss of fish habitat
(Blackport et al. 1995; Cunjak 1996; Chu et al. 2008; Beatty et al. 2010). In some cases this
may result in the loss of fish from a given area or system due to, for example, loss of
overwintering pools (Cunjak 1996). Fish population productivity generally tends to decrease
proportionally with declines in habitat area/quantity (Randall and Minns 2002; Minns et al. 2011)
and fish diversity has also been demonstrated to decline with reduced water discharge
(Xenopoulos and Lodge 2006). Therefore, ‘Change or loss of wetted area’ may be added as
another relevant endpoint [5]. Alterations in groundwater flow patterns typically result in
decreased baseflow in lotic systems, but in some cases, it may result in increased baseflow to




systems where the water is redirected. However, the most common issue occurs due to
decrease in flow. Therefore, an asterisk* could be added to ‘Decrease in baseflow’, referring to
a footnote that notes increases in baseflow, and their associated effects, are possible as well
[6]. Additionally, there are a variety of impacts that changes in baseflow can have on fish habitat
in addition to wetted area, that are related to substrate characteristics, structure, and water
quality — a connection from ‘Altered groundwater flows to surface waters’ to ‘Altered water
quantity’ directly to ‘Potential direct or indirect impairment of fish habitat’ may be warranted [7].
Groundwater also often plays a prominent important role in providing fish with food, and
decreases in baseflow can result in reduced fish feeding opportunities and growth (Valiela et al.
1990; Weisberg and Burton 1993; Fuijita et al. 2019). Therefore, a connection could be added
between ‘Decrease in baseflow’ and 'Decrease in food supply [8].

3. Altered vegetation
Altered vegetation -> decrease in shade -> increase in water temperature (/)

Altered vegetation [decrease in riparian vegetation] commonly results in decreases in shade
cover in stream ecosystems and the increased light penetration causes increased water
temperatures (Barton et al. 1985; Theurer et al. 1985; Larson and Larson 1996; Garner et al.
2017), which in turn can affect fish habitat suitability (Broadmeadow et al. 2011). As ectotherms,
fish are generally adapted to the natural thermal regime of their habitat, and are sensitive to
changes in ambient water temperature due to its impact on their energetic needs and
physiological performance (Eliason et al. 2011). Hence, altered vegetation [decrease in riparian
vegetation] can be detrimental to fish when it causes water temperatures to increase beyond the
optimal temperature ranges of affected fish species (Theurer et al. 1985; Mason and Metikosh
2007; Broadmeadow et al. 2011).

Altered vegetation -> decrease in external nutrients/energy inputs -> decrease in nutrient
concentration -> decrease in primary productivity -> decrease in food supply (I*)

Riparian vegetation contributes external (allochthonous) nutrients that form an important
component of primary productivity of food webs that support fish (Tabacchi et al. 1998; Pusey
and Arthington 2003; Tank et al. 2010). From this perspective, this pathway is supported.
However, removal of vegetation from the riparian zone impacts aquatic ecosystems in complex
ways depending on the adjacent land use and geological characteristics of the region. For
example, in regions with a deep soil layer, after loss of riparian vegetation, continuous erosion
of banks leads to higher suspended sediment and nutrient inputs into stream ecosystems
(Laubel et al. 2003; Robertson et al. 2006; Taylor and Owens 2009; Chapman et al. 2014). The
effects are also important in coastal marine habitats as well (Valiela and Cole 2002; Gedan et
al. 2011; Quiros et al. 2017). The exact nature of how bank erosion occurs and impacts aquatic
conditions depends on the complex interplay between water flow characteristics and the
geological conditions of the watershed (Fox and Wilson 2010). Further, the replacement of
riparian vegetation with land use such as agriculture increases nutrient inputs, which is also
problematic for fish communities (Wichert and Rapport 1998). Hence, depending on the context,
altered vegetation could decrease or increase the amount of nutrients and primary productivity,
which are both generally detrimental to fish communities. 'Decrease in external nutrients/energy
inputs' could be changed to 'Altered external nutrients/energy inputs' [9]. To simplify the
diagram, ‘Decrease in nutrient concentration’ is redundant with the above node and could be
removed [10]. Consistent with change [9], 'Decrease in primary productivity' may be changed to
'Altered primary productivity’ to be comprehensive [11]. Further, riparian vegetation is a source
of not only nutrients supporting the base of the food web, but also a direct source of fish food
(e.g., terrestrial insects; Davies and Nelson 1994; Pusey and Arthington 2003), therefore
‘Altered vegetation’ could be connected to ‘Decrease in food supply’ [12].




Altered vegetation -> decrease of instream organic structure -> change or loss of habitat
structure and cover (I*)

Riparian vegetation plays a vital role in providing instream organic structural fish habitat (Heifetz
et al. 1986; Murphy and Koski 1989; Fausch and Northcote 1992; Crook and Robertson 1999;
Pusey and Arthington 2003; Smokorowski and Pratt 2007). This is particularly salient with
smaller rivers and streams where the land-water interface plays a major role in ecosystem
structure and function. However, organic structure plays a role in fish habitat in many types of
aquatic ecosystems (Smokorowski and Pratt 2007; Sass et al. 2019), not just ‘instream’,
therefore the wording could be changed to ‘aquatic’ [13].

Altered vegetation -> change or loss of riparian zone (/%)

Vegetation is generally an integral component of the riparian zone, and hence, alteration
[removal] of vegetation from the riparian zone could be considered direct change or loss of the
riparian zone. This often has subsequent effects to the riparian zone, as vegetation plays a role
in stabilizing sediments (Barton et al. 1985), which often erode away after riparian vegetation
removal, changing the geomorphology of the aquatic ecosystem and the conditions and location
of the riparian zone (Tabacchi et al. 1998, 2000; Laubel et al. 2003). See DFO (2021) for
definitions of riparian zones in freshwater and marine habitats. Riparian vegetation also plays an
essential role in river geomorphology including bank stability and maintenance of undercut
banks (Abernethy and Rutherfurd 1998; Tabacchi et al. 1998, 2000; Myers and Resh 2000;
Laubel et al. 2003). In some cases riparian loss leads to channel incision, which has negative
effects on habitat conditions and fish communities (Shields et al. 1994). Therefore, to cover the
effects of riparian vegetation loss comprehensively, an additional connection from 'Altered
vegetation’ to ‘Bank and slope instability and exposed soils’ could be added [14]. As discussed
above, vegetation also plays a key role in habitat structure and cover, and therefore a
connection may be warranted from ‘Altered vegetation’ to ‘Change or loss of habitat structure
and cover’ [15].

Alteration of slopes and banks -> Loss of undercut banks -> Change or loss of habitat
structure and cover (I*)

Undercut banks represent important fish habitats, providing structure and cover, as well as
supporting food supply (Myers and Resh 2000). They are formed as the roots of riparian
vegetation retain soils while water flows erode the soil underneath over years to decades.
Altering [aquatic ecosystem shoreline] slopes and banks typically involves removing riparian
vegetation, which removes its ability to maintain bank structure including undercut banks
(Heifetz et al. 1986; Tabacchi et al. 1998, 2000; Myers and Resh 2000; Laubel et al. 2003).
Therefore, upon altering banks, it is challenging to re-establish undercut banks in a timely
manner due to the need for long-term hydrological processes for formation. Noting the
importance of undercut banks, the effects of slopes and banks more generally are included in
the diagram, and the inclusion of this specific bank type is a level of detail that is not included for
other components of these diagrams, hence, ‘loss of undercut banks’ could be removed as a
node [16], and the linkage would be direct from ‘Alteration of slopes and banks’ to ‘Change or
loss of habitat structure and cover’.

4. Alteration of slopes and banks

Alteration of slopes and banks -> Bank and slope instability and exposed soils <->
increase in erosion and runoff -> deposit of deleterious substances -> decrease in water
quality -> sedimentation of fish habitat (/)




Altering [aquatic ecosystem shoreline] slopes and banks commonly results in bank instability
(especially due to removal of riparian vegetation) and exposure of soils, which in turn causes
increases in erosion and runoff into aquatic ecosystems (Tabacchi et al. 1998; Wynn et al.
2004; Robertson et al. 2006; Fox and Wilson 2010; Chapman et al. 2014; Krzeminska et al.
2019). Deleterious substances are defined in the Fisheries Act as “any substance that, if added
to any water would degrade or alter the water quality such that it could directly or indirectly harm
fish, fish habitat, or the use of fish by humans”. Suspended sediments degrade water quality
and could be considered a deleterious substance themselves, and also often contain a variety
of deleterious substances such as mercury (Wang et al. 2004; Robertson et al. 2006), and
excessive nutrient concentrations as well (Cloern 2001; Hauxwell et al. 2003; Deegan et al.
2012). Rates of contaminant deposition may be particularly high in areas where activities such
as mining have historically deposited high levels of contaminants (Stone 2000). Suspended
sediments can ultimately settle into the benthos, resulting in sedimentation of fish habitat, which
reduces habitat heterogeneity including a loss of interstitial spaces that provide key structural
complexity (Robertson et al. 2006; Kemp et al. 2011; Chapman et al. 2014).

Alteration of slopes and banks -> Bank and slope instability and exposed soils <->
increase in erosion and runoff -> deposit of deleterious substances -> decrease in water
quality -> fish mortality (/%)

The liberation of bank soils leads to a wide variety of potential impacts on the conditions of
aquatic ecosystems that can lead to fish mortality through direct impairment of fish physiological
function by decreasing access to oxygen, or reducing visibility, impairing a fish’s ability to
navigate, capture prey, or avoid predators (Robertson et al. 2006; Chapman et al. 2014). Soils
often contain deposited harmful chemical contaminants as well, which have an array of direct
negative effects on fish including mortality (Taylor and Owens 2009). However, impairment of
fish population productivity can occur from sub-lethal impacts as well, for example, the energetic
costs of environmental stressors resulting in reduced growth and reproductive output (Lévesque
and Dubé 2007; Schreck 2009). Therefore, the ‘Fish mortality’ endpoint could be altered to
‘Sublethal effects and/or mortality’ [17]. Here we define sublethal effects as physical,
physiological, or behavioural alterations caused by anthropogenic activities that may result in
reduced biological fitness of individuals, which in turn reduces population (fisheries) productivity.

5. Alteration of land drainage patterns

Alteration of land drainage patterns -> Bank and slope instability and exposed soils <->
increase in erosion and runoff -> deposit of deleterious substances -> decrease in water
quality -> sedimentation of fish habitat (/%)

Alteration of land drainage patterns often causes changes in riparian erosion patterns, which
leads to increases in erosion and runoff (Likens and Bormann 1974; Blann et al. 2009; Vlotman
et al. 2020). This pressure pathway is otherwise similar to that discussed above in relation to
alteration of slopes and banks and is well-supported. Notably, the sedimentation of fish habitat
may cause direct fish mortality by depriving eggs or larvae of oxygen (Newcombe and Jensen
1996; Wright and Hopky 1998; Kemp et al. 2011; Chapman et al. 2014), so a connection from
‘Sedimentation of fish habitat’ to ‘Sublethal effects and/or mortality' may be added [18].

Alteration of land drainage patterns -> Decrease in water quantity (/*)

Altering the drainage patterns of water from land into aquatic ecosystems often causes reduced
water quantity in the systems which water is diverted from, which reduces the amount of wetted
area, i.e., fish habitat (Likens and Bormann 1974; Blann et al. 2009; Minns et al. 2011; Vlotman
et al. 2020). This is especially problematic in smaller aquatic ecosystems such as small rivers
and streams, which rely on surface runoff for water supply. Further, the habitats to where the




water is diverted can also experience changes in habitat quantity and quality. For example,
diversion of water in the Ganges River resulted in substantial changes in conditions of coastal
estuaries where freshwater was diverted, including altered biological communities and reduced
fish productivity (Monirul Qader Mirza 2006). Altering drainage patterns by changing
permeability of land (i.e., hardening, urbanization) can also lead to an increase flashiness of
flows, or a frequent temporary increase in water quantity that can lead to reduced biotic diversity
via losses of intolerant species (Baker et al. 2004; Walsh et al. 2005). Therefore, water quantity
may decrease and/or increase, both of which can be problematic. Therefore, ‘Decrease in water
quantity’ could be changed to ‘Altered water quantity’ for comprehensiveness [19]. This
alteration in water quantity is directly connected to wetted area (with its own specific effects;
DFO, 2014); therefore, a connection from ‘Alteration in water quantity’ to ‘Change or loss of
wetted area’ may be added [20]. Further, a decrease in water quantity connects to various
issues outlined in the Flows PoE diagram, hence a connection may be added from ‘Altered
water quantity’ to ‘see Flow PoE diagram’ [21].

Additional considerations

A combination of the land-based pressures (altered vegetation, altered slopes and banks,
altered land drainage patterns) may also contribute to additional pressure pathways/endpoints
including facilitating invasive species pathways (Hobbs 2000; Havel et al. 2015) [22] . This same
combination of pressures may also enable greater access to the waterbody, which can result in
increased fishing pressure. However, recreational fisheries are not managed directly by DFO.
Therefore, an additional endpoint may be added connecting these pressures to ‘Increased
human access’, connecting to ‘Consult with relevant management agency(ies) [23].

Alteration of land use that includes impervious surfaces such as asphalt can also cause thermal
loading in aquatic ecosystems as well (Herb et al. 2008), which may warrant a connection from
alteration of land drainage patterns to ‘Altered water temperature’ [24]. Notably, many of the
negative impacts of near-water construction projects can be mitigated in some cases with best
management practices (Houser and Pruess 2009).
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6. Introduction of oil, grease, fuel, herbicides, and other deleterious substances

Introduction of deleterious substances -> deposit of deleterious substances -> decrease
in water quality -> sedimentation of fish habitat (/%)

Numerous human activities cause the introduction of deleterious substances into aquatic
ecosystems; these substances are hazardous to fish health (Niimi 1983; Adams et al. 1996;
Collier et al. 2013; Solomon et al. 2013; Araujo et al. 2018), which in turn can reduce the
productivity of populations and the structure and stability of biological communities (McKinley
and Johnston 2010). In the context of using machinery on land near water, the protection of
freshwater resources in Canada requires that proponents ensure that equipment and machinery
are in good operating condition, free of leaks, excess oil and grease, and serviced/fueled at a
distance from a watercourse or waterbody (e.g., >30 meters; British Columbia’s Water Act,
1996). The sources and types of deleterious substances are vast, ranging from point sources of
chemicals such as polycyclic aromatic hydrocarbons from spilled oil or gasoline (Armon and
Starosvetsky 2015; Nowak et al. 2019), to large scale herbicide use in agriculture (Solomon et
al. 2013) or heavy metal leaching from mining (Banks et al. 1997; Intamat et al. 2016). The
effects of contamination are truly diverse, for example, herbicides have been documented to
form chemical barriers to fish population connectivity (Araujo et al. 2018). This pathway is
connected to sedimentation of fish habitat; as contaminants typically settle into sediments, they
could be considered an integral component. Further, sediment itself could be considered a
deleterious substance in some cases under the Fisheries Act definition, and its impact on fish
and fish habitat is discussed and supported above.

Introduction of deleterious substances -> deposit of deleterious substances -> decrease
in water quality -> Fish mortality (1)

There are many cases in which introduction/deposit of deleterious substances can cause direct
fish mortality, depending on the toxicity and concentration of the substance (Niimi 1983; Adams
et al. 1996; Collier et al. 2013; Solomon et al. 2013; Chapman et al. 2014; Araujo et al. 2018), or
its impact on other habitat features such as water temperature, oxygen concentration, or water
turbidity (Robertson et al. 2006; Chapman et al. 2014). This is a complex topic that will not be
covered extensively here, but the degree to which a deleterious substance will cause fish
mortality (as well as sublethal effects that influence biological fitness, in turn influencing
population size) will depend on the vulnerability of the species and life stage and the toxicity and
concentration of the substance. Overall this is a well-supported pathway; however, it would be
more encompassing of the range of biological control chemicals commonly applied to rename
the top pressure node changing ‘herbicide’ to ‘pesticide’, resulting in the node title ‘Introduction
of oil, grease, fuel, pesticides, and other deleterious substances’ [25]. Further, the introduction
of these substances impacts water quality directly, independent of deposition; hence a
connection could be added directly from 'Introduction of oil, grease, fuel, pesticides and other
deleterious substances’ to ‘Decrease in water quality’ [26].
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Figure 3: Overview of potential alterations to the draft (September 2020) Pathways of Effects diagram for land-based WUAs. Additional lines
indicate connections that may be added (green) or removed (red); additional boxes indicate alterations or additions to pressures or endpoints.
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NOISE AND ENERGY DIAGRAM

The proposed PoE diagram for Noise and Energy producing WUAs (Figure 4) including: use of
explosives, seismic surveys, pile driving, drilling, vibratory drilling, and other.

These WUAs are proposed to apply the following pressures:
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Figure 4: Draft (September 2020) Pathways of Effects diagram for noise and energy producing WUAs

1. Detonation in or near water

Detonation in or near water -> Instantaneous change in pressure -> Change or loss of
wetted area (IV)

There is little evidence available to support that pressure changes associated with detonation
activities in or near water result in significant losses of wetted area, and therefore, ‘Change or
loss of wetted area’ may be removed [1].

Detonation in or near water -> Instantaneous change in pressure -> physical injury to fish
-> Sublethal effects on fish -> fish mortality (1)

In the case of the detonation of an explosive in or near water, there is the creation of a
shock/detonation wave that results from the chemical reactions that convert unstable

13



compounds into stable compounds and releases heat and gases. The explosive release of the
gas causes a very fast increase in pressure in the surrounding area of the explosion, and that
creates a pressure wave that propagates away from the point of the explosion at very high
speeds (several thousand metres per second) but is also limited in its extension based on the
amount chemical reaction that took place initially.The rapid changes in pressure associated with
blasting activities in or near water are well documented to cause physical injuries and mortality
in fish and marine mammals (Teleki and Chamberlain 1978; Dalen and Knutsen 1987; Wright
and Hopky 1998; Gordon et al. 2003; Weilgart 2007; Dahl et al. 2020). The general guideline in
Canada is to avoid overpressure of 100 kPa to minimize the likelihood of significant negative
effects (Wright and Hopky 1998). The extent to which blasting activities may result in excessive
overpressure depends on a variety of factors related to the distance of the blasting activity from
fish habitat and physical characteristics of the habitat (Keevin 1998; Wright and Hopky 1998).
Physical injuries can occur to all life stages of fish, with eggs being highly vulnerable (Dalen and
Knutsen 1987; Faulkner 2006; Faulkner et al. 2008; Govoni et al. 2008; Dahl et al. 2020). Both
sublethal and lethal impacts are possible depending on the level of exposure and tolerance of
the species, which consistent with suggestions for other PoE diagrams, could be included as an
inclusive ‘Sublethal effects and/or mortality’ endpoint [2]. Further, in addition to physical injuries,
fish may also experience physiological stress in response to detonation effects, and this node
could be altered from ‘physical injury’ to ‘Physical injury and/or stress to fish’ [3]. We considered
‘Physical injury and/or stress to fish’ to include any external or internal injury and physiological
stress in diverse aquatic organisms, including other vertebrates and invertebrates. In addition to
physical injury, stress, and mortality, in some cases fish and marine mammals may become
exposed to pressure changes and/or noise at a greater distance than the maximum extension of
the shock wave, which can result in behavioural avoidance of the affected area (Nowacek et al.
2007; Popper and Hawkins 2019). This can cause exclusion of these animals from their
habitats, and hence, a connection could be added from ‘Instantaneous change in pressure’ to a
new pressure node ‘Altered migration patterns (avoidance behaviour) access to habitat’ [4].

Detonation in or near water -> High velocity particle release -> physical injury to fish ->
sublethal effects on fish -> fish mortality (I*)

Within a radius around detonations, large particles (e.g., rocks) traveling at high velocity could
potentially cause fish injury and mortality; however, there is little direct documentation of this.
Water exerts high drag on moving objects relative to air and the range that particles travel at
high velocity may be small, especially relative to the radius in which the blast shock wave and
associated pressure gradient would cause injury and mortality to fish, as discussed above. In
addition to changes in pressure, detonations also cause particle motion, the other major
component of sound (Nedelec et al. 2016; Hawkins and Popper 2017). This can result in intense
substrate vibrations that can cause fish injury and mortality, especially to fish eggs located in the
substrate (Faulkner 2006; Faulkner et al. 2008). This is measured in peak particle velocity of the
substrate; general guidelines in Canada suggest that peak particle velocity above 13 mm/s are
more likely to cause physical injury and mortality (Wright and Hopky 1998). Injuries and
mortality in fish and mammals associated with detonations tend to be attributed more often to
pressure waves than particle motion in studies, discussed above. No reference to ‘high velocity
particle release’ was found, therefore this node may be more accurately named ‘high velocity
water and solid particle movement’ [5]. There is generally less research on the effects of particle
motion on fish and fish habitat compared to the effects of rapid pressure changes and, more
broadly, sound energy. Movement of the sound pressure wave caused by the energy transfer
between moving water molecules can cause both physical and auditory injury to middle and
inner ear and risk is correlated with the distance of the receiver from the source. Auditory injury
to mammals causes temporary and permanent noise frequency specific hearing loss. Both
mechanisms can increase mortality due to loss of foraging ability or increased predation risk
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and loss of orientation capabilities. The movement of solids is directly associated with
alterations in the structure of fish habitat, and hence, a connection could be added from ‘High
velocity water and solid particle movement’ to ‘Change or loss of habitat structure and cover’ [6]
(added as a new endpoint to this PoE diagram).

Detonation in or near water -> Blast residue -> Deposit of deleterious substances ->
Decrease in water quality (/%)

By-products of explosive detonation activities can include deleterious substances like ammonia
that are harmful to fish (Wright and Hopky 1998). Further, blasting often disturbs sediments,
which can release deleterious substances contained within, such as heavy metals (Bach et al.
2017). Hence, a connection from ‘Resuspension of sediment’ to 'Deposit of deleterious
substances’ may be added [7]. Both deleterious substances and sediment associated with
detonations have been linked to sublethal impacts on fish (Nielsen et al. 2015; Bach et al.
2017), although there is little evidence linking blast residue directly with fish mortality, despite a
strong theoretical basis.

Detonation in or near water -> Substrate disturbance -> resuspension of sediment ->
sedimentation of fish habitat (/*)

Detonation in or near water has been documented to cause substrate disturbance and
resuspension of sediment and hence sedimentation of fish habitat (Wright and Hopky 1998;
Klemperer and Cash 2007; Girma et al. 2012; Nielsen et al. 2015). Notably, the sedimentation
of fish habitat may cause direct fish mortality by depriving eggs or larvae of oxygen (Newcombe
and Jensen 1996; Wright and Hopky 1998; Robertson et al. 2006; Kemp et al. 2011; Chapman
et al. 2014) and may also have sublethal effects on fish (Chiasson 1993), which may warrant an
additional connection from ‘Sedimentation of fish habitat’ to 'Sublethal effects and/or mortality'
[8]. Sedimentation also directly affects habitat structure, and hence, a connection could be
added from ‘Substrate disturbance’ to ‘Change or loss of habitat structure and cover’ [9].

Additional considerations

The detonation of explosives is also a source of underwater sound, which has a similar set of
effects on aquatic organisms as other high intensity sound sources (e.g., impact pile driving and
seismic exploration), including physical injury, physiological stress, and behavioral avoidance
and impairment (Popper and Hawkins 2019; Dahl et al. 2020). This represents impulsive sound
(DFO (2021); Martin et al. 2020), and therefore ‘Sound energy pulse’ would be more accurately
named ‘Impulsive sound’ [10], with a connection added from ‘Detonation in or near water’ to
‘Impulsive sound’ [11].

2. Introduction of underwater noise

Introduction of underwater noise -> Behavioral changes -> Alteration of migration
patterns (avoidance behaviour) access to habitat -> change or loss of fish passage (//*)

Numerous WUASs result in the introduction of underwater noise, such as seismic surveys, wind
farms, drilling, acoustic profilers, or ships/motor boats (Nowacek et al. 2007; Slabbekoorn et al.
2010; Maxwell et al. 2018; Popper and Hawkins 2019; Dahl et al. 2020; MacLean et al. 2020;
Popper et al. 2020). There is a wide range of well documented impacts of underwater noise on
fish and marine mammal behavior (Nowacek et al. 2007; Popper and Hastings 2009; Mueller-
Blenkle et al. 2010). In some situations noise is produced specifically to alter the behavior of
cetaceans or fishes, to deter them from fishing gear, dams, or specifically to deter passage
(Nowacek et al. 2007; Putland and Mensinger 2019). Therefore, noise can certainly alter fish
passage, although no specific documentation of this was found specifically in relation to WUAs.
Noise can have substantial effects on mammal behavior, such as altered directional heading

15



and surfacing frequency (McCauley et al. 2000), alterations of migration routes and exclusion
from important habitat (Nowacek et al. 2007; Weilgart 2007). Therefore, the 'Change or loss of
fish passage' node could be removed [12], making a direct connection between ‘Alteration of
migration patterns (avoidance behavior)/ access to habitat’ to ‘Potential direct or indirect
impairment...’.

Noise may take the form of either impulsive sounds (high intensity, abrupt, short duration noise
from sources such as detonations or air guns), or continuous sounds (occur continuously for
longer periods of time, from sources such as shipping or drilling; see DFO (2021)for definitions).
Therefore, ‘Introduction of underwater noise’ may be altered to ‘Release of acoustic energy in
water (sound)’ [13]. This connects to ‘Continuous sound’, which subsequently connects to
‘Behavioural changes’ [14]. At close distances, these continuous sounds may also cause
physical injury or stress to fishes or marine mammals, which warrants a connection from
‘Continuous sound’ to ‘Physical injury and/or stress to fish’ [15]. The altered ‘Impulsive sound’
[12] would also fit as a subsidiary of the ‘Release of acoustic energy in water (sound)’ node [16],
and subsequently follow the same pathways as ‘Continuous sound’ thereafter as outlined on the
original draft diagram.

The behavioral effects of noise are relevant to a wide variety of contexts, including fish migration
irrespective of whether fish passage is involved, navigation in movement contexts outside of
traditional definitions of migration, as well as other fitness related processes, such as feeding,
predator avoidance, or larval development (Popper and Hastings 2009; Slabbekoorn et al. 2010;
Stanley et al. 2012; Popper and Hawkins 2019; Di Franco et al. 2020; Popper et al. 2020).
Hence, this pathway could be altered to include a direct link between ‘Behavioral changes’ to
‘Sublethal effects and/or mortality’ [17]. Further, anthropogenic noise can also cause physical
injury and physiological stress responses in fish and marine mammals (McCauley et al. 2003;
Nowacek et al. 2007; Popper and Hastings 2009; Slabbekoorn et al. 2010; De Soto et al. 2013;
Sierra-Flores et al. 2015). For example, even boat motor noise exposure has potential to have
physiological effects that translate into sublethal impacts and fish mortality (Simpson et al. 2016;
Fakan and McCormick 2019).

There is some guidance available on the international standards for noise pollution in oceans
(McCarthy 2007), as well as mitigating the effects of seismic survey activities in Canada,
including a 500 meter impact zone surrounding the sound source (DFO 2020b).

Introduction of underwater noise -> Behavioral changes -> Change in mammal
communication -> Alteration of migration patterns (avoidance behaviour) access to
habitat -> Change or loss of fish passage (/ll*)

There is a strong basis of support that underwater noise impacts marine mammal
communication (Nowacek et al. 2007; Parks et al. 2016; Fournet et al. 2018), which is important
for coordinated migratory movements (Crane and Lashkari 1996; Nowacek et al. 2007). Noise
has also been documented to affect movement patterns during migration (Nowacek et al. 2007;
Weilgart 2007). There is also evidence that noise can interfere with the reception of
echolocation clicks produced by porpoises and other odontocetes during foraging (Gervaise et
al. 2012; Clausen et al. 2018). There is a strong theoretical basis for this pathway, although
there is not extensive evidence on this connection explicitly. There is a terminological
inconsistency with connecting a node on mammal communication with changes to fish passage
(and sublethal effects on fish, fish mortality below). Importantly, underwater noise can affect the
communication and navigation abilities of a wide variety of marine life, including fish and
invertebrates (Radford et al. 2014; de Soto 2016). Hence, ‘Change in mammal communication’
could be altered to more generic terminology such as ‘Impaired communication and ability to
navigate’ [18]. Impaired communication is defined here as a reduction in the capacity of aquatic
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organisms to exchange information. It is important to recognize a key mechanism in
altered/impaired communication, which occurs through acoustic masking (see DFO (2021),
especially with continuous sounds that have a sustained impact (Clark et al. 2009). Therefore,
‘Acoustic masking’' could be added to connect ‘Continuous sound’ with ‘Altered communication’
[19]. This same effect also occurs with impulsive sounds for the relatively shorter period when
the sound is being produced, hence ‘Impulsive sound’ could also be connected to ‘Acoustic
masking’ [20]. Overall, it is important to recognize that both impulsive and continuous sound can
have a range of similar impacts, but impulsive sounds are more likely to cause acute injury at
greater distance from the source than continuous sound sources, while continuous sounds are
more likely to impair communication and cause behavioural exclusion from key habitats due to
their pervasiveness in aquatic habitats.

Introduction of underwater noise -> Behavioral changes -> Change in mammal
communication -> Sublethal effects on fish -> Fish mortality (//I*)

As discussed above, this pathway is well supported, but the sublethal effects on fish extend
beyond behavior and mammal communication, including physiological stress and injury and
impacting a variety of organisms. Related changes are suggested above.

Introduction of underwater noise -> Change or loss of wetted area (/V)

Similar to changes in pressure above, there is little scientific evidence available to support that
underwater noise causes a change or loss of wetted area, but for the period noise is being
produced it may result in reduced habitat access by mobile aquatic organisms through
deterrence, or because orientation is disrupted (Montgomery et al. 2006). Therefore ‘Change or
loss of wetted area’ may be removed [21].

3. Release of compressed air

Seismic surveys commonly use air guns, which release compressed air to produce sound
waves (DFO 2020b). This is a common and highly studied component of underwater noise
(Dalen and Knutsen 1987; Gordon et al. 2003; Lakkeborg et al. 2012; Carroll et al. 2017; DFO
2020b), with specific guidelines in Canada (DFO 2020b), which are currently under review. As a
major component of underwater noise, the impacts of noise from seismic air guns and the
completeness of these pathways are covered above in relation to the ‘Introduction of
underwater noise’ pressure pathway. As one of many sources of anthropogenic noise, there
may not be a need to include this specific pressure in addition to the general ‘Introduction of
underwater noise’ pressure [22].

Additional Considerations

Underwater power cables are commonly installed along the bottom/floor of aquatic ecosystems
to transport electricity for human use, and the number of these cables is likely to continue to
accelerate with increased focus on offshore wind energy projects (Tricas and Gill. 2011; Causon
and Gill 2018; Taormina et al. 2018). Cable installation and removal can generate impacts
covered in placement and removal of materials, discussed in the In-water diagram below.
Cables may be installed above, on, or buried within substrates (Causon and Gill 2018; Taormina
et al. 2018), which would have an influence on their physical impacts on fish habitat. Additional
potential impacts specific to power cables include generation of heat, toxic chemicals such as
chlorine and bromide through electrolysis, and electromagnetic fields (EMFs) (Taormina et al.
2018). Both heat and toxic chemicals generally impact a localized area around the cables,
depend on cable types and installation conditions, and can to a large extent be mitigated with
specific practices, including modern cable design and insulation (Tricas and Gill. 2011;
Taormina et al. 2018). These are important considerations for managing electrical cable
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installation projects, and the impacts are covered in the existing pathways with connections in
the In-water diagram between ‘Placement of materials’ and ‘Altered water quality’ and ‘Altered
water temperature’, discussed below.

The impacts of EMFs from power cables on aquatic organisms are of particular concern (DFO
2014). Cables commonly generate EMFs within proximity to the cables, including magnetic
fields and, in seawater, induced electric fields. Affected areas are variable from 5-20 meters
surrounding cables depending on cable voltage, current type (alternating or direct current), and
installation style (e.g., above or underground, insulated or not). In a synthesis, Tricas and Gill
(2011) reported these ranges with peak magnetic fields of 160 uT and peak induced electric
fields of 7.65E94. Tricas and Gill (2011) also provide a synthesis of aquatic organisms that may
be affected by these currents due to their abilties to sense magnetic and/or electric fields for use
in navigation and/or foraging, which includes a range of fishes, sharks, turtles, marine
mammals, and invertebrates. Of particular concern is that EMFs will cause sensitive species to
become attracted, deterred, or disoriented due to these produced fields, impacting their feeding
or migration success (Westerberg and Lagenfelt 2008; Gill and Bartlett 2010; Tricas and Gill.
2011; Hutchison et al. 2020), or if organisms spend extended periods of time in close proximity
to cables, they may have direct negative effects on health (Ohman et al. 2007). Despite the
examples referenced above (and references therein), there is generally a lack of strong
evidence to support the prevalence or degree of these impacts with comprehensive, robust
studies in natural ecosystems. The impacts of EMFs are restricted to relatively small regions
(<20 meters) surrounding power cables, and there are likely situations where these impacts
may be more prevalent, such as with benthic-oriented species, or if cables are placed within a
constricted area along a migration route for a species that is sensitive to EMF (e.g., American
eel; Anguilla rostrata). Much more research is needed to understand the prevalence and degree
of impacts and the ecological factors that determine them. There is, however, sufficient
evidence to include EMFs in this diagram, connecting WUAs -> ‘Electromagnetic field
production’ -> ‘Alteration of migration patterns/access to habitat’ -> ‘Sublethal effects and/or
mortality’ [23]. There is also potential for direct impacts of EMF on fish health, therefore
‘Electromagnetic field production’ may be connected directly to ‘Sublethal effects and/or
mortality’ as well.
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Overview of potential alterations to the noise and energy PoE diagram
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IN-WATER DIAGRAM

The proposed PoE diagram for in-water WUAs (Figure 6) include: dredging, spoil disposal,
placement of materials and structures in water, aquatic vegetation removal, structural removal,
channel excavation, use of manual and industrial equipment in water, organic debris removal,
log salvage, culvert maintenance, water course crossings, and maintenance of industrial
equipment (washing, refueling, servicing, storing).

These WUAs are proposed to apply the following pressures or sub-activities:
1. Use of machinery in water

2. Removal of materials (including organics)/structures

3. Placement of materials/structures in water

4. Removal of aquatic vegetation

5. Smothering of bed/seafloor
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Figure 6: Draft (September 2020) Pathways of Effects diagram for in-water WUAs

1. Use of machinery in water
Use of machinery in water -> Trampling of non-motile species -> Fish mortality (//I*)

Using heavy machinery such as hydraulic dredges in water has been documented to result in
trampling of no-motile species, leading to mortality (Mercaldo-Allen and Goldberg 2011).
Despite this logical connection, there are few empirical studies on the effects of using machinery
in water (Courtice and Naser 2020). In general, species with lower mobility are more vulnerable
to localized habitat impacts due to their inability to escape harmful conditions, such as rapid
temperature changes (Szekeres et al. 2016). To avoid being trampled by equipment, fish and
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other organisms would need to have the ability to detect the threat and effectively avoid it, and
have the movement response that involves sensory, cognitive, and locomotor capabilities
(Nathan et al. 2008). Although there is no direct evidence of this regarding using machinery in
water, less-mobile species are likely more vulnerable to this impact in general. This may include
species that fail to avoid trampling for a variety of reasons. For example, species such as those
in the Gobiidae (gobies) and Cottidae (sculpins) have behavioral tendencies to hide in interstitial
spaces, which may increase their vulnerability to mortality from trampling. Although there is a
general dearth of evidence on this issue, it would be logical to alter ‘non-motile species’ to ‘less
motile species and life stages’ [1]. For the definition of motile, please see DFO (2021).

Use of machinery in water -> Trampling of aquatic vegetation -> Change or loss of habitat
structure and cover (II*)

Operating heavy machinery in water logically has the potential to trample aquatic vegetation that
is rooted in the substrate (Mercaldo-Allen and Goldberg 2011). Aquatic vegetation plays an
essential role in providing habitat structure and cover for a wide variety of fish species and life
stages (Rozas and Odum 1988; Bettoli et al. 1993; Smokorowski and Pratt 2007). The use of
machinery in water overall has a high likelihood of disturbing sediments (Barton 1977; Tiemann
2004; Mercaldo-Allen and Goldberg 2011), which warrants a connection from ‘Use of machinery
in water’ to ‘Substrate disturbance’ [2]. Similar to the noise pathway, the operation of machinery
can cause behavioral avoidance of the area by fish (Mueller-Blenkle et al. 2010) and hence, a
connection could be added here from ‘Use of machinery in water’ ‘see Noise and Energy PoE
diagram’ [3]. This adds a more direct connection to this impact, and hence, the higher-level
connection may be removed [4].

Use of machinery in water -> Substrate compaction -> Loss of interstitial spaces -> Fish
mortality (/)

Using heavy machinery in water has been documented to compact the substrate, reducing
interstitial spaces, and these changes have been linked with changes in both fish and
invertebrate abundances and community structure (Barton 1977; Tiemann 2004; Mercaldo-Allen
and Goldberg 2011). However, the exact mechanism is not clearly documented, as the use of
machinery in water results in a variety of impacts simultaneously, including substrate
disturbance, causing sedimentation of fish habitat that also impacts interstitial spaces. Logically,
any organisms that remain within the interstitial spaces as substrates are compacted are likely
to be killed. Again, there are few studies directly on this issue (Courtice and Naser 2020).

Use of machinery in water -> Substrate compaction -> Loss of interstitial spaces ->
Change or loss of habitat structure and cover (1)

Using heavy machinery in water logically has the capacity to compact the substrate, reducing
interstitial spaces (Mercaldo-Allen and Goldberg 2011). Interstitial spaces are an important
component of fish habitat, offering structural cover from predators and water flows, as well as
food sources (Kovalenko et al. 2012; Barriga et al. 2013; Gregor and Anderson 2016).
Therefore, a connection may be added from ‘Loss of interstitial spaces’ to ‘Decrease in food

supply’ [5].
Use of machinery in water -> Introduction of oil, grease, fuel, herbicides, and other

deleterious substances -> Deposit of deleterious substances/sediment -> Decrease in
water quality (/)

In Canada the protection of freshwater resources requires that proponents working in-water
ensure that equipment and machinery are in good operating condition, free of leaks, excess oil
and grease, and serviced/fueled at a distance beyond a watercourse or surface waters (e.g., 30
meters; British Columbia’s Water Act, 1996). Despite these regulations, grease, oil, fuel and
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other deleterious substances may leak from machinery (Nowak et al. 2019). Generally,
deleterious substances decrease water quality, in-turn resulting in impairment to productive
capacity, sublethal impacts to fish, and fish mortality (Khan et al. 2007; Malk et al. 2014;
Gorcharoenwat et al. 2015; Jurcak et al. 2015). However, herbicides are unlikely to be
introduced through commonly used machinery in water, and therefore could be removed from
the pressure node [6]. Water quality is also directly linked to food supply for fishes, therefore, a
connection may be added from ‘Decrease in water quality’ to ‘Decrease in food supply’ [7]. The
exact nature of how water quality is defined and how it impacts fishes can vary depending on
the ecosystem and fish species (Meador and Goldstein 2003; Seilheimer et al. 2007; Budy et al.
2011).

Use of machinery in water -> Introduction of oil, grease, fuel, herbicides, and other
deleterious substances -> Deposit of deleterious substances/sediment -> Sedimentation
of fish habitat (/)

Many contaminants settle into sediments, and hence, could be considered an integral part of
fish habitat sedimentation (Wang et al. 2004; Robertson et al. 2006; Taylor and Owens 2009).

Additional considerations

As discussed in GENERAL CONSIDERATIONS above, there are a wide variety of ways in
which these pressure pathways may influence food availability. For example, both removal of
aquatic vegetation and trampling of less-mobile species have functional connections to food
supply. We do not suggest these changes here to maintain simplicity and diagram tractability,
but they could be considered.

2. Removal of materials (including organics)/structures

Removal of materials (including organics)/structures -> Change or loss of habitat
structure and cover ()

There is a logical and well supported pressure pathway connecting the removal of materials or
structures from water and a change or loss of habitat structure (Smokorowski and Pratt 2007).
The structural changes associated with activities such as dredging have been directly linked to
changes in fish habitat suitability (Harvey 1986; Harvey and Lisle 1998). Generally, structural
complexity is an important component of ecosystem productivity and biological community
complexity (Smokorowski and Pratt 2007; Kovalenko et al. 2012).

Removal of materials (including organics)/structures -> Substrate disturbance ->
Resuspension of contaminants -> Deposit of deleterious substances/sediment ->
Decrease in water quality (/)

Removing structures and other materials from waterways can cause considerable disturbance
to the substrate, leading to resuspension and deposition of sediments and any contaminants
contained within (Robertson et al. 2006; Taylor and Owens 2009; Chapman et al. 2014). For
example, dam removals are commonly conducted to restore ecosystem connectivity, with many
positive long-term benefits (Catalano et al. 2007); during the removal process sedimentation
can be extensive (Magirl et al. 2015) and have acute negative effects on the downstream
aquatic community (Doeg and Koehn 1994; Anderson et al. 1998). Contaminant resuspension
may occur from removal of materials in the course of a variety of in-water activities (Bednarek
2001; Suedel et al. 2008; Wenger et al. 2017). For instance, depending on the specific nature of
a dredging operation, contaminant resuspension rates can range from 0.1-5% (Bridges et al.
2008, references therein), and these sediments impact fish habitat quality (Wilber and Clarke
2001; Erftemeijer and Robin Lewis 2006; Cabaco et al. 2008).

22



Removal of materials (including organics)/structures -> Substrate disturbance ->
Resuspension of contaminants -> Deposit of deleterious substances/sediment ->
Sedimentation of fish habitat (/)

As discussed above, this is a well-supported pathway. Contaminants that have been deposited
in sediments become disturbed and re-suspended and ultimately settle back onto the substrate
in new locations, resulting in negative impacts of sedimentation of fish habitat (Robertson et al.
2006; Taylor and Owens 2009; Kemp et al. 2011; Chapman et al. 2014).

Removal of materials (including organics)/structures -> Substrate disturbance ->
Resuspension of sediment-> Deposit of deleterious substances/sediment -> Decrease in
water quality (1)

Declines in water quality are well documented when removing materials from water (Reid et al.
2002, 2003, 2004).

Removal of materials (including organics)/structures -> Substrate disturbance ->
Resuspension of sediment-> Deposit of deleterious substances/sediment ->
Sedimentation of fish habitat (/)

As discussed above, this is a well-supported pathway (Robertson et al. 2006; Taylor and Owens
2009; Kemp et al. 2011; Chapman et al. 2014).

Removal of materials (including organics)/structures -> Change in channel morphology
or shoreline morphometry -> Constriction or expansion of flow/coastal currents ->
Change or loss of fish passage (/%)

Removal of materials from lotic systems (streams and rivers) has been shown to cause a
reduction in the overall wetted area, producing more narrow channel morphology and higher
water flow levels (Smokorowski and Pratt 2007 and references therein). Therefore, a direct
connection from ‘Constriction or expansion of flow/coastal currents’ to ‘Change or loss of wetted
area’ [8]. These changes have been linked extensively with changes in fish community and
production, although not explicitly with a loss of fish passage, more so the associated changes
to habitat quantity and quality (Smokorowski and Pratt 2007 and references therein). Yet,
removal of artificial barriers is often conducted explicitly to improve fish passage, and does so
effectively in many cases (Kemp and O’Hanley 2010). Notably, alterations to flows apply to a
range of aquatic ecosystems, including tidal flows in coastal regions. Further, alterations to
structures and/or ecosystem morphology can also impact wave attenuation and reflection
patterns, causing further structural and chemical, and biological changes to the system.

Removal of materials (including organics)/structures -> Change in channel morphology
or shoreline morphometry -> Constriction or expansion of flow/coastal currents ->
Sedimentation of fish habitat (/)

The changes in channel morphology associated with removal of in-water structures have been
documented to result in erosion of sediments and hence sedimentation of fish habitats
downstream (Reid and Anderson 1999; Randle et al. 2015). Additionally, these habitat changes
associated with ‘Changes in channel morphometry or shoreline morphometry’ are also directly
related to ‘Change or loss of habitat structure and cover’, which may warrant a direct connection
[9].

Additional considerations

Removal of structures such as dams and weirs can also result in stranding of fish and
freshwater mussels from the upstream side of the removed structure (Sethi et al. 2004; Cooper

2011; Heise et al. 2013; Tiemann et al. 2018). Therefore, stranding could be added as a node in
this pressure pathway connecting to fish mortality [10]. Further, activities such as dredging have
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been documented to cause fish entrainment (Griffith and Andrews 1981), warranting a
connection from removal of materials to entrainment [11]. Structure removal can also enable
access for invasive species (Vitule et al. 2012; Mclaughlin et al. 2013; Raabe and Hightower
2014). For example, following the removal of the Oak Street Dam in Wisconsin, invasive canary
grass (Phalaris arundinaceae) quickly overwhelmed native plants in the newly exposed
sediments (Stanley and Doyle 2003). ‘Removal of materials (including organics)/structures’ may
be connected to ‘Aquatic invasive species pathway (TBD)' [12].

The disturbance, suspension, and deposition of sediments, other contaminants and their effects
are covered in this diagram; however, some alterations may improve the description of their
mechanistic relationships and logical flow. Specifically, the introduction or resuspension of
contaminants generally leads to decreases in water quality, then deposition subsequently
occurs into substrates. Therefore, this pathway could be altered to: ‘Resuspension of
contaminants’ -> ‘Decrease in water quality’ -> ‘Deposit of deleterious substances’ ->
‘Contamination of fish habitat (new pressure node)’ -> ‘Potential direct or indirect...’ [13].
Similarly, connections could be rearranged as: ‘Resuspension of sediment’ -> ‘Decrease in
water quality’ -> ‘Deposit of deleterious substances’ -> ‘Contamination of fish habitat’ (new
pressure node) -> ‘Potential direct or indirect...” [14]. A direct connection then may be added
from ‘Resuspension of sediment’ -> ‘Sedimentation of fish habitat’ [15]. Lastly, ‘Introduction of
oil, grease, fuel, and other deleterious substances’ -> ‘Decrease in water quality’ -> ‘Deposit of
deleterious substances’ -> ‘Contamination of fish habitat’ (new pressure node) -> ‘Potential
direct or indirect.’ [16].

3. Placement of materials/structures in water

Placement of materials/structures in water -> Turbines -> Entrainment of fish -> Fish
mortality (/%)

There is an extensive body of literature supporting the fact that turbines associated with
hydropower facilities cause fish entrainment, which often results in fish stress, injury, and
mortality from contact with the turbines/structure, and extreme and rapid changes in pressure
(reviewed by Barnthouse 2013; Rytwinski et al. 2017; Algera et al. 2020). The impacts may be
sublethal, and hence this end point could be altered to ‘Sublethal effects and/or mortality’ to be
more comprehensive [17]. Considerable research, synthesis, and review has gone into
characterizing the causes and mitigation strategies for fish entrainment in relation to hydropower
facilities, including but not limited to dam flow management, turbine design modifications,
diversion and deterrence devices, bypass structures and attractive devices. The rates of
mortality from hydropower facilities depend on a complexity of factors related to ecosystem and
facility characteristics, fish characteristics, and mitigation strategies.

Placement of materials/structures in water -> Barrier (no fill) -> Change or loss of fish
passage (/)

A wide variety of structures are commonly placed in water that form barriers to fish passage,
which may include dams, culverts, dikes, levees, floodgates and weirs, amongst others (Warren
and Pardew 1998; O’Hanley and Tomberlin 2005; Kemp and O’Hanley 2010). The construction
of these in-water structures often involves using fill (e.g., rock, sand and/or soil), but not
exclusively. Notably, structures may form partial or complete barriers to upstream fish passage
even if the watercourse is not fully obstructed, such is often the case with culverts (Kahler and
Quinn 1998; Peake 2008; Briggs and Galarowicz 2013). Even structures specifically designed to
enable fish passage around human-made barriers may not be effective, and remain at least
partial obstructions to fish passage (Bunt et al. 2012). The extent to which a structure forms a
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fish passage barrier depends on interactions with water flow, geomorphology, fish behavioral
responses and physiological characteristics (Bunt et al. 2012; Jones and Hale 2020).

Placement of materials/structures in water -> Infilling (partial or complete) -> Change in
channel morphology or shoreline morphology -> Constriction or expansion of
flow/coastal currents -> Change or loss of fish passage (/)

As discussed above, this is a well-supported pathway. In relation to infilling specifically, the
degree to which the watercourse is blocked and hydrological/water flow patterns are altered
likely influence fish passage success (Bunt et al. 2012).

Placement of materials/structures in water -> Infilling (partial or complete) -> Decrease in
food supply (1)

Infilling associated with activities such as road construction or shoreline armouring often involve
placing materials such as crushed rock in the water, replacing natural substrates, resulting in
lower productivity and fish food availability (Tsui and McCart 1981; Armitage and Gunn 1996;
Munsch et al. 2017; Dugan et al. 2018; Macura et al. 2019; Chhor et al. 2020). These impacts
have been characterized extensively through numerous studies and a systematic review
(Macura et al. 2019), and include physical alterations to the habitat as well as alterations to
hydrodynamic energy and water flow, causing knock-on effects to habitat conditions.

Placement of materials/structures in water -> Infilling (partial or complete) -> Change in
channel morphology or shoreline morphology -> Constriction or expansion of
flow/coastal currents -> Sedimentation of fish habitat (%)

Infilling often causes direct changes to watercourse channel stability and morphology (Reid and
Anderson 1999), resulting in sedimentation of fish habitat (Reid et al. 2002, 2003, 2004).
Further, this process may also directly affect water quality depending on the material used (e.g.,
concrete), where a connection may be added [18].

Additional considerations

Placement of a wide variety of materials may result in the sedimentation of fish habitat through
mechanisms beyond alterations in flow patterns (Chessman et al. 1987; Anderson et al. 1998),
hence, a high-level connection from ‘Placement of materials’ to ‘Sedimentation of fish habitat’
may be warranted [19]. Similarly, fish stranding may also occur due to the changes in wetted
area, channel morphology and flow, or below hydropeaking dams (Clarke et al. 2008). This
process is covered in the flow pathway, hence a connection may be added from ‘Placement of
materials/structures in water’ to 'See Flow pathway' [20].

4. Removal of aquatic vegetation
Removal of aquatic vegetation -> Substrate disturbance (/)

The extension of the pathways beyond substrate disturbance have been covered above in
relation to Removal of materials and Placement of materials pressure pathways, and therefore
will not be further discussed here. Aquatic macrophytes (vegetation) primarily, but not
exclusively, root themselves into substrates, especially fine substrates such as mud, clay, and
sand from which essential nutrients can be extracted (Barko et al. 1986). Vegetation plays an
essential role in sediment stability (Wang et al. 2015), and hence, logically, removal of
vegetation including their root structures would disturb sediments or make them susceptible to
resuspension after the removal. However, there is little scientific literature specifically
addressing this. Indeed, although riparian vegetation removal was discussed extensively,
aquatic vegetation removal was not included in recent reviews of causes and consequences of
sedimentation on fish and fish habitat (Robertson et al. 2006; Chapman et al. 2014). Yet, the
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potential to disturb sediments is recognized through regulation — legal approaches to remove
aquatic vegetation generally do not disturb plant roots and sediments (Hicks and Sager 2009).
For example, in Ontario, landowners may remove aquatic vegetation from portions of their
shoreline using mechanical or chemical methods that generally target the above-ground
vegetative structure of the plant (Hicks and Sager 2009). Hence, vegetation removal can result
in substrate disturbance, but there are many approaches available that avoid disturbing
substrates.

Removal of aquatic vegetation -> Loss of aquatic vegetation -> Decrease in nutrient input
-> Decrease in nutrient concentrations -> Decrease in primary productivity (1)

Aquatic vegetation forms an important component of primary productivity and forms structural
fish habitat for a range of purposes that may include foraging, refuge, or spawning (Rozas and
Odum 1988; Smokorowski and Pratt 2007 and references therein). Removal or loss of aquatic
vegetation has therefore been documented to have direct effects on fish communities and
productivity (Bettoli et al. 1993; Midwood and Chow-Fraser 2012). Aquatic vegetation also
shapes other aspects of aquatic habitat through stabilizing sediments, altering water flow
patterns, and water chemistry (Wang et al. 2015). Extensive review and discussion on this topic
is included in (Smokorowski and Pratt 2007). Therefore, a connection may be added from
‘Removal of aquatic vegetation’ to ‘Change or loss of habitat structure and cover’ [21]. This
pathway is accurate and complete; however, there is detail included in these nodes beyond
what is included in other components of these diagrams, and many of the intermediate nodes
may be removed, connecting ‘Removal of aquatic vegetation’ directly to ‘Decrease in primary
productivity’ [22,22]. As discussed above, aquatic vegetation plays a very important role in food
supply for many fishes, so a connection may be added from ‘Removal of aquatic vegetation’ to
‘Decrease in food supply’ [23]. Removal of aquatic vegetation creates greater opportunity for
species invasions (Valley et al. 2004; Hicks and Sager 2009), therefore a connection may be
added from ‘Removal of aquatic vegetation’ to ‘see Aquatic Invasive Species pathway (TBD)'
[24].

5. Smothering of bed/seafloor
Initial considerations

Currently ‘Smothering of bed/seafloor’ is included at the start of an independent pressure
pathway, yet, it occurs predominantly due to placement of materials/structures in water, and
hence, could be included as a component of this pressure pathway, where further, ‘Placement
of materials/structures in water’ is placed above, and connected to, ‘Smothering of bed/seafloor’
[25]. This would form an important connection between sedimentation of fish habitat and fish
mortality, which is currently lacking.

Smothering of bed/seafloor -> Fish mortality (/)

Smothering of bed/seafloor can result in fish mortality, which is especially well documented in
the case of sedimentation of fish habitat, which can smother fish eggs or larvae and result in
mortality (reviewed in Kemp et al. 2011; Chapman et al. 2014). However, smothering is
considered to be implicit to the sedimentation process. Here, we considered smothering under
the definition of the placement of physical materials into aquatic habitats, covering the
bed/seafloor. Placement of other materials, such as cement or rock walls in shoreline armoring
or construction of dams involves the placement of materials on top of natural substrates, which
would naturally smother any organisms contained within (Munsch et al. 2017). This could
include less-motile invertebrates and fishes, as discussed in relation to use of machinery in
water above.
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Smothering of bed/seafloor -> Change or loss of wetted area (/)

As discussed above, smothering of the bed/seafloor is caused by placement of materials in
water, and is directly related to change or loss of wetted area.

Smothering of bed/seafloor -> Loss of substrate -> Change or loss of food supply (/)

Infilling associated with activities such as road construction or shoreline armouring often involve
placing materials such as crushed rock in the water, replacing natural substrates, resulting in
lower productivity and fish food availability (Tsui and McCart 1981; Armitage and Gunn 1996;
Macura et al. 2019; Chhor et al. 2020). These impacts have been characterized through a
systematic review (Macura et al. 2019).
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Overview of potential alterations of the in-water PoE diagram
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Figure 7: Overview of potential alterations to the draft (September 2020) Pathways of Effects diagram for in-water WUAs. Additional lines indicate
connections that may be added (green) or removed (red); additional boxes indicate alterations or additions to pressures or endpoints.
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FLOWS DIAGRAM

The proposed PoE diagram for WUAs affecting flows (Figure 8) includes: water management,
hydro dams, cofferdams, pump arounds, diversion channels, flumes, weirs,
constriction/expansion of flow/coastal currents, water extraction, and wastewater management.

These WUAs are proposed to apply the following pressures or sub-activities:

1. Water diversion

2. Dewatering/pumping

3. Water level/flow modification (change in hydraulics) including impoundments

4, Introduction of wastewater
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Figure 8: Draft (September 2020) Pathways of Effects diagram for WUAs affecting flows.
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1. Water diversion
Water diversion -> Inter-basin transfer of species (/%)

The diversion of water can form connections between previously disparate aquatic ecosystems,
which has been documented to enable species invasions (Zhan et al. 2015; Qin et al. 2019).
Further, the diversion of water often results in altered conditions within the affected systems,
which creates opportunities for introduced or invasive species to become established in new
ecosystems (Stromberg et al. 2007). This is a well-supported pathway, although it involves more
than just species transfer, and could potentially be altered to ‘Increased species inter-basin
transfer/risk of invasives’ [1] to be more comprehensive. Here, we considered inter-basin
transfer as the movement of fishes or other organisms (e.g., invertebrates, plants, pathogens)
between aquatic ecosystems that are not naturally connected. This may include movement of
species that are native within a region, but they are not native to a given ecosystem.

Water diversion -> Displacement or standing of fish -> Fish mortality (/%)

Water diversion has been documented in numerous cases to result in fish displacement, fish
stranding, and fish mortality (Steele and Smokorowski 2000; Halleraker et al. 2003; Moyle and
Israel 2005; Clarke et al. 2008; Nagrodski et al. 2012; Irvine et al. 2015). The extent to which
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fish become displaced or entrained by water diversion can be minimized using screen barriers
or deterrent or attraction devices, although their efficacy is varied (Moyle and Israel 2005;
Lemasson et al. 2008; Nagrodski et al. 2012; Barnthouse 2013). As in many cases throughout
all PoE diagrams reviewed here, fish may also experience sub-lethal effects in addition to
mortality, and hence, this endpoint could be altered to ‘Sublethal effects and/or mortality’ [2].

Additional considerations

The process of extracting water or moving it between waterbodies or sections of the same
waterbody through water diversion has been documented to have impacts on water
temperature, especially in smaller, cold water streams (Meier et al. 2003). Therefore, a
connection may be added from ‘Water diversion' to ‘Altered water temperature’ [3]. Further, as
discussed and referenced above, water diversion has direct impacts on water levels and flow
characteristics, hence a direct connection from ‘Water diversion’ to ‘Water level/flow
modification (change in hydraulics) including impoundments’ may be added [4]. By forming this
connection, the connection from ‘Water diversion’ to ‘Displacement or stranding of fish’ to ‘Fish
mortality’ becomes redundant and is no longer required [5].

2. Dewatering/pumping
Dewatering/pumping -> Displacement or stranding of fish (/)

We interpreted dewatering/pumping as any activity that actively extracts water from an aquatic
ecosystem. Any activity that withdraws water causing major declines in water levels can result in
fish stranding or displacement (reviewed by Steele and Smokorowski 2000; Halleraker et al.
2003; Clarke et al. 2008; Nagrodski et al. 2012; Irvine et al. 2015). Dewatering/pumping has
been linked directly with fish displacement and stranding (Fischer and Kummer 2000; Falke et
al. 2011).

Dewatering/pumping -> Entrainment/impingement -> Fish mortality (/)

Dewatering due to hydropeaking at hydroelectric dams is well-documented to cause fish
entrainment/impingement and mortality (Barnthouse 2013; Rytwinski et al. 2017; Algera et al.
2020). This issue has also been documented with dewatering/pumping for industrial,
agricultural, and municipal water supply, as well as during in-water works during construction
requiring site isolation/dewatering (Moyle and Israel 2005; Kemp 2015).

Dewatering/pumping -> Alteration of groundwater flows to surface waters -> Decrease in
baseflows -> Increase in water temperature (/%)

It is well documented that the extraction of groundwater can result in reduced groundwater flows
to surface waters, and decreases in baseflows (Blackport et al. 1995; Power et al. 1999;
Fleckenstein et al. 2004; Chu et al. 2008; Perkin et al. 2017). As discussed in the land-based
PoE, this can result in increases in temperature in the summer months, or decreases in
temperature in the winter months, both of which can have negative effects on fish. Therefore,
this pressure could be changed to ‘Altered water temperature’ [6]. Decreases in baseflow also
result in changes [decreases] in food supply (Weisberg and Burton 1993), which is an additional
connection that may be added [7]. Changes in water temperature may also result in direct fish
mortality or sublethal effects if temperatures increase or decrease outside of species tolerances
(Brett 1956), warranting a connection [8].

Dewatering/pumping -> Substrate disturbance -> Resuspension of sediment ->
Sedimentation of fish habitat (/*)

Dewatering takes a variety of forms which likely cause varied levels of substrate disturbance.
Flashy flows (rapid and varied high intensity flows), often associated with hydropeaking or dam
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water management, cause high rates of sediment erosion and transport, resulting in
sedimentation of fish habitat (Robertson et al. 2006; Batalla and Vericat 2009; Chapman et al.
2014). This is a supported pathway, although the extent to which various dewatering activities,
such as water extraction, result in substrate disturbance is not well documented. Sedimentation
of fish habitat may also result directly in fish mortality, especially in the egg stage (Robertson et
al. 2006). Therefore, a connection may be added from ‘Sedimentation of fish habitat’ to
‘Sublethal effects and/or mortality’ [9].

Dewatering/pumping -> Substrate disturbance -> Alteration of substrate composition ->
Change in food supply -> Change or loss of habitat structure and cover (I*)

The relationship between dewatering/pumping and substrate disturbance is discussed above.
Sedimentation of fish habitat directly results in altered substrate composition, filling interstitial
spaces that offer structural habitat and food supply to fish (Robertson et al. 2006; Chapman et
al. 2014). Further, major dewatering can affect soil nutrient profiles impacting primary
productivity (James et al. 2004). The connections from ‘Alteration of substrate composition’ and
‘Change in food supply’ is well supported, as is that from ‘Alteration of substrate composition’
and ‘Change or loss of habitat structure and cover’. However, there is no causal relationship
between ‘Change in food supply’ and ‘Change or loss of habitat structure and cover’; this
connection could be removed or reversed in the direction of connectivity [10].

3. Water level/flow modification (change in hydraulics) including impoundments

Water level/flow modification -> Scouring of channel bed/bank erosion -> Alteration of
substrate composition -> Change in food supply -> Change or loss of habitat structure or
cover (I*)

There is a well-supported cause and effect relationship between alteration of water levels and
water flows with channel bed scouring and bank erosion (Clarke et al. 2008; Batalla and Vericat
2009; Shen and Diplas 2010). Generally, fine sediments tend to be eroded from high flow areas
and redistributed to low-flow locations, hence altering substrate composition. This has been
linked directly to changes in fish communities (Cushman 1985; Power et al. 1996). As discussed
above, sedimentation of fish habitat often causes changes in food supply as well as change or
loss of habitat structure and cover (Robertson et al. 2006; Chapman et al. 2014), although there
is no cause-and-effect relationship, unless the direction of the connection were reversed [10].
Further, to be more inclusive of all common terminology used across diverse aquatic
ecosystems in Canada, ‘shoreline’ may be added to the pressure node, 'Scouring of channel
bed/bank erosion' node, altering it to ‘Scouring of the channel bed and bank/shoreline erosion’
[11].

Water level/flow modification -> Scouring of channel bed/bank erosion -> Decrease in
channel stability -> Change in channel morphology or shoreline morphology ->
Sedimentation of fish habitat (/*)

As discussed above, there is a well-established connection between water level/flow
modification and scouring of channel bed and bank/shoreline erosion resulting in sedimentation
of fish habitat. This connection is direct and occurs independently of channel stability and
morphology; therefore, a direct connection could be made from ‘Scouring of the channel bed
and bank/shoreline erosion’ to ‘Sedimentation of fish habitat’ [12]. Longer-term, the impacts that
water level/flow modification has on channel stability and channel and shoreline morphology
may also result in continued erosion and sedimentation of fish habitat (Clarke et al. 2008).
Notably, alterations in water flow alter sediment supply rates more generally (e.g., reduced flow
would reduce sediment supply). Therefore, an ‘Altered sediment supply’ node may be added,
creating the pathway: ‘Water level/flow modification’ -> ‘Altered sediment supply’ -> ‘Change in
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channel morphology or shoreline morphometry’ [13]. Here, we considered morphometry as the
physical shape and structure of shoreline/channel/lake bed. Further, these changes related
directly to habitat structure and cover, therefore, a connection may be added from ‘Change in
channel morphology or shoreline morphometry’ to ‘Change or loss of habitat structure or cover’
[14].

Water level/flow modification -> Alteration of attraction flows/flow barriers -> Alteration of
migration patterns/access to habitat -> Change or loss of fish passage (I*)

Water flow plays an essential role in fish passage through both attraction of fishes to passable
locations as well as limiting passage through flow barriers. This is most studied in relation to
dams and related fish passage structures (reviewed by Coutant and Whitney 2000; Bunt et al.
2012). In addition to changes in fish passage, alterations of water flow can also impact other
processes such as spawning behavior and success (Auer 1996). For a variety of reasons,
alterations in flow patterns can have substantive effects on fish community composition, likely
through a range of sublethal effects (Cushman 1985; Bain et al. 1988). There is a DFO
framework developed for management of flow modifications that may serve as a reference for
assessing impacts (DFO 2013), a toolkit developed for fish passage, ecological flow
management and fish habitat works (Katopodis 2005), and a meta-analysis on the effects of
water management on aquatic communities (Haxton and Findlay 2008). Overall, there are a
variety of ways in which flows may affect access to habitat and migration success beyond just
attraction flows. Therefore, to be more encompassing, ‘Alteration of attraction flows/flow
barriers’ may be removed, connecting ‘Water level/flow modification (change in hydraulics)
including impoundments’ to ‘Alteration of migration patterns/access to habitat’ directly [15,15].
Further, although reduced migration success or habitat access is often related to reduced fish
passage, this can also occur independent of passage issues, hence a direct connection could
be made from ‘Alteration of migration patterns/access to habitat’ to ‘Sublethal effects and/or
mortality’ [16].

Water level/flow modification -> Change to or loss of wetted area (/)

There is a direct connection between modification of water levels/flows to change or loss of
wetted area as water levels and wetted area are functionally synonymous.

Water level/flow modification -> Change or loss of habitat structure and cover (/)

In addition to impacting wetted area, in some cases the modification of water level and/or flow
can also influence structural habitat availability. This is documented most often in respect to key
shallow water habitat that often supports spawning, early life stages, as well as structure for
general refuge and foraging (Zorn et al. 1998; Freeman et al. 2001; Grabowski and Isely 2007;
Gaeta et al. 2014).

Water level/flow modification -> Displacement or* stranding of fish -> Change in thermal
cues or temperature barriers -> Fish mortality (/*)

The * above indicates a spelling error in the current PoE diagram. As discussed prior, there is a
well-established relationship between modification of water level and/or flow and fish stranding
and displacement (reviewed by Steele and Smokorowski 2000; Halleraker et al. 2003; Clarke et
al. 2008; Nagrodski et al. 2012; Irvine et al. 2015). Alterations in the timing and intensity of water
flow from natural regimes can substantially alter fish displacement rates (Harvey 1987; Liebig et
al. 1999). Studies consistently find seasonal and diel variation in stranding probability, which
may be related in some cases to water temperature. For example, cold water temperatures may
limit fish swimming capabilities, and in turn their capacity to move effectively to safe water
during rapid water level declines. However, the above syntheses revealed little evidence of the
role of thermal cues and temperature barriers in fish stranding. There are a variety of reasons
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why fish become displaced or stranded, the primary driver being rapid changes in water flow.
Therefore, ‘Change in thermal cues or temperature barriers’ may be removed, making a direct
connection from 'Displacement or stranding of fish' to 'Sublethal effects and/or fish mortality'
[17,17].

Water level/flow modification -> Displacement or* stranding of fish -> Change in thermal
cues or temperature barriers -> Alteration of migration patterns/access to habitat ->
Change or loss of fish passage (/)

It is well documented that reductions in water flow often cause increases in riverine water
temperature, which has been implicated in changes in fish productivity and community structure
(Bunn and Arthington 2002; Clarke et al. 2008; Bae et al. 2016). Riverine fishes also commonly
rely on temperature and/or flow cues for seasonal movements or migration, which has been
documented in relation to spawning (e.g., Rusak and Mosindy 1997; Tornabene et al. 2020).
Yet, this specific pathway involving fish displacement or stranding, followed by temperature-
related impacts on habitat access and subsequent loss of fish passage, is not well supported in
the literature. As discussed above, alterations to this pathway would improve accuracy and
comprehensiveness [17,17].

Water level/flow modification -> Change in water temperature -> Change in thermal cues
or temperature barriers -> Fish mortality (/)

As discussed above, changes in water flow and associated changes in water temperature in
riverine habitats have well documented connections to changes in fish productivity and
community structure (Bunn and Arthington 2002; Clarke et al. 2008; Bae et al. 2016), as well as
changes in thermal cues or temperature barriers (e.g., Rusak and Mosindy 1997; Tornabene et
al. 2020). There is certainly evidence linking water level or flow modifications and associated
water temperature changes directly to fish mortality through stranding, as discussed above.
Declines in water flow and increases in water temperature are well documented to have lethal
and sublethal effects on salmonids during their riverine spawning migration (Farrell et al. 2008).
This could be considered a form of temperature barrier that limits access to spawning habitat.
This would be more accurately defined as an exclusion than a barrier, although we do not
suggest this change explicitly here, it could be considered. As discussed above, sublethal
effects and fish mortality can be caused by changes in temperature independent of thermal
cues or temperature barriers, therefore, a direct connection could be added from ‘Altered water
temperature’ -> ‘Sublethal effects and/or mortality’ [18].

Water level/flow modification -> Change in water temperature -> Change in thermal cues
or temperature barriers -> Alteration of migration patterns/access to habitat -> Change or
loss of fish passage ()

As discussed above, this is a well-supported pathway (Rusak and Mosindy 1997; Bunn and
Arthington 2002; Clarke et al. 2008; Bae et al. 2016; Tornabene et al. 2020).

4. Introduction of wastewater

Introduction of wastewater -> Thermal loading -> Change in water temperature -> Change
in thermal cues or temperature barriers -> Fish mortality (/)

Wastewater is a broad term that may refer to any water that has been contaminated by human
use, and hence comes from a wide variety of sources — it may have a variety of potentially
harmful characteristics, depending on the source. Wastewater effluents from sources such as
urban water treatment or nuclear power plants are often warmer than ambient aquatic
ecosystem temperatures, especially during colder environmental conditions (Kinouchi et al.
2007; McCallum et al. 2019). These warm effluents have been associated with substantially
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altered fish communities in affected areas (McCallum et al. 2019), and may in some cases
attract fish but have negative impacts on their fitness, serving as an ecological trap (Mehdi et al.
2021). Rapid changes in effluent flow rates from nuclear power facilities and associated
changes in temperature have been documented to cause fish mortality and sublethal effects
(Coutant 1977). The effects of wastewater on fish may be highly variable depending on species
characteristics, including their behavioral responses (attraction or repulsion), and physiological
tolerances of varied and often adverse conditions at effluents (Burns et al. 2019; McCallum et
al. 2019; Mehdi et al. 2021).

Introduction of wastewater -> Thermal loading -> Change in water temperature -> Change
in thermal cues or temperature barriers -> Alteration of migration patterns/access to
habitat -> Change or loss of fish passage (/ll)

The connections from introduction of wastewater to thermal cues and temperature barriers are
discussed above and well-supported. Water temperature often has a major impact on fish
passage success as well (reviewed by Coutant and Whitney 2000; Bunt et al. 2012). However,
this pressure pathway from wastewater to fish passage has not been well documented. It is
plausible given the functional connections amongst each component, although the prevalence
of this issue is unknown. However, to be concise, ‘Thermal loading’ could be removed, retaining
the key connection from ‘Introduction of wastewater’ -> ‘Change in water temperature’ [19,19].

Introduction of wastewater -> Thermal loading -> Decrease in dissolved oxygen ->
Decrease in water quality (/%)

Introduction of wastewater has been well documented to increase both water temperature and
dissolved oxygen; however, dissolved oxygen is not specifically referenced throughout these
diagrams, rather it is considered to be an integral part of water quality (DFO 2021). Therefore,
‘Decrease in dissolved oxygen’ may be removed, connecting “Thermal loading’ directly to
‘Decrease in water quality’ [20,20].

Introduction of wastewater -> Nutrient loading -> Increase in nutrients -> Decrease in
water quality (/%)

Wastewater may contain high concentrations of nutrients such as phosphorus and nitrogen,
especially that from certain agricultural, industrial, and urban sources. This has a well-
documented impact on water quality (Carey and Migliaccio 2009), and has been linked directly
with changes in fish communities (Tetreault et al. 2013). However, to be concise, ‘Nutrient
loading’ could be removed, retaining the key connection from ‘Introduction of wastewater’ ->
‘Increase in nutrients’ [21,21].

Introduction of wastewater -> Deposit of deleterious substances -> Decrease in water
quality (I*)

In addition to nutrients, wastewater also commonly contains a wide variety of substances that
can be harmful to fish health (Schlacher et al. 2007; Vajda, Alan et al. 2008; Lozano et al.
2012). These chemicals can have a diversity of impacts, including reduced reproductive

success (Vajda, Alan et al. 2008). There is a strong basis of support for connecting 'Decrease in
water quality' to 'Sublethal effects and/or mortality' [22].

Additional considerations

Introduction of wastewater influences not only water quality, but also water quantity, as it
becomes a water source for effluent systems (Carey and Migliaccio 2009; Tetreault et al. 2013).
Therefore, a connection could be added from ‘Introduction of wastewater’ to ‘Water level/flow
modification (change in hydraulics) including impoundments’ [23]. In particular, variability in
wastewater outflows may affect systems that become highly dependent upon those flows for
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maintenance of wetted area. Additionally, the effects being described within this diagram are
broadly related to both water flow and water levels; therefore, the name of this diagram could be
altered for ‘WUAs affecting flows’ to ‘WUAs affecting water levels and flows’ [24]. Last,
‘pumping’ is included in the ‘dewatering/pumping’ pressure node, but pumping is a WUA.
Hence, ‘pumping’ may be moved to the broader description of WUAs, altering the pressure
node to ‘dewatering’ [25].
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CONCLUSIONS

The recently amalgamated four PoE diagrams aim to provide a comprehensive and accurate
representation of the majority of common WUAs and their potential impacts on fish and fish
habitat for the purposes of FFHPP communication and decision making. Here we propose a
range of potential changes and additions to these diagrams to help meet these ends. Itis
important to recognize the balance between representing the high level of complexity of the
interrelationships of WUAs, pressures, and endpoints, and maintaining tractable models for their
expressed purpose of FFHPP communication and decision making. Recognizing this balance,
this review and proposed changes to draft PoE diagrams are not completely comprehensive of
every way in which WUAs, pressures, and endpoints are potentially interconnected, but focus
on core connectivity and diagram functionality. Consideration of this trade-off while integrating
these recommendations is important to ensure maximum validity and applicability by FFHPP,
and further development and application will require interpretation of these implicit complexities
within simplified diagrams. It may be of value to assess how readily key links in these diagrams
can be broken, which may be informed in part by the resources provided in this document and
the associated literature database. To employ ecosystem-based management accounting for
the cumulative effects of activities on ecosystem state, there is a need to further identify
interconnectivity amongst these PoE diagrams, as well as the how various pressure pathways
interact to produce cumulative impacts.
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APPENDIX

Table 1A: A list of the 20 previous Pathways of Effects diagrams that have been consolidated in to four.

Land-Based Activities In-Water Activities
e Cleaning or maintenance of bridges or e Addition or removal of aquatic vegetation
other structures

e Excavation e Change in timing, duration and frequency
of flow

e Grading e Dredging

e Riparian planting e Fish passage issues

e Streamside livestock grazing e Marine seismic surveys

e Use of explosives e Organic debris management

e Use of industrial equipment e Placement of material or structures in
water

o Vegetation clearing e Structure removal

- o Useof explosives
- e Use of industrial equipment
- e Wastewater management

- e  Water extraction
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