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Abstract 

Streams are dynamic, disturbance-driven ecosystems, where flow plays a 

dominant role structuring biological communities. Anthropogenic activities on streams 

change natural patterns of flow and disturbance, which in turn alters the conditions to 

which resident fishes are adapted, and their survival and fitness. Run-of-river (RoR) 

hydropower projects are an example of an anthropogenic activity that may alter stream 

ecosystems by temporarily diverting a proportion of stream flow to produce electricity. 

RoR hydropower projects have increased considerably in number and importance in the 

last three decades in both British Columbia and worldwide. Although there is a 

perception that RoR hydropower has minimal effects on stream ecosystems due to the 

small physical footprint of projects, we know surprisingly little about the impacts of RoR 

hydropower on fish populations.  In this thesis, I use a combination of published 

research, empirical data, and models to evaluate a range of hypotheses regarding how 

RoR hydropower may affect fish populations, concentrating on salmonid species whose 

freshwater habitats often overlap with RoR projects. In Chapter 2, I synthesize the 

impact pathways by which RoR hydropower may influence salmonid populations, 

inferred from studies of reservoir-storage hydropower and salmonid ecology. In Chapter 

3, I use empirical data to quantify increases in water temperature due to RoR flow 

diversion and explore the possible consequences for resident fish growth with 

bioenergetics models. In Chapter 4, I evaluate how stranding from anthropogenic flow 

fluctuations affects the long-term population dynamics of coho salmon (Oncorhynchus 

kisutch) in RoR-regulated rivers using a matrix model integrating both the strength and 

timing of freshwater density dependence. Finally, in Chapter 5, I quantify the high level 

of uncertainty in how much compensation habitat is required to offset chronic mortality 

incurred by multiple life-stages of coho salmon. The global emergence of RoR 

hydropower projects emphasizes the importance of understanding their effects on 

aquatic ecosystems. Overall, our capacity to protect and restore threatened salmonid 

populations rests upon our ability to not only better understand the pathways of impacts, 

but also the effectiveness of both natural (density dependence) and human (habitat 

compensation) interventions that can be used to offset anthropogenic mortality. 
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General Introduction 

Freshwater organisms are among the most endangered groups of organisms 

worldwide even though freshwater ecosystems represent less than 1% of Earth’s 

surface (Williams and Miller 1990; Dudgeon 2010; Tickner et al. 2020). Freshwater 

ecosystems are in faster decline than terrestrial ecosystems, with up to a third of 

freshwater species extinct or imperiled in North America alone (Jelks et al. 2008). 

Several threats challenge the survival and resilience of freshwater species, among which 

irrigation, overharvest, invasion by exotic species, pollution, climate change, and 

dams/water impoundment (Richter et al. 1997; Strayer and Dudgeon 2010; Tickner et al. 

2020). Growing human societies in the past decades increased both the pressures on 

stream ecosystems and the demands for energy to fuel development and booming 

economies. For example, over 800,000 dams have been built worldwide since the 

beginning of the 20th century, collectively influencing more than half of global runoff and 

intercepting 25% of naturally transported sediment (Vörösmarty and Sahagian 2000; 

Jackson et al. 2001; Pittock and Hartmann 2011). The global demand for energy is 

expected to further increase 14-33% by 2035 (OECD 2013). In response, calls to 

develop renewable electricity (e.g. wind, solar, biomass, small-scale hydropower) are 

increasing rapidly because they are deemed more environmentally friendly than 

traditional, large-scale industries like large dams and reservoirs or coal plants (Evans et 

al. 2009).  

Small-scale diversion run-of-river (RoR) hydropower projects are a small-scale 

source of renewable energy increasingly relied upon in global energy policies, including 

in British Columbia (BC, Canada). For example, BC experienced a shift away from 

primarily relying on large dam-reservoirs for electricity production, to a system that 

included the construction of many small production facilities operated by private 

corporations (Jaccard et al. 2011). Worldwide, the contribution of small hydropower to 

global power generation increased from 32,000 to 45,000 megawatts (MW) from 2001 to 

2010 (Abbasi and Abbasi 2011). An average of 11 small dams are now built for every 

large hydropower dam, contributing 11% of the global energy capacity of hydropower 
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(Couto and Olden 2018). Many regions developed new RoR hydropower facilities, 

particularly in the southern hemisphere, e.g. in Indian Himalaya (Grumbine and Pandit 

2013), China (Wang et al. 2010, Couto and Olden 2018), Thailand (Aroonrat and 

Wongwises 2015), Africa (Chiyembekezo 2013), and Central and South America 

(Anderson et al. 2006, Couto and Olden 2018), but also in Europe and the United States 

(Couto and Olden 2018). Consequently, the effects of small hydropower dams on stream 

ecosystems was listed as one of the 15 emerging issues of relevance to global 

conservation in 2020 (Sutherland et al. 2020). 

The flow of water across inland landscapes plays a dominant role regulating the 

biological communities in the dynamic, disturbance-driven stream ecosystems. The 

natural flow regime of rivers, characterised by the magnitude, frequency, duration, 

timing, and rate of change of flow events, affects aquatic organisms over short- to long-

term timescales (Poff et al. 1997). RoR hydropower alters the natural flow regime of 

regulated rivers by temporarily diverting, using a low-head dam, a proportion of stream 

flow from the main river channel through a long tunnel leading to a powerhouse where 

electricity is generated. The water is then returned to the river channel. Water storage is 

limited to a headpond upstream of the low-head diversion dam, but the diversion of 

water for RoR hydropower creates a bypassed river reach with reduced flow. RoR 

hydropower typically refers to infrastructure with energy output up to 25 MW but more 

generally below 10 MW, though the definition varies across political jurisdictions (Abbasi 

and Abbasi 2011, Couto and Olden 2018). Although there is a perception that RoR 

hydropower has minimal impacts on natural ecosystems due to the small physical 

footprint of projects, we know surprisingly little about their impacts on stream 

ecosystems (Abbasi and Abbasi 2011; Couto and Olden 2018). Effects of RoR 

hydropower may be particularly important for anadromous and resident salmonid fishes, 

whose habitats in high-gradient, mountainous streams often overlap with RoR 

hydropower infrastructure. Salmonids have unique ecological, cultural, and economic 

roles (Gende et al. 2012, Naiman et al. 2002), and are distributed in coastal and inland 

rivers around the world. Native populations face many threats and have declined 

dramatically in abundance over the last decades in their native ranges (Slaney et al. 

1996; Gustafson et al. 2007; Crozier et al. 2019). The main causes of decline are low 

marine survival, overharvesting, climate change, competition from hatchery 

supplementation, and the degradation of freshwater habitat they rely on (Kareiva et al. 
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2000; Chittenden et al. 2010). The increasing importance of RoR hydropower in rivers 

worldwide is likely to add pressures on salmonids by further altering their freshwater 

habitats. 

In this thesis, I combine published research, empirical data, and models to 

evaluate a range of hypotheses exploring how RoR hydropower potentially affect 

salmonids. In Chapter 2, I explore the impact pathways by which RoR hydropower may 

influence salmonid populations by reviewing and synthesizing studies on larger 

reservoir-storage hydropower and general salmonid ecology. I focus on three pathways 

of effect by which RoR hydropower may influence salmonids and suggest avenues of 

new research to fill in the main knowledge gaps identified. In Chapter 3, I explore how 

the reduction in stream flow in bypassed reaches due to flow diversion by RoR 

hydropower may influence temperature regimes and fish growth using empirical and 

simulated data from two RoR regulated streams in BC. I quantify changes in water 

temperatures and assess the potential impacts to growth of resident rainbow trout 

(Oncorhynchus mykiss) using bioenergetics models under a range of food consumption 

scenarios. In Chapter 4, I evaluate how fry stranding due to anthropogenic flow 

fluctuations downstream of RoR infrastructures affects coho salmon (Oncorhynchus 

kisutch) population dynamics. Specifically, I use a stochastic stage-structured matrix 

model to simulate how the timing and magnitude of anthropogenic flow fluctuations 

influenced population abundance and extinction risk of coho salmon. I also integrate how 

the timing and strength of natural density-dependent survival bottlenecks experienced by 

salmon in freshwaters moderate or amplify the potential for RoR-induced mortality to 

scale to emergent population dynamics. Finally, in Chapter 5, I expand the consideration 

of impacts to salmonid fishes in freshwater ecosystems beyond RoR hydropower alone, 

and quantify the high level of uncertainty in how much compensation habitat is required 

to offset a wide range of anthropogenic sources of mortality imposed on three life-stages 

of coho salmon. To do so, I run simulations to determine the amount and productivity of 

habitat compensation required to offset chronic anthropogenic mortality and avoid losses 

of population productivity from anthropogenic sources like forestry practices, entrainment 

in small and large dams, harvesting, ocean mortality etc. I also assess which life stages 

have the best potential to react to the building of compensation habitat in freshwater and 

affect emergent population dynamics.  
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The global emergence of RoR hydropower projects emphasizes the importance 

of understanding their effects on aquatic ecosystems. Overall, to protect and restore 

threatened salmonid populations we need to not only better understand the pathways of 

impacts, but also the effectiveness of both natural (density dependence) and human 

(habitat compensation) interventions that can offset anthropogenic mortality. As such, 

protecting and restoring threatened salmonid populations require that we increase our 

capacity to evaluate the efficacy of policies and practices of industry and regulators so 

that we can both protect biodiversity and stream ecosystems, and support our growing 

needs for energy production. 

Contributions 

My thesis was a collaborative work, and each chapter is either a published 

manuscript (Chapter 2), in last rounds of revisions (Chapter 3), or prepared for 

submission (Chapters 4 and 5). My thesis chapters are thus written using the first-person 

plural; however, I assembled data from industry or literature sources, designed and 

performed analyses (including writing R code), interpreted results, and wrote and revised 

drafts. My work greatly benefited from feedback from co-authors, committee members, 

and colleagues that are acknowledged in my thesis and in the acknowledgement section 

of each chapter. The general introduction and conclusions represent my own views and 

perspectives.  



5 

  
 
Run-of-River hydropower and salmonids: potential 
effects and perspective on future research1  

2.1. Abstract 

The spatial footprint of individual run-of-river (RoR) hydropower facilities is smaller than 

reservoir-storage hydroelectric projects and their impacts to aquatic ecosystems are often 

assumed to be negligible. However, these effects are poorly understood, especially for 

salmonids whose freshwater habitat often overlaps with RoR hydropower potential. Flow 

regulation for RoR hydropower is unique in how it influences the seasonality and magnitude of 

flow diversion, and because low-head dams can be overtopped at high flows. Based on a 

review of the primary literature, we identified three pathways of effects by which RoR 

hydropower may influence salmonids: reduction of flow, presence of low-head dams 

impounding rivers, and anthropogenic flow fluctuations. We synthesized empirical evidence of 

effects of RoR hydropower on river ecosystems from 31 papers, of which only ten explicitly 

considered salmonids. We identified key research gaps including impacts of extended low flow 

periods, anthropogenic flow fluctuations, and cumulative effects of multiple RoR projects. Filling 

these gaps is necessary to help manage and conserve salmonid populations in the face of the 

growing global demand for small-scale hydropower.    

2.2. Introduction 

 Rivers are dynamic, disturbance-driven ecosystems, where flow plays a 

fundamental role in structuring aquatic and riparian communities (Resh et al. 1988; Poff et al. 

1997a; Murchie et al. 2008). The natural flow regime (NFR) of rivers is defined by the 

magnitude, frequency, duration, timing, and rate of change of flow events, each of which affect 

stream-dwelling aquatic organisms over short-term to evolutionary timescales (Poff et al. 1997). 

Many anthropogenic activities can alter the flow and disturbance regimes of streams, which in 

turn may affect the survival and fitness of native species (Poff and Ward 1990; Reice et al. 

 

1 A version of this chapter was published in the Canadian Journal of Fisheries and Aquatic Sciences in 
2017 
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1990; Strayer and Dudgeon 2010). Impoundment of water by dams, either built for irrigation, 

flood control, or hydroelectricity generation, is one of the greatest anthropogenic drivers of 

change to NFRs. Over 800,000 dams have been built worldwide since the beginning of the 20th 

century, collectively influencing more than half of global runoff and intercepting 25% of naturally 

transported sediment (Vörösmarty and Sahagian 2000; Jackson et al. 2001; Pittock and 

Hartmann 2011). Storage dams retain water for extended periods in reservoirs, and 

subsequently release it at times that can be out of phase and frequency with NFRs (Rosenberg 

et al. 1997; Murchie et al. 2008). Such deviations from NFRs cause flow alterations that have 

well-documented consequences for river geomorphology, continental runoff, riparian 

communities, and macroinvertebrate and fish populations (Nilsson et al. 2005; Murchie et al. 

2008; Poff and Zimmerman 2010).  

In recent decades, small-scale hydropower production, consisting primarily of small-

scale Run-of-River (RoR) hydropower, has emerged as an alternative to the construction of new 

reservoir-storage or large dams because of their perceived lower economic, social, and 

environmental costs (Postel et al. 1996; Abbasi and Abbasi 2011; Anderson et al. 2014). For 

example, the contribution of small hydropower to global power generation nearly doubled from 

2001 to 2010, increasing from 32,000 to 45,000 megawatts (MW) (Abbasi and Abbasi 2011), as 

many regions have developed new small-scale RoR hydropower facilities (e.g., Canada: Cyr et 

al. (2011); Sopinka et al. (2013); Indian Himalaya: Grumbine and Pandit (2013); China: Wang et 

al. (2010); Thailand: Aroonrat and Wongwises (2015); Africa: Chiyembekezo (2013); Central 

America: Anderson et al. (2006); Europe: Anderson et al. (2014); Spänhoff (2014). Although no 

universally accepted definition exists, small-scale RoR hydropower (hereafter referred to as 

RoR hydropower) typically refers to low-head diversion dams with energy output up to 25 MW 

(Abbasi and Abbasi 2011). However, some countries like China and Canada consider facilities 

with installed capacities less than 50 MW as small hydropower (Cyr et al. 2011; Kibler 2011). 

Despite the increased development of RoR hydropower, there is a paucity of peer-reviewed 

research into the effects of RoR hydropower on aquatic ecosystems in which they occur, 

leading to knowledge gaps about the effects to aquatic species (but see (Abbasi and Abbasi 

(2011) and Anderson et al. (2014) for recent reviews). Here we provide the most comprehensive 

global synthesis of observed and potential effects from RoR hydropower on salmonid fishes.  

We focus our review on salmonid fishes because of their unique ecological, cultural, and 

economic importance (Naiman et al. 2002) as well as their near-global distribution in coastal 

and inland rivers. Based on the unique characteristics of flow diversion created by RoR 



7 

hydropower, we synthesized empirical peer-reviewed literature and expanded upon information 

from previous reviews to hypothesize three main pathways of effect (e.g. altered ecological 

mechanisms, linking causes to effects) by which RoR hydropower operations could impact 

salmonids: the reduction of flow in river reaches, the presence of low-head dams impounding 

rivers, and the creation of anthropogenic flow fluctuations. We evaluated the evidence in 

support of these pathways based on a comprehensive search of the peer-reviewed literature on 

RoR hydropower (n= 31 empirical studies), as well as relevant literature from other forms of flow 

regulation similar to RoR hydropower. Importantly, our synthesis excludes the effects of ROR 

hydropower on riparian ecosystems, as such effects are expected to be very similar to those 

produced by other industrial activities (e.g. terrestrial footprint of facilities, construction of roads 

and powerlines, etc.) and reviewed elsewhere (e.g., Smith et al. (1991); Weltman-Fahs and 

Taylor (2013); Abbasi and Abbasi (2011). The specific goals of our review are to: 1) categorize 

the unique characteristics of flow diversion by RoR hydropower operation, 2) evaluate the 

support from the peer-reviewed literature for three main pathways of effect on salmonid fishes, 

and 3) identify critical knowledge gaps that can be used as priorities to guide future research. 

We organize the findings of existing peer-reviewed studies into a framework under the NFR 

paradigm, and maintain a broad geographic scope to maximize the extent of the synthesis. We 

hope these unique characteristics of our review make its findings and conclusions applicable to 

as many contexts as possible, and help focus new research on filling the highest priority 

knowledge gaps. 

2.3. Methods: Literature synthesis of RoR hydropower 

 To identify peer-review literature examining the effects of RoR hydropower on 

salmonid fishes, we searched the Web of Science and Aquatic Sciences Fisheries Abstracts 

databases through April 2016 for combinations of the keywords: "run of river", "small hydro", 

"small hydropower", "water diversion" crossed with the keywords "salmonid", "trout", and "fish". 

We also used the literature cited by each paper, as well as high-quality grey literature sources 

(e.g. Robson et al. 2011), to identify additional peer-reviewed literature related to the effects of 

RoR hydropower on salmonid fishes. We screened the peer-reviewed papers to include only 

those focused on RoR hydropower technology (i.e., low-head dams producing hydroelectricity), 

but information from low-head dams build for purposes other than hydropower (e.g. irrigation, 

municipal uses) was used to substantiate pathways where possible. We identified 47 peer-

reviewed studies specific to the effects of RoR hydropower, of which 31 empirical studies 
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covered impacts of RoR hydropower on fishes, invertebrates, or river habitat (Table 2-1, Figure 

2.1).  Of these 31 empirical papers, 17 examined the effects of RoR hydropower on fish, but 

only 10 specifically addressed salmonid fishes (Table 2-1). A total of 14 other papers were 

related to economics, energy policy, geopolitics, and the geography of RoR hydropower (n= 9), 

or covered related topics such as comparison between small and large dams or cumulative 

impacts (n= 3), engineering (n= 1), and dam classification or removal (n= 1) (Appendix A). In 

addition to these empirical papers, we identified two recent reviews, one focused on the history 

of RoR hydropower technology that challenges the perception that ecological impacts are 

minimal (Abbasi and Abbasi 2011), and a second that included a brief overview of two pathways 

of impact by which RoR hydropower may affect the physical and ecological conditions of rivers, 

but did not address impacts to fish or salmonids (Anderson et al. 2014). The papers included 

here encompass a near global geography in order to compensate for the general paucity of 

peer-reviewed studies on this topic, and to help inform our understanding of the potential effects 

of RoR hydropower on river ecosystems using all available information.  

2.4. Characteristics of flow diversion for RoR hydropower and 
interactions with salmonids 

RoR hydropower projects can take on a variety of designs, however, the majority occur 

in high-gradient, mountainous rivers where kinetic energy, produced from the drop of water over 

a sharp elevation gradient, creates a hydraulic head for electricity production (Abbasi and 

Abbasi 2011; Anderson et al. 2014). High-gradient RoR hydropower projects, called high-head 

schemes (Anderson et al. 2014), are characterized by a low-elevation dam (henceforth called 

low-head dam) that creates an upstream impoundment (headpond) with little storage capacity 

(Figure 2.2). We found that 77% of the empirical papers we reviewed focused on such 

hydropower schemes, while 17% provided no clear description of the RoR designs (see Table 

2-1). Low-head dams create relatively small headponds with limited water storage capacity, 

creating the expectation that flow regimes in rivers regulated by RoR hydropower will more 

closely mimic NFR than reservoir-storage systems (Poff and Hart 2002; Shaw 2004; Kibler and 

Tullos 2013). Low-head dams divert existing flow through intake structures into a pipe 

(penstock) running parallel to the river for several kilometers until reaching a powerhouse where 

turbines are rotated to generate electricity. The diversion of water from the dam to the 

powerhouse results in a reach immediately downstream of the dam with lower than natural 

flows, termed the bypassed reach (also referred to as the diversion reach in Canada, dewatered 
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reach in the USA, or depleted reach in the United Kingdom). Diverted water is then returned 

back to the river channel after passing through the powerhouse. RoR hydropower operations 

thus result in unique forms of flow regulation when compared to reservoir-storage hydropower 

dams or RoR dams built for purposes other than hydropower (e.g., water diverted for irrigation 

or municipal uses), which are consequently likely to influence river ecosystems in different 

ways.  

 The high-gradient rivers where most RoR hydropower projects are located are 

also often the well-oxygenated, clear, and cold river habitat favoured by many anadromous and 

resident salmonids (subfamilies Salmoninae) (Shaw 2004; Wohl 2006). Salmonid fishes exhibit 

a wide range of life history strategies, some of which are more likely than others to be sensitive 

to the effects of RoR hydropower (Table 2-2). Overall, low-head dams have the potential to 

impede the completion of salmonid life cycles through two primary mechanisms: blocking 

movement and migration among important habitats, or by chronic exposure to reduced or more 

variable flows within the footprint of RoR hydropower. For example, anadromous salmon 

species with life histories requiring long-distance freshwater migrations through high order 

streams, like steelhead (Onchorhynchus mykiss) and Atlantic (Salmo salar) salmon, may be 

especially vulnerable to encountering barriers from dams along their long migrating journey. 

Salmonids with resident life histories like rainbow (O. mykiss) and brook trout (Salvelinus 

fontinalis) that spend the entirety of their lives in freshwater and do not undergo extensive 

freshwater migrations, are more likely to be vulnerable to the effects of chronic exposure to RoR 

hydropower. Salmonids like adfluvial and fluvial Bull Trout (S. confluents) that undergo both 

extensive freshwater migrations and spend large portions of their lives in higher order streams 

are likely to be among the most vulnerable salmonids to barriers to migration and chronic 

exposure to RoR hydropower. In contrast, the short residence time in freshwater and shorter 

freshwater migrations of pink (O. gorbuscha) and chum (O. keta) salmon make them potentially 

the least vulnerable to impacts from RoR hydropower (Table 2-2). Other species like Chinook 

salmon (O. tshawytscha) tend to spawn in larger riverine systems not directly affected by small 

RoR low-head dams. Overall, the overlap between RoR hydropower operations and salmonid 

habitats only provides a basis for possible negative consequences to salmonid fishes. Our 

review of pathways below highlights the many knowledge gaps remaining about the relative 

vulnerability of salmonids to flow diversion by RoR hydropower.      

 Changes to natural hydrographs due to RoR hydropower operations are 

expected to vary by reach (upstream, downstream, and bypassed) in rivers influenced by RoR 
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hydropower. The creation of headponds inundates riparian areas and fundamentally interrupts 

the NFR in reaches immediately upstream of low-head dams by reducing flow variability, 

velocity, and turbulence, and increasing the deposition of fine sediment (Csiki and Rhoads 

2010; Butler and Wahl 2011). Such changes in physical habitats can lead to impacts on riverine 

ecosystems by reducing water quality and altering the abundance, richness, and composition of 

periphyton, invertebrate, and fish assemblages (Santucci et al. 2005; Mueller et al. 2011; 

Anderson et al. 2014). In contrast, the flow regime in reaches downstream of RoR powerhouses 

is expected to be the most similar to the NFR since water diverted for power generation is 

returned to rivers after passing through turbines (Poff and Hart 2002; Kibler and Tullos 2013; 

Senay et al. 2016). Nonetheless, the return of water at the tailrace may have a hydraulic impact 

on benthic macroinvertebrate composition (Anderson et al. 2015) or fish as a result of dissolved 

gas super-saturation (Weitkamp and Katz 1980). RoR hydropower operations are expected to 

cause the greatest changes to the NFR in bypassed reaches, where a proportion of flow is 

removed for power production. The amount of flow removed can vary widely depending on 

national, regional, or local regulations (e.g. up to 100% in some systems in China, Kibler and 

Tullos 2013, or the Czech Republic, Kubečka et al. 1997) or the time of year. The degree of flow 

alteration in bypassed reaches can be especially pronounced during seasonal periods of low to 

moderate natural flows, when the amount of water diverted by RoR hydropower operations 

translates into the highest proportion of flow removed from the channels. For example, up to 

97% of the natural flow was diverted for RoR hydropower during fall, winter, early spring, and 

late summer months in some snow-dominated watersheds of western Canada or during dry fall, 

mid-summer, and winter months in rainfall-runoff dominated mountainous areas of China 

(Figure 2.3). Diverting the highest proportion of flow during periods of low flow results in large 

changes to the frequency, duration, timing, and magnitude of low flows in bypassed reaches 

compared to natural conditions (Ovidio et al. 2008; Kibler and Tullos 2013). In contrast, during 

seasonal periods of high natural flows (and episodic high flow events), bypassed reaches 

downstream of RoR hydropower dams more closely match the NFR because headponds have 

limited water storage capacity (Poff and Hart 2002) and withdrawals for power production are 

proportionally smaller. For example, the proportion of flow removed during late spring and early 

summer months only equals 6-30% of discharge during high flows in the snow-dominated 

watersheds of Northwestern Canada or rainfall-runoff dominated mountainous areas of China 

(Figure 2.3). Seasonal alterations to the NFR by RoR hydropower operations, in addition to the 

physical barrier presented by low-head dams, in turn affect physical and geomorphic 

characteristics of rivers that are important for salmonid fishes. 
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A large amount of literature documents changes in water quality, habitat quantity, and 

geomorphology in rivers downstream of reservoir-storage hydropower systems (reviewed by 

Poff and Zimmerman 2010). Though evidence in the peer-reviewed literature specific to RoR 

hydropower is more limited (n= 31), it suggests water quality, habitat quantity, and 

geomorphology can also be affected by RoR hydropower operations (Kubečka et al. 1997; 

Baker et al. 2011; Nislow and Armstrong 2012; Bilotta et al. 2016). Changes to NFR following 

diversion of flow can affect water quality mainly through changes to temperature regimes, pH, 

and dissolved oxygen (Valero 2012). Changes to NFR also alter channel hydraulic, sediment 

transport, and geomorphology downstream of low-head dams. Such changes to water quality 

and physical habitat in turn diminish habitat quality, quantity, and diversity for fishes (Baker et al. 

2011; Fuller et al. 2016). The diversion of flow for RoR hydropower, and subsequent changes to 

water quality and physical habitats in bypassed reaches, therefore constitutes the first pathway 

of effect by which RoR hydropower has the potential to influence salmonids. We further 

consider two additional pathways of effect based on other characteristics of RoR hydropower: 

the presence of low-head dams (Pathway 2), and anthropogenic flow fluctuations due to the 

diversion of water (Pathway 3). The three pathways of effect are described below, where we 

draw upon the empirical evidence from the peer-review literature specific to RoR hydropower to 

support hypothesized mechanisms of impact for salmonid fishes. 

 

2.5. Pathway 1: Reduction of flow in the bypassed reach 

 The effects of flow diversion on water quality and habitat quantity in bypassed 

reaches were reported in 24 studies specifically focussed on RoR hydropower (Figure 2.2), 

although only 10 directly report consequences for salmonids (Table 2-1). Consequences for fish 

ranged from shifts in species assemblages and age composition, to declines in biomass and 

density. For example, in the bypassed reaches of 20 out of 23 RoR hydropower systems 

surveyed in the Czech Republic, water diversion by RoR hydropower dams was found to cause 

a shift in fish assemblages from large- to small-bodied species, as well as a decline in individual 

weight and biomass (Kubečka et al. 1997). Those systems that diverted more than half the 

average annual discharge saw decreases in fish biomass of over 60% (Kubečka et al. 1997). 

Similarly, low flows generated by RoR hydropower were associated with a decrease in adult 

trout densities in 7 out of 11 bypassed reaches studied in France (Sabaton et al. 2008), as well 
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as declines of 42-53% in the biomass of brown trout and shifts in size and age composition from 

adults to juveniles over four years in a bypassed reach in Belgium (Ovidio et al. 2008). The 

operation of RoR hydropower plants also lead to small decreases in species richness in several 

rivers in the UK (Bilotta et al. 2016). Below we outline the main mechanisms by which declines 

in flow may lead to declines in salmonid biomass, density, and changes in size structure in 

bypassed reaches of rivers regulated by RoR hydropower. 

 The diversion of flow for the production of electricity has led to documented 

changes to water quality parameters including dissolved oxygen, pH, conductivity, invertebrate 

communities, and temperature regimes in bypassed reaches of rivers regulated by RoR 

hydropower. In general, changes to water quality parameters were small, and frequently studies 

offered opposite conclusions as to the direction and magnitude of effects, especially for water 

temperature and macroinvertebrates communities. For example, Valero (2012) recorded short-

term increases in pH as well as declines in dissolved oxygen and conductivity in the bypassed 

reach of a RoR hydropower project in Spain. However, slightly lower average pH and variable 

conductivity were noted in bypassed reaches in China (Zhou et al. 2009; Wu et al. 2010a; Wu et 

al. 2012). Empirical evidence of the effects of flow reduction on water temperature in bypassed 

reaches is also mixed. The factors influencing stream temperatures are a complex mix of 

external drivers and internal stream dynamics (Poole and Berman 2001), and reducing flow in a 

river reach has the potential to lead to warmer and more variable stream temperature regimes. 

Studies conducted in bypassed reaches of rivers with RoR hydropower dams report slight 

increases in water temperature in Spain (Valero 2012), USA (McManamay et al. 2015), and 

China (Fu et al. 2008; Zhou et al. 2008; Zhou et al. 2009; Wu et al. 2010a; Wu et al. 2012), but 

no significant differences between bypassed and upstream reaches in Portugal (Jesus et al. 

2004). Low flows during dry and hot seasons, however, triggered markedly warmer 

temperatures in bypassed reaches (~1-3℃) compared to upstream reaches in Costa Rica 

(Anderson et al. 2006) and the Czech Republic (Kubečka et al. 1997), and compared to water 

temperature immediately downstream in China (~5-6C, Wu et al. 2010b). Finally, primary 

producers like diatoms  were adversely affected in bypassed reaches in China (Wu et al. 2010b; 

Wu et al. 2012), while one study points out that significant differences in algal community 

composition between upstream and bypassed sites appeared only after two years of operation 

(Wu et al. 2009). In addition, macroinvertebrates and zooplankton were also affected, with for 

example decreases in species richness and abundance of benthic macroinvertebrates of up to 

38% and 54%, respectively, in Sweden (Englund and Malmqvist 1996), decreases in biomass, 
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density and richness of macroinvertebrates in Portugal (Jesus et al. 2004) and China (Fu et al. 

2008), and decreases in density of zooplankton during low flow months in China (Zhou et al. 

2008). Conversely, other studies in bypassed reaches of RoR hydropower systems documented 

increases in benthic diatom richness, likely due to a relaxation of predation pressure from 

macroinvertebrates and creation of habitat more favorable to algal growth at lower flows (Wu et 

al. 2010b). In other cases, no conclusive evidence of effects, positive or negative, on 

macroinvertebrate biomass or density have been observed in bypassed reaches (Kubečka et al. 

1997; Sabaton et al. 2008). Despite such empirical evidence of changes to water quality 

parameters in bypassed reaches of RoR hydropower, neither the factors influencing these 

changes nor consequences for fish have been clearly identified in the studies reviewed. For 

example, of all the studies reporting on changes to water temperatures, pH or conductivity, only 

three (Anderson et al. 2006; Kubečka et al. 1997; Valero 2012) report on the size of the rivers 

(small to medium), the length of bypassed reaches (0.05 to 4 km), or the amount of flow 

diverted (59-100%) (Table 2-1). Details about designs and river characteristics are equally 

sparse in the studies reporting changes to invertebrate assemblages (Table 2-1). Such limited 

details about ecological context and RoR hydropower design on rivers where studies were 

conducted limit the opportunity to suggest why some studies would note increases in water 

quality parameters while others do not. We can nonetheless hypothesize that changes to water 

quality, temperature, and invertebrates are likely to affect fish habitat and food supply.  

 The magnitude of changes to water quality parameters noted in peer-reviewed 

literature specific to RoR hydropower are generally small in magnitude, and so their effects on 

salmonids remains unclear. Of all water quality parameters discussed above, alterations to 

temperature have the highest likelihood of significantly impacting cold-water species like 

salmonids (McManamay et al. 2015) since even small changes to water temperature regimes 

(e.g. 0.6°C) have the potential to directly affect metabolism and growth of poikilotherm fishes 

like salmonids (Beakes et al. 2014). In general, higher temperatures increase metabolic rates 

and potential for growth up to the thermal optimum, beyond which increases in water 

temperature are physiologically detrimental to fish and can lead to death (Brett 1995). Below the 

thermal optimum, increases in growth with temperature are only possible when food or other 

resources are not limiting (Bryant 2009; Taylor and Walters 2010). If food consumption 

decreases while water temperatures increase, fish experience higher metabolic costs that may 

lead to slower growth and later maturation (e.g., van Poorten and McAdam 2010), or declines in 

total biomass (Beakes et al. 2014). The most important characteristic of RoR hydropower for 
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temperature regimes in bypassed reaches may be the seasonality of flow diversion, and its 

consequence for water temperature, and ultimately, salmonids. For example, diverting 

proportionally more flow during periods of naturally low flows may accelerate the timing and 

increase the magnitude of warming in bypassed reaches of RoR hydropower systems during 

spring and summer. These periods of accentuated low flow in spring and summer also 

correspond to important times for spawning, incubating or rearing salmonids (Table 2-2). As 

found by studies conducted in reservoir-storage systems and in unregulated rivers, increased 

temperatures coinciding with low flows have the potential to change the timing of spawning 

migrations and interspecific interactions (e.g., Freeman et al. 2001; Bendall et al. 2012; Malcolm 

et al. 2012), reduce survival of smolts before and during migrations (Nislow and Armstrong 

2012), and make fish more vulnerable to pathogens (Crozier et al. 2008; Mantua et al. 2010). 

Additionally, these extended periods of low flow can reduce water quality, limit movement of 

nutrients and sediment, and increase competition and predation (Lake 2000; Bradford and 

Heinonen 2008; Walters and Post 2011). In contrast, during winter months, reduced flows may 

decrease water temperature and increase the occurrence of frazil ice (i.e. ice anchored to the 

stream bottom) and freeze-thaw cycles, potentially leading to mortality of salmonid eggs by 

reducing oxygen concentrations, and of fry by damaging gill tissues (Bradford 1994; Bradford 

and Heinonen 2008). Though the consequences of low flows and changes to water temperature 

regimes observed in reservoir-storage systems and unregulated rivers may also manifest in 

bypassed reaches of rivers regulated by RoR hydropower, the magnitude of the differences in 

temperature experienced in bypassed reaches following flow diversion is poorly documented 

and so should be established more clearly and rigorously by future research and monitoring. As 

the River Continuum (Vannote et al. 1980) and Serial Discontinuity concepts (Ward and 

Stanford 1983) predict, natural gradients in abiotic parameters like temperature exist from 

headwaters to mouths of river systems. Control-impact comparisons between upstream and 

bypassed reaches can thus potentially confound water quality changes due to diversion of flow 

with the natural longitudinal changes through watershed networks. Comparisons to conditions 

before diversion of flow, or in reaches of similar order and network position, are thus needed to 

rigorously quantify the magnitude of changes to water temperature and other water quality 

parameters after flow diversion, and understand their consequences for metabolism, growth, 

and population dynamics of salmonids. 

The second mechanism by which a reduction in flow from RoR hydropower operations 

could impact fish is through a reduction in habitat quantity and diversity (Anderson et al. 2006; 
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Baker et al. 2011; Mueller et al. 2011). Overall, the literature demonstrates that the diversion of 

flow in streams reduces the depth and velocity of water in bypassed reaches, which generally 

lead to a decline in habitat quantity and quality, and in turn, a decline in fish biomass and 

density. For example, declines in the number of habitats due to reductions in flow was linked to 

a shift towards small-bodied fish species observed in several rivers regulated by RoR 

hydropower in the Czech Republic, in part because of increases in predation on larger-bodied 

fish species (Kubečka et al. 1997). Declines in European grayling (Thymallus thymallus) 

biomass of 76% and declines in proportions of adults in the population were associated with 

reductions in preferred deep and fast water habitats (Ovidio et al. 2008), a pattern also 

observed with reductions of rainbow and brown trout abundances in a bypassed reach in Chile 

(Habit et al. 2007). Lower densities of brown trout were found when greater amounts of water 

were diverted from bypassed reaches in a long-term study (Gouraud et al. 2008). Most of these 

systems appear to be in rather small, headwater rivers, with long bypassed reaches that 

diverted a high proportion of water during most of the year (Table 2-1). However, reduced flows 

in bypassed reaches were found to temper some negative effects of natural flooding events by 

reducing the mortality of emerging rainbow and brown trout fry in similar rivers in France (Capra 

et al. 2003; Gouraud et al. 2008). The potential for negative impacts of natural high spring or 

summer discharges on trout fry is further supported by studies on the influence of hydrological 

and biotic processes on the population dynamics of brown trout in France (Cattanéo et al. 

2002), and on steelhead population dynamics in snowmelt-driven rivers of western Canada 

(Smith 2000). Anthropogenically-created lower flows can also reduce the metabolic costs of 

foraging and maintaining position for fish, thus increasing the amount of energy available for 

growth, as has been shown in reaches downstream of large reservoir-storage hydropower 

(Cleary et al. 2012). However, other research conducted in reservoir-storage systems supports 

the idea that reduced habitat availability due to lower flows downstream of reservoir-storage 

dams result in short-term increases in fish densities, subsequently leading to increases in 

competition among and within salmonid life stages, and increased susceptibility to disease 

(Bradford 1994; Nislow and Armstrong 2012). Geomorphically, lower flows can also reduce the 

frequency, diversity, and quantity of microhabitats including gravel bars, side channels, and 

pools which are important for salmonid spawning, overwintering and rearing, as well as for 

refugia during extreme flow events like floods or droughts (Sedell et al. 1990; Bonneau and 

Scarnecchia 1998; Walters and Post 2008). In many countries and jurisdictions, mitigation 

measures for RoR hydropower operation, such as requiring minimum instream flows, are 

mandated to minimize the potential impacts of reduced flows on fish and fish habitat in RoR 



16 

hydropower systems (e.g., France, Gouraud et al. 2008; Portugal, Santos et al. 2006; Sweden, 

Renöfält et al. 2010; for more information, see review by Anderson et al. 2014). In some cases, 

river systems with a highly modified NFR, but observing the required minimum flows (3-12% of 

natural flow) in reaches downstream of reservoir-storage and low-head dams, were able to 

maintain highly productive trout and invertebrate populations (Jowett and Biggs 2006). 

Unfortunately, only half of the empirical papers on effects of RoR hydropower that we reviewed 

mentioned the presence or absence of mitigation measures (n= 16), and none of them 

discussed their results in light of the mitigation measures used, which prevents us from drawing 

stronger inferences about their effectiveness. Ultimately, the consequences of flow reductions in 

bypassed reaches downstream of RoR dams are likely to be highly dependent on the systems 

in which they occur. Bypassed reaches in fast flow, flashy systems may benefit from a decline in 

discharge and velocity because it would increase the amount of habitat available to fish during 

medium to high flows. On the other hand, the opposite may be true for lower gradient, more 

meandering rivers where a reduction in flow may limit the amount of habitat available to fish. 

2.6. Pathway 2: The presence of low-head dams 

A total of 13 peer-reviewed papers reported on the consequences of low-head dams in 

the context of RoR hydropower, ranging from fish entrainment in intake structures, to barriers to 

migration and habitat fragmentation, and effects on geomorphology and sediment transport 

(Figure 2.2,Table 2-1). Despite the limited peer-reviewed literature dedicated specifically to RoR 

hydropower, the potential for fish entrainment in infrastructures generating RoR hydropower is 

clear. Similar to reservoir-storage hydropower systems (Skalski et al. 2002), the intake 

structures of RoR hydropower projects may entrain fish in the penstock or turbines, leading to 

injury and mortality (Kubečka et al. 1997). Mortality rates following entrainment in intake 

structures of RoR hydropower dams increase with fish size (Kubečka et al. 1997), hydraulic 

head, the number of blades, and varies by turbine type (on average, 100% in Pelton turbines, 5-

90% in Francis turbines, and 5-20% in Kaplan turbines; (Larinier 2008). Turbine mortality is 

inversely related to RoR hydropower plant size, because smaller capacity plants often contain 

small turbines that rotate faster than those in larger plants (Larinier 2008). The magnitude and 

seasonality of flow diversion by RoR hydropower may also affect fish entrainment in RoR 

hydropower intake structures. For example, fry in reaches upstream of RoR hydropower intakes 

may be at higher risk of entrainment during periods of naturally high flows that often coincide 

with when fry emerge (Table 2-2). Research conducted in reaches immediately downstream of 
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reservoir-storage dams has documented increased mortality from predation due to 

disorientation or loss of equilibrium following entrainment (Čada 2001; Barnthouse 2013). The 

potential for similar sub-lethal effects of entrainment through the intake structures specific to 

RoR hydropower warrant investigation, especially given their long penstocks which may 

increase negative consequences of entrainment for fish compared to reservoir-storage systems. 

Finally, entrainment of invertebrates through RoR hydropower intake structures is also likely and 

may be accentuated at low flows, given empirical evidence noted from RoR dams built to supply 

water for municipal uses where up to 100% of drifting shrimp larvae were entrained at low flows 

(Benstead et al. 1999). Overall, the potential for fish entrainment through RoR hydropower 

structures is substantial and additional investigations specific to RoR operations are warranted. 

The low-head dams associated with RoR hydropower can act as barriers to upstream 

and downstream movements of fishes (Santucci et al. 2005; Habit et al. 2007; Santos et al. 

2012) and fragment river networks (Vannote et al. 1980).  Many RoR hydropower dams have 

fish passage structures to restore upstream, but not downstream, migrations, however their 

efficiency in passing fish is highly variable (Kubečka et al. 1997; Santos et al. 2012). For 

example, the presence of 15 consecutive RoR dams in a single river in the USA blocked 

upstream migrations of up to a third of local fish species, leading to species being present only 

in the upper or lower sections, but not in the central regions of the river where most of the dams 

were concentrated (Santucci et al. 2005). Another study in France found that only 16 out of 30 

(53%) fish passage structures at RoR hydropower dams allowed migrating individuals to move 

upstream without delays (Larinier 2008), and a study in Portugal found that 8 out of 18 (44%) 

fish passage structures allowed fish passage between bypassed and upstream reaches (Santos 

et al. 2006). In contrast, downstream migrations are expected to be less affected than upstream 

migrations since small-scale RoR dams are generally low-elevation and passable at high flows, 

provided that entrainment does not occur and passage over the dam is not traumatic for fish 

(Anderson et al. 2006; Boubée and Williams 2006; Larinier 2008). For example, neither the 

relative abundance, richness, nor diversity of fishes differed between upstream and bypassed 

reaches in 18 RoR hydropower systems studied in Portugal, despite the fact that 55% of the 

dams had unsuitable fish passage structures, suggesting that downstream migrations of 

migratory species at high flows might be occurring (Santos et al. 2006). Furthermore, indicators 

of community composition like species richness and fish abundance were not statistically 

different between control and impacted sites in several rivers regulated by RoR hydropower in 

the UK (Bilotta et al. 2016). However, large uncertainties remain regarding impacts of low-head 
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dams on downstream fish movements that do not coincide seasonally with high flows. 

Nevertheless, the artificial disruption of longitudinal connectivity by RoR dams is akin to 

terrestrial habitat fragmentation, and can affect the composition of fish assemblages by favoring 

more generalist species (e.g., Santucci et al. 2005; Anderson et al. 2006) or disfavoring small or 

benthic species unable to pass dams (Habit et al. 2007). RoR hydropower dams are often 

located in high gradient streams that tend to support relatively small salmonid populations, and 

habitat fragmentation as a result of impassable barriers may also increase the potential for 

genetic drift or reduce population viability. Small populations are generally at higher risk of 

adverse consequences from genetic drift, including inbreeding depression and increased 

vulnerability to environmental stress and stochasticity (Altukhow et al. 2000; Heggenes and 

Røed 2006;Lucas et al. 2009). Overall, the potential for habitat fragmentation due to the 

presence of low-head RoR dams represents a substantial threat to salmonid populations, which 

all undertake migrations between spawning, rearing and overwintering habitats. 

 Finally, RoR hydropower dams may act as discontinuities in the geomorphology 

of rivers, affecting the natural transport of sediment and organic matter in streams (Fuller et al. 

2016), and in turn, the quality and quantity of fish habitat. Low-head RoR hydropower dams and 

the presence of headponds create conditions that are likely to interrupt the NFR and natural 

longitudinal connectivity of rivers, but the fact that low-head dams often become overtopped at 

high flows may compound the magnitude of the geomorphologic disruptions. Evidence suggests 

that RoR dams and headponds temporarily store sediments, and therefore alter the timing and 

size of sediment delivered to the bypassed and downstream reaches compared to NFR (Kibler 

and Tullos 2013; Fuller et al. 2016). RoR hydropower dams may also intercept different forms of 

organic matter including coarse woody debris. Coarse woody debris is a key component of fish 

habitat as it promotes the formation of pools, limits erosion, and provides cover and refugia 

(Sedell et al. 1990; Mossop and Bradford 2004). Comparisons between bypassed and upstream 

reaches of low-head RoR dams found higher levels of fine sediment and significantly slower 

water velocity in 13 bypassed reaches, as well as significant differences between upstream and 

bypassed reaches in 32 of 41 hydraulic variables (Baker et al. 2011). Based on their modelling 

results, Baker et al. (2011) also concluded that small, low-gradient streams with smaller-sized 

substrate were more susceptible to fine-sediment accumulation than large streams. However, 

RoR dams that are regularly overtopped at high flows are expected to experience fewer 

discontinuities in the morphological and sediment size distribution of stream channels (Kondolf 

1997; Kibler and Tullos 2013; Csiki and Rhoads 2013). The proportion of flow diverted is also of 
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importance for the transport of sediments. For example, Morris (1992) found that the diversion 

of less than 2 m3s-1 (< 8% of annual peak flood) of water for hydroelectricity production did not 

affect the transport of spawning size gravel in a salmonid stream, given the considerably higher 

discharge left in the bypassed reach. Beyond the uncertainties regarding how sediment 

transport is affected downstream of RoR hydropower dams, higher fine sediment deposition as 

well as coarsening of substrates are expected to generate negative effects for salmonids. For 

example, new research shows that grain-size coarsening downstream of powerhouses could 

degrade salmonid habitat in RoR hydropower systems, particularly in streams with naturally 

high sediment supply rates (Fuller et al. 2016). Based on literature from manipulative 

experiments, higher fine sediment embeddedness will often induce a shift in invertebrate 

assemblages from drifting to burrowing taxa, resulting in reduced food supply for resident 

salmonids, and higher feeding costs (Suttle et al. 2004). Higher embeddedness can also clog 

spawning gravel, reducing the survival of overwintering eggs and alevins (Kondolf 1997), and 

affect primary production by decreasing diatom richness and diversity (Wu et al. 2009). For 

example, experimental increases in deposited fine sediments in shallow riffles led to up to 90% 

lower rainbow trout survival attributed to the decline in overall riverine habitat complexity and 

increased predation (Harvey et al. 2009). We conclude that fish entrainment, habitat 

fragmentation, and alteration to geomorphology and sediment transport induced by the 

presence of low-head dams all have the potential to negatively affect salmonids. The fact that 

RoR hydropower dams may be overtopped at high flows has the potential to mediate the 

severity of some of these impacts, but the absence of published research makes such 

determinations impossible at present. 

2.7. Pathway 3: Anthropogenic Flow Fluctuations 

We found only one peer-reviewed paper (Almodόvar and Nicola 1999) that evaluated the 

potential for flow fluctuations downstream of RoR hydropower dams to impact fishes (Figure 

2.2, Table 2-1). However, the operation of RoR hydropower dams has the potential to create 

anthropogenic variations in flow in both bypassed and downstream reaches of rivers where they 

operate. Rapid fluctuations in flow downstream of dams and powerhouses in RoR hydropower 

systems may occur as a result of intentional increases or decreases in the proportion of stream 

flow diverted to turbines to optimize electricity production, or because of emergency shutdowns 

or operational malfunctions that unexpectedly halts the diversion of water. Because headponds 

have no water storage capacity, changes in the amount of water diverted for RoR electricity 
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generation are quickly propagated downstream as flow fluctuations in both the bypassed and 

downstream reaches. However, the potential effects of flow fluctuations on river ecosystems 

and salmonids differ in bypassed and downstream reaches. As the amount of stream flow 

diverted to RoR turbines decreases, the amount of water rerouted to the bypassed reach 

increases rapidly, while flow released at the tailrace of the powerhouse is reduced. The 

reduction of flow at the tailrace causes a temporary decrease in flow in the downstream reach, 

lasting until the rerouted water travels through the bypassed reach and reaches the 

powerhouse. The drop in flow downstream of powerhouses depends on site-specific 

characteristics including channel confinement, substrate type, and bathymetry, as well as 

characteristics of the RoR hydropower facilities, including the length of the penstock and the 

presence of mitigating structures like turbine bypass valves (Hunter 1992 in Bell et al. 2008).  

Rapid anthropogenic fluctuations of flow in bypassed and downstream reaches have the 

potential to create negative consequences for fish ranging from unintentional downstream 

displacement and increased stress and mortality, to interference with natural cues used to 

indicate flood or a drought risk and mismatches in behavioral strategies (Lytle and Poff 2004). 

We found only a single study from the peer-reviewed literature specific to RoR hydropower, 

which reported that fluctuations in flow downstream of a small RoR diversion dam in Spain 

(diverting 85 to 100% of the seasonal discharge) lead to an average change in stage of 30 cm 

over minutes (Almodόvar and Nicola 1999). These frequent fluctuations in flow caused declines 

of brown trout density (-50%) and biomass (-43%), displacement of 0+ trout, and no change to 

macroinvertebrates in the first year following flow diversion (Almodόvar and Nicola 1999). In 

reservoir-storage systems, rapid increases in flow have also been associated with the 

downstream displacement of juvenile trout, increased energetic costs for fry, and scouring of 

redds (Harby and Halleraker 2001; Nislow and Armstrong 2012). Conversely, rapid decreases in 

flow can lead to a decrease in stage in downstream reaches that can strand fish on rapidly 

dewatered channel margins, or trap fish in disconnected side channels and isolated pools. Data 

from an unregulated montane stream in the USA Pacific Northwest show that natural 

fluctuations in stage rarely exceeded 5 cm per hour (Hunter 1992 in Bell et al. 2008), while 

frequent declines in river stage of 80-90 cm over 10 minutes were reported downstream of a 

reservoir-storage dam in Norway (Hvidsten 1985). Fish stranding or isolation in side channels 

may in turn lead to negative effects on survival, biomass, density, or fitness, as reported in 

studies from reservoir-storage systems (Young et al. 2011; Nagrodski et al. 2012; Senay et al. 

2016). Given the limited research that has specifically sought to understand the consequences 
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of anthropogenic flow fluctuations in RoR hydropower systems, large uncertainties remain about 

how their effects differ from those documented downstream of reservoir-storage systems where 

most peer-reviewed research has occurred.  

RoR hydropower operations produce artificial fluctuations in flow that are likely to pose 

risks to salmonids that differ from those posed by large dams and reservoir-storage systems. 

For example, periods of natural low flow are often when RoR hydropower operations divert the 

highest proportion of flow, or create frequent fluctuations from practices called ‘flow cycling’, by 

which water is temporarily stored in penstocks to generate power for short periods of time 

(Hunter 1992 in Bell et al. 2008). These periods often coincide with the presence of newly 

emerged salmonid fry. Salmonid fry are likely to be the most vulnerable life history stage to the 

negative effects of anthropogenic flow fluctuations as they have limited swimming capacities 

and inhabit low-velocity, shallow habitats that are highly susceptible to dewatering (Bell et al. 

2008; Korman et al. 2011). Flow fluctuations during natural low flow periods may also reduce 

the availability of salmonid rearing habitats, as well as interfere with spawning of anadromous 

and resident salmonids downstream of powerhouses (Nagrodski et al. 2012). Besides their 

timing, the frequency and magnitude of anthropogenic flow fluctuations from RoR operations 

have the potential to generate impacts to salmonids. For example, even small, but repeated, 

flow fluctuations were found to decrease the feeding time, growth, and survival of fish (Young et 

al. 2011). In addition, small but frequent anthropogenic fluctuations in flow have also been found 

to reduce fish density and biomass when compared to infrequent but large fluctuations 

generated by storage-reservoir hydropower in Canada (Senay et al. 2016). These findings may 

be particularly relevant for RoR hydropower systems which can create more frequent pulses in 

flow compared to reservoir storage hydropower due to the lack of water storage in headponds, 

and wider magnitude fluctuations during low flow seasons. Overall, how seasonal low flow 

periods and anthropogenic flow fluctuations interact to influence salmonid survival and growth in 

bypassed and downstream reaches of rivers regulated by RoR hydropower remains largely 

unknown. However, the potential for fluctuating flows to perturb fish habitat, induce fry mortality, 

and increase stress and activity costs for salmonids suggest that anthropogenic flow fluctuations 

are likely to be important for salmonid populations. 

2.8. Avenues for Future Research 

As highlighted by our literature search, published empirical research on the impact of 

RoR hydropower on the ecology of river ecosystems (n= 31 peer-reviewed studies) and 
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salmonids specifically (n= 10 peer-reviewed studies) is very limited. Despite this limited 

literature, we found that RoR hydropower operations alter NFR in unique ways by changing the 

timing, and increasing the magnitude, frequency, and duration of low flow periods in bypassed 

reaches downstream of RoR hydropower dams. Moreover, the low-head dams of RoR 

hydropower facilities create unique conditions upstream and downstream since they may be 

overtopped by water at high flows. Though in need of additional study, this phenomenon may 

allow for more flushing of sediment and downstream passage of fish compared to reservoir-

storage dams, thus potentially reducing the potential for discontinuities in habitat and impacts on 

stream geomorphology. RoR hydropower dams also divert a considerable proportion (up to 97% 

of incoming flow, Figure 2.3) of water away from the natural river channel for the production of 

electricity. We found a clear pattern where the magnitude of flow diversion by RoR hydropower 

varies by season and is proportionally higher when flows in rivers are naturally low. Moreover, 

flow fluctuations in bypassed and downstream reaches of RoR hydropower systems typically 

occur unexpectedly, and differ in timing, frequency, magnitude, and duration from those 

occurring downstream of reservoir-storage systems. All these pathways of effects from RoR 

hydropower have the potential to alter habitat quantity and quality, and to negatively affect 

salmonid survival, growth, and fitness. We reiterate the need to standardize data and report 

details on project designs and environmental characteristics of rivers where the studies are 

conducted to allow for more powerful quantitative comparisons between RoR hydropower 

schemes and studies in the future (Anderson et al. 2014, Bilotta et al. 2016). For example, very 

few papers reported ecological details like climactic zones (only 6 of the 31 empirical papers), 

location in watershed (n= 9 out of the 31 empirical papers), or river size (only 17 of the 31 

empirical papers reported mean annual discharge for example), which precluded us from 

explicitly categorizing the studies and the range of effects based on these criteria. Our review 

also highlights the lack of empirical knowledge about the effects of RoR hydropower on 

salmonid species other than brown trout, which were the focus of over 90% of the empirical 

papers on salmonids we reviewed. In addition to the specific knowledge gaps identified in our 

review of the literature in each section above, below we identify three areas where future 

research is most needed. We chose to highlight these three research priorities because we 

believe they represent uncertainties related to those processes with the greatest potential to 

affect resident and anadromous fish populations. Addressing these knowledge gaps will help 

reduce the currently large uncertainties surrounding impacts of RoR hydropower on river 

ecosystems and salmonids, and in turn reduce conflict between proponents and opponents of 

additional RoR hydropower energy development. 
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  (1) Effects of amplified, short- and long-term low flow periods. The effects of 

natural and anthropogenically-induced high flows on salmonids have received more attention 

than the effects of low flows (Lake 2000; Jowett et al. 2005). With the exception of research on 

environmental flows (e.g., Poff and Matthews 2013), most research has focused on large 

magnitude changes, particularly for large dams and reservoir-storage systems (Poff and 

Zimmerman 2010). Our literature review revealed that RoR hydropower operations artificially 

generate longer and more frequent periods of low flow compared to natural flow regimes. The 

semi-predictable seasonal low flows resulting from RoR hydropower operation also represent a 

unique opportunity to study how increases in the duration, frequency, and magnitude of low flow 

periods affect fish and river ecosystems in isolation of other factors (Niemi et al. 1990; Matthews 

and Marsh-Matthews 2003; Waples et al. 2009).  

 (2) Effects of anthropogenic flow fluctuations. Other reviews have highlighted 

important knowledge gaps about how the magnitude, frequency, and timing of anthropogenic 

flow fluctuations downstream of reservoir-storage hydropower systems affect the growth, 

survival, and reproductive success of fish (Young et al. 2011; Nagrodski et al. 2012). These 

knowledge gaps are also relevant to rivers regulated by RoR hydropower, although we argue 

the gaps are even larger. We found very little peer-reviewed literature that examined how RoR 

hydropower fluctuations in flow deviate from the NFR or how these deviations impact salmonids 

in the bypassed and downstream reaches (n= 1). In addition to direct impacts, research is 

needed to quantify potential indirect impacts of anthropogenic flow fluctuations on salmonids, as 

deviations from NFR are expected to affect food availability for fish by altering the composition 

and biomass of invertebrate communities. Beyond individual-level consequences, there is also a 

need to understand how short-term and individual level impacts of flow fluctuations scale up to 

the population level. Individual mortality or reductions in reproductive potential due to fish 

stranding can translate into reductions in population growth rates if they occur frequently, but 

density-dependent growth and survival of salmonid fishes may partially or completely 

compensate for early life-history mortality caused by RoR operations (Shuter 1990; Harby and 

Halleraker 2001). The consequences of anthropogenic flow fluctuations on individual fishes and 

populations need to be established in RoR hydropower systems before appropriate mitigation 

measures can be developed to compensate for potential losses.  

 (3) Cumulative impacts of multiple RoR hydropower projects. Multiple RoR 

hydropower projects may be developed within individual watersheds to achieve energy 

production targets. For example, 15 low-elevation dams exist over 160 km in a Illinois river, USA 
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(Santucci et al. 2005), and over 260 RoR hydropower dams are currently under consideration in 

28 of the 32 major river valleys in the Indian Himalayas (1 RoR hydropower dam per 32 km of 

river, Grumbine and Pandit 2013). Multiple RoR hydropower projects in the same watershed 

may interact in additive, synergistic, or antagonistic ways to affect river ecosystems (e.g. 

increasing turbidity and decreasing invertebrate quality, Santucci et al. 2005) and salmonid 

populations (e.g. to alter or delay upstream fish migrations, Larinier 2008; Lucas et al. 2009). 

Some studies suggest that landscape-scale impacts per unit of energy may be greater for RoR 

hydropower dams than for large hydropower dams (Bakken et al. 2012; Kibler and Tullos 2013), 

while others reach the opposite conclusion (Taylor 2010). However, these conclusions are 

limited because they have not explicitly considered whether impacts from multiple RoR dams 

accumulate in non-linear ways (Larinier 2008), as observed for populations migrating past 

multiple large-scale hydropower dams in the lower Columbia River (Elder et al. 2016). In 

addition, the impacts of RoR hydropower to salmonid populations are likely to depend on the 

regional context in which individual RoR hydropower projects are built (Habit et al. 2007). Flow 

diversion by RoR hydropower in watersheds with existing impacts from forestry and other 

industries will likely have different, and possibly compounding, effects on salmonids in contrast 

to watersheds with largely intact upland and riparian forests (Reice et al. 1990; Bunn and 

Arthington 2002). The disparity between the regional spatial scale relevant to the survival and 

persistence of most salmonid populations and the often reach-specific scale at which 

environmental impacts of individual RoR hydropower projects are typically assessed needs to 

be addressed.   

 The rapid adoption of RoR hydropower around the world presents both 

opportunities for increasing renewable energy production, and challenges in predicting impacts 

to salmonids and river ecosystems. The spatial and temporal scales of anthropogenic 

perturbations from RoR hydropower are likely to differ from the historical conditions under which 

salmonids evolved. These perturbations may alter life-history diversity, population size, and 

connectivity among sub-populations, weakening their ability to dampen variability in the 

dynamics of regional population complexes (i.e., the portfolio effect; Tilman et al. 1998; Yeakel 

et al. 2014) and leading to reduced population resilience in the face of additional environmental 

change (Waples et al. 2008; Waples et al. 2009; Moore et al. 2015). The inherent characteristics 

of RoR hydropower infrastructures and operations, such as small non-storage headponds, low-

head dams, bypassed reaches with reduced flows, and anthropogenic flow fluctuations, 

uniquely alter NFR. The limited peer-reviewed literature we found specific to RoR hydropower 
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strongly suggests that impacts to salmonids and other fishes are probable under certain 

conditions, which is supported by better studied impacts of other forms of flow regulation. 

However, we caution that the knowledge developed from other types of flow regulation may not 

be directly applicable to RoR hydropower (Senay et al. 2016). As such, research specific to how 

RoR hydropower operations alter the NFR and how these alterations impact fish populations 

and river ecosystems is needed to confirm the pathways and mechanisms we outline in this 

paper. A suite of small-scale studies examining individual-level impacts on salmonids as well as 

long-term and large-scale experimental studies would be useful to identify effective mitigation 

and management strategies for river ecosystems where RoR hydropower dams have the 

potential to impact salmonids. These strategies may be as simple as protocols dictating the rate 

at which water levels may be diverted or fluctuate, or as complex as full-watershed analyses to 

determine how to best maintain connectivity of salmonid populations and manage cumulative 

impacts across multiple dams and river networks. As the global need for RoR hydropower 

increases, concerted efforts to study the impacts of RoR hydropower dams on salmonids is 

crucial to ensure that evidence-based decisions are made for sustainable management of 

salmonid populations, and the river ecosystems in which they occur.  
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Table 2-1. Empirical peer-reviewed papers studying RoR hydropower impacts on river ecosystems and salmonids. a= 
brown trout, b= European grayling, c= trout, d= rainbow trout, e= Atlantic salmon, f= high-head scheme, g= low-
head scheme; **= dams were in cascade; MAD= mean annual discharge. 

Papers Taxa/ 
characteristics 

Mechanism(s) 
addressed 

Type of dam(s) Number of 
dams 

Height of 
dam(m) 

Length of 
bypassed 
reach (km) 

MAD (cms) Flow diverted 

Pathway 1: Flow diversion 

Bilotta et al. 
2016 

Fisha,e  Reduction in habitat 
quantity and quality 

hydropowerf,g 

(54 kW) 
23 11 0.22 --- --- 

Capra et al. 
2003 

Fisha Reduction in habitat 
quantity and quality 

Hydropowerf 1 --- --- 2.4 max of 4.4 
cms 

Gouraud et al. 
2008 

Fisha Reduction in habitat 
quantity and quality 

Hydropowerf 3 7.1 
 

4.5 8.55 -- 

McManamay et 
al. 2015 

Fish Changes to water 
quality 

Hydropower and 
others  

22** -- -- -- -- 

Ovidio et al. 
2008 

Fisha,b Reduction in habitat 
quantity and quality 

Hydropowerf 

(900 MW) 
1  -- 1.2 1.78 -- 

 

Sabaton et al. 
2008 

Fisha Changes to water 
quality 

 

Hydropowerf 7 (on 5 
streams) 

-- 4.7 32.3 -- 

Mueller et al. 
2011  

Periphyton, aquatic 
macrophytes, 

macroinvertebrates 
and fish 

Changes to water 
quality, reduction in 
habitat quantity and 

diversity 

Hydropower 5 2.6 -- 5.7 -- 

Anderson et al. 
2015 

Benthic 
macroinvertebrates 

Changes to water 
quality 

Hydropowerf (30 
kW) 

1 3 ~ 0.1 1.17 1.05 cms 

Englund and 
Malmqvist 1996 

Macroinvertebrates 
 

Changes to water 
quality 

 

Hydropower and 
others  

51 -- -- 10 86-99.8% 
reduction 

Fu et al. 2008 Macroinvertebrates Changes to water 
quality 

Hydropowerf 5** -- -- -- -- 

Jesus et al. 
2004 

Macroinvertebrates Changes to water 
quality 

Hydropowerf 1 -- -- 0.93 90% in rainy 
season, 92% 
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in drought 
season 

Wu et al 2010a Benthic diatoms Changes to water 
quality 

Hydropowerf 23** -- -- -- -- 

Wu et al 2010b Benthic algal 
community 

Changes to water 
quality 

Hydropowerf 1  ~ 5 -- -- 

Wu et al. 2012 Benthic diatoms Changes to water 
quality 

Hydropowerf 23** -- -- -- -- 

Zhou et al. 2008 Zooplankton Changes to water 
quality 

Hydropowerf 1 -- -- -- -- 

Zhou et al. 2009 Zooplankton Changes to water 
quality 

Hydropowerf 6** -- -- -- -- 

Valero 2012 Water quality Changes to water 
quality 

Hydropowerf 

(11.8 MW) 
1 11.05 3.4 14.4 59% of water 

flow 

Pathway 1: Flow diversion and Pathway 2: Presence of low-head dams 

Anderson et al. 
2006 

Fish Changes to water 
quality, reduction in 
habitat quantity and 
diversity, barrier to 

migration 

Hydropowerf (18 
MW) 

 

2 <  10 3 4.75 90-95% of 
MAD 

Habit et al. 2007 Fisha,d Reduction in habitat 
quantity and quality, 
barrier to migration 

Hydropowerf 

(130 MW) 
2 -- 14 25.8 up to 90% of 

MAD 

Jowett and 
Biggs 2006 

Fishc mitigation measures Hydropower and 
others  

1 -- -- 450 96.5-97.3% 

Santos et al. 
2006 

Fisha Reduction in habitat 
quantity and quality, 
barrier to migration 

Hydropowerf 
(3.97 MW) 

18 5.8 -- 
 

-- 
 

-- 
 

Kubecka et al. 
1997 

Benthic and fish 
communitiesa,b,c 

Changes to water 
quality, reduction in 
habitat quantity and 

diversity, fish 
entrainment, and 

barrier to migration 

Hydropowerf (< 
10 MW) 

23 all but one < 
2 

0.89 1.185 up to 100% of 
discharge 

Wu et al. 2009 Benthic algal 
community 

Changes to water 
quality, discontinuities 

Hydropowerf 1 1.5 > 3 -- -- 
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in geomorphology 

Pathway 1: Flow Diversion and Pathway 3: Flow fluctuations 

Almodόvar and 
Nicola 1999 

Fisha Changes to water 
quality, flow 
fluctuations 

Hydropower (0.7 
MW) 

-- -- -- 0.40 
(summer) 

to 2 
(winter) 

-- 

Pathway 2: Presence of low-head dams 

Boubée and 
Williams 2006 

Fish entrainment Hydropowerf 
(4.5 MW) 

1 3.5 -- -- -- 

Larinier 2008 Fish entrainment and 
barrier to migration 

Hydropowerf,g (< 
10 MW) 

(several 
schemes) 

-- -- varied -- 

Santos et al. 
2012 

Fish Barrier to migration Hydropower (< 
10 MW) 

37 -- -- -- -- 

Santucci et al. 
2005 

Fish, 
macroinvertebrates 

Barrier to migration Hydropower and 
other uses 

15** 0.85 NA 662 -- 
 

Fuller et al. 
2016 

Geomorphology discontinuities in 
geomorphology and 
sediment transport 

Hydropowerf 
 

1 -- 1 1.6 -- 

Kibler and 
Tullos 2013 

 

Geomorphology discontinuities in 
geomorphology and 
sediment transport 

Hydropowerf (19 
MW) 

31 8.8 6.8 3.1 up to 100% 
 

Morris 1992 Spawning gravels discontinuities in 
geomorphology and 
sediment transport 

Hydropowerf 
(2.3 MW) 

1 -- ~ 6 -- 2 
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Table 2-2. Relative vulnerability of salmonid species to potential impacts from RoR hydropower, based on chronic 
exposure and the potential for dams to create barrier for migrations. Information on life history, spawning 
season and length of freshwater residency come from the references indicated by footnotes.   

Common name Scientific name Life history Spawning 
season 

Typical length of 
freshwater 
residencya 

Relative vulnerability 

Barrier to 
migrationb 

Chronic exposurec 

rainbow troutd,e Oncorhynchus 
mykiss 

Resident Spring life High Very high 

steelheadd,e Oncorhynchus 
mykiss 

Anadromous Spring 1-3 years Very high High 

brown troutd,e Salmo trutta Resident Late fall life High Very high 

sea-run brown 
troutd,e 

Salmo trutta Anadromous  Late fall 1-3 years Very high High 

cutthroat troutf Oncorhynchus 
clarki spp. 

Resident Late winter, 
spring 

life High Very high 

sea-run cutthroat 
troutf 

Oncorhynchus 
clarki spp. 

Anadromous  Late winter, 
spring 

2-3 years  Very high High 

Stream resident Summer, fall life High 
 

Very high 
 

bull troutg 

 

Salvelinus  
confluentus 

 

Fluvial/adfluvial 
migrant 

Summer, fall life Very High Very high 

Anadromous Summer, fall 2-3 years Very High High 

Dolly Vardenh 

 

Salvelinus 
 malma malma 

 

Resident Fall life High Very High 

Anadromous Fall 2-4 years Very High High 

atlantic salmone Salmo salar Anadromous Fall 2-3 years Very High High 

kokaneed Oncorhynchus 
nerka 

Resident Fall life Moderate Low 
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sockeye salmond Oncorhynchus 
nerka 

Anadromous Fall 1-2 years High Low 

masu salmond 

 

Oncorhynchus  
masou 

 

Resident Fall life High Very High 

Anadromous Fall 1-3 years Very High High 

coho salmond Oncorhynchus 
kisutch 

Anadromous Fall 1-2 years Very High High 

Chinook salmond Oncorhynchus 
tshawytscha 

Anadromous Fall 1-2 years Moderate Moderate 

pink salmond Oncorhynchus 
gorbuscha 

Anadromous Fall Days-weeks Low Low 

chum salmond Oncorhynchus keta Anadromous Fall Days-weeks Low Low 
aDefined as time in freshwater post emergence from gravel 
bBased on extent of freshwater migration and size of river systems spawning and rearing typically occurs in 
cBased on portion of life cycle spent in freshwater and size of river systems spawning and rearing typically occurs in 
dGroot and Margolis 1995 
eMcPail 2007 
fCOSEWIC 2007 
gCOSEWIC 2006 
hCOSEWIC 2010
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Figure 2.1. Three main pathways of effects of RoR hydropower on salmonids and their 
associated main mechanisms of impacts. The number of empirical peer-
reviewed papers identified in this review is shown in boxes between the 
pathways of effect (1-3) and their primary mechanisms. 
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Figure 2.2. Generalized schematic of a run-of-river hydropower facility. A low-elevation 
dam impounds the river and reroutes water downstream through a 
penstock, to turn turbines in the powerhouse and produce electricity. The 
diversion of water leaves a reach of the river with reduced flows (bypassed 
reach), but all water is returned to the downstream reach of the river via the 
tailrace. The headpond has little water storage capacity and so does not act 
as a reservoir. Powerlines are part of the transmission corridor that 
connects the facility to a centralized power grid. 
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Figure 2.3. Modeled natural upstream flows (black line) and flows passing through the 
bypassed reaches (dashed line) during an average runoff year below a low-
head RoR hydropower dam in a) western Canada (high-head scheme in 
snowmelt-dominated Bull River, natural flow averaged from 2010-2013, 
diverted flow modelled with a hypothetical turbine flow of 9.9 cms; 
www.bchydro.com), and b) Yunnan Province, China (rain-dominated Gutan 
River, Lushui County, adapted from Kibler and Tullos 2013). Flow 
alterations in the bypassed reaches are most pronounced during naturally 
low to moderate flows, when RoR hydropower operations divert the 
greatest proportion of flow from the channel. The Bull River has a minimum 
flow requirement that varies between 0.25 and 2.0 cms, depending on the 
season.
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Effects of flow diversion by Run-of-River hydropower 
on stream temperature and bioenergetics of 
salmonid fishes2 

3.1. Abstract 

 Many anthropogenic disturbances impact stream ecosystems by changing flow 

and temperature regimes. For example, an emerging industry like Run-of-River (RoR) 

hydropower reduces streamflow in bypassed reaches, with largely unknown consequences for 

water temperatures and fish growth. We used empirical and simulated data from two RoR 

regulated streams in British Columbia (Canada) to quantify changes in water temperatures and 

assess the potential impacts to resident rainbow trout (Oncorhynchus mykiss) growth using 

bioenergetics models under a range of consumption scenarios. We found increases in mean 

monthly water temperature due to flow diversion of 0.5-0.8⁰C (0.17-0.19⁰C/km). Bioenergetics 

models using those temperatures predicted large increases in annual O. mykiss growth 

(compared to natural temperatures) if consumption was unlimited (+200-450%), increases (+15-

42%) if consumption scaled with higher metabolic demand, and small reductions (-5-7%) if 

consumption remained constant. If food availability was reduced by 25%, annual growth 

declined by 45%. Empirical estimates of annual growth of fish sampled at the top of the 

bypassed reaches indicate modest reductions in annual growth less severe than those modeled 

by our Reduced Consumption Scenario. Our results highlight that increases in water 

temperature induced by RoR flow diversion are large enough to have consequences for O. 

mykiss growth, but the impacts depend on how and when RoR affects food supply and 

consumption.  

 

 

2 A version of this chapter is in review at River Research and Applications (April 2020) 
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3.2. Introduction 

 Many anthropogenic disturbances affect lotic ecosystems by modifying flow and 

temperature regimes. For example, the presence of dams and reservoirs on rivers often 

reduces the frequency and magnitude of naturally-occurring high and low flows that are known 

to structure riverine ecosystems (Poff et al. 1997). Modifications to flow regimes also influence 

water temperatures (Poole and Berman 2001), with cascading effects to multiple trophic levels 

including changes to food consumption, growth, and population dynamics of aquatic organisms 

(Petersen and Kitchell 2001). Modifications to natural flow and temperature regimes have 

consequences for biotic and abiotic processes in stream ecosystems, including primary 

production (Englund and Malmqvist 1996), maintenance and creation of habitats (Poff et al. 

1997), timing of life-history events (Bradford 1994), growth opportunities for fishes (Harvey et al. 

2006), and adaptation to climate change (Ayllόn et al. 2019). A better understanding of the 

consequences of altered flow and temperature regimes on abiotic conditions and stream-

dwelling organisms stands to improve the effectiveness of riverine management.  

 Small-scale hydropower facilities like Run-of-River (RoR) dams are an example 

of an anthropogenic activity that has the potential to influence stream habitats and ecosystems 

(Anderson et al. 2014; Couto and Olden 2018). The importance of small-scale hydropower has 

increased around the world in recent decades, with global power generation increasing from 

32,000 to 45,000 MW between 2001 and 2010 (Abbasi and Abbasi 2011). As of 2018, at least 

82,891 small hydropower plants were operating in 150 countries, corresponding to 11 small 

dams for every large hydropower plant, with a potential for this number to at least triple in 

coming years (Couto and Olden 2018). Although there is no single accepted definition, small-

scale hydropower typically refers to various types of infrastructure that divert flow (without 

storage) from small streams to produce electricity, generally below 10 MW (Couto and Olden 

2018). Small-scale off-channel RoR hydropower (hereafter called RoR hydropower) is one form 

of small-scale hydropower that diverts a proportion of stream flow for several kilometers through 

a tunnel to a powerhouse where electricity is generated, before returning to the channel. Water 

diverted for RoR hydropower creates a bypassed reach with reduced flow. Flows diverted by 

RoR dams can represent a large proportion of total river flow, with up to 97% of natural stream 

flow diverted at times (Gibeau et al. 2017). Impacts of RoR hydropower on stream ecosystems 

remain poorly understood, despite the perception that RoR facilities have lower environmental, 

economic, and social costs than large hydroelectric reservoirs (Couto and Olden 2018). The 
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limited literature on RoR hydropower impacts to stream ecosystems suggests the potential for 

direct effects to fish migration, biomass, density, and species composition (Kubečka et al. 1997; 

Bilotta et al. 2016), as well as negative effects on water quality and invertebrates (Valero 2012). 

We hypothesize further that reductions in natural stream flow in bypassed reaches has the 

potential to increase water temperatures by reducing water velocity and depth, as well as the 

magnitude of hyporheic flow (Poole and Berman 2001). Warmer temperatures in turn can 

induce direct mortality (Farrell et al. 2008), increase metabolism, or even increase growth 

potential of stream fishes, but the consequences will likely vary based on other ecological 

conditions in rivers, especially food availability (Railsback and Rose 1999). Warmer stream 

temperatures from river diversion may create opportunities for increased growth in fishes if the 

increase in metabolic demand is matched by an increase in food availability and consumption 

(Petersen and Paukert 2005). Alternatively, if food consumption remains unchanged or 

decreases in warmer temperatures, a higher proportion of energy intake will be required to meet 

higher metabolic demands, thus leaving less energy for growth (Railsback and Rose 1999).  

 Bioenergetics models provide a unique way to contextualize the effects of 

anthropogenic flow diversions within the spatial and temporal environment that fishes 

experience, and consist of a set of size- and species-specific energy balance equations, where 

energy gained is equated with energy spent for metabolism and growth (Hansen et al. 1993; 

Petersen and Kitchell 2001). They synthesize the complex and often nonlinear relationships 

between fish consumption or growth and prey availability, temperature, and other environmental 

conditions (e.g. Railsback and Rose 1999; Taylor and Walters 2010). Bioenergetics models are 

often heralded as useful "deductive engines" (Hartman and Kitchell 2008) for exploring 

hypothesized scenarios based on empirical and simulated data, and allow for relative 

comparisons between baseline and altered conditions (Chipps and Wahl 2008; Sweka and 

Hartman 2008). Thus they present a useful tool for assessing consequences of flow diversion 

by RoR hydropower on stream fishes.  

 Here we used empirical and simulated data from two streams regulated by RoR 

hydropower in southwestern British Columbia (Canada) to quantify changes in water 

temperatures for five years after flow diversion and assess the potential for such changes to 

affect fish consumption and growth using a bioenergetics framework. Our specific objectives 

were to: 1) quantify changes in water temperatures created by flow diversion from RoR 

hydropower in bypassed reaches, and 2) explore how altered temperature regimes may 

influence growth and consumption of fishes across a range of ecological scenarios. We 
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modelled consumption and growth of resident rainbow trout (Oncorhynchus mykiss) as their 

habitats in high-gradient, mountainous streams often overlap with RoR hydropower 

infrastructure (Gibeau et al. 2017). Given the paucity of data on primary and secondary 

production in the streams, we calculated the consequences of four levels of food availability as 

the basis for bioenergetics simulations, where RoR hydropower may affect food availability and 

fish consumption through increases in water temperatures and/or declines in stream flow. Few 

studies thus far have related fish growth or consumption to flow regulation from hydropower 

facilities (Almodόvar and Nicola 1999; Petersen and Paukert 2005), and none have focused 

specifically on the bioenergetic consequences of flow regulation by RoR hydropower. A better 

understanding of how flow diversion affects water temperatures and trout metabolism in 

bypassed reaches is particularly important given the increasing importance of RoR hydropower 

worldwide. These results may also be useful for bounding the consequences of other 

disturbances like anthropogenic climate change, that also change flow and temperature regimes 

(Kerkhoven and Yew Gan 2011). 

3.3. Methods  

3.3.1. Study streams 

 Douglas and Fire creeks are two high-gradient streams each draining a 

catchment of 104 km2 and regulated by RoR dams in southwestern British Columbia, Canada 

(Figure 3.1). Their total capacity for hydroelectric production is 13.5 and 11.5 MW and their 

dams are located at 346 and 359m above sea level, respectively. Both streams are in temperate 

climates that experience over 1,000 mm of precipitation per year and are primarily fed by 

snowmelt and glaciers. Their riparian zones are made of second-growth forested vegetation 

above the dam but are impacted by logging or roads downstream of the dams, though RoR 

construction activities only affected zones immediately around the dams and powerhouses. 

Both streams host populations of resident O. mykiss in their bypassed reaches (measuring 3 

km, 4.3 km, respectively). Mean annual discharge (2010-2013) was 6.5 m3s-1 in Douglas Creek, 

and 5.2 m3s-1in Fire Creek, and the annual mean flow diverted to the turbines for hydropower 

production varied between 3.8-4.7 m3s-1and 4.0-5.2 m3s-1, respectively, corresponding to 72% of 

daily mean stream flow in Fire Creek, and 68% in Douglas Creek (Appendix B). Requirements 

for minimum flows in bypassed reaches change seasonally, between 0.45-0.9 m3s-1in Douglas 

Creek and 0.5-2.0 m3s-1in Fire Creek.  
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3.3.2. Empirical Data 

 We used data provided by Ecofish Research and Innergex Renewable Energy 

Inc. that carried out monitoring of water temperatures and fish populations in the two creeks for 

two years prior to dam construction (2007-2008), and five years after construction (2010-2014). 

Time series of hourly water temperatures were generated by temperature loggers in two 

locations in each stream (+/-0.1⁰C, Onset Tidbit), upstream of the planned RoR dam locations, 

and immediately upstream of the planned RoR powerhouses (i.e. at the end of the future 

bypassed reach, 3-4.3 km downstream of the dams). Two to three temperature loggers were 

installed at each location from 2006 to 2014 to mitigate loss of data during high flow events, and 

hourly temperatures were averaged across all available loggers for each location separately. 

Flow was recorded hourly from 2010 to 2014 at the dam intake and in the bypassed reaches.  

O. mykiss, the only fish species present, were sampled annually in September. 

Abundance was estimated (2010-2014) at six locations in the first 500m upstream of the 

headpond and six locations in the first 500m downstream of the dam (i.e.at the top of bypassed 

reach) using multiple-pass depletion electrofishing. Electrofishing sites were chosen to be in 

high quality habitat with non-embedded boulder, cobble and/or gravel substrate, and averaged 

depths of 0.5m and sizes of 100m2. Weight (g) and length (cm) of each fish were recorded, and 

scales were analyzed from usually n=10 individuals per suspected age class (0+, 1+, 2+, 3+) to 

confirm age classification(for a total of n=144 and 171 Age 1+ and 2+ in Douglas and Fire 

creeks, respectively, over all years) . As sample sizes of collected scales were too small in each 

year class, year, and creek to calculate individual growth from scales, we estimated annual 

growth of all Age 1+ and 2+ fish caught in the bypass reaches of the two creeks by subtracting 

the mean weight of 0+ trout (or Age 1+) in prior year (2010-2014) from the individual weights at 

sampling the subsequent year (we used overall mean for 2010 since no data from 2009 were 

available).  

3.3.3. Temperature modeling 

 To estimate changes in water temperature due to flow diversion for RoR 

hydropower in the two creeks, we predicted the daily temperature of water in the bypassed 

reaches from 2010 to 2014 under natural conditions (i.e., without flow diversion) and compared 

it to the observed temperature recorded at the end of the bypassed reaches (Figure 3.2). To 

estimate predicted natural (unregulated) water temperatures without flow regulation, we needed 
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to isolate changes in water temperature due to flow diversion from the warming of waters that 

naturally occur as water flows down watersheds in mountainous landscapes (Vannote and 

Sweeney 1980). To do so, we used the temperature data in the upstream and (future) bypassed 

reaches from before construction of the RoR dams (2007-2008) to calculate a natural rate of 

warming with distance downstream. We computed that natural rate of downstream warming 

(∆warming) for each creek and day by subtracting the daily mean temperatures in the (future) 

bypassed reaches (TBYP) from those in the upstream reach (TUS), and then averaged over both 

years (Figure 3.2a): 

∆𝑤𝑎𝑟𝑚𝑖𝑛𝑔= 𝑇𝐵𝑌𝑃 −  𝑇𝑈𝑆 

For the five years following flow diversion (2010-2014), we then predicted unregulated 

daily temperatures in the bypassed reaches (TBYP_pred) by adding the estimated natural rate of 

downstream warming to daily temperatures recorded in the upstream reaches (Figure 3.2b): 

𝑇𝐵𝑌𝑃_𝑝𝑟𝑒𝑑 =  𝑇𝑈𝑆  +  ∆𝑤𝑎𝑟𝑚𝑖𝑛𝑔 

Finally, we compared our predicted unregulated temperatures of the bypassed reaches 

to the observed water temperatures recorded in the bypassed reaches from 2010 to 2014 

(TBYP_obs) to calculate changes in water temperatures due to RoR flow diversion alone (∆T_DIV).  

∆𝑇_𝐷𝐼𝑉  = 𝑇𝐵𝑌𝑃_𝑜𝑏𝑠  − 𝑇𝐵𝑌𝑃_𝑝𝑟𝑒𝑑   

Daily changes in water temperatures due to flow diversion were averaged per month to 

minimize daily variations and emphasize seasonal trends, and divided by the length of the 

bypassed reaches (i.e. 3.0 km in Douglas Creek and 4.3 km in Fire Creek) to compare warming 

rates per km.  

3.3.4. Bioenergetics modeling 

 We used the unregulated (predicted) and diverted (observed) daily stream 

temperatures in bioenergetics simulations to compare consumption and growth of two age 

classes of rainbow trout following flow diversion to what might have occurred without flow 

diversion (baseline). We modeled Age 1+ and Age 2+ fish separately due to ontogenetic 

changes in mass-specific metabolic demands (Jenkins and Keeley 2010). Empirical estimates 

of annual growth could not be directly related to temperatures in the bypassed reaches because 
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fish sampling occurred several kilometers upstream (i.e. immediately downstream of the RoR 

dam) of where temperature was recorded in the bypassed reaches (i.e. at the end of the 

bypassed reach, immediately upstream from the powerhouse). The very small number of fish 

captured before flow diversion and the limited amount of trout caught on each year in each 

reach made a formal before-after control-impact (BACI) analysis impossible to perform. Instead, 

to perform the bioenergetics simulations, we pooled all individuals with confirmed ages (e.g. 

scales) from the upstream and bypassed reaches from 2010-2014 (Age 0+, n= 41 and 30; Age 

1+, n= 93 and 104; Age 2+, n= 51 and 67, in Douglas and Fire creeks, respectively) and fit a 

log-normal probability distribution to each age class to create an empirically-based, simulated 

size distribution for 500 randomly selected rainbow trout. For Age 1+ trout, we then matched 

final weights drawn from the 500 random fish to initial weights of the same percentile from log-

normal probability distribution of Age 0+ fish to estimate annual individual fish growth. We 

repeated that computation for Age 2+ fish by matching final weights drawn from the 500 random 

fish to initial weights of the same percentile from the log-normal probability distribution of Age 1+ 

fish. Finally, we created a baseline for each age class in each creek by simulating consumption 

in the unregulated (predicted) temperatures using the same sample of simulated fish weights.  

We developed four food availability scenarios that represent a range of hypothetical 

consequences of declines in flow and increases in temperatures on trout consumption and 

growth (Appendix C). Scenario 1- Unlimited Consumption (UC) assumed that flow diversion 

resulted in large increases to the availability of prey for each fish as well as the capacity for 

rainbow trout to forage. Under this scenario, trout consumption was at its maximum achievable 

(i.e. within physiological limits) and growth was maximum for the experienced temperatures. We 

hypothesized with Scenario 2 - Constant Consumption (CC) that reduced flow and increased 

water temperatures due to RoR diversion did not change food availability for trout, nor the 

capacity of trout to access prey. In this scenario, we assumed that rainbow trout metabolized at 

higher rates due to the higher water temperatures but ate the same amount of food per fish as 

in unregulated streams, resulting in a higher proportion of energy devoted to increased 

metabolic costs, and less energy allocated to growth. We hypothesized in Scenario 3 - 

Increased Consumption (IC) that flow diversion increased either the availability of food for 

rainbow trout, or the capacity of trout to forage for food. We parameterized Scenario 3 such that 

trout experiencing warmer temperatures in the bypassed reaches ate at the same proportion of 

their maximum capacity for a given size as in the natural temperatures, but that maximum 

capacity scaled with warmer temperatures (i.e. with fixed pCmax). Scenario 4 - Reduced 
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Consumption (RC) represents a hypothesis where reduced flows and increased water 

temperatures result in decreased annual fish consumption and growth. We imposed a 25% 

reduction in annual consumption in warmer bypassed reaches, similar to empirical results 

reporting that a decline in flow of 75-80% led to declines in invertebrate drift of 80-90% and 

reduced caloric intake by 27% (Harvey et al., 2006). In summary, Scenario 1 represents the 

upper limit of trout growth under optimal conditions, while Scenario 2 assumes that changes in 

flow and temperature would not affect food consumption. Scenarios 2, 3 and 4 are all possible 

depending on site-specific characteristics of different regulated streams. These four contrasting 

scenarios allowed us to bound the magnitude of potential changes in annual growth and 

consumption of rainbow trout induced by flow diversion from small RoR hydropower dams.  

 We simulated trout growth and consumption in unregulated (predicted baseline) 

and diverted (observed) temperatures of bypassed reaches for three years after flow diversion, 

with 2010 representing an average year, 2011 a generally cold year, and 2013 a warm year, 

based on the upstream water temperatures (annual means of 7.1℃, 5.9℃ and 8.0℃, 

respectively; Appendix D). We ran bioenergetics simulations in R using formulas from the 

Wisconsin Fish Bioenergetics Model 4.0 (Hanson et al. 1997). We used parameters developed 

for rainbow trout (Rand et al. 1993; Railsback and Rose 1999), and  used a predator energy 

density of 5861 J/g of wet weight and a prey energy density of 2659 J/g of wet weight (van 

Poorten and Walters 2010). We used the estimated initial and final fish weights under baseline 

(predicted) temperatures in each creek and year to compute the consumption and pCmax that 

each age class would have achieved in absence of flow regulation. We then used these 

estimates of consumption and pCmax to parameterize the simulations in the warmer 

temperatures of bypassed reaches for Scenario 2 (fixed at the same value as in the baseline 

unregulated temperatures) and Scenario 4 (fixed at 75% of the values in the baseline 

unregulated temperatures) (Appendix C). Scenarios 1 and 3 were set by fixing the proportion of 

maximum consumption (pCmax) to either 1 (Scenario 1), or to the value observed in the 

baseline unregulated temperatures (Scenario 3). The scenarios thus allowed us to compare 

growth, consumption and pCmax estimated under the warmer water temperatures following flow 

diversion to those estimated under baseline conditions in the absence of flow diversion. All 

simulations ran on a daily time step for 365 days starting on Sept 15 each year, which was the 

mean date of fish sampling in Fire and Douglas Creeks. Annual growth of O.mykiss was 

estimated for the baselines and scenarios for each age class, creek, and year by computing the 

specific growth rate (SGR, Budy and Luecke 2014) as: 
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[ln (𝐹𝑊) − ln (𝐼𝑊) ] × 100, 

where FW was the final weight of fish (in g) at the end of the 365 days of simulations and 

IW was the initial weight of fish (in g). We estimated differences in SGR (in %) per fish between 

each scenario and its respective baseline (i.e. predicted unregulated temperatures) by 

subtracting the baseline SGR from the simulated SGR. Differences in consumption were 

computed as proportional change from the respective baselines: 

 
(𝐶𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜−𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒)

𝐶𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒
× 100, where C is the annual consumption per fish (in g). 

3.4. Results 

3.4.1. Temperature changes in bypassed reaches 

 Mean daily water temperatures in Douglas and Fire creeks ranged from 0-15℃, 

and streams were on average 0.78±0.2℃ (Douglas Creek) and 0.59±0.4℃ (Fire Creek) warmer 

in the bypassed reaches than in the upstream reaches before flow diversion, but up to 3⁰C 

warmer in the years following flow diversion (mean of 1.26 ±0.4℃ in Douglas Creek and 

1.4±0.4℃ in Fire Creek, Figure 3.3, Appendix D). The mean natural rate of warming between 

upstream and bypassed reaches was 0.74℃ in 2007 and 0.82℃ in 2008 for Douglas Creek 

(0.25-0.27℃/km), and 0.55℃ in 2007 and 0.63℃ in 2008 for Fire Creek (0.13-0.15℃/km). The 

mean daily flow diverted for hydroelectricity peaked between May and August and flows in the 

bypassed reaches during that period varied widely (Figure 3.3, Appendix B). Flows in bypassed 

reaches were often at or near the legislated minimum flows in winter, early spring, and fall 

months, punctuated by periodic high flow events (Figure 3.3, Appendix B). 

 Using the temperature data from 2007-2014, we predicted that flow diversion by 

RoR hydropower increased monthly mean water temperatures in bypassed reaches by 0.5℃ (± 

0.2℃) for the length of the bypassed reach (0.17℃/km) in Douglas Creek and 0.8℃ ±0.3℃ 

(0.19℃/km) in Fire Creek, above natural rates of warming in each stream (Figure 3.4). Water 

temperatures were almost always warmer after flow diversion than would be expected due to 

the natural rate of warming alone, except in February 2014 in Douglas Creek when the monthly 

predicted water temperatures were warmer by 0.2℃. We observed larger increases in water 

temperatures in bypassed reaches for late spring and early summer months in all five years 

(Apr – Jul mean 0.6℃ Douglas Creek, 1.1℃ Fire Creek, including a maximum of 1.4℃ in May 
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2011 in Fire Creek). Months with little flow diversion exhibited minimal differences between 

natural and water temperatures of bypassed reaches (e.g. January and February 2013 in Fire 

Creek). 

3.4.2. Changes in trout consumption and growth in bypassed reaches 

 Differences in food consumption arising from the four bioenergetics scenarios led 

to differences in annual growth for trout in warmer temperatures of the bypassed reaches when 

compared to that realized in predicted baseline (unregulated) temperatures. For scenarios 

where consumption increased (Scenarios 1 and 3), trout growth increased with warmer 

temperatures in all years in both creeks for Age 1+ and Age 2+ trout (Figure 3.5). Age 1+ trout 

consumed between 15-40% more in the warmer waters of the bypassed reaches under 

Scenario 3-Increased C depending on the creek and the year (Figure 3.5a) and showed 15-40% 

higher SGR (Figure 3.6a). Age 2+ trout exhibited similar trends to Age 1+ trout under Scenario 

3-Increased C, with higher consumption (12-35%, Figure 3.5b) and annual SGR (9-36%, Figure 

3.6b). When Age 1+ and Age 2+ trout could eat at will in Scenario 1-Unlimited C, consumption 

(100-5000%, Figure 3.5) and annual SGR (200-450%, Figure 3.6) increased by large amounts 

in warmer waters of the bypassed reaches as compared to the baseline temperatures (Table 

3-1). When consumption was constant in the warmer temperatures of the bypassed reaches 

under Scenario 2-Constant C, annual SGR of Age 1+ and Age 2+ trout declined slightly (-5 to -

7%, Table 3-1). When we imposed a 25% decline in consumption in Scenario 4-Reduced C, the 

average reduction in annual SGR was -45% for Age 1+ and Age 2+ trout (Table 3-1).  

Final weights of fish sampled in the bypassed reaches of Douglas and Fire creeks after 

flow diversion averaged, respectively, 7.3g and 7.8g for Age 1+ trout and 18.0g and 20.0g for 

Age 2+ trout (Table 3-2). The limited empirical data available indicate a negligible decline in 

mean final weights between pre- and post-flow diversion periods in both creeks and reaches, 

and for most age classes of trout (Table 3-2). Empirical-based estimates of mean annual growth 

for Age 1+ trout sampled in the bypassed reaches from 2010 to 2014 (5.8 and 6.2 g/yr in 

Douglas and Fire creeks respectively) fell between those predicted by Scenario 2-Constant C 

(6.3 and 5.7 g/yr, Douglas and Fire creeks, respectively) and Scenario 4-Reduced C (3.8 and 

3.4 g/yr, Douglas and Fire creeks, respectively) (Appendix E), while empirical estimates of SGR 

were generally higher (mean of 237%) than those simulated for the three scenarios (131-192%, 

Figure 3.7). For Age 2+ trout, empirical estimates of mean annual growth of fish in the top of 

bypassed reaches (9.7 and 9.3 g/yr in Douglas and Fire creeks, respectively) and SGR (mean 
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of 92% in Douglas Creek and 87% in Fire Creek) were most similar to those simulated in 

Scenario 2-Constant C (11.9 g/yr and 88%, and 10.5 g/yr and 92%, Douglas and Fire creeks, 

respectively; Appendix E). Food consumption had the largest influence on annual growth during 

late spring and early summer, coinciding with a period of rapid growth (53-63% of annual growth 

occurred between June to September for Age 1+, 39-48% for Age 2+ trout) in the unregulated 

temperatures of the baseline scenario. Fish growth in the warmer temperatures of the bypassed 

reaches was similarly higher during June to September, for all scenarios except Scenario 4-

Reduced C, when growth was 6-11% lower. The simulated proportions of maximum 

consumption (pCmax) across all scenarios varied between 0.31-0.53 for the baseline 

simulations, 0.29-0.50 for Scenario 2-Constant C, and 0.26-0.45 for Scenario 4-Reduced C. 

Annual patterns in fish growth among scenarios indicated very little growth over the winter and 

early spring months, followed by rapid growth during May through October for all scenarios 

except for Scenario 1-Unlimited C, where growth was rapid and linear throughout the year given 

the unlimited consumption (Appendix F).  

3.5. Discussion 

 We found that flow diversion by RoR hydropower in two high-gradient mountain 

streams in Western Canada increased mean stream temperatures in bypassed reaches, with 

potential consequences for the bioenergetics of rainbow trout. Our estimated increases in water 

temperatures due to flow diversion by RoR hydropower (mean 0.5-0.8℃, max 1.4℃) were 

similar in magnitude to those observed in other high-gradient mountain streams as a result of 

wildfires (up to 0.6℃, Beakes et al. 2014) or clear-cut logging (0.7℃ in December, 3.2℃ in 

August, Holtby 1988), and would correspond to approximately 50-80 years of anthropogenic 

climate warming in streams (Isaak et al. 2016). Increases in temperatures were similar in both 

creeks, but varied among months and years by a mean of 0.17±0.07℃/km. Data (unpubl) from 

the reach downstream of the powerhouses show that water temperature in the two creeks were 

generally colder by 0.36 ±0.21℃ for most of the year, but not for the summer months in Fire 

Creek where the temperatures were slightly warmer from June to August (0.17 ±0.17℃). We do 

not report further on effects of flow diversion in the downstream reaches because predicted 

water temperature increases in the bypassed reaches were larger and warmer than in the 

downstream reaches and we lack data on fish populations in the downstream reach to connect 

changes to downstream water temperatures with fish bioenergetics. The limited number of 

studies conducted in rivers regulated by RoR dams report increases in temperature in bypassed 
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reaches (Jesus et al. 2004; Anderson et al. 2006; Valero 2012), but did not isolate specific 

effects of flow diversion by comparing temperatures in bypassed reaches to those before flow 

diversion or in nearby non-regulated reaches (Gibeau et al. 2017), making a direct comparison 

difficult. Our approach to estimating changes in water temperature due to flow diversion has the 

advantage of using data (e.g. minimal longitudinal and lateral sampling) required by many 

governmental permitting agencies. Despite the simplicity of the approach, our results suggest 

that flow diversion for RoR hydropower can increase water temperatures in regulated reaches, 

which in turn has the potential to change the bioenergetics of stream fishes.  

 Modelling fish growth is complex, as it is the result of multiple biotic factors and 

feedbacks with environmental conditions (e.g. Crozier et al. 2010; Chittaro et al. 2014; Finstad 

et al. 2011). While temperature is widely regarded as an important control on fish growth (Brett 

1995), there are additional site-specific factors created by flow diversion that could affect trout 

growth. In particular, flow diversion by RoR can interrupt natural processes such as sediment 

transport and deposition, leading to changes in sediment size distributions downstream and 

possible decreases to the productivity of salmon populations if spawning or rearing habitats are 

modified or reduced (Fuller et al. 2016). Similarly, by reducing discharge in bypassed reaches, 

flow diversion by RoR hydropower can reduce the area available as habitat (reduced wetted 

width) and result in higher densities of resident fishes such as O. mykiss. While we did not 

model higher trout densities, the combination of higher densities and elevated temperatures 

could exacerbate our findings of reductions in growth when food is limited (Crozier et al. 2010), 

suggesting our results may be conservative. The lack of recaptured individuals forced us to 

compare cohort-based growth, which also has limitations in terms of size-selective habitat use 

or mortality, as smaller individuals tend to be removed from the best habitats, and emigrate or 

die at a higher rate than larger individuals (Keeley 2001). Lastly, our modelling did not consider 

spatial variability in stream temperatures or diurnal variation (e.g. Coulter et al. 2016). For 

example, increased variability in water temperatures over the summer was linked to a small 

reduction in the growth of juvenile Atlantic salmon (Salmo salar, Imholt et al. 2011). If fish 

regularly employ small-scale movements to optimize environmental temperatures, the effects of 

warmer temperatures on O. mykiss metabolism in the bypassed reaches may be tempered. 

However, juvenile rainbow trout are territorial (McPhail 2007) and such behaviours may limit 

temperature-related movements until they experience extremely high water temperatures. 

Additionally, the annual growth and consumption we estimated following flow diversion might 

have differed if the increases in temperatures were closer to O.mykiss optima (e.g. Crozier et al. 
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2008; Ayllόn et al. 2019).. Similarly, our Scenario 3 Increased Consumption could overestimate 

the benefits of higher consumption in terms of fish growth, as higher consumption does not 

necessarily mean higher growth efficiency (Finstad et al. 2011; Allen et al. 2016). When more 

detailed data are available, Net Energy Intake (NEI) and drift-foraging models, that integrate fish 

swimming costs and foraging efficiency as a result of changing water velocity and depth 

(Rosenfeld et al. 2013), could improve on the current approach. Additionally, data on trout diet 

and foraging behavior collected before and after flow diversion would have improved the 

parameterization of the bioenergetics models and our understanding of the effects of flow 

diversion on fish consumption and growth. Unfortunately, such data were not required by 

governmental permitting agencies or collected by proponents but their collection in future 

studies would greatly help test the trends our modelling suggests. Despite these limitations, our 

results align with other studies suggesting that changes in food availability and consumption are 

more likely to affect growth of resident trout than the direct effects of warmer temperatures on 

metabolism (Leach et al. 2012; Sweka and Hartman 2008) though we recognize that both 

intrinsically combine to act as constraints on growth (Bacon et al. 2005).  

 Our findings suggest that the impacts of RoR hydropower on trout growth will 

likely be influenced not only by temperature changes but also prey availability and consumption. 

The very high and unrealistic growth rates experienced by fish in our unlimited C scenario show 

the large potential for growth that fish would have in ideal conditions and with unlimited food. 

Flow diversion for RoR hydropower has the potential to influence food availability for trout by 

changing the amount of drifting terrestrial invertebrates or aquatic primary and secondary 

production. Drifting invertebrates are the primary prey for juvenile stream-dwelling salmonids, 

and terrestrial invertebrates in particular are important for trout in headwater streams (Sweka 

and Hartman 2008). Feeding during warmer spring months with high food availability is 

important to O.mykiss (Thompson and Hayes 2010), and terrestrial invertebrates have been 

shown to make up 50-78% of trout diets between May and August (Kawaguchi and Nakano 

2001). A larger proportion of stream flow is diverted for RoR hydropower during spring and 

summer months (Appendix B), which may result in a decline in the availability of terrestrial 

invertebrates through the reduction in stream wetted width. Our bioenergetics simulations 

support this possibility, as we found a decrease of 6-12% in the annual proportion of O. mykiss 

growth occurring during June to September in simulations that reduced food consumption by 

25% (Scenario 4) compared to the baseline scenarios. Flow diversion for RoR hydropower may 

also reduce primary and secondary aquatic production in bypassed reaches through reductions 
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in the surface area of productive habitat (Englund and Malmqvist 1996), decreases in 

macroinvertebrate density (Wu et al. 2012), and increases in deposition of fine sediments (Wu 

et al. 2009). However, if declines in stream wetted width are associated with reduced velocity 

and depth, higher invertebrate density may lead to increased availability to trout, but empirical 

data are needed to evaluate this hypothesis. Overall, empirical evidence from peer-reviewed 

literature about how flow diversion affects invertebrate drift points towards negative impacts on 

species richness, abundance, biomass, and density of benthic macroinvertebrates in regulated 

reaches (Harvey et al. 2006; Bradford and Heinonen 2008). These empirical studies support our 

Scenario 4, where trout growth was reduced by 45% when we reduced food consumption by 

25%. Reduced food availability could be particularly detrimental for larger fish that may struggle 

in warmer waters to keep up with their increased metabolism demands more than smaller fish 

(Myrvold and Kennedy 2015a). Overall, our results align with the findings that food availability 

and consumption act as key biological processes that can either moderate or amplify the effects 

of warmer stream temperatures for stream fish metabolism and growth (Railsback and Rose 

1999; Finstad et al. 2011). 

3.6. Conclusion 

Our results suggest that flow diversion by RoR hydropower, and subsequent increases 

in water temperature, could have negative effects on O. mykiss by affecting their growth in 

bypassed reaches if food availability does not compensate for increases in mean temperature. 

Alternatively, if food availability and fish consumption increase along with temperature, and 

temperature remains below O.mykiss optima, warmer waters could increase the growth 

potential for fish (Myrvold and Kennedy 2018). We found that the small magnitude, but large 

proportion, of water diverted for RoR hydropower increased mean temperatures by as much as 

0.5-0.8℃ in bypassed reaches of two high-gradient mountain rivers. Our simulations indicate 

that rainbow trout grew more in the warmer temperatures of the bypassed reaches as long as 

food consumption was increased, but their growth declined in scenarios when they ate equally 

or less than in baseline temperatures. The very limited empirical fish data collected from 

Douglas and Fire creeks suggest that trout populations were relatively small even prior to flow 

regulation, when compared to other populations in British Columbia (Scott and Crossman 1973). 

This finding highlights the fact that time series of observed trout growth for multiple life-cycles 

(minimum of 20 years) as well as information on diet, foraging and invertebrate communities are 

needed to confirm the predictions from our bioenergetics simulations. Such time series will also 
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be important to disentangle the effects of RoR hydropower from natural variation, given the 

naturally high variability in individual growth and population abundance typically observed for 

salmonids (Bisson et al. 2008). Additional research could also separate changes in individual 

growth trajectories from other population demographic processes that can occur simultaneously, 

like changes in population density. Our study also points to the importance of better 

understanding how aquatic and terrestrial invertebrates respond to flow diversion by RoR 

hydropower, since they play important roles mediating the effects of warmer water on fish 

metabolism and growth. Understanding how flow diversion for RoR hydropower affects water 

temperature, invertebrate communities, and fish growth and metabolism is crucial to effective 

management of salmonids populations in regulated rivers. The total number of trout populations 

potentially affected by RoR hydropower infrastructure may be small relative to the large number 

of trout populations in the Pacific Northwest, but the importance of quantifying risks and 

uncertainties remains high to adequately protect salmonids populations in those regulated 

rivers. 
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Table 3-1. Mean proportional change in consumption (C) and mean difference in 
specific growth rate (SGR) between diverted (observed) and natural 
baseline (predicted) water temperatures (all years combined) for Age 1+ 
and 2+ trout experiencing the four food availability scenarios in Douglas 
and Fire creeks. (Standard deviations are in bracket) 

 

 

 

 

Age Scenario 

Douglas Creek Fire Creek 

Change in C 
(mean %) 

Change in SGR 
(mean %) 

Change in C 
(mean %) 

Change in SGR 
(mean %) 

1+ 

Unlimited 
Consumption (UC) 

+1811 (±643) +333 (±39) +2028 (±696) +345 (±37) 

Constant Consumption 
(CC) 

-- -5 (±0.7) -- -7 (±0.7) 

Increased 
Consumption (IC) 

+18 (±1.5) +17 (±2) +31 (±5) +28 (±5) 

Reduced Consumption 
(RC) 

- 25 (fixed) -44 (±1) - 25 (fixed) -46 (±1) 

2+ 

Unlimited 
Consumption (UC) 

+1050 (±388) +276 (±40) +1129 (±290) +285 (±28) 

Constant Consumption 
(CC) 

-- -5 (±1.7) -- -7 (±0.5) 

Increased 
Consumption (IC) 

+14 (±1) +13 (±1.3) +25 (±4) +22 (±4) 

Reduced Consumption 
(RC) 

- 25 (fixed) -44 (±2) - 25 (fixed) -46 (±1) 
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Table 3-2. Average final fish weights (g) of Age 1+ and 2+ trout sampled in the 
bypassed and upstream reaches of Fire and Douglas creeks in the pre- 
(2006-2008) and post- (2010-2014) diversion periods. 

Creek Reach Age Period n 
Weight (ave, 

g) 

Fire 

Bypassed 

0+ 
Pre -- -- 

Post 14 1.5 (1.0) 

1+ 
Pre 6 8.5 (2.0) 

Post 55 7.8 (2.8) 

2+ 
Pre 15 21.3 (7.8) 

Post 43 20 (7.1) 

3+ 
Pre -- -- 

Post 11 36.5 (15.5) 

4+ 
Pre -- -- 

Post 5 64.5 (14.3) 

Upstream 

0+ 
Pre -- -- 

Post 16 1.6 (1.1) 

1+ 
Pre 8 10.6 (3.2) 

Post 49 7.3 (3.2) 

2+ 
Pre 14 20.4 (7.2) 

Post 24 18.0 (4.8) 

3+ 
Pre -- -- 

Post 4 38.1 (8.5) 

4+ 
Pre -- -- 

Post 1 56.7 

Douglas 

Bypassed 

0+ 
Pre -- -- 

Post 25 1.4 (0.6) 

1+ 
Pre -- -- 

Post 69 8.6 (4.9) 

2+ 
Pre 3 35.8 (7.8) 

Post 38 22.6 (10.8) 

3+ 
Pre 5 47.2 (8.8) 

Post 17 42.1 (14.4) 

4+ 
Pre 2 48.6 (19.5) 

Post 3 59.2 (18.2) 

Upstream 

0+ 
Pre -- -- 

Post 16 1.6 (0.8) 

1+ 
Pre 4 9.15 (0.3) 

Post 25 8.3 (3.8) 

2+ 
Pre 7 20.8 (4.4) 

Post 13 16.7 (8.4) 

3+ 
Pre 5 54.4 (10.3) 

Post 5 78.8 (53.8) 

4+ 
Pre 2 65.3 (7.6) 

Post 1 58.3 
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Figure 3.1. Location of the two high-gradient mountain streams regulated for RoR 
hydropower in British Columbia, Canada. The two bypassed reaches are 
highlighted in darker grey between the low-head dams and the 
powerhouses.  
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Figure 3.2. Conceptual diagram showing the methods used to estimate the change in 
water temperatures due to flow diversion by RoR hydropower alone. (a) 
The mean change in temperatures between the upstream reach and the 
future bypassed reach due to the longitudinal gradient in the stream (i.e. 
natural rate of warming) was estimated from temperature data before 
construction of the RoR facilities (2007-2008). (b) The mean natural rate of 
warming was added to the upstream temperatures for each year following 
flow diversion to predict the estimated temperatures in the bypassed reach 
would no flow diversion occur.  
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Figure 3.3.  a) Mean daily temperature (⁰C) in upstream and bypassed reaches, and b) mean daily flow (m3s-1) diverted for 
hydroelectricity production (plant flow, black) and recorded in bypassed reach, from January to December in 
Fire Creek (2010). Corresponding proportion of diverted flow is shown on the second y-axis in b. See 
Appendices B and D for other temperature and flow time series. 
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Figure 3.4.  Difference in mean monthly temperature (⁰C) between the observed temperatures in the bypassed reaches 
and the natural (predicted) temperatures in a) Fire Creek and b) Douglas Creek from 2010 to 2014. Positive 
differences indicate that temperatures observed in the bypassed reaches following flow diversion were 
warmer than predicted based on the natural downstream rate of warming alone. The black line shows no 
difference between natural predicted and observed water temperatures.  



55 

 

Figure 3.5.  Increase in simulated consumption (C, % of baseline) of trout in the warmer 
temperatures of the bypassed reaches as compared to the predicted 
natural baseline temperatures for the Unlimited Consumption (UC) scenario 
(left panels), and the Increased Consumption (IC) scenario (right panels) in 
Douglas and Fire creeks during 2010 (dark grey), 2011 (black), and 2013 
(light grey) for a) Age 1 fish, and b) Age 2 fish. Years are ordered from 
colder (2011) to warmer (2013) temperatures. Note the y-axis in a) displays 
much bigger values than in b). Boxes represent 25 to 75% of the ranked 
data and the horizontal line shows the median. Whiskers range from the 
extremities of the box to 1.5 interquantile range of the data. Outliers are 
shown by open circles. 
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Figure 3.6. Change in specific growth rate (SGR, %) achieved by trout between the 
warmer temperatures of the bypassed reaches and the predicted natural 
baseline temperatures for the Unlimited Consumption (UC) scenario (left 
panels), and the Constant Consumption (CC), Increased Consumption (IC), 
and Reduced Consumption (RC) scenarios (right panels) in Douglas and 
Fire creeks during 2010 (dark grey), 2011 (black), and 2013 (light grey) for a) 
Age 1 fish, and b) Age 2 fish. Years are ordered from colder (2011) to 
warmer (2013) overall temperatures, based on upstream temperatures.   
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Figure 3.7.  Frequency distributions of Age 1+ O.mykiss sampled in the bypassed reach of Douglas Creek from 2010 to 
2014, a) weight (n= 105 fish, mean: 7.6g), and b) estimated specific growth rate (SGR, histogram) with 
predicted SGR of Age 1+ O. mykiss under reduced C, constant C, and increased C scenarios (dashed lines, 
right axis). SGR predicted by the three scenarios of food availability in the temperature recorded at the end of 
the bypassed reaches is lower than the empirical SGR observed at the beginning of the bypassed reaches.  
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Freshwater density dependence and potential 
consequences of flow fluctuations from Run-of-River 
hydropower on coho salmon (Oncorhynchus 
kisutch) 

4.1. Abstract 

Predicting whether anthropogenic sources of mortality have negative consequences at 

the level of population dynamics is challenged by mechanisms like density-dependent growth 

and survival that can either amplify or offset the loss of individuals from anthropogenic 

disturbances. Run-of-River (RoR) hydropower is a growing industry that can cause frequent 

mortality of salmonid fry through rapid reductions in flow leading to stranding on dewatered 

shores. However, whether such individual-level impacts reduce population growth rates and 

increase local extinction risk is difficult to predict. We evaluated how the timing and magnitude 

of anthropogenic flow fluctuations influenced population abundance and extinction risk of coho 

salmon (Oncorhynchus kisutch), which spend up to 1.5 years in many streams regulated by 

RoR hydropower. We additionally assessed how the timing (spring, winter) and strength (weak, 

moderate, high) of natural density-dependent bottlenecks experienced by salmon in freshwaters 

moderates or amplifies the potential for RoR-induced mortality to scale to emergent population 

dynamics. We built a stochastic stage-structured matrix model to compare population sizes and 

the 45-year probability of quasi-extinction under 12 scenarios that varied the frequency (0-20 

events per year) and magnitude (1-10% of mortality per event) of RoR-induced flow fluctuations, 

as well as the timing and strength of density-dependent bottlenecks occurring during the first 

year in freshwater. Results indicate that even mild flow fluctuations by RoR hydropower can 

have some impact on coho population dynamics, especially if density dependence is weak or 

occurs shortly after fry emerge in spring. Under strong winter density dependence, the potential 

for population-level effects was lessened, but populations still declined by 13-42% when RoR-

induced mortality was severe (5-10%) or frequent (10-20 events/year). We conclude that strong 

density-dependent survival bottlenecks could partially mitigate the loss of fry from anthropogenic 

flow fluctuations, especially if bottlenecks occur late in freshwater residency. However, even 

with strong density dependence in winter, our models predict declining populations by up to 
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70% under strong and very frequent flow fluctuations, which should serve to caution those 

tasked with regulating flows in streams affected by RoR hydropower.  

 

4.2. Introduction 

Many anthropogenic disturbances impact species by increasing mortality of individuals, 

but whether individual mortality ultimately scales up to affect species’ abundance or persistence 

remains difficult to predict (e.g. Fodrie et al. 2014). Mechanisms of population regulation like 

density-dependent growth and survival evolved to buffer populations against natural fluctuations 

in environmental conditions and catastrophic events (Rose et al. 2001). Density dependence 

may compensate for some level of individual mortality and limit population-level consequences 

of disturbances (Hodgson et al. 2017). Density-dependent survival, where survival rates change 

as a function of the number of individuals per unit area or volume in a population, is 

compensatory when population growth rate slows at high population densities (Power 1997; 

Rose et al. 2001). The presence of compensatory density dependence allows for sustainable 

harvest of exploited populations, by removing a proportion of the population that would have 

died during natural bottlenecks, and is central to the management of many species, from 

kangaroos (McCarthy 1996) to palm trees (Freckleton et al. 2003), but especially marine fish 

populations (Schaefer 1954; Beverton and Holt 1957; Ricker 1992; Hilborn and Walters 1992; 

Myers 2002). Higher compensatory reserve, defined as the reproductive rate in excess of what 

is needed to maintain growth and allowing a population to sustain stresses (Goodyear 1977), 

leads to a larger capacity for populations to maintain productivity despite additional mortality 

induced by anthropogenic removal (e.g., fishing) or disturbances (e.g. climate change, habitat 

degradation).  

Anadromous salmon have complex life cycles with life stages in both freshwater and 

marine ecosystems that expose them to multiple anthropogenic risks, and more than half of the 

Pacific salmon populations in the contiguous USA are currently threatened with extinction 

(Walters et al. 2013; Gustafson et al. 2007; Crozier et al. 2019). The main causes of declines 

are destruction and degradation of freshwater habitats that salmon rely on for spawning and 

rearing, overfishing, and deteriorating ocean conditions due to climate change (Kareiva et al. 

2000; Honea et al. 2016; Cunningham et al. 2018). Most anadromous salmon experience 

density-dependent bottlenecks during their freshwater residency, though the precise timing of 
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such bottlenecks remains debated (Zabel et al. 2006; Einum et al. 2006; Walters et al. 2013). 

For some populations, a freshwater survival bottleneck occurs during spring, immediately 

following fry emergence, since territorial fry compete for limited territories and resources 

(Chapman 1962;Ward and Slaney 1993  Nislow et al. 2004). For other populations, there is 

evidence for a survival bottleneck during winter where habitats that allow parr to survive 

conditions like high-flow storm events are limited (Walters et al. 2013). Similarly, for resident 

salmonids evidence supports the presence of density-dependent survival bottlenecks in either 

the spring (Salmo trutta, Mortensen 1977, Capra et al. 2003) or winter (Oncorhynchus mykiss, 

Mitro and Zale 2002). Disturbances occurring before density-dependent bottlenecks are less 

likely to affect emergent population dynamics (Greene and Beechie 2004). Thus, additional 

anthropogenic mortality will be more efficiently offset if it happens before density-dependent 

bottlenecks.  

Run-of-river (RoR) hydropower, whereby small streams are dammed to generate 

electricity without water storage, is an emerging industry that has the potential to cause mortality 

for salmonids fishes (Gibeau et al. 2017). RoR hydropower has been gaining in importance 

globally, with its contribution to global power generation nearly doubling from 2001 to 2010, as it 

increased from 32,000 to 45,000 MW (Abbasi and Abbasi 2011). RoR hydropower projects 

typically have small physical footprints with low-head dams that temporarily divert water through 

tunnels into powerhouses, where water is run through turbines to create electricity before being 

returning to the river (Anderson et al. 2014). RoR hydropower may generate a range of impacts 

to stream ecosystems (Gibeau et al. 2017), including anthropogenic flow fluctuations (or pulsed 

flows, Young et al. 2011) that are often created by the operation of RoR power plants. Flow 

fluctuations occur when changes in electricity production lead to the sudden rerouting of water 

from the dam into the bypassed river reach. This creates rapid increases in flow in bypassed 

reaches, and a concurrent, sometimes sharp, decline in flow in reaches just downstream of the 

powerhouse. The increase in flow in the bypassed reach has the potential to displace juvenile 

fish, increase energy costs, or scour spawning redds (Harby and Halleraker 2001; Nislow and 

Armstrong 2012). Simultaneously, the decline in flow in downstream reaches may strand fish on 

dewatered river beds or isolate fish in disconnected side pools (Nagrodski et al. 2012). Fry are 

the most vulnerable life stages because they are poor swimmers and take refuge along shallow 

stream margins that dewater rapidly (Hunter 1992; Halleraker et al. 2003; Young et al. 2011). 

Coho salmon (Oncorhynchus kisutch) are expected to be particularly vulnerable to operations 

from RoR hydropower due to their long residence time in freshwater and high spatial overlap 
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with many RoR facilities in the Pacific Northwest. Coho fry are more vulnerable to stranding 

than rainbow trout (Oncorhynchus mykiss) fry or other anadromous salmon species following 

anthropogenic flow fluctuations from studies in both large reservoirs and laboratory 

experiments, because of their tendency to bury deep into the substrate during the day, which 

made them less likely to detect declines in water levels and avoid stranding (Hunter 1992; 

Bradford et al. 1995). While many studies noted lethal and sub-lethal impacts on individuals in 

regulated rivers or downstream of reservoirs (Young et al. 2011; Nagrodski et al. 2012; Dibble et 

al. 2015), quantitative explorations of population-level effects are few (Sauterleute et al. 2016), 

especially in smaller streams regulated by RoR dams.  

Here we evaluated the potential for anthropogenic flow fluctuations induced by RoR 

hydropower to impact population dynamics of coho salmon using simulation models integrating 

density dependence. Specifically, we explored the degree to which the strength and timing of 

density-dependent survival bottlenecks experienced by salmon during the first year of 

freshwater residency could mitigate the additional mortality experienced by fry from 

anthropogenic flow fluctuations. We built a stage-structured stochastic matrix model, 

parameterized with data from the literature, to simulate potential impacts of RoR dams, across a 

range of flow fluctuations, on the probability of quasi-extinction and population size of coho 

salmon under weak, moderate, or strong density dependence assumptions. Understanding 

better how natural density dependence can compensate for mortality induced by human actions 

is crucial to guide effective management strategies for salmonid populations inhabiting 

regulated rivers.  

4.3. Methods 

4.3.1. Matrix model 

We built a stochastic stage-structured matrix model (Morris and Doak 2002) describing 

the 3-year coho salmon life-cycle (Nickelson and Lawson 1998; Bradford et al. 2000). Our 

model included density-dependent survival in freshwater and the effects of simulated 

anthropogenic flow fluctuations of different frequency and magnitude on population abundance 

and dynamics. All analyses were performed in the R language (version 3.5.1, R Core Team 

2013). Adult coho spawn in natal freshwater streams in late fall, eggs incubate over winter, and 

fry hatch and emerge in the spring. Juveniles (termed parr)  typically remain in freshwaters until 

the following spring, before migrating to the Pacific Ocean as smolts (at 1.5 years old), where 
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individuals spend up to 18 months before returning to spawn (Groot et al. 1995). In some 

populations, juveniles may spend an extra year in freshwaters before migrating to the ocean 

(Holtby and Healey 1990), or return early as to spawn as two years-old (Bennett et al. 2015), 

but those are considered exceptional. We modelled a typical coho population including three life 

stages (Eggs/fry/parr, parr/smolts, adults) in a stage-structured stochastic matrix model with an 

annual time step, beginning with spawning in late fall (Table 4-1). As a result, the first life stage 

(F13), comprised both egg and fry transitions until the end of the first fall. We assumed a mean 

sex-ratio, Pfem, of 0.452 (σ ± 0.009) female, to reflect the recorded higher mortality of adult 

females than males in the ocean (mean of two creeks, Holtby and Healey 1990; Spidle et al. 

1998), and mean fecundity, Neggs, of 2597 eggs (σ ± 386) per female (mean of 16 creeks, 

Shapovalov and Taft 1954; Crone and Bond 1976). The survival to emergence, φemerg, was 

estimated at 0.223 (σ ± 0.032) based on studies in five creeks of the Pacific Northwest (Bradford 

1995; Hall 2008). The second life stage (a21) included parr to smolt and encompassed survival 

from the end of the first fall, through leaving freshwaters as smolts, and for the first six months 

of young adults in the ocean. Finally, the last stage (a32) comprised three-year-old adults in the 

ocean until spawning in freshwater. The geometric mean of recent data from three wild coho 

populations from the Pacific Northwest suggests an overall ocean survival of 6.04% (σ ±2.27%) 

prior to harvesting (Korman and Tompkins 2014; Korman et al. 2019), which reflects the high 

ocean mortality suffered by coho populations in recent years. When generating stochastic 

annual estimates of ocean mortality, we included a temporal autocorrelation of 0.6 from the 

previous year to reflect the long-term trends observed in ocean survival due to large-scale 

climatic events like El Niño cycles or the Pacific Decadal Oscillations (Bradford et al. 2005). The 

ocean survival rate was then split for each brood year between the six months of ocean survival 

in Year 2 (φoceY2) and 12 months in the ocean of Year 3 (φoceY3). We added stochasticity to Pfem, 

φemerg, and ocean survival by randomly drawing each vital rate at each time step from a beta 

distribution parameterized with the respective mean and standard deviations (Morris and Doak 

2002). Stochasticity was added to Neggs using a normal distribution N(μ, σ), with the mean and 

standard deviation  described above. 

4.3.2. Freshwater density-dependent survival 

We estimated the transition probability from fry to smolt (f(φspr) or f(φwin)) using a density-

dependent survival function derived from data on 10 coho populations in creeks similar in size to 

those regulated by RoR-dams in the Pacific Northwest (i.e. mean length  = 9 km, mean 
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drainage area = 32 km2), where out-migrating smolts and returning adults were counted over 

several years (Bradford 1995; Korman and Tompkins 2014). To estimate the number of fry 

produced in each of the 10 creeks, we multiplied the number of returning adults (per km of 

stream to account for the varying length of streams) by the mean values of sex ratio, fecundity, 

and survival to fry emergence, as reported above. We regressed the density of fry (Dfry) against 

the density of smolts (Dsmolt) to estimate the strength of density-dependent survival for each of 

the 10 streams using the Beverton-Holt relationship:  

Dsmolt(t+1) = 
α × Dfry(𝑡) 

1+[(
α

k
 )×Dfry(𝑡)] 

       (eq. 1) 

Where α is the number of smolts per fry at the origin and k is carrying capacity for smolts 

in the stream (smolts per km).  

We limited the parameter α to a maximum of 1 to avoid unrealistic overcompensation at 

low fry abundance, given that the density-dependent function only describes survival between 

fry to smolt stages. We categorized the strength of density dependence as weak (α= 0.2), 

moderate (α= 0.5), and strong (α= 1.0) based on the relations parameterized for each 10 creeks 

while holding  k constant for all streams (Figure 4.1). Weak and strong density dependence 

corresponded to the lowest (0.2) and highest (1.0) values of α observed among the 10 creeks, 

respectively, and we set moderate density dependence to the average α of all 10 creeks (0.5). 

Carrying capacity for smolts (k) was set to 15,318 individuals, which corresponded to the mean 

k over all 10 creeks (1702 smolts/km), scaled to simulate populations inhabiting a hypothetical 

stream with an average 9 km spawning and rearing reach.  

We developed the model to compare both how the strength of density dependence 

(weak, moderate, or strong) and the timing of the bottleneck (spring or winter) impacted the 

capacity of populations to compensate for anthropogenic mortality. We varied timing of the 

density-dependent bottleneck by either attributing all density-dependent survival to Spring or 

Winter and assumed the remainder of freshwater survival to be density-independent similar to 

other studies (Zabel et al. 2006). Thus, fry-to-smolt survival was partitioned into two transition 

rates (F13, a21) given that the life-cycle model was based on yearly time steps. We added 

variation in smolt survival (smoltE) following the density-dependent bottleneck by adding a 

truncated normally-distributed error term, N(0, σ), that allowed smolt survival to vary within the 

range of residuals standardized per k for each creek (σ= 0.074) from the density-dependent 

function (i.e. Beverton-Holt relationships for each 10 creeks). The normal distribution was 
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truncated between -0.27 and 0.27, which corresponded to the mean ratio between the residuals 

from the 10 fits of the Beverton-Holt relationship standardized by each creek’s respective 

carrying capacity.  

4.3.3. Scenarios of RoR-induced flow fluctuations  

Flow fluctuations created by operations of RoR facilities vary in frequency, magnitude, 

and timing throughout the year, but limited data exist in the peer reviewed literature to 

quantitatively describe their characteristics (Gibeau et al. 2017). As a result, we developed 

scenarios by varying the timing and frequency of anthropogenic flow fluctuations using limited 

data from a selection of monitoring reports submitted to government agencies regulating the 

RoR industry in British Columbia (BC), Canada (Appendix G). The definition of flow fluctuation 

events followed slightly different definitions in each creek, but generally, an event was defined 

by river water levels dropping faster than regulated site-specific minimum (generally vertical 

height of 2.5 cm per hr) for periods longer than 10 minutes, after at least 24-hours of stable 

water levels. Given these criteria, the events reported by plant managers are likely 

underestimates of all anthropogenic flow fluctuations created by flow regulation. We found that 

between 0 and 21 events occurred per creek every year (overall mean of 9 ± 5 events per year, 

Figure 4.2). Most events occurred in the fall (mean of 37%), followed by summer (mean of 

29%), spring (mean of 20%), and winter (mean of 14%; Figure 4.2).  

There are very few published estimates linking records of stranded fish to population-

level estimates of fry mortality in streams regulated by RoR dams or larger reservoir-storage 

systems, and most studies were in systems subjected to daily flow fluctuations. For example, 

Almodόvar and Nicola (1999) attributed rapid declines in density (-50%) of brown trout over one 

year to drastic daily flow fluctuations (at times, water depth changed by 0.3m over a few 

minutes) downstream of a small RoR dam that lead to the loss of suitable habitat. Other studies 

below larger reservoir-storage dams point to the potential for similarly high mortality of juveniles 

after flow events. Bauersfeld (1978) estimated 1.5% of chinook (Oncorhynchus tshawytscha) 

and coho salmon fry mortality per flow fluctuation event downstream of a large dam and 

concluded that a total loss of 59% of the salmon fry population could have occurred over a 

single season. Similarly, a study in a reservoir-storage system with large daily fluctuations in 

flow reported an 80% decline in juvenile Atlantic salmon densities of over four years (Ugedal et 

al. 2008), and stranding mortality rates between 5-90% were used for a study with Atlantic 
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salmon in Norway (Sauterleute et al. 2016). Thus, based on these few studies, we estimate that 

a single flow fluctuation event could lead to 1 – 10% mortality of fry.  

Given the uncertainty in the estimates of fry mortality per event, we created 12 scenarios 

with varying frequency and magnitude of RoR-induced flow fluctuation to encompass a wide 

range of possible consequences for coho populations (Table 4-2). The 12 flow fluctuation 

scenarios were combinations of four different annual frequencies, low (n= 1-5 events), mid (n= 

6-10 events), high (n= 11-15 events) and very high (n= 16-20 events), paired with three 

magnitudes of fry mortality per event, high (mean of 10%), mid (mean of 5%) and low (mean of 

1%). Within each frequency category (low, mid, high, very high), we randomly drew the number 

of events from a uniform distribution for each year, and distributed the events seasonally using 

the proportions calculated from observed data in BC (i.e. with probabilities that of 20%, 29%, 

37%, and 14% of events would occur in the Spring, Summer, Fall, and Winter, respectively, 

Figure 4.2). The survival of juveniles during RoR-induced flow fluctuations was randomly drawn 

from a beta distribution using a mean survival of 99 ±1% for the low, 95±1% for the mid, and 

90±1% for the high magnitude scenarios. We classified the 12 scenarios into three groups (low, 

mid, high impacts) based on the minimum survival possible if frequency of flow fluctuations was 

maximum and magnitude average on each year (e.g. minimum annual survival would be 0.995 

=0.95 for the low frequency-low magnitude LL scenario). Low impact scenarios included those 

that had annual survival of fry or parr to anthropogenic flow fluctuations above 75%, while 

medium impact scenarios had annual survival between 45 to 60%, and high impact scenarios 

had annual survival below 36% (including survival as low as 12% for the worst-case scenario of 

very high frequency and high magnitude of flow fluctuations) (Table 4-2). Given the lack of 

precise population-level mortality rates, our scenarios thus model a wide range of mortality that 

span from small impacts of minor and rare fluctuations (L-L scenario), to worst-case scenarios 

with very frequent and damaging flow fluctuations still within the range of the extremes reported 

in the literature cited above (VH-H scenario).  

 We compared populations simulated under the 12 scenarios of RoR-induced flow 

fluctuations to baseline populations that were parameterized in the same way (i.e. with the same 

strength and timing of density dependence) but not subjected to the influence of additional 

mortality from RoR hydropower. We included an initial burn-in period of 10 years without 

stochasticity to allow simulated populations to reach equilibrium, and then ran each simulation 

for 45 additional years (~15 generations, of 3-year cohorts). We started all simulations with an 

initial population size of 500 adults over a hypothetical 9 km river and derived the starting 
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number of fry and smolts by using the stable age distribution of the deterministic model without 

density dependence. We repeated each combination of strength and timing of density 

dependence for 10,000 iterations, for a total of 75 combinations (12 scenarios x 3 strengths x 2 

timings of density dependence, and 1 baseline model x 3 density dependence strengths). Each 

scenario was then compared to the baseline with the same strength of density dependence 

(which were identical between spring and winter bottlenecks, given all mortality from fry to smolt 

was attributed either in the spring or the winter). We compared baseline and RoR-impacted 

populations through mean final population size and the 45-year probability of quasi-extinction. 

To capture the variation from cohort to cohort, the mean final population size was the average 

number of adults over the last six cohorts (years 40 to 45) of the simulations. The probability of 

quasi-extinction was calculated as the number of times that the number of adults fell below a 

threshold of 92 individuals for three consecutive cohorts over the 10,000 iterations. This 

threshold corresponded to the number of adults that smolts at 10% carrying capacity would 

produce assuming an average ocean survival of 6.04% (similar to Crozier et al. (2008)).  

4.3.4. Elasticity analyses 

Following Wisdom et al. (2000), we performed a simulation-based elasticity analysis by 

simulating 10,000 matrices with vital rates drawn at random from uniform distributions bounded 

by the 95% confidence interval for each parameter, and calculated the deterministic growth rate 

(λ) without density dependence. In this simplified deterministic model, the density-dependent fry 

survival (ƒ(φspr) or ƒ(φwin)) was replaced by deterministic fry survival in year 1 (φfryY1) and year 2 

(φfryY2), that averaged 7.5%, the mean fry-to-smolt survival across the 10 creeks used to derive 

the Beverton-Holt density-dependent function. We decomposed variation in lambda with a 

general linear model with Gaussian distribution, to predict the contribution of each vital rate to 

the variation observed in lambda (given by the standardized regression coefficients associated 

to each vital rate in the model). By comparing the standardized regression coefficients, we infer 

the contribution of each vital rate to a proportional change in lambda (Wisdom et al. 2000). 

4.4. Results 

Overall, under all scenarios of flow fluctuations from ROR hydropower, the probability of 

quasi-extinction increased, and population sizes declined over 45 years as compared to the 

respective baselines, for all strengths and timings of density dependence. The magnitude of the 
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response at the population level was more pronounced as the pressure from anthropogenic flow 

fluctuations increased (either by more frequent and/or more severe fluctuations). Density-

dependent survival bottlenecks compensated for some of the increased mortality from 

anthropogenic flow fluctuations, especially when density dependence was strong and/or 

occurred in the winter. We detail below the results from all scenarios. 

4.4.1. Probability of quasi-extinction 

Quasi-extinction probabilities in the absence of RoR-induced flow fluctuations were 

highest at 0.19 for the baseline population when density dependence was weak but declined to 

0.13 and 0.11 when density dependence was modeled as moderate or strong (Figure 4.3). 

When we modeled survival from RoR-induced flow fluctuations under weak density 

dependence, the probability of quasi-extinction increased especially for medium impact (means 

of 0.5 for spring bottleneck and 0.38 for winter bottleneck) and high impact scenarios (means of 

0.96 and 0.86 for spring and winter bottlenecks, respectively) (Figure 4.3). The probability of 

quasi-extinction also increased compared to baseline when mortality from RoR-induced flow 

fluctuations was included with either moderate or strong density dependence, but primarily 

when the bottleneck occurred in spring or when the magnitude or frequency of mortality events 

was high (Figure 4.3). For example, the probability of quasi-extinction increased by a factor of 5 

in high impact scenarios when density dependence was moderate (mean of 0.68) or strong 

(mean of 0.54) in the spring, and by a factor of 2-3 when density dependence was moderate 

(mean of 0.43) or strong (mean of 0.22) during winter. Under strong density dependence in the 

winter, the probability of quasi-extinction remained at near baseline levels (~0.2) for all 

scenarios, except for the most extreme scenario (very high frequency/high magnitude VH-H 

scenario) that had a probability of quasi-extinction of 0.36 (Figure 4.3). Overall, probability of 

quasi-extinction declined by 14-18% when the bottleneck was in the winter as opposed to spring 

under weak density dependence across all scenarios, and for moderate and strong density 

dependence in the low and medium impact scenarios. However, as the pressure from 

anthropogenic flow fluctuations increased in the high impact scenarios, the probability of quasi-

extinction declined by an average of 57% when the bottleneck was in the winter as opposed to 

spring, and by 41% under moderate density dependence. Probability of quasi-extinction 

increased steadily over time for all strengths and timings of density dependence under the 

medium impact scenarios (Figure 4.4a). However, when flow fluctuations were frequent and of 

high magnitude, high probabilities of quasi-extinction were reached more quickly over time for 



68 

the weak density dependence in Spring and Winter, and when density dependence was 

moderate in the Spring (Figure 4.4b).  

4.4.2. Population size 

Flow fluctuations from RoR hydropower reduced modeled population sizes across all 

scenarios including the full range of density dependence assumptions, but the largest declines 

occurred when either density dependence was weak (mean of 58% decline from baseline 

across all scenarios and both timings of bottleneck), when the natural density-dependent 

bottleneck was in the spring (mean of 53% decline from baseline across all scenarios and all 

strengths of bottleneck), or when RoR-induced mortality was high (mean of 78% decline from 

baseline for high impact scenarios across all strengths and timings of bottleneck) (Figure 4.5). 

For example, we observed a 90% population decline in the high impact scenarios in the spring 

compared to the baseline. Mortality from flow fluctuations had a particularly large influence on 

the population size when density dependence was weak, as final number of spawners declined 

from the baseline by an average of 68% for medium-, and 99% for high-impact scenarios with a 

spring bottleneck, and 49% and 94% declines, respectively, for the weak density dependence 

with a winter bottleneck. However, population sizes were consistently higher for all scenarios 

when density dependence was strong as compared to weak or moderate strengths (Figure 4.5). 

When we modeled high survival from anthropogenic flow fluctuations (survival per event ~0.99), 

the timing of density dependence did not influence population size regardless of our 

assumptions about the strength of density dependence (e.g. low impact L-L scenario, Figure 

4.6.a). However, when we increased the frequency and magnitude of flow fluctuations (e.g. 

medium and high impact scenarios), the decline in population size with a winter bottleneck was 

less severe than with a spring bottleneck when density dependence was moderate or strong 

(Figure 4.6.b and c). However, even under strong density dependence in the winter, population 

sizes still declined from baseline abundances by 13% to 42%, for medium and high impact 

scenarios, respectively. Comparatively, the average decline in population size from the baseline 

was 46% for medium impact scenarios and 88% for high impact scenarios for moderate density 

dependence in the spring, and 20% (medium impact) and 63% (high impact) declines, for 

moderate density dependence in the winter.  
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4.4.3. Elasticity analyses 

 The elasticity analysis showed that not all rates contributed equally to variation in 

deterministic population growth rates (λ). Vital rates with the highest simulated elasticities in our 

model included the survival of fry to smolt and ocean survival (standardized regression 

coefficients: 0.15, 0.16, respectively), suggesting they have the largest influence on λ (Figure 

4.7). The next most important vital rates were fecundity (Feggs) and the survival of fry at 

emergence (standardized regression coefficients: 0.051, 0.049, respectively), followed by the 

proportion of females (Pfem) that showed very little influence on population growth 

(standardized regression coefficient: 0.0007). 

4.5. Discussion 

Our results demonstrate that mortality induced by flow fluctuations from the operation of 

RoR hydropower dams have the potential to affect emergent population dynamics of coho 

salmon populations. Both the strength and timing of density-dependent survival during the first 

year in freshwaters were critical to predicting the impacts of anthropogenic flow fluctuations for 

population dynamics of coho. When density dependence was weak in the spring or the winter, 

even rare and low mortality flow fluctuations substantially increased the probability of quasi-

extinction and decreased population sizes 45 years later. However, populations experiencing 

moderate to strong density dependence had more capacity to attenuate the loss of fry from 

RoR-induced flow fluctuations, especially if density dependence occurred in the winter. Even 

when we modeled strong density dependence occurring in the winter, the final population size 

for the most extreme scenario of RoR-induced mortality was 70% smaller than baseline 

populations. In turn, smaller populations would have higher vulnerability to other anthropogenic 

disturbances, as well as demographic stochasticity and extinction (Lande et al. 2003). The 

limited data we found in the grey literature about RoR-induced flow fluctuations (Figure 4.2) 

suggests that most rivers regulated by RoR hydropower in the Pacific Northwest experience 

annual frequencies of flow fluctuation events that fall into our low to mid-impact scenarios 

(overall mean of 9 ± 5 events per year). These results suggest that if populations experience 

moderate to strong density dependence, at least some of the mortality induced by 

anthropogenic flow fluctuations can be absorbed by the life history, especially if density 

dependence operates primarily in the winter. However, these empirical data on RoR flow 

fluctuations also illustrate that high to very high frequency of events is possible (maximum 
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frequency of 21 events experienced in a year), and our modelling suggests that such scenarios 

could lead to smaller population sizes and elevated extinction risk for coho salmon, regardless 

of the form of density dependence. Our results suggest that, if survival of individuals is very low 

during each RoR-induced flow fluctuation event, such mortality would overwhelm even the 

strongest and most favourably-timed density-dependent bottleneck, a result aligned with 

findings from a study looking at impacts of climate change on Chinook salmon density-

dependent survival in freshwater (Crozier et al. 2008a). 

Beyond fry mortality induced by anthropogenic flow fluctuations, there are several 

additional mechanisms or limitations that could further impact salmon in rivers regulated by RoR 

hydropower that make our estimates conservative. For example, RoR-induced flow fluctuations 

could influence life stages other than fry and parr in ways not included in our simulations thus 

increasing negative pressures on populations (e.g. stranding of smolts, Sauterleute et al. 2016). 

Other impacts of anthropogenic flow fluctuations include nest abandonment, redd scouring, 

home range reductions, and loss of habitat connectivity downstream of reservoirs (Geist et al. 

2008; Stradmeyer et al. 2008; Korman and Campana 2009). Though our models assumed the 

same rates of survival over time, timing of flow fluctuations within diurnal or seasonal cycles 

may also influence the severity of consequences for fish populations. For example, simulations 

performed by Sauterleute et al. (2016) showed that population abundance of Atlantic salmon 

(Salmo salar) was most reduced downstream of a hydropeaking reservoir in Norway when flow 

fluctuations occurred during winter daylight hours. Flow fluctuations in winter or spring may have 

particularly severe consequences for fish populations as negative effects of high water flows in 

March was linked to poor recruitment for fall-spawning brown trout (Sabaton et al. 2008; 

Gouraud et al. 2008; Capra et al. 2003) and high flows are known to cause of egg mortality 

(Ward and Slaney 1993; Battin et al. 2007).  

Other limitations include our choice of the Beverton-Holt curve to describe the shape of 

the density-dependent relationship between fry and smolt. Though the Beverton-Holt convex 

curve is commonly used to quantify freshwater density dependence for anadromous salmonids 

(Bradford et al. 2000; Zabel et al. 2006; Crozier et al. 2008b; Thorson et al. 2014), a linear or 

concave shape to the density-dependent function may have further mitigated or magnified the 

population-level consequences of anthropogenic stressors (Ratner et al. 1997). The intensity of 

the mortality from a flow fluctuation event may also be density-dependent, as more fry may be 

pushed to shallower waters at high densities thus increasingly their vulnerability to stranding. 

Our models did not include other forms of density dependence beyond survival, like density-
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dependent growth, which often co-occurs with density-dependent survival (Myrvold and 

Kennedy 2015b). Declines in population size following density-dependent mortality may be 

moderated by density-dependent growth in the remaining individuals (Keeley 2001), ultimately 

leading to higher survival of the bigger individuals (Hurst 2007). For example, higher parr sizes 

due to warmer stream temperatures after intensive logging were linked to higher overwinter 

survival in Carnation Creek, Canada, though interestingly, higher parr abundances did not lead 

to higher adult abundances or other population-level impacts (Tschaplinski and Pike 2017). Our 

models also depend largely on the choices we made about the level of fry mortality to attribute 

to each flow fluctuation event. We simulated a wide range of mortality in the absence of robust, 

reliable data relating observed mortality from flow fluctuation events to population density 

estimates. An important next step to clarify our modelling results and conclusions would thus be 

to collect such data through empirical research and derive field-based mortality rates. Despite 

having to make simplifying assumptions about these systems, our results support other findings 

highlighting that understanding both the strength and forms of density dependence in wild 

populations is crucial to estimating and mitigating anthropogenic impacts (Sharma et al. 2005; 

Hodgson et al. 2017). 

4.5.1. Implications for conservation 

Our results highlight that anthropogenic disturbances will have more severe 

consequences for populations experiencing weak density dependence, especially if the density-

dependent bottleneck occurs before most of the human-imposed mortality (Hodgson et al. 

2017). For example, populations of resident trout, with typically lower fecundity and weaker 

density-dependent bottlenecks than anadromous salmonids, may suffer more from the mortality 

incurred from anthropogenic disturbances (Walters et al. 2013b). The presence, strength and 

timing of density dependence are also likely to be largely site-specific, suggesting different 

populations of same species may experience very different types and strengths of density-

dependent bottlenecks (Wainwright and Waples 1998; Rose et al. 2001). This spatial variation 

in resilience to anthropogenic disturbances may increase the odds of meta-population survival 

by allowing strongly regulated populations to re-colonize vulnerable populations (Nickelson and 

Lawson 1998). The timing and strength of density dependence, as well as which life stages are 

affected, also have important implications for habitat restoration (Greene and Beechie 2004), 

which appears to be a management action crucial to recover and maintain coho populations in 

heavily-altered systems (Nickelson and Lawson 1998; Oosterhout et al. 2005). For example, our 
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results support that increasing carrying capacity in freshwater, and particularly restoring 

overwintering habitats (e.g. Solazzi et al. 2000), may be particularly important to increase 

compensatory reserves for coho populations in streams regulated by RoR hydropower. Such 

actions would lead to increased mean abundance and help prevent populations from falling 

below the quasi-extinction threshold, similarly to what was observed for Chinook salmon in the 

Snake River Basin (Zabel et al. 2006).  

Our results highlight the importance of assessing anthropogenic impacts cumulatively to 

properly understand the dynamics of populations and threats to species’ survival (Hodgson et 

al. 2017). The relatively high probability of quasi-extinction we calculated for our baseline 

populations (18%), especially among populations with weak density dependence, integrate the 

background cumulative impacts from diffuse anthropogenic sources currently experienced by 

coho populations in the Pacific Northwest, and is similar to that experienced by Chinook salmon 

(estimated extinction risk of 0.309 for the baseline population, Zabel et al. 2006). Increased 

variability in extreme flow events and river hydrology following climate change may further 

jeopardize survival of coho salmon in freshwaters (Ohlberger et al. 2018). Moreover, lower 

ocean survival due to climate change could further exacerbate the capacity of coho populations 

to withstand additional anthropogenic disturbances, like RoR-induced flow fluctuations, as seen 

with water diversion and climate change for the Chinook salmon in the Lemhi River Basin in the 

USA (Walters et al. 2013a).  

4.6. Conclusion 

Our results show that the mortality induced by flow fluctuations from operations of RoR 

hydropower can affect emergent population dynamics of coho salmon populations, particularly if 

natural density dependence is weak or if the flow fluctuations are frequent and strong 

overlapping with a natural density-dependent survival bottleneck in the spring. The crucial 

importance of density dependence for partially offsetting the negative consequences of 

anthropogenic disturbances highlights the need to quantify the presence, timing, and strength of 

density-dependent survival bottlenecks for salmonids during their freshwater life residency (e.g. 

Barnthouse et al. 1984). Our study also highlights the need to empirically quantify the mortality 

rates leading to population-level impacts of anthropogenic flow fluctuations, which our models 

suggest may be important for salmonids residing in streams regulated by RoR hydropower. This 

task is particularly difficult given the considerable inter-annual variation in abundance seen for 

most salmonids populations (e.g. Beamish et al. 1999; Jenkins et al. 1999; Bradford et al. 
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2000). The mitigation potential of density dependence and the high inter-annual variation in 

population abundance further supports the need for long-term empirical datasets on regulated 

rivers (Rose et al. 2001; Sabaton et al. 2008; Lobon-Cervia 2009). Such long-term data sets are 

generally lacking, as noted by a comprehensive study in of RoR facilities in BC, where authors 

concluded that the lack of monitoring data made it impossible to either confirm or quantify the 

risks from flow fluctuations by RoR hydropower (Connors et al. 2014). Nonetheless, the fact that 

even mild anthropogenic flow fluctuations can influence population dynamics of coho salmon 

should be taken seriously for the sound management of flow fluctuations on regulated rivers and 

conservation of threatened salmon populations. 
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Table 4-1.  Matrix model structure and description of vital rates for spring and winter 
density-dependent mortality bottlenecks.  

Time t+1 
Time t     

 

Eggs/Fry Parr/Smolt Adults  
 

Eggs/Fry 0 0 F13 
 

Parr/Smolt a21 0 0 
 

Adults 0 a32 0  
    

 

Transition rate aij Parameter equations 

Spring 

Fecundity (Eggs to 
fry) 

F13 Pfem * Feggs * φem * φRoR_sp * (ƒ(φspr) +-smoltE) * φRoR_sum * φRoR_fall 

Parr to smolt a21  φRoR_wi * φoceY2  

Smolt to adult a32 φoceY3 

Winter 

Fecundity (Eggs to 
fry) 

F13 Pfem * Feggs * φem * φRoR_sp * φRoR_sum * φRoR_fall 

Parr to smolt a21   (ƒ(φwin) +-smoltE1) * φRoR_wi * φoceY2  

Smolt to adult a32 φoceY3 

Pfem= proportion of females; Feggs= # of eggs per female; φem= survival from hatching to emergence; f(φf_spr)= 
density-dependent survival of fry through spring bottleneck; f(φf_win)= density-dependent survival of fry through 
winter bottleneck; φoceY2= survival of smolt through 1st summer and fall in ocean;   φoceY3= survival of adults in 
ocean (Year 3);  φRoR_sp,  φRoR_sum,  φRoR_fall,  φRoR_wi= survival of fry and parr after RoR-induced flow fluctuations 

1The parameter smoltE was offset by a year for baselines and scenarios with winter bottlenecks, so that winter 
and Spring baselines and scenarios could be directly comparable. 
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Table 4-2. The 12 scenarios used in simulations with varying frequency and 
magnitude of RoR-induced flow fluctuations. White indicate low impact 
scenarios (annual survival >75%), grey indicate medium impact scenarios 
(annual survival between 45-60%), and dark grey indicate high impact 
scenarios (annual survival <36%). 

Frequency 
(# events 
per year) 

Magnitude (mortality per event) 

Low Mid High 

Low L-L L-M L-H 

Mid M-L M-M M-H 

High H-L H-M H-H 

Very high VH-L VH-M VH-H 
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Figure 4.1  Number of smolts produced under weak (α= 0.2), moderate (α= 0.5), and 
strong (α= 1) density dependence as derived with Beverton-Holt equations 
using data from 10 creeks (in light grey) in the US and Canadian Pacific 
Northwest. Carrying capacity (k) was fixed at 15,318 smolts over nine km of 
river. 
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Figure 4.2. Mean frequency of flow fluctuations events per year (± SD for the creeks 
with multiple years of data, shown with error bars, top) and mean 
proportion of flow fluctuation events per season (±SD shown by error bars, 
bottom) induced by operations of RoR hydropower for eight regulated 
creeks in British Columbia, Canada. Creek names in the top panel are 
ordered by increasing watershed area (47-313 km2), and characteristics of 
the creeks and RoR dams are listed in Appendix G. 
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Figure 4.3. Probability of quasi-extinction after 45 years (z-axis) for populations 
simulated under 12 combinations of RoR-induced flow fluctuations of 
differing frequency (y-axis) and magnitude (x-axis). Rows show scenarios 
experiencing density dependence during Spring (a) or Winter (b), and 
columns indicate the strength of density dependence, ranging from Weak 
(left), Moderate (middle), and Strong (right). Probability of quasi-extinction 
for the baseline populations with weak, moderate or strong density 
dependence were 0.19, 0.13, and 0.11, respectively.   
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Figure 4.4. Probability of quasi-extinction (%) over time for a typical coho population 
subjected to a) medium impact scenario M-M, and b) high impact scenario 
H-H of RoR-induced flow fluctuations, under the three strengths (weak, 
moderate, and strong) and two timings (Spring, Winter) of density 
dependence. 
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Figure 4.5. Mean final population size (mean number of adults for the last six cohorts, 
years 40-45) for populations simulated under the 12 scenarios of RoR-
induced flow fluctuations of differing frequency (y-axis) and magnitude (x-
axis). Rows show scenarios experiencing density dependence during 
Spring (a) or Winter (b), and columns indicate the strength of density 
dependence, ranging from Weak (left), Moderate (middle), and Strong 
(right). Average final size for the baseline populations with weak, moderate 
or strong compensatory reserves were 359, 531, and 591 adults, 
respectively (thick black lines). Note that order of the x and y axis is 
different from that of Fig. 3.3.  
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Figure 4.6. Final population size (mean number ±SD of adults for years 40-45) for populations experiencing spring (black 
circles) and winter (white circles) bottlenecks simulated under weak, moderate, and high density dependence, 
for a) low impact L-L, b) medium impact M-M, and c) high impact H-H scenarios of RoR-induced flow 
fluctuations. Average final sizes for the baseline populations with weak, moderate or strong density 
dependence are represented with * (n=359, 531, and 591 adults, respectively). 



82 

 

Figure 4.7. Simulation-based elasticity values for lower level vital rates (R2adj= 0.982, p 
< 2.2 e-16). Fry survival in year 2 (φfryY2) and adult survival in the ocean on 

year 3 (φoceY3) are not presented because they are fully collinear with fry 

survival in year 1 (φfryY1) and smolt survival in the ocean on year 2 (φoceY2), 

respectively.  
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How much is enough: the limitations of habitat 
compensation for offsetting chronic anthropogenic 
mortality of coho salmon (Oncorhynchus kisutch)   

5.1. Abstract 

Substantial effort and resources are devoted to rehabilitating freshwater habitats to 

improve survival and recovery of endangered salmon populations. Mitigation strategies aim to 

offset population losses from human activities by creating or restoring habitats (e.g. 

compensation), and in some jurisdictions are bound by a requirement to achieve “No Net Loss” 

of population productivity. However, properly devising compensation schemes is challenging, 

given large uncertainties in quantifying population losses from development activities as well as 

gains (if any) from compensation projects. Anadromous Pacific salmon are ecologically, 

culturally, and economically important in the Pacific Northwest (PNW) of the US and Canada, 

and face numerous threats from climate change, over-harvesting, and degradation of freshwater 

habitats. Here we used a matrix population model of coho salmon (Oncorhynchus kisutch) to 

determine the amount of habitat compensation required to offset chronic mortality caused by 

development activities (2-20% per year). We ran simulations that imposed chronic mortality on 

three different life stages (egg, parr, smolt/adult), to mimic impacts from development, and 

tested if smolts produced in constructed side-channels offset these losses. We show that the 

typical size of a constructed side-channel built in the PNW is sufficient to compensate for 

relatively low levels of chronic mortality for parr or smolt/adult (2-7% per year), but is insufficient 

if mortality is >10% per year. When we assumed lower than ideal productivity of constructed 

side-channels (e.g.; 25th percentile or median, rather than mean), we found that constructed 

channels would need to be 2.5-4.5 times larger to maintain population sizes for all levels of 

chronic mortality. We conclude that compensation habitats in freshwater have the potential to 

mitigate chronic mortality, especially to early life stages, but often require larger areas than are 

typical built in the PNW when we incorporate more realistic or risk-adverse assumptions about 

smolt productivity in constructed side-channels. Underestimating the size of compensation 

habitat needed to maintain population sizes in the face of development activities is crucial for 

the ability of managers and regulators to mitigate effects of disturbances on salmon populations. 
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5.2. Introduction 

Billions of dollars are spent annually to mitigate impacts of human activities on biotic 

communities and abiotic processes. The stakes of such ecological and economic trade-offs are 

high, as total investments in energy, water, and infrastructure development projects are 

expected to exceed $53 trillion (US) worldwide between 2010 and 2030 (OECD 2012 in Tallis et 

al. 2015). Regulatory agencies often require that developers apply the mitigation hierarchy, 

which consists in first trying to avoid, then minimize, and finally compensate for the impact of 

projects on ecosystems and biodiversity (Quétier and Lavorel 2011; Tallis et al. 2015). Around 

the world, compensation activities in particular are often guided by a requirement for “No Net 

Loss” of biodiversity, where losses from development are required to be fully compensated for 

so that no declines in biodiversity persist after development (Bull et al. 2013). To ensure the 

success of biodiversity compensation, researchers and managers develop measures, called 

equivalency metrics, that compute the quantity of compensation needed to offset the losses due 

to development. In practice, the difficulty of developing metrics that capture biodiversity impacts 

inclusively (Bull et al. 2013) mean that compensation often targets a single, economically 

important, species, or is measured in terms of lost habitat, individuals, or productivity of 

populations. Equivalency analysis thus balances factors like severity and duration of impacts, 

value of affected habitats or populations, and uncertainty in outcomes of both development and 

offsets to determine how much compensation is needed (Quétier and Lavorel 2011). 

Equivalency metrics are particularly challenging to develop given that losses from development 

actions are immediate but difficult to predict in advance, while gains from compensation are 

often delayed, leading to a lot of uncertainty in the outcomes (Bradford 2017). Compensation 

also suffers from challenges in ensuring compliance by developers and dealing with large 

uncertainties in the outcomes of offsetting projects (Maron et al. 2016; Bull et al. 2013; Gardner 

et al. 2013). Finally, questions have been raised as to whether compensation activities may do 

more harm than good by creating the perception that negative consequences from development 

can be effectively mitigated despite few successful examples (Moore and Moore 2013), and by 

focusing attention on symptoms rather than causes of development (Beechie and Bolton 1999).  

Despite their shortcomings, compensation activities and offsetting are mandated through 

legislation in 45 countries, and are under development in another 27 (Bull et al. 2013). For 

example, the US Clean Water Act Section 404 (1972) regulates the discharge of dredged 

material into aquatic habitats (Hough and Robertson 2009). Historically this act focused 
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primarily on wetland management, but Section 404 includes a permit program that requires 

mitigation for all activities that impact fish or wildlife habitat and the use of the mitigation 

hierarchy (Doyle and Shields 2012). In Canada, the Fisheries Act is one of the most stringent 

pieces of legislation protecting wildlife, and it was amended in 2019 to include the mitigation 

hierarchy for protecting the productivity of fisheries. Specifically, activities other than fishing that 

result in the death of fish can now be authorized by the Minister, with a provision to consider 

offsetting (s34(1)f). Generally, most compensation activities involve creating or restoring 

habitats, which is often done in the USA and Canada in “like-for-like” schemes, where 

compensation activities replace lost areas of a given habitat by an equal or higher amount of the 

same habitat to account for uncertainty (McKenney and Kiesecker 2010; Quétier and Lavorel 

2011). However, such an approach does not consider the productive capacity of habitats, 

defined as the maximum biomass that can be sustained over time (DFO 1998), that will be 

damaged or created. Further, the ratio of lost habitat to created habitat (termed “compensation 

ratios”) are generally lower than what is required to achieve “No Net Loss” (e.g. 2:1). As a 

consequence, “No Net Loss” of productive capacity remains difficult to achieve in practice (e.g. 

25% of cases studied in Canada, Quigley and Harper 2006).  

When “like-for-like” offsetting is not feasible, a different approach called “out-of-kind” 

offsets is employed, where impacts on one population or location are compensated for by 

improving a different population or location, or easing pressures from a different threat on the 

targeted population (Bull et al. 2013; Tallis et al. 2015). For example, fish mortality due to 

entrainment by water intake structures of a nuclear plant were proposed to be compensated by 

removing a dam 50 km inland from the facility (Barnthouse et al. 2019). The added challenge of 

“out-of-kind” offsetting is that losses and gains are often in different units or locations, as was 

the case when mortality of Golden eagles (Aquila chrysaetos) from wind energy development 

was offset by reducing lead poisoning from ammunition throughout Wyoming state (Cochrane et 

al. 2015). Thus, instead of focusing on replacing lost productive capacity of habitats by creating 

adjacent new ones as in “like-for-like” offsetting, “out-of-kind” offsetting aims at maintaining the 

productive capacity of a population overall, defined as the sum of production from all stocks in 

an area (Minns 1997). In that regard, recent amendments to the Fisheries Act in Canada (2019) 

raise the possibility of using habitat creation as an “out-of-kind” offset for chronic anthropogenic 

mortality. However, to our knowledge, there has never been an attempt to equate, in an “out-of-

kind” offsetting scheme, chronic anthropogenic mortality to the habitat compensation that would 

be required to appropriately compensate for the expected population-level impacts.  
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Coho salmon and other species of Pacific salmon (Oncorhynchus sp.) are ecologically, 

culturally, and economically important species in the PNW (Gende et al. 2002; Naiman et al. 

2002). They face many threats and have declined dramatically in abundance over the last 

decades (Slaney et al. 1996; Gustafson et al. 2007; Crozier et al. 2019). The main causes of 

decline are poor marine survival, commercial and recreational harvest, climate change, 

competition from hatchery fish, and the degradation of freshwater habitats that salmon rely on 

for spawning and rearing (Kareiva et al. 2000; Chittenden et al. 2010). Degradation of 

freshwater habitats include the alteration of in-stream and adjacent terrestrial habitats from 

forestry practices (Scrivener and Brownlee 1989; Hartman et al. 1996; Tschaplinski and Pike 

2017), the creation of barriers to migration, and the entrainment of fish in water intake structures 

of small and large hydropower dams (e.g. in the Columbia River system, Levin and Tolimieri 

2001). Freshwater habitat degradation is especially threatening for small populations that are 

often additionally challenged by low ocean survival (Nickelson and Lawson 1998; Oosterhout et 

al. 2005). As a consequence, an estimated $1 billion (US) a year has been spent on restoration 

of streams and rivers within the continental US since 1990 (Bernhardt et al. 2005). Though 

researchers and managers increasingly recognize that restoration actions need to approximate 

historical disturbance regimes and conserve ecosystem functions to be effective over time 

(Waples et al. 2009), most restoration actions still focus on small-scale actions because of 

logistic, political, financial, or technical constraints (Roni et al. 2008). For example, restoration 

activities often alter the structure of in-channel habitats through the addition of woody debris or 

spawning gravels (Roni and Quinn 2001; Roni et al. 2008). In addition, off-channel habitats, like 

sloughs, side-channels, beaver ponds, or temporary or permanent flooded areas of the 

floodplains of rivers, are also often the target for restoration or compensation actions (Morley et 

al. 2005; Roni et al. 2006). For example, a major program in the watershed of the Chilliwack 

River in British Columbia, Canada, restored a total of 157,000 km2 of rearing and overwintering 

habitat in the floodplain of the large river (69 linear km of habitat accessible to salmon), mostly 

by constructing or restoring side-channels and pond complexes (Ogston et al. 2015). 

Constructed groundwater side-channels are particularly important habitats for rearing and 

overwintering juvenile coho salmon (Morley et al. 2005; Rosenfeld et al. 2008). Recent reviews 

reported production values ranging from 0.0143 to 3.25 coho smolts per m2 of constructed side-

channels (Rosenfeld et al. 2008; Roni et al. 2010), while densities ranged from 0.01 to 1.3 

smolts per m2 in constructed ponds (Roni et al. 2006; Rosenfeld et al. 2008). The benefits of 

restoration projects are based on the assumption that the productivity of constructed off-channel 

habitats remains constant over time (Roni et al. 2008). Overall, in- and off-channel 
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compensation habitats are considered to be important and necessary tools to limit or reverse 

the decline of coho salmon in the PNW (Nickelson and Lawson 1998; Ogston et al. 2015). 

Here we use a matrix population model developed for coho salmon (Oncorhynchus 

kisutch) in the Pacific North-West (PNW) to evaluate, in an “out-of-kind” offsetting scheme, the 

degree of compensation that would result in No Net Loss of productivity for coho populations 

impacted by anthropogenic development activities. Specifically, we evaluated how much 

compensation habitat (in m2), under a range of assumptions, is required to offset chronic 

mortality (in % of lost individuals) induced by anthropogenic development projects such that 

coho population productivity is maintained (i.e. stable population size). Further, we assessed 

how chronic mortality of different coho life history stages influenced the effectiveness of 

freshwater compensation habitat for emergent population dynamics. Developing a quantitative 

framework for balancing development losses and mitigation gains for threatened populations of 

coho salmon serves the important call for research into addressing the uncertainty in offset 

analysis (Bull et al. 2013). Ultimately, protecting and restoring threatened salmon populations in 

the PNW rest upon our ability to evaluate the efficacy of policies and practices of industry and 

regulators so that we can achieve both our economic and ecological targets.  

5.3. Methods 

5.3.1. Scenarios of compensation 

To evaluate the amount of habitat compensation required to maintain productivity for 

coho populations impacted by anthropogenic mortality, we modelled the impacts of chronic 

mortality and the offsetting potential of constructed compensation habitat separately for three 

life stages of coho salmon: egg, parr, and smolt/adult. We expected that the value of 

constructed compensation habitats to the overall population dynamics of coho salmon would 

depend on which life history stage experienced additional mortality. We built scenarios that 

varied the chronic mortality imposed on each life stage and the number of smolts produced by 

the compensation habitat, and used a 3-year matrix population model with density-dependent 

survival in the fry to parr transition (Chapter 4) to assess impacts to population size. In the first 

set of scenarios, termed Egg scenarios, we imposed a range of chronic anthropogenic mortality 

on eggs, which occurs prior to the density-dependent freshwater survival bottleneck. This set of 

scenarios represents a wide range of activities known to cause additional mortality to the egg 

development stage, including increased sediment deposition or scour of spawning beds 
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following deforestation in the watershed (Scrivener and Brownlee 1989), thermal extremes 

(Tang et al. 1987), and dewatering of nests below dams (Becker and Neitzel 1985, Casas-Mulet 

et al. 2005). The second set of scenarios, termed Parr scenarios, corresponded to a range of 

chronic anthropogenic mortality from development or operational activities to parr, including 

mortality from being entrained in a dam or powerplant (Muir et al. 2001; Barnthouse 2013), 

lower flows and warmer temperatures in streams due to climate change (Crozier et al. 2008b), 

and degradation in habitat quality needed during freshwater residency due to forestry practices 

or urbanization (Hartman et al. 1996; Chittenden et al. 2010). In the final set of scenarios, 

termed Smolt/Adult scenarios, we imposed a range of chronic mortality on smolts or adults to 

represent examples such as smolt entrainment in, or passage over, dams (Levin and Tolimieri 

2001; Schreck et al. 2006), adult mortality during upstream migration due to warmer 

temperatures downstream of dams or powerplants (Baisez et al. 2011), adult thermal mortality 

from climate change (Farrell et al. 2008), and adult mortality due to recreational freshwater 

fisheries (Nguyen et al. 2014). In both the Parr and the Smolt/Adult scenarios, individuals 

suffered chronic mortality after the density-dependent survival bottleneck. However, in the Parr 

scenarios, we assume that the compensation habitats were constructed downstream of the 

source of mortality so that smolts produced in compensation habitats were not exposed to the 

simulated anthropogenic mortality. In comparison, in the Smolt/Adult scenarios, chronic 

anthropogenic mortality impacted smolts or adults from both the compensation habitat and main 

population. 

Precise estimates of mortality by classes of anthropogenic disturbance are very rare, 

and relating stage-specific vital rates (e.g. survival) to degraded habitat conditions is difficult 

(Hayes et al. 2009). Consequently, we chose to run simulations across a broad range of chronic 

annual mortality, from 2-20% per year, to represent disturbances resulting in relatively small to 

very large annual mortality. We chose the upper limit (20% of mortality per year) to coincide with 

data on juvenile entrainment in spillways or turbines of dams (Muir et al. 2001). We applied 

these values of annual mortality to egg, parr, or smolt/adult to explore the potential population-

level consequences of chronic anthropogenic impacts, and the scope for compensation habitats 

to ameliorate those effects. We calculated how many smolts would need to be produced from 

constructed compensation habitats in order to maintain population productivity (i.e. achieve 

offsetting equivalency), defined as population abundance returning to baseline (pre-impact) 

levels within 45 years. To do so, we ran simulations for each chronic mortality rate and impacted 

life stage over a range of compensation habitat sizes constructed for coho salmon in the PNW 
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(Figure 5.1, n= 27 sites, Morley et al. 2005; Roni et al. 2006; Rosenfeld et al. 2008), and noted if 

offsetting equivalency was achieved. We focused on constructed groundwater side-channels as 

compensation habitats because of their importance for rearing and overwintering coho juveniles 

(Morley et al. 2005; Rosenfeld et al. 2008), and to simplify the range of sizes and types of off-

channel habitats included in our simulations. 

5.3.2. Deterministic matrix model 

To evaluate the potential of constructed side-channels to offset mortality from 

anthropogenic sources at the level of population abundance and dynamics, we created a 

deterministic matrix model with a one-year time step (sensu Chapter 4, Gibeau and Palen in 

review). Our model represents a typical 3-year coho salmon life-cycle (Nickelson and Lawson 

1998; Bradford et al. 2000), where spawning occurs in late fall, eggs incubate over winter, and 

fry emerge in the spring (Table 5-1). Juveniles typically remain in freshwater until their second 

spring, before migrating to the ocean to spend another 18 months before returning to 

freshwaters to spawn (Groot et al. 1995). The first year (F13) includes adult fecundity, egg, and 

fry survival, while the second year (a21) includes parr and smolt survival, as well as the early 

months of adult survival in the ocean. The third year (a32) is made up of adult ocean survival as 

well as migration upstream into spawning habitats. We modeled freshwater density dependence 

survival, after fry emergence by assuming a moderate (i.e. a = 0.5) survival bottleneck (f(φspr)) to 

represent average conditions observed from 10 coho populations in the PNW (mean stream 

length = 9 km, mean stream drainage area = 32 km2, Bradford 1995; Korman and Tompkins 

2014). The shape of the density-dependent relationship was parameterized according to the 

Beverton-Holt relationship:  

Dsmolt(t+1) = 
α × Dfry(𝑡) 

1+[(
α

k
 )×Dfry(𝑡)] 

       (eq. 1) 

Where α is the number of smolts per fry at the origin, and k is the carrying capacity for 

smolts in the stream (# smolts per km). The carrying capacity for smolts (k) was set to 15,318, 

which corresponded to the mean k over the 10 creeks (1702 smolts/km), multiplied by 9 km to 

simulate populations inhabiting a hypothetical stream, which was the average length of the 10 

creeks (average stream area of 32 km2). We did not repeat the elasticity analysis performed in 

Chapter 4 since it was done on a deterministic form of the model and its results are directly 

applicable here 
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We initially ran the deterministic model in the absence of added anthropogenic mortality 

to establish final population sizes under baseline conditions, using a starting population size 

corresponding to the stable age distribution for the deterministic model without density 

dependence. This baseline stable age distribution served as the starting population vector (808 

adults, 13,379 parr, and 5249 smolts) for all subsequent simulations. We assumed that the 

constructed side-channels were always fully seeded (i.e. producing smolts at the maximum 

capacity specified in each scenario). To do so, the model allocated spawning adults first to the 

constructed side-channel (Na_compH) to equal the number needed to produce the required 

number of smolts (varying based on the size of compensation simulated in each scenario), with 

the reminder of adults spawning in the main channel. We computed Na_compH by using the 

average vital rates as: 

𝑁𝑎𝑐𝑜𝑚𝑝𝐻 =
𝑁𝑠_𝑐𝑜𝑚𝑝𝐻

(𝑃𝑓𝑒𝑚 ∗ 𝐹𝑒𝑔𝑔𝑠 ∗ 𝜙𝑒𝑚 ∗ 𝜙𝑓_𝑠)
 

where Ns_compH is the number of smolts contributed by the compensation habitat (which 

varies based on the size of side-channels constructed in each scenario), Pfem is the proportion of 

females returning to spawn (mean = 0.452), Feggs is the number of eggs produced per female 

(mean = 2597), ϕem is the survival rate from eggs to fry emergence (mean = 0.223), and ϕf_s is 

the average survival rate from fry to smolts in the absence of density dependence (0.075) 

(Table 5-1, Chapter 4 estimation and sources of vital rates). Based on a widespread assumption 

used as justification for the size of compensation habitats, we modeled compensation habitat 

such that productive capacity did not change through time (i.e. same number of smolts were 

produced annually). Finally, the Egg, Parr and Smolt/Adult scenarios differed based on when 

the chronic anthropogenic mortality (ϕdist) was applied in the coho life cycle in relation to when 

the smolts produced by the compensation habitat (Ns_compH) entered the main population (Ns) 

(Table 5-1). 

Our simulations further explored how the productive capacity (i.e. quality, expressed in # 

of smolts produced per m2) of the compensation habitat influenced the size needed to achieve 

offsetting equivalency. We first assumed a mean production by side-channels of 0.47 smolts per 

m2, corresponding to the mean smolt production from 33 constructed side-channels sampled in 

the PNW (Rosenfeld et al. 2008; Roni et al. 2010; Figure 4.5b). Consequently, for each 

scenario, the given size of compensation habitat modelled was converted to Ns_compH, the 

number of smolts contributed by the compensation habitat to the main population, by multiplying 
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by 0.47 (e.g. a constructed side-channel measuring 1000 m2 produced 470 smolts). We then 

varied the productivity of compensation habitats (smolts produced per m2) to evaluate how our 

conclusions changed regarding the size of constructed side-channels required for equivalency. 

We computed the 25th (0.1 smolt / m2), 50th (0.18 smolts / m2), and 75th (0.54 smolts /m2) 

percentiles of the smolt production from side-channels in the PNW (Rosenfeld et al. 2008; Roni 

et al. 2010) and re-ran all scenarios. We ran each simulation for 45 years and compared the 

final population size under baseline conditions to those for all ranges of chronic mortality, 

compensation habitat sizes and productivity, for the Egg, Parr, and Smolt/Adult scenarios. All 

analyses were performed in program R (version 3.5.1, R Core Team 2013). 

5.4. Results 

5.4.1. Effects of chronic mortality without compensation 

The chronic anthropogenic mortality we imposed in our models had different 

consequences for coho populations in the absence of constructed side-channels and varied 

depending on which life stage experienced the chronic mortality. Overall, in the absence of 

compensation, final population sizes were closer to the baseline abundances when mortality 

affected eggs than if chronic mortality targeted parr or smolts (Figure 5.2). When we modeled 

egg mortality without compensation, the consequences for final population sizes were minimal 

as much of the extra mortality was buffered by the natural density-dependent bottleneck 

occurring after the mortality. For example, the final population sizes in scenarios with chronic 

egg mortality, ranging from 2 to 20%, were always at least 97% of the final baseline population 

(Figure 5.2). However, when chronic mortality was imposed on parr or smolts/adults, the final 

population size declined as chronic mortality increased (Figure 5.2).  

5.4.2. Effects of habitat compensation  

Populations impacted by chronic mortality affecting all life stages benefitted from 

contributions of smolts by constructed side-channels, as final population sizes increased linearly 

with sizes of constructed side-channels until, and beyond, achieving offsetting equivalency (i.e. 

reaching adult abundances corresponding to baseline levels). The importance of side-channel 

compensation habitat varied for each life stage. For example, relatively small amounts of 

constructed side-channels were needed to achieve offsetting equivalency when mortality 

affected eggs, but the size of side-channels needed to reach offsetting equivalency increased 
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quickly when chronic mortality affected parr and smolts/adults (Figure 5.2). For example, a side-

channel as small as 1058 m2 (i.e. smaller than the 10th percentile of side-channels built in the 

PNW) compensated for chronic annual mortality <20% acting on the egg stage (Figure 5.2a). In 

fact, a side-channel of 1000 m2 was sufficient to equal or even increase the final adult 

population sizes compared to the baseline scenario across all levels of egg chronic mortality 

(Figure 5.3). Comparatively, more compensation habitat was needed to achieve offsetting 

equivalency when smolts/adults were affected rather than parr, especially as the intensity of 

chronic mortality increased >5% (Figure 5.2b).  

Our results suggest that the average size of constructed side-channels in the PNW (i.e. 

3400 m2) is likely to be effective at offsetting chronic annual coho mortality of up to 10% 

affecting parr, but would not be effective for similar amount of extra mortality impacting smolts or 

adults (Figure 5.2, Figure 5.3). Our models suggest that when chronic mortality of parr or 

smolt/adults exceeds 15%, the size of compensation habitat required to achieve offsetting 

equivalency would need to be larger than the 90th percentile of sizes typically built in the PNW 

(i.e. 5680 m2, Figure 5.2). In the worst-case scenario, when we imposed 20% of extra mortality 

from anthropogenic development activities on smolts or adults, achieving offsetting equivalency 

would require at least 8259 m2 of compensation habitat (Figure 5.2), corresponding to more 

than twice the average size of the side-channels currently built in the PNW.  

5.4.3. Productivity of compensation habitats 

Our results suggest that our assumptions regarding the productivity of compensation 

habitats (i.e. the number of smolts produced by the constructed side-channels) have a large 

effect on the size of compensation needed to achieve offsetting equivalency. Indeed, running 

simulations with median productivity (0.18 smolts per m2) or the 25th percentile of productivity 

(0.1 smolts per m2) (Rosenfeld et al. 2008; Roni et al. 2010) increased the size of side-channels 

required to achieve offsetting equivalency as compared to sizes needed with mean productivity 

(0.47 smolts per m2), especially for parr and smolts/adults (Figure 5.4). For all levels of mortality 

affecting parr or smolts/adults, the size of constructed side-channels would need to increase by 

2.5-fold to achieve equivalency if we assumed median productivity, or by 4.5-fold if we assumed 

25th percentile productivity, as compared to mean quality (Figure 5.4). In the worst-case 

scenario we simulated, 20% annual chronic mortality affecting smolts/adults, reaching offsetting 

equivalency would require a 6- to 11-fold increase in size of side-channels if we assumed either 

a median or 25th-percentile level of productivity.  
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5.5. Discussion 

We used a matrix population model to perform an equivalency analysis in an ”out-of-

kind” scheme by simulating how chronic mortality applied to three different life stages of coho 

salmon translated into the minimum amount of compensation habitat needed to mitigate the 

effects of chronic disturbance and meet the requirement for No Net Loss of population 

productivity. Our models suggest that the mean size of constructed side-channels typically built 

in the PNW would be sufficient to compensate for chronic mortality of up to 20% annually if it 

affected the egg stage, but only up to 7% if it affected parr, smolts, or adults. Moreover, the 

same mean size of constructed side-channels would be insufficient if chronic mortality climbs 

above 10% for parr or smolts/adults, or if the productivity of side channels is lower than the 

mean values used in our baseline scenario. When we lowered the smolt productivity in modelled 

side-channels, we found that the size of compensation habitats would need to be much larger to 

maintain population sizes in the face of chronic anthropogenic mortality. A  more precautionary 

approach to building side-channels would be to assume less than ideal productivity in 

compensation habitats, which we simulated using median productivity (0.18 smolts/m2) or the 

25th percentile of productivity (0.1 smolts/m2) observed in constructed side-channels surveyed 

in the PNW (Rosenfeld et al. 2008; Roni et al. 2010). Our results indicate that lower productivity 

would require side-channels 2.5 to 4.5 times larger than those required when we assumed 

mean productivity (sensu Rosenfeld et al. 2008; Roni et al. 2010). Additionally, our results 

suggest that compensation habitats are more effective at mitigating chronic mortality if they are 

built downstream of where disturbances occur, such that smolts they produce are not affected 

by chronic mortality experienced by the population in the main channel. For example, our results 

show that smaller constructed side-channels (or of lower productivity) could compensate for 

chronic mortality to parr but not for smolts or adults. This finding highlights the additional 

challenge posed if compensation (construction of habitats in freshwater) were to address 

impacts such as high ocean mortality. Overall, if chronic mortality also affects the smolts 

contributed by the compensation habitats (e.g. in cases of smolts entrainment into downstream 

dams or increased ocean mortality), achieving offsetting equivalency will require more 

compensation habitat to be built in freshwater.  

As our modelling of an “out-of-kind” compensation scheme highlights, designing effective 

side-channels for compensation is complex. Our results emphasize the importance of 

considering variation in productivity when deciding on the optimal size of compensation habitat 
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needed. However, the size of constructed side-channels may also impact quality of the 

compensation habitat. For example, studies have noted a decline in smolt density with 

increasing side-channel sizes, suggesting that smaller side-channels may be more ecologically 

efficient than large side-channels (Keeley et al. 1996; Rosenfeld et al. 2008). Building 

numerous, but smaller, side-channels is also often more technically and economically feasible 

than large ones. As such, our recommendation to increase the size of compensation habitat to 

acknowledge the uncertainty around the quality of smolt production may be best achieved by 

building more side-channels rather than one larger side-channel. In our models, we assumed 

that larger compensation habitats could be equally as productive as smaller habitats, but if 

productivity declines with increasing size or through time due to degradation, our results may 

underestimate the sizes needed to maintain population equivalency.  

Adding to the complexity of designing constructed side-channels of adequate size and 

quality, the size and the number of side-channels are frequently chosen based on availability of 

land and costs of restoration rather than based on ecological bottlenecks or the potential for 

success (Rosenfeld et al. 2008). Such an opportunistic selection of compensation sites is stated 

as one reason why “No Net Loss” of productivity is often not achieved in practice (Quigley and 

Harper 2006). Our results suggest that side-channels constructed downstream of where the 

anthropogenic impacts occur would be more effective at compensating for chronic mortality. 

However, downstream reaches of streams and rivers are often less stable geomorphologically 

(Naiman et al. 2000; Naiman et al. 2008), and resources and efforts in building compensation 

habitats in low-elevation floodplains could be lost if, or when, natural large flow events re-shuffle 

the landscape. Other challenges in building side-channels as compensation habitats include the 

need for connectivity between the compensation habitats and main channel, which is crucial to 

ensure the success of mitigation (Anderson et al. 2014; Crozier et al. 2019). For example, 

potential spatial clustering of juveniles and limited migration may lower the carrying capacity of 

the new habitat by limiting the number of fry that move in from spawning or rearing grounds 

(Walters et al. 2013b). Finally, salmon need dynamic and diverse freshwater habitats to thrive, 

and compensation projects must sustain natural evolutionary processes in order to promote the 

health and resilience of the species (Waples et al. 2009; Beechie et al. 2010; Booth et al. 2016), 

especially considering the added challenges posed by climate change. For example, improving 

temperature and flow regimes through riparian restoration and increased food availability may 

improve the tolerance of salmon populations to warmer water temperatures induced by climate 

change (Crozier et al. 2019). Most Pacific salmon populations face multiple threats 
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simultaneously, and cumulative impacts from multiple sources of anthropogenic mortality on 

more than one life-stage at a time will increase the need for mitigation and compensation. As an 

indication, simple extensions of our model show that the size of compensation habitat needed 

for equivalency would be 2X higher or more (range: +193-230%) if chronic mortality affected all 

three life stages simultaneously instead of just to parr, or smolts/adults individually, and would 

increase by 14-16X (1450-1675%) compared to when only eggs were affected by chronic 

mortality.  As such, our simulations of only a single life stage experiencing chronic mortality 

suggest that our results are likely to be underestimates of the minimum sizes of constructed 

side-channels needed to maintain population sizes in the face of multiple, cumulative sources of 

anthropogenic mortality (e.g. Hartman et al. 1996). Overall, the importance of side-channels for 

coho juveniles and the fact that quality overwintering habitat, especially, is limiting coho smolt 

production in the PNW (Nickelson and Lawson 1998; Morley et al. 2005; Oosterhout et al. 2005) 

should not discourage attempts to build efficient compensation habitat for coho salmon despite 

the complexity and challenges involved. 

At the population level, our results highlight that understanding how mitigation may affect 

salmon depends on knowledge of the density-dependent mechanisms in the population(s) 

affected. For example, natural density-dependent survival bottlenecks may compensate for 

some of the mortality imposed by anthropogenic disturbances if extra mortality imposed by 

anthropogenic disturbances occur before density dependence (see Chapter 4, Hodgson et al. 

2017). The modest population-level impacts of additional egg mortality in our scenarios show 

further the potential for density-dependent survival to compensate for some anthropogenic 

mortality, and how natural density-dependent bottlenecks may influence the need for 

compensation habitat. However, it is risky to rely on natural density dependence to compensate 

for chronic anthropogenic mortality as it remains very challenging to detect if, when and how 

strong density-dependent survival bottlenecks occur in freshwater for specific populations (Rose 

et al. 2001; Milner et al. 2003; Walters et al. 2013b). Moreover, density-dependent survival may 

only compensate for additional mortality if population sizes approach carrying capacity 

(Goodwin et al. 2006), which may be uncommon for many anadromous salmon populations 

affected by anthropogenic disturbances (Achord et al. 2003), unless anthropogenic disturbances 

also lower carrying capacities of freshwater habitats (Greene and Beechie 2004). Other forms of 

density dependence may enhance the efficacy of compensation habitat in mitigating effects of 

disturbances. For example, density-dependent migration, whereby individuals in areas with high 

densities move to areas with lower densities, allows the compensation habitat to be more 
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effectively populated (Greene and Beechie 2004). Overall, long-term studies detailing 

population dynamics of local populations appear crucial to adequately design effective 

compensation habitats.  

Our model assumed that quality of the compensation habitat remained constant over 

time, which is an unrealistic expectation especially if adult abundances were low. We do not 

expect that assumption to largely affect model outcome however, as our model was 

deterministic and always reached equilibrium (given the density-dependent function included) 

after a few generations. However, our results highlight the need for continuous maintenance, or 

at least that monitoring compensation effectively span several years, which is seldom done in 

practice. For example, offsetting projects were monitored for an average of only 3.7 years in 

Canada (Harper and Quigley 2005). Furthermore, compliance success does not always equate 

to ecological success (Quigley and Harper 2006), and the high inter-annual variability in salmon 

population dynamics (e.g. Beamish et al. 1999) means responses to mitigation have to be large 

to be detected (Roni et al. 2010). The efficiency of compensation habitat may particularly need 

to be assessed over time given the predicted changes in stream flow and temperature regimes 

due to climate change (Kerkhoven and Yew Gan 2011; Crozier et al. 2019). For example, 

increases in peak flows may cause failure of in-channel structures or reduce efficiency of off-

channel constructed features (Beechie et al. 2013). Furthermore, a substantial amount of 

uncertainty remains in our modelling results due to the uncertainty around mortality rates for 

various sources of anthropogenic mortality. Quantifying how mortality from anthropogenic 

sources of mortality (e.g. forestry, entrainment in dam structures, harvesting, climate change 

etc.) translates into population-level mortality rates is a crucial piece to designing enough and 

effective measures of habitat compensation. Overall, the need for long-term maintenance and 

monitoring, as well as empirical data to quantify expected mortality rates, cannot be stressed 

enough so we can collectively better manage our threatened rivers and salmon populations. 

5.6. Conclusion 

Our results suggest that compensation habitats for coho salmon in freshwater have the 

potential to mitigate chronic mortality. However, we suggest that achieving offsetting 

equivalency may require larger side-channels than those that are typically built in the PNW, 

especially when we incorporate more risk-adverse assumptions about smolt productivity in 

constructed side-channels. Overall, our results illustrate the high potential of compensation 

habitat for mitigating chronic mortality of coho due to anthropogenic disturbances. The new 
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habitats of the constructed side-channels may also opportunistically help other components and 

species of the ecosystems (Ogston et al. 2015). However, focus on building compensation 

habitat should not be made to the detriment of avoidance and reduction of anthropogenic 

effects, which come first in the mitigation hierarchy to offset disturbances. Our results further 

show that matrix population models can be effectively used to quantitatively estimate the 

uncertainty in “out-of-kind” offset analysis. We conclude that accounting for uncertainty in 

productivity of compensation over time requires increasing the size of compensation habitat 

generally built. Ultimately, we hope that our results will help guide industry and regulators to 

better evaluate both the potential and limitations of compensation habitat in mitigating the 

population-level impacts of chronic mortality in freshwater, and help protect and restore 

threatened salmon populations.  
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Table 5-1. Deterministic matrix model and scenarios per life stage. 

 

[

0 0 𝐹13

𝑎21 0 0
0 𝑎32 0

] x (

𝑁𝑝

𝑁𝑠 + 𝑁𝑠_𝑐𝑜𝑚𝑝𝐻

𝑁𝑎 − 𝑁𝑎_𝑐𝑜𝑚𝑝𝐻

) = (

𝑁𝑝

𝑁𝑠

𝑁𝑎

) 

Transition rate aij Parameter equations 

Egg scenarios 

Eggs to parr F13 Pfem * (Feggs * φdist) * φem * ƒ(φspr) 

Parr to smolt a21 φoceY2  

Smolt to adult a32 φoceY3 

Parr scenarios (chronic mortality before compensation) 

Eggs to parr F13 Pfem * Feggs * φem * ƒ(φspr) * φdist 

Parr to smolt a21 φoceY2  

Smolt to adult a32 φoceY3 

Smolt/Adult scenarios (chronic mortality after compensation) 

Eggs to parr F13 Pfem * Feggs * φem * ƒ(φspr) 

Parr to smolt a21 φoceY2  

Smolt to adult a32 φdist * φoceY3 

Pfem= proportion of females spawning (0.452); Feggs= # of eggs per female (2597); φem= survival from hatching 
to emergence (0.223); f(φf_spr)= density-dependent survival of fry through spring bottleneck; φoceY2= survival of 
smolt through 1st summer and fall in ocean (0.392); φoceY3= survival of adults in ocean (Year 3, 0.154);  φdist= 
survival after chronic anthropogenic disturbance; Na= Number of adults; Na_compH= Minimum number of adults 
needed to seed the compensation habitat; Np= Number of parr; Ns= Number of smolts; Ns_compH= Number of 
smolts contributed by the compensation habitat 
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Figure 5.1. Distribution of (a) the size (m2) of 27 side-channel habitats built in the PNW 
(from Morley et al. 2005; Roni et al. 2006; Rosenfeld et al. 2008), and (b) the 
productivity of 33 side-channel habitats (# of smolts per m2) built in the 
PNW (from Rosenfeld et al. 2008; Roni et al. 2010). 
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Figure 5.2. Proportion of the final size of the baseline population represented by 
populations subjected to chronic anthropogenic mortality (2 to 20%) 
affecting a) Eggs, and b) Parr and Smolts/Adults as a function of the size of 
side-channel compensation habitat (m2). A relative population size of 1 
implies that the population modelled had the same final population size as 
the baseline population (n= 808 adults). The grey box represents the 10th to 
the 90th percentile, and the vertical line indicates the average size of 
compensation habitat built in the PNW (based on 27 sites, from Morley et 
al. 2005; Roni et al. 2006; Rosenfeld et al. 2008). Note that the Y-axis is 
different for the two panels.  
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Figure 5.3. Change in final number of adults for impacted populations compared to 
baseline abundances (%, colors) over a range of sizes of constructed side-
channels (y-axis), annual chronic anthropogenic mortality (x-axis), and life 
stage (eggs, parr, smolts/adults) affected by the chronic mortality (panels), 
assuming mean productivity in constructed side-channels. 0 (white cells) 
indicates no change in final abundances of impacted populations 
compared to baseline, while positive values (cool shades) mean 
compensation increased the final number of adults in impacted 
populations and negative values (warm shades) mean final size of 
impacted populations decreased despite the amount of compensation 
habitat added. The black lines indicate offsetting equivalency for the 
combination of compensation habitat sizes and chronic mortality. 
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Figure 5.4. Range in sizes of compensation habitat (m2) required to effectively offset 
annual chronic mortality ranging from 2 to 20% affecting, a) Eggs, b) Parr, 
and c) Smolts/Adults, assuming varying productivity (# of smolts produced 
per m2) for the constructed side-channels. Horizontal black lines indicate 
the 25th to 75th percentiles of productivity of compensation habitat, black 
triangles represent mean number of smolts contributed, and stars 
represent median number of smolts contributed by compensation habitat 
(based on data from 33 sites, from Rosenfeld et al. 2008; Roni et al. 2010). 
The grey box represents the mean (vertical line) and 10th to 90th percentiles 
(shaded) of sizes of compensation habitats built in the PNW (n= 27 sites, 
data from Morley et al. 2005; from Roni et al. 2006; Rosenfeld et al. 2008). 
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General conclusions 

In the last three decades, the global emergence of RoR hydropower in BC and 

worldwide has increased pressure on salmonid fishes by altering their freshwater habitats 

through the diversion of waters for electricity production. Understanding how RoR hydropower 

alters natural flow regimes and subsequently the survival, growth, bioenergetics, and population 

dynamics of salmonid fishes can help to effectively design future developments that balance 

conserving biodiversity with economic needs. My thesis filled important knowledge gaps around 

potential impacts from RoR hydropower on stream ecosystems in general, and salmonid 

populations in particular. I used a combination of published research, empirical data and models 

to summarize and explore different pathways of impacts by which RoR hydropower may affect 

salmonids, and make recommendations for future development and conservation. 

In Chapter 2, I reviewed the scientific literature and general salmonid ecology to 

summarize three main pathways of impacts through which RoR hydropower may impact 

salmonids: the reduction of flow in the bypassed reach, the presence of low-head dams 

impounding rivers, and the production of anthropogenic flow fluctuations. This chapter highlights 

both the paucity of peer-reviewed literature dedicated specifically to RoR hydropower (n=31 

peer-reviewed papers, of which only 10 targeted specifically salmonids), and the need to 

conduct more research in specific areas where most impacts are expected to occur. I highlight 

that RoR dams may divert a considerable proportion (up to 97%) of incoming river flow away 

from the main river channel, and that the magnitude of flow diversion by RoR hydropower varies 

by season and is proportionally higher when flows in rivers are naturally low. I emphasized that 

flow regulation for RoR hydropower is unique in how it changes the seasonality, magnitude, 

frequency, and duration of flow events, both in the bypassed (particularly increasing low flow 

periods) and downstream (producing anthropogenic flow fluctuations) reaches of regulated 

rivers. However, the fact that low-head dams can be overtopped at high flows may reduce the 

potential for discontinuities in habitat, barriers to migration, and impacts on stream 

geomorphology, though many uncertainties remain. All these pathways of effect from RoR 

hydropower have the potential to alter habitat quantity and quality in regulated streams, and to 

negatively affect salmonid survival, growth, and fitness. The remaining major uncertainties I 
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identified as avenues for future research are the impacts of extended low flow periods in the 

bypassed reaches, the consequences of anthropogenic flow fluctuations, and the cumulative 

effects of multiple RoR projects on the same river systems. I used the knowledge gaps identified 

through this synthesis to guide the development of my subsequent thesis chapters.   

In Chapter 3, I evaluated the impacts of extended low flow periods created from flow 

diversion in bypassed reaches. To do so, I quantified the increases in water temperature 

observed in bypassed reaches and simulated potential consequences to the bioenergetics of 

resident salmonids. I found that the annual increases in water temperatures in bypassed 

reaches due to flow diversion by RoR hydropower averaged 0.5 and 0.8℃ in the two creeks 

surveyed and reached a monthly maximum of 1.4℃. Using observed (increased) and predicted 

temperatures (natural, without flow diversion), I found that increasing water temperatures from 

flow diversion by RoR hydropower could have negative effects on rainbow trout (Oncorhynchus 

mykiss) by reducing their growth if food availability does not compensate for increased 

temperatures. Alternatively, warmer waters due to flow diversion could increase the growth 

potential for fish if food availability and fish consumption increased with temperature and 

temperature remains below the species’ optima. This chapter highlights the need for empirical 

data on fish consumption and food availability to better understand how aquatic and terrestrial 

invertebrates respond to flow diversion by RoR hydropower, given their importance in mediating 

effects of warmer waters on fish metabolism and growth. 

Flows downstream of RoR infrastructures can fluctuate unexpectedly and differ in timing, 

frequency, magnitude, and duration as compared to classic reservoir-storage hydropower (see 

Chapter 2). In Chapter 4, I explored the consequences of RoR-induced flow fluctuations to coho 

salmon population dynamics using stochastic stage-structured matrix models that integrate 

density dependence. In general, I found that RoR-induced flow fluctuations may impact 

population dynamics of coho salmon by increasing the probability of quasi-extinction and 

reducing adult population sizes. Importantly, the impacts of anthropogenic flow fluctuations to 

coho salmon varied with both the strength and timing of density-dependent survival in 

freshwater habitats. When density dependence was weak, even rare and mild flow fluctuations 

substantially affected population dynamics. When density dependence was strong, coho 

populations had a greater capacity to compensate for the loss of fry from RoR-induced flow 

fluctuations. Demographic compensation was strongest when the timing of density dependence 

was best aligned to the timing of flow fluctuations (i.e. occurred in the winter after most flow 

fluctuation events). However, frequent and deadly anthropogenic fluctuations overwhelmed 



105 

even the strongest winter density-dependent survival bottleneck. Overall, Chapter 4 

demonstrates that consequences from RoR-induced flow fluctuations should not be taken 

lightly, and that while natural density dependent survival bottlenecks may help compensate for 

some of the extra anthropogenic mortality induced, their timing and strength are critical.  

Finally, in Chapter 5, I explored how the building of compensation habitats in freshwater 

could mitigate chronic anthropogenic mortality and maintain abundance and resilience of 

salmon populations. I ran simulations to cover a variety of sources of human activities known to 

affect anadromous salmons, like modifications to riverine and terrestrial landscapes such as 

large dams or forestry practices, harvesting, or increased ocean or freshwater mortality due to 

climate change. I used a deterministic version of the stage-structured matrix model developed in 

Chapter 4 and ran simulations for a range of chronic mortality affecting three different life 

stages, where I varied the size and the productivity (in terms of production of smolts) of side-

channels built as habitat compensation in impacted streams. My results show that very limited 

amount of compensation habitat would be needed to compensate for the loss of eggs, given the 

presence of a natural density-dependent survival bottleneck occurring after the chronic 

mortality. However, the mean size of constructed side-channels typically built in the PNW would 

only be enough to compensate for chronic mortality below 10% for parr or smolts/adults. Also, I 

conclude in Chapter 5 that compensation habitats in freshwater have the potential to mitigate 

chronic mortality of parr, smolt or adult coho, but often require larger areas than are typically 

built in the PNW, especially if we want to use precaution and incorporate more realistic 

assumptions about smolt productivity in constructed side-channels. Overall, the simulations I 

performed in Chapter 5 illustrate both the large potential and the large uncertainties about the 

use of habitat compensation in freshwater to offset the loss of coho of various life stages.    

My thesis highlights both the potential for RoR hydropower to impact salmonids in 

regulated rivers, and the need for more research and data to confirm the trends identified by my 

modelling and simulations. For example, results from Chapter 3 show the potential of flow 

diversion to increase water temperature in bypassed reaches with possible consequences for 

fish bioenergetics, especially if food becomes limited. However, sampling invertebrate 

abundance and consumption by fish in RoR-regulated rivers, as well as measuring growth of 

fish in the same locations as where temperature is monitored, would be great next steps to 

further our understanding of the bioenergetics consequences of RoR hydropower on resident 

salmonids. Chapter 4 illustrates the potential for RoR-induced flow fluctuations to influence 

emergent population dynamics, and the importance of density-dependent survival bottlenecks to 
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mitigate the loss of fry. Next steps of research should include a thorough quantitative 

assessment of mortality rates of salmon fry in relation to specific flow fluctuations events of 

varying magnitude. That work would imply detailed population sampling both before and 

immediately after anthropogenic flow fluctuations downstream of RoR facilities. The importance 

of density-dependent survival shown in this chapter also emphasizes the importance of 

adequately assessing the presence, strength and timing of density-dependent bottlenecks in 

specific populations prior to the development of RoR hydropower facilities if one expects such 

bottlenecks to mitigate loss of fry from RoR-induced flow fluctuations. Chapter 5 quantifies the 

high uncertainty in the size and productivity of compensation habitat needed to offset chronic 

mortality and maintain population sizes. Again, precise and empirical estimates of mortality 

rates of eggs, parr, smolts, and adults in relation to various anthropogenic disturbances are 

needed to ground-truth the results of the simulations. Overall, results from all three quantitative 

chapters strongly support the need for long-term, detailed, empirical datasets in regulated rivers 

to confirm, infirm and/or quantify the magnitude of the impacts identified by the modelling and 

simulations I performed.  

My thesis fills in some of the knowledge gaps identified around effects of small-scale, 

RoR hydropower on stream ecosystems, and represents a unique and important contribution to 

increase our state of knowledge in that domain. I also hope that my thesis can serve as a 

cautionary tale illustrating that impacts from RoR hydropower may not be as negligible as their 

small physical footprint suggests (in support of Couto and Olden 2018). However, among the 

many threats facing anadromous and resident salmonids around the world, the impacts from 

RoR hydropower may not be a primary concern. That would especially be the case if, at least a 

minimum of, effort is made to mitigate unavoidable consequences of RoR hydropower on 

regulated rivers (e.g. by requiring minimum environmental flows, maintenance of compensation 

habitat, technical upgrades to limit flow fluctuations, etc.). Yet, most fish populations face 

multiple sources of disturbances that are likely to have additive or synergistic effects on their 

abundance and survival. As such, assessing impacts from RoR hydropower (or any other 

anthropogenic disturbance) in isolation from other sources threatening populations locally or 

globally could carry grave consequences for salmonids and other aquatic species (e.g. Kibler 

and Tullos 2013). For example, studies showed interactions between climate change and water 

diversion increased threats for growth, movement and survival of Chinook salmon (Walters et al. 

2013a), or how increased variability in extreme flow events due to climate change may further 

challenge the survival of coho salmon in freshwater (Ohlberger et al. 2018). Increases in water 
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temperature expected following climate change (e.g. Isaak et al. 2016) could also act 

synergistically with those I modelled in bypassed reaches of streams regulated by RoR 

hydropower in Chapter 3 and add to bioenergetics challenges for stream salmonids. As such, 

the need for mitigation of negative consequences from development and for restoration and 

compensation actions appear unavoidable. We collectively will likely need to embrace the 

building of compensation habitats as a mean to increase carrying capacity in freshwater 

ecosystems and enhance resilience of salmonids populations, despite the uncertainties and 

limitations that I noted in Chapter 5. 

In conclusion, my thesis highlights that the rapid rise of RoR hydropower around the 

world presents both promising opportunities for increasing renewable energy production, and 

important challenges in predicting impacts to stream ecosystems and their inhabitants. As the 

global need for RoR hydropower increases, concerted efforts to study the impacts of RoR 

hydropower dams on salmonids is crucial. In parallel, changes in regulatory frameworks are 

needed to ensure more resources are devoted to long-term monitoring of regulated rivers, as 

well as to cumulative impacts of all sources of anthropogenic disturbances acting on stream 

ecosystems. Attention should also be given to the fact that many small RoR facilities are 

needed to produce the same amount of energy as fewer large facilities, thus potentially yielding 

higher landscape-scale impacts per unit of energy than large hydropower dams (Bakken et al. 

2012; Kibler and Tullos 2013). As unpopular as these recommendations may be for project 

developers, I believe we have a collective responsibility to look after our threatened freshwater 

ecosystems and their stream-dwelling organisms. This responsibility is greater under the 

terrifying threats of climate change that are likely to exacerbate consequences of other, milder 

sources of anthropogenic disturbances on streams and rivers. Simultaneously, we cannot afford 

to snob the great potential of RoR hydropower to respond in a reasonably clean and local way 

to the important need for renewable energies as we transition our economies away from fossil 

fuel. Done properly, RoR hydropower holds promise for providing both some of the energy 

needed to sustain our economies, and the opportunity to preserve our natural resources and 

ecosystems that are also critical to healthy communities and economies.  

Overall, I hope that my work through this thesis will help further advance the 

conversation around RoR hydropower and its impact on freshwater ecosystems by clarifying 

what are the potential pathways of impacts, and their possible magnitude. I also hope that my 

thesis can bring glimmers of hope that human interventions like the building of compensation 

habitats can help in mitigating unavoidable consequences of human activities. However, I also 
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want to caution against the mirage of compensation (sensu Moore and Moore 2013). We need 

to keep investing enough to clarify the many remaining uncertainties, and compensation and 

restoration work needs to respect its place in the mitigation hierarchy, i.e. come after avoidance 

and minimization of effects. Finally, I hope that my work can empower us all to act and devote 

the time and energy in pursuing fundamental research. We also need to implement concurrently 

the many social and technical solutions that already exist since the urgency to protect our 

threatened salmonid populations and river ecosystems is clear. Hopefully my work can add 

strength to the power of science and ensure that evidence-based decisions are made for 

sustainable management of salmonid populations and stream ecosystems. 
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Appendix A  

Non-empirical peer-reviewed papers on RoR hydropower. 

 

Papers Category Country 

Abbasi and Abbasi 2001 
Global and historical perspective on emergence 
of ROR hydropower, general review of potential 

effects on ecosystem, cumulative impacts 
India 

Anderson et al. 2014 
Review of ROR hydropower impacts on river 

ecosystems 
UK, Europe 

Aroonrat and Wongwises 2015 
Geography, economy and politics of RoR 

hydropower 
Thailand 

Bakken et al. 2012 
Comparison of small to large hydropower, 

cumulative impacts 
Norway 

Chiyembekezo 2013 
Geography, economy and politics of RoR 

hydropower 
Malawi 

Cyr et al. 2001 
Geography, economy and politics of RoR 

hydropower 
Canada 

Grumbine and Pumdit 2013 
Geography, economy and politics of RoR 

hydropower 
India 

Jaccard et al. 2001 
Geography, economy and politics of RoR 

hydropower 
Canada 

Kibler 2011 
Comparison of small to large hydropower, 

cumulative impacts 
China 

Kotchen et al.  2006 
Cost benefit analysis of hydropower dam 

relicensing 
USA 

Poff and Hart 2002 
Classification of small dams and review of 

science of dam removal 
USA 

Renofalt et al. 2010 
Effects of hydropower and environmental flow 
management on river ecosystems, cumulative 

impacts 
Sweden 

Shaw 2004 
Implications of modern hydro-electric plants for 

fisheries and natural hydrographs 
 

Sopinka et al. 2013 
Geography, economy and politics of RoR 

hydropower 
Canada 

Spänhoff 2014 
Geography, economy and politics of RoR 

hydropower 
Germany and Europe 

Wang et al. 2010 
Geography, economy and politics of RoR 

hydropower 
China 
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Appendix B 

 

Figure 3B-1. Mean daily flow (m3s-1) diverted for hydroelectricity production (plant flow) and left in the bypassed reach 
(darker lines, left Y-axis) in Fire Creek from 2010 to 2013, and corresponding proportion of diverted flow (pale 
gray line, right axis). Flow in years pre-flow diversion or in 2014 were not available. 

0

5

10

15

20

25

30

35
a) 2010

0

5

10

15

20

25

30

35

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

c) 2012

A
v
e
. 

d
a
ily

 f
lo

w
 (

c
m

s
)

b) 2011 Plant f low

By passed f low

% f low div erted

0

20

40

60

80

100

P
ro

p
o
rt

io
n
 o

f 
d
iv

e
rt

e
d
 f

lo
w

 (
%

)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

c) 2013

0

20

40

60

80

100



131 

 

Figure 3B-2. Mean daily flow (m3s-1) diverted for hydroelectricity production (plant flow) and left in the bypassed reach 
(darker lines, left Y-axis) in Douglas Creek from 2010 to 2013, and corresponding proportion of diverted flow 
(pale gray line, right axis). Flow in years pre-flow diversion or in 2014 were not available. 
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Appendix C 

Table 3C-1. Four food availability scenarios used in the bioenergetics simulations.  

 

Scenario 
Ecological assumptions in 

context of RoR hydropower 
Bioenergetics consequences 

for fisha 

Bioenergetics settings 

parameters fixed parameters solved 

Unlimited 
Consumption (UC) 

↑↑ food availability, no limits on 
capacity to catch and process 

food 
C and G are maximized pCmax=1 Total C and final weight 

Constant 
Consumption (CC) 

No change in food availability or 
ability to catch food 

↑ in T= ↑ in metabolism but no 
change in C; ↓ in final weight 

Total C in bypassed 
reach= total C under 

natural baseline T 
Final weight 

Increased 
Consumption (IC) 

↑ food availability and 
processing with ↑ in T; catching 

food facilitated by ↓ in Q 

C: not limiting, and ↑ capacity 
to process food= ↑ in final 

weight 

pCmax in bypassed 
reach= pCmax in natural 

baseline T 
Total C and final weight 

Reduced 
Consumption (RC) 

↓ in Q= ↓ rate of invertebrate 
drift ; ↓ in capacity to catch food 

↓ in total C + ↑ in water T= ↓ 
in final weight 

Total C in bypassed 
reach = 75% of C in 
natural baseline T 

Final weight 

a Q= discharge, C= consumption, G= growth, T= temperature   
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Appendix D 

 

Figure 3D-1. Temperatures in the upstream and bypassed reaches from 2007 to 2014 in Fire Creek. 
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Figure 3D-2. Temperatures in the upstream and bypassed reaches from 2007 to 2014 in Douglas Creek. 
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Appendix E  

Table 3E-1.  Mean annual growth (g) observed in the bypassed reaches of the two 
streams and simulated under the four food availability scenarios for the 
three years modelled. 

Stream Age Scenarios 
Annual growth (mean, g) in:  

2010-2011 2011-2012 2013-2014 

Douglas 
Creek 

 from 0+ to 1+ 

Observed  4.7 4.4 8.4 

Reduced C 3.8 3.9 3.8 

Constant C 6.3 6.4 6.2 

Increased C 8.3 8.1 7.9 

Unlimited C 228.0 153.7 262.4 

 from 1+ to 2+ 

Observed  7.9 9.4 12.0 

Reduced C 5.5 5.7 5.4 

Constant C 11.9 12.1 11.8 

Increased C 16.0 15.7 15.3 

Unlimited C 322.8 227.4 365.7 

Fire Creek 

 from 0+ to 1+ 

Observed  5.6 5.7 7.5 

Reduced C 3.4 3.5 3.4 

Constant C 5.7 5.7 5.6 

Increased C 8.5 9.2 8.1 

Unlimited C 225.4 169.9 269.6 

 from 1+ to 2+ 

Observed  9.8 8.1 10.0 

Reduced C 4.9 4.9 4.7 

Constant C 10.6 10.6 10.4 

Increased C 16.2 17.5 15.4 

Unlimited C 314.6 244.6 369.4 
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Figure 3E-1. Frequency distributions of Age 2+ O.mykiss sampled in the bypassed 
reach of Douglas Creek from 2010 to 2014, a) weight (n= 48 fish, mean: 
20.5g), and b) estimated specific growth rate (SGR, vertical bars) with 
predicted SGR of Age 2+ O.mykiss under reduced C, constant C, and 
increased C scenarios (dashed lines, right axis).  
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Figure 3E-2. Frequency distributions of Age 1+ O.mykiss sampled in the bypassed 
reach of Fire Creek from 2010 to 2014, a) weight (n= 193 fish, mean: 7.3g), 
and b) estimated specific growth rate (SGR, vertical bars) with predicted 
SGR of Age 1+ O.mykiss under reduced C, constant C, and increased C 
scenarios (dashed lines, right axis).  
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Figure 3E-3. Frequency distributions of Age 2+ O.mykiss sampled in the bypassed 
reach of Fire Creek from 2010 to 2014, a) weight (n= 112 fish, mean: 19.15g), 
and b) estimated specific growth rate (SGR, vertical bars) with predicted 
SGR of Age 2+ O.mykiss under reduced C, constant C, and increased C 
scenarios (dashed lines, right axis).  
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Appendix F  

 

Figure 3F-1. Variation in mean annual fish weight (g) for Age 1+ O. mykiss in a) 
Douglas Creek and b) Fire Creek, and for Age 2+ O. mykiss in c) 
Douglas Creek and d) Fire Creek under each of the four food 
availability scenarios. The three lines per scenario represent the 
averages for all fish simulated per year. Final weights under 
Scenario 1 Unlimited C reached up to 270g for Age 1+ fish and 315g 
for Age 2+ fish. 
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Appendix G 

Characteristics of streams regulated by RoR hydropower in the coastal mountains 
of British Columbia, Canada. Frequency and timing of flow 
fluctuations in these streams from 2011 and 2016 were computed 
from monitoring reports made available by the Ministry of Forests, 
Lands, Natural Resource Operations and Rural Development of 
British Columbia, Canada. 

Creek 
Length of 

bypassed reach 
(km) 

Mean annual 
discharge (cms) 

Max discharge 
diverted (cms) 

Capacity (MW) 

Ashlu 5 -- 29 49.9 

Fitzsimmons 4.5 -- 4 7.5 

Lamont 3.2 -- 8.7 27 

McNair -- -- 3.3 9.8 

Fire  4.3 5.2 10.5 23 

Douglas 3 6.5 11.3 27 

Stokke 3.1 -- 8.4 22 

Tippela  2.2 -- 7.2 18 

 

 

 


