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Abstract

In the seasonal climates of northern Europe and North America, winter is considered a particularly
ecologically challenging season for aquatic organisms in natural streams. They experience reduced
flow and freezing in winter, with associated hydro-physical changes. In ectothermic animals, like the
cold-water fish Atlantic salmon and brown trout, biochemical reactions and behaviors depend on
water temperature. Many northern rivers are also impacted by hydropower regulation, which may
increase winter stream flow and temperatures, and reduce ice formation and surface ice cover.
Knowledge about salmon and trout winter survival strategies and responses to these hydropower
impacts is a prerequisite for adaptive management of regulated rivers in winter. The complex ice
processes are driven by winter intensity and duration, hydrologic conditions and channel
characteristics, and tend to become more complex and pervasive in smaller, high-gradient streams.
Winter stream ice formation may be divided into the dynamic period ‘freeze-up’ in early winter with
sub-surface ice, more stable ‘mid-winter” with surface ice, and the ecologically challenging ‘ice break-
up’ in late winter with potential mechanical ice runs and scouring. The duration of periods vary
depending on climate and hydropower regulation, particularly the mid-winter period may change or
become absentin regulated streams. An ice classification model may predict type of ice cover forming
in a natural reach depending on stream morphology (e.g. gradient, size, and substrate), and winter
intensity and duration, and identify ice processes. Hydropower regulation modify natural winter
stream conditions, particularly in reaches downstream of power-plant outlets by increased water
temperature and reduced surface ice formation, and in bypass reaches by decreased flow and
enhanced freezing. The stable mid-winter periods may be replaced by repeated unstable transition
periods. High head regulation may increase downstream water flow and water temperature, whereas
low head systems may have small or no major impacts on downstream ice conditions. Quantitative
knowledge about longitudinal water temperature changes is limited, especially in relation to
alternative regulation regimes and intakes/outlets. Hydro-peaked systems may aggravate high-low
flow effects, depending on down-ramping rate, ramping amplitude, frequency of flow fluctuations,
prior flow conditions, and timing of pulse. A basic winter survival strategy in salmon and trout is
energy storage. Their feeding and growth performance is limited at low temperatures, and additional
related winter strategies are reduced metabolism, tolerance and starvation effected by quiescence.
Energy storage may depend on local conditions, but otherwise there is little indication of adaptation

to local thermal climates. Intraspecific phenotypic plasticity is important. The main behavioral
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strategy is risk-reducing sheltering and nocturnalism. As temperatures drop to 6-8°C or lower, salmon
and trout become less active, seek more shelter in the substratum or deep areas, and are active at
night. During freezing and before surface ice cover, the heat loss and associated frazil and anchor ice
formation is greatest at night, and visual predators are at a disadvantage. Trout and salmon appear
to cope well with thermal ice phenomena, and do not appear to become trapped in ice. Surface ice
may reduce fish metabolism, but other factors, e.g. availability of substrate shelter, may override this
effect. Mechanical ice breakup may reduce survival. Higher flows in winter may increase rearing
and/or resting habitat, which may benefit fish survival, but studies are few. Low flows increase ice
formation, reduce and fragment available habitat, and may reduce egg and fish survival. However,
influx of ground water may mitigate these impacts during shorter periods with stranding. Sudden
drops in regulated water discharge have been demonstrated to result in fish stranding, in particular
at low temperatures in the daytime when fish are less mobile and seek shelter. Local movements
between daytime refuges and night-time slow-current activity areas are usually limited (less than
1m), but with individual variation and single movements up to several kilometers. Larger fish may
move more and aggregate in restricted suitable deep-slow refuge habitats such as pools and deep
glides. Water temperature and/or flow may control more local spawning/smolt migrations,
particularly in smaller streams. In regulated systems, flow during spawning season should not be
higher than minimum maintained flow during winter to avoid dewatering and mortality of eggs. Egg
development is linked to water temperature. Emerging alevins and young fry are sensitive and
vulnerable, often incurring high moralities. Survival may depend on a delicate balance between
suitable low flows and available drifting food during and after the ‘swim-up’ stage. Useful hydro-
physical and ice-formation models have been developed to help in impact analysis and adaptive
management, but more sophisticated models are often data intensive, and several ice phenomena
are still difficult to model. Efforts to integrate biological and societal considerations via e.g. Multi-
Criteria Decision Analysis (MCDA), have increased during recent years, but so far met with limited

success. In conclusion, potential mitigating measures and research needs are tabulated.
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Sammendrag

| det sesongpregede klimaet i Nord-Europa og Nord-Amerika synes vinteren a veaere en serlig
utfordrende sesong for akvatiske organismer i naturlige elver. Vannfgringen reduseres og is dannes,
noe som ogsa medfgrer hydrofysiske endringer. For vekselvarme organismer som laks og @rret, er
biokjemiske reaksjoner og atferd avhengig av temperatur. Mange elver mot nord er ogsa pavirket av
reguleringsinngrep, som kan gke vintervannfgringen og temperatur, og derved redusere isdannelse
og overflate isdekke. Kunnskap om vinteroverlevelsesstrategier hos laks og @rret, og hvordan de
responderer pa reguleringsinngrep, er et ngdvendig grunnlag for miljgtilpasset forvaltning av
regulerte elver gjennom vinteren. Is-prosesser i elvene blir styrt av vinterens strenghet og varighet,
hydrologiske forhold og elveleiets utforming, og blir ofte mer sammensatte og gjennomgripende i
mindre elver med hgyere fall. Is-dannelse kan deles inn i fgrst en dynamisk “fryse’ periode med mye
is pa bunn og i vannsgylen, en mer stabil midt-vinter periode med overflate is, og en ofte gkologisk
utfordrende avsmeltingsperiode pa var-vinteren med mekanisk og skurende is-gang. Varigheten av
disse typiske periodene kan variere avhengig av naturlig klima og reguleringsinngrep, hvor saerlig den
stabile midt-vinter perioden kan variere mer eller bli helt borte i regulerte elver. En is-klassifikasjons
modell kan i noen grad forutsi hva slags prosesser og is-typer som vil dannes i naturlige elver,
avhengig av elveleiets utforming (gradient, st@rrelse, substrat), og av vinterens strenghet og varighet.
Reguleringer modifiserer de naturlige vinterforholdene, szerlig nedstrgms kraftverk ved & gke
vannfgring og temperatur og redusere dekke med overflate-is. Pa oppstrgms elvestrekninger med
redusert vannfgring kan is-dannelse gke. En naturlig stabil midt-vinter periode kan bli erstattet av
gjentatte ustabile overgangsperioder. Hgyt fall og stgrre vannmengder fgrer til stgrre vannfgrings-
og temperaturendringer, mens lite fall kan ha sma eller ingen vesentlige nedstrgms virkninger. Vi har
relativt lite kvantitativ kunnskap om hvor mye og hvor langt nedstrgms like temperaturendringer har
betydning, seaerlig i forhold til alternative reguleringsregimer og plassering av inntak/utlgp. Effekt-
kjgring kan forsterke slike effekter, men avhengig av kjgringsregime (hastighet og stgrrelse opp-ned,
frekvens, forutgaende vannfgringsforhold, tidspunkt). Den grunnleggende vinteroverlevelses strategi
for laks og @rret er opplagring av fettreserver. Naeringsopptak og vekst er begrenset ved lave
temperaturer. Fettreservene spares gjennom nedsatt metabolisme, toleranse og sult, szerlig ved at
fisken beveger seg lite. Det er lite som tyder pa andre lokale tilpassinger til ulike vinterforhold, utover
at fisken synes a lagre fettreserver i forhold til forventet vinter. Det er imidlertid stor variasjon mellom

individer. For individers atferd er den viktigste strategien om vinteren at laks og grret sgker mer skjul
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om dagen og nesten bare er nattaktive. Slik reduseres predasjons risiko og fare for innefrysing. Nar
temperaturen faller under ca. 6-8°C, blir laks og @rret mindre aktive, sgker mer skjul i substratet og i
dyp-omrader, og blir nattaktive. Ved tidlig frysing, fgr det dannes overflate-is, er varmetapet og
dermed dannelse av sarr og bunnis stgrst om natten, og predatorer som i hovedsak jakter vha. synet
(fugl, ender, mink) ogsa mindre effektive. Laks og grret ser ut til a tilpasse seg slik isdannelse og blir
ikke fanget eller fryser inne i is. Overflate-is kan gi lavere metabolisme, men andre faktorer, f.eks.
tilgang pa skjul, ser ut til a veere viktigere. Mekanisk is-gang kan gi redusert overlevelse. Hgyere
vintervannfgring kan gke tilgang pa habitat som kan gi bedre vinteroverlevelse for laks og grret, men
dette er lite undersgkt. Lavere vannfgringer gker isdannelse, reduserer og fragmenterer tilgjengelig
habitat, noe som kan redusere overlevelse bade av egg og fisk. Tilgang pa grunnvann kan moderere
episodiske tgrrleggings effekter. Bra reduksjoner i regulert vannfgring kan fgre til stranding av fisk,
seerlig ved lav temperatur om dagen nar fisken er i skjul og lite mobil. Lokale forflytninger mellom
skjulomrader pa dagtid og nattlige aktivitetsomrader med lavere vannhastigheter er som regel helt
lokale (mindre enn en meter for rekrutter), men med stor individuell variasjon (opp til en km). Stgrre
fisk kan forflytte seg mer og samler seg i dype, sakteflytende omrader. Vanntemperatur kan ogsa
kontrollere mer lokale gyte- og smoltvandringer, szerlig i mindre elver. | regulerte elver bgr ikke
vannfgring gjennom gytesesongen veere hgyere enn minimum vannfgring gjennom vinteren, slik at
egg ikke t@rrlegges. Eggutvikling er styrt av vanntemperatur. Yngel er fglsomme og sarbare, og har
ofte hgy dgdelighet. Overlevelse kan avhenge av en fin balanse mellom passende lave vannfgringer
og tilgjengelig driv naering ved og etter ‘swim-up’ nar yngelen begynner a ta til seg naering. Nyttige
hydro-fysiske og is-dannelses modeller har etterhvert blitt utviklet som tilleggsredskaper for
konsekvensutredninger og forvaltningsbeslutninger, men mer detaljerte og avanserte modeller
setter store krav til data og en del isfenomener synes enna vanskelig 8 modellere. | senere ar er det
gjort betydelige innsatser for a integrere biologiske og sosiale hensyn, via for eksempel Multi-Criteria
Decision Analysis (MCDA), men disse har sa langt hatt begrenset suksess. Til slutt gis en oversikt over

mulige avbgtende tiltak og behov for videre forskning.
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1. Introduction

Climate determines water temperature and flow in rivers. Climate changes continuously for natural
reasons, but recent changes are considered to be anthropogenic (IPCC 2014). In the seasonal climates
of northern Europe and North America, winter is considered a particularly critical season for aquatic
organisms (e.g. Power, Brown & Imhof 1999; Huusko et al. 2007; Cunjak, Linnansaari & Caissie 2013;
Hedger et al. 2013b; Weber et al. 2013). The 21st century predicted winter climate change in
northern Europe and North America is milder, wetter and stormier weather, with more frequent
extreme events. This will affect in particular many glacier and snow-fed rivers by increased runoff,
shorter and more unstable winters, and earlier spring flow (e.g. Graham & Harrod 2009; Jonsson &
Jonsson 2009; Heino et al. 2016). Consequently, more stable cold-water environments may ‘migrate’
to higher altitudes and latitudes, depending on hydro-geography (Filipe et al. 2013; Hedger et al.
2013b; Dugdale, Bergeron & St-Hilaire 2015b). This scenario will likely have severe consequences for
cold-water fish, including the widely distributed Atlantic salmon Salmo salar and brown trout S. trutta

(Jonsson & Jonsson 2009; Crozier & Hutchings 2014).

Many seasonal rivers in Northern Europe and North America are impacted by hydropower regulation.
Hydropower energy, a renewable resource with substantial associated societal benefits (relatively
clean power, flood controls, water supply), has an installed capacity of 100 GW or more in the Arctic
region (Prowse et al. 2011; Association 2016). Climate models forecast an increased energy potential
in a wetter climate (Hamududu & Killingtveit 2012). Extensive hydropower development in many
northern countries implies that flows and temperatures in most running waters are modified by
hydropower regulation, e.g. in Norway with 97% hydropower of total energy production, two-thirds
of all watersheds are regulated, which contribute about 50% of total reservoir capacity in Europe. A
main effect in rivers due to hydro-regulation is a decrease in inter-annual and intra-annual variability
of most elements of the flow regime (Renofalt, Jansson & Nilsson 2010; Geris et al. 2015). Winter
hydropower effects resemble forecasted climate effects, with increased water flow and temperature,
including reduced ice-cover, below hydropower plants, often with increased frequency of peaking.
Bypass reaches, however, experience reduced residual or stable environmental flows. Winter, with
its high energy demand, is a particularly challenging season because of the complex interactions
between hydrology and ecology. The ice effects on river habitat and hydropower systems are

complex and extensive both in natural and modified systems (Prowse 2001b; Ettema, Kirkil & Daly
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2009; Gebre et al. 2013). Ice constitutes a cost to hydropower production (Gebre et al. 2013), and
with concomitant thermal and habitat stress on organisms, but may also provide benefits, e.g.
stabilize surface ice cover and increase winter flow. Direct monetary costs for the hydropower
producer due to instream ice formation, may be substantial (millions US dollars; Andersson 1997;
Strgmslid et al. 2012), For example, and Vaskinn (2013) found that frazil formation on trash racks and
blocked intakes from ice runs were the dominating issues for reduced production capacity in
Norwegian small hydropower plants. A loss of $1-S2 million USS annually due to frazil formation on
intakes was estimated in Sweden (Andersson 1997). Blocking of intakes by ice may cause substantial
direct daily losses, e.g. estimated to 100 000 USS for a medium-sized Norwegian power plant

(Bjoreio) (Lokna 2006), as may ice induced operational restrictions (Strgmslid et al. 2012).

In ectothermic animals, like the cold-water fish Atlantic salmon and brown trout, the rates of
biochemical reactions depend on water temperature (Angilletta, Niewiarowski & Navas 2002; Dell,
Pawar & Savage 2011). Low temperatures are particularly challenging to physiological tolerances.
Both basal thermo-tolerance, and acclimation and behavioral adjustments, as two adaptive plastic
responses, may mitigate thermal stress in the face of environmental variation (Baird & Krueger 2003;
Elliott & Elliott 2010; Araujo et al. 2013; Gerken et al. 2015). When water temperatures drops as low
as freezing (<0°C), ice formation occurs (Prowse 2001b; Turcotte & Morse 2013). Ice generates
additional stress through direct hydro-physical changes in the freshwater habitat, e.g. volume and
connectivity, in particular in higher gradient rivers and streams (Stickler et al. 2007; Prowse et al.
2011; Dube, Turcotte & Morse 2014). Such changes depend on a dynamic and complex interplay
among water temperature, water flow, and stream morphology (Turcotte & Morse 2013).
Consequently, in colder climates, fitness may reflect the ability of ectothermic organisms like fish to
exploit the favorable summer season for recruitment and growth, and physiological and behavioral
strategies to mitigate the effects of the unfavorable winter season (Bradshaw, Zani & Holzapfel 2004;

Hedger et al. 2013b).

Therefore, the low temperature winter season is considered the ecologically challenging and limiting
‘season of discontent’ for cold-water fish like Atlantic salmon and brown trout, which may be
impacted on the individual, population and community levels (Cunjak, Prowse & Parrish 1998;

Huusko et al. 2007; Cunjak, Linnansaari & Caissie 2013). Anthropogenic climate change and
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hydropower regulation can in turn have major impacts on water temperature, flow and ice (Prowse
et al. 2011; van Vliet, Ludwig & Kabat 2013; Gebre, Timalsina & Alfredsen 2014). The hydropower
focus has conventionally been on production losses and costs associated with winter ice (Gebre et al.
2013; Gebre, Timalsina & Alfredsen 2014), and how to reduce these losses. However, biological
implications may be as important, and organisms may suffer or benefit from modified hydropower
regimes. Therefore, the objective of this paper is to focus on, with a multidisciplinary approach, (1)
how hydropower regulation may impact water temperature, flow and ice phenomena in winter, and
(2) relevant fish biology responses in physiology, behavior and habitat use, with Atlantic salmon and

brown trout as model organisms.
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2. Natural stream environments in winter

Fish are adapted to their natural stream environments. Hydropower impacts are too recent to have
had any evolutionary effects. Any fish responses to hydropower impacts will therefore, be based in
their repertoire of natural responses to environmental conditions. Ice phenomena characterize

winter in northern streams.

2.1. Low temperatures and reduced flows

In a seasonal climate, winter is the cold season, but the concept says little about how cold. In a hydro-
physical context, the cold season typically means low water flows. Low flows however, may occur at
any time year round. Flows may, and depending primarily on channel characteristics, change water
volumes and velocities, i.e. habitat, but do not change the physical properties much, although low
temperatures per se may challenge organisms and infer thermal stress (Angilletta, Niewiarowski &
Navas 2002; Elliott & Elliott 2010; Gerken et al. 2015). What really may change the hydro-physical
conditions of streams and rivers in winter, are the presence and length of periods of freezing
temperatures, generating ice. We will reserve the concept winter for running waters that experience
freezing events in winter that immobilize water as snow and ice, and precipitate hydro-physical
changes in water properties and habitat that challenge organisms (Prowse & Ommanney 1990;
Prowse 2001b; Huusko et al. 2007; Huusko, Vehanen & Stickler 2013). Moreover, whereas water
temperatures remain approximately the same around freezing, the production and type of ice may
vary depending on air temperatures and hydraulics in ice-free areas, and thus generate different fish

responses.

2.2. Riverice

Ice processes are driven by climate, i.e. winter intensity and duration, hydrologic conditions and
channel characteristics (Fig. 1). The diverse river ice literature reflects the complexity of river ice
processes, often with focus on large, low-gradient rivers. They tend to be simpler to understand,
predict, and model (e.g. Ashton 1986; Prowse 2001b; Beltaos 2008). However, ice processes vary
greatly with channel characteristics, and tend to become more complex and pervasive in smaller,
high-gradient streams (Tesaker 1994, Stickler et al. 2008a; Dube, Turcotte & Morse 2014) (Fig. 1).

They are important in the present context.
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Figure 1. Maln factors influencing lce phenomena and fish habitat conditions In streams in winter.

Turcotte and Morse (2013) recently summarized a diverse ice literature and suggested a versatile
conceptual ice classification model that (i) predicts type of ice cover forming in a natural reach
depending on characteristics, (i) includes winter intensity and duration, and (iii) identifies ice
processes. Winter ice formation and conditions in running waters is often conveniently divided into
the transient and dynamic period ‘freeze-up’ in early winter, more stable ‘mid-winter’, and again
transient ‘ice break-up’ in late winter. The duration of periods vary depending on climate, and in
particular the mid-winter period may be long, e.g. more than half of the year in arctic regions, to near
non-existing in south temperate climates. Because Turcotte and Morse (2013) suggest a typology, it
is referred to the more typical natural mid-winter conditions. These patterns may be modified

considerably by hydropower regulation (below) (Stickler & Alfredsen 2009; Gebre et al. 2013).

The three nominal predictor variables in the model are 1) winter intensity (climate), 2) channel type,
and 3) channel size (Table 1, Fig. 2) (Allen 1977; Turcotte & Morse 2013). The four climate categories
of increasing winter intensity (Table 1; Mild, Cold, Sub-Arctic, and Arctic) may be indicated by
cumulative degree-days of frost (CDDF), year-averaged air temperatures (Taverage) and maximum
surface ice thickness (tmaxthick) (Allen 1977). The categories may also be associated with the Képpen-
Geiger climate classification (see Turcotte & Morse 2013 for details). Although channel types may be

categorized using geometry (depth, width), hydraulic (velocity, roughness, Froude number), or
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roughness variables (Manning’s n, bed grain size), ice processes and types are profoundly different
depending on stream gradient. Ice formation in steep streams is more complex, dynamic and diverse
(Tesaker 1994; Stickler et al. 2010b; Dube, Turcotte & Morse 2014). Therefore, channel type is
categorized by gradient as an operational proxy for stream morphology (Table 1, 2: Low, Transient,
Steep). (Schumm 1985; Montgomery & Buffington 1997; Bergeron, Buffin-Belanger & Dube 2011).
Ice processes may also depend on channel size. Although river ice research has focused on large
rivers, which carry more energy, cause larger floods, and are easier to model, the majority of stream
channel length is usually made up of headwater and lower order streams (Turcotte & Morse 2013).
Channel sizes (Table 1; Headwater, Intermediate, Wide) are indicated by bankfull discharge (Qoankut).
Approximate bankfull channel width (Wpankfui) may be estimated as Whoankfull = 4.8 Q% panksun (largely

empirical, usually calibrated on a regional basis) (Turcotte & Morse 2013).
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Table 1. Overview of conceptual ice predictor variables with associated quantitative indicators
(after Turcotte & Morse 2013)

Ice predictor Nominal Indicators
variable levels
CDDF Taverage TP maxthickn Ice season
Winter Mild <400 >10°C <0.25m No mid-
intensity winter
Cold <1800 >2°C <1.00 m Mid-winter
breakups
Sub-Arctic <3600 >-6°C <1.75m Long mid-
Arctic >3600 >-6°C >1.75m winter
Channel slope Flow Bed material Channel
(%) conditions morphology
Channel type  Low-gradient <0.1 Subcritical Sand, small Dunes and
gravel ripples
Transition ~0.3 Mixed Gravel Riffle-pool
Steep >0.5 Supercritical  Coarse Cascades,
gravel, step-pools,
boulders rapids
Approximate Q Approximate
(m’/s) W (m)
Channel size  Headwater <2 <7
Intermediate <200 <70
Wide >200 >70

2 See (Allen 1977).

Turcotte and Morse (2013) suggest their model framework (Fig. 2A) be used to predict functional ice
cover types forming (Fig. 2B) by different ice processes (Fig. 2C) in streams and rivers.



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

san0a dEng 1|

"sassanoud a2) ang 1D

'sadAy Janod 82| x5 #y) g
'£I0J0B) |EIUSWUCIIALS
FRIYL JO UORIUNY B SR

(1A-1) sadAy Janod 821 Jaal XIS
IO} {JOMBUWRY i 1y T MNd|4



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

The model indicates six mid-winter ice-cover types (Fig. 2B): (I) ice shells, (II) suspended ice covers,
(111) surface, floating ice covers, (IV) surface, confined ice covers, (V) solid ice, and (VI) no ice. The
model indicates five ice processes (Fig. 2C): (Al) active frazil and anchor ice, (HD) passive frazil hanging
dams, (ID) ice dams, (AUF) aufeis, and (1)) ice jams (see Turcotte & Morse 2013 for details). Ice-cover
types and processes may all profoundly affect functional stream habitat for organisms, depending on

interactions between channel morphology and ice types and ice processes.

2.3. Stream morphology, ice types, and ice processes

To improve the model versatility, and relevant to the context here of stream habitat for organisms in
winter, Turcotte and Morse (2013) elaborate on the link between river ice and stream morphology
(below, Table 2). This is primarily based on Montgomery and Buffington (1997) longitudinal
classification of channel-reach morphology, but also channel patterns as classified by Leopold and

Wolman (1957); and Schumm (1985).

Waterfalls generate spray ice shells at freeze-up, less so in mild climates, whereas in cold regions
such spray ice shell can cover relatively large waterfalls entirely. Waterfalls may also spray ice crystals
in the air and form a “snow cone”, or the ice crystals may drift downstream and generate frazil-

saturated flows.

Cascades (gradients 3 to 20%) also tend to form spray ice shells at freeze-up. They may also form
anchor ice and ice dams, and develop a partial suspended ice cover in Cold regions. In even colder

climates, thick ice may accumulate, and possibly develop a complete suspended ice cover and aufeis.

Step-pools (gradients 2 to 8%) are often found downstream of cascades. In Mild climates spray ice
shells may form, and anchor ice that forms at night is often released after sunrise. As the climate gets
colder, large ice dams may develop, and often drown several successive pools. A surface ice cover
may form in slow-flowing sections. Extensive icing fields can develop along and over the banks. Ice
dams may breach during milder spells, and leave ice covers suspended above the flowing water. The
free-flowing water may not be in contact with the ice throughout most of the winter, and the ice
coverage may only be partial due to groundwater and head-loss heat contribution. In Sub-arctic and

Arctic climates suspended ice covers may probably cover the entire reach, but few studies on this



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

exist. Post-freeze-up cold spells can probably cause pressurized flow conditions and aufeis

development. Importantly, step-pool reaches of any climate may be affected by ice jams and javes.

Rapids (gradients typically below 4%), particularly in shallow reaches with emerging boulders, can
develop anchor ice accumulations, which may be release after sunrise in Mild climates. In colder
climates, this may accumulate to form ice dams, which in turn may transform the rapid to ice-induced
step-pools. In Cold climates a partial suspended ice cover may form at freeze-up in Intermediate
channels. Some section usually remain open, but probably not in more arctic climates. In deeper
rapids without emerging boulders, anchor ice may also form, particularly in Wide rivers. But the
anchor ice will not, according to Turcotte and Morse (2013), emerge at the water surface to create
ice dams and a suspended ice cover in Wide rivers. Neither will a floating ice cover develop by frontal
progression, but turbulent icing shells that slowly migrate toward the middle of the channel, may
develop. Consequently, deep, wide rapids often remain open in winter, continuously producing frazil
ice (unless formation of a downstream ice jam lowers the local velocities to permit the formation of

a frontal progression ice cover).

Riffle-pool reaches (gradients 0.3 to 2%) represent the transition between Steep channels (riffles,
primarily vertical adjustments) and Low-gradient channels (pools, lateral adjustments), and exhibit
complex ice regimes, involving most ice types and processes. At freeze-up a surface ice cover along
the pools first forms, and it may be the only ice forming in Mild climates. This floating ice cover does
not affect the pool water level much (it is mostly controlled by the downstream riffle), but water
velocities may increase as the ice thickens. In colder climates, frazil ice may form in the upstream
open water (riffles, rapids), settle at the undersurface of the pool floating ice cover and create
hanging dams. In the riffle segments there appears to be four possible freeze-up processes. 1) In Mild
climates only ephemeral anchor ice and ice shells develop. 2) When colder, anchor ice weirs and
dams may form, generating suspended ice cover. 3) In some cases ice-induced braided patterns may
slowly develop. Typical are elongated ice “Islands” which are supported by anchor ice accumulation
and/or protruding rocks. The open water channels in between gradually freeze by lateral ice
development and/or frazil ice clogging, and ice eventually covers the reach. However, this rather slow
process may be disturbed, if the water level increases and (some) ice islands, or entire ice covers, are

mobilized. 4) If a substantial amount of frazil ice is produced upstream during intense cold nights,

10



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

riffles may rapidly (in a few hours) freeze up with a rough ice cover generated by frontal progression.
In Sub-arctic and Arctic regions, little is known about mid-winter conditions in riffle-pool channels.
Turcotte and Morse (2013) assume, not surprisingly, that such channels develop a complete ice
cover, but that ice jam (floating ice cover in polls stall incoming ice runs) and aufeis development is

probable.

Meandering riffle-pools (sinuosity above 1.5) typically have short riffles and long, deep pools. At
freeze-up the floating ice cover that first develops along pools may partially or completely drown the
upstream riffle. Therefore, the ice cover grows faster in meandering channels than in the steeper
channel reaches. Thus narrow (Intermediate) meandering channels, in the absence of wind/current
waves and with little heat storage, tend to freeze up first, before lakes. Anchor ice development is
unlikely. Therefore, this habitat presents the least changes in winter to its inhabitants. In Mild
climates, there may be repeated freeze-melt cycles, whereas in colder climates, a first cold spell may

result in a complete ice cover that remains in place, and only thickens, throughout the winter.

In contrast, braided channels, by definition multiple and typically shallow, present an unstable winter
habitat, because development of ice shells and anchor ice during freeze-up reduce the flow capacity
of each sub-channel. Small changes in ice conditions may generate complete lateral shifts in flow. In
mild climates, this process can be repeated several times in winter, resulting in temporarily dry sub-
channels and several complete lateral habitat shifts. In colder climates the process may more
seasonal, but the freezing and associated flow depletion of some sub-channels and opening up of

new, more extensive, and in particular aufeis may develop.

Dune and ripple channels at freeze-up typically develop surface, initially floating ice covers. In colder
climates, a confined ice cover can develop in Intermediate channels. Aufeis may develop to some
extent, but the potential is limited by the low gradient. However, a confined ice cover may be flooded
during runoff. Hanging dams and ice jams may occur in Low-gradient reaches if rapids generating

frazil ice, are found upstream.
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2.4. Ice breakup

As temperature increases in spring, river ice breaks up. A good timing index is the spring 0°C air
temperature isotherm (Prowse et al. 2010). Ice breakup is a very dynamic period (Prowse & Culp
2003; Beltaos 2008; Turcotte & Morse 2013). It is usually a continuum which may range from a
gradual, benign thermal transition, e.g. in-place melting of surface ice on stillwater, to mechanical
break-up events of catastrophic breaking ice-jam fronts, when ice-cover melting is limited and
fragmented prior to ice mobilization. Such events with associated bed scour may have physical and
ecological effects rarely possible under open-water flow conditions. Mid-winter breakups are always
mechanical (Beltaos & Prowse 2009; Turcotte & Morse 2013). Early spring breakups tend to be on
the mechanical side, whereas late breakups tend to be thermal, often depending on stream channel

gradient.

In low gradient stream channels, mechanical breakups may be caused by sudden rises in discharge
and/or incoming ice runs (Turcotte & Morse 2013). In general, the breakup process will depend on
the dynamic balance between ice cover (thickness, degradation state) and other resisting forces (e.g.
logs, boulders), hydraulic driving forces (discharge, channel gradient), and ice-induced forces (ice

rubble pushing, water surface gradient) (Prowse 2001a; Beltaos 2008; Turcotte & Morse 2013).

Less is known about the apparently even more complex ice breakup in steep channels, which are
driven by the same forces as in low gradient channels, but are more prone to suspended ice covers
like ice dams (Alfredsen, Stickler & Pennell 2006; Stickler et al. 2008b; Stickler & Alfredsen 2009;
Dube, Turcotte & Morse 2014). Suspended ice cover thickness and elevation relative to the water
level, and ice dams’ size relative to channels width, influence ice breakup (Turcotte & Morse 2013).
Such suspended ice formations are easily lifted, and mobilized with flow increase. They may then
collapse and build up on a downstream ice dam, and finally erupt in sudden release. This may
generate an ice front careening downstream in a mechanical breakup. Alternatively, if e.g. ice dams
are thicker/higher than the rising water level, they may resist the incoming suspended ice and melt
in place in a more thermal breakup. Thus breakup in steep channels may be more spatially and

temporally fragmented.
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3. Hydropower regulation impacts in winter

The natural winter stream conditions are often modified considerably by hydropower regulation,
particularly in reaches downstream of power-plant outlets, but also in bypass reaches. In many such
rivers, the stable mid-winter periods may be replaced by repeated unstable transition periods
(Stickler & Alfredsen 2009; Gebre et al. 2013), and with some resemblance to expected climate

warming effects.

Hydropower regulation impact natural stream systems in winter by changing water temperatures,
ice features, and water flows (Prowse et al. 2011; Weber et al. 2013). The regulation system and
operational strategy are the main drivers behind hydrological changes. The regulation system can
typically be divided into 1) the high head system comprising high elevation reservoirs and long
transfer tunnels to the power plant (Figure 3 top) and 2) the low head system or run-of-the-river
plant (Figure 3 bottom). A high head system combines relatively low turbine discharges with large
head differences, while the low head run of the river plant utilizes a high turbine discharge over a low
head. With large storage capacity in reservoirs, a high head system may lead to major changes in
both flow and water temperature, through bypassing river reaches, and through seasonal flow

redistribution downstream of the power plant outlets (Figure 3a).

N

HIGH HEAD SYSTEM

LOW HEAD SYSTEM

Figure 3.The two typical hydropower regulation systems. Top: a high head system with a high
elevation reservoir, tributary intakes, and transfer tunnels to the power plant. Bottom: a low head or
run-of-the-river system with intake and power station in the river dam
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3.1. Altered water temperature

Changes to the seasonal thermal regime of rivers are common in all types of hydropower regulations
with storage capacity. It confers the ability to redistribute flow in receiving waters (Olden & Naiman
2010a; Dickson, Carrivick & Brown 2012). The winter reservoir temperature gradient is from freezing
at the surface to around 4°C in the deep layers below the thermocline. Drawing water from an intake
in the hypolimnion to the hydropower station will therefore in most cases raise the water
temperature in the downstream river reach above the natural seasonal temperature level during
winter, from around 0° to >2° (Halleraker et al. 2007; Ugedal et al. 2008a). The temperature increase
alters downstream ice dynamics, i.e. reduced surface ice and potentially, increased dynamic ice
formation. Unfortunately, thermal longitudinal effects are neither well studied nor quantified. It will
depend on local cooling effects downstream of the hydropower outlet (e.g. ground water, tributaries,
in stream river types, gradient), and may remain for many km downstream (Halleraker et al. 2007;
Ellis & Jones 2013). The in situ factors controlling cooling and the distance needed to cool water
towards the natural water temperature are important to understand, considering the substantial
impact zone and physical and ecological effects. Because of the delicate balance in water
temperature controlling ice production (ice formation regulates on hundredths degree), changes in
ice dynamics may change on small temporal and spatial scales. In the River Alta, North-Norway, a
modest temperature rise of 0.3-0.4°C in winter reduced surface ice cover for several km downstream
of the power plant (Ugedal et al. 2008a). However, and surprisingly, few studies document or quantify
downstream longitudinal temperature changes in regulated stream systems in winter, or factors that
may influence these changes. Halleraker et al. (2007) combined measured and modelled water
temperatures from a reservoir to evaluate temperature effects at two stations in the downstream
river, resulting from the two alternative mitigation measures dual intakes and altered production
regime. The results indicated that the mitigation measures reduced water temperatures in winter

within the range 0.1-1°C, and increased temperatures (0.1-2°C) in summer.

For rivers with fluctuating production flows, corresponding fluctuating downstream temperature
waves (warm thermopeaking) exceeding natural daily variation in temperature, may be expected

(King 2010; Zolezzi et al. 2011), but this is also understudied.
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3.2. Altered ice conditions and ice break ups

Flow and temperature modifications from hydropower operation will modify the natural ice regime
in the river system, generating potential technical and environmental issues (Gebre et al. 2013) . Of
the natural three phases of winter ice conditions in northern streams (freeze-up, stable ice cover,
and break-up), particularly the stable mid-winter period can be influenced by hydropower releases
(Gebre et al. 2013). This period can be replaced by prolonged transition periods of frazil ice formation
and correspondingly unstable or no surface ice cover (Ugedal et al. 2008a). Timalsina, Charmasson
and Alfredsen (2013) simulated natural and regulated conditions downstream of a hydropower
outlet, and found increased frazil ice formation and an unstable or removed ice cover under the same
climatic and morphological conditions. A prolonged ice formation period will lead to cumulatively
increased frazil volume. The increased frazil production may lead to more anchor ice forming in the
river, which can raise water levels and in extreme cases cause local flooding (Stickler et al. 2010a;
Lind & Nilsson 2015). Frazil and released anchor ice can accumulate under a downstream ice cover
forming hanging dams which changes physical habitat in the dam area (Brown et al. 2000a) and also
induce frazil jamming (Allard, Buffin-Bélanger & Bergeron 2011), and eventually cause midwinter ice

breakups.

Warm water releases leading to reduced downstream ice cover may on the other hand reduce the
possibility of large ice runs on the affected reach due to less and thinner ice formation (Gebre et al.
2013). In systems with bypass reaches, however, spilled water might trigger ice runs in the bypasses,
which may have an ice cover established during low flow conditions (Timalsina, Becers & Alfredsen

2016).
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Photol: High winter flows downstream of power plants often lead to substantially increased frazil ice
formation on colder days.

3.3. Altered high and variable flows

A common effect of high head systems in winter is increased flow downstream of hydropower outlets
due to releases of production water from the power plants (Photo 1) (Peters & Prowse 2001;

Halleraker et al. 2007; Birkel et al. 2014; Hvidsten et al. 2015a).

High flows may initially increase water volume and wetted area (available habitat), e.g. side channels
and floodplain areas (Junk, Bayley & Sparks 1989), and also provide nutrient input though flushing
(Bowes, Leach & House 2005). However, similar to low flows, in situ effects will depend on local

stream morphology and flow characteristics (below).

Hydro-peaked systems tend to aggravate high-low flow effects, depending on down-ramping rate,
ramping amplitude, frequency of flow fluctuations, prior flow conditions, timing of pulse (see Young,
Cech & Thompson 2011 for reviews; Rolls, Leigh & Sheldon 2012; Ellis & Jones 2013; Warren, Dunbar

& Smith 2015). Warm thermo-peaking, although not yet quantitatively studied, will be a consequence
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of fluctuating operation of power plants during the cold period (Zolezzi et al. 2011). Fluctuating flows
during freeze-up may influence consolidation events and thereby ice breakups during cold periods
(She, Hicks & Andrishak 2012). With longer operational stops or by accidental shutdown, ice may
form during the low flow period (Timalsina, Becers & Alfredsen 2016), and this ice may then be

broken and flushed downstream when the production is resumed.
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4. Salmon and trout responses to winter

Ectothermic native fish are naturally adapted to the challenging low-temperature northern winter
climates. Their responses to additional hydropower loads with respect to flows and water
temperature and ice, are part of their natural winter strategies (Shuter et al. 2012; Crozier &
Hutchings 2014). The common winter survival strategy in most species, including fish, is energy
storage (Fig. 4). Since salmon and trout growth performance is limited at lower temperatures (below),
additional potential winter strategies are reduced metabolism, tolerance and starvation effected by
quiescence (Shuter et al. 2012), and shorter behavioral movements or migration to more suitable
winter habitat (Rimmer, Paim & Saunders 1984; Saraniemi, Huusko & Tahkola 2008; Linnansaari et
al. 2009). More activity may result from lack of available refuge habitat, predation risk, easily available

food, or perhaps stronger feeding motivation as energy stores are low.

Winter strategies are in turn likely to depend on winter season length and severity, with associated
changes in hydro-physical habitat effected by ice phenomena and flow changes. Long term responses
will manifest themselves as population variation and eventually population changes. In species like
salmon and trout with a wide geographic distribution, and constraints on gene flow imposed by
watershed isolation and restricted spatial dimensionality, intra-specific variation together with local

adaptation in winter strategies, are expected.

Energy storage

Opportunistic

Modified by:
# refuge habitat availability,

Survival/

‘ performance

quiescence

food availability,
remaining energy stores

Principal
winter
strategies

“ Reproduction - i

thermal performance

Figure 4. Principal winter strategles for fish, Energy storage is commen in most species.

Salmon and trout are not normally able to mointain o positive energy balance by foraging in winter,

and therefore odopt o quiescence and starvation strategy. This is cpportunistic, and lack of refuge habitat,
easily avoiloble food and critically low energy reserves may trigger more activity,

Salmen and trout may also migrate to more suitable winter habltats.

Both species are foll spawners, and spowning may depend on photoperiod window linked with temperature,
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4.1. Low temperature physiology: thermal adaptations, tolerance and

performance

In ectothermic animals like fishes, biochemical reactions and important physiological responses like
development and growth are controlled by water temperature. Changes in the performance of fish
like salmon and trout with temperature is extensively researched (Fry 1971; Elliott 1994; Larsson &

Berglund 2006).

Differences both in warm and cold water thermal performance, exist among salmon and trout
populations (Forseth et al. 2009; Anttila et al. 2013; Hartman & Porto 2014), but it is uncertain to
what extent these differences are due to evolutionary adaptation, in addition to phenotypic plasticity.
In some cases there appears to be some genetically based local adaptation to winter climates, notably
energy storage (Alvarez, Cano & Nicieza 2006; Finstad et al. 2010; Berg et al. 2011; Crespel et al.
2013). However, in general there is little indication of local thermal adaptation, whereas intraspecific

phenotypic plasticity is important in salmon and trout (Skoglund et al. 2011; Finstad & Jonsson 2012).

Thermal adaptation in ectotherms may come as 1) thermal adaptation to local optima, or as 2)
countergradient adaptation, meaning that populations from hostile environments, e.g. severe winter
climates, may perform better at all temperatures than populations from benign environments
(Forseth et al. 2009; Elliott & Elliott 2010). Previous comparative studies on different (juvenile)
coldwater brown trout and Atlantic salmon populations have not found much support for a thermal
optima adaptation hypothesis (Jonsson et al. 2001; Forseth et al. 2009). Trout and salmon (maximum)
growth capacity may vary among populations, but did neither correlate with local natural
temperature optima, nor indicate countergradient variation in growth (Jonsson et al. 2001; Larsson
& Berglund 2006; Forseth et al. 2009). Instead, adaptive variation in growth potential may be related
to factors affecting reproductive success (Forseth et al. 2009; Jonsson & Jonsson 2009; Elliott & Elliott
2010). Some studies have, however, suggested that some form of local countergradient adaptation
may exist in brown trout (Finstad, Naesje & Forseth 2004; Nicola & Almodovar 2004; Alvarez, Cano
& Nicieza 2006), perhaps depending on evolutionary time, available genetic reaction norms and
duration and extremity of temperature environments. To the extent that thermal adaptations have

been indicated, countergradient adaptations in (very) cold environments appear important (Finstad,
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Naesje & Forseth 2004; Nicola & Almodovar 2004, Elliott & Elliott 2010). The apparent lack of local
thermal adaptations in Atlantic salmon have tentatively been attributed to the fact that they
experience a common thermal environment in the North Atlantic Ocean which may perhaps be more
important than freshwater growth in locally different temperature regimes (Forseth et al. 2009). The
brown trout have a more sedentary life history and different population-specific thermal regimes
throughout its life history may be common. This may suggest a potential for thermal adaptations, in
particular in colder streams, as some studies have indicated (Jensen, Forseth & Johnsen 2000; Nicola
& Almodovar 2004; Alvarez, Cano & Nicieza 2006), although environmental variability may account
for most of the observed variation in annual growth rates,. It is important to note that acclimation
regimes may result in different (intermittent) thermal tolerances and/or optima (Konecki, Woody &

Quinn 1995)

Thus salmonid species are physiologically adapted for optimal performance, i.e. best net energy gain,
over a specific range of temperatures (Clarke & Portner 2010; Shuter et al. 2012). An ecologically
relevant thermal window (ERTW) has been defined as bounded by the upper and lower temperatures
across which the aerobic scope (the difference between the highest and lowest rates of aerobic
respiration) is high and relatively constant (Shuter et al. 2012). Although optimal growth and
preferred temperature may be shifted towards the upper end of this window (Portner 2010; Shuter
et al. 2012), the definition ‘species-specific preferred temperature’ +2°C seems to work quite well
(Magnuson, Crowder & Medvick 1979; termed fundamental thermal niche), and may explain
population productivity and northern zoogeographic boundaries (Shuter et al. 2012). Species with
lower preferred temperatures are likely to be more efficient foragers during winter conditions.
However, most freshwater fish, including the coldwater salmon and trout, have preferred
temperatures well above 4-5°C (Table 3, 5) (Elliott & Elliott 2010; Shuter et al. 2012), whereas winter
temperatures are well below that. A common effect of high head systems in winter is increased flow
downstream of hydropower outlets due to releases of production water from the power plants

(Photo 1) (Peters & Prowse 2001; Halleraker et al. 2007; Birkel et al. 2014; Hvidsten et al. 2015a).

Table 3. Temperature tolerances (°C) for survival of Atlantic salmon and brown trout. (After Elliott
& Elliott 2010).
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Life stage Atlantic salmon Brown trout
Lower Upper Lower Upper

Eggs 0 16 0 13
Alevins 5324

Long term*  0-2 ) 0-1 20-22
Short term**  0-1 24-25 0 22-24
Parr and

smolt

Incipient 0-2 22-28 0-0.7 22-25
Ultimate -0.8 30-33 -0.8 26-30
Feeding 0-7 22-28 0.4-4 19-26

*Incipient Lethal Temperature (ILT): tolerance for a long time period, usually 7 days.**Ultimate Lethal Temperature
(ULT): tolerance for a short time period, usually 10 min.

Energy storage and winter toleration and starvation are therefore the common winter strategies in
salmon and trout. The negligible evidence of intraspecific adaptation for temperature optima may be
surprising, but adaptation of enzyme systems to different temperatures appear to come at a high

cost (Portner 2006; Shuter et al. 2012).

Within salmon and trout populations, variation in thermal tolerance may be substantial, depending
on developmental stage and individual. The small young-of-the-year, in particular the alevins
(hatched fish with yolk sac) are less tolerant to thermal stress (Elliott & Elliott 2010; Breau, Cunjak &
Peake 2011; Ayllon et al. 2013), and eggs have the lowest tolerance (Elliott & Elliott 2010) (Table 3).
Atlantic salmon tolerate the higher temperature range. The lower limit is close to zero for both
species, but salmon has the poorer tolerance to near-zero temperatures (Table 3). Less tolerance of
salmon to severe winter climates is reflected in @ more limited northern distribution and absence
from some glacier-fed rivers, e.g. in Norway. The ultimate lower lethal temperature is for the
anadromous form in sea water (Elliott & Elliott 2010). These temperature tolerances remain similar
over a wide geographical range with negligible indications of regional adaptations (Elliott & Elliott

2010).
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Performance limits, expressed as feeding and growth, vary more (Table 4) with substantial individual
and population differences primarily due to phenotypic plasticity. Atlantic salmon generally appear
to have larger growth capacity than trout. It is important to note that the optimum growth
temperature will decrease with decreasing energy intake (Elliott & Elliott 2010). Values in Table 4 are

for maximum rations. Therefore, optimum will tend to be lower in nature.

Table 4. Temperature limits (°C) for growth range, optimum growth (on maximum rations), and
maximum growth efficiency for Atlantic salmon and brown trout. (After Elliott & Elliott 2010).

Species Lower Upper Optimum Growth efficiency
Atlantic salmon

U.K. 6.0 22.5 15.9 c. 13

Norway 1.0-7.7 23.3-26.7 16.3-20.0 12-18

Brown trout

Invertebrate food 2.9-3.6 18.2-19.5 13.1-14.1 8.9
Fish food c.2.0 c.19.5 16.6-17.4 9.3
Pelleted food 1.2-6.1 19.4-26.8 11.6-19.1

For relatively benign environmental conditions, a growth model for brown trout may be a good
approximation of growth in natural streams, and it demonstrates the importance of temperature

(Elliott 2009; Elliott & Elliott 2010):
Wi = (WP + be(T-Tum)t/{100(Tm-Tum) }

where Wp is the initial fish mass, W is the final fish mass after t daysat T°Cand Tym =T, if T< Ty or
Tum = Ty if T > Ty, The temperature for optimum growth is Ty (see Table 4), and T, and Ty are the
lower and upper temperatures at which growth rate is zero, the mass exponent b is the power
transformation of mass that produces linear growth with time, c is the growth rate of a 1 g fish at the
optimum temperature range 3.8 —21.7 °C, and may be estimated as b = 0.308, ¢ = 2.803, T,y = 13.11,
T.=3.56 and Ty =19.48 (Elliott 2009; Elliott & Elliott 2010). Importantly, if during the growth season,
feeding and growth is hampered for some reason, for example by limited habitat during low flows

and droughts, trout appear to be able of compensatory growth (Elliott 2009).
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The duration of the cold season will directly affect fish growth and production in a cold stream (Fig.
5). Longer winters may to some extent be compensated by 1) build-up of larger fat reserves in
summer and 2) lower depletion rates in winter (Fig. 4, 5) (Shuter et al. 2012). Juvenile northern
salmon populations show lower lipid-depletion rates during winter than southern populations, and
storage lipid levels cluster close to critical limits for survival (Finstad et al. 2010). Salmon and trout
from northern populations have larger pre-winter lipid stores (Berg et al. 2009; Berg et al. 2011),
although there is variation among local rivers, and show a stronger positive scaling of feeding activity
with decreasing energy levels, i.e. presumably compensatory adaptive differences in state dependent
feeding motivation (Finstad et al. 2010). This may explain the observed variation in lower

temperature for feeding activity in salmon and trout (Table 3).

& Fat reserves -

Temperature/Relative growth

Day in year

Figure 5. A season for growth and a season for tolerance. Solid line represents net energy gain,
which will vary locally. Dotted line represents standard metabolism. Winter survival and future
reproduction depend on a balance between the relative lengths of the seasons and the fish thermal
performance for growth, energy storage and winter quiescence.

Presumably, active feeding under low temperature conditions (‘winter’) is controlled by (Gotceitas &
Godin 1991; Shuter et al. 2012): 1) the pre-winter level of stored energy (Einitial), 2) the critical limit
for survival (Ecr), in relation to 3) the ingestion rate (), minus the energetic cost associated with that
feeding (Mactivity, Mspabodymass, Faeces, Urea), @and 4) the obligate energy demand (Mbpasal + MparasiteLoad)-
This translates into a dynamic survival strategy of balancing remaining energy reserves with available
prey (Fig. 6). If the cost of active feeding is larger than the benefit, the best survival strategy is to

adopt toleration and starvation. If active feeding is beneficial, then individuals may engage in

23



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

opportunistic feeding (Metcalfe, Fraser & Burns 1999). For example brown trout may feed year
round, but little and with no apparent growth, or even shrinking, in winter (Lien 1978; Elliott 2009;
Huusko et al. 2011).

vE-J_nitia! SDAbodymass+F+U}
S - - N
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T e —— e e e e e S L.
Strategy: Tolerance Strategy: Feeding

Figure 6. lllustration of a biodynamic optimization model under low water temperatures (winter).
(From Shuter et al. 2012).

Since active feeding opportunities and growth in salmon and trout are so limited at winter
temperatures hovering close to zero in many northern streams, the length of the winter relative to
fat reserves and resting metabolic rate, appear critical. Mortality is energy-related and effected
through starvation (Finstad et al. 2004b; Naesje et al. 2006). The severity of the winter will have less
direct effect on growth performance. Still, the direct hydro-physical changes related to ice formation
will affect fish behavior, movement and habitat use, and thereby likely winter survival. Indeed, in a
previous review, Huusko et al. (2007) concluded that overwinter survival of juvenile salmonids
depends on a complexity of physical and biological factors, appears to be context-dependent, and

related to specific habitat characteristics and ice regimes of stream:s.

4.2. Winter behavior and habitat

Since foraging during low temperatures in winter is rare for salmon and trout, behaviors in winter are

expected to primarily serve survival, i.e. to reduce activity energy expenditure and risk. Indeed, the
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basic bioenergetic optimization model appear to be modified by risk (Reinhardt & Healey 1999) in
the form of, in particular predation (Valdimarsson & Metcalfe 1998), and also rapid (frazil) ice
formation (one behavior serves both). It likely explains the adaptive basis for why salmon and trout
tend to become nocturnal and more shelter-seeking in winter (Fraser, Metcalfe & Thorpe 1993;
Heggenes et al. 1993; Linnansaari, Cunjak & Newbury 2008; Watz et al. 2014), apparently an
important behavioral winter strategy that confers resilience towards the adverse habitat conditions.

This nocturnalism is triggered by temperatures, and independent of season (Fraser et al. 1995).

Typically, as temperatures drop in the fall to 6-8°C or lower, salmon and trout become less active,
seek shelter in the substratum or deep areas more, and become more nocturnal (Rimmer, Paim &
Saunders 1984; Cunjak, Power & Barton 1986; Heggenes et al. 1993). Consequently, cover and shelter
micro-habitats become increasingly important at the onset of winter. Selection of low-velocity
microhabitats reduce swimming activity cost, and also serve to reduce predation risk (Valdimarsson,
Metcalfe & Skulason 2000). However, the fish respond to direct stimuli, remain active at night, and
do not enter any deep torpid state. In streams experiencing freezing and ice phenomena in winter,
this appears to be a necessary strategy for survival. Notably, during freezing, and before surface ice
cover, the heat loss and frazil and anchor ice formation is greatest at night , when salmon and trout
preferably are active. In spite of a number of winter studies, salmon or trout trapped in ice have to

our knowledge, not been reported.

There may be population differences in temperatures triggering nocturnal behaviors, presumably
local adaptations (Valdimarsson, Metcalfe & Skulason 2000). Nocturnalism may be modified by
individual state and feeding motivation (Metcalfe, Fraser & Burns 1998; Valdimarsson & Metcalfe
1999) usually driven by hunger. Salmon also become less aggressive at lower light levels
(Valdimarsson & Metcalfe 2001) and temperatures, and may become more aggregated in smaller
more suitable winter habitat areas (Cunjak, Prowse & Parrish 1998; Griffiths, Armstrong & Metcalfe
2003). This winter daytime-shelter and nighttime activity behavior remains throughout the winter,
and implies limited movements; individual fish usually emerge at night, settle, and then return to
their ‘home-stone’. If they move to a ‘new’ home, movements for the small recruits tend to be very

limited (<10m) (Stickler et al. 2008a; Linnansaari & Cunjak 2013).

25



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

There is also state-dependent individual variation in behaviors, habitat use and related performance
(Metcalfe, Fraser & Burns 1998). In Atlantic salmon juveniles in semi-natural environments,
individuals with a lower standard metabolic rate used cover more, whereas higher standard

metabolic rate were more risk-prone, using areas outside cover more for more successful feeding to

compensate higher energy loss (Finstad et al. 2007b).
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5. Salmon and trout responses to winter hydropower impacts

Winter shelter in or on the substratum providing low-velocity habitats and cover from predation and
ice (Rimmer, Paim & Saunders 1984; Cunjak, Power & Barton 1986; Heggenes et al. 1993), is a basic
behavioral in situ response that is important for energy budgets and survival of fish facing changed
winter conditions due to hydropower regulation. Therefore, in situ high or increased embeddedness
(reduced substrate shelter), e.g. due to increased sedimentation, will negatively influence winter
habitat quality in regulated rivers. Lack of shelter increase initial mass loss rates substantially (Finstad
et al. 2007a; Koljonen et al. 2012) and juveniles may move to areas providing more shelter
(Linnansaari, Cunjak & Newbury 2008; Linnansaari et al. 2009), thus also increasing energy cost.
Availability of shelter may override other environmental factors like flow and ice (Stickler et al.

2008b).

5.1. Responses toice

Sub-surface ice may develop rapidly at the onset of winter, usually during the early transition period
before the stabilizing surface ice cover establish. Frazil ice may blanket the stream bottom and
completely change the habitat (Heggenes et al. 1993; Brown et al. 2000b; Martin et al. 2001). Such
episodes may trigger stress responses. Brown et al. (2000) observed substantial reductions in plasma
chloride, sodium and potassium levels and an increase in plasma glucose levels when juvenile
rainbow trout experienced frazil and anchor ice conditions. For adult fish, a similar but non-significant
pattern in blood plasma was observed. Ice formation may also trigger avoidance behavior, and trout
and salmon movements to more suitable habitats (Brown, Stanislawski & Mackay 1994; Brown et al.
2000b; Simpkins, Hubert & Wesche 2000; Stickler et al. 2007). Rapidly forming sub-surface ice may
trap juvenile fish in the substrate and restrict their movement, but juveniles appear to be able to
tackle this with behavoural adjustments (Linnansaari & Cunjak 2013). Although not well studied,
increased mortality in salmon and trout directly due to such freezing phenomena, have to our
knowledge not been reported, not even on an anecdotal basis. Catastrophic scouring events, e.g. due
to hanging ice collapse (Needham & Jones 1959), and sudden mechanistic breakups may cause high
mortality (Cunjak, Linnansaari & Caissie 2013), but in general juvenile salmon appear to cope well
with the more regular thermal ice phenomena (Stickler et al. 2008a; Linnansaari & Cunjak 2013). This

may seem surprising, considering the harsh winter environments particularly in steep channels
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(Stickler et al. 2010b; Dube, Turcotte & Morse 2014) . However, relevant studies are few, which may
be explained by the difficulties associated with doing direct stream field studies under such extreme

conditions. Also, fish taking refuge in the substrate during such events are not easily observable.

Although it has been suspected (Tack 1938; Brown, Stanislawski & Mackay 1994), there is little
indication that frazil ice crystals attach to the gills and affect the respiratory system of salmon and
trout. Frazil ice events may benefit fish by increasing post-event drift (Martin et al. 2001; Sertic Peric
& Robinson 2015), but also make benthic animals less available as anchor ice may form vast blankets
of ice on the river bed. Invertebrate abundance may be reduced throughout winter (Clifford 1972;
Martin et al. 2001), because of reduced water flow (Waringer 1992), reduced invertebrate activity
(Martin et al. 2001; Ferreira & Canhoto 2014), and perhaps increased food availability in the
hyporheic zone, resulting from increased input of allochtonous organic material in the autumn
(Hildebrand 1974; Vannote et al. 1980; Dekar, Magoulick & Huxel 2009). Drift may often be light
dependent with higher drift at dusk and night than during day (Elliott 1965; Neale et al. 2008;
Oberrisser & Waringer 2011). However, this periodicity appears plastic and may break down during
continuous summer light at northern latitudes , or depend on other in situ environmental factors,
e.g. be absent in high altitude snow and glacier fed streams (Hieber, Robinson & Uehlinger 2003),
and/or in winter (Hieber, Robinson & Uehlinger 2003; Johansen et al. 2010).

Surface ice affects salmon and trout behavior and habitat. Shelter and cover are important habitat
factors in winter (above). Habitat may be less prone to frazil ice formation under surface ice cover
(Brown, Stanislawski & Mackay 1994; Linnansaari et al. 2009; Linnansaari & Cunjak 2013), although
large accumulations of frazil may occur in pools and deep areas where flow velocity decreases, known
as hanging dams (e.g. Prowse 1994). Complete ice and snow cover will insulate and stabilize stream
ice dynamics, but also reduce the amplitude of the short day - long night light regime. Presence of
surface ice and snow cover on northern streams and lakes do not seem to change diel behavior
patterns in local fish fauna, which continue to correlate with above-surface photoperiod (Jurvelius &
Marjomaki 2008; Linnansaari, Cunjak & Newbury 2008; Strand et al. 2008; Linnansaari & Cunjak
2013). Moreover, juveniles may be more active under surface ice, than during more unstable periods

with sub-surface ice and/or in steep channels with more dynamic ice formation (Linnansaari, Cunjak
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& Newbury 2008; Stickler et al. 2008a; Linnansaari & Cunjak 2013; Watz et al. 2015). Activity patterns

may also change with the progress of winter (Stickler et al. 2008a).

Even though salmon may feed at surprisingly low light levels (Valdimarsson & Metcalfe 1999),
ambient light affect capture success in visual predators like salmon and trout, and is reduced at low
light levels (Fraser & Metcalfe 1997; Valdimarsson & Metcalfe 2001) as well as at low temperatures
(Watz et al. 2014). Systematic active drift feeding in winter appears to be a tenuous proposition for
salmon and trout (Fig. 7), because of reduced feeding efficiency associated with low temperatures
and light levels, resulting from ice cover and primarily nocturnal activity with lowered prey detection
probabilities and capture success (above) (Piccolo, Frank & Hayes 2014). And this is combined with
reduced drift/low feeding resource biomass during the winter season (Brittain & Eikeland 1988;
Matthaei, Werthmuller & Frutiger 1998; Martin et al. 2001), and possibly also under ice (Bogatov &
Astakhov 2011). However, opportunistic feeding tends to remain (Fig. 7) (Metcalfe, Fraser & Burns
1999; Lagarrigue et al. 2002). In more high gradients habitats, e.g. riffles providing important
substrate shelter and possibly increased availability of benthic food in winter (Mitro & Zale 2002),
benthic feeding may be relatively more profitable in winter than drift feeding, due to the lower cost
by not holding station in the current (Fig 7). Such habitats may represent important winter refuges

(Huusko et al. 2007; Stickler et al. 2008b).

Higher benthic macroinvertebrate abundance in winter may result from increased input of
allochtonous material in the fall, in particular in smaller, natural streams (Haapala, Muotka &
Markkola 2001). However, results are ambiguous, and winter reductions are also reported (Morin,
Rodriguez & Nadon 1995; Martin et al. 2001). Flow and season may be confounded in invertebrate
field studies, which generally depend on ice-free streams (Suren & Jowett 2006; Leung, Rosenfeld &
Bernhardt 2009). Supercooled water will reduce macroinvertebrate abundance (Martin et al. 2001,
Hoffsten 2003). Increased downstream temperatures in regulated rivers in winter are likely to
increase benthic invertebrate production (Raddum & Fjellheim 1993): Invertebrate growth is
temperature dependent, but continue even at low winter temperatures, as found in extreme Arctic
environments (e.g. Coulson et al. 2014). Potentially higher invertebrate production in winter-warmer
regulated rivers may precipitate more opportunistic feeding, but not necessarily benefit fish growth.

Moreover, it likely gives an earlier start of the growth season. However, such beneficial effects are

29



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

likely confounded by simultaneous changes in flow regime and summer temperatures (Cereghino,

Cugny & Lavandier 2002; Bruno et al. 2009; Bruno et al. 2013; Miller & Judson 2014)
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Figure 7. A conceptual cost-benefit model for drift-feeding salmonids in habitats with low perceived
predation risk, in summer (solid lines) and in winter (darted lines). Dotted line represent maximum
net energy gain. In winter, reduced drift availability and capture success and increased cost will
reduce or eliminate the net energy gain potential (dotted curves). The relative benefit from benthic
feeding may increase in winter.

There appears to be local adaptations with respect to feeding and growth. Northern salmon
populations tend to grow better under the ice in the dark than their southern cousins (Finstad et al.
2004a). They in turn, grow better in the light without surface ice (Finstad & Forseth 2006). The
pattern is similar for food consumption (Finstad & Forseth 2006). Thus northern populations appear
to be adapted to the longer and more intense winters. The more cold-adapted Arctic char is in turn
more successful than trout in feeding and growing at low temperatures (Larsson et al. 2005;
Amundsen & Knudsen 2009; Finstad et al. 2011) and maintaining a positive energy balance during
winter (Helland et al. 2011). But even Arctic char show remarkably slow growth under prolonged

winter conditions (e.g. Borgstrom, Isdahl & Svenning 2015).
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In response to experimentally simulated surface ice cover in semi-natural stream channels, both
brown trout and Atlantic salmon may reduce resting metabolic rate and stress responses under cover
(Finstad et al. 2004a; Watz & Piccolo 2011; Watz et al. 2015). They may be more active under surface
ice and with a higher food intake in the experimental environments (Finstad et al. 2004a; Finstad &
Forseth 2006; Watz & Piccolo 2011), although results appear ambiguous with respect to increased
food intake (Watz et al. 2015). These responses may explain increased mortality of juvenile Atlantic
salmon following the loss of ice cover after regulation, and apparently better winter survival in an
ice-covered site (River Alta; Johansen et al. 2010; Hedger et al. 2013a). It may stem from reduced
energy loss (lower stress, metabolic rate) and predation risk, possibly with more feeding when
perceived risk is reduced (Finstad et al. 2004a). Higher metabolism in ice-free areas may not be offset
by higher energy intake, because of similarly low prey densities in ice covered and uncovered habitats
(Johansen et al. 2010). However, results are ambiguous. Other field studies have not indicated any
reduced survival associated with varying surface ice cover (Huusko et al. 2007; Stickler et al. 2008a).
Winter survival depends, in addition to energy reserves and risk, on the complex interplay of local
habitat factors, as foe example availability of substrate shelter, which may override or mask any

factorial effects of surface ice alone (Huusko et al. 2007; Stickler et al. 2008b).

After a fall-early winter transition period with first pre-ice and then sub-surface ice, the second mid-
winter more stable surface ice period, and as spring is approaching, usually means that juveniles tend

to move more (Stickler et al. 2008a; Linnansaari et al. 2009; Linnansaari & Cunjak 2013).

Ice breakup is the final major habitat-hydraulic change in the winter ecology of a stream (Scrimgeour
etal. 1994). In regulated rivers mechanistic ice breakup may occur several and anytime during winter.
Mechanistic ice breakup events with their associated physical disturbance effects may certainly cause
very high mortalities, both in eggs and parr (Cunjak, Linnansaari & Caissie 2013). Unfortunately, few
other winter mortality studies are, however, able to separate mortality events during this season.
Neitheris ‘winter’ necessarily a critical season for survival (Elliott & Hurley 1998c; Huusko et al. 2007).
Instead, overwinter survival of juvenile fish appears to be context-dependent, related to specific
habitat characteristics, winter duration, and ice regimes of streams (Huusko et al. 2007). Mechanistic
ice breakup events is a likely candidate to cause high winter mortalities, but this remains largely to

be documented.
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5.2. Water flows

River flow regimes in general have fundamental effects on riverine ecosystems and their salmonid
fish populations through influencing key processes and factors like temperature, drift, dissolved
oxygen, water quality, sediment scouring, transport and deposition, and habitat availability, type and
distribution (e.g. Armstrong & Nislow 2012; Warren, Dunbar & Smith 2015). Because salmonids often
exhibit major changes in habitat requirements during their life cycle, effects of changes in flow tend
to be highly stage-specific. Modelling (empirical, process based) input of water flow and output of
characteristics of fish, such as survival and growth, suggests that flow-related gains or losses early in
ontogeny are particularly important in salmon and trout (Malcolm et al. 2012; Nislow & Armstrong
2012; Cunjak, Linnansaari & Caissie 2013). Based on empirical and process-based modelling, a
conceptual dome-shaped model is suggested for the relationship water flow and fish ‘production’
(which may be expressed by different variables relevant to the population, e.g. number and size of
individuals at various life stages) (Fig. 8) (Armstrong & Nislow 2012). The basic assumptions are that
production will approach zero at both low and high discharges (water is needed to produce, and high
water may displace fish, make feeding impossible and induce bed scour). Between those limits,
production is likely to peak at some (range) discharge level at some critical component of the life
cycle. This simplistic conceptual model will be modified by the physical structure of (habitat provided
by) the relevant river reach, and in combination with fish life stage. Often full wetted width is
considered to be a critical low flow threshold. Management models are currently in use that focus on
specific low flow cut-off levels, specifically Q95, presumably critical to fish production, and reflecting
a discontinuity (maximum curvature) in the flow-wetted area relationship (Fig. 8) (below) (Gippel &
Stewardson 1998; Booker & Acreman 2007). This is a simplistic empirical-based model implicitly
assuming that wetted width will drop sharply below Qugs. It will, however, be modified by stream
physical structure. Basically, in the more common U-shaped form, wetted area will drop sharply
below a threshold flow, which may coincide with Qgs. However, in a V-shaped channel form, wetted
width varies linearly with flow, and no critical flow can be identified (Fig. 8). Furthermore, this basic
pattern will be modified by flow-dependent, but likely non-linear changes in water depths and
velocities (whereas substrates may change less with increasing flow) (Fig. 8), which are also important
habitat factors for trout and salmon (e.g. Heggenes, Bagliniere & Cunjak 1999; Armstrong et al. 2003;
Klemetsen et al. 2003). Furthermore, this conceptual model does not consider timing or variation in,

or frequency and duration of flows. They will have different effects on the different life stages of
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salmon and trout (spawning, eggs, larvae, juveniles and adult), in particular early in ontogeny (e.g.

Young, Cech & Thompson 2011; Nislow & Armstrong 2012; Warren, Dunbar & Smith 2015).
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Figure 8. Conceptual model of relationship between water flow and salmonid fish production for a
V-shaped (dotted line) vs. U-shaped (solid line) river bed. The environmental minimum flow
illustrates a point at which a target production occurs (preferably near maximum).The flow at which
a potential wetted-width nick point occurs (sometimes referred to as Q95) indicates dramatically
increasing production loss. Such a point will depend on river bed morphology and hyporheic volume.
In a V-shaped river bed (dotted line), there may not be a nick point. In the more common U-shaped
river bed (solid line), habitat availability will decrease disproportionally when flow drops below
wetted width.

5.3. Low flows, natural and regulated

If flows are diverted for example by hydropower production, and reduced environmental flows are
set downstream, the conceptual model indicates a loss in production. However, the magnitude will
obviously depend critically on the in situ flow-production curve, of which we rarely have sufficient
data. For example, (natural) high flow events may be of little importance to salmonid production
(George et al. 2015), whereas low flow events may for obvious reasons be critical (Elliott, Hurley &
Elliott 1997; Warren, Dunbar & Smith 2015). Low flows means reduced habitat quality, i.e. stream

depths and velocities, increased sedimentation, changed thermal regime and water chemistry, and
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possibly reduced habitat quantity and connectivity, i.e. width and available wetted area resulting in
elevated fish densities. Preferred feeding habitats may be reduced or not available, whereas the
effect on the benthic invertebrate food base usually is changed species composition and reduced
richness, but not necessarily abundance (Dewson, James & Death 2007). Increased fish densities
combined with low flows may present higher risk of hypoxia and predation , including cannibalism
(Heggenes & Borgstrom 1988; Smith & Reay 1991; Vik, Borgstrom & Skaala 2001; Portz, Woodley &
Cech 2006), and reduced feeding and growth (e.g. Stradmeyer et al. 2008; Brockmark, Adriaenssens
& Johnsson 2010; Reid, Armstrong & Metcalfe 2011)), resulting in increased mortality (Elliott, Hurley
& Elliott 1997; Elliott 2006). Injuries associated with increased aggression, and transmission of
pathogens, may also contribute. If flow is reduced below a potential critical wetted width threshold
(above, Fig. 8) the habitat starts to fragment, and isolation and increased risk of stranding become a
threat (Hunter 1992; Halleraker et al. 2003; Young, Cech & Thompson 2011). It can result in oxygen
and temperature stress (Elliott 2000), and desiccation, predation and mortality on fish eggs, fry,
juveniles and sometimes adult salmonids. This may depend on fish, habitat and flow characteristics.
In regulated streams important factors are fish size and species, channel morphology, substrate type,
critical flow, before-conditions, timing (day/night, season), magnitude, duration, frequency, rate of
change, and if in a hydro-peaked system also down-ramping rate, ramping amplitude, frequency of
flow fluctuations, prior flow conditions, timing of pulse (see Young, Cech & Thompson 2011; Rolls,
Leigh & Sheldon 2012 for reviews). Refugia habitat during low flows obviously includes deeper water
(Huntingford et al. 1999; Elliott 2000; Armstrong et al. 2003; Davey & Kelly 2007; Conallin et al. 2014).
It may also include deep or more shallow thermal refugia (pool, side channel, tributary) (Brown 1999;
Baird & Krueger 2003; Breau, Cunjak & Bremset 2007; Stevens & DuPont 2011) and the hyporheic
zone (Boxall, Giannico & Li 2008; Heggenes, Bremset & Brabrand 2013). These refugia are often
associated with groundwater inflow both in summer (lower temperatures) (Baird & Krueger 2003;
Breau, Cunjak & Bremset 2007; Boxall, Giannico & Li 2008) and winter (higher ice-free temperatures)
(Brown 1999). Low flows disrupting habitat connectivity will obviously also disrupt non-local
movements and migrations, e.g. for feeding and spawning which may affect production through

reduced survival, growth and recruitment.

Low flow interact with temperature. In summer, higher temperatures will exacerbate stress and

hypoxic effects (Elliott 2000; Milner et al. 2003). Winter low flows may lead to increased ice
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formation, reduced available habitat and associated risk of fish stress and kills (Borgstrom 2001;

Huusko et al. 2007; Cunjak, Linnansaari & Caissie 2013).

Consequently, studies have found that low flows, e.g. during summer (Elliott, Hurley & Elliott 1997;
Bell, Elliott & Moore 2000; Hvidsten et al. 2015b) or in recruitment streams in winter, may reduce
salmonid production (Elliott, Hurley & Elliott 1997; Borgstrom 2001; Elliott 2006; Cunjak, Linnansaari
& Caissie 2013; Hvidsten et al. 2015b). Restored/increased flows in regulated rivers have resulted in
higher salmonid production (Sabaton et al. 2008). Higher minimum discharge in winter after
regulation, may improve parr survival rates and subsequent smolt production (Hvidsten et al. 2015b).
Sudden drops in water discharge, associated with hydropower regulation, result in increased salmon
and trout mortality because of stranding (Saltveit et al. 2001; Halleraker et al. 2003), and should be
avoided. Measures taken to minimize such events (e.g. diversion valves, improved operative
routines), combined with changes in intake routines to reduce water temperature and thus increase
formation of stable ice cover (below) may increase juvenile fish survival (Johnsen et al. 2011; Hedger

et al. 2013a).

Low flows during winter that lead to dry conditions and subsequent freezing of the riverbed, will
significantly increase mortality of fish eggs deposited in the substratum the previous fall. However,
presence of groundwater influx may increase survival significantly (Casas-Mulet et al. 2015; Casas-

Mulet, Saltveit & Alfredsen 2015).

5.4. High winter flows

High flows may initially increase available habitat, e.g. side channels and floodplain areas (Junk,
Bayley & Sparks 1989) and benefit egg and juvenile winter survival in streams (Frenette et al. 1984;
Cunjak, Linnansaari & Caissie 2013; Hvidsten et al. 2015b), and also provide nutrient input though
flushing (Bowes, Leach & House 2005). However, similar to low flows, in situ effects will depend on
fish, habitat and flow characteristics (above). Water flow (variations) may have a timer effect e.g. for
spawning migrations (Tetzlaff et al. 2005). Atlantic salmon and brown trout need sufficiently high
flows to reach their spawning areas (Cunjak, Linnansaari & Caissie 2013). They then carefully select
spawning sites that tend to be resilient to environmental changes, based on substrate particle size,

water depth and velocities (Crisp & Carling 1989; Louhi, Maki-Petays & Erkinaro 2008; Wollebaek,
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Thue & Heggenes 2008). The non-mobile egg stage depend entirely on local physical conditions
during winter. Eggs in the substrate may be damaged and lost if flows occur that are high enough to
mobilize spawning substrates (Jensen & Johnsen 1999). The relatively short emergence and alevin
phase (newly hatched but still attached to the yolk sac) is primarily regulated by temperature (Elliott
& Hurley 1998a; Elliott 2009; Cunjak, Linnansaari & Caissie 2013), but spawning date may influence
length of emergence period (Elliott & Hurley 1998a). The emergence phase is particularly sensitive
with respect to environmental conditions, including flow, and often considered critical. Alevins and
then young larvae have limited swimming capacity and drift downstream for dispersal which confers
energetic benefits (Einum et al. 2011), and maybe in adaptive synchrony with small discharge events
(Cunjak, Linnansaari & Caissie 2013). They may, however, also be vulnerable to downstream
displacement and ‘washout’ during high flows (Heggenes & Traaen 1988; Crisp & Hurley 1991; Fausch
et al. 2001; Pavlov et al. 2008; Wolter & Sukhodolov 2008) and washed out larvae may be moribound
(Elliott 1994). Thus high water velocities may reduce brown trout recruitment, e.g. below dams
(Dibble et al. 2015) Their ability to swim and maintain position by seeking out low-velocity micro-
niches is the water column (Heggenes, Bagliniere & Cunjak 1999; Heggenes 2002; Armstrong et al.
2003) improves rapidly with body size (Heggenes 1988), suggesting that the impact of high flows may
be limited. Conversely, in the absence of floods, larvae and juveniles may not be redistributed,
resulting in elevated densities and associated negative competitive effects (Einum et al. 2008; Einum
et al. 2011). High flows during later life stages appear to have limited direct negative effects on trout
and salmon (George et al. 2015), except perhaps in the more extreme cases when debris and
substrates are mobilized (Sato 2006; Vincenzi et al. 2012). Also, within a restricted river channel,
increasingly high flows with associated high water velocities, will reduce available habitat and
increase energy cost associated with feeding and holding position (Hill & Grossman 1993; Kemp,

Gilvear & Armstrong 2006; Grossman 2014).

High flows in winter providing more habitat, may be beneficial for salmonid survival and production
(Cunjak, Prowse & Parrish 1998; Cunjak, Linnansaari & Caissie 2013). Winter high flows may also
trigger more activity and movement, in particular high flows during spring ice breakup (Brown, Power

& Beltaos 2001).

36



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

As noted, hydro-peaked systems tend to aggravate high-low flow effects, depending on down-
ramping rate, ramping amplitude, frequency of flow fluctuations, prior flow conditions, timing of
pulse (see Young, Cech & Thompson 2011 for reviews; Rolls, Leigh & Sheldon 2012; Ellis & Jones
2013; Warren, Dunbar & Smith 2015). Beneficial ecological effects, depending on management
regime, may include resource subsidies from upstream reservoir (Ellis & Jones 2013), maintenance
of habitat for spawning and rearing, and biological cues to trigger spawning, hatching and migration
(Young, Cech & Thompson 2011). More likely adverse effects are increased mortality due to
stranding, downstream displacement of fishes, and reduced spawning and rearing success due to

untimely/obstructed migration and red dewatering (above; Young, Cech & Thompson 2011).

5.5. Fish migrations and spawning

The local movements between daytime refuges and night-time slow-current activity areas (Rimmer,
Paim & Saunders 1984; Cunjak, Power & Barton 1986; Heggenes et al. 1993), result only in very little
movement on a diurnal basis, maybe less than 1m, but with individual variation (Stickler et al. 2008a;
Linnansaari & Cunjak 2013). Larger fish, and even juveniles, may also move more extensive distances
(Linnansaari et al. 2009) to find more restricted suitable deep-slow refuge habitats where they may
aggregate (Brown, Stanislawski & Mackay 1994; Brown 1999; Saraniemi, Huusko & Tahkola 2008)..
As surface ice cover increases and also spring approaches, fish may become more active and move

more (Stickler et al. 2008a; Linnansaari & Cunjak 2013).

For upstream spawning and downstream smolt migrations in salmon and trout, the larger time
window is regulated by photoperiod (Quinn, Hodgson & Peven 1997; McCormick et al. 1998; Robards
& Quinn 2002; Moore et al. 2012; Harvey et al. 2014). However, water temperature and/or flow may
control more local migrations. Particularly in smaller streams, water flow may control when the
spawners enter rivers, and antecedent and current flow, flow variations, and temperature the timing
of the ascent, although many other in situ factors may also contribute (Tetzlaff et al. 2008; Thorstad
et al. 2008; Milner, Solomon & Smith 2012; Cunjak, Linnansaari & Caissie 2013). Thus the more exact
timing of spawning migration will be site and population specific, depending on when the long-term
migratory opportunities to reach their spawning areas, are best (Jonsson & Jonsson 2009; Cunjak,
Linnansaari & Caissie 2013), but modified by anthropogenic impacts (Thorstad et al. 2008; Milner,

Solomon & Smith 2012). An expected consequence is that if flows are consistently high, e.g. in wet
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years, or rivers large, flows and/or variations may not influence ascent directly, whereas this may be
important in dry years (Tetzlaff et al. 2008), and low flow may limit length of upstream migration. On
the finest temporal scale, flow will dictate which suitable stream areas (e.g. Louhi, Maki-Petays &
Erkinaro 2008) are available for spawning. In natural northern systems this will tend to be at relatively
high discharges, in particular for fish spawning in the upper parts of a system (Gibbins et al. 2002;
Malcolm et al. 2012). Locally different hydraulic geometries of spawning areas, may explain spatial
differences in suitable discharge (Sear & DeVries 2008; Malcolm et al. 2012). In regulated systems,
flow during spawning season should not be higher than minimum maintained flow during winter to
avoid dewatering (Casas-Mulet et al. 2015; Casas-Mulet, Saltveit & Alfredsen 2015). There is little

knowledge as to how flow variations per se may influence spawning.

During autumn spawning salmon and trout typically bury their egg 10-30cm into river gravels,
depending on species and fish size, and substrate particle size (de Gaudemar, Schroder & Beall 2000;
Louhi, Maki-Petays & Erkinaro 2008; , but see Ried| & Peter 2013), It is likely also a trade-of between
scour depth and water quality which is often poorer at depth (Youngson et al. 2004). Specific
spawning time appears to be population specific and locally adapted, and linked to water
temperature (~1-6°C for peak spawning) (Jonsson & Jonsson 2009; Riedl & Peter 2013) with earlier
spawning in colder rivers. Consequently, a modified winter temperature regime for example by

hydropower regulation is likely to modify also timing of spawning.

5.6. Eggincubation and embryonic development

The spawning time-temperature link arises from the fact that the duration of embryonic
development primarily depends on number of day-degrees from spawning to hatching (Elliott &
Hurley 1998c). Timing of spawning is linked to thermal performance (Jonsson & Jonsson 2009; Shuter
et al. 2012) such that the larvae emerge at a time in spring that maximizes growth performance the
following summer season, but presumably also reduce mortality risk associated with spring runoff
and wash-out of larvae resulting in high mortality (Elliott 1994). On the individual and population
level, if emergence is either too early or too late, survival will be reduced (Einum & Fleming 2000;
Letcher et al. 2004; Skoglund et al. 2012). For coldwater salmon and trout fall spawning and slow
embryo development during low winter temperatures, permit early hatching and feeding at relatively

low spring temperatures (Skoglund et al. 2011).
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The time between spawning and alevin emergence is important period in the life cycle of salmonids,
and may impose substantial, but highly variable mortality on populations (Sear & DeVries 2008;
Malcolm et al. 2012). As embryonic development is controlled by the specific numbers of day-degrees
required, timing of emergence may vary greatly among years within a population, mainly because of
variations in water temperature, and with spawning date as a minor secondary factor (Elliott & Elliott
2010; Cunjak, Linnansaari & Caissie 2013). Like optimal growth temperature, the number of degree-
days (heat-sum) required from fertilization to emergence may show little adaptive variation among
natural Atlantic salmon populations (Heggberget & Wallace 1984; Wallace & Heggberget 1988), but
studies are limited with respect to population gradients studied and results somewhat ambiguous.
There are indications that this sum may vary somewhat, and tend to be lower at low winter
temperatures near 0°C and highest at an intermediate temperature (Jonsson & Jonsson 2009). Effects
of incubation temperature on alevin size, also appear ambiguous, but with egg size is the major
determinant (Elliott & Hurley 1998c). Egg size depends on maternal size, whereas timing of spawning

does not seem important (Louhi et al. 2015).

Environmental stress, e.g. mechanical disturbance due to high flows, or low oxygen levels, may
induce earlier hatching (Jonsson & Jonsson 2009), presumably as a resilience response. Eggs with
embryo appear to be most tolerant for disturbance (Becker, Neitzel & Fickeisen 1982; Neitzel &
Becker 1985). However, high winter flows leading to mechanical substratum disturbance may also
generate loss of spawning redds (Barlaup et al. 2008). Egg mortality due to scour and/or mechanical
shock may be difficult to observe, but major mortalities associated with rare ice breakup events are
documented (Cunjak, Linnansaari & Caissie 2013). In natural systems salmonids may perhaps have
evolved to bury their eggs in relatively stable areas that do not typically experience scour (Malcolm
et al. 2012) to the extent that scour events may be predictable, but this will be different in regulated

systems (Tab. 5).

Egg survival is typically high (Elliott 1994; Barlaup et al. 2008; Saltveit & Brabrand 2013; Casas-Mulet,
Saltveit & Alfredsen 2015), but variable (Sear & DeVries 2008; Cunjak, Linnansaari & Caissie 2013).
Survival depends on a range of biotic and abiotic factors (Greig, Sear & Carling 2007; Gibbins et al.

2008; Malcolm et al. 2012; Saltveit & Brabrand 2013), e.g. gravel composition, sediment transport,
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temperature, groundwater influx, and water flow rates, all of which may be altered in a regulated
hydraulic regime. Scouring and dewatering may be particularly important. Low flows during winter,
e.g. in regulated hydropeaking rivers may lead to dewatering of salmon and trout spawning redds
(Tab. 5), especially if spawning occurs at relatively high flows (Casas-Mulet, Alfredsen & Killingtveit
2014; Casas-Mulet, Saltveit & Alfredsen 2015). Although winter dewatering may lead to egg freezing
and mortality (Casas-Mulet, Saltveit & Alfredsen 2015), mitigating effects of groundwater combined
with local hyporheic environments and hydraulic regime confound effects, which therefore may not
always be straightforward (Malcolm et al. 2012), and in situ studies may be required (Becker & Neitzel
1985; Casas-Mulet, Saltveit & Alfredsen 2015). However, in the absence of groundwater with
sufficient oxygen, egg mortality is likely to be higher with more shallow burial, i.e. more exposure to
dewatering and sub-zero temperatures (Casas-Mulet et al. 2015; Casas-Mulet, Saltveit & Alfredsen

2015).

5.7. Emergence and early mortality

If hydraulic conditions are stable and favorable throughout winter, egg survival is usually high (above).
In contrast, the early stage under and after alevin emergence, is often an important regulatory period
with high mortality in salmonid populations (Milner et al. 2003; Jonsson & Jonsson 2009), at least in
more benign, temperate streams and high-density populations where density-dependent mortality
is important (Jonsson, Jonsson & Hansen 1998; Elliott 2009). Emerging individuals in high-density
populations may compete for space, with dominance determined by size and aggressiveness, and the
more aggressive brown trout dominate even larger Atlantic salmon (Einum & Fleming 2000; Einum
et al. 2011; Skoglund et al. 2012). Smaller individuals may be forced to move (Einum et al. 2012).
Displaced individuals incur high mortalities (Elliott 1994; Einum & Fleming 2000). Whereas timing of
emergence is temperature dependent (above), alevin and larvae size depend on egg size, which again
primarily depend on female spawner size (Elliott & Hurley 1998c; Louhi et al. 2015), but not timing
of spawning. The presumed larvae size-advantage may, however, in nature be offset by other

complex and interacting environmental factors (Robertsen, Skoglund & Einum 2013).

Density-independent abiotic factors such as flow, temperature and ice may be more important in
regulating low-density (below carrying capacity) and populations in more challenging environments

(Elliott 1989; Elliott & Hurley 1998b; Lobon-Cervia & Mortensen 2005; Cunjak, Linnansaari & Caissie
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2013; Lobon-Cervia 2014). Alevins and young fry are more sensitive than eggs to environmental
conditions (Neitzel & Becker 1985), e.g. dewatering and oxygen (Tab. 5). Studies indicate a positive
relationship between water discharge and egg/fish survival (Tab. 5), e.g. egg and underyearling
survival in Atlantic salmon (Gibson & Myers 1988; Cunjak, Linnansaari & Caissie 2013) and spring flow
and brown trout survival (Carline 2006; Lobon-Cervia 2014). Extreme floods during the alevin stage
may however, induce increased mortality (Elliott 1985; Jensen & Johnsen 1999). Conversely, low
winter flow and ice, or spring flow at or soon after emergence, may reduce egg and/or juvenile

survival (Tab. 5) (Elliott 1985; Borgstrom & Museth 2005; Cunjak, Linnansaari & Caissie 2013).

Temperature influence emergence, early feeding and survival (Tab. 5). Higher temperatures may
benefit survival, but not extreme temperatures (Gibson & Myers 1988), and correspondingly, low
temperatures may negatively affect survival (Elliott 1985; Jensen & Johnsen 1999). Experimental
studies on Atlantic salmon indicate that low incubation temperatures produce smaller fry with larger
yolk sacs, relative to higher incubation temperatures (Skoglund et al. 2011). The fry started actively
feeding with growth even at the lowest temperatures of 2°C, and increasing with temperature.
Smaller size and larger energy reserves may be beneficial at low spring temperatures with sheltering
and cryptic feeding, whereas larger size (from higher incubation temperatures) confer a competitive
advantage more beneficial at higher temperatures. Table 5 highlights some likely winter regulation

effects and potential biological effects.
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Table 5. Summary of winter regulation effects on flow, water temperature and ice. Question marks

indicate uncertainty.

Higher fish

metabolism

Variable Variable state Negative regulation Positive regulation
effect effect
Flow High Higher water More and stable
velocities, reduced habitat
alevin survival
Low Less habitat, more
ice
Peaking Instable habitat, fish
stranding, egg
desiccation
Water temperature High Higher metabolism, More fish feeding?
reduced surface ice | Earlier start of
cover, growing season
more subsurface ice | Higher benthic
invertebrate
production?
Peaking Thermal stress?
Ice Surface Reduced cover,

Sub-surface

Reduced and

unstable habitat

Subsequent

increased drift

Breakup

More frequent, fish
and egg mortality
during scouring

events

Subsequent

increased drift
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6. Integrating hydro-physical and biological knowledge

Understanding and mitigating effects of hydropower regulation on winter flow and ice is complex.
Interactions between the physical system and ecological responses are complicated, and the
understanding of and data availability on winter processes are limited. Nevertheless, there is a
growing number of management-oriented models and methods available to also explore and tackle
winter conditions. The integration of physical simulation models with models of fish responses into a
holistic framework is needed and in progress. This progress is also driven by the increasingly feasible
collection of extensive data for setup, validation and monitoring, based in new technology for
measuring physical and biological variables. New opportunities for the future are provided by remote
sensing of data by LiDAR (Legleiter et al. 2015; Mandelburger et al. 2015), thermal mapping (Dugdale,
Bergeron & St-Hilaire 2015a), new methods for measuring and observing ice (Ghobrial, Loewen &
Hicks 2013a; Ghobrial, Loewen & Hicks 2013b), and improved high-resolution tracking techniques for
fish (e.g. Stickler et al. 2008a; Linnansaari & Cunjak 2013; Weber et al. 2016). Moreover, multi criteria
decision systems aid in combining results to support decisions, in a framework with a multitude of

data and knowledge.

6.1. Modelling hydro-physical and biological winter conditions in

regulated streams

The winter environment in regulated rivers results from interactions among climate, power plant
operation, local hydrology and river hydraulics. This is a challenging complexity for estimation of
hydropower impacts and design of predictive methods for impact assessment. A suite of numerical
models may be used to tentatively assess these impacts (Timalsina, Alfredsen & Killingtveit 2015).
Currently, the main challenge is in modelling and understanding ice formation and ice breakup,
particularly in steep rivers, but recent work on ice monitoring and model development has brought

advances (Beltaos 2012) .

One-dimensional models for the simulation of river ice has evolved over the last decades (Shen, Wang
& Lal 1995; Shen 2010) into useful tools for simulation of ice formation, transport and growth (Table
6). Most of these models (RICE, RIVICE, CRISSP1D) have focused on problem-solving related to larger-

scale rivers in Canada and USA, and consequently with limited ability to handle the more small-scale
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and complex variable flow conditions and hydraulics in steep streams (Bjerke & Kvambekk 1994). For
larger rivers, the application of ice models for practical problem-solving have in many cases been
successful. Lindenschmidt, Sydor and Carson (2012) successfully ran the RIVICE model to simulate
flood levels from surface ice and frazil formation during freeze-up. Jasek et al. (2015) used the
CRISSP1D (a successor to RICE; Table 6) model to compute the effect of fluctuation in flow due to
formation and release of anchor ice in the Peace River. The model was used to evaluate how different
effects of anchor ice formation influence stage and discharge in the river to better understand the
interaction between ice formation and river hydraulics. Built on the 1D hydraulic model MIKE11 from
DHI, MIKE-ICE (Theriault, Saucet & Taha 2010) has a comprehensive ice module built on the fully
dynamic hydraulics in the underlying MIKE11 system. Timalsina, Charmasson and Alfredsen (2013)
simulated ice formation in a relatively large regulated river (Orkla River, Central Norway) using the
MIKE-ICE model, investigating how different water release strategies influenced ice production and
ice cover formation. The model showed good agreement with observed types of ice, and locations
where ice formed, but simulated volumes of ice are yet to be tested. Theriault and Taha (2013) used
the MIKE-ICE model to simulate frazil accumulations and a hanging dam in the Romaine river system,
Canada, and how ice accumulations influenced water levels at a power plant outlet. The model
managed to simulate thermal erosion of accumulations, but had problems simulating breaches in
hanging dams. She, Hicks and Andrishak (2012) used the RiverlD model to simulate a freeze-up ice
consolidation event during hydro peaking operation in the Peace River in Canada. The dynamic model

managed to compute an ice jam comparable to the observed jam.

The application of these 1D ice models require rather detailed data on numerous river cross sections,
climate and boundary conditions for flow and temperature (Table 5). These data requirements have
limited the application of ice models in many rivers. Recent advances in data measurement
technologies (such as LiDAR and satellite (Lindenschmidt & Chun 2014; Legleiter et al. 2015) ) and
efficient field techniques reduce the extent of the fieldwork. However, additional systematic
collection of ice data across years for calibration and validation is advisable. Such data are often

difficult to obtain and data collection programs may be needed.
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Table 6. Models developed to simulate ice formation in rivers.

cover induces surface
roughness for under ice
simulations. Well tested for
ice free conditions. No
temperature simulation.

formation simulation, but
handles an ice cover.
Effective setup and
simulation tool. Applied in
Norway.

Model Characteristics Experiences References

RICE 1D ice model, water Rapidly varying flow can be  (Lal & Shen 1991;
temperature, ice a problem. Applied in Bjerke & Kvambekk
concentration, ice cover Norway. 1994)
formation, under cover
transport, thermal growth
and decay, mechanical
forces.

CRISSP1D Successor to RICE. (Chen, Shen &
Improves hydraulics, freeze- Jayasundra 2006;
up, transport and breakup. Jasek et al. 2015)
Commercial.

RIVICE Dynamic 1D model. Relatively few examples of (Lindenschmidt, Sydor
Simulates the thermal use. Simulation of ice cover & Carson 2012)
regime, ice cover formation, formation reported to work
frazil and anchor ice, well.
transport, hanging dams,
break-up and jams.

RiverlD 1D finite element model. Examples of use in climate (She & Hicks 2006;
Thermal, ice cover and frazil studies. Used successfully Andrishak & Hicks
simulation. Transport and to simulate consolidation 2008; She, Hicks &
consolidation events. events in hydro peaked Andrishak 2012)

rivers.

MIKE-ICE 1D ice model developed on Handles and fluctuating (Theriault, Saucet &
top of the MIKE11 hydraulic  super critical flow. Shows Taha 2010; Theriault &
model. Water temperature, promising capacities in Taha 2013; Timalsina,
ice formation and transport steep rivers, although large ~ Charmasson &
simulations, anchor ice anchor ice events canbe a  Alfredsen 2013)
formation. problem. Applied in Norway.

CRISSP2D Builds on DynaRice. Solves  Comprehensive set up (Liu, Li & Shen 2006;
the Shallow water flow procedure. Some Knack & Shen 2012)
equations, dynamic flow with  applications reported in the
wetting and drying. literature, but mostly
Simulates frazil and anchor modelling exercises. Tested
ice. Simulated ice in Norway.
consolidation. Commercial.

River2D 2D finite element model. Ice  Currently without ice (Katapodis & Ghamry

2005)

Micro habitat models are commonly used in ice free (summer) conditions to combine hydraulic data

with fish preference data for instream environmental impact assessment (Dunbar, Alfredsen & Harby

2011), but little work has been carried out in winter time and even less in streams with ice. Knack

and Shen (2012) used the two-dimensional model DynaRice to simulate habitat conditions for brown

trout during open water conditions, freeze-up and stable ice conditions. The work is one of the very

few examples of a dynamic ice model combined with a micro-habitat model. Standardized (summer)

preferences for brown trout were used for this work (Raleigh, Zuckerman & Nelson 1986). However,
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modelling results were not controlled with field data. Like most similar studies, this was rather a
modelling exercise. Katapodis and Ghamry (2005) simulated under-ice habitat with the River2D
model on the large Athabasca River in Canada, and discuss calibration methods and model setup for
under ice simulations. The application of 2D ice models is data intensive and therefore still limited to
shorter reaches of rivers. The models need detailed geometry data for the river reach, climate data
for the energy balance and discharge and water temperature for boundary conditions. Data
requirements for calibration and validation of 2D models are as for the 1D models. In addition, fish
habitat preferences for winter are needed, and these are not readily available (but see Maki-Petays
et al. 2004). Also data on the relationship between habitat in winter and behavioral and population

effects (above) need to be investigated further.

The use of meso-scale stream classification based on stream morphology has gained popularity as a
much more convenient and less data intensive method to assess available habitat and effects of
changes in flow and river conditions on fish populations (Parasiewicz 2007; Forseth & Harby 2014a).
However, meso-habitat methods are not yet applicable to stream winter conditions with ice. The
above conceptual ice model by Turcotte and Morse (2013) may form the basis for further
developments. An interesting approach is presented by Lindenschmidt and Chun (2014), who applied
a geo-statistical model to predict ice formation based on river morphological parameters. This could
provide a link between meso-scale habitats and ice formation as a tool for larger scale assessment of
ice formation. Regardless, for regulated systems more work is needed for both models to include

regulation effects on the ice predictions, which are not included in the original formulations.

Fish habitat preference models at different spatial and temporal scales have been widely used as a
basis for management decisions, such as the physical habitat simulation system (PHABSIM) (Bovee et
al. 1998). Fish preferences for relevant habitat factors (usually depth, velocity, substrate) is used as
a ‘filter’ on modelling results of available hydro-physical habitat, to generate likelihood of fish
presence or not. However, such hydro-ecological models have important limitations (Grimm &
Railsback 2013), e.g. being based mainly on the assessment of species’ needs, not individuals. Habitat
evaluation methods used during data collection or analyses may vary, habitat use may be confused
with habitat preference, variable interactions are rarely included, and links to population growth and

survival are uncertain (Garshelis 2000; Railsback, Stauffer & Harvey 2003). Habitat preference
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models may be complemented by modelling action-interaction effects on the system, as in Individual
Based Model (IBMs). They attempt to model the important processes that determine survival,
growth, and reproduction of individual fish, including competition and habitat effects, and temporal
variation (Railsback, Stauffer & Harvey 2003; Railsback et al. 2013). The IBM for Atlantic salmon in
Norway called IBsalmon (Hedger et al. 2013b) offers a potential tool to quantify how abiotic and
biotic characteristics affect the individuals of a specific population (Hedger et al. 2013a; Hedger et al.
2013b). Typically, computer simulations with IBM’s include: 1) numerous individuals specified at
various scales, 2) decision-making heuristics, 3) learning rules or adaptive processes, 4) an interaction

topology, and (5) a non-individual environment.

Many studies combine hydro-physical and biological fish habitat preference models into hydro-
ecological models, to explore different water releases and associated ecological scenarios (Mouton
et al. 2007; Diez-Hernandez 2008; Person et al. 2014; Guse et al. 2015). The implicit assumption is of
course that habitat is an important regulating factor. This may often be the case, but not necessarily.
Jager et al. (1997) used an Individual Based Model (IBM) instead of habitat preference model, to
predict instream flow effects on smolt production for fall chinook salmon (Oncorhynchus
tshawytscha) in regulated rivers. The predictions for ontological development, growth and survival
fit well with empirical studies, and indicated that flow related egg mortality in redds, and temperature
related juvenile mortality, were the major limitations for smolt production, and not fish habitat per

Se.

A method which is seeing considerable use in describing effects of impacts of hydropower alterations
on flow regimes, is the index of hydrologic alteration, IHA (Richter et al. 1996), and similar methods
to evaluate hydrological variability (Olden & Poff 2003; Bevelhimer, McManamay & O'Connor 2014).
This is based on the understanding that flow variability is important in maintaining the ecosystem
(Poff & Zimmerman 2010). For ice free winter conditions, the indexes of variability are useful to
describe flow effects previously discussed. However, from studies on ice effects on flow regimes it is
known that ice formation will influence both the discharge variation through retention at freeze-up
(Turcotte, Morse & Anctil 2014), and also influence other flow related variables like depth, velocity
and water covered area even when there is no corresponding flow event (Stickler et al. 2010a). In the

latter cases, indexes such as the IHA are unlikely to provide the data needed to understand the in-
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stream conditions. Consequently, Peters, Monk and Baird (2013) developed the Cold Regions
Hydrological Indicators of Change (CHIC) which takes into account several ice driven events and adds
to the range of indicators in the IHA. Based on data from larger rivers in Canada, the new set of indices
handles ice cover effects, break-up effects and magnitude of ice-influenced flow. Again, for smaller
and steeper rivers with frequent anchor ice events, and also in rivers where hydropower drives frazil

production, there is a need for further work on streamflow indices.

All the tools for ice simulation (above) will also simulate water temperature during ice-free
conditions. In addition, there are several other numerical hydraulic models that have the capacity to
simulate water temperature, e.g. the well-known HEC-RAS model (Jensen & Lowney 2004) or the
SNTEMP model (Bartholow 1991). These models require detailed description of the river system and
data to describe the heat balance of the river system. A simpler alternative is to use a simplified
energy balance model (Toffolm & Piccolroaz 2015), or a semi-statistical model for stream
temperature (Benyahya et al. 2007). A challenge for these river temperature models is the need to
provide the boundary temperature (i.e. indicating thermodynamic changes) for the simulation, if
measurements are not in place. Boundary temperature is important in the simulation of river water
temperature downstream of a water outlet. For a regulated system simulated temperature through
the turbine from a reservoir model can be used as input (Gebre, Boissy & Alfredsen 2014), but such
data are less common for catchment temperature. A possible solution is to use a hydrological model
with the ability to simulate water temperature (Loinaz et al. 2013). With proper boundary conditions,
such models may deliver good estimates of water temperature in downstream reaches (Toffolon &

Piccolroaz 2015; Bakken, King & Alfredsen 2016)

The classification of temperature regimes in line with discharge regimes (e.g. Richter et al. 1996;
Bevelhimer, McManamay & O’Connor 2014) is complicated due to a general lack of water
temperature data, and in particular data for the pre-regulation conditions may not be available
(Olden & Naiman 2010a). Application of water temperature classification methods over many
regulated system will therefore, require temperature models with their data needs and complexities
as outlined above. Olden and Naiman (2010a) shows an example of a classification using the same
principles as in the IHA method for data for the Flaming Gorge Dam in the US, showing clear changes

in magnitude, timing and frequency of temperature pre- and post-dam development. Another
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example of a temperature classification is given by Vanzo et al. (2015), who developed indexes to
evaluate sub-daily temperature fluctuations to classify river temperature regimes according to

natural or altered state. The indicator manage to capture the different river types well.

6.2. Hydropower operational decisions: Integrating hydro-ecology with

socio-economy

For management decisions, hydro-ecological models need to be expanded to include socio-economic
considerations (Acreman 2005). Traditionally, market forces play the most important role in terms of
operational decisions, i.e. usually determine the flow regime released (Jager & Smith 2008; Niu &
Insley 2013). Balancing the often competing demands of hydropower production and environmental
protection has become increasingly important Nordic countries (Ren6félt, Jansson & Nilsson 2010;
Erkinaro et al. 2011; Forseth & Harby 2014a). This trend is partly driven by the implementation of
more restrictive environmental laws as The European Water Framework Directive (WFD)
(2000/60/EC), which, while highlighting the need to implement mitigation measures, relies heavily

on the use of modelling tools for integrative methods that also include economic aspects.

The inclusion of economic aspects into integrated models for hydropower operational scenarios and
decisions is not trivial. In the hydropower sector, cost estimation of market value benefits, such as
flood control, water supply, irrigation, and river navigation, are relatively easy to calculate. Cost-
benefit studies can also include costs for different operational strategies, to find the alternative with
the greatest economic benefits to the society and/or stakeholders (Hanley, Barbier & Barbier 2009).
In order to attempt to include the more evasive non-market values into the cost-benefit analyses,
some studies use an indicator of the ecological status. That can be for example fish production and
recreational fishing.

Kotchen et al. (2006), in developing a cost-benefit analyses of a hydropower regulation project that
involved managing releases to change a peaking operational system to a run-off river, included the
benefits from reduction in greenhouse gas emission from the use of thermal electricity, e.g. coal, and
the benefits from an increase in the recreational fishing. They concluded that the benefits of changing
the operational system of the regulated system produced higher benefits than costs. In contrast,
Person et al. (2014), implementing a cost-benefit evaluation for potential mitigation measures in a

hydropeaked river, concluded that changes in the operational system such as limiting maximum
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turbine discharge, increasing the residual flow, and limiting the drawdown range, had a high cost in
relation to their ecological benefit. Ecological benefit was expressed as ‘fish response’, using the
CASIMIiR model combined with regional univariate preference curves for adult, YOY and spawning
brown trout. The most cost-effective measure appeared to be use of compensation basins rather

than changing the operational system.

In Norway, a recent screening that prioritize hydropower relicensing, includes the simple minimum
flow Q95 as a standard mitigation measure. The easily estimated total power loss relative to no
concession restrictions is 2.3-3.6 TWh/year, corresponding to 1.8-2.8% of the median national annual
power production (Sgrensen et al. 2013). The ecological benefit is intuitively obvious, but very
complicated, resource demanding and time consuming to quantify in natura. Such decision processes
could benefit from more simplistic modeling approaches. However, all these models also tend to
include high uncertainty. It may stem e.g. from potential climate change, biological complexity and
variability, and unpredictable market prices, which generate complex and dynamic nonlinear
processes and spatial and temporal lags (Costanza & Ruth 1998; Brown et al. 2015). Still, the
integrated use of different models may develop alternative scenarios, and perhaps anticipate those
dynamics based on available data and knowledge, and possibly develop consensus decisions

(Costanza & Ruth 1998).

A key is always to make the relevant scientific information accessible and understandable for the
decision makers with an effective communication (Liu et al. 2008). The strength is the output from
an integrated modelling approach, which is structured and predictable results. This may form the
basis for decisions promoting sustainable management in river ecosystems (King et al., 2003).

Over the last decades, the application of so-called Multi-Criteria Decision Analysis (MCDA) in different
areas has increased significantly. Velasquez and Hester (2013) summarized different related
methods used in water management (e.g. Multi-Attribute Utility Theory, Goal Programming,
ELECTRE, PROMETHEE, Simple Additive Weighting, Technique for Order of Preference by Similarity
to Ideal Solution) to evaluate trade-offs associated with alternative river management. These
methods allow prioritizing among different management options, and can incorporate social
preferences in the prioritization process (Martin, Labadie & Poff 2015). MCDA methods can be used

to support environmental decisions in traditional management schemes, but their strength is when
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they are coupled with adaptive management (Figure 9) (Walters 1986; Linkov et al. 2006). MCDA
have the potential to include the implicit trade-off from in environmental cost-effective analyses

(Karjalainen et al. 2013).

Still, their implementation has been limited to a few long-term projects in natural resources with a
high level of uncertainty. According to a recent review (Karjalainen et al. 2013) only Proctor and
Drechsler (2006) and Oikonomou, Dimitrakopoulos and Troumbis (2011) have combined the multi-
criteria evaluation techniques with the ecosystem services framework. Unfortunately, these cases
were not part of environmental impact assessment processes. An important difficulty is the inclusion
of ecological benefits (Karjalainen et al. 2013), often referred to as ecosystem services (ES), i.e. the
social benefit obtained from ecosystems, and interactions between ecosystems and human wellbeing
(Daily 1997). Problems arise from the stakeholder’s distant way of thinking about the ES, and the

neglect of the trade-offs (Karjalainen et al. 2013; Bock et al. 2015)
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Figure 9. Integrative method framework for effective decision support through integrated modeling
and scenario analysis. An example of a MCDA method. Modified from (Liu et al. 2008).

MCDA has additional limitations. Social preferences cannot be included directly as nominal,
qualitative variables, only as quantitative variables. Furthermore, it is difficult for stakeholders and
decision makers to understand the method due their complex structure (Myllyviita et al. 2011).
Fenton and Neil (2001) argued that MCDA usually use methods that focus on decisions under
certainty, and therefore, uncertainties among interactions and among criteria are not modelled in a

coherent and systematic manner.

To improve the MCDA, Fenton and Neil (2001) proposed a decision framework based on Bayesian
Networks (BN) and Influence Diagrams (ID) to structure and manage the MCDA and include
uncertainties into the model. Bayesian networks are probabilistic graphical models that represent a
set of variables and their conditional interdependencies (see also Bromley et al. 2002; Acreman
2005). Barton et al. (2012) promote the use of BN to handle water resource management, since BN
have had progress in computational methods, best practices for model design, and model

communication, and are able to deal with uncertainties. However, we are not yet aware of projects
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that have included BN for decision making to manage, in an integrative way, water resources in
Northern Europe.

New software such as HUGIN (Hugin 2014) that is based on Bayesian Networks, provide graphical
models, Bayesian Decision Network (Figure 10), that structure knowledge about a decision problem
into a map of causes and effects between key variables. These BN graphical systems can be used to
support stakeholder engagement, common dialogue, and communication between stakeholders,
authorities, and researcher communities. This Bayesian Decision Network may indicate optimum
decision pathways that minimize costs, maximize benefits or solve some other desired outcomes
(Pollino & Henderson 2010). Figure 10 also shows how Bayesian Decision Network could be coupled

with the MCDA framework in the implementation/decision making” box from Figure 9.

Implementation/
decision making

Bayesian Decision Network

Stream flow decision

(m?3/s)

Power Smolt Wetted
production production perimeter
(GWh/year) (# year) (m2)

Utility Utility Utility
cost salmon aesthetics

Figure 10. Bayesian Decision Network based on Barton et al. (2008) showing a case example for
change in water releases in a regulated river.
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6.3. Mitigating issues

In cases where the natural water temperature is changed by hydropower impacts, physical mitigation
measures such as flexible water release strategies, and/or methods for mixing water from different
sources, can be applied (Table 7) (Forseth & Harby 2014b). The first technique is useful to solve
problems related to both warm and cold water changes, whereas the second is primarily useful for
cold water problems (Sherman 2000). The mitigation measure known as selective withdrawal, using
a multi-level reservoir intake structure, is the most common and most effective way of controlling
the water temperature of reservoir releases (Figure 11) (Olden & Naiman 2010b). The effectiveness
of this mitigation measure for flexible control of downstream temperatures for defined ecological
goals, is well documented (Olden & Naiman 2010b). Sherman (2000) stated that even if the
implementation of this measure can have high costs, it is effective, and may be the best opportunity
for ecological restoration. In Norway, the use of this measure with the aim to increase and stabilize
surface ice cover, has proved successful (Table 7) (Johnsen et al. 2010). Alternative measures to multi-

level reservoir intakes for restoring ice surface cover, may be difficult to find.

Ice (0 °C)  witndrawn fiow

Cold water (2°C)

Figure 11. Multi-level intake structure that makes use of the stratification within the reservoir by
permitting water with desirable thermal attributes (in this case winter condition, therefore upper
layer) to be withdrawn from defined regions within the water column. Modified from Sherman (2000).

Maintaining a minimum environmental flow is probably the most common mitigation measure
applied to hydropower regulations, e.g. the low flow index Q95 (Table 7) (Bakken et al. 2012). The
Q95 is simple, but has a biological rationale (above), although rarely quantified. It is the flow value
that is exceeded 95 % of the time. A minimum flow secures a crucial minimum of ecological habitat,

continuity and connectivity in space and time. It's attractive simplicity make it one of the most
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common methods for defining a flow target, based on simple hydrological indices (Tharme 2003;
Clifford, Acreman & Booker 2008; Gopal 2013). However, many studies have reported that this
methodology is highly inadequate in terms of meeting more specified environmental requirements

(McClain & Anderson 2015).

Q95 is usually calculated across the year, as a flat and invariable index. In northern catchments it may
be close to natural minimum flow in winter (when precipitation is stored as snow), but the Q95
calculated will rarely fulfil the ecological requirements in summer (Bakken et al. 2012). Engeland and
Hisdal (2009) suggest the alternative approach to calculate the seasonal flow percentiles. Still, a
seasonally variable index do not consider the dynamics and variation in the natural flow regime of
the river. This is an important ecological factor per se (Poff et al. 2006). New ecohydrological models
have been developed that also attempt consider species water flow needs and/or ecological
functions, e.g. the Building Block Method (BBM) (King et al. 2000). In Norway Alfredsen et al. (2012)
recommend the use of BBM for defining environmental flows in regulated rivers. This method is
more data demanding than the Q95, and knowledge of interactions between ecological and
hydrological processes is needed. Together with additional reasons like the reduction of water
availability for well-established economic water uses (e.g. hydropower), it makes improved practices

in environmental flow settings a challenging enterprise.

River regulations generating higher water discharges in winter, with associated higher water
temperatures, have in some cases resulted in a higher smolt production (Table 7) (Hvidsten 1993,
Ugedal et al. 2008b). The confounding effects of temperature and changed ice regime are difficult to

disentangle (Table 7).

Hydropeaking is an unnatural and challenging flow regime for stream organisms. A minimum flow
will create a refuge for macroinvertebrates and fish during the up- and down-ramping of water flow.
Stranding of fish, and presumably also invertebrates, will depend on pulsed flow regime, e.g.
amplitude, frequency, and rate, which preferably all should be reduced (Table 7) (Saltveit et al. 2001;
Halleraker et al. 2003). Timing is important, and dewatering at night when fish are more active,
particularly at low temperatures will reduce juvenile stranding (Saltveit et al. 2001; Halleraker et al.

2003). In-stream measures like construction of groundsills or weirs, groins, stone settings, river bed
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adjustments, and digging of pools have been reported as useful measures (Charmasson & Zinke
2011). These measures are similar to measures designed to improve fish habitat and the ecological

status of rivers in general, and therefore serve two purposes (Charmasson & Zinke 2011).

Mitigation measures to reduce ice impacts on hydropower operations are common, and include
operational restrictions, ice control devices, specific winter design guidelines and thermal control
measures (Wigle et al. 1990; Gebre et al. 2013). Some operational measures like aiming at developing
an ice cover to prevent super cooling and frazil production via flexible reservoir intakes, will also
restore near-natural conditions and benefit aquatic organisms and ecological processes. Other
operational or structural measures like ice breaking and blasting and changes to the river by dredging

and plastering may exacerbate negative regulation effects.
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7. Conclusions and future research

The challenging physical conditions during the cold northern winters is a natural bottleneck for most
organisms living in those environments, including streams. It is the season for tolerance, quiescence,
starvation, and survival. Survival in streams may depend on a delicate and complex balance between
winter intensity and duration, generated ice phenomena, and the organisms’ energy stores,
physiological adaptations, and local, habitat-dependent behavioral adjustments. Hydropower
regulation may alter this natural environment in complex ways, but usually via increased downstream
water temperatures, reduced surface and increased sub-surface ice formation, and increased
downstream water flows. Pulsed flow regimes are a particular challenge, depending on amplitude,

ramping rate, frequency, timing, and prior flow, and are difficult to generalize.

These hydropower regulation effects all directly affect stream habitat, generating a variety of
biological responses discussed more in detail above. Table 7 gives a brief overview summary of
considerations regarding biological and physical impacts from hydropower. In conclusion, winter is
the understudied season in running waters (Huusko et al. 2007; Beltaos & Prowse 2009; Gebre et al.
2013), and for the very same hostile seasonal reasons that challenge fish survival. In a shorthand

table and pointed list of research topics, we sum up the more detailed review above.
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Table 7. Design and operation of hydropower installations (temperature, flow, intake, outlet) to
increase performance of salmon and trout. Question marks indicate knowledge gaps and important
research areas. It is difficult to generalize about effects of pulsed flows, except that it is likely to be
negative. Effects will depend on local conditions and pulse flow regime. See text above for detailed
explanations and selected references. Increasing number of stars indicate increasing level of

confidence.
Stream Regulation Spatial Biological Level of | Potential Level of
variable impacts habitat potential certainty | mitigation | certainty
effect response for alternative | for
biological mitigation
response effect
Water Increased None Higher *x Flexible oAk
temperatur | downstream metabolism, reservoir
e (~0.1-3°C?) higher lipid- intake
depletion
Increased * *
compensator
y feeding
activity?
Surface ice | Reduced Reduced Higher *x Flexible *x
surface ice overhead metabolism reservoir
cover cover and perceived intake
predation
risk?
Sub-surface | Increased Reduced More in- HHx Flexible oK
ice frazil ice habitat substrate reservoir
production volume and | sheltering or intake,
and substrate movement lower night
accumulatio | cover Reduced * flows?
n survival?
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Ice breakup | Increased Scouring, Reduced ok Flow *
frequency floods survival regulation
and intensity ?
High flow Increased Increased Increased o Stable ok
level and habitat survival? higher
duration volume flows
downstream
Low flow Reduced Reduced Reduced ok Stable and | ***
level and habitat survival high
increased quantity, minimum
duration in quality, flow
by-pass connectivity,
sections increased ice
formation
Pulsed flow | Variable Bottlenecke | Reduced *x Reduced K
d by low survival amplitude,
flows ramping
rate, and
frequency
Suggested future research needs (see text above for details):

Regulation effects on physical conditions

Ice phenomena in steep gradient streams, in particular ice breakup

Development of frazil ice downstream of hydropower plants

Extent of reduced ice cover and increased frequency of ice breakups

Downstream longitudinal thermal and ice regimes and changes in regulated stream systems
in winter, and which factors may influence these changes

Refinement of ice and temperature models
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Biological responses to hydro power regulation

Local/regional thermal adaptations in brown trout and salmon, in particular in northern
populations

Detailed studies of mortality over the winter; when, where and how do fish die?

Responses to different types of sub-surface ice, surface ice is now better known, but varying
surface ice cover in field studies needed; metabolism, fat reserves, body mass, survival

Do peaking winter temperatures induce thermal stress in fish?

Availability of drift and benthic feed in regulated stream in winter with and without ice cover
Profitability of benthic feeding versus drift feeding in winter. Compensatory feeding activity
with increased (1-4°C) winter temperatures and associated lipid-depletion?

Trout and salmon opportunistic feeding in the temp range 0-4, and with differently adapted
populations

Habitat preferences in winter and during ice formation — for modelling purposes

60



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

8. References

Acreman, M. (2005) Linking science and decision-making: features and experience from environmental
river flow setting. Environmental Modelling & Software, 20, 99-109.

Alfredsen, K., Harby, A., Linnansaari, T. & Ugedal, O. (2012) Development of an inflow-controlled
environmental flow regime for a norwegian river. River Research and Applications, 28, 731-739.

Alfredsen, K., Stickler, M. & Pennell, C. (2006) Ice formation and breakup in steep streams. Proceedings
18th IAHR International Symposium on Ice, pp. 117-124.

Allard, G., Buffin-Bélanger, T. & Bergeron, N. (2011) Analysis of frazil ice as a geomorphic agent in a frazil
pool. River Research and Applications, 27, 1136-1148.

Allen, W.T.R. (1977) Freeze-up, breake-up and ice thickness in Canada. Fisheries and Environment Canada
Report CLI-1-77, pp. 185. Fisheries and Environment Canada.

Alvarez, D., Cano, J.M. & Nicieza, A.G. (2006) Microgeographic variation in metabolic rate and energy
storage of brown trout: countergradient selection or thermal sensitivity? Evolutionary Ecology, 20,
345-363.

Amundsen, P.A. & Knudsen, R. (2009) Winter ecology of Arctic charr (Salvelinus alpinus) and brown trout
(Salmo trutta) in a subarctic lake, Norway. Aquatic Ecology, 43, 765-775.

Andersson, A. (1997) Frazil ice at water intakes., Lulea Univ. of Technology.

Andrishak, R. & Hicks, F.E. (2008) Simulating the effects of climate change on the ice regime of the Peace
River. Canadian Journal of Civil Engineering, 35, 461-472.

Angilletta, M.J., Niewiarowski, P.H. & Navas, C.A. (2002) The evolution of thermal physiology in ectotherms.
Journal of Thermal Biology, 27, 249-268.

Anttila, K., Dhillon, R.S., Boulding, E.G., Farrell, A.P., Glebe, B.D., Elliott, J.A.K., Wolters, W.R. & Schulte, P.M.
(2013) Variation in temperature tolerance among families of Atlantic salmon (Salmo salar) is
associated with hypoxia tolerance, ventricle size and myoglobin level. Journal of Experimental
Biology, 216, 1183-1190.

Araujo, M.B., Ferri-Yanez, F., Bozinovic, F., Marquet, P.A., Valladares, F. & Chown, S.L. (2013) Heat freezes
niche evolution. Ecology Letters, 16, 1206-1219.

Armstrong, J.D., Kemp, P.S., Kennedy, G.J.A., Ladle, M. & Milner, N.J. (2003) Habitat requirements of
Atlantic salmon and brown trout in rivers and streams. Fisheries Research, 62, 143-170.

Armstrong, J.D. & Nislow, K.H. (2012) Modelling approaches for relating effects of change in river flow to
populations of Atlantic salmon and brown trout. Fisheries Management and Ecology, 19, 527-536.

Ashton, G.D.e. (1986) River and lake ice engineering. Water Resources Publications, Littleton, CO, USA.

Association, I.H. (2016) Briefing: 2016 Key Trends in Hydropower. pp. 4. International Hydropower
Association, London.

Ayllon, D, Nicola, G.G., Elvira, B., Parra, |. & Almodovar, A. (2013) Thermal Carrying Capacity for a
Thermally-Sensitive Species at the Warmest Edge of Its Range. Plos One, 8, 11.

Baird, O.E. & Krueger, C.C. (2003) Behavioral thermoregulation of brook and rainbow trout: Comparison of
summer habitat use in an Adirondack River, New York. Transactions of the American Fisheries
Society, 132, 1194-1206.

Bakken, T.H., King, T. & Alfredsen, K. (2016) Simulation of river water temperatures during various hydro-
peaking regimes. Journal of Applied Water Engineering and Research, (in review).

Bakken, T.H., Zinke, P., Melcher, A., Sundt, H., Vehanen, T., Jorde, K. & Acreman, M. (2012) Setting
environmental flows in regulated rivers. TRA 4276. SINTEF Energy Research, Trondheim.

Barlaup, B.T., Gabrielsen, S.E., Skoglund, H. & Wiers, T. (2008) Addition of spawning gravel - A means to
restore spawning habitat of Atlantic salmon (Salmo salar L.), and anadromous and resident brown
trout (Salmo trutta L.) in regulated rivers. River Research and Applications, 24, 543-550.

Bartholow, J. (1991) A Modelling Assessment of the Thermal Regime for an Urban Sports Fishery.
Environmental Management, 15, 833-845.

61



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Barton, D.N., Kuikka, S., Varis, O., Uusitalo, L., Henriksen, H.J., Borsuk, M., de la Hera, A., Farmani, R.,
Johnson, S. & Linnell, J.D.C. (2012) Bayesian Networks in Environmental and Resource
Management. Integrated Environmental Assessment and Management, 8, 418-429.

Barton, D.N., Saloranta, T., Moe, S.J., Eggestad, H.O. & Kuikka, S. (2008) Bayesian belief networks as a meta-
modelling tool in integrated river basin management - Pros and cons in evaluating nutrient
abatement decisions under uncertainty in a Norwegian river basin. Ecological Economics, 66, 91-
104.

Becker, C.D. & Neitzel, D.A. (1985) ASSESSMENT OF INTERGRAVEL CONDITIONS INFLUENCING EGG AND
ALEVIN SURVIVAL DURING SALMONID REDD DEWATERING. Environmental Biology of Fishes, 12, 33-
46.

Becker, C.D., Neitzel, D.A. & Fickeisen, D.H. (1982) EFFECTS OF DEWATERING ON CHINOOK SALMON REDDS
- TOLERANCE OF 4 DEVELOPMENTAL PHASES TO DAILY DEWATERINGS. Transactions of the
American Fisheries Society, 111, 624-637.

Bell, V.A., Elliott, J.M. & Moore, R.J. (2000) Modelling the effects of drought on the population of brown
trout in Black Brows Beck. Ecological Modelling, 127, 141-159.

Beltaos, S. (2008) River ice breakup. Water Resources Publications, Highlands Ranch, CO, USA.

Beltaos, S. (2012) Canadian Geophysical Union Hydrology Section Committee on River Ice Processes and the
Environment: Brief History. Cold Regions Engineering, 26, 71-78.

Beltaos, S. & Prowse, T. (2009) River-ice hydrology in a shrinking cryosphere. Hydrological Processes, 23,
122-144.

Benyahya, L., Caissie, D., St-Hilaire, A., Ouarda, T. & Bobee, B. (2007) A Review of Statistical Water
Temperature Models. Canadian Water Resources Journal, 32, 179-192.

Berg, O.K., Finstad, A.G., Solem, O., Ugedal, O., Forseth, T., Niemela, E., Arnekleiv, J.V., Lohrmann, A. &
Naesje, T.F. (2009) Pre-winter lipid stores in young-of-year Atlantic salmon along a north-south
gradient. Journal of Fish Biology, 74, 1383-1393.

Berg, 0.K., Rod, G., Solem, O. & Finstad, A.G. (2011) Pre-winter lipid stores in brown trout Salmo trutta
along altitudinal and latitudinal gradients. Journal of Fish Biology, 79, 1156-1166.

Bergeron, N.E., Buffin-Belanger, T. & Dube, J. (2011) CONCEPTUAL MODEL OF RIVER ICE TYPES AND
DYNAMICS ALONG SEDIMENTARY LINKS. River Research and Applications, 27, 1159-1167.

Bevelhimer, M., McManamay, R. & O’Connor, B. (2014) Characterising sub-daily flow regimes: implications
of hydrologic resolution on ecohydrology. River Research and Applications.

Birkel, C., Soulsby, C., Ali, G. & Tetzlaff, D. (2014) ASSESSING THE CUMULATIVE IMPACTS OF HYDROPOWER
REGULATION ON THE FLOW CHARACTERISTICS OF A LARGE ATLANTIC SALMON RIVER SYSTEM.
River Research and Applications, 30, 456-475.

Bjerke, P.L. & Kvambekk, A. (1994) Application of the ice model rice in a rapid river. 12th IAHR Ice
Symposium pp. 50-60. NTNU, Trondheim, Norway.

Bogatov, V.V. & Astakhov, M.V. (2011) Under-Ice Drift of Invertebrates in the Piedmont Part of Kedrovaya
River (Primorskii Krai). Inland Water Biology, 4, 56-64.

Booker, D.J. & Acreman, M.C. (2007) Generalisation of physical habitat-discharge relationships. Hydrology
and Earth System Sciences, 11, 141-157.

Borgstrom, R. (2001) Relationship between spring snow depth and growth of brown trout, Salmo trutta, in
an alpine lake: Predicting consequences of climate change. Arctic Antarctic and Alpine Research, 33,
476-480.

Borgstrom, R., Isdahl, T. & Svenning, M.-A. (2015) Population structure, biomass, and diet of landlocked
Arctic charr (Salvelinus alpinus) in a small, shallow High Arctic lake. Polar Biology, 38, 309-317.

Borgstrom, R. & Museth, J. (2005) Accumulated snow and summer temperature - critical factors for
recruitment to high mountain populations of brown trout (Salmo trutta L.). Ecology of Freshwater
Fish, 14, 375-384.

Bovee, K.D., Lamb, B.L., Bartholow, J.M., Stalnaker, C.B. & Taylor, J. (1998) Stream habitat analysis using the
instream flow incremental methodology. DTIC Document.

62



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Bowes, M.J., Leach, D.V. & House, W.A. (2005) Seasonal nutrient dynamics in a chalk stream: the River
Frome, Dorset, UK. Science of the Total Environment, 336, 225-241.

Boxall, G.D., Giannico, G.R. & Li, H.W. (2008) Landscape topography and the distribution of Lahontan
cutthroat trout (Oncorhynchus clarki henshawi) in a high desert stream. Environmental Biology of
Fishes, 82, 71-84.

Bradshaw, W.E., Zani, P.A. & Holzapfel, C.M. (2004) Adaptation to temperate climates. Evolution, 58, 1748-
1762.

Breau, C., Cunjak, R.A. & Bremset, G. (2007) Age-specific aggregation of wild juvenile Atlantic salmon Salmo
salar at cool water sources during high temperature events. Journal of Fish Biology, 71, 1179-1191.

Breau, C., Cunjak, R.A. & Peake, S.J. (2011) Behaviour during elevated water temperatures: can physiology
explain movement of juvenile Atlantic salmon to cool water? Journal of Animal Ecology, 80, 844-
853.

Brittain, J.E. & Eikeland, T.J. (1988) INVERTEBRATE DRIFT - A REVIEW. Hydrobiologia, 166, 77-93.

Brockmark, S., Adriaenssens, B. & Johnsson, J.1. (2010) Less is more: density influences the development of
behavioural life skills in trout. Proceedings of the Royal Society B-Biological Sciences, 277, 3035-
3043.

Bromley, J., Jackson, N., Giacomello, A., Acreman, M., Bradford, R. & Gifford, C. (2002) Participatory
development of Bayesian networks as an aid to integrated water resource planning. Proceedings of
the International Conference on Policies and Tools for Sustainable Water Management in the
European Union, Venice.

Brown, C.M., Lund, J.R,, Cai, X., Reed, P.M., Zagona, E.A., Ostfeld, A., Hall, J., Characklis, G.W., Yu, W. &
Brekke, L. (2015) The future of water resources systems analysis: Toward a scientific framework for
sustainable water management. Water resources research, 51, 6110-6124.

Brown, R., Power, G., Beltaos, S. & Beddow, T. (2000a) Effects of hanging ice dams on winter movements
andswimming activity of fish. Journal of Fish Biology, 57, 1150-1159.

Brown, R.S. (1999) Fall and early winter movements of cutthroat trout, Oncorhynchus clarki, in relation to
water temperature and ice conditions in Dutch Creek, Alberta. Environmental Biology of Fishes, 55,
359-368.

Brown, R.S., Power, G. & Beltaos, S. (2001) Winter movements and habitat use of riverine brown trout,
white sucker and common carp in relation to flooding and ice break-up. Journal of Fish Biology, 59,
1126-1141.

Brown, R.S., Power, G., Beltaos, S. & Beddow, T.A. (2000b) Effects of hanging ice dams on winter
movements and swimming activity of fish. Journal of Fish Biology, 57, 1150-1159.

Brown, R.S., Stanislawski, S.S. & Mackay, W.C. (1994) Effects of frazil ice on fish. Proceedings of the
Workshop in Environmental Aspects of River Ice, pp. 261-278. National Hydrology Research
Institute, Sakatoon.

Bruno, M.C., Maiolini, B., Carolli, M. & Silveri, L. (2009) Impact of hydropeaking on hyporheic invertebrates
in an Alpine stream (Trentino, Italy). Annales De Limnologie-International Journal of Limnology, 45,
157-170.

Bruno, M.C,, Siviglia, A., Carolli, M. & Maiolini, B. (2013) Multiple drift responses of benthic invertebrates to
interacting hydropeaking and thermopeaking waves. Ecohydrology, 6, 511-522.

Bock, K., Muhar, S., Muhar, A. & Polt, R. (2015) The Ecosystem Services Concept: Gaps between Science and
Practice in River Landscape Management. GAIA-Ecological Perspectives for Science and Society, 24,
32-40.

Carline, R.F. (2006) Regulation of an unexploited brown trout population in Spruce creek, Pennsylvania.
Transactions of the American Fisheries Society, 135, 943-954.

Casas-Mulet, R., Alfredsen, K., Brabrand, A. & Saltveit, S.J. (2015) Survival of eggs of Atlantic salmon (Salmo
salar) in a drawdown zone of a regulated river influenced by groundwater. Hydrobiologia, 743, 269-
284,

63



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Casas-Mulet, R., Alfredsen, K. & Killingtveit, A. (2014) Modelling of environmental flow options for optimal
Atlantic salmon, Salmo salar, embryo survival during hydropeaking. Fisheries Management and
Ecology, 21, 480-490.

Casas-Mulet, R., Saltveit, S.J. & Alfredsen, K. (2015) THE SURVIVAL OF ATLANTIC SALMON (SALMO SALAR)
EGGS DURING DEWATERING IN A RIVER SUBJECTED TO HYDROPEAKING. River Research and
Applications, 31, 433-446.

Cereghino, R., Cugny, P. & Lavandier, P. (2002) Influence of intermittent hydropeaking on the longitudinal
zonation patterns of benthic invertebrates in a mountain stream. International Review of
Hydrobiology, 87, 47-60.

Charmasson, J. & Zinke, P. (2011) Mitigation Measures Against Hydropeaking Effects. SINTEF Energy
Research.

Chen, F., Shen, H. & Jayasundra, N. (2006) A one-dimensional comprehensive river ice model. Proceedings
of the 18th IAHR International Symposium on ICE, pp. 61-68. IAHR, Vancouver, Canada.

Clarke, A. & Portner, H.0. (2010) Temperature, metabolic power and the evolution of endothermy.
Biological Reviews, 85, 703-727.

Clifford, H.F. (1972) A years' study of the drifting organisms in a brown-water stream of Alberta, Canada.
Canadian Journal of Zoology, 50, 975-983.

Clifford, N.J., Acreman, M.C. & Booker, D.J. (2008) Hydrological and Hydraulic Aspects of Restoration
Uncertainty for Ecological Purposes. River Restoration, pp. 105-138. John Wiley & Sons, Ltd.

Conallin, J., Boegh, E., Olsen, M., Pedersen, S., Dunbar, M.J. & Jensen, J.K. (2014) Daytime habitat selection
for juvenile parr brown trout (Salmo trutta) in small lowland streams. Knowledge and Management
of Aquatic Ecosystems, 09P01-09P16.

Costanza, R. & Ruth, M. (1998) Using dynamic modeling to scope environmental problems and build
consensus. Environmental Management, 22, 183-195.

Coulson, S.J., Convey, P., Aakra, K., Aarvik, L., Avila-limenez, M.L., Babenko, A., Biersma, E.M., Bostrom, S.,
Brittain, J.E., Carlsson, A.M., Christoffersen, K., De Smet, W.H., Ekrem, T., Fjellberg, A., Fureder, L.,
Gustafsson, D., Gwiazdowicz, D.J., Hansen, L.O., Holmstrup, M., Hulle, M., Kaczmarek, L., Kolicka,
M., Kuklinr, V., Lakka, H.K., Lebedeva, N., Makarova, O., Maraldo, K., Melekhina, E., Odegaard, F.,
Pilskog, H.E., Simon, J.C., Sohlenius, B., Solhoy, T., Soli, G., Stur, E., Tanasevitch, A., Taskaeva, A.,
Velle, G., Zawierucha, K. & Zmudczynska-Skarbek, K. (2014) The terrestrial and freshwater
invertebrate biodiversity of the archipelagoes of the Barents Sea, Svalbard, Franz Josef Land and
Novaya Zemlya. Soil Biology & Biochemistry, 68, 440-470.

Crespel, A., Bernatchez, L., Garant, D. & Audet, C. (2013) Genetically based population divergence in
overwintering energy mobilization in brook charr (Salvelinus fontinalis). Genetica, 141, 51-64.

Crisp, D.T. & Carling, P.A. (1989) OBSERVATIONS ON SITING, DIMENSIONS AND STRUCTURE OF SALMONID
REDDS. Journal of Fish Biology, 34, 119-134.

Crisp, D.T. & Hurley, M.A. (1991) STREAM CHANNEL EXPERIMENTS ON DOWNSTREAM MOVEMENT OF
RECENTLY EMERGED TROUT, SALMO-TRUTTA L, AND SALMON, S-SALAR L .2. EFFECTS OF
CONSTANT AND CHANGING VELOCITIES AND OF DAY AND NIGHT UPON DISPERSAL RATE. Journal of
Fish Biology, 39, 363-370.

Crozier, L.G. & Hutchings, J.A. (2014) Plastic and evolutionary responses to climate change in fish.
Evolutionary Applications, 7, 68-87.

Cunjak, R.A., Linnansaari, T. & Caissie, D. (2013) The complex interaction of ecology and hydrology in a
small catchment: a salmon's perspective. Hydrological Processes, 27, 741-749.

Cunjak, R.A., Power, G. & Barton, D.R. (1986) Reproductive habitat and behaviour of anadromous Arctic
char (Salvelinus alpinus) in the Koroc River, Quebec. Naturaliste Canadienne, 113, 383-387.

Cunjak, R.A., Prowse, T.D. & Parrish, D.L. (1998) Atlantic salmon (Salmo salar) in winter: "the season of parr
discontent"? Canadian Journal of Fisheries and Aquatic Sciences, 55, 161-180.

Daily, G. (1997) Nature's services: societal dependence on natural ecosystems. Island Press.

Davey, A.J.H. & Kelly, D.J. (2007) Fish community responses to drying disturbances in an intermittent
stream: a landscape perspective. Freshwater Biology, 52, 1719-1733.

64



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

de Gaudemar, B., Schroder, S.L. & Beall, E.P. (2000) Nest placement and egg distribution in Atlantic salmon
redds. Environmental Biology of Fishes, 57, 37-47.

Dekar, M.P., Magoulick, D.D. & Huxel, G.R. (2009) Shifts in the trophic base of intermittent stream food
webs. Hydrobiologia, 635, 263-277.

Dell, A.l., Pawar, S. & Savage, V.M. (2011) Systematic variation in the temperature dependence of
physiological and ecological traits. Proceedings of the National Academy of Sciences of the United
States of America, 108, 10591-10596.

Dewson, Z.S., James, A.B.W. & Death, R.G. (2007) A review of the consequences of decreased flow for
instream habitat and macroinvertebrates. Journal of the North American Benthological Society, 26,
401-415.

Dibble, K.L., Yackulic, C.B., Kennedy, T.A. & Budy, P. (2015) Flow management and fish density regulate
salmonid recruitment and adult size in tailwaters across western North America. Ecological
Applications, 25, 2168-2179.

Dickson, N.E., Carrivick, J.L. & Brown, L.E. (2012) Flow regulation alters alpine river thermal regimes. Journal
of Hydrology, 464, 505-516.

Diez-Hernandez, J.M. (2008) Evaluacién hidrodinamica del habitat ecohidraulico dirigida a la conservacién y
restauracién de hidrosistemas fluviales. Ingenieria e Investigacion, 28, 97-107.

Dube, M., Turcotte, B. & Morse, B. (2014) Inner structure of anchor ice and ice dams in steep channels. Cold
Regions Science and Technology, 106, 194-206.

Dugdale, S., Bergeron, N. & St-Hilaire, A. (2015a) Spatial distribution of thermal refuges analysed in relation
to riverscape hydromorphology using airborne thermal infrared imagery. Remote Sensing of
Environment, 160, 43-55.

Dugdale, S.J., Bergeron, N.E. & St-Hilaire, A. (2015b) Spatial distribution of thermal refuges analysed in
relation to riverscape hydromorphology using airborne thermal infrared imagery. Remote Sensing
of Environment, 160, 43-55.

Dunbar, M.J., Alfredsen, K. & Harby, A. (2011) Hydraulic-habitat modelling for setting environmental river
flow needs for salmonids. Fisheries Management and Ecology.

Einum, S., Finstad, A.G., Robertsen, G., Nislow, K.H., McKelvey, S. & Armstrong, J.D. (2012) Natal movement
in juvenile Atlantic salmon: a body size-dependent strategy? Population Ecology, 54, 285-294.

Einum, S. & Fleming, I.A. (2000) Selection against late emergence and small offspring in Atlantic salmon
(Salmo salar). Evolution, 54, 628-639.

Einum, S., Nislow, K.H., Reynolds, J.D. & Sutherland, W.J. (2008) Predicting population responses to
restoration of breeding habitat in Atlantic salmon. Journal of Applied Ecology, 45, 930-938.

Einum, S., Robertsen, G., Nislow, K.H., McKelvey, S. & Armstrong, J.D. (2011) The spatial scale of density-
dependent growth and implications for dispersal from nests in juvenile Atlantic salmon. Oecologia,
165, 959-969.

Elliott, J.M. (1965) DAILY FLUCTUATIONS OF DRIFT INVERTEBRATES IN A DARTMOOR STREAM. Nature, 205,
1127-&.

Elliott, J.M. (1985) POPULATION REGULATION FOR DIFFERENT LIFE-STAGES OF MIGRATORY TROUT SALMO-
TRUTTA IN A LAKE DISTRICT STREAM, 1966-83. Journal of Animal Ecology, 54, 617-638.

Elliott, J.M. (1989) THE NATURAL REGULATION OF NUMBERS AND GROWTH IN CONTRASTING
POPULATIONS OF BROWN TROUT, SALMO-TRUTTA, IN 2 LAKE DISTRICT STREAMS. Freshwater
Biology, 21, 7-19.

Elliott, J.M. (1994) Quantitative Ecology and the Brown Trout. Oxford University Press, Oxford.

Elliott, J.M. (2000) Pools as refugia for brown trout during two summer droughts: trout responses to
thermal and oxygen stress. Journal of Fish Biology, 56, 938-948.

Elliott, J.M. (2006) Periodic habitat loss alters the competitive coexistence between brown trout and
bullheads in a small stream over 34 years. Journal of Animal Ecology, 75, 54-63.

Elliott, J.M. (2009) Validation and implications of a growth model for brown trout, Salmo trutta, using long-
term data from a small stream in north-west England. Freshwater Biology, 54, 2263-2275.

65



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Elliott, J.M. & Elliott, J.A. (2010) Temperature requirements of Atlantic salmon Salmo salar, brown trout
Salmo trutta and Arctic charr Salvelinus alpinus: predicting the effects of climate change. Journal of
Fish Biology, 77, 1793-1817.

Elliott, J.M. & Hurley, M.A. (1998a) An individual-based model for predicting the emergence period of sea
trout fry in a Lake District stream. Journal of Fish Biology, 53, 414-433.

Elliott, J.M. & Hurley, M.A. (1998b) Population Regulation in Adult, but not Juvenile, Resident Trout (Salmo
trutta) in a Lake District Stream. Journal of Animal Ecology, 67, 280-286.

Elliott, J.M. & Hurley, M.A. (1998c) Predicting fluctuations in the size of newly emerged sea-trout fry in a
Lake District stream. Journal of Fish Biology, 53, 1120-1133.

Elliott, J.M., Hurley, M.A. & Elliott, J.A. (1997) Variable effects of droughts on the density of a sea-trout
Salmo trutta population over 30 years. Journal of Applied Ecology, 34, 1229-1238.

Ellis, L.E. & Jones, N.E. (2013) Longitudinal trends in regulated rivers: a review and synthesis within the
context of the serial discontinuity concept. Environmental Reviews, 21, 136-148.

Engeland, K. & Hisdal, H. (2009) A comparison of low flow estimates in ungauged catchments using regional
regression and the HBV-model. Water Resources Management, 23, 2567-2586.

Erkinaro, J., Laine, A., Maki-Petays, A., Karjalainen, T.P., Laajala, E., Hirvonen, A., Orell, P. & Yrjana, T. (2011)
Restoring migratory salmonid populations in regulated rivers in the northernmost Baltic Sea area,
Northern Finland - biological, technical and social challenges. Journal of Applied Ichthyology, 27, 45-
52.

Ettema, R., Kirkil, G. & Daly, S. (2009) Frazil ice concerns for channels, pump-lines, penstocks, siphons, and
tunnels in mountainous regions. Cold Regions Science and Technology, 55, 202-211.

Fausch, K.D., Taniguchi, Y., Nakano, S., Grossman, G.D. & Townsend, C.R. (2001) Flood disturbance regimes
influence rainbow trout invasion success among five holarctic regions. Ecological Applications, 11,
1438-1455.

Fenton, N. & Neil, M. (2001) Making decisions: using Bayesian nets and MCDA. Knowledge-Based Systems,
14, 307-325.

Ferreira, V. & Canhoto, C. (2014) Effect of experimental and seasonal warming on litter decomposition in a
temperate stream. Aquatic Sciences, 76, 155-163.

Filipe, A.F., Markovic, D., Pletterbauer, F., Tisseuil, C., De Wever, A., Schmutz, S., Bonada, N. & Freyhof, O.
(2013) Forecasting fish distribution along stream networks: brown trout (Salmo trutta) in Europe.
Diversity and Distributions, 19, 1059-1071.

Finstad, A.G., Berg, O.K,, Forseth, T., Ugedal, O. & Naesje, T.F. (2010) Adaptive winter survival strategies:
defended energy levels in juvenile Atlantic salmon along a latitudinal gradient. Proceedings of the
Royal Society B-Biological Sciences, 277, 1113-1120.

Finstad, A.G., Einum, S., Forseth, T. & Ugedal, O. (2007a) Shelter availability affects behaviour, size-
dependent and mean growth of juvenile Atlantic salmon. Freshwater Biology, 52, 1710-1718.

Finstad, A.G. & Forseth, T. (2006) Adaptation to ice-cover conditions in Atlantic salmon, Salmo salar L.
Evolutionary Ecology Research, 8, 1249-1262.

Finstad, A.G., Forseth, T., Faenstad, T.F. & Ugedal, O. (2004a) The importance of ice cover for energy
turnover in juvenile Atlantic salmon. Journal of Animal Ecology, 73, 959-966.

Finstad, A.G., Forseth, T., Jonsson, B., Bellier, E., Hesthagen, T., Jensen, A.J., Hessen, D.O. & Foldvik, A.
(2011) Competitive exclusion along climate gradients: energy efficiency influences the distribution
of two salmonid fishes. Global Change Biology, 17, 1703-1711.

Finstad, A.G., Forseth, T., Ugedal, O. & Naesje, T.F. (2007b) Metabolic rate, behaviour and winter
performance in juvenile Atlantic salmon. Functional Ecology, 21, 905-912.

Finstad, A.G. & Jonsson, B. (2012) Effect of incubation temperature on growth performance in Atlantic
salmon. Marine Ecology Progress Series, 454, 75-82.

Finstad, A.G., Naesje, T.F. & Forseth, T. (2004) Seasonal variation in the thermal performance of juvenile
Atlantic salmon (Salmo salar). Freshwater Biology, 49, 1459-1467.

66



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Finstad, A.G., Ugedal, O., Forseth, T. & Naesje, T.F. (2004b) Energy-related juvenile winter mortality in a
northern population of Atlantic salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic
Sciences, 61, 2358-2368.

Forseth, T. & Harby, A. (2014a) Handbook for environmental design in regulated salmon rivers. NINA
Special Report pp. 90. NINA, Trondheim.

Forseth, T. & Harby, A. (2014b) Handbook for environmental design in regulated salmon rivers. . NINA
Special Report., pp. 90. Norwegian Institute of Nature Research. , Trondheim.

Forseth, T., Larsson, S., Jensen, A.J., Jonsson, B., Naslund, I. & Berglund, I. (2009) Thermal growth
performance of juvenile brown trout Salmo trutta: no support for thermal adaptation hypotheses.
Journal of Fish Biology, 74, 133-149.

Fraser, N.H.C., Heggenes, J., Metcalfe, N.B. & Thorpe, J.E. (1995) LOW SUMMER TEMPERATURES CAUSE
JUVENILE ATLANTIC SALMON TO BECOME NOCTURNAL. Canadian Journal of Zoology-Revue
Canadienne De Zoologie, 73, 446-451.

Fraser, N.H.C. & Metcalfe, N.B. (1997) The costs of becoming nocturnal: Feeding efficiency in relation to
light intensity in juvenile Atlantic Salmon. Functional Ecology, 11, 385-391.

Fraser, N.H.C., Metcalfe, N.B. & Thorpe, J.E. (1993) TEMPERATURE-DEPENDENT SWITCH BETWEEN
DIURNAL AND NOCTURNAL FORAGING IN SALMON. Proceedings of the Royal Society B-Biological
Sciences, 252, 135-139.

Frenette, M., Caron, M., Julien, P. & Gibson, R.J. (1984) INTERACTION BETWEEN THE DECLINE AND THE
POPULATIONS OF PARR (SALMO-SALAR) IN THE MATAMEC RIVER, QUEBEC. Canadian Journal of
Fisheries and Aquatic Sciences, 41, 954-963.

Fry, F.E.J. (1971) The effect of environmental factors on the physiology of fish. Fish Physiology (eds W.S.
Hoar & D.J. Randall), pp. 1-98. Academic Press, New York.

Garshelis, D.L. (2000) Delusions in habitat evaluation: measuring use, selection, and importance. Research
techniques in animal ecology: controversies and consequences. Columbia University Press, New
York, New York, USA, 111-164.

Gebre, S., Alfredsen, K., Lia, L., Stickler, M. & Tesaker, E. (2013) Ice Effects on Hydropower Systems - A
review. Journal of Cold Regions Engineering, 27, 196-222.

Gebre, S., Timalsina, N. & Alfredsen, K. (2014) Some Aspects of Ice-Hydropower Interaction in a Changing
Climate. Energies, 7, 1641-1655.

Gebre, S.B., Boissy, T. & Alfredsen, K. (2014) Sensitivity to climate change of the thermal structure and ice
cover regime of three hydropower reservoirs. Journal of Hydrology, 510, 208-227.

George, S.D., Baldigo, B.P., Smith, A.J. & Robinson, G.R. (2015) Effects of extreme floods on trout
populations and fish communities in a Catskill Mountain river. Freshwater Biology, 60, 2511-2522.

Geris, J., Tetzlaff, D., Seibert, J., Vis, M. & Soulsby, C. (2015) CONCEPTUAL MODELLING TO ASSESS
HYDROLOGICAL IMPACTS AND EVALUATE ENVIRONMENTAL FLOW SCENARIOS IN MONTANE RIVER
SYSTEMS REGULATED FOR HYDROPOWER. River Research and Applications, 31, 1066-1081.

Gerken, A.R,, Eller, O.C., Hahn, D.A. & Morgan, T.J. (2015) Constraints, independence, and evolution of
thermal plasticity: Probing genetic architecture of long- and short-term thermal acclimation.
Proceedings of the National Academy of Sciences of the United States of America, 112, 4399-4404.

Ghobrial, T., Loewen, M. & Hicks, F.E. (2013a) Characterizing suspended frazil ice in rivers using upward
looking sonars. Cold Regions Engineering, 86, 113-126.

Ghobrial, T., Loewen, M. & Hicks, F.E. (2013b) Continuous monitoring of river surface ice during freeze-up
using upward looking sonar. Cold Regions Engineering, 86, 69-85.

Gibbins, C., Shellberg, J., Moir, H.J. & Soulsby, C. (2008) Hydrological influences on adult salmonid
migration, spawning and embryo survival. Salmon psawning Habitat in rivers: Physical controls,
biological responses and approaches (eds D. Sear & P. DeVries), pp. 195-224. American Fisheries
Society, Bethesda, Maryland.

Gibbins, C.N., Moir, H.J., Webb, J.H. & Soulsby, C. (2002) Assessing discharge use by spawning Atlantic
salmon: A comparison of discharge electivity indices and PHABSIM simulations. River Research and
Applications, 18, 383-395.

67



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Gibson, R.J. & Myers, R.A. (1988) INFLUENCE OF SEASONAL RIVER DISCHARGE ON SURVIVAL OF JUVENILE
ATLANTIC SALMON, SALMO-SALAR. Canadian Journal of Fisheries and Aquatic Sciences, 45, 344-
348.

Gippel, C.J. & Stewardson, M.J. (1998) Use of wetted perimeter in defining minimum environmental flows.
Regulated Rivers-Research & Management, 14, 53-67.

Gopal, B. (2013) Methodologies for the Assessment of Environmental Flows, Chapter 6 in in: Gopal, B.,
Environmental Flows. 81-112.National Institute of Ecology New Delhi.

Gotceitas, V. & Godin, J.G.J. (1991) FORAGING UNDER THE RISK OF PREDATION IN JUVENILE ATLANTIC
SALMON (SALMO-SALAR L) - EFFECTS OF SOCIAL-STATUS AND HUNGER. Behavioral Ecology and
Sociobiology, 29, 255-261.

Graham, C.T. & Harrod, C. (2009) Implications of climate change for the fishes of the British Isles. Journal of
Fish Biology, 74, 1143-1205.

Greig, S.M., Sear, D.A. & Carling, P.A. (2007) A review of factors influencing the availability of dissolved
oxygen to incubating salmonid embryos. Hydrological Processes, 21, 323-334.

Griffiths, S.W., Armstrong, J.D. & Metcalfe, N.B. (2003) The cost of aggregation: juvenile salmon avoid
sharing winter refuges with siblings. Behavioral Ecology, 14, 602-606.

Grimm, V. & Railsback, S.F. (2013) Princeton Series in Theoretical and Computational Biology : Individual-
based Modeling and Ecology. Princeton University Press, Princeton, NJ, USA.

Grossman, G.D. (2014) Not all drift feeders are trout: a short review of fitness-based habitat selection
models for fishes. Environmental Biology of Fishes, 97, 465-473.

Guse, B., Kail, J., Radinger, J., Schréder, M., Kiesel, J., Hering, D., Wolter, C. & Fohrer, N. (2015) Eco-
hydrologic model cascades: Simulating land use and climate change impacts on hydrology,
hydraulics and habitats for fish and macroinvertebrates. Science of the Total Environment, 533,
542-556.

Haapala, A., Muotka, T. & Markkola, A. (2001) Breakdown and macroinvertebrate and fungal colonization
of alder, birch, and willow leaves in a boreal forest stream. Journal of the North American
Benthological Society, 20, 395-407.

Halleraker, J.H., Saltveit, S.J., Harby, A., Arnekleiv, J.V., Fjeldstad, H.P. & Kohler, B. (2003) Factors
influencing stranding of wild juvenile brown trout (Salmo trutta) during rapid and frequent flow
decreases in an artificial stream. River Research and Applications, 19, 589-603.

Halleraker, J.H., Sundt, H., Alfredsen, K.T. & Dangelmaier, G. (2007) Application of multiscale environmental
flow methodologies as tools for optimized management of a Norwegian regulated national salmon
watercourse. River Research and Applications, 23, 493-510.

Hamududu, B. & Killingtveit, A. (2012) Assessing Climate Change Impacts on Global Hydropower. Energies,
5, 305.

Hanley, N., Barbier, E.B. & Barbier, E. (2009) Pricing nature: cost-benefit analysis and environmental policy.
Edward Elgar Publishing.

Hartman, K.J. & Porto, M.A. (2014) Thermal Performance of Three Rainbow Trout Strains at Above-Optimal
Temperatures. Transactions of the American Fisheries Society, 143, 1445-1454,

Harvey, B.C., White, J.L., Nakamoto, R.J. & Railsback, S.F. (2014) Effects of Streamflow Diversion on a Fish
Population: Combining Empirical Data and Individual-Based Models in a Site-Specific Evaluation.
North American Journal of Fisheries Management, 34, 247-257.

Hedger, R.D., Naesje, T.F., Fiske, P., Ugedal, O., Finstad, A.G. & Thorstad, E.B. (2013a) Ice-dependent winter
survival of juvenile Atlantic salmon. Ecology and Evolution, 3, 523-535.

Hedger, R.D., Sundt-Hansen, L.E., Forseth, T., Ugedal, O., Diserud, O.H., Kvambekk, A.S. & Finstad, A.G.
(2013b) Predicting climate change effects on subarctic-Arctic populations of Atlantic salmon (Salmo
salar). Canadian Journal of Fisheries and Aquatic Sciences, 70, 159-168.

Heggberget, T.G. & Wallace, J.C. (1984) INCUBATION OF THE EGGS OF ATLANTIC SALMON, SALMO-SALAR,
AT LOW-TEMPERATURES. Canadian Journal of Fisheries and Aquatic Sciences, 41, 389-391.

68



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Heggenes, J. (1988) EFFECTS OF SHORT-TERM FLOW FLUCTUATIONS ON DISPLACEMENT OF, AND HABITAT
USE BY, BROWN TROUT IN A SMALL STREAM. Transactions of the American Fisheries Society, 117,
336-344.

Heggenes, J. (2002) Flexible summer habitat selection by wild, allopatric brown trout in lotic environments.
Transactions of the American Fisheries Society, 131, 287-298.

Heggenes, J., Bagliniere, J.L. & Cunjak, R.A. (1999) Spatial niche variability for young Atlantic salmon (Salmo
salar) and brown trout (S-trutta) in heterogeneous streams. Ecology of Freshwater Fish, 8, 1-21.

Heggenes, J. & Borgstrom, R. (1988) EFFECT OF MINK, MUSTELA-VISON SCHREBER, PREDATION ON
COHORTS OF JUVENILE ATLANTIC SALMON, SALMO-SALAR L, AND BROWN TROUT, SALMO-TRUTTA
L, IN 3 SMALL STREAMS. Journal of Fish Biology, 33, 885-894.

Heggenes, J., Bremset, G. & Brabrand, A. (2013) Visiting the hyporheic zone: young Atlantic salmon move
through the substratum. Freshwater Biology, 58, 1720-1728.

Heggenes, J., Krog, 0.M.W.,, Lindas, O.R., Dokk, J.G. & Bremnes, T. (1993) HOMEOSTATIC BEHAVIORAL-
RESPONSES IN A CHANGING ENVIRONMENT - BROWN TROUT (SALMO-TRUTTA) BECOME
NOCTURNAL DURING WINTER. Journal of Animal Ecology, 62, 295-308.

Heggenes, J. & Traaen, T. (1988) DOWNSTREAM MIGRATION AND CRITICAL WATER VELOCITIES IN STREAM
CHANNELS FOR FRY OF 4 SALMONID SPECIES. Journal of Fish Biology, 32, 717-727.

Heino, J., Erkinaro, J., Huusko, A. & Luoto, M. (2016) Climate change effects on freshwater fishes,
conservation and management. Conservation of Freshater Fishes (eds G.P. Closs, M. Krkosek & J.D.
Olden), pp. 76-106. Cambridge University Press, UK, Cambridge.

Helland, I.P., Finstad, A.G., Forseth, T., Hesthagen, T. & Ugedal, O. (2011) Ice-cover effects on competitive
interactions between two fish species. Journal of Animal Ecology, 80, 539-547.

Hieber, M., Robinson, C.T. & Uehlinger, U. (2003) Seasonal and diel patterns of invertebrate drift in
different alpine stream types. Freshwater Biology, 48, 1078-1092.

Hildebrand, S.G. (1974) RELATION OF DRIFT TO BENTHOS DENSITY AND FOOD LEVEL IN AN ARTIFICIAL
STREAM. Limnology and Oceanography, 19, 951-957.

Hill, J. & Grossman, G.D. (1993) AN ENERGETIC MODEL OF MICROHABITAT USE FOR RAINBOW-TROUT AND
ROSYSIDE DACE. Ecology, 74, 685-698.

Hoffsten, P.O. (2003) Effects of an extraordinarily harsh winter on macroinvertebrates and fish in boreal
streams. Archiv Fur Hydrobiologie, 157, 505-523.

Hugin (2014) Manual. Hugin Release 8.0, March 2014. Hugin Expert A/S.

Hunter, M.A. (1992) Hydropower flow fluctuations and salmonids: a review of the biological effects,
mechanical causes, , and options for mitigation. Washington Department of Fisheries Technical
Report 119, pp. 46. Washington Department of Fisheries, Olympia, WA.

Huntingford, F.A., Aird, D., Joiner, P., Thorpe, K.E., Braithwaite, V.A. & Armstrong, J.D. (1999) How juvenile
Atlantic salmon, Salmo salar L., respond to falling water levels: experiments in an artificial stream.
Fisheries Management and Ecology, 6, 357-364.

Huusko, A., Greenberg, L., Stickler, M., Linnansaari, T., Nykanen, M., Vehanen, T., Koljonen, S., Louhi, P. &
Alfredsen, K. (2007) Life in the ice lane: The winter ecology of stream salmonids. River Research and
Applications, 23, 469-491.

Huusko, A., Maki-Petays, A., Stickler, M. & Mykra, H. (2011) Fish can shrink under harsh living conditions.
Functional Ecology, 25, 628-633.

Huusko, A., Vehanen, T. & Stickler, M. (2013) Salmonid habitats in riverine winter conditions with ice.
Ecohydraulics: An Integrated Approcah (eds |I. Maddock, A. Harby, J.L. Kemp & J. Wood), pp. 177-
192. John Wiley & Sons, Ltd.

Hvidsten, N.A. (1993) High winter discharge after regulation increases production of Atlantic salmon (Salmo
salar) smolts in the River Orkla, Norway. Canadian Special Publication of Fisheries and Aquatic
Sciences, 175-177.

Hvidsten, N.A., Diserud, O., Jensen, A,, Jensas, J.G., Johnsen, B.0O. & Ugedal, O. (2015a) Water discharge
affects Atlantic salmon Salmo salar smolt production: a 27 year study in the River Orkla, Norway.
Journal of Fish Biology, 86, 92-104.

69



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Hvidsten, N.A,, Diserud, O.H., Jensen, A.J., Jensas, J.G., Johnsen, B.O. & Ugedal, O. (2015b) Water discharge
affects Atlantic salmon Salmo salar smolt production: a 27 year study in the River Orkla, Norway.
Journal of Fish Biology, 86, 92-104.

IPCC (2014) Climate Change 2013: The Physical Science Basis. IPCC Working Group | Contribution to AR5.
pp. 1552. IPCC Working Group |, Technical Support Unit, Falkenplatz 16, 3012 Bern.

Jager, H.l., Cardwell, H.E., Sale, M.J., Bevelhimer, M.S., Coutant, C.C. & Van Winkle, W. (1997) Modelling the
linkages between flow management and salmon recruitment in rivers. Ecological modelling, 103,
171-191.

Jager, H.l. & Smith, B.T. (2008) Sustainable reservoir operation: can we generate hydropower and preserve
ecosystem values? River Research and Applications, 24, 340-352.

Jasek, M., Shen, H., Pan, J. & Paslawski, K. (2015) Anchor Ice Waves and their Impact on Winter Ice Cover
Stability. 18th Workshop on the Hydraulics of Ice Covered Rivers. CGU HS Committee on River Ice
Processes and the Environment, Quebec City, Canada.

Jensen, A.J., Forseth, T. & Johnsen, B.O. (2000) Latitudinal variation in growth of young brown trout Salmo
trutta. Journal of Animal Ecology, 69, 1010-1020.

Jensen, A.J. & Johnsen, B.O. (1999) The functional relationship between peak spring floods and survival and
growth of juvenile Atlantic Salmon (Salmo salar) and Brown Trout (Salmo trutta). Functional
Ecology, 13, 778-785.

Jensen, M. & Lowney, C. (2004) Temperature Modeling with HEC - RAS. Critical Transitions in Water and
Environmental Resources Management, 1-10.

Johansen, M., Thorstad, E.B., Rikardsen, A.H., Koksvik, J.I., Ugedal, O., Jensen, A.J., Saksgard, L. & Naesje,
T.F. (2010) Prey availability and juvenile Atlantic salmon feeding during winter in a regulated
subarctic river subject to loss of ice cover. Hydrobiologia, 644, 217-229.

Johnsen, B.O., Arnekleiv, J.V., Asplin, L., Barlaup, B.T., Naesje, T.F., Rossenland, B.O., Saltveit, S.J. & Tvede, A.
(2010) Hydropower Development- Ecological Eeffects. . Atlantic Salmon Ecology (eds @. Aas, S.
Einum, A. Klemetsen & J. Skurdal), pp. 351-385. Blackwell Publishing Ltd., London.

Johnsen, B.O., Arnekleiv, J.V., Asplin, L., Barlaup, B.T., Naesje, T.F., Rossenland, B.O., Saltveit, S.J. & Tvede, A.
(2011) Hydropower Development- Ecological Eeffects. Atlantic Salmon Ecology (eds @. Aas, S.
Einum, A. Klemetsen & J. Skurdal).

Jonsson, B., Forseth, T., Jensen, A.J. & Naesje, T.F. (2001) Thermal performance of juvenile Atlantic Salmon,
Salmo salar L. Functional Ecology, 15, 701-711.

Jonsson, B. & Jonsson, N. (2009) A review of the likely effects of climate change on anadromous Atlantic
salmon Salmo salar and brown trout Salmo trutta, with particular reference to water temperature
and flow. Journal of Fish Biology, 75, 2381-2447.

Jonsson, N., Jonsson, B. & Hansen, L.P. (1998) Long-term study of the ecology of wild Atlantic salmon
smolts in a small Norwegian river. Journal of Fish Biology, 52, 638-650.

Junk, W. J., Bayley, P.B. & Sparks, R.L. (1989) The fllod pulse concept in river-floodplain systems. Canadian
Special Publications in Fisheries and Aquatic Sciences 106, pp. 110-127.

Jurvelius, J. & Marjomaki, T.J. (2008) Night, day, sunrise, sunset: do fish under snow and ice recognize the
difference? Freshwater Biology, 53, 2287-2294.

Karjalainen, T.P., Marttunen, M., Sarkki, S. & Rytkonen, A.M. (2013) Integrating ecosystem services into
environmental impact assessment: An analytic-deliberative approach. Environmental Impact
Assessment Review, 40, 54-64.

Katapodis, C. & Ghamry, H. (2005) Ice-covered hydrodynamic simulation: model calibration and
comparisons for three reaches of the Athabasca River, Alberta, Canada. 13th Workshop on the
Hydraulics of Ice Covered Rivers. CRIPE, Hanover, NH.

Kemp, P.S., Gilvear, D.J. & Armstrong, J.D. (2006) Variation in performance reveals discharge-related energy
costs for foraging Atlantic salmon (Salmo salar) parr. Ecology of Freshwater Fish, 15, 565-571.

King, J.M., Tharme, R.E., De Villiers, M. & Malan, C. (2000) Environmental flow assessments for rivers:
manual for the Building Block Methodology. Water Research Commission Pretoria.

70



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

King, T. (2010) Thermal implications of hydropeaking activity in regulated arctic rivers. MSc, University of
New Hampshire.

Klemetsen, A., Amundsen, P.A., Dempson, J.B., Jonsson, B., Jonsson, N., O'Connell, M.F. & Mortensen, E.
(2003) Atlantic salmon Salmo salar L., brown trout Salmo trutta L. and Arctic charr Salvelinus
alpinus (L.): a review of aspects of their life histories. Ecology of Freshwater Fish, 12, 1-59.

Knack, I. & Shen, H. (2012) River Ice Modeling for Fish Habitat Analysis. 21st International Symposium on Ice
(eds H. Li & P. Lu), pp. 202-211. Dalian University of Technology Press, Dalian, China.

Koljonen, S., Huusko, A., Maki-Petays, A., Mykra, H. & Muotka, T. (2012) Body mass and growth of
overwintering brown trout in relation to stream habitat complexity. River Research and
Applications, 28, 62-70.

Konecki, J.T., Woody, C.A. & Quinn, T.P. (1995) CRITICAL THERMAL MAXIMA OF COHO SALMON
(ONCORHYNCHUS-KISUTCH) FRY UNDER FIELD AND LABORATORY ACCLIMATION REGIMES.
Canadian Journal of Zoology-Revue Canadienne De Zoologie, 73, 993-996.

Kotchen, M.J., Moore, M.R., Lupi, F. & Rutherford, E.S. (2006) Environmental Constraints on Hydropower:
An Ex Post Benefit-Cost Analysis of Dam Relicensing in Michigan. Land Economics, 82, 384-403.

Lagarrigue, T., Cereghino, R., Lim, P., Reyes-Marchant, P., Chappaz, R., Lavandier, P. & Belaud, A. (2002) Diel
and seasonal variations in brown trout (Salmo trutta) feeding patterns and relationship with
invertebrate drift under natural and hydropeaking conditions in a mountain stream. Aquatic Living
Resources, 15, 129-137.

Lal, A. & Shen, H. (1991) Mathematical model for river ice processes. Journal of Hydraulic Engineering, 117,
851-867.

Larsson, S. & Berglund, I. (2006) Thermal performance of juvenile Atlantic salmon (Salmo salar L.) of Baltic
Sea origin. Journal of Thermal Biology, 31, 243-246.

Larsson, S., Forseth, T., Berglund, I., Jensen, A.J., Naslund, I., Elliott, J.M. & Jonsson, B. (2005) Thermal
adaptation of Arctic charr: experimental studies of growth in eleven charr populations from
Sweden, Norway and Britain. Freshwater Biology, 50, 353-368.

Legleiter, C., Overstreet, B., Glennie, C., Pan, Z., Fernandez-Diaz, J. & Singhania, A. (2015) Evaluating the
capabilities of the CASI hyperspectral imaging system and Aquarius bathymetric LiDAR for
measuring channel morphology in two distinct river environments. EARTH SURFACE PROCESSES
AND LANDFORMS.

Leopold, I.B. & Wolman, M.G. (1957) River channel patterns: Braided, Menadering and Straight. Geologic
and Physiogeographic Studies of Rivers, U.S. Geological Survey Professional Paper 282-B, pp.
Unpaginated. United States Government Printing Office, Washington DC.

Letcher, B.H., Dubreuil, T., O'Donnell, M.J., Obedzinski, M., Griswold, K. & Nislow, K.H. (2004) Long-term
consequences of variation in timing and manner of fry introduction on juvenile Atlantic salmon
(Salmo salar) growth, survival, and life-history expression. Canadian Journal of Fisheries and
Aquatic Sciences, 61, 2288-2301.

Leung, E.S., Rosenfeld, J.S. & Bernhardt, J.R. (2009) Habitat effects on invertebrate drift in a small trout
stream: implications for prey availability to drift-feeding fish. Hydrobiologia, 623, 113-125.

Lien, L. (1978) The Energy Budget of the Brown Trout Population of @vre Heimdalsvatn. Holarctic Ecology,
1, 279-300.

Lind, L. & Nilsson, C. (2015) Vegetation patterns in small boreal streams relate to ice and winter floods.
Journal of Ecology, 103, 431 - 440.

Lindenschmidt, K.-E. & Chun, K.P. (2014) Geospatial modelling to determine the behaviour of ice cover
formation during freeze-up of the Dauphin River in Manitoba. Hydrology Research, 45, 645-659.

Lindenschmidt, K.-E., Sydor, M. & Carson, R. (2012) Modelling ice cover formation of a lake—river system
with exceptionally high flows (Lake St. Martin and Dauphin River, Manitoba). Cold Regions Science
and Technology, 82, 36-48.

Linkov, 1., Satterstrom, F.K., Kiker, G., Batchelor, C., Bridges, T. & Ferguson, E. (2006) From comparative risk
assessment to multi-criteria decision analysis and adaptive management: Recent developments
and applications. Environment International, 32, 1072-1093.

71



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Linnansaari, T., Alfredsen, K., Stickler, M., Arnekleiv, J.V., Harby, A. & Cunjak, R.A. (2009) Does ice matter?
site fidelity and movements by Atlantic salmon (Salmo salar I.) parr during winter in a substrate
enhanced river reach. River Research and Applications, 25, 773-787.

Linnansaari, T. & Cunjak, R.A. (2013) Effects of ice on behaviour of juvenile Atlantic salmon (Salmo salar).
Canadian Journal of Fisheries and Aquatic Sciences, 70, 1488-1497.

Linnansaari, T., Cunjak, R.A. & Newbury, R. (2008) Winter behaviour of juvenile Atlantic salmon Salmo salar
L. in experimental stream channels: effect of substratum size and full ice cover on spatial
distribution and activity pattern. Journal of Fish Biology, 72, 2518-2533.

Liu, L., Li, H. & Shen, H. (2006) A two-dimensional comprehensive river ice model. 18th internaional
symposium on ice, pp. 69-76. Vancouver, Canada.

Liu, Y., Gupta, H., Springer, E. & Wagener, T. (2008) Linking science with environmental decision making:
Experiences from an integrated modeling approach to supporting sustainable water resources
management. Environmental Modelling & Software, 23, 846-858.

Lobon-Cervia, J. (2014) Recruitment and survival rate variability in fish populations: density-dependent
regulation or further evidence of environmental determinants? Canadian Journal of Fisheries and
Aquatic Sciences, 71, 290-300.

Lobon-Cervia, J. & Mortensen, E. (2005) Population size in stream-living juveniles of lake-migratory brown
trout Salmo trutta L.: the importance of stream discharge and temperature. Ecology of Freshwater
Fish, 14, 394-401.

Loinaz, M., Davidsen, H., Butts, M. & Bauer-Gottwein, P. (2013) Integrated flow and temperature modeling
at the catchment scale. Journal of Hydrology, 495, 238-251.

Lokna, A. (2006) The Bjoreio brook inlet — physical model studies for ice run and hydraulic capacity. MSc
thesis, Norwegian University of Science and Technology.

Louhi, P., Maki-Petays, A. & Erkinaro, J. (2008) Spawning habitat of atlantic salmon and brown trout:
General criteria and intragravel factors. River Research and Applications, 24, 330-339.

Louhi, P., Robertsen, G., Fleming, l.LA. & Einum, S. (2015) Can timing of spawning explain the increase in egg
size with female size in salmonid fish? Ecology of Freshwater Fish, 24, 23-31.

Magnuson, J.J., Crowder, L.B. & Medvick, P.A. (1979) TEMPERATURE AS AN ECOLOGICAL RESOURCE.
American Zoologist, 19, 331-343.

Maki-Petays, A., Erkinaro, J., Niemela, E., Huusko, A. & Muotka, T. (2004) Spatial distribution of juvenile
Atlantic salmon (Salmo salar) in a subarctic river: size-specific changes in a strongly seasonal
environment. Canadian Journal of Fisheries and Aquatic Sciences, 61, 2329-2338.

Malcolm, I.A., Gibbins, C.N., Soulsby, C., Tetzlaff, D. & Moir, H.J. (2012) The influence of hydrology and
hydraulics on salmonids between spawning and emergence: implications for the management of
flows in regulated rivers. Fisheries Management and Ecology, 19, 464-474.

Mandelburger, G., Hauer, C., Wiesner, M. & Pfeifer, N. (2015) Topo-Bathymetric LiDAR for Monitoring River
Morphodynamics and Instream Habitats—A Case Study at the Pielach River. Remote Sensing, 2015,
5.

Martin, D.M., Labadie, J.W. & Poff, N.L. (2015) Incorporating social preferences into the ecological limits
of hydrologic alteration (ELOHA): a case study in the Yampa-White River basin, Colorado.
Freshwater Biology, 60, 1890-1900.

Martin, M.D., Brown, R.S., Barton, D.R. & Power, G. (2001) Abundance of stream invertebrates in winter:
Seasonal changes and effects of river ice. Canadian Field-Naturalist, 115, 68-74.

Matthaei, C.D., Werthmuller, D. & Frutiger, A. (1998) An update on the quantification of stream drift. Archiv
Fur Hydrobiologie, 143, 1-19.

McClain, M.E. & Anderson, E.P. (2015) The Gap Between Best Practice and Actual Practice in the Allocation
of Environmental Flows in Integrated Water Resources Management. Sustainability of Integrated
Water Resources Management, pp. 103-120. Springer.

McCormick, S.D., Hansen, L.P., Quinn, T.P. & Saunders, R.L. (1998) Movement, migration, and smolting of
Atlantic salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences, 55, 77-92.

72



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Metcalfe, N.B., Fraser, N.H.C. & Burns, M.D. (1998) State-dependent shifts between nocturnal and diurnal
activity in salmon. Proceedings of the Royal Society B-Biological Sciences, 265, 1503-1507.

Metcalfe, N.B., Fraser, N.H.C. & Burns, M.D. (1999) Food availability and the nocturnal vs. diurnal foraging
trade-off in juvenile salmon. Journal of Animal Ecology, 68, 371-381.

Miller, S.W. & Judson, S. (2014) Responses of macroinvertebrate drift, benthic assemblages, and trout
foraging to hydropeaking. Canadian Journal of Fisheries and Aquatic Sciences, 71, 675-687.

Milner, N.J., Elliott, J.M., Armstrong, J.D., Gardiner, R., Welton, J.S. & Ladle, M. (2003) The natural control of
salmon and trout populations in streams. Fisheries Research, 62, 111-125.

Milner, N.J., Solomon, D.J. & Smith, G.W. (2012) The role of river flow in the migration of adult Atlantic
salmon, Salmo salar, through estuaries and rivers. Fisheries Management and Ecology, 19, 537-547.

Mitro, M.G. & Zale, A.V. (2002) Seasonal survival, movement, and habitat use of age-0 rainbow trout in the
Henrys Fork of the Snake River, Idaho. Transactions of the American Fisheries Society, 131, 271-286.

Montgomery, D.R. & Buffington, J.M. (1997) Channel-reach morphology in mountain drainage basins.
Geological Society of America Bulletin, 109, 596-611.

Moore, A., Bendall, B., Barry, J., Waring, C., Crooks, N. & Crooks, L. (2012) River temperature and adult
anadromous Atlantic salmon, Salmo salar, and brown trout, Salmo trutta. Fisheries Management
and Ecology, 19, 518-526.

Morin, A., Rodriguez, M.A. & Nadon, D. (1995) TEMPORAL AND ENVIRONMENTAL VARIATION IN THE
BIOMASS SPECTRUM OF BENTHIC INVERTEBRATES IN STREAMS - AN APPLICATION OF THIN-PLATE
SPLINES AND RELATIVE WARP ANALYSIS. Canadian Journal of Fisheries and Aquatic Sciences, 52,
1881-1892.

Mouton, A.M., Schneider, M., Depestele, J., Goethals, P.L.M. & De Pauw, N. (2007) Fish habitat modelling
as a tool for river management. Ecological Engineering, 29, 305-315.

Myllyviita, T., Hujala, T., Kangas, A. & Leskinen, P. (2011) Decision Support in Assessing the Sustainable Use
of Forests and Other Natural Resources- A Comparative Review. Open Forest Science Journal, 4, 24-
41.

Naesje, T.F., Thorstad, E.B., Forseth, T., Aursand, M., Saksgard, R. & Finstad, A.G. (2006) Lipid class content
as an indicator of critical periods for survival in juvenile Atlantic salmon (Salmo salar). Ecology of
Freshwater Fish, 15, 572-577.

Neale, M.W., Dunbar, M.J., Jones, J.I. & Ibbotson, A.T. (2008) A comparison of the relative contributions of
temporal and spatial variation in the density of drifting invertebrates in a Dorset (UK) chalk stream.
Freshwater Biology, 53, 1513-1523.

Needham, P.R. & Jones, A.C. (1959) Flow, Temperature, Solar Radiation, and Ice in Relation to Activities of
Fishes in Sagehen Creek, California. Ecology, 40, 465-474.

Neitzel, D.A. & Becker, C.D. (1985) TOLERANCE OF EGGS, EMBRYOS, AND ALEVINS OF CHINOOK SALMON
TO TEMPERATURE-CHANGES AND REDUCED HUMIDITY IN DEWATERED REDDS. Transactions of the
American Fisheries Society, 114, 267-273.

Nicola, G.G. & Almodovar, A. (2004) Growth pattern of stream-dwelling brown trout under contrasting
thermal conditions. Transactions of the American Fisheries Society, 133, 66-78.

Nislow, K.H. & Armstrong, J.D. (2012) Towards a life-history-based management framework for the effects
of flow on juvenile salmonids in streams and rivers. Fisheries Management and Ecology, 19, 451-
463.

Niu, S. & Insley, M. (2013) On the economics of ramping rate restrictions at hydro power plants: Balancing
profitability and environmental costs. Energy Economics, 39, 39-52.

Oberrisser, P. & Waringer, J. (2011) Larval salamanders and diel drift patterns of aquatic invertebrates in an
Austrian stream. Freshwater Biology, 56, 1147-1159.

Oikonomou, V., Dimitrakopoulos, P.G. & Troumbis, A.Y. (2011) Incorporating ecosystem function concept in
environmental planning and decision making by means of multi-criteria evaluation: the case-study
of Kalloni, Lesbos, Greece. Environmental Management, 47, 77-92.

73



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Olden, J. & Naiman, R. (2010a) Incorporating thermal regimes into environmental flows assessments:
modifying dam operations to restore freshwater ecosystem integrity. Freshwater Biology, 55, 86-
107.

Olden, J. & Poff, N. (2003) REDUNDANCY AND THE CHOICE OF HYDROLOGIC INDICES FORCHARACTERIZING
STREAMFLOW REGIMES. River Research and Applications, 19, 101-121.

Olden, J.D. & Naiman, R.J. (2010b) Incorporating thermal regimes into environmental flows assessments:
modifying dam operations to restore freshwater ecosystem integrity. Freshwater Biology, 55, 86-
107.

Parasiewicz, P. (2007) The MesoHABSIM model revisited. River Research and Applications, 23, 893-903.

Pavlov, D.S., Mikheev, V.N., Lupandin, A.l. & Skorobogatov, M.A. (2008) Ecological and behavioural
influences on juvenile fish migrations in regulated rivers: a review of experimental and field studies.
Hydrobiologia, 609, 125-138.

Person, E., Bieri, M., Peter, A. & Schleiss, A.J. (2014) Mitigation measures for fish habitat improvement in
Alpine rivers affected by hydropower operations. Ecohydrology, 7, 580-599.

Peters, D., Monk, W. & Baird, D. (2013) Cold-regions Hydrological Indicators of Change (CHIC) for Ecological
Flow Needs Assessment. Hydrological Sciences Journal.

Peters, D. & Prowse, T. (2001) Regulation effects on the lower Peace River, Canada. Hydrological Processes,
15, 3181-3194.

Piccolo, J.J., Frank, B.M. & Hayes, J.W. (2014) Food and space revisited: The role of drift-feeding theory in
predicting the distribution, growth, and abundance of stream salmonids. Environmental Biology of
Fishes, 97, 475-488.

Poff, N. & Zimmerman, J. (2010) Ecological responses to altered flow regimes: a literature review to inform
the science and management of environmental flows. Freshwater Biology, 55, 194-205.

Poff, N.L., Olden, J.D., Pepin, D.M. & Bledsoe, B.P. (2006) Placing global stream flow variability in
geographic and geomorphic contexts. River Research and Applications, 22, 149-166.

Pollino, C. & Henderson, C. (2010) Bayesian networks: A guide for their application in natural resource
management and policy. Landscape Logic, Technical Report, 14.

Portner, H.O. (2006) Climate-dependent evolution of Antarctic ectotherms: An integrative analysis. Deep-
Sea Research Part li-Topical Studies in Oceanography, 53, 1071-1104.

Portner, H.O. (2010) Oxygen- and capacity-limitation of thermal tolerance: a matrix for integrating climate-
related stressor effects in marine ecosystems. Journal of Experimental Biology, 213, 881-893.

Portz, D.E., Woodley, C.M. & Cech, J.J. (2006) Stress-associated impacts of short-term holding on fishes.
Reviews in Fish Biology and Fisheries, 16, 125-170.

Power, G., Brown, R.S. & Imhof, J.G. (1999) Groundwater and fish - insights from northern North America.
Hydrological Processes, 13, 401-422.

Proctor, W. & Drechsler, M. (2006) Deliberative multicriteria evaluation. Environment and Planning C:
Government and Policy, 24, 169-190.

Prowse, T., Alfredsen, K., Beltaos, S., Bonsal, B.R., Bowden, W.B., Duguay, C.R., Korhola, A., McNamara, J.,
Vincent, W.F., Vuglinsky, V., Anthony, KM.W. & Weyhenmeyer, G.A. (2011) Effects of Changes in
Arctic Lake and River Ice. Ambio, 40, 63-74.

Prowse, T., Shrestha, R., Bonsal, B. & Dibike, Y. (2010) Changing spring air-temperature gradients along
large northern rivers: Implications for severity of river-ice floods. Geophysical Research Letters, 37,
6.

Prowse, T.D. (1994) ENVIRONMENTAL SIGNIFICANCE OF ICE TO STREAMFLOW IN COLD REGIONS.
Freshwater Biology, 32, 241-259.

Prowse, T.D. (2001a) River-ice ecology. |: Hydrologic, geomorphic, and water-quality aspects. Journal of
Cold Regions Engineering, 15, 1-16.

Prowse, T.D. (2001b) River-ice ecology. Il: Biological aspects. Journal of Cold Regions Engineering, 15, 17-33.

Prowse, T.D. & Culp, J.M. (2003) Ice breakup: a neglected factor in river ecology. Canadian Journal of Civil
Engineering, 30, 128-144.

74



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Prowse, T.D. & Ommanney, C.S.L. (1990) Northern hydrology: Canadian perspectives. NHRI Sience Report.
National Hydrology Research Intitute, Saskatoon.

Quinn, T.P., Hodgson, S. & Peven, C. (1997) Temperature, flow, and the migration of adult sockeye salmon
(Oncorhynchus nerka) in the Columbia River. Canadian Journal of Fisheries and Aquatic Sciences,
54, 1349-1360.

Raddum, G.G. & Fjellheim, A. (1993) LIFE-CYCLE AND PRODUCTION OF BAETIS-RHODANI IN A REGULATED
RIVER IN WESTERN NORWAY - COMPARISON - OF PRE-REGULATION AND POST-REGULATION
CONDITIONS. Regulated Rivers-Research & Management, 8, 49-61.

Railsback, S.F., Gard, M., Harvey, B.C., White, J.L. & Zimmerman, J.K.H. (2013) Contrast of Degraded and
Restored Stream Habitat Using an Individual-Based Salmon Model. North American Journal of
Fisheries Management, 33, 384-399.

Railsback, S.F., Stauffer, H.B. & Harvey, B.C. (2003) What can habitat preference models tell us? Tests using
a virtual trout population. Ecological Applications, 13, 1580-1594.

Raleigh, R., Zuckerman, L. & Nelson, P. (1986) Habitat suitability index models and instream flow suitability
curves: Brown Trout [revised]. U.S. Fish and Wildlife Service Biological Report, pp. 65. U.S. Fish and
Wildlife Service, Washington D.C.

Reid, D., Armstrong, J.D. & Metcalfe, N.B. (2011) Estimated standard metabolic rate interacts with territory
quality and density to determine the growth rates of juvenile Atlantic salmon. Functional Ecology,
25, 1360-1367.

Reinhardt, U.G. & Healey, M.C. (1999) Season- and size-dependent risk taking in juvenile coho salmon:
experimental evaluation of asset protection. Animal Behaviour, 57, 923-933.

Renofalt, B.M., Jansson, R. & Nilsson, C. (2010) Effects of hydropower generation and opportunities for
environmental flow management in Swedish riverine ecosystems. Freshwater Biology, 55, 49-67.

Renofilt, B., Jansson, R. & Nilsson, C. (2010) Effects of hydropower generation and opportunities for
environmental flow management in Swedish riverine ecosystems. Freshwater Biology, 55, 49-67.

Richter, B., Baumgartner, J., Powell, J. & Braun, D. (1996) A Method for Assessing Hydrologic Alteration
within Ecosystems. Conservation Biology, 10, 1163-1174.

Riedl, C. & Peter, A. (2013) Timing of brown trout spawning in Alpine rivers with special consideration of
egg burial depth. Ecology of Freshwater Fish, 22, 384-397.

Rimmer, D.M., Paim, U. & Saunders, L. (1984) Changes in the selection of microhabitat by juvenile Atlantic
salmon (Salmo salar) at the summer-autumn transition in a small river. Canadian Journal of
Fisheries and Aquatic Sciences, 41, 469-475.

Robards, M.D. & Quinn, T.P. (2002) The migratory timing of adult summer-run steelhead in the Columbia
River over six decades of environmental change. Transactions of the American Fisheries Society,
131, 523-536.

Robertsen, G., Skoglund, H. & Einum, S. (2013) Offspring size effects vary over fine spatio-temporal scales in
Atlantic salmon (Salmo salar). Canadian Journal of Fisheries and Aquatic Sciences, 70, 5-12.

Rolls, R.J., Leigh, C. & Sheldon, F. (2012) Mechanistic effects of low-flow hydrology on riverine ecosystems:
ecological principles and consequences of alteration. Freshwater Science, 31, 1163-1186.

Sabaton, C., Souchon, Y., Capra, H., Gouraud, V., Lascaux, J.M. & Tissot, L. (2008) Long-term brown trout
populations responses to flow manipulation. River Research and Applications, 24, 476-505.
Saltveit, S.J. & Brabrand, A. (2013) Incubation, hatching and survival of eggs of Atlantic salmon (Salmo salar)

in spawning redds influenced by groundwater. Limnologica, 43, 325-331.

Saltveit, S.J., Halleraker, J.H., Arnekleiv, J.V. & Harby, A. (2001) Field experiments on stranding in juvenile
Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) during rapid flow decreases caused
byhydropeaking. Regulated Rivers-Research & Management, 17, 609-622.

Saraniemi, M., Huusko, A. & Tahkola, H. (2008) Spawning migration and habitat use of adfluvial brown
trout, Salmo trutta, in a strongly seasonal boreal river. Boreal Environment Research, 13, 121-132.

Sato, T. (2006) Dramatic decline in population abundance of Salvelinus leucomaenis after a severe flood
and debris flow in a high gradient stream. Journal of Fish Biology, 69, 1849-1854.

75



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Schumm, S.A. (1985) PATTERNS OF ALLUVIAL RIVERS. Annual Review of Earth and Planetary Sciences, 13, 5-
27.

Scrimgeour, G.J., Prowse, T.D., Culp, J.M. & Chambers, P.A. (1994) ECOLOGICAL EFFECTS OF RIVER ICE
BREAK-UP - A REVIEW AND PERSPECTIVE. Freshwater Biology, 32, 261-275.

Sear, D.A. & DeVries, P. (2008) Salmonid Spawning Habitat in Rivers: Physical Controls, Biological
Responses, and Approaches to Remediation. American Fisheries Society, Bethesda, MA.

Sertic Peric, M. & Robinson, C.T. (2015) Spatio-temporal shifts of macroinvertebrate drift and benthos in
headwaters of a retreating glacier. Hydrobiologia, 751, 25-41.

She, Y. & Hicks, F.E. (2006) Modeling ice jam release waves with consideration for ice effects. Cold Regions
Science and Technology, 45, 137-147.

She, Y., Hicks, F.E. & Andrishak, R. (2012) The role of hydro-peaking in freeze-up consolidation events on
regulated rivers. Cold Regions Science and Technology, 73, 41-49.

Shen, H. (2010) Mathematical modeling of river ice processes. Cold Regions Science and Technology, 9, 3-
13.

Shen, H., Wang, D. & Lal, A. (1995) Numerical simulation of river ice processes. Journal of Cold Regions
Engineering, 9, 107-118.

Sherman, B. (2000) Scoping options for mitigating cold water discharges from dams. CSIRO Land and Water
Canberra.

Shuter, B.J., Finstad, A.G., Helland, I.P., Zweimuller, I. & Holker, F. (2012) The role of winter phenology in
shaping the ecology of freshwater fish and their sensitivities to climate change. Aquatic Sciences,
74, 637-657.

Simpkins, D.G., Hubert, W.A. & Wesche, T.A. (2000) Effects of fall-to-winter changes in habitat and frazil ice
on the movements and habitat use of juvenile rainbow trout in a Wyoming tailwater. Transactions
of the American Fisheries Society, 129, 101-118.

Skoglund, H., Einum, S., Forseth, T. & Barlaup, B.T. (2011) Phenotypic plasticity in physiological status at
emergence from nests as a response to temperature in Atlantic salmon (Salmo salar). Canadian
Journal of Fisheries and Aquatic Sciences, 68, 1470-1479.

Skoglund, H., Einum, S., Forseth, T. & Barlaup, B.T. (2012) The penalty for arriving late in emerging salmonid
juveniles: differences between species correspond to their interspecific competitive ability.
Functional Ecology, 26, 104-111.

Smith, C. & Reay, P. (1991) Cannibalism in teleost fish. Reviews in Fish Biology and Fisheries, 1, 41-64.

Stevens, B.S. & DuPont, J.M. (2011) Summer Use of Side-Channel Thermal Refugia by Salmonids in the
North Fork Coeur d'Alene River, Idaho. North American Journal of Fisheries Management, 31, 683-
692.

Stickler, M., Alfredsen, K., Linnansaari, T. & Fjeldstad, H.-P. (2010a) The influence of dynamic ice formation
on hydraulic heterogeneity in steep streams. River Research and Applications, 26, 1187-1197.

Stickler, M., Alfredsen, K., Scruton, D.A., Pennell, C., Harby, A. & Okland, F. (2007) Mid-winter activity and
movement of Atlantic salmon parr during ice formation events in a Norwegian regulated river.
Hydrobiologia, 582, 81-89.

Stickler, M. & Alfredsen, K.T. (2009) Anchor ice formation in streams: a field study. Hydrological Processes,
23, 2307-2315.

Stickler, M., Alfredsen, K.T., Linnansaari, T. & Fjeldstad, H.-P. (2010b) THE INFLUENCE OF DYNAMIC ICE
FORMATION ON HYDRAULIC HETEROGENEITY IN STEEP STREAMS. River Research and Applications,
26, 1187-1197.

Stickler, M., Enders, E.C., Pennell, C.J., Cote, D., Alfredsen, K. & Scruton, D.A. (2008a) Stream gradient-
related movement and growth of Atlantic salmon parr during winter. Transactions of the American
Fisheries Society, 137, 371-385.

Stickler, M., Enders, E.C., Pennell, C.J., Cote, D., Alfredsen, K.T. & Scruton, D.A. (2008b) Habitat use of
Atlantic salmon Salmo salar parr in a dynamic winter environment: the influence of anchor-ice
dams. Journal of Fish Biology, 73, 926-944.

76



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Stradmeyer, L., Hojesjo, J., Griffiths, S.W., Gilvear, D.J. & Armstrong, J.D. (2008) Competition between
brown trout and Atlantic salmon parr over pool refuges during rapid dewatering. Journal of Fish
Biology, 72, 848-860.

Strand, J.E.T., Aarseth, J.J., Hanebrekke, T.L. & Jorgensen, E.H. (2008) Keeping track of time under ice and
snow in a sub-arctic lake: plasma melatonin rhythms in Arctic charr overwintering under natural
conditions. Journal of Pineal Research, 44, 227-233.

Strgmslid, T., Andersen, T., Asvall, R.P., Stickler, M., Dahlen, J. & Kristiansen, S. (2012) Sluttrapport B0952(S)
FOU isproblem i vassdra. Statkraft, Oslo.

Suren, A.M. & Jowett, I.G. (2006) Effects of floods versus low flows on invertebrates in a New Zealand
gravel-bed river. Freshwater Biology, 51, 2207-2227.

Sgrensen, J., Halleraker, J.H., Bjgrnhaug, M., Langaker, R.M., Selboe, O.K., Brodtkorb, E., Haug, |. &
Fjellanger, J. (2013) Vannkraftkonsesjoner som kan revideres innen 2022. Nasjonal gjennomgang og
forslag til prioritering.Rapport nr. 49/2013.

Tack, E. (1938) Trout mortality from the formation of suspended ice crystals. Fischerei-Zeitung, 41, 42.

Tesaker, E. (1994) Ice formation in steep rivers. International Proceedings 12th Internatinal IAHR Ice
Symposium, Trondheim, Norway, 630-638.

Tetzlaff, D., Gibbins, C., Bacon, P.J., Youngson, A.F. & Soulsby, C. (2008) Influence of hydrological regimes
on the pre-spawning entry of Atlantic salmon (Salmo salar L.) into an upland river. River Research
and Applications, 24, 528-542.

Tetzlaff, D., Soulsby, C., Youngson, A.F., Gibbins, C., Bacon, P.J., Malcolm, I.A. & Langan, S. (2005) Variability
in stream discharge and temperature: a preliminary assessment of the implications for juvenile and
spawning Atlantic salmon. Hydrology and Earth System Sciences, 9, 193-208.

Tharme, R.E. (2003) A global perspective on environmental flow assessment: emerging trends in the
development and application of environmental flow methodologies for rivers. River Research and
Applications, 19, 397-441.

Theriault, |., Saucet, J. & Taha, W. (2010) Validation of the Mike-lce model simulating river flows in
presence of ice and forecast of changes to the ice regime of the Romaine river due to hydroelectric
project. 20th IAHR International Symposium on Ice.

Theriault, |. & Taha, W. (2013) Level Increase due to the Presence of a Hanging Dam during Early Spring
Floods. 17th Workshop on the Hydraulics of Ice Covered Rivers. CGU HS Committee on River Ice
Processes and the Environment, Edmonton, Canada.

Thorstad, E.B., Okland, F., Aarestrup, K. & Heggberget, T.G. (2008) Factors affecting the within-river
spawning migration of Atlantic salmon, with emphasis on human impacts. Reviews in Fish Biology
and Fisheries, 18, 345-371.

Timalsina, N.P., Alfredsen, K.T. & Killingtveit, A. (2015) Impact of climate change on the river ice regime
Canadian Journal of Civil Engineering, 42, 634-644.

Timalsina, N.P., Becers, F. & Alfredsen, K. (2016) Modelling winter operational strategies of a hydropower
system. Cold Regions Science and Technology, 122, 1-9.

Timalsina, N.P., Charmasson, J. & Alfredsen, K. (2013) Simulation of the ice regime in a Norwegian
regulated river. Cold Regions Science and Technology, 94, 61-73.

Toffolm, M. & Piccolroaz, S. (2015) A hybrid model for river water temperature as a function of air
temperature and discharge. Environmental Research Letters, 10.

Toffolon, M. & Piccolroaz, S. (2015) A hybrid model for river water temperature as a function of air
temperature and discharge. Environmental Research Letters, 10, 1-10.

Turcotte, B. & Morse, B. (2013) A global river ice classification model. Journal of Hydrology, 507, 134-148.

Turcotte, B., Morse, B. & Anctil, F. (2014) The hydro-cryologic continuum of a steep watershed at freezeup.
Journal of Hydrology, 508, 397-409.

Ugedal, O., Naesje, T.F., Thorstad, E.B., Forseth, T., Saksgard, L.M. & Heggberget, T.G. (2008a) Twenty years
of hydropower regulation in the River Alta: long-term changes in abundance of juvenile and adult
Atlantic salmon. Hydrobiologia, 609, 9-23.

77



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Ugedal, O., Naesje, T.F., Thorstad, E.B., Forseth, T., Saksgard, L.M. & Heggberget, T.G. (2008b) Twenty years
of hydropower regulation in the River Alta: long-term changes in abundance of juvenile and adult
Atlantic salmon. Hydrobiologia, 609, 9-23.

Valdimarsson, S.K. & Metcalfe, N.B. (1998) Shelter selection in juvenile Atlantic salmon or why do salmon
seek shelter in winter? Journal of Fish Biology, 52, 42-49.

Valdimarsson, S.K. & Metcalfe, N.B. (1999) Effect of time of day, time of year, and life history strategy on
time budgeting in juvenile Atlantic salmon, Salmo salar. Canadian Journal of Fisheries and Aquatic
Sciences, 56, 2397-2403.

Valdimarsson, S.K. & Metcalfe, N.B. (2001) Is the level of aggression and dispersion in territorial fish
dependent on light intensity? Animal Behaviour, 61, 1143-1149.

Valdimarsson, S.K., Metcalfe, N.B. & Skulason, S. (2000) Experimental demonstration of differences in
sheltering behaviour between Icelandic populations of Atlantic salmon (Salmo salar) and Arctic char
(Salvelinus alpinus). Canadian Journal of Fisheries and Aquatic Sciences, 57, 719-724.

van Vliet, M.T.H., Ludwig, F. & Kabat, P. (2013) Global streamflow and thermal habitats of freshwater fishes
under climate change. Climatic Change, 121, 739-754.

Vannote, R.L., Minshall, G.W., Cummins, K.W., Sedell, J.R. & Cushing, C.E. (1980) RIVER CONTINUUM
CONCEPT. Canadian Journal of Fisheries and Aquatic Sciences, 37, 130-137.

Vanzo, D., Siviglia, A., Carolli, M. & Zolezzi, G. (2015) Characterization of sub-daily therm al regime in alpine
rivers:quantification of alterations induced by hydropeaking. Hydrological Processes.

Vaskinn, K. (2013) Surveying flood and ice damages on small hydropower plants (In Norwegian). .
Gardermoen.

Velasquez, M. & Hester, P.T. (2013) An analysis of multi-criteria decision making methods. International
Journal of Operations Research, 10, 56-66.

Vik, J.0., Borgstrom, R. & Skaala, 0. (2001) Cannibalism governing mortality of juvenile brown trout, Salmo
trutta, in a regulated stream. Regulated Rivers-Research & Management, 17, 583-594.

Vincenzi, S., Crivelli, A.J., Jesensek, D. & De Leo, G.A. (2012) Translocation of stream-dwelling salmonids in
headwaters: insights from a 15-year reintroduction experience. Reviews in Fish Biology and
Fisheries, 22, 437-455.

Wallace, J.C. & Heggberget, T.G. (1988) INCUBATION OF EGGS OF ATLANTIC SALMON (SALMO-SALAR)
FROM DIFFERENT NORWEGIAN STREAMS AT TEMPERATURES BELOW 1-DEGREES-C. Canadian
Journal of Fisheries and Aquatic Sciences, 45, 193-196.

Walters, C. (1986) Adaptive management of renewable resources.

Waringer, J.A. (1992) THE DRIFTING OF INVERTEBRATES AND PARTICULATE ORGANIC-MATTER IN AN
AUSTRIAN MOUNTAIN BROOK. Freshwater Biology, 27, 367-378.

Warren, M., Dunbar, M.J. & Smith, C. (2015) River flow as a determinant of salmonid distribution and
abundance: a review. Environmental Biology of Fishes, 98, 1695-1717.

Watz, J., Bergman, E., Calles, O., Enefalk, A., Gustafsson, S., Hagelin, A., Nilsson, P.A., Norrgard, J.R., Nyqvist,
D., Osterling, E.M., Piccolo, J.J., Schneider, L.D., Greenberg, L. & Jonsson, B. (2015) Ice cover alters
the behavior and stress level of brown trout Salmo trutta. Behavioral Ecology, 26, 820-827.

Watz, J., Piccolo, J., Bergman, E. & Greenberg, L. (2014) Day and night drift-feeding by juvenile salmonids at
low water temperatures. Environmental Biology of Fishes, 97, 505-513.

Watz, J. & Piccolo, J.J. (2011) The role of temperature in the prey capture probability of drift-feeding
juvenile brown trout (Salmo trutta). Ecology of Freshwater Fish, 20, 393-399.

Weber, C., Nilsson, C., Lind, L., Alfredsen, K.T. & Polvi, L.E. (2013) Winter Disturbances and Riverine Fish in
Temperate and Cold Regions. Bioscience, 63, 199-210.

Weber, C., Scheuber, H., Nilsson, C. & Alfredsen, K. (2016) Detection and apparent survival of PIT-tagged
stream fish in winter. Ecology and Evolution.

Wigle, T., Parmley, I., Mark, H., Doyle, P., Raban, R., Fonseca, F. & Robert, S. (1990) Optimum operation of
hydro-electric plants during the ice regime of rivers, a Canadian experience. National Research
Council of Canada, Associate Committee on Hydrology, Subcommittee on Hydraulics of Ice Covered
Rivers.

78



Heggenes, Alfredsen, Adeva Bustos and Huusko: Be cool

Wollebaek, J., Thue, R. & Heggenes, J. (2008) Redd site microhabitat utilization and quantitative models for
wild large brown trout in three contrasting boreal rivers. North American Journal of Fisheries
Management, 28, 1249-1258.

Wolter, C. & Sukhodolov, A. (2008) Random displacement versus habitat choice of fish larvae in rivers. River
Research and Applications, 24, 661-672.

Young, P.S., Cech, J.J. & Thompson, L.C. (2011) Hydropower-related pulsed-flow impacts on stream fishes: a
brief review, conceptual model, knowledge gaps, and research needs. Reviews in Fish Biology and
Fisheries, 21, 713-731.

Youngson, A.F., Malcolm, I.A., Thorley, J.L., Bacon, P.J. & Soulsby, C. (2004) Long-residence groundwater
effects on incubating salmonid eggs: low hyporheic oxygen impairs embryo development. Canadian
Journal of Fisheries and Aquatic Sciences, 61, 2278-2287.

Zolezzi, G., Siviglia, A., Toffolon, M. & Maiolini, B. (2011) Thermopeaking in Alpine streams: event
characterization and time scales. Ecohydrology, 4, 564-576.

79



	HSN_skrift_versjon_1.pdf
	1. Introduction
	2. Natural stream environments in winter
	1.
	2.
	2.1. Low temperatures and reduced flows
	2.2. River ice
	2.3. Stream morphology, ice types, and ice processes
	2.4. Ice breakup

	3. Hydropower regulation impacts in winter
	3.
	3.1. Altered water temperature
	3.2. Altered ice conditions and ice break ups
	3.3. Altered high and variable flows

	4. Salmon and trout responses to winter
	4.
	4.1. Low temperature physiology: thermal adaptations, tolerance and performance
	4.2. Winter behavior and habitat

	5. Salmon and trout responses to winter hydropower impacts
	5.
	5.1. Responses to ice
	5.2. Water flows
	5.3. Low flows, natural and regulated
	5.4. High winter flows
	5.5. Fish migrations and spawning
	5.6. Egg incubation and embryonic development
	5.7. Emergence and early mortality

	6. Integrating hydro-physical and biological knowledge
	6.
	6.1. Modelling hydro-physical and biological winter conditions in regulated streams
	6.2. Hydropower operational decisions: Integrating hydro-ecology with socio-economy
	6.3. Mitigating issues

	7. Conclusions and future research
	8. References




