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Abstract 

In the seasonal climates of northern Europe and North America, water temperature variations are 

ecologically challenging for aquatic organisms in natural streams. In winter, low water temperature 

and ice conditions becall biological responses by aquatic species, whereas in summer water 

temperatures rise and may, in particular during daytime low flows, approach lethal levels. In 

ectothermic animals, like the cold-water fish Atlantic salmon and brown trout, and the benthic fauna, 

biochemical reactions and behaviors depend on water temperature. As many northern rivers are 

impacted by hydropower regulation, natural water temperature regimes are potentially altered.  

Typically, low head (run-of-the-river) regulation has limited impacts on water temperatures, but 

depending on the, usually limited, water storage capacity. In contrast, high head hydropower 

regulation systems have considerable water storage capacity in reservoirs. This alters downstream 

water temperatures, typically with an increase in winter (tapped from warm bottom water (below 

thermocline) in reservoir), and a decrease in summer (bottom water being colder than natural 

surface water). Thus, the naturally stable, ice-covered mid-winter periods may be replaced by 

repeated unstable transition periods and changing (or no) ice and flood conditions, whereas in 

summer, (downstream) water temperatures may be lowered when the hydropower plant is in 

operation. Conversely, by-pass reaches and reaches with reduced residual or environmental 

minimum flows during water storage, are more prone to fluctuate with environmental temperatures. 

In summer, this may lead to higher day-night and seasonal water temperatures and amplitudes, and 

lower and more frequent sub-zero temperatures in winter. However, the effects of alternative 

regulation regimes and reservoir intakes/outlets on downstream ambient temperatures are not well 

publicized. Hydro-peaked systems may aggravate high-low temperature effects, depending on flow 

regime (ramping rate and amplitude, frequency of flow fluctuations, prior flow conditions, timing of 

pulse).  

Atlantic salmon and brown trout feeding and growth performance in summer (and transient periods) 

depend primarily on water temperatures (above ≈ 3-4°C, optimum ≈ 13-16°C). At high temperatures, 

and approaching tolerance limits (≈ 22-24°C), trout and salmon reduce and cease feeding, and may 

move into cooler water in the substrate or groundwater inflow. Larger fish may move more and 

aggregate in restricted suitable deep-slow or cool refuge habitats, both in summer and winter. In 

winter, feeding and growth in typically absent, and energy storage is the basic fish low temperature 

survival strategy. Additional strategies may be risk reduction effected by behavioral changes, and 
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reduced metabolism, tolerance and starvation effected by quiescence. Amount of energy stored may 

depend on local conditions, but otherwise there is hitherto little indication of adaptation to local 

thermal climates. However, phenotypic plasticity is important and substantial. The main behavioral 

strategy at low water temperatures (less than 6-8°C) is risk-reducing daytime sheltering in the 

substrate and primarily nocturnal activity. In winter, mechanical ice breakups may still reduce 

survival. Moreover, sudden drops in water flow due to hydropeaking may 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 nighttime activity areas occur both at low and high 

temperatures. Water temperature and/or flow may control more local spawning/smolt migrations, 

particularly in smaller streams. Fish egg development is also closely linked to water temperature. 

Emerging alevins and young fry are sensitive and vulnerable, often incurring high mortalities. Survival 

may depend on a delicate balance between temperature, suitable low flows and available drifting 

food during and after the ‘swim-up’ stage.  

Benthic macroinvertebrates display various strategies for dealing with high summer temperatures 

and low winter temperatures coupled with ice formation. Growth temperatures tend to be species 

specific, and as a group benthic macroinvertebrates exhibit growth across a wide temperature range. 

Some species are adapted to high summer temperatures, while others undergo quiescence or 

diapause, most commonly in the egg stage, in order to avoid such unfavorable periods. Likewise, 

other species avoid unfavorable periods during winter by quiescence or diapause. Another strategy, 

which can be coupled with diapause/quiescence, is to move down into the substrate, even into the 

hyporheic, especially in groundwater-fed areas. A further strategy is to undertake seasonal 

movements, either into tributaries or into deeper ice-free river waters. However, certain species, 

notably Diptera, but also other orders, have been shown to tolerate freezing – a stay-put strategy. 

Modified water temperatures may have major effects on life cycles, and even lead to extinction of 

specialist species, as many facets of growth and emergence are affected by or cued by temperature. 

Benthic species that have a rigid synchronous one year or univoltine life cycles are most at risk, while 

species with flexible and asynchronous life cycles will be favored. A reduction in the temperature 

range between winter and summer will lead to a reduction in species richness, again favoring the 

widespread, ubiquitous species. Nevertheless, most benthic organisms have high fecundity which 

may be  offset high mortality during the different life cycle stages.  
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Knowledge about thermal changes caused by hydropower regulation, and associated biological 

impacts on aquatic species, is a prerequisite for sustainable management of regulated rivers. In 

ongoing revisions of environmental guidelines and terms for hydropower regulated river systems, 

thermal changes and impacts have gained central focus. Thermal considerations will continue to be 

a key for setting future environmental flows and mitigation strategies. However, quantitative and 

observational knowledge is rather limited, whereas theoretical assumptions and modelling are more 

developed. Therefore, in situ target-oriented investigations in combination with more general 

research programs on water temperature changes, is essential, both from an operators (reduce costs  

and production losses) and managers perspective (fact-based knowledge and environmental 

guidelines). Based on this review, we recommend some main topics for further knowledge 

development: i) general quantitative knowledge on thermal changes due to hydropower regulation; 

ii) longitudinal water temperature changes from power outlet and in minimum flow reaches; iii) 

biological effects of reduced winter snow and ice cover, and increased frazil ice production, iv) 

invertebrate production in winter-warm rivers, and v) thermal adaptations to changed thermal 

regimes. With respect to mitigating measures, more knowledge is needed on i) effects of 

restored/increased minimum flows on invertebrate and fish composition, survival and production, ii) 

effects of changed/restored thermal regime, e. g. by installing multiple intakes in reservoirs, iii) 

empirical studies to test and validate the predictions of the at present quite well -developed hydro-

hydraulic models.  Because of the substantial background variation in river systems, long-term studies 

are of particular importance. 
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1. INTRODUCTION 

 

“Among gill-respiring vertebrates there is no escape from environmental 

temperature” (Brett 1956).  

 

Climate determines water temperatures in streams. The 21st century predicted anthropogenic 

winter climate change in northern Europe and North America is warmer, wetter and stormier 

weather, with more frequent extreme events, e.g. flooding and rain-on-snow events, and less 

snow (IPCC 2014; Shanley et al. 2015). Thermal regimes in many seasonal streams and lakes in 

Northern Europe and Northern America are also impacted by hydropower regulation in ways 

that may resemble projected climate changes (Prowse et al. 2011; van Vliet, Ludwig & Kabat 

2013; Gebre, Timalsina & Alfredsen 2014), e.g. if changed, regulated water courses tend to be 

warmer (Webb & Walling 1996; Moore 2006; Webb et al. 2008b). With an installed capacity of 

100 GW or more in the northern countries (Prowse et al. 2011; Anonymous 2016), hydropower 

development is extensive, and temperatures in most running waters are modified by 

hydropower regulation. For example, in Norway with 97% hydropower of total energy 

production, two-thirds of all watersheds are regulated, presumably with modified temperature 

regimes, and they contribute about 50% of total reservoir capacity in Europe. A main effect in 

freshwater thermal regimes due to hydro-regulation is changed timing and magnitude (e.g. 

Webb & Walling 1997; Asvall 2005; Kvambekk 2012; Gillespie et al. 2015). Indeed, although 

effects are likely to be complex and site-specific (Poff & Zimmerman 2010; Gillespie et al. 2015), 

decrease in inter-annual and intra-annual variability is typical for most elements of the 

regulated flow regime (Renofalt, Jansson & Nilsson 2010; Geris et al. 2015). It depends on 

amount and thermal inertia of stored water, development of thermal stratification, release 

depths, release flows relative to residual flows, groundwater, and catchment characteristics 

(e.g. Moore 2006; Webb et al. 2008b). Bypass reaches may be different, often with increased 

temperature amplitudes, but depending on environmental flows. The biological implications of 

such thermal changes are important, and organisms may suffer or benefit from temperature 

regimes modified by hydropower (Poole & Berman 2001; Poff & Zimmerman 2010).  
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In ectothermic freshwater animals, natural seasonal water temperatures may be the most 

pervasive environmental factor determining their lives. The rates of biochemical reactions, 

ontological development and behavioral responses, depend on water temperature, e.g. for 

widely distributed and culturally important cold-water fish like Atlantic salmon (Salmo salar) 

and brown trout (Salmo trutta) (Angilletta, Niewiarowski & Navas 2002; Elliott & Elliott 2010; 

Dell, Pawar & Savage 2011). Also, in most aquatic macroinvertebrates egg development and 

growth are temperature related and their rates increase with increasing temperature until sub-

optimal temperatures are reached (Ward & Stanford 1982; Sweeney 1984; Brittain 1990).  

However, a few cold adapted macroinvertebrate species display temperature independent 

growth (Brittain 1983; Brittain, Lillehammer & Saltveit 1986). High summer or low winter 

temperatures generate thermal stress and challenge physiological tolerances, and may reach 

lethal levels particularly in summer. Lower summer temperatures that lead to reduced growth, 

although not lethal, can lead to extinction on account of competitive disadvantage (Edington & 

Hildrew 1973). Thermal stress may be mitigated by basal thermo-tolerance, but also by more 

adaptive plastic responses like acclimation and behavioral adjustments. In seasonal climates, 

fitness may reflect the ability of ectothermic organisms like fish and warm-adapted 

macroinvertebrates, such as those with a long egg development period during winter and rapid 

growth during late spring and summer, to exploit the favorable summer season for 

temperature-dependent recruitment and growth. It may also reflect developmental, 

physiological and behavioral strategies to mitigate the effects of the unfavourable low 

temperature season (Bradshaw, Zani & Holzapfel 2004; Hedger et al. 2013d). In winter, water 

temperatures drop as low as freezing (≤0°C), incurring ice formation (Prowse 2001; Turcotte & 

Morse 2013), and additional stress in streams by direct hydro-physical changes. Ice phenomena 

have, however, been reviewed in a previous report (Heggenes et al. 2016). The present report 

focuses on water temperatures. 

 

Thus, in the typical seasonal climates of northern Europe and North America, the balance 

between length and intensity of the low and high temperature seasons is pervasively important 

in stream systems. The 21st century predicted shorter and more unstable winters and longer 

and warmer summers in streams (e.g. Graham & Harrod 2009; Jonsson & Jonsson 2009; Heino 

et al. 2016), will have cascading ecosystem-level effects, including shrinking alpine/arctic 

habitats and magnitude and timing of freshwater thermal regimes (Shanley et al. 2015). This 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  5 
 

scenario will likely have severe consequences for cold-water fish and benthic animals including 

Atlantic salmon and brown trout (Brown, Hannah & Milner 2007; Jonsson & Jonsson 2009; 

Crozier & Hutchings 2014). 

 

What is theory, what is researched, and what do we know that can be applied towards industrial 

solutions? Recent reviews of ecological responses have focused on the more obvious direct 

flow changes associated with regulated rivers (Poff & Zimmerman 2010; Olden et al. 2014; 

Gillespie et al. 2015) (but see Austin et al. 2015). Even so, analysis’ were restricted by both small 

number of data points and limited information. Furthermore, Gillespie et al. (2015) noted that 

temperature studies were few and ‘Further research should be directed towards assessment 

of the relative importance of different flow modification types in controlling downstream 

temperature,…’. Therefore, the objective of this paper is to focus on (1) how hydropower 

regulation may impact seasonal water temperatures, and thereby (2) different life stages of 

relevant freshwater organisms, and (3) their responses to tackle temperature changes with 

associated ecological consequences, and (4) potential good practices to mitigate effects of 

hydropower related temperature changes in regulated streams. We first briefly consider 

important natural water temperature processes and patterns in natural stream systems, as a 

background to understand how hydropower regulation may influence these processes and 

patterns. We then consider how fish and stream macroinvertebrates have been found to 

respond to such hydropower- generated changes in their stream environments, and how we 

can learn from these responses and use that knowledge as a basis for improved environmental 

friendly practices in regulated streams and rivers.        

 

 

2. WATER TEMPERATURE PROCESSES IN NATURAL 

STREAM SYSTEMS   

Freshwater organisms are adapted to their natural stream environments, and any responses to 

hydropower impacts will therefore, reflect their repertoire of natural responses to 

environmental dynamic changes. Because thermal regimes show strong seasonal variation in 

Northern Europe and Northern America, there are marked seasonal variation and patterns in 

the natural aquatic environment experienced by aquatic organisms. Some physical properties 
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of water, in particular density, also depend on temperature. These water density changes 

generate important seasonal patterns in particular in lakes (and reservoirs), referred to as 

thermal stratification. Such thermal stratification tend be relatively stable during summer and 

winter, but with marked changes during the transient periods with marked temperature 

changes in spring and autumn. In broad terms, lakes (and reservoirs) constitute a large body of 

water with a high thermal capacity, lower surface to volume ratio and longer retention time 

compared to a stream (e.g. Petts 1986; Austin et al. 2015).  

2.1. Transient periods and seasonal lake thermal stratification 

Cooling changes the physical properties of water. Decreasing temperatures in fall make water 

denser, but with a maximum water density around 4°C. Thus, warming in early spring will also 

make water denser up to 4°C (Fig. 1). In northern lakes, this means a seasonal cyclical pattern 

of total water mixing (wind-sensitive overturns) during the transient spring and fall periods 

when all water reaches 4°C, and have the same density (Fig. 1). The summer thermal 

stratification arises as surface water warms up. It is therefore characterized by a colder and 

denser bottom hypolimnion at 4°C, a usually abrupt thermocline and a warmer and less dense 

top epilimnion (Fig.1). This warmer epilimnion layer will increase in depth through the spring 

and into early summer (Fig. 1) (e.g. Maberly 1996). With decreasing surface temperatures in 

the fall, colder and therefore denser water sinks, eventually causing a fall turnover. The lake 

then enters the winter thermal stratification, with an about 4°C bottom winter stagnation 

hypolimnion, with a typically thin top layer of colder water under the stabilizing surface ice that 

prevents disturbing wind action. There are associated changes in water chemistry (e.g. Maberly 

1996), notably turnovers transport oxygen to the bottom layers and nutrients the opposite way, 

affecting e.g. carbon and pH. The specific development of such thermal stratification in lakes 

and reservoirs depends on lake and reservoir characteristics (e.g. depth, surface/volume ratio, 

wind exposition, inflow/outflow/retention time).     
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Although lakes and reservoirs may have similarities with respect to limnological processes, 

there are some notable difference (Petts 1986; Poole & Berman 2001; Austin et al. 2015): 

 Reservoirs are constructed to maximize water storage and minimize land area 

impounded, and thus may have smaller surface area/volume ratios, i.e. less influenced 

by wind and surface heat transfer, 

 Reservoir water surfaces are variable, i.e. more vertical heat mixing and advective heat 

transfer, 

 Release of reservoir water can be at any depth, but typically deeper than natural lakes 

which is almost always from the surface, i.e. changes reservoir water movement and 

release temperatures, 

 Reservoir release thus influence downstream water flow and quality directly (see next 

chapters), 

  and indirectly, via influencing processes that control delivery, distribution and 

retention of heat and chemically, affecting for example ice formation (see next 

chapters). 

 

Such thermal stratification typically does not occur in running waters because of turbulence, 

except perhaps locally in stillwater side channels and deep pools. Moreover, natural streams 

flowing out of lakes are fed from the epilimnion. In regulated streams, however, this may be 

radically different (see ch. 4).  
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2.2. Winter cold and ice in streams 

During the cold season in winter, low temperatures per se may challenge organisms and infer 

thermal stress (Angilletta, Niewiarowski & Navas 2002; Elliott & Elliott 2010; Gerken et al. 

2015). However, what really will change the hydro-physical winter conditions in streams and 

rivers, are the presence and length of periods of freezing temperatures that immobilize water 

as ice. Whereas surface ice tend to stabilize conditions in lakes (e. g. Hutchinson & Löffler 1956; 

Hampton et al. 2017), ice phenomena in streams may precipitate hydro-physical habitat 

changes that challenge organisms (Prowse & Ommanney 1990; Prowse 2001; Huusko et al. 

2007; Huusko, Vehanen & Stickler 2013). Moreover, the complex production of a diversity of 

ice types may vary depending on very small changes in water temperatures, a hundredth 

degree in supercooled water (Fig. 2) (Stickler & Alfredsen 2009),  and also hydraulics in ice-free 

areas. These patterns may be modified considerably by hydropower regulation (Stickler & 

Alfredsen 2009; Gebre et al. 2013). Ice-cover types and processes  (see Turcotte & Morse 2013 

for details) also profoundly affect functional stream environments for organisms, detailed in a 

previous report (Heggenes et al. 2016).  

 

 

Figure 2. Ice formation in water occur when water temperature drops below 0 °C. Super cooled 

water occur within short time frames, and ice formation may happen almost instantly.   
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2.3. Summer warming and stream temperature gradients 

In lakes, after spring overturn with water temperatures around 4°C, the summer thermal 

stratification develops with increasing temperatures, with its colder and denser hypolimnion at 

4°C, a the thermocline, and a warmer and less dense epilimnion as the lake heats from the 

surface down. As spring and summer progress, the epilimnion stratum gains more depth, 

eventually reaching a maximum depth maintained for the remainder of the summer (Fig. 1).  

Turbulence mixes water in streams, which typically do not exhibit thermal stratification, but 

stream temperatures typically resembles that of the watershed’s heat radiation regime and 

subsoil environment, broadly determined by atmospheric conditions, topography, streambed, 

and stream discharge (Caissie 2006a). Fundamental temperature controls of non-advective 

heat input in streams are radiative fluxes, often the most important (maybe as much as ca. 

70%), but also water friction with the bed and the banks, and sensible heat transfer from the 

atmosphere. Main heat outputs are net radiation, evaporation, bed conduction, and sensible 

heat transfer to the atmosphere (Webb et al. 2008b). This may be modified by the 

environment, for example topographic shading or presence of forest canopy, or exchange of 

water with the hyporheic environment (Poole & Berman 2001; Caissie 2006a). Stream 

temperature ‘micro’gradients (cm to meters; Webb et al. 2008b) tend to be limited, and if 

found, related to strong solar heating and low flows, inflows from a range of sources with 

different thermal characteristics, notably meltwater, groundwater or tributaries, or lake 

outflows (e.g. Nuhfer, Zorn & Wills 2017). Thus streams often heat or cool primarily by radiation 

to or from the surface (e.g. Rishel, Lynch & Corbett 1982; Caissie 2006a). Thermal complexity 

and heterogeneity may be considerable, particularly in alpine streams (Ward 1994a; Brown, 

Hannah & Milner 2006; Cadbury et al. 2008). Environmental temperatures in conjunction with 

surface area relative to volume largely determine stream temperatures, with the smaller, 

wider, shallower streams responding more rapidly. Therefore, on a spatial scale, stream 

temperatures tend to increase with lower altitudes downstream, but modified by e.g. 

groundwater and tributary inflows (Fig. 3a). This is also reflected on a temporal scale, with diel, 

annual and inter-annual temperature variation more pronounced in smaller streams (Fig. 3a, 

3b). For example, temperatures may vary markedly between day and night, particularly in small, 

shallow, wide streams, as in a bypass or residual flow stream reach (Fig. 3b).   
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Fig. 3a. Schematic representation of mean daily and diel water temperature variability as a 

function of spatial scale, i.e. downstream direction, which also generally translates to stream 

order. Modified from (Caissie 2006a; Austin et al. 2015) 

 

Fig. 3b. Annual and day-night temperature variation in streams. Stream temperatures from June 

1998 to September 1999 in the regulated river Måna R, Norway. During a period in May 1999 

with residual flow only, daily temperature amplitudes increase dramatically.  
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3. HYDROPOWER REGULATION IMPACTS ON 

WATER TEMPERATURE IN STREAM SYSTEMS 

The natural seasonal stream temperatures are often modified considerably by hydropower 

regulation through changing the amount and/or timing of water delivered, particularly in 

reaches downstream of power-plant outlets (Fig. 4). Here we first consider two main types of 

hydropower regulation and their different effects on water temperatures before we review 

how they may change the natural seasonal temperatures patterns in stream systems. In winter 

in many such rivers, the naturally near 0°C water and stable mid-winter periods (surface ice 

cover) may be replaced by warmer water and repeated unstable transition periods (Fig. 4) 

(Stickler & Alfredsen 2009; Prowse et al. 2011; Gebre et al. 2013; Weber et al. 2013). In 

summer, warmer water heated by solar radiation may be replaced by cooler water drawn from 

deep reservoirs (Fig. 4). The extent of these changes will depend greatly on reservoir capacity 

relative to amount of water tapped for hydropower production (e.g. Webb & Walling 1997; 

Hamblin & McAdam 2003; Kvambekk 2012). 

 

 

 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  12 
 

 

 

Fig. 4. Top: Monthly mean water temperature in the River Lilla Lule älv before regulation, and 

after run-of-the-river regulation in River Stora Lule (Müller 1982). Middle: Daily water 

temperatures at Sautso, Alta River, before and after a moderate high-head river regulation 

(Thaulow et al. 2009). Bottom: Monthly average temperatures on the Lærdelselva River (at 

Tønjum) before and after construction of Borgund hydropower plant, which draws water from 

nine alpine reservoirs. 
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3.1. Different hydropower regulation systems with different 

temperature effects  

The regulation system and operational strategy are the main drivers behind effected 

temperature 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 (Fig. 

5 top, see also Fig. 4) and 2) the low head system or run-of-the-river plant (Fig. 5 bottom, see 

also Fig. 4). 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. The key to their different effects on water temperatures is water storage capacity 

and use. With large storage capacity in reservoirs, a high head system may lead to major 

changes in water temperatures, through typically drawing reservoir water from the 

hypolimnion water piped directly to the power plant (Fig. 5, 6, 8). This also means bypassing 

river reaches left with residual or environmental flows, and a seasonal flow redistribution, and 

thereby temperature, downstream of the power plant outlets. Typically, with no or very little 

storage capacity and only river reservoirs, low head regulation systems tend to have limited 

effects on stream water temperatures, but depending on dam/reservoir capacity  (Fig. 4, 5). 

Thus, changes to the seasonal thermal regime of rivers are common in all types of hydropower 

regulations with storage capacity, allowing redistribution of flow in receiving waters (Asvall 

2008; Olden & Naiman 2010a; Dickson, Carrivick & Brown 2012). In broad terms, this leads to  

reduced magnitude of downstream (1) diurnal and (2) seasonal temperature variation, and (3) 

winter warming and (4) summer cooling (Poole & Berman 2001; Poff & Zimmerman 2010; 

Austin et al. 2015). Winter warming and summer cooling in particular, may have important 

ecological effects. However, recent reviews emphasize that the number of studies that quantify 

the water temperature (and chemistry) effects of dam-induced change on downstream 

ecological responses, are limited (Haxton & Findlay 2008; Austin et al. 2015; Gillespie et al. 

2015). 

 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  14 
 

Figure 5.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 

 

3.2. Winter warming  

The reservoir temperature gradient ranges from either freezing at the surface in winter, or sun 

radiation heated water in summer, to around 4C year round in the deep layers below the 

thermocline (Fig. 1). Drawing water from an intake in the hypolimnion to the hydropower 

station will therefore in most cases in winter 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. 2007b; Ugedal et al. 2008a) (Fig. 4, 6). There is an additional physical load 

associated with the temperature increase. It alters downstream ice dynamics, i.e. reduced 

surface ice and potentially, increased dynamic ice formation (Asvall 2008). 

 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  15 
 

 

Figure 6. Typical winter water temperature changes effected by hydropower regulation in the 

River Vallaråi, Norway. Residual flow water with temperature about 0°C (lower blue line, 

upstream of power station outlet) is mixed with hydropower reservoir water with temperature 

about 3.2°C (top orange line) from the station outlet, resulting in a downstream temperature of 

about 2.5°C (middle grey line). The power stations ran continually during the study period. 

 

The bypass reaches with their reduced flow will, however, become more prone to 

environmental temperatures, and likely experience higher amplitudes during transient fall and 

spring periods, and more freezing in winter. Spilled water in bypass reaches might trigger ice 

runs, if the bypasses have an ice cover established during low flow conditions (Timalsina, Becers 

& Alfredsen 2016). 

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 (Fig. 4) (Asvall 2008; Ugedal et 

al. 2008a). Halleraker et al. (2007b) 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 (below), but 

the potential may be larger, depending on local/regional conditions (Kvambekk 2012).  

The potential replacement of the naturally stable mid-winter surface ice period with prolonged 

transition periods leads to frazil ice formation and correspondingly unstable or no surface ice 

cover (Ugedal et al. 2008a; Timalsina, Charmasson & Alfredsen 2013b; Timalsina, Alfredsen & 

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

00
.0

0

08
.0

0

16
.0

0

00
.0

0

08
.0

0

16
.0

0

00
.0

0

08
.0

0

16
.0

0

00
.0

0

08
.0

0

16
.0

0

00
.0

0

08
.0

0

16
.0

0

00
.0

0

08
.0

0

16
.0

0

00
.0

0

08
.0

0

16
.0

0

Te
m

p
er

at
u

re
Hourly water temperatures 1-7 January 2010

Temp U/S

Temp Station

Temp D/S



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  16 
 

Killingtveit 2015a). A prolonged ice formation period will lead to cumulatively increased frazil 

volume, which may lead to more anchor ice, which can raise water levels and in extreme cases 

cause local flooding (Stickler et al. 2010; Lind & Nilsson 2015) 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 (Gebre et al. 2013).  

 

 

Figure 7. Frazil and anchor ice forming an ice dam causing local flooding in a bypass reach in 

winter 2017 (From Hjartdøla R., Norway). 

 

 

3.3. Summer cooling 

In summer, the water downstream of the power station is cooled by the contributed hypolimnic 

water, but to varying degrees, depending on local radiation and residual relative to hydropower 

flow regimes, and obviously storage capacity (Rolls, Leigh & Sheldon 2012; Finch, Pine & 

Limburg 2015) (Fig. 4, 8). However, this also gives a potential for adaptive flow regimes, i.e. 

hydropower flow may be manoeuvered to obtain wanted downstream temperatures. Thermal 

and seasonal longitudinal effects may be complex (Tvede 1994; Webb & Walling 1997; Webb 

et al. 2008b) largely depending on the balance between residual and regulated flow, but are 

neither well publicized nor quantified for northern streams (Ellis & Jones 2013) (but see e.g. 
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(Tvede 1994; Kvambekk 2004) for tentative case studies). For different climatic conditions, i.e.  

temperate or warmer, and mainly based on larger systems, temperature changes have been 

shown to persist for many tens of km downstream, and even longer in larger systems (Webb & 

Walling 1988; Webb & Walling 1993 and references therein; Austin et al. 2015)). Such effects 

obviously depend on reservoir operation, but also local cooling or warming sources 

downstream of the hydropower outlet, e.g. ground water inflows, tributaries, instream river 

types, stream gradient, and may remain for 10-40 km or more, downstream (Webb & Walling 

1988; Halleraker et al. 2007b; Ellis & Jones 2013). The in situ factors controlling cooling resp. 

warming, and the distance needed to cool (in winter) or warm (in summer) water towards the 

natural water temperature are important to understand, considering the substantial impact 

zone and physical and ecological effects. Typically, for a glacierised river basin, Tvede (1994) 

reported a summer temperature increase in a bypass reach, presumably beneficial for 

biological production, and summer cooling (about 2°C) downstream of the power plant outlet.   

For rivers with fluctuating production flows, corresponding fluctuating downstream 

temperature waves (warm resp. cold thermopeaking) exceeding natural daily variation in 

temperature, may be expected (King 2010; Zolezzi et al. 2011), but this is also understudied 

(Fig. 8). 

 

 

Figure 8. Typical summer water temperature changes effected by hydropower regulation in the 

River Vallaråi, Norway. Residual flow water (top blue line, upstream of power station outlet) 

with temperatures around 20°C is mixed with hydropower reservoir water with temperature 
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about 13°C from the station outlet (lower orange line), resulting in a downstream reduction in 

temperature by about 5°C (middle grey line), but depending on how the power station is run.  

 

 

4. BIOLOGICAL IMPACTS AND RESPONSES TO 

WATER TEMPERATURE CHANGES DUE TO 

HYDROPOWER REGULATION  

Ectothermic native fish and macroinvertebrates are naturally adapted to, but also constrained 

in production and speed of selection (generation times) by the challenging low-temperature 

northern (winter) climates (e.g. Ward 1994b; Huryn & Wallace 2000; Elliott & Elliott 2010; Poff 

& Zimmerman 2010). Biochemical reactions and important physiological responses like 

metabolism, development and growth are affected by water temperature (Vannote & Sweeney 

1980; Elliott & Elliott 2010).  Here we consider life-stage dependent and population responses 

to seasonal temperature variation and to additional hydropower loads, and likely to expected 

climate change, which are part of their natural thermal strategies (Olsson 1981; Gehrken & 

Somme 1987; Lillehammer 1987; Lencioni 2004; Danks 2008; Bale & Hayward 2010; Shuter  et 

al. 2012; Crozier & Hutchings 2014). The thermal regime in streams may shape important 

ecological events in fundamental ways (Olden & Naiman 2010b):  

 Accumulation of daily maximum temperatures (above a critical threshold) may be a 

fundamental variable in shaping the distribution and condition of many aquatic species, 

 Ontogenetic development in freshwater insects and fish respond to the summation of 

temperature (day-degrees, i.e. the accumulation of daily temperatures above some 

threshold) as well as absolute temperatures, and  

 fish species and their ontogenetic stages/development have both chronic and acute 

temperature thresholds for survival, development, growth and reproduction,  

 Thermal cues stimulate fish migration, spawning and egg hatching.  

  

Thus, thermal biology in northern fish species like brown trout and Atlantic salmon influence 

their life histories from egg and alevin development, via feeding and growth, to spawning 

migrations, gamete development and spawning (Table 1) (e.g. Solomon & Lightfoot 2008). 
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Table 1. An overview of thermal biology in the life histories of wild brown trout and Atlantic salmon. (After Solomon & Lightfoot 2008; Elliott & 

Elliott 2010). 

 

LIFE STAGE TMEPERATUR

E EFFECT 

BROWN 

TROUT 

ATLANTIC 

SALMON 

NOTE  SELECTED REFERENCES 

EGG 

INCUBATION 

PERIOD 

Determined 

by day-

degrees (DD). 

At 5°C≈ 100 

days. 

At 2°C≈ 160 

days. 

At 5°C≈ 100 

days. 

At 2°C≈ 160 

days. 

Varies somewhat with 

ambient temperature. 

Days to median hatch = 

746/(Temp-0.5323)1.2233 

(Embody 1934; Jungwirth & Winkler 1984; 

Kane 1988). 

Formulae from (Jungwirth & Winkler 1984) 

EGG 

SURVIVAL 

Depends on 

temperature. 

0 - 13°C 

Optimum at 

8°C? 

0 - 16°C 

Optimum at 

6-8°C? 

Decrease markedly at 

higher temperatures. 

Suboptimal 

temperatures reduce 

alevin size, etc. 

Low interpopulation 

variability. 

Some genetical 

adaptation? 

(Gunnes 1979; Reiser & Wesche 1979; 

Jungwirth & Winkler 1984; Ojanguren, Reyes-

Gavilan & Munoz 1999; Ojanguren & Brana 

2003; Ornsrud, Gil & Waagbo 2004; Ornsrud 

et al. 2004; Takle, Baeverfjord & Andersen 

2004; Takle et al. 2006; Syrjanen et al. 2008) 
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ALEVIN 

DEVELOPME

NT, 

HATCHING TO 

FIRST 

FEEDING 

Influenced by 

temperature, 

similar to 

eggs. 

# of days = 

193T-0.83 

(r2=0.970). 

At 7.5°C≈ 100 

days. 

 

# of days = 

472T-1.27 

(r2=0.956). 

At 7.5°C≈ 100 

days. 

 (Kane 1988; Jensen, Johnsen & Saksgard 

1989; Ojanguren & Brana 2003) 

ALEVIN 

SURVIVAL 

Depends on 

temperature. 

 < 22°C Survive higher 

temperatures than eggs. 

Lower survival during 

low temperatures and 

high flows. 

(Jensen & Johnsen 1999; Ojanguren, Reyes-

Gavilan & Munoz 1999; Syrjanen et al. 2008) 

FRY TO 

ADULT 

FEEDING 

Temperature 

dependent 

activity. 

4 - 18°C 

 

4 - 22°C 

 

Depends on acclimation 

Indications of genetic 

adaptation. 

(Elliott, Hurley & Fryer 1995; Elliott & Hurley 

1997; Solomon & Lightfoot 2008) 

GROWTH Determined 

by 

temperature 

and food 

ration. 

GW = cWt
-b (T 

– Tlim)/(TM – 

T) 

GW = cWt
-b (T 

– Tlim)/(TM – 

T) 

Interpopulation 

variation.  

Genetic adaptation? 

(Jensen 1990; Forseth & Jonsson 1994; Elliott, 

Hurley & Fryer 1995; Elliott & Hurley 1997; 

Lobon-Cervia & Rincon 1998; Elliott & Elliott 

2010) 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  21 
 

MAXIMUM 

GROWTH 

 ≈ 13°C ≈ 16°C Interpopulation 

variation. 

Genetic adaptation? 

Above 

AVOIDED 

TEMPERATUR

ES 

Cease 

feeding and 

growth, 

induce 

thermal 

stress. 

<3-4°C and 

>19-20°C at 

acclimation 

15°C. 

?? 

<6°C and 

>22°C at 

acclimation 

15°C. 

Depends on  

acclimation, few data 

for salmon. 

(Elliott 1981; Elliott 1994; Elliott & Hurley 

1997; Elliott & Elliott 2010) 

7 DAYS 

LETHAL 

TEMPERATUR

E 

Mortality. ≈ 25°C ≈ 28°C Influenced by 

acclimation. 

Genetical adaptation? 

Above 

SMOLT AGE Temperature 

via 

growth/size. 

  Depends primarily on 

fish size. 

Influenced by several 

factors, including 

temperature. 

(Metcalfe & Thorpe 1990; Saltveit 1990; 

Jonsson & Labée-Lund 1993) 

DEVELOPME

NT OF SMOLT 

Primarily 

photoperiod, 

 Restricted < 

3°C, faster 

 (Staurnes, Sigholt & Gulseth 1994; McCormick 

et al. 1998) 
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CHARACTERIS

TICS 

influenced by 

temperature. 

with 

increasing 

temperature 

(up to 10°C, 

and more?) 

SMOLT 

MIGRATION 

Several 

factors (e.g. 

flow, photo-

period), 

including 

temperature. 

Lower trigger 

temperature 

(≈ 7°C), less 

temperature 

dependent 

(?) 

Triggered ≈ 

10°C (?) 

Interpopulation 

variation re. factor 

importance. 

Genetic adaptation? 

(Hansen & Jonsson 1985; Jonsson & Ruud-

Hansen 1985; McCormick et al. 1998; Byrne 

et al. 2004; Stewart, Middlemas & Youngson 

2006; Solomon & Lightfoot 2008; Otero et al. 

2014) 

SWIMMING 

ABILITY 

(BURST 

SWIMMING) 

 

Limited by 

low 

temperatures

. 

Much 

reduced 

<≈5°C, in 

particular for 

smaller fish. 

Much 

reduced 

<≈5°C, in 

particular for 

smaller fish. 

 (Beamish 1979; Beach 1984) 

SPAWNING 

MIGRATION 

Several 

factors (e.g. 

flow), 

 Reduced 

<≈5°C and  

>≈16°C, very 

 (Juanes, Gephard & Beland 2004; Solomon & 

Sambrook 2004; Saraniemi, Huusko & Tahkola 

2008; Quinn, McGinnity & Reed 2016) 
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including 

temperature. 

little >20-

23°C. 

GAMETE 

QUALITY 

Reduced by 

high 

temperatures

.  

?? >≈18°C High temperatures 

reduce egg size, fertility 

and viability, certain 

time periods more 

sensitive. 

(King et al. 2003; Anderson et al. 2012) 

OVULATION Reduced by 

high 

temperatures

. 

 >14-16°C Low temperatures (<7-

3°C) may increase 

embryo survival. 

(Vikingstad et al. 2008; Vikingstad et al. 2016) 

SPAWNING 

TIME 

Temperature 

link via 

DD/egg 

development

. 

 1-8°C Timed to optimize early 

survival (above), much 

interpopulation 

variation. 

Genetic adaptation? 

(Webb & McLay 1996; Shields et al. 2005; 

Jonsson & Jonsson 2009) 

SPAWNING 

 

Limited 

temperature 

range. 

 1-8°C? 

<11.5°C 

 (Webb & McLay 1996; Solomon & Lightfoot 

2008) 
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THERMAL 

STRESS 

LIMITS 

RESTRCTING 

LONG TERM 

POPULATION 

SURVIVAL 

High 

temperatures

. 

>19.5°C >22.5°C Regular occurrence of 

high temperatures 

causing thermal stress. 

(Solomon & Lightfoot 2008) 
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4.1. Winter cold: survival, not production  

The common individual winter survival strategy in fish is energy storage (Fig. 9). 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.   

 

 

Presumably, active feeding under low temperature winter conditions is a dynamic balance 

between remaining energy reserves and available prey (Fig. 10). If the cost of active feeding is 

larger than the benefit, the best survival strategy is to adopt quiescence, toleration and 

starvation. If active feeding is beneficial, then individuals may engage in 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). Furthermore, feeding ability is reduced at typical low winter temperatures and low light 

levels (Elliott 2011). Mortality may be energy-related and effected through starvation (Finstad 
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et al. 2004b; Naesje et al. 2006). However, mechanistic ice breakup events with their associated 

physical disturbance effects may also cause very high mortalities, both in eggs and parr (Cunjak, 

Linnansaari & Caissie 2013). In regulated rivers, mechanistic ice breakup may occur several 

times and anytime during winter, but to what extent this may cause higher winter mortalities 

in regulated rivers, largely remains to be documented. Unfortunately, few winter mortality 

studies are able to separate mortality events during this season. Neither is ‘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).  

  

 

Figure 10. In a biodynamic optimization model under low winter water temperatures, 

quiescence vs. feeding is controlled by: 1) the pre-winter level of stored energy (Einitial), 2) the 

critical limit for survival (Ecri), in relation to 3) the ingestion rate (I), minus the energetic cost 

associated with that feeding (Mactivity, MSDAbodymass, Faeces, Urea), and 4) the obligate energy 

demand (Mbasal + MParasiteLoad). (From Shuter et al. 2012). 

 

4.1.1. Low temperature fish behaviors 

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

winter may primarily serve survival, by reducing activity energy expenditure (above), but also 
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risk. Bioenergetic optimization models are modified by risk (Reinhardt & Healey 1999) in the 

form of predation (Valdimarsson & Metcalfe 1998), but probably also ice formation (one 

behavior serves both). It likely explains why salmon and trout become nocturnal and more 

shelter-seeking at low temperatures (Fraser, Metcalfe & Thorpe 1993; Heggenes et al. 1993; 

Linnansaari, Cunjak & Newbury 2008; Watz et al. 2014), and independent of season (Fraser et 

al. 1995). As temperatures drop in the fall to 6-8°C or lower, salmon and trout typically become 

less active, seek shelter more in the substratum or deep areas, and become more nocturnal 

(Rimmer, Paim & Saunders 1984; Cunjak, Power & Barton 1986; Heggenes et al. 1993). 

However, like winter quiescence, nocturnalism may be modified by individual state and feeding 

motivation (Metcalfe, Fraser & Burns 1998; Valdimarsson & Metcalfe 1999). Salmon and trout 

also become less aggressive and less efficient foragers at lower light levels and temperatures 

(Valdimarsson & Metcalfe 2001; Elliott 2011), and may therefore become more aggregated in 

smaller more suitable deep-slow winter habitat areas (Cunjak, Prowse & Parrish 1998; Griffiths, 

Armstrong & Metcalfe 2003). Such low-velocity microhabitats reduce swimming activity cost, 

and may reduce predation risk (Valdimarsson, Metcalfe & Skulason 2000). Therefore, cover and 

shelter microhabitats become more important at the onset of winter.  In streams in winter the 

heat loss and frazil and anchor ice formation is also greatest at night, when salmon and trout 

preferably are active. However, in spite of a number of winter studies, salmon or trout trapped 

in ice have to our knowledge, not been reported (see Heggenes et al. 2016 for a detailed report 

on fish and ice phenomena), and salmonids appear to cope well with the more regular ice 

phenomena. For macroinvertebrates, however, ice encasing occur (below).  

This low temperature shelter-nocturnalism salmon and trout behavior remains throughout the 

winter, and often implies limited in situ movements (≤10m) (Stickler et al. 2008a; Linnansaari 

& Cunjak 2013; Kemp et al. 2017). Therefore, for fish facing changed winter conditions due to 

hydropower regulation, in situ high or increased embeddedness (reduced substrate shelter), 

e.g. due to increased sedimentation, will negatively influence winter habitat quality. Lack of 

shelter increase initial mass loss rates substantially (Finstad et al. 2007; 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.  
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4.1.2. Macroinvertebrate winter production and ice 

Most studies of benthic macronvertebrate production emphasize the effect of abiotic factors 

on production, i.e. temperature, habitat, water chemistry (Huryn & Wallace 2000). Like for fish, 

seasonally low temperatures (and food limitation) clearly constrain macroinvertebrate 

production, which is lowest in cool-temperate and arctic streams (Huryn & Wallace 2000). 

There are several strategies to cope with and even take advantage of winter conditions. During 

summer benthic and periphytic algae are a major food source for grazing macroinvertebrates, 

while during winter allochthonous organic plant material (leaf litter) provides a major food 

source that is utilized by winter growing shredder species (Brittain 1983; Lillehammer et al. 

1989; Haapala & Muotka 1998). Other species undergo quiescence or diapause, most 

commonly in the egg stage, in order to avoid unfavourable periods (Brittain 1990). Likewise, 

other species avoid unfavourable periods in winter by entering into more cold tolerant 

quiescence or diapause (Harper & Hynes 1970; Lencioni 2004; Danks 2008), usually cued by 

photoperiod. Another freeze avoiding strategy, which can be coupled with 

diapause/quiescence, is to move, i.e. behavioural avoidance (Bale & Hayward 2010). Insects 

may move down into the substrate, even into the hyporheic, especially in groundwater -fed 

areas (Lencioni 2004). A further strategy is to undertake seasonal movements into tributaries 

or deeper waters (Olsson 1983). Alternatively, certain species, notably within the Diptera, but 

also in Plecoptera, display freezing tolerance and a stay-put strategy (Lillehammer 1987; 

Lencioni 2004). This may also involve seasonal changes in cold tolerance underpinned by a 

complex of interacting processes (e.g. ice nucleating agents, cryoprotectants, antifreeze 

proteins, changes in membrane lipid composition) (Bale & Hayward 2010). Although most 

species can invoke one or more of these strategies to tolerate thermally stressful environments, 

the majority of insects die from the effects of cold water rather than freezing (Bale & Hayward 

2010). 

Modified water temperatures, e.g. by hydropower regulation (above), may have major effects 

on normal rates of development and life cycles, and even lead to extinction of specialist species, 

as the many facets of growth and emergence are affected and even cued by water temperature 

(Brittain 1982; Raddum 1985; Lillehammer et al. 1989). Moreover, since photoperiod is the 

dominant diapause-inducing cue and unaffected by hydropower regulation, a modified 

temperature regime may lead to de-coupling of synchrony between diapause-sensitive life 
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stages and thermally challenging environments. The species that have a rigid synchronous one 

year or unoivoltine life cycles are most at risk, while species with flexible life cycle length will 

be favored (Brittain 1991). Species with long life cycles, especially among Plecoptera, are 

adversely affected by regulation (Petrin, Brittain & Saltveit 2013). A reduction in the 

temperature range between winter and summer will lead to a reduction in species diversity 

(Vannote & Sweeney 1980), again favoring the widespread, ubiquitous species (Brittain 1991).  

In the Norwegian River Surna, located in an oceanic region with low invertebrate richness, 

coldwater discharge from the power station during summer caused few changes in the species 

composition of Ephemeroptera, Plecoptera and Trichoptera as these were widely distributed 

eurythermal species. However, within the Chironomidae there was a major shift to cold 

stenothermal species (Saltveit, Bremnes & Brittain 1994). In contrast, in more continental 

regions with a high species richness, there are usually major changes in all orders as a result of 

cooler waters, especially among the Plecoptera (Saltveit, Brittain & Lillehammer 1987). In 

winter, negative impacts from hydropower regulation may occur if it leads to release of warmer 

reservoir water downstream of power plants (Raddum 1985), leading to reduced snow and ice 

cover which may expose macroinvertebrates to more severe air temperatures, and increased 

frequency of freeze-thaw cycles may increase risks of ice encasement (Bale & Hayward 2010).   

However, benthic organisms appear to survive entrapment in anchor ice (Brown, Clothier & 

Alvord 1953; Benson 1955; Oswood, Miller & Irons 1991). Nevertheless, mechanical disruption 

of the substrate may dislodge benthic invertebrates (Butler & Hawthorne 1979) and lead to 

increased downstream drift (Finni & Chandler 1979) and even faunal depletion in some cases 

(Colbo 1979), although not in others (Brown, Clothier & Alvord 1953).  

Severe winters have been shown to reduce, at least in the short term, both benthic abundance 

and taxonomic richness (Hoffsten 2003). In laboratory experiments, several benthic species 

survived exposure to sub-zero temperatures when supercooled, but succumbed when chilled 

in contact with ice (Frisbie & Lee 1997). Larvae of Chironomidae and Empidae often display 

high survival rates when thawed out of frozen stream gravels (Irons III, Miller & Oswood 1993; 

Lencioni 2004). However, other taxa, including Gastropoda, Hirudinea and a few Trichoptera, 

also appear to survive freezing in stream gravels (Olsson 1981). The scarcity of Ephemeroptera 

and Plecoptera in frozen substrates suggests that these taxa either remain in habitats that do 

not freeze or move to deeper water (Olsson 1983; Oswood, Miller & Irons 1991). Water content 
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is a critical factor in determining cold-hardiness and eggs of the plecopteran, Arcynopteryx 

compacta, that overwinter in alpine streams, increase their cold-hardiness by dehydration 

(Gehrken & Somme 1987). At the onset of winter, they enter a period of diapause, and when 

subject to freezing diapause is broken earlier than when not frozen (Lillehammer 1987) 

(Lillehammer 1987). 

Although most aquatic insects emerge during the ice-free period, some species emerge during 

winter. Emergence and mating beneath ice cover or through cracks in the ice cover/snow pack 

has been observed in Chironomidae, Trichoptera and Plecoptera (Hågvar & Østbye 1973; 

Lencioni 2004).  

Frazil ice events may increase 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; Haapala & Muotka 1998; Dekar, Magoulick & 

Huxel 2009). Drift may often be light dependent with higher drift at dusk and night than during 

day (Elliott 1965; Brittain & Eikeland 1988; Neale  et al. 2008; Oberrisser & Waringer 2011). 

However, this periodicity appears plastic and may break down during continuous summer light 

at northern latitudes (Brittain & Eikeland 1988), 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).   

 

4.1.3. Low temperatures, low performance 

Reduced detection and capture efficiencies at low light levels (Fraser & Metcalfe 1997; 

Valdimarsson & Metcalfe 2001) as well as at low temperatures (Elliott 2011; Watz et al. 2014), 

combined with reduced drift/low feeding resource biomass during the winter season (Brittain 

& Eikeland 1988; Matthaei, Werthmuller & Frutiger 1998; Martin et al. 2001), make active drift 

feeding in winter less profitable (Fig. 11). Swimming ability is also substantially reduced at low 

temperatures (Fig. 12). However, opportunistic feeding may remain, in particular during more 



Stay cool: Temperature in hydropower regulated systems 

___

 31 

benign winter conditions (Fig. 11) (Metcalfe, Fraser & Burns 1999; Lagarrigue  et al. 2002; Kemp 

et al. 2017). In more high gradients habitats, e.g. riffles providing important substrate shelter 

and possibly increased availability of benthic food in winter (Kreivi et al. 1999; 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. 11). Such habitats may represent 

important winter refuges for smaller fish (Huusko et al. 2007; Stickler et al. 2008b).  

Higher benthic macroinvertebrate abundance in winter may result from increased input of 

allocthonous 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 the 

regulated Aurland River during winter increased growth rates in the mayfly,  Baetis rhodani 

(Raddum & Fjellheim 1993a) Macroinvertebrate growth and development is temperature 

dependent (Vannote & Sweeney 1980; Huryn & Wallace 2000), but continues in many species 

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 likely 

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

Cugny & Lavandier 2002; Jackson, Gibbins & Soulsby 2007; Bruno et al. 2009; Bruno et al. 2013; 

Miller & Judson 2014). 
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Figure 11. 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. 

 

Figure 12. Theoretical maximum swimming (burst) speeds for salmonids at different 

temperatures. (After Beach 1984; From Solomon & Lightfoot 2008) 
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In the Alta River, reduced ice cover in the reach below the dam caused by higher winter water 

temperatures led to an initial increase in algal biomass, although algal biomass declined over 

the ensuring years along with reduced benthic densities (Koksvik & Reinertsen 2008).  However, 

benthic invertebrate biomass changed little as the density reduction was mostly among the 

small organisms, primarily Chironomidae.  

 

Feeding and growth in northern populations, at least for fish, appear to some extent to be 

adapted to the longer and more intense winters. 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). Trout appear to grow better than expected in 

colder rivers (Jensen, Forseth & Johnsen 2000), suggesting adaptations. 

 

4.1.4. Temperature adaptations 

Within macroinvertebrates, there are species which show considerable morphological and 

ecological variation, permitting adaptation to a wide range of environments, notably 

widespread species with flexible life cycle length (Brittain & Saltveit 1989; Brittain 1991; 

Raddum & Fjellheim 1993b). The high species richness among aquatic macroinvertebrates also 

allows for species specific adaptation to local environmental conditions (Lillehammer et al. 

1989), although species with narrow environmental limits or particular environmental cues risk 

becoming extinct when conditions change (Lehmkuhl 1972).  

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, may be expected. Indeed, 

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). Intraspecific 

phenotypic plasticity is important (below). There is, however, limited indication of local thermal 

adaptation (Jensen et al. 2008; Skoglund et al. 2011; Finstad & Jonsson 2012; Meier et al. 2014). 

In some cases there appears to be some genetically based local adaptation to winter climates, 
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notably energy storage (Alvarez, Cano & Nicieza 2006; Finstad et al. 2010; Berg et al. 2011; 

Crespel et al. 2013).  

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). There is, however, not much support 

for a thermal optima adaptation hypothesis in different (juvenile) coldwater brown trout and 

Atlantic salmon populations. Trout and salmon (maximum) growth capacity may vary among 

populations, but did neither correlate with local natural temperature optima, nor indicate 

counter gradient variation in growth (Jonsson et al. 2001; Larsson & Berglund 2006; Forseth et 

al. 2009; Baerum et al. 2016). Instead, adaptive variation in growth potential may be related to 

factors affecting reproductive success (Forseth et al. 2009; Jonsson & Jonsson 2009; Elliott & 

Elliott 2010). However, some studies in brown trout suggest that some form of local counter 

gradient adaptation may exist (Jensen, Forseth & Johnsen 2000; Finstad, Naesje & Forseth 

2004; Nicola & Almodovar 2004; Alvarez, Cano & Nicieza 2006). To the limited extent that 

thermal adaptations have been suggested, counter gradient adaptations in (very) cold 

environments appear important (Jensen, Forseth & Johnsen 2000; Finstad, 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). For the more sedentary brown trout, different population-specific thermal regimes 

throughout its life history is more likely, 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). The 

negligible evidence of intraspecific adaptation for temperature optima may be surprising, but 

adaptation of enzyme systems to different temperatures appears to come at a high cost 

(Portner 2006; Shuter et al. 2012). 
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4.2. Summer warming: growth 

Water temperature and available food supply, are the most important environmental factors 

influencing the growth of salmon and trout in streams, provided other biotic and abiotic factors 

are within tolerable limits (Tab. 2) (Forseth, Letcher & Johansen 2010; Logez & Pont 2011; Budy  

et al. 2013). Summer is the principal feeding and growing season for fish and invertebrates, 

primarily for temperature reasons.  

 

4.2.1. Temperature tolerances 

Tolerance and changes in the performance of fish like salmon and trout with temperature is 

extensively researched (Fry 1971; Elliott 1994; Larsson & Berglund 2006).  

 

Table 2. Temperature tolerances (°C) for survival of Atlantic salmon and brown trout. (After 

Elliott & Elliott 2010). 

Life stage Atlantic salmon  Brown trout   

 Lower Upper Lower Upper  

 

Eggs 

 

0 

 

16 

 

0 

 

13 

 

 

Alevins  

 Long term* 

 

 

0-2 

 

 

23-24 

 

 

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.  
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Intraspecific variation in thermal tolerance may be substantial, depending on developmental 

stage and individual (Tab. 2, 3). The small young-of-the-year, in particular the alevins (young 

with yolk sac) hatching with increasing temperatures in spring, 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) (Tab. 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 2). This is reflected in a more limited northern 

distribution and absence from some glacier-fed rivers, e.g. in Norway. These temperature 

tolerances remain similar over a wide geographical range with negligible indications of regional 

adaptations (Elliott & Elliott 2010). 

 

4.2.2. Temperature preferences 

Salmonid species appear to be physiologically adapted for optimal performance within a 

specific range of summer temperatures (Table 1, 2, 3) (Clarke & Portner 2010; Shuter et al. 

2012). Growth may stop according to lower and upper thermal limits. The ecologically relevant 

thermal window (ERTW) is 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). The definition ‘species-specific preferred 

temperature’  ±2°C  seems to work quite well (Magnuson, Crowder & Medvick 1979)(although 

the optimal growth and preferred temperature may be shifted towards the upper end of this 

window (Portner 2010; Shuter et al. 2012)). This ‘fundamental thermal niche’ may explain 

population productivity and northern zoogeographic boundaries (Shuter et al. 2012). 

Obviously, species with lower preferred temperatures are likely to be more efficient foragers 

during low-temperatures. Interestingly, most freshwater fish, including the coldwater salmon 

and trout, have preferred temperatures well above 4-5°C (Table 1, 2, 3) (Elliott & Elliott 2010; 

Shuter et al. 2012), whereas ambient winter temperatures are well below that. Thus, winter is 

about survival in salmon and trout, effected through energy storage and winter toleration and 

starvation. 
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4.2.3. Temperature dependent growth 

Performance limits, expressed as feeding and growth, vary more (Table 3) with substantial 

individual and population differences primarily due to phenotypic plasticity. It is important to 

note that the optimum growth temperature will decrease with decreasing energy intake (Elliott 

& Elliott 2010). Values in Table 3 are for maximum rations in the laboratory. Therefore, 

optimum will tend to be lower in nature.  

 

Table 3. 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, maximum ration (laboratory) growth models 

for salmonids may be good approximations of growth in natural streams, and demonstrate the 

importance of temperature, for example for brown trout (Fig. 13)(Elliott 2009; Elliott & Elliott 

2010): 

 

where  W0 is the initial fish mass,  

Wt is the final fish mass after t days at T °C and  
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TLIM = TL if T ≤ TM or TLIM = TU if T > TM.  

 

The temperature for optimum growth is TM (see Table 3), and TL and TU 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, c = 2.803, TM = 13.11, TL 

= 3.56 and TU = 19.48 (Fig. 13)(Elliott, Hurley & Fryer 1995; Elliott 2009; Elliott & Elliott 2010).  

Importantly, if during the summer growth season, feeding and growth is hampered for some 

reason, for example by limited habitat during low flows and droughts in summer, trout is able 

of compensatory growth (Elliott 2009; Elliott 2015). Corresponding growth models exist for 

juvenile salmon (Fig. 13) (Elliott & Hurley 1997; Forseth et al. 2001; Jonsson et al. 2001). Such 

growth models are robust to assumed base growth temperatures (Chezik, Lester & Venturelli 

2014) and versatile tools that may be used in comparative studies, e.g. to control for influence 

of other environmental factors, as food availability (Sanchez-Hernandez et al. 2016) or 

hydropower regulation.  
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Figure 13. Relationship between temperature and predicted growth (in per cent of body weight 

per day) for brown trout (top) and Atlantic salmon (bottom) at various sizes (weight in g) fed 

maximum rations. (From Solomon & Lightfoot 2008).  

 

The duration of the warm versus the cold season will directly affect fish growth and production 

in a cold stream. Build-up of larger fat reserves in summer and lower depletion rates in winter, 

may to some extent compensate for longer winters (e. g. Shuter et al. 2012). Indeed, juvenile 

northern salmon populations show lower lipid-depletion rates during winter than southern 
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populations, and storage lipid levels cluster close to critical limits for survival (Finstad et al. 

2010). Thus, 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).  

 

In most aquatic macroinvertebrates, the length of the egg development period is governed by 

water temperature (e.g. Lillehammer et al. 1989; Gillooly & Dodson 2000; Elliott & Humpesch 

2010), mostly expressed by the formula 

Y = aT-b 

where Y = no of days,  

T= temperature,  

and a and b are constants.  

 

However, the degree of temperature dependence varies from species to species. For example, 

egg development is more temperature dependent in Ephemeroptera compared to Plecoptera 

and the number of degree days required for egg development is generally greater in 

Ephemeroptera compared to Plecoptera (Brittain 1990). Growth of nymphs and larvae is also 

temperature dependent in most species (e.g. Elliott 1984), although a few plecopteran species 

have been shown to grow at similar rates over a wide temperature range (Brittain, Lillehammer 

& Saltveit 1986). Optimal temperatures for growth vary widely among aquatic insects and it has 

been hypothesised that, in hemimetabolous aquatic insects adult body size and fecundity 

depend largely on thermal conditions during development (Sweeney & Vannote 1978; Vannote 

& Sweeney 1980) and that smaller adults and reduced fecundity result from suboptimal 

temperatures. Thus, the geographical distribution of individual species is limited by ever-

increasing divergence from optimal water temperatures and ensuing reduced fecundity. When 

the growing season is reduced, some insects may develop cold hardiness without entering 

diapause, maintain a slow but continuous growth (Lencioni 2004). 
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4.2.4. Temperature and water flow interactions 

River flow influence key factors like temperature (and other factors, see e.g. Armstrong & 

Nislow 2012; Warren, Dunbar & Smith 2015) (for a more detailed discussion see Heggenes et 

al. 2016). In general it remains difficult to isolate the contributions of water temperature and 

water flow to biotic responses (Olden & Naiman 2010b). 

Temperature-flow interactions may have different effects on the different life stages of fish like 

salmon and trout (Table 1), with early ontogeny being particularly sensitive (e.g. Young, Cech & 

Thompson 2011; Nislow & Armstrong 2012; Warren, Dunbar & Smith 2015). In regulated 

streams other important interacting factors are 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). 

Diverted or increased flows, for example by hydropower production, will change the 

longitudinal temperature regimes. Reduced flows will depend more on local environmental 

conditions, but more on flow manipulations for increased flows. Reduced summer flows, e.g. 

in bypass reaches, may exacerbate temperature stress and hypoxic effects (Elliott 2000; Milner 

et al. 2003). Winter low flows may lead to increased ice formation, reduced available habitat 

and associated risk of fish stress and kills (Borgstrom 2001; Huusko et al. 2007; Cunjak, 

Linnansaari & Caissie 2013). 

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 more temperature-stable 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, e.g. during summer (Elliott, Hurley & Elliott 1997; Bell, Elliott & Moore 2000; 

Hvidsten et al. 2015) or in recruitment streams in winter, may reduce salmonid production 

(Elliott, Hurley & Elliott 1997; Borgstrom 2001; Elliott 2006; Cunjak, Linnansaari & Caissie 2013; 
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Hvidsten et al. 2015). Low flows leading to dry conditions will 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). 

For insects, low winter flows below a water transfer dam on the Norwegian River Glomma led 

to a severe reduction in the winter generation of the bivoltine mayfly Baetis rhodani, while the 

filter-feeding Trichoptera increased in densities (Brittain, Lillehammer & Bildeng 1984). One of 

the dominant trichopteran species, Arctopsyche ladogensis, had a mixture of one and two-year 

life cycles, enabling it to adapt to the changed temperature and flow regime (Brittain & Bildeng 

1995).  

Restored/increased flows in regulated rivers have resulted in higher salmonid production 

(Sabaton et al. 2008). Higher minimum discharge in winter after regulation, and associated 

higher water temperatures in parts of the longitudinal profile, may improve parr survival rates 

and subsequent smolt production (Hvidsten et al. 2015). It is, however, not easy to tease apart 

flow and temperature effects.  

High flows may initially increase available habitat and benefit egg and juvenile winter fish 

survival in streams (Frenette et al. 1984; Cunjak, Linnansaari & Caissie 2013; Hvidsten et al. 

2015). The relatively short emergence and alevin phase is primarily regulated by temperature 

(Elliott & Hurley 1998a; Elliott 2009; Cunjak, Linnansaari & Caissie 2013). Alevins and young 

larvae have limited swimming capacity and drift downstream for dispersal, which confers 

energetic benefits (Einum et al. 2011). The cost is, however, vulnerability 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). The ability to swim and maintain position by seeking out low-

velocity micro-niches (Heggenes, Bagliniere & Cunjak 1999; Heggenes 2002; Armstrong  et al. 

2003) improves rapidly with increasing temperature (above) and body size (Heggenes 1988). 

Effects of regulation-induced temperature changes/increases in early spring is limited or 

lacking, and thus need research and competence development.  

Hydro-peaked systems tend to aggravate high-low flow and associated, but slightly delayed 

thermopeaking effects, and depending on local regulation regimes (see Young, Cech & 

Thompson 2011 for reviews; Rolls, Leigh & Sheldon 2012; Ellis & Jones 2013; Warren, Dunbar 

& Smith 2015). ‘Beneficial’ ecological effects, may include resource subsidies from upstream 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  43 
 

reservoir (Ellis & Jones 2013), initially more macroinvertebrate drift  (Bruno et al. 2013; Bruno  

et al. 2016; Schulting, Feld & Graf 2016), but this may not be sustained (Miller & Judson 2014), 

maintenance of habitat for spawning and rearing, and biological cues to trigger spawning, 

hatching and migration (Young, Cech & Thompson 2011). However, more likely adverse effects 

are increased mortality due to stranding, downstream displacement of fish, and reduced 

spawning and rearing success due to untimely/obstructed migration and red dewatering (e.g. 

Saltveit et al. 2001; Scruton et al. 2008; Young, Cech & Thompson 2011; Auer et al. 2017). 

Hydropeaking also eliminates diel drift patterns when present and leads to substantial 

invertebrate drift in line with peak flows and rapid temperature changes (Lagarrigue et al. 2002; 

Cereghino, Legalle & Lavandier 2004; Carolli et al. 2012). 

 

4.3. Transient seasons: autumn fish migrations, spawning and egg 

development 

For upstream autumn spawning and downstream spring 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, in particular 

timing of the spawning ascent in the autumn, 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). Spawning time appears to be population specific and locally 

adapted to winter temperature regimes, to allow hatching and first feeding at the most 

opportune time in spring (Jensen, Johnsen & Heggberget 1991; Shields et al. 2005). Thus 

spawning is linked to fall water temperature (~1-6°C for peak spawning) (Taranger & Hansen 

1993; 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. The spawning time-temperature link arises from the 

fact that the duration of embryonic development primarily depends on number of day-degrees 

(DD) from spawning to hatching (Fig. 14) (Jungwirth & Winkler 1984; Kane 1988; Elliott & Hurley 

1998c). DD is around 320°C at low water temperatures of 2°C, but increasing to about 400°C 

DD with increasing water temperatures up to 10°C (Fig. 14). Higher winter temperatures in 
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regulated rivers will result in earlier hatching (Syrjanen et al. 2008). 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 (Jensen, Johnsen & Heggberget 1991; Elliott 1994; Jensen & Johnsen 

1999). On the individual and population level, if spring emergence is either too early or too late, 

i.e. alevins experience low temperatures and high flows, survival will be reduced (Jensen & 

Johnsen 1999; Einum & Fleming 2000; Letcher et al. 2004; Skoglund et al. 2012). For coldwater 

salmon and trout fall spawning and slow embryonic development during low winter 

temperatures, permit early hatching and feeding at relatively low spring  temperatures 

(Skoglund et al. 2011).  

 

 

Figure 14. Relationship between incubation temperature and the duration of incubation in 

brown trout as determined by three independent studies (field and laboratory, several different 

populations). (From Solomon & Lightfoot 2008). 

 

Because embryonic development is controlled by the number of day-degrees (Fig. 14), timing 

of emergence may vary greatly among years within a population, mainly because of variations 

in water temperature contributed by autumn and in particular spring, and with spawning date 
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as a minor secondary factor (Elliott & Elliott 2010; Cunjak, Linnansaari & Caissie 2013). Like 

optimal growth temperature, the number of degree-days required from fertilization to 

emergence may show little adaptive variation among natural Atlantic salmon populations 

(Heggberget & Wallace 1984; Wallace & Heggberget 1988). Adaptation may rather be reflected 

in varying spawning times (above), but studies are limited with respect to population gradients 

studied and results somewhat ambiguous (Jonsson & Jonsson 2009). Effects of incubation 

temperature on alevin size also appear ambiguous, but with egg size as the major determinant 

(Elliott & Hurley 1998c). Egg size depends on maternal size, whereas timing of spawning does 

not seem important (Louhi et al. 2015). 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), depending on a range of biotic and abiotic 

factors (Greig, Sear & Carling 2007; Gibbins et al. 2008; Malcolm et al. 2012; Saltveit & Brabrand 

2013), including groundwater combined with local hyporheic environments. 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). 

 

4.4. Spring emergence and early mortality 

In contrast to the usually high egg survival, 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; Bret et al. 2016), 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. 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). The 

presumed larvae size-advantage may, however, in nature be offset by other complex and 

interacting environmental factors (Robertsen, Skoglund & Einum 2013).  
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Density-independent abiotic factors such as flow and temperature may be more important in 

regulating low-density (below carrying capacity) populations in more challenging environments 

(Elliott 1989; Elliott & Hurley 1998b; Lobon-Cervia & Mortensen 2005; Cunjak, Linnansaari & 

Caissie 2013; Lobon-Cervia 2014; Bret et al. 2016). 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) in particular if combined 

with high flows (Bret et al. 2016) . Experimental studies on brown trout and Atlantic salmon 

indicate that low incubation temperatures produce smaller fry with larger yolk sacs, relative to  

higher incubation temperatures (Syrjanen et al. 2008; Skoglund et al. 2011). The experimental 

fry started actively feeding with growth even at the lowest temperatures of 2°C, and increasing 

with temperature, but temperature at first feeding is likely higher in nature, e.g. 8°C for salmon 

(Jensen, Johnsen & Heggberget 1991). Smaller size and larger energy reserves may be beneficial 

at low spring temperatures incurring sheltering and cryptic feeding, whereas larger size (from 

higher incubation temperatures) confer a competitive advantage more beneficial at higher 

temperatures. Thus higher winter temperatures due to hydropower regulation, may change 

the local adaptive landscape.  

 

 

5. LESSONS LEARNED AND GOOD PRACTICE: 

ENVIRONMENTAL DESIGN OF WATER 

TEMPERATURE IN REGULATED RIVERS 

 

5.1. Integrating hydro-physical and biological knowledge 

Environmental design of water temperature regimes in regulated rivers is challenging and 

complex. Complexity stems from the substantial number of environmental factors that 

influence and control water temperature processes in nature and stochasticity in physical-

ecological interactions. Moreover, it is frequently challenging because of scarce or lack of 

baseline data for natural (pre-regulation) conditions. Consequently, environmental 

assessments are difficult and knowledge is generally limited with regard to the implementation 
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and consequences of mitigation measures, and the lessons learned. This lack of knowledge, e.g. 

from systematic before-after control-impact (BACI) studies and from implementation of 

Strategic Adaptive Management (SAM) to facilitate learning and competence development, 

leads to uncertainties and general lack of well-documented mitigation strategies linked to 

environmental design of water temperatures in regulated rivers.  

For management decisions, the next step for hydro-ecological knowledge, is to also 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. Balancing the demands of hydropower production and environmental protection is, 

however, becoming increasingly important, e.g. in the Nordic countries. An important driver 

today and in the foreseeable future is the governmental formal process of revision of 

(environmental) terms for regulated river systems.  Here, the fact that water temperature is 

a key variable in environmental design of regulated rivers, in combination with the limited 

quantitative knowledge (see previous chapters), put pressure on decisions about selection of 

adapted cost-benefit mitigation solutions, both for managers and hydropower operators (e.g. 

environmental flow and impact on production volume and flexibility for operators).  An 

additional driver is the implementation of the European Water Framework Directive (WFD) 

(2000/60/EC). The WFD has focus on water quality as one central variable for achieving “good 

ecological status or potential”, which EU members (including economic members) are 

obligated to achieve within 2023. Water temperature is an important variable in this respect. 

A challenge here is that expected results and arguments for required implementation of 

mitigation measures rely to a large extent on the use of modelling tools for integrative 

methods, which also include economic aspects. Unfortunately, these formal models rarely 

explicitly include temperature considerations. There are, however, a growing number of more 

management-oriented methods available to also explore and tackle water temperature 

impacts by hydro-regulation.  

Although there has been a consistent focus on general water temperature effects in aquatic 

ecology, our knowledge is surprisingly limited when it comes to (more specific effects of 

alternative) mitigation strategies in regulated rivers, and how to quantify actual water 

temperature alterations and associated environmental impacts. The integration of physical 

simulation models with models of fish responses into a holistic multi-criteria framework, 
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including alternative management decisions, is in much needed and in progress This progress 

is fed by the recent increase in extensive data sets for setup, validation and monitoring of 

temperatures, based on new technologies for measuring many physical and biological 

variables. New opportunities are provided by remote sensing techniques like LiDAR (Legleiter 

et al. 2015; Mandelburger et al. 2015), thermal river mapping (Dugdale, Bergeron & St-Hilaire 

2015), and improved high-resolution tracking techniques for fish (e.g. Stickler et al. 2008a; 

Linnansaari & Cunjak 2013; Weber et al. 2016), e.g.  acoustic tags with temperature sensors 

(Ilestad, Haugen & Colman 2012).  

Here we outline modelling tools and integrative methods that consider water temperature and 

ecological responses in rivers. We focus on lessons learned from environmental impacts caused 

by hydropower regulation and water temperature changes, and emphasize available 

knowledge from implementation and tests of various mitigation strategies.  

 

5.2. Modelling frameworks and tools for water temperature 

changes  

Seasonal water temperature regimes in regulated rivers are mainly controlled by interactions 

between local climate processes, hydro power plant operation (flow regimes), local hydrology 

and river hydraulics (Caissie 2006b; Webb et al. 2008a). Numerical modelling of water 

temperature may, however, be challenging considering data availability (climate, river 

bathymetry, temperature boundary conditions) and the need for numerical models to cover 

also small scale temperature variations (e. g. Kurylyk et al. 2015). Required model spatio-

temporal scale is a general challenge. Environmental assessment and mitigation design often 

require detailed studies and models on thermal impacts (Kurylyk et al. 2015; Corey et al. 2017; 

Garner et al. 2017). For example, Garner et al. (2017) show the effect of riparian vegetation on 

energy exchange and temperature on a small stream in Scotland. Furthermore, while most 

approaches to modelling river temperature are one-dimensional, Carrivick et al. (2012) 

document the potential importance of a two-dimensional approach allowing for simulating 

spatially distributed temperatures across a river. This will allow for simulation of e.g. thermal 

refugia and small-scale fluxes of temperature (see Ch. 5 above).  
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A suite of numerical models for water temperature calculations in combination with models of 

effects on changing physical and thermal habitat on fish, may be used to assess environmental 

impacts, but there are still relatively few practical examples (Bartholow 2004; Bustos et al. 

2017). For example Timalsina, Alfredsen and Killingtveit (2015b) show how a temperature 

model, an ice model and a model of fish stranding can be used to assess effects of hydropower 

shutdown during winter. Bakken, King and Alfredsen (2016)  combined an hourly temperature 

model with an egg development model to assess effects of changes in a hydropower 

operational regime on egg development. This paper also illustrates the accuracy of the 

temperature model against measured temperature in the river. Calculation of (small-scale) 

energy balance, lack of pre-regulation data to validate models, development and integration of 

small-scale thermal (fish) habitat models and validation against fish data, are remaining 

challenges.  

Several numerical hydraulic models have the capacity to simulate one-dimensional water 

temperature, e.g. the well-known HEC-RAS model (Jensen & Lowney 2004) or the SNTEMP 

model (Bartholow 1991). These models require detailed data on the river system and its heat 

balance. An less data-intensive alternative is to use a simplified energy balance model (Toffolon 

& Piccolroaz 2015; Piccolroaz et al. 2016). It relates water temperature to air temperature, but 

preserves the physical basis of the model. This model is fitted to required observational data, 

but provides a reasonable simulation only for daily or longer time steps. Recent reviews of 

alternative  statistical models (e.g. regression, auto-regressive, neural network) for stream 

temperature  (Benyahya et al. 2007) shows that these models can be alternatives for the full 

physical approach.  Toffolon and Piccolroaz (2015) describe a lumped heat budget model 

derived from the physical relationships that relate water temperature to air temperature, and 

shows coherent results for several rivers in Switzerland. The same model has been applied with 

promising results for river Gaula in Norway (Casas-Mulet, Saltveit & Alfredsen 2016). On a 

cautionary note, these models need corresponding water and air temperature series for 

calibration. Hrachowitz et al. (2010) describe an empirical, large-scale modelling approach were 

monthly water temperature is related to landscape controls in the catchment, and suggest the 

method is suited to understand general effects of changes in land use on temperature regimes.  

A challenge for all river temperature models, and with specific significance for regulated rivers, 

is the need to provide the temperature at the boundary of the model domain for the simulation, 
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when actual measurements are not in place. A time series of temperature at the upstream 

boundary is important for the simulation of river water temperatures downstream of the 

tributary or hydropower outlet, and similarly temperature from larger tributaries might also be 

necessary for a correct simulation. In a regulated system, simulated temperature through the 

turbine from a reservoir model can be used as input (Gebre, Boissy & Alfredsen 2014). 

However, temperature measurements are less common for water from the hillslopes of a 

catchment, from tributaries or for the pre-regulated conditions. One solution is to use a 

hydrological model to simulate runoff water temperature from climate data (Loinaz et al. 2013; 

Comola et al. 2015). Results show a reasonable fit with observations and these methods could 

be used in more complex temperature simulations where observations are limited.  With 

proper boundary conditions, numerical temperature models may deliver good estimates of 

water temperature in downstream reaches (Toffolon & Piccolroaz 2015; Bakken, King & 

Alfredsen 2016) 

Application of 1D numerical temperature simulation models require rather detailed data: a 

number of river cross sections are needed to describe the geometry for the hydraulics, climate 

data including radiation and cloudiness is needed for the energy exchange, and boundary 

conditions for flow and water temperature must be provided for the upstream boundary and 

for all tributaries.  (Table 5). These rather extensive data requirements have hitherto limited 

the application of numerical flow models in management decisions. However, recent advances 

in data measurement technologies, such as LiDAR and satellite (Lindenschmidt & Chun 2014; 

Legleiter et al. 2015; Müller et al. 2017), in situ remote-operated sensors and data logging 

techniques, and more efficient field measurement techniques, reduce required in-stream 

fieldwork and cost, and increase accuracy (Selker et al. 2006; Dugdale 2016). In particular, 

advances in Airborne LiDAR Bathymetry (ALB) and green laser technology enable us to map 

river bed topography also in water covered areas with high accuracy (+/- cm level) for entire 

rivers, and with limited effort and cost (Mandelburger et al. 2015). This may, although not yet 

fully explored, also lead to improved water temperature models, with large potential for 

evaluating impacts of alternative management decisions and mitigation strategies. However, 

systematic collection of climate and water temperature data across years for calibration and 

validation will still be necessary to establish robust data models and impact analysis.  
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Table 5. Some existing numerical models to simulate water temperature regimes in rivers and 

lakes. 

Model Characteristics Experiences References 

HEC-RAS 1D temperature model 

linked to the much used 

HEC-RAS model. 

Widely applied hydraulic 

model. Applied in 

Norway, and temperature 

model works well with 

good input. 

(Jensen & Lowney 

2004; Bakken, King 

& Alfredsen 2016) 

SNTemp 1D model developed by 

the USGS. Detailed 

energy balance 

description in the most 

comprehensive setup. 

Used in several habitat 

assessment studies and 

in salmon population 

studies in the US. 

(Bartholow 1989; 

Bartholow 1991) 

MIKE11 1D ice model developed 

on top of the MIKE11 

hydraulic model. Water 

temperature, ice formation 

and transport simulations, 

anchor ice formation.  

Handles and fluctuating 

super critical flow. Shows 

promising capacities in 

steep rivers. Applied in 

Norway. 

(Theriault, Saucet & 

Taha 2010; Theriault 

& Taha 2013; 

Timalsina, 

Charmasson & 

Alfredsen 2013a) 

air2stream Daily or longer time period 

statistical model 

simulating river water 

temperature as a function 

of air temperature. The 

only forcing is air 

temperature. 

Requires calibration data 

to establish link between 

water and air 

temperature. Used in 

Norway. 

(Toffolon & 

Piccolroaz 2015; 

Casas-Mulet, Saltveit 

& Alfredsen 2016) 

MyLake 1D lake model that 

simulates water 

temperature among other 

parameters. Can be 

modified to handle 

hydropower releases 

Modified version used in 

Norwegian reservoirs. 

Widely used in lake 

studies. 

(Saloranta & 

Andersen 2007; 

Gebre, Boissy & 

Alfredsen 2014) 

CE_QUAL-W2 2D hydrodynamic lake 

model that can simulate 

lake temperature. 

Developed by the US 

Army Corps of Engineers. 

Widely used, also in 

Norway. 

(Bartholow et al. 

2001) 
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A more general classification of water temperature regimes, in line with what is available for 

discharge regimes (e.g. Richter et al. 1996; Bevelhimer, McManamay & O´Connor 2014), is 

complicated, with the general lack of water temperature data, and in particular for pre-

regulation conditions (Olden & Naiman 2010a). Therefore, temperature classification methods 

across regulated systems require temperature models, with their data needs and complexities 

as outlined above. Olden and Naiman (2010a) used the same classification principles as in the 

IHA method (Conservancy 2009), but for temperature data for the Flaming Gorge Dam in the 

US, to document clear changes in magnitude, timing and frequency of temperature pre- and 

post-dam development. An example of a tentatively more general classification of temperature 

regimes is by Vanzo et al. (2015). They developed indexes for sub-daily temperature 

fluctuations, and used them to classify river temperature regimes through two indicators, the 

sub-daily rate of change and the frequency of sub-daily fluctuations.  Through these indices, 

rivers can be grouped into low thermal alteration, moderate thermal alteration and high 

thermal alteration as a tool for a first classification of thermal impacts.  

 

5.3. Modelling frameworks and tools: integrating water 

temperature models with biological responses in regulated 

rivers 

For an improved evaluation of environmental impacts related to water temperature alterations 

in regulated rivers, habitat and/or population models for stream-living organisms, notably fish, 

need to be integrated with numerical temperature models. Conventionally, 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. Water temperature is usually not embedded as a separate factor in these 

models, because temperature is seen as an external controlling factor. The habitat modelling is 

only representative for a certain pre-given temperature interval. In a sense, habitat modelling 

is static within pre-given temperature ranges. As more knowledge is gained regarding fish 
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behavioral responses to different temperatures (above), there may be a need to integrate also 

water temperature as a factor in such models to obtain more dynamic modelling.  Such hydro-

ecological models also have other important limitations (Grimm & Railsback 2013), as they are 

based mainly on the assessment of species’ needs, and do not consider the individual variations 

in behaviors in which are becoming more evident among e.g. fish populations. Furthermore, 

habitat use may be confused with habitat preference in these models, variable interactions are 

rarely included, and links to population growth and survival are uncertain (Garshelis 2000; 

Railsback, Stauffer & Harvey 2003).  

Individual Based Models (IBMs) on the other hand, attempt to model processes that determine 

survival, growth, and reproduction of individual fish, including competition and habitat effects, 

and temporal variation on the population level (Railsback, Stauffer & Harvey 2003; Railsback et 

al. 2013). 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. The Norwegian IBM model 

IBsalmon (Hedger et al. 2013b), developed for Atlantic salmon, offers a potential tool to 

quantify how abiotic and biotic factors affect the individuals of a specific population (Fig. 16). 

Water temperature is to some extent integrated into this modelling framework for the two 

probably most important fish developmental processes (above). It is used to compute the time 

from egg deposition to swim-up and parr growth (Fig. 16). The model has been tested on data 

from one river (River Nausta, Norway) (Hedger et al. 2013b), applied in climate studies (Hedger 

et al. 2013c), and in assessment of mitigation measures on salmon production (Bustos et al. 

2017). 
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Figure 16. Structure of the IBSalmon model. Modified after (Hedger et al. 2013a). Blue boxes show 
river variables controlling the salmon population, white boxes show biological processes within the 

salmon population, and black boxes show salmon population abundances at different life-stages 

 

 

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-Hernández 2008; Person et al. 2014; Guse et al. 2015). 

The implicit assumption is that habitat is an important regulating factor although dependent 

on local conditions (e. g. Milner et al. 2003; Heggenes et al. 2016). To what extent abiotic  

habitat is important relative to biotic population processes, is likely to depend on e.g. how 

benign the stream environment is (Elliott 1994). Casas-Mulet, Saltveit and Alfredsen (2016) 

used modelled natural and regulated water temperature in a hydro-peaked river to study the 

difference in egg development and swim up and how this related to critical habitat availability. 

Based on results in Casas-Mulet et al. (2016), mitigation measures were to avoid dewatering 

redds in critical cold weather periods and during the alevin stage. Thus, water temperature 

worked as a tool for defining the timing of hatching and swim-up, and was then combined 

with hydraulic habitat modelling for assessment of operational potential for different 

mitigation measures. 
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5.4. Mitigating measures 

Altered water temperature regimes in regulated rivers may definitely have impacts on aquatic 

ecology (see Ch. 5). However, lessons learned and effects of good practice of environmental 

design and targeted mitigation measures are less documented. Existing knowledge is 

fragmented and even limited with respect mitigation efficiency and mitigation effect. Much 

of existing knowledge is based on modelling exercises (e. g. Hanna et al. 1999; Bartholow et 

al. 2001; Sherman et al. 2007), and empirical studies are few (Olden & Naiman 2010a; Poff & 

Zimmerman 2010; Gillespie et al. 2015). Different mitigation measures have been 

implemented and to some extent tested in regulated systems in (e. g. Bartholow et al. 2001; 

Bennet et al. 2011), but often with a theoretical modelling approach, and with limited 

evaluation and empirical support. Few studies report empirical data for long term biotic 

responses to environmental variables modified by flow regulation, e.g. temperature (White et 

al. 2017). Such monitoring, evaluation, and reporting are necessary to assess the significance 

of measured impacts, determine the success of restoration actions, and facilitate ecological 

learning (Roberts, Anderson & Angermeier 2016). Unfortunately, these steps are too often 

compromised or omitted from restoration programs (Bash & Ryan 2002). Obviously, this may 

be caused by inadequate fund, planning or project time line, or a mismatch between temporal 

scales of flow regulation impacts and monitoring of responses, but all of these may be 

amended. More serious are lack of pre-project monitoring data and inadequate response 

variables (Rolls, Leigh & Sheldon 2012; Roberts, Anderson & Angermeier 2016). 

There is also the basic question whether one should design mitigation to simulate natural 

conditions or, if possible and there is a clearly documented potential for it, to improve fish 

survival/production. Nature usually design the best solutions within the abiotic and biotic 

frames set. However, if abiotic conditions are shifted, e.g. via hydropower regulation, this may 

release a potential for improved survival/production. The precautionary principle suggests the 

former, although much management has focused on the latter, but unfortunately as it turns 

out, frequently based on insufficient knowledge. 
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Overall, the main mitigation measures depend on a reservoir supply, and can be divided into 

i) flexible and/or additional water release strategies from reservoir to mimic natural water 

temperature conditions (Fig. 17), and ii) methods to increase mixing of surface and bottom 

water in the water reservoir to smoothen or dampen water temperature differences with 

depth (Sherman 2000; Kvambekk 2012).   

 

 

 

 

Figure 17. 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). 

 

5.4.1. Flexible and/or additional water release from reservoir 

Flexible and/or additional water intakes in hydropower dams are a conventional method to 

mimic natural water temperature variations in regulated rivers. This mitigation measure also 

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 17) (Sherman 2000). In an evaluation report on mitigation measures for temperature 

mitigation in reservoirs, 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. Such intake structures provide the opportunity to mimic seasonal variations 

similar to unregulated conditions (Fig. 17), although some water temperature differences 

should be expected. This will depend on the water depth for secondary intakes, or regulation 
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height for flexible intake levels (Fig. 17). Use of flexible and/or additional water releases from 

a reservoir to mimic natural water temperature regimes, have met with some documented 

success. In the hydropower regulation system in the Alta River, Norway, a secondary intake 

was built as part of the construction of the Alta dam in 1987  which was intended to be used 

for summer temperature control (Asvall & Kvambekk 2001). After regulation, the salmon 

population in the upper reaches of the river was reduced, possibly because of release of 

warmer water in winter and reduced surface ice cover  (Ugedal et al. 2008b) (see Ch. 4). From 

the winter 2001-2002 (from the start of the winter and as long as it is technically feasible, 

usually to around the 1st of April), a trial operational regime was initiated. It releases water 

from the upper intake to lower the downstream water temperature, and reestablish river ice 

and thereby reduce factors that potentially influenced winter survival of juvenile salmon 

(Asvall 2008; Ugedal et al. 2016). Because of positive results, this was made permanent in 

2010. In the river Suldalslågen, Atlantic salmon juveniles experienced reduced spring/summer 

water temperatures and thereby growth after river regulation. For trial period, an operational 

regime with reduced production flow was tested to restore river temperatures. This raised 

temperatures to near the pre-regulation level, but also cost  associated with reduced in annual 

discharge (Kvambekk 2004; Tvede 2006). Olden and Naiman (2010a) shows an example from 

the Flaming Gorge dam where a multi-level intake was installed in 1978 to mitigate cold water 

releases from the dam during summer. After installation of the intake, the summer 

temperature nearly doubled from the period after installing the dam where only a bottom 

intake was in operation.  

Whereas empirical studies on the effects of changed temperature regimes appear to be few, 

there are a number of modelling studies indicating the feasibility of flexible and/or additional 

water reservoir intakes for obtaining wanted downstream water temperature regimes. 

Bartholow et al. (2001) used the CE-QUAL-2E model to evaluate the effect of a temperature 

control device with four intake levels, instead of the original one, installed in the Shasta Lake, 

California, on the reservoir water quality. Hanna et al. (1999) used a similar model setup to 

evaluate reservoir and downstream temperature, and to show which optimized operation 

(mixing level) was necessary to meet temperature targets in the downstream river. The cost 

of this device was 80 million USD (Bartholow et al. 2001). Sherman (2000) provide estimated 

costs of installing various temperature mitigation devices in Australia, together with an 
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overview of different temperature control devices, and other mitigation measures. Halleraker 

et al. (2007a) used a simple mixing model in Microsoft Excel to compute the effect of a two-

level intake in the Follsjø reservoir, Norway, on the outlet temperature, showing the ability to 

both mitigate increased winter temperature and lowered summer temperature. However, 

these are modelling exercises. More studies of effects on fish of changes in temperature 

releases are required. Few exist and most of them have been undertaken in Australia (Miles 

& West 2011), where differences often may be extreme. For example, Pardo, Campbell and 

Brittain (1998) found mayfly life history and assemblage structure changes in sites where 

water temperatures fell by 10-15°C as a result of hypolimnion release during summer.  

 

In an exceptional time series, Vinson (2001) examined 100 years of hydrological and 50 years 

of aquatic macroinvertebrate assemblage data from the Flaming Gorge dam, Green River, a 

tributary to Colorado River, USA. A multi-level intake was installed in 1978 to mitigate cold 

water releases from the dam during summer (see ch. 5 and above). Afterwards, summer 

temperatures nearly doubled (Fig. 18). ‘Reasonable’ improvements were also observed for the 

frequency and duration of thermal events, and the timing of extreme temperatures (Olden & 

Naiman 2010b), although rate and timing of warming remained different from before dam 

construction (Vinson 2001). Warmer water led to a 68% increase in insect taxon richness 

downstream of an intermittent tributary (Red Creek) located 18 km downstream the dam. The 

actual sampling station (Bridgeport gage) was 26 km downstream. No increase, however, was 

found in the reach immediately downstream of the dam (0.8 km; Greendale gage). 

 Vinson (2001) suggested this apparently lacking response could be explained by the combined 

effect of three factors: (1) the competitive dominance of insect taxa by amphipods on this 

reach, (2) low rates of immigration and colonization (from the above reservoir), and (3) low 

reproductive success of insects due to a few degrees difference in the water temperatures 

between the regulated river and natural streams in the area. An important general corollary is 

that not only ‘traditional’ habitat attributes need to be considered, monitored and evaluated 

in regulated river restoration projects, but biological interactions as well.  
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Figure 18. Mean (±1 SE) monthly water temperatures for the Green River for three time periods 

and two locations, 0.8 km (URC, upstream from Red Creek) and 26 km (DRC, downstream from 

Red Creek). Modified from (Vinson 2001). 

 

 

In full scale environmental flow release experiments in a regulated river, Rolls, Leigh and 

Sheldon (2012) tested effects on fish spawning and recruitment. Unexpectedly, however, 

varying experimental flow releases did not result in noticeable changes in spawning and 

recruitment of fish. Temperature effects appeared to override flow effects. Because water was 

drawn from the cold hypolimnion, summer water temperatures were suppressed. Large 

experimental releases of impounded water resulted in rapid and sustained declines in water 

temperature. This likely resulted in a decoupling of simultaneous high flow and temperature 

that promoted early recruitment in the relevant fish species. Therefore, the study highlights 

the importance of environmental flow research programs to quantify the impact of regulation 

on river thermal regimes (Olden & Naiman 2010b; Kvambekk 2012; Rolls, Leigh & Sheldon 

2012) 

 

5.4.2. Methods to increase mixing of surface and bottom water in a reservoir  

Sherman (2000) outlines methods for mixing water in a reservoir (destratification) with the 

purpose of raising temperature in the deeper part of the reservoir where the intake is placed. 

D

R
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One method is to use a bubble plume to create an artificial circulation Fig. 19). The applicability 

of the method depends on local climate and the size of the reservoir that is to be destratified. 

Sherman (2000) reports that the cost for the 214 mill. m3 Lake Samsonvale in Australia is 

$400.000 for installation and an annual operational cost of $100.000. Another approach is to 

use surface mounted pumps to pump surface water to the level of the intake or install 

submerged curtains to force surface water to the intake (Fig. 19). A third method is to hang 

curtains that prevent cold, deep water from entering the hydropower intakes (Fig. 19).  

 

 

Figure 19. Mixing solutions: a) surface pumping, b) bottom mounted bubbling system, c) submerged 

curtains. 

 

In a recent thesis, Gray (2016) examined the effects of such thermal curtains that directed 

warmer surface water to the low-level off-take at Burrendong Dam, Australia. The curtain-

directed epilimnial releases raised the water temperatures below the dam with approximately 

2°C (mean daily and mean monthly temperature, and diel temperature range). Befroe curtain 

installment, nutrient concentrations increased at the outlet as a result of hypolimnial releases, 

with concentrations breaching trigger values indicating ecological disturbance. Direct thermal 

biological effects were also related to minimum thermal reproductive requirements for local 

fish species (Fig. 20). Before curtain implementation, the thermal regime from hypolimnial low-

level releases was usually not suitable for these native fish. After curtains became operational, 

thermal ranges were met more frequently. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  61 
 

 

 

 

Figure 20. Daily mean temperature (°C) at Downstream Burrendong in the summer months of 

2013 (before curtains) and 2014 (after curtains). The three horizontal lines indicate minimum 

spawning temperature over the spawning period of three native fish in the Macquarie River . 

From Gray (2016). 

 

Vermeyen (2000) studied the performance of flexible curtains installed in two reservoirs in 

Sacramento River, California, to reduce the warm water releases that were exceeding critical 

level for egg incubation and juvenile fish survival.  The performance of the curtains (at Lewsiton 

reservoir) showed a reduction of 1-2°C depending on baseload power releases, with average 

temperature by decreased about 1.4°C.  

 

 

6. CONCLUSIONS AND FUTURE RESEARCH 

 

Except for water itself, water temperature is likely the most pervasive factor that affects the 

abiotic and biotic conditions in aquatic ecosystems. Temperatures have a marked natural 

seasonal pattern at higher latitude, compared to southern systems with more stable climate. 

For aquatic organisms, this typically means summer as a season for development and growth, 
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usually strongly associated with warmer temperatures, with more variable and organism-

specific functional effects during the transient fall and spring periods, and the cold northern 

winter as the season for tolerance, quiescence, starvation, and survival.  

Some of the physical properties of water also depends on the seasonal changes in water 

temperature. The fact that water density is highest at 4°C leads to thermal stratification in lakes. 

Thus, deep water normally has (depending on water depth, wind and residential time) water  

temperatures around 4°C year round, but warmer surface waters in summer, and colder in 

winter. This has important consequences for effects of hydropower regulation. The regulation 

system is typically either a high head system comprising high elevation reservoirs and transfer 

tunnels, or a low head system with run-of-the-river power plants. The latter do not influence 

thermal regimes much. However, high head systems with storage capacity in upland reservoirs, 

may lead to major changes from natural water temperatures, because they typically draw 

reservoir water from the 4°C hypolimnion. In downstream reaches, this results in colder water 

in summer and warmer water in winter. Pulsed flow regimes generating thermopeaking 

exceeding natural daily variations in temperatures, are a particular challenge. Such 

hydropower-related changes in natural temperature regimes, directly affect aquatic biota in an 

organism-specific variety of ways (see details above).  

In Table 6 is a brief overview summary of considerations discussed in this report, with focus on 

life stages of brown trout and Atlantic salmon. Important considerations are main temperature 

regulation impacts, potential biological responses and ecological consequences, and potential 

mitigating measures. Clearly, flexible reservoir intakes and adaptive flow regimes are key 

mitigating measures with respect to water temperatures.  
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Table 6. Summary of hydropower regulation water temperature impacts on life stages of brown trout and Atlantic salmon, with likely bio logicals 

responses, ecological consequences, and potential mitigation measures. Question marks indicate knowledge gaps and important research areas. 

Typically, regulation will increase winter water temperatures. In summer, water temperatures are reduced. It is difficult to generalize about effects 

of pulsed flows. Effects will depend on local conditions and ramping regime. Increasing number of stars indicate increasing level of confidence. 

 

LIFE STAGE (POTENTIAL) TEMPERATURE 

REGULATION IMPACT 

(POTENTIAL) 

BIOLOGICAL  

RESPONSE 

ECOLOGICAL 

CONSEQUENCES 

POTENTIAL MITIGATION MEASURES  

EGG 

INCUBATION 

PERIOD 

Determined by day-degrees 

(DD). 

Warmer winter water 

shorten incubation period. 

Earlier hatching, 

later spawning. 

Mismatch with 

environmental 

conditions.*** 

Reduce winter water temperatures via flexible 

water intakes and adaptive flow regime. 

EGG 

SURVIVAL 

Depends on temperature. 

Regulation changes typically 

within egg survival 

temperature range. 

Changed ice phenomena 

may influence survival 

? 

Does a temperature 

increase e. g. 0→3°C 

affect egg survival? 

Or changed ice 

phenomena? 

? 

Changed population 

recruitment?* 

Reestablish surface ice during winter via lower 

water temperatures via flexible water intakes and 

adaptive  flow regime? 

Increase egg survival via stable flow of 2-3°C 

water, avoiding ice phenomena? 
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ALEVIN 

DEVELOPME

NT, 

HATCHING TO 

FIRST 

FEEDING 

Influenced by temperature, 

similar to eggs. 

Slower spring warming. 

(but also unpredictable 

transient temperatures). 

Slower alevin 

development, 

smaller alevin. 

 

Mismatch with 

environmental 

conditions, e.g. 

natural spring flows.  

Shorter growing 

season.***  

Reduce regulated spring flow. 

Increase spring water temperatures via flexible 

water intakes and adaptive flow regime. 

ALEVIN 

SURVIVAL 

Depends on temperature. 

Slower spring warming.  

Lower survival 

during low 

temperatures and 

high flows. 

Prolonged alevin 

stage and reduced 

size lead to reduced 

survival? 

Reduced population 

recruitment?* 

Higher spring temperatures temperature via 

flexible water intakes and adaptive flow regime. 

FRY TO 

ADULT 

FEEDING 

Temperature dependent 

activity. 

Slower spring warming, 

lower summer 

temperatures. 

Typically reduced 

feeding. Potentially 

increased feeding 

during high summer 

in warmer climates. 

 

Lower production. 

Lower juvenile 

survival.* 

 

 

 

Higher spring and early summer temperatures 

temperature via flexible water intakes and 

adaptive flow regime. 

Avoid high summer temperatures via drawing 

cooler reservoir water. 
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GROWTH Determined by temperature 

and food ration. 

Slower spring warming, 

lower summer 

temperatures. 

Reduced growth. 

During high summer 

in warmer climates, 

growth may 

increase. 

Smaller fish. Lower 

production.*** 

Lower juvenile 

survival.** 

 

Higher summer temperatures temperature via 

flexible water intakes and adaptive flow regime. 

Avoid high summer temperatures via drawing 

cooler reservoir water. 

MAXIMUM 

GROWTH 

 ≈ 13-16°C  Suitable summer temperatures temperature via 

flexible water intakes and adaptive flow regime. 

 

AVOIDED 

TEMPERATUR

ES 

Cease feeding and growth, 

induce thermal stress. 

Stabilize temperatures 

within suitable temperature 

range. 

<3-6°C and >19-22°C 

at acclimation 15°C. 

**  

SMOLT 

MIGRATION 

Several factors (e.g. flow, 

photoperiod), including 

temperature. 

Slower spring warming. 

Lower trigger 

temperature (≈ 7-

10°C).  

Delayed smolt 

migration? 

Reduced population 

recruitment?* 

Increase spring water temperatures via flexible 

water intakes and adaptive flow regime. 
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SPAWNING 

MIGRATION 

Several factors (e.g. flow), 

including temperature. 

Higher early fall 

temperatures. 

? ?**  

SPAWNING 

TIME 

Temperature link via DD/egg 

development. 

Warmer winter water 

shorten incubation period. 

1-8°C. 

Later spawning. 

?* Timed to optimize early survival in natural 

streams.  
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Finally, we summarize suggested future water-temperature and hydropower regulation research and 

competence needs (see text above for details): 

Hydro-physical winter conditions: 

 Seasonal and thermal longitudinal effects are neither well studied nor quantified. How 

extensive are they, and what local conditions (e.g. ground water, tributaries, catchment run 

of) affect the changes?  

 How do different production regimes (e.g. peaking or seasonal) affect longitudinal 

downstream water temperatures? 

 Replacement of the naturally stable mid-winter surface ice period with prolonged transition 

periods may lead to more frazil ice formation and correspondingly unstable or no surface ice. 

Reduced snow and ice cover in regulated streams may expose macroinvertebrates and fish to 

more open water and frazil ice, but also to increased winter temperatures. How does this 

affect macroinvertebrates and fish? 

 To what extent do different macroinvertebrates survive encasement in ice? 

 Is invertebrate production higher in winter-warmer regulated rivers than in the natural state? 

 In regulated rivers, mechanistic ice breakup may occur several times and at anytime during 

winter. To what extent does this cause higher winter mortalities in fish in regulated rivers?  

Biological responses: 

 Longitudinal water temperature impacts on fish populations and invertebrate community on 

the river scale? 

 To what extent are there differences both in warm and cold water thermal performance exist 

among salmon and trout populations, and are such differences indicative of local thermal 

adaptations? 

Mitigating measures: 

 Have restored/increased flows in regulated rivers resulted in higher and/or more natural 

salmonid production? Also, has higher minimum discharge in winter after regulation, with 

associated higher water temperatures, resulted in higher parr survival rates and smolt 

production? 

 What are the effects of regulation-induced temperature changes/increases in early spring on 

egg and alevin development and survival? 
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 A suite of numerical models for water temperature calculations in combination with models 

of effects on changing physical and thermal habitat on fish, is available. However, are there 

any empirical examples? 

 For models, development and integration of small-scale thermal (fish) habitat models and 

validation against fish data, are also remaining challenges. 

 

In general, effects of good practice of environmental design and targeted mitigation measures 

are not well documented. Much of existing knowledge is based on modelling exercises. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  69 
 

7. REFERENCES 

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

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. 

Anderson, K., Swanson, P., Pankhurst, N., King, H. & Elizur, A. (2012) Effect of thermal challenge on plasma 
gonadotropin levels and ovarian steroidogenesis in female maiden and repeat spawning Tasmanian 
Atlantic salmon (Salmo salar). Aquaculture, 334, 205-212. 

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

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

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. 

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. 

Asvall, R. (2005) Altautbyggingen - Vannyemperatut og isforhold ved bruk av øvre inntak om vinteren. Norges 
Vassdrags og Energidirektorat (ed. N.V.o. Energidirektorat), pp. 40. Norges Vassdrags og 
Energidirektorat, NVE Oppdragsrapport A. 

Asvall, R. & Kvambekk, Å. (2001) Ny strategi for tapping av Altamagasinet om vinteren. Endring av 
vanntemperaturog isregimet fra utløpet av kraftstasjonen i Savco ved utvidet bruk av øvre inntak. 
NVE Oppdragsrapport. 

Asvall, R.P. (2008) Altautbyggingen - Vanntemperatur og isforhold om vinteren (2007-2008). NVE 
Oppdragrapport A, pp. 28. Norges Vassdrags og Energidirektorat, Norges Vassdrags og 
Energidirektorat Oslo. 

Auer, S., Zeiringer, B., Fuhrer, S., Tonolla, D. & Schmutz, S. (2017) Effects of river bank heterogeneity and time 
of day on drift and stranding of juvenile European grayling (Thymallus thymallus L.) caused by 
hydropeaking. Science of the Total Environment, 575, 1515-1521. 

Austin, H., Bradley, D., Steward-Rousson, I. & Milner, N. (2015) Literature review of the influence of large 
impoundments on downstream temperature, water quality and ecology, with reference to the Water 
framework Directive. APEM Scientific Report, pp. 84. Scottish Environmental Protection Agency, 
Stirling, Scotland. 

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

Baerum, K.M., Vollestad, L.A., Kiffney, P., Remy, A. & Haugen, T.O. (2016) Population-level variation in 
juvenile brown trout growth from different climatic regions of Norway to an experimental thermal 
gradient. Environmental Biology of Fishes, 99, 1009-1018. 

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, 4, 31-43. 

Bale, J.S. & Hayward, S.A.L. (2010) Insect overwintering in a changing climate. Journal of Experimental 
Biology, 213, 980-994. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  70 
 

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. (1989) Stream temperature investigations: field and analytic methods. Instream Flow 
Information Paper, pp. 139. 

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

Bartholow, J. (2004) Modeling Chinook salmon with SALMOD on the Sacramento River, California. Hydroecol. 
Appl., 14, 193-219. 

Bartholow, J., Hanna, R., Saito, L., Lieberman, D. & Horn, M. (2001) Simulated Limnological Effects of the 
Shasta Lake Temperature Control Device. Environmental Management, 27, 609-626. 

Bash, J.S. & Ryan, C.M. (2002) Stream restoration and enhancement projects: Is anyone monitoring? 
Environmental Management, 29, 877-885. 

Beach, M.H. (1984) Fish pass design - criteria for the design and approval of fish passes and other structures 
to facilitate the passage of migratory fish in rivers Fisheries Reserach Technical Report, pp. 48. 
Ministry of Agriculture, Fisheries and Food, Lowestoft, England. 

Beamish, F.W. (1979) 2 Swimming capacity. Locomotion (eds W.S. Hoar & D.J. Randall), pp. 101-187. 
Academic Press, Inc. 

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. 

Bennet, W., Rybel, V., Jenkins, M., Donohue, K., Riker, R. & Sticka, D. (2011) Retrofitting a Deep Water Plant 
Intake to Improve Fish Passage. HydroReview, 30, 38-46. 

Benson, N.G. (1955) Observations on anchor ice in a Michigan trout stream. Ecology, 36, 529-530. 
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, O.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. 

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

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. 

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. 

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. 

Bret, V., Bergerot, B., Capra, H., Gouraud, V. & Lamouroux, N. (2016) Influence of discharge, hydraulics, water 
temperature, and dispersal on density synchrony in brown trout populations (Salmo trutta). 
Canadian Journal of Fisheries and Aquatic Sciences, 73, 319-329. 

Brett, J.R. (1956) Some Principles in the Thermal Requirements of Fishes. The Quarterly Review of Biology, 
31, 75-87. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  71 
 

Brittain, J.E. (1982) BIOLOGY OF MAYFLIES. Annual Review of Entomology, 27, 119-147. 
Brittain, J.E. (1983) THE INFLUENCE OF TEMPERATURE ON NYMPHAL GROWTH-RATES IN MOUNTAIN 

STONEFLIES (PLECOPTERA). Ecology, 64, 440-446. 
Brittain, J.E. (1990) Life history strategies in Ephemeroptera and Plecoptera. Mayflies and Stoneflies (ed. I.C. 

Campbell), pp. 1-12. Kluwer Press. 
Brittain, J.E. (1991) Life history charcateristics as a determinant of the response of mayflies and stoneflies to 

man-made environmental disturbance. Overview and Strategies of Ephemeroptera anmd Plecoptera 
(ed. J. Alba-Tercedor), pp. 539-545. Sandhill Press, USA. 

Brittain, J.E. & Bildeng, R. (1995) Life cycle of Arctopsyche ladogensis (trichoptera) in a regulated Norwegian 
river. Regulated Rivers: Research & Management, 10, 71-79. 

Brittain, J.E. & Eikeland, T.J. (1988) INVERTEBRATE DRIFT - A REVIEW. Hydrobiologia, 166, 77-93. 
Brittain, J.E., Lillehammer, A. & Bildeng, R. (1984) The impact of  a water transfer scheme on the benthic 

macroinvertebrates of a Norwegian river Regulated Rivers (eds A. Lillehammer & S.J. Saltveit), pp. 
189-199. Universitetsforlaget, Universitetsforlaget, Oslo, Norway. 

Brittain, J.E., Lillehammer, A. & Saltveit, S.J. (1986) INTRASPECIFIC VARIATION IN THE NYMPHAL GROWTH-
RATE OF THE STONEFLY, CAPNIA-ATRA (PLECOPTERA). Journal of Animal Ecology, 55, 1001-1006. 

Brittain, J.E. & Saltveit, S.J. (1989) A review of the effect of river regulation on mayflies (Ephemeroptera). 
Regulated Rivers: Research & Management, 3, 191-204. 

Brown, C.J.D., Clothier, W.D. & Alvord, W. (1953) Observations on Ice Conditions and Bottom Organisms in 
the West Gallatin River, Montana. Montana Academy of Sciences. 

Brown, L.E., Hannah, D.M. & Milner, A.M. (2006) Thermal variability and stream flow permanency in an alpine 
river system. River Research and Applications, 22, 493-501. 

Brown, L.E., Hannah, D.M. & Milner, A.M. (2007) Vulnerability of alpine stream biodiversity to  shrinking 
glaciers and snowpacks. Global Change Biology, 13, 958-966. 

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. 

Bruno, M.C., Cashman, M.J., Maiolini, B., Biffi, S. & Zolezzi, G. (2016) Responses of benthic invertebrates to 
repeated hydropeaking in semi-natural flume simulations. Ecohydrology, 9, 68-82. 

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. 

Budy, P., Thiede, G.P., Lobon-Cervia, J., Fernandez, G.G., McHugh, P., McIntosh, A., Vollestad, L.A., Becares, 
E. & Jellyman, P. (2013) Limitation and facilitation of one of the world's most invasive fish: an 
intercontinental comparison. Ecology, 94, 356-367. 

Bustos, A., Hedger, R., Fjeldstad, H.-P., Alfredsen, K., Sundt, H. & Barton, D. (2017) Modeling the effects of 
alternative mitigation measures on Atlantic salmon production in a regulated river. Water Resources 
and Economics. 

Butler, R.L. & Hawthorne, V.M. (1979) Anchor ice, its formation and effects on aquatic life Science in 
Agriculture, 26. 

Byrne, C.J., Poole, R., Dillane, M., Rogan, G. & Whelan, K.F. (2004) Temporal and environmental influences 
on the variation in sea trout (Salmo trutta L.) smolt migration in the Burrishoole system in the west 
of Ireland from 1971 to 2000. Fisheries Research, 66, 85-94. 

Cadbury, S., Hannah, D., Milner, A., Pearson, C. & Brown, L. (2008) Stream temperature dynamics within a 
New Zealand glacierized river basin. River Research and Applications, 24, 68-89. 

Caissie, D. (2006a) The thermal regime of rivers: a review. Freshwater Biology, 51, 1389-1406. 
Caissie, D. (2006b) The thermal regimes of rivers: a review. Freshwater Biology, 51, 1389-1406. 
Carolli, M., Bruno, M.C., Siviglia, A. & Maiolini, B. (2012) Responses of benthic invertebrates to abrupt 

changes of temperature in flume simulations. River Research and Applications, 28, 678-691. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  72 
 

Carrivick, J., Brown, L., Hannah, D. & Turner, A. (2012) Numerical modelling of spatio-temporal thermal 
heterogeneity in a complex river system. Journal of Hydrology, 414-415, 491-502. 

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. 

Casas-Mulet, R., Alfredsen, K., Brabrand, Å. & Saltveit, S.J. (2016) Hydropower operations in groundwater-
influenced rivers: implications for Atlantic salmon, Salmo salar, early life stage development and 
survival. Fisheries Management and Ecology, 2, 144-151. 

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. 

Casas-Mulet, R., Saltveit, S.J. & Alfredsen, K. (2016) Hydrological and thermal effects of hydropeaking on early 
life stages of salmonids: A modelling approach for implementing mitigation strategies. Science of the 
total environment, 573, 1660-1672. 

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. 

Cereghino, R., Legalle, M. & Lavandier, P. (2004) Drift and benthic population structure of the mayfly 
Rhithrogena semicolorata (Heptageniidae) under natural and hydropeaking conditions. 
Hydrobiologia, 519, 127-133. 

Chezik, K.A., Lester, N.P. & Venturelli, P.A. (2014) Fish growth and degree-days I: selecting a base temperature 
for a within-population study. Canadian Journal of Fisheries and Aquatic Sciences, 71, 47-55. 

Clarke, A. & Portner, H.O. (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. 

Colbo, M. (1979) Distribution of winter-developing Simuliidae (Diptera), in eastern Newfoundland. Canadian 
Journal of Zoology, 57, 2143-2152. 

Comola, F., Schaefli, B., Rinaldo, A. & Lehning, M. (2015) Thermodynamics in the hydrologic response: Travel 
time formulation and application to Alpine catchments. Water Resources Research, 51, 1671-1687. 

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. 

Conservancy, T.N. (2009) Indicators of Hydrologic Alteration Version 7.1 
User's Manual. . (ed. T.N. Conservancy), pp. 81. England. 
Corey, E., Linnansaari, T., Cunjak, R.A. & Currie, S. (2017) Physiological effects of environmentally 

relevant,multi-day thermal stress on wild juvenile Atlanticsalmon (Salmosalar). Conservation 
Physiology, 5, 1-13. 

Coulson, S.J., Convey, P., Aakra, K., Aarvik, L., Avila-Jimenez, 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. & 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. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  73 
 

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. 

Danks, H.V. (2008) Aquatic insets adaptations to winter cold and ice. Aquatic Insects: Challenges to 
Populations (eds J. Lancaster & R.A. Briers), pp. 1-19. Proceedings of the Royal Entomological 
Society’s 24th Symposium - CAB International, Wallingford, Oxfordshire, England. 

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. 

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.I., 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. 

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

Diez-Hernández, J.M. (2008) Assessment of Ecological Requirements for the Environmental Fluvial Flows 
Setting. Revista de Ingeniería, 15-23. 

Dugdale, S. (2016) A practitioner’s guide to thermalinfrared remote sensing of riversand streams: recent 
advances,precautions and consideration. WIREs Water, 3, 251-268. 

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

Edington, J.M. & Hildrew, A.H. (1973) Experimental observations relating to the distribution of netspinning 
Trichoptera in streams. Verhandlungen der Internationalen Vereinigung für theoretische und 
angewandte Limnologie, 18, 1549-1558. 

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., 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.A. (1981) Some aspects of thermal stress on freshwater teleosts. Stress and Fish (ed. A.D. Pickering), 
pp. 209-246. Academic Press, London. 

Elliott, J.A. & Humpesch, U.H. (2010) Mayfly larvae (Ephemeroptera) of Britain and Ireland: keys and a review 
of their ecology. Freshwater Biological Association, Freshwater Biological Association, England. 

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

Elliott, J.M. (1984) HATCHING TIME AND GROWTH OF NEMURELLA-PICTETII (PLECOPTERA, NEMOURIDAE) IN 
THE LABORATORY AND A LAKE DISTRICT STREAM. Freshwater Biology, 14, 491-499. 

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. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  74 
 

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. 

Elliott, J.M. (2011) A comparative study of the relationship between light intensity and feeding ability in 
brown trout (Salmo trutta) and Arctic charr (Salvelinus alpinus). Freshwater Biology, 56, 1962-1972. 

Elliott, J.M. (2015) Density-dependent and density-independent growth in a population of juvenile sea-trout, 
Salmo trutta, assessed using long-term data from a small stream in Northwest England. Freshwater 
Biology, 60, 336-346. 

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. (1997) A functional model for maximum growth of Atlantic Salmon parr, Salmo 
salar, from two populations in northwest England. Functional Ecology, 11, 592-603. 

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. 

Elliott, J.M., Hurley, M.A. & Fryer, R.J. (1995) A NEW, IMPROVED GROWTH-MODEL FOR BROWN TROUT, 
SALMO-TRUTTA. Functional Ecology, 9, 290-298. 

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. 

Embody, G.C. (1934) Relation of Temperature to the Incubation Periods of Eggs of Four Species of Trout. 
Transactions of the American Fisheries Society, 64, 281-292. 

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. 

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

Finch, C., Pine, W. & Limburg, K. (2015) Do hydropeaking flows alter juvenile fish growth rates? A test with 
juvenile humpback chub in the Colorado River. River Research and Applications, 31, 156-164. 

Finni, G.R. & Chandler, L. (1979) The microdistribution of Allocapnia naiads Plecoptera: Capniidae. Journal of 
the Kansas Entomologcal Socoety, 52, 93-102. 

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. (2007) 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. & Jonsson, B. (2012) Effect of incubation temperature on growth performance in Atlantic 
salmon. Marine Ecology Progress Series, 454, 75-82. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  75 
 

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. 

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., Hurley, M.A., Jensen, A.J. & Elliott, J.M. (2001) Functional models for growth and food 
consumption of Atlantic salmon parr, Salmo salar, from a Norwegian river. Freshwater Biology, 46, 
173-186. 

Forseth, T. & Jonsson, B. (1994) THE GROWTH AND FOOD RATION OF PISCIVOROUS BROWN TROUT (SALMO-
TRUTTA). Functional Ecology, 8, 171-177. 

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. 

Forseth, T., Letcher, B.H. & Johansen, M. (2010) The Behavioural Flexibility of Salmon Growth. Atlantic 
Salmon Ecology, pp. 145-169. Wiley-Blackwell. 

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. 

Frisbie, M.P. & Lee, R.E. (1997) Inoculative freezing and the problem of winter survival for freshwater 
macroinvertebrates. Journal of the North American Benthological Society, 16, 635-650. 

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. 

Garner, G., Malcolm, I., Sadler, J. & Hannah, D. (2017) The role of riparian vegetation density, channel 
orientation and water velocity in determining river temperature dynamics. Journal of Hydrology. 

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. 

Gehrken, U. & Somme, L. (1987) INCREASED COLD HARDINESS IN EGGS OF ARCYNOPTERYX-COMPACTA 
(PLECOPTERA) BY DEHYDRATION. Journal of Insect Physiology, 33, 987-991. 

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. 

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 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  76 
 

responses and approaches (eds D. Sear & P. DeVries), pp. 195-224. American Fisheries Society, 
Bethesda, Maryland. 

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. 

Gillespie, B.R., Desmet, S., Kay, P., Tillotson, M.R. & Brown, L.E. (2015) A critical analysis of regulated river 
ecosystem responses to managed environmental flows from reservoirs. Freshwater Biology, 60, 410-
425. 

Gillooly, J.F. & Dodson, S.I. (2000) The relationship of egg size and incubation temperature to embryonic 
development time in univoltine and multivoltine aquatic insects. Freshwater Biology, 44, 595-604. 

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

Gray, R.L. (2016) Effectiveness of cold water pollution mitigation at Burrendong Dam using an innovative 
thermal curtain. 

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. 

Gunnes, K. (1979) SURVIVAL AND DEVELOPMENT OF ATLANTIC SALMON EGGS AND FRY AT 3 DIFFERENT 
TEMPERATURES. Aquaculture, 16, 211-218. 

Guse, B., Kail, J., Radinger, J., Schröder, 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. (1998) Seasonal dynamics of detritus and associated macroinvertebrates in a 
channelized boreal stream. Archiv Fur Hydrobiologie, 142, 171-189. 

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., Sundt, H., Alfredsen, K. & Dangelmaier, G. (2007a) 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. 

Halleraker, J.H., Sundt, H., Alfredsen, K.T. & Dangelmaier, G. (2007b) 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. 

Hamblin, P. & McAdam, S. (2003) Impoundment effects on the thermal regimes of Kootenay Lake, the Arrow 
Lakes Reservoir and Upper Columbia River. Hydrobiologia, 504, 3-19. 

Hampton, S.E., Galloway, A.W.E., Powers, S.M., Ozersky, T., Woo, K.H., Batt, R.D., Labou, S.G., O'Reilly, C.M., 
Sharma, S., Lottig, N.R., Stanley, E.H., North, R.L., Stockwell, J.D., Adrian, R., Weyhenmeyer, G.A., 
Arvola, L., Baulch, H.M., Bertani, I., Bowman, L.L., Carey, C.C., Catalan, J., Colom-Montero, W., 
Domine, L.M., Felip, M., Granados, I., Gries, C., Grossart, H.P., Haberman, J., Haldna, M., Hayden, B., 
Higgins, S.N., Jolley, J.C., Kahilainen, K.K., Kaup, E., Kehoe, M.J., MacIntyre, S., Mackay, A.W., Mariash, 
H.L., McKay, R.M., Nixdorf, B., Noges, P., Noges, T., Palmer, M., Pierson, D.C., Post, D.M., Pruett, M.J., 
Rautio, M., Read, J.S., Roberts, S.L., Rucker, J., Sadro, S., Silow, E.A., Smith, D.E., Sterner, R.W., Swann, 
G.E.A., Timofeyev, M.A., Toro, M., Twiss, M.R., Vogt, R.J., Watson, S.B., Whiteford, E.J. & Xenopoulos, 
M.A. (2017) Ecology under lake ice. Ecology Letters, 20, 98-111. 

Hanna, R., Saito, L., Bartholow, J. & Sandelin, J. (1999) Results of Simulated Temperature Control Device 
Operations on In-Reservoir and Discharge Water Temperatures Using CE-QUAL-W2. Lake and 
Reservoir Management, 15, 87-102. 

Hansen, L.P. & Jonsson, B. (1985) DOWNSTREAM MIGRATION OF HATCHERY-REARED SMOLTS OF ATLANTIC 
SALMON (SALMO-SALAR L) IN THE RIVER IMSA, NORWAY. Aquaculture, 45, 237-248. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  77 
 

Harper, P. & Hynes, H. (1970) Diapause in the nymphs of Canadian winter stoneflies. Ecology, 51, 925-927. 
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. 

Haxton, T.J. & Findlay, C.S. (2008) Meta-analysis of the impacts of water management on aquatic 
communities. Canadian Journal of Fisheries and Aquatic Sciences, 65, 437-447. 

Hedger, R., Sundt-Hansen, L., Forseth, T., Diserud, O., Ugedal, O. & Finstad, A. (2013a) Modelling the 
complete life-cycle of Atlantic salmon (Salmo salar L.) using a spatially explicit individual-based 
approach. Ecological Modelling, 248, 119-129. 

Hedger, R., Sundt-Hansen, L., Forseth, T., Ugedal, O., Diserud, O. & Finstad, A. (2013b) Modelling the 
complete life-cycle of Atlantic salmon (Salmo salar L.) using an individual-based approach. Ecological 
Modelling, 248, 119-129. 

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

Hedger, R.D., Sundt-Hansen, L.E., Forseth, T., Ugedal, O., Diserud, O.H., Kvambekk, A.S. & Finstad, A.G. 
(2013d) 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. 

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., Alfredsen, K., Bustos, A.A., Huusko, A. & Stickler, M. (2016) Be cool: Hydro-physical changes and 
fish responses in winter in hydropower-regulated northern streams. HSN Skriftserien, pp. 70. 
University College of Southeast Norway University College of Southeast Norway Bø  

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

Heggenes, J., Krog, O.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. 

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. 

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

Hrachowitz, M., Soulsby, C., Imholt, C., Malcolm, I. & Tetzlaff, D. (2010) Thermal regimes in a large upland 
salmon river: a simple model to identify the influence of landscape controls and climate change on 
maximum temperatures. Hydrological Processes, 24, 3374-3391. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  78 
 

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. 

Huryn, A.D. & Wallace, J.B. (2000) Life history and production of stream insects. Annual Review of 
Entomology, 45, 83-110. 

Hutchinson, G.E. & Löffler, H. (1956) The thermal classification of lakes. Proceedings of the National Academy 
of Sciences, 42, 84-86. 

Huusko, A., Greenberg, L., Stickler, M., Linnansaari, T., Nykänen, 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., Diserud, O.H., Jensen, A.J., Jensas, J.G., Johnsen, B.O. & Ugedal, O. (2015) 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. 

Hågvar, S. & Østbye, E. (1973) Notes on some winter-active Chironomidae Norsk entomologisk tidsskrift, 20, 
253-257. 

Ilestad, A.-M., Haugen, T. & Colman, J. (2012) Differential Habitat Use between Adult European Sea Bass and 
North Atlantic Cod in the Inner Oslo Fjord: In uence of Abiotic Environmental Variables. American 
Fisheries Society Symposium, pp. 265-288. American Fisheries Society. 

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

Irons III, J.G., Miller, L.K. & Oswood, M.W. (1993) Ecological adaptations of aquatic macroinvertebrates to 
overwintering in interior Alaska (USA) subarctic streams. Canadian Journal of Zoology, 71, 98-108. 

Jackson, H., Gibbins, C. & Soulsby, C. (2007) Role of discharge and temperature variation in determining 
invertebrate community structure in a regulated river. River Research and Applications, 23, 651-669. 

Jensen, A.J. (1990) GROWTH OF YOUNG MIGRATORY BROWN TROUT SALMO-TRUTTA CORRELATED WITH 
WATER TEMPERATURE IN NORWEGIAN RIVERS. Journal of Animal Ecology, 59, 603-614. 

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, A.J., Johnsen, B.O. & Heggberget, T.G. (1991) INITIAL FEEDING TIME OF ATLANTIC SALMON, SALMO-
SALAR, ALEVINS COMPARED TO RIVER FLOW AND WATER TEMPERATURE IN NORWEGIAN STREAMS. 
Environmental Biology of Fishes, 30, 379-385. 

Jensen, A.J., Johnsen, B.O. & Saksgard, L. (1989) TEMPERATURE REQUIREMENTS IN ATLANTIC SALMON 
(SALMO-SALAR), BROWN TROUT (SALMO-TRUTTA), AND ARCTIC CHAR (SALVELINUS-ALPINUS) FROM 
HATCHING TO INITIAL FEEDING COMPARED WITH GEOGRAPHIC-DISTRIBUTION. Canadian Journal of 
Fisheries and Aquatic Sciences, 46, 786-789. 

Jensen, L.F., Hansen, M.M., Pertoldi, C., Holdensgaard, G., Mensberg, K.L.D. & Loeschcke, V. (2008) Local 
adaptation in brown trout early life-history traits: implications for climate change adaptability. 
Proceedings of the Royal Society B-Biological Sciences, 275, 2859-2868. 

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. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  79 
 

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, B. & Labée-Lund, J.H. (1993) LATITUDINAL CLINES IN LIFE-HISTORY VARIABLES OF ANADROMOUS 
BROWN TROUT IN EUROPE. Journal of Fish Biology, 43, 1-16. 

Jonsson, B. & Ruud-Hansen, J. (1985) WATER TEMPERATURE AS THE PRIMARY INFLUENCE ON TIMING OF 
SEAWARD MIGRATIONS OF ATLANTIC SALMON (SALMO-SALAR) SMOLTS. Canadian Journal of 
Fisheries and Aquatic Sciences, 42, 593-595. 

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. 

Juanes, F., Gephard, S. & Beland, K. (2004) Long-term changes in migration timing of adult Atlantic salmon 
(Salmo salar) at the southern edge of the species distribution. Canadian Journal of Fisheries and 
Aquatic Sciences, 61, 2392-2400. 

Jungwirth, M. & Winkler, H. (1984) THE TEMPERATURE-DEPENDENCE OF EMBRYONIC-DEVELOPMENT OF 
GRAYLING (THYMALLUS-THYMALLUS), DANUBE SALMON (HUCHO-HUCHO), ARCTIC CHAR 
(SALVELINUS-ALPINUS) AND BROWN TROUT (SALMO-TRUTTA-FARIO). Aquaculture, 38, 315-327. 

Kane, T.R. (1988) RELATIONSHIP OF TEMPERATURE AND TIME OF INITIAL FEEDING OF ATLANTIC SALMON. 
Progressive Fish-Culturist, 50, 93-97. 

Kemp, P.S., Vowles, A.S., Sotherton, N., Roberts, D., Acreman, M.C. & Karageorgopoulos, P. (2017) 
Challenging convention: the winter ecology of brown trout (Salmo trutta) in a productive and stable 
environment. Freshwater Biology, 62, 146-160. 

King, H.R., Pankhurst, N.W., Watts, M. & Pankhurst, P.M. (2003) Effect of elevated summer temperatures on 
gonadal steroid production, vitellogenesis and egg quality in female Atlantic salmon. Journal of Fish 
Biology, 63, 153-167. 

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

Koksvik, J.I. & Reinertsen, H. (2008) Changes in macroalgae and bottom fauna in the winter period in the 
regulated Alta River in northern Norway. River Research and Applications, 24, 720-731. 

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. 

Kreivi, P., Muotka, T., Huusko, A., Mäki‐Petäys, A., Huhta, A. & Meissner, K. (1999) Diel feeding periodicity, 
daily ration and prey selectivity in juvenile brown trout in a subarctic river. Journal of Fish Biology, 
55, 553-571. 

Kurylyk, B., MacQuarrie, K., Linnansaari, T., Cunjak, R.A. & Curry, R. (2015) Preserving, augmenting, and 
creating cold-water thermalrefugia in rivers: concepts derived from research on theMiramichi River, 
New Brunswick (Canada) Ecohydrology, 8, 1095-1108. 

Kvambekk, A.S. (2004) Vanntemperaturer i Suldalslågen. Simulering av uregulert tilstand i 1931-2002 og ulike 
skisseforslag til nytt vannføringsregime. NVE Miljørapport, pp. 50. Norges Vassdrags og 
Energidirektorat, Norges Vassdrags og Energidirektorat Oslo. 

Kvambekk, Å.S. (2012) Vanntemperatur i kraftverksmagasiner - Hvilke temperaturforskjeller kan oppnås ved 
bruk av flere inntaksdyp? Rapport Miljøbasert Vannføring, pp. 33. Norges Vassdrags og 
Energidirektorat, Norges Vassdrags og Energidirektorat Oslo. 

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 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  80 
 

invertebrate drift under natural and hydropeaking conditions in a mountain stream. Aquatic Living 
Resources, 15, 129-137. 

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. 

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. 

Lehmkuhl, D.M. (1972) Change in Thermal Regime as a Cause of Reduction of Benthic Fauna Downstream of 
a Reservoir. Journal of the Fisheries Research Board of Canada, 29, 1329-1332. 

Lencioni, V. (2004) Survival strategies of freshwater insects in cold environments. Journal of Limnology, 63, 
45-55. 

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 Øvre Heimdalsvatn. Holarctic Ecology, 1, 
279-300. 

Lillehammer, A. (1987) Diapause and quiescence in eggs of Systellognatha stonefly species (Plecoptera) 
occuring in alpine areas of Norway. Annales De Limnologie - International Journal of Limnology, 23, 
179-184. 

Lillehammer, A., Brittain, J.E., Saltveit, S.J. & Nielsen, P.S. (1989) EGG DEVELOPMENT, NYMPHAL GROWTH 
AND LIFE-CYCLE STRATEGIES IN PLECOPTERA. Holarctic Ecology, 12, 173-186. 

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. 

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 l.) 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. 

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. 

Lobon-Cervia, J. & Rincon, P.A. (1998) Field assessment of the influence of temperature on growth rate in a 
brown trout population. Transactions of the American Fisheries Society, 127, 718-728. 

Logez, M. & Pont, D. (2011) Variation of brown trout Salmo trutta young-of-the-year growth along 
environmental gradients in Europe. Journal of Fish Biology, 78, 1269-1276. 

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. 

Louhi, P., Robertsen, G., Fleming, I.A. & 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. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  81 
 

Maberly, S.C. (1996) Diel, episodic and seasonal changes in pH and concentrations of inorganic carbon in a 
productive lake. Freshwater Biology, 35, 579-598. 

Magnuson, J.J., Crowder, L.B. & Medvick, P.A. (1979) Temperature as an ecological resource. American 
Zoologist, 19, 331-343. 

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, 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. 

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. 

Meier, K., Hansen, M.M., Normandeau, E., Mensberg, K.L.D., Frydenberg, J., Larsen, P.F., Bekkevold, D. & 
Bernatchez, L. (2014) Local Adaptation at the Transcriptome Level in Brown Trout: Evidence from 
Early Life History Temperature Genomic Reaction Norms. Plos One, 9. 

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. 

Metcalfe, N.B. & Thorpe, J.E. (1990) DETERMINANTS OF GEOGRAPHICAL VARIATION IN THE AGE OF 
SEAWARD MIGRATING SALMON, SALMO-SALAR. Journal of Animal Ecology, 59, 135-145. 

Miles, N.G. & West, R.J. (2011) The use of an aeration system to prevent thermal stratification of a freshwater 
impoundment and its effect on downstream fish assemblages. Journal of Fish Biology, 78, 945-952. 

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. 

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. 

Moore, R.D. (2006) Stream temperature patterns in British Columbia, Canada, based on routine spot 
measurements. Canadian Water Resources Journal, 31, 41-56. 

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., Meixner, H., Goethals, P.L.M., De Pauw, N. & Mader, H. (2007) Concept and application of the 
usable volume for modelling the physical habitat of riverine organisms. River Research and 
Applications, 23, 545-558. 

Müller, K. (1982) Coastal research in the Gulf of Bothnia. Springer Science & Business Media. 
Müller, M., Homleid, M., Ivarson, K.-A., Køltzow, M., Lindskog, M., Midtbø, K., Andrae, U., Aspelien, T., 

Berggren, L., Bjørge, D., Dahlgren, P., Kristiansen, J., Randriamampianinaa, R., Ridal, M. & Vignes, O. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  82 
 

(2017) AROME-MetCoOp: A Nordic Convective-Scale Operational Weather Prediction Model. 
Weather and Forecasting. 

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. 

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. 

Nuhfer, A.J., Zorn, T.G. & Wills, T.C. (2017) Effects of reduced summer flows on the brook trout population 
and temperatures of a groundwater-influenced stream. Ecology of Freshwater Fish, 26, 108-119. 

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

Ojanguren, A.F. & Brana, F. (2003) Thermal dependence of embryonic growth and development in brown 
trout. Journal of Fish Biology, 62, 580-590. 

Ojanguren, A.F., Reyes-Gavilan, F.G. & Munoz, R.R. (1999) Effects of temperature on growth and efficiency 
of yolk utilisation in eggs and pre-feeding larval stages of Atlantic salmon. Aquaculture International, 
7, 81-87. 

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.D., Konrad, C.P., Melis, T.S., Kennard, M.J., Freeman, M.C., Mims, M.C., Bray, E.N., Gido, K.B., 

Hemphill, N.P. & Lytle, D.A. (2014) Are large‐scale flow experiments informing the science and 
management of freshwater ecosystems? Frontiers in Ecology and the Environment, 12, 176-185. 

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. 

Olsson, T.I. (1981) OVERWINTERING OF BENTHIC MACROINVERTEBRATES IN ICE AND FROZEN SEDIMENT IN 
A NORTH SWEDISH RIVER. Holarctic Ecology, 4, 161-166. 

Olsson, T.I. (1983) SEASONAL-VARIATION IN THE LATERAL DISTRIBUTION OF MAYFLY NYMPHS IN A BOREAL 
RIVER. Holarctic Ecology, 6, 333-339. 

Ornsrud, R., Gil, L. & Waagbo, R. (2004) Teratogenicity of elevated egg incubation temperature and egg 
vitamin A status in Atlantic salmon, Salmo salar L. Journal of Fish Diseases, 27, 213-223. 

Ornsrud, R., Wargelius, A., Saele, O., Pittman, K. & Waagbo, R. (2004) Influence of egg vitamin A status and 
egg incubation temperature on subsequent development of the early vertebral column in Atlantic 
salmon fry. Journal of Fish Biology, 64, 399-417. 

Oswood, M.W., Miller, L.K. & Irons, J.G. (1991) Overwintering of freshwater benthic macroinvertebrates. 
Insects at low temperature (eds R.E.J. Lee & D.L. Denlinger), pp. 360-375. . Chapman and Hall 
Chapman and Hall, New York, USA. 

Otero, J., L'Abée‐Lund, J.H., Castro‐Santos, T., Leonardsson, K., Storvik, G.O., Jonsson, B., Dempson, B., 

Russell, I.C., Jensen, A.J. & Baglinière, J.L. (2014) Basin ‐scale phenology and effects of climate 
variability on global timing of initial seaward migration of Atlantic salmon (Salmo salar). Global 
Change Biology, 20, 61-75. 

Pardo, I., Campbell, I. & Brittain, J. (1998) Influence of dam operation on mayfly assemblage structure and 
life histories in two south-eastern Australian streams. Regulated Rivers: Research & Management, 
14, 285-295. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  83 
 

Pavlov, D.S., Mikheev, V.N., Lupandin, A.I. & 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. 

Petrin, Z., Brittain, J.E. & Saltveit, S.J. (2013) Mayfly and stonefly species traits and species composition reflect 
hydrological regulation: a meta-analysis. Freshwater Science, 32, 425-437. 

Petts, G.E. (1986) Water quality characteristics of regulated rivers. Progress in Physical Geography, 10, 492-
516. 

Piccolroaz, S., Calamita, E., Majone, B., Gallice, A., Siviglia, A. & Toffolon, M. (2016) Prediction of river water 
temperature: a comparison betw een anew family of hybrid models and statistical approaches. 
Hydrological Processes, 30, 3901-3917. 

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

Poole, G.C. & Berman, C.H. (2001) An ecological perspective on in-stream temperature: natural heat 
dynamics and mechanisms of human-causedthermal degradation. Environmental Management, 27, 
787-802. 

Portner, H.O. (2006) Climate-dependent evolution of Antarctic ectotherms: An integrative analysis. Deep-Sea 
Research Part Ii-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. 

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, K.M.W. & Weyhenmeyer, G.A. (2011) Effects of Changes in 
Arctic Lake and River Ice. Ambio, 40, 63-74. 

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

Quinn, T.P., McGinnity, P. & Reed, T.E. (2016) The paradox of "premature migration" by adult anadromous 
salmonid fishes: patterns and hypotheses. Canadian Journal of Fisheries and Aquatic Sciences, 73, 
1015-1030. 

Raddum, G.G. (1985) Effects of winter warm reservoir release on benthic stream invertebrates. 
Hydrobiologia, 122, 105-111. 

Raddum, G.G. & Fjellheim, A. (1993a) 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. 

Raddum, G.G. & Fjellheim, A. (1993b) Life cycle and production of Baetis rhodani in a regulated river in 
Western Norway: Comparison of pre- 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. 

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. 

Reiser, D.W. & Wesche, T.A. (1979) In situ freezing as a cause of mortality in brown trout eggs. The Progressive 
Fish-Culturist, 41, 58-60. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  84 
 

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. 

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. 

Rishel, G.B., Lynch, J.A. & Corbett, E.S. (1982) Seasonal Stream Temperature Changes Following Forest 
Harvesting. Journal of Environmental Quality, 11, 112-116. 

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. 

Roberts, J.H., Anderson, G.B. & Angermeier, P.L. (2016) A Long-Term Study of Ecological Impacts of River 
Channelization on the Population of an Endangered Fish: Lessons Learned for Assessment and 
Restoration. Water, 8, 240. 

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. 

Saloranta, T. & Andersen, T. (2007) MyLake—A multi-year lake simulation model code suitable for 
uncertainty and sensitivity analysis simulations. Ecological Modelling, 207, 45-60. 

Saltveit, S.J. (1990) Effect of decreased temperature on growth and smoltification of juvenile atlantic salmon 
(salmo salar) and brown trout (salmo trutta) in a norwegian regulated river. Regulated Rivers: 
Research & Management, 5, 295-303. 

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., Bremnes, T. & Brittain, J.E. (1994) EFFECT OF A CHANGED TEMPERATURE REGIME ON THE 
BENTHOS OF A NORWEGIAN REGULATED RIVER. Regulated Rivers-Research & Management, 9, 93-
102. 

Saltveit, S.J., Brittain, J.E. & Lillehammer, A. (1987) Stoneflies and river regulation. Regulated Streams (eds 
J.F. Craig & J.B. Kemper), pp. 117-129. Plenum New York, USA. 

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. 

Sanchez-Hernandez, J., Gabler, H.M., Elliott, J.M. & Amundsen, P.A. (2016) Use of a growth model to assess 
the suboptimal growth of Atlantic salmon parr in a subarctic river. Ecology of Freshwater Fish, 25, 
518-526. 

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. 

Schulting, L., Feld, C.K. & Graf, W. (2016) Effects of hydro- and thermopeaking on benthic macroinvertebrate 
drift. Science of the Total Environment, 573, 1472-1480. 

Scruton, D.A., Pennell, C., Ollerhead, L.M.N., Alfredsen, K., Stickler, M., Harby, A., Robertson, M., Clarke, K.D. 
& LeDrew, L.J. (2008) A synopsis of 'hydropeaking' studies on the response of juvenile Atlantic salmon 
to experimental flow alteration. Hydrobiologia, 609, 263-275. 

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



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  85 
 

Selker, J., Thevenaz, L., Huwald, H., Mallet, A., Luxemburg, W., van Giesen, N., Stejskal, M., Zeman, J., 
Westhoff, M. & Parlange, M. (2006) Distributed fiber-optic temperature sensing for hydrologic 
systems. Water Resources Research, 42, 187. 

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. 

Shanley, C.S., Pyare, S., Goldstein, M.I., Alaback, P.B., Albert, D.M., Beier, C.M., Brinkman, T.J., Edwards, R.T., 
Hood, E., MacKinnon, A., McPhee, M.V., Patterson, T.M., Suring, L.H., Tallmon, D.A. & Wipfli, M.S. 
(2015) Climate change implications in the northern coastal temperate rainforest of North America. 
Climatic Change, 130, 155-170. 

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

Sherman, B., Todd, C., Koehn, J. & Ryan, T. (2007) MODELLING THE IMPACT AND POTENTIAL MITIGATION OF 
COLD WATER POLLUTION ON MURRAY COD POPULATIONS DOWNSTREAM 

OF HUME DAM, AUSTRALIA. River research and applications, 23, 377-389. 
Shields, B.A., Stubbing, D.N., Summers, D.W. & Giles, N. (2005) Temporal and spatial segregation of spawning 

by wild and farm-reared brown trout, Salmo trutta L., in the River Avon, Wiltshire, UK. Fisheries 
Management and Ecology, 12, 77-79. 

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. 

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. 

Solomon, D.J. & Lightfoot, G.W. (2008) The thermal biology of brown trout and Atlantic salmon. Science 
Reports (ed. E. Agency), pp. 42. Environment Agency, Rio House, Waterside Drive, 

Aztec West, Almondsbury, Bristol, BS32 4UD, Environment Agency, Rio House, Waterside Drive, 
Aztec West, Almondsbury, Bristol, BS32 4UD. 
Solomon, D.J. & Sambrook, H.T. (2004) Effects of hot dry summers on the loss of Atlantic salmon, Salmo salar, 

from estuaries in South West England. Fisheries Management and Ecology, 11, 353-363. 
Staurnes, M., Sigholt, T. & Gulseth, O.A. (1994) EFFECTS OF SEASONAL-CHANGES IN WATER TEMPERATURE 

ON THE PARR-SMOLT TRANSFORMATION OF ATLANTIC SALMON AND ANADROMOUS ARCTIC CHAR. 
Transactions of the American Fisheries Society, 123, 408-415. 

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. 

Stewart, D.C., Middlemas, S.J. & Youngson, A.F. (2006) Population structuring in Atlantic salmon (Salmo 
salar): evidence of genetic influence on the timing of smolt migration in sub-catchment stocks. 
Ecology of Freshwater Fish, 15, 552-558. 

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

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

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. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  86 
 

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. 

Sweeney, B.W. (1984) Factors influencing life-history patterns in aquatic insects. The Ecology of Aquatic 
Insects (eds V.H. Resh & D.M. Rosenberg), pp. 625. Holt Saunders Ltd., Praeger Publishers, New York. 

Sweeney, B.W. & Vannote, R.L. (1978) Size variation and the distribution of hemimetabolous aquatic insects: 
two thermal equilibrium hypotheses. Science, 200, 444-446. 

Syrjanen, J., Kiljunen, M., Karjalainen, J., Eloranta, A. & Muotka, T. (2008) Survival and growth of brown trout 
Salmo trutta L. embryos and the timing of hatching and emergence in two boreal lake outlet streams. 
Journal of Fish Biology, 72, 985-1000. 

Takle, H., Baeverfjord, G. & Andersen, O. (2004) Identification of stress sensitive genes in hyperthermic 
Atlantic salmon (Salmo salar) embryos by RAP-PCR. Fish Physiology and Biochemistry, 30, 275-281. 

Takle, H., Baeverfjord, G., Helland, S., Kjorsvik, E. & Andersen, O. (2006) Hyperthermia induced atrial 
natriuretic peptide expression and deviant heart development in Atlantic salmon Salmo salar 
embryos. General and Comparative Endocrinology, 147, 118-125. 

Taranger, G.L. & Hansen, T. (1993) Ovulation and egg survival following exposure of Atlantic salmon, Salmo 
salar L., broodstock to different water temperatures. Aquaculture Research, 24, 151-156. 

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. 

Thaulow, H., Tvede, A., Pedersen, T.S. & Seelos, K. (2009) Managing Catchments for Hydropower Generation. 
Handbook of Catchment Management (eds R.C. Ferrier & A.R. Jenkins). Wiley-Blackwell, Oxford, UK. 
. 

Theriault, I., Saucet, J. & Taha, W. (2010) Validation of the Mike-Ice 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, I. & 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. (2015a) Impact of climate change on ice regime in a river 
regulated for hydropower. Canadian Journal of Civil Engineering, 42, 634-644. 

Timalsina, N.P., Alfredsen, K.T. & Killingtveit, Å. (2015b) 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. (2013a) Simulation of the ice regime in a Norwegian regulated 
river. Cold Regions Science and Technology, 94, 61-73. 

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

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. 
Tvede, A. (2006) Vanntemperatur og isforhold. Økologiske forhold i vassdrag-konsekvenser av 

vannføringsendringer. En sammenstilling av dagens kunnskap, 27-34. 
Tvede, A.M. (1994) Discharge, water temperature and glaciers in the Aurland river basin. Norsk Geografisk 

Tidsskrift-Norwegian Journal of Geography, 48, 23-28. 
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. 



Stay cool: Temperature in hydropower regulated systems 

 

  

___ 

  87 
 

Ugedal, O., Næsje, T., Thorstad, E.B., Forseth, T., Saksgård, L. & Heggberget, T. (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. 

Ugedal, O., Næsje, T.F., Saksgård, L.M. & Thorstad, E.B. (2016) Fiskebiologiske undersøkelser i Altaelva. 
Samlerapport for 2011-2015. 

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. 

Vannote, R.L. & Sweeney, B.W. (1980) GEOGRAPHIC ANALYSIS OF THERMAL EQUILIBRIA - A CONCEPTUAL-
MODEL FOR EVALUATING THE EFFECT OF NATURAL AND MODIFIED THERMAL REGIMES ON AQUATIC 
INSECT COMMUNITIES. American Naturalist, 115, 667-695. 

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. 

Vermeyen, T. (2000) Application of flexible curtains to control mixing and enable selective withdrawal in 
reservoirs. IAHR, Proceedings from the 5th International Symposium on Stratified Flows, Vancouver, 
Canada. 

Vikingstad, E., Andersson, E., Hansen, T.J., Norberg, B., Mayer, I., Stefansson, S.O. , Fjelldal, P.G. & Taranger, 
G.L. (2016) Effects of temperature on the final stages of sexual maturation in Atlantic salmon (Salmo 
salar L.). Fish Physiology and Biochemistry, 42, 895-907. 

Vikingstad, E., Andersson, E., Norberg, B., Mayer, I., Klenke, U., Zohar, Y., Stefansson, S.O. & Taranger, G.L. 
(2008) The combined effects of temperature and GnRHa treatment on the final stages of sexual 
maturation in Atlantic salmon (Salmo salar L.) females. Fish Physiology and Biochemistry, 34, 289-
298. 

Vinson, M.R. (2001) Long-term dynamics of an invertebrate assemblage downstream from a large dam. 
Ecological Applications, 11, 711-730. 

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. 

Ward, J. (1994a) Ecology of alpine streams. Freshwater Biology, 32, 277-294. 
Ward, J.V. (1994b) ECOLOGY OF ALPINE STREAMS. Freshwater Biology, 32, 277-294. 
Ward, J.V. & Stanford, J. (1982) Thermal responses in the evolutionary ecology of aquatic insects. Annual 

Review of Entomology, 27, 97-117. 
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., 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. 
Webb, B., Hannah, D., Moore, R., Brown, L. & Nobilis, F. (2008a) Recent advances in stream and river 

temperature research. Hydrological Processes, 22, 902-918. 



Stay cool: Temperature in hydropower regulated systems 

___

 88 

Webb, B. & Walling, D. (1988) Modification of temperature behaviour through regulation of a British river 
system. River Research and Applications, 2, 103-116. 

Webb, B. & Walling, D. (1993) Temporal variability in the impact of river regulation on thermal regime and 
some biological implications. Freshwater Biology, 29, 167-182. 

Webb, B. & Walling, D. (1996) Long-term variability in the thermal impact of river impoundment and 
regulation. Applied Geography, 16, 211-223. 

Webb, B. & Walling, D. (1997) Complex summer water temperature behaviour below a UK regulating 
reservoir. River Research and Applications, 13, 463-477. 

Webb, B.W., Hannah, D.M., Moore, R.D., Brown, L.E. & Nobilis, F. (2008b) Recent advances in stream and 
river temperature research. Hydrological Processes, 22, 902-918. 

Webb, J.H. & McLay, H.A. (1996) Variation in the time of spawning of Atlantic salmon (Salmo salar) and its 
relationship to temperature in the Aberdeenshire Dee, Scotland. Canadian Journal of Fisheries and 
Aquatic Sciences, 53, 2739-2744. 

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. 

White, J.C., Hannah, D.M., House, A., Beatson, S.J.V., Martin, A. & Wood, P.J. (2017) Macroinvertebrate 
responses to flow and stream temperature variability across regulated and non-regulated rivers. 
Ecohydrology, 10. 

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. 

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



Publication series No 21
2017 

—
Stay cool

 Temperature changes and biological 
responses in hydropower-regulated 

northern stream systems 
—

Jan Heggenes
Knut Alfredsen
John E. Brittain

Ana Adeva Bustos
Ari Huusko

Morten Stickler
—

ISBN 978-82-7206-462-3 
ISSN 1893-3068

usn.no




