
          Jukuri, open repository of the Natural Resources Institute Finland (Luke) 
   
 
   

All material supplied via Jukuri is protected by copyright and other intellectual property rights. Duplication 
or sale, in electronic or print form, of any part of the repository collections is prohibited. Making electronic 
or print copies of the material is permitted only for your own personal use or for educational purposes.  For 
other purposes, this article may be used in accordance with the publisher’s terms. There may be 
differences between this version and the publisher’s version. You are advised to cite the publisher’s 
version. 

 

This is an electronic reprint of the original article.  
This reprint may differ from the original in pagination and typographic detail. 

 

Author(s): Teppo Vehanen, Tapio Sutela & Ari Huusko 

Title: Potential Impact of Climate Change on Salmonid Smolt Ecology 

Year: 2023 

Version: Published version 

Copyright:   The Author(s) 2023 

Rights: CC BY 4.0 

Rights url: http://creativecommons.org/licenses/by/4.0/ 

 

Please cite the original version: 

Vehanen T, Sutela T, Huusko A. Potential Impact of Climate Change on Salmonid Smolt Ecology. 
Fishes. 2023; 8(7):382. https://doi.org/10.3390/fishes8070382 



Citation: Vehanen, T.; Sutela, T.;

Huusko, A. Potential Impact of

Climate Change on Salmonid Smolt

Ecology. Fishes 2023, 8, 382. https://

doi.org/10.3390/fishes8070382

Academic Editor: Bror Jonsson

Received: 25 May 2023

Revised: 11 July 2023

Accepted: 12 July 2023

Published: 24 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

fishes

Review

Potential Impact of Climate Change on Salmonid Smolt Ecology
Teppo Vehanen * , Tapio Sutela and Ari Huusko

Natural Resources Institute Finland, Latokartanonkaari 9, 00790 Helsinki, Finland; tapio.sutela@luke.fi (T.S.);
ari.huusko@luke.fi (A.H.)
* Correspondence: teppo.vehanen@luke.fi

Abstract: The migratory life history of anadromous salmonids requires successful migration between
nursery, feeding, and spawning habitats. Smolting is the major transformation anadromous salmonids
undergo before migration to feeding areas. It prepares juvenile fish for downstream migration and
their entry to seawater. We reviewed the effects of climate change on smolt ecology from the
growth of juveniles in fresh water to early post-smolts in the sea to identify the potential effects
of climate change on migratory salmonid populations during this period in their life history. The
focus was especially on Atlantic salmon. The shift in suitable thermal conditions caused by climate
change results in Atlantic salmon expanding their range northward, while at the southern edge of
their distribution, populations struggle with high temperatures and occasional droughts. Climatic
conditions, particularly warmer temperatures, affect growth during the freshwater river phase. Better
growth in northern latitudes leads to earlier smolting. Thermal refuges, the areas of cooler water
in the river, are important for salmonids impacted by climate change. Restoring and maintaining
connectivity and a suitably diverse mosaic habitat in rivers are important for survival and growth
throughout the range. The start of the smolt migration has shifted earlier as a response to rising water
temperatures, which has led to concerns about a mismatch with optimal conditions for post-smolts in
the sea, decreasing their survival. A wide smolt window allowing all migrating phenotypes from
early to late migrants’ safe access to the sea is important in changing environmental conditions. This is
also true for regulated rivers, where flow regulation practices cause selection pressures on migrating
salmonid phenotypes. The freshwater life history also affects marine survival, and better collaboration
across life stages and habitats is necessary among researchers and managers to boost smolt production
in rivers. Proactive measures are recommended against population declines, including sustainable
land use in the catchment, maintaining a diverse mosaic of habitats for salmonids, restoring flow and
connectivity, and conserving key habitats.

Keywords: climate change; salmonids; Salmo; rivers; fresh water; migration

Key Contribution: This paper makes a valuable contribution to understanding how climate change
affects the key life stage of salmonids, smolting, and smolt migration. Smolting prepares entry
from fresh water to salt water. Salmonids are a group of species with huge cultural and economic
significance.

1. Introduction

Anadromous and potamodromous salmonids migrate from their natal river to a
feeding environment before returning for reproduction [1–3]. Migration enables fish to
exploit many temporally productive and spatially discrete habitats with various fitness
benefits (e.g., growth, reproduction, predator avoidance) [4]. Migratory life history requires
unrestricted migration routes between nursery, feeding, and spawning habitats [5]. During
each life stage, salmonids utilize the habitat that is advantageous for them. Migration
between habitats thus clearly has an adaptive value [6]. Nursery and feeding habitats
differ in environmental characteristics, and migrations precede adaptive physiological
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transformations and changes in the phenotype and behavior to be better suited for the
new environment.

Smolting is the major transformation anadromous salmonids undergo before migration
to feeding areas. Smolting prepares fish for downstream migration and entry to seawater.
Atlantic salmon Salmo salar L., 1758 juveniles can stay in their natal river habitat to grow for
1–8 years before migrating [7,8]. Of the Pacific salmon, pink salmon Oncorhynchus gorbuscha
(Walbaum, 1792) and chum salmon Oncorhynchus keta (Walbaum, 1792) can move almost
directly after the emergence at the fry stage into seawater, while the others (masu salmon
Oncorhynchus masou (Brevoort, 1856), O. tshawytscha (Walbaum, 1792), O. nerka (Walbaum,
1792), and steelhead (rainbow) trout Oncorhynchus mykiss (Walbaum, 1792)) spend one or
more years in fresh water before migrating to the sea for feeding [7]. When smolting, the
phenotype of fish changes as follows: the coloration of smolts becomes silvery, and the
body shape becomes more streamlined [2]. This, with darkened fins, a dark back, and a
white abdomen, camouflage the fish in the pelagic environment [5]. Behavioral changes
include a loss of rheotaxis, and juveniles become more pelagic. Their tendency to group also
increases [9]. Several physiological changes occur, for example, increased salinity tolerance,
increased metabolism, and olfactory imprinting helping the fish locate their home stream
on their return migration [10]. Environmental cues, e.g., photoperiod, temperature, and
waterflow, regulate physiological changes and initiate migration [2,5]. Lake-living Atlantic
salmon appear to smolts similarly to anadromous conspecifics ([11], but see [12]). This is
apparently an inherited trait [13], even for salmon spending their entire life in fresh water,
such as the Atlantic salmon residing in Lake Vänern, Sweden.

Both Atlantic and Pacific salmon populations have been in decline throughout their
habitat ranges [13–15]. To reverse this trend, it is important to understand the role of differ-
ent environmental and anthropogenic factors in the decline [16]. Numerous factors may
impact population abundances negatively, and with the complex life history of migrating
salmonids, the reasons are obviously multiple and difficult to unravel [17,18], although
the ongoing climate warming appears particularly important, especially for low latitude
populations. Anthropogenic activities have a long history of altering salmonid populations
and, thus, smolt development and smolt migration. Smolts are sensitive to external impacts
and behavior and survival during migrations [2]. Several anthropogenic activities may
affect smolt development, behavior, and survival during migration, such as hydropower
developments, land use, pollution, fish farming, and parasites like sea lice Lepeophtheirus
salmonis (Krøyer, 1837) [2,5]. Temperature and flow interact with the other anthropogenic
pressures to affect smolting and smolt migration.

Salmonids are a cold-water species. Global warming will generally have a major im-
pact on their success. Historically, climatic variability has affected the patterns of abundance
in Atlantic salmon and Pacific salmon populations [19–22]. Although estuarine and marine
mortalities have been found to be important determinants of survival, marine mortality de-
pends on factors acting in fresh water and during smolt migration [23]. Thorstad et al. [24]
argue that the best strategy to mitigate the changing environmental conditions should
be to ensure that the greatest number of wild smolts in the best condition migrate from
rivers and coastal areas to feeding areas because mortality at sea is found to be density
independent [25]. Survival at sea depends on the size of the smolts and environmental
conditions when the smolts begin their sea sojourn. [18,23,26]. In research, it is important
to address the links between river habitat conditions and the physiological requirements
of salmonids during their juvenile life stages in freshwater habitats [27]. Climate change
will continue to affect not only smolting and migration but also instream habitats across all
seasons [27].

In this paper, we review climate change effects on (1) in-river habitat conditions in
preparation for smolting, (2) the smolting process, (3) smolt migration, and (4) early post-
smolt survival. Our focus is on Salmo spp., but when relevant, we also refer to the fish
species in the Pacific salmon genus (Onchorhynchus spp.).
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2. Climate Change and Salmonid Distribution

Human activities are estimated to have induced approximately 1.0 ◦C of global warm-
ing above pre-industrial levels (between 1880 and 2017), with a likely range of 0.8 ◦C to
1.2 ◦C. Global warming is likely to reach 1.5 ◦C in about 2030 if temperatures continue to
increase at the current rate [28]. For example, a higher winter discharge, earlier snowmelt,
and earlier onset of summer low flow periods are predicted throughout the range of Atlantic
salmon [29,30].

Increasing global surface temperatures are very likely to lead to changes in precipita-
tion and atmospheric moisture because of changes in atmospheric circulation, a more active
hydrological cycle, and increases in the water-holding capacity throughout the atmosphere.
Overall, global land precipitation has increased by about 2% since the beginning of the 20th
century. There have been marked increases in precipitation in the latter part of the 20th
century over northern Europe, though with a general decrease southward to the Mediter-
ranean. Dry wintertime conditions over southern Europe and the Mediterranean and
wetter-than-normal conditions over many parts of northern Europe and Scandinavia [31]
are linked to the strong positive values of the North Atlantic Oscillation (NAO), with more
anticyclonic conditions over southern Europe and stronger westerly winds over northern
Europe (Ref. [32] conducted a review).

Northern Eurasia (north of approximately 40 ◦N) showed widespread and statistically
significant increases in winter precipitation between 1921 and 2015, with values exceeding
1.2–1.6 mm mo−1 per decade west of the Ural Mountains and along the east coast, while
southern Europe exhibits coherent yet weaker amplitude drying trends that attain statistical
significance over the eastern Mediterranean. These precipitation trends occur in the context
of changes in the large-scale atmospheric circulation, with negative SLP (Sea Level Pressure)
trends over northern Eurasia and positive SLP trends over the central North Atlantic
extending into southwestern Europe [33].

The magnitude of climate change is considered to depend on the atmospheric load of
the two most important greenhouse gases: carbon dioxide (CO2) and methane (CH4). The
terrestrial biosphere plays an important role in the global carbon balance. In boreal zones,
forests and peatlands are an essential part of the global carbon cycle. Recent temperature
increases have been associated with increasing forest fire activity in Canada since about
1970 and exceptionally warm summer conditions in Russia during the 2010 fire season
reviewed by [34].

Atlantic salmon is distributed from northern Portugal (42 ◦N) to the River Kara in
northern Russia in Europe [35], and West Atlantic salmon is distributed from the Connecti-
cut River to the Ungava region of northern Quebec. Southern Atlantic salmon populations
have declined dramatically and face the highest risk of extinction as global warming moves
its thermal niche northward [36]. The suitable thermal habitat for salmon is expected
to extend northward with the invasion of new spawning, nursery, and feeding areas
north of the species’ present distributional range but with the loss of the most southern
populations [37–40]. Indeed, salmon are already responding to warmer temperatures by
expanding their range northward into the Arctic Ocean [41,42] and disappearing from the
southern edge of their distribution area [7,40,43–45]. The population complex of Atlantic
salmon in Europe has experienced a multidecadal decline in recruitment, resulting in
the lowest population abundances observed since 1970 [46]. Atlantic salmon abundance
and productivity show similar patterns of decline across six widespread regions of North
America [47]. Abundance declined in the late 1980s and early 1990s, after which it remained
stable at low levels. Climate-driven environmental factors such as changes in plankton
communities and prey availability at warmer ocean temperatures were linked to the low
productivity of North Atlantic salmon populations [47]. Landlocked European populations
of salmonids are found in Norway, Sweden, Finland, and Russian Karelia [48–51]. The
landlocked populations of salmon have declined throughout their distribution range [51,52].
Brown trout (Salmo trutta L. 1758) is native to Europe and Asia, where anadromous popula-
tions are found from Portugal to the White Sea [7]. It must be noted that the taxonomic
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status of the brown trout species complex is challenging, and the high morphological and
ecological diversity has led to the morphological description of populations belonging to
species other than S. trutta in Europe [53]. In the future, the living conditions for trout will
probably deteriorate in the southern part of the current distribution. In the northern part of
their current distribution, global warming may improve feeding opportunities, growth, and
survival conditions [7]. According to Filipe et al. [54], future brown trout distribution will
become progressively and dramatically reduced in European watercourses. Their forecasts
indicate that the greatest losses in suitable habitats will take place in southern Europe.

3. In-River Habitat Conditions in Preparation for Smolting

The most important climate-change-driven habitat changes that influence salmonid
juveniles in rivers are changes in thermal and hydrological regimes [55–57]. These changes
will affect how juveniles use their physical habitat and affect growth and survival.

Water temperature has various effects on the biology of salmonids. Thermal optima
allow salmon to maximize growth; temperatures above thermal optima can stress fish and
ultimately lead to mortality [58,59]. On a larger scale, northern populations are predicted to
do better than southern populations under global warming [38,60,61], but even in the same
river, the effects on different populations can vary [59]. Some northern populations can have
an increase in parr recruitment and smolt production [61]. However, some Arctic salmonids
are also already experiencing warm (>21 ◦C), physiologically challenging, migratory river
conditions [62], and an increase in river water temperatures has already been observed
in several rivers [63–65]. In general, high-latitude ecosystems are facing rapid warming,
and cold-water fish will eventually be displaced by fish adapted to warmer water [66].
The range of temperatures at which fish survive or grow differs between development
stages and salmonid species (for a review, see [7]). Atlantic salmon eggs survive between
0 and 16 ◦C, and alevins can develop normally up to 22 ◦C [67]. Growth takes place in
temperatures between 6 ◦C and 22.5 ◦C, with maximum growth at around 16 ◦C, and the
upper lethal temperature is 29.5 ◦C for parr but depends on the acclimatization temperature
and the length of the acclimatization period. With the warming of surface waters, the risk
of local extinctions will increase [68,69].

Smolt’s characteristics are influenced by their earlier life in fresh water [23,70]. For
example, the incubation of eggs at higher temperatures has resulted in fry with a reduced
swimming performance or later returning adults [71,72]. According to Thompson and
Beauchamp [73], the survival of steelhead trout in the marine environment can be driven
by an overall higher growth rate established early in life in fresh water, which results in a
larger size at smolt migration. Climate-induced instream thermal conditions affect parr size
and the age of departure from the river [74]. For salmonid populations facing increased
water temperatures, thermal heterogeneity in the river plays an important role in survival
and growth [56,75]. The density of juveniles in thermal refuges has been found to increase
after high-temperature effects [56]. Maintaining and restoring a diverse mixture of habitats
and thermal refugia is important for salmonids impacted by climate change [76]. Thermal
topology can also influence fish growth. Fish in the least complex network grew faster and
were ready to smolt earlier than fish in the more spatially complex temperature network,
i.e., in a river environment where the thermal diversity was higher [77]. Climate-induced
high water temperatures can also interact with parr density, while in chinook salmon at
low parr density, the effect of temperature on growth was positive, and at high densities,
the relationship proved to be negative [75].

Especially in the southern margins of the salmonid distribution ranges, the availability
of suitable cold-water environments becomes more important as the temperatures rise [78].
The temporal variability of these cold refuges is high; the most stable ones are typically
groundwater seeps and cold-water tributaries [79]. For cold-water species like salmonids,
headwater streams may become more important structural and thermal refuges. Head-
waters are often less impacted by humans than the main streams (T. Vehanen, personal
communication). On the other hand, high-elevation streams, especially those above snow-
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lines, can be especially vulnerable to climate change because they are likely to experience
the greatest snow–rain transition [80]. Stream size is a limiting factor for some salmonid
species, but for species like coho salmon, differently sized streams can provide an alter-
native rearing habitat [81]. For brown trout, small streams are important spawning and
nursery habitats [82,83]. Brown trout are well adapted and influenced by habitat variables
associated with the size of small streams, especially with flow variations [82,84], and the
population traits of anadromous brown trout from a small stream differ from those in larger
rivers [72].

Seasonal flow is another key element impacted by climate change, contributing to
the habitat quality of salmonid juveniles [85]. Climate change has already altered the
hydrological regimes of rivers. The changes for Atlantic salmon and brown trout include
frequent periods with extreme weather, i.e., low- and high-flow events, precipitation falling
as rain and less as snow, and a decrease in the ice-covered period [7,86]. These changes
can have a negative impact on freshwater salmon’s instream habitat [80,87]. Extremes in
waterflow can decrease recruitment and survival. Generally, the early life stages, i.e., the
eggs, emerging alevins, fry, and young juveniles, experience the highest mortalities [88,89].
High-flow events during the emergence of fry from the gravel can cause the flushing
of fry to unsuitable habitats. The preferences for physical habitat parameters like water
velocity and depth vary seasonally [90]. Climate change-induced high or low flows cause
variation in this habitat suitable for salmonid parr. Low flow conditions are also often
associated with an extended duration of high water temperatures [87]. The minimum
levels of river flow have been found to be regulators for parr survival and, hence, for smolt
production in Atlantic salmon and brown trout [61,84]. It is also predicted that stream
hydrology will change when winters get warmer, and increased fluctuations in winter
discharge and temperatures may lead to repeated ice formation and breakup [91–93]. As
winters get warmer, there is less snow, more rain, and higher winter discharges. These
changes can negatively affect the growth and survival of juvenile salmonids during the
winter [94]. The ability of the young salmonids to swim against strong currents is poor
at low temperatures [7,95], and salmonid parr prefers relatively slow flow rates in the
winter [96]. Increased rain on snow with a high flow can lead to the ice scouring of the
streambed, which results in higher egg mortality [97]. The mortality of salmonid eggs and
fry may become higher with climate change in northern rivers.

Water temperature and flow variation, the two important aspects of climate change,
are interacting with anthropogenic activities, such as land use in the catchment to affect
the fish community in rivers [98]. Anthropogenic activities have long altered migratory
fish by closing pathways and creating challenging migration conditions for smolt. Climate
change can further strengthen these human-caused effects. Climate change will intensify
precipitation and flood events in all climate regions [99], but the difference at the regional
scale can be high [100]. Increased precipitation intensity enhances suspended solid and
nutrient loadings in rivers, especially in human-altered catchments [101]. Increased rainfall
with land use (i.e., forestry, agriculture) will intensify the brownification of surface waters
due to the increased loading of dissolved organic carbon from the catchments [102,103].
This widespread phenomenon, especially in the boreal region, will deteriorate the habitat
quality of salmonid juveniles habituated to good freshwater quality. A reduced freshwater
habitat connectivity can decrease the growth of juveniles and may have deleterious impacts
on later marine life stages [104]. Flow regulation typically creates flow and temperature
conditions for fish species that prefer warm- and slow-water habitats and can thus favor
invasive species. The physically challenging migratory conditions caused by flow regu-
lation combined with large diurnal temperature fluctuations can restrict the migration
of salmonids by limiting their ability to recover from fatiguing exercise [62]. A rapid
temperature rise also has a negative effect on the osmoregulatory performance of Atlantic
salmon smolts [105].
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4. Smolting

In salmonids, genetic diversity combined with developmental flexibility leads to
numerous pathways to residency, migration, or maturation [106], and especially among
Pacific salmon, there are also other phenotypes than smolts out-migrating rivers [107,108].
Anadromous salmonid juveniles transform from parr to smolts to prepare for downstream
migration and entry into seawater. Physiological and behavioral changes take place in
the spring when juvenile salmonids undergo smolting. Smolting and smolt migration are
considered critical life-history stages essential for survival [5]. While still in fresh water, fish
undergo a preparatory smolting process involving morphological changes as they become
silvery and streamlined [2] (Figure 1). Behavioral changes include decreasing rheotactic
and optomotor sensitivities and fish’s station-holding abilities [9]. The photoperiod and
temperature regulate physiological changes via their impact on the neuroendocrine sys-
tem [2]. Thus, because the photoperiod remains the same at the same date and site each
year, the temperature will be critical in determining responses to future climate change.
Within the same river system, the distance to the sea does not seem to play a role; pop-
ulations are closer or further from the sea smolts at the same time [109,110]. Waterflow
and its variability as another major environmental factor can act more as a timer to initiate
migration [2,7], for example.
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Tornionjoki (Finland) Atlantic salmon smolt, Ville Vähä).

Smolting varies depending on several factors like temperature, latitude, age and size,
growth rate, and a combination of these factors. Hence, climate change with rising water
temperatures obviously has an impact on the smolting process. Size and growth potentially
affect the timing of migration and the survival of smolts [26,111–114]. Smolt age depends
on growth rate. For instance, fast-growing parr smolts are younger and smaller than
slow-growing parrs [115]. Warmer river temperatures increase the growth of parr and the
share of fish smolting at an earlier age [74]. Temperature naturally correlates with latitude
and is a strong predictor of migration timing in Atlantic salmon [116].
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The migration decisions to smolt or not are decided between internal and external
factors [114,117]. The important internal factors are the growth rate and the energetic status
of individual fish [5]. Differences in the smolting rate between naturally anadromous
and more resident populations have an inherited component [117]. A high growth rate in
the late summer and the early fall of the year before migration can predict smolting [5].
However, high growth, especially during the winter, may induce the maturation of the
parr [118].

Growth and energetics do not solely depend on temperature but on other factors
like food availability. For example, it appears that smolting may be switched off via poor
nutritional conditions preceding smolting [117,119]. Better growth conditions caused by
an increase in the river temperature can increase the proportion of sexually mature male
parr, which have a lower probability of migrating [120]. How climate change will affect
individual growth rates and energetics in salmonid populations will depend intimately on
how it affects the ecological status of rivers, particularly food availability.

Climate change may strengthen or weaken the effects of anthropogenic activities on
water quality important for smolting salmonids. Pollutants, acidity, and sedimentation
can adversely affect smolt development, which can have negative consequences on their
readiness for life at sea [10,23]. Especially in northern temperate coastal regions, which
will receive higher winter rainfall, phosphorus loading from land to streams is expected to
increase, whereas a decline in warm temperate and arid climates is expected [121]. In the
northern region, increasing precipitation will increase nutrient leaching, especially from
areas affected by human alteration: agriculture, forestry, and other land use [122]. For
example, acid leaks from the catchment are expected to increase. Increased acidity will have
a major impact on the fish community, especially on acid-sensitive salmonids [123]. Even a
short moderate exposure to acidity may require more than two weeks for the recovery of
Atlantic salmon smolts [124]. Freshwater ecosystems are sensitive to anthropogenic flow
regime alteration, which may cause temperature fluctuations. Close to its southernmost
distribution, warming with low flows threaten coho salmon in California, and environ-
mental flow protection is needed to support Pacific salmon in a changing climate [125].
Rapid temperature shifts have a negative impact on the hypo-osmoregulatory capacities of
Atlantic salmon smolts [126]. There is an interaction of salinity and elevated temperature
in the osmoregulatory performance of salmon smolt, and rapid temperature fluctuations
above the threshold temperature (20 ◦C) have been found to cause iono-regulatory failure.

5. Smolt Migrations

Smolts start their downstream migration during a “period of readiness”, a smolt win-
dow when they are physiologically prepared to meet the conditions in their marine feeding
area [2,127]. In Atlantic salmon smolt, migration typically takes place during the spring
and early summer at a length of 12–25 cm [128]. Temperature and flow are environmental
cues for smolt migration. Migration times differ between years and rivers; the temperature
can be a good predictor of the timing [129–131]. Warmer temperatures result in earlier
migrations [130]. Typically, a correlation between the onset of the smolt run and the water
temperature has been found [132]. Temperature experience, an accumulated temperature,
or a combination of a temperature increase and temperature level in the river during the
spring are the cues to initiate migration rather than any threshold temperature [130,133,134].
The initiation of smolt migration was positively associated with freshwater temperatures of
up to about 10 ◦C and leveling off at higher values [18]. Another major environmental clue
that plays an important role in initiating smolt migration is river flow. During the smolt
window, increased waterflow initiates smolt migration [128,132,135,136], but high flows
have also been found to have an opposite influence by depressing migration [130,132]. De-
pending on the conditions, the relative influence of water temperature and flow in initiating
migration can differ across years [137]. Other environmental cues, like the photoperiod,
have been found to control the initiation of downstream migration [138], but temperature
and flow are the key environmental factors to be considered in response to climate change.
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When ready, smolts lose their willingness to maintain station in a flow and start
migrating downstream with the aid of the current. The speed of the current influences
the downstream travel time, but smolts actively swim, typically following the mainstream
in the surface water layer [7,120,139]. Smolts predominantly migrate at night, but this
may change later in the migration period [2,5,140]. Smolts migrate downstream in schools
of varying sizes. Relatively little is known about the formation of these groups. Some
results indicate solitary movement from natal streams, followed by schooling further
downstream [141]. A genetic component is involved as Atlantic salmon smolts migrate
more in kin-structured groups than with unrelated individuals [142]. Some environmental
factors like light and dark variations can influence schooling [143].

The timing of migrations has been adapted via evolution to avoid unfavorable condi-
tions and arrive when environmental conditions are suitable for survival and growth [4].
Mismatched timing would lead to decreased fitness, depleted food sources, and/or in-
creased predation. As described above, the environment has an effect on migration timing,
but it is also influenced by inheritance [144,145]. The relative contribution of genetic differ-
ences remains uncertain [146]. Under climate-induced environmental changes, different
migrating phenological traits may be important for the fitness of individuals [128]. It is
obvious that Atlantic salmon migration timing is already responding to warming tempera-
tures: The initiation of a smolt’s seaward migration has occurred approximately 2.5 days
earlier per decade throughout the basin of the North Atlantic [18]. Accordingly, the long
time series analysis (1978–2008) of the timing of the smolt migration of Atlantic salmon
in the River Bush, Northern Ireland, revealed that earlier downstream migration periods
were evident across the time series [147]. Kastl et al. [125] found that an increase from 10.2
to 12.8 ◦C in mean seasonal water temperature accelerated the migration window by three
weeks in coho salmon living near its southern distribution range in California, USA.

The earlier migration timing has given rise to growing concerns about smolts po-
tentially missing the optimal environmental migration “window” [23]. Global warming
also affects the receiving marine ecosystem by increasing surface seawater temperatures,
and the results of this mismatch are difficult to predict. Climate change affects how and
when species interact, potentially decoupling species interactions, combining others, and
reconstructing predator–prey interactions [148]. Some of these mismatches may lead to
increased predation on smolt production or cause starvation; some may have no effect. A
better understanding of how these interactions work is crucial to predict vulnerability to
the effects of climate change. Monitoring the timing and number of migrating smolts is im-
portant for revealing the effects of the changing climate on the smolt run. The quantification
of migrating smolts to produce assessments of possible changes in natural reproduction,
rates of survival, and patterns of migration, for example, by smolt trapping, is important
for management (Figure 2).

The changed timing of smolt migration may lead to long-term changes to the migra-
tory phenotypes of salmonids, e.g., [4]. A wide migration window with a diversity of
phenotypes can act as a safeguard against uncertainty in resource availability, buffering the
variability in predator pressure or thermal mismatch. The survival of phenotypes can de-
pend on seasonally fluctuating conditions, such as thermal or hydrological circumstances af-
fecting food availability, either directly or indirectly [149]. For example, Sturrock et al. [108]
found that relative proportions of migrating phenotypes that contributed to the spawning
population differed between the wet and dry years in chinook salmon. In California’s
chinook salmon, the late migrating phenotype dominated, but other strategies played an
important role for many years [76]. Kennedy and Crozier [147] observed that the marine
survival of one sea winter Atlantic salmon was strongly influenced by the run timing, and
during the observation period, later emigrating cohorts demonstrated increased survival.
In lake-migrating sockeye salmon entering Lake Washington, juveniles migrating later in
the season encountered higher zooplankton abundance and warmer water, but the optimal
date for lake entry ranged across years by up to a month [149]. These examples show that
the success of migratory phenotypes varies with environmental conditions. The warm-
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ing of waters may highlight the importance of rare phenotypes in responding to climate
change [76]. The loss of phenotypic diversity can, therefore, have an impact on population
persistence in a warming climate.
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monitor their annual numbers and condition (Photo: Ville Vähä).

Anthropogenic use of fresh water, especially flow regulation with dam construction,
has resulted in population declines and a loss of salmon life-history diversity [150,151].
Anthropogenic pressures, including climate change, affect the selection pressures in migra-
tory salmonids, including on migrating smolt phenotypes. It would, therefore, be difficult
to consider potential evolutionary responses to climate change without considering other
human effects. For example, migration route selection at a hydropower plant intake has
been found to be consistent with phenotypes, and those traits selecting turbines could
potentially be eliminated from the population due to high mortality [152]. A long spill
time is needed to protect the earliest and latest migrating phenotypes [131]. Low flows
are expected to become more frequent, especially in the southern distribution area of
salmonids, and during low flows, even small weirs can cause significant delays in smolt
migration impacts [153]. River regulation practices are affected by climate-induced changes
in temperature and precipitation, depending on the region, and they may also change
selection pressures, affecting salmonid populations.

Survival during migration and patterns of mortality have the potential to yield im-
portant insights into population bottlenecks [154]. Smolts are vulnerable to predators
during their downstream migration in the surface layer. In the southern River Minho
(Spain/Portugal) and in the River Endrick (Scotland), the mortality of Atlantic salmon
smolts by avian and piscine predators was high, demonstrating that the number of smolts
lost in the river is likely to constrain population abundance in these rivers [154,155]. High in-
river mortalities during downstream migration have also been found in Pacific salmon [156].
Climate change may create conditions that allow the successful spread of predators, includ-
ing invasive species [157–159]. For example, increasing predator populations of cormorants



Fishes 2023, 8, 382 10 of 19

(Phalacrocorax carbo sinensis (Staunton, GL 1796)) and an invasive terrestrial predator in
Europe, American mink (Neovison vison (Schreber, 1777), can cause elevated predation
pressure on smolts [160–162]. Further, more detailed studies quantifying the impact of
invasive species and climate change on smolt migration are needed for future management
considerations.

6. Early Post-Smolt Survival

Most mortality between the smolt and adult stages is generally considered to occur
during the first year of life at sea when survival, maturation, and migration trajectories
are being defined [40,46,163,164]. Salmon’s first year at sea, known as the post-smolt year,
is characterized by variable mortality rates [165]. Mortality has often been considered to
be highest during the first few months at sea [166,167]. Young salmonids are sensitive
to variable climatic factors and food availability [168–170]. Reduced marine survival is
widely accepted as an important contributor to the observed salmon population declines in
recent decades [24,40,171,172]. Ocean climate variability during the first spring months of
juvenile salmon migration to the sea seems to be central to the survival of North American
populations, whereas summer climate variation appears to be important to adult recruit-
ment variation for European populations [165]. In the Baltic Sea, marine survival estimates
of salmon post-smolt were negatively correlated with temperature [173]. The anticipated
warming due to global climate change will impose thermal conditions on salmon popula-
tions outside the historical context and will challenge the ability of many populations to
persist [165].

The timing of salmon smolts’ seaward migration and the size of smolts must be
balanced with the marine conditions for the successful fulfillment of the life cycle [18,23,174].
Smolts’ seaward migration should coincide with optimal thermal conditions at sea to
maximize survival [2,40,175], but climate change has advanced the timing of salmon smolt
migration and created a mismatch with optimal conditions for post-smolt growth and
survival [18,147,176,177]. In the Gulf of St. Lawrence in the northwest Atlantic, the survival
of sea-entering small smolts was found inferior to that of large smolts [178]. Smolt size
can also influence the subsequent growth rate of Atlantic salmon at sea, with larger smolts
showing slower growth [179]. Observations on brown trout in the River Imsa, Norway,
suggest that an increased water temperature will induce seaward migration in the early
spring, when sea growth and survival are poor [170].

Warmer temperatures in the North Atlantic have modified oceanic conditions, re-
ducing the growth and survival of salmon by decreasing marine feeding opportuni-
ties [40,46,180,181]. Spring plankton blooms and, therefore, the peak of higher trophic
resources available for salmon may be advanced in the season and may occur in different
places [182–184], potentially creating a mismatch between salmon smolt migration and
available resources [172,185]. A climate-driven shift in the zooplankton community compo-
sition towards more temperature-tolerant species with limited nutritional content may be
associated with the decreased marine survival and growth of salmon smolts [169].

On a local scale, controlling climate change drivers is impossible. Proactive measures
against population decline are, therefore, recommended [186]. These measures can in-
clude sustainable land use in the catchment and maintaining a diverse mosaic of habitats
for salmonids [76,186]. Catchment scale conservation, including flow and connectivity
restoration, is an important management priority for maintaining and improving juvenile
salmonid, and thus smolt, production. Conservating headwater stream habitats maintains
and increases the variability in habitats and the life history of salmonids to mitigate the
effects of climate change. The freshwater environment is especially vulnerable to climate
change effects because it is already exposed to numerous anthropogenic pressures, and
water temperature and flow are highly climate dependent [187,188]. To secure the adaptive
variability of a smolt, a safe downstream passage should be ensured at hydro dams, either
with physical structures or sufficiently long spill time windows. Improved flow manage-
ment is needed under climate change to avoid a further loss of phenotypic diversity in
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salmonids. It is important to integrate management throughout the life cycle, including
both sea- and freshwater phases, to secure a positive outcome for the salmonid populations
(Figure 3).
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7. Conclusions

Atlantic salmon are already experiencing and responding to climate-change-induced
warmer water temperatures at different scales. On a large scale, there are signs of salmon
expanding their range northward, as expected due to a shift in the suitable thermal habitat,
while southern populations are struggling more due to high temperatures and periodic
droughts. While an increased temperature can have positive effects on the production of
northern populations, increasing growth leading to earlier smolting also results in concerns
about increased water quality problems via water brownification and eutrophication, partic-
ularly from human-impacted land areas with the effects of increased rain, especially during
the winter. The risk of local extinction of salmon populations has increased, especially
at the southern edge of salmon distribution. Low flow events, especially those typically
associated with high water temperatures, are population bottlenecks. Mitigating the effects
of climate change on a local scale to increase smolt production includes flow management
and precautionary efforts to maintain and improve the ecological status of rivers. These
measures are land-use planning and restoration on a catchment scale to diminish loading
from the catchment and promote the conservation and restoration of instream habitats.
Dense forests along riverbanks can decrease the water temperature.

Smolt characteristics depend in many ways on the factors acting in fresh water, and
these characteristics affect post-smolt survival in the feeding area. Thermal heterogeneity
in the river plays a significant role in survival and growth, and we should have better
knowledge of the magnitude and location of cold-water refuges in streams. Mapping
these areas with modern technology would help in conservation work. Maintaining a
diverse mosaic of habitats and connectivity via conservation and restoration is crucial for
mitigating climate change effects in rivers.

In response to increasing temperatures, an earlier migration timing of smolts is evident
throughout the range of salmonids. This changes how and when species interact. It also
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restructures predator−prey interactions. To readjust to the changed, and still changing,
conditions, it is important to maintain the widest possible smolt window to allow all
existing phenotypes, whether early or late migrants, to prevail. Under climate change,
different migrating phenological traits may be especially important to the future fitness
of the species. This is especially important in regulated rivers, where the anthropogenic
alteration of waterflow creates not only increased mortality but also artificial selection
pressure on migrating smolts. For example, this would mean longer spill water times or
keeping the downstream routes open throughout the migration period.

Predation creates a substantial impact on migrating smolts and, thus, on the entire
population. Climate change enhances the spread of invasive species, including invasive
predators, which can increase the total predation pressure on smolts. This emphasizes
better control of invasive species, the prevention of their dispersal, and better control of
their populations.

Finally, we agree with the previous literature, stating that collaboration and research
among scientists and managers across life cycle stages and ecosystems are urgently needed
to address the research gaps [27] and that the basic strategy to protect salmonids against
the effects of climate change should be to ensure that the maximum number of wild smolts
in the best condition leave rivers, e.g., [23,24].
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40. Gillson, J.P.; Bašić, T.; Davison, P.I.; Riley, W.D.; Talks, L.; Walker, A.M.; Russell, I.C. A review of marine stressors impacting
Atlantic salmon Salmo salar, with an assessment of the major threats to English stocks. Rev. Fish. Biol. Fish. 2022, 32, 879–919.
[CrossRef]

41. Jensen, A.J.; Karlsson, S.; Fiske, P.; Hansen, L.P.; Østborg, G.M.; Hindar, K. Origin and life history of Atlantic salmon (Salmo salar)
near their northernmost oceanic limit. Can. J. Fish. Aquat. Sci. 2014, 71, 1740–1746. [CrossRef]

42. Bilous, M.; Dunmall, K. Atlantic salmon in the Canadian Arctic: Potential dispersal, establishment, and interaction with Arctic
char. Rev. Fish Biol. Fish. 2020, 30, 463–483. [CrossRef]

43. Parrish, D.L.; Behnke, R.J.; Gephard, S.R.; McCormick, S.D.; Reeves, G.H. Why aren’t there more Atlantic salmon (Salmo salar)?
Can. J. Fish. Aquat. Sci. 1998, 55, 281–287. [CrossRef]

44. Almodóvar, A.; Ayllón, D.; Nicola, G.G.; Jonsson, B.; Elvira, B. Climate-driven biophysical changes in feeding and breeding
environments explain the decline of southernmost European Atlantic salmon populations. Can. J. Fish. Aquat. Sci. 2021, 76,
1581–1595. [CrossRef]

45. Almodóvar, A.; Nicola, G.G.; Ayllón, D.; Leal, S.; Marchán, D.F.; Elvira, B. A Benchmark for Atlantic salmon Conservation: Genetic
Diversity and Structure in a Southern European Glacial Refuge before the Climate Changed. Fishes 2023, 8, 321. [CrossRef]

46. Friedland, K.D.; MacLean, J.C.; Hansen, L.P.; Peyronnet, A.J.; Karlsson, L.; Reddin, D.G.; Maoiléidigh, Ó.N.; McCarthy, J.L.
The recruitment of Atlantic salmon in Europe. ICES J. Mar. Sci. 2009, 66, 289–304. [CrossRef]

47. Mills, K.E.; Pershing, A.J.; Sheehan, T.F.; Mountain, D. Climate and ecosystem linkages explain widespread declines in North
American Atlantic salmon populations. Glob. Chang. Biol. 2013, 19, 3046–3061. [CrossRef] [PubMed]

48. Berg, O.K. The formation of non-anadromous populations of Atlantic salmon, Salmo salar L., in Europe. J. Fish Biol. 1985, 27,
805–811. [CrossRef]

49. Ozerov, M.Y.; Veselov, A.J.; Lumme, J.; Primmer, C.R. Genetic structure of freshwater Atlantic salmon (Salmo salar L.) populations
from the lakes Onega and Ladoga of northwest Russia and implications for conservation. Conserv. Genet. 2010, 11, 1711–1724.
[CrossRef]

50. Lumme, J.; Ozerov, M.Y.; Veselov, A.E.; Primmer, C.R. The formation of landlocked populations of Atlantic salmon. In Evolutionary
Biology of the Atlantic Salmon; Vladic, T., Pettersson, E., Eds.; CRC Press: Boca Raton, FL, USA, 2015; p. 297.

51. Kazakov, R.V. Distribution of Atlantic salmon, Salmo salar L., in freshwater bodies of Europe. Aquac. Fish. Manag. 1992, 23, 461–475.
[CrossRef]

52. Leinonen, T.; Piironen, J.; Koljonen, M.-L.; Koskiniemi, J.; Kause, A. Restored river habitat provides a natural spawning area for a
critically endangered landlocked Atlantic salmon population. PLoS ONE 2020, 15, e0232723. [CrossRef] [PubMed]

53. Segherloo, I.H.; Freyhof, J.; Berrebi, P.; Ferchaud, A.-L.; Geiger, M.; Laroche, J.; Levin, B.A.; Normandeau, E.; Bernatchez, L.
A genomic perspective on an old question: Salmo trouts or Salmo trutta (Teleostei: Salmonidae)? Mol. Phylogenet. Evol. 2021, 162,
107204. [CrossRef]

54. Filipe, A.F.; Markovic, D.; Pletterbauer, F.; Tisseuil, C.; De Wever, A.; Schmutz, S.; Bonada, N.; Freyhof, J. Forecasting fish
distribution along stream networks: Brown trout (Salmo trutta) in Europe. Divers. Distrib. 2013, 19, 1059–1071. [CrossRef]

55. Beaupré, J.; Boudreault, J.; Bergeron, N.E.; St-Hilaire, A. Inclusion of water temperature in a fuzzy logic Atlantic salmon (Salmo
salar) parr habitat model. J. Therm. Biol. 2020, 87, 102471. [CrossRef]

56. Corey, E.; Linnansaari, T.; Cunjak, R.A. High temperature events shape the broadscale distribution of juvenile Atlantic salmon
(Salmo salar). Freshw. Biol. 2023, 63, 534–545. [CrossRef]

57. Wilbur, N.M.; O’Sullivan, A.M.; MacQuarrie, K.T.B.; Linnansaari, T.; Curry, R.A. Characterizing physical habitat preferences and
thermal refuge occupancy of brook trout (Salvelinus fontinalis) and Atlantic salmon (Salmo salar) at high river temperatures. Riv.
Res. Appl. 2020, 36, 769–783. [CrossRef]

58. Schreck, C.B.; Tort, L. The Concept of Stress in Fish. Fish Physiol. 2016, 35, 1–34.
59. Zhang, X.; Li, H.-Y.; Deng, Z.D.; Leung, L.R.; Skalski, J.R.; Cooke, S.J. On the variable effects of climate change on Pacific salmon.

Ecol. Model. 2019, 397, 95–106. [CrossRef]
60. Cunningham, C.J.; Westley, P.A.H.; Adkison, M.D. Signals of large scale climate drivers, hatchery enhancement, and marine

factors in Yukon River Chinook salmon survival revealed with a Bayesian life history model. Glob. Chang. Biol. 2018, 24,
4399–4416. [CrossRef] [PubMed]

61. Hvidsten, N.A.; Diserud, O.H.; Jensen, A.J.; Jensås, J.G.; Johnsen, B.O.; Ugedal, O. Water discharge affects Atlantic salmon Salmo
salar smolt production: A 27 year study in the River Orkla, Norway. J. Fish Biol. 2015, 86, 92–104. [CrossRef]

62. Gilbert, M.J.H.; Tierney, K.B. Warm northern river temperatures increase post-exercise fatigue in an Arctic migratory salmonid
but not in a temperate relative. Func. Ecol. 2018, 32, 687–700. [CrossRef]

63. Kaushal, S.S.; Likens, G.E.; Jaworski, N.A.; Pace, M.L.; Sides, A.M.; Seekell, D.; Belt, K.T.; Secor, D.H.; Wingate, R.L. Rising stream
and river temperatures in the United States. Front. Ecol. Environ. 2010, 8, 461–466. [CrossRef]

64. Isaak, D.J.; Wollrab, S.; Horan, D.; Chandler, G. Climate change effects on stream and river temperatures across the northwest U.S.
from 1980–2009 and implications for salmonid fishes. Clim. Chang. 2012, 113, 499–524. [CrossRef]

https://doi.org/10.1139/cjfas-2012-0205
https://doi.org/10.1016/j.cub.2020.02.043
https://doi.org/10.1007/s11160-022-09714-x
https://doi.org/10.1139/cjfas-2014-0169
https://doi.org/10.1007/s11160-020-09610-2
https://doi.org/10.1139/d98-012
https://doi.org/10.1139/cjfas-2018-0297
https://doi.org/10.3390/fishes8060321
https://doi.org/10.1093/icesjms/fsn210
https://doi.org/10.1111/gcb.12298
https://www.ncbi.nlm.nih.gov/pubmed/23780876
https://doi.org/10.1111/j.1095-8649.1985.tb03222.x
https://doi.org/10.1007/s10592-010-0064-1
https://doi.org/10.1111/j.1365-2109.1992.tb00790.x
https://doi.org/10.1371/journal.pone.0232723
https://www.ncbi.nlm.nih.gov/pubmed/32437447
https://doi.org/10.1016/j.ympev.2021.107204
https://doi.org/10.1111/ddi.12086
https://doi.org/10.1016/j.jtherbio.2019.102471
https://doi.org/10.1111/fwb.14045
https://doi.org/10.1002/rra.3570
https://doi.org/10.1016/j.ecolmodel.2019.02.002
https://doi.org/10.1111/gcb.14315
https://www.ncbi.nlm.nih.gov/pubmed/29774975
https://doi.org/10.1111/jfb.12542
https://doi.org/10.1111/1365-2435.13006
https://doi.org/10.1890/090037
https://doi.org/10.1007/s10584-011-0326-z


Fishes 2023, 8, 382 15 of 19

65. Arevalo, E.; Maire, A.; Tétard, S.; Prévost, E.; Lange, F.; Marchand, F.; Josset, Q.; Drouineau, H. Does global change increase the
risk of maladaptation of Atlantic salmon migration through joint modifications of river temperature and discharge? Proc. R. Soc. B
2021, 288, 20211882. [CrossRef]

66. Smalås, A.; Primicerio, R.; Kahilainen; Terentyev, P.; Kashulin, N.; Zubova, E.; Amundsen, P.-A. Increased importance of
cool-water fish at high latitudes emerges from individual level responses to warming. Authorea 2023, 13, e10185. [CrossRef]

67. Solomon, D.J.; Lightfoot, G.W. The Thermal Biology of Brown Trout and Atlantic Salmon; Science Reports; Environment Agency:
Bristol, UK, 2008; BS32 4UD; p. 42.

68. McGinnity, P.; Jennings, E.; deEyto, E.; Allott, N.; Samuelsson, P.; Rogan, G.; Whelan, K.; Cross, T. Impact of naturally spawning
captive-bred Atlantic salmon on wild populations: Depressed recruitment and increased risk of climate-mediated extinction. Proc.
R. Soc. B 2009, 276, 3601–3610. [CrossRef] [PubMed]

69. Piou, C.; Prevost, E. Contrasting effects of climate change in continental vs. oceanic environments on population persistence and
microevolution of Atlantic salmon. Glob. Chang. Biol. 2013, 19, 711–723. [CrossRef]

70. Burton, T.; McKelvey, S.; Stewart, D.C.; Armstrong, J.D.; Metcalfe, N.B. Offspring investment in wild Atlantic salmon (Salmo salar):
Relationships with smolt age and spawning condition. Ecol. Freshw. Fish 2013, 22, 317–332. [CrossRef]

71. Burt, J.M.; Hinch, S.G.; Patterson, D.A. The importance of parentage in assessing temperature effects on fish early life history:
A review of the experimental literature. Rev. Fish Biol. Fish. 2011, 21, 377–406. [CrossRef]

72. Jonsson, B.; Jonsson, N. Egg incubation temperature affects the timing of the Atlantic salmon Salmo salar homing migration. J. Fish
Biol. 2018, 93, 1016–1020. [CrossRef]

73. Thompson, J.N.; Beauchamp, D. Size-Selective Mortality of Steelhead during Freshwater and Marine Life Stages Related to
Freshwater Growth in the Skagit River, Washington. Trans. Am. Fish. Soc. 2014, 143, 910–925. [CrossRef]

74. Jonsson, N.; Jonsson, B.; Hansen, L.P. Does climate during embryonic development influence parr growth and age of seaward
migration in Atlantic salmon (Salmo salar)? Can. J. Fish. Aquat. Sci. 2005, 62, 2502–2508. [CrossRef]

75. Crozier, L.G.; Zabel, R.W.; Hockersmith, E.E.; Achord, S. Interacting effects of density and temperature on body size in multiple
populations of Chinook salmon. J. Anim. Ecol. 2010, 79, 342–349. [CrossRef] [PubMed]

76. Cordoleani, F.; Phillis, C.C.; Sturrock, A.M.; FitzGerald, A.M.; Malkassian, A.; Whitman, G.E.; Weber, P.K.; Johnson, R.C.
Threatened salmon rely on a rare life history strategy in a warming landscape. Nat. Clim. Chang. 2021, 11, 982–988. [CrossRef]

77. Fullerton, A.H.; Burke, B.J.; Lawler, J.J.; Torgersen, C.E.; Ebersole, J.L.; Leibowitz, S.G. Simulated juvenile salmon growth and
phenology respond to altered thermal regimes and stream network shape. Ecosphere 2017, 8, e02052. [CrossRef] [PubMed]

78. Isaak, D.J.; Young, M.K. Cold-water habitats, climate refugia, and their utility for conserving salmonid fishes. Can. J. Fish. Aquat.
Sci. 2023, 80, 1187–1206. [CrossRef]

79. Dugdale, S.J.; Bergeron, N.E.; St-Hilaire, A. Temporal variability of thermal refuges and water temperature patterns in Atlantic
salmon rivers. Remote Sens. Environ. 2013, 136, 358–373. [CrossRef]

80. Battin, J.; Wiley, M.W.; Ruckelshaus, M.H.; Imaki, H. Projected impacts of climate change on salmon habitat restoration. Proc.
Natl. Acad. Sci. USA 2007, 104, 6720–6725. [CrossRef]

81. Foley, K.M.; Rosenberger, S.A.; Mueter, F.J. Longitudinal Patterns of Juvenile Coho Salmon Distribution and Densities in
Headwater Streams of the Little Susitna River, Alaska. Trans. Am. Fish. Soc. 2018, 147, 247–264. [CrossRef]

82. Jonsson, B.; Jonsson, N.; Brodtkorb, E.; Ingebrigtsen, P.-J. Life-history traits of Brown Trout vary with the size of small streams.
Func. Ecol. 2001, 15, 310–317. [CrossRef]

83. Sutela, T.; Vehanen, T.; Jounela, P. Longitudinal patterns of fish assemblages in European boreal streams. Hydrobiologia 2020, 847,
3277–3290. [CrossRef]

84. Jespersen, H.; Rasmussen, G.; Pedersen, S. Severity of summer drought as predictor for smolt recruitment in migratory brown
trout (Salmo trutta). Ecol. Freshw. Fish 2021, 30, 115–124. [CrossRef]

85. Mantua, N.; Tohver, I.; Hamlet, A. Climate change impacts on streamflow extremes and summertime stream temperature and
their possible consequences for freshwater salmon habitat in Washington State. Clim. Chang. 2010, 102, 187–223. [CrossRef]

86. Kang, D.H.; Gao, H.; Shi, X.; ul Islam, S.; Déry, S.J. Impacts of a rapidly declining mountain snowpack on streamflow timing in
Canada’s Fraser River basin. Sci. Rep. 2016, 6, 19299. [CrossRef]

87. Caissie, D.C.; Breau, J.H.; Cameron, P. Water Temperature Characteristics within the Miramichi and Restigouche Rivers; Research
Document 2012/165; Canadian Science Advisory Secretariat: Miramichi, NB, Canada, 2013.

88. Hayes, D.S.; Moreira, M.; Boavida, I.; Haslauer, M.; Unfer, G.; Zeiringer, B.; Greimel, F.; Auer, S.; Ferreira, T.; Schmutz, S. Life
stage-specific hydropeaking flow rules. Sustainability 2019, 11, 1547. [CrossRef]

89. Huusko, A.; Greenberg, L.; Stickler, M.; Linnansaari, T.; Nykänen, M.; Vehanen, T.; Koljonen, S.; Louhi, P.; Alfredsen, K. Life in the
Ice Lane: A Review of the Ecology of Salmonids during Winter. River Res. Appl. 2007, 23, 469–491. [CrossRef]

90. Mäki-Petäys, A.; Muotka, T.; Huusko, A.; Tikkanen, P.; Kreivi, P. Seasonal changes in habitat use and preference by juvenile
brown trout, Salmo trutta, in a northern boreal river. Can. J. Fish. Aquat. Sci. 1997, 54, 520–530.

91. Magnuson, J.J.; Robertson, D.M.; Benson, B.J.; Wynne, R.H.; Livingstone, D.M.; Arai, T.; Assel, R.A.; Barry, R.G.; Card, V.;
Kuusisto, K.; et al. Historical trends in lake and river ice cover in the Northern Hemisphere. Science 2000, 289, 1743–1746.
[CrossRef] [PubMed]

92. Pörtner, H.O.; Peck, M.A. Climate change effects on fishes and fisheries: Towards a cause-and-effect understanding. J. Fish Biol.
2010, 77, 1745–1779. [CrossRef]

https://doi.org/10.1098/rspb.2021.1882
https://doi.org/10.22541/au.167500085.58544883/v1
https://doi.org/10.1098/rspb.2009.0799
https://www.ncbi.nlm.nih.gov/pubmed/19640880
https://doi.org/10.1111/gcb.12085
https://doi.org/10.1111/eff.12019
https://doi.org/10.1007/s11160-010-9179-1
https://doi.org/10.1111/jfb.13817
https://doi.org/10.1080/00028487.2014.901253
https://doi.org/10.1139/f05-154
https://doi.org/10.1111/j.1365-2656.2009.01641.x
https://www.ncbi.nlm.nih.gov/pubmed/20002859
https://doi.org/10.1038/s41558-021-01186-4
https://doi.org/10.1002/ecs2.2052
https://www.ncbi.nlm.nih.gov/pubmed/29552374
https://doi.org/10.1139/cjfas-2022-0302
https://doi.org/10.1016/j.rse.2013.05.018
https://doi.org/10.1073/pnas.0701685104
https://doi.org/10.1002/tafs.10014
https://doi.org/10.1046/j.1365-2435.2001.00528.x
https://doi.org/10.1007/s10750-020-04330-x
https://doi.org/10.1111/eff.12569
https://doi.org/10.1007/s10584-010-9845-2
https://doi.org/10.1038/srep19299
https://doi.org/10.3390/su11061547
https://doi.org/10.1002/rra.999
https://doi.org/10.1126/science.289.5485.1743
https://www.ncbi.nlm.nih.gov/pubmed/10976066
https://doi.org/10.1111/j.1095-8649.2010.02783.x


Fishes 2023, 8, 382 16 of 19

93. van Vliet, M.T.H.; Franssen, W.H.P.; Yearsley, J.R.; Ludwig, F.; Haddeland, I.; Lettenmaier, D.P.; Kabat, P. Global river discharge
and water temperature under climate change. Glob. Environ. Chang. 2013, 23, 450–464. [CrossRef]

94. Härkönen, L.; Louhi, P.; Huusko, R.; Huusko, A. Wintertime growth in Atlantic salmon under changing climate: The importance
of ice cover for individual growth dynamics. Can. J. Fish. Aquat. Sci. 2021, 78, 1479–1485. [CrossRef]

95. Graham, W.D.; Thorpe, J.E.; Metcalfe, N.B. Seasonal current holding performance of juvenile Atlantic salmon in relation to
temperature and smolting. Can. J. Fish. Aquat. Sci. 1996, 53, 80–86. [CrossRef]

96. Enders, E.C.; Stickler, M.; Pennell, C.J.; Cote, D.; Alfredsen, K.; Scruton, D.A. Habitat use of Atlantic salmon parr (Salmo salar L.)
during winter. In Proceedings of the 14th Workshop on the Hydraulics of Ice Covered Rivers, Quebec City, QC, Canada, 19–22
June 2007; CGU HS Committee on River Ice Processes and the Environment: Saskatoon, SK, Canada, 2007; pp. 20–22.

97. Cunjak, R.A.; Prowse, T.D.; Parrish, D.L. Atlantic salmon (Salmo salar) in winter: “the season of parr discontent”? Can. J. Fish.
Aquat. Sci. 1999, 55, 161–180. [CrossRef]

98. Comte, L.; Olden, J.D.; Tedesco, P.A.; Ruhi, A.; Giam, X. Climate and land-use changes interact to drive long-term reorganization
of riverine fish communities globally. Proc. Natl. Acad. Sci. USA 2021, 118, e2011639118. [CrossRef]

99. Tabari, H. Climate change impact on flood and extreme precipitation increases with water availability. Sci. Rep. 2020, 10, 13768.
[CrossRef] [PubMed]

100. Harp, R.D.; Horton, D.E. Observed Changes in Daily Precipitation Intensity in the United States. Geophys. Res. Lett. 2022, 49,
e2022GL099955. [CrossRef]

101. Cronin, L.; Regan, F.; Lucy, F.E. Detection of transient pollution events in an Irish river catchment in the context of increasing
frequency and intensity of rainfall events due to climate change. EGU Gen. Assem. 2023, EGU23, 15993.

102. Weyhenmeyer, G.; Prairie, Y.T.; Tranvik, L.J. Browning of Boreal Freshwaters Coupled to Carbon-Iron Interactions along the
Aquatic Continuum. PLoS ONE 2014, 9, e88104. [CrossRef] [PubMed]

103. Kritzberg, E.S.; Hasselquist, E.M.; Škerlep, M.; Löfgren, S.; Olsson, O.; Stadmark, J.; Valinia, S.; Hansson, L.-A.; Laudon, H.
Browning of freshwaters: Consequences to ecosystem services, underlying drivers, and potential mitigation measures. Ambio
2020, 49, 375–390. [CrossRef]

104. Sethi, S.A.; Carey, M.P.; Gerken, J.; Harris, B.P.; Wolf, N.; Cunningham, C.; Restrepo, F.; Ashline, J. Juvenile salmon habitat use
drives variation in growth and highlights vulnerability to river fragmentation. Ecosphere 2022, 13, e4192. [CrossRef]

105. Vargas-Chacoff, L.; Regish, A.M.; Weinstock, A.; McCormick, S.D. Effects of elevated temperature on osmoregulation and stress
responses in Atlantic salmon Salmo salar smolts in fresh water and seawater. J. Fish Biol. 2018, 93, 550–559. [CrossRef]

106. Thorpe, J.E. Maturation responses of salmonids to changing developmental opportunities. Mar. Ecol. Prog. Ser. 2007, 335, 285–288.
[CrossRef]

107. Copeland, T.; Venditti, D.A. Contribution of three life history types to smolt production in a Chinook salmon (Oncorhynchus
tshawytscha) population. Can. J. Fish. Aquat. Sci. 2009, 66, 1658–1665. [CrossRef]

108. Sturrock, A.M.; Wikert, J.D.; Heyne, T.; Mesick, C.; Hubbard, A.E.; Hinkelman, T.M.; Weber, P.K.; Whitman, G.E.; Glessner, J.G.;
Johnson, R.C. Reconstructing the Migratory Behavior and Long-Term Survivorship of Juvenile Chinook Salmon under Contrasting
Hydrologic Regimes. PLoS ONE 2015, 10, e0122380. [CrossRef]

109. Bassett, M.C.; Patterson, P.A.; Shrimpton, J.M. Temporal and spatial differences in smolting among Oncorhynchus nerka populations
throughout fresh and seawater migration. J. Fish Biol. 2018, 93, 510–518. [CrossRef] [PubMed]

110. Elsner, R.A.; Shrimpton, J.M. Is the duration of the smolt window related to migration distance in coho salmon Oncorhynchus
kisutch? J. Fish Biol. 2018, 93, 501–509. [CrossRef] [PubMed]

111. Bohlin, T.; Dellefors, C.; Faremo, U. Optimal Time and Size for Smolt Migration in Wild Sea Trout (Salmo trutta). Can. J. Fish.
Aquat. Sci. 2011, 50, 224–232. [CrossRef]

112. Jutila, E.; Jokikokko, E.; Julkunen, M. Long-term changes in the smolt size and age of Atlantic salmon, Salmo salar L., in a northern
Baltic river related to parr density, growth opportunity and postsmolt survival. Ecol. Freshw. Fish 2006, 15, 321–330. [CrossRef]

113. Gregory, S.D.; Ibbotson, A.T.; Riley, W.D.; Nevoux, M.; Lauridsen, R.B.; Russell, I.A.; Britton, J.R.; Gillingham, P.K.; Simmons,
O.M.; Rivot, E. Atlantic salmon return rate increases with smolt length. ICES J. Mar. Sci. 2019, 76, 1702–1712. [CrossRef]

114. Debes, P.V.; Piavchenko, N.; Erkinaro, J.; Primmer, C.R. Genetic growth potential, rather than phenotypic size, predicts migration
phenotype in Atlantic salmon. Proc. R. Soc. B 2020, 287, 20200867. [CrossRef] [PubMed]

115. Økland, F.; Jonsson, B.; Jensen, A.J.; Hansen, L.P. Is there a threshold size regulating seaward migration of brown trout and
Atlantic salmon? J. Fish Biol. 1993, 42, 541–550. [CrossRef]

116. Vollset, K.W.; Lennox, R.J.; Lamberg, A.; Skaala, Ø.; Sandvik, A.D.; Sægrov, H.; Kvingedal, E.; Kristensen, T.; Jensen, A.J.;
Haraldstad, T.; et al. Predicting the nationwide outmigration timing of Atlantic salmon (Salmo salar) smolts along 12 degrees of
latitude in Norway. Divers. Distrib. 2021, 27, 1383–1392. [CrossRef]

117. Archer, L.C.; Hutton, S.A.; Harman, L.; Michael, N.; O’Grady, M.N.; Kerry, J.P.; Poole, W.R.; Gargan, P.; McGinnity, P.; Reed, T.E.
The Interplay Between Extrinsic and Intrinsic Factors in Determining Migration Decisions in Brown Trout (Salmo trutta):
An Experimental Study. Front. Ecol. Evol. 2019, 7, 222. [CrossRef]

118. Jonsson, B.; Jonsson, N.; Finstad, A.G. Effects of temperature and food quality on age at maturity of ectotherms: An experimental
test of Atlantic salmon. J. Anim. Ecol. 2012, 81, 201–210. [CrossRef]

119. Jones, D.A.; Bergman, E.; Greenberg, L. Food availability in spring affects smolting in brown trout (Salmo trutta). Can. J. Fish.
Aquat. Sci. 2015, 72, 1694–1699. [CrossRef]

https://doi.org/10.1016/j.gloenvcha.2012.11.002
https://doi.org/10.1139/cjfas-2020-0258
https://doi.org/10.1139/f95-167
https://doi.org/10.1139/d98-008
https://doi.org/10.1073/pnas.2011639118
https://doi.org/10.1038/s41598-020-70816-2
https://www.ncbi.nlm.nih.gov/pubmed/32792563
https://doi.org/10.1029/2022GL099955
https://doi.org/10.1371/journal.pone.0088104
https://www.ncbi.nlm.nih.gov/pubmed/24505396
https://doi.org/10.1007/s13280-019-01227-5
https://doi.org/10.1002/ecs2.4192
https://doi.org/10.1111/jfb.13683
https://doi.org/10.3354/meps335285
https://doi.org/10.1139/F09-110
https://doi.org/10.1371/journal.pone.0122380
https://doi.org/10.1111/jfb.13678
https://www.ncbi.nlm.nih.gov/pubmed/29882588
https://doi.org/10.1111/jfb.13679
https://www.ncbi.nlm.nih.gov/pubmed/29882585
https://doi.org/10.1139/f93-025
https://doi.org/10.1111/j.1600-0633.2006.00171.x
https://doi.org/10.1093/icesjms/fsz066
https://doi.org/10.1098/rspb.2020.0867
https://www.ncbi.nlm.nih.gov/pubmed/32693717
https://doi.org/10.1111/j.1095-8649.1993.tb00358.x
https://doi.org/10.1111/ddi.13285
https://doi.org/10.3389/fevo.2019.00222
https://doi.org/10.1111/j.1365-2656.2012.02022.x
https://doi.org/10.1139/cjfas-2015-0106


Fishes 2023, 8, 382 17 of 19

120. Fängstam, H.; Berglund, I.; Sjöberg, M.; Lundqvist, H. Effects of size and early sexual maturity on downstream migration during
smolting in Baltic salmon (Salmo salar). J. Fish Biol. 1993, 43, 517–529. [CrossRef]

121. Jeppesen, E.; Kronvang, B.; Meerhoff, M.; Søndergaard, M.; Hansen, K.M.; Andersen, H.E.; Lauridsen, T.L.; Liboriussen, L.;
Beklioglu, M.; Ozen, A.; et al. Climate change effects on runoff, catchment phosphorus loading and lake ecological state, and
potential adaptations. J. Environ. Qual. 2009, 38, 1930–1941. [CrossRef] [PubMed]

122. Pihlainen, P.; Zandersen, M.; Hyytiäinen, K.; Andersen, H.E.; Bartosova, A.; Gustafsson, B.; Jabloun, M.; McCrackin, M.;
Meier, H.E.M.; Olesen, J.E.; et al. Impacts of changing society and climate on nutrient loading to the Baltic Sea. Sci. Total Environ.
2020, 731, 138935. [CrossRef] [PubMed]

123. Vehanen, T.; Sutela, T.; Aroviita, J.; Karjalainen, S.M.; Riihimäki, J.; Larsson, A.; Vuori, K.-M. Land use in acid sulphate soils
degrades river water quality: Do the biological quality metrics respond? Ecol. Indic. 2022, 141, 109085. [CrossRef]

124. Nilsen, T.O.; Ebbesson, L.O.; Handeland, S.O.; Kroglund, F.; Finstad, B.; Angotzi, A.R.; Stefansson, S.O. Atlantic salmon (Salmo
salar L.) smolts require more than two weeks to recover from acidic water and aluminium exposure. Aquat. Toxicol. 2013, 142–143,
33–44. [CrossRef]

125. Kastl, B.; Obedzinski, M.; Carlson, S.M.; Boucher, W.T.; Grantham, T.E. Migration in drought: Receding streams contract the
seaward migration window of endangered salmon. Ecosphere 2022, 13, e4295. [CrossRef]

126. Bernard, B.; Mandiki, S.N.M.; Duchatel, V.; Rollin, X.; Kestemont, P. A temperature shift on the migratory route similarly impairs
hypo-osmoregulatory capacities in two strains of Atlantic salmon (Salmo salar L.) smolts. Fish Physiol. Biochem. 2019, 45, 1245–1260.
[CrossRef]

127. Hansen, L.P.; Jonsson, B. Salmon ranching experiments in the River Imsa: Effect of timing of Atlantic salmon (Salmo salar) smolt
migration on survival to adults. Aquaculture 1989, 82, 367–373. [CrossRef]

128. Bjerck, H.B.; Urke, H.A.; Haugen, T.O.; Alfredsen, J.A.; Ulvund, J.B.; Kristensen, T. Synchrony and multimodality in the timing of
Atlantic salmon smolt migration in two Norwegian fjords. Sci. Rep. 2021, 11, 6504. [CrossRef]

129. Achord, S.; Zabel, R.W.; Sandford, B.P. Migration Timing, Growth, and Estimated Parr-to-Smolt Survival Rates of Wild Snake
River Spring–Summer Chinook Salmon from the Salmon River Basin, Idaho, to the Lower Snake River. Trans. Am. Fish. Soc. 2007,
136, 142–154. [CrossRef]

130. Sykes, G.E.; Johnson, C.J.; Shrimpton, J.M. Temperature and Flow Effects on Migration Timing of Chinook Salmon Smolts. Trans.
Am. Fish. Soc. 2009, 138, 1252–1265. [CrossRef]

131. Frechette, D.M.; Hawkes, J.P.; Kocik, J.F. Managing for Atlantic salmon Smolt Run Timing Variability in a Changing Climate. N.
Am. J. Fish. Manag. 2023, 43, 517–538. [CrossRef]

132. Antonsson, T.; Gudjonsson, S. Variability in Timing and Characteristics of Atlantic salmon Smolt in Icelandic Rivers. Trans. Am.
Fish. Soc. 2002, 131, 643–655. [CrossRef]

133. Zydlewski, G.B.; Haro, A.; McCormick, S.D. Evidence for cumulative temperature as an initiating and terminating factor in
downstream migratory behavior of Atlantic salmon (Salmo salar) smolts. Can. J. Fish. Aquat. Sci. 2005, 62, 68–78. [CrossRef]

134. Jonsson, B.; Ruud-Hansen, J. Water temperature as the primary influence on timing of seaward migrations of Atlantic salmon
(Salmo salar) smolts. Can.). Fish. Aquat. Sci. 1985, 42, 593–595. [CrossRef]

135. Hvidsten, N.A.; Jensen, A.J.; Vivås, H.; Bakke, Ø. Downstream migration of Atlantic salmon smolts in relation to water flow, water
temperature, moon phase and social interaction. Nord. J. Freshw. Res. 1995, 70, 38–48.

136. Persson, L.; Kagervall, A.; Leonardsson, K.; Royan, M.; Alanärä, A. The effect of physiological and environmental conditions on
smolt migration in Atlantic salmon Salmo salar. Ecol. Freshw. Fish 2019, 28, 190–199. [CrossRef]

137. Harvey, A.C.; Glover, K.A.; Wennevik, V.; Skaala, Ø. Atlantic salmon and sea trout display synchronised smolt migration relative
to linked environmental cues. Sci. Rep. 2020, 10, 3529. [CrossRef]

138. Zydlewski, G.B.; Stich, D.S.; McCormick, S.D. Photoperiod control of downstream movements of Atlantic salmon Salmo salar
smolts. J. Fish Biol. 2014, 85, 1023–1041. [CrossRef]

139. Karppinen, P.; Hynninen, M.; Vehanen, T.; Vähä, J.-P. Variations in migration behaviour and mortality of Atlantic salmon smolts in
four different hydroelectric facilities. Fish. Manag. Ecol. 2021, 28, 253–267. [CrossRef]

140. Aarestrup, K.; Nielsen, C.; Koed, A. Net ground speed of downstream migrating radio-tagged Atlantic salmon (Salmo salar L.) and
brown trout (Salmo trutta L.) smolts in relation to environmental factors. Hydrobiologia 2002, 483, 95–102. [CrossRef]

141. Riley, W.D. Seasonal downstream movements of juvenile Atlantic salmon, Salmo salar L., with evidence of solitary migration of
smolts. Aquaculture 2007, 273, 194–199. [CrossRef]

142. Olsén, K.H.; Petersson, E.; Ragnarsson, B.; Lundqvist, H.; Järvi, T. Downstream migration in Atlantic salmon (Salmo salar) smolt
sibling groups. Can. J. Fish. Aquat. Sci. 2011, 61, 328–331. [CrossRef]

143. Kemp, P.S.; Williams, J.G. Illumination influences the ability of migrating juvenile salmonids to pass a submerged experimental
weir. Ecol. Freshw. Fish 2009, 18, 297–304. [CrossRef]

144. Nielsen, C.; Holdensgaard, G.; Petersen, H.C.; Björnsson, B.T.; Madsen, S.S. Genetic differences in physiology, growth hormone
levels and migratory behaviour of Atlantic salmon smolts. J. Fish Biol. 2001, 59, 28–44. [CrossRef]

145. Stewart, D.C.; Middlemas, S.J.; Youngson, A.F. Population structuring in Atlantic salmon (Salmo salar): Evidence of genetic
influence on the timing of smolt migration in sub-catchment stocks. Ecol. Freshw. Fish 2006, 15, 552–558. [CrossRef]

https://doi.org/10.1006/jfbi.1993.1156
https://doi.org/10.2134/jeq2008.0113
https://www.ncbi.nlm.nih.gov/pubmed/19704137
https://doi.org/10.1016/j.scitotenv.2020.138935
https://www.ncbi.nlm.nih.gov/pubmed/32428749
https://doi.org/10.1016/j.ecolind.2022.109085
https://doi.org/10.1016/j.aquatox.2013.07.016
https://doi.org/10.1002/ecs2.4295
https://doi.org/10.1007/s10695-019-00666-x
https://doi.org/10.1016/0044-8486(89)90422-5
https://doi.org/10.1038/s41598-021-85941-9
https://doi.org/10.1577/T05-308.1
https://doi.org/10.1577/T08-180.1
https://doi.org/10.1002/nafm.10868
https://doi.org/10.1577/1548-8659(2002)131&lt;0643:VITACO&gt;2.0.CO;2
https://doi.org/10.1139/f04-179
https://doi.org/10.1139/f85-076
https://doi.org/10.1111/eff.12442
https://doi.org/10.1038/s41598-020-60588-0
https://doi.org/10.1111/jfb.12509
https://doi.org/10.1111/fme.12486
https://doi.org/10.1023/A:1021306907338
https://doi.org/10.1016/j.aquaculture.2007.10.022
https://doi.org/10.1139/f04-067
https://doi.org/10.1111/j.1600-0633.2008.00347.x
https://doi.org/10.1111/j.1095-8649.2001.tb02336.x
https://doi.org/10.1111/j.1600-0633.2006.00197.x


Fishes 2023, 8, 382 18 of 19

146. Crozier, L.G.; Hendry, A.P.; Lawson, P.W.; Quinn, T.P.; Mantua, N.J.; Battin, J.; Shaw, R.G.; Huey, R.B. Potential responses to
climate change in organisms with complex life histories: Evolution and plasticity in Pacific salmon. Evol. Appl. 2008, 1, 252–270.
[CrossRef]

147. Kennedy, R.J.; Crozier, W.W. Evidence of changing migratory patterns of wild Atlantic salmon Salmo salar smolts in the River Bush,
Northern Ireland, and possible associations with climate change. J. Fish Biol. 2010, 76, 1786–1805. [CrossRef]

148. Wilson, S.M.; Patterson, D.A.; Moore, J.M. Intra- and inter-population variation in sensitivity of migratory sockeye salmon smolts
to phenological mismatch. Mar. Ecol. Prog. Ser. 2022, 692, 119–136. [CrossRef]

149. Hovel, R.A.; Fresh, K.L.; Schroder, S.L.; Litt, A.H.; Quinn, T.P. A wide window of migration phenology captures inter-annual
variability of favourable conditions: Results of a whole-lake experiment with juvenile Pacific salmon. Freshw. Biol. 2019, 64, 46–55.
[CrossRef]

150. Beechie, T.; Buhle, E.; Ruckelshaus, M.; Fullerton, A.; Holsinger, L. Hydrologic regime and the conservation of salmon life history
diversity. Biol. Conserv. 2006, 130, 560–572. [CrossRef]

151. McClure, M.M.; Carlson, S.M.; Beechie, T.J.; Pess, G.R.; Jorgensen, J.C.; Sogard, S.M.; Sultan, S.E.; Holzer, D.M.; Travis, J.;
Sanderson, B.L.; et al. Evolutionary consequences of habitat loss for Pacific anadromous salmonids: Salmonid habitat loss and
evolution. Evol. Appl. 2008, 1, 300–318. [CrossRef] [PubMed]

152. Haraldstad, T.; Haugen, T.O.; Olsen, E.M.; Forseth, T.; Höglund, E. Hydropower-induced selection of behavioural traits in Atlantic
salmon (Salmo salar). Sci. Rep. 2021, 11, 16444. [CrossRef]

153. Gauld, N.R.; Campbell, R.N.; Lucas, M.C. Reduced flow impacts salmonid smolt emigration in a river with low-head weirs. Sci.
Total Environ. 2013, 458–460, 435–443. [CrossRef] [PubMed]

154. Chavarie, L.; Honkanen, M.; Newton, M.; Lilly, J.M.; Greetham, H.R.; Adams, C.A. The benefits of merging passive and active
tracking approaches: New insights into riverine migration by salmonid smolts. Ecosphere 2022, 13, e4045. [CrossRef]

155. Flávio, H.; Kennedy, R.; Ensing, D.; Jepsen, N.; Aarestrup, K. Marine mortality in the river? Atlantic salmon smolts under high
predation pressure in the last kilometres of a river monitored for stock assessment. Fish. Manag. Ecol. 2020, 27, 92–101.

156. Welch, D.W.; Porter, A.D.; Rechisky, E.L. A synthesis of the coast-wide decline in survival of West Coast Chinook Salmon
(Oncorhynchus tshawytscha, Salmonidae). Fish Fish. 2021, 22, 194–211. [CrossRef]

157. Dukes, J.S.; Mooney, H.A. Does global change increase the success of biological invaders? Trends Ecol. Evol. 1999, 14, 135–139.
[CrossRef]

158. Rahel, F.J.; Olden, J.D. Assessing the Effects of Climate Change on Aquatic Invasive Species. Conserv. Biol. 2008, 22, 521–533.
[CrossRef]

159. Mainka, S.A.; Howard, G.W. Climate change and invasive species: Double jeopardy. Integr. Zool. 2010, 5, 102–111. [CrossRef]
[PubMed]

160. Koed, A.; Baktoft, H.; Bak, B.D. Causes of mortality of Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) smolts in a
restored river and its estuary. River Res. Appl. 2006, 22, 69–78. [CrossRef]

161. Jepsen, N.; Flávio, H.; Koed, A. The impact of Cormorant predation on Atlantic salmon and Sea trout smolt survival. Fish. Manag.
Ecol. 2019, 26, 183–186. [CrossRef]

162. Vehanen, T.; Huusko, A.; Bergman, E.; Enefalk, Å.; Louhi, P.; Sutela, T. American mink (Neovison vison) preying on hatchery and
wild brown trout (Salmo trutta) juveniles in semi-natural streams. Freshw. Biol. 2022, 67, 433–444. [CrossRef]

163. Hansen, L.P.; Quinn, T.P. The marine phase of the Atlantic salmon (Salmo salar) life cycle, with comparisons to Pacific salmon. Can.
J. Fish. Aquat. Sci. 1998, 55, 104–118. [CrossRef]

164. Potter, E.C.E.; Crozier, W.W. A perspective on the marine survival of Atlantic salmon. In The Ocean Life of Atlantic Salmon:
Environmental and Biological Factors Influencing Survival; Mills, D., Ed.; Fishing News Books: Oxford, UK, 2000; pp. 19–36.

165. Friedland, K.D.; Shank, B.V.; Todd, C.D.; McGinnity, P.; Nye, J.A. Differential response of continental stock complexes of Atlantic
salmon (Salmo salar) to the Atlantic Multidecadal Oscillation. J. Mar. Syst. 2014, 133, 77–87. [CrossRef]

166. Salminen, M.; Kuikka, S.; Erkamo, E. Annual variability in survival of sea-ranched Baltic salmon, Salmo salar L.: Significance of
smolt size and marine conditions. Fish. Manag. Ecol. 1995, 2, 171–184. [CrossRef]

167. Friedland, K.D.; Reddin, D.G.; McMenemy, J.R.; Drinkwater, K.F. Multidecadal trends in North American Atlantic salmon (Salmo
salar) stocks and climate trends relevant to juvenile survival. Can. J. Fish. Aquat. Sci. 2003, 60, 563–583. [CrossRef]

168. Friedland, K.D.; Hansen, L.P.; Dunkley, D.A.; MacLean, J.C. Linkage between ocean climate, post-smolt growth, and survival of
Atlantic salmon (Salmo salar L.) in the North Sea area. ICES J. Mar. Sci. 2000, 57, 419–429. [CrossRef]

169. Beaugrand, G.; Reid, P.C. Long-term changes in phytoplankton, zooplankton and salmon related to climate. Glob. Chang. Biol.
2003, 9, 801–817. [CrossRef]

170. Jonsson, B.; Jonsson, N. Migratory timing, marine survival and growth of anadromous brown trout in the River Imsa, Norway.
J. Fish Biol. 2009, 74, 621–638. [CrossRef] [PubMed]

171. Chaput, G. Overview of the status of Atlantic salmon (Salmo salar) in the North Atlantic and trends in marine mortality. ICES J.
Mar. Sci. 2012, 69, 1538–1548. [CrossRef]

172. Olmos, M.; Payne, M.R.; Nevoux, M.; Prévost, E.; Chaput, G.; Du Pontavice, H.; Guitton, J.; Sheehan, T.; Mills, K.; Rivot, E. Spatial
synchrony in the response of a long range migratory species (Salmo salar) to climate change in the North Atlantic Ocean. Glob.
Chang. Biol. 2020, 26, 1319–1337. [CrossRef]

https://doi.org/10.1111/j.1752-4571.2008.00033.x
https://doi.org/10.1111/j.1095-8649.2010.02617.x
https://doi.org/10.3354/meps14070
https://doi.org/10.1111/fwb.13193
https://doi.org/10.1016/j.biocon.2006.01.019
https://doi.org/10.1111/j.1752-4571.2008.00030.x
https://www.ncbi.nlm.nih.gov/pubmed/25567633
https://doi.org/10.1038/s41598-021-95952-1
https://doi.org/10.1016/j.scitotenv.2013.04.063
https://www.ncbi.nlm.nih.gov/pubmed/23685369
https://doi.org/10.1002/ecs2.4045
https://doi.org/10.1111/faf.12514
https://doi.org/10.1016/S0169-5347(98)01554-7
https://doi.org/10.1111/j.1523-1739.2008.00950.x
https://doi.org/10.1111/j.1749-4877.2010.00193.x
https://www.ncbi.nlm.nih.gov/pubmed/21392328
https://doi.org/10.1002/rra.894
https://doi.org/10.1111/fme.12329
https://doi.org/10.1111/fwb.13852
https://doi.org/10.1139/d98-010
https://doi.org/10.1016/j.jmarsys.2013.03.003
https://doi.org/10.1111/j.1365-2400.1995.tb00110.x
https://doi.org/10.1139/f03-047
https://doi.org/10.1006/jmsc.1999.0639
https://doi.org/10.1046/j.1365-2486.2003.00632.x
https://doi.org/10.1111/j.1095-8649.2008.02152.x
https://www.ncbi.nlm.nih.gov/pubmed/20735583
https://doi.org/10.1093/icesjms/fss013
https://doi.org/10.1111/gcb.14913


Fishes 2023, 8, 382 19 of 19

173. Friedland, K.D.; Dannewitz, J.; Romakkaniemi, A.; Palm, S.; Pulkkinen, H.; Pakarinen, T.; Oeberst, R. Post-smolt survival of Baltic
salmon in context to changing environmental conditions and predators. ICES J. Mar. Sci. 2017, 74, 1344–1355. [CrossRef]

174. Jonsson, B.; Jonsson, N.; Albretsen, J. Environmental change influences the life history of salmon Salmo salar in the North Atlantic
Ocean. J. Fish Biol. 2016, 88, 618–637. [CrossRef]

175. Hvidsten, N.A.; Heggberget, T.G.; Jensen, A.J. Sea water temperatures at Atlantic salmon smolt entrance. Nord. J. Freshw. Res. 1998,
74, 79–86.

176. Simmons, O.M.; Gregory, S.D.; Gillingham, P.K.; Riley, W.D.; Scott, L.J.; Britton, J.R. Biological and environmental influences
on the migration phenology of Atlantic salmon Salmo salar smolts in a chalk stream in southern England. Freshw. Biol. 2021, 66,
1581–1594. [CrossRef]

177. IPCC. Climate Change 2007: The Physical Science Basis. In Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change; Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K.B., Tignor, M.,
Miller, H.L., Eds.; Cambridge University Press: Cambridge, UK; New York, NY, USA, 2007; p. 996.

178. Chaput, G.; Carr, J.; Daniels, J.; Tinker, S.; Jonsen, I.; Whoriskey, F. Atlantic salmon (Salmo salar) smolt and early post-smolt
migration and survival inferred from multi-year and multi-stock acoustic telemetry studies in the Gulf of St. Lawrence, northwest
Atlantic. ICES J. Mar. Sci. 2019, 76, 1107–1121. [CrossRef]

179. Jonsson, N.; Jonsson, B. Growth and sexual maturation in Atlantic salmon Salmo salar L. J. Fish Biol. 2007, 71, 245–252. [CrossRef]
180. Peyronnet, A.; Friedland, K.D.; Maoileidigh, N.O.; Manning, M.; Poole, W.R. Links between patterns of marine growth and

survival of Atlantic salmon Salmo salar. Fish Biol. 2007, 71, 684–700. [CrossRef]
181. Todd, C.D.; Hughes, S.L.; Marshall, T.; MacLean, J.C.; Lonergan, M.E.; Biow, E.M. Detrimental effects of recent ocean surface

warming on growth condition of Atlantic salmon. Glob. Chang. Biol. 2008, 14, 958–970. [CrossRef]
182. Edwards, M.; Beaugrand, G.; Hays, G.C.; Koslow, J.A.; Richardson, A.J. Multi-decadal oceanic ecological datasets and their

application in marine policy and management. Trends Ecol. Evol. 2010, 25, 602–610. [CrossRef] [PubMed]
183. Malick, M.J.; Cox, S.P.; Mueter, F.J.; Peterman, R.M.; Bradford, M. Linking phytoplankton phenology to salmon productivity along

a north–south gradient in the Northeast Pacific Ocean. Can. J. Fish. Aquat. Sci. 2015, 72, 697–708. [CrossRef]
184. Parmesan, C.; Yohe, G. A globally coherent fingerprint of climate change impacts across natural systems. Nature 2003, 421, 37–42.

[CrossRef] [PubMed]
185. Cushing, D.H. Plankton Production and Year-class Strength in Fish Populations: An Update of the Match/Mismatch Hypothesis.

Adv. Mar. Biol. 1990, 26, 249–293.
186. Nelson, K.C.; Palmer, M.A.; Pizzuto, J.E.; Moglen, G.E.; Angermeier, P.L.; Hilderbrand, R.H.; Dettinger, M.; Katharine Hayhoe,

K. Forecasting the combined effects of urbanization and climate change on stream ecosystems: From impacts to management
options. J. Appl. Ecol. 2009, 46, 154–163. [CrossRef]

187. Capon, S.J.; Stewart-Koster, B.; Bunn, S.E. Future of Freshwater Ecosystems in a 1.5 ◦C Warmer World. Front. Environ. Sci. 2021, 9,
784642. [CrossRef]

188. Woodward, G.; Perkins, D.M.; Brown, L.E. Climate change and freshwater ecosystems: Impacts across multiple levels of
organization. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2010, 365, 2093–2106. [CrossRef]

189. Palm, S.; Romakkaniemi, A.; Dannewitz, J.; Pakarinen, T.; Veneranta, L.; Huusko, R.; Isometsä, K.; Broman, A.; Miettinen, A.
Tornionjoen Lohi-, Meritaimen- ja Vaellussiikakannat—Yhteinen Ruotsalais-Suomalainen Biologinen Selvitys Sopivien Kalastussääntöjen
Arvioimiseksi Vuodelle 2023; Sveriges lantbruksuniversitet and Luonnonvarakeskus: Helsinki, Finland, 2023; p. 62.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/icesjms/fsw178
https://doi.org/10.1111/jfb.12854
https://doi.org/10.1111/fwb.13776
https://doi.org/10.1093/icesjms/fsy156
https://doi.org/10.1111/j.1095-8649.2007.01488.x
https://doi.org/10.1111/j.1095-8649.2007.01538.x
https://doi.org/10.1111/j.1365-2486.2007.01522.x
https://doi.org/10.1016/j.tree.2010.07.007
https://www.ncbi.nlm.nih.gov/pubmed/20813425
https://doi.org/10.1139/cjfas-2014-0298
https://doi.org/10.1038/nature01286
https://www.ncbi.nlm.nih.gov/pubmed/12511946
https://doi.org/10.1111/j.1365-2664.2008.01599.x
https://doi.org/10.3389/fenvs.2021.784642
https://doi.org/10.1098/rstb.2010.0055

	ehanen et al 2023.pdf
	fishes-08-00382
	Introduction 
	Climate Change and Salmonid Distribution 
	In-River Habitat Conditions in Preparation for Smolting 
	Smolting 
	Smolt Migrations 
	Early Post-Smolt Survival 
	Conclusions 
	References


