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Abstract:

Habitat use of aquatic organisms is essential to evaluate effects of many environmental
challenges like effects of hydro-power regulation, where stranding may occur under
hydropeaking (rapid dewatering of shallow river areas). Experimental studies as well as
observations from nature with juvenile Atlantic salmon (Salmo salar) show that the proportion of
the population that uses shallow depth was both independent of population density and
decreasing with fish size. Experiments were conducted both in the presence and in absence of
older fish, during day and night, and during all four seasons. Juvenile salmon from deep areas
may therefore distribute into the shallow areas even when fish density becomes reduced. Thus,
low density does not lead to reduced stranding risk and shallow areas may therefore function as a
sink in a within-generation source-sink dynamic under a repeated hydropeaking scenario. The
sink effect of rapid dewatering in shallow areas may be mitigated by e.g. seasonal and diurnal
regulation of hydropeaking activity, but dewatering may still result in extinction of weak

populations.
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Introduction

Habitat use (i.e. occurrence of an individual in a specific habitat with specific values of
water velocity, substrate etc.) of fishes is crucial to determine their stranding risk in rivers where
hydro-regulation activity may induce rapid variation in water level. Hydropower is an energy
source with the potential to store energy (reservoirs) and this is believed to become more
important in the future in order to balance the variation in wind and solar energy production.
This benefit of hydropower comes at a cost for the riverine environment, degrading the physical,
biological, recreational and economical values of the affected rivers (e.g. Pang et al. 2015).
Hydropower production has considerable negative environmental effects, but due to action to
mediate climate gas-emissions, hydropower is often considered as green and environmental
friendly energy. Currently, more than 50% of the world’s stream and river flow crosses one or
more dams before reaching the oceans and this fraction could increase up to 90% by 2030 (Van
Cappellen and Maavara 2016).

The results of river regulation are usually large-scale changes affecting biological
organization levels from organisms to landscapes and involves changes in a multitude of topics
from habitat use to general conservation biology or changes in nutrient load leading to profound
community changes (Van Cappellen and Maavara 2016). In systems where rapid changes in
water discharge, so-called hydropeaking, frequently occur due to fluctuating hydropower
production, the effects of hydro-power production can be more pronounced (Irvine et al. 2015;
Hauer et al. 2017). Hydropeaking causes a fraction of the riverbed to be dewatered, commonly
referred to as the ramping zone with stranding of organisms and exposure to air in the ramping
zone during low flow periods (e.g. Saltveit et al. 2001; Halleraker et al. 2003; Nagrodski et al.

2012). Riverine organisms are adapted to a variable environment, but hydropeaking is
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unpredictable, since water level fluctuations and ramping speed exceed those occurring naturally
(Poff et al. 1997). The ramping zone may therefore represent a potential hazard for organisms
that prefer shallow areas. In the case of rivers, shallow and slow-flowing shorelines may be used
and even preferred by certain species and life stages, and individuals are able to respond to
natural gradual decreases in flow by moving out to more central areas. Both intra- and
interspecific competition and fish predation may be lowered in shallow areas, and enemy-free
space may make shallow areas preferable, especially for the smallest fry (e.g. Heggenes &
Borgstrem 1991). However, under hydropeaking, these shallow areas may become of low
quality due to high risk of stranding and mortality during rapid declines in flow. Thus,
hydropeaking causes a mismatch between the environmental clues they usually use for selecting
habitat and the actual habitat quality (Donovan and Thompson 2001; Kokko and Sutherland
2001; Schlaepfer et al. 2002; Hale and Swearer 2016). Increased use of renewable energy, more
open energy markets, increased transmission capacities and more variable patterns of energy use,
all lead to more demands for market-oriented regulation of hydropower production (Harby &
Noack 2013), and hydropeaking has become increasingly common in rivers in Europe and North
America. While there are no international overview of the extent of hydropeaking practices, in
Austria alone it has been estimated that 800 km of river stretches are affected (Melcher et al.
2016).

The effects of hydropeaking on organisms in regulated rivers can be divided into two
different problem areas: habitat-specific parameters, especially depth, which determine the
dewatering risk for a given organism and then the factors which determine mortality of stranded
organisms (e.g. Bradford 1997; Sauterleute et al. 2016; Puffer et al. 2017). For fish, stranding

may result in high mortality. The present paper, however, deals with the first of these processes:
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assessing factors which determine the use of shallow areas, which are the areas with higher
stranding risk. One fish taxon that has received much attention with regards to the issue of
hydropeaking in temperate areas is salmonids, and in particular Atlantic salmon (Salmo salar).
Habitat use in juvenile Atlantic salmon is influenced by body size, time of day, season, predation
risk, food and shelter availability, and is extensively described in the literature (e.g. Heggenes et
al. 1999; Armstrong et al. 2003; Berg et al., 2014; Puffer et al. 2015). In general, they may be
found over the whole range of available depths, including the shallow shorelines that become
dewatered during hydropeaking. However, the “efficiency” of the shallow shorelines as a trap
(Hale and Swearer 2016), and hence the population-level effect of hydropeaking induced
mortality, will be highly influenced by the extent to which this occupancy is density-dependent.
There are three possible scenarios in terms of occupancy of the ramping zone:

1) it is negatively density-dependent, i.e. the proportion of fish in the ramping zone increases
with decreasing population density

2) it is density-independent, i.e. the proportion of the population in the ramping zone is
independent of population density

3) it is positively density-dependent, i.e. the proportion of fish in the ramping zone increases with
increasing population density.

If the use of the ramping zone is negatively density-dependent (scenario 1), it would act as a
hazard zone or trap for juvenile Atlantic salmon, with the population-level effect increasing with
decreasing population density. Scenario 1 may then efficiently drive populations to extinction,
particularly in combination with other negative environmental factors. For scenario 2 there is no
feedback between population density and negative effects of hydropeaking, and a more constant

population-level effect is predicted. Finally, under scenario 3 the negative effect of hydropeaking
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is expected to decrease with decreasing population density, making it of less concern in terms of
population persistence.

The present study provides both extensive experimental and observational data on
Atlantic salmon habitat use that enables us to distinguish between the three density-dependent
scenarios outlined above. The focal habitat dimension investigated was water depth. Experiments
were conducted in four artificial outdoor-streams. To increase the generality of our findings these
experiments were conducted both in the presence and absence of older fish, during day and
night, and during all four seasons. The experimental results were complemented and verified

with observational data on wild juvenile Atlantic salmon depth use in three Norwegian rivers.

Materials and methods

Experimental study: Study site and experimental design

Experiments were performed at the Norwegian Institute for Nature Research (NINA)
Station, Ims (south-western Norway, 58° 54' N, 5° 57" E). Four outdoor arenas (i.e. round,
concrete pools) were used in the experiments with water originating from a nearby lake, which
entered each arena through an individual adjustable water inlet. Each arena comprised a curved
stream divided by mesh screens (Fig. 1; Appendix Fig. A4-A7) into three sections, each about 10
m?, and constant water flow (for details about the arenas, see: Berg et al. 2014). About 50% of
each section was covered with white plastic foil above the water surface to provide overhead
shade. Differences in water depth between the outer and inner walls of the streams were created
by a sloped gravel streambed, creating a shallow area on the inner side and a deep area on the
outer side of the curved stream. To determine depth use at the end of a trial, the shallow (mean

depth 18 cm; range 2—-31cm) and deep areas (mean depth 31; range 15-44 cm) of the sections
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were separated by remotely lowering/releasing screens (i.e. “trapdoors”) placed longitudinally
above the stream. When the trap doors were released, they separated the shallow from the deep
area to ensure the correct determination of fish distributed into shallow/deep area (for further
details see: Berg et al. 2014). A pilot study was conducted to determine the time required to
obtain a stable depth use distribution for each trial. After sampling at different trial durations, a

minimum of 20 hours was chosen as no further change in depth use distribution occurred later.

Experimental study: Experimental fish and procedures

The juvenile Atlantic salmon were hatched from eggs originating from the local River
Imsa once a year during spring and reared at the research station. Fish used in our experiments
were thus hatched in spring and then used throughout the four different seasons, which explains
the increase in body size in our figures (spring: min. 22 mm — winter: max. 150 mm).
Experiments were repeated in all seasons (spring, summer, autumn, winter). Young-of-the-year
(YOY) were stocked at either low (one YOY m) or high (three YOY m) density into each
section, and this was done both in the presence and absence of two overyearling (i.e. > 1 year
old) individuals (for details see: Table 1). Our overyearlings were 1+ salmon, hatched and kept
at the same facility under the same conditions, but of course in larger tanks because of their size.
The chosen YOY densities were within the range of densities found in wild populations of YOY
salmonids (Grant and Imre 2005). Experimental fish were only used once.

For autumn and winter experiments, both day- and night-time trials were performed,

whereas only daytime trials were performed during spring and summer as our experimental
facility’s northward geographical position precludes dark nights in spring and summer. Thus, the

combination of these different factors resulted in different treatments in the different seasons,
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i.e. the spring experiments comprised only low vs. high density (= two treatments and no
overyearling due to the large difference in size between overyearling and YOY with risk of
predation (e.g. Kennedy and Strange 1980)), whereas the autumn experiments comprised
combinations of low vs. high density, with vs. without overyearling, and day vs. night (= eight
treatments). Recapture of fish was done by portable electrofishing gear after lowering (releasing)
the screens which separated the shallow and deep part. Electrofishing thus only function as a
mean of enumeration of fish. Depth use was determined by counting the number of YOY
recovered in shallow versus deep areas in each section, and the body length (fork length, & 1
mm) of each individual was measured. When performing night trials, the arenas were stocked at
02:00 am, and fished again at 00:00 the next night when it already had been completely dark for
about three hours.

The summer experiment lasted from 14. — 29. June 2010, the autumn experiment from
31. August — 17. September 2010, the winter experiment from 8. — 23. February 2011, and the
spring experiment from 7. — 13. May 2011. The experimental depth use study was based on a

total number of 609 experimental replicates (Table 1), pilot studies excluded.

Experimental study: Statistics

All statistical analyses were done using R, v. 2.15.3 (R Core Team 2012). The influence
of body length, density, time of day (for autumn and winter), and the presence of overyearlings
(summer, autumn and winter) on the depth use of individual YOY was modelled using a
generalized linear mixed model (GLMM) with a binomial distribution and with section and

replicate (nested within section) as random effects.
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The function /mer from the /me4 package was used (Bates et al. 2015). Model
simplification procedures followed Zuur et al. (2009) using log likelihood ratio tests to remove
non-significant interaction and covariate terms, while the main effects of experimental factors
(i.e. YOY density and overyearling presence) were kept in all final models. Final models were
re-fitted using restricted maximum likelihood (REML) and final model residuals were checked
for normal distribution, homogeneity and independence. Separate models were fitted for each
season because of the differences in the treatments (i.e. combination of factors tested). The
autumn and winter models are similar and are the most complex ones since all listed treatments
were performed in these seasons. The models from the other two seasons are shorter versions of

the autumn/winter models. The latter can be written as:

Py = o+ B1Dy + oL + 3B + BTy + BsTiDy + BsTiLy + BrTiBi + BsDily + BoBiDy + B1oBily +

a ta;te

where P is the probability of an individual YOY being in the shallow depth, D is the YOY
density (one or three fish m2), L is overyearlings (present or absent), B is the body length and T
is the time of day (day or night). Indices i, j and & represent individuals, sections and replicates,
respectively. a and f are the fixed parameters, a; and g, are the random intercepts for section and
replicate respectively, and ¢; is the random error structure (binomial). The spring model does not
include the term 7 (time of day) and L (overyearlings), and the summer model does not include

the term 7.

Field study: Study sites and experimental design
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Our main focus in the field was to study salmon YOY habitat use with respect to depth
and distance to shore, density of YOY and density of larger conspecifics. The field data were
collected in the three Norwegian rivers Nausta, Stjerdalselva, and Surna by electrofishing
transects perpendicular to the shoreline with a portable electrofishing device (for details see:
Table 2). Nausta has a natural flow regime, whereas in Surna and Stjerdalselva flow regimes are
affected by hydropower regulation. The four fishing stations in Surna were situated from 4.5 to
6.5 km downstream of the power plant outlet, whereas the seven fishing stations in Stjerdalselva
were situated from 8.2 to 40.3 km downstream of the power plant outlet. In Surna, there are
periods of hydropeaking depending on inflow and market demands. However, no hydropeaking
took place during or in the month before our investigation in October 2007. In all three rivers
electrofishing took place at gradually declining discharge (Appendix Fig. A1-A3) and at water
temperatures between 5 and 9 °C. The rivers were fished in different years (Nausta 2008;
Stjerdalselva 2007; Surna 2007), but all fishing took place in October and was finished in less
than a week. Since we used electrofishing in our experimental study, it was a natural choice to
use electrofishing in our field study as well. Fishing stations were specifically chosen for this
study, with emphasis on the ability to electrofish far into the middle of the river, and to have
rather homogenous water velocities and bottom substrate over a long stretch so that the transects
could be placed into a homogenous habitat in each station. Electrofishing was done by a two
person’s team using a single, handheld anode and backpack gear without any block nets to fence
off the stations nor to separate between shallow and deep habitats. A moveable banner net (1 m?)
was used to catch any stunned fish drifting downstream. In addition, the operator of the anode
assisted by catching both unstunned and stunned fish with a dip-net. The banner net was emptied

after each sweep before being moved to position for the next planned sweep. Fish observed

10
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escaping the fished area were noted and added to the capture if it could be identified to species
and age class however, such observations were very few.

Electrofishing was standardized by performing similar straight sweeps of about 1.2 m
length with the anode in transects perpendicular to the shore. Each transect was fished from the
shoreline to the middle of the river or until it became too deep to fish (~80 cm). The
perpendicular distance between sweeps was 1 m. Species (Atlantic salmon, brown trout (Salmo
trutta)), age class (YOY, overyearlings) and number of caught fish were noted for each sweep
and the water depth at the lower end of the sweep was measured to the nearest cm. Only data of
Atlantic salmon were used in the analyses. We carried out the sampling with as little disturbance
of the sampling location as possible other than the necessary movements of the two-person crew
to do the sampling. After completion of the first transect, both the operator and assistant went
back to shore on the same way they came in to avoid disturbance of nearby fish, moved upstream
for five meters and repeated the same procedure in the new transect (for details see: Table 3).
The catch was kept alive in buckets and released back to the river after finishing the sampling of

all transects in a station.

Field study: Statistics

The field data was used to calculate the proportion of YOY caught in the shallow and to
model whether this proportion was influenced by the density of YOY in the transect, the density
of overyearlings in the shallow, or the density of overyearlings in the transect. Therefore, an
assumed border between shallow and deep areas had to be classified, which also enabled us to
compare the results from the field study with the results from the experimental study. Since the

maximum water depth of the shallow area in the experimental study was 31 cm, a division value

11
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of 30 cm was chosen for the field study. This also ensured a relatively equal sampling effort of
shallow and deep areas, as 46% of all fishing took place at water depths > 30 cm. The proportion
of fishing effort in the deep habitat was 40 % in Nausta, 47% in Stjerdalselva and 48% in Surna.
When preparing the original data for the analyses, each individual YOY was assigned to either
the deep or shallow area, depending on where it was caught. We calculated how many YOY as
well as overyearlings were caught per meter sweep with the electrofishing anode for each habitat
type (i.e. deep or shallow area), which we define here as fish density (i.e. fish m™"). Then the
relative density in the shallow area was calculated by dividing the density of YOY in the shallow
by the density of YOY in the whole transect. Only transects where fish were caught were
analysed. Each fishing station was assigned to an individual index number which was used as a
random effect in the analysis.

As for the experimental part, the function /mer and model selection followed by model
validation was used to analyse the data. (Zuur et al. 2009; Pinheiro et al. 2013). The full model
can be written as:

Pyj= o+ BiD;+ BoE; + B3Fi + BsR; + a;+ &
where P is the relative density of YOY in the shallow habitat in transect i within section j, D; is
the density of YOY in the transect, E; is the density of overyearlings in the shallow, F; is the
density of overyearlings in the transect, and R; are the three rivers. a and S are the fixed

parameters, and g; is the random intercepts for the station.

Results

Experimental study

12
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Spring

For the spring data, the interaction between YOY density and fish size (log likelihood
ratio test: X>=2.45; df = 1; P = 0.118) could be removed from the full model during model
simplification, but fish size remained (X? = 37.0; df = 1; P < 0.0001). Based on the final model,
YOY density had no effect on the probability of YOY occupying the shallow area (z = 0.33; P =
0.74). However, this probability decreased significantly with increasing fork length (slope-value

+ SE: -0.09 £0.01; z=-6.11; P <0.0001; Fig. 2).

Summer

For the summer data, both the interaction between overyearlings presence and fish
density (X?=0.13; df = 1; P = 0.72) and the interaction between fish density and fish size (X*>=
3.04; df = 1; P = 0.08) could be removed from the full model during model simplification, but
the interaction between overyearlings presence and fish size remained (X?=39.59; df = 1; P <
0.0001). Based on the final model, YOY density had no significant effect on the probability for
YOY to be in the shallow area (z = 0.62, P = 0.54). Without overyearlings present, an increase in
fork length significantly decreased this probability (-0.11 £ 0.02; z=-5.11; P <0.0001; Fig. 3),
whereas with overyearlings present an increase in fork length significantly increased the

probability for a YOY to be in the shallow area (0.13 £ 0.02; = 0.53; P <0.0001; Fig. 3).

Autumn
For the autumn data, both the interactions between overyearlings presence and density
(X?=10.0002; df = 1; P = 0.99), time of day and fish size (X?=1.03; df = 1; P = 0.31), density

and fish size (X?= 1.46; df = 1; P = 0.23), and overyearlings presence and fish size (X?=2.45; df

13
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=1; P =0.12) could be removed during model simplification. Both the interaction between time
of day and overyearlings presence (X>= 4.94; df = 1; P = 0.026), time of day and density (X*=
5.35;df=1; P = 0.021) and the main effect of fish size (X?=39.14; df = 1; P < 0.0001)
remained. Based on the final model, an increase in fish size generally decreased the probability
of finding a YOY in the shallow area (-0.03 = 0.004; z =-6.19; P < 0.0001; Fig. 4). During
daytime (with and without overyearlings present) an increase in density (from one to three YOY
m2) significantly decreased the probability of a YOY to be in the shallow area (-0.66 + 0.26; z =
-2.57; P = 0.010; Fig. 4). The presence of overyearlings during daytime at both densities
significantly increased the probability of finding a YOY in the shallow area (1.47 + 0.28; z =
5.34; P <0.0001; Fig. 4). During nighttime (with and without overyearlings present) an increase
in density significantly increased the probability of a YOY to be in the shallow area (0.76 + 0.32;
z=2.35; P =0.019; Fig. 4). The presence of overyearlings during nighttime at both densities
significantly decreased the probability of finding a YOY in the shallow area (-0.74 = 0.34; z = -

2.21; P = 0.027; Fig. 4).

Winter

For the winter data, both the interactions between overyearlings presence and fish size
(X?=0.0062; df = 1; P = 0.94), time of day and density (X’=0.29; df = 1; P = 0.59),
overyearlings presence and density (X?= 1.51; df = 1; P = 0.22), density and fish size (X*=2.67;
df = 1; P = 0.10), and time of day and fish size (X?=2.83; df = 1; P = 0.09) could be removed
during model simplification. Both the interaction between time of day and overyearlings
presence (X?=4.40; df = 1; P = 0.036), and the main effect of fish size (X?=44.22; df=1; P <

0.0001) remained. Based on the final model, YOY density had no significant effect on the
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probability of finding a YOY in the shallow area (z=-1.17, P =0.24). In general, an increase in
fish size significantly decreased this probability (-0.03 + 0.004; z = -6.75; P < 0.0001; Fig. 5).
There was a tendency for a decreased probability of finding a YOY in the shallow area during
daytime when overyearlings were present (-0.47 + 0.27; z=-1.77; P = 0.078; Fig. 5). The
presence of overyearlings during nighttime significantly increased the probability of finding a

YOY in the shallow area (0.75 £ 0.36; z=2.10; P = 0.036; Fig. 5).

Field study

The field study was performed to test whether the findings from the experiments could be
confirmed in natural rivers: The relative density of YOY in the shallow was not significantly
affected by the density of YOY in the whole transect (X?= 3.45; df = 1; P = 0.06). Furthermore,
it was independent both of the density of overyearlings in the whole transect (X?=0.12; df = 1; P
= (.73) and the density of overyearlings in the shallow (X?= 0.78; df = 1; P = 0.38). Finally, the

relative density of YOY in the shallow was independent of river (X?=4.35; df =2; P = 0.11).

Discussion

Stranding of riverine organisms is one of the main adverse ecological effects of
hydropower development of rivers, particularly when hydropower production entails frequent
and rapid changes in water discharge (i.e. hydropeaking) (e.g. Irvine et al. 2015; Hauer et al.
2017; Kelly et al. 2017). Mitigation of adverse effects depends on detailed knowledge about the
way the use of “risky” areas is influenced by population density. The experimental results based
on reared fish in relatively narrow confinements were confirmed by observations of native fish in

rivers to ensure the generality of our results. Density-dependent habitat use in juvenile Atlantic
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salmon has been studied previously (e.g. Bult et al. 1999; Gibson et al. 2008), but primarily with
a mesohabitat scale focus (e.g. pools, riffles, runs). By focusing on the microhabitat scale, we
were able to address the issue of density-dependent depth use in more detail. The effects of
hydropeaking on organisms are assessed by a combination of stranding risk and the effects
(especially mortality) of stranding on organisms like fish. This latter part has been investigated
by e.g. Harby and Noack (2013) and Puffer et al. (2017).

Although the differences between the low (one YOY m2) and high density (three YOY
m2) treatment in our experiments were relatively large, none or only very subtle effects of fish
density on YOY depth use were observed. Density effects were apparent during autumn, but of
small magnitude and thus of low biological importance. Maximum fish densities observed in the
field study were not as high as the high density in the experiments, but nonetheless covered a
relatively broad and representative range. Neither density of YOY nor density of overyearlings
influenced depth use of YOY in the field. Overall, our results suggest that the use of the shallow
and hence “risky” areas is density-independent (scenario 2 in introduction), i.e. the same
proportion of the population will use the shallow area regardless of population density.
Nonetheless, juvenile salmon from deep areas may distribute into the shallow areas even when
fish density becomes reduced due to stranding mortalities. Thus, low density does not lead to
reduced stranding risk and shallow areas may therefore function as a sink in a within-generation
source-sink dynamic under a repeated hydropeaking scenario.

Population-level effects of anthropogenically induced mortality will also depend on
which individuals are at the highest risk. If mortality is selective and for a given life stage
primarily targets individuals with poor future prospects, then the population effects can be

expected to be less severe than under the converse situation or if mortality is non-selective. Our
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study demonstrates that for a given life stage (i.e. regardless of the season), the smallest juvenile
salmon had always the highest probability of being in the shallow area, which suggests that they
will face the highest stranding risk. Thus, under strong size-selective mortality (i.e. selection
against small individuals) during later life-stages, this will reduce the population-level effects.
However, existing data suggests that this may not be the case for Atlantic salmon, as patterns of
size-selective mortality may vary both across years and seasons (Hendry et al. 2003). Modelling
of the effects of stranding of salmon parr and smolt, emphasises the effect of larger fish
(presmolts and smolts) where no compensatory mechanisms operate if large fish die in
freshwater (Sauterleute et al. 2016). The experimental conditions ensured identical areas for deep
and shallow depths, and if the experimental fish are composed of sedentary, floaters or
wanderers (Roy et al. 2013), they have similar areas to disperse into or distribute within the
experimental areas. We emphasize that we did not monitor individual behaviour in the
experiments and the present investigation focus on density dependent use of shallow areas under
a set number of conditions like season, diurnal pattern etc. As the experiment was performed
with a balanced replication structure, any increase in experimental parameters would lead to a
large increase the number of experiments.

A second additional factor influencing population-level effects is the timing (i.e. life-
stage) of anthropogenically induced mortality. Different life stages may be targeted to different
extents, and this will be of importance if populations are regulated by sequential density
dependence (Ratikainen et al. 2008). For example, high induced mortality during early stages
will have little effect if the population experiences strong density-dependence later in life (i.e.
compensatory mortality). Our study shows a decrease in the use of the shallow areas throughout

the first year of their lives. This is consistent with previous studies (Greenberg et al. 1996; Méki-
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Petéys et al. 2004; Hedger et al. 2005; Ayllon et al. 2009; Ayllon et al. 2013), suggesting that the
earliest stages following emergence from nests will be most susceptible to stranding during
hydropeaking. The population-level effect will then depend on whether increased early mortality
will be compensated for later in life due to sequential density dependence. This issue has been
debated for salmonids, where so-called self-thinning lines have been interpreted as showing
continuous density dependence throughout the juvenile stage by some authors (Elliott 1993), but
not others (Armstrong 1997). Later empirical studies have demonstrated that the temporal pattern
of density dependence, i.e. whether density dependence occurs only early in life or more
continuously throughout life, will depend on the relative abundance of habitat types that are
suitable for the different life stages (Elliott and Hurley 1998). For example, in rivers where a
high proportion of the habitat is suitable for early life stages, low competition and high survival
during these stages will cause intense competition for the rarer habitat suitable for later stages,
and hence density dependence will occur more continuously throughout the freshwater stage
(Teichert et al. 2013). Thus, the population-level effect of hydropeaking will be site-specific. In
general, rivers with abundant habitat for older juveniles (particularly structural shelter (Finstad et
al. 2009)), which are expected to experience little density dependence for older juvenile stages,
are predicted to be most negatively influenced by hydropeaking and associated high mortality
during early stages. On the other hand, Bellmore et al. (2015) infers that increased spatial
complexity may reduce interactions like predation. We have deliberately held substrate
composition in both shallow and deep areas identical in both experiments and field studies, since
substrate coarseness is important for hiding, but hiding into substrate increase risk of stranding

(Puffer et al. 2015).
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The experimental set up had identical areas for shallow and deep areas and trapdoors
ensured a precise separation between the two areas. Depth use determination was ensured
without knowledge on parameters like feeding and predation protection (e.g. Bellmore et al.
2015) or the existence of hierarchical (dominant/subdominant) and non-hierarchial (floater)
strategies (Roy et al. 2013) among juvenile salmonids.

The present study also demonstrates that the effect of hydropeaking may depend on the
population structure, because the presence of overyearlings had significant effects on YOY
habitat use. Surprisingly, the presence of overyearlings in summer mainly influenced the depth
use of the larger YOY, who responded by increased use of the shallow habitat. Visual
observations helped to explain this phenomenon, since we were able to observe the arenas from a
nearby platform and could distinguish between two reactions of YOY when overyearlings were
approaching them: small YOY, who actively swam in the water column, stopped swimming and
hid in the substrate, whereas larger YOY actively swam away. The less overt response among
the smaller individuals may contribute to the previously reported difference in growth responses
to inter-cohort competition, where growth of larger YOY was more strongly influenced by
overyearling densities than that of smaller YOY (Einum and Kvingedal 2011). The reaction to
overyearlings was more consistent in autumn, since the presence of an overyearling always
resulted in an increased use of the shallow areas. Here we observed the classical situation of
intercohort competition, where smaller individuals are outcompeted by larger individuals and are
forced to use sub-optimal habitats (Maki-Petdys et al. 2004; Ayllon et al. 2013). The same was
true for winter, but the effect size was small and thus biologically less important. Because of the
population structure found in natural rivers, YOY are forced to use shallower waters than they

would without intercohort competition and thus are more susceptible to stranding. This is
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beneficial from a production perspective, as the mortality of larger smolt or presmolt will be less
compensated for if they die compared to smaller/younger fish (Sauterleute et al. 2016).

Both during autumn and winter YOY were more often in the shallow area during night-
time than during daytime, and this effect was as large as the effect of presence of overyearlings.
This behaviour is well documented in the literature (e.g. Schmutz et al. 2015) and may lead to
the naive prediction that discharge reductions will be more damaging during night than during
day. Yet, field observations have shown that discharge reductions in winter led to fewer
stranding casualties during night than during day (Saltveit et al. 2001). This is most likely due to
the diurnal change in activity at low water temperatures (Puffer et al. 2015), as they become
sedentary and hide in the substrate during daytime, when water temperatures drop below 5-8 °C
(e.g. Heggenes and Dokk 2001; Scruton et al. 2005). Thus, even if a larger proportion of the
population inhabits shallow areas at night, they are less susceptible to stranding as they are better
able to detect and respond to the decreasing water level when active.

In the present study, we found no or small effects of fish density on the use of shallow
shorelines of YOY Atlantic salmon. However, the lack of a density-dependent pattern show that
there is a potential for each stranding event to cause a more or less constant mortality rate due to
redistribution of fish into shallow areas. Shallow areas may thus function as a sink in a within-
generation source-sink system under repeated hydropeaking. Furthermore, our data suggest that
the earliest stages following emergence from nests will be most susceptible to stranding during
hydropeaking. Depending on the habitat characteristics, such increased early mortality may be
compensated by reduced mortality during later stages. Thus, site-specific population-level effects
of hydropeaking can be expected. Caution has therefore to be exercised in the hydropeaking

activity where water is led into rivers where seasonal and diurnal patterns and ramping rates are
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key parameters to be considered in the operating manuals for hydroelectric power plants (e.g.
Forseth and Harby 2014; Hauer et al. 2017). These manuals are usually issued by governmental
agencies and are under severe public awareness as exemplified with the use of the endangered

species act, red lists or EU Water framework directive as examples of management tools.
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613 Tables

614  Table 1: Overview over the experiments, listing the different treatments and which factor combinations that were tested in the four
615  seasons. YOY are the young-of-the-year Atlantic salmon, overyearlings are the >1 year old fish, size of fish was measured as fork

616  length in mm (mean + SD), and relative size difference between overyearlings and YOY is the size of overyearlings divided by the size

617 of YOY.
Size
Time of  Density YOY Number of Size YOY  Number Relative size
Season Overyearlings overyearlings
Day (fish m?) replicates (mm) of YOY difference
(mm)
Spring Day 1 absent 36 33+4 353 — -
Day 3 absent 37 34+4 1014 — -
Summer Day 1 absent 21 49 £ 10 222 - -
Day 3 absent 21 48 £10 620 - -
Day 1 present 61 47+7 596 167 £ 16 3.6
Day 3 present 57 46 +7 1551 172 £ 15 3.7
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619  Table 2: Details of the three rivers of the field study. Size of fish was measured as fork length in mm (mean + SD).

Range max. Range max. Size Relative size
Number of  Number of Size YOY
River distance from shore depth overyearlings difference
stations transects (mm)
(m) (cm) (mm)

Nausta 2 16 10-15 33-63 51+4 88+ 14 1.7
Stjerdalselva 7 71 5-47 45-90 42 +4 65+6 1.5

Surna 4 43 5-16 25-70 41£3 79+ 17 1.9
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621  Table 3: Details of the two year classes of Atlantic salmon caught in the three rivers of the field study. YOY are the young-of-the year

622 and overyearlings are > 1 year old individuals. Fish densities are given as mean + SD values.

YOY density YOY density Number of Overyearlings Overyearlings
Number of
River in shallow in transect caught density in shallow density in transect
caught YOY
(fish m™) (fish m™1) overyearlings (fish m™) (fish m™)

Nausta 197 0.87£0.47 0.95+0.59 133 0.73 £0.64 0.75 +0.60

Stjerdalselva 261 0.63 +1.08 0.31+0.24 112 0.14£0.23 0.13+0.15

Surna 293 1.14+£0.78 0.76 £0.39 129 0.18+0.23 0.32+0.23

623
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Figure Legends

Fig. 1: Top view and perspective view of an arena used in the experiments. 1: Water inlet,
2: deep area, 3: shallow area, 4: mesh screen separating two sections, 5: trapdoor

separating the deep and shallow sections, 6: Water outlet.

Fig. 2: Probability for a YOY Atlantic salmon being in the shallow area in relation to its
fork length (in mm) in spring (black solid line). Grey lines indicate posterior calculated

95% confidence intervals.

Fig. 3: Probability for a YOY Atlantic salmon being in the shallow area in relation to its
fork length (in mm) in summer, either without (black solid line) or with (black dashed
line) overyearlings present. Grey solid and dashed lines indicate the posterior calculated

95% confidence intervals.

Fig. 4: Probability for a YOY Atlantic salmon being in the shallow area in relation to its
fork length (in mm) in autumn in either the low (black solid line) or high (black dashed
line) density experiments, A) during daytime without overyearlings present, B) during
daytime with overyearlings present, C) during night-time without overyearlings present
and D) during night-time with overyearlings present. Grey solid and dashed lines indicate

the posterior calculated 95% confidence intervals.
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646

647

648

649

Fig. 5: Probability for a YOY Atlantic salmon being in the shallow area in relation to its

fork length (in mm) in winter either without (black solid line) or with (black dashed line)

overyearlings present, A) during daytime and B) during night-time. Grey solid and

dashed lines indicate the posterior calculated 95% confidence intervals.
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Fig. 1
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Appendix:
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Fig. Al: Hydrograph for river Nausta depicting the period one month before electrofishing

(mean daily discharge in m3s!). The actual date of electrofishing is marked with a black dot.
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Fig. A2: Hydrograph for river Surna depicting the period one month before electrofishing (mean
daily discharge in m3s™!). The actual date of electrofishing is marked with a black dot.
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Fig. A3: Hydrograph for river Stjerdalselva depicting the period one month before electrofishing
(mean daily discharge in m?s!). The actual dates of electrofishing are marked with black dots.
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Fig. A4: One of the arenas used in the experiments. The water inlet is on the right side, the water
outlet on the left. White tarps are providing shade and overhead protection. The photo depicts the
20 hour acclimatisation period when fish could swim freely around in the sections to choose their
preferred habitat, i.e. the deep area close to the outer wall or the shallow area close to the inner
wall. The mesh screens (“trap doors”) are therefore in the upper position, suspended over the
water surface. The ropes that are used to activate the trap doors are leading to the centre of the
whole construction, which is the place the operator will be standing when releasing them and
thus ending the 20 hour acclimatisation period.
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Fig. AS: One of the arenas during the 20 hours acclimatisation period seen from upstream. White
tarps cover about 50% of each section. The "trap doors" are locked in place above the water
surface and are ready to get dropped by removing the metal bolts that are attached to ropes.
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Fig. A6: Arena during fishing: The tarps are removed and the trap doors are lowered to separate

the shallow from the deep area.
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Fig. A7: Inside of the arena: Detail of the downward slope from the shallow to the deep area. The
metal rail in the middle will hold the trap door in place once lowered. Fine plastic mesh is
fastened to a wooden construction separating the sections from each other.
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