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Abstract

This study experimentally manipulated olfactory cues in a river by adjusting hydro-
power operation and monitored behavioural responses of 193 adult sockeye salmon,
Oncorhynchus nerka (Walbaum), using radio telemetry. Experimental dilution of olfac-
tory cues in a tributary to 72% natal water relative to non-natal water was associated
with 80% reduced odds of fish entering the tributary from a river mainstem and in-
creased migration times by an average of 12.2 hr, with females taking 4.6 hr longer
than males to enter the tributary. Additionally, males delayed 2.7 hr longer than fe-
males at a diversion outlet in the river mainstem that discharged a natal water source
during experimentally diluted olfactory conditions. Increased migration time associ-
ated with dilute olfactory cues would decrease energy available for reproduction and
potentially reduce fitness. Hydropower managers should continue to regulate natal
water conditions in the Seton River during sockeye salmon migrations to avoid nega-

tive impacts on migration timing and success.
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1 | INTRODUCTION

River impoundment and diversion for power generation (i.e.
hydropower) are a globally pervasive disturbance to riverine fish.
Impoundment alters the physical (e.g. flow, sediment transport
and temperature), chemical (e.g. nutrients, energy and olfactory
cues) and biological (e.g. species presence, community and food
web structure) properties of rivers (Anderson, Freeman & Pringle,
2006; Bednarek, 2001; Cooper etal.,, 2017; Renofalt, Jansson &
Nilsson, 2009), and hydropower managers are often faced with the
challenge of understanding and minimising these impacts, particu-
larly in relation to fish species that are of ecological, economic or
social importance. Research and management efforts examining the
effects of hydropower on fish typically focus on fish passage (see
reviews in Waples, Zabel, Scheuerell & Sanderson, 2008; Thorstad,
Okland, Aarestrup & Heggberget, 2008) or the effects of altered

dams, fish behavior, homing, hydropower, olfaction, Pacific salmon, radio telemetry

flow, temperature or habitat on fish (Keefer, Peery, Bjornn, Jepson &
Stuehrenberg, 2004; Lessard & Hayes, 2003; Murchie et al., 2008;
Person, Bieri, Peter & Schleiss, 2014; Quinn, Hodgson & Peven,
1997). The effects of altering olfactory cues (i.e. chemical cues in
water that are detected by fish), meanwhile, remain understudied.
Anadromous salmonids from the genera Salmo and Oncorhynchus
(hereafter collectively referred to as salmon) have ecological, eco-
nomic and socialimportance and exhibit home-site fidelity when they
return to fresh water to spawn (Candy & Beacham, 2000; Eriksson
& Eriksson, 1991; Keefer & Caudill, 2014). To locate natal spawning
areas, adult salmon may use multiple cues from the environment and
conspecifics in a hierarchical manner (Bett & Hinch, 2016). However,
salmon are thought to rely primarily on olfactory cues imprinted
when juveniles (Bett & Hinch, 2016; Hasler & Wisby, 1951; Ueda
et al., 2016; Yamamoto, Hino & Ueda, 2010) to locate natal spawning

areas during reproductive migrations in fresh water (Bett & Hinch,
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2016; Keefer & Caudill, 2014; Ueda, 2012). Laboratory experiments
have revealed that even slight changes to olfactory cues can alter
behavioural responses in migrating salmonids (reviewed in Bett &
Hinch, 2016), but few studies have examined the effects of changing
olfactory cues on migration behaviour of salmon in the wild.
Hydropower and its associated infrastructure have the potential
to alter the concentration and spatial distribution of olfactory cues
through, for example, dilution of olfactory cues in reservoirs above
dams or diversions changing river network structure. In the Columbia
River, USA, multiple impoundments have led to “odour diffusion”
from natal tributaries across river channels (Keefer & Caudill, 2014;
Quinn, 2005), which might be the cause of wandering behaviour ex-
hibited by adult salmon in this river system (Keefer, Caudill, Peery
& Boggs, 2008). Homing adult salmon are also attracted to power
station outlets that discharge natal water sources diverted through
channels along migration routes, presumably because salmon are at-
tracted to the olfactory cues emitted at these sites (Andrew & Geen,
1958; Middleton et al., 2018; Thorstad, Okland, Kroglund & Jepsen,
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2003; Thorstad et al., 2008). Increased search time associated with
altered olfactory cues can result in migratory delay (Caudill etal.,
2007; Fretwell, 1989; Middleton et al., 2018). Adult salmon cease
feeding but continue gamete development during spawning migra-
tions (Groot & Margolis, 1991), and thus increased energy use result-
ing from altered olfactory cues would reduce the amount of energy
available for gonad development, migration and spawning (Crossin
et al., 2008). Despite these potentially significant effects on repro-
duction, the migratory behaviour of salmon that experience altered
olfactory cues remains largely unexplored.

This study examined the effects of altered olfactory cues due
to operations in the Seton-Bridge hydropower system in British
Columbia, Canada, on the behaviour of a homing sockeye salmon,
Oncorhynchus nerka (Walbaum), population, Gates Creek sockeye
salmon. A brief description of the Seton-Bridge hydropower system
and associated challenges to migrating adult Gates Creek sockeye
salmon is provided hereafter and shown in Figure 1. Reproductively
migrating Gates Creek sockeye salmon must migrate up the Fraser

121 “5|9‘0"W 121 °5lB'0“W 121 °5|T'U"W 121 °5.6'0"W 121°55'0"W
(a) 0 025 05 1 1.5 2
A ' 3 ) Kilometres
'\ Fish fence
Seton and tagging site
Dam
Seton River

50°40'0"N
Walden

North
Diversion

(Power canal in aqueduct
over Cayoosh Creek)
Cayoosh

Creek

Power canal

Powerhouse

Release location

British Ci}nada
Columbia
Fraser .
River ik
e
\‘\.
M
N
Pacific
Ocean USA
T

FIGURE 1 Map of hydropower infrastructure near the confluence of the Fraser and Seton Rivers in south-western British Columbia,
Canada. White open circles represent radio telemetry receiver sites used to track tagged sockeye salmon released in the Fraser River.
Sockeye salmon destined for the Seton River drainage migrate up the Fraser River, enter the Seton River and navigate Seton Dam and two
reservoirs to reach their spawning grounds at Gates Creek. Cayoosh Creek (inset A, bottom left) can be diverted either into the Seton River,
which dilutes natal river water, or into Seton Lake by way of the Walden North Diversion, where it mixes with natal water in the reservoir.
The power canal diverts water from Seton Lake to the powerhouse and provides a competing olfactory signal to fish searching for the Seton

River
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River and enter the Seton River eventually to reach spawning grounds
on Gates Creek. Prior to reaching the Seton River, fish migrating up
the Fraser River encounter a power generating station (i.e. power-
house) that discharges Seton Lake water diverted through a power
canal into the Fraser River. Juvenile Gates Creek sockeye salmon rear
in Seton Lake and, thus, water discharged from the powerhouse con-
tains natal olfactory cues used by adult Gates Creek sockeye salmon
for navigation. Entrance into the powerhouse is prevented by metal
grates; to continue their migration towards spawning grounds, fish
must navigate further upstream from the powerhouse and enter the
Seton River tributary. However, natal olfactory cues in the Seton
River can be heavily diluted by a regulated tributary, Cayoosh Creek,
which discharges a non-natal water source into the Seton River.
Dilution of natal water in the Seton River can be as much as 50% (i.e.
equal ratio of natal Seton River water to non-natal Cayoosh Creek
water; Fretwell, 1989) during salmon migrations. This dilution ratio
exceeds historical dilution levels in the Seton River, which were ap-
proximately 5% Cayoosh Creek water relative to Seton River water
before hydrosystem development (Fretwell, 1989).

Earlier studies showed that returning adults delay migration at
the powerhouse, presumably because they are investigating natal
olfactory cues discharged from the powerhouse outlet (Fretwell,
1989). It was hypothesised that delay at the powerhouse could be
exacerbated by dilution of natal water in the Seton River (e.g. when
more concentrated olfactory cues are presented at the powerhouse
relative to at the entrance into the Seton River). Therefore, additional
studies were undertaken to establish dilution thresholds to be main-
tained in water use plans. Controlled “water choice” experiments
showed Gates Creek sockeye salmon preferred 100% natal water
over all mixtures with <80% natal water [Fretwell, 1989; and later
supported by additional laboratory tests (Bett, Hinch & Casselman,
2018; Casselman et al., 2015)]. Thus, current management targets
intended to reduce migration delay require natal water concentra-
tions in the Seton River to be 280% during the Gates Creek sockeye
salmon migration despite these targets never being evaluated using
in situ whole-river experiments.

To evaluate the in situ effectiveness of the >80% natal water tar-
get currently in the water use plan for the Seton Dam (BC Hydro
2011), this study used a whole-river experiment that diluted natal
water concentration in the Seton River to <80% by manipulating
water release patterns from Cayoosh Creek, the non-natal water
tributary to the Seton River. The behaviour of radio-tagged Gates
Creek sockeye salmon (hereafter, sockeye salmon) in experimentally
diluted natal water conditions (i.e. <80% natal water, hereafter, di-
lute natal water conditions) was compared with sockeye salmon in
non-diluted natal water conditions (i.e. >80% natal water, hereafter,
routine natal water conditions). The time it took sockeye salmon to
enter the Seton River after release and the number of hours fish
spent at the downstream powerhouse, a site suspected of attracting
migrating sockeye salmon, were both measured under routine and
dilute natal water conditions. Study predictions were that sockeye
salmon would respond to diluted olfactory cues by either (a) failing
to enter the Seton River (and thus never reaching natal spawning

grounds) or (b) experiencing increased time to enter into the Seton
River when distracted by downstream natal olfactory cues dis-
charged at the powerhouse. To the authors’ knowledge, this is the
first study to manipulate natal water concentrations in an entire river

system to assess its effects on free-swimming fish.

2 | METHODS

2.1 | Study system

The Seton River is a tributary of the Fraser River, British Columbia,
Canada, and is located 312 river kilometres from the Pacific Ocean
(Figure 1). In this system, the Seton Dam diverts natal water from
Seton Lake (juvenile sockeye salmon examined in this study rear in
Seton Lake prior to initiating downstream migrations to the ocean)
down a long canal to the powerhouse that discharges into the Fraser
River 1.2 km downstream of the Seton-Fraser confluence (Figure 1).
Once in the Seton River, fish must pass the Seton Dam, located 4 km
upstream of the confluence, and then swim ~50 km to their spawn-
ing grounds (Figure 1b). Homing adults from the sockeye salmon
population examined in this study typically enter the study area in
early August, pass Seton Dam at the outlet of Seton Lake by early
September and spawn by the end of September (Roscoe, Hinch,
Cooke & Patterson, 2010).

Olfactory cues used by adult sockeye salmon to navigate the
Seton-Fraser confluence are governed by two factors: (a) the dis-
charge of natal water into the Fraser River at the powerhouse down-
stream from the Seton-Fraser confluence and (b) the discharge of
the Cayoosh Creek tributary into the Seton River 2.3 km upstream
of the Seton-Fraser confluence (Figure 1). Cayoosh Creek is a reg-
ulated tributary that drains an adjacent watershed to the Seton-
Anderson Watershed and, hence, does not contain natal olfactory
cues. As Cayoosh Creek merges with the Seton River, it dilutes natal
olfactory cues discharged from Seton Lake. However, the Walden
North Diversion can redirect Cayoosh Creek water upstream
of Seton Dam into Seton Lake to control the amount of Cayoosh
Creek water entering the Seton River. When Cayoosh Creek water
is diverted into the lake, it is assumed that both the Seton River and
water discharged at the powerhouse provide strong olfactory cues
to salmon, but when Cayoosh Creek dilutes the Seton River, the
powerhouse provides stronger olfactory cues to sockeye salmon. In
the latter scenario, sockeye salmon may be attracted to the outlet of
the impassable powerhouse canal.

This study considered the potential that Cayoosh Creek water
diverted into Seton Lake could dilute natal olfactory cues in Seton
Lake water, which then flows into the power canal (i.e. olfactory
cues in water exiting the powerhouse would be diluted by Cayoosh
Creek under this scenario, refer to Figure 1). However, Cayoosh
Creek water is much colder (it is primarily snowpack fed during
Gates Creek sockeye salmon migration in August) and, therefore,
denser than Seton Lake water and should settle to the bottom of
the reservoir reducing the contribution of Cayoosh Creek water into



Fisheries Manag t 491
==Y Wi ey

concentration of natal water in the Seton River was increased to ap-
proximately 92% from 18-30 August 2015 (i.e. routine natal water

Natal water concentration was calculated from hourly discharge
measurements acquired from Water Survey of Canada (http://wa-
teroffice.ec.gc.ca). Hourly water temperature in the Fraser River was
measured using TidbiT v2 data loggers (Onset HOBO data loggers,

2.3 | Fish tagging and tracking

All capture and tagging procedures were conducted in the accord-
ance with the Canadian Council of Animal Care guidelines admin-
istered by the University of British Columbia (AUP # A15-0205).
Individual fish were captured using a full-spanning fish fence located
200 m downstream of Seton Dam (Figure 1a). All fish underwent
a visual assessment of injuries, measurement of fork length to the
nearest half centimetre, gastric insertion of a radio transmitter [(43-
mm length x 16-mm diameter, 15.2 g in air); Sigma Eight, Newmart,
ON, Canada] and received an individually labelled spaghetti tag (Floy
Manufacturing, Seattle, WA, USA). To reduce the possibility of tag-
ging stray sockeye salmon (i.e. those not from the Gates Creek pop-
ulation), tissue lipid concentrations of individuals were rapidly and
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FIGURE 2 Environmental variables measured over the study
duration. Panel A shows natal water concentration and natal water
targets (i.e. dashed horizontal black line at 80%) for the Seton River,
and Seton River and Cayoosh Creek discharge. Panel B shows
temperature for the Fraser River, Seton River and the powerhouse
and Fraser River discharge. The grey rectangle on plots indicates
the period when natal water in the Seton River was experimentally
diluted with non-natal, Cayoosh Creek water

the power canal. Cayoosh Creek also has low inflow volumes be-
cause it is snowpack fed and, therefore, has low volumes diverted to
Seton Lake in August. For example, discharge from Cayoosh Creek
into Seton Lake was ~7 m®/s while maintaining the >80% natal water
target during this study. Finally, the outflow location of Cayoosh
Creek water diverted into Seton Lake is >1.5 km away from the
power canal and, presumably, Cayoosh Creek water would become
heavily mixed with Seton Lake water before it arrived at the power
canal. Thus, multiple lines of evidence suggest dilution of water in
the power canal by Cayoosh Creek water would be minimal and not
more diluted than water in the Seton River.

2.2 | Manipulation of olfactory cues

During 7-14 August 2015, the dam on Cayoosh Creek was oper-
ated to increase the proportion of Cayoosh Creek water in the Seton
River such that the concentration of natal water was reduced to ap-
proximately 72%. Natal water discharge from the powerhouse was
maintained. Following the 1-week experimental reduction in the
concentration of natal water (i.e. dilute natal water conditions), rou-

tine operations at the dam on Cayoosh Creek were restored and the

non-invasively assessed using a hand-held microwave energy metre
(see Crossin & Hinch 2005) and fish with tissue lipid levels previ-
ously found to be strongly associated with non-target populations
(i.e. based on relationships between tissue lipid levels and popula-
tion origin confirmed by genetic analysis, see Casselman et al., 2015)
were excluded. Fish that showed signs of severe injury (e.g. exposed,
unhealed wounds) from gillnets encountered in the lower Fraser
River, sea-lice or predators also were not tagged. After completion
of the tagging procedure, fish were placed in a holding pen until
transport to the release site. For each release, a group of 10-15 fish
was loaded into a 1,000-L insulated and oxygenated water tank and
transported to the release site located on the Fraser River ~ 1.3 km
downstream of the powerhouse (Figure 1). The transport process
took on average 30 min (range = 17-48 min). A maximum of two re-
leases occurred each day between 10:15 a.m. and 16:30 p.m. PST.
Fish were tracked using a series of fixed radio telemetry receiv-
ers (SRX, Lotek Wireless, Inc., Newmarket, ON, Canada). A radio re-
ceiver positioned at the powerhouse was configured to detect only
fish in the powerhouse tailrace and was used to assess the number
of hours individual fish spent at the powerhouse (hereafter, power-
house delay). A radio receiver in the lower Seton River 0.2 km up-
stream from the Seton-Fraser confluence was used to assess Seton
River entry, which was then used to estimate time (hours) from
release to Seton River entry (hereafter, time to Seton River entry).
Additional radio receiver detection sites located 1.6, 2.1 and 2.2 km
upstream of the lower Seton River receiver (Figure 1) were used
to account for imperfect detection efficiency (~70%) at the lower
Seton River receiver. Seton River entrance times were estimated for
fish not detected on the lower Seton River receiver by subtracting
the median migration time for fish to migrate from the lower Seton
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receiver to the next upstream receivers, which had >98% detec-
tion efficiency. False detections were removed from the telemetry
data by filtering and by visual inspection of individual fish detection

histories.

2.4 | Experimental effects

Four models were used to examine how dilution of natal water influ-
enced sockeye salmon migration behaviour including (a) Seton River
entry success, (b) the amount of time to enter the Seton River, (c) the
amount of time at the powerhouse and (d) whether overall time to
enter the Seton River entry is related to the amount of time at the
powerhouse. All models were fit with similar explanatory variables
(hereafter referred to as “general model variables”). In addition to
natal water condition, all models included explanatory variables for
sex of the fish and scaled variables for Fraser River temperature and
individual fish gross somatic energy because these variables have
been previously identified as important variables influencing behav-
iours of homing sockeye salmon (Crossin et al., 2008; Jeffries et al.,
2012; Martins et al., 2012). Each model also included an interaction
term for sex and natal water condition to examine sex-specific re-
sponses. The nature of this whole-system experiment meant that it
was impossible to isolate the effect of run-timing (e.g. temporal cor-
relations such as reproductive maturity of individual fish that arrive
at the study area across time) from the dilution treatment, and thus,
all models were structured as mixed effects models and included
release date (hereafter, date of release) as a random or blocking ef-
fect to account for temporal correlations associated with run-timing.
Specific model types and any explanatory terms included in each
model (in addition to those described above) are presented below.

The first model used generalised linear mixed models (GLMMs)
with binomially distributed errors [R package: “Ime4” (Bates,
Maechler, Bolker & Walker, 2015)] to compare Seton River entry
success (1 = detected in Seton River, O = not detected in Seton River)
for sockeye salmon released under dilute and routine natal water
concentrations (categorical explanatory variable). Explanatory vari-
ables, interaction terms and random effects for this model were
as described above for the general model variables. An additional
model that included only significant covariates was fitted to predict
the effect of natal water condition on Seton River entry success.

A second model used a Cox Proportional Hazard Mixed Model
[R package: “coxme” (Therneau, 2015)] to examine the influence
of Seton River natal water concentration on the likelihood of sock-
eye salmon entering the Seton River at any given time interval. Cox
Proportional Hazard Models permit “censoring” of individuals that
failed to enter the Seton River and allow for incorporation of time-
varying explanatory variables that account for fish experiencing
multiple levels of environmental conditions that fluctuate during
migration (Castro-Santos & Haro, 2003; Kleinbaum & Klein, 2012).
Thus, this approach took advantage of the full data set including
fish that did not enter the Seton River. Time-varying explanatory
variables included scaled variables for natal water concentration
(i.e. natal water concentration was a continuous response variable)

and Fraser River temperature. To create a data set of time-varying
variables, hourly measures of environmental conditions were paired
with individual fish detection histories. Fish identity was also in-
cluded as a random effect (in addition to date of release) to account
for repeated measures on individual fish. The number of hours from
release to sunset was also included as an additional explanatory
variable to test for diel effects (i.e. to test if fish released later in
the day delay migration overnight). All other explanatory variables,
interaction terms and random effects were as described above for
the general model variables. Kaplan-Meier curves were used to ex-
amine visually differences in time to enter the Seton River between
treatments and to estimate time differences between groups of fish.

A third model used GLMMs to examine whether dilution of natal
water in the Seton River influenced the number of hours sockeye
salmon spent at the powerhouse (i.e. powerhouse delay, response
variable). Explanatory variables, interaction terms and random ef-
fects for this model were as described above for the general model
variables.

A final model used mixed model analysis of covariance (ANCOVA)
to examine the relationship between time to Seton River entry (re-
sponse variable) and the number of hours fish spent at the power-
house (i.e. powerhouse delay, explanatory variable). Mixed model
ANCOVAs do not allow censoring of individuals; thus, only fish that
entered the Seton River (n = 170) could be included in these models.
An interaction term for powerhouse delay and natal water condition
was included in addition to explanatory variables, interaction terms
and random effects described above for the general model variables.

Prior to analysis, data exploration (e.g. examining collinearity,
outliers, normality and interactions) and specification of random ef-
fects followed protocols presented in Zuur, leno and Elphick (2010)
and Zuur, leno, Walker, Saveliev and Smith (2009), respectively. All
data exploration and analyses were performed in R. Studio running R
v. 3.3.0 (R Core Team 2017) and the “tidyverse” package (Wickham,
2017). A Pearson correlation coefficient > 0.6 and variance inflation
factor score > 3.0 indicated Fraser River discharge was collinear with
release date and Fraser River temperature and was, therefore, ex-
cluded from all models. The significance of interaction terms was
tested during initial model fitting, and non-significant interactions
were excluded from final models. Significant interaction terms were
explored further using model subsets that only included significant
explanatory variables from the full model.

3 | RESULTS

3.1 | Manipulation of natal water conditions

From 7 to 14 August 2015, Cayoosh Creek discharge into the
Seton River was experimentally increased from approximately
2 m%/s to approximately 10 m®/s while Seton River discharge re-
mained consistent (mean * SD =21.2. + 0.25 m®/s) (Figure 2a).
Experimental increase of Cayoosh Creek discharge decreased
natal water concentration in the Seton River to approximately 72%
(i.e. dilute natal water conditions, Figure 2a). Following 1 week of
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TABLE 1 The number of sockeye

salmon tagged and released near the ?:r:tajlit‘::a::r Sex
Seton and Fraser River confluence in 2015
Dilute Male
Female
Total
Routine Male
Female
Total
Total Male
Female
Total
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Number of  Number of fish that Proportion of fish that
tagged fish  entered the Seton River  entered the Seton River
44 (58%) 41 (65%) 0.93

32 (42%) 22 (35%) 0.69

76 63 0.83

61 (52%) 59 (52%) 0.97

56 (48%) 54 (48%) 0.96

117 113 0.97

105 (54%) 100 (57%) 0.95

88 (46%) 76 (43%) 0.86

193 176 0.91

Note. The number of released fish that entered the Seton River by natal water conditions and sex is
shown along with proportion of fish that entered the Seton River. Numbers in parentheses are the
percentage of column totals within each natal water condition.

dilute natal water conditions, Cayoosh Creek discharge into the
Seton River was decreased by diverting approximately 7 m%/s
Cayoosh Creek discharge volume into Seton Lake, which gradu-
ally increased natal water concentrations to pre-manipulation
levels of ~ 92% natal water (i.e. routine natal water conditions,
Figure 2a). A major rainfall event during this study caused a sec-
ond decrease in natal water concentration to as low as 72% natal
water from 30 August to 1 September (Figure 2a). Temperature
in the Fraser River (mean =177 + 1.6°C, range = 14.0-19.4°C),
Seton River (mean = 16.7 £ 1.5°C, range = 12.3-19.9 °C) and pow-
erhouse (mean =172+ 1.5°C, range = 12.4-20.2°C) generally
decreased over the study duration with Fraser River temperature
generally higher than Seton River or powerhouse temperatures
early in the study (Figure 2b). Fraser River discharge generally de-
creased over the study duration ranging from 1,101 to 1,909 m®/s
(mean = 1475 + 251 m%/s) (Figure 2b). Mean discharge from the
powerhouse was 87.5 + 17.1 m%/s over the course of study.

3.2 | Fish tagging and tracking

A total of 205 sockeye salmon were captured, radio-tagged and
released during August and September of 2015. Radio telemetry
data revealed fish released the first day of tagging (6 August) had
extremely poor river entry success (36% Seton River entry success
compared to 91% across all other release days), which the authors
attributed to tagging and transport issues encountered on the first
day; these fish (n = 11) were excluded from the analysis. In addition,
one fish with suspicious detections (e.g. detection data indicated this
fish swam 1.2 km in 12 min) was excluded from the data set.

The remaining 193 fish included 105 males and 88 females. Male
fork lengths ranged from 52.0 to 69.0 cm (mean = 59.7 cm) and fe-
male fork length ranged from 52.0 to 65.5 cm (mean = 56.8 cm). Of
the 193 fish, 176 (91%) were detected in the Seton River (Table 1).
A lower proportion of tagged females (86%) entered the Seton River
compared to males (95%) (Table 1). Median time for sockeye salmon
to enter the Seton River after release was 16.5 hr (range = 2.8-
87.9 hr). More than 90% (177 of 193) of tagged sockeye salmon were

detected at least once at the powerhouse, and, on average, fish spent
2.7 hr at the powerhouse (range = 0.0-17.9 hr, median = 1.4 hr).

3.3 | Experimental effects

Of the 193 sockeye salmon included in the data set, 76 fish were
tagged during dilute natal water conditions (7-14 August) and 117
fish during routine natal water conditions (18-30 August) (Table 1).
Radio telemetry detection data showed that all sockeye salmon re-
leased during dilute natal water conditions that entered the Seton
River did so during dilute natal water conditions, but six fish released
immediately prior to the rainfall event on August 30 experienced
both routine natal water conditions and dilute (but not experimen-
tally diluted) natal water conditions. The six fish that experienced
both dilute and routine natal water conditions were excluded from
statistical models except Cox Proportional Hazard Models, which
allow individuals that experienced multiple levels of a treatment to
be included (Kleinbaum & Klein, 2012).

A higher percentage of sockeye salmon released during routine
natal water conditions entered the Seton River (97%, 113/117) com-
pared to sockeye salmon released during dilute natal water condi-
tions (83%, 63/76) (Table 1). Model results for Seton River entry
success indicated males had 250% increased odds of entering the
river compared to females, but there was no significant effect of
natal water conditions on Seton River entry success (Table 2 and
Figure 3). Temperature and gross somatic energy were not signifi-
cant covariates and were excluded to create a predictive model. The
predictive model indicated a significant effect of natal water condi-
tions on Seton River entry success; sockeye salmon that experienced
dilute natal water conditions had 80% reduced odds of entering the
Seton River compared to fish that experienced routine natal water
conditions (Table 2 and Figure 3).

Results from the Cox Proportional Hazard Model indicated sock-
eye salmon that experienced dilute natal water conditions had 60%
reduced odds of entering the Seton River at any given time inter-
val (Table 3). In addition, males had 80% increased odds of enter-

ing the Seton River at any given time interval compared to females
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TABLE 2 Result from generalised linear mixed models testing association between explanatory variables and Seton River entry success

of 187 sockeye salmon

Explanatory terms coef (SE)

Full model (R? = 0.264) Intercept 2.7 (0.62)

Natal water condition -1.5(0.82)
(dilute)

Sex (male) 1.2 (0.60)

Fraser River temperature -0.3(0.90)

Gross somatic energy -0.3(0.60)

Predictive model Intercept 2.8(0.58)

(R? = 0.262) Natal water condition -1.8(0.62)
(dilute)

Sex (male) 1.3 (0.59)

Odds ratio (95% Cl) X2 df p

15.5 (4.58, 52.53) 19.4 1 <0.001
0.2 (0.04, 1.11) 3.4 1 0.067
3.5(1.08, 11.16) 4.3 1 0.037
0.7 (0.12, 4.20) 0.1 1 0.713
0.7 (0.23,2.31) 0.3 1 0.588

16.7 (5.38, 52.12) 23.6 1 <0.001
0.2 (0.05, 0.54) 8.8 1 0.003
3.7(1.18, 11.78) 5.0 1 0.025

Note. Results are presented for a full model that includes non-significant covariates and for a predictive model that includes only significant covariates
and the term for experimental dilution of natal water. Coefficients (coef) are standardised to provide direction and strength of the effect of each vari-
able. Standard errors (SE) are also provided as are the results of likelihood ratio test of the variables. The interaction between natal water condition and
sex was not significant ()(2 =1.9,p = 0.164) and was thus omitted from the final models. The mean standard error of the random effect in the full model

was 0.26 (median = 0.26, range = 0.24-0.26).
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FIGURE 3 The probability of 187 tagged sockeye salmon
released downstream of the confluence of the Seton and Fraser
Rivers being detected in the Seton River. Natal water in the Seton
River was diluted with water from Cayoosh Creek under dilute
natal water conditions (triangles) or composed of almost entirely

of natal water during routine natal water conditions (circles). Data
are binomial and shown as large points. Small points and regression
lines give predicted results of generalised linear mixed models

and provide 95% confidence intervals on the line of best fit. Inset
provides samples sizes

(Table 3). During routine natal water conditions, sockeye salmon
took 15.4 + 14.9 hr (range = 2.8-60.3 hr) to enter the Seton River
after being released downstream. When the Seton River was diluted
with water from Cayoosh Creek, median differences from Kaplan-
Meier estimates showed sockeye salmon took 12.2 hr longer to
enter the Seton River, and female fish delayed 4.6 hr longer than

males (Figure 4). There was no support for an effect of Fraser River

temperature, gross somatic energy or the number of hours from re-
lease to sunset (diel effects) in the Cox Proportional Hazard Model
(Table 3).

The average time fish delayed at the powerhouse increased from
2.1 hr (range = 0-17.9 hr, median = 0.6 hr) during routine natal water
conditions to 3.7 hr (range = 0-13.8 hr, median = 2.1 hr) during di-
lute natal water conditions. However, there was no support for an
association between natal water condition and powerhouse delay
in model results, although a significant interaction between natal
water condition and sex was detected (Table 4). Model subsets used
to explore this interaction indicated males spent 2.7 hr longer on av-
erage at the powerhouse under dilute natal water conditions com-
pared to routine natal water conditions, but there was no difference
in the amount of time females delayed at the powerhouse under
dilute versus routine natal water conditions (Table 4 and Figure 5a).

Finally, results for the model investigating whether attraction to
natal water at the powerhouse was associated with increased time
to entering the Seton River indicated an association between time
to Seton River entry and time spent at the powerhouse (i.e. pow-
erhouse delay), but this effect changed with natal water condition
(see interaction term in Table 4). Model subsets used to explore the
interaction between natal water condition and powerhouse delay
indicated there was an association between powerhouse delay and
time to Seton River entry during routine natal water conditions, but
there was no association between the time a fish spent at the pow-
erhouse and time to Seton River entry during dilute natal water con-
ditions (Table 5 and Figure 5b). Model predictions indicated every
hour spent at the powerhouse increased the time to entering the
Seton River by 1 hr during routine natal water conditions (Table 5
and Figure 5b). Additionally, model results showed females took lon-
ger than males to enter the Seton River during dilute natal water
conditions (Table 5), supporting results from the Cox Proportional
Hazard Model.
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. . Odds ratio (95%

.Pro.por.tlonal Hazard Mixed Mo.del Explanatory terms coef (SE) - N df

indicating how explanatory variables

effected the likelihood of 193 tagged Natal water condition -1.0(0.25) 0.4 (0.24,0.62) 30.2 1 <0.001

sockeye salmon entering the Seton River (dilute)

at any given time interval Sex (male) 0.6 (0.19) 1.8 (1.26,2.67) 12.5 1 0.002
Fraser River -0.1(0.20) 0.9 (0.61,1.33) 0.47 1 0.600

temperature

Gross somatic energy -0.2(0.22) 0.8 (0.52, 1.24) 0.99 1 0.310
Diel effects -0.0(0.02) 1.0(0.95, 1.03) 0.31 1 0.580

Note. Coefficients (coef) are standardised to provide direction and strength of the effect of each
variable. Standard error (SE) is also provided as are results of likelihood ratio tests of variables. The
interaction between the experimental treatment and sex of the fish was not significant ()(2 =0.75,
p = 0.385) and was thus omitted from the final model.
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population of tagged sockeye salmon have
entered the Seton River

4 | DISCUSSION

Results of this large-scale experiment showed that migrating sock-
eye salmon behaviourally responded to experimentally altered natal
water concentrations in a tributary to the Fraser River. Adult sock-
eye salmon took more time to enter the Seton River and fewer fish
entered the Seton River when Seton River water was diluted with a
non-natal water source. These results suggest the effect of dilute
natal water in the Seton River would increase the time it takes to
reach spawning grounds and reduce the overall number of fish that
reach spawning grounds. In addition, this study revealed sex-specific
responses to dilution of natal water with females more sensitive to
dilution of natal water than males. Overall, behavioural differences
were detected between fish that experienced 72% versus 92% natal

water in the Seton River, suggesting dilution of natal water in the

Time since release (hr)

Seton River can increase migration timing and reduce the success of
homing Gates Creek sockeye salmon.

Current management guidelines call for maintaining greater than
80% natal water conditions in the Seton River during adult Gates
Creek sockeye salmon migration (BC Hydro 2011). These manage-
ment guidelines are based on behavioural choice experiments where
Gates Creek sockeye salmon were presented different concen-
trations of natal water including 100%, 90%, 85%, 80%, 77% and
50% concentrations of natal Seton River water relative to non-natal
Cayoosh Creek water (Fretwell, 1989). In these controlled experi-
ments, Gates Creek sockeye salmon showed a preference for 100%
Seton River water relative to dilute Seton River water concentra-
tions of 80% but not 85% (Fretwell, 1989). Thus, dilution thresh-
olds were established, and water discharge is managed to maintain

greater than 80% natal water in the Seton River relative to non-natal
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TABLE 4 Results from generalised

pE 2O A D Gl Cij . linear mixed models investigating factors
Full model (R? = 0.21) Intercept 3.0 (0.69) 19.25 1 <0.001 influencing the number of hours sockeye
Natal water condition ~ -0.7 (1.32) 029 1 0.589 salmon spent at the powerhouse (i.e.
(dilute) powerhouse delay)
Sex (male) -1.4(0.72) 3.71 1 0.054
Gross somatic energy -0.0(0.67) 0.00 1 0.957
Fraser River 0.9 (1.01) 0.81 1 0.367
temperature
Natal water condition -1.3(0.57) 717 1 0.007
(dilute) x sex (male)
Subset models
Males (R? = 0.27; Natal water condition 2.7 (0.58) 8.47 1 0.004
n=297) (dilute)
Females (R% = 0.22; Natal water condition -0.3(1.36) 0.05 1 0.826
n=73) (dilute)
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FIGURE 5 Results from two models showing the number of hours male and female sockeye salmon were detected at the powerhouse
under routine and dilute natal water conditions with standard error (panel A) and the influence of delay at the powerhouse on the time

it took sockeye salmon to enter the Seton River after release (panel B). Data in panel B are separated to show when the Seton River was
composed almost entirely of natal water during routine natal water conditions (grey triangles and dotted line) or was diluted with water from
Cayoosh Creek (i.e. dilute natal water conditions, black circles and solid line)

Cayoosh Creek water during adult Gates Creek sockeye salmon
migration (BC Hydro 2011). Subsequent behavioural choice exper-
iments confirmed that these thresholds were suitable (Bett et al.,
2018).

It was predicted that increased time for fish entering the Seton
River during dilution of natal water (as observed herein) would have
been associated with fish spending more time at the powerhouse
outlet located downstream of the entrance into the Seton River be-
cause the water exiting the powerhouse is directly from Seton Lake
and thus contains high concentrations of natal olfactory cues. Such
behaviours have been previously reported in this system (Fretwell,
1989; Middleton et al., 2018) but had not been previously tested

with a whole-river experiment such as that presented here. Results

from this study indicated the time it took for fish to enter the Seton
River was correlated with delay at the powerhouse but only during
routine natal water conditions, which was contrary to study predic-
tions. Interestingly, the total amount of time fish spent at the pow-
erhouse was greater during dilute natal water conditions compared
to during routine natal water conditions, but this did not translate to
an effect on total time to enter the Seton River. In general, little is
known about fine-scale behaviours of homing salmon at natal river
confluences, and additional research would help resolve where sock-
eye salmon are spending time during dilute conditions.

Sex-specific behaviours were detected in response to dilution of
natal water cues. The amount of time female sockeye salmon spent

at the powerhouse was similar under routine and dilute natal water
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estimating number of hours it took for 170 pee 2 eI LIS el df .
tagged sockeye salmon to enter the Seton Full model Intercept 15.7 (2.13) 54.17 1 <0.001
. . . 2 _
River after release in the Fraser River (R = 0-27) Powerhouse delay 1.0 (0.36) 7.18 1 0.007
Natal water condition 15.9 (3.48) 21.01 1 <0.001
(dilute)
Sex (male) -5.2(2.15) 5.75 1 0.016
Gross somatic energy 1.5(2.40) 0.42 1 0.515
Fraser River temperature 0.9 (2.63) 0.11 1 0.744
Natal water condition -1.3(0.57) 5.28 1 0.022
(dilute) x powerhouse
delay
Subset models
Dilute Powerhouse delay -0.3(0.57) 0.23 1 0.629
R?=0.12; Sex (male) -10.9 (4.52) 5.76 1 0.016
n=63
Routine Powerhouse delay 1.0 (0.26) 15.10 1 <0.001
R?=0.15; Sex (male) -2.5(1.96) 1.66 1 0.197
n=107

Note. Two ANCOVAs are presented, a full model that contained all variables of interest and a subset
model that examined significant interaction terms. The subset model included significant variables
from the full model. Coefficients (coef) are standardised to provide direction and strength of the
effect of each variable. Standard error (SE) is also provided as are results of likelihood ratio tests of
variables. The interaction between natal water condition and sex was not significant (;(2 = 3.6,
p = 0.058) and was thus omitted from the final models. The mean standard error of the random ef-
fect in the full model was 1.8 (median = 1.8, range = 1.7-1.9).

conditions. Males, however, spent more time in the powerhouse tail-
race when natal water in the Seton River was diluted. These results
are difficult to explain but could be due to females and males rely-
ing on different navigational cues. Competitive exclusion of females
by males in the powerhouse tailrace was also considered, but this
explanation seems unlikely given the large area within the tailrace
at the powerhouse outlet. Regardless, females take longer to enter
the Seton River but are not spending more time at the powerhouse
during dilute natal water conditions, which suggest females are re-
siding in the less favourable conditions (i.e. higher temperature) of
the Fraser River. Exposure to elevated water temperatures would
increase metabolic demands and deplete finite energy reserves, ulti-
mately impacting reproductive fitness.

There were also sex-specific differences in sockeye salmon entry
success to the Seton River. Females were less likely to enter the
Seton River under dilute natal water conditions, whereas entry into
the river by males was unaffected. Overall, females failed to navigate
the confluence or delayed more than males during dilute natal water
conditions, which suggest females were more sensitive to dilution of
natal water cues than males. Evidence that female sockeye salmon
are better than males at discriminating odours is limited (Bett &
Hinch, 2016), but in mammals the olfactory system of females tends
to be more sensitive than males (Koelega & Koster, 1974; Wesson,
Keller, Douhard, Baum & Bakker, 2006). The evolutionary force that
might drive sex-specific differences in olfactory abilities is unknown
but could be related to mate choice. Regardless, results showing fe-

males might be more strongly affected by alterations to natal water

concentrations than males provide another example of the potential
benefits of minimising dilution of natal waters in impounded river
systems.

Sex-specific differences identified in this study support a growing
number of studies that suggest female salmon are more susceptible
to stressors faced during the spawning migration, such as catch-
and-release events or increased temperatures (Crossin et al., 2008;
Jeffries et al., 2012; Martins etal., 2012; Robinson et al., 2013).
Observed differences between sexes could be related to multiple
behavioural and physiological mechanisms. Sex-specific differences
in circulating levels of plasma stress hormones (Hruska et al., 2010;
Roscoe, Hinch, Cooke & Patterson, 2011), heart morphology and
physiology (Clark, Hinch, Taylor, Frappell & Farrell, 2009; Sandblom,
Clark, Hinch & Farrell, 2009) and energetics (Hinch & Rand, 1998)
have been found in sockeye salmon. For example, Sato et al. (1997)
found variation in migration speed between male and female lacus-
trine sockeye salmon is linked to hormone levels and males are faster
returning than females earlier in the season, whereas migration
speed in both sexes is similar later in the season. It is possible that
variation in hormone levels may have influenced the sex-specific be-
haviours of salmon in the Seton River system. Females also allocate
substantially more energy towards gamete development than males
(Hinch & Rand, 1998). Given sockeye salmon rely on stored energy to
complete migration and spawning and gamete development occurs
progressively during migration, any disruption to female migrations
reduces energy available for gamete development and reduces the

amount of time on spawning grounds (i.e. reproductive longevity),
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both of which could reduce reproductive success (Hruska, Hinch,
Patterson & Healey, 2011; Minke-Martin et al.,, 2017; Morbey &
Ydenberg, 2003).

The ultimate consequence of increased delay due to natal water
dilution can be reduced reproductive success. Sockeye salmon de-
plete their stored energy reserves as fish swim upstream (Groot &
Margolis, 1991). It has been estimated that Fraser River sockeye
salmon use 0.16 MJ kg™ day™ during migration in fresh water, and
death occurs when somatic energy levels fall below MJ/kg (Crossin
et al., 2004). Median somatic energy measured for Gates Creek
sockeye salmon at the tagging site in the Seton River was 5.4 MJ/kg
(range from 4.3-7.3 MJ/kg), and 25% of fish had somatic energy lev-
els below 5.1 MJ/kg. Median travel time for sockeye salmon to reach
spawning grounds at Gates Creek from the release site was approxi-
mately 9.2 days in this study, which would equate to a total energetic
cost of 1.1 MJ/kg. Thus, sockeye salmon in this study would have
had somatic energy reserves ranging from 3.2 to 6.2 MJ/kg (me-
dian = 4.3 MJ/kg) when they arrived on spawning grounds. A 12.2-hr
average delay of fish during dilute natal water concentrations would
be an additional energetic cost of 0.08 MJ/kg. Consequently, based
on the average delay times measured in this study, >25% of fish ar-
riving at spawning grounds would have somatic energy < 4 MJ/kg,
the threshold needed to sustain life on spawning grounds. A reduc-
tion in gross somatic energy would result in a reduction in longev-
ity and thus fewer spawning opportunities. However, Gates Creek
sockeye salmon have been observed migrating in colder, presumably
deep waters while in the lakes above Seton Dam (Minke-Martin
et al., 2017; Roscoe et al., 2010), a behavioural mechanism that may
reduce energetic expenditure.

Indeed, salmon possess behavioural and physiological adapta-
tions that allow them to contend with migratory challenges. A single
delay event of 12.2 hr is a relatively modest cost, especially given
the entire freshwater migration of Gates Creek sockeye salmon cov-
ers 375 km and can take nearly a month to complete. However, the
above predictions suggest even this small amount of delay could have
energetic and fitness consequences, especially because it occurs
after salmon have ceased feeding. Fish in this study had to contend
with only one location where hydropower influenced olfactory cues.
In more heavily regulated rivers, such as in the Columbia River, USA,
salmon can encounter multiple sites where olfactory cues could be
altered. In these cases, delay during migration and associated energy
expenditure could be much greater and would perhaps have more
severe consequences on reproductive success (Caudill et al., 2007).

Responses to dilution of natal water can vary among sockeye
salmon populations and among salmon species. Portage Creek
sockeye salmon, a population that spawns in the same water-
shed as Gates Creek sockeye salmon but arrives later, responded
to dilution of natal water below 90% in water preference tests
(Bett et al., 2018; Fretwell, 1989) and in observational studies
(Middleton et al., 2018) indicating that Portage Creek sockeye
salmon are more sensitive to dilution of natal water than Gates
Creek sockeye salmon. Coho salmon, O. kisutch (Walbaum), and
Chinook salmon, O. tshawytscha (Walbaum), exhibit a positive

electrophysiological response to natal water diluted as low as 10%,
and Atlantic salmon, Salmo salar L., are attracted to natal water
even when it is extremely diluted (0.1% natal water, reviewed by
Bett & Hinch, 2016). Pink salmon, O. gorbuscha (Walbaum), appear
to be less sensitive to dilution. For example, pink salmon did not
prefer pure Seton Lake water to Seton Lake water diluted to 50%
in behavioural choice experiments (Bett et al., 2018). Yamamoto,
Ishizawa and Ueda (2008), found that pink salmon were less re-
sponsive to amino acids present in their natal water in comparison
to three other Pacific salmon species. Lower sensitivity of pink
salmon to natal water may be associated with pink salmon having
the lowest level of home stream fidelity of all salmon species, a
fact that may make it easier for them to colonise new spawning
habitat or respond to environmental change (Quinn, 1984; Ueda,
2011).

5 | CONCLUSION

Current management guidelines call for maintaining >80% natal
water concentrations in the Seton River during Gates Creek sock-
eye salmon migrations. This study tested 72% versus 92% natal
water concentrations and, thus, cannot specifically confirm the
>80% natal water management target. Nonetheless, these results
provide evidence that dilution of natal water in the Seton River
can influence behaviour of upriver-migrating sockeye salmon and
provide some of the first evidence that free-swimming salmon re-
spond behaviourally to altered olfactory cues in a large river sys-
tem modified by hydropower operations. Overall, the impacts of
altered olfactory cues on fish because of human activities, such as
river impoundment and diversions, should be more widely consid-
ered, but, as evidenced herein, these issues can often be mitigated
or avoided altogether given proper design and management of hy-

dropower facilities.
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