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Abstract

Adult salmon are guided by chemical cues from their natal water during the spawning
migration. Consequently, hydroelectric activities can have negative effects on adult
salmon navigation if they alter the chemical properties of the homing environment.
We conducted riverside experiments to examine the effects of natal water dilution
resulting from hydroelectric operations on upstream navigation in a British Columbia
river and the efficacy of current dilution management in providing clear migratory
cues for two local populations of sockeye salmon (Oncorhynchus nerka) and a popula-
tion of pink salmon (Oncorhynchus gorbuscha). We found that both sockeye popula-
tions exhibited behavioural preferences for pure natal water when compared with
various levels of diluted natal water, whereas pink salmon, which spawn throughout
the system and exhibit lower levels of natal site fidelity, appeared unaffected by natal

water dilution. Our findings confirmed that current management operations were
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1 | INTRODUCTION

Construction of dams continues to occur at a rapid pace in river sys-
tems around the world (Northcote, 1998; Rivinoja, McKinnell, &
Lundqvist, 2001), creating many issues for migratory fish. A lack of
passage facilities will block any potential migratory movements, but
even when passage is possible, fish encounter several potential chal-
lenges. One of the first is locating the fishway entrance, which may
be positioned in an area that is difficult for fish to find (Bunt, 2001)
or does not discharge enough water to sufficiently attract fish (Laine,
Jokivirta, & Katopodis, 2002). A second issue is that after locating
the entrance, fish can have difficulty negotiating the facility (Naughton
et al., 2007), resulting in energetically costly and stressful passage
(Fenkes, Shiels, Fitzpatrick, & Nudds, 2016). In addition to affecting
migration success, the energetic costs incurred during passage can
induce a negative carryover effect on reproductive success (Burnett
et al., 2014).

appropriate for ensuring timely migration to spawning grounds and highlight the

potential effects of alterations to water odour properties on salmon migrations.

homing, navigation, olfaction, passage, stream odours

For Pacific salmon (Oncorhynchus spp.), which rely on a complex
navigation system to locate their spawning grounds, the influence of
a dam can extend beyond fishway passage. Pacific salmon use the
unique chemical signature of their natal sites as directional cues dur-
ing the spawning migration (Hasler & Scholz, 1983), and confusing
flow regimes can disorient migrating salmon attempting to locate
natal cues. This can occur naturally (White, 1934) but can also result
from alterations to water release patterns caused by hydroelectric
development (Fretwell, 1989; Keefer, Caudill, Peery, & Bjornn,
2006). Such situations create difficulty for salmon as they migrate
through regulated rivers (Middleton et al., 2018). The potential
effects of altered flow composition on the navigation of migrating
fish has received little attention, however, perhaps because flow
patterns and migratory routes are site-specific and each location
can pose unique problems.

Among the five Oncorhynchus species found in North America,

sockeye salmon (Oncorhynchus nerka) and pink salmon (Oncorhynchus
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gorbuscha) demonstrate contrasting life histories and migratory behav-
iours. Sockeye salmon typically rear one or more years in their natal
system before outmigrating to the ocean (Groot & Margolis, 1991)
and exhibit a high level of natal site fidelity during the spawning
migration (Keefer & Caudill, 2014). Pink salmon, meanwhile,
outmigrate shortly after emerging from their gravel nest sites and
stray more frequently from their natal waters when returning to
spawn (Keefer & Caudill, 2014). The increased occurrence of straying
in pink salmon might be a consequence of their contracted exposure
as juveniles to the unique chemical signature of the natal water,
although chum salmon (Oncorhynchus keta) also have contracted
exposure to their natal water but exhibit higher natal site fidelity.
Hendry, Castric, Kinnison, and Quinn (2004) theorized that pink
salmon may also face selective pressures to stray more frequently
because they are more susceptible to temporal variation in habitat
quality. Compared with sockeye salmon, returning pink salmon adults
may therefore be less sensitive to alterations to flow patterns in their
natal systems.

In some regulated systems, altered flow release patterns can
lead to the dilution of natal water. Pacific salmon have sensitive
olfactory systems (Hara, 1992) and can detect natal cues at varying
though minute concentrations (Hara, Ueda, & Gorbman, 1965;
Ueda, Hara, & Gorbman, 1967). Manipulation of water release pat-
terns via water diversions, however, can create cues at multiple
locations and varying concentrations, each of which might attract
migrants. The aim of this study was to examine the influence of
natal water dilution on the behaviour of adult sockeye (Oncorhyn-
chus nerka) and pink (Oncorhynchus gorbuscha) salmon returning to
a regulated river system in British Columbia, Canada. By testing
the provincially ordered dilution level targets established for this
region (BC Hydro, 2011), the study can confirm whether the current
operation of hydroelectric facilities is appropriate or needs to be
modified.

In this system, a diversion dam redirects water from a natal
rearing lake to an impassable power canal that empties into the
mainstem. The remainder of the water from the lake flows down a

tributary that meets the mainstem 1 km upstream from the power
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canal. Returning salmon therefore encounter their natal chemical cues
at two locations along the mainstem, and these locations differ in
their concentrations of the natal cues. Our objective is to examine
the behavioural responses of sockeye and pink salmon to differing
concentrations of natal chemical cues and to assess the current
guidelines that inform how this system is managed. To do so, we con-
ducted riverside behavioural choice experiments that simulated the
natural system. Diluted natal water, which they encounter in the
tributary, was contrasted with undiluted natal water, which they
encounter at the outflow of the power canal, in a two-choice exper-
imental chamber. We predicted that sockeye salmon would exhibit a
preference for undiluted natal water when paired with natal water
diluted to concentrations below the current management targets
but not when undiluted natal water was paired with natal water con-
centrations above the targets. We also predicted that pink salmon,
which spawn freely throughout the system, would be less sensitive
to changes in concentrations and would not exhibit any behavioural

preferences.

2 | METHODS

2.1 | Study site

The study took place at the Seton River, a tributary of the Fraser River
in southern British Columbia, Canada (Figure 1). There are several
species of Pacific salmon that migrate through this river, which is
approximately 350 km from the ocean, including pink salmon and
two populations of sockeye salmon. The sockeye salmon spawn further
upstream in Gates and Portage Creeks, whereas the pink salmon spawn
throughout the system. The average run sizes of the Gates and Portage
Creek sockeye salmon populations are 54,000 and 41,000, respectively
(Department of Fisheries and Oceans Canada, 2014). Pink salmon in
this area are extremely abundant but are not formally enumerated.
The Seton Dam is situated on the upstream end of the Seton
River, at the outflow of Seton Lake (Figure 2). Some of the water from

Seton Lake is released through the dam into the Seton River, and the

FIGURE 1 Map of study area within British Columbia's Fraser River system (inset). Sockeye salmon spawn in Gates Creek and Portage Creek,

whereas pink salmon spawn throughout the region
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FIGURE 2 Diversion of water from the outlet of Seton Lake down a power canal. Water in the power canal exits through a generating station
into the Fraser River, providing an attractive source of water to adult salmon migrating upstream

rest is diverted down a power canal to a generating station. Fry from
the two sockeye salmon populations rear in Seton Lake, and this water
contains the imprinted natal odour that will attract adults as they
return to spawn. Pink salmon fry, which are born in various locations
throughout the local watershed, migrate to the ocean shortly follow-
ing emergence from the gravel. As adult salmon migrating up the
Fraser River approach the area, they first encounter their natal water
at the outflow of the power canal. The Seton River flows into the
Fraser River approximately 1 km further upstream. Although the water
in the power canal comes from Seton Lake, the water in Seton River
originates from Seton Lake and a tributary, Cayoosh Creek. Cayoosh
Creek is not inhabited by any spawning populations of sockeye salmon
and does not contain natal chemical cues. In the Seton River, the natal
water from Seton Lake is diluted by water from Cayoosh Creek. Earlier
research by the International Pacific Salmon Fisheries Commission
suggested this diluted natal water was less attractive to migrating
sockeye salmon than the undiluted natal water released from the
power canal, which discourages salmon from entering the Seton River
and attract them to the power canal (Fretwell, 1989). Metal grates
have been installed at the generating station that prevent salmon from
attempting to enter the power canal.

The amount of Cayoosh Creek water entering the Seton River can
be controlled via the Walden North diversion dam on Cayoosh Creek.
This dam diverts water through a tunnel to Seton Lake. As more water
is diverted from Cayoosh Creek to the lake, less water continues into
the Seton River, and the natal water concentration in the Seton River
increases. Operation of Walden North therefore determines natal
water concentration in the Seton River. The current target for mini-
mum natal water concentration during the Gates Creek sockeye
salmon migration is 80% (i.e., the composition of Seton River is 80%
water from Seton Lake and 20% water from Cayoosh Creek; BC
Hydro, 2011). Natal water concentrations below this target are
believed to be detrimental to the migration, as the salmon may choose
to return to the power canal outflow rather than enter the Seton
River. The minimum natal water concentration target for the Portage

Creek sockeye salmon migration is 90%. There has been no recent

detailed investigation of the appropriateness of these dilution targets.

There is no minimum dilution target set for pink salmon.

2.2 | Experimental design

Behavioural choice experiments were conducted from August 3-14
and September 9-15, 2013, and August 1-7 and September
29-October 6, 2014, to determine the range of Seton River water
dilutions at which sockeye and pink salmon might prefer undiluted
water released through the power canal. Experiments took place on
the north bank of the Seton River, adjacent to the Seton Dam, during
daylight hours (07:00-5:00). All sockeye salmon (Gates Creek n = 112;
Portage Creek n = 71) and pink salmon (n = 43) were captured by dip-
net from the top pool of the Seton Dam fishway, located on the Seton
River, and immediately transferred to an aerated 1,000-L transport
tank on the back of a truck. The fish were driven approximately
100 m and unloaded into a 10,000-L holding tank adjacent to the
dam, with continuous flow of water from Seton River. Each fish was
held in an individual isolation chamber, constructed from polyvinyl
chloride pipe (75 cm length x 15.3 cm diameter) with mesh ends.
Water was stored in two 11,365-L polyethylene head tanks
(Premier Plastics Inc., Delta, BC, Canada), and the water was gravity
fed through 2" diameter water suction hoses (Greenline, Delta, BC,
Canada) to two 1,136-L polyethylene tanks (Premier Plastics Inc.).
Water was gravity fed from each of these tanks through a 4" diameter
water suction hose into a Y-maze. The Y-maze was constructed from
plywood and 2 x 4 supports, and the interior was sealed with
fibreglass and a fish-safe gelcoat (Rebel Fibreglass, Kamloops, BC,
Canada). The Y-maze was rectangular, 488 m long x 1.22 m
wide x 1.22 m high. A 244 m divider, made from fibreglassed
plywood, divided the upstream end into two equally sized halves
(or two “arms”). A dye test confirmed no mixing occurred between
water in each of the two arms. Water exited the Y-maze through a
standpipe, and the water level was maintained at 0.17 m. Valves
regulated the amount of water entering each arm of the Y-maze to
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40 L min~%. Plywood was also placed on top of the Y-maze to block
out light and to reduce stress in the fish.

One head tank, which fed into one arm of the Y-maze, was filled
with water from Seton Lake, to replicate the water exiting the power
canal. The other head tank, which fed into the other arm of the
Y-maze, was filled with a mixture of water from Seton Lake and from
Cayoosh Creek, to replicate the water exiting the Seton River. Water
was obtained from the outflow of Seton Lake using a submersible
pump with a hose leading to the head tank. Water from Cayoosh
Creek was transported to the experimental location in a 1,500-L trans-
port tank on the back of a truck.

Our selection of mixture concentrations was guided by the cur-
rent natal water dilution targets (BC Hydro, 2011) that were initially
established in the 1980s based on earlier telemetry and related studies
(Fretwell, 1989). For Gates Creek sockeye salmon, we tested their
response to the target of 80% natal water and concentrations above
and below this value (50%, 70%, and 95%). We tested the response
of Portage Creek sockeye salmon to the current target of 90% natal
water and 80%. We tested the response of pink salmon to a concen-
tration of 50%. The conductivity of the Seton River and Cayoosh
Creek was also measured over the period of the salmon migrations
using a conductivity metre (YSI Pro 30, YSI Incorporated, Yellow
Springs, OH, USA). These measurements provided a general assess-
ment of relative differences in the water chemistry of the two rivers.
They also capture temporal changes in water chemistry, which could
influence the relative behaviours of the Gates Creek sockeye salmon,
which migrate during the summer, and the Portage Creek sockeye
salmon and pink salmon, which migrate in the fall. Although the spe-
cific chemicals used by migrating salmon as directional cues remain
unknown, differences in conductivity and therefore water chemistry

are likely to reflect differences in the homing odour.

2.3 | Behavioural trials

Eight to 12 salmon were captured in the morning of each experimental
day and transferred to the holding tank, to be individually tested in the
Y-maze. At the start of each trial, a single salmon was transferred
directly from the holding tank to the downstream end of the Y-maze.
A mesh gate prevented the fish from entering either of the arms. After
a 10-min acclimation period, the gate was removed, and the behaviour
of the fish was recorded for 20 min. Behaviour was monitored through
a video system, using an infrared camera (securitycamera2000.com,
Hong Kong) connected to a monitor. We recorded the amount of time
spent in each arm and calculated the proportion of time spent in the
arm containing the diluted natal water relative to the time spent in
the arm with pure natal water.

At the end of the 30-min trial, the fish was returned to the river,
and the Y-maze was flushed before the introduction of the next test
fish. The arm containing the Seton Lake and Cayoosh Creek mixture
was switched each day to mitigate any potential behavioural bias for
one of the arms. A control test was also run on the Gates Creek
sockeye salmon using pure Seton Lake water that confirmed there
was no bias for either arm. A binomial test was used to determine
whether the proportion of time spent in the arm with pure natal water

was greater or less than 50%. The proportion of time spent in the arm

with pure natal water was analysed using a two-tailed binomial test to
determine whether individuals spent greater or less than 50% of the
time in this arm. All fish that did not enter each arm at least once dur-
ing the trial were removed from the analysis as these fish did not
experience a full exposure to each of the water types and therefore
could not exhibit choice or preference behaviours. Two Gates Creek
sockeye salmon were removed for this reason (one in the 95% test
and the other in the 50% test), as were two pink salmon (50% test).
All statistical analyses were run in R Studio V 0.98.501.

The research conformed to protocols approved by the University
of British Columbia Committee on Animal Care (A11-0215-007) and
met the Canadian Council for Animal Care Guidelines.

3 | RESULTS

The amount of time Gates Creek sockeye spent in the two arms during
the 20-min recording period was 9.4 + 3.0 min (mean + SE) in the 50%
treatment group, 10.8 + 2.8 min in the 70% treatment group,
7.5 = 3.3 min in the 80% treatment group, and 9.1 £ 2.7 min in the
95% treatment group. The frequency of Gates Creek sockeye salmon
spending more than half of this time in the arm with pure natal water
was greater than 50% when tested with dilution mixtures of 50% and
70% (50%: binomial test, p = 0.003, 21/26; 70: binomial test,
p < 0.001, 26/30) but not when tested with dilution mixtures of
80% or 95% (80%: binomial test, p = 0.33, 10/26; 95%: binomial test,
p = 0.18, 7/9; Figure 3a).

The amount of time Portage Creek sockeye spent in the two arms
during the 20-min recording period was 12.1 * 2.2 min in the 80%
treatment group and 12.7 + 2.0 min in the 90% treatment group.
The frequency of Portage Creek sockeye salmon spending more than
half of this time in the arm with pure natal water was greater than
50% when tested with a dilution mixture of 80% (binomial test,
p = 0.01, 26/36) but not when tested with a dilution mixture of 90%
(binomial test, p = 0.74, 16/35; Figure 3b).

Pink salmon, which were tested with a 50% dilution mixture,
spent 13.2 + 4.3 min in the two arms during the 20-min recording
period. The frequency of pink salmon spending more than half of this
time in the arm with pure natal water was less than 50% (binomial test,
p = 0.001, 10/41; Figure 3c).

Conductivity was consistently higher in Cayoosh Creek than in
Seton River (Figure 4). Furthermore, over the course of the Gates
Creek sockeye salmon migration in August and the Portage Creek
sockeye salmon migration in September and October, there was an
upward trend in the conductivity of Cayoosh Creek and a downward
trend in Seton River, such that the differences between the two rivers
became more pronounced.

4 | DISCUSSION

The olfactory system of Pacific salmon is highly developed, allowing
them to detect odours at low concentrations (Bett & Hinch, 2016).
The strong response of sockeye salmon to the odour of their natal
water has been particularly well demonstrated (e.g., Bandoh, Kida, &
Ueda, 2011; Fagerlund, McBride, & Smith, 1963; Idler, McBride, Jonas,
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FIGURE 4 Conductivity of Seton River and Cayoosh Creek during
the sockeye and pink salmon runs. Behavioural tests were conducted
during the peak of the run for each group of salmon (i: Gates Creek
sockeye salmon 2013; ii: Pink salmon 2013; iii: Gates Creek sockeye
salmon 2014; iv: Portage creek sockeye salmon 2014). Regression
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& Tomlinson, 1961; Sato, Shoji, & Ueda, 2000), as has the sensitivity
of Pacific salmon to diluted natal cues (Hara et al., 1965; Ueda et al,,
1967). A preference for pure natal water to diluted natal water in
our experiment could indicate that returning adult salmon prefer
water released from the power canal to water exiting the Seton River.
Salmon entering the system, which will pass the outflow of the power
canal before they approach the mouth of the Seton River, might there-
fore return downstream to the power canal if this water is more
attractive. Movement of sockeye salmon from the outflow of the

Dilution treatment

90% 50%
Dilution treatment

power canal to the mouth of the Seton River and back to the power
canal has, in fact, been documented (Fretwell, 1989).

The behavioural responses of Gates Creek and Portage Creek
sockeye salmon indicate a preference for natal water from Seton Lake
when contrasted with a test mixture of Seton Lake water diluted with
Cayoosh Creek water. Gates Creek sockeye salmon exhibited a prefer-
ence when the mixed water was diluted to 70% natal water or below,
but no preference when the mixture was 80% or above. This result
suggests the salmon might enter the Seton River, rather than return
downstream to the power canal, when the concentration of Seton
Lake water in the river is at or above 80%. Portage Creek sockeye
salmon, meanwhile, exhibited a preference when the mixture was
80% but not when it was 90%, suggesting they are more sensitive to
the dilution of their natal water. Pink salmon did not show any prefer-
ence for Seton Lake water even when the paired test mixture was
diluted to 50%, which suggests that they may not be influenced by
the dilution of water in the Seton River. Overall, the results support
the ongoing use of the current operational guidelines (BC Hydro,
2011; Fretwell, 1989).

The increased sensitivity of Portage Creek sockeye salmon rela-
tive to Gates Creek sockeye salmon could reflect population-level
genetic variation (e.g., variation in olfactory abilities) or could be influ-
enced by temporal variation in the chemical composition of the
waters. Portage Creek sockeye salmon migrate later in the season
than those from Gates Creek. Differences in the conductivity of water
from Seton River and Cayoosh Creek increase over the course of the
migration period for the two populations, such that the conductivity of
Cayoosh Creek is much higher (indicating a higher concentration of
ions) than Seton River during the Portage Creek migration. The spe-
cific chemicals that Pacific salmon use as directional cues are unknown
(Bett & Hinch, 2016), but it is possible that changes in the conductivity
might reflect changes in the concentrations of directional cues. There
is recent evidence that amino acids, which are believed to act as
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directional cues during salmon homing (Ueda, 2011), fluctuate season-
ally (Yamamoto, Shibata, & Ueda, 2013), and it is possible that many
other chemical concentrations change as well. Without knowing the
chemicals responsible for directing the salmon towards spawning
grounds, however, it is not possible to determine whether Cayoosh
Creek and Seton River do in fact become less similar over the course
of the season, from the perspective of the migrating salmon. Alterna-
tively, the increased sensitivity of the Portage Creek population may
be a function of their faster migration rate or more advanced level
of maturation. In the Fraser River, late run sockeye salmon such as
those from Portage Creek migrate more quickly than summer run
sockeye salmon, which includes the Gates Creek population (Killick,
1955). Faster migration can be accomplished by more directed move-
ments, which could be afforded by a higher sensitivity to imprinted
natal odours. Portage Creek sockeye salmon are more mature than
salmon from Gates Creek when they pass through the Seton River
(Middleton et al., 2018), and maturation level is linked to olfactory
homing (Palstra et al., 2015). It is possible that their more advance
state of maturity may improve their ability to discriminate imprinted
odours (Ueda et al., 2016).

Pink salmon did not prefer the Seton Lake water, despite being
tested with water that was strongly diluted to 50%. The lack of pref-
erence for Seton Lake water likely reflects that these salmon spawn
throughout the system, unlike the sockeye salmon. Indeed, the pink
salmon tested in this study were captured at the top pool of the fish-
way and were therefore unlikely to ever return to Cayoosh Creek but
nevertheless did not prefer the Seton Lake water. It is possible that
pink salmon spawn freely in the area without reference to their spe-
cific natal site and appears unlikely that the dilution of water from
Seton Lake has an influence on their upstream navigation. Further-
more, although the olfactory sensitivity of pink salmon has not been
thoroughly explored, there is evidence that the responses of pink
salmon to amino acids in their natal water is less pronounced than
the responses of sockeye salmon (Yamamoto, Ishizawa, & Ueda,
2008). A relatively reduced sensitivity to olfactory directional cues in
pink salmon could make them less responsive to familiar olfactory
cues, such as those present in our behavioural tests. Although it is cur-
rently unclear why pink salmon exhibited a preference for the diluted
mixture, rather than no preference at all, water temperature may have
been a factor as the water in Cayoosh Creek is typically cooler than
the water in Seton Lake (Casselman et al., 2016).

Recent field work in this system provides support that dilution of
the natal water influences migratory behaviour. Returning adults delay
in the outflow of the power canal, where concentrated natal water cues
are present (Casselman et al., 2016). Wandering behaviour between the
power canal and the mouth of the Seton River was also observed, with
some individuals making multiple return trips between the two loca-
tions. A controlled field experiment tested the effects of dilution levels
exceeding the management target threshold during the Gates Creek
sockeye salmon run. The Seton River was diluted to 70% natal water,
and fish were tracked through the system. Dilution had a negative
effect on entry success into the Seton River (Drenner et al., in review),
providing further support for our finding that Gates Creek sockeye
salmon prefer undiluted natal water to water at this level of dilution

and suggesting these preferences can influence migratory success.

The design of the diversion dam on the Seton River provides two
lessons that might be applied to future hydroelectric development in
rivers with migratory fish. First, the diversion of water downstream
from the river itself, which was necessary due to the topography of
the region, should be avoided when possible. Fish moving upstream
will detect the diverted water before they have the opportunity to
detect the river. Furthermore, anadromous fish such as Pacific salmon,
which imprint on the odour of their home stream, will be attracted to
this diverted water and may spend an extended period of time
attempting to enter the diversion. This delay could incur energetic
costs, and some fish could ultimately choose to return downstream
and seek alternative spawning habitat. Second, when water is
diverted, the amount released through a dam and into the river
decreases. If a tributary connects with this river, directional cues will
be diluted, and the magnitude of dilution will increase as more water
is diverted. Diverting water out of this tributary, as has been done in
Cayoosh Creek, can minimize the level of dilution. Our findings sup-
port the current management dilution guidelines in the Seton River
system (BC Hydro, 2011); however, whole river studies and experi-
ments that examine how dilution influences migration behaviour are

needed to fully assess the appropriateness of dilution guidelines.
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