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Summary

1. Daily movements of mobile organisms between habitats in response to changing trade-offs

between predation risk and foraging gains are well established; however, less in known about

whether similar tactics are used during reproduction, a time period when many organisms are

particularly vulnerable to predators.

2. We investigated the reproductive behaviour of adult sockeye salmon (Oncorhynchus nerka)

and the activity of their principal predator, brown bears (Ursus arctos), on streams in south-

western Alaska. Specifically, we continuously monitored movements of salmon between lake

habitat, where salmon are invulnerable to bears, and three small streams, where salmon

spawn and are highly vulnerable to bears. We conducted our study across 2 years that offered

a distinct contrast in bear activity and predation rates.

3. Diel movements by adult sockeye salmon between stream and lake habitat were observed

in 51�3% � 17�7% (mean � SD) of individuals among years and sites. Fish that moved

tended to hold in the lake for most of the day and then migrated into spawning streams dur-

ing the night, coincident with when bear activity on streams tended to be lowest. Addition-

ally, cyclic movements between lakes and spawning streams were concentrated earlier in the

spawning season.

4. Individuals that exhibited diel movements had longer average reproductive life spans than

those who made only one directed movement into a stream. However, the relative effect was

dependent on the timing of bear predation, which varied between years. When predation pres-

sure primarily occurred early in the spawning run (i.e., during the height of the diel move-

ments), movers lived 120–310% longer than non-movers. If predation pressure was

concentrated later in the spawning run (i.e. when most movements had ceased), movers only

lived 10–60% longer.

5. Our results suggest a dynamic trade-off in reproductive strategies of sockeye salmon;

adults must be in the stream to reproduce, but must also avoid predation long enough to

spawn. Given the interannual variation in the timing and intensity of predation pressure, the

advantages of a particular movement strategy will likely vary among years. Regardless,

movements by salmon allowed individuals to exploit fine-scale habitat heterogeneity during

reproduction, which appears to be a strategy to reduce predation risk on the spawning

grounds.
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Introduction

All animals face conflicting demands in finding food,

avoiding predators and producing offspring (Lima & Dill

1990; Orians & Wittenberger 1991; Sih 1994). Often, the

most profitable habitats for foraging are also the most

risky (Werner et al. 1983). Similarly, animals often

encounter trade-offs between reproductive potential and

predator avoidance, especially in species with conspicu-

ous mating behaviour, resulting in contrasting selective

pressures (i.e. sexual vs. natural; Magnhagen 1991;

Quinn et al. 2001). Thus, individuals may choose to

endure higher levels of predation risk in return for

increased growth or reproductive potential (Werner &

Gilliam 1984) or use habitat which provides a compro-

mise between multiple ecological attributes (e.g. Candolin

& Voigt 1998). Alternatively, animals may ameliorate

spatial trade-offs by exploiting temporal heterogeneity in

the risks and benefits of habitats by cycling between

them.

Seasonal shifts in population distributions in response

to foraging opportunities and predation risk are ubiqui-

tous in nature (Krebs & Davies 2007). Cyclic move-

ments (i.e. ephemeral visits to risky habitat separated by

longer periods of residence in refuge habitat) among for-

aging habitats also occurs at finer time-scales, particu-

larly associated with daily changes in light regimes. Diel

vertical migration (DVM) in aquatic organisms is argu-

ably the most well understood form of daily habitat

cycling, observed in a wide variety of organisms ranging

from zooplankton in small ponds (Zaret & Suffern

1976) to pelagic fishes in the Pacific Ocean (Watanabe

et al. 1999). In DVM, animals exploit spatial and tem-

poral variation in ecological resources by moving among

habitat patches in rhythms that reduce the risk of pre-

dation while foraging. While habitat cycling has been

observed in foraging individuals (e.g. Scheuerell &

Schindler 2003; Creel et al. 2005), there has been little

study of whether animals exhibit cyclic behaviour during

reproduction to exploit spatial and temporal variation in

predation risk and access to mates. This is surprising

given the relative importance of reproduction to the

overall fitness of an individual and the increased preda-

tion risk individuals often experience during breeding

(Sih 1994). Here, we evaluated the reproductive behav-

iour of spawning sockeye salmon (Oncorhynchus nerka)

and the potential for individuals to use disparate habi-

tats to mediate the risk of predation and increase repro-

ductive potential.

Each year, millions of salmon return to watersheds

throughout the Northern Pacific Rim to spawn in

streams, rivers and lakes, each offering evolutionary

trade-offs that shape life-history strategies (Quinn 2005).

Specifically, small groundwater-dominated tributaries pro-

vide high-quality spawning habitat due to stable flows

and thermal regimes, but this comes at a risk. Salmon are

often subjected to intense predation by brown (Ursus arc-

tos) and black (U. americanus) bears while spawning in

these shallow (<1 m), narrow (<10 m) streams (Reimchen

2000; Quinn et al. 2001). Interestingly though, sockeye

salmon primarily spawn in tributaries that flow into lakes,

which provides potential refuge from predation. For

example, Quinn et al. (2001) found that bear predation

was negligible in lakes, whereas they can kill >50% of sal-

mon in small tributaries. Thus, lakes adjacent to small

groundwater streams offer proximate refuge habitat for

sockeye salmon, and the potential for individuals to

reduce predation risk by cycling between lake and spawn-

ing habitats. However, there is virtually no understanding

of whether sockeye salmon movement behaviour exploits

lake habitat for predation refuge.

Conventional wisdom suggests that adult salmon are

relatively sedentary once they have arrived at their natal

spawning site (Esteve 2005). Salmon spawning migrations

are thought to occur in three main phases (Økland et al.

2001). First, individuals make directed migrations ending

close to their respective spawning location. Second, sal-

mon may make localized movements searching for a spe-

cific spawning location. Last, individuals hold in their

selected location until spawning has ceased. On the

spawning ground, females compete with one another for

high-quality spawning habitat while males compete for

access to females (Quinn 1999). Female sockeye salmon

are thought to enter spawning tributaries once sexual

maturity is reached, spawn within 2–3 days and subse-

quently guard their redds (nests) until death (Esteve

2005). Although relatively few studies have evaluated the

movement of adult salmon on the spawning ground, indi-

viduals have been shown to move relatively little using

traditional capture/recapture methods (Hendry, Leonetti

& Quinn 1995; Stewart et al. 2004; Rich et al. 2006).

When movements are observed, they are attributed to

males searching for females (e.g. Healey & Prince 1998)

rather than in response to predation risk. However, these

studies have not explored whether salmon use adjacent

habitats at daily time-scales in response to likely changes

in predation risk and how their behaviour influences

reproductive success.

We quantified the degree to which adult sockeye sal-

mon moved between tributaries used as spawning habitat

and predation refuges in lakes and estimated the degree

to which these movements mediated predation pressure by

brown bears. We used in-stream antennas and remote

cameras to continuously monitor individual salmon move-

ments and streamside bear activity throughout the spawn-

ing season. Our specific objectives were to: (i) evaluate

what proportion of sockeye salmon exhibited diel move-

ments between habitats, (ii) assess the timing of move-

ment patterns relative to bear activity cycles and (iii)

estimate the reproductive life span of individuals display-

ing different movement strategies, in years with distinct

contrasts in the timing of predation.
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Methods

study site

Movements of spawning sockeye salmon between stream and

adjacent lake habitats were monitored at three sites (A Creek, C

Creek, and Hidden Creek) in the Wood River watershed, south-

western Alaska, USA. Adult sockeye salmon are the dominant

anadromous species within the watershed and over the last

50 years annual escapement (run size after commercial harvest)

has averaged 1�2 million fish (Baker et al. 2009). Sockeye salmon

return to freshwater from the ocean beginning in early June

where they then disperse to their natal spawning sites. Sockeye

salmon begin spawning in the study streams in late July and are

active in the streams for 3–6 weeks.

A and C creeks are first-order streams c. 1–2 m wide and 10–

15 cm deep that drain into Little Togiak Lake (59° 340 34″ N,

159° 080 56″ W). Hidden Creek is a third-order stream with an

average width of 4–5 m and a depth of 25 cm that drains into

Lake Nerka (59° 320 27″ N, 158° 460 01″ W). Hidden Creek has

c. 3 km of spawning habitat, while salmon only spawn in the

lower 300 m of A Creek and the lower 600 m of C Creek. In

2012, the peak salmon count (standardized annual survey of live

and dead sockeye at the peak of the spawning run) in A, C, and

Hidden creeks was 16, 36 and 521, respectively, and in 2013, it

was 169 and 105 for A and C creeks, while the long-term average

number of sockeye salmon spawning in these streams was

158 � 109 (mean � SD, n = 13), 124 � 76 (n = 13) and

2735 � 3114 (n = 57). The total spawning population size is

about 2�5 times the peak count, though predation timing and

intensity by bears can affect this estimate.

data collection

We used passive integrated transponder (PIT) tags and two

receiving stations at each study site to monitor movements of

sockeye salmon between streams and the adjacent lakes. Sockeye

salmon were captured at the mouth of each study stream with a

beach seine beginning in the last week of July. A and C creeks

were sampled in 2012 and 2013, while Hidden Creek was only

sampled in 2012. Captured individuals were placed in a holding

pen, anaesthetized using a 50 ppm solution of MS-222 (tricane

methane sulphonate), sexed and implanted with a unique PIT tag

(full duplex, 134�2 kHz, 11�5 mm length, 2�1 mm diameter;

Allflex-USA, Dallas-Fort Worth Airport, TX, USA). The fish

were then released back into the lake to recover. In 2012, we

tagged 99 (58 males, 41 females), 133 (64 males, 69 females) and

157 (98 male, 59 female) sockeye salmon in A, C and Hidden

creeks, respectively, while in 2013, we tagged 97 (40 males, 57

females) and 93 (46 males, 47 females) sockeye in A and C

creeks, representing ~20–50% of the total spawning population.

Movements of sockeye salmon in and out of our study streams

were assessed using stationary PIT tag antenna arrays (Bond

et al. 2007). Antennas were installed prior to July 24th in 2012

and July 29th in 2013, placed c. 10–50 m upstream of the stream

mouth, positioned perpendicular to the stream flow (i.e. swim-

through antennas) and spanned the entire stream channel. Each

site had a pair of antennas, placed c. 4–10 m apart, which

allowed for the assessment of movement direction. Each antenna

was connected to a single PIT tag reader, which recorded sockeye

movements by storing individual tag IDs, along with the time

and date, and the antenna location. Read range was always

greater than the height of the antenna, which was never fully

inundated; water depths at the antenna sites were typically less

than 15 cm in A and C creeks, and less than 30 cm at Hidden

Creek. Antenna sites were checked daily at A and C creeks and

every 2–6 days at Hidden Creek to swap batteries and download

data. During each visit, we tested the functionality of the site by

passing a test PIT tag through each antenna c. five times. If the

reader did not detect the test tag each time, the readers were

adjusted until properly functioning. In 2012, equipment failure

resulted in 5 days of lost data in Hidden Creek (July 28–30 and

August 24–25), while at least one antenna was functioning in A

and C creek throughout the entire sampling period, and both

were working >93% of the time. In 2013, both antennas were out

of commission for five (August 10–12, 21–22) and three (August

2–3, 9) days, corresponding to c. 15% and 9% of the sampling

period in A and C creeks, respectively. Thus, the total number of

movements and proportion of individuals classified as movers

were minimum estimates. Antenna detection efficiency was

assessed using two independent methods (Appendix S1, Support-

ing information). Antennas were removed from each stream dur-

ing the first week of September, a point at which no live sockeye

salmon were in any of the streams and there had not been a tag

detected in >3 days.

To supplement the antenna movement data, sockeye salmon

captured at A and C creeks were also tagged with a 3-cm external,

uniquely coded, Peterson disc tag (Floy Tag Co., Seattle, WA,

USA) as part of a larger study (hereafter referred to as ‘visual’

data). Both streams were delineated into 5–15 m sections (A Creek:

n = 31, C Creek: n = 51). Each day, the entire lengths of A and C

creeks were surveyed for tagged individuals between the hours of

10:00–16:00. When an individual was seen, its tag ID was recorded

as well as its location, whether it was alive or dead, and if it was

dead, how it died (senescent or killed by a bear). These data were

used were used to calculate average in-stream location, percent

individuals moving per day (allowing us to account for deaths) and

reproductive life span. Additionally, we used 13 years of visual

data from A and C creeks to calculate the occurrence of bear kills

(R. Hilborn, unpublished). Owing to the size of the streams, and

overall abundance of spawning salmon, visual detection efficiency

was high. Of all visual detections of fish that were known to be

alive and in the stream, >91% were seen on consecutive days and

>98% were seen with only one ‘missed’ day between detections.

To assess diel patterns in brown bear activity, we used remote

camera traps placed along streams. Motion-activated (i.e. infrared

sensing) cameras were positioned in a tree 1�5–5 m above water

level and operated continuously from 20 June to 12 September.

Because bears were typically only present on streams once salmon

arrived (Schindler et al. 2013), we only include camera data from

25 July to 3 September. Cameras were placed on C Creek in 2013,

Hidden Creek in 2012, as well as four reference streams (Berm,

Lynx, Pick, and Sam creeks) located <20 km from our three study

sites as part of a related study in 2011 (see Lisi et al. (2012) for

map; Schindler et al. 2013). Given the potential for variation in

bear activity among streams, our array of cameras provided insight

into the behavioural patterns of bears across the entire watershed.

Additionally, we felt it was important to monitor bear activity at

multiple sites given that C Creek was visited daily by researchers,

while the other five sites were frequented at most once every week.

We acknowledge that our camera data do not provide information

on bear abundances, time spent foraging or capture efficiencies.

Rather, it intended to show both seasonal and daily activity
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patterns of bears on streams. Daylight was measured using a LI-

COR, LI-192 quantum sensor (LI-COR Biosciences, Lincoln, NE,

USA) and used to define ‘night-time’ as the hours of the day when

light intensity was ≤5 lEinsteins [c. from 22:45 to 6:30 Alaska

Daylight Time (ADT)].

quantifying sockeye salmon movement

Movements were classified for each individually PIT tagged fish

based on the sequence of detections on the antennas. For the

purpose of this study, a ‘movement’ was defined as a unidirec-

tional shift in habitat, either from the lake to the stream (up) or

from the stream to the lake (down). An individual was classified

as a ‘mover’ if it displayed two or more movements (i.e. a ‘non-

mover’ made one movement into the stream from the lake and

stayed until it died). Using this definition, the date at which an

individual died relative to when it entered the stream could have

impacted its classification. For example, if a salmon died immedi-

ately upon entering the stream it would be classified as a non-

mover but was never given the opportunity to move. Thus, the

reproductive life span of movers could have been inflated. How-

ever, <4% of salmon classified as non-movers died on their first

day in the stream and >76% salmon spent <24 h in the stream

before moving back to the lake. Thus, our definition of a mover

likely had a minimal effect on the calculated reproductive life

span between movement strategies.

Some individuals were detected making multiple movements

within a few minutes suggesting they were milling around the

antennas. To reduce ‘false’ movements, individuals were only

assigned one movement in and one movement out per 24-h per-

iod (noon-to-noon) based on the initial and final detection. Once

movement behaviours were classified, we pooled them either by

sex, site, or a combination of both to quantify daily and seasonal

patterns.

We used several statistical methods to characterized move-

ments, explore the factors associated with movement behaviour

and quantify the consequences of movements (implemented

through the program R: R Core Development Team 2012). We

tested whether the proportion of male vs. female sockeye that

were movers differed at each site using a two-proportion z-test.

Among movers, we assessed whether there was an effect of sex

on the number of movements per individual using a nonparamet-

ric two-way Mann–Whitney U-test. The modal timing of daily

movements per stream and direction (up vs. down) and bear

activity were calculated from kernel density estimates based on

the circular distributions of time of day (see Armstrong et al.

2013). The distribution of movement timing by salmon and activ-

ity by bears between day and night were tested against a null

expectation that the proportion of movements and activity during

night-time hours (�p) should be proportional to the relative length

of the night (i.e. po = 7�75/24 h day). The duration of an individ-

ual movement was defined as the time (hours) spent in the stream

before returning to the lake (and vice versa) for movers. The dis-

tributions of time of day and movement duration were qualita-

tively similar between years and were therefore combined for a

given site. We used locally weighed scatterplot smoothing

(LOESS) to clarify trends in movement duration and in-stream

distributions (smoothing parameters were selected by visual

inspection and ranged from 0�2 to 0�45).
The first day, an individual, who was detected entering a

stream on an antenna, was recorded as its initial entry. The

reproductive life span of an individual was defined as the day it

was observed dead minus the day of initial entry. Although the

daily stream surveys are standardized, sockeye could have been

found dead days after the actual death occurred due to imperfect

visual detection along the stream banks (i.e. if they were depos-

ited in riparian vegetation by predators). Therefore, we only used

fish that were found dead ≤2 days after their final live visual or

antenna detection. We calculated the average reproductive life

span and in-stream location and compared movers and non-mov-

ers using a Mann–Whitney U-test with a Bonferroni correction

for multiple comparisons. The duration of the salmon run was

defined as number of days between the first and last day any

sockeye salmon (either live or dead) was seen in the stream. The

relative timing of bear kills between years were compared by cal-

culating the date at which 50% of all salmon were killed by bears

(BK50) in A and C creeks by fitting a cumulative normal distribu-

tion using maximum likelihood estimation (Note: date is reported

relative to 1 June, such that day 70 is 10 August). A two-sample

z-test was used to compare the BK50 between years.

Results

occurrence of diel movements

Spawning sockeye salmon made diel movements between

stream and lake habitat in all three study sites. The propor-

tion of individuals that were classified as movers (i.e. individ-

uals displaying multiple movements in and out of spawning

tributaries) ranged from 0�22 to 0�79 during the study

(Fig. 1a). In general, a significantly higher proportion of

males were movers (A Creek 2012: males = 0�79,
females = 0�46, v2 = 10�16, P = 0�001; C Creek 2012:

males = 0�53, females = 0�26, v2 = 9�09, P = 0�003; C Creek

2013: males = 0�55, females = 0�22, v2 = 10�55, P = 0�001),
except in Hidden Creek (males = 0�60, females = 0�68,
v2 = 0�615, P = 0�433) and A Creek 2013 (males = 0�60,
females = 0�43, v2 = 1�96, P = 0�162). However, there was

no significant difference between the proportion of males or

females that were movers between years at a given site

(Males A Creek: v2 = 3�72, P = 0�054; Males C Creek:

v2 < 0�001, P = 0�985; Females A Creek: v2 = 0�006,
P = 0�939; Females C Creek: v2 = 0�127,P = 0�722).
Of the individuals that were classified as movers, the

number of movements over the course of the spawning

run ranged from 2 to 14 in A Creek, 2 to 28 in C Creek,

and 2 to 10 in Hidden Creek, but on average a mover

made c. 4–7 movements between their first entry to a

spawning stream and their eventual death (Fig. 1b).

Although a significantly higher proportion of males were

movers in three of the five comparisons, there was no sig-

nificant difference in the average number of movement

between males and females that were classified as movers

within each stream (A Creek 2012: males = 3�7 � 1�8
(mean � SD), females = 3�7 � 2�3, U46, 19 = 487,

P = 0�461; A Creek 2013: males = 5�2 � 3�6,
females = 4�3 � 2�8, U25, 26 = 377, P = 0�460; C Creek

2012: males = 7�5 � 6�3, females = 6�5 � 7�4, U46,

19 = 388, P = 0�113; C Creek 2013: males = 4�7 � 3�9,
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females = 4�9 � 2�1, U27, 11 = 150, P = 0�989; Hidden

Creek: males = 3�4 � 1�5, females = 3�4 � 1�7, U46,

19 = 1147, P = 0�81). Also, there was no significant differ-

ence in the average number of movements between years

at A Creek (Males: U46, 25 = 483, P = 0�256; Females: U19,

26 = 214, P = 0�333) or for C Creek females (U19, 11 = 104,

P = 0�837). However, males at C Creek had a significantly

greater number of movements in 2012 relative to 2013

(U46, 27 = 0�127, P = 0�013).

daily timing of salmon movements and bear
activ ity

Diel movements between lake habitat and the spawning

tributaries occurred at all times of the day, but were con-

centrated during night-time hours (Fig. 2). Movements

into the stream peaked 1–2 h after nightfall [modal time

(Alaska Daylight Time): A Creek = 1:32, C Creek = 1:35,

Hidden Creek = 1:35]. Overall, 49–63% of all upstream

movements occurred during the night, which was statisti-

cally more than would be expected under the null

hypothesis that the proportion of movements at night

should be proportion to the relative length of night (Ho:

�p = po; A Creek: �p > po, v
2 = 202�7, P < 0�0001; C Creek:

�p > po, v2 = 86�4, P < 0�0001.; Hidden Creek: �p > po,

v2 = 109�1, P < 0�0001). Movements out of the stream

peaked 1–4 h before dawn (modal time: A Creek = 2:09,

C Creek = 4:46, Hidden Creek = 5:48) and 45–48% of

these downstream movements occurred during nighttime

(A Creek: �p > po, v
2 = 24�6, P < 0�0001; C Creek: �p > po,

v2 = 27�4, P < 0�0001.; Hidden Creek: �p > po, v2 = 4�3,
P = 0�039).
The timing of diel movements by salmon generally coin-

cided with the least amount of streamside bear activity at

five of the six monitored sites (Fig. 3a,b; Appendix S2,

Supporting information). Here, bears were detected at all

hours of the day and had model detection times of 12:28

and 22:29, for all reference streams and Hidden Creek,

respectively. Bear activity appeared to have a bimodal

distribution, typically peaking around crepuscular periods,

and 75% of detections occurred during the daytime

(reference streams: �p < po, v2 = 14�4, P < 0�001; Hidden

Fig. 1. (a) Proportion of sockeye salmon that were movers and

(b) the average number of movements per individual mover as a

function of stream, year and sex (white = males;

black = females). Error bars represent � 2 SE and an asterisk

denotes a significant difference (P < 0�05) between males and

females.

Fig. 2. Daily timing of sockeye salmon movements into (left)

and out of (right) streams (a = A Creek; b = C Creek; c = Hid-

den Creek). Grey wedges represent the relative percent of move-

ments at a given time, dashed lines denote the modal time of

movement based on nonparametric density estimates and the

black semicircles represent night.
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Creek: �p = po, v
2 = 1�22, P = 0�270). However, bears were

most active at C Creek during the night (Fig. 3c), with

only 35% of detections occurring during the daytime

hours (C Creek: �p > po, v
2 = 81�5, P < 0�0001).

duration and upstream distance of
movements

The duration of time spent in the stream by individual mov-

ers prior to returning back to the lake ranged from a few

minutes to over 14 days (Fig. 4; Appendix S3, Supporting

information) with a median � SD time of 6�7 � 47�4 h (A

Creek = 6�1 � 36�6 h; C Creek = 7�3 � 51�8 h; Hidden

Creek = 6�06 � 54�4 h). After returning to the lake,

individuals again waited variable amounts of time before

returning to the stream but had a median time of 19�4 �
53�3 h (A Creek = 21�3 � 50�9 h; C Creek = 18�0
� 35�7 h; Hidden Creek = 22�6 � 88�97 h) and displayed

multiple modes distributed roughly every 24 h. Overall,

76% of movements into the stream lasted <24 h and 82%

of movements into the lake lasted <3 days.

While actual upstream distances for each individual

movement were not monitored, in-stream location was mon-

itored daily using visual tags. Individual sockeye that did

not display more than one movement into a stream (i.e. non-

mover) were distributed significantly farther upstream than

movers (Fig. 5) in both A [movers = 153�5�7 � 71�1 m;

non-movers = 189�6 � 61�1 m (mean � SD); W = 1061,

P = 0�0107] and C (movers = 221�4 � 94�8 m; non-mov-

ers = 297�9 � 82�2 m;W = 2528�5, P < 0�0001) creeks.

seasonal timing of movements

Sockeye salmon began entering spawning streams between

the last week of July and the first week of August. A signifi-

cantly higher number of movements occurred during the

first half of the spawning season in both 2012 (A Creek:

v2 = 138�01, P < 0�0001; C Creek: v2 = 477�62, P < 0�0001;
Hidden Creek: v2 = 358�01, P < 0�0001) and 2013 (A

Creek: v2 = 223�16, P < 0�0001; C Creek: v2 = 76�80,
P < 0�0001), with <30% of all movements occurring during

the second half (Fig. 6; Appendix S4, Supporting informa-

tion). In 2013, this pattern could have been driven by the

number of salmon alive and thus able to move, given that

>50% of individuals had been killed half-way through the

run. However, in 2012, 80–92% of all movements occurred

in the first half of the run and only 7–15% of all salmon

had died. On any given day, 0–75% of individual movers

made at least one movement (Fig. 6).

intensity of bear predation among years

The per cent of adult sockeye salmon that were killed by

bears ranged from 6% to 99% [72�4% � 25�3%
(mean � SD)] across 13 years in A and C creeks. Addition-

ally, the seasonal timing of bear predation varied among

years, but on average 55�4% � 30�6% of all bear kills

occurred in the first half of the spawning run. In 2012,

92�2% and 78�8% of all sockeye were killed by bears over

the course of the spawning run, for A and C creeks, respec-

tively, but all predation occurred in the second half of the

run (Fig. 7). In 2013, 61�2% and 93�4% of all sockeye were

killed by bears, but 73�1% and 90�2% of the predation inci-

dences occurred in the first half. The BK50 in 2012 occurred

on day 76�2 � 0�56 (mean � SE) and 77�1 � 1�64, for A

and C creeks respectively, while in 2013, it occurred on day

70�7 � 8�51 and 64�0 � 4�10. Thus, the majority of salmon

were killed by bears in both streams in 2012 and 2013, but

predation occurred 5�5 days (z = 0�64, P = 0�26) and

13�1 days (z = 2�95, P = 0�0015) earlier in 2013 relative to

2012.

reproductive l ife span of salmon

Individual sockeye salmon exhibiting cyclic movement

behaviour had significantly longer reproductive life

spans than non-movers in three of the four streams by

year combinations (Fig. 8). In 2013, when predation

Fig. 3. Daily timing of streamside bear activity at (a) reference

stream sites (see Methods), (b) Hidden Creek, and (c) C Creek.

Grey wedges represent the relative per cent of bear activity at a

given time, dashed lines denote the modal time of activity based

on nonparametric density estimates and the black semicircles rep-

resent night.
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was concentrated relatively early in the spawning, mov-

ers lived 120% and 300% longer than non-movers in C

(P < 0�001) and A (P = 0�002) creeks, respectively. In

2012, when predation pressure was concentrated later in

the spawning run, movers lived 60% longer than

non-movers in A Creek (P < 0�001), while in C Creek

movers only lived 10% longer than non-movers, but

this difference was not statistically significant (P = 0�13).
Among individuals sharing a common movement strat-

egy in the same stream and year, there was no differ-

ence in life span between males and females. Among

movers, there was a significant, albeit weak, positive

relationship between number of movements and repro-

ductive life span in both 2012 (F1,65 = 15�9, P = 0�0002,
R2 = 0�184) and 2013 (F1,62 = 20�8, P < 0�0001, R2 =
0�362).

Discussion

We observed diel movements between stream habitat,

where salmon reproduce, and lake habitat, which provides

refuge from bear predation (Fig. 1). These movements

enabled sockeye salmon to use risky stream spawning

habitat during the night (Fig. 2), the time of day in which

bears were typically least active (Fig. 3) and take advan-

tage of lake refuge habitat during crepuscular peaks in

bear activity. As with virtually all studies of predation in

the wild, we could not control for all environmental fac-

tors, so our data do not completely exclude other expla-

nations for the observed diel movements by salmon.

Nevertheless, this study challenges the common assump-

tion that salmon are relatively sedentary on the spawning

grounds and provides strong evidence that cyclic move-

ments by sockeye salmon reduced the risk to predators

during reproduction.

Migratory patterns and reproductive behaviour of adult

salmon can be influenced by many factors, including flow

(Quinn, Hodgson & Peven 1997), water level (Smith,

Smith & Armstrong 1994), temperature (Newell & Quinn

2005) and dissolved oxygen (Alabaster 1989). In both

years of our study, daily changes in water height and

stream flow were minimal, with average fluctuations of

1�2% and 6�1%, respectively. Oxygen and temperature in

streams within the Wood River system do fluctuate on

diel time-scales (Holtgrieve & Schindler 2011), but not

within the range of levels known to be stressful to salmon

(Brett 1971; Servizi & Jensen 1977; D.E. Schindler,

unpublished). Thus, these environmental factors likely

had little influence on movement patterns of salmon we

observed in our study. Stream-dwelling fishes are also

known to cycle among disparate habitats in response to

changes in light intensity (Muhlfeld et al. 2003; Booth

et al. 2013). These movements have been hypothesized to

be a response to daily changes in predation risk but can

simultaneously increase foraging opportunities (Arm-

strong et al. 2013). However, spawning sockeye salmon

do not feed, allowing us to separate the influence of for-

aging activities from predation risk and reproduction that

confounds other behavioural studies. Therefore, currently,

the most obvious explanation is that sockeye salmon

Fig. 4. Time (Hours) movers spent in the stream before returning

to the lake (hatched) and in the lake before returning to the

stream (grey) in C Creek. Sockeye salmon displayed similar dis-

tributions in A and Hidden creeks (Appendix S3, Supporting

information). Time in stream displayed an asymptotic distribu-

tion, but times from 144 to 320 h were aggregated for plotting

purposes.

Fig. 5. Average location of individual sockeye salmon spawners

in (a) C Creek and (b) A Creek for movers (hatched) and non-

movers (grey). Note: the relative density was calculated separately

for movers and non-movers.
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movements are an adaptive response to differences in pre-

dation risk between stream and lake habitats that vary on

diel time-scales.

Brown bears were observed on salmon streams dur-

ing all hours of the day, but activity was primarily

concentrated during diurnal and crepuscular periods on

five of our six study sites. Similar to our findings, brown

bears have been shown to be most active during diurnal

periods (Stonorov & Stokes 1972; Luque & Stokes

1976), but daily activity levels can vary by age, sex and

Fig. 6. Seasonal movements of sockeye salmon in C Creek. Total number of movements by movers (solid line; left), cumulative per cent

of dead individuals (dashed line; left) and per cent of live movers moving (solid line; right) as a function of date in (a) 2012 and (b)

2013. The grey rectangles signify when the antennas were out of commission and thus no movement data were collected. The per cent

individuals moving was calculated using salmon with known date of death, while the total number of movements per day were for all

sockeye movers regardless of fate.

Fig. 7. Cumulative incidences of sockeye

salmon deaths by brown bears (i.e., ‘bear

kills’) as a function of date in 2012 and 2013

(A Creek = dotted black; C Creek = solid

black) as well as the 11 previous years in

both streams (solid grey).
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reproductive status (Olson, Gilbert & Squibb 1997;

Klinka & Reimchen 2002). We did observe brown bears

to be most active during night-time hours at one of our

six sites (C Creek). Reimchen (1998) observed black

bears primarily foraging on chum salmon at night in

British Columbia, while Klinka and Reimchen (2009)

found that black bears shifted their activity levels from

daytime to twilight and night as the spawning run pro-

gressed. Differences in bear activity patterns among stud-

ies, as well as the difference between C Creek and our

other five study sites, could have been due to differences

in bear abundances, foraging activities (e.g. hunting vs.

scavenging), capture efficiencies and salmon abundances.

Additionally, bear activity can be affected by the amount

of human activity (Olson, Gilbert & Squibb 1997;

MacHutchon et al. 1998; Quinn et al. 2001), as seems to

be reflected in the bear activity data from C Creek,

which had substantially more human activity on it from

our daily fish surveys than other sites where bears were

monitored. Taken together, the patterns of salmon move-

ment we observed appears to be coordinated to avoid

patterns of bear activity salmon have experienced over

their evolutionary history.

Stream-spawning sockeye salmon face a stark trade-off

in habitat use during reproduction. Unlike some species

which can use suboptimal habitat when predation risk is

elevated (e.g. Werner et al. 1983), salmon populations are

adapted to their specific breeding habitats and straying

considerably reduces reproductive success (Peterson,

Hilborn & Hauser 2014). For example, sockeye salmon

spawning in small streams have evolved shallower body

depths, which reduces their vulnerability to bear preda-

tion, but also reduces their ability to dig nests and court

mates in lake habitats (Quinn & Foote 1994). Thus,

spawning salmon appear to be faced with a distinct

trade-off choice: either enter the stream and have the

opportunity to spawn at the risk of being killed by preda-

tors, or remain in the lake and invulnerable to predation.

However, the risks and rewards of each choice likely vary

both daily and seasonally. Females that enter streams

early and stay should have reduced competition for spawn-

ing habitat, and can better defend their redds after spawning

has occurred (McPhee & Quinn 1998). Early in the run,

males have higher breeding opportunities as there are more

ripe females available to court and dominant males can

maintain social hierarchies (Quinn 2005). Thus, salmon that

remain on the spawning grounds and do not exhibit cyclic

movements, may experience higher reproductive success in

years with either low bear predation intensity or when the

timing of predation is relatively late in the spawning run. On

the other hand, because reproductive potential is highest

early in the run, the fitness cost of dying early is also highest.

Therefore, in years with high bear intensity early in the

spawning run, it may be profitable to exhibit cyclic move-

ments and only occupy the stream at night, at least until

spawning has occurred. Given the observed variation in

both predation intensity and timing among years, the advan-

tages and disadvantages of a particular movement strategies

will likely vary among years, as well. Interestingly though,

our data suggest that cyclic movements may be an innate

characteristic, rather than an adaptive response to the pres-

ences of bears, as salmon continued to immigrate into

streams at night even though bears were more nocturnal in

C Creek and seemingly absent from A and C creeks during

the first half of the spawning run in 2012.

Spawning sockeye salmon displayed a substantial

amount of variation in the time spent between move-

ments. Some individuals remained in the stream for less

than an hour prior to moving back to the lake, while

others spent up to 14 days. Although these salmon were

sexually mature, we did not know the exact nature of

their activities while in the stream between movements.

Visual observations of spawning sockeye salmon suggest

that females construct one redd and it takes several hours

from the commencement of digging to the first oviposition

(Esteve 2005). Within a redd, females will dig c. 2–12

‘pockets’, each requiring 30 min to several hours of effort.

During and after redd construction, mate selection occurs.

Salmon, especially males, undergo drastic morphological

changes in body shape and colour (Quinn & Foote 1994).

Presumably, these secondary sexual characteristics

increase mating success (Quinn 2005), but their effective-

ness during night-time is unknown. Therefore, based on

the time of day movements occurred and the duration of

the trip into the stream, some individuals were likely not

spawning but perhaps prospecting potential nest sites and

mates. Female salmon can exhibit exploratory behaviour,

inspecting different reaches and even digging, prior to set-

tling on a spawning location (Esteve 2005). More detailed

work could determine whether salmon were prospecting

the spawning grounds or reproducing during these diel

trips into the stream, which will illuminate the ultimate

benefits of different movement strategies.

Fig. 8. Average reproductive life span of spawning adult sockeye

salmon classified as a function of movement strategy, year and

stream. An asterisk denotes average life spans that were signifi-

cantly different (P < 0�05) between movers and non-movers.

© 2014 The Authors. Journal of Animal Ecology © 2014 British Ecological Society, Journal of Animal Ecology, 83, 1478–1489

1486 K. T. Bentley et al.



Sockeye salmon that displayed diel movements lived

longer than non-movers in both years of our study. How-

ever, the reproductive life span of movers was substan-

tially longer than non-movers when peak predation

pressure co-occurred with the peak in salmon movements

(i.e., in 2012). In systems where salmon are highly vulner-

able to brown bears, the longevity of individuals on the

spawning ground is primarily controlled by predation

(Quinn et al. 2001). However, the intensity and timing of

predation can be highly variable among years. In 2012,

brown bears killed a higher than average percentage of

sockeye salmon, but predation occurred towards the end

of the spawning run, when movements had almost ceased

and movers had assumed residence in the stream. In con-

trast, predation pressure was concentrated c. 1–2 weeks

earlier in 2013, coinciding with the start of spawning

activity and the peak of diel movements. Thus, the degree

to which life span is affected by an individual’s movement

strategy is dependent on predation timing. Although

reproductive life span was not influenced by sex, repro-

ductive success might be due to variation in spawning

behaviour between sexes. Female salmon typically finish

spawning within 2–3 days after stream entry (Esteve

2005). Males, on the other hand, remain sexually active

throughout the entire time on the spawning ground, but

their breeding opportunities decline drastically with time,

and they do not defend nests once spawning has occurred

(Quinn 2005). Hence, bears can only truncate the repro-

ductive opportunities of females if mortality occurs within

the first few days of stream residency. On the other hand,

the probability that an existing redd is excavated by

another female should increase if it is not defended

(Essington, Sorensen & Paron 1998; McPhee & Quinn

1998). Therefore, reproductive life span may not fully

reflect reproductive success. With the advent of genetic

parentage analysis (Hauser et al. 2011; Peterson, Hilborn

& Hauser 2014), future research will be able to directly

measure reproductive success for different movement

strategies. Regardless, trade-offs in spawning behaviour

must exist given the wide spectrum of movement strate-

gies displayed among individuals.

At the core of predator/prey interactions, individuals

attempt to balance the trade-offs between energy gain and

predation risk (Candolin 1998; Brown 1999). Cyclic habi-

tat use is a widespread phenomenon in predator/prey sys-

tems where habitat features mediate predation risk and

the balance of foraging opportunity to predation risk var-

ies throughout the day (e.g. as a function of light levels).

Animals frequently face habitat-mediated trade-offs

between reproductive success and predation risk, yet little

is known about the importance of habitat cycling for

reproductive success. We observed adult sockeye salmon

exhibiting diel cyclic movements between habitats that

either minimized predation risk or maximized spawning

opportunities. Recently, bull trout (Salvelinus confluentus)

were documented making multiple trips between river and

lake habitats throughout the spawning season. Although

predator risk and mortality were not monitored, bull

trout movements were concentrated such that individuals

minimized the time spent in the river during daylight

hours (Barnett & Paige 2013). While the habitat charac-

teristics that allowed sockeye salmon in our study system,

along with bull trout, to exploit ecological trade-offs may

be unique to species that spawn in tributaries flowing into

lakes, spatio-temporal variation in the physical and eco-

logical attributes of reproductive habitat certainly exists

across all ecosystems. For example, bluehead wrasses

(Thalassoma bifasciatum) and surgeonfishes (Ctenochaetus

striatus) have been observed moving between reproductive

and foraging habitats at daily time-scale while spawning

on reefs in the South Pacific (Warner 1995; Claydon,

McCormick & Jones 2012), but currently these fine-scale,

cyclic movements have not been linked to variation in

predation risk for spawners. Nevertheless, our results sug-

gest that cyclic stream-lake movements are an important

antipredation tactic for adult sockeye salmon that spawn

in small tributaries of lakes, which represent a substantial

portion of the total salmon run to many watersheds.
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Appendix S1. Antenna detection efficiency.

Appendix S2. Timing of streamside bear activity at four reference

stream sites. Figure S2: Daily timing of streamside bear activity at

reference stream sites (A) Berm Creek, (B) Lynx Creek, (C) Pick

Creek, and (D) Sam Creek. Grey wedges represent the relative per

cent of bear activity at a given time, dashed lines denote the modal

time of activity based on nonparametric density estimates and the

black semicircles represent night.

Appendix S3. Time spent in stream and lake prior to migrating

back in A and Hidden creeks. Figure S3. Time (Hours) movers

spent in the stream before returning to the lake (hatched) and in the

lake before returning to the stream (grey) for sockeye salmon in (A)

A Creek and (B) Hidden Creek. Data in 2012 and 2013 were

qualitatively similar for both streams and therefore combined.

Note: Time in stream displayed an asymptotic distribution, but

times from 144 – 350 hours were aggregated for plotting purposes.

Appendix S4. Seasonal timing ofmovements inA andHidden creeks.

Figure S4. Total number of movements by sockeye salmon movers

(solid line; left), cumulative per cent of dead individuals (dashed line;

left) and percent of livemoversmoving (solid line; right) as a function

of date in (a) A Creek 2012 and (b) A Creek 2013 and (c) Hidden

Creek 2012.The grey rectangles signifywhen the antennaswere out of

commission and thus nomovement datawere collected.Note: the per

cent individuals moving was calculated using salmon with known

date of death, while the total number of movements per day were for

all sockeye movers regardless of fate.
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