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Abstract
The supplementation of natural populations of Pacific salmon

Oncorhynchus spp. with hatchery fish poses unique management
challenges. Two such challenges addressed in this study are limiting
the number of hatchery fish spawning with natural-origin fish and
maximizing the number of natural-origin fish in the supplemen-
tation broodstock. In this study, we focus on stock enhancement
of Sockeye Salmon O. nerka in Hidden Lake, Alaska, where the
Trail Lakes Hatchery supplements the natural population with
hatchery-raised fry. Production in Hidden Lake is limited by the
availability of spawning habitat and not by juvenile rearing capac-
ity. The hatchery collects broodstock from the lake and releases
fry with thermally marked otoliths at one of two primary natural
spawning sites in Hidden Lake each year. During this study, an av-
erage of 58% of the fish returning to the lake through a weir on the
outlet stream were of hatchery origin. However, an average of 88%
of the fish at the release site were hatchery-origin fish, indicating a
nonrandom distribution of hatchery-origin spawners. This pattern
is consistent with homing to specific sites within the lake of either or
both hatchery- and wild-origin fish. However, this distribution re-
sults in a larger-than-desirable proportion of hatchery-origin fish
spawning with natural-origin fish at the release site. The proportion
of hatchery-origin fish used for brood is also larger than desirable
because the site is also the broodstock collection site. We propose
that releasing hatchery fish at a new location removed from the pri-
mary spawning areas and the hatchery broodstock collection site
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will reduce the proportion of hatchery-origin fish spawning with
wild-origin fish and increase the proportion of wild-origin fish in
the broodstock, if our results are due, at least in part, to homing of
hatchery fish.

Pacific salmon Oncorhynchus spp. typically spawn in streams
or lakes, spend a variable amount of time as fry in freshwater,
and move into marine waters for 2 to 7 years before returning
as adults to spawn in freshwater (Quinn 2005). Sockeye Salmon
O. nerka are finely adapted to local conditions that influence
reproductive success and survival (Taylor 1991; Fraser et al.
2011) and hence home to their natal sites on a small spatial scale
to spawn (Quinn et al. 2006). The tendency to home to natal sites
to spawn produces reproductive isolation between populations
and demographic independence among populations that must
be taken into account in the management of wild and enhanced
populations supporting commercial fisheries.

In the face of declining harvests and habitat changes, large
salmon hatchery programs were developed in Alaska, British
Columbia, and the Pacific Northwest beginning in the late 19th
century (Roppel 1982; Mahnken et al. 1998). These hatchery
programs currently produce large numbers of fish that may pose
ecological and genetic risks to wild populations (Reisenbichler

777



778 HABICHT ET AL.

FIGURE 1. Bathymetric map of Hidden Lake, Alaska, showing Sockeye Salmon spawning areas, broodstock collection sites, and fry release sites. Depth is
shown in meters.

and McIntyre 1977; Campton 1995; Naish et al. 2007; Grant
2012). Recent studies show that hatchery rearing can reduce
fitness in the wild (Kostow 2004; Araki et al. 2007, 2008) and
that hybridization between hatchery and wild fish can lower the
overall fitness of wild populations (Ford 2002).

In recognition of these risks, the Alaska Department of Fish
and Game (ADFG) has implemented regulations to protect
wild salmon stocks from the undesirable effects of hatcheries.
These guidelines are incorporated into hatchery management
protocols to address specific areas of concern. One particular
unwanted effect is interbreeding between hatchery-reared and
wild fish. The ADFG has attempted to reduce the incidence of
hatchery–wild fish interbreeding in the enhancement of small
populations of salmon at several sites. For example in an en-
hancement program for Chinook Salmon O. tshawytscha on
the Ninilchik River, Alaska, returning hatchery fish are identi-
fied by adipose fin clips and not allowed to pass a weir to the
spawning grounds (Booz and Kerkvliet 2011). In other cases,
the otoliths of hatchery-reared fish are thermally marked (Volk
et al. 1990, 1999) so that the origins of the broodstock can be
identified. The progeny of these fish can be allocated to specific
programs to meet release goals. The English Bay Lakes, Alaska,
Sockeye Salmon enhancement program provides an example

of this type of program, in which progeny of wild-origin par-
ents are released back into the lake of origin and progeny from
hatchery-origin parents are released into terminal areas with
no wild stocks. These procedures reduce interactions between
hatchery- and natural-origin fish. The use of otolith marking,
however, is somewhat limited, because it permits only retro-
spective analysis and cannot be used in real time to manage
spawning populations.

In this study, we address similar enhancement management
challenges by describing the distributions of hatchery-reared
and natural Sockeye Salmon in Hidden Lake, Alaska (Figure 1),
and by using this information to guide program management to
reduce hatchery–wild interactions. The goal of this evaluation
was to determine whether returning hatchery- or wild-origin
Sockeye Salmon home within Hidden Lake. To test this we
compared the proportions of hatchery- and natural-origin fish
at the hatchery release site to the proportions of fish entering
the lake. The null hypothesis is that the distribution of hatchery-
and wild-origin fish would be the same at the entry site as the
release site. Based on the results of our study, the program can
be modified to take advantage of the homing behavior to reduce
risks associated with hatchery- and wild-origin fish spawning
and hatchery broodstock collection.
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The homing of salmon to natal spawning areas, especially
Sockeye Salmon, has been the focus of much research (Dittman
and Quinn 1996; Quinn et al. 1999). Mature Sockeye Salmon
generally spawn in streams associated with a lake, but some
adults spawn in the lake itself. Fry spend 0–2 years in fresh-
water before migrating to sea as smolts where they spend 1–
4 years, before returning as adults to natal streams or lakes to
spawn (Quinn et al. 1999). Sockeye Salmon tend to show higher
levels of homing fidelity than other Pacific salmon (Hendry
et al. 2004). This homing behavior isolates spawning groups
so that random genetic drift and local selection produce differ-
ences among groups, which can often be detected with molec-
ular markers (Grant et al. 1980; Hendry et al. 1996, 2000;
Seeb et al. 2000). Although lake and stream spawners often
differ genetically, less variation among spawning groups oc-
curs within lakes (Varnavskaya et al. 1994; Burger et al. 1995;
Seeb et al. 2000; Habicht et al. 2007; Gomez-Uchida et al.
2011).

The Hidden Lake Sockeye Salmon enhancement program
was started by the State of Alaska in 1976 and has been operated
by the Cook Inlet Aquaculture Association since 1988 to take
advantage of unused rearing capacity (Kyle et al. 1990). Pop-
ulation size in Hidden Lake appears to be limited by available
spawning habitat and not by juvenile rearing capacity (Simpson
and Edmundson 1999). Hidden Lake does not have significant
perennial streams flowing into it so that fish spawn almost exclu-
sively on beaches. The lake has some of the largest zooplankton
biomass in lakes on the Kenai Peninsula and produces some of
the largest Sockeye Salmon smolts of any lake system in Alaska
(Simpson and Edmundson 1999). The current goal of the en-
hancement program is to produce an annual return of at least
30,000 spawners to the lake, and this is achieved by stocking an
average 830,000 unfed fry (2006–2011).

Eggs are stripped from mature beach-spawning fish, fertil-
ized, and incubated at nearby Trail Lakes Hatchery. The otoliths
of developing embryos are thermally marked (Volk et al. 1990,
1999). Hatchery-origin spawners can be identified with 100%
certainty, because a sample of fry is certified by ADFG before
fish are released into the lake. Developing larvae are maintained
at the hatchery for a few months until fry have absorbed their
yolk sac. Unfed fry are trucked from the hatchery, transferred
to a boat, which takes them to a single release site (Site B,
Figure 1), where they are released from the transport tank. Fry
are typically released in the late morning or early afternoon
and have been observed to swim down into the substrate in the
immediate area (G. Fandrei, personal observation). When the
project was initiated in 1976, naturally spawning fish were used
as broodstock, but after hatchery fish returned to the lake to
spawn, broodstock were taken without regard to the origins of
the spawners, because it was not possible to determine the ori-
gins of fish in real time. Otolith temperature marking was first
applied in 1996, so that returning hatchery-origin fish could be
identified in 1999.

METHODS
Study Site.—Hidden Lake (60◦29’ N 150◦16’ W) is an

oligomesotrophic system 86 m above sea level and drains
a watershed of 37.4 km2 (Kyle et al. 1990) with aver-
age annual precipitation of 44 cm and estimated water res-
idence time of 11.7 years (http://www.ciaanet.org/Projects/
HIDDEN%20RPT%2007.pdf). The lake is 683 hectares in size,
with a mean depth of 20 m and a maximum depth of 45 m. It
has 22.5 km of shoreline and one seasonally inflowing stream
at the southwest end of the lake. The lake is drained by an out-
let stream flowing into Skilak Lake, which is part of the Kenai
River system and is 96 km upstream from Cook Inlet. The fish
assemblage is dominated by beach-spawning Sockeye Salmon
with an average return to the lake of 23,300 fish (2006–2011),
counted at a weir across the outlet stream. The lake also supports
kokanee or residual Sockeye Salmon, Coho Salmon O. kisutch,
Dolly Varden Salvelinus malma, and Lake Trout S. namaycush.
Two primary Sockeye Salmon spawning areas are located on
beaches at the northwest end of the lake about 1 kilometer apart
(Figure 1, Sites A and B). There are other spawning locations in
the lake but the numbers of fish are generally low (<50) on these
small scattered areas. Specific spawner counts are unavailable,
but similar numbers of fish generally spawn at Sites A and B (G.
Fandrei, personal communication). Broodstock are collected at
only Site B, where unfed fry are released.

Sample collection.—Total escapement to Hidden Lake, as
counted at the weir, ranged from 11,002 (2009) to 40,503 (2010)
fish during this study. Returning fish were sampled at the weir
three times (1–2 week apart) during the run and were repre-
sentative of the run. Fish in spawning condition were collected
using a beach seine at Sites A and B. Otoliths were collected
from these fish or from freshly spawned-out carcasses at least
three times at Site B throughout the egg-take period from 2008
to 2010. Otoliths were also collected from spawners at Site A at
the same times. No Sockeye Salmon spawn in the lake’s tribu-
taries. Otoliths were mounted on a glass slide and ground before
examining them with a microscope for thermal banding (Volk
et al. 1990).

Statistical analysis.—In order to determine if year should
be controlled across these tests, we first tested the hypothesis
that the proportion of hatchery-origin fish at the weir was ho-
mogenous across years. The goal of this project was to test the
hypothesis that after entering the lake hatchery- and wild-origin
fish are randomly distributed among spawning areas. We tested
the hypothesis that the proportion of hatchery-origin fish found
at Site B (hatchery release site) was equal to the proportion of
hatchery-origin fish sampled at the weir. Secondarily, we tested
the hypothesis that the proportion of hatchery-origin fish found
at Site A was equal to the proportion of hatchery-origin fish
sampled at the weir. These tests were performed through chi-
square tests of contingency tables followed by Fisher’s method
to combine the results across annual tests. Critical value was
set at 0.05 and adjusted for multiple tests using the Bonferroni
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TABLE 1. Number of hatchery-origin (otolith-marked) and natural-origin Sockeye Salmon at the outlet weir and at Site A and Site B (Figure 1), where hatchery
fish are not stocked and are stocked, respectively, in Hidden Lake, Alaska, by year. Percent of hatchery fish and total sample sizes (N) are provided.

Year Site Hatchery Natural Percent hatchery N

2008 Weir 51 75 40.5 126
Site A 123 109 53.0 232
Site B 197 37 84.2 234

2009 Weir 268 134 67.0 402
Site A 124 126 49.4 250
Site B 213 31 87.3 244

2010 Weir 314 250 55.7 564
Site A 133 108 55.2 241
Site B 228 16 93.4 244

All years Weir 633 459 58.0 1,092
Site A 380 343 52.6 723
Site B 638 84 88.4 722

correction when applicable. Sample sizes provided statistical
power to detect an expected difference as low as 10%, 95% of
the time.

RESULTS
Thermal banding patterns on otoliths in sampled fish from

three sites (2008–2010) indicated that, on average, 58% of re-
turning adults sampled at the weir were of hatchery origin, and
that 53% sampled at Site A and 88% sampled at Site B were of
hatchery origin (Table 1). The chi-square test of the hypothesis
that the proportions of hatchery-origin fish at the weir across
years was highly significant (P < 0.001) indicating that these
proportions were not consistent across years. This result made
it necessary to control for year in the remaining tests. Chi-
square statistics testing the null hypothesis that the proportion
of hatchery-origin fish found at Site B (hatchery release site)
was equal to the proportion of hatchery-origin fish sampled at
the weir was highly significant for every year (P < 0.001), with
higher proportions of hatchery-origin fish at Site B than at the
weir in all three years. Fisher’s Method result across all years
was highly significant for this hypothesis test (P < 0.001). The
chi-square test of the proportion of hatchery-origin fish found
at Site A was equal to the proportion of hatchery-origin fish
sampled at the weir was highly significant only in 2009 (P <

0.001), with a lower proportion of hatchery-origin fish at Site A
than at the weir. In 2008 and 2010, no deviation was observed
between the proportions of hatchery-origin fish at Site A and at
the weir, after adjustment for multiple tests (P = 0.02 and 0.89,
respectively). Fisher’s method result across all years was also
was highly significant (P < 0.001) for this hypothesis test.

DISCUSSION
The results of this study show a complex pattern of migration

to spawning areas in Hidden Lake. While 58% of fish enter-

ing the lake were of hatchery origin, 88% of the fish collected
at release Site B were of hatchery origin. A larger proportion
of hatchery-origin fish returning to Site B was detected over
all 3 years, indicating that this behavior is a persistent fea-
ture of Sockeye Salmon spawning in Hidden Lake. However,
the origins of these differences are uncertain. Consistent with
these results, a significant chi-square test suggested a lower
proportion of hatchery-origin fish at Site A in 2009, relative
to the proportion of fish entering the lake but not in 2008 or
2010.

The nonrandom distribution of spawning fish may be due to
homing within the lake by either wild-origin or hatchery-origin
fish. The higher proportion of hatchery-origin fish at Site B may
be due to the homing of hatchery-origin fish to Site B where
they were released or to the homing of wild-origin fish. Because
abundance estimates at the two sites are unavailable, it is not
possible to determine which explanation is correct. Importantly,
both explanations indicate homing behavior within a small
lake system. Natural populations of stream and lake spawning
Sockeye Salmon are thought to home to natal sites with some
precision (Groot and Margolis 1991; Hendry et al. 1996; Quinn
et al. 1999; Gomez-Uchida et al. 2011), so that genetic differ-
ences between spawning populations might be expected. How-
ever, genetic differences among spawning groups of Sockeye
Salmon within a lake were not observed in three Bristol Bay
lakes (Varnavskaya et al. 1994; Habicht et al. 2007), in three
lakes in Cook Inlet (Burger et al. 1995; Seeb et al. 2000), and in
one of the two lakes in Russia (Varnavskaya et al. 1994). Only a
single instance of genetic differentiation between lake-spawning
aggregations has been reported. In this case, Kuril Lake is ge-
ographically much larger than Hidden Lake and supports the
largest lake-spawning Sockeye Salmon population in Russia
(Varnavskaya et al. 1994). While the amount of genetic segre-
gation between spawning groups in Hidden Lake is unknown,
the identification of hatchery-origin and wild-origin fish using
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otolith marks indicates the nonrandom mixing among spawning
areas.

The results of our study can help to guide the enhancement
program in Hidden Lake, regardless of the behavioral processes
producing differences between spawning areas. A routine prac-
tice in this program is the release of early-stage unfed fry into
the lake. This reduces the amount of time fry are cultured in
the hatchery, reducing opportunities for domestication, and the
early release facilitates exposure to the same environmental cues
at a time when these fish are imprinted. Coho Salmon, released
as unfed fry, also exhibit life history traits that are more similar
to wild salmon than to fish released as smolts (Thériault et al.
2010). After release, unfed hatchery fry seek cover in the beach
gravel in the immediate vicinity (G. Fandrei, personal obser-
vation), increasing the amount of time spent at that location.
Fed fry have already made the ontogenic shift from benthic
to pelagic habitats selection. When older fry leave the bottom
and move around the lake to forage, they abandon their place
of birth (Groot and Margolis 1991), reducing opportunities for
imprinting on the physical cues of the release site.

Most hatcheries in Alaska attempt to segregate the hatch-
ery population from wild populations by using only hatchery
salmon returning to the hatchery for broodstock. Even though
population sizes of segregated hatcheries are large so that change
through random drift is small, genetic changes can still occur
through the selection of traits that enhance survival during hatch-
ery culture (domestication). In fact, selection is more efficient
in large than in small populations because the countering effects
of random drift are less important in large populations. In many
hatcheries, the intensity of domestication selection has been re-
duced by more closely integrating broodstock for hatchery pro-
duction with wild populations (HSRG 2004; Naish et al. 2007).

Based on the results of this study, several steps can be taken
to reduce the impact of hatchery-origin fish on wild populations
in Hidden Lake. One step would be to collect broodstock at
spawning sites with a high proportion of natural fish. In particu-
lar, broodstock collection is being moved from Site B to Site A,
where the proportion of hatchery-origin fish is significantly less
than at Site B, where 88% of the fish were of hatchery origin.
Our results show that 33–60% of spawners at site B would likely
be natural-origin adults.

Another step would be to release unfed hatchery fry at a new
release site farther from the broodstock collection site (Site B)
and closer to the outlet stream (Figure 1). If our results are due
to homing of hatchery-origin fish to their release site, this step
would direct returning hatchery-origin fish away from beaches
with naturally spawning fish (Sites A and B). This procedure
could have three effects. First, it would decrease the number
of hatchery-origin fish breeding with natural-origin fish in the
wild. Second, it would decrease the proportion of hatchery-
origin fish used as hatchery broodstock. Third, it would decrease
the survival of hatchery-origin progeny because of suboptimal
environmental conditions (coarse substrate) at the new release

site. These desired effects hinge on homing fidelity to the new
release site for spawning.

Even though these practices would not entirely eliminate the
inadvertent inclusion of hatchery-origin fish into the broodstock,
they would nevertheless reduce the proportion of hatchery-
origin fish and help to reduce genetic risks to natural popu-
lations. The Cook Inlet Aquaculture Association, the ADFG,
and the U.S. Fish and Wildlife Service have developed a work
plan that details program monitoring. This includes ongoing
baseline data collection and sampling to examine how these
program modifications alter the proportions of hatchery-origin
fish in wild and hatchery-broodstock aggregates when the first
fish from the modified program return in 2017. The inclusion of
detailed fish counts at all sites within Hidden Lake will facili-
tate better understanding of hatchery- and wild-origin Sockeye
Salmon homing behavior as this project continues in the future.
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