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EXECUTIVE SUMMARY

Recent declines in the number of sockeye salmon returning to Lake Clark caused economic
hardship in the region and raised resource concerns among local subsistence users and Federal
managers. This final report describes findings from a two year study with two primary
objectives: 1) to identify sockeye salmon spawning areas using radio telemetry, and 2) to
describe genetic variation within and divergence among spawning populations.

Radio Telemetry Research: A lack of information regarding spawning habitat distribution in
Lake Clark instigated this study. To determine spawning distributions, 332 adult sockeye
salmon were radio tagged as they entered Lake Clark in 2000 and 2001. Fish were relocated
every 5-10 days by boat, plane, or remote solar powered receiver. On average, a radio tagged
fish was relocated 12.7 times (range, 3 - 33) and over 3,500 relocations were made. Thirty- five
spawning areas were identified, including three sites downstream of the tagging area and five
sites identified by visual observation or seining. Eighteen areas were newly identified. Most
Lake Clark sockeye salmon spawn in the Tlikakila River, Kijik watershed and along beaches of
Lake Clark and Little Lake Clark. Spawning habitat locations were mapped into the Geographic
Information System for Lake Clark National Park and Preserve. Surprisingly, over 60% of radio
tagged salmon spawned in turbid glacial waters; most of which were adjacent to an obvious clear
water source. About 75% of identified spawning habitats are adjacent to privately owned lands,
many slated for development. Proactive measures should be taken to conserve these habitats.

Genetics Research: Prior to this study genetic information was lacking for Lake Clark
originating sockeye salmon populations. Molecular genetic markers provide managers with
more precise tools with which to identify and manage fish populations. Small clips of fin tissue
(non-lethal) were obtained from 1,442 sockeye salmon representing 13 Lake Clark and 2
northeastern Lake Iliamna spawning populations in 2000 and 2001. Allele frequencies differed
significantly across 11 microsatellite loci in 94 of 105 pair-wise population comparisons. Pair-
wise estimates of F'g7 ranged from zero to 0.089. There is significant genetic divergence

between populations of Lake Clark and Sixmile Lake, the latter being more similar to fish of
Lake Iliamna. The reduced numbers of alleles and strong divergence of most Lake Clark
populations relative to Lake Iliamna/Sixmile Lake populations suggest a bottleneck or period of
low population abundance, resulting in reduced genetic diversity. The greatest bottleneck effect
detected and the most genetically distinct population was found in Sucker Bay Lake. Possible
causes of these bottlenecks include reductions in effective population size associated with recent
poor returns or colonization of new spawning habitats. Samples shared with the Alaska
Department of Fish and Game for a Bristol Bay wide analysis indicate Lake Clark originating
sockeye salmon are easily distinguished from other lake originating Bristol Bay stocks of
sockeye salmon.

CITATION: Woody, C.A., K.M. Ramstad, D.B. Young, G. K. Sage and F. W. Allendorf. 2003.
Population Assessment of Lake Clark Sockeye Salmon. Final Report for Study 01-042. U.S.
Fish and Wildlife Service, Office of Subsistence Management, Fisheries Resource Monitoring
Program, Anchorage, Alaska.
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CHAPTER 1. IDENTIFICATION AND MAPPING OF LAKE CLARK
SOCKEYE SALMON SPAWNING HABITATS

ABSTRACT

Radio telemetry was used to identify and map sockeye salmon spawning habitats in glacially
influenced Lake Clark, Kvichak River watershed, Alaska. Two hundred eighty-two adult
sockeye salmon were radio tagged and tracked to spawning grounds. Thirty-five spawning areas
were identified, including 18 previously unidentified. Comparison of radio telemetry data with
past aerial population surveys indicate sockeye salmon spawning habitat use and distribution in
Lake Clark was underestimated, likely due to poor visibility associated with glacial habitats.
Although glacially turbid waters are not considered suitable incubation environments because
fine sediments can suffocate embryos, more than 60% of radio tagged fish spawned in such
waters. Over 50% of identified spawning areas are along the shores of Lake Clark and Little
Lake Clark and about 75% of spawning areas are adjacent to private land. Proposed
development on these lands could negatively impact critical spawning habitats if protective
measures are not in place.

INTRODUCTION

The purpose of this study was to identify spawning habitats of sockeye salmon Onchorynchus
nerka in the Lake Clark watershed. A lack of information regarding spawning habitat
distribution in Lake Clark instigated this study. Lake Clark National Park and Preserve was
established in 1980 in part to “...protect the watershed necessary for the perpetuation of the red
[sockeye] salmon fishery in Bristol Bay...” and to “...protect habitats for populations of fish and
wildlife...” (ANILCA 1980). To protect habitats, the location of spawning areas used by
sockeye salmon must be known.

The Lake Clark watershed is a significant producer of sockeye salmon to the Bristol Bay fishery,
the largest sockeye salmon fishery in the world. Annually, Lake Clark sockeye salmon may
comprise from 6 to 80% of the total Kvichak River return (Rogers and Poe 1984). The Kvichak
River escapement, historically the largest in the world, ranges from 0.3 to 55 million fish (Rogers
and Poe 1984, Rogers et al. 1999, ADFG 2002).

Annual returns of sockeye salmon to Lake Clark are important to the economy, culture, and
ecosystem of the Bristol Bay region. Continued declines in the returns of sockeye salmon to
Bristol Bay have impacted commercial, subsistence and sport fisheries and caused the governor



of Alaska to declare the region an economic disaster area five of the last seven years. Lake Clark
sockeye salmon have been an integral part of Alaskan native culture since prehistoric times
(Unrau 1992), and are the primary subsistence resource for contemporary users (ADFG 2002).
Ecologically, sockeye salmon are an important food resource for over 40 species of mammals
and birds (Bennett 1995, Wilson 1995, Wilson and Halupka 1995), and represent a significant
source of marine derived nutrients that sustain freshwater ecosystem productivity (Kline et al.
1993).

Despite the recognized importance of Lake Clark sockeye salmon to humans and the ecosystem,
basic biological information necessary for effective salmon management is lacking. Past
spawning ground surveys (both aerial and ground surveys) and tagging studies indicated most
sockeye salmon in the Lake Clark watershed spawn in clear water habitats (Demory et al. 1964,
Anderson 1968, Smith 1964, Jensen and Mathisen 1987, Regnart 1998). Glacially turbid waters
were thought to provide limited spawning habitat (range: 0 to 39%, average =10%; Regnart
1998). Research at Tustumena Lake, on the Kenai Peninsula indicates that 30% of the total
sockeye salmon escapement spawned along glacially turbid beaches (Burger et al. 1995).
Therefore, it is likely that unidentified spawning congregations exist in the Lake Clark
watershed.

Knowing the location and extent of spawning is critical for accurate stock assessment and
population management. ‘“Protecting habitats” presumes having identified their distribution.
Identification of spawning habitats is especially important in the Lake Clark watershed given that
60% of the Lake Clark shoreline is adjacent to private land. If the National Park Service and
private landowners know where spawning areas are located, then protective measures can be
implemented.

To identify and map sockeye salmon spawning habitats in the Lake Clark watershed, sockeye
salmon were radio tagged as they entered Lake Clark and tracked to spawning grounds. The
location of spawning areas was examined relative to water clarity and land ownership.

OBJECTIVES
1) Locate spawning habitats using radio telemetry.
2) Map spawning habitats in a Geographic Information System database.
3) Determine spawner distribution by water clarity: Glacial (> 5 Nephelometric Turbidity
Units (NTUSs)); or Clear (£ 5 NTUs).
4) Determine spawner distribution by land ownership: Federal (National Park Service) or

Private.



STUDY AREA

Lake Clark (60° 01 N, 154° 45 W) is the second largest lake (267 km?) in the Kvichak River
drainage, and the largest body of water in Lake Clark National Park and Preserve (Figure 1). It
is a long (74 km), narrow (2.5 to 8 km), and deep (mean depth of 103 m) glacial lake with a
drainage area of 7,620 km* (Anderson 1969, Brabets 2002). Six primary tributaries including
three glacial tributaries, two lake-fed tributaries, and one organically stained tributary feed Lake
Clark (Brabets 2002). In addition to the six primary tributaries, numerous small glacial, clear,
and organically stained streams flow into Lake Clark. Glaciers, steep mountains, glacial rivers,
and high precipitation (203 cm annual average) characterize the northeast end of the watershed
while lowland tundra, small mountains, clear and organically stained streams, and low
precipitation (64 cm annual average) characterize the southwest end (Jones and Fahl 1994,
Brabets 2002). Glacial tributaries provide approximately half of Lake Clark’s annual water
budget and transport large amounts (0.4 — 1.5 million tons) of suspended sediment into the lake
each year (Brabets 2002). During the summer months (June — October) when runoff from glacial
tributaries is highest, a turbidity gradient is established along the length of Lake Clark from the
turbid (~10 Nephelometric Turbidity Units (NTUs)) northeast to the clear (< 2 NTUs) southwest
(Brabets 2002, Wilkens 2002).

METHODS

Radio Tagging

Migrating adult sockeye salmon were captured at the outlet of Lake Clark (Figure 2) with a
nylon beach seine (62 m x 2.4 m - 3.7 m; 10.2-cm mesh) and radio tagged throughout the run
(July 15 to August 23, 2000 and July 15 to August 9, 2001). Captures were made during
randomly selected fishing sessions in the morning (0800 to 1359 hours) and afternoon (1400 to
1959 hours). Approximately six fish per day were tagged in 2000 and five fish per day were
tagged in 2001. To tag a more representative sample of the run in 2001, 10 fish were tagged per
day during large migrations as most sockeye salmon migrate into Lake Clark within two weeks
(Poe and Mathisen 1981; Poe and Rogers 1984; U.S. Geological Survey, unpublished data).
Large migrations (greater than 10,000 fish per day) were identified at a U.S. Geological Survey
monitoring site located 10 km downstream of the tagging site.

Tagging procedures were similar to other radio telemetry studies of sockeye salmon (Eiler et al.

1992, Burger et al. 1995). After capture, sockeye salmon were placed in a mesh live well in the

stream (1.5 m x 1.5 m x 1.5 m; 2.5 cm mesh size). In 2000, fish were anesthetized with a clove-
oil mixture prior to the tagging procedure (Woody et al. 2002), while in 2001 no anesthesia was
used. Captured sockeye salmon were placed in a tagging cradle, identified as male or female,



and measured to the nearest 1 mm (mid-eye to hypural plate). Then, with the ventral side facing
up and lower jaw raised, a glycerin-coated radio transmitter was inserted into the stomach using
a 6 mm diameter Polyvinyl Chloride tube (Monan et al. 1975, Burger et al. 1995). After the
tagging procedure, fish recovered in a live well and were released at the point of capture.
Tagging took, on average, less than 5 minutes in 2000 and less than 1 minute in 2001. The
difference in tagging duration between years reflects longer handling time and anesthetic use in
2000, and less handling and no anesthetic use in 2001. Both sexes were tagged in 2000 to
monitor male and female movements, while only females were tagged in 2001 to better identify
contemporary spawning sites, as females exhibit stronger site fidelity (Burgner 1991).

Telemetry Equipment

Radio-telemetry equipment (Lotek Engineering, Inc., Newmarket, Ontario) included high
frequency VHF (149-150 MHz) transmitters, scanning receivers, and antennae (4-element yagi
and H antennae). Digitally coded transmitters (2000: model MCFT-3E, 14.5 x 49 mm; 2001:
model MCFT-3A, 16 mm x 46 mm) were used to track a large number of fish at one time. In
2001, a larger radio transmitter (MCFT-3A) was used to increase the reception range of tagged
fish during tracking events. Transmitter weight in air (2000: 12.9 grams; 2001: 15.6 grams) was
less than 2% of body weight as recommended by Winter (1983). Tags transmitted 24 hours a
day with a 3-second burst rate in 2000 and a 2-second burst rate in 2001. The shorter burst rate
in 2001 minimized scan time during tracking events. Tag life (greater than 380 days) exceeded
estimated peak-spawning times of all previously identified spawning populations in the Lake
Clark watershed (Demory et al. 1964, Anderson 1968, Regnart 1998).

Radio Tracking

Tagged fish were tracked every five to ten days using fixed-wing aircraft or boats and 24 hours a
day at fixed radio telemetry stations. Aerial surveys were flown (with an H antenna mounted on
each wing strut) along the shoreline of Lake Clark and its tributaries at an altitude of 200 - 300 m
at airspeeds between 100 and 130 km per hour (Gilmer et al. 1981). Aerial flights were not
flown up tributaries until it was determined that fish could have moved into the area (for
example, fish were recorded past a fixed telemetry station on the tributary). Boat tracking was
conducted around the perimeter of the lake and islands approximately 300 m offshore and at a
maximum speed of 30 km per hour. Two 4-element yagi antennae, mounted to the boat hull and
positioned at 45° angles scanned the areas slightly forward of the boat. Fixed telemetry stations
monitored fish passage 24 hours per day on Lake Clark, Currant Creek, Kijik River, and the
Tlikakila River (Figure 2). In 2000, only the Kijik River and Tlikakila River fixed stations were
operational while all sites were operational in 2001.



During aerial and boat tracking events, a Global Positioning System receiver was used to record
the location of the plane or boat when a tagged fish was detected (latitude and longitude in the
North America Dataset 27 datum). Based on field tests with planted transmitters, fish were
tracked to within 1 km of their actual location during initial aerial and boat surveys and to within
400 m during spawning surveys. Spawning locations in areas only accessible by aircraft could
only be determined to within 1 km. If fish were recorded multiple times during a tracking event,
the record with the highest signal strength was selected. Comparison between signal strengths
was made using a reference gain on the telemetry receiver.

A fish was considered to be at its spawning destination if 1) it was relocated within a spawning
area at least twice within three weeks, 2) no further migration occurred, and 3) spawning or
spawned out sockeye salmon were observed in that area. A beach seine or tangle net was used to
verify spawning in areas with limited visibility (glacially turbid beach and tributary habitats).

Habitat Classification

Spawning areas were classified by water type as glacially turbid (=5 NTUs) or clear (< 5 NTUs)
based on Koenings et al. (1986 and 1990). Turbidity was measured at peak spawning with a
pocket turbidimeter (Hach Company, Loveland, Colorado). Time of peak spawning
(summarized in Regnart 1998) was used to classify spawning areas because discharge of
suspended sediment loads from glaciers can vary by season (Brabets 2002). For example, in
1999 suspended sediment loads into the Tlikakila River were: 5 mg/L in March; 25 mg/L in
May; 710 mg/L in June; 71 mg/L in September; and 9 mg/L in October (Brabets 2002).

Spawning Habitat Distribution - Public Versus Private Land

Identified spawning locations were mapped into a Geographic Information System and compared
to available Geographic Information System land status data (National Park Service 2001). Land
owned by native corporations or private individuals was categorized as private land; land owned
by the Federal government was categorized as Federal. Development on private land, such as
houses, cabins, fuel storage, roads, or runways, within 500 m of spawning areas was also
documented.



RESULTS

Radio Tagging

Three hundred thirty-two adult sockeye salmon were tagged with radio transmitters as they
entered Lake Clark: 175 (93 males, 82 females) in 2000; 157 (all female) in 2001. Lengths of
tagged and untagged captured fish ranged from 404 mm to 592 mm (Table 1). On average,
tagged salmon were the same size as untagged captured salmon (one-way analysis of variance, o
=.05).

Spawning Areas And Timing

Spawning areas were determined for 282 of 332 radio tagged sockeye salmon (Figure 3). Most
(85%) tagged fish returned to spawning areas within Lake Clark, though some (15%) were
tracked to spawning areas downstream of the tagging site (Table 2). Fish not tracked to
spawning sites were either never located, lost after being tracked into Lake Clark, or lacked
sufficient relocation data to determine a spawning area. On average, radio tagged fish tracked to
spawning areas were relocated 12.7 times (range, 3 — 33 times) with over 3,500 relocations made
during the two study years.

Thirty-five spawning areas were identified, including three sites downstream of the tagging area
and five sites identified by visual observation or seining (Figure 3, Appendix 1). Radio tagged
fish were tracked to 20 spawning areas (N = 16 for females only) in 2000 and 27 spawning areas
in 2001. Tagged fish used 18 of these spawning areas in both study years. Although many
spawning areas were identified, most (70%) radio tagged sockeye salmon returned to five
primary spawning areas within the Lake Clark watershed. These included the glacially turbid
Tlikakila River (20%), the clear waters of the Kijik River drainage (20%), and glacially turbid
beach habitats off the mouth of the Tanalian (14%), Kijik (8%), and Chokotonk Rivers (7%).

Sockeye salmon spawned within the Lake Clark drainage from late August until mid November;
spawning occurred from several weeks (Sucker Bay Lake) to more than two months (Kijik
Lake). Fish spawned earliest in Sucker Bay Lake and the outlet river of Lake Clark. Peak
spawning occurred between September 15 and October 15. All sockeye salmon (including
several radio tagged fish) captured at spawning areas had acquired secondary sexual
characteristics (Foerster 1968).



Habitat Classification - Glacially Turbid Versus Clear Water

Spawning occurred in both glacially turbid and clear waters (Figure 3), but more tagged fish
returned to glacially turbid than clear habitats (Figure 4). Glacial spawning areas included Lake
Clark (> 5 NTUs) and Little Lake Clark (> 10 NTUs) beaches; and Currant Creek, Chokotonk
River, and Tlikakila River (> 5 NTUs) riverine habitats (Figure 3). Clear spawning areas
included Lake Clark, Kijik Lake, and Sucker Bay Lake (< 5 NTUs) beaches; and Kijik River,
Little Kijik River, and Priest Rock Creek (< 1 NTU) riverine habitats (Figure 3, Appendix 1).
More tagged fish spawned in glacial areas in the upper watershed (for example, Tlikakila River
and Little Lake Clark) in 2001 than in 2000. Conversely, fewer tagged fish spawned in the clear
waters of Kijik Lake in 2001 than 2000.

Tagged fish generally entered clear water tributaries earlier than glacially turbid tributaries. For
example, tagged fish entered the clear Kijik River and Sucker Bay Lake from mid July to mid
September. In contrast, they entered the turbid Tlikakila River, Chokotonk River, and Currant
Creek from late August to mid September. One exception was clear Priest Rock Creek, which
tagged fish entered from late September to early October. Seventy percent of tagged fish
returning to Kijik River swam upstream by August 4, although no spawning occurred until
September. River entry in the Tlikakila River occurred from August 25 to September 13 and
coincided with reduced turbidity loads from glaciers due to colder temperatures (from 676 mg/L
in June 2000 to 113 mg/L in September 2000; Brabets 2002). Spawning activity, however, was
not visually detected from the air until late September or early October. Even then, only fish in
shallow side channels were visible.

Spawning Habitat Distribution - Public Versus Private Land

Seventy-five percent of the spawning areas identified during this study are adjacent to private
land (Figure 5), and most of this land (73%) is currently undeveloped. More (61%) radio tagged
fish returned to spawning areas adjacent to private land than federally protected land, and most
(74%) returned to spawning areas that are currently undeveloped (Table 3, Appendix 1). The
greatest concentration of development is located on the southwest shore of Lake Clark at the
outlet of the Tanalian River. The community of Port Alsworth (population ~ 100) is adjacent to
spawning grounds in this area.

DISCUSSION

Sockeye salmon have adapted to use a variety of spawning habitats throughout the Lake Clark
watershed (Figure 3). Migrating salmon enter Lake Clark over a relatively brief interval during



July and August, and spawning activity occurs from late August until the middle of November.
Spawning activity can extend over weeks (for example, Sucker Bay Lake) or months (for
example, Kijik Lake).

Glacial waters, both riverine and beaches, provide critical spawning habitat for sockeye salmon
in Lake Clark. While spawning activity occurs in both glacial and clear habitats (Figure 3), more
than half of the tagged fish spawned in glacial habitats each study year (Figure 4, Appendix 1).
This is consistent with research at Tustumena Lake on the Kenai Peninsula, Alaska, where 30%
of sockeye salmon spawn in glacially turbid areas along the lakeshore (Burger et al. 1995).
Unlike Tustumena Lake, Lake Clark sockeye salmon spawn in both glacially turbid beach and
tributary habitats (Burger et al. 1995). On the Taku River in southeast Alaska and British
Columbia, sockeye salmon spawn in glacial river habitats (Eiler et al. 1992).

Radio telemetry was effective at identifying sockeye salmon spawning sites within both glacial
and clear areas of the Lake Clark watershed. Seventy-six percent of tagged fish were tracked to
spawning areas in 2000, and 94% in 2001. During both years of the study, most tagged fish were
tracked to spawning areas within the Lake Clark drainage. In 2000, however, 26% of tagged fish
migrated to a spawning area just downstream of the tagging site. While some of these fish may
have been affected by the clove oil anesthetic or died after tagging, it is more likely these fish
were just milling in the capture area before returning downstream to spawn. Swift water currents
in this area would tend to transport most carcasses downstream past the spawning site into
Sixmile Lake (Figure 3). Most fish tracked to the downstream spawning site were captured after
August 9, 2000, and had acquired phenotypic characteristics of spawning sockeye salmon
(Burgner 1991). In 2001, the tagging season was shortened and less than 5% of tagged fish were
tracked to downstream spawning areas.

Radio tagged fish returned to all sites identified in previous spawning surveys except for the
Twenty-two Creek and Chulitna River drainages (Figure 6, Appendix 2). Additionally, no
spawning activity was observed in either of these drainages.

The Twenty-two Creek drainage has been identified as a potential spawning area since 1964
(Demory et al. 1964, Regnart 1998), although no fish have ever been recorded spawning in the
stream (Parker and Blair 1987). During this study, one radio tagged fish was tracked to a beach
spawning area at the mouth of Twenty-two Creek. It is likely that the few fish counted in this
area during aerial surveys spawned along the shoreline of Lake Clark rather than in the stream.

The slow moving, organically stained Chulitna River is thought to have limited spawning habitat
for sockeye salmon (Demory et al. 1964). Less than 10 sockeye salmon have been observed in
the Chulitna River (Russell 1980), and some tags from a study by Smith (1964) were recovered
there. However, Smith (1964) noted that the tags from his study were collected “...in part or in
whole from personal use fisheries.” Since there are no records of personal use fisheries for
sockeye salmon in the Chulitna River (Stickman et al. 2003), it is likely that Smith's (1964) tags
were recovered from a known spawning area in Chulitna Bay. When Jensen and Mathisen
(1987) repeated Smith’s (1964) study, their tags were recovered in Chulitna Bay rather than
Chulitna River. Although unidentified spawning areas may exist in this drainage, radio tagging
results indicate that Chulitna River provides limited spawning habitat for sockeye salmon.
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Historic aerial spawning ground surveys underestimated the size and distribution of Lake Clark
sockeye salmon populations. This is not surprising since turbid conditions and deep water limit
visual observations (Cousens et al. 1982). Estimating annual returns in glacial systems is also
complicated by annual and seasonal variation in the amount of suspended sediments loaded into
the watershed (Brabets 2002). For example, aerial surveyors might see more sockeye salmon in
glacial rivers from one year to the next simply because of changes in visibility rather than
changes in abundance.

Approximately 50% of radio tagged fish spawned on beach areas along the shores of Lake Clark
each year of the study. While aerial surveyors have been aware that spawning occurs in these
areas (“Lake Clark beaches” in Regnart 1998), they have had difficulty identifying specific
spawning sites or documenting spawning activity (Appendix 2). During this study, 22 spawning
areas were identified along the shores of Lake Clark and Little Lake Clark beaches, while only 5
areas were documented previously (Figure 6, Appendix 1).

Complete assessment of all spawning areas is important because underestimating the number of
spawners could lead to inaccurate harvest management decisions. Nevertheless, aerial surveys
provide useful long-term index data on the spawning activity in clear water areas (< 1 NTUs)
such as the Kijik Lake drainage and Priest Rock Creek. Both historic and recent aerial surveys
have identified the Kijik Lake drainage as an important spawning area within the watershed
(Appendix 2). However, aerial survey estimates indicate that 70% of Lake Clark sockeye
salmon spawn in the Kijik drainage, while less than 30% of radio tagged fish returned to this
area.

Surprisingly, peak spawning times were similar in both glacial and clear riverine and beach
habitats. This may be due to the association of most spawning areas, in both turbid and clear
habitats, with clear water inlet sources including springs, tributaries, and upwelling.
Groundwater upwelling sites in glacial rivers clear silt from the spawning substrate and provide a
warm water incubation environment characteristic of late spawning salmon (Burgner 1991, Eiler
et al. 1992, Burger et al. 1995). Spawning in the glacial waters may be delayed until the
suspended sediment load decreases. Spawning in tributaries typically occurs earlier than
spawning along beaches (Burgner 1991, Burger et al. 1995).

Development on private lands could harm important salmon spawning habitat in the Lake Clark
watershed. Most spawning areas are adjacent to private land, although most sites remain
undeveloped (Figure 5, Table 3, Appendix 1). Nevertheless, as the number of permanent and
seasonal residents increases in the Lake Clark area, more private land will be subdivided, sold,
and developed. For example, subdivisions have recently been created in the Dice Bay and Keyes
Point areas. Construction and land clearing at these sites could harm spawning habitats.
Similarly, development in the Kijik River drainage and on Tanalian Point has the potential to
impact a large proportion of Lake Clark spawning sockeye salmon. Further, proposed bridges
across the Tanalian River and Newhalen River, as well as a proposed open pit copper mine in the
headwaters of the Chulitna River, could adversely affect water quality and habitat critical for
Lake Clark sockeye salmon spawning and rearing.

11



Chapter 2. Bottleneck Effects Explain Genetic Population Structure of
Sockeye Salmon in Lake Clark, Alaska

ABSTRACT

Lake Clark, Alaska contributes 6% to 80% of the Kvichak River return of sockeye salmon to the
Bristol Bay fishery, the largest salmon fishery in the world. Continued declines in salmon
returns to the Kvichak River drainage has focused research on development of molecular genetic
markers to allow more precise management of the commercial fishery. This study describes
genetic divergence patterns among and genetic variation within spawning populations of sockeye
salmon throughout Lake Clark and northeastern Lake Iliamna. Fin tissue was collected from
1,442 sockeye salmon representing 13 Lake Clark and 2 northeastern Lake Iliamna spawning
populations. Allele frequencies differed significantly across 11 microsatellite loci in 94 of 105
pair-wise population comparisons. Pair-wise estimates of Fst ranged from zero to 0.089. There
is significant genetic divergence between populations of Lake Clark and Sixmile Lake, the latter
being more similar to fish of Lake Iliamna. The reduced numbers of alleles and strong
divergence of most Lake Clark populations relative to Lake Iliamna/Sixmile Lake populations
suggest a bottleneck associated with the colonization of Lake Clark by sockeye salmon. The
greatest bottleneck effect detected, and the most genetically distinct population, was Sucker Bay
Lake. Possible causes of these bottlenecks include reductions in effective population size
associated with recent poor returns or colonization of new spawning habitats.

INTRODUCTION

Understanding the pattern of genetic variation among and within populations is critical for
effective management of species. The genetic population structure of a species provides a basis
for defining management units, identifying populations with unusual genetic composition, and
recognizing populations at risk of extinction due to low genetic diversity (Avise 1994).
Population structure is positively associated with genetic diversity and resilience to disturbance;
large, highly structured populations have high genetic diversity and probability of persistence
(Giesel 1974, Altukhov 1981). In contrast, small, panmictic populations are vulnerable to
inbreeding, demographic stochasticity, genetic drift, causing reduced evolutionary potential, and
increased probability of extinction (Cornuet and Luikart 1996, Luikart et al. 1998, Soulé and
Mills 1998).
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Sockeye salmon Oncorhynchus nerka are a highly structured species due to their homing
tendencies and ability to colonize new habitats. Specific natal homing promotes reproductive
isolation and genetic structuring between populations of sockeye salmon (Ricker 1972, Quinn
1985, Quinn and Dittman 1990). Lakes are focal points of homing, and genetic divergence is
typically greater among populations spawning in different lakes than among spawning
populations within the same lake (Wood et al. 1994, Wood 1995, Seeb et al. 2000, Withler et al.
2000). However, there is often significant genetic divergence among spawning populations
within lakes due to isolation of populations spawning in different habitat types or at different
times (Wilmot and Burger 1985, Varnavskaya et al. 1994a, 1994b, Wood 1995, Ramstad 1998,
Woody et al. 2000).

Sockeye salmon are vulnerable to loss of genetic variation due to severe reductions in effective
population size (bottleneck effects; Avise 1994) because they are excellent colonizers that can
quickly establish spawning populations with few individuals (Milner 1987, Milner and Bailey
1989, Milner et al. 2000). Random changes in allele frequencies due to imperfect sampling of
the allele frequencies between generations (genetic drift) causes loss of genetic variation during a
bottleneck and promotes genetic divergence among populations while reducing genetic diversity
within them (Avise 1994). Thus genetic drift may drive the genetic population structure of
sockeye salmon through bottleneck effects associated with colonization events.

Loss of allelic variation is greater than loss of heterozygosity during a bottleneck (Maruyama and
Fuerst 1985, Allendorf 1986). Therefore, recently bottlenecked populations exhibit higher
heterozygosity than would be expected if they were in mutation-drift equilibrium given their
number of alleles. Rare alleles, having frequency < 0.1, are lost in higher proportion than those
of moderate or high frequency. Thus, recently bottlenecked populations can be identified by an
excess of heterozygosity (relative to their number of alleles and assuming mutation-drift
equilibrium), a reduction in number of alleles, and a disproportionate loss of rare alleles (Cornuet
and Luikart 1996, Luikart et al. 1998).

OBJECTIVES
1) Test for genetic divergence among spawning populations of sockeye salmon in Lake
Clark and between Lake Clark and Lake Iliamna.
2) Test for reduced genetic variation (bottlenecks) within spawning populations of sockeye

salmon in Lake Clark and relative to populations in Lake Iliamna.
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STUDY AREA

Lake Clark is the sixth largest lake in Alaska (surface area of 267 km?, mean depth 103 m;
Anderson 1969), and the largest body of water in Lake Clark National Park and Preserve (Figure
7). Glacially turbid water flows into the northeast end of Lake Clark and drains through Sixmile
Lake and the Newhalen River to Lake [liamna. These waters and the Kvichak River comprise
the Kvichak system, which has historically been the largest contributor of sockeye salmon to the
Bristol Bay fishery (0.3 to 55 million fish; Faire 2000), the largest sockeye salmon fishery in the
world. Lake Clark sockeye salmon comprise 6% to 80% of the annual Kvichak return; support
commercial, subsistence, and recreational fisheries; and provide critical marine derived nutrients
to the Lake Clark ecosystem (Rogers and Poe 1984, Rogers et al. 1997, Kline et al. 1993, Wilson
and Halupka 1995). Fishery managers are concerned about recent dramatic declines in the
number of sockeye salmon returning to the Kvichak system (Regnart 1998, Faire 2000), as well
as the impacts of fisheries and continued shoreline development on sockeye salmon within Lake
Clark National Park and Preserve.

Lake Clark is geologically young, having been created by glacial retreat approximately 15 to 12
thousand years ago (P. Heiser, University of Alaska, Anchorage, personal communication).
Present day sockeye salmon spawning habitats vary in the time they have been ice-free,
suggesting they similarly vary in the time they were first colonized by sockeye salmon. Thus,
sockeye salmon populations within Lake Clark may vary greatly in their age, and those spawning
in younger habitats may have experienced recent bottlenecks. For example, sockeye salmon
spawn in an area of the Upper Tlikakila River that was deglaciated approximately one to two
hundred years ago (P. Heiser, University of Alaska, Anchorage, unpublished data). This study
describes the genetic population structure of sockeye salmon within Lake Clark. Two null
hypotheses were investigated: 1) no genetic divergence has occurred and 2) no difference in
genetic variation exists among the spawning populations of sockeye salmon studied. This work
will help fishery managers define and prioritize conservation units of Lake Clark sockeye salmon
as they attempt to mitigate impacts of fisheries and planned shoreline development within Lake
Clark National Park and Preserve.

METHODS

Sample Collection

Fin tissue from 15 Lake Clark and two Lake Iliamna populations were collected for this study
(Figure 7, Table 4). Samples of about 100 individuals from each of three Lake Clark populations
(Currant Creek, Priest Rock Creek, Kijik River) and two Lake Iliamna populations (Lower
Talarik Creek, Fuel Dump Island) were collected in a single year. Samples of about 50
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individuals were collected from 10 additional Lake Clark populations in each of two years to
examine inter-annual variation in allele frequencies within populations. Post spawning or
spawning fish were captured on their spawning grounds by seine and tangle net. A fin clip
(approximately 5mm?) was collected and stored in 100% EtOH from each fish sampled.

Sample sizes for most populations approximate 100 (Table 4), which provide a 95% probability
of detecting an allele having a frequency of 0.015 or greater. The exception is Priest Rock
Creek, for which only 65 samples were obtained. While this lower sample size reduces the
ability to detect rare alleles, the number of fish sampled represented a large fraction of the
estimated 150 fish present at this site. Thus, allele frequencies based on this small sample are
probably representative of this population.

Microsatellite Genotyping

Total DNA was extracted using the Puregene® DNA Isolation Tissue Kit (Gentra Systems,
Minneapolis, Minnesota). Concentration of DNA was measured with a DyNA Quant 200
Fluorometer (Hoefer, San Francisco, California) after rehydration in Tris-EDTA. Working
stocks for each sample were diluted with deionized water to concentrations of 50ng/ul.

Fish were genotyped at 11 microsatellite loci (Table 5). Primers were directly labeled with
infrared flurophore IRD700 and IRD800 (LI-COR, Lincoln, Nebraska). The DNA was
amplified in 10ul polymerase chain reactions (PCR): 200 pumol each dNTP, 4 pmol each primer,
10 mM Tris-HCI (pH 8.3), 1.5 mM MgCl,, 50 mM KCl, 0.01% each of gelatin, NP-40 and
Triton-x 100, and 0.5 units of DNA polymerase (Promega and/or Perkin-Elmer) in a series of
five PCRs. Profiles for PCR were: 94°C for 2 min followed by 35-40 cycles of 15 sec to 1 min
at 94°C, 15 sec to 1 min at annealing temperature and 30 sec to 1 min at 72°C. Blank reactions,
in which all constituents were present but template DNA, were included in each PCR to detect
sample contamination.

DNA was electrophoresed on a 6% denaturing polyacrylamide gel, and PCR products were
scored relative to a known size standard on a LI-COR DNA Analyzer Global Edition IR2 and a
LI-COR DNA Sequencer Long Reader 4200 using V4.03 Gene ImagIR software (Scanalytics,
Inc., Fairfax, Virginia). An individual fish with known allele sizes was included on every gel
and a second gel reader proofed allele sizes to insure accuracy and consistency of scoring across
gels. Individuals representing 10% of genotyped fish were reamplified and scored a second time.
Comparison of initial and repeated scores revealed a genotyping error rate of less than 2%. All
differences between initial and repeated scores were resolved and corrected.
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Statistical Analysis

Departures from Hardy-Weinberg proportions (Guo and Thompson 1992) and heterogeneity of
allele frequencies were tested using GENEPOP version 3.2 (Raymond and Rousset 1995). The
proportion of genetic variation due to population subdivision was estimated as Fst and computed
in FSTAT, version 1.2 (Goudet 1995), and calculated according to Weir and Cockerham (1984).
Principal component analysis was performed using the covariance matrix of allele frequencies in
MINITAB, version 11 (State College, PA), after omitting the largest allele at each locus to allow
for the non-independence of allele frequencies within a locus (Johnson 1998). Sequential
Bonferroni adjustments were made for all multiple comparisons (Rice 1989).

Reduced genetic variation due to bottleneck effects was assessed in BOTTLENECK, version
1.2.02 (Cornuet and Luikart 1996). The program uses a Wilcoxon sign-rank test (Luikart 1997)
to assess heterozygosity excess relative to a non-bottlenecked population in mutation-drift
equilibrium having the same number of alleles. This test assumes selective neutrality of markers
that conform to the infinite alleles model of mutation, the populations are panmictic and closed
to immigration, and data are available from at least 10 independent loci (Cornuet and Luikart
1996, Waples 2002). The number of alleles observed in a population is highly dependent on
sample size. Therefore, allelic diversity was assessed as allelic richness, which is a measure of
the number of alleles per population weighted by sample size (El Mousadik and Petit 1996).
Allelic richness was calculated and compared among major population groups following El
Mousadik and Petit (1996) in FSTAT, version 1.2 (Goudet 1995). Finally, alleles within
populations were grouped into each of ten frequency classes (Luikart et al. 1998) and the
proportion of rare alleles (frequency < 0.1) present in major population groups were compared
with a one tailed, nonparametric Mann-Whitney test (Zar 1984).

RESULTS

The total number of alleles per locus ranged from 5 to 21, and the mean number of alleles per
population and locus ranged from 3.1 to 10.9 (Table 5, Appendix 3). All loci were polymorphic
in all samples. Mean expected heterozygosity ranged from 0.46 to 0.52, and mean number of
alleles ranged from 4.3 to 7.1 per population over all loci. There was no evidence of deviation
from Hardy-Weinberg proportions at any locus, in any sample. There were no significant inter-
annual differences in allele frequencies (P > 0.05), so samples collected from the same
population in different years were pooled for further analysis.
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Genetic Divergence Among Major Population Groups

There were significant differences in allele frequencies in 89 of 105 pair-wise population
comparisons (Table 6). Estimates of Fsy ranged from 0 to 0.089 and were greatest between Lake
Iliamna and Lake Clark populations. Lake Clark populations were divergent from Sixmile Lake
populations, the latter being more similar to Lake Iliamna fish. The Sucker Bay Lake population
was highly divergent from all other populations surveyed.

Principal component analysis supported this pattern (Figure 8). The first principal component
explained 57% of the total genetic variation and differentiated between three major groups of
populations: 1) Lake [liamna and Sixmile Lake, 2) Sucker Bay Lake, and 3) Lake Clark. The
second principal component explained 16% of the total genetic variation, further differentiated
the Sucker Bay Lake population, and explained the difference between populations of Iliamna
and Sixmile Lakes. Iliamna/Sixmile Lake populations had a pair-wise Fst of 0.048 (95% CI,
0.018 — 0.082) with Sucker Bay Lake and 0.054 (95% CI, 0.023 — 0.086) with Lake Clark.
Between Sucker Bay Lake and Lake Clark populations, Fsr was 0.060 (95% CI, 0.021 — 0.111).
Thus, there was significant and similar genetic divergence between these three major population
groups.

Genetic Divergence within the Lake Clark Group

First, the data suggest major genetic divergence between fish spawning in Sucker Bay Lake, and
remaining Lake Clark populations (Figure 8, Table 6). There was also significant genetic
structuring within the Lake Clark group: all populations spawning above the outlet of Lake Clark
with the exception of Sucker Bay Lake. There was no difference in allele frequencies between
the two Kijik Lake populations sampled, Little Kijik River and Kijik Lake South Beach, and
pair-wise Fst within Lake Clark was greatest between Kijik Lake and other populations (range
from 0.008 to 0.024). Priest Rock Creek differed in allele frequencies from all other populations
sampled. This pattern of divergence within Lake Clark was supported by principal component
analysis (Figure 9). The first principal component explained 44% of the genetic variation within
Lake Clark and separated the Kijik Lake populations from all others. The second principal
component explained 19% of the genetic variation and differentiated the Priest Rock Creek
population.

Genetic Diversity and Bottleneck Effects

A significant bottleneck effect was detected in Sucker Bay Lake (P < 0.005; Figure 10). The
mean expected heterozygosity calculated from observed allele frequencies (0.502) was far in
excess of that expected if this population were in mutation-drift equilibrium (0.388). In addition,
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the Sucker Bay Lake sample had less than half the number of alleles found in [liamna/Sixmile
Lake samples (47 versus 105). Allelic richness among Sucker Bay Lake fish was 4.16, which
was significantly lower than that of lliamna/Sixmile Lake (5.55, P < 0.001). Allelic richness
within Lake Clark fish was 4.96. While this was also greater than that of the Sucker Bay Lake
population, the difference is only marginally significant (P = 0.084). A lower proportion of rare
alleles relative to Iliamna/Sixmile Lake also suggest a bottleneck in Sucker Bay Lake. Fish in
Sucker Bay Lake possess approximately 37% fewer rare alleles than fish in lliamna/Sixmile
Lake (Figure 11).

The data also suggest a bottleneck among fish of Lake Clark relative to lliamna/Sixmile Lake.
Eight of the 10 populations in Lake Clark have an excess of heterozygosity relative to that
expected at mutation-drift equilibrium, though these differences are not statistically significant
(P =0.517; Figure 10). However, there is a significant reduction in allelic richness (P < 0.001)
of Lake Clark populations (4.96) relative to Iliamna/Sixmile Lake populations (5.99). We found
a total of 105 alleles in the 383 Iliamna/Sixmile Lake fish sampled and only 92 alleles in the 959
Lake Clark fish sampled, although sample sizes greatly favored finding more alleles in Lake
Clark populations. Though the mean proportion of rare alleles is significantly lower in Lake
Clark (0.58+ 0.02 95% CI) than Iliamna/Sixmile Lake (0.64 + 0.06 955 CI) populations (Uy, 19 =
37, P =0.01), there is nearly complete overlap in the confidence intervals of these estimates.
Thus, there is no significant difference in mean proportion of rare alleles between
Iliamna/Sixmile Lake and Lake Clark group populations. However, 8 of 10 Lake Clark
populations have a lower proportion of rare alleles than all four Iliamna/Sixmile Lake
populations (Figure 11). While this difference is not dramatic (Lake Clark mean 0.585, SE
0.010; Iliamna/Sixmile Lake mean 0.641, SE 0.010), it is consistent with our prediction that a
bottleneck occurred among fish of Lake Clark relative to lliamna/Sixmile Lake.

DISCUSSION

Genetic Divergence Among Major Population Groups

Significant genetic divergence was found between populations of Lake Clark and Sixmile Lake
(Lake Clark Outlet, Tazimina River), the latter being more similar to fish of Lake Iliamna. This
result was surprising because Sixmile Lake is geographically closer to Lake Clark than to
Iliamna, and the Newhalen River is also a barrier to fish migration at high water velocities (Poe
and Mathisen 1981, 1982). Nevertheless, the overall pattern of genetic variation suggests the
primary divergence is found at the confluence of Lake Clark and Sixmile Lake and between
some populations that are very close geographically.

Satellite imagery shows the presence of a major outwash fan from the Tazimina Valley (P.

Heiser, University of Alaska, Anchorage, personal communication), and it is possible that
glaciers and outwash at Sixmile Lake could have caused isolation and divergence between

18



sockeye salmon of Lake Clark and Lake Iliamna. There is also a significant difference in
spawning time between these areas that could maintain this isolation. Peak spawning of the
Tazimina River and Lake Clark Outlet populations typically occurs between August 25 and
September 15, while peak spawning of Lake Clark populations occurs approximately one week
(Kijik Lake populations) to more than a month (Tlikakila River, Little Lake Clark Beach) later.
Some of the greatest genetic differences among sockeye salmon spawning in the same lake have
been found between populations with different spawning times (Varnavskaya et al. 1994b).

Spawning times overlap and geographic distances are small between fish of Sixmile Lake and
Sucker Bay Lake, so temporal and spatial isolation do not explain the high level of genetic
divergence between these groups. Sucker Bay Lake is a beach spawning population and Sixmile
Lake a stream spawning population, so differences in spawning habitat may promote
reproductive isolation between these populations. Significant genetic divergence is often found
between beach and stream spawning populations of sockeye salmon within the same nursery lake
(Varnavskaya et al. 1994a, Wood 1995).

Genetic Divergence within The Lake Clark Group

There is significant population structure within Lake Clark, although many populations are
genetically similar. Fish spawning in Kijik Lake (South Beach and Little Kijik River outlet) do
not differ from one another in allele frequencies, but are significantly different from other
populations of Lake Clark. Similarly Priest Rock Creek fish are highly different from all other
Lake Clark populations. As in Sixmile Lake, some of the greatest divergence between
populations within Lake Clark is found between proximate populations with similar spawning
times. Little genetic divergence was found between fish spawning in different habitat types
(beach, tributary). Thus, the pattern of genetic divergence within Lake Clark sockeye salmon is
not one of simple isolation by distance, spawning time, or spawning habitat type.

Genetic Diversity and Bottleneck Effects

Both the reduced numbers of alleles in most Lake Clark populations and the strong divergence
between Lake Clark and Iliamna/Sixmile Lake populations suggest a bottleneck associated with
the colonization of Lake Clark by sockeye salmon. The fact that reduced allelic diversity is
common to eight of the 10 populations in this group suggests an event that reduced the overall
genetic diversity of Lake Clark sockeye salmon.

The divergence between Sucker Bay Lake and all other populations is likely due to genetic drift
from a bottleneck effect. Reduced allelic richness, reduced total numbers of alleles, and
excessive heterozygosity in Sucker Bay Lake relative to all other populations support this
hypothesis. A bottleneck could be due to a recent reduction in effective population size or an
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older event associated with colonization of Sucker Bay Lake. Traditional ecological knowledge
of local Dena’ina elders suggest recent reductions in the numbers of fish spawning in Sucker Bay
Lake (M. McBurney, National Park Service, Anchorage. personal communication), and aerial
spawning surveys also suggest a recent reduction in number of spawners (Regnart 1998).
However, a bottleneck effect associated with the colonization of Sucker Bay Lake by sockeye
salmon cannot be ruled out based on these data.

It is possible that other bottlenecks have occurred within Lake Clark as well, although no
statistically significant bottleneck effects were found in Lake Clark except for the Sucker Bay
Lake population. Priest Rock Creek has reduced allelic diversity relative to other populations
within Lake Clark. This creek has been severely impacted by beaver dam building in recent
years, and the number of returning sockeye salmon has been greatly reduced from historic levels
(Regnart 1998). A similar reduction in allelic diversity is also present in Upper Tlikakila River.
This is an extremely young habitat uncovered by receding glaciers within the last 200 years (P.
Heiser, University of Alaska, Anchorage, personal communication), and loss of genetic variation
may be due to a bottleneck effect associated with colonization.

Absence of significant bottleneck effects within most Lake Clark populations may be due to low
polymorphism of our markers or reduced genetic variation within Lake Clark. The moderately
polymorphic microsatellites used here have low numbers of alleles, which makes them
insensitive to loss of genetic variation. Highly polymorphic microsatellites, or mitochondrial
DNA, may provide better resolution in detecting bottlenecks. Because of its maternal and
haploid mode of inheritance, mitochondrial DNA has one quarter the effective population size of
nuclear markers (microsatellites), and, therefore, is four times as sensitive to bottlenecks (Nei
and Tajima 1981, Birky et al. 1983).

Management Relevancy of Findings

The strong divergence between Lake Clark and Lake Iliamna populations provides fishery
managers with a tool to differentiate between fish returning to the different lakes. Tissue from
approximately 1,100 sockeye salmon from 11 Lake Clark spawning populations have been
shared with Alaska Department of Fish and Game for use in Bristol Bay mixed stock fishery
analyses. These samples will allow inclusion of Lake Clark sockeye salmon in their
microsatellite, allozyme, and mitochondrial DNA baselines, and may ultimately provide harvest
rate estimates for Lake Clark sockeye salmon. The ability to differentiate between Lake Iliamna
and Lake Clark sockeye salmon would also allow juvenile stock dynamics to be studied within
the lakes, estimates of stock contributions to smolt production to be made, and distribution of
stocks at sea to be examined.

These findings provide a valuable foundation for fishery managers of Lake Clark National Park
and Preserve to define population units for conservation and fishery management, to identify
population groups for long term monitoring, and to prioritize imperiled populations for
conservation action. The reduced genetic diversity within most Lake Clark sockeye salmon
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populations, particularly the Sucker Bay Lake population, suggests that conservation of these
populations may be a high priority for Lake Clark and Bristol Bay fishery managers.

1)

2)

3)

4)

5)

6)

7

8)

9)

Chapter 3 Study Conclusions and Recommendations

CONCLUSIONS

Sockeye salmon spawning habitats in the Lake Clark watershed have historically been
greatly underestimated due to high glacial turbidity in some parts of the system. This
study provides the first comprehensive survey of spawning areas within this drainage.

Radio telemetry and visual observations resulted in the identification and mapping of 33
spawning sites within the Lake Clark watershed, including 18 previously unidentified
sites.

Sockeye salmon spawn in both glacial and clear water habitats, but two thirds of radio
tagged fish returned to spawning areas in glacial waters.

More than half of the spawning areas identified were located along the shores of Lake
Clark and Little Lake Clark.

More than two thirds of the spawning areas identified could be impacted by future
development on private land.

The magnitude of genetic differentiation among spawning populations of Lake Clark
sockeye salmon is larger than that typically found between populations within the same
lake.

There is significant genetic divergence between populations of Lake Clark and Sixmile
Lake, with Sixmile Lake fish being more similar to those in Lake Iliamna.

The reduced numbers of alleles and strong divergence of most Lake Clark populations
relative to Lake Iliamna/Sixmile Lake populations suggest a bottleneck associated with
the colonization of Lake Clark by sockeye salmon. The greatest bottleneck effect
detected, and the most genetically distinct population, was the one in Sucker Bay Lake.

Sucker Bay Lake and Priest Rock Creek populations have reduced numbers of spawners
and genetic diversity.
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1)

2)

3)

4)

5)

6)

RECOMMENDATIONS

Further work is needed to more precisely define spawning habitat boundaries in the Lake
Clark drainage. While radio telemetry identified general spawning areas, results cannot
be used to determine the extent of these areas. The glacial nature of the watershed made
determining these boundaries quite difficult, but hydroacoustics could provide
information to more precisely estimate boundaries and delineate critical spawning
habitat.

Radio telemetry studies should be repeated in years of greater sockeye salmon
abundance. Current results represent spawning distribution during years of relatively low
abundance, and it is likely that additional spawning areas would be identified during
years of greater abundance.

Spawning areas identified during the current study should be compared with information
gathered from traditional ecological knowledge studies being conducted within this area
to determine whether there have been changes from historic spawning patterns.

Lake Clark, Sixmile Lake, and Lake Iliamna comprise distinct population groups that
should be monitored and managed separately. Special consideration should be given to
conserving populations within Sucker Bay Lake, Kijik Lake, and Priest Rock Creek
because these are the most genetically divergent populations surveyed.

Additional genetic analysis with more sensitive markers, such as mitochondrial DNA,
should be pursued to better resolve and identify genetic bottlenecks.

Since many spawning areas could be impacted by future development of private land, the
National Park Service should be proactive in educating and working with private
landowners to ensure responsible development and prevent degradation of critical
spawning habitats.
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Figure 1. Location of Lake Clark relative to Bristol Bay, Alaska.
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Figure 3. Comprehensive map of spawning areas identified by radio telemetry and visual
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Table 1. Mid-eye to hypural length (mm) of tagged and untagged adult sockeye salmon captured
at the outlet of Lake Clark, 2000 and 2001.

2000 Male Female
Tagged Untagged Tagged Untagged
Mean 510 510 484 479
Range 404-592 409-583 404-552 377-546
Standard error 4.1 5.0 4.0 4.0
N 93 81 187
2001 Male Female
Tagged Untagged Tagged Untagged
Mean 0 546 526 522
Range 0 409-616 415-591 411-511
Standard error 0 1.3 2.0 2.1
N 0 474 157 187

Table 2. Tagging and tracking summary for radio tagged adult sockeye salmon in Lake Clark

watershed, 2000 and 2001.

Number of salmon

Category 2000 2001 Total
Tagged 175 157 332
Never located 8 (5%) 0 8 (2%)
Lost / no determination 33 (19%) 9 (6%) 42  (13%)
Tracked to spawning area 134 (76%) 148 (94%) 282 (85%)

Spawning Distribution

Downstream spawning areas” 35 (26%) 6 (4%) 41 (15%)
Lake Clark spawning areas 99 (74%) 142 (96%) 241 (85%)

*These include spawning areas at the outlet of Lake Clark, Sixmile Lake, and Newhalen River.
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Table 3. Number and percent distribution of spawning radio tagged fish relative to land
ownership and development in Lake Clark, Alaska, 2000 and 2001.

Land Category 2000 2001 Total
Private 75 (76%) 73 (51%) 148 (61%)
Federal 24 (24%) 69 (49%) 93 (39%)
Development 34 (34%) 29  (20%) 63 (26%)
No Development 65 (66%) 113 (80%) 178 (74%)

Table 4. Sample size (N), heterozygosity (Hg), and allelic richness (number of alleles corrected
for sample size) of sockeye salmon populations sampled in Lake Clark, Sixmile Lake, and Lake
Iliamna sockeye. Allelic richness is standardized to the lowest sample size (N=65).

Mean Allelic

Site N Hg no. alleles richness
1 FDI Fuel Dump Island, Iliamna 87 048 7.1 6.50
2 TCI Talarik Creek, Iliamna 97 0.50 6.5 5.97
3 TAZ Tazimina River 99 0.51 6.5 5.83
4 OUT Lake Clark Outlet 100 0.52 6.3 5.65
5 SBL Sucker Bay Lake 100 0.50 43 4.16
6 CHI Chi Point 99 048 6.0 542
7 KR Kijik River 99 048 5.3 4.90
8 LKR Little Kijik River 98 0.46 5.0 4.62
9 KLSB Kijik Lake South Beach 100 0.45 5.0 4.58
10 PRC Priest Rock Creek 65 048 4.9 491
11 CC Currant Creek 100 0.48 5.5 5.03
12 HPB Hatchet Point Beach 99 0.50 5.9 5.34
13 LLCB  Little Lake Clark Beach 100 0.47 5.6 5.12
14 LTLK  Lower Tlikakila 100 0.46 5.5 4.90
15 UTLK  Upper Tlikakila 100 0.48 5.2 4.75
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The U.S. Fish and Wildlife Service, Office of Subsistence Management
conducts all programs and activities free from discrimination on the basis of
sex, color, race, religion, national origin, age, marital status, pregnancy,
parenthood, or disability. For information on alternative formats available for
this publication please contact the Office of Subsistence Management to make
necessary arrangements. Any person who believes she or he has been
discriminated against should write to: Office of Subsistence Management,
3601 C Street, Suite 1030, Anchorage, AK 99503; or O.E.O., U.S. Department
of Interior, Washington, D.C. 20240.




