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Abstract

Salmon returning to Lake Clark, Alaska are a valuable subsistence,
commercial and ecological resource, and are an important component of the larger
Kvichak River escapement. Average escapement to the Kvichak River declined
sharply during 1996-2005, prompting studies to investigate age and size at
maturity, key life history traits of salmon linked to reproductive success and
survival. We examined potential factors which may influence sockeye salmon
Oncorhynchus nerka age and size at maturity: spawning habitat and ocean
environment, and examined variation in both traits over time. Sockeye salmon age
and length at maturity differed among spawning locations and between brood
years, but no consistent patterns were observed among habitat types. Age and
length at maturity differed over time; the proportion of older marine age 3 fish was
larger in recent brood years, while fish were smaller during 1997-2001 compared
to 1976-1980. Sea surface temperatures and coastal upwelling appeared to be
important indicators of fish length, highlighting the importance of the ocean
environment in salmon growth. These results demonstrate the complexity and
importance of both the freshwater and ocean ecosystems in variation in age and
size at maturity, and indicate that trends may not necessarily be similar among

systems or years.
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Introduction

This thesis describes findings from a sockeye salmon life history study
conducted in Lake Clark, Alaska from 2001 to 2007, and from historical sockeye
salmon age and size data collected from the upper Newhalen River from 1979 to
1985. The objectives of this research were to 1) compare sockeye salmon age
composition and size at maturity among tributary and beach spawning locations and
to 2) examine age and size at maturity over 2 time periods (brood years 1976-1980
and 1997-2001), and test relationships between size at age and environmental
variables including the Aleutian Low pressure system, the Pacific Decadal
Oscillation, seasonal sea surface temperatures, and coastal upwelling.

Poor returns of sockeye salmon to Lake Clark/Newhalen River and the larger
Kvichak River watershed were observed from 1996 to 2005 (ADFG 2006), prompting
studies of variation in age and size at maturity, key life history traits in salmon. The
Kvichak River system has historically been the largest contributor to the Bristol Bay
fishery, the largest producer of sockeye salmon in the world (Fair 2000). All harvests
(subsistence, sport, and commercial) were impacted by these declines and minimum
escapement goals for the Kvichak River (2 million fish) were not met in 6 of 10 years
from 1996 to 2005 (ADFG 2006). Salmon returning to Lake Clark comprise between
7 and 30% of the total Kvichak River escapement (Poe and Rogers 1984; Woody
2004). Sockeye salmon are a valuable cultural, subsistence, economic, and ecological
resource, and play an important link in food chains by providing a critical food
resource for over 40 species of birds, mammals, and fish, and by delivering marine
derived nutrients into freshwater ecosystems, which helps sustain productivity in
those ecosystems (Kline et al. 1993; Wilson and Halupka 1995).

Age and size at maturity vary within and among populations (Foerster 1968;
Healey 1986, Burgner 1991), and may be influenced by genetics and by a number of
environmental factors generally associated with growth, including water temperature,

food availability, or fish density. This study examined potential factors which may



influence sockeye salmon age and size at maturity: spawning habitat and ocean
environment.

At least some of the variation in age and size at maturity has been shown to
reflect adaptations to differences in spawning environment (Ricker 1972; Healey
1987; Rogers 1987; Bishop 1990; Taylor 1991; Blair et al. 1993; Wood 1995; Hendry
and Quinn 1997; Quinn et al. 2001). Blair et al. (1993) found that sockeye salmon
from tributaries of nearby Iliamna Lake were both older and larger compared to
Iliamna beach-spawning salmon, and other researchers have documented variation in
other phenotypic traits (body depth, egg weight) associated with Lake Clark spawning
habitats (beach, tributary, and glacial habitats; Ramstad 2006, Ramstad et al. in
press). To determine if similar patterns in age and size at maturity would be observed
among salmon from the Lake Clark portion of the Kvichak watershed sockeye
salmon, we hypothesized that marine age and size at maturity would be greater for
tributary spawning sockeye salmon compared to beach spawning sockeye salmon.

Changes in abundance and in age and size at maturity of Pacific salmon have
been documented by numerous researchers over the past decades (Bigler et al. 1996;
Helle and Hoffman 1995, 1998). Several hypotheses have been proposed to explain
changes in age and size of salmon (Ricker 1980; Quinn 2005), including changes in
the ocean environment (temperature, upwelling, salinity, competition for food).
Numerous studies have found correlations between salmon size and trends in the
ocean environment (Rogers 1980, 1984; Nickelson 1986; Fisher and Pearcy 1988;
Beamish and Bouillon 1993; Rogers and Ruggerone 1993; Bigler and Helle 1994;
Cox and Hinch 1997). This study tested for changes in age and size over two time
periods, and investigated relationships between several environmental variables and
size at maturity of sockeye salmon collected from the Lake Clark region of the
Kvichak River watershed, Alaska.

Understanding the causes of variation and patterns in age and size at maturity
of sockeye salmon is important because age and size at maturity are closely linked to

fecundity, growth and survival (Healey 1986). Changes in age or size at maturity



have the potential to change the weight of the commercial catch or alter egg
production or fitness. A complex interaction of factors may influence age and size at
maturity of salmon, but research exploring the mechanisms underlying the
relationships between salmon growth and ocean conditions is important for

management of these stocks.



Chapter 1: Variation in age and size at maturity among Lake Clark, Alaska

. . 1
sockeye salmon spawning locations

Abstract

Age and size at maturity are key life history traits in sockeye salmon
Oncorhynchus nerka closely linked to fecundity, growth, and survival, and vary
within and among populations. Salmon returning to Lake Clark are a valuable
subsistence, commercial, and ecological resource, and are an important component of
the larger Kvichak River escapement. Consistent patterns of variation observed in
age and size at maturity among salmon spawning in river and beach habitats are
considered to be evidence of local adaptations to spawning environment. Age
composition and size at maturity were compared among nine Lake Clark sockeye
salmon spawning locations from brood years 1998 and 1999 (capture years 2002-
2005) to test the hypothesis that age and size at maturity would be greater for river
spawning sockeye salmon compared to beach spawning sockeye salmon. Lake Clark
sockeye salmon displayed significant variation in age composition and length at
maturity among spawning locations by location and brood year, but no consistent
patterns were observed among habitat types. These differences in age and size at
maturity may be related to differences in migration distance, growing conditions, or
genetic factors. While spawning habitat did not influence age and size at maturity, a
relationship between habitat type and other life history traits has been documented in
Lake Clark. These findings indicate that trends in age and size at maturity across
beach and tributary habitats are not necessarily consistent among systems or years.
Understanding the causes of variation in age and size at maturity is important because
these traits have potentially adaptive value, and the potential to influence reproductive

success and survival of sockeye salmon.

"Benolkin, E. B., C. A. Woody, J. H. Reynolds, and M. D. Adkison. Variation in age and size at
maturity among Lake Clark, Alaska sockeye salmon spawning locations. Prepared for submission in
Transactions of the American Fisheries Society.



Introduction

Poor returns of sockeye salmon to the Kvichak River watershed (Figure 1.1)
were observed during 1996-2005 (ADFG 20006), and this decline has been a priority
concern for subsistence fishers and resource managers. The Kvichak River system
has historically been the largest contributor to the Bristol Bay fishery, the largest
producer of sockeye salmon in the world (Fair 2000). All harvests (subsistence,
commercial, and sport) were impacted by these declines and minimum escapement
goals for the Kvichak River (2 million fish) were not met in 6 of 10 years from 1996
to 2005 (ADFG 2006). Salmon returning to Lake Clark comprise between 7 and 30%
of the total Kvichak River escapement (Poe and Rogers 1984; Woody 2004).

Sockeye salmon exhibit wide variation in life history patterns (Burgner 1991).
Anadromous juvenile sockeye salmon typically rear in lakes for one to two years after
emerging from the gravel. They spend from one to four years in the ocean before
returning to spawn in their natal habitats, which may include spring fed streams,
tributary creeks, or lake beach areas (Burgner 1991). Sockeye salmon exhibit precise
homing behavior associated with genetic isolation, leading to wide variation in life
history traits (Beacham and Murray 1987; Fleming and Gross 1989), and to distinct
locally adapted populations (Taylor 1991). The wide variety of life history traits is
associated with the diverse habitats in which sockeye salmon spawn and rear (Wood
1995).

Age and size at maturity are key life history traits in sockeye salmon, and vary
within and among populations (Foerster 1968; Healey 1986; Burgner 1991). Age and
size at maturity may be influenced by genetics and by a number of environmental
factors generally associated with growth, including water temperature, food
availability, or fish density. The number of years spent in the ocean is positively
correlated with size at maturity because most growth occurs in the marine

environment. In females, larger size at maturity results in higher fecundity and egg



size (Bilton 1971; Burgner 1991), which can improve reproductive success and
survival (Healey 1986).

At least some of the variation in age and size at maturity has been shown to
reflect adaptations to differences in spawning environment (Ricker 1972; Healey
1987; Rogers 1987; Bishop 1990; Taylor 1991; Blair et al. 1993; Wood 1995; Hendry
and Quinn 1997; Quinn et al. 2001). Blair et al. (1993) provided evidence that
phenotypic variation in age and size at maturity among sockeye salmon populations
of lliamna Lake within the Kvichak River system, Alaska, reflects adaptations to
beach and tributary habitats, where fish spawning along beaches were smaller and
younger at age of maturity compared to tributary spawning fish.

In the Lake Clark region of the Kvichak watershed, sockeye salmon use at
least 33 discrete spawning locations (Young 2004; Young and Woody 2007; Young
and Woody 2009a, 2009b), and display variation in other heritable phenotypic traits
associated with spawning habitats (beach and tributary; Ramstad 2006, glacial;
Ramstad et al. in press). Ramstad (2006) found that sockeye salmon from Lake Clark
are adapted to habitat by body depth, snout length, and egg weight, with beach
spawning fish having deeper bodies, longer snouts and larger eggs than tributary
spawning fish (Ramstad 2006; Ramstad et al. in press). These patterns are consistent
with patterns observed among sockeye salmon from other systems (Blair et al. 1993;
Quinn et al. 1995; Hamon et al. 2000; Hendry et al. 2000; Quinn et al. 2001). For
example, body depth of male sockeye salmon was positively correlated with water
depth of spawning habitat in the Kvichak River watershed (Blair et al. 1993) and
Tustemena Lake, Alaska (Woody 1998).

Here we test whether patterns between spawning habitat and age and size at
maturity of sockeye salmon in the Lake Clark portion of the watershed are similar to
those documented in Iliamna Lake. Juvenile sockeye salmon use the same nursery
lake for rearing (Schlenger 1996), smolts migrate downstream to sea jointly (Orrell
1963; Woolington et al. 1990), and adults share a common ocean distribution (French

et al. 1976), and migratory route to spawning grounds (Jensen and Mathisen 1987).



Although a number of factors influence the diverse life history characteristics of
sockeye salmon, Lake Clark sockeye salmon share similar environments for most of
their lives, allowing the influence of spawning location on age and size at maturity to
be assessed. The objectives of this research were to estimate sockeye salmon age
composition and size at maturity among nine Lake Clark spawning locations, and to
test the hypothesis that age and size at maturity would be greater for tributary

spawning sockeye salmon compared to beach sockeye salmon.
Methods

Study Area

Lake Clark is part of the Kvichak River watershed, located in northeast Bristol
Bay in Southwest Alaska (Figure 1.1). It is connected to lliamna Lake by the
Newhalen River and is one of two main lake systems in which sockeye salmon spawn
and rear (Mathisen and Poe 1969; Burgner 1991). Lake Clark is the second largest
lake (267 km?) within the Kvichak River system (Anderson 1969), and the largest
lake within Lake Clark National Park and Preserve. It is a glacial lake approximately
74 km long, with a mean depth of 103 m (Anderson 1969). Six major tributaries feed
Lake Clark, five of which are glacially influenced resulting in very cold and turbid
waters, especially in the upper portion of the lake (Brabets 2002). A number of
smaller glacier-fed and clearwater streams also flow into Lake Clark (Brabets 2002;
Figure 1.1).

Lake Clark spawning salmon begin their upstream migration in Bristol Bay,
swim up the Kvichak River, through Iliamna Lake, up the Newhalen River, and
through Sixmile Lake before segregating to spawn in beaches and tributaries of Lake
Clark (Figure 1.1). The Kvichak River system has historically been the largest
contributor to the Bristol Bay fishery, the largest producer of sockeye salmon in the
world (Fair 2000). Salmon returning to Lake Clark comprise between 7 and 30% of
the total Kvichak River escapement (Poe and Rogers 1984; Woody 2004; Young and
Woody 2009a, 2009b), but poor returns of sockeye salmon to Lake Clark and the
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Kvichak River watershed were observed from 1996 to 2005 (ADFG 2006), leading to

studies to examine age and size at maturity of sockeye salmon within this system.

Salmon were sampled from four main lake beaches (MLB) on Lake Clark,
from two beaches in tributary lakes (TRIB) of Lake Clark , and from three tributary
rivers (RIV) of Lake Clark during the peak of spawning, which generally occurs from
mid September through mid October (Figure 1.1; Table 1.1; Young and Woody
2007). Main lake beach spawning areas included clear water beaches Chi Point
Beach (CHI) and Chulitna Lodge (CHU), and turbid beaches Hatchet Point Beach
(HBP) and Little Lake Clark (LLC). The tributary lake beaches, Kijik Lake South
Beach (KLSB) and Sucker Bay Lake (SBL), are clear water beaches located above
inlet tributaries of Lake Clark (Figure 1.1; Table 1.1). The Tazimina River (TAZ) is
lake-fed and drains approximately 829 km? into Sixmile Lake (Table 1.1; Figure 1.1;
Woody 2004). The Little Kijik River (LKR) is a small (1.6 km long; Demory et al.
1964), shallow (0.47 m) outlet stream (Ramstad 2006) which flows out of Kijik Lake
into the main stem of the Kijik River (Table 1.1; Figure 1.1). The Tlikakila River
(TLIK) is a large (1613 km?) glacially-fed river with large seasonal variation in flow
(1-340 m*/sec), high summer turbidity, and drains approximately 21 percent of the
Lake Clark basin (Figure 1.1; Table 1.1; Brabets 2002).

Data Collection

Sockeye salmon age and size data were collected from beaches and tributaries
of Lake Clark from August 30th to October 26th during 2002 to 2005 (Figure 1.1).
Spawning fish were captured with beach seines or tangle nets on spawning grounds.
Sex was identified and fish were measured with calipers from mid-eye to hypural
plate (MEH) and recorded in millimeters (mm). Otoliths were extracted from
approximately 100 fish (50 per sex) at each location. Age was determined from
annuli on the otoliths at the University of Washington (B. Rogers), using European

notation (freshwater age.marine age).



Age

Binary logistic regression was used to evaluate the effects of spawning
location, sex, and brood year (1998 and 1999) on marine age for fish captured during
2002-2005 (MINITAB, version 15, State College, PA). The response variable was
marine age (2 or 3). Freshwater age was not considered in the analysis because size
at maturity is primarily influenced by marine age (Burgner 1991), and freshwater age
remained relatively consistent (freshwater age was 1 year in 74% of samples; n =
1818; Figure 1.2). The logit link function was used to generate estimates of the
probability (MINITAB, version 15) that a fish from a given spawning location will be
marine age-3. The relationship is given by:

ﬁ =e logit/(l_i_elogit).

Using log likelihood ratio tests, a full model (all factors) was compared to each of
three reduced models, which removed one factor of interest at a time (spawning
location, sex, or brood year) to determine the importance of the factors.

To better evaluate the effects of spawning location on marine age, sex was
removed as a factor, data were grouped by individual brood year, and an additional
logistic regression model was evaluated for each brood year (marine age versus
spawning location). Spawning locations were grouped by three habitat types likely to
describe marine age (MLB, TRIB, and RIV; Table 1.1). The Tlikakila River (RIV
TLIK), the largest river in this study and a major tributary flowing into Lake Clark,
was used as the reference spawning location in all analyses since it was expected to
have the highest proportion of older (marine age-3) fish. A chi-square goodness of fit
test (Hosmer and Lemeshow 1989) was used to assess the adequacy of the logistic

regression function. Statistical limits of significance were < 0.05 for all tests.
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Size

Differences in size at maturity among spawning locations, sexes, brood years,
and marine age were examined with a four-way analysis of variance (ANOVA, fixed
effects, with all interaction terms; o = 0.) to determine which factors were correlates
to length. To examine location and brood year more closely, data were grouped by
sex and marine age in four two-way ANOVA’s (length versus spawning location and
brood year). Tukey’s multiple comparison post hoc tests were applied to test for
differences among spawning locations (Zar 1999). Spawning locations were arranged
by the three habitat types described above (MLB, TRIB, and RIV) to evaluate

differences in mean length among habitat types.
Results

Age

The full parameter model (marine age versus spawning location, sex, and
brood year) indicated that marine age was dependent on spawning location and brood
year, but not sex (Figure 1.2A). Across all spawning locations, salmon spawned at
younger ages (higher proportion of ocean age-2 fish) in 1999 with 41% of fish being
marine age-3 in brood year 1998 and only 30% of fish being marine age-3 in brood
year 1999 (y*=11.66; DF = 1; P = 0.001; Figure 1.2A). Sex did not impact marine
age, with 37% of female and 36% of male sockeye salmon spending three years in the
ocean (x>= 0.45; DF = 1; P = 0.502; Figure 1.2B). Spawning location had a
significant effect on marine age (3*= 96.85; DF = 8; P < 0.001; Figure 1.2C). Salmon
from four spawning locations (MLB CHI, MLB HPB, TRIB SBL, and RIV TAZ)
were likely to be younger (marine age 2) than fish from the reference spawning
location (RIV TLIK), while fish from TRIB KLSB were likely to be older (marine
age 3; P <0.05; Figure 1.2C) than fish from RIV TLIK. A Hosmer and Lemeshow
goodness of fit test on the full parameter model indicated that the model adequately

described the data (3* = 3.75; DF = 7, P = 0.808).
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When marine age was examined by spawning location within individual brood

years, significant differences in marine age among spawning locations were found in
brood year 1998, but not in brood year 1999, where the probability of being marine
age-3 was equally likely among all spawning locations compared to RIV TLIK (P >
0.05; Table 1.2; Figure 1.3). Within brood year 1998, salmon from four spawning
locations (MLB CHI, MLLB HPB, TRIB SBL, and RIV TAZ) were likely to be
younger than fish RIV TLIK (odds ratios < 1.0; P values < 0.021; Table 1.2; Figure
1.3), while fish from TRIB KLSB were 3 times likely to be older than fish from RIV
TLIK (odds ratio =3.09; P = 0.000; Table 1.2; Figure 1.3). The probability of being
marine age-3 was 49% at RIV TLIK in brood year 1998 (Figure 1.3). Probabilities of
being marine age-3 were 30 and 31% at the two MLB sites (CHI and HPB,
respectively), 15% at TRIB SBL, and 18% at RIV TAZ (Figure 1.3). In contrast, the
probability of being marine age-3 was 75% at TRIB KLSB (Figure 1.3).

Size

Spawning location, sex, brood year, and marine age significantly influenced
mean length (four-way ANOVA; P <0.05; N = 1818). Marine age had the strongest
effect on length (F =2032.0; P = 0.000), followed by sex (F =191.5; P = 0.000),
brood year (F = 65.5 P = 0.000), and finally spawning location (F = 17.7; P = 0.000).
Sockeye salmon that spent three years in the ocean were significantly larger than fish
that spent two years in the ocean (526 + 1.02 versus 469 + 0.75 mm), male salmon
were significantly larger than female salmon (506 + 0.84 versus 489 + 0.94 mm), and
salmon from brood year 1998 were larger than those from 1999 (502 + 0.77 versus
492 + 1.00 mm). Fish from MLB CHI (508 + 1.75 mm) were significantly larger
than fish from all locations except two other MLB, CHU (504 +1.6 mm) and HPB
(502 + 1.8 mm), which were not different in size. Fish from RIV TAZ (485 +
1.6mm) were significantly smaller than fish from all other locations except those
from MLB LLC (489 + 1.9 mm) and those from TRIB KLSB (493 + 2.6 mm), which

were similarly small.
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Among marine age-2 female sockeye salmon (N=548), mean length differed

by spawning location (F = 4.8; P =0.000), and at one spawning location by brood
year (TRIB SBL; location*brood year interaction; F=4.19; P = 0.000; Figure 1.4).
Overall (brood years 1998 and 1999), fish from MLB CHI (466 + 2.3 mm), MLB
CHU (466 + 2.9 mm) and RIVER TLIK (465 £ 3.3 mm) were significantly larger
than fish from RIVER TAZ (449 + 2.4 mm; Table 1.3; Figure 1.4). At TRIB SBL,
brood year significantly impacted mean length, with brood year 1999 fish being
larger than brood year 1998 fish (467 + 3.1 versus 445 + 3.7 mm; Table 1.3; Figure
1.4)

Among marine age-3 female sockeye salmon (N = 325), mean length differed
by spawning location (F = 4.9; P =0.000), brood year (F =44.2; P = 0.000; Figure
1.5), and at two spawning locations by brood year (RIV TAZ and RIV TLIK;
location*brood year interaction; F = 2.0; P = 0.044; Figure 1.5). Similar to marine
age-2 females, fish from MLB CHI (527 + 4.2 mm), CHU (528 + 3.1 mm), and RIV
TLIK (521 £+ 4.3 mm) were significantly larger than fish from RIV TAZ (503 +
3.6mm), which had the smallest fish (Table 1.3; Figure 1.5). In contrast to marine
age-2 females which were not significantly different across brood years, marine age-3
females from brood year 1998 were significantly larger (528 + 1.8 mm) than marine
age-3 fish from brood year 1999 (507 + 2.6 mm; Table 1.3; Figure 1.5). Fish from
two river sites (TAZ and TLIK) were larger in 1998 (519 + 4.3 and 540 + 3.6 mm,
respectively) compared to 1999 (486 + 5.7 mm and 501 + 7.8 mm; Table 1.3; Figure
1.5).

Among marine age-2 male sockeye salmon (N = 607), mean length differed
by spawning location (F = 11.95; P = 0.000), brood year (F =6.9; P = 0.009; Table
1.3; Figure 1.6), and at one spawning location by brood year (TRIB SBL;
location*brood year interaction; F = 3.8; P = 0.000; Table 1.3; Figure 1.6). Similar to
marine age-2 female sockeye salmon, marine age-2 males from MLB CHI (488 +2.5
mm) were largest, and fish from all but one spawning location (MLB LLC, 469 + 3.2
mm) were significantly larger than fish from RIV TAZ (463 + 1.9 mm; Figure 1.6),
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which were smallest. Marine age-2 male sockeye salmon from brood year 1998 (475

+ 1.3 mm) were significantly smaller than marine age-2 males from brood year 1999
(481 + 1.5 mm; Table 1.3; Figure 1.6). At TRIB SBL, brood year influenced mean
length, where brood year 1998 marine age-2 males (464 + 3.4 mm) were significantly
smaller brood year 1999 fish (493 + 3.1 mm; Table 1.3; Figure 1.6).

Among marine age-3 male sockeye salmon (N = 338), mean length differed
by spawning location (F = 6.5 P = 0.000), brood year (F = 82.6; P =0.000; Table 1.3;
Figure 1.7), and at three spawning locations by brood year (MLB LLC, TRIB KLSB,
and RIV TLIK; location*brood year interaction; F=4.1; P <0.05; Table 1.3; Figure
1.7) Fish from MLB LLC (516 + 3.8 mm) were significantly smaller than fish from
four other spawning locations (MLB CHI, 551 £ 4.9; MLB CHU, 543 + 4, MLB
HPB, 545 +4.3; and RIV LKR, 537 + 4,8; Figure 1.7). Marine age-3 males from
brood year 1998 (548 + 3.9) were significantly larger than fish from brood year 1999
(520 + 2.4; Table 1.3; Figure 1.7). Marine age-3 males from brood year 1998 were
larger than fish from brood year 1999 at three spawning locations: MLB LLC (540 +
4.4 1n 1998 versus 493 £ 6.2 mm in 1999), TRIB KLSB (552 + 4.4 versus 502 + 7.2
mm), and RIV TLIK (554 + 4.6 versus 506 = 7.5 mm; Table 1.3; Figure 1.7).

Discussion

Age composition and length at maturity varied among spawning locations in
Lake Clark, although no consistent patterns were observed in either trait by spawning
habitat type. Although sockeye salmon from the largest tributary (TLIK) were among
the oldest and largest fish compared to other locations as anticipated, tributary
spawners were not, in general, older or larger than beach spawning salmon. These
findings contrast with Blair et al. (1993) who found that sockeye salmon spawning in
tributaries in a nearby section of the Kvichak River watershed (Iliamna Lake) were

both older and larger than beach spawning sockeye salmon.
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Our study differed from Blair et al. (1993) in several aspects, including the

number of capture years, and population status. Blair et al. (1993) combined ten
years of data collected between 1965 and 1990 (1965, 1978, 1981, 1983-1985, and
1987-1990), while our study spanned five consecutive years beginning in 2002. A
ocean regime shift (warm phase) occurred in 1977, which was associated with an
increase in salmon abundance in Alaska (Mantua et al. 1997, Helle and Hoffman
1998), a decrease in average size at maturity of most populations of salmon in North
America, and an increase in age at maturity (Bigler et al. 1996; Helle and Hoffman
1995, 1998). Itis believed that the warm phase lasted through at least the late 1990°s
(Helle and Hoffman 1995). Data used in Blair et al.’s (1993) study spanned two
regimes, but were collected during predominately strong salmon production years,
while sample collection for this study occurred during warmer temperatures in the
North Pacific Ocean, and was during a sharp decline in salmon abundance to Lake
Clark and the larger Kvichak River watershed. A decline in abundance is usually
associated with changes in age structure or size of returning salmon through density
dependent effects on growth (Rogers 1980; Peterman 1984; Ishida et al. 1993; Helle
and Hoffman 1995, 1998; Bigler et al. 1996).

Rivers

Sockeye salmon from the RIV TAZ were among the youngest and smallest
fish captured in this study, and this may be related to differences in migration
distance, growing conditions, or genetic factors. In contrast to our results, Blair et al.
(1993) found that fish from the Tazimina River matured later and were larger than
fish from island beaches in lliamna Lake, which was not included in this study.
Sockeye salmon spawning in RIV TAZ migrated the shortest distance from sea
compared to other sites in our study, while this site was the furthest distance from sea
in Blair et al.’s study (1993; Table 1.1; Figure 1.1). Age and size at maturity of
salmonids have been correlated with migration distance or difficulty, with shorter
migrations correlating to smaller fish (Schafter and Elson 1975; Scarnecchia 1983;

L’Abee-Lund 1991). In both studies, this relationship between age and size at
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maturity and migration distance supports the hypothesis that the relationship between

fish length is an adaptation to arduousness or distance of migration.

Genetics may play a role in controlling age and size at maturity among fish
from RIV TAZ. Ramstad et al. (2004) found that the fish from the Tazimina River
were genetically divergent from Lake Clark fish, and were genetically similar to
Iliamna Lake sockeye salmon populations, which tend to be younger and smaller,
compared to Lake Clark fish (Blair et al. 1993). Iliamna sockeye salmon had a higher
proportion of younger (marine age-2) fish compared to Lake Clark sockeye salmon
(80 vs. 64%), and were, on average 4% smaller than Lake Clark sockeye salmon.
Since age and size at maturity are genetically controlled to some extent, it is plausible
that the differences observed in both traits among Tazimina River fish are a result of
genetic differences.

The differences in age and size at maturity among RIV TAZ salmon may also
have arisen if they used different rearing locations than fish from other spawning
locations. The Tazimina River is fed by Tazimina Lake and flows into Sixmile Lake
(Figure 1.1). Although the Tazimina River is lake fed, a steep waterfall blocks
salmon from migrating to the lake, so it is presumed that juveniles rear in Sixmile
Lake, Lake Clark, or lliamna Lake (Orrell 1963). If juvenile salmon use Iliamna
Lake for rearing they may experience better growing conditions than those in Lake
Clark, since lliamna Lake is warmer and more productive than Lake Clark (Mathisen
and Poe 1969). Smolt size may affect age at maturity; larger smolts may experience

rapid growth in the ocean and mature at earlier ages (Quinn 2005).

Tributary Beaches

Sockeye salmon from the two tributary beach spawning locations (TRIB
KLSB and TRIB SBL) displayed wide variation in both age and size at maturity
compared to fish from other spawning locations (Figures 1.2-1.6). The Kijik River
basin, which includes Kijik Lake and Little Kijik River (Figure 1.1), is an important
sockeye salmon producing tributary within Lake Clark (Brabets and Ourso 2006).

Recent evidence indicates genetic divergence of Kijik River basin and Sucker Bay
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Lake populations compared to other populations within Lake Clark (Ramstad et al.

2004), and precise spawning migration (in speed and direction) to these locations
(Young 2004). The genetic isolation which is associated with precise homing
behavior and the variability in age and size at maturity at these locations may suggest
an adaptive response to local conditions. Sucker Bay Lake is believed to have a
persistent low effective population size (Ramstad et al. 2007), which may also
contribute to the wide variation in age and size at maturity at this site.

The variation in age and size at maturity among the tributary beach (KLSB
and SBL) spawners may be related to differences in growing conditions they
experience. It is not clear whether Kijik Lake and Sucker Bay Lake are used for
rearing, or whether juveniles migrate to Lake Clark for rearing. Numerous factors
may affect freshwater growth, such as water temperature, abundance and distribution
of food supply, competition, fish density, or species composition (Burgner 1991).
Rearing conditions likely differ among the tributary beach locations (KLSB, and
SBL) and Lake Clark, and may differ between years. If juvenile salmon do remain in
KLSB or SBL to rear, differences in any of these factors may affect annual growth
and length of residence in freshwater, which in turn may affect age and length at

maturity.

Main Lake Beaches

Sockeye salmon from the four main lake beaches were not consistently
younger or smaller than fish from the three tributary rivers sampled, which contrasts
to Blair et al. (1993), who found that lliamna Lake beach spawners were both
younger and smaller than river spawners. Interestingly, fish from one location (CHI)
were likely to be younger than fish from RIV TLIK, but were largest in both brood
years among males of either age. Chi Point fish were not highly genetically divergent
from other Lake Clark populations, except those from TRIB KLSB and TRIB SBL
(Ramstad et al. 2004). It is not clear why sockeye salmon spawning at MLB CHI are
young but large, since the fastest growing members of a population typically mature

earlier and at smaller sizes compared to fish that grow more slowly (Parker and
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Larkin 1959). However, the large size of beach spawning fish may have arisen if

marine feeding distribution varied between this population and others.

Brood Years

No consistent patterns in age or size at maturity among habitats were observed
over brood years, but overall fish were older and larger in brood year 1998 than in
1999. Fish from different broods likely experienced different growing conditions in
the ocean, which may be related to varying abundance of other salmon stocks or
species. For example, interaction with Asian pink salmon Oncorhynchus gorbuscha
in odd years, when they are most abundant, has been shown to influence Bristol Bay
sockeye salmon growth and survival in the ocean, with female salmon attaining
smaller size at age of maturity in years when Asian pink salmon abundance is high
(Ruggerone et al. 2003; Ruggerone et al. 2007). It is possible that competition
between Asian pink salmon and Bristol Bay sockeye salmon affected marine growth
of Lake Clark salmon during this study (Rogers and Ruggerone 1993), through
density dependent effects.

Results from this study revealed significant variation in age composition and
length at maturity among sockeye salmon spawning locations, but variability was
observed among habitat types, within habitat types, and between brood years.
Evidence of local adaptation in other heritable phenotypic traits, such as body depth
or egg size, however, has been found among beach and tributary spawners in Lake
Clark (Ramstad 2006). Although clear patterns in age and size by spawning habitat
were not observed within Lake Clark, the variation in phenotypes (or biocomplexity,
Hilborn et al. 2003) among and within the component populations of the Kvichak
River watershed (including those in Lake Clark) likely influences the stability and
sustainability of the larger Bristol Bay sockeye salmon fishery because a combination
of life history strategies and local adaptations would allow buffers to large-scale
environmental changes in freshwater or the ocean (Giesel 1974; Altukov 1981;
Hilborn et al. 2003). Understanding the causes of variation in age and size at

maturity is important because these traits have potentially adaptive value, and the
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potential to influence reproductive success and survival (Healey 1986). These results

demonstrate the complexity of the system, and indicate that trends in age and size at
maturity across beach and tributary habitats are not necessarily similar among

systems or years.
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Table 1.1. Physical characteristics of Lake Clark spawning locations. From Young (2004), Ramstad et al. (2004), and
Ramstad (2006). The estimated mean peak of spawning is in parentheses. Distance was calculated by adding the distance
from sea (203 km; Burgner 1991) to the distance from the outlet of Lake Clark.

Spawning Activity Percent Substrate
Study Site Description Water  Depth (m) (mean peak) Distance from sea (km) Fine Moderate Course
Main Lake Beach CHI  Chi Point Clear 9/1-9/30 (9/24) 215 - - -
Main Lake Beach CHU Chulitna Lodge Clear - 240 - - -
Main Lake Beach HPB Hatchet Point Beach Turbid 9/15-10/15 (10/12) 262 - - -
Main Lake Beach LLC Little Lake Clark Turbid 0.90 9/15-10/15 (10/7) 275 2 32 66
Tributary Beach ~ KLSB Kijik Lake South Beach Clear 048 9/15-10/31 (9/25) 252 16 80 4
Tributary Beach  SBL  Sucker Bay Lake Clear 0.72 8/25-9/15 (8/30) 210 11 41 49
River TAZ Tazimina River Clear 0.63 (8/25) 200 11 75 14
River LKR Little Kijik River Clear 047 9/15-10/15 (9/18) 248 - - -
River TLIK Tlikakila River Turbid 0.38 9/15-10/15 (10/7) 290 24 56 20

LT



Table 1.2. Logistic regression results for spawning location on marine age. Lake
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Clark sockeye salmon spawning locations are grouped by brood year (1998 and 1999)
and habitat type, Main Lake Beaches (MLB), Tributary Beaches (TRIB), and Rivers

(RIV). Spawning locations which differed significantly in marine age from the
reference spawning location (RIV TLIK) in 1998 are indicated in bold. Marine age

did not differ by spawning location in brood year 1999.

Parameter Odds 95% CI
Year Habitat Variable Estimate SE Z Pvalue Ratio Lower Upper
1998 Constant -0.044 0.171 -0.26 0.798
Location

MLB CHI -0.787 0.249 -3.17 0.002 046 0.28 0.74

MLB CHU 0.087 0.241 0.36 0.718 1.09 0.68 1.75

MLB HPB -0.774 0.242 -3.20 0.001 0.46 0.29 0.74

MLB LLC -0.350 0.239 -1.47 0.142 0.70 0.44 1.13

TRIB KLSB 1.128 0296 3.81 0.000 3.09 1.73 5.51

TRIB SBL -1.705 0.356 -4.78 0.000 0.18 0.09 0.37

RIV TAZ -0.589 0.255 -2.32 0.021 0.55 0.34 0.91

RIV LKR -0.036 0.287 -0.13 0.900 0.96 0.55 1.69
1999 Constant -0.840 0.275 -3.06 0.002

Location

MLB CHI -0.293 0.381 -0.77 0.441 0.75 0.35 1.57

MLB CHU 0.653 0359 1.82 0.069 1.92 0.95 3.88

MLB HPB 0.339 0395 0.86 0.390 1.40 0.65 3.04

MLB LLC 0.530 0.393 1.35 0.177 1.70 0.79 3.67

TRIB  KLSB 0.603 0441 1.37 0.171 1.83 0.77 4.34

TRIB SBL -0.194 0.343 -0.57 0.571 0.82 0.42 1.61

RIV TAZ -0.648 0.345 -1.88 0.060  0.52 0.27 1.03

RIV LKR -0.141 0.364 -0.39 0.698  0.87 0.43 1.77




Table 1.3. Mean length (ML) of salmon from Lake Clark spawning locations.
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Mean length, standard error (SE), and sample size (N) are grouped by marine age

(2 or 3), sex, habitat type (main lake beaches (MLB), tributary beaches (TRIB),

and rivers (RIV)), and are summarized by brood years 1998 and 1999.

Brood Year
Marine 1998 1999 1998 & 1999
Age Sex Habitat Loc ML SE N ML SE N ML SE N
2 F MLB CHI 472 3.0 49 461 3.6 34 466 23 83
MLB CHU 463 33 40 469 48 19 466 29 59
MLB HPB 460 2.8 55 459 57 13 459 32 68
MLB LLC 455 32 43 458 52 16 457 30 59
TRIB KLSB 468 57 13 456 78 7 461 49 20
TRIB SBL 445 37 32 467 3.1 45 456 24 77
RIV TAZ 450 4.1 26 449 27 58 449 24 84
RIV LKR 450 45 21 464 34 37 456 2.8 58
RIV TLIK 464 46 20 466 4.6 20 465 33 40
All 458 1.3 299 461 1.6 249 460 1.0 548
3 F MLB CHI 534 47 22 519 70 10 527 42 32
MLB CHU 532 3.7 36 525 5.1 19 528 3.1 55
MLB HPB 528 49 20 514 78 8 521 46 28
MLB LLC 519 43 27 510 90 o6 514 50 33
TRIB KLSB 518 3.7 35 490 128 3 504 6.6 38
TRIB SBL 538 99 5 508 54 17 523 56 22
RIV TAZ 520 4.3 27 487 57 15 503 3.6 42
RIV LKR 522 57 15 508 59 14 515 41 29
RIV TLIK 540 3.6 38 502 78 8 521 43 46
All 528 1.8 225 507 2.6 100 517 16 325
2 M MLB CHI 484 29 52 493 42 25 488 2.5 77
MLB CHU 479 39 28 476 44 22 477 30 50
MLB HPB 481 2.8 56 484 46 20 482 2.7 76
MLB LLC 467 3.1 46 471 56 14 469 32 60
TRIB KLSB 481 6.6 10 481 6.0 12 481 44 22
TRIB SBL 464 34 37 493 3.1 45 479 23 82
RIV TAZ 460 2.8 55 466 2.6 66 463 19 121
RIV LKR 483 49 18 478 4.0 27 481 32 45
RIV TLIK 480 29 50 484 42 24 482 26 74
All 475 1.3 352 481 1.5 255 478 1.0 607
3 M MLB CHI 555 53 22 547 83 9 551 49 31
MLB CHU 549 42 35 538 6.5 15 543 39 50
MLB HPB 549 46 29 540 72 12 545 43 41
MLB LLC 540 4.4 33 493 62 16 516 38 49
TRIB KLSB 552 44 33 502 72 12 527 42 45
TRIB SBL 544 94 7 519 6.5 15 531 57 22
RIV TAZ 541 62 16 512 69 13 527 47 29
RIV LKR 547 55 21 527 79 10 537 4.8 31
RIV TLIK 554 46 29 506 7.5 11 530 4.4 40
All 548 1.9 225 520 24 113 534 1.5 338
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Figure 1.1. Lake Clark spawning locations relative to Bristol Bay, Alaska. Nine
beach and tributary spawning locations were sampled from 2002-2005. Main lake
beach (MLB) sites are indicated by circles, tributary beaches (TRIB) are indicated by
squares, and rivers (RIV) are indicated by triangles.





































































































































































