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ABSTRACT

Anadromous sockeye salmon are the only Pacific salmon that require an extensive 

rearing period in a lake environment. Recent studies suggest changes in lake nutrient 

inputs are directly related to the magnitude of annual spawning populations (escapement), 

and can be quantified by sediment stable isotope analysis of nitrogen (15N). Marine 

nitrogen supplied by returned salmon is enriched in l:>N relative to the freshwater 

nitrogen, which is derived from atmospheric N2 (51;,N=0 0/oo). Recent (1987-1996) 

limnological investigations of Chilkat Lake, Alaska, matched to brood year escapement 

estimates, indicate that sockeye marine-derived phosphorus and nitrogen contributed up 

to 87% and 20 %, respectively, of the lake nutrient pool. Since salmon populations 

fluctuate annually, the resulting marine derived nutrient (MDN) inputs and 5 l3N also 

fluctuate. Sedimentary 8 l5N is positively correlated (r2=0.8605, p=0.0076, df=5) with 

observed escapement. Additionally, 8 15N is positively related to lake paleoproductivity 

and inversely correlated with high concentrations of CaCC>3 and glacial silt. The 

frequency and duration of these CaCC>3 inputs are believed to be the result of climate 

related glacial meltwater intrusions from the Tsirku River. Thus, fluctuations in MDN 

can be shown to influence the overall sockeye salmon production at Chilkat Lake by 

controlling lake productivity.
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INTRODUCTION

Alaskan freshwaters provide important spawning and nursery environments to all six 

species of Pacific ( Oncorhynchussp.) salmon. These anadromous fish possess a well

documented life cycle of migration to the marine environment and back to freshwater as 

adults to spawn once before dying (except steelhead) in their natal habitats (Kline et al. 

1997). Despite this need to return to freshwater to spawn, the Pacific salmon are one of 

the most dominant fishes in the subarctic domain of the North Pacific Ocean (Welch and 

Parsons 1993). Almost all of the somatic growth (>99%) of these fish occurs during the 

marine phase of their life cycle. Their incorporation of marine derived nutrients (MDN) 

within their body tissues and the lack of other abundant anadromous species results in the 

potential of these fish to play a principal role in delivering significant amounts of MDN 

to the oligotrophic lakes and streams of North Pacific watersheds. The development of 

this anadromous life cycle has been hypothesized to be a direct response to the relatively 

poor productivity of freshwaters at high latitudes in comparison to the marine 

environment (Gross 1987).

The period of time that juvenile salmon inhabit the freshwater environment depends 

directly on species and location. This freshwater residence can be limited to a short 

period of time in the intertidal area of a stream mouth for pink (

gorbuscha) and chum ( Oncorhynchusketa) salmon, but extends to several years in a lake 

environment for sockeye ( Oncorhynchusnerka). The sockeye salmon is the only Pacific
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salmon that requires an extensive freshwater period of feeding on zooplankton in a lake 

environment.

The major feeding ground of the sockeye salmon in marine waters occurs in the coastal 

and pelagic waters of the subarctic Pacific. Taxonomic composition of food organisms 

varies by size of fish, season of the year, latitude, longitude and proximity to the coast 

(Pearcy 1992). Juvenile sockeye may spend several months in coastal waters, where the 

predominant food items consumed include euphausiids, copepods, larvaceans, amphipods 

and other zooplankton, as well as larval fishes and decapods. M ost studies suggest that 

food is usually not limiting during this coastal phase of the early marine life cycle.

Maturing sockeye salmon in oceanic waters of the subarctic Pacific feed primarily on 

euphausiids, amphipods, small fish and squid. Salmon in the open ocean forage 

opportunistically on a diverse assemblage of pelagic prey organisms. High diet overlap 

among all salmon species suggests that feeding is determined more by availability of prey 

than preference. Little evidence exists for a specialization in diet that would be expected 

in a resource limited competitive community. Sandlance ( hexapterus),

herring ( Clupeaharengus), pollock (Theragra ) and capelin ( 

villosus) are also important food items for sockeye in Southeastern Alaskan waters 

(Burgner 1991, Pearcy 1992).
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Upon re-entering freshwater to spawn, salmon cease feeding and contain <1% of residual 

freshwater derived constituents from the juvenile period of their life cycle. The carbon, 

nitrogen and phosphorus in the adults are almost entirely derived from the marine 

environment. Previous studies have documented that the reduced availability of salmon 

carcass derived nutrients has resulted in a decline in freshwater productivity, which is 

closely coupled to juvenile sockeye prey and subsequent adult salmon production 

(Koenings and Burkett 1987a). Therefore, changes in the magnitude of returning adult 

salmon have the potential to alter the amount of MDN transported from the sea to 

freshwater.

Stable isotope tracers of carbon (1',C) and nitrogen (15N) have been used successfully to 

identify trophic interactions and nutrient dynamics in a variety of terrestrial and aquatic 

ecosystems. Studies with Pacific salmon (Bilby et al. 1996, Kline et al. 1990) indicate 

that spawning adult fish carcasses contain higher proportions of the heavier isotopic 

forms of both carbon (13C) and nitrogen (15N) than are available from other common 

sources imported into their freshwater environments. Thus, stable isotope analysis can 

allow the tracing of nutrients delivered to lakes and streams and the resultant utilization 

in the freshwater aquatic ecosystem.

Salmon harvests from the Chilkat River drainage have supported human settlements in 

the Chilkat area for centuries. The aboriginal occupants, the Tlingit Indians, are believed 

to have arrived several centuries prior to the arrival of Europeans in the late eighteenth-



century. The principal harvest methods traditionally employed in this area for salmon 

fishing involved fishing from shore in the braided river channels with a gaff hook on a 

long pole. Set gillnets were not widely used because these nets required constant 

maintenance and special river conditions to function properly (Mills et al. 1984). 

Commercial fishing for salmon in Southeast Alaska began during the late nineteenth- 

century using traps and gillnets in saltwater and at the mouths of streams. Sockeye 

salmon were harvested in large numbers throughout the summer and early fall. They 

were a highly desirable species because their firm texture made them suitable for 

smoking, drying and canning.

Sockeye salmon support an important commercial fishery in Southeast Alaska. 

Commercial catch records for Southeast Alaska are available for 125 years. The first 

canneries were built at Redoubt Lake and Klawock Lake in 1878 (Moser 1899).

Southeast Alaska commercial salmon fisheries began as small enterprises; so early 

catches are not good indicators of salmon abundance. Marshall (1992) developed an 

algorithm to define when catches were minimally affected by the startup activities 

associated with each fishery. The year 1911 was selected as a reliable reference point to 

examine harvest magnitudes and trends because salmon products from Southeast Alaska 

were consistently reported. The mean annual sockeye harvest was 1,556,234 in 

Southeast Alaska during the 92-year period from 1911 to 2002 (ADF&G 2003).

4



The sockeye salmon produced by Chilkat Lake (Southeast Alaska) are extremely 

important to the economies of the small communities along Lynn Canal. This lake 

contributes >51% of the commercial sockeye harvested in the Lynn Canal (District 15) 

harvest area. In addition, subsistence harvest data in the local communities indicate that 

sockeye salmon are the preferred salmon species and constituted the highest percentage of 

all salmon species harvested for personal consumption. This subsistence sockeye harvest 

from 1985 through 2003 averaged 2,342, with a range of 1,239 (1987) to 3,405 (1991) 

adults (IFDB 2004).

The commercial sockeye harvest contribution is based on scale-pattem analysis utilized by 

the Alaska Department of Fish and Game (ADF&G) as a recognized stock separation 

technique (McPherson and Olsen 1992). Since the implementation of this stock 

separation technique (1976), Chilkat Lake has contributed an average of 6.4% (range 3- 

13%) of the total commercial sockeye harvest in Southeast Alaska.

Recent studies at Karluk Lake (Kodiak Island) have shown that the distribution of 515N in 

lake sediments can be a useful proxy of historical salmon abundance. Climate and 

commercial fishing can influence inputs of salmon MDN, thereby affecting lake and 

salmon productivity (Finney 1998, Finney et al. 2000). These results imply that sediment 

8 15N may be a useful proxy to determine historical salmon escapement and nutrient 

trends in Chilkat Lake.

5



The purpose of this study was to use the lake sediment record as proxy to predict 

historical sockeye salmon escapement by tracing the source and relative magnitude of 

MDN inputs into Chilkat Lake, located in northern Southeast Alaska. Since phosphorus 

and nitrogen are generally limiting in lakes, this study focused on the sources and cycling 

of these two nutrients.

This study was motivated by several research questions.

• Can present day sockeye salmon escapement data and in-lake limnological 

conditions be used in combination with paleolimnologic sediment core data to 

predict historical sockeye escapement and production trends at Chilkat Lake?

• How does the record of reconstructed escapement vary in response to climate 

change and human impacts?

• W hat is the role of marine-derived nutrients in regulating lake productivity and 

juvenile sockeye carrying capacity?

To answer these questions, records were developed of marine-derived nutrient input and 

lake productivity using sedimentary organic carbon, biogenic silica, and 1:>N stable 

isotope ratios. Historical escapement and limnological data were then used to calibrate 

and validate the sedimentary interpretations. Salmon, limnological and sediment data 

were collected from other lakes in Southeast Alaska to provide additional insights.

6
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SAMPLING METHODS 

Study Sites

The twenty-one lakes analyzed in this study to examine the relative importance of MDN 

represented the broad range of lake nursery habitats available to sockeye salmon in 

Southeast Alaska and Canada. These lakes were distributed (Figure 1) from Yakutat 

(Situk and Mountain) in the north to lakes near Ketchikan (Hugh Smith and McDonald) 

in the south. The list includes clear, muskeg stained, and glacially influenced lakes 

(Table 1). Additionally, both Redoubt and Hugh Smith lakes are meromictic. Lake 

surface area ranged from 12.85 ha (Redoubt) to 0.82 ha (Mountain). Lake volumes 

ranged from 1,220 x 106 m J (Redoubt) to 4.4 x 106 mJ (Speel). Lake water residence 

time (Tw) ranged from 7.55 years (Tahltan) to 0.07 years (Speel) (Table 2).

Sediment core samples were collected from 13 lakes that support indigenous sockeye 

salmon in Southeast Alaska and Canada (Figure 1, Table 1). Additionally, one core was 

collected and analyzed from Sweetheart Lake; a lake that does not support any 

anadromous fish populations due to an impassable barrier falls located on its outlet 

stream.



Figure 1. Location of study sites in Southeast Alaska and Canada. Study site numbers 
correspond to those listed in Table 1.
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Table 1. Lake sediment core (C) and limnology (L) sampling study sites in Southeast 
Alaska and Canada.

Map

ID Lake

Sampling

Type

Latitude

(°N)

Longitude

(°W)

Water

Type

1 Auke L,C 58.3881 134.6303 stained
2 Benzemen L 56.7900 134.9606 clear
3 Chilkat L,C 59.3261 135.8925 clear
4 Chilkoot L,C 59.3544 135.5950 glacial
5 Crescent L 58.2000 133.3256 glacial

6 Hugh Smith L,C 55.0989 130.6444 stained 17

7 Hetta L 55.1778 132.5431 clear
8 Falls L,C 56.8244 134.6994 clear
9 Kanalku L,C 57.4872 134.3500 clear
10 Kook L,C 57.6656 134.9822 clear
11 Klawock L,C 55.5350 133.0147 stained
12 McDonald L,C 55.9647 131.8386 clear
13 Mountain L 59.6617 139.3456 clear
14 Politofski L 56.7433 134.9442 clear

15 Redoubt L,C 56.9019 135.2100 clear 17

16 Sitkoh L,C 57.5078 135.0728 clear
17 Situk L 59.6425 139.4003 clear
18 Speel L 58.1992 133.5619 stained
19 Sweetheart L,C 57.9456 133.6744 clear
20 Tahltan L,C 58.0000 131.7167 clear
21 Tumakof L,C 56.3706 134.8583 clear

1/ meromictic lake



Table 2. Physical, mean nutrient chemistry, and mean weir escapement data for sockeye salmon nursery lakes in Southeast 
Alaska and Canada. The standard deviation is abbreviated as SD.

Mean Mean Sockeye
Surface Lake Water Spring Total Spring Total Escapement Weir

Area Volume Residence Phosphorous17 SD Nitrogen 17 SD mean mean Operation 47

Lake (km2) (x l0 6m3) Tw (yr) (M fl) (UR/1) (#) (#/ha) (years)
Auke 0.920 O

O
O

O 3.52 8.5 1.76 183.5 20.93 5,481 60 1963-98

Benzemen 7.920 704.1 1.64 3.4 - - 113.0 — 40,0003/ 51 - -

Chilkat 9.842 319.4 4.55 7.0 2.40 284.4 28.79 76,122 77 1967-95
Chilkoot 7.019 382.4 0.57 2.4 0.33 155.2 28.52 73,963 105 1976-98
Crescent 3.259 99.4 0.18 1.7 0.42 182.6 26.78 4,658 14 1977-79, 83-92
Falls 0.950 30.3 0.49 2.7 1.03 76.4 17.05 2,413 25 1981-89
Hetta 2.102 99.4 1.38 4.6 — — - 16,631 79 1967-71
Hugh Smith 3.197 208.5 0.93 4.6 0.90 122.6 19.80 15,142 47 1980-98

Kanalku 1.131 17.5 0.24 1.8 — 236.9 - - 1,500 3/ 13 —

Klawock 11.767 209.0 0.71 5.3 0.51 120.4 19.65 7,189 6 1968-71,77,82-88
Kook 2.406 72.3 0.70 3.5 0.71 157.6 23.29 3,817 16 1994-95
McDonald 4.196 197.0 0.84 4.8 1.99 102.1 75.99 80,902 193 1981-84
Mountain 0.829 19.2 0.48 4.2 -- 173.0 -- 17,172 207 1988

Politofski 1.068 24.8 0.22 2.5 — 63.0 — 4,0003/ 37 —

Redoubt 12.850 1220.0 3.28 2.3 0.55 90.0 13.91 23,789 19 1953-55, 82-86, 89-97
Sitkoh 1.894 37.6 0.64 3.6 0 . 0 0 167.0 6.79 9,465 50 1996
Situk 4.092 56.1 0.74 3.1 — 65.3 — 37,496 92 1988-98
Speel 1.664 4.4 0.07 6.9 1.27 178.5 30.98 8,206 49 1983-91

Tahltan 4.920 113.4 7.55 5.0 27 - 305.027 — 23,694 48 1959-98
Tumakof 0.950 48.7 1.32 7.4 - 143.0 - 32,339 340 1955,66-71
1/ all values represent May sampling (ADF&G Limnology data)
2/ Nidle and Shortreed (1987)
3/ average escapement estimate based on aerial survey information (Area Management Biologist, ADF&G, personal communication) 
4/ IFDB (1999)
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Stable isotope analyses were used to select a lake for detailed study. Chilkat Lake 

(59.3261 °N, 135.8925 °W) was selected as will be discussed later. Therefore, only a 

description of the Chilkat Lake study site will be presented.

Chilkat Lake (Figure 2) is a sockeye salmon nursery lake, which drains into Lynn Canal 

via the Tsirku and Chilkat Rivers to Chilkat Inlet. The Chilkat River basin (-2,600 km2) 

is characterized by rugged, highly dissected mountains with numerous glaciers and steep 

gradient, glacial-melt streams and rivers. Glacially influenced rivers flow through 

braided river channels in broad, glaciated U-shaped valleys (Figure 2). This basin is a 

transitional zone between the maritime and subarctic interior climates (Mills et al. 1984).

Lynn Canal is the northern most extension of the intricate inside waterways of Southeast 

Alaska. It is a 145 km-long fjord bounded on the northern end by Taiya, Lutak, Chilkoot 

and Chilkat inlets. The southern reaches of Lynn Canal diverge into the waters of 

Chatham Strait, Favorite Channel and Saginaw Channel. These inside waterways are 

directly connected through numerous straits and passes to the Gulf of Alaska.

Chilkat Lake is one of only three clear water lakes within the Chilkat River basin. It 

occupies a glacially scoured fault valley. This lake was formed by a blockage at its 

northwest end, either as the glacier that occupied the valley retreated toward the
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northwest or as outwash debris from the glacier accumulated to its present altitude of 

approximately 60 meters.

Figure 2. Location of Chilkat Lake (59.3261 °N, 135.8925 °W), the Tsirku River and the 
Chilkat River basin in the Upper Lynn Canal area of Southeast Alaska.



The outlet of this lake is located -3 0  km northwest of the city of Haines and drains directly 

into the Tsirku River. The Tsirku River originates from meltwater produced by the Tsirku, 

LeBondeau and four smaller unnamed glaciers that drain a large ice field located in the 

Takhinshi Mountains. The average precipitation for this area is -165 cm/yr (Bugliosi 

1988).

Chilkat Lake is a relatively large clear water oligotrophic lake with a mean depth of 32.5 m 

and a volume of 319 x 106m3. Total phosphorus concentrations during the spring average 

5.3 pg/1. Total nitrogen (organic + inorganic) concentrations during the same temporal 

period average 220 pg/1 (Barto 1996 and ADF&G unpublished data).

Sediment Core Sample Collection

Sediment core sampling was accomplished using a combination of either hand operated 

gravity or slide hammer corers manufactured by Aquatic Research Instruments (ARI). 

These core samplers were designed to utilize thin walled polycarbonate core sampling 

barrels attached to a corer head constructed of Delrin® (thermoplastic polymer) and 

stainless steel. Use of this free-flowing lightweight design ensured that unconsolidated 

surface sediment disturbance and compression were minimized. Previous 

paleolimnological studies indicate that the complete recovery of undisturbed surface 

sediments at the sediment-water interface is critical to retaining the date of collection as a 

time reference (Glew 1988).

13
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Selection of core sampling sites was determined by examination of existing lake 

bathymetric maps. Sites were selected in areas of flat or gently sloping bathymetric 

gradients away from the influence of tributary streams. A minimum of two sediment 

cores were collected from each of the 14 lakes identified as preliminary sediment core 

study sites between 1995 and 2002 (Table 1). The preliminary screening phase of this 

study was designed to select one lake for detailed study. Each of these lakes (with the 

exception of Sweetheart) supports an indigenous sockeye population and escapement and 

dissolved nutrient concentration data are available. Core sample lengths varied from 35 

to 55 cm for the gravity corer and 76 to 164 cm for the hammer corer. Sampling 

locations within Chilkat Lake are indicated in Figure 3.

One core from each lake was subsampled for analysis and one core was preserved as an 

archive sample stored at 4° C. Cores from all lakes were subsampled continuously at 0.5 

to 1 .0  cm increments using a modified version of an extruding piston and sampling tray 

described by Glew (1988), or by using a volumetric sampler. W et and dry sediment 

sample weights were obtained for all samples by either oven drying (24 hours at 85° C) or 

freeze-drying (72 hours at -30° C).

A total of four core samples were collected from Chilkat Lake. Detailed multi-parameter 

analyses were conducted on cores number 1 and 4 for this study. Core 1, collected in 

1995 was a 55-cm gravity core. This core was continuously subsampled by the extrusion
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meters

Chilkat Lake

Maximum Depth: 57 m 
Mean Depth: 32.5 m 
Drainage Area: 10,509 ha 
Surface Area: 984 ha 
Volume: 319 x 106m3 
Lake elevation: 53 m 
Depth contours in 5-meter Intervals

1000

Figure 3. Chilkat Lake bathymetric map (Barto 1996) with location of core sampling 
sites.



method at 0.5 cm increments. Core 4, collected in 1996 was a 164-cm slide hammer 

core. The top 4.0 cm of this core was subsampled by extrusion at 0.5 cm increments.

The remainder of the core was split longitudinally. Sediment core stratigraphy was 

described for lithology, texture and color. Half of this split core was subsampled at 1.0 

cm intervals. The remaining half of this core was stored as an archive sample at 4° C.

Sample Analysis

Samples from cores from all lakes were analyzed for stable isotope composition (6 15N, 

8 ljC) and the percent by weight of carbon and nitrogen. Cores 1 and 4 from Chilkat Lake 

received additional multi-parameter sediment analyses. These analyses included 

radioisotope dating, magnetic susceptibility, percent carbon (as organic matter and 

carbonate) and percent biogenic silica. Details of these methods are described below.

Stable Isotope Analysis

Stable isotopes and the percent carbon and nitrogen were measured on dry bulk sediment 

downcore samples. During the preliminary screening phase of this study, designed to 

select a detailed study site, three samples were selected form each core. Samples were 

selected from the top (1.0 -  3.5 cm), middle and bottom of each core. The top 33.0 cm of 

sediment sampled from Chilkat Core 1 was analyzed at 0.5 or 1.0 cm intervals. The 

upper part of this core was sampled on a smaller interval to permit a finer temporal

16



resolution analysis. The top 3.0 cm of sediment samples from Chilkat Core 4 were 

analyzed on a 0.5 cm interval, and then every 3.0 cm was analyzed to the bottom of the 

core at 163 cm. This core was sampled on a larger interval to produce a long-term 

temporal record. Prior to all stable isotope analyses, sediment was washed with 10%

HCL to remove any potential interference of CaCCE.

In addition to the sediment analyses, zooplankton, sockeye and coho ( 

kisutch) smolts, sockeye fry, threespine stickleback ( aculeatus), and

sockeye adults collected from Chilkat Lake between 1995 and 1998 (Table 3) were also 

analyzed for stable isotope ratios and percent carbon and nitrogen. Stable isotope and 

percent carbon and nitrogen analyses were performed on frozen adult sockeye salmon 

muscle tissue collected between 1990 and 1997 from 10 different lakes in Southeast 

Alaska (Table 4). Zooplankton and sockeye smolts collected between 1996 and 2002 

from 14-sockeye nursery lakes in Southeast lakes (Table 5) were analyzed for stable 

isotope ratios. These analyses were conducted to examine levels of salmon-derived 

nitrogen within the different trophic levels within Chilkat Lake and other nursery lakes in 

Southeast.

Stable isotope analyses were accomplished using continuous-flow isotope ratio mass 

spectrometry (CFIRMS). Instrumentation was either a ThermoFinnigan Delta+ with a 

Carlo Erba NC2500 elemental analyzer or a Europa Scientific 20/20 with a Roboprep 

combustion device. Stable isotope ratios were reported in 8  notation as parts per

17
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Table 3. Mean stable isotope content of zooplankton, sockeye salmon adult, sockeye 
and coho salmon smolt, sockeye salmon fry, and lake rearing stickleback at 
Chilkat Lake. The standard deviation is abbreviated as SD.

n 515N SD 513C SD C%/N%

(°/oo) (°/oo)

zooplankton 17

1995 6 9.78 -  -34.40 -  6 .68

1996 6 8.57 -  -32.90 -  5.84

Sockeye Smolt
1996 10 13.00 0.63 -31.67 1.19 3.58
1997 10 13.41 1.04 -29.13 0.67 3.55

Coho Smolt
1996 5 10.03 0.49 -25.59 1.22 3.40

Sockeye Fry
1998 10 12.73 0.29 -27.95 0.57 3.63

Stickleback
1998 10 11.60 1.19 -29.86 0.83 5.23

Sockeye Adults
1990,97 6 11.03 0.81 -21.96 1.89 4.66

1/ seasonal average zooplankton content was based on one monthly sample 
collected in each month from May to October inclusive.
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Table 4. Mean stable isotope content of adult sockeye salmon from 10 Southeast 
Alaska lakes. The standard deviation is abbreviated as SD.

Lake Sample

Year(s)

n 51SN

(°/oo)

SD 513C

(°/oo)

SD C%/Nt

Auke 1997 3 10.72 0.25 -20.95 0.32 3.26
Benzemen 1996 1 11.36 — -2 0 .8 8 - 3.55
Chilkat 1990,97 6 11.03 0.81 -21.96 1.89 4.66
Chilkoot 1990,97 4 11.05 0.46 -20.25 0.24 3.34
Crescent 1991 3 10.39 0.48 -20.39 0.53 3.45
Eva 1995 3 11.62 1.02 -2 0 .8 6 0.33 3.37
Hugh Smith 1992 3 11.52 0.38 -21 .8 8 0.80 4.74
Redoubt 1996 1 11.46 - -20.37 - 3.31
Speel 1992 3 11.38 0.60 -21.55 0.83 4.16
Sweetheart 1997 4 11.28 0.50 -20.76 0 .6 6 3.74



Table 5. Mean 815N content of sockeye smolt and zooplankton for Southeast Alaska and Canadian lakes. Spring zooplankton 
samples were collected during May in different years unless noted. Seasonal zooplankton averages represent one 
monthly sample collected M ay-October in either individual or multiple years. The standard deviation is 
abbreviated as SD.

Lake

Sampling

year(s) n

Smolt

s 15n

SD Sampling

year(s) n

Spring
Zooplankton

815N

SD Sampling

year(s) n

Seasonal
Mean

Zooplankton

8,5N

SD

Auke 1997 10 12.57 0.53 1995,97-2001 6 10.79 1.48 1995, 97, 2000 3 9.58 0.48
Chilkat 1996-97 20 13.20 0.86 1995-97 3 9.63 0.03 1995-96 2 9.18 0.86
Chilkoot 1996-97 15 9.87 0.91 1997-99 3 8.20 0.80 1997 1 7.83 -
Crescent 1996 18 10.20 2.36 — — — - - - - -
Falls — — — — 2002 1 3.15 - - - - -
Hugh Smith 1996 10 8.38 0.29 1996-97 2 7.25 0.85 1996-97 2 5.68 0.36
Kanalku 1997 5 7.66 0.54 1995,97 2 5.02 0.14 1995 1 3.35 -
Klawock — — — — 2001-02 2 7.01 1.90 2002 1 6.46 -
Kook — -- — — 1995-96 2 7.70 0.28 1995 1 5.95 -
McDonald 1997 10 10.99 0.92 1996-97 2 11.28 1.08 1996-97 2 6.78 0.00
Sitkoh 1996 10 10.36 0.55 - - - - - - - -
Speel 1996 10 7.07 0.68 - -- - -- -- - -- --

Sweetheart 1996 14 6.98 0.20 1996 1 3.68 17 -- -- -- -- --

Tahltan 1996 10 11.20 0.21 1996-97 2 9.04 27 0.53 — — — —

1/ sample collected in September
2/ Samples collected in June due to May ice conditions

K>o



thousand (°/oo) deviation from the international standards PDB (carbon) and air 

(nitrogen). All analyses were performed by the Alaska Stable Isotope Facility, Water and 

Environmental Research Center (WERC) at the University of Alaska Fairbanks. 

Analytical instrument precision was typically <0.2 °/00-

Magnetic Susceptibility

Downcore sediment subsamples from Core 1 and Core 4 utilized for stable isotope 

analysis were analyzed for magnetic susceptibility (Nowaczyk 2002). This analysis is 

useful in identifying tephra deposits and changes in the abundance or composition of the 

lithogenic component. The identification of tephra deposits resulting from known 

volcanic eruptions could be useful in establishing the chronological age of the sediment 

layers and determining a lake sediment accumulation rate (SAR). Additionally, there is 

also a strong correlation between particle size distribution and the relative magnetic 

susceptibility within a core (Gale and Hoare 1991).

Sediment Core Dating

Due to the absence of varve or identifiable tephra layers, radioisotope measurements 

were used to estimate the chronology of the Chilkat Lake cores. This study used the

1 0̂ 7 ^ 1 A
radioisotopes Cs and Pb to date the recent sediments because of their known global 

history and relatively short half-life of 22.3 years, respectively. These two isotopes are
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ideal for sediment deposition studies over time scales of a century or less (Stihler et al. 

1992). This method has proved to be very reliable in stable environments with uniform 

SARs (Appleby 2002). The precision of our chronologies, is estimated at + 10 years for 

the past 200 years and + 50 years for the remainder of the record.

Cesium -137 mainly occurs in the environment as a by-product of nuclear weapons 

testing. Deposition of atmospheric fallout as a result of this testing was at a maximum in 

1963. Therefore, maximum Cs deposition is often marked by a distinctive peak in 

sediment concentration between 1963 and 1964.

222Lead-210 is introduced to the environment naturally by decay of Rn and its short-lived

238 * 226daughters. Radon-222 is ultimately derived from U, but its immediate source is Ra 

in crustal rocks, soils, sediments and seawater. Some of the 222Rn produced is released to 

the atmosphere, where it rapidly decays (3.8 day half-life) to 210Pb via several short-lived

isotopes. The 210Pb is quickly deposited from the atmosphere, and can be incorporated

210into lake sediments if deposited on the lake surface or within the watershed. This Pb is

210 226 termed “excess”, to distinguish it from Pb produced by decay of Ra within the

210sediment. Excess Pb decreases with depth, due to radioactive decay according to the

length of time since the sediment was deposited. Therefore, it is a very useful way of

measuring the SAR. However, bioturbation and other mixing processes can sometimes 

210transport excess Pb downward more rapidly than sedimentation. W hen this occurs, it
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results in an overestimate of accumulation rate (Von Damm et al. 1979, Krishnaswami et 

al. 1980).

Radioisotope dating (210Pb and 137Cs) was completed for the gravity Core 1 because 

visual inspection of the core indicated that it was undisturbed by the coring process, and 

it was sampled at high resolution (0.5 cm interval). Volumetric samples of the top 35 cm 

of the core were dried to determine cumulative mass per unit area, necessary to determine 

sediment mass accumulation rates. Total 2I0Pb was determined by alpha counting 

techniques. Both 226Ra and 137Cs were determined using gamma counting techniques. 

Excess 210Pb was estimated from total 210Pb and 226Ra data. A chronology was developed 

by fitting a curve to the excess 210Pb data, combined with assuming the lj7Cs peak 

corresponds with 1963 (Krishnaswami and Lai 1978).

Radiocarbon (14C) isotope dating was also used to determine the age of organic matter 

recovered from samples from the lower portion of Core 4. Samples were sieved at 250 

pm, and examined for macrofossils. Terrestrial macrofossils were collected from 

samples at 8 8  and 154 cm, and sent to Lawrence Livermore National Laboratory for 

AMS radiocarbon analysis. The dates were calibrated using Calib program 4.2 (Stuiver 

et al. 1998).

The chronology for the most recent 100-200 years for Core 4 was determined by 

correlation of the magnetic susceptibility profiles between Cores 1 and 4, and the
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radioisotope (2l0Pb, lj7Cs) dating results from the analysis of Core 1. An age model for 

Core 4 was determined by fitting a polynomial curve to the core top sample and 2 

radiocarbon dates.

Biogenic Silica Analysis

Recent studies have indicated a close link between percent biogenic silica in surface 

sediments and biosiliceous (diatom) productivity patterns in overlying surface waters. A 

w et-alkaline extraction procedure method developed by M ortlock and Froelich (1989) 

was used to determine the biogenic silica content for sediment subsamples of Core 4.

This method dissolves biogenic opal from sediments without strongly dissolving the 

silica from silt and clay minerals. Dissolved silica is subsequently measured using 

colorimetric techniques (Mortlock and Froelich 1989).

Organic Carbon and Carbonate Analysis

Lacustrine sediments are composed of both organic and inorganic material. A modified 

weight loss on ignition method (Dean 1974) was used to determine the carbonate and 

organic matter content of the sediment subsamples from Chilkat Core 1 and Core 4.
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Two-Component Sediment Mixing Model

The use of sedimentary 515N ratios for reconstructing past salmon runs relies on 

determining past changes in 515N in aquatic organic matter, as nutrients from spawning 

salmon are incorporated into the aquatic food web in proportion to escapement. Thus, 

downcore changes in the aquatic fraction of organic matter contain the appropriate MDN 

signal. To remove watershed organic carbon input and the resulting dilution of the 

aquatic fraction of the 515N signal, a two-component mixing model (Eq. 1) was 

developed.

515Ntotal = [515Nterr * FNt] + [515Naquatic * FNa] (1)

Where:

8 15N totai = measured sediment value for a specific sediment core subsample

8 15Nterr = S '5N value of watershed-derived organic matter. (815N=1.33, from non- 

anadromous Sweetheart Lake, was used for this model).

8 15Naquatic = 8 15N value of the aquatic organic matter, which is calculated using E q .l.

FNt = fraction of terrigenous nitrogen in sample.
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FNa = fraction of aquatic nitrogen in sample. All nitrogen is assumed to be of aquatic or 

terrestrial origin, and therefore FNt + FNt = 1.0

We can solve for 8 15N aquatiC by assuming or calculating values for the other parameters. 

8 15N totai is measured by the mass spectrometer; 8 l5N terr is determined from analyses of 

organic matter from non-anadromous systems. The fraction of N  from aquatic and 

terrestrial sources was estimated from the sample C/N ratio. We assumed that pure 

aquatic organic matter has a C/N ratio of 10, and pure terrestrial organic matter has a C/N 

ratio of 22. The results of the calculation to determine aquatic and terrestrial N resulted in 

a relationship described by Eq. 2.

Y =  182.61 -8 .2 6 0 9  X (2)

Y = percent aquatic organic matter 

X = measured sedimentary C/N ratio

Fishery Data Analysis

Escapements to sockeye salmon nursery lakes have been monitored intermittently at 

numerous sites in Southeast Alaska that are important for management and research 

purposes since the early 1950s. These data are available from ADF&G’s integrated 

fisheries database (IFDB) and project summary and area management reports. Adult



sockeye salmon have been enumerated at Chilkat Lake continuously from 1967 to 1995 

and again from 1999 to present. W eir escapement records for Chilkat Lake for 1967- 

1995 and 1999-2002 are summarized by Bachman (2003). Because Core 1 at Chilkat 

Lake was collected in 1996, the continuous 28-year weir escapement estimate data set 

(1967-1995) was used to compare with the sediment subsamples corresponding to the 

same time period.

Historical weir escapement estimates were used to estimate average number of spawners 

returning to each lake annually (Table 2). Between 1974 and 2003, sockeye salmon adult 

weight data (Table 6 ) was collected at 13 enumeration weirs throughout Southeast 

Alaska. These weirs were operated by various resource agencies.

These previously unpublished data were compiled from weir field record files. Adult 

sockeye salmon wet weight data were collected at Southeast Alaska weir sites between 1974 

and 2003. Data sources include the project files of the ADF&G, National Marine Fisheries 

Service (NMFS), USDA Forest Service (FS) and Sitka Tribe of Alaska (STA). Multiple- 

year annual weight data were averaged for this study.

Average weight data for these lakes ranged from a high of 3.43 kg/fish at McDonald 

Lake to a low of 1.74kg/fish at Klag Bay. Sockeye salmon weight data were also 

available for Benzemen Lake (1.21 kg/fish) from the 1996-1998 commercial catch 

sampling (D. Gordon, ADF&G, personal communication) and for Tahltan Lake (2.70
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Table 6 . Observed sockeye salmon mean whole fish wet weights collected at 13 weir 
sites or via the commercial fishery for study lakes. The standard deviation is 
abbreviated as SD.

Sampling
year(s)

number of 
fish sampled

(n)

mean
weight

(kg)
SD

Auke 1974-75 726 1.98 0.93

Benzemen 1996, 98 1.2 1 27 —

Chilkat 1997 3,017 2.40 0.82
Chilkoot 1997 2,162 3.39 0.60
Falls 1981-82 1,533 2.05 0.44
Hugh Smith 1980-82 5,197 2.90 0 .68

Klag Bay 2003 320 1.74 0.54
Kook 1994-95 2,611 1.92 0.50
McDonald 1981 1,078 3.43 0.52
Redoubt 1980-83, 95 4,706 2 .1 0 0 .6 8

Sitkoh 1996 614 2 .6 6 0.61
Speel 1996-99 1,029 2.60 0.82

Tahltan 1986-95 2.701' —

Tumakof 2002-03 846 2.31 0.65
Windfall 1997 779 2.85 1.02

1/ mean weight from Stikine River commercial harvest data 
(P. Etherton, DFO, personal communication)
2/ mean weight from Necker Bay commercial harvest data 
(D. Gordon, ADF&G, personal communication)

kg/fish) from the 1986-1995 commercial catch sampling (P. Etherton, DFO, personal 

communication). By combining average adult sockeye wet weight per fish from the 

available lakes (Table 6 ) and the average escapements (Table 2), it was possible to calculate
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the average sockeye escapement in kilograms. This average escapement weight was then 

multiplied by whole fish nutrient content values reported for total phosphorus (Donaldson 

1967, Koenings and Burkett 1987a, Mathisen et al 1988, Larkin and Slaney 1996 and G. 

Kyle, ADF&G personal communication) and total nitrogen (Mathisen et al 1988, Larkin 

and Slaney 1996 and G. Kyle, ADF&G personal communication), to determine average 

nutrient loadings for total P and total N added to the lake annually from salmon carcasses 

(Table 7).

Although some fishery managers and researchers question the validity of weir 

escapement data due to recent comparisons with mark-recapture estimates (Bachman 

2003), weir escapement estimates were used in this study for two reasons:

1. Escapement enumeration weirs have been the method commonly employed by the 

ADF&G and other resource agencies to enumerate sockeye salmon in Southeast 

Alaska and Canada for commercial fishery management and research purposes 

since before Alaskan statehood in 1959. Therefore, these data represent the only 

lake specific historical record of the number of spawning sockeye salmon.

2. W eir data are collected and recorded as direct observations of the number and 

species of salmon at a specific weir location. Therefore, although some weir 

escapement observations have been 2 0 - 1 0 0 % below mark-recapture estimates for



Table 7. Observed total spring phosphorus (TPsp) and total spring nitrogen (TNsp) lake concentrations, calculated adult 
sockeye salmon nutrient (P and N) contributions to the lake environment based on published whole body nutrient (P 
and N) concentrations and observed mean annual escapement (kg) for study lakes.

Lake

Mean Sockeye 
Whole Fish 
Wet Weight

(kg)

Mean
Sockeye

Escapement
(kg)

TPsp
(kg)

TNsp
(kg)

Total Fish P 1/ 
(kg)

Total Fish N 2/ 
(kg)

Total Fish P / 
TPsp

Total Fish N / 
TNsp

Auke 1.98 10,900 80 1,600 83 530 1.10 0.33
Benzemen 1.21 48,400 2,390 79,600 220 1,450 0.09 0.02
Chilkat 2.40 183,000 2,240 90,800 1,680 10,800 0.75 0.12
Chilkoot 3.39 251,000 920 59,300 3,260 21,000 3.56 0.35
Falls 2.05 5,000 80 2,300 40 250 0.48 0.11
Hugh Smith 2.90 43,900 960 25,600 490 3,150 0.51 0.12
Kook 1.92 7,300 250 11,400 60 350 0.21 0.03
McDonald 3.43 278,000 950 20,100 3,660 23,500 3.87 1.17
Redoubt 2.10 50,000 2,800 110,000 400 2,600 0.14 0.02
Sitkoh 2.66 25,200 140 6,300 260 1,650 1.90 0.26
Speel 2.60 21,300 30 790 200 1,370 7.02 1.74
Tahltan 2.70 64,000 570 34,600 660 4,300 1.17 0.12
Tumakof 2.31 74,700 360 7,000 660 4,300 1.84 0.61

1/ Average value for adult sockeye TP 0.384 % TP/fish-wet weight. Based on whole carcass analysis results of: 0.36% TP (Donaldson 
1967), 0.34% TP (Koenings and Burkett 1987a), 0.48% TP (Mathisen et al. 1988), 0.34% TP (Larkin and Slaney 1996) and 0.38% TP 
(Unpublished ADF&G data).
2/ Average value for adult sockeye TN 2.47 % TN/fish-wet weight. Based on whole carcass analysis results of: 1.7% TN (unpublished 
ADF&G data), 2.67% TN (Mathisen et al. 1988) and 3.04% TN (Larkin and Slaney 1996).



31

the same year, the weir enumeration numbers can be viewed as an absolute 

minimum estimate of escapement.

The available weir data for the 20 lakes studied indicate that average escapement values 

ranged from a high of 80,902 at McDonald Lake to a low of 2,413 at Falls Lake (Table 

2). Observed weir escapements at Sitkoh and M ountain Lakes were the results of weir 

operations from a single year. Aerial escapement estimates at three lakes (Benzemen, 

Kanalku and Politofski) were also included in the list, for comparison purposes, due to 

the availability of spring nutrient data. All other average weir escapement numbers are 

based on multi-year observations. These remaining weirs were operated for 2 to 30 

years.

The Chilkat Lake weir was operated on an annual basis continuously from 1967 to 1995 

inclusive. This weir operation was reinitiated in 1999 and continues to the present. The 

weir data presented in Table 2 were collected between 1971 and 1995 (n=25). These 

escapement data correspond to total brood-year adult production data, generated by scale- 

pattem analysis used to separate stocks within the commercial fishery. Based on the 

consistency of weir design and operational methods, this data set is believed to represent 

the best estimates of adult salmon escapement to Chilkat Lake (S. McPherson, ADF&G, 

personal communication). These observed escapements ranged from 23,947 to 209,730 

sockeye during this 25-year period, averaging 76,122 fish.
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Limnology Data Analysis

From 1977 until 1992 the ADF&G conducted a statewide lake sampling program to 

collect and analyze physical chemical and biological information on sockeye salmon 

nursery lakes and non-anadromous lakes throughout the state of Alaska. During this 

period 40 of the 112 lakes in Southeast Alaska identified as either spawning and/or 

rearing habitat for sockeye salmon (Johnson et al. press) were sampled. Of these 40 

lakes, 20 were included in this study (Table 5) to examine the relative importance of 

marine derived carcass nutrients in lake ecosystems. Sweetheart Lake is a non- 

anadromous lake that was included in this study for comparison purposes. These twenty 

lakes were selected for this study due to the availability of sockeye weir escapement and 

nutrient data. Nutrient data utilized for this study were collected annually, on a monthly 

basis, during the ice-free (May-October) period.

Limnology data used in this study were collected in Southeast to support lake enrichment 

and sockeye salmon ecology research projects. Nutrient concentration (phosphorus and 

nitrogen) data used in this study were limited to spring (May) values with the exception 

of Chilkat Lake. Spring values were used because they were collected prior to the 

initiation of any type of nutrient enrichment activities that might have affected the in-lake 

concentrations, and they record values resulting from the salmon inputs of the previous 

fall, before significant biological uptake during the summer growing season. In some 

cases these values were available for multiple years; in others there were only single



measurements. Multiple year data were averaged and reported as a single spring value 

(Table 2). Seasonal nutrient data were used from Chilkat Lake (Table 8 ) because it was 

not affected by any type of nutrient enrichment project.

All lake water nutrient and chlorophyll a data included in this study were collected and 

analyzed by standardized methodologies described in Koenings et al. (1987). Total 

phosphorus concentration was determined in duplicate using the molybdenum-blue 

method, after persulfate digestion described by Eisenreich et al. (1975). Kjeldahl 

nitrogen analyses utilized acid block digestion and automated phenate methodology as 

devised by Crowther et al. (1980). Nitrate (NO3 ) + nitrite (NO2’) were determined as 

nitrite following cadmium reduction of nitrate as described by Stainton et al. (1977).

Total nitrogen for this study was calculated as the sum of the Kjeldahl and nitrate+nitrite 

concentrations.

In addition to lake water analyses used for this study, Tsirku River water was collected 

and analyzed for suspended sediment load (g/ml) in June and September of 1998. The 

June sample was also analyzed in bulk for percent CaCC>3 and total organic matter 

content using the same method used for the lake core analyses.

Existing bathymetric maps used to determine sediment core sampling sites were from 

published and unpublished ADF&G limnology project data file archives. Watershed and
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Table 8. Observed Chilkat Lake total spring phosphorus (TPsp) and total spring nitrogen (TNsp) lake nutrient concentrations 
and calculated nutrient (P and N) contributions of adult sockeye salmon carcasses based on brood year escapement 
(ESC) estimates.

Brood
Year

Escapement

(#)

Observed
Nutrient

Year

May
TPsp

Gig/1)

TPsp
(kg)

May
TNsp

Gig/l)
TNsp
(kg)

ESC 
Total Fish P 

(kg)

ESC 
Total Fish N 

(kg)

Total Fish P / 
Spring TP

(%)

Total Fish N  / 
Spring TN

(%)

1986 23,947 1987 6.9 2,200 250 79,900 530 3,410 24.0 4.3
1987 48,861 1988 5.7 1,800 300 95,000 1,100 6,950 59.4 7.3
1988 27,662 1989 7.2 2,300 300 96,000 610 3,940 26.6 4.1
1989 141,475 1990 13.7 4,400 320 101,000 3,130 20,100 71.5 20.0
1990 60,230 1991 4.8 1,500 230 72,700 1,300 8,570 86.9 11.8
1994 80,859 1995 7.7 2,500 320 101,000 1,790 11,500 72.7 11.4
1995 59,698 1996 5.7 1,800 250 79,400 1,320 8,490 73.2 10.7



lake surface areas were calculated using USGS 1:63360 scale maps and polar planimeter 

measurements.

RESULTS 

Lake Nutrient Budget Analyses

Total spring phosphorus values for the twenty lakes ranged from 7.4 p.g/1 (Tumakof) to 

1.8 p.g/1 (Kanalku). Total spring nitrogen values ranged from 237 pg/1 (Kanalku) to 63 

pg/1 (Politofski). These spring values (Table 2) are used to represent the best indicator of 

the direct input of phosphorus and nitrogen resulting from the deposition and 

decomposition of sockeye salmon carcasses in the lake the previous fall.

There are several ways to assess the importance of sockeye-derived nutrients to the 

Southeast Alaskan lakes. The ratio of average lake N and P inventories (concentration X 

lake volume) to the average amount of N and P delivered by sockeye was quite variable 

(Table 7). For P, this ratio ranged from 0.09 (Benzemen Lake) to more than 7.0 (Speel 

Lake), and for N this ratio ranged from 0.02 (Benzemen and Redoubt Lakes) to 1.74 

(Speel Lake). This comparison indicates that salmon-derived nutrients are substantial in 

some Southeast lakes, and that there is a wide range in their relative magnitude across the 

lakes. One factor that complicates this comparison is that the average spring nutrient
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concentrations in the lake were compared with nutrient inputs to the lake from 

escapement estimates that were not matched to specific brood years. This type of 

matched comparison was not generally possible for the lakes in Southeast Alaska.

Chilkat Lake was the exception, where it was possible to match nutrient concentration 

data with brood year escapement estimates for seven years.

Nutrient concentrations and matched brood year escapement estimates were available for 

seven years from 1986 to 1995 (Table 8 ). Nutrient data were obtained at this lake monthly 

(May-October) during 1987 through 1991, 1995 and 1996. Additionally, escapement 

estimates were available during 1986 through 1990, 1994 and 1995. This data set facilitated 

matching the specific brood year escapement estimate to the resulting lake nutrient 

concentrations. A linear regression analysis (Figure 4) was performed on the data presented 

in Table 8 , using a calculated nutrient (P and N) loading ratio (total fish nutrient (P and N) / 

total spring nutrient (P and N)) and the number of sockeye salmon escapement for that 

specific brood year. This nutrient-loading ratio represents the ratio of the nutrient (P and N) 

contributions from decomposed sockeye salmon carcasses (occurring in the fall) and the 

nutrient input and utilization during the growing season. These results indicate positive 

correlations for both phosphorus (r2 = 0.9538, p<0.0005, df=6 ) and nitrogen (r2 = 0.6116, 

p<0.05, df=6 ). The significance of these phosphorous and nitrogen correlations indicates 

the relative importance of MDN transported by sockeye salmon to Chilkat Lake.
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Figure 4. Ratio of the lake spring and seasonal average (May-October) nutrient (P and 
N) concentrations compared to sockeye salmon escapement estimates for the 
previous brood-year at Chilkat Lake.
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Sources of Nitrogen and Phosphorus at Chilkat Lake

Phosphorus content of precipitation and particulate fall-out is highly variable. Generally, 

it is less than the nitrogen concentration. The phosphorus content of precipitation is 

generally low (<30 pg P/1) in non-populated regions over land. Atmospheric 

contributions of phosphorus range from 0 .0 1  to 1 .0  kg/ha/y with the majority of the data 

in the lower portion of the range. Phosphorus content of ground water is generally low, 

with average concentrations of approximately 20 pg/1 (Wetzel 2001). The chemical 

characteristics of surface waters entering a lake are closely related to soil characteristics 

in the watershed. Surface drainage is often the major contributor of phosphorus to 

streams and lakes. The amount of phosphorus entering surface run-off varies with the 

amount present in the soils, vegetative cover, quantity and duration of run-off flow and 

land-use. A hydrologic investigation, of an undisturbed non-anadromous watershed in 

Southeast Alaska, reported results consistent with the above observations (Stednick 

1981). Within Southeast Alaska, phosphorus generally occurs in the rock substrate, 

which varies among watersheds.

Nitrogen occurs in many forms in freshwater: dissolved molecular N 2, a large number of 

amino acids and other organic compounds, refractory humic acids, ammonium (NH4+), 

nitrite (NO2 ) and nitrate (NO3 ). Sources of nitrogen include: a) precipitation directly to
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the lake surface, b) nitrogen fixation in both water and sediments and c) inputs from 

surface and ground water drainage.

The amount of nitrogen input from atmospheric sources in this region is generally 

considered to be minor in comparison to terrestrial run-off. The majority of stream water 

nitrogen output from undisturbed watersheds in Southeast Alaska occurs in organic forms 

(Stednick 1981). Nitrogen budgets assessed through this investigation were based on 

hydrologic processes and do not reflect transfers through gaseous forms, nitrogen fixation 

or denitrification. However, the results of this study indicate that denitrification is 

probably not appreciable in forest soils of Southeast Alaska because they are generally 

acidic, well drained and aerated.

Annual nutrient fluxes to the lake are detailed in the nutrient budget schematics shown in 

Figures 5 and 6 . These values are based on the observed nutrient and fisheries data from 

this study and the precipitation and run-off concentrations reported by Stednick (1981). 

All values are reported as kilograms/yr of either phosphorus (as P) or nitrogen (as N). 

Based on the observed nutrient concentrations within Chilkat Lake (1987 to 1996) and 

the calculated inputs from precipitation and run-off, it is clear that the sockeye returning 

to spawn in Chilkat Lake are a large nutrient source on an annual basis.

Based on the brood-year escapement estimates for the years (1986-1990) matching the 

resulting nutrient concentrations (1987-1996) and the average values assumed for



Figure 5. Phosphorus budget schematic of Chilkat Lake. All input and outflow values indicated are mean annual values 
kilograms of phosphorus/year. The lake value is the standing stock in kilograms of phosphorus.



Figure 6. Nitrogen budget schematic of Chilkat Lake. All input and outflow values indicated are mean annual values 
kilograms of nitrogen/year. The lake value is the standing stock in kilograms of nitrogen.
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precipitation and surface run-off, the sockeye salmon returning to this lake are 

responsible for contributing an average of 59.4% of the phosphorus (Figure 5) and 10.0% 

of the nitrogen (Figure 6 ) to the lake standing stock of these nutrients. With respect to 

annual inputs, sockeye contribute on average approximately 46.3% of the nitrogen and 

78.6% of the phosphorus to the lake. By keeping the precipitation and run-off values 

constant, a range of sockeye salmon nutrient inputs were calculated for the observed high 

and low escapement years (1986-1995). The phosphorus and nitrogen contributions to 

the lake resulting from salmon escapement estimates potentially vary from 24.0% to 

86.9% and 4.1% to 20.0%, respectively, of the lakes’ standing stock of these nutrients.

Although the magnitude of these nutrient contributions from salmon may appear high, 

similar high loading levels of phosphorus and nitrogen from salmon have also been 

reported for Iliamna and Karluk lakes. Donaldson (1968) and Koenings and Burkett 

(1987b) reported that the nutrient input from sockeye escapements was responsible for up 

to 60% of the annual phosphorus budget to each lake. The principal difference between 

the nutrient loading to Chilkat and these other lakes is the magnitude of the escapement 

and the relative size of the lake. The average annual sockeye escapements to Karluk and 

Iliamna are in excess of 1.0 x 106 fish/year. The surface areas for Iliamna and Karluk are 

respectively 2,590 km 2 and 39.5 km2, compared to 9.4 km 2 for Chilkat.

Since the stable nitrogen isotope content of sockeye from geographically distinct nursery 

lakes is similar (Table 4) and the values for Chilkat Lake phosphorus and nitrogen



content (Table 8 ) are probably relatively accurate, the greatest potential source of error is 

the assumption of constant nutrient input values from precipitation and run-off. These 

values were generated using nutrient concentrations measured for forested watersheds in 

comparable areas of Southeast Alaska, because direct observations at Chilkat Lake were 

not available. While it is known that precipitation and runoff concentration is watershed 

specific, the magnitude of error is thought to be low because of similar vegetation and 

climatic conditions, and the relatively pristine nature of both the observed watersheds and 

Chilkat Lake.

Stable Isotope Analysis

The 8 15N values measured for adult sockeye salmon at Southeast nursery lakes in this 

study ranged from+10.39 to +11.62 (Table 4). The results of this study agree closely 

with previously published adult sockeye 8 15N results (Welch and Parsons 1993, 

Satterfield 2000). Since these fish acquire almost all of their somatic growth during the 

marine phase of their life cycle, their bodies which decompose after spawning in 

freshwater are composed of >99% MDN. Although the nitrogen isotopes can clearly 

indicate a direct food-web transfer between the marine prey organisms and the sockeye 

salmon, no such isotopic tracer exists for phosphorus.

In addition to lake nutrient budget analyses the stable isotope composition of lake food 

web organisms can be examined to trace MDN input and pathways within the lake. The
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8 15N analysis of zooplankton (+9.18, n=12), sockeye smolt (+13.21, n=20), sockeye fry 

(+12.73, n=10) and stickleback (+11.60, n=10) from Chilkat Lake (Table 3) indicate 

relatively high values. By back calculating from the zooplankton values we can assume 

that the phytoplankton should be ~+5 to 6 , based on expected trophic level enrichment of 

+3 to + 4 °/oo between trophic levels. The enrichment of 8 15N between zooplankton and 

sockeye smolts (~ +4 %<,) is expected given the zooplankton are the dominant forage 

prey items of rearing juvenile sockeye in the lake.

Zooplankton at Chilkat Lake were sampled monthly and analyzed for 8 15N in 1995 and

1996 (Figure 7).

13.00 -i

12.00

f  11.00 
*00 
Co
S 10.00
J2a.
§ 9.00

8.00

7.00 n------------------- 1------------------- 1------------------- 1------------------- 1------------------- 1---------------
May June July August September October

Figure 7. Chilkat Lake monthly zooplankton 8 15N content, 1995-1996.
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These monthly S15N concentrations closely follow the average total dissolved nitrogen 

within the lake (Figure A .l). This is expected given the decreasing pool of nitrogen 

within the lake being utilized by the phytoplankton during the growing season. This 

phytoplankton growth can be inferred from the seasonal chlorophyll a (Figure A.2) and 

utilization of the phytoplankton can be inferred from the seasonal average zooplankton 

densities (Figure A.3)

This same trophic enrichment relationship exists between zooplankton 5 15N and smolt 

515N (Table 5) observed for other Southeast sockeye nursery lakes. A strong positive 

correlation (r2=0.8521, p<0.009, df=5) was found for smolt and seasonal average 

zooplankton 8 15N samples (Figure 8 ). The trophic enrichment (zooplankton-smolt) for 

these paired data ranged from +2.99 (Auke) to 4.32 (McDonald), and averaged +3.49 for 

all of the sites.

These data indicate a strong positive correlation between zooplankton and smolt S15N, 

and are consistent with the notion that pelagic lake zooplankton are the dominant prey of 

juvenile sockeye. Compared to adult sockeye feeding in the ocean, there is a significant 

variability in 8 15N content of sockeye smolt across this region (Table 5). This variation is 

likely due to the varying amounts of MDN available in these systems.



Figure 8 . Comparison of average seasonal zooplankton and smolt 8 15N content for 
Southeast Alaska lakes. Data are presented in Table 4.

For example, 515N of smolt and zooplankton from almost all sockeye nursery lakes in 

Southeast Alaska, are greater than those of zooplankton (+3.68, n=l )  and sockeye smolt 

(+6.98, n=10) from Sweetheart Lake (Table 5). This lake was sampled as a control site 

because it does not support an indigenous anadromous salmon population. Presently this 

lake is used as a fry stocking area for sockeye salmon fry and because of an outlet barrier 

falls, returning adults cannot enter the lake to spawn. At this lake it is expected that the 

phytoplankton 5 15N would be lower than the sockeye nursery lakes, because it is 

composed entirely of nitrogen from terrigenous and atmospheric sources.

These smolt and zooplankton 8 1;5N data (Table 5) strongly suggest that returning adult 

sockeye salmon with an average 515N ratio of —hi 1.6  (Table 4) are the main nutrient



source responsible for enriching the 8 15N of food webs within Chilkat and other sockeye 

nursery lakes above the background smolt level observed at (Sweetheart Lake) -+6.0. 

Therefore, these trophic transfer stable isotope results strongly indicate that MDN 

transported by the sockeye salmon from the ocean is a significant source of nitrogen to 

the lake environment and is transferred up the food chain to sockeye smolts.

Sediment Core Analysis Results from Southeast Lakes

A maximum of three samples were analyzed from each core to generate a preliminary 

data set to facilitate the selection of a study site for more detailed analysis. These three 

samples represented the top (near sediment water interface), middle and bottom of the 

core. The results of this preliminary analysis of sedimentary organic matter can be 

characterized by examining the relationship between the observed 8 15N and weight 

percent C/N ratios (Figure 9). Sediment 8 15N values ranged from a low of +0.77 at 

Kanalku Lake to a high of +6.85 at Chilkat Lake. The C/N ratio ranged from 8.9 

(Tahltan) to 21.7 (Klawock). Of the 14 lakes sampled, 12 had C/N ratios greater than 

14.8. With the exceptions of Tumakof (average 8 15N +4.03, n=3, average C/N 19.2, n=3) 

and Redoubt (average 8 15N +4.29, n=3, average C/N 15.9, n=3) lakes, all of the lakes 

with high C/N ratios (> 15) had low (<+3) S15N values. A previous study (McNeil 1997) 

indicated that the relationship between sediment 8 15N and C/N ratio can be described as 

being due to organic matter composed of varying proportions of three end members.
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Figure 9. Scatter plot of sediment 5 N and C%/N% results from lake sampling sites 
within Southeast Alaska and Canada.

These end members are terrestrial organic matter (high C/N, low 5 15N), aquatic organic 

matter with low MDN influence (low C/N, low 5 l3N), and aquatic organic matter with 

high MDN contribution (low C/N, high 8 l5N). Two of these end members (terrestrial and 

high M DN aquatic organic matter) are strongly represented in this data set from 

Southeast Alaska.

Lakes with low 6 15N and high C/N ratios are believed to derive most sedimentary organic 

matter from terrestrial sources. A high C/N ratio indicates more organic matter resulting 

from input of terrestrial organic matter from the lake’s watershed. The C/N ratio of 

terrestrial organic matter is typically >20 (Meyers and Ishiwatari 1993). A lower C/N 

ratio indicates a higher input from aquatic-derived sources.
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The S15N values are relatively low in lakes dominated by terrestrial organic matter, 

regardless of the influence of marine-derived nutrients. The range of 8 15N and C/N ratio 

observed from the non-anadromous (Sweetheart Lake) lake was +1.32 to +1.34 and 18.2 

to 19.6 respectively. The highest C/N ratio for a Southeast sockeye nursery lake was 

observed at Klawock Lake (21.7). Sediment analyses also indicated a low range of 8 l3N 

(+2.79 to +2.81) in this lake.

Lakes with low 8 15N and low C/N ratio probably have freshwater plankton as a major 

contributor to sediment organic matter, but MDN are not important as a nutrient source. 

Chilkoot Lake is the only lake in Southeast Alaska that may fall in this category.

Chilkoot is a large glacial sockeye nursery lake. This lake has a low range of sediment 

815N (+2.33 to +2.71) and a relatively low narrow range of C/N ratios (14.9 to 15.0). The 

relatively low sedimentary C/N ratio (< 15) is probably the result of a mixture of organic 

matter of planktonic and terrestrial origins. Any marine-nutrient influence may be 

diluted, due to glacial meltwater influence.

Lakes with a high 815N and low C/N ratio are probably the result of sediment organic 

matter of freshwater planktonic origin, with nutrients derived in part from decomposed 

salmon with high 815N. Results from Chilkat and Tahltan lakes indicate that these are the 

only two lakes in this study where all C/N ratios were <14. Both Chilkat and Tahltan 

lakes have relatively high sediment 815N (> +4.0). Chilkat lake sediment 8 15N ranged



from +2.29 to +6.82, and the average based on our detailed analyses is ~+5. The range of 

C/N ratios for the preliminary results was 13.9 to 9.1. One sample from this lake exhibits 

a high 8 I5N (+5.48) and an elevated C/N ratio (13.9). These values indicate the influence 

of both watershed and aquatic sources of carbon and nitrogen.

Tahltan Lake results indicate relatively high sediment 8 1:,N values (+4.36 to +4.69), and 

low C/N ratios (8.9 to 9.2). These results, which are distributed over a narrow range, 

indicate that MDN are the major source of nutrient input to the lake and that the 

contribution of terrestrial organic matter from watershed input is relatively small.

Additionally Redoubt and Tumakof lakes exhibit some samples with relatively high 

sediment 8 15N (> +4.0). However, they also exhibit high C/N ratios (16 to 19). The 

results for these two lakes may indicate that marine-derived nutrients (high 8 15N) are 

present, but that watershed input of organic matter may be diluting the signal. This is 

conceivable at both lakes, given their relatively high escapement estimates.

The historical saltery records (Moser 1899) indicate that Redoubt Lake may have 

supported large populations of sockeye salmon prior to the European settlement of the 

area in the late eighteenth century. Redoubt Lake is meromictic, and this may influence 

nitrogen cycling and sediment 8 l3N values. The Tum akof Lake signal is also not 

surprising, because the average sockeye salmon escapement density for this small lake is 

340 sockeye/ha (Table 2). This density is larger than the average escapement density for
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both Karluk (164 sockeye/ha) and Becharof lakes (107sockeye/ha). This lake watershed 

is located in a known area of high rainfall and steep unstable topography on Baranof 

Island. These hydrologic features could contribute terrestrial sediment inputs and rapid 

flushing, resulting in a diluted sediment 51:,N signal.

As a result of the sediment analyses of this group of lakes, it was determined that 

sediments from Chilkat Lake sediment were well suited for a more detailed study on 

prehistoric changes in sockeye salmon populations. The decision was also made in light 

of the long-term escapement and limnological studies previously conducted at this lake.

Sediment Core Results from Chilkat Lake

Radioisotope Dating

The excess 210Pb profile exhibits an exponential decline with depth. The l j7Cs profile 

displays a well-defined peak at 3.0 cm depth. These data were used in a constant flux 

model, fixing the 137Cs peak at 1963, to determine the recent sedimentation rate. The 

mean SAR for Core 1 was estimated to be 0.11 cm/yr over its length (55 cm). Assuming 

a constant sedimentation rate, the total time period assigned to this 55 cm core was 

approximately 600 years (1400-1995 AD). Based on the sediment deposition rate 

determined by the 137Cs/210Pb radioisotope analyses it was determined that each 0.5 cm 

sediment sample represented an average of 4.3 years of sediment accumulation.



52

Sediment chronologies for this period in Core 4 were determined by correlation of the 

magnetic susceptibility and organic carbon profiles between Cores 1 and 4. The older 

part of this core was dated using two AMS radiocarbon dates on terrestrial macrofossils 

located at 88 and 154 cm. The date for the 88 cm sample (710 + 50 years = I4C 

uncalibrated) had a calibrated 1 sigma age-range of 1276-1376 AD and the date for the 

154 cm sample (1030 + 50 years = 14C uncalibrated) had a calibrated 1 sigma age-range 

of 981-1025 AD (using the calibration program 4.2 of Stuiver et al. 1998). Median 

calibrated ages of 1240 and 680 AD, respectively, were used in the age model. Overall, 

the average sedimentation rate for Core 4 was determined to be 0.16 cm/year. The time 

period covered by this 164 cm core was approximately 1,400 years (600-1996 AD).

The age estimated for the sample at 88 cm extrapolated from the 210Pb-based model is 

nearly identical to the age estimated by radiocarbon dating. The age estimated for the 

154 cm sample based on extrapolation from the 210Pb-derived rate is only 300 yr older 

than that determined by radiocarbon dating. This difference could have resulted from a 

change in sedimentation processes in the lake. Below the 1200 AD level, sedimentation 

could have been increased due to high percentages of CaCC>3 in lake sediment. As will 

be discussed, this likely represents input of Tsirku River sediment into the lake. The 

surface-based linear dating model probably gives good results until about 1200 AD, 

because of the lack of these types of events during the earlier time interval. Therefore, it



is reasonable to assume a relatively linear SAR until about the mid 1200s, when the first 

large inputs of carbonates are observed.

Sediment Core Analysis Results

Analyses focused on 815N and inferences about lake paleoproductivity trends using S15N, 

C%, biogenic silica and percent C/N from two separate sediment cores (Core 1 and Core 

4) collected from the same area of Chilkat Lake (Figure 3).

Chilkat Lake Core 1

Sedimentary 815N and 813C in the upper 33 cm of Core 1 represent conditions during the 

most recent 345-year period (1650 -  1995 AD) for Chilkat Lake. The 8I5N levels in this 

core ranged from +2.2 to +6.9. The C/N ratio ranged from 10.2 to 15.5 (Figure 10).

Fluctuations occurred in 8 I5N levels throughout this period, and do not appear to have a 

regular cyclic pattern. The highest 8 l5N levels occurred around 1910, and, dramatic 815N 

decreases were observed between 1670 and 1690, and between 1810 and 1830. The 

decreases in 8 15N during these two periods appeared to be related to a concurrent increase 

in C/N ratio, but the peak 81:>N level observed around 1910 does not correspond with a 

change in C/N ratio.
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Figure 10. Chilkat Lake Core 1 measured sediment 8 15N and C%/N% ratio for the 
period, 1650-1995 AD.

The C/N ratios are typically 10-12 over this period, and remain relatively constant with 

two peaks at -1820 and 1675. A sharp decrease in 8 1:>N levels is observed in the 1915 -  

1918 period, which was followed by a short period of recovery. However, following 

-1920 the 815N level dropped to the lowest level since the period between 1670 and 

1690. The period from 1915 to 1925 showed a gradual increase in C/N ratio. This ratio 

reached 14.4, almost as high as the 1830 (15.4) and 1690 (14.6) peak values, which were 

associated with concurrent decreases of 8 l3N.

After sharp declines during the 1915 -1920 period, 815N levels demonstrated a gradually 

increasing trend from 1925 to 1950. There was a sharp drop in 8 I5N in 1955 but there 

was no concurrent increase in C/N ratio. In fact the C/N ratio remained at a relatively



constant low level from 1930 to 1996. After the drop in 1955, the sedimentary 515N 

demonstrated a gradually increasing trend. The S15N levels observed in 1996 reached the 

highest level since -1920.

In-lake paleoproductivity trends were estimated using a suite of proxies including those 

related to percent carbon (%C) and total organic matter (TOM) composition of the 

sediment core. Organic and inorganic carbon was characterized using downcore analysis 

of %C, TOM and CaC0 3  (Figure 11). Independently these analyses indicate large 

fluctuations in carbon flux and source throughout the length of the core. When examined 

in combination these analyses are useful in explaining the fluctuations of the different 

carbon fractions and their relationship to the 8 l3N variability. Percent TOM  content of 

this sediment core ranged from 1.0 to 8.9, with a generally increasing trend with two 

distinct peaks from 1807 to 1834 and in 1915. The first peak coincides with a peak in 

C/N levels. These increases also result in a concurrent decrease in 8 15N (Figure 10).

Carbonate levels from 1700 to 1996 were generally low, between 2.9 and 4.0 percent 

(Figure 11), which appears to be close to background levels determined by the loss-on- 

ignition technique. Higher concentrations of carbonate material occurred from 1660 to 

1690. However, the percent carbonate ranged from 3.8 to a peak of 6.4 during the fifty- 

year period prior to 1700 AD. This high carbonate peak coincides with a peak in C/N 

(Figure 10). These two carbon measurements coincide with decreased 8 15N levels during 

this same time period.
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Figure 11. Chilkat Lake Core 1 measured sediment carbon data for the period, 1650-1995 
AD.
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Due to the observed increase in C/N ratio, it is believed that there were increased 

watershed inputs of organic material to the lake during this period that resulted in the 

dilution of the of the marine 815N signal. The carbonate content of the lake sediments is 

believed to be allochtonous detrital material that was transported by surface flow into the 

lake. This is based upon microscopic examination of sediment smear slides that revealed 

that all of the sediment grains had rounded surfaces. If these carbonates were produced 

by chemical precipitation within the lake, they would exhibit a more crystalline 

appearance with sharp angular surfaces. Detrital carbonate inputs to lacustrine sediments 

that appear as silt or clay sized grains are not uncommon in areas within watersheds 

containing carbonate rocks being eroded by glaciers. These carbonate grains can be 

carried as suspensions by rivers and deposited in lakes (Kelts and Hsu 1978).

The Tsirku River may be the source of carbonate deposits in Chilkat Lake. This glacial 

river drains large areas of carbonate containing parent rock within its watershed. The 

Tsirku River flows past the present outlet stream of Chilkat Lake, and there is only a 

narrow area of low elevation land separating the river channel and the lake. There have 

been numerous recent occurrences when the outflow of the lake changed direction, and 

Tsirku River water flowed directly into the lake for short periods (lLDB 1999-2004). 

Therefore, the decreased sediment 815N level occurring during intervals with high C/N 

ratios and carbonate peaks corresponds with periods of increased deposition of these 

terrestrial sedimentary materials.
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Chilkat Lake Core 4

Sedimentary 815N analysis of the 164 cm Core 4 represents the most recent 1400-year 

period (600 -  1996 AD) for Chilkat Lake. The 8 15N levels in this core ranged from +1.2 

to +7.2. The C/N ratio ranged from 10.3 to 23.0 (Figure 12). Decreases in observed 515N 

values occur, with concurrent increases in C/N ratios, at about 760, 1190, 1450, 1760,

Figure 12. Chilkat Lake Core 4 measured 51;>N and C%/N% ratio for the period, 600- 
1996 AD.

and 1910 years AD. These fluctuations match the pattern observed in Core 1 over the 

same period. They do not appear to follow any obvious cyclic pattern.



In-lake paleoproductivity trends were estimated using organic carbon and biogenic silica 

content proxies in the sediment core (Figure 13). Carbon content of this core was 

characterized using the same downcore analysis of C/N, total organic matter and 

carbonate content used in Core 1. Percent total organic matter ranged from 1.2 to 7.4 

along the length of the core. The percent biogenic silica ranged from 0.5 to 7.5 (Figure

13). Periods of high percentages of carbonates occurred at about 760, 910, 1190, 1470, 

1650 and 1940 years AD. These periods of increased sediment carbonate content 

correspond with intervals of increased C/N ratios and decreased 6 l3N values. The percent 

total organic matter and biogenic silica results are inversely correlated with periods of 

high concentrations of sedimentary carbonates and high magnetic susceptibility (Figure

14). The magnetic susceptibility analysis is useful for identifying changes in lithogenic 

content and sediment particle size distribution differences.

The sedimentary §15N levels follow the paleoproductivity trends exhibited by the organic 

carbon and biogenic silica accumulation, and are inversely correlated to periods of high 

concentrations of the sedimentary carbonates. The 8 1:>N results also display large 

decreases that coincide with two periods of higher carbonate content, centered at about 

800 and 1200 AD.
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Figure 13. Chilkat Lake Core 4 measured carbon and silica for the period, 600-1996 AD.
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Figure 14. Chilkat Lake Core 4 magnetic susceptibility (MS) and carbonate (CaCCfV) 
values for the period, 600-1996 AD.

Historical Tsirku River Influences On Chilkat Lake

A limited number of limnological (Koenings et al. 1989) and hydrological (Bugliosi 1988, 

Bishop and Carstensen 1989) investigations conducted at Chilkat Lake were initiated 

because of the well-documented history of intermittent intrusions of the Tsirku River into 

the lower end of the lake, and the possible effects on the lake rearing environment for 

sockeye salmon juveniles. These river water intrusions are believed to be a result of the 

seasonal increases in Tsirku River discharge. Late spring-summer snow melt, seasonal 

rains and an increase in glacial meltwater, which can be accelerated as a result of heavy 

rains, all contribute to increased discharge in this glacial river.
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Increased Tsirku River discharges increase the depth of the water at its confluence with 

the lake outlet stream. This change in gradient is sufficient to cause the flow of the outlet 

to reverse direction and allow the flow of sediment laden glacial Tsirku River water into 

the lake. This type of flow reversal has resulted in plumes of turbid water extending one 

half mile into the lake. There is also historical evidence of more drastic Tsirku River 

intrusion events. These large-scale events have occurred when hydrologic forces cause 

Tsirku River channels to flow across the low elevation land area separating the lake from 

the main Tsirku river channel and discharge directly into the lake. These large intrusion 

events are believed to have reached a distance of two miles into the lake (Koenings 

1983).

Tsirku River water intrusions are believed to be the source of high levels of calcium 

carbonate present in certain depth intervals of lake sediments. The Tsirku River is 

believed to be the source of these carbonates, due to the dominance of sedimentary and 

carbonate parent rocks within its watershed upstream from the north end of Chilkat Lake 

(Gehrels and Berg 1992). Additionally, the limestone-rich areas of the Klehini River are 

a major source of subterranean flows to the Tsirku River (D. Bishop, Environaid, 

personal communication). There is also evidence of abandoned stream channels 

connecting the Klehini and the Tsirku rivers upstream from Chilkat Lake, near their 

confluence with the Chilkat River. The valley of the Little Salmon River also appears to 

have been a route once used by the Tsirku.
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River water analyses indicated that the suspended sediment load for this river was 1.35 

g/1 and 0.04 g/1, respectively, for June and September 1998. The percent CaCC>3 and 

organic matter contents for the June sample were 8.4 and 1.7, respectively. The higher 

suspended sediment load in the spring was expected, because the late spring-summer 

snowmelt and seasonal rains combine with glacial meltwater to increase discharge in this 

glacial river. Later in the fall, glacial meltwater decreases due to low air temperatures 

resulting in a lower suspended sediment load carried by the river. The CaC0 3  content of 

the river water suspended material is slightly higher than the C aC 0 3 content range of the 

lake sediment samples analyzed from Core 1 (2.8 to 6.4) and Core 4 (1.0 to 7.5). These 

small differences in results are probably the result of the intermittent nature of the river 

intrusions, the dilution of the CaCC>3 signal within the lake water column and the longer 

record of Core 4.

Previous Chilkat Lake studies (Bishop 1980) predicted that the finer size ranges for the 

sediment carried by the river would be high in CaCC>3, due to the parent rock material 

and because of the active glacial grinding and wearing processes upstream within the 

Tsirku River watershed. The particle size analysis results validate this prediction. This 

study also hypothesized that the C aC 0 3 additions from the intrusions of the Tsirku River 

directly influence and sustain the elevated alkalinity and conductivity levels observed at 

this lake.
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Two-Component Sediment Mixing Model

Both sediment cores indicated that increases in C/N ratios are associated with concurrent 

decreases in 8 15N levels. These results indicate that some changes in 515N probably 

result from changes in organic matter source. Increases in C/N ratios occur in the high 

carbonate intervals, and some occur in the absence of carbonate increases. This is clearly 

evident by examining the carbonate, total organic matter, and C/N ratios of Core 1 

(Figures 10 and 11). After the peak carbonate values observed prior to 1700 AD, a C/N 

ratio peak was observed from 1807 to 1834, which corresponds with an interval of low 

carbonate values that remained relatively constant from 1700 to 1996. This indicates 

that increases in C/N ratio can result from watershed inputs of organic matter from 

streams and other sources.

Using the observed C/N and SI5N ratios, and the mixing model described previously, it 

was possible to determine the contribution of S15N derived from an aquatic source to the 

sediment. The results indicate that aquatic 815N sediment ratios for both Core 1 (Figure

15) and Core 4 (Figure 16) are higher than total values. Additionally these corrected 

815N levels remove the fluctuations caused by watershed influences. Therefore, the 

resulting observed 815N sediment levels in both cores can be more directly attributed to 

the marine nitrogen source available from sockeye salmon carcass decomposition.
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Figure 15. Chilkat Lake Core 1 measured sediment and calculated aquatic 515N for the 
period, 1650-1995 AD.
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Figure 16. Chilkat Lake Core 4 measured sediment and calculated aquatic 815N for the 
period, 600-1996 AD.
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The use of this model to correct for watershed dilution (C/N ratio) of 515N signal was 

useful in relating sockeye escapement estimates to the sediment 5 1:>N proxy.

Correlation of Sediment 81:>N to Sockeye Salmon Escapement

The existing adult sockeye salmon escapement data set for Chilkat Lake (28-years) 

corresponds to a very short portion of the 350-years represented by Core 1. Due to the 

calculated SAR of approximately 4.3 years in every 0.5 cm subsample, it was only 

possible to compare six sediment subsamples at the top of the core to the escapement 

record. The aquatic 8 15N distribution in these six subsamples was compared to the 

annual escapement estimates for the corresponding time period (Figure 17). This 

comparison indicates that the same general trends occur in both data sets.

A Spearman rank correlation analysis (rs) was performed to compare average escapement 

estimates to the corresponding sediment 515N value. The escapement data were averaged 

to approximate the 4-year escapement period represented by each sediment subsample. 

The results indicate that the average escapement estimates and the paired sediment 

aquatic 515N values are highly correlated (rs=0.9429, p=0.0048, df=4).



Year

Figure 17. Observed sockeye salmon escapement (ESC) and aquatic 8 1:,N calculated 
from sediment content of Chilkat Lake Core 1, 1967-1995 AD.

The aquatic 815N sediment proxy measurements from Core 1 and the observed sockeye 

escapement (1967-1995) to the lake were also used to perform a regression analysis 

(Figure 18). This analysis indicated a positive correlation (r2=0.8605, p=0.0076, df=5) 

between sediment aquatic 815N and averaged escapements.

However, it should be noted that, while the annual escapement estimates ranged from

24,000 (1986) to 213,000 (1993), the corresponding aquatic 8 15N concentrations only 

ranged from 5.47 to 6.37. It should also be noted that the escapement estimates are 4- 

year averages, and could be compared to only six sediment samples.
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Figure 18. Regression analysis of four-year average weir escapement values for the
1967-1995 period at Chilkat Lake and corresponding aquatic 515N calculated 
from sediment values for Core 1.

Reconstruction of Salmon Runs

The results of the correlation analyses of 5 1:iN and escapement data indicate that the lake 

sediment aquatic 51:>N levels are a valid proxy for salmon abundance at Chilkat Lake, 

based on the calibration with the escapement estimates for 1969 through 1995 (Figures 

17 and 18). Unfortunately, as previously mentioned, this correlation represents only six 

sediment subsamples and 26-years of escapement data, while the entire core represents a 

350-year time period.



In addition, escapement estimates for Chilkat Lake were compared to the commercial 

sockeye harvest records for Southeast Alaska (Figure 19). These harvest records are 

considered good estimates of the relative abundance of the fish available for harvest. 

These records, from 1910 to present, have been used to examine Southeast region-wide 

fishing trends (Marshall 1992).

69

2 5 0 ,0 0 0

a) 200,000 
>
(D
o  150 ,000  
o 
(f)

si 100 ,000
■a
<  50 ,0 0 0

0 

2 000  1990 1980 1970 1960 1950 1940 1930 1920 1910

Year

Figure 19. Commercial sockeye salmon harvest and escapement for Chilkat Lake, 1910- 
2002.

Using stock separation scale analysis techniques it has been determined that Chilkat Lake 

contributed an average of 6.4% of the sockeye to the Southeast region-wide harvest from 

1976 to 2003 (Bachman 2003). Using this average percentage contribution, the annual 

Southeast sockeye commercial harvest since 1910 was apportioned from Chilkat Lake for
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comparison purposes, with the escapement estimates from 1967 to present. Upon close 

examination (Figure 19) the same general increasing trends are observed in the 1970s and 

early 1980s, with peaks in the early 1990s and after 1999. However, there was no 

correlation between the annual escapement estimates and harvest contributions from 

Chilkat Lake.

A comparison of the same commercial harvest data with the sediment 6 l3N levels (Figure 

20) reveals some similar trends in the data. A generally decreasing trend is observed
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Figure 20. Comparison of commercial sockeye salmon harvest and calculated aquatic 
8 15N sediment content of Chilkat Lake Core 1 for the period, 1910-1995.



71

from the highest values in both data sets in 1910 to the lowest point in the twentieth 

century around 1950, and there is a generally increasing trend from the late 1970s to 

present.

Using the correlation of the escapement estimates and sedimentary aquatic 5 1:>N levels in 

Core 1, it was possible to use the linear relationship (Figure 18) to reconstruct 

escapement levels to this lake based on sediment 8 15N levels. This escapement 

reconstruction is represented for the entire 350-year period represented by Core 1 in 

Figure 21.

-  O  -  Observed — O —  Recontructed-------------BEG

Figure 21. Reconstructed sockeye salmon escapement (1699-1995 AD) for Chilkat Lake 
based on the regression analysis of the aquatic 8 I5N calculated from sediment 
content of Core 1. The mean escapement for the period from 1700-1900 AD 
is about 100,000 fish, which is compared to the current biological escapement 
goal (BEG) of 59,000 fish.
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The highest peak of the sediment aquatic S15N indicated an escapement of approximately

290.000 fish in 1909. This is similar to the escapement of 209,000 fish observed at the 

lake in 1993.

The negative escapement predictions in 1922 and 1955 are probably a function of the 

narrow range of aquatic 5 !5N (+5.46 to +6.37) used in the regression. In both instances 

the aquatic 5 15N values in 1922 (+4.40) and 1955 (+4.52), are approximately +1.0 7oo 

below the range used in the regression. The two years also corresponded to increases in 

the commercial harvest from the previous year. Because of the narrow range of aquatic 

515N values and the limited number of escapement observation years, this regression may 

not behave in a linear fashion at low sediment 815N levels.

The reconstructed escapements between 1900 and 1700 show variability with suggestions 

of cycles with periods of about 13-years. The average reconstructed escapement during 

this 200-year period was 100,000 fish. The predicted escapements during the minimum 

of the cycles ranged from 11,000 fish in 1699 to 83,000 fish in 1796. The predicted 

escapements during the maximum of the cycles ranged from 115,000 fish in 1884 to

172.000 fish in 1748.
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DISCUSSION 

Importance of MDN to Salmon Lakes

Chilkat Lake, like most dimictic lakes in coastal Alaska, is phosphorus limited (Koenings 

et al 1989). With average spring total phosphorus and total (organic + inorganic) 

nitrogen concentrations of <6 pg/1 and <300 pg/1 respectively, this lake boarders on being 

classified as ultra-oligotrophic. Ultra-oligotrophic lakes are characterized by total 

phosphorus concentrations of < 5 pg/1 and total nitrogen concentrations of < 400 pg/1 

(Wetzel 2001). Although Chilkat Lake is slightly above this definition for total spring 

phosphorus (5.3 pg/1) it is about 100 pg/1 lower for total nitrogen (Barto 1996). Most of 

the other Southeast Alaska sockeye nursery lakes have similar nutrient classifications.

Work was focused on Chilkat Lake for a nutrient budget analysis because of available 

data. Based on the observed nutrient concentrations within the lake and the calculated 

inputs from precipitation and run-off it is clear that the sockeye returning to spawn in the 

lake import a large amount of both N and P on an annual basis (Figures 5 and 6).

The schematic phosphorus budget (Figure 5) indicates that the adult sockeye annually 

import approximately two and half times more phosphorus into the lake than can 

accounted for through the export of smolt and lake water outflow. The total dissolved 

phosphorus (TDP) concentrations observed within Chilkat Lake gradually decrease
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throughout the summer (Figure A .l). This decrease in TDP corresponds with a 

concurrent gradual increase in observed total particulate phosphorus (TPP). The 

unaccounted phosphorus in the schematic budget may be utilized through primary 

production and incorporated into the primary and secondary production organisms of the 

food web. However, the nitrogen budget schematic (Figure 6) indicates that the adult 

sockeye annually contribute an amount of nitrogen approximately equal to that accounted 

for in the water outflow and smolt production. The total dissolved nitrogen (TDN) in 

Chilkat Lake decreases dramatically during the spring and summer months (Figure A .l), 

and reaches its lowest level in September. However, this total dissolved nitrogen 

concentration increases during the fall to levels similar to that in the early spring. The 

increase in TDN during the fall corresponds to the period after sockeye have spawned, 

decomposed and released their nutrients into the environment.

Results of these schematic nutrient budgets indicate that the annual addition of nutrients 

to the lake from the sockeye salmon are significant and would effect the overall primary 

and secondary production within the lake. The subsequent death and deposition of these 

primary and secondary organisms contributes directly to the lake sediments.

The schematic nutrient budgets developed for Chilkat Lake support the general 

assumption for the use of 5 l3N as a proxy for salmon escapement by demonstrating that 

the returning salmon carcasses are enriched in l;>N from the marine environment, and that 

these carcasses are a significant nutrient source. The marine 15N enriched nitrogen from
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salmon carcasses is subsequently incorporated into the lacustrine food web, and 

ultimately the sedimentary record.

The ratio of sockeye carcass nutrient inputs to spring nutrient loads reveals a wide range 

across this region (Table 7). The potential of carcass-derived P, relative to spring P 

loads, ranges from 0.08 to 7.5 times the in-lake phosphorus inventory. For nitrogen, the 

salmon carcass-derived inputs range from almost zero to 1.74 times the in-lake N 

inventory. While this implies that salmon carcass nutrients may be extremely important 

in some systems, factors such as lake water residence time (Tw) (Table 2) may influence 

retention in the lake.

Values of 815N for adult salmon (Table 4) have a narrow range (+10.39 to +11.62). 

Therefore, the adult sockeye enter the lake environments with very similar 5 15N content. 

However, the 8 I:>N analyses of the zooplankton (averaging +3.35 to 9.58) and smolt 

(averaging +7.07 to +13.20) for different lakes indicate large variations among lakes 

(Table 5). Chilkat Lake has the highest 8 l3N in smolt (+13.20) and zooplankton (+9.58), 

and the second longest Tw (4.55 year). In contrast, Speel Lake has the lowest smolt 

(+7.07) content and the fastest Tw (0.07 year). The lowest measured average zooplankton 

was at Kanalku Lake (+3.35), with a Tw of 0.24 years.

These results support the interpretation that, even though the average salmon escapement 

contributes 7.45 times the amount of background phosphorous to Speel Lake, the smolts



76

do not appear to be able to incorporate it, due to an extremely high lake flushing rate. 

Contrary to this, Chilkat Lake, with one of the slowest flushing rates, has the highest 

level of i5N incorporation in both zooplankton and smolts. This indicates that even with 

the availability of large quantities of MDN in some lakes, the physical attributes of the 

rainfall and watershed surface flows play a significant role in lake nutrient availability in 

Southeast.

Southeast Lake Sediment 815N Controls and Patterns

Phytoplankton incorporate the 8 1:>N labeled salmon decomposition products as well as N 

from other sources entering the lake. The nutrients are subsequently transferred to 

zooplankton, which are then consumed by the rearing fry and smolts. The resulting 815N 

of the aquatic organic matter is directly related to that of plankton and their metabolic by

products, which settle to the bottom of the lake and are incorporated into the sediment 

(Finney et al. 2000).

Sediment samples (Figure 9) were selected to give an indication of 8 1:>N in bulk sediment 

samples from the top, middle and bottom of cores from a variety of sockeye salmon 

nursery lakes. This analysis was essential in determining which lakes were suitable for 

the objectives of this study. Although salmon-derived nutrients may be important 

nutrient inputs, and detectable in freshwater food webs, some of the studied lakes had 

sediments in which terrestrial organic matter dominated the organic content. Such



material is not suitable for determining past changes in aquatic N inputs from salmon. 

These terrestrial organic sources were indicated for cores that had high C/N ratios. Only 

two study lakes (Chilkat and Tahltan) had low C/N ratios (Figure 9) and relatively high 

8 15N, making them suitable for detailed analyses. While the 815N results did vary among 

the downcore samples at the various lakes, the C/N ratio of the majority of the samples 

was in the 18 to 21 range. Steep topography and high rainfall are likely important factors 

in controlling terrigenous organic inputs to Southeast lakes.

Prior to this study, it was expected that 8 15N values from sediments deposited before the 

twentieth century would be elevated, because commercial fishing would not have reduced 

escapements. The lack of this consistent trend may be due to three factors. The high C/N 

ratio (>15) indicates that most of these lakes are probably receiving a large input of 

terrestrial (watershed) material. As discussed, these terrestrial inputs could be diluting 

the plankton 15N signal. Second, the level of total salmon escapement may be so low that 

it is not capable of contributing to lake N budgets. Third, the calculated lake-flushing 

rates are generally very fast (<1.5  years) for most Southeast lakes, with the exceptions of 

Chilkat, Redoubt, and Tahltan Lakes. The rates for the other lakes are fast compared to 

systems in which salmon-nutrients have been shown to be important, such as Karluk 

Lake, which has a water residence time of about five years. Annual rainfalls commonly 

exceed 100 cm/year in Southeast Alaska. This climate feature, coupled with the steep 

topography of the region, is responsible for the short lake water residence times and the 

large amount of organic matter washing into these lakes from the surrounding watershed.
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Most of the lakes examined in other areas of Alaska, where the sediment l3N proxy 

analysis has been successful, have sedimentary C/N ratios of < 10. These lakes also 

occurred in areas of relatively low rainfall (which directly affects flushing rate) and 

extremely high escapements (e.g., Karluk). In Southeast, the C/N ratios tend to be high 

and the magnitude of the escapements is low. Chilkat and Tahltan have the lowest C/N 

ratios, relatively high sedimentary 5 I5N values and the slowest flushing rates and least 

steep topography. Thus, our survey of Southeast lakes helped elucidate overall controls 

on MDN input and sedimentary composition.

The two component mixing model that was employed to remove the terrestrial influence 

on the sediment 815N for Chilkat Lake can be applied to other lakes. The differences 

between the measured and the aquatic 8 1:>N provides evidence to infer in-lake 

productivity changes using sediment proxies of organic matter and biogenic silica, and to 

reconstruct sockeye escapement by calculating the 5 15N proxy levels resulting from 

MDN inputs from salmon carcass decay.

Chilkat Lake Paleoproductivity Records

Sedimentary concentrations of organic carbon (%C and TOM) and biogenic silica 

sediment analyses were utilized in Core 1 (Figure 12) and Core 4 (Figure 14) to describe 

the historical primary productivity trends within the lake. In freshwater oligotrophic



lakes primary producers are primarily composed of diatoms. Diatoms form mineralized 

cell walls composed of silica, which are deposited as microfossils in sediments (Stoermer 

et al. 1996). Diatom valves and zooplankton (cladocera) body parts in lake sediment 

have been shown to be the dominant microfossil bioindicators in Alaskan sockeye 

nursery lakes (Finney et al. 2000). Previous studies indicate that sediment biogenic silica 

is a useful proxy indicator of increased or decreased diatom production. Relatively small 

changes in nutrients can cause a detectable increase or decrease in lake diatom production 

(Schelske et al. 1986).

The organic carbon and biogenic silica trends in Core 4 (Figure 13) closely coincide 

throughout the length of the core. These variations in internal productivity indicators are 

positively related to sedimentary 5 l3N. Large decreases in these indicators are associated 

with increased sedimentary carbonate peaks.

The sediment organic carbon and total organic matter concentrations in Core 1 (Figure 

11) also demonstrate similar trends. The lowest concentrations of organic matter were 

observed between 1690 and 1680 and coincide with high levels of sediment carbonate.

As in Core 4, these trends are strongly reflected in the 8 15N sediment record.

By examining the measured and aquatic 5 15N data for both Core 1 (Figure 15) and Core 4 

(Figure 16), there is a clear linkage between the indicators of primary productivity, the 

inputs of carbonates and the 5 l3N within both lake cores. This suggests the input of the
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MDN from the salmon carcasses contributes to lake primary productivity. Additionally, 

the MDN contributions to the sediment decrease during periods of the carbonate 

contribution from the glacial meltwater carried by the river. The sediment carbonate 

influxes observed in Core 1 and Core 4 very likely resulted in decreases in the observed 

aquatic 815N signal in the sediment. The inputs of these glacial sediments would limit the 

light available for primary productivity, which by decreased food web transfers would 

limit rearing salmon production. The paleoproductivity trends identified in the sediment 

core records verify that MDN is an important driver of lake productivity. The positive 

covariance between sediment 815N and the bioindicators of productivity observed in 

Chilkat Lake were also observed using similar methods at Karluk Lake. This is evidence 

for the existence of the same sockeye nursery lake -  nutrient feedback mechanism 

(Finney et al. 2000). Inputs of MDN can change over time due to ocean or lake 

productivity changes, which limit escapement.

Comparison of Sediment Records to Climatic Variability

Past and future climatic changes in this region are intimately linked to oceanographic and 

climatic processes in the Pacific Ocean (Mann and Hamilton 1995). The historical 

climate record for the Gulf of Alaska region is about 100 years. Paleoclimate records for 

this region over the time scale of this study are mainly based on tree ring and glacial 

studies, with few paleolimnologic records.
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In addition to the previous direct comparison between 5 l3N and the escapement 

estimates, it was also possible to compare the sediment proxy (81:>N) for salmon 

abundance to the mean air temperatures (Figure 22). Air temperature data are available
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Figure 22. Comparison 10-year moving average for Core 1 sediment aquatic 8 15N and 
Gulf of Alaska mean air temperature (°C).

for portions of the twentieth century from the weather stations located at Cordova,

Kodiak, Seward, Sitka and Yakutat, towns near the Gulf of Alaska (GOA). These data 

were used to calculate a mean air temperature for the GOA. Although these records are 

not complete at all sites, temperature records exist since 1900 for Sitka and from about 

1910 for all of the other locations. Mean air temperature has been used in previous 

studies as a proxy for regional climate and has been used as a proxy for sea surface 

temperature.
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A comparison between the 10-year moving average of the GOA air temperature for the 

twentieth century and the aquatic 8 1:,N from Core 1 (Figure 22) shows some similarity 

with relatively low values in the 1950s. However, the decrease in 8 15N during the early 

1900s does not correspond to the relatively constant temperature during the same period. 

In addition, the decrease in air temperature from 1940 to 1970 does not closely match the 

relatively constant 8 l3N signal during that period. This comparison could indicate that 

commercial fishing may be having a greater influence on sockeye production from this 

lake than the climate during this period.

Prior to 1900, the aquatic 8 I5N proxy of sockeye salmon abundance in Core 1 (Figure 21) 

indicates relatively high levels with the suggestion of a 13-year cycle. This is different 

from the Karluk Lake results for this same period. At Karluk, prominent declines in 

sediment 8 l3N levels between 1850 and 1750 coincided with declines in reconstructed 

sea-surface temperatures (SSTs) developed from tree-ring data for the GOA. These 

declines were also observed in other Kodiak Island and Bristol Bay sockeye nursery 

lakes. These SSTs represent the coldest periods during the past 250 years (Finney et al. 

2000).

Because similar regional declines were not observed at Chilkat Lake, it would appear that 

local climate influences could control the freshwater and near-shore marine areas and 

affect survival at early life-stages and overall adult salmon production. The most recent



significant decline occurred between 1700 and 1650, associated with large inputs of 

carbonate to the lake sediments. The two largest declines in aquatic 51;>N calculated from 

Core 4 results occurred from 1140-1340 AD (200 years) and 705-990 AD (285 years). 

These declines occurred concurrently with large increases in carbonate sediment content. 

It is believed that local climate or geomorphic changes increased the discharge of the 

Tsirku River, causing it to flow into Chilkat Lake.

Recent studies of Alaskan land terminus and tidewater glaciers (Mann et al. 1998, Calkin 

et al. 2001) provide evidence of glacial retreat and warm climates that coincided with the 

Medieval Warm Period (MWP) in the northeast Pacific Ocean region between 900-1250 

AD. The Karluk Lake 2,000-year sediment 8 I5N proxy record indicates there was a 

general increase in salmon abundance from 250 AD to a peak at 1,200 AD (Finney et al.

2002). However, there is sharp decline from 705 to 990 AD in the sediment 5 l3N proxy 

for salmon abundance at Chilkat Lake. This decline appears to be in direct response to 

increased accumulation of carbonate sediments. This indicates that salmon abundance 

could be controlled by the local climate, including warm temperature periods such as the 

MWP that resulted in glacial melting.

The MWP and the Little Ice Age (LIA) occurred in the northeast Pacific Ocean region 

between 900-1250 AD and 1250-1900 AD, respectively. Evidence for these warming 

and cooling periods includes glacial fluctuations and climate changes recorded in the 

tree-ring analyses. Temperatures and precipitation fluctuated during the warm period and
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variability continued within the LIA. That is, while average climate was warm (MWP) or 

cool (LIA), particular years within these intervals might exhibit short-term contrary 

conditions. Glacier Bay, located close to the southwest edge of the Tsirku River 

watershed, experienced large glacial recessions during the MWP, which opened large 

areas of the bay. This bay also experienced widespread glacial advances during the onset 

of the LIA, which probably resulted in widespread increases in near shore marine 

turbidity levels from glacial meltwater (Mann et al. 1998).

The Juneau ice field, located approximately 60 miles southeast of Chilkat Lake 

underwent late Holocene and more recent advances and retreats of the land terminus 

glaciers draining into Lynn Canal (Moytyka and Beget 1996). M endenhall Glacier (a 

finger of the Juneau ice field) exhibited a period of retreat around 1000 AD. This retreat 

was followed by a short-term, moderate advance around 1390 AD to roughly coincide 

with the beginning of the LIA. However, Moytyka et al. (2002) also reported that this 

glacier has receded approximately 4 km to its present location since 1760 AD. This 

could indicate that this area of Southeast Alaska experienced an end to the cooling period 

of the LIA earlier than the beginning of the twentieth century.

Such regional climate events could have resulted in increased meltwater discharges of the 

Tsirku River and the subsequent large glacial water intrusions recorded as the carbonate 

layers of the Chilkat Lake sediments. The two intervals with high carbonate levels (700- 

990 AD and 1140-1340 A.D) overlap the 900-1350 AD time period described by Mann et



al (1998) as the MWP. Increased temperatures, glacial recession and increased meltwater 

discharges could easily be explained during this period.

The smaller carbonate input peaks observed (1450-1530 AD and 1630-1700 AD) could 

have been the result of relatively brief localized warm periods within the LIA. 

Alternatively, silt input from the Tsirku River into the lake could be related to 

geomorphic changes near the lake outlet unrelated to climatic change. However, the 

timing of these events relative to nearby paleoclimate records suggests localized climate 

influences are a likely explanation for increased discharges in the Tsirku River.

Tsirku River Intrusion Impacts to Chilkat Lake

The sediment record demonstrates glacial water intrusions from the Tsirku River to the 

lake at a level not observed historically that are believed to be climate related.

Depending on the magnitude, inputs of Tsirku River water can have both negative and 

positive effects on the lake-rearing habitat of juvenile sockeye salmon. If in-lake 

temperatures and primary and secondary production are reduced by the introduction of 

glacial water and silt, then the freshwater growth of rearing sockeye will be reduced. 

However, recently observed periodic minor additions of glacial silt into Chilkat Lake did 

not appear to negatively impact the lake-rearing environment.
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Previous work by Koenings et al. (1989) indicated that lake turbidity levels >5 NTU were 

necessary to uncouple the limitation of primary production from nutrients to light. Minor 

additions of glacial silt do not increase turbidity to >5 NTU, but may provide a source of 

leachable inorganic phosphorus, calcium and magnesium. M inor intermittent sediment 

inputs from outlet flow reversals have been viewed as important in sustaining elevated 

alkalinity and conductivity levels in the lake (D. Bishop, Environaid, personal 

communication). These elevated alkalinity levels, in combination with higher 

phosphorus levels, could contribute to the higher potential primary productivity of this 

lake (Cole 1979).

However, large magnitude long-term inputs of glacial river water are likely to negatively 

influence the overall sockeye salmon production from this lake. These large inputs of 

glacial material would increase inputs of cold water and reduce the light penetration 

because of greatly increased turbidity (>5 NTU). The decrease in the euphotic zone 

depth within the lake would cause a reduction in primary production, and subsequently 

limit zooplankton densities. Zooplankton populations within the lake are the primary 

forage food item for the pelagically rearing sockeye salmon fry.

Although glacial sediments contain high levels of particulate inorganic P which would 

increase phosphorus loading to the lake, this phosphorus in not readily available to 

phytoplankton to stimulate primary production. Additionally, glacial silt interferes with 

the filter feeding mechanisms of cladoceran zooplankters, which excludes them from the
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zooplankton community (Koenings et al. 1989). Cladoceran zooplankton have been 

identified as a preferred prey item for sockeye salmon fry. Low light levels will also 

decrease the feeding efficiency of visual feeding sockeye fry (Burgner 1991). Therefore, 

it is clear that if primary and secondary production is reduced by glacial inputs, 

freshwater growth of rearing sockeye fry will be reduced.

Carbonate rich glacially derived sediment material was observed in four large layers of 

material from Core 4. These layers occurred at irregular intervals and each lasted from 

70 to 300 years. The large carbonate deposition layer observed in Core 1 from 1650 to 

1700 AD correlates with the carbonate layer observed in Core 4 for the same time period.

These periods of high Tsirku river input in Cores 1 and 4 coincide with decreased levels 

of the organic carbon and biogenic silica (Core 4 only) that are proxy indicators of total 

primary productivity (Figures 11 and 13). This likely negatively affected the growth and 

survival of the fry and the subsequent production of adults returning to the lake. This is 

evidenced by the reductions in the aquatic 815N signal observed during these periods.

Mechanisms Linking Salmon Abundance to Environment and Climate Variability

It is well known that salmon populations can be influenced by a variety of environmental 

conditions at each stage of a salmon’s life cycle. Because of their anadromous life cycle,



salmon are exposed to two significantly different rearing environments. Each of these 

environments affects growth and survival in different ways.

The freshwater environment affects adult escapement migration, spawning, egg 

deposition, egg survival, emergent fry survival and fry to smolt survival. The historical 

view is that sockeye salmon mortality in the freshwater environment is higher and much 

more variable than in the marine environment (Foerster 1968). Based on work from 

Foerster (1968) and Koenings (1987a) it is assumed that once sockeye eggs are 

successfully deposited in the gravel, the survival rate to smolt in freshwater ranges from 

approximately 1-2%.

Marine survival estimates for sockeye smolts to returning adults are estimated by both 

authors to be 10 - 11%. Sockeye smolt to adult survival in the marine environment has 

been directly related to freshwater age and size at emigration. Small smolt size has been 

attributed to reduced marine survival in numerous studies (Koenings and Burkett 1987a). 

Additional work has demonstrated that this smolt to adult survival rate is not only 

dependent on smolt length but also dependent on latitude (Koenings et al. 1993). The 

early marine migratory life stage for salmon within the coastal waters is known to have a 

major influence on ocean survival (Gargett 1997). This information suggests that the 

early marine influence on survival is greater than either the freshwater or deep-sea phases 

of their life cycles.



Climatic events can have dramatic regional effects on the ocean rearing environment and 

the resulting salmon production in the Pacific Northwest (Beamish and Bouillon 1993, 

Francis and Hare 1994, Gargett 1997, and Hare et al. 1999). Salmon production region- 

wide has been linked to relatively short (5-7 year) duration El Nino-Southern Oscillation 

(ENSO) events and multi-decadal variations in the intensity of the Aleutian Low Pressure 

System.

Recent investigations (Beamish and Bouillon 1993, Francis and Hare 1994, M antua et al. 

1997, and Francis et al. 1998) have attempted to use regional climate phenomena and 

their influence on ocean rearing conditions to explain cyclic fluctuations on a decadal 

scale in salmon populations in the eastern north Pacific region. This “decadal oscillation” 

theory was based on analysis of the available commercial catch data in the twentieth 

century for all salmon species for the North Pacific. W hile these studies may indicate 

broad trends for salmon production, they do not separate these production cycles by 

species or for individual stocks. The results of this present study strongly indicate that 

the freshwater rearing environment and the influence of glacial meltwater intrusions into 

Chilkat Lake can have significant impacts on the freshwater phase of the sockeye 

population. Freshwater impacts could occur independently from regional climate 

influences on the marine environment or both could act synergistically to further reduce 

or increase survival of the sockeye smolt in the marine environment.
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The salmon production-clim ate oscillation trends for the Northeast Pacific do not explain 

the sediment aquatic 5 1:,N proxy results for salmon abundance at Chilkat Lake after 1900. 

This is understandable because the salmon production-climate analysis was based on 

commercial catch data for all species and the sediment aquatic 815N results are only 

related to sockeye escapements to the lake. However, the analysis of the Sl3N proxy for 

salmon abundance in Core 1 does demonstrate a 13-year cycle between high and low 

escapements (Figure 21) reconstructed for Chilkat Lake during the 200-year period prior 

to 1900. This is consistent with the decadal oscillations reported in the literature.

However, from 1650 to l700  aquatic 5 15N decreases as a direct result of the climate 

induced input of carbonates to the lake. These data imply that local climate effects on the 

freshwater rearing environment can override the impact of the marine environment on 

survival.

Fishery Management Implications

Information generated from long-term changes in fish abundance can provide insight into 

natural ecosystem variability, the impact of human disturbance, and data necessary for 

sustainable fisheries management. The sockeye salmon is the only Pacific salmon that 

requires an extensive use of a freshwater lake environment to complete its life cycle. 

Marine derived nutrients released from spawned-out sockeye salmon carcasses have been 

shown to be an important nutrient source to oligotrophic lakes and streams. While lakes
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play a critical role in the life cycle of sockeye salmon, they also support populations of 

other Pacific salmon ( Oncorhynchusspp.). Most Pacific salmon are semelparous. The 

long-term (30+ years) adult salmon weir operated on the outlet stream of Chilkat Lake 

identifies indigenous populations of sockeye, coho, chum and pink salmon. The average 

species distribution of these observed escapements (Table A.4) is 98% sockeye, 1.3% 

coho, 0.02% chum and 0.001% pink. Sockeye escapements during this period have 

ranged from 93.1 to 99.9 percent of the salmon total. Coho escapements during this 

period have ranged from 0.1 to 6.8 percent. Thus, our records of MDN most likely are 

dominated by sockeye inputs.

Coho salmon utilize lake inlet streams for spawning. Juvenile coho can either rear in 

their natal streams or be displaced to the lake littoral zone (Mason 1974). Although there 

is some habitat overlap in the littoral zone for these two species, their rearing success is 

generally related to distribution by size and availability of forage prey food items. Coho 

juveniles rearing in the littoral zone of a lake are piscivorous and will opportunistically 

feed on smaller size fish or aquatic invertebrates. Although not identified by the Chilkat 

weir observations, most lakes accessible to sockeye salmon in Southeast Alaska support 

small resident (<10-50 fish/year) anadromous trout populations (ADF&G Sport Fish 

Division, personal communication). Thus, the nutrients contributed by sockeye, which 

effect lake productivity, could be considered beneficial to coho and resident trout, and 

should be considered in management activities.
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Importance of Current Sockeye Salmon Escapement Goal (BEG) to Lake

Productivity

The majority of salmon catch and escapement data collected at specific locations are 

directly related to fishery management activities. These salmon management activities 

are directed to provide harvest opportunities to commercial, sport or subsistence user 

groups. Salmon fishery management in Alaska is based strictly on density dependent 

relationships, where escapement of spawning salmon is maintained at a level predicted to 

generate the greatest number of harvestable fish, maximum sustained yield (MSY).

With enough information on the relationship between spawning adults and the number of 

adult recruits, most salmon populations can be modeled by Ricker or Beverton-Holt 

equations. However, in cases when environmental conditions are variable between 

generations, or other factors not related exclusively to density dependent interactions 

have a major effect on survival, the spawner-recruit relationship may not be adequately 

described by the model. Because the influences of many physical and biological 

processes are averaged across the entire life cycle from spawner to recruit, the spawner- 

recruit relationship is an empirical description and not one determined from fundamental 

biological principles (Cederholm et al. 2000).

The greatest source of error in these spawner recruit relationships is the assumption that 

density-dependent factors are primarily responsible for influencing survival (Cederholm



et al. 2000). This thesis research demonstrates ample evidence that density-independent 

environmental factors have a substantial effect on salmon survival. Other investigations 

have shown that survival in freshwater is affected by floods, droughts and changes to 

habitat. In the marine environment there is evidence that large-scale climatic factors 

influencing the productivity of the Pacific greatly affect salmon survival rates.

Recognizing that freshwater habitats can be influenced by variability in spawning salmon 

populations, it is it is important to consider whether the application of a spawner-recruit 

model for management purposes accounts for fluctuations in nutrients and their 

ecosystem effects. Managing for MSY based on short-term spawner recruit relationships 

could substantially reduce the amount of MDN delivered to the watershed, due to adult 

harvesting. This decreased nutrient source directly impacts the growth and survival rate 

of juvenile salmon fry and the resulting adult recruits (Bilby et al. 2001).

The spawner-recruit (Ricker) relationship for Chilkat Lake was originally modeled by 

McPherson (1990) using the sockeye weir escapement and commercial catch data for 

nine brood years (1976-1984) apportioned by scale analysis. The escapement for this 

period ranged from 41,000 (1977) to 134,000 (1983). The results of this analysis 

indicated the calculated optimal escapement for this lake is 59,000 adults for the entire 

run. As a result of this work the current biological escapement goal (BEG) established by 

the ADF&G for this site ranges from 52,000 to 106,000 adult sockeye (Bachman 2003).
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For comparative purposes the sockeye spawner-recruit relationship for Chilkat Lake was 

recalculated using the Ricker model and the nineteen brood years (1976 -  1994) currently 

available. The escapement for this period ranged from 22,000 (1986) to 210,000 (1993). 

The results (Figure 23) predict a calculated optimal escapement of 83,000 adult sockeye. 

This recalculation results in a 40% increase in the optimal escapement compared with 

that calculated in 1990.

Spawner Estimate

♦  R eturn Replacement Median  Mean

Figure 23. Spawner recruit (Ricker model) estimate analysis for sockeye salmon at 
Chilkat Lake based on brood years 1979-1994. Total adult production is 
based on weir escapement estimates and commercial catch apportionment 
estimates of Chilkat Lake fish from scale pattern analysis.

One of the obvious limits to this type of spawner-recruit modeling is the amount of data 

available for inclusion in the model analysis and the range of observations. Of the 

nineteen years of escapement data used in the recalculation of the model, thirteen of the
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years were greater than the BEG of 59,000. The average escapement for these thirteen 

years was 101,000 adult sockeye, 71% higher than the established BEG.

Reductions in sockeye productivity in Chilkat Lake can be traced to the development of 

the commercial fishery in the twentieth century. Using the high-resolution sediment 

analysis from Core 1 it is obvious from the sediment 8 15N levels that overall sockeye 

salmon escapements to the lake have been reduced. Localized climate factors affected 

the freshwater rearing area at times in the past through increased intrusions of the Tsirku 

River, which decreased the light penetration, the primary productivity and, through food 

web transfers, the resulting sockeye salmon production prior to this period. However, no 

indications of glacial intrusions or regional climatic factors can account for the decline in 

the early 1900s or the gradually increasing 815N trend observed during the last 80 years.

The spawner-recruit model calculations and the BEG reflect the current levels of sockeye 

production from this lake. Generally there is no information available to judge whether 

the spawner-recruit model is using data for a population performing at full production 

potential. Sediment 8 15N analysis can be used as an indicator of salmon abundance prior 

to human exploitation that can provide valuable insights into the relationship between 

salmon abundance and its rearing environment. The escapement estimates prior to the 

initiation of the commercial harvest may indicate a “carrying capacity” for management 

purposes. Lake sediment historical proxy indicators of 815N can be useful in describing



the “true carrying capacity” of a freshwater rearing environment as described by Knudsen 

et al. (2003).

As previously noted the observed average sockeye escapement from 1967-1995 at 

Chilkat Lake closely correlated with the sedimentary aquatic 5 1:,N levels in Core 1 

(Figure 18) over the same time period. The linear regression predicted an average 

escapement of 100,000 fish for the 200-year period between 1900 and 1700 AD. The 

predicted low escapements were below the BEG set for this lake (59,000 fish) on only 

four occasions during this 200 year period. All other predicted escapements exceed the 

BEG established for the current management of this lake.

Therefore, it would appear that prior to the development of a commercial sockeye fishery 

in Southeast in the early twentieth century, this lake was sustaining an escapement that 

fluctuated around an average of 100,000 fish for a 200-year period. This could indicate 

the “true” carrying capacity (Knudsen et al. 2003) of this lake in a non-glacial state, 

because it was prior to any large-scale removal of adults by the commercial fishery and 

there was no indication of Tsirku River intrusions until the late 1600s. This analysis is 

also based on the assumption that the harvest impacts of the indigenous inhabitants of the 

area on this stock was relatively small, due to inefficient harvest methods and a low 

human population.
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The positive relationship between 815N and lake productivity indicates that higher 

escapements can lead to a higher lake rearing carrying capacity. This higher production 

capacity could not be detected in the short data set used to generate the existing BEG.

97

CONCLUSION

Pacific salmon are not only a product of their natal spawning and rearing habitat but they 

also make a significant contribution to the potential productivity of these systems when 

they return as adults (Bilby et al. 2001). The sockeye salmon is the only Pacific salmon 

that requires an extensive freshwater period in a lake environment and so could be 

strongly affected by this nutrient transport. The migratory adult salmon act as nutrient 

transport vehicles from the marine to freshwater environments. Marine derived nutrients 

released from spawning adult salmon have been shown to be important nutrient sources 

to some oligotrophic lakes and streams in Southeast Alaska. The ability of Southeast 

Alaska watersheds to retain and utilize these nutrients from spawning salmon has been 

shown to be positively related to water residence time. Chilkat Lake has a relatively long 

water residence time (4.55 years), and salmon derived nutrients play an important role in 

controlling the lake nutrient fluxes and primary production. A mass balance analysis 

using recent matched brood year escapements and limnological investigations indicates 

that the input of sockeye salmon-derived phosphorous and nitrogen accounts for up to 

79% and 46% respectively of annual elemental inputs to Chilkat Lake.
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Lake sediments are well suited for high-resolution paleoenvironmental analysis due to 

relatively fast sedimentation rate, low bioturbation and continuous deposition (Finney 

1998). Recent studies suggest that changes in nutrient inputs to the lake are directly related 

to the magnitude of the annual spawning population (escapement), and can be quantified by 

sediment stable isotope analysis of nitrogen (15N). This concept has been successfully 

applied to Chilkat Lake. Results of sedimentary aquatic 5 l3N core analysis indicate a 

good correlation with the existing escapement and sediment data (Figures 17 and 18).

Lake paleoproductivity trends over the last 1400 years estimated using organic carbon 

and biogenic silica proxies in sediment cores are inversely correlated with periods of high 

concentrations of sedimentary CaCC>3 and positively correlated with 815N. This 

demonstrates the positive effects of salmon derived nutrients on lake productivity and the 

negative effects from large-scale intrusions of glacial meltwater from the Tsirku River. 

This positive relationship between 81:,N and proxies of primary productivity indicates 

linkage between salmon nutrients and lake productivity. Large decreases in primary 

production and salmon abundance coincides with an increase in glacial input to the lake 

during the period 700 to 1200 AD, which is recognized as the period of "Medieval 

Warming". Although climatic factors affecting ocean rearing have been shown to 

influence salmon production, it is obvious that the freshwater rearing capacity of Chilkat 

Lake is more closely linked to the intrusion of glacial river water to the lake.



Climate and commercial fishing influences can reduce inputs of MDN, which will 

decrease lake productivity and ultimately influence salmon productivity. The 

paleolimnological record from Chilkat Lake indicates a positive feedback loop, where 

higher salmon abundance leads to increased nutrient loading and stable production. 

Declines in 515N and primary and secondary production within the lake suggest a 

disruption in this feedback loop occurs during periods of high glacial meltwater input, 

and during other climate influences.

This lacustrine sediment record permits insight into sockeye escapement trends prior to 

the beginning of commercial fishery exploitation. This study estimated that a “true 

carrying capacity” or escapement goal should be around 100,000 fish when the lake is in 

a “non-glacial” state.
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Figure A. 1 Mean monthly total dissolved phosphorus (TDP), total dissolved nitrogen 
(TDN) and total particulate phosphorus (TPP), total particulate nitrogen 
(TPN) concentrations for Chilkat Lake 1989-1996.

(|/6
t1) 

N
d

i



110

Figure A.2 Mean monthly chlorophyll a concentration at 1-meter, mid-euphotic (mid) and 
the compensation depth (1%) in Chilkat Lake, 1987-1991.

2Figure A.3 Mean monthly copepod and cladocera zooplankton density (#/m ) in Chilkat 
Lake, 1987-1991.



Table A.4 Total adult salmon from weir observations at Chilkat Lake, 1967-2003 (IFDB
2003).

Year Sockeye Coho Chum Pink
Dolly Total 

Varden Salmon
%

Sockeye
%

Coho
%

Chum
%

Pink

1967 20,111 1 20,112 100.0 0.0 0.0 0.0
1968 41,246 249 1 4 41,500 99.4 0.6 0.0 0.0
1969 44,555 44,555 100.0 0.0 0.0 0.0
1970 41,085 1 41,086 100.0 0.0 0.0 0.0
1971 49,342 1,063 6 50,411 97.9 2.1 0.0 0.0
1972 51,860 518 52,378 99.0 1.0 0.0 0.0
1973 50,527 157 1 50,685 99.7 0.3 0.0 0.0
1974 84,456 161 84,617 99.8 0.2 0.0 0.0
1975 41,520 699 42,219 98.3 1.7 0.0 0.0
1976 69,729 196 5 69,925 99.7 0.3 0.0 0.0
1977 41,044 41,044 100.0 0.0 0.0 0.0
1978 67,528 370 1 67,899 99.5 0.5 0.0 0.0
1979 80,588 963 58 81,609 98.7 1.2 0.1 0.0
1980 95,347 95,347 100.0 0.0 0.0 0.0
1981 84,097 1,149 85,246 98.7 1.3 0.0 0.0
1982 80,221 163 80,384 99.8 0.2 0.0 0.0
1983 134,022 1,023 26 5 135,076 99.2 0.8 0.0 0.0
1984 115,269 691 1 115,961 99.4 0.6 0.0 0.0
1985 57,649 564 2 1 58,216 99.0 1.0 0.0 0.0
1986 23,947 635 4 24,586 97.4 2.6 0.0 0.0
1987 48,861 942 127 1 49,931 97.9 1.9 0.3 0.0
1988 27,662 1,307 14 28,983 95.4 4.5 0.0 0.0
1989 141,475 1,260 2 142,737 99.1 0.9 0.0 0.0
1990 60,230 630 35 60,895 98.9 1.0 0.1 0.0
1991 51,138 1,462 1 1 52,602 97.2 2.8 0.0 0.0
1992 95,111 1,099 42 2 96,254 98.8 1.1 0.0 0.0
1993 212,757 595 8 213,360 99.7 0.3 0.0 0.0
1994 80,859 800 81,659 99.0 1.0 0.0 0.0
1995 59,698 797 60,495 98.7 1.3 0.0 0.0
1999 129,533 2,788 10 132,331 97.9 2.1 0.0 0.0
2000 47,077 872 47,949 98.2 1.8 0.0 0.0
2001 51,979 978 52,957 98.2 1.8 0.0 0.0
2002 65,085 4,740 17 69,842 93.2 6.8 0.0 0.0
2003 52,417 1,678 1 54,096 96.9 3.1 0.0 0.0


