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Chapter 1.  Ontogenic trophic interactions and bentho-pelagic coupling  
in Lake Washington: evidence from stable isotopes and diet 
analysis 

 
 
OVERVIEW 

Stable isotopes of nitrogen and carbon and stomach content analysis were used to 

determine trophic position and relative importance of benthic and pelagic pathways for 

different life stages and species of the major fishes and invertebrate prey in Lake 

Washington.  Both methods indicated that the apex predators were cutthroat trout 

(Oncorhynchus clarki), northern pikeminnow (Ptychocheilus oregonensis), and 

smallmouth bass (Micropterus dolomieui) followed by yellow perch (Perca flavescens).  

Cutthroat trout and northern pikeminnow shifted ontogenetically from benthic omnivory 

to pelagic piscivory while yellow perch shifted from pelagic zooplanktivory to benthic 

piscivory.  Cutthroat trout, northern pikeminnow, and yellow perch continued to rely on 

benthic prey seasonally, particularly in winter and spring.  The δ15N signals for copepods 

during winter, and zooplanktivorous longfin smelt (Spirinchus thaleichthys) and 

threespine stickleback (Gasterosteus aculeatus) were elevated, with values as high as 

those in top piscivores, while values for juvenile sockeye salmon (Oncorhynchus nerka) 

were somewhat lower.  Seasonal dynamics were evident in the isotope ratios of pelagic 

planktivores and invertebrates.  The importance of pelagic energy pathways have 

increased compared to the benthically-dominated food web during the lake’s recovery 

from eutrophication during the 1970s.   

 

INTRODUCTION 

Recently, several papers have brought attention to habitat coupling in lakes by 

reviewing linkages between benthic and pelagic food webs, focusing particularly on the 

importance of benthic processes to production at higher trophic levels (Schindler and 

Scheuerell 2002; Vadeboncoeur et al. 2002; Vander Zanden and Vadeboncoeur 2002).  

Across lakes, whole-lake benthic production is inversely related to phytoplankton 

production (Vadeboncoeur et al. 2001; Vadeboncoeur et al. 2003), primarily as a result of 
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light interception by phytoplankton.  Despite reduced importance of benthic pathways to 

whole-lake production with increasing lake trophic status, trends in the source of primary 

production do not necessarily translate into major pathways for fish production.   

Biomass of the pelagic cladoceran Daphnia, a preferred prey for many small 

fishes, was unimodally related to trophic status across 466 temperate to Arctic lakes 

(Jeppesen et al. 2003).  In oligotrophic systems, grazing pressure on Daphnia is high 

relative to phytoplankton availability, and the importance of benthic production to fish is 

higher due to deeper light penetration (Carpenter et al. 1997; Jeppesen et al. 1997).  In 

mesotrophic systems, increased nutrients allow greater phytoplankton production, which 

increases production in higher order consumers (Persson et al. 1991; Carpenter et al. 

1997; Jeppesen et al. 1997).  In Lake Tahoe, USA, cultural eutrophication has not only 

reduced its renowned water clarity, but also shifted fish production from benthic to 

pelagic pathways (Vander Zanden et al. 2003).  In very eutrophic systems, fish 

production becomes increasingly dependent on benthic pathways; Daphnia abundance is 

reduced due to more inedible algae (Debernardi and Giussanig 1990) and increased 

planktivore abundance (Persson 1988; Jeppesen et al. 2000; Carpenter et al. 2001), 

planktivorous fish are subsidized by benthos derived from high sedimentation of 

phytoplankton  (Jeppesen et al. 1997), and increased turbidity reduces the ability of 

piscivores to visually forage on pelagic planktivores (Beauchamp et al. 1999; De 

Robertis et al. 2003).  

Benthic pathways dominated fish production in Lake Washington during 1962-

1976 (Eggers et al. 1978) while the lake was recovering from cultural eutrophication.  

Transparency improved from a Secchi depth of 1 m before 1970 to an average of 7 m 

after 1975, concomitant with the appearance and dominance of Daphnia in the macro-

zooplankton community (Edmondson and Litt 1982).  Abundances of planktivorous 

juvenile sockeye salmon (Oncorhynchus nerka), longfin smelt (Spirinchus thaleichthys), 

and threespine stickleback (Gasterosteus aculeatus) also increased during the trophic 

reversal in the late 1960s and early 1970s.  These changes suggested a shift in the 

structure and function of the fish community towards less benthic dependence for the 

food web as a whole. 
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Food web processes operate at different temporal scales (diel, seasonal, annual) 

and also can differ ontogenetically within species.  Ratios of the stable isotopes of 

nitrogen and carbon have been used extensively for several decades to explore trophic 

relationships in freshwater systems at longer temporal scales.  Stable isotope ratios 

provide an integrated view of consumption over a period of months to years (Hesslein et 

al. 1993; MacAvoy et al. 2001), depending on how quickly the diet changes, and the 

specific rate of new tissue production.  Nitrogen isotopes generally reflect trophic 

position since the lighter isotope is preferentially excreted, leaving consumers 

approximately 3.4‰ enriched in the heavier isotope compared to their prey (Minagawa 

and Wada 1984; Vander Zanden and Rasmussen 2001).  In contrast, consumers are 

typically <1‰ enriched in the heavy isotope of carbon relative to their food (Deniro and 

Epstein 1978; Peterson and Fry 1987; Vander Zanden and Rasmussen 2001).  Carbon 

isotopes are often used to trace energy pathways within a system because pelagic carbon 

is depleted in the heavier isotope relative to benthic/littoral carbon.   

In contrast to the longer-term integrated dietary signal provided by stable isotope 

analysis (SIA), stomach content analysis (SCA) provides a snapshot of food habits over a 

day or less, depending on meal size and temperature (He and Wurtsbaugh 1993).  While 

more labor intensive, SCA offers the advantage of identifying and measuring specific 

prey taxa rather than functional groups that might share the same isotopic signal, and can 

describe dietary changes at fine temporal scales (e.g. diel, monthly, or seasonal patterns) 

that contribute additional insight into foraging behavior.  SCA could potentially capture 

acute trophic interactions that are capable of regulating the dynamics of certain prey 

populations yet do not contribute sufficiently to the consumer’s annual energy budget to 

be detectable in the isotopic data.  An example of this would be severe predation during 

temporally-concentrated recruitment of a prey species (Baldwin et al. 2000).   

 Using a combination of stable isotope and stomach content analyses, the 

objectives of this study were to corroborate current diet data for Lake Washington 

piscivores, determine important linkages between benthic and pelagic habitats, and 

briefly assess whether the relative importance of benthic and pelagic pathways in the 
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contemporary food web differed significantly from the period during the lake’s recovery 

from eutrophication (Eggers et al. 1978). 

 

METHODS 

 
Study area 

Lake Washington is a large, monomictic, meso-oligotrophic lake located in an 

urban region of the Puget Sound basin between the cities of Seattle and Bellevue, 

Washington.  The lake covers an area of 87.6 km2, with a length of 21 km, an average 

width of 2.4 km, average depth of 33 m, and maximum depth of 65 m (Anderson 1954).  

Stratification occurs in Lake Washington from late March to early November with a 

thermocline centered around 16 m, separating maximum epilimnetic temperatures 

(~24°C) from hypolimnion temperatures that remain 7-9 °C year-round.  Chlorophyll a 

concentrations peak in May at approximately 12 µg/L in surface waters, while winter 

lows are approximately 2 µg/L.  Secondary sewage was diverted from Lake Washington 

during 1963-1968. 

The abundant pelagic planktivore community of Lake Washington consists of 

juvenile sockeye salmon (Oncorhynchus nerka), longfin smelt (Spirinchus thaleichthys), 

and threespine sticklebacks (Gasterosteus aculeatus).  Juvenile sockeye salmon reside for 

an average 15 months in the lake before migrating to sea.  Longfin smelt have a two-year 

life span in Lake Washington, with even year-classes 5-15 times more abundant than the 

odd year-classes (Beauchamp 1994).  Threespine sticklebacks live just one year in Lake 

Washington.  The benthic fish community is dominated by prickly sculpin (Cottus asper) 

and peamouth chub (Mylocheilus caurinus).  Prickly sculpin were estimated to comprise 

84% of the lake’s fish biomass during the 1970s (Eggers et al. 1978).  Currently, the 

dominant piscivores include cutthroat trout (Oncorhynchus clarki), northern pikeminnow 

(Ptychocheilus oregonensis), yellow perch (Perca flavescens), and smallmouth bass 

(Micropterus dolomieui), which are common in littoral regions, but are much less 

abundant than the other three piscivores. 

 

 



 5
Field Collections 

Fishes and invertebrates were collected from Lake Washington between October 

2001 and November 2003 by a variety of methods including gill nets, mid-water trawls, 

electroshocking, angling, snorkeling, minnow traps, conical nets, SCUBA diving, and 

submerged emergent traps.   Large mobile fish were caught throughout the lake during 

the study.  Forage fishes including juvenile sockeye salmon, three-spine stickleback, 

longfin smelt, and coast range sculpin (Cottus aleuticus) were collected by mid-water 

trawl during October and March (Table 1).  Pelagic biota including bulk zooplankton, 

Daphnia, Leptodora, larval fish, and mysid shrimp (Neomysis mercedes) were collected 

in 2002 from the top ~20 m in the pelagic zone with either a 35-cm diameter 135-µm 

mesh net (bulk zooplankton) or a 1-m diameter 1-mm mesh net (all others).  Sedentary 

benthic species including prickly sculpin, signal crayfish (Pacifasticus leniusculus), 

trichopteran larvae (Limnephilidae spp.), and chironomid pupae were collected from the 

littoral zone (<1-5m depth) at up to three fixed locations, representing one relatively 

undisturbed site (NE; St. Edwards State Park) and two sites with significant human 

disturbance (NW; Magneson Park, SW; Mt. Baker Park).  Large prickly sculpin were 

also obtained from the profundal zone by mid-water trawl during March 2002.  Three 

freshwater mussels (Margeratifera margeratifera) were collected at 4.6 - 6 m at each site 

in August 2003 by SCUBA diving.  All specimens were immediately placed on ice until 

they could be processed in the lab. 

 

Sample Preparation 

Fishes and crayfish were measured to the nearest millimeter and were weighed to 

the nearest 0.01-gram.  Otoliths and scales were removed for age and growth analysis 

from cutthroat trout, yellow perch, and northern pikeminnow.  Otoliths were the only 

ageing structure used for sculpin.  Approximately 0.5 g of muscle tissue was removed 

from the anterior dorsal area of individual fish and from the foot of unionid mussels for 

stable isotope analysis.  All other invertebrates and age-0 sculpin were analyzed as whole 

bodies and trichopteran larvae were removed from their cases.  Dissection tools were 

rinsed in de-ionized water between samples.  Muscle tissue and whole bodies were dried 
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in a commercial convection oven at ~60°C.  Dried tissue was ground to a fine powder in 

a porcelain mortar, and weighed to 1.00 ± 0.02 mg in a tin capsule (Elemental 

Microanalysis Ltd.) on a Cahn electrobalance.   

 

Stable Isotope Analysis 

Stable isotopes were measured via continuous flow using a Carlo Erba 2100 

elemental analyzer interfaced with a Thermo-Finnagan Deltaplus isotope ratio mass 

spectrometer at the Colorado Plateau Stable Isotope Laboratory at Northern Arizona 

University.   Stable isotope values were expressed as a ratio (R) of the heavy to the light 

isotope (13C/12C or 15N/14N) standardized with respect to internationally recognized 

reference materials as follows: 

δ (‰) = [Rsample/Rreference – 1)] x 1000. 

Every 10th sample was analyzed in duplicate with an average standard deviation of 

0.11‰ δ13C and 0.07‰ δ15N between replicates.  Reference material for carbon was 

Vienna Pee Dee belemnite limestone and was atmospheric N2 for nitrogen. 

Relative 13C depletion of lipids compared with other tissues (Deniro and Epstein 

1977) can affect interpretation of stable isotopes in ecological contexts (Kling et al. 1992) 

because it suggests a diet that is more depleted in 13C than the same tissue with less lipid.  

However, because lipid-extraction can also alter stable nitrogen ratios (Pinnegar & 

Polunin 1999), lipid-extraction was not performed on Lake Washington samples.  Lipids 

were normalized using the equation developed by McConnaughey and Roy (1979) and 

validated by Kline (1997): 

δ13C’ = δ13C +D[-0.207 + 3.90/(1+287/(93/1+(0.246 C/N-0.775)-1)))], 

in which D is the isotopic difference between protein and lipid (6‰) and C/N is the 

atomic ratio of total carbon to total nitrogen in the sample determined by mass 

spectrometry.  This adjustment resulted in an average shift in δ13C of +0.33 (SD = 0.90) 

across all samples.  Small prickly sculpin (TL<75mm) were adjusted for the use of whole 

bodies instead of muscle (+0.73 δ15N and +0.95 δ13C’), based on average differences 

between muscle and whole body samples in longfin smelt (2-sample t-test; df = 10, p = 
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0.050, δ15N muscle-whole = 0.60 and p = 0.199, δ13C’ muscle-whole = -1.10) and threespine 

stickleback  (p = 0.033, δ15N muscle-whole = 0.86 and p <0.001, δ13C’ muscle-whole = -0.80).   

 

Algal Contamination of Bulk Zooplankton 

Considerable amounts of filamentous algae was trapped by the 153-µm mesh 

plankton net when present in the water column, particularly in May (Arni Litt, University 

of Washington and Sally Abella, King County, pers.comm.).  Since algae would 

artificially lower δ15N values, we attempted to determine the proportion of algae in 

seasonal bulk zooplankton samples. 

Using archived bulk zooplankton samples for 2002 (D.E. Schindler laboratory, 

University of Washington, School of Aquatic and Fishery Sciences), the percent algae of 

bulk zooplankton was calculated for seasonal samples.  In winter, algae comprised 0.4% 

of the total biovolume in bulk zooplankton samples, 37% in May, 3.4% in August, and 

11.2% in December.  These percentages revealed that only the spring bulk zooplankton 

sample contained appreciable amounts of algae.   

 

Diet Analysis 

Fish stomachs were stored in formalin and transferred to alcohol prior to analysis.  

Blotted wet weights of stomach contents and major prey groups were measured for each 

non-empty stomach to the nearest 0.01 g.  The proportion of total diet of each prey type 

was averaged across individuals of a species within size classes for each month in which 

diets were available.  Monthly diet proportions were then averaged to estimate annual 

diets.  Seasonal diets were obtained by averaging diet proportions for individuals within a 

size class across months of each season; winter was January-March, spring was April-

June, summer was July-September, and fall was October-December.   
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RESULTS  

Food Web Description 

Among key species of consumers in the Lake Washington food web, trophic 

position (δ15N) was negatively correlated with benthic orientation (δ13C’) (r2 = 0.311, p 

<0.001), such that the highest trophic positions expressed the most pelagic carbon signals 

and lower trophic positions were generally more benthic (Figure 1).  Trophic position 

spanned a range of δ15N of 12.2‰, encompassing roughly 3.5 trophic levels, assuming a 

fractionation of 3.4‰ between trophic levels (Minagawa and Wada 1984; Vander 

Zanden and Rasmussen 2001).  Top piscivores in Lake Washington were identified as 

large cutthroat trout, northern pikeminnow, yellow perch, and smallmouth bass, with 

δ15N signatures that ranged from 15.8-17.6‰ (Table 2).  The pelagic planktivores 

longfin smelt and threespine stickleback were as trophically-elevated as the large 

piscivores (17.0-17.2‰), but elevated trophic position was not observed in the other 

forage fishes (e.g., juvenile sockeye δ15N = 14.9‰, prickly sculpin δ15N = 12.7‰).  

Distinct differences in δ13C’ were evident between organisms associated with pelagic and 

littoral habitats (range 19.3‰), allowing assessment of relative contributions of benthic 

versus pelagic resources to upper trophic levels.  The most pelagic members of the food 

web included the pelagic planktivores longfin smelt, threespine stickleback, juvenile 

sockeye salmon, age-0 yellow perch, and pelagic invertebrates, particularly copepods and 

Daphnia during fall and winter.  The most littoral members of the food web were 

trichopteran larvae, age-0 crayfish, chironomid pupae, and littoral sculpin (Figure 1).   

 

Large Predatory Fishes 

Trends in δ15N and δ13C’ indicated that northern pikeminnow, cutthroat trout, and 

yellow perch underwent ontogenetic shifts in trophic position and energy pathways.  At 

an average shift in δ15N of 3.4‰ between trophic levels (Minagawa and Wada 1984), 

δ15N values spanned 2.2 trophic levels through the ontogeny of northern pikeminnow 

(δ15N = 9.8-17.6‰) and cutthroat trout (δ15N = 11.8-18.3‰), and 1.3 trophic levels for 

yellow perch (δ15N = 12.4-16.8‰; Table 2).   All three piscivores increased trophic 
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position with increasing size (Figure 2).  The δ15N increased for both cutthroat trout and 

northern pikeminnow to a plateau of 17.0-17.8‰ at 300-350 mm fork length (FL); δ15N 

was significantly correlated with length for cutthroat trout <350mm (r2 = 0.794; p < 

0.001): 

δ15N (‰) = 8.432 + 0.027⋅FL, 

and for northern pikeminnow <300 mm (r2 = 0.500; p = 0.022): 

δ15N (‰) = 7.234 + 0.035⋅FL. 

 Yellow perch >175 mm also exhibited increased δ15N with increasing size to a plateau of 

approximately 16.0‰ at >260 mm (r2 = 0.413; p = 0.013): 

δ15N (‰) = 9.155 + 0.027⋅FL.  

These species also exhibited different ontogenetic shifts between benthic/littoral 

versus pelagic energy pathways, based on size-related trends in δ13C’ (Figure 3).  Values 

of δ13C’ ranged from -29.6 to –23.5‰ for cutthroat trout, –28.9 to –22.4 ‰ for northern 

pikeminnow, and –31.5 to –23.7‰ for yellow perch (Table 2).    The smallest northern 

pikeminnow and cutthroat trout were relatively enriched in 13C and became increasingly 
13C-depleted with size, indicating a shift to more pelagic prey at larger sizes (Figure 3).  

This shift was linear for cutthroat trout (r2 = 0.313, p = 0.005): 

δ13C’ = –23.864 - 0.01⋅FL, 

but was stronger for pikeminnow ≤ 300 mm (r2 = 0.682, p = 0.003): 

δ13C’ = – 19.727 - 0.03⋅FL, 

and reached a plateau of approximately -28‰ for pikeminnow >300 mm.   The higher 

δ13C’ values for large pikeminnow suggested that they fed more on benthic/littoral prey 

than large cutthroat.  Greater reliance on benthic pathways by northern pikeminnow than 
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cutthroat trout was supported by observations that pikeminnow were absent from the 

limnetic zone during spring and summer (Bartoo 1972; Brocksmith 1999).   

In contrast to northern pikeminnow and cutthroat trout, yellow perch  >100 mm 

became increasingly 13C-enriched with size (Figure 3), suggesting an increasingly 

benthic diet (r2 = 0.731, p <0.001): 

δ13C’ = – 34.715 + 0.031⋅FL. 

For juvenile yellow perch (66-85 mm), δ15N ranged from 13.4 to 15.6‰ and δ13C’ 

ranged from –31.0 to –23.7‰.  Juvenile yellow perch were caught by both mid-water 

trawl at the end of March and beach seine in May, with no difference in either δ15N (2-

sample T-test; p = 0.34, df = 8) or δ13C’ (p = 0.61) between the two sampling methods or 

periods.  Within the juvenile life stage of yellow perch, δ15N was negatively correlated 

with δ13C’ (r2 = 0.586, p = 0.010; Figure 4), suggesting dietary specialization between 

individuals that ranged from feeding on benthic invertebrates to higher trophic-level 

pelagic prey (e.g., larval fish and carnivorous invertebrates).  These differences were 

independent of size, month, method, and location of capture.  Similar individual feeding 

behavior inferred by δ15N was also observed for juvenile Perca fluviatilis (Olsson et al. 

2000; Burreau et al. 2004). 

 For cutthroat trout, northern pikeminnow, and yellow perch, the annual average 

proportion of fish prey in diets increased with increasing predator size and individual 

δ15N (Figure 2), demonstrating that increased piscivory was largely responsible for the 

increase in trophic position.  The percentage of fish in the diet of yellow perch increased 

more rapidly than δ15N and was due to higher reliance on small sculpin, which had lower 

δ15N than other foraged fishes, in the diet of large yellow perch (16-30%) compared to 

both cutthroat trout and northern pikeminnow (<10%).   

Trends in the annual average proportion of benthic items in the diet followed 

trends in individual δ13C’ (Figure 3), though the slopes were less congruent than for 

trophic position (Figure 2), particularly for cutthroat and perch.   The estimated 

 



 11
proportion of benthic prey in the annual diet of mid-size cutthroat trout was much lower 

than was suggested by their δ13C’ values.  Among large cutthroat trout, benthic 

invertebrates were most important in the diet during fall and winter (Table 3), periods for 

which diet was underrepresented for mid-size cutthroat (1 fish in November and 4 in 

March).  The δ13C’ values suggested that approximately 30-40% of the diet of mid-size 

cutthroat was composed of high δ13C’ items such as benthos, compared with 16% 

benthos suggested by stomach content analysis.   

 Among large cutthroat trout, benthic prey was most important in winter months 

(Table 3), and was largely comprised of chironomid pupae.  This was consistent with the 

observation that large cutthroat trout were caught almost exclusively offshore during 

summer and fall, but were captured both nearshore and offshore during winter and spring 

(Beauchamp et al. 1992; Nowak and Quinn 2002; Mazur 2004).  Large northern 

pikeminnow and yellow perch relied heavily on benthic prey during winter and spring 

(Table 3).  The most common benthic prey consumed by perch during both periods was 

small (32-98 mm) sculpin.  Pikeminnow also focused on sculpin during winter, but 

consumed a diversity of benthic prey during spring including sculpin, chironomids, 

crayfish, aquatic insects, gastropods, and trichopteran larvae.  

 

Planktivorous Pelagic Fishes  

Seasonal or size-related differences in isotopic signatures were evident for longfin 

smelt (ANOVA, p <0.001 for both δ15N and δ13C’), threespine sticklebacks (2-sample t-

test, p = 0.019 for δ15N, p <0.001 for δ13C’), and juvenile sockeye salmon (p = 0.048 for 

δ15N).  The strong year class of age-0 longfin smelt grew considerably over winter, which 

corresponded with a significant increase in δ15N (p = 0.018) and decrease in δ13C’ (p 

<0.001) from October to March (Figure 5).  Age-1 smelt of both year classes grew 

substantially over the summer, but showed almost no growth over winter, while δ15N 

declined and δ13C’ increased over time.  Sticklebacks also showed significantly higher 

δ15N (p = 0.019) and lower δ13C’ (p <0.001) in March than the previous October, 

concurrent with a significant increase in weight (2 sample t-test, p <0.001).  For juvenile 
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sockeye, δ15N increased slightly (p = 0.048), while δ13C’ remained low (p = 0.527) from 

October to March, coincident with no change in weight (p = 0.857).   

Overall, longfin smelt, threespine sticklebacks, and juvenile sockeye salmon 

differed significantly in δ15N (ANOVA, p = 0.017) and δ13C’ (p<0.001) (Table 2).  

Levels of δ15N were significantly higher for both longfin smelt (17.2 ± 0.1‰) and 

sticklebacks (17.0 ± 0.1‰) than for juvenile sockeye (14.9 ± 0.1‰) (Tukey’s HSD post-

hoc test; p <0.001), but did not differ significantly between smelt and stickleback (p = 

0.527).  Stable carbon isotope ratios were significantly higher in smelt (-30.0 ± 0.4‰) 

than sticklebacks (-31.5 ± 0.2‰) (p = 0.026), but δ13C’ was similar between juvenile 

sockeye (-31.0 ± 0.1‰) and smelt (p = 0.126) or stickleback (p = 0.692).   

The diet of longfin smelt was dominated by copepods and mysids or larval fish 

through the winter and Daphnia through the summer (Figure 6); age-1 smelt ate much 

more benthos and larval fish than age-0 smelt.  Sockeye shifted from eating copepods 

during winter through mid-May to Daphnia during summer and fall, with an increasing 

importance of benthos during fall and winter for age-1 sockeye.  The diet of threespine 

stickleback was 65% Daphnia and 35% copepods in October, dominated by copepods in 

winter, and a mix of 50% copepods, 40% Daphnia, and 10% chironomids in June.   

 

Pelagic Invertebrates 

Seasonal dynamics of δ15N and δ13C’ were evident in mysids, Daphnia, bulk 

zooplankton, and Leptodora (Table 4).  Nitrogen ratios were generally lowest during 

April-May for all species.  Mysid δ15N decreased significantly from 12.2‰ in February 

to 10.4‰ in April (ANOVA, p <0.006), then increased to 11.9-12.5‰ during summer 

and fall.  Bulk zooplankton δ15N decreased from 16.6‰ in February to a low of 10.0‰ in 

May, and was intermediate in August and December.  The February 2002 sample of bulk 

zooplankton was comprised almost entirely (>99.9% by volume) of copepods 

(Diaptomus:Cyclops ≈ 2:1; Jen Scheurell, University of Washington, pers. comm.), 

whereas samples from May contained ~37% filamentous algae which significantly 

lowered δ15N values.  Algae contributed <1% to the biovolume of bulk zooplankton 

samples in February and August, and 11% in December.  Assuming an algal δ15N of 
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7.1‰ (mean δ15NDaphnia – 3.4‰), bulk zooplankton in spring might have been 11.9‰ 

while fall zooplankton might have been 12.0‰ (Table 4).  For the cladocerans 

Leptodora (May and June) and Daphnia (June and August), δ15N was lower earlier in the 

year.  The inferred trophic position of larval fish in June was similar to Leptodora and a 

full trophic level above Daphnia. 

The carbon source for pelagic invertebrates showed a shift across seasons with 

δ13C’ increasing through the winter and early spring and decreasing thereafter (Table 4).  

Mysid δ13C’ increased from –31.2‰ in February to –26.6‰ in August, and declined 

again in October.  Bulk zooplankton was similarly low in February (δ13C’=-31.7), highest 

in May (-25.2‰, p <0.001), and successively more depleted in summer and fall.  Since 

the δ13C’ of algae was not measured, it was not possible to normalize the δ13C’ of bulk 

zooplankton samples for algal content.   Daphnia, Leptodora, and larval fish samples fell 

along the same carbon trend as mysids and zooplankton, decreasing from May through 

August. 

Small and large mysids shared similar δ15N and δ13C’ signatures in October, 

suggesting that pooled sizes from other seasons would not affect the general trends.   

 

Benthic Invertebrates 

 Average δ15N was 9.3 ± 0.3‰ and δ13C’ was –28.4 ± 0.3‰ for individual unionid 

mussels and differed less than 0.5‰ among the three study sites for δ15N (ANOVA, p = 

0.21) or δ13C’ (p = 0.72).  However, for other benthic invertebrates, some spatial 

differences existed for both δ15N and δ13C’ (Table 5).  Trichopteran larvae 

(Limnephilidae sp.) from <1m depth showed significant differences in δ15N (ANOVA, p 

<0.001) and δ13C’ (p = 0.016) among the three study sites.  Average δ15N was 

significantly lower at the more natural NE site than at the developed NW (p = 0.050) and 

SW (p = 0.016) sites, whereas the developed sites were similar (p = 0.610).  Average 

δ13C’ at the more natural NE site was also significantly lower (p <0.001) than at the 

developed NW or SW sites, which were similar to each other (p = 0.710).  Small crayfish 

(<30mm TL) were not captured at the NE site; δ15N was higher (p = 0.002) and δ13C’ 

lower (p = 0.035) for small crayfish at the NW than at the SW site.  Overall, trophic 
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position did not show a consistent trend between sites for these three benthic species, 

whereas δ13C’ declined from the SW and NW sites to the more natural NE site.   

 

Sculpin 

For prickly sculpin that were pooled across all sites and seasons, δ15N was not 

correlated with size, but δ13C’ exhibited a significant exponential decline with increasing 

length (N=53, p<0.001, r2=0.456 for all sculpin, but r2 = 0.681 after excluding large SW 

sculpin) (Figure 7).  Trophic position of prickly sculpin did not vary among the three 

littoral sites (ANCOVA, length as a covariate, p = 0.620), but significant differences in 

carbon source (p <0.001) were present.  Although the range in δ15N for sculpin was 

2.8‰, the average difference between age-0 and large sculpin in August was only ~1‰, 

suggesting that sculpin did not undergo a pronounced ontogenetic increase in trophic 

position across the range of sizes studied.  Among small prickly sculpin (<75 mm), δ13C’ 

appeared higher at the SW site (-18.2‰) than NW site (-19.5‰) but was not significantly 

different (t-test, p = 0.090).  Among large prickly sculpin, δ13C’ signatures were distinct 

at all three sites (ANOVA, p <0.001), in the order of SW>NW>NE.  The δ13C’ of large 

sculpin at the NE and NW sites were indistinct from those of large profundal sculpin 

(Area 4, ~30m depth), but were significantly higher at the SW site (p<0.001).   

Among similar-sized sculpin, coast range and prickly sculpin caught in the littoral 

zone had similar trophic position (ANOVA; df = 13, p = 0.280) and carbon signal (p = 

0.278), whereas coast range sculpin caught in the limnetic zone showed distinctly higher 

δ15N and more pelagic δ13C’ than either coast range or prickly sculpin caught in the 

littoral zone (all p <0.001).   

 

DISCUSSION 

Although the littoral area occupies less than 20% of total surface area, 

littoral/benthic pathways contribute significantly to the energy budgets of different life 

stages or species of the major fishes in Lake Washington.  Stable isotope ratios and 

annual diet proportions both showed that cutthroat trout and northern pikeminnow in 

Lake Washington ontogenetically shifted from benthic omnivory to pelagic piscivory 
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whereas yellow perch shifted from pelagic zooplanktivory to benthic piscivory.  

Benthic/littoral production supported juvenile cutthroat trout and northern pikeminnow 

until they grew large enough to exploit the pelagic planktivore community.  Conversely, 

yellow perch used relatively more pelagic resources as juveniles than as adults.  Large 

yellow perch also consumed pelagic planktivores, but since yellow perch did not grow as 

large as cutthroat trout and northern pikeminnow, less of the planktivore population was 

vulnerable to predation by perch.  Instead, piscivory by yellow perch concentrated 

heavily on smaller-bodied benthic cottids.  That all three of these species link benthic and 

pelagic habitats across life history stages suggests that ontogenetic habitat coupling is 

common in Lake Washington fishes.  Reviews of the diets of common fish species in 

north-temperate lakes of North America found that secondary benthic production was 

vital in supporting production at higher trophic levels, and that even ‘pelagic’ fishes were 

at least partially supported by zoobenthos (Schindler and Scheuerell 2002; Vander 

Zanden and Vadeboncoeur 2002).  This was certainly true of piscivores in Lake 

Washington: benthic prey contributed 20% to the annual diets of the largest cutthroat 

trout and northern pikeminnow, and represented 44% of the annual diet of yellow perch.   

Ontogenetic habitat coupling was also evident in prickly sculpin.  Diet studies 

reported an increased reliance on mysids as sculpin grew (Rickard 1980; Mazur 2004), 

substantiating the shift to more pelagic carbon signals with sculpin size.  In addition, 

sculpin moved out of the littoral zone as temperatures increased in Lake Washington 

(Rickard 1980), as has been observed in other systems (Ruzycki and Wurtsbaugh 1999), 

which would increase their accessibility to pelagic prey.  Seasonal shifts between 

profundal and littoral habitats may help explain why the carbon signals of profundal 

sculpin were indistinct from those of similar-sized sculpin caught in the littoral zone at 

the NW and NE sites.  Large sculpin at the SW site had distinctly littoral signals 

reflecting the difference in their location of capture (<1 m deep in an isolated boulder 

patch) compared with that of large sculpin at the NW and NE sites (5 m deep on 

featureless bottom substrate).   

In addition to ontogenetic changes, cutthroat trout, northern pikeminnow, and 

yellow perch also exploited pelagic and benthic habitats across seasons.  While stable 
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isotope analysis required fewer samples to establish ontogenetic patterns in piscivore 

diets, stomach content analysis was needed to demonstrate the seasonal importance of 

pelagic or benthic prey to the diets of large cutthroat trout, northern pikeminnow, and 

yellow perch.  Pelagic planktivores were the most important prey in the annual diets of 

large cutthroat and pikeminnow (>75% by weight) and represented more than 50% of the 

diet of large yellow perch during summer and fall.  Benthic prey may be an important 

dietary supplement for piscivores in Lake Washington.  For example, the increased 

benthic contribution may be critical to maintaining condition when the availability of 

prey fish is limited.   In other systems, piscivores switched from fish to benthic 

invertebrates when preferred prey became scarce (Hodgson and Kitchell 1987; Schindler 

et al. 1997; Baldwin et al. 2000).  The ability of consumers to switch to alternative prey 

when preferred prey become scarce can impart greater stability on consumer populations 

(Post et al. 2000) by de-coupling consumers from the dynamics of their preferred prey 

(Stein et al. 1995; Jeppesen et al. 1997; Schindler et al. 1997).   

Nutrient translocation strengthens coupling of bentho-littoral and pelagic habitats 

via lake mixing, when nutrients released in profundal waters from the detrital food chain 

are mixed throughout the water column.  This process is potentially very influential, 

since Lake Washington mixes throughout the winter, in contrast to many north-temperate 

lakes that only mix in spring and fall (Wetzel 1983).  Bulk zooplankton samples 

(>135µm) taken from Lake Washington at the end of winter were highly enriched in δ15N 

(16.6‰) compared with samples from other seasons (11.9-13.0‰).  In Lake Ontario, 

copepods and particulate organic matter (20-64µm, 64-110µm) showed elevated δ15N 

during winter-spring, but then dropped from ~18‰ to ~10‰ at the onset of thermal 

stratification (Leggett et al. 2000).  To achieve such an elevated δ15N, Leggett et al. 

(2000) postulated that copepods could have been feeding on mixotrophic algae or 

members of the microbial loop utilizing 15N-enriched NH4
+ made available by lake 

mixing.  They suggested that the shift to lower δ15N resulted from primary producers 

shifting to more 15N-depleted NO2
-/NO3

- during stratification.  A similar process could 

operate in Lake Washington.  Further study of the trophic relationships of zooplankton 

and the δ15N of primary producers is needed to better understand this process.   
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The elevated δ15N of zooplankton in Lake Washington during winter was likely 

responsible for the seasonal shifts in δ15N observed in pelagic planktivores between 

October and March.  Planktivores fed heavily on relatively 15N-depleted Daphnia during 

their first summer and fall, and then switched to 15N-enriched copepods over the winter.  

Differences in the magnitude of the trophic shift for different planktivores could be 

related to differences in growth and diet composition over the winter period; threespine 

stickleback and age-0 longfin smelt grew over the winter while juvenile sockeye salmon 

did not grow appreciably.  The effect of nutrient translocation from sediments to limnetic 

waters, via lake mixing, was therefore evident in pelagic planktivores as elevated δ15N in 

late winter.  If lake mixing redistributes nutrients that are responsible for the high winter 

zooplankton δ15N observed in Lake Washington, then it is possible that the elevated δ15N 

of pelagic planktivores in late winter is evidence of nutrient translocation from sediments 

to limnetic waters. 

Vertical migration of macroinvertebrates can also transport nutrients from 

benthic/littoral to pelagic habitats.  The mysid shrimp Neomysis mercedis in Lake 

Washington undertakes diel vertical migrations from daytime benthic refugia to the 

plankton-rich upper water column at night (Eggers et al. 1978; Murtaugh 1983).  In Lake 

Washington, Neomysis consumed both benthic and planktonic items (Murtaugh 1981), 

but the relative contribution of benthos to the diet was not examined.  While the stable 

carbon isotope ratio is helpful in identifying littoral benthic contributions to the diet, it 

cannot distinguish profundal carbon from limnetic carbon because they have the same 

carbon source (Vander Zanden and Rasmussen 1999).  Stable nitrogen isotope ratios 

were useful in defining trophic position of mysids in Lake Washington.  The δ15N of 

mysids (10.0-12.6‰) was similar to pelagic zooplankton (δ15N = 9.7-13.0‰, excluding 

February bulk zooplankton).  With a trophic fractionation of ~3‰ δ15N (Gorokhova and 

Hansson 1999), mysids must have consumed a considerable proportion of very low 

trophic items like phytoplankton, benthic invertebrates, and detritus in Lake Washington.  

In general, mysids are considered omnivorous (Mauchline 1980).  Using evidence from 

gut content and stable isotope analysis, the diet of Mysis relicta in Lake Ontario 

contained significant proportions of diatoms in spring and benthic amphipods in fall 
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(Johannsson et al. 2001).  Benthic prey were also important to pelagic M. mixta and M. 

relicta in the Baltic Sea, composing 25-100% of their diet across sizes and seasons 

(Viherluoto et al. 2000).  It is probable that benthic prey contribute significantly to the 

diet of N. mercedis in Lake Washington.  As prey to both pelagic and benthic predators, 

N. mercedis is likely an important transporter of nutrients in Lake Washington because it 

moves between benthic and pelagic habitats and consumes resources in both.  

Chironomids are also a significant transporter of benthic nutrients to the pelagic 

zone in Lake Washington because most are consumed as they migrate from profundal 

sediments to the surface to emerge, or when blown from littoral to limnetic surface 

waters during emergence.  Other mechanisms of directional habitat coupling (benthic to 

pelagic) that could be important in Lake Washington include nutrient regeneration by 

benthic invertebrates, mysids, and fish, and the provision of spawning habitat for adult 

fishes and refuge habitat for juvenile fishes (Schindler and Scheuerell 2002).  

Sedimentation and nutrient regeneration by mysids feeding on zooplankton but excreting 

in the benthos may be important ways in which pelagic nutrients contribute to benthic 

production in Lake Washington.   

Fish production in Lake Washington is less benthically driven now than it was in 

the 1970s.  Eggers et al. (1978) used data from 1962-1976 to calculate the importance of 

pelagic versus benthic food webs to fish production.  A number of things have changed in 

Lake Washington since that study.  The pelagic cladoceran Daphnia became abundant in 

1976 (Edmondson and Litt 1982), and is now a very important seasonal resource for both 

planktivores (late spring to fall) and piscivores (predominantly in summer).  

Planktivorous fishes are also more abundant now than during 1962-1976: abundance 

estimates of pelagic planktivores in October 1972 were 2 million for juvenile sockeye, 

1.2 million for the weak year class of longfin smelt, and 1.6 million for sticklebacks 

(Traynor 1973).  Estimates generated by parallel methods in October 2002 were 4.5 

million for juvenile sockeye, 2.1 million for the weak year of longfin smelt, and 3.4 

million for sticklebacks (Beauchamp et al. 2003).  Densities of the invasive Eurasian 

milfoil (Myriophyllum spicatum) also increased dramatically in Lake Washington from 

1976 to 1980 during summer through fall (Edmondson 1991), and may have caused 
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northern pikeminnow to move offshore two months earlier in the fall (Beauchamp 1994) 

than formerly (Olney 1975).  Possibly a combined product of increased macrophytes and 

increased planktivore abundance, northern pikeminnow consume much less benthic prey 

than previously; sculpin made up more than 40% of the annual diet of large pikeminnow 

(>300mm) during the early 1970s (Olney 1975), whereas sculpin contributed less than 

10% to the recent annual diet of large pikeminnow and was replaced by the more pelagic 

longfin smelt and juvenile sockeye salmon (Brocksmith 1999; Mazur 2004).  Another 

important change was a marked increase in cutthroat trout abundance.  In the study by 

Eggers et al. (1978), cutthroat trout were not among the 12 most common or abundant 

species in Lake Washington.  Cutthroat trout are now an important pelagic piscivore in 

Lake Washington, with a population estimated at 265,000 (Nowak 2000), compared to 

the estimated abundance of 148,000-183,000 northern pikeminnow (Brocksmith 1999).  

Combined, these changes suggest an increased importance of pelagic energy pathways to 

fish production in Lake Washington, consistent with a change from eutrophic towards 

more mesotrophic status. 

Stable isotope analysis was very useful in showing the relative importance of 

benthic and pelagic resources to the fishes in Lake Washington.  SIA revealed 

ontogenetic shifts in trophic position and benthic orientation in cutthroat trout, northern 

pikeminnow, and yellow perch with much fewer samples than the traditional SCA 

approach (23 versus 315 cutthroat trout, 21 versus 488 northern pikeminnow, 43 versus 

211 yellow perch).   Discrepancies between the two methods were generally associated 

with low sample sizes in certain size by season cells in stomach content analysis.  In 

these cases, stable isotope analysis provided valuable supplementary information.   

Matching the contribution of fish and benthos in the diet with stable isotope 

signatures was also complicated by the methods and assumptions used to calculate annual 

diets and by the effect of growth rate on the isotopic equilibrium between a predator and 

its prey.  Because stable isotopes provide an integrated picture of consumption, periods 

of higher consumption and greater tissue production contribute more to the integrated 

isotope signal.  By equally weighing monthly or seasonal diets, periods of higher 

consumption were underrepresented in the depiction of annual diets for all species.   Diet 
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proportions suggested by SIA should be more comparable to summed bioenergetically-

based consumption estimates (e.g., Fish Bioenergetics 3.0, Hanson et al. 1997).  The 

Wisconsin bioenergetics model calculates daily consumption of prey given diet 

proportions, predator growth, thermal regime, and prey energy densities.  Patterns in 

annual diets derived from bioenergetics estimates of consumption would likely agree 

better with patterns in stable isotope ratios than did those calculated by average monthly 

diet proportions.   

Bioenergetics models could also be used to explore the enrichment in δ15N that 

was observed in pelagic planktivores between October and March of their first year in the 

lake, by taking into account both patterns in prey δ15N and planktivore growth dynamics.  

Using seasonal δ15N patterns in zooplankton similar to those observed in Lake Ontario, 

Harvey et al. (2002) used a bioenergetics model to simulate temporal patterns in δ15N in 

age-0, age-1, and adult alewife.  They were able to show that age-0 alewife could have 

higher δ15N than older alewife and that seasonal fluctuations in isotope ratios at the 

primary consumer level were still detectable at the secondary consumer level. 

In conclusion, stable isotopes of nitrogen and carbon, in conjunction with 

stomach content analysis, showed that benthic and pelagic pathways contributed 

significantly to the production of different life stages and species of fish in Lake 

Washington.  Benthic pathways were critical to the early life stages of cutthroat trout and 

northern pikeminnow, and to the older life stages of yellow perch.  Furthermore, benthic 

production was an important supplement to seasonally available or insufficient supplies 

of preferred prey such as the pelagic planktivores.  In agreement with the shift from 

eutrophic to meso-oligotrophic, fish production in Lake Washington is perhaps less 

driven by benthic pathways today than during the 1970s given the presence of Daphnia, 

increased abundance of pelagic planktivores, increased coverage of dense aquatic 

macrophytes, increased abundance of piscivorous cutthroat trout, and a shift by northern 

pikeminnow to more pelagic prey fish.  Finally, bioenergetics models in conjunction with 

stable isotope ratios may be useful in further defining trophic interactions in Lake 

Washington, as well as exploring the seasonal influence of changing diets on stable 

isotope dynamics at lower trophic levels. 
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Table 1.1.  Schedule for collection of longfin smelt, juvenile sockeye salmon, threespine 
stickleback, coast range sculpin, and juvenile yellow perch from the pelagic zone of Lake 
Washington by mid-water trawl.  The strong year class of smelt hatches even years while 
the weak year class hatches in odd years.

Species Strong/Weak Age Class Month Year 

     
Longfin smelt Strong 0 

1 
1 
2 

Oct 
Mar 
Oct 
Mar 

2002 
2003 
2001 
2002 

     

 

Weak 1 
1 
2 

Mar 
Oct 
Mar 

2002 
2002 
2003 

Juvenile sockeye 
salmon  0 

1 
Oct 
Mar 

2001 
2002 

Threespine 
stickleback  0 

1 
Oct 
Mar 

2001 
2002 

Coast range sculpin   Oct 2002 

Juvenile yellow perch   Mar 2003 
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Table 1.2.  Stable isotope ratios of nitrogen and lipid-normalized carbon for Lake Washington biota by species and size class when 
appropriate.  FL = fork length (mm).  SD = standard deviation.   

   
 δ15N (‰) δ13C’ (‰) Fork length (mm) 

Species (FL range)                N Mean SD Min Max Mean SD Min Max Mean SD Min Max
                 
Cutthroat trout  23                

                

                

             

                

                

                

                

             

                

                

                

                

             

                

                

                

             

                

                

                

             

                

             

             

16.02 2.01 11.75 18.27 -27.12 1.9 -29.64 -23.51 310 101 148 480

148-262  10 14.03 1.28 11.75 16.08 -25.87 1.69 -28.95 -23.51 212 41 148 262

310-480  13 17.55 0.55 16.77 18.27 -28.08 1.48 -29.64 -25.15 386 56 310 480

     

N. Pikeminnow  21 15.67 1.9 9.66 17.63 -26.63 1.4 -28.85 -22.44 318 116 125 530

125-197  4 13.04 2.52 9.66 15.17 -24.74 1.55 -25.75 -22.44 173 33 125 197

205-270  6 15.43 1.13 14.07 17.13 -26.72 0.88 -27.75 -25.4 235 26 205 270

337-530  11 16.75 0.76 15.19 17.63 -27.26 0.97 -28.85 -25.01 416 55 337 530

     

Yellow perch  43 14.88 0.94 12.39 16.76 -28.23 2.28 -31.54 -23.67 178 80 63 320

63-82  12 14.63 0.67 13.42 15.64 -28.05 2.63 -31 -23.67 73 4 63 82

113-195  13 13.96 0.53 12.39 14.5 -30.26 0.98 -31.54 -28.7 143 24 113 195

222-320  18 15.71 0.52 14.46 16.76 -26.9 1.63 -29.86 -23.9 259 31 222 320

     

Longfin smelt  41 17.16 0.8 15.71 18.84 -30.03 2.26 -34 -25.81 79 25 40 129

40-74  27 17.52 0.71 16.14 18.84 -31.16 1.49 -34 -27.46 63 9 40 74

77-129  14 16.46 0.39 15.71 17.21 -27.87 1.88 -31.11 -25.81 109 17 77 129

     

Stickleback  14 16.95 0.47 16.31 17.76 -31.47 0.88 -32.5 -30.25 69 4 61 74

61-67  5 16.57 0.32 16.31 17.12 -30.41 0.21 -30.76 -30.25 64 2 61 67

68-74  9 17.16 0.41 16.5 17.76 -32.06 0.4 -32.5 -31.37 72 2 68 74

     

Sockeye (juv.)  20 14.86 0.31 14.25 15.48 -30.97 0.53 -31.88 -29.76 109 9 90 125
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Table 1.2. (cont’d)    δ15N (‰)  δ13C’ (‰)  Fork length (mm) 

Species   (FL range)  N                Mean SD Min Max Mean SD Min Max Mean SD Min Max

                  

Kokanee  7                

                

                

             

                

                

                

                

                

             

                

                

                

             

                

                

             

                

                

                

                

                

                

                

                

                

                

15.84 1.34 13.88 18.28 -30.02 2.01 -34.11 -27.37 264 63 178 332

178-275  4 15.83 1.72 13.88 17.7 -30.19 2.88 -34.14 -27.24 222 47 178 275

307-332  3 15.88 0.3 15.53 16.05 -29.76 0.09 -29.85 -29.66 320 13 307 332

     

Coho (juv.)  5 13.65 0.22 13.5 14.01 -23.01 3.65 -29.34 -20.46 134 6 124 139

Rainbow trout  1 13.09 - 13.09 13.09 -22.51 - -22.51 -22.51 277 - 277 277

Chinook (juv.)  5 14.33 0.36 13.99 14.91 -21.11 0.37 -21.59 -20.7 86 3 84 91

Chinook (adult)  5 15.52 1.24 14.56 17.63 -29.3 0.63 -30 -28.34 240 44 203 317

Smallmouth bass  8 15.76 0.54 14.59 16.47 -22.89 1.82 -25.34 -20.41 293 62 236 395

     

Crappie  4 16.05 0.74 14.96 16.6 -27.46 0.46 -27.7 -26.77 152 52 80 202

80-175  3 15.97 0.89 14.96 16.6 -27.68 0.03 -27.7 -27.65 135 49 80 175

202  1 16.29 - 16.29 16.29 -26.77 - -26.77 -26.77 202 - 202 202

     

Bull trout  1 16.17 - 16.17 16.17 -24.38 - -24.38 -24.38 356 - 356 356

Brown bullhead  3 14.31 0.12 14.18 14.4 -25.41 0.7 -26.15 -24.76 259 69 181 308

     

Prickly Sculpin  57 12.72 0.83 11 14.61 -23.26 3.11 -29.51 -17.38 95 35 25 167

24-75e  16 11.88 0.52 11 12.79 -20.54 1.79 -23.29 -17.38 45 14 25 75

87-128  35 13.04 0.72 11.59 14.61 -24.15 2.67 -28.25 -19.24 110 10 87 128

129-167  6 13.06 0.51 12.54 13.63 -25.33 4.01 -29.51 -19.09 143 15 129 167

C.R. sculpin  10 12.51 1.57 10.65 14.62 -23 2.78 -26.62 -19.7 41 8 31 54

31-38 e  5 13.92 0.49 13.34 14.62 -25.6 0.59 -26.62 -25.13 35 3 31 38

42-54 e  5 11.1 0.58 10.65 11.99 -20.4 0.4 -20.71 -19.7 48 5 42 54

Peamouth chub   5 14.54 0.34 14.22 15.04 -28.36 0.65 -29.23 -27.79 219 67 138 310

Pumpkinseed  4 14.3 0.94 13.22 15.48 -25.01 2.62 -28.15 -22.18 99 25 78 134

M. whitefish  3 11.66 1.78 10.58 13.71 -22.86 0.62 -23.32 -22.16 290 87 240 390
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Table 1.2. (cont’d)    δ15N (‰)  δ13C’ (‰)  Fork length (mm) 

Species  N                Mean SD Min Max Mean SD Min Max Mean SD Min Max

L.S. sucker  4                13.18 0.72 12.13 13.75 -25.34 2.31 -27.29 -22.37 311 104 168 404

Carp  1                

                

                

              

               

                

                

                
                
                
                

                

                

               

                

10.41 - 10.41 10.41 -26.63 - -26.63 -26.63 158 - 158 158

Larval fish  3 13.43 1.3 12.45 14.9 -28.76 2.86 -32.04 -26.78 - - - -

Leptodora  3 11.89 0.92 10.83 12.52 -27 1.76 -28.02 -24.96 - - - -

Mysids (>10 mm)  19 11.58 0.85 10.02 12.56 -29.38 1.63 -31.22 -26.44 - - 10a - 

Mysids (<10 mm)  3 11.51 0.77 10.78 12.32 -30.77 0.98 -31.53 -29.67 - - - 10a

Daphnia  6 10.31 0.27 9.9 10.61 -30.15 1.39 -31.54 -28.86 - - - -

Zooplanktonb  12 12.73 2.58 9.73 16.81 -29.2 2.66 -31.87 -24.83 - - - -

Hydracarina  3 11.68 0.05 11.62 11.72 -21.96 0.47 -22.31 -21.43 - - - -

Chironomid (adult)  1 7.91 - 7.91 7.91 -22.18 - -22.18 -22.18 - - - -
Chironomid (pupae)  3 9.07 0.42 5.77 9.55 -18.63 0.47 -26.62 -18.22 - - - -

Trichopteran larvae  9 8.3 0.43 7.68 8.8 -16.76 2.07 -19.76 -14.86 - - - -

Stonefly larvae  1 9.02 - 9.02 9.02 -22.12 - -22.12 -22.12 - - - -

Snailc  1 8.14 - 8.14 8.14 -24.82 - -24.82 -24.82 - - - -

Crayfish  10 9.79 0.71 8.72 10.64 -17.82 1.08 -18.93 -15.36 13d 0.34 13 14

Unionid mussel  9 9.26 0.28 8.71 9.61 -28.4 0.34 -29.13 -27.94 78 8 63 92

 
a Total length 
b Bulk zooplankton samples, not separated by species or cleansed of particulates. 
c Chinese mystery snail, Cipangopaludina chinensis. 
d Carapace length 
e Isotope values are for whole bodies. 
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Table 1.3.  Contribution of fish, benthos, and Daphnia to the diet of cutthroat trout, 
northern pikeminnow, and yellow perch by season and size class.  Seasonal designations 
are winter=Jan-Mar, spring=Apr-Jun, summer=Jul-Aug, fall=Sep-Dec.  Proportion of 
fish that is benthic sculpin is shown in brackets for large size classes. 

 

Species 
Size 
Class 
(FL) 

Season N %  
Fish 

% Benthic 
Invertebrate 

% 
Mysids 

% 
Daphnia 

113-199 

Winter 
Spring 

Summer 
Fall 

2 
77 
1 
- 

0 
23 
0 
- 

50 
47 
0 
- 

50 
2 
0 
- 

0 
27 

100 
- 

203-299 

Winter 
Spring 

Summer 
Fall 

4 
27 
11 
1 

67 
40 
41 

100 

33 
21 
0 
0 

0 
1 
0 
0 

0 
38 
59 
0 

Cutthroat 
Trout 

305-530 

Winter 
Spring 

Summer 
Fall 

18 
37 
27 
10 

      68 (6) 
      84 (9) 

 92 
88 

28 
3 
4 

12 

4 
6 
4 
0 

0 
7 
0 
0 

118-199 

Winter 
Spring 

Summer 
Fall 

30 
50 
40 
32 

46 
43 
15 
37 

42 
51 
47 
48 

9 
0 
1 
1 

3 
4 

35 
13 

200-299 

Winter 
Spring 

Summer 
Fall 

23 
64 
97 
26 

100 
85 
60 
73 

0 
14 
23 
18 

0 
0 
0 
1 

0 
0 

17 
0 

Northern 
Pikeminnow 

300-530 

Winter 
Spring 

Summer 
Fall 

19 
44 
44 
19 

       96 (20) 
      83 (9) 

87 
86 

4 
17 
8 

13 

0 
0 
0 
0 

0 
0 
5 
0 

63-98 

Winter 
Spring 

Summer 
Fall 

9 
2 
- 
- 

10 
0 
- 
- 

14 
50 
- 
- 

72 
0 
- 
- 

1 
50 
- 
- 

100-223 

Winter 
Spring 

Summer 
Fall 

28 
46 
66 
28 

8 
28 
3 

15 

32 
40 
21 
6 

60 
19 
4 

67 

0 
13 
72 
11 

Yellow 
Perch 

227-302 

Winter 
Spring 

Summer 
Fall 

6 
14 
6 
6 

       33 (33) 
       93 (65) 

57 
67 

50 
7 

27 
33 

17 
0 
0 
0 

0 
0 

17 
0 
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Table 1.4.  Seasonal nitrogen and lipid-corrected carbon isotopic values (average; SE, N) for large and small mysids, Daphnia, bulk 
zooplankton (ZP), Leptodora, and larval fish in Lake Washington. 

 

 
 

 
δ15N (‰) 

 
δ13C’ (‰) 

    Large 
Mysids 

Small 
Mysids Daphnia Bulk 

ZP 
Bulk 
ZP†

Lepto 
dora 

Larval 
Fish 

 
Large 

Mysids 
Small 

Mysids Daphnia Bulk ZP Lepto 
dora 

Larval 
Fish 

                
Feb             

             
                

             
                

            

              

             

            

             
                 

12.19‡ - - 16.55 16.59 - -  -31.21 - - -31.69 - -
  0.10, 2   0.09, 3     0.01, 2   0.17, 3   

Mar  11.82 - - - - - -  -30.42 - - - - -
 0.15, 3  0.03, 3

Apr  10.82 - - - - - -  -29.55 - - - - -
 0.09, 6  0.13, 6

May - - - 10.03 11.87 10.83 12.70  - - - -25.21 -24.96 -27.12
     0.17, 3   0.25, 2     0.26, 3 - 0.34, 2 

Jun - - 10.09 - - 12.42 -  - - -28.88 - -28.02 -
    0.10, 3   0.10, 2     0.01, 3  0.01, 2  

Aug 12.46‡ - 10.53 12.77 12.97 - -  -26.56 - -31.42 -29.00 - -
  0.05, 3  0.04, 3 0.14, 3     0.06, 3  0.08, 3 0.57, 3   

Oct  11.86 11.51 - - - - -  -30.26 -30.77 - - - -
  0.30, 4 0.57, 4       0.27, 4 0.45, 4     

Dec - - - 11.46 12.04
 

- -  - - - -30.92 - -
0.04, 3 0.13, 3

 
 

† Bulk zooplankton corrected for percent algal content as described in text. 
‡ Composite of all sizes but contained a much greater mass of large mysids than small.
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Table 1.5.  Stable isotope ratios of nitrogen and lipid-normalized carbon for benthic organisms at three littoral sites in Lake 
Washington.  Isotope values for sculpin <75 mm are for whole body. 
 
 
 
    δ15N (‰)  δ13C’ (‰) 

Species           Size
(mm) N/site NE NW SW NE NW SW

Unionidae 
mussels           3 9.48 9.07 9.22 -28.55 -25.35 -28.32

Trichoptera 
larvae           

        

          

  

3 7.82 8.44 8.64 -19.49 -15.27 -15.52
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108-125 Profundal 5 12.94 -25.68
 
 
 
 
 

 



 
 
 
 
 
 
 
 
 
 
Figure 1.1.  Average stable isotope ratios of carbon and nitrogen for fishes and invertebrates in Lake Washington by 
sizes and seasons when appropriate.  Error bars are one standard error of the mean.  BB=Brown bullhead,BT=Brown 
trout, CA=Chironomid adult, CF=YOY crayfish, CH=Chinook salmon, CO=Coho salmon, CP=Chironomid pupae, 
CR=Coast range sculpin, CRA=Crappie, CRP=Carp, CT=Cutthroat trout, DA=Daphnia, HY=Hydracarina, 
KOK=Kokanee trout, LP=Leptodora, LS=Longfin smelt, LSS=Largescale sucker, LV=Larval fishes, MWF=Mountain 
whitefish, MU=Unionidae mussels, MY=Mysids, NP=Northern pikeminnow, PKS=Pumpkinseed sunfish, 
PMC=Peamouth chub, PS=Prickly sculpin, SB=Three-spine stickleback, SL=Stonefly larvae, SMB=Smallmouth bass, 
SNAIL=Cipangopuladina chinensis, SS=juvenile sockeye salmon, TR=Trichopteran larvae, YP=Yellow perch, 
ZP=Bulk zooplankton, H=Hatchery, W=Wild, PEL=Pelagic, LIT=Littoral.  Small invertebrates and prickly sculpin 
were analyzed as whole bodies. 
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Figure 1.2.  Trophic position as inferred from nitrogen stable isotopes (left axis, solid 
circles) and from proportion of fish in the diet (right axis, open squares) for cutthroat 
trout, northern pikeminnow, and yellow perch in Lake Washington as a function of 
size.  Stable isotopes are for individual fish while diet proportions are averages for 
the number of fish indicated.  Range of fish sizes contributing to diet calculations in 
each size class appears along the x-axis. 
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Figure 1.3.  Benthic orientation as inferred from carbon stable isotopes (left axis, 
closed circles) and from proportion of benthic fish and invertebrates in the diet (right 
axis, open squares) for cutthroat trout, northern pikeminnow, and yellow perch in 
Lake Washington as a function of size.  Stable isotopes values for individual fish 
were plotted against average annual diet proportions for the number of fish indicated.  
Range of fish sizes contributing to diet calculations in each size class appears along 
the x-axis. 



    37

Juvenile yellow perch
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Figure 1.4.  Stable isotope ratios of nitrogen and carbon for individual juvenile 
yellow perch caught in mid-water trawls in the pelagic zone and in beach seines. 
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Figure 1.5.  Seasonal changes in stable isotopes of nitrogen (top panel) and carbon 
(bottom panel) for four pelagic planktivores in Lake Washington; longfin smelt 
(circles), three-spine stickleback (squares), juvenile sockeye salmon (triangles), and 
juvenile yellow perch (diamond).  Closed circles were sampled in October, open 
circles were sampled in March (and May for yellow perch).  Solid lines for smelt 
represent strong year-class cohorts, dotted lines represent the larger-bodied weak 
year-class cohorts.   
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Figure 1.6.  Seasonal diets of longfin smelt, juvenile sockeye salmon, and threespine 
stickleback in Lake Washington.  Sample sizes are shown for each average diet.  
Age-0 smelt diets follow the strong year-class cohort through time starting in October 
2002.  Age-1 smelt diets are for October 2003 (strong year class) and March 2003 
(weak year class).   Legend applies to all panels.
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Figure 1.7.  Stable isotope ratios of nitrogen and carbon in prickly sculpin from three 
littoral and one profundal site in Lake Washington.  Carbon regression line excludes 
large sculpin from the SW site.  Values for sculpin <75mm are muscle-corrected as 
described in text. 
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Chapter 2.  Mercury and organochlorines in the food web of Lake  
Washington 

 

OVERVIEW 

 Mercury and organochlorine concentrations were measured in fishes and 

invertebrates of Lake Washington.  Mercury was detected in 100% of samples, 

ΣDDT was detected in 89%, ΣPCB in 81%, and Σ-chlordane in 81%.  Concentrations 

were up to 0.6 µg/g ww for mercury, up to 0.4 µg/g for ΣDDT, up to 2.2 µg/g for 

ΣPCB, and up to 0.07 µg/g for Σ-chlordane.  Age explained 45-94% of contaminant 

concentration in large predatory fishes (northern pikeminnow, cutthroat trout, yellow 

perch).  Growth and diet were important determinants of contaminant concentrations 

in forage fishes (juvenile sockeye salmon, longfin smelt, threespine stickleback).  

Mercury concentrations in fishes were similar to concentrations in fish from other 

systems in Washington State, suggesting an atmospheric source.  Concentrations of 

ΣDDT and ΣPCB were elevated compared to those for other systems, suggesting a 

direct source of organochlorine contamination to Lake Washington.  The ratio of 

DDE to ΣDDT indicated that the DDT source was historical.  Contaminant 

concentrations bioaccumulated to levels of regulatory concern for wildlife and human 

health, prompting the Washington State Department of Health to draft a consumption 

advisory for human consumption of large predatory fishes in Lake Washington.  

Internal recycling of contaminants may have a strong effect on contaminant cycling 

in Lake Washington because levels of mercury appear unchanged since the mid-

1970s despite reductions in mercury concentration in sediments.  Salmon are 

responsible for potentially significant levels of contaminant transport into the Lake 

Washington basin. 

 

INTRODUCTION 

Persistent contaminants such as mercury and organochlorines are widespread 

in the environment as a result of human activities and global processes (Watras et al. 

1998; Lucotte 1999; Chen et al. 2000; EPA 2004c).  Mercury is a neurotoxin, 

impairing motor and sensory skills (NRC 2000), whereas organochlorines are 
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carcinogens and impair immune and reproductive functions, among other detrimental 

effects (EPA 1997, 2004a, b).  Both mercury, predominantly as the more potent 

methylmercury, and organochlorines bioaccumulate in individuals and amplify at 

successive trophic levels, increasing the risks for older individuals and species that 

feed at higher trophic levels.  Bioaccumulation is of particular concern in aquatic 

systems, because predatory fishes are often the most desirable species harvested and 

consumed by anglers. 

During 1999-2000, the U.S. Environmental Protection Agency (EPA) 

analyzed fish from 143 lakes and reservoirs for 268 common chemicals of concern as 

part of the first year of the National Fish Tissue Study.  Mercury was detected in 97% 

of samples, PCBs in 100%, DDTs in 94%, and chlordane in 57% (EPA 2004c).  

These chemicals, along with dioxins, are at least partly responsible for the majority 

(96%) of all fish consumption advisories in the United States (EPA 2003a).  In 2002, 

33% of the total lake acres and 15% of the total river miles in the U.S. were under 

consumption advisories, a trend that has been increasing over the past decade.  

Elevated levels of mercury and/or organochlorines have led to fish consumption 

advisories in both saltwater and freshwater systems of Washington State, including 

parts of Puget Sound, the Yakima, Spokane, and Duwamish Rivers, and Lakes 

Roosevelt and Whatcom (DOH 2003).  In addition, a statewide consumption advisory 

for largemouth and smallmouth bass was issued in 2003 due to high levels of mercury 

(Fischnaller et al. 2003; McBride 2003).  Concern was also raised recently over 

elevated levels of PCBs in wild and farmed Pacific salmon (O'Neill et al. 1998; Hites 

et al. 2004).   

Lake Washington fishes sampled in the 1970s contained elevated levels of 

mercury (Barnes 1976; Buchanan 1977).  Elevated levels were also found in 

chironomids and sediment (Bissonnette 1975).  Mercury and organochlorine 

concentrations in Lake Washington sediments decreased by half between the mid-

1970s and the mid-1990s (Yake 2001), coincident with national reductions in the 

industrial use of mercury and a shift away from coal-fired energy generation.  Trends 

in mercury from cores of lake sediments in Minnesota, USA (Engstrom and Swain 
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1997), hummock in Maine, USA (Norton et al. 1997), and ice from Wyoming, USA 

(Schuster et al. 2002) also showed declines over this period.  Declining contaminant 

concentrations in cores from Lake Washington and across the nation for mercury 

suggest that levels of these contaminants in Lake Washington biota might have also 

declined since the 1970s.    Current contaminant levels in Lake Washington fishes 

need to be quantified in order to assess potential risks to ecological and human health 

in the Lake Washington basin.   

Many factors, such as age, growth, diet, and lipid concentration in tissues, can 

affect the level of bioaccumulation realized by an individual in a population.  Because 

these variables can change over time, it is important to understand the pathways most 

important for bioaccumulation within the Lake Washington food web.  The objectives 

of this work were to determine current levels of mercury and organochlorines in 

representative members of the Lake Washington food web, assess whether these 

levels are of regulatory concern, and explore the major factors governing 

bioaccumulation of mercury and organochlorines within the food web.   In addition, I 

compared current tissue residue data with historical data for Lake Washington and to 

other waters in the region.  Finally, I examined the potential for sockeye salmon to 

biotransport contaminants to Lake Washington.   

 

Site Description 

Lake Washington is a large, monomictic, meso-oligotrophic lake located in an 

urban region of the Puget Sound basin adjacent to the city of Seattle, Washington, 

USA.  The lake drains an area of 1274 km2, covers an area of 87.6 km2, with a length 

of 21 km, an average width of 2.4 km, average depth of 33 m, and maximum depth of 

65 m (Anderson 1954).  Thermal stratification occurs in Lake Washington from late 

March to early November with a thermocline forming around 16 m, separating 

maximum epilimnetic temperatures (~24°C) from hypolimnion temperatures that 

remain 7-9°C year-round.  Dissolved oxygen concentrations in the water column 

remain above 5 mg/L throughout the year.  
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METHODS 

Field Collections 

Fishes and invertebrates were collected from Lake Washington during 

October 2001 through April 2003 for contaminant analyses by a variety of methods 

including gillnetting, mid-water trawling, electroshocking, snorkeling, angling, 

minnow traps, and submerged emergent traps.   Large predatory fishes including 

northern pikeminnow (Ptychocheilus oregonensis), cutthroat trout (Oncorhynchus 

clarki), and yellow perch (Perca flavescens) were captured opportunistically 

throughout the lake until 10 fish per size class were attained.  Pelagic planktivorous 

forage fishes including juvenile sockeye salmon (Oncorhynchus nerka), threespine 

stickleback (Gasterosteus aleuticus), longfin smelt (Spirinchus thaleichthys) were 

collected by mid-water trawl from the pelagic zone during October and March.  

Pelagic biota including bulk zooplankton, Daphnia, Leptodora, larval fish, and mysid 

shrimp (Neomysis mercedes) were collected in 2002 from the top 20 m in the pelagic 

zone with a 35-cm diameter 153-µm mesh net (bulk zooplankton) and a 1-m diameter 

1-mm mesh net (all others).  Sedentary benthic species including prickly sculpin 

(Cottus asper), signal crayfish (Pacifasticus leniusculus), and trichopteran larvae 

(Limnephilidae spp.) were collected from the littoral zone (1-5 m depth) at up to three 

fixed locations, representing one relatively undisturbed site (NE; St. Edwards State 

Park) and two sites with significant human disturbance (NW; Magnuson Park, SW; 

Mt. Baker Park).  Opportunistic additions to the study were three large smallmouth 

bass (Micropterus dolomieui), ten adult sockeye salmon, and four large cutthroat 

trout from Lake Sammamish, located 22 km directly upstream and adjacent to Lake 

Washington.   

Most fishes were stratified into size classes northern pikeminnow and 

cutthroat trout were separated into large (>350 mm total length) and small (<300 mm) 

size classes, yellow perch were large (>275 mm), medium (200-275 mm), and small 

(<200 mm), prickly sculpin were large (>90 mm) and small (<50 mm), and crayfish 

were large (>50 mm) and small (<30 mm).  Specimens of smallmouth bass, adult 

sockeye, and Lake Sammamish cutthroat trout were all large (>350 mm).  To 

 



    45
minimize the cost of contaminant analysis, optimal sample sizes were limited to ten 

individual fish per size class and three replicate samples per season for composites of 

fish and of invertebrates.  Limiting predatory fishes to ten individuals per size class 

was justified by the high mobility observed for northern pikeminnow (Brocksmith 

1999) and cutthroat trout (Nowak and Quinn 2002) in Lake Washington, a lack of 

significant spatial heterogeneity in contaminant concentrations among sedentary 

littoral benthic species in this study, and low variability in trophic level and benthic 

orientation among similar-sized individuals collected from different areas of the lake 

(Chapter 1).  Replicates of three composites were justified by the very low variability 

in contaminant concentration among composites for this study. 

 

Sample Preparation 

Fish and crayfish lengths were measured to the nearest millimeter and were 

weighed to the nearest 0.01 g.  Otoliths and scales were removed for age and growth 

analysis.  Trichopteran larvae were removed from their cases before analysis.  Fish 

and crayfish were individually wrapped in aluminum foil and stored in plastic bags at 

–20°C until analyzed for contaminants.  Pelagic invertebrates were blotted dry 

through a filter to remove excess water and stored in plastic bags at –20°C.   

 

Contaminant Analysis 

Samples for contaminant analysis were processed through the King County 

Environmental Laboratory (KCEL) in Seattle, WA.  All samples were analyzed as 

whole bodies.  Large fish were cut into pieces while still partially frozen and 

homogenized with liquid nitrogen in a Hobart buffalo chopper.  Smaller fish were 

homogenized in blenders.  Small invertebrate samples were homogenized in their 

sample bag by crushing them with a rolling pin.  Samples shared between analyses 

and labs were divided into aliquots after homogenization.  Equipment was rinsed with 

methanol and wiped down prior to use and between samples.   

Total mercury and a short list of organochlorines including total DDT (Σ 

DDD, DDE, DDT), total PCB (Σ Aroclor 1016, 1221, 1232, 1242, 1248, 1254, 1260), 
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total chlordane (ΣCHL = α-chlordane + γ-chlordane), and total benzene hexachloride 

(ΣBHC = α-BHC + β-BHC) were analyzed at KCEL.  Methylmercury was analyzed 

by Frontier Geosciences Inc. in Seattle, WA.   

 

Total Mercury 

Total mercury was measured at KCEL by cold vapor atomic absorption 

(CVAA) using a modified EPA Method 245.6.  Approximately 0.33 g of tissue was 

digested in nitric and sulfuric acid in the presence of potassium permanganate and 

potassium persulfate at 100°C for 2.0-2.5 hours.  Sodium chloride hydroxylamine 

hydrochloride was added after digestion to reduce the sample and stannous chloride 

was added immediately before analysis.   Quality assurance and control (QA/QC) 

measures included checking measurement accuracy against certified reference 

materials including DORM-2 (dogfish muscle), DOLT-2 (dogfish liver), and TORT-2 

(lobster tomalley) from the Institute for National Measurement Standards (Ottawa, 

Canada), and Peach Leaves from the National Institute of Standards and Technology 

(Gaithersburg, USA).  Further QA/QC measures included measuring background 

levels of mercury with method blanks, monitoring variability with laboratory 

duplicates of samples, and measuring recovery of total mercury from spiked samples 

without (spike blank) and with (matrix spike) the sample matrix.  Accepted 

variability for laboratory duplicates was 20%, was ± 15% for spike blanks and was ± 

20% for all other measures. 

 

Methylmercury 

Frontier Geosciences digested approximately 0.5 g of tissue in a KOH-

methanol reagent followed by gas chromatography.  Methylmercury was measured 

by cold vapor atomic fluorescence spectroscopy (CVAFS).  The certified reference 

material used by Frontier was DORM-2 (Institute for National Measurement 

Standards) with ± 25% accepted variability in measures (Frontier Geosciences Inc. 

Standard Operating Protocols FG-070.2 and FG-070.2). 
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Organochlorines 

 Organochlorines were analyzed following standard protocols utilized by 

KCEL.  Homogenized wet samples were ground with diatomaceous earth to absorb 

excess water.  High molecular weight (DBC) and low molecular weight (TCX) 

surrogates were added along with a 50:50 methylenechloride-acetone solvent.  The 

samples were cleaned first by gel permeation chromatography (GPC) then further 

cleaned by Alumina.  A small aliquot was set aside for analysis of pesticides (DDT, 

chlordane, benzene hexachloride).  The remainder, for analysis of PCBs, was 

digested with sulphuric acid and reduced in volume.  Chlorinated compounds were 

analyzed by gas chromatography with electron capture detection (GC-ECD).  Quality 

assurance and control measures included method blanks (diatomaceous earth + 

surrogates + solvents), spike blanks (method blank + analytes), two matrix spikes 

(spike blank + tissue), and a laboratory duplicate (method blank + tissue).  Accepted 

variability was 100% between duplicates and ± 50% for all recoveries.   

 

Data Analysis 

 

Treatment of non-detections 

 Samples with undetectable levels of a contaminant were assigned a value 

equal to one-half the detection limit if other samples of the same species contained 

the contaminant at detectable levels.  If no samples of a species contained the 

contaminant at detectable levels, samples with undetectable levels of the contaminant 

were assigned a value of zero for that contaminant.  When summing individual 

congeners, e.g. total PCB, the non-detect values assigned for each congener were also 

summed. 

 

Mercury Normalization 

Methylmercury and total mercury concentrations were normalized to their 

respective average matrix spike recoveries (Appendix 1).  Because of the higher 

variability associated with methyl mercury than total mercury, it was preferable to 
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analyze data using total mercury concentrations.  Total mercury values were used for 

species with a methyl to total mercury ratio (M/T) ≥ 1.0, indicating that all of the 

mercury was present as methylmercury; however, when M/T was significantly less 

than 1.0, methylmercury values were used (Table A1). 

 

Zooplankton 

Methylmercury concentrations in all zooplankton samples were at or below 

detection limits, making methyl to total mercury ratios (M/T) approximate at best.  

Literature values for bulk zooplankton M/T increase with zooplankter size (0.13 for 

53 µm to 0.52 for 500 µm) (Kainz et al. 2002) and were 0.43-0.57 for zooplankton 

≥500 µm in other studies (Herrin et al. 1998; Watras et al. 1998; Back 2002).  Bulk 

zooplankton in Lake Washington was composed of copepods and cladocerans whose 

average sizes exceeded 500µm (Jen Scheuerell, University of Washington, School of 

Aquatic and Fishery Sciences, pers.comm.).  I therefore assumed that M/T in bulk 

zooplankton in Lake Washington was 0.5. 

When present, filamentous algae was inadvertently collected with the bulk 

zooplankton sample by the 153 µm mesh net.  Using archived bulk zooplankton 

samples from Lake Washington (D.E. Schindler laboratory, University of 

Washington, School of Aquatic and Fishery Sciences), the percent volume of algae in 

bulk zooplankton was estimated for seasonal samples from 2002.  Algae comprised 

<1% of the total biovolume in bulk zooplankton in winter, 37% in May, 3% in 

August, and 11% in December.  Percent algae was applied as a correction factor to 

contaminant concentrations assuming that algae itself contained no contaminants, 

thereby giving a maximal estimate of contaminant concentration in bulk zooplankton.  

Methylmercury concentrations were then approximated by applying a M/T ratio of 

0.5.  Organochlorine concentrations were also normalized by percent algae.  

Normalizing contaminant concentrations by percent algae did not change the seasonal 

pattern of contaminant concentrations. 
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Age Analysis 

 After storage in ethanol, sagittal otoliths of northern pikeminnow, cutthroat 

trout, and prickly sculpin were placed on a dark background in distilled water and 

prominent annual rings were counted under reflected light with a dissecting 

microscope.  Otoliths of yellow perch were cracked through the nucleus along the 

ventral-dorsal plane.  When not cracked through the nucleus, the otolith half was 

ground down to the nucleus.  Open halves were passed over a pure alcohol flame to 

enhance the contrast between dense winter growth and less dense summer growth.  

Open halves were covered with light emersion oil and dark annular rings counted 

under reflected light.  When available, both otoliths and scales were examined.  

Preferred scales (DeVries and Frie 1996) of pikeminnow, cutthroat trout, and yellow 

perch were cleaned of debris, pressed onto acetate sheets, and annular rings counted 

under magnification.  Lake age for cutthroat trout, the number of years spent in the 

lake after migrating from tributaries, was the number of annuli after growth rate 

appreciably increased, analogous to the pattern shown by salmon migrating from 

tributaries to the ocean.  If scales did not show a period of obvious increase in growth 

rate for cutthroat trout, no lake age was assigned. 

 

Whole Body:Fillet Conversions 

Comparison of contaminant concentrations in fish tissue in Lake Washington 

with historical and regional studies required converting whole-body based 

contaminant concentrations to fillets, since most other regional studies sampled only 

the edible tissues.  In general, mercury is more concentrated in muscle than in other 

tissues.  Based on a survey of the literature, fillet:whole body ratios (F/WB) ranged 

from 1 to 2.38 with an average (± standard error) of fillets containing 1.44 (0.12) 

times the mercury concentration of whole-body samples (Table 1).  Lacking further 

information on species or season effects, the average literature value of F/WB 1.44 

was applied to all species involved in historical or regional comparisons when 

specified.   
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Unlike mercury, organochlorines are lipophilic and are typically more 

concentrated in fatty tissues such as liver than in leaner tissues like muscle.  As a 

result, concentrations of organochlorines are higher in whole-body samples than in 

fillets.  Lacking direct conversions, EPA has used the lipid ratio of fillets to whole 

bodies (F/WB) to convert between the two (TAMS/MCA 2002).  A 1:1 ratio between 

F/WB lipid and F/WB PCB was recently demonstrated for individual coho salmon 

(Oncorhynchus kisutch) and rainbow trout (O. mykiss) (Amrhein et al. 1999).  Values 

for PCB or lipid F/WB were compiled from the literature for the four taxonomic 

groups for which conversions were needed – Salmonidae, Centrarchidae, Cyprinidae, 

and Percidae (Table 2).  The F/WB ratio differed significantly among groups 

(ANOVA; df = 21, p <0.001), with Tukey’s HSD post-hoc analysis showing 

significantly lower F/WB for Percidae (p <0.001).  Consequently, two conversion 

factors were used: the average Percidae F/WB of 0.18 was applied to yellow perch; 

and the average F/WB of 0.68 for Salmonidae was applied to cutthroat trout, 

smallmouth bass, northern pikeminnow, and adult sockeye salmon.  Due to the 

similar behavior of organochlorines, the F/WB for PCB was also used for DDT 

comparisons. 

 

Historical and Regional Comparisons 

In 1995, the U.S. Geological Survey measured mercury concentrations in 

composites of whole sculpin (Cottus sp.) from streams in the Puget Sound Basin, 

including tributaries to Lake Washington (MacCoy and Black 1998).  The USGS data 

were presented as dry weight concentrations.  For the purpose of comparison, I 

converted mercury concentrations in stream samples of sculpin from dry to wet 

weight by applying the average dry to wet weight ratio measured for Lake 

Washington prickly sculpin (D/W = 0.22, SD = 0.01, unpublished data), and average 

composite weights were converted to lengths using a length-weight conversion for 

Lake Washington sculpin (r2 = 0.996; n = 97; p <0.001, McIntyre unpublished data).   

Despite the small number of smallmouth bass opportunistically added to this 

study (n = 3), tissue residues could be compared with smallmouth and largemouth 
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bass from 17 fresh water bodies across Washington State recently surveyed by the 

Washington State Department of Ecology (DOE) (Fischnaller et al. 2003).  The DOE 

study ranked lakes by mercury concentration in a standardized 356-mm bass.  Using 

regression equations given for those lakes, I calculated the predicted mercury 

concentrations for a standardized 419-mm bass, the average size of the bass caught in 

Lake Washington, and re-ranked the lakes to include Lake Washington. 

 

Wildlife Health Criteria 

 Concentrations in fishes were compared with tissue screening criteria (TSC) 

for each contaminant.  TSC are concentrations in tissues above which adverse effects 

may be expected in the individual (Shephard 1998).  These criteria are based on 

tissue concentrations that affect individuals at chronic exposure levels, and describe 

levels which if not exceeded pose little or no risk.  Exceeding these criteria therefore 

represent potential health risks to individual fish.  Concentrations in biota were also 

compared with criteria established to protect fish-eating wildlife.  For methylmercury, 

the Canadian wildlife criterion was used because it was established more recently and 

is more protective than that set by the U.S. EPA (EnvironmentCanada 2002).  

Organochlorine concentrations in biota were compared with wildlife health criteria 

established by the New York State Department of Environmental Conservation 

(NYSDEC), considered a rigorous set of criteria because they were determined from 

experimentation with fish-eating wildlife (Newell et al. 1987).   

  

Human Consumption Limits 

I used equations provided by the U.S. Environmental Protection Agency (EPA 

2000) to calculate the number of fish meals per month recommended to protect 

against non-cancer endpoints (i.e. the more sensitive threshold for neurological 

effects) for mercury and cancer end-points for organochlorines.  The consumption 

rate limit (CRlim) for non-cancer endpoints for methylmercury is given by: 

][
lim

MHg
BWRfDCR ×

= , 
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where RfD is the daily weight-specific reference dose for methylmercury (mg/kg-d), 

BW is body weight (kg), and [MHg] is the methylmercury concentration in fish 

muscle tissue (mg/kg).  The consumption rate limit for cancer endpoints is given by: 

][
lim

OCCSF
BWARLCR
Σ×
×

= , 

where ARL is the acceptable cancer risk level (unitless) and CSF is the combined 

cancer slope factor for organochlorines (mg/kg-d)-1.  The consumption rate in meals 

per month (CRmm) is a function of the consumption rate limit (kg/d) and is given by: 

MS
TC

CRmm apR ×
= , 
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parameters used in the 

onsumption risk calculations are listed in Table 3.  
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in which Tap is the time averaging period (days per month) and MS is the meal size

(kg/meal).  Average contaminant concentration in muscle for each size class was 

estimated from whole body concentrations using the conversion factors for m

(Table 1) and organochlorines (Table 2).  The other 
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RESULTS

ry 

Across all species, mercury concentrations were greatest in predatory fishes 

followed by forage fishes and lowest in invertebrates (Table 4).  Concentrations 

similar among pelagic and benthic forage fishes and invertebrates.  The highest 

mercury concentrations were measured in la

m

 

ory Fishes 

Mercury concentration in predatory fishes increased significantly with body 

length and age for all three species, ranging 0.022-0.638 µg/g wet weight (Figure 1

For northern pikeminnow and yellow perch, age was a better predictor of mercury 

concentration than was total length (Table 5).  Age was also significantly correlated

with mercury concentration in cutthroat trout but the relationship based on annulus
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age was weaker (r2 = 0.610) than the relationship with size (r2 = 0.702).  This was 

likely due to variability in the number of years juvenile cutthroat trout resided in 

lower-growth conditions in the tributaries before migrating to the lake, thus creating 

more variability in size at age and apparent mercury uptake.  Juvenile cutthroat trout

grew slower in streams and fed predominantly on invertebrates, but grew faster and 

consumed progressively more fish prey in the lake (Beauchamp et al. 1992; Mazur 

2004; Nowak et al. 2004).  Cutthroat trout in the Lake Washington basin spend 1-3 

years in tributaries before migrating to the lake (Scott et al. 1986; Nowak et al.

Mercury bioaccumulation rates could be variable among tributaries, and quite 

different from the lake, so it is not surprising that lake a

 

 2004).   

ge was the best predictor of 
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age-1 perch would have had lower mercury concentrations during the 

previou

 

 

 

ut the difference was not quite statistically significant (2-sample t-test, p = 0.06).   

 

y bioaccumulation in this species (r2 = 0.817).  

Closer analysis of the mercury concentrations in yellow perch was also 

warranted because seasonal variability could affect contaminant dynamics (Ward 

Neumann 1999; Audet and Couture 2003; Farkas et al. 2003), and not all yellow 

perch were caught in the same season; small yellow perch were collected in March, 

whereas medium and large yellow perch were collected in September and October. 

For example, the regression estimate for age-1 yellow perch in fall was 42% lower 

than the average mercury concentration for age-1 perch (116-158 mm TL) in March, 

suggesting that 

s fall.   

Mercury levels in smallmouth bass were intermediate to those of similar-sized

northern pikeminnow and cutthroat trout (Table 4).  Average mercury concentration

in adult sockeye was more than an order of magnitude lower than resident fishes of 

similar size.  Finally, average mercury concentration in four large cutthroat trout from

Lake Sammamish was lower than for the ten large Lake Washington cutthroat trout, 

b
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Planktivorous Forage Fishes 

Average methylmercury concentrations for juvenile sockeye salmon, 

threespine stickleback, and longfin smelt ranged 0.013-0.079 µg/g wet weight and 

increased between October and March for the same cohorts (Table 6).  Mercury 

levels increased with body length for juvenile sockeye and age-1 smelt in October, 

but no relationship was evident for stickleback, juvenile sockeye, or age-1 smelt in 

March.  For all other seasons and ages, fish were too small to analyze individually.  

Age was a good predictor of mercury concentration for longfin smelt (Figure 2) 

when age was referenced to the average hatch date for each year class (Chigbu 2000).  

Two age-2 adults analyzed from the odd year class showed lower size-specific 

mercury concentrations, but mercury concentration as a function of age was similar to 

the strong year class smelt.   

Seasonal change in the body burden mercury of planktivores was positively 

correlated with change in body mass across seasons (r2 = 0.87, p = 0.02, n = 5).  

During the period October to March, when diets among age-0 planktivores were most 

similar (Chapter 1), the change in body weight was an excellent predictor of change 

in body burden (r2 = 1.0, p = 0.006, n = 3).  In spite of the low number of samples, 

this result is highly suggestive.  

 

Pelagic Invertebrates 

Mercury concentrations for pelagic invertebrates ranged from 0.003-0.024 

µg/g ww and followed the order mysids>Daphhia>Leptodora>bulk zooplankton 

(Table 4).  Season variation in mercury concentrations was evident in mysids 

(ANOVA; p <0.001) and bulk zooplankton (Figure 3; ANOVA, p = 0.015).  For 

mysids, mercury concentration was highest in the single winter sample, lowest in 

spring, significantly higher in summer (Tukey’s HSD post-hoc; p <0.001), and lower 

again in fall (p = 0.009).  For bulk zooplankton, mercury concentration was also 

highest in the single winter sample, was low in spring and summer (p = 0.800), and 

was significantly higher in fall (p = 0.017).   
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Benthic Forage Species 

Average mercury concentrations in benthic species ranged from 0.006-0.055 

µg/g ww (Table 4) and differed significantly among groups (ANOVA; p <0.001).  

The average mercury concentration for large prickly sculpin was significantly higher 

than for smaller prickly sculpin and the benthic invertebrates (Tukey’s HSD post-hoc; 

p <0.001).  Large crayfish had significantly higher mercury concentrations than 

trichopteran larvae (p = 0.023), but not small prickly sculpin (p = 0.708), or small 

crayfish (p = 0.659).  Mercury concentrations in trichopteran larvae were similar to 

those in small prickly sculpin (p = 0.383) and small crayfish (p = 0.783).  Mercury 

concentration increased with body length in prickly sculpin and crayfish (Figure 4).  

Sizes and mercury concentrations were highly correlated for prickly sculpin (r2 = 

0.726; p <0.001, excluding one outlier) and for crayfish (r2 = 0.526, p <0.001), and 

the relationships were similar among sites (ANCOVA, p = 0.132 for prickly sculpin; 

p = 0.369 for crayfish).   Average mercury concentration in trichopteran larvae also 

did not differ among the three study sites (ANOVA; df = 8, p = 0.297).   

 

Organochlorines 

Benzene hexachloride (BHC) was not detected in any sample, even at 

detection limits of 0.8 to 2.1 µg/kg.  The PCB Aroclors 1016, 1221, 1232, 1242, 1248 

were also not detected in any sample, despite detection limits as low as 3.2 to 10 

µg/kg.  Among the detected organochlorines, DDT and its metabolites were detected 

most frequently (89% of samples), followed by ΣPCB (81%) and ΣCHL (81%).  

Further description of detection frequencies is presented in Appendix 2. 

Organochlorine concentrations were highest in the large size classes of 

predatory fishes and were lowest among invertebrates (Table 7).  Maximum 

concentrations of ΣDDT (436 µg/kg) and ΣPCB (2,289 µg/kg) were measured for a 

large northern pikeminnow (568 mm) and the maximum concentration of ΣCHL (74 

µg/kg) was measured for a large cutthroat trout (445 mm).  

Organochlorine concentrations in smallmouth bass were similar to other large 

resident fishes, but adult sockeye exhibited extremely low levels of organochlorines 
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relative to resident fishes from Lake Washington (Table 7).  Average ΣDDT and 

ΣPCB were 2-3 orders of magnitude lower in adult sockeye than in large cutthroat 

trout and large northern pikeminnow.  In fact, average ΣDDT and ΣPCB 

concentrations in adult sockeye were twice as low as in the smallest Lake 

Washington yellow perch in this study, lower even than YOY smelt and sculpin.  

Chlordanes were undetectable in adult sockeye.  In cutthroat trout from Lake 

Sammamish, concentrations of the different organochlorines ranged 6-15 times lower 

than in similar-sized cutthroat trout from Lake Washington (Table 7). 

 

Predatory Fishes 

Organochlorine concentrations increased with body length in northern 

pikeminnow, cutthroat trout, and yellow perch (Figure 5, Table 8). As with mercury 

accumulation, age was a stronger predictor of organochlorine concentration than total 

length for northern pikeminnow and yellow perch, but not for cutthroat trout.  

Regressing organochlorine concentration for cutthroat trout in terms of years of lake 

residence instead of absolute age improved the age-contaminant relationship (r2 

increased from 0.493 to 0.658), but size was still the better predictor (r2 = 0.749).  

Variability was too high to determine any seasonal effects on organochlorine 

concentration in yellow perch, so relationships were reported for all seasons 

combined. 

The percentage lipid content was significantly correlated with all 

contaminants in cutthroat trout (p ≤ 0.005), and all contaminants but ΣPCB in yellow 

perch (p <0.001), with Pearson correlation coefficients ‘r’ ranging from 0.63 to 0.72 

(Table 9).  Percent lipids did not correlate significantly with any contaminant in 

northern pikeminnow, perhaps because lipids could only be measured for two of the 

ten small northern pikeminnow.  For all three species, percent lipids was more highly 

correlated with fish size (TL) than with any contaminant.  In contrast, prickly sculpin 

exhibited no significant correlations between percent lipids and any contaminant or 

length. 
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Pelagic Planktivorous Fishes 

 For composites of juvenile sockeye, stickleback, and longfin smelt, 

organochlorine concentrations were comparable to those of smaller cutthroat trout 

and northern pikeminnow, and spanned similar ranges as all observed sizes of yellow 

perch (Table 7).  Concentrations of organochlorines increased several-fold between 

October and the following March for the same year classes over their first winter 

(Table 10).  Organochlorine concentrations in longfin smelt declined by nearly 50% 

over the summer, increased again over the second winter, and followed the seasonal 

pattern of body-lipid content (Figure 6a).  In contrast, trends were reversed for body-

lipid and organochlorines in threespine stickleback and juvenile sockeye salmon 

(Figure 6b).   

When all planktivores were feeding on similar prey over their first winter, 

change in body mass was significantly correlated with body burden of 

organochlorines (r2 = 0.98, p < 0.001), but these correlations disappeared as seasonal 

diets diverged among older life stages of smelt (r2 = 0.03, p = 0.55).   

 

Pelagic Invertebrates 

 Low concentrations and limited tissue mass resulted in limited detection of 

organochlorines in pelagic invertebrates.  PCBs were uniformly not detected, likely 

because of the relatively high analytical detection limits associated with these 

samples (3 to 8 µg/kg).  Total chlordane was detected only in the fall bulk 

zooplankton sample (0.51 µg/kg).  The only consistently detected organochlorine 

among pelagic invertebrates was ΣDDT, with concentrations ranging from 2.3 to 6.5 

µg/kg ww in bulk zooplankton, and from 4.6 to 8.5 µg/kg ww in mysids.  

Zooplankton ΣDDT was highest in winter, decreased in spring and summer, and 

increased again in fall, while mysid ΣDDT was highest in spring and low in winter 

and fall (Figure 7).  Mysids were not sampled for organochlorines in summer.  All 

Daphnia samples were below detection limits for ΣDDT (combined detection limit of 

3 µg/kg).  Organochlorine concentrations showed a weak positive, but non-significant 
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correlation with energy densities (J/g) of pelagic invertebrates (r2 = 0.400; df = 7; p = 

0.178). 

 

Benthic Species  

 Organochlorine concentrations in prickly sculpin increased with body length 

(Table 7) and age; however, the relationship was only significant for ΣPCB because 

YOY samples contained detectable levels of ΣPCB, but not ΣDDT or ΣCHL.  

Organochlorine concentration in large prickly sculpin (>90 mm) was not significantly 

different among sites (ANOVA; p = 0.150 for ΣDDT; p = 0.163 for ΣPCB; p = 0.315 

for ΣCHL).  Percent lipid was not correlated with organochlorine concentration in 

sculpin (Table 9).  

None of the crayfish samples contained detectable levels of organochlorines 

despite analytical detection limits of 1-4 µg/kg.  Trichopteran larvae were not 

analyzed for organochlorines due to insufficient sample mass. 

 

DDE/ ΣDDT 

The ratio of DDE to total DDT can provide additional information about 

whether the contamination comes from relatively recent (DDT) or older sources 

(DDE) of DDT.  Average DDE/ΣDDT was 0.68 for resident Lake Washington fishes, 

0.63 for adult sockeye, and 0.53 for Lake Sammamish cutthroat trout (Table 11).  

Among resident Lake Washington fishes, DDE/ΣDDT was 0.75 for northern 

pikeminnow, 0.67 for large cutthroat trout, and 0.64 for yellow perch.  The ratio of 

DDE to ΣDDT among smaller fishes and invertebrates ranged from 0.61 to 0.46.  

These ratios suggest that the source of DDT to Lake Washington is not recent.   

 

Historical Comparisons 

Size-specific mercury concentrations in northern pikeminnow and yellow 

perch were not significantly different from historical data (Buchanan 1977) for the 

same species (ANCOVA; p = 0.204 for pikeminnow; p = 0.711 for perch; Figure 8).  

Mercury concentrations would have been statistically higher for the historical data if 

 



    59
the F/WB conversion factor used for yellow perch was closer to 1.0 (as for the closely 

related percid, walleye) instead of the pooled taxonomic average conversion of 1.44.  

While it is possible that the F/WB of perch is closer to 1.0 (see summary F/WB in 

Table 1), a ratio less than 1.0, in which mercury would be more concentrated in the 

whole body than in the muscle, is highly unlikely, suggesting that mercury 

concentrations are indeed unchanged since 1974, at least for northern pikeminnow.   

 For zooplankton, juvenile sockeye, stickleback, and longfin smelt, historical 

total mercury concentration (Barnes 1976), averaged across body parts, agreed well 

with whole-body total mercury concentrations from the current study (Figure 9).  

The only appreciable discrepancy was for zooplankton, for which higher mercury 

concentration was reported in Barnes (1976).  Unfortunately, it is impossible to 

reconcile this difference since there is no record of how zooplankton samples were 

prepared for the historical study – the difference could easily be due to water content 

because of differences in filtration and storage methods. 

 

Regional Comparisons 

Mercury concentrations in various sculpin species from Puget Sound Basin 

streams ranged from 0.01 to 0.16 µg/g wet weight and were not different from prickly 

sculpin in Lake Washington (ANCOVA with size as a covariate; p = 0.230).  Among 

bass in Washington State (Fischnaller et al. 2003), Lake Washington ranked mid-way 

among the water bodies studied (Figure 10).   These results suggest a common, 

region-wide source of mercury to Lake Washington, such as via atmospheric 

deposition.  Mercury concentrations in adult sockeye returning from the North Pacific 

to spawn in the Lake Washington basin were similar to those of Bering Sea sockeye 

returning to rivers in western Alaska (Zhang et al. 2001).   

The concentration of ΣDDT in Lake Washington fishes was similar to that of 

fishes in lakes and rivers of Washington State with a history of agricultural runoff 

(Figure 11).   Levels in Lake Washington fish were lower than in systems with very 

concentrated agricultural land use (Cowiche Creek), and also lower than in fish 

collected from parts of the Yakima River that have been designated as a DDT 
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Superfund site, but were much higher than in non-agricultural basins.  Lake 

Sammamish cutthroat trout had similar levels of ΣDDT as fish from non-agricultural 

basins, including urban/residential and pristine basins.    

 Concentrations of ΣPCB in Lake Washington fish were many times higher 

than levels found in fish from many Washington State lakes and rivers, including 

Lake Sammamish (Figure 12).  Levels of ΣPCB in Lake Washington fishes were 

comparable to those in fishes near PCB Superfund sites along the Lower Duwamish 

waterway and the Spokane River in Washington State.  Levels of ΣPCB were also 

similarly elevated in fillets of yellow perch (~20 µg/kg), smallmouth bass (~50 

µg/kg), and northern pikeminnow (~500 µg/kg) previously sampled in Lake Union 

(D. Houck, King County, unpublished data), a highly industrial site downstream of 

Lake Washington.  

 

Biotransport 

Based on the average concentrations measured in this study, at an average 

body size of 2.5 kg, and assuming a return of 350,000 sockeye (Washington State 

Department of Fish and Wildlife spawning escapement goal), sockeye salmon would 

be responsible for the net transport of approximately 31x106 µg of methylmercury 

(MHg), 7 x106 µg of ΣPCB, and 4 x106 µg of ΣDDT to the Lake Washington Basin 

per year.  These translate into deposition rates of approximately 0.35 µg MHg m-2yr-1, 

0.080 µg ΣPCB m-2 yr-1, and 0.046 µg ΣDDT m-2 yr-1 from biotransport alone.   

Although there are no local estimates of organochlorine deposition rates, wet 

deposition of total mercury in Seattle averaged 6.2 µg m-2 yr-1 during 1998-2002 

(National Atmospheric Deposition Program/Mercury Deposition Network).  

Methylmercury is a very small component of the mercury in rainfall (0.5-3%, average 

1.4%) (Stlouis et al. 1994; Lamborg et al. 1995; Munthe et al. 1995; Mason et al. 

2000; Lawson and Mason 2001; Nadim et al. 2001).  Assuming this deposition rate, 

methylmercury entering the basin via sockeye salmon would be approximately four 

times the levels that could be attributed to atmospheric deposition.  However, 

atmospheric deposition is not the only source of methylmercury to aquatic systems; 
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other important sources include rivers, soil erosion, groundwater, remineralization, 

and in situ methylation.  In Chesapeake Bay, precipitation was not considered a 

significant source of methylmercury (6%) compared with inputs from rivers (15%) 

and in situ formation (55%) (Mason et al. 1999).   In contrast, atmospheric deposition 

was estimated as 33% of total methylmercury input to Lake Superior (Rolfhus et al. 

2003).   

 

Wildlife and Human Health 

Many individual predatory fish exceeded the tissue screening criteria (TSC) 

for mercury, including most large pikeminnow, cutthroat, perch, and bass (Table 12).  

Most older age classes of smelt also exceeded the TSC for mercury.  Many individual 

predatory fish sampled exceeded the TSC for ΣDDT.  Only large northern 

pikeminnow, large cutthroat trout, large prickly sculpin, and the oldest age of smelt 

had individuals that exceeded the TSC for ΣPCB, and only a few individuals of large 

pikeminnow, cutthroat, and the oldest smelt exceeded the TSC for ΣCHL.  In general, 

forage fish did not appear to be at risk for health effects caused by the contaminants 

they carry whereas many individual predatory fish were potentially at risk, 

particularly from exposure to methylmercury.   

Most fish exceeded the 33 µg/kg methylmercury criterion for the protection of 

fish-eating wildlife set recently by Environment Canada (2002) (Table 13).  Only the 

smallest fish (i.e. stickleback and age 0 longfin smelt in October, age 1 smelt in 

March, and YOY sculpin) were not above the criterion.  In contrast, the wildlife 

criterion for methylmercury set by U.S. EPA (18-21 µg/kg bw per day) is much more 

liberal; depending on consumption rate, the EPA criterion would allow wildlife to 

consume prey that are up to two orders of magnitude more contaminated than 

recommended by the Canadian criterion.  For example, a 2 kg predator feeding at 5% 

of its body weight per day could safely consume prey that contained 360-420 µg/kg 

of methylmercury. 

 Very few samples exceeded the NYSDEC wildlife health criterion for ΣDDT 

(Table 13); only large pikeminnow (70%) and large cutthroat trout (50%) had 
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samples that exceeded 200 µg/kg ΣDDT.  In contrast, most species included samples 

that exceeded the wildlife health criterion of 110 µg/kg ΣPCB, including prickly 

sculpin, threespine stickleback, and longfin smelt.  Only small cutthroat trout and 

adult sockeye salmon from Lake Washington and cutthroat trout from Lake 

Sammamish had no samples exceeding the ΣPCB wildlife health criterion.  No 

samples exceeded the wildlife health criterion for total chlordane (500 µg/kg). 

 Human consumption of large resident Lake Washington fishes was restricted 

to 2-3 meals per month based on non-cancer endpoints for methylmercury 

concentrations alone, but was relatively unresetricted for smaller-sized resident fishes 

and large Lake Sammamish cutthroat and was unlimited for adult sockeye salmon 

(>16 meals/mo; Table 14).  In contrast, consumption limits for fishes based on cancer 

endpoints for the sum of organochlorines were very restrictive (none to 4 meals/mo) 

for resident fishes, was 1 meal/mo for Lake Sammamish cutthroat, but was generally 

unrestricted for adult sockeye salmon (10 meals/mo).  These restrictions resulted 

primarily from the elevated concentrations of PCBs.  Results of the current study 

prompted the Washington State Department of Health to draft a consumption 

advisory for human consumption of northern pikeminnow, cutthroat trout, and yellow 

perch (McBride and Hardy 2004).  Recommended consumption limits in the draft 

consumption advisory fell between those calculated for non-cancer endpoints for 

methylmercury alone and cancer endpoints for organochlorines alone.  In contrast, 

U.S. Food and Drug Administration (FDA) guidelines produced no limits on 

consumption of Lake Washington fishes because of relatively high criteria (1 µg/g 

Hg, 2 µg/g PCB). 

 

DISCUSSION 

Growth and Contaminant Bioaccumulation 

Elevated levels of mercury and organochlorines, particularly PCBs, were 

found in the fishes of Lake Washington.  Most fishes bioaccumulated mercury to 

levels that were of concern to wildlife health, and larger predatory fishes contained 

sufficient concentrations of organochlorines to be of concern to human health.  Age 
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was typically the best predictor of contaminant concentration among top predatory 

fishes of Lake Washington, accounting for 42-94% of variability in contaminant 

concentration across contaminants and species.  Slopes of contaminant concentration 

as a function of age indicated that rates of bioaccumulation were similar among 

contaminants and among top predator species, but were higher for mercury than 

organochlorines and were highest in northern pikeminnow, followed by cutthroat 

trout, and yellow perch.  Contaminant concentrations were generally highest in the 

piscivorous fishes followed by forage fishes and were lowest in invertebrates.   

Seasonal dynamics in contaminant concentrations were evident in small-

bodied fishes like pelagic planktivores.  Small body size results in less inertia in 

contaminant concentrations, so growth and turnover rates are reflected in more 

detectable seasonal changes in body burdens.  Growth was responsible for nearly all 

the variability in contaminant uptake between species when diets were similar (e.g., 

sticklebacks, smelt, and sockeye feeding primarily on cyclopoid copepods over their 

first winter; Chapter 1).  As diets diverged, the relationship between growth and 

contaminant accumulation differed among consumer species.  Smelt fed on Daphnia 

and mysids over their second summer, a diet higher in mercury but lower in 

organochlorines than the copepods consumed during winter. As a result, smelt 

realized higher levels of mercury accumulation and lower levels of organochlorine 

accumulation for their growth rate than would have been expected, based on a winter 

diet of copepods.  The diet of smelt over their second winter was predominantly 

larval fish, mysids, and copepods.  During fall and winter, mysids contained a higher 

mercury concentration and similar organochlorine concentration compared to winter 

copepods. Larval fish were not tested for contaminants.   

 

Lipids and Contaminant Bioaccumulation 

For many years, organochlorine concentrations were lipid-normalized in 

contaminant studies because it was believed that lipids determined the degree of 

bioaccumulation realized by individuals, and that normalized concentrations made 

inter- and intra-specific comparisons possible.  More recently this assumption has 
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been challenged, with numerous studies showing either no relationship between lipid 

content and organochlorines (Jackson et al. 2001; Manchester-Neesvig et al. 2001; 

Crimmins et al. 2002; Davis et al. 2002), or suggesting that these relationships were 

spurious (Stow 1995).  In a large study of five salmonid species, while average lipid 

content was positively associated with average PCB concentration among species, 

there was no relationship for individuals within species (Stow et al. 1997).  Herbert 

and Keenleyside (1995) proposed lipid-normalizing only when the correlation 

between lipids and organochlorine concentration was significant, but this seems 

imprudent if the relationship is caused by an extraneous factor, a view that was also 

expressed by Stow et al. (1997).  Borgmann and Whittle (1991) found a concomitant 

decrease in PCB concentration and lipid content of lake trout in Lake Michigan; 

however, the relationship also varied with the growth rate of smelt, the primary prey 

of lake trout.  They suggested that there was no advantage to lipid normalizing for 

contaminants that were accumulated primarily through the food chain because 

bioenergetics, rather than simple partitioning, control the ultimate contaminant levels.   

In the current study, organochlorine concentrations were positively correlated 

with percent lipid in cutthroat trout and yellow perch, but not for northern 

pikeminnow despite a greater range in lipid (8.8%) than across all sizes of cutthroat 

trout (8.1%) and yellow perch (5.9%). This suggests that dietary variability or age 

and size effects are more important than lipid fraction in determining accumulation of 

organochlorines in northern pikeminnow.  Mercury is much less lipophilic than 

organochlorines, yet percent lipid was just as highly correlated with mercury 

concentration as with organochlorine concentration in predatory fishes.  Furthermore, 

percent lipid was more highly correlated with fish size than with either 

organochlorine or mercury concentration for all three species, suggesting that 

correlations between lipid and organochlorine levels stem from the strong 

relationship of size with both lipid and organochlorine concentration, not necessarily 

from a causal relationship between the two latter metrics.  Finally, while seasonal 

changes in organochlorine concentration tracked changes in percent lipid in longfin 

smelt, concentrations followed the opposite trend in stickleback and juvenile sockeye 
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salmon, further suggesting that while lipid and organochlorines may co-vary in some 

cases, they are not necessarily causally related.   

 

Bioavailability of Mercury versus Organochlorines 

Seasonal dietary differences among planktivores had less effect on the 

growth-bioaccumulation relationship for mercury than for organochlorines, because 

mercury was much less variable than organochlorine concentrations across 

invertebrate prey groups and seasons.  Greater variability in mercury than 

organochlorine concentrations in prey were also at least partly responsible for the 

greater seasonality observed in organochlorine concentrations than in mercury 

concentration in pelagic planktivores.  For example, the average change in mercury 

concentration in forage fishes across season was 62% compared with an average 

change of 293% in organochlorine concentration.   

Smaller seasonal changes in mercury than in organochlorine concentration 

might result from mercury being more bioavailable in the water column throughout 

the year than organochlorines.  Mysids are known or suspected transporters of 

contaminants from sediments to the pelagic zone in deep lakes where they migrate 

between daytime benthic refugia and nocturnal feeding in the upper water column 

(Evans et al. 1982; Van Duyn-Henderson and Lasenby 1986; Evans et al. 1991; 

Klump et al. 1991; Lasenby and Van Duyn 1992; Lester and McIntosh 1994; Song 

and Breslin 1999).  Contaminants could also be redistributed from the sediments to 

the upper water column through mixing during isothermal periods.  In Lake 

Washington, the water column is completely mixed from at least December through 

April, in contrast to many north-temperate lakes that mix for much shorter periods in 

spring and fall (Wetzel 1983).  The combination of mysid transport and mixing might 

act equally on mercury and organochlorines, mysids acting throughout the year, and 

lake mixing resulting in greater contaminant availability in the upper water column 

during the mixed period.   A factor acting unequally on these two groups of 

contaminants is atmospheric deposition.  Because mercury is emitted to the 

atmosphere by combustion and other industrial processes throughout the world, 
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deposition to the upper water column would be a more significant transport 

mechanism for mercury than for organochlorines.  In Lake Superior, deposition of 

mercury (wet plus dry) was estimated at 810 kg/yr versus an estimated 17 kg/yr for 

ΣDDT and 85 kg/yr for ΣPCB (Hoff et al. 1996).  Higher year-round atmospheric 

deposition rates for mercury in the Lake Washington watershed could lead to more 

mercury than organochlorines being available in the water column for uptake through 

the pelagic food chain.  This scenario could explain the larger seasonal changes in 

concentration of organochlorines than of mercury in primary and secondary pelagic 

consumers.   

 

Historical Comparison 

Mercury concentrations in biota were similar to those measured in the same 

species during the mid-1970s (Barnes 1976; Buchanan 1977).  Mercury 

concentrations in Lake Washington biota were expected to decline over the three 

decades following the previous sampling effort in the 1970s, given the decline in 

sediment concentrations during that interval (Yake 2001).  Internal recycling of 

contaminants may therefore contribute significantly to the contaminant budget of 

Lake Washington.  The failure of contaminant concentrations in biota to respond to 

declining sediment concentrations is not unique to Lake Washington.  Despite a 10-

50-fold reduction in PCB concentration over the past ~25 years in surface sediments 

of Lake Hartwell, a Superfund site in South Carolina, concentrations in bass fillets 

have not declined appreciably over the past 14 years of monitoring and continue to 

exceed 2 µg/g (Brenner et al. 2004).  In the historically sewage-contaminated marine 

food web of Palos Verdes peninsula near Los Angeles, despite improved sediment 

quality, buried contaminants such as DDT and PCBs are still available to the food 

chain through significant bioturbation (Niedoroda et al. 1996; Stull et al. 1996).  

Bioturbation, perturbation of sediments by biota such as fish and invertebrates, is 

recognized as a significant way for buried sediment-bound contaminants to become 

remobilized to surface sediments where they periodically undergo resuspension and 

redistribution (Ciarelli et al. 1999; Hagner 2002; Gosselin and Hare 2003; Nickell et 
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al. 2003; Butcher and Garvey 2004).  Contaminants are also resuspended following 

physical disturbances such as scour, currents, wave action, and storms (Hawley et al. 

1996; Stull et al. 1996; Lepage et al. 2000; Hornbuckle et al. 2004). 

 

Regional Comparisons 

Regional studies supported the hypothesis put forth by Barnes (1976) that the 

majority of mercury input to Lake Washington is from atmospheric deposition.  

Barnes’ conclusion was based on an even distribution of mercury in sediments from 

different parts of the lake, but relied on a relatively small set of sediment samples (n 

= 5).  Recent sampling by King County also supports this theory.  Among 32 samples 

of sediment collected throughout the lake, no spatial trends in mercury concentration 

were evident (Dean Wilson, King County, pers. comm.). 

In contrast to mercury, the higher levels of DDT and PCB in fishes of Lake 

Washington compared to some other systems in Washington State suggests a direct 

source of these contaminants to the basin.  Because DDT was not an industrial 

chemical, it is not typically found at elevated levels in urban/industrial areas.  Use of 

DDT was largely associated with pest control in agriculture.  Although agriculture 

was not a significant land use in the Lake Washington watershed in the mid-1900s, 

DDT was commonly used for mosquito control in urban areas and was employed by 

the city of Seattle (anectodal evidence and historical photograph; Figure 13).   

 The ratio of DDE to ΣDDT can provide an indication of the age of a DDT 

source.  Higher ratios of the metabolite DDE to ΣDDT in fish tissue can be indicative 

of exposure to an older source of DDT contamination.  In resident fishes of Lake 

Washington, 54-75% of ΣDDT was present as DDE.  This ratio was similar to that for 

resident fishes in Lake Whatcom (59-88%) (Serdar et al. 1999) and the Columbia 

River and its tributaries (55-98%) (EPA 2002), two Washington State basins with 

significant histories of agricultural land use.  The ratio of DDE to ΣDDT in Lake 

Washington fishes was also similar to ratios for fishes in the Great Lakes (50-70%) 

20 years after DDT was banned in the United States (Newsome and Andrews 1993).  

The similarity of these ratios supports the theory that the current DDT contamination 

 



    68
in Lake Washington remains from historical rather than contemporary sources.  In 

contrast, the median DDE/ΣDDT in fish sold in and around Hong Kong, China was 

0.24 (Chan et al. 1999) and was 0.10-0.25 in fish and mussels from coastal China 

(Klumpp et al. 2002), where continued release of DDT is suspected despite a 1983 

ban.  The lower DDE/ΣDDT for cutthroat trout in Lake Sammamish (0.53) than in 

Lake Washington (0.64) might suggest these fish were exposed to a more recent 

source of DDT in Lake Sammamish.  The source of DDT in Lake Sammamish is 

likely associated with atmospheric deposition from continued global use of DDT, 

whereas atmospheric deposition, with its lower ratio of DDE to ΣDDT, probably 

represents a much smaller fraction of total DDT in Lake Washington. 

 Lake Washington fishes contained PCB levels similar to those detected at 

PCB Superfund sites across the state, and were higher than PCB levels in fish not 

associated with a Superfund site.  Several hazardous waste sites are located around 

Lake Washington, but only one is a confirmed historical source of PCBs in the basin.  

The soil on the site was contaminated with heavy metals, polycyclic aromatic 

hydrocarbons (PAHs), and PCBs and a ditch on the site drained to the Cedar River 

and John’s Creek (EPA 1988), which drain into the southern end of Lake 

Washington.  The site was listed on the EPA National Priorities List (NPL) in 1988, 

remedial activities began in 1991 and were completed in 1996.  Groundwater at the 

site is still monitored but the site has been removed from the NPL. 

If contamination associated with this site was a significant source of PCBs to Lake 

Washington, we might expect to see a concentration gradient in PCB levels in lake 

sediments radiating from the mouth of the Cedar River.  However, this was not the 

case - PCBs were not detected (<60 ug/kg dw) in sediments at the mouth of the Cedar 

River (Dean Wilson, pers. comm.).  The highest sediment concentrations of PCBs 

were associated with King County combined sewer overflows (CSO) (78-480 ug/kg 

dw), along the west shore of Lake Washington, although detectable levels (42-550 

ug/kg dw) were also found in nearshore and offshore sediments throughout the lake.  

High sedimentation rates at the mouth of the Cedar River, which is the main tributary 

to the lake, could have obscured the original signal.  Other possible sources of PCBs 
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include atmospheric deposition, erosion of contaminated soil, internal recycling, and 

possible historical accidental spills at the Sand Point Naval Base and the industrial 

Port Quendall/Baxter site.   

 

Biotransport of Contaminants 

Anadromous fishes are recognized as potentially important transporters of 

contaminants into freshwater ecosystems (Ewald et al. 1998; Wania 1999; Zhang et 

al. 2001; Krummel et al. 2003).  Although concentrations were low relative to 

resident fishes, returning adult sockeye salmon were responsible for a net influx of 

mercury and organochlorines to the Lake Washington basin, because most of their 

growth and contaminant accumulation occurred outside the basin.  For mercury, 

biotransport was less than one tenth of the total mercury input from atmospheric 

sources, but was likely significant compared with atmospheric inputs of 

methylmercury, the form most toxic to wildlife.  It is not yet known how biotransport 

of organochlorines compares with inputs from other sources such as atmospheric 

deposition and tributary inputs to Lake Washington.  In Artic lakes, returning salmon 

can increase deposition rates of ΣPCB by up to six times the background levels in 

lakes with no salmon (Krummel et al. 2003) and grayling from a salmon-spawning 

arctic lake contained more than two times the organochlorine concentration of 

grayling from a nearby salmon-free lake (Ewald et al. 1998).  The effect of 

biotransport of organochlorines will be less in Lake Washington than in the Arctic for 

two reasons – Lake Washington has higher background levels of contaminants than 

do the Arctic lakes, and the size of the salmon runs in the Lake Washington basin are 

smaller relative to the size of the basin than in more pristine watersheds further north.  

Although removal of salmon to reduce contaminant inflow to Lake Washington is 

neither an economically, socially-desired, or realistic management strategy, the 

potential for salmon to increase local contamination should be recognized as one 

more example of the far-reaching and unforeseen impacts of human disturbance of 

natural processes.     
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CONCLUSIONS 

Elevated levels of mercury and organochlorines, particularly PCBs, were 

found in the fishes of Lake Washington.  Age and growth were important 

determinants of contaminant levels in fish.  Age was the best predictor of 

contaminant concentration in predatory fishes and growth explained most of the 

change in contaminant concentration when diets were similar among pelagic 

planktivorous forage fishes.  High correlations among contaminant concentrations, 

lipids, and fish length prevented elucidation of specific mechanisms, however, lipids 

did not appear to be a controlling factor.  Greater availability of mercury in the water 

column throughout the year may result from higher rates of atmospheric deposition of 

mercury than of organochlorines.  This may be the mechanism behind smaller 

seasonal changes of mercury concentration than organochlorine concentration in 

forage fishes.    

Mercury concentrations in predatory fishes were similar to those of fish in 

other freshwaters of Washington State, reflecting the regional problem of 

atmospheric deposition of this contaminant.  Organochlorine concentrations were 

high in Lake Washington fishes relative to fish in other freshwaters of the state, 

including nearby Lake Sammamish, suggesting a direct source of organochlorines to 

the lake.  The ratio of DDE to ΣDDT in Lake Washington biota suggested the DDT 

source was historical, not recent.  Despite apparent reductions of mercury in 

sediments since the 1970s, concentrations in biota remain essentially unchanged.  

Internal recycling of contaminants via bioturbation of sediments, biotransport from 

sediments by mysids, and redistribution of resuspended contaminants by lake mixing 

could contribute to this process.  Furthermore, biotransport by migrating salmon may 

be a significant source of continued influx of contaminants to the Lake Washington 

watershed. 

Levels of mercury and DDT in most large predatory fishes exceeded tissue 

screening concentrations, suggesting that many individuals of these species may be at 

risk for health effects resulting from methylmercury and DDT exposure.  Wildlife 

consuming fish from Lake Washington may be at risk from dietary exposure to 
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contaminants, particularly methylmercury and PCBs, because these levels were 

elevated even among forage fishes.  Mercury and organochlorines also 

bioaccumulated in the fishes of Lake Washington to levels of regulatory concern for 

human health, prompting the Washington State Department of Health to draft a 

consumption advisory for northern pikeminnow, cutthroat trout, yellow perch from 

Lake Washington (McBride and Hardy 2004).     
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Table 2.1.  Ratios of mercury concentration in fillet (F) versus whole body (WB) for 
various species from the literature. 
 
 
 

Species F/WB [Hg] Source 
Catfish+pupfish+cyprinids  2.38 (Simpson et al. 1998) 
Rainbow trout 1.39 (Simpson et al. 1998) 
Largemouth bass 1.45 (Lange 1998) 
Various (unspecified) 1.3 (Horwitz et al. 2002) 
Pickerel 1.9 (Horwitz et al. 2002) 
Coho salmon 1.2 (EPA 2002) 
Chinook salmon 1.32 (EPA 2002) 
Largescale sucker 1.85 (EPA 2002) 
Mountain whitefish 1.2 (EPA 2002) 
Rainbow trout 1.05 (EPA 2002) 
Steelhead trout 1.2 (EPA 2002) 
Walleye 1 (EPA 2002) 
   
Average 1.44  
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Table 2.2  Ratio of total PCB concentration or percent lipid (*) in fillets (F) and 
whole bodies (WB) of various fishes from the literature. 
 
 

PCB Group F/WB Source 
Black Bass bass 0.43 (Thompson et al. 2002) 
White Bass bass 0.44 (Thompson et al. 2002) 
Carp cyprinid 0.53 (Thompson et al. 2002) 
Largescale sucker cyprinid 0.45* (EPA 2002) 
White sucker cyprinid 0.48 (Thompson et al. 2002) 
Walleye percid 0.17 (Thompson et al. 2002) 
Walleye percid 0.1 (Parkerton et al. 1993) 
Walleye percid 0.09 (Thompson et al. 2002) 
Walleye percid 0.18* (EPA 2002) 
Brown Trout salmonid 1 (Thompson et al. 2002) 
Brown Trout salmonid 0.88 (Thompson et al. 2002) 
Brown Trout salmonid 0.57 (Thompson et al. 2002) 
Chinook salmonid 0.74* (EPA 2002) 
Coho  salmonid 0.59 (Amrhein et al. 1999) 
Coho  salmonid 0.89 (Thompson et al. 2002) 
Coho  salmonid 0.58* (EPA 2002) 
Mountain whitefish salmonid 0.7* (EPA 2002) 
Rainbow salmonid 0.68 (Amrhein et al. 1999) 
Rainbow salmonid 0.34 (Niimi and Oliver 1983) 
Rainbow salmonid 0.43 (Carline et al. 2001) 
Rainbow salmonid 0.65* (EPA 2002) 
Steelhead salmonid 0.77* (EPA 2002) 
    

 
 
 

 



    84
Table 2.3.  Parameters used in calculating meal per month consumption rate limits for 
Lake Washington fishes.  Values were taken from the EPA’s Guidance for Assessing 
Chemical Contaminant Data for Use in Fish Advisories (Chapter 3; 2000). 
 
 

Abbreviation Definition Units Value 

RfD Reference Dose mg·kg-1·d-1 0.0001 

BW Body Weight kg 70a

ARL Acceptable Risk Level ratio 0.00001 

CSF Cancer Slope Factor (mg·kg-1·d-1)-1 2 (ΣPCB) 
0.34 (ΣDDT) 
0.35 (ΣCHL) 

Tap Time averaging period days 30.44 

MS Meal size kg 0.227b

 
a  Average adult body weight across the United States (EPA 2000). 
b  Uncooked (8oz.) 
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Table 2.4.  Methylmercury concentrations in fishes and invertebrates from Lake 
Washington and cutthroat trout from Lake Sammamish (LS).  Statistics reported are 
means ± one standard error.  N refers to the number of samples analyzed as 
individuals (i) or composites (c). 
 

Species Size Total Length 
(mm) Weight (g) MHg (µg.g-1 

ww) N i/c 

       
L 459 ± 17 907 ± 110 0.4127 ± 0.0452 10 i 

 
Northern pikeminnow 

S 234 ± 14 118 ± 23 0.0566 ± 0.0119 10 i 

L 429 ± 14 869 ± 116 0.1941 ± 0.0319 10 i Cutthroat trout 

S 248 ± 12 107 ± 17 0.0394 ± 0.0052 10 i 

L 304 ± 8 404 ± 35 0.2041 ± 0.0191 9 i 

M 244 ± 4 181 ± 13 0.0862 ± 0.0190 10 i 

Yellow perch 

S 136 ± 4 26 ± 3 0.0297 ± 0.0017 10 i 

Adult sockeye salmon L 606 ± 13 2346 ± 145 0.0395 ± 0.0015 10 i 

Smallmouth bass L 419 ± 24 1247 ± 151 0.2605 ± 0.0134 3 i 

Cutthroat trout (LS) L 434 ± 28 842 ± 191 0.1217 ± 0.0145 4 i 

Juvenile sockeye salmon - 123 ± 2.3 13 ± 0.9 0.0455 ± 0.0016 20 i 

Longfin smelt - 100 ± 23 7 ± 0.8 0.0497 ± 0.0048 31 i 

Threespine stickleback - 71 ± 0.9 4 ± 0.1 0.0392 ± 0.0013 14 i 

Mysids - - - 0.0153 ± 0.0020 10 c 

Daphnia - - - 0.0089 ± 0.0009 3 c 

Leptodora - - - 0.0045 ± 0.0018 2 c 

Bulk Zooplanktona - - - 0.0037 ± 0.0004 10 c 

Prickly sculpin L 116 ± 3 19 ± 1.5 0.0553 ± 0.0077 34 i 

 S 36 ± 2 0.7 ± 0.1 0.0142 ± 0.0010 8 c 

Signal crayfish L 74 ± 4 14 ± 3 0.0234 ± 0.0038 21 i 

 S 28 ± 0.3 0.46 ± 0.02 0.0120 ± 0.0007 6 c 

Trichopteran larvae - 22 ± 0.3 0.32 ± 0.01 0.0061 ± 0.0006 9 c 
a Bulk zooplankton values are for total mercury unadjusted for algal content. 
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Table 2.5.  Regression equations for methylmercury concentration on total length and 
on age in Lake Washington northern pikeminnow (NP), cutthroat trout (CT), and 
yellow perch (YP).  Cutthroat trout [MHg] is also regressed on lake age as described 
in the text.  All p <0.002. 
 

Variable Species [MHg] Equation N r2

NP 3.84*10-9TL3.00 20 0.897 

CT 4.8*10-8TL2.475 20 0.702 

YP (All) 8.8*10-7TL2.111 29 0.732 

Total Length (mm) 

YP (Fall) 2.9*10-9TL3.137 19 0.447 

NP 0.012*Age1.756 20 0.930 

CT 0.017*Age1.572 20 0.625 

CT 0.033*(L.Age+1)1.345 20 0.817 

YP (All) 0.0283*Age1.33 25 0.939 

Age (yrs) 

YP (Fall) 0.0213*Age1.55 17 0.895 
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Table 2.6.  Average methylmercury concentrations and total length regressions for juvenile sockeye salmon (SS), stickleback (SB), 
and longfin smelt (LS) from Lake Washington.  N refers to the number of samples analyzed as individuals (i) or composites (number 
refers to individuals per composite).  Errors are one standard error. 

 
 
 
 

Species     Age TL (mm) MHg 
(µg.g-1) ± SE Equation: MHg (ppm) = r2 p i/c n

Oct ‘01 0 119 ± 5 0.0414 ± 0.0023 0.00045*TL0.955 0.433   0.026 i 10 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

SS 
Mar ‘02 1 127 ± 3 0.0474 ± 0.0030 n.s. 0.205 0.120 i 10 

Oct ‘01 0 62 ± 0.6 0.0317 n.a - - 5 1 
SB 

Mar ‘02 1 71 ± 0.9 0.0384 ± 0.0001 n.s. 0.020 0.643 i 10 

Oct ‘02 0 55 ± 3 0.0126 ± 0.0017 n.a. - - 10 3 

Mar ‘03 1 72 ± 4 0.0154 ± 0.0019 n.a. - - 5 3 

Oct ‘01 1 103 ± 15 0.0383 ± 0.0015 0.00048*TL0.943 0.682   

      

0.001 i 10 

Mar ‘02 2 110 ± 6 0.0788 ± 0.0039 n.s. 0.003 0.868 i 10 

Mar ‘03 2*
135 0.0656 ± 0.0076 n.a. - - i 2 

LS 

 ALL 55-135 - 0.0061e0.112*months 0.919 <0.001 i -

 
n.s. regression not significant since p >0.05 
n.a. regression not applicable since individuals not analyzed 
* Odd year class, other smelt are from even year class 
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Table 2.7. Organochlorine concentrations in fishes and invertebrates from Lake Washington, and cutthroat trout from Lake 
Sammamish (LS).  Statistics reported are means ± one standard error.  N refers to the number of samples analyzed as individuals (i) or 
composites (c).  Nondetects (ND) reported with the method detection limits in brackets. 
 

Species Size TL (mm) Weight (g) ΣDDT 
(µg.kg-1) 

ΣPCB  
(µg.kg-1) 

ΣChlordane 
(µg.kg-1) i/c  N

         
L 459 ± 53 907 ± 347 258 ± 95 1071 ± 541 40 ± 17 i 10 Northern pikeminnow 
S 234 ± 44 118 ± 72 45 ± 26 140 ± 88 7 ± 4 i 9 

L 429 ± 44 869 ± 368 168 ± 68 377± 156 44 ± 25 i 10 Cutthroat trout 

S 248 ± 38 107 ± 54 47 ± 61 79 ± 67 15 ± 20 i 10 

L 304 ± 20 404 ± 86 59 ± 20 191 ± 55 16 ± 8 i 9 

M 244 ± 13 181 ± 42 49 ± 21 66 ± 45 10 ± 4 i 10 

Yellow perch 

S 136 ± 13 26 ± 10 14 ± 3 47 ± 16 6 ± 2 i 10 

Adult sockeye salmon L 606 ± 40 2346 ± 458 5 ± 2 6 ± 4 ND (2) i 10 

Smallmouth bass L 419 ± 42 1247 ± 262 63 ± 19 371 ± 62 10± 5 i 3 

Cutthroat trout (LS) L 434 ± 56 842 ± 381 11 ± 4 60 ± 18 5 ± 2 i 4 

Prickly sculpin L 122 ± 5 22 ± 3 9 ± 1.3 158 ± 57 5 ± 1.1 i 16 

 S 32 ± 0.2 0.3 ± 0.01 ND (6) 17 ± 0.2 ND (4) 38-52 4 

Juvenile sockeye 
salmon 

- 121 ± 2 13 ± 1 24 ± 2 37 ± 14 5 ± 2 5 6 

Threespine stickleback - 69 ± 2 4 ± 0.5 44 ± 10 165 ± 41 17 ± 5 15 4 

Longfin smelt - 89 ± 3 5 ± 2 53 ± 15 195 ± 54 21 ± 9 5-29 11 

Mysids - - - 7 ± 0.7 ND (12-16) ND (2) - 5 

Bulk zooplankton - - - 1.1 ± 0.3 ND (8-16) 1.1 ± 0.3 - 9 
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Table 2.8.  Regression equations for organochlorine concentrations on total length and on age in Lake Washington northern 
pikeminnow (NP), cutthroat trout (CT), and yellow perch (YP).  Correlation coefficients (r2) follow regression equation.  All p <0.001.  
Cutthroat ages are total age and lake age as described in text.   

 
Variable Species ΣDDT (µg/kg ww) r2 ΣPCB (µg/kg ww) r2 Σchlordane  

(µg/kg ww) r2 n 

NP      0.97*TL-190.1 0.790 6*10-6*TL3.082 0.785 1*10-6*TL2.812 0.804 19

CT     

     

      

9*10-7*TL3.125 0.702 8*10-7*TL3.277 0.749 3*10-7*TL3.038 0.564 20
Total Length 

(mm) 

YP 0.0033*TL1.711 0.714 4*10-2TL1.383 0.419 0.0348*TL1.033 0.447 29

NP 38.63*Age-42.51 0.836 29.80*Age1.699 0.829 1.65*Age1.519 0.815 19

CT     

     

     

10.86*Age1.797 0.513 23.20*Age1.806 0.493 2.29*Age1.906 0.362 20

CT 25.25*(L.Age+1)1.465 0.594 52.51*(L.Age+1)1.542 0.658 5.67*(L.Age+1)1.587 0.422 19
Age (yrs) 

YP 15.50*Age0.955 0.774 34.40*Age0.972 0.663 4.77*Age0.723 0.549 25
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Table 2.9.  Pearson correlation coefficient ‘r’ and associated significance level (2-tail) 
for relationships between the natural log of percent lipids and the natural log of 
mercury, total DDT, total PCB, total chlordane and total length for cutthroat trout 
(CT), northern pikeminnow (NP), yellow perch (YP), and prickly sculpin (PS) in 
Lake Washington.  Correlations significant at the 0.05 level are in bold. 
 
 

Species n Ln[MHg] Ln[ΣDDT] Ln[ΣPCB] Ln[ΣCHL] Ln(TL) 

CT 18 0.649 
(0.004) 

0.659 
(0.003) 

0.723 
(<0.001) 

0.634 
(0.005) 

0.774 
(<0.001) 

NP 12 0.428 
(0.165) 

0.361 
(0.248) 

0.330 
(0.294) 

0.528 
(0.078) 

0.551 
(0.064) 

YP 25 0.641 
(0.001) 

0.803 
(<0.001) 

0.373 
(0.066) 

0.707 
(<0.001) 

0.827 
(<0.001) 

PS 13 0.108 
(0.725) 

0.394 
(0.183) 

0.112 
(0.717) 

0.359 
(0.228) 

-0.108 
(0.725) 
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Table 2.10.  Concentration of organochlorines in juvenile sockeye salmon (SS), stickleback (SB), longfin smelt (LS), and 
prickly sculpin (PS) indicating whether the sample was composite (showing the average number of fish in each replicate) or 
individual (i).  N refers to the number of replicate samples. Errors are one standard error of the mean. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Species Season TL (mm)  ΣDDT 
(µg.kg-1) 

ΣPCB 
(µg.kg-1) 

ΣCHL 
(µg.kg-1) c/i  N

Oct ‘01 123 ± 5 22 ± 2 8a 4 ± 5 5 3 
SS 

Mar ‘02 120 ± 5 26 ± 7 65 ± 17 7 ± 2 5 3 

Oct ‘01 62 ± 0.6 19 49 5 15 1 
SB 

Mar ‘02 72 ± 0.6 53 ± 15 203 ± 33 21 ± 6 15 3 

Oct ‘02 55 ± 2 13 ± 2 46 ± 4 4 ± 0.6 26 3 

Mar ‘03 77 ± 2 65 ± 3 267 ± 31 21 ± 2 15 3 

Oct ‘01 102 ± 3 32 ± 10 100 ± 2 10 ± 1 5 2 

Mar ‘02 106 184 659 109 9 1 

LS 

Mar ‘03 135 53 ± 4 174 ± 23 14 ± 1 i 2 

Large 122 ± 22 9 ± 5 158 ± 228 5 ± 5 i/~3-
4 16 

PS 
Small 34 ± 7 nd 31 ± 31 nd ~50 4 

a ½ the method detection limit (MDL) 
nd not detected at MDL of ΣDDT = 6ppb and ΣCHL = 4ppb 
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Table 2.11.  Ratio of DDE to total DDT in ten resident species of fishes and invertebrates 
from Lake Washington, adult sockeye salmon caught in Lake Washington, and large 
cutthroat trout from Lake Sammamish.  Only samples for which all three congeners of 
DDT were detected (DDD, DDE, DDT) were included in the calculations.  
 

Species Sample Size DDE/ΣDDT (±SE) 

Northern Pikeminnow 18 0.75 (±0.01) 

Mysid Shrimp 1 0.70 

Stickleback 4 0.66 (±0.01) 

Smallmouth Bass 3 0.65 (±0.02) 

Cutthroat Trout 20 0.64 (±0.01) 

Yellow Perch 26 0.64 (±0.01) 

Longfin Smelt 9 0.61 (±0.02) 

Prickly sculpin 14 0.59 (±0.04) 

Juvenile Sockeye Salmon 6 0.54 (±0.01) 

Bulk Zooplankton 2 0.46 (±0.06) 

   
Cutthroat Trout  

(Lake Sammamish) 3 0.53 (±0.02) 

Adult Sockeye Salmon 
(Lake Washington) 2 0.63 (±0.02) 
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Table 2.12.  Percent of fish samples that were above the tissue screening criteria 
(Shephard 1998) for each contaminant.  Fish listed are northern pikeminnow (NP), 
cutthroat trout (CT), yellow perch (YP), adult sockeye salmon (SOC), smallmouth bass 
(SMB), prickly sculpin (PS), stickleback (SB), and longfin smelt (LS) from Lake 
Washington, and cutthroat trout from Lake Sammamish (LkS).  Concentrations were for 
whole bodies.  Invertebrates did not exceed any criteria. 
 

Sp. Size 
Sample 

Size 
(Hg,OC) 

TL (mm) >60 µg/kg 
MHga

>54 
µg/kg 
ΣDDTb

>440 
µg/kg 
ΣPCBb

>56 
µg/kg 
ΣCHL 

        
L 10 402-568 100% 100% 100% 30% NP 

S 10,9 146-297 40% 22% 0% 0% 

L 10 350-500 90% 90% 40% 40% CT 

S 10 189-295 10% 30% 0% 10% 

L 9 273-330 100% 50% 0% 0% 

M 10 231-271 80% 30% 0% 0% 

YP 

S 10 116-158 60% 0% 0% 0% 

SMB L 3 385-466 100% 67% 0% 0% 

SOC L 10 553-645 0% 0% 0% 0% 

CT 
(LkS) 

L 4 375-510 100% 0% 0% 0% 

PS L 34,16 93-167 20% 0% 13% 0% 

 S 13,5 30-52 0% 0% 0% 0% 

SB October 1 48-68 0% 0% 0% 0% 

 March 13,3 67-75 0% 33% 0% 0% 

SS All 13,3 87-141 8% 0% 0% 0% 

LS 0 Oct 3 37-74 0% 0% 0% 0% 

 1 Mar 3 68-80 0% 0% 0% 0% 

 1 Oct 3 85-116 92% 0% 0% 0% 

 2 Mar 4,3 102-135 75% 100% 33% 33% 
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Table 2.13. Percent of fish sampled that were above wildlife health criteria for 
methylmercury, and the organochlorines (OC) ΣDDT, and ΣPCB.  Fish species are 
northern pikeminnow (NP), cutthroat trout (CT), yellow perch (YP), adult sockeye 
salmon (SOC), smallmouth bass (SMB), prickly sculpin (PS), stickleback (SB), and 
longfin smelt (LS) from Lake Washington, and cutthroat trout from Lake Sammamish 
(LkS).  Concentrations were for whole bodies.  No samples were above the NYSDEC 
criterion for chlordane (500 µg/kg).  Invertebrates did not exceed any criteria. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sp. Size 
Sample 

Size 
(Hg,OC) 

TL (mm) 
>33 

µg/kg 
MHga

>200 
µg/kg 
ΣDDTb

>110 
µg/kg 
ΣPCBb

       
L 10 402-568 100% 70% 100% NP 

S 10,9 146-297 70% 0% 40% 

L 10 350-500 100% 50% 90% CT 

S 10 189-295 70% 0% 0% 

L 9 273-330 100% 0% 100% 

M 10 231-271 100% 0% 20% 

YP 

S 10 116-158 60% 0% 10% 

SMB L 3 385-466 100% 0% 100% 

SOC L 10 553-645 100% 0% 0% 

CT (LkS) L 4 375-510 100% 0% 0% 

PS L 34,16 93-167 88% 0% 55% 

 S 13,5 30-52 0% 0% 0% 

SB October 1 48-68 0% 0% 0% 

 March 13,3 67-75 100% 0% 100% 

SS All 13,3 87-141 92% 0% 0% 

LS 0 Oct 3 37-74 0% 0% 0% 

 1 Mar 3 68-80 0% 0% 100% 

 1 Oct 3 85-116 92% 0% 0% 

 2 Mar 4,3 102-135 100% 0% 100% 

 

a Environment Canada (Environment Canada 2002)  
b New York State Department of Environmental Conservation (Newell et al. 1987) 
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Table 2.14.  Recommended monthly meal limitations for human consumption of fish 
caught in this study from Lake Washington and Lake Sammamish (LS).   

 

Species Size Range TL 
(mm) 

Methyl-
mercury a

Organo-
chlorines b

WA DOH 
Draft 

Advisory c
FDA d

L 402-568 3 none e none unlimited Northern 
pikeminnow S 146-297 14 none 1 unlimited 

L 350-500 2 none 1 unlimited Cutthroat 
trout S 189-295 11 none 3-4 unlimited 

L 273-330 3 2 1 unlimited Yellow 
perch M 231-271 7 4 2 unlimited 

Smallmouth 
bass L 385-466 3 none none unlimited 

Adult 
sockeye L 553-645 unlimited f 10 unlimited unlimited 

Cutthroat 
trout (LS) L 375-510 5 1 n/a g unlimited 

 
a Sum of non-cancer endpoint risks for methylmercury (EPA 2000). 
b Sum of cancer endpoint risks for (ΣDDT+ΣPCB+ΣCHL) (EPA 2000).
c Based on noncancer risks for methylmercury and organochlorines (McBride and 

Hardy 2004). 
d Based on FDA 1.0 ppm limit for MHg and 2.0 ppm limit for PCB in commercial 

fishes.  
e No consumption when ≤ 0.5 meals per month recommended (EPA 2000). 
f Unlimited consumption when ≥ 16 meals per month (EPA 2000).  
g No recommendations were made. 

 



    96

Fish Age (yrs)

0 2 4 6 8 10 12

Northern pikeminnow

Yellow perch
Cutthroat trout

Total Length (mm)

100 200 300 400 500

M
et

hy
lm

er
cu

ry
 (µ

g/
g  

w
w

)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
Northern pikeminnow

Yellow perch
Cutthroat trout

 
 
Figure 2.1.  Methylmercury concentration in northern pikeminnow (solid lines), cutthroat trout (dash-dot lines), and yellow perch 
(dotted lines) from Lake Washington as a function of size (A) and age (B).  Regression equations are as in Table 5.
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Figure 2.2.  Methylmercury concentration in longfin smelt as a function of age from 
hatch.  Even year class assumed to hatch May 1 of an even year, whereas odd year class 
was assumed to hatch June 1 of an odd year (Chigbu 2000). 
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Figure 2.3.  Methylmercury concentration in pelagic invertebrates by season.  
Zooplankton values are normalized for algal biovolume, assuming M/T of 0.5.  Numbers 
above columns are samples sizes.   
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Figure 2.4.  Methylmercury concentration as a function of total length in prickly sculpin, 
signal crayfish, and trichopteran larvae in Lake Washington.  Regression lines for sculpin 
and crayfish are best-fit with p<0.001. 
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Figure 2.5.  Concentrations of organochlorines as a function of size (left panels) and age 
(right panels) in northern pikeminnow, cutthroat trout, and yellow perch from Lake 
Washington.  Correlation coefficients and best-fit regression equations appear in Table 8. 
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Figure 2.6.  Total DDT concentrations (bars) and percent lipid content (line plots) for 
whole bodies of pelagic forage fishes in Lake Washington.  The top panel (A) shows the 
seasonal patterns for longfin smelt, while stickleback (black bars) and juvenile sockeye 
salmon (grey bars) are shown in the bottom panel (B).  Error bars are one standard 
deviation. 

 



    102

Col 1 vs ZP np ww 
Col 1 vs MY dw 

Winter Spring Summer Fall

Σ D
D

T 
(µ

g.
kg

-1
 w

w
) 

0

2

4

6

8

10

12

Bulk Zooplankton
Mysids

ΣDDT detection limit for Daphnia

2

1

3
3

1

3

1

 
 
Figure 2.7.  Average concentration of total DDT in seasonal samples of mysids (open 
circles) and bulk zooplankton (closed circles).  Error bars are plus and minus one 
standard deviation.  Sample sizes are shown beside each point.  No samples were 
analyzed for summer mysids.  The dashed line represents the sum of detection limits for 
DDD, DDE, and DDT for the summer sample of Daphnia.  DDT was not detected in the 
Daphnia samples. 
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Figure 2.8. Total mercury concentrations in individual pikeminnow (A) and yellow perch 
(B) from Lake Washington during 1976 and 2002.  Historical fillet data (Buchanan 1977) 
and was converted to whole body concentration using a ratio of 1.44 (F/WB) as described 
in the text. 
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Figure 2.9.  Historical and recent total mercury concentration in bulk zooplankton, 
juvenile sockeye, stickleback, and longfin smelt.  Historical data is average of 
concentration in different tissues (Barnes 1976).  Data from the current study are for 
whole bodies.  Error bars are ranges of values.  Zooplankton values for current study are 
for all seasons combined.  For current study, two ages of smelt were sampled in each 
season. 
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Figure 2.10.  Ranking of Washington Sate water bodies by total mercury concentration in 
a hypothetical 419-mm bass (average size for Lake Washington samples).  Deer and 
Loomis Lake concentrations were estimated from length-mercury plots since regressions 
for these lakes were not significant.  Lake Washington values converted from whole body 
using 1.44 F/WB.  The maximum mercury concentration in fish for the protection of 
human health recommended by the EPA (300 ug/kg) is shown for reference. 
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Figure 2.11.  Total DDT in fillets of larger fishes from across Washington State.  Shaded bars highlight data from the current study.  
L.Washington PCB values were multiplied by 0.68 to estimate fillet concentrations.  KOK=kokanee, SMB=smallmouth bass, 
NP=northern pikeminnow, MWF=mountain whitefish, RT=rainbow trout, CT=cutthroat trout, ES=english sole.   
Sources: (Davis et al. 1998; Serdar et al. 1999; Johnson 2001).
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Figure 2.12.  Comparision of average PCB concentration in large fishes from Washington State from systems not associated with a 
PCB Superfund site (L. Whatcom, Palouse R., Crab Creek, L. Chelan, Vancouver L., Yakima R., L. Sammamish) and those that are 
associated with a PCB Superfund site (L.Washington, Lower Duwamish R., Spokane R.).  Shaded bars highlight data from the current 
study.  L.Washington PCB values were multiplied by 0.68 to estimate fillet concentrations.  KOK=kokanee, SMB=smallmouth bass, 
NP=northern pikeminnow, MWF=mountain whitefish, RT=rainbow trout, CT=cutthroat trout.  Excluded from the comparison were 
sites undergoing ongoing assessment by the Washington State Department of Ecology for high levels of PCB and DDT under the 
Toxics Cleanup Program, including Walla Walla R., Chehalis R., and Okanogan R., since it was not possible to assess if PCB 
superfund sites were associated with these locations.  PCBs at these sites ranged from 45 - 300 ppb.  
Sources: (Davis et al. 1998; Serdar et al. 1999; Johnson 2001; EPA 2003b).

PCB superfund association 
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Figure 2.13.  DDT and fog being sprayed in Lake Washington’s Union Bay in 1957.  
(SeattleTimes 1998) 
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Chapter 3.  Bioaccumulation of mercury and organochlorines in the 
foodweb of Lake Washington: a stable isotope perspective 

 

OVERVIEW 

Stable isotope analysis indicated that mercury and organochlorines 

bioaccumulated in the food web of Lake Washington, with organochlorines accumulating 

2-3 times more rapidly with trophic position than mercury.  Contaminant concentrations 

were also correlated with trophic position for northern pikeminnow, cutthroat trout, and 

yellow perch, three top predators in Lake Washington.  Contaminant concentrations and 

δ13C’ were positively correlated in yellow perch, but were negatively correlated in 

northern pikeminnow and cutthroat trout, which reflected ontogenetic shifts in feeding 

location for all three species.  The shift to piscivory within each of the three top predator 

populations was associated with an increase in concentration of mercury and 

organochlorines as predators began to use a prey source both more elevated and more 

variable in contaminant concentrations.   

 

INTRODUCTION  

Mercury and organochlorines are widespread in freshwater systems as a result of 

human activities and global processes (Watras et al. 1998; Lucotte 1999; Chen et al. 

2000; EPA 2004).  Both mercury, predominantly as the more potent methylmercury, and 

organochlorines can be harmful, bioaccumulate in individuals, and tend to bioaccumulate 

to higher concentrations at higher trophic levels, thereby increasing the risks for older 

individuals and species that feed at higher trophic levels.  In 2002, 33% of total lake acres 

and 15% of total river miles in the United States were under fish consumption advisories, 

a trend that has continued to increase over the past decade (EPA 2003).  Mercury and 

organochlorines were at least partly responsible for the majority (96%) of these fish 

consumption advisories.   

Elevated levels of mercury (up to 0.6 µg/g wet weight) and organochlorines (up to 

2.3 µg ΣPCB/g wet weight) were recently documented for predatory fishes of Lake 

Washington (Chapter 2), prompting the Washington State Department of Health to draft 
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an advisory recommending limited consumption of cutthroat trout, northern pikeminnow, 

and yellow perch.  Age was the best predictor of concentrations among large fishes (r2 = 

0.817-0.939 for Hg; r2 = 0.422-0.836 for organochlorines); however, a high degree of co-

variance among metrics, including age, size, lipids, and contaminant concentrations, 

prevented elucidation of specific accumulation mechanisms.   

Aquatic organisms can accumulate contaminants directly from the water 

(bioconcentration), from contaminated food (biomagnification), or from a combination of 

these two mechanisms, termed bioaccumulation.  There is long-standing debate over 

whether bioaccumulation in aquatic organisms results primarily from bioconcentration or 

biomagnification (Norstrom et al. 1976; Rodgers and Qadri 1982; Spry and Wiener 1991; 

Borgmann and Whittle 1992; Leblanc 1995; Randall et al. 1998; Gray 2002; Fisk et al. 

2003; Gray 2003).  Many studies have reported biomagnification upon finding positive 

relationships between trophic position and contaminant concentration in a food web 

(Broman et al. 1992; Kidd et al. 1995b; Jarman et al. 1996; Atwell et al. 1998; Bowles et 

al. 2001; Stapleton et al. 2001; Power et al. 2002).  Grey (2002) recently criticized using 

biomagnification synonymously with bioaccumulation in these situations because 

bioconcentration can also produce higher concentrations for organisms at higher trophic 

levels.  For example, higher lipid concentrations may allow more contaminant to 

accumulate via diffusion gradient, older fish have greater age-related accumulation, 

larger fish have lower rates of depuration, and fish depurate contaminants at a lower rate 

than do invertebrates (Leblanc 1995; Gray 2002).  The lipophylicity of a chemical and 

the ratio of contaminants in food versus water can affect relative contributions of food 

and water to bioaccumulation (Qiao et al. 2000), but as yet there is no way to definitively 

predict which route will dominate.  Because of the high co-variability of physical metrics 

for Lake Washington fishes, I use the non-mechanistic term ‘bioaccumulation’ rather 

than biomagnification to describe increased contaminant concentrations as a function of 

trophic position within food webs or species in this paper. 

To better understand contaminant dynamics in Lake Washington, stable isotopes 

were used to explore trophic interactions among Lake Washington biota (Chapter 1).  

Stable isotope ratios provide an integrated view of consumption over months to years 
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(Hesslein et al. 1993; MacAvoy et al. 2001), depending on temporal changes in diet and 

the rate of new tissue production.  Nitrogen isotopes are used as an indicator of trophic 

position because the lighter isotope (14N) is preferentially excreted, leaving consumers 

approximately 3.4‰ enriched in the heavier isotope (15N) compared to their prey 

(Minagawa and Wada 1984; Vander Zanden and Rasmussen 2001).  In contrast, 

consumers are typically <1‰ enriched in the heavy isotope of carbon relative to their 

food (Deniro and Epstein 1978; Peterson and Fry 1987; Vander Zanden and Rasmussen 

2001).  Carbon isotopes are often used to trace energy pathways within a system because 

pelagic carbon is depleted in the heavier isotope compared to carbon that is derived from 

benthic/littoralsources.   

The objectives of this study were to use stable isotopes to determine if 

contaminant bioaccumulation in the food web varied as a function of trophic position, to 

assess the relative contributions of benthic and pelagic pathways to bioaccumulation, and 

to explore patterns of contaminant bioaccumulation within top predator populations as 

related to trophic dynamics.   

 

Site Description 

Lake Washington is a large, monomictic, meso-oligotrophic lake located in an 

urban region of the Puget Sound basin between the cities of Seattle and Bellevue, 

Washington, USA.  The lake covers an area of 87.6 km2, with a length of 21 km, an 

average width of 2.4 km, average depth of 33 m, and maximum depth of 65 m (Anderson 

1954).  Stratification occurs in Lake Washington from late March to early November 

with a thermocline that centers around 16 m, separating maximum epilimnetic 

temperatures (~24°C) from hypolimnion temperatures that remain 7-9 °C year-round.   

 

METHODS 

Field Collections 

Fishes and invertebrates were collected from Lake Washington between October 

2001 and April 2003 by a variety of methods including gill nets, mid-water trawl, 

electroshocking, angling, snorkeling, and minnow traps.   Large predatory fishes 
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including northern pikeminnow (Ptychocheilus oregonensis), cutthroat trout 

(Oncorhynchus clarki), and yellow perch (Perca flavescens) were captured 

opportunistically throughout the lake until desired numbers were obtained.  Pelagic 

zooplanktivorous forage fishes including juvenile sockeye salmon (Oncorhynchus 

nerka), threespine stickleback (Gasterosteus aleuticus), and longfin smelt (Spirinchus 

thaleichthys) were collected by mid-water trawl from the pelagic zone during October 

and March.  Pelagic invertebrates including bulk zooplankton, Daphnia, and mysid 

shrimp (Neomysis mercedes) were collected in 2002 from the top 20 m in the pelagic 

zone with a 35-cm diameter 135-µm mesh net (bulk zooplankton) and a 1-m diameter 1-

mm mesh net (Daphnia and mysids).  Sedentary benthic species including prickly sculpin 

(Cottus asper), signal crayfish (Pacifasticus leniusculus), and trichopteran larvae 

(Limnephilidae spp.) were collected from the littoral zone (<1-5m depth) at up to three 

fixed locations.  Opportunistically added to the study were three large smallmouth bass 

(Micropterus dolomieui).  

 

Sample Preparation 

Fish and crayfish were measured to the nearest millimeter and were weighed to 

the nearest 0.01 g.  Otoliths and scales were removed from fish for age and growth 

analysis.  Approximately 0.5 g of muscle tissue was removed from the anterior dorsal 

area of individual fish for stable isotope analysis.  Invertebrates were analyzed as 

composites of whole bodies and trichopteran larvae were removed from their cases.  Fish 

and crayfish were individually wrapped in aluminum foil and stored in plastic bags at –

20°C until analyzed for contaminants.  Pelagic invertebrates were blotted dry through a 

filter before being stored in plastic bags at –20°C.   

 

Contaminant Analysis 

Samples for contaminant analysis were processed through the King County 

Environmental Laboratory (KCEL) in Seattle, WA.  All samples were analyzed as whole 

bodies.  Large fish were cut into pieces while still partially frozen and homogenized with 

liquid nitrogen in a Hobart buffalo chopper.  Smaller fish were homogenized in blenders.  
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Small invertebrate samples were homogenized in their sample bag by crushing them with 

a rolling pin.  Shared samples were divided into aliquots after homogenization.  

Equipment was rinsed with methanol and wiped down prior to use and between samples.   

Total mercury and a short list of organochlorines including total DDT (Σ DDD, 

DDE, DDT), total PCB (Σ Aroclor 1016, 1221, 1232, 1242, 1248, 1254, 1260), and total 

chlordane (ΣCHL = α-chlordane + γ-chlordane) were analyzed on-site at KCEL.  

Methylmercury was analyzed by Frontier Geosciences Inc. in Seattle, Washington.  Not 

all samples were analyzed for both mercury and organochlorines, depending on tissue 

availability.   

 

Total Mercury 

Total mercury was measured at KCEL by cold vapor atomic absorption (CVAA) 

using a modified EPA Method 245.6.  Approximately 0.33 g of tissue was digested in 

nitric and sulfuric acid in the presence of potassium permanganate and potassium 

persulfate at 100°C for 2.0-2.5 h.  Sodium chloride hydroxylamine hydrochloride was 

added after digestion to reduce the sample and stannous chloride was added immediately 

before analysis.   Quality assurance and control (QA/QC) measures included checking 

measurement accuracy against certified reference materials including DORM-2 (dogfish 

muscle), DOLT-2 (dogfish liver), and TORT-2 (lobster tomalley) from the Institute for 

National Measurement Standards (Ottawa, Canada), and Peach Leaves from the National 

Institute of Standards and Technology (Gaithersburg, USA).  Further QA/QC measures 

included measuring background levels of mercury with method blanks, monitoring 

variability with laboratory duplicates of samples, and measuring recovery of total 

mercury from spiked samples without (spike blank) and with (matrix spike) the sample 

matrix.  Accepted variability for laboratory duplicates was 20%, ± 15% for spike blanks 

and ± 20% for all other measures. 

 

Methylmercury 

Frontier Geosciences digested approximately 0.5 g of tissue in a KOH-methanol 

reagent followed by gas chromatography.  Methylmercury was measured by cold vapor 

 



 114
atomic fluorescence spectroscopy (CVAFS).  The certified reference material used by 

Frontier was DORM-2 (Institute for National Measurement Standards) with ± 25% 

accepted variability in measures (Frontier Geosciences Inc. Standard Operating Protocols 

FG-070.2 and FG-070.2). 

 

Organochlorines 

 Organochlorines were measured following standard protocols used by KCEL.  

Homogenized wet sample was ground with diatomaceous earth to absorb excess water.  

High molecular weight (DBC) and low molecular weight (TCX) surrogates were added 

along with a 50:50 methylenechloride-acetone solvent.  The sample was cleaned first by 

gel permeation chromatography (GPC) then further cleaned by Alumina.  A small aliquot 

was set aside for analysis of pesticides (DDT and chlordane).  The remainder, for PCBs, 

was digested with sulphuric acid and reduced in volume.  Chlorinated compounds were 

analyzed by gas chromatography with electron capture detection (GC-ECD).  Quality 

assurance and control measures included method blanks (diatomaceous earth + surrogates 

+ solvents), spike blanks (method blank + analytes), two matrix spikes (spike blank + 

tissue), and a laboratory duplicate (method blank + tissue).  Accepted variability was 

100% between duplicates and ± 50% for all recoveries.   

 

Stable Isotope Analysis 

Tissue for stable isotope analysis was dried in a convection oven at 50-60°C.  

Dried tissue was ground to a fine powder in a porcelain mortar, and weighed to 1.00 ± 

0.02 mg in a tin capsule (Elemental Microanalysis Ltd.) on a Cahn electrobalance.  Stable 

isotopes were measured via continuous flow using a Carlo Erba 2100 elemental analyzer 

interfaced with a Thermo-Finnagan Deltaplus isotope ratio mass spectrometer at the 

Colorado Plateau Stable Isotope Laboratory at Northern Arizona University.   Stable 

isotope values were expressed as a ratio (R) of the heavy to the light isotope (13C/12C or 
15N/14N) standardized with respect to internationally recognized reference materials as 

follows: 

δ (‰) = [Rsample/Rreference – 1)] x 1000. 
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Every 10th sample was analyzed in duplicate yielding an average standard deviation of 

0.11‰ δ13C and 0.07‰ δ15N between replicates.  Reference materials were Vienna Pee 

Dee belemnite limestone for carbon and atmospheric N2 for nitrogen. 

Relative 13C-depletion of lipids compared with other tissues (Deniro and Epstein 

1977) can affect interpretation of stable isotopes in ecological contexts because they 

suggest a diet that is more depleted in 13C than the same tissue with less lipid.  However, 

because lipid-extraction can also alter stable nitrogen ratios (Pinnegar and Polunin 1999), 

lipid-extraction was not performed on Lake Washington samples.  Lipids were 

normalized using the equation developed by McConnaughey and Roy (1979) and 

validated by Kline (1997): 

δ13C’ = δ13C +D[-0.207 + 3.90/(1+287/(93/1+(0.246 C/N-0.775)-1)))], 

where D is the isotopic difference between protein and lipid (6‰) and C/N is the atomic 

ratio of total carbon to total nitrogen in the sample determined by mass spectrometry.  

This adjustment resulted in an average shift in δ13C of +0.33 (SD = 0.90) across all 

samples.   

 

Data analysis 

To determine whether bioaccumulation potential differed between benthic and 

pelagic pathways, feeding guilds were assigned by considering food habits, stable carbon 

isotope signatures, and life histories.  Prickly sculpin, signal crayfish†, trichopteran 

larvae†, small cutthroat trout (<250 mm fork length), large yellow perch (>270 mm), and 

smallmouth bass were designated as members of the benthic food web, whereas 

Daphnia†, mysids† ‡, juvenile sockeye salmon†, longfin smelt†, stickleback†, large 

cutthroat trout (>300 mm), large northern pikeminnow (>400 mm), and small yellow 

perch (115-160mm) were designated as members of the pelagic food web.  Medium 

yellow perch (<270 mm) and small northern pikeminnow (<300 mm) were not included 

in the guild analysis because diet analysis and stable carbon isotopes indicated that 

benthic and pelagic prey approximately equally contributed to their diet.  Species 

indicated with † had measurements for mercury but not organochlorines.  Mysids (‡) 

furthermore had detectable levels of DDT but not PCB or CHL.  Contaminant 
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concentrations between benthic and pelagic guilds were compared by univariate analysis 

of covariance in SPSS 12.0 (www.spss.com), with δ15N as a covariate.  All other 

statistical analyses were also performed in SPSS. 

 

RESULTS 

All contaminant concentrations increased significantly with trophic position in the 

Lake Washington food web (Table 1).  The highest correlation between δ15N and 

mercury was attained when pelagic forage fishes were excluded from the analysis (r = 

0.675, n = 148 to r = 0.840, n = 124).  The slopes of the δ15N-contaminant regressions 

indicated that organochlorine concentrations increased with trophic position two to three 

times more quickly than did mercury concentration.  Within the food web, trophic 

position explained 37% of the variability in [ΣPCB], 51% of [ΣCHL], 66% of [ΣDDT], 

and 71% of [Hg].  Contaminant concentrations were not correlated with carbon source 

for the Lake Washington food web, with the exception of a weak negative correlation 

between δ13C’ and log[ΣCHL] (r = -0.238, p = 0.035).  Bioaccumulation of mercury and 

ΣPCB was slightly stronger in the pelagic food web than in the benthic food web 

(ANCOVA; p = 0.001 for mercury, p = 0.041 for PCB), whereas no difference between 

the two pathways was evident for bioaccumulation of ΣDDT (p = 0.575) and ΣCHL (p = 

0.346) (Figure 1).   

 Contaminant concentration increased significantly with trophic position and 

varied significantly with carbon source for pikeminnow, cutthroat trout, and yellow perch 

(Table 2).  Contaminant concentrations were not correlated with δ15N for prickly sculpin 

(p = 0.081-0.959) or juvenile sockeye (p = 0.072), with the exception of a weak 

relationship between δ15N and [ΣPCB] in sculpin (r2 = 0.276, p = 0.045).  Carbon source 

was weakly correlated with mercury concentration (p = 0.017) but not organochlorines 

(all p = 0.059-0.586) in prickly sculpin and was not correlated with mercury 

concentration in juvenile sockeye (p = 0.152).   

Among cutthroat trout, northern pikeminnow, and yellow perch, contaminant 

concentrations increased markedly in the magnitude and variability following 

ontogenetic shifts toward piscivory became dominant in the population (Figure 2).  
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Vertebrate prey generally contained higher δ15N than invertebrate prey (Figure 3).  

Contaminant concentration was also typically higher and more variable in vertebrate prey 

than in invertebrate prey (shown only for mercury).   

 
DISCUSSION  

Mercury and organochlorines bioaccumulated in the food web of Lake 

Washington, with successively higher concentrations at higher trophic levels.  

Bioaccumulation was several times stronger for organochlorines than for mercury, as 

indicated by the greater rates of increase in organochlorine concentrations than mercury 

concentration with trophic position.  Few studies have examined both mercury and 

organochlorines from a food web perspective; however, organochlorines were also more 

strongly bioaccumulated (~1.5 x) than mercury in the marine food web of the Gulf of the 

Farallones (Jarman et al. 1996).  Bioaccumulation is often modeled as a function of the 

octanol/water partition coefficient (log Kow) of a compound (summarized in Voutsas et 

al. 2002), a measure of its affinity for animal tissues over water.  The log Kow of 

methylmercury is 1.7 –2.5 (Halbach 1985; Major et al. 1991) compared with values 

between 5.2 and 8.2 for various congeners of ΣPCB, ΣDDT, and chlordane (Oliver and 

Niimi 1988; Morrison et al. 1996; Metcalfe and Metcalfe 1997; Kidd et al. 1998).  

Therefore, bioaccumulation of organochlorines should also be stronger than for mercury 

in the Lake Washington food web.  

Benthic and pelagic pathways showed equal potential to bioaccumulate ΣDDT 

and ΣCHL in Lake Washington biota, whereas bioaccumulation potential for mercury 

and ΣPCB was slightly but significantly greater for the pelagic pathway.  Several other 

studies have suggested greater bioaccumulation of contaminants from pelagic than 

benthic sources in lakes.  In subalpine Bow Lake, lake trout with more pelagic (13C-

depleted) carbon values exhibited higher organochlorine concentrations than did 

mountain whitefish and lake trout with more littoral (13C-enriched) signatures (Campbell 

et al. 2000).  In sub-arctic Stewart Lake, mercury concentration was negatively correlated 

with the benthic contribution of carbon sources among forage fishes, whereas lake trout 

with more pelagic carbon signatures contained higher mercury concentrations (Power et 
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al. 2002).  In Lake Michigan, seston and settling particles, not the sediments, were 

determined to be the primary vectors of PCBs to the food web (Stapleton et al. 2001).  In 

Lake Washington, stable carbon isotopes were able to delineate pelagic from 

benthic/littoral food web members (Chapter 1), and carbon isotopes were strongly 

correlated with contaminant concentrations for individual species.  However, trends were 

not always in the same direction, resulting in weak or non-significant relationships 

between carbon isotopes and contaminant concentrations across the food web as a whole.  

Among the top piscivores, differences in the trends of carbon source and contaminant 

concentrations were related to different ontogenic changes in location of feeding 

(Chapter 1).  Cutthroat trout and northern pikeminnow became increasingly pelagic as 

they grew and shifted from being primarily littoral omnivores to pelagic piscivores, 

whereas yellow perch fed primarily on invertebrates in the pelagic zone as juveniles and 

shifted to a diet increasingly reliant on benthic/littoral prey as they grew.    

If contaminant uptake from food overwhelms the rate of uptake from water, the 

pathway most important to bioaccumulation within an individual will ultimately depend 

on its unique feeding history.  In a system such as Lake Washington, in which higher 

trophic position is associated with higher contaminant concentrations, an animal feeding 

at a higher trophic level compared with its conspecifics should realize greater levels of 

bioaccumulation.  For Ontario lakes classified by the number of intermediate links 

between zooplankton and lake trout, mercury concentration in lake trout was positively 

related to lake ‘class’ (Cabana et al. 1994).  Using a continuous trophic position model 

based on diet, trophic position predicted PCB concentration in lake trout across systems 

(Vander Zanden and Rasmussen 1996).  Similar relationships were found for mercury for 

a variety of freshwater fishes using δ15N to infer trophic position (Kidd et al. 1995a).  It 

has been proposed that a wide range in δ15N within a species, which suggests individual 

dietary specialization (Gu et al. 1997; Fry et al. 1999; Grey 2001), may lead to 

differential bioaccumulation of contaminants among individuals (Madenjian et al. 1993; 

Vander Zanden et al. 2000; Bowles et al. 2001).  While this seems reasonable, the case 

for individual dietary specialization resulting in differential contaminant accumulation 

has not yet been supported in the literature (Kiriluk et al. 1995; Dufour et al. 2001).   
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Within a system, positive relationships between trophic position and contaminant 

concentration are easier to detect for species that undergo ontogenetic shifts in diet.  For 

example, mercury concentration increased with δ15N for omnivorous and piscivorous 

fishes in Lake Murray, Papua New Guinea, but not for planktivorous species of 

Nematalosa, despite similar variability in δ15N (Bowles et al. 2001).  Similarly, in Lake 

Washington mercury and organochlorine concentrations were positively correlated with 

trophic position for northern pikeminnow, cutthroat trout, and yellow perch, species that 

underwent ontogenetic shifts to piscivory, but the relationship between trophic position 

and contaminant concentration was very weak or absent for prickly sculpin and juvenile 

sockeye, species that did not shift towards piscivory for the size classes studied.  

Therefore, perhaps among larger fishes it is not increased trophic position per se that 

results in increased contaminant concentrations but the macro shift to piscivory, i.e. a 

larger change in δ15N and in contaminant concentration that occurs at a variable but 

similar size within a species.  Not every increase in trophic position will result in an 

increase in contaminant concentration at the individual level, but the shift to piscivory 

will be accompanied by a general increase in contaminant concentration, which will be 

especially evident at the population level as an increase in both trophic position and 

contaminant concentration.  This observation increases the likelihood that 

biomagnification plays a significant role in bioaccumulation in the food web of Lake 

Washington.  Increased contaminant bioaccumulation with increased piscivory has 

previously been documented as a function of size (Maccrimmon et al. 1983) and age 

(Driscoll et al. 1994); however, until now the effect of the shift to piscivory had not been 

documented simultaneously on both trophic position and contaminant bioaccumulation.   

In Lake Washington, the most abundant prey fishes have 1- or 2-year life spans, 

which limits both their trophic position and their ultimate contaminant concentrations.  

The result is the step-like increase in contaminant concentration and variability observed 

for Lake Washington piscivores.  As piscivores grow large enough to exploit pelagic 

forage fishes, they suddenly become exposed to a prey base of higher and more variable 

trophic position and contaminant concentration, but one that does not continue to 

increase as the piscivore grows.  In systems where piscivores have access to prey fishes 
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of increasing age and size as they grow, a more gradual pattern of increased contaminant 

concentration and variability might be expected, such as was observed in fish-eating 

birds and mammals in the arctic food web of Lancaster Sound (Atwell et al. 1998), and in 

piscivorous fishes in Lake Murray (Bowles et al. 2001).   

In conclusion, mercury and organochorines bioaccumulated with trophic position 

in the food web of Lake Washington and for individual species of predatory fishes.  The 

bioaccumulation potential of the benthic and pelagic pathways was generally similar, 

although the pelagic pathway had slightly more potential than the benthic pathway to 

bioaccumulate mercury and PCBs.  Forage fishes had higher trophic position and more 

elevated and variable contaminant concentrations than invertebrates.  As a result, 

piscivory among top predatory fishes was associated with greater and more variable 

concentrations of contaminants.   
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Table 3.1.  Linear regressions of contaminant concentrations (µg/kg) on δ15N (ppth) for 
the Lake Washington food web.  All p <0.001. 
 
Dependent n r r2 Slope Intercept 
Log[Hg]  148 0.675 0.456 0.155 -3.421 
Log[Hg]a 124 0.804 0.706 0.167 -3.600 
Log[DDT]b 82 0.814 0.663 0.500 -3.810 
Log[PCB]c 79 0.608 0.370 0.401 -0.959 
Log[CHL]c 79 0.714 0.510 0.474 -4.883 

 
a Forage fishes excluded. 
b Only pikeminnow, cutthroat, perch, sculpin, mysids, and bulk zooplankton. 
c Only pikeminnow, cutthroat, perch, sculpin, and mysids. 
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Table 3.2.  Correlation coefficients for contaminant concentrations and stable isotope 
ratios for fish species in Lake Washington.  Significant at 0.01 level (two-tailed) unless 
otherwise noted.  Values in parentheses were not significant (p >0.05). 
 
Species  N Log[Hg] Log[DDT] Log[PCB] Log[CHL]
       
Northern 
pikeminnow 

δ15N 0.737 0.684 0.679 0.670 

 δ13C’ 
20 

-0.608 -0.487a -0.477a -0.524a 
       
Cutthroat trout δ15N 0.827 0.837 0.832 0.695 
 δ13C’ 20 -0.606 -0.728 -0.577 -0.627 
       
Yellow perch δ15N 0.799 0.857 0.535 0.634 
 δ13C’ 28 0.772 0.781 0.705 0.565 
       
Prickly sculpin δ15N (-0.061) (0.422) 0.643a (0.576) 
 δ13C’ 10b

-0.457a (-0.478) (-0.197) (-0.614) 
       

δ15N Juvenile sockeye (0.590) - - - 10 δ13C’ (-0.317) - - -  
 

a Significant at 0.05 level (two-tailed) 
b Sample size for mercury was 27 
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Figure 3.1.  Bioaccumulation of mercury, ΣDDT, ΣPCB, and ΣCHL between benthic and 
pelagic pathways food web in Lake Washington.  Each panel shows the linear regression 
line and r2  for each pathway.  Bioaccumulation was significantly greater (ANCOVA) in 
the pelagic food web for mercury (p = 0.001) and ΣPCB (p = 0.041) but not for ΣDDT (p 
= 0.575) or ΣCHL (p = 0.346).  Feeding guilds were assigned as described in the text.
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Figure 3.2.  Relationship between trophic position and contaminant concentration for  
northern pikeminnow (black), cutthroat trout (white), and yellow perch (grey) in Lake  
Washington for each of four contaminants.  Vertical dotted lines indicate the point at 
which 75% of each population is piscivorous as determined from diet studies in Lake 
Washington (Mazur 2004). 
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Figure 3.3.  Mercury concentration as a function of trophic position for invertebrate and 
vertebrate prey of top predator fishes in Lake Washington.   
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Chapter 4.  Modeling bioaccumulation of mercury and PCBs in top 
predators of Lake Washington 

 

OVERVIEW 

Elevated levels of mercury and organochlorines were recently measured in the 

foodweb of Lake Washington, a large urban lake adjacent Seattle, Washington.  

Bioenergetics-based models were developed for female northern pikeminnow, cutthroat 

trout, and yellow perch in Lake Washington to simulate bioaccumulation of mercury and 

PCBs in these key predators.  The models were constructed using diet composition, prey 

and predator energy densities, prey and predator contaminant concentrations, and thermal 

regimes specific to these predators in Lake Washington.  Models generally predicted 

contaminant concentrations within two standard errors of average observed values, but 

tended to over-predict concentrations for the youngest ages of yellow perch.  The models 

predicted seasonal variability in contaminant concentration.  Seasonal peak 

concentrations of mercury and PCBs coincided with periods when samples for northern 

pikeminnow and yellow perch were obtained, but not for cutthroat trout, suggesting that 

risk assessment based on contaminant concentrations measured for cutthroat trout may 

not be sufficiently protective during other times of the year.  The models showed that for 

species with a strong reliance on longfin smelt, an important prey fish with biennial 

variability in abundance, concentration patterns might also show interannual variability.   

 

 

INTRODUCTION 

 Persistent contaminants such as mercury and organochlorines are widespread in 

the environment as a result of human activities and global processes (Watras et al. 1998; 

Lucotte 1999; Chen et al. 2000; EPA 2004), posing a health concern for humans and 

wildlife.  Elevated levels of mercury and organochlorines, particularly PCBs, were 

recently measured in large predatory fishes in Lake Washington (Chapter 2), prompting 

the Washington State Department of Health to draft a consumption advisory for cutthroat 

trout (Oncorhynchus clarki), northern pikeminnow (Ptychocheilus oregonensis), and 

yellow perch (Perca flavescens) in the lake (McBride and Hardy 2004).  A quantitative 
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model of bioaccumulation would provide a useful framework for understanding the 

trophic pathways and dynamics of contaminants through key elements of a food web.  

Such a model could improve predictions about body burdens in existing waters and the 

likely responses to environmental restoration or degradation.   

 Bioenergetics models have successfully simulated bioaccumulation of mercury 

and PCBs in laboratory and field studies (Borgmann and Whittle 1992; Madenjian et al. 

2000; Trudel and Rasmussen 2001; Madenjian et al. 2004), and have been a valuable tool 

for exploring issues such as sources of individual variability in contaminant 

concentration (Madenjian et al. 1994), management scenarios (Stow and Carpenter 

1994), hindcasting contaminant concentrations in prey (Jackson and Carpenter 1995), the 

relative importance of uptake routes (Post et al. 1996; Luk and Brockway 1997), and for 

estimating consumption rates in fishes (Trudel et al. 2000). 

Although some debate still remains over the primary route of contaminant uptake 

in fish under natural conditions (Gray 2002; Fisk et al. 2003; Gray 2003), evidence 

suggests that fish acquire most of the contaminant load from food (Phillips et al. 1980; 

Bruggeman et al. 1984; Mathers and Johansen 1985; Grieb et al. 1990; Lindqvist et al. 

1991), particularly larger or older predators in less contaminated systems.  Bioenergetics 

models simulate contaminant bioaccumulation by mechanistically predicting 

consumption from growth, given the diet and physiology of a predator, and subsequently 

applying the same approach to contaminants, given the consumption and physiology of 

the predator.  Bioenergetics models can therefore account for seasonal and ontogenic 

changes in temperature regime and diet that affect both growth (e.g., more or less energy 

rich food) and contaminant uptake (e.g., seasonal patterns in contaminant concentration 

in prey).   

Lake Washington has been the focus of many ecological studies (Beauchamp 

1994; Greenberg and Sibley 1994; Nowak and Quinn 2002; Arhonditsis et al. 2003; 

Ballantyne et al. 2003; Arhonditsis et al. 2004; Beauchamp et al. 2004; Mazur 2004; 

Nowak et al. 2004).  As such, a wealth of information exists on the ecology of resident 

fishes and of their environment.  The availability of many detailed life history and diet 
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studies for the species of interest in this system is conducive to developing system-

specific bioenergetics models.   

 The objectives of this study were to develop and apply bioenergetically-based 

models for bioaccumulation of mercury and organochlorines by key predators in the lake, 

and evaluate the potential for bioenergetics models as a tool for simulating 

bioaccumulation of mercury and organochlorines in the fishes of Lake Washington.  

PCBs were used as a model organochlorine because of the concern raised over elevated 

levels of PCBs in Lake Washington (Chapter 2) and because the behavior of PCBs has 

been studied more often than that of other organochlorines.  Models were constructed for 

northern pikeminnow, cutthroat trout, and yellow perch using diet composition, growth, 

energy density, and contaminant concentrations specific to this system, and were fit to 

observed data via calibration of contaminant elimination parameters and swimming 

speeds.  Contaminant concentrations were measured for representative species and life 

stages at different trophic levels in the food web (Chapter 3).  In addition to the general 

behavior of the models among species and year classes, I examined the effect of seasonal 

variation in prey contaminant concentrations on bioaccumulation of contaminants in 

predators, and biennial variation in the abundance and contaminant concentration of 

longfin smelt in the diet.  Longfin smelt are an extremely important forage fish in this 

food web.  They have a two-year life span in Lake Washington and display biennial 

variation in abundance, with the even-year classes 5-15 times more abundant than the 

odd-year classes (Beauchamp 1994).  Current and historical diet data (Olney 1975; 

Mazur 2004) were used to explore this effect on northern pikeminnow.   

 

METHODS 

Model Development  

Wisconsin bioenergetics models are based on the following energy-balance 

equation; 

Consumption = Waste + Metabolism + Growth,   (1) 

relating energy consumed to energy lost as wastes, used for maintenance and digestion, 

and sequestered for growth.  The consumption rate required to satisfy an observed growth 
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rate is estimated given the diet, thermal experience, physiology, and body mass of the 

consumer.  Because the models generate complementary estimates of consumption or 

growth, they provide one of the challenging components (consumption) needed for 

estimating bioaccumulation of contaminants.   

Wisconsin bioenergetics models for cutthroat trout (Beauchamp et al. 1995), 

northern pikeminnow (Petersen and Ward 1999), and yellow perch (Kitchell et al. 1977) 

were modified to accommodate contaminant elimination equations (Trudel and 

Rasmussen 1997) and allow for variable loss of body burden due to spawning (Trudel 

and Rasmussen 2001).  Daily changes in contaminant burden were determined by the 

following mass-balance equation relating the contaminant body burden of the organism 

to the amount of contaminant ingested and lost through elimination; 

 

[ ] Pgsp XkkCXX
dt
d

⋅+−⋅⋅= )(α ,    (2) 

uptake elimination 

where α is the gross assimilation efficiency of the contaminant from food (Table 1), [X]p 

is the contaminant concentration in the prey (µg/g), C is the grams of prey consumed 

(Hansen et al. 1993), ks is the somatic contaminant elimination rate (d-1),  kg is the daily 

loss of contaminant to the gonads (d-1), and X is the contaminant body burden (µg) of the 

predator.  Contaminant uptake is therefore assumed to be a constant proportion of the 

amount of contaminant consumed.  Food was assumed to be the only source of 

contaminant exposure.   

 

Model Inputs 

The model was run on a daily time step for 365 days per year with Day 1 

corresponding to January 1.  Bioaccumulation was modeled for ages 2-11 northern 

pikeminnow, ages 2-6 cutthroat trout, and ages 1-6 yellow perch.  In Lake Washington, 

northern pikeminnow and yellow perch were sexually dimorphic, with females attaining 

significantly larger sizes than males (Olney 1975; Nelson 1976; Mazur 2004), whereas 

sizes of female and male cutthroat trout were similar (Mazur 2004).  Field samples of all 

three species were biased towards females (60-87%; Mazur unpublished data), and most 
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of the largest/oldest fish analyzed for contaminants were also females (McIntyre 

unpublished data).  Therefore, I decided to model only females, since models would be 

primarily based on contaminant concentrations measured in female fish.  Based on 

available diet composition data, I modeled female northern pikeminnow during both even 

years (corresponding to low availability of age-1 smelt) and odd years (abundant age-1 

smelt) to account for fignificantly different contributions of smelt in the diet of these 

predators between years.  Female cutthroat trout and yellow perch were only modeled 

during odd years, because data were too limited from even years.  Initial contaminant 

concentrations for predators were determined from length-contaminant relationships for 

these species (Chapter 2), given the average length at the beginning of the first age 

modeled.  Based on maturity indices and observations of spent females, the average 

spawning date for northern pikeminnow age 4 and older was set as June 1 (Olney 1975; 

Mazur 2004), March 15 for cutthroat trout age 4 and older (Mazur 2004), and June 1 for 

yellow perch age 2 and older (Nelson 1976; Mazur 2004).   

 Many of the model inputs used to calculate consumption were taken from a 

concurrent diet study and consumption modeling project for Lake Washington (Mazur 

2004), including predator growth (Table 2), seasonal water temperature (Table 3), and 

diet composition (Table 4).  Inputs that were unique to the contaminant model were 

predator and prey contaminant concentrations and energy densities.  Estimation of these 

inputs and the application of unique activity multipliers are described below.  Mercury 

concentrations represented methylmercury and PCB concentrations represented total 

PCB, which was the sum of all Aroclors (only 1254 and 1260 were detected).   

Contaminant Concentration in Prey Fishes 

Contaminant concentrations varied with the size of prey fishes and varied 

seasonally for invertebrates (Chapter 2).  Consequently, using a constant contaminant 

concentration for each prey was not appropriate.  Prey sizes also varied considerably by 

month for the major forage fishes.  Temporal changes in the size of juvenile sockeye, 

stickleback, and longfin smelt had to be estimated before monthly contaminant 

concentrations could be determined.  Using average sizes of forage fish during March 
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and October from midwater trawls during October 2001 through October 2003, simple 

linear equations were developed to describe average forage fish size available to 

piscivores each month (Table 5).  I assumed that only strong year class smelt were 

consumed.  This is a fair assumption since very little smelt consumption has been 

observed between when the strong year class of smelt spawn and die (March in even 

years) and when the next generation of abundant smelt become large enough to attract 

piscivores (late summer/early fall of even years) (Mazur 2004).  Furthermore, for periods 

when the two year classes overlapped, the sizes of smelt consumed were always those of 

the strong year class, suggesting that consumption of the weak year class smelt was rare 

(Mazur 2004).   

Equations for length-specific contaminant concentration were developed from 

field samples collected in spring and fall each year (Chapter 2) to estimate average 

contaminant concentrations in sockeye, stickleback, and smelt during each month (Table 

5).  Other prey fishes (cottids and yellow perch) and crayfish were available at a variety 

of sizes throughout the year.  Sizes of these prey in the diet were assumed to increase 

with predator size (Juanes 1994; Mittelbach and Persson 1998; Claessen et al. 2000).  

Contaminant concentrations for these species were determined, assuming linear growth 

in predator length within each year.  We assumed that predators consumed variable sized 

prey (crayfish, yellow perch, cottids) that averaged 25% of their total length.  In Lake 

Washington, the average size of these species in stomach samples was 22% of 

pikeminnow length, 25% of cutthroat length, and 24% of perch length (Mazur 2004), 

which agreed well with observation of these predator classes in other systems (Mittelbach 

and Persson 1998; Claessen et al. 2000).  PCB concentrations for crayfish were not 

allowed to vary with predator size, as described below.  Mercury and PCB concentrations 

in prickly sculpin and crayfish were based on average concentrations from the three 

littoral sites because differences between sites were not significant (Chapter 2). 

Contaminant Concentration in Invertebrate Prey 

Mercury concentrations were allowed to vary seasonally over a two-fold range in 

Daphnia and a three-fold range for mysids following patterns described in Chapter 2 
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(Table 6).  Daphnia was only sampled in August, but the mercury pattern was assumed 

to mirror that of bulk zooplankton, of which Daphnia was a component.  Chironomids 

were assigned the average mercury concentration previously reported for this prey group 

in Lake Washington (Bissonnette 1975).  This value was converted from total mercury to 

methylmercury using a multiple-lake average of methyl/total for dipterans of 24% 

(Tremblay et al. 1996).  Other aquatic insects were assigned the same mercury 

concentration as chironomids.  Mercury concentrations of these prey were kept constant 

throughout the year in the simulations.   

PCB concentrations had to be estimated indirectly for invertebrates in Lake 

Washington because concentrations in invertebrates were below detection limits for 

PCBs.  One approach was to set PCB concentrations equal to 50% of the detection limit 

for those samples; however, high analytic detection limits for zooplankton and mysids 

samples (5-16 µg/kg) would have overestimated PCB concentrations.  Instead, PCB 

concentrations in Daphnia and mysids were estimated by multiplying the ΣDDT 

concentration in bulk zooplankton and mysids times the average ratio of the 

concentrations of PCB to DDT for samples in which all DDT congeners and both 

Arochlors were detected ([PCB]/[DDT] = 3.03, CV = 0.36, n=76).  For crayfish, all 

organochlorines were below detection limits, therefore, crayfish and all other 

invertebrates were assigned a PCB value equal to half the ΣPCB detection limit for 

crayfish (7-8 µg/kg).   

Energy density 

Energy densities for most prey items were determined using bomb calorimetry on 

samples obtained directly from Lake Washington (Table 7; McIntyre unpublished data).  

Energy density for miscellaneous aquatic insects was obtained from existing literature 

(Cummins and Wuycheck 1971).  Energy densities were interpolated linearly between 

measured values.  For consumers, the average energy density for northern pikeminnow 

was 7,665 J/g ww, 7,310 J/g ww for cutthroat trout, 3,587 J/g ww for juvenile yellow 

perch, and 6,295 J/g ww for adult yellow perch.   
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Calibration of Activity and Elimination Rates 

Activity 

Calibration was at first attempted by altering only activity, but unrealistically high 

activity levels were required to achieve observed contaminant concentrations (e.g. up to 

10 x standard resting metabolism (SRM) in northern pikeminnow) and resulted in 

consumption levels considerably greater than theoretical maximum consumption (e.g. up 

to 15% body weight (bw)/day for pikeminnow).   

Activity is a sensitive and uncertain parameter set in bioenergetics/contaminant 

bioaccumulation modeling (Boisclair and Leggett 1989; Boisclair and Sirois 1993; 

Trudel and Rasmussen 2001).  This is because it multiplies the costs associated with 

metabolism, and therefore has a direct effect on the consumption estimate.  Higher 

activity multipliers result in higher consumption required to achieve the same growth. 

Activity in the cutthroat bioenergetics model (Beauchamp et al. 1995) was modeled as a 

function of weight and temperature.  At the sizes and temperatures modeled for Lake 

Washington cutthroat, this resulted in activity multipliers of 1.7-3.3 times resting 

metabolism and weight-specific consumption rates that declined with age ranging 1-6.8% 

bw/day.  Activity in the northern pikeminnow bioenergetics model (Petersen and Ward 

1999) was modeled for constant predetermined swimming speeds, but was independent 

of temperature.  For northern pikeminnow in the Columbia River (Petersen & Ward 

1999), activity rates in the model were set at 1.2, 1.8, or 3.1, depending on location 

within the river.  The yellow perch model also assumed a constant activity multiplier 

(Kitchell et al. 1977), with laboratory-measured and field-estimated activities ranging 

from 1 to 4 (Boisclair and Leggett 1989; Boisclair and Sirois 1993).   

Modeling bioaccumulation with a constant activity multiplier tends to 

underestimate mercury concentration in larger fish (Trudel and Rasmussen 2001).  When 

activity was allowed to increase as a power function of fish weight in the bioenergetics 

model, the simulated pattern of mercury bioaccumulation approached values observed in 

the field (Trudel and Rasmussen 2001).  There is both theoretical and empirical support 

for increased activity with size (Ware 1975, 1978; Rowan and Rasmussen 1996, 1997; 
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Sherwood et al. 2002a; Sherwood et al. 2002b).  Since activity is already a function of 

fish weight in the cutthroat model, and produces reasonable levels of activity and 

consumption, we decided not to alter the cutthroat activity function.  Following Trudel 

and Rasmussen (2001), pikeminnow and perch activity was modeled as a function of 

weight;  

ACT = Weight x.     (4) 

For northern pikeminnow, the exponent x was set at 0.19, which produced activities of 

1.9-4.3 and consumption rates of 1-7.8% bw/day for females weighing 28-2,000g.  For 

yellow perch, x was set at 0.15, resulting in activities of 1.9-2.4 and consumption rates of 

1-5.2% bw/day for female perch weighing 60-500g.  While we do not know if these 

activity and consumption rates are accurate for Lake Washington fishes, they span a 

reasonable range reported for these species in other systems. 

Elimination Rates 

 During initial simulations using a published weight- and temperature-dependent 

elimination model (Trudel and Rasmussen 1997), mercury concentrations were 

consistently under-estimated by about 3.5 times for the older ages of all three species.   

The elimination model presented by Trudel and Rasmussen (1997) was a general 

model developed from literature values of elimination in six fish species across 10 sizes 

and four temperatures.  Although a wide range of temperatures and sizes were included, 

individual species were almost exclusively tested at just one weight and temperature, 

such that species-specific differences could have contributed to the observed patterns in 

contaminant elimination.  With weight and temperature as covariates, elimination rates 

were significantly different among species (ANCOVA; p = 0.011), whereas temperature 

(p = 0.183) and weight (p = 0.602) had no effect.  Therefore, contaminant elimination 

rates from somatic tissues, ks, were modeled as constant rates.   

Accepted elimination rates resulted in bioaccumulation curves that minimized the 

distance to observed concentrations from the field data.  Elimination rates applied in the 

model were those that produced the best fit to the field data.  Elimination rates used in the 

calibrated model (Table 1; 0.0001-0.0015 d-1 for Hg, 0.0002-0.0025 d-1 for PCB) were 
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slightly below or within ranges of observed methylmercury elimination rates (0.0005-

0.0050 d-1) (Trudel and Rasmussen 1997) and observed PCB elimination rates (negligible 

-  0.0140 d-1) (Niimi 1987; Deboer et al. 1994) or modeled rates (negligible-0.005 d-1) 

(Thomann and Connolly 1984; Borgmann and Whittle 1992) for freshwater species. 

We modeled loss of contaminants to gonads as a daily process (Trudel et al. 

2000);  

365g
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Model Evaluation 

 Contaminant concentrations predicted by the models were compared with averag

concentrations measured for northern pikeminnow, cutthroat trout, and yellow perch in 

Lake Washington (Chapter 2).  The distribution of error among model components w

evaluated by partitioning the mean square error (MSE) among the mean componen
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rmination of the relevant series.  For further reference, this 

method was used to evaluate performance of the bioenergetics model for largemouth bass 

(Rice and Cochrane 1984).    
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Sensitivity of the contaminant portion of the bioaccumulation model w

by individual parameter perturbation, or IPP (Bartell et al. 1986).  IPP has been 

performed on the specific physiological parameters controlling consumption, 

as explored 

metabolism, and waste for northern pikeminnow (Petersen and Ward 1999), salmonids 

(Beauchamp et al. 1989), and perch (Kitchell et al. 1977).  In the IPP for this project, I 

therefore focused on parameters specifically affecting contaminant dynamics, but 

included integrated values affecting consumption and respiration.  Final simulated 

contaminant concentration was measured in response to ± 10% perturbation of prey and 

predator energy densities, thermal experience, initial and final weight, consumption, 

respiration, specific dynamic action, prey to predator length ratio, contaminant 

concentration in the diet, initial contaminant concentration of the predator, contaminant 

assimilation efficiency, and elimination rate from somatic and gonadal tissues. 

RESUL

 

TS 

Model Evaluation 

Whole-body contaminant concentrations predicted from the calibrated models 

generally agreed well with observed concentrations of mercury and ΣPCB for northern 

pikeminnow, cutthroat trout, and yellow perch.  For mercury, predicted whole body 

concentrations ranged from 12% below to 15% above observed values for adult 

pikeminnow, but deviated more for younger fish on a percentage basis (84-165% higher 

than observed), although the actual magnitude of the deviations were similar to that 

observed for older fish (Figure 1).  Predictions were less than 15% from observed 

concentrations after age 3 when pikeminnow were > 265 mm fork length and >185 g.  

Predicted mercury concentrations for cutthroat trout ranged from 4% below to 56% 

above observed values and were 9-108% for yellow perch.  For ΣPCB, predicted whole 

body concentrations for northern pikeminnow ranged from 2% below to 97% above 

observed values for adults, whereas deviations for younger fish ranged 7-243% higher 

than observed concentrations (Figure 2).  Predictions were less than 97% from observed 

values after age 3.  Model predictions for cutthroat trout ranged from 2% below to 46% 

above observed values and were 38-127% for yellow perch. 
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For both mercury and ΣPCB, the models underestimated concentrations for the 

youngest ages of northern pikeminnow.  For cutthroat trout, model predictions for 

mercury were within two standard errors of the mean for all ages, and agreed well for 

Σ for all ages.  For perch, the model agreed closely with concentrations for agesPCB  1, 4, 

and 5, but overestimated the average concentration for age 2.   

 Partitioned mean squared error indicated that most of the variance was from 

random variation rather than systematic errors for the northern pikeminnow and yellow 

perch models (Figure 3).  The cutthroat trout models had very little error associated with

the random component because the low sample size (n = 3) led to very high correlation 

coefficients, implying little random error.  This result reflects the low number of ages of

cutthroat trout sampled for contaminants rather than a high degree of error inherent in

non-random components of the models.  The 95% joint confidence region for the slope 

and intercept of the regression of predicted contaminant concentrations on observed 

values included a slope of one and an intercept of zero for all but the cutthroat trout PCB 

model.  The deviation of the cutthroat trout PCB model from a slope of 1 and an interc
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elimination rate resulted in significant decline in final contaminant concentration whereas 

 the perturbation.   

in 

 was once again a function of few representative ages of cutthroat trout with wh

to compare the model predictions rather than significant systematic bias in the model. 

Individual parameter perturbation revealed that contamination concentrations 

were sensitive to input values for prey energy density, the parameters for contaminant 

assimilation efficiency, contaminant concentration of prey, and somatic contaminant 

elimination rate, and integrated respiration costs.  Changes in these values had nearly a 

direct 1:1 effect on final mercury concentration whereas the least sensitive parameters, 

including initial contaminant concentration of the predator and gonadal elimination rate, 

resulted in less than 1% change (Figure 4).  Increases in prey energy density

other sensitive parameters varied in the same direction as

 

Seasonal Contaminant Assimilation and Elimination 

Gross mercury assimilation for all three species peaked in late summer 

(September) and was lowest during winter (Figure 5), generally following patterns 
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 consumption.  Across species, annual weight-specific mercury uptake was 

greatest for northern pikeminnow, followed by yellow perch, then cutthroat trout.   

Uptake was 11% higher for northern pikeminnow during an even year (Figu

5a) than in an odd year when smelt were much more available as prey (Figure 5b).  

Mercury uptake was dominated by benthic sources (73% from prickly sculpin and 

invertebrates) during an even year (Figure 5a) and by pelagic sources (89%) during an 

odd year (Figure 5b).  Uptake was dominated by benthic sources (mostly sculpin) at the 

beginning of the year, whereas pelagic fishes contributed more during summer and f

(Figure 5a).  Juveni

fishes during even years whereas longfin smelt dominated uptake in general 

during odd years.   

For cutthroat trout, pelagic sources were responsible for most mercury u

(84%).  The primary vectors of mercu

 smelt (Figure 5c); however, benthic vectors contributed during winter 

(invertebrates) and spring (sculpin).   

For yellow perch, pelagic and benthic sources contributed nearly equa

y uptake (55% pelagic).  Benthic vectors were more important during winte

spring and pelagic vectors dominated during summer and fall (Figure 5d).   

Weight-specific uptake of ΣPCB was higher than for mercury for all three 

species.  Gross PCB uptake was lowest during winter but peaked during May for 

northern pikeminnow and cutthroat trout and during September for yellow perch (Figure

6).  Across species, the annual weight-specific uptake of PCB was gr

nnow from eating smelt during odd-numbered years followed by cutthr

yellow perch, and finally northern pikeminnow during even years.   

In contrast to mercury, uptake of PCBs was much higher for northern 

pikeminnow during odd years than during even years (149%) (Figure 6a).  As with 

mercury, PCB uptake in northern pikeminnow was obtained primarily from benthic 

sources (66%) during even years and pelagic sources (97%) during odd years.  For b

years, benthic prey contributed most strongly durin
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ring 

 

mulated whole body mercury concentration 

 contributed most of the uptake from benthic sources.  Uptake from pelagic 

sources was almost entirely due to longfin smelt.   

For cutthroat trout, pelagic sources, primarily smelt and stickleback, dominated 

PCB uptake (87%), with sculpin contributing from the benthos during spring (Figur

For yellow perch, 73% of PCB uptake was from pelagic sources, compared with 55% fo

mercury uptake.  Benthic sources (sc

the months of May through July, but smelt contributed the most during most o

the remaining months (Figure 6d). 

Patterns of net contaminant uptake were similar to those of gross uptake, but 

much lower.  Average percent of gross uptake that was eliminated (PGUE) was greater i

fall and winter than in summer and spring and increased with fish age.  For mercury, 

annual PGUE ranged from 9% for age 2 to 103% for age 11 northern pikeminno

for age 2 to 13% for age 6 cutthroat trout, and 21% for age 1 to 79% for age 6 yellow 

perch.  For ΣPCB, annual PGUE was 5% for age 2 to 60% for age 11 northern 

pikeminnow, 13% for age 2 to 56% for age 6 cutthroat trout, and 26% for age 1 to 

fo

contaminants they took up, more so in fall and winter than

Seasonal Variability in Contaminant Concentrations 

Model simulations demonstrated that contaminant concentrations could show 

strong seasonal variability in all three species, and that peak concentrations did not 

necessarily correspond with times when contaminant concentrations were measured in 

the fish (Figures 7, 8).  Mercury concentration in northern pikeminnow peaked in August 

during an even year and in September during an odd year with secondary peaks in March

during both years (Figure 7a).  For age 4 and older northern pikeminnow, concentratio

were higher in even than odd years during summer, but the pattern was reversed du

winter.  In cutthroat trout, mercury concentration peaked in late winter or early spring

(Figure 7b).  Peak concentrations were 4-27% higher at this time than during late 

summer or early fall.  In yellow perch, si
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concentrations were increasingly controlled by changes in weight for older fish, as 

s such as prey contaminant concentrations.   

ed abruptly in June after spawning (Figure 7c), a difference that increased wi

age from 20% at age 2 to 46% at age 6. 

For northern pikeminnow, simulated concentrations of PCBs were higher in 

spring during even years, but higher in fall during odd years (Figure 8a).  PCB 

concentrations were 4-56% higher during fall in odd than in even years.  Concentration

typically peaked during August in even years and September in odd years.  For cutthroat 

trout, PCB concentration peaked during spring, between April and June (Figure

Concentrations were 12-25% higher during peak periods than during late 

at trout were sampled for contaminants.  For yellow perch, whole body 

concentrations increased by 17-36% after spawning in June (Figure 8c). 

Contaminant concentrations exhibited strong negative correlations with growt

Daily specific growth rate (SGR) was significantly correlated with daily change in

contaminant concentration (δ[X]) for all three species (Table 8).  Higher correlation 

coefficients indicated that SGR was a better predictor for δ[Hg] than for δ[PCB].  

Correlation coefficients for both mercury and PCBs were generally highest for northern 

pikeminnow followed by cutthroat trout.  However, SGR poorly predicted δ[Hg] or 

δ[PCB] in yellow perch, explaining only 0.6-43% of the variability in δ[Hg] and only 3-

25% of δ[PCB], compared to 29-99% for northern pikeminnow and 18-95% for cut

trout.  For northern pikeminnow and cutthroat trout, SGR explained increasingl

the variability in δ[Hg]  and δ[PCB] with age, and steeper slopes indicated that the 

relationship also became more sensitive with age, suggesting th

opposed to factor

 

DISCUSSION  

The bioaccumulation models developed for northern pikeminnow, cutthroat trout, 

and yellow perch in Lake Washington generally agreed well with observed 

concentrations of mercury and PCBs.  Bioaccumulation patterns predicted by the models 

suggested that contaminant concentrations varied seasonally in these species, a 

consideration when sampling fish with the goal of setting health guidelines.  Major 
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Further work is recommended to reduce uncertainty associated 

e models.  

with activity and diet 

proport
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in contaminant input to 

the sys , 

.  

 a 

odel 

 

 the 

idea of biomass ‘dilution’ of contaminants, or ‘biodilution’ (Hammar et al. 1993; Doyon 

ions because of their impacts on respiration costs and prey contaminant 

concentrations, respectively, two of the most sensitive inputs.  

Seasonal variability in contaminant concentrations, such as that predicted by 

bioenergetics models in this study, have been reported in sampling studies for fishes in

other systems.  Largemouth bass (Micropterus salmoides) from two lakes in Connec

showed 26-43% higher mercury concentrations in spring than during summer and fall 

(Ward and Neumann 1999) and bream (Abramis brama L.) from a Hungarian lake 

showed a 74-90% increase in mercury concentration between fall and spring (Farkas et 

al. 2003).  Seasonal variation in organochlorine concentration has also been reported: 

levels of ΣDDT were higher during summer than spring in largemouth bass from Indiana 

lakes (Vanderford and Hamelink 1977) an in populations of barbels (Barbus graellsi) in 

rivers of northeastern Spain (Raldua et al. 1997).  These authors listed several factors that 

could contribute to seasonal variation including seasonal changes 

tem, energy losses and weight change associated with spawning or overwintering

changes in proximate composition, and changes in feeding rate.   

Many factors interact to determine the concentration of contaminants in fishes

For example, adult yellow perch in this study, shifted from feeding on relatively 

uncontaminated Daphnia and benthic invertebrates during the spring bloom to much 

more contaminated longfin smelt and other prey fishes during the summer, resulting in

3.5-fold increase in [Hg] and a 7-fold increase in [PCB] in the diet.  Despite this, m

simulations demonstrated a considerably dampened increase (~0 Hg, ~2x PCB) in the

rate of contaminant assimilation for yellow perch following the diet shift, because 

consumption declined, concurrent with the increased energy density of smelt.  High 

correlations between specific growth rate and changes in contaminant concentration in 

the models suggested that growth was a strong determinant of contaminant concentration 

in Lake Washington fishes.  This is consistent with many observations reported in the 

literature of reduced contaminant concentrations at increased growth rates, supporting
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et al. 1998; Stafford and Haines 2001; Stafford et al. 2004).  For biodilution to occur 

however, higher growth rates must be the result of greater growth efficiency, not just 

greater
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ice 

sult in larger seasonal 

variatio
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her 

refore, predators ingested less contaminant 

than if 

ns.  

ese 

nt 

rge cutthroat trout 

were caught when the model predicted the lowest concentrations.    

 consumption of prey with the same contaminant concentration. 

The magnitude of seasonal differences in concentration predicted for Lake 

Washington fishes was perhaps lower than that predicted for fishes in other systems.  

This could be explained if changes in concentration were largely driven by changes in 

weight between seasons, as was the case for modeled fish.  Growth in fish is strongl

influenced by temperature and associated seasonal availability of food.  The larger 

swings in temperature experienced by fish in northern temperate lakes that experience 

cover provide more challenging growth conditions and likely re

n in growth than fish experience in Lake Washington.   

Despite sensitivity of the model to contaminant concentrations of prey, season

changes in contaminant concentration of prey (~60% for Hg and ~200% for PCBs in 

forage fishes) showed practically no effect on contaminant concentrations in predators, 

because of concurrent and compensatory changes in the consumption rates and energy 

density of prey.  Contaminant concentrations in forage fishes typically increased through

the summer and fall and peaked in winter.  Higher winter concentrations were offset by 

much reduced consumption during the winter.  Also, energy densities tended to be hig

when contaminant concentrations were higher, requiring lower consumption rates on 

prey to acquire the same energy gain.  The

energy density had stayed lower.   

Because of the high cost of contaminant analysis, particularly analysis of 

organochlorine residues, few studies can afford to sample fish during different seaso

Sampling tends to focus on a particular time of year, or samples might be collected 

opportunistically until the desired numbers are obtained, as in this study.  Neither of th

approaches allow researchers to rigorously assess the effect of season on contamina

concentration.  In this study, most fish were caught in late summer and early fall.  

Therefore, most northern pikeminnow and yellow perch were caught when contaminant 

concentrations were predicted to be highest by the model, whereas la
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Higher contaminant concentrations in northern pikeminnow and yellow perch 

during late summer have implications for wildlife and human health.  Both species reside 

near the bottom in deep water during the winter, but congregate in the shallower littoral 

zone during the warm summer months (Bartoo 1972; Mazur 2004) where they are more 

accessible to humans and wildlife.  From a human health perspective, more anglers fish 

for these species during warmer months, further increasing risk of consuming northern 

pikeminnow and yellow perch when they are potentially most contaminated.   

For cutthroat trout, tissue sample collection typically did not coincide with the 

peak contaminant concentrations predicted by the models.  Highest concentrations were 

predicted during winter/spring for cutthroat trout when anglers actively target them, 

suggesting that assessments based solely on measured contaminant levels for cutthroat 

trout sampled in this study might underestimate the risk of contaminant exposure 

associated with human consumption during other times of the year.  This is critical 

because of a consumption advisory that Washington State will issue based on the 

contaminant levels collected during this study. 

In addition to seasonal variations, the model predicted differences in contaminant 

concentrations in northern pikeminnow depending on the availability of longfin smelt, 

which fluctuated regularly between even and odd years.  This trend might be relatively 

unique to this system because of the biennial variation in smelt abundance, and the 

importance of smelt as prey in the lake.  During odd years when longfin smelt were 

abundant in Lake Washington, they represented an average 70% of the diet for adult 

pikeminnow during the three months when consumption was highest (August-October).  

During a low smelt year, historical data showed consumption during August-October was 

diversified more evenly among smelt, sculpin, juvenile sockeye salmon, and crayfish, 

resulting in higher mercury exposure, but lower PCB exposure during even years.  

During their periods of greatest consumption, adult cutthroat trout consumed 84% smelt 

(September-November) and yellow perch consumed 40% smelt (July-September) during 

an odd year.  Inter-annual variability in contaminant concentrations in cutthroat trout and 

yellow perch will depend on how their diets respond to low densities of longfin smelt 

during even years.  Bioenergetics modeling could estimate the effect of year on 
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contaminant concentrations for these species when predator diet composition and growth 

data for a complete even year have been collected.  Contaminant patterns for northern 

pikeminnow during even years should also be reassessed because diet composition for 

even years was collected in 1972, when the food web was more dominated by benthic 

pathways than now (Chapter 1).  If northern pikeminnow currently focus more now on 

pelagic resources during even years, patterns in contaminant uptake and concentration 

might not be as dramatic between years for this species as was suggested by the modeling 

results. 

The current calibration of the contaminant bioaccumulation model slightly 

overpredicted concentrations in the youngest fishes, but accurately predicted the average 

concentration for larger fishes.  Overprediction of concentrations in younger fish may 

result from assuming constant predator energy densities across ages.  Energy densities 

measured for consumers were for large adult fish.  If younger northern pikeminnow, 

cutthroat trout, and yellow perch have lower energy densities than large adults, the 

constant energy density applied in the models would overestimate consumption for those 

ages and therefore overestimate bioaccumulation.  However, because larger fish have 

higher levels of the contaminants that most concern us, overprediction in younger fishes 

in the current calibration does not hinder the usefulness of the model.   

Directly measuring contaminant concentrations is the most accurate method of 

establishing levels of contaminants in fishes of interest in systems of interest.  However, 

direct measurements are costly and provide only a temporal snapshot for the sizes of 

fishes collected.  Besides being economical, models can provide insight that typical 

sampling cannot.  For example, the sampling we undertook in Lake Washington did not 

reveal seasonal variability in contaminant concentrations, the magnitude of which will be 

important for assessing risks to the health of humans and wildlife.  The model would also 

be useful for exploring scenarios such as increases in temperature, changes in prey base, 

or changes in growth rate on contaminant bioaccumulation patterns in Lake Washington 

fishes. 

The utility of these bioaccumulation models in other systems is equivocal at this 

point.  The biggest drawback is uncertainty about variability in contaminant 

 



 150
concentrations in prey among systems.  An advantage is the relative insensitivity of the 

model to initial contaminant concentration of the predators.  Because of the strong 

relationship between specific growth rate and contaminant concentration, growth for the 

species and system of interest would have to be known.  This information is often already 

available or is relatively inexpensive to obtain.  With realistic seasonal growth inputs the 

model could be used to predict at what time of the year contaminant concentrations 

would be highest, even if the magnitude of bioaccumulation were poorly predicted due to 

uncertainty in prey contaminant levels.  If fish were sampled for contaminants at the peak 

times of year, risk assessments based on measured concentrations would be most 

protective.   

 The current models provide a first approach to modeling bioaccumulation of 

persistent contaminants in the fishes of Lake Washington.  Uncertainty associated with 

bioaccumulation was reduced in this study by directly measuring prey contaminant 

concentrations and prey energy densities, two of the most sensitive parameters in the 

models.  We were not able to directly address uncertainty associated with the other 

sensitive parameters: respiration costs, contaminant assimilation efficiency, and somatic 

elimination rate.  Trudel and Rasmussen (1997) criticized the traditional approach of 

calibrating models by adjusting elimination parameters, often the least well-known 

parameters in contaminant bioaccumulation models; however, given how poorly we still 

understand contaminant elimination dynamics, calibration of the elimination parameters 

is still the most feasible approach.  Given the importance of activity in determining 

respiration costs, a major improvement to these models would be to estimate activity for 

northern pikeminnow and yellow perch in Lake Washington.  Activity should be 

estimated not only across sizes (Rowan and Rasmussen 1996, 1997; Sherwood et al. 

2002a; Sherwood et al. 2002b), but also across seasons (Baldwin et al. 2002; Nowak and 

Quinn 2002), because swimming speed is affected by temperature in many species (Batty 

et al. 1993; Adams and Parsons 1998; Parsons and Smiley 2003) and could also be 

affected by spawning-related behaviors (Anras et al. 1999).  Additional improvements to 

the model inputs include diet composition during an even year and seasonal growth.  If 

seasonal growth patterns differ from those predicted by the model, each year should be 
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split into two or more cohorts to separate slow and fast growth periods so that simulated 

growth patterns and resulting consumption mirror those of fish in the field.   
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Table 4.1.  Uptake and elimination parameters used in contaminant bioaccumulation 
modeling for northern pikeminnow, cutthroat trout, and yellow perch in Lake 
Washington. 

Parameter Value Comment Source 

α 0.8 Hg and PCB Post et al. 1997; Borgmann and Whittle 1992 
ks-Hg 0.0006 d-1 Pikeminnow Calibrated 
ks-Hg 0.0001 d-1 Cutthroat Calibrated 
ks-Hg 0.0015 d-1 Yellow perch Calibrated 
ks-PCB 0.0002 d-1 Pikeminnow Calibrated 
ks-PCB 0.0006 d-1 Cutthroat Calibrated 
ks-PCB 0.0025 d-1 Yellow perch Calibrated 
QHg 0.12 All fish Trudel & Rasmussen 2001 
QPCB 1.0 Female pikeminnow Cyprinid in Niimi and Oliver 1983 
QPCB 0.5 Female cutthroat Rainbow trout in Niimi and Oliver 1983 
QPCB 1.0 Female yellow perch Niimi and Oliver 1983 
GSI 0.10 Female pikeminnow Olney 1975 
GSI 0.11 Female cutthroat Beauchamp unpublished data 
GSI 0.28 Female yellow perch Nelson 1977 
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Table 4.2.  Average length and weight at the end of each year of northern pikeminnow, 
cutthroat trout, and yellow perch.   
 

 Northern pikeminnowa  Cutthroat trouta  Yellow perchb 

Age TL Weight  TL Weight  TL Weight 
         

0       99 10 
1 152 28.3  206 47  177 65.3 
2 190 89  260 120  237 170.5 
3 261 233  362 420  277 280.7 
4 316 423  394 570  302 378 
5 342 539  420 722  321 453.9 
6 421 1014  478 1137  332 502 
7 440 1165       
8 453 1274       
9 452 1265       

10 495 1672       
11 530 1800       

         
 
a Mean weight-at-age and length-at-age from Mazur (2004). 
b Mean weight-at-age and length-at-age from Nelson (1976). 
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Table 4.3.  Temperature regime used in simulations. 
 

Model Day Northern 
pikeminnowa Cutthroat troutb Yellow percha 

    
1 8.3 8 8.3 

32 7.4 7.5 7.4 
60 8.9 8 8.9 
91 12.2 9.7 12.2 

121 16.1 10 16.1 
152 19 12 19 
182 22.1 12 22.1 
213 23.6 14 23.6 
244 21.1 14 21.1 
274 18.2 17 18.2 
305 13.5 12.2 13.5 
335 9.6 9 9.6 
365 8.3 8 8.3 

 
a Warmest temperatures per month in Lake Washington over 1998-2000. 
b Average temperature per month in Lake Washington at 15m depth. 
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Table 4.4.  Diet composition for northern pikeminnow, cutthroat trout, and yellow perch in Lake Washington 
 

Northern Pikeminnow (Odd Year)a
         

  Model 
day   

N 

gt
  

hs (FL) 10

  
Daphnia

0 - 200

Chironomid 
pupae 

 

Benthic 
invertebrates 

Aquatic 
insect 

  
Neomysis 

  
Stickleback 

Yellow 
perch 

Juvenile 
Sockeye 

  
Sculpin 

Longfin 
smelt 

Age 1-2, Fork len  mm         
1 11  0.00 0.18 0.00 0.09 0.09 0.07 0.08 0.07 0.07 0.35 

76 17  0.04 0.03 0.02 0.46 0.08 0.01 0.02 0.02 0.03 0.29 
111 2  0.00 0.14 0.05 0.31 0.00 0.04 0.04 0.06 0.04 0.32 
141 2  0.00 0.40 0.11 0.08 0.00 0.04 0.04 0.04 0.04 0.24 
174 40  0.50 0.00 0.25 0.25 0.00 0.00 0.00 0.00 0.00 0.00 
216 5  0.00 0.00 0.00 0.67 0.00 0.07 0.07 0.07 0.07 0.07 
230 4  0.00 0.00 0.20 0.50 0.00 0.25 0.00 0.01 0.00 0.04 
251 3  0.55 0.19 0.00 0.15 0.00 0.02 0.02 0.02 0.02 0.02 
265 4  0.33 0.33 0.17 0.17 0.00 0.00 0.00 0.00 0.00 0.00 
300 18  0.57 0.00 0.00 0.00 0.00 0.06 0.06 0.20 0.06 0.06 
365 10  0.00 0.00 0.00 0.00 0.00 0.02 0.27 0.29 0.27 0.15 

             
Age 3-4, FL 200 - 300 mm         

1 10  0.00 0.00 0.00 0.00 0.00 0.02 0.27 0.29 0.27 0.15 
76 13  0.00 0.00 0.00 0.00 0.00 0.03 0.10 0.23 0.07 0.57 

111 1  0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.05 0.01 0.91 
141 2  0.00 0.00 0.00 0.45 0.00 0.02 0.02 0.10 0.02 0.40 
174 27  0.00 0.00 0.07 0.12 0.00 0.00 0.00 0.19 0.00 0.62 
216 12  0.00 0.00 0.01 0.44 0.00 0.15 0.02 0.01 0.01 0.36 
230 21  0.00 0.07 0.10 0.14 0.00 0.01 0.03 0.03 0.00 0.62 
251 14  0.51 0.00 0.00 0.04 0.00 0.05 0.01 0.05 0.01 0.33 
265 29  0.10 0.00 0.00 0.05 0.00 0.05 0.00 0.05 0.05 0.71 
300 24  0.00 0.00 0.20 0.00 0.00 0.00 0.00 0.00 0.00 0.80 
365 21  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.50 0.00 
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Table 4.4. (cont’d) 

Northern pikeminnow (Odd Year)a         
 

 

Model 
day N   Daphnia Chironomid 

pupae 
Benthic 

invertebrates 
Aquatic 
insect Neomysis Stickleback Yellow 

perch 
Juvenile 
Sockeye Sculpin Longfin 

smelt 
Age 5-11, FL > 300 mm          

1 3  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.50 0.00 
76 10  0.00 0.01 0.07 0.00 0.00 0.01 0.02 0.51 0.26 0.12 
83 5  0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.55 0.00 0.35 

111 1  0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.14 0.04 0.77 
141 20  0.00 0.03 0.17 0.23 0.00 0.02 0.02 0.12 0.12 0.31 
174 10  0.00 0.01 0.09 0.00 0.00 0.25 0.00 0.15 0.06 0.44 
216 13  0.00 0.03 0.00 0.13 0.00 0.29 0.00 0.00 0.00 0.55 
230 12  0.00 0.00 0.00 0.08 0.00 0.10 0.00 0.19 0.00 0.64 
251 15  0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 0.65 
265 7  0.00 0.00 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.83 
300 6  0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.13 0.00 0.75 
365 8   0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.50 0.00 

        
Northern pikeminnow (Even Year)b – All ages        

Model 
day   

Daphnia Chironomid 
pupae 

Benthic 
invertebrates 

Aquatic 
insect Neomysis Stickleback Yellow 

perch 
Juvenile 
Sockeye Sculpin Longfin 

smelt 

1   0.00 0.00 0.03 0.00 0.00 0.06 0.04 0.18 0.44 0.23 
61   0.00 0.00 0.07 0.00 0.00 0.02 0.00 0.12 0.42 0.02 
152   0.00 0.01 0.13 0.01 0.00 0.00 0.00 0.09 0.58 0.00 
244   0.00 0.02 0.31 0.00 0.00 0.00 0.00 0.26 0.12 0.17 
335   0.00 0.00 0.03 0.00 0.00 0.02 0.00 0.14 0.40 0.19 
365   0.00 0.00 0.03 0.00 0.00 0.02 0.00 0.14 0.40 0.19 
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Table 4.4.  (cont’d) 
 

Cutthroat trout (Odd Year)a         
 Model 

day N Daphnia Chironomid
pupae 

Benthic 
Invertebrate

Aquatic 
Insect 

 
Neomysis Stickleback Yellow 

perch 
Sockeye 
salmon Sculpin Longfin 

smelt 

1 2 0.00 0.00 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 
61 5 0.00 0.48 0.00 0.02 0.50 0.00 0.00 0.00 0.00 0.00 

122 9 0.01 0.33 0.01 0.53 0.00 0.00 0.13 0.00 0.00 0.00 
153 7 0.33 0.31 0.00 0.07 0.03 0.19 0.05 0.00 0.00 0.03 
252 56 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Age 2 
FL <200 

mm 

365 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.50 
1 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00 0.50 

76 6 0.00 0.23 0.00 0.17 0.11 0.02 0.14 0.09 0.21 0.03 
83 3 0.00 0.11 0.00 0.00 0.00 0.00 0.00 0.16 0.00 0.73 

111 8 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.17 0.05 0.76 
174 39 0.34 0.07 0.00 0.07 0.03 0.16 0.03 0.06 0.02 0.23 
217 3 0.49 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.51 
231 4 0.26 0.00 0.00 0.00 0.24 0.25 0.00 0.00 0.00 0.25 
238 3 0.33 0.00 0.00 0.00 0.00 0.60 0.00 0.00 0.00 0.07 
251 3 0.33 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.05 0.62 
265 7 0.29 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.14 0.46 

Age 3-4 
FL 200-
350 mm 

365 4 0.00 0.73 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.00 
1 4 0.00 0.73 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.00 

76 5 0.00 0.01 0.00 0.20 0.00 0.00 0.00 0.59 0.00 0.20 
83 2 0.00 0.01 0.00 0.01 0.00 0.46 0.00 0.51 0.00 0.00 
97 1 0.00 0.00 0.00 0.06 0.06 0.06 0.07 0.21 0.13 0.41 

174 2 0.00 0.00 0.00 0.00 0.08 0.08 0.09 0.22 0.15 0.38 
217 1 0.00 0.00 0.00 0.00 0.00 0.45 0.00 0.00 0.00 0.55 
231 13 0.00 0.00 0.00 0.00 0.00 0.75 0.00 0.00 0.00 0.25 
238 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 

Age 5-7 
FL>350m

m 

275 4 0.00 0.00 0.00 0.00 0.00 0.63 0.00 0.37 0.00 0.00 
 365 3 0.00 0.73 0.00 0.00 0.00 0.27 0.00 0.00 0.00 0.00 
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Table 4.4.  (cont’d) 
 

Yellow perch (Odd Year)a         

Model 
day N Daphnia Chironomid

pupae 
Benthic 

invertebrate
Aquatic 
insect Neomysis Stickleback Yellow 

perch 
Sockeye 
salmon Sculpin Longfin 

smelt 

Age 1-2, FL 100 - 225 mm        
1 14 0.00 0.08 0.02 0.25 0.66 0.00 0.00 0.00 0.00 0.00 

76 14 0.01 0.15 0.09 0.05 0.50 0.03 0.03 0.03 0.03 0.10 
111 15 0.00 0.42 0.00 0.07 0.10 0.15 0.10 0.03 0.03 0.09 
139 15 0.00 0.06 0.00 0.50 0.25 0.03 0.03 0.03 0.09 0.03 
174 14 0.28 0.00 0.00 0.18 0.25 0.01 0.01 0.09 0.15 0.01 
216 7 0.14 0.00 0.43 0.29 0.00 0.00 0.00 0.00 0.14 0.00 
245 59 0.79 0.04 0.02 0.09 0.04 0.00 0.00 0.00 0.02 0.00 
294 18 0.22 0.07 0.00 0.00 0.55 0.08 0.02 0.02 0.02 0.02 
322 10 0.00 0.00 0.00 0.00 0.90 0.10 0.00 0.00 0.00 0.00 
365 4 0.00 0.08 0.02 0.25 0.66 0.00 0.00 0.00 0.00 0.00 

            
Age 3-5, FL > 225 mm         

1 4 0.00 0.27 0.18 0.05 0.25 0.00 0.00 0.00 0.25 0.00 
76 2 0.00 0.00 0.00 0.50 0.00 0.10 0.10 0.10 0.10 0.10 

111 2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.39 0.61 
139 2 0.00 0.00 0.50 0.00 0.00 0.00 0.00 0.00 0.50 0.00 
174 10 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.30 0.68 0.01 
216 3 0.33 0.00 0.53 0.00 0.00 0.14 0.00 0.00 0.00 0.00 
245 3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 
294 4 0.00 0.25 0.02 0.23 0.00 0.25 0.00 0.00 0.00 0.25 
322 2 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00 0.00 0.00 
365 4 0.00 0.27 0.18 0.05 0.25 0.00 0.00 0.00 0.25 0.00 

 
 

a Diet data from Mazur (2004) 
b Diet data from Olney (1976)
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Table 4.5.  Interpolated monthly lengths of juvenile sockeye salmon (SS), stickleback 
(SB), and longfin smelt (LS) and associated monthly contaminant concentrations from 
samples in October 2001-2003 and March 2002-2003.  Month 1 = January.  Contaminant 
equations were developed from seasonal contaminant concentrations in Chapter 2. 

 
Hg:  SS:  (Jun-Oct) = 0.0005*TL^0.8737 

(Nov-Feb) = 0.0001*TL^1.2835 
(Mar-May) = (2*(0.0005*TL^0.8737)+0.0001*TL^1.2835)/3 

 SB: (Jul-Oct) = 0.0005*TL 
(Nov-May) = 0.0009*TL 
(Jun) = 0.00063*TL   

LS:  (All) = 0.0068*exp^(0.1115*AGEmos) 
 

PCB: SS:  (Jun-Oct) = 0.0001*TL - 0.003 
(Nov-Feb) = 0.0054*TL - 0.5891 
(Mar-May) = 0.001*TL + 0.0197 

 SB:  (Jul-Oct) = 0.0008*TL 
(Nov-May) = 0.0171*TL - 1.0632 
(Jun) = 0.005*TL 

 LS:  (May-Oct) = 0.0009*TL 
(Nov-Apr) = 0.0087*TL - 0.448 
(May-Oct) = -0.0083x + 0.9517 
(Nov-Mar) = 0.0621x - 6.2353 

 

 
Average TL (mm) Average [Hg] (µg/g) Average [PCB] (µg/g) 

 Mo. SS SB LS SS SB LS SS SB LS 

1 114.2 68.6 107.4 0.044 0.062 0.063 0.110 0.028 0.435 
2 115.6 69.8 109.2 0.044 0.063 0.071 0.130 0.035 0.546 
3 59 71 111 0.023 0.064 0.079 0.151 0.024 0.658 
4 69.1 72 111 0.026 0.065 0.088 0.168 0.024 0.100 
5 79.3 24.3 0 0.030 0.015 0.007 0.080 0.025 0.000 
6 89.5 44.6 11.4 0.025 0.028 0.008 0.100 0.026 0.010 
7 75.7 38.7 22.8 0.022 0.019 0.008 0.031 0.005 0.021 
8 87.1 47.5 34.2 0.025 0.024 0.010 0.038 0.006 0.031 
9 98.5 56.2 45.6 0.028 0.028 0.011 0.045 0.007 0.041 
10 110 65 57 0.030 0.033 0.012 0.052 0.008 0.051 
11 111.4 66.2 62 0.042 0.033 0.013 0.053 0.012 0.091 

Even 
Year 

12 112.8 67.4 67 0.043 0.034 0.015 0.054 0.020 0.135 
1 114.2 68.6 72 0.044 0.062 0.017 0.110 0.028 0.178 
2 115.6 69.8 77 0.044 0.063 0.019 0.130 0.035 0.222 
3 59 71 82 0.023 0.064 0.021 0.151 0.024 0.265 
4 69.1 72 85.3 0.026 0.065 0.023 0.168 0.024 0.243 
5 79.3 24.3 88.6 0.030 0.015 0.026 0.080 0.025 0.216 
6 89.5 44.6 92 0.025 0.028 0.029 0.100 0.026 0.188 
7 75.7 38.7 94.5 0.022 0.019 0.032 0.031 0.005 0.167 
8 87.1 47.5 97 0.025 0.024 0.036 0.038 0.006 0.147 
9 98.5 56.2 99.5 0.028 0.028 0.040 0.045 0.007 0.126 
10 110 65 102 0.030 0.033 0.045 0.052 0.008 0.105 
11 111.4 66.2 103.8 0.042 0.033 0.051 0.053 0.012 0.211 

Odd 
Year 

12 112.8 67.4 105.6 0.043 0.034 0.057 0.054 0.020 0.323 
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Table 4.6.  Contaminant concentration in other prey groups.  Values were from this study 
(Chapter 2) unless otherwise noted. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
a  Estimated from organochlorine ratios between this and other groups in this study as 
described in text. 
b  Estimate of methylmercury: 24% of total mercury average in Bissonnette 1975. 
c  ½ detection limit for juvenile crayfish in this study. 
 
 

Species/Group Simulation 
Day [MHg] µg/g ww [PCB] µg/g ww 

    
Daphnia 32 0.015 0.003a 
 140 0.008 0.003a 
                   230 0.008 0.003a 
                   335 0.011 0.003a 
    
Mysids  32 0.024 0.023a 
                   140 0.008 0.023a 
                   230 0.021 0.023a 
                   335 0.013 0.023a 
    

Chironomid  All 0.010b 0.008c 

Aquatic 
insects All 0.010b 0.008c 

Crayfish All 0.0073*exp^(0.0141*TL) 0.008c 

Yellow perch All 0.0067*exp^(0.0105*TL) 0.0146*exp^(0.007*TL) 

Cottids All 0.0099*exp^(0.0131*TL) 0.0085*exp^(0.019*TL) 
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Table 4.7.   Energy densities of Lake Washington prey in bioenergetics models.  Interpolation was used for values between 
simulation days within a year.  All prey groups except smelt repeat during the even year. 
 
 

Year Sim 
Day Daphnia Chironomid 

pupae Crayfish Amphipod Aquatic 
Insect 

Mysids Stickleback Yellow 
Perch 

Sockeye Sculpin Smelt 

Odd 1 1593 3064 3318 4079 44281 4437 6520 3587 5100 4222 5099 

 40      4337    4222  

 90       6013  5100  8330 

 120      4196      

 140          4517  

 230      3817    4222  

 290       6949  7129  4316 

 365 1593 3064 3318 4079 44281 4437 6520 3587 5100 4222 6170 

Even 1           7500 

 90           8330 

 290           4316 

 365           5099 

 
1  Values calculated from Cummins and Wuycheck (1971). 

 



 169
Table 4.8.   Results of regression of daily change in contaminant concentration        
(µg*g-1*d-1) on specific growth rate (g*g-1*d-1) for model northern pikeminnow, cutthroat 
trout, and yellow perch.  All regressions were significant at p <0.001 unless noted. 
 

  Mercury PCB 

Species Age r2 Slope r2 Slope 

      
NP 2 0.664 -0.10 0.554 -0.51 

 3 0.669 -0.10 0.931 -0.26 
 4 0.853 -0.18 0.293 -0.19 
 5 0.860 -0.23 0.990 -0.72 
 6 0.917 -0.26 0.855 -0.50 
 7 0.900 -0.29 0.989 -1.35 
 8 0.888 -0.40 0.859 -0.86 
 9 0.851 -0.48 0.991 -1.35 
 10 0.941 -0.51 0.944 -1.25 
 11 0.962 -0.52 0.991 -1.63 
      

CT 2 0.515 -0.04 0.179 0.069 
 3 0.759 -0.10 0.334 -0.16 
 4 0.902 -0.13 0.662 -0.20 
 5 0.945 -0.20 0.720 -0.26 
 6 0.946 -0.24 0.823 -0.29 
      

YP 1 0.006* n.a. 0.030 -0.03 
 2 0.201 -0.06 0.173 -0.06 
 3 0.434 -0.11 0.250 -0.08 
 4 0.237 -0.03 0.242 0.09 
 5 0.293 -0.08 0.156 0.07 
 6 0.247 -0.15 0.127 0.06 

 
* Regression was not significant (p = 0.145). 
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Figure 4.1.  Whole body mercury concentration for female northern pikeminnow, 
cutthroat trout, and yellow perch as a function of age. Solid lines are daily concentrations 
simulated for even years (grey) and odd years (black).  Circles represent field data 
averages showing 2 standard errors of the mean.  Sample sizes for each age are shown as 
numbers above field points.    
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Figure 4.2.  Whole body SPCB concentration in female northern pikeminnow, cutthroat 
trout, and yellow perch as a function of age.  Solid lines are concentrations simulated for 
even years (grey) and odd years (black).  Circles represent field data averages showing 
two standard errors of the mean.  Sample sizes for each age are shown as numbers above 
field points.    

 



 172

Cutthroat Trout

0.00 0.05 0.10 0.15 0.20 0.25 0.30

[H
g]

 M
od

el
 µ

g/
g 

w
w

0.00

0.05

0.10

0.15

0.20

0.25

0.30

Cutthroat Trout

0.1 0.2 0.3 0.4 0.5

[P
C

B
] M

od
el

 µ
g/

g 
w

w

0.0

0.1

0.2

0.3

0.4

0.5

Northern Pikeminnow

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Northern Pikeminnow

0.5 1.0 1.5 2.0
0.0

0.5

1.0

1.5

2.0

m = 0.799
r2 = 0.996
p = 0.041

m = 0.918
r2 = 1.000
p = 0.003

m = 0.804
r2 = 0.957
p <0.001

m = 0.934
r2 = 0.904
p <0.001

Yellow Perch

[Hg] Field µg/g ww

0.00 0.05 0.10 0.15 0.20 0.25
0.00

0.05

0.10

0.15

0.20

0.25

Yellow Perch

[PCB] Field µg/g ww

0.05 0.10 0.15 0.20 0.25
0.00

0.05

0.10

0.15

0.20

0.25

m = 0.808
r2 = 0.870
p = 0.021

m = 0.649
r2 = 0.678
p = 0.087

MC = 0.14  SC = 0.31  RC = 0.55 MC = 0.14  SC = 0.31  RC = 0.55

MC = 0.14  SC = 0.31  RC = 0.55MC = 0.14  SC = 0.31  RC = 0.55

MC = 0.14  SC = 0.31  RC = 0.55 MC = 0.14  SC = 0.31  RC = 0.55

 
 
Figure 4.3.  Regressions of contaminant concentrations predicted by the models on 
contaminant concentrations observed in the field for northern pikeminnow (top), 
cutthroat trout (middle), and yellow perch (bottom), for mercury (left) and PCB (right).  
Dashed lines are the 95% confidence interval for the regressions.  At the bottom of each 
graph are the partitions of the mean square error divided into error associated with the 
mean component (MC), slope component (SC), and random component (RC). 
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Figure 4.4.  Individual parameter perturbation.  Response of final simulated contaminant 
concentration to +10% (black) or -10% (grey) perturbation in various model parameters.  
pED=prey energy density, PED=predator energy density, T=thermal experience, 
Wo=intial weight, Wf=final weight, C=consumption, R=respiration, SDA=specific 
dynamic action, p/P L=prey to predator length ratio, [X]diet=contaminant concentration in 
the diet, [X]o=initial predator contaminant concentration, Ks=somatic elimination rate, 
Kg=gonadal elimination rate, AE=assimilation efficiency.
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Figure 4.5.  Simulated gross monthly specific uptake of mercury from different prey types for age 8 female pikeminnow during a) 
an even year and b) an odd year, and for c) age 5 female cutthroat trout during an odd year and d) age 4 female yellow perch 
during an odd year.  Benthic invertebrates were mostly crayfish and to a smaller extent chironomids for pikeminnow and perch 
and were mostly chironomids and to a smaller extent other aquatic insects for cutthroat.  Pelagic invertebrates were mysid shrimp 
for pikeminnow and cutthroat and for perch were mysids in fall and winter months (Nov-Mar) and were Daphnia during summer 
months (Jun-Aug).          
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Figure 4.6.  Simulated gross monthly specific uptake of PCB by prey type for age 8 female pikeminnow during a) an even year 
and b) an odd year, and for c) age 5 female cutthroat trout and d) age 4 female yellow perch during an odd year.  Benthic 
invertebrates were mostly crayfish and to a smaller extent chironomids for pikeminnow and perch and were mostly chironomids 
and to a smaller extent other aquatic insects for cutthroat.  Pelagic invertebrates were mysid shrimp for pikeminnow and cutthroat 
and for perch were mysids in fall and winter months (Nov-Mar) and were Daphnia during summer months (Jun-Aug). 
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Figure 4.7.  Monthly simulated mercury concentration for a) age 8 northern pikeminnow, 
b) age 5 cutthroat trout, and c) age 4 yellow perch.  An ‘S’ indicates when field samples 
were collected for contaminant analysis.
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Figure 4.8.  Monthly simulated PCB concentration for a) age 8 northern pikeminnow, b) 
age 5 cutthroat trout, c) age 4 yellow perch.  An ‘S’ indicates when field samples were 
collected for contaminant analysis. 
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APPENDIX 1: Methyl/Total Mercury Ratio 

 
Since methylmercury is a component of total mercury, the average ratio of methyl 

to total mercury (M/T) for individual samples should not exceed one.  The raw data for 

total mercury from King County KCEL and for methylmercury from Frontier 

Geosciences yiKCELed an average M/T of 1.20 ±0.02 (95% CI) for the 265 samples 

analyzed by both laboratories (Figure X).  Although 'nearly all' the mercury in fish is 

reported to be methyl mercury (Grieb et al. 1990; Bloom 1992), ratios of less than 1 have 

been reported for lower trophic-level fishes and invertebrates (Tremblay & Lucotte 1997; 

Bodaly & Fudge 1999; Bowles et al. 2001).  So in reality, it was expected that M/T 

would be less than one, since 20% of the Lake Washington samples were invertebrates 

and another 33% were small planktivorous fishes.  The troubling problem with a M/T>1 

was that we did not know whether total mercury was being underestimated, 

methylmercury overestimated, or both.  One option was to show the worst-case scenario, 

which would assume that total mercury had been underestimated and that methylmercury 

values were truly as high as reported.  A best case-scenario would be to assume that the 

total mercury values were accurate and that methylmercury had been overestimated.   

 Quality control parameters reported for the samples from the two labs gave some 

direction.  Relative percent difference between duplicates was the same for each 

laboratory (KCEL = 7.1%, Frontier = 7.5%; 2-sample t-test, p = 0.82).   Average 

measures of mercury (total by KCEL, methyl by Frontier) in standard reference materials 

fell within the 95% confidence intervals for the certified values.  Measured recovery of 

mercury spiked into the matrix however was different between the laboratories  (2-

sample T-test, p = 0.0002).  King County reported an average THg recovery of 

93.8±3.2% (95% CI) from THg-spiked samples, whereas Frontier reported an average 

MHg recovery of 111.4±5.1% (95% CI) from MHg-spiked samples (Figure 2), values 

that were significantly different from 100%.  This suggested that total mercury was 

underestimated and methylmercury was overestimated.  There was no one reason for 

underestimated total mercury at KCEL but the possible overestimation at Frontier was 

postulated to result from the ‘sticky’ nature of the KOH-methanol digest (Lucas 
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Hawkins, Frontier Geosciences, pers.com.).  If extra digest were to stick to the outside of 

the pipette when transferring sample for analysis, more mercury would be detected than 

from the measured volume alone. 

After examining the quality control data and discussing with chemists at KCEL (Erica 

Prentice, Debbie Osada) and Frontier (Lucas Hawkins), as well as an expert in the 

fiKCEL of mercury bioaccumulation (Dr. Karl Bowles, CSIRO, Australia, pers.comm.), I 

decided to normalize the data to the average matrix spike recoveries.  This resulted in a 

normalized average M/T of 1.01±0.03 (95% CI).   
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Table A1.  Average ratio of normalized methylmercury (M) to total mercury (T) for Lake 
Washington fishes and invertebrates. 
 
 

Species N M/T SD Used in 
Analysis 

Northern pikeminnow 20 1.11 0.12  T 
Cutthroat trout (Large) 10 1.04 0.17  M* 
Cutthroat trout (Small) 10 0.90 0.13  M 
Yellow perch (Large) 9 1.05 0.13  M* 
Yellow perch (Medium) 10 0.90 0.11  M 
Yellow perch (Small) 10 0.86 0.13  M 
Juvenile sockeye salmon 20 0.95 0.23  T 
Longfin smelt 31 1.17 0.16  T 
Threespine stickleback 14 1.03 0.13  T 
Prickly sculpin 48 1.09 0.26  T 
Signal crayfish (Large) 21 1.00 0.13  M* 
Signal crayfish (Small) 6 0.83 0.07  M 
Trichopteran larvae 9 1.15 0.30  T 
Mysids 10 1.09 0.33  T 
Daphnia 3 0.92 0.10  T 
Leptodora 2 0.88 0.11  T 
Bulk zooplankton 10 <1 -  T** 

 
 
* Methylmercury used since at least one size class had M/T <1 
 
** M/T could not be calculated.  Methylmercury was assumed to be half of total mercury 
– see text for further explanation. 
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APPENDIX 2: Detection Summary 

Arranging the samples into functional groups, ΣDDT and ΣPCB were detected in 

all predatory fish samples, and chlordanes were detected in 96% of predatory fish 

samples.  In forage fishes, ΣDDT was detected in 86% of samples, ΣPCB in 96%, and 

chlordanes in 82%.  In invertebrate samples, ΣDDT was detected only 50% of the time, 

ΣPCB was undetected, and ΣCHL was detected in only 25% of samples.   

Metabolites of DDT (DDD and DDE) were detected more frequently (76% and 

83%) than was DDT itself (69%), with no appreciable differences among functional 

groups.  Aroclor 1254 was detected more frequently than was Arochlor 1260, except in 

invertebrates where they were detected with equal frequency.  All predatory fish samples 

contained Aroclor 1254.  Alpha-chlordane was more frequently detected (58%) than was 

gamma-chlordane (26%).  For all chemicals, detection frequencies followed the order 

predatory fish > forage fish > invertebrate.   

The relative magnitudes of the three organochlorine groups (ΣDDT, ΣPCB, 

ΣCHL) were similar among species, indicating that organochlorines behaved similarly 

relative to each other in terms of bioaccumulation.  The most concentrated 

organochlorine was ΣPCB followed by ΣDDT and ΣCHL, in the average order of 13:3:1 

across species.  There was a tendency towards higher relative amounts of ΣPCB in more 

benthic groups such as northern pikeminnow and prickly sculpin, while more pelagic 

species such as stickleback, longfin smelt, and juvenile sockeye tended towards lower 

relative ΣPCB. 
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