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ABSTRACT 

ASSESSMENT OF MERCURY CONCENTRATION IN THE ZOOPLANKTON OF 
THREE WASHINGTON LAKES 

 
Emilia V. Omerberg 

 

Mercury contamination in aquatic systems is a global concern. In the state of 
Washington, fish are a major food source. Bioaccumulation and biomagnification of 
mercury in fish and to humans, beginning with primary consumers such as zooplankton, 
is cause for alarm. In humans, exposure to mercury causes cognitive and hearing loss, 
impairs motor functions and neurologic development, and can even cause death. Some 
seasonal variation in mercury load has been observed in both lake waters and fish tissues, 
but little research has been done on mercury variation in freshwater zooplankton. In order 
to assess seasonal mercury in primary consumers, this study analyzed mercury 
concentration in zooplankton from three Washington lakes over the span of three months, 
including after the fall turnover and destratification of the lakes. Zooplankton were 
chosen because of their ubiquity in aquatic systems, their status as keystone species, and 
the role they serve as the entry point for mercury into the trophic system.  

There was a measurable and quantifiable difference between zooplankton 
mercury levels in the different lakes and some change between months. The highest 
overall mercury levels observed in zooplankton, as well as the highest variability, were 
seen in Lake Ozette. The three lakes did not follow the same monthly trends in mercury 
concentration. Lake Ozette had significantly higher mercury concentrations in 
zooplankton in August and October, but was comparable to Black and Failor Lakes in 
September. Failor Lake and Black Lake zooplankton exhibited increased mercury 
concentrations from August to September, and then decreased in October. Lake Ozette 
showed the opposite trend, decreasing from August to September and increasing in 
October. Trends in both Black Lake and Lake Ozette support the theory of biodilution but 
trends in Failor Lake were inconclusive. Biomagnification of mercury between trophic 
levels was apparent when mercury concentrations in zooplankton from Lake Ozette and 
Failor Lake were compared with mercury concentrations in fish determined in a prior 
study. 
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Introduction 

Human use of mercury dates back thousands of years. Before 2500 CE, early 

humans used cinnabar (mercury sulfide) as paint for both the body and cave walls due to 

its distinct red and gold coloring (Azevedo et al., 2012). In its elemental form, however, 

mercury is a malleable silver liquid at standard temperature and pressure (S.R.P., 2000). 

Currently, most mercury originates from the degassing of the Earth’s crust. Many 

modern human practices increase the accessibility of mercury, such as mining (both past 

and present endeavors), fossil fuel extraction, and waste incineration (Department of 

Agriculture, 2013; Eagles-Smith, Suchanek, Colwell, Norman, & Moyle, 2008; Fleming, 

Mack, Green, & Nelson, 2006; McIntyre & Beauchamp, 2007; S.R.P., 2000). Mercury is 

used in the electrical industry for cathodes, the dental industry in silver amalgams, and in 

many medical and scientific instruments (S.R.P., 2000).  

While mercury has many practical uses, it is also a danger to almost all living 

organisms. In humans, exposure to high levels of mercury can lead to tremors, cognitive 

and hearing losses, hallucinations, and even death (Azevedo et al., 2012).  Similar effects 

have also been noticed in small mammals and birds (Department of Agriculture, 2013). In 

the Pacific Northwest, avian species acting as proxies for California condors exhibited 

high levels of mercury, presumably originating from accumulation through trophic 

transfer and bioaccumulation (Herring, Eagles-Smith, & Varland, 2018).  

Bioaccumulation is the phenomenon by which persistent contaminants 

accumulate within individuals and within food webs, leading to potentially devastating 

effects, especially to those in upper trophic positions (McIntyre and Beauchamp 2006). In 
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aquatic ecosystems, bioaccumulation occurs primarily from consumption of food (trophic 

transfer) and is, in small part, due to net uptake from the water column itself 

(bioconcentration) (Jernelöv & Lann, 1971). In trophic transfer, the main pathway that 

mercury follows starts with primary producers (phytoplankton), then primary consumers 

(zooplankton), which are then consumed by fish, followed by humans and birds of prey as 

we move up the trophic system (Long et al., 2018). Every time a secondary consumer 

ingests another organism, a small amount of mercury is transferred and retained in the 

tissue, and thus the mercury load concentrates and increases at each level of the trophic 

system. Due to this chain of accumulation, organisms at the top of the trophic ladder tend 

to be the most affected. Examples include California condors, humans, and large species 

of fish like bass. 

 Due to the heavy impact on human health and other top predators, many 

researchers focus on the bioaccumulation of mercury in aquatic systems. This study 

focuses on zooplankton as an entry point of mercury into aquatic food webs. Zooplankton 

are defined as all animals in the water column that float, drift, or swim weakly and are 

therefore at the mercy of the current (J. H. Thorp & Covich, 2001). Due to their ubiquity, 

their status as keystone species, and the role they play as the entry point for mercury into 

the trophic system, zooplankton such as Daphnia, Holopedium, and Gammarus were 

studied over three months in three lakes in Washington state. Other environmental factors 

such as water temperature and clarity, along with dissolved oxygen and chlorophyll a 

levels, help explain why changes in mercury concentrations occur and why the three lakes 

vary. Lake Ozette is known to have a large mercury load and consequently has fish 

consumption restrictions. Failor Lake and Black Lake have lower levels of mercury, even 
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though they are closer to increased human activity and urban centers. This study’s aim 

was to understand if seasonal variation in mercury concentration of freshwater 

zooplankton occurs and what other factors may be playing a role in the change.  
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Literature Review 

Mercury 

Mercury can be found in three forms: elemental, inorganic, and organic. The 

organic form is of great concern for human health because it is most readily absorbed into 

the human body (S.R.P., 2000). However, the inorganic form can be transformed into the 

organic form in the presence of sulfate and iron-reducing bacteria (Fleming et al., 2006). 

This process is called methylation because it adds a methyl group to the mercury, making 

it into methylmercury (CH3Hg+), a compound that can move across the blood-brain 

barrier. Consequently, when humans consume food that contains methylmercury, the 

methylmercury can make its way through normal physiological barriers to toxins and be 

absorbed.  Once absorbed, it can cross into the brain and blood and impact neurological 

systems and the kidneys (Azevedo et al., 2012). Mercury is more soluble in plasma, 

whole blood, and hemoglobin than it is in distilled water (S.R.P., 2000), and therefore can 

have devastating effects in the body.  

This problem is especially acute for pregnant and breastfeeding women. Since 

methylmercury can readily move across cell membranes, it can make its way through the 

placenta, bioaccumulating and damaging growing fetuses. Fetuses and children are at 

high risk from methylmercury due to its severe impact on the developing nervous system 

(Azevedo et al., 2012). Negative impacts of mercury exposure have also been seen in 

birds (Herring et al., 2018), mammals, and fish (Evers, 2018). 
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Bioaccumulation 

Bioaccumulation is the process by which persistent contaminants such as mercury 

accumulate within individuals and within food webs over time. Bioaccumulation of 

mercury can have devastating effects on higher trophic positions due to its impact on the 

nervous system (Fleming et al., 2006). 

 

Figure 1: Movement of Mercury 

Mercury is consumed by zooplankton, which is then consumed by fish. 
As the mercury moves up the trophic system, organisms collect all the 
mercury that was consumed by their food source and their food 
source’s food source (Vermont, 2020). 

 
In aquatic ecosystems, bioaccumulation occurs primarily from consumption of 

prey, which is called trophic transfer (McIntyre & Beauchamp, 2007). Some 

bioaccumulation occurs by net uptake from the water column (bioconcentration), 

although this is a less prevalent method (McIntyre & Beauchamp, 2007). The mechanism 
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by which bioaccumulation occurs is complex; many factors, both physiological and 

environmental, play a role in the process (McIntyre & Beauchamp, 2007).  

When an organism consumes food containing mercury, that mercury lodges in its 

tissues and accumulates as it eats more food. As you can see in Figure 1, as you move up 

the food chain, concentrations of mercury increase per unit biomass. According to Grigal 

(2002), levels of mercury can increase more than 1 million fold in an aquatic food chain. 

This massive increase as you move up the trophic chain negatively impacts large fish and 

the humans who consume them (Mattieu, Furl, Roberts, & Friese, 2013). There has been 

at least one advisory in all 50 states about mercury contamination in aquatic systems 

(United States Environmental Protection Agency, 2009).  Additionally, Washington 

issued a statewide consumption advisory on all largemouth and smallmouth bass in 2003. 

This also prompted the beginning of a mercury monitoring program from the Washington 

State Department of Ecology in 2005 (Mattieu et al., 2013). 

 

Primary Producers 

Charles Elton first presented the idea of an ecological pyramid with primary 

producers on the bottom and secondary and tertiary consumers making up the upper 

levels in 1927. Plants, as primary producers or autotrophs (producing their own food), 

capture energy from the sun, and herbivores, which are primary consumers or 

heterotrophs (consuming their food in the form of prey), eat those plants (Cole & Weihe, 

2016). Secondary and tertiary consumers are higher up on the food chain (Figure 2).  
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Figure 2: Aquatic Food Pyramid 

In the aquatic food system, phytoplankton are the primary producers because they 

capture the initial input of energy from the sun to earth for biological use. They 

photosynthesize, making sugars in the form of carbohydrates for zooplankton, the 

primary consumers, to consume. Planktivorous fish are the secondary consumer: they eat 

the zooplankton and become the next step in how the sun’s energy cycles through the 

systems on Earth. Piscivorous fish, such as bass, then consume planktivorous fish and are 

therefore tertiary consumers. Humans, large carnivores and birds of prey then consume 

fish and the energy is transferred again. 

Primary producers are the start of the energy flow through an aquatic system, and 

like all energy, their energy must follow the laws of thermodynamics. The first two laws 

deal with ecosystem function and the third law relates to the nature of absolute zero (Cole 
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& Weihe, 2016). The first law of thermodynamics states that the amount of energy in the 

universe is fixed. Energy cannot be created or destroyed; it simply changes (Craig, 1992). 

The second law of thermodynamics provides that entropy, or disorder, increases as any 

physical process proceeds (Craig, 1992). This means that energy becomes less useful as it 

is manipulated; it is usually lost as heat. The combination of the first two laws means that 

only a fraction of the sun’s energy is available as it moves up the trophic pyramid, which 

severely limits a system’s productivity and the length of the food chain (Cole & Weihe, 

2016) (Figure 3). 

 

Figure 3: Energy Pyramid 

Energy is not transferred efficiently between trophic levels. Only about 10% transfers to 
the subsequent trophic position 
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Biodilution Theory 

The theory of mercury dilution is a fascinating construct based on the dilution of 

the total mercury content in a body of water between life forms. Pickhardt et al. (2002) 

found that mercury levels measured in Daphnia, a zooplankton, were significantly 

reduced after an algal bloom occurred. This was attributed to the dilution of the mercury 

load among the large quantity of algae, lowering the mercury levels in the specific algae 

consumed by the Daphnia. It was noted that oligotrophic (nutrient poor) lakes tend to 

have higher mercury loads in organisms, while eutrophic (nutrient rich) lakes have 

reduced mercury loads. Generally, oligotrophic lakes are thought to be cleaner and safer 

to human health because water tends to be clearer, and lakes with algal blooms are 

thought to be dirty and potentially dangerous. Pickhardt et al. (2002) proved this idea to 

be wrong in some instances. They suggested that, with respect to mercury, the opposite is 

true and eutrophic lakes have less mercury contamination per unit biomass.  

 

Lake Ecosystems 

Lake ecosystems are generally divided into zones based on their distance from the 

shore, amount of light penetration, and temperature change. The photic (light) zone 

extends down to the depth where only 1% of light from the surface penetrates, and all 

primary producers and most primary consumers live in this zone (Cole & Weihe, 2016). 

Areas of the lake that exist below this depth are referred to as the aphotic zone or the 

profundal zone. The shallow part of the photic zone near the shore is called the littoral 

zone and the deep water section of the photic zone away from the shore is called the 

limnetic zone (J. H. Thorp & Covich, 2001). The water mass located away from the shore 
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and the littoral zone is called the pelagic zone (J. H. Thorp & Covich, 2001).   

 

Stratification and Seasonal Changes in Lakes 

Most lentic (stationary freshwater) systems in North America stratify on a 

seasonal basis with a lighter (less dense) layer of water floating to the surface (J. H. Thorp 

& Covich, 2001). This layer is called the epilimnion (Figure 4).  Generally, in the summer 

this layer is significantly warmer than the hypolimnion, which is the bottom layer of the 

body of water (Cole & Weihe, 2016). The epilimnion and the hypolimnion are separated 

by the metalimnion, which is the layer where the temperature changes most drastically as 

depth increases (J. H. Thorp & Covich, 2001). This region of rapid temperature change is 

also termed the thermocline.  

 

Figure 4: Layers of a Lake 

The topmost layer of the lake is called the epilimnion, the bottommost 
layer is called the hypolimnion, and the middle layer is called the 
metalimnion. The region where temperature changes most quickly with 
depth is called the thermocline (Farard, 2018). 
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If you take a slice of a lake and look at it from the side, you can see changes that 

happen as depth increases (Figure 4). Many changes occur: less light penetrates the deeper 

you go; temperature tends to decrease; and the organisms that are present change with 

depth, as well.  

In the summer, waters on the top of lake are heated by air and sun, while cooler 

waters persist at the bottom. Many lakes have seasonal mixing of water layers. If a lake 

mixes its waters only once a year it is called monomictic; however, if a lake mixes its 

layers twice a year it is referred to as dimictic (J. H. Thorp & Covich, 2001). 

Temperature profiles are a tool commonly used by limnologists to gain basic 

information about a lake. In a temperature profile, you measure the total depth of the lake 

and take a temperature reading at specified depths as you move towards the bottom of the 

lake (Figure 5). In this study, if the lake was less than approximately six meters deep, a a 

temperature reading was taken every half-meter.  



 12 

 

Figure 5: Example Vertical Temperature Profile 

Standard temperature profiles change depending on the season and the 
climate of the region (Cole & Weihe, 2016). 

 

 

Cladocera 

Daphnia and Holopedium are both in the class Branchiopoda but are commonly 

referred to by their order Cladocera. While the order Cladocera has no taxonomical 

significance (because the orders in general are probably not closely related), the term is 

used commonly and for convenience. 
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Daphnia 

 

Figure 6: Daphnia 

Daphnia from Black Lake 

 

Daphnia is a genus of common herbivorous zooplankton (Pickhardt, Folt, Chen, 

Klaue, & Blum, 2002) known to be a major food source for many planktivorous fish 

(Eagles-Smith et al., 2008; Mittelbach et al., 1995) (Figure 6). Daphnia have even been 

called a keystone species in aquatic ecosystems (Mittelbach et al., 1995). Because of their 

ubiquitous presence in aquatic systems and because they, too, accumulate mercury 

Daphnia can play an important role in predicting the levels of mercury that may be found 

higher up the trophic system (Pickhardt et al., 2002).  

Daphnia are an extremely well-studied group of organisms, as they are easy to 

grow and clone in laboratories and can be used to model population dynamics, genetics, 

parasitism, and toxicity. According to Ebert (2005), the ecology of the genus Daphnia 

may be better known than the ecology of any other group of organisms.  The genus 

Daphnia contains over 100 known species residing in fresh water world-wide (Ebert, 

2005). Daphnia can range in size from 0.5mm to more than 6 mm and exhibit some 
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minimal sexual dimorphism (J. H. Thorp & Covich, 2001). Males are smaller than 

females and have large antennae and first legs that have hooks used for clasping (Ebert, 

2005). Daphnia have a single black compound eye which is the result of the fusing of 

two eyes during development (J. H. Thorp & Covich, 2001). 

Daphnia are pelagic organisms, meaning they inhabit open water, and all age 

classes are good swimmers (J. H. Thorp & Covich, 2001). Daphnia are filter feeders 

using their phylopods (flattened leaf-like legs) to push water anteriorly to posteriorly, 

collecting food in an extremely efficient manner. Their feeding mechanism is so efficient, 

in fact, that they can even catch bacteria (Ebert, 2005). Daphnia usually consume 

planktonic algae from 1 μm up to 50 μm in diameter, although some extremes on either 

end have been noted (Ebert, 2005). They change color in accordance with their food 

source, and Daphnia that consume algae exhibit a transparent quality with hints of blue 

and green, while those that feed on bacteria exhibit a pink or white coloring. 

Additionally, strength of color corresponds to body condition of the Daphnia (well-fed 

organisms exhibit stronger coloring than those that are lacking in food) (Ebert, 2005).  

In laboratory conditions, female Daphnia can live for more than two months 

(Ebert, 2005). During their life span, Daphnia reproduce in two cycles: a sexual cycle 

and a parthenogenetic (asexual) cycle. During the sexual cycle, female Daphnia produce 

one to two haploid eggs within a protective and highly melanized sheath called the 

ephippium (Ebert, 2005). A male Daphnia fertilizes the eggs, which then must undergo a 

diapause before hatching into female Daphnia. During the parthenogenetic cycle, female 

Daphnia produce diploid eggs that hatch within her brood chamber (Ebert, 2005). 

Parthenogenetic reproduction can produce both male and female offspring depending on 
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environmental factors. Sexual reproduction appears to be triggered by environmental 

factors such as limited food availability. Additionally, abiotic factors like day length and 

temperature play a minor role (Ebert, 2005). 

Obligate parthenogenetic Daphnia do exist and these species produce their resting 

eggs asexually as well. Resting eggs can remain dormant in the sediment until suitable 

conditions arrive. An example of this is Daphnia pulex, found in North America. 

Daphnia found in intermittent populations such as ponds that dry up seasonally are more 

likely to producing resting eggs than Daphnia in permanent populations in large lakes 

(Ebert, 2005).  

Daphnia found in lakes with pressure from planktivorous fish are usually smaller 

and more transparent than Daphnia found in fishless waters. Generally, D. galeata, D. 

cucullata, and D. hyaline are found in waters with high fish populations while D. manga 

and D. pulex are found in waters without fish (Ebert, 2005).  

Daphnia exhibit diel vertical migration patterns, meaning they migrate toward the 

surface during periods of low light (night time) and migrate downward in periods of high 

light (day time) (J. H. Thorp & Covich, 2001). It is thought that this is a predator 

avoidance tactic in an effort to escape from visual predators (Martens, 2003). Daphnia 

cross the thermocline during their migration which make them a good representation of 

the entire lake body (Martens, 2003). They can move up and down anywhere from 5 to 

20 meters during their daily migrations. This is usually dictated by the depth of the lake 

(J. H. Thorp & Covich, 2001). 

 There appear to be growing cycles within Daphnia populations. Cyclical growth 

periods allow for high population densities, usually corresponding to warm temperatures 
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and excess food (Ebert, 2005). Temperate regions may see two population peaks per 

season, while more extreme regions will only experience one growth peak per season. 

Additionally, studies have shown that Daphnia exhibit greater densities seasonally or in 

particular patches of lakes creating an uneven patchwork of organism populations (Burns, 

2000).  

 

Holopedium 

 

Figure 7: Holopedium  

Holopedium from Failor Lake 

 

Holopedium is similar to the other zooplankton in the order Cladocera such as 

Daphnia (J. H. Thorp & Covich, 2001) (Figure 7). Holopedium is herbivorous. It swims 

on its back, using its antenna to propel itself forward, while its other appendages beat 

continually in order to filter particulate food from the water column (Hamilton, 1958).  

Females, measuring up to 2.5mm long are larger than the males (J. H. Thorp & 

Covich, 2001). Similarly to Daphnia, Holopedium reproduce by parthenogenesis in the 

summer and males only appear in the fall to fertilize the resting eggs that will overwinter 

in the sediment (Hamilton, 1958).  
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Holopedium is not present in the winter months and reappears into the population 

in the spring (Hamilton, 1958). 

One feature that distinguishes Holopedium from other Cladocera is the large jelly-

like mass on its back than can be up to eight times greater by volume than the organism 

itself (Hamilton, 1958). The mass was originally thought to be a pathological symptom, 

but it is actually secreted from the organism itself as part of normal development. 

According to Hamilton (1958), it is mainly composed of one or more acid muco-

polysaccharides. Holopedium have only a thin layer of their jelly carapace in the brood 

pouch, but become encased in it within an hour after they have hatched (Hamilton, 1958). 

According to Hamilton (1958), organisms forced from the brood pouch prematurely have 

delayed development of the carapace. 

 Holopedium lose their carapace during ecdysis (cuticle shedding process) and 

when they are placed in adverse conditions such as overcrowding (Hamilton, 1958). 

When the Holopedium sheds its carapace of its own accord, the regeneration process is 

very rapid, taking two hours at the most. However, when it is artificially removed, most 

organisms do not regenerate the carapace, and if they do, it can take up to 24 hours to 

regenerate (Hamilton, 1958). This suggests that an organism can only produce a jelly 

carapace when it is physiologically ready to do so. This is supported by delayed growth 

of the carapace in organisms forced from the brood pouch prematurely (Hamilton, 1958).  

It has been hypothesized that the purpose of the jelly carapace is to assist in 

buoyancy of the organisms. A study done by Hamilton in 1958 measured the buoyancy of 

the whole organism, the organism without the carapace, and just the carapace. The 

finding showed that the carapace was only slightly heavier than water itself and does 
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indeed assist with floating. Another hypothesis is that the size of the carapace may 

protect the Holopedium from certain predators by moving it out of a certain size class of 

prey (Hamilton, 1958).  

There is a “t” shaped opening on the ventral side of the jelly mass of the 

Holopedium, from which their antennas just barely protrude in order to propel the 

organism around. The limb appendages also pass through this opening in order to filter 

particulate food material from the water column (Hamilton, 1958).  

Holopedium are widespread in the northern hemisphere, and occur mainly in the 

limnetic zone of lakes (Stenson, 1973). Several variables control their survival including 

temperature, pH, and Calcium. Holopedium cannot survive temperatures greater than 25 

°C and prefer acidic water conditions. Most are found in water with a pH between 6 and 

6.8 but have been recorded at a pH as low as 4.0 and as high as 7.5. Calcium limits the 

presence of Holopedium and they are not found in waters with more than 20 mg/l of 

CA++ (Stenson, 1973). Other factors must play a role as well because there are many 

lakes where these requirements are met but where Holopedium do not occur (Stenson, 

1973). Other studies have looked at alkalinity, magnesium, sodium, potassium, chloride, 

silica, and total phosphorus but found no significant differences inthese factors between 

lakes with Holopedium and those without. Pejler (1965) also regarded Holopedium as an 

index of oligotrophy (low nutrients in a lake). 
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Copepods 

    

Figure 8: Cyclopoid    Figure 9: Calanoid 

Freshwater copepods usually range in size from 0.5-2.0 mm, although cyclopoids 

(Figure 8) and calanoids (Figure 9) (the two varieties of copepod most commonly found 

in the lakes during this study) range in size from 3-5mm.  There are 550 freshwater 

species of calanoids and over 800 freshwater species of cyclopoids (J. H. Thorp & 

Covich, 2001).  

Copepods have a cylindrical, elongated, and segmented body with numerous 

segmented appendages and two bristly caudal rami (spine-like protrusions) on the 

posterior end of the abdomen (J. H. Thorp & Covich, 2001). They also have an 

exoskeleton, large first antennae, and a single simple anterior eye.  

The defining trait of a Copepod is the structure of the swimming legs, each of 

which is connected at the base by a “coupler,” which is thought to increase the energetic 

efficiency of the legs (J. H. Thorp & Covich, 2001). The legs have a flattened oar-like 

shape, which is where the name Copepod originates (kope is oar in Greek and podos is 

foot in Greek) (J. H. Thorp & Covich, 2001). Both calanoids and cyclopoids swim using 
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their legs and first antenna, alternating between an active hop and passive sink phase of 

motion. 

In general, copepods are transparent or a light grey to brown in color. Some can 

be quite colorful owing to carotenoid pigmentation that can make them red, orange, blue, 

green, purple or black (J. H. Thorp & Covich, 2001). 

The digestive tract of copepods is simple and consists of an esophagus (foregut), 

midgut, hindgut, and an anus (J. H. Thorp & Covich, 2001).  

Copepods have no gills and respiration occurs through general body surfaces. 

Cyclopoids have a circulatory system that consists of an open body cavity with no heart 

or blood vessels. Instead, blood is circulated by digestive movements (J. H. Thorp & 

Covich, 2001). Calanoids have a more developed circulatory system consisting of a heart 

with 3 openings. Blood is carried anteriorly by a short aorta; however, there are no other 

blood vessels (J. H. Thorp & Covich, 2001).  

The adult copepods are sexually dimorphic with the female being significantly 

larger than the male. They reproduce sexually; copulation between a male and female is 

followed by the fusing of two haploid gametes to make a fertile diploid zygote (J. H. 

Thorp & Covich, 2001). Developing from a fertilized egg, they hatch into a larval stage 

called nauplius. There are six naupliar stages, followed by six copodid stages, the last of 

which is the adult (J. H. Thorp & Covich, 2001). Adults do not continue to molt the way 

Cladocerans do.  

Rates of reproduction can vary greatly. Populations usually take one to two weeks 

to double, but under the right circumstances can double in less than two days. This 
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dramatic variation in growth rates causes pronounced density oscillations in aquatic 

systems (J. H. Thorp & Covich, 2001). 

Copepods can be found in benthic, littoral and pelagic water in lakes but are also 

found in oceans, rivers, swamps and ephemeral ponds and puddles. Calanoids are usually 

associated with open waters, while cyclopoids are associated with the littoral or benthic 

substrates (J. H. Thorp & Covich, 2001).  

Egg and late stage adult copepods are capable of entering a diapause phase in 

response to temperature change and reduced oxygen levels. Copepods in diapause state 

are extremely resistant to extreme temperatures and desiccation (J. H. Thorp & Covich, 

2001).  

Copepods are considered to be omnivores, as they consume a wide range of food 

from algae and pollen to other zooplankton and bacteria. Some even consume larval fish 

(J. H. Thorp & Covich, 2001). 

 

Amphipods 

 

Figure 10: Amphipod  

Amphipod from Lake Ozette  
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Amphipods (order Amphipoda) are in the class Malacostraca, which are in the 

subphylum Crustacea (Figure 10). Crustaceans are the most diverse group of the phylum 

Arthropoda, which is the largest phylum of invertebrates (J. H. Thorp & Covich, 2001). 

The name crustacean comes from the Latin word for shell and refers to their tough 

exoskeleton. While these exoskeletons are not true shells like those of mollusks, they do 

include small amounts of calcium carbonate and provide structure to the organism (J. H. 

Thorp & Covich, 2001).  

Amphipods generally have a laterally compressed body without a carapace.  They 

can range in size from 1-340 mm, but generally are under 20 mm (J. H. Thorp & Covich, 

2001). They have eight pairs of legs (like all Arthropods), and the name Amphipod 

derives from Greek roots for “different” and “foot”, because of their two different kinds 

of legs. The first set are accessory mouthparts and the others are used for locomotion (J. 

H. Thorp & Covich, 2001). 

Amphipods have gills that they use to osmoregulate, but they face problems of 

water influx and salt loss through these gills. To compensate, they produce a lot of urine 

(J. H. Thorp & Covich, 2001).  

Amphipod zooplankton are major consumers of phytoplankton but are considered 

omnivorous because they also consume detritus, other zooplankton and some fish eggs. 

Some Amphipods migrate vertically in the water column and are an important link to the 

different stratified layers of a lake, just like Daphnia (J. H. Thorp & Covich, 2001). Some 

also exhibit horizontal migration and therefore link pelagic and littoral zones. Amphipods 

circulate nutrients but are also known for their transport of heavy metals and toxins (J. H. 

Thorp & Covich, 2001). Some Amphipods are characterized by continual growth in their 
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life cycles and they continue to molt even in the adult stages, unlike Copepods (J. H. 

Thorp & Covich, 2001).  

Amphipods primarily reproduce sexually, although parthenogenesis and 

hermaphrodism have been recorded in a few species (J. H. Thorp & Covich, 2001). 

Generally, eggs and early naupliar stages are kept inside a brood chamber before being 

released into the water column (J. H. Thorp & Covich, 2001). 

Most Amphipods are sensitive to light, chemicals, temperature, touch, gravity, 

pressure, and sound. They have a neural system consisting of a three-part brain and nerve 

cords that innervate different sections of the body (J. H. Thorp & Covich, 2001). 

Amphipods are extremely sensitive to small changes in light intensities which allows 

them to live in very deep water with minimal light penetration or seek out microhabitats 

that are optimal for growth, reproduction, or prey avoidance. In addition to 

photosensitivity, Amphipods have well developed chemoreception (J. H. Thorp & 

Covich, 2001). They can respond to chemical signals from injured Amphipods of the 

same species, as well as alarm signals from predatory fish. It has even been observed that 

Amphipods can detect differences in pheromones from predator fish and grazing fish and 

alter their activity levels in times of danger (J. H. Thorp & Covich, 2001).  

Amphipods can also respond to water flow and can orient themselves in moving 

water (J. H. Thorp & Covich, 2001). Additionally, they can locate temperature changes, 

which is important for locating specific regions with the optimal levels of temperature 

and dissolved oxygen (J. H. Thorp & Covich, 2001).  

Temperature, salinity and pH are all important factors affecting growth, 

reproduction and survival of Amphipods. They can withstand a wide range of 
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temperatures with some species living in hot springs with temperatures up to 34 °C while 

others live in cold springs with temperatures around 15 °C (J. H. Thorp & Covich, 2001). 

They are especially sensitive to pH levels due to their calcium carbonate-containing 

shells. Acidification of water is changing the location of Amphipod species and their 

times of reproduction. In the future, this could lead to genetic drift if previously 

temporally separated species now share the same time for reproduction (J. H. Thorp & 

Covich, 2001).   

 

Study Sites 

All three study sites are located in western Washington (Figure 11). 

 

            Figure 11: Map of Study Sites 

Map of western Washington. From left to right in image: Lake Ozette, 
Failor Lake and Black Lake. 
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With a surface area of 29.5 km2 and an average depth of 40 meters, Lake Ozette is 

the third largest lake in the State of Washington (Van Furl, Colman, Bothner, & Furl, 

2010). It is located within the boundaries of Olympic National Park and sits just five km 

from the shores of the Pacific Ocean. In a study completed by Mattieu et al., (2013), Lake 

Ozette is described as located in the coastal lowlands region of Washington. The lake 

draws many visitors year-round for activities like hiking, boating, and fishing (      Figure 

12). Regardless of the popularity of this lake for recreational activities, the Washington 

Department of Health has issued a fish consumption warning for Lake Ozette due to high 

levels of mercury. The Department of Health advisory warning is specifically for 

northern pikeminnow and largemouth bass that exist at the top of the trophic system; 

however, the advisory applies to all fish in Lake Ozette (Department of Health, 2019). 

  

      Figure 12: Lake Ozette 

 

In contrast, Failor Lake is much smaller than Lake Ozette, with a surface area of 

only 0.24 km2 and an average depth of 4 meters (Figure 13). Failor Lake is also located in 

the coastal lowlands region (Mattieu et al., 2013). The Washington Department of Health 
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(2019) has no restrictions on fish from Failor Lake and largemouth bass from the lake are 

even listed as a “healthy choice.”  

 

 

         Figure 13: Failor Lake 

 

Black Lake is located 6.4 km southeast of Olympia, Washington (Figure 14). It 

has 2.2 km2 of surface area and an average depth of 6 meters. Black Lake is settled in the 

Puget Lowlands region of the study completed by Mattieu et al., (2013). This lake is 

surrounded by both suburban and agricultural landscapes. The lake has two outlets: the 

Black River that drains into the Chehalis River and then into the Pacific Ocean at Gray’s 

Harbor; and Percival Creek which flows into Capitol Lake and then into the Puget Sound 

(Thurston County Public Health and Social Services Department & Thurston County 

Resource Stewardship Department, 2010). The lake plays host to many recreational 

activities and is open to fishing year round (Fish and Wildlife, 2020). Black Lake has a 

large wetland complex attached to it. The Washington State Department of Health has no 

restriction on consumption of fish from Black Lake. 
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Figure 14: Black Lake 

Starting in 2005, the Washington Department of Ecology began a mercury 

monitoring program in order to assess the levels of mercury in fish across the state 

(Mattieu et al. 2013). The Department of Ecology studied twenty-four lakes in the state, 

categorizing them based on land and climate types, as well as lake chemistry and 

watershed characteristics. This study focused on smallmouth and largemouth bass. Bass 

are piscivorous fish, meaning that they eat other fish, including ones that consume 

zooplankton. This makes bass one trophic level away from zooplankton. 

 Both Failor Lake and Lake Ozette were included in the Washington State 

Department of Ecology study and both were categorized as coastal lowlands and the 

Olympic Peninsula. They had similar patterns and quantities of rainfall (Mattieu et al., 

2013); however, the mean amounts of mercury in fish were quite different from one 
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another. The mean amount of mercury in fish at Lake Ozette was 715 ppb while the range 

was 315-1800 ppb. At Failor Lake, the mean amount of mercury in fish was 76 ppb and 

the range was 40–213 ppb. 

 

Future Directions 

Mattieu et al. (2013) with the Washington Department of Ecology have studied 

mercury concentration in fish in the State of Washington, but have not studied 

zooplankton. Due to the very high levels of mercury in Lake Ozette and other lakes in the 

coastal region of Washington, a greater understanding of the dynamics of these 

ecosystems is important and of general interest. Mercury in zooplankton has been 

studied, but not in the Pacific Northwest. Consequently, this is a novel research direction 

in this geographic area with the potential to shed light on how mercury concentrations in 

primary consumers relate to mercury concentrations in upper trophic levels.  

Mattieu sampled fish from Lake Ozette and Failor Lake in the fall of 2019. The 

timing of the samples taken by Mattieu and the Department of Ecology study coincide 

with the timing of the samples taken for this study. Due to the overlapping of the 

collection period, results from the fish samples and zooplankton samples could be 

compared in future studies. While the fish samples taken by Mattieu are piscivorous and 

not planktivorous, they still fall in the same trophic cascade. Although they are one step 

removed, conclusions about bioaccumulation and biomagnification between trophic 

levels may be apparent. This information could save time and money as well as promote 

public health in the future, given that significantly fewer resources are needed to collect 

and analyze zooplankton samples than are required for fish samples.  
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Methods 

This study examined the mercury levels in zooplankton from August through 

October 2019. Season is an explanatory variable and the response variable is mercury 

concentration (ppb). 

The study sites were Lake Ozette, Failor Lake, and Black Lake. Each lake was 

sampled one day in August, September, and October, respectively. The lakes are on a 

gradient from wilderness to urban with varying amounts of human impacts. They all have 

wetland complexes, but the lakes vary in size quite dramatically.  

At each lake, ancillary data was collected including water clarity (Secchi depth), 

temperature, dissolved oxygen, and chlorophyll a. Chlorophyll a is a proxy measure for 

the photosynthetic productivity of a lake. Additionally, a lake temperature profile was 

collected at each sampling event.  

 

Site Conditions  

Weather observations including temperature, cloud cover, and wind quantity were 

taken at each site. Date and time were recorded along with water conditions, including 

surface water condition and presence or absence of scum or odor. Collection sites at each 

location remained consistent between sampling events (Figure 15,Figure 16, and 17).  
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       Figure 15: Bathymetric Map of Black Lake 

       Red circle indicates sampling location.  
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Figure 16: Bathymetric Map of Lake Ozette        Figure 17: Bathymetric Map of Failor Lake 

Red circle indicates sampling location.      Red circle indicates sampling locations.  

 

Lake Profiles 

A variety of lake profile measurements were taken, including total depth and 

Secchi depth. A YSI Pro2030 probe was used to take temperature and dissolved oxygen 

readings at regular depth intervals in the lake. If the lake’s total depth was greater than 

six meters, a reading was taken every meter. If the total depth was less than six meters, 

readings were taken at half-meter intervals. This allowed assessment of the stratification 

and mixing of the lakes over the months. 
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The dissolved oxygen probe was not calibrated properly before use and therefore 

exact numeric values collected cannot be used. However, trends in oxygen profiles are 

still useful in understanding the lake systems.  

 

Chlorophyll a Samples 

Water samples for chlorophyll a analysis were taken in 500 ml dark plastic 

bottles, which were stored on ice for transport and then placed in a -20 ℃ freezer until 

further processing.  

Chlorophyll a samples were processed following the Standard Methods for the 

Examination of Water and Waste Water: Protocol 10200 H Chlorophyll (Eaton, 2012). 

Water samples were thawed, filtered onto a glass fiber filter, and left to steep overnight in 

an aqueous acetone solution (90 parts acetone, 10 parts saturated magnesium carbonate 

solution). Samples were clarified by spinning on a centrifuge, and then absorbance was 

read on a spectrophotometer in a 10 cm path length glass cuvette at 750, 665, 664, 647 

and 630 nm. Taking absorbance readings at all the aforementioned wavelengths allowed 

us to differentiate between chlorophyll a, b, and c pursuant to the protocol (Eaton, 2012).  

 In order to also deduce phaeophytin levels, samples were acidified using 0.1 

molar hydrochloric acid after the first absorbance readings. After gentle agitation and 90 

seconds, samples were run again at the same absorbance readings. Phaeophytin is a 

pigmented product of chlorophyll degradation but is not active in photosynthesis. Its 

presence interferes with chlorophyll a measurement and therefore must be accounted for.  

 Blanks were run using only the aqueous acetone solution as a sample. A positive 

control consisted of a fresh green leaf soaked overnight in aqueous acetone solution and 
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was used to confirm the function of the machine. Three negative controls were run using 

500 ml of deionized water filtered on a glass fiber filter and left to soak overnight in 

aqueous acetone solution.  

 

Zooplankton Collection 

Zooplankton were collected in a composite sample by both vertical and horizontal 

tows using a 31 x 31 cm rectangular framed Surber Sampler 500 micrometer mesh net 

(Figure 18) following protocol from Mittelbach (1995). A composite sample is a 

collection of many individual discrete samples taken regularly over a period of time. 

Many net tows were coalesced to make a composite sample. 

 Since many zooplankton migrate through the water column daily, they are 

representative of the entire water body (all depths). No individual net tow sample should 

be significantly different from the rest. Due to this uniformity, collection by net tow 

provided a composite sample from the lake. After freeze-drying and homogenization, one 

test sample was representative of its originating body of water. 

 

Figure 18: Zooplankton Net 

Black Lake: A 31x31 cm rectangular framed Surber Sampler 500 
micrometer mesh net was used to collect zooplankton. October 18, 2019 
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Collected zooplankton were stored in an acid washed glass jar with Teflon-lined 

lid (      Figure 19). Containers were acid washed to prevent mercury contamination. A 

small aliquot of zooplankton was placed in a separate acid washed jar with Teflon-lined 

lid with approximately 2 ml of ethanol. These aliquots were later used for taxonomic 

identification. The samples earmarked for mercury analysis were dewatered as much as 

possible on site. Then both types of zooplankton samples were stored on ice for transport 

and placed in a -20 °C freezer until further processing.  

 

      Figure 19: Black Lake Samples 

From left to right: Chlorophyll a sample, phytoplankton sample, zooplankton in 
ethanol, zooplankton in water, and zooplankton in water. October 18, 2019 

 

Mercury Analysis 

A Nippon Instruments Corporation Mercury Analyzer 3000, available for student 

use at The Evergreen State College, was used for mercury analysis. The instrument has a 
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detection limit of ~0.002 ng and can measure samples such as water, soil, minerals, 

airborne particulates, and biological materials.  

Zooplankton samples allotted for mercury analysis were thawed in a 4 °C 

refrigerator overnight and excess water was removed by pipet. Samples were returned to 

a -20 °C freezer for a minimum of 24 hours, then placed in a -80 °C freezer for a 

minimum of 24 hours, and then placed in the lyophilizer (Millrock Lyophilizer BT series 

53). Zooplankton samples remained in the lyophilizer for a minimum of 48 hours and a 

maximum of 72 hours, and then were returned to the -20 °C freezer. Freeze-dried samples 

remained in the -20 °C freezer until processing on the mercury analyzer.  

All samples were processed in two runs. Run #1 included all samples from Black 

Lake. Run #2 included all samples from Failor Lake and Lake Ozette.  

In order to calculate the concentration of mercury in the freeze-dried zooplankton 

samples, a standard curve was measured for each run (Figure 20 and Figure 21). The 

standard curve consisted of three blanks, followed by 0.5, 1, 2, 5 and 10 ng/g mercury 

standards, followed by another blank. 10.4137 ppb and 103.5582 ppb stock solutions 

were created using L-Cysteine and a 998.15 ppb mercury solution. Points on the standard 

curve were made by using varying amounts of the 10.4137 ppb and 103.5582 ppb stock 

solution calculated using this equation.  

 0.5 ng Hg x 
!	#	$%&'
!(	'#	)# x

!	*&	$%&'
!	#	$%&'  x 

!(!	+&	
!	*&  = 50 μl 

 This equation shows how many μl of the 10.4137 ppb stock solution is needed to 

make the 0.5 ng Hg standard point on the standard curve. 
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Figure 20: Standard Curve for Run #1 

The standard curve for Run #1 was used to calculate values of the samples measured at 
Black Lake.  

 

Figure 21: Standard Curve for Run #2 

The standard curve for Run #2 was used to calculate values of the samples measured at 
Failor Lake and Lake Ozette. 
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Blanks were run before and after the standard curve, and between each sample, to 

minimize contamination by any residual mercury.  

Freeze dried samples were loaded into mercury analyzer “boats” and their mass 

was recorded prior to incineration. This mass was used to calculate the mercury per unit 

mass of zooplankton (ng/g) in order to calculate parts per billion (ppb).  

If a small mass was used in the calculations, but a larger mass was run on the 

machine due to the potential of the zooplankton to be hydroscopic, then the mercury 

reading would be smaller because the mercury would be diluted with water mass. In an 

effort to ascertain if apparent concentrations of mercury varied between replicates due to 

length of time before the sample was tested (i.e. potential to absorb water from the 

ambient humidity), a time series of zooplankton mass was conducted (Figure 22). Two 

samples were run, with the thought that perhaps different types of zooplankton absorbed 

water at different rates. A sample consisting almost exclusively of Daphnia (from Black 

Lake) and a sample consisting almost exclusively of Holopedium (from Failor Lake) 

were weighed at consistent intervals after removal from the lyophilizer. The sample from 

Failor Lake had an initial mass of 0.0151 g and the ending mass was 0.0156 g. The 

sample from Black Lake had a starting mass of 0.0341g and a final mass of 0.0366 g. 

This indicates there was no substantial change in the mass of zooplankton based on time 

from loading to running on the machine.  
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Figure 22: Time Series of Zooplankton Mass 

Percent change in mass of zooplankton from Failor Lake and Black Lake over time. 

 

All samples were run in a minimum of triplicate, except for the October sample 

from Lake Ozette where there was insufficient material to run triplicates and only one 

replicate was run. Each month’s samples were separated by an empty boat/blank to 

minimize any carryover of zooplankton and contamination by vaporized mercury within 

the machine (Figure 23). Samples were run with samples from the same lake in order to 

minimize contamination between lakes, as well. Black Lake samples were run first, 

followed by Failor Lake and then Lake Ozette, in an attempt to run samples in order of 

suspected increasing mercury concentrations so that previous boats would not increase 

subsequent readings by carryover. 
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Figure 23: Freeze Dried Samples 

Black Lake samples were run in triplicate. A blank/empty boat separated each month’s 
samples to prevent cross contamination. 

A 2 ng check standard was run for every ten boats of sample that were run. 

During each mercury analysis run, a National Institute of Standards and Technology 

(NIST) sample was run (Mackey et al., 2004). 

Analysis of check standards and standard reference materials (SRM 1575a) were 

within 9.131% of certified values.  

 

Zooplankton Taxonomy 

 Taxonomy samples were also taken from the zooplankton tow and stored in 

ethanol. These were used to identify the species of zooplankton present in each lake and 

the species present over the seasonal change.  

Samples were pipetted into the first sixteen wells of a forty-eight well plate. A 

Leica EZ4 W dissecting microscope with photo capabilities was used to capture images 

for identification. Each well was analyzed, and every organism was recorded.  Wells 

were counted in numerical order, but all wells were counted to avoid bias.  
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Results 

Lake Profiles 

In all three lakes there was a trend in water temperature change across the months 

sampled. All three lakes showed a small decrease in temperature from August to 

September, followed by a large drop in temperature from September to October (Figure 

24). Black Lake was consistently the warmest lake of the three; however, Lake Ozette 

and Failor Lake alternated having the lowest temperature.  

 

 

Figure 24: Surface Temperature Trends  

Surface temperature trends of all three lakes showed a small decease in temperature 
from August to September and a large change from September to October. 

 

Black Lake consistently had the shallowest Secchi depth, while Lake Ozette 

consistently had the deepest Secchi depth (Table 1). Failor Lake had a constant Secchi 

depth throughout the sampling period.  
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Table 1: Secchi Depth Trends (m) 

  August  September October 

Black Lake 1.13 0.8 1.15 

Failor Lake  1.3 1.3 1.3 

Lake Ozette  2.65 2.65 2.15 

 

Black Lake 

The temperature observations for all three months showed the warmest waters at 

the surface and the coldest waters at depth. The maximum temperature for Black Lake in 

August was 22.7 °C and the minimum was 22.2 °C (Figure 25). In September, the 

maximum temperature was 20.8 °C and the minimum was 17.8 °C. In October, the 

maximum temperature was 13.4 °C and the minimum was 13.1 °C. The Secchi depth was 

1.13 meters in August, 0.8 meters in September, and 1.15 meters in October.  

°  

Figure 25: Black Lake Temperature Profiles 
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Temperature data from Black Lake was inconclusive for August but showed some 

thermal stratification in September, beginning at 7 meters of depth (Figure 25). The 

surface temperature in October was colder than the deepest temperature reading in 

August or September and stayed fairly constant to depth, showing no apparent 

stratification.  

In Black Lake, there was 22.89 mg/m3 of chlorophyll a in September (Figure 26). 

In October there was 125.8 mg/m3 of chlorophyll a. August was not sampled. 

 

Figure 26: Chlorophyll a Trends in Black Lake 

August was not sampled for chlorophyll a in Black Lake. There was 22.89 mg/m3 of 
chlorophyll a in September and 125.8 mg/m3 of chlorophyll a in October (see discussion 
regarding October results).  
 

Percent dissolved oxygen readings from August and September showed oxygen 

stratification in Black Lake (Figure 27).  Percent dissolved oxygen readings in October 

decreased steadily as depth increased. Oxygen levels dropped each month regardless of 

temperature changes at depth. This suggests that there was ongoing benthic respiration 
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that was influencing the oxygen content in the water column. The lowest observed 

percent oxygen in Black Lake was 31%. 

 

Figure 27: Black Lake Oxygen Profiles 

 

Failor Lake 

The maximum temperature for Failor Lake in August was 20.9 °C and the 

minimum was 18.7 °C (Figure 29). In September, the maximum temperature was 20.4 °C 

and the minimum was 18.2 °C. In October, the maximum temperature was 11.3 °C and 

the minimum was 10.6 °C. The Secchi depth was 1.3 meters in all months. 

There was 1.026 mg/m3 of chlorophyll a in August (Figure 28). In September 

there was 1.648 mg/m3 of chlorophyll a, and in October there was 0.0169 mg/m3 of 

chlorophyll a.  
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Figure 28: Chlorophyll a Trends in Failor Lake and Lake Ozette 

Temperature readings from Failor Lake in August and September suggested little 

thermal stratification (Figure 29). Both August and September had a 2.2 °C change in 

temperature in the water column. This was supported by the percent dissolved oxygen 

trends in August and September (Figure 30).  Neither temperature stratification nor 

percent dissolved oxygen stratification was suggested by the trends in October. In 

October, the water column showed a temperature change of 0.7 °C. Additionally, the 

surface temperature in October was lower than the lowest value in either August or 

September, suggesting a lack of thermal stratification. While the temperature changes in 

August and September were minimal, they appeared to have had a strong effect on the 

percent dissolved oxygen in the water. The lowest observed percent oxygen in Failor 

Lake was 25.1%. 
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Figure 29: Failor Lake Temperature Profiles 

 

Figure 30: Failor Lake Oxygen Profiles 

 

Lake Ozette 

The maximum water temperature for Lake Ozette in August was 21.4 °C and the 
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and the minimum was 19.7 °C. The temperature was steady throughout the water column 

in October at 13.4 °C.  

The Secchi depth in August and September was 2.65 meters and decreased to 2.15 

meters in October (Table 1). 

In August, there was 1.343 mg/m3 of chlorophyll a (Figure 28). In September, 

there was 11.20 mg/m3 of chlorophyll a. In October, there was 1.451 mg/m3 of 

chlorophyll a.  

Temperature data from August suggested mild thermal stratification. Decrease in 

percent dissolved oxygen with increase in depth supported the possibility of stratification 

(Figure 32).  Temperature readings in both September and October showed no signs of 

thermal stratification with a steady temperature with increasing depth.  

Percent dissolved oxygen readings show decreased oxygen at about 10 meters.  

Both temperature and percent dissolved oxygen readings are nonconclusive about 

stratification because measurements were not taken to a sufficient depth (Figure 16). 

However, the surface temperature in October was lower than bottom temperatures in both 

August and September and therefore suggests no stratification. The lowest observed 

percent oxygen in Lake Ozette was 53%. 
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Figure 31: Lake Ozette Temperature Profiles 

 

Figure 32: Lake Ozette Oxygen Profiles 

 

Mercury 

All samples were processed in two runs. Run #1 included all samples from Black 
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Figure 33: Blank Values Measured During Run #1 

Run #1 was measured during the analysis of samples from Black Lake. The 
solid line shows the average blank value. 

 

The average blank value for the analysis of Run #1 was -0.025 ng Hg (Figure 33). 

The standard deviation of the Run #1 values was 0.0067 ng Hg. The detection limit was 

determined as three times the value of the standard deviation and that was 0.020 ng.  

 

Figure 34: Blank Values Measured During Run #2 

Run #2 was measured during the analysis of samples from Failor Lake and 
Lake Ozette. The solid line shows the average blank value. 
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The average blank value for the analysis of Run #2 was 0.037 ng of Hg and the 

standard deviation of those values was 0.027 ng (Figure 34).  The detection limit was 

determined as three times the standard deviation of the blanks and was 0.082 ng Hg.  

 Blank values throughout the measurements did not show a linear function, 

indicating that there was no significant drift from the machine. 

All samples were run in triplicate except for the Lake Ozette sample from October 

where there was not enough material for multiple runs on the mercury analyzer (Figure 

36). Failor Lake in August and Lake Ozette in August were replicated four times: three 

times as a triplicate and one time each as a check replicate.  

 

Figure 35: Mercury Concentrations in Zooplankton  

This graph shows the mercury concentrations in ppb for Failor Lake, Lake Ozette, and Black 
Lake in August, September, and October. Mercury concentration in the zooplankton of Failor 
Lake were 72.57 ppb, 90.51 ppb, and 85.83 ppb, respectively. Mercury concentrations in the 
zooplankton of Lake Ozette were 204.11 ppb, 71.95 ppb, and 184.07 ppb, respectively.  Mercury 
concentrations in the zooplankton of Black Lake were 59.19 ppb, 76.99 ppb, and 47.47 ppb, 
respectively.  
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The concentration of mercury in August in Black Lake was 59.19± 4.45 ppb 

(Figure 35). It increased to 76.99± 0.33 ppb in September, and then decreased to 47.46± 

0.17 ppb in October.  

In Failor Lake, the concentration in August was 72.57± 9.75 ppb. In September, it 

increased to 90.51± 1.77 ppb, and then decreased to 85.83± 2.59 ppb in October.  

In Lake Ozette, the concentration of mercury in August was 204.11± 23.46 

Then decreased to 71.95± 6.05 ppb in September and then increased to 184.07 

 ppb in October.  

Overall, Black Lake had the lowest concentration of mercury, followed by Failor 

Lake, while Lake Ozette had the highest concentration (Table 2).  

Black Lake and Failor Lake followed a similar trend of an increased mercury 

concentration in September compared to August and then decreased again in October. 

Lake Ozette showed an opposite trend with mercury concentrations in September much 

lower than either August or October.  

Table 2: Mercury Concentrations of Zooplankton 

Mercury concentrations of zooplankton in ppb 

  August September     October 
Failor Lake 72.57 90.51 85.83 
Lake Ozette 204.11 71.95 184.07 
Black Lake 59.19 76.99 47.48 
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Figure 36: Nanograms of Mercury Measured on Each Collection Day 

Graph showing the nanograms of mercury output from each mass measured on the mercury 
analyzer machine. Note there is a point that is 2-3 times greater at ~6 nanograms for Lake 
Ozette in August. The mercury values in Lake Ozette in October were well above the detection 
limit but below the limit of quantification. In an effort to understand the reason for the observed 
change, zooplankton sample masses measured on the mercury analyzer were assessed. A 
comparable mass of zooplankton was used for both August and September measurements in 
Ozette and very different results were found. Because of the comparable mass measured on the 
instrument, we can assume the low reading is not due to an inadequate sample size but rather to 
an actually low value in that month. 
 

 

When samples were run on the mercury analyzer, freeze dried zooplankton were 

loaded into a boat and weighed. The recorded mass was then used to calculate the 

concentration of mercury in each sample from the instrument’s output. However, it was 
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Zooplankton 

In August, Lake Ozette exhibited six varieties of zooplankton with the majority 

(52.6%) being Amphipods (Figure 37). In September, Holopedium were most dominant 

(69.7%), but six varieties of zooplankton were still counted. In October, three varieties 

were counted, with cyclopoid copepods being the most abundant (44.8%). 

 
Figure 37: Lake Ozette Zooplankton Communities 

Zooplankton communities in Lake Ozette in (a) August, (b) September, 
and (c) October.  
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Failor Lake was dominated by Holopedium in August, September, and October 

(Figure 38). In August, three varieties of zooplankton were observed, but the lake was 

dominated by Holopedium (94.0%). In September, three varieties were observed, but 

Holopedium continued to dominate (96.6%). In October, two varieties were observed but 

the lake was still dominated by Holopedium (62.2%), although to a lesser extent. 

 

Figure 38: Failor Lake Zooplankton Communities 

Zooplankton communities in Failor Lake in (a) August, (b) September, 
and (c) October.  
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Black Lake was not sampled for zooplankton taxonomy in August. In September, 

Black Lake showed six varieties of zooplankton but was dominated by Daphnia (91.4%) 

(Figure 39). In October, Daphnia was the only zooplankton observed in Black Lake.  

 

 

 
Figure 39: Black Lake Zooplankton Communities 

Zooplankton communities in Black Lake in (a) September and (b) October.  
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Discussion 

This discussion section covers the implications of the results presented in the 

previous section. First, observations of temperature and oxygen are examined. Second, 

chlorophyll a levels are explored. Third, weather profiles from each month at each lake 

are examined. Fourth, changes in zooplankton communities are assessed. And finally, the 

relationship of mercury concentrations between trophic positions is explored.  

 

Temperature and Dissolved Oxygen Profiles  

All of the lakes showed evidence of mild thermal stratification in either August or 

September (∆T = 2.2-4.8 °C). Failor Lake and Black Lake showed the least thermal 

stratification in all three months (∆T < 3 °C). Lake Ozette showed the highest degree of 

thermal stratification in August (∆T = 4.8 °C). Temperature trends in all three lakes 

indicated autumn mixing events but this did not impact the oxygen profiles of the lakes, 

indicating that benthic respiration played a large role in dissolved oxygen levels.  

Lake Ozette showed the most change in vertical temperature trends (Figure 31). 

This is most likely due to the increased wind speed observed at this location in 

comparison to the other lakes (Figure 44).  

In Black Lake, the greatest temperature change from the surface to depth (∆T) 

occurred in September (∆T = 3 °C) (Figure 25). Large changes in temperature from the 

surface to depth were found at the same time as a high mercury concentration in 

zooplankton in Black Lake. Oxygen trends also suggested some stratification in 

September, and it is possible that August would have shown a similar trend if it had been 

measured to a greater depth. It is possible that benthic respiration was the primary driver 
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drawing oxygen out of the water closest to the sediment. This is quite likely because 

October temperature trends did not suggest thermal stratification, but oxygen levels still 

decreased at depth (Figure 27). High benthic respiration results in anoxic conditions, 

which are prime for methylation of mercury (Fleming et al., 2006). Increased methylation 

could lead to higher observed concentrations of mercury in zooplankton because 

methylmercury is more bioavailable to organisms than the inorganic form (Eagles-Smith 

et al., 2008; Mattieu et al., 2013; McIntyre & Beauchamp, 2007). 

Failor Lake in September and October also showed oxygen stratification (Figure 

30). However, this is such a shallow lake that benthic respiration could have had a large 

effect relative to total dissolved oxygen. The decrease in oxygen levels at the bottom of 

the lakes were consistent throughout the months even as temperatures dropped sharply in 

October (Figure 30), indicating that benthic respiration indeed played a strong role in the 

oxygen stratification. The highest mercury level in Failor Lake zooplankton occurred in 

October (90.51 ppb) (Figure 35). This value corresponded to neither the highest nor the 

lowest surface temperature (Figure 29). October had a vertical temperature change of 2.2 

°C; however, August showed the same absolute value of temperature change and had a 

lower zooplankton mercury concentration (72.57 ppb). This would suggest that thermal 

stratification was not correlated to changing mercury concentrations in Failor Lake 

zooplankton.  

Lake Ozette in August showed some mild thermal and dissolved oxygen 

stratification (Figure 31 and Figure 32). However, it is possible that the profile was taken 

in too shallow of a location and a more significant stratification could have been seen at 

30 meters of depth (Figure 15). The oxygen stratification in August and September could 
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also have been due primarily to benthic respiration.  However, it is unlikely that this 

stratification played a role in the change in zooplankton mercury concentrations because 

the mercury values were so different in August (204.11 ppb) and September (71.95 ppb).   

 

Chlorophyll a  

Measured chlorophyll a levels show when phytoplankton biomass, and therefore 

zooplankton prey availability, was greatest.  

Measured chlorophyll a values in Black Lake increased 81.8% from the 

September value of 22.89 mg/m3 to the October value of 125.8 mg/m3 (Figure 26). While 

autumn mixing or a major runoff event may have led to an increase in chlorophyll a 

levels, the very high level measured for October is not consistent with other observed 

factors that month, such as dissolved oxygen and Secchi depths (Figure 27 and Table 1). 

Consequently, there is a possibility that chlorophyll a results from Black Lake in October 

were artificially elevated by laboratory effects on that sample. Extra particulate matter 

from the glass fiber filter was observed to have flaked off into the sample fluid which 

may have artificially elevated the absorbance measured on the spectrophotometer and 

used to calculate the chlorophyll a value of the October sample. The literature reports a 

historic value of 32 mg/m3 of chlorophyll a in October (Thurston County Public Health 

and Social Services Department & Thurston County Resource Stewardship Department, 

2010), so it is still likely that the chlorophyll a value in October exceeded that of 

September. Of note, the mercury levels in Black Lake decreased over the same two 

months, the opposite of the likely chlorophyll a trend, which would support the theory of 

biodilution.   
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 The highest chlorophyll a levels in September in Lake Ozette corresponded to the 

lowest zooplankton mercury values measured (Figure 35 andFigure 28). Compared to 

August, in September Lake Ozette chlorophyll a increased by 88.02%, while the 

zooplankton mercury concentration decreased by 64.75%. Therefore, findings from both 

Black Lake and Lake Ozette support the theory of biodilution proposed by Pickhardt et 

al. (2002).  

By contrast, in Failor Lake, the highest chlorophyll a values corresponded with 

the highest mercury concentration. In Failor Lake, the highest chlorophyll a measurement 

was in September and the lowest measurement was in August (Figure 28). Results from 

Failor Lake do not support the biodilution theory as clearly as Lake Ozette or Black Lake 

because, in Failor Lake, both the highest zooplankton mercury concentration and the 

highest chlorophyll a levels were seen simultaneously in September. It is possible that the 

samples were taken at the precise time before the effect of an algal bloom had made its 

way up the trophic chain to cause biodilution to be evident in the zooplankton. It is 

important to recognize that these samples are snapshots of lake ecosystems and can 

sometimes be misleading if some sections of ecosystems have shifted but have not yet 

effected change in other sections of the ecosystem.  

 

Weather Influences 

Weather data was pulled from the National Weather Service website for July, 

August, September, and October in order to see temporal trends (Weather Service, 2019). 

The station closest to Lake Ozette was the Quillayute Airport (UIL), which is about 

eleven miles from Lake Ozette. The station closest to Failor Lake is the Hoquiam 
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Bowerman Airport (HQM), which is about ten miles from Failor Lake. The weather 

station closest to Black Lake is the Olympia Regional Airport (OLM), which is about 

four miles from Black Lake.  

September sampling in Black Lake occurred immediately after a large 

precipitation event, 0.68 inches (Figure 41). Due to the residential/suburban nature of the 

area surrounding Black Lake, this increase in precipitation could have led to runoff that 

increased the amount of nutrients in the water leading to a bloom in phytoplankton and 

subsequently a drop in mercury concentrations for October zooplankton sampling.  

The September sampling event at Failor Lake also occurred during a large 

precipitation event, possibly creating a similar situation to Black Lake where increased 

runoff could have increased the amount of growth-limiting nutrients for phytoplankton. 

Although this area is less residential then Black Lake, the region has increased farming 

activities and plays host to logging activities that tend to increase runoff (Van Furl et al., 

2010). However, while chlorophyll a levels did increase in September at Failor Lake, 

mercury concentrations in zooplankton also increased (Figure 28Figure 35). It is possible 

that the biodilution effect had not yet made its way up the trophic chain and a later 

sampling date would have shown more evidence of the biodilution effect. It is also 

possible that the observed changes in zooplankton mercury were within random 

variation; unlike Lake Ozette, the percent change in zooplankton mercury was relatively 

small (19.82%). 

At Lake Ozette, there was an increase in precipitation in September (Figure 45). 

However, this increase occurred after the sampling date so should not have affected a 

potential phytoplankton bloom. Additionally, this region is in a national park and quite 
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pristine, so runoff would not be expected to greatly increase nutrient load. However, it is 

possible that increased logging activities in adjacent areas might increase available 

mercury in the lake system after a precipitation event (Van Furl et al., 2010). 

Another explanation for the increase in chlorophyll a seen at the September 

sampling event is patchiness (Figure 28) (Burns, 2000). Lakes contain microcosms and 

not all chlorophyll a samples will be representative of the entire lake. Additionally, the 

weather station is located at the Quillayute Airport. While this is only eleven miles from 

the lake, it is possible that there could have been a wind or precipitation event at the lake 

that was not recorded by the weather station at the Quillayute Airport.  

October sampling for Lake Ozette occurred on the day with the most rain of the 

study period (Figure 45). The lake had flooded it banks and was swelling onto the roads. 

The sudden increase in water could have diluted what phytoplankton that were present, 

but would not have allowed sufficient time for the delivery of growth-limiting nutrients 

to increase phytoplankton population growth. Therefore, there would not have been 

enough time for biodilution to take effect. While there was a phytoplankton bloom in 

September, and we might have expected to see some evidence of a continued high level 

of chlorophyll a in October, it is likely that all of the biomass from the September 

phytoplankton bloom propagated up the food chain by the time sampling occurred again 

in October. Planktivorous fish and, subsequently, piscivorous fish would most likely be 

showing the effect of biodilution if sampled at this time (Mattieu et al., 2013). 
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Figure 40: Black Lake Temperature and Wind  

Temperature and wind data was gathered from a weather station located at the Olympia 
Regional Airport (OLM), four miles from Black Lake (Weather Service, 2019). Vertical lines 
represent sampling days. Trendlines indicate 7 day moving average.  
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Figure 41: Black Lake Precipitation Trends 

Precipitation data was gathered from a weather station located at the Olympia Regional Airport 
(OLM), four miles from Black Lake (Weather Service, 2019). Vertical lines represent sampling 
days. 
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Figure 42: Failor Lake Temperature and Wind Trends 

Temperature and wind data was gathered from a weather station at Hoquiam Bowerman 
Airport (HQM), ten miles from Failor Lake (Weather Service, 2019). Vertical lines represent 
sampling days. Trendlines indicate 7 day moving average. 
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Figure 43: Failor Lake Precipitation Trends 

Precipitation data was gathered from a weather station located at Hoquiam Bowerman Airport 
(HQM), ten miles from Failor Lake (Weather Service, 2019). Vertical lines represent sampling 
days. 
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Figure 44: Lake Ozette Temperature and Wind Trends 

Temperature and wind data was gathered from a weather station located at the Quillayute 
Airport (UIL), eleven miles from Lake Ozette (Weather Service, 2019). Vertical lines represent 
sampling days. Trendlines indicate 7 day moving average. 
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Figure 45: Lake Ozette Precipitation Trends 

Precipitation data was gathered from a weather station located at the Quillayute Airport (UIL), 
eleven miles from Lake Ozette (Weather Service, 2019). Vertical lines represent sampling days. 
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population in September. After this change in species dominance occurred, the 

zooplankton community in Lake Ozette more closely resembled that of Failor Lake, 

which hosted 96.6% Holopedium. This similarity in zooplankton community composition 

accompanied a comparable mercury concentration in the two lakes. In September, the 

zooplankton mercury concentration at Lake Ozette (71.95 ppb) was within 20% of the 

zooplankton mercury concentration at Failor Lake (90.51 ppb). In comparison, in August, 

when the zooplankton communities are dissimilar between the two lakes, the zooplankton 

mercury concentration in Lake Ozette (204.11 ppb) is nearly three times greater than the 

zooplankton mercury concentration in Failor Lake (72.57 ppb).  

In October, Holopedium were not observed in Lake Ozette and the zooplankton 

mercury values increased to 184.07 ppb. This suggests that perhaps zooplankton species 

take up mercury at different rates, that some species do not take up mercury as readily, or 

that excretion of mercury occurs at a different rate between species. This is supported by 

the fact that copepods do not shed their chitin exoskeletons as adults while Cladocerans 

do (J. H. Thorp & Covich, 2001). Perhaps this change in physiology causes copepods to 

retain mercury as they age, while Cladocerans can reduce individual mercury load by 

shedding their chitinous carapace. 

 

Relationships of Mercury Concentrations in the Trophic System  

One of the aims of this study was to relate the concentrations of mercury in 

zooplankton to organisms higher up in the trophic cascade. Mercury concentrations in 

fish for 2019 were not yet available (Mattieu). Therefore, in order to draw connections 

between fish and zooplankton mercury concentrations of fish from a study done by 
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Mattieu et al., (2013) were compared to the zooplankton results from this study. Mattieu 

et al., (2013) sampled twenty-four different lakes in the State of Washington, including 

Lake Ozette and Failor Lake, but not Black Lake.  

Compared to Failor and Black Lakes, Lake Ozette had the highest levels of 

mercury in zooplankton for every month except September, when the value was 

surprising low. Consistently high mercury levels have previously been observed in fish 

from Lake Ozette (Mattieu et al., 2013), likely indicating that elevated mercury levels in 

zooplankton at this lake are common and persistent.  

The average mercury concentration found in bass at Lake Ozette in 2007 was 715 

ppb (Mattieu et al., 2013). The average concentration of mercury in zooplankton at Lake 

Ozette found by this study in 2019 was 153.38 ppb, which is 78.55% lower than the level 

found in bass in 2007. This comparison shows that, first, the mercury concentrations 

found in zooplankton are of a comparable order of magnitude to mercury concentrations 

in fish. Second, zooplankton mercury levels are lower than that found in fish. Third, it 

indicates that bioaccumulation is very likely occurring. A relationship of this order of 

magnitude is supported by findings from Piraino & Taylor (2009) who found an 81.25% 

increase in mercury concentration from forage fish and macrocrustaceans to striped bass 

in a marine environment.  

The mercury concentrations found in bass in Lake Ozette had a wide range: 315-

1,800 ppb (Mattieu et al., 2013). The highest mercury concentration recorded in 

zooplankton was only 204.11 ppb. Bass are piscivorous fish, so this jump from 

zooplankton concentrations to bass concentrations makes sense because a planktivorous 
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fish would sit between the two positions in the trophic ladder, allowing for more 

bioaccumulation to occur.  

Failor Lake did not show the same increase we would expect to see from 

bioaccumulation up the trophic chain. The average mercury concentration found in bass 

at Failor Lake in 2009 was 76 ppb (Mattieu et al., 2013). This is actually 9% lower than 

the average mercury concentration found in the zooplankton at Failor Lake in 2019, 

which was 82.97 ppb. The range of mercury concentrations in bass at Failor Lake was 

also quite wide: 40-213 ppb (Mattieu et al., 2013). 

A possible explanation for the decrease in mercury concentration in fish from 

Failor Lake in 2009 to the mercury concentration in zooplankton in 2019 is the time 

elapsed. It is possible that some condition has changed at this lake causing mercury levels 

to increase. For example, perhaps logging or increased methylation has increased the 

availability of mercury in the system and a higher mercury concentration will be 

observed in fish when the 2019 results become available. Alternatively, zooplankton 

communities could have shifted in that period. The results of this study indicate that 

different zooplankton communities have different mercury concentrations and, if 

communities have drastically shifted in the last ten years, this could explain the observed 

decrease up the trophic chain, although an increase would be expected.  

Additionally, mercury concentrations have shown themselves to be quite variable. 

Mercury concentrations in the zooplankton at Lake Ozette decreased by 64.75% in one 

month and then increased by 61.15% in the following month. It is possible that similar 

variation is occurring in the zooplankton or fish mercury concentrations at Failor Lake. 

Either way, there is the potential for at least a 60% increase or decrease to occur within 
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one month. The wide range of mercury concentrations shown by bass at Failor Lake 

indicates that there is potential for bioaccumulation at Failor Lake and that sampling time 

might play a role in observed results.  

Another explanation for the variation in mercury concentration in bass is that not 

all their prey fish consume zooplankton. If the bass measured in the study by Mattieu et 

al., (2013) preferentially consumed fish that consume invertebrates like insect larvae 

instead of zooplankton, they would have lower concentrations of mercury in them. 

Similarly, if the prey fish are preferentially consuming a specific type of zooplankton, 

that could cause variation in mercury concentrations in bass as well.  

Bioaccumulation of mercury is also apparent higher in the trophic system in the 

Coast Range Ecoregion (EPA, 2013), where Lake Ozette and Failor Lake are located. A 

study done by Herring et al., (2018) found that scavenger birds collected in this 

Ecoregion had high concentrations of mercury, averaging 350 ppb in whole blood 

samples. This is a 56.18% increase in mercury concentration from zooplankton at Lake 

Ozette to scavenging birds in the same ecoregion, further evidencing bioaccumulation is 

occurring in the Coast Range Ecoregion. 
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Conclusion 

Studying mercury concentration in zooplankton is a relatively new field; 

consequently, any new data in this area is important for the scientific community. One of 

the most significant findings from this study is that the method utilized for measuring 

mercury is feasible. Capturing zooplankton in a net, freeze drying them, and measuring 

their mercury concentration on a mercury analyzer is a practical tool for the study of 

zooplankton and mercury concentrations. Results are measurable, quantifiable (in most 

instances), and comparable. In the future, this technique could be an important tool for 

resource managers in place of using valuable resources to capture and analyze fish 

populations.  

Lake Ozette had the highest levels of mercury in its zooplankton for all months 

except September, when it showed a dramatic decrease. Mercury levels were also 

measurable in Black Lake and Failor Lake and showed similar trends to one another, 

increasing from August to September and then decreasing from September to October. 

However, the relative changes in Black and Failor Lakes (ranging between 47.48-76.99 

ppb and 72.57-90.51 ppb, respectively) were small when compared to the large shifts in 

Lake Ozette, which ranged as high as 204.11 ppb and as low as 71.95 ppb. 

Zooplankton species richness varied greatly between the lakes. Failor Lake 

showed only three identifiable zooplankton varieties and was dominated by Holopedium. 

Black Lake was dominated by Daphnia but showed more variety, exhibiting six 

identifiable varieties of zooplankton in September, compared to exclusively Daphnia in 

October. Lake Ozette had a decrease in zooplankton mercury concentration when 

Holopedium was the dominant species present in the lake. When Holopedium was 
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dominant, the mercury levels were comparable to Failor Lake, which was dominated by 

Holopedium in all three months. These findings suggest that zooplankton species may 

either play a role in establishing measurable mercury concentrations, or act as indicators 

for other conditions that favor high or low mercury levels. It also suggests that some 

variation in upper trophic levels may be expected if and when planktivorous fish exhibit 

prolonged prey preferences over their own life times. 

Another important finding from this study is that the biodilution theory proposed 

by Pickhardt et al., (2002) is supported for zooplankton populations in two of the three 

lakes studied. When a lake is more productive, measured by chlorophyll a levels, mercury 

is diluted per unit biomass. Results from Lake Ozette and Black Lake support the 

biodilution theory, while Failor Lake results were inconclusive. In Lake Ozette in 

September, there was a disturbance that affected both the phytoplankton and the 

zooplankton communities: there was a large bloom in phytoplankton that appeared to 

result in the decreased concentrations of mercury in the zooplankton. A similar event 

appeared to occur in Black Lake in October.  

This was a successful pilot study and the results found here are useful to the 

scientific community. It shows the utility and feasibility of assessing zooplankton 

populations and their mercury content over time, including observations of month-to-

month variation. This variation underscores the importance of time series observations in 

this dynamic community, and not just at single points in time.  A longer study examining 

these changes over multiple seasons would be valuable to understanding the long-term 

changes in lake ecosystems. This study also suggests that more sampling dates and lake 
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locations, as well as greater sample replication, would be valuable to further our 

understanding of how dynamic these changes can be in time and space. 

This study also found that biomagnification is occurring in trophic cascades in 

western Washington. Mercury concentrations in zooplankton, piscivorous fish, and 

scavenging birds increase in each step up the trophic ladder. This demonstrates that 

mercury is indeed accumulating up the trophic cascade and that the relationship is 

quantifiable. Further research comparing values from different trophic positions in the 

same year would be useful in further understanding the mathematical relationship 

between the mercury concentrations at each trophic level.  
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