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ABSTRACT

Integrative Modeling of Contaminant Accumulation in Highly Altered Aquatic Ecosystems

Carla Aparecida Ng

The world’s aquatic food webs are currently in crisis due to the cumulative, interacting effects of
anthropogenic pressures including non-indigenous species invasions, chemical contamination,
overfishing, habitat disruption and global climate change. Efforts to restore or protect the
integrity and sustainability of these systems are limited by a lack of knowledge about how
ecosystem structure and function are altered by multiple stressors. In this work three models are
presented that progressively integrate data and mechanistic descriptions of food web structure
(predator-prey interactions), chemical partitioning and species-specific physiology in order to
better describe chemical accumulation in highly altered aquatic ecosystems. The first model
presents a steady-state picture that reveals the importance of diet-related ecological details for
the quantitative prediction of chemical accumulation in top predator species. The second model
describes non-steady-state accumulation, tracing the trajectory of contaminant accumulation in
an organism through its life cycle to highlight the life history parameters that most influence
contaminant transfer.

Finally, the third model uses data on widely distributed species

assemblages to predict how climate change may affect contaminant transfer in aquatic food
webs. Thus, the three models effectively describe aquatic bioaccumulation in the past, present
and future: the first model uses a steady-state description to gain insight on how bioaccumulation
has been affected by previous species invasions and legacy (in-place) contaminants; the second
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model describes how contaminant concentrations in a species born in such an environment may
evolve in response to changes in its physiology (growth, maturation) or in its food web (species
invasion); the third model explores how these species-specific patterns of contaminant
accumulation might change as a result of increased temperatures related to climate change. The
models and their results reveal the importance of species-level seasonal and life cycle resolution,
and demonstrate that scenario-based forecasting models are useful tools for describing structurefunction relationships in complex, dynamic ecosystems where uncertainty can be substantial.
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I. INTRODUCTION
I-1: Motivation – Global Change and the World’s Aquatic Ecosystems
It is widely recognized that marine and inland fisheries are facing crisis on a global scale
(Pauly, Christensen et al. 1998). Over the last 50 years nearly one in four fisheries has collapsed.
The combined pressures of overfishing, chemical and biological pollution, habitat loss and global
climate change have so compromised the integrity of aquatic ecosystems that the rate of decline
has remained stable despite concerted management efforts (Mullon, Freon et al. 2005; Pauly,
Watson et al. 2005). It is now estimated that populations of all currently fished species will
collapse within the next 50 years (Worm, Barbier et al. 2006).
Long-term fisheries decline can be traced to human pressure—particularly overfishing—
as far back as the 17th Century. During the 20th century, increased industrial pollution, species
invasions and habitat disruption associated with agricultural, industrial and urban development
accelerated this decline (Holm 2005). As a result dramatic shifts in species composition have
occurred. Since the 1950s the biomass of high-trophic level fishes has declined 67% causing a
concomitant decrease in the mean trophic level of landings (Pauly, Christensen et al. 2002;
Myers and Worm 2003). Global fisheries have shifted from large piscivorous fishes to smaller
planktivorous fishes and smaller invertebrates (Pauly, Christensen et al. 1998; Christensen,
Guenette et al. 2003). This “fishing down” of food webs is a harbinger of major change in the
structure of coastal ecosystems (Pauly, Christensen et al. 2002; Myers and Worm 2003) with
implications that reach beyond the economic value of the fishery. It represents only one facet of
a more complex ecological collapse with concurrent losses in ecosystem services. Most
importantly, the value of these lost services has yet to be fully quantified. Given the dynamic
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and interconnected nature of biological systems it is likely to be unacceptably high, including
the loss of unknown keystone species that will destabilize important ecological communities or
the loss of natural products that aid in protecting or maintaining human health.
The primary interaction between aquatic species and human populations is trophic:
humans are a top predator of many aquatic food webs. The health of aquatic ecosystems can
therefore impact human populations in two ways: through the quantity and the quality of our
food. The effect of global fisheries collapse on food quantity is well illustrated in the statistics
presented above. Less direct but no less important is the impact of global ecosystem pressures
on food quality. Of greatest concern is the accumulation of persistent chemical pollutants within
aquatic food webs. Fish are among the highest trophic level species consumed by humans, and
represent a major route of exposure to chemicals that accumulate along trophic routes (from prey
to predator) (Dougherty, Holtz et al. 2000). Currently, the accumulation of persistent toxic
chemicals is so high in some ecosystems that health risks associated with fish consumption
outweigh the benefits of fish as a nutritious food source (Stern 2007).
Efforts to reduce contaminant concentrations in food fish have been limited by the same
multiple, interacting pressures that impede restoration of collapsing fisheries. In the Great
Lakes, where many of the dangers of contaminated fish consumption were first recognized
during the 1980s (Fan and Jackson 1988; Kitchell 1995), implementation of the Great Lakes
Water Quality Agreement during the 1970s led to a substantial decline in contaminant emissions.
However, after an initial corresponding decline in contaminant levels in fish (Scheider, Cox et al.
1998), concentrations of certain persistent chemicals have remained at levels that continue to
trigger consumption advisories (Hickey, Batterman et al. 2006). Legacy contaminant stores in
soils and sediments serve as continued sources to organisms (Forsythe and Marvin 2005).
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Ongoing species invasions alter food web structure, changing the pathways for contaminant
accumulation and the bioavailability of chemicals from sediment stores to higher trophic level
organisms (Hogan, Marschall et al. 2007). Direct human manipulation of aquatic food web
structure, via deliberate introduction of non-native species or overfishing, has similar impacts. In
addition, atmospheric emissions of some pollutants from local and long-range sources persist
(Lohmann, Breivik et al. 2007). Finally, climate change threatens to change the rate and patterns
of contaminant emission and distribution on a global scale (Macdonald, Mackay et al. 2003).
A major challenge in environmental science is to restore the integrity or sustainability of
ecological systems when the various components of its original state—the suite of species,
habitats and interactions that existed prior to anthropogenic impacts—no longer exist. In order
to understand altered systems, the impacts of multiple stressors—overfishing, pollution, or
species invasion—on their structure and function be understood. This requires an integrative
approach that takes into account the complex feedbacks that exist among environmental
pressures and ecological systems (Evans, Warren et al. 1990). Moreover, this approach must be
dynamic—it must be able to treat ongoing ecosystem change. Finally, given the irreversible
nature of many detrimental environmental changes, a successful approach needs the ability not
only to describe the system but also to anticipate how it will respond to perturbations (Clark,
Carpenter et al. 2001).
In complex dynamic systems, where deterministic predictions are no longer possible, the
ability to anticipate outcomes will depend on reliable forecast models. Ecological forecast
models provide a means of predicting how an ecosystem responds under a given set of
conditions in conjunction with societal and economic influences on it. Yet, in order to develop
more robust forecasting tools, we need to improve our understanding of ecological composition,
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structure and function and thereby, improve our modeling of how ecosystems respond to
combinations of stresses at local and regional scales (Clark, Carpenter et al. 2001).

I-2: Goal – An Integrative Forecasting Model
Society’s success in adjusting to environmental change, either positive or negative,
hinges on the ability to anticipate (Clark, Carpenter et al. 2001). Yet anticipation requires
knowledge of the structure-function relationships that drive system responses. The 91st Dahlem
Workshop on sustainable development emphasized the need for science to shift from a
“knowledge-centered” endeavor to one that is “learning-centered”—a recognition of the dynamic
nature of ecosystems and our limited knowledge of their properties (Clark, Crutzen et al. 2004).
I have applied this “learning-centered” approach to develop a dynamic and adaptable model of
contaminant accumulation in aquatic organisms. The model integrates food web structure,
chemical partitioning and species life history characteristics to forecast how chemical signatures
may respond to ongoing perturbations of the environment, including changes in species diversity,
species composition and global climate.

I-3: Methodology – Stages of Model Development
The contaminant accumulation model is developed in three stages. In the first stage
(Chapter 3), a combination of data analysis and steady-state modeling is used to develop a model
describing the current state of Calumet Harbor, a highly altered ecosystem in southern Lake
Michigan. The focus of this initial stage is to develop an understanding of how food web
structure (predator-prey links) influences the route and magnitude of contaminant transfer, with
special emphasis on determining the effect of invasive species. In the second stage (Chapter 4),
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we use the Calumet Harbor results to develop a dynamic model with the ability to track the
evolution of contaminant burden in a species over its entire life cycle. The emphasis of the
dynamic model is to determine the impacts of life history characteristics on contaminant
accumulation as species physiology and behavior changes with time. The effects of spawning
and species introductions are used to compare both intra-specific (within-species) and interspecific (between-species) life history differences. Finally, in the third stage (Chapter 5), the
dynamic model is used to test a number of scenarios related to species’ responses to climate
change. This final stage brings together the findings of the first two model implementations to
determine how species, chemicals and environmental pressures interact to form the landscape of
risk associated with contaminants in aquatic food webs.
The first two stages are centered on Great Lakes ecosystems and species (both native and
non-native). The setting is appropriate for development of a model to treat multiple, interacting
pressures, as the Laurentian Great Lakes have a long history of anthropogenic disturbance, with
ecological responses that have often been acute, large-scale, and unexpected. These responses
serve as regional models for the global changes that continue to impact marine and freshwater
ecosystems. The final stage expands its scope to consider how widely distributed species
respond and adapt to changes in climate in order to predict how species may react to changes in
global climate and the geographical shifts in species distributions that these changes may induce.
We then extrapolate how such adaptation to shifts in climate and geography might affect Great
Lakes species, bringing the analysis back to the system initially studied in the first two models.
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II. BACKGROUND: GLOBAL CHANGE AND AQUATIC
ECOSYSTEM HEALTH
II-2: The Great Lakes as Indicators of Ecological Integrity
The Laurentian Great Lakes (Fig. 1) comprise the largest continuous mass of fresh water
in the world, and 20% of the global fresh water supply. Since the 17th century their shores have
supported centers of agriculture, industry and trade. This rapid development exerted substantial
anthropogenic pressure on the lakes’ ecosystems. Due to the contained nature of the Great Lakes
Basin, ecological responses to these pressures have been rapid and acute. Thus, the Great Lakes
have served as early indicators of the impacts of multiple, interacting stresses on ecosystem
integrity.

Figure II-1: The Laurentian Great Lakes
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Anthropogenic pressures that typically affect aquatic ecosystem health can be divided into
four broad categories:
1. Overfishing
2. Habitat degradation
3. Invasive species
4. Climate change
Considered separately, the response of ecosystems to these pressures ranges from direct
(reduction in biomass of species being over fished) to complex (changes in population dynamics
and geographic distribution of all species as a response to climate warming). When considered
together, however, increased feedbacks and interdependencies among co-occurring pressures
lead to responses that are highly non-linear and often unexpected.
Throughout the duration of human settlement in the Great Lakes Region, each of these
interacting pressures has acted to shape the current status of the lakes. In the following sections,
some of the major pathways and impacts of these anthropogenic pressures are discussed. Their
description is ordered from the most direct impact (overfishing) to the most complex (climate
change). This order also coincides with the chronological dominance of each pressure, from the
exploitation of species by intensive subsistence fisheries prior even to the arrival of Western
settlers in the 17th and 18th centuries (Lawrie and Fahrer 1973) to the current threat of global
climate change, particularly for cold-water species such as those found in northern Lake Superior
(Sharma, Jackson et al. 2007).
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II-2.1 Overfishing: An Early History of Exploitation
The Great Lakes have supported extensive commercial, sport and sustenance fisheries
since the turn of the 18th century (Botts and Krushelnicki 1987). The decline of many valuable,
large species occurred earlier and at a faster rate in the Great Lakes than in the oceans, where
extensive ranges have allowed the persistence of geographically separate populations (Pauly,
Christensen et al. 2002).
The Great Lakes commercial fishery, once one of the largest freshwater fisheries in the
world, had already begun its decline at the beginning of the 1900s. Peak fishery yields occurred
between 1885 and 1900, followed by a steady decline in stocks of the Lakes’ most valuable fish
species (Holeck and Mills 2004). Though these declines directly followed the intensification of
fishing effort, it was often difficult to perceive their onset, as increases in gear efficiency and
progressive exploitation of spatially distinct stocks served to maintain catch volumes. From
1820 through the 1880s, fishing volume increased by approximately 20% per year (USEPA
1995). By the end of this 60-year period, a number of species were already in noted decline.
Lake sturgeon (Acipenser fulvescens) was threatened throughout the Great Lakes and Atlantic
salmon (Salmo salar) had been extirpated from Lake Ontario by the turn of the 20th century.
In spite of the early loss of valuable species, commercial catches in the Great Lakes have
remained substantial—current annual catches average 110 million pounds, compared to a peak of
150 millions pounds in the late 19th century. This has been accomplished only through the
continuous restructuring of the fishery. A dramatic change in species composition, rather than an
absolute reduction in numbers, has most affected the commercial and sport fisheries—a
transition from larger, more valuable top predator fish to smaller, less valuable and often
invasive forage fish (Kelso, Steedman et al. 1996; Ng 2008). Throughout the 20th century both
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fishery yield and the profile of species caught have undergone large fluctuations, particularly
between 1930 and1970, when the commercial fishery began to incorporate a number of fish once
considered of “low value” (Baldwin, Saalfeld et al. 2002), including non-native species (Fig. II2).

Figure II-2: Species composition of commercial catches from US and Canadian waters of the Great
Lakes, 1867-2000 (Baldwin, Saalfeld et al. 2002). Non-native species denoted by asterisk (*).
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Concerted efforts to manage Great Lakes fisheries and restore important fish habitat from
the 1970s through the present have resulted in the increased abundance of some native species
important to the commercial fishery. However, the species composition of the Great Lakes
remains irrevocably altered (Kitchell, Cox et al. 2000). Where once large individuals of big
species such as lake sturgeon and lake trout (Salvelinus namaycush) dominated fish biomass,
many of the top predators today are non-native species, such as Chinook salmon (Oncorhynchus
tshawytscha) or coho salmon (O. kisutch), introduced and sustained by stocking programs that
support a lucrative sport fishing industry (Eby, Roach et al. 2006). Commercial fisheries now
rely on a larger number of smaller-bodied fish from lower trophic levels. Attempts to restore
stocks of previously dominant predators have met with only limited success. For example,
restrictions on commercial and sport fisheries, large-scale stocking programs and protection of
fish spawning grounds have proven insufficient to restore the native lake trout outside of Lake
Superior (Bronte, Krueger et al. 2005). Restoration efforts are hampered by our failure to fully
understand the mechanisms by which combined environmental pressures affect aquatic species,
and their synergistic action may have unexpected and irreversible consequences (OcchipintiAmbrogi 2007).

II-2.2 Habitat Loss and Chemical Contamination
Many of the most densely populated and highly industrialized areas of North America are
located in the Great Lakes region, increasing its vulnerability to pollution. The ecological
degradation that followed rapid settlement and development was manifested in three ways: loss

1

20

of key fish habitat, eutrophication and chemical contamination. Loss of spawning and
migration grounds further stressed fish populations already under heavy fishing pressure.
Spawning areas were lost due to siltation, caused by the buildup of sawmill wastes and by
erosion from deforestation and logging. Deforestation, drainage and damming caused stream
warming and blocked migration routes. Agricultural pollution and wastewater from urban
settlement caused eutrophication and the spread of pathogens. Paper, steel and chemical
industries released toxic pollutants and clogged tributary rivers with sawdust. As sediment
quality declined, anoxic (low-oxygen) regions began to appear, with dramatic impacts on benthic
(sediment-dwelling) populations (Wells and McClain 1973).
Lake Erie presents one of the best examples of the direct ecological consequences of
habitat loss and eutrophication. During the middle of the 20th century, siltation and pollution
stopped fish from spawning in what had been key tributaries already affected by mill dams and
irregularities in stream flow (Hartman 1973). Progressive eutrophication within the main basins
drove fish stocks west-to-east, away from a growing summer anoxic zone in the central basin.
Sediment conditions eliminated a number of macroinvertebrate communities that had been
important prey for Lake Erie fish. During the 1960s, the lake was declared the “dead sea of
North America” (Ludsin, Kershner et al. 2001).
Such highly visible consequences of habitat degradation led to the establishment of the
Great Lakes Water Quality Agreement between the U.S. and Canada in 1972. One of the major
initiatives of the Agreement was the implementation of nutrient abatement programs, which
served to reverse many of the declining trends in Great Lakes water quality (Koonce, Busch et al.
1

Eutrophication is an increase in nutrients—typically nitrogen- or phosphorous-containing compounds—in a water
body that results in elevated primary productivity (such as excessive phytoplankton growth). The growth and
subsequent decay of primary producers consumes oxygen, leading to localized reduction or elimination of oxygen
(hypoxia or anoxia), and driving out or killing aquatic organisms.
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1996). Total phosphorous, responsible for eutrophication in Lake Erie, was quickly reduced,
as was the biomass of phytoplankton it had supported. The extent and occurrence of anoxic
zones in bottom sediments of the western and central basins decreased, and in the shallow
western basin water clarity increased considerably (Ludsin, Kershner et al. 2001).
Other contaminants have proved more recalcitrant and their effects on the Great Lakes
persist despite remediation efforts put into place since the signing of the Water Quality
Agreement. Persistent chemicals widely used during the first half of the 20th century have left a
legacy of sediment contamination—polychlorinated biphenyls (PCBs) from industrial uses,
pesticides such as DDT and chlordane from agricultural application and chlorinated byproducts
such as dioxins and furans formed from the combustion of municipal and hazardous wastes.
These chemicals came into use beginning in the 1920s, and their effect on the Lakes were
recognized as systemic in the 1960s (Botts and Krushelnicki 1987). In 1978, an Addendum to
the Great Lakes Water Quality Agreement established 43 Areas of Concern (AOCs) considered
to have the highest beneficial use impairment due to environmental degradation (Fig. II-2).
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Figure II-3: Great Lakes Areas of Concern (AOCs).

By 1979, PCBs had been banned from all applications in the United States. Remedial
Action Plans (RAPs) were put into place for the listed Great Lakes sites to provide a road map
towards restoration. In spite of this, only two of the original 43 AOCs have been delisted in the
30 years since their designation (two additional sites have been left to “natural recovery”).
Between 1997 and 2005 alone over four million cubic yards of contaminated sediments were
remediated in the U.S. portion of the Great Lakes, yet no additional AOCs were delisted.
Millions of cubic yards remain and the cost and disposal/destruction issues associated with their
removal are problematic. Full restoration of AOCs is very difficult; the primary means of
sediment remediation is via dredging and disposal. Dredging remobilizes contaminants into the
water column and the removed sediment must be placed in confined disposal facilities and
capped or otherwise destroyed to prevent re-emission of contaminants into the environment
(Palermo 2001).
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The response of organisms to partial remediation of contaminated sites in the Great
Lakes has been mixed. From 1970 until the early 1980s reductions in contaminants like PCBs
and DDT in fish were dramatic (DeVault, Hesselberg et al. 1996), but leveled off during the mid
1980s and by 1994 were largely negligible (Scheider, Cox et al. 1998; Stow, Lamon et al. 2004).
Although considerably reduced, current levels continue to trigger fish consumption advisories
(Hickey, Batterman et al. 2006). Moreover, the distribution of contaminant levels in aquatic
organisms shows considerable year-to-year variation (Hickey, Batterman et al. 2006). This is
largely due to changes in food web dynamics that result from species invasions, but can also be
driven by environmental conditions, including temperature and storm events, which change the
rates of emissions of contaminants from sediment stores.
Contaminant accumulation therefore remains an important concern for both aquatic
ecosystem and human health. Concentrations measured in human tissue never showed the same
dramatic decrease initially observed in fish (Vallack, Bakker et al. 1998), indicating that multiple
routes of exposure persist. Predicting the trajectory of risk in the future is problematic; responses
to remediation actions have not been linear and are confounded with responses to other
environmental changes such as species invasions and increasing temperature. In addition, new
pollutants from more diffuse sources (e.g. air deposition of mercury from coal combustion and
pharmaceutical residues from wastewater treatment plants) are of growing concern, as are the
endocrine-disrupting1 effects of chronic exposure to low levels of organochlorines on aquatic and
human communities.

1

Endocrine-disrupting chemicals bind to protein receptors for hormones in the body, thereby disrupting the
endocrine system and affecting reproduction and development. Some PCB congeners, for example, attach to
estrogen protein receptors, triggering abnormal responses even at very low concentrations.
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II-2.3 Exotic Species: Top-Down and Bottom-Up Effects of Biological Pollution
The proliferation of non-indigenous species in aquatic ecosystems is sometimes referred
to as “biological pollution” (Elliott 2003). When introduced species successfully colonize new
environments and reach high densities (become “invasive” or “nuisance exotic” species), they
can pose costs to environmental, economic and human health that are as high as any toxic
chemical (Occhipinti-Ambrogi 2007).
While the majority of species introduced into a new environment have little observable
effect, the few that do become invasive can have dramatic impacts. One of the most visible and
serious impacts of species invasions is the extirpation of native species. It is currently estimated
that over 40% of the species listed on the threatened and endangered animals list have been listed
due to interactions with non-native species (Stohlgren and Schnase 2006). Even in cases where
invasions increase local species richness, regional or global diversity usually declines (for
example, two broadly distributed species become established in a new water body and cause the
extinction of one rare native species found only in this environment)—leading to “biotic
homogenization” (Rahel 2002). An important outcome of this homogenization is that systems
lose the buffering capacity provided by diversity; they are less able to recover from perturbation
when only a single species is left to fulfill important niche roles in the food web.
In addition to direct competition with or predation on native communities, invasive
species can also act as “ecosystem engineers.” Their interaction with the environment alters
habitat quality, nutrient cycling, primary productivity, or the extent of benthic-pelagic coupling
(Stohlgren and Schnase 2006; Occhipinti-Ambrogi 2007). Invasive species are able to exert such
pressures because they often overwhelm a system by rapidly reproducing and gaining dominance
in their niche. Many successful invaders are “r-strategists”: they reach maturity early and
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expend the majority of their energy for reproduction (McMahon 2002). In many cases they
lack natural competitors or predators. Thus, their population growth rate is often substantially
higher than that of native species. Along with r-selectivity, wide tolerance of environmental
conditions (such as temperature, pH or salinity), and flexibility in feeding, spawning or substrate
preference are all common life history characteristics of successful invasive species
(Vanderploeg, Nalepa et al. 2002; Stohlgren and Schnase 2006). However, possession of all of
these characteristics is not sufficient to make an introduced species successful, and some species
with few or none of these characteristics can also become nuisance exotics. Invasion success
relies not only on the characteristics of the invader, but also on the vulnerability of the
environment into which it is introduced.
A number of studies have implied that aquatic habitats are particularly susceptible to
species invasions (Puth and Post 2005; Rabitsch and Essl 2006). Rather than an intrinsic feature
of aquatic ecosystems, this vulnerability is probably related to the high level of anthropogenic
disturbance often associated with them (Dudgeon, Arthington et al. 2006). It is little wonder,
then, that the Great Lakes are among the most invaded ecosystems in the world, harboring more
than 180 non-indigenous species at last count (Rahel 2002; Ricciardi 2006). In agreement with
this disturbance hypothesis, the introduction of non-indigenous species in the Great Lakes began
with the first intensive settlement of the region.
The most significant species invasions in the Great Lakes have been associated with the
opening of waterways. The Erie and Welland Canals, opened in 1825 and 1829, respectively,
ushered in the first wave of notable Great Lakes invaders (Mills, Strayer et al. 1996). Most of
these species were native to the Atlantic Ocean, and some had already been present in Lake
Ontario but gained access through these canals to the other Great Lakes. The opening of the St.
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Lawrence Seaway in 1959 brought with it much increased traffic of ocean-going ships and the
second wave of invasions, dominated by species introduced through ballast water transfer
(Ricciardi 2006). More than the mode of introduction, the impact of these two invasion waves
has differed substantially. Prior to 1960, invasive species exerted primarily top-down effects on
Great Lakes food webs, through predation and competition. By contrast, the most important
invasive species in recent decades have acted as bottom-up ecosystem engineers, fundamentally
altering trophic dynamics from the base of the food web.
The best-known and arguably most important invasive species that arrived in the Great
Lakes prior to the1960s include:
1. Sea lamprey (Petromyzon marinus): this Atlantic species, present in Lake
Ontario since the 19th century, first expanded to Lake Erie in 1921 and
subsequently spread to all lakes except Lake Superior (Downs, Wiland et al.
2002).
2. Rainbow smelt (Osmerus mordax): another Atlantic species present in Lake
Ontario during the19th century (Lake Ontario), the rainbow smelt spread to the
other Great Lakes through a deliberate planting in the Lake Michigan drainage
in 1912.
3. Alewife, (Alosa pseudoharengus): like the sea lamprey and rainbow smelt, the
alewife is an Atlantic species that had been present in Lake Ontario at least
since the 19th century (Lake Ontario); by 1931 it had expanded to all other
Great Lakes.
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4. Coho salmon (Oncorhynchus kisutch) and Chinook salmon (O.
tshawytscha): these Pacific top predators, introduced as early as he 19th
century, have been deliberately stocked in the Great Lakes since the mid1960s.
These marine species had substantial impacts on native Great Lakes communities, particularly to
top predator fish and mid-trophic level prey fish species. The sea lamprey, a parasitic, eel-like
fish that feeds on the body fluids of fish, was implicated in the decline of a number of native
Great Lakes predator fish, and in particular lake trout (Emery 1985). Lampreys favor largerbodied prey, and so selectively kill the largest, oldest fish with the greatest reproductive
potential. Rainbow smelt and alewives are both forage fish with negative impacts on native
communities of both predator and prey fish. Juvenile smelt and alewives both compete with
native juvenile fish for forage, while adult smelt and alewives prey on juvenile forage fish. The
reduced biomass of predators in the Great Lakes, a product of overfishing and sea lamprey
predation, and the loss of native forage species like the lake herring (Coregonus artedii) to
overfishing (Cornelius 2000) allowed the populations of these non-native marine fish to explode.
As a result, the remaining native forage base could not withstand predatory and competitive
pressures, and underwent further substantial declines.
The fishing industry moved to exploit non-native forage biomass by instituting large
commercial trawl fisheries for rainbow smelt in Lake Erie and Lake Michigan, as well as a
substantial recreational fishery in Lake Superior. In a further attempt to reduce their
proliferation, an intensive predator stocking program began, introducing large numbers of Pacific
salmon to the Great Lakes. The salmon were intended to reduce smelt and alewife abundance
through predation and at the same time support lucrative sport fishing industries. This initiative
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was in the end too successful; the increasing popularity of the sport fishery led to intensified
stocking, and some salmon populations began to reproduce naturally in the lakes. This led to a
destabilization of rainbow smelt stocks under excessive predation and fishing pressure. In 1985,
the peak smelt catch in Wisconsin water of Lake Michigan was over 5 million pounds. By 2005,
the catch had dropped to under half a million (Fleischer, Madenjian et al. 2005).
Recovering native predator populations were also incorporating rainbow smelt and
alewives as primary components of their diet, with negative effects on recruitment success.
Alewives, and to a lesser extent smelt, contain high concentrations of thiaminase, an enzyme that
breaks down thiamine. Adult fish that consume large amounts of these marine fish produce
young that exhibit Early Mortality Syndrome (EMS). Their eggs are deficient in thiamine, and
fry (juvenile fish) often die post-hatch, soon after yolk sac reserves have been depleted (Brown
and Honeyfield 2006). As long as alewives remain a major prey item of lake trout, recovery of
this native predator in the Great Lakes will be difficult (Tillitt, Zajicek et al. 2005; Brown and
Honeyfield 2006). It is likely that non-native forage species will have to further decline, and
predator stocking will have to be substantially reduced, if not eliminated, in order to bring back a
self-sustaining and native Great Lakes fish community (Kitchell, Cox et al. 2000).
The combined impacts of sea lamprey, rainbow smelt, alewives and introduced predators
have served to destabilize the natural predator-prey dynamics of the Great Lakes from the top
down. First, top predator species were removed by sea lamprey predation. Then, forage species
were introduced that expanded quickly due to reduced predation pressure and open forage niche
space. This allowed their biomass to grow out of balance with what a natural, healthy
community could support. Finally, new predators were added onto this imbalanced forage base.
The unstable, altered food web structure that resulted led to dramatic “boom and bust” cycles of
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high and low relative abundance, and the system has yet to find its new equilibrium state
(O'Gorman and Stewart 1999; Gorman 2007).
By contrast the impact of the new class of invaders, ballast water introductions largely
from the Ponto-Caspian region, has been to undermine Great Lakes trophic dynamics from the
bottom up. In the past two decades, more than 70% of species invasions into the Great Lakes
have originated in the fresh and brackish waters of the Black, Caspian and Azov Seas (Rahel
2002). In terms of impact, the most important of these include:
1.

Zebra and quagga mussels (Dreissena polymorpha and D. rostriformis
bugensis): first documented in 1988 (Lake St. Clair), distributed throughout the
region by 1998 (USGS 2007).

2.

Echinogammarus ischnus: first reported in 1995 (Detroit River), widespread by
1996.

3.

Round goby (Apollonia melanostoma, formerly Neogobius melanostomus):
discovered in the St. Clair river in 1990, present in all five Great Lakes within a
decade.

Dreissenid mussels were the first of this suite of species to arrive, and their profound effects on
the structure of aquatic communities in the Great Lakes paved the way for the colonization of
Echinogammarus and round gobies, among others. Although their most visible initial impacts
were economic (rapid colonization of any available hard substrate led to clogging of industrial
and municipal intake pipes, causing millions of dollars of maintenance damage), their ecological
impacts have emerged as even more extensive.
The spread of zebra mussels on hard, shallow substrates proceeded at a rapid pace in all
Great Lakes except Lake Superior, where both cold temperatures and low calcium concentrations
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were limiting. The quagga mussel followed soon after zebra mussel establishment, with more
widespread impacts. Whereas zebra mussels are generally limited to hard substrates or
macrophytes in shallow (<30m) waters, quagga mussels have two types: the shallow water strain
that colonizes the same habitats as zebra mussels have largely replaced this earlier invader, and
the deep-water type that can colonize soft sediments have spread the impacts of dreissenid
invasion into much deeper regions of the Great Lakes.
Where they have proliferated, these mussels have restructured the environment,
engineering habitats to favor some species and impede others. Very high intrinsic filtration rates
combined with high population densities have served to clear the water column of a large
fraction of phytoplankton production. Some lakes have shifted from highly eutrophic
environments dominated by pelagic species to oligotrophic environments with clear waters
dominated by benthic species and macrophytes. As a result, invaded regions have increased
habitat for some clear-water fish species such as smallmouth bass (Micropterus dolomieu) but
reduced habitat for mesotrophic species such as walleye (Sander vitreus).
Given that these mussels were introduced into the Great Lakes at a time when they were
still in recovery from a period of excessive eutrophication, some of their initial effects were seen
as very positive. Zebra mussels helped “clean up” Lake Erie by increasing water clarity.
However, as their high filtering capacity pushed the lake beyond its natural mesotrophic state
towards oligotrophy (low nutrient conditions), zebra mussels became linked to outbreaks of toxic
algal blooms and Type E botulism (Yule, Barker et al. 2006). For example, mussels selectively
feed on some plankton but reject other species like Microcystis algae, thus promoting
proliferation of this nuisance species. In the case of botulism, dreissenid mussels are not affected
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but can transfer infection to their predators, causing outbreaks and large-scale kills in fish and
birds that prey on mussels and fish (Barbiero and Tuchman 2004; Bykova, Laursen et al. 2006).
Although productivity has largely been shunted from the pelagic zone to the benthos, not
all native benthic species have benefited. Some benthic invertebrate species, like the native
amphipod Gammarus fasciatus and the invasive amphipod Echinogammarus ischnus, have been
successful in utilizing mussel wastes as food and benefit from the habitat their shells provide;
they have thus flourished since the dreissenid invasion. Other native benthic species have
undergone dramatic declines. Some of the first were native unionid mussels. Zebra mussels
colonized native unionid shells during the initial stages of invasion, preventing normal growth
and development and native bivalves are now largely extirpated in shallow waters of the Great
Lakes. Other native benthic species have been affected by food limitation. Dreissenid mussels
capture a large fraction of organic matter settling from the water column that would otherwise be
consumed by native residents of the deep benthos, including oligochaete worms, sphaeriid clams
and the benthic amphipod, Diporeia spp. The decline of Diporeia has been linked to the decline
in condition and recruitment failure of a number of important commercial fish species, and of
forage species that are not directly utilized by the fishery but that support target species for both
commercial and recreational fisheries (Vanderploeg, Nalepa et al. 2002). Diporeia was a very
high-energy food source for native fish, whereas few could utilize the mussels that replaced
them. This further exacerbated the effect of the round goby invasion that accompanied the
proliferation of dreissenid mussels and both native and invasive amphipods. Round gobies are
the native predator of zebra and quagga mussels in the Ponto-Caspian region. Therefore, the
rapid spread of Dreissena in the Great Lakes region provided a virtually unlimited food source
for adult round gobies, while juvenile gobies exploited abundant amphipod prey. The inability
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of native fish to exploit mussels as food sources prevented them from successfully competing
with the round goby, and this non-native forage fish quickly grew to dominate shallow nearshore
systems. In less than 20 years, a complex of largely Ponto-Caspian, benthic species have
replaced previous benthic and pelagic native communities in many nearshore areas of the Great
Lakes.
Thus, the zebra mussel has been a catalyst for major environmental change in the Great
Lakes, restructuring Great Lakes food webs from the bottom up—from the primary productivity
of the pelagic zone, including the composition of algal species, through benthic invertebrate
community dynamics and up to the top predator fish. Their presence has apparently increased
the vulnerability of the Great Lakes to other Ponto-Caspian invasions, aiding the proliferation of
species with which it forms natural predator-prey complexes, including the amphipod
Echinogammarus ischnus, which can feed on mussel wastes and benefit from shell habitat, and
the round goby, a forage fish that can consume zebra mussels, unlike most of the native fish in
the Great Lakes. The translocation of this portion of the Ponto-Caspian food web into the Great
Lakes has important implications for the way this altered community will respond to other
perturbations; it has changed the pathway for contaminant transfer, and the change in species
profile implies changes in the tolerance of current Great Lakes communities to environmental
conditions in ways that may become more evident with the ongoing progression of global
climate change.

II-2.4. Climate Change Impacts on Stressed Communities
Although the impacts that climate change will have on aquatic communities are not yet
fully understood, a number of general predictions have been made. The most generally accepted

33
of these is that species ranges will shift poleward with increasing global temperature. Because
of differing thermal tolerances among species, it is expected that these shifts will be
asymmetrical (Williams, Jackson et al. 2007). The ranges of some warm-water species are likely
to expand while the ranges of species already living near their thermal maxima will contract
(Sharma, Jackson et al. 2007). In addition, climate change is expected to have indirect effects
through interaction with other ecosystem stressors, such as contaminant accumulation (Schiedek,
Sundelin et al. 2007) and non-indigenous species invasions (Occhipinti-Ambrogi 2007). As
aquatic environments warm, chemicals stored in sediments may revolatilize, degassing into the
atmosphere to be transported to new environments. At the same time, the physiological
responses of individual species to elevated temperatures and changes in seasonal patterns will
affect chemical uptake, processing and loss rates. Finally, restructured aquatic communities
resulting from changes in the geographic ranges of species, new invasions, and the loss of
temperature-sensitive organisms, will change the pathways through which contaminants
accumulate. Forecasting the impacts of climate change on patterns of risk in aquatic
communities and subsequent risks to human health will thus require an understanding of the
interactions among all of these important ecosystems stressors.

II-3: An Integrative Approach to Contaminant Accumulation Modeling
Current efforts to maximize the value of the Great Lakes are hindered by elevated
contaminant concentrations in fish and unstable populations, which have resulted from the
combined pressures of environmental degradation, overexploitation, and species invasions. The
challenge in preserving the ecological integrity of the Great Lakes is to understand the cascading
effects of such multiple, cumulative stressors. An effective means of investigating these effects
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is through the lens of contaminant accumulation, because the amount of contaminant present
in a top predator species relative to background concentrations in the environment represents
integration of accumulation processes over food web structure, chemical transport and kinetics,
and physiological rates in aquatic organisms.
Aquatic food webs typically comprise four trophic levels. Primary producers such as
phytoplankton form the base of the food web, and together with abiotic environmental variables
such as light intensity and nutrient concentrations determine the carrying capacity1 of the system.
Primary consumers, such as herbivorous macroinvertebrates, filter-feeding mollusks, and
zooplankton populate the second trophic level. Intermediate consumers, such as forage fish, are
third trophic level species. Finally, piscivorous fish and other top predators with links outside
the aquatic system, such as humans and birds, occupy the top level.
At each trophic level, organisms are subject to multiple sources of contaminant exposure.
Chemical contaminants enter the aquatic food web via contact with environmental media (water,
sediment) through respiration or dermal diffusion, or via ingestion of contaminated food (Fig. IIIV).

Figure II-4: Contaminant uptake and loss routes in aquatic food webs.

1

The carrying capacity is the total biomass of organisms that an ecosystem can support.

35
Chemicals that accumulate primarily via the respiration route or via dermal diffusion
bioconcentrate, while those that are transferred primarily through consumption of contaminated
food biomagnify. The sum of these two processes, which describes the total uptake of chemicals
from the environment and from food, is bioaccumulation.
Thus, bioaccumulation in general and biomagnification in particular integrate food web
structure and organism-specific uptake and clearance rates to describe contaminant
accumulation. In addition, chemical-specific properties that determine its distribution in the
environment (for example, its propensity to accumulate in sediment versus water) and physicochemical processes that determine its availability to organisms (its bioavailability) play a part.
Traditional bioaccumulation models concentrate on the effects of a single stressor or class
of stressors (either contaminants or invasive species) and often neglect various components of
the food web, thereby missing important interactions and ecosystem-wide effects. Models
typically evaluate either pelagic or benthic food webs, but significant, and unexpected, benthicpelagic coupling is observed in the Great Lakes (Vander Zanden, Casselman et al. 1999;
Vadeboncoeur, Zanden et al. 2002). Both invasive species and heavy metals have been shown to
substantially reduce biodiversity (Vander Zanden, Casselman et al. 1999; Leung 2002;
Sherwood, Kovecses et al. 2002). This has important implications for the bioaccumulation of
organic contaminants such as PCBs, because biomagnification is heavily dependent on food web
structure. It has been hypothesized that simplified food webs can result in energy “bottlenecks”,
and that reduced biodiversity may increase average food chain length, thereby amplifying the
extent of biomagnification (Sherwood, Kovecses et al. 2002). In addition, invasive species can
add new trophic levels to an existing food web, also increasing food chain length and
biomagnification. These interactions have significant impact on human risk. In order to produce
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reliable predictions of bioaccumulation risk it is essential to integrate the effects of these
stressors.
However, the importance of food web structure in controlling contaminant transfer provides an
opportunity to better understand synergistic stressor effects. Food web structure mediates all
species interactions (native and non-indigenous), determines the pathway for contaminant
transfer, influences the response of populations to human predation via fishing, and reflects the
tolerance of species to environmental conditions through the presence and strength of predatorprey links through time (e.g., through seasonal temperature changes). An ecosystem model with
a well-described and temporally resolved food web thus provides the key link among multiple,
interacting stressors and allows us to predict their cumulative effects.
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III. CHARACTERIZING CONTAMINANT TRANSFER IN A HIGHLY
ALTERED GREAT LAKES FOOD WEB: POLYCHLORINATED
BIPHENYLS IN CALUMET HARBOR

III-1: Introduction
The Great Lakes have been subject to a long history of anthropogenic disturbance including
chemical contamination, habitat disruption and the proliferation of non-indigenous species
(Shear 2006). The cumulative effect of these multiple, interacting pressures has been to reduce
native biodiversity, resulting in food webs with trophic levels that are in many instances
populated by fewer, often non-native, species. In near-shore areas of the Great Lakes, the
proliferation of invasive zebra and quagga mussels (Dreissena polymorpha and D. rostriformis
bugensis) has led to ecosystem benthification—a shift of nutrients and energy from the water
column to the sediment-water interface (Hecky, Smith et al. 2004). The resulting food webs are
fundamentally different from the systems they have replaced, particularly in that pelagic
diversity is often substantially reduced. Though benthic diversity (both native and non-native)
can also increase in association with the habitat complexity mussel shells impart to nearshore
systems (Stewart, Miner et al. 1998), the balance of species abundance is typically lost. In newly
invaded territories the population growth and resulting biomass of the most successful invaders
are often overwhelmingly greater than that of established species, particularly during the initial
proliferation stage (McMahon 2002). This is of particular concern as species invasions are
ongoing and, some have argued, accelerating (Ricciardi 2001), such that predator-prey and
energy dynamics are in constant flux.
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In order to probe the structure and function of such highly altered food webs we
undertake a study of Calumet Harbor, a near-shore system in southern Lake Michigan dominated
by non-native species. Calumet Harbor straddles the border between Illinois and Indiana on the
southern shore of Lake Michigan. It is not an embayment, but rather is partitioned from the lake
by sea walls. Though no commercial fishery exists in this harbor, it remains a popular spot for
sport fishermen in search of smallmouth bass, the harbor’s top predator fish, in spite of its
proximity to the Grand Calumet Area of Concern (AOC) and ongoing fish consumption
advisories (FCAs) in effect throughout Lake Michigan.
The harbor is part of the Port of Chicago, the second largest port in the Great Lakes, and
has a heavy industrial history (Brammeier 2001). It is located at the mouth of the Calumet River,
which is part of the Grand Calumet Area AOC, and is heavily contaminated with polyaromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs) and heavy metals (Great Lakes Areas
of Concern (AoCs): Grand Calumet River, U.S. Environmental Protection Agency Great Lakes
National Program Office, http://www.epa.gov/glnpo/aoc/grandcal.html).
Like much of near-shore southern Lake Michigan, Calumet Harbor’s food web is
categorized by relatively low species diversity (Simon and Stewart 1999). Non-native zebra
mussels, quagga mussels, and round gobies constitute the majority of the harbor biomass.
Although causative links remain unclear, the proliferation of these invasive species have
coincided with dramatic changes in the species composition of near-shore southern Lake
Michigan in the latter part of the 20th century, including substantial decreases in inshore fish
populations and the disappearance of a major prey species, the native amphipod Diporeia spp.
(Simon and Stewart 1999; Nalepa, Fanslow et al. 2006). At the time the original data set used in
the present work was collected (Berg, Jude et al. 2002), the harbor’s food web contained, in
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addition to dreissenid mussels and round gobies, only smallmouth bass, the sole top predator
fish, and a small number of benthic invertebrates (primarily crayfish and amphipods).
We develop a model of the Calumet Harbor food web by integrating nitrogen stable
isotope measurements with round goby stomach contents data and literature studies of
smallmouth bass and invertebrate diets (Morrison 1997; Berg, Jude et al. 2002; Whitledge,
Hayward et al. 2003; Steinhart, Stein et al. 2004). The model has both seasonal and ontogenetic
resolution, and focuses the greatest ecological detail on the round goby. This invasive forage
fish links the previously existing Calumet Harbor food web (represented by the native
smallmouth bass, which consumes round gobies) to the new and still evolving invaded food web
(dominated by gobies and by dreissenid mussels, which gobies consume).
We hypothesize that the changes that have occurred in near-shore systems like Calumet
Harbor have significant impacts on material transfer within food webs due to new or enhanced
links to the sediment-water interface. Though intimately linked to pelagic organisms and
processes (Vadeboncoeur, Zanden et al. 2002), benthic systems differ substantially in part due to
the contribution of detrital materials to nutrient and energy flow. We explore such material
transfer in the Calumet Harbor food web by using a simple fugacity-based bioaccumulation
model (Sharpe and Mackay 2000) together with previously published bioenergetic parameters
for the harbor’s species (Morrison 1997; Whitledge, Hayward et al. 2003; Lee and Johnson
2005) to track the accumulation of polychlorinated biphenyls (PCBs) in invertebrates, round
gobies and bass.
Polychlorinated biphenyls belong to the class of globally distributed persistent organic
chemicals recognized as being of international concern (Van den Berg, Birnbaum et al. 2006),
and are significant legacy contaminants in Calumet Harbor. Aquatic sediments represent some
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of the world’s largest stores of bioaccumulative chemical contaminants (Jonsson, Gustafsson
et al. 2003), yet the implications of the ongoing benthification of aquatic ecosystems on
contaminant accumulation have not been fully explored. Understanding the behavior of
contaminants in highly stressed ecosystems like Calumet Harbor can help us understand
chemical dynamics and subsequent human and ecological health impacts in today’s invaded
landscape and in those likely to appear in the near future as a result of ongoing global change.

III-2: Data Used in Model Development
Five classes of data were used to develop and calibrate the coupled food webbioaccumulation model: stable isotope data, diet information, bioenergetic rates, chemical
partitioning parameters, and PCB concentrations in Calumet Harbor species. Table III-1 provides
details on the data used, along with their sources. Stable isotope and PCB data for model
development were from a previous study conducted between 1998 and 2000, as were round goby
diet data (Berg, Jude et al. 2002). Diet data for remaining species, bioenergetic rates, and
chemical partitioning parameters were based on literature studies (Morrison 1997; Bamford
2000; Whitledge, Hayward et al. 2003; Steinhart, Stein et al. 2004; Lee and Johnson 2005). For
smallmouth bass, crayfish, dreissenid mussels and amphipods, no diet data were available for
Lake Michigan. Therefore diet studies from other systems were used as a starting point and diets
were calibrated using the Calumet Harbor isotope data.
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Table III-1: Data used in food web and bioaccumulation model development.
Data
Nitrogen stable isotope
ratios (δ15N) in Calumet
Harbor species

Use
Food web model
development and
calibration.

Round goby diet data
(stomach contents).
Diet data for other
Calumet Harbor species.

Food web model
development.
Food web model
development.

Source
1998-1999 data: EPA study GL98598801-0 [10].
2005 data (round gobies only):
Collected for present study.
EPA study GL985988-01-0 [10].
Smallmouth bass: Whitledge et al.
2003 [12], and Steinhart et al. 2004
[13].
Crustaceans: Morrison et al. 1997 [11].

Bioenergetic
parameters.

Chemical uptake and
loss rates for
bioaccumulation.

Round gobies: Lee et al. 2005 [16].
Smallmouth bass: Whitledge et al.
2003 [12].
Crustaceans: Morrison et al. 1997 [11].

Total PCB
concentrations (CPCB) in
Calumet Harbor species

Bioaccumulation model
validation and
invasional succession
scenario testing.

1998-1999 data: EPA study GL98598801-0 [10].
2005 data (round gobies only):
Collected for present study.

Additional round goby PCB concentrations and stable nitrogen isotope ratios were
measured for the present work in 2005, after quagga mussels largely replaced zebra mussels in
the harbor. Round gobies ranging in size from 63 to 150 mm were collected via hook and line
from Calumet Harbor in late August. Eighteen samples were analyzed: nine composited samples
of multiple fish in the medium size group (63 to 85 mm) and nine single-fish samples in the large
size group (115 to 150 mm). Congener-specific PCB concentrations (CPCB) were measured in
homogenized whole fish using soxhlet extraction with 50/50 methylene chloride/hexane (EPA821-R-00-002 dioxin method applied to PCBs). All concentrations were measured in duplicate
and surrogate-adjusted. Lipid content was measured via gravimetric analysis (Herbes and Allen
1983). Nitrogen and carbon stable isotopes (δ15N and δ13C) were measured in round goby
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samples with an isotope ratio mass spectrometer. A total of 18 round goby samples were
analyzed for congener-specific and total PCBs in 2005. They consisted of nine large round goby
samples from individual fish (length ranging from 115 to150 mm) and nine composited samples
of three medium fish each (average size ranging from 63 to 85 mm). Duplicate measurements of
congener-specific PCB concentrations were made for each sample to measure analytical
uncertainty. Figure III-1 shows the match between duplicate samples for each congener. The
small deviations from perfect agreement (y=x line on Fig. III-1) indicate that analytical error is
small. Therefore, the wide range of PCB concentrations in 2005 round gobies is due to true
environmental variability.

Figure III-1: Comparison of congener-specific PCB concentrations between duplicate measurements of
2005 round goby samples. Perfect agreement is shown by solid line, symbols represent individual
samples. Only small deviations from line indicate that analytical uncertainty is low.
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III-3: Development of the Calumet Harbor Food Web Model
III-3.2 Stable Isotope Analysis
In the past 20 years, food web studies using stable isotopes as tracers of trophic pathways
have advanced our understanding of the complex and dynamic nature of freshwater food webs
(Cabana and Rasmussen 1994; Cabana and Rasmussen 1996; Mitchell, Mills et al. 1996; Vander
Zanden and Rasmussen 1996; Vander Zanden 1999; Yoshii, Melnik et al. 1999; Vander Zanden
and Rasmussen 2001; O'Reilly and Hecky 2002; Sherwood, Kovecses et al. 2002;
Vadeboncoeur, Zanden et al. 2002; Vander Zanden and Hulshof 2002; Vander Zanden and
Vadeboncoeur 2002). However, typical approaches to food web construction average each
organism’s diet by integrating knowledge concerning diet preferences over both seasonal
changes and ontogeny to create one representative organism. Often, only the adult diet is
emphasized. Applying such an approach to the organisms in CH’s food web leads to the simple
description shown in Fig. III-2.

Figure III-2: Simple trophic description of Calumet Harbor.
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This baseline structure is based on diet information for each of the harbor’s species as
available in the literature. The food web includes, in order of highest to lowest trophic level:
smallmouth bass consuming crayfish and round gobies; round gobies consuming zebra mussels
and amphipods; crayfish consuming invertebrates and primary producers; amphipods and zebra
mussels consuming primary producers; and primary producers (phytoplankton and periphyton).
Morrison et al. (1997) provides the basis for benthic invertebrate feeding preferences and
bioenergetic rates. Consumption, respiration and egestion rates, as well as assimilation
efficiencies, were updated using additional studies on rusty crayfish, zebra mussels and
amphipods (Hargrave 1971; Morrison 1997; Nilsson and Bronmark 2000; Whitledge, Hayward
et al. 2003; Lee and Johnson 2005; Roth, Hein et al. 2006).
We can use stable nitrogen isotope ratios (δ15N) to gain insight into how this assumed
structure differed from actual predator-prey relationships in Calumet Harbor. Nitrogen isotope
analysis is widely employed in food web studies as a continuous measure of trophic position, as
the δ15N ratio increases by approximately 3.4/mil from prey to predator (Cabana and Rasmussen
1994). To compare our baseline model to the Calumet Harbor food web, we constructed its
isotope profile using a simple mixing modelδ15Ni = ∑wi,j (δ15Nj + 3.4)

(1)

where δ15Ni is the isotopic signature of organism i, wi,j is the proportion of prey j in i's diet, and
δ15Nj is the isotopic signature of organism j. We assumed an elevation of 3.4‰ (per mil) in the
isotope ratio of a predator relative to its prey, and summed these contributions over all n prey
(Vadeboncoeur, Zanden et al. 2002). The effective trophic position, Pi, of each species was then
defined relative to a baseline species as follows:
Pi=(δ15Ni - δ15N0)/3.4 + P0

(2)

*
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where P0 is the trophic position designated to the baseline species, δ Ni is the stable nitrogen
isotope ratio of species i, δ15N0 is the nitrogen isotope ratio of the baseline species, and the preyto-predator fractionation factor is 3.4‰. We designated the zebra mussel as the baseline species
at trophic position 2, because isotope fractionation in primary consumers tends to be less
seasonally variable than in primary producers (Cabana and Rasmussen 1996).
The baseline food web’s isotope profile was then compared to the actual profile as measured
in the 1998/1999 set of δ15N data for the species in Calumet Harbor (Berg, Jude et al. 2002).
III-3.1Calumet Harbor Trophic Position Profile
Despite Calumet Harbor’s apparently “simple” trophic structure (few species), we find it has
a surprisingly variable nitrogen isotope profile, which cannot be explained by analytical error (as
designated by error bars, Fig. III-3). Primary producers are expected to be at trophic position 1,
at the “base” of the food web. Yet in Calumet Harbor, the effective trophic position (P) of
primary producers ranges between 1 and 2.8. As in most aquatic ecosystems, primary producer
trophic position in the harbor is calculated from δ15N ratios measured in filtered algae samples,
which cannot be separated from associated detritus. Variability in primary producer signatures is
often attributed to the presence of such detritus (Moore, Berlow et al. 2004), which plays an
important role in aquatic ecosystems. Round gobies and zebra mussels are expected to
contribute the major proportion of autochthonous detritus, as they are the most abundant species
in the harbor by biomass. Given the sampling dates, which fell during round goby spawning
season (May through August), round goby eggs and the carcasses of post-spawn males would
have been abundant. Since no sampling dates fell within June, the peak spawning season for
*

We use the term “effective trophic position” rather than “trophic level” because we analyze materials such as
detritus which, being neither producers nor consumers, do not belong to a trophic level in the traditional sense.
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smallmouth bass, these higher trophic position eggs were not present. Zebra mussels
contribute year-round to the harbor’s detritus through their feces and pseudofeces. We assume
that fish eggs and carcasses have nitrogen isotope signatures similar to their source species
(forage fish at P≈3). The isotopic signature of zebra mussel wastes will derive from a mixture of
feces and pseudofeces; mussel feces should reflect the isotopic composition of their diet (primary
producers at P=1) while pseudofeces will contain rejected particles (which in Calumet Harbor
presumably include particles found in seston that does not contribute to the mussel diet, which as
shown have trophic positions ranging from P~1 to P~3). This will lead to a trophic position of
mussel detritus of P~2, depending on the relative contributions of feces and pseudofeces. These
values, together with the “true” primary producer signature at P=1, encompass the range in P
observed at the base of Calumet Harbor’s food web.
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Figure III-3: Effective trophic position of Calumet Harbor species. Error bars represent analytical error
(standard deviation of measurement of δ15N, carried through to trophic position). Analytical error for
primary producers is not available, but expected to be consistent with the values for other Calumet Harbor
species.

An elevated isotopic signal likely reflecting consumption of detritus is most evident in
amphipods and round gobies. Crayfish trophic position, though elevated, is not highly variable.
Amphipods, on the other hand, appear to form two distinct groups, one at P=1.5 and the other
with 2 ≤ P ≤ 3. Round goby P ranges from as low as 2.5 to as high as 4. The range in
smallmouth bass P is consistent with consumption of crayfish and round gobies, given the P
value of these prey species.
A number of studies stress the importance of within-species variability in trophic
position, and the need for greater resolution in the lower trophic levels to account for seasonality,
ontogeny, and omnivory (Cabana and Rasmussen 1994; Kidd, Schindler et al. 1995). Round
gobies and amphipods are good candidates for this type of analysis as their diets display all three
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of these features—gobies consume seasonally available smallmouth bass and round goby eggs
and transition from consuming amphipods to zebra mussels as they grow, while amphipods are
opportunistic feeders often occupying a continuum of trophic positions, rather than a single welldefined trophic level (Nyssen, Brey et al. 2002). In Calumet Harbor, the amphipod community
is dominated by Gammarus fasciatus, an invertebrate that is often associated with dreissenid
mussels and is known to consume mussel feces and pseudofeces. The consumption of detritus at
P=2 would elevate amphipods to P≈3. Though elevation of gammarid δ15N can been attributed
to either the consumption of detritus or carnivory (Limen, van Overdijk et al. 2005), the low
diversity of Calumet Harbor’s food web suggests that amphipods would rely on the most
abundant sources of nutrition, zebra mussel detritus at P=2, thus elevating their trophic position
to P=3.
We use two additional food web analyses to complement the δ15N data and quantify the
elevation of species’ effective trophic position due to consumption of detritus: round goby
stomach contents data, used to develop a model for the goby diet as a function of length, and our
isotope turnover model, which estimates tissue turnover following temporary diet changes. In
the latter analysis the distribution of P in round gobies and amphipods, together with sampling
date (season), is used to estimate an annual average consumption rate of fish eggs and zebra
mussel detritus, respectively.

III-3.3 Round Goby Diet Analysis
Like many fish species, round gobies undergo ontogenetic diet changes. Previous studies
of stage-structured populations have focused primarily on piscivorous fish (for example, yellow
perch (Svanback and Eklov 2002)), whose diets may span several trophic levels, transitioning
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from consuming plankton (P=1) to invertebrates (P=2) to fish (P=3). Smallmouth bass,
Calumet Harbor’s top predator, has a stage-structured life history, transitioning from consuming
primarily invertebrate prey to consuming crayfish and fish (Stephenson and Momot 1991).
Round goby stomach contents reveal a much “subtler” ontogeny: small gobies (<70 mm
in length) consume non-mussel invertebrates (primarily amphipods); medium-sized gobies (70 to
100 mm in length) consume a mixed diet of amphipods and zebra mussels; large gobies (>100
mm) consume zebra mussels exclusively (Fig. III-4).

Figure III-4: Round goby stomach contents as a function of size. Small gobies (< 70mm) consume
benthic invertebrates (primarily amphipods), medium gobies (between 70 and 100mm) consume both
amphipods and zebra mussels, large gobies (> 100mm) consume zebra mussels exclusively. These data
are based on a 1998-1999 study of the harbor (Berg, Jude et al. 2002).

Though round gobies remain invertivores throughout their lifespan, their population can
nevertheless be represented by three states. The Calumet Harbor stable isotope data suggest that
each round goby stage has a distinct trophic position resulting from a size-dependent diet.
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III-3.4 Isotope Turnover Model
We expected that both seasonal changes in diet and consumption of detritus were
important to material cycling in the Calumet Harbor food web, but both are highly variable or
occur at short time scales not reflected in steady-state isotope mixing or bioaccumulation models.
We therefore constructed a tissue turnover model to probe the consequences of temporary diet
changes on species’ effective trophic positions. This model allowed us to estimate the
consumption rate of a seasonally available diet item for use in the bioaccumulation model, which
is based on a steady-state “snapshot” picture of food web structure.
Our model assumed that each uptake of a diet item resulted in a step increase in δ15N,
followed by exponential decay in the δ15N signal until the next instance of consumption:
uptake : " 15 N (t i ) = " 15 N (t i #1 ) + s
15

15

turnover : " N (t ) = " N (t o )e

# ( t #to )
!

(3)

The model is controlled by three parameters: uptake is characterized by a Poisson process with
average rate r, which captures both the frequency of consumption and the stochastic nature of
prey choice in varied diets; the step size, s, which determines the increase in isotope signature
resulting from one instance of consumption; the characteristic turnover time, τ, which determines
the rate of signal decay after consumption. Though relatively few studies have been made on
stable isotope turnover in aquatic organisms, the turnover time for δ15N in fast-growing fish such
as the round goby is known to be on the order of months (Maruyama, Yamada et al. 2001). We
used this value for τ to find the step size s leading to an expected change in the equilibrium δ15N
signature following a diet switch simulation. Finally, r was estimated by fitting the distribution
of δ15N values predicted by the model to those observed in Calumet Harbor, giving the average
rate of consumption of the diet item in question. Our turnover model thus allowed direct
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visualization of the time-dependent effect of diet changes on species’ effective trophic
positions, while at the same time providing the means to incorporate such changes into a steadystate bioaccumulation model, through the estimation of r.
Seasonal diet components are not readily observable in stomach contents, which give a
“snapshot” view of an organism’s diet that is highly dependent on the date of sampling. Fish
eggs, for example, are a key feature of the goby diet (Steinhart 2005), but are present for only a
fraction of the year. Thus, they are unlikely to be found in gut contents but will make a
substantial contribution to effective trophic level due to their high-trophic-position origins.1
Consumption of eggs between May and August boosts round goby trophic position from P=3 to
P=4, after which it returns to a baseline value consistent with its size-based invertebrate diet over
some characteristic turnover time, τ, which we have set to a value that leads to an equilibrium
δ15N signature on the order of one month. Observations have suggested that smaller round
gobies are more likely to prey on fish eggs; the nest defense behavior of the smallmouth bass is
more likely to be triggered by larger, more visible gobies. Round gobies have also been found to
defend their nests against other gobies (Wickett and Corkum 1998). Our model therefore
restricts opportunistic consumption of goby and bass eggs to the smallest size class of round
goby during spawning season.
In order to determine the contribution of egg consumption to the round goby diet as
integrated over the year, we model instances of egg consumption during spawning season (May
through August) using a Poisson distribution, which allows us to capture the variability seen in
the samples as attributable to individual organism life histories. The turnover model then

1

Although smallmouth bass also consume round goby fish eggs, this does not result in significant elevation of P as
bass are primarily piscivores and consumption of fish already places them at P=4. They are therefore not included
in the isotope turnover model analysis.
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generates a nitrogen stable isotope profile for the year given this particular consumption
pattern of food with elevated δ15N signatures (Fig. III-5). We can then estimate the average rate
of consumption over the year by generating a large set of isotope profiles and fitting the
distribution of trophic positions predicted to the actual 1998-1999 data at the given sampling
dates (9/23/98 and 7/29/99).

Figure III-5: Isotope turnover model. During spawning season, consumption of eggs is drawn from a
Poisson distribution based on consumption rate, r (black bars). Round goby isotope signature (δ15 N)
reaches an equilibrium value (consuming a diet of amphipods), then rises during spawning season when
consuming fish eggs. After spawning season, δ15N regains the equilibrium value with characteristic time,
τ. The rate, r, affects δ15N at sampling dates (indicated by arrows). We fit the rate r (solid and dashed
lines) to actual δ15N in 1998-1999 to estimate the average consumption rate of this seasonal diet item over
the year for use in a steady-state bioaccumulation model (Sharpe and Mackay 2000).

Our results show how elevation of the round goby trophic position extends beyond
spawning season due to the characteristic turnover time, τ. The turnover model illustrates how
the date of sampling, particularly when considering seasonal diets, has a large effect on measured
δ15N levels and highlights the need to integrate stable isotope measurements with other sources
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of food web data such as stomach contents and field observations—no single approach
captures the entire picture. Even species without seasonally variable diets are affected by the
cascading effects of the seasonal diets of their prey.

III-3.5 A Seasonally Resolved Trophic Description of Calumet Harbor (1998-1999)
Our initial baseline structure was iteratively updated using round goby stomach contents
data, additional literature resources, and the isotope turnover model. The resulting seasonally
resolved, stage-structured food web description now captures the important features of the
empirical trophic position profile of Calumet Harbor, including the wide range of trophic
positions attributed to “primary producers,” the separation of amphipods into two distinct trophic
groups, and the range in round goby trophic positions (Fig. III-6).

Within-population trophic variability is illustrated by the error bars, which indicate the range of
values that result from multiple runs of the turnover model for amphipods and small round
gobies. This variability is then transferred via trophic relationships to the remaining members of
the Calumet Harbor food web. The turnover model was used to predict the isotope profile in
small round gobies given two sampling dates representative of the 1998-1999 data set:
midsummer, when eggs would have been available, and early fall, after the end of spawning
season.
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Figure III-6: Trophic position profile as predicted by the full seasonal, stage-structured food web model
(dark symbols) superimposed over Calumet Harbor data (faded symbols). Bars indicate range of
predicted values as determined by isotope turnover model, and round goby populations are separated into
small (S), medium (M) and large (L).

The most surprising prediction of our food web model concerns round goby ontogeny: the
smallest size class has the highest effective trophic position, due to consumption of detritivorous
amphipods and fish eggs, whereas the largest size class, which consumes only zebra mussels, is
at the lowest trophic position. This nutritional recycling has important implications for
contaminant transfer.
Figure III-7 illustrates how the inclusion of seasonal and ontogenetic details and consumption
of detritus alters Calumet Harbor’s trophic description. The initial baseline food web we used to
assess the isotope data (Fig. III-7a) differs substantially from our final model, which includes
size-dependent trophic relationships (round goby stage structure), and consumption of detritus
(red dashed lines) characterized as year-round (amphipods), seasonal (round gobies) and size-
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dependent (round gobies). Links to higher-trophic-position species through consumption of
eggs and detritus cause a “positive feedback” effect on nutrient and energy cycling.

Figure III-7: Calumet Harbor food web model. (a) Simple trophic description showing predator-prey
links. (b) Model integrating ontogenetic effects (trophic links for the round goby and bass that are
functions of size) and seasonal diets (trophic links for crayfish and round gobies that are a function of
season) as well as consumption of detritus (dashed lines) that link predators to prey items at equal or
higher trophic positions than their own, creating a “positive feedback” effect.

III-4: Polychlorinated Biphenyl Accumulation in Calumet Harbor
Models of organic bioaccumulation have been well studied for nearly thirty years,
beginning with the models of Norstrom, Thomann, Connoly, and Mackay, among others
(Norstrom, McKinnon et al. 1976; Mackay 1991; Connoly 1992; Thomann 1992). The fugacity
approach to modeling biomagnification, as developed by Mackay and coworkers, is a convenient
and useful method for understanding the transfer of organic contaminants.
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The fugacity of a chemical, f, in a particular phase can be seen as the “escaping
tendency” and is given in units of partial pressure. It can be related to the concentration, C, by
means of the fugacity capacity coefficient, Z:
f=C/Z
The fugacity capacity coefficient therefore represents a capacity for a medium to solubilize a
chemical, and is both chemical- and phase- specific. Other bioaccumulation models, and
particularly those that seek to develop biomagnification factors (BMF) or bioconcentration
factors (BCF) for chemicals in aquatic biota typically rely on partitioning coefficients, such as
KOW, the octanol-water partitioning coefficient, to determine how a chemical will partition
between the organism and the environment. Partition coefficients are essentially the ratio of
concentration in phases A and B:
KAB = CA / CB
In terms of fugacity,
KAB = CA / CB = fA ZA / fB ZB
What makes the fugacity approach convenient is that phases at equilibrium are at equifugacity—fA=fB and, thus, KAB=ZA/ZB. Therefore, partitioning of a contaminant in phases at
equilibrium may be determined without expressly knowing the concentration in every phase.
Gobas and co-workers have presented several mechanistic models to explain biomagnification
via trophic transfer (Gobas 1993). These models explain how contaminants are transferred
against thermodynamic gradients—from less contaminated prey to more contaminated
predators—as a function of diffusive, advective, and metabolic processes during food digestion
in the gastrointestinal tract. They demonstrate how biomagnification potentials are affected by
dietary absorption efficiency and the competing rates of chemical uptake from diet and
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elimination via respiration, excretion, and metabolism. Bioaccumulation will therefore be a
balance between the rate of chemical uptake (organism ingestion rate x concentration of
chemical in diet) and the chemical excretion rate (rate of excretion x chemical concentration in
excreted medium, summed over respiratory and fecal routes).

III-4.1 Fugacity-based Bioaccumulation Model
We used the fugacity-based bioaccumulation model developed by Sharpe and Mackay
(Sharpe and Mackay 2000) to quantify the effect of using increased ecological detail on
predictions of chemical transfer in this highly altered and seemingly simplified food web. In its
original formulation, it is assumed that non-trophic uptake occurs only via respiration from two
possible environmental media: overlying water (where concentrations are typically low) and
interstitial water (for those organisms that are in close association with sediments, e.g. benthic
invertebrates), and the system is assumed to be at steady-state. However, in the case of a
seasonal, stage-structured web steady-state may not be a good assumption, particularly when
considering short-lived species during periods of significant seasonal change (e.g. during algae
blooms or spawning season).
We produced predictions of total, lipid-normalized PCB concentrations (CPCB) in
Calumet Harbor species using the detailed food web model developed above and using a simpler
food web model that integrated a species’ diet over all life stages to create a single, averaged
diet, ignoring consumption of detritus or seasonal diet changes—the baseline food web model
developed prior to our isotope analysis (see Stable Isotope Analysis, above). Previously
published bioenergetics models linked these food web structures and the bioaccumulation model
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by providing chemical uptake and loss rates via consumption, respiration and egestion
(Morrison 1997; Whitledge, Hayward et al. 2003; Lee and Johnson 2005).
Table 2 lists the parameters used in the bioaccumulation model, including those
parameters that control partitioning – species’ lipid contents, fugacity capacity coefficients (Zvalues)—and those that control contaminant uptake and loss – consumption, egestion and
respiration.
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Table III-2: Bioaccumulation parameters.
Fugacity
Capacity
Z
(mol/m3
Pa)2

Consumptio
n3

Egestion3

Respiration3

C (m3
food/day)

E
(m3/day)

R (m3 water/day)

3.0E-02

1.4E+04

3.0E-08

3.0E-09

2.0E-03

3.0E-02

1.4E+04

3.0E-08

3.0E-09

2.0E-03

Crayfish

1.5E-02

7.3E+03

5.0E-08

3.5E-09

2.0E-03

Zebra Mussel

1.1E-02

5.3E+03

5.6E-08

1.7E-08

1.9E-03

Round Goby

2.3E-02

1.1E+04

1.4E-07

4.2E-08

5.0E-03

Smallmouth Bass

1.3E-02

5.9E+03

4.1E-08

1.2E-08

2.4E-03

Plankton

2.7E-03

1.3E+03

4.1E-08

1.2E-08

2.4E-03

Pseudofeces

2.5E-03

1.2E+03

4.1E-08

1.2E-08

2.4E-03

Amphipod feces

9.0E-03

4.2E+03

Crayfish feces

4.6E-03

2.2E+03

Zebra Mussel feces

3.4E-03

1.6E+03

Round goby feces

6.8E-03

3.2E+03

Smallmouth bass feces

3.8E-03

1.8E+03

Water

0.0E+00

1.6E-01

Round goby eggs

7.0E-02

3.3E+04

Smallmouth bass eggs

7.0E-02

3.3E+04

% Lipid
Species
Amphipod
(Herbivorous)
Amphipod
(Detritivorous)

or Organic Carbon1

1

Lipid fraction for Calumet Harbor species, including plankton and pseudofeces, are from 1998-1999 data
set (Berg, Jude et al. 2002). Feces lipid fraction is estimated as 30% of species' lipid fraction. Fish egg lipid
contents are averaged across typical values [8,9].
2

Calculated assuming equilibrium with water: Z=%lipid*Zw*log(KOW), based on average KOW of the PCB
mixture in Calumet Harbor.
3

Based on published bioenergetic studies [1-6]

Lipid contents of all Calumet Harbor species, including phytoplankton (for which organic
carbon content was used) and pseudofeces, came from measurements in the 1998-1999 data set
(Berg, Jude et al. 2002). No data were available for the lipid content of feces. However, the
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model is not very sensitive to this parameter. We chose an estimate of 30% of species’ lipid
fractions. For round goby and smallmouth bass eggs, for which no values were available in the
literature, we used 7%, an average across species that was weighted toward the lower end and
agreed well with lipid content in Lake Baikal sculpin gonads, a species similar to the round goby
(Jobling 1995; Kozlova 1998). We assumed equilibrium between water and biota to calculate
fugacity capacity coefficients from these lipid values as follows:
Zi = ZW×yL×log(KOW)
where Zi is the fugacity capacity coefficient of species i, ZW is the fugacity capacity of water, yL
is the lipid fraction of species i and KOW is the octanol-water partition coefficient. Because the
1998-1999 data set did not include congener-specific measurements of PCBs, we used the 2005
data to determine the average KOW of the congener mixture present in the harbor, as well as the
average Henry’s Law coefficient (H), from which ZW was calculated (ZW=1/H). The IUPAC
numbers of congeners measured in Calumet Harbor’s round gobies in 2005, as well as their
log(KOW) and H values as estimated from the literature (Bamford 2000; Fang, Chu et al. 2006;
Han, Wang et al. 2006), are listed in Table III-3. This analysis yielded an average log(KOW) of
6.49 (standard deviation, sd=0.015) and a fugacity capacity of water, ZW=0.16 (sd=0.0036).
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Table III-3: Characteristics of PCB congeners measured in Calumet Harbor round gobies.
IUPAC No.
log(KOW)1
H (m3/mol/Pa)2
28
5.86
27.08
31
5.78
18.62
44
6.06
26.99
49
6.08
64.57
52
5.47
29.21
60
6.27
26.92
64
5.71
25.00
70
5.75
11.11
74
5.86
10.23
85
6.68
6.64
87
6.19
37.86
95
6.36
11.75
99
6.46
7.80
101
6.12
36.82
110
6.30
25.00
118
6.27
16.36
128
6.82
5.64
135
6.47
5.70
138
6.71
5.00
149
6.82
5.56
151
6.50
6.01
156
6.46
5.13
163
6.78
1.50
170
7.23
20.87
174
6.99
1.43
177
6.94
2.00
180
6.76
2.05
187
7.23
62.20
194
7.46
1.02
195
7.16
1.13
199
7.44
1.01
203
7.23
1.85
105/141
6.57
5.77
153/132
6.83
13.86
1
Log octanol-water partition coefficient based on [12].
2
Henry's law coefficients used to calculate ZW are based on published averages [10,11].

In Table III-4 we have provided the biomagnification (BMF) matrices that result from
applying the bioaccumulation parameters described above, and the Baseline and Full food web
models, to the Sharpe & Mackay fugacity-based bioaccumulation model (Sharpe and Mackay
2000).
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Table III-4: Biomagnification matrices and bioconcentration vectors for baseline and full models.
Baseline Food Web
BMF Matrix

A

C

Z

R

S

Bioconcentration Vector*

Amphipod

1

0

0

0

0

A

2.2E-06

-0.51

1

0.19

0

0

C

6.9E-07

0

0

1

0

0

Z

3.3E-06

-0.41

0

0.31

1

0

R

1.9E-08

0

0.12

0

-0.69

1

S

4.5E-08

Crayfish
Zebra Mussel
Round Goby
Smallmouth Bass
Full Food Web
A
(H)

A (D)

C

Z

R3

R2

R1

S1

S2

S3

PP

PF

RG
egg

SMB egg

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0.22

-0.22

1

-0.25

0

0

0

0

0

0

0

0

0

0

Zebra Mussel

0

0

0

1

0

0

0

0

0

0

0

0

0

0

Round Goby (L)
Round Goby
(M)

0

0

0

-0.75

1

0

0

0

0

0

0

0

0

0

-0.66

0

-0.24

0

1

0

0

0

0

0

0

0

0

-1.01

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0.49

0.49

1

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
0

BMF Matrix
Amphipod
(Herbivorous)
Amphipod
(Detritivorous)
Crayfish

Round Goby (S)
Smallmouth
Bass (CR/RG)
Smallmouth
Bass (Md RG)
Smallmouth
Bass (Sm RG)
Primary
Producers
Pseudofeces
Round Goby
Eggs
Smallmouth
Bass Eggs

0.33
0.13

Bioconcentration Vector
A (H)
A (D)
C
Z
R3
R2
R1
S1
S2
S3

0.88
0.29

0

0

0

1

0

0

0

0

0

0.38

0.29

0

0

1

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

1

0

0

0

0

0

0

0

0

0

0

0

0

0

1

2.24E-06
4.17E-06
1.91E-06
3.19E-06
4.65E-08
3.79E-08
1.43E-05
4.98E-08
4.42E-08
4.86E-08
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II-4.2 Bioaccumulation Predictions Using Calumet Harbor Food Web Model (1998-1999)
In order to assess the effect of ecological detail on predictions of chemical transfer, and
probe the positive feedback effect of detritus on PCB bioaccumulation, we compared measured
concentrations in Calumet Harbor organisms to predictions made using two trophic structures:
our baseline model (Fig. 3a), which excludes detritus and fish eggs and integrates diets across all
goby and bass stages into a single “average” diet for each species, and our seasonal, stagestructured model (Fig. 3b). The baseline model contains six species: primary producers,
amphipods, zebra mussels, crayfish, round gobies, and smallmouth bass. Our full model, on the
other hand, resolves round gobies and smallmouth bass into three stages (small, medium and
large), and includes round goby eggs, smallmouth bass eggs, and zebra mussel feces and
pseudofeces in species’ diets.
The 1998/1999 Calumet Harbor data set (Berg, Jude et al. 2002) includes measurements
of total PCB concentration (CPCB) in 11 samples: three composite zebra mussel samples (14-22g
total weight each), one composite amphipod sample, one composite crayfish sample (n=10), two
composite round goby samples falling in the medium-to-large size range (n=8, L=82-127mm and
n=7, L=77-92 mm), and three smallmouth bass samples (n=2, L=415-425mm; n=3, L=380390mm; n=3, L=335-355mm). We compare PCB concentrations measured in these samples to
predictions of the baseline and full models (Fig III-8).
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Figure III-8: Polychlorinated biphenyl concentration (CPCB) predicted by baseline model (no detritus,
averaged adult diet), by full model (including seasonality, ontogeny and detritivory) and measured in
Calumet Harbor species (Berg, Jude et al. 2002)—zebra mussel: ZM, amphipod: AM (herbivorous or
detritivorous), crayfish: CR, round gobies: RG (small, medium and large), and smallmouth bass: SMB
(small, medium and large). The effect of consuming highly contaminated small round gobies is illustrated
by full model (filled circles) predictions of smallmouth bass CPCB.

The models are equally successful in predicting CPCB in lower trophic position species
(zebra mussels and amphipods). Both models over-predict CPCB in crayfish, possibly due to the
bioenergetic parameters used (Morrison 1997) (similar over-predictions were observed in
Morrison’s original work, which nonetheless remains one of the few studies that has compiled
macroinvertebrate bioenergetic parameters).
It is in the bioaccumulation predictions for the higher trophic position species where the
differences in the models become pronounced. In the three round goby size classes considered
by the full model, predicted CPCB decreases with size, a trend that follows exactly the
relationship between trophic position and size. Recycled contaminants are introduced to the
round goby population via two routes: indirectly through consumption of detritivorous
amphipods, and directly through consumption of fish eggs (see Fig. 3a and Fig. 5). These diet
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items set up contaminant feedback loops that amplify the accumulation of PCBs. Even though
egg consumption constitutes only 16% of the goby diet over the year (as estimated through our
isotope turnover model), it results in the highest CPCB occurring in the youngest gobies. Medium
gobies, which feed on zebra mussels in addition to amphipods, have a lower CPCB, and large
gobies, which feed exclusively on zebra mussels, in fact have the lowest CPCB. Similar
ontogenetic trends are predicted for smallmouth bass, but given its long lifetime and diet
dominated by fish, CPCB variation with size spans a much narrower range.
Of greater significance for the smallmouth bass population, the predictions of the
bioaccumulation model, which are based on smallmouth bass bioenergetics (Whitledge,
Hayward et al. 2003), indicate that smallmouth bass do not biomagnify relative to the round
goby. If we look only at the PCB data for the harbor, where solely large gobies and bass were
collected, it appears that there is biomagnification, but this cannot be supported by the
bioaccumulation model, unless there is substantial error in the bioenergetics model used to
calculate uptake and loss rates (Whitledge, Hayward et al. 2003). This is illustrated by the
baseline model, which includes consumption of only large round gobies and crayfish and
substantially underpredicts smallmouth bass CPCB.
It is only by including smaller, more contaminated round gobies in the smallmouth bass
diet that we are able to accurately predict smallmouth bass CPCB in the harbor. In the smallmouth
bass panel of Figure III-8, we demonstrate the effect of consuming these more contaminated
smaller fish. The lowest prediction of the full model (filled circles) is obtained from consuming
only crayfish, only large round gobies, or any combination of these two prey species (note that
this is equivalent to the prediction of the baseline model). The next higher prediction of bass
CPCB is based on a diet consisting of equal parts small, medium and large round gobies. Finally,
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the highest full model prediction, which is close to the actual values measured in smallmouth
bass, is achieved using a diet that consists of 50% medium and 50% small round gobies.
Using our more complete trophic picture we find a very different and unexpected
picture—given the structure of the Calumet Harbor food web as developed through stable
isotope and diet analysis, only consumption of highly contaminated small round gobies can
explain the observed pattern of PCB concentrations in the smallmouth bass. This implies that the
apparent biomagnification from round goby to smallmouth bass in the 1998-1999 data is
misleading, as it is not based on the bass’ “true” diet.
Unfortunately, the 1998-1999 Calumet data were not collected with the aim of
identifying ontogenetic differences in bass and gobies, and did not provide direct evidence for
this unexpected trend. Only medium-to-large specimens of each fish were collected, and without
enough samples of each size class or sample replicates, measures of variability and analytical
uncertainty are not available to validate the significance of our model results. However, our
predictions of CPCB in large round gobies are in good agreement with the data. Furthermore, this
bioaccumulation trend appears to be supported in a number of benthic-dominated systems. In a
Labrador food web, Kuzyk and coworkers found only a weak tendency for CPCB to increase with
length in males, and found a decrease in CPCB with length for females of the shorthorn sculpin, a
benthic forage fish similar to the round goby. Martin and coworkers found that slimy sculpin in
Lake Ontario were more contaminated with perfluoroalkyl compounds than lake trout from the
same food web. In Lake Erie, Barton and coworkers found that trophic position for near-shore
round goby populations did not increase with size and larger values were found in the smaller
gobies (Martin, Whittle et al. 2004; Barton, Johnson et al. 2005; Kuzyk, Stow et al. 2005). In
one recent study of Lake Erie, where magnification of PCBs from round gobies to smallmouth
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bass was observed, round goby sizes ranged from 70 to 140mm (medium to large) (Kwon,
Fisher et al. 2006). In our own predictions comparisons of large round goby CPCB and
smallmouth bass CPCB also seem to imply biomagnification, but bioenergetic modeling suggests
the high CPCB in bass in fact comes from consumption of smaller round gobies. In order to better
validate these findings, we collected additional data in Calumet Harbor in 2005, and found that
in the intervening time an ecological succession had changed both the biotic and
bioaccumulation characteristics of the system.

III-4.3: Bioaccumulation in Calumet Harbor Following an Invasional Succession
In August 2005, eighteen additional round goby samples were collected for congenerspecific CPCB measurements. These gobies ranged in size from 60 mm to 104 mm, and CPCB
were highly variable, such that a statistically significant decrease with size was not found. No
small round gobies (<60mm) were caught. In addition, there was an observed lack of larger
males in the sample, highlighting the strong influence of seasonal effects. August represents the
end of the round goby spawning season, when many post-spawn males have died, and the
remaining population is a mix of pre- and post- maturity females and younger males with
varying diets, lipid levels and, consequently, CPCB. Most surprisingly, CPCB measured in these
round gobies were on average three times lower than in samples from the 1998-1999 data set
(Table III-5).
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Table III-5: Round goby PCB concentrations and stable isotope ratios in Calumet Harbor, 2005.

δ15N
Length
Size
CPCB (mg/kg, lipid-normalized)
(mm)
Class
(per mil)
63-66
Medium
10.404
2.64
67-69
Medium
9.697
2.33
70-71
Medium
9.962
2.72
72-73
Medium
10.711
2.61
75
Medium
10.788
2.41
77-78
Medium
10.352
3.48
79-80
Medium
10.030
2.63
81-82
Medium
10.551
2.63
83-85
Medium
10.458
3.09
115
Large
10.643
3.00
117
Large
10.656
3.36
119
Large
10.756
2.55
122
Large
10.615
1.47
122
Large
10.164
3.47
133
Large
11.058
1.77
135
Large
10.640
1.66
139
Large
10.245
2.47
150
Large
10.859
2.24
* value in brackets is standard deviation.
** note that for 1998-1999 data only two data points were available.

Average CPCB

Medium, 2005
2.72 (0.35)*
Large, 2005
2.44 (0.73)
Large, 1998-1999
9.2 (0.07)**

Despite high variability and lower relative CPCB, the 2005 data confirm the lack of an
increasing trend in goby contamination with size, particularly if we contrast patterns typical of
pelagic fish such as alewives, trout or salmon (Madenjian, DeSorcie et al. 1998; Madenjian
1999) with observations from the harbor. It is clear that there is not a significant increase in
goby CPCB with size, and the similar observations in other systems discussed above suggest that
this lack of trend is in fact a signature of benthic, as opposed to pelagic systems (Martin, Whittle
et al. 2004; Barton, Johnson et al. 2005; Kuzyk, Stow et al. 2005). Furthermore, the effects of
ontogenetic shifts and use of detrital resources on PCB accumulation, key features of our model,
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can also help explain the large observed variability. If we assume that much of the variability
in the data results from varying consumption levels of detritus or fish eggs, and include the shift
in PCB uptake that results from diet shifts in the round goby, we can in fact bracket the relative
range of observed PCB concentrations from medium to large fish. We assume two extreme
cases for egg consumption throughout the goby ontogeny: at the low end, no gobies consume
eggs, whereas at the high end all gobies consume the amount predicted by the isotope turnover
model for small round gobies (Fig. III-9a). We find that the case in which all round gobies
consume eggs results in a range of relative PCB concentrations that brackets the relative range
observed in medium and large round gobies in 2005 (a three-fold difference between the most
and least contaminated). However, the range of large round goby concentrations observed in
2005 are very similar to those observed for medium round gobies, and do not, on average, follow
the decreasing pattern driven by the shift from amphipods to round gobies included in the
ontogenetic model used in the 1998-1999 simulations.
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Figure III-9: Bioaccumulation trends in Calumet Harbor following the zebra- to quagga- mussel
succession. (a) PCB concentrations in round gobies collected in 2005 and model predictions from 19981999. Model prediction range (solid black lines) is based on two assumptions: either no gobies eat eggs
or all gobies eat eggs at the rate estimated for small round gobies in 1998/1999 data set (16%). In either
case the goby diet changes as a function of size (transitions from amphipods to zebra mussels). (b) Zebrato-quagga mussel succession. This simulation illustrates how a species invasion could explain the drop in
polychlorinated biphenyl concentration (CPCB) in large (red column), medium (blue column) and small
(yellow column) round gobies. Measured CPCB in large gobies in 1999 (red dashed line) corresponds to
0% quagga mussel replacement. Range of CPCB in medium (mean, blue solid line) and large (mean, red
dotted line) 2005 gobies corresponds to 80% succession. This is in good agreement with recent
observations in the area.

Furthermore, explaining the large drop observed in CPCB between 1999 and 2005 remains
problematic. This decrease did not coincide with any dredging activity in the sampling area or
with natural weathering of PCBs (KOW is high and weathering of highly chlorinated PCBs could
not occur in such a short time). The only major ecological change that occurred in Calumet
Harbor during this time was a shift in dominance from zebra mussels to quagga mussels. How
might this ecological shift have led to a decrease in round goby CPCB? The simplest explanation
is that quagga mussels are somehow less contaminated than zebra mussels. Indeed, some studies
have shown that zebra and quagga mussels can accumulate contaminants differently, though
these studies have largely been restricted to metals or have failed to show consistent trends
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between or among systems (Mills, Roseman et al. 1993; Johns and Timmerman 1998;
Richman and Somers 2005). There is some physiological basis for this difference, as quagga
mussels tend to preferentially allocate energy to growth and are more efficient in their energy use
while zebra mussels allocate more energy to reproduction (Conroy, Edwards et al. 2005).
However, we hypothesize that much of the observed difference is likely due to spatial
heterogeneity and microhabitat use.
Quagga and zebra mussels are trophically identical—they filter at similar rates, have
similar diets, and are consumed by the same species (round gobies). The only major difference
in their ecology is in their habitat preference: quagga mussels can colonize sandy and
unconsolidated substrates at deeper depths; zebra mussels attach to hard surfaces and are limited
to shallow waters. In Calumet Harbor, periphyton (the complex matrix of algae and
heterotrophic bacteria attached to submerged surfaces in aquatic environments) is concentrated
on stable, rocky substrates. This matrix has been shown to substantially bioaccumulate
contaminants (Kostel, Wang et al. 1999). Sandy substrates in the area, on the other hand, have
non-detectable levels of PCBs (K. Mrozek, U. S. Army Corps of Engineers, Chicago, Illinois,
USA, personal comm.). It is therefore possible that in Calumet Harbor zebra mussels, which
tend to be closely associated with periphyton, are more contaminated, while quagga mussels
subsisting on low organic content sandy substrates provide a less contaminated food source for
the round goby.
We therefore construct a simulation using our coupled food web-bioaccumulation model
that explores the zebra mussel-quagga mussel succession in Calumet Harbor and its effects on
PCB accumulation assuming that quagga mussels are a “clean” food source. Starting in 1999
with 100% zebra mussels, we gradually replace zebra mussels and their pseudofeces with quagga
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mussels and pseudofeces in each species’ diet, increasing the relative proportion to 100%
quagga (Fig. III-9b). Quagga mussel feces and pseudofeces are also modeled as “clean” (no
PCBs) to explore possible consequences of such a diet change to the harbor’s detritivores and to
the bioaccumulation feedback effect of detritus consumption.
The gobies sampled in 2005 range in size from 63 to 150 mm, corresponding to the
medium and large size classes. We find that the range of PCB values measured in these fish is
consistent with our predictions for the medium and large gobies given a quagga mussel
succession of 70 to 80% (Fig. III-9b), a value consistent with current observations of quagga
populations in the area (T. F. Nalepa, NOAA Great Lakes Environmental Research Laboratory,
Ann Arbor, Michigan, USA, personal comm., and D. Jude, University of Michigan School of
Natural Resources and the Environment, Ann Arbor, Michigan, USA, unpublished data). This
illustrates how, knowing the contaminant accumulation potential in a newly introduced prey
species, one could use our model to either estimate a succession rate given concentrations in
predator species, or predict the effect of an invader on contaminant fate. Note that predicted
CPCB decreases more rapidly in small gobies than in large ones, illustrating the “feedback” effect
of contaminant cycling through consumption of fish eggs and detritivorous amphipods.
Though inconvenient to our original intent, the quagga mussel succession is an apt
illustration of the constantly shifting nature of aquatic ecosystems under anthropogenic
influence, and provides us with the opportunity to test our modeling approach in a unique
manner. The different rates at which species and size classes of species are affected by an
assumed decrease contaminant uptake (consumption of “clean food”) also provide additional
evidence of the impact of including greater ecological resolution in bioaccumulation models.
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This modeling exercise demonstrates the utility of our coupled food web-bioaccumulation
modeling approach as a tool for scenario testing.
Increased reliance on detrital resources can lead to unexpected accumulation patterns,
including a reversal of the increase in trophic position and PCB concentration one expects with
species size in linear, pelagic systems. This is not entirely surprising given the different nature
of benthic food webs and the recycling of resources that occurs there, as described by Fig. III-7a.
It appears, in fact, to be a signature of benthic systems. Given the continued expansion of
species like the zebra and quagga mussel and the round goby worldwide, our results imply that a
better understanding of detailed consumption patterns will be necessary to understand risk from
contaminant transfer in many aquatic systems.

III-5: Summary of Findings for Contaminant Transfer in Calumet Harbor
The transfer of PCBs from gobies to bass has important implications for restoration
initiatives as well as those activities targeted at protecting smallmouth bass, an important sportfishing species in the United States. In our model, young gobies constitute between 20 and 40%
of the bass diet. However, studies of smallmouth bass populations following goby invasion have
found that bass are transitioning to piscivory earlier as large goby populations provide an
abundant new food source (Steinhart, Stein et al. 2004). This may mean that highly
contaminated younger gobies are becoming a larger fraction of their diet as bass begin
consuming fish at a smaller size. Furthermore, the contaminant feedback loops that serve to
raise goby CPCB above what would be expected given their assumed forage fish trophic position
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(P=3) suggest more stringent sediment cleanup targets would be necessary to provide
protection for bass and their eventual predators, humans.
More broadly, the results from Calumet Harbor provide insight into larger ecosystem
trends. Much of the influence detritus exerts on nutrient, energy and contaminant cycling in the
Harbor may be amplified by the lack of diversity, and related high exotic biomass, that has
resulted from multiple ecosystem stresses present in this highly altered Great Lakes ecosystem.
Without a diverse set of species at each trophic level to “dilute” recycling effects, ecosystem
resources and their associated contaminants are funneled through a single set of links that place
top predators—including humans—at greater risk. Based on our modeling results, the PontoCaspian invasions occurring worldwide are not only responsible for a reduction in biodiversity,
but also catalyzing changing patterns for contaminant transfer and risk. This is of particular
concern given the persistence of such chemicals and growing evidence of their negative effects
on human health, even at very low concentrations. Given the continued evolution of aquatic
food webs subject to species invasions and, in the near future, the unfolding trends of climate
change, we may expect to see further unexpected changes to the level of health risk to human
and wildlife populations from these widespread and persistent contaminants.
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IV. INTEGRATING SPECIES’ LIFE HISTORIES IN DESCRIPTIONS
OF CONTAMINANT TRANSFER: A DYNAMIC
BIOACCUMULATION MODEL BASED ON BIOENERGETICS AND
LIFE CYCLE SCENARIOS
IV-1. Introduction
Ongoing environmental change such as species invasions, water quality degradation and
global climate change are continuously altering the landscape of risk associated with persistent
bioaccumulative chemicals. Protection of aquatic ecological resources from globally distributed
contaminants requires the ability to anticipate outcomes of complex ecological interactions.
Given the dynamic nature of structure-function relationships in these systems, predictions from a
static description will not suffice. Rather, a flexible forecasting tool is needed that can integrate
the effects of ongoing ecological change.
For persistent organic pollutants (POPs), is it well recognized that the primary route of
uptake in higher-trophic-level organisms (predators) is via food ingestion, and as such an
understanding of predator-prey interactions is key to predicting biomagnification potentials
within food webs (Vander Zanden and Rasmussen 1996). However, even studies of very similar
food webs or identical species across time or space have shown large variability in contaminant
accumulation, emphasizing that in addition to food web structure, knowledge of individual
species’ life history characteristics is required (Dufour, Gerdeaux et al. 2001; Borga, Fisk et al.
2004; Rypel, Findlay et al. 2007). Important life history parameters include changes in diet with
size or age (ontogeny); changes in consumption patterns or lipid utilization with temperature or
season; differences in physiologic parameters (such as growth, lipid fraction, or metabolic rate)
between males and females of a species (sexual dimorphism); and differences in spatial range
between size classes, genders or geographically distinct populations.
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In a previous study of a Lake Michigan food web, we found that contaminant accumulation in a
small invasive forage fish, the round goby (Apollonia melanostoma), was highly variable even
within a small size range (Ng, Berg et al. In Press). Ontogenetic and seasonal diet patterns alone
could not explain this observed variability in concentration. The life histories of round gobies
exhibit a number of important differences with the potential to affect contaminant accumulation.
They are sexually dimorphic: males grow larger and mature earlier than females, and males
typically spawn only once in their lifetime, whereas females spawn multiple times per season for
several seasons (Charlebois, Marsden et al. 1997; MacInnis and Corkum 2000; Tomczak and
Sapota 2006). They have also shown some regional variability among populations. The round
goby is a successful invasive forage fish from the Black and Caspian Seas with a global
distribution, and has been particularly successful in the Laurentian Great Lakes, where it matures
earlier, reaches a smaller maximum size and has a shorter life span than gobies in their native
habitat (Charlebois, Marsden et al. 1997; Corkum, Sapota et al. 2004). Taken together, these
characteristics may explain the high degree of variability observed in our 2005 data (Ng, Berg et
al. In Press); some differences in round goby life history parameters may substantially affect
contaminant accumulation. The differences in the round goby life cycles observed between
native populations and those that have become established in the Great Lakes may also indicate
that the accumulation patterns observed in 2005, which run counter to some conventional notions
regarding bioaccumulation, are the result of an “invasive metabolism” effect.
In order to explore this theory, we have developed a dynamic bioaccumulation model that
integrates life history parameters and tracks the evolution of chemical concentration through a
species’ lifetime. We use our model to test two specific hypotheses that link important life
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history parameters to contaminant accumulation: (i) gender-specific differences, particularly
those linked to spawning, cause significant differences between chemical concentrations in males
and females in a population; and (ii) metabolic changes driven by species invasion into novel
territories lead to elevated bioaccumulation beyond what can be explained by a species’ diet.
Our first hypothesis evolves from the idea that female fish can shed a substantial portion of their
contaminant load through transfer of lipid stores to egg production and subsequent spawning,
thereby becoming less contaminated than male fish of the same size. This should be particularly
true for a species like the round goby that spawns multiple times within one season. The second
hypothesis is developed from observations that some invasive fish, including the round goby,
have markedly different life histories in their newly adopted environment in comparison to their
native one; for example, fish often mature earlier, grow to smaller size and have shorter life
spans (Charlebois, Marsden et al. 1997; Neal and Noble 2006; Jansen, Pronker et al. 2007). In
other words, greater contaminant accumulation may be driven by an elevated metabolism
(greater consumption and respiration coupled with smaller overall size) in the invaded territory
than would be observed in a species’ native environment.
To construct our model, we modified the fugacity-based bioaccumulation model
developed by Sharpe and Mackay (2000) by removing the steady-state assumption, and coupled
it to a bioenergetics model with weight- (and therefore size- or age-) dependent consumption,
egestion and respiration rates. The model uses field-derived growth rates from previously
published studies to simulate changes in bioenergetic rates from the juvenile (rapid growth) to
adult (slow growth) stages. We used polychlorinated biphenyls (PCBs) as a model contaminant
with which to study bioaccumulation in the round goby as this class of persistent organic
chemicals are widely distributed in the environment (Breivik, Sweetman et al. 2007) and of
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particular concern in the Great Lakes. Lake-wide fish advisories continue to result from the
accumulation of PCBs from sediment stores into lake food webs (Bhavsar, Jackson et al. 2007).
Because our model includes many life history characteristics and therefore a large number of
variables, we perform uncertainty and sensitivity analyses to determine which parameters have
the greatest impact on predictions of PCB accumulation in the round goby.
The use of our dynamic bioaccumulation model to investigate our hypotheses illustrates
its utility as a scenario-testing tool. Used in this way, the model provides a flexible framework
to investigate particular combinations of environmental circumstances, and can provide valuable
insight concerning the trajectory of bioaccumulation under ecosystem change even in the
absence of a system-wide or holistic understanding. By applying our model to relevant
ecological scenarios, we are able to map some important features within the landscape of
bioaccumulative risk.

IV-2: Dynamic Bioaccumulation Model
Our bioaccumulation model is based on the fugacity model developed by Sharpe and
Mackay (2000). By removing the steady-state assumption and using time-dependent values for
chemical uptake and loss, the model describes contaminant accumulation, as measured by
fugacity, over a species’ lifetime:

d (Vi f i Z i )
= ! wij DFi f j + ! DEk f k " ! DLi f i
dt
j
k
i

Equation 1

Accumulation (mol/time) depends on uptake of chemical from food (F), the environment (E) and
loss from the organism (L). Uptake from food depends on the consumption rate, the fugacity of
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each food item j, and the fraction of item j in I’s diet. For fish uptake from abiotic media is
primarily from water via respiration, and therefore depends on respiration rate and the fugacity
of the chemical in water. Loss processes can include metabolism, gonadal production and
egestion. In our model egestion is treated explicitly, whereas gonadal production is treated
separately in the sexual dimorphism scenario. For persistent organic pollutants such as highly
chlorinated PCBs metabolism is negligible, and is therefore not included in the model. A
description of model parameters, their units and sources are listed in Table IV-1.
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Table IV-1: Dynamic bioaccumulation model parameters.

Symbol
Vi*
fi, fj, fk*

Z

wij*
DFi
Ci*
Zj
DEk
Ri*
Zw
DLi
Ei*

Description (* indicates time-dependent parameter)
m
Volume of species, i. Can be calculated from species growth rates.
Pa
Fugacity (of predator, i, prey, j, or environmental medium, k): a
measure similar to partial pressure of chemical in a phase (see
(Mackay and Paterson 1981) for details). fi is model output, fj can be
measured or calculated by solving Eq. 1 for species j (in the case of a
food web, the equations are coupled and solved simultaneously), fk is
calculated from measured concentration in water, or sediment.
3
mol/m /Pa
Fugacity capacity coefficient: describes the capacity of a phase to
hold a chemical (chemical-and-phase-specific). Concentration=fZ. Z
for air is estimated using the ideal gas law; ZA=1/RT, and for water
ZW=1/H, where H is the Henry’s Law coefficient. For organisms Z
can be determined assuming equilibrium between the biotic phase and
water and using the octanol-water partition coefficient (Kow) for the
chemical in question and the fraction of lipid in the organism.
dimensionle Fraction of prey j in predator i's diet.
ss
mol/Pa/day Food uptake rate; DFi=CiZj
m3/day
Consumption rate of species i.
3
mol/m /Pa
Fugacity capacity coefficient of prey j.
mol/Pa/day Environmental media uptake rate. For fish, DEk=RiZw.
m3/day
Respiration rate of species i.
mol/m3/Pa
Fugacity capacity coefficient of water, Zw=1/H.
mol/Pa/day Loss rate; can include egestion, metabolism, gonadal production, etc.
In this model only egestion is explicitly included as a loss rate.
DLi=EiZw
m3/day
Egestion rate of species i.
3

Units

The key differences between the implementation of our model and of the original Sharpe
and Mackay (2000) model, aside from the steady-state assumption, are: (i) the use of timedependent consumption, egestion and respiration rates, which are derived from published
bioenergetics models, and (ii) predator-prey links, wij, that are also time-dependent, in that they
change as a species’ diet changes with age (ontogeny) or with seasonal availability of prey.
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IV-3: Round Goby Life History Characteristics
In order to apply our model to contaminant uptake in the round goby, a number of
parameters are needed. To determine partitioning, we used PCB properties and environmental
concentrations, based on previous modeling and measurement work (Ng, Berg et al. In Press),
which we believe are typical of conditions in southern Lake Michigan where round gobies are
abundant. We assumed a highly chlorinated PCB mixture with average log(KOW)=6 and
estimated the Henry’s law coefficient (H) from literature values for PCB congeners with similar
partitioning properties (Fang, Chu et al. 2006). We then calculated the fugacity capacity
coefficient for water, ZW=1/H, and used this value to estimate ZW in the round goby and its diet
by assuming equilibrium between aquatic biota and water (Mackay 1991). PCB concentrations
in the round goby diet were based on measured concentrations and modeling predictions from
our previous model (Berg, Jude et al. 2002; Ng, Berg et al. In Press).
To calculate exposure, contaminant uptake and loss parameters are required. Uptake is
primarily from food, and therefore an understanding of the round goby diet is important.
Sampling in southern Lake Michigan’s Calumet Harbor (Berg, Jude et al. 2002) and our previous
round goby model showed that the round goby diet exhibits ontogenetic shifts: small round
gobies (<60mm length) in southern Lake Michigan consume primarily non-mussel benthic
invertebrates such as amphipods; medium gobies (60-100 mm) consume a mixed diet of
amphipods and zebra mussels; and large gobies (>100 mm) consume zebra mussels almost
exclusively. In addition, small round goby diets also contain a substantial proportion of fish eggs
(both their own eggs and those of their predator in Calumet Harbor, the smallmouth bass) when
they are available during spawning season (May-August). We combined this previously
developed model of the round goby diet as a function of season and size with consumption,
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respiration, and egestion rates from a round goby bioenergetics model (Lee and Johnson 2005)
to calculate PCB uptake and loss. Table IV-2 lists the chemical and round goby life history
parameters used to implement our dynamic bioaccumulation model.
Round goby parameters.
Parameter
Value
PCB concentration in
water:
2x10-9 mol/m3
Cw=fwZw
Table IV-2:

Round goby diet (wij):
gobies (RG) consume
amphipods (wRG-AM),
zebra mussels (wRGZM) and the eggs of
smallmouth bass (wRGES) and round gobies
(wRG-ERG) when
available.
Diet depends on length
(L, in mm) and on
whether round gobies
or smallmouth bass (S)
are spawning.
PCB concentrations in
round goby diet (lipidnormalized).

3

Consumption (m
food/day)

Source
(Ng, Berg et
al. In Press)

WRG-ZM = (1-(WRG-ES+WRG-ERG))/(1+exp((85-L)/4.5))
WRG-AM = 1-WRG-ZM-WRG-ES-WRG-ERG
WRG-ERG = 0.3 if L=60mm, only RG spawning
= 0.2 if L<60mm, both RG and S spawning
= 0.0 otherwise

(Ng, Berg et
al. In Press)

WRG-ES = 0.1 if L<60mm and S spawning
= 0.0 otherwise

Zebra mussel: C=6 mg/kg
Amphipod: C=14 mg/kg
Round goby eggs: C=22 mg/kg
Smallmouth bass eggs: C=183 mg/kg
F=FmaxW-0.256φ, where Fmax (m3 food/day) is the
maximum consumption rate, W is round goby weight
(grams) and φ is the fraction of maximum consumption
realized. Fmax=1.92x10-7 (m3 food/day)

Egestion (m3
feces/day)

E=0.3F

Respiration (m3
water/day)

R=1.117x10-4W-0.157e0.061T, where W is round goby
weight in grams and T is temperature (°C).

(Ng, Berg et
al. In Press)

Based on Lee
et al. (2005).
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The primary link between time and contaminant uptake in the round goby is size: both
consumption and respiration rates are functions of weight, and their diet is size-specific (Table
IV-2).

The evolution of chemical accumulation therefore strongly depends on growth

throughout the round goby lifetime. In addition, growth parameters are key to determining
differences between PCB accumulation in male and female round gobies in the sexual
dimorphism scenario. We therefore needed gender-specific predictions for round goby weight as
a function of time.
Studies of male and female round goby populations in North America and Europe have
found varying rates of sexual dimorphism and overall growth (Charlebois, Marsden et al. 1997;
L'Avrincikova, Kovac et al. 2005). We therefore looked at two contrasting models for round
goby size-at-age (Fig. IV-1a). The “high growth” model, where males grow to 200mm in total
length (TL) by year 3 and there is a large difference between males and females, was based on
Wisconsin populations; the “low growth” model, where males only reach 120mm TL by year
three and there is only a small difference between males and females, was based on populations
in Lake Erie (Lyons, Cochran et al. 2000; Ruffing 2004).
In our second scenario, where contaminant accumulation patterns were compared
between a native and an invasive species, we considered two different diets in order to more
clearly distinguish the effects of metabolism versus diet on differences in contaminant uptake.
We used two different weight-at-length models for these diets, as the differences in energy
density between them would lead to substantial differences in weight-at-length. The models for
growth discussed above provide length-at-age, but all metabolic rates are scales according to
weight and must thus be converted using a weight-at-length relationship. The first model used
was based on weight-at-length measurements in round gobies from the southeastern Black Sea
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(Demirhan and Can 2007). This model had a fairly low weight-to-length ratio, and was
chosen because it closely matched observations for round gobies from our earlier work in
southern Lake Michigan, likely reflecting a diet of zebra mussels and other benthic invertebrates
consumed in both locations. The second model was based on a study of lake trout egg
consumption by the round goby and the mottled sculpin (Chotkowski and Marsden 1999). In
this case, weight-at-length was substantially higher, presumably due to the high energy density
of the lake trout eggs (Fig. IV-1b). This particular study was used because it provided a direct
comparison of round goby and mottled sculpin growth when consuming the same prey and was
therefore useful for separating out effects of diet and metabolism when we compared PCB
accumulation in the round goby and in the native species it replaced, the mottled sculpin.
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Figure IV-1: Growth parameters used for length and weight at age for male and female round gobies.

IV-4: Uncertainty and Sensitivity Analyses
Because the model involved a large number of parameters (length-at-age, weight-atlength, consumption, egestion, respiration, size-specific diet fractions, partition coefficients), we
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conducted uncertainty and sensitivity analyses to determine which parameters most influence
contaminant accumulation. The uncertainty analysis focused on round goby bioenergetic
parameters, where measures of uncertainty were based on the distribution of bioenergetic
parameter values measured in the Lee et al. round goby model. We then performed an additional
sensitivity analysis to gauge model response due to irreducible variability (“natural
heterogeneity”) in these values as well as to both reducible and irreducible variability in
parameters for which we had no measure of uncertainty, such as round goby lipid content,
contaminant KOW, and growth rate.
In the first part, we used Monte Carlo methods to explore the influence of uncertainty in
round goby bioenergetic rates on model output. The round goby bioenergetics model developed
by Lee and coworkers (2005) measured consumption rates, respiration rates, and growth for
round gobies of various weights (2 to 80 g) and at several temperatures (0 to 30°C). This
allowed us to construct a picture of round goby bioenergetic responses to changes in
temperatures over the seasons and to growth/size over its life cycle.
We developed distributions describing variability in round goby consumption and
respiration by extracting data from the Lee et al. (2005) model. Table IV-3 lists the distributions
used for these parameters measured in gobies of various sizes and at high and low temperatures.
Lognormal distributions were used to describe the variability in maximum consumption rate, in φ
(fraction of maximum consumption realized; actual consumption is defined as F=FmaxW-0.256φ,
see Table IV-2), and in respiration rate (extracted from figures 2, 4, and 6 in Lee et al. (2005)).
As there were very few data points available at the extremes (very small or very large round
goby size, very high or very low temperature), the choice of a distribution for each parameter
was not immediately clear. For the parameter with the most data available, φ, a lognormal
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distribution was a good fit (Fig. IV-2a). A lognormal distribution was also chosen for
consumption and respiration rates, for which fewer data were available, as this is a good choice
for distributions that are always positive. Figure IV-2b shows a histogram of the data available
for respiration at the low temperature extreme to demonstrate one of the sparser data sets. The
lognormal distributions we chose serve only as an initial starting point for analysis of the
dynamic model. Given the relative simplicity of programming a Monte Carlo simulation with
this model, the distributions can be easily modified should further field or laboratory data
indicate that the lognormal distribution is inappropriate.

Figure IV-2: Examples of distribution of round goby bioenergetic data (Lee and Johnson 2005). (a)
Histogram of fraction of maximum consumption realized for round gobies of various weights. (b)
Histogram of respiration for round gobies of various weights, measured at low temperature.

Note that data on round goby egestion were not available. In general, few bioenergetic models
measure egestion; rather, it is common to use a cross-species average value of approximately
15% of the consumption rate (Hanson, Johnson et al. 1997), though values as high as 30% are
sometimes used. We therefore used a uniform distribution to describe variation in egestion rates
in the round goby, but also included it in our factor-at-a-time sensitivity analysis to assess its
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effect on bioaccumulation in case a large discrepancy exists between the cross-species average
and actual round goby egestion rates.
Table IV-3:Distributions for Monte Carlo Analysis of Bioenergetic Parameters

Cmax, m3 food/day (x106)
(Mean, S.D.) - Low T

Weight

Distribution

(Mean, S.D) – High T

0 to 20 g

lognormal

(-3.0, 0.62)

(-3.24,1.24)

20 to 40 g

lognormal

(-4.79, 0.79)

(-2.41, 0.39)

40 to 60 g

lognormal

(-4.34, 1.07)

(-2.65, 0.16)

> 60 g

lognormal

(-5.36, 1,13)

(-2.87, 0.02)

φ (fraction of Cmax realized)
(Mean, S.D.)

Weight

Distribution

0 to 20 g

lognormal

(-1.65, 0.876)

20 to 40 g

lognormal

(-1.66, 0.914)

40 to 60 g

lognormal

(-1.60, 0.861)

Egestion (fraction of total consumption, P*Cmax)
Distribution
(Low, High)
uniform
(0.1, 0.3)
Respiration (m3 water/day)
Weight

Distribution

(Mean, S.D.) – Low T

(Mean, S.D.) – High T

< 14 g

lognormal

(-7.12, 0.5)

(-5.72, 0.34)

14 to 21 g

lognormal

(-7.5, 0.36)

(-5.82, 0.22)

21 to 28 g

lognormal

(-7.85, 0.36)

(-5.96, 0.13)

89
We used the Winding Stairs sampling scheme (Chan, Saltelli et al. 2000) in our Monte Carlo
uncertainty analysis to calculate the first order (Fig. IV-3a) and total (Fig. IV-3b) effects of each
bioenergetic parameter as a function of time. To compute the main effect of parameter i, we first
compute the total variance in model output when all parameters including i are allowed to vary
according to their distributions. We then hold parameter i constant while all other parameters are
varied and calculate the reduction in total output variance. To compute the total sensitivity index
for each parameter, we calculate the reduction in model variance when parameter i is held
constant and all other parameters were allowed to vary, and repeat this over all possible values of
i drawn from its known distribution. The total sensitivity index includes both the main effect of
parameter i and its interaction with all other parameters. A sensitivity index of 1 indicates that
all output variability is due to that parameter, while a parameter with an index of 0 indicates no
effect on output variability. Main effect indices of parameters may be negative if their variability
acts to reduce output variance.

90

Figure IV-3: Contribution of uncertainty from maximum consumption rate (Fmax), fraction of maximum
consumption realized (φ), egestion, and maximum respiration rate (Rmax) to total variance in model output
(PCB concentration in the round goby). (a) Main effect of each parameter. (b) Total effect (main effect
plus interactions with other parameters). As expected for highly chlorinated PCB congeners,
consumption rate has the largest impact on goby PCB body burden. Short-term changes in relative
contributions reflect influence of growth rate, ontogeny and seasonal changes in bioenergetic rates on
total parameter uncertainty.
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Knowing the relative contribution of each parameter to the variance of the model output
allows us to target for further study those parameters which, when known, result in the largest
reduction in model output uncertainty. Here, our results are consistent with what is known about
bioaccumulation of highly lipophilic chemicals (in this case, PCBs with Kow≥6). Consumption
is by far the most important parameter, and uncertainty in its value has the greatest contribution
to variability in model output (Fig. IV-3). Although egestion appears to be the next most
important parameter, no true measure of uncertainty is available for egestion. We chose a range
of 10-30%, modeled as a uniform distribution, based on “cross-species averages” which are often
used in bioenergetic modeling. Egestion has not been measured for round gobies nor, indeed, in
many other published bioenergetic models. Respiration and fraction of maximum consumption
realized (φ) have the least effect. For φ, a parameter that can have a substantial influence on
accumulation from a mechanistic standpoint, the small contribution to output variance is
attributed to the tight range in its value (low uncertainty) rather than low model sensitivity.
The uncertainty analysis was thus limited by the range of values observed and the number
of parameters considered in the round goby bioenergetic study. It did not illustrate the sensitivity
of this model to all parameters that affect contaminant accumulation, though we expect some of
these—log(Kow), for instance—to have a substantial effect. In addition, the uncertainty analysis
did not give a measure of the sensitivity of the model to the parameters above if a value outside
of the observed distributions were possible. To get a better measure of model sensitivity due to
actual heterogeneity in parameter values, and to quantify the effect of parameters for which
uncertainty measurements were not available, we conducted a traditional, factor-at-a-time
sensitivity analysis.
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In this analysis, the factor of interest was varied 10% below and above the mean value
while all other parameters were held at their mean value. For each parameter, we calculated a
sensitivity index (SI), defined as the ratio of the relative change in the model output to the
relative change in parameter value (+/-10%). Although such an analysis does not give the same
insight into interactions among parameters as the uncertainty analysis, distributions for several
important parameters such as log(Kow), round goby lipid content, and growth rate were not
available for uncertainty analysis.
Fugacity capacity coefficients (Z-values) depend on the lipid fraction (% lipid) of the
organism or phase and, for lipophilic chemicals, on the chemical partitioning behavior (Kow).
For highly chlorinated PCBs having large values of Kow these parameters are well characterized,
so uncertainty is low. However, PCB Kow is determined by the congener profile of the mixture in
the ecosystem, and in the environment this may vary substantially in time and space. Similarly,
round goby lipid content is a measure of body condition and may undergo substantial changes
seasonally (Hurst and Conover 2003), in response to changing climate (Litzow, Bailey et al.
2006), or as a result of changes in predator-prey dynamics, such as diet quality (Anthony, Roby
et al. 2000) or increasing competition (Nalepa, Hartson et al. 2000). Finally, growth rate varies
with size and may also vary seasonally or in response to prey availability. We therefore expect
that the sensitivity of the model to changes in these parameters, as well as to changes in
consumption and respiration, will also change with time. In order to capture these temporal
effects, we chose three important stages in the round goby life cycle for the sensitivity analysis:
sensitivity indices were calculated for round gobies in Stage 1 (the end of the early juvenile stage
when gobies have been consuming highly contaminated amphipods and fish eggs); Stage 2,
when gobies have transitioned to consuming a mixed diet of amphipods and zebra mussels; and
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Stage 3 when round gobies consume only zebra mussels. In addition, given that variability in
parameter values could lead to magnified or reduced sensitivities when parameters are at extreme
values, we independently calculated sensitivity indices for the range of possible observed values.
We used the distributions of Fmax, φ, E and Rmax to calculate maximum and minimum possible
values of each parameter. For lipid fraction, for which no distribution was available, we used
2%, 5% and 9% for the minimum, mean and maximum values, based on possible pre- and postspawning lipid fractions (see Sexual Dimorphism scenario that follows). For log(Kow), values of
6, 6.5 and 7 were used. For growth rate, the fast and slow growth models were used (Fig. IV-4).

Figure IV-4: Sensitivity of round goby PCB concentration to changes in model parameters. The sensitivity index
(SI) is defined as SI=(Δx/x)/(Δp/p) where x is the model output (round goby PCB concentration) and p is the
parameter. Because changes in p were +/-10% (red bars indicate change associated with 10% increase, blue bars
with 10% decrease), a sensitivity index of 5 corresponds to a 50% change in the predicted PCB concentration.
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Results of this analysis indicate that PCB bioaccumulation is most sensitive to changes
in log(KOW), and to growth rate. Bioenergetic parameters related to consumption (φ and Fmax)
are the next most important parameters, followed by respiration, lipid fraction, and egestion.
Note that relative sensitivity as a function of life cycle stage varies among parameters, with lipid
fraction and egestion becoming more important during later life stages, while remaining similar
among all stages for other parameters. At stage 3 (the adult stage of the round goby life cycle),
the model becomes less sensitive to changes in the slow growth rate as at adult size growth is
very slow in this model. Model response to parameters also varies across the range of
observable values; sensitivity to egestion and respiration parameters become more important at
maximum values while consumption, the model is particularly sensitive to minimum parameter
values of lipid fraction and log(KOW). The effect of φ remains relatively constant across both life
stages and values. Finally, note that response to log(KOW) is considerably asymmetric: at mean
and maximum parameter values, the model is more sensitive to 10% decreases than to 10%
increases, such that a reduction in log(KOW) causes a much larger reduction in round goby PCB
concentration than the increase caused by a similar increase in log(KOW), as has been previously
observed (Carrer, Halling-Sorensen et al. 2000). This may be a result of a greater elimination
potential for less hydrophobic compounds.

IV-5. Model Application
IV-5.1 Comparison of Model Output Using Bioenergetic Model Means or Distributions
We compare PCB concentrations predicted using the average values for consumption, respiration
and egestion rates presented in the Lee et al. model with those generated over 1000 Monte Carlo
simulations where parameter values are chosen from the distributions extracted from the
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bioenergetics model data (Fig. IV-5). We find that mean values of both methods are similar—
the model predictions (using mean values) is approximately 20% larger, but the range of output
values generated using the distributions, which is indicated by the 95% confidence intervals in
Fig. IV-5, is very large. This indicates that there is substantial uncertainty about the mean and,
thus, the difference between mean values generated using the Lee et al. model and using the
distributions from the data is not significant.
However, substantial differences arise between model results when different round goby
growth rates are used (Fig IV-5). When the model is implemented using the slow growth rate,
the influence of egg consumption early in the round goby life cycle is observable only at the high
end of the distribution (upper 95% confidence interval, with PCB concentrations remaining
elevated over the first six months of the simulation) but no elevation in the mean for either the
distributions or the Lee et al. model values (Fig. IV-5a). When using the fast growth rate,
however, the effect of egg consumption disappears quickly from the bioaccumulation signature
but is clearly observable at early life stages, particularly in the Lee et al. mean and in the upper
95% confidence interval when using data distributions. Total PCB concentrations are also higher
throughout the goby life cycle, and the difference between the upper and lower confidence
bounds is greater (Fig. IV-5b). Therefore, although growth dilution in the early rapid growth
phase tends to cause a rapid decrease in PCB concentrations once the round goby shifts to a less
contaminated diet (no longer consumes eggs), the increased metabolic rates associated with
larger size leads to increased bioaccumulation throughout the round goby life cycle
(approximately 10ppm difference between upper confidence intervals for slow and fast growth
rates). However, higher metabolic rates also tend to magnify the effect of uncertainty in the
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bioenergetic parameters, leading to the larger range of PCB values observed (~10% wider
confidence interval).

Figure IV-5: PCB concentrations as a function of time using Lee et al. parameter estimates (--x--) and
using parameter distributions (solid black lines represent mean and 95% confidence intervals over 1000
Monte Carlo simulations). (a) Slow growth rate shows little influence of egg consumption on the round
goby PCB profile except in upper confidence interval. (b) Fast growth rate leads to substantial peak in
early PCB concentrations followed by fast decline once round gobies no longer consume eggs
(length>60mm). Greater relative consumption and respiration rates lead to an overall increase in PCB
concentrations.

The simulations shown in Figure IV-5 illustrate that the most elevated part of the round goby
PCB profile occurs very early in its life cycle and persists for at most six months. However, this
period still represents a time of substantially increased risk; although the round goby remains
highly contaminated throughout its lifetime (even the average equilibrium concentration of
~10ppm is above the EPA “do not eat” fish consumption guideline for both cancer and noncancer endpoints), PCB concentrations during the early part of the round goby life cycle are three
to six times greater. More importantly, this period represents a particular risk to predator
populations.

In Lake Erie, for example, the abundance of round goby prey has caused

smallmouth bass to switch to piscivory earlier and to consume a greater proportion of fish, which
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may mean they are exploiting a greater proportion of the smaller round goby size fraction
(Steinhart, Stein et al. 2004).
The elevated risk associated with smaller sizes is further highlighted by the size-specific
distributions of round goby PCB concentrations. Figure IV-6 shows the complementary
cumulative distribution function of the Monte Carlo results (curves) plotted together with
predictions using average parameter values from the Lee et. al model (vertical lines) for round
gobies. Results are plotted for six classes encompassing three years and two seasons: years 1-3,
summer and winter, allowing us to cover both size and temperature effects (summer=high
temperature, winter=low temperature). We also show the EPA “do not eat” cutoff value for
consumption of fish contaminated with PCBs. Note that PCB concentrations are lipidnormalized and the EPA guideline has been adjusted using round goby lipid content.
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Figure IV-6: Complementary cumulative distribution function for total PCB concentration in round goby
populations at years 1 to 3 with seasonal resolution, and EPA consumption guidelines for fish
contaminated with PCBs (non-cancer acute endpoints). (a) PCB concentrations predicted from 1000
Monte Carlo simulations using slow growth rate model for male round gobies. (b) PCB concentrations
predicted from 1000 Monte Carlo simulations using fast growth rate for male round gobies.
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Note that the youngest population group—year 1—presents both the highest and lowest
consumption risk, depending on growth rate and season. In Fig. IV-6a, using the slow round
goby growth rate, the predictions from the distribution show that the year 1 summer population
(—+— ) is the least contaminated, and the results of using Lee et al. average values show no
difference between age/season classes. In contrast, the fast growth rate results (Fig. IV-6b) show
that a substantial portion of the year 1 summer population is the most contaminated. Predictions
of the Lee et al. model also show a substantial elevation in PCB concentrations in the youngest
round gobies in summer (+) relative to the other classes. Another striking feature of these
distributions is that when using the fast growth rate, the youngest round goby population in the
winter (—ο—) has the lowest concentrations. This large difference within one age group, and
the “broadness” of the population distribution, as evidenced by the long tail, are the result of both
life history changes (rapid growth, consumption of highly contaminated food, changes in diet
with season and size) and high uncertainty around bioenergetic parameters in the small round
goby population. Given that this fraction of the goby population may present a
disproportionately high risk, it will be important to identify the source of such uncertainty in
ongoing studies of aquatic systems where this species plays a prominent role.

IV-5.2 Sexual Dimorphism Scenario
Our analysis of the impacts of fish sexual dimorphism on PCB accumulation uses
published field and laboratory data on round gobies (MacInnis and Corkum 2000; Lee and
Johnson 2005) to explore how differences in male and female growth and gonadal development
affect PCB bioaccumulation. Male round gobies grow faster than females and therefore have a
different diet profile. Female round gobies have a more varied diet given that they remain at

100
sizes during which amphipods and, seasonally, fish eggs, are consumed for a longer time
(length<60mm). In addition, we expect spawning to affect the seasonal lipid profiles of male
and female round gobies differently, which has important implications for the accumulation of
lipophilic contaminants. Our first scenario explores the effect of these spawning-associated lipid
dynamics on PCB bioaccumulation.
Like many fish species, round gobies exhibit sexual dimorphism; males grow faster and
to a larger size than females. This decreases the amount of time male gobies spend eating the
more contaminated amphipod/fish egg diet. On the other hand, female gobies spawn multiple
times during spawning season and reach sexual maturity early (as early as their first or second
year). We hypothesize that egg release represents a significant pathway for PCB loss in female
fish. In order to explore the effects of these sexual differences on round goby contaminant
accumulation, we applied our dynamic model to male and female round gobies. Gender-specific
growth rates were based on published studies of goby size-at-age, and size (length) determined
their diet using our previous round goby model (Lyons, Cochran et al. 2000; Ruffing 2004;
Demirhan and Can 2007; Ng, Berg et al. Accepted).
Female round gobies have been observed to spawn multiple times per year. Laboratory
studies have shown that females produce 5 to 6 egg clutches per season, with batches 15 to 17
days apart when temperatures are above 20°C but as many as 28 days apart at temperatures
between 15 and 17°C (Charlebois, Marsden et al. 1997). In the Gulf of Gdansk, where round
goby growth rates are slower than in other invaded regions, round gobies spawn only two times
per year, with spawning dates approximately 28 days apart (Tomczak and Sapota 2006).
Previous studies have shown that gonad mass of female round gobies represent approximately
9% of total mass, of which 75% is lost during spawning (MacInnis and Corkum 2000; Lee and
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Johnson 2005). However, no study was available that looked at round goby lipid dynamics
in the time leading to and immediately following spawning. Do females of this multiplespawning species show a substantial decline in lipid reserves after spawning? How long does it
take for lipids to be restored? Is there a substantial increase in lipid reserves leading up to
spawning season as female round gobies prepare to produce eggs? How will this compare to
male round gobies, which typically spawn only once in their third or fourth year and then die?
Although no systematic study has been made of seasonal and spawning-associated lipid
dynamics in round goby populations, a survey of the literature finds two contrasting patterns of
lipid content/utilization often occur, even in closely related species or in fish occupying the same
environment (Madenjian, Elliott et al. 2000). The lipid reserves of some species undergo
substantial changes during gonadal production when fish reach maturity. Such changes typically
consist of pre-spawn, spawning and post-spawning phases. In the pre-spawning phase female
fish accumulate body (muscle) lipids, which are then transferred first to the liver and finally to
the gonads during vitellogenesis (deposition of yolk nutrients in eggs). A portion of this lipid
reserve may also go to energetic/maintenance demands rather than direct egg production. In the
post-spawn period lipid reserves are at their lowest value but begin to increase again to peak in
the pre-spawn period of the following season. In other species, active increases in food
consumption allow dietary energy to be converted directly to gonadal production, such that body
(muscle) lipid reserves remain stable throughout the season. Fish species that follow the
pronounced lipid cycle include dab, gilthead seabream, alewife and coho salmon, while perch
(Perca fluviatis) and bloater have stable lipid levels year-round (Loizeau and Abarnou 1994;
Madenjian, Elliott et al. 2000; Blanchard, Druart et al. 2005; Jerez, Rodriguez et al. 2006). Male
fish are less well studied, but generally are known to lose only small amounts of lipids via
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spawning. However, nest-guarding males like the round goby often fast during the guarding
period, leading to substantial declines in body condition and lipid reserves, and often mortality
after the spawning and nest-guarding period (Charlebois, Marsden et al. 1997).
In order to explore effect of sexual dimorphism, and in particular on lipid utilization, on
chemical accumulation in male and female round gobies, seasonal lipid profiles were needed.
However, no such data were available. We therefore used two different models based on sculpin
species for this scenario. We compare seasonal lipid dynamics in two sculpin species,
Cottocomephorus grewingki and C. inermis, in Lake Baikal, described in a study by Kozlova
(Kozlova 1997). We believe that the lipid utilization strategies of these species are likely to
encompass the types of behavior exhibited by the round goby, as their life history characteristics
are similar. Although these fish have adapted to the deep waters of Lake Baikal (occupying
habitats from 50 to 400m in depth) they are derived from benthic species and, like the round
goby, lack a swim bladder. C. grewingki is a planktivore with a population that spawns at three
different times in the year: March, May and August. The August-spawning species are probably
closest to round gobies in North America, as spawning occurs under a similar temperature
regime. Embryogenesis in this group is about 30 days, similar to what has been reported for the
round goby. Male C. grewingki also guard their nests. The second species studied, C. inermis, is
much more poorly understood, though it is known to live at deeper depths (maximum of 400m
compared to a maximum of 250m for C. grewingki) and is a predator.
These two fish exemplify two very different spawning strategies observed across a
number of fish species: sexually mature female C. grewingki show a reduction of 3-4% in their
total lipid content during spawning, after which they quickly (within one month) restore their
lipid reserves to a stable average of about 9% over the year. Nest guarding males show a
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substantial decline in lipid reserves to only 1-2% at the end of the season (Fig. IV-7a). C.
inermis, by contrast, has a distinct pattern in total lipid content, with the lowest values observed
after spawning (about 3.5%), an intermediate level during maturation (about 5%) and the highest
level measured when gonads are mature and before spawning (about 8.5%, Fig IV-7b). These
strategies, hereafter referred to as either “stable” (C. grewingki pattern) or “binge-purge” (C.
inermis pattern), have been observed in a number of other species (Rypel et al. 2007). As it is
unknown which particular strategy is utilized by round gobies in the Great Lakes, we compare
these patterns in our study to gauge the effect of contrasting reproductive strategies on
contaminant accumulation.

Figure IV-7: Total lipid profiles for male and female round gobies: (a) stable lipid profile (based on C.
grewingki) (Kozlova 1997) (b) Binge-purge lipid profile (based on C. inermis seasonal lipid dynamics)
(Kozlova 1997). Male lipid profiles have been adjusted to more closely match the round goby by
including only one spawning season at age three.

These lipid profiles clearly illustrate that in the case of C. grewingki spawning season is
characterized by a substantial decrease in total lipid, which is quickly restored (“stable” lipids),
whereas for C. inermis spawning season is characterized by a substantial increase in total lipid,
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which is subsequently lost (“binge-purge” lipids). The impacts of these contrasting patterns
on female round goby PCB accumulation follow a similar trend (Fig. IV-8).

Figure IV-8: Effect of gender differences in male (-x-) and female (-o-) round goby PCB accumulation
as a function of time ( – and – indicate 95% confidence intervals) . Simulations are based on: (a) slow
growth rates and stable (C. grewingki) lipid dynamics; (b) slow growth rates and binge-purge (C. inermis)
lipid dynamics; (c) fast growth rates and stable lipid dynamics; (d) fast growth rate and binge-purge lipid
dynamics. To approximate round goby spawning behavior, females spawn three times during each
spawning season starting year 2, while males spawn only once after three years.

Clearly, both growth rate and utilization of body lipid stores for reproduction drive
gender differences in PCB accumulation. Interestingly, the highest accumulative risk occurs in
the female round goby population characterized by the slow growth rate and the stable lipid
profile. Under slower growth, these populations exhibit less morphological sexual dimorphism,
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yet male and female PCB concentrations show the greatest differences. The combination of
a high year-round lipid content and slower growth (less growth dilution) leads to increasing PCB
concentrations over the population lifetime. By contrast, the population with the lowest peak
PCB concentration also has the stable lipid profile, but combined with the faster growth rate,
which would indicate greater morphological sexual dimorphism. In this population, male and
female contaminant profiles do not differ substantially at all in spite of including the growth rate
of the more sexually dimorphic population (see Fig. IV-1). The “binge-purge” character of C.
inermis lipid dynamics interacts similarly with the effect of growth rate; differences between
males and females are more substantial under slow growth than fast growth. However, the
“purge” of lipids following spawning leads to the a rapid decrease in female PCB accumulation
such that year-round differences are similar to the stable lipid case. The most surprising finding
in this scenario is that the influence of sexual dimorphism is opposite to what was expected—
slower –growing, less dimorphic populations have greater differences in PCB concentrations,
regardless of lipid utilization strategy. The interaction of growth rate with lipid dynamics
associated with spawning drives these unexpected results.

IV-5.3: Invasive Metabolism Scenario
Our second scenario explores how the replacement of a native species in a food web by a
non-indigenous one changes contaminant accumulation dynamics. We use our dynamic model
to compare PCB bioaccumulation patterns in the round goby and in mottled sculpin (Cottus
bairdi), the native Lake Michigan forage fish the round goby displaced.

Their diets and

bioenergetic parameters are based on previously published models, and we assume that in all
other respects the goby and sculpin food webs are identical (Chotkowski and Marsden 1999;
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Janssen and Jude 2001; Rashleigh and Grossman 2005; Demirhan and Can 2007). Over its
entire life cycle, the mottled sculpin occupies a similar niche to the juvenile round goby: it
consumes benthic invertebrates and fish eggs. Unlike the round goby, however, the sculpin
cannot consume zebra mussels. In addition, it remains smaller than the round goby throughout
its lifetime. We therefore assume that the sculpin is able to consume fish eggs, when they are
available, throughout its lifetime while round gobies transition to consuming only zebra mussels
once reaching their adult size (>100mm total length, TL). As the sculpin consumes the more
contaminated “juvenile goby” diet (lipid-normalized PCB concentrations are: goby
egg=22mg/kg, smallmouth bass egg=183mg/kg, amphipod=14mg/kg) throughout its lifetime, we
might expect that this native fish would have accumulated PCBs to a much greater degree than
the round goby which as an adult consumes only less contaminated zebra mussels (6mg/kg; see
Table IV-2 for details).
In order to test this hypothesis and examine the differences between the native and
invasive forage fish bioaccumulation potentials, we explore accumulation scenarios using two
model diets. In the first scenario, we build a diet that we expect to be similar to diets that would
have been observed for round gobies and mottled sculpins in Lake Michigan: round gobies
consume amphipods and fish eggs when less than 60mm TL, amphipods and zebra mussels when
60 to 100mm TL and zebra mussels only when larger than 100mm TL; mottled sculpins
consume amphipods and fish eggs (during spawning season) throughout their life cycle. For this
scenario, round goby weight-at-length is based on the Demirhan and Can model (2007), which
agrees well with data collected in Calumet Harbor (see Fig.IV-1b), while sculpin growth rates
are based on the lake trout egg consumption study (Chotkowski and Marsden 1999).
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In the second scenario, we focus on bioenergetic differences rather than diet
differences by considering consumption of amphipods only by both species. In this case, the
weight-at-length models from the lake trout egg consumption studies are used for both round
gobies and mottled sculpin. Although lake trout eggs are expected to be much more energy-rich
than amphipods and therefore produce higher growth rates, we wanted growth rates that
compared the two species on identical diets. Therefore, we are looking for differences between
goby and sculpin accumulation profiles within scenarios rater than across the different diets. As
before, round goby bioenergetic parameters are from the Lee et al. model. Mottled sculpin
bioenergetic parameters are from an individual-based model (Rashleigh and Grossman 2005).
We remove the effect of spawning-related seasonal dynamics by maintaining constant lipid
content in both species. As in the sexual dimorphism scenario, the results of our ecological
scenarios illustrate the importance of growth rate on regulating contaminant accumulation and
retention (Fig. IV-9).
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Figure IV-9: Comparison of round goby (-x-) and mottled sculpin (-o-) PCB accumulation. Thin solid

lines indicate 95% confidence intervals for the round goby. (a) Expected Lake Michigan diets: round
gobies consume amphipods and fish eggs as juveniles, then transition to eating zebra mussels exclusively;
mottled sculpins consume amphipods year-round and fish eggs during spawning season throughout their
life cycle, but never consume zebra mussels. (b) Identical diets: we model consumption of amphipods
only but base weight-at-length on lake trout egg consumption study (Chotkowski and Marsden 1999).
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In the first simulation, where the mottled sculpin consumes throughout its lifetime a more
contaminated diet than the round goby (Fig. IV-9a), it is only more contaminated than the round
goby for a brief period during spawning season, while it is consuming fish eggs. The fish eggs
themselves, which are the source of this high contamination, are also very energy-rich and
therefore lead to a faster growth rate than the round goby diet of relatively less energy-rich zebra
mussels. The effect of this faster growth rate on sculpin energetic parameters and on growth
dilution allows these spikes in PCB concentrations to fade very quickly such that for much of the
year the sculpin is actually less contaminated than the round goby. By contrast, when both round
gobies and mottled sculpin are consuming an energy-rich diet (Fig. IV-9b, based on lake trout
egg consumption by both round gobies and mottled sculpin), the sculpin is more contaminated
than the goby, though the difference is not great and, given the wide spread in round goby
concentration profiles illustrated in the preceding Monte Carlo analysis, not statistically
significant except over the first year. We find, therefore, that an understanding of relative
bioaccumulation potentials of different species requires not only an understanding of what they
eat but also when, how often, and to what extent these diets affect and interact with their growth
and, consequently, bioenergetic rates. Unexpected patterns of increasing contaminant
concentration with decreasing round goby size, which led us to investigate this species further, is
unlikely a consequence of its invasive character but rather the result of interactions among its
feeding behavior, energetic rates, and environment-specific growth, and such accumulation
patterns could be observed in any number of native or non-native species subject to this
intersection of conditions.
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IV-6. Discussion
We have developed a dynamic bioaccumulation model that provides a flexible framework with
which to test a variety of ecological scenarios. We have illustrated the utility of the model in this
scenario-testing capacity by exploring two different simulations: in the first, we look at how
gender-specific differences in physiology and life history (sexual dimorphism) affects PCB
accumulation in fish; in the second, we explore the bioaccumulation consequences of replacing a
native species (the mottled sculpin) by an invasive one (the round goby).
It has been shown that lipid utilization associated with reproduction can substantially
affect contaminant accumulation in fish (Rypel, Findlay et al. 2007). For example, female fish
can be either more or less contaminated than males of the same species depending on whether
their reproductive strategy entails accumulation of body lipids or increased consumption
(increased uptake) or a stable year-round lipid level followed by shedding of lipids at spawning
season (increased loss). The other key difference observed between male and female fish is a
sometimes substantial difference in growth rates that leads to growth dilution and can affect
other size-specific characteristics such as diet and metabolic rate.
Surprisingly, our sexual dimorphism scenario shows that differences in male and female
fish have an unexpected effect on contaminant accumulation. Although we expected to see
differences in bioaccumulation that followed changes between male and female life histories, we
found the opposite to be true. Fish with increased morphological differences among genders, as
shown in the faster growth group, had smaller differences in bioaccumulation, while slowgrowing populations exhibiting little sexual dimorphism had much more substantial differences
in their accumulation potential. Thus it is the interaction between growth rates and seasonal
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lipid utilization that determines overall differences in accumulation patterns between male
and female fish.
Although the presence of differences among lipid strategies (stable versus binge-purge)
confirms the variability expected in the Rypel et al. (2007) study, the direction of the change is
also opposite the one expected. The stable high lipid scenario was classified as “increased loss”
in that paper, but in our simulations was found to be the more contaminated class, particularly
when coupled with the slower growth rate. In contrast, the binge-purge lipid strategy, which
Rypel et al. termed as “increased consumption/uptake,” resulted in less contaminated female fish
at periods far from spawning season. However, overall differences averaged over the year
between these populations were small, particularly compared to the differences between
populations with different growth rates and the same lipid utilization strategy. However, these
results remain consistent with our theory that gender differences may have contributed to the
variability observed in our 2005 round goby data, as the slow growth rate model more closely
parallels the growth of round gobies in southern Lake Michigan where the study was conducted.
Thus, differences in lipid utilization between male and female gobies would have been magnified
in this population, even though by traditional measures of sexual dimorphism (size differences)
gender differences in the population would not have been readily evident.
In the native vs. invasive scenario, growth rate and associated bioenergetic rates were
again proven to substantially affect bioaccumulation potentials. In this case the growth rate was
driven not by sexual dimorphism but by the energetic density of food. Even when consuming a
substantially more contaminated diet than the round goby, the rapid growth of mottled sculpin
and its different bioenergetic rates allowed brief elevations of PCB uptake following fish egg
consumption to be quickly diluted after spawning season as it resumed its less contaminated
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year-round diet of amphipods. At the same time, adult round gobies (>100mm TL)
consuming a substantially less contaminated diet of zebra mussels had average PCB
concentrations that were comparable to the mottled sculpin. We believe growth rates are
important in the case of a species invasion when a food source with a significantly different
energy density comes to dominate. Examples of such changes in the Great Lakes includes the
invasion of the spiny waterflea (Bythotrephes cederstroemi) and the zebra mussels, which have
replaced or are implicated in the decline of other, more energetically favorable prey such as
Diporeia spp. and Daphnia magna (Stetter, Witzel et al. 2005; Lumb, Johnson et al. 2007).
Ultimately, sensitivity analysis of and scenario testing with our model affirms the
importance of including species-specific physiologic and life history characteristics in order to
produce accurate assessments of bioaccumulation risk. It has been recognized that much of the
uncertainty associated with bioenergetic parameters is due to a lack of understanding of
associated processes, insufficient data/observations, or imperfect experimental design (Hansen,
Boisclair et al. 1993; Bajer, Whitledge et al. 2003; Bajer, Hayward et al. 2004; Bajer, Whitledge
et al. 2004). However, this recognition also indicates that there is a possibility of reducing
uncertainty in these parameters with additional sampling, observation, and experimentation.
Bioenergetic parameters are therefore good candidates for uncertainty analysis. Our results show
that species growth rate, consumption, and seasonal lipid profiles were shown to be crucial in
determining which species or which populations within a species pose the highest contaminant
transfer risk. Additionally, the landscape of this risk changed substantially with season and age.
We have shown our dynamic bioaccumulation model to be a useful visualization tool for
exploring this dynamic and complex landscape, and for determining how such important life
history and bioenergetic parameters affect its topography. Such modeling tools are essential to
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more strategically guide sampling in complex ecological matrices where interactions among
stressors and life history parameters often lead to unexpected effects and can shift risk to
unexpected sectors of the population.
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V. FORECASTING THE EFFECTS OF ONGOING GLOBAL
CHANGE ON BIOACCUMULATION PATTERNS IN AQUATIC
SYSTEMS

V-1. Introduction
It is now accepted, with diminishing uncertainty, that global climate change will have
dramatic impacts on many natural systems (IPCC 2007). Forecasting how these impacts will
affect the structure and function of important ecological communities will be a crucial step in
formulating ways to protect their integrity. A number of general predictions have been made of
how aquatic ecosystems in particular will be affected. First, increases in temperature are
expected to have the greatest influence on freshwater ecosystems (IPCC 2007) by altering
patterns of nutrient cycling, the occurrence and duration of seasonal thermal stratification, and
the availability of thermal refugia (Meyer, Sale et al. 1999). Second, this temperature increase
will cause shifts in the geographical distribution of aquatic species towards higher latitudes
(Vasseur and McCann 2005; Williams, Jackson et al. 2007). Third, it is expected that range
expansions will be asymmetric; the ranges of species already living near their upper thermal limit
will contract and a substantial number of extinctions may occur, while the range of warm-water
species will expand (Meyer, Sale et al. 1999; Parmesan 2006; Ficke, Myrick et al. 2007; Sharma,
Jackson et al. 2007). Analyses indicate that range changes are already underway, with pole-ward
shifts currently averaging 6km per year (Williams, Jackson et al. 2007).
Climate change is yet another stress occurring in systems where species invasions, overexploitation and chemical contaminant have already reduced community resilience. We do not
yet know how these concurrent stressors will interact with the impacts of climate change; some
may dampen the effects of climate warming while others may act to exacerbate its threat to

115
aquatic communities (Meyer, Sale et al. 1999). Our previous models examining contaminant
accumulation in southern Lake Michigan species have shown that chemical transfer can be
substantially impacted by species invasions (Ng, Berg et al. In Press), and that accumulation
rates depend strongly on metabolic rates and life cycle parameters (Chapter IV). Thus, climateinduced impacts on chemical partitioning, invasion potential, and species’ metabolic rates have
the potential to dramatically impact contaminant cycling in aquatic ecosystems. One recent
study of climate change impacts in the Great Lakes region has estimated that by 2095, the
summer climate in Illinois will more closely resemble the current summer conditions in east
Texas (Fig. V-1)(Kling, Hayhoe et al. 2003). Such a dramatic shift in summer temperatures will
have considerable impact on chemical and biological processes within Great Lakes ecosystems.

Figure V-1: Projected shift in Illinois summer climate by 2095 (Kling, Hayhoe et al. 2003).
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Increasing temperatures, changes in precipitation and seasonal patterns will
substantially impact contaminant transport and deposition in the environment. The risk to
populations will then be affected by altered exposure and transfer pathways (Macdonald,
Mackay et al. 2003; Macdonald 2005; Schiedek, Sundelin et al. 2007). Persistent organic
pollutants with significant long-range transport and bioaccumulation potentials may be most
affected. Of particular concern is the way in which processes that concentrate contaminants
beyond simple equilibrium partitioning, such as bioaccumulation, will be affected by climate
change. There is the potential for large effects on contaminant risk from increasing temperatures
(Macdonald, Mackay et al. 2003).
In addition, climate-induced range expansion of warm-water species may lead to
increased invasion rates and accelerated declines of cold-adapted species (Occhipinti-Ambrogi
2007). In the Great Lakes region, for example, Lake Superior has largely escaped the effects of
invasive species in spite of numerous ballast water introductions (Grigorovich, Korniushin et al.
2003). Rising water temperatures may create thermal regimes in Lake Superior that increase its
vulnerability to invasion. Invasive species better suited to warmer waters may then exert
additional competitive or predatory pressure on species already stressed by temperature
increases.
However, understanding the interaction between climate impacts on organisms and on
contaminants will be challenging; we are limited by the availability of data and models that
encompass the physical, chemical and biological processes involved (Meyer, Sale et al. 1999).
We do not yet know what biomagnification patterns will emerge for species in new thermal
environments exposed to new patterns of contaminant transport and deposition (Schiedek,
Sundelin et al. 2007).
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A good starting point for the development of models that treat the intersection of
organism and contaminant responses to climate change is species metabolism. The metabolic
theory of ecology (MTE) asserts that temperature, together with body size, is one of the most
important factors determining species metabolic rates such as consumption and respiration
(Brown, Gillooly et al. 2004; Clarke and Fraser 2004), and this important influence of
temperature has been well supported by empirical evidence (Vasseur and McCann 2005).
Climate warming should therefore have a direct impact on organism physiology. Changes in
these physiological parameters in turn directly affect the uptake and loss rates of chemicals
present in the environment and in a species’ diet. Thus, metabolic rates provide a useful link
between the response of an organism to climate change and changes in contaminant
bioaccumulation potentials.
However, the universal relationship between metabolism and temperature predicted by
the MTE does not agree with the variety of responses observed in the field. Though useful in
describing broad-scale patterns of metabolism across species and biomes, the MTE fails to
explain variations at narrower regional scales, both within and among species, that largely
emerge as a consequence of adaptation (Clarke 2006). A growing body of field and laboratory
data on species’ responses to thermal regimes confirms that adaptation is an important force in
structuring metabolic responses, and will likely play an important role in the way aquatic
communities respond to climate change.
Most bioenergetic studies of species’ response to temperature have focused on single
populations exposed to short-term temperature changes (Ries and Perry 1995; Sogard and Olla
2001; Neer, Rose et al. 2006). Although these studies can give insight on how populations react
to thermal extremes that may arise as part of climate warming (e.g., increased number of hot
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days and nights, increased number of heat waves (IPCC 2007)), they cannot inform us on the
long-term effects of gradual climate warming. However, a number of recent studies have
focused on temperature responses across populations of widely distributed species. Differences
in metabolic rates of cosmopolitan species with ranges that span a broad latitudinal gradient
provide a unique opportunity to study adaptation of single species to climate extremes, and may
give us important insight into how species will adapt to climate warming in the near future.
In this work, we will focus on one unique study of bioenergetics in a species with a range
that spans Nova Scotia to South Carolina, the Atlantic silverside (Menidia menidia). The virtual
transplant experiments conducted by Munch and Conover (2002) on Nova Scotia and South
Carolina populations of silversides is one of the few studies available that independently
calibrates a bioenergetics models to two thermally adapted populations. As such, it allows us to
compare the bioaccumulation potentials that results from their different metabolic rates. The
results of this comparison then allows us to extrapolate some findings to Great Lakes species of
interest to our work: the round goby, with its unique bioaccumulation patterns as discussed in
Chapter III, the mottled sculpin, the native species replaced by the round goby in southern Lake
Michigan (see Chapter IV), and the Coho salmon (Oncorhynchus kisutch), an predator fish
important to the Great Lakes fishery which is generally adapted to colder waters and may thus
face considerable stress under climate warming.

V-2: Thermal Adaptation
A survey of available literature reveals three general patterns of species response to
thermal regimes across latitudinal gradients: co-gradient variation, where growth rates are
maximized at low latitudes (warm climates); counter-gradient variation, where growth rates are

119
maximized at high latitudes (cold climates); and an intermediate response, where growth is
maximized at middle latitudes. Within each of these responses, resting metabolic rate may or
may not adapt with latitude to higher or lower values, depending on the species and climate in
question.
Co-gradient variation (CoGV) most closely complies with the Metabolic Theory of
Ecology; growth and often also metabolic rates tend to increase with increasing temperatures,
such that populations at low latitudes have higher rates than populations at high latitudes.
Variation in rates thus coincides with the latitudinal gradient. This type of response has been
observed in Atlantic cod (Gadus morhua) and common eelpout (Zoarces viviparous) populations
distributed from European coasts to the Arctic Sea (Portner, Berdal et al. 2001) and in two
whiting species: a tropical (Sillago analis) and a temperate (Sillago schomburgkii) species
distributed across tropical, subtropical and temperate environments (Coulson, Hesp et al. 2005).
The expression of CoGV in these studies is not absolute; in the cod and eelpout study, both
species showed lower growth in higher latitude (lower temperature) environments as expected,
but eelpout also had higher respiration rates at the higher latitudes. This is likely an effect of
physiological cold adaptation, and illustrates that adaptation to temperature encompasses a
number of complex biological responses with different thresholds. In the whiting study,
significant differences in growth rate were found between tropical and temperate populations but
not between temperate and subtropical populations.
In contrast to co-gradient variation, counter-gradient variation (CnGV) represents the
thermal adaptation of species to maximize fitness. In many species with high-latitude
distributions, populations have evolved the ability to grow much faster at lower temperatures in
order to counteract the effect of a shorter growing season (Sharma, Jackson et al. 2007). This
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allows juveniles to reach large enough sizes by the end of their first year to survive the
winter. Thus, adaptation has produced variation in growth rates that counters the expected effect
of increasing latitude (Munch and Conover 2002).
Interestingly, this type of adaptation to local climate appears to be the more common one,
and has been well studied in populations of Atlantic silversides (Menidia menidia) with
distributions from Nova Scotia to Florida (Munch and Conover 2002; Yamahira and Conover
2002). It has also been observed in some populations of largemouth bass (Micropterus
salmoides) in the laboratory (Garvey, Devries et al. 2003) and in halibut (Hippoglossus
hippoglossus) (Imsland, Jonassen et al. 2000). Again, some variability is encountered in species
exhibiting CnGV responses to climate. In the largemouth bass study, CnGV (higher growth
potential of higher latitude population) was observed in laboratory studies but not in the field,
where northern populations of largemouth bass in fact had slower growth and lower overall
fitness. This demonstrates that other factors may play a role in the overall physiology of locally
adapted populations, such as food availability (Neal and Noble 2006). In addition, the method
by which CnGV in growth is achieved varies from species to species. In halibut, higher growth
was achieved in northern populations while maintaining the same metabolic rates as southern
populations, indicating that higher growth efficiency, rather than elevated consumption, may
have been responsible for increased growth. This is further supported by evidence that northern
populations of Atlantic silverside do not suffer from food limitation and may be able to grow
faster on a restricted ration than southern populations (Munch and Conover 2002). Northern
populations of other species show increases in both growth and metabolic rates.
Given the importance of metabolic rates and especially of growth in driving accumulation
patterns in our dynamic bioaccumulation model (Chapter IV) we expect that differences in
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growth driven by thermal adaptation may substantially affect chemical transfer. In order to
examine the impacts of these growth and metabolism patterns on bioaccumulation, we use the
Atlantic silverside bioenergetic models developed for populations in South Carolina and Nova
Scotia (Munch and Conover 2002). These models were individually calibrated for
geographically distinct populations and thus reflect the influence of thermal adaptation on
bioenergetics. This thermal adaptation is most apparent in the temperature dependence of
consumption and respiration rates that emerge from this study. Consumption and respiration
rates for southern-adapted fish have an exponential dependence on temperature, as expected,
while northern fish acclimated to a lower-latitude temperature regime have a different
relationship, apparently as a result of being closer to their upper critical temperature (TC) when in
much warmer southern temperatures.
As ectothermic organisms, fish generally have a very narrow range of temperatures under
which metabolic rates are maximized. At temperatures that are too far above or below these
optima, metabolism declines rapidly, until beyond some critical temperature the organism is no
longer viable. This is most evident within bioenergetic models in the temperature dependence of
consumption (Fig. V-2), as described by Thornton and Lessem (Thornton and Lessem 1978).
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Figure V-2: Temperature response of consumption rate. Consumption is maximized between lower and
upper optimum temperatures (Topt low and high) but decreases rapidly beyond the high Topt, which is
also the upper critical thermal limit.

Thermal adaptation within a species is likely to lead to changes in both temperature optima and
in consumption rate at optimum. The distance between Topt(low) and Topt(high) may contract,
and Copt within that range may be higher or lower depending on the mechanism of adaptation. In
the Atlantic silversides model, we use the two forms of the temperature dependence observed for
northern and southern populations to give a general indication of how fish approaching their
southern thermal limit will respond in contrast to warm-water fish as the climate warms.
The silverside bioenergetic models are coupled to our dynamic bioaccumulation model
(Ng and Gray 2008 - In Review) that predicts PCB biomagnification factors (BMF) based on a
diet with a constant PCB concentration (constant contaminant input). The biomagnification
factor is defined as the ratio of contaminant concentration in an organism to the concentration in
its food (Sharpe and Mackay 2000), and is used in place of actual concentration since this model
is run without a specific system (i.e., environmental concentration of contaminant) in mind.
Growth parameters, consumption and respiration rates are adjusted according to the temperature
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responses observed in the bioenergetics models described above. Scenarios are run over
three progressively warmer temperature regimes: “cold”, “warm” and “hot.” The temperature
regimes have been chosen to match seasonal temperature cycles in Lake Michigan (“cold”) and
in Austin, Texas (“hot”) with one intermediate regime (“warm”). These temperatures were
chosen chiefly for application to accumulation simulations in Great Lakes species in the next
scenario.
Seasonal temperature changes are modeled using sinusoidal curves (Fig V-3); the warmer
climate regimes have both elevated summer temperatures and a smaller difference between
summer highs and winter lows, as would be expected with climate warming (IPCC 2007).

Figure V-3: Temperature profiles used in climate adaptation models.
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We apply these thermal regimes to South Carolina and Nova Scotia silversides
models and use our dynamic bioaccumulation model (Chapter IV) to predict the effects of
climate warming on these two thermally adapted populations. We apply both models using a
range of growth rates to determine whether CoGV or CnGV have important impacts on
bioaccumulation across latitudinal (and temperature) gradients. We then apply the same
temperature regimes to bioenergetic models for the round goby, the mottled sculpin and the coho
salmon, which are based on a single climate, and extrapolate how the resulting bioaccumulation
patterns may change over longer time periods as these species adapt to novel climate regimes as
a result of global change.

V-3: Results
V-3.1: Atlantic Silversides Model
For warm-water species, which are within their thermal optimum range (see Fig. V-2),
increasing growth rates along latitudinal gradients have little effect on bioaccumulation potential
as measured by the biomagnification factor (BMF) from a standardized diet (Fig. V-4). When
growth is driven by increases in efficiency such that metabolic rates (consumption, respiration)
are unchanged (Fig. V-4a), different thermal regimes (“cold”, “warm”, “hot” temperature
profiles) yield very similar steady-state values of BMF. Accumulation rates differ only at the
beginning of the time series. This implies that some differences may be observed in juvenile fish
or in fish newly introduced to a contaminated environment. Those in elevated thermal
environments will accumulate chemicals faster. However, these differences should quickly
disappear.
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When growth is driven by elevated metabolic rates, very small differences between
latitude (growth) and thermal regime result (Fig. V-4b). Again, the hottest climate yields higher
early uptake. However, at longer times the BMF factors are lowest in the warmest climate. An
inflection point is reached at the onset of steady state when the BMF of slower-growing hightemperature populations surpass that of faster-growing ones. The same is true for the coldest
climate regime; lowest growth BMF increases slowly but is highest at long times. However,
differences between climate regimes are small, with the slowest growing cold climate
populations indistinguishable from the slowest growing high climate one. This would suggest
that for warm water species expanding into new territory we expect to see little difference in
bioaccumulation potential when exposed to similar environmental concentrations. Surprisingly,
changing growth rates as have been observed for silversides across broad latitudinal gradients
have little impact on bioaccumulation potential.
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Figure V-4: Biomagnification factor (BMF) as a function of time for silversides far from their upper
thermal limit for various climate regimes. (a) Efficiency-driven growth gradients. Latitudinal gradients in
growth are achieved through increased efficiency only; metabolic rates remain the same. (b) Metabolismdriven growth gradients. Latitudinal gradients in growth are achieved through changes in metabolic rates
(consumption, respiration).
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For Nova Scotia populations of Atlantic silverside, which are near their upper critical
temperature (TC), a different relationship exists between temperature and metabolic rate. Near
TC, species tend to exhibit large changes in metabolic rates in response to small changes in
temperature up to TC, at which point the organism shuts down. This more acute and more
sensitive response affects bioaccumulation potentials in two ways: the difference between cold
and hot climate regimes is more pronounced; and seasonal effects, which were not apparent in
BMF profiles for warm-adapted species, can be clearly observed. Once again, initial uptake is
higher for warmer climate regimes. However, seasonal effects then become the most important
factor distinguishing climate and growth patterns.
When growth is driven by efficiency (no change in metabolic rates), differences exist
along latitudinal (growth) gradients for species in the cold climate, somewhat smaller differences
are observed in the warm climate scenario and almost no difference is found in the hot climate
populations (Fig. V-5a). This follows from the depression in seasonality as climate warms: the
maximum temperature increases and the difference between maximum and minimum
temperatures decreases, such that seasonal effects are minimized (as in tropical climates).
When growth is driven by changes in metabolic rates (Fig. V-5b), differences are
observed among latitudinal gradients across all climates. These growth rate differences interact
with seasonality (metabolic rates are temperature-dependent) such that we find a slight phase
shift in the BMF response; the time at which BMF differences are highest across populations in a
single climate regime is shifted slightly forward from the growth-only scenario.
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Figure V-5: Biomagnification factor (BMF) as a function of time for silversides near their upper thermal

limit for various climate regimes. (a) Efficiency-driven growth gradients. Latitudinal gradients in growth
are achieved through increased efficiency only; metabolic rates remain the same. (b) Metabolism-driven
growth gradients. Latitudinal gradients in growth are achieved through changes in metabolic rates
(consumption, respiration).
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The most striking effect of this seasonal resolution on biomagnification potentials for
populations across latitudes is a phase shift in the maximum BMF for each population, such that
at different times of the year either the fastest-growing or slowest growing populations are the
most contaminated. This may have important implication for exposure risk within food webs, as
many trophic relationships are seasonal in nature (e.g., consumption of fish when they become
more vulnerable during spawning season) and may therefore exploit populations at different
points in their seasonal biomagnification profiles. Again, however, changes are not large, and
changing growth rates, though more important here than for the southern-adapted population, do
not substantially impact biomagnification factors.

V-3.2: Application to Great Lakes Species
In order to better understand the effects that climate change may have on
bioaccumulation in Great Lakes species, we apply our dynamic bioaccumulation model to
contaminant uptake in the round goby, mottled sculpin and coho salmon, using the cold, warm
and hot climate regimes described above. We expect different responses for these three species
due to the different temperature responses inherent in their metabolic rates. For comparison, the
temperature function describing response of consumption rate to temperature (fC(T)) is described
in Figure V-6. These are based on bioenergetic models for these species (Deiterman, Thorn et al.
2004; Lee and Johnson 2005; Rashleigh and Grossman 2005).
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Figure V-6: Temperature response functions for consumption rates (fC(T)) for the round goby, mottled
sculpin, and coho salmon.

The mottled sculpin model gives a simple exponential relationship for the temperature
dependence of consumption. This relationship holds for the temperatures experienced by sculpin
during calibration of this model, but is unlikely to be a good measure for mottled sculpin
consumption rate response to a broader range of temperature. Rather, the relationships observed
for the round goby and coho salmon are better measures, as they encompass the response above
and below the upper and lower optimum temperatures. Note that the thermal optima for the coho
salmon are substantially lower than those for the round goby. Therefore, we expect to see a
more pronounced reaction to climate warming in coho salmon populations.
Indeed, this is aptly illustrated by the response of coho salmon bioaccumulation
potentials when the climate shifts from the cold (Lake Michigan temperatures) to the warm
(intermediate) regime (Fig. V-7).
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Figure V-7: Response of Great Lakes species to climate warming. Biomagnification factors are
calculated as Cfish/Cdiet, where Cdiet, the concentration of contaminant in the diet, is the same for all three
fish. Black lines are bioaccumulation simulations run under the Lake Michigan thermal regime (“cold”),
orange lines are simulations run using the intermediate “warm” climate regime and red lines are from
simulations run using the thermal regime based on Austin, Texas (“hot” climate). Topt describes the upper
and lower temperature bounds for temperatures at which consumption rates are maximized (see Fig. V-2);
Tmin (high) is the upper temperature at which consumption rates falls to a small fraction of the optimum,
and Tmin (low) is the low temperature at which consumption rate is a small fraction of the optimum.

Round goby biomagnification factors decrease as the climate shifts from the cold to the
warm to the hot regimes, decreasing by more than 20%. Bioaccumulation potential shifts in the
coho salmon are more dramatic; the biomagnification potential decreases threefold between the
cold and warm climates, and again almost as much from the warm to the hot climate regime.
Within this hottest seasonal temperature cycle, based on temperatures in east Texas, coho salmon
are well beyond their temperature range for optimum consumption, and consumption rates are
substantially depressed.
By contrast, there is little change in the biomagnification potential for mottled sculpin
through the three climate regimes. This is due to the lack of critical thermal limits in the model
for sculpin consumption, and illustrates that a model lacking this resolution may fail to capture
important contaminant dynamics associated with changing climate.
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V-4: Discussion – Potential Climate Change Impacts on Bioaccumulation
The results presented here are based on a simple modeling exercise that focuses on only
one important interaction between climate change and contaminant exposure risk – the effect of
increasing temperature on organism physiology (growth, metabolism). Other interactions, such
as changing accumulation patterns due to temperature influences on the octanol-water partition
coefficient (KOW), which determines partitioning among phases, will prove very important in
the overall response of chemical fate to climate change. However, these simulations still provide
some useful insight and suggest possible changes in the risk landscape associated with climate
change.
The first climate simulations use bioenergetic models developed for populations of
Atlantic silverside (Menidia menidia) adapted to two very different environments: cold high
latitude (Nova Scotia) and warm low latitude (South Carolina) populations. The models were
calibrated using the warm (SC) temperature regime and thus provide a bioenergetic description
of species in a thermal regime that is close to their optimum (SC population) or close to their
upper thermal limit (NS population). The latter case showed a stronger response to temperatures
across a latitudinal gradient, assuming thermally adapted populations would exhibit different
growth rates with latitude (either CoGV or CnGV). Seasonal effects were also more pronounced
in these populations living at the edge of their thermal range, which has important implications
for seasonal predator-prey interactions, which our previous works has shown to be a key factor in
determining contaminant accumulation in some species (Ng, Berg et al. In Press). However,
none of these effects were very large and growth rates, in particular, had surprisingly little effect
in either population.
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Acute responses to temperature have been observed in a number of species close to
their critical temperature limit (TC), such as cold-adapted populations of pygmy sculpin (Cottus
pygmaeus) (Walsh, Haney et al. 1997) and common eelpout (Portner, Berdal et al. 2001) and
some warm-adapted species such as bivalves in tropical climates (Roy and Martien 2001). These
elevated responses have led to predictions that highly stenothermal (temperature-restricted)
species such as found at very high (polar) or very low (tropical) latitudes will experience the
greatest stress from climate warming (Williams, Jackson et al. 2007).
With our Great Lakes simulations, thermal responses were much more dramatic, showing
that these stress responses are likely to affect the landscape of contaminant risk, but in an
unexpected way. When considering a strictly exponential response to temperature, such as those
expressed in models for South Carolina populations of Atlantic silversides and for mottled
sculpin, temperature has little influence on biomagnification potential. By contrast, when
responses beyond optimum temperatures are considered, increasing climate can have a profound
effect on biomagnification but leads to decreasing accumulation potentials.
For many species adapted to Great Lakes ecosystems, even modest increases in
temperatures, particularly those experienced in summer, will lead to thermal regimes above
upper critical temperatures (TC), depressing consumption and leading to an overall decrease in
contaminant load. This is a surprising “beneficial” effect of climate warming, but one that may
be counteracted by the increasing volatility and release of stored contaminants that is likely to
result from climate change.
However, many of these species will be unable to adjust to temperature effects of
changing climate. We may therefore see an initial acute stage of changes in contaminant
accumulation in biota as these species react to increasing temperature, followed by a slow
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relaxation back to “usual” biomagnification patterns as these species are replaced by more
tolerant (eurythermal) populations. As shown above, those species far from their upper critical
thermal temperatures show little biomagnification response to climate-induced changes in
growth and metabolism, and this will likely result in accumulation potentials remaining at high
levels. Clearly, effective predictions of species’ metabolic response to temperature changes, as
provided in the round goby and coho salmon models, will be necessary components of any
model that seeks to describe the effects of climate change on bioaccumulation potentials,
particularly in aquatic systems where species are expected to be especially sensitive to
temperature.
The metabolic cost of adaptation also plays an important role in species’ response to
climate. Species can undergo substantial genetic adaptation to extreme climates (e.g. tropical or
polar) such that the efficiency of their metabolic functions is maximized. Because these
environments show much lower variability in temperature than observed in more temperate
climates with distinct seasons, species metabolisms can be fine-tuned to the range of
temperatures experienced and growth can be achieved with lower metabolic investment.
However, these species then become highly stenothermal. In contrast, temperate systems can
exhibit very large variations in climate over one season, so that species living at middle latitudes
must be eurythermal—adaptable to the wide range of possible temperatures. This comes as the
cost of metabolic efficiency, however, and therefore greater metabolic rates may be necessary to
achieve similar growth. However, as discussed above, these species will be much better able to
adapt to changes in climate than their stenothermal counterparts. Most of these adaptive
mechanisms are not included in the simulations presented here, but may play significant roles in
regulating contaminant accumulation as species acclimate to new thermal regimes. Along with
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seasonal effects discussed above, changes to lipid utilization and in reproductive behavior
(temperature for spawning, number of spawning events per season, age at maturity) are all
expected to have significant impacts on contaminant transfer and as such provide much fodder
for additional research into this important field.
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VI. CONCLUSIONS
The models presented in this work were developed in an effort to understand the
cumulative impacts of multiple, ongoing anthropogenic stresses – chemical accumulation,
species invasions, and climate change – on the structure and function of aquatic communities.
This was accomplished by integrating knowledge of food web structure, chemical partitioning,
organism metabolism, behavior and life history into models of contaminant bioaccumulation that
incorporated important feedbacks among these various stressors. The models were developed in
three stages, which explored the past, present and future of ecosystem alteration. In the first
stage, the current bioaccumulation picture of a food web highly altered by previous species
invasions and legacy sediment contamination was described using steady-state modeling
approaches. In the second stage, the evolution of contaminant accumulation in a species through
its life cycle was explored by removing the steady state assumptions of the first model and using
life history characteristics—such as spawning behavior, seasonal and ontogenetic diet changes—
to simulate within- and among-species variability in bioaccumulation patterns. Finally,
interactions between physiology, temperature and bioaccumulation potentials were explored in
the third modeling stage to formulate some predictions of how climate change may affect
bioaccumulation patterns and identify vulnerabilities in populations given the likely redistribution of species assemblages and the impacts of elevated temperatures on species’
metabolic rates.
The findings of these three modeling exercises all point to a similar picture of aquatic
food web structure and function—that these systems are dynamic, often respond to
perturbations in unexpected ways, and that the effects of multiple stressors on ecosystem
structure and function can act synergistically or antagonistically to elevate or depress system
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responses. Through this modeling, we showed how growth rates and metabolism interact
with food web structure to drive contaminant accumulation. Many of the results presented in
chapters III, IV and V were counterintuitive, and could not have been predicted without
integrating sufficient ecological insight.
In order to successfully model such systems, with the intent of preventing undesirable
ecological outcomes or formulating restoration strategies, a number of important model
requirements emerged. First, details matter: ecological models that seek to describe complex
interactions or explain patterns observed within highly altered systems must contain sufficient
ecological detail at the species level to capture important feedbacks. These interactions and
feedbacks may be both direct and indirect. Without a detailed understanding of round goby diet
patterns over seasons and lifetimes and without incorporating the recycling of detritus, the
Calumet Harbor model (Chapter III) could not have quantitatively predicted the high
contaminant concentrations observed in the top predator species, even though many of these
details were directly linked only to the bottom trophic levels of the food web.
Second, models must be dynamic. Given the ongoing changes occurring in aquatic food
webs due to species invasions and the influences of climate warming on species distributions,
predator-prey relationships are in constant flux. Moreover, patterns of contaminant uptake
change with season, size, temperature and behavioral patterns within a single species, as
individuals age, exploit seasonally available prey, mature and reproduce. The results of the
dynamic bioaccumulation model (Chapter IV) illustrated how dramatically a species’
bioaccumulation signature can change over its lifetime.
Finally, models must be flexible. In this dynamic and highly altered landscape where
complex feedbacks and unexpected effects are commonplace, deterministic models that can
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quantitatively predict outcomes far into the future are simply not possible. Predictive models
require deterministic systems that are well understood and cannot capture the long-range
outcomes of complex and highly uncertain systems (Raskin 2005). Instead, models must be able
to integrate new ecological detail and mechanistic understanding as they become available, and
to produce forecasts, rather than predictions, taking into account both available data and
inherent uncertainty and variability. As such, forecast models that utilize scenario testing are
especially useful, because they allow us to ask the “what if” questions that point us to important
relationships between ecological parameters that may not be well understood. Both the dynamic
model presented in Chapter IV and the climate scenarios explored in Chapter V provide
examples of this scenario-based ecosystem modeling. As we move into the future of ecological
modeling with greater understanding than ever before of the complex nature of ecological
systems, an important task will be to construct models that go even further by truly integrating
data collection and analysis into modeling frameworks. The Calumet Harbor results illustrated
the difficulties that arise when data collection and model development are performed
independently, without knowing at the time of data collection exactly what questions need to be
asked. Effective modeling should not only use the data available, but inform the data collector as
to what data are most useful, revealing what important data may be missing. In this way
modeling and data collection will evolve together to provide better insight into ecosystem
structure and function, allowing us to better quantify the ecosystem goods and services that we
seek to protect (Raskin 2005).
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APPENDIX: DYNAMIC BIOACCUMULATION MODEL
Note: This program, written in the Python programming language, is provided as an example of
the dynamic bioaccumulation model used in Chapter IV, should the reader care to
examine an implementation of the model or modify it for their own use. This particular
module explores the difference between round goby and mottled sculpin PCB
accumulation given diets with seasonal and ontogenetic resolution. The model is set up
to calculate PCB concentrations in the entire food web (amphipods, zebra mussels,
crayfish, round gobies, mottled sculpin, and smallmouth bass), but parameters and output
files are only set up in detail for sculpin and gobies.
#
#
#
#
#
#
#

Dynamic PCB Model Scenario Testing
This program compares sculpin and round goby bioenergetics.
Created by Carla Ng, May 2nd, 2007
Last modified: 1/6/08

import time
from time import *
import numpy
from numpy import *
import random
from random import *
import math
from math import *
name=raw_input("Enter name for output files. Do not include extensions: ")
time=int(raw_input("Number of days for simulation: "))
runs=int(raw_input("Number of Monte Carlo runs: "))
# Set up goby output file arrays:
base=array([0.0,0.0])
species=11 #species order:
prey=11
#RGegg=0, SBegg=1, PF=2, PP=3, ZM=4, AMF=5, AMD=6, CR=7, RG=8,
SC=9, SB=10
f_goby=resize(base,(time,runs))
c_regg=resize(base,(time,runs))
c_segg=resize(base,(time,runs))
c_pf=resize(base,(time,runs))
c_pp=resize(base,(time,runs))
c_zm=resize(base,(time,runs))
c_amf=resize(base,(time,runs))
c_amd=resize(base,(time,runs))
c_cray=resize(base,(time,runs))
c_goby=resize(base,(time,runs))
c_sc=resize(base,(time,runs))
c_smb=resize(base,(time,runs))
Gf_goby=[]
Gf_sculpin=[]
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Ge_goby=[]
Ge_sculpin=[]
Gr_goby=[]
Gr_sculpin=[]
for t in range(time):
Gf_goby.append(0.0)
Ge_goby.append(0.0)
Gr_goby.append(0.0)
Gf_sculpin.append(0.0)
Ge_sculpin.append(0.0)
Gr_sculpin.append(0.0)
z_goby=resize(base,(1,runs))
z_sculpin=resize(base,(1,runs))
l_goby=[]
l_sculpin=[]
w_goby=[]
w_sculpin=[]
lipid_goby=[0.0283]*time
lipid_sculpin=[0.0283]*time
z=[0.0]*species
zf=[0.0]*species
P_value=[]
# Set up PCB property arrays:
Kow_PCB=[]
MW_PCB=[]
H_PCB=[]
line1=[]
TC=23
# Set up Monte Carlo runs:
for states in range(runs):
jumpahead(states)
age=1
#set initial age for gobies
length=237.7*(1-exp(-(0.212+0.1788*t/365.0)))
Ruffing Study
slength=70.45*(1-exp(-0.42*(age/365.0+0.82)))
weight=0.005*(length/10.0)**3.38
sweight=(slength/32.02)**(1/0.364)
rge=0.0
sbe=0.0

#Growth Rate from

#set up PCB parameters
tri=179
tetra=417
penta=763
hexa=845
hepta=326
octa=96
Total=tri+tetra+penta+hexa+hepta+octa
Kow=10**((tri*5.5+tetra*5.9+penta*6.3+hexa*6.7+hepta*7.1+octa*7.5)/Total)
MW=(tri*257.6+tetra*292.0+penta*326.4+hexa*360.9+hepta*395.3+octa*429.8)/T
otal
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H=(tri*21.4+tetra*13.48+penta*8.75+hexa*5.51+hepta*3.67+octa*2.19)/Tota
l
Kow_PCB.append(Kow)
MW_PCB.append(MW)
H_PCB.append(H)
#Now set up z-values
zw=1.0/H
fw=2.0e-9/zw
zs=0.4*0.05*Kow*zw
fs=1.62e-5/zs
rglipid=0.0283
lipid=[0.07,
0.07,
0.0025,
0.0027,
0.0112,
0.0106,
0.0106,
0.0154,
rglipid,
rglipid,
0.0126]
for i in range(species):
z[i]=lipid[i]*Kow*zw
zf[i]=0.3*z[i]
#set up initial fugacities:
Cinit=[9*0.07/lipid[8]/MW,
33*0.07/lipid[10]/MW,
10.0/MW,
7.0/MW,
6.177e-6,
11.9e-6,
16.0e-6,
5.8e-6,
0.0,
0.0,
0.0]
f_web=resize(base,(time,species))
#This will reinitialize each run.
c_web=resize(base, (time,species))
for i in range(species):
f_web[0,i]=Cinit[i]/z[i]
f_web[0,4]=6.177/z[4]/MW
f_web[0,5]=11.9/z[5]/MW
f_web[0,6]=16.0/z[6]/MW
f_web[0,7]=5.8/z[7]/MW
#Now set up organism property values
#Maximum Consumption (Cmax)
C20hot=(lognormvariate(-17.0518,1.24))
C20cold=(lognormvariate(-16.82,0.616))
C40hot=(lognormvariate(-16.23,0.386))
C40cold=(lognormvariate(-18.6,0.791))
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C60hot=(lognormvariate(-16.47,0.156))
C60cold=(lognormvariate(-18.16,1.07))
C80hot=(lognormvariate(-16.68,0.017))
C80cold=(lognormvariate(-19.179,1.135))
#P-value
P20=lognormvariate(-1.65,0.876)
P40=lognormvariate(-1.66,0.914)
P60=lognormvariate(-1.60,0.861)
#Actual Consumption (Gf)
Gf20hot=C20hot*P20
Gf20cold=C20cold*P20
Gf40hot=C40hot*P40
Gf40cold=C40cold*P40
Gf60hot=C60hot*P60
Gf60cold=C60cold*P60
Gf80hot=C80hot*P60
Gf80cold=C80cold*P60
#Egestion
Ge20hot=0.3*Gf20hot
Ge20cold=0.3*Gf20cold
Ge40hot=0.3*Gf40hot
Ge40cold=0.3*Gf40cold
Ge60hot=0.3*Gf60hot
Ge60cold=0.3*Gf60cold
Ge80hot=0.3*Gf80hot
Ge80cold=0.3*Gf80cold
#Respiration
Gr7cold=lognormvariate(-9.2,0.504)
Gr7hot=lognormvariate(-7.8,0.34)
Gr14cold=lognormvariate(-9.61, 0.225)
Gr14hot=lognormvariate(-7.74,0.246)
Gr21cold=lognormvariate(-9.49,0.325)
Gr21hot=lognormvariate(-7.9, 0.222)
Gr28cold=lognormvariate(-9.93,0.365)
Gr28hot=lognormvariate(-8.04,0.129)
T=20.0
#Organism Property Vectors:
Gf=[0,
0,
0,
0,
0,
0,
0,
0,

162
Gf20cold,
0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6,
3.4e-5]
Gr=[0,
0,
0,
0,
0,
0,
0,
0,
Gr7cold,
0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0,
2.4e-3]
Ge=[0,0,0,0,0,0,0,0,0,0,0]
for i in range(species):
Ge[i]=0.3*Gf[i]
Gm=[0,0,0,0,0,0,0,0,0,0,0]
Gg=[0,0,0,0,0,0,0,0,0,0,0]
Gs=[0,0,0,0,0,0,0,0,0,0,0]
age=1
v=[1e-10,
1e-10,
1e-10,
1e-10,
1e-6,
1e-8,
1e-8,
2e-5,
1e-6*weight,
1e-6*sweight,
8.5e-4]
M=[1e-4,
1e-4,
1e-4,
1e-4,
21.4,
5e-3,
5e-3,
13.52,
(-0.13+0.029*length)**3,
sweight,
1000.0]
l_goby=[]
w_goby=[]
line1=[]
#Now start the clock --> time loop
for t in range(1,time):
year=int(t+165)/365
date=(t+165)-year*365
length=237.7*(1-exp(-(0.212+0.1788*t/365.0))) # From Ruffing study
slength=70.45*(1-exp(-0.42*(t/365.0+0.82))) # from Grossman et al.
weight=0.005*(length/10.0)**3.38
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sweight=(slength/32.02)**(1/0.364) #From Rashleigh et al, for
benthic invert diet
v[8]=weight*1.0e-6
v[9]=sweight*1.0e-6
M[8]=weight
M[9]=sweight
#Determine round goby diet -- date=0 corresponds to June 15
if(length<60.0 and date>120 and date<151):
rge=0.3
sbe=0.0
elif(length<60.0 and date>=151 and date<=181):
rge=0.2
sbe=0.1
elif(length<60.0 and date>181 and date<243):
rge=0.3
sbe=0.0
else:
rge=0.0
sbe=0.0
zm=(1-(rge+sbe))/(1.0+exp((85.0-length)/4.5))
amf=0.5*(1-(zm+rge+sbe))
amd=0.5*(1-(zm+rge+sbe))
#Determine sculpin diet -- date=166 corresponds to June 15
if(slength<60.0 and date>120 and date<151):
srge=0.3
ssbe=0.0
elif(slength<60.0 and date>=151 and date<=181):
srge=0.2
ssbe=0.1
elif(slength<60.0 and date>181 and date<243):
srge=0.3
ssbe=0.0
else:
srge=0.0
ssbe=0.0
szm=(1-(rge+sbe))/(1.0+exp((85.0-slength)/4.5))
samf=0.5*(1-(szm+srge+ssbe))
samd=0.5*(1-(szm+srge+ssbe))
w=resize(base,[11,11])
w=array([[0,0,0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0,0,0],
[0,0,0,0,0,0,0,0,0,0,0],
[rge,sbe,0,0,zm,amf,amd,0,0,0,0],
[srge,ssbe,0,0,szm,samf,samd,0,0,0,0],
[0,0,0,0,0,0,0,0.1,0.9,0,0]])
#Goby life parameters
if(M[8]<=20):
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if (date<=120 or date>304):
Gf[8]=Gf20cold
Ge[8]=Ge20cold
else:
Gf[8]=Gf20hot
Ge[8]=Ge20hot
elif(M[8]<=40):
if (date<=120 or date>304):
Gf[8]=Gf40cold
Ge[8]=Ge40cold
else:
Gf[8]=Gf40hot
Ge[8]=Ge40hot
elif(M[8]<=60):
if (date<=120 or date>304):
Gf[8]=Gf60cold
Ge[8]=Ge60cold
else:
Gf[8]=Gf60hot
Ge[8]=Ge60hot
else:
if (date<=120 or date>304):
Gf[8]=Gf80cold
Ge[8]=Ge80cold
else:
Gf[8]=Gf80hot
Ge[8]=Ge80hot
if(M[8]<=7):
if (date<=120 or date>304):
Gr[8]=Gr7cold
else:
Gr[8]=Gr7hot
elif(M[8]<=14):
if (date<=120 or date>304):
Gr[8]=Gr14cold
else:
Gr[8]=Gr14hot
elif(M[8]<=21):
if (date<=120 or date>304):
Gr[8]=Gr21cold
else:
Gr[8]=Gr21hot
else:
if (date<=120 or date>304):
Gr[8]=Gr28cold
else:
Gr[8]=Gr28hot
#Sculpin life parameters
if (date>=0 and date<32):
TC=1.9
elif (date>=32 and date<60):
TC=4.9
elif (date>=60 and date<91):
TC=4.6
elif (date>=91 and date<121):
TC=11.7
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elif (date>=121
TC=13.7
elif (date>=166
TC=22.9
elif (date>=181
TC=24.6
elif (date>=212
TC=25.3
elif (date>=243
TC=20.6
elif (date>=273
TC=13.6
elif (date>=304
TC=10.2
elif (date>=334
TC=8.2

and date<166):
and date<181):
and date<212):
and date<243):
and date<273):
and date<304):
and date<334):
and date<365):

if(M[9]<=20):
if (date<=120 or date>304):
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
else:
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
elif(M[9]<=40):
if (date<=120 or date>304):
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
else:
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
elif(M[9]<=60):
if (date<=120 or date>304):
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
else:
T=25
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
else:
if (date<=120 or date>304):
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
else:
Gf[9]=0.08*sweight**-0.31*exp(0.0693*(TC-10))*1e-6
Ge[9]=0.3*Gf[9]
if(M[9]<=7):
if (date<=120 or date>304):
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
else:
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
elif(M[9]<=14):
if (date<=120 or date>304):
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
else:
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
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elif(M[9]<=21):
if (date<=120 or date>304):
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
else:
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
else:
if (date<=120 or date>304):
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
else:
Gr[9]=0.008*sweight**-0.31*exp(0.0693*(TC-10))/8.0
#Write in all property values for this MC run
Gf_goby[t]+=Gf[8]
Gf_sculpin[t]+=Gf[9]
Ge_goby[t]+=Ge[8]
Ge_sculpin[t]+=Ge[9]
Gr_goby[t]+=Gr[8]
Gr_sculpin[t]+=Gr[9]
#z_goby[0,states]=z[8]
#z_sculpin[0,states]=z[9]
l_goby.append(length)
l_sculpin.append(slength)
w_goby.append(M[8])
w_sculpin.append(M[9])
#lipid_goby[t]=lipid[8]
#lipid_sculpin.append(lipid[9])
#Set up RK parameters:
k1=[0,0,0,0,0,0,0,0,0,0,0]
yk2=[0,0,0,0,0,0,0,0,0,0,0]
k2=[0,0,0,0,0,0,0,0,0,0,0]
yk3=[0,0,0,0,0,0,0,0,0,0,0]
k3=[0,0,0,0,0,0,0,0,0,0,0]
yk4=[0,0,0,0,0,0,0,0,0,0,0]
k4=[0,0,0,0,0,0,0,0,0,0,0]
#Now begin 4th order RK solution:
for i in range(species):
for j in range(prey):
k1[i]+=1/z[i]/v[i]*(w[i,j]*Gf[i]*f_web[(t-1),j]*z[j])
k1[i]+=1/z[i]/v[i]*(fw*zw*Gr[i]+fs*zs*Gs[i]-f_web[t1,i]*(zf[i]*Ge[i]+zw*Gr[i]+z[i]*Gm[i]+z[i]*Gg[i]))
yk2[i]=f_web[t-1,i]+0.5*k1[i]
for j in range(prey):
k2[i]+=1/z[i]/v[i]*(w[i,j]*Gf[i]*yk2[j]*z[j])
k2[i]+=1/z[i]/v[i]*(fw*zw*Gr[i]+fs*zs*Gs[i]yk2[i]*(zf[i]*Ge[i]+zw*Gr[i]+z[i]*Gm[i]+z[i]*Gg[i]))
yk3[i]=f_web[t-1,i]+0.5*k2[i]
for j in range(prey):
k3[i]+=1/z[i]/v[i]*(w[i,j]*Gf[i]*yk3[j]*z[j])
k3[i]+=1/z[i]/v[i]*(fw*zw*Gr[i]+fs*zs*Gs[i]yk3[i]*(zf[i]*Ge[i]+zw*Gr[i]+z[i]*Gm[i]+z[i]*Gg[i]))
yk4[i]=f_web[t-1,i]+k3[i]
for j in range(prey):
k4[i]+=1/z[i]/v[i]*(w[i,j]*Gf[i]*yk4[j]*z[j])
k4[i]+=1/z[i]/v[i]*(fw*zw*Gr[i]+fs*zs*Gs[i]yk4[i]*(zf[i]*Ge[i]+zw*Gr[i]+z[i]*Gm[i]+z[i]*Gg[i]))
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f_web[t,i]=f_web[t-1,i]+(k1[i]+2*k2[i]+2*k3[i]+k4[i])/6.0
k1[i]=0
k2[i]=0
k3[i]=0
k4[i]=0
yk2[i]=0
yk3[i]=0
yk4[i]=0
if i==0:
c_regg[t,states]=f_web[t,0]*z[0]*MW*(1e-6)
if i==1:
c_segg[t,states]=f_web[t,1]*z[1]*MW*(1e-6)
if i==2:
c_pf[t,states]=f_web[t,2]*z[2]*MW*(1e-6)
if i==3:
c_pp[t,states]=f_web[t,3]*z[3]*MW*(1e-6)
if i==4:
c_zm[t,states]=f_web[t,4]*z[4]*MW*(1e-6)
if i==5:
c_amf[t,states]=f_web[t,5]*z[5]*MW*(1e-6)
if i==6:
c_amd[t,states]=f_web[t,6]*z[6]*MW*(1e-6)
if i==7:
c_cray[t,states]=f_web[t,7]*z[7]*MW*(1e-6)
if i==8:
c_goby[t,states]=f_web[t,8]*z[8]*MW*(1e-6)
if i==9:
c_sc[t,states]=f_web[t,9]*z[9]*MW*(1e-6)
if i==10:
c_smb[t,states]=f_web[t,10]*z[10]*MW*(1e-6)
progress=float(states)/runs*100
now=asctime(localtime())
if states%100==0:
print "Analysis is", str(progress),"% complete at ",now
###SET UP GOBY and SCULPIN PARAMETER FILES
line1=["#time"+"\t"+"RGweight"+"\t"+"RGlength"+"\t"+"RGcons"+"\t"+"RGeges""\t
"+"RGresp"+"\t"+"Sweight"+"\t"+"Slength"+"\t"+"Scons"+"\t"+"Seges"+"\t"
+"Sresp"+"\n"]
for t in range(time-1):
line1.append(str(t)+"\t"+str(w_goby[t])+"\t"+str(l_goby[t])+"\t"+str(Gf
_goby[t]/(states-1))+
"\t"+str(Ge_goby[t]/(states-1))+"\t"+str(Gr_goby[t]/(states1))+"\t"+str(w_sculpin[t])+
"\t"+str(l_sculpin[t])+"\t"+str(Gf_sculpin[t]/(states1))+"\t"+str(Ge_sculpin[t]/(states-1))
+"\t"+str(Gr_sculpin[t]/(states-1))+"\n")
lwfile=(name+"_params.txt")
file1=open(lwfile, 'w+')
file1.writelines(line1)
file1.close()
####### Round Goby Concentrations #########
# YEAR 1:
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line2=[]
for r in range(runs):
for t in range(time):
line2.append(str(c_goby[t,r])+"\t")
line2.append("\n")
rgfile=(name+"rg1.txt")
file2=open(rgfile,'w+')
file2.writelines(line2)
file2.close()
######## Sculpin Concentrations ##########
# Year 1:
line3=[]
for r in range(runs):
for t in range(time):
line3.append(str(c_sc[t,r])+"\t")
line3.append("\n")
scfile=(name+"sc.txt")
file3=open(scfile, 'w+')
file3.writelines(line3)
file3.close()
now=asctime(localtime())
print "Simulation complete at ", now
raw_input("Press enter key to exit.")

