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SUMMARY

Considerable progresshasbeen made in reducing the discharge of atmospheric pollutants from point sources such as effluent
pipes. Amoredifficult challenge involvesidentifying and controlling environmental contaminants generated by dispersed or
nonpointsourcessuchasautomobile exhaust, pesticide applications, and myriad commercial and industrial processes. Nonpoint
pollutants can travel far from their sources when they are discharged into rivers or enter the atmosphere. While waterborne
contaminantshavereceived growingattention, little recognition has sofarbeen given tothe far-ranging environmental consequences
of toxicsubstances and nutrients that are transported via the air.

Thisreportreviews three categories of airborne pollutants that we consider of greatest concern, both for their ecological effects
and theirimpacts on thehealth of fish, wildlife, and humans:

Organiccompounds: Theseinclude long-recognized persistent organic pollutants and a vastly larger group of chemicals
suchasbrominated flameretardants, water-repellent coatings, and synthetic fragrances that remain largely unmonitored
and unregulated.

Mercury: Oxidized forms of mercury readily rain from theair onto terrestrial and aquaticecosystems. In sediments, they
canbe transformed intomonomethyl mercury; the form most toxic to fish and the wildlife and humans that consumefish.
Nutrients: Atmospheric transport s a significant and increasing source of plant nutrients to freshwater and marine
ecosystems and can accelerate eutrophication of these waters.

A review of the available scientificinformation indicates that:

The pollutants that are most likely to present ecological risks are those that are (1) highly bioaccumulative, building up
tohighlevels in animal tissues even when concentrations in the water remain relatively low, and (2) highly toxic, so that
they cause harm at comparatively low doses.

Atmosphere-water interactions that control the input and outgassing of persistent organic pollutants in aquaticsystems
arecritically importantin determining the cyding and residence times of these compounds and theextent of contamination
of food webs.

Although the effects of various types of pollutants are usually evaluated independently, many regions are subject to
multiple pollutants, and their fate and impacts are intertwined. The effects of nutrient deposition on coastal waters, for
instance, can alter how various organic contaminants and mercury are processed and bioaccumulated, and ultimately,
how they affectaquatic organisms.

Formany organic pollutants, evenlong-banned chemicals such asPCBs and other organochlorines, non-atmospheric
sources have been well controlled while atmospheric sources have eitherbeen neglected orignored.

Ecological effects of airborne organochlorines are a particular concern athigh latitudes and altitudes. Even though
concentrations of organochlorines in air masses and snow fromnorthern and alpine regions are generally low; the food
web dynamics, physiologies, and life cycles of cold region animals allow these contaminants to be biomagnified to
extraordinary degreesin food chains.

Atmospherically deposited contaminants are generated largely by human activities, and reducing the extent and impacts of this
increasingly significant source of environmental pollution will require greater recognition, monitoring, and ultimately, regulation.

Cover Photo: Fog over Lonesome Point on Lake Superior, Grand Marais, MI (courtesy the U.S. Environmental Protection Agency
and U.S. Fish and Wildlife Service).
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INTRODUCTION

Over the past several decades, the United States has made
considerable progress in reducing the amount of pollutants
discharged from identifiable point sources such as municipal
effluent pipes. A more difficult challenge has been toidentify and
control environmental contaminants generated by dispersed or
nonpoint sources such as automobile exhaust, livestock wastes,
fertilizer and pesticide applications,

Since air moves rapidly, atmospheric pollutants can travel long
distances quickly and be deposited on distant watersheds. The
“airshed” for a particular body of water can encompass hundreds
of miles. An airshed defines the geographicarea that contains the
emissions sources that contribute 75 percent of the pollutants
deposited in a particular watershed' (Figure 1). Airsheds differ for
each form of every pollutant and are determined by modeling
atmospheric deposition of each chemical. They are useful

theoretical tools for explaining

and myriad commercial and
industrial processes. These
nonpoint pollutants can travel far
from their sources when they seep
or flow into rivers or enter the air. 1
In particular, volatile chemicals - S
those that evaporate readily —can
be carried through the atmosphere i)
and fall on parts of the world far
removed from their origins. They
can either be deposited directly
onto terrestrial and aquatic
ecosystems (“direct” deposition) or
deposited onto land surfaces and
subsequently run off and be
transferred intodownstream waters L
(“indirect” deposition). Deposition
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atmospheric transport and for
illustrating the need to control
emission sources far removed from
the ecosystem of concern.

This report reviews three
categories of atmospheric pollu-
tants that we consider of greatest
concern, both for their ecological
effects and their impacts on the
health of a wide range of biota,
including lower levels of the food
web (algae, macrophytes, and
invertebrates), fish, wildlife, and
humans. These categoriesinclude
organic compounds, mercury, and
norganicnutrients.

First, semi-volatile organic

of these pollutants can occur via . contaminants often have properties
-, », ! " s

wet or dry forms. Wet deposition “ & / that allow them to persist in the

includes rain, snow, sleet, hail, “‘x.\ - environment for very long periods,

clouds, or fog, while dry T tobioaccumulate (thatis, build up

deposition includes gases, dust,

in animal tissues), and to be toxic

and minute particulate matter.
Rates of wet deposition are most
influenced by how readily the
chemicals dissolve in water, while
rates of dry deposition are very
sensitive to the form (gas or

Figure 1-Principal nitrogen oxide airsheds and corresponding
watersheds for Hudson/Raritan Bay, Chesapeake Bay, Pamlico
Sound, and Altamaha Sound (listed fromnorth to south).>These
airsheds show the geographicarea that contains the emissions
sources that contribute 75 percent of the nitrogen oxide deposited
ineach watershed. Viaatmospheric transport, pollutants such
asnitrogen oxide canimpact watershedshundreds of milesaway.

to aquatic organisms at lower
levels of the food web, as well as
to fish and to the wildlife and
humans that eat fish. These
persistent organic pollutants
include a wide range of chemicals

particle) of the chemicals and the

from pesticides and poly-

“stickiness” of the surface upon

which they are being deposited. Chemicals deposited to aquatic
ecosystems can re-volatilize and thus be redistributed via the
atmosphere. During atmospheric transport, pollutants also can be
transformed into other chemicals, some of which are of greater
concern than those originally released to the atmosphere. Pollutants
may also be transformed into other chemicals once they are
deposited on and travel through watersheds. Until recently,
however, little recognition has been given to the environmental
consequences of toxic substances and nutrients that fall from the
air as wet and dry deposition onto land-based and aquatic
ecosystems.

chlorinated biphenyls (PCBs) to
brominated flame-retardants, water- and stain-repellent coatings,
and synthetic fragrances.

Second, the metal mercury can be transported in the
atmosphere and fall onto terrestrial and aquatic ecosystems as
precipitation or dry deposition. In aquatic systems, mercury may
eventually be transformed into monomethyl mercury, a form that
is bioaccumulative and can harm fish, wildlife, and humans.

Finally, the significance of inorganic forms of nutrients as
atmospheric pollutants has been gaining increased attention.
Nutrient-laden runoff from the land has long been acknowledged
asa culpritin the over-enrichment and eutrophication of coastal




waters. Now, atmospheric nitrogen deposited in coastal and
estuarine waters has been shown to be a major nutrient source in
some coastal regions. The result can be excessive algal
(phytoplankton) growth, oxygen depletion, degradation of marine
habitats, and loss of both biodiversity and commercially valuable
fish and shellfish species.

The properties that determine whether or not a chemical is
likely to become a “problem” in aquatic ecosystems include its
intrinsic toxicity, how long it can persist in air without
decomposing (or without transforming to a chemical of greater
concern), whether itbioaccumulates, how it interacts with other
chemicals, whether it re-volatilizes, and how itis transformed
once deposited in water.

Usually, the emission, airborne transport, fate, and ecological
impacts of these three classes of pollutants are considered
independently. However, while these contaminants may be
generated by different sources, their impacts on the environment
cannot be evaluated separately. Many coastal regions are subject
topollution from multiple sources, and the atmosphericdeposition
of nutrients often occurs in concert with deposition of mercury
and one or more organic contaminants. Thus, the effects of
nutrients on coastal ecosystems and their food webs can alter
how various organic contaminants and mercury are processed,
how they build up in the food web, and ultimately, how these
toxic chemicals affect fish, wildlife, and humans.

The first section of this report examines these three classes of
pollutants, their characteristics, and sources. The second section
explores atmosphere-water interactions that determine the fate
and persistence of airborne pollutants in freshwater and marine
ecosystems. The third discusses the factors that determine whether
atmospherically delivered pollutants present arisk to fish, wildlife,
and humans. The fourth section looks at the relationship between
nutrient deposition and the fate and impact of organic pollutants.
The fifth and final section outlines priorities for regulation and
monitoring of atmospheric pollutants.

POLLUTANTSOFCONCERN
Organic Compounds

The organic compounds that merit concern as atmospheric
pollutants have diverse chemical structures, sources, and uses.
They can generally be categorized either as deliberately produced
substances such as pesticides, industrial compounds, and their
persistent degradation products, or as byproducts of fossil fuel
combustion or impurities in the synthesis of other chemicals.
Although diverse structurally, the organic chemicals that are
transported atmospherically, deposited into remote environments,
and build up tolevels that can affect wildlife and human health,
have arelatively narrow range of physical and chemical properties
(see Box 1). These are properties that (1) allow them to move in
measurable quantities from land and water surfaces to the
atmosphere, (2) give them sufficient stability (in the form of
resistance to degradation by ultraviolet light and oxidation by
hydroxylradicals) to be transported long distances, and (3) impart
a relatively high affinity for fatty tissues and resistance to
breakdown in the body and thus allow them to accumulate in

organisms and biomagnify (increase in concentration as they move
up) in food chains.

Most atmospherically-transported chemicals that also
bioaccumulate, such as PCBs and chlorobenzenes, are known as
“multimedia chemicals” because they can be distributed through
air, water, and soil rather than a single medium. Virtually all of
the persistent organic pollutants listed under the Stockholm
Convention — aldrin, chlordane, dieldrin, dichlorodi-
phenyltrichloroethane (DDT), endrin, heptachlor, hexa-
chlorobenzene, mirex, toxaphene, PCBs, polychlorinated dibenzo-
p-dioxins and —dibenzofurans (PCDD/Fs) — are multimedia
chemicals.® A few highly chlorinated PCDD/F and PCB congeners
are solid phase chemicals that concentrate solely in soils and
sediments. (Congeners are members of a family of chemicals that
have the same basic structure but have different amounts of
chlorine.)

Persistent organic pollutants, as defined by the Stockholm
Convention, are now scheduled for either global bans (chlorinated
pesticides) or emission reductions (by-products such as PCDD/
Fs). Nevertheless, the risk they present to the environment will
persist because of their extraordinary resistance to degradation
and because contaminated sources such as agricultural soils or
PCB-containing building materials continue to re-supply the
atmosphere. Inaddition, the Priority Substances Listin the European
Water Framework Directive includes many of these same chemicals,
as well as polybrominated diphenyl ethers (PBDEs) used as fire
retardants and chlorinated alkanes.

Chemicals that accumulate largely in one environmental
medium (air, water, or soil) are generally not a concern for
ecosystems impacted primarily by atmospheric pollution. For
example, the herbicide atrazine is known to be very persistentin
nutrient-poor waters, but little of it volatilizes to the atmosphere.
Because of this, its impacts are largely of concern locally, for
example in agricultural streams and wetlands near fields where
atrazineisapplied” Similarly; alkyl phenolsand acid pharmaceuticals
present an exposure risk to aquatic life in receiving waters near
municipal waste treatment plants.® Substantial concentrations of
alkyl phenols are also observed in the atmosphere above estuaries
receiving wastewater effluents, but these chemicals adhere
efficiently to atmospheric aerosols and are soon removed by
rainfall.’ Thus they travel only short distances in the atmosphere
and are generally not a concern for remote aquatic environments
where atmospheric deposition is the predominant source of
pollution.

Itismore difficult to classify the atmospheric pollution potential
of the many semi-volatile chemicals that have multimedia
characteristics but are rapidly degraded either in the atmosphere
or in the biosphere. Examples of this group are the 2, 3 and 4-
ring polyaromatic hydrocarbons (PAHs), organophosphorus
pesticides, and mono-, di- and trichlorobenzenes. Under some
circumstances, concentrations of these chemicals could build up
even in remote environments if rates of atmospheric and water
degradation are low — for example, in cold climate regions. This
mightlead to exposure of some aquatic or terrestrial organisms,
but these compounds would likely be broken down during
metabolism by vertebrates and thus would generally not be
expected to build up in food webs. This generality needs to be




Box1 — Physical and Chemical Properties of

chemical in air than in water when expressed in
equivalent concentrations. The octanol-water
partition coefficient (Kow) is commonly used as
an index of toxicity because solubility in octanol
mimics solubility in biological lipid tissues and
indicates the potential for bioaccumulation. Van
de Meent et al.’ proposed classifying chemicals
as either (A) gas phase chemicals that partition
into the gas phase regardless of their mode of
entry into the environment, (B) aqueous phase
chemicals that partition into the aqueous
environment regardless of mode of entry; (C) solid
phase chemicals that partition into soils and
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Figure 2—Plot of the two key partition coefficients, air-water partition coefficients
(log Kaw) and octanol-water partition coefficients (log Kow), illustrating predicted
environmental media (gas—air, aqueous —water, and solid —soil) where organic
contaminants accumulate or are transported as a function of their physical chemical
properties®. Many toxic chemicals are multimedia and partition intomore than one
medium.

sediments, and (D) multimedia chemicals that partition into more than one environmental medium. To visualize these categories,
a global scale multimedia model (similar to GloboPOP*) was applied that assumed no degradation except in air (class A), water
(class B), and soil (class C). The shaded areas in Figure 2 reflect substances with a wide range of air-water and octanol-water
partition coefficients, which indicate their relative affinity for air vs. water or for the lipid tissues of organisms vs. water, respectively:
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assessed on a case-by-case basis, however, since our ability to
predict such biotransformations in the food web is weak."

New emerging organic contaminants of interest

Since the late 1990s, there has been a major increase in
measurement and detection of organic chemicals that are not
presently classified as persistent organic pollutants in waters affected
by atmospheric contaminants. These chemicals include:

*  polybrominated diphenyl ether flame retardants (PBDEs)
widely used in polymers and textiles;

*  fluorinated surfactants used tomake hundreds of everyday
products from non-stick cookware and water- and stain-
repellent coatings for carpets and raincoats to cosmetics,
paper products, and polymers for electronics;

*  chlorinated naphthalenes (PCNs) used in cable insulation,
wood preservation, electronics manufacturing, and dye
productiory;

*  chlorinated alkanes (also known as chlorinated paraffins)
found in paints and adhesives as well as fluids used in
cutting and machining metals; and

*  pesticides currently in use such asendosulfan and lindane.

Even this expanded list, however, represents only a tiny fraction

of the chemicals in commerce or even of the subset known as
“high production volume chemicals” (HPVCs). The U.S. HPVC

listincludes 2,863 organic chemicals produced or imported at
levels greater than 450 tons per year." In the European Union,
the European Inventory of Existing Commercial Chemical
Substances lists 100,195 “existing chemicals” — meaning
chemicals in commerce as of 1981 — of which about 2,704 are
considered HPVCsbased on production levels greater than 1,000
tons per year and 7,842 are low production volume chemicals
produced at rates of 10 to 1,000 tons per year.’? The
Organization for Economic Cooperation and Development
maintains an HPVC list based on a compilation of the U.S.,
E.U., and other national inventories. In 2000, that list
contained 5,235 substances produced at levels greater than
1,000 tons globally.

While the majority of these HPVCs are probably not a concern
with regard to their environmental persistence, bioaccumulation,
and toxicity, the chemical industry has recognized that data are
lacking for many of these chemicals. In the absence of data,
production volume s assumed to be a surrogate for occupational,
consumer, and environmental exposure.” The International
Council of Chemical Associations has established a list of 1,000
HPVCs for which full data sets on toxicity and environmental fate
are to be developed by 2004." However, this will leave more
than 50 percent of high production volume chemicals without
full data sets.




Among the new organic contaminants of greatest concern
are synthetic musk fragrances, PBDE flame retardants, and
fluorinated surfactants.

Synthetic Fragrances. Synthetic musk fragrances are semi-
volatile and lipophilic (literally “fat-loving” because they are
attracted to fatty tissues) compounds that are added to a wide
range of personal care products, including perfumes, cosmetics,
soaps, and shampoos as well as laundry detergents.”> These
synthetic fragrances are on the U. S. HPVC list but have only
recently been studied as contaminants in any natural system in
this country. The most common synthetic fragrances used are
twonitro musks called musk xylene and musk ketone and two
polycyclic musks known as HHCB (hexahydro-
hexamethylcyclopentabenzopyran) and AHTN (hexamethyl-
tetraline). In Europe, approximately 6,500 metric tons of these
four synthetic compounds were produced in 1999 for use as
consumer product additives.'®

In the early 1980s, concentrations of synthetic musk
fragrances were discovered in animal tissues for the first time.
Since then, there has been an increasing awareness of the
ubiquitous distribution and possible toxicological effects of these
compounds. Recent measurements of these compounds in
wastewater effluent and in air and water in the Great Lakes region,
for instance, have illustrated that ecological exposures are chronic
and likely to be increasing.'” This is cause for concern because
both HHCB and AHTN have been shown to exhibit hormonal
disruptionin fish." (Hormonally active substances are chemicals
that mimic or interfere with hormone function and can distort
normal reproductive development, alter behavior, and impair
disease resistance in wildlife and humans.) Several studies with
cell cultures indicate that musk xylene, musk ketone, p-amino-
musk xylene (a major breakdown product of musk xylene), and
the polycyclicmusk fragrance AHTN all demonstrate estrogenic
activity in laboratory tests. In Europe, musk ketone and musk
xylene were effectively banned from use as fragrances in 2002
because of their reported toxicities.”

Although HHCB and AHTN areboth onthe U.S. HPVClist,
their use in personal care and household products s privileged
information in the United States, and companies that use them
donothave to reporthow much they use or manufacture. They
also donot have to report any estimates on how much synthetic
fragrance may ultimately be discharged into the environment.
Because of this, ecological impacts of these compounds can only
beidentified through field and toxicological studies conducted
long after exposures have begun. Fortunately, thanks to the intense
interest in the fate and impacts of these compounds in Europe,
analytical methodshave been developed and standards are available
for these fragrances.

For the vast majority of high production volume chemicals
identified as potentially bioaccumulative and persistent, however,
there are no trace analytical methods available for tracking their
fate and impacts.*® Many of the recently initiated measurements
of organic chemicals have been made using advances in analytical
methodology, especially in the case of fluorinated organics.

Flame retardants. Among the newly emerging chemical
contaminants of aquaticenvironments, the PBDE flame retardants
and the perfluorinated surfactants discussed below have generated

the greatest concern. PBDEs are used in thousands of consumer
products from fire-resistant textiles and upholstered furniture to
computers and televisions. Global demand for these additives
increased from 40,000 tons in 1992 to 67,125 tons in 1999.2!
The tetra- and pentaBDEs (TeBDE and PeBDE) are of greatest
concern, and their concentrations are increasing in humans and
wildlife.” TeBDE and PeBDE are multimedia chemicals with
physical properties similar to those of some PCBs. A higher
brominated product, decabromodiphenyl ether (DecaBDE), isa
solid phase chemical, but it may degrade in sunlight and in the
tissues of fish to these lower brominated multimedia forms.”
Researchers measured anine-fold increase in PBDEs in the tissues
of ringed seals from the western Canadian Arctic over the period
of 1981 to 2000.*

Fluorinated surfactants. Scientists have recently documented
widespread contamination of wildlife and the general human
population with perfluorinated acids.* “Perfluorinated” isa term
used to describe organic molecules that are fully fluorinated,
meaning fluorine atoms have replaced all hydrogen atoms in the
carbon-hydrogenbonds. The most widely known perfluorinated
acids are perfluorooctane sulfonate (PFOS) and perfluorooctanoic
acid (PFOA);however, similar compoundshaving longer or shorter
perfluorinated chains are also produced or exist as impurities within
manufactured formulations. Theseimportantindustrial chemicals
fall into the category of surfactants because they are surface-
active agents that repel water and oil or resist heat or other
chemicals. The major use of PFOS s in treating fabric surfaces for
stain resistance. The existing database describing physical
properties of perfluorinated acids, including PFOS and PFOA, is
severely limited because of their anomalous physical and chemical
behavior. The properties of PFOS and PFOA suggest that they are
poor candidates for long-range airborne transport, yet they have
been discovered throughout the global environment. Worldwide
dissemination of perfluorinated acids must therefore occur by way
of an airborne neutral derivative that yields the free acid when it
degrades.*® Widespread detection of precursors of PFOS and
PFOA in the airin North America is providing increasing evidence
that this is indeed the means by which these nonvolatile
compounds have become such widespread contaminants.”

Over the past decade, researchers have found PFOSin birds,
fish, and marineand land mammals around the world. Forexample,
PFOS has been detected in the blood of ringed seals from the
northern Baltic Sea, the eastern Canadian arctic, and Svalbard;
the blood and liver of northern fur seals from Alaska; and the
livers of polar bears from northern Alaska.?® PFOS concentrations
in polar bear livers range from 1 to 5 micrograms per gram of
tissue (wet weight), making it the most prominent organohalogen
contaminant in these mammals.”

Mercury

Mercury is a metallic element (Hg) that has been extracted
for centuries from sulfide ore or cinnabar (HgS). Ithas become a
global pollutant and can be mobilized into the atmosphere from
many human activities, including municipal trash incineration,
burning of high sulfur coal (which contains cinnabar) in coal-
fired power plants, metal smelting, chlorine-alkali plants, cement




making, and gold extraction, as well as from use of mercury-
based fungicides inlatex paints and the paper and pulp industry.
Mercury in its elemental state has low reactivity and a long
atmospheric residence time, thus allowing it to be mixed in the
atmosphere onaglobal scale, while the oxidized forms are removed
by wetand dry deposition.** Oxidized reactive gaseous mercury
(RGM), for example, is very soluble in water and is effectively
deposited on land and water by snow and rainfall. Particulate
forms of mercury fall as dry deposition.*!

The total mass of mercury in the atmosphere has been
estimated at 5,000 to 6,000 metric tons, and approximately half
of that was generated by human activities.” Atmospheric
concentrations of mercury peaked in the 1960s and 1970s and
have been declining since then.* It has been estimated that
human activities contribute 70 to 80 percent of the total annual
mercury emissions to the atmosphere and that more than 95
percent of mercury vapor in the atmosphere exists as elemental

mercury (Hg).* The remaining balance of the mercury exists as
RGM, as particulate complexes of divalent mercury, and in the
organic form as monomethyl mercury.®

Although atmospheric concentrations have been declining
for several decades, mass balance calculations that relate net
mercury accumulation in the atmosphere with net loss indicate
thathuman inputs of mercury to the atmosphere have increased
threefold since the beginning of the industrial age.* This estimate
has been supported by data from several field-based studies of
dated sediment cores from lakes and wetlands.”” The mass balance
calculations also suggest that a legacy of mercury inputs is
stored in terrestrial landscapes since only 5 percent of the
atmospheric mercury deposited on the land is carried to the
oceans via runoff. Refinement of mass balance calculations
hasled some researchers to conclude that dry deposition of
RGM from the atmosphere can represent up to 35 percent of
the total mercury input to the ocean.?®

Table 1-Natural and anthropogenic sources of atmosphericnitrogen compounds (the major chemical forms of atmosphericnitrogen

compounds are the reduced, oxidized and organic forms).

Chemical Form

Reduced Nitrogen
Ammonia/Ammonium (NH,/NH,’)

Agricultural

Natural

Oxidized Nitrogen
NitrogenOxides(NO/NO,/NO;)

Natural

Organic Nitrogen
(Dissolved and Particulate)

Agricultural

Natural

Livestock waste (volatilized NH.,)
Chemical fertilizers (volatilized NH.,)
Biomassburning
Dust from deforestation & land clearing
Urban & Rural (non-agricultural)
Wastewater treatment (volatilized NH,)
Fossil fuel combustion (from automobile catalytic converters)

Biomass burning (forestand grass fires)
Decomposition of organicmatter
Dustand aerosols

Volcanism

Urban & Rural (non-agricultural)
Fossil fuel combustion
mobile & stationary engines
powerplants & industrial

Biomassburning

Lightning

Photolysis of N,O (air, land, water)
Dustand aerosols generated by storms
Microbially-mediated volatilization

Dustand volatilization of wastes??
Urban & Rural (non-agricultural)
Dust/aerosols??

Atmosphericphotochemical and lightning
Biological production in oceans??

Sources
(inapproximate order of importance)

??=possible, butlittle known about, sources




While the mass balance has identified the magnitude of the
various fluxes and pools of mercury and possible pathways for
contamination of land and water, it does not provide information
on the true partitioning of various forms of mercury in the
atmosphere. This information is vital for predictive modeling of
global mercury cycling and the effectiveness of mercury reduction
strategies, and it continues to be an active topic of research. The
potential for atmospheric deposition of mercury, for example,
depends upon the distribution of various forms of mercury in
emissions and plumes. Both particulate mercury and RGM are
likely be deposited closer to their local or regional sources, while
gaseous mercury is expected to be transported long range and
have a one to two year residence time in the atmosphere. Current
instrumentation allows for real-time measurement of atmospheric
mercury as RGM, particulate mercury, and gaseous mercury at
the picogram or sub-picogram level. The simultaneous
measurement of these various atmospheric forms has allowed for
analysis of phase distribution of mercury near point sources, at
offshore oceanic stations, and in remote areas.

Nutrients

A significant and increasing source of nutrients to freshwater
and marine ecosystems is atmospheric deposition, either as rain
or snow or as dry deposition of particles and gases. Thenutrients
that have received most attention are those that are essential for
plant growth (primary production) because their concentrations
control the growth of algae, which form the base of aquatic food
webs. These nutrients include nitrogen, phosphorus, iron, and
trace elements such as zing, manganese, copper, cobalt,
molybdenum, boron, and selenium. By far, the greatest attention
has been focused on nitrogen because it is the most common
limiting nutrientin marine, estuarine, and a few freshwater systems.
Nitrogen is also a highly significant component of atmospheric
deposition.” In the marine environment, iron has been the subject
of increasing interest because recent studies have shown that this
metal limits primary production in some open ocean waters.*
Iron can also act synergistically with nitrogen to enhance algal
production in coastal and ocean waters.*" Both nitrogen and
phosphorus have received attention in freshwater ecosystems,
which are most often phosphorus limited.

Early studies on human-generated contaminants delivered to
ecosystems via the atmosphere identified nitrogen as a major
nutrient constituent of both rain- and dry-fall.* Atmospherically
deposited nitrogen provides aquatic systems with a variety of
biologically available nitrogen compounds, reflecting a diverse
array of human activities and, to a lesser extent, natural processes
(Table 1). These compounds include inorganic reduced forms
(ammonia, ammonium), inorganicoxidized forms (nitrogen oxides,
nitrate, nitrite), and organicforms (urea, amino acids, and unknown
compounds). During the past century, atmospherically deposited
nitrogen has increased tenfold, driven by trends in urbanization,
industrial expansion, and agricultural intensification.*® Nitrogen
deposition ranges from 400 to more than 1,200 kilograms per
hectare each year and represents from 10 to more than 40 percent
of the “new” nitrogen coming into North American and European
inland and coastal waters (Table 2).* On a larger scale, nitrogen

flux to the North Atlantic Ocean basin is approximately 11.2
teragrams (trillion grams) per year and accounts for 46 to 57
percent of its “new” nitrogen input.* This is comparable to the
“new” nitrogen inputs delivered to the ocean by rivers.* Indeed,
in the waters of the North American continental shelf, nitrogen
inputs via the atmosphere exceed those arriving by rivers.*

Table 2 - Estimated contributions of atmospheric deposition of
nitrogen to “new” nitrogen inputs in diverse estuarine, coastal
and open ocean waters. When identified, the sources (wet: W
and/or dry deposition: D) and chemical forms (inorganic: I and/
or organic: O) of atmospherically deposited nitrogen are
indicated®.

PERCENTOF“NEW”NITROGEN

THATISATMOSPHERICALTY

DEPOSITED
BalticSea (Proper)” ~ 30 W+D, I
Kiel Bight (Baltic)® 40% W, 1
North Sea (Coastal)” 20-40% W+D, I
Western Mediterranean Sea™ 1060% W, 1
Wagquoit Bay, MA, USA® 29% W, I+O
Narragansett Bay, USA* 12% W, I+O
LongIsland Sound, USA® 20% W, I+O
New York Bight, USA% 38% W, I+O
Barnegat Bay, USA” 40% W, I+O
Chesapeake Bay, USA™® 27% W, I+O
RhodeRiver, MD, USA” 40% W, I+O
NeuseRiver Estuary, NC, USA® 35% W, I+O
PamlicoSound, NC, USA®! ~ 40% W+D, I
Sarasota/Tampa Bay, FL, USA® 30% W+D, I
Mississippi River Plume, USA® 2-5% W+D, I+O

Excessive nitrogen loading to estuarine and coastal watersis
the key cause of accelerating eutrophication and the associated
environmental consequences, including algal blooms, decreases
in water clarity, toxicity, hypoxia or anoxia (oxygen-depleted or
“dead zones”), fish kills, declines in submerged aquatic vegetation,
and associated habitatloss.*

As a significant source of “new” nitrogen, atmospheric
deposition is both a local and regional issue because emission
sources may be situated either within or far outside affected
watersheds.®Nitrogen oxides, mostly generated by fossil fuel
combustion, account for 50 to 75 percent of nitrogen pollution
in the United States, with reduced nitrogen and organicnitrogen
making up the rest. Rapidly expanding livestock (swine, cattle
and poultry) operations in the Midwest and Mid-Atlantic regions
have accelerated the generation of nitrogen-enriched wastes and
manures, and 30 to 70 percent or more of this may be emitted as
ammonia (NH,) gas. This hasled tolocal and regional increases
inammonium (NH,*) deposition, which can be seen in a two-
decade analysis of atmosphericnitrogen deposition at the National
Acid Deposition Program network site in Duplin County, North
Carolina, alocation that has experienced a rapid rise in animal
operations during this period (Figure 3).% In Western Europe, where
animal operations have dominated agricultural production for the




better part of the past century, ammonium is the most abundant
form of atmospherically deposited nitrogen.”

Phosphorusis a component of atmospheric deposition, but it
typically occurs at concentrations less than a few percent those of
nitrogen.*®® This is especially true in regions where wet exceeds
dry deposition, since phosphorus is usually bound to particles
such as dust and

months when plant nutrient demands are highest, phosphorus
inputs from surface runoff are minimal. Atthe same time, dry
and windy conditions tend to favor transport of dust. Since
phosphorus is often bound to dust particles, it is possible that
atmospherically deposited phosphorus assumes amoreimportant
role asasource of “new” phosphorus during these crucial growth
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be of considerable mainly intheform

importance since far less phosphorus than nitrogen is required for
balanced plant growth.” Therefore, in phosphorus-limited lakes,
rivers, reservoirs, and even some marine systems such as the eastern
Mediterranean Sea, atmospheric phosphorus inputs can be a
significant nutrient source. For example, in Mid-western lakes,
including the Great Lakes, atmospheric deposition of phosphorus
contributes from 5 to 15 percent of the externally supplied
phosphorus.” Inarecent study of the Mid-Atlantic coastal region,
concentrations of total dissolved phosphorus in rainfall ranged
from 4 to 15 micrograms per liter at nine sites, and total wet
deposition ranged from 3.9 to 14 milligrams per square meter
per year across the region.”” Annual total phosphorus loading to
Lake Michigan in 1976 was 1.7 million kilograms per year,
representing about 16 percent of the whole lake’s phosphorus
budget.” In alpine Lake Tahoe on the California-Nevadaborder,
atmospherically deposited phosphorus accounts for approximately
25 percent of annual phosphorus inputs, while in the phosphorus-
limited eastern Mediterranean Sea, atmospheric deliveries represent
about 10 percent of the “new” phosphorus. Overall, it appears
that airborne phosphorus typically accounts for 10 to 20 percent
of total phosphorus loadings to water bodies from all sources. It
remains unknown whether phosphorus transported into aquatic
systems by river or air differs in its availability for stimulating
plantgrowth.

Atmospheric deposition of both nitrogen and phosphorus
varies with the seasons. For example, during the dry summer

of dust, is a major source of “new” supplies of these nutrients to
coastal and open ocean waters.” Iron can be transported over
great distances, as demonstrated by the iron-enriched Saharan
duststorms that travel thousands of kilometers over the subtropical
North Atlanticto “fertilize” iron-deficient and nutrient-poor waters
as far away as the Caribbean Sea and the Eastern Seaboard of the
United States.” Iron and trace metals are also generated by
volcanic emissions and by various continental pollution sources,
including power plant, automotive, and industrial emissions.”
While there is uncertainty about the chemical forms and behavior
of atmospherically deposited iron that enters the ocean, there is
little doubt that it represents an important source of “new” iron
inan environment that is otherwise free of external iron inputs.”

EMISSION, DEPOSITION, ANDFATEPROCESSESAND SCALES

The three major atmospheric pathways by which persistent
organic pollutants enter water bodies such as the Great Lakes,
Chesapeake Bay, other coastal estuaries, and the coastal and open
sea are as (1) wet deposition via rain, snow, and fog, (2) dry
deposition of particles, and (3) gaseous exchange between the
air and water (Figure4). Many urban industrial centers arelocated
on or near coastal estuaries and the Great Lakes. Emissions of
pollutants into the urban atmosphere are reflected in elevated
local and regional pollutant concentrations and also in areas of
intense localized atmospheric deposition that are over and above




the regional signal. For example, the southern basin of Lake
Michigan and northern Chesapeake Bay are subject to
contamination by air pollutants (PCBs, polyaromatichydrocarbons
(PAHs), mercury, and trace metals) because of their proximity to
industrialized and urbanized Chicago and Baltimore, respectively:
Concentrations of PCBs and PAHs are significantly elevated in
Chicago and coastal Lake Michigan”™ and in the air over
Chesapeake Bay near Baltimore” compared to the regional signal.
Higher atmospheric concentrations of pollutants are ultimately
reflected in increased precipitation and dry particle inputs of
contaminants to the lake or to estuarine waters, as well asenhanced
air-water exchange of organic compounds such as PCBs and
PAHSs.* Of course, the relative importance of these atmospheric
pathways to overall water pollution must be evaluated in terms of
other inputs, including discharges from wastewater treatment
facilities, pollution from upstream river flow, and mobilization of
pollutants from sediments.

All three atmospheric pathways deliver pollutants directly to
the water surface. This is especially significant for water bodies
thathave large surface areas compared to the area of the watershed
that supplies their runoff. The Great Lakes and coastal seas are
twoexamples. In turn, polluted water bodies may become sources
of contaminants to the local and regional atmosphere as gases
are lost from the water column to the air. This has been
demonstrated for PCBs in the Great Lakes regions of southern
Lake Michigan and Green Bay;* for PCBs, PAHs, polychlorinated
dibenzo-p-dioxins and —dibenzofurans (PCDD/Fs), and
nonylphenols in the New York-New Jersey Harbor Estuary;*>and
for PCBs and PAHs in the Chesapeake Bay.®

Incontrast, many aquaticsystemshavelarge watershed-to-water
arearatios. In these systems, deposits of atmospheric pollutants onto
forests, grasslands,

organic pollutants. Thatisbecause the lakeis cold, nutrient poor, has
alarge surface area that coversmost of its watershed, and the urban
and industrial density in the area is low. Cold water and a large
surface area enhance the lake’s sensitivity toatmosphericinputsand
air-water exchange through outgassing or volatilization. During the
1980s, for instance, the PCB burden in Lake Superior decreased
exponentially at about 20 percent a year, primarily because of
outgassing losses to the air.* Although some PCBsbind to organic
particles and sink to the lake bottom, this sedimentation process
doesnot provide permanent removal of these contaminants from the
water column. Thus, water-air exchange is the dominant loss
mechanism. PCBs in the water column today are in approximate
equilibrium with atmospheric concentrations.

The two-to-five fold higher concentration of toxaphene (an
insecticide banned in the United State since 1990) than PCBs in
Lake Superior has been attributed to alower sedimentation rate
and colder water temperatures relative to the other Great Lakes.®
Outgassing is an important loss mechanism for toxaphene, just as
itis for PCBs, but on a longer time scale. The half-life for PCB
decline in Lake Superior watersis 3.5 years compared to 12 years
for toxaphene.* Clearance of toxaphene by volatilization would
be faster were it not for the higher atmospheric concentrations
generated by continued outgassing of toxaphene from agricultural
soils in the southern states upwind from Lake Superior.

The pesticide atrazine provides a counter example to PCBs
and toxaphene since it is delivered to water bodies mainly by
riverine transport of agricultural runoff, and the role of atmospheric
delivery is believed to be minimal. Although atrazine has a 30- to
90-day half-life in soils, transport into rivers and lakes significantly
extendsits half-life. Lake Michigan and other large aquaticsystems
are most sensitive to tributary inputs of atrazine, but the long-
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Figure 5 —Massbalance of persistant organic pollutants in Lake Superior. (a) PCBs;
(b) Toxaphene **Dry deposition includes the contaminant deposition associated with
atmospheric particle fallout; wet deposition includes the removal of gas phase and
particle-bound contaminant by precipitation such as rain and snowfall.

data even suggest that estuarine food chains
dominated by surface runoff of pollutants may
also experience food chain contamination from
air-water exchange, especially where local and
regional emissions create high atmospheric
concentrations of pollutants.” A key
consideration s thatair-waterexchange delivers
organic pollutants to the water column in the
form of 100 percent bioavailable dissolved
gases, whereas contaminants from riverine
sources and in stirred and resuspended
sediments may notbe readily available for use
by organisms.

In summary, atmosphere-water
interactions are critically important in the
cycling and residence times of persistent
organic pollutants and the contamination of
food webs in lakes, estuaries, coastal waters
and the global ocean. In remote aquatic
systems or those with large surface areas,
atmosphericdepositionin general, and air-water
exchange specifically, dominates total inputs.
Moreover, air-water exchangeis the likely mode

moval of atrazine from large water bodies, and in-lake losses are
dominated by degradation and water outflow.

Asin the case of PCBs noted above, however, air-water
exchange has been shown to dominate contaminant deposition
and loss processes in many aquatic systems for a wide range of
persistent organic pollutants, including PCBs, PAHS, chlorinated
hydrocarbons (HCHs), toxaphene, and PCDDs/Fs.* In aquatic
environments, persistent organic pollutants sorb (adhere or bind)
to particulate organic matter, and a fraction of this material sinks
into deeper waters and sediments. Once organic pollutants are
sequestered in the sediments, they are effectively removed from
participating in dynamic air-water exchange. In marine waters,
this process represents a major sink controlling the surface recycling
and impact of persistent organic pollutants. However, the role of
sinking particles and other biogeochemical processes, such as
algal uptake, on the global dynamics of persistent organic pollutants
has so far not been assessed. We now know that algal uptake and
air-water exchange behave as coupled processes in

of contaminantentry into the food chain where
inputs from surface runoff are minimal, and even in some cases
where local surface loadings are significant. The nutrient status
of water bodies and the cycling of organic material through the
food web also play critical roles in determining the fate and impact
of persistent organic pollutants in aquatic ecosystems.

ECOLOGICALRESPONSES

The environmental factors discussed above determine whether
aquatic life will be exposed to atmospherically transported
chemicals. Several additional factors, however, determine whether
these contaminants will harm aquatic organisms or the animals
and humans that consume them. Essentially; all chemicals canbe
toxic to aquaticlife if the exposure concentrations are sufficiently
high. Conversely, most chemicals also have threshold
concentrations below which no appreciable adverse effects on
aquatic life are expected. From the perspective of identifying

aquatic environments.” That is, atmospheric
deposition to surface waters supports the concentration
of organic contaminants in algal biomass, and the
nutrient status of the waters influences how much of

as
the contaminant is available for volatilization to the gbsorption outflow
air.” For instance, eutrophic (nutrient enriched) 0.3% 24.5%
conditions lead to faster algal uptake and removal of deposition burial 0.2%
contaminants from the water column as algae die and 10.4%

sink to the bottom.
As shownin Figure 4, the processes of air-water
and water-algal exchange may promote the introduction
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Figure 6 —Mass balance of Atrazine in Lake Michigan.”Dry deposition
includes the contaminant deposition associated with atmospheric particle fall-
out; wet deposition includes the removal of gas phase and particle-bound
contaminant by precipitation such as rain and snowfall.

of persistent organic pollutants into the aquatic food
chain. This is the dominant process for contamination
of remote freshwater ecosystems and their food webs,
aswell as large lakes and the global oceans.” Recent
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BOX2-BIOACCUMULATION AND BIOMAGNIFICATION

Bioaccumulation refers to an increase in the concentration of a pollutant over time in a biological organism compared to the
chemical’s concentration in the environment. Compounds accumulate in living things any time they are taken up and stored faster
than they are broken down or excreted. Biomagnification refers to the increasing accumulation of a pollutant in organisms as it
moves up afood chain. Both are importantin considering the ecological impacts of atmospheric pollutants. Through bioaccumulation,
chemicals that are dilute in the aquatic environment become more concentrated in an organism’s tissues. Even when pollutant
concentrations in organisms at lower levels of the food chain are low, top predators can be exposed to high concentrations of a
pollutant that has been magnified through the consumption of many prey items with low levels of contamination.

ecological risks, then, we are most interested in those chemicals
that are not only atmospherically transported, but transported in
quantities sufficient to cause ecological risks.

Toxic chemicals that are notoriously associated with
atmospheric transport, such as mercury, DDT, and several other
pesticides, are generally considered to be bioaccumulative (see
Box2). Chemicals donothave to be highly bioaccumulative to
cause toxicity, however. Copperand zinc, for example, are definitely
toxic to aquaticlife, but they donot accumulate in animal tissues
toalarge degree compared to chemicals such asmercury or DDT.
Nevertheless, chemicals that are highly bioaccumulative are the
mostlikely to present ecological risks because these contaminants
can build up to high doses in animal tissues even when
concentrations in the water remain relatively low. This is an
important factor because a great deal of dispersion and dilution
occurs during atmospheric transport between the emission source
and the point at which the chemical falls onto land or water.
Highly bioaccumulative chemicals reverse this effect by
reconcentrating these dilute chemicalsin the tissues of exposed animals.

A second common feature of chemicals that tend to cause
ecological effects following airborne transport is that they often
have relatively high toxicity; that is, they cause toxic effects at
comparatively low exposure levels. Combining this with
bioaccumulation builds a typical scenario: Low environmental
concentrations of atmospherically transported chemicals are
transformed into much higher doses in animal tissues via
bioaccumulation, and the accumulated dose creates toxic effects
because of the high potency of the chemical. By comparison,
airborne contaminants with lower bioaccumulation or lower toxicity
would be much less likely to cause ecological risk, unless the
mass of atmospherically deposited chemicals was much greater.

Several other factors also affect bioaccumulation. Some
chemicals biomagnify as they pass up the food chain. Because
the chemical concentration increases with each step up the food
chain, organisms that are part of long food chains with multiple
links can be more susceptible to bioaccumulative chemicals.”
For example, alake trout might feed on relatively large fish, which
eat smaller fish, which in turn eat zooplankton, which feed on
algae. Thus a lake trout would be expected to acquire greater
doses of contaminants than a fish feeding primarily on zooplankton.
Another factor is the structure of the food chain in relation to
where a chemical is found in the ecosystem. For example, because
the atmospheric transport of DDT began many decades ago and
hasbeen reduced in recent years, concentrations of DDT in
sediments may far exceed those in the water column. Thus,
organisms whose food chains are heavily connected to sediments

—systems where fish feed on bottom-dwelling insect larvae, for
instance — may experience greater bioaccumulation than
organisms in food chains based on algae living in the water
column. Also, as mentioned previously, eutrophic systems with
high levels and turnover of algal biomass have the capacity to
remove greater contaminantloads from the water column and
sequester itin deep sediments whereitisless available to the rest of
the aquaticfood chain than oligotrophic systems.

With regard to toxicity, many problem chemicals have sucha
high degree of biological activity in the body that they can disrupt
normal physiology at comparatively low concentrations. In thissense,
it should not be surprising that many pesticides are highly toxic
because they are specifically designed to interact with biological
systems. In other cases, however, high toxicity appears tobe an
unfortunate coincidence. Such is the case with methyl mercury; the
organic form of mercury that is readily absorbed by fish and for
which fish and other animalshave evolved no specific detoxification
mechanism. Chlorinated dioxins/furansand PCBsinteractin thebody
withaspecificcell receptor called the aryl-hydrocarbon (Ah) receptor.
Depending on their molecular geometry, some congeners bind very
tightly to this receptor and thereby cause a high degree of toxicity.
While the mechanism by which a chemical causes toxicity is generally
similar acrossa wide range of animal species, the absolute sensitivity
—thatis, the dose required to cause an adverse effect — can vary
substantially across species, often by factors of 100-fold or more.
This obviously places some species at greater risk than others.

Considering past and present environmental problems
associated with toxic chemicals, it becomes clear how various
factors can interact to produce ecological risks. For example, the
scenario of risks to lake trout in Lake Ontario from dioxin/furan
and PCB exposure combines highly toxic multimedia chemicals
with an organism that has a relatively long food chain and a high
toxicological sensitivity to Ah-active chemicals.* Loons may be
particularly sensitive to mercury because they have a diethighin
fish, which indicates along food chain, and live comparatively long
lives. Marine mammals are alsolong lived, eat aquaticlife, and are
oftenused as anindicator of exposure to bioaccumulative chemicals.

Organochlorine Chemicals, a Legacy of the Past

Ingeneral, the management response tomany organochlorine
pollutants - including PCBs, dioxins, furans, and chlorinated
pesticides such as DDT, DDE, PCBs, toxaphene, HCHs, dieldrin,
mirex, and chlordane — has become an ecological success story
in recent decades. Following the recognition in the 1960s and
1970s that widespread use and airborne transport of several



chlorinated compounds was causing reproductive failures,
embryonic deformities, and behavioral problemsin predatory birds,
the chemicals were quickly phased outin North America. While
these chemicals are very persistent, long-term records for
ecosystems such as the St. Lawrence Great Lakes indicate that
concentrations in the environment have decreased with half times
of 6 to10 years.” As aresult, environmental concentrations
havebeen reduced enough to eliminate the most severe effects
of organochlorines in temperate regions of North America and
Europe, accelerating the recovery of populations of peregrine
falcons, bald eagles, ospreys, cormorants, gulls, and other affected
species (Figure7).

A few organochlorines continue to be used in agriculture. In
particular, gamma-hexachlorocyclohexane

PCBs from Chicago to Lake Michigan is probably the most
important current source of these chemicals to the lake. In fact, if
the prevailing winds drive the Chicago source away from thelake,
Lake Michigan will degas PCBs at a faster rate than it is absorbing
them from the air. When the Chicago plume is pushed over the
lake by southwest winds, the area of deposition can range from
several kilometers to three-quarters of the entire lake (Figure 8).
Otherurban areas with similar industrial histories are also likely to
remain major sources of long-banned organic pollutants, at least
until the importance of atmospheric sources is recognized and

decisions are made for their control.
Concerns remain about ecological effects of airborne
organochlorines athigh latitudes and altitudes. The semi-volatile
nature of many organochlorines allows them

(gamma HCH) is used in seed treatment.
High concentrations have been measured in
the Rocky Mountains of Alberta at times
when crops are planted on the nearby
prairies.” This compound is alsoamong the
most volatile of organochlorines, and is
found in relatively high concentrationsin the
arctic atmosphere.” Hexachlorobenzene
(HCB) was once used as a fungicide.
Although this use has been banned for more
than 20 years, HCB is still released as a
byproduct of production of other chlorinated
compounds, in the flue gases from municipal
wasteincineration, and in some metallurgical
processes.'” In glacier samples from the
Columbia Icefields of the Canadian Rockies
obtained in 1995, concentrations of HCB
continued to increase from depth to the very

to be re-emitted from contaminated
ecosystems during warm weather, and tobe
carried in air masses and re-deposited where
temperatures are cooler. This so-called “cold
condensation” effect'® has allowed the
gradual atmospheric migration of persistent
compounds from tropical and temperate
regions to arctic and alpine sites.'™
Circumpolarmovementin airmasseshasalso
allowed some of the chemicals to migrate
from areas of Asia where they aresstill in use
tobe deposited in arcticand alpine regions
of North America and Europe. As aresult,
deposition of many chemicals in northern
and alpine regions continued to increase for
10 to 30 years after the chemicals were
banned in North America, as shown from
profiles in dated sediments and glaciers.'®

surface, indicating that deposition of HCB Figure 7—The reproductive success Concentrations in some areas of the arcticare
hasincreased even while deposition of other ofbald eagles and other birds of prey still high enough to cause reproductive faiture
organochlorines has generally decreased in was impactedby theuseand transport and eggshell thinning in predatory birds such
recent years.'"" of chlorinated compounds, such as as peregrine falcons and sea eagles. Liver
For many organic pollutants that are DDIShlceﬁles?compmmdshavebeetl enzymeinduction, whichis strongly affected
persistent, bioaccumulative, and toxic, non- phased out in North America, by PCBsand other organochlorines, hasbeen
atmospheric sources have been well environmentalconcentrationshavebeen observed inbeluga whales, seals, and polar
controlled while atmospheric sources have reduce'd, acmlera@g therecovery of bears.1®
been either neglected orignored. PCBs are thesebird populations. While  concentrations  of

agood example of this phenomenon. PCBs

were used in a wide variety of industrial applications and
contaminated many industrial and municipal effluent discharges
during the period of their use from 1930 to the 1970s. Significant
inputs to ecological systems occurred through direct discharge to
surface waters or to wastewater treatment plants. Currently, these
sources have been diverted, eliminated, or significantly reduced.
The entire state of Illinois, for example, discharges no municipal
effluent to Lake Michigan, preventing significant input of residual
PCBs to thelake. However, atmospheric sourceshave not received
the same attention, probably because few measurements of
atmospheric concentrations of PCBs in any urban area were
available prior to the mid-1990s. Even now, Chicago is one of
the very few urban areas for which substantial atmospheric
measurements are available, and concentrations of PCBs are very
high in the Chicago area.'™As a result, deposition of gas-phase

organochlorines in air masses and
precipitation from northern and alpine regions are generally low,
the food web dynamics, physiologies, and life cycles of cold region
organisms allow these chemicals to be biomagnified to
extraordinary degrees in food chains. Most organochlorines are
lipophilic, and animals in cold regions generally storelarge amounts
of lipids to allow their survival during long winters. Many of the
organisms also grow slowly and havelong life spans, characteristics
that promote biomagnification. As aresult, many pollutants are
biomagnified by a million-fold and more in arctic food chains.'”
Concentrations are high enough to be of considerable concern
for predators of marine mammals, including native people and
polarbears.'™ For example, nuit women in northern Quebecwho
rely heavily on fish and marine mammals for food have
concentrations of many pollutantsin their breast milk and notochord
blood that are many times higher than in urban Caucasian women




from that province. Concentrations of many of the compounds
greatly exceed World Health Organization recommendations, and
they also exceed concentrations that have caused detectable
reproductive effects in women from contaminated temperate
regions.'®” So far, no published studies have documented health
effects in northern human populations, but such studies are only
in preliminary stages and epidemiologically significant results are
difficult to obtain from small populations.

Somenorthern inland areas where predatory freshwater fish
grow slowly and live long can also have concentrations of
organochlorines high

reproductive effects in polar bears that were attributable to high
PCBs. Yetresearchers did observe high mortalities of young bears,
and two of the bearshad deformed genitalia.'® One hypothesisis
that these effects might be the result of high body burdens of
organochlorines. For polar bears and many other arctic species,
concentrations of organochlorines exceed the No-Observed-
Adverse-Effect Level NOAEL) and Low-Observed-Adverse-Effect
Level (LOAEL) that have been determined for southern species."”

There is also concern about additive or synergistic effects of
many organochlorines. Forexample, itisnow known that dioxins,
furans, and some
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longer than in other area lakes, thus enhancing biomagnification
of these pollutants.'

Unusually high concentrations of these same organochlorines
werenoted in some lake trout populations in the national parks of
the Canadian Rocky Mountains, a region generally regarded as
near pristine."? A detailed study of Bow Lake, where some of the
highest concentrations were found, indicated that in this case
the contamination levels resulted not from biomagnification but
largely from increased deposition at high altitude as well as from
the melting of glacial strata from the mid twentieth century when
high concentrations of the substances were deposited in glaciers
before theiruse wasbanned in North America.'® Biomagnification
in food chains is low in the lake, and high concentrations of
organochlorinesin fish appear toresult from high inputs and direct
absorption of the compounds by small crustaceans on which the
fish feed."*No consumption advisories were issued for Bow Lake
because there are no human populations who rely on the lake for
subsistence. Similarly; high concentrations of organochlorines have
been measured in the sediments and fishes of alpine lakes in
Europe, the result of high atmospheric inputs. Unlike in western
Canada, however, the source areas for the compounds appear to
be regional rather than trans-Pacific.'

Another example of northern concerns involves polar bears
(Figure9). A study in the Svalbard region of Norway found no

10years ago, the effects of various organochlorines were considered
inisolation.

New Chemicals of Concern

While older organochlorines appear to have been
controlled before they caused extinctions of predatory bird
species or severe global reproductive effects, there are concerns
about new organic pollutants that are persistent, toxic, and
biomagnify in food chains. Atrazine, melalachlor, and
endosulfan pesticides continue to be used, although they are
reasonably persistent and toxic. Complex chemicals containing
other halogens than chlorine (such as bromine and fluorine)
have also emerged as potential environmental toxins. For
example, recent studies have shown that levels of flame
retardants (PBDEs) are increasing rapidly in the Great Lakes,
with doubling times on the order of 3.5 years."” These
contaminants are also found in northern and arctic sites.'
PBDEs are persistent and biomagnify in aquatic food chains.'

Reviews of chemicals detected in high-latitude snow
indicate that dozens or even hundreds of industrial organic
chemicals that are not used in the region are present, indicating
long-range atmospheric transport. In most cases, little is known
of the biogeochemistry or toxicity of these contaminants.




Mercury

Once removed from the
atmosphere, much deposited
mercury ends up in aquatic
systems, either by direct deposit
or in surface runoff.'? The
effects of mercury on fish, as
well asbirds and mammals that
eat contaminated fish, are of
significant concern, and those
concerns stem from exposure to
the methylated (organic) form,

monomethylmercury (MMHg).
Inanaerobicenvironments such 1 5
as lake or wetland sediments, — e

mercury is transformed to
MMHg by microbial action,
mostnotably by sulfur-reducing
bacteria. The MMHg diffuses

Figure 9-The food web dynamics, physiologies, and long
lives of arcticanimals such as polar bears allow contaminants
to be biomagnified to extraordinary degrees in food chains,
resulting in deformities and, potentially, death.

nitrogen, which canbe plentiful
inatmospheric deposition, can
also provide a competitive
advantage.'”® Iron, whichis
largely atmospherically derived,
may interact synergistically with
nitrogen to enhance coastal
and oceanic primary pro-
duction.” These effects of
atmospherically transported
nitrogen and other nutrient
sources may be promoting the
major biological changes that
arenow apparentin coastal and
oceanic waters, including the
proliferation of harmful algal
blooms and declines in water
quality and fisheries. Because
of its potentially large con-
tribution to total “new”

e

into the water column where it
can be taken up by fish,
accumulating in their muscle tissue by binding to organic
compounds known as thiol groups or mercaptans. MMHg is the
most toxic form of mercury. Reproductive effects have been
documented in fish, fish-eating wildlife, and humans.'* MMHg
causes neurological, liver, and kidney damage, as well as
neurodevelopmental effects in children.'

In the United States, 48 states advise the public against
unlimited consumption of freshwater fish due to their MMHg
levels. In addition, the U.S. Environmental Protection Agency
(EPA) has issued a mercury-based national fish consumption
advisory for five species of oceanic fish. The EPA considers the
maximum allowable no-effects dose of mercury to be 0.1
micrograms per kilogram of body weight per day; and this guideline
was recently supported in an independent study by the National
Academy of Sciences.'*

Arcticecosystems and their associated human communities
are particularly susceptible to mercury contamination. When
mercury reaches the Arctic, it is transformed such that it is
deposited on the snow at the start of the arctic sunrise (the first
appearance of the sun after the long arctic winter). A significant
amount of this mercury enters the ecosystem and the rest re-
enters the atmosphere where it can be again transported and
deposited in other locations.

Nutrients

Nitrogen over-enrichmenthas been blamed for a wide array
of impacts on aquatic ecosystems, including changes in the
function and composition of the algal community, changes in the
food web, and declines in water quality and fisheries habitat.
Increases innitrogen and changes innitrogen sources can influence
competitive interactions and succession among algal groups, as
well as dominance by certain undesirable groups such as red tide
dinoflagellates and toxic cyanobacteria (formerly blue-green
algae).'” The ability of some algal groups to utilize organic

nitrogen loading to nitrogen-
sensitive waters, atmospheric
deposition requires attention from those responsible forlocal and
regional air and watershed nutrient management.

In estuarine and coastal marine settings, sediments
represent relatively rich sources of phosphorus that are readily
cycled between the sediments and the water column. In these
waters, atmospherically deposited phosphorus has not been
shown to be widely significant, although it may be significant
inspecificlocales. An example is in Florida coastal waters where
local airborne phosphorus inputs may be high at times. A few
researchers have suggested that primary production in some
oceanic regions is limited by low phosphorus levels;'* however,
this is a controversial notion and the overwhelming evidence
continues to point to nitrogen and/or iron as the limiting
nutrients in these waters.”®" Although only a few measurements
have been made, oceanic regions tend to exhibit extremely
low levels of atmospherically deposited phosphorus.' This is
not surprising since the open oceans are far removed from
continental sources of dust and windblown soils. Volcanic
eruptions and large-scale dust storms may be a source of “new”
airborne phosphorus inputs in some parts of the world, but the
biogeochemical and ecological importance of these inputs
remains unknown.

Iron deposited from the atmosphere appears to play a critical
role in sustaining and stimulating productivity in iron-deprived
coastal and oceanic waters.' Atmospheric sources of iron have
been proposed as key stimulants of marine algal and red tide
blooms.'*

The ecological roles and effects of airborne deposits of trace
elements — copper, zinc, manganese, cobalt, molybdenum, and
boron — arefarless clear." Theimpacts could include stimulation
or inhibition of primary and secondary production or synergistic
or antagonisticinteractions with other nutrient effects. Far more
mechanistic research (using response bioassays with natural
microbial and plant communities as well as test species) isneeded
to help elucidate basic ecological and biogeochemical roles of




these trace nutrients. Itis also conceivable that complex co-
limitations exist between trace elements and the major nutrients
such as nitrogen, phosphorus, and iron in freshwater and marine
environments.'* And itis possible that atmospheric deposition
provides unique nutrient combinations that together have amore
potent effect than individual nutrient constituents.

NITROGENDEPOSITIONAND
THEFATEOFORGANICPOLLUTANTS

Atmospheric deposition contains a mixture of biologically
available nitrogen compounds, both organic and inorganic.
Bioassay studies in nitrogen-limited waters have demonstrated
that organisms respond differently to various nitrogen sources.
This provides a mechanism whereby nitrogen deposition can
influence the structure and makeup of aquatic communities.'”
Differential uptake and growth in response to ammonium versus
nitrate have been attributed to contrasts in energy required to
assimilate these compounds.'® Under light-limited conditions
encountered in turbid waters, organismsmay prefer ammonium
because the energy requirements for using this reduced nitrogen
source are less than those for using nitrate.” In light-limited
waters, motile algal groups such as dinoflagellates and
cryptomonads are capable of migrating to near-surface depths to
ensure access to the light energy needed to reduce nitrate to
ammonium, which is a critical step for incorporating this oxidized
form of nitrogen into biosynthetic pathways and growth. In
contrast, non-motile organisms must cope with deeper, lower-
irradiance waters, possibly limiting their nitrate uptake and thus
ammonium uptake. Intrinsic physiological differences innitrogen
uptake among different algal taxa also exist, and these may lead
to contrasting responses to different nitrogen sources.'” Under
conditions of restricted nitrogen availability, which are characteristic
of many estuaries, such differences can lead to intense competition
for ammonium, nitrate, or organic nitrogen.

Bioassay experiments on the Neuse River Estuary in North
Carolina have shown that major algal taxonomic groups — diatoms,
dinoflagellates, cryptomonads, cyanobacteria, and chlorophytes
— may exhibit different growth responses to varying nitrogen
sources and mixtures of sources.’*! However, these differential
responses are not consistent in time and space. Other complex
environmental factors, including light availability, water column
mixing depth, water residence time, salinity, and temperature,
alsoexert control over the dynamics of nitrogen uptake and growth
rates among the algal community."? Atmospherically derived
dissolved organic nitrogen has also been shown to stimulate
bacterial and algal growth.* This organic nitrogen may selectively
stimulate growth of facultative heterotrophic algae such as
dinoflagellates and cyanobacteria.'* (Facultative heterotrophic
organisms can make their own food or derive their nutrition by
consuming organic molecules.)

Responses to specific nitrogen inputs that alter the algal
community may in turn spur changes all the way up the food
chain, at the zooplankton, herbivorous fish, invertebrate, and
higher consumer levels. Shifts in algal community composition
may also alter the flux of carbon, nitrogen, phosphorus, and other
nutrients and impact oxygen dynamics in the estuary.

The fact that different sources of atmospherically derived
nitrogen may influence the structure and growth dynamics of
the algal community is also important to the fate of persistent
organic pollutants in aquatic food webs. Algae, with their high
lipid content, readily bioaccumulate these pollutants, but the
rate of uptake of these compounds is heavily influenced by the
growth rate of the community.'* The more productive the
system, the less bioaccumulation occurs due to the difference
in the rate of uptake compared to the rate of growth. In
addition, the more productive the system, the more the fate of
these contaminants is dominated by sedimentation of senescent
and dead algae. In oligotrophic systems, algal biomass is usually
low, but uptake of nutrients and other contaminants is quite
efficient. In these systems, effective grazing by zooplankton
ensures that these contaminants are readily passed to higher
levels of the food web.

A second reason that the source of atmospherically derived
nitrogen can influence the fate of persistent organic pollutants is
related to the changes in community structure that can occur. It
has recently been shown that the microbial loop may be an
important vector in organic pollutant transfer in food webs, and
itsimportance increases in systems that are less productive.'* The
microbial loop is an aquaticmicro-food chain in which microscopic
bacteria and pico-plankton feed on dissolved organic material,
then these organisms are grazed on by flagellates and ciliates,
and these are consumed by tiny crustaceans called copepods.
Because the microbial loop consists of ciliates preying on flagellates
preying on bacteria, and the flagellate/ciliate component can be
influenced by atmospherically derived nitrogen, thisnew nitrogen
source may indirectly influence the food web dynamics controlling
pollutant bioaccumulation.

PRIORITIESFORREGULATIONANDMONITORING

Above we have identified a number of challenges that
atmospheric pollutants present to aquatic ecosystems and to
the human communities that rely on them. In this section, we
suggest some priorities for regulation and monitoring of
atmospherically transported chemicals. Effective regulations
must be based on a solid understanding of the problem
developed through research and monitoring. Actions should
be focused on chemicals that are toxic, bioaccumulate or
biomagnify, move in measurable quantities into and via the
atmosphere, are sufficiently stable to be transported long
distances, and interact with other chemicals to have negative
impacts on organisms and ecosystems. The actions suggested
below allow researchers and managers to identify with some
certainty how atmospheric deposition affects aquatic ecosystems
and to pinpoint likely sources and consequences.

*  Develop a comprehensive strategy for reducing impacts
and problems caused by airborne organic contaminants.
o  Usequantitative structure activity relationships (QSAR)
to predict whether new chemicals that are proposed
for commercial use will likely be persistent,
bioaccumulative, and/or toxic to organisms, and use

this information in decision-making and regulation.




o Expand testing of HPVCs and carefully scrutinize
synthetic fragrances and flame retardants as potential
atmospheric pollutants.

o  Establishmonitoring programs formercury and persistent
bioaccumulative, toxic organic compounds in critically
vulnerable ecosystems, such as alpine and arcticsystems.

o Include the interactions of nutrient and toxic chemical
deposition inmodels and regulatory considerations.

*  Develop acomprehensive strategy for reducing the nitrogen
problem.

o Develop more effective and broadly applied controls on
nitrogen oxide emissions from internal combustion
engines in automobiles, boats (i.e. outboard motors),
personal watercraft and all terrain vehicles, lawnmowers,
chain saws, and other fossil fuel-powered tools and
machines.

o Develop more effective and broadly applied nitrogen
oxide controls on industrial and power plant emissions
(i.e. stack emission controls).

0o Minimize open-air storage of animal wastes and other
reduced nitrogen products and sources and improve
treatment of animal wastes using on-site “treatment
plants” and engineered wetlands. Use recycled waterin
animal operations to minimize the generation and storage
of liquid animal waste.

0o Recycle accumulated solid waste into commercial
fertilizers. Apply nitrate, ammonium and urea-based
fertilizers at agronomicrates.

o  Use “controlled” burns to minimize atmospheric
“fertilization” of downwind nitrogen-sensitive waters with
either nitrogen oxides or ammonia/ammonium.

* Develop less expensive and more accurate methods to
measure atmospheric deposition and to monitorand model
how atmospherically deposited pollutants travel through a
watershed. This should include establishing monitoring
programs in critically vulnerable ecosystems, such as
monitoring for organic pollutants in alpine and arctic
ecosystems and for nutrients in estuaries.

* Strengthen understanding of the linkages between
atmospheric deposition and ecological effects, particularly
for new chemicals of interest and interactions of nutrients
and toxic compounds. Exposure risk must be analyzed for
sensitive habitats and sensitive life stages as well as general
populations.

*  Develop quantitative estimates of atmospheric pollutant
deposition loads through monitoring and measurements.
This should be done in conjunction with identifying sources
of atmospheric contaminants and how much comes from
local, regional, and long-range sources. Quantitative
measurements will also help in identifying the role that
atmospheric deposition playsinawatershed’s overall pollutant
load.

*  Build proactive cooperation between air pollution agencies,
water pollution agencies, and the public. Agencies
monitoring and regulating air quality and those monitoring
and regulating water quality willneed to cooperate to address
this issue. Now that the publicis beginning to embrace the

concept of watersheds, it is important to increase their
understanding of the links between airsheds and watersheds.

CONCLUSION

Inrecent decades, much progress has been made in reducing
the input of toxic chemicals and nutrients into the environment
from point sources. However, atmospheric sources of toxic
substances and nutrients are just now starting to be recognized
for the role they play in contaminating the environment.

Organic chemicals that volatize easily can be transported and
deposited in other regions of the world, exposing aquatic
ecosystems to chemicals not used in those regions. In some cases,
little is known of their biogeochemistry or toxicity. Often, however,
these chemicals have properties that make them environmentally
mobile, persistent in the ecosystem, and bioaccumlative in living
tissue. Many are toxic to aquatic organisms, fish, and fish-eating
wildlife and humans.

Mercury is also a global pollutant that is mobile in the
atmosphere, and its effects on fish, and on the birds and mammals
that eat contaminated fish, are of significant concern. In some
aquatic systems, mercury is transformed by microbial action into
itsmethylated form, which can cause neurological, liver, and kidney
damage as well as reproductive effects and neurodevelopmental
problems.

Atmospheric depositionis also a significant and potent source
of nutrients that can accelerate eutrophication and its associated
environmental consequences in freshwater, estuarine, and coastal
ecosystems. Aquaticecosystems are often impacted by atmospheric
deposition of both nutrients and toxic chemicals. The effects of
nutrient deposition on food web structure and ecological function
influence how other toxic substances are processed by the
ecosystem, how they bioaccumulate, and ultimately how they
impact fish, wildlife, and humans.

Considering that these atmospherically deposited
contaminants are generated largely by human activities, it is
clear that solutions must involve greater recognition,
monitoring, and ultimately, regulation of this increasingly
significant source of environmental pollution.

ACKNOWLEDGMENTS

We greatly appreciate the U.S. Environmental Protection Agency’s
Office of Wetlands, Oceans and Watersheds for its support of the
production of this report. We are particularly grateful to Deborah
Martin and John Wilson. We would also like to thank David
Whitall, NOAA, and Jules Blais, University of Ottawa, for their
comments on a draft of this manuscript.

The views expressed here do not necessarily reflect U. S. EPA
policy, and mention of trade names or commercial products does
not constitute endorsement or recommendation for use.

REFERENCESANDSUGGESTEDREADINGS

! USEPA (U.S. Environmental Protection Agency). 2001. Frequently
Asked Questions About Atmospheric Deposition: A Handbook for




Watershed Managers. EPA453/R-01-009. http://www.epa.gov/
owow/oceans/airdep/airdep_sept_final.pdf.

2 Airsheds developed by R. Dennis, Atmospheric Science Modeling
Division, NOAA Air Resources Laboratory and USEPA National
Exposure Research Laboratory. Presented in USEPA 2001 (see 1);
courtesy of the U.S. Environmental Protection Agency.

3 Van deMeent, D., T.E. McKone, T. Parkerton, M. Matthies, M.
Scheringer, F. Wania, R. Perudy, D.H. Bennett. 2000. Persistence
and transport potential of chemicalsina multimedia environment.
In: Klegka, G. etal. (Eds). Evaluation of Persistence and Long
Range Transportof OrganicChemicalsin the Environment: SETAC
Special Publ. Series, SETAC Books, Pensacola FL, pp. 169-204.

* Wania, F. and D. Mackay 2000. The global distribution model. A
non-steady state multi-compartmental mass balancemodel of the
fate of persistent organic pollutants in the global environment.
Computer Program and Technical Report, 21 pages.
(www.utscutoronto.ca/~wania).

® Figurereprinted with permission from Van de Meent, TE.McKone, T.
Parkerton, M. Matthies, M. Scheringer, F. Wania, R. Perudy, D.H.
Bennett.2000. Persistence and transport potential of chemicalsina
multimedia environment. In: Klecka, G. etal. (Eds). Evaluation of
Persistence and Long Range Transportof Organic Chemicalsin the
Environment: SETACSpecial Publ. Series, SETAC Books, Pensacola
FL, pp. 169-204. Copyright SETAC, Pensacola, FL.

¢ UNEP (United Nations Environment Program), 2001. Final Actof the
Conference of Plenipotentiaries on The Stockholm Convention On
PersistentOrganic Pollutants. UNEE, Geneva, Switzerland. 44 pp.

Detailed discussions of physical-chemical properties of the
chemicalslisted in the Stockholm Convention canbe found in the
HandbooksonPhysical-Chemical Propertiesand Environmental Fate
of Organic Chemicals by Mackay et al. (1991, 1992, 1997) and
the Evaluation of Persistence and Long Range Transportof Organic
Chemicalsinthe Environmentresulting fromaworkshopof theSociety
of Environmental Toxicology and Chemistry (SETAC Klegka, G, RS.
Boethling, J. Franklin, CPL. Grady Jr,, D.G. Graham, PH. Howard,
K. Kannan, RJ. Larson, D.Mackay, D. Muirand D. van de Meent,
2000. Evaluation of persistence and long range transport of organic
dhemicalsintheenvironment. SETACSpedial PublicationsSeries SETAC
Books, Pensacola FL, USA. 362 pp.)

7Solomon, K.R., Baker, D. B., Richards, R. P, Dixon, K.R., Klaine, S.
J., LaPoint, T. W., Kendall, R. J., Weisskopf, C. P,, Giddings,
J.M,, Giesy, J.P, Hall, L. W., Williams, W. M. 1996. Ecological
risk assessment of atrazine in north american surface waters.
Environ Toxicol Chem 15: 31-76.

8 Metcalfe, C.D., X.-S. Miao, B.G. Koenig and ]. Struger. 2003.
Distribution of acidic and neutral drugs in surface waters near
sewage treatment plantsin thelower Great Lakes, Canada. Environ
Toxicol Chem 22 :2881-2889.

Keith, T.L.,,S.A. Snyder, C.G. Naylor, C.A. Staples, C. Summer, K.
Kannan and J.P. Geisy. 2001. Identification and quantitation of
nonylphenol ethoxylates and nonylphenol in fish tissues from
Michigan. Environ Sci Technol 36: 10-13.

White R, Jobling, S., Hoare, S.A., Sumpter, ].P, and Parker, M.G.
1994. Environmentally persistent alkylphenolic compounds are
estrogenic. Endocrinology 135:175-182.

° Dachs,]., T.R. Glenn, C.L. Gigliotti, P. Brunciak, E.D. Nelson,
T.P. Franz, and S.J. Eisenreich. 2002. Occurrence and diurnal
variability of PAHsin the Baltimore and adjacent Chesapeake Bay
atmosphere. Atmos Environ 36(14):2281-2295.

0Sijm, D., J. de Bruijn, P. de Voogt and W. de Wolf (Eds.) 1997.
Biotransformation in Environmental Risk Assessment. Society of
Environmental Toxicology and Chemistry. (SETAC)-Europe, Brussels,

Belgium.

1 USEPA (USEnvironmental Protection Agency). 1998. Chemical Hazard
Data Availability Study. High Production Volume (HPV) Chemicals
and SIDS Testing. http://www.epa.gov/opptintr/ chemtest/
hazchemhtm.

2ECB (European Chemicals Bureau). 2002. Existing Chemicals. http:/
[ecbjrc.it/existing-chemicals/

BOECD (Organization for Economic Cooperationand Development).
2000. OECD integrated HPV database. http://cs3-hq.oecd.org/
scripts/hpv/

14 ICCA (International Council of Chemical Associations). 2003. http:/
/wwwi.cefic.org/activities/ hse/mgt/hpv/hpvinithtm

> Rimkus, G. G. 1999. Polycyclic musk fragrances in the aquatic
environment. Toxicology Letters 111:37-56.

Rimkus, G. G., R. Gatermann, and H. Huhnerfuss. 1999. Musk
xylene and musk ketone amino metabolites in the aquatic
environment. Toxicology Letters 111:5-15.

16 Editorial. 1999. The Toxicology of Musk Fragrances. Toxicology
Letters 111:1-4.

Franke, S, C. Meyer, N. Heinzel, R. Gatermann, H. Huhnerfuss, G.
Rimkus, W. A. Konig, and W. Francke. 1999. Enantiomeric
compositionof the polycyclicmusks HHCB and AHTN indifferent
aquatic species. Chirality 11:795-801.

Rimkus, G. G.1999. Polycyclic musk fragrances in the aquatic
environment. Toxicology Letters 111:37-56.

7Peck, A.M.,, and K. C. Hornbuckle. 2004. Syntheticmusk fragrances
in Lake Michigan. Environ Sci Technol 38:367-372.

18 Schreurs, R. H. M. M,, . Legler, E. Artola-Garicano, T. L. Sinnige,
P.H. Lanser, W. Seinen, and B. van der Burg. 2004. In vitro and
in vivo antiestrogenic effects of polycyclic musks in zebrafish.
Environ Sci Technol 38:997-1002.

YSCCNFP (ScientificCommittee on Cosmetic Products and Non-Food
Products). 2002. On the basis of the International Fragrance
Association (IFRA) Code of Practice, the SCCNFP haslisted 36
chemical substances, including musk ketone and musk xylene that
must not form part of fragrance compounds used in cosmetic
products. European Community Legislation Official Journal L
102 45:19 (18 Apr 2002).

20 Walker, ].D. and L. Carlsen. 2002. QSARs for identifying and
prioritizing substances with persistence and bioconcentration
potential. SAR QSAR Environ Res 13: 7131-725.

21 World Health Organization. 1994. Environmental Health Criteria
162: Brominated Diphenyl Ethers. Geneva.

Renner, R. 2000. Environ Sci Technol 34:452 A-453A.

2 [konomou, M.G,, S. Rayne and R.F. Addison. 2002. Exponential
increases of the brominated flame retardants, polybrominated
diphenyl ethers, in the Canadian Arctic from 1981-2000. Environ
Sci Technol 36:1886-1892.

23 Watanabe, I. and R. Tatsukawa. 1987. Formation of brominated
dibenzofurans from the photolysis of flame retardant
decabromobiphenyl etherin hexane solutionby UV and sunlight.
Bull Environ Contam Toxicol 39:953-959.

Tysklind, M., U. Sellstrém, G. Soderstrom and C. de Wit, 2001.
Abiotictransformationof polybrominated diphenylethers (PBDEs):
Photolyticdebromination of decabromo diphenyl ether. Extended




abstract, pp 51-54, Second International Worskhop on Brominated
Flame Retardants BFR 2001, 14-16 May, Stockholm, Sweden.

Stapletonetal. 2003. Biotransformation of decabromodiphenyl ether
infish. Environ Sci Technol Submitted.

24 Tkonomou et al. 2002 (see 22).

» Giesy, J.P. and K. Kannan. 2001. Global distribution of
perfluorooctane sulfonate in wildlife. Environ Sci Technol 35:1339-
1342.

Kannan K., J.C. Franson, W.W. Bowerman, K.J. Hansen, PD. Jones,
J.P. and Giesy. 2001a. Perfluorooctane sulfonate in fish-eating
birdsincluding bald eagles and albatrosses. Environ Sci Technol
35: 3065-3070.

Kannan K, J. Koistinen, K. Beckman, T. Evans, ].E. Gorzelany; et
al.2001b. Accumulation of perfluorooctane sulfonate in marine
mammals. Environ Sci Technol 35: 1593-1598.

Kannan K., J.-W. Choi, N. Iseki, K. Senthilkumar, D.H. Kim, et al.
2002a. Concentrations of perfluorinated acids in livers of birds
from Japan and Korea. Chemosphere 49:225-231.

Kannan K., Corsolini S., Falandysz]., Oehme G, FocardiS., Giesy
J.P.2002b. Perfluorooctanesulfonate and related fluorinate
hydrocarbons in marine mammials, fishes, and birds from coasts
of the Balticand the Mediterranean seas. Environ Sci Technol 36:
3210-3216.

Kannan K., K.J. Hansen, T.L. Wade, and J.P. Giesy. 2002c.
Perfluorooctane sulfonate in oysters, Crassostrea virginica, from
the Gulf of Mexico and the Chesapeake Bay, USA. Arch Environ
Contam Toxicol 42: 313-318.

Kannan K., J. Newsted, R.S. Halbrook, and ].P. Giesy. 2002d.
Perfluorooctanesulfonate and related fluorinated hydrocarbonsin
mink and river otters from the United States. Environ Sci Technol
36: 2566-2571.

HansenK]., L.A. Clemen, ML.E. Ellefson, and H.O. Johnson. 2001.
Compound specific quantitative characterization of organic
fluorochemicals in biological matrices. Environ Sci Technol 35:
766-770.

26 Renner, R. 2001. Growing concern over perfluorinated chemicals.
Environ Sci Technol 35:154A-160A.

27 Stock, N.L., EX. Lau, D.A. Ellis, ].W. Martin, D.C.G. Muir and
S.A. Mabury. 2003. Polyfluorinated telomer alcohols and
sulfonamides in the North American troposphere. Environ Sci
Technol Submitted.

8 Giesy and Kannan 2001 (see 25).

Kannan et al. 2001b (see 25).

29 Smithwick, M.M., ].W. Martin, C. Sonne-Hansen, K.R. Solomon,
S.A.Mabury, and D.C.G. Muir. 2003. Perfluorinated organics
inpolar bears (Ursus maritimus). Canadian Arcticand Greenland.
Annual Meeting of Society of Environmental Toxicology and
Chemistry —Europe, Hamburg Germany, May 2003.

¥ Fogg, TR. and W.F. Fizgerald. 1979. Mercury in southern New
England rains. J. Geophys. Res. —Oceans and Atmospheres
84:6987-6988.

Mason, R.P.,, W.F. Fitzgerald and F.M.M. Morel. 1994. The
biogeochemical cycling of elemental mercury: anthropogenic
influences. Geochimica Et Cosmochimica Acta 58: 3191-3198.

31 Keeler, G,, G. Glinsorn, and N. Pirrone. 1995. Particulate mercury
inthe atmosphere: Its significance, transport, transformation and
sources. Water Air and Soil Pollution 80:159-168.

32 Fitzgerald, W.F.and C.J. Watras. 1989. Mercury in surficial waters
of rural Wisconsin lakes: Total Environment 87:8:223-232.

Lindqvist, O., K. Johansson, M. Aastrup, A. Andersson, L.
Bringmark, G. Hovsenius, L. Hakanson, A. Iverfeldt, M. Meili,
and B. Timm. 1991. Mercury in the Swedish Environment - Recent
Research on Causes, Consequencesand Corrective Methods. Water
Air and Soil Pollution 55.

% Engstrom, D. R., and E. B. Swain. 1997. Recent declines in
atmosphericmercury depositionin theupper Midwest. Environ Sci
Technol 312:960-967.

3 Fitzgerald, W.F.1995.Is mercury increasing in the atmosphere? The
need foran AtmosphericMercury Network (AMNET). Water Air
and Soil Pollution 80: 245-254.

% Stratton, W.]. and S. E. Lindberg. 1995a. Measurement of gas-
phaseionicmercury(ii) species inambient air. Abstracts of Papers
of the American Chemical Society 210:60-Geoc.

Stratton, W.J.and S. E. Lindberg. 1995b. Use of a refluxing mist
chamber for measurement of gas-phase mercury(ii) speciesin the
atmosphere. Water Air and Soil Pollution 80:1269-1278.

% Mason, R.P. and W.F. Fitzgerald. 1996. Sources, sinks and
biochemical cycling of mercury in the ocean. In: Baeyens, W.,
Ebinghaus, R. and Valiliev; O. (eds.): Global and regional mercury
cycles: Sources, fluxes and mass balances. NATO ASI Series, 2.
Environment- Vol. 21. Kluwer Academic Publishers, Dordrecht,
TheNetherlands.

% Rada, R.G., Winfrey, M.R., Wiener, ].G., and Powell, D.F. 1987.
A comparisonof mercury distributioninsediment coresand mercury
volatilization from surface waters of selected northern Wisconsin
lakes. Wisconsin Department of Natural Resources, Madison, Wis.

Engstrom, D.R,, E.B. Swain, T.A. Henning, M.E. Brigham and PL.
Brezonik. 1994. Atmospheric mercury deposition to lakes and
watersheds: A quantitative reconstruction from multiple sediment
cores. InBaker, L.A,, (Ed.) Environmental Chemistry of Lakesand
Reservoirs. Washington, D.C., American Chemical Society. pp.
33-66.

BenoitG, EX. Wang, W.C. Nieder, M. Levandowsky, and V. Breslin.
1999. Sources and history of heavy metal contamination and
sedimentdepositionin Tivoli South Bay, Hudson River, NY. Estuaries
22:221-244.

% Mason, R P.and G.-R. Sheu. 2002. Role of the ocean in the global
mercury cycle. Global Biogeochemical Cycles 16(4) 1093.

¥ Ryther, J. and W. Dunstan. 1971. Nitrogen, phosphorus and
eutrophication in the coastal marine environment. Science
171:1008-1112.

Likens, G.E. [Ed.]. 1972. Nutrients and Eutrophication. American
Society of Limnology and Oceanography Special Symposium 1.

Likens, G., F. Borman, and M. Johnson. 1974. Acid rain.
Environment 14:33-40.

Paerl, H. W. 1985. Enhancement of marine primary productionby
nitrogen enriched acid rain. Nature 316:747-749.

Duce, R. 1986. The impact of atmospheric nitrogen, phosphorus,
and iron species on marine biological productivity, pp.497-529.
In P. Buat-Menard (Ed.), The Role of Air-Sea Exchange in
Geochemical Cycling, D. Reidel, Norwell, MA.

Paerl, HW, R L. Dennis, and D.R. Whitall. 2002. Atmospheric
deposition of nitrogen: Implications fornutrientover-enrichment
of coastal waters. Estuaries 25:677-693.

%0 Martin, J.H., K. H. Coale, K. S. Johnson, S. E. Fitzwater, et al.
1994. Testing the iron hypothesis in ecosystems of the equatorial
Pacific Ocean. Nature 371:123-129.




Takeda, S., A. Kamatani, and K. Kawanobe. 1995. Effects of
nitrogenand iron enrichments on phytoplankton communitiesin
the Northwestern Indian Ocean. Mar Chem 50:229-241.

41 Takeda et al. 1995 (see 40).

Paerl, HW., ].D. Willey, M. Go, B.L. Peierls, ].L. Pinckney, and
M.L.Fogel. 1999. Rainfall stimulation of primary productionin
Western AtlanticOcean waters: Roles of different nitrogen sources
and co-limiting nutrients. Mar Ecol Progr Ser 176:205-214.

42 Likens et al. 1974 (see 39).

Briblecombe, P.and D.H. Stedman. 1982. Historical evidence for
dramaticincrease in the nitrate component of acid rain. Nature
298:460-462.

3 Howarth, R W, G. Billen, D. Swaney, A. Townsend, N. Jaworski,
K. Lajtha, J.A. Downing, R. ElImgren, N. Caraco, T. Jordan, F.
Berendse, ]. Freney, V. Kudeyarov, P Murdoch and Z. Zhao-Liang.
1996. Regional nitrogen budgets and riverine N and P fluxes for
the drainages to the North AtlanticOcean: Natural and human
influences. Biogeochemistry 35:75-139.

4 Paerl, H-W. 1995. Coastal eutrophication in relation to atmospheric
nitrogen deposition: current perspectives. Ophelia 41:237-259.

Jaworski, N., R. Howarth and L. Hetling. 1997. Atmospheric
deposition of nitrogen oxides onto the landscape contributes to
coastal eutrophication in the Northeast United States. Environ Sci
Technol 31:1995-2004.

Castro, M.S., C.T. Driscoll, T.E. Jordan, W.R. Reay, and W.R.
Boynton, S.P. Seitzinger, R.V. Styles, and J.E. Cable. 2000.
Contribution of atmosphericdeposition to the total nitrogenloads
of thirty-four estuaries on the Atlantic and Gulf Coast of the
United States. pp.77-106, In,R. Valigura (ed.), Nitrogen Loading
in Coastal Water Bodies: An Atmospheric Perspective. Coastal
Estuarine Science Studies No. 57. American Geophysical Union
Press, Washington, DC.

Valigura, R.A., R.B. Alexander, M.S. Castro, T.P. Meyers, H.W.
Paerl, PE. Stacey, and R.E. Turner (eds.). 2000. Nitrogen Loading
in Coastal Water Bodies: An Atmospheric Perspective. Coastal
and Estuarine Studies No. 57. American Geophysical Union,
Washington, DC254 p.

Elmgren, R. and U. Larsson. 2001. Eutrophication of the Baltic
Sea area. Integrated Coastal Management Issues. pp. 15-35,
In: B.vonBodungen,and R K. Turner (eds.), Scienceand Integrated
Coastal Management. Dahlem Press, Berlin.

5 Paerl, HW. and M.L. Fogel. 1994. Isotopic characterization of
atmosphericnitrogeninputsassouraesofenhanced primary production
in coastal AtlanticOcean waters. Mar Biol 119:635-645.

Paerl, HW. and D.R. Whitall. 1999. Anthropogenically-derived
atmosphericnitrogendeposition, marineeutrophicationand harmful
algal bloom expansion: Is there alink? Ambio 28:307-311.

46 Howarth et al. 1996 (see 43).

47 Paerl et al. 2002 (see 39).

8 Table adapted from Paerl et al. 2002 (see 39).

9 Elmgren R. 1989. Man’s impact on the ecosystem of the Baltic Sea:
Energy flows today and at the turn of the century. Ambio 18:
326-332.

Ambio. 1990. Marine eutrophication. Ambio 19:101-176.

0 Prado-Fielder, RR. 1990. Atmosphericinputof inorganicnitrogenspecies
tothe Kiel Bight. Helgoland Meeresuntersuchingen 44:21-30.

> GESAMP. 1989. The Atmospheric Input of Trace Species to the
World Ocean: Reportand Studies No.38. World Meteorological
Assodation, Geneva.

°2 Martin, ].M,, F. Elbaz-Poulichet, C. Gwue, M.D. Loye-Pilotand G.
Han. 1989. River versus atmospheric input of material to the
Mediterranean Sea: An overview. Mar Chem 28:159-182.

%3 Valiela, I, K. Foreman, M. LaMontagne, D. Hersch, ]. Costa, P Peckol,
B.DeMeo-Anderson, C. D’ Avanzo, M. Babione, C.-H. Sham, J.
Brawley and K. Lajtha. 1992. Couplings of watersheds and coastal
waters: Sourcesand consequencesof nutrientenrichmentin Waquoit
Bay, Massachusetts. Estuaries 15:443-457.

> Nixon, S.1995. Coastal marine eutrophication: A definition, social
causes, and future concerns. Ophelia 41:199-220.

% Long Island Sound Study. 1996. Report on nitrogen and organic
carbon loads to Long Island Sound. Prepared by P. Stacey,
Connecticut Department of Environmental Protection, Bureaus of
Water Management, Hartford, CT.

% Valigura, R A, W.Luke, R. Artz, and B. Hicks. 1996. Atmospheric
Nutrient nputs to Coastal Areas: Reducing the Uncertainties. U.S.
National Oceanicand Atmospheric Administration Coastal Ocean
Program Decision Analysis Series No. 9. Washington, DC.

7 Moser, E.C.1997. Sources and sinks of nitrogen and trace metals,
and benthicmacrofauna assemblages in Barnegat Bay, New Jersey.
Ph.D. Dissertation, Rutgers, The State University of New Jersey,
New Brunswick, New Jersey.

%% Chesapeake Bay Program. 1994. Annual Report #2 on atmospheric
N deposition: 1990-1994. Chesapeake Bay Program, U.S.
Environmental Protection Agency, Annapolis, MD.

% Correll, D. L., and D. Ford. 1982. Comparison of precipitation
and land runoffassources of estuarinenitrogen. Estuarine, Coastal
and Shelf Science 15:45-56.

60 Whitall, D.R.and H.W. Paerl. 2001. Spatiotemporal variability of
wetatmosphericnitrogen deposition to the Neuse River Estuary,
North Carolina. ] Environ Qual 30: 1508-1515.

o1 Paerl and Fogel 1994 (see 45).

62 Tampa Bay NEP (National Estuary Program). 1996. Charting the
Course for Tampa Bay: Final Comprehensive Conservation and
Management Plan. Tampa Bay National Estuary Program, St.
Petersburg, Florida.

% Goolsby, D. A., W. A. Battaglin, G. B. Lowrance, R. S. Artz, B.
J. Aulenbach and R. P. Hooper. 2000. Gulf of Mexico Hypoxia
Assessment, Topic #3, Flux and Sources of Nutrients in the
Mississippi-Atchafalaya River Basin. Draft Report to White
House Office of Science and Technology Policy, Committee on
Environment and Natural Resources, Hypoxia Work Group,
Mississippi River/Gulf of Mexico Watershed Nutrient Task
Force, 90 pp.

64 Nixon 1995 (see 54).

Paerl, H.W.1997. Coastal eutrophication and harmful algal
blooms: Importance of atmospheric deposition and groundwater
as “new” nitrogen and othernutrientsources. Limnol Oceanogr
42:1154-1165.

6 Paerl 1997 (see 64).

% Whitall and Paerl 2001 (see 60).

¢ Holland, E., F. Dentener, B. Braswell and J. Sulzman. 1999.
Contemporary and pre-industrial global reactivenitrogen budgets.
Biogeochemistry 43: 7-43.

% Duce 1986 (see 39).

Bergametti, G., E. Remoudaki, R. Losno, E. Steiner, B. Chatenet
and P Buat-Menard. 1992. Source, transport and deposition of
atmospheric phosphorus over the northwestern Mediterranean. J
Atmos Chem 14:502-513.




Jassby, A.D, J.E.Reuter, R.P>. Axler, CR. Goldmanand S. Hackley.
1994. Atmospheric deposition of nitrogen and phosphorusin the
annual nutrient load of Lake Tahoe (California, U.S.A.). Water
Resources Research 30:2207-2216.

Prospero, ] M., K. Barrett, T. Church, F. Dentener, R A. Duce, ].N.
Galloway, H. Levy II, ]. Moody, and P. Quinn. 1996. Atmosperic
deposition of nutrients to the North Atlantic Basin. Biogeochemistry
35:27-73.

Herut, B, M.D.Krom, G. Panand R. Mortimer. 1999. Atmospheric
inputofnitrogen and phosphorus to the Southeast Mediterranean:
Sources, fluxes and possible impact. Limnol Oceanogr44:1683-
1692.

% Herutetal. 1999 (see 52.)

Kay,RT, G.P Johnsonand D.L. Schrader. 2000. Hydrology, water
quality, and nutrientloads to Lake Catherine and Channel Lake,
near Antioch, Lake County, Illinois. U.S. Geological Survey Water
Resources Investigations Report 00-4088. USGS, Illinois District.

70 Redfield, A.C. 1958. The biological control of chemical factors in
the environment. Am Scientist 46:205-222.

71 Kay et al. 2000 (see 53.)

USEPA (US Environmental Protection Agency). 1999. Deposition
of Air Pollutants to the Great Waters. Third Report to Congress.
US Govt. Printing Office, Washington, DC

72 Koelliker, Y., L. A. Totten, C. L. Gigliotti, ]. H. Offenberg, J.R.
Reinfelder, Y. Zhuang, and S.J. Eisenreich. 2004. Atmospheric
Wet Deposition of Total Phosphorusin New Jersey. WASP.

7% Eisenreich, S.J., Emmling, PJ., and Beeton, A.M. 1977.
Atmosphericloading of phosphorus and other chemicalsin Lake
Michigan. ] Great Lakes Res 3 (3-4):291-304.

74 Church, T.M., ].M. Tramontanto, ].R, Scudlark, T.D. Jickells, J.J.
Tokos, and A.H. Knapp. 1984. The wet deposition of trace metals
to the western Atlantic Ocean at the mid-Atlantic coast and
Bermuda. Atmos Environ 18:2657-2664.

Scudlark, ].R. and T.M. Church. 1997. Atmospheric deposition of
trace elements to the mid-Atlantic bight. pp. 195-208, in, J. E.
Baker [Ed], Atmospheric Deposition of contaminants to the Great
Lakes and Coastal Waters. SETAC Press, Pensacola, Florida.

Prospero et al. 1996 (see 68).

7> Prospero et al. 1996 (see 68).

76 Scudlark and Church 1997 (see 75).

77 Zhuang, G., Z.Yiand G. T. Wallace. 1995. Iron (II) in rainwater,
snow, and surface seawater from a coastal environment. Mar
Chem 50:41-50.

78 Simcik, M., H. Zhang, T. Franz, and S.]. Eisenreich. 1997. Urban
contamination of the Chicago/Coastal Lake Michigan atmosphere
by PCBsand PAHs during AEOLOS. Environ Sci Technol 31:2141-
2147.

Green, M. L., J. V. Depinto, C. Sweet, and K. C. Hornbuckle.
2000. Regional spatial and temporal interpolation of atmospheric
PCBs: Interpretation of Lake Michigan massbalance data. Environ
Sci Technol 34:1833-1841.

7 Dachs, ], R. Lohmann, W.A. Ockenden, L. Méjanelle, SJ. Eisenreich
and KC. Jones. 2002. Oceanic biogeochemical controls on global
dynamics of persistent organic pollutants. Environ Sci Technol 36
14229 —4237.

Brunciak P. A, J. Dachs, T. P. Franz, C. L. Gigliotti, E. D. Nelson,
B.]. Turpin, and S.]. Eisenreich. 2001. Polychlorinated biphenyls
and particulate organic/elemental carbon in the Chesapeake Bay
Atmosphere. Atmos Environ 35:5663-5677.

8 Franz, T.P;S.J. Eisenreich; T.M. Holsen. 1998. Dry deposition of
particulate PCBsand PAHs to Lake Michigan. Environ Sci Technol
32:3681-3688.

81 Achman, D.R., K.C. Hornbuckle, and S.J. Eisenreich. 1993.
Volatilization of polychlorobiphenyl congeners from Green Bay,
Lake Michigan. Environ Sci Technol 27: 75-87.

Totten, LA., C. L. Gigliotti, ].H. Offenberg, ]. Baker, and S. J.
Eisenreich. 2003. Re-evaluation of air-water exchange fluxes of
PCBsinGreenBay (GBMB)and Southern Lake Michigan (AEOLOS,
LMMB). Environ Sci Technol 37:1739-1743.

82 Totten, L.A., P. A. Brunciak, C. L. Gigliotti, ]. Dachs, T. R. Glenn,
E.D. Nelson, and S.J. Eisenreich. 2001. Dynamic air-water
exchangeof polychlorinated biphenylsin the New York-New Jersey
Harbor Estuary. Environ Sci Technol 35:3834-3840.

Gigliotti, C.L., L. Totten, P.A. Brunciak, J. Dachs, E.D. Nelson, R.
Lohmann, SJ. Eisenreich. 2002. Air-Water Exchange of PAHs in
the NY-NJ Harbor Estuary. Environ Toxicol Chem 21:235-244.

Lohmann, R., E.D Nelson, S.J. Eisenreich, and K.C. Jones. 2000.
Evidence for dynamicair - water exchange of PCDD/Fs: A Study
inthe Raritan Bay/Hudson River Estuary, USA. Environ Sci Technol
34:3086-3093.

VanRy, D.A,, J. Dachs, C.L. Gigliotti, P. Brunciak, E.D. Nelson,
and S.J. Eisenreich. 2000. Atmospheric seasonal trends and
environmental fate of alkylphenols in the lower Hudson River
Estuary. Environ Sci Technol 34:2410-2417.

8 Bamford, H., ].H. Offenberg, R K. Larsen, F-C. Ko, and ].E. Baker.
1999. Diffusive exchange of polycyclic aromatic hydrocarbons
across the air-water Interface of the Patapsco River, an urbanized
subestuary of the Chesapeake Bay. Environ Sci Technol 33:2138-
2144.

Bamford, H.A., F.-C. Ko, and J.E. Baker. 2002. Seasonal and annual
air-water exchange of polychlorinated biphenyls across Baltimore
Harbor and the Northern Chesapeake Bay. Environ Sci Technol
36:4245-4252.

84 Jeremiason, ].D., K. Hornbuckle, and S.]. Eisenreich. 1994.
Polychlorinated biphenyls (PCBs) in Lake Superior, 1978-1992:
Decreases in water concentrations reflect loss by volatilization.
Environ Sci Technol 28: 903-914.

8 Swackhamer, D. L., Schottler, S., Pearson, R. F. 1999. Air-water
exchange and mass balance of toxaphene in the Great Lakes.
Environ Sci Technol 33(21):3864-3872.

8 Jeremiason et al. 1994 (see 84).

87 Schottler, S.P.and S.J. Eisenreich. 1997. A mass balance model to
quantify atrazine sources, transformation rates, and trends in the
Great Lakes. Environ Sci Technol 31:2616-2625.

8 Macdonald, R., SJ. Eisenreich, T.F. Bidleman, J. Dachs, ]. Pacyna,
K.C.Jones, R. Bailey, D. Swackhamer, and D. Muir. 2000.
Case studies on persistence and long range transport of persistent
organic pollutants (Chapter 7). In Klecka, G.M., D. Mackay; J.
Franklin, D. Graham, P. Howard, L. Grady, K. Kannan, R.].
Larson, D. Muir, and D. Van de Meent (Eds.) Evaluation of
Persistence and Long-range Transport of Organic Chemicals in
the Environment pp.245-314. SETAC Press: Pensacola, FL. Figure
reprinted with permission from SETAC, Pensacola, FL.

8 Dachs, ].,S.J. Eisenreich, J.E. Baker, E.-C. Ko, and ].D. Jeremiason.
1999. Coupling of phytoplankton uptake and air-waterexchange
of persistent organic pollutants. Environ Sci Technol 33:3653-
3660.

Dachs et al. 2002 (see 9)




Jeremiason et al. 1994 (see 84).

Jeremiason, J.J., S.J. Eisenreich, M.J. Paterson, D. Findlay, H.J.
Kling, K. Beaty, R. Hecky, and J. Elser. 1999. Biogeochemical
cydling of atmospherically-derived PCBsinlakes of variable trophic
status: a paired lake experiment. Limnol Oceanogr 44(3, Part
2):889-902.

Totten et al. 2001 (see 82).

Totten et al. 2003 (see 81).

Gigliotti et al. 2002 (see 82).

Lohmann etal. 2002 (see 82).

Swackhamer et al. 1999 (see 85).

MacDonald et al. 2000 (see 88).

% Dachs et al. 1999 (see 89).

1 Dachs et al. 1999 (see 89)

2 Dachs et al. 1999 (see 89).

Dachs, J., S.J. Eisenreich, and R.M. Hoff. 2000. Influence of
eutrophication on air-water exchange, vertical fluxes and
phytoplankton concentrations of POPs. Environ Sci Technol
34:1095-1102.

Dachs et al. 2002 (see 9).

% Yan, S;J. Dachs, C-W. Fan, J. Reinfelder, S. J. Eisenreich. 2004.
Air-water exchange controls phytoplankton concentrations of
polychlorinated biphenylsinimpacted estuaries. Environ Sci Technol
Submitted.

%4 MacDonald et al. 2000 (see 88).

> Kidd K.A., D.W. Schindler, D.C.G. Muir, W.L. Lockhart, and R.H.
Hesslein. 1995. High concentrations of toxaphene in fishes from
a subarctic lake. Science 269:240-241.

% Cook, P, J.A.Robbins, D.D. Endicott, K.B. Lodge, PD. Guiney,
M.K. Walker, E.W. Zabelo and R.E. Peterson. 2003. Effects of
aryl hydrocarbon receptor-mediated early life stage toxicity on
lake trout populations in Lake Ontario during the 20th Century.
Environ Sci Technol 37:3864-3877.

7 DeVault, D. S., R. Hesselberg, PW. Rodgers, and T.J. Feist. 1996.
Contaminanttrendsinlake troutand walleye from the Laurentian
Great Lakes. ] Great Lakes Res 22:884-895.

% Blais, .M., D.W. Schindler, M. Sharp, E. Braekevelt, M. Laferniere,
D.C.G. Muir, and W.Strachan. 2001. Fluxes of semi-volatile
organochlorines in Bow Lake, aremote high altitude, glacier-fed
sub-alpinelakein the Canadian Rocky Mountains. Limnol Oceanogr
46: 2019-2031.

% AMAP (Arctic Monitoring and Assessment Programme). 1998.
Assessment report: Arctic Pollution Issues. Oslo.

1WAMAP 1998 (see 99).

"Donald, D.B,, J. Syrgiannis, R.W. Crosley, G. Holdsworth, D.C.G.
Muir, B. Rosenberg, A. Sole and D.W. Schindler. 1999. Delayed
deposition of organochlorine pesticides ata temperate glacier.
Environ Sci Technol 33:1794-1798.

12Holsen, T. M., K. E. Noll, S. P. Liu, and W.]J. Lee. 1991. Dry
Deposition of Polychlorinated-Biphenylsin Urban Areas. Environ
Sci Technol 25:1075-1081.

Cotham, W.E., and T. F. Bidleman. 1995. Polycyclic aromatic-
hydrocarbonsand polychlorinated-biphenylsinairatanurbananda
rural stenear Lake-Michigan. Environ Sci Technol 29:2782-2789.

Zhang, H.X,, S.]. Eisenreich, T. R. Franz, J. E. Baker, and J. H.
Offenberg. 1999. Evidence for increased gaseous PCB fluxes to
Lake Michigan from Chicago. Environ Sci Technol 33:2129-2137.

Green et al. 2000 (see 78).

Offenberg, J. H,, and ]. E. Baker. 2000. PCBs and PAHs in southern
Lake Michigan in 1994 and 1995: Urban atmosphericinfluences
and long-term declines. ] Great Lakes Res 26:196-208.

Miller, S. M., M. L. Green, J. V. Depinto, and K. C. Hornbuckle.
2001. Results from the Lake Michigan mass balance study:
Concentrationsand fluxesof atmospheric polychlorinated biphenyls
and trans-nonachlor. Environ Sci Technol 35:278-285.

Hsu, Y. K., T. M. Holsen, and P. K. Hopke. 2003. Locating and
quantifying PCB sources in Chicago: Receptor modeling and field
sampling. Environ Sci Technol 37:681-690.

Buehler, S. S, I. Basu, and R. A. Hites. 2004. Causes of variability
in pesticide and PCB concentrations in air near the Great Lakes.
Environ Sci Technol 38:414-422.

%Wania, F. and D. MacKay. 1993. Global fractionation and cold
condensation of low volatility organo-chlorine compoundsin polar
regions. Ambio 22: 10-18.

“Muir, D.C.G,, Wagemann, R, Hargrave, B.T, Thomas, D.J., Peakall,
D.B. and Norstrom, R.J. 1992. Arctic marine ecosystem
contamination. Sci Total Environ 122:75-134.

Norstrom RJ., S.E. Belikov, E.W. Born, G.W. Garner, B. Malone, S.
Olpinski, etal. 1998. Chlorinated hydrocarbon contaminantsin
polarbears from eastern Russia, North America, Greenland, and
Svalbard: biomonitoring of Arctic pollution. Arch Environ Contam
Toxicol 35:354-367.

Blais, ] M., D.W. Schindler, D.C.G. Muir, LE. Kimpe, D.B. Donald,and
B. Rosenberg. 1998. Accumulation of persistent organochlorine
compounds in mountains of western Canada. Nature 395: 585-
588.

Carrera, G., P. Fernandez, ].O. Grimalt, M. Ventura, L. Camarero,
J. Catalan, U. Nickus, H. Thies, and R. Psenner. 2002. Environ
Sci Technol 36:2587.

1SAMAP 1998 (see 99).

Donald etal. 1999 (see 101).

1CAMAP 1998 (see 99).

17Schindler, D.W,, K.A. Kidd, D.C.G.Muir, and W.L. Lockhart. 1995.
Theeffects of ecosystem characteristics on contaminant distribution
innorthern freshwater lakes. Sci Total Environ 160(161):1-17.

1BAMAP 1998 (see 99).

Muir et al. 1992 (see 104).

Dewailly, E., P. Ayotte, S. Bruneau, C. Lalibert, D. Muir, and R.
Norstrom. 1993. Inuit exposure to organochloride through the
aquaticfood chain inarcticQuebec. Environ Health Persp 101:618-
20.

19AMAP 1998 (see 99).

Jacobson J.Land S.W. Jacobson. 1996. Intellectual impairment in
children exposed to polychlorinated biphenyls inutero. N Engl ]
Med 335:783-789.

0Kidd et al. 1995 (see 95).

MModified from Hornbuckle, K. C., and M. L. Green. 2003. The
impact of an urban-industrial region on the magnitude and
variability of persistent organic pollutant deposition to Lake
Michigan. Ambio 32:406-411.

"2Donald, D, R. Bailey, R. Crosley, D. Muir, P. Shaw and J. Syrgiannis.
1993. Polychlorinated biphenyls and organochlorine pesticidesin
the aquaticenvironment along the continental divide region of
Alberta and British Columbia, Inland Waters Directorate, Regina,
Sask.

13Blais et al. 1998 (see 104).

Donald etal. 1999 (see 101).




Blais, ].M., K. Duff, D.W. Schindler, ].P. Smol, PR. Leavitt, and M.
Agbeti. 2000. Assessment of recent eutrophication histories in
Lac Ste. Anne and Lake Isle, Alberta, Canada, using
paleolimnological methods. Lake and Reservoir Management 16:
292-304.

MCampbell, L.M., D.W. Schindler, D.C.G. Muir, D.B. Donald, and
K A.Kidd. 2000. Organochlorine transfer in the food web of
subalpine Bow Lake, Banff National Park. Canadian Journal of
Fisheries and Aquatic Science, 57: 1258-1269.

Blais et al. 2000 (see 113)

Braekevelt, E.,, G.T. Tomy, and G.A. Stern. 2001. Comparison of an
individual congener standard and a technical mixture for the
qualification of toxaphene in environmental matrices by HRGC/
ECNI-HRMS. Environ Sci 35(17):3513-3518.

5Grimalt, ].O., P. Fernandez and R M. Vilanova. 2001. Trapping of
organochlorine compoundsin high mountain lakes. The Scientific
World 1:609-611.

Carrera et al. 2002 (see 104).

6Skaare, ].U., @. Wiig and A. Bernhoft, 1994. Klorerte organiske
miljegifter; nivaer og effekter pa isbjorn. Norsk Polarinstitutts
Rapportserie 86, 27 pp.

AMAP 1998 (see 99).

8Ahlborg, V.G., G.C. Becking, L.S. Birnbaum, A. Brower, H].G.M.
Derks, M. Feeley, C. Golor, A. Hanberg, J.C. Larsen, A K.D.
Liem, S.H. Safe, C. Schlatter, F. Waern, M. Younes, and E.
Yrankeikki, E. 1994. Toxicequivalency factors for dioxin-like PCBs.
Chemosphere 28(6):1049-1067.

D, Muir, pers. comm

2[konomou et al. 2002 (see 22).

Boon, J. P, ].J. van Zanden, W.E. Lewis, B.N. Zegers, A. Goksoyr,
and A. Arukwe. 2002. Marine Environmental Research, 54(3-
5):719-724.

2INorstrom R.J., M. Simon, J. Moisey, B. Wakeford, and D.V.C.
Weseloh. 2002. Geographical distribution (2000) and temporal
trends (1981 to 2000) of brominated diphenyl ethers in Great
Lakes herring gull eggs. Environ Sci Technol 36:4783-4789

2Mierle, G, and R. Ingram. 1991. The role of humic substances in
the mobilization of mercury from watersheds. Water Air and Soil
Pollution 56: 349-357.

ZWiener, J. G., D. P. Krabbenhoft, G. H. Heinz, and A. M.
Scheuhammer. 2003. Ecotoxicology of mercury. Pages 409-463
in].J. Cairns, editor. Handbook of Ecotoxicology. Lewis Publishers,
BocaRaton, FL.

1#Scheuhammer, A. M. 1991. Effects of acidification on the availability
of toxicmetals and calcium to wild birds and mammals. Environ
Poll 71:329-375.

Hammerschmidt, C.R., M. B. Sandheinrich, ]. G. Wiener, and R.
G.Rada.2002. Effects of dietary methylmercury on reproduction
of fathead minnows. Environ Sci Technol 36:877-883.

12 Grandjean, P, P. Weihe, R. F. White, F. Debes, S. Araki, K. Yokoyama,
K. Murata, N. Sorensen, R. Dahl, and P. J. Jorgensen. 1997.
Cognitive deficitin 7-year-old children with prenatal exposure to
methylmercury. Neurotoxicol Teratol 19:417-428.

Davidson, PW., D. Palumbo, G.J. Myers, C. Cox, C. F. Shamlaye,
J. Sloane-Reeves, E. Cernichiari, G. E. Wilding, and T. W.
Clarkson. 2000. Neurodevelopmental outcomes of seychellois
children from the pilot cohort at 108 months following prenatal
exposure to methylmercury from a maternal fish diet. Environ
Res 84:1-11.

NRC (National Research Council). 2000. Clean Coastal Waters:
Understanding and Reducing the Effects of Nutrient Pollution.
National Academy Press, Washington, DC.

12NRC 2000 (see 125).

7Stolte, W., T. McCollin, A. Noordeloos, and R. Riegman. 1994.
Effects of nitrogen source on the size distribution within marine
phytoplankton populations. ] Exper Mar Biol Ecol 184:83-97.

Pinckney, J.L., H-W. Paerl, and M.B. Harrington. 1999. Responses
of the phytoplankton community growth rate tonutrient pulsesin
variable estuarine environments. ] Phycol 35:1455-1463.

%Cornell, S., A. Rendell, and Jickells. 1995. Atmosphericinputs of
dissolved organicnitrogen to the oceans. Nature 376:243-246.

Peierls, B.L.and H.W.Paerl. 1997. Thebioavailability of atmospheric
organic nitrogen deposition to coastal phytoplankton. Limnol
Oceanogr 42:1819-1880.

Seitzinger, S. P. and R. W. Sanders. 1999. Atmospheric inputs of
organicnitrogen stimulate estuarine bacteria and phytoplankton.
Limnol Oceanogr 44:721-730.

AntiaN., P. Harrison, and L. Oliveira. 1991. The role of dissolved
organic nitrogen in phytoplankton nutrietion, cell biology and
ecology. Phycologia 30:1-89.

12Prospero et al. 1996 (see 68).

Takeda et al. 1995 (see 40).

Paerl et al. 1999 (see 41).

BTyrell, T. 1999. The relative influences of nitrogen and phosphorus
on oceanic primary production. Nature 400:525-531.

B1Boesch, D.F, E. Burreson, W. Dennison, E. Houde, M. Kemp, V.
Kennedy, R. Newell, K. Paynter, R. Orthand R. Ulanowicz. 2001.
Factors in the decline of coastal ecosystems. Science 293:629-
638.

Elmgren and Larsson 2001 (see 44).

32Duce 1986 (see 39).

GESAMP 1989 (see 51).

Herutetal. 1999 (see 69).

B3Martin et al. 1994 (see 40).

Takeda et al. 1995 (see 40)

Paerl, H W, L. Prufert Bebout and C. Guo. 1994. Iron stimulated
N, fixation and growth in natural and cultured populations of the
planktonicmarine cyanobacterium Trichodesmium. Appl Environ
Microbiol 60:1044 1047.

Paerl, HW., J. Pinckney, J. Fear and B. Peierls. 1998. Ecosystem
responses to internal and watershed organic matter loading:
Consequencesforhypoxiain theeutrophying Neuse River Estuary,
NC, USA. Mar Ecol Progr Ser 166:17-25.

3Zhang, J. 1994. Atmospheric wet deposition of nutrientelements:
Correlation with harmful biological blooms in Northwest Pacific
coastal zones. Ambio 23:464-468.

Walsh, J.J. and K.A. Steidinger. 2001. Saharan dust and Florida
red tides: The cyanophyte connection. ] Geophys Res 106:11597-
11612.

B5Scudlark and Church 1997 (see 74).

B6Takeda et al. 1995 (see 40).

Paerl et al. 1999 (see 41).

37Stolte et al. 1994 (see 127).

BEppley, RW., J. N. Rogers, and J.J. McCarthy. 1969. Half
saturation constants for uptake of nitrate and ammonia by marine
phytoplankton. Limnol Oceanogr 14:912-920.

Syrett, PJ. 1981. Nitrogen metabolism of microalgae. Canadian
Bulletin of Fisheries and Aquatic Sciences 210:182-210.




Molloy, C., and P. Syrett. 1988. Interrelationships between uptake
of urea and uptake of ammonium by microalgae. ] Exper Mar
Biol Ecol 118:85-95.

Dortch, Q. 1990. The interaction between ammonium and nitrate
uptake in phytoplankton. Mar Ecol Progr Ser 61:183-201.

“Eppley et al. 1969 (see 138).

Stolte et al. 1994 (see 127).

“Harrington, M.B. 1999. Responses of natural phytoplankton
communities from the Neuse River Estuary, NC to changes in
nitrogensupply and incidentirradiance. MSc. Thesis. University of
North Carolina at Chapel Hill.

2Cloern, J.E. 1999. The relative importance of light and nutrient
limitation of phytoplankton growth: a simple index of coastal
ecosystems sensitivity tonutrientenrichment. Aquatic Ecology
33:3-16.

43Peierls and Paerl 1997 (see 128).

14 Antia et al. 1991 (see 128).

Paer], HW. 1991. Ecophysiological and trophic implications of
light stimulated amino acid utilization in marine picoplankton.
Appl Environ Microbiol 57:473 479.

4Skoglund, R.S. and D.L. Swackhamer. 1994. Fate of hydrophobic
organic contaminants: processes affecting uptake by
phytoplankton, p.559-574. In Baker, L.A. (ed.), Environmental
chemistry of lakes and reservoirs. American Chemical Society,
Washington, DC

Skoglund, R.S. K. Stange, and D.L. Swackhamer. 1996. A kinetics
model for predicting the accumulation of PCBsin phytoplankton.
Environ Sci Technol 30:2113-2120.

Swackhamer, D.L. and R.S. Skoglund. 1991. The role of
phytoplankton in the partitioning of hydrophobic organic
contaminants in water. In Baker, R.A. (Ed). Organic Substances
and Sediments in Water. Lewis, Boca Raton FL, USA, pp. 91—
105.

Swackhamer, D.L.and R.S. Skoglund. 1993. Bioaccumulation of
PCBsby phytoplankton: kinetics vs. equilibrium. Environ Toxicol
Chem 12:831-838.

14Hudson, M. 2004. Microbial Facilitation of Contaminant Transfer
in Lake Superior Foodwebs. MS Thesis, Water Resources Science,
University of Minnesota.

ABOUTTHEPANELOFSCIENTISTS

Deborah L. Swackhamer, Co-Chair, School of Public Health,
University of Minnesota, Minneapolis, MN 55455

Hans W. Paerl, Co-Chair, Institute of Marine Sciences, The
University of North Carolina at Chapel Hill, Morehead City,
NC 28557

StevenJ. Eisenreich, Joint Research Centre of the European
Commission, Institute for Environment and Sustainability,
Ispra, Italy

James Hurley, Aquatic Sciences Center, University of Wisconsin,
Madison, WI 53706

Keri C. Hornbuckle, Seamans Center for the Engineering Arts
and Sciences, University of lowa, lowa City, lowa 52242

Michael McLachlan, The Institute of Applied Environmental
Research, Stockholm University, Stockholm Sweden

David Mount, Ecotoxicology Analysis Research Branch, Mid-
Continent Ecology Division, U.S. Environmental Protection
Agency, Duluth, MN 55804 USA

Derek Muir, National Water Research Institute, Environment
Canada, Burlington, Ontario L7R 4A6 Canada

David Schindler, Biological Sciences, University of Alberta,
Edmonton, Alberta T6G 2E9 Canada

About the Science Writer

Yvonne Baskin, a science writer, edited the report of
the panel of scientists to allow it to more effectively communi-
cate its findings with non-scientists.

About Issues in Ecology

Issues in Ecology is designed to report, in language
understandable by non-scientists, the consensus of a panel of
scientific experts on issues relevant to the environment. Issues
in Ecology was initially supported by a Pew Scholars in
Conservation Biology grant to David Tilman and is currently
supported by the Ecological Society of America. All reports
undergo peer review and must be approved by the editorial
board before publication. No responsibility for the views
expressed by authors in ESA publications is assumed by the
editors or the publisher, the Ecological Society of America.

Editorial Board of Issues in Ecology

Dr. William Murdoch, Editor-in-Chief, Ecology, Evolution, and
Marine Biology, University of California, Santa Barbara, CA
93106. Email: murdoch@lifesci.ucsb.edu.

Board members

Dr. Peter Kareiva, The Nature Conservancy, Seattle, WA 98105.

Dr. Ann Kinzig, Department of Biology, Arizona State University,
Tempe, AZ 85287-1501.

Dr. Jane Lubchenco, Department of Zoology, Oregon State
University, Corvallis, OR 97331-2914.

Dr. Judy L. Meyer, Institute of Ecology, University of Georgia,
Athens, GA 30602-2202.

Dr. Gordon Orians, Department of Zoology, University of
Washington, Seattle, WA 98195.

Dr. Lou Pitelka, Appalachian Environmental Laboratory, Gunter
Hall, Frostburg, MD 21532.

Dr. David Schimel, National Center for Atmospheric Research,
Editor, Ecological Applications, Boulder, CO 80305.

Dr. William Schlesinger, Departments of Botany and Geology,
Duke University, Durham, NC 27708-0340.

Dr. David Wilcove, Woodrow Wilson School of Public and
International Affairs, Princeton University, Princeton, NJ
08544-1013.

Previous Reports
Previous Issues in Ecology reports available from the
Ecological Society of America include:

Vitousek, PM., J. Aber, R W. Howarth, G.E. Likens, P.A. Matson,
D.W. Schindler, W.H. Schlesinger, and G.D. Tilman. 1997.
Human Alteration of the Global Nitrogen Cycle: Causes



and Consequences, Issues in Ecology No. 1.

Daily, G.C., S. Alexander, P.R. Ehrlich, L. Goulder, J.
Lubchenco, P.A. Matson, H.A. Mooney, S. Postel, S.H.
Schneider, D. Tilman, and G.M. Woodwell. 1997.
Ecosystem Services: Benefits Supplied to Human Societies
by Natural Ecosystems, Issues in Ecology No. 2.

Carpenter, S., N. Caraco, D. L. Correll, R. W. Howarth, A. N.
Sharpley, and V. H. Smith. 1998. Nonpoint Pollution of
Surface Waters with Phosphorus and Nitrogen, Issues in
Ecology No. 3.

Naeem, S., F.S. ChapinIII, R. Costanza, PR. Ehrlich, F.B. Golley,
D.U. Hooper, ].H. Lawton, R.V. O’Neill, H.A. Mooney, O.E.
Sala, A.J. Symstad, and D. Tilman. 1999. Biodiversity
and Ecosystem Functioning: Maintaining Natural Life Sup-
port Processes, Issues in Ecology No. 4.

Mack, R., D. Simberloff, W.M. Lonsdale, H. Evans, M. Clout,
and F. Bazzaz. 2000. Biotic Invasions: Causes, Epidemiology,
Global Consequences and Control, Issues in Ecology No.
5.

Aber, J., N. Christensen, I. Fernandez, J. Franklin, L. Hidinger,
M. Hunter, ]. MacMahon, D. Mladenoff, ]. Pastor, D. Perry,
R. Slangen, H. van Miegroet. 2000. Applying Ecological
Principles to Management of the U.S. National Forests, Issues
in Ecology No. 6.

Howarth, R., D. Anderson, ]. Cloern, C. Elfring, C. Hopkinson,
B. LaPointe, T. Malone, N. Marcus, K. McGlathery, A.
Sharpley, and D. Walker. Nutrient Pollution of Coastal Riv-
ers, Bays, and Seas, Issues in Ecology No. 7.

Naylor, R., R. Goldburg, J. Primavera, N. Kautsky, M.
Beveridge, J. Clay, C. Folke, J. Lubchenco, H. Mooney,
and M. Troell. 2001. Effects of Aquaculture on World Fish

Supplies, Issues in Ecology No. 8.

Jackson, R., S. Carpenter, C. Dahm, D. McKnight, R. Naiman,
S. Postel, and S. Running. 2001. Water in a Changing
World, Issues in Ecology No. 9.

Baron, ].S., N.L. Poff, PL. Angermeier, C.N. Dahm, PH. Glecik,
N.G. Hairston, Jr., R.B. Jackson, C.A. Johnston, B.D. Rich-
ter, and A.D. Steinman. 2003. Sustaining Healthy Fresh-
water Ecosystems, Issues in Ecology No. 10.

Beck, M.W.,, K.L. Heck, Jr., K. W. Able, D.L. Childers, D.B.
Eggleston, B.M. Gillanders, B.S. Halpern, C.G. Hays, K.
Hoshino, T.J. Minello, R.J. Orth, P.F. Sheridan, and M. P.
Weinstein. 2003. The Role of Nearshore Ecosystems as Fish
and Shellfish Nurseries, Issues in Ecology No. 11.

Additional Copies
To receive additional copies of this report ($3 each)
or previous Issues in Ecology, please contact:

Ecological Society of America
1707 H Street, NW, Suite 400
Washington, DC 20006
(202) 833-8773, esahq@esa.org

The Issues in Ecology series is also available
electronically at http://www.esa.org/science/issues




About IssuesinEcology

Issues in Ecology is designed to report, inlanguage understandable by non-scientists, the
consensus of a panel of scientificexperts onissues relevant to the environment. Issuesin
Ecology wasinitially supported by the Pew Scholarsin Conservation Biology programand
is currently supported by the Ecological Society of America. Itis published atirregular
intervals, as reports are completed. All reports undergo peer review and mustbe ap-
proved by the Editorial Board before publication. Noresponsibility for the views expressed
by authorsin ESA publicationsis assumed by the editors or the publisher, the Ecological
Society of America.

Issues in Ecologyis an official publication of the Ecological Society of America, thenation’s
leading professional society of ecologists. Founded in 1915, ESA seeks to promote the
responsibleapplication of ecological principles to the solution of environmental problems.
For more information, contact the Ecological Society of America, 1707 H Street, NW,
Suite 400, Washington, DC, 20006. ISSN 1092-8987






