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Introduction

The guidelines, criteria, and other information in
this volume were originally compiled for use by
personnel conducting studies for the
Department of the Interior's National Irrigation
Water Quality Program (NIWQP).  The purpose
of these studies is to identify and address
irrigation-induced water quality and
contamination problems associated with any of
the Department's water projects in the Western
States.  When NIWQP scientists submit
samples of water, soil, sediment, eggs, or animal
tissue for chemical analysis, they face a
challenge in determining the sig-nificance of the
analytical results.  How much of a given
chemical constituent is “normal” in the tested
medium?  How much is unusually high?  What
adverse effects— if any— may result from the
reported concentration?  Studies that address
these questions are myriad:  they are widely
scattered in the literature, they use many
different approaches and testing protocols, and
they yield greatly varying— and sometimes
contradictory—  results.  The chapters in this
volume are intended to:  (1) identify the most
important, most relevant studies for several
“constituents of concern” that are commonly
encountered in environments affected by
irrigation drainage; (2) present a sampling of
notable results from these studies in tables
organized according to tested medium; (3)
explain further, in the accompanying text, the
significance of these results; and (4) give full
and accurate references to the original studies,
for those who desire more detailed information.

Although this volume is targeted for scientific
specialists, it may also be of interest to
government officials, farmers, ranchers,
conservationists, reporters, and anyone else
interested in the environmental health of
freshwater ecosystems.  These readers may find
the glossary in Appendix II especially helpful.

The Limitations of This Volume
It is important to note five limitations on the
material presented here:  

(1) Out of the hundreds of substances known
to affect wetlands and water bodies, this
volume focuses on only nine constituents or
properties commonly identified during
NIWQP studies in the Western United
States— salinity, DDT, and the trace
elements arsenic, boron, copper, mercury,
molybdenum, selenium, and zinc.  Financial
and time restraints do not allow
consideration of other contaminants at this
time. 

(2) For the most part, these are only guide-
lines, merely reports of toxic effects that
were noted for certain concentrations in
particular circumstances.  Individual
constituents may be more or less toxic at
other sites or for other species, depending
on many factors.  Some of these com-
plicating factors are described in the
following section on data interpretation,
which readers are urged to review before
attempting to apply these guidelines.

(3) Caution is particularly appropriate in using
the summary tables (the first numbered
table in each of the chapters).  These are
designed to give only a general indication of
concentrations that may be troublesome in
various types of media.  In some cases the
“no effect” and “threshold” values for a
class of organisms have been distilled from
hundreds of individual studies of the
diverse species that make up the class.  In
other cases, we have had to rely on only a
handful of studies to set tentative  values
for the entire class.  Readers should make
no final, formal decisions regarding the
toxicity of



National Irrigation Water Quality Program Guidelines

2

a particular compound to a particular
species without consulting the more
detailed information presented later in each
chapter and, when possible, the original
studies.

(4) Results from many recent studies could not
be included here.  Most of the research for
these chapters was completed by mid-1996,
and only the literature pub-lished prior to
that time was system-atically surveyed. 
During subsequent review and preparation
of this volume, more recent results that
came to our attention were added
opportunistically, not systematically.

(5) Legally enforceable standards are not
presented here, with two exceptions.  The
U.S. Environmental Protection Agency has
established “maximum contaminant levels,”
applicable only to drinking water, for most
of these constituents, and the U.S. Food
and Drug Administration has “action levels
for human consumption” for two of them
(DDT and mercury).  These legal standards
are noted near the end of each chapter, in
the section “Regulatory standards.”  Note,
however, that even in those sections, values
identified as “goals” or “criteria” do not
have the force of law.

Individual States may set legal standards that are
stricter than those of the Federal Government,
and many have chosen to do 
so.  State standards are too variable and
voluminous to be listed here; however,
Appendix I lists addresses and phone numbers
for the offices responsible for water quality
standards in each of the 17 Western States.

The Need for Caution in
Interpreting Toxicological Data

The contents of this report are described as
guidelines, rather than rules or standards,
because toxicological effects vary greatly in
natural ecosystems.  Many variables can cause

individual constituents to be more or less toxic
at other sites or for other species.  This section
describes some of the better known factors that
may complicate the interpretation of toxicity
data.

Unnatural Laboratory Settings

Most laboratory studies test toxicity under
completely unnatural conditions:  they test the
effect of a single compound on a single species,
delivered by only one pathway under carefully
controlled conditions.  In the wild, organisms
are exposed to many different chemical and
physical agents simultaneously.  (See
“Interactions,” below.)

Generally, laboratory specimens in an
experimentally contaminated environment are
given food from outside, uncontaminated
sources, whereas wild creatures must eat food
that has grown in the same environment and
that may have accumulated, through
bioconcentration, lethal levels of whatever
toxins are present.  Thus, for instance, fish or
waterfowl could end up dying in areas where
waterborne toxin concentrations are at levels
that caused no harm to laboratory specimens.

On the other hand, most laboratory specimens
are taken from uncontaminated populations,
which have no previous history of exposure to
the toxin being tested.  In the wild, organisms
living in a contaminated environment may have
acclimated or adapted to the toxin, especially if
the contamination developed gradually.  In this
case, one might find fish and waterfowl thriving
in areas where waterborne concentrations are at
levels experimentally determined to be lethal.

Laboratory specimens are rarely threatened by
predators or challenged by others of their own
kind in mating competitions, whereas their
undomesticated cousins deal with both conflicts. 
These conflicts can add to the overall stress on
the organisms, making them more susceptible to
toxic effects.  Conversely, the higher metabolic
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rates of creatures in conflict may help them
dispose of toxins more readily.

These differences between natural and
laboratory environments mean that measure-
ments collected in natural settings are generally
preferable to laboratory measure-ments for
predicting toxic effects in natural systems.  In
cases where natural studies are lacking, though,
the laboratory studies may provide the only
useful guidance to possible toxic effects. 
Moreover, only in controlled laboratory studies
can the effects of individual variables be
studied, by holding all other factors constant.

Interactions

The toxicity of an element or compound may be
either reinforced or weakened through its
interaction with other substances.  In toxi-
cology studies, such interactions are generally
classified as being adversely additive, syner-
gistic (greater than additive), or antagonistic
(less than additive or even acting as antidotes to
one another).  For instance, various chapters in
this volume describe synergistic relationships
between boron and selenium, between copper
and zinc, and between DDE and Arochlor,
meaning that when both agents are present, their
toxic effect is greater than would be expected
just from adding together their individual
effects.  Elsewhere, these chapters describe
antagonistic relationships between arsenic and
selenium and between cadmium and copper: 
tests show these combinations of elements to be
less toxic than either one would be by itself.  In
the case of selenium and mercury, however, the
selenium chapter cites a study (Heinz and
Hoffman 1996) showing that these two
elements are antagonistic to each other in their
effect on adult mallards but synergistic in their
effect on mallard reproduction.

In some cases, two substances that interact
antagonistically at first may eventually become
synergistic with increasing concentrations.  For
instance, some interactions may transform a
toxic compound to a less toxic, but also less
soluble, form.  These low-solubility compounds
may then accumulate in the liver, the kidneys, or
other bodily organs, eventually overtaxing the
capacity of these storage sites.  Physical damage
may occur to organs storing too
many solids.

However, our understanding of biogeo-chemical
interactions is still rudimentary.  The potential
combinations of trace elements are essentially
infinite, and research thus far has defined the
additive, antagonistic, and synergistic effects of
only a few simple com-binations.  Some
compounds cause toxic effects by interfering in
essential chemical metabolic pathways, yet
different chemical species of the same two
elements may interact on different metabolic
pathways and produce a completely different
result.  Under present conditions it takes years
of research— perhaps an entire career— to
positively define just one or two complex
metabolic chemical pathways.  Many apparent
discrepancies appear in the literature.

Temperature

All organisms have optimal temperature ranges
in which they function most efficiently.  Outside
of these ranges they will be more susceptible to
toxins.  The DDT chapter, for instance, cites
studies showing that both high and low
temperatures increase the toxicity of DDT to
the water flea D aphn ia.  Temperature
fluctuations affect the rate of chemical reactions,
the solubility of chemical species, and the
metabolic rates of organisms.  High
temperatures generally increase the chemical
reaction rate and the solubility of most solid
substances.  Oxygen and other gases, however,
are more soluble in cold water than in warm. 
The effect of temperature on metabolism
depends on whether organisms are exothermic
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(“cold blooded”) or endo-thermic (“warm
blooded”).  Among exo-therms, such as fish and
invertebrates, higher temperatures cause
metabolic rates to rise.  Endotherms, such as
birds and mammals, increase their metabolic
rate at lower temper-atures in order to maintain
a constant body temperature.  An elevated
metabolism increases the intake of a toxin and
distributes it more rapidly to sensitive organs
within the body.

Water Chemistry

The effect of any toxin may be altered by
variations in water hardness, pH (acidity/
alkalinity), and dissolved oxygen content. Water
hardness, for instance, causes such great
variation in the toxicity of copper and zinc that
the Environmental Protection Agency, rather
than setting fixed values as the freshwater
criteria for these elements, has instead
established formulas that make the criteria
relative to hardness.  (See tables at end of
copper and zinc chapters.)

Disease

It seems likely that populations weakened by
disease would be more susceptible to toxins and
vice versa.  According to Sprague (1985),
though, the empirical evidence for this
relationship is scanty.  At the very least, the
presence of disease in a population can
complicate the task of interpreting which deaths
and other adverse effects are attributable to
toxins and which are due to
the disease.

Nutrition

A species' susceptibility to toxins may be
affected not only by a shortage of food but also
by variations in the quality of the food. 
Organisms obliged to deviate from their
customary diets may lack crucial vitamins,

minerals, or proteins that play a role in
detoxifying harmful compounds.

Sampling Biases

Interpretation of field data for plants and
animals can be confounded by a sampling bias
that favors “survivors.”  Most biological
sampling techniques are designed to sample live
biota.  In contaminated environments, live biota
represent “survivors” and, hence, these are likely
to be the organisms that either were less
sensitive to the toxin or had less exposure to it. 
Bird eggs are probably less affected by this bias
than other media because they are sampled
without regard for the status of the embryo
inside the egg.  So long as the egg is intact, live
and dead embryos have equal probabilities of
being sampled.

Off-Site Exposure

Some organisms travel considerable distances
and may be exposed to toxins at places other
than the site where they are collected.  Many
birds, for example, may feed several kilo-meters
away from their nesting sites.  Hence, responses
such as teratogenesis among their offspring may
not be attributable to contami-nation in the
immediate vicinity.  Although this complication
is obviously most pro-nounced in the case of
birds, many mammals, fish, and even insects
also travel widely.

Confusion About Measurements

Chemical concentrations in plants, animals, soil,
sediment, and water are measured in various
ways, and there is even greater variety in the
ways these measurements are expressed. 
Although all contributors to this volume have
endeavored to clarify both the type of
measurement and the units of measure for every
value presented, some may remain unclear.
Concentrations in any solid medium (such as
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organic tissues, sediment, or animal feed) may
be measured on either a dry-weight (dw) basis
or a wet-weight (ww) basis.  The resulting
values are markedly different, and the dw value
is invariably higher.  In fish and animal tissues,
the dw concentration is generally in the range of
3 to 5 times the ww value, but there is no set
conversion factor.  The ratio between dw and
ww depends on the water content of the tissue,
which varies between species and between
organs, and even varies within individual organs
over time.  Criteria based on wet-weight
measurements should not be used to assess the
toxicity of dry-weight concentrations, and vice
versa.

“Fresh weight” describes a wet-weight
measurement that is made either in the field or
within a few hours after collection.  Media such
as eggs and animal tissue may begin losing water
as soon as they are collected, which results in
higher wet-weight concentrations of most other
constituents if they are not analyzed promptly.

Many chemical elements have two or three
different valences or oxidation states that are
common in the environment, and the toxicity of
these varying forms can differ greatly.  Arsenic
(III), for instance, is much more toxic than
arsenic (V), yet some tests do not differentiate
between these forms and report only “total
arsenic.”  A criterion established using arsenic
(III) would be misleadingly low in most natural
settings, for arsenic (V) is usually more
abundant.

Even where the valence state doesn't vary, the
various compounds an element makes with
other elements can greatly affect toxicity. 
Dimethyl mercury (C2H6Hg), for instance, is far
more poisonous than mercuric sulfide (HgS),
even though both of them are based 
on mercury (II).  It is common for organic
(carbon-based) compounds to be more toxic
than others because they are more readily taken
up in the metabolism of living organisms.

Concentrations of elements or compounds in

water may be measured in two different ways. 
Under one method, water samples are filtered
before analysis to remove all microorganisms
and other suspended particles.  The resulting
measurement is called a total d i ssolved  concen-
tration.  In the other method, no filtering is
done, and the resulting measurement is a total
recoverable  concentration.  The difference
between these figures can be strongly influenced
by the overall biotic productivity 
of a water body.  In highly productive waters,
both nutrients and toxins are quickly taken up
by microorganisms, leaving only small amounts
of these dissolved in the water column.  Thus, a
measurement showing only dissolved
constituents may miss significant amounts of
toxins that are nonetheless present in the water
column and available through the food chain. 
Where productivity is low, the dissolved
concentration will be very close to the total
recoverable concentration.

Many reports give chemical concentrations in
either parts per million (ppm) or parts per billion
(ppb).  A few use the ambiguous abbreviation
“ppt,” which may stand for either parts per
thousand or parts per trillion.  Obviously, in
reading such reports, it is important to know
which meaning of “ppt” was intended.  In
accordance with principals of the International
System of Units, most concentrations in this
volume are expressed in units of either weight
per weight (for solid media) or weight per
volume (for liquids).  Here is a brief list of
equivalents that clarify how these units relate to
one another:

Parts per thousand
(ppt or per mil or
‰ )

= g/kg or g/L

Parts per million
(ppm)

= mg/kg or
mg/L

Parts per billion
(ppb)

= µg/kg or
µg/L

Parts per trillion
(ppt)

= ng/kg or
ng/L
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The relationship shown here between weight/
weight measurements and weight/volume
measurements comes about because 1 liter of
water weighs almost exactly 1 kilogram.
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DQG�URXWHV�RI�H[SRVXUH���,Q�JHQHUDO��LQRUJDQLF
DUVHQLF�FRPSRXQGV�DUH�PRUH�WR[LF�WKDQ�RUJDQLF
FRPSRXQGV��DQG�$V��,,,��LV�PRUH�WR[LF�WKDQ�$V
�9���(LVOHU���������������+HQFH��WKH�QDWXUDO
FRQYHUVLRQ�RI�$V��,,,��WR�$V��9���ZKLFK�LV
IDYRUHG�LQ�PRVW�DTXDWLF�HQYLURQ�PHQWV
�0DQDKDQ��������VRPHZKDW�UHGXFHV�WKH�RYHUDOO
KD]DUG�RI�WKLV�HOHPHQW���,W�VKRXOG�EH�QRWHG�
WKRXJK��WKDW�PRVW�GLHWDU\�VWXGLHV�UHO\�RQ�RQO\�D
VLQJOH�VSHFLHV�RI�DUVHQLF³JHQHUDOO\
LQRUJDQLF³DQG�WKDW�VXFK�VWXGLHV�WKXV�GR�QRW
UHIOHFW�WKH�GLYHUVLW\�RI�DUVHQLF�VSHFLHV�SUHVHQW�LQ
WKH�HQYLURQPHQW���7KH�YDU\LQJ�HIIHFWV�RI
GLIIHUHQW�DUVHQLF�FRPSRXQGV�VKRXOG�EH
FRQVLGHUHG�EHIRUH�XVLQJ�H[SHULPHQWDO�GDWD�
WR�DVVHVV�WKH�WR[LFLW\�RI�DUVHQLF�LQ�WKH
HQYLURQPHQW�

,Q�WKH�DTXDWLF�HQYLURQPHQW��DGYHUVH�HIIHFWV�RI
DUVHQLF�KDYH�EHHQ�UHSRUWHG�DW�D�ZLGH�UDQJH�RI
FRQFHQWUDWLRQV�LQ�ZDWHU��VHGLPHQW��DQG�GLHWV��
6XWHU�DQG�0DEUH\��������HYDOXDWHG�D�VHULHV�
RI�WR[LFRORJLFDO�EHQFKPDUNV�IRU�VFUHHQLQJ
YDULRXV�FRQWDPLQDQWV�IRU�WKHLU�SRWHQWLDO�HIIHFWV
RQ�DTXDWLF�ELRWD���,Q�DGGLWLRQ�WR�WKH�QDWLRQDO
DPELHQW�ZDWHU�TXDOLW\��1$:4��FULWHULD��WKH\
SURYLGHG�VHFRQGDU\�DFXWH�DQG�FKURQLF�YDOXHV�
ORZHVW�FKURQLF�YDOXHV��LQFOXGLQJ�WKRVH�IRU�ILVK�
GDSKQLGV��QRQGDSKQLG�LQYHUWHEUDWHV��DTXDWLF
SODQWV��DQG�DOO�RUJDQLVPV���WHVW�(&��V��FRQFHQ�
WUDWLRQV�WKDW�FDXVH�REVHUYDEOH�LOO�HIIHFWV�LQ�
���SHUFHQW�RI�VSHFLPHQV���VHQVLWLYH�VSHFLHV�WHVW
(&��V��DQG�SRSXODWLRQ�(&��V���7KHVH�GDWD�ZHUH
XVHG�WR�HVWDEOLVK�WKH�JHQHUDO�ELRWLF�HIIHFW�OHYHOV
SUHVHQWHG�LQ�WDEOH�����$V�OLVWHG�WKHUH��´1R
HIIHFWµ�LV�WKH�ORZHVW�FKURQLF�YDOXH�IRU�DOO
RUJDQLVPV��´7R[LFLW\�WKUHVKROGµ�LV�WKH�1$:4�

FKURQLF�FULWHULRQ��LI�HVWDEOLVKHG��RU�WKH
VHFRQGDU\�FKURQLF�YDOXH��DQG�´/HYHO�RI�FRQFHUQµ
LV�WKH�UDQJH�EHWZHHQ�WKH�WZR�RWKHU�YDOXHV�

)LHOG�&DVHV

7KRXJK�DUVHQLF�LV�XELTXLWRXV�LQ�WKH
HQYLURQPHQW��WKH�LQFLGHQFH�RI�ZLOGOLIH�SRLVRQLQJ
E\�DUVHQLF�LV�UHODWLYHO\�UDUH��(LVOHU��������
6DQGKX��������UHSRUWHG�DQ�LQWHQVLYH�ILVK�NLOO�LQ�D
UHVHUYRLU�DW�2UDQJHEXUJ��6RXWK�&DUROLQD��DIWHU
DHULDO�VSUD\LQJ�RI�DUVHQLF�GHIROLDQWV�LQ�D�QHDUE\
FRWWRQ�ILHOG���7KH�DUVHQLF�FRQFHQWUDWLRQ�LQ�WKH
ZDWHU�ZDV�HOHYDWHG�WR��������J�/��DQG�FDWILVK�LQ
WKH�UHVHUYRLU�ZHUH�UHSRUWHG�WR�FRQWDLQ���DQG���
PJ�$V�NJ�LQ�VNHOHWDO�PXVFOH�DIWHU���KRXU�DQG���
ZHHN�H[SRVXUHV��ZHLJKW�EDVLV�QRW�VSHFLILHG��

$UVHQLF�LV�DOVR�UHODWLYHO\�SHUVLVWHQW�LQ�WKH�DTXDWLF
HQYLURQPHQW���7DQQHU�DQG�&OD\WRQ�������
UHSRUWHG�HOHYDWHG�FRQFHQWUDWLRQV�RI�DUVHQLF�LQ
PDFURSK\WHV�����²������PJ�NJ�GZ��DQG
VXUILFLDO�VHGLPHQWV�����²����PJ�NJ�GZ��LQ�/DNH
5RWRURD��1HZ�=HDODQG�����\HDUV�DIWHU�DQ
DSSOLFDWLRQ�RI�VRGLXP�DUVHQLWH�KHUELFLGH��DUVHQLF
OHYHOV�LQ�D�QHDUE\�UHIHUHQFH�ODNH��/DNH
5RWRNDXUL��ZHUH�����PJ�NJ�GZ�LQ�PDFUR�
SK\WHV�DQG�����²���PJ�NJ�GZ�LQ�VHGLPHQWV��
�1RWH��KRZHYHU��WKDW�WKH�´UHIHUHQFH�ODNHµ�KDG
DUVHQLF�FRQFHQWUDWLRQV�LQ�WKH�VHGLPHQWV�WKDW�DUH
LQ�WKH�PLGGOH�RI�WKH�OHYHOV�RI�FRQFHUQ�LQ�WDEOH���
DQG�WKH�GHWHFWLRQ�OLPLW�IRU�WKH�PDFUR�SK\WH
GDWXP�ZDV�IRXU�WLPHV�WKH�WR[LFLW\�WKUHVKROG�IRU
SODQWV�LQ�WDEOH�����$OWHUQDWLYHO\��WKH�´OLYLQJµ
PDFURSK\WHV�KDG�DUVHQLF�FRQ�FHQWUDWLRQV�RI
EHWZHHQ����DQG�����WLPHV�WKH�WR[LFLW\�WKUHVKROG
DQG�DUH�REYLRXVO\�WROHUDQW�VSHFLHV��

1DWXUDO�VRXUFHV��VXFK�DV�KRW�VSULQJV�DQG
YROFDQLF�DFWLYLW\��DOVR�FRQWULEXWH�WR�HOHYDWHG
OHYHOV�RI�DUVHQLF�LQ�WKH�HQYLURQPHQW���/DFD\R�
HW�DO���������GHWHUPLQHG�DUVHQLF�OHYHOV�LQ�ZDWHU�
ILVK��DQG�VHGLPHQWV�IURP�;RORWOiQ��0DQDJXD�
1LFDUDJXD��D�ODNH�ZKLFK�FRQWDLQHG�KLJK�OHYHOV�RI
DUVHQLF�IURP�VXFK�VRXUFHV�
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Table 1.&Summary of comprehensive biotic effects of arsenic
[See Appendix II for explanation of abbreviations and technical terms]

Medium
No

effect
Level of
concern

Toxicity
threshold Comments/Explanation

Water (µg/L) 48 48%190 190 48 µg/L is lowest chronic value for As (V) in
aquatic plants; 190 µg/L is NAWQ chronic cri-
terion for As (III).  See Suter and Mabrey
(1994).

Sediment (mg/kg dw) 8.2 8.2%70 70 "ERL" and "ERM" values of Long et al. 1995.

Plants (mg/kg dw) 1%1.7 2%5 5 Levels in plants (Kabata-Pendias and Pendias
1992) and invertebrates (see table 2) not well
established, but at least some show no effects
below these tissue concentrations.

Invertebrates (mg/kg dw) 30 30%50 50

Fish (mg/kg dw) 1.0 1%12 12 No-effect level is 85th percentile concentration
from Schmitt and Brumbaugh (1990).  Toxicity
threshold from Sandhu (1977).

Bird eggs (mg/kg dw) 1.3 1.3%2.8 <2.8 J.P. Skorupa, unpub. data, 1996.

Amphibians/reptiles & & ³ Diagnostic effect levels not available. 
Mammals, in particular are poor biomonitors for
As (Talmage and Walton 1991).Mammals & ³ &

     Note:  Although diagnostic levels for biota concentrations are generally not well defined, arsenic concentrations in biota
are usually <1 mg/kg fresh weight except near sources of arsenic pollution (Eisler 1988, 1994).  (Dry-weight concentrations,
such as those shown above, are generally several times higher than fresh-weight concentrations, although no reliable
conversion factor can be defined.)

,Q�7H[DV��&ODUN�HW�DO���LQ�SUHVV��UHSRUWHG�ZKDW
WKH\�EHOLHYHG�WR�EH�WKH�KLJKHVW�FRQFHQWUDWLRQV�RI
DUVHQLF�IRXQG�LQ�WDGSROHV�������PJ�$V�NJ�ZZ���
7KHLU�UHSRUW�SURYLGHV�D�JRRG�UHYLHZ�RI
LQIRUPDWLRQ�FRQFHUQLQJ�DUVHQLF��DV�ZHOO�DV
FKURPLXP�DQG�]LQF��LQ�DPSKLELDQV�DQG�UHSWLOHV��
7DGSROHV�ZHUH�FROOHFWHG�LQ������IURP�DUHDV
LPPHGLDWHO\�GRZQVWUHDP�IURP�)LQIHDWKHU�/DNH�
ZKLFK�KDG�EHHQ�GLUHFWO\�FRQWDPLQDWHG�GXULQJ���
\HDUV�RI�LQGXVWULDO�
SURGXFWLRQ�RI�DUVHQLF�EDVHG�FRWWRQ�GHIROLDQWV��
1R�WDGSROHV�ZHUH�IRXQG�LQ�)LQIHDWKHU�/DNH�
SUREDEO\�EHFDXVH�DUVHQLF��FKURPLXP��RU�]LQF
FRQFHQWUDWLRQV�WKHUH�ZHUH�VWLOO�WR[LF��HYHQ
WKRXJK�FRQWDPLQDWHG�VHGLPHQWV�KDG�EHHQ
UHPRYHG�DERXW����\HDUV�HDUOLHU�

'HDG�DQG�EOLQG�WXUWOHV��UHG�HDUHG�VOLGHU�
6TCEJGO[U�UETKRVC��DQG�FRPPRQ�VQDSSHU�
%JGN[FTC�UGTRGPVKPC��ZHUH�IRXQG�DW�)LQIHDWKHU�

/DNH�LQ�������ZKHQ�ZDWHUERUQH�DUVHQLF
FRQFHQWUDWLRQV�LQ�WKH�ODNH�DYHUDJHG�����PLOOL�
JUDPV�SHU�OLWHU��PJ�/���&HDUOH\���������7KH
WXUWOHV�VKRZHG�V\PSWRPV�VLPLODU�WR�WKRVH�RI
DUVHQLF�SRLVRQHG�GRPHVWLF�PDPPDOV���7KHVH
LQFOXGHG�NHUDWLQL]DWLRQ��OHDWKHU\�DSSHDUDQFH��RI
WKH�H\HOLGV��QDVDO�DUHDV��DQG�URRI�RI�WKH�PRXWK��
7KH�QDVDO�SDVVDJHV�RI�RQH�WXUWOH�ZHUH�FRPSOHWHO\
RFFOXGHG�ZLWK�WKH�NHUDWLQL]HG�WLVVXH��IRUFLQJ�WKH
WXUWOH�WR�EUHDWKH�WKURXJK�LWV�PRXWK���&ODUN�HW�DO�
�LQ�SUHVV��REVHUYHG�QR�WXUWOHV�RU�VQDNHV�LQ
)LQIHDWKHU�/DNH�LQ������RU�������OHDGLQJ�WKHP
WR�VSHFXODWH�WKDW�IHZ�RU�QRQH�ZHUH�SUHVHQW�

)LVK�SRSXODWLRQV�LQ�)LQIHDWKHU�/DNH�DOVR�ZHUH
DIIHFWHG��&HDUOH\�������6RUHQVHQ�HW�DO���������
*UHHQ�VXQILVK��.GRQOKU�E[CPGNNWU��LQ�WKH�V\VWHP
H[KLELWHG�OLYHU�SDWKRORJ\�UHODWHG�WR�DUVHQLF���
,Q�������&DQWX�HW�DO���������IRXQG�WKDW�
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ODUJH�PRXWK�EDVV��/KETQRVGTWU�UCNOQKFGU��IURP
)LQIHDWKHU�/DNH�KDG�GHIRUPHG�ILQV��MDZV��KHDGV�
DQG�H\HV��ZDWHUERUQH�DUVHQLF�FRQFHQ�WUDWLRQV�DW
WKH�WLPH�ZHUH������PJ�/�

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

0DQ\�IDFWRUV�LQIOXHQFH�DUVHQLF�WR[LFLW\�LQ�ZDWHU�
LQFOXGLQJ�ZDWHU�WHPSHUDWXUH��S+��RUJDQLF
FRQWHQW��SKRVSKDWH�FRQFHQWUDWLRQ��VXVSHQGHG
VRLOV��WKH�SUHVHQFH�RI�RWKHU�VXEVWDQFHV�DQG
R[LGDQWV��DQG�DUVHQLF�VSHFLDWLRQ���$�VWXG\�E\
0F*HDFK\�DQG�'L[RQ��������FRQILUPHG�WKDW
PRUH�DUVHQLF�LV�WDNHQ�XS�DV�WKH�ZDWHU
WHPSHUDWXUH�LQFUHDVHV�

6HGLPHQW

+LJKHU�OHYHOV�RI�DUVHQLF�LQ�VHGLPHQW�ZHUH
FRUUHODWHG�ZLWK�OHYHOV�LQ�PDFURSK\WHV�LQ�D�VWXG\
GRQH�E\�7DQQHU�DQG�&OD\WRQ���������EXW�RWKHU
VWXGLHV��&DLQ�HW�DO��������6PLWK�HW�DO�������
UHSRUWHG�ORZ�ELRDYDLODELOLW\�DQG�OLWWOH
SDUWLWLRQLQJ�RI�DUVHQLF�IURP�FRQWDPLQDWHG
VHGLPHQWV���/RQJ�DQG�0RUJDQ��������DQG�/RQJ
HW�DO���������PDGH�D�FRPSUHKHQVLYH�HYDOXDWLRQ
RI�FKHPLFDO�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�WKDW
ZHUH�DVVRFLDWHG�ZLWK�DGYHUVH�ELRORJLFDO�HIIHFWV��
7KH\�FRQFOXGHG�WKDW�DUVHQLF�FRQFHQWUDWLRQV�RI
����PJ�NJ�GZ�RU�OHVV�GR�QRW�XVXDOO\�SURGXFH
DGYHUVH�HIIHFWV��EXW�FRQFHQ�WUDWLRQV�RI���
PJ�NJ�RU�KLJKHU�XVXDOO\�GR���$OWKRXJK�PDQ\�RI
WKH�GDWD�HYDOXDWHG�ZHUH�IRU�HVWXDULQH�DQG�PDULQH
VHGLPHQWV��+XOO�DQG�6XWHU��������FRQFOXGHG�WKDW
WKRVH�VFUHHQLQJ�OHYHOV�DOVR�ZHUH�DSSURSULDWH�IRU
IUHVKZDWHU�VHGLPHQWV�XQWLO�PRUH�VSHFLILF
JXLGHOLQHV�EHFRPH�DYDLODEOH���+RZHYHU��LW�LV�DOVR
UHFRPPHQGHG�WKDW�WKHVH�FRQFHQWUDWLRQV�EH
FRPSDUHG�WR�ORFDO�EDFNJURXQG�OHYHOV�ZKHQ
SRVVLEOH�

%LRWLF�(IIHFWV

7DEOHV�������DQG���DW�WKH�HQG�RI�WKLV�FKDSWHU�OLVW
WKH�UHSRUWHG�ELRWLF�HIIHFWV�RI�DUVHQLF�LQ�ZDWHU�
VHGLPHQW��DQG�GLHW��UHVSHFWLYHO\�

3ODQWV

$UVHQLF�LV�QRW�DQ�HVVHQWLDO�HOHPHQW�LQ�SODQWV
�.DEDWD�3HQGLDV�DQG�3HQGLDV��������DOWKRXJK
VPDOO�LQFUHDVHV�LQ�\LHOG�KDYH�EHHQ�REVHUYHG�IRU
VHYHUDO�VSHFLHV�DW�ORZ�OHYHOV�RI�VRLO�DUVHQLF
�:RROVRQ���������6RPH�IRUPV�RI�DUVHQLF��VXFK
DV�VRGLXP�DUVHQDWH�DQG�DUVHQLF�WULR[LGH��DUH
H[WUHPHO\�WR[LF�WR�SODQWV���$UVHQLF�XSWDNH�VHHPV
WR�EH�SDVVLYH��%RGHN�HW�DO��������IURP�WHUUHVWULDO
VRLO�WR�SODQWV���7KH�PDMRU�V\PSWRPV�RI�DUVHQLF
WR[LFLW\�LQ�SODQWV�DUH�UHG�EURZQ�QHFURWLF�VSRWV
RQ�ROG�OHDYHV��\HOORZLQJ�RU�EURZQLQJ�RI�WKH
URRWV��ZLOWLQJ�RI�QHZ�OHDYHV��DQG�GHSUHVVHG
WLOOHULQJ��.DEDWD�3HQGLDV�DQG�3HQGLDV��������
6HQVLWLYH�VSHFLHV�VXFK�DV�VSLQDFK��5RKPCEKC
QNGTCEGC��VKRZHG����SHUFHQW�UHGXFWLRQ�LQ
JURZWK�ZKHQ�H[SRVHG�WR�$V��9��DW����PJ�NJ�LQ
VRLO��WDEOH������/RZ�FRQFHQ�WUDWLRQV�RI�$V��9��LQ
ZDWHU���²������J�/��KDYH�EHHQ�UHSRUWHG�WR
LQKLELW�FHUWDLQ�DTXDWLF�SODQWV��UHVXOWLQJ�LQ
QRWLFHDEOH�FKDQJHV�WKURXJKRXW�WKH�HFRV\VWHP��
6DQGHUV�DQG�&LELN��������KDYH�UHSRUWHG
FRQVHTXHQW�FKDQJHV�LQ�WKH�FRPSRVL�WLRQ�DQG
VXFFHVVLRQ�RI�VSHFLHV�DQG�LQ�SUHGDWRU�SUH\
UHODWLRQV�LQ�FKURQLF�VWXGLHV��

$PSKLELDQV�5HSWLOHV

9HU\�IHZ�VWXGLHV�KDYH�LQYHVWLJDWHG�WKH�HIIHFWV�RI
DUVHQLF�RQ�DPSKLELDQV�DQG�UHSWLOHV���.KDQJDURW
HW�DO���������GHWHUPLQHG�WKH�DFXWH�WR[LFLW\�RI�$V
�,,,��WR�WDGSROHV��4CPC�JGZCFCEV[NC����8QGHU�WKH
FRQGLWLRQV�RI�S+������WHPSHUDWXUH�����&��DQG
WRWDO�KDUGQHVV����PJ�/��FDOFLXP�FDUERQDWH��
WKH\�IRXQG�WKDW�D�FRQFHQWUDWLRQ�RI������J�$V�/�
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ZRXOG�NLOO����SHUFHQW�RI�VSHFLPHQV�LQ���GD\V
����K�/&������$YHUDJH�DUVHQLF�FRQFHQWUDWLRQV�LQ
WKH�OLYHUV�RI�DGXOW�IURJV�DQG�WRDGV�ZHUH������
PJ�NJ�ZZ�DW�DQ�XQFRQWDPLQDWHG�DUHD��+DOO�DQG
0XOKHUQ���������7KLV�YDOXH�ZDV�FRQVLGHUDEO\
ORZHU�WKDQ�WKH�OHYHOV�RI�DUVHQLF�LQ�PDQ\�RWKHU
IUHVKZDWHU�DQLPDOV��:DJHPDQQ�HW�DO��������

%LUGV

7KHUH�DUH�JUHDW�GLIIHUHQFHV�LQ�WROHUDQFH�WR
DUVHQLF�DPRQJ�ELUG�VSHFLHV���$V�VKRZQ�LQ�
WDEOH����IHPDOH�PDOODUG��#PCU�RNCV[TJ[PEJQU�
GXFNOLQJV�VKRZHG�D�UHGXFHG�JURZWK�UDWH�ZKHQ
WKH\�ZHUH�IHG����PJ�$V��9��NJ�GZ�RYHU���
ZHHNV��&DPDUGHVH�HW�DO����������,Q�DGXOW
PDOODUGV��DUVHQLF�WR[LFLW\�IURP�VRGLXP�DUVHQDWH
LQ�WKH�GLHW�ZDV�VLJQLILFDQW�DW�
����PJ�NJ�GZ��6WDQOH\�HW�DO����������2WKHU
VHQVLWLYH�VSHFLHV��VXFK�DV�WKH�EURZQ�KHDGHG
FRZELUG��/QNQVJTWU�CVGT���VKRZHG����SHUFHQW
PRUWDOLW\�LQ����GD\V�ZKHQ�IHG�FRSSHU
DFHWRDUVHQLWH�DW������PJ�NJ�GZ��WDEOH�����
2SUHVNR�HW�DO���������HVWLPDWHG�WKH�QR�
REVHUYHG�DGYHUVH�HIIHFW�OHYHOV��12$(/��IRU
GLHWDU\�FRQFHQWUDWLRQV�RI�DUVHQLF�LQ�VHYHUDO
VSHFLHV�RI�DTXDWLF�DQG�WHUUHVWULDO�ELUGV���7KH
EHOWHG�NLQJILVKHU��%GT[NG�CNE[QP��DQG�JUHDW�EOXH
KHURQ��#TFGC�JGTQFKCU��DUH�WKH�PRVW�UHOHYDQW
VSHFLHV�IRU�DTXDWLF�KDELWDWV���)RU�WKRVH�WZR
VSHFLHV��WKH�GLHWDU\�12$(/V�ZHUH����WR�
���PJ�NJ�ZZ�ZKHQ�EDVHG�RQ�VRGLXP�DUVHQLWH�LQ
WKH�GLHW�DQG�����WR�����PJ�NJ�ZZ�ZKHQ�EDVHG
RQ�FRSSHU�DFHWRDUVHQLWH��3DULV�JUHHQ��

6WDQOH\�HW�DO���������IRXQG�WKDW�DGXOW�PDOODUGV
IHG�DUVHQLF�DV�VRGLXP�DUVHQDWH�VKRZHG�UHGXFHG
ZHLJKW�JDLQ��UHGXFHG�OLYHU�ZHLJKW��GHOD\HG�HJJ
OD\LQJ��UHGXFHG�HJJ�ZHLJKW��DQG�HJJVKHOO
WKLQQLQJ���$GXOW�PDOODUGV�H[SRVHG�WR�GLHWDU\
FRQFHQWUDWLRQV�RI�����PJ�$V�NJ��GZ��DV�VRGLXP
DUVHQDWH�UDSLGO\�DFFXPXODWHG�WKH�FRPSRXQG�EXW
DOVR�UDSLGO\�HOLPLQDWHG�LW��WKH�FRPSRXQG�KDG�D
KDOI�OLIH�RI���WR���GD\V�DIWHU�UHPRYDO�IURP�WKH
GLHW�DQG�UHDFKHG�HTXLOL�EULXP�OHYHOV�LQ����WR���
GD\V��3HQGOHWRQ�HW�DO����������7KH�JUHDWHVW
DFFXPXODWLRQ�RI�DUVHQLF�ZDV�LQ�WKH�OLYHU��DQG

ORZHU�OHYHOV�ZHUH�IRXQG�LQ�WKH�EORRG�DQG�EUDLQ��
$UVHQLF�DOVR�UHGXFHG�WKH�JURZWK�DQG�WKH�ERG\
DQG�OLYHU�ZHLJKWV�LQ�PDOODUG�GXFNOLQJV��6WDQOH\�HW
DO���������

6RPH�VWXGLHV�LQGLFDWH�WKDW�DUVHQLF�LV�H[WUHPHO\
WR[LF�WR�DYLDQ�HJJV�ZKHQ�LQMHFWHG��%LUJH�DQG
5REHUWV�������*LODQL�DQG�$OLEKDL��������
+RZHYHU��HOHYDWHG�OHYHOV�RI�DUVHQLF�UDUHO\�RFFXU
QDWXUDOO\�LQ�HJJV��HYHQ�LQ�WKRVH�FROOHFWHG�DW
DJULFXOWXUDO�GUDLQZDWHU�HYDSRUDWLRQ�SRQGV�ZKHUH
DUVHQLF�ZDV�SUHVHQW�DW�KLJK�FRQFHQWUD�WLRQV��
$PRQJ����HJJV�FROOHFWHG�GXULQJ�����²���LQ�WKH
6DQ�-RDTXLQ�9DOOH\�RI�&DOLIRUQLD��RQO\�RQH
FRQWDLQHG�DUVHQLF�DERYH�WKH�GHWHFWLRQ�OLPLW�RI
����PJ�NJ�GZ��2KOHQGRUI�HW�DO����������/LEE\�HW
DO���������IRXQG�WKDW�GRPHVWLF�SRXOWU\�IHG�D�GLHW
FRQWDLQLQJ�KLJK�OHYHOV�RI�DUVHQLF��DUVDQLOLF�DFLG�DW
����PJ�NJ�GZ��QHYHUWKHOHVV�SURGXFHG�HJJV�WKDW
FRQWDLQHG�DQ�DYHUDJH�RI�RQO\�����PJ�$V�NJ�DQG
VKRZHG�QRUPDO�HPEU\R�YLDELOLW\���0DQ\�VWXGLHV
KDYH�VKRZQ�WKDW�DUVHQLF�DFWXDOO\�VWLPXODWHV
JURZWK�DQG�HJJ�SUR�GXFWLYLW\�LQ�SRXOWU\���6WXWH
DQG�9RJW��������
IHG���QLWUR���K\GUR[\SKHQ\ODUVRQLF�DFLG�WR�KHQV
DW����PJ�NJ�GZ�DQG�REVHUYHG�D���SHU�FHQW
LQFUHDVH�LQ�HJJ�SURGXFWLRQ�

0DPPDOV

$OWKRXJK�DUVHQLF�LV�RIILFLDOO\�FODVVLILHG�DV�D
KXPDQ�FDUFLQRJHQ��(3$��������WKHUH�LV�OLWWOH
HYLGHQFH�WKDW�LW�LV�FDUFLQRJHQLF�WR�RWKHU
PDPPDOV��(LVOHU���������,W�GRHV��KRZHYHU��FDXVH
WHUDWRJHQLF�HIIHFWV�LQ�PDQ\�VSHFLHV���0DPPDOV
DUH�H[SRVHG�WR�DUVHQLF�PDLQO\�E\�WKH�LQJHVWLRQ
RI�FRQWDPLQDWHG�YHJHWDWLRQ�DQG�ZDWHU���$GYHUVH
HIIHFWV�ZHUH�QRWHG�LQ�UDWV�DW�GLHWDU\�OHYHOV�RI���
PJ�NJ�GZ��WDEOH������$FXWH�RU�VXEDFXWH�DUVHQLF
SRLVRQLQJ�LV�PXFK�PRUH�FRPPRQ�WKDQ�FKURQLF
SRLVRQLQJ�LQ�PDPPDOV��1DWLRQDO�$FDGHP\�RI
6FLHQFHV���������7KH�SUREDELOLW\�RI�FKURQLF
DUVHQLF�H[SRVXUH�LV�UDUH�EHFDXVH�GHWR[LILFDWLRQ
DQG�H[FUHWLRQ�DUH�UDSLG��:RROVRQ���������$V
YDULRXV�VWXGLHV�KDYH�QRWHG��VHH�UHYLHZ�E\
7DOPDJH�DQG�:DOWRQ��������PDPPDOV�QRUPDOO\
DUH�QRW�JRRG�ELRPRQLWRUV�IRU�DUVHQLF�LQ�WKH�



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

HQYLURQPHQW���6KDUPD�DQG�6KXSH���������IRU
LQVWDQFH��REVHUYHG�QR�UHODWLRQVKLS�EHWZHHQ
DUVHQLF�FRQFHQWUDWLRQV�LQ�VRLO�DQG�YHJHWDWLRQ�DQG
WKRVH�LQ�WKH�OLYHU�RI�JURXQG�VTXLUUHOV��

%LRDFFXPXODWLRQ

:DWHUERUQH�DUVHQLF�LV�NQRZQ�WR�DFFXPXODWH�
WR�KLJK�FRQFHQWUDWLRQV�LQ�VRPH�VSHFLHV�
�WDEOH������7KH�DFFXPXODWHG�DUVHQLF�FRQFHQ�
WUDWLRQV�LQ�VWRQHIOLHV��VQDLOV��DQG�'DSKQLD�
ZHUH�DV�PXFK�DV����������DQG�����WLPHV�
UHVSHFWLYHO\��WKH�ZDWHU�FRQFHQWUDWLRQ�DFFRUGLQJ
WR�D�VWXG\�E\�6SHKDU�HW�DO����������ZKHUHDV
UDLQERZ�WURXW�DQG�DPSKLSRGV�VKRZHG�QR�VLJQ
RI�ELRDFFXPXODWLRQ���7KRXJK�WKH
ELRDFFXPXODWLRQ�RI�DUVHQLF�IURP�WKH�ZDWHU�KDV
EHHQ�ZHOO�GRFXPHQWHG��WKHUH�LV�QR�HYLGHQFH�RI
PDJQLILFDWLRQ�DORQJ�WKH�DTXDWLF�IRRG�FKDLQ
�(LVOHU�������

$UVHQLF�KDV�EHHQ�IRXQG�WR�DFFXPXODWH�LQ�WKH
OLSLG�IUDFWLRQV�RI�PDULQH�SODQWV��LQYHUWHEUDWHV�
DQG�KLJKHU�RUJDQLVPV��(LVOHU���������0DULQH
ELRWD��LQ�SDUWLFXODU��FRQWDLQ�XQXVXDOO\�KLJK�OHYHOV
RI�DUVHQLF�LQ�WKHLU�OLSLGV�EHFDXVH�RI�WKHLU�DELOLW\
WR�DFFXPXODWH�WKH�HOHPHQW�IURP�ERWK�VHDZDWHU
DQG�IRRG�VRXUFHV���)RU�PDOODUGV��6WDQOH\�HW�DO�
�������IRXQG�WKDW�DUVHQLF�DFFXPXODWHG�LQ�ERWK
DGXOW�DQG�GXFNOLQJ�OLYHUV�DQG�LQ�ZKROH�HJJV
�WDEOH������3HQGOHWRQ�HW�DO���������IRXQG�WKDW
DUVHQLF��DV�VRGLXP�DUVHQDWH��DFFXPXODWHG�LQ�DOO
WLVVXHV�EXW�ZDV�DOVR�UDSLGO\�HOLPLQDWHG�ZKHQ
ELUGV�ZHUH�VZLWFKHG�WR�DQ�XQFRQWDPLQDWHG�GLHW�

,Q�RUGHU�WR�HYDOXDWH�WKH�FXPXODWLYH�WR[LFLW\�RI
DUVHQLF�DQG�YDULRXV�PHWDOV��&G��&X��+J��3E�
DORQJ�WKH�IRRG�FKDLQ��<DQQDL�HW�DO���������UDLVHG
D�ODUJH�TXDQWLW\�RI�DOJDH��/KETCEVKPKWO�DQG
%JNQTGNNC��RQ�PHWDO�ULFK�ZDVWH�ZDWHU��IHG�

WKH�DOJDH�WR�FKLFNHQV�DQG�FDUS��DQG�WKHQ�IHG�WKH
PHDW�RI�WKHVH�FKLFNHQV�DQG�FDUS�WR�UDWV���7KH\
IRXQG�WKDW�ELRDFFXPXODWLRQ�GLG�QRW�LQFUHDVH�WKH
OHYHOV�RI�DQ\�RI�WKHVH�PHWDOV�LQ�FKLFNHQV�RU�FDUS
H[FHSW�IRU�FKLFNHQV
�OLYHUV��ZKLFK�FRQWDLQHG
KLJKHU�DUVHQLF�WKDQ�WKH�OLYHUV�RI�FRQWURO
FKLFNHQV���DQG�WKH\�REVHUYHG�QR�FKDQJH�LQ�WKH
JHQHUDO�DSSHDUDQFH��EHKDYLRU��DQG�VXUYLYDO�RI�WKH
UDWV�WKDW�DWH�WKH�FKLFNHQ�DQG�FDUS�PHDW���7KH\
FRQFOXGHG�WKDW�VXFK�PHDW�ZRXOG�SRVH�QR�KD]DUG
WR�FRQVXPHUV�

,QWHUDFWLRQV

$Q�DQWDJRQLVWLF�LQWHUDFWLRQ�EHWZHHQ�DUVHQLF�DQG
VHOHQLXP�LV�IRXQG�LQ�VHYHUDO�DQLPDO�VSHFLHV�
LQFOXGLQJ�UDWV��GRJV��VZLQH��FDWWOH��DQG�SRXOWU\�
DQG�LW�LV�EHVW�GRFXPHQWHG�IRU�QRQ�GRPHVWLF
ELUGV�LQ�D�VWXG\�GRQH�E\�6WDQOH\�
HW�DO�����������$FFRUGLQJ�WR�WKH�VWXG\��´$V
UHGXFHG�6H�DFFXPXODWLRQ�LQ�OLYHU�DQG�HJJ��DQG
DOOHYLDWHG�WKH�HIIHFWV�RI�6H�RQ�KDWFKLQJ�VXFFHVV
DQG�HPEU\R�GHIRUPLWLHVµ�LQ�PDOODUGV���+RZ�
HYHU��H[SRVXUH�WR�$V�DQG�6H�DW�FRQWDPLQDWHG
VLWHV�PD\�QRW�EH�LQ�WKH�FKHPLFDO�IRUPV
DGPLQLVWHUHG�LQ�WKDW�VWXG\��DQG�H[SRVXUH�OHYHOV�
HVSHFLDOO\�IRU�$V��PD\�EH�ORZHU�WKDQ�WKRVH
DGPLQLVWHUHG���7KXV��WKH�LQWHUDFWLRQV�REVHUYHG
PD\�QRW�RFFXU�XQGHU�QDWXUDO�FRQGLWLRQV�DQG�
WKHUHIRUH��PD\�QRW�EH�DQ�LPSRUWDQW
FRQVLGHUDWLRQ�LQ�WKH�PDQDJHPHQW�
RI�FRQWDPLQDWHG�VLWHV�

5HJXODWRU\�6WDQGDUGV

6WDQGDUGV�DQG�FULWHULD�HVWDEOLVKHG�E\�WKH�
8�6��(QYLURQPHQWDO�3URWHFWLRQ�DJHQF\�DUH�OLVWHG
LQ�WDEOH�����)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH
DJHQFLHV��FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH
$SSHQGL[�,�IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV
LQ�WKH����:HVWHUQ�6WDWHV�
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Table 2.&Biological effects of various waterborne arsenicals
on selected species in aquatic environments

[dw, dry weight; ww, wet weight.  See Appendix II for explanation of other abbreviations and technical terms]

Species As compound

Concentration
in water
(µg/L) Effects Reference

Aquatic plants

Algae, various
species

As (V) 75 Decreased growth Eisler 1988

Alga (Ankistrodesmus
falcatus)

As (V) 260 14-day EC50; inhibited growth

Alga (Scenedesmus
obliquus)

As (V) 48 14-day EC50; inhibited growth

Alga (Selenastrum
capricornutum)

As (V) 690 4-day EC50; inhibited growth

Stoneworts (Chara
corallina)

Total As <10 As in biomass 340%400 mg/kg (dw) Tanner and
Clayton 1990

Aquatic invertebrates

Amphipod
(Gammarus
pseudolimnaeus) 

As (III) 88 28-day LC20 Eisler 1988

1,000 Significant reduction in survival after
7 days

Spehar et al.
1980

Disodium methyl-
arsenate

85 28-day LC10 Eisler 1988

Sodium dimethyl-
arsenate

850 28-day LC0

Cladoceran (Daphnia
magna)

As (III) 600%1,320 MATC1 Eisler 1988

960 28-day LC5

As (V) 520 Reproductive impairment of 16% in
3 weeks (at pH 7.74)

Eisler 1988,
SJVDP 1990

930 28-day LC5.  Maximum BCF of 219 Eisler 1988

Total As 1,000 18% decrease in body weight in
3 weeks

Eisler 1988

1,400 50% reproductive impairment in
3 weeks

2,800 21-day LC50

Cladoceran (Daphnia
pulex)

As (III) 1,300 96-h LC50 Eisler 1988

Midge larvae
(Chironomus tentans)

As (III) 680 48-h LC50 Khangarot and
Ray 1989

1,310 24-h LC50
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Table 2.&Biological effects of various waterborne arsenicals
on selected species in aquatic environments&Continued

Species As compound

Concentration
in water
(µg/L) Effects Reference

Aquatic invertebrates &Continued

Snail (Helisoma
campanulata)

As (III) 960 28-day LC10.  As in biomass 80 mg/kg
dw.  Maximum BCF 83

Eisler 1988,
Spehar et al.
1980

As (V) 970 28-day LC0.  Maximum BCF 99

Stonefly (Pteronarcys
california)

As (III) 960 28-day LC0 Eisler 1988

Stonefly (Pteronarcys
dorsata)

Total As 1,000 No effect.  As in biomass 29%44 mg/kg
(dw); BCF 33%45 in 28 d

Spehar et al.
1980

As (V) 89 No effect.  As in biomass 12 mg/kg
(dw);  BCF 131 in 28 d

Zooplankton As (III) 400 No effect Eisler 1988

Fish

Arctic grayling
(Thymallus arcticus)

As (III) 13,700 96-h LC50 for juvenile Buhl and
Hamilton 1991

27,700 96-h LC50 for alevin

Black crappie
(Pomoxis
nigromaculatus)

Total As   22,400%114,800
(mean=49,000)

As 0.14%2.04 mg/kg (ww)
2.9%41.6 bioaccumulation ratio

Foley et al. 1978

Brown bullhead
(Ameiurus nebulosus)

Total As <10 As = 0.9 mg/kg (ww) in flesh Tanner and
Clayton 1990

Chinook salmon fry
(Oncorhynchus
tshawytscha) 

As (III) 21,400 96-h LC50.  Mean weight 1.99 g Hamilton and
Buhl 1990

25,100 96-h LC50.  Mean weight 0.5 g

56,500 24-h LC50.  Mean weight 1.99 g

59,600 24-h LC50.  Mean weight 0.5 g

As (V) 66,500 96-h LC50.  Mean weight 1.99 g

78,000 24-h LC50.  Mean weight 1.99 g

90,000 96-h LC50.  Mean weight 1.99 g

167,000 24-h LC50.  Mean weight 0.5 g

Midas cichlid (Cich-
lasoma citrinellum)

Total As 10%30   No effect.  As in fish muscle
<0.01%0.37 mg/kg (ww)

Lacayo et al.
1992

Jaguar guapote
(Cichlasoma
managuense)

No effect.  As in fish muscle
<0.01%0.24 mg/kg (ww)

Coho salmon
(Oncorhynchus
kisutch)

As (III) 18,500 96-h LC50 for juveniles Buhl and
Hamilton 1991

49,400 96-h LC50 for alevins

Eel (Angulia australis) Total As <10 As = 0.4 mg/kg (ww) in flesh Tanner and
Clayton 1990
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Table 2.&Biological effects of various waterborne arsenicals
on selected species in aquatic environments&Continued

Species As compound

Concentration
in water
(µg/L) Effects Reference

Fish&Continued

Pallas (Notopterus
notopterus)

As (III) 30,930 96-h LC50 Gosh and
Chakrabarti
199040,000 50% mortality in 43 h

Perch (Perca
fluviatilis)

Total As <10 As = 0.3%0.5 in flesh; 0.2 in scales
(mg/kg, ww)

Tanner and
Clayton 1990

Rainbow trout
(Oncorhynchus
mykiss)

As (III) 960 28-day LC0; no bioaccumulation Buhl and
Hamilton 1991,
Spehar et al.
1980

16,000  96-h LC50 for juveniles

91,000 96-h LC50 for alevins

Sodium arsenate 18,000 8% mortality, whole-body
As 2%3 mg/kg ww after 11 weeks at
15EC

McGeachy and
Dixon  1990

36,000 34% mortality, whole-body As 
2%3 mg/kg ww after 11 weeks at 5EC

Rainbow trout larvae As (III) 42 1% mortality (in moderately hard water
of pH 6.9%7.8)

SJVDP 1990

Rudd (Scardinius
erythrophthalmus)

Total As <10 As (mg/kg, ww) <0.2 in flesh; 0.3 in
scales; 5.5 in gut contents

Tanner and
Clayton 1990

Birds

Shag (Phalacrocorax
sp.)

Total As <10 As <0.2 mg/kg (ww) in flesh, liver, and
brain

Tanner and
Clayton 1990

Amphibians

Frog (Rana
hexadactyla) tadpoles

As (III) 249 96-h LC50 Conditions:  15EC, 
pH 6.1, hardness 
20 mg/kg (as CaCO3)

SJVDP 1990

270 48-h LC50

368 24-h LC50

     1 Maximum acceptable toxicant concentration.  Lower value in the range shown indicates highest concentration tested
producing no measurable effect on growth, survival, reproduction, or metabolism during chronic exposure; higher value
indicates lowest concentration tested producing a measurable effect.
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Table 3.&Biological effects of concentrations of various arsenicals in sediment
[Concentrations in milligrams per kilogram; dw, dry weight; ww, wet weight]

Species
As

compound
Concentration

in sediment
Concentration in biomass

and other effects Reference

Plants

Mixed submerged macrophytes Total As 3.6%5.0 (ww) 2.3%26 (ww) Tanner and
Clayton
199019%38 (ww) 5.7%7.9 (ww)

20%105 (ww) 66%80 (ww)

Stoneworts (Nitella hookeri) Total As 100%780 (dw) 2,400%1,128 (dw)

Stoneworts (Chara corallina) <0.01 (dw) 200%240 (dw)

100%780 (dw) 235%300 (dw)

Mixed submerged macrophytes
(contaminated by mine and industrial
effluent)

Total As 40%3,500 (ww) 250%920 (ww)

6.3%3,300 (ww) 150%3,700 (ww)

Spinach plants (Spinacia oleracea) As (V) 10 (in soil) 40% growth reduction Woolson
1973

Fish

Midas cichlid (Cichlasoma
citrinellum)

Total As 5.37%8.65 (dw) <0.01%0.37 (ww) in muscle. 
No effect

Lacayo et
al. 1992

Jaguar guapote (Cichlasoma
managuense)

<0.01%0.12 (ww) in muscle. 
No effect

Rudd (Scardinius erythrophthalmus) Total As 100%780 (dw) <0.2 in flesh; 0.3 in scales;
5.5 in gut contents (ww)

Tanner and
Clayton
1990

Perch (Perca fluviatilis) 0.3%0.5 in flesh; 0.2 in scales
(ww)

Catfish (Ameiurus nebulosus) 0.9 in flesh (ww)

Eel (Angulia australis) 0.4 in flesh (ww)

Birds

Shag (Phalacrocorax sp.) Total As 100%780 (dw) <0.2 in flesh; <0.2 in liver;
<0.2 in brain (ww)

Tanner and
Clayton
1990
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Table 4.&Biological effects of arsenicals in the diet on selected species
[LC50, median lethal concentration&50% mortality after a stated time interval.

Similarly, LC100 denotes 100% mortality; dw, dry weight]

Species
As

compound

Concentration
in diet

(mg/kg dw) As concentration in biomass and other effects Reference

Fish

Rainbow
trout
(Oncorhyn-
chus mykiss)

As (V) 10 No effect Eisler 1988

90 Some adaptation to dietary As observed, as initial
negative growth gave way to slow positive growth over
time

Sodium
arsenite

30 Reduced weight gains after 8 weeks SJVDP 1990

Birds

Brown-
headed
cowbird
(Molothrus
ater)

Copper
aceto-
arsenite

11 1.7 mg/kg dw (maximum whole-body concentration).  All
survived after 6 months

Eisler 1988

33 6.6 mg/kg dw (whole body).  All survived after 6 months

99.8 11-day LC50

100 3-month LC100.  Brain 6.1 mg/kg dw; liver 40.6 mg/kg dw

Mallards
(Anas
platyrhyn-
chos)

Sodium
arsenate

25 Adult liver 0.49, duckling liver 0.65 mg/kg dw.  No
significant differences in body weight or growth rate in
ducklings, compared to controls fed 0.26 mg/kg dw

Stanley et al.
1994

100 Adult liver 2.4, duckling liver 4.5 mg/kg dw.  Reduced
body weight and lower growth rate at 14 days in ducklings
from parents fed As.  Antagonistic interactions observed
between As and Se

Stanley et al.
1994

200 Duckling liver 5.1 mg/kg ww.  Increased mortality,
decreased growth, and liver histopathology in ducklings
fed a low-protein (7%) diet.  As reduced effects of Se
when fed together in a diet with adequate protein (22%)

Hoffman et al.
1992

400 Adult liver 6.6, duckling liver 33 mg/kg dw.  Arsenic
accumulated in adult liver and egg, reduced adult weight
gain and liver weight, delayed onset of egg laying,
decreased whole egg weight, and caused eggshell
thinning.  Reduced body weight, growth, and liver weight
in ducklings.  Antagonistic interactions observed between
As and Se

Stanley et al.
1994

One-day-old
mallard
ducklings
(female)

As (V) 300 Brain 0.8 mg/kg dw; liver 1.3 mg/kg dw.  Reduced growth
rate, and standing and bathing time; increased resting
time over 10 weeks

Camardese
et al. 1990

30 Reduced growth rate over 10 weeks; no significant
bioaccumulation in brain or liver when compared to
controls
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Table 5.&U.S. Environmental Protection Agency standards and criteria
for arsenic

[See Appendix II for explanation of terms.  Sources:  EPA, 1985, 1995]

Status Known carcinogen; EPA priority pollutant

Drinking water MCL1 50 µg/L

Freshwater criteria (AS-III) 360 µg/L for acute exposure
190 µg/L for chronic exposure

Freshwater LOAEL2 (As-V) 850 µg/L for acute exposure

1/10,000 cancer risk 2 µg/L

1/1,000,000 cancer risk 0.018 µg/L (water and organisms)
0.14 µg/L (organisms only)

     1 Maximum contaminant level
     2 Lowest-observed-adverse effect level.

Table 4.&Biological effects of arsenicals in the diet on selected species&Continued

Species
As

compound

Concentration
in diet

(mg/kg) Concentration in biomass and other effects Reference

Birds&Continued

Chicken Arsanilic
acid

180 1.3 mg/kg in eggs; embryo viability normal Libby et al.
1953

>1,000 Depressed growth Abbott 
et al. 1959

2,000 Mortality increased 33%

2,250 Mortality increased 40%

Mammals

Domestic
sheep

Total As 58 No outwardly visible effect. Tissue As increased after
3-week exposure, then declined rapidly after return to
low-As diet

Eisler 1988

Mice As (III) 0.46 No significant difference in growth and survival Schroeder and
Balassa 1967

Rats As (III)+(V) 5 No significant differences in growth and survival Sharpless and
Metzger 1940

20 Growth decreased by 50%
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5HIHUHQFHV

$EERWW��2�-���+�5��%LUG��DQG�&�$��%DXPDQQ���������
$UVHQLF�GHSRVLWLRQ�LQ�WLVVXHV�RI�FKLFNHQV�IHG
DUVDQLOLF�DFLG���2QWNV��5EK�����������

%LUJH��:�-���DQG�2�:��5REHUWV����������7R[LFLW\�RI
PHWDOV�WR�FKLFN�HPEU\RV���$WNN��'PXKTQP�
%QPVCO��6QZKEQN���������²����

%RGHN��,���:�-��/\PDQ��:�)��5HHKO��DQG�
'�+��5RVHQEODWW����������'PXKTQPOGPVCN
KPQTICPKE�EJGOKUVT[���RTQRGTVKGU��RTQEGUUGU��CPF
GUVKOCVKQP�OGVJQFU���3HUJDPRQ�3UHVV��1HZ
<RUN�

%URZQ��.�:���*�%��(YDQV��-U���DQG�%�'��)UHQWUXS��
�������*C\CTFQWU�YCUVG�NCPF�VTGCVOGPV��
%XWWHUZRUWK�3XEOLVKHUV��:REXUQ�
0DVVDFKXVHWWV���S�����²������

%XKO��.�-���DQG�6�-��+DPLOWRQ����������5HODWLYH
VHQVLWLYLW\�RI�HDUO\�OLIH�VWDJHV�RI�DUFWLF�JUD\OLQJ�
FRKR�VDOPRQ��DQG�UDLQERZ�WURXW�WR�QLQH
LQRUJDQLFV���'EQVQZKEQN��'PXKTQP��5CHGV[
������²�����

%\UQH��$�5���/��.RVWD��DQG�3��6WHJQHU����������7KH
RFFXUUHQFH�RI�PHUFXU\�LQ�DPSKLELD���'PXKTQP�
.GVV������������

&DLQ��'�-���6�1��/XRPD��-�/��&DUWHU��DQG�6�9��)HQG��
�������$TXDWLF�LQVHFWV�DV�ELRLQGLFDWRUV�RI�WUDFH
HOHPHQW�FRQWDPLQDWLRQ�LQ�FREEOH�ERWWRP�ULYHUV
DQG�VWUHDPV���%CP��,��(KUJ��#SWCV��5EK�
�������²�������

&DPDUGHVH��0�%���'�-��+RIIPDQ��/�-��/H&DSWDLQ��DQG
*�:��3HQGOHWRQ����������(IIHFWV�RI�DUVHQDWH�RQ
JURZWK�DQG�SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV��
'PXKTQP��6QZKEQN��%JGO������������

&DQWX��5���0��6WDFHOO��DQG�0��:HEE���������
1DUGTXCVKQPU�QH�CDPQTOCNKVKGU�KP�NCTIGOQWVJ
DCUU�HT[�GZRQUGF�VQ�CTUGPKE�EQPVCOKPCVGF�YCVGT��
7H[DV�3DUNV�DQG�:LOGOLIH�'HSDUWPHQW��$XVWLQ�
7H[DV�

&HDUOH\��-�(����������#TUGPKE�EQPVCOKPCVKQP�KP
(KPHGCVJGT�CPF�/WPKEKRCN�.CMGU�QP�VJG�%KV[�QH
$T[CP����7H[DV�:DWHU�4XDOLW\�%RDUG��$XVWLQ�
7H[DV�

&ODUN��'�5���-U���5��&DQWX��'�)��&RZPDQ��DQG�
'�-��0D[RQ���,Q�SUHVV���8SWDNH�RI�DUVHQLF�DQG
PHWDOV�E\�WDGSROHV�DW�DQ�KLVWRULFDOO\
FRQWDPLQDWHG�7H[DV�VLWH���'EQVQZKEQNQI[�

&OHPHQW��:�+���DQG�6�'��)DXVW����������$�QHZ
FRQYHQLHQW�PHWKRG�IRU�GHWHUPLQLQJ�DUVHQLF�����
LQ�QDWXUDO�ZDWHUV���'PXKTQP��.GVV�������²������

(LVOHU��5����������#TUGPKE�JC\CTFU�VQ�HKUJ��YKNFNKHG�
CPF�KPXGTVGDTCVGU���#�U[PQRVKE�TGXKGY���8�6�
)LVK�DQG�:LOGOLIH�6HUYLFH�%LRORJLFDO�5HSRUW
�����������
���S�

(LVOHU��5����������$�UHYLHZ�RI�DUVHQLF�KD]DUGV�WR
SODQWV�DQG�DQLPDOV�ZLWK�HPSKDVLV�RQ�ILVKHU\�DQG
ZLOGOLIH�UHVRXUFHV���,Q���#TUGPKE�KP�VJG
GPXKTQPOGPV��RCTV�++���*WOCP�JGCNVJ�CPF
GEQU[UVGO�GHHGEVU��-�2��1ULDJX��HG���-RKQ�:LOH\�	
6RQV��1HZ�<RUN���S�����²����

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
$PELHQW�ZDWHU�TXDOLW\�FULWHULD�IRU�DUVHQLF³
�������8�6��(QYLURQPHQWDO��3URWHFWLRQ�$JHQF\
5HSRUW������²��²���������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
1DWLRQDO�SULPDU\�GULQNLQJ�ZDWHU�VWDQGDUGV���8�6�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�5HSRUW
���²)²��²����

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK
DGYLVRULHV���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��2IILFH�RI�:DWHU��:DVKLQJWRQ���
���S�

)ROH\��5�(���-�5��6SRWLOD��-�3��*LHVH\��DQG�&�+��:DOO��
�������$UVHQLF�FRQFHQWUDWLRQV�LQ�ZDWHU�DQG�ILVK
IURP�&KDXWDXTXD�/DNH��1HZ�<RUN���'PXKTQP�
$KQN��(KUJGU���������²����

*LODQL��6�+���DQG�<��$OLEKDL����������7HUDWRJHQLFLW\�RI
PHWDOV�WR�FKLFN�HPEU\RV���,��6QZKEQN��'PXKTQP�
*GCNVJ������²�����

*RVK��$�5���DQG�3��&KDNUDEDUWL����������7R[LFLW\�RI
DUVHQLF�DQG�FDGPLXP�WR�D�IUHVKZDWHU�ILVK
0QVQRVGTWU�PQVQRVGTWU���'PXKTQP��'EQN�
�����²����
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+DOO��5�-���DQG�%�0��0XOKHUQ����������$UH�DQXUDQ
DPSKLELDQV�KHDY\�PHWDO�DFFXPXODWRUV"��,Q��
8GTVGDTCVG�GEQNQI[�CPF�U[UVGOCVKEU #�VTKDWVG
VQ�*GPT[�5��(KVEJ���5�$��6HLJHO�HW�DO���HGV��
8QLYHUVLW\�RI�.DQVDV�0XVHXP�RI�1DWXUDO
+LVWRU\��/DZUHQFH��.DQVDV���S�����²����

+DPLOWRQ��6�-���DQG�.�-��%XKO����������6DIHW\
DVVHVVPHQW�RI�VHOHFWHG�LQRUJDQLF�HOHPHQWV�WR�IU\
RI�&KLQRRN�VDOPRQ��1PEQTJ[PEJWU
VUJCY[VUEJC����'EQVQZKEQN��'PXKTQP��5CHGV[
������²����

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��(�
&URPDUWLH��DQG�*�:��3HQGOHWRQ���������
,QWHUDFWLYH�HIIHFWV�RI�DUVHQDWH��VHOHQLXP��DQG
GLHWDU\�SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG
SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN�������²�����

+XOO��5�1���DQG�*�:��6XWHU��,,����������6QZKEQNQIKECN
DGPEJOCTMU�HQT�UETGGPKPI�EQPVCOKPCPVU�QH
RQVGPVKCN�EQPEGTP�HQT�GHHGEVU�QP�UGFKOGPV�
CUUQEKCVGF�DKQVC��������TGXKUKQP���2DN�5LGJH
1DWLRQDO�/DERUDWRU\��(QYLURQPHQWDO�6FLHQFHV
'LYLVLRQ��2DN�5LGJH��7HQQHVVHH���5HSW�
(6�(5�70�����5����3UHSDUHG�IRU�8�6�
'HSDUWPHQW�RI�(QHUJ\��2IILFH�RI
(QYLURQPHQWDO�5HVWRUDWLRQ�DQG�:DVWH
0DQDJHPHQW�

.DEDWD�3HQGLDV��$���DQG�+��3HQGLDV����������6TCEG
GNGOGPVU�KP�RNCPVU�CPF�UQKNU���&5&�3UHVV��,QF��
%RFD�5DWRQ��)ORULGD��
�����S�

.KDQJDURW��%�6���DQG�3�.��5D\����������6HQVLWLYLW\�RI
PLGJH�ODUYDH�RI�%JKTQPQOWU�VGPVCPU�)DEULFLXV
�&KRVGTC�%JKTQPQOKFCG��WR�KHDY\�PHWDOV���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

.KDQJDURW��%�6���$��6HKJDO��DQG�0�.��%KDVLQ���������
0DQ�DQG�ELRVSKHUH³6WXGLHV�RQ�WKH�6LNNLP
+LPDOD\DV���3DUW�����$FXWH�WR[LFLW\�RI�VHOHFWHG
KHDY\�PHWDOV�RQ�WKH�WDGSROHV�RI�4CPC
JGZCFCEV[NC���#EVC�*[FTQEJKO��GV�*[FTQDKQN�
������²����

/DFD\R��0�/���$��&UX]��6��&DOHUR��-��/DFD\R��DQG�,�
)RPVJDDUG����������7RWDO�DUVHQLF�LQ�ZDWHU��ILVK
DQG�VHGLPHQWV�IURP�/DNH�;RORWOiQ��0DQDJXD�
1LFDUDJXD���$WNN��'PXKTQP��%QPVCO��6QZKEQN�
������²������

/LEE\��'�$���$�&��*URVFKNH��5�-��(YDQV��DQG�
6�/��%DQGHPHU����������)HHGLQJ�RI�DUVHQLF�DFLG
WR�SXOOHWV���/KEJKICP�#IT��'ZRV��5VC��3WCTV�
$WNN��������²�����

/RQJ��(�5���'�'��0DF'RQDOG��6�/��6PLWK��DQG�
)�'��&DOGHU����������,QFLGHQFH�RI�DGYHUVH
ELRORJLFDO�HIIHFWV�ZLWKLQ�UDQJHV�RI�FKHPLFDO
FRQFHQWUDWLRQV�LQ�PDULQH�DQG�HVWXDULQH
VHGLPHQWV���'PXKTQP��/CPCIG�������²���

/RQJ��(�5���DQG�/�*��0RUJDQ����������7KH�SRWHQWLDO
IRU�ELRORJLFDO�HIIHFWV�RI�VHGLPHQW�VRUEHG
FRQWDPLQDQWV�WHVWHG�LQ�WKH�1DWLRQDO�6WDWXV�DQG
7UHQGV�3URJUDP���8�6��1DWLRQDO�2FHDQLF�DQG
$WPRVSKHULF�$GPLQLVWUDWLRQ��6HDWWOH�
:DVKLQJWRQ���7HFKQLFDO�0HPRUDQGXP�126
20$����������S�

0DQDKDQ��6�(����������6QZKEQNQIKECN�EJGOKUVT[��
/HZLV�3XEOLVKHUV��&KHOVHD��0LFKLJDQ�

0F*HDFK\��6��0���DQG�'�*��'L[RQ����������(IIHFW�RI
WHPSHUDWXUH�RQ�WKH�FKURQLF�WR[LFLW\�RI�DUVHQDWH
WR�UDLQERZ�WURXW��1PEQTJ[PEJWU�O[MKUU����%CP�
,��(KUJ��#SWCV��5EK���������²�������

1DWLRQDO�$FDGHP\�RI�6FLHQFHV����������#TUGPKE��
1DWLRQDO�$FDGHP\�3UHVV��:DVKLQJWRQ�������S�

2KOHQGRUI��+�0���-�3��6NRUXSD��0�.��6DLNL��DQG�
'�$��%DUQXP����������)RRG�FKDLQ�WUDQVIHU�RI
WUDFH�HOHPHQWV�WR�ZLOGOLIH���,Q���/CPCIGOGPV�QH
KTTKICVKQP�CPF�FTCKPCIG�U[UVGOU���+PVGITCVGF
RGTURGEVKXGU���5�*��$OOHQ�DQG�&�0�8���1HDOH�
HGV���3URFHHGLQJV�RI�WKH������1DWLRQDO
&RQIHUHQFH�RQ�,UULJDWLRQ�DQG�'UDLQDJH
(QJLQHHULQJ���3DUN�&LW\��8WDK��-XO\���²����������
$PHULFDQ�6RFLHW\�RI�&LYLO�(QJLQHHUV��1HZ�<RUN��
S�����²������

2SUHVNR��'�0���%�(��6DPSOH��DQG�*�:��6XWHU���������
6QZKEQNQIKECN�DGPEJOCTMU�HQT�YKNFNKHG�������
TGXKUKQP���2DN�5LGJH�1DWLRQDO�/DERUDWRU\�
+HDOWK�6FLHQFHV�5HVHDUFK�'LYLVLRQ�DQG
(QYLURQPHQWDO�6FLHQFHV�'LYLVLRQ��2DN�5LGJH�
7HQQHVVHH���5HSW��(6�(5�70²���5���
3UHSDUHG�IRU�8QLWHG�6WDWHV�'HSDUWPHQW�RI
(QHUJ\��2IILFH�RI�(QYLURQPHQWDO�5HVWRUDWLRQ
DQG�:DVWH�0DQDJHPHQW�
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3HQGOHWRQ��*�:���0�5��:KLWZRUWK��DQG�*�+��2OVHQ��
�������$FFXPXODWLRQ�DQG�ORVV�RI�DUVHQLF�DQG
ERURQ��DORQH�DQG�LQ�FRPEL�QDWLRQ��LQ�PDOODUG
GXFNV���'PXKTQP��6QZKEQN��%JGO�
����������²�����

6DQGHUV��-�*���DQG�6�-��&LELN����������$GDSWLYH
EHKDYLRU�RI�HXU\KDOLQH�SK\WRSODQNWRQ�FRP�
PXQLWLHV�WR�DUVHQLF�VWUHVV���/CTKPG�'EQN��2TQI�
5GT��������²����

6DQGKX��6�6����������6WXG\�RQ�WKH�SRVW�PRUWHP
LGHQWLILFDWLRQ�RI�SROOXWDQWV�LQ�WKH�ILVK�NLOOHG�E\
ZDWHU�SROOXWLRQ���'HWHFWLRQ�RI�DUVHQLF���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6FKPLWW��&�-���DQG�:�*��%UXPEDXJK����������1DWLRQDO
FRQWDPLQDQW�ELRPRQLWRULQJ�SURJUDP��
&RQFHQWUDWLRQV�RI�DUVHQLF��FDGPLXP��FRSSHU�
OHDG��PHUFXU\��VHOHQLXP��DQG�]LQF�LQ�8�6�
IUHVKZDWHU�ILVK������²�������#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6FKURHGHU��+�$���DQG��-�-�%DODVVD����������$UVHQLF�
JHUPDQLXP��WLQ��DQG�YDQDGLXP�LQ�PLFH���(IIHFWV
RQ�JURZWK��VXUYLYDO�DQG�WLVVXH�OHYHOV���0WVTKVKQP
������²������

6KDUPD��5�3���DQG�-�/��6KXSH����������/HDG��FDGPLXP�
DQG�DUVHQLF�UHVLGXHV�LQ�DQLPDO�WLVVXHV�LQ�UHODWLRQ
WR�WKRVH�LQ�WKHLU�VXUURXQGLQJ�KDELWDW���5EK��6QVCN
'PXKTQP������²�����

6KDUSOHVV��*�5���DQG�0��0HW]JHU����������$UVHQLF�DQG
JRLWHU���,��0WVT��������²����

6-9'3��6DQ�-RDTXLQ�9DOOH\�'UDLQDJH�3URJUDP���
�������(KUJ�CPF�YKNFNKHG�TGUQWTEGU�CPF
CITKEWNVWTCN�FTCKPCIG�KP�VJG�5CP�,QCSWKP
8CNNG[��%CNKHQTPKC���6DQ�-RDTXLQ�9DOOH\
'UDLQDJH�3URJUDP���6DFUDPHQWR��&DOLIRUQLD��
9RO�����VHF�����

6PLWK��.�6���:�+��)LFNOLQ��*�6��/XPOHH��DQG�
$�/��0DLHU����������0HWDO�DQG�DUVHQLF
SDUWLWLRQLQJ�EHWZHHQ�ZDWHU�DQG�VXVSHQGHG
VHGLPHQW�DW�PLQH�GUDLQDJH�VLWHV�LQ�GLYHUVH
JHRORJLF�VHWWLQJV���,Q���9CVGT�4QEM�+PVGTCEVKQP��
2TQEGGFKPIU�QH�VJG��VJ�+PVGTPCVKQPCN
5[ORQUKWO�QP�9CVGT�4QEM�+PVGTCEVKQP���2CTM
%KV[��7VCJ��������,WN[��������$�6��0DHVW�DQG
<�.��.KDUDND��HGV���$�$��%DONHPD��5RWWHUGDP
DQG�%URRNILHOG��9HUPRQW���S�����²������

6RUHQVHQ��(�0���5�5��0LWFKHOO��$��3UDG]\QVNL��
7�/��%D\HU��DQG�/�/��:HQ]����������6WHUHRORJLFDO
DQDO\VHV�RI�KHSDWRF\WH�FKDQJHV�SDUDOOHO�DUVHQLF
DFFXPXODWLRQ�LQ�WKH�OLYHUV�RI�JUHHQ�VXQILVK���
,��'PXKTQP��2CVJQN��6QZKEQN�������²����

6SHKDU��5�/���-�7��)LDQGW��5�/��$QGHUVRQ��DQG�
'�/��'H�)RH����������&RPSDUDWLYH�WR[LFLW\�RI
DUVHQLF�FRPSRXQGV�DQG�WKHLU�DFFXPXODWLRQ�LQ
LQYHUWHEUDWHV�DQG�ILVK���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN������²�����

6WDQOH\��7�5���-U���-�:��6SDQQ��*�-��6PLWK��DQG�
5��5RVVFRH����������0DLQ�DQG�LQWHUDFWLYH�HIIHFWV
RI�DUVHQLF�DQG�VHOHQLXP�RQ�PDOODUG
UHSURGXFWLRQ�DQG�GXFNOLQJ�JURZWK�DQG�VXUYLYDO��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²�����

6WXWH��.���DQG�+��9RJW����������7KH�HIIHFW�RI�
��QLWUR���K\GUR[\SKHQ\ODUVRQLF�DFLG�
���1LWUR�+2(&+67��RQ�HJJ�SURGXFWLRQ�DQG
IRRG�FRQYHUVLRQ�RI�OD\LQJ�KHQV�DQG�UHVLGXH
DQDO\VHV�RI�PXVFOH��RUJDQV�DQG�HJJV���$T��2QWNV�
5EK�������²�����

6XWHU��*�:���,,��DQG�-�%��0DEUH\���������
6QZKEQNQIKECN�DGPEJOCTMU�HQT�UETGGPKPI
RQVGPVKCN�EQPVCOKPCPVU
QH��EQPEGTP�HQT�GHHGEVU�QP�CSWCVKE�DKQVC�������
TGXKUKQP���2DN�5LGJH�1DWLRQDO�/DERUDWRU\�
(QYLURQPHQWDO�6FLHQFHV�'LYLVLRQ��2DN�5LGJH�
7HQQHVVHH���5HSW��(6�(5�70²���5���
3UHSDUHG�IRU�8�6��'HSDUWPHQW�RI�(QHUJ\�
2IILFH�RI�(QYLURQPHQWDO�5HVWRUDWLRQ�DQG�:DVWH
0DQDJHPHQW�

7DOPDJH��6�6���DQG�%�7��:DOWRQ����������6PDOO
PDPPDOV�DV�PRQLWRUV�RI�HQYLURQPHQWDO
FRQWDPLQDQWV���4GX��'PXKTQP��%QPVCO��6QZKEQN�
������²����

7DQQHU��&�&���DQG�-�6��&OD\WRQ����������3HUVLVWHQFH�RI
DUVHQLF����\HDUV�DIWHU�VRGLXP�DUVHQLWH�KHUELFLGH
DSSOLFDWLRQ�WR�/DNH�5RWRUD��+DPLOWRQ��1HZ
=HDODQG���0�<��,��/CTKPG�(TGUJYCVGT�4GU�
������²����

:DJHPDQQ��5���1�%��6QRZ��'�0��5RVHQEHUJ��DQG�
$��/XW]����������$UVHQLF�LQ�VHGLPHQWV��ZDWHU�DQG
DTXDWLF�ELRWD�LQ�ODNHV�IURP�WKH�YLFLQLW\�RI
<HOORZNQLIH��1RUWKZHVW�7HUULWRULHV��&DQDGD��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN�������²����
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:RROVRQ��(�$����������$UVHQLF�SK\WRWR[LFLW\�DQG
XSWDNH�LQ�VL[�YHJHWDEOH�FURSV���9GGF�5EK�
������²����

:RROVRQ��(�$���HG������������$UVHQLFDO�SHVWLFLGHV��
#O��%JGO��5QE��5[OR��5GT����������S�

<DQQDL��6�0���.��6DFKV��%��.DQWRURZLW]��DQG�
=��%HUN����������6HFRQGDU\�WR[LFRORJ\�DQG
FRQWDPLQDQWV�RI�DOJDH�JURZQ�RQ�ZDVWH�ZDWHU��
0WVT��4GR��+PV��������²����
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&RQVWLWXHQWV�RI�&RQFHUQ

%RURQ

'HVFULSWLRQ

%RURQ��%��LV�D�PHWDOORLG��ZLWK�SURSHUWLHV�LQWHUPHGLDWH
EHWZHHQ�WKRVH�RI�FDUERQ�DQG�DOXPLQXP���/LNH
DOXPLQXP��LW�KDV�DQ�R[LGDWLRQ�VWDWH�RI����LQ�DOO�RI�LWV
FKHPLFDO�FRPSRXQGV��DQG�LW�LV�DQ�HOHFWULFDO
FRQGXFWRU�LQ�LWV�SXUH�IRUP���/LNH�FDUERQ��WKRXJK��LW
FDQ�VRPHWLPHV�IRUP�FRPSOH[�FKDLQV�DQG�ULQJV��DQG
LWV�FU\VWDOOLQH�IRUP�LV�QHDUO\�DV�KDUG�DV�GLDPRQG��
%RURQ�KDV�DQ�DWRPLF�QXPEHU�RI���DQG�DQ�DWRPLF
ZHLJKW�RI���������,W�PHOWV�DW�������&���%RURQ�LV�IRXQG
DV�D�KDUG�EODFN�VROLG�DQG�DV�DQ�DPRUSKRXV�EODFNLVK�
EURZQ�SRZGHU��DOWKRXJK�WKH�PRUH�FRPPRQ�ERURQ
VDOWV�DUH�JHQHUDOO\�ZKLWH�RU�SDOH�VKDGHV�RI�\HOORZ�
EOXH��JUHHQ��RU�JUD\����3DLV�DQG�-RQHV�������

2FFXUUHQFH

%RURQ�LV�ZLGHVSUHDG�LQ�WKH�HQYLURQPHQW�EXW
JHQHUDOO\�RFFXUV�LQ�ORZ�FRQFHQWUDWLRQV��LW
FRQVWLWXWHV�RQO\���PJ�NJ�RI�WKH�(DUWK·V�FUXVW
DQG�RFFXUV�QDWXUDOO\�RQO\�LQ�FRPELQHG�IRUP�
XVXDOO\�DV�ERUD[��1D
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ZLWK�WKH�KLJKHVW�QDWXUDO�LQSXWV�RI�ERURQ�WR�
WKH�HQYLURQPHQW�DUH�WKH�0RMDYH�'HVHUW�
&DOLIRUQLD��WKH�SODWHDX�RI�WKH�$OSLQH�+LPDOD\DQ
V\VWHP��DQG�WKH�KLJK�SODWHDX�RI�WKH�$QGHV
�%XWWHUZLFN�HW�DO����������7KH�EULQHV�RI�%RUD[
DQG�0RQR�/DNHV�LQ�&DOLIRUQLD�DUH�ULFK�LQ�ERURQ
GXH�WR�DULG�FRQGLWLRQV�DQG�KLJK�HYDSRUDWLYH
FRQFHQWUDWLRQ��/LYLQJVWRQH���������%RURQ
FRPSRXQGV�XVXDOO\�DUH�GHJUDGHG�RU�WUDQVIRUPHG
WR�ERULF�DFLG�DQG�ERUDWHV��ZKLFK�DUH�WKH�PDLQ
ERURQ�FRPSRXQGV�RI�HFRORJLFDO�VLJQLILFDQFH
�6SUDJXH�������

,Q�QDWXUDO�IUHVKZDWHU�HFRV\VWHPV��VXUIDFH�ZDWHU
FRQFHQWUDWLRQV�RI�ERURQ�UDUHO\�H[FHHG�
��PJ�/�DQG�DUH�XVXDOO\�OHVV�WKDQ�����PJ�/�
KRZHYHU��LQ�V\VWHPV�ZKHUH�ERURQ�KDV�EHHQ
PRELOL]HG�E\�KXPDQ�DFWLYLWLHV��WKH�FRQFHQ�
WUDWLRQV�PD\�EH�PXFK�KLJKHU��0DLHU�DQG�.QLJKW
��������,Q�D�VXUYH\�RI�������ULYHU��DQG�ODNH�ZDWHU
VDPSOHV�IURP�WKURXJKRXW�WKH�8QLWHG�6WDWHV��WKH
PHDQ�FRQFHQWUDWLRQ�RI�ERURQ�ZDV�����PJ�/�
ZLWK�����PJ�/�EHLQJ�WKH�PD[LPXP��3RZHOO�HW�DO�
��������*URXQGZDWHU�ERURQ�FRQFHQWUDWLRQV�DUH
XVXDOO\������PJ�/�ZRUOGZLGH��LQ�WKH�8QLWHG
6WDWHV��FRQFHQWUD�WLRQV�FDQ�EH�DV�KLJK�DV���PJ�/
LQ�JURXQG�ZDWHU���$TXDWLF�IDXQD�FDQ�XVXDOO\
WROHUDWH�XS�WR����PJ�%�/�LQ�ZDWHU�IRU�H[WHQGHG
SHULRGV�RI�WLPH�ZLWKRXW�DGYHUVH�HIIHFWV��(LVOHU
��������5HFHQWO\��6RXWK�$IULFD�KDV�GHYHORSHG�D
ZDWHU�TXDOLW\�FULWHULRQ�RI���PJ�%�/�WR�SURWHFW
DTXDWLF�HFRV\VWHPV��LQFOXGLQJ�WHUUHVWULDO�DQLPDOV
WKDW�XVH�WKHP����5HFRJQL]LQJ�WKDW�ERURQ
VHQVLWLYLW\�RI�SODQWV�LV�JUHDWHU�WKDQ�WKDW�RI
DQLPDOV��6RXWK�$IULFD·V�ZDWHU�TXDOLW\�FULWHULRQ
ZDV�EDVHG�RQ�FDOFXODWLRQ�RI�D��ILQDO�SODQW�YDOXH�
�5RX[�HW�DO��������

%RURQ�FRQFHQWUDWLRQV�LQ�8�6��LUULJDWLRQ�ZDWHU
W\SLFDOO\�UDQJH�IURP������WR�����PJ�/��$GULDQR
��������6RPH�LUULJDWLRQ�ZDWHU��HVSHFLDOO\�SXPSHG
JURXQGZDWHU��XVHG�LQ�
WKH�ZHVWHUQ�6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD�
FRQWDLQ�IDU�JUHDWHU�FRQFHQWUDWLRQV��6KHOWRQ�
DQG�0LOOHU��������ERURQ�FRQFHQWUDWLRQV�LQ�WKH
6DQ�/XLV�'UDLQ�DQG�.HVWHUVRQ�5HVHUYRLU�ZHUH
��²���DQG���²���PJ�/��UHVSHFWLYHO\��86%5
��������$JULFXOWXUDO�GUDLQ�ZDWHU�FRQWDPLQDWHG
ZLWK�ERURQ�LV�FRQVLGHUHG�SRWHQWLDOO\�KDUPIXO�WR
ZDWHUIRZO�DQG�RWKHU�ZLOGOLIH�SRSXODWLRQV
WKURXJKRXW�DUHDV�RI�WKH�:HVWHUQ�8QLWHG�6WDWHV
�6PLWK�DQG�$QGHUV�������
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%RURQ�FRPSRXQGV�HQWHU�WKH�1RUWK�$PHULFDQ
HQYLURQPHQW�DW�DQ�HVWLPDWHG�UDWH�RI�
�������WRQV�DQQXDOO\��SULPDULO\�IURP�ODXQGU\
SURGXFWV��LUULJDWLRQ�GUDLQ�ZDWHU��IHUWLOL]HUV�DQG
RWKHU�DJULFXOWXUDO�FKHPLFDOV��FRDO�FRPEXVWLRQ�
DQG�PLQLQJ�DQG�SURFHVVLQJ��(LVOHU���������%RURQ
FRPSRXQGV�DOVR�DUH�XVHG�DV�ILUH�UHWDUGDQWV�DQG
OHDWKHU�WDQQLQJ�FRPSRXQGV�DQG�KDYH�HYHQ�EHHQ
XVHG�LQ�URFNHW�IXHOV���(OHPHQWDO�ERURQ�LV
IUHTXHQWO\�XVHG�IRU�QHXWURQ�DEVRUSWLRQ�LQ
QXFOHDU�UHDFWRUV��DQG�VRGLXP�ERURK\GULGH�LV
XVHG�E\�WKH�SXOS�DQG�SDSHU�LQGXVWU\�LQ�WKH
SURGXFWLRQ�RI�WKH�ZKLWHQLQJ�DJHQW�VRGLXP
GLWKLRQLWH��7KXUVWRQ�HW�DO����������7KH�8QLWHG
6WDWHV�VXSSOLHV�DERXW����SHUFHQW�RI�WKH�JOREDO
ERURQ�GHPDQG�

6XPPDU\�RI�(IIHFWV

3ODQWV�LQ�JHQHUDO�DUH�IDU�PRUH�VHQVLWLYH�WKDQ
DQLPDOV�WR�ERURQ�WR[LFLW\��DQG�WKHUH�LV�D�ODUJH�
OLWHUDWXUH�EDVH�GRFXPHQWLQJ�ERURQ
V�HIIHFWV�RQ
SODQWV��HVSHFLDOO\�FURS�SODQWV���7KH�H[DFW�

PHFKDQLVP�RI�ERURQ�WR[LFLW\�LQ�DQLPDOV�LV�QRW
IXOO\�XQGHUVWRRG���,W�LV�QRW�NQRZQ�ZKHWKHU�ERULF
DFLG��WKH�ERUDWH�LRQ��RU�VRPH�RWKHU�ERURQ
FRPSOH[�LV�WKH�WR[LF�ERURQ�FRPSRXQG��0DLHU
DQG�.QLJKW���������%RULF�DFLG�DQG�WKH�ERUDWH�LRQ
H[KLELW�UHPDUNDEOH�VWDELOLW\�LQ�QDWXUDO�DTXDWLF
V\VWHPV��DQG�DQ\�ERURQ�WKDW�LV�QRW�WDNHQ�XS�E\
SODQWV�DQG�RU�DQLPDOV�ZLOO�WHQG�WR�DFFXPXODWH
DQG�UHPDLQ�ELRDYDLODEOH�RYHU�H[WHQGHG�SHULRGV
RI�WLPH��3HUU\�HW�DO��������

&RQVLGHULQJ�WKH�SDXFLW\�RI�GDWD�RQ�ERURQ
WR[LFLW\��HIIHFW�OHYHOV�FDQ�EH�SUHGLFWHG�RQO\
WHQWDWLYHO\�DW�WKLV�WLPH���7KHVH�WHQWDWLYH
SUHGLFWLRQV�DUH�OLVWHG�LQ�WDEOH���

6WXG\�$SSURDFKHV

7KH�PDMRULW\�RI�SDSHUV�UHYLHZHG�IRU�WKLV�UHSRUW
ZHUH�ODERUDWRU\�VWXGLHV�GHDOLQJ�ZLWK�ERURQ
HIIHFWV�RQ�SODQWV�DQG�ELUGV���0RVW�RI�
WKH�SODQW�OLWHUDWXUH�FRQFHUQHG�WR[LFLW\�RU�

Table 6.&Predicted boron effect levels

Medium No effect
Level of
concern

Toxicity
threshold Explanation

Water (mg/L) 0.5 0.5%10 10 For crops and aquatic plants (Perry et al. 1994)

  6 6%13 13 For aquatic invertebrates (NOAEL and LOAEL
for Daphnia magna)

5 5%25 25 For fish (viz., catfish and trout embryos; Birge
and Black 1977; Perry et al. 1994)

<200  For amphibians (LC100 for leopard frog
embryos)

Bird eggs (mg/kg fw) 13 13%20  20 Smith and Anders (1989), Stanley et al. (1996);
20 = EC10 for viability of mallard eggs

Waterfowl diet
    (mg/kg)

>30 LOAEL for mallards; impaired growth of
ducklings

Mammal diet
   (mg/kg bw/day)

>80 LOAEL for rodents; decreased fetal body
weight
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GHILFLHQF\�LQ�FURSV�DQG�LV�QRW�FRPSUHKHQ�VLYHO\
VXPPDUL]HG�LQ�WKLV�UHSRUW���7KH�FURS�OLWHUDWXUH
KDV�EHHQ��VXPPDUL]HG�FRPSUH�KHQVLYHO\�E\
(DWRQ��������DQG�PRVW�UHFHQWO\�E\�3HUU\�HW�DO�
���������$YLDQ�OLWHUDWXUH�FRQVLVWHG�PRVWO\�RI
VWXGLHV�GRQH�RQ�PDOODUGV�IURP�WKH�ODWH�����V�WR
HDUO\�����V���6RPH�SRXOWU\�OLWHUDWXUH�ZDV
UHYLHZHG��EXW�WKH�EXON�RI�WKLV�OLWHUDWXUH�PD\
KDYH�EHHQ�PLVVHG�VLQFH�HOHFWURQLF�OLWHUDWXUH
UHWULHYDOV�GR�QRW�GDWH�EDFN�IXUWKHU�WKDQ�WKH
����V���0DPPDOLDQ�VWXGLHV�FRQVLVWHG�PRVWO\�RI
ODERUDWRU\�VWXGLHV�GRQH�RQ�UDWV��DOWKRXJK�VRPH
LQIRUPDWLRQ�ZDV�DYDLODEOH�IRU�PLFH��UDEELWV��DQG
RWKHU�VSHFLHV���$YDLODEOH�DTXDWLF�WR[LFLW\�GDWD�IRU
ERURQ�DUH�OLPLWHG���)RU�DTXDWLF�VSHFLHV��WKH
OLWHUDWXUH�ZDV�FRPSRVHG�SULPDULO\�RI�IUHVKZDWHU
ODERUDWRU\�VWXGLHV���)LVK��KHUSWLOH��DQG
LQYHUWHEUDWH�LQIRUPDWLRQ�ZDV�OLPLWHG�RU�ODFNLQJ��
7KH�SXEOLVKHG�VFLHQWLILF�´ZKLWHµ�OLWHUDWXUH�ZDV
UHYLHZHG�DGHTXDWHO\��EXW�WKH�VFLHQWLILF�´JUD\µ
OLWHUDWXUH��ZKLFK�LQFOXGHV�JRYHUQPHQW�UHSRUWV
DQG�XQSXEOLVKHG�GDWD��ZDV�QRW�

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

7KH�SUHGRPLQDQW�VSHFLHV�RI�ERURQ�LQ�PRVW
IUHVKZDWHU�V\VWHPV��S+����LV�XQGLVVRFLDWHG
ERULF�DFLG��+HP�������0DLHU�DQG�.QLJKW�������
WKH�FKHPLFDO�IRUP�RI�ERURQ�IRXQG�LQ�ZDWHU�LV
GLFWDWHG�E\�S+�DQG�RWKHU�FRQVWLWXHQWV��6SUDJXH
��������%RURQ�FRPSRXQGV�DUH�ZDWHU�VROXEOH�DQG
WHQG�WR�DFFXPXODWH�LQ�DTXDWLF�HFRV\VWHPV��(3$
������

6RLO

,Q�WKH�8QLWHG�6WDWHV��VRLO�XVXDOO\�FRQWDLQV
DURXQG����PJ�%�NJ��GU\�ZHLJKW��GZ���UDQJH
��²����PJ�NJ����7KH�SUHFLSLWDWLRQ�HYDSRUDWLRQ
UDWLR�RI�DQ�DUHD�LV�D�NH\�IDFWRU�LQ�GHWHUPLQLQJ�WKH
GHJUHH�WR�ZKLFK�ERURQ�FDQ�FRQFHQWUDWH�LQ�VRLOV
DQG�UHDFK�WR[LF�OHYHOV��%XWWHUZLFN�HW�DO���������
7KH�WRWDO�ERURQ�FRQWHQW�RI�VRLO�LV�RI�OLWWOH�YDOXH

IRU�GLDJQRVLQJ�ERURQ�VWDWXV��H[SHUL�PHQWDO�ZRUN
E\�*XSWD��������VXJJHVWV�WKDW�OHVV�WKDQ��
SHUFHQW�RI�WKH�VRLO�ERURQ�LV�DYDLO�DEOH�IRU�SODQW
XSWDNH��%XWWHUZLFN�HW�DO��������

,Q�VRLOV��ERURQ�PD\�EH�IRXQG�LQ�IRXU�IRUPV��
RUJDQLFDOO\�ERXQG��ZDWHU�VROXEOH��DGVRUEHG��DQG
IL[HG�LQ�FOD\�DQG�PLQHUDO�ODWWLFHV��$GULDQR��������
$ULG��VDOLQH�VRLOV�JHQHUDOO\�FRQWDLQ�WKH�KLJKHVW
ERURQ�FRQFHQWUDWLRQV���,Q�VDQG\�VRLOV��ERURQ�LV
OHDFKHG�PRUH�UHDGLO\�WKDQ�LQ�FOD\�VRLOV�DQG�LV
WKXV�OHVV�OLNHO\�WR�DFFXPXODWH�WR�WR[LF
FRQFHQWUDWLRQV��$GULDQR���������%RURQ�FDQ�UHDFW
DQG�ELQG�ZLWK�FOD\V��VXVSHQGHG�PDWWHU��DQG
VHGLPHQWV�RI�DTXDWLF�V\VWHPV���%RURQ�DGVRUEHG
RQWR�FOD\V�DFFRXQWV�IRU�D�PDMRU�SURSRUWLRQ�RI
WKH�ERURQ�LQ�PDQ\�DTXDWLF�V\VWHPV��0DLHU�DQG
.QLJKW�������

%LRWLF�(IIHFWV

3ODQWV

7KH�HQYLURQPHQWDO�HIIHFWV�RI�ERURQ�DUH�PRVW
QRWLFHDEOH�LQ�SODQWV��6SUDJXH���������%RURQ�LV�DQ
HVVHQWLDO�WUDFH�HOHPHQW�IRU�WKH�JURZWK�DQG
GHYHORSPHQW�RI�KLJKHU�SODQWV��IRU�LW�SOD\V
LPSRUWDQW�UROHV�LQ�WKH�FDOFLXP�F\FOH�DQG�LQ
UHVSLUDWRU\�SURFHVVHV�DQG�WKH�XWLOL]DWLRQ�RI
FDUERK\GUDWHV��%URZQLQJ���������+RZHYHU��
WKH�UDQJH�EHWZHHQ�LQVXIILFLHQF\�DQG�H[FHVV�LV
XVXDOO\�QDUURZ���*XSWD�HW�DO����������IRU�LQVWDQFH�
IRXQG�WKDW�VRPH�SODQWV�VKRZ�VLJQV�RI�GHILFLHQF\
ZKHQ�ERURQ�FRQFHQWUDWLRQV�LQ�VRLO�VROXWLRQ�DUH
���PJ�/�DQG�VKRZ�WR[LF�HIIHFWV�DW
FRQFHQWUDWLRQV�!��PJ�/���2WKHU�UHVHDUFKHUV
UHSRUW�VLPLODUO\�QDUURZ�UDQJHV�RI�ERURQ
WROHUDQFH��6SUDJXH�������:HLU�DQG�)LVKHU������
%LUJH�DQG�%ODFN�������*ROGEDFK�DQG�$PEHUJHU
��������7KH�ZDWHUZHHG�'NQFGC�ECPCFGPUKU�LV
VHQVLWLYH�WR�HYHQ�YHU\�ORZ�DPELHQW�FRQFHQWUD�
WLRQV�RI�ERURQ��3HUU\�HW�DO���������UHSRUWHG�WKDW
LW�VKRZHG�D�UHGXFHG�UDWH�RI�SKRWRV\QWKHVLV�LQ
ZDWHU�FRQWDLQLQJ���PJ�%�/�����GD\�H[SRVXUH���
,Q�DGGLWLRQ��*[FTQEQV[NG�WODGNNCVC��FRPPRQO\
IRXQG�LQ�WKH�6RXWKHDVWHUQ�8QLWHG�6WDWHV�
H[KLELWHG�UHGXFHG�JURZWK�DQG�\HOORZLQJ�RI�WKH
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OHDYHV�ZKHQ�H[SRVHG�WR����PJ�%�/��3RZHOO�HW
DO����������$�UHFHQW�HFRORJLFDO�ULVN�DVVHVVPHQW
IRU�D�QDWXUDO�FRPPXQLW\�RI�DTXDWLF�SODQWV
FRQFOXGHG�WKDW��DW�PHGLDQ�VSULQJ�DQG�IDOO
FRQFHQWUDWLRQV�RI�����DQG�����PJ�%�/��SDWWHUQV
RI�OHDI�WLVVXH�GLVFRORUDWLRQ��\HOORZLQJ��PD\
LQGLFDWH�DGYHUVH�HFRORJLFDO�LPSDFWV�RQ�WKH
YHJHWDWLRQ��3RZHOO�HW�DO��������

6HYHUDO�IDFWRUV�DIIHFW�SODQW�XSWDNH�RI�ERURQ�
LQFOXGLQJ�VRLO�WH[WXUH��S+��PDFURQXWULHQWV�
WHPSHUDWXUH��OLJKW��HYDSRWUDQVSLUDWLRQ�UDWH��DQG
SODQW�JURZWK�VWDJH��%XWWHUZLFN�HW�DO�������
*ODQGRQ�DQG�0F1DEE���������)ULFN���������IRU
LQVWDQFH��IRXQG�WKDW�D�FRQFHQWUDWLRQ�RI����PJ
%�/�ZDV�VXIILFLHQW�WR�LQKLELW�WKH�JURZWK�RI
GXFNZHHG�DW�S+�����EXW�WKDW�����PJ�%�/�ZDV
UHTXLUHG�WR�SURGXFH�WKH�VDPH�HIIHFW�DW�S+������
2QFH�ERURQ�LV�LQFRUSRUDWHG�LQWR�SODQW�WLVVXHV��LW
EHFRPHV�UHODWLYHO\�LPPRELOH���/HDYHV�JHQHUDOO\
DFFXPXODWH�WKH�JUHDWHVW�FRQFHQWUD�WLRQV�RI
ERURQ�LQ�SODQWV��*XSWD�HW�DO����������

3ODQW�VSHFLHV�GR�QRW�DOO�GUDZ�RQ�WKH�VDPH�ERURQ
VXSSOLHV���(PHUJHQW�SODQWV�DEVRUE�PRVW�RI�WKHLU
ERURQ�IURP�WKH�K\GURVRLO��IORDWLQJ�OHDI�VSHFLHV
DEVRUE�D�ODUJH�SURSRUWLRQ�RI�ERURQ�IURP
VHGLPHQWV�DQG�ZDWHU���6XEPHUJHG�SODQWV��ZKLFK
ODFN�RU�KDYH�JUHDWO\�UHGXFHG�URRW�V\VWHPV��REWDLQ
PRVW�RI�WKHLU�ERURQ�IURP�WKH�ZDWHU
�+XWFKLQVRQ���������*HQHUDOO\��IORDWLQJ�OHDI
VSHFLHV�FRQWDLQ�PRUH�ERURQ�
WKDQ�VXEPHUJHG�RU�HPHUJHQW�SODQWV��DQG
GLFRW\OHGRQV�XVXDOO\�FRQWDLQ�PRUH�ERURQ�WKDQ
PRQRFRW\OHGRQV��%R\G�DQG�:DOOH\������
&RZJLOO���������,Q�DTXDWLF�PDFURSK\WHV��ERURQ
FRQFHQWUDWLRQV�DUH�XVXDOO\�OHVV�WKDQ����PJ�NJ
GZ���%DVHG�RQ�VDPSOHV�IURP����VSHFLHV�RI
DTXDWLF�PDFURSK\WHV�FROOHFWHG�IURP�QDWXUDO
HQYLURQPHQWV��WKH�PHDQ�WLVVXH�OHYHO�RI�ERURQ
ZDV������PJ�NJ�GZ��3RZHOO�HW�DO����������,Q
JUHHQ�DOJDH��0DHVR�HW�DO��������DQG�EOXH�JUHHQ
DOJDH��0DUWLQH]�HW�DO���������DGYHUVH�VXEOHWKDO
HIIHFWV�DUH�DSSDUHQW�DW�ERURQ�FRQFHQWUDWLRQV�RI
���PJ�NJ�DQG�KLJKHU�

%RURQ�FRQWDPLQDWHG�LUULJDWLRQ�ZDWHU�LV�RQH�RI
WKH�PDLQ�FDXVHV�RI�ERURQ�WR[LFLW\�WR�SODQWV��
(YDSRWUDQVSLUDWLRQ�IURP�LUULJDWHG�ILHOGV�

FRQFHQWUDWHV�ERURQ�LQ�WKH�VRLO�DQG�OHDGV�
HYHQWXDOO\��WR�WR[LFLW\��*XSWD�HW�DO����������$W
VRPH�SODFHV�LQ�WKH�6RXWKZHVWHUQ�8QLWHG�6WDWHV�
QDWXUDOO\�HOHYDWHG�ERURQ�FRQFHQWUDWLRQV�LQ
VXUIDFH�ZDWHU�XVHG�IRU�LUULJDWLRQ�DUH�KLJK�HQRXJK
WR�EH�WR[LF�WR�SODQWV�RI�FRPPHUFLDO�LPSRUWDQFH
�%HQVRQ�HW�DO����������+LJK�FRQ�FHQWUDWLRQV�RI
ERURQ�ZHUH�IRXQG�LQ�DTXDWLF�SODQWV�JURZLQJ�LQ
LUULJDWLRQ�GUDLQ�ZDWHU�DW�.HVWHUVRQ�5HVHUYRLU�LQ
WKH�6DQ�-RDTXLQ�9DOOH\�RI�&DOLIRUQLD���:LGJHRQ
JUDVV�FRQWDLQHG����²����PJ�%�NJ�GZ��DQG�LQ
RQH�SRQG��+RWKHP�DQG�2KOHQGRUI��������IRXQG
FRQFHQWUDWLRQV��������PJ�NJ��KLJK�HQRXJK�
WR�LPSDLU�DYLDQ�UHSURGXFWLRQ�LI�ZLGJHRQ�JUDVV
IURP�WKDW�SRQG�ZHUH�D�VROH�VRXUFH�IRRG�VXSSO\��
:LGJHRQ�JUDVV�VHHGV�FRQWDLQHG����²������PJ
%�NJ�GZ��6FKXOHU�������DQG�DOJDH�FRQWDLQHG
���²����PJ�NJ��+RIIPDQ�
HW�DO��������DW�.HVWHUVRQ�5HVHUYRLU���/HYHOV�RI
ERURQ�LQ�SODQW�WLVVXHV�ZHUH�HOHYDWHG�FRPSDUHG
WR�PHDQ�FRQFHQWUDWLRQV�IRXQG�LQ�ZDWHU�
����PJ�/��DQG�VHGLPHQW�����PJ�NJ���LQGLFDWLQJ
WKDW�ERURQ�ZDV�ELRFRQFHQWUDWLQJ�
LQ�DTXDWLF�SODQWV���7R[LF�HIIHFWV�RI�ERURQ�WR
YDULRXV�SODQW�VSHFLHV��DV�UHSRUWHG�LQ�WKH
OLWHUDWXUH��DUH�VXPPDUL]HG�LQ�WDEOH���DW�WKH�
HQG�RI�WKLV�FKDSWHU�

0DFURLQYHUWHEUDWHV

/LWWOH�LQIRUPDWLRQ�LV�DYDLODEOH�RQ�WKH�WR[LFLW\�RI
ERURQ�WR�DTXDWLF�LQYHUWHEUDWHV��WDEOH������,Q�WHVWV
ZLWK�&CRJPKC�OCIPC��WKH�QR�REVHUYHG�DGYHUVH�
HIIHFW�OHYHO��12$(/��DQG�WKH�ORZHVW�REVHUYHG�
DGYHUVH�HIIHFW�OHYHO��/2$(/��ZHUH�IRXQG�WR�EH
DERXW���DQG����PJ�%�/��UHVSHFWLYHO\��/HZLV�DQG
9DOHQWLQH�������*HUVLFK���������+RWKHP�DQG
2KOHQGRUI��������IRXQG�WKDW�WKH�ERURQ
FRQFHQWUDWLRQ�LQ�DGXOW�GDPVHOIOLHV�ZDV���
SHUFHQW�ORZHU�WKDQ�LQ�Q\PSKV���7KLV�UHVXOW
VXJJHVWV�WKDW�D�JUHDWHU�SURSRUWLRQ�RI�ERURQ�LQ
Q\PSKV�PD\�EH�LQFRUSRUDWHG�LQ�WKH�H[RVNHOHWRQ��
0DLHU�DQG�.QLJKW��������IRXQG�D�VLJQLILFDQWO\
GHFUHDVHG�JURZWK�UDWH�E\�%JKTQPQOWU�FGEQTWU
ODUYDH�DW�ERURQ�FRQFHQWUDWLRQV�RI����PJ�%�/
DQG�
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JUHDWHU���7KH�FRQFHQWUDWLRQV�RI�ERURQ�HOLFLWLQJ
FKURQLF�VXEOHWKDO�UHVSRQVHV�LQ�%��FGEQTWU�DUH
FORVH�WR�WKRVH�UHSRUWHG�LQ�VHYHUHO\�FRQWDPL�
QDWHG�V\VWHPV�LQ�WKH�&HQWUDO�9DOOH\�RI�&DOLIRUQLD
���²���PJ�%�/��

)LVK

7KH�ERURQ�WR[LFLW\�GDWDEDVH�IRU�ILVK�LV�UHODWLYHO\
H[WHQVLYH��DQG�VHYHUDO�FRPSUH�KHQVLYH
VXPPDULHV�KDYH�EHHQ�FRPSLOHG�UHFHQWO\��H�J��
6-9'3�������3HUU\�HW�DO����������7KLV�OLWHUDWXUH�
KRZHYHU��LV�PRVWO\�OLPLWHG�WR�HYDOXDWLRQV�RI
ZDWHUERUQH�H[SRVXUHV�WR�ERURQ��L�H���ZLWKRXW
GLHWDU\�H[SRVXUH��DQG�DOVR�GRHV�QRW�LQFOXGH�DQ\
GHILQLWLYH�GDWD�UHODWLQJ�ERURQ�OHYHOV�LQ�ILVK
WLVVXHV�WR�WR[LF�HIIHFWV���&RQ�VHTXHQWO\��DOWKRXJK
WKH�GDWDEDVH�LV�H[WHQVLYH��LWV�LQWHUSUHWLYH�YDOXH�LV
KDPSHUHG�E\�WKH�FULWLFDO�JDSV�LQ�´ILHOG�UHOHYDQWµ
WR[LFLW\�GDWD��L�H���GLHWDU\�H[SRVXUHV�DQG�WLVVXH�
EDVHG�WR[LFLW\�WKUHVKROGV����$QRWKHU
FRQIRXQGLQJ�IHDWXUH�LV�WKH�IDFW�WKDW�WKUHVKROG�
OHYHO�HIIHFWV�DUH�FRPPRQO\�VHHQ�DW�ZDWHU
FRQFHQWUDWLRQV�
RI�ERURQ�PXFK�ORZHU�WKDQ�WKH�(&����VHH
$SSHQGL[�,,�IRU�GHILQLWLRQ�RI�WHUPV���EXW�
(&��V�DQG�/&��V�DUH�WKH�RQO\�VWDQGDUGL]HG
PHDVXUHV�RI�WR[LFLW\�FRQVLVWHQWO\�XVHG�LQ�PRVW
ELRDVVD\�W\SH�WR[LFLW\�VWXGLHV���)RU�VDNH�RI
FRPSDULVRQ��WDEOH���LV�ODUJHO\�UHVWULFWHG�WR
VXPPDUL]LQJ�(&���DQG�/&���HVWLPDWHV�RI
YDULRXV�VWXGLHV���7R[LFLW\�PHDVXUHV�EDVHG�RQ
YDULRXV�RWKHU�HQGSRLQWV�DUH�UHSRUWHG�LQ�6-9'3
�������DQG�3HUU\�HW�DO�����������7KH�JHQHUDO
FRQFHQWUDWLRQV�RI�ERURQ�DVVRFLDWHG�ZLWK
WKUHVKROG�OHYHO��H�J���(&��WR�(&����PHDVXUHV�RI
WR[LFLW\�ZLOO��KRZHYHU��EH�EULHIO\�VXPPDUL]HG�LQ
GLVFXVVLRQV�WR�IROORZ��

7KH�DYDLODEOH�OLWHUDWXUH�LQGLFDWHV�WKDW�ERURQ
OHYHOV�RI������²����PJ�/�FRXOG�UHGXFH�WKH
UHSURGXFWLYH�SRWHQWLDO�RI�VHQVLWLYH�ILVK�VSHFLHV�
DQG�FRQFHQWUDWLRQV�H[FHHGLQJ�����PJ�/�FRXOG
LPSDLU�WKH�VXUYLYDO�RI�GHYHORSPHQWDO�VWDJHV�IRU
RWKHU�VSHFLHV��XQGHU�FRQGLWLRQV�SURYLGLQJ
FRQWLQXRXV�H[SRVXUH�IURP�IHUWLOL]DWLRQ�WKURXJK
��GD\V�SRVWKDWFKLQJ��%LUJH�DQG�%ODFN��������
%LUJH�DQG�%ODFN�DOVR�IRXQG�WKDW�ERURQ
FRPSRXQGV�ZHUH�PRUH�WR[LF�WR�GHYHORSPHQWDO
DQG�HDUO\�SRVWKDWFKHG�VWDJHV�WKDQ�WR�DGXOW�ILVK��

+RZHYHU��+DPLOWRQ�DQG�%XKO��������IRXQG�QR
GLIIHUHQFH�LQ�WKH�VHQVLWLYLW\�RI�YDULRXV�OLIH�VWDJHV
RI�ILVK�H[SRVHG�WR�ERURQ�IRU����KRXUV���%RWK
VWXGLHV�LQGLFDWHG�WKDW�ZDWHU�KDUGQHVV�GLG�QRW
VHHP�WR�DIIHFW�ERURQ�WR[LFLW\��%LUJH�DQG�%ODFN
������+DPLOWRQ�DQG�%XKO�������

7KH�HDUO\�OLIH�VWDJHV�RI�UDLQERZ�WURXW�DSSHDU�WR
EH�WKH�PRVW�VHQVLWLYH�WR�ERURQ��ZLWK�D�FRQVLVWHQW
GRVH�UHVSRQVH�UHODWHG�ORZHVW�REVHUYDEOH�HIIHFW
FRQFHQWUDWLRQ��/2(&��RI�
����PJ�%�/��%LUJH�DQG�%ODFN���������+LJK
ERURQ�FRQFHQWUDWLRQV����²����PJ�/��ZHUH
UHTXLUHG�WR�FRQVLVWHQWO\�SURGXFH�VXEVWDQWLDO
LPSDLUPHQW�WR�WURXW�HPEU\RV�DQG�DOHYLQV�

+LJK�IUHTXHQFLHV�RI�ERWK�HPEU\RQLF�DQG
SRVWHPEU\RQLF�PRUWDOLW\�LQ�WURXW�HJJV�ZHUH
UHFRUGHG�RQO\�DW�ERURQ�FRQFHQWUDWLRQV�RI�
���PJ�/�RU�PRUH���(PEU\RQLF�PRUWDOLW\�DQG
WHUDWRJHQHVLV�ZHUH�WKH�SULQFLSDO�ERURQ�LQGXFHG
UHVSRQVHV�DW����PJ�/�RU�OHVV���3HUFHQW
KDWFKDELOLW\�RI�WURXW�HJJV�JHQHUDOO\�ZDV�LQYHUVHO\
SURSRUWLRQDO�WR�H[SRVXUH�OHYHO�IURP���WR�����PJ
%�/��%LUJH�DQG�%ODFN���������%RUD[�DW�RU�EHORZ
����PJ�%�/�GLG�QRW�UHGXFH�KDWFKLQJ�IUHTXHQF\�
DW�����PJ�/��KDWFKDELOLW\�GURSSHG�WR�]HUR���$
KLJK�LQFLGHQFH�RI�WHUDWR�JHQHVLV�ZDV�REVHUYHG
RYHU�WKH�UDQJH�RI�H[SRVXUH�OHYHOV�IURP�����WR
����PJ�%�/���%RUD[�DQG�ERULF�DFLG�DUH�XQXVXDO
LQ�WKDW�WKH\�H[HUW�ORZ�OHYHO�HPEU\RSDWKLF�HIIHFWV
RQ�WURXW�RYHU�D�ZLGH�VSDQ�RI�H[SRVXUH�OHYHOV
������²����PJ�/���%LUJH�DQG�%ODFN�������

,Q�FKDQQHO�FDWILVK��DW�D�FRQFHQWUDWLRQ�RI�
����PJ�%�/��QRUPDO�VXUYLYDO�DW���GD\V
SRVWKDWFKLQJ�ZDV�RQO\��²��SHUFHQW��DW�����PJ
%�/��PDQ\�RI�WKH�HJJV�GLG�QRW�KDWFK��DQG�WKRVH
WKDW�GLG�SURGXFHG�GHIRUPHG�KDWFKOLQJV���1RUPDO
VXUYLYDO�ZDV�����SHUFHQW�DW�DQG�EHORZ�
����PJ�%�/���,Q�ERWK�FKDQQHO�FDWILVK�DQG
UDLQERZ�WURXW��HPEU\RQLF�PRUWDOLW\�DQG
WHUDWRJHQHVLV�LQFUHDVHG�LQ�KDUG�ZDWHU��DQG�ERULF
DFLG�SURGXFHG�KLJKHU�IUHTXHQFLHV�WKDQ�ERUD[
�%LUJH�DQG�%ODFN�������

7KH�ORZ�OHYHO�HIIHFWV�REVHUYHG�LQ�UHFRQVWLWXWHG
ODERUDWRU\�ZDWHU��KRZHYHU��PD\�QRW�SUHGLFW�WKH
PXFK�KLJKHU�ILUVW�HIIHFW�OHYHOV�XQGHU�QDWXUDO
ZDWHU�FRQGLWLRQV���6WXGLHV�FRQGXFWHG�IRU�DQG�E\
3URFWHU�DQG�*DPEOH�IRXQG�WKDW�QDWXUDO�ZDWHUV
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FRQWDLQLQJ������PJ�%�/�GLG�
QRW�DIIHFW�UDLQERZ�WURXW�HDUO\�OLIH�VWDJHV
�%XWWHUZLFN�HW�DO����������%LQJKDP��������ZDV
DEOH�WR�ILQG�DW�OHDVW�VRPH�ZLOG�KHDOWK\�WURXW�LQ
VXUIDFH�ZDWHUV�FRQWDLQLQJ�DV�PXFK�DV����PJ
%�/��DOWKRXJK�LW�ZDV�QRW�NQRZQ�KRZ�ORQJ�WKRVH
WURXW�KDG�EHHQ�H[SRVHG�QRU�ZKHWKHU�WKH\
FRQVWLWXWHG�D�GHPRJUDSKLFDOO\�KHDOWK\
SRSXODWLRQ���,Q�GHPRJUDSKLFDOO\�RSHQ
SRSXODWLRQV��DV�ZDV�WKH�FDVH�LQ�%LQJKDP·V�VWXG\�
XSVWUHDP�DQG�GRZQVWUHDP�PRYHPHQWV�FDQ
FRQWLQXDOO\�PDLQWDLQ�WKH�SUHVHQFH�RI�ILVK�HYHQ�LQ
D�KDELWDW�ZKHUH�D�FORVHG�SRSXODWLRQ�FRXOG�QRW
VXVWDLQ�LWVHOI���7KXV��LQ�VXFK�FDVHV��GDWD�RQ�WKH
SUHVHQFH�RU�DEVHQFH�RI�ILVK�DUH�RI�TXHVWLRQDEOH
YDOXH�IRU�GHOLQHDWLQJ�DFFHSWDEOH�ZDWHU�TXDOLW\
FKDUDFWHULVWLFV�

%DVHG�RQ�D�OLPLWHG�QXPEHU�RI�ILHOG�VXUYH\V�
6DLNL�DQG�0D\��������VXJJHVWHG�WKDW�ZKROH
IUHVKZDWHU�ILVK�W\SLFDOO\�FRQWDLQ����PJ�%�NJ��
5HVXOWV�IURP�ODERUDWRU\�DQG�ILHOG�VWXGLHV�VXJJHVW
WKDW�ERURQ�ELRDFFXPXODWLRQ�LV�FRPPRQ�LQ�ILVK�
EXW�ELRFRQFHQWUDWLRQ�LV�QRW��3HUU\�HW�DO�������
2KOHQGRUI�HW�DO��������6DLNL�DQG�0D\������
+DPLOWRQ�DQG�:LHGPH\HU�������DQG�7KRPSVRQ
HW�DO��������

$PSKLELDQV�5HSWLOHV

%LUJH�DQG�%ODFN��������IRXQG�WKDW�OHRSDUG�IURJ
HPEU\RV�VXIIHUHG�����SHUFHQW�OHWKDOLW\�RU
WHUDWRJHQHVLV�LQ�ZDWHU�WUHDWHG�ZLWK�ERUD[�RU
ERULF�DFLG�DW�H[SRVXUH�OHYHOV�RI�����RU�����PJ
%�/��UHVSHFWLYHO\���%RURQ�FRPSRXQGV�DUH�PRUH
WR[LF�WR�HPEU\RV�DQG�ODUYDH�WKDQ�WR�DGXOW
DPSKLELDQV��DQG�DPSKLELDQV�DUH�PRUH�WROHUDQW
RI�ERURQ�WKDQ�ILVK��SDUWLFXODUO\�DW�ORZ
FRQFHQWUDWLRQV��%LUJH�DQG�%ODFN�������

%LUGV

7R[LF�HIIHFWV�RI�ERURQ�LQ�ELUGV��DV�UHSRUWHG�LQ
WKH�OLWHUDWXUH��DUH�VXPPDUL]HG�LQ�WDEOH���DW�WKH
HQG�RI�WKLV�FKDSWHU�

,Q�PDOODUGV��DGYHUVH�UHSURGXFWLYH�HIIHFWV�KDYH
EHHQ�UHSRUWHG�DW�GLHWDU\�FRQFHQWUDWLRQV�RI������
PJ�%�NJ��KDWFKLQJ�VXFFHVV�RI�IHUWLOH�HJJV��ERG\
ZHLJKWV�RI�GXFNOLQJV�DW�KDWFK��DQG�VXUYLYDO�RI
GXFNOLQJV�IURP�KDWFKLQJ�WR�
GD\���ZHUH�DOO�VXEVWDQWLDOO\�UHGXFHG�ZKHQ
EUHHGLQJ�DGXOWV�DQG�WKHLU�RIIVSULQJ�ZHUH
PDLQWDLQHG�RQ�D�GLHW�VXSSOHPHQWHG�ZLWK�
������PJ�%�NJ���$OWKRXJK�WKH�PDOODUGV�KDG
PDUNHGO\�LPSDLUHG�HPEU\R�VXUYLYDO��WKH
WHUDWRJHQLF�HIIHFWV�GHVFULEHG�LQ�ERURQ�HJJ�
LQMHFWLRQ�VWXGLHV�ZHUH�QRW�REVHUYHG�LQ�WKLV�VWXG\��
0DOODUG�HPEU\R�PRUWDOLW\�ZDV�JUHDWHVW�GXULQJ
WKH�VHFRQG�KDOI�RI�LQFXEDWLRQ��ZKHQ�HQHUJ\
GHPDQGV�IRU�HPEU\RQLF�JURZWK�ZHUH�JUHDW��
%HFDXVH�QR�DGXOWV�GLHG�DV�WKH�UHVXOW�RI�GLHWDU\
ERURQ�WUHDWPHQW��LW�DSSHDUV�WKDW�HPEU\RV�DQG
KDWFKOLQJV�DUH�WKH�PRVW�VHQVLWLYH�PDOODUG�OLIH
VWDJHV�WR�ERURQ�WR[LFRVLV��6PLWK�DQG�$QGHUV
������

6WDQOH\�HW�DO���������DOVR�IRXQG�VWDWLVWLFDOO\
VLJQLILFDQW�DGYHUVH�UHSURGXFWLYH�HIIHFWV�LQ
PDOODUGV�IHG�����PJ�%��DV�ERULF�DFLG��SHU
NLORJUDP�RI�GU\�IHHG���+DWFKLQJ�VXFFHVV�ZDV
UHGXFHG�WR�RQO\����SHUFHQW�RI�FRQWUROV�
VXJJHVWLQJ�WKDW�WKLV�OHYHO�RI�GLHWDU\�H[SRVXUH�LV
FORVH�WR�WKH�(&���YDOXH���$W�D�GLHWDU\�H[SRVXUH
RI�����PJ�%�NJ��KDWFKLQJ�VXFFHVV�ZDV�UHGXFHG
WR����SHUFHQW�RI�FRQWUROV��VXJJHVWLQJ�DQ
DSSUR[LPDWH�(&���YDOXH���&RQFHQWUDWLRQV�RI
ERURQ�LQ�PDOODUG�HJJV�DVVRFLDWHG�ZLWK�WKHVH
DSSUR[LPDWH�(&���DQG�(&���GLHWDU\�H[SRVXUHV
RI�KHQV�ZHUH��UHVSHFWLYHO\�����DQG����PJ�NJ�GZ�

%RULF�DFLG�LQ�WKH�GLHW�RI�GXFNOLQJV�KDWFKHG�IURP
XQWUHDWHG�HJJV�SURYHG�WR�EH�OHVV�WR[LF�WKDQ
UHSRUWHG�IRU�GXFNOLQJV�KDWFKHG�IURP�ERURQ�
FRQWDPLQDWHG�HJJV���+RIIPDQ�HW�DO���������IRXQG
���SHUFHQW�PRUWDOLW\�DW����ZHHNV�
LQ�GXFNOLQJV�IURP�XQFRQWDPLQDWHG�HJJV�WKDW
UHFHLYHG�������PJ�NJ�GLHWDU\�ERURQ���6PLWK�DQG
$QGHUV��������UHSRUWHG����SHUFHQW�PRUWDOLW\
GXULQJ�WKH�ILUVW�ZHHN�DQG����SHUFHQW�PRUWDOLW\
GXULQJ�WKH�VHFRQG�ZHHN�LQ�GXFN�OLQJV�WKDW
UHFHLYHG�������PJ�%�NJ�ERWK�IURP�WKH�DGXOW�KHQ
PDOODUG�DQG�LQ�WKHLU�RZQ�GLHW���,Q�D�QDWXUDO
VHWWLQJ��WKH�GXFNOLQJV�ZRXOG�
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��

SUREDEO\�HQFRXQWHU�ERWK�W\SHV�RI�ERURQ
H[SRVXUH��GXULQJ�HPEU\RJHQHVLV�DQG
SRVWKDWFKLQJ�GHYHORSPHQW��DQG�VR�WKHVH�KLJKHU
PRUWDOLW\�ILJXUHV�DUH�SUREDEO\�PRUH�UHOHYDQW�

6PLWK�DQG�$QGHUV�IRXQG�WKDW�GLHWV�FRQWDLQLQJ�DV
OLWWOH�DV����PJ�%�NJ�IUHVK�ZHLJKW��IZ��IHG�WR
PDOODUG�DGXOWV�DGYHUVHO\�DIIHFWHG�WKH�JURZWK�UDWH
RI�WKHLU�GXFNOLQJV���,Q�D�VWXG\�E\�+RIIPDQ�HW�DO�
��������GLHWDU\�OHYHOV�RI�����PJ�%�NJ�IZ
UHVXOWHG�LQ�UHGXFHG�JURZWK�RI�IHPDOH�PDOODUG
GXFNOLQJV���7KHVH�ILQGLQJV�LQGLFDWH�WKDW
FRQFHQWUDWLRQV�JUHDWHU�WKDQ���²����PJ�%�NJ�LQ
QDWXUDO�GLHWV�RI�GXFNOLQJV�FRXOG�DGYHUVHO\�DIIHFW
WKHLU�GHYHORSPHQW�

0DOODUGV�IHG�FRQFHQWUDWLRQV�XS�WR�������PJ
%�NJ�GLG�QRW�H[KLELW�DQ\�KLVWRORJLFDO
SDWKRORJLHV���7KHUHIRUH��KLVWRORJ\�PD\�QRW
SURYH�WR�EH�DQ�DGHTXDWH�PHDQV�RI�DVVHVVLQJ
ERURQ�H[SRVXUH�RU�WR[LFRVLV�LQ�PDOODUG�GXFNV��
%RURQ�OHYHOV�LQ�HJJ��OLYHU��DQG�EUDLQ�WLVVXHV
LQFUHDVHG�LQ�SURSRUWLRQ�WR�GLHWDU\�FRQFHQWUD�
WLRQV�RI�ERURQ��KRZHYHU��WKHVH�WLVVXHV�FRQ�
WDLQHG�UHVLGXHV�WKDW�ZHUH�DW�OHDVW�RQH�RUGHU�
RI�PDJQLWXGH�ORZHU�WKDQ�WKH�GLHWDU\
FRQFHQWUDWLRQ�DGPLQLVWHUHG���+RIIPDQ�HW�DO�
�������DQG�6PLWK�DQG�$QGHUV��������IRXQG�WKDW
ERURQ�DFFXPXODWLRQ�LQ�WKH�EUDLQ�DQG�OLYHU�ZDV
VXEVWDQWLDOO\�JUHDWHU�LQ�DOO�ERURQ�VXSSOHPHQWHG
JURXSV�WKDQ�LQ�FRQWUROV��ZLWK�
D�JUHDWHU�DFFXPXODWLRQ�LQ�WKH�EUDLQ�

3HQGOHWRQ�HW�DO���������UHSRUWHG�H[WUHPHO\�UDSLG
DFFXPXODWLRQ�DQG�HOLPLQDWLRQ�RI�ERURQ�LQ
PDOODUG�WLVVXHV���$GXOW�PDOH�PDOODUGV�IHG�D�GLHW
FRQWDLQLQJ�������PJ�%�NJ�DFFXPXODWHG
HTXLOLEULXP�OHYHOV�RI�ERURQ�LQ�OLYHU�WLVVXH�DQG
EORRG�ZLWKLQ��²���GD\V���$IWHU�ERURQ�ZDV
UHPRYHG�IURP�WKH�GLHW�RI�WKHVH�PDOODUGV��LW�ZDV
FRPSOHWHO\�FOHDQVHG�IURP�WKH�OLYHU�DQG�EORRG
ZLWKLQ���GD\���7KHVH�ILQGLQJV�DUH�FRQVLVWHQW�ZLWK
HDUO\�UHVHDUFK�RQ�FRZV�DQG�UDWV�ZKLFK�UHYHDOHG
WKDW�WKH�ERURQ�FRQFHQ�WUDWLRQ�RI�FRZ·V�PLON
FRXOG�LQFUHDVH�WHQIROG�ZLWKLQ�WKH�ILUVW����KRXUV
RI�GLHWDU\�ERURQ�VXSSOHPHQWDWLRQ�DQG�WKDW�ERULF
DFLG�IHG�WR�UDWV�LV�HOLPLQDWHG�ZLWK�H[WUHPH
UDSLGLW\��+RYH�
HW�DO��������

0DPPDOV

7KH�UHSRUWHG�WR[LF�HIIHFWV�RI�ERURQ�RQ
PDPPDOV�DUH�VXPPDUL]HG�LQ�WDEOH����DW�WKH�HQG
RI�WKLV�FKDSWHU���,Q�JHQHUDO��H[FHVVLYH�ERURQ
FRQVXPSWLRQ�E\�PDPPDOV�UHVXOWV�LQ�D�UHGXFHG
JURZWK�UDWH�DQG�LQ�VRPH�FDVHV�ORVV�RI�ERG\
ZHLJKW���*URZWK�UHWDUGDWLRQ�KDV�EHHQ�UHSRUWHG
LQ�FDWWOH�JLYHQ�����PJ�%�/�GULQNLQJ�ZDWHU��LQ
GRJV�FRQVXPLQJ�GLHWV�FRQWDLQLQJ�������PJ
%�NJ��LQ�UDEELWV�HDWLQJ�UDWLRQV�HTXLYDOHQW�WR
!����PJ�%�NJ�EZ�GDLO\��DQG�LQ�UDWV�JLYHQ����
PJ�%�/�LQ�GULQNLQJ�ZDWHU�RU�������PJ�%�NJ�LQ
IRRG��(LVOHU���������,Q�VRPH�LQVWDQFHV��DQLPDOV
DYRLG�ERURQ�FRQWDPLQDWHG�GULQNLQJ�ZDWHU��UDWV
UHMHFW�GULQNLQJ�ZDWHU�FRQWDLQLQJ�DV�OLWWOH�DV����
PJ�%�/��'L[RQ�HW�DO���������DQG�FDWWOH�DYRLG
ZDWHU�FRQWDLQLQJ�
!���PJ�%�/��*UHHQ�DQG�:HHWK�������

$GYHUVH�HIIHFWV�RQ�WKH�UHSURGXFWLRQ�RI
ODERUDWRU\�PDPPDOV�KDYH�EHHQ�UHSRUWHG�LQ
VHQVLWLYH�VSHFLHV�IHG�GLHWV�FRQWDLQLQJ�PRUH�WKDQ
������PJ�%�NJ�RU�JLYHQ�GULQNLQJ�ZDWHU
FRQWDLQLQJ�����PJ�%�/��(LVOHU���������%RULF�DFLG
FDXVHG�GHFUHDVHG�IHWDO�ERG\�ZHLJKW�DQG
LQFUHDVHG�PDOIRUPDWLRQV�LQ�UDWV��PLFH��DQG
UDEELWV�ZLWK�GRVHV�LQ�WKH�UDQJH�RI���²����PJ�
NJ�GD\��JLYHQ�HLWKHU�WKURXJKRXW�JHVWDWLRQ�RU
RQO\�GXULQJ�PDMRU�RUJDQRJHQHVLV��+HLQGHO�
HW�DO��������

%RURQ�LV�UHDGLO\�WUDQVPLWWHG�LQWR�PLON�DQG�HJJV�
DV�ZHOO�DV�WKURXJK�WKH�SODFHQWD��+RYH�
HW�DO����������%RURQ�FRPSRXQGV��HVSHFLDOO\�ERULF
DFLG��FDQ�DFFXPXODWH�LQ�DQLPDO�WLVVXHV�DQG
SURGXFH�D�UHGXFWLRQ�LQ�IHUWLOLW\��DQ�LQFUHDVH�LQ
GHYHORSPHQWDO�DEQRUPDOLWLHV��DQG�GHDWK��:HLU
DQG�)LVKHU�������/HH�HW�DO��������/DQGROSK
��������%RURQ�LV�IRXQG�DW�FRQFHQWUD�WLRQV
UDQJLQJ�IURP�����²����PJ�NJ�IZ�LQ�PRVW�DQLPDO
WLVVXHV�EXW�PD\�EH�VHYHUDO�WLPHV�
KLJKHU�LQ�ERQHV��1LHOVHQ���������0XOH�GHHU
PHWDFDUSDOV�KDYH�EHHQ�IRXQG�WR�FRQWDLQ����²���
PJ�%�NJ�GZ��ZLWK�\RXQJHU�DQLPDOV�KDYLQJ�PXFK
KLJKHU�ERQH�ERURQ�FRQFHQWUD�WLRQV�WKDQ�DGXOWV
�6WHWOHU���������%RURQ�IURP�ERULF�DFLG�KDV�EHHQ
VKRZQ�WR�FRQFHQWUDWH�LQ�WKH�EUDLQ��VSLQDO�FRUG�
DQG�OLYHU�IROORZLQJ�LQJHVWLRQ��%H\HU�HW�DO���������
1RQWR[LF�FRQFHQWUDWLRQV�RI�GLHWDU\�ERURQ
�VRGLXP�ERUDWH�RU�ERULF�DFLG��DUH�UDSLGO\�DQG
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DOPRVW�FRPSOHWHO\�DEVRUEHG�IURP�WKH
JDVWURLQWHVWLQDO�WUDFW��GR�QRW�VHHP�WR�DFFXPXODWH
LQ�KHDOWK\�WLVVXHV��DQG�DUH�H[FUHWHG�LQ�XULQH�
XVXDOO\�ZLWKLQ�KRXUV��1$6�������%HQVRQ�HW�DO�
������1LHOVHQ�������6LHJHO�DQG�:DVRQ�������

%LRDFFXPXODWLRQ

%RURQ�FDQ�EH�ELRFRQFHQWUDWHG�WR�YDU\LQJ
GHJUHHV�E\�DTXDWLF�RUJDQLVPV��2KOHQGRUI�HW�DO�
��������*UHHQ�DOJDH�
%JNQTGNNC�R[TGPQKFQUC��KDG
D�ELRFRQFHQWUDWLRQ�IDFWRU�RI����ERURQ�FRQFHQ�
WUDWLRQ�ILYH�WLPHV�WKH�OHYHO�LQ�WKH�VXUURXQGLQJ
PHGLXP��DIWHU�EHLQJ�H[SRVHG�WR�D���²����PJ
%�/�ERULF�DFLG�VROXWLRQ�IRU���GD\V��)HUQDQGH]�HW
DO����������,Q�WKH�6DQ�-RDTXLQ�9DOOH\��ILODPHQWRXV
DOJDH�DFFXPXODWHG����²����PJ�%�NJ�ZKHQ
H[SRVHG�WR�EUDFNLVK�WLOH�GUDLQDJH�FRQWDLQLQJ
��²���PJ�%�/��DQG�WKH\�DFFXPX�ODWHG���²���
PJ�NJ�ZKHQ�H[SRVHG�WR�IUHVKHU�ZDWHU
FRQWDLQLQJ����²����PJ�/��6FKXOHU��������
$TXDWLF�LQVHFWV�OLYLQJ�LQ�WKH�WLOH�GUDLQDJH
FRQWDLQHG���²����PJ�%�NJ��EXW�WKRVH�OLYLQJ�LQ
IUHVK�ZDWHU�XQWDLQWHG�E\�DJULFXOWXUDO�WLOH�GUDLQDJH
FRQWDLQHG��²���PJ��NJ��2KOHQGRUI�HW�DO�������
6FKXOHU�������+RWKHP�DQG�2KOHQGRUI�������

.GOPC�VSHFLHV�DUH�RXWVWDQGLQJ�ERURQ
ELRDFFXPXODWRUV���3URILFLHQF\�LQ�ERURQ�VWULSSLQJ
FRXSOHG�ZLWK�D�KLJK�JURZWK�UDWH�GLVWLQJXLVKHV
.GOPC�OKPQT�DV�DQ�LPSRUWDQW�VSHFLHV�ZLWK
UHVSHFW�WR�ERURQ�F\FOLQJ�LQ�D�IUHVKZDWHU
PDFURSK\WH�FRPPXQLW\���7KH�HIIHFWLYHQHVV�RI
WKLV�VSHFLHV�LQ�FRQVXPLQJ�ERURQ�PD\�EH�D
SRWHQW�IRUFH�LQ�ORZHULQJ�WKH�FRQFHQWUDWLRQV�RI
WKLV�HVVHQWLDO�HOHPHQW�LQ�DTXDWLF�V\VWHPV
�*ODQGRQ�DQG�0F1DEE���������)ULFN�������
GHWHUPLQHG�WKDW�S+�DIIHFWHG�WKH
ELRDFFXPXODWLRQ�RI�ERURQ�LQ�.GOPC�OKPQT�
LQGLFDWLQJ�WKDW�FKHPLFDO�VSHFLDWLRQ�RI�ERURQ�PD\
DIIHFW�ELRDFFXPXODWLRQ�DQG�WR[LFLW\�

,QWHUDFWLRQV

+RIIPDQ�HW�DO���������H[DPLQHG�ERURQ�VHOHQLXP
LQWHUDFWLRQ�HIIHFWV�LQ�PDOODUG�

GXFNOLQJV�XQGHU�WZR�YHU\�GLIIHUHQW�FRQGLWLRQV��
����D�SURWHLQ�DGHTXDWH�GLHW�DQG�����DQ�LVR�FDORULF
SURWHLQ�GHILFLHQW�GLHW���8QTXHVWLRQDEOH
LQWHUDFWLRQ�HIIHFWV�ZHUH�QRWHG�RQO\�XQGHU
FRQGLWLRQV�RI�SURWHLQ�GHILFLHQF\���+RZHYHU�
+RIIPDQ�HW�DO�
V�SURWHLQ�GHILFLHQW�GLHW�ZDV�XQOLNH
DQ\�OLNHO\�WR�EH�HQFRXQWHUHG�E\�GXFNOLQJV�LQ�WKH
ZLOG��VR�WKH�UHVXOWV�IRU�SDUW���RI�WKHLU
H[SHULPHQWV�DUH�HVVHQWLDOO\�LUUHOHYDQW�WR�WKHVH
JXLGHOLQHV���7KH�UHVXOWV�RI�SDUW���DUH�PRUH
UHOHYDQW�WR�WKH�UHDO�ZRUOG�DQG�IDLOHG�WR�UHYHDO�DQ\
VXEVWDQWLYH�LQWHUDFWLRQ�HIIHFWV��GHVSLWH
XQUHDOLVWLFDOO\�KLJK�GRVLQJ�OHYHOV����0RUH
UHFHQWO\��6WDQOH\�HW�DO���������H[SHULPHQWDOO\
VWXGLHG�WKH�HIIHFWV�RI�ERURQ�VHOHQLXP
LQWHUDFWLRQV�RQ�PDOODUG�UHSURGXFWLYH
SHUIRUPDQFH��GXFNOLQJ�JURZWK��DQG�GXFNOLQJ
VXUYLYDO���7KHLU�H[SHULPHQWV�DOVR�IRXQG�OLWWOH
HYLGHQFH�RI�LQWHUDFWLRQ�EHWZHHQ�WKHVH�HOHPHQWV�

5HJXODWRU\�6WDQGDUGV

U.S. Environmental Protection Agency
standards and criteria

[See Appendix II for explanation of terms.  Source: 
EPA 1995]

Status Listed for regulation;
carcinogenicity unknown

Drinking water
MCL

Not established

Drinking water
health advisories
for 10-kg child

1-day HA: 4 mg/L
10-day HA: 0.9 mg/L
Long-term HA: 0.9 mg/L

Drinking water
health advisories
for 70-kg adult

Reference dose: 0.09 mg/kg/d
Long-term HA: 3    mg/L
Lifetime HA: 0.6 mg/L
DWEL: 3    mg/L

)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�
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Table 7.&Summary of literature for boron ecotoxicology
[LC50, median lethal concentration; LD50, median lethal dose; both indicate 50 percent mortality after a stated time interval. 

Similarly, LC100 denotes 100 percent mortality.  dw, dry weight; bw, body weight; conc., concentration]

Species
Boron

compound Concentration Test conditions Effect Reference

Plants

Blue-green

algae

(Anacystis

nidulans)

Boric acid 75%100 mg B/L 72 hours Photosynthetic pigments

depleted

Martinez et al.

1986; Mateo 

et al. 1987

Duckweed

(Lemna minor)

Boric acid 100 mg B/L pH 5.0 Growth inhibited Frick 1985

20 mg B/L pH 7.0 Growth inhibited

Waterweed

(Elodea

canadensis)

Boric acid 1 mg B/L 28 d Reduced photosynthesis Perry et al.

1994

Invertebrates

Mosquito

larvae (3 spp.)

Boric acid 700%2,797 mg

B/L

Freshly hatched to

pupae stages

LC100 (48 hr) EPA 1975

Midge

(Chironomus

decorus)

Borax 1,376 mg B/L Fourth instar LC50 (48 hr) Maier and

Knight 1991
20 mg B/L Decrease in growth

(96 hr)

Significant decrease in

growth rate

Water flea

(Daphnia

magna) 

Boric acid 420 mg/L Neonates LC100 (48 hr) Lewis and

Valentine 1981;

Gersich 1984
115-246 mg/L LC50 (48 hr) LC50 (48 hr)

13%53 mg/L Hard water LC50 (21 d); reduced mean

brood size and body length

13.6 mg/L 21 d LOAEL, reproductive effects

6.4 mg/L 21 d NOAEL

Fish

Bluegill

(Lepomis

macrochirus)

Boron

trifluoride

15,000 mg B/L LC50 (24 hr) Birge and Black

1977

Chinook

salmon

Boric acid >1,000 mg/L Eyed eggs, alevins

and fry; soft water 

LC50 (24 hr) Hamilton and

Buhl 1990

566%725 mg/L Fry; very hard and soft

fresh water

LC50 (96 hr)

Chinook and

Coho salmon

Boric acid >1,000 mg/L Fry; very hard fresh

and brackish water

LC50 (24 hr)

Coho salmon Boric acid 447 mg/L Very hard fresh water LC50 (96 hr)
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Table 7.&Summary of literature for boron ecotoxicology&Continued

Species
Boron

compound Concentration Test conditions Effect Reference

Fish&Continued

Channel

catfish

Borax and

boric acid

155 mg/L Embryos and fry LC50 (9 d) Birge and Black

1977

Goldfish Boric acid 75 mg/L Embryos and fry; hard

water

LC50 (7 d) Birge and Black

1977
Borax 59 mg/L

Minnows Boric acid 18,000%19,000

mg/L

Distilled water Minimum lethal dose EPA 1986

19,000%19,500

mg/L

Hard water

Borax 19,000%19,500

mg/L 

Distilled and hard

water

Minimum lethal dose Sprague 1972

Anhydrous

borax

3,000%7,000

mg/L 

Boric acid 1,600%3,700

mg/L 

Mosquitofish

(Gambusia

affinis)

Boric acid 979 mg B/L Adults LC50 (96 hr) Birge and Black

1977

Rainbow trout 339 mg/L Adults LC50 (48 hr) Sprague 1972;

Birge and Black

1977; Lewis

and Valentine

1981

Amphibians

Toad (Bufo

vulgaris)

Boric acid 874 mg B/L Embryos, 24-hr

exposure

Edema, microcephalia,

short tail, suppressed

forebrain development 

EPA 1975

Fowler’s toad Boric acid 145 mg/L Embryos and

tadpoles; soft water

LC50 (7.5 d) Birge and Black

1977

25%123 mg/L Embryos and

tadpoles; hard and

soft water

Leopard frog Boric acid 130 mg/L Embryos and

tadpoles; soft water

LC50 (7.5 d) Birge and Black

1977

Borax 47%54 mg/L Embryos and

tadpoles; hard and

soft water
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Table 7.&Summary of literature for boron ecotoxicology&Continued

Species
Boron

compound Concentration Other conditions Effect Reference

Birds

Domestic

chicken

Boric acid

(in food)

875 mg B/kg Adult; 6-day exposure Egg production ceased Birge and Black

1977

Mallard duck

(Anas platy-

rhynchos)

Boric acid

(in food)

1,600 mg/kg dw Ducklings; 10-week

exposure

Reduced growth; increased

resting time; duckling brain

51 mg/kg; liver 29 mg/kg dw

Hoffman et al.

1990; Stanley 

et al. 1996

400 mg/kg dw Delayed and reduced rate

of growth among females;

increased resting time in

ducklings; adult brain 5 mg/

kg dw, liver 3 mg/kg dw

100 mg/kg dw Delayed and reduced rate

of growth among females;

reduced bathing time in

ducklings; adult brain, 4 mg/

kg dw, liver, 3 mg/kg dw

1,000 mg/kg dw Hen dosed beginning

3 weeks prior to

mating; ducklings

dosed for 21 days

after hatching

48% reduction in hatching

success; reduced weight

and survival of ducklings. 

Resulting B conc. (mg/kg

dw):  adult brain 41, liver

33; egg 49; duckling brain

66, liver 51

Smith and

Anders 1989

300 mg/kg dw Reduced weight gain rate in

ducklings.  Resulting B

conc. (mg/kg dw):  adult

brain 14, liver 15; egg 13;

duckling brain 19, liver 17

30 mg/kg dw Reduced weight and weight

gain in ducklings through 21

days; egg, 3 mg/kg dw;

duckling brain, 4 mg/kg dw

Mallard duck

(Anas platy-

rhynchos)

Boric acid

(in food)

900 mg/kg dw Reduced hen weight gain;

reduced egg size, weight,

and hatching success (by

~50% compared to controls)

Stanley et al.

1996

450 mg/kg dw Reduced egg hatching

success (~10% compared

to controls)
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Table 7.&Summary of literature for boron ecotoxicology&Continued

Species
Boron

compound Concentration Test conditions Effect Reference

Mammals

Dog (Canis

familiaris)

1,170 mg B/kg 38 weeks exposure Testicular degeneration;

spermatogenesis cessation

Nielsen 1986;

Weir and Fisher

1972

Rabbit (Oryc-

tolagus sp.)

Borates (in

food)

800%1,000

mg/kg bw 

4-day exposure Growth retardation Anonymous

1983

Rat (Rattus

sp.)

Boric acid

(in food)

1,750 mg B/kg 25 days exposure 50% reduction in growth

rate

Seal and Weeth

1980

Boric acid

(in food)

1,170 mg B/kg 2 years exposure Sterility in males and

females

Sprague 1972;

Weir and Fisher

1972

Sodium

borate (in

food)

1,060 mg/kg Chronic exposure Growth retardation;

testicular atrophy

Anonymous

1983

Boric acid 710%550 mg

B/kg bw

Oral, single dose LD50 Weir and Fisher

1972; EPA

1975; Dani et

al. 1971

Boric acid

(in drinking

water)

0.05 mg B/ kg

bw

Daily for 6 months Decreased spermatozoid

count and activity

Krasovskii et al.

1976

Boric acid

(in food)

0.015%0.3 mg

B/kg bw 

Daily for 6 months Adverse changes in testes Anonymous

1983

5HIHUHQFHV�&LWHG

$GULDQR��'�&����������6TCEG�GNGOGPVU�KP�VJG
VGTTGUVTKCN�GPXKTQPOGPV���6SULQJHU�9HUODJ��1HZ
<RUN�������S�

$QRQ\PRXV����������)LQDO�UHSRUW�RQ�WKH�VDIHW\
DVVHVVPHQW�RI�VRGLXP�ERUDWH�DQG�ERULF�DFLG���
,��#O��%QNN��6QZKEQN������²����

%DQXHORV��*�6���'�:��0HHN��DQG�*�-��+RIIPDQ��
�������7KH�LQIOXHQFH�RI�VHOHQLXP��VDOLQLW\��DQG
ERURQ�RQ�VHOHQLXP�XSWDNH�LQ�ZLOG�PXVWDUG��
2NCPV�CPF�5QKN��������²����

%HFNHU��&�'��DQG�7�2��7KDWFKHU����������6QZKEKV[�QH
RQYGT�RNCPV�EJGOKECNU�VQ�CSWCVKE�NKHG���%DHWWHOOH�
3DFLILF�1RUWKZHVW�/DERUDWRULHV��5LFKODQG�
:DVKLQJWRQ�

%H\HU��.�+���:�)��%HUJILHOG��:�2��%HUDGW��
5�.��%RXWZHOO��:�:��&RUOWRQ��'�.��+RIIPDQ�
DQG�$�/��6FKURHWHU����������)LQDO�UHSRUW�RQ�WKH
VDIHW\�DVVHVVPHQW�RI�VRGLXP�ERUDWH�DQG�ERULF
DFLG���,��#O��%QNN��6QZKEQN������²����

%HQVRQ��:�+���:�-��%LUJH��DQG�+�:��'RURXJK��
�������$EVHQFH�RI�PXWDJHQLF�DFWLYLW\�RI�VRGLXP
ERUDWH��ERUD[��DQG�ERULF�DFLG�LQ�WKH�5CNOQPGNNC
SUHLQFXEDWLRQ�WHVW���'PXKTQP��6QZKEQN��%JGO�
�����²����
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%LQJKDP��)�7����������7KH�ERURQ�FRQFHQWUDWLRQ�RI
ZLOG�WURXW�VWUHDPV�LQ�&DOLIRUQLD���5HSRUW�WR
3URFWHU�	�*DPEOH�&R���&LQFLQQDWL��2KLR��S����

%LQJKDP��)�7���-�(��6WURQJ��-�'��5KRDGHV��DQG�
5��.HUHQ���������(IIHFWV�RI�VDOLQLW\�DQG�YDU\LQJ
ERURQ�FRQFHQWUDWLRQV�RQ�ERURQ�XSWDNH�DQG
JURZWK�RI�ZKHDW���2NCPV�CPF�5QKN��������²����

%LUJH��:�-���DQG�-�$��%ODFN����������6HQVLWLYLW\�RI
YHUWHEUDWH�HPEU\RV�WR�ERURQ�FRPSRXQGV��$SULO
�����)LQDO�5HSRUW���(3$²�����²��²������
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH
RI�7R[LF�6XEVWDQFHV���:DVKLQJWRQ��'&������S�

%R\G��&�(��DQG�:�:��:DOOH\����������6WXGLHV�RI�WKH
ELRJHRFKHPLVWU\�RI�ERURQ���,���&RQFHQWUDWLRQV�LQ
VXUIDFH�ZDWHUV��UDLQIDOO�DQG�DTXDWLF�SODQWV���
#O��/KFN��0CV������²���

%URZQLQJ��(����������6QZKEKV[�QH�KPFWUVTKCN�OGVCNU��
�G�HG���$SSOHWRQ�&HQWXU\�&URIWV��1HZ�<RUN�

%XWWHUZLFN��/���1��'H�2XGH��DQG�.��5D\PRQG��
�������6DIHW\�DVVHVVPHQW�RI�ERURQ�LQ�DTXDWLF�DQG
WHUUHVWULDO�HQYLURQPHQWV���'EQVQZKEQN��'PXKTQP�
5CHGV[��������²����

&+�0�+LOO��+�7��+DUYH\�DQG�$VVRFLDWHV��DQG�
*�/��+RUQHU����������&XPXODWLYH�LPSDFWV�RI
DJULFXOWXUH�HYDSRUDWLRQ�EDVLQV�RQ�ZLOGOLIH��
7HFKQLFDO�5HSRUW�

&RZJLOO��8�0����������7KH�K\GURJHRFKHPLVWU\�RI
/LQVOH\�3RQG���,,���7KH�FKHPLFDO�FRPSRVLWLRQ�RI
DTXDWLF�PDFURSK\WHV���#TEJ��*[FTQDKQN��6XSSO��
����²����

&UHVVZHOO��*�&���1�*��1DLU��DQG�-�&��(YDQV���������
(IIHFW�RI�ERURQ�DQG�FRSSHU�FRQWDPLQDQWV�LQ
SRXOWU\�PDQXUH�RQ�WKH�JURZWK�RI�WKH�FRPPRQ
PXVKURRP��#ICTKEWU�DKURQTWU����������#WUV��,�
'ZR��#ITKEWNV��������²����

'DQL��+�0���+�6��6DLQL��,�6��$OODJ��%��6LQJK��DQG�
.��6DUHHQ����������(IIHFW�RI�ERURQ�WR[LFLW\�RQ
SURWHLQ�DQG�QXFOHLF�DFLG�FRQWHQWV�RI�UDW�WLVVXHV��
4GU��$WNN��
0�5���2CPLCD�7PKX��������²����

'L[RQ��5�/���,�3��/HH��DQG�5�-��6KHULQV���������
0HWKRGV�WR�DVVHVV�UHSURGXFWLYH�HIIHFWV�RI
HQYLURQPHQWDO�FKHPLFDOV���VWXGLHV�RI�FDGPLXP
DQG�ERURQ�DGPLQLVWHUHG�RUDOO\���'PXKTQP��*GCNVJ
2GTURGEV�������²���

(DWRQ��)�0����������%RURQ�LQ�VRLOV�DQG�LUULJDWLRQ
ZDWHUV�DQG�LWV�HIIHFW�RQ�SODQWV��ZLWK�SDUWLFXODU
UHIHUHQFH�WR�WKH�6DQ�-RDTXLQ�9DOOH\�RI�&DOLIRUQLD��
8�6��'HSW��$JULFXOWXUH�7HFK��%XOO������������S�

(DWRQ��)�0���5�'��0F&DOOXP��DQG�0�6��0D\KXJK��
�������4XDOLW\�RI�LUULJDWLRQ�ZDWHUV�RI�WKH
+ROOLVWHU�DUHD�RI�&DOLIRUQLD���8�6��'HSW�
$JULFXOWXUH�7HFK��%XOO�����������S�

(LVOHU��5����������%RURQ�KD]DUGV�WR�ILVK��ZLOGOLIH��DQG
LQYHUWHEUDWHV��D�V\QRSWLF�UHYLHZ���7�5��(KUJ�CPF
9KNFNKHG�5GTX��$KQN��4GR����������������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
3UHOLPLQDU\�LQYHVWLJDWLRQ�RI�HIIHFWV�RQ�WKH
HQYLURQPHQW�RI�ERURQ��LQGLXP��QLFNHO��VHOHQLXP�
WLQ��YDQDGLXP�DQG�WKHLU�FRPSRXQGV���9RO�����
%RURQ���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\
5HSW������²��²���$�������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
4XDOLW\�FULWHULD�IRU�ZDWHU���8�6��(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\��2IILFH�RI�:DWHU�5HJXODWLRQV
DQG�6WDQGDUGV��:DVKLQJWRQ���5HSW��(3$�����
�²��²����

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK�DGYLVRULHV��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH
RI�:DWHU��:DVKLQJWRQ������S�

)HUQDQGH]��(���(��6DQFKH]��,��*RQLOOD��3��0DWHR��DQG
3��2UWHJD����������(IIHFW�RI�ERURQ�RQ�WKH�JURZWK
DQG�FHOO�FRPSRVLWLRQ�RI�%JNQTGNNC�R[TGPQKFQUC��
2J[VQP�������²����

)ULFN��+����������%RURQ�WROHUDQFH�DQG�DFFXPXODWLRQ
LQ�WKH�GXFNZHHG��.GOPC�OKPQT���,��2NCPV�0WVT�
������²�����

*HUVLFK��)�0����������(YDOXDWLRQ�RI�D�VWDWLF�UHQHZDO
FKURQLF�WR[LFLW\�WHVW�PHWKRG�IRU�&CRJPKC
OCIPC�6WUDXV�XVLQJ�ERULF�DFLG���'PXKTQP�
6QZKEQN��%JGO������²���

*ODQGRQ��5�3���DQG�&�'��0F1DEE����������7KH
XSWDNH�RI�ERURQ�E\�.GOPC�OKPQT���#SWCV�
$QVCP[�����²���

*ROGEDFK��+��DQG�$��$PEHUJHU����������,QIOXHQFH�RI
ERURQ�QXWULWLRQ�RQ�FHOO�ZDOO�SRO\VDFFKDULGHV�LQ
FHOO�FXOWXUHV�RI�&CWEWU�EQTQVC�/���,��2NCPV
2J[UKQN����������²����
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*UHHQ��*�+��DQG�+�-��:HHWK����������5HVSRQVHV�RI
KHLIHUV�LQJHVWLQJ�ERURQ�LQ�ZDWHU���,��#PKO��5EK��
������²����

*XSWD��8�&����������5HODWLRQVKLS�RI�WRWDO�DQG�KRW�
ZDWHU�VROXEOH�ERURQ��DQG�IL[DWLRQ�RI�DGGHG
ERURQ��WR�SURSHUWLHV�RI�3RG]RO�VRLOV���5QKN�5EK�
5QE��#O��2TQE��������²����

*XSWD��8�&����������$QTQP�CPF�KVU�TQNG�KP�ETQR
RTQFWEVKQP���&5&�3UHVV��%RFD�5DWRQ��)ORULGD�

*XSWD��8�&���-�$��0DF/HRG��DQG�-�'�(��6WHUOLQJ��
�������(IIHFWV�RI�ERURQ�DQG�QLWURJHQ�RQ�JUDLQ
\LHOG�DQG�ERURQ�DQG�QLWURJHQ�FRQFHQWUDWLRQV�RI
EDUOH\�DQG�ZKHDW���5QKN�5EK��5QE��#O��,�����
���²����

*XSWD��8�&���<�:��-DPH��&�$��&DPSEHOO��
$�-��/H\VKRQ��DQG�:��1LFKRODLFKXN���������
%RURQ�WR[LFLW\�DQG�GHILFLHQF\���D�UHYLHZ���%CP��
,��5QKN�5EK���������²����

+DPLOWRQ��6�-���DQG�.�-��%XKO����������$FXWH�WR[LFLW\
RI�ERURQ��PRO\EGHQXP��DQG�VHOHQLXP�WR�IU\�RI
&KLQRRN�VDOPRQ�DQG�FRKR�VDOPRQ���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN���������²����

+DPLOWRQ��6�-��DQG�5�+��:LHGPH\HU���������
&RQFHQWUDWLRQV�RI�ERURQ��PRO\EGHQXP��DQG
VHOHQLXP�LQ�&KLQRRN�VDOPRQ���6TCPU��#O��(KUJ�
5QE���������²����

+HLQGHO��-�-���&�-��3ULFH��DQG�%�$��6FKZHW]���������
7KH�GHYHORSPHQWDO�WR[LFLW\�RI�ERULF�DFLG�LQ
PLFH��UDWV��DQG�UDEELWV���'PXKTQP��*GCNVJ
2GTURGEV�������6�QRY�����²����

+HP��-�'����������5VWF[�CPF�KPVGTRTGVCVKQP�QH�VJG
EJGOKECN�EJCTCEVGTKUVKEU�QH�PCVWTCN�YCVGT���G�HG��
8�6��*HRORJLFDO�6XUYH\�:DWHU�6XSSO\�3DSHU
�����

+RIIPDQ��'�-���0�%��&DPDUGHVH��/�-��/H&DSWDLQ��DQG
*�:��3HQGOHWRQ����������(IIHFWV�RI�ERURQ�RQ
JURZWK�DQG�SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV��
'PXKTQP��6QZKEQN��%JGO�������²����

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��
(��&URPDUWLH��DQG�*�:��3HQGOHWRQ���������
,QWHUDFWLYH�HIIHFWV�RI�ERURQ��VHOHQLXP��DQG
GLHWDU\�SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG
SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN���������²����

+RWKHP��5�/���DQG�+�0��2KOHQGRUI���������
&RQWDPLQDQWV�LQ�IRRGV�RI�DTXDWLF�ELUGV�DW
.HVWHUVRQ�5HVHUYRLU��&DOLIRUQLD���������#TEJ�
'PXKTQP��%QPVCO��6QZKEQN���������²����

+RYH��(���&�$��(OYHKMHP��DQG�(�%��+DUW���������
%RURQ�LQ�DQLPDO�QXWULWLRQ���#O��,��2J[UKQN�
�������²����

+XWFKLQVRQ��*�(����������#�VTGCVKUG�QP�NKOPQNQI[��
+++��.KOPQNQIKECN�DQVCP[���-RKQ�:LOH\��1HZ
<RUN�

,QJHUVROO��&�*���)�-��'Z\HU��6�$��%XUFK��
0�.��1HOVRQ��'�5��%XFNOHU��DQG�-�%��+XQQ��
�������7KH�XVH�RI�IUHVKZDWHU�DQG�VDOWZDWHU
DQLPDOV�WR�GLVWLQJXLVK�EHWZHHQ�WKH�WR[LF�HIIHFWV
RI�VDOLQLW\�DQG�FRQWDPLQDQWV�LQ�LUULJDWLRQ�GUDLQ
ZDWHU��'PXKTQP��6QZKEQN��%JGO��������²����

.UDVRYVNLL��*�1���6�3��9DUVKDYVND\D��DQG�
$�,��%RULVRY����������7R[LF�DQG�JRQDGRWURSKLF
HIIHFWV�RI�FDGPLXP�DQG�ERURQ�UHODWLYH�WR
VWDQGDUGV�IRU�WKHVH�VXEVWDQFHV�LQ�GULQNLQJ�ZDWHU��
'PXKTQP��*GCNVJ�2GTURGEV��������²���

/DQGROSK��-�5����������&\WRWR[LFLW\�DQG�QHJOLJLEOH
JHQRWR[LFLW\�RI�ERUD[�RUHV�WR�FXOWXUHG
PDPPDOLDQ�FHOOV���#O��,��+PF��/GF�������²���

/HH��,�3���5�-��6KHULQV��DQG�5�/��'L[RQ���������
(YLGHQFH�IRU�LQGXFWLRQ�RI�JHUPLQDO�DSODVLD�LQ
PDOH�UDWV�E\�HQYLURQPHQWDO�H[SRVXUH�WR�ERURQ��
6QZKEQN��#RRN��2JCTOCEQN���������²����

/HPO\��$�'���FRRUGLQDWRU����������#ITKEWNVWTCN
KTTKICVKQP�UVWFKGU�KP�UWRRQTV�QH�VJG�5CP�,QCSWKP
8CNNG[�&TCKPCIG�2TQITCO��HKPCN�TGRQTV���8�6�
)LVK�DQG�:LOGOLIH�6HUYLFH��1DWLRQDO�)LVKHULHV
&RQWDPLQDQW�5HVHDUFK�&HQWHU��&ROXPELD�
0LVVRXUL�

/HZLV��0�$���DQG�/�&��9DOHQWLQH����������$FXWH�DQG
FKURQLF�WR[LFLWLHV�RI�ERULF�DFLG�WR�&CRJPKC
OCIPC�6WUDXV���$WNN��'PXKTQP��%QPVCO��6QZKEQN�
�������²����



%RURQ

��

/LYLQJVWRQH��'�$����������&KHPLFDO�FRPSRVLWLRQ�RI
ULYHUV�DQG�ODNHV���8�6��*HRORJLFDO�6XUYH\
3URIHVVLRQDO�3DSHU�����*�

0DHVR��(�6���(�)��9DOLHQWH��,��%RQLOOD��DQG�3��0DWHR��
�������$FFXPXODWLRQ�RI�SURWHLQV�LQ�JLDQW�FHOOV�
LQGXFHG�E\�KLJK�ERURQ�FRQFHQWUDWLRQV�LQ
%JNQTGNNC�R[TGPQKFQUC���,��2NCPV�2J[UKQN��
�������²����

0DLHU��.�-���DQG�$�:��.QLJKW����������7KH�WR[LFLW\�RI
ZDWHUERUQH�ERURQ�WR�&CRJPKC�OCIPC�DQG
%JKTQPQOWU�FGEQTWU�DQG�WKH�HIIHFWV�RI�ZDWHU
KDUGQHVV�DQG�VXOIDWH�RQ�ERURQ�WR[LFLW\���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

0DUWLQH]��)���3��0DWLR��,��%RQLOOD��DQG�(��)HUQDQGH]�
9DOLHQWH����������&HOOXODU�FKDQJHV�GXH�WR�ERURQ
WR[LFLW\�LQ�WKH�EOXH�JUHHQ�DOJD�#PCE[UVKU
PKFWNCPU���2J[VQP�������²����

0DWHR��3���)��0DUWLQH]��,��%RQLOOD��(�)��9DOLHQWH��DQG
(�6��0DHVR����������(IIHFWV�RI�KLJK�ERURQ
FRQFHQWUDWLRQV�RQ�QLWUDWH�XWLOL]DWLRQ�DQG
SKRWRV\QWKHVLV�LQ�EOXH�JUHHQ�DOJDH�#PCDCGPC
3&&������DQG�#PCE[UVKU�PKFWNCPU���,��2NCPV
2J[UKQN���������²����

0F%ULGH��/���:��&KRUQH\��DQG�-��6NRN���������
*URZWK�RI�%JNQTGNNC�LQ�UHODWLRQ�WR�ERURQ
VXSSO\���$QV��)C\������������²���

0LNNHOVHQ��5�/���*�+��+DJKQLD��$�/��3DJH��DQG�
)�7��%LQJKDP����������7KH�LQIOXHQFH�RI
VHOHQLXP��VDOLQLW\��DQG�ERURQ�RQ�DOIDOID�WLVVXH
FRPSRVLWLRQ�DQG�\LHOG���,��'PXKTQP��3WCN��������
��²���

1$6��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�����������%RURQ��
,Q���/KPGTCN�VQNGTCPEG�QH�FQOGUVKE�CPKOCNU��
1DWO��$FDG���6FL���1DWO��5HV��&RXQ���&RPP�
$QLP��1XWU���:DVKLQJWRQ��S����²���

1LHOVHQ��)�+����������2WKHU�HOHPHQWV���6E��%D��%��%U�
&V��*H��5E��$J��6U��6Q��7L��=U��%H��%L��*D��$X�
,Q��1E��6F��7H��7O��:���,Q���:��0HUW]��HG��6TCEG
GNGOGPVU�KP�JWOCP�CPF�CPKOCN�PWVTKVKQP��
$FDGHPLF�3UHVV��1HZ�<RUN���9RO�����S�����²����

2KOHQGRUI��+�0���'�-��+RIIPDQ��0�.��6DLNL��DQG
7�:��$OGULFK����������(PEU\RQLF�PRUWDOLW\�DQG
DEQRUPDOLWLHV�RI�DTXDWLF�ELUGV���$SSDUHQW
LPSDFWV�RI�VHOHQLXP�IURP�LUULJDWLRQ�GUDLQZDWHU��
5EK��6QVCN�'PXKTQP�������²���

3DLV��,���DQG�-�%��-RQHV��-U���HGV����������6JG�JCPFDQQM
QH�VTCEG�GNGOGPVU���6W��/XFLH�3UHVV��%RFD�5DWRQ�
)ORULGD�

3DUNHU��'�5���$�/��3DJH��DQG�'�1��7KRPDVRQ���������
6DOLQLW\�DQG�ERURQ�WROHUDQFHV�RI�FDQGLGDWH�SODQWV
IRU�WKH�UHPRYDO�RI�VHOHQLXP�IURP�VRLOV���,�
'PXKTQP��3WCN���������²����

3DYHJOLR��)�/���&�0��%XQFN��DQG�*�+��+HLQ]���������
6HOHQLXP�DQG�ERURQ�LQ�DTXDWLF�ELUGV�IURP
FHQWUDO�&DOLIRUQLD���,��9KNFN��/CPCIG�
��������²���

3HQGOHWRQ��*�:���0�5��:KLWZRUWK��DQG�*�+��2OVHQ��
�������$FFXPXODWLRQ�DQG�ORVV�RI�DUVHQLF�DQG
ERURQ��DORQH�DQG�LQ�FRPELQDWLRQ��LQ�PDOODUG
GXFNV���'PXKTQP��6QZKEQN��%JGO�
����������²�����

3HUU\��'�0���,�6��6XIIHW��0��:LOKHOP��-�$��1REOHW��DQG
$��0DOLJOLJ����������%RURQ�HQYLURQPHQWDO
FKHPLVWU\��GLVWULEXWLRQ��ELRDFFXPXODWLRQ��DQG
WR[LFLW\�LQ�DTXDWLF�V\VWHPV�DQG�UHFRPPHQGD�
WLRQV�IRU�HVWDEOLVKPHQW�RI�D�ERURQ�ZDWHU�TXDOLW\
FULWHULRQ�IRU�QDWXUDO�ZDWHUV�LQ�WKH�6DQ�-RDTXLQ
9DOOH\��&DOLIRUQLD���)LQDO�UHSRUW�IRU�FRQWUDFW
QXPEHU��²���²���²���VXEPLWWHG�WR�WKH
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO
%RDUG��&HQWUDO�9DOOH\�5HJLRQ��DQG�WKH�&DOLIRUQLD
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�������S�

3RZHOO��5�/���5�$��.LPHUOH��*�7��&R\OH��DQG�
*�5��%HVW����������(FRORJLFDO�ULVN�DVVHVVPHQW�RI
D�ZHWODQG�H[SRVHG�WR�ERURQ���'PXKTQP��6QZKEQN�
%JGO����������²�����

5RX[��'�-���6�+�-��-RRVWH��DQG�+�0��0DF.D\���������
6XEVWDQFH�VSHFLILF�ZDWHU�TXDOLW\�FULWHULD�IRU�WKH
SURWHFWLRQ�RI�6RXWK�$IULFDQ�IUHVKZDWHU
HFRV\VWHPV���0HWKRGV�IRU�GHULYDWLRQ�DQG�LQLWLDO
UHVXOWV�IRU�VRPH�LQRUJDQLF�WR[LF�VXEVWDQFHV���
5��#HT��,��5EK��������²����

6DLNL��0�.����������(OHPHQWDO�FRQFHQWUDWLRQV�LQ
ILVKHV�IURP�WKH�6DOWRQ�6HD��&DOLIRUQLD���9CVGT�
#KT��5QKN�2QNN�������²���

6DLNL��0�.���DQG�7�:��0D\����������5CP�,QCSWKP
8CNNG[�HKUJ�EQPVCKP�GNGXCVGF�EQPEGPVTCVKQPU�QH
UGNGPKWO����8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��)RUW
&ROOLQV��&RORUDGR���5HVHDUFK�,QIRUPDWLRQ
%XOOHWLQ���²���



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

6DLNL��0�.���0�5��-HQQLQJV��DQG�:�*��%UXPEDXJK��
�������%RURQ��PRO\EGHQXP��DQG�VHOHQLXP�LQ
DTXDWLF�IRRG�FKDLQV�IURP�WKH�ORZHU�6DQ�-RDTXLQ
DQG�LWV�WULEXWDULHV��&DOLIRUQLD���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6DPHFND�&\PHUPDQ��$���$�-��.HPSHUV��DQG�
3�/�(��%RGOLHU����������3UHOLPLQDU\�LQYHVWLJDWLRQV
LQWR�WKH�EDFNJURXQG�OHYHOV�RI�YDULRXV�PHWDOV�DQG
ERURQ�LQ�WKH�DTXDWLF�OLYHUZRUW�5ECRCPKC
WNKIKPQUC���#SWCV��$QVCP[�������²����

6FKXOHU��&�$����������,PSDFWV�RI�DJULFXOWXUDO
GUDLQZDWHU�DQG�FRQWDPLQDQWV�RQ�ZHWODQGV�DW
.HVWHUVRQ�5HVHUYRLU��&DOLIRUQLD���0�6��WKHVLV�
2UHJRQ�6WDWH�8QLYHUVLW\��&RUYDOOLV�������SS�

6HDO��%�6���DQG�+�-��:HHWK����������(IIHFW�RI�ERURQ�LQ
GULQNLQJ�ZDWHU�RQ�WKH�PDOH�ODERUDWRU\�UDW���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6KHOWRQ��/�5���DQG�/�.��0LOOHU����������:DWHU�TXDOLW\
GDWD��6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��0DUFK�����
WR�0DUFK��������8�6��*HRO��6XUYH\�2SHQ�)LOH
5HSW����²���������S�

6LHJHO��(���DQG�6��:DVRQ����������%RULF�DFLG�WR[LFLW\��
2GFKCVT��%NKP��0QTVJ�#O��������²����

6-9'3��6DQ�-RDTXLQ�9DOOH\�'UDLQDJH�3URJUDP���
�������(KUJ�CPF�YKNFNKHG�TGUQWTEGU�CPF
CITKEWNVWTCN�FTCKPCIG�KP�VJG�5CP�,QCSWKP
8CNNG[��%CNKHQTPKC���6DFUDPHQWR��&DOLIRUQLD��6DQ
-RDTXLQ�9DOOH\�'UDLQDJH�3URJUDP���9RO�����VHF�����

6PLWK��*�-��DQG�9�3��$QGHUV����������7R[LF�HIIHFWV�RI
ERURQ�RQ�PDOODUG�UHSURGXFWLRQ���'PXKTQP�
6QZKEQN��%JGO��������²����

6SUDJXH��5�:���������6JG�GEQNQIKECN�UKIPKHKECPEG�QH
DQTQP���8�6��%RUD[�5HVHDUFK�&RUSRUDWLRQ�
$QDKHLP��&DOLIRUQLD������S��

6WDQOH\��7�5���-U���*�-��6PLWK��'�-��+RIIPDQ��
*�+��+HLQ]��DQG�5��5RVVFRH����������(IIHFWV�RI
ERURQ�DQG�VHOHQLXP�RQ�PDOODUG�UHSURGXFWLRQ
DQG�GXFNOLQJ�JURZWK�DQG�VXUYLYDO���'PXKTQP�
6QZKEQN��%JGO���������²�����

6WDWH�:DWHU�5HVRXUFHV�&RQWURO�%RDUG���������
5HJXODWLRQ�RI�DJULFXOWXUDO�GUDLQDJH�WR�WKH�
6DQ�-RDTXLQ�5LYHU���&DOLIRUQLD�6WDWH�:DWHU
5HVRXUFHV�&RQWURO�%RDUG��6DFUDPHQWR�
7HFKQLFDO�&RPPLWWHH�5HSRUW��2UGHU�
1R��:�4����²��

6WHWOHU��/�+����������%DVHOLQH�OHYHOV�RI�VHOHFWHG�WUDFH
HOHPHQWV�LQ�&RORUDGR�RLO�VKDOH�UHJLRQ�DQLPDOV���,�
9KNFN��&KU��������²����

7KRPSVRQ��-�$�-���-�&��'DYLV��DQG�5�(��'UHZ���������
7R[LFLW\��XSWDNH��DQG�VXUYH\�VWXGLHV�RI�ERURQ�LQ
WKH�PDULQH�HQYLURQPHQW���9CVGT�4GU�
������²����

7KXUVWRQ��5�9���5�&��5XVVR��&�0��)HWWRUROI��-U���
7�$��(GVDOO��DQG�<�0��%DUEHU��-U���HGV����������#
TGXKGY�QH�VJG�'2#�4GF�$QQM���3WCNKV[�ETKVGTKC
HQT�YCVGT���$PHULFDQ�)LVKHULHV�6RFLHW\��:DWHU
4XDOLW\�6HFWLRQ��%HWKHVGD��0DU\ODQG�������S���

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ�����������(KPCN
GPXKTQPOGPVCN�KORCEV�UVCVGOGPV��-GUVGTUQP
2TQITCO��/GTEGF�CPF�(TGUPQ�%QWPVKGU�
%CNKHQTPKC���86%5�0LG�3DFLILF�5HJLRQDO�2IILFH��
6DFUDPHQWR��&DOLIRUQLD�����YROV�

:DJJRW��$����������$Q�LQYHVWLJDWLRQ�RI�WKH�SRWHQWLDO
SUREOHP�RI�LQFUHDVLQJ�ERURQ�FRQFHQWUDWLRQV�LQ
ULYHUV�DQG�ZDWHU�FRXUVHV���9CVGT�4GU�������²�����

:HLU��5�-���-U���DQG�5�6��)LVKHU����������7R[LFRORJLF
VWXGLHV�RQ�ERUD[�DQG�ERULF�DFLG���6QZKEQN��#RRN�
2JCTOCEQN��������²����

:KLWZRUWK��0�5���*�:��3HQGOHWRQ��'�-��+RIIPDQ�
DQG�0�%��&DPDUGHVH����������(IIHFWV�RI�GLHWDU\
ERURQ�DQG�DUVHQLF�RQ�WKH�EHKDYLRU�RI�PDOODUG
GXFNOLQJV���'PXKTQP��6QZKEQN��%JGO�
������²����

<RXVLI��<�+���)�7��%LQJKDP��DQG�'�0��<HUPDQRV��
�������*URZWK��PLQHUDO�FRPSRVLWLRQ��DQG�VHHG
RLO�RI�VHVDPH��5GUCOWO�KPFKEWO�/����DV�DIIHFWHG
E\�ERURQ�DQG�H[FKDQJHDEOH�VRGLXP���5QKN�5EK�
5QE��#O��2TQE��������²����
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&RQVWLWXHQWV�RI�&RQFHUQ

&RSSHU

'HVFULSWLRQ

&RSSHU��&X��LV�RQH�RI�WKH�PRVW�IDPLOLDU�PHWDOV�
KDYLQJ�EHHQ�XVHG�IRU�WKRXVDQGV�RI�\HDUV�WR
PDNH�WRROV��RUQDPHQWV��XWHQVLOV��DQG�FRLQV���7KH
HDUOLHVW�PHWDO�ZRUNHUV�IRXQG�FRSSHU�YHU\�HDV\�WR
ZRUN�ZLWK��RZLQJ�WR�LWV�PDOOHDELOLW\��GXFWLOLW\�
DQG�PRGHUDWH�PHOWLQJ�SRLQW���������&����&RSSHU
LV�DOVR�RQH�RI�WKH�EHVW�FRQGXFWRUV�RI�ERWK�KHDW
DQG�HOHFWULFLW\��ZKLFK�PDNHV�LW�XVHIXO�LQ
FRRNZDUH�DQG�LQYDOXDEOH�LQ�HOHFWULFDO�FLUFXLWV��
1DWLYH�FRSSHU�LV�VKLQ\�DQG�EURZQ�WR�UHGGLVK�
EURZQ��EXW�LWV�PDQ\�VDOWV�DQG�PLQHUDOV�WDNH�RQ�D
YDULHW\�RI�KXHV�UDQJLQJ�IURP�EULJKW�JUHHQ�WR
SXUSOH�WR�LQGLJR�EOXH�WR�\HOORZLVK�EURZQ��
&KHPLFDOO\�LW�KDV�WZR�R[LGDWLRQ�VWDWHV��IRUPLQJ
HLWKHU�FXSURXV��&X���RU�FXSULF��&X���
FRPSRXQGV���7KH�FXSURXV�FRPSRXQGV�DUH�QRW
FRPPRQ�LQ�QDWXUDO�ZDWHUV��WKRXJK��DV�WKH\
R[LGL]H�UHDGLO\�WR�WKH�ELYDOHQW�IRUP�

2FFXUUHQFH

&RSSHU�LV�ZLGHVSUHDG�LQ�WKH�HQYLURQPHQW�
KDYLQJ�DQ�RYHUDOO�FUXVWDO�DEXQGDQFH�RI�DERXW���
PJ�NJ���,W�LV�SUHVHQW�LQ�ERWK�VHDZDWHU�DQG�IUHVK
ZDWHU�DW�FRQFHQWUDWLRQV�JHQHUDOO\�LQ�WKH�UDQJH�RI
�²����J�/��,UZLQ���������,WV�PRVW�FRPPRQ�RUHV
LQFOXGH�WKH�VXOILGHV�FKDOFRS\ULWH��ERUQLWH�
FKDOFRFLWH��DQG�FRYHOOLWH��DQG�WKH�FDUERQDWHV
D]XULWH�DQG�PDODFKLWH���,Q�WKH�:HVWHUQ�8QLWHG
6WDWHV��ODUJH�FRSSHU�PLQLQJ�RSHUDWLRQV�DUH�IRXQG
LQ�$UL]RQD��1HZ�0H[LFR��8WDK��DQG�0RQWDQD��
0RVW�RI�WKHVH�DUH�H[SORLWLQJ�ORZ�JUDGH�SRUSK\U\
GHSRVLWV������&X��PRVWO\�DV�FKDOFRS\ULWH���
9HLQV�RI�QDWLYH�FRSSHU�DUH�UDUH�LQ�WKH�:HVWHUQ
6WDWHV�

&RSSHU�LV�RQH�RI�WKH�PRVW�FRPPRQ�FRQWDPL�
QDQWV�IRXQG�LQ�XUEDQ�UXQRII���LW�LV�SUHVHQW�LQ�WKH
OHDFKDWH�IURP�PXQLFLSDO�ODQGILOOV�DQG�LQ�VOXGJHV�

JHQHUDWHG�E\�VHZDJH�WUHDWPHQW�SODQWV��DQG�LW�LV
FRPPRQO\�OHDFKHG�IURP�GULQNLQJ�ZDWHU�SLSHV�
SDUWLFXODUO\�LQ�DUHDV�ZKHUH�WKH�GULQNLQJ�ZDWHU�LV
VRPHZKDW�DFLGLF��,UZLQ���������6LJQLILFDQW
DPRXQWV�RI�FRSSHU�DUH�SURGXFHG�LQ�ZDVWHV�IURP
WH[WLOH�PLOOV�DQG�FRVPHWLFV�SODQWV��DQG�LQ�VOXGJH
IURP�KDUGERDUG�SURGXFWLRQ��PLQLQJ��VPHOWLQJ�
DQG�WKH�EXUQLQJ�RI�FRDO�LQ�SRZHUSODQWV��%URZQ
HW�DO��������)XUQHVV�DQG�5DLQERZ�������.DEDWD�
3HQGLDV�DQG�3HQGLDV��������

%DFNJURXQG�&RQFHQWUDWLRQV�³%DFNJURXQG
FRSSHU�OHYHOV�LQ�VRLO�UDQJH�IURP����WR
���PJ�NJ�LQ�XQFRQWDPLQDWHG�DUHDV��.DEDWD�
3HQGLDV�DQG�3HQGLDV���������7KH�DYHUDJH
FRQFHQWUDWLRQ�IRU�ZDWHU�LQ�ODNHV�DQG�VWUHDPV�LV
UHSRUWHG�WR�EH����J�/��1ULDJX��������DQG
DYHUDJH�IUHVKZDWHU�ILVK�FRQFHQWUDWLRQ�LV�
�����PJ�NJ�ZHW�ZHLJKW��ZZ���RU�DERXW�
�����PJ�NJ�GU\�ZHLJKW�>GZ@���WKH���WK�SHUFHQWLOH
FRQFHQWUDWLRQ�LQ�ILVK�ZDV���PJ�NJ�ZZ����PJ�NJ
GZ���6FKPLWW�DQG�%UXPEDXJK���������&RSSHU
FRQFHQWUDWLRQV�LQ�SODQWV�DUH�JHQHUDOO\�LQ�WKH
UDQJH�RI���WR����PJ�NJ�GZ��7KRPSVRQ�HW�DO�
��������:KROH�ERG\�FRQFHQWUDWLRQV�LQ�VPDOO
PDPPDOV�FROOHFWHG�IURP�YDULRXV
XQFRQWDPLQDWHG�VLWHV�UDQJHG�IURP�����WR�����
PJ�NJ�GZ��7DOPDJH�DQG�:DOWRQ���������:KROH�
ERG\�FRQFHQWUDWLRQV�RI�FRSSHU�LQ�DPSKLELDQV
YDU\�IURP���WR�����PJ�NJ�GZ��EXW�H[WUHPHO\
KLJK�FRSSHU�FRQFHQWUDWLRQV��XS�WR�������PJ�NJ
GZ��KDYH�EHHQ�REVHUYHG�LQ�OLYHUV�RI�VRPH
DPSKLELDQV�IURP�XQFRQWDPLQDWHG�DUHDV��+DOO
DQG�0XOKHUQ�������

6XPPDU\�RI�(IIHFWV

&RSSHU�LV�DQ�HVVHQWLDO�HOHPHQW�IRU�DOO�OLYLQJ
RUJDQLVPV��EXW�HOHYDWHG�OHYHOV�RI�FRSSHU�LQ�
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WKH�HQYLURQPHQW�PD\�EH�KDUPIXO�DW�RU�QHDU
FRSSHU�FRQWDPLQDWHG�VLWHV���%RWK�GHILFLHQW�DQG
H[FHVV�DPRXQWV�RI�FRSSHU�FDXVH�DGYHUVH�HIIHFWV
LQ�DOO�VSHFLHV���&RSSHU�LV�JHQHUDOO\�PRUH�WR[LF�WR
DTXDWLF�RUJDQLVPV�WKDQ�WR�ELUGV�RU�PDPPDOV��
7KLV�LV�UHIOHFWHG�E\�WKH�UHODWLYHO\�ORZ�DPELHQW
ZDWHU�TXDOLW\�FULWHULD�IRU�FRSSHU�DQG�E\�WKH�UDULW\
RI�WR[LF�HIIHFWV�WKURXJK�H[FHVV�GLHWDU\�H[SRVXUH
LQ�ELUGV�DQG�PDPPDOV�XQGHU�ILHOG�FRQGLWLRQV��
+RZHYHU��VRPH�XQJXODWHV��VXFK�DV�VKHHS��1$6
������3XOV��������DUH�PRUH�VHQVLWLYH�WR�FRSSHU
WKDQ�RWKHU�PDPPDOV���1HYHUWKHOHVV��FRSSHU
FRQFHQWUD�WLRQV�LQ�WKH�ERGLHV�RI�DTXDWLF�ELUGV
DQG�PDPPDOV�DUH�JHQHUDOO\�ZHOO�UHJXODWHG
�)XUQHVV�DQG�5DLQERZ��������DQG�FRSSHU
WR[LFLW\�LV�PRUH�OLNHO\�WR�DIIHFW�DTXDWLF�SODQWV�
LQYHUWHEUDWHV��DQG�ILVK���$�VXPPDU\�RI�ELRWLF
HIIHFW�OHYHOV�LV�SUHVHQWHG�LQ�WDEOH���

6XWHU�DQG�0DEUH\��������HYDOXDWHG�D�VHULHV�RI
WR[LFRORJLFDO�EHQFKPDUNV�IRU�VFUHHQLQJ�YDULRXV
FRQWDPLQDQWV�IRU�WKHLU�SRWHQWLDO�HIIHFWV�RQ
DTXDWLF�ELRWD���,Q�DGGLWLRQ�WR�WKH�QDWLRQDO
DPELHQW�ZDWHU�TXDOLW\��1$:4��FULWHULD��WKH\
SURYLGHG�VHFRQGDU\�DFXWH�DQG�FKURQLF�YDOXHV�
ORZHVW�FKURQLF�YDOXHV��LQFOXGLQJ�WKRVH�IRU�ILVK�
GDSKQLGV��QRQGDSKQLG�LQYHUWHEUDWHV��DTXDWLF
SODQWV��DQG�DOO�RUJDQLVPV���WHVW�(&��V��VHQVLWLYH
VSHFLHV�WHVW�(&��V��DQG�SRSXODWLRQ�(&��V���7KH
YDOXHV�IRU�ZDWHU�LQ�WDEOH���DUH�DV�IROORZV���´1R
HIIHFWµ�LV�WKH�ORZHVW�FKURQLF�YDOXH�IRU�DOO
RUJDQLVPV��´7R[LFLW\�WKUHVKROGµ�LV�WKH�1$:4
FKURQLF�FULWHULRQ��LI�HVWDEOLVKHG��RU�WKH
VHFRQGDU\�FKURQLF�YDOXH��DQG�´/HYHO�RI
FRQFHUQµ�LV�WKH�UDQJH�EHWZHHQ�WKH�WZR�RWKHU
YDOXHV�

)LHOG�&DVHV

7KUHH�H[DPSOHV�LOOXVWUDWH�WKH�SRWHQWLDO�LPSDFWV
RI�FRSSHU�FRQWDPLQDWHG�PLQH�GUDLQDJH�RQ�WKH
DTXDWLF�HQYLURQPHQW�

��� $FLG�PLQH�GUDLQDJH�IURP�WKH�,URQ
0RXQWDLQ�0LQH�QHDU�5HGGLQJ��&DOLIRUQLD�
FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�FRSSHU
DQG�]LQF�FDXVHG�QXPHURXV�ILVK�NLOOV�LQ�WKH

XSSHU�6DFUDPHQWR�5LYHU��)LQOD\VRQ�DQG
$VKXFNLDQ�������)LQOD\VRQ�DQG�9HUUXH
��������6RPH�RI�WKHVH�RFFXUUHG�DV�IDU�EDFN
DV�WKH�HDUO\�����
V��EXW�WKH\�EHFDPH�PRUH
IUHTXHQW�DQG�PRUH�VHULRXV�IROORZLQJ�WKH
FRQVWUXFWLRQ�RI�6KDVWD�'DP�LQ������DQG
.HVZLFN�'DP�LQ��������)LQOD\VRQ�DQG
$VKXFNLDQ��������K\SRWKHVL]HG�WKDW�WKHVH
GDPV�KDG�HIIHFWLYHO\�GLPLQLVKHG�WKH
´GLOXWLRQ�HIIHFWµ�LQ�WKH�6DFUDPHQWR�5LYHU��
<HW��WKH�RXWIORZV�IURP�WKHVH�GDPV�KDYH
DOVR�EHHQ�XVHG�WR�SXUSRVHO\�GLOXWH�HOHYDWHG
FRQFHQWUDWLRQV�WKDW�DUH�GHWHFWHG�DW
GRZQVWUHDP�PRQLWRULQJ�VWDWLRQV�

��� 6LPLODUO\��WR[LF�FRQFHQWUDWLRQV�RI�FRSSHU
DQG�]LQF�IURP�WKH�3HQQ�0LQH�DUHD�LQ�WKH
6LHUUD�1HYDGD�RI�&DOLIRUQLD�FDXVHG�VL]DEOH
ILVK�NLOOV�LQ�WKH�ORZHU�0RNHOXPQH�5LYHU
%DVLQ��)LQOD\VRQ�DQG�5HFWHQZDOG��������
'XULQJ�D�ILVK�NLOO�LQ�WKH�0RNHOXPQH�5LYHU
LQ�������FRSSHU�ZDV�HOHYDWHG�WR�����PJ�/�D
VKRUW�GLVWDQFH�GRZQVWUHDP�IURP�WKH�PLQH�

��� ,Q�&DQDGD��WKH�HIIHFWV�RI�PL[HG�PLQLQJ
ZDVWHV�RQ�ILVK�ZHUH�H[DPLQHG�WKURXJK
LQWHJUDWHG�ILHOG�VDPSOLQJ�RI�ZDWHU�
VHGLPHQW��LQYHUWHEUDWHV��DQG�ILVK
�0XQNLWWULFN�HW�DO��������0LOOHU�HW�DO���������
0LOOHU�HW�DO����������LQ�SDUWLFXODU��PDGH�DQ
H[WHQVLYH�VWXG\�RI�WKH�UHODWLRQVKLSV
EHWZHHQ�FRQFHQWUDWLRQV�RI�]LQF�DQG�FRSSHU
LQ�DOO�WKHVH�PHGLD�LQ�WKH�0DQLWRXZDGJH
FKDLQ�RI�ODNHV�LQ�QRUWKHUQ�2QWDULR���7KH\
IRXQG�D�FRUUHODWLRQ�EHWZHHQ�]LQF
FRQFHQWUDWLRQV�LQ�LQYHUWHEUDWHV�DQG�LQ
VHGLPHQW�EXW�REVHUYHG�QR�VXFK�UHODWLRQVKLS
ZLWK�ZDWHU�FRQFHQWUDWLRQV���1HLWKHU�GLG
WKH\�ILQG�DQ\�UHODWLRQVKLS�EHWZHHQ�]LQF
FRQFHQWUDWLRQV�LQ�ILVK�WLVVXH�DQG�WKRVH�LQ
LQYHUWHEUDWHV��DOWKRXJK�VHYHUDO�ODE�VWXGLHV
KDG�VXJJHVWHG�WKDW�IRRG�DQG�SDUWLFXODWHV�DUH
PXFK�PRUH�LPSRUWDQW�VRXUFHV�RI�]LQF�WKDQ
ZDWHU��3DWULFN�DQG�/RXWLW�������'DOOLQJHU
DQG�.DXW]N\�������DV�FLWHG�LQ�0LOOHU�HW�DO�
��������)RU�ERWK�]LQF�DQG
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Table 8.&Summary of comprehensive biotic effects of copper 
["&" indicates that no data are available]

Medium
No

effect
Level of
concern

Toxicity
threshold Explanation

Water (µg/L) 0.23 0.23%12 12 Hardness-dependent criteria:  0.23 µg/L is lowest
chronic value for aquatic organisms; 12 µg/L is
NAWQ chronic criterion at hardness of 100 mg/L
(as CaCO3).  (See Suter and Mabrey 1994.) 
Sensitive species may be affected in the "level of
concern" range (depending partly on effects of
pH, temperature, and dissolved oxygen). 

Sediment (mg/kg, dw) 34 34%270 270 "ERL" and "ERM" values of Long et al. (1995). 
However, sulfides in the sediment may reduce
copper toxicity (see text).

Plants (mg/kg dw) 3%30 & >20 Kabata-Pendias and Pendias (1992).  Toxicity
threshold varies depending on species of Cu
present.

Invertebrates & & & Diagnostic levels not established because Cu
generally is homeostatically regulated.  Some
invertebrates (e.g., crustaceans and mollusks)
require Cu for hemocyanin and may normally
have higher levels than other species (Furness
and Rainbow 1990).

Fish, whole body
(mg/kg, dw)

9.8 9.8%13.3 13.3 Diagnostic levels not established because Cu
generally is homeostatically regulated.  After 
9-week dietary exposure, rainbow trout showed
decreased weight gain at 13.3 mg/kg but no
significant effects at 9.8 (Julshamn et al. 1988).

Birds, liver (mg/kg dw)

   Eggs (mg/kg dw)

<60

5.5

25%300

&

>540

&

Data for ducks from Puls (1988); toxic concentra-
tions in waterfowl diets are >200 mg/kg dw.
Egg data from J.P. Skorupa (unpub. data, 1996).

Amphibians/reptiles & & & Diagnostic levels not established; even at
uncontaminated sites, some amphibian tissues
have 800%2,000 mg/kg dw (Hall and Mulhern
1984).

Mammals & & & Diagnostic levels for wild mammals not
established; for sheep, liver concentrations 
>250 mg/kg dw may be toxic (Puls 1988).

FRSSHU��WKH�ZDWHU�FRQFHQWUDWLRQ�ZDV�D�EHWWHU
LQGLFDWRU�RI�PHWDO�FRQFHQWUDWLRQ�LQ�ILVK�WLVVXH
WKDQ�WKH�VHGLPHQW�RU�LQYHUWHEUDWH�FRQFHQWUD�
WLRQV�LQ�WKLV�ILHOG�VWXG\���0LOOHU�HW�DO���������DOVR
UHSRUWHG�UHGXFHG�JURZWK�LQ�IHPDOHV�RI�ZKLWH
VXFNHU�DIWHU�VH[XDO�PDWXUDWLRQ��

GHFUHDVHG�HJJ�VL]H�DQG�IHFXQGLW\��QR�VLJ�QLILFDQW
LQFUHDVH�LQ�IHFXQGLW\�ZLWK�DJH��DQG�DQ�LQFUHDVHG
LQFLGHQFH�RI�VSDZQLQJ�IDLOXUH�DW�D�ZDWHU�ERUQH
]LQF�FRQFHQWUDWLRQ�RI�����PJ�/�DQG�D�VHGLPHQW
FRQFHQWUDWLRQ�RI�������PJ�NJ���,Q�DGGLWLRQ��WKH\
IRXQG�NLGQH\�DQG�OLYHU�
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FRQFHQWUDWLRQV�WR�EH�EHWWHU�LQGLFDWRUV�RI�FKURQLF
]LQF�DQG�FRSSHU�H[SRVXUH�WKDQ�PXVFOH
FRQFHQWUDWLRQV�

0DQ\�PRUH�UHFHQW�ILHOG�VWXGLHV�KDYH�LQYHVWL�
JDWHG�WKH�WR[LFLW\�RI�FRSSHU�DQG�FRSSHU�]LQF
PL[WXUHV�LQ�HIIOXHQWV���)LQOD\VRQ�DQG�9HUUXH
�������DQG�)LQOD\VRQ�DQG�$VKXFNLDQ�������
FRQGXFWHG�ORQJ�WHUP�DQG�VKRUW�WHUP�WR[LFLW\
VWXGLHV�RQ�&KLQRRN�VDOPRQ�DQG�VWHHOKHDG�WURXW�
UHVSHFWLYHO\��LQ�RUGHU�WR�HVWLPDWH�´VDIHµ�OHYHOV�RI
FRSSHU�DQG�]LQF�IRU�WKRVH�VSHFLHV���+DUULVRQ�DQG
.ODYHUNDPS��������DOVR�VWXGLHG�WKH
ELRDFFXPXODWLRQ�RI�FRSSHU��]LQF��DQG�RWKHU
PHWDOV�LQ�QRUWKHUQ�SLNH�DQG�ZKLWH�VXFNHUV�IURP
ODNHV�QHDU�D�VPHOWHU�

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

,Q�QDWXUDO�ZDWHUV��GLVVROYHG�FRSSHU�RFFXUV�LQ
VHYHUDO�GLIIHUHQW�FKHPLFDO�IRUPV�DQG�LQ�YDULRXV
LQRUJDQLF�DQG�RUJDQLF�FRPSOH[HV���&RSSHU�LV
SUHVHQW�DV�&X���LQ�DFLGLF�ZDWHUV�DQG�&X2+��LQ
VRIW�ZDWHUV��DQG�D�GLVVROYHG�IUDFWLRQ�RI�FRSSHU�LV
EHOLHYHG�WR�EH�WR[LF�LQ�ILVK��'DYLHV�HW�DO���������
)DFWRUV�WKDW�DIIHFW�WKH�VSHFLDWLRQ�RI�FRSSHU�LQ
ZDWHU�DUH�S+��WHPSHUDWXUH��KDUGQHVV��DQG
GLVVROYHG�RUJDQLF�FDUERQ��%RGHN�HW�DO���������
/RZ�S+��VRIW�ZDWHU��DQG�KLJKHU�WHPSHUDWXUH�DUH
NQRZQ�WR�LQFUHDVH�WKH�FRSSHU�WR[LFLW\��

%RWWRP�6HGLPHQW

+DUULVRQ�DQG�.ODYHUNDPS��������IRXQG�QR
FRQVLVWHQW�UHODWLRQVKLS�EHWZHHQ�FRSSHU
FRQFHQWUDWLRQV�LQ�ERWWRP�VHGLPHQW�DQG�WKRVH�LQ
WLVVXHV�RI�ZKLWH�VXFNHU�DQG�QRUWKHUQ�SLNH��WDEOH
������/RQJ�DQG�0RUJDQ��������FRQFOXGHG�WKDW
FRSSHU�LQ�ERWWRP�VHGLPHQW�DW�FRQFHQ�WUDWLRQV
RI�DERXW����PJ�NJ�GZ�PD\�LQGXFH�VXEOHWKDO
EHKDYLRUDO�HIIHFWV�LQ�FODPV�LI�

LW�LV�QRW�WLJKWO\�FKHODWHG�RU�ERXQG�WR�VHGL�PHQWV��
+RZHYHU��/RQJ�HW�DO���������IRXQG�WKDW�FRSSHU
FRQFHQWUDWLRQV�RI����PJ�NJ�UDUHO\�LPSDLU�WKH
VXUYLYDO�RU�UHSURGXFWLRQ�RI�EHQWKLF�LQYHUWHEUDWHV
EXW�WKDW�FRQFHQWUDWLRQV�RI�
����PJ�NJ�RU�KLJKHU�XVXDOO\�GR���$OWKRXJK
PDQ\�RI�WKH�GDWD�WKDW�ZHUH�HYDOXDWHG�ZHUH�IRU
HVWXDULQH�DQG�PDULQH�VHGLPHQWV��+XOO�DQG�6XWHU
�������FRQFOXGHG�WKDW�WKRVH�VFUHHQLQJ�OHYHOV�DOVR
ZHUH�DSSURSULDWH�IRU�IUHVKZDWHU�VHGLPHQWV�XQWLO
PRUH�VSHFLILF�JXLGHOLQHV�EHFRPH�DYDLODEOH��
+RZHYHU��WKH\�DOVR�UHFRPPHQG�WKDW�WKHVH
FRQFHQWUDWLRQV�EH�FRPSDUHG�WR�ORFDO
EDFNJURXQG�OHYHOV�ZKHQ�SRVVLEOH��DQG�WKDW
FRQFHQWUDWLRQV�ZLWKLQ�WKH�EDFNJURXQG�UDQJH
VKRXOG�QRW�EH�FRQVLGHUHG�D�SUREOHP�

$FLG�YRODWLOH�VXOILGH��$96��LQ�WKH�VHGLPHQW�PD\
ELQG�D�FHUWDLQ�SRUWLRQ�RI�VRPH�PHWDOV��&G��&X�
1L��3E��DQG�=Q��DQG�UHQGHU�WKDW�SRUWLRQ
XQDYDLODEOH�DQG�QRQWR[LF�WR�ELRWD�
�'L�7RUR�HW�DO����������,Q�RUGHU�WR�DVVHVV�WKH
HIIHFWV�RI�DFLG�YRODWLOH�VXOILGH�RQ�PHWDO�WR[LFLW\�
WKH�$96�LV�H[WUDFWHG�IURP�VHGLPHQW�ZLWK�K\GUR�
FKORULF�DFLG��DQG�WKH�PHWDO�FRQFHQWUDWLRQ�WKDW
FRPHV�ZLWK�LW�LV�FDOOHG�WKH�VLPXOWDQHRXVO\
H[WUDFWHG�PHWDO��6(0����$OO�6(0V�WKDW�ZRXOG
FRQWULEXWH�DSSUHFLDEO\�WR�WKH�WRWDO�6(0�DUH
PHDVXUHG�DQG�WRWDOHG��'L�7RUR�HW�DO����������+H�
WKH�VHGLPHQWV�DUH�QRW�IXOO\�R[LGL]HG��$GDPV�HW
DO���������WKHQ�DQ�6(0�$96�UDWLR����LQGLFDWHV
WKDW�DFXWH�WR[LFLW\�LV�XQOLNHO\���7KH�PHWKRG�KDV
QRW�\HW�EHHQ�DGDSWHG�IRU�FKURQLF�WR[LFLW\�

6RLO

&RSSHU�LV�DEOH�WR�IRUP�FRPSOH[HV�ZLWK�YDULRXV
VRLO�FRQVWLWXHQWV���&RSSHU�LQ�VRLOV�FDQ�SUHFLSL�
WDWH�ZLWK�K\GUR[LGH��SKRVSKDWH��FDUERQDWH��DQG
VLOLFDWH�WR�EHFRPH�D�FRPSRQHQW�RI�WKH
DPRUSKRXV�IUDFWLRQ�RI�VRLO���,W�FDQ�EH�DGVRUEHG
RQ�WKH�QHJDWLYHO\�FKDUJHG�VRUSWLRQ�VLWHV�RI
VLOLFDWH�FOD\�DQG�LW�FDQ�IRUP�ERWK�VROXEOH�DQG
LQVROXEOH�FRPSOH[HV�ZLWK�FRPSRQHQWV�RI�VRLO
RUJDQLF�PDWWHU��%DNHU�DQG�$PDFKHU���������
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Table 9.&Biological effects of copper concentrations in sediment

Species

Cu in
sediment
(mg/kg)

Cu in biomass (mg/kg
ww, except as noted) and

other effects Location/Comments Reference

Food chain

Invertebrates 102 Complete absence of
Plecoptera, Ephemer-
optera, Odonata,
Trichoptera, Amphipoda,
and Unionidae

Manitouwadge Lake, Ontario, Canada 
(Zn = 1,149 mg/L)

Munkittrick
et al. 1991

Fish

White sucker
(Catostomus
commersoni)

11.4 Liver 50 (dw), muscle
7 (dw), stomach contents
7 (dw)

Loken Lake, Ontario, Canada 
(Zn = 43 mg/L)

Munkittrick
et al. 1991

102 Liver 83 (dw), muscle 
6 (dw), stomach contents
155 (dw).   Lowered growth
rate.

Manitouwadge Lake, Ontario, Canada
(Zn = 1,149 mg/L)

34 Liver 0.21, muscle 0.25 Top soil of Lake Nekik, Manitoba, Canada Harrison
and
Klaverkamp
1990

49 Liver 0.01, muscle 0.28 Top soil of Lake Naosap Mud, Manitoba, Canada

76 Liver 0.01, muscle 0.28 Top soil of Lake Kotyk, Manitoba, Canada

2,775 Liver 13.4, muscle 0.16 Top soil of Lake Hamell, Flin Flon, Canada

2,858 Liver 24.3, muscle 0.25 Top soil of Lake Meridian, Flin Flon, Canada

5,950 Liver 19.8, muscle 0.24 Top soil of Lake Cliff, Flin Flon, Canada

6,988 Liver 14.3, muscle 0.26 Top soil of Lake Phantom, Flin Flon, Canada

12,625 Liver 29.2, muscle 0.18 Top soil of Lake Douglas, Flin Flon, Canada

Northern pike
(Esox lucius)

34 Liver 15.2, muscle 0.11 Top soil of Lake Nekik, Manitoba, Canada Harrison
and
Klaverkamp
1990

49 Liver 11.2, muscle 0.12 Top soil of Lake Naosap Mud, Manitoba, Canada

76 Liver 16.8, muscle 0.11 Top soil of Lake Kotyk, Manitoba, Canada

198 Liver 11.2, muscle 0.2 Top soil of Lake Cleaver, Manitoba, Canada

2,775 Liver 19.5, muscle 0.17 Top soil of Lake Hamell, Flin Flon, Canada

2,858 Liver 17.1, muscle 0.16 Top soil of Lake Meridian, Flin Flon, Canada

5,950 Liver 11.9, muscle 0.18 Top soil of Lake Cliff, Flin Flon, Canada

6,988 Liver 7.6, muscle 0.13 Top soil of Lake Phantom, Flin Flon, Canada

12,625 Liver 28.5, muscle 0.14 Top soil of Lake Douglas, Flin Flon, Canada
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7KH�VWUHQJWK�RI�FRSSHU�VRUSWLRQ�E\�VRLO�FRQVWL�
WXHQWV�RFFXUV�LQ�WKH�IROORZLQJ�UHODWLYH�RUGHU��
PDQJDQHVH�R[LGHV���RUJDQLF�PDWWHU���LURQ
R[LGHV���FOD\�PLQHUDOV���2WKHU�VRLO�FRPSRQHQWV
WKDW�PD\�SOD\�D�OHVV�VLJQLILFDQW�UROH�LQ�FRSSHU
VRUSWLRQ�LQFOXGH�IUHH�SKRVSKDWHV��LURQ�VDOWV��DQG
FOD\�VL]H�DOXPLQRVLOLFDWH�PLQHUDOV���&RSSHU
UHWHQWLRQ�LQ�VRLOV�LQFUHDVHV�ZLWK�LQFUHDVLQJ�VRLO
S+���7KH�ODFN�RI�DGVRUSWLRQ�RI�FRSSHU�DW�ORZ
S+�PD\�EH�GXH�WR�FRPSHWLWLRQ�IRU�VRUSWLRQ�VLWHV
IURP�RWKHU�VRLO�FDWLRQV��0Q����)H����+���DQG
$O�����%URZQ�HW�DO��������

%LRWLF�(IIHFWV

3ODQWV

&RSSHU�VXOIDWH�KDV�EHHQ�XVHG�IRU�PRUH�WKDQ�
���\HDUV�DV�DQ�DOJLFLGH��W\SLFDOO\�DW�D�FRQFHQ�
WUDWLRQ�RI���PJ�/�IRU�WKH�XSSHU�����PHWHU�RI
ZDWHU��0DFNHQWKXQ�DQG�,QJUDP���������,Q�WKH
VRLO��FRSSHU�LV�WR[LF�WR�VHQVLWLYH�SODQWV�DW
FRQFHQWUD�WLRQV�RI����WR����PJ�NJ��'HPD\R�HW
DO����������&HUHDOV��OHJXPHV��VSLQDFK��FLWUXV
VHHGOLQJV��DQG�JODGLROXV�DUH�NQRZQ�WR�EH�PRVW
VHQVLWLYH�WR�FRSSHU���7KH�JHQHUDO�V\PSWRPV�RI
FRSSHU�WR[LFLW\�WR�SODQWV�DUH�GDUN�JUHHQ�OHDYHV
IRO�ORZHG�E\�LQGXFHG�LURQ�FKORURVLV��\HOORZLQJ��
WKLFN��VKRUW��RU�EDUEHG�ZLUH�
URRWV��DQG�GHSUHVVHG�WLOOHULQJ��.DEDWD�3HQGLDV
DQG�3HQGLDV�������

0DFURLQYHUWHEUDWHV

0RVW�DTXDWLF�RUJDQLVPV�DUH�UHODWLYHO\�VHQVLWLYH
WR�FRSSHU��HYHQ�DW�ORZ�FRQFHQWUD�WLRQV���7KH
HIIHFWV�RI�ORZ�FRQFHQWUDWLRQV�RI�FRSSHU�RQ
YDULRXV�LQYHUWHEUDWHV�DUH�QRWHG�LQ�WDEOH������,Q�D
ILHOG�VWXG\��0XQNLWWULFN�HW�DO���������REVHUYHG
FRQFHQWUDWLRQV�RI������J�&X�/�DQG������J
=Q�/�LQ�0DQLWRXZDGJH�/DNH��2QWDULR��&DQDGD��
8QGHU�WKHVH�FRQGLWLRQV��WKH\�QRWHG�WKH
FRPSOHWH�DEVHQFH�RI�8QLRQLGDH�DQG�VHYHUDO
IDPLOLHV�RI�DUWKURSRGV��WDEOH�������0LOOHU�HW�DO�
�������IRXQG�D�FRUUHODWLRQ�EHWZHHQ�

FRSSHU�FRQFHQWUDWLRQV�LQ�LQYHUWHEUDWHV�DQG
ZDWHU�FRQFHQWUDWLRQV�EXW�REVHUYHG�QR�VXFK
UHODWLRQVKLS�ZLWK�VHGLPHQW�FRQFHQWUDWLRQV�

6HGLPHQWV�LQ�WKH�8SSHU�&ODUN�)RUN�5LYHU�DQG
0LOOWRZQ�5HVHUYRLU�LQ�0RQWDQD�KDYH�EHHQ
FRQWDPLQDWHG�ZLWK�PLQH�UHODWHG�ZDVWHV��$V��&G�
&X��3E��0Q��DQG�=Q����,Q�VRIW�VHGLPHQW
GHSRVLWLRQDO�DUHDV��WD[D�RI�2OLJRFKDHWD�DQG
&KLURQRPLGDH�JHQHUDOO\�DFFRXQWHG�IRU�PRUH
WKDQ����SHUFHQW�RI�WKH�EHQWKLF�LQYHUWHEUDWH
FRPPXQLWLHV���&DQILHOG�HW�DO���������REVHUYHG
KLJKHU�QXPEHUV�RI�&KLURQRPLGDH�JHQHUD�LQ
DUHDV�ZKHUH�VHGLPHQWV�KDG�EHHQ�LGHQWLILHG�DV
WR[LF�XVLQJ����GD\�ODERUDWRU\�WHVWV�ZLWK�WKH
DPSKLSRG�*[CNGNNC�C\VGEC���)UHTXHQF\�RI
&KLURQRPLGDH�PRXWKSDUW�GHIRUPLWLHV�DQG�WRWDO
DEXQGDQFH�RI�RUJDQLVPV�GLG�QRW�FRUUHVSRQG�WR
FRQFHQWUDWLRQV�RI�PHWDOV�LQ�VHGLPHQW���,Q�DUHDV
ZKHUH�EHQWKLF�FRPPXQL�WLHV�ZHUH�DIIHFWHG�
VHGLPHQW�DQG�VXUIDFH�
ZDWHU�&X�FRQFHQWUDWLRQV�UDQJHG�IURP�����WR�
������PLFURJUDPV�SHU�JUDP�DQG�����WR�
��������J�/��UHVSHFWLYHO\�

6RPH�DTXDWLF�RUJDQLVPV�FDQ�WROHUDWH�UHOD�WLYHO\
KLJK�OHYHOV�RI�FRSSHU�LQ�WKHLU�GLHWV���+DWDNH\DPD
�������FRPSDUHG�WKH�WR[LFLW\�
RI�FRSSHU�WKURXJK�ZDWHU�DQG�GLHWV�LQ�PD\IO\
ODUYDH�DQG�FRQFOXGHG�WKDW�WKH�KLJK�PRUWDOLW\�DW
�����J�/��WDEOH�����ZDV�SULQFLSDOO\�DWWULEXWDEOH
WR�FRSSHU�LQ�WKH�ZDWHU�EHFDXVH��
DW�WKLV�OHYHO��DOJDH�ELRDFFXPXODWHG�RQO\�
����PJ�NJ��GZ���DQG�WKDW�PXFK�FRSSHU�LQ�WKH
GLHW�ZDV�QRW�HQRXJK�WR�NLOO�PD\IO\�ODUYDH��WDEOH
����

)LVK

0LOOHU�HW�DO���������H[WHQVLYHO\�VWXGLHG�WKH
UHODWLRQVKLS�EHWZHHQ�FRQFHQWUDWLRQV�RI�FRSSHU
DQG�]LQF�LQ�ZDWHU��VHGLPHQW��LQYHUWHEUDWHV��DQG
ILVK���)RU�ERWK�FRSSHU�DQG�]LQF��WKH�ZDWHU
FRQFHQWUDWLRQ�ZDV�D�EHWWHU�LQGLFDWRU�RI�PHWDO
FRQFHQWUDWLRQ�LQ�ILVK�WLVVXH�WKDQ�WKH�VHGLPHQW�RU
LQYHUWHEUDWH�FRQFHQWUDWLRQV���,Q�DGGLWLRQ��WKH\
IRXQG�NLGQH\�DQG�OLYHU�FRQFHQWUDWLRQV�WR�EH
EHWWHU�LQGLFDWRUV�RI�FKURQLF�FRSSHU�DQG�]LQF�
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Table 10.&Biological effects of copper on aquatic species

Species

Cu concen-
tration in

water
(µg/L) Effect Comments Reference

Invertebrates

Cladoceran (Daphnia
magna) egg

10,000 Significant effect in
development

46-h exposure; eggs more
tolerant than adult

Bodar et al.
1989

22 16% reproduction
impairment

Chronic exposure Nriagu 1979

44 3 week LC50

Cladocerans (Daphnia
ambigua, D. parvula,
D. pulex)

60 Significant drop in
instantaneous rate of
population growth

Chronic exposure Nriagu 1979

Amphipod (Gammarus
pseudolimnaeus)

4.6 No effect Chronic exposure Nriagu 1979

8 Second-generation growth
affected, but no effect in first
generation

Crayfish (Orconectes
rusticus)

15 15% growth retarded Chronic exposure Nriagu 1979

Mayfly larvae (Epeorus
latifolium)

5%10 No significant effect in
growth rate

Temp. 12.5EC Hatakeyama
1989

15 Growth rate decreased dur-
ing first 3 weeks but
restored gradually after
4 weeks

20%25 Growth rate <7% of the
control.  100% mortality by
10 weeks

100 83% mortality in 1 week Temp. 11.5EC

Midge larvae (Chironomus
tentans)

327 48-h EC50; immobilization Temp. 14EC; pH 6.3 Khangarot
and Ray
1989

Invertebrates, general 9.7 Complete absence of
Plecoptera, Ephemeroptera,
Odonata, Trichoptera,
Amphipoda, and Unionidae

Manitouwadge Lake, Ontario,
Canada.
Zn concentration 232 µg/L

Munkittrick
et al. 1991

Fish

Brown bullhead (Ameiurus
nebulosus)

19 Increased mortality, reduced
growth

Water hardness 187 and
38 mg/L

Nriagu 1979

27 Cu in biomass (mg/kg dw): 
gill 6.9, liver 11, kidney 10

20-month exposure

Cu in biomass (ppm dw): 
gill 9.4, liver 33, kidney 10

30-d exposure; pH 7.2%8.2, 

Brook trout (Salvelinus
fontinalis)

5 Reduced growth Water hardness 38 mg/L Nriagu 1979

8 Reduced growth Water hardness 187 mg/L
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Table 10.&Biological effects of copper on aquatic species&Continued

Species

Cu concen-
tration in

water
(µg/L) Effect Comments Reference

Fish&Continued

Bluegill (Lepomis
macrochirus)

400 96-h LC50 (if Zn present) pH 6.8%7.5; temp. 22°± 1EC;
Zn = 1400 µg/L

Thompson
et al. 1980

1,000 96-h LC50 (if Zn absent) pH 6.8%7.5; temp. 16.5°%
23EC; Zn = 0

Chinook salmon fry
(Oncorhynchus
tshawytscha)

54 96-h LC50 In fresh water.  Mean weight
0.87 g

Hamilton
and Buhl
199058 96-h LC50 In fresh water.  Mean weight

0.66 g

60 96-h LC50 In brackish water.  Mean
weight 1.6 g

78 24-h LC50 In fresh water.  Mean weight
1.60 g

81 24-h LC50 In brackish water.  Mean
weight 0.87 g

145 24-h LC50 In brackish water.  Mean
weight 0.66 g

Chinook salmon
(Oncorhynchus
tshawytscha) 
eggs (to hatching)

26 28-d LC10s, based on
various mixed solutions of
Cu and Zn

Zn = dissolved Cu Finlayson
and Verrue
1980

29 Zn = 6× dissolved Cu

40 Zn = 3× dissolved Cu

49 Zn = 11× total Cu

50 Zn = 6× total Cu

70 Zn = 3× total Cu

Chinook salmon
(Oncorhynchus
tshawytscha) hatchlings to
swim-up fry

14 28-d LC50s, based on
various mixed solutions of
Cu and Zn

Zn = 11× dissolved Cu Finlayson
and Verrue
1980

20 Zn = 6× dissolved Cu

27 Zn = 11× total Cu

32 Zn = 3× dissolved Cu

37 Zn = 6× total Cu

56 Zn = 3× total Cu

Coho salmon
(Oncorhynchus kisutch)

60 96-h LC50 Smolts in May; temp. 10%
12EC; hardness 68%78 or
89%99 mg/L (as CaCO3)

Lorz and
McPherson
1976

74 96-h LC50 Yearlings in November; other
conditions as above

Fathead minnow
(Pimephales promelas)

18 Reduced spawning and egg
production, increased
mortality

Water hardness 31 mg/L Nriagu 1979

33 Reduced egg production Water hardness 198 mg/L

37 Reduced egg production Water hardness 200 mg/L
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Table 10.&Biological effects of copper on aquatic species&Continued

Species

Cu concen-
tration in

water
(µg/L) Effect Comments Reference

Fish&Continued

Neomacheilus barbatulus 760 Cu in biomass (mg/kg dw): 
gill 164, liver 115, muscle
8.5

64-d exposure; pH 8.6 Nriagu 1979

Rainbow trout
(Oncorhynchus mykiss)

19 Reduced percent hatch and
increased mortality

Water hardness: 100 mg/L Nriagu 1979

Steelhead trout
(Oncorhynchus mykiss)
eggs (to hatching)

<10 60-d LC10s, based on
various mixed solutions of
Cu, Zn, and Al

Cu:Zn:Al = 1:12:18, dissolved
copper

Finlayson
and
Ashuckian
197919 Cu:Zn:Al = 1:12:18, total

copper

19 Cu:Zn:Al = 1:4:6, dissolved
copper

43 Cu:Zn:Al = 1:4:6, total copper

Steelhead trout
(Oncorhynchus mykiss)
hatchlings to swim-up fry

<10 60-d LC10s, based on
various mixed solutions of
Cu, Zn, and Al

Cu:Zn:Al = 1:12:18, for both
total and dissolved copper

Finlayson
and
Ashuckian
197914 Cu:Zn:Al = 1:4:6, dissolved

copper

36 Cu:Zn:Al = 1:4:6, total copper

White sucker (Catostomus
commersoni)

2.1 Control group; Cu in
biomass (mg/kg dw):  liver
50, muscle 7, stomach
contents 7

Loken Lake, Ontario, Canada;
Zn conc. 10 µg/L

Munkittrick
et al. 1991

9.7 Lowered growth rate; Cu in
biomass (mg/kg dw):  liver
83, muscle 6, stomach
contents 155

Manitouwadge Lake, Ontario,
Canada; Zn conc. 232 µg/L

Amphibians

Narrow-mouthed toad
(Gastrophryne
carolinensis)

40 17-d LC50 Adult Birge and
Black 1979

50 3-d LC50 Tadpole

Southern gray tree frog
(Hyla chrysoscelis)

40 9-d LC50 Adult Birge and
Black 1979

60 3-d LC50 Tadpole

Leopard frog (Rana
pipiens)

40 8-d LC50 Adult Birge and
Black 1979

60 4-d LC50 Tadpole

Marbled salamander
(Ambystoma opacum)

70 8-d LC50 Adult Birge and
Black 1979

359 4-d LC50 Tadpole

Birds

Mallard (Anas
platyrhynchos)

10,000 No adverse effect Juveniles Foster and
Ramsdell
1997
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Table 11.&Summary of exposure-response or exposure-bioaccumulation of copper

Species

Cu concentration
in diet

(mg/kg dw)
Exposure
duration

Cu concentration in
biomass

(mg/kg ww) Effects Reference

Food chain

Woodlouse
(Porcellio scaber)

200,000 No effect on survival Beyer et al.
1984

Mayfly (Epeorus
latifolium) adult

<590 (in algae) 8 weeks No change in mortality or
growth rate

Hatakeyama
1989

Mayfly larvae 1,140 (in algae) 1 week 50% decrease in growth
rate.  Slight increase in
mortality.

Fish

Rainbow trout
(Oncorhynchus
mykiss)

3.5 9 weeks Whole fish 1.8; liver
7.9

Julshamn et
al. 1988

102 Whole fish 3.0; liver 18

194 Whole fish 4.7; liver 35

405 Whole fish 6.2; liver 35

603 Whole fish 7.8; liver 91

810 Whole fish 9.8;
liver 112

Slight increase in mortality
rate

990 Whole fish 13.3;
liver 149

Significant decrease in
weight gain; significant
increase in mortality

178 20 weeks Liver 159 No effect.  (Diet also had
683 mg Zn/kg dw)

Knox et al.
1982

Birds

Chicken >500 Growth retardation Melring et al.
1959

Turkey >50 Purified diet; reduced
growth and survival

Waibel et al.
1963

>800 Natural diet; no effects

Mammals

Rat 500 4 weeks Reduced growth Boyden et al.
1937

Domestic sheep
(Ovis aries)

30%60 10 weeks Decreased food
consumption, weight loss,
hemolytic crisis, increased
mortality

Zervas et al.
1990

H[SRVXUH�WKDQ�PXVFOH���1ULDJX��������UHSRUWHG
WKDW�EURRN�WURXW�DUH�HVSHFLDOO\�VHQVLWLYH�WR
FRSSHU�FRQFHQWUDWLRQV�LQ�ZDWHU��WDEOH������DQG
\HW�.QR[�HW�DO���������IRXQG�WKDW�UDLQERZ�WURXW
FDQ�WROHUDWH�UHODWLYHO\�KLJK�GLHWDU\�FRQFHQ�
WUDWLRQV�RI�FRSSHU��WDEOH�������7KH�GLIIHUHQW�

WROHUDQFH�OHYHOV�DUH�OLNHO\�GXH�LQ�SDUW�WR�YDU\LQJ
WR[LFLWLHV�RI�WKH�FRSSHU�VSHFLHV�XVHG�LQ�WKH�WZR
VWXGLHV�

$V�VKRZQ�LQ�WDEOH�����1ULDJX��������UHSRUWHG
UHGXFHG�HJJ�SURGXFWLRQ�LQ�IDWKHDG�PLQQRZV
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DW�UHODWLYHO\�ORZ�FRSSHU�FRQFHQWUD�WLRQV�LQ�ZDWHU��
,Q�DGGLWLRQ��0LOOHU�HW�DO���������UHSRUWHG�UHGXFHG
JURZWK�LQ�ZKLWH�VXFNHU��%CVQUVQOWU
EQOOGTUQPK��IHPDOHV�DIWHU�VH[XDO�PDWXUDWLRQ�
GHFUHDVHG�HJJ�VL]H�DQG�IHFXQGLW\��QR�VLJQLILFDQW
LQFUHDVH�LQ�IHFXQGLW\�ZLWK�DJH��DQG�DQ�LQFUHDVHG
LQFLGHQFH�RI�VSDZQLQJ�IDLOXUH�DW�ZDWHUERUQH
FRSSHU�FRQFHQWUDWLRQV�
RI�����J�/�DQG�VHGLPHQW�FRQFHQWUDWLRQV�RI�
���PJ�NJ�

$PSKLELDQV

$PSKLELDQV�DUH�UHODWLYHO\�VHQVLWLYH�WR�ZDWHU�
ERUQH�FRSSHU�FRQFHQWUDWLRQV�GXULQJ�WKH
GHYHORSPHQWDO�VWDJHV��WDEOH�����EXW�DUH�UHODWLYHO\
WROHUDQW�WR�KLJK�FRSSHU�EXUGHQV�DV�DGXOWV�DQG
DFFXPXODWH�ODUJH�DPRXQWV�RI�FRSSHU�LQ�WKHLU
OLYHUV��+DOO�DQG�0XOKHUQ�������

%LUGV

7KHUH�DUH�IHZ�VWXGLHV�DYDLODEOH�RQ�WKH�WR[LFLW\�RI
FRSSHU�WR�ELUGV��EXW�LW�DSSHDUV�WKDW�WKH\�WROHUDWH
FRSSHU�EHWWHU�WKDQ�PRVW�DTXDWLF�RUJDQLVPV�GR��
1$6��������UHSRUWHG�WKDW�
����PJ�&X�NJ�LQ�WKH�GLHW�LV�WKH�PD[LPXP
WROHUDEOH�OHYHO�IRU�SRXOWU\���7KLV�YDOXH�PD\�EH
XVHG�WR�HVWLPDWH�WKH�VDIHW\�OHYHOV�IRU�DYLDQ
ZLOGOLIH�ZLWK�WKH�XVH�RI�VDIHW\�IDFWRUV���3XOV
�������FRQVLGHUHG�WKH�WR[LF�GLHWDU\�OHYHO�IRU
GXFNV�WR�EH�!����PJ�NJ�DQG�QRWHG�WKDW�GXFNV
DFFXPXODWH�PRUH�FRSSHU�LQ�WKH�OLYHU�WKDQ�GR
FKLFNHQV�RU�WXUNH\V�IHG�WKH�VDPH�GLHWDU\�OHYHOV��
7KH�PD[LPXP�VDIH�GLHWDU\�OHYHOV�RI�FRSSHU�IRU
JURZLQJ�FKLFNV�DQG�WXUNH\V�
ZHUH�HVWLPDWHG�WR�EH�����DQG�����PJ�NJ�
UHVSHFWLYHO\��LQ�WKH�GLHW��1HDWKHU\�DQG�0LOOHU
��������-XYHQLOH�PDOODUGV�FRXOG�WROHUDWH�D�FRSSHU
FRQFHQWUDWLRQ�XS�WR����PJ�/�LQ�GULQNLQJ�ZDWHU
ZLWK�S+�JUHDWHU�WKDQ�
����ZLWKRXW�DGYHUVH�KHDOWK�HIIHFWV��)RVWHU�DQG
5DPVGHOO�������

0DPPDOV

0DPPDOV��WRR��DUH�UHODWLYHO\�WROHUDQW�WR�FRSSHU
FRPSDUHG�WR�DTXDWLF�RUJDQLVPV���)RU�PRVW
GRPHVWLF�PDPPDOV��WKH�PD[LPXP
UHFRPPHQGHG�WROHUDEOH�OHYHO�RI�FRSSHU�LQ�WKH
GLHW�UDQJHV�IURP�����WR�����PJ�NJ��1$6��������
7KH�OHYHO�IRU�VKHHS��KRZHYHU��ZDV�RQO\���
PJ�NJ���=HUYDV�HW�DO���������IRXQG�WKDW
���PJ�&X�NJ�LQ�WKH�GLHW�ZDV�WR[LF�WR�VKHHS
�WDEOH�������*HQHUDO�VLJQV�RI�FRSSHU�WR[LFLW\�LQ
PDPPDOV�DUH�LQKLELWLRQ�RI�JURZWK��PXVFXODU
G\VWURSK\��DQHPLD��LPSDLUHG�UHSURGXFWLRQ��DQG
GHFUHDVHG�ORQJHYLW\���6\PSWRPV�RI�FRSSHU
SRLVRQLQJ�DUH�HVSHFLDOO\�DSSDUHQW�ZKHQ
PRO\EGHQXP�FRQWHQW�LV�ORZ��'HPD\R�
HW�DO����������6PDOO�PDPPDOV�VXFK�DV�VKUHZV�
PLFH��DQG�YROHV�PD\�EH�XVHIXO�ELRPRQLWRUV�IRU
FRSSHU��DV�VKRZQ�LQ�WDEOH�����7DOPDJH�DQG
:DOWRQ���������,Q�VKUHZV��FRSSHU�FRQFHQ�WUDWHG
LQ�LQGLYLGXDO�WLVVXHV�LQ�WKH�RUGHU�KDLU�!�OLYHU�!
NLGQH\�!�ZKROH�ERG\��+XQWHU�DQG�-RKQVRQ
��������

%LRDFFXPXODWLRQ

,Q�RUGHU�WR�HYDOXDWH�WKH�FXPXODWLYH�WR[LFLW\�RI
FRSSHU�DQG�RWKHU�PHWDOV��$V��&G��+J��3E��DORQJ
WKH�IRRG�FKDLQ��<DQQDL�HW�DO���������UDLVHG�D�ODUJH
TXDQWLW\�RI�DOJDH��/KETCEVKPKWO�DQG�%JNQTGNNC�
RQ�PHWDO�ULFK�ZDVWH�ZDWHU��IHG�WKH�DOJDH�WR
FKLFNHQV�DQG�FDUS��DQG�WKHQ�IHG�WKH�PHDW�RI
WKHVH�FKLFNHQV�DQG�FDUS�WR�UDWV���7KH\�IRXQG
WKDW�ELRDFFXPXODWLRQ�GLG�QRW�LQFUHDVH�WKH�OHYHOV
RI�DQ\�RI�WKHVH�PHWDOV�LQ�FKLFNHQV�RU�FDUS�H[FHSW
IRU�FKLFNHQV
�OLYHUV��ZKLFK�FRQWDLQHG�KLJKHU
FRSSHU�WKDQ�WKH�OLYHUV�RI�FRQWURO�FKLFNHQV���DQG
WKH\�REVHUYHG�QR�FKDQJH�LQ�WKH�JHQHUDO
DSSHDUDQFH��EHKDYLRU��DQG�VXUYLYDO�RI�WKH�UDWV
WKDW�DWH�WKH�FKLFNHQ�DQG�FDUS�PHDW���7KH\
FRQFOXGHG�WKDW�VXFK�PHDW�ZRXOG�SRVH�QR�KD]DUG
WR�FRQVXPHUV�
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Table 12.&Accumulation of copper in small mammals compared to
copper concentrations in soils

[Data from Hunter and Johnson (1982)]

Copper concentration
(mg/kg, dry weight)

Medium 
Uncontaminate

d site
Copper refinery

site

Soil 9.3 2,480

Wood mouse (Apodemus
sylvaticus)
   Kidney
   Liver
   Hair
   Muscle

10.8
13.4
6.5
8.5

11.9
23.7
14.7
6.9

Field Vole (Microtus agrestis)
   Kidney
   Liver
   Hair
   Muscle

10.8
13.4
6.5
8.5

22.6
13.5
24.2
9.3

Shrew (Sorex araneus)
   Kidney
   Liver
   Muscle

22.8
31.1
10.9

38.5
56.1
17.4

,QWHUDFWLRQV

0L[WXUHV�RI�FRSSHU�DQG�]LQF�DUH�NQRZQ�WR�EH
DGGLWLYH�RU�V\QHUJLVWLF�LQ�WR[LFLW\�WR�PDQ\
DTXDWLF�RUJDQLVPV���)LQOD\VRQ�DQG�9HUUXH�������
FRQGXFWHG�ORQJ�WHUP�DQG�VKRUW�WHUP�WR[LFLW\
VWXGLHV�RQ�&KLQRRN�VDOPRQ��1PEQTJ[PEJWU
VUJCY[VUEJC��XVLQJ�YDULRXV�ZDWHU�FRQFHQWUDWLRQV
RI�FRSSHU�DQG�]LQF�PL[WXUH���7KH\�HVWLPDWHG
WKDW�VDIH�OHYHOV�RI�FRSSHU�DQG�]LQF�IRU�&KLQRRN
VDOPRQ�ZRXOG�EH�EHORZ����DQG�����J�/�
UHVSHFWLYHO\���)RU�PRVW�DQLPDOV��WKH�VHYHULW\�RI
FRSSHU�WR[LFLW\�FKDQJHV�JUHDWO\�GHSHQGLQJ�RQ
WKH�FRSSHU��PRO\EGHQXP�UDWLRV�LQ�WKHLU�GLHW��
0DQ\�VWXGLHV�KDYH�UHSRUWHG�WKDW�ZKHQ�DQLPDOV
FRQVXPH�ORZ�OHYHOV�RI�PRO\EGHQXP�LQ�WKHLU
GLHW��FRSSHU�DFFXPXODWHV�PXFK�IDVWHU�DQG�FDXVHV
FRSSHU�SRLVRQLQJ�DW�ORZHU�FRQ�FHQWUDWLRQV��
+LJK�FRQFHQWUDWLRQV�RI�PRO\EGHQXP��RQ�WKH
RWKHU�KDQG��DUH�NQRZQ�WR�LQGXFH�FRSSHU

GHILFLHQFLHV���$�ORZ�PROHFXODU�ZHLJKW�SURWHLQ�
PHWDOORWKLRQHLQ��DOVR�SOD\V�DQ�LPSRUWDQW�UROH�LQ
WKH�WUDQVSRUW��VWRUDJH��DQG�GHWR[LILFDWLRQ�RI
FRSSHU��+DPLOWRQ�DQG�0HKUOH��������
0HWDOORWKLRQHLQ�V\QWKHVLV�LV�LQGXFHG�LQ�PRVW
YHUWHEUDWHV�DQG�VRPH�SODQWV�ZKHQ�WKH\�DUH
FKURQLFDOO\�RU�DFXWHO\�H[SRVHG�WR�FRSSHU�DQG
RWKHU�KHDY\�PHWDOV���,W�SURYLGHV�SURWHFWLRQ
DJDLQVW�FRSSHU�E\�VHTXHVWHULQJ�FRSSHU�PRUH
HIILFLHQWO\�

5HJXODWRU\�6WDQGDUGV

6WDQGDUGV�DQG�FULWHULD�HVWDEOLVKHG�E\�WKH�
8�6��(QYLURQPHQWDO�3URWHFWLRQ�DJHQF\�DUH�OLVWHG
LQ�WDEOH������)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\
6WDWH�DJHQFLHV��FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\��
6HH�$SSHQGL[�,�IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\
RIILFLDOV�LQ�WKH����:HVWHUQ�6WDWHV�
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Table 13.&U.S. Environmental Protection Agency standards and criteria
for copper

(See Appendix II for explanation of terms.  Source:  EPA, 1985, 1995)

Status EPA priority pollutant; carcinogencity unknown

Drinking water MCL 1,300 µg/L (may vary with treatment technique)

Freshwater criteria (hardness dependent)1

At hardness of 50 mg/L CaCO3 9.2 µg/L for acute exposure
6.5 µg/L for chronic exposure

At hardness of 100 mg/L CaCO3 18 µg/L for acute exposure
12 µg/L for chronic exposure

At hardness of 200 mg/L CaCO3 34 µg/L for acute exposure
21 µg/L for chronic exposure

     1 Official criteria are given as hardness-dependent equations; values listed here are
examples that result from these equations at the stated hardness levels.  The criterion for
acute exposure is equal to e [0.9422{ln(hardness)}-1.464]; that for chronic exposure equals

e[0.8545{ln(hardness)}-1.465].
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Figure 1.&Chemical structure of the two most common isomers of DDT and
of the metabolites DDD and DDE.
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WULFKORURHWKDQH���,W�KDV�D�PROHFXODU�IRUPXOD�RI
&

��
+

�
&O

�
��D�PROHFXODU�ZHLJKW�RI��������DQG�D

PHOWLQJ�SRLQW�RI������&���,W�LV�LQVROXEOH�LQ�ZDWHU
EXW�YHU\�VROXEOH�LQ�HWKDQRO�DQG�DFHWRQH��
7HFKQLFDO�JUDGH�''7�FRQVLVWV�RI�D�PL[WXUH�RI
LVRPHUV��HVSHFLDOO\�R�R	�''7�DQG�Q�R	�''7��VHH
ILJXUH�����LW�LV�D�FUHDP�FRORUHG�WR�JUD\�SRZGHU
ZLWK�D�IDLQW�IUXLWOLNH�RGRU�

'''�DQG�''(��ILJXUH����DUH�PHWDEROLWHV�RI
''7��.ODDVVHQ�HW�DO����������7KHVH�WZR
EUHDNGRZQ�SURGXFWV�DQG�''7�DUH�RIWHQ�IRXQG
WRJHWKHU�LQ�WKH�HQYLURQPHQW�DQG�DUH�UHIHUUHG�WR
FROOHFWLYHO\�DV�WRWDO�''7�

2FFXUUHQFH

''7��'''��DQG�''(�DUH�V\QWKHWLF�FRP�
SRXQGV�DQG�KDYH�QR�QDWXUDO�VRXUFHV���''7�ZDV
V\QWKHVL]HG�DV�HDUO\�DV�������EXW�LWV�LQVHFWLFLGDO
SURSHUWLHV�ZHUH�QRW�GLVFRYHUHG�XQWLO�������
''7�ZDV�SDWHQWHG�IRU�XVH�LQ������DQG�ZDV�XVHG
GXULQJ�:RUOG�:DU�,,�WR�FRQWURO�OLFH�DQG�RWKHU
LQVHFWV�RQ�KXPDQV��.ODDVVHQ�
HW�DO��������(3$���������,W�ZDV�XVHG�PRVW
H[WHQVLYHO\�GXULQJ�WKH�����
V�DQG�¶��V��PDLQO\�WR
FRQWURO�LQVHFWV�RQ�FURSV�DQG�WR�FKHFN�YHFWRU�
ERUQH�GLVHDVHV��VXFK�DV�PDODULD��LQ�KXPDQV���7KH
GRPHVWLF�XVH�RI�''7�SHDNHG�LQ�������EXW
SURGXFWLRQ�GLG�QRW�SHDN�XQWLO��������6LQFH�WKDW
WLPH��H[SRUWV�RI�''7�KDYH�H[FHHGHG�GRPHVWLF
XVH���''7�ZDV�EDQQHG�LQ�WKH�8QLWHG�6WDWHV�LQ
������SULPDULO\�GXH�WR�LWV�HQYLURQPHQWDO�HIIHFWV
�(3$��������EXW�LV�YHU\�SHUVLVWHQW�LQ
WKH�HQYLURQPHQW�DQG�LV�VWLOO�GHWHFWHG�LQ�PDQ\
ELRFKHPLFDO�DQG�JHRFKHPLFDO�VXUYH\V���,Q�
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DGGLWLRQ��''7�LV�VWLOO�LQ�XVH�LQ�PDQ\�SDUWV�RI�WKH
ZRUOG�DQG�LV�WUDQVSRUWHG�LQWR�WKH�8QLWHG�6WDWHV
WKURXJK�DQLPDO�PLJUDWLRQ�DQG�DLU�DQG�ZDWHU
PRYHPHQW�

6RPH�''7�UHVLGXHV�DUH�GHULYHG�IURP�GLFRIRO�
DQ�RUJDQRFKORULQH�SHVWLFLGH�ZLWK�D�VWUXFWXUH
VLPLODU�WR�''7��WKDW�KDV�EHHQ�XVHG�KLVWRULFDOO\
WR�WUHDW�PLWHV�LQ�FLWUXV�RUFKDUGV�DQG�FRWWRQ
ILHOGV��&ODUN���������6WXGLHV�FRQGXFWHG�LQ�����
IRXQG�WKDW�GLFRIRO�SURGXFWV�FRQWDLQHG�XS�WR�
���SHUFHQW�WRWDO�''7���$OWKRXJK�WR[LFLW\�WHVWLQJ
LQGLFDWHG�WKDW�GLFRIRO�SURGXFWV�ZHUH
SUHGRPLQDQWO\�OHVV�WR[LF�WKDQ�''7�WR�ILVK�
FUXVWDFHDQV��LQVHFWV��ELUGV��DQG�PDPPDOV���(3$
UHVWULFWHG�WKH�DPRXQW�RI�WRWDO�''7
FRQWDPLQDWLRQ�LQ�GLFRIRO�WR�����SHUFHQW�
HIIHFWLYH�LQ�������DQG�WKHQ�UHGXFHG�LW�
IXUWKHU³WR�����SHUFHQW³LQ������

6XPPDU\�RI�(IIHFWV

%DFNJURXQG�FRQFHQWUDWLRQV��HIIHFW�OHYHOV��DQG
FULWHULD�IRU�WKH�SURWHFWLRQ�RI�ILVK�DQG�ZLOGOLIH�IRU
'''��''(��DQG�''7�DUH�SUHVHQWHG�EHORZ�IRU
ERWK�SK\VLFDO�PHGLD��VXUIDFH�ZDWHU��VHGLPHQW�
DQG�VRLO��DQG�ELRWLF�PHGLD��DTXDWLF
RUJDQLVPV��WHUUHVWULDO�LQYHUWHEUDWHV��DPSKLE�LDQV
DQG�UHSWLOHV��ELUGV��DQG�PDPPDOV����$�VXPPDU\
RI�HIIHFW�OHYHOV�RI�''7�DQG�LWV�PHWDEROLWHV�LV
SUHVHQWHG�LQ�WDEOH������7KLV�VXPPDU\�LV�EDVHG
RQ�WKH�DYDLODEOH�GDWD��DQG�UDQJHV�RI�HIIHFWV�ZHUH
HVWDEOLVKHG�XVLQJ�WKH�IROORZLQJ�JXLGHOLQHV�

� 1R�HIIHFW³VWXGLHV�UHSRUWLQJ�QR
REVHUYHG�HIIHFW�OHYHOV�RU�FRQFHQWUDWLRQV
�12(/V�DQG�12(&V��DQG�QR�REVHUYHG
DGYHUVH�HIIHFW�OHYHOV�RU�FRQFHQWUDWLRQV
�12$(/V�DQG�12$(&V�

� /HYHO�RI�FRQFHUQ³VWXGLHV�UHSRUWLQJ
VRPH�HIIHFW��LQFOXGLQJ�ORZHVW�REVHUYHG
HIIHFW�DQG�ORZHVW�REVHUYHG�DGYHUVH�HIIHFW
OHYHOV�DQG�FRQFHQWUDWLRQV

�/2(/V��/2(&V��/2$(/V��/2$(&V��
HIIHFWLYH�FRQFHQWUDWLRQV�DW�ZKLFK�D�FHUWDLQ
SHUFHQW�RI�WKH�WHVW�VSHFLHV�VKRZHG�DQ�HIIHFW
�H�J���(&���RU�(&�����PHGLDQ�HIIHFW
FRQFHQWUDWLRQV�ZKHUH�PRUWDOLW\�ZDV�QRW�WKH
HQGSRLQW��H�J���0'���

� 7R[LFLW\�WKUHVKROG³VWXGLHV�UHSRUWLQJ
PRUWDOLW\�DV�WKH�HQGSRLQW��VXFK�DV�OHWKDO
FRQFHQWUDWLRQV�DQG�GRVHV��/&��V�DQG
/'��V�

,Q�VRPH�FDVHV��WKHUH�LV�D�JDS�RU�DQ�RYHUODS
EHWZHHQ�OHYHOV�RI�FRQFHUQ�DQG�WR[LFLW\
WKUHVKROGV���7KLV�PD\�EH�WKH�UHVXOW�RI�
LQWHUVSHFLHV�GLIIHUHQFHV�RU�RI�D�ODFN�RI�GDWD
UHSRUWLQJ�HIIHFWV�EHWZHHQ�WKH�WZR�UDQJHV�

)LHOG�&DVHV

7KH�SHUVLVWHQFH�RI�RUJDQRFKORULQH�SHVWLFLGHV�LQ
WKH�HQYLURQPHQW�FDQ�EH�PHDVXUHG�LQ�GLIIHUHQW
ZD\V��LQFOXGLQJ�VDPSOLQJ�DQG�DQDO\VLV�RI�SODQWV
DQG�ZLOGOLIH��H�J���IRRG�LWHPV��SUHGDWRU�VSHFLHV�
RU�HJJV��RU�DELRWLF�PHGLD��H�J���VXUIDFH�ZDWHU�
VHGLPHQW��RU�VRLO����7KH�ILHOG�VWXGLHV�GHVFULEHG�LQ
WKLV�VHFWLRQ�LQFOXGH�H[DPSOHV�RI�WKHVH�GLIIHUHQW
PHDVXUHPHQWV�

7KH�SHUVLVWHQFH�RI�''7�LQ�VXUIDFH�ZDWHU��
VHGLPHQW��DQG�ILVK�IURP�WKH�<DNLPD�5LYHU
GUDLQDJH�V\VWHP�LQ�:DVKLQJWRQ�ZDV�HYDOXDWHG
SHULRGLFDOO\�IURP������WR������E\�WKH�
8�6��*HRORJLFDO�6XUYH\�DQG�LQ�UHFHQW�VWXGLHV�E\
WKH�6WDWH�RI�:DVKLQJWRQ��'HSDUWPHQW�RI
(FRORJ\��-RKQVRQ�HW�DO����������7KH�SULPDU\
VRXUFH�RI�''7�LQ�WKH�<DNLPD�5LYHU�ZDV
LUULJDWLRQ�ZDWHU�UXQRII���$W�FHUWDLQ�WLPHV�RI�
WKH�\HDU��LUULJDWLRQ�ZDWHU�DFFRXQWV�IRU�XS�WR�
���SHUFHQW�RI�WKH�ZDWHU�LQ�WKH�<DNLPD�5LYHU�

7KH�SUHGRPLQDQW�FRPSRXQGV�IRXQG�GXULQJ
�����VDPSOLQJ�RI�WKH�<DNLPD�5LYHU�ZHUH�DV
IROORZV�
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Table 14.& Summary of comprehensive effects: DDD, DDE, and DDT
["&" indicates that endpoints are not reported in available literature;

dw = dry weight; ww = wet weight; bw, body weight.  See Appendix II
for explanation of other abbreviations and technical terms]

Medium Compound
No

effect
Level of
concern

Toxicity
threshold Explanation

Water (µg/L) Total DDT & & 0.013 For freshwater organisms (EPA 1996,
ecotoxicity threshold).

<0.3 0.3%800,000 & For aquatic plants (ORNL 1996,
lowest chronic value; EPA 1980,
reduced growth).

DDT & 0.016 0.36 For Daphnia  (see table 15).

DDD & 1.69%3.99 & For fish (see table 15).1

DDE & & 4,400

DDT & 0.008%0.2 0.2

Sediment (µg/kg dw) DDD & 8%110 6,000 Persaud et al. (1993), lowest (8) and
severe (6,000) effect levels; ORNL
1996 screening criterion (110).

DDE & 2.2%27 19,000 Long et al. (1995) ERLs and ERMs;
Persaud et al. (1993) severe effect
levels.Total DDT & 1.5%46 12,000

Soil (mg/kg dw) DDE & 1.5 & Toxic to Lumbricus (Cathey 1982).

Terrestrial inverte-
brates (mg/kg dw)

Total DDT & 32 & Minimum hazardous level for birds
(Beyer and Gish 1980).

Reptiles/amphibians & & & &

Terrestrial birds, diet
(mg/kg dw)

DDT & 5%25 311 White-throated sparrow delayed
development; LC50 for ring-necked
pheasant (table 16).

DDE & 4 825 Bengalese finch impaired fledging;
bobwhite quail LC 50 (table 16)

Raptor eggs
(mg/kg ww)

DDE & 3%16 & Bald eagle eggshell thinning, reduced
productivity (table 16).

Waterfowl diet
(mg/kg dw,
insectivores)

DDT & & 200 Mallard 95%100% lethality (Davison
and Sell, 1974).

DDE & 10%30 3,572 Black duck eggshell thinning; mallard
LC50 (table 16).

Waterfowl eggs
(mg/kg ww,
insectivores) 

DDE & 46%144 & Black duck eggshell thinning
(Longcore et al. 1971).

Waterfowl eggs
(mg/kg ww,
omnivores)

DDE & 0.25%20 & White-face ibis eggshell thinning
(table 16).

Waterfowl eggs
(mg/kg ww,
piscivores)

DDE & 0.62%66 & Eggshell thinning, hooded merganser
and brown pelican (table 16).

Mammals, diet
(mg/kg bw/day)1

DDT & 0.26%32.5 & Mouse LOAELs (table 17).

& & 40 Bat LD50 (Clark and Stafford 1981)

40 40%83 & Hamster NOAEL & LOAEL
(table 17)

16 16%80 & Dog NOAEL & LOAEL (Lehman 1965)

DDD 107 & & Mouse NOAEL (NCI 1978).

Mammals, tissue
(mg/kg dw)

DDT & & 210 LC50 for shrews (Blus 1978).

     1 Fish and mammalian effect levels vary widely depending on the endpoint and species.  See tables 15 and 17 for
species-specific toxicity information.
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� 6XUIDFH�ZDWHU
5LYHU�PDLQ�VWHP���R�R	�''(
7ULEXWDULHV���R�R �''(�DQG�R�R �''7

� 6HGLPHQW���R�R	�''7��Q�R	�''7�
���R�R	�''(��DQG�R�R	�'''

� )LVK���R�R	�''(�

7KH�SUHGRPLQDQW�PHWDEROLWH�IRXQG�LQ�VXUIDFH
ZDWHU�DQG�ILVK�FROOHFWHG�IURP�WKH�PDLQ�VWHP�RI
WKH�<DNLPD�5LYHU�ZDV�R�R �''(���,Q�ILVK��LW
DFFRXQWHG�IRU�DSSUR[LPDWHO\����SHUFHQW�RI�WKH
WRWDO�''7���7KHVH�ILQGLQJV�LQ�ILVK�DQG�VXUIDFH
ZDWHU�IURP�WKH�PDLQ�VWHP�RI�WKH�<DNLPD�5LYHU
LQGLFDWH�WKDW�''7�IURP�KLVWRULFDO�UHOHDVHV�KDV
UHPDLQHG�LQ�WKH�HFRV\VWHP�IRU�PDQ\�\HDUV���,Q
VXUIDFH�ZDWHU�FROOHFWHG�IURP�WULEXWDULHV�WR�WKH
ULYHU�DQG�LQ�VHGLPHQW�FROOHFWHG�IURP�ERWK�WKH
PDLQ�VWHP�DQG�IURP�WKH�WULEXWDULHV��WKH
FRQFHQWUDWLRQV�RI�R�R	�''7�ZHUH�HTXDO�WR�RU
JUHDWHU�WKDQ�WKRVH�RI�Q�R	�''7���,Q�DGGLWLRQ�
R�R	�''7�WR�Q�R	�''7�UDWLRV�LQ�VHGLPHQW�ZHUH
VLPLODU�WR�WKRVH�LQ�WHFKQLFDO�JUDGH�''7��������
7KHVH�UDWLRV�LQGLFDWH�WKDW�PRVW�RI�WKH�''7
IRXQG�LQ�WKH�<DNLPD�5LYHU�EDVLQ�LV�XQGHU�JUDGHG
PDWHULDO�DQG�VXJJHVW�WKDW�''7�KDV�D�ORQJ�KDOI�
OLIH�LQ�WKHVH�DUHDV³SHUKDSV�QHDU�WKH�XSSHU�HQG
RI�WKH��²���\HDU�UDQJH�SURSRVHG�E\�-RKQVRQ�HW
DO���������

6WXGLHV�RI�RWKHU�ULYHU�GUDLQDJHV�KDYH�DOVR�VKRZQ
WKDW�OHYHOV�RI�R�R	�''7�FDQ�UHPDLQ�KLJK�\HDUV
DIWHU�WKH�ODVW�NQRZQ�XVDJH���7KHVH�LQFOXGH
VHGLPHQW�IURP�3XJHW�6RXQG��VXUIDFH�ZDWHU�DQG
VHGLPHQWV�LQ�:LVFRQVLQ�VWUHDPV��VRLOV�LQ�1HZ
0H[LFR�DQG�7H[DV��DQG�VHGLPHQW��ILVK��DQG�VRLO
LQ�&DOLIRUQLD�DJULFXOWXUDO�DUHDV��-RKQVRQ�HW�DO�
��������,Q�DGGLWLRQ��WKH�RFFXU�UHQFH�RI�Q�R	�
''7�DQG�R�R	�''7�LQ�UDWLRV�UHVHPEOLQJ
WHFKQLFDO�JUDGH�''7�LQGLFDWHV�WKDW�Q�R	�''7�LV
PXFK�PRUH�SHUVLVWHQW�WKDQ�RULJLQDOO\�H[SHFWHG��
(DUO\�VWXGLHV�RI�Q�R	�''7�GLG�QRW�VKRZ�LW�WR�EH
VXFK�D�SHUVLVWHQW�FRP�SRXQG�EHFDXVH�RI
GLIILFXOWLHV�LQ�GLVWLQJXLVKLQJ�LW�IURP�RWKHU
LQWHUIHULQJ�FRPSRXQGV�LQ�WKH�SDFNHG�FROXPQV
WKDW�ZHUH�XVHG�LQ�ROGHU�DQDO\WLFDO�SURFHGXUHV
�-RKQVRQ�HW�DO��������3KDP�HW�DO��������

7KH�RFFXUUHQFH�DQG�GLVWULEXWLRQ�RI�''7�LQ�WKH
6W��/DZUHQFH�5LYHU�LQ�4XHEHF��&DQDGD��DOVR
IROORZV�WKH�WUHQGV�REVHUYHG�LQ�ZDWHUVKHGV�LQ�WKH
8QLWHG�6WDWHV���$JULFXOWXUDO�XVH�RI�''7�
LQ�&DQDGD�SHDNHG�LQ������EXW�ZDV�EDQQHG
GXULQJ�WKH�����·V���5HVWULFWHG�XVHV�ZHUH�
VWLOO�DOORZHG�XQWLO�������3KDP�HW�DO���������
2EVHUYHG�OHYHOV�RI�Q�R	�''7�LQ�WKH�
6W��/DZUHQFH�5LYHU�LQGLFDWHG�WKDW�Q�R	�''7�ZDV
PRUH�SHUVLVWHQW�WKDQ�R�R	�''7���,Q�DGGLWLRQ�
R�R	�''7�ZDV�IRXQG�LQ�WKH�ZDWHU�FROXPQ�EXW
QRW�LQ�WKH�VHGLPHQW���7KLV�PD\�KDYH�EHHQ�D
UHVXOW�RI�GLOXWLRQ�RI�VXVSHQGHG�SDUWLFXODWHV
FDUU\LQJ�WKH�R�R	�''7�DV�WKH\�VHWWOHG�WKURXJK
WKH�ZDWHU�FROXPQ�RU�D�UHVXOW�RI�WKH�PRUH�UDSLG
GHJUDGDWLRQ�RI�R�R	�''7�LQ�VHGLPHQW�WKDQ�LQ
VXUIDFH�ZDWHU���7KH�SUH�GRPLQDQW�GHJUDGDWLRQ
SURGXFWV�RI�R�R	�''7�LQ�VHGLPHQW�WHQG�WR�EH
R�R	�''(�LQ�WKH�WRS�DHURELF�OD\HUV�DQG�R�R	�
'''�LQ�WKH�ERWWRP�DQDHURELF�OD\HUV���,W�ZDV
K\SRWKHVL]HG�WKDW�Q�R	�''7�ZRXOG�IROORZ�WKH
VDPH�GHJUDGDWLRQ�SURFHVVHV�DV�R�R	�''7�EXW�DW
D�VORZHU�UDWH��3KDP�HW�DO��������

7KH�SHUVLVWHQFH�RI�''7�LQ�VRLO�DQG�HDUWK�
ZRUPV�ZDV�VWXGLHG�IRU�D����\HDU�SHULRG�DW�WKH
3DWX[HQW�:LOGOLIH�5HVHDUFK�&HQWHU�LQ�0DU\ODQG
�%H\HU�DQG�*LVK�������%H\HU�DQG�.U\QLWVN\
��������''7�ZDV�VSUD\HG�RQ�WZR�UHSOLFDWH�KD\
ILHOGV�DW�D�FRQFHQWUDWLRQ�RI�
����NLORJUDPV�SHU�KHFWDUH���&RQFHQWUDWLRQV�LQ
HDUWKZRUPV�ZHUH�PHDVXUHG�VHYHUDO�WLPHV
WKURXJKRXW�WKH����\HDU�SHULRG�DQG�KDOI�OLYHV
�DPRXQW�RI�WLPH�IRU�WKH�FRQFHQWUDWLRQV�WR
GHFUHDVH�E\����SHUFHQW��ZHUH�FDOFXODWHG�IRU
''7�DQG�LWV�PHWDEROLWHV�LQ�VRLO�DQG�HDUWK�
ZRUPV���(DUWKZRUPV�RI�YDULRXV�VSHFLHV�DQG
DJHV�ZHUH�FROOHFWHG�IURP�WKH�WHVW�SORWV�EHFDXVH
SUHVXPDEO\�SUHGDWRUV�ZRXOG�QRW�EH�VHOHFWLYH�LQ
WKH�W\SH�RU�DJH�RI�WKH�HDUWKZRUPV�WKH\�IHG�RQ��
6SHFLHV�FROOHFWHG�LQFOXGHG�#RQTTGEVQFGC�VWTIKFC�
#RQTTGEVQFGC�VTCRG\QKFGU��#NNQNQDQRJQTC
EJNQTQVKEC��DQG�.WODTKEWU�VGTTGUVTKU���''7
PHWDEROLWHV�IRXQG�LQ�VRLO����\HDUV�DIWHU
DSSOLFDWLRQ�LQFOXGHG�R�R	�''7��Q�R	�''7�
R�R	�''(��DQG�WUDFH�DPRXQWV�RI�R�R	�'''
�%H\HU�DQG�*LVK���������''7�PHWDEROLWHV�
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IRXQG�LQ�HDUWKZRUPV����\HDUV�DIWHU�DSSOLFD�WLRQ
LQFOXGHG�R�R	�''7��R�R	�'''��DQG
R�R	�''(���7KH�KDOI�OLIH�IRU�WRWDO�''7�LQ�ERWK
VRLO�DQG�HDUWKZRUPV�ZDV�����\HDUV��%H\HU�DQG
*LVK���������''(�ZDV�WKH�PRVW�SHUVLVWHQW�
''7�PHWDEROLWH�LQ�HDUWKZRUPV��%H\HU�DQG
.U\QLWVN\���������''(�FRQFHQWUDWLRQV�LQ
HDUWKZRUPV�LQFUHDVHG�GXULQJ�WKH�ILUVW���\HDUV�RI
WKH�H[SHULPHQW�WR����PJ�NJ�GU\�ZHLJKW��GZ�
DQG�WKHQ�GHFUHDVHG�WKURXJK�WKH�UHPDLQLQJ���
\HDUV�WR�����PJ�NJ�GZ��ZKLFK�ZDV���SHUFHQW�RI
WKH�SHDN�FRQFHQWUDWLRQ�

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

''7�DQG�LWV�PHWDEROLWHV�DUH�IRXQG�LQ�PRVW
VXUIDFH�ZDWHU�ERGLHV��HVSHFLDOO\�WKRVH�WKDW�DUH
GRZQVWUHDP�IURP�WULEXWDULHV�GUDLQLQJ�XUEDQ�DQG
DJULFXOWXUDO�DUHDV��(3$���������''7�FDQ�EH
WUDQVSRUWHG�WR�SUHYLRXVO\�XQLPSDFWHG�ZDWHU
ERGLHV�WKURXJK�VRLO�HURVLRQ��PRYHPHQW�RI
VXVSHQGHG�SDUWLFXODWHV��DFFXPXODWHG�UHVLGXHV�LQ
IUHH�VZLPPLQJ�DTXDWLF�RUJDQLVPV��DQG�UDLQIDOO
FDUU\LQJ�YRODWLOL]HG�''7�

%HFDXVH�RI�WKH�ORZ�ZDWHU�VROXELOLW\�RI�''7�����
�J�/���WKH�ZDWHU�FROXPQ�SULPDULO\�VHUYHV�DV�D
WUDQVIHU�PHFKDQLVP�EHWZHHQ�FRQ�WDPLQDWHG
VHGLPHQWV�DQG�DTXDWLF�RUJDQLVPV��(3$��������
''7�SUHVHQW�LQ�WKH�ZDWHU�FROXPQ�LV�GLUHFWO\
DYDLODEOH�IRU�XSWDNH�E\�DTXDWLF�SODQWV�DQG
DQLPDOV�DW�DOO�OHYHOV�RI�WKH�IRRG�ZHE���+RZHYHU�
IRU�DQLPDOV�LQ�WKH�KLJKHU�WURSKLF�OHYHOV��WUDQVIHU
RI�''7�WKURXJK�WKH�ZDWHU�FROXPQ�LV�SUREDEO\
OHVV�LPSRUWDQW�WKDQ�IRRG�FKDLQ�WUDQVIHU��ZKLFK�LV�
GLVFXVVHG�LQ�ODWHU�VHFWLRQV��

7KH�WR[LFLW\�RI�''7�LQ�ZDWHU�FDQ�EH�DIIHFWHG�E\
VHYHUDO�IDFWRUV��LQFOXGLQJ�WHPSHUDWXUH�DQG�S+��
6WXGLHV�XVLQJ�&CRJPKC�RWNGZ�LQGLFDWH�WKDW�R�R	�
''7�ZDV�VLJQLILFDQWO\�PRUH�WR[LF�DW�����&�WKDQ
DW�����&��6PLWK�HW�DO����������/RZHU
WHPSHUDWXUHV�PD\�DOVR�LQFUHDVH�WR[LFLW\���''7�

ZDV�VHYHQ�WLPHV�PRUH�WR[LF�WR�WKH�VFXG�DQG
WZLFH�DV�WR[LF�WR�&CRJPKC�VS��DW����&�WKDQ�DW�
����&��(3$�������

6WXGLHV�DORQJ�WKH�<DNLPD�5LYHU�LQ�:DVKLQJWRQ
DQG�WKH�6W��/DZUHQFH�5LYHU�LQ�4XHEHF�HYDOXDWHG
WKH�SHUVLVWHQFH�RI�''7�DQG�LWV�GHULYDWLYHV�LQ
ZDWHU�DQG�LQ�RWKHU�PHGLD��DV�GHVFULEHG�LQ�WKH
´)LHOG�&DVHVµ�VHFWLRQ��DERYH�

6HGLPHQW

6HGLPHQWV�IXQFWLRQ�DV�WKH�SULPDU\�VLQN�IRU
''7�DQG�LWV�PHWDEROLWHV��(3$���������,Q
JHQHUDO��ZDWHUERUQH�''7�FRQFHQWUDWLRQV�LQ
H[FHVV�RI������J�/��ZDWHU�VROXELOLW\��ZLOO�HLWKHU
DGVRUE�WR�RU�SUHFLSLWDWH�RQWR�WKH�ERWWRP
VHGLPHQWV���7KH�''7�LQ�WKH�VHGLPHQWV�LV�WKHQ
DYDLODEOH�IRU�GLUHFW�FRQWDFW�RU�LQJHVWLRQ�E\
ERWWRP�GZHOOLQJ�RUJDQLVPV���7KH�''7�FDQ�DOVR
EH�UHGLVVROYHG�EDFN�LQWR�WKH�ZDWHU�FROXPQ
ZKHQHYHU�WKH�ZDWHU�FRQFHQWUDWLRQ�IDOOV�EHORZ
WKH�VDWXUDWLRQ�SRLQW���7KH�SHU�VLVWHQFH�DQG
GHJUDGDWLRQ�RI�''7�LQ�VHGLPHQW�FDQ�EH
DIIHFWHG�E\�VHYHUDO�IDFWRUV��LQFOXGLQJ��S+�
RUJDQLF�FDUERQ�FRQWHQW��WXUELGLW\��DQG�R[\JHQ
FRQWHQW�

6HGLPHQW�TXDOLW\�JXLGHOLQHV�GHYHORSHG�E\�/RQJ
HW�DO���������ZHUH�EDVHG�RQ�FRPSDULVRQV�RI
HIIHFWV�OHYHOV�IRU�YDULRXV�RUJDQLVPV�H[SRVHG�WR
''7�FRQWDPLQDWHG�VHGLPHQWV�DQG�VHGL�PHQW
FKDUDFWHULVWLFV���7KHVH�JXLGHOLQHV�ZHUH�GHYHORSHG
IRU�HVWXDULQH�DQG�PDULQH�VHGLPHQWV�EXW�DUH
FRQVLGHUHG�XVHIXO�DV�VFUHHQLQJ�OHYHOV�IRU
IUHVKZDWHU�VHGLPHQWV���7KH�GLVWULEXWLRQV�RI
HIIHFWV�GDWD�ZHUH�HYDOXDWHG�WR�GHYHORS�WZR
JXLGHOLQHV�������DQ�HIIHFWV�UDQJH�ORZ��(5/�
JXLGHOLQH��WKH�ORZHU���WK�SHUFHQWLOH�RI�WKH
HIIHFWV�GDWD�IRU�HDFK�FKHPLFDO��DQG�����DQ
HIIHFWV�UDQJH�PHGLDQ��(50��JXLGHOLQH��WKH���WK
SHUFHQWLOH�RI�WKH�HIIHFWV�GDWD���7KHVH�WZR
JXLGHOLQHV�FDQ�EH�XVHG�WR�SUHGLFW�WKUHH�OHYHOV�RI
SRWHQWLDO�WR[LFLW\�IRU�DTXDWLF�RUJDQLVPV�H[SRVHG
WR�FRQWDPLQDWHG�VHGLPHQWV���$GYHUVH�HIIHFWV
VKRXOG�EH�UDUH�DW�FRQFHQWUDWLRQV�EHORZ�WKH�(5/
EXW�PD\�RFFXU�EHWZHHQ�WKH�(5/�DQG�WKH�(50
DQG�DUH�YHU\�OLNHO\�DERYH�WKH�(50��
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&RQFHQWUDWLRQV�EHORZ�WKH�(5/�W\SLFDOO\
UHSUHVHQW�FRQGLWLRQV�ZKHUH�DGYHUVH�HIIHFWV
ZRXOG�UDUHO\�RFFXU���&RQFHQWUDWLRQV�EHWZHHQ�WKH
(5/�DQG�WKH�(50�UHSUHVHQW�FRQGLWLRQV�LQ
ZKLFK�DGYHUVH�HIIHFWV�PD\�RFFXU��DQG�FRQFHQ�
WUDWLRQV�DERYH�WKH�(50�UHSUHVHQW�FRQGLWLRQV�LQ
ZKLFK�DGYHUVH�HIIHFWV�DUH�OLNHO\�WR�RFFXU���7KH
(5/�DQG�(50�YDOXHV�IRU�''(�DQG�''7�DUH
DV�IROORZV�

Compound
ERL

(µg/kg dw)

ERM
(µg/kg

dw)
p,p’-DDE 
Total DDT

2.2
1.58

27
46.1

2DN�5LGJH�1DWLRQDO�/DERUDWRU\�LQ�7HQQHVVHH
GHYHORSHG�VHGLPHQW�VFUHHQLQJ�FULWHULD�EDVHG�RQ
LWV�RZQ�UHVHDUFK��251/���������,WV�VHGL�PHQW
TXDOLW\�EHQFKPDUNV�DUH�FDOFXODWHG�XVLQJ
HTXLOLEULXP�SDUWLWLRQLQJ�ZLWK�HLWKHU�VHFRQGDU\
FKURQLF�ZDWHU�TXDOLW\�FULWHULD�RU�WKH�ORZHVW
UHSRUWHG�FKURQLF�YDOXHV�IRU�ILVK�RU�GDSKQLGV�DQG
DVVXPHV���SHUFHQW�RUJDQLF�FDUERQ���7KH
DYDLODEOH�YDOXHV�DUH�DV�IROORZV�

Compound

Secondary
chronic
value

(µg/kg dw)

Lowest chronic
values

(µg/kg dw)

Fish Daphnids

p,p’-DDD 110 16,865 &

DDT 343 19,280 422

7KH�(3$·V�2IILFH�RI�6ROLG�:DVWH�DQG
(PHUJHQF\�5HVSRQVH�KDV�VHOHFWHG�EHQFKPDUN
YDOXHV�IRU�XVH�LQ�VFUHHQLQJ�FRQWDPLQDWHG
VHGLPHQWV�DW�VLWHV�EHLQJ�PDQDJHG�XQGHU�WKH
&RPSUHKHQVLYH�(QYLURQPHQWDO�5HVSRQVH�
&RPSHQVDWLRQ��DQG�/LDELOLW\�$FW��(3$��������
7KH�YDOXH�IRU�''7�LV������J�NJ�GZ��EDVHG�RQ
WKH�(5/�GHYHORSHG�E\�/RQJ�HW�DO�����������

6RLO

7KH�SHUVLVWHQFH�RI�''7�LQ�VRLO�FDQ�EH�DIIHFWHG
E\�VHYHUDO�IDFWRUV��LQFOXGLQJ�PHWKRG�RI
DSSOLFDWLRQ��VRLO�W\SH��VRLO�IHUWLOLW\��W\SH�RI
IRUPXODWLRQ��WRSRJUDSK\��FOLPDWLF�FRQGLWLRQV�

IDUPLQJ�SUDFWLFHV��VRLO�S+��DQG�RUJDQLF�FDUERQ
FRQWHQW��(3$���������7KH�DPRXQW�RI�WLPH�IRU
FRQFHQWUDWLRQV�RI�''7�WR�EH�UHGXFHG�E\�
���SHUFHQW�LQ�VRLOV�UDQJHG�IURP���WR����\HDUV�
ZLWK�DQ�DYHUDJH�WLPH�RI����\HDUV��(GZDUGV
�������

''7�DSSOLHG�WR�WKH�VXUIDFH�PD\�EH�VXEMHFW�WR
YRODWLOL]DWLRQ��EXW�DV�LW�EHFRPHV�ERXQG�WR�WKH
VRLO��LWV�YRODWLOLW\�GHFUHDVHV��%H\HU�DQG�*LVK
��������''7�PL[HG�ZLWK�WKH�VRLO�LV�HYHQ�OHVV
YRODWLOH���,Q�DGGLWLRQ��EHFDXVH�RI�WKH�ORZ�ZDWHU
VROXELOLW\�RI�''7��LW�GRHV�QRW�WHQG�WR�OHDFK
WKURXJK�WKH�VRLO�

'DYLV��������IRXQG�WKDW�WKH�DFFXPXODWLRQ�RI
''(�DQG�''7�LQ�HDUWKZRUPV�WHQGV�WR
GHFUHDVH�DV�WKH�RUJDQLF�FDUERQ�FRQWHQW�RI�
WKH�VRLO�LQFUHDVHV���7KH�HDUWKZRUP
#NNQNQDQRJQTC�ECNKIKPQUC�DFFXPXODWHG�WKH
KLJKHVW�FRQFHQWUDWLRQV�RI�''7�LQ�VRLOV�ZLWK�
��SHUFHQW�RUJDQLF�FDUERQ�DQG�VKRZHG�ORZ
DFFXPXODWLRQ�LQ�VRLOV�ZLWK����SHUFHQW�RUJDQLF
FDUERQ���7KH�DFFXPXODWLRQ�RI�''(��KRZHYHU�
LQFUHDVHG�DV�RUJDQLF�FDUERQ�LQFUHDVHG�XS�WR����
SHUFHQW�DQG�WKHQ�GHFUHDVHG�ZLWK�LQFUHDVLQJ
RUJDQLF�FDUERQ���7KH�FDXVH�RI�WKH�LQFUHDVHG
''(�DFFXPXODWLRQ�XS�WR�����SHUFHQW�RUJDQLF
FDUERQ�ZDV�QRW�GHWHUPLQHG��EXW�LW�PD\�KDYH
EHHQ�GXH�WR�RWKHU�IDFWRUV�VXFK�DV�S+��VRLO
GHQVLW\��DQG�VRLO�PRLVWXUH��ZKLFK�FDQ�LQIOXHQFH
WKH�IHHGLQJ�DFWLYLW\�RI�WKH�ZRUPV���7KH
GLIIHUHQFHV�LQ�DFFXPXODWLRQ�EHWZHHQ�VRLOV�ZLWK
ORZ�RUJDQLF�FDUERQ����SHUFHQW�WR�����SHU�FHQW�
DQG�WKRVH�ZLWK�KLJKHU�RUJDQLF�FDUERQ�
�����SHUFHQW�WR����SHUFHQW��ZHUH�VWDWLVWLFDOO\
VLJQLILFDQW�IRU�ERWK�''(�DQG�''7�

$����\HDU�VWXG\�DW�WKH�3DWX[HQW�:LOGOLIH
5HVHDUFK�&HQWHU�LQ�0DU\ODQG��GHVFULEHG�DERYH
LQ�WKH�´)LHOG�&DVHVµ�VHFWLRQ��H[DPLQHG�WKH
SHUVLVWHQFH�RI�''7�LQ�VRLO�DQG�HDUWKZRUPV�

%LRWLF�(IIHFWV

3ODQWV

$TXDWLF�3ODQWV�³/LWWOH�WR[LFLW\�LQIRUPDWLRQ�ZDV
IRXQG�FRQFHUQLQJ�WR[LFLW\�RI�''7�WR�DTXDWLF
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SODQWV���251/��������UHSRUWHG�D�ORZHVW�FKURQLF
YDOXH�RI������J�/�IRU�DTXDWLF�SODQWV�EXW�OLVWHG�QR
VSHFLILF�VSHFLHV���(3$��������EDVHG�RQ�WKH�ZRUN
RI�6RGHUJUHQ�������DOVR�UHSRUWHG�D�FKURQLF
YDOXH��IRU�UHGXFHG�JURZWK�DQG�XQXVXDO
PRUSKRORJ\��RI������J�/�LQ�WKH�JUHHQ�DOJD
%JNQTGNNC�VS���2WKHU�VXEDFXWH�HIIHFWV�RI�''7
UHSRUWHG�E\�(3$��������LQFOXGH�UHGXFHG�JURZWK
LQ�#PCE[UVKU�PKFWNCPU�DW�
�����J�/�DQG�LQ�5EGPGFGUOWU�SWCFTKECWFC�DW
�����J�/��DQG�LQKLELWHG�SKRWRV\QWKHVLV�LQ
5GNGPCUVTWO�ECRTKEQTPWVWO�DW������J�/�

7HUUHVWULDO�3ODQWV�³1R�WR[LFLW\�LQIRUPDWLRQ
ZDV�IRXQG�IRU�HIIHFWV�RI�'''��''(��RU�''7
RQ�WHUUHVWULDO�SODQWV�

$TXDWLF�,QYHUWHEUDWHV

''7�LV�WR[LF�WR�PRVW�DTXDWLF�RUJDQLVPV��DQG
DUWKURSRGV�KDYH�EHHQ�VKRZQ�WR�EH�YHU\�VHQVL�
WLYH�WR�ORZ�OHYHOV�RI�''7���6WXGLHV�XVLQJ�VWDWLF
DQG�IORZ�WKURXJK�WHVWV�KDYH�HVWDEOLVKHG�PHGLDQ
OHWKDO�FRQFHQWUDWLRQV�����K��IRU�
VHYHUDO�IUHVKZDWHU�DUWKURSRGV��DV�VKRZQ�LQ�WDEOH
���

6PLWK�HW�DO���������FRQGXFWHG����KRXU�VWDWLF
DFXWH�WR[LFLW\�WHVWV�IRU�VHYHUDO�FKHPLFDOV�IRXQG
LQ�WKH�*UHDW�/DNHV���&KHPLFDO�WR[LFLW\�ZDV
UDQNHG�LQ�FRPSDULVRQ�WR�WKDW�RI�R�R	�''7�
ZKLFK�KDG�EHHQ�IRXQG�LQ�ILVK�WLVVXHV�FROOHFWHG
IURP�WKH�*UHDW�/DNHV���7KH�HQGSRLQW�VHOHFWHG
ZDV�DQ�(&���RI�LPPRELOL]DWLRQ�RU�QR
PRYHPHQW�ZKHQ�SURGGHG���7KH�(&���IRU
&CRJPKC�RWNGZ�ZDV������J�/�

7KH�PDULQH�FUXVWDFHDQ�#TVGOKC�UCNKPC�KDV
JDLQHG�SRSXODULW\�IRU�XVH�LQ�VKRUW�WHUP�WR[LFLW\
WHVWLQJ���7KH�WR[LFLW\�RI�YDULRXV�FKHPLFDOV�WR�WKLV
VSHFLHV�KDV�EHHQ�XVHG�WR�SUHGLFW�WR[LFLW\�WR
&CRJPKC�OCIPC�DQG�PDULQH�FRSHSRGV��
6DQFKH]�)RUWXQ�HW�DO���������IRXQG�WKDW�WKH
UHODWLYH�RUGHU�RI�WR[LFLW\�RI�''(��''7��DQG
RWKHU�RUJDQRFKORULQH�SHVWLFLGHV��L�H���GLHOGULQ
DQG�OLQGDQH��ZDV�WKH�VDPH�IRU�

#��UCNKPC�DV�IRU�RWKHU�FUXVWDFHDQV��EXW�#��UCNKPC
ZDV�PXFK�PRUH�WROHUDQW�WR�''(�DQG�''7
WKDQ�PRVW�RWKHU�DTXDWLF�RUJDQLVPV���7KLV
WROHUDQFH�FDQ�UDQJH�IURP���WR����WLPHV�WKDW�RI
RWKHU�PDULQH�GHFDSRGV���6DQFKH]�)RUWXQ�HW�DO�
DOVR�IRXQG�WKDW�VHQVLWLYLW\�WR�''(�DQG�''7
LQFUHDVHG�ZLWK�LQFUHDVLQJ�DJH�RI�WKH�#��UCNKPC
ODUYDH���7KUHH�GD\�ROG�ODUYDH�ZHUH�WZLFH�DV
VHQVLWLYH�DV���GD\�ROG�ODUYDH��WDEOH�����

(3$·V�GDWD�EDVH�IRU�R�R	�''7�FRQWDLQV�PRUH
WKDQ����DFXWH�WR[LFLW\�YDOXHV�IRU�YDULRXV�DTXDWLF
RUJDQLVPV��(3$���������7KHVH�UDQJH�IURP�����
�J�/�IRU�&CRJPKC�RWNGZ�WR�
�������J�/�IRU�WKH�SODQDULDQ�2QN[EGNNKU�HGNKPC��
7KH�$48,5(�GDWD�EDVH�IRU�R�R	�'''�DQG�
R�R	�''(�KDV�VHYHUDO�DFXWH�DQG�RQH�FKURQLF
WR[LFLW\�YDOXH�IRU�DTXDWLF�RUJDQLVPV��(3$��������
)RU�R�R	�'''�WKH�DFXWH�WR[LFLW\�YDOXHV�UDQJH
IURP����J�/�IRU�$QUOKPC�NQPIKTQUVTKU�WR������
�J�/�IRU�D�IODWZRUP���7KH�FKURQLF�WR[LFLW\�YDOXH
UHSRUWHG�IRU�R�R	�'''�LV�
�����J�/�IRU�0KVQETC�URKPKRGU���)RU�R�R	�''(�
WKH�DFXWH�YDOXHV�UDQJH�IURP�������J�/�IRU�WKH
VFXG��)COOCTWU�VS���WR��������J�/�IRU�WKH
IDWKHDG�PLQQRZ��2KOGRJCNGU�RTQOGNCU��

6ZDUW]�HW�DO���������HYDOXDWHG�WKH�VHGLPHQW
WR[LFLW\�DQG�DEXQGDQFH�RI�DPSKLSRGV�DW�VHYHUDO
VLWHV�DORQJ�WKH�/DXULW]HQ�&KDQQHO�DQG�LQ�SDUWV�RI
5LFKPRQG�+DUERU�LQ�&DOLIRUQLD���
7KH�SURSHUW\�DGMDFHQW�WR�WKHVH�SRUWLRQV�RI�WKH
FKDQQHO�ZDV�KLVWRULFDOO\�XVHG�IRU�WKH�IRUPXOD�
WLRQ�DQG�JULQGLQJ�RI�''7���$OWKRXJK�PXFK�RI
WKH�FRQWDPLQDWHG�VHGLPHQW�ZDV�UHPRYHG��D
FRQFHQWUDWLRQ�JUDGLHQW�VWLOO�H[LVWV���6ZDUW]�
HW�DO��PHDVXUHG�WR[LFLW\�WR�WKH�DPSKLSRG
'QJCWUVQTKWU�GUVWCTKWU�DQG�WKH�ILHOG�DEXQGDQFH
RI�DPSKLSRGV�DW�VHYHUDO�VLWHV��DQG�WKHLU�UHVXOWV
DUH�VKRZQ�LQ�WDEOH������)RU�FRPSDULVRQ
SXUSRVHV��6ZDUW]�HW�DO��DOVR�WHVWHG�WKH�WR[LFLW\�RI
VHGLPHQWV�FROOHFWHG�DW�RWKHU�VLWHV�LQ�WKH�
8QLWHG�6WDWHV���7DEOH����LQFOXGHV�/&��V�IRU
*[CNGNNC�C\VGEC�H[SRVHG�WR�VHGLPHQWV�IURP�D
IUHVKZDWHU�VWUHDP�LQ�$ODEDPD�DQG�IRU
4JGRQZ[PKWU�CDTQPKWU�H[SRVHG�WR�VHGLPHQWV
IURP�WKH�3DORV�9HUGHV�6KHOI��&DOLIRUQLD�
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Table 15.&DDD, DDE, and DDT effects on aquatic organisms
[See Appendix II for explanation of abbreviations and technical terms]

Species Chemical

Concentration
(µg/L in surface water,

except as noted) Effects Reference

Aquatic plants

Mixed macrophytes DDT 0.3 Lowest chronic value ORNL 1996

Aquatic invertebrates

Daphnia pulex DDT 0.36 48-h LC50 EPA 1975

p,p’-DDT 1.1 48-h EC50 - immobilized Smith et. al. 1988

Daphnia magna DDT 4.4 48-h LC50 EPA 1975

DDT-tech 1.1 48-h LC50 Randall et al. 1979

Daphnia sp. DDT 0.016 Estimated lowest chronic value ORNL 1996

Bosmina longirostris p,p’-DDD 1 Acute LC50 EPA 1984

Marine crustacean
Artemia salina

p,p’-DDE 159,000 24-h LC50  (1-day-old larvae) Sanchez-Fortun
et al. 1995
(DDE and DDT
test solutions
prepared by
dissolving in
DMSO and diluting
in water)

116,000 24-h LC50  (2-day-old larvae)

  94,270 24-h LC50  (3-day-old larvae)

p,p’-DDT   43,010 24-h LC50  (1-day-old larvae)

  17,040 24-h LC50  (2-day-old larvae)

  16,400 24-h LC50  (3-day-old larvae)

Scud (Gammarus sp.) DDT 2.1 48-h LC50 EPA 1975

p,p’-DDE 0.68 Acute LC50 EPA 1984

Caddisfly DDT 3.4 48-h LC50 EPA 1975

Mayfly DDT 0.3 48-h LC50 EPA 1975

Oyster DDT 7 Reduced shell growth by 50% EPA 1975

Amphipod Hyalella azteca p,p’-DDD 0.19 10-d LC50 Phipps et al. 1995;
Hoke et al. 1994p,p’-DDE 1.66 10-d LC50

p,p’-DDT 0.07 10-d LC50

p,p’-DDD 1.08 in pore water 10-d LC50 Hoke et al. 1994

Total DDT 2,580 mg/kg C in sed.1 10-d LC50 Swartz et al. 1994

Amphipod Eohaustorius
estuarius

Total DDT 2,500 mg/kg C in sed.1

   300 mg/kg C in sed.1

   100 mg/kg C in sed.1

10-d LC50
Toxic threshold
Reduced abundance

Swartz et al. 1994

Amphipod Rhepoxynius
abronius

Total DDT 1,040 mg/kg C in sed.1 10-d LC50 Swartz et al. 1994

Midge Chironomus tentans p,p’-DDD 0.18 10-d LC50 Phipps et al. 1995

p,p’-DDE 3

p,p’-DDT 1.23

Oligochaete Lumbriculus
variegatus

p,p’-DDE >3.27 10-d LC50 Phipps et al. 1995

Planarian Polycellis felina p,p’-DDT 1,230 Acute LC50 EPA 1980

Flatworm p,p’-DDD 2,360 Acute LC50 EPA 1984

Nitocra spinipes p,p’-DDD 0.3 Chronic toxicity EPA 1984
1 Milligrams of DDT per kilogram of organic carbon in sediment.
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Table 15.&DDD, DDE, and DDT effects on aquatic organisms&Continued

Species Chemical

Concentration
(µg/L in surface water,

except as noted) Effects Reference

Fish

Mixed species DDD 1.69 Lowest chronic value ORNL 1996

3.99 Estimated EC20

0.61 Population EC20

DDT 0.73 Lowest chronic value

0.35 Estimated EC20

0.008 Sensitive species EC20

Bluegill sunfish
(Lepomis macrochirus)

DDT-tech 3.4 96-h LC50 Randall et al. 1979

DDT 0.2%1.0 96-h LC50 Ellgaard et al.
19770.008 Increased locomotor activity

DDT 5.8 96-h LC50 at 7EC Mayer and
Ellersieck 19881.6 96-h LC50 at 29EC

Carp (Catla catla) DDT 6,800 96-h LC50 Kulshrestha et al.
19863,000%3,500 MATC

Carp (Cirrhinus mrigala) DDT 6,300 96-h LC50 Kulshrestha et al.
19863,000%3,500 MATC

Carp (Labeo rohita) DDT 6,400 96-h LC50 Kulshrestha et al.
19863,000%3,500 MATC

Catfish
Heteropneustes fossilis

DDT-tech    500 Decrease in white blood cell count Mustafa and
Murad 1984
(DDT dissolved in
acetone and
diluted with water)

3,020 72-hr LC50

2,950 96-hr LC50

3,000 Erratic swimming, jerky movement

3,020 72-hr LC50

3,550 48-hr LC50

Cichlid - Tilapia
Oreodhromis spilurus

DDT   80 96-hr LC50, Parkinson and
Agius 1988190 72-hr LC50

250 48-hr LC50

Fathead minnow
(Pimephales promelas)

p,p’-DDE 4,400 Acute LC50 EPA 1984

Total DDT 1.5 (water only) Chronic exposure LC50 Jarvinen et al.
19770.9 (+46 µg/g in food) Chronic exposure LC50

0.9 MATC (DDT in water only)

0.4 MATC (DDT in water and food)

2 Reduced embryo hatchability

Flounder
(Platichthys flesus)

DDT 12.5 mg/kg bw in food Hyperactivity; 20-fold increase in
activity

Bengtsson and
Larsson 1981

1 mg/kg (in brain) Hyperactivity

Humpback salmon
(Oncorhynchus gorbuscha)

DDT 1.32 Increased enzymatic activity Andryushchenko
and Khokhryakov
1982

Loach (Misgurnus
anguillicaudatus)

DDT 350 24-hr LC50 Yang and Sun
1977

Sarotherodon
mossambicus

DDT 1 Change in thyroid follicle
organization and structure

Shukla and
Pandey 1986
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(IIOXHQW�GLVFKDUJHV�IURP�D�''7�PDQXIDF�
WXULQJ�FRPSDQ\�KDYH�DIIHFWHG�ERWK�VXUIDFH
ZDWHU�DQG�VHGLPHQW�LQ�WKH�+XQWVYLOOH�6SULQJ
%UDQFK�RI�WKH�,QGLDQ�&UHHN�VWUHDP�V\VWHP�LQ
$ODEDPD���+RNH�HW�DO���������PHDVXUHG�WKH
WR[LFLW\�RI�''7�DQG�LWV�PHWDEROLWHV�WR�*[CNGNNC
C\VGEC�H[SRVHG�WR�VXUIDFH�ZDWHU����

7HUUHVWULDO�,QYHUWHEUDWHV

+LVWRULFDO�VWXGLHV�RI�WHUUHVWULDO�LQYHUWHEUDWHV
KDYH�IRXQG�WKDW�HDUWKZRUPV�DUH�PXFK�PRUH
WROHUDQW�RI�RUJDQRFKORULQH�SHVWLFLGHV�WKDQ
DUWKURSRGV��'DYLV���������&DWKH\�������
HVWLPDWHG�DQ�HIIHFWLYH�WR[LF�VRLO�FRQFHQWUDWLRQ�RI
''(�WR�.WODTKEWU��DW��������J�NJ�

/DERUDWRU\�VWXGLHV�RQ�WKH�XSWDNH�DQG
DFFXPXODWLRQ�RI�''(�DQG�''7�ZHUH�FRQ�
GXFWHG�RQ�WZR�HDUWKZRUPV��.WODTKEWU
VGTTGUVTKU�DQG�#NNQNQDQRJQTC�ECNKIKPQUC��WKDW
KDYH�GLIIHUHQW�IHHGLQJ�SDWWHUQV��'DYLV���������
.��VGTTGUVTKU�IHHGV�RQ�WKH�VRLO�VXUIDFH�DQG�RQ
YHJHWDWLRQ��ZKHUHDV�#��ECNKIKPQUC�IHHGV�SULPDULO\
RQ�VRLOV�EHORZ�WKH�VXUIDFH���7KH�XSWDNH�RI�''7
IURP�VRLO�E\�.��VGTTGUVTKU�LQGLFDWHG�WKDW�''7
FRQFHQWUDWLRQV�LQ�ZRUPV�URVH�IURP������PJ�NJ
�DW���PJ�NJ�VRLO�UHVLGXH��WR����PJ�NJ��DW���
PJ�NJ�VRLO�UHVLGXH����7KH�DFFXPXODWLRQ�RI�''7
LQFUHDVHG�ZLWK�LQFUHDVLQJ�VRLO�FRQFHQWUDWLRQ��DQG
ELRFRQFHQWUDWLRQ�IDFWRUV�UDQJHG�IURP������WR
������''(�ZDV�WKH�SULPDU\�PHWDEROLWH�IRUPHG��
7KH�SURSRUWLRQ�RI�''(�WR�''7�ZDV�DSSUR[L�
PDWHO\����SHUFHQW���7KH�XSWDNH�DQG�DFFXPX�
ODWLRQ�RI�''7�ZHUH�DOVR�PHDVXUHG�XVLQJ�DSSOH
OHDYHV�WKDW�KDG�EHHQ�VSUD\HG�ZLWK�WHFKQLFDO
JUDGH�''7���5HVXOWV�LQGLFDWHG�WKDW�DFFXPX�
ODWLRQ�IURP�WUHDWHG�OHDYHV�ZDV�VLJQLILFDQWO\
KLJKHU�LQ�.��VGTTGUVTKU�WKDQ�LQ�#��ECNKIKPQUC��
$FFXPXODWLRQ�IURP�WUHDWHG�OHDYHV�ZDV�DOVR�OHVV
WKDQ�WKDW�IURP�WUHDWHG�VRLO�IRU�ERWK�VSHFLHV��
7KH�GLIIHUHQFHV�LQ�DFFXPXODWLRQ�EHWZHHQ�.�
VGTTGUVTKU�DQG�#��ECNKIKPQUC�IRU�GLIIHUHQW�W\SHV�RI
''7�DSSOLFDWLRQ�ZHUH�GXH�WR�WKH�GLIIHUHQFHV�LQ
IHHGLQJ�DFWLYLW\�DQG�LQWDNH�EHWZHHQ�WKH�WZR
VSHFLHV���:KHQ�''7�ZDV�DSSOLHG�WR�WKH�VRLO�DQG
FXOWLYDWHG�LQ��$��FDOLJLQRVD�DFFXPXODWHG�PXFK

KLJKHU�OHYHOV�WKDQ�.��VGTTGUVTKU�EHFDXVH�LW�LQJHVWV
UHODWLYHO\�PRUH�VRLO�DQG�LV�PRUH�DFWLYH�EHORZ�WKH
VXUIDFH��EXW��ZKHQ�''7�ZDV�DSSOLHG�WR�OHDYHV�DW
WKH�VRLO�VXUIDFH��WKHQ�.��VGTTGUVTKU�DFFXPXODWHG
KLJKHU�OHYHOV�EHFDXVH�LW�LV�PRUH�DFWLYH�DW�WKH
VXUIDFH�

7KH�DFFXPXODWLRQ�RI�''7�LQ�HDUWKZRUPV
H[SRVHG�WR�FRQWDPLQDWHG�VRLO�LQ�WKH�5KLQH�GHOWD
IORRG�SODLQV�LQGLFDWHG�WKDW�UDWLRV�RI
FRQFHQWUDWLRQV�LQ�HDUWKZRUP�IDW�DQG�GU\�RUJDQLF
PDWWHU�ZHUH�LQGHSHQGHQW�RI�RFWDQRO�ZDWHU
SDUWLWLRQ�FRHIILFLHQWV��-

QY
���+HQGULNV�HW�DO�

��������(DUWKZRUPV�FROOHFWHG�IURP�ORFD�WLRQV
DORQJ�WKH�5KLQH�GHOWD�DFFXPXODWHG�''7�DW����
WLPHV�DQG�''(�DW�����WLPHV�WKH�VRLO
FRQFHQWUDWLRQV�PHDVXUHG�DW�WKH�VDPH�ORFD�WLRQV��
3UHYLRXV�VWXGLHV�KDG�LQGLFDWHG�WKDW�GU\�ZHLJKW
FRQFHQWUDWLRQV�RI�''(�DQG�''7�LQ�ILHOG
HDUWKZRUPV�UDQJHG�IURP�����WR�����WLPHV�WKH
VRLO�FRQFHQWUDWLRQV��0D���������:KHQ�FRQYHUWHG
WR�D�IDW�ZHLJKW�EDVLV��WKLV�UDQJH�LQFUHDVHG�WR����
WR����WLPHV�WKH�VRLO�FRQFHQ�
WUDWLRQ���7KH�ORZHU�DFFXPXODWLRQ�IDFWRUV
REVHUYHG�LQ�WKH�5KLQH�GHOWD�PD\�KDYH�EHHQ�WKH
UHVXOW�RI�UHGXFHG�ELRDYDLODELOLW\��QRQ�HTXLOLEULXP
FRQGLWLRQV��RU�ELRWUDQVIRUPDWLRQ�LQ�ORFDO
SRSXODWLRQV��+HQGULNV�HW�DO��������

%H\HU�DQG�*LVK��������VWXGLHG�WKH�DFFXPXOD�
WLRQ�RI�''7�LQ�HDUWKZRUPV�H[SRVHG�WR�WUHDWHG
VRLOV�IRU����\HDUV���7KH�VWRUDJH�UDWLRV�RI�WRWDO
''7�LQ�HDUWKZRUPV�ZHUH�FDOFXODWHG�IRU�''(
�����'''���������R�R	�''7���������DQG�WRWDO
''7���������7KH�VWRUDJH�RI�WRWDO�''7�LQ
HDUWKZRUPV�FDQ�OHDG�WR�KDUPIXO�HIIHFWV�LQ�KLJKHU
WURSKLF�OHYHO�RUJDQLVPV��LQFOXGLQJ�ELUGV�DQG
PDPPDOV����6HH�´%LRDFFXPXODWLRQµ��

)LVK

7KH�WR[LFLW\�DQG�DFFXPXODWLRQ�RI�''7�LQ�ILVK
DUH�FRUUHODWHG�ZLWK�DJH��IDW�FRQWHQW��DQG�ERG\
OHQJWK���6LJQV�RI�WR[LFLW\�DUH�VLPLODU�WR�WKRVH
H[KLELWHG�E\�LQVHFWV��(OOJDDUG�HW�DO���������
([SRVXUH�WR�OHWKDO�FRQFHQWUDWLRQV�RI�''7
UHVXOWV�LQ�LQFUHDVLQJ�OHYHOV�RI�LUULWDELOLW\�RU�
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H[FLWDELOLW\�IROORZHG�E\�PXVFXODU�VSDVPV�
FRPSOHWH�ORVV�RI�HTXLOLEULXP��FRQYXOVLRQV��
DQG�HYHQWXDOO\�GHDWK���7R[LF�HIIHFW�OHYHOV�IRU
YDULRXV�VSHFLHV�RI�ILVK�DUH�SUHVHQWHG�LQ�
WDEOH����

6HYHUDO�VWXGLHV�KDYH�HYDOXDWHG�WKH�WR[LFLW\�DQG
VXEOHWKDO�HIIHFWV�RI�''7�DQG�LWV�PHWD�EROLWHV�WR
YDULRXV�ILVK�VSHFLHV��WDEOH�������(OOJDDUG�HW�DO�
�������IRXQG�WKDW�H[SRVXUH�WR�''7
FRQFHQWUDWLRQV�DV�ORZ�DV��������J�/�FDQ�DIIHFW
ORFRPRWRU�UDWHV�RI�EOXHJLOO�VXQILVK��.GRQOKU
OCETQEJKTWU����%HKDYLRUDO�FKDQJHV��LQFOXGLQJ
HUUDWLF�VZLPPLQJ��IDVW�MHUN\�PRYHPHQW��DQG
FRQYXOVLRQV��ZHUH�REVHUYHG�LQ�FDWILVK
�*GVGTQRPGWUVGU�HQUUKNKU��H[SRVHG�WR�WHFKQLFDO�
JUDGH�''7�DW�FRQFHQWUDWLRQV�JUHDWHU�WKDQ������
�J�/��0XVWDID�DQG�0XUDG���������&KDQJHV�LQ
WK\URLG�IROOLFOH�RUJDQL]DWLRQ�DQG�VWUXFWXUH�ZHUH
REVHUYHG�DW�''7�FRQFHQWUD�WLRQV�DV�ORZ�DV����
�J�/�LQ�5CTQVJGTQFQP�OQUUCODKEWU��6KXNOD�DQG
3DQGH\�������

+\SHUDFWLYLW\�DQG�DEQRUPDO�GLXUQDO�DFWLYLW\�ZHUH
REVHUYHG�LQ�IORXQGHUV��2NCVKEJVJ[U�HNGUWU��WKDW
ZHUH�IRUFH�IHG�''7��%HQJWVVRQ�DQG�/DUVVRQ
��������'RVDJHV�RI�''7�DW������PJ�NJ�EZ
UHVXOWHG�LQ�D����SHUFHQW�LQFUHDVH�LQ�VZLPPLQJ
DFWLYLW\��DQG�H[WUDFWDEOH�IDW�UHVL�GXHV�LQ�WKH�EUDLQ
JUHDWHU�WKDQ���PJ�NJ�UHVXOWHG�LQ�K\SHUDFWLYLW\��
$QGU\XVKFKHQNR�DQG�.KRNKU\DNRY�������
HYDOXDWHG�HQ]\PDWLF�FKDQJHV�LQ�KXPSEDFN
�SLQN��VDOPRQ��1PEQTJ[PEJWU�IQTDWUEJC��DQG
IRXQG�WKDW�FRQFHQWUDWLRQV�RI�''7�DW�������J�/
UHVXOWHG�LQ�LQFUHDVHV�RI�F\WRFKURPH�3�����E\���
SHUFHQW�DQG�F\WRFKURPH�E��E\����SHUFHQW���,Q
DGGLWLRQ��EHQ]S\UHQK\GUR[\ODVH�DFWLYLW\�ZDV
LQFUHDVHG�WKUHHIROG�

0D\HU�DQG�(OOHUVLHFN��������IRXQG�D�QHJDWLYH
FRUUHODWLRQ�EHWZHHQ�WHPSHUDWXUH�DQG�WR[LFLW\�IRU
'''��''7��GLPHWKULQ��PHWKR[\FKORU�
S\UHWKULQV��DQG�S\UHWKURLGV���7KLV�LV�RSSRVLWH�RI
WKH�UHODWLRQVKLS�REVHUYHG�IRU�PRVW�RWKHU�RUJDQLF
FKHPLFDOV���7KH�GLIIHUHQFHV�LQ�WR[LFLW\�GXH�WR
WHPSHUDWXUH�KDYH�EHHQ�DWWULEXWHG�WR�FKDQJHV�LQ
UHVSLUDWLRQ�UDWHV�DQG�FKHPLFDO�DEVRUSWLRQ�
GHWR[LILFDWLRQ��DQG�H[FUHWLRQ�

<DQJ�DQG�6XQ��������VWXGLHG�WR[LFLW\�DQG�UDWHV
RI�DEVRUSWLRQ�RI�''7�LQ�OHDFKHV��/KUIWTPWU
CPIWKNNKECWFCVWU��DQG�IRXQG�WKDW������SHUFHQW
RI�D�SUHGHWHUPLQHG�FRQFHQWUDWLRQ�RI�''7
SUHVHQW�LQ�ZDWHU�ZDV�DEVRUEHG�ZLWKLQ����KRXUV��
7KH�KLJK�UDWH�RI�DEVRUSWLRQ�LV�SULPDULO\�GXH�WR
WKH�OLSRSKLOLFLW\�RI�''7�

-DUYLQHQ�HW�DO���������WHVWHG�WKH�SDUWLDO�FKURQLF
WR[LFLW\�RI�''7�WR�IDWKHDG�PLQQRZV
�2KOGRJCNGU�RTQOGNCU����,Q�VHSDUDWH�WHVWV��WKH\
DGPLQLVWHUHG�WKH�''7�LQ�GLHW�DORQH��LQ�ZDWHU
DORQH��DQG�LQ�ERWK�GLHW�DQG�ZDWHU���)LVK�IHG
''7�LQ�WKH�GLHW�KDG�ORZHU�VXUYLYDO�UDWHV�WKDQ
WKRVH�IHG�FOHDQ�IRRG��WDEOH�������+LJK�PRUWDOLW\
ZDV�REVHUYHG�DW�WZR�VWDJHV�������MXYHQLOHV����WR
���GD\V�ROG�DQG�����VSDZQLQJ�PDOH�ILVK���,Q
DGGLWLRQ��HPEU\R�UHVLGXH�OHYHOV�DQG�ODUYDO
PRUWDOLW\�UDWHV�IRU�RIIVSULQJ�RI�SDUHQW�ILVK�WKDW
ZHUH�H[SRVHG�WR�''7�LQ�ERWK�ZDWHU�DQG�IRRG
ZHUH�WZR�WLPHV�KLJKHU�WKDQ�WKRVH�IRU�RIIVSULQJ
RI�ILVK�WKDW�ZHUH�H[SRVHG�WR�''7�RQO\�LQ�WKH
ZDWHU���7LVVXH�UHVLGXHV�RI�''7�LQ�DGXOWV�ZHUH
DOVR�KLJKHU�IRU�ILVK�H[SRVHG�WR�''7�LQ�ZDWHU
DORQH�WKDQ�IRU�ILVK�H[SRVHG�WR�''7�LQ�GLHW
DORQH��EXW�UHVXOWV�IRU�ILVK�H[SRVHG�WR�''7�LQ
ERWK�GLHW�DQG�ZDWHU�LQGLFDWHG�WKDW�UHVLGXH�OHYHOV
ZHUH�DGGLWLYH�EDVHG�RQ�WKH�VLQJOH�H[SRVXUH
VWXGLHV���$Q�HTXLOLEULXP�EHWZHHQ�WLVVXH�UHVLGXHV
DQG�FRQFHQWUDWLRQV�LQ�IRRG�ZDV�UHDFKHG�ZLWKLQ
���GD\V���%LRFRQFHQWUDWLRQ�IDFWRUV�ZHUH
FDOFXODWHG�IRU�GLHW�������DQG�ZDWHU�����������

,Q�ODNH�WURXW��5CNXGNKPWU�PCOC[EWUJ��VWRFNHG�LQ
&D\XJD�/DNH��1HZ�<RUN��WLVVXH�UHVLGXHV�RI�R�R	�
''(�LQFUHDVHG�VLJQLILFDQWO\�ZLWK�ERWK�
WKH�DJH�RI�WKH�ILVK�DQG�WKH�IDW�FRQWHQW
�*XWHQPDQQ�HW�DO����������)LVK�FROOHFWHG�LQ�����
DYHUDJHG������PJ�NJ�GZ�IRU���\HDU�ROG�ILVK�DQG
���PJ�NJ�GZ�IRU����\HDU�ROG�ILVK���6LPLODUO\�
ILVK�FROOHFWHG�LQ������DYHUDJHG�
�����PJ�NJ�GZ�IRU���\HDU�ROG�ILVK�DQG�
����PJ�NJ�GZ�IRU����\HDU�ROG�ILVK���,Q�DGGLWLRQ��
WKH�''7�FRQFHQWUDWLRQV�LQ�ILVK�WLVVXH�VKRZHG�D
PDUNHG�GHFUHDVH�LQ�ERWK�WKH����DQG����\HDU�ROG
ILVK�LQ�WKH�LQWHUYHQLQJ�
���\HDUV�
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6LPLODU�VWXGLHV�DW�DQRWKHU�ODNH�LQ�1HZ�<RUN
IRXQG�WKDW�UHVLGXHV�RI�R�R	�''(�LQ�ODNH�WURXW
ZHUH�SRVLWLYHO\�FRUUHODWHG�WR�WKH�OHQJWK�RI�ILVK
�<RXQJ�HW�DO����������/HQJWK�DFFRXQWHG�IRU�
���SHUFHQW�RI�WKH�YDULDWLRQ�LQ�UHVLGXH�OHYHOV��
/HQJWK�FDQ�DOVR�EH�XVHG�DV�DQ�LQGLFDWRU�RI�DJH
DQG��KHQFH��WKHVH�UHVXOWV�DJUHH�ZLWK�WKRVH�RI
*XWHQPDQQ�HW�DO���������

&RQWUDU\�WR�WKH�UHVXOWV�RI�WKH�ODNH�WURXW�VWXGLHV�
/DUVVRQ�HW�DO���������IRXQG�WKDW�WRWDO�''7
UHVLGXH�OHYHOV�LQ�QRUWKHUQ�SLNH��'UQZ�NWEKWU�
WDNHQ�IURP�D�HXWURSKLF�ODNH�LQ�VRXWKHUQ
6FDQGLQDYLD�ZHUH�QHJDWLYHO\�FRUUHODWHG�ZLWK�DJH
DQG�ZLWK�PXVFOH�RU�IDW�FRQWHQW���7KH�GHFUHDVH
ZLWK�LQFUHDVLQJ�DJH�ZDV�PRVW�SUR�QRXQFHG�LQ
IHPDOH�SLNH��DQG�WKLV�UHVXOW�ZDV�DWWULEXWHG�WR�WKH
VHDVRQDO�XVH�DQG�HOLPLQDWLRQ�RI�OLSLGV�DQG�
KHQFH��RI�OLSRSKLOLF�SROOXWDQWV�GXULQJ
UHSURGXFWLRQ�DQG�UHOHDVH�RI�HJJV���,Q�HJJV�DQG
RYDULHV��URH���ERWK�WKH�IDW�FRQWHQW�DQG�WKH
FRQWDPLQDQW�OHYHOV�ZHUH����WLPHV�KLJKHU�WKDQ�LQ
PXVFOH���0DOH�SLNH�FRQWDLQHG�KLJKHU�OHYHOV�RI
FRQWDPLQDQWV�WKDQ�IHPDOHV
EXW�KDYH�ORZHU�HOLPLQDWLRQ�YLD�JRQDGDO�SURGXFWV��
*HUPLQDO�WLVVXH�FDQ�DFFRXQW�IRU�XS�WR���
SHUFHQW�RI�WKH�ERG\�ZHLJKW�LQ�IHPDOHV�EXW�RQO\
DFFRXQWV�IRU�DSSUR[LPDWHO\���SHUFHQW�LQ�PDOHV��
0DOH�JHUPLQDO�WLVVXH�DOVR�FRQWDLQV�OHVV�IDW�WKDQ
WKH�RYDULHV�LQ�IHPDOHV���,Q�DGGLWLRQ��WKH�ODUJHVW
IDW�GHSRVLWV�LQ�SLNH�DUH�IRXQG�LQ�WKH�JHUPLQDO
WLVVXHV��WKHLU�PXVFOH�WLVVXH�KDV�ORZHU�OHYHOV�RI�IDW
�����WR�����SHU�FHQW��WKDQ�PRVW�RWKHU�ILVK�
LQFOXGLQJ�VDOPRQLGV���7KHVH�UHVXOWV�GLIIHU�IURP
WKRVH�
RI�WKH�WURXW�VWXGLHV�SULPDULO\�EHFDXVH�WURXW�DQG
RWKHU�VDOPRQLGV�GHSRVLW�PRUH�IDW�WKDQ�SLNH�GR
LQ�WKH�PXVFOH��DGLSRVH��DQG�YLVFHUDO�WLVVXHV��DQG
WKHLU�IDW�FRQWHQW�LQFUHDVHV�ZLWK�DJH���2WKHU�ILVK
DOVR�WHQG�WR�XVH�IDW�GHSRVLWV�DV�DQ�HQHUJ\
UHVHUYH���3LNH�DUH�PRUH�OHDQ��WKHLU�SHUFHQW�IDW
FRQWHQW�LQ�PXVFOH�DQG�JHUPLQDO�WLVVXH�LV
UHODWLYHO\�FRQVWDQW�WKURXJKRXW�OLIH��DQG�WKH\�GR
QRW�XVH�IDW�GHSRVLWV�DV�HQHUJ\�UHVHUYHV���,QVWHDG�
WKH\�FDWDEROL]H�RUGLQDU\�WLVVXH�ZKHQ�IDVWLQJ��
2YHUDOO��WKH�XSWDNH�DQG�HOLPLQDWLRQ�RI�SHUVLVWHQW
SROOXWDQWV�VXFK�DV�''7�FDQ�YDU\�QRW�RQO\
ZLWKLQ�D�VSHFLHV�

EHFDXVH�RI�VH[��DJH��DQG�VL]H��EXW�DOVR�EHWZHHQ
VSHFLHV�EHFDXVH�RI�GLIIHUHQFHV�LQ�IDW�GHSRVLWLRQ�

&XOOHQ�DQG�&RQQHOO��������VWXGLHG�ZKROH�ERG\
UHVLGXHV�RI�WRWDO�''7�LQ�ILVK�FROOHFWHG�IURP
WKUHH�ULYHUV�LQ�1HZ�6RXWK�:DOHV��$XVWUDOLD���7KH
ULYHUV�VHOHFWHG�KDG�ODUJH�SODQWDWLRQV�DQG�D
KLVWRU\�RI�KHDY\�XVH�RI�FKORURK\GURFDUERQ
SHVWLFLGHV���)LVK�VSHFLHV�FROOHFWHG�LQFOXGHG
ZKLWLQJ��5KNNCIQ�EKNKCVC���EUHDP��#ECPVJQRCITWU
CWUVTCNKU���PXOOHW��/WIKN�EGRJCNWU���DQG�FDUS
�%[RTKPWU�ECTRQ����$W�VRPH�SRLQW�GXULQJ�WKHLU
OLIH�KLVWRU\��ZKLWLQJ��EUHDP��DQG�PXOOHW�PLJUDWH
IURP�XSVWUHDP�LPSDFWHG�DUHDV�WR�GRZQVWUHDP
HVWXDULQH�RU�RSHQ�VHD�DUHDV�ZLWK�ORZHU�OHYHOV�RI
FRQWDPLQDWLRQ���7KH�WLVVXH�OHYHOV�LQ�WKHVH�ILVK
LQFUHDVHG�ZLWK�DJH�LQ�XSVWUHDP�MXYHQLOHV�EXW
GHFUHDVHG�DIWHU�PDWXUDWLRQ�DQG�PLJUDWLRQ
GRZQVWUHDP���7KH�OHYHOV�RI�WRWDO�''7�LQFUHDVHG
OLQHDUO\�ZLWK�DJH�IRU�ILVK��FDUS��WKDW�GLG�QRW
PLJUDWH���7KH�HIIHFWV�RI�PLJUDWLRQ�LQFOXGHG�ERWK
H[SRVXUH�WR�ORZHU�HQYLURQPHQWDO�FRQFHQWUDWLRQV
DQG�WKH�PHWDEROLVP�RI�IDW�UHVHUYHV�GXULQJ
PLJUDWLRQ�DQG�VSDZQLQJ���,Q�DGGLWLRQ��&XOOHQ
DQG�&RQQHOO�IRXQG�WKDW�ILVK�ZLWK�KLJKHU�IDW
FRQWHQW��PXOOHW��FRQWDLQHG�VLJQLILFDQWO\�KLJKHU
WRWDO�''7�UHVLGXHV�WKDQ�ILVK�ZLWK�D�ORZHU�IDW�
FRQWHQW��EUHDP�DQG�ZKLWLQJ���EXW�YDULDWLRQV
RFFXUUHG�EDVHG�RQ�GLIIHUHQFHV�LQ�PRYHPHQW
SDWWHUQV�DQG�H[SRVXUH�KLVWRU\�

$ORQJ�WKH�<DNLPD�5LYHU�RI�:DVKLQJWRQ�
-RKQVRQ�HW�DO���������VWXGLHG�WKH�SHUVLVWHQFH�RI
''7�DQG�LWV�PHWDEROLWHV�LQ�ILVK�DQG�LQ�ZDWHU
DQG�VHGLPHQW��DV�GHVFULEHG�DERYH�LQ�WKH�´)LHOG
&DVHVµ�VHFWLRQ�

$PSKLELDQV�5HSWLOHV

)HZ�VWXGLHV�ZHUH�IRXQG�WKDW�GHVFULEH�''7·V
HIIHFWV�RQ�DPSKLELDQV�DQG�UHSWLOHV���7R[LF
HIIHFWV�FDQ�LQFOXGH�XQFRRUGLQDWHG�EHKDYLRU��ORVV
RI�HTXLOLEULXP��UHVWULFWHG�GHYHORSPHQW��ZHLJKW
ORVV��DQG�GHDWK��5XVVHOO�HW�DO����������6SULQJ
SHHSHUV��2UGWFCETKU�ETWEKHGT��FROOHFWHG�IURP�DQ
DUHD�RI�KLVWRULF�''7�DSSOLFDWLRQ�ZHUH�DQDO\]HG�
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IRU�'''��''(��DQG�''7���$OO�KDG�HOHYDWHG
WLVVXH�FRQFHQWUDWLRQV��PHDQ�FRQFHQ�WUDWLRQV�LQ
�J�NJ�ZZ���R�R �'''��������
R�R �''(���������R�R �''7���������7KH�KLJK
FRQFHQWUDWLRQV�LQGLFDWHG�WKDW�''7�DSSOLFDWLRQ
LQ�WKH�DUHD�PD\�KDYH�DFFRXQWHG�IRU�ORFDO
H[WLQFWLRQV�RI�WKUHH�RWKHU�VSHFLHV�RI��IURJV�
DQG�WRDGV��5XVVHOO�HW�DO��������

%LVKRS�HW�DO���������VWXGLHG�FRQFHQWUDWLRQV�RI
''(�LQ�WKH�HJJV�RI�WKH�FRPPRQ�VQDSSLQJ
WXUWOH��%JGN[FTC�UGTRGPVKPC�UGTRGPVKPC��WR
GHWHUPLQH�LI�KLJKHU�FRQFHQWUDWLRQV�RI�''(
ZHUH�IRXQG�LQ�HJJV�SURGXFHG�E\�ODUJHU��ROGHU
WXUWOHV�RU�WKRVH�ZLWK�WKH�ODUJHVW�FOXWFK�VL]H�RU
PDVV���7KH�UHVXOWV�RI�WKLV�VWXG\�VKRZHG�QR
FRUUHODWLRQ�EHWZHHQ�WKH�DJH�RU�VL]H�RI�WKH�IHPDOH
WXUWOH�DQG�WKH�DPRXQW�RI�''(�IRXQG�LQ�WKH
HJJV���5HODWLRQVKLSV�ZHUH�SUHYLRXVO\�IRXQG
EHWZHHQ�ERG\�VL]H�RI�WXUWOHV�DQG�WKH
FRQFHQWUDWLRQV�RI�OLSRSKLOLF�FRPSRXQGV�LQ�IDW
RU�OLYHU���7KH�GLIIHUHQFHV�RI�''(�IRXQG�LQ
GLIIHUHQW�FOXWFKHV�PD\�VLPSO\�UHIOHFW�LQGLYLGXDO
SUHIHUHQFHV�LQ�IRRG�DQG�IHHGLQJ�ORFDWLRQV���,Q
DGGLWLRQ��WKH�OLSLGV�XVHG�IRU�HJJ�SURGXFWLRQ�PD\
EH�GHULYHG�IURP�GDLO\�GLHWDU\�LQWDNH�VKRUWO\
EHIRUH�HJJ�SURGXFWLRQ�UDWKHU�WKDQ�IURP�VWRUHG
OLSLGV�LQ�WKH�IHPDOH�

%LVKRS�HW�DO�������D��DOVR�IRXQG�WKDW
FRQFHQWUDWLRQV�RI�''(�YDULHG�ZLGHO\�LQ
FRPPRQ�VQDSSLQJ�WXUWOH�HJJV�FROOHFWHG�IURP�WKH
VDPH�FOXWFK���7KH�ILUVW�ILYH�HJJV�ODLG�LQ�WKH�QHVW
FRQWDLQHG�WKH�KLJKHVW�FRQFHQWUDWLRQV�RI�''(
RQ�ERWK�D�ZHW�ZHLJKW�DQG�D�OLSLG�ZHLJKW�EDVLV��
7KH�ILUVW�ODLG�HJJV�RI�WKH�VQDSSLQJ�WXUWOHV�WHQGHG
WR�KDYH�JUHDWHU�OLSLG�FRQWHQW�DQG�FRQVHTXHQWO\
JUHDWHU�RUJDQRFKORULQH�FRQWHQW�WKDQ�ODWHU�HJJV��
7KLV�WUHQG�LV�RSSRVLWH�IURP�ZKDW�KDV�EHHQ
REVHUYHG�LQ�VRPH�ELUGV��H�J���KHUULQJ�JXOOV���LQ
ZKLFK�HJJV�ZLWK�WKH�KLJKHVW�OLSLG�DQG
RUJDQRFKORULQH�FRQWHQW�ZHUH�WKRVH�ODLG�ODWHU���

%LUGV

7KH�WR[LFLW\�DQG�DFFXPXODWLRQ�RI�''7�DQG�LWV
PHWDEROLWHV�DUH�RI�SULPDU\�FRQFHUQ�LQ�ELUGV���

'XULQJ�WKH�HDUO\�����
V��''7�DQG�LWV
PHWDEROLWHV�ZHUH�SUREDEO\�SUHVHQW�LQ�WKH�WLVVXHV
RI�HVVHQWLDOO\�DOO�ZLOG�ELUGV�LQ�WKH�ZRUOG��)OHPLQJ
HW�DO����������6LQFH�WKHQ��KRZHYHU��PDQ\�VWXGLHV
KDYH�VKRZQ�WKDW�''(�UHVLGXH�OHYHOV�LQ�ELUGV
KDYH�EHHQ�GHFUHDVLQJ�LQ�PDQ\�SDUWV�RI�WKH
8QLWHG�6WDWHV��0RUD���������7KHVH�FKHPLFDOV�FDQ
DFFXPXODWH�LQ�IDW�DIWHU�HYHQ�EULHI��ORZ�OHYHO
H[SRVXUHV���,Q�JHQHUDO��ELUGV�WKDW�IHHG�RQ�ILVK�RU
RWKHU�ELUGV�KDYH�JUHDWHU�WLVVXH�UHVLGXHV�WKDQ
WKRVH�WKDW�IHHG�RQ�YHJHWDWLRQ�RU�VHHGV��DQG
''(�LV�PRUH�FRPPRQ�WKDQ�HLWKHU�''7�RU
'''�LQ�ELUG�WLVVXHV��6WLFNHO�������%OXV��������
2WKHU�DGYHUVH�HIIHFWV�DVVRFLDWHG�ZLWK�''7
SRLVRQLQJ�LQ�ELUGV�LQFOXGH�UHSURGXFWLYH
LPSDLUPHQW��UHGXFHG�IOHGJLQJ�VXFFHVV��DQG
HJJVKHOO�WKLQQLQJ���7R[LF�HIIHFW�OHYHOV�IRU�YDULRXV
W\SHV�RI�ELUGV�DUH�SUHVHQWHG�LQ�WDEOH����

7KH�VWRUDJH�RI�''7�LQ�YDULRXV�WLVVXHV�FDQ�EH�
D�IXQFWLRQ�RI�WKH�H[SRVXUH�FRQFHQWUDWLRQV
�6WLFNHO���������&RQWLQXRXV�H[SRVXUH�WR
VXEOHWKDO�FRQFHQWUDWLRQV�WHQGV�WR�UHVXOW�LQ�WLVVXH
UHVLGXHV�WKDW�DUH�GLUHFWO\�FRUUHODWHG�WR�HDFK
RWKHU���7KH�EDODQFH�RI�WLVVXH�UHVLGXHV�LV�EURNHQ
ZKHQ�WKH�H[SRVXUH�LV�WR�OHWKDO�FRQFHQWUDWLRQV�RU
ZKHQ�VWRUHG�WLVVXH�UHVLGXHV�DUH�PHWDEROL]HG�DQG
UHOHDVHG�EDFN�LQWR�WKH�V\VWHP�DW�OHWKDO
FRQFHQWUDWLRQV���7KH�UHVLGXH�OHYHO�LQ�WKH�EUDLQ
KDV�EHHQ�VKRZQ�WR�EH�WKH�EHVW�FULWHULRQ�IRU
HVWDEOLVKLQJ�WKDW�WRWDO�''7�ZDV�WKH�FDXVH�RI
GHDWK��DQG�OHWKDO�OHYHOV�RI�EUDLQ�UHVLGXHV�DUH
VLPLODU�IRU�PDQ\�GLIIHUHQW�VSHFLHV�RI�ELUGV��
5HVLGXH�OHYHOV�LQ�WKH�OLYHU�DUH�D�EHWWHU�LQGLFDWLRQ
RI�UHFHQW�H[SRVXUH�DQG�FDQ�EH�FRUUHODWHG�HLWKHU
WR�DQ�HQYLURQPHQWDO�GRVH�RU�WR�PHWDEROLVP�RI
VWRUHG�UHVLGXHV���:KROH�ERG\�UHVLGXH�OHYHOV
LQGLFDWH�WKH�VWRUDJH�UHVHUYH�DQG�FDQ�EH�XVHG�WR
HVWLPDWH�WKH�SRWHQWLDO�IRU�DGYHUVH�HIIHFWV�IURP
PHWDEROLVP�WR�OHWKDO�OHYHOV�RU�IURP�QRUPDO
PHWDEROLVP�DQG�H[FUHWLRQ��6WLFNHO�������

7KURXJK�WKHLU�UHYLHZ�RI�HDUOLHU�VWXGLHV��1REOH
DQG�(OOLRW��������GHULYHG�FULWLFDO�OHYHOV�RI�''(�
UHVXOWLQJ�LQ�DFXWH�WR[LFLW\��LQ�WKH�EUDLQV��OLYHUV�
DQG�HJJV�RI�VHYHUDO�UDSWRUV���&ULWLFDO�OHYHOV�LQ�WKH
EUDLQ�DQG�OLYHU�ZHUH�����DQG�����PJ�NJ



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

Table 16.&DDD, DDE, and DDT impacts to birds
[See Appendix II for explanation of abbreviations and technical terms]

Species
Chemical
species

 Concentration
(mg/kg)1

Where
measured Effects Reference

Raptors

American kestrel DDE 10 ww Egg Minimum critical levels (lowest
levels at which productivity is
affected), determined by review of
available literature

Noble and Elliot
1990Bald eagle 6 ww

Golden eagle 10 ww

Falcons2 10 ww

Hawks3 10 ww

Merlin 5 ww

Northern harrier 10 ww

Owls4 10 ww

Osprey 4 ww

Prairie falcon 1.2 ww 

Mixed species 250 ww Brain

100 ww Liver

American kestrel DDE 3 dw Diet 13% eggshell thinning; reduced
pipping

Lincer 1992

Bald eagle (Haliaeetus
leucocephalus)

DDE 3.3 ww Egg 8.8% thinner than pre-1947 eggs
from Southern CA and Baja

Grubb et al.
1990

3%5 ww Depressed productivity Wiemeyer et al.
19845 ww 10% eggshell thinning

15 ww No productivity

3.6%6.3 ww 50% reduction in productivity Wiemeyer et al.
1993>6.3 ww 75% reduction in productivity

16 ww 15% eggshell thinning

Osprey
(Pandion haliaetus)

DDE 4 ww Egg 15% eggshell thinning Noble and Elliot
1990

2 ww 10% eggshell thinning Wiemeyer et al.
19884.2 ww 15% eggshell thinning

8.7 ww 20% eggshell thinning

Peregrine falcon
(Falco peregrinus)

DDE 15 ww Egg Depressed productivity Peakall et al.
1975

Terrestrial birds 

Bengalese finch
(Lonchrua striata)

DDE 4 ww Diet Reduced fledging success Jeffries 1971

DDT 8 dw

Bobwhite quai
(Colinus virginianus)

DDE 825 dw Diet 5-d LC50 Hill et al. 1975

DDT 611 dw 5-d LC50

Total DDT 25%200 dw Diet 3.1 mg/kg in brain; no effect Hill et al. 1971

400 dw Weight loss

800 dw 7.5 mg/kg in brain; tail tremors,
irregular head carriage

1,600 dw Stumbling gait, tail tremors, head
bobbing, loss of equilibrium, death

1,170-1,610 dw 5-d LC50
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Table 16.&DDD, DDE, and DDT impacts to birds&Continued

Species
Chemical
species

 Concentration
(mg/kg)1

Where
measured Effects Reference

Terrestrial birds&Continued 

Blue jay 
Cyanocitta cristata)

Total DDT 415 dw Diet 5-d LC50 Hill et al. 1971

DDT 611 dw Diet 5-d LC50 Heath et al.
1972

Brown-headed cowbird
(Molothrus ater)

DDE 1,500 dw Diet 300%400 mg/kg in brain residue;
increased likelihood of death

Stickel et al.
1984

California quail
(Callipepla californica)

DDT 595 bw Oral dose LD50 (single dose) Hudson et al.
1984

Cardinal
(Richmondena cardinalis)

Total DDT 535 dw Diet 5-d LC50 Hill et al. 1971

Common grackle
(Quiscalus quiscula)

DDE 1,500 dw Diet 300%400 mg/kg in brain residue;
increased likelihood of death

Stickel et al.
1984

Coturnix quail
(Coturnix japonica)

DDE 1,355 dw Diet 5-d LC50 Hill et al. 1975

DDT 416 dw 5-d LC50 Hill and 
Camardese
1986

568 dw 5-d LC50 Hill et al. 1975;
Heath et al.
1972

841 bw Oral dose LD50 (single dose) Hudson et al.
1984

House sparrow
(Passer domesticus)

Total DDT 415 dw Diet 5-d LC50 Hill et al. 1971

Red-winged blackbird
(Agelaius phoeniceus)

DDE 1,500 dw Diet 300%400 mg/kg in brain residue;
increased likelihood of death

Stickel et al.
1984

Ring-necked pheasant
(Phasianus colchicus)

DDE 829 dw Diet 5-d LC50 Hill et al. 1975

DDT 311 dw 5-d LC50

1,334 bw Oral dose LD50 (single dose) Hudson et al.
1984

Rock dove
(Columba livia)

DDT >4,000 bw Oral dose LD50 (single dose) Hudson et al.
1984

Starling (Sturnus vulgaris) DDE 1,500 dw Diet 300%400 mg/kg in brain residue;
increased likelihood of death

Stickel et al.
1984

White-throated sparrow
(Zonotrichia albicollis)

DDE 5%25 ww Diet(?) Delayed development of migratory
condition

Mahoney 1975

Waterfowl&Insectivores

Black duck
(Anas rubripes)

DDE 10 dw Diet Increased egg residues; 20%
eggshell thinning (over 2 years)

Longcore and
Stendell 1977

Egg residues 46.3 mg/kg; 
10% shell cracking

Longcore et al.
1971

30 dw Egg residues 144 mg/kg; 21% shell
cracking

46.3 ww  Egg Eggshell thinning of 18%29%

144 ww Eggshell thinning of 24%38%

Clapper rail
(Rallus longirostris)

p,p’-DDT 1,612 dw Diet 5-d LC50 (male) Van Velzen and
Kreitzer 19751,896 dw 5-d LC50 (female)

 30 ww Brain Lower lethal limit diagnostic of
DDT-related death
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Table 16.&DDD, DDE, and DDT impacts to birds&Continued

Species
Chemical
species

 Concentration
(mg/kg)1

Where
measured Effects Reference

Waterfowl&Insectivores&Continued 

Common goldeneye
(Bucephala clangula)

DDE 0.52 ww Egg Egg breakage; 15.4% eggshell
thinning

Zicus et al. 1988

Mallard
(Anas platyrhynchos)

DDT-tech 200 dw Diet 
(12-week
exposure)

95% lethality; 20% eggshell
thinning

Davison and Sell
1974

p,p’-DDT 200 dw 100% lethality after 343 d

p,p’-DDT 1,202 dw Diet 20-d LC50 (5-d-old ducklings) Friend and
Trainer 19711,622 dw 20-d LC50 (30-d-old ducklings)

1,419 dw 20-d LC50 (adults)

DDT >2,240 bw Oral dose LD50 (single dose) Hudson et al.
1984

DDT 1,869 dw Diet 5-d LC50 Hill et al. 1975

DDE 3,572 dw Diet 5-d LC50

Waterfowl&Omnivores

Black-crowned night-
heron (Nycticorax
nycticorax)

DDE <1 ww Egg 6.5% eggshell thinning Findholt and
Trost 19851.01%4 ww 5.1% eggshell thinning

4.01%8 ww 10.2% eggshell thinning

>8 ww 15.6% eggshell thinning

8 ww Reduced clutch size, decreased
productivity, egg breakage

Henny et al.
1984, 1985

8.62 ww  8%13% thinner than pre-1947 eggs Ohlendorf and
Marois 1990

11%12 ww 36%39% hatching success; 
14%17% eggshell thinning

Price 1977

  8%12 ww 27%58% decrease in nesting
success

Blus 1984

12 ww Critical level for reproductive
success based on field studies

25%50 ww Total reproductive failure

36 ww 18% thinning based on regression
analysis

54 ww 20% thinning; critical level for
reproductive success based on
regression analysis

Great egret
(Casmerodius aalbus)

DDE 24 ww Egg 8%13% thinner than pre-1947 eggs Ohlendorf and
Marois 1990

Green-backed heron
(Butorides striatus)

DDE 5%10 ww Egg Reduced hatching success White et al. 1988

Red-necked grebe
(Podiceps grisegena)

DDE 6.68 ww  Egg Low egg viability; 6.5% eggshell
thinning; reduced fledging success

De Smet 1987

Sandhill crane
(Grus canadensis)

DDT >1,200 bw Single oral
dose

LD50 Hudson et al.
1984

Snowy egret
(Egretta thula)

DDE 5 ww Egg Reduced clutch size, decreased
productivity, egg breakage

Henny et al.
1985
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Table 16.&DDD, DDE, and DDT impacts to birds&Continued

Species
Chemical
species

 Concentration
(mg/kg)1

Where
measured Effects Reference

Waterfowl&Omnivores&Continued 

Western grebe (Aech-
mophorus occidentalis)

DDE 1 ww Egg 1% thinning Boellstorff et al.
1985

5.4 ww  2.3% eggshell thinning; reduced
productivity

Lindvall and Low
1980

White-face ibis
(Plegadis chihi)

DDE 3 ww Egg Reduced clutch size, decreased
productivity, egg breakage

Henny et al.
1985

0.94 ww 3.2% eggshell thinning King et al. 1980

0.25 ww 4.5% eggshell thinning

4%8 ww 15% eggshell thinning

  8%16 ww 17.4% eggshell thinning Henny and
Herron 198916%20 ww 27.8% eggshell thinning

Waterfowl&Piscivores

American white pelican
(Pelicanus erythrorhyn-
chos)

DDE 2 ww Egg 10%15% thinning in eggs from CA Boellstorff et al.
1985

Black skimmer
(Rhyncops niger)

DDE 3.2 ww  Egg Decreased hatching and fledging
success

Custer and
Mitchell 1987

3.4 ww  5% thinning, but no adverse effect
on reproductive success

King et al. 1991

Brown pelican
(Pelicanus occidentalis)

DDE 1 ww Egg 5%10% shell thinning (FL, SC) Blus et al. 1974,
19792 ww 11% eggshell thinning (FL)

 3 ww 16% eggshell thinning (SC)

5 ww 17% eggshell thinning (SC)

3 ww Reduced productivity King et al. 1985

3.2 ww  11% thinner than normal King et al. 1977

2.6%3.0 ww 29%40% decrease in nesting
success

Blus 1984

3 ww Critical level for reproductive
success based on field studies

>3.7 ww  Total reproductive failure

5 ww 18% thinning based on regression
analysis

8 ww 20% eggshell thinning

3 ww 18% eggshell thinning (BC) Jehl 1973

8 ww 26% eggshell thinning (BC)

25 ww 47% eggshell thinning (BC)

66 ww 46% eggshell thinning (BC)

59 ww 44% eggshell thinning (CA) Risebrough 1972

Caspian tern
(Sterna caspia)

DDE 9.3 ww  Egg 22% hatching failure; 4.6% died in
hatching

Ohlendorf et al.
1985

Common tern
(Sterna hirundo)

DDE 6.67 ww Egg 17% thinning; hatching failure;
embryo mortality

Fox 1976

Double crested cormorant DDE 10 ww Egg 20% eggshell thinning Pearce et al.
1979
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Table 16.&DDD, DDE, and DDT impacts to birds&Continued

Species
Chemical
species

 Concentration
(mg/kg)1

Where
measured Effects Reference

Waterfowl&Piscivores&Continued 

Elegant tern
(Sterna elegans)

DDE 3.79 ww Egg Chick mortality during hatching Ohlendorf et al.
1985

Forster’s tern DDE 1.6 ww  Egg 7% thinning, but no adverse effect
on reproductive success

King et al. 1991

Hooded merganser
(Lophodytes cucullatus)

DDE 0.62 ww Egg 9.6% eggshell thinning; egg
breakage

Zicus et al. 1988

Leach’s storm petrel DDE 12 ww Egg 12% eggshell thinning Noble and Elliot
1990

Northern gannet
(Sula bassanus)

DDE 18.5 ww  Egg 17% eggshell thinning; low
reproductive success

Elliott et al. 1988

     1 Weight basis:  dw, dry weight; ww, wet weight; bw, dosage relative to body weight.
     2 Falcons include:  peregrine falcon and gyrfalcon.
     3 Hawks include:  Cooper’s hawk, ferruginous hawk, northern goshawk, red-shouldered hawk, red-tailed hawk, rough-legged
hawk, sharp-shinned hawk, and Swainson’s hawk.
     4 Owls include:  burrowing owl, great grey owl, great horned owl, long-eared owl, short-eared owl, and snowy owl.

ZZ��UHVSHFWLYHO\���&ULWLFDO�OHYHOV�RI�''(�LQ�HJJV
ZHUH�JHQHUDOO\����PJ�NJ��EXW�ORZHU
FRQFHQWUDWLRQV�ZHUH�IRXQG�IRU�SUDLULH�IDOFRQV
�����PJ�NJ���RVSUH\����PJ�NJ���PHUOLQ�
���PJ��NJ���DQG�EDOG�HDJOH����PJ�NJ��

7LVVXH�FRQFHQWUDWLRQV�LQ�WHUUHVWULDO�ELUGV�KDYH
UHVXOWHG�LQ�D�QXPEHU�RI�DGYHUVH�HIIHFWV���0DQ\
ZRUNHUV�KDYH�VWXGLHG�WKH�WR[LFLW\�RI�''7�WR
WHUUHVWULDO�ELUGV���7DEOH����VKRZV�D�ZLGH�UDQJH�RI
GLHWDU\�/&��V�DQG�GRVH�/'��V�IURP�+LOO�
HW�DO����������+LOO�DQG�&DPDUGHVH���������DQG
+XGVRQ�HW�DO����������DPRQJ�RWKHUV�

+LOO�HW�DO���������VWXGLHG�WKH�FRUUHODWLRQ�EHWZHHQ
GLHWDU\�H[SRVXUH�WR�''7��EUDLQ�UHVLGXHV�RI�WRWDO
''7��DQG�OHWKDOLW\�IRU�VHYHUDO�VSHFLHV�RI�ELUGV�
LQ�SDUWLFXODU��WKH\�FRUUHODWHG�EUDLQ�UHVLGXHV�LQ
EREZKLWH�TXDLO��%QNKPWU�XKTIKPKCPWU��WR�GLHWDU\
FRQFHQWUDWLRQV�RI�''7�DQG�WR�YDULRXV�WR[LF
HIIHFWV���'LHWDU\�FRQFHQWUDWLRQV�RI�����PJ�NJ
UHVXOWHG�LQ�ZHLJKW�ORVV�LQ�WKH�PDMRULW\�RI�WKH�WHVW
ELUGV�
EXW�QR�RWKHU�VLJQV�RI�WR[LFLW\���'LHWDU\
FRQFHQWUDWLRQV�RI�����PJ�NJ�UHVXOWHG�LQ�WDLO
WUHPRUV�DQG�LUUHJXODULWLHV�LQ�KHDG�FDUULDJH���7KH
EUDLQ�UHVLGXHV�RI�WRWDO�''7�DW�WKLV�GRVH�UDQJHG
IURP�����WR����PJ�NJ���%LUGV�IHG

������PJ�NJ�''7�KDG�WDLO�WUHPRUV��VWXPEOLQJ
JDLW��KHDG�EREELQJ��ORVV�RI�HTXLOLEULXP��DQG
GHDWK�ZLWKLQ�����KRXUV�RI�GRVLQJ���$OWKRXJK
RWKHU�UHVHDUFK�KDG�VXJJHVWHG�D�FULWLFDO�EUDLQ
UHVLGXH�OHYHO�RI����PJ�NJ�'''�''7�
LQGLFDWLYH�RI�VHULRXV�GDQJHU�RU�GHDWK��6WLFNHO�HW
DO���������WKH�UHVXOWV�RI�WKLV�VWXG\�LQGLFDWH�WKDW
���PJ�NJ�LQ�WKH�EUDLQ�ZRXOG�EH�D�PRUH
DSSURSULDWH�FULWLFDO�OHYHO��HVSHFLDOO\�DV�VLJQV�RI
LQWR[LFDWLRQ�ZHUH�REVHUYHG�DW�OHYHOV�DV�ORZ�DV����
PJ�NJ�

0DKRQH\��������FRQGXFWHG�VWXGLHV�RQ�WKH
HIIHFWV�RI�''7�RQ�PLJUDWRU\�EHKDYLRU���+H
IRXQG�WKDW�''7�WLVVXH�FRQFHQWUDWLRQV�RI���WR
���PJ�NJ�ZZ�GHOD\HG�WKH�GHYHORSPHQW�RI�WKH
PLJUDWRU\�FRQGLWLRQ�LQ�ZKLWH�WKURDWHG�VSDUURZV
�<QPQVTKEJKC�CNDKEQNNKU���

6WLFNHO�HW�DO���������PHDVXUHG�OHWKDO�EUDLQ
UHVLGXHV�LQ�IRXU�ZLOG�ELUGV�H[SRVHG�WR�''(�LQ
WKH�GLHW���,Q�DOO�VSHFLHV��EUDLQ�UHVLGXHV�RI�����WR
����PJ�NJ�UHVXOWHG�LQ�DQ�LQFUHDVHG�OLNHOLKRRG�RI
GHDWK���6WLFNHO�HW�DO���������DOVR�PHDVXUHG�WKH
ORVV�UDWH�RI�''(�LQ�JUDFNOHV��3WKUECNWU
SWKUEWNC����7HVW�DQLPDOV�ZHUH�IHG�������PJ�NJ
''(�LQ�WKH�GLHW�IRU���GD\V�WKHQ�JLYHQ�XQWUHDWHG
IRRG���$�ORVV�UDWH�RI�����SHUFHQW�SHU�
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GD\�ZDV�FDOFXODWHG�DW�WKH�HQG�RI�����GD\V���7KH
HVWLPDWHG�KDOI�OLIH�IRU�''(�ZDV�����GD\V�

0DOODUGV�UHOHDVHG�WR�WKUHH�H[SHULPHQWDO�VWDWLRQV
LQ�&DQDGD�ZHUH�HYDOXDWHG�IRU�XSWDNH�RI�''7�DV
FRPSDUHG�WR�FRQWUROV�WR�GHWHUPLQH�WKH
IHDVLELOLW\�RI�XVLQJ�WKH�PDOODUG�DV�D�VHQWLQHO
VSHFLHV��*HEDXHU�DQG�:HVHORK���������7ZR�RI
WKH�VLWHV³D�FRQILQHG�ZDVWH�GLVSRVDO�IDFLOLW\�DQG
D�VHZDJH�ODJRRQ³ZHUH�NQRZQ�WR�KDYH�VHGLPHQW
FRQWDPLQDQW�OHYHOV�WKDW�H[FHHGHG�JXLGHOLQHV�RI
WKH�2QWDULR�0LQLVWU\�
RI�(QYLURQPHQW��3HUVDXG�HW�DO����������7KH�WKLUG
ORFDWLRQ�ZDV�D�UHODWLYHO\�FOHDQ�QDWXUDO�PDUVK���$OO
WKUHH�VLWHV�ZHUH�LPSRUWDQW�UHVWLQJ�DQG�IHHGLQJ
DUHDV�IRU�PLJUDWRU\��DQG�UHVLGHQW�ZDWHUIRZO��
0DOODUGV�IURP�HDFK�ORFDWLRQ�ZHUH�FROOHFWHG�DW
VSHFLILHG�LQWHUYDOV�DQG�ZHUH�DQDO\]HG�IRU�''(
UHVLGXHV�LQ�EUHDVW�PXVFOH���&RQFHQWUDWLRQV�RI
''(�LQ�PXVFOH�WLVVXH�SULRU�WR�UHOHDVH�ZHUH����
�J�NJ�ZZ���)RU�WKH�ELUGV�UHOHDVHG�DW�WKH
FRQILQHG�ZDVWH�GLVSRVDO�IDFLOLW\��UHVLGXHV
DYHUDJHG������J�NJ�ZZ�DIWHU����GD\V�DQG�����
�J�NJ�ZZ�DIWHU�����GD\V���5HVLGXHV�LQ�ELUGV
UHOHDVHG�DW�WKH�VHZDJH�ODJRRQ�KDG�LQFUHDVHG�WR
������J�NJ�ZZ�DIWHU����GD\V�������DIWHU����GD\V�
DQG�������DIWHU�
����GD\V���7KH�WLVVXH�UHVLGXHV�LQ�ELUGV�FROOHFWHG
IURP�WKH�VHZDJH�ODJRRQ�ZHUH�VLJQLILFDQWO\
KLJKHU�WKDQ�WKH�OHYHOV�DW�WKH�WLPH�RI�UHOHDVH�DW
ERWK����DQG�����GD\V���,W�ZDV�HVWLPDWHG�IURP
WKHVH�UHVXOWV�WKDW�WKH�PHDQ�UDWH�RI�DFFXPXODWLRQ
RI�''(�DW����GD\V�UDQJHG�IURP�����
PLFURJUDPV�SHU�NLORJUDP�SHU�GD\���J�NJ�G��DW
WKH�ZDVWH�GLVSRVDO�IDFLOLW\�WR�������J�NJ�G�DW�WKH
VHZDJH�ODJRRQ���7KH�DFFXPXODWLRQ�UDWH�DW�WKH
VHZDJH�ODJRRQ�DIWHU�����GD\V�ZDV������J�NJ�G
DQG�KDG�QRW�UHDFKHG�HTXLOLEULXP�

)ULHQG�DQG�7UDLQHU��������IRXQG�WKH�WR[LFLW\�
RI�R�R	�''7�WR�EH�DJH�GHSHQGHQW�LQ�PDOODUGV
�#PCU�RNCV[TJ[PEJQU���ZLWK����GD\�ROG�GXFNOLQJV
KDYLQJ�D�KLJKHU�/&���WKDQ�HLWKHU�DGXOW�ELUGV�RU
\RXQJHU�GXFNOLQJV��WDEOH�������
,Q�DGGLWLRQ��WKH�RQVHW�RI�PRUWDOLW\�DQG�WKH�PHDQ
HODSVHG�WLPH�XQWLO�GHDWK�ZHUH�DJH�UHODWHG�DQG
ZHUH�HDUOLHU�IRU�\RXQJHU�ELUGV��LQGLFDWLQJ�D�GRVH�
GHSHQGHQW�PRUWDOLW\�UHODWLRQVKLS���0RUHRYHU��WKH�

ERG\�ZHLJKWV�RI�VXUYLYLQJ�ELUGV�ZHUH�OHVV�WKDQ
WKRVH�RI�FRQWUROV�IRU�ERWK�JURXSV�RI�GXFNOLQJV�
DOWKRXJK�WKH�GLIIHUHQFH�ZDV�QRW�VWDWLVWLFDOO\
VLJQLILFDQW���%UDLQ�UHVLGXHV�RI�''7�ZHUH�DOVR
PHDVXUHG�LQ�ELUGV�G\LQJ�ZLWKLQ�HDFK�WHVW�JURXS�
DQG�QR�FRUUHODWLRQ�ZDV�IRXQG�EHWZHHQ�WKH
UHVLGXH�OHYHOV�DW�WLPH�RI�GHDWK�DQG�WKH�LQLWLDO
''7�GRVH���,Q�DGGLWLRQ��DGXOW�ELUGV�WKDW�GLHG�RI
''7�FRQWDLQHG�EUDLQ�UHVLGXHV�RI�'''��''(�
DQG�''7�WKDW�ZHUH���WR����WLPHV�JUHDWHU�WKDQ
WKRVH�LQ�DGXOW�ELUGV�WKDW�VXUYLYHG�WKH�WHVW���7KH
DYHUDJH�UDWLR�RI�''(��'''��DQG�''7�LQ�WKH
VXUYLYLQJ�ELUGV�ZDV��������''(��'''��''7��

9DQ�9HO]HQ�DQG�.UHLW]HU��������IRXQG�WKDW�WKH
WR[LFLW\�RI�R�R	�''7�WR�FODSSHU�UDLOV��4CNNWU
NQPIKTQUVTKU��YDULHV�E\�VH[���$V�VKRZQ�LQ�
WDEOH�����WKH���GD\�/&���ZDV�QRWDEO\�KLJKHU�IRU
IHPDOHV�WKDQ�IRU�PDOHV���,Q�DGGLWLRQ��EUDLQ
UHVLGXHV�RI�'''��''(��''7��DQG
'''�''7�ZHUH�VLJQLILFDQWO\�KLJKHU�LQ�ELUGV
WKDW�GLHG�WKDQ�LQ�WKRVH�WKDW�VXUYLYHG���9DQ
9HO]HQ�DQG�.UHLW]HU�HVWDEOLVKHG�D�ORZHU�OHWKDO
OLPLW�RI�
���PJ�NJ�RI�'''�''7�LQ�WKH�EUDLQ�IRU
GLDJQRVLQJ�''7�DV�WKH�FDXVH�RI�GHDWK��
5HVHDUFK�E\�6WLFNHO�HW�DO���������DQG�6WLFNHO�DQG
6WLFNHO��������KDV�VKRZQ�WKDW�WKH�ORZHU�OLPLW�RI
WKH�OHWKDO�UDQJH�IRU�''(�LV�����PJ�NJ�LQ�WKH
EUDLQ��EXW�IRU�WKH�FRPELQHG�UHVLGXHV�RI�''(
DQG�''7�����PJ�NJ�LQ�WKH�EUDLQ�LV�WKH�SUDFWLFDO
VHSDUDWLRQ�SRLQW�EHWZHHQ�ELUGV�WKDW�OLYH�DQG
WKRVH�WKDW�GLH�LQ�ODERUDWRU\�VWXGLHV���6LPLODUO\�
WKH�FRPELQHG�UHVLGXHV�RI�'''�DQG�''7�LQ
WKH�EUDLQ�DUH�OHWKDO�DW���²���PJ�NJ��%HUQDUG
������6WLFNHO�HW�DO��������+LOO�HW�DO���������

6HYHUDO�LQYHVWLJDWRUV�KDYH�VWXGLHG�''7�WR[LFLW\
DQG�DFFXPXODWLRQ�LQ�KHURQV��2KOHQGRUI�HW�DO�
������+HQQ\�HW�DO��������������)LQGKROW�DQG
7URVW�������+HQQ\�DQG�%OXV�������:KLWH�HW�DO�
������&XVWHU�DQG�&XVWHU�������+RWKHP�HW�DO�
��������7KHVH�VWXGLHV�LQGLFDWH�WKDW�KHURQV�DUH
VHQVLWLYH�WR�''7�DQG�WKDW�KLJK�''7�OHYHOV�FDQ
EH�IRXQG�LQ�WKH�WLVVXHV�RI�ELUGV�WKURXJKRXW�WKH
8QLWHG�6WDWHV���
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&XVWHU�DQG�&XVWHU��������IRXQG�WKDW�EODFN�
FURZQHG�QLJKW�KHURQ�FKLFNV�H[SRVHG�WR
HQYLURQPHQWDO�FRQFHQWUDWLRQV�RI�''7�KDYH
YDU\LQJ�DFFXPXODWLRQ�UDWHV�IRU�''7�DQG�LWV
PHWDEROLWHV���0HDQ�DFFXPXODWLRQ�UDWHV�RI�
S�S
�'''��R�R	�''(��DQG�R�R	�''7�ZHUH�
������������DQG�����PJ��NJ�G��UHVSHFWLYHO\��
2KOHQGRUI�HW�DO���������IRXQG�WKDW�WKH�OHYHO�RI
''(�UHVLGXHV�LQ�WKH�EUDLQ�RI�D�EODFN�FURZQHG
QLJKW�KHURQ�IURP�1HYDGD������PJ�NJ�ZZ��ZDV
KLJK�HQRXJK�WR�FDXVH�VHYHUH�LPSDLUPHQW��EXW
GHDWK�ZDV�SUREDEO\�QRW�GXH�WR�SRLVRQLQJ��
6LPLODUO\��&DOO�HW�DO���������IRXQG�EUDLQ�UHVLGXHV
RI�����PJ�NJ�DQG�OLYHU�UHVLGXHV�RI�����PJ�NJ
ZZ�RI�''(�LQ�D�JUHDW�EOXH�KHURQ�IRXQG�GHDG�LQ
6RXWK�'DNRWD���$�JUHDW�EOXH�KHURQ�IURP�1RUWK
&DUROLQD��ZKLFK�KDG�
���PJ�NJ�ZZ�RI�''7�LQ�LWV�EUDLQ��DOPRVW
FHUWDLQO\�GLHG�RI�''7�SRLVRQLQJ��2KOHQGRUI�
HW�DO�����������

$GYHUVH�UHSURGXFWLYH�HIIHFWV�UHVXOWLQJ�IURP
''7�SRLVRQLQJ�LQ�ELUGV�LQFOXGH�UHSURGXFWLYH
LPSDLUPHQW��UHGXFHG�IOHGJLQJ�VXFFHVV��DQG
HJJVKHOO�WKLQQLQJ���7KURXJK�UHYLHZ�RI�ODERUD�
WRU\�VWXGLHV�FRQGXFWHG�ZLWK�'''��''(��DQG
''7��6WLFNHO��������REVHUYHG�WKDW�'''�GLG
QRW�SURGXFH�VLJQLILFDQW�HJJVKHOO�WKLQQLQJ�LQ
PDOODUGV��EXW�''(�SURGXFHG�VLJQLILFDQW
HJJVKHOO�WKLQQLQJ�LQ�WKUHH�PDMRU�JURXSV�RI�ELUGV��
WKH�RUGHUV�6WULJLIRUPHV��VFUHHFK�RZOV��1VWU
CUKQ���)DOFRQLIRUPHV��$PHULFDQ�NHVWUHOV��(CNEQ
URCTXGTKWU���DQG�$QVHULIRUPHV��PDOODUGV�DQG
EODFN�GXFNV��#PCU�TWDTKRGU����''7�UHVXOWHG�LQ
HJJVKHOO�WKLQQLQJ�RQO\�DIWHU�ORQJHU�H[SR�VXUH
GXUDWLRQ��E\�ZKLFK�WLPH�VRPH�RI�WKH�''7�PD\
KDYH�EHHQ�PHWDEROL]HG�LQWR�''(�

6HYHUDO�UHVHDUFKHUV�KDYH�VKRZQ�WKDW�ZKLOH
HJJVKHOO�WKLQQLQJ�RI��²��SHUFHQW�LV�VWDWLVWLFDOO\
VLJQLILFDQW��LW�LV�SUREDEO\�QRW�ELRORJLFDOO\
VLJQLILFDQW��DQG�ILHOG�VWXGLHV�KDYH�VKRZQ�
WKDW�DQ�DYHUDJH�WKLQQLQJ�RI����SHUFHQW�LV�VHOGRP
DVVRFLDWHG�ZLWK�HJJ�EUHDNDJH�RU�SRSXODWLRQ
GHFOLQH��.LQJ�HW�DO��������������$QGHUVRQ�HW�DO�
������%OXV����������������,Q�DGGLWLRQ��WKH
DPRXQW�RI�WKLQQLQJ�UHVXOWLQJ�IURP�HDFK
LQFUHPHQWDO�LQFUHDVH�LQ�''(�LV�JUHDWHU�DW�ORZHU
UHVLGXH�OHYHOV��%OXV���������

)RU�H[DPSOH����PJ�''(�NJ�PD\�UHVXOW�LQ�
�²���SHUFHQW�WKLQQLQJ��ZKHUHDV����PJ�NJ
UHVXOWV�LQ����SHUFHQW�WKLQQLQJ�LQ�EURZQ�SHOLFDQV�

0RVW�VWXGLHV�UHSRUW�HJJVKHOO�WKLQQLQJ�DV�WKH
LQGLFDWRU�RI�UHSURGXFWLYH�SUREOHPV��EXW�RWKHU
IDFWRUV�DUH�DOVR�LPSRUWDQW�LQGLFDWRUV��VXFK�DV�HJJ
UHVLGXH�OHYHOV�FRPSDUHG�WR�WKH�SHUFHQWDJH�RI
FKLFN�VXUYLYDO��WKH�QXPEHU�RI�\RXQJ�SUR�GXFHG
SHU�QHVW��DQG�HJJVKHOO�VWUHQJWK��%OXV���������(JJ
UHVLGXH�OHYHOV�RI�'''��''(��DQG�''7�DQG
DVVRFLDWHG�WKLQQLQJ�RU�RWKHU�UHSUR�GXFWLYH
HIIHFWV�DUH�VXPPDUL]HG�LQ�WDEOH����

:LHPH\HU�HW�DO���������������VWXGLHG�UHSUR�
GXFWLYH�DFWLYLW\�LQ�EDOG�HDJOHV��*CNKCGGVWU
NGWEQEGRJCNWU��H[SRVHG�WR�''7���(JJVKHOOV�ZHUH
WKLQQHG�E\����SHUFHQW�DW�''7�OHYHOV�RI�
��PJ��NJ��:LHPH\HU�HW�DO��������DQG�E\�
���SHUFHQW�DW����PJ�NJ��:LHPH\HU�HW�DO���������
7KH�SURGXFWLRQ�RI�\RXQJ�ZDV�QRUPDO�ZKHQ�HJJV
FRQWDLQHG�OHVV�WKDQ�����PJ�NJ�''(�EXW�ZDV
UHGXFHG�E\�QHDUO\����SHUFHQW�ZKHQ
FRQFHQWUDWLRQV�UDQJHG�EHWZHHQ�����DQG�
����PJ�NJ���:KHQ�FRQFHQWUDWLRQV�H[FHHGHG�
����PJ�NJ��UHSURGXFWLRQ�ZDV�UHGXFHG�E\
DQRWKHU����SHUFHQW�

6LPLODU�UHVXOWV�ZHUH�REVHUYHG�E\�*UXEE�HW�DO�
�������IRU�EDOG�HDJOHV�LQ�$UL]RQD���6DPSOHV�RI
HJJVKHOOV�FROOHFWHG�IURP������WR������KDG�D
PHDQ�''(�FRQFHQWUDWLRQ�RI�����PJ�NJ�DQG
ZHUH�����SHUFHQW�WKLQQHU�WKDQ�SUH������HJJV
IURP�VRXWKHUQ�&DOLIRUQLD���+RZHYHU��SUR�
GXFWLYLW\�RYHU�WKH�VDPH�SHULRG�LQFUHDVHG�VOLJKWO\�
IURP�DQ�DYHUDJH�RI�����\RXQJ�SHU�RFFXSLHG
WHUULWRU\�LQ������WR������\RXQJ�SHU�RFFXSLHG
WHUULWRU\�IURP������WR��������7KH\�VSHFXODWHG
WKDW�DOWKRXJK�PDQ\�IDFWRUV�RWKHU�WKDQ
GHFUHDVLQJ�HQYLURQPHQWDO�FRQWDPLQDWLRQ�FRXOG
EH�FRQWULEXWLQJ�WR�WKH�LQFUHDVH�LQ�SRSXODWLRQ�
WKH�OHYHOV�RI�''(�DQG�HJJVKHOO�WKLQQLQJ�GLG�QRW
VHHP�WR�EH�DGYHUVHO\�DIIHFWLQJ�UHSURGXFWLYH
VXFFHVV�

1HVWLQJ�IDLOXUHV�IRU�EDOG�HDJOHV�LQ�2UHJRQ�ZHUH
DVVRFLDWHG�ZLWK�PDQ\�IDFWRUV��LQFOXGLQJ
H[SRVXUH�WR�''7���$QWKRQ\�HW�DO���������
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VXUYH\HG����IDLOHG�QHVWV�IURP������WR������WR
GHWHUPLQH�WKH�SUREDEOH�FDXVH�RI�IDLOXUH���1HVW
FRQGLWLRQ��WKH�SUHVHQFH�RI�QHZ�QHVWLQJ�PDWHULDO�
SUH\�UHPDLQV��XQKDWFKHG�HJJV��DQG�UHPDLQV�RI
GHDG�\RXQJ�ZHUH�HYDOXDWHG���%DVHG�RQ�UHVXOWV�E\
:LHPH\HU�HW�DO����������QHVWLQJ�IDLOXUHV�ZHUH
DWWULEXWHG�WR�''(�LI�HJJ�FRQFHQ�WUDWLRQV�ZHUH
!���PJ�NJ�ZZ�RU�LI�HJJVKHOO�WKLQQLQJ�ZDV�!��
SHUFHQW���''(�ZDV�DWWUL�EXWHG�DV�WKH�PDMRU
FDXVH�RI�QHVWLQJ�IDLOXUH�LQ����SHUFHQW�RI�WKH
QHVWV�

(JJVKHOOV�RI�$PHULFDQ�NHVWUHOV�H[SRVHG�WR�
��PJ�NJ�''(�LQ�WKH�GLHW�ZHUH����SHUFHQW
WKLQQHU�WKDQ�WKRVH�RI�FRQWUROV��EXW�QRQH�RI�WKH
HJJV�EURNH��/LQFHU���������2I�WKH�HJJV�WKDW�ZHUH
DUWLILFLDOO\�LQFXEDWHG��RQO\����SHUFHQW�SLSSHG�
EXW�WKRVH�WKDW�SLSSHG�JHQHUDOO\�KDWFKHG��

&ODUN�HW�DO���������FROOHFWHG�HJJV�RI�QRUWKHUQ
KDUULHUV��%KTEWU�E[CPGWU���JUHDW�WDLOHG�JUDFNOHV
�3WKUECNWU�OGZKECPWU���DQG�EODFN�QHFNHG�VWLOWV
�*KOCPVQRWU�OGZKECPWU��IURP�VHYHUDO�ORFDWLRQV
WKURXJKRXW�&DOLIRUQLD�DQG�7H[DV���(JJ�UHVLGXH
OHYHOV�RI�''7�DYHUDJHG�����PJ�NJ�ZZ�IRU�WKH
JUDFNOH�������IRU�WKH�VWLOW��DQG������IRU�WKH
KDUULHU���$OWKRXJK�WKHVH�FRQFHQWUDWLRQV�ZHUH�DV
KLJK�DV�WKH�FRQFHQWUDWLRQV�WKDW�KDG�EHHQ
UHSRUWHG�DV�UHVXOWLQJ�LQ�LPSDLUHG�UHSUR�GXFWLRQ
LQ�EDOG�HDJOHV��EODFN�FURZQHG�QLJKW�KHURQV��DQG
ZKLWH�IDFHG�LELVHV��WKH�UHVHDUFKHUV�GLG�QRW�UHSRUW
REVHUYLQJ�DQ\�DGYHUVH�HIIHFWV�LQ�WKH�ELUGV�IURP
ZKLFK�HJJV�ZHUH�FROOHFWHG�

)RU�WHUUHVWULDO�ELUGV��-HIIHULHV��������IRXQG�WKDW
WLVVXH�FRQFHQWUDWLRQV�RI���PJ�''(�NJ�ZZ�DQG
��PJ�''7�NJ�GZ�UHVXOWHG�LQ�UHGXFHG�IOHGJLQJ
VXFFHVV�RI�%HQJDOHVH�ILQFKHV��.QPEJWTC�UVTKCVC��

$PRQJ�WKH�ZDWHUIRZO��PDOODUGV�KDYH�EHHQ
VWXGLHG�H[WHQVLYHO\�EHFDXVH�HYHQ�ORZ
FRQFHQWUDWLRQV�RI�''7�FDQ�FDXVH�HJJVKHOO
WKLQQLQJ�LQ�WKLV�VSHFLHV���'DYLVRQ�DQG�6HOO�������
IRXQG�WKDW�PDOODUGV�WKDW�VXUYLYHG�KDYLQJ����
PJ�NJ�RI�WHFKQLFDO�JUDGH�''7�LQ�WKHLU�GLHW�IRU
���ZHHNV�SURGXFHG�HJJV�WKDW�KDG�

VKHOOV����SHUFHQW�WKLQQHU�WKDQ�QRUPDO�DQG
SURGXFHG�KDWFKOLQJV�ZLWK�WUHPRUV�

%ODFN�GXFNV�IHG�GLHWDU\�FRQFHQWUDWLRQV�RI�
���PJ�''(�NJ�GZ�IRU�WZR�EUHHGLQJ�VHDVRQV
�-XQH�WKURXJK�1RYHPEHU�LQ�WZR�VXFFHVVLYH
\HDUV��DQG�WKHQ�FOHDQ�IRRG�IRU���\HDUV�FRQWLQXHG
WR�H[KLELW�HJJVKHOO�WKLQQLQJ�DW�WKH�HQG�RI�WKH���
\HDU�FOHDQXS�SHULRG��/RQJFRUH�DQG�6WHQGHOO
��������(JJV�FROOHFWHG�GXULQJ�WKH�WZR�EUHHGLQJ
VHDVRQV�DQG�WKH�ILUVW�\HDU�RI�FOHDQ�GLHW�ZHUH
VLJQLILFDQWO\�WKLQQHU�WKDQ�FRQWUROV��DYHUDJH���
SHUFHQW�WKLQQHU����(JJV�FROOHFWHG�GXULQJ�WKH
VHFRQG�\HDU�RI�FOHDQ�GLHW�ZHUH����SHUFHQW
WKLQQHU�WKDQ�FRQWUROV���5HVLGXHV�LQ�HJJV
LQFUHDVHG�VLJQLILFDQWO\�GXULQJ�WKH�\HDUV�RI
WUHDWPHQW��XS�WR�
�����PJ�NJ�ZZ���WKHQ�GHFUHDVHG�GXULQJ�
\HDUV�RI�FOHDQ�IHHG��GRZQ�WR�����PJ�NJ��ZZ���
,Q�DGGLWLRQ��H[SRVHG�KHQV�FRQWLQXHG�WR�SURGXFH
VLJQLILFDQWO\�IHZHU�\RXQJ�WKDQ�GLG�FRQWUROV�DIWHU
WKH�VHFRQG�\HDU�RI�FOHDQ�GLHW�

:KLWH�HW�DO���������IRXQG�WKDW�JUHHQ�EDFNHG
KHURQV��$WVQTKFGU�UVTKCVWU��DQG�DQKLQJDV
�#PJKPIC�CPJKPIC��KDG�GHFUHDVHG�KDWFKLQJ
VXFFHVV�DQG�HJJVKHOO�WKLQQLQJ�LQ�DUHDV�WKDW�KDG
QRW�EHHQ�WUHDWHG�ZLWK�''7�IRU�PRUH�WKDQ���
\HDUV���&RQFHQWUDWLRQV�RI����²���PJ�NJ�
ZZ�LQ�HJJV�RI�JUHHQ�EDFNHG�KHURQV�ZHUH�WKH
WKUHVKROG�IRU�UHGXFHG�KDWFKLQJ�VXFFHVV�

6WXGLHV�RI�EODFN�FURZQHG�QLJKW�KHURQV�LQ�,GDKR
�)LQGKROW�DQG�7URVW�������LQGLFDWHG�WKDW
UHODWLYHO\�ORZ�FRQFHQWUDWLRQV�RI�''(�UHVXOWHG�LQ
HJJVKHOO�WKLQQLQJ��WDEOH�������+HQQ\�HW�DO��������
VWXGLHG�EODFN�FURZQHG�QLJKW�KHURQ�SRSXODWLRQV
LQ�:DVKLQJWRQ��2UHJRQ��DQG�1HYDGD�EHWZHHQ
�����DQG������WR�GHWHUPLQH�FRQWDPLQDQW
SDWWHUQV�DQG�HJJVKHOO�WKLQQLQJ���(JJV�ZLWK
UHVLGXHV�JUHDWHU�WKDQ���PJ�NJ�ZZ�FRUUHODWHG
ZLWK�GHFUHDVHG�FOXWFK�VL]H��ORZHU�SURGXFWLYLW\�
DQG�DQ�LQFUHDVHG�LQFLGHQFH�RI�FUDFNHG�HJJV��
+HQQ\�HW�DO���������������DOVR�IRXQG�WKDW��ZLWK
WKH�H[FHSWLRQ�RI�WZR�ORFDWLRQV�DORQJ�WKH
&ROXPELD�5LYHU��WKHUH�ZDV�D�VWURQJ�QRUWK�VRXWK
''(�FRQWDPLQDQW�JUDGLHQW���''(�UHVLGXHV�LQ
VRXWKHUQ�FRORQLHV�ZHUH�PXFK�
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KLJKHU�WKDQ�WKRVH�LQ�QRUWKHUQ�FRORQLHV���7KLV
WUHQG�PD\�FRQWULEXWH�WR�LQFUHDVHG�H[SRVXUH�DW
ZLQWHULQJ�JURXQGV�WR�PLJUDWLQJ�ZDWHUIRZO�

+HQQ\�DQG�%OXV��������IRXQG�VLPLODU�WUHQGV�LQ
''(�FRQWDPLQDWLRQ�IRU�EODFN�FURZQHG�QLJKW�
KHURQV�IURP�,GDKR�DQG�2UHJRQ�WKDW�ZLQWHUHG�LQ
FRDVWDO�0H[LFR��FRPSDUHG�WR�WKRVH�IURP
1HYDGD�WKDW�ZLQWHUHG�LQ�VRXWKHUQ�&DOLIRUQLD��
2Q�D�PRUH�ORFDO�EDVLV��+RWKHP�HW�DO��������
QRWHG�WKH�VDPH�W\SH�RI�WUHQG�ZKHQ�WKH\
FRPSDUHG�EODFN�FURZQHG�QLJKW�KHURQV�ZLWKLQ
6DQ�)UDQFLVFR�%D\�WR�WKRVH�LQ�WKH�6DQ�-RDTXLQ
9DOOH\�

0RUD�HW�DO���������HYDOXDWHG�WKH�SRWHQWLDO
LPSRUWDQFH�RI�WKH�XSWDNH�RI�''7�DQG�LWV
PHWDEROLWHV�IURP�ZLQWHULQJ�JURXQGV�IRU
QRUWKHUQ�SLQWDLO�DQG�JDGZDOO��ZKLFK�PLJUDWH
IURP�QRUWKHUQ�&DOLIRUQLD�WR�VRXWKHUQ�&DOLIRUQLD
RU�0H[LFR���7KHVH�UHVXOWV�FRQILUPHG�WKRVH�IRU
RWKHU�SLQWDLOV�DQG�PDOODUGV�PLJUDWLQJ�WKURXJK
&DOLIRUQLD�DQG�IRU�EODFN�GXFNV�WKDW�PLJUDWH�WR
7H[DV���3LQWDLOV�VDPSOHG�IURP�WKH�6DOWRQ�6HD�
&DOLIRUQLD��KDG�KLJKHU�ZKROH�ERG\�''(
UHVLGXHV�WKDQ�WKRVH�IURP�WKH�/RZHU�.ODPDWK
1DWLRQDO�:LOGOLIH�5HIXJH��&DOLIRUQLD��DJDLQ
VXJJHVWLQJ�D�QRUWK�VRXWK�RUJDQRFKORULQH
SHVWLFLGH�JUDGLHQW�LQ�&DOLIRUQLD���+RZHYHU�
UHVLGXHV�GHFUHDVHG�LQ�UHVLGHQW�ZDWHUIRZO��EODFN�
EHOOLHG�DQG�IXOYRXV�ZKLVWOLQJ�GXFNV��FROOHFWHG
IDUWKHU�VRXWK�LQ�0H[LFR���7KH�UHVHDUFKHUV
K\SRWKHVL]HG�WKDW�WKH�LQFUHDVHG�OHYHOV�IRXQG�DW
WKH�6DOWRQ�6HD�PD\�KDYH�UHVXOWHG�IURP�SDVW
KHDY\�XVH�RI�''7��IURP�FXUUHQW�LOOHJDO�XVH�RI
''7��RU�IURP�''(�DQG�''7�LPSXULWLHV�LQ
GLFRIRO���7KH\�IXUWKHU�VSHFXODWHG�WKDW�WKH�ORZHU
UHVLGXHV�IRXQG�LQ�ZDWHUIRZO�IURP�0H[LFR�PD\
KDYH�EHHQ�GXH�WR�YDULDELOLW\�LQ�XSWDNH�EHWZHHQ
WKH�VSHFLHV�VDPSOHG�DQG�GR�QRW�QHFHVVDULO\
LQGLFDWH�ORZHU�OHYHOV�RI�RUJDQRFKORULQH
SHVWLFLGHV�LQ�WKH�0H[LFDQ�ZLQWHULQJ�JURXQGV�

(JJVKHOO�WKLQQLQJ�LQ�YDULRXV�VSHFLHV�RI�JUHEHV
DQG�QRUWKHUQ�JDQQHWV�KDV�DOVR�EHHQ�UHSRUWHG�IRU
''(���(JJVKHOO�WKLQQLQJ�RI�����SHUFHQW�DQG�

UHGXFHG�SURGXFWLYLW\�ZDV�UHSRUWHG�LQ�ZHVWHUQ
JUHEHV��#GEJOQRJQTWU�QEEKFGPVCNKU��IURP�8WDK
ZLWK�HJJ�''(�FRQFHQWUDWLRQV�RI�����PJ�NJ�ZZ
�/LQGYDOO�DQG�/RZ���������5HG�QHFNHG�JUHEHV
�2QFKEGRU�ITKUGIGPC��FROOHFWHG�IURP�0DQLWRED
H[KLELWHG�ORZ�HJJ�YLDELOLW\��HJJ�VKHOO�WKLQQLQJ�RI
����SHUFHQW��DQG�UHGXFHG�IOHGJLQJ�VXFFHVV�DW�HJJ
''(�FRQFHQWUDWLRQV�RI�
�����PJ�NJ�ZZ��'H�6PHW���������5HSUR�GXFWLYH
LPSDLUPHQW��ORZ�UHSURGXFWLYH�VXFFHVV��DQG
HJJVKHOO�WKLQQLQJ�����SHUFHQW��LQ�QRUWKHUQ
JDQQHWV��5WNC�DCUUCPWU��ZHUH�DVVRFLDWHG�ZLWK�HJJ
''(�FRQFHQWUDWLRQV�RI������PJ�NJ�ZZ��(OOLRW
HW�DO�������DV�FLWHG�LQ�)RUV\WK�HW�DO����������

=LFXV�HW�DO���������FROOHFWHG�HJJV�IURP�QHVWV�RI
KRRGHG�PHUJDQVHU��.QRJQF[VGU�EWEWNNCVWU��DQG
FRPPRQ�JROGHQH\H��$WEGRJCNC�ENCPIWNC��ZKHUH
WKH�KHQV�KDG�EHHQ�IRXQG�GHDG�RQ�WKH�QHVW��
7KHLU�DQDO\VHV�LQGLFDWHG�WKDW�ZKLOH�RUJDQR�
FKORULQH�SHVWLFLGHV�SUREDEO\�GLG�QRW�FRQ�WULEXWH
WR�WKH�GHDWK�RI�WKH�KHQV��HJJVKHOO�WKLQQLQJ�DQG
HJJ�EUHDNDJH�ZHUH�SUREDEO\�WKH�UHVXOW�RI�''(��
7KH�PHDQ�HJJ�FRQFHQWUDWLRQ�RI�''(�IRU
PHUJDQVHUV�ZDV������PJ�NJ�ZZ�ZLWK�DQ
DVVRFLDWHG�����SHUFHQW�WKLQQLQJ�RI�HJJVKHOOV��
7KH�PHDQ�HJJ�FRQFHQWUDWLRQ�RI�''(�IRU
JROGHQH\H�ZDV������PJ�NJ�ZZ��DQG�WKH
DVVRFLDWHG�HJJVKHOO�WKLQQLQJ�ZDV������SHU�FHQW��
%UHDNDJH�RI�HJJV�LQ�VXFFHVVIXO�QHVWV�
ZDV�DOVR�JUHDWHU�IRU�JROGHQH\H�WKDQ�IRU
PHUJDQVHUV�

0DPPDOV

6WXGLHV�RI�''7�WR[LFLW\�WR�PDPPDOV�KDYH�EHHQ
JHQHUDOO\�OLPLWHG�WR�ODERUDWRU\�PDPPDOV���/LYHU�
QHXURORJLFDO��GHYHORS�PHQWDO��UHSURGXFWLYH��DQG
FDUFLQRJHQLF�HIIHFWV�DIWHU�H[SRVXUH�WR�''7
KDYH�DOVR�EHHQ�QRWHG�IRU�PLFH��UDWV��VKUHZV�
KDPVWHUV��PRQNH\V��GRJV��DQG�EDWV��WDEOH������
/DERUDWRU\�VWXGLHV�ZLWK�ZLOG�PDPPDOV�KDYH
LQGLFDWHG�WKDW�ELJ�EURZQ�EDWV��'RVGUKEWU�HWUEWU�
DUH�PXFK�PRUH�VHQVLWLYH�WR�''7�WKDQ�RWKHU
PDPPDOV��6WLFNHO�������
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Table 17.&DDD, DDE, and DDT effects on mammals
[See Appendix II for explanation of abbreviations and technical terms]

Species
Chemical
species

Concentration
(mg/kg bw)1

Exposure
duration Effects Reference

Bat (Eptesicus sp) DDT 40 LD50 (oral dose) Clark and Stafford
1981

Bat (Myotis sp.) DDE 600 (in tissue) LC50

Dog DDT 16 160 weeks NOAEL Lehman 1965

80 LOAEL, liver alterations

DDT-tech 1 2 generations NOAEL Ottoboni et al.
1977

5 LOAEL, premature puberty

p,p’-DDT 12 14 months LOAEL, maternal and fetal
death

Deichmann et al
1971

Hamster DDT-tech 40 Lifetime NOAEL Cabral et al. 1982

41.5 128 weeks LOAEL, necrosis Rossi et al. 1983

83 LOAEL, tremors

Mouse p,p’-DDD 107 78 weeks NOAEL NCI 1978

p,p’-DDT 0.26 Lifetime LOAEL, liver tumors Tomatis et al.
1972

6 78 weeks NOAEL NCI 1978

DDT-tech 6.5 Lifetime + 5
generations

NOAEL Turusov et al.
1973

32.5 LOAEL, increase in
preweening death

Rat DDT 0.5 2 years LOAEL, liver lesions Fitzhugh and
Nelson 1948

0.8 2 years NOAEL ORNL 1996

1 mg/kg diet & NOAEL Worthing 1987

p,p’-DDT 1 mg/kg diet 27 weeks NOAEL Laug et al. 1950

5 mg/kg diet LOAEL, hepatocellular
hypertrophy

DDT-tech 1 2 generations NOAEL Ottoboni 1969

10 LOAEL, increased constricting
rings of the tail

DDT-tech 12.5 Lifetime LOAEL, liver tumors Cabral et al. 1982

DDT 260 LD50 (oral dose) Gaines and Linder
1986

Rhesus monkey
(Macaca mulatta)

DDT 8 7.5 years NOAEL Durham et al.
1963

Shrew (Blarina sp.) total DDT 910 LC50 Blus 1978

210 (in tissue) LC50

     1 Concentration is the daily dose, as milligrams per kilogram of body weight, unless stated otherwise.
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/DERUDWRU\�UDWV�H[SRVHG�WR�''7�LQ�WKHLU�IHHG
IRU����ZHHNV�VKRZHG�QR�HIIHFWV�RQ�JURZWK�DW
GLHWDU\�FRQFHQWUDWLRQV�XS�WR����PJ�NJ��/DXJ�HW
DO����������+RZHYHU��DW�GLHWDU\�FRQFHQWUD�WLRQV
RI���PJ�NJ�DQG�DERYH��WKH\�VKRZHG�SDWKRORJLF
FKDQJHV��LQFOXGLQJ�LQFUHDVHG�KHSDWRFHOOXODU
K\SHUWURSK\�DQG�F\WRSODVPLF�R[\SKLOLD��DV�ZHOO
DV�SHULSKHUDO�EDVRSKLOLF�F\WRSODVPLF�JUDQXOHV��
7KLV�VWXG\�HVWDEOLVKHG�WKH���PJ�NJ�GLHWDU\�OHYHO
DV�WKH�/2$(/�DQG�
��PJ�NJ�DV�WKH�12$(/���)LW]KXJK�DQG�1HOVRQ
�������VWXGLHG�WKH�ORQJ�WHUP�HIIHFWV�RI�UHODWLYHO\
KLJK�''7�FRQFHQWUDWLRQV�RQ�UDWV���7KH\
REVHUYHG�OLYHU�OHVLRQV�LQ�UDWV�H[SRVHG�WR���²���
PJ�''7�NJ�LQ�WKH�GLHW�IRU���\HDUV�DQG
HVWDEOLVKHG�DQ�/2$(/�RI�����PJ�NJ�GZ�GD\�

$OWKRXJK�OHVV�UHVHDUFK�KDV�EHHQ�FRQGXFWHG�RQ
ZLOG�PDPPDOV�WKDQ�RQ�ELUGV��WKH�GLVWULEXWLRQ�RI
WLVVXH�UHVLGXHV�LQ�PDPPDOV�VHHPV�WR�EH�VLPLODU��
%UDLQ�UHVLGXH�OHYHOV�WHQG�WR�SURYLGH�WKH�EHVW
LQGLFDWLRQ�RI�WR[LFLW\��DQG�''(�LV�WKH
SUHGRPLQDQW�PHWDEROLWH�IRXQG��6WLFNHO�������

3UHGDWRU\�DQG�DTXDWLF�PDPPDOV�WHQG�WR
DFFXPXODWH�WKH�KLJKHVW�UHVLGXHV��6WLFNHO���������
0LQN�DFFXPXODWH�KLJKHU�OHYHOV�WKDQ�KDUHV�OLYLQJ
LQ�WKH�VDPH�DUHD���6LPLODUO\��VKUHZV�DQG�RWKHU
VSHFLHV�LQ�WKH�RUGHU�,QVHFWLYRUD�DFFXPX�ODWH
KLJKHU�OHYHOV�RI�WRWDO�''7�WKDQ�GR�PLFH�DQG
YROHV���0DQ\�VPDOO�VHHG�HDWLQJ�PDPPDOV�
DFFXPXODWH�RQO\�ORZ�OHYHOV�RI�WRWDO�''7�HYHQ�LQ
DUHDV�ZLWK�KLJK�HQYLURQPHQWDO�OHYHOV��6WLFNHO
������

$FFXPXODWLRQ�GLIIHUHQFHV�EHWZHHQ�VKUHZV��PLFH�
YROHV��PLQN��DQG�KDUHV�ZHUH�REVHUYHG�LQ
VSHFLPHQV�FROOHFWHG�RYHU�D���\HDU�SHULRG�IURP�D
IRUHVW�WKDW�KDG�EHHQ�WUHDWHG�ZLWK������NJ�''7
SHU�KHFWDUH��'LPRQG�DQG�6KHUEXUQH���������7KH
IROORZLQJ�UHVLGXHV�ZHUH�PHDVXUHG�GXULQJ�WKH
ILUVW�DQG�ODVW�\HDUV�RI�WKH�VWXG\�

Species

Total DDT, whole body
(mg/kg)

Year of
application

Nine
years
later

Shrews
Mice and voles
Mink
Hares

15.6
1.06
&
&

1.18
0.03
1.6
0.02

7KURXJKRXW�WKH�VWXG\��UHVLGXHV�LQ�VKUHZV�ZHUH
��²���WLPHV�WKRVH�LQ�PLFH�DQG�YROHV���6LPLODUO\�
PLQN�FROOHFWHG�IURP�WKH�VDPH�DUHD�FRQWDLQHG
UHVLGXHV���²���WLPHV�WKRVH�IRXQG�LQ�KDUHV�

$QDO\VHV�RI�VPDOO�KHUELYRURXV�DQG�RPQLY�RURXV
PDPPDOV�FROOHFWHG�IURP�DJULFXOWXUDO�DUHDV�RI
$ODEDPD��$UNDQVDV��DQG�0LVVLVVLSSL�IURP�����
WR�������8�6��'HSDUWPHQW�RI�$JULFXOWXUH������
LQGLFDWHG�WKDW�UDEELWV��ULFH�UDWV��DQG�PXVNUDWV
FRQWDLQHG�ZKROH�ERG\�UHVLGXHV�RI�WRWDO�''7
OHVV�WKDQ�WKH�GHWHFWDEOH�OLPLW��IR[�VTXLUUHOV�DQG
FKLSPXQNV�FRQWDLQHG�OHVV�WKDQ�����PJ�NJ��DQG
ZKLWH�IRRWHG�PLFH��FRWWRQ�UDWV��DQG�ZRRG�UDWV
JHQHUDOO\�FRQWDLQHG�OHVV�WKDQ�����PJ�NJ���
+RZHYHU��KDUYHVW�PLFH�DQG�KRXVH�PLFH
FRQWDLQHG�XS�WR������PJ�NJ��
DQG�RSRVVXPV�FRQWDLQHG�XS�WR������PJ�NJ�

5DQJHV�RI�WRWDO�''7�UHVLGXHV�LQ�IDW�IURP
DTXDWLF�PDPPDOV�DQG�ELJ�JDPH�PDPPDOV
FROOHFWHG�IURP�VHYHUDO�:HVWHUQ�6WDWHV�DUH
SUHVHQWHG�LQ�6WLFNHO����������5HVLGXH�OHYHOV�LQ�ELJ
JDPH�PDPPDOV�LQFOXGH�

Species
Residue levels

(mg/kg)

Bear
Elk
Moose
Mountain goats
Mule deer
Pronghorn antelope
White-tailed deer

0.34
<0.06%29

0.17
<0.09%0.9
<1.35%43

<0.17%0.23
<0.4%3
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%LRDFFXPXODWLRQ

%LUGV�DQG�RWKHU�ZLOGOLIH�PD\�EHFRPH�H[SRVHG�WR
''7�WKURXJK�LQJHVWLRQ�RI�FRQWDPLQDWHG�SUH\
VSHFLHV���%LRDFFXPXODWLRQ�IDFWRUV�IRU�VHYHUDO
VSHFLHV�H[SRVHG�WR�YDULRXV�HQYLURQ�PHQWDO
PHGLD�DUH�SUHVHQWHG�LQ�WDEOH����

-DUYLQHQ�HW�DO���������WHVWHG�IDWKHDG�PLQQRZV
IRU�DFFXPXODWLRQ�RI�''7�SUHVHQW�LQ�GLHW��ZDWHU�
DQG�ERWK�GLHW�DQG�ZDWHU���7LVVXH�

UHVLGXHV�ZHUH�JUHDWHU�LQ�ILVK�H[SRVHG�WR�''7�LQ
ZDWHU�WKDQ�LQ�WKH�GLHW��DQG�DFFXPXODWLRQ�IURP
ERWK�ZDWHU�DQG�GLHW�ZDV�DGGLWLYH���
0HDQ�ELRFRQFHQWUDWLRQ�IDFWRUV�DUH�VKRZQ�LQ
WDEOH������,Q�DGGLWLRQ��UHVLGXH�OHYHOV�DQG
PRUWDOLW\�UDWHV�IRU�HPEU\RV�ZKRVH�SDUHQWV�ZHUH
H[SRVHG�WR�''7�LQ�ERWK�ZDWHU�DQG�GLHW�ZHUH
DSSUR[LPDWHO\�WZLFH�WKRVH�RI�HPEU\RV�ZKRVH
SDUHQWV�ZHUH�H[SRVHG�WR�''7�RQO\�LQ�ZDWHU�

Table 18.&Bioconcentration factors for biota exposed to DDD, DDE, and DDT

Species
Uptake
from: Compound

Bioconcen-
tration factor Study time Reference

Aquatic

Brook trout Diet DDT 0.6 120 days Macek and Korn 1970

Brown bullhead Water DDD 125,000 Not stated Hunt and Bischoff 1960

Fathead minnow
(Pimephales promelas)

Water Total DDT 100,000 266 days Jarvinen et al. 1977

Diet 1.2

Golden shiner (Notemigonus
crysoleucas)

Water DDT 100,000 15 days Courtney and Reed 1972

Goldfish (Carassius auratus) Diet DDT 0.8 Grzenda et al. 1970

Rainbow trout
(Oncorhynchus mykiss)

Water DDT 34,900%91,000
(depending on

conditions)

96 hours Muir et al. 1994

Terrestrial

Black duck (Anas rubripes) Diet DDE  4.63%4.8 Reproductive
cycle

Longcore et al. 1971

Earthworm (Lumbricus
terrestris)

Soil DDT 0.71 4 weeks Davis 1971

Mixed earthworms Soil DDD 0.27 11 years Beyer and Gish 1980

DDE 6

p,p’-DDT 0.56

Total DDT 5.1

1.8%9.2 Not stated Ma 1985

Red-winged blackbird
(Agelaius phoeniceus) eggs

Sediment DDE 12.9%582.4 Not stated Bishop et al. 1995b

Short-tailed shrew
(Blarina brevicauda)

Prey DDT 1%2.5 Not stated Blus 1978

Tree swallow (Tachycineta
bicolor) eggs

Sediment DDE 16.2%868.6 Not stated Bishop et al. 1995b

Tree swallow (Tachycineta
bicolor) nestlings

Sediment DDE 5%48.9 Not stated Bishop et al. 1995b
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(DUWKZRUPV�FRPSRVH�D�ODUJH�SRUWLRQ�RI�WKH
GLHWV�RI�VRPH�ELUGV�DQG�UHSWLOHV��LQFOXGLQJ
ZRRGFRFN��2JKNQJGNC�OKPQT���URELQ��6WTFWU
OKITCVQTKWU���UHG�EHOOLHG�VQDNH��5VQTGTKC
QEEKRKVQOCEWNCVC���DQG�HDVWHUQ�JDUWHU�VQDNH
�6JCOPQRJKU�UKTVCNKU����(DUWKZRUPV�DUH�DOVR
HDWHQ�RFFDVLRQDOO\�E\�PDPPDOV�VXFK�DV
LQVHFWLYRUHV��VKUHZV�DQG�PROHV���URGHQWV��DQG
FDUQLYRUHV��0XVWHOLGDH���DQG�E\�RWKHU�FOXVWHU
IOLHV��%H\HU�DQG�*LVK���������%DVHG�RQ�WR[LFLW\
VWXGLHV�IRU�ELUGV�H[SRVHG�WR�''7��%H\HU�DQG
*LVK��������HVWLPDWHG�WKDW�WRWDO�''7�UHVLGXHV
RI���PJ�NJ�ZZ�RU����PJ�NJ�GZ�LQ�HDUWK�ZRUPV
ZRXOG�FRQVWLWXWH�WKH�PLQLPXP�KD]DUGRXV�OHYHO
IRU�ELUGV�

%LVKRS�HW�DO�������E��PHDVXUHG�WKH�ELRFRQFHQ�
WUDWLRQ�RI�R�R	�''(�LQ�UHG�ZLQJHG�EODFNELUG
HJJV�DQG�LQ�WUHH�VZDOORZ��6CEJ[EKPGVC�DKEQNQT�
HJJV�DQG�QHVWOLQJV�DV�D�IXQFWLRQ�RI�OLSLG�
QRUPDOL]HG�FRQFHQWUDWLRQV�LQ�ELRWD�DQG�RUJDQLF�
FDUERQ�QRUPDOL]HG�FRQFHQWUDWLRQV�
LQ�VHGLPHQW���,Q�HDFK�FDVH��WKH\�UHSRUWHG�
ZLGH�UDQJHV�RI�ELRFRQFHQWUDWLRQ�IDFWRUV�
�WDEOH�����

,QWHUDFWLRQV

,QWHUDFWLRQV�EHWZHHQ�RUJDQRFKORULQH�SHVWLFLGHV
ZHUH�VWXGLHG�LQ�WKH�HDUWKZRUP�.WODTKEWU
VGTTGUVTKU�E\�'DYLV����������0HDVXUHPHQWV�RI�WKH
XSWDNH�RI�''7�DQG�GLHOGULQ�LQGLFDWHG�WKDW�ZKLOH
GLHOGULQ�
DFFXPXODWHG�PRUH�WKDQ�''7��WKH�DFFXPXOD�
WLRQ�RI�HLWKHU�FKHPLFDO�GLG�QRW�DIIHFW�WKH
DFFXPXODWLRQ�RI�WKH�RWKHU��

/LQFHU��������H[DPLQHG�WKH�UHSURGXFWLYH
VXFFHVV�RI�$PHULFDQ�NHVWUHOV�H[SRVHG�WR�''(
DQG�$URFORU������LQ�WKH�GLHW���%LUGV�IHG�''(
DORQH�DQG�WKRVH�IHG�ERWK�''(����PJ�NJ��DQG
$URFORU����������PJ�NJ��KDG�HJJV�ZLWK�VKHOOV
WKDW�ZHUH�VLJQLILFDQWO\�WKLQQHU�WKDQ�FRQWUROV��
7KH�WKLQQLQJ�ZDV����SHUFHQW�IRU�ELUGV�IHG�''(
DORQH�DQG����SHUFHQW�IRU�ELUGV�IHG�ERWK�''(
DQG�$URFORU��������8QH[SHFWHGO\��ELUGV�IHG
$URFORU������DORQH�H[KLELWHG�VKHOOV�WKDW�

ZHUH�VLJQLILFDQWO\�WKLFNHU����SHUFHQW��WKDQ
FRQWUROV���,Q�DGGLWLRQ��WKHUH�ZDV�QR�HJJ�EUHDNDJH
LQ�WKH�QHVWV�RI�ELUGV�IHG�HLWKHU�''(�RU�$URFORU
������EXW�WKRVH�WKDW�ZHUH�IHG�D�FRPELQDWLRQ�RI
''(�DQG�$URFORU������H[SHULHQFHG�VRPH�HJJ
EUHDNDJH�LQ�WKH�DOO�RI�WKH�QHVWV��DQG�QRQH�RI�WKHLU
HJJV�SLSSHG���7KLV�VWXG\�LQGLFDWHV�WKDW�HIIHFWV�RI
''(�DQG�$URFORU������DUH�V\QHUJLVWLF�

5HJXODWRU\�6WDQGDUGV

)HGHUDO

$PELHQW�:DWHU�4XDOLW\�³(3$�DPELHQW�ZDWHU
TXDOLW\�FULWHULD��$:4&��IRU�''7�DQG�LWV
PHWDEROLWHV�KDYH�EHHQ�GHYHORSHG�IRU�ERWK�
IUHVKZDWHU�DQG�VDOWZDWHU�SODQWV�DQG�DQLPDOV
�(GFGTCN�4GIKUVGT���������������7KHVH�FULWHULD�DUH
EDVHG�RQ�OHYHOV�RI�''7�WKDW�ZRXOG�H[FHHG�)RRG
DQG�'UXJ�$GPLQLVWUDWLRQ�DFWLRQ�OHYHOV�IRU
KXPDQ�FRQVXPSWLRQ�RI�ILVK����PJ�NJ��
(3$���������,Q�DGGLWLRQ��VFUHHQLQJ�HFRWR[LFLW\
WKUHVKROGV��EDVHG�VWULFWO\�RQ�WR[LFLW\�WR�
HFRORJLFDO�VSHFLHV��KDYH�EHHQ�GHYHORSHG�XVLQJ
PHWKRGRORJ\�SUHVHQWHG�LQ�WKH�*UHDW�/DNHV
:DWHU�4XDOLW\�,QLWLDWLYH³7LHU�,,�����&)5�������
HWF�����������7KHVH�VFUHHQLQJ�YDOXHV�UHSUHVHQW
FRQFHQWUDWLRQV�DERYH�ZKLFK�DGYHUVH�HFRORJLFDO
HIIHFWV�FRXOG�RFFXU���7KH�$:4&V�DQG�WKH�*UHDW
/DNHV�VFUHHQLQJ�HFRWR[LFLW\�WKUHVKROGV�DUH�OLVWHG
LQ�WDEOH����

6WDWH

)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�

,QWHUQDWLRQDO

4XDOLW\�VWDQGDUGV�IRU�''7�KDYH�EHHQ
HVWDEOLVKHG�LQ�WKH�1HWKHUODQGV�DQG�LQ�2QWDULR�
&DQDGD���7KH�'XWFK�TXDOLW\�VWDQGDUGV�IRU�WRWDO�
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Table 19.&U.S. Environmental Protection Agency standards and
criteria

for DDT, DDD, and DDE
[See Appendix II for explanation of terms.  Sources:  EPA 1986, 1996; Federal Register

1980, 1982]

Status Known carcinogen; EPA priority pollutant

Drinking water MCL None established

Freshwater AWQC (DDT) 1.1 µg/L for acute exposure
0.001 µg/L for chronic exposure

Saltwater AWQC (DDT) 0.13   µg/L for acute exposure
0.001 µg/L for chronic exposure

Great Lakes Water Quality Initiative (DDT) 0.013 µg/L for acute exposure

Freshwater LOAEL (DDD) 0.6   µg/L for acute exposure

Freshwater LOAEL (DDE) 1,050 µg/L for acute exposure

1/1,000,000 cancer risk (water and organisms
or organisms only)

DDT:  0.59 ng/L
DDD:  0.83 ng/L
DDE:  0.59 ng/L

''7�LQFOXGH�OLPLWV�RI�����J�NJ�GZ�LQ�VHGL�
PHQW�����J�NJ�GZ�LQ�VRLO��DQG������J�NJ�ZZ��LQ
ZLOGOLIH�IRRG��+HQGULNV�HW�DO����������7KH
2QWDULR�VHGLPHQW�TXDOLW\�JXLGHOLQHV��3HUVDXG�HW
DO��������DUH�DV�IROORZV�

Compound

Lowest effect
level

(mg/kg dw)

Severe effect
level

(mg/kg organic
carbon)1

p,p’-DDD
p,p’-DDE
o,p’+p,p’-DDT
Total DDT

0.008
0.005
0.008
0.007

6
19
71
12

     1 Multiply times the total organic carbon content of
a sample to find the bulk-sediment severe effect level
for that sample.

5HIHUHQFHV

���&)5�������������������DQG��������������)LQDO�ZDWHU
TXDOLW\�JXLGDQFH�IRU�WKH�*UHDW�/DNHV�V\VWHP��ILQDO
UXOH���7XHVGD\��0DUFK����

$QGHUVRQ��'�:���-�-��+LFNH\��5�:��5LVHEURXJK��
'�)��+XJKHV��DQG�5�(��&KULVWHQVHQ���������
6LJQLILFDQFH�RI�FKORULQDWHG�K\GURFDUERQ�UHVLGXHV
WR�EUHHGLQJ�SHOLFDQV�DQG�FRUPRUDQWV���%CP�
(KGNF�0CV�������²����

$QGU\XVKFKHQNR��9�9���DQG�.�%��.KRNKU\DNRY��
�������(IIHFW�RI�''7�DQG�NHSRQH�RQ�FRQWHQW�DQG
DFWLYLW\�RI�VRPH�FRPSRQHQWV�RI�WKH�HQ]\PDWLF
GHWR[LI\LQJ�V\VWHP�LQ�KXPSEDFN�VDOPRQ�OLYHU��
#SWCVKE�6QZKEQNQI[�CPF�4CFKQGEQNQI[���S����²���

$QWKRQ\��5�*���5�:��)UHQ]HO��)�%��,VDDFV��DQG�
0�*��*DUUHWW����������3UREDEOH�FDXVHV�RI�QHVWLQJ
IDLOXUHV�LQ�2UHJRQ·V�EDOG�HDJOH�SRSXODWLRQ���9KNFN�
5QE��$WNN��������²����

%HQJWVVRQ��%�(���DQG�$��/DUVVRQ����������+\SHU�
DFWLYLW\�DQG�FKDQJHG�GLXUQDO�DFWLYLW\�LQ�IORXQGHUV�
2NCVKEJVJ[U�HNGUWU��H[SRVHG�WR�''7���/CTKPG�2QNN�
$WNN�����������²����

%HUQDUG��5�)����������5VWFKGU�QP�VJG�GHHGEVU�QH�&&6
QP�DKTFU���0LFKLJDQ�6WDWH�8QLY���(DVW�/DQVLQJ�
0LFKLJDQ���3XEOLFDWLRQV�RI�WKH�0XVHXP��%LRO�
6HU����������²����

%H\HU��:�1���DQG�&�'��*LVK����������3HUVLVWHQFH�LQ
HDUWKZRUPV�DQG�SRWHQWLDO�KD]DUGV�WR�ELUGV�RI�VRLO
DSSOLHG�''7��GLHOGULQ��DQG�KHSWDFKORU�
,��#RRN��'EQN��������²����

%H\HU��:�1���DQG�$�-��.U\QLWVN\����������/RQJ�WHUP
SHUVLVWHQFH�RI�GLHOGULQ��''7��DQG�KHSWDFKORU
HSR[LGH�LQ�HDUWKZRUPV���#ODKQ�������²����



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

%LVKRS��&�$���*�3��%URZQ��5�-��%URRNV��'�5�6��/HDQ�
DQG�-�+��&DUH\���������2UJDQRFKORULQH
FRQWDPLQDQW�FRQFHQWUDWLRQV�LQ�HJJV�DQG�WKHLU
UHODWLRQVKLS�WR�ERG\�VL]H�DQG�FOXWFK
FKDUDFWHULVWLFV�RI�WKH�IHPDOH�FRPPRQ�VQDSSLQJ
WXUWOH��%JGN[FTC�UGTRGPVKPC�UGTRGPVKPC��LQ�/DNH
2QWDULR��&DQDGD���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN�������²���

%LVKRS��&�$���'�5�6��/HDQ��5�-��%URRNV��-�+��&DUH\�
DQG�3��1J�������D���&KORULQDWHG�K\GURFDUERQV�LQ
HDUO\�OLIH�VWDJHV�RI�WKH�FRPPRQ�VQDSSLQJ�WXUWOH
�%JGN[FTC�UGTRGPVKPC�UGTRGPVKPC��IURP�D�FRDVWDO
ZHWODQG�RQ�/DNH�2QWDULR��&DQDGD���'PXKTQP�
6QZKEQN��%JGO��������²����

%LVKRS��&�$���0�'��.RVWHU��$�$��&KHN��
'�-�7��+XVVHOO��DQG�.��-RFN�������E���&KORULQDWHG
K\GURFDUERQV�DQG�PHUFXU\�LQ�VHGLPHQWV��UHG�
ZLQJHG�EODFNELUGV��#IGNCKWU�RJQGPKEGWU��DQG�WUHH
VZDOORZV��6CEJ[EKPGVC�DKEQNQT��IURP�ZHWODQGV�LQ
WKH�*UHDW�/DNHV²6W��/DZUHQFH�5LYHU�%DVLQ��
'PXKTQP��6QZKEQN��%JGO��������²����

%OXV��/�-����������0HDVXUHPHQWV�RI�EURZQ�SHOLFDQ
HJJVKHOOV�IURP�)ORULGD�DQG�6RXWK�&DUROLQD��
$KQ5EKGPEG�������²����

%OXV��/�-����������6KRUW�WDLOHG�VKUHZV���WR[LFLW\�DQG
UHVLGXH�UHODWLRQVKLSV�RI�''7��GLHOGULQ��DQG
HQGULQ���#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
����²���

%OXV��/�-����������)XUWKHU�LQWHUSUHWDWLRQ�RI�WKH
UHODWLRQ�RI�RUJDQRFKORULQH�UHVLGXHV�LQ�EURZQ
SHOLFDQ�HJJV�WR�UHSURGXFWLYH�VXFFHVV���'PXKTQP�
2QNNWV�������²���

%OXV��/�-���������''(�LQ�ELUGV·�HJJV���&RPSDULVRQ
RI�WZR�PHWKRGV�IRU�HVWLPDWLQJ�FULWLFDO�OHYHOV��
9KNUQP�$WNN��������²����

%OXV��/�-����������''7��'''��DQG�''(�LQ�ELUGV��
,Q��:�1��%H\HU��*�+��+HLQ]��DQG�$�:��5HGPRQ�
1RUZRRG��HGV���'PXKTQPOGPVCN�EQPVCOKPCPVU�KP
YKNFNKHG���+PVGTRTGVKPI�VKUUWG�EQPEGPVTCVKQPU��
/HZLV�3XEOLVKHUV��1HZ�<RUN���S����²���

%OXV��/�-���$�$��%HOLVOH��DQG�5�0��3URXW\���������
5HODWLRQV�RI�WKH�EURZQ�SHOLFDQ�WR�FHUWDLQ
HQYLURQPHQWDO�SROOXWDQWV���2GUVKE��/QPKV�
,�������²����

%OXV��/�-���7�*��/DPRQW��DQG�%�6��1HHO\��-U���������
(IIHFWV�RI�RUJDQRFKORULQH�UHVLGXHV�RQ�HJJVKHOO
WKLFNQHVV��UHSURGXFWLRQ��DQG�SRSXODWLRQ�VWDWXV�RI
EURZQ�SHOLFDQV��2GNGECPWU�QEEKFGPVCNKU��LQ�6RXWK
&DUROLQD�DQG�)ORULGD������²�������2GUVKE��/QPKV�
,��������²������

%RHOOVWRUII��'�(���+�0��2KOHQGRUI��'�:��$QGHUVRQ�
(�-��2·1HLOO��-�2��.HLWK��DQG�5�0��3URXW\���������
2UJDQRFKORULQH�FKHPLFDO�UHVLGXHV�LQ�ZKLWH
SHOLFDQV�DQG�ZHVWHUQ�JUHEHV�IURP�WKH�.ODPDWK
%DVLQ��&DOLIRUQLD���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²����

&DEUDO�-���5��+DOO��DQG�/��5RVVL����������(IIHFWV�RI
ORQJ�WHUP�LQWDNH�RI�''7�RQ�UDWV���6WOQTK
�����²���

&DOO��-�'���+�-��6KDYH��+�&��%LQJHU��0�(��%HUJHODQG�
%�'��$PPDQQ��DQG�-�-��:RUPDQ����������''(
SRLVRQLQJ�LQ�ZLOG�JUHDW�EOXH�KHURQ���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

&DWKH\��%����������&RPSDUDWLYH�WR[LFLWLHV�RI�ILYH
LQVHFWLFLGHV�WR�WKH�HDUWKZRUP�.WODTKEWU
VGTTGUVTKU���#ITKEWNV��'PXKTQP������²���

&ODUN��'�5���-U���������'LFRIRO��.HOWKDQH��DV�DQ
HQYLURQPHQWDO�FRQWDPLQDQW���$�UHYLHZ���)LVK�DQG
:LOGOLIH�7HFK��5HSW�������8�6��)LVK�DQG�:LOGOLIH
6HUYLFH��:DVKLQJWRQ�

&ODUN��'�5���DQG�&�-��6WDIIRUG����������(IIHFWV�RI
''(�DQG�3&%��$URFORU�������RQ�H[SHULPHQWDOO\
SRLVRQHG�IHPDOH�OLWWOH�EURZQ�EDWV��/[QVKU
NWEKHWIWU����OHWKDO�EUDLQ�FRQFHQWUDWLRQV�
,��6QZKEQN��'PXKTQP��*GCNVJ������²����

&ODUN��'�5���-U���(�/��)OLFNLQJHU��'�+��:KLWH��
5�/��+RWKHP��DQG�$�$��%HOLVOH����������'LFRIRO
DQG�''7�UHVLGXHV�LQ�OL]DUG�FDUFDVVHV�DQG�ELUG
HJJV�IURP�7H[DV��)ORULGD��DQG�&DOLIRUQLD���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

&RXUWQH\��&�+���DQG�-�.��5HHG����������$FFXPXODWLRQ
RI�''7�IURP�IRRG�DQG�IURP�ZDWHU�E\�JROGHQ
VKLQHU�PLQQRZV��0QVGOKIQPWU�ET[UQNGWECU���2TQE�
��VJ�#PP��%QPH��5QWVJGCUVGTP�#UUQE��)COG�(KUJ
%QOO���S�����²����
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&XOOHQ��0�&���DQG�'�:��&RQQHOO����������%LRDFFXPX�
ODWLRQ�RI�FKORURK\GURFDUERQ�SHVWLFLGHV�E\�ILVK�LQ
WKH�QDWXUDO�HQYLURQPHQW���%JGOQURJGTG
�����������²�����

&XVWHU��7�:���DQG�&�0�&XVWHU����������7UDQVIHU�DQG
DFFXPXODWLRQ�RI�RUJDQRFKORULQHV�IURP�EODFN�
FURZQHG�QLJKW�KHURQ�HJJV�WR�FKLFNV���'PXKTQP�
6QZKEQN��%JGO��������²����

&XVWHU��7�:���DQG�&�$��0LWFKHOO����������2UJDQR�
FKORULQH�FRQWDPLQDQWV�DQG�UHSURGXFWLYH�VXFFHVV
RI�EODFN�VNLPPHUV�LQ�VRXWK�7H[DV���������,��(KGNF
1TPKVJQN��������²����

'DYLV��%�1�.����������/DERUDWRU\�VWXGLHV�RQ�WKH
XSWDNH�RI�GLHOGULQ�DQG�''7�E\�HDUWKZRUPV���5QKN
$KQN��$KQEJGO�������²����

'DYLVRQ��.�/���DQG�-�/��6HOO����������''7�WKLQV�VKHOOV
RI�HJJV�IURP�PDOODUG�GXFNV�PDLQWDLQHG�RQ
#F�NKDKVWO�RI�FRQWUROOHG�IHHGLQJ�UHJLPHQV��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN�������²����

'H�6PHW��.�'����������2UJDQRFKORULQHV��SUHGDWRUV�
DQG�UHSURGXFWLYH�VXFFHVV�RI�WKH�UHG�QHFNHG�JUHEH
LQ�VRXWKHUQ�0DQLWRED���%QPFQT�������²����

'HLFKPDQQ��:���:��0DF'RQDOG��DQG�$��%HDVOH\��
�������6XEQRUPDO�UHSURGXFWLRQ�LQ�EHDJOH�GRJV
LQGXFHG�E\�''7�DQG�DOGULQ���+PF��/GF�
�����²���

'LPRQG��-�%���DQG�-�$��6KHUEXUQH����������3HUVLVWHQFH
RI�''7�LQ�ZLOG�SRSXODWLRQV�RI�VPDOO�PDPPDOV��
0CVWTG��/RQG����������������²����

'XUKDP��:���3��2UWHJD��DQG�:��+D\HV����������7KH
HIIHFW�RI�YDULRXV�GLHWDU\�OHYHOV�RI�''7�RQ�OLYHU
IXQFWLRQ��FHOO�PRUSKRORJ\��DQG�''7�VWRUDJH�LQ
WKH�UKHVXV�PRQNH\���#TEJ��+PV��2JCTOCEQF[P�
6JGT��������²����

(GZDUGV��&�$����������,QVHFWLFLGH�UHVLGXHV�LQ�VRLOV��
4GUKFWG�4GX���������²����

(OOJDDUG��(�*���-�&��2FKVQHU��DQG�-�.��&R[���������
/RFRPRWRU�K\SHUDFWLYLW\�LQGXFHG�LQ�WKH�EOXHJLOO
VXQILVK��.GRQOKU�OCETQEJKTWU��E\�VXEOHWKDO
FRQFHQWUDWLRQV�RI�''7��%CP��,��<QQN��
�������²�����

(OOLRW��-�(���5�-��1RUVWURP��DQG�-�$��.HLWK���������
2UJDQRFKORULQHV�DQG�HJJVKHOO�WKLQQLQJ�LQ
QRUWKHUQ�JDQQHWV��5WNC�DCUUCPWU��IURP�HDVWHUQ
&DQDGD������²�������'PXKTQP��2QNNWV�������²����

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
''7���$�UHYLHZ�RI�VFLHQWLILF�DQG�HFRQRPLF
DVSHFWV�RI�WKH�GHFLVLRQ�WR�EDQ�LWV�XVH�DV�D
SHVWLFLGH���(3$²�����²��²������:DVKLQJWRQ�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
$PELHQW�ZDWHU�TXDOLW\�FULWHULD�IRU�''7��
(3$������²��²�����17,6��6SULQJILHOG��9LUJLQLD�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
$48,5(���$TXDWLF�LQIRUPDWLRQ�UHWULHYDO�WR[LFLW\
GDWD�EDVH���(3$������²��²������17,6�
6SULQJILHOG��9LUJLQLD�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
4XDOLW\�FULWHULD�IRU�ZDWHU��������8�6��(QYLURQ�
PHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI�:DWHU
5HJXODWLRQV�DQG�6WDQGDUGV��:DVKLQJWRQ���5HSW�
(3$������²�������������S���$YDLODEOH�IURP
1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH�
6SULQJILHOG��9LUJLQLD��������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
(FRWR[�WKUHVKROGV���2IILFH�RI�6ROLG�:DVWH�DQG
(PHUJHQF\�5HVSRQVH���(&2�XSGDWH��
YRO�����1R������-DQXDU\���(3$²����)²�������

(GFGTCN�4GIKUVGT����������:DWHU�TXDOLW\�FULWHULD
GRFXPHQWV��DYDLODELOLW\³QRWLFHV���(GFGTCN
4GI������������)ULGD\��1RYHPEHU����

(GFGTCN�4GIKUVGT����������5XOHV�DQG�UHJXODWLRQV��
(GFGTCN�4GI������������7XHVGD\��'HFHPEHU����

)LQGKROW��6�/���DQG�&�+��7URVW���������
2UJDQRFKORULQH�SROOXWDQWV��HJJVKHOO�WKLFNQHVV��DQG
UHSURGXFWLYH�VXFFHVV�RI�EODFN�FURZQHG�QLJKW�
KHURQV�LQ�,GDKR���������%QNQPKCN�9CVGTDKTFU
��������

)LW]KXJK��2�*���DQG�$�$��1HOVRQ����������7KH
FKURQLF�RUDO�WR[LFLW\�RI�''7���,��2JCTOCEQN�
�����²����
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)OHPLQJ��:�-���'�5��&ODUN��-U���DQG�&�-��+HQQ\���������
2UJDQRFKORULQH�SHVWLFLGHV�DQG�3&%V���$
FRQWLQXLQJ�SUREOHP�IRU�WKH�����V���,Q��
6TCPUCEVKQPU����VJ�0QTVJ�#OGTKECP�9KNFNKHG
CPF�0CVWTCN�4GUQWTEGU�%QPH���:LOGOLIH
0DQDJHPHQW�,QVWLWXWH��:DVKLQJWRQ�

)RUV\WK��'�-���3�$��0DUWLQ��.�'��'H�6PHW��DQG�
0�(��5LVNH����������2UJDQRFKORULQH�FRQWDPLQDQWV
DQG�HJJVKHOO�WKLQQLQJ�LQ�JUHEHV�IURP�3UDLULH�
&DQDGD���'PXKTQP��2QNN�����������

)R[��*�$����������(JJVKHOO�TXDOLW\���,WV�HFRORJLFDO�DQG
SK\VLRORJLFDO�VLJQLILFDQFH�LQ�D�''(�
FRQWDPLQDWHG�FRPPRQ�WHUQ�SRSXODWLRQ��9KNUQP
$WNN��������²����

)ULHQG��0���DQG�'�2��7UDLQHU����������5HVSRQVH�RI
GLIIHUHQW�DJH�PDOODUGV�WR�''7���$WNN��'PXKTQP�
%QPVCO��6QZKEQN��������²���

*DLQHV��7�%���DQG�5�(��/LQGHU����������$FXWH�WR[LFLW\
RI�SHVWLFLGHV�LQ�DGXOW�DQG�ZHDQOLQJ�UDWV��
(WPFCO��#RRN��6QZKEQN�������²����

*HEDXHU��0�%���DQG�'�9��:HVHORK���������
$FFXPXODWLRQ�RI�RUJDQLF�FRQWDPLQDQWV�LQ
VHQWLQHO�PDOODUGV�XWLOL]LQJ�FRQILQHG�GLVSRVDO
IDFLOLWLHV�DW�+DPLOWRQ�+DUERXU��/DNH�2QWDULR��
#TEJ���'PXKTQP��%QPVCO��6QZKEQN��������²����

*UXEE��7�*���6�1��:LHPH\HU��DQG�/�)��.LII���������
(JJVKHOO�WKLQQLQJ�DQG�FRQWDPLQDQW�OHYHOV�LQ�EDOG
HDJOH�HJJV�IURP�$UL]RQD������²�������5QWVJYGUV�
0CV��������²����

*XWHQPDQQ��:�+���-�*��(EHO��+�7��.XQW]��
.�6��<RXUVWRQH��DQG�'�-��/LVN����������5HVLGXHV�
RI�R�R	�''(�DQG�PHUFXU\�LQ�ODNH�WURXW�DV�D
IXQFWLRQ�RI�DJH���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²����

*U]HQGD��$�5���'�)��3DULV��DQG�:�-��7D\ORU���������
7KH�XSWDNH��PHWDEROLVP��DQG�HOLPLQDWLRQ�RI
FKORULQDWHG�UHVLGXHV�E\�JROGILVK��%CTCUUKWU
CWTCVWU��IHG�D�&��²''7�FRQWDPLQDWHG�GLHW��
6TCPU��#O��(KUJ��5QE��������²����

+HDWK��5�*���-�:��6SDQQ��(�)��+LOO��DQG�-�)��.UHLW]HU��
�������%QORCTCVKXG�FKGVCT[�VQZKEKVKGU�QH
RGUVKEKFGU�VQ�DKTFU���8�6��)LVK�:LOGOLIH�6HUY��6SHF�
6FL��5HS��:LOGO����������S�

+HQGULNV��$�-���:�&��0D��-�-��%URXQV��
(�0��GH�5XLWHU�'LMNPDQ��DQG�5��*DVW���������
0RGHOOLQJ�DQG�PRQLWRULQJ�RUJDQRFKORULQH�DQG
KHDY\�PHWDO�DFFXPXODWLRQ�LQ�VRLOV��HDUWKZRUPV�
DQG�VKUHZV�LQ�5KLQH�GHOWD�IORRGSODLQV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+HQQ\��&�-���DQG�/�-��%OXV����������5DGLRWHOHPHWU\
ORFDWHV�ZLQWHULQJ�JURXQG�RI�''(�FRQWDPLQDWHG
EODFN�FURZQHG�QLJKW�KHURQV���9KNFN��5QE��$WNN�
������²����

+HQQ\��&�-���DQG�*�%��+HUURQ����������''(�
VHOHQLXP��PHUFXU\��DQG�ZKLWH�IDFH�LELV
UHSURGXFWLRQ�DW�&DUVRQ�/DNH��1HYDGD�
,��9KNFN��/CPCIG���������²�����

+HQQ\��&�-���/�-��%OXV��$�-��.U\QLWVN\��DQG�
&�0��%XQFN����������&XUUHQW�LPSDFW�RI�''(�RQ
EODFN�FURZQHG�QLJKW�KHURQV�LQ�WKH�,QWHU�
PRXQWDLQ�:HVW���,��9KNFN��/CPCIG������²���

+HQQ\��&�-���/�-��%OXV��DQG�5�0��3URXW\���������
2UJDQRFKORULQH�UHVLGXHV�DQG�VKHOO�WKLQQLQJ�LQ
2UHJRQ�VHDELUG�HJJV���6JG�/WTTGNGV������²���

+HQQ\��&�-���/�-��%OXV��DQG�&�6��+XOVH����������7UHQGV
DQG�HIIHFWV�RI�RUJDQRFKORULQH�UHVLGXHV�RQ�2UHJRQ
DQG�1HYDGD�ZDGLQJ�ELUGV������²�����%QNQPKCN
9CVGTDKTFU������²����

+LOO��(�)���DQG�0�%��&DPDUGHVH����������.GVJCN
FKGVCT[�VQZKEKVKGU�QH�GPXKTQPOGPVCN�EQPVCOKPCPVU
CPF�RGUVKEKFGU�VQ�&RWXUQL[���8�6��)LVK�DQG�:LOGOLIH
6HUYLFH��7HFKQLFDO�5HSRUW����:DVKLQJWRQ�

+LOO��(�)���:�(��'DOH��DQG�-�:��0LOOV����������''7
LQWR[LFDWLRQ�LQ�ELUGV���6XEFKURQLF�HIIHFWV�DQG
EUDLQ�UHVLGXHV���6QZKEQN��#RRN��2JCTOCEQN�
������²����

+LOO��(�)���5�*��+HDWK��-�:��6SDQQ��DQG��
-�'��:LOOLDPV����������.GVJCN�FKGVCT[�VQZKEKVKGU
QH�GPXKTQPOGPVCN�RQNNWVCPVU�VQ�DKTFU���8�6��)LVK�
DQG�:LOGOLIH�6HUYLFH��6SHFLDO�6FLHQWLILF
5HSRUW³:LOGOLIH��1R������
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+RNH��5�$���*�7��$QNHO\��$�0��&RWWHU��
7��*ROGHQVWHLQ��3�$��.RVLDQ��*�/��3KLSSV��DQG
)�0��9DQGHU0HLGHQ����������(YDOXDWLRQ�RI
HTXLOLEULXP�SDUWLWLRQLQJ�WKHRU\�IRU�SUHGLFWLQJ
DFXWH�WR[LFLW\�RI�ILHOG�FROOHFWHG�VHGLPHQWV
FRQWDPLQDWHG�ZLWK�''7��''(��DQG�'''�WR
WKH�DPSKLSRG�*[CNGNNC�C\VGEC���'PXKTQP�
6QZKEQN��%JGO��������²����

+RWKHP��5�/���'�/��5RVWHU��.�$��.LQJ��7�-��.HOGVHQ�
.�&��0DURLV��DQG�6�(��:DLQZULJKW����������6SDWLDO
DQG�WHPSRUDO�WUHQGV�RI�FRQWDPLQDQWV�LQ�HJJV�RI
ZDGLQJ�ELUGV�IURP�6DQ�)UDQFLVFR�%D\��&DOLIRUQLD��
'PXKTQP��6QZKEQN��%JGO���������²�����+XGVRQ�
5�+���5�.��7XFNHU��DQG�0�$��+DHJHOH���������
*CPFDQQM�QH�VQZKEKV[�QH�RGUVKEKFGU�VQ�YKNFNKHG���G
HG���8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��5HVRXUFH
3XEOLFDWLRQ�����

+XQW��(�*���DQG�$�,��%LVFKRII����������,QLPLFDO
HIIHFWV�RQ�ZLOGOLIH�RI�SHULRGLF�'''�DSSOLFDWLRQV
WR�&OHDU�/DNH���%CNKH��(KUJ�)COG������²����

-DUYLQHQ��$�:���0�-��+RIIPDQ��DQG�7�:��7KRUVOXQG��
�������/RQJ�WHUP�WR[LF�HIIHFWV�RI�''7�IRRG�DQG
ZDWHU�H[SRVXUH�RQ�IDWKHDG�PLQQRZV��2KOGRJCNGU
RTQOGNCU����,��(KUJ��4GU��$QCTF�%CP��
�������²�����

-HIIHULHV��'�-����������6RPH�VXEOHWKDO�HIIHFWV�RI
R�R	�''7�DQG�LWV�PHWDEROLWH�R�R	�''(�RQ
EUHHGLQJ�SDVVHULQH�ELUGV���1XGTFTWM�7KV
/GFGFGNKPIGP�(CMWNVGKV�.CPFDQWY
9GVGPUEJCRRGP�)GPV�������²���

-HKO��-�5���-U����������6WXGLHV�RI�D�GHFOLQLQJ�SRSX�
ODWLRQ�RI�EURZQ�SHOLFDQV�LQ�QRUWKZHVWHUQ�%DMD
&DOLIRUQLD���%QPFQT������²���

-RKQVRQ��$���'��1RUWRQ��DQG�%��<DNH���������
3HUVLVWHQFH�RI�''7�LQ�WKH�<DNLPD�5LYHU
GUDLQDJH��:DVKLQJWRQ���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²����

.LQJ��.�$���(�/��)OLFNLQJHU��DQG�+�+��+LOGHEUDQG��
�������7KH�GHFOLQH�RI�EURZQ�SHOLFDQV�RQ�WKH
/RXLVLDQD�DQG�7H[DV�*XOI�&RDVW���5QWVJYGUV�
0CV��������²����

.LQJ��.�$���'�/��0HHNHU��DQG�'�0��6ZLQHIRUG��
�������:KLWH�IDFH�LELV�SRSXODWLRQV�DQG�SROOXWDQWV
LQ�7H[DV������²�������5QWVJYGUV�
0CV��������²����

.LQJ��.�$���'�5��%ODQNLQVKLS��(��3D\QH��
$�-��.U\QLWVN\��DQG�*�/��+HQVOHU����������%URZQ
SHOLFDQ�SRSXODWLRQV�DQG�SROOXWDQWV�LQ�7H[DV
����²�������9KNUQP�$WNN��������²����

.LQJ��.�$���7�:��&XVWHU��DQG�-�6��4XLQQ���������
(IIHFWV�RI�PHUFXU\��VHOHQLXP��DQG�RUJDQR�
FKORULQH�FRQWDPLQDQWV�RQ�UHSURGXFWLRQ�RI
)RUVWHU·V�WHUQV�DQG�EODFN�VNLPPHUV�QHVWLQJ�LQ�D
FRQWDPLQDWHG�7H[DV�ED\���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN�������²���

.ODDVVHQ��&�'���0�2��$PGXU��DQG�-��'RXOO��HGV��
�������%CUCTGVV�CPF�&QWNN U�VQZKEQNQI[���6JG�DCUKE
UEKGPEG�QH�RQKUQPU���G�HG���0DFPLOODQ�3XEOLVKLQJ
&RPSDQ\��1HZ�<RUN�������S�

.XOVKUHVWKD��6�.���1��$URUD��DQG�6��6KDUPD���������
7R[LFLW\�RI�IRXU�SHVWLFLGHV�RQ�WKH�ILQJHUOLQJV�RI
,QGLDQ�PDMRU�FDUSV�.CDGQ�TQJKVC��%CVNC�ECVNC��DQG
%KTTJKPWU�OTKICNC���'EQVQZ��'PXKTQP��5CHGV[
������²����

/DUVVRQ��3���/��2NOD��DQG�/��&ROOYLQ���������
5HSURGXFWLYH�VWDWXV�DQG�OLSLG�FRQWHQW�DV�IDFWRUV�LQ
3&%��''7��DQG�+&+�FRQWDPLQDWLRQ�RI�D
SRSXODWLRQ�RI�SLNH��'UQZ�NWEKWU�/�����'PXKTQP�
6QZKEQN��%JGO��������²����

/DXJ��(�3���$�$��1HOVRQ��2�*��)LW]KXJK��DQG�
)�0��.XQ]H����������/LYHU�FHOO�DOWHUDWLRQ�DQG�''7
VWRUDJH�LQ�WKH�IDW�RI�WKH�UDW�LQGXFHG�E\�GLHWDU\
OHYHOV�RI��²����J�J�''7���-��3KDUPDFRO��([S�
7KHU��������²����

/HKPDQ��$����������5WOOCTKGU�QH�RGUVKEKFG�VQZKEKV[�
7RSHND��.6��$VVRFLDWLRQ�RI�)RRG�DQG�'UXJ
2IILFLDOV�RI�WKH�8QLWHG�6WDWHV�

/LQFHU��-�/����������6\QHUJLVWLF�HIIHFWV�RI�''(�DQG
$URFORU������RQ�UHSURGXFWLRQ�LQ�WKH�$PHULFDQ
NHVWUHO��(CNEQ�URCTXGTKWU����,Q���%�8��0H\EXUJ�DQG
5�'��&KDQFHOORU��HGV���4CRVQT�EQPUGTXCVKQP�VQFC[�
2TQEGGFKPIU�QH�VJG�+8�9QTNF�%QPHGTGPEG�QP�$KTFU
QH�2TG[�CPF�1YNU��$GTNKP��)GTOCP[���� ���/C[
�������:RUOG�:RUNLQJ�*URXS�RQ�%LUGV�RI�3UH\
DQG�2ZOV��/RQGRQ�

/LQGYDOO��0�/���DQG�-�%��/RZ����������(IIHFWV�RI
''(��7'(��DQG�3&%V�RQ�VKHOO�WKLFNQHVV�RI
ZHVWHUQ�JUHEH�HJJV��%HDU�5LYHU�0LJUDWRU\�%LUG
5HIXJH��8WDK������²�����2GUVKE��/QPKV��,�
������²����
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/RQJ��(�5���'�'��0DF'RQDOG��6�/��6PLWK��DQG�
)�'��&DOGHU����������,QFLGHQFH�RI�DGYHUVH
ELRORJLFDO�HIIHFWV�ZLWKLQ�UDQJHV�RI�FKHPLFDO
FRQFHQWUDWLRQV�LQ�PDULQH�DQG�HVWXDULQH
VHGLPHQWV���'PXKTQP��/CPCIG�������²���

/RQJFRUH��-�5���)�%��6DPVRQ��DQG�7�:��:KLWWHQGDOH�
-U����������''(�WKLQV�HJJVKHOOV�DQG�ORZHUV
UHSURGXFWLYH�VXFFHVV�RI�FDSWLYH�EODFN�GXFNV��
$WNN��'PXKTQP��%QPVCO��6QZKEQN�������²����

/RQJFRUH��-�5���DQG�5�&��6WHQGHOO����������6KHOO
WKLQQLQJ�DQG�UHSURGXFWLYH�LPSDLUPHQW�LQ�EODFN
GXFNV�DIWHU�FHVVDWLRQ�RI�''(�GRVDJH���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

0D��:�&����������$QQXDO�UHSRUW��������5HVHDUFK
,QVWLWXWH�IRU�1DWXUH�0DQDJHPHQW��:DJHQLQJHQ�
7KH�1HWKHUODQGV���S����²���

0DFHN��.�-���DQG�6��.RUQ����������6LJQLILFDQFH�RI�WKH
IRRG�FKDLQ�LQ�''7�DFFXPXODWLRQ�E\�ILVK��
,��(KUJ��4GU��$QCTF�%CP���������²�����

0DKRQH\��-�-����������''7�DQG�''(�HIIHFWV�RQ
PLJUDWRU\�FRQGLWLRQ�LQ�ZKLWH�WKURDWHG�VSDUURZV��
,��9KNFN��/CPCIG��������²����

0D\HU�-U���)�/���DQG�0�5��(OOHUVLHFN���������
([SHULHQFHV�ZLWK�VLQJOH�VSHFLHV�WHVWV�IRU�DFXWH
WR[LF�HIIHFWV�RQ�IUHVKZDWHU�DQLPDOV���#ODKQ
������²����

0RUD��0�$����������4GUKFWGU�CPF�VTGPFU�QH
QTICPQEJNQTKPG�RGUVKEKFG�CPF�RQN[EJNQTKPCVGF
DKRJGP[NU�KP�DKTFU�HTQO�6GZCU������ ������
:DVKLQJWRQ���8�6��1DWLRQDO�%LRORJLFDO�6HUYLFH�
)LVK�DQG�:LOGOLIH�5HVHDUFK�3XE�����

0RUD��0�$���'�:��$QGHUVRQ��DQG�0�(��0RXQW��
�������6HDVRQDO�YDULDWLRQ�RI�ERG\�FRQGLWLRQ�DQG
RUJDQRFKORULQHV�LQ�ZLOG�GXFNV�IURP�&DOLIRUQLD
DQG�0H[LFR���,��9KNFN��/CPCIG�������������

0XLU��'�&�*���%�5��+REGHQ��DQG�0�5��6HUYRV���������
%LRFRQFHQWUDWLRQ�RI�S\UHWKURLG�LQVHFWLFLGHV�DQG
''7�E\�UDLQERZ�WURXW���8SWDNH��GHSXUDWLRQ��DQG
HIIHFW�RI�GLVVROYHG�RUJDQLF�FDUERQ���#SWCV�
6QZKEQN��������²����

0XVWDID��6���DQG�$��0XUDG����������6XUYLYDO�
EHKDYLRUDO�UHVSRQVH�DQG�KHPDWRORJLFDO�SURILOH�RI
FDWILVK�*GVGTQRPGWUVGU�HQUUKNKU�H[SRVHG�WR�''7��
,RP��,��+EJVJ[QN�������²���

1&,��1DWLRQDO�&DQFHU�,QVWLWXWH�����������%LRDVVD\V�RI
''7��7'(��DQG�R�R	�''(�IRU�SRVVLEOH�FDUFLQR�
JHQLFLW\���%HWKHVGD��0'��8�6��1DWO��,QVWV��+HDOWK�
1DWO��&DQFHU�,QVW���&DUFLQRJHQHVLV�7HFK��5HSW�
�����8�6��'HSW��+HDOWK��(GXF���:HOIDUH�3XE�
�1,+����²������

1REOH��'�*���DQG�-�(��(OOLRWW����������/HYHOV�RI
FRQWDPLQDQWV�LQ�&DQDGLDQ�UDSWRUV�������WR������
HIIHFWV�DQG�WHPSRUDO�WUHQGV���%CP��(KGNF�0CV�
�������²����

2KOHQGRUI��+�0���'�0��6ZLQHIRUG��DQG�/�1��/RFNH��
�������2UJDQRFKORULQH�UHVLGXHV�DQG�PRUWDOLW\�RI
KHURQV���2GUVKE��/QPKV��,�����������²����

2KOHQGRUI��+�0���)�&��6FKDIIQHU��7�:��&XVWHU��DQG
&�-��6WDIIRUG����������5HSURGXFWLRQ�DQG
RUJDQRFKORULQH�FRQWDPLQDQWV�LQ�WHUQV�DW�
6DQ�'LHJR�%D\���%QNQPKCN�9CVGTDKTFU�����²���

2KOHQGRUI��+�0���DQG�.�&��0DURLV���������
2UJDQRFKORULQHV�DQG�VHOHQLXP�LQ�&DOLIRUQLD�QLJKW�
KHURQ�DQG�HJUHW�HJJV����'PXKTQP��/QPKV��#UUGUU�
�����²����

251/��2DN�5LGJH�1DWLRQDO�/DERUDWRU\����������
5ETGGPKPI�DGPEJOCTMU�HQT�GEQNQIKECN�TKUM
CUUGUUOGPV��XGTUKQP�������(OHFWURQLF�GDWD�EDVH
SUHSDUHG�E\�(QYLURQPHQWDO�6FLHQFHV�DQG�+HDOWK
6FLHQFHV�5HVHDUFK�'LYLVLRQV��2DN�5LGJH�1DWLRQDO
/DERUDWRU\��2DN�5LGJH��7HQQHVVHH��IRU�
8�6��'HSDUWPHQW�RI�(QHUJ\��:DVKLQJWRQ��
>$YDLODEOH�YLD�,QWHUQHW�DW�ZZZ�KVUG�RUQO�JRY�
HFRULVN�EHQFKRPH�KWPO�@

2WWRERQL��$����������(IIHFW�RI�''7�RQ�UHSURGXFWLRQ
LQ�WKH�UDW���6QZKEQN��#RRN��2JCTOCEQN�����������

2WWRERQL��$���*��%LVVHOO��DQG�$��+H[WHU���������
(IIHFWV�RI�''7�RQ�UHSURGXFWLRQ�LQ�PXOWLSOH
JHQHUDWLRQV�RI�EHDJOH�GRJV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN������²����

3DUNLQVRQ��&���DQG�&��$JLXV����������$FXWH�WR[LFLW\�RI
''7�WR�WLODSLD��1TGQEJTQOKU�URKNWTWU�*XQWKHU�
LQ�YLYR�DQG�LQ�YLWUR���#6.#�������²����

3HDNDOO��'�%���7�-��&DGH��&�0��:KLWH��DQG�
-�5��+DXJK����������2UJDQRFKORULQH�UHVLGXHV�LQ
$ODVNDQ�SHUHJULQHV���%CP��(KGNF�0CV���������²����

3HDUFH��3�$���'�%��3HDNDOO��DQG�/�0��5H\QROGV���������
6KHOO�WKLQQLQJ�DQG�UHVLGXHV�RI�RUJDQRFKORULQHV
DQG�PHUFXU\�LQ�VHDELUG�HJJV��HDVWHUQ�&DQDGD�
����²�����2GUVKE��/QPKV�
,�������²���
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3HUVDXG��'���5��-DDJXPDJL��DQG�$��+D\WRQ���������
*XLGHOLQHV�IRU�WKH�SURWHFWLRQ�DQG�PDQDJHPHQW
RI�DTXDWLF�VHGLPHQW�TXDOLW\�LQ�2QWDULR��2QWDULR
0LQLVWU\�RI�WKH�(QYLURQPHQW�DQG�(QHUJ\�
7RURQWR��&DQDGD�

3KDP��7���.��/XP��DQG�&��/HPLHX[����������7KH
RFFXUUHQFH��GLVWULEXWLRQ��DQG�VRXUFHV�RI�''7�LQ
WKH�6W��/DZUHQFH�5LYHU��4XHEHF��&DQDGD���
%JGOQURJGTG��������²�����

3KLSSV��*�/���9�5��0DWWVRQ��DQG�*�7��$QNOH\���������
5HODWLYH�VHQVLWLYLW\�RI�WKUHH�IUHVKZDWHU�EHQWKLF
PDFURLQYHUWHEUDWHV�WR�WHQ�FRQWDPLQDQWV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

3ULFH��,�0����������(QYLURQPHQWDO�FRQWDPLQDQWV�LQ
UHODWLRQ�WR�&DQDGLDQ�ZLOGOLIH���6TCPU��0��#O�
9KNFN��0CV��4GUQWT��%QPH��������²����

5DQGDOO��:�)���:�+��'HQQLV��DQG�0�&��:DUQHU��
�������$FXWH�WR[LFLW\�RI�GHFKORULQDWHG�''7�
FKORUGDQH��DQG�OLQGDQH�WR�EOXHJLOO��.GRQOKU
OCETQEJKTWU��DQG�&CRJPKC�OCIPC���$WNN�
'PXKTQP��%QPVCO��6QZKEQN���������²����

5LVHEURXJK��5�:����������(IIHFWV�RI�HQYLURQPHQWDO
SROOXWDQWV�XSRQ�DQLPDOV�RWKHU�WKDQ�PDQ���,Q��
/H&DP��-�1���DQG�6FRWW��(�/���HGV���2TQEGGFKPIU�QH
VJG�5KZVJ�$GTMGNG[�5[ORQUKWO�QP�/CVJGOCVKECN
5VCVKUVKEU�CPF�2TQDCDKNKV[���8QLYHUVLW\�RI
&DOLIRUQLD�3UHVV��%HUNHOH\��&DOLIRUQLD��
S����������

5RVVL�/���2��%DUELHUL��DQG�0��6DQJXLQHWL���������
&DUFLQRJHQLFLW\�VWXG\�ZLWK�WHFKQLFDO�JUDGH
GLFKORURSKHQ\OWULFKORURHWKDQH�DQG�
����GLFKORUR�����DKU�R�FKORURSKHQ\O��HWK\OHQH�
LQ�KDPVWHUV���%CPEGT�4GU��������²����

5XVVHOO��5�:���6�-��+HFQDU��DQG�*�'��+DIIQHU���������
2UJDQRFKORULQH�SHVWLFLGH�UHVLGXHV�LQ�VRXWKHUQ
2QWDULR�VSULQJ�SHHSHUV���'PXKTQP��6QZKEQN�
%JGO��������²����

6DQFKH]�)RUWXQ��6���)��6DQ]�%DUUHUD��DQG�
0�9��%DUDKRQD�*RPDUL]����������$FXWH�
WR[LFLWLHV�RI�VHOHFWHG�LQVHFWLFLGHV�WR�WKH�DTXDWLF
DUWKURSRG�#TVGOKC�UCNKPC���$WNN��'PXKTQP�
%QPVCO��6QZKEQN�������²���

6KXNOD��/���DQG�$�.��3DQGH\����������,PSDLUPHQW�RI
V\URLG�DFWLYLW\�LQ�5CTQVJGTQFQP�OQUUCODKEWU�GXH
WR�''7�7UHDWPHQW���$WNN��'PXKTQP��%QPVCO�

6QZKEQN��������²����

6PLWK��6�%���-�)��6DYLQR��DQG�0�$��%ORXLQ���������
$FXWH�WR[LFLW\�WR�&CRJPKC�RWNGZ�RI�VL[�FODVVHV�RI
FKHPLFDO�FRPSRXQGV�SRWHQWLDOO\�KD]DUGRXV�WR
*UHDW�/DNHV�DTXDWLF�ELRWD���,��)TGCV�.CMGU
4GU��������²����

6RGHUJUHQ��$����������8SWDNH�DQG�DFFXPXODWLRQ�RI
&��²''7�E\�%JNQTGNNC�VS���&KORURSK\FHDH���
1KMQU��������

6WLFNHO��/�)����������3HVWLFLGH�UHVLGXHV�LQ�ELUGV�
DQG�PDPPDOV���,Q���&�$��(GZDUGV��HG��
'PXKTQPOGPVCN�RQNNWVKQP�D[�RGUVKEKFGU���3OHQXP
3UHVV��1HZ�<RUN���S�����²����

6WLFNHO��/�)���DQG�:�+��6WLFNHO����������'LVWULEXWLRQ�RI
''7�UHVLGXHV�LQ�WLVVXHV�RI�ELUGV�LQ�UHODWLRQ�WR
PRUWDOLW\��ERG\�FRQGLWLRQV��DQG�WLPH���,Q���
:�%��'HLFKPDQQ��HG���2GUVKEKFGU�U[ORQUKC���+DORV�
0LDPL��)ORULGD���S����²���

6WLFNHO��/�)���:�+��6WLFNHO��DQG�5��&KULVWHQVHQ���������
5HVLGXHV�RI�''7�LQ�EUDLQV�DQG�ERGLHV�RI�ELUGV
WKDW�GLHG�RQ�GRVDJH�DQG�LQ�VXUYLYRUV���5EKGPEG
��������²�����

6WLFNHO��:�+���/�)��6WLFNHO��5�$��'\UODQG��DQG�
'�/��+XJKHV����������''(�LQ�ELUGV���OHWKDO
UHVLGXHV�DQG�ORVV�UDWHV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN������²��

6ZDUW]��5�&���)�$��&ROH��-�2��/DPEHUVRQ��
6�3��)HUUDUR��'�:��6FKXOWV��:�$��'H%HQ��
+��/HH�,,��DQG�5�-��2]UHWLFK����������6HGLPHQW
WR[LFLW\��FRQWDPLQDWLRQ��DQG�DPSKLSRG�DEXQGDQFH
DW�D�''7��DQG�GLHOGULQ�FRQWDPLQDWHG�VLWH�LQ�6DQ
)UDQFLVFR�%D\���'PXKTQP��6QZKEQN�
%JGO�����������²����

7RPDWLV��/���9��7XUXVRY��DQG�1��'D\����������7KH
HIIHFW�RI�ORQJ�WHUP�H[SRVXUH�WR�''7�RQ�&)��
PLFH���+PV��,��%CPEGT�������²����

7XUXVRY��9���1��'D\��DQG�/��7RPDWLV����������7XPRUV
LQ�&)²��PLFH�H[SRVHG�IRU�VL[�FRQVHFXWLYH
JHQHUDWLRQV�WR�''7���,��0CVN��%CPEGT�+PUV�
������²����
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8�6��'HSDUWPHQW�RI�$JULFXOWXUH����������/QPKVQTKPI
CITKEWNVWTCN�RGUVKEKFG�TGUKFWGU������ �������C
HKPCN�TGRQTV�QP�UQKN��ETQRU��YCVGT��UGFKOGPV��CPF
YKNFNKHG�KP�UKZ�UVWF[�CTGCU���8�6��'HSW�
$JULFXOWXUH��3ODQW�3HVW�&RQWURO�'LY���$JULFXOWXUDO
5HVHDUFK�6HUYLFH�
5HSW����²���

9DQ�9HO]HQ��$���DQG�-�)��.UHLW]HU����������7KH
WR[LFLW\�RI�R�R	�''7�WR�WKH�FODSSHU�UDLO���,��9KNFN�
/CPCIG�������������

:KLWH��'�+���:�-��)OHPLQJ��DQG�.�/��(QVRU���������
3HVWLFLGH�FRQWDPLQDWLRQ�DQG�KDWFKLQJ�VXFFHVV�RI
ZDWHUELUGV�LQ�0LVVLVVLSSL���,��9KNFN��/CPCIG�
������²����

:LHPH\HU��6�1���7�*��/DPRQW��&�0��%XQFN��
&��5��6LQGHODU��)�-��*UDPOLFK��-�'��)UDVHU��DQG
0�$��%\UG����������2UJDQRFKORULQH�SHVWLFLGH�
SRO\FKORURELSKHQ\O��DQG�PHUFXU\�UHVLGXHV�LQ�EDOG
HDJOH�HJJV������²����DQG�WKHLU�UHODWLRQVKLSV�WR
VKHOO�WKLQQLQJ�DQG�UHSURGXFWLRQ���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

:LHPH\HU��6�1���&�0��%XQFN��DQG�$�-��.U\QLWVN\��
�������2UJDQRFKORULQH�SHVWLFLGHV��SRO\�
FKORULQDWHG�ELSKHQ\OV��DQG�PHUFXU\�LQ�RVSUH\
HJJV������²����DQG�WKHLU�UHODWLRQVKLSV�WR�VKHOO
WKLQQLQJ�DQG�SURGXFWLYLW\���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

:LHPH\HU��6�1���&�0��%XQFN��DQG�&�-��6WDIIRUG��
�������(QYLURQPHQWDO�FRQWDPLQDQWV�LQ�EDOG�HDJOH
HJJV������²����DQG�IXUWKHU�LQWHUSUHWDWLRQV�RI
UHODWLRQVKLSV�WR�SURGXFWLYLW\�DQG�VKHOO�WKLFNQHVV��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

:RUWKLQJ��&�5���HG����������6JG�RGUVKEKFG�OCPWCN���#
YQTNF�EQORGPFKWO���VJ�GF���7KRUQWRQ�+HDWK�
8�.���7KH�%ULWLVK�&URS�3URWHFWLRQ�&RXQFLO���
�����S�

<DQJ��&�)���DQG�<�3��6XQ����������3DUWLWLRQ
GLVWULEXWLRQ�RI�LQVHFWLFLGHV�DV�D�FULWLFDO�IDFWRU
DIIHFWLQJ�WKHLU�UDWHV�RI�DEVRUSWLRQ�IURP�ZDWHU�DQG
UHODWLYH�WR[LFLWLHV�WR�ILVK���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN�������²����

<RXQJ��:�'���:�+��*XWHPDQQ��'�&��-RVHSKVRQ�
0�'��0LOOHU��DQG�'�-��/LVN����������5HVLGXHV�RI
R�R	�''(�LQ�ODNH�WURXW�LQ�/LWWOH�0RRVH�/DNH�LQ
1HZ�<RUN�6WDWH���%JGOQURJGTG�������²����

=LFXV��0�&���0�$��%ULJJV��DQG�5�0��3DFH�,,,���������
''(��3&%��DQG�PHUFXU\�UHVLGXHV�LQ�0LQQHVRWD
FRPPRQ�JROGHQH\H�DQG�KRRGHG�PHUJDQVHU�HJJV�
�������%CP��,��<QQN���������²�����
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&RQVWLWXHQWV�RI�&RQFHUQ

0HUFXU\

'HVFULSWLRQ

0HUFXU\�LV�WKH�RQO\�PHWDOOLF�HOHPHQW�WKDW�LV
OLTXLG�DW�QRUPDO�HQYLURQPHQWDO�WHPSHUDWXUHV���,W
IUHH]HV�DW�²����&�DQG�ERLOV�DW������&���2ZLQJ�WR
LWV�EULJKW�VLOYHU\�FRORU��WKH�5RPDQV�FDOOHG�LW
J[FTCTI[TWO��´OLTXLG�VLOYHUµ���ZKLFK�LV�ZK\�LW�LV
GHVLJQDWHG�E\�WKH�FKHPLFDO�V\PERO�+J���,W�KDV
DQ�DWRPLF�QXPEHU�RI�����DQ�DWRPLF�ZHLJKW�RI
�������DQG�D�VSHFLILF�JUDYLW\�RI��������(OH�PHQWDO
PHUFXU\�KDV�D�ORZ�VROXELOLW\�LQ�ZDWHU��EXW�VRPH
RI�LWV�VDOWV�DUH�KLJKO\�VROXEOH���8QOLNH�PDQ\�WUDFH
HOHPHQWV��PHUFXU\�KDV�QR�NQRZQ�ELRORJLFDO
IXQFWLRQ�

0HUFXU\�KDV�WKUHH�VWDEOH�YDOHQFH�VWDWHV³+J���
WKH�QDWLYH�HOHPHQW��+J�,��>+J

�

��@��DQG�+J�,,�
>+J��@³DQG�LW�IRUPV�D�YDULHW\�RI�RUJDQLF�DQG
LQRUJDQLF�FRPSRXQGV���7KH�IRUPDWLRQ�RI
PHWK\OPHUFXU\��&+

�
+J���LV�WKH�PRVW�VLJQLILFDQW

WUDQVIRUPDWLRQ�EHFDXVH�PHWK\O�PHUFXU\�LV�IDU
PRUH�WR[LF�DQG�ELRDYDLODEOH�WKDQ�DQ\�RWKHU�IRUP
RI�PHUFXU\���0HWK\ODWLRQ�PD\�EH�DFFRPSOLVKHG
YLD�EDFWHULD�LQ�ERWK�VHGLPHQWV�DQG�ZDWHU
�&RPSHDX�DQG�%DUWKD���������,Q�VRPH
RUJDQLVPV�DQG�WLVVXHV��QHDUO\�DOO�PHUFXU\�LV
PHWK\OPHUFXU\�

&LQQDEDU��+J6���WKH�PRVW�FRPPRQ�RUH�RI
PHUFXU\��RFFXUV�HLWKHU�DV�ORQJ��VOHQGHU��
EULOOLDQW�UHG�FU\VWDOV�RU�DV�LUUHJXODU�UHG�WR�JUD\�RU
EURZQLVK�PDVVHV���,Q�SRZGHUHG�IRUP��LW�LV�XVHG
DV�D�SLJPHQW�FDOOHG�´&KLQHVH�UHG�µ��$W�VRPH
VLWHV��PLQXWH�JOREXOHV�RI�OLTXLG�HOH�PHQWDO
PHUFXU\�DUH�GLVVHPLQDWHG�WKURXJK�WKH�FLQQDEDU�

2FFXUUHQFH

3ULPDU\�VRXUFHV�RI�QDWXUDO�PHUFXU\�HPLVVLRQV
LQFOXGH�YROFDQLF�HUXSWLRQV�DQG�YRODWLOL]DWLRQ�RU
VROXELOL]DWLRQ�RI�PHUFXU\�IURP�URFNV��VRLOV��DQG
VHGLPHQW���,Q�URFNV�DQG�VRLOV��PHUFXU\�PRVW�

FRPPRQO\�RFFXUV�DV�PHUFXULF�VXOILGH��FLQQDEDU���
0HUFXU\�HQULFKHG�GHSRVLWV�DUH�NQRZQ�LQ�WKH
)UDQFLVFDQ�)RUPDWLRQ�RI�WKH�FRDVWDO�PRXQWDLQV
RI�&DOLIRUQLD��LQ�WKH�*UHHQ�5LYHU�)RUPDWLRQ�RI
WKH�ZHVWHUQ�&RORUDGR�3ODWHDX��DQG�LQ�WKH�YLFLQLW\
RI�KRW�VSULQJV�LQ�PDQ\�SDUWV�RI�WKH�ZRUOG��
0HUFXU\�FRQFHQ�WUDWLRQV�LQ�DQG�DURXQG�GHSRVLWV
RI�WKH�)UDQFLVFDQ�)RUPDWLRQ�PD\�EH�LQ�WKH����WR�
����PJ�NJ�UDQJH��ZKHUHDV�FRQFHQWUDWLRQV�LQ�WKH
*UHHQ�5LYHU�)RUPDWLRQ�KDYH�EHHQ�UHSRUWHG�DV
KLJK�DV����PJ�NJ��86*6���������7KH�
8�6��*HRORJLFDO�6XUYH\��86*6��UHSRUWV�PHDQ
EDFNJURXQG�FRQFHQWUDWLRQV�RI�PHUFXU\�LQ
VXUILFLDO�PDWHULDOV�RI�WKH�8QLWHG�6WDWHV�DV�
������PJ�NJ��GZ���6FKDFNOHWWH�DQG�%RHUQJHQ
��������0HUFXU\�RFFXUV�LQ�FRDO�DW�FRQFHQWUD�
WLRQV�UDQJLQJ�IURP�������WR������J�J�GHSHQGLQJ
RQ�WKH�JHRJUDSKLF�UHJLRQ�DQG�W\SH�RI�FRDO
�0DODQL�DQG�0RGHW]�������

$WPRVSKHULF�VRXUFHV�DOVR�FRQWULEXWH�PHUFXU\�WR
WKH�HQYLURQPHQW��+DLQHV��������DOWKRXJK�WKHLU
FRQFHQWUDWLRQV�DUH�RUGHUV�RI�PDJQLWXGH�ORZHU
WKDQ�WKRVH�RI�VRPH�JHRORJLFDO�VRXUFHV��
$WPRVSKHULF�GHSRVLWLRQ�LV�SDUWLFXODUO\�LPSRUWDQW
LQ�HQYLURQPHQWV�ZKHUH�VXEVHTXHQW�PHWK\ODWLRQ
LV�HQKDQFHG��DV�LQ�WKH�(YHUJODGHV�DQG�RWKHU
QXWULHQW�HQULFKHG�ZHWODQGV��

,Q�WKH���WK�FHQWXU\��PHUFXU\�UHOHDVHV�IURP
DUWLILFLDO�VRXUFHV�KDYH�EHHQ�DOPRVW����WLPHV
KLJKHU�WKDQ�FDOFXODWHG�UHOHDVHV�GXH�WR�QDWXUDO
ZHDWKHULQJ��0RRUH�DQG�5DPDPRRUWK\��������
0HUFXU\�PLQLQJ�LV�D�FRPPRQ�VRXUFH�RI�PHUFXU\
LQ�WKH�:HVW��WKH�PLQH�ZDVWHV�FDQ�EH�FODVVLILHG�LQ
ILYH�JURXSV�LQ�RUGHU�RI�LQFUHDVLQJ�ELRDYDLODEOH
PHUFXU\�������:DVWH�URFN������ORZ�JUDGH
XQSURFHVVHG�RUH������HIIORUHVFHQW�VDOWV�����
SURFHVVHG�RUH�WDLOLQJV��FDOFLQHV���DQG�
����VRRW�RU�DVK�IURP�WKH�FRQGHQVHU�V\VWHP�
�-��5\WXED��86*6��SHUV��FRPP������2WKHU�KXPDQ
DFWLYLWLHV�WKDW�HQKDQFH�PHUFXU\�UHOHDVHV�LQFOXGH
WKH�XVH�RI�PHUFXU\�DV�DQ�DPDOJDP�LQ�JROG�
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PLQLQJ��XVH�RI�PHUFXULDOV�LQ�VHHG�GUHVVLQJV�
IXQJLFLGHV��SDLQWV��DQG�VOLPLFLGHV��IRVVLO�IXHO
FRPEXVWLRQ��WKH�LQGXVWULDO�SURGXFWLRQ�RI
FKORULQH��DQG�VSLOOV�IURP�ILHOG�LQVWUXPHQWV��VXFK
DV�PDQRPHWHUV��XVHG�WR�PHDVXUH�SUHVVXUH�DW
ZHOOKHDGV�LQ�JDV�ILHOGV����2QH�VWXG\�HVWLPDWHG
WKDW��DPRQJ�WKH�SRSXOD�WLRQ�RI�6ZHGHQ��WKH
GLJHVWLRQ�DQG�H[FUHWLRQ�RI�PHUFXU\�IURP�GHQWDO
DPDOJDPV�FRQWULEXWH�DERXW�����NJ�RI�PHUFXU\
WR�WKH�HQYLURQPHQW�HDFK�\HDU��6NDUH�������

6XPPDU\�RI�(IIHFWV

7DEOH����VXPPDUL]HV�WKH�SUHGLFWHG�HIIHFWV�RI
HQYLURQPHQWDO�H[SRVXUHV�WR�PHUFXU\��EDVHG�RQ
WKH�LQIRUPDWLRQ�FXUUHQWO\�DYDLODEOH�

)LHOG�&DVH

&OHDU�/DNH��LQ�/DNH�&RXQW\��&DOLIRUQLD��LV�D�YHU\
ODUJH�IUHVKZDWHU�ODNH�FRQWDPLQDWHG�ZLWK�PRUH
WKDQ�����WRQV�RI�PHUFXU\�IURP�WKH�6XOSKXU
%DQN�0LQH��PRVW�RI�ZKLFK�LV�VWLOO�SUHVHQW�LQ�WKH
EHG�VHGLPHQWV���7KH�ZDVWH�PHUFXU\�LV�RQO\�D
VPDOO�SHUFHQWDJH�RI�PRUH�WKDQ������WRQV�RI
PHUFXU\�WKDW�WKH�PLQH�KDG�SURGXFHG���7KH�ODNH
DQG�WKH�PLQH�DUH�QRZ�LQFOXGHG�LQ�DQ�(3$
6XSHUIXQG�FOHDQXS�VLWH���7KH�HFRORJLFDO
DVVHVVPHQW�RI�WKLV�VLWH�LQFOXGHG�DQ�H[FHOOHQW
VXUYH\�RI�PHUFXU\�ELRDFFXPX�ODWLRQ�IDFWRUV
IURP�VHGLPHQW�LQ�D�FRQWDPLQDWHG�IUHVKZDWHU
ODNH���,Q�VHGLPHQW��WRWDO�PHUFXU\�FRQFHQWUDWLRQV
UDQJH�IURP������WR�����PJ�NJ��GZ���DQG
PHWK\OPHUFXU\�FRQFHQWUDWLRQV�UDQJH�IURP�����
WR������PJ�NJ��6XFKDQHN�HW�DO����������7DEOH���
OLVWV�REVHUYHG�ELRDFFX�PXODWLRQ�IDFWRUV�IRU�WRWDO
PHUFXU\�DQG�PHWK\OPHUFXU\�IURP�VHGLPHQW�WR
ROLJR�FKDHWHV��FKLURQRPLGV��DQG�FDUS�REVHUYHG
LQ�WKLV�VWXG\�

7KH�ELRDFFXPXODWLRQ�IDFWRUV�LQ�WKHVH�UHVXOWV�DUH
FRQVLVWHQWO\�KLJKHU�IRU�PHWK\OPHUFXU\�WKDQ�IRU
WRWDO�PHUFXU\���ILYH�RUGHUV�RI�PDJQLWXGH�JUHDWHU
IRU�ILVK�DQG�RQH�WR�WZR�RUGHUV�RI�PDJQLWXGH
JUHDWHU�IRU�EHQWKLF�LQIDXQD���&OHDUO\��WKH
SDUDPHWHUV�DIIHFWLQJ�QHW�PHWK\ODWLRQ�DUH�

FRQWUROOLQJ�ELRDFFXPXODWLRQ�RI�PHUFXU\���)RU
ILVK��WURSKLF�SRVLWLRQ�ZDV�IRXQG�WR�EH�WKH�PRVW
LQIOXHQWLDO�IDFWRU�LQ�ELRDFFXPXODWLRQ�DW�&OHDU
/DNH��D�UHVXOW�VXSSRUWHG�E\�PDQ\�RWKHU�VWXGLHV
�6RUHQVHQ���������%$)V�DUH�SUHVHQWHG�IRU
VHGLPHQW�WR�FDUS�EHFDXVH�FDUS�DUH�GLUHFWO\
JUXEELQJ�DERXW�ZLWKLQ�WKH�VHGLPHQW���+RZHYHU�
FDUS�KDG�OHVV�PHUFXU\�WKDQ�RWKHU�ILVK�VSHFLHV�

(FRORJLFDO�HIIHFWV�RQ�SRSXODWLRQV�DQG
FRPPXQLWLHV�ZHUH�VKRZQ�WR�EH�UHODWHG�WR
PHUFXU\�FRQFHQWUDWLRQV�LQ�WKH�VHGLPHQW�DW�&OHDU
/DNH���/HHFK�ELRPDVV�ZDV�LQYHUVHO\�FRUUHODWHG�WR
ERWK�WRWDO�PHUFXU\�DQG�PHWK\O��PHUFXU\
VHGLPHQW�FRQFHQWUDWLRQV��6XFKDQHN�DQG
5LFKHUVRQ���������3RSXODWLRQ�QXPEHUV�RI
%JKTQPQOWU�VSHFLHV�H[KLELWHG�DQ�H[SRQHQWLDO
GHFOLQH�DV�D�IXQFWLRQ�RI�VHGLPHQW�WRWDO�PHUFXU\
FRQFHQWUDWLRQV���%HQWKLF�LQIDXQDO�FRPPXQLW\
GLYHUVLW\��DV�PHDVXUHG�E\�ERWK�6KDQQRQ
V�LQGH[
DQG�6LPSVRQ
V�LQGH[��VKRZHG�OLQHDU�GHFOLQHV
LQYHUVH�WR�VHGLPHQW�PHUFXU\�FRQFHQWUDWLRQV
�6XFKDQHN�HW�DO��������

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\
:DWHU

$QDO\WLFDO�PHWKRGV�WR�GHWHFW�PHUFXU\�LQ�ZDWHU
KDYH�GUDPDWLFDOO\�LPSURYHG�LQ�WKH�ODVW��²��
\HDUV��UHVXOWLQJ�LQ�ORZHU�GHWHFWLRQ�OLPLWV�DQG
UHGXFHG�LQWHUIHUHQFH�IURP�FRQWDPLQDWLRQ��
%HFDXVH�RI�WKH�HDUOLHU�DQDO\WLFDO�OLPLWDWLRQV�
FDXWLRQ�PXVW�EH�H[HUFLVHG�ZKHQ�HYDOXDWLQJ�ROGHU
PHUFXU\�VWXGLHV�DQG�UHYLHZV³HVSHFLDOO\�VWXGLHV
WKDW�PHDVXUHG�PHUFXU\�FRQFHQWUDWLRQV�LQ�ZDWHU��
%DFNJURXQG�HVWLPDWHV�RI�PHUFXU\�LQ�ZDWHU
FRQGXFWHG�EHIRUH�WKH�HDUO\�����V�OLNHO\�UHSRUW
FRQFHQWUDWLRQV�WKDW�DUH�DUWLILFLDOO\�KLJK�DQG
ELRFRQFHQWUDWLRQ�IDFWRUV�WKDW�DUH�WRR�ORZ���2OGHU
VWXGLHV�WKDW�HOXFLGDWHG�WLVVXH�UHVLGXHV�DQG�VRLO
FRQFHQWUDWLRQV�PD\�VWLOO�JHQHUDOO\�EH�UHOLHG�XSRQ��
7KH�UROH�RI�JOREDO�DWPRVSKHULF�WUDQVSRUW��XQWLO
UHFHQWO\��ZDV�XQGHUHVWLPDWHG��DQG�WKH�QHW�IOX[�RI
PHUFXU\�IURP�YDULRXV�DTXDWLF�DQG�VHGLPHQW
FRPSDUWPHQWV�ZDV�LQDFFXUDWHO\�PHDVXUHG�SULRU
WR�WKH�PLG�����V�
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Table 20.&Summary table for predicted mercury effect levels
[All matrix values expressed as total mercury (includes organic and inorganic forms).  All criteria relate

mercury risk to populations, not individuals.]

Matrix

No

effect1

Level of

concern2

Toxicity

threshold3 Explanation

Water (µg/L) - - - - - - >30 Sublethal effects to fish (Eisler 1987)

Sediment (mg/kg dw) <0.065 >0.15 0.2 0.065, surficial materials background (Shacklette and

Boerngen 1984); 0.15, ERL of Long et al. (1990); 0.2,

threshold to protect clapper rail (Schwarzbach et al. 1993)

0.24 Toxic to guppies (Gillespie and Scott 1961)

Fish, whole body

  (mg/kg ww):

Warm-water sp.

Cold-water sp.

0.11

- - -

- - -

- - -

- - -

1.0

Background in bluegill (table 23).

FDA action level

Birds, diet (mg/kg

bw/day)

- - - - - - 0.064 Effects in mallards (Heinz 1979)

Birds, diet (mg/kg

ww)

- - - - - - 0.3 Loon reproductive and behavioral effects (Barr 1986)

0.1 Mallard reproductive and behavioral effects (Heinz 1979)

Bird eggs (mg/kg

fww)

0.1 0.2%1.0 0.5%1.5 0.1, no effects in osprey; 0.5%1.5, low hatchability for

pheasant (table 24)

0.86 Mallard reproductive and behavioral effects (Heinz 1979)

5.0 Mallard brain lesions (Heinz 1975)

Bird brain (mg/kg

ww)

0.13

0.13%1

0.13 = mean in controlled, nonexposed population (Finley

and Stendell 1978)

1 Obvious signs of intoxication (Scheuhammer 1988)

4 Lethal in embryos (Finley and Stendell 1978)

15 Lethal in adults (Scheuhammer 1988)

Bird feathers (mg/kg

dw)

5 5%40 40 Effects highly variable; sample other tissues.  5, upper

end of background range; 20, reflects >1 mg/kg in diet

(Scheuhammer 1991).  Reproduction impaired over range

of 5%40 (Eisler 1987)

Bird kidney (mg/kg

ww)

<2 - - - 20 Varies depending on species, sex, form of Hg, and Hg:Se

ratio. Toxicity likely whenever kidney conc. > liver conc.

See Littrel (1991), Heinz (1996).

Bird liver (mg/kg ww) <1 1%2 3 1%2, behavioral effects (Zillioux et al. 1993); 3,

reproductive harm (Barr 1986)

5 Threshold for adult waterbirds (Zililoux et al. 1993)

25 Kidney disease, gout in herons (Spalding et al. 1994)

     1 Concentrations below this level are close to background and are not known to cause adverse effects. 

     2 Concentrations at this level are above background but rarely appear to cause any adverse effects. 

     3 Concentrations exceeding this level seem to cause some adverse effects, including reproductive impairment and sublethal impacts. 



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

��

Table 21.&Mercury bioaccumulation factors from sediment to oligochaetes,
chironomids, and carp in Clear Lake, California

[Compiled from data in Suchanek et al. 1993.  ND, not determined]

Hg in sediment
(mg/kg dw) Hg bioaccumulation factors

Site Total Methyl

Oligochaetes Chironomids Carp

Total Methyl Total Methyl Total Methyl

WB%1
WB%2
WB%3
WB%4
WB%5
WB%6
WB%7

77.80
27.16
16.68
4.13
2.61
8.85
1.40

10.36
ND
ND
7.39
4.16
7.1

2.43

0.14
.17
.09
.2
.26
.16
.24

1.15
ND
ND
1.0
1.6
2.8
2.6

0.07
.1
.11
.2
.23
.05
.16

2.0
ND
ND
1.4
2.5
1.1

23.6

0.01
ND
ND
ND
.16

.0797
.39

124
ND
ND
ND
185
ND
ND

:DWHU�FRQFHQWUDWLRQV�DUH�W\SLFDOO\�XVHG�WR�DVVHVV
PHUFXU\�KD]DUGV�WR�ILVK�DQG�DTXDWLF�OLIH���*LOO
DQG�%UXODQG��������KDYH�VKRZQ�WKDW�WRWDO
GLVVROYHG�PHUFXU\�FRQFHQWUDWLRQV�DUH�QRW�DV
XVHIXO�LQ�SUHGLFWLQJ�FRQFHQWUDWLRQV�LQ�ILVK�DV�DUH
WKH�GLVVROYHG�FRQFHQWUDWLRQV�RI�RUJDQLF�PHUFXU\
FRPSRXQGV���&RQFHQWUDWLRQV�DUH�W\SLFDOO\
PHDVXUHG�LQ�SLFRPRODU��S/��TXDQWLWLHV����S/
+J�LV�URXJKO\�HTXLYDOHQW�WR�
��QJ�RI�+J����(VWLPDWHV�RI�EDFNJURXQG�WRWDO�+J
FRQFHQWUDWLRQV�LQ�IUHVKZDWHU��SULRU�WR������
ZHUH�LQFRUUHFWO\�PHDVXUHG�LQ�WKH�UDQJH�RI�
���WR�����S/�����WR����QJ�/����)UHVKZDWHU
EDFNJURXQG�FRQFHQWUDWLRQV�DUH�QRZ�WKRXJKW�WR
EH�OHVV�WKDQ����S/�����QJ�/�����6RPH
H[FHSWLRQDOO\�SULVWLQH�DUHDV�KDYH�FRQFHQ�WUDWLRQV
OHVV�WKDQ���QJ�/��*LOO�DQG�%UXODQG����������7KH
FRQFHSW�RI��EDFNJURXQG��FRQFHQ�WUDWLRQ�LV
VRPHZKDW�FRPSOLFDWHG�E\�WKH�JOREDO
GLVWULEXWLRQ�RI�PHUFXU\�WKURXJK�DWPRVSKHULF
ZDWHU�DQG�PD\�QRW�EH�D�YHU\�XVHIXO�FRQFHSW��
&RQFHQWUDWLRQV�JUHDWHU�WKDQ��EDFNJURXQG��DUH
URXWLQHO\�IRXQG�LQ�FRQWLQHQWDO�UDLQZDWHU��DQG
OHYHOV�RI�����QJ�/�RU�PRUH�KDYH�EHHQ
GRFXPHQWHG��'YRQFK�HW�DO��������

0XFK�RI�WKH�UHVHDUFK�RQ�PHUFXU\�LQ�IUHVKZDWHU
V\VWHPV�KDV�EHHQ�FRQGXFWHG�LQ�SRRUO\�EXIIHUHG
V\VWHPV��LQ�PHVLF�HQYLURQ�PHQWV�GRPLQDWHG�E\
DWPRVSKHULF�PHUFXU\�VRXUFHV�UDWKHU�WKDQ�

JHRORJLF�VRXUFHV���7KH�ORZ��S+�RI�WKHVH�V\VWHPV
�&DQDGD��6ZHGHQ���GXH�WR�DFLG�UDLQ��DSSHDUV�WR
SURPRWH�PHUFXU\�ELRDFFXPXODWLRQ���,Q�WKH
:HVWHUQ�8QLWHG�6WDWHV��ODNHV�LQ�DUHDV�RI
PHUFXULIHURXV�URFNV�DQG�VRLOV�WHQG�WR�EH�PRUH
DONDOLQH��WKH�FOLPDWH�LQ�WKHVH�DUHDV�WHQGV�WR�EH
DULG�WR�VHPLDULG���&OHDU�/DNH��&DOLIRUQLD��DQG�WKH
&DUVRQ�5LYHU�LQ�1HYDGD�DUH�WZR�VXFK�DUHDV�LQ
WKH�ZHVW��DQG�LQWHQVH�UHVHDUFK�LV�FXUUHQWO\
XQGHUZD\�LQ�ERWK�DUHDV���5HVXOWV�RI�WKHVH�VWXGLHV
VKRXOG�SURGXFH�QHZ�LQVLJKWV�LQWR�PHUFXU\
F\FOLQJ�LQ�DTXDWLF�HFRV\VWHPV�W\SLFDO�RI�WKH
:HVWHUQ�8QLWHG�6WDWHV�

7DEOH����VKRZV�DQ�H[WUDRUGLQDU\�UDQJH�RI
YDULDELOLW\�RI�HVWLPDWHG�DQG�PHDVXUHG�HIIHFWV�RI
PHUFXU\�LQ�ZDWHU���'LIIHUHQFHV�LQ�PHUFXU\
WR[LFLW\�EHWZHHQ�WD[D�DUH�JUHDWHU�WKDQ�GLI�
IHUHQFHV�EHWZHHQ�WKH�RUJDQLF�DQG�LQRUJDQLF
IRUPV�RI�PHUFXU\���)LVK�WR[LFLW\�FRQFHQWUDWLRQV
����K�/&�����YDU\�E\�WZR�RUGHUV�RI�PDJQLWXGH�
IURP����WR�������J�/��6RUHQVHQ���������$W�
����&��PHWK\OPHUFXU\�LV�DERXW�VHYHQ�WLPHV�PRUH
WR[LF�WKDQ�+J���WR�ILQJHUOLQJ�UDLQERZ�WURXW
�0DFOHRG�DQG�3HVVDK���������(LVOHU�������
FRQFOXGHG�WKDW�WRWDO�PHUFXU\�FRQFHQWUDWLRQV�
LQ�ZDWHU�RI�����WR�������J�/�ZHUH�IDWDO�WR
VHQVLWLYH�DTXDWLF�VSHFLHV��DQG�FRQFHQWUDWLRQV
EHWZHHQ����DQG������J�/�FDXVHG�VLJQLILFDQW
VXEOHWKDO�HIIHFWV�LQ�ILVK�
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Table 22.&Mercury concentrations in water and associated effects on wildlife

Concentra-

tion (µg/L) 1 Species Comments/Effects Reference

0.00092%

0.0036 

(4.6%18 pM)

& Background in Great Lakes water (50 times

lower than pre-1980 measures)

Gill and Bruland 1990

0.0025 & Background concentration in freshwater lakes

with atmospheric source of Hg only

Sorensen et al. 1990

0.012 Aquatic life EPA freshwater chronic criterion for aquatic life

protection (current)

EPA 1986

0.18 Birds Great Lakes Initiative proposed criterion EPA 1993

0.77 Aquatic life Proposed EPA freshwater chronic criterion for

aquatic life protection

EPA 1997a

1.4 Aquatic life Proposed EPA freshwater acute criterion for

aquatic life protection

EPA 1997a

1.6 Mammals Great Lakes Initiative proposed criterion EPA 1993

2.4 Aquatic life EPA freshwater acute criterion for aquatic life

protection (current)

EPA 1986

240 Fathead minnow No effect (MeHg, 48 mo) Olson et al. 1975

290%930 Brook trout MATC, maximum acceptable toxicant

concentration (.0.4 to 1.3% of 96-h LC50)

McKim et al. 1976

900 Brook trout LOEC, lowest observed effect concentration,

behavioral effect

McKim et al. 1976

1000 Rana pipiens Arrested metamorphosis (MeHg, 4 mo) EPA 1980

2930 Brook trout Early embryo death (3-generation exposure) McKim et al. 1976

     1 Total Hg, unless otherwise noted.

7KH�PHUFXU\�FRQFHQWUDWLRQV�SURSRVHG�IRU�WKH
*UHDW�/DNHV�,QLWLDWLYH��WDEOH�����DUH�EHORZ�WKH
FRQFHQWUDWLRQV�IRXQG�LQ�FRQWLQHQWDO�UDLQ�DQG�
SUHVXPDEO\��EHORZ�EDFNJURXQG�OHYHOV�IRU
IUHVKZDWHU�ODNHV���7KH�SURSRVHG�PDPPDOLDQ
YDOXH�LV�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�WKH
DYLDQ�YDOXH��SULQFLSDOO\�EHFDXVH�DQ�DUELWUDU\
VSHFLHV�VHQVLWLYLW\�IDFWRU�RI�����ZDV�DSSOLHG�GXH
WR�GLIIHUHQFHV�EHWZHHQ�REVHUYHG�WHVW�DQLPDOV
DQG�WKH�WDUJHW�ELUGV���7KHVH�SURSRVHG�ZLOGOLIH
QXPEHUV�SUREDEO\�UHSUHVHQW�VDIH�FRQFHQWUDWLRQV
EXW�PD\�EH�XOWUDFRQVHUYDWLYH�DQG�XQDFKLHYDEOH
LQ�PDQ\�HQYLURQPHQWV���&RQWUROOLQJ�WKH
SURFHVVHV�DQG�IDFWRUV�DIIHFWLQJ�ELRDFFXPXODWLRQ
DQG�PHWK\ODWLRQ�RI�PHUFXU\�PD\�XOWLPDWHO\�EH
PRUH�LPSRUWDQW�WKDQ�PDLQWDLQLQJ�ORZ�WRWDO
PHUFXU\�FRQFHQWUDWLRQV���&RQWUROOLQJ

ELRDFFXPXODWLRQ�DQG�PHWK\ODWLRQ�ZLOO�UHTXLUH�D
JRRG�GHDO�PRUH�XQGHUVWDQGLQJ�WKDQ�ZH�QRZ
KDYH�

%RWWRP�6HGLPHQW

6HGLPHQW�PD\�EH�ERWK�D�VLQN�IRU�PHUFXU\�DQG�D
VRXUFH�RI�LW��ZLWK�FKDQJLQJ�SK\VLFDO�DQG
ELRORJLFDO�FRQGLWLRQV���7KH�HIIHFWV�RI�PHUFXU\�LQ
VHGLPHQW�ZHUH�H[WHQVLYHO\�LQYHVWLJDWHG�GXULQJ
WKH�DVVHVVPHQW�RI�WKH�FRQWDPLQDWLRQ�DW�&OHDU
/DNH��&DOLIRUQLD��DV�GHVFULEHG�DERYH���(TXDOO\
KLJK�QDWXUDO�FRQFHQWUDWLRQV�DUH�VRPHWLPHV�QRWHG
LQ�JHRWKHUPDO�DUHDV���PHDVXUHPHQWV�DW
<HOORZVWRQH�1DWLRQDO�3DUN�VKRZ�FRQWHQWV�DV
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KLJK�DV�����PJ�NJ��GZ��LQ�VHGLPHQWV�IURP
VSULQJV�DQG�SRROV�DQG�
����PJ�NJ�LQ�ILQH�JUDLQHG�PXGV�IURP�PXGSRWV
DQG�PXG�YROFDQRHV�

7UDQVSRUW�RI�PHUFXU\�IURP�ZDWHUVKHGV�GHSHQGV
VWURQJO\�RQ�WKH�FRQWHQW�RI�RUJDQLF�PDWWHU��ZKLFK
LV�XVXDOO\�JUHDWHVW�GRZQVWUHDP�IURP�ZHWODQGV
�=LOOLRX[�HW�DO����������'LV�WXUEDQFH�RI�ZHWODQG
VHGLPHQWV�PD\�IDFLOLWDWH�PHUFXU\�WUDQVSRUW�E\
FKDQJLQJ�R[LGDWLRQ�VWDWHV��ORZHULQJ�S+��DQG
UHVXVSHQGLQJ�VHGLPHQW�ERXQG�PHUFXU\
FRPSOH[HV�LQ�WKH�ZDWHU�FROXPQ���/LPLWHG
PHDVXUHPHQWV�RI�PHWK\OPHUFXU\���²���SHUFHQW
RI�WRWDO�+J��VKRZ�WKDW�GLVWXUEHG�ZHWODQGV
SURGXFH�PRUH�RI�LW�WKDQ�XQGLVWXUEHG�ZHWODQGV��
)UHVKZDWHU�V\VWHPV�VKRZ�VWURQJ�FRUUHODWLRQV
EHWZHHQ�GLVVROYHG�RUJDQLF�FDUERQ�DQG�ILOWHUHG
WRWDO�PHUFXU\��=LOOLRX[�HW�DO��������

6HGLPHQW�LV�GHILQLWHO\�D�VRXUFH�RI�PHWK\O�
PHUFXU\�WR�ELRWD�DQG�WKH�ZDWHU�FROXPQ���(YHQ
UHODWLYHO\�ORZ�FRQFHQWUDWLRQV�PD\�UHVXOW�LQ
ELRDFFXPXODWLRQ���*XSSLHV��2QGEKNKC�TGVKEWNCVC�
H[SRVHG�WR�´FRQWURO�OHYHOµ�VHGLPHQW�������PJ
+J�NJ�GZ��DW���²����&�DFKLHYHG�ZKROH�ERG\
PHUFXU\�FRQFHQWUDWLRQV�RI���PJ�NJ�ZZ�LQ�RQO\
���GD\V��*LOOHVSLH�DQG�6FRWW��������
6FKZDU]EDFK��������SURSRVHG�D�VHGLPHQW
WR[LFLW\�WKUHVKROG�RI�����PJ�NJ��GZ��WRWDO
PHUFXU\�LQ�VHGLPHQW�WR�SURWHFW�WKH�FODSSHU�UDLO
�4CNNWU�NQPIKTQUVTWU�QDUQNGVWU���D�EHQWKLF
IRUDJHU��LQ�6DQ�)UDQFLVFR�%D\���7KLV�VHGLPHQW
WR[LFLW\�WKUHVKROG��SURSRVHG�IRU�JXLGLQJ
VHGLPHQW�FULWHULD�LQ�QHZ�ZHWODQGV�FUHDWHG�ZLWK
GUHGJH�VSRLOV��ZDV�EDVHG�XSRQ�WKH�UDWLR�RI�WKH
/2$(/�IRU�ELUG�HJJV������PJ�+J�NJ�IZZ��WR
WKH�REVHUYHG�ELRDFFXPXODWLRQ�IDFWRUV�IRU
PHUFXU\�LQ�VHGLPHQW�WR�PHUFXU\�LQ�UDLO�HJJV�LQ
IRXU�LQGHSHQGHQW�PDUVKHV�ZLWKLQ�WKH�ED\
�6FKZDU]EDFK�������

&ULWHULD�KDYH�QRW�EHHQ�HVWDEOLVKHG�E\�WKH�(3$
IRU�HLWKHU�WRWDO�RU�PHWK\OPHUFXU\�LQ�VHGLPHQW��
/RQJ�DQG�0RUJDQ��������HYDOXDWHG�D�ZLGH
YDULHW\�RI�OCTKPG�VHGLPHQW�WR[LFLW\�VWXGLHV�LQ
ODE�DQG�ILHOG�IRU�WKH�HIIHFWV�RI�VHGLPHQW
FRQFHQWUDWLRQV�RQ�EHQWKLF�RUJDQLVPV���7KH\�

HVWDEOLVKHG�(IIHFWV�5DQJH�/RZ��(5/��DQG
(IIHFWV�5DQJH�0HGLDQ��(50��FRQFHQWUDWLRQV
IRU�HDFK�FRQVWLWXHQW�HYDOXDWHG���7KH�(5/�LV�WKH
ORZHU����SHUFHQWLOH�WR[LFLW\�YDOXH�LQ�WKH
GDWDEDVH��DQG�WKH�(50�LV�WKH�PHGLDQ�WR[LFLW\
YDOXH���)RU�WRWDO�PHUFXU\�WKH�(5/�LV������PJ�
NJ��GZ��DQG�WKH�(50�LV�����PJ�NJ���)UHVK�
ZDWHU�VHGLPHQW�FULWHULD�IRU�PHUFXU\�KDYH�EHHQ
SURSRVHG�E\�&DQDGD��6PLWK�HW�DO����������7KHVH
VKRZ�D�WKUHVKROG�HIIHFW�OHYHO�RI�������PJ�NJ
�GZ��DQG�D�SUREDEOH�HIIHFW�OHYHO�RI�������PJ�
NJ���7KHVH�GUDIW�YDOXHV�ZHUH�FDOFXODWHG�EDVHG�RQ
LQIRUPDWLRQ�FRPSLOHG�LQ�%('6��ELRORJLFDO
HIIHFWV�GDWDEDVH�IRU�VHGLPHQWV��DV�RI�-DQXDU\
�������7KLV�LV�WKH�VDPH�GDWD�EDVH�GHVFULEHG�E\
/RQJ�HW�DO�����������7KHVH�YDOXHV�DUH�EDVHG�RQ
WR[LFLW\�WR�EHQWKLF�RUJDQLVPV�DQG�QRW�RQ
ELRORJLFDO�WUDQVIHU�FRHIILFLHQWV�WR�EHQWKLF
SUHGDWRUV�

%LRWLF�(IIHFWV

7KH�ELRNLQHWLFV�DQG�WR[LFRORJ\�RI�RUJDQR�
PHUFXULDOV��SDUWLFXODUO\�PHWK\OPHUFXU\��KDYH
EHHQ�PRUH�H[WHQVLYHO\�VWXGLHG�WKDQ�WKRVH�RI�WKH
LQRUJDQLF�IRUP���7KLV�LV�EHFDXVH�WKH�PHWK\ODWHG
IRUP�KDV�ERWK�JUHDWHU�WR[LFLW\�DQG�JUHDWHU
ELRDFFXPXODWLRQ�WKDQ�WKH�LQRUJDQLF�IRUPV��
,QWHVWLQDO�DEVRUSWLRQ�RI�LQRUJDQLF�PHUFXU\�LV
OLPLWHG�WR�D�IHZ�SHUFHQW��ZKHUHDV�DEVRUSWLRQ�RI
PHWK\OPHUFXU\�LV�QHDUO\�
����SHUFHQW��6FKHXKDPPHU���������7KH�DELOLW\
WR�GHPHWK\ODWH�PHUFXU\�DOPRVW�FHUWDLQO\�FRQIHUV
VRPH�UHODWLYH�UHVLVWDQFH�WR�PHUFXU\�WR[LFLW\�DQG�
WRJHWKHU�ZLWK�H[FUHWLRQ�PHFKDQLVPV��PD\
DFFRXQW�IRU�WKH�KLJK�YDULDELOLW\�LQ�VHQVLWLYLW\�WR
PHUFXU\�REVHUYHG�EHWZHHQ�WD[D���7KH�KDOI�OLIH�RI
PHUFXU\�LQ�VHDELUGV�KDV�EHHQ�HVWLPDWHG�WR�EH
DERXW�
���GD\V��0RQWHLUR�DQG�)XUQHVV��������
,QRUJDQLF�PHUFXU\�DSSHDUV�WR�KDYH�WKH�JUHDWHVW
HIIHFW�XSRQ�WKH�NLGQH\V��ZKHUHDV�PHWK\OPHUFXU\
LV�KLJKO\�WR[LF�WR�HPEU\RV�DQG�WKH�QHUYRXV
V\VWHP���0H+J�UHDGLO\�SHQHWUDWHV�WKH�EORRG�
EUDLQ�EDUULHU��SURGXFHV�EUDLQ�OHVLRQV��VSLQDO�FRUG
GHJHQHUDWLRQ��DQG�FHQWUDO�QHUYRXV�V\VWHP
G\VIXQFWLRQV��
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)LVK

%LRFRQFHQWUDWLRQ�RI�PHUFXU\�LQ�ILVK��WDEOH�����LV
LQIOXHQFHG�E\�PDQ\�ZDWHU�TXDOLW\�YDULDEOHV�
LQFOXGLQJ�WHPSHUDWXUH��S+��KDUGQHVV��DQG
PHUFXU\�VSHFLDWLRQ���0HUFXU\�FRQFHQWUDWLRQV�LQ
ZDWHU�DUH�UHIOHFWHG��LQ�D�GRVH�GHSHQGHQW�PDQQHU�
LQ�UHVLGXH�OHYHOV�LQ�ILVK���7KH�SULPDU\�IRFXV�IRU
PRVW�PRQLWRULQJ�KDV�EHHQ�WR�HYDOXDWH�WKH
KD]DUG�RI�PHUFXU\�LQ�ILVK�IOHVK�WR�KXPDQ
FRQVXPSWLRQ���7KLV�IRFXV�KDV�XWLOL]HG�HLWKHU
ILOOHWV�RU��OHVV�RIWHQ��ZKROH�ERG\�FRQFHQWUDWLRQV��
7KH�ROG�8�6��(3$�DTXDWLF�OLIH�FULWHULRQ�IRU
PHUFXU\��(3$�������ZDV�QRW�EDVHG�XSRQ�WKH
KD]DUG�WR�ILVK�EXW�UDWKHU�WKH�KD]DUG�WR�KXPDQ
FRQVXPSWLRQ���7KH�FULWHULRQ�UHJXODWHG�WKDW
FRQFHQWUDWLRQ�LQ�ZDWHU�ZKLFK�FDQ�EH�H[SHFWHG�WR
UHVXOW�LQ�D�FRQFHQWUDWLRQ�RI���PJ�NJ�ZZ�LQ
ILVK³WKH�)'$�DFWLRQ�OHYHO�IRU�

PHUFXU\�LQ�WKH�8QLWHG�6WDWHV���$V�RI������
ILVK�PHUFXU\�OHYHOV�KLJK�HQRXJK�WR�ZDUUDQW
FRQVXPSWLRQ�DGYLVRULHV�KDG�EHHQ�REVHUYHG�LQ
SRUWLRQV�RI����6WDWHV��&OHDQ�:DWHU�)XQG��������
�,Q�UHFHQW�\HDUV��WKRXJK��PRVW�VXFK�DGYLVRULHV
KDYH�EHHQ�GLUHFWHG�DW�´VHQVLWLYH�VXESRSXOD�
WLRQV�µ�VXFK�DV�FKLOGUHQ�DQG�SUHJQDQW�ZRPHQ�
UDWKHU�WKDQ�DW�WKH�JHQHUDO�SRSXODWLRQ����,W�VKRXOG
DOVR�EH�QRWHG�WKDW�PDQ\�6WDWH�DQG�QDWLRQDO
JRYHUQPHQWV��&DQDGD��*HUPDQ\��)ORULGD��HWF��
KDYH�DGRSWHG�D�PRUH�UHVWULFWLYH�KXPDQ�KHDOWK
DGYLVRU\�VWDQGDUG�RI�����PJ�NJ��FRQVLVWHQW�ZLWK
WKH�1DWLRQDO�$FDGHP\�RI�6FLHQFHV
UHFRPPHQGDWLRQV��1$6����������,Q�D�VXUYH\�RI
����VXUIDFH�ZDWHU�ERGLHV��WKH�(QYLURQPHQWDO
3URWHFWLRQ�$JHQF\�IRXQG�WKDW�ILVK�IURP��
SHUFHQW�RI�WKH�ZDWHU�ERGLHV�KDG�PHUFXU\
FRQFHQWUDWLRQV�DERYH�WKH�����PJ�NJ�OHYHO��(3$
����D��

Table 23.&Effects of mercury residues in fish and herptile tissues

Species

Hg concentra-
tion

(mg/kg ww) Tissue Effect or interpretation Reference

Fish

Redbreast sunfish
(Lepomis auritus)

0.08 Skinless fillet Background mean Southworth et al. 1994

Bluegill (Lepomis
machrochirus)

0.11 Skinless fillet Background mean Southworth et al. 1994

Brook trout 2.7 Whole body Mercury intoxication McKim et al. 1976

Rainbow trout
(Oncorhyncus
mykiss)

1%5 Whole body Chronic effects estimate Niimi and Kissoon 1994

10%20 Whole body Lethal estimate

13 Based on 25 mg/kg in
diet for 189 d

Minimata disease1 Southworth et al. 1994

Amphibians/Reptiles

Amphibian 0.04%0.49 Muscle "Uncontaminated" Byrne et al. 1975

American alligator
(Alligator
mississippiensis)

0.08 Brain Background Heaton-Jones et al. 1994

1.37 Irreversible visual
impairment suspected

     1 Symptoms include a rolling swim, inability to stop in front of obstacles, and visual disturbances (Matida et al. 1972).
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,Q�DGGLWLRQ�WR�KXPDQ�KHDOWK��DQRWKHU�IRFXV�RI
PHUFXU\�PRQLWRULQJ�KDV�EHHQ�WR�H[DPLQH�WKH
VWDWXV�RI�PHUFXU\�FRQWDPLQDWLRQ�RU�WKH�WURSKLF
WUDQVIHU�RI�PHUFXU\�LQ�YDULRXV�DTXDWLF�V\V�WHPV��
8QIRUWXQDWHO\��RQO\�D�VPDOO�QXPEHU�RI�VWXGLHV
KDYH�H[DPLQHG�PHUFXU\�LQ�ILVK�DV�D�KD]DUG�WR
WKH�ILVK�WKHPVHOYHV���:KROH�ERG\
FRQFHQWUDWLRQV�DSSHDU�PRVW�XVHIXO�IRU
HYDOXDWLQJ�ERWK�WKH�ELRDFFXPXODWLRQ�RI�PHUFXU\
DQG�LWV�ELRORJLFDO�RU�WR[LFRORJLFDO�KD]DUG�WR�ILVK��
1LLPL�DQG�.LVVRRQ��������VWURQJO\�DGYRFDWH�WKH
XVH�RI�ZKROH�ERG\�PHUFXU\�FRQFHQWUDWLRQV�IRU
HYDOXDWLQJ�PHUFXU\�ULVN�WR�ILVK��UDWKHU�WKDQ�ZDWHU
RU�DQ\�VSHFLILF�WLVVXH�FRQFHQWUDWLRQV���:KROH�
ERG\�ILVK�UHVLGXHV�ZHUH�VSHFLILFDOO\
UHFRPPHQGHG�RYHU�LQGLYLGXDO�RUJDQV�RU�ILOOHW
WLVVXH�FRQ�FHQWUDWLRQV�EHFDXVH�RI�WKH�ODUJH
GHJUHH�RI�XQFHUWDLQW\�LQ�LGHQWLI\LQJ�WKH�WLVVXHV
FULWLFDO�
WR�ILVK�KHDOWK�

0RVW�PHUFXU\�LQ�ILVK�LV�PHWK\OPHUFXU\
�6RUHQVHQ���������7KH�PHDVXUHPHQW�RI�WRWDO
PHUFXU\�DORQH�LQ�ILVK�LV�WKHUHIRUH�HQWLUHO\
VXIILFLHQW�IRU�HYDOXDWLQJ�PHUFXU\�ULVN���7KH�KDOI�
OLIH�RI�PHWK\OPHUFXU\�LQ�ILVK�PXVFOH�LV�HVWLPDWHG
DW��²��\HDUV��6RUHQVHQ�������

7KHUH�LV�ERWK�ILHOG�DQG�ODERUDWRU\�HYLGHQFH�WKDW
GLHW�LV�WKH�PRVW�LPSRUWDQW�URXWH�RI�ILVK
H[SRVXUH�WR�PHUFXU\��LW�FRQWULEXWHV�PRUH�WKDQ
���SHUFHQW�RI�WKH�PHWK\OPHUFXU\�DFFXPXODWHG��
7KH�DVVLPLODWLRQ�HIILFLHQF\�IRU�XSWDNH�RI�GLHWDU\
PHWK\OPHUFXU\�LQ�ILVK�LV�SUREDEO\�
���WR����SHUFHQW�RU�JUHDWHU���7R�D�OHVVHU�H[WHQW�
ILVK�PD\�REWDLQ�PHUFXU\�IURP�ZDWHU�SDVVHG�RYHU
WKH�JLOOV��DQG�ILVK�PD\�DOVR�PHWK\ODWH�LQRUJDQLF
PHUFXU\�LQ�WKH�JXW��:LHQHU�DQG�6SU\��������
+RZHYHU��WURXW�KDYH�EHHQ�VKRZQ�WR�EH�DERXW
VHYHQ�WLPHV�PRUH�HIILFLHQW�DW�H[WUDFWLQJ
PHWK\OPHUFXU\�IURP�GLHWDU\�VRXUFHV�WKDQ�IURP
ZDWHU�YLD�WKH�JLOOV��3KLOOLSV�DQG�%XKOHU�������
DQG�+DOO�HW�DO���������H[SHULPHQWDOO\�FRQILUPHG
WKH�GLHWDU\�URXWH�RI�H[SRVXUH�DV�WKH�PRVW
LPSRUWDQW�RQH�IRU�ILVK�

$V�LV�WKH�FDVH�IRU�WRS�DYLDQ��UHSWLOLDQ��DQG
PDPPDOLDQ�SUHGDWRUV�LQ�DTXDWLF�V\VWHPV�
SLVFLYRURXV�ILVK��SDUWLFXODUO\�ORQJ�OLYHG�

VSHFLHV��PD\�EH�DW�ULVN�IURP�PHUFXU\
ELRFRQFHQWUDWLRQ�DQG�ELRPDJQLILFDWLRQ���$V
QRWHG�DERYH��PHDVXUHPHQWV�RI�PHUFXU\�LQ�ZDWHU
SULRU�WR�WKH�PLG�����V�ZHUH�XQUHDO�LVWLFDOO\�KLJK��
7LVVXH�PHDVXUHPHQWV��KRZHYHU��ZHUH�UHDVRQDEO\
DFFXUDWH��DQG�KHQFH�WKH�ELRFRQFHQWUDWLRQ�IDFWRUV
�%&)V��HVWLPDWHG�DW�WKDW�WLPH�ZHUH
XQUHDOLVWLFDOO\�ORZ��WKH�UHVXOW�RI�GLYLGLQJ�IDLUO\
DFFXUDWH�WLVVXH�FRQFHQWUDWLRQV�E\�RYHUVWDWHG
ZDWHU�FRQFHQWUDWLRQV����=LOOLRX[�HW�DO��������
SRLQW�RXW�WKDW�%&)V�RI��������DQG��������IRU
PHWK\OPHUFXULF�FKORULGH�H[SRVXUH�RI�EURRN
WURXW�DQG�IDWKHDG�PLQQRZV�ZHUH�XVHG�WR
FDOFXODWH�IUHVKZDWHU�ILQDO�UHVLGXH�YDOXHV��ZKHUHDV
UHFHQW�%&)�HVWLPDWHV�GHULYHG�IURP�VDPSOLQJ
DQG�DQDO\VHV�XVLQJ�FOHDQ�WHFKQLTXHV�JHQHUDOO\
H[FHHG���PLOOLRQ����7KH�0HUFXU\�6WXG\�5HSRUW�WR
&RQJUHVV��(3$�����E��OLVWHG�PHGLDQ�%&)V
�FDOOHG�´ELR�DFFXPXODWLRQ�IDFWRUVµ�LQ�WKDW
UHSRUW��IRU�PHWK\OPHUFXU\�LQ�ILVK�DW�WZR
GLIIHUHQW�WURSKLF�OHYHOV���)RU�WKRVH�DW�WURSKLF
OHYHO����ILVK�WKDW�IHHG�RQ�SODQWV�DQG�SODQNWRQ��
WKLV��IDFWRU�LV������������IRU�WKRVH�DW�WURSKLF
OHYHO����ILVK�WKDW�IHHG�RQ�RWKHU�ILVK���LW
V
����������

7KH�0HUFXU\�6WXG\�5HSRUW��(3$�����E��DOVR
H[SUHVVHG�WKHVH�%&)V�LQ�WHUPV�RI�WRWDO�GLVVROYHG
PHUFXU\��FRQFHQWUDWLRQ�RI�DOO�PHUFXU\�VSHFLHV
UHPDLQLQJ�LQ�WKH�ZDWHU�DIWHU�ILOWHULQJ���EDVHG�RQ
WKH�DVVXPSWLRQV�WKDW�
����HVVHQWLDOO\�DOO�RI�WKH�PHUFXU\�PHDVXUHG�LQ
ILVK�WLVVXH�LV�PHWK\OPHUFXU\��DQG�����PHWK\O�
PHUFXU\�DYHUDJHV�����SHUFHQW�RI�WKH�WRWDO
GLVVROYHG�PHUFXU\�LQ�ZDWHU���7KHUHIRUH��WKH
%&)V�IRU�WRWDO�PHUFXU\�DUH���������IRU�WURSKLF
OHYHO���DQG���������IRU�WURSKLF�OHYHO���

7KHVH�%&)V�PD\�EH�DSSOLHG�WR�WLVVXH�FRQFHQ�
WUDWLRQV�DVVRFLDWHG�ZLWK�KDUPIXO�HIIHFWV�LQ�RUGHU
WR�GHULYH�YDOXHV�IRU�SRVVLEO\�KDUPIXO�WRWDO
PHUFXU\�FRQFHQWUDWLRQV�LQ�ZDWHU���)RU�LQVWDQFH�
0F.LP�HW�DO���������UHSRUWHG�UHSURGXFWLYH
LPSDLUPHQW�LQ�EURRN�WURXW�WKDW�KDG�ZKROH�ERG\
PHUFXU\�FRQFHQWUDWLRQV�RI�
����PJ�NJ�� ����������QJ�NJ����$SSO\LQJ�WKH
WRWDO�PHUFXU\�%&)�IRU�WURSKLF�OHYHO���ILVK�JLYHV�
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2,700,000 ng/kg
530,400

' 5.0 ng/kg OR 5.0 ng/L

DV�WKH�WRWDO�GLVVROYHG�PHUFXU\�FRQFHQWUDWLRQ�DW
ZKLFK�VDOPRQLG�UHSURGXFWLRQ�LV�LPSDLUHG�

$OWKRXJK�WKH�0HUFXU\�6WXG\�5HSRUW�WR
&RQJUHVV��(3$�����E��JHQHUDWHG�GDWD�RQ�
D�UDQJH�RI�QDWLRQDO�%&)V��WKDW�UHSRUW
HPSKDVL]HG�WKH�YDOXH�RI�DSSO\LQJ�VLWH�VSHFLILF
DQG�ILHOG�GHULYHG�%&)V�ZKHQ�GHYHORSLQJ�FULWHULD
IRU�VSHFLILF�UHJLRQV���)DFWRUV�ZKLFK�DIIHFW�WKHVH
VLWH�VSHFLILF�%&)V�DUH�PDQ\�DQG�YDULHG���7KHVH
LQFOXGH�WKH�QXPEHU�RI�WURSKLF�OHYHOV�SUHVHQW�DQG
IRRG�ZHE�VWUXFWXUH��WKH�DEXQGDQFH�RI�VXOIXU�
UHGXFLQJ�EDFWHULD��DQG�WKH�FRQFHQWUDWLRQ�RI
VXOIDWHV��GLVVROYHG�R[\JHQ��WHPSHUDWXUH��RUJDQLF
FDUERQ�DYDLODELOLW\��S+��WKH�QDWXUH�RI�WKH
PHUFXU\�VRXUFH��DQG�D�QXPEHU�RI�RWKHU
SDUDPHWHUV��3RUFHOOD�HW�DO��������

'HYHORSLQJ�HPEU\RV�DUH�WKH�PRVW�YXOQHUDEOH
OLIH�VWDJH�WR�PHUFXU\�H[SRVXUH���,Q�DOO
YHUWHEUDWHV��LQFOXGLQJ�ILVK��WKH�WUDQVIHU�RI
PHWK\OPHUFXU\�WR�WKH�HPEU\R�UHSUHVHQWV�WKH
JUHDWHVW�KD]DUG���$FFRUGLQJ�WR�:LHQHU��������
´PHWK\OPHUFXU\�GHULYHG�IURP�WKH�DGXOW�IHPDOH
SUREDEO\�SRVHV�JUHDWHU�ULVN�WKDQ�ZDWHUERUQH
PHUFXU\�IRU�HPEU\RV�LQ�QDWXUDO�ZDWHUV�µ�
6XEOHWKDO�DQG�OHWKDO�HIIHFWV�RQ�ILVK�HPEU\RV�DUH
DVVRFLDWHG�ZLWK�PHUFXU\�UHVLGXHV�LQ�HJJV�WKDW�DUH
SHUKDSV���WR����SHUFHQW�RI�WKH�UHVLGXHV
DVVRFLDWHG�ZLWK�WR[LFLW\�LQ�DGXOW�ILVK���0HUFXU\�
LQWR[LFDWHG�UDLQERZ�WURXW�KDYH�EHWZHHQ���DQG
���PJ�NJ�LQ�ZKROH�ERGLHV��ZKLOH�LQWR[LFDWHG
HPEU\RV�FRQWDLQ������WR�
����PJ�NJ��:HLQHU�������

%RWK�VL]H�DQG�VSHFLHV�RI�ILVK�DUH�LPSRUWDQW
YDULDEOHV�LQ�PHUFXU\�VHQVLWLYLW\���6PDOOHU�ILVK
WHQG�WR�DFFXPXODWH�PHUFXU\�DW�JUHDWHU�UDWHV�WKDQ
ODUJHU�ILVK�GXH�WR�KLJKHU�PHWDEROLF�UDWHV��5HLQHUW
HW�DO��������

,Q�DQ�H[WHQVLYH�HYDOXDWLRQ�RI�PHUFXU\�ELR�
DFFXPXODWLRQ�LQ�DTXDWLF�DQG�EHQWKLF�OLIH�LQ�WKH
FRQWDPLQDWHG�ZDWHUV�RI�&OHDU�/DNH��&DOLIRUQLD�
6XFKDQHN�HW�DO���������VKRZHG�WKDW�PHUFXU\

FRQFHQWUDWLRQV�LQ�ILVK�LQFUHDVHG�ZLWK�LQFUHDVLQJ
ERG\�VL]H��DQG�WKH\�QRWHG�WKH�IROORZLQJ�VSHFLHV�
VSHFLILF�GLIIHUHQFHV���FDUS���VLOYHUVLGHV��
FKDQQHO�FDWILVK���ODUJHPRXWK�EDVV��6XFKDQHN�HW
DO����������%LRFRQFHQWUDWLRQ�IDFWRUV�IRU�PHUFXU\
IURP�ZDWHU�WR�VLOYHUVLGHV�LQ�&OHDU�/DNH�ZHUH�LQ
WKH�UDQJH�RI�����WR�����IRU�WRWDO�PHUFXU\�DQG
IURP�����WR�����IRU�PHWK\OPHUFXU\��
&RQFHQWUDWLRQV�LQ�ODUJH�PRXWK�EDVV�ZHUH�IXUWKHU
LQFUHDVHG�E\�DV�PXFK�DV����WLPHV�RYHU
VLOYHUVLGHV�

,Q�ILVK�DV�LQ�RWKHU�JURXSV��WD[RQRPLF�GLI�
IHUHQFHV�FDQ�DOVR�LQIOXHQFH�PHUFXU\
VXVFHSWLELOLW\���%OXHJLOOV�DUH�FDSDEOH�RI
GHPHWK\ODWLRQ�RI�PHUFXU\�LQ�WKH�OLYHU��%XUURZV
DQG�.UHQNHO��������EXW�LW�LV�GRXEWIXO�ZKHWKHU
UDLQERZ�WURXW�KDYH�WKH�VDPH�DELOLW\��2OVRQ�HW�DO�
��������0HWK\ODWLRQ�FDQ�RFFXU�LQ�WKH�OLYHUV�RI
VRPH�ILVK��H�J���DOEDFRUH�DQG�\HOORZILQ�WXQD��EXW
QRW�UDLQERZ�WURXW�RU�PDFNHUHO��6RUHQVHQ�������

0HUFXU\�FDXVHV�KLVWRSDWKRORJLFDO�HIIHFWV�LQ
QHDUO\�HYHU\�ILVK�WLVVXH�HYDOXDWHG��JLOO��NLGQH\�
H[RFULQH�SDQFUHDV��ELOH�GXFWV��OLYHU��DQG
HU\WKURF\WHV����,W�DSSHDUV�WKDW�LQRUJDQLF�PHUFXU\
LV�WUDSSHG�LQ�PXFXV�RI�WKH�JLOOV��ZKHUHDV
PHWK\OPHUFXU\�WUDYHUVHV�WKLV�ERXQGDU\�UHDGLO\�

$PSKLELDQV�5HSWLOHV

,Q�D�UHYLHZ�RI�PHWDO�DFFXPXODWLRQV�LQ�DPSKL�
ELDQV��+DOO�DQG�0XOKHUQ��������UHSRUWHG�WKDW
DGXOW�DPSKLELDQV�IURP�DUHDV�XQFRQWDPLQDWHG
ZLWK�PHUFXU\�KDG�PHUFXU\�FRQFHQWUDWLRQV�LQ
PXVFOH�UDQJLQJ�IURP������WR������PJ�NJ�ZZ�
PXVFOH�RI�DPSKLELDQV�IURP�FRQWDPLQDWHG�DUHDV
UDQJHG�IURP������WR������PJ�NJ�ZZ��%\UQH�HW
DO����������+DOO�DQG�0XOKHUQ�FRQFOXGHG�WKDW
DPSKLELDQV�GR�QRW�VHHP�WR�DFFXPXODWH�PHUFXU\
DV�PXFK�DV�VRPH�RWKHU�VSHFLHV��L�H���SUHGDWRU\
ELUGV�DQG�VRPH�ILVK����=ROO�HW�DO��������
H[DPLQHG�JHQRWR[LFLW\�DQG�ELRDFFXPXODWLRQ�LQ
ODERUDWRU\�VWXGLHV�RI�WKH�QHZW�2NGWTQFGNGU�YCNVN��
7KH\�REVHUYHG�FHOOV�ZLWK�EURNHQ�FKURPRVRPHV
DQG�RWKHUV�ZLWK�LPSURSHU�QXPEHUV�RI�
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FKURPRVRPHV�LQ�EORRG�VPHDUV�IURP�ODUYDH
H[SRVHG�WR�ERWK�PHUFXULF�FKORULGH��+J&O

�
��DQG

PHWK\O�PHUFXULF�FKORULGH��&+
�
+J&O���

%LRDFFXPXODWLRQ�UDWLRV�DIWHU�
���GD\V�ZHUH�����IRU�PHUFXULF�FKORULGH�DQG�
������IRU�PHWK\O�PHUFXULF�FKORULGH�

%LUGV

6\PSWRPV�RI�DFXWH�PHWK\OPHUFXU\�SRLVRQLQJ�LQ
ELUGV�LQFOXGH�UHGXFHG�IRRG�LQWDNH�OHDGLQJ�WR
ZHLJKW�ORVV��SURJUHVVLYH�ZHDNQHVV�LQ�ZLQJV�DQG
OHJV��GLIILFXOW\�IO\LQJ��ZDONLQJ��DQG�VWDQGLQJ��DQG
DQ�LQDELOLW\�WR�FRRUGLQDWH�PXVFOH�PRYHPHQWV
�6FKHXKDPPHU���������)RU�DFXWH�PHUFXU\
SRLVRQLQJ��EUDLQ�UHVLGXHV�DUH�PRVW�GLDJQRVWLF��
.LGQH\�GLVHDVH�DQG�JRXW�DOVR�VHHP�WR�EH
VWURQJO\�DVVRFLDWHG�ZLWK�HOHYDWHG�PHUFXU\�LQ�WKH
OLYHU��!���PJ�NJ�ZZ���6SDOGLQJ�HW�DO����������,I
ELUGV�KDYH�EHHQ�IRXQG�GHDG��DQG�PHUFXU\
SRLVRQLQJ�LV�VXVSHFWHG��WKH�ELUGV·�EUDLQ��OLYHU�
DQG�NLGQH\�FRQFHQWUDWLRQV�RI�PHUFXU\�VKRXOG�EH
GHWHUPLQHG�LQ�RUGHU�WR�FRQILUP�WKH�FDXVH�

%LUGV�PD\�VKRZ�VLJQLILFDQW�DGYHUVH�HIIHFWV�HYHQ
DW�UHODWLYHO\�ORZ�WLVVXH�FRQFHQWUDWLRQV�LI�WKHVH
FRQFHQWUDWLRQV�UHVXOW�IURP�FKURQLF�PHUFXU\
H[SRVXUHV��WDEOH�������,Q�JUHDW�ZKLWH�KHURQV�
OLYHU�PHUFXU\�FRQWDPLQDWLRQ�
!��PJ�NJ�ZZ�FRUUHODWHG�ZLWK�PRUWDOLW\�IURP
FKURQLF�GLVHDVHV��6XQGORI�HW�DO���������
5HSURGXFWLRQ�LV�RQH�RI�WKH�PRVW�VHQVLWLYH
SK\VLRORJLFDO�SURFHVVHV�DQG�PD\�VKRZ�WR[LF
HIIHFWV�HYHQ�DW�YHU\�ORZ�GLHWDU\�FRQFHQWUD�WLRQV��
&RQFHQWUDWLRQV�LQ�WKH�HJJ�DUH�W\SLFDOO\�PRVW
SUHGLFWLYH�RI�PHUFXU\�ULVN�WR�DYLDQ�UHSURGXFWLRQ�
EXW�FRQFHQWUDWLRQV�LQ�WKH�OLYHU�KDYH�DOVR�EHHQ
HYDOXDWHG�IRU�SUHGLFWLQJ�UHSURGXFWLYH�ULVN���7KH
GRFXPHQWHG�HIIHFWV�RI�PHUFXU\�RQ�UHSURGXFWLRQ
UDQJH�IURP�HPEU\R�OHWKDOLW\�WR�VXEOHWKDO
EHKDYLRUDO�FKDQJHV�LQ�MXYHQLOHV�DW�ORZ�GLHWDU\
OHYHOV���(IIHFWV�RI�PHUFXU\�LQFOXGH�UHGXFHG
KDWFKDELOLW\�GXH�WR�LQFUHDVHV�LQ�HDUO\�PRUWDOLW\�RI
HPEU\RV��VRPH�DPRXQW�RI�HJJVKHOO�WKLQQLQJ�
UHGXFHG�FOXWFK�VL]H��LQFUHDVHG�QXPEHUV�RI�HJJV
ODLG�RXWVLGH�

WKH�QHVW��DEHUUDQW�EHKDYLRU�RI�MXYHQLOHV��DQG
SRWHQWLDOO\�PD\�LQFOXGH�LPSDLUHG�KHDULQJ�RI
MXYHQLOHV�

7KH�GLHWDU\�FRQFHQWUDWLRQV�RI�PHWK\OPHUFXU\
UHTXLUHG�WR�SURGXFH�VLJQLILFDQW�UHSURGXFWLYH
LPSDLUPHQW�DUH�DERXW�RQH�ILIWK�WKRVH�UHTXLUHG
WR�SURGXFH�RYHUW�WR[LFLW\�LQ�DGXOW�ELUGV�RI�WKH
VDPH�VSHFLHV��6FKHXKDPPHU���������,Q�VRPH
FDVHV��RYHUDOO�UHSURGXFWLYH�VXFFHVV�LQ�ELUGV�KDV
GHFUHDVHG�DV�PXFK�DV���²���SHUFHQW�GXH�WR
GLHWDU\�PHWK\OPHUFXU\�H[SRVXUH�LQVXIILFLHQW�WR
FDXVH�REYLRXV�VLJQV�RI�LQWR[LFDWLRQ�LQ�DGXOWV��
+HLQ]��������IHG�PHWK\OPHUFXU\�WR�WKUHH
JHQHUDWLRQV�RI�PDOODUGV�DW�WKH�OHYHO�RI
����PJ�NJ�GZ������PJ�NJ�ZZ����)HPDOHV�ODLG
IHZHU�HJJV�DQG�SURGXFHG�IHZHU�GXFNOLQJV��
0RUHRYHU��WKH�GXFNOLQJV�WKDW�VXUYLYHG�ZHUH�OHVV
UHVSRQVLYH�WR�WDSHG�PDWHUQDO�ZDUQLQJ�FDOOV�DQG
ZHUH�K\SHUVHQVLWLYH�WR�IULJKW�VWLPXOXV���%DUU
�������PDGH�VLPLODU�REVHUYD�WLRQV�LQ�D�ILHOG
VWXG\�RI�WKH�FRPPRQ�ORRQ�LQ�QRUWKZHVWHUQ
2QWDULR���(JJ�OD\LQJ�DQG�WHUULWRULDO�ILGHOLW\�ZHUH
ERWK�UHGXFHG�ZKHUH�WKH�PHDQ�PHUFXU\
FRQFHQWUD�WLRQ�LQ�ORRQ�SUH\�ZDV����²����PJ�NJ
IUHVK�ZHLJKW��ORRQV�HVWDEOLVKHG�IHZ�WHUULWRULHV�
DQG�QRQH�ODLG�DQ\�PRUH�WKDQ�D�VLQJOH�HJJ���7KH
HJJV�FRQWDLQHG�PHUFXU\�UHVLGXHV�DV�KLJK�DV�����
PJ�NJ�ZZ���$URXQG�ZDWHUV�ZKHUH�WKH�PHDQ
PHUFXU\�FRQFHQWUDWLRQV�RI�SUH\�H[FHHGHG����
PJ�NJ�IUHVK�ZHLJKW��WKH�ORRQV�UDLVHG�QR
SURJHQ\�

7KH�NLGQH\�LV�WKH�PDMRU�UHVHUYRLU�RI�LQRUJDQLF
PHUFXU\�LQ�ELUGV�DV�ZHOO�DV�PDPPDOV���,Q�UHQDO
WLVVXH��PHUFXU\�ELQGV�WR�PHWDOORWKLRQHLQ���1RW
VXUSULVLQJO\��WKH�PDMRU�WR[LF�HIIHFW�RI�LQRUJDQLF
PHUFXU\�LV�NLGQH\�GDPDJH³VSHFLILFDOO\��QHFURVLV
RI�WKH�SUR[LPDO�WXEXODU�FHOOV��:DUH�
HW�DO����������6SDOGLQJ�HW�DO���������IRXQG�NLGQH\
GLVHDVH�DQG�JRXW�ZHUH�SUHVHQW�LQ�JUHDW�ZKLWH
KHURQV�WKDW�KDG�!���PJ�NJ�ZZ�OLYHU�PHUFXU\��
,Q�WKH�VDPH�ILHOG�VWXG\�RI�JUHDW�ZKLWH�KHURQV�
OLYHU�PHUFXU\�FRQWDPLQDWLRQ�
!��PJ�NJ�FRUUHODWHG�ZLWK�PRUWDOLW\�IURP
FKURQLF�GLVHDVHV���+RZHYHU��WKH�DXWKRUV�XUJHG
FDXWLRQ�LQ�LQWHUSUHWLQJ�WKHVH�UHVXOWV�EHFDXVH�WKH\
H[DPLQHG�RQO\�ELUGV�WKDW�KDG�EHHQ�IRXQG�
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Table 24.&Observed effects of mercury residues in bird eggs and tissues
[dw, dry weight; ww, wet weight]

Species

Hg concentration
(mg/kg) Tissue Effects Reference

Black duck 4%6 dw Brain Eggs failed to hatch Finley and Stendell
1978

Black-footed
albatross

37.4 dw (tot. Hg)
6.2 dw (MeHg)

Kidney No adverse effect observed Kim et al. 1996

306 dw (tot. Hg)
20.4 dw (MeHg)

Liver

Common
loon

>2. ww Brain Reduced egg laying; reduced nest-site and
territory fidelity

Barr 1986

29.73 ww Liver Reduced nesting success Barr 1986

51.9 ww Reduced hatching success Fimreite 1974

Common
tern

1.0 ww Egg Successful reproduction Fimreite 1974

3.65 ww 27% hatching success; 10%12% fledging rate

1.06 ww Liver No effect Gochfeld 1980

2.22 ww Abnormal feather loss&juveniles

9.08 ww Successful nesting Fimreite 1974

20.7 ww 27% hatching success; 10%12% fledging rate

27.5 ww 10%12% fledge rate

Gannet 97.7 dw Liver Death Parslow et al. 1973

Grackle 40.4 ww Kidney LD33 Finley et al. 1979

54.5 ww Liver

Great white
heron

>6. ww Liver Correlated mortality from chronic disease Spalding et al. 1994

7.2 ww Increased disease and emaciation Spalding and Forrester
1991

>25. ww Kidney disease, articular gout Spalding et al. 1994

Grebe 23.3 ww Liver Death Littrel 1991

Grey heron 58.4 dw
(11.7 ww)

Kidney Death Van der Molen et al.
1982

95.5 dw Liver

Herring gull 2%16 ww Egg No decrease in hatchability Fimreite 1974

Mallard 0.86 ww Egg Aberrant nesting behavior Heinz 1979

Merlin 1%5 dw
(0.2%1.0 ww)

Egg Reduced productivity in ½ of populations Newton and Haas
1988
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Table 24.&Observed effects of mercury residues in bird eggs and tissues&Continued
[dw, dry weight; ww, wet weight]

Species

Hg concentration
(mg/kg) Tissue Effects Reference

Osprey 0.05%0.11 ww Egg No adverse reproductive effects Audet et al. 1992

1.5%3.0 dw
(0.3%0.6 ww)

Egg Decrease in number of young fledged Odsjö 1982

35. ww Liver Death Wiemeyer et al. 1987

Pheasant 0.5%1.5 ww Egg Decrease in hatchability Fimreite 1971

Red-winged
blackbird

74.3 ww Kidney LD33 Finley et al. 1979

126.5 ww Liver

Starling 86.4 ww Kidney LD33 Finley et al. 1979

103.6 ww Liver

Various
species

30. ww Liver Neurologic effects Scheuhammer 1991

Water birds,
generally

1.0%3.6 ww Egg Residue threshold for significant toxic effects Zillioux et al. 1993

5. ww Liver Conservative residue threshold for major toxic
effects

White tailed
eagle

33. ww Liver Death Falandysz et al. 1988

56. ww Kidney

Zebra finch 20. ww Brain 25% mortality Scheuhammer 1988

GHDG���=LOOLRX[�HW�DO���������IRXQG�LQ�WKHLU�UHYLHZ
RI�WKH�OLWHUDWXUH�WKDW�FRQFHQWUDWLRQV�LQ�WKH�OLYHU
EHWZHHQ���DQG���PJ�+J�NJ�ZZ�PD\�UHVXOW�LQ
EHKDYLRUDO�HIIHFWV��ZKHUHDV�OLYHU�PHUFXU\
FRQFHQWUDWLRQV�RI�DERXW����PJ�NJ�ZZ�DQG
DERYH�OHDG�WR�KLJK�HPEU\R�DQG�GXFNOLQJ
PRUWDOLW\�DQG�WR�EUDLQ�OHVLRQV���6SDOGLQJ�DQG
)RUUHVWHU��������VXJJHVWHG�QHXURORJLFDO�HIIHFWV
PD\�EH�DVVRFLDWHG�ZLWK�OLYHU�PHUFXU\�OHYHOV�LQ
ELUGV�DV�ORZ�DV���PJ��NJ�ZZ���=LOOLRX[�HW�DO�
�������FRQFOXGHG�WKDW�D�FRQVHUYDWLYH�UHVLGXH
WKUHVKROG�IRU�PDMRU�WR[LF�HIIHFWV�LQ�ZDWHUELUGV
ZRXOG�EH���PJ�NJ�ZZ�LQ�WKH�OLYHU��

+RZHYHU��DSSDUHQWO\�QRUPDO�VHDELUGV�KDYH�EHHQ
IRXQG�ZLWK�PHUFXU\�FRQFHQWUDWLRQV�PDQ\�WLPHV
WKLV�OHYHO�LQ�WKH�OLYHU��EXW�DQDO\VLV�KDV�VKRZQ
WKHVH�FRQFHQWUDWLRQV�WR�EH�SUL�PDULO\�LQRUJDQLF
PHUFXU\��.LP�HW�DO����������,Q�VRPH�VSHFLHV�
HVSHFLDOO\�3URFHOODULIRUPHV��LW�DSSHDUV�WKDW
GHPHWK\ODWLRQ�RI�PHUFXU\�LV�DQ�LPSRUWDQW�

GHWR[LILFDWLRQ�VWUDWHJ\���7KHUHIRUH�
FKDUDFWHUL]LQJ�WKH�GLIIHUHQW�IRUPV�RI�PHUFXU\�LQ
WLVVXHV�LV�LQFUHDVLQJO\�UHFRJQL]HG�DV�LPSRUWDQW�WR
PHDQLQJIXO�LQWHUSUHWDWLRQ�RI�UHVLGXH�GDWD�

,Q�WKH�PDMRULW\�RI�ZLOG�ELUGV�VDPSOHG��OLYHU
FRQFHQWUDWLRQV�RI�PHUFXU\�DUH�KLJKHU�WKDQ
NLGQH\�FRQFHQWUDWLRQV���+RZHYHU��LQ�VRPH�FDVHV
RI�PHUFXU\�SRLVRQLQJ��NLGQH\�FRQ�FHQWUDWLRQV
DUH�IRXQG�WR�EH�QHDUO\�WKH�VDPH�DV�WKH�OLYHU
FRQFHQWUDWLRQ��/HZLV�DQG�)XUQHVV��������
.LGQH\�FRQFHQWUDWLRQV�RI����PJ�NJ�ZZ�KDYH
EHHQ�QRWHG�LQ�ELUGV�IRXQG�GHDG�LQ�PHUFXU\�
FRQWDPLQDWHG�HQYLURQPHQWV��/LWWUHO�������

%UDLQ�PHUFXU\�DV�ORZ�DV��²��PJ�NJ�ZZ�FDQ�EH
OHWKDO�WR�GXFNOLQJV���&RQFHQWUDWLRQV�IRXU�WLPHV
WKLV�KLJK�DUH�UHTXLUHG�WR�FDXVH�GLUHFW�PRUWDOLW\�LQ
DGXOWV���7KH�ORZHVW�FRQFHQWUDWLRQ�RI�PHUFXU\�LQ
WKH�EUDLQ�WR�SURGXFH�REYLRXV�VLJQV�RI
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LQWR[LFDWLRQ�LQ�DGXOWV�LV���PJ�NJ�GZ�RU���WR����
PJ�NJ�ZZ��6FKHXKDPPHU���������+HLQ]�DQG
/RFNH��������IRXQG�WKDW�WKH�EUDLQV�RI�PDOODUG
GXFNOLQJV�IRXQG�GHDG�ZLWK�EUDLQ�OHVLRQV
FRQWDLQHG�DQ�DYHUDJH�RI������DQG�
�����PJ�+J�NJ�ZZ�LQ�WZR�VXFFHVVLYH�\HDUV��

7KH�WR[LF�HIIHFWV�RI�PHUFXU\�LQ�ELUG�HJJV�KDYH
EHHQ�GRFXPHQWHG�E\�PDQ\�LQYHVWLJDWRUV�LQ�ERWK
ODERUDWRU\�DQG�ILHOG�VWXGLHV��%DUU�������%LUJH�HW
DO��������)LPUHLWH�������������+HLQ]������������
+HLQ]�DQG�/RFNH�������+RIIPDQ�DQG�0RRUH
������)LQOH\�DQG�6WHQGHOO�������7HMQLQJ������
HWF�����0HUFXU\�LV�DQ�H[WUHPHO\�SRWHQW�HPEU\R
WR[LFDQW��DQG�GLHWDU\�PHUFXU\�LV�WUDQVIHUUHG�WR
DYLDQ�HJJV�LQ�D�GRVH�GHSHQGHQW�PDQQHU��
5HSURGXFWLYH�LPSDLU�PHQW�LV�RQH�RI�WKH�PRVW
VHQVLWLYH�HQGSRLQWV�
RI�PHUFXU\�WR[LFLW\���0HUFXU\�DFFXPXODWHV
SDUWLFXODUO\�LQ�WKH�HJJ�ZKLWH�SURWHLQV��ZKLFK
GHULYH�IURP�VHUXP�SURWHLQV���(JJ�FRQFHQWUD�
WLRQV��WKHUHIRUH��PRUH�FORVHO\�UHIOHFW�PHUFXU\
IURP�UHFHQW�GLHWDU\�XSWDNH�WKDQ�IURP�DFFXPX�
ODWHG�WLVVXH�VWRUHV���7KHUH�LV�DOVR�HYLGHQFH�WKDW
WKH�RYDOEXPLQ�IUDFWLRQ�RI�HJJ�ZKLWH�KDV�D
VSHFLILF�DIILQLW\�IRU�GLHWDU\�PHUFXU\��ZKLOH�WKH
RYRJOREXOLQ�IUDFWLRQ�WHQGV�WR�DFFXPXODWH�ORZ
OHYHOV�RI��QRQGLHWDU\��PHUFXU\���%HFDXVH�RI�WKH
VWURQJ�GLHWDU\�FRQQHFWLRQ��:DOVK�������
VXJJHVWHG�WKDW�HJJV�SURYLGH�D�SDUWLFXODUO\�JRRG
LQGLFDWRU�RI�PHUFXU\�H[SRVXUH�LQ�WKH�YLFLQLW\�RI
WKH�QHVWLQJ�VLWH�LQ�WKH�LPPHGLDWH�SUH�OD\LQJ
VHDVRQ���2QH�FDQ�H[SHFW�PHWK\OPHUFXU\�WR
SUHGRPLQDWH�LQ�HJJV��SDUWLFXODUO\�ZLWKLQ�WKH
DOEXPHQ�IUDFWLRQ���%HFDXVH�PHUFXU\�LV
SUHGRPLQDQWO\�GHSRVLWHG�LQ�DOEXPHQ��PRUH
LQWUD�FOXWFK�YDULDWLRQ�LQ�PHUFXU\�FRQWHQW�LV�DOVR
WR�EH�H[SHFWHG�WKDQ�LQ�FRQWDPLQDQWV
SUHIHUHQWLDOO\�GLVWULEXWHG�WR�\RON���%HFNHU�������
UHSRUWV�WKDW��DPRQJ�WKH�&KDUDGULLIRUPHV��WKH
ODVW�HJJ�RI�D�FOXWFK�FRPPRQO\�KDV�ORZHU
PHUFXU\�FRQWHQW�WKDQ�WKH�ILUVW�HJJ���7KH�ILUVW�HJJ
ODLG�FRQWDLQHG�DV�PXFK�DV����SHUFHQW�PRUH
PHUFXU\�WKDQ�WKH�VHFRQG�RU�WKLUG�HJJ���%HFNHU�HW
DO���������SUHGLFW�WKDW�WKH�WR[LF�HIIHFWV�RI
PHUFXU\�ZRXOG�EH�PRUH�SURQRXQFHG�LQ�C�FKLFNV
�WKH�FKLFN�IURP�WKH�ILUVW�ODLG�HJJ����,Q�HOHYDWHG
PHUFXU\�HQYLURQPHQWV��WKLV�ZLOO�UHVXOW�LQ�

DEQRUPDOO\�KLJK�ORVVHV�RI�C�FKLFNV��D�UHYHUVDO�RI
WKH�QRUPDO�VLWXDWLRQ��%DUU��������GRFXPHQWHG
DGYHUVH�HIIHFWV�RQ�ORRQV�DVVRFLDWHG�ZLWK�HJJ
FRQFHQWUDWLRQV�RI������PJ�NJ�ZZ�

+RIIPDQ�DQG�0RRUH��������WUHDWHG�PDOODUG�HJJV
ZLWK�H[WHUQDOO\�DSSOLHG�PHWK\OPHUFXU\�FKORULGH��
(IIHFWV�ZHUH�GRVH�UHODWHG�DQG�LQFOXGHG
GHFUHDVHG�HPEU\R�ZHLJKWV��GHYHORSPHQWDO
DEQRUPDOLWLHV��DQG�HPEU\RQLF�GHDWK���7KH�ORZHVW
GRVH�DSSOLHG�ZKLFK�DIIHFWHG�VXUYLYDO�ZDV���
PLFURJUDPV���*LYHQ�DQ�DYHUDJH�PDOODUG�HJJ
ZHLJKW�RI����JUDPV��WKLV�GRVH�FRUUHVSRQGV�WR
DERXW�����PJ�NJ���:LWK�LQFUHDVLQJ
FRQFHQWUDWLRQV��DEQRUPDOLWLHV�SURJUHVVHG�LQ
VHYHULW\�IURP�PRVWO\�PLQRU�VNHOHWDO�GHIRUPLWLHV
WR�JURVV�H[WHUQDO�RQHV�VXFK�DV�PLFURPHOLD�
JDVWURVFKLVLV��DQG�H\H�GHIHFWV�DV�ZHOO�DV�LQWHUQDO
GHIRUPLWLHV�VXFK�DV�EUDLQ�GHIHFWV�DQG�D
UHGXFWLRQ�LQ�OLYHU�VL]H���6XFK�ODERUDWRU\�ZRUN�LV
XVHIXO�EHFDXVH�LW�PD\�HIILFLHQWO\�HOXFLGDWH�WKH
W\SHV�RI�HIIHFWV�WKDW�FDQ�EH�SURGXFHG��EXW�WKHVH
UHVXOWV�VKRXOG�QRW�EH�OLWHUDOO\�H[WUDSRODWHG�WR�WKH
ILHOG���([WHUQDO�PHUFXU\�H[SRVXUHV�E\�+RIIPDQ
DQG�0RRUH�KDG�PRUH�SURQRXQFHG�HIIHFWV�DW
ORZHU�GRVHV�WKDQ�RUJDQLF�PHUFXU\�LQFRUSRUDWHG
LQWR�WKH�HJJ�WKURXJK�WKH�KHQ·V�PHWDEROLVP
�+HLQ]�������SUHVXPDEO\�EHFDXVH�WKH�DSSOLHG
PHUFXU\�ZDV�QRW�FRPSOHWHO\�ERXQG�WR�WKH
RYDOEXPLQ�DQG�RYRJOREXOLQ�

5HSURGXFWLYH�HIIHFWV�PD\�H[WHQG�EH\RQG�WKH
HPEU\R�DQG�PD\�UHGXFH�WKH�UDWH�RI�MXYHQLOH
VXUYLYDO���0HUFXU\�LQ�WKH�HJJV�RI�PDOODUGV�KDV
FDXVHG�EUDLQ�OHVLRQV�LQ�KDWFKHG�GXFNOLQJV��
+HLQ]�DQG�/RFNH��������UHSRUWHG�RQ�PDOODUGV
WKDW�ZHUH�IHG�����PJ�NJ�PHWK\OPHUFXU\
GLF\DQGLDPLGH��HTXLYDOHQW�WR�����PJ�+J�NJ�
LQ�D�QDWXUDO�VXFFXOHQW�GXFN�GLHW��RYHU�WZR
VXFFHVVLYH�\HDUV���0HUFXU\�DFFXPXODWHG�LQ�WKH
HJJV�WR�DQ�DYHUDJH�RI������DQG������PJ�NJ�ZZ
LQ�WKH�WZR�\HDUV���/HVLRQV�LQFOXGHG�GHP\HOLQD�
WLRQ��QHXURQ�VKULQNDJH��QHFURVLV��DQG�KHPRU�
UKDJH�LQ�WKH�PHQLQJHV�RYHUO\LQJ�WKH�FHUHEHOOXP�

,Q�D�ILHOG�VWXG\�RI�WRWDO�PHUFXU\�LQ�HJJV�RI
FRPPRQ�WHUQV��)LPUHLWH��������HVWLPDWHG�WKH
WKUHVKROG�OHYHO�IRU�WR[LF�HIIHFWV�WR�EH�EHWZHHQ
����DQG�����PJ�NJ�ZZ���+HLQ]��������ZDV�DEOH
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WR�UHODWH�HJJ�FRQFHQWUDWLRQV�WR�VXEWOH�EHKDYLRUDO
HIIHFWV�LQ�PDOODUG�GXFNOLQJV���$V�GHVFULEHG
HDUOLHU��KH�IHG�GXFNV�D�GLHW�LQFOXGLQJ�����PJ
+J�NJ�GZ�RYHU�WKUHH�JHQHUDWLRQV�DQG�IRXQG
GHFUHDVHG�UHSURGXFWLYH�VXFFHVV�DQG�DOWHUHG
EHKDYLRU�RI�GXFNOLQJV���7KH�PHDQ�PHUFXU\
FRQFHQWUDWLRQ�LQ�HJJV�LQ�WKLV�VWXG\�ZDV�����
PJ�NJ��IZZ����,Q�D�VWXG\�RI�ULQJ�QHFNHG
SKHDVDQWV��)LPUHLWH��������IRXQG�D�VLJQLILFDQW
UHGXFWLRQ�LQ�KDWFKDELOLW\�DVVRFLDWHG�ZLWK�GLHWDU\
PHUFXU\�OHYHOV�EHWZHHQ�����DQG�����PJ�NJ�ZZ��
7KH�ORZ�HQG�RI�WKLV�HIIHFW�UDQJH�FRQWLQXHV�WR�EH
WKH�ORZHVW�REVHUYHG�DGYHUVH�HIIHFW�OHYHO
�/2$(/��IRU�PHUFXU\�LQ�ELUG�HJJV��

(VWDEOLVKLQJ�HIIHFW�OHYHOV�EDVHG�RQ�PHUFXU\
FRQFHQWUDWLRQV�LQ�IHDWKHUV�PXVW�EH�FRQVLGHUHG
ZLWK�FDXWLRQ���)HDWKHUV�UHSUHVHQW�D�URXWH�RI
H[FUHWLRQ�DQG�QRW�D�WDUJHW�RUJDQ���0HUFXU\�LV
GHSRVLWHG�LQ�IHDWKHUV�DW�WKH�WLPH�RI�PROW��ZKHQ
WKHUH�LV�DFWLYH�IHDWKHU�JURZWK�DQG�D�FRUUHV�
SRQGLQJ�EORRG�VXSSO\�WR�WKH�JURZLQJ�IHDWKHU
�*RHGH�DQG�GH%UXLQ�������)XUQHVV�HW�DO�������
%UDXQH���������2QFH�PHUFXU\�LV�LQ�IHDWKHUV��LW�LV
ERXQG�WR�WKH�VXOILGH�ERQGV�RI�IHDWKHU�NHUDWLQ
DQG�LV�QRW�SK\VLRORJLFDOO\�DYDLODEOH�
IRU�UHGLVWULEXWLRQ�WR�WDUJHW�RUJDQV���0HUFXU\
FRQWHQW�RI�IHDWKHUV�ZLOO�YDU\�ZLWK�WLPH�WR�ODVW
PROW��IHDWKHU�W\SH��DQG�DJH�DQG�VSHFLHV�RI�WKH
ELUG��0RQWHLUR�DQG�)XUQHVV���������)HDWKHUV
KDYH�WKH�DGYDQWDJH�RI�EHLQJ�D�QRQGHVWUXFWLYH
H[SRVXUH�DVVHVVPHQW�PDWUL[�ZKLFK�PD\�EH
UHVDPSOHG�LQ�WKH�VDPH�LQGLYLGXDO�DQG�ZKLFK�PD\
DOVR�EH�FRPSDUHG�ZLWK�PXVHXP�VSHFLPHQV
�$SSOHTXLVW�HW�DO����������7KH�FRQFHQWUDWLRQ�RI
PHUFXU\�LQ�WLVVXHV�PD\�DFWXDOO\�GHFUHDVH�GXULQJ
PROWLQJ�DV�PHUFXU\�LV�PRELOL]HG�IURP�WLVVXHV
LQWR�IHDWKHUV��)XUQHVV�HW�DO����������,Q�VHTXHQWLDO
IHDWKHU�ORVV�SDWWHUQV��WKH�ILUVW�SULPDU\�IHDWKHU�WR
EH�JURZQ�EDFN�KDV�WKH�JUHDWHVW�PHUFXU\
FRQFHQWUDWLRQ��DQG�WKH�FRQFHQWUDWLRQV�GHFUHDVH
LQ�VXEVHTXHQW�IHDWKHUV��/HZLV�DQG�)XUQHVV������
%UDXQH�������%UDXQH�DQG�*DVNLQ���������%HFNHU
HW�DO���������IRXQG�UHVXOWV�LQ�WKUHH�VSHFLHV�RI
ODULGV�ZKLFK�LPSOLHG�WKDW�PHUFXU\�LQ�WKH�ILUVW
GRZQ�RI�FKLFNV�ZDV�D�FRQVHTXHQFH�RI�PHUFXU\
OHYHOV�LQ�WKH�HJJ��ZKHUHDV�OHYHOV�LQ�IHDWKHUV�RI
FKLFNV�ZHUH�ODUJHO\�GXH�WR�PHUFXU\�LQJHVWHG�LQ�

IRRG���/HZLV�DQG�)XUQHVV��������IRXQG�WKDW�LQ
ODERUDWRU\�UHDUHG�EODFN�KHDGHG�JXOOV�����SHU�FHQW
RI�WKH�DGPLQLVWHUHG�PHUFXU\�ZDV�DFFXPXODWHG�LQ
WKH�SOXPDJH�LQGHSHQGHQW�RI�WKH�GRVH
DGPLQLVWHUHG���7KH�SHUFHQWDJH�RI�WKH�PHUFXU\
ERG\�EXUGHQ�IRXQG�LQ�SOXPDJH�YDULHV�IURP
VSHFLHV�WR�VSHFLHV�

$OPRVW�DOO�IHDWKHU�PHUFXU\�LV�WKH�RUJDQLF�IRUP
�7KRPSVRQ�DQG�)XUQHVV���������6SHFLHV�WKDW�DUH
HIIHFWLYH�LQ�GHPHWK\ODWLQJ�PHUFXU\��VXFK�DV�WKH
3URFHOODULIRUPHV��ZLOO�WHQG�WR�KDYH�D�ORZHU
SHUFHQWDJH�RI�WKHLU�WRWDO�PHUFXU\�ERG\�EXUGHQ
SDUWLWLRQHG�LQWR�WKH�IHDWKHUV�WKDQ�RWKHU�VSHFLHV
GR��.LP�HW�DO����������7KLV�FKDUDFWHU�LVWLF�KDV
EHHQ�LQWHUSUHWHG�DV�DQ�DGDSWDWLRQ�WR�WKH�VORZ
PROW�RI�IHDWKHUV�LQ�3URFHOODULIRUPHV��LQDVPXFK
DV�WKH\�GR�QRW�VKHG�IHDWKHUV�DV�TXLFNO\�DV�RWKHU
VSHFLHV��WKH�IHDWKHUV�DUH�OHVV�XVHIXO�DV�D�PHGLXP
IRU�WKH�VHTXHVWUDWLRQ�DQG�XOWLPDWH�H[FUHWLRQ�RI
PHWK\OPHUFXU\��.LP�
HW�DO���������

7KH�PROW�SDWWHUQ�RI�DQ\�JLYHQ�VSHFLHV�ZLOO�DOVR
KDYH�D�ODUJH�LQIOXHQFH�RQ�WKH�YDULDWLRQ�RI
PHUFXU\�FRQWHQW�EHWZHHQ�GLIIHUHQW�IHDWKHUV
ZLWKLQ�DQ�LQGLYLGXDO�ELUG��$SSOHTXLVW�HW�DO�
��������*UHDWHU�YDULDWLRQ�LQ�PHUFXU\�ZLWK�IHDWKHU
W\SH�VKRXOG�DOVR�EH�H[SHFWHG�LQ�PRUH
FRQWDPLQDWHG�HQYLURQPHQWV��%HFNHU�HW�DO���������
7KH�WLPLQJ�RI�IHDWKHU�JURZWK�PD\�DOVR�LQIOXHQFH
PHUFXU\�DFFXPXODWLRQ�LQ�RWKHU�WLVVXHV�LI�WKH
OHYHOV�RI�PHUFXU\�H[SRVXUH�GLIIHU�JUHDWO\
EHWZHHQ�WKH�ELUGV
�ZLQWHULQJ�DQG�EUHHGLQJ
JURXQGV���)RU�PHDQLQJIXO�TXDQWLWDWLYH
PRQLWRULQJ�RI�PHUFXU\�XVLQJ�IHDWKHUV��WKH
IHDWKHU�PHUFXU\�SDWWHUQ�IRU�D�VSHFLHV�VKRXOG�EH
HVWDEOLVKHG�DQG�VLPLODUO\�VDPSOHG�DPRQJ�WKRVH
LQGLYLGXDOV�RU�SRSXODWLRQV�ZKLFK�DUH�WR�EH
FRPSDUHG���)RU�KLVWRULF�FRPSDULVRQV�XVLQJ�ROGHU
PXVHXP�VSHFLPHQV��HVSHFLDOO\�LI�SUHVHUYDWLRQ
PHWKRGV�DUH�YDJXHO\�UHFRUGHG��LW�PD\�EH�SUXGHQW
WR�GHWHUPLQH�ERWK�WRWDO�PHUFXU\�DQG�PHWK\O�
PHUFXU\�LQ�IHDWKHUV�WR�HYDOXDWH�WKH�UHODWLYH
FRQWULEXWLRQ�RI�PHUFXULDO�XVHG�LQ�SUHVHUYDWLRQ
RI�WKH�DYLDQ�VNLQV�

,Q�D�UHYLHZ�RI�HIIHFWV�UHODWHG�WR�PHUFXU\
FRQFHQWUDWLRQV�LQ�IHDWKHUV��(LVOHU�������
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UHSRUWHG�WKDW�FRQFHQWUDWLRQV�EHWZHHQ���DQG�
���PJ�NJ��LQ�IHDWKHUV�DUH�OLQNHG�WR�LPSDLUHG
UHSURGXFWLRQ���6WHULOLW\�ZDV�REVHUYHG�LQ�WKH
)LQQLVK�VSDUURZ�KDZN��#EEKRKVGT�PKUWU��DW
IHDWKHU�PHUFXU\�FRQFHQWUDWLRQV�RI����PJ�NJ��
%RZHUPDQ�HW�DO���������IRXQG�WKDW�IHDWKHUV�RI
EDOG�HDJOHV�LQ�WKH�*UHDW�/DNHV�UHJLRQ�KDG
PHUFXU\�FRQFHQWUDWLRQV�RI����WR����PJ�NJ��EXW
WKH\�FRXOG�PDNH�QR�DVVRFLDWLRQ�EHWZHHQ
PHUFXU\�FRQFHQWUDWLRQV�DQG�EDOG�HDJOH�UHSUR�
GXFWLRQ���6FKHXKDPPHU��������VXJJHVWV�WKDW
IHDWKHU�PHUFXU\�FRQFHQWUDWLRQV�!���PJ�NJ�FDQ
UHVXOW�IURP�GLHWV�FRQWDLQLQJ�!��PJ�+J�NJ��DQG
WKDW�WKHVH�FRQFHQWUDWLRQV�SUREDEO\�LQGLFDWH�D
ZHWODQG�WKDW�SRVHV�D�PHUFXU\�ULVN�
WR�ELUGV���+H�HVWLPDWHV�WKH�QRUPDO�EDFNJURXQG
RI�PHUFXU\�LQ�UDSWRU�IHDWKHUV�WR�EH��²��PJ�NJ�

0DPPDOV

7KRXJK�IDU�IHZHU�VWXGLHV�KDYH�EHHQ�FRQGXFWHG
DVVHVVLQJ�PHUFXU\�WR[LFLW\�LQ�PDPPDOV�WKDQ�LQ
ELUGV��PDQ\�RI�WKH�JHQHUDO�PHFKDQLVPV�DUH
VLPLODU���/LNH�ELUGV��PDPPDOV�DFFXPXODWH
PHUFXU\�IURP�YDULRXV�HQYLURQ�PHQWDO�PDWULFHV�
EXW�WKRVH�OLYLQJ�LQ�RU�QHDU�ZDWHU�WHQG�WR
DFFXPXODWH�WKH�PRVW���.XFHUD��������UHSRUWV
WKDW�PLQN�DQG�ULYHU�RWWHU��LQ�GUDLQDJH�DUHDV
VXSSRUWLQJ����SXOS�DQG�SDSHU�PLOOV�DQG�D�FKORU�
DONDOL�SODQW��DFFXPXODWHG�
���WLPHV�PRUH�PHUFXU\�WKDQ�SUHGDWRU\�ILVK�IURP
WKH�VDPH�GUDLQDJH�DUHDV���*HQHUDOO\��FDUQLYRURXV
RU�SLVFLYRURXV�DQLPDOV�WHQG�WR�KDYH�WKH�KLJKHVW
ERG\�EXUGHQV��RPQLYRUHV�KDYH�LQWHUPHGLDWH
ERG\�EXUGHQV��DQG�KHUELYRUHV�WHQG�WR�KDYH�WKH
ORZHVW�ERG\�EXUGHQV���7KHUH�LV�DOVR�DQ�DJH�
UHODWHG�HIIHFW���ROGHU�DQLPDOV�WHQG�WR�KDYH�KLJKHU
ERG\�EXUGHQV�WKDQ�\RXQJHU�RQHV���7KLV�LV
SUREDEO\�GXH�WR�D�FRPELQDWLRQ�RI�IDFWRUV
LQFOXGLQJ�WKH�OHQJWK�RI�WLPH�WKH�ROGHU�DQLPDOV
KDYH�KDG�WR�ELRDFFXPXODWH�PHUFXU\��WKH�\RXQJHU
DQLPDOV·�KLJKHU�PHWDEROLF�UDWH��DQG�WKH�ROGHU
DQLPDOV·�VORZHU�UDWH�RI�PHUFXU\�H[FUHWLRQ�

,Q�PDPPDOV��WKH�KLJKHVW�PHUFXU\�FRQFHQWUD�
WLRQV�DUH�JHQHUDOO\�IRXQG�LQ�KDLU�RU�LQ�OLYHU�RU
NLGQH\�WLVVXH��GHSHQGLQJ�XSRQ�WKH�VSHFLHV��WDEOH�

������0XVFOH�DQG�EUDLQ�WLVVXH�DOVR�WHQG�WR
DFFXPXODWH�PHUFXU\���7KH�SULPDU\�URXWH�RI
H[FUHWLRQ�LV�WKURXJK�WKH�KDLU���$QLPDOV�WKDW�JURZ
KHDY\�ZLQWHU�FRDWV�DQG�VKHG�WKHP�LQ�VXPPHU
WHQG�WR�H[FUHWH�PRUH�PHUFXU\�WKDQ�WKRVH�WKDW
GRQ·W���0HUFXU\�H[FUHWHG�WKURXJK�WKH�KDLU�LV
ERXQG�WR�SURWHLQV��MXVW�DV�LQ�ELUG�IHDWKHUV�

0DQLIHVWDWLRQV�RI�PHUFXU\�SRLVRQLQJ�LQ
PDPPDOV�LQFOXGH�ORVV�RI�PXVFOH�FRRUGLQDWLRQ�
ORVV�RI�DSSHWLWH��DQG�VHQVRU\�LPSDLUPHQW��
6HQVRU\�LPSDLUPHQW�KDV�EHHQ�GHVFULEHG�LQ
KXPDQV�DQG�PRQNH\V�DV�FRQVWULFWLRQ�RI�WKH
YLVXDO�ILHOG�DQG�ORVV�RI�KHDULQJ���2UJDQLF
PHUFXU\�LV�PRUH�WR[LF�WR�PDPPDOV�WKDQ
LQRUJDQLF�PHUFXU\��PHWK\OPHUFXU\�LUUHYHUVL�EO\
GHVWUR\V�WKH�QHXURQV�RI�WKH�FHQWUDO�QHUYRXV
V\VWHP���$QLPDOV�H[SRVHG�WR�VXE�OHWKDO�PHUFXU\
FRQFHQWUDWLRQV��RU�VXIIHULQJ�IURP�FKURQLF�ORZ�
OHYHO�H[SRVXUH��PD\�DSSHDU�QRUPDO���:KHQ
VWUHVVHG��WKRXJK��WKH\�PD\�QRW�EH�DEOH�WR
SHUIRUP�DGHTXDWHO\�WR�VXUYLYH�WKH�ULJRUV�RI
OLYLQJ�LQ�WKH�ZLOG�

0HUFXU\�FURVVHV�WKH�SODFHQWDO�EDUULHU�DQG
UHDFKHV�WKH�GHYHORSLQJ�IHWXV���$�JUHDW�GHDO�RI
UHVHDUFK�KDV�EHHQ�GRQH�VWXG\LQJ�WKH�LPSDFWV�RI
RFFXSDWLRQDO�DQG�DFFLGHQWDO�PHUFXU\�H[SRVXUHV
WR�KXPDQ�IHWXVHV���)URP�WKLV�UHVHDUFK��WKH�IHWXV
LV�NQRZQ�WR�EH�PXFK�PRUH�VHQVLWLYH�WKDQ�WKH
DGXOW�WR�WKH�LOO�HIIHFWV�RI�PHUFXU\��*LUDUG�DQG
'XPRQW���������)RU�DOO�RUJDQLVPV�WHVWHG��HDUO\
GHYHORSPHQWDO�VWDJHV�KDYH�EHHQ�VKRZQ�WR�EH�WKH
PRVW�VHQVLWLYH�WR�PHUFXU\�SRLVRQLQJ��(LVOHU
��������0HWK\O�PHUFXU\�LV�IXUWKHUPRUH�D�NQRZQ
WHUDWRJHQ�DQG�PXWDJHQ�

%LRDFFXPXODWLRQ

0HUFXU\�VWURQJO\�ELRDFFXPXODWHV�DQG�HYHQ
ELRPDJQLILHV�WKURXJK�WURSKLF�OHYHOV�LQ�DTXDWLF
V\VWHPV���%LRPDJQLILFDWLRQ�RI�PHUFXU\�KDV�EHHQ
GRFXPHQWHG�LQ�ELUGV��)LPUHLWH��������ILVK��DQG
HYHQ�]RRSODQNWRQ�FRPPXQLWLHV��:DWUDV�DQG
%ORRP���������:LWKLQ�DTXDWLF�
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Table 25.&Mammalian mercury exposures and associated effects

Species

Hg concentration
(mg/kg dw) Tissue Effects Reference

Cat (Felis domesticus) 121%392 (fw) Hair Death Jenkins 1980

Mink (Mustela vison) 30%40 Liver Death; also suffering from cold
stress

Wren et al. 1987

4%18 Brain

7.8 Muscle Nervous system pathology Burton et al. 1977

25.4 Liver Nervous system pathology Hallbrook et al. 1994

58.2 Liver Death Wobeser et al. 1976

34.9 Fur

31.9 Kidney

15.2 Muscle

13.4 Brain

Monkeys 1.2%4  Blood Visual disturbance Suzuki 1979

6%9 Brain Visual disturbances Burton et al. 1977

Mountain lion 110 Liver Death Roelke 1990

River otter (Lutra
canadensis)

13.5 Muscle Death Hallbrook et al. 1994

30 Liver Death

White-footed mouse
(Peromyscus
maniculatus)

0.31 Hair No effect Burton et al. 1977

10.8 Normal appearance; poor
performance under stress

V\VWHPV��WKH�QHW�UDWH�RI�PHWK\ODWLRQ�
GHPHWK\ODWLRQ�SURFHVVHV�LQ�ZDWHU�DQG�VHGLPHQWV
XOWLPDWHO\�JRYHUQV�WKH�ELR�DYDLODELOLW\�RI
PHUFXU\���%RWK�SURFHVVHV�DUH�ELRORJLFDO��DQG
GHPHWK\ODWLRQ�LV�EHWWHU�XQGHUVWRRG�WKDQ
PHWK\ODWLRQ��=LOOLRX[�HW�DO����������6HYHUDO
IDFWRUV�KDYH�EHHQ�VKRZQ�WR�LQIOXHQFH�WKH�QHW
UDWH�RI�PHWK\OPHUFXU\�SURGXFWLRQ���7KRVH�WKDW
LQFUHDVH�SURGXFWLRQ�LQFOXGH�KLJK�GLVVROYHG
RUJDQLF�FDUERQ�FRQWHQW��ORZ�S+��WKH�SUHVHQFH�RI
VXOILGHV��DQG�KLJK�WHPSHUDWXUHV�

:LWKLQ�D�ZDWHUVKHG��ZHWODQGV�HQKDQFH�WKH�UDWH
RI�PHWK\OPHUFXU\�SURGXFWLRQ��/HH�DQG�+XOWEHUJ
�������DQG�VR�GR�UHVHUYRLUV��SDUWLFXODUO\�QHZ
UHVHUYRLUV���7KH�´QHZ�UHVHUYRLU�HIIHFW�µ�ZKHUHE\
D�SXOVH�RI�PHWK\OPHUFXU\�LV�SURGXFHG�LQ�WKH
ILUVW�IHZ�\HDUV�RI�UHVHUYRLU�ILOOLQJ��LV�XVXDOO\

FUHGLWHG�WR�WKH�LQLWLDO�QXWULHQW�LQSXW�IURP
GHFD\LQJ�WHUUHVWULDO�YHJHWDWLRQ�NLOOHG�E\�WKH�ULVLQJ
ZDWHUV���,W�VKRXOG�EH�QRWHG�WKDW�WKLV�HIIHFW�LV�QRW
OLPLWHG�WR�WKRVH�UHJLRQV�WKDW�KDYH�ORFDO
JHRORJLFDO�RU�LQGXVWULDO�VRXUFHV��DWPRVSKHULF
LQSXW�DORQH�PD\�EH�VXIILFLHQW�WR�SURGXFH�D
GHWHFWDEOH�SXOVH�RI�PHWK\OPHUFXU\���$OWKRXJK
PHUFXU\�ELRFRQFHQWUDWLRQ�IDFWRUV��%&)V��IURP
ZDWHU�WR�ILVK�RI�RYHU�D�PLOOLRQ�DUH�QRW
XQFRPPRQ��:DWUDV�HW�DO��������%ORRP�HW�DO�
������3RUFHOOD�������6XFKDQHN�HW�DO��������
3RUFHOOD�KDV�FDXWLRQHG�WKDW�WKHVH�%&)V�PD\�QRW
EH�DSSOLFDEOH�RYHU�D�ZLGH�UDQJH�RI�ZDWHU
TXDOLWLHV�EHFDXVH�VR�PDQ\�IDFWRUV�LQIOXHQFH
PHUFXU\�ELRDYDLODELOLW\�
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,QWHUDFWLRQV

0HUFXU\�LV�NQRZQ�WR�LQWHUDFW�WR[LFRORJLFDOO\
ZLWK�RWKHU�HOHPHQWV�LQ�DGGLWLYH��V\QHUJLVWLF��DQG
DQWDJRQLVWLF�ZD\V���,WV�LQWHUDFWLRQV�ZLWK�VHOHQLXP
DUH�RI�SDUWLFXODU�LQWHUHVW���%RWK�PHUFXU\�DQG
VHOHQLXP�ELRDFFXPXODWH��ERWK�ELQG�WR�RUJDQR�
WKLRO�JURXSV��DQG�ERWK�KDYH�WKHLU�JUHDWHVW�WR[LF
HIIHFW�WKURXJK�GLHWDU\�H[SRVXUH�WR�WKH�RUJDQLF
IRUPV���,QWHUDFWLRQV�EHWZHHQ�VHOHQLXP�DQG
PHUFXU\�KDYH�EHHQ�H[WHQVLYHO\�GRFXPHQWHG
�&XYLQ�$UDODU�DQG�)XUQHVV�������6RUHQVHQ
�������DOWKRXJK�PDQ\�FRQIOLFWLQJ�UHVXOWV�KDYH
EHHQ�UHSRUWHG���7KHVH�LQWHUDFWLRQV�YDU\�JUHDWO\
LQ�FKDUDFWHU�DQG�LQ�VWUHQJWK��GHSHQGLQJ�RQ
ZKHWKHU�WKH�IRUPV�RI�WKH�WZR�HOHPHQWV�DUH
RUJDQLF�RU�LQRUJDQLF���7KH�H[DFW�FKHPLFDO
VSHFLDWLRQ��DQG�RWKHU�IDFWRUV��FDQ�FDXVH�WKH
WR[LFLW\�RI�VHOHQLXP�WR�EH�LQFUHDVHG��UHGXFHG��RU
XQDIIHFWHG�E\�WKH�SUHVHQFH�RI�PHUFXU\���6HOHQLWH
KDV�EHHQ�VKRZQ�

WR�SURWHFW�DJDLQVW�NLGQH\�SRLVRQLQJ�FDXVHG�E\�
LQRUJDQLF�PHUFXU\�VDOWV���(O�%HJHDUPL�HW�DO�
�������GHPRQVWUDWHG�WKDW�VRGLXP�VHOHQLWH
UHGXFHG�WKH�WR[LFLW\�RI�PHWK\OPHUFXU\�DQG
LQFUHDVHG�WKH�VXUYLYDO�RI�-DSDQHVH�TXDLO��
+RZHYHU��+HLQ]�DQG�+RIIPDQ��������IRXQG
FRQIOLFWLQJ�UHVXOWV�ZKHQ�WKH\�VWXGLHG�WKH
LQWHUDFWLRQV�RI�VHOHQRPHWKLRQLQH�DQG
PHWK\OPHUFXU\�LQ�WKH�GLHWV�RI�FDSWLYH�PDOODUGV��
WKH�VHOHQLXP�DQG�PHUFXU\�WRJHWKHU�ZHUH�OHVV
OLNHO\�WR�SRLVRQ�DGXOW�ELUGV�WKDQ�HLWKHU�HOHPHQW
VHSDUDWHO\�EXW�PRUH�OLNHO\�WR�LPSDLU
UHSURGXFWLRQ���7KH�SUHVHQFH�RI�PHWK\OPHUFXU\
LQ�WKH�GLHW�DOVR�JUHDWO\�HQKDQFHG�WKH�VWRUDJH�RI
VHOHQLXP�LQ�ERWK�HJJV�DQG�OLYHUV��DQG��VLPLODUO\�
WKH�SUHVHQFH�RI�VHOHQLXP�HQKDQFHG�WKH�VWRUDJH
RI�PHUFXU\���7HUDWRJHQHVLV�ZDV�PRVW�VHYHUH�LQ
WKH�HJJV�RI�PDOODUGV�WKDW�KDG�EHHQ�IHG�ERWK
PHWK\O�PHUFXU\�DQG�VHOHQRPHWKLRQLQH�

5HJXODWRU\�6WDQGDUGV

U.S. Environmental Protection Agency Standards and Criteria
[See Appendix II for explanation of terms.  Source:  EPA 1986, 1995,

1997a, 1997b]

Status EPA priority pollutant

Drinking water MCL 2 µg/L

Drinking-water health
advisories for 70-kg adult

Reference dose:   0.3 µg/kg/day
Long-term HA:   2    µg/L
Lifetime HA:   2    µg/L
DWEL: 10    µg/L

Freshwater criteria (for
dissolved Hg)

2.4 µg/L for acute exposure
0.012 µg/L for chronic exposure

1/1,000,000 cancer risk 0.144 µg/L (water and organisms)
0.146 µg/L (organisms only)

Human health criterion 0.05 µg/L total Hg (water; based on
bioconcentration in fish)

Wildlife criterion for
protection of bald eagles

0.000082 µg/L methylmercury (based on
biomagnification through multiple trophic
levels)

Wildlife criterion for
protection of piscivorous
species

0.00005 µg/L methylmercury (.0.00064 µg/L
total mercury)
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7KH�8�6��)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ�DFWLRQ
OHYHO�IRU�PHWK\OPHUFXU\�LQ�WKH�HGLEOH�SRUWLRQV
RI�ILVK��VKHOOILVK��FUXVWDFHDQV��DQG�RWKHU�DTXDWLF
DQLPDOV�LV�����PJ�NJ�ZZ��)'$�������

)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�

5HIHUHQFHV�&LWHG

$SSOHTXLVW��+���6��$VELUN��DQG�,��'UDEDHN���������
0HUFXU\�PRQLWRULQJ���0HUFXU\�VWDELOLW\�LQ�ELUG
IHDWKHUV���/CTKPG�2QNN��$WNN����������²�����

$XGHW��'�-���'�6��6FRWW��DQG�6�1��:LHPH\HU���������
2UJDQRFKORULQHV�DQG�PHUFXU\�LQ�RVSUH\�HJJV
IURP�WKH�(DVWHUQ�8QLWHG�6WDWHV���,��4CRVQT�4GU�
���������²����

%DUU��-�)����������3RSXODWLRQ�G\QDPLFV�RI�WKH
FRPPRQ�ORRQ��)CXKC�KOOGT��DVVRFLDWHG�ZLWK
PHUFXU\�FRQWDPLQDWHG�ZDWHUV�LQ�QRUWKZHVWHUQ
2QWDULR���&DQDGLDQ�:LOGOLIH�6HUYLFH��2WWDZD�
2QWDULR��2FFDVLRQDO�3DSHU����

%HFNHU��3�+����������(JJ�PHUFXU\�OHYHOV�GHFOLQH�ZLWK
WKH�OD\LQJ�VHTXHQFH�LQ�&KDUDGULLIRUPHV���$WNN�
'PXKTQP��%QPVCO��6QZKEQN�������������

%HFNHU��3�+���'��+HQQLQJ��DQG�5�:��)XUQHVV���������
'LIIHUHQFHV�LQ�PHUFXU\�FRQWDPLQDWLRQ�DQG
HOLPLQDWLRQ�GXULQJ�IHDWKHU�GHYHORSPHQW�LQ�JXOO
DQG�WHUQ�EURRGV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²�����

%LUJH��:�-���2�:��5REHUWV��DQG�-�$��%ODFN���������
7R[LFLW\�RI�PHWDO�PL[WXUHV�WR�FKLFN�HPEU\RV��
$WNN��'PXKTQP��%QPVCO��6QZKEQN�
���������²����

%ORRP��1�6���&�-��:DWUDV��DQG�-�3��+XUOH\���������
,PSDFW�RI�DFLGLILFDWLRQ�RQ�WKH�PHWK\OPHUFXU\
F\FOH�RI�UHPRWH�VHHSDJH�ODNHV���9CVGT��#KT��5QKN
2QNN��������²����

%RZHUPDQ��:�:���,9��(�'��(YDQV��-�3��*LHV\��DQG
6��3RVWXSDOVN\����������8VLQJ�IHDWKHUV�WR�DVVHVV
ULVN�RI�PHUFXU\�DQG�VHOHQLXP�WR�EDOG�HDJOH
UHSURGXFWLRQ�LQ�WKH�*UHDW�/DNHV�UHJLRQ���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN���������²�������

%UDXQH��%�0����������&RPSDULVRQ�RI�WRWDO�PHUFXU\
OHYHOV�LQ�UHODWLRQ�WR�GLHW�DQG�PROW�IRU�QLQH
VSHFLHV�RI�PDULQH�ELUGV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²������

%UDXQH��%�0���DQG�'�(��*DVNLQ����������0HUFXU\
OHYHOV�LQ�%RQDSDUWH·V�JXOOV��.CTWU�RJKNCFGNRJKC�
GXULQJ�DXWXPQ�PROW�LQ�WKH�4XRGG\�UHJLRQ��1HZ
%UXQVZLFN��&DQDGD���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²������

%XUURZV��:�'���DQG�3�$��.UHQNHO����������6WXGLHV�RQ
XSWDNH�DQG�ORVV�RI�PHWK\OPHUFXU\�����E\
EOXHJLOOV��.GRQOKU�OCETQEJKTWU�5DI�����'PXKTQP�
5EK��6GEJPQN�����������

%XUWRQ��*�9���5�-��$OOH\��*�/��5DVVPXVVHQ��3��2UWRQ�
9��&R[��3��-RQHV��DQG�'��*UDII����������0HUFXU\
DQG�EHKDYLRU�LQ�ZLOG�PRXVH�SRSXODWLRQV��
'PXKTQP��4GU�������²���

%\UQH��$�5���/��.RVWD��DQG�3��6WHJQDU���������7KH
RFFXUUHQFH�RI�PHUFXU\�LQ�DPSKLELD���'PXKTQP�
.GVV�������²����

&OHDQ�:DWHU�)XQG����������0HUFXU\�ZDUQLQJ���7KH
ILVK�\RX�FDWFK�PD\�EH�XQVDIH�WR�HDW³$�VWXG\�RI
PHUFXU\�FRQWDPLQDWLRQ�LQ�WKH�8QLWHG�6WDWHV��
&OHDQ�:DWHU�)XQG��:DVKLQJWRQ�

&RPSHDX��*�&���DQG�5��%DUWKD����������6XOIDWH�
UHGXFLQJ�EDFWHULD���SULQFLSDO�PHWK\ODWRUV�RI
PHUFXU\�LQ�DQR[LF�HVWXDULQH�VHGLPHQW���#RRN�
'PXKTQP��/KETQDKQN������������²����

&XYLQ�$UDODU��0�/�$���DQG�5�:��)XUQHVV���������
0HUFXU\�DQG�VHOHQLXP�LQWHUDFWLRQ��D�UHYLHZ��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

'YRQFK��-�7���$�)��9HWWH��*�-��.HHOHU��*��(YDQV��DQG
5��6WHYHQV���������$Q�LQWHQVLYH�PXOWL�VLWH�VWXG\
LQYHVWLJDWLQJ�DWPRVSKHULF�PHUFXU\�LQ�%URZDUG
&RXQW\��)ORULGD���9CVGT��#KT��5QKN�2QNN�
������²�����
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(LVOHU��5����������/GTEWT[�JC\CTFU�VQ�HKUJ��YKNFNKHG
CPF�KPXGTVGDTCVGU���#�U[PQRVKE�TGXKGY���8�6�
)LVK�DQG�:LOGOLIH�6HUYLFH��%LRORJLFDO�5HSRUW
����������3DWX[HQW�:LOGOLIH�5HVHDUFK�&HQWHU�
/DXUHO��0DU\ODQG�����S�

(O�%HJHDUPL��0�0���0�/��6XQGH��DQG�0�(��*DQWKHU�
�������$�PXWXDO�SURWHFWLYH�HIIHFW�RI�PHUFXU\
DQG�VHOHQLXP�LQ�-DSDQHVH�TXDLO���2QWNV��5EK�
�����������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
$PELHQW�ZDWHU�TXDOLW\�FULWHULD�GRFXPHQW�IRU
PHUFXU\���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\�5HSRUW������²��²������$YDLODEOH�IURP
1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH�
6SULQJILHOG��9LUJLQLD���������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
4XDOLW\�FULWHULD�IRU�ZDWHU��������8�6�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI
:DWHU�5HJXODWLRQV�DQG�6WDQGDUGV��:DVKLQJWRQ��
5HSW��(3$������²�������������S���$YDLODEOH
IURP�1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH�
6SULQJILHOG��9LUJLQLD�������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������
*UHDW�/DNHV�:DWHU�4XDOLW\�,QLWLDWLYH�&ULWHULD
'RFXPHQWV�IRU�WKH�SURWHFWLRQ�RI�:LOGOLIH
�3URSRVHG����''7��0HUFXU\����������7&''�
3&%V���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
2IILFH�RI�:DWHU��2IILFH�RI�6FLHQFH�DQG
7HFKQRORJ\��:DVKLQJWRQ���(3$�����5���������
$SULO�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK
DGYLVRULHV���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��2IILFH�RI�:DWHU��:DVKLQJWRQ������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������D��
:DWHU�TXDOLW\�VWDQGDUGV��(VWDEOLVKPHQW�RI
QXPHULF�FULWHULD�IRU�SULRULW\�WR[LF�SROOXWDQWV�IRU
WKH�6WDWH�RI�&DOLIRUQLD��3URSRVHG�UXOH���)HGHUDO
5HJLVWHU��$XJXVW�����������������������²������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��������E��
$Q�HFRORJLFDO�DVVHVVPHQW�RI�DQWKURSRJHQLF
PHUFXU\�HPLVVLRQV�LQ�WKH�8QLWHG�6WDWHV���9RO���
RI���/GTEWT[�UVWF[�TGRQTV�VQ�%QPITGUU���8�6�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��:DVKLQJWRQ��
(3$²����5²��²������>$YDLODEOH�YLD�,QWHUQHW�DW
KWWS���ZZZ�HSD�JRY�
WWQXDWZ�����QPHUF�PHUFXU\�KWPO�@

)DODQG\V]�-���%��-DNXF]XQ��DQG�7��0L]HUD���������
0HWDOV�DQG�RUJDQRFKORULQHV�LQ�IRXU�IHPDOH
ZKLWH�WDLOHG�HDJOHV���/CTKPG�2QNN��$WNN�
���������������

)'$��)RRG�DQG�'UXJ�$GPLQLVWUDWLRQ����������
$FWLRQ�OHYHOV�IRU�SRLVRQRXV�RU�GHOHWHULRXV
VXEVWDQFHV�LQ�KXPDQ�IRRG�DQG�DQLPDO�IHHG
>ERRNOHW@���8�6��)RRG�DQG�'UXJ�$GPLQLVWUD�
WLRQ��,QGXVWU\�$FWLYLWLHV�6WDII��:DVKLQJWRQ�

)LPUHLWH��1���������(IIHFWV�RI�GLHWDU\�PHWK\OPHUFXU\
RQ�ULQJ�QHFNHG�SKHDVDQWV���%CP��9KNFN��5GTX�
1EECU��2CR��������S��

)LPUHLWH��1����������0HUFXU\�FRQWDPLQDWLRQ�RI
DTXDWLF�ELUGV�LQ�QRUWKZHVWHUQ�2QWDULR���
,��9KNFN��/CPCIG��������²����

)LQOH\��0�7���DQG�5�&��6WHQGHOO����������6XUYLYDO�DQG
UHSURGXFWLYH�VXFFHVV�RI�EODFN�GXFNV�IHG
PHWK\OPHUFXU\���'PXKTQP��2QNNWV��������²���

)LQOH\��0�7���:�+��6WLFNHO��DQG�5�(��&KULVWHQVHQ�
������0HUFXU\�UHVLGXHV�LQ�WLVVXHV�RI�GHDG�DQG
VXUYLYLQJ�ELUGV�IHG�PHWK\O�PHUFXU\���$WNN�
'PXKTQP��%QPVCO��6QZKEQN�������������

)XUQHVV��5�:���6�-��0XLUKHDG��DQG�0��:RRGEXUQ��
�������8VLQJ�ELUG�IHDWKHUV�WR�PHDVXUH�PHUFXU\
LQ�WKH�HQYLURQPHQW���5HODWLRQVKLS�EHWZHHQ
PHUFXU\�FRQWHQW�DQG�PROW���/CTKPG�2QNN��$WNN�
���������²�����

)XWWHU��0�1���������3HODJLF�IRRG�ZHE�VWUXFWXUH
LQIOXHQFHV�SUREDELOLW\�RI�PHUFXU\�FRQWDPLQDWLRQ
LQ�ODNH�WURXW��5CNXGNKPWU�PCOC[EWUJ����5EK��6QVCN
'PXKTQP�������²����

*LOO��*�$���DQG�.�:��%UXODQG����������0HUFXU\
VSHFLDWLRQ�LQ�VXUIDFH�IUHVKZDWHU�V\VWHPV�LQ
&DOLIRUQLD�DQG�RWKHU�DUHDV���'PXKTQP��5EK�
6GEJPQN������������²�������

*LOO��7�6���DQG�-�&��3DQW����������(IIHFWV�RI�VXEOHWKDO
FRQFHQWUDWLRQV�RI�PHUFXU\�LQ�D�WHOHRVW�2WPVKWU
EQPEJQPKWU���%LRFKHPLFDO�DQG�KDHPDWRORJLFDO
UHVSRQVHV���+PFKCP�,��'ZR��$KQN���������

*LOOHVSLH��'�&���DQG�'�3��6FRWW����������0RELOL]DWLRQ
RI�PHUFXU\�VXOILGH�IURP�VHGLPHQW�LQWR�ILVK
XQGHU�DHURELF�FRQGLWLRQV���,��(KUJ��4GU��$QCTF
%CP����������
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*LUDUG��0���DQG�&��'XPRQW����������([SRVXUH�RI
-DPHV�%D\�&UHH�WR�PHWK\OPHUFXU\�GXULQJ
SUHJQDQF\�IRU�WKH�\HDUV�����²�����9CVGT��#KT�
5QKN�2QNN�������²���

*RFKIHOG��0����������7LVVXH�GLVWULEXWLRQ�RI�PHUFXU\
LQ�QRUPDO�DQG�DEQRUPDO�\RXQJ�FRPPRQ�WHUQV��
/CTKPG�2QNN��$WNN���������������

*RHGH��$�$���DQG�0��GH%UXLQ����������7KH�XVH�RI
ELUG�IHDWKHU�SDUWV�DV�D�PRQLWRU�IRU�PHWDO
SROOXWLRQ���'PXKTQP��2QNN���%�������²����

+DLQHV��7�$����������$WPRVSKHULF�GHSRVLWLRQ�LV�D
PDMRU�VRXUFH�RI�PHUFXU\�WR�DTXDWLF�DQG
WHUUHVWULDO�V\VWHPV���8�6��)LVK�DQG�:LOGOLIH
6HUYLFH��5HVHDUFK�,QIRUPDWLRQ�%XOOHWLQ��������

+DOO��5�-���DQG�%�0��0XOKHUQ����������$UH�DQXUDQ
DPSKLELDQV�KHDY\�PHWDO�DFFXPXODWRUV"��,Q��
8GTVGDTCVG�'EQNQI[�CPF�5[UVGOCVKEU��8QLYHUVLW\�
RI�.DQVDV��/DZUHQFH��.DQVDV��0XVHXP�RI
1DWXUDO�+LVWRU\��6SHFLDO�3XEOLFDWLRQ��
S�����²����

+DOO��%�'���5�$��%RGDO\��5�-�3��)XGJH��DQG�
-�:�0��5XGG����������)RRG�DV�WKH�GRPLQDQW
SDWKZD\�RI�PHWK\OPHUFXU\�XSWDNH�E\�ILVK���2UDO
SUHVHQWDWLRQ�WR�,QWHUQDWLRQDO�&RQIHUHQFH�RQ
0HUFXU\�DV�D�*OREDO�3ROOXWDQW��-XO\���²���������
:KLVWOHU��%ULWLVK�&ROXPELD�

+DOOEURRN��5�6���-�+��-HQNLQV��3�%��%XVK��DQG�
1�'��6HDEROW����������6XEOHWKDO�FRQFHQWUDWLRQV
RI�PHUFXU\�LQ�ULYHU�RWWHUV���PRQLWRULQJ
HQYLURQPHQWDO�FRQWDPLQDWLRQ����#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

+HDWRQ�-RQHV��7�*���&�-�*��:KLWWDNHU��5��2IUL��
'�(��%URRNV��'�$��6DPXHOVRQ��%�/��+RPHU��
6�)��6XQGORI���DQG�:�:��'DZVRQ����������
$SSOLFDWLRQ�RI�HOHFWURUHWLQRJUDSK\�DV�D
GLDJQRVWLF�WRRO�IRU�DVVHVVLQJ�HQYLURQPHQWDO
PHUFXU\�RSWKDOPRORJLF�QHXURWR[LFLW\�LQ�WKH
$PHULFDQ�DOOLJDWRU��#NNKICVQT�OKUUKUUKRRKGPUKU����
2UDO�SUHVHQWDWLRQ�WR�,QWHUQDWLRQDO�&RQIHUHQFH
RQ�0HUFXU\�DV�D�*OREDO�3ROOXWDQW���-XO\���²���
������:KLVWOHU��%ULWLVK�&ROXPELD���

+HLQ]��*����������(IIHFWV�RI�ORZ�GLHWDU\�OHYHOV�RI
PHWK\O�PHUFXU\�RQ�PDOODUG�UHSURGXFWLRQ���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+HLQ]��*����������0HWK\OPHUFXU\���UHSURGXFWLYH�DQG
EHKDYLRUDO�HIIHFWV�RQ�WKUHH�JHQHUDWLRQV�RI
PDOODUG�GXFNV���,��9KNFN��/CPCIG�
���������²����

+HLQ]��*�+�����������0HUFXU\�SRLVRQLQJ�LQ�ZLOGOLIH��
,Q���)DLUEURWKHU��$���/�1��/RFNH��DQG�*�/��+RII�
HGV���0QPKPHGEVKQWU�FKUGCUGU�QH�YKNFNKHG���G�HG��
,RZD�6WDWH�8QLYHUVLW\�3UHVV��$PHV��,RZD�
S�����²����

+HLQ]��*�+���DQG�'�-��+RIIPDQ����������0HWK\O�
PHUFXU\��FKORULGH�DQG�VHOHQRPHWKLRQLQH
LQWHUDFWLRQV�RQ�KHDOWK�DQG�UHSURGXFWLRQ
LQ�PDOODUGV���'PXKTQP��6QZKEQN��%JGO�
���������²����

+HLQ]��*���DQG�/�1��/RFNH����������%UDLQ�OHVLRQV�LQ
PDOODUG�GXFNOLQJV�IURP�SDUHQWV�IHG
PHWK\OPHUFXU\���#XKCP�&KU���������²����

+RIIPDQ��'���DQG�-��0RRUH����������7HUDWRJHQLF
HIIHFWV�RI�H[WHUQDO�HJJ�DSSOLFDWLRQV�RI
PHWK\OPHUFXU\�LQ�WKH�PDOODUG��#PCU
RNCV[TJ[PEJQU���6GTCVQNQI[�������²�����

-HQNLQV��'�:����������%LRORJLFDO�PRQLWRULQJ�RI�WR[LF
WUDFH�PHWDOV���9ROXPH�����7R[LF�WUDFH�PHWDOV�LQ
SODQWV�DQG�DQLPDOV�RI�WKH�ZRUOG���3DUW�,,��
0HUFXU\���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\�5HSW��������²��²�������²����

.LP��(�<���7��0XUDNDPL��.��6DHIL��DQG�
5��7DWVXNDZD����������0HUFXU\�OHYHOV�DQG�
LWV�FKHPLFDO�IRUP�LQ�WLVVXHV�DQG�RUJDQV�RI
VHDELUGV����#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

.XFHUD��(����������0LQN�DQG�RWWHU�DV�LQGLFDWRUV�RI
PHUFXU\�LQ�0DQLWRED�ZDWHUV���%CP��,QWT��<QQN�
��������

/HH��<�+���DQG�+��+XOWEHUJ����������0HWK\OPHUFXU\
LQ�VRPH�6ZHGLVK�ZDWHUV���'PXKTQP��6QZKEQN�
%JGO�������²�������

/HZLV��6�$���DQG�5�:��)XUQHVV����������0HUFXU\
DFFXPXODWLRQ�DQG�H[FUHWLRQ�LQ�ODERUDWRU\�UHDUHG
EODFN�KHDGHG�JXOO�.CTWU�TKFKDWPFWU�FKLFNV��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²�����



0HUFXU\

���

/LWWUHO��(�(����������0HUFXU\�LQ�ZHVWHUQ�JUHEHV�DW
/DNH�%HUU\HVVD�DQG�&OHDU�/DNH��&DOLIRUQLD��
%CNKHQTPKC�(KUJ�CPF�)COG����������²�����

/RQJ�(�5���DQG�/�*��0RUJDQ����������7KH�SRWHQWLDO
IRU�ELRORJLFDO�HIIHFWV�RI�VHGLPHQW�VRUEHG
FRQWDPLQDQWV�WHVWHG�LQ�WKH�1DWLRQDO�6WDWXV�DQG
7UHQGV�3URJUDP���8�6��1DWLRQDO�2FHDQRJUDSKLF
DQG�$WPRVSKHULF�$GPLQLVWUDWLRQ��12$$
7HFKQLFDO�0HPRUDQGXP�126�20$����������S��

/RQJ��(�5���'�'��0DF'RQDOG��6�/��6PLWK��DQG�
)�'��&DOGHU����������,QFLGHQFH�RI�DGYHUVH
ELRORJLFDO�HIIHFWV�ZLWKLQ�UDQJHV�RI�FKHPLFDO
FRQFHQWUDWLRQV�LQ�PDULQH�DQG�HVWXDULQH
VHGLPHQWV���'PXKTQPOGPVCN�/CPCIGOGPV
������������

0DFOHRG��-�&���DQG�(��3HVVDK����������7HPSHUDWXUH
HIIHFWV�RQ�PHUFXU\�DFFXPXODWLRQ��WR[LFLW\��DQG
PHWDEROLF�UDWH�LQ�UDLQERZ�WURXW��5CNOQ
ICKTFPGTK����,��(KUJ���4GU��$QCTF�%CP���������

0DODQL��6���DQG�+��0RGHW]����������&RDO�FOHDQLQJ
KDQGERRN���$FXUH[�&RUSRUDWLRQ��5HSW��75����
���VU��S��$�²$�����²����²����

0DWLGD��<���+��.XPXGD��6��.LPXUD��<��6DLJD��
7��1RVH��0��<RNRWH��DQG�+��.DZDWVX���������
7R[LFLW\�RI�PHUFXU\�FRPSRXQGV�WR�DTXDWLF
RUJDQLVPV�DQG�DFFXPXODWLRQ�RI�WKH�FRPSRXQGV
E\�WKH�RUJDQLVPV���$WNN��(TGUJYCVGT�(KUJ��4GU�
.CD�����������

0F.LP��-�0���*�)��2OVRQ��*�:��+ROFRPEH��DQG�
(�3��+XQW����������/RQJ�WHUP�HIIHFWV�RI
PHWK\OPHUFXULF�FKORULGH�RQ�WKUHH�JHQHUDWLRQV
RI�EURRN�WURXW��5CNXGNKPWU�HQPVKEPCNKU����WR[LFLW\
DFFXPXODWLRQ��GLVWULEXWLRQ�DQG�HOLPLQDWLRQ���
,��(KUJ��4GU��$QCTF�%CP���������������

0RQWHLUR��/�5���DQG�5�:��)XUQHVV����������6HDELUGV
DV�PRQLWRUV�RI�PHUFXU\�LQ�WKH�PDULQH
HQYLURQPHQW���9CVGT��#KT��5QKN�2QNN���������
����

0RRUH��-�:���DQG�6��5DPDPRRUWK\����������*GCX[
OGVCNU�KP�PCVWTCN�YCVGTU��#RRNKGF�OQPKVQTKPI
CPF�KORCEV�CUUGUUOGPV���6SULQJHU�9HUODJ��1HZ
<RUN������S���

1$6��1DWLRQDO�$FDGHP\�RI�6FLHQFHV�����������#P
CUUGUUOGPV�QH�OGTEWT[�KP�VJG�GPXKTQPOGPV��
1DWLRQDO�$FDGHP\�RI�6FLHQFHV��:DVKLQJWRQ���

1HZWRQ��,���DQG�0�%��+DDV����������3ROOXWDQWV�LQ
PHUOLQ�HJJV�DQG�WKHLU�HIIHFWV�RQ�EUHHGLQJ��
$TKVKUJ�$KTFU�����������������

1LLPL��$�-���DQG�*�3��.LVVRRQ����������(YDOXDWLRQ�RI
WKH�FULWLFDO�ERG\�EXUGHQ�FRQFHSW�EDVHG�RQ
LQRUJDQLF�DQG�RUJDQLF�PHUFXU\�WR[LFLW\�WR
UDLQERZ�WURXW��1PEJQT[PEJWU�O[MKUU����#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

2GVM|��7����������(JJVKHOO�WKLFNQHVV�DQG�OHYHOV�RQ
''7��3&%�DQG�PHUFXU\�LQ�WKH�HJJV�RI�RVSUH\
�2CPFKQP�JCNKCGVWU��DQG�PDUVK�KDUULHU��%KTEWU
CGTWIKPQUWU��LQ�UHODWLRQ�WR�WKHLU�EUHHGLQJ
VXFFHVV�DQG�SRSXODWLRQ�VWDWXV�LQ�6ZHGHQ��
6WRFNKROP��6ZHGHQ��8QLY��6WRFNKROP�3K�'�
WKHVLV�����S���

2OVRQ��*�)���'�,��0RXQW��9�0��6QDUVNL��DQG�
7�:��7KRUVOXQG����������0HUFXU\�UHVLGXHV�LQ
IDWKHDG�PLQQRZ��2KOGRJCNGU�RTQOGNCU
5DILQHVTXH��FKURQLFDOO\�H[SRVHG�WR
PHWK\OPHUFXU\�LQ�ZDWHU���$WNN��'PXKTQP�
%QPVCO��6QZKEQN��������²����

2OVRQ��.�5���.�6��6TXLEE��DQG�5�-��&RXVLQV���������
7LVVXH�XSWDNH��VXEFHOOXODU�GLVWULEXWLRQ��DQG
PHWDEROLVP�RI���&+�+J&O�DQG�&+�

����+J&O�E\
UDLQERZ�WURXW��5CNOQ�ICKTFPGTK���,��(KUJ��4GU�
$QCTF�%CP���������

3DUVORZ��-�/�)���'�-��-HIIULHV��DQG�+�0��+DVRQ���������
*DQQHW�PRUWDOLW\�LQFLGHQWV�LQ��������/CTKPG
2QNN��$WNN��������������

3KLOOLSV��%�$���DQG�'�5��%XKOHU����������7KH�UHODWLYH
FRQWULEXWLRQV�RI�PHWK\OPHUFXU\�IURP�IRRG�RU
ZDWHU�WR�UDLQERZ�WURXW��5CNOQ�ICKTFPGTK��LQ�D
FRQWUROOHG�ODERUDWRU\�HQYLURQPHQW���6TCPU��#O�
(KUJ��5QE����������

3RUFHOOD��'�%���������0HUFXU\�LQ�WKH�HQYLURQPHQW��
%LRJHRFKHPLVWU\���,Q���/GTEWT[�RQNNWVKQP��
+PVGITCVKQP�CPF�U[PVJGUKU��&�-��:DWUDV�DQG�
-�:��+XFNDEHH��HGV���/HZLV�3XEOLVKHUV��%RFD
5DWRQ��)ORULGD��S���²���
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5HLQHUW��5�(���/�-��6WRQH��DQG�:�$��:LOOIRUG���������
(IIHFW�RI�WHPSHUDWXUH�RQ�DFFXPXODWLRQ�RI
PHWK\OPHUFXULF�FKORULGH�DQG�R�R	�''7�E\
UDLQERZ�WURXW��5CNOQ�ICKTFPGTK����,��(KUJ���4GU�
$QCTF�%CP���������²�����

5RHONH��0�(����������)ORULGD�SDQWKHU�ELRPHGLFDO
LQYHVWLJDWLRQ���+HDOWK�DQG�UHSURGXFWLRQ���)LQDO
3HUIRUPDQFH�5HSRUW��(QGDQJHUHG�6SHFLHV
3URMHFW�(���,,�(��������)ORULGD�*DPH�DQG
)UHVK�:DWHU�)LVK�&RPPLVVLRQ��*DLQHVYLOOH��
����S�

6FKHXKDPPHU��$�0����������7KH�FKURQLF�WR[LFLW\�RI
DOXPLQXP��FDGPLXP��PHUFXU\��DQG�OHDG�LQ
ELUGV���D�UHYLHZ��'PXKTQP��2QNN��������²����

6FKHXKDPPHU��$�0����������&KURQLF�GLHWDU\�WR[LFLW\
RI�PHWK\O�PHUFXU\�LQ�]HEUD�ILQFK��2QGRJKNC
IWVVCVC����$WNN��'PXKTQP��%QPVCO��6QZKEQN�����
����������

6FKHXKDPPHU��$�0����������(IIHFWV�RI�DFLGLILFDWLRQ
RQ�WKH�DYDLODELOLW\�RI�WR[LF�PHWDOV�DQG�FDOFLXP�WR
ZLOG�ELUGV�DQG�PDPPDOV���'PXKTQP��2QNN�
������²����

6FKZDU]EDFK��6�(����������0HUFXU\�LQ�&DOLIRUQLD
FODSSHU�UDLO�HJJV��LQYHUWHEUDWH�SUH\��DQG
VHGLPHQWV�IURP�WLGDO�ZHWODQGV�LQ�VRXWK�
6DQ�)UDQFLVFR�%D\���3ODWIRUP�SUHVHQWDWLRQ�
6RFLHW\�RI�(QYLURQPHQWDO�7R[LFRORJ\�DQG
$QDO\WLFDO�&KHPLVWU\���WK�$QQ��0WJ���
1RY����²����������+RXVWRQ��7H[DV�

6KDFNOHWWH��+�7���DQG�-�*��%RHUQJHQ����������(OHPHQW
FRQFHQWUDWLRQV�LQ�VRLOV�DQG�RWKHU�VXUILFLDO
PDWHULDOV�RI�WKH�FRQWHUPLQRXV�8QLWHG�6WDWHV��
8�6��*HRO��6XUYH\�3URI��3DSHU��������

6NDUH��,����������0DVV�EDODQFH�DQG�V\VWHPLF�XSWDNH�RI
PHUFXU\�UHOHDVHG�IURP�GHQWDO�DPDOJDP�ILOOLQJV��
9CVGT��#KT��5QKN�2QNN�������²���

6PLWK�6�/���'�'��0DF'RQDOG��.�$��.HHQOH\VLGH��DQG
&�/��*DXGHW����������7KH�GHYHORSPHQW�DQG
LPSOHPHQWDWLRQ�RI�&DQDGLDQ�VHGLPHQW�TXDOLW\
JXLGHOLQHV���,Q���&GXGNQROGPV�CPF�RTQITGUU�KP
UGFKOGPV�SWCNKV[�CUUGUUOGPV���4CVKQPCNG�
EJCNNGPIGU��VGEJPKSWGU��CPF�UVTCVGIKGU��
0��0XQDZDU�DQG�*��'DYH��HGV���$PVWHUGDP�
63%�$FDGHPLF�3XEOLVKLQJ��(FRYLVLRQ�:RUOG
0RQRJUDSK�6HULHV��S����������

6RUHQVHQ��(����������0HUFXU\���&KDS����RI���/GVCN
RQKUQPKPI�KP�HKUJ���&5&�3UHVV��%RFD�5DWRQ�
)ORULGD��S�����²����

6RUHQVHQ��-�$���*�(��*ODVV��.�:��6FKPLGW��
-�.��+XEHU��DQG�*�5��5DSS��-U����������$LUERUQH
PHUFXU\�GHSRVLWLRQ�DQG�ZDWHUVKHG�FKDUDFWHU�
LVWLFV�LQ�UHODWLRQ�WR�PHUFXU\�FRQFHQWUDWLRQV�LQ
ZDWHU��VHGLPHQWV���SODQNWRQ��DQG�ILVK�RI�HLJKW\
QRUWKHUQ�0LQQHVRWD�ODNHV���'PXKTQP��5EK�
6GEJPQN���������²�����

6RXWKZRUWK��*�5���0�-��3HWHUVRQ��6�0��$GDPV��DQG
%�*��%OD\ORFN����������(VWLPDWLRQ�RI�DSSURSULDWH
EDFNJURXQG�FRQFHQWUDWLRQV�IRU�DVVHVVLQJ
PHUFXU\�FRQWDPLQDWLRQ�LQ�ILVK���$WNN��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6SDOGLQJ��0�*���DQG�'�-��)RUUHVWHU���������'HHGEVU�QH
RCTCUKVKUO�CPF�FKUGCUG�QP�VJG�PGUVKPI�UWEEGUU�QH
EQNQPKCN�YCFKPI�DKTFU�
%KEQPKKHQTOGU��KP
UQWVJGTP�(NQTKFC���)ORULGD�*DPH�DQG�)UHVK
:DWHU�)LVK�&RPPLVVLRQ��*DLQHVYLOOH��)ORULGD��
)LQDO�5HSRUW��1*��²����

6SDOGLQJ��0�*���5�%��%MRUN��*��3RZHOO��DQG�
6�)��6XQGORI����������0HUFXU\�DQG�FDXVH�RI
GHDWK�LQ�JUHDW�ZKLWH�KHURQV���,��9KNFN��/CPCIG�
���������²������

6XFKDQHN��7�+���DQG�3�-��5LFKHUVRQ����������
(FRORJLFDO�HIIHFWV�RI�PHUFXU\�LQ�DTXDWLF
V\VWHPV���3ODWIRUP�SUHVHQWDWLRQ��6RFLHW\�RI
(QYLURQPHQWDO�7R[LFRORJ\�DQG�$QDO\WLFDO
&KHPLVWU\����WK�$QQ��0WJ���'HQYHU��&RORUDGR�
2FWREHU�����1RYHPEHU���������

6XFKDQHN��7�+���3�-��5LFKHUVRQ��/�$��:RRGZDUG�
'�*��6ORWWRQ��/�-��+ROWV��DQG�&�(�(�
:RRGPDQVHH����������(FRORJLFDO�DVVHVVPHQW�
6XOSKXU�%DQN�PHUFXU\�PLQH�6XSHUIXQG�VLWH�
&OHDU�/DNH��&DOLIRUQLD³�3UHOLPLQDU\�/DNH�6WXG\
5HSRUW���5HSRUW�SUHSDUHG�IRU�8�6�
(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�5HJLRQ�,;�
6DQ�)UDQFLVFR���0D\����������������S�

6XFKDQHN��7�+���3�-��5LFKHUVRQ��/�-��+ROWV��
%�$��/DPSKHUH��&�'��:RRGPDQVHH��
'�*��6ORWWRQ��(�-��+DUQHU��DQG�/�$��:RRGZDUG��
�������,PSDFWV�RI�PHUFXU\�RQ�EHQWKLF
LQYHUWHEUDWH�SRSXODWLRQV�DQG�FRPPXQLWLHV
ZLWKLQ�WKH�DTXDWLF�HFRV\VWHP�RI�&OHDU�/DNH�
&DOLIRUQLD���:DWHU��$LU��6RLO�3ROO��������²����



0HUFXU\

���

6XQGORI��6�)���0�*��6SDOGLQJ��-�'��:HQWZRUWK��DQG
&�.��6WHLEOH����������0HUFXU\�LQ�OLYHUV�RI�ZDGLQJ
ELUGV��&LFRQLLIRUPHV��LQ�6RXWK�)ORULGD���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²������

6X]XNL��7����������'RVH�HIIHFW�DQG�GRVH�UHVSRQVH
UHODWLRQVKLSV�RI�PHUFXU\�DQG�LWV�GHULYDWLYHV���,Q��
6JG�DKQIGQEJGOKUVT[�QH�OGTEWT[�KP�VJG
GPXKTQPOGPV��-�2��1ULDJX��HG���(OVHYLHU�1RUWK�
+ROODQG�%LRPHGLFDO�3UHVV��1HZ�<RUN��
S�����²����

7HMQLQJ��6����������%LRORJLFDO�HIIHFWV�RI�PHWK\O
PHUFXU\�GLF\DQGLDPLGH�WUHDWHG�JUDLQ�LQ�WKH
GRPHVWLF�IRZO�)CNNWU�ICNNWU�/���1KMQU��VXSSO�
����

7KRPSVRQ��'�5���DQG�5�:��)XUQHVV���������
&RPSDULVRQ�RI�WKH�OHYHOV�RI�WRWDO�DQG�RUJDQLF
PHUFXU\�LQ�VHDELUG�IHDWKHUV���/CTKPG�2QNN��$WNN�
�������������

86*6��8�6��*HRORJLFDO�6XUYH\�����������/GTEWT[�KP
VJG�GPXKTQPOGPV��C�EQORKNCVKQP�QH�RCRGTU�QP
VJG�CDWPFCPEG��FKUVTKDWVKQP��CPF�VGUVKPI�QH
OGTEWT[�KP�TQEMU��UQKNU��YCVGTU��RNCPVU��CPF�VJG
CVOQURJGTG���86*6�3URI��3DSHU���������S�

9DQ�GHU�0ROHQ��(�-���$�$��%ORN��DQG�*�-��'H�*UDDI��
�������:LQWHU�VWDUYDWLRQ�DQG�PHUFXU\
DFFXPXODWLRQ�RI�JUH\�KHURQV��#TFGC�EKPGTGC��LQ
WKH�1HWKHUODQGV���#TFGC�������²����

:DOVK��3�0����������7KH�XVH�RI�VHDELUGV�DV�PRQLWRUV
RI�KHDY\�PHWDOV�LQ�WKH�PDULQH�HQYLURQPHQW��
&KDS�����RI���*GCX[�OGVCNU�KP�VJG�OCTKPG
GPXKTQPOGPV��5�:��)XUQHVV�DQG�3�6��5DLQERZ�
HGV���&5&�3UHVV��%RFD�5DWRQ��)ORULGD�

:DUH��5�$���3�0��%XUNKROGHU��DQG�/�:��&KDQJ��
�������8OWUDVWUXFWXUDO�FKDQJHV�LQ�UHQDO�SUR[LPDO
WXEXOHV�DIWHU�FKURQLF�RUJDQLF�DQG�LQRUJDQLF
PHUFXU\�LQWR[LFDWLRQ���'PXKTQP��4GU�
������²����

:DWUDV��&�-���DQG�1�6��%ORRP����������0HUFXU\�DQG
PHWK\OPHUFXU\�LQ�LQGLYLGXDO�]RRSODQNWRQ��
,PSOLFDWLRQV�IRU�ELRDFFXPXODWLRQ���.KOPQN�
1EGCPQI������������²�����

:DWUDV��&�-���1�6��%ORRP��5�-�0��+XGVRQ�
6�$��*KHULQL��5��0XQVRQ��6�$��&ODDV��
.�$��0RUULVRQ��-��+XUOH\��-�*��:LHQHU��
:�)��)LW]JHUDOG��5��0DVRQ��*��9DQGDO��
'��3RZHOO��'�%��3RUFHOOD��DQG�-�:��+XFNDEHH��
�������6RXUFHV�DQG�IDWHV�RI�PHUFXU\�DQG
PHWK\OPHUFXU\�LQ�:LVFRQVLQ�ODNHV���,Q��
/GTEWT[�RQNNWVKQP���KPVGITCVKQP�CPF�U[PVJGUKU��
&�-��:DWUDV�DQG�-�:��+XFNDEHH��HGV���/HZLV
3XEOLVKHUV��%RFD�5DWRQ��)ORULGD��S�����²����

:LHPH\HU��6�1���6�.��6FKPHOLQJ��DQG�$��$QGHUVRQ��
�������(QYLURQPHQWDO�SROOXWDQW�DQG�QHFURSV\
GDWD�IRU�RVSUH\V�IURP�WKH�HDVWHUQ�8QLWHG�6WDWHV�
������������,��9KNFN��&KU�����������������

:LHQHU��-�*���DQG�'�-��6SU\����������7R[LFRORJLFDO
VLJQLILFDQFH�RI�PHUFXU\�LQ�IUHVKZDWHU�ILVK���,Q�
'PXKTQPOGPVCN�EQPVCOKPCPVU�KP�YKNFNKHG��
+PVGTRTGVKPI�VKUUWG�EQPEGPVTCVKQPU���:�1��%H\HU�
*�+��+HLQ]��DQG�$�:��5HGPDQ�1RUZRRG��HGV��
/HZLV�3XEOLVKHUV��%RFD�5DWRQ��)ORULGD��S������
������6RFLHW\�RI�(QYLURQPHQWDO�7R[LFRORJ\�DQG
&KHPLVWU\�6SHFLDO�3XEOLFDWLRQ��

:REHVHU��*���1�2��1LHOVHQ��DQG�%��6FKLHIHU���������
0HUFXU\�DQG�PLQN�,,���([SHULPHQWDO�PHWK\O
PHUFXU\�LQWR[LFDWLRQ���%CP��,��%QOR��/GF�
�����²�����

:UHQ��&�'���'�%��+XQWHU��-�)��/HDWKHUODQG�DQG�
3�0��6WRNHV����������7KH�HIIHFWV�RI�SRO\�
FKORULQDWHG�ELSKHQ\OV�DQG�PHWK\OPHUFXU\�
VLQJO\�DQG�LQ�FRPELQDWLRQ��RQ�PLQN���,���8SWDNH
DQG�WR[LF�UHVSRQVHV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²�����

=LOOLRX[��(�-���'�%��3RUFHOOD��DQG�-�0��%HQRLW���������
0HUFXU\�F\FOLQJ�DQG�HIIHFWV�LQ�IUHVKZDWHU
ZHWODQG�HFRV\VWHPV���'PXKTQP��6QZKEQN��%JGO�
�������²������

=ROO�&���(��6DRXWHU��$��%RXGRX��)��5LEH\UH��DQG�
$��-D\OHW����������*HQRWR[LFLW\�DQG
ELRDFFXPXODWLRQ�RI�PHWK\O�PHUFXU\�DQG
PHUFXULF�FKORULGH�KP�XKXQ�LQ�WKH�QHZW
2NGWTQFGNGU�YCNVN���/WVCIGPGUKU���������������



���

&RQVWLWXHQWV�RI�&RQFHUQ

0QN[DFGPWO

'HVFULSWLRQ

0RO\EGHQXP��0R��LV�D�VLOYHU�ZKLWH�PHWDOOLF
HOHPHQW�RI�WKH�VHFRQG�WUDQVLWLRQ�VHULHV��LWV
DWRPLF�QXPEHU�LV�����DQG�LWV�DWRPLF�ZHLJKW�LV
�������3DLV�DQG�-RQHV���������,W�KDV�FKHPLFDO
SURSHUWLHV�VLPLODU�WR�WKRVH�RI�FKURPLXP���,W�LV
FRPPRQO\�XVHG�LQ�VWHHO�DOOR\V�EHFDXVH�LW�LPSDUWV
KDUGQHVV��VWUHQJWK��KHDW�UHVLVWDQFH��PHOWLQJ
SRLQW�������&���DQG�FRUURVLRQ�UHVLVWDQFH�WR
WKHVH�DOOR\V���0RO\EGHQXP�LV�SUHVHQW�LQ�DOO�SODQW
DQG�DQLPDO�WLVVXHV�DQG�LV�FRQVLGHUHG�DQ�HVVHQWLDO
PLFURQXWULHQW�IRU�PRVW�OLIH�IRUPV��6FKURHGHU�HW
DO��������8QGHUZRRG�������&KDSSHOO�DQG
3HWHUVRQ�������&KDSSHOO�
HW�DO��������*R\HU�������(LVOHU�������

2FFXUUHQFH

0RO\EGHQXP�GRHV�QRW�RFFXU�IUHH�LQ�QDWXUH�DQG
LV�RQO\�IRXQG�LQ�FRPELQDWLRQ�ZLWK�VXOIXU�
R[\JHQ��WXQJVWHQ��OHDG��XUDQLXP��LURQ�
PDJQHVLXP��FREDOW��YDQDGLXP��ELVPXWK��RU
FDOFLXP���,WV�SULQFLSDO�RUH�LV�PRO\EGHQLWH
�0R6

�
���´D�OHDG�JUD\�KH[DJRQDO�PLQHUDO������

>ZKLFK@�UHVHPEOHV�JUDSKLWH�LQ�DSSHDUDQFH�DQG�WR
WKH�WRXFK��EXW�KDV�D�EOXHU�FRORUµ��%DWHV�DQG
-DFNVRQ���������/HVV�LPSRUWDQW�VRXUFHV�LQFOXGH
ZXOIHQLWH��3E0R2

�
���SRZHOOLWH��&D0R2

�
���DQG

PRO\EGRSK\OOLWH��3E0R6L2
�
����0RO\EGHQXP�LV

ZLGHO\�GLVVHPLQDWHG�LQ�WKH�HQYLURQPHQW���LWV
DEXQGDQFH�LQ�WKH�(DUWK·V�FUXVW�LV�HVWLPDWHG�DW
�²����PJ�NJ��%XGDYHUL��������DQG�EDFN�JURXQG
FRQFHQWUDWLRQV�LQ�WKH�8QLWHG�6WDWHV�DUH����²���
�J�/�IRU�ULYHUV������J�/�IRU�JURXQG�ZDWHU�
�²���PJ�NJ�GZ�IRU�ULYHU�VHGLPHQWV��DQG����
����²����PJ�NJ�GZ�IRU�VRLOV��)ULEHUJ�
HW�DO��������&KDSSHOO�HW�DO����������0RO\EGHQXP
FRQFHQWUDWLRQV�LQ�DQLPDO�WLVVXHV�DUH�JHQHUDOO\
KLJKHVW�LQ�OLYHU��IROORZHG�E\�NLGQH\��VSOHHQ��OXQJ�
EUDLQ��DQG�PXVFOH��%HUPDQ���������7RWDO�

ERG\�PRO\EGHQXP�LV�SUHVHQW�WR�WKH�ODUJHVW
GHJUHH�LQ�VNHOHWDO�WLVVXH��8QGHUZRRG�������

0RO\EGHQXP�LV�XVHG�SULPDULO\�LQ�WKH
PDQXIDFWXUH�RI�VWHHO�DOOR\V�IRU�DLUFUDIW�DQG
ZHDSRQV���,W�LV�DOVR�XVHG�DV�DQ�HOHFWURGH�PDWHULDO
DQG�DV�D�FDWDO\VW�LQ�SHWUROHXP�UHILQLQJ���0RVW�RI
WKH�UHFHQW�JOREDO�SURGXFWLRQ�RI�DERXW��������
WRQV�DQQXDOO\�FRPHV�IURP�WKH�8QLWHG�6WDWHV��
7KUHH�PLQHV�LQ�&RORUDGR�DFFRXQW�IRU�QHDUO\���
SHUFHQW�RI�GRPHVWLF�SUR�GXFWLRQ���+XPDQ
DFWLYLWLHV�WKDW�FRQWULEXWH�WR�PRO\EGHQXP
FRQWDPLQDWLRQ�LQFOXGH�WKH�FRPEXVWLRQ�RI�IRVVLO
IXHOV��DQG�VPHOWLQJ��PLQLQJ��DQG�PLOOLQJ
RSHUDWLRQV�IRU�VWHHO��FRSSHU��DQG�XUDQLXP�

6XPPDU\�RI�(IIHFWV

7DEOH����VXPPDUL]HV�WKH�SUHGLFWHG�HIIHFWV�RI
HQYLURQPHQWDO�H[SRVXUHV�WR�PRO\EGHQXP��EDVHG
RQ�WKH�OLPLWHG�LQIRUPDWLRQ�FXUUHQWO\�DYDLODEOH��

6WXG\�$SSURDFKHV

7KH�PDMRULW\�RI�SDSHUV�UHYLHZHG�IRU�WKLV�UHSRUW
ZHUH�ODERUDWRU\�VWXGLHV�GHDOLQJ�ZLWK
PRO\EGHQXP�HIIHFWV�RQ�PDPPDOV�DQG�SRXOWU\��
0DPPDOLDQ�OLWHUDWXUH�FRQVLVWHG�RI�VWXGLHV�GRQH
RQ�GRPHVWLF�DQLPDOV��SULPDULO\�UDWV��DQG�ZDV
SXEOLVKHG�IURP�WKH�ODWH�����
V�
WR�HDUO\�����
V���$YLDQ�OLWHUDWXUH�FRQVLVWHG
H[FOXVLYHO\�RI�SRXOWU\�VWXGLHV�SXEOLVKHG�LQ�WKH
ODWH�����
V�WR�HDUO\�����
V���)RU�DTXDWLF�VSHFLHV�
WKH�OLWHUDWXUH�ZDV�FRPSRVHG�SULPDULO\�RI
IUHVKZDWHU�ODERUDWRU\�VWXGLHV�DQG�RIIHUHG�OLWWOH
LQIRUPDWLRQ�DERXW�ILVK��LQYHUWHEUDWHV��DPSKL�
ELDQV��RU�UHSWLOHV���7KH�UHYLHZ�DGHTXDWHO\
DGGUHVVHG�WKH�IRUPDOO\�SXEOLVKHG�VFLHQWLILF�
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Table 26.&Predicted molybdenum effect levels

Media No effect
Level of
concern

Toxicity
threshold Explanation

Water (mg/L) 0.02 0.02%0.12 0.12 For fish.  0.02, upper limit of natural
background (Eisler 1989); 0.12, LC10
for larval trout (Birge et al. 1980)

0.02 0.02%0.96 0.96 For amphibians.  0.02, upper limit of
natural background (Eisler 1989);
0.96, LC50 for larval toads (Birge
1978)

- - - - - - >50 For plants.  Reduced growth of green
algae; 96-h exposure

Domestic chickens
(mg/kg in feed)

- - - >500 >6,000 Adverse effects on reproduction and
on survival, respectively

Bird eggs (mg/kg dw) 23 23%33 <33 Lepore and Miller (1965)

Mammals (Cu:Mo ratio
in feed)

6:1%10:1 <2:1 or
>10:1

 - - - Ratios found to lead to either Cu
deficiency or Cu toxicosis

OLWHUDWXUH��EXW�QRW�WKH�VFLHQWLILF�´JUD\�OLWHUDWXUH�µ
ZKLFK�LQFOXGHV�JRYHUQPHQW�UHSRUWV�DQG
XQSXEOLVKHG�VWXGLHV��

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

1DWXUDO�PRO\EGHQXP�FRQFHQWUDWLRQV�LQ�JURXQG
DQG�VXUIDFH�ZDWHUV�UDUHO\�H[FHHG�
����J�/��KLJKHU�FRQFHQWUDWLRQV�SUREDEO\
LQGLFDWH�LQGXVWULDO�FRQWDPLQDWLRQ��(LVOHU��������
&RQFHQWUDWLRQV�LQ�VXUIDFH�ZDWHUV�UDQJH�IURP����
�J�/�LQ�XQFRQWDPLQDWHG�1RUWK�$PHULFDQ�ULYHUV
WR�DV�PXFK�DV����������J�/�LQ�PLQLQJ
ZDVWHZDWHU���,Q�WKH�8QLWHG�6WDWHV��JURXQG�ZDWHU
PRO\EGHQXP�FRQFHQWUDWLRQV�DUH�XVXDOO\���
�J�/�EXW�KDYH�EHHQ�UHSRUWHG�DV�KLJK�DV�������
�J�/�QHDU�XUDQLXP�PLOOV�LQ�&RORUDGR��(LVOHU
��������0RO\EGHQXP�FRQFHQWUDWLRQV�LQ�VDOLQH
ZDWHU�DSSHDU�WR�EH�GLUHFWO\�UHODWHG�WR�VDOLQLW\
�3UDQJH�DQG�.UHPOLQJ�������6ORRW�
HW�DO��������

$TXDWLF�RUJDQLVPV�DUH�UHODWLYHO\�UHVLVWDQW�WR
PRO\EGHQXP�DQG�JHQHUDOO\�VKRZ�QR�DGYHUVH

HIIHFWV�RQ�JURZWK�RU�VXUYLYDO�DW�ZDWHU
FRQFHQWUDWLRQV�ORZHU�WKDQ����PJ�/��(LVOHU
�������KRZHYHU��WKHUH�DUH�ODUJH�GLIIHUHQFHV
EHWZHHQ�VSHFLHV�LQ�WKHLU�DELOLW\�WR�ELRFRQFHQ�
WUDWH�PRO\EGHQXP���%OXH�JUHHQ�DOJDH��#PCDCGPC
QUEKNNCTQKFGU��KDG�D�ELRFRQFHQWUDWLRQ�IDFWRU
�%&)��RI�������DIWHU���KRXU�RI�H[SRVXUH�DW�D
FRQFHQWUDWLRQ�RI��������J�0R�/��6WHHJ�
HW�DO����������7KH�IUHVKZDWHU�DOJD�0KVGNNC�HNGZKNKU
DQG�VRPH�ODNH�SHULSK\WRQ�KDG�%&)V�RI�
����DQG��������UHVSHFWLYHO\��LQ����GD\V�ZKHQ
SODFHG�LQ�D��������J�0R�/�FRQFHQWUDWLRQ��6KRUW
HW�DO����������,Q�D�����PJ�0R�/�FRQ�FHQWUDWLRQ�
FUD\ILVK��2CEKHCUVCEWU�NGPKWUEWNWU��KDG�%&)V�RI
����LQ�PXVFOH�DQG�����LQ�WKH�FDUDSDFH���+LJK
ELRFRQFHQWUDWLRQ�RI�PRO\E�GHQXP�E\�FHUWDLQ
VSHFLHV�RI�DTXDWLF�DOJDH�DQG�LQYHUWHEUDWHV�KDV
EHHQ�UHFRUGHG�ZLWKRXW�DSSDUHQW�KDUP�WR�WKH
RUJDQLVP��KRZHYHU��WKH�KD]DUG�SRWHQWLDO�WR
RUJDQLVPV�WKDW�IHHG�RQ�WKH�ELRFRQFHQWUDWRUV�LV
QRW�FOHDU��(LVOHU���������

6RLO

6RLOV�DYHUDJH��²��PJ�NJ�PRO\EGHQXP��DOWKRXJK
WKH\�UDQJH�IURP�WUDFH�FRQFHQWUDWLRQV�WR���
PJ�NJ�RU�JUHDWHU���,Q�WKH�8QLWHG�6WDWHV��



0RO\EGHQXP

���

PRO\EGHQXP�FRQFHQWUDWLRQV�LQ�VRLOV�JHQHUDOO\
LQFUHDVH�IURP�HDVW�WR�ZHVW��$GULDQR������
.XERWD�������

7KH�ODUJHVW�FRQFHQWUDWLRQV�RI�PRO\EGHQXP�DUH
IRXQG�LQ�WKH����FP�RI�VRLO�QHDUHVW�WKH�VXUIDFH��
,WV�XSWDNH�LQWR�FHUWDLQ�OHJXPHV�DQG�RWKHU�SODQWV
PD\�FRUUHODWH�ZLWK�WKH�VROXEOH�PRO\EGHQXP
FRQFHQWUDWLRQV�LQ�WKH�VRLO��EXW�WKLV�UHODWLRQVKLS
GRHV�QRW�RFFXU�ZLWK�DOO�W\SHV�RI�SODQWV��
0RO\EGHQXP�XSWDNH�E\�SODQWV�FDQ�YDU\
GUDPDWLFDOO\�HYHQ�EHWZHHQ�GLIIHUHQW�YDULHWLHV�RI
WKH�VDPH�VSHFLHV��%DUVKDG�������

%LRWD

3ODQWV

0RO\EGHQXP�LV�FRQVLGHUHG�HVVHQWLDO�IRU�DTXDWLF
SODQW�JURZWK��EXW�WKH�FRQFHQWUDWLRQV�UHTXLUHG
DUH�QRW�NQRZQ���$TXDWLF�SODQWV�DUH�UHODWLYHO\
UHVLVWDQW�WR�PRO\EGHQXP�WR[LFLW\��
&RQFHQWUDWLRQV�REVHUYHG�WR�FDXVH�DGYHUVH
HIIHFWV�LQ�VHQVLWLYH�VSHFLHV�ZHUH����PJ�/�IRU
JURZWK�DQG�����PJ�/�IRU�GHYHORSPHQW�
�WDEOH�����

7KH�PRO\EGHQXP�FRQWHQW�RI�VRPH�SODQWV�KDV
EHHQ�VKRZQ�WR�YDU\�E\�VWDJH�RI�GHYHORSPHQW��DV
HYLGHQFHG�E\�D�WZRIROG�WR�WKUHHIROG�LQFUHDVH
IURP�VSULQJ�WR�IDOO�LQ�OHDI�DQG�VWHP
FRQFHQWUDWLRQV�RI�DOIDOID�DQG�VRPH�JUDVVHV��
$OWKRXJK�ROGHU�SODQWV�PD\�FRQWDLQ�PRUH
PRO\EGHQXP��\RXQJHU�SODQWV�DSSHDU�WR�FDXVH
PRUH�PRO\EGHQRVLV�LQ�DQLPDOV���7KLV�GLI�IHUHQFH
PD\�DULVH�EHFDXVH�DQLPDOV�FRQVXPH�GLIIHUHQW
SDUWV�RI�\RXQJ��VXFFXOHQW�SODQWV�

)LVK

$FXWH�WR[LFLW\�YDOXHV�IRU�PRO\EGHQXP�LQ�WKH
OLWHUDWXUH��WDEOH�����LQGLFDWH�WKDW�LW�LV�UHODWLYHO\
QRQWR[LF�WR�ILVK���7KH�RQH�H[FHSWLRQ�ZDV�QHZO\
IHUWLOL]HG�HJJV�RI�UDLQERZ�WURXW�H[SRVHG�IRU�
���GD\V�WKURXJK���GD\V�SRVWKDWFK��WKHVH�
KDG�DQ�/&���RI������PJ�/�DQG�DQ�/&���RI�

�����PJ�/���,Q�JHQHUDO��PRO\EGHQXP�ZDV�PRUH
WR[LF�WR�\RXQJHU�ILVK�WKDQ�WR�ROGHU�ILVK��DOWKRXJK
D�VWXG\�E\�+DPLOWRQ�DQG�%XKO��������IRXQG�WKDW
WKH����KU�/&���YDOXHV�IRU�DOO�&KLQRRN�DQG�FRKR
VDOPRQ�H[FHHGHG�
������PJ�/�UHJDUGOHVV�RI�WKH�TXDOLW\�RI�WKH
GLOXWLRQ�ZDWHU��VRIW��IUHVK��RU�EUDFNLVK��RU�WKH
OLIH�VWDJH�WHVWHG��H\HG�HJJ��DOHYLQ��RU�IU\�����
0RUHRYHU��WKH�DGGLWLRQ�RI�PRO\EGHQXP�WR�WHVW
PL[WXUHV�RI�ERURQ��VHOHQLWH��DQG�VHOHQDWH�VHHPHG
WR�LQFUHDVH�WKH�DFXWH�WR[LFLW\�RI�WKHVH�PL[WXUHV
WR�&KLQRRN�DQG�FRKR�VDOPRQ��+DPLOWRQ�DQG
%XKO�������

)HZ�VWXGLHV�KDYH�FRPSDUHG�WKH�PRO\EGHQXP
FRQFHQWUDWLRQV�LQ�ILVK�WLVVXHV�WR�DPELHQW
FRQFHQWUDWLRQV��DQG�WKH�WR[LFRORJLFDO�HIIHFWV�RI
PRO\EGHQXP�LQ�ILVK�WLVVXHV�DUH�XQNQRZQ��(LVOHU
������6DLNL�HW�DO����������$V�VKRZQ�LQ�WDEOH����
:DUG��������IRXQG�WKDW��LQ�QDWXUH��WLVVXH
PRO\EGHQXP�FRQFHQWUDWLRQV�LQ�UDLQERZ��WURXW
LQFUHDVHG�RQO\�VOLJKWO\�ZLWK�LQFUHDVLQJ�ZDWHU
FRQFHQWUDWLRQV���6DLNL�HW�DO���������FRQILUPHG
:DUG·V�REVHUYDWLRQV�LQ�FRQWUROOHG�H[SHULPHQWV��
$Q�HLJKWIROG�UDQJH�RI�ZDWHUERUQH�PRO\EGHQXP
FDXVHG�YHU\�OLWWOH�YDULDWLRQ�LQ�WKH�FRQFHQWUDWLRQ
RI�PRO\EGHQXP�LQ�WLVVXHV�RI�MXYHQLOH�&KLQRRN
VDOPRQ�RU�VWULSHG�EDVV�

%LUGV

7KHUH�DUH�QR�GDWD�VKRZLQJ�PRO\EGHQXP·V
HIIHFWV�RQ�ZLOG�ELUGV���,Q�GRPHVWLF�ELUGV��DGYHUVH
HIIHFWV�KDYH�EHHQ�UHSRUWHG�IRU�JURZWK�DW�GLHWDU\
PRO\EGHQXP�OHYHOV�!����PJ�NJ��IRU
UHSURGXFWLRQ�DW�����PJ�NJ��DQG�IRU�VXUYLYDO�DW
������PJ�NJ��(LVOHU���������3RRU�JURZWK�ZDV
WKH�RQO\�V\PSWRP�RI�PRO\E�GHQXP�WR[LFLW\
QRWHG�E\�0LOOHU�DQG�'HQWRQ��������HYHQ�DW
������PJ�0R�NJ�DGGHG�WR�WKH�GLHW���,Q�DOO
JURXSV�LQ�ZKLFK�WKH�OHYHO�RI�DGGHG�PRO\EGHQXP
LQKLELWHG�JURZWK��LQRUJDQLF�VXOIDWH�DOOHYLDWHG
SDUW�RI�WKH�JURZWK�LQKLELWLRQ���7KH�DGGLWLRQ�RI
LQRUJDQLF�VXOIDWH�FDXVHG�D�FRQVLGHUDEOH�GHFUHDVH
LQ�WKH�PRO\EGHQXP�FRQWHQW�RI�OLYHU�WLVVXHV��
/LYHU�PRO\EGHQXP�
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Table 27.&Effects of molybdenum on living organisms as reported in published studies

Species

Mo con-
centration
(mg/L or 
mg/kg)

Where
measured Effects Reference

Plants

Euglena gracilis 108 Water Abnormal development Colmano 1973

>960 No growth

Green algae,
Chlorella vulgaris

50 Water Reduced growth after 96 h Sakaguchi et al.
1981

Invertebrates

Amphipod,
Crangonyx
pseudogracilis

2,650 Soft water 96-h LC50 Martin and
Holdich 1986

3,618 48-h LC50

Hermit crab, Eupa-
gurua bernhardus

222 Water 48-h LC50 Abbott 1977

Fish

Chinook and coho
salmon (eyed eggs,
alevins, and fry)

>1,000 Fresh, brack-
ish and soft
water

96-h LC50 Hamilton and
Buhl 1990

Fathead minnow,
Pimephales promelas

70 Soft water 96-h LC50 McConnell 1977

360 Hard water

Rainbow trout,
Oncorhynchus
mykiss

Trace Water Mo in tissue 5%118 µg/kg ww Ward 1973

6 Mo in tissue 10%146 µg/kg ww

300 Mo in tissue 13%332 µg/kg ww

800 96-h LC50 (20-mm size class) McConnell 1977

1,320 96-h LC50 (55-mm size class)

Rainbow trout
(fertilization through 
4 days post-hatch)

0.12 Moderately
hard water

28-d LC10 Birge et al. 1980

0.79 28-d LC50

Sheepshead minnow,
Cyprindon variegatus

3,057 Water 96-h LC50 Knothe and Van
Riper 1988

Amphibians

Frogs 2,000 Water Zone of toxic action Venchikov and
Kaprielov 1976
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Table 27.&Effects of molybdenum on living organisms as reported in
published studies&Continued

Species

Mo con-
centration
(mg/L or 
mg/kg)

Where
measured Effects Reference

Birds

Chicken 2,250 Mo Dietary; basal
diet 0.25%
sulfur, 3.3 ppm
Mo, and 
13 ppm Cu

Body weight 37% that of control
chicks

Miller and
Denton 1959

2,250 Mo +
13,200 sulfate

Body weight 72% that of control
chicks

750 Mo +
2,200 sulfate

Decrease in Mo content in liver
tissues of chicks

Chicken (chicks) 200 (sodium
molybdate)

Diet Reduced growth after 56 d Arthur et al. 1958

300 (sodium
molybdate
dihydrate)

Diet 25% reduced growth after 24 d Kratzer 1952

500 (sodium
molybdate
dihydrate)

High-sulfate
purified diet

Minimum toxic dose after 28 d;
lowest concentration depressing
growth

Davies et al.
1960

Turkey (poults) 300 (sodium
molybdate
dihydrate)

Diet 25% reduced growth after 24 d Kratzer 1952

Mammals

Cattle, Bos spp. 60 Diet Low Cu in liver; intestinal distur-
bances; brittle bones prone to
fracture

Penumarthy and
Oehme 1978

Cattle (lactating
cows)

40 Mo, 6 Cu Diet 30% reduction in milk yield after
63 d; rapid decline in plasma
copper; milk Mo levels 1.6 ppm;
growth reduction in nursing calves

Wittenberg and
Devlin 1987

Mouse (Mus sp.) 10 Drinking water Decrease in survival of 2d and 3d
generations

Earl and Vish
1979

Mule deer 2,500 (sodium
molybdate)

Diet Weight loss after 27 d Ward and Nagy
1976

5,000 (sodium
molybdate)

Reduced feeding after 14 d 

Rat 80 Cu-deficient
diet

Inhibited growth and reduced
survival

Underwood
1971, 1979

5000 Diet Lethal in 2 weeks Chappell et al.
1979; Friberg 
et al. 1975
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Table 27.&Effects of molybdenum on living organisms as reported in
published studies&Continued

Species

Mo con-
centration
(mg/L or 
mg/kg)

Where
measured Effects Reference

Mammals&Continued

Rabbit (Oryctolagus
sp.)

100 Diet Reduced growth, hair loss,
dermatosis, anemia, skeletal and
joint deformities (lifetime
exposure)

Chappell et al.
1979

1000 Diet Weight and hair loss, leg deformi-
ties, dermatosis, anemia, death
(28 d)

Arrington and
Davis 1953

2,000%4,000 Diet Many deaths of weanlings in 37 d,
adults in 53 d; survivors were
anorexic, diarrhetic, anemic, and
had front leg abnormalities

Friberg et al.
1975; Arrington
and Davis 1953

Sheep, Ovis spp. -5.5%12.5 Grazing
pastures
treated with
420 g Mo/ha
at start, 
week 45, and
week 72

Lameness, connective tissue
lesions in most sheep; Mo
concentrations (mg/kg fw): 
plasma 1.7, liver 6.0%6.4; kidney
6.9%8.1

Pitt et al. 1980

Sheep (lambs) Cu:Mo < 0.4 Soil 15%39% swayback Friberg and
Lener 1986

FRQFHQWUDWLRQV�RI�������PJ�NJ�GZ���²���PJ�
NJ�ZZ��KDYH�EHHQ�FRUUHODWHG�ZLWK�WR[LF�HIIHFWV
LQ�GRPHVWLF�ELUGV��3XOV���������:KHQ�FRSSHU
ZDV�DGGHG�WR�WKH�GLHW��LQ�DGGLWLRQ�WR�PRO\E�
GHQXP�DQG�LQRUJDQLF�VXOIDWH��D�IXUWKHU�UHGXFWLRQ
LQ�PRO\EGHQXP�OLYHU�WLVVXH�FRQFHQWUDWLRQV�ZDV
REVHUYHG���7KHVH�VWXGLHV�VKRZ�WKDW�WKH�DPRXQW
RI�PRO\EGHQXP�VWRUHG�E\�WKH�OLYHU�WLVVXHV�LV
GHSHQGHQW�XSRQ�WKH�DPRXQW�LQ�WKH�GLHW�DQG
XSRQ�WKH�UDWLRV�RI�PRO\EGHQXP��FRSSHU��DQG
VXOIDWH�LQ�WKH�GLHW���,QFUHDVLQJ�WKH�PRO\EGHQXP
FRQWHQW�RI�WKH�GLHW�LQFUHDVHG�WKH�FRSSHU�VWRUDJH
RI�WKH�OLYHU�

$YLDQ�HJJV�QRUPDOO\�FRQWDLQ����PJ�0R�NJ��GU\
ZHLJKW�EDVLV���DYHUDJLQJ�DERXW������PJ�0R�NJ
�5RPDQRII�DQG�5RPDQRII���������/HSRUH�DQG
0LOOHU��������VWXGLHG�WKH�HIIHFWV�RI�PDWHUQDOO\
GHSRVLWHG�PRO\EGHQXP�FRQWHQW�RQ�WKH�YLDELOLW\
�L�H���KDWFKDELOLW\��RI�HJJV�ODLG�E\�:KLWH�5RFN

FKLFNHQV���7KH\�REVHUYHG�QRUPDO�HJJ�YLDELOLW\�XS
WR�DERXW����PJ�0R�NJ�LQ�WKH�HJJ��GU\�ZHLJKW
EDVLV����$W����PJ�NJ��DERXW�
���SHUFHQW�RI�WKH�HJJV�ZHUH�LQYLDEOH��L�H���WKH
DSSUR[LPDWH�(&������7KXV��WKH�WKUHVKROG�IRU
DYLDQ�HPEU\RWR[LFLW\�RFFXUV�EHWZHHQ����DQG���
PJ�0R�NJ�HJJ��GU\�ZHLJKW�EDVLV����7KH�(&���
FRQFHQWUDWLRQ�ZDV�DSSUR[LPDWHO\�
���PJ�NJ���%DVHG�RQ�WUDQVIHU�UDWHV�RI
PRO\EGHQXP�IURP�WKH�PDWHUQDO�GLHW�WR�WKH�HJJV�
DV�GRFXPHQWHG�E\�/HSRUH�DQG�0LOOHU��������DQG
0RW]RN�HW�DO����������WKH�GLHWDU\�WKUHVKROG�IRU
UHSURGXFWLYH�LPSDLUPHQW�OLHV�VRPHZKHUH
EHWZHHQ�����DQG�����PJ�0R�NJ��GU\�IHHG
EDVLV����7KLV�VXJJHVWV�WKDW��LQ�WKH�DEVHQFH�RI
VLJQLILFDQW�LQWHUDFWLRQ�HIIHFWV��PRO\EGHQXP�
LQGXFHG�DYLDQ�HPEU\RWR[LFLW\�LQ�WKH�ILHOG�PD\�EH
YHU\�UDUH���/\QFK�HW�DO���������UHSRUWHG�WKDW�HYHQ
GRZQVWUHDP�IURP�VSLOOV�RI�PRO\EGHQXP�PLOO
WDLOLQJV�LQ�WKH�5HG�5LYHU�RI�1HZ�0H[LFR�
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EHQWKLF�LQYHUWHEUDWHV�DYHUDJHG�RQO\����PJ
0R�NJ��GU\�ZHLJKW�EDVLV����(YDSRUDWLRQ�SRQGV
IRU�VXEVXUIDFH�DJULFXOWXUDO��GUDLQDJH�ZDWHU�LQ
&DOLIRUQLD·V�7XODUH�/DNH�%DVLQ�ZHUH�IRXQG�WR
FRQWDLQ�DV�PXFK�DV�
��������J�0R�/�LQ�WKH�ZDWHU��:HVWFRW�HW�DO�
�������\HW�WKH�PD[LPXP�FRQFHQWUDWLRQ�RI
PRO\EGHQXP�LQ�DTXDWLF�LQYHUWHEUDWHV�ZDV�DERXW
���PJ�NJ��GU\�ZHLJKW�EDVLV��0RRUH�
HW�DO���������DQG�WKH�PD[LPXP�OHYHO�LQ�DYLDQ
HJJV�ZDV����PJ�NJ��2KOHQGRUI�HW�DO���������
3UHVXPDEO\��FDVHV�RI�HQYLURQPHQWDO�FRQWDPL�
QDWLRQ�ZLWK�PRO\EGHQXP�PRUH�VHYHUH�WKDQ
WKHVH�H[DPSOHV�ZRXOG�EH�H[WUHPHO\�UDUH�

0DPPDOV

&XUUHQWO\�DYDLODEOH�GDWD�IRU�PRO\EGHQXP·V
HIIHFWV�RQ�ZLOG�PDPPDOV�DUH�LQDGHTXDWH�
�WDEOH�������7KH�WR[LFRORJLFDO�SURSHUWLHV�RI
PRO\EGHQXP�LQ�PDPPDOV�DUH�JRYHUQHG�E\�LWV
LQWHUDFWLRQ�ZLWK�FRSSHU�DQG�VXOIXU��UHVLGXHV�RI
PRO\EGHQXP�DORQH�DUH�QRW�VXIILFLHQW�WR
GLDJQRVH�PRO\EGHQXP�SRLVRQLQJ��(LVOHU��������
7KH�RSWLPXP�GLHWDU\�FRSSHU��PRO\EGHQXP�UDWLR
�&X�0R��LV�EHWZHHQ�����
DQG�������DVVXPLQJ�WKDW�FRQFHQWUDWLRQV�RI�ERWK
HOHPHQWV�DUH�DERYH�PLQLPXP�UHTXLUHPHQWV����$
&X�0R�UDWLR�OHVV�WKDQ�����ZLOO�UHVXOW�LQ�D�FRSSHU
GHILFLHQF\��ZKHUHDV�D�&X�0R�DERYH�����
LQFUHDVHV�WKH�ULVN�RI�GHYHORSLQJ�FRSSHU
WR[LFRVLV��SDUWLFXODUO\�LQ�VKHHS��2VZHLOHU�HW�DO�
������

0RO\EGHQRVLV�LV�D�FRSSHU�GHILFLHQF\�GLVHDVH�WKDW
LV�FDXVHG�E\�WKH�GHSUHVVLQJ�HIIHFW�RI
PRO\EGHQXP�RQ�WKH�SK\VLRORJLFDO�DYDLODELOLW\�RI
FRSSHU��&ODZVRQ�HW�DO��������'ROODKLWH�HW�DO�
������$OORZD\�������(UGPDQ�HW�DO��������DQG
RWKHUV�FLWHG�LQ�(LVOHU���������%HFDXVH�RI�WKH
XQLTXH�HQYLURQPHQW�RI�WKH�UXPHQ��FDWWOH�DQG
RWKHU�UXPLQDQWV�DUH�IDU�PRUH�VXVFHSWLEOH�WR�WKH
WR[LF�HIIHFWV�RI�PRO\EGHQXP�WKDQ�RWKHU�VSHFLHV��
7R[LFLW\�JHQHUDOO\�RFFXUV�ZKHQ�FDWWOH�
JUD]H�SDVWXUHV�ZKHUH�WKH�IRUDJH�FRQWDLQV�

��²����PJ�0R�NJ�GZ��8QGHUZRRG��������
<RXQJHU�DQLPDOV�DQG�ODFWDWLQJ�FRZV�DSSHDU�
PRUH�VXVFHSWLEOH���0RO\EGHQRVLV�FDQ�EH�
FRQWUROOHG�E\�RUDO�RU�LQWUDYHQRXV�DGPLQLVWUDWLRQ
RI�FRSSHU�VXOIDWH�

:KHUH�UXPLQDQW�GLHWV�FRQWDLQHG�FRSSHU�DW��²��
PJ�NJ�GZ��FDWWOH�ZHUH�SRLVRQHG�DW�PRO\EGHQXP
OHYHOV�RI��²��PJ�NJ�DQG�VKHHS�DW���²���PJ�NJ��
:KHUH�GLHWDU\�FRSSHU�ZDV�ORZ�����PJ�NJ��RU
WKH�VXOIDWH�LRQ�OHYHO�ZDV�KLJK��PRO\EGHQXP�DW
�²��PJ�NJ�UDWLRQ�ZDV�WR[LF�WR�VRPH�FDWWOH
�%XFN�������

*HQHUDOO\�LQ�PRQRJDVWULF�DQLPDOV��VXOIDWH
SURWHFWV�DJDLQVW�PRO\EGHQXP�WR[LFLW\��ZKHUHDV
LQ�UXPLQDQWV�LW�HQKDQFHV�WKH�WR[LFLW\���6XOIDWH
DOOHYLDWHG�PRO\EGHQXP�LQGXFHG�V\PSWRPV�LQ
UDWV��FKLFNV��DQG�UDEELWV���,Q�UXPLQDQWV�
PRO\EGHQXP�WR[LFRVLV�ZDV�LQGXFHG�E\�IHHGLQJ
GLHWV�VXSSOHPHQWHG�ZLWK�ERWK�PRO\EGHQXP�DQG
VXOIDWH�WR�VKHHS�DQG�FDWWOH���6XOIDWH�JUHDWO\
LQFUHDVHG�WKH�VHYHULW\�RI�PRO\EGHQXP�WR[LFRVLV
LQ�FDWWOH���6XOIDWH�LQWHQVLILHG�PRO\EGHQXP
WR[LFLW\�LQ�FRSSHU�GHILFLHQW�UDWV�EXW�SUHYHQWHG
PRO\EGHQXP�WR[LFLW\�LQ�FRSSHU�VXIILFLHQW�UDWV��
:KHUH�VXOIDWH�ZDV�XVHG�WR�DOOHYLDWH�PRO\EGHQXP
WR[LFLW\�LQ�PRQRJDVWULF�DQLPDOV��WKH�GLHW�
DU\�OHYHO�RI�VXOIDWH�ZDV�LQ�WKH�UDQJH������²������
PJ�NJ���,Q�VKHHS��PRO\EGHQXP�WR[LFRVLV�ZDV
SURGXFHG�E\�IHHGLQJ�GLHWV�FRQWDLQLQJ
PRO\EGHQXP�DW�OHYHOV�RI��²���PJ��NJ�DQG
VXOIDWH�DW������²�������PJ�NJ��3LWW�������

6RPH�DQLPDOV�PD\�EH�DEOH�WR�DGDSW�WR�H[FHVV
PRO\EGHQXP�RYHU�VXFFHVVLYH�JHQHUDWLRQV��
:KHQ�FRPSDUHG�WR�UDWV�RQ�D�FRQWURO�GLHW�
VHFRQG��DQG�WKLUG�JHQHUDWLRQ�UDWV�H[SRVHG�WR
H[FHVV�GLHWDU\�PRO\EGHQXP�GLG�QRW�VKRZ
SK\VLRORJLFDO�DOWHUDWLRQV�OLNH�WKRVH�VHHQ�LQ�ILUVW�
JHQHUDWLRQ�UDWV��VXFK�DV�UHGXFHG�VWUHVV�UHVSRQVH�
�:LQVWRQ�HW�DO��������
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U.S. Environmental Protection Agency
standards and criteria

[See Appendix II for explanation of terms.
Source:  EPA 1995]

Status Listed for regulation;
carcinogenicity unknown.

Drinking water
MCL

None established

Drinking-water
health
advisories for
70-kg adult

Reference dose: 5 µg/kg/day
Long-term HA: 50 µg/L
Lifetime HA: 40 µg/L
DWEL: 200 µg/L

,QWHUDFWLRQV

0RO\EGHQXP�WR[LFRORJLFDO�SURSHUWLHV�DUH
JRYHUQHG�WR�D�ODUJH�H[WHQW�E\�LQWHUDFWLRQV�ZLWK�
FRSSHU�DQG�VXOIXU��EXW�LQWHUDFWLRQV�ZLWK�RWKHU
PHWDOV�DQG�FRPSRXQGV�PD\�FRQIRXQG�WKLV
LQWHUUHODWLRQ���)RU�PRO\EGHQXP��LQWHUDFWLRQV�DUH
VR�GRPLQDQW�WKDW�D�SDUWLFXODU�OHYHO�RI�LQWDNH�LQ
DQ�DQLPDO·V�GLHW�FDQ�OHDG�WR�HLWKHU�PRO\EGHQXP
GHILFLHQF\�RU�WR[LFLW\��GHSHQGLQJ�RQ�WKH�UHODWLYH
LQWDNHV�RI�FRSSHU�DQG�LQRUJDQLF�VXOIXU
�6FKURHGHU�HW�DO��������8QGHUZRRG������������
&ODZVRQ�HW�DO��������6XWWOH�������������)ULEHUJ
HW�DO��������%XFN�������)ULEHUJ�DQG�/HQHU������
*R\HU�������.LQFDLG�HW�DO��������DQG�RWKHUV
FLWHG�LQ�(LVOHU���������$�ORZ�FRSSHU�WR�
PRO\EGHQXP�UDWLR�������UDWKHU�WKDQ�WKH�DEVROXWH
GLHWDU\�FRQFHQ�WUDWLRQ�RI�PRO\EGHQXP��LV�WKH
SULPDU\�GHWHUPLQDQW�RI�DQ�RUJDQLVP·V
VXVFHSWLELOLW\�WR�PRO\EGHQXP�SRLVRQLQJ���7KH
ILUVW�LQGLFDWLRQV�RI�WKH�LQWHUDFWLRQ�EHWZHHQ
FRSSHU�DQG�PRO\EGHQXP�FDPH�IURP�(QJODQG
PRUH�WKDQ����\HDUV�DJR��ZKHQ�FDWWOH�JUD]LQJ�RQ
KHUEDJH�ULFK�LQ�PRO\EGHQXP�GHYHORSHG
PRO\EGHQRVLV���0RO\EGHQRVLV�LV�QRW�H[SHFWHG�WR
RFFXU�LQ�DQLPDOV�ZKHQ�WKH�FRSSHU�WR�
PRO\EGHQXP�UDWLR�LV�QHDU����%XFN�������:DUG
������0LOOV�DQG�%UHPQHU�������

2Q�WKH�RWKHU�KDQG��VWXGLHV�RI�PRO\EGHQXP
PHWDEROLVP�DUH�RI�OLPLWHG�YDOXH�XQOHVV�WKH�VWDWXV
RI�LQRUJDQLF�VXOIDWH�LQ�WKH�GLHW�LV�NQRZQ
�8QGHUZRRG��������������LQRUJDQLF�VXOIDWH
DOOHYLDWHV�PRO\EGHQXP�WR[LFLW\�E\�LQFUHDVLQJ
PRO\EGHQXP�H[FUHWLRQ���0RO\EGHQXP�OHYHOV�LQ
DQLPDO�WLVVXHV�JLYH�OLWWOH�LQGLFDWLRQ�RI�WKH�GLHWDU\
PRO\EGHQXP�VWDWXV�DQG�DUH�RI�OLWWOH�YDOXH�IRU
GLDJQRVLQJ�PRO\EGHQXP�WR[LFLW\�XQOHVV�WKH
VXOIDWH��SURWHLQ��DQG�FRSSHU�VWDWXV�RI�WKH�GLHW�DUH
DOVR�NQRZQ��(LVOHU�������

5HJXODWRU\�6WDQGDUGV

1R�UHJXODWRU\�VWDQGDUGV�FXUUHQWO\�H[LVW�IRU�WKH
SURWHFWLRQ�RI�ILVK�DQG�ZLOGOLIH�IURP�GLHWDU\
H[SRVXUH�WR�PRO\EGHQXP���0RO\EGHQXP�LV�QRW
DQ�(3$�SULRULW\�SROOXWDQW��DQG�QR�QDWLRQDO
ZDWHU�TXDOLW\�FULWHULD�IRU�WKH�SURWHFWLRQ�RI
IUHVKZDWHU�DTXDWLF�OLIH�KDYH�EHHQ�GHYHORSHG���
)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�

5HIHUHQFHV

$EERWW��2�-����������7KH�WR[LFLW\�RI�DPPRQLXP
PRO\EGDWH�WR�PDULQH�LQYHUWHEUDWHV���/CT��2QNNWV�
$WNN�������²����

$GULDQR��'�&����������6TCEG�GNGOGPVU�KP�VJG
VGTTGUVTKCN�GPXKTQPOGPV���6SULQJHU�9HUODJ��1HZ
<RUN�������S�

$OORZD\��%�-����������&RSSHU�DQG�PRO\EGHQXP�LQ
VZD\EDFN�SDVWXUHV���,��#ITKEWNV��5EK��
%COD��
������²����

$UULQJWRQ��/�5���DQG�*�.��'DYLV���������
0RO\EGHQXP�WR[LFLW\�LQ�WKH�UDEELW���,��0WVT�
������²����
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$UWKXU��'���,��0RW]RN��DQG�+�'��%UDQLRQ���������
,QWHUDFWLRQ�RI�GLHWDU\�FRSSHU�DQG�PRO\EGHQXP�LQ
UDWLRQV�IHG�WR�SRXOWU\���2QWNV�5EK����������

%DUVKDG��,����������0RO\EGHQXP�FRQWHQW�RI�SDVWXUH
SODQWV�LQ�UHODWLRQ�WR�WR[LFLW\�WR�FDWWOH���5QKN�5EK�
������²����

%DWHV��5�/���DQG�-�$��-DFNVRQ����������)NQUUCT[�QH
)GQNQI[���G�HG���$PHULFDQ�*HRORJLFDO�,QVWLWXWH�
$OH[DQGULD��9LUJLQLD�

%HUPDQ��(����������0RO\EGHQXP���,Q���6QZKE�OGVCNU
CPF�VJGKT�CPCN[UKU���+H\GHQ�3UHVV��/RQGRQ���
S�����²����

%LUJH��:�-����������$TXDWLF�WR[LFRORJ\�RI�WUDFH
HOHPHQWV�RI�FRDO�DQG�IO\�DVK���,Q���-�+��7KRUS�DQG
-�:��*LEERQV��HGV���'PGTI[�CPF�GPXKTQPOGPVCN
UVTGUU�KP�CSWCVKE�U[UVGOU���8�6��'HSDUWPHQW�RI
(QHUJ\�6\PSRVLXP�6HULHV��1R�������1DWLRQDO
7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH��6SULQJILHOG�
9LUJLQLD��5HSW��&21)²���������S�����²����

%LUJH��:�-���-�$��%ODFN��$�*��:HVWHUPDQ��DQG�
-�(��+XGVRQ����������$TXDWLF�WR[LFLW\�WHVWV�RQ
LQRUJDQLF�HOHPHQWV�RFFXUULQJ�LQ�RLO�VKDOH���,Q���
&��*DOH��HG���1KN�UJCNG�U[ORQUKWO���UCORNKPI�
CPCN[UKU�CPF�SWCNKV[�CUUWTCPEG���8�6��(QYLURQ�
3URWHFW��$JF\��5HSW�������²��²�����S�����²����

%XFN��:�%����������&RSSHU�PRO\EGHQXP�WR[LFLW\�LQ
DQLPDOV���,Q���)�:��2HKPH��HG���6QZKEKV[�QH�JGCX[
OGVCNU�KP�VJG�GPXKTQPOGPV���0DUFHO�'HNNHU��
1HZ�<RUN���3W�����S�����²����

%XGDYHUL��6����������6JG�/GTEM�KPFGZ���#P
GPE[ENQRGFKC�QH�EJGOKECNU��FTWIU��CPF�DKQNQIKECNU�
��WK�HG���0HUFN�	�&R���:KLWHKRXVH�6WDWLRQ��1HZ
-HUVH\�

&+�0�+LOO��+�7��+DUYH\�DQG�$VVRFLDWHV��DQG�
*�/��+RUQHU����������&XPXODWLYH�LPSDFWV�RI
DJULFXOWXUH�HYDSRUDWLRQ�EDVLQV�RQ�ZLOGOLIH��
7HFKQLFDO�5HSRUW��

&KDSSHOO��:�5���DQG�.�.��3HWHUVRQ��HGV���������
/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN������6JG
DKQNQI[�QH�OQN[DFGPWO���0DUFHO�'HNNHU��
1HZ�<RUN�������S��

&KDSSHOO��:�5���5�5��0HJOHQ��5��0RXUH�(UDVR��
&�&��6RORPRQV��7�$��7VRQJDV��3�$��:DOUDYHQV�
DQG�3�:��:LQVWRQ����������*WOCP�JGCNVJ�GHHGEVU
QH�OQN[DFGPWO�KP�FTKPMKPI�YCVGT���8�6�
(QYLURQ��3URWHFW��$JF\��5HSW�������²��²�����
����S�

&ODZVRQ��:�-���$�/��/HVSHUDQFH��9�5��%RKPDQ��DQG
'�&��/D\KHH����������,QWHUUHODWLRQVKLS�RI�GLHWDU\
PRO\EGHQXP�DQG�FRSSHU�RQ�JURZWK�DQG�WLVVXH
FRPSRVLWLRQ�RI�FDWWOH���,��#PKO��5EK��������²����

&ROPDQR��*����������0RO\EGHQXP�WR[LFLW\��
DEQRUPDO�FHOOXODU�GLYLVLRQ�RI�WHUDWRJHQLF
DSSHDUDQFH�LQ�'WINGPC�ITCEKNKU���$WNN��'PXKTQP�
%QPVCO��6QZKEQN�������²����

'DYLHV��5�(���%�/��5HLG��$��.XUQLFN��DQG�-�5��&RXFK��
�������7KH�HIIHFW�RI�VXOIDWH�RQ�PRO\EGHQXP
WR[LFLW\�LQ�WKH�FKLFN���,��0WVT��������²����

'ROODKLWH��-�:���/�'��5RZH��/�0��&RRN��
'��+LJKWRZHU��(�0��%DLOH\��DQG�-�5��.\]DU���������
&RSSHU�GHILFLHQF\�DQG�PRO\EGHQRVLV�LQWR[LFDWLRQ
DVVRFLDWHG�ZLWK�JUD]LQJ�QHDU�D�XUDQLXP�PLQH��
5QWVJYGUV��8GV�������²���

(DUO��)�/���DQG�7�-��9LVK����������7HUDWRJHQLFLW\�RI
KHDY\�PHWDOV���,Q���)�:��2HKPH��HG���6QZKEKV[�QH
JGCX[�OGVCNU�KP�VJG�GPXKTQPOGPV���0DUFHO
'HNNHU��1HZ�<RUN���3W�����S�����²����

(LVOHU��5����������/QN[DFGPWO�JC\CTFU�VQ�HKUJ�
YKNFNKHG��CPF�KPXGTVGDTCVGU���C�U[PQRVKE�TGXKGY��
8�6��)LVK�:LOGO��6HUY��%LRO��5HS����������������S��

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK�DGYLVRULHV��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI
:DWHU��:DVKLQJWRQ������S�

(UGPDQ��-�$���5�-��(EHQV��DQG�$�$��&DVH���������
0RO\EGHQRVLV���D�SRWHQWLDO�SUREOHP�LQ�UXPLQDQWV
JUD]LQJ�RQ�FRDO�PLQH�VSRLOV���,��4CPIG�/CPCIG�
�����²���

)ULEHUJ��/���DQG�-��/HQHU����������0RO\EGHQXP���,Q��
/��)ULEHUJ��*�)��1RUGEHUJ��DQG�9�%��9RXN��HGV��
*CPFDQQM�QH�VJG�VQZKEQNQI[�QH�OGVCNU��XQN��++��
5RGEKHKE�OGVCNU���(OVHYLHU�6FLHQFH�3XEO���1HZ
<RUN��
S�����²����
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)ULEHUJ��/���3��%RVWRQ��*��1RUGEHUJ��0��3LVFDWRU�
DQG�.�+��5REHUW����������/QN[DFGPWO C
VQZKEQNQIKECN�CRRTCKUCN���8�6��(QYLURQ��3URWHFW�
$JF\��5HSW�������²��²����������S�

*LODQL��6�+���DQG�<��$OLEKDL����������7HUDWRJHQLFLW\�RI
PHWDOV�WR�FKLFN�HPEU\RV���,��6QZKEQN��'PXKTQP�
*GCNVJ�������²���

*R\HU��5�$����������7R[LF�HIIHFWV�RI�PHWDOV���,Q��
&�'��.ODVVHQ��0�2��$PGXU��DQG�-��'RXOO��HGV��
%CUCTGVV�CPF�&QWNN	U�VQZKEQNQI[���G�HG��
0DFPLOODQ�3XEO���1HZ�<RUN��S�����²����

*UD\��/�)���DQG�/�-��'DQLHO����������6RPH�HIIHFWV�RI
H[FHVV�PRO\EGHQXP�RQ�WKH�QXWULWLRQ�RI�WKH�UDW��
,��0WVT�������²���

*UD\��/�)���DQG�*�+��(OOLV����������6RPH�LQWHU�
UHODWLRQVKLSV�RI�FRSSHU��PRO\EGHQXP��]LQF��DQG
OHDG�LQ�WKH�QXWULWLRQ�RI�WKH�UDW���,��0WVT�
������²����

+DPLOWRQ��6�-���DQG�.�-��%XKO����������$FXWH�WR[LFLW\
RI�ERURQ��PRO\EGHQXP��DQG�VHOHQLXP�WR�IU\�RI
&KLQRRN�VDOPRQ�DQG�FRKR�VDOPRQ���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+DPLOWRQ��6�-���DQG�5�+��:LHGPH\HU���������
&RQFHQWUDWLRQV�RI�ERURQ��PRO\EGHQXP��DQG
VHOHQLXP�LQ�&KLQRRN�VDOPRQ���6TCPU��#O��(KUJ�
5QE���������²����

,QJHUVROO��&�*���)�-��'Z\HU��6�$��%XUFK��
0�.��1HOVRQ��'�5��%XFNOHU��DQG�-�%��+XQQ�
�������7KH�XVH�RI�IUHVKZDWHU�DQG�VDOWZDWHU
DQLPDOV�WR�GLVWLQJXLVK�EHWZHHQ�WKH�WR[LF�HIIHFWV
RI�VDOLQLW\�DQG�FRQWDPLQDQWV�LQ�LUULJDWLRQ�GUDLQ
ZDWHU���'PXKTQP��6QZKEQN��%JGO��������²�����

,YDQ��0���DQG�'�0��9HLUD����������(IIHFWV�RI�FRSSHU
VXOIDWH�VXSSOHPHQW�RQ�JURZWK��WLVVXH
FRQFHQWUDWLRQ��DQG�UXPLQDO�VROXELOLWLHV�RI
PRO\EGHQXP�DQG�FRSSHU�LQ�VKHHS�IHG�ORZ�DQG
KLJK�PRO\EGHQXP�GLHWV���,��&CKT[�5EK�
������²����

-HWHU��0�$���DQG�*��.��'DYLV����������7KH�HIIHFW�RI
GLHWDU\�PRO\EGHQXP�XSRQ�JURZWK��KHPR�JORELQ�
UHSURGXFWLRQ��DQG�ODFWDWLRQ�RI�UDWV���
,��0WVT��������²����

-RKQVRQ��+�/���DQG�5�)��0LOOHU����������3RVVLEOH
PHFKDQLVPV�IRU�GLHWDU\�PRO\EGHQXP�WR[LFLW\�LQ
WKH�UDW���,��0WVT��������²����

.LQFDLG��5�/���5�0��%ODXZLHNHO��DQG�-�'��&URQUDWK��
�������6XSSOHPHQWDWLRQ�RI�FRSSHU�DV�FRSSHU
VXOIDWH�RU�FRSSHU�SURWHLQDWH�IRU�JURZLQJ�FDOYHV
IHG�IRUDJHV�FRQWDLQLQJ�PRO\EGHQXP���,��&CKT[
5EK��������²����

.QRWKH��'�:���DQG�*�*��9DQ�5LSHU����������$FXWH
WR[LFLW\�RI�VRGLXP�PRO\EGDWH�GLK\GUDWH��0ROKLELW
�����WR�VHOHFWHG�VDOWZDWHU�RUJDQLVPV���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²����

.UDW]HU��)�+����������(IIHFW�RI�GLHWDU\�PRO\EGHQXP
XSRQ�FKLFNV�DQG�SRXOWV���2TQE��5QE��'ZR��$KQN�
/GF��������²����

.XERWD��-����������0RO\EGHQXP�VWDWXV�RI�8QLWHG
6WDWHV�VRLOV�DQG�SODQWV���,Q���:�5��&KDSSHOO�DQG
.�.��3HWHUVHQ��HGV���/QN[DFGPWO�KP�VJG
GPXKTQPOGPV���8QN�����6JG�DKQEJGOKUVT[��E[ENKPI��
CPF�KPFWUVTKCN�WUGU�QH�OQN[DFGPWO���0DUFHO
'HNNHU��,QF���1HZ�<RUN���S�����²����

/HH��&�:���&��+��3DN��-��0��&KRL��DQG�-�5��6HOI���������
,QGXFHG�PLFURQXWULHQW�WR[LFLW\�LQ�2GVWPKC
J[DTKFC���,��2NCPV�0WVT�����������²�����

/HPO\��$�'���FRRUGLQDWRU����������#ITKEWNVWTCN
KTTKICVKQP�UVWFKGU�KP�UWRRQTV�QH�VJG�5CP�,QCSWKP
8CNNG[�&TCKPCIG�2TQITCO��(KPCN�4GRQTV���8�6�
)LVK�DQG�:LOGOLIH�6HUYLFH��1DWLRQDO�)LVKHULHV
&RQWDPLQDQW�5HVHDUFK�&HQWHU��&ROXPELD�
0LVVRXUL�

/HSRUH��3�'���DQG�5�)��0LOOHU����������(PEU\RQLF
YLDELOLW\�DV�LQIOXHQFHG�E\�H[FHVV�PRO\EGHQXP�LQ
FKLFNHQ�EUHHGHU�GLHWV���2TQE��5QE��'ZR��$KQN��/GF�
�������²����

/HSRUH��3�'���5�)��0LOOHU��DQG�+�6��6LHJHO���������
0RO\EGHQXP�WR[LFLW\�LQ�WKH�GHYHORSLQJ�FKLFN
HPEU\R���2QWNV��5EK���������²�����

/\QFK��7�5���&�-��3RSS��DQG�*�=��-DFREL���������
$TXDWLF�LQVHFWV�DV�HQYLURQPHQWDO�PRQLWRUV�RI
WUDFH�PHWDO�FRQWDPLQDWLRQ���5HG�5LYHU��
1HZ�0H[LFR���9CVGT�#KT�5QKN�2QNNWV�������²���
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0DUWLQ��7�5���DQG�'�0��+ROGLFK����������7KH�DFXWH
OHWKDO�WR[LFLW\�RI�KHDY\�PHWDOV�WR�SHUDFDULG
FUXVWDFHDQV��ZLWK�SDUWLFXODU�UHIHUHQFH�WR�IUHVK�ZDWHU
DVHOOLGV�DQG�JDPPDULGV����9CVGT�

4GU������������²�����

0F&RQQHOO��5�3����������7R[LFLW\�RI�PRO\EGHQXP�WR
UDLQERZ�WURXW�XQGHU�ODERUDWRU\�FRQGLWLRQV���,Q��
:�5��&KDSSHOO�DQG�.�.��3HWHUVRQ��HGV��
/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN������6JG
IGQEJGOKUVT[��E[ENKPI��CPF�KPFWUVTKCN�WUGU�QH
OQN[DFGPWO���0DUFHO�'HNNHU��1HZ�<RUN��
S�����²����

0HKULQJ��$�/���-U���-�+��%UXPEDXJK��$�-��6XWKHUODQG�
DQG�+�:��7LWXV����������7KH�WROHUDQFH�RI�JURZLQJ
FKLFNHQV�IRU�GLHWDU\�FRSSHU���2QWNV��5EK�
������²������

0LOOHU��(�&���DQG�&�$��'HQWRQ����������0RO\EGHQXP�
VXOIDWH�LQWHUUHODWLRQVKLS�LQ�WKH�JURZLQJ�FKLFNV��
2QWNV��5EK���������²����

0LOOV��&�)���DQG�,��%UHPQHU����������1XWULWLRQDO
DVSHFWV�RI�PRO\EGHQXP�LQ�DQLPDOV���,Q���
0�3��&RXJKODQ��HG���/QN[DFGPWO�CPF
OQN[DFGPWO�EQPVCKPKPI�GP\[OGU���3HUJDPRQ
3UHVV��(OPVIRUG��1HZ�<RUN��S�����²����

0LOOV��&�)���.�-��0RQW\��$��,FKLKDUD��DQG�
3�%��3HDUVRQ����������0HWDEROLF�HIIHFWV�RI
PRO\EGHQXP�RQ�WKH�WR[LFLW\�RI�WKH�UDW���,��0WVT�
�������²����

0RRUH��3�$���-U���DQG�:�+��3DWULFN��-U���������
$OXPLQXP��ERURQ��DQG�PRO\EGHQXP�DYDLODELOLW\
DQG�XSWDNH�E\�ULFH�LQ�DFLG�VXOIDWH�VRLOV���2NCPV�CPF
5QKN���������²����

0RRUH��6�%���6�-��'HWZLOHU��-��:LQFNHO��DQG�
0�'��:HHJDU����������$KQNQIKECN�TGUKFWG�FCVC�HQT
GXCRQTCVKQP�RQPFU�KP�VJG�5CP�,QCSWKP�8CNNG[�
%CNKHQTPKC���6DQ�-RDTXLQ�9DOOH\�'UDLQDJH
3URJUDP��6DFUDPHQWR��&DOLIRUQLD�

0RUJDQ��-�'���'�*��0LWFKHOO��DQG�3�0��&KDSPDQ��
�������,QGLYLGXDO�DQG�FRPELQHG�WR[LFLW\�RI
PDQJDQHVH�DQG�PRO\EGHQXP�WR�PXVVHO��/[VKNWU
GFWNKU��ODUYDH���$WNN��'PXKTQP��%QPVCO��6QZKEQN�
������²����

0RW]RN��,���'��$UWKXU��DQG�+�'��%UDQLRQ���������
)HHGLQJ�RI�PRO\EGHQXP�WR�SRXOWU\���2QWNVT[�5EK�
��������

2KOHQGRUI��+�0���-�3��6NRUXSD��0�.��6DLNL��DQG�
'�$��%DUQXP����������)RRG�FKDLQ�WUDQVIHU�RI
WUDFH�HOHPHQWV�WR�ZLOGOLIH���,Q���/CPCIGOGPV�QH
KTTKICVKQP�CPF�FTCKPCIG�U[UVGOU���+PVGITCVGF
RGTURGEVKXGU���5�*��$OOHQ�DQG�&�0�8���1HDOH��HGV��
3URFHHGLQJV�RI�WKH������1DWLRQDO�&RQIHUHQFH�RQ
,UULJDWLRQ�DQG�'UDLQDJH�(QJLQHHULQJ���3DUN�&LW\�
8WDK��-XO\���²�����������$PHULFDQ�6RFLHW\�RI
&LYLO�(QJLQHHUV��1HZ�<RUN���S�����²����

2VZHLOHU�*�'���7�/��&DUVRQ��DQG�:�%��%XFN��HGV��
�������%NKPKECN�CPF�FKCIPQUVKE�XGVGTKPCT[
VQZKEQNQI[���UG�HG���.HQGDOO�+XQW�3XEOLVKLQJ
&R���'XEXTXH��,RZD�

3DLV��,���DQG�-�%��-RQHV��-U���HGV����������6JG�JCPFDQQM
QH�VTCEG�GNGOGPVU���6W��/XFLH�3UHVV��%RFD�5DWRQ�
)ORULGD�

3HQXPDUWK\��/���DQG�)�:��2HKPH���������
0RO\EGHQXP�WR[LFRVLV�LQ�FDWWOH���8GV��*WOCP
6QZKEQN�������²���

3KLOOLSSR��0���:�5��+XPSKULHV��,��%UHPQHU��
7��$WNLQVRQ��DQG�*��+HQGHUVRQ���0RO\EGHQXP�
LQGXFHG�LQIHUWLOLW\�LQ�FDWWOH���,Q���6TCEG�GNGOGPVU�
KP�OCP�CPF�CPKOCNU 6'/#����&�)��0LOOV��
,��%UHPQHU��DQG�-�.��&KHVWHUV��HGV���3URFHHGLQJV�
RI�WKH�)LIWK�,QWHUQDWLRQDO�6\PSRVLXP�RQ�7UDFH
(OHPHQWV�LQ�0DQ�DQG�$QLPDOV�

3LWW��0�$����������0RO\EGHQXP�WR[LFLW\���LQWHUDFWLRQV
EHWZHHQ�FRSSHU��PRO\EGHQXP��DQG�VXOSKDWH��
#IGPVU�#EVKQPU������²�����

3LWW��0���-��)UDVHU��DQG�'�&��7KXUOH\���������
0RO\EGHQXP�WR[LFLW\�LQ�VKHHS���HSLSK\VLRO\VLV�
H[RWRVHV�DQG�ELRFKHPLFDO�FKDQJHV���,��%QOR�
2CVJQN��������²����

3UDQJH��$���DQG�.��.UHPOLQJ����������'LVWULEXWLRQ�
RI�GLVVROYHG�PRO\EGHQXP��XUDQLXP�DQG
YDQDGLXP�LQ�%DOWLF�6HD�ZDWHUV���/CTKPG�%JGO�
������²����

3XOV��5����������/KPGTCN�NGXGNU�KP�CPKOCN�JGCNVJ
&KCIPQUVKE�FCVC���6KHUSD�,QWHUQDWLRQDO�
&OHDUEURRN��%&��&DQDGD�
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5RPDQRII��$�/���DQG�$�-��5RPDQRII����������6JG
CXKCP�GII���-RKQ�:LOH\�DQG�6RQV��1HZ�<RUN�

6DLNL��0�.����������(OHPHQWDO�FRQFHQWUDWLRQV�LQ
ILVKHV�IURP�WKH�6DOWRQ�6HD��&DOLIRUQLD���9CVGT�
#KT��5QKN�2QNNWV�������²���

6DLNL��0�.���0�5��-HQQLQJV��DQG�5�+��:LHGPH\HU��
�������7R[LFLW\�RI�DJULFXOWXUDO�VXEVXUIDFH
GUDLQZDWHU�IURP�WKH�6DQ�-RDTXLQ�9DOOH\�
&DOLIRUQLD��WR�MXYHQLOH�FKLQRRN�VDOPRQ�DQG
VWULSHG�EDVV���6TCPU��#O��(KUJGTKGU�5QE�
������²���

6DLNL��0�.���0�5��-HQQLQJV��DQG�:�*��%UXPEDXJK��
�������%RURQ��PRO\EGHQXP��DQG�VHOHQLXP�LQ
DTXDWLF�IRRG�FKDLQV�IURP�WKH�ORZHU�6DQ�-RDTXLQ
DQG�LWV�WULEXWDULHV��&DOLIRUQLD���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6DNDJXFKL��7���$��1DNDMLPD��DQG�7��+RULNRVKL���������
6WXGLHV�RQ�WKH�DFFXPXODWLRQ�RI�KHDY\�PHWDO
HOHPHQWV�LQ�ELRORJLFDO�V\VWHPV���;9,,,�
$FFXPXODWLRQ�RI�PRO\EGHQXP�E\�JUHHQ
PLFURDOJDH���'WT��,��#RRN��/KETQDKQN��$KQVGEJPQN�
�����²���

6FKURHGHU��+�$���-�-��%DODVVD��DQG�,�+��7LSWRQ���������
(VVHQWLDO�WUDFH�PHWDOV�LQ�PDQ���PRO\EGHQXP���
,��%JTQP��&KU��������²����

6KLUOH\��5�/���5�/�'��2ZHQV��DQG�*�.��'DYLV���������
$OLPHQWDU\�H[FUHWLRQ�RI�SKRVSKRUXV����LQ�UDWV
RQ�KLJK�PRO\EGHQXP�DQG�FRSSHU�GLHWV���,��0WVT��
�������²����

6KRUW��=�)���3�5��2OVRQ��5�)��3DOXPER��-�5��'RQDOG�
VRQ��DQG�)�*��/RZPDQ����������8SWDNH�RI
PRO\EGHQXP��PDUNHG�ZLWK���0R��E\�WKH�ELRWD�RI
)HUQ�/DNH��:DVKLQJWRQ��LQ�D�ODERUDWRU\�DQG�D
ILHOG�H[SHULPHQW���,Q���'�-��1HOVRQ��HG��
4CFKQPWENKFGU�KP�GEQU[UVGOU���3URFHHGLQJV�RI�WKH
7KLUG�1DWLRQDO�6\PSRVLXP�RQ�5DGLRHFRORJ\�
2DN�5LGJH��7HQQHVVHH��0D\���²����������Y�����
S�����²����

6-9'3��6DQ�-RDTXLQ�9DOOH\�'UDLQDJH�3URJUDP���
�������(KUJ�CPF�YKNFNKHG�TGUQWTEGU�CPF
CITKEWNVWTCN�FTCKPCIG�KP�VJG�5CP�,QCSWKP�8CNNG[�
%CNKHQTPKC���6DFUDPHQWR��&DOLIRUQLD��6DQ�-RDTXLQ
9DOOH\�'UDLQDJH�3URJUDP���9RO�����VHF������

6ORRW��+�$��YDQ�GHU��'��+RHGH��-��:LMNVWUD��
-�&��'XLQNHU��DQG�5�)��1ROWLQJ����������$QLRQLF
VSHFLHV�RI�9��$V��6H��0R��6E��7H��DQG�:�LQ�WKH
6FKHOGW�DQG�5KLQH�HVWXDULHV�DQG�WKH�6RXWKHUQ
%LJKW��1RUWK�6HD����'UVWCT��%QCUVCN�5JGNH�5EK�
������²����

6WDWH�:DWHU�5HVRXUFHV�&RQWURO�%RDUG���������
5HJXODWLRQ�RI�DJULFXOWXUDO�GUDLQDJH�WR�WKH�
6DQ�-RDTXLQ�5LYHU���&DOLIRUQLD�6WDWH�:DWHU
5HVRXUFHV�&RQWURO�%RDUG��6DFUDPHQWR��7HFKQLFDO
&RPPLWWHH�5HSRUW��2UGHU�1R��:�4����²����

6WHHJ��3�)��WHU��3�-��+DQVRQ��DQG�+�:��3DHUO���������
*URZWK�OLPLWLQJ�TXDQWLWLHV�DQG�DFFXPXODWLRQ�RI
PRO\EGHQXP�LQ�#PCDCGPC�QUEKNNCTKQKFGU
�&\DQREDFWHULD����*[FTQDKQNQIKC��������²����

6XWWOH��1�)����������7KH�QXWULWLRQDO�VLJQLILFDQFH�RI�WKH
&X�0R�LQWHUUHODWLRQVKLS�WR�UXPLQDQWV�DQG�QRQ�
UXPLQDQWV���,Q���'�'��+HPSKLOO��HG���6TCEG
UWDUVCPEGU�KP�GPXKTQPOGPVCN�JGCNVJ 8++���8QLY�
0LVVRXUL��&ROXPELD��0LVVRXUL��S�����²����

6XWWOH��1�)����������$�UROH�IRU�WKLRPRO\EGDWHV�LQ�WKH
&X�ï�0R�ï�6�LQWHUDFWLRQ�LQ�UXPLQDQW�QXWULWLRQ��
,Q���3��%UDWWQHU�DQG�3��6FKUDPHO��HGV���6TCEG�
GNGOGPV�CPCN[VKECN�EJGOKUVT[�KP�OGFKEKPG�CPF
DKQNQI[���:DWHU�GH�*UX\WHU��1HZ�<RUN���9RO�����
S�����²����

7HHNHOO��5�$���DQG�:�$��/\NH����������3URWHLQ�ELQGLQJ
RI�PRO\EGHQXP����LQ�SODVPD��OLYHU��DQG�NLGQH\
RI�FKLFNV���2QWNV��5EK���������²�����

7HHNHOO��5�$���DQG�$�%��:DWWV����������0RO\EGHQXP
VXSSOHPHQWDWLRQ�RI�FKLFN�GLHWV���2QWNV��5EK�
�������²�����

7RQJ��6�6�&���:�'��<RXQJV��:�+��*XWHQPDQQ��DQG
'�-��/LVN����������7UDFH�PHWDOV�LQ�/DNH�&D\XJD
ODNH�WURXW��5CNXGNKPWU�PCOC[EWUJ��LQ�UHODWLRQ�WR
DJH���,��(KUJ��4GU��$QCTF�%CPCFC�����������²����

8QGHUZRRG��(�-����������0RO\EGHQXP���&KDS����RI��
6TCEG�GNGOGPVU�KP�JWOCP�CPF�CPKOCN�PWVTKVKQP��
$FDGHPLF�3UHVV��1HZ�<RUN��S�����²����

8QGHUZRRG��(�-����������6TCEG�GNGOGPVU�KP�JWOCP
CPF�CPKOCN�PWVTKVKQP���$FDGHPLF�3UHVV��1HZ
<RUN�������S�
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8QGHUZRRG��(�-����������,QWHUDFWLRQV�RI�WUDFH
HOHPHQWV���,Q���)�:��2HKPH��HG���6QZKEKV[�QH
JGCX[�OGVCNU�KP�VJG�GPXKTQPOGPV���0DUFHO
'HNNHU��
1HZ�<RUN���3W�����S�����²����

9HQFKLNRY��$�,���DQG�*�0��.DSULHORY���������
5HDFWLRQ�RI�WKH�IURJ�RUJDQLVP�WR�FKDQJHV�LQ�WKH
PRO\EGHQXP�FRQWHQW�RI�WKH�HQYLURQPHQW���,Q��
:�5��&KDSSHOO�DQG�.�.��3HWHUVRQ��HGV��
/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN������6JG
DKQNQI[�QH�OQN[DFGPWO���0DUFHO�'HNNHU��
1HZ�<RUN��S�����²����

9RKUD��3���DQG�)�+��.UDW]HU����������7KH�HIIHFW�RI
GLHWDU\�FRSSHU�DQG�PRO\EGHQXP�RQ�WXUNH\
SRXOWV���2QWNV��5EK���������²�����

:DUG��*�0����������0RO\EGHQXP�WR[LFLW\�DQG
K\SRFXSURVLV�LQ�UXPLQDQWV���D�UHYLHZ���,��#PKO�
5EK���������²�����

:DUG��*�0���DQG�-�*��1DJ\����������0RO\EGHQXP
DQG�FRSSHU�LQ�&RORUDGR�IRUDJHV��PRO\EGHQXP
WR[LFLW\�LQ�GHHU��DQG�FRSSHU�VXSSOHPHQWDWLRQ�LQ
FDWWOH���,Q���:�5��&KDSSHOO�DQG�.�.��3HWHUVRQ�
HGV���/QN[DFGPWO�KP�VJG�GPXKTQPOGPV���8QN�����
6JG�DKQNQI[�QH�OQN[DFGPWO���0DUFHO�'HNNHU��
1HZ�<RUN��S����²����

:DUG��-�9����������0RO\EGHQXP�FRQFHQWUDWLRQV�LQ
WLVVXHV�RI�UDLQERZ�WURXW��5CNOQ�ICKTFPGTK��DQG
NRNDQHH�VDOPRQ��1PEQTJ[PEJWU�PGTMC��IURP
ZDWHUV�GLIIHULQJ�ZLGHO\�LQ�PRO\EGHQXP�FRQWHQW��
,��(KUJ��4GU��$QCTF�%CP��������²�����

:HVWFRW��'���6��5RVHQEDXP��%��*UHZHOO��DQG�
.��%HOGHQ����������:DWHU�DQG�VHGLPHQW�TXDOLW\�LQ
HYDSRUDWLRQ�EDVLQV�XVHG�IRU�WKH�GLVSRVDO�RI
DJULFXOWXUDO�VXEVXUIDFH�GUDLQDJH�ZDWHU�LQ�WKH�6DQ
-RDTXLQ�9DOOH\��&DOLIRUQLD���&DOLIRUQLD�5HJLRQDO
:DWHU�4XDOLW\�&RQWURO�%RDUG��&HQWUDO�9DOOH\
5HJLRQ���6DFUDPHQWR��&DOLIRUQLD�

:KLWHVLGH��&�+���7�0��)HUJXVRQ��%�/��5HLG��DQG�
-�5��&RXFK����������0RO\EGHQXP��]LQF��DQG
XQLGHQWLILHG�IDFWRU�VRXUFHV�LQ�WKH�GLHW�RI�FDJHG
OD\HUV���2QWNV��5EK����������²����

:LGH��0����������(IIHFW�RI�VKRUW�WHUP�H[SRVXUH�WR
ILYH�LQGXVWULDO�PHWDOV�RQ�WKH�HPEU\RQLF�DQG�IHWDO
GHYHORSPHQW�RI�WKH�PRXVH���'PXKTQP��
4GU��������²���

:LQVWRQ��3�:���0�6��+HSSH��/��+RIIPDQ��
/�-��.RVDUHN��DQG�5�6��6SDQJOHU���������
3K\VLRORJLFDO�DGDSWDWLRQV�WR�H[FHVV�PRO\EGHQXP
LQJHVWHG�RYHU�VHYHUDO�JHQHUDWLRQV���,Q���:�5�
&KDSSHOO�DQG�.�.��3HWHUVRQ��HGV���/QN[DFGPWO
KP�VJG�GPXKTQPOGPV���8QN�����6JG�DKQNQI[�QH
OQN[DFGPWO���0DUFHO�'HNNHU��
1HZ�<RUN��S�����²����

:LWWHQEHUJ��.�0���DQG�7�-��'HYOLQ����������(IIHFWV�RI
GLHWDU\�PRO\EGHQXP�RQ�SURGXFWLYLW\�DQG
PHWDEROLF�SDUDPHWHUV�RI�ODFWDWLQJ�EHHI�FRZV�DQG
WKHLU�RIIVSULQJ���%CP��,��#PKO��5EK�
�������²�����
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&RQVWLWXHQWV�RI�&RQFHUQ

6DOLQLW\

'HVFULSWLRQ

6DOLQLW\�LV�D�PHDVXUH�RI�WKH�PDVV�RI�GLVVROYHG
VDOWV�LQ�D�JLYHQ�PDVV�RI�VROXWLRQ���7KH�WHUP
´VDOLQLW\µ�LQFOXGHV�PDQ\�GLIIHUHQW�W\SHV�RI�VDOWV��
6DOLQLW\�LV�QRW�SUHFLVHO\�HTXLYDOHQW�WR�WRWDO
GLVVROYHG�VROLGV�FRQWHQW��7'6���EXW�WKH�WZR
WHUPV�DUH�FORVHO\�UHODWHG���)RU�PRVW�SXUSRVHV�
WKH\�FDQ�EH�FRQVLGHUHG�HTXLYDOHQW��>(3$�������

0HDVXUHPHQW�7HFKQLTXHV�DQG�8QLWV

6DOLQLW\�LV�XVXDOO\�DVVHVVHG�E\�PHDVXULQJ�VRPH
UHODWHG�SK\VLFDO�SURSHUW\��VXFK�DV�FRQGXFWLYLW\�
GHQVLW\��VRXQG�VSHHG��RU�UHIUDFWLYH�LQGH[���7KH
FRQGXFWLYLW\�DQG�GHQVLW\�PHWKRGV�DUH
UHFRPPHQGHG�IRU�WKHLU�KLJK�VHQVLWLYLW\�DQG
SUHFLVLRQ��DQG�FRQGXFWLYLW\�FDQ�EH�PHDVXUHG
HDVLO\�ZLWK�ILHOG�PHWHUV���7KH�FRQGXFWLYLW\�RI�D
ZDWHU�VDPSOH�LV�GHWHUPLQHG�E\�PHDVXULQJ�LWV
HOHFWULFDO�UHVLVWDQFH�EHWZHHQ�WZR�HOHFWURGHV�DQG
FRPSDULQJ�WKLV�UHVLVWDQFH�ZLWK�WKDW�RI�D�VWDQGDUG
VROXWLRQ�RI�SRWDVVLXP�FKORULGH�DW�����&��
&RQGXFWLYLW\�LV�WKH�UHFLSURFDO�RI�WKH�PHDVXUHG
UHVLVWDQFH��+HP�������

6DOLQLW\�LV�XVXDOO\�H[SUHVVHG�LQ�SDUWV�SHU
WKRXVDQG��SSW��IRU�PDULQH�RU�RWKHU�KLJKO\�VDOLQH
ZDWHUV��H�J���WKRVH�LQ�WKH�6DOWRQ�6HD����
�,Q�FRQWUDVW��´SSWµ�LV�XVHG�WR�GHQRWH�SDUWV�SHU
WULOOLRQ�IRU�IUHVKZDWHU�VWXGLHV�RI�WUDFH�HOHPHQWV
DQG�RUJDQLFV��KRZHYHU��SSW�DV�XVHG�LQ�WKLV
VHFWLRQ�UHIHUV�WR�SDUWV�SHU�WKRXVDQG����7'6�LV
XVXDOO\�H[SUHVVHG�LQ�XQLWV�RI�PLOOLJUDPV�SHU�OLWHU
�PJ�/����)RU�IUHVK�ZDWHU��WKH�WHUPV�VDOLQLW\�DQG
7'6�DUH�RIWHQ�XVHG�LQWHUFKDQJH�DEO\��DQG
LUULJDWLRQ�DQG�GUDLQDJH�HQJLQHHUV�DQG�VRLO
VFLHQWLVWV�W\SLFDOO\�H[SUHVV�VDOLQLW\�LQ�SDUWV�SHU
PLOOLRQ��SSP����2QH�PJ�/�LV�QXPHULFDOO\
HTXLYDOHQW�WR�RQH�SSP�E\�ZHLJKW�

&RQGXFWLYLW\��RU�VSHFLILF�FRQGXFWDQFH�>6&@���LQ
WKH�,QWHUQDWLRQDO�6\VWHP�RI�PHDVXUHPHQWV��6,��
LV�H[SUHVVHG�LQ��PLFURVLHPHQV�SHU�FHQWLPHWHU
��6�FP���DOWKRXJK�PDQ\�UHSRUWV�VWLOO�XVH�WKH
QRQ�6,�PHDVXUHPHQW�PLFURPKRV�SHU�FHQWL�
PHWHU�����PKR�FP� ����6�FP����6SHFLILF
FRQGXFWDQFH�LV�GHILQHG�DV�WKH�FRQGXFWLYLW\�RI�
D�FRQGXFWRU���FHQWLPHWHU�ORQJ�DQG���VTXDUH
FHQWLPHWHU�LQ�FURVV�VHFWLRQDO�DUHD�

$Q�DSSUR[LPDWH�YDOXH�IRU�7'6�FDQ�EH�GHULYHG
IURP�FRQGXFWLYLW\�UHVXOWV��DOWKRXJK�WKH
UHODWLRQVKLS�EHWZHHQ�7'6�DQG�FRQGXFWLYLW\
YDULHV�RQ�WKH�EDVLV�RI�LRQLF�FRPSRVLWLRQ�RI�WKH
VDOWV�SUHVHQW�LQ�VROXWLRQ���)RU�VSHFLILF�FRQ�
GXFWDQFH�OHVV�WKDQ��������6�FP�DW����&�

7'6� �������ï�6&�������

ZKHUH�7'6� �WRWDO�GLVVROYHG�VROLGV�LQ�PJ�/�DQG
6&� �VSHFLILF�FRQGXFWDQFH�LQ��6�FP�
)RU�D�VSHFLILF�FRQGXFWDQFH�IURP�������WR
��������6�FP�

7'6� �������ï�6&�²����

5RXJKO\��IRU�PRVW�ZDWHUV��WKH�FRQFHQWUDWLRQ�RI
GLVVROYHG�VROLGV�LQ�PJ�/�LV�LQ�WKH�UDQJH�RI�����
WR�����WLPHV�WKH�FRQGXFWLYLW\�LQ��6�FP��/LQVOH\
DQG�)UDQ]LQL���������$QRWKHU�´UXOH�RI�WKXPEµ
IRU�FRQYHUWLQJ�FRQGXFWLYLW\�PHDVXUH�PHQWV�WR
7'6�LV�WR�PXOWLSO\�6&�E\������
�8�6��%XUHDX�RI�5HFODPDWLRQ���������$FFRUGLQJ
WR�+HP���������WKH�UDQJH�RI�WKH�VORSHV�RI�WKH
UHJUHVVLRQ�OLQHV�LV�����²�����IRU�GLOXWH�ZDWHUV�
DQG������LV�RIWHQ�XVHG�WR�GHULYH�7'6�YDOXHV
IURP�PHDVXUHG�FRQGXFWLYLW\��SHUV��FRPPV��IURP
-��<DKQNH��8�6��%XUHDX�RI�5HFODPDWLRQ��DQG
0�.��6DLNL��8�6��)LVK�DQG�:LOGOLIH�6HUYLFH���
9DOXHV�LQ�WKH�XSSHU�SDUW�RI�WKLV�UDQJH��!����
WHQG�WR�KDYH�KLJKHU�VXOIDWH�FRQFHQWUDWLRQV�
ZKLFK�DUH�SHUWLQHQW�WR�1DWLRQDO�,UULJDWLRQ�:DWHU�
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4XDOLW\�3URJUDP�ZRUN���0DQ\�RI�WKH�VLWHV�EHLQJ
LQYHVWLJDWHG�DUH�LQ�&UHWDFHRXV�PDULQH�VKDOHV�
ZKLFK�WHQG�WR�EH�KLJK�LQ�J\SVXP��&D62

�
��

7KH�FRQGXFWLYLW\�RI�VXUIDFH�DQG�JURXQG�ZDWHUV
YDULHV�ZLGHO\��+HP���������,Q�DUHDV�ZKHUH�WKH
UDLQZDWHU�LV�UHODWLYHO\�SXUH�DQG�WKH�URFNV�DUH
UHVLVWDQW�WR�HURVLRQ��FRQGXFWLYLW\�PD\�EH�DV�ORZ
DV�����6�FP���,Q�RWKHU�DUHDV��FRQGXFWLYLWLHV�PD\
H[FHHG���������6�FP��WKLV�LV�DERXW�WKH�VDPH�DV
WKH�FRQGXFWLYLW\�RI�VHDZDWHU���6XUIDFH�ZDWHUV�RI
HQFORVHG�EDVLQV��ZKHUH�PLQHUDO�DFFXPXODWLRQ
RFFXUV�LQ�SRQGHG�ZDWHU��PD\�KDYH�VDOLQLWLHV
HTXDO�WR�
RU�JUHDWHU�WKDQ�WKDW�RI�VHDZDWHU�

6XPPDU\�RI�(IIHFWV

7DEOH����VXPPDUL]HV�WKH�SUHGLFWHG�HIIHFWV�RI
VDOLQLW\�LQ�WKH�HQYLURQPHQW��EDVHG�RQ�WKH�OLPLWHG
LQIRUPDWLRQ�FXUUHQWO\�DYDLODEOH��

%LRWLF�(IIHFWV

6DOLQLW\�LV�D�FULWLFDO�IDFWRU�LQIOXHQFLQJ�WKH
GLVWULEXWLRQ�DQG�PDLQWHQDQFH�RI�DTXDWLF�OLIH�LQ
HVWXDULHV�DQG�RWKHU�EUDFNLVK�DUHDV���(VWXDULHV�DUH
FKDUDFWHUL]HG�E\�KLJK�GHQVLWLHV�RI�D�IHZ�VSHFLHV�
ZLWK�VSHFLHV�ULFKQHVV�LQFUHDVLQJ�DORQJ�WKH
VDOLQLW\�JUDGLHQW��+DOO�DQG�$QGHUVRQ��������
1RQPDULQH�VDOLQH�ZDWHU�ERGLHV�WHQG�WR�KDYH
IHZHU�VSHFLHV�WKDQ�IUHVKZDWHU�ERGLHV��EXW�PDQ\
RI�WKHP�KRVW�ODUJH�SRSXODWLRQV�RI�WKRVH�IHZ
VSHFLHV���([DPSOHV�RI�VXFK�ZDWHU�ERGLHV�LQFOXGH
0RQR�/DNH�DQG�WKH�6DOWRQ�6HD��6HWPLUH�HW�DO�
������&+�0�+LOO��������ERWK�LQ�&DOLIRUQLD���,Q
WKH�6DQ�-RDTXLQ�9DOOH\�RI�&DOLIRUQLD�
HYDSRUDWLRQ�EDVLQV�DUH�WKH�GLVSRVDO�UHFHSWRUV�IRU
PXFK�RI�WKH�VXEVXUIDFH�DJUL�FXOWXUDO�GUDLQZDWHU��
7KHVH�HYDSRUDWLRQ�EDVLQV�DUH�KLJKO\�VDOLQH�DQG
FRQWDLQ�D�KLJK�FRQFHQ�WUDWLRQ�RI�QXWULHQWV���/LNH
RWKHU�VDOLQH�ZDWHU�ERGLHV��HYDSRUDWLRQ�EDVLQV
KDYH�KLJK�LQYHUWHEUDWH�SRSXODWLRQV�DQG�KLJK
ZLOGOLIH�XVH�EXW�UHODWLYHO\�ORZ�VSHFLHV�GLYHUVLW\
�3DUNHU�DQG�.QLJKW�������&+�0�+LOO�HW�DO�
������

3ODQWV

0DDV��������OLVWHG�VDOLQLW\�VHQVLWLYLWLHV�IRU�PDQ\
W\SHV�RI�JUDVVHV�DQG�IRUDJH�FURSV���6RPH�RI
WKHVH�DUH�VKRZQ�LQ�WDEOH�����H[SUHVVHG�LQ�WHUPV
RI�FRQGXFWLYLW\�>�6�FP@�RI�D�VDWXUDWHG�VRLO
H[WUDFW�>(&

H
@����6RPH�RI�WKH�FXOWLYDWHG�JUDVVHV

VKRZQ�WKHUH�DOVR�JURZ�ZLOG��VR�WKHLU�WROHUDQFHV
FRXOG�EH�XVHG�DV�DQ�LQGLFDWRU�IRU�QDWXUDOO\
RFFXUULQJ�JUDVVHV���7KHVH�WKUHVKROGV�UHSUHVHQW
WKH�PD[LPXP�VRLO�VDOLQLWLHV�WKDW�GR�QRW�UHGXFH
FURS�\LHOG�EHORZ�WKDW�DFKLHYHG�XQGHU�QRQVDOLQH
FRQGLWLRQV�

,QYHUWHEUDWHV

6WXGLHV�FRQGXFWHG�DW�WKH�6WLOOZDWHU�:LOGOLIH
0DQDJHPHQW�$UHD��6:0$���1HYDGD��SURYLGH
GDWD�IRU�HYDOXDWLQJ�WR[LF�HIIHFWV�RI�VDOLQLW\�DQG
FRQWDPLQDQWV�LQ�LUULJDWLRQ�GUDLQZDWHU�HIIOXHQW��
,QJHUVROO�HW�DO���������FRQGXFWHG�VWDWLF�DFXWH
HIIOXHQW�WHVWV�ZLWK�ZDWHU�FROOHFWHG�IURP�WKH
6:0$���7KH�WHVW�DQLPDOV�IRU�WKLV�VWXG\
FRQVLVWHG�RI�DPSKLSRGV��*[CNGNNC�C\VGEC��
GDSKQLD��&CRJPKC�OCIPC���DQG�WZR�VSHFLHV�RI
ILVK���,Q�UHFRQVWLWXWHG�ZDWHU�UHSUHVHQWDWLYH�RI
RQH�RI�WKH�VDPSOH�VLWHV��VDOLQLW\�ZDV�DFXWHO\�WR[LF
WR�DPSKLSRGV�DW�D�FRQFHQWUDWLRQ�RI�
���SSW�DQG�WR�GDSKQLD�DW���WR����SSW���'Z\HU�
HW�DO���������IRXQG�D�VLPLODU�WR[LFLW\�OHYHO�IRU
GDSKQLD�

$�VWXG\�FRQGXFWHG�E\�*DODW�HW�DO��������
SURGXFHG�VLPLODU�UHVXOWV�IRU�VDOLQLW\�HIIHFWV�LQ
EHQWKLF�LQYHUWHEUDWHV��WDEOH�������7KH����K�/&��
IRU�*��C\VGEC�ZDV������SSW��VKRUW�WHUP�PRUWDOLW\
IRU�%JKTQPQOWU�WVCJGPUKU�ZDV�
����SHUFHQW�DW�D�VDOLQLW\�RI������SSW��DQG
PRUWDOLW\�RI�*GVGTQE[RTKU�VS��ZDV����SHUFHQW�
DW�D�VDOLQLW\�RI������SSW�

)LVK

)LVK�VSHFLHV�UHSUHVHQWHG�LQ�WKH�,QJHUVROO�HW�DO�
�������VWXG\�DW�6:0$�ZHUH�IDWKHDG�PLQQRZV�
�2KOGRJCNGU�RTQOGNCU��DQG�VWULSHG�EDVV
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Table 28.&Summary of comprehensive biotic effects of salinity
[All values are aqueous concentrations in parts per thousand (=g/L)] 

Affected
organisms

Effect level
(ppt)

Reference/Explanation
No

effect
Level of
concern

Toxicity
threshold

Plants

Freshwater marsh
grass

& & 10%12 Pezeshki et al. 1987

Clover, various
grasses

& & 0.9 Maas 1990, salt tolerance threshold,
1.5 dS/m (=1,500 µS/cm)

Invertebrates

Amphipods & & 22 Ingersoll et al. 1992, acute toxicity

Daphnia magna & 0.3%6 6%10 Level of concern from Dwyer et al.
1992.  6-10 ppt is acute toxicity level
from Ingersoll et al. 1992

Hyalella azteca & 8.0%11 16%19.5 Galat et al. 1988.  After 100 days at 
8%11 ppt, sample populations were
80%90% less than control group.
16 ppt = 96-h LC10; 19.5 ppt = 96-h
LC50

Chironomus
utahensis

& 5.5%8.9 13.3 Galat et al. 1988.  Cumulative mortality
of 30%50% after 17 days at 5.5%8.9 ppt. 
13.3 ppt = 96-h LC100 

Heterocypris spp. & 9.0%11 13%18.6 Galat et al. 1988.  Approximate 96-h
mortality 5% at 9%11 ppt, 7% at 13 ppt,
50% at 18.6 ppt

Fish

Fathead minnow & & 6%10 Ingersoll et al. 1992, acute toxicity

Striped bass & & 14%34 Ingersoll et al. 1992; Dwyer et al. 1992,
acute toxicity

Striped bass 2-day
larvae

& 6 12 Winger and Lasier 1994.  Mortality after
6 days: 20% at 6 ppt, 36% at 12 ppt

Birds

Mottled duck & & 9%18 Moorman et al. 1991.  "Threshold level"
9 ppt; 100% mortality at 18 ppt

Mallard 9%12 10%15  & Nystrom and Pehrsson 1988; Swanson
et al. 1984

Black duck & & 20 Swanson et al. 1984

Peking duck & 20 & Nystrom and Pehrsson 1988

Amphibians & & & &

Mammals & & & &
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Table 29.&Salt tolerance thresholds of herbaceous crops
[Data from Maas (1990)]

Common name Botanical name
Threshold

(µS/cm) Common name Botanical name
Threshold

(µS/cm)

Alfalfa Medicago sativa 2,000 Orchardgrass Dactylis glomerata 1,500

Barley (forage) Hordeum vulgare 6,000 Ryegrass, perennial Lolium perenne 5,600

Bermudagrass Cynodon dactylon 6,900 Sesbania Sesbania exaltata 2,300

Clover, ladino Trifolium repens 1,500 Sphaerophysa Sphaerophysa
salsula

2,200

Clover, Berseem Trifolium
alexandrinum

1,500 Sudangrass Sorghum sudanense 2,800

Clover, alsike Trifolium hybridum 1,500 Trefoil, big Lotus uliginosus 2,300

Clover, red Trifolium pratense 1,500 Trefoil, narrowleaf
birdsfoot

Lotus corniculatus
tenuifolium

5,000

Clover, strawberry Trifolium fragiferum 1,500 Vetch, common Vicia angustifolia 3,000

Corn (forage) Zea mays 1,800 Wheat (forage) Triticum aestivum 4,500

Cowpea (forage) Vigna unguiculata 2,500 Wheat, Durum
(forage)

Triticum turgidum 2,100

Fescue, tall Festuca elatior 3,900 Wheatgrass, fairway
crested

Agropyron cristatum 7,500

Foxtail, meadow Alopecurus pratensis 1,500 Wheatgrass,
standard crested

Agropyron sibiricum 3,500

Hardinggrass Phalaris tuberosa 4,600 Wheatgrass, tall Agropyron
elongatum

7,500

Lovegrass Eragrostis sp. 2,000 Wildrye, beardless Elymus triticoides 2,700

�/QTQPG�UCZCVKNKU����,Q�WKHLU�UHVXOWV��WKH
UHFRQVWLWXWHG�ZDWHU�VDPSOHV�IURP�6:0$�ZHUH
DFXWHO\�WR[LF�WR�VWULSHG�EDVV�DW�D�VDOLQLW\�RI���
SSW�DQG�WR�IDWKHDG�PLQQRZV�DW���WR�
���SSW���'Z\HU�HW�DO�·V��������UHVXOWV�IRU�VWULSHG
EDVV�ZHUH�VLPLODU���7KHVH�FLWHG�UHVXOWV�GR�QRW�
KRZHYHU��DSSO\�WR�DOO�VWULSHG�EDVV���/LNH�VDOPRQ�
VWULSHG�EDVV�KDYH�ERWK�DQDGURPRXV��VHDJRLQJ�
DQG�ODQGORFNHG�YDULHWLHV���7KH�PDULQH�VWULSHG
EDVV�UHDGLO\�WROHUDWH�VDOLQLWLHV�RI���²���SSW��-�
<DKQNH��8�6��%XUHDX�RI�5HFODPDWLRQ��SHUV�
FRPP���

1HOVRQ�DQG�)OLFNLQJHU��������FRQGXFWHG�
���KRXU�DFXWH�WR[LFLW\�WHVWV�WR�GHWHUPLQH�WKH
VDOLQLW\�WROHUDQFH�RI�WKH�&RORUDGR�VTXDZILVK
�2V[EJQEJGKNWU�NWEKWU����7KH�WHVWV�\LHOGHG�D�
���KRXU�/&���RI������SSW�XVLQJ�VDOLQH�ZDWHU
GLOXWHG�ZLWK�IUHVK�ZHOOZDWHU���7KLV�UHVXOW�LV�

IDLUO\�FRQVLVWHQW�ZLWK�WKH�VDOLQLW\�WROHUDQFHV�RI
RWKHU�IUHVKZDWHU�ILVKHV��HVSHFLDOO\�WKRVH�RI�WKH
IDPLO\�&\SULQLGDH��PLQQRZV�DQG�FDUSV��

$FFRUGLQJ�WR�(3$�$PELHQW�:DWHU�4XDOLW\
&ULWHULD���������WKH�JROGILVK��%CTCUUKWU�CWTCVWU�
KDV�D����KRXU�/&���RI������SSW��DQG�WKH�IDW�
KHDG�PLQQRZ�KDV�D����KRXU�/&���RI������SSW�

,Q�D�VWXG\�E\�6DLNL�HW�DO����������MXYHQLOH
&KLQRRN�VDOPRQ��1PEQTJ[PEJQU�VUJCY[VUEJC�
DQG�VWULSHG�EDVV�ZHUH�H[SRVHG�WR�VHULDO�GLOXWLRQV
RI�DJULFXOWXUDO�VXEVXUIDFH�GUDLQZDWHU�
UHFRQVWLWXWHG�GUDLQZDWHU��DQG�UHFRQVWLWXWHG
VHDZDWHU���7KH�UHVHDUFKHUV�IRXQG�WKDW�DIWHU���
GD\V�RI�H[SRVXUH��WKH�VXUYLYDO�RI�FKLQRRN
VDOPRQ�DYHUDJHG����SHUFHQW�LQ�WKH�IXOO�VWUHQJWK
DJULFXOWXUDO�VXEVXUIDFH�GUDLQZDWHU�DQG�ZDV����
SHUFHQW�LQ�DOO�RWKHU�
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Table 30.&Biological effects of various concentrations of salinity on selected
species

Species

Salinity concentra-
tion in water

(ppt) Effects/Comments Reference
Plants
Freshwater marsh
grass

10%12 Toxicity threshold Pezeshki et al. 1987

Ruppia maritima 46 No growth McMillan and Moseley 1967
Typha sp. 26 Growth ceased after 9 days McNaughton 1966

4.5%12.5 Reduction in height (salinity
increased over time)

Shekov 1974

12 Stunted growth U.S.Department of Agriculture
1972

Invertebrates
Amphipods 22 Acute toxicity Ingersoll et al. 1992
Daphnia magna 0.3%6 Level of concern Dwyer et al. 1992

6 - 10 Acute toxicity Dwyer et al. 1992; Ingersoll et
al. 1992

Chironomid 89 LC50 Kokkinn 1986
13.25 100% mortality at 96h Galat et al. 1988

Hyalella azteca 19.5 LC50 Galat et al. 1988
Heterocypris sp. 18.57 LC50
Fish
Striped bass
(Morone saxatilis)
eggs

18 71% mortality at 72 h Winger and Lasier 1994

24 100% mortality at 72 h

Striped bass
(Morone saxatilis)
2-day-old larvae

0 100% mortality at 6 d
6 20% mortality at 6 d

12 36% mortality at 6 d
18 75% mortality at 6 d
24 100% mortality at 6 d

Striped bass 14%34 Acute toxicity Ingersoll et al. 1992, Lal et al.
1977, Dwyer et al. 1992

15.6 100% mortality at 23 d Saiki et al. 1992
14.7 95% mortality at 28 d

Fathead minnow 6%10 Acutely lethal Ingersoll et al. 1992, Adelman
and Smith 1976

Chinook salmon 20.5 75% mortality at 28 d Saiki et al. 1992
14.3%20.5 Reduced growth at 28 d

Birds
Mallard -11 Reduced growth; fatal to

young ducklings
Swanson et al. 1984

8.8%12 100 percent mortality Mitcham and Wobeser 1988b
9%12 No effect Nystrom and Pehrsson 1988,

Swanson et al. 198410%15 Level of concern
15 100 percent mortality (7-

day-old ducklings)
Barnes and Nudds 1991

Mottled duck 9 Threshold level for adverse
effects

Moorman et al. 1991

12 Reduced growth, 10%
mortality

15 90% mortality
18 100% mortality

Peking duck 20 Level of concern Nystrom and Pehrsson 1988
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ZDWHU�W\SHV�DQG�GLOXWLRQV���$Q�LPSRUWDQW
FRQFOXVLRQ�RI�WKLV�VWXG\�ZDV�WKDW�VDOLQLW\�LWVHOI
PD\�QRW�EH�DV�LPSRUWDQW�DV�WKH�LRQLF
FRPSRVLWLRQ�RI�WKH�VDOWV�SUHVHQW�LQ�WKH�ZDWHU��
7KH�WLOH�GUDLQZDWHU�XVHG�LQ�WKH�VWXG\�ZDV�WR[LF
EHFDXVH�ILVK�ZHUH�XQDEOH�WR�WROHUDWH�DW\SLFDO
UDWLRV�RI�PDMRU�FDWLRQV�DQG�DQLRQV�FRQVWLWXWLQJ
WKH�GLVVROYHG�VDOWV��WKH�KLJK�FRQFHQWUDWLRQV�RI
VXOIDWH��RU�ERWK�

%LUGV

([FHVV�VDOLQLW\�LQ�WKH�GULQNLQJ�ZDWHU�RI�VRPH
ELUGV�FDQ�DGYHUVHO\�DIIHFW�KHDOWK�DQG�UHGXFH
WKHLU�VXUYLYDO��WDEOH�������'XULQJ�WKH�ZLQWHU�RI
������D�GLH�RII�RI�ZDWHUIRZO�ZDV�UHSRUWHG�DW
:KLWH�/DNH��D�KLJKO\�VDOLQH�ODNH�LQ�0RXQWUDLO
&RXQW\��1RUWK�'DNRWD���:LQGLQJVWDG�HW�DO�
�������VWXGLHG�WKLV�GLH�RII�DQG�IRXQG�WKDW�DERXW
����ZDWHUIRZO�GLHG�DQG�DQRWKHU�
����EHFDPH�ZHDN�DQG�OHWKDUJLF��DSSDUHQWO\�DV�D
UHVXOW�RI�VDOW�SRLVRQLQJ���)ULJLG�WHPSHUDWXUHV
PDGH�IUHVK�ZDWHU�XQDYDLODEOH��IRUFLQJ�WKH�ELUGV
WR�LQJHVW�WKH�VDOLQH�ZDWHUV��ZLWK�UHVXOWDQW�WR[LF
HIIHFWV���$OWKRXJK�VDOLQLW\�ZDV�QRW�PHDVXUHG�DW
WKH�WLPH�RI�WKH�GLH�RII��VRGLXP�FRQFHQWUDWLRQV
RI�PRUH�WKDQ��������PJ�/�ZHUH�PHDVXUHG�LQ
-XO\������

6ZDQVRQ�HW�DO���������IRXQG�WKDW�GXFNOLQJV�RQ
VDOLQH�ODNHV�LQ�1RUWK�'DNRWD�ZHUH�FORVHO\
DVVRFLDWHG�ZLWK�IUHVK�LQIORZ�IURP�VSULQJ
VHHSDJH�RU�IURP�DGMDFHQW�ZHWODQGV���<RXQJ
GXFNOLQJV�GLHG�ZKHQ�ZDWHU�FRQGXFWLYLW\�ZDV
��������6�FP��DERXW������SSW�VDOW��DQG�FRXOG
QRW�WROHUDWH�ZDWHU�LQ�SUDLULH�ODNHV�WKDW�H[FHHGHG
��������6�FP�����SSW��XQOHVV�IUHVK�ZDWHU�ZDV
DOVR�DYDLODEOH���'XFNOLQJ�JURZWK�ZDV
VLJQLILFDQWO\�UHGXFHG�RQ�ZDWHU�WKDW�PHDVXUHG
��������6�FP�������SSW��

0LWFKDP�DQG�:REHVHU������D��WHVWHG�WKH�HIIHFWV
RI�VDOLQH�ZDWHU�RQ�GXFNOLQJV�UDQJLQJ�IURP���GD\
ROG�XS�WR����GD\V���7KH�WHVWHG�ZDWHU�FRQWDLQHG
VRGLXP��XS�WR�����SSW��DQG�PDJQHVLXP��XS�WR
����SSW��DV�VXOIDWHV�DGGHG�WR�WDS�ZDWHU�DW
FRQFHQWUDWLRQV�VLPLODU�WR�

WKRVH�IRXQG�LQ�QDWXUDO�VDOLQH�ZHWODQGV�RI
6DVNDWFKHZDQ���0XFK�RI�WKH�LQJHVWHG�VDOW�ZDV
H[FUHWHG�E\�SDVVDJH�RI�ODUJH�YROXPHV�RI�IOXLG
H[FUHWD���7KLV�HIIHFW�RFFXUUHG�LQ�ELUGV�JLYHQ
ZDWHU�ZLWK�DV�OLWWOH�DV�����SSW�PDJQHVLXP�RU����
SSW�VRGLXP���7KH�VXSUDRUELWDO�VDOW�JODQG�ZDV
DFWLYHO\�H[FUHWLQJ�VDOW�ZLWKLQ���GD\V�LQ�GXFNOLQJV
GULQNLQJ�ZDWHU�FRQWDLQLQJ�$����SSW�RI�VRGLXP��
'XFNOLQJV�GULQNLQJ�ZDWHU�ZLWK�
����SSW�RI�HLWKHU�LRQ��RU�����SSW�RI�HDFK��JUHZ
PRUH�VORZO\�WKDQ�FRQWURO�ELUGV���'XFNOLQJV
GULQNLQJ�ZDWHU�ZLWK�����SSW�RI�HLWKHU�VRGLXP�RU
PDJQHVLXP�KDG�UHGXFHG�WK\PXV�VL]H�DQG�ERQH
VWUHQJWK���'XFNOLQJV�UHDUHG�RQ�IUHVK�RU�VOLJKWO\
VDOLQH�ZDWHU�DGDSWHG�YHU\�SRRUO\�WR�
DQ�DEUXSW�FKDQJH�WR�PRUH�VDOLQH�ZDWHU�
�6&� ���������6�FP��DW����GD\V�RI�DJH���7KHVH
ELUGV�VWRSSHG�HDWLQJ��EHFDPH�LQDFWLYH��DQG�VRPH
GLHG�ZLWKLQ���GD\V��VXUYLYRUV�KDG�PDQ\�WLVVXH
DQG�ELRFKHPLFDO�DOWHUDWLRQV�DW����GD\V�RI�DJH��
0DQ\�RI�WKH�VXEOHWKDO�HIIHFWV�ZHUH�VXEWOH�DQG
QRQVSHFLILF�PDQLIHVWDWLRQV�RI�VWUHVV�DQG�ZRXOG
EH�GLIILFXOW�WR�GHWHFW�LQ�ZLOG�GXFNOLQJV�RQ�VDOLQH
ZHWODQGV�

,Q�D�VHFRQG�VWXG\�E\�0LWFKDP�DQG�:REHVHU
�����E�����GD\�ROG�PDOODUG�GXFNOLQJV�UHFHLYHG
GULQNLQJ�ZDWHU�IURP����QDWXUDOO\�VDOLQH�ZHWODQGV
LQ�6DVNDWFKHZDQ���7DEOH����VXP�PDUL]HV�WKHLU
UHVXOWV�

$�VWXG\�RI�WKH�HIIHFWV�RI�VDOLQH�ZDWHU�RQ�WKH
JURZWK�DQG�VXUYLYDO�RI�PRWWOHG�GXFNV�LQ
/RXLVLDQD�LQGLFDWHG�D�WKUHVKROG�OHYHO�DW���SSW��
5HGXFHG�JURZWK�UDWH�DQG�QHJDWLYH�HIIHFWV�RQ
ERG\�PDVV�DQG�FDUFDVV�FRPSRQHQWV�DW����SSW
VXJJHVWHG�D�UDQJH�RI�WROHUDEOH�VDOLQLW\�EHWZHHQ��
DQG����SSW��0RRUPDQ�HW�DO�����������'XFNOLQJ
PRUWDOLW\�ZDV�����SHUFHQW�DW����SSW�VDOLQLW\�
���SHUFHQW�DW����SSW��DQG����SHUFHQW�DW����SSW�

'XFNOLQJV�DSSHDU�WR�EH�VHQVLWLYH�WR�LQFUHDVHV�LQ
VDOLQLW\��KRZHYHU��D�VWXG\�FRQGXFWHG�RQ
$PHULFDQ�EODFN�GXFNV��PDOODUGV��DQG�WKHLU
K\EULGV�GHPRQVWUDWHG�WKDW�GXFNOLQJ�PRUWDOLW\
GHFUHDVHG�ZLWK�DJH�DQG�WKDW�DFFOLPDWLRQ�WR�VDOW
ZDWHU�LV�DJH�GHSHQGHQW��%DUQHV�DQG�1XGGV
������
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Table 31.&Effects of naturally saline drinking water on 1-day-old mallard
ducklings

[From Mitcham and Wobeser (1988b)]

Water conductivity
(µS/cm)

Salt concentrations
(ppt)

Length of
exposure EffectsSodium Magnesium

3,750%7,490
  4,000
  7,720
20,000

21,500
35,000
67,000

0.512%0.911
  0.821

1.98
2.55

3.86
8.79
12.3

0.195%0.639
0.56

  0.062
1.31

1.3  
1.31
5.26

14 d
28 d
14 d
14 d

14 d
60 h
30 h

No apparent effect
Poor growth in last 2 weeks
Poor growth
6 of 10 died.  Survivors had poor
   growth, other effects
7 of 9 died
100% mortality
100% mortality

,QWHUDFWLRQV

7KH�ELRDYDLODELOLW\�RI�FKHPLFDOV³DQG�KHQFH
WKHLU�WR[LFLW\³PD\�EH�DOWHUHG�E\�SK\VLF�
RFKHPLFDO�IDFWRUV�VXFK�DV�VDOLQLW\�DQG�WHPSHUD�
WXUH��%UHFNHQ�)ROVH�HW�DO����������(VWXDULQH
RUJDQLVPV�PD\�IDFH�SDUWLFXODU�GLIILFXOWLHV�LQ
FRSLQJ�ZLWK�WR[LF�VXEVWDQFHV�LQWURGXFHG
SULPDULO\�IURP�LQGXVWULDO�DQG�DJULFXOWXUDO
VRXUFHV�RQ�ODQG�EHFDXVH�����IOXFWXDWLQJ�VDOLQLW\
PD\�LPSRVH�D�VWUHVV�RI�LWV�RZQ�DQG�����WKH�VWUHVV
PD\�EH�FRP�SRXQGHG�E\�WLGDO�YDULDWLRQV�LQ
WR[LFDQW�FRQFHQWUDWLRQV���,Q�DGGLWLRQ��VDOLQLW\
PD\�FRQWURO�WKH�VSHFLDWLRQ�DQG�KHQFH�WKH
WR[LFLW\�RI�FHUWDLQ�KHDY\�PHWDOV�DQG�RWKHU
VXEVWDQFHV��)RUEHV���������6LPLODUO\��YDULDWLRQV
LQ�WKH�VDOLQLW\�RI�QRQPDULQH�ZHWODQGV�PD\�KDYH
WKH�VDPH�VRUW�RI�HIIHFW�RQ�WKH�WR[LFLW\�RI
FKHPLFDOV�WKDW�DUH�SUHVHQW�

+DOO�DQG�$QGHUVRQ��������FRPSDUHG�WKH�HIIHFWV
RI�VDOLQLW\�RQ�WKH�WR[LFLW\�RI�YDULRXV�FODVVHV�RI
LQRUJDQLF�DQG�RUJDQLF�FKHPLFDOV���7KHLU�UHVXOWV
LQGLFDWH�WKDW�WKH�WR[LFLW\�RI�PRVW�PHWDOV��H�J��
FDGPLXP��FKURPLXP��FRSSHU��PHUFXU\��QLFNHO�
]LQF��LQFUHDVHV�ZLWK�GHFUHDVLQJ�VDOLQLW\���2QH
SRVVLEOH�H[SODQDWLRQ�IRU�WKLV�ILQGLQJ�LV�WKH
JUHDWHU�ELRDYDLODELOLW\�RI�WKH�IUHH�PHWDO�LRQ��WR[LF
IRUP��DW�ORZHU�VDOLQLW\�FRQGLWLRQV���$QRWKHU
SRVVLELOLW\�LV�WKDW�DW�KLJKHU�VDOW�FRQFHQWUDWLRQV�
SK\VLRORJLFDO�RVPRWLF�HIIHFWV�FDXVH�D�JUHDWHU
IORZ�RI�OLTXLG�

WKURXJK�WKH�NLGQH\V��WKXV�HOLPLQDWLQJ�DOO�VDOWV�
LQFOXGLQJ�WR[LF�LRQV��RXW�RI�WKH�V\VWHP���+DOO�DQG
$QGHUVRQ�IRXQG�QR�FRQVLVWHQW�WUHQG�IRU�WKH
WR[LFLW\�RI�PRVW�RUJDQLF�FKHPLFDOV�ZLWK�VDOLQLW\��
7KH�RQH�H[FHSWLRQ�WR�WKLV�ZDV�WKH�FODVV�RI
RUJDQRSKRVSKDWH�LQVHFWLFLGHV��ZKLFK�DSSHDUHG
WR�JDLQ�WR[LFLW\�ZLWK�LQFUHDVLQJ�VDOLQLW\�

,Q�D�VWXG\�XVLQJ�JUDVV�VKULPS��2CNCGOQPGVGU
VSS���DQG�VKHHSVKHDG�PLQQRZV��%[RTKPQFQP
XCTKGICVWU���WR[LFLW\�GHFUHDVHG�DV�VDOLQLW\
LQFUHDVHG�IRU���QLWURSKHQRO��%UHFNHQ�)ROVH�
HW�DO����������+RZHYHU��WKH�WR[LFLW\�RI�
����GLQLWURSKHQRO�GHFUHDVHG�IRU�VKHHSVKHDG
PLQQRZV�EXW�LQFUHDVHG�IRU�JUDVV�VKULPS�DV
VDOLQLW\�LQFUHDVHG�

5HJXODWRU\�6WDQGDUGV

(3$�KDV�HVWDEOLVKHG�QR�DPELHQW�ZDWHU�TXDOLW\
FULWHULD�IRU�VDOLQLW\�RU�GLVVROYHG�VROLGV��
6HFRQGDU\�PD[LPXP�FRQWDPLQDQW�OHYHOV�IRU
GULQNLQJ�ZDWHU�DUH�����PJ�/�IRU�FKORULGHV�����
PJ�/�IRU�VXOIDWHV��DQG�����PJ�/�IRU�WRWDO
GLVVROYHG�VROLGV��(3$�������

)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�
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5HIHUHQFHV

$GHOPDQ��,�5���DQG�/�/��6PLWK���������6WDQGDUG�WHVW
ILVK�GHYHORSPHQW���3DUW�,���)DWKHDG�PLQQRZV
�2KOGRJCNGU�RTQOGNCU��DQG�JROGILVK��%CTCUUKWU
CWTCVWU��DV�VWDQGDUG�ILVK�LQ�ELRDVVD\V�DQG�WKHLU
UHDFWLRQ�WR�SRWHQWLDO�UHIHUHQFH�WR[LFDQWV���(3$
�����������D���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��:DVKLQJWRQ��'&�

%DUQHV��*���DQG�7�'��1XGGV����������6DOW�WROHUDQFH�LQ
$PHULFDQ�EODFN�GXFNV��PDOODUGV��DQG�WKHLU�)�
K\EULGV���6JG�#WM�������²���

%UHFNHQ�)ROVH��-�$���)�/��0D\HU��/�(��3HGLJR��DQG
/�/��0DUNLQJ��,,����������$FXWH�WR[LFLW\�RI�
��QLWURSKHQRO������GLQWURSKHQRO��WHUEXIRV�DQG
WULFKORUIRQ�WR�JUDVV�VKULPS��2CNCGOQPGVGU�VSS��
DQG�VKHHSVKHDG�PLQQRZV��%[RTKPQFQP
XCTKGICVWU��DV�DIIHFWHG�E\�VDOLQLW\�DQG
WHPSHUDWXUH���'PXKTQP��6QZKEQN��%JGO�������²���

&+�0�+LOO����������)LQDO�HQYLURQPHQWDO�LPSDFW
UHSRUW�IRU�PRGLILHG�(DVW�/RZOLQH�DQG�7ULIROLXP
LQWHUFHSWRUV�DQG�FRPSOHWLRQ�SURMHFWV��9RO��,��
3UHSDUHG�IRU�,PSHULDO�,UULJDWLRQ�'LVWULFW�
,PSHULDO��&DOLIRUQLD�

&+�0�+LOO��+�7��+DUYH\�DQG�$VVRFLDWHV��DQG�
*�/��+RUQHU����������%WOWNCVKXG�KORCEVU�QH
CITKEWNVWTCN�GXCRQTCVKQP�DCUKPU�QP�YKNFNKHG��
(KPCN�TGRQTV�VQ�VJG�%CNKHQTPKC�&GRCTVOGPV�QH
9CVGT�4GUQWTEGU���&+�0�+LOO��6DFUDPHQWR�
&DOLIRUQLD�

'Z\HU��)�-���%XUFK��6�$���&�*��,QJHUVROO��DQG�
-�%��+XQQ����������7R[LFLW\�RI�WUDFH�HOHPHQW�DQG
VDOLQLW\�PL[WXUHV�WR�VWULSHG�EDVV��/QTQPG
UCZCVKNKU��DQG�&CRJPKC�OCIPC���'PXKTQP�
6QZKEQN��%JGO��������²����

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
4XDOLW\�FULWHULD�IRU�ZDWHU��������8�6��(QYLURQ�
PHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI�:DWHU
5HJXODWLRQV�DQG�6WDQGDUGV��:DVKLQJWRQ���5HSW�
(3$������²�������������S���$YDLODEOH�IURP
1DWLRQDO�7HFKQLFDO�,QIRUPDWLRQ�6HUYLFH�
6SULQJILHOG��9$�������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK�DGYLVRULHV��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI
:DWHU��:DVKLQJWRQ������S�

)RUEHV��9�(����������5HVSRQVH�RI�*[FTQDKC�XGPVTQUC
�0RQWDJX��WR�HQYLURQPHQWDO�VWUHVV���(IIHFWV�RI
VDOLQLW\�IOXFWXDWLRQV�DQG�FDGPLXP�H[SRVXUH�RQ
JURZWK���(WPEV��'EQN������������

*DODW��'�/���0��&ROHPDQ��DQG�5��5RELQVRQ���������
([SHULPHQWDO�HIIHFWV�RI�HOHYDWHG�VDOLQLW\�RQ�WKUHH
EHQWKLF�LQYHUWHEUDWHV�LQ�3\UDPLG�/DNH��1HYDGD��
*[FTQDKQNQIKC��������²����

+DOO��/�:���DQG�5�'��$QGHUVRQ����������7KH�LQIOXHQFH
RI�VDOLQLW\�RQ�WKH�WR[LFLW\�RI�YDULRXV�FODVVHV�RI
FKHPLFDOV�WR�DTXDWLF�ELRWD���%TKV��4GX��6QZKEQN�
������²����

+HP��-�'����������6WXG\�DQG�LQWHUSUHWDWLRQ�RI�WKH
FKHPLFDO�FKDUDFWHULVWLFV�RI�QDWXUDO�ZDWHU��WKLUG
HGLWLRQ���8�6��*HRORJLFDO�6XUYH\�:DWHU�6XSSO\
3DSHU������

,QJHUVROO��&�*���)�-��'Z\HU��6�$��%XUFK��
0�.��1HOVRQ��'�5��%XFNOHU��DQG�-�%��+XQQ���
�������7KH�XVH�RI�IUHVKZDWHU�DQG�VDOWZDWHU
DQLPDOV�WR�GLVWLQJXLVK�EHWZHHQ�WKH�WR[LF�HIIHFWV
RI�VDOLQLW\�DQG�FRQWDPLQDQWV�LQ�LUULJDWLRQ
GUDLQZDWHU���'PXKTQP��6QZKEQN��%JGO�
������²����

.RNNLQQ��0�-����������2VPRUHJXODWLRQ��VDOLQLW\
WROHUDQFH�DQG�WKH�VLWH�RI�LRQ�H[FUHWLRQ�LQ�WKH
KDORELRQW�FKLURQRPLG�6CP[VCTUWU�DCTDKVCTUWU
)UHHPDQ���#WUV��,��/CTKPG�(TGUJYCVGT�4GU�
�����������

/DO��.���5��/DVNHU��DQG�$��.XOMLV����������$FFOLPDWLRQ
DQG�UDULQJ�VWULSHG�EDVV�ODUYDH�LQ�VHD�ZDWHU���%CNKH�
(KUJ�)COG������������

/LQVOH\��5�.���DQG�-�%��)UDQ]LQL����������9CVGT
TGUQWTEGU�GPIKPGGTKPI���0F*UDZ�+LOO��6LQJDSRUH�

0DDV��(�9����������&URS�VDOW�WROHUDQFH���,Q���
.�.��7DQML��HG���#ITKEWNVWTCN�UCNKPKV[�CUUGUUOGPV
CPF�OCPCIGOGPV����$PHULFDQ�6RFLHW\�RI�&LYLO
(QJLQHHUV��1HZ�<RUN���$6&(�0DQXDOV�DQG
5HSRUWV�RQ�(QJLQHHULQJ�3UDFWLFH�1R�������
S�����²����

0F0LOODQ��&���DQG�)�1��0RVHOH\����������6DOLQLW\
WROHUDQFH�RI�ILYH�PDULQH�VSHUPDWRSK\WHV�RI
5HGILVK�%D\��7H[DV���'EQNQI[�������²����



6DOLQLW\

���

0F1DXJKWRQ��6�-����������(FRW\SH�IXQFWLRQ�LQ�WKH
7\SKD�FRPPXQLW\�W\SH���'EQN��/QPQIT�
������²����

0LWFKDP��6�$���DQG�*��:REHVHU�������D���(IIHFWV�RI
VRGLXP�DQG�PDJQHVLXP�VXOIDWH�LQ�GULQNLQJ�ZDWHU
RQ�PDOODUG�GXFNOLQJV���
,��9KNFN��&KU�������²���

0LWFKDP��6�$���DQG�*��:REHVHU�������E���7R[LF
HIIHFWV�RI�QDWXUDO�VDOLQH�ZDWHUV�RQ�PDOODUG
GXFNOLQJV���,��9KNFN��&KU�������²���

0RRUPDQ��$�0���7�(��0RRUPDQ��*�$��%DOGDVVDUUH�
DQG�'�0��5LFKDUG����������(IIHFWV�RI�VDOLQH�ZDWHU
RQ�JURZWK�DQG�VXUYLYDO�RI�PRWWOHG�GXFN
GXFNOLQJV�LQ�/RXLVLDQD���,��9KNFN��/CPCIG�
������²����

1HOVRQ��6�0���DQG�6�$��)OLFNLQJHU����������6DOLQLW\
WROHUDQFHV�RI�&RORUDGR�VTXDZILVK��2V[EJQEJGKNWU
NWEKWU���3LVFHV��&\SULQLGDH����*[FTQDKQNQIKC
������������

1\VWURP��.�.�*���DQG�2��3HKUVVRQ����������6DOLQLW\
DV�D�FRQVWUDLQW�DIIHFWLQJ�IRRG�DQG�KDELWDW�FKRLFH
RI�PXVVHO�IHHGLQJ�GLYLQJ�GXFNV���+DKU�������²����

3DUNHU��0�6���DQG�$�:��.QLJKW����������$KQNQIKECN
EJCTCEVGTK\CVKQP�QH�CITKEWNVWTCN�FTCKPCIG
GXCRQTCVKQP�RQPFU���8QLYHUVLW\�RI�&DOLIRUQLD�
'DYLV��&DOLIRUQLD���:DWHU�6FLHQFH�DQG
(QJLQHHULQJ�3DSHU�1R���������3UHSDUHG�IRU
&HQWUDO�9DOOH\�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO
%RDUG�

3H]HVKNL��6�5���5�'��'H/DXQH��DQG�+��3DWULFN��-U��
�������5HVSRQVH�RI�WKH�IUHVKZDWHU�PDUVK�VSHFLHV
2CPKEWO�JGOKVQOQP�6FKXOW��WR�LQFUHDVHG
VDOLQLW\���(TGUJYCVGT�$KQN��������²����

6DLNL��0�.���0�5��-HQQLQJV��DQG�5�+��:LHGPH\HU��
�������7R[LFLW\�RI�DJULFXOWXUDO�VXEVXUIDFH
GUDLQZDWHU�IURP�WKH�6DQ�-RDTXLQ�9DOOH\�
&DOLIRUQLD��WR�MXYHQLOH�FKLQRRN�VDOPRQ�DQG
VWULSHG�EDVV���6TCPU��#O��(KUJ��5QE������������

6HWPLUH��-�*���5�$��6FKURHGHU��-�1��'HQVPRUH��
6�/��*RRGEUHG��'�-��$XGHW��DQG�:�5��5DGNH��
�������&GVCKNGF�UVWF[�QH�YCVGT�SWCNKV[��DQVVQO
UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ�KTTKICVKQP
FTCKPCIG�KP�VJG�5CNVQP�5GC�CTGC��%CNKHQTPKC�
���� �����8�6��*HRORJLFDO�6XUYH\�:DWHU
5HVRXUFHV�,QYHVWLJDWLRQV�5HSRUW���²�����

6KHNRY��$�*����������(IIHFW�RI�VDOLQL]DWLRQ�RQ
K\GURPDFURSK\WHV�RI�.XEDQ�/LPDQV���5QX�
,��'EQN�������²����

6ZDQVRQ��*�$���9�$��$GRPDLWLV��)�%��/HH��
-�5��6HULH��DQG�-�$��6KRHVPLWK���������
/LPQRORJLFDO�FRQGLWLRQV�LQIOXHQFLQJ�GXFNOLQJ�XVH
RI�VDOLQH�ODNHV�LQ�VRXWK�FHQWUDO�1RUWK�'DNRWD���,�
9KNFN��/CPCIG��������²����

8�6��%XUHDX�RI�5HFODPDWLRQ����������'UDLQDJH
PDQXDO���$�JXLGH�WR�LQWHJUDWLQJ�SODQW��VRLO��DQG
ZDWHU�UHODWLRQVKLSV�IRU�GUDLQDJH�RI�LUULJDWHG�ODQGV��
8�6��%XUHDX�RI�5HFODPDWLRQ��'HQYHU��&RORUDGR��
:DWHU�5HVRXUFHV�7HFKQLFDO�3XEOLFDWLRQ�

8�6��'HSDUWPHQW�RI�$JULFXOWXUH����������0DQDJHPHQW
DQG�XVHV�RI�FDWWDLO�
�6[RJC�FQOKPIGPUKU��LQ�&DOLIRUQLD���
8�6��'HSDUWPHQW�RI�$JULFXOWXUH��6RLO
&RQVHUYDWLRQ�6HUYLFH��%HUNHOH\��&DOLIRUQLD�

:LQGLQJVWDG��5�0���)�;��.DUWFK��DQG�5�.��6WURXG��
�������6DOW�WR[LFRVLV�LQ�ZDWHUIRZO�LQ�1RUWK
'DNRWD���,��9KNFN��&KU��������²����

:LQJHU��3�9���DQG�3�-��/DVLHU����������(IIHFWV�RI
VDOLQLW\�RQ�VWULSHG�EDVV�HJJV�DQG�ODUYDH�IURP�WKH
6DYDQQDK�5LYHU��*HRUJLD���6TCPU��#O��(KUJ��5QE�
�������²����
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&RQVWLWXHQWV�RI�&RQFHUQ

6HOHQLXP

'HVFULSWLRQ

6HOHQLXP��6H��LV�D�VHPL�PHWDOOLF�WUDFH�HOHPHQW
ZKLFK�KDV�ELRFKHPLFDO�SURSHUWLHV�VLPLODU�WR
WKRVH�RI�VXOIXU���7KH�SXUH�HOHPHQW�PRVW�RIWHQ
DSSHDUV�DV�OXVWURXV�WULJRQDO�FU\VWDOV�RI�JUD\
VHOHQLXP���2WKHU�FRPPRQ�IRUPV�LQFOXGH�D�GDUN�
UHG�SRZGHU��WKH�JODVV\��GDUN�EURZQ�YLWUHRXV
VHOHQLXP��DQG�GHQVH�PRQRFOLQLF�FU\VWDOV�RI�UHG
VHOHQLXP��EXW�WKHVH�DUH�DOO�OHVV�VWDEOH�WKDQ�WKH
JUD\�YDULHW\�DQG�WHQG�WR�FRQYHUW�WR�LW�RYHU�WLPH��
7KH�PRVW�FRPPRQ�VHOHQLXP�FRPSRXQGV�LQ
QDWXUDO�ZDWHUV�DUH�VHOHQLRXV�DFLG��+

�
6H2

�
��DQG

VHOHQLF�DFLG��+
�
6H2

�
���ZKLFK�FRUUHVSRQG�

UHVSHFWLYHO\��WR�WKH�VDOWV�VHOHQLWH��6H����DQG
VHOHQDWH��6H������&HUWDLQ�PHWDO�DQG�RUJDQLF
VHOHQLGHV��6H²���DUH�DOVR�FRPPRQ�LQ�VRPH
HQYLURQPHQWV��VXFK�DV�ERWWRP�VHGLPHQWV�

2FFXUUHQFH

6HOHQLXP�LV�ZLGHO\�GLVWULEXWHG�LQ�URFNV��VRLOV�
ZDWHU��DQG�OLYLQJ�RUJDQLVPV���,Q�WKH�:HVWHUQ
8QLWHG�6WDWHV��LW�LV�PRVW�FRPPRQ�LQ�8SSHU
&UHWDFHRXV�DQG�7HUWLDU\�PDULQH�VHGLPHQWDU\
URFNV��6HLOHU���������)LJXUH���VKRZV�WKH
GLVWULEXWLRQ�RI�WKHVH�IRUPDWLRQV�LQ�WKH�:HVWHUQ
8QLWHG�6WDWHV���0DQ\�JHRORJLF�IRUPDWLRQV�DUH
VHOHQLIHURXV�DQG�FDSDEOH�RI�FRQWULEXWLQJ�WR�WKH
PRELOH�IRUPV�RI�VHOHQLXP�LQ�VRLOV���6HOHQLXP�LV
KLJKO\�PRELOH�DQG�ELRORJLFDOO\�DYDLODEOH�LQ�DULG
UHJLRQV�KDYLQJ�DONDOLQH�VRLOV³FRQGLWLRQV�W\SLFDO
RI�WKH�:HVWHUQ�8QLWHG�6WDWHV���$�QXPEHU�RI
SODQWV��VXFK�DV�#UVTCICNWU��ORFR�ZHHG�DQG
PLONYHWFK���FDQ�FRQFHQWUDWH�VHOHQLXP�H[WUDFWHG
IURP�WKH�VRLO�LQWR�D�ELRORJLFDOO\�DYDLODEOH�IRUP�
ZKLFK�LV�WR[LF�WR�OLYHVWRFN�ZKHQ�HDWHQ��+HGOXQG
������

7KH�FRQFHQWUDWLRQ�RI�VHOHQLXP�LQ�ULYHUV�
VWUHDPV��ODNHV��DQG�ZHWODQG�DUHDV�LV�JUHDWO\�

LQFUHDVHG�E\�LUULJDWLRQ�GUDLQDJH�UHWXUQ�IORZ�LQ
FHUWDLQ�DUHDV�RI�WKH�:HVW���8SVWUHDP�IURP
LUULJDWHG�DUHDV�LQ�WKH�&RORUDGR�5LYHU�EDVLQ�
ZDWHUV�JHQHUDOO\�KDYH�VHOHQLXP�FRQFHQWUD�WLRQV
RI�OHVV�WKDQ����J�/��EXW�GRZQVWUHDP�IURP
LUULJDWHG�DUHDV��WKH�FRQFHQWUDWLRQ�H[FHHGV���
�J�/�LQ�SODFHV��PDLQO\�EDFNZDWHU�DUHDV���
'UDLQDJH�IURP�WKH�:HVWODQGV�,UULJDWLRQ�3URMHFW
LQ�&DOLIRUQLD�DYHUDJHG������J�6H�/�DQG�UDQJHG
IURP�����WR��������J�6H�/���6HOHQLXP�ZDV
IXUWKHU�FRQFHQWUDWHG�LQ�WKH�FROOHFWRU�GUDLQV�E\
HYDSRUDWLRQ�DQG�ELR�DFFXPXODWLRQ���/HYHOV�LQ
SODQWV�DQG�DQLPDOV�ZHUH�KLJK�HQRXJK�WR�NLOO
VRPH�DTXDWLF�ELUGV�DQG�ILVK�DQG�LPSDLU
UHSURGXFWLRQ�RI�RWKHUV����+HGOXQG�������

6HOHQLXP�FDQ�DOVR�EH�PRELOL]HG�RU�UHOHDVHG�IURP
WKH�VRLO�E\�D�FURS�IDOORZ�PDQDJHPHQW�V\VWHP��
6DOLQH�VHHSV�GHYHORSHG�LQ�ZKHDW�IDOORZ�DUHDV�RI
WKH�SODLQV�IURP�7H[DV�LQWR�&DQDGD�PD\�KDYH
KLJK�FRQFHQWUDWLRQV�RI�VHOHQLXP�DQG�PD\
FRQWDPLQDWH�ERWK�JURXQG�ZDWHU�DQG�VXUIDFH
UXQRII��+HGOXQG�������

$EQRUPDOO\�KLJK�PDVV�ORDGLQJ�RI�VHOHQLXP�LQWR
DTXDWLF�HQYLURQPHQWV�PRVW�W\SLFDOO\�UHVXOWV�IURP
WKH�GLVSRVDO�RI�FRDO�IO\�DVK��LUULJDWLRQ
ZDVWHZDWHU��RU�RLO�UHILQHU\�ZDVWH�ZDWHU���0LQLQJ
RI�VXOILGH�RUHV�LV�DOVR�D�FRPPRQ�VRXUFH�RI
DUWLILFLDOO\�PRELOL]HG�VHOHQLXP���,Q�SDUWLFXODU�
VHOHQLXP�LV�D�FRPPRQ�ZDVWH�SURGXFW�IURP
XUDQLXP��EHQWRQLWH��DQG�FRDO�PLQLQJ���6RLOV�
VXUIDFH�ZDWHUV��DQG�JURXQG�ZDWHUV�DURXQG�WKHVH
PLQLQJ�RSHUDWLRQV�FDQ�EHFRPH�FRQWDPLQDWHG��
&RQFHQWUDWLRQV�DV�KLJK�DV�������PJ�NJ�KDYH
EHHQ�UHSRUWHG�LQ�WKH�RYHUEXUGHQ�IURP�WKH
3RZGHU�5LYHU�GLVWULFW�LQ�:\RPLQJ���%HQWRQLWH
PLQHV�LQ�:\RPLQJ��0RQWDQD��DQG�6RXWK'DNRWD
DUH�DGGLWLRQDO�VHOHQLXP�VRXUFHV��DQG�LW�DOVR�PD\
EH�FRQFHQ�WUDWHG�LQ�FRDO�GHSRVLWV�DQG
FDUERQDFHRXV�
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)LJXUH������'LVWULEXWLRQ�RI�SRWHQWLDOO\�VHOHQLIHURXV�EHGURFN�LQ�WKH
:HVWHUQ�8QLWHG�6WDWHV��DGDSWHG�IURP�6HLOHU������



6HOHQLXP

���

VKDOHV���0LQLQJ�RSHUDWLRQV�FRPPRQO\�LQFUHDVH
WKH�HOHPHQW
V�PRELOLW\�DQG�VROXELOLW\����+HGOXQG
������

%DFNJURXQG�&RQFHQWUDWLRQV�³6HOHQLXP�KDV
DQ�DYHUDJH�FUXVWDO�DEXQGDQFH�RI������PJ�NJ�DQG
WKH�IROORZLQJ�DSSUR[LPDWH�EDFNJURXQG�OHYHOV�LQ
YDULRXV�PHGLD�

Medium

Background 
(mg/kg dw,
except as

noted)

Freshwater 0.1%0.4 µg/L

Freshwater sediments 0.2%2.0

Plants:
Freshwater algae
Freshwater macrophytes
Terrestrial plants

0.1%1.5
0.1%2.0

0.01%0.6

Invertebrates:
Aquatic
Terrestrial

0.4%4.5
0.1%2.5

Fish:
Liver
Other tissues

2%8
1%4

Reptiles/Amphibians:
Liver
Other tissues

2.9%3.6
1%3

Birds: Whole body
Muscle
Eggs
Liver
Feathers
Whole blood

<2
1%3
<5

<10 
1%4

0.1%0.4 mg/L

Mammals:  Whole body
Muscle
Liver
Hair
Milk
Whole blood

<1%4 
 <1

1%10
<1%3 

<0.05 mg/L
0.1%0.5 mg/L

6HH�WKH�VHSDUDWH�VHFWLRQV�IRU�HDFK�RI�WKHVH
PHGLD��EHORZ��IRU�IXUWKHU�GLVFXVVLRQ�RI�WKHVH
EDFNJURXQG�OHYHOV�

6XPPDU\�RI�(IIHFWV

%DVHG�RQ�WKH�NQRZQ�PDUJLQV�RI�VDIHW\�EHWZHHQ
QRUPDO�DQG�WR[LF�GLHWDU\�H[SRVXUHV��VHOHQLXP�LV
PRUH�SRLVRQRXV�WKDQ�HLWKHU�DUVHQLF�RU�PHUFXU\
�6RUHQVHQ���������+RZHYHU��VHOHQLXP�LV�DOVR�DQ
HVVHQWLDO�WUDFH�QXWULHQW�IRU�DQLPDOV��DQG�LW�VHUYHV
EHQHILFLDO�PHWDEROLF�IXQFWLRQV��$UWKXU�DQG
%HFNHWW���������7KXV��VHOHQLXP�GHILFLHQF\�DV�ZHOO
DV�WR[LFLW\�FDQ�FDXVH�DGYHUVH�HIIHFWV�IRU�ILVK�DQG
ZLOGOLIH��2OGILHOG�������&$67��������
,QWHUHVWLQJO\��ERWK�GHILFLHQF\�DQG�WR[LFLW\�FDXVH
VLPLODU�HIIHFWV���H�J���UHSURGXFWLYH�GHSUHVVLRQ�
DQHPLD��ZHLJKW�ORVV��DQG�LPPXQH�G\VIXQFWLRQ
�.ROOHU�DQG�([RQ���������7KH�NQRZQ�HIIHFWV�RI
VHOHQLXP�H[SRVXUH�WR�YDULRXV�FODVVHV�RI
RUJDQLVPV�DUH�VXPPDUL]HG�LQ�WDEOH����

2QH�RI�WKH�PRVW�LPSRUWDQW�IHDWXUHV�RI�VHOHQLXP
HFRWR[LFRORJ\�LV�WKH�YHU\�QDUURZ�PDUJLQ
EHWZHHQ�QXWULWLRQDOO\�RSWLPDO�DQG�SRWHQWLDOO\
WR[LF�GLHWDU\�H[SRVXUHV�IRU�YHUWHEUDWH�DQLPDOV
�:LOEHU�������15&���������1XWULWLRQDOO\�RSWLPDO
GLHWDU\�VHOHQLXP�H[SR�VXUH�LV�JHQHUDOO\�UHSRUWHG
DV����²����PJ�NJ����7KUHVKROGV�IRU�GLHWDU\
WR[LFLW\�LQ�DQLPDOV�DUH�JHQHUDOO\�UHSRUWHG�DV��²�
PJ�6H�NJ³RQO\�
��WR����WLPHV�WKH�QXWULWLRQDOO\�RSWLPDO�OHYHOV
�*LUOLQJ�������15&�������6RUHQVHQ������
(LVHQEHUJ���������7KXV��UHODWLYHO\�VPDOO
SHUWXUEDWLRQV�LQ�WKH�GLHWDU\�H[SRVXUH�RI
YHUWHEUDWH�DQLPDOV�DUH�SRWHQWLDOO\�KDUPIXO��
$FFRUGLQJ�WR�6SDOOKRO]���������H[WHQVLYH�VWXGLHV
ZLWK�UDWV�KDYH�IRXQG�WKH�WR[LFLW\�WKUHVKROG�IRU
GLHWDU\�VHOHQLWH�WR�EH�RQO\�
����WLPHV�DERYH�WKH�QXWULWLRQDOO\�RSWLPDO�GRVH��
+RZHYHU��RQO\�WKH�VWXGLHV�RI�UDWV�KDYH�LQFOXGHG
FRQWUROOHG�OLIHWLPH�H[SRVXUHV�DQG�HYDOXDWHG�VXFK
VHQVLWLYH�UHVSRQVH�YDULDEOHV�
DV�ORQJHYLW\�
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Table 32.&Summary of comprehensive biotic effects of selenium

Medium
No

effect1
Level of
concern2

Toxicity
threshold3 Comments/Explanation

Water (µg/L, total recoverable
Se)4

<1 1%2 >2 Peterson and Nebeker (1992)

Sediment (mg/kg dw) <1 1%4 >4 Van Derveer and Canton (1997),
SJVDP (1990), Lemly and Smith
(1987)

Diet (mg/kg, dw)        <2 2%3 >3 Lemly (1996a)

Waterbird eggs (mg/kg dw) <3 3%6 >6 No-effect level from Skorupa and
Ohlendorf (1991).  Toxicity
threshold from Skorupa (1998a)

Fish, whole-body (mg/kg dw):
Warm-water species
Cold-water species

<3
<2

3%4
2%4

>4
>4

Lemly (1996a)

     1Concentrations lower than this value produce no discernible adverse effects on fish or wildlife and are typical of
background concentrations in uncontaminated environments.
     2Concentrations in this range rarely produce discernible adverse effects but are elevated above typical background
concentrations.
     3Concentrations above this value appear to produce adverse effects on some fish and wildlife species.
     4See the "Water" section of this chapter for a discussion of the difference between total recoverable Se and dissolved
Se.

6HOHQLXP�LV�PXFK�OHVV�WR[LF�WR�PRVW�SODQWV�DQG
LQYHUWHEUDWH�DQLPDOV�WKDQ�WR�YHUWHEUDWH�DQLPDOV��
$PRQJ�YHUWHEUDWHV��UHSURGXFWLYH�WR[LFLW\�LV�RQH
RI�WKH�PRVW�VHQVLWLYH�HQGSRLQWV��
KRZHYHU��HJJ�OD\LQJ�YHUWHEUDWHV�VXFK�DV�ELUGV
DQG�ILVK�VHHP�WR�KDYH�VXEVWDQWLDOO\�ORZHU
WKUHVKROGV�IRU�UHSURGXFWLYH�WR[LFLW\�WKDQ
SODFHQWDO�YHUWHEUDWHV��PDPPDOV��

$�JHQHUDO�HFRWR[LFRORJLFDO�UXOH�RI�WKXPE�IRU
VHOHQLXP�LV�WKDW�WKUHVKROGV�IRU�DGYHUVH�HIIHFWV�LQ
YHUWHEUDWH�DQLPDOV�EHJLQ�DW�FRQFHQWUDWLRQV�OHVV
WKDQ�RQH�RUGHU�RI�PDJQLWXGH�DERYH�QRUPDO
�/HPO\�����E��(LVHQEHUJ�������2KOHQGRUI�HW�DO�
������6DO\L�HW�DO����������:KHQ�HQYLURQPHQWDO�
GLHWDU\��RU�WLVVXH�FRQFHQ�WUDWLRQV�RI�VHOHQLXP�DUH
���WLPHV�QRUPDO�EDFNJURXQG�OHYHOV�RU�KLJKHU�
WR[LF�HIIHFWV�DUH�OLNHO\���,PPXQRWR[LF�HIIHFWV
KDYH�EHHQ�FRQFOXVLYHO\�GRFXPHQWHG�IRU�ELUGV
DQG�PDPPDOV�DW�WLVVXH�FRQFHQWUDWLRQV�RI
VHOHQLXP�OHVV�WKDQ�ILYH�WLPHV�QRUPDO
EDFNJURXQG�

�:KLWHOH\�������6FKDPEHU�HW�DO����������+RZ�
HYHU��WKHUH�DUH�QR�ZHOO�GRFXPHQWHG�FDVH�
VWXGLHV�RI�VHOHQLXP�PHGLDWHG�LPPXQRWR[LFLW\
DQG�DVVRFLDWHG�FRQVHTXHQFHV�DPRQJ�DQLPDOV�LQ
QDWXUH���

7KH�WKUHVKROG�RI�HFRWR[LFLW\�IRU�VHOHQLXP�LV
UHPDUNDEO\�VLPLODU�IRU�ILVK�DQG�ELUGV��/HPO\
����������E���WKH�WZR�FODVVHV�RI�DQLPDOV�PRVW
OLNHO\�WR�EH�DGYHUVHO\�DIIHFWHG�E\�FRQWDPLQD�WLRQ
IURP�DJULFXOWXUH�RU�LQGXVWU\���:LWK�WKH�H[FHSWLRQ
RI�KHSDWLF�WLVVXHV��DOO�ILVK�DQG�ZLOGOLIH�WLVVXHV
QRUPDOO\�DYHUDJH�DERXW���PJ�6H�NJ�RU�OHVV���$
FRQFHQWUDWLRQ�RI���²���PJ�6H�NJ�LQ�ZLOGOLIH
WLVVXHV�RU�GLHWV�LV�DERYH�
WKH�WKUHVKROG�RI�WR[LFLW\�IRU�VHQVLWLYH�DQG
PRGHUDWHO\�VHQVLWLYH�WD[D��DQG�DW�WKH�OHYHO�RI
��²����PJ�6H�NJ��FDWDVWURSKLF�LPSDFWV�DUH
KLJKO\�OLNHO\�

0HWDEROLF�VWUHVV�FDXVHG�E\�ZLQWHU�ZHDWKHU�FDQ
LQFUHDVH�WKH�VXVFHSWLELOLW\�RI�ELUGV��+HLQ]�DQG�



6HOHQLXP

���

)LW]JHUDOG�����E���PDPPDOV��*KRVK�HW�DO�
�������DQG�ILVK��6RUHQVHQ�������/HPO\�����F�
����E��WR�VHOHQLXP�SRLVRQLQJ���7R[LFLW\�GDWD
FROOHFWHG�XQGHU�EHQLJQ�FOLPDWLF�FRQGLWLRQV�PD\
WKHUHIRUH�XQGHUHVWLPDWH�VHQVLWLYLW\�WR�VHOHQLXP
SRLVRQLQJ�

6HOHQLXP�DFFXPXODWHV�LQ�DQG�GLVSHUVHV�IURP
DQLPDO�WLVVXHV�IDLUO\�UDSLGO\���6LJQLILFDQW�FKDQJHV
LQ�WLVVXH�VHOHQLXP�VWDWXV�FDQ�RFFXU�ZLWKLQ�GD\V�
ZHHNV��RU�PRQWKV�GHSHQGLQJ�RQ�WKH�UHVSRQVH
FULWHULRQ�RI�LQWHUHVW�DQG�WKH�WDUJHW�WLVVXH�EHLQJ
PRQLWRUHG��:LOEHU�������%HQQHWW�HW�DO�������
86):6�����D��+HLQ]�HW�DO��������+HLQ]�DQG
)LW]JHUDOG�����D��+HLQ]���������)XUWKHUPRUH�
WKH�RYHUW�V\PSWRPV�RI�HYHQ�QHDU�IDWDO�VHOHQLXP
SRLVRQLQJ�LQ�DGXOW�ELUGV�DQG�PDPPDOV�FDQ�EH
UHYHUVHG�TXLFNO\�LI�WKH�VRXUFH�RI�VHOHQLXP
H[SRVXUH�LV�HOLPLQDWHG��5XWD�DQG�+DLGHU������
+HLQ]�DQG�)LW]JHUDOG�����E����%\�FRQWUDVW�
HPEU\RQLF�GHIRUPLWLHV�FDXVHG�E\�VHOHQLXP
SRLVRQLQJ�DUH�QRW�UHYHUVLEOH��/HPO\�����E���QRU
DUH�VRPH�W\SHV�RI�WLVVXH�GDPDJH�LQ�DGXOW�DQLPDOV
�6RUHQVHQ�������

6WXG\�$SSURDFKHV

6HOHQLXP�WR[LFRORJ\�KDV�EHHQ�WKH�VXEMHFW�RI�DQ
H[WHQVLYH�ERG\�RI�VFLHQWLILF�OLWHUDWXUH���0RUH
WKDQ�������WLWOHV�ZHUH�VFUHHQHG�IRU�WKLV�JXLGDQFH
GRFXPHQW���7LWOHV�WKDW�ZHUH�PRVW�GLUHFWO\
UHOHYDQW�WR�HYDOXDWLQJ�KP�UKVW�HFR�WR[LFRORJ\�RI
VHOHQLXP�ZHUH�UHWULHYHG�DQG�UHYLHZHG���)LQDOO\�
WKH�UHWULHYHG�OLWHUDWXUH�ZDV�IXUWKHU�VFUHHQHG�WR
SURGXFH�D�´VKRUW�OLVWµ�RI�SDUWLFXODUO\�XVHIXO
UHSRUWV�IRU�HYDOXDWLQJ�1,:43�PHDVXUHPHQWV�RI
HQYLURQPHQWDO�VHOHQLXP�

3XEOLFDWLRQV�UHSRUWLQJ�ILHOG�PHDVXUHV�RI
H[SRVXUH�DQG�UHVSRQVH�ZHUH�DIIRUGHG�WKH
JUHDWHVW�ZHLJKW�LQ�IRUPXODWLQJ�WKH�JXLGHOLQHV
SUHVHQWHG�LQ�WKLV�FKDSWHU���0DFURFRVP�DQG
PHVRFRVP�VWXGLHV�ZHUH�JLYHQ�WKH�QH[W�KLJKHVW
SULRULW\���$PRQJ�WKH�UHPDLQLQJ�H[SHULPHQWDO
VWXGLHV�RI�FDSWLYH�ELRWD��WKRVH�WKDW�XWLOL]HG
VHOHQRPHWKLRQLQH��D�JRRG�VXUURJDWH�IRU�QDWXUDO�

IRRG�FKDLQ�VHOHQLXP��DQG�WKDW�WHVWHG�WKH�HIIHFWV
RI�GLHWDU\�H[SRVXUH�ZHUH�JLYHQ�KLJKHVW�SULRULW\��
([SHULPHQWDO�VWXGLHV�WKDW�H[SRVHG�YHUWHEUDWH
ELRWD��RWKHU�WKDQ�HJJV�RU�ODUYDH��WR
FRQWDPLQDWHG�ZDWHU��EXW�SURYLGHG�QR�IRRG�RU
RQO\�FOHDQ�IRRG��L�H���VWDQGDUG�DTXDWLF�WR[LFLW\
WHVWV���DUH�QRW�WUDQVIHUDEOH�WR�ILHOG�FRQGLWLRQV
DQG�WKHUHIRUH�ZHUH�QRW�UHYLHZHG�IRU�WKLV
GRFXPHQW��VHH�(3$�������0DLHU�HW�DO��������DQG
6-9'3������IRU�UHYLHZV�RI�VWXGLHV�RI�WKLV�W\SH���
$OVR��WR[LFLW\�VWXGLHV�RI�PDULQH�RUJDQLVPV�ZHUH
QRW�UHYLHZHG�IRU�WKLV�GRFXPHQW�

)LHOG�&DVHV

7R�WKH�H[WHQW�SRVVLEOH��LQWHUSUHWLYH�JXLGHOLQHV
VKRXOG�EH�EDVHG�HLWKHU�RQ�ILHOG�GDWD�RU�RQ
H[SHULPHQWDO�GDWD�WKDW�KDYH�EHHQ�ILHOG�YDOLGDWHG��
$W�OHDVW����LQFLGHQWV�RI�ILVK�RU�ZLOGOLIH�SRLVRQLQJ
E\�VHOHQLXP��VWXGLHG�LQ�WKH�ILHOG��KDYH�EHHQ
GRFXPHQWHG�LQ�WKH�WHFKQLFDO�OLWHUDWXUH���7KHVH
LQFLGHQWV�RFFXUUHG�LQ�1RUWK�&DUROLQD��7H[DV�
&RORUDGR��&DOLIRUQLD��:\RPLQJ��8WDK��DQG
6ZHGHQ���%ULHI�VXP�PDULHV�RI�HDFK�LQFLGHQW�DUH
SUHVHQWHG�EHORZ�


����$GNGYU�.CMG��0QTVJ�%CTQNKPC³7KLV�SRZHU�
SODQW�FRROLQJ�UHVHUYRLU�UHFHLYHG�UHWXUQ�IORZ
IURP�D�IO\�DVK�VHWWOLQJ�EDVLQ�IURP������WR�������
7KH�DVK�EDVLQ�HIIOXHQW�FRQWDLQHG�DERXW����²
�����J�6H�/���)RU�WKH�PDLQ�UHVHUYRLU��ZDWHU�
ERUQH�VHOHQLXP�ZDV�HOHYDWHG�WR�DERXW�����J�/
RQ�DYHUDJH���6HGLPHQWV�DYHUDJHG����PJ�NJ�
EHQWKLF�IRRG�FKDLQ�IDXQD�DYHUDJHG���²���PJ�
NJ��SODQNWRQ�DYHUDJHG����PJ�NJ��ILVK�PXVFOH
DYHUDJHG���²���PJ�NJ��DQG�ZKROH�ERG\
VHOHQLXP�FRQFHQWUDWLRQV�DYHUDJHG���²����PJ�
NJ��DSSUR[LPDWH�GU\�ZHLJKWV����*RQDGV�RI
IHPDOH�ILVK�FRQWDLQHG�DERXW���²����PJ�6H�NJ��
7KXV��WKH�VHOHQLXP�FRQFHQWUDWLRQV�ZHUH�DERXW
��²���ï�EDFNJURXQG�LQ�WKH�ZDWHU����²��ï
EDFNJURXQG�LQ�IRRG�FKDLQ�IORUD�DQG�IDXQD��DV
PXFK�DV����ï�QRUPDO�LQ�ILVK�ZKROH�ERGLHV��DQG
DERXW��²��ï�QRUPDO�LQ�IHPDOH�ILVK�JRQDGV���2I
���VSHFLHV�RI�ILVK�H[SRVHG�WR�WKHVH�FRQWDPLQDQW
FRQGLWLRQV�����ZHUH�H[WLUSDWHG����KDG�FHDVHG
UHSURGXFLQJ����ZDV�WHPSRUDULO\�H[WLUSDWHG�



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

DQG���ZDV�XQDIIHFWHG���2QO\�FDUS��EODFN
EXOOKHDGV��DQG�PRVTXLWRILVK�ZHUH�SUHVHQW
WKURXJKRXW�WKH�VWXG\���)RU�PRVW�VSHFLHV�
WHUDWRJHQLF�HIIHFWV�DQG�RWKHU�RYHUW�DEQRUPDOLWLHV
ZHUH�REVHUYHG�LQ�DERXW���²
���SHUFHQW�RI�WKH�VDPSOHG�ILVK�

)ROORZ�XS�VDPSOLQJ�RI�ILVK�LQ���������\HDUV�DIWHU
VHOHQLXP�ORDGLQJ�WR�%HOHZV�/DNH�ZDV
VXEVWDQWLDOO\�UHGXFHG��IRXQG�ZKROH�ERG\
VHOHQLXP�FRQFHQWUDWLRQV�DYHUDJLQJ���²���PJ�
NJ��.�²��ï�QRUPDO��DVVRFLDWHG�ZLWK�VOLJKWO\
HOHYDWHG�IUHTXHQFLHV�RI�DEQRUPDOLWLHV���²
���SHUFHQW�YHUVXV�D�UHIHUHQFH�UDQJH�RI��²��SHU�
FHQW����)RU�FHQWUDUFKLGV��D�VWURQJ�H[SRVXUH�
UHVSRQVH�UHODWLRQVKLS�ZDV�HYLGHQW�EHWZHHQ
ZKROH�ERG\�VHOHQLXP�DQG�IUHTXHQF\�RI�RYHUW
DEQRUPDOLWLHV���7KH�(&���ZDV�URXJKO\�
���PJ�NJ�ZKROH�ERG\�6H��/HPO\�����D�E�
����E����,Q�DQ�DUP�RI�%HOHZV�/DNH�WKDW�LV�VHPL�
LVRODWHG�IURP�WKH�PDLQ�UHVHUYRLU��NQRZQ�DV�WKH
+LJKZD\�����DUP��VHOHQLXP�FRQWHQW�DYHUDJHG
�²���J�/�LQ�WKH�ZDWHU����²��ï�QRUPDO������²���
PJ�NJ�LQ�VHGLPHQWV���²��ï�QRUPDO����²�
PJ�NJ�LQ�EHQWKLF�LQYHUWHEUDWHV���²�ï�QRUPDO��
��²���PJ�NJ�LQ�ILVK�OLYHU���²�ï�QRUPDO���DQG
�²��PJ�NJ�LQ�ILVK�PXVFOH���²�ï�QRUPDO�
�6RUHQVHQ�HW�DO��������&XPELH�SHUV���FRPP�
FLWHG�LQ�*/6$%���������6RPH�ILVK�LQ�WKH
+LJKZD\�����DUP�VKRZHG�VXEOHWKDO�WR[LF�HIIHFWV
VXFK�DV�JHQHUDOL]HG�HGHPD�DQG�DEQRUPDO�RYDULDQ
WLVVXH�GDPDJH��6RUHQVHQ�HW�DO���������
1RQHWKHOHVV��DQ�RYHUWO\�QRUPDO�ILVK�IDXQD
SHUVLVWHG��/HPO\�����E��


����*[EQ�4GUGTXQKT��0QTVJ�%CTQNKPC³7KLV�ZDV
DQRWKHU�SRZHUSODQW�FRROLQJ�UHVHUYRLU��ZKLFK
UHFHLYHG�HIIOXHQW�IURP�WZR�IO\�DVK�SRQGV�WKDW
FRQWDLQHG�DERXW���²�����J�6H�/�LQ�WKHLU�ZDWHU��
$V�D�UHVXOW��WKH�ZDWHUERUQH�FRQFHQWUD�WLRQ�RI
VHOHQLXP�LQ�+\FR�5HVHUYRLU�ZDV�HOHYDWHG�WR
DERXW�����J�/�RQ�DYHUDJH���,Q�RWKHU�PHGLD�
VHOHQLXP�DYHUDJHG�DSSUR[L�PDWHO\��²��PJ�NJ
�GZ��LQ�VHGLPHQWV����²
���PJ�NJ�LQ�EHQWKLF�IRRG�FKDLQ�IDXQD���²
���PJ�NJ�LQ�SODQNWRQ����²���PJ�NJ�LQ�ILVK
PXVFOH��DQG���²���PJ�NJ�LQ�JRQDGV�RI�IHPDOH
ILVK���&RPSDUHG�WR�ORFDO�UHIHUHQFH�SRSXODWLRQV�
ILVK�PXVFOH�FRQWDLQHG�DERXW���ï�QRUPDO

VHOHQLXP�FRQFHQWUDWLRQV��DQG�IHPDOH�JRQDGV
FRQWDLQHG�DERXW���²��ï�QRUPDO���$V�D
FRQVHTXHQFH�RI�WKLV�H[SRVXUH��DGXOW�ILVK
GHQVLWLHV�GHFOLQHG�E\����²���SHUFHQW��DQG�ODUYDO
ILVK�GHQVLWLHV�GHFOLQHG�E\������SHUFHQW��:RRFN
DQG�6XPPHUV�������*LOOHVSLH�DQG�%DXPDQQ
������


����/CTVKP�.CMG��6GZCU³7KLV�UHVHUYRLU�UHFHLYHG
GLVFKDUJHV�GXULQJ�����²���IURP�IO\�DVK�SRQGV
WKDW�FRQWDLQHG�VHOHQLXP�FRQFHQWUDWLRQV�LQ�H[FHVV
RI��������J�/���7KH�ZDWHU�LQ�0DUWLQ�/DNH�ZDV
HOHYDWHG�WR�DERXW������J�6H�/�RQ�DYHUDJH��.�
�J�/�LQ�WKH�LPSDFW�DUHD"����2WKHU�VHOHQLXP
FRQFHQWUDWLRQV��GZ��DYHUDJHG�DERXW���PJ�NJ�LQ
VHGLPHQWV�����PJ�NJ�LQ�ILVK�PXVFOH��DQG���
PJ�NJ�LQ�JRQDGV�RI�IHPDOH�VXQILVK��.�ï�WKH
´QRUPDOµ�OHYHO�RI�+DPLOWRQ�DQG�:DGGHOO��������
7KLV�OHYHO�RI�H[SRVXUH�ZDV�LPSOLFDWHG�LQ�D�VHULHV
RI�ILVK�NLOOV�VRRQ�DIWHU�0DUWLQ�/DNH�UHFHLYHG�WKH
DVK�SRQG�HIIOXHQW��*DUUHWW�DQG�,QPDQ������
/HPO\�����D��6RUHQVHQ�������7H[DV�3DUNV�DQG
:LOGOLIH�'HSDUWPHQW���������%\�������ILVK
PXVFOH�WLVVXH�ZDV�GRZQ�WR��²���PJ�6H�NJ��EXW
VHOHQLXP�LQ�UHG�ZLQJHG�EODFNELUG�HJJV�ZDV�VWLOO
HOHYDWHG�WR����PJ�NJ���ï�WKDW�RI�D�ORFDO
UHIHUHQFH�SRSXODWLRQ����7ZR�EODFNELUG
IRRGV³JUDVV�KRSSHUV�DQG�PD\IOLHV³DYHUDJHG
����DQG����PJ�6H�NJ��UHVSHFWLYHO\���7KH�KDWFKLQJ
VXFFHVV�RI�0DUWLQ�/DNH�EODFNELUG�HJJV�ZDV�OHVV
WKDQ����SHUFHQW�WKDW�RI�D�ORFDO�UHIHUHQFH
SRSXODWLRQ���%DUQ�VZDOORZ�HJJV�DW�0DUWLQ�/DNH
DYHUDJHG�����PJ�6H�NJ�DQG�VKRZHG�QRUPDO
KDWFKDELOLW\�FRP�SDUHG�WR�D�ORFDO�UHIHUHQFH
SRSXODWLRQ��.LQJ�������.LQJ�
HW�DO��������


����5YGKV\GT�.CMG��%QNQTCFQ³7KLV�ODNH��DOVR
NQRZQ�DV�*DUQHW�0HVD�5HVHUYRLU��ZDV�EXLOW�LQ
�����IRU�UHFUHDWLRQDO�SXUSRVHV���6ZHLW]HU�/DNH�LV
VLWXDWHG�LQ�DQ�DUHD�RI�QDWXUDOO\�VHOHQLIHURXV
JHRORJLFDO�IRUPDWLRQV���,W�LV�XQFOHDU��KRZHYHU�
KRZ�PXFK�RI�WKH�FXPXODWLYH�VHOHQLXP�ORDGLQJ
LQWR�6ZHLW]HU�/DNH�FDPH�IURP�QDWXUDO�LQSXWV�DQG
KRZ�PXFK�ZDV�DUWLILFLDO���,QLWLDO������
V��ZDWHU
VDPSOLQJ�UHYHDOHG�PRUH�WKDQ������J�6H�/��
%LRWLF�VHOHQLXP�FRQWDPLQDWLRQ�UHDFKHG�
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���

DV�KLJK�DV�DERXW����PJ�NJ��GZ��LQ�EHQWKLF�IRRG�
FKDLQ�IDXQD�DQG����PJ�NJ�LQ�ILVK�OLYHUV���7KLV
OHYHO�RI�H[SRVXUH�FDXVHG�SURJUHVVLYH�PRUWDOLW\
RI�VWRFNHG�JDPH�ILVKHV���7KH�&RORUDGR�'LYLVLRQ
RI�:LOGOLIH�GHFLGHG�WR�VWRS�VWRFNLQJ�WKH�ODNH�LQ
�����EXW�ODWHU�GLG�UHVWRFN�LW�ZLWK�FDWILVK�LQ�������
,Q�WKH�ODWH�����
V��ZDWHU�VDPSOHV�IURP�WKH�ODNH
FRQWDLQHG�DERXW���²
����J�6H�/���)LVK�PXVFOH��FKDQQHO�FDWILVK�
DYHUDJHG�DERXW����PJ�NJ��DQG�ELUG�HJJV
DYHUDJHG�DERXW���PJ�6H�NJ���$W�WKLV�OHYHO�RI
H[SRVXUH��WKHUH�ZDV�QR�HYLGHQFH�RI�VXFFHVVIXO
UHSURGXFWLRQ�DPRQJ�WKH�FKDQQHO�FDWILVK��DQG�WKH
UHSURGXFWLYH�SHUIRUPDQFH�RI�ELUGV�DW�WKH�ODNH
ZDV�XQNQRZQ��KRZHYHU��ODUJH�SRSXOD�WLRQV�RI
JUHHQ�VXQILVK�DQG�FDUS��LQFOXGLQJ�YDULRXV�DJH
FODVVHV��ZHUH�SUHVHQW��/HPO\�����D��%XWOHU�HW�DO�
��������


����-GUVGTUQP�4GUGTXQKT��%CNKHQTPKC³7KLV
HYDSRUDWLRQ�DQG�VHHSDJH�EDVLQ�IRU�LUULJDWLRQ
GUDLQDJH�ZDWHU�LQ�&DOLIRUQLD
V�&HQWUDO�9DOOH\
UHFHLYHG�ZDWHU�FRQWDLQLQJ�DERXW������J�6H�/
RYHU�VHYHUDO�\HDUV���.HVWHUVRQ�ZDV�RSHUDWHG�DV�D
VHULHV�RI����VHSDUDWH�FHOOV�WKDW�FRQWDLQHG���²���
�J�6H�/�DQG�DYHUDJHG�DERXW������J�/���2WKHU
DYHUDJH�VHOHQLXP�FRQWHQWV�ZHUH�DERXW����PJ�NJ
LQ�VHGLPHQWV�����²����PJ�NJ�LQ�EHQWKLF�DQG
ZDWHU�FROXPQ�IRRG�FKDLQ�IDXQD������PJ�NJ�LQ
PRVTXLWRILVK��ZKROH�ERG\���DQG�DERXW���²��
PJ�NJ�LQ�ELUG�HJJV���7KHVH�FRQ�FHQWUDWLRQV�ZHUH
DERXW���²���ï�ORFDO�UHIHUHQFH�YDOXHV�LQ�IRRG�
FKDLQ�IDXQD�DQG��²��ï�ORFDO�UHIHUHQFH�YDOXHV�LQ
ELUG�HJJV���$W�WKLV�OHYHO�RI�H[SRVXUH��LW�LV
VXVSHFWHG�WKDW�VHYHUDO�VSHFLHV�RI�ILVK�ZHUH
H[WLUSDWHG�EHIRUH�DQ\�V\VWHPDWLF�ILHOG�VWXGLHV
EHJDQ��86%5��������*������7KH�EURRG�VL]H�RI
PRVTXLWRILVK�LQ�WKH�6DQ�/XLV�'UDLQ��WKH�VRXUFH
RI�.HVWHUVRQ·V�GUDLQZDWHU��ZDV�RQO\�����
IU\�EURRG��YHUVXV�D�ORFDO�UHIHUHQFH�YDOXH�RI�����
IU\�EURRG���7KH�LQFLGHQFH�RI�VWLOOERUQ�IU\�ZDV
DERXW���²���SHU�FHQW�FRPSDUHG�WR�D�ORFDO
UHIHUHQFH�YDOXH�RI�DERXW��²��SHUFHQW��
0RVTXLWRILVK�DUH�H[WUHPHO\�WROHUDQW�RI�VHOHQLXP
H[SRVXUH���
7KH�PRVTXLWRILVK�IURP�WKH�6DQ�/XLV�'UDLQ
FRQWDLQHG�ZKROH�ERG\�FRQFHQWUDWLRQV�RI�DERXW
����PJ�6H�NJ��RU�DERXW���ï�ORFDO�UHIHUHQFH
OHYHOV���$ERXW����SHUFHQW�RI�����QHVWV�RI�GXFNV

DQG�RWKHU�ZDWHUELUGV�DW�.HVWHUVRQ�FRQWDLQHG
RQH�RU�PRUH�GHDG�RU�GHIRUPHG�HPEU\RV���$ERXW
���SHUFHQW�RI�DOO�QHVWV�FRQWDLQHG�RQH�RU�PRUH
RYHUWO\�GHIRUPHG�HPEU\RV���)RXU�VSHFLHV�RI
ZDWHUELUGV��$PHULFDQ�DYRFHW��EODFN�QHFNHG�VWLOW�
HDUHG�JUHEH��DQG�$PHULFDQ�FRRW��H[SHULHQFHG
FRPSOHWH�UHSURGXFWLYH�IDLOXUH���([SRVXUH�
UHVSRQVH�GDWD�IRU�EODFN�QHFNHG�VWLOW�HJJV
UHYHDOHG�DQ�HJJZLVH�WKUHVKROG�IRU�HPEU\R�
WR[LFLW\�LQ�WKH�YLFLQLW\�RI����PJ�NJ���6RPH�DGXOW
ELUGV�DOVR�GLHG��DQG�PDQ\�RI�WKHVH�VKRZHG
DORSHFLD��ORVV�RI�IHDWKHUV���D�FODVVLF�V\PSWRP�RI
DFXWH�VHOHQLXP�SRLVRQLQJ��2KOHQGRUI�HW�DO�������
=DKP�������3UHVVHU�DQG�2KOHQGRUI������
2KOHQGRUI�HW�DO������D��2KOHQGRUI�������6-9'3
������6DLNL�DQG�2JOH�������


����6WNCTG�.CMG�$CUKP��%CNKHQTPKC³$ERXW�
���HYDSRUDWLRQ�DQG�VHHSDJH�SRQGV�IRU�LUULJDWLRQ
GUDLQDJH�ZDWHU�LQ�WKLV�EDVLQ�UHFHLYHG�ZDWHU
FRQWDLQLQJ�IURP����WR�!�������J�6H�/���7KH
´SRQGVµ�YDU\�LQ�VL]H�IURP����WR�
������DFUHV���,PSRXQGHG�ZDWHU�LQ�WKHVH�SRQGV
DYHUDJHG����²�������J�6H�/���6HGLPHQWV
DYHUDJHG����²���PJ�6H�NJ��EHQWKLF�DQG�ZDWHU�
FROXPQ�IRRG�FKDLQ�IDXQD�DYHUDJHG��²
����PJ�NJ��DQG�ELUG�HJJV�FRQWDLQHG�DERXW��²
����PJ�6H�NJ���([FHSW�IRU�LQWHUPLWWHQW
LQWURGXFWLRQV�RI�PRVTXLWRILVK��WKH�7XODUH
HYDSRUDWLRQ�SRQGV�ZHUH�QHYHU�LQKDELWHG�E\�ILVK��
,PSDLUPHQW�RI�DYLDQ�UHSURGXFWLRQ�ZDV
GRFXPHQWHG�DW�DERXW�KDOI�RI�WKH�HYDSRUDWLRQ
SRQGV���+LJKO\�HOHYDWHG�UDWHV�RI�HPEU\R
WHUDWRJHQHVLV�����SHUFHQW�YV������SHUFHQW�EDFN�
JURXQG��ZHUH�GRFXPHQWHG�IRU�SRQGV�ZLWK�DV
OLWWOH�DV�����J�/�ZDWHUERUQH�6H�DQG�����PJ�NJ
VHGLPHQW�6H���$W�DQ�LQGLYLGXDO�OHYHO�RI�DQDO\VLV�
HPEU\RV�RI�EODFN�QHFNHG�VWLOWV�WKDW�ZHUH
H[SRVHG�KP�QXQ�WR�DERXW���²���PJ�6H�NJ�
�.��ï�QRUPDO��DQG�VXUYLYHG�DW�OHDVW���GD\V�
LQWR�LQFXEDWLRQ�KDG�DERXW�D����SHUFHQW
SUREDELOLW\�RI�RYHUW�WHUDWRJHQHVLV���'DWD�DW�WKH
SRSXODWLRQ�OHYHO�RI�DQDO\VLV�VXJJHVWHG�WKDW�WKH
WKUHVKROG�IRU�KDWFKDELOLW\�GHSUHVVLRQ�LQ�VWLOW�HJJV
�RQO\�D�SRUWLRQ�RI�ZKLFK�LV�FDXVHG�E\�RYHUW
WHUDWR�JHQHVLV��FRUUHVSRQGV�WR�D�JHRPHWULF�PHDQ
YDOXH�RI�!��PJ�6H�NJ���²�ï�QRUPDO���
3UHGLFWLYH�UHJUHVVLRQ�HTXDWLRQV�IRU�WKH�SRQGV
UHYHDOHG�WKDW�SRQGV�DYHUDJLQJ�!�����J�6H�/�LQ
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ZDWHU�RU�!����PJ�6H�NJ�LQ�WKH�IRRG�FKDLQ�ZRXOG
EH�VXIILFLHQWO\�FRQWDPLQDWHG�IRU�DYHUDJH
ELRDFFXPXODWLRQ�RI�!��PJ�6H�NJ�LQ�HDUHG�JUHEH
HJJV��WKH�PRVW�SURILFLHQW�DYLDQ�ELRDFFXPXODWRUV
RI�VHOHQLXP����$�VWDWLVWLFDO�ULVN�DQDO\VLV�RI����
QHVWV�UHYHDOHG�WKDW�EODFN�QHFNHG�VWLOW�KHQV�WKDW
KDG�ODLG�D�VDPSOH�HJJ�FRQWDLQLQJ�DV�OLWWOH�DV
���²����PJ�6H�NJ��WKH�ILUVW�TXDUWLOH�DERYH
EDFNJURXQG��KDG�QHDUO\�
D�IRXUIROG�JUHDWHU�ULVN�WKDQ�QRUPDO�RI�SURGXFLQJ
DQ�LQYLDEOH�VLEOLQJ�HJJ���%DVHG�RQ�D�ZDWHU�WR�HJJ
UHJUHVVLRQ�HTXDWLRQ�IRU�VWLOWV�DW�WKH�7XODUH�SRQGV
�T ��������RQO\����²����J�6H�/�LQ�ZDWHU�ZRXOG
UHVXOW�LQ����²����PJ�6H�NJ�LQ�HJJV���0RUH�UHFHQW
DQDO\VHV�RI�WKH�VWLOW�GDWD�UHYHDOHG�WKDW�WKH
HPEU\RWR[LFLW\�WKUHVKROG�RFFXUV�DW���PJ�6H�NJ
LQ�HJJV�DQG�WKDW������J�6H�/�LQ�ZDWHU�LV
VXIILFLHQW�WR�FUHDWH�VXFK�D�FRQFHQWUDWLRQ�LQ�HJJV
�6NRUXSD�����D����([SRVXUH�UHVSRQVH�GDWD�IRU
DYLDQ�WHUDWR�JHQHVLV�LQ�WKH�7XODUH�%DVLQ�VXJJHVW
WKDW�VWLOWV�DUH�QRW�WKH�PRVW�VHQVLWLYH�DYLDQ
VSHFLHV�IRU�6H�FDXVHG�UHSURGXFWLYH�LPSDLUPHQW��
'XFNV�DUH�QHDUO\�WZLFH�DV�VHQVLWLYH�DV�VWLOWV�WR
HPEU\RQLF�VHOHQLXP�H[SRVXUH��.���SHUFHQW
SUREDELOLW\�RI�RYHUW�WHUDWRJHQHVLV�DW����PJ
6H�NJ�LQ�GXFN�HJJV��FRPSDUHG�WR����PJ�6H�NJ
LQ�VWLOW�HJJV��6NRUXSD�����E���EXW�VPDOO�VDPSOH
VL]HV�RI�GXFN�QHVWV�LQ�WKH�7XODUH�%DVLQ
SUHFOXGHG�DQ\�VWDWLVWLFDO�ULVN�DQDO\VLV�RI�HJJ
YLDELOLW\��L�H���RYHUDOO�HPEU\RWR[LFLW\����$PRQJ
DGXOW�VWLOWV��H[SRVXUH�GHSHQGHQW�ORVV�RI�ERG\
ZHLJKW�ZDV�GRFXPHQWHG��KRZHYHU��QR�IDWDO
SRLVRQLQJ�RI�DGXOWV�RU�DORSHFLD�ZDV�GRFXPHQWHG
IRU�DQ\�VSHFLHV�RI�ELUG��)XMLL�������6-9'3������
6NRUXSD�DQG�2KOHQGRUI�������&+�0�+LOO�HW�DO�
������2KOHQGRUI�HW�DO��������&+�0�+LOO�������


����%JGXTQP�1KN�%QORCP[�4GHKPGT[�0GCT
4KEJOQPF��%CNKHQTPKC³7KH�UHILQHU\�GLVFKDUJHV
SURFHVV�ZDVWHZDWHU�WR�D�IORZ�WKURXJK�PDUVK�IRU
SUHWUHDWPHQW�SULRU�WR�XOWLPDWH�GLVFKDUJH�LQWR
6DQ�)UDQFLVFR�%D\���7KH�ZDVWHZDWHU�HIIOXHQW
FRQWDLQHG�DERXW���²����J�6H�/��DQG�ZDWHU�LQ
WKH�PDUVK�DYHUDJHG����²������J�6H�/���6HGLPHQW
GDWD�DUH�QRW�DYDLODEOH�IRU�WKH�PDUVK���)RRG�FKDLQ
RUJDQLVPV�FRQWDLQHG�DERXW���²
���PJ�6H�NJ��RU�DERXW���ï�QRUPDO�OHYHOV���

5DQGRPO\�VDPSOHG�HJJV�RI�EODFN�QHFNHG�VWLOWV
QHVWLQJ�DW�WKH�PDUVK�DYHUDJHG���²���PJ�6H�NJ
��²��ï�QRUPDO����$ERXW����SHUFHQW�RI�VWLOW�QHVWV
FRQWDLQHG�DW�OHDVW�RQH�LQYLDEOH�HJJ��YHUVXV��
SHUFHQW�LQ�6DQ�-RDTXLQ�9DOOH\�QHVWV�FRQILUPHG
WR�KDYH�KDG�QRUPDO�EDFNJURXQG�H[SRVXUH�WR
VHOHQLXP���7KDW�GLIIHUHQFH�ZDV�VWDWLVWLFDOO\
VLJQLILFDQW���1RQUDQGRPO\�VDPSOHG�LQYLDEOH�HJJV
RI�VWLOWV��DYRFHWV��PDOODUGV��DQG�FRRWV�FRQWDLQHG
DERXW���²���PJ�6H�NJ���(PEU\R�WHUDWRJHQHVLV
ZDV�GRFX�PHQWHG�IRU�PDOODUGV��FRRWV��DQG
SRVVLEO\�VWLOWV��&+�0�+LOO�������������0HGOLQ
���������


����4CUOWU�.GG�.CMG�CPF�)QQUG�.CMG�
9[QOKPI³�7KHVH�ODNHV��ZLWKLQ�WKH�.HQGULFN
5HFODPDWLRQ�3URMHFW�QHDU�&DVSHU��UHFHLYHG
VHOHQLIHURXV�LUULJDWLRQ�GUDLQDJH�ZDWHU���7KH
PHGLDQ�GLV�VROYHG�VHOHQLXP�FRQFHQWUDWLRQV�ZHUH
����J��/�LQ�5DVPXV�/HH�/DNH�DQG�����J�/�LQ
*RRVH�/DNH���$W�5DVPXV�/HH�/DNH��DYHUDJH
VHOHQLXP�FRQWHQWV�ZHUH�DERXW��²��PJ�NJ�LQ
VHGLPHQWV�����PJ�NJ�LQ�SRQGZHHG����²���
PJ�NJ�LQ�EHQWKLF�DQG�ZDWHU�FROXPQ�IRRG�FKDLQ
IDXQD��DQG��²���PJ�6H�NJ�LQ�ELUG�HJJV���$W
*RRVH�/DNH��WKH�DYHUDJHV�ZHUH���²���PJ�NJ�LQ
VHGLPHQWV�����PJ�NJ�LQ�SRQGZHHG�����PJ�NJ�LQ
EHQWKLF�DQG�ZDWHU�FROXPQ�IRRG�FKDLQ�IDXQD�
DQG���²����PJ�NJ�LQ�ELUG�HJJV���6HOHQLXP�LQ�WKH
IRRG�FKDLQ�DW�WKHVH�ODNHV�ZDV�HOHYDWHG�WR�DERXW
�²��ï�ORFDO�UHIHUHQFH�VDPSOHV�DQG�DERXW��²��ï
LQ�ELUG�HJJV���$W�WKHVH�OHYHOV�RI�H[SRVXUH��UDWHV
RI�HPEU\R�WHUDWRJHQHVLV�LQ�JHHVH��DYRFHWV��DQG
JUHEHV�ZHUH���²���SHUFHQW���1HDUO\����SHUFHQW�RI�
����PRQLWRUHG�QHVWV�FRQWDLQHG�DW�OHDVW�RQH
LQYLDEOH�HJJ��DQG���SHUFHQW�RI�����QHVWV
FRQWDLQHG�DW�OHDVW�RQH�GHIRUPHG�HPEU\R���(JJ
YLDELOLW\��KDWFKDELOLW\��UDQJHG�IURP������WR�
�����SHUFHQW�LQ�DOO�VSHFLHV�PRQLWRUHG�RYHU�DOO
\HDUV�RI�VWXG\��FRPSDUHG�WR�QRUPDO�KDWFKDELOLW\
IRU�WKHVH�VSHFLHV�RI�!���SHUFHQW����3RRU�SRVW�
KDWFK�VXUYLYRUVKLS�RI�DYLDQ�KDWFKOLQJV�ZDV�DOVR
VXVSHFWHG��6HH�HW�DO������������

����1WTC[�0CVKQPCN�9KNFNKHG�4GHWIG�
094��
7VCJ³:DWHUIRZO�SRQGV�DW�WKH�UHIXJH�UHFHLYHG
VHOHQLIHURXV�LUULJDWLRQ�GUDLQDJH�ZDWHU�YLD�VHHSDJH
RI�VKDOORZ�JURXQGZDWHU�IURP�XSJUDGLHQW�
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DJULFXOWXUDO�ILHOGV�DQG�IURP�IORRGLQJ�RQ�QDWXUDO
GUDLQDJHV���7KH�VKDOORZ�JURXQG�ZDWHU�QHDU
2XUD\�1:5�VKRZHG�PXFK�VSDWLDO�YDULDWLRQ�LQ
VHOHQLXP�FRQWHQW�EXW�JHQHUDOO\�DYHUDJHG���²���
�J�/���:DWHU�LQ�HDFK�RI�WKH�DIIHFWHG�SRQGV�
1RUWK�DQG�6RXWK�5RDGVLGH�3RQGV��DYHUDJHG
DERXW�����J�6H�/���7KHVH�WZR�SRQGV�DUH
K\GURORJLFDOO\�FRQQHFWHG���6HGL�PHQW�IURP
1RUWK�5RDGVLGH�3RQG�DYHUDJHG����PJ�6H�NJ��
6HGLPHQW�ZDV�QRW�VDPSOHG�IURP�6RXWK
5RDGVLGH�3RQG���%DVHG�RQ�SRROHG�GDWD�IRU�ERWK
SRQGV��VHOHQLXP�DYHUDJHG���²���PJ�NJ�LQ
DTXDWLF�SODQWV��DERXW����PJ�NJ�LQ�EHQWKLF�DQG
ZDWHU�FROXPQ�IRRG�FKDLQ�IDXQD��DERXW���²��
PJ�NJ�LQ�ILVK��ZKROH�ERG\���DQG�DERXW��²��
PJ�NJ�LQ�ELUG�HJJV���7KHVH�FRQFHQWUDWLRQV�ZHUH
DERXW���²��ï�QRUPDO�LQ�SODQWV����ï�QRUPDO�LQ
IRRG�FKDLQ�IDXQD����²��ï�QRUPDO�LQ�ILVK��DQG
�²��ï�QRUPDO�LQ�ELUG�HJJV���$W�WKHVH�H[SRVXUH
OHYHOV��PRUH�WKDQ����SHUFHQW�RI�DOO�FRRW�HJJV
ZHUH�LQYLDEOH��DQG�GHIRUPHG�HPEU\RV�ZHUH
IRXQG�LQ�DERXW����SHUFHQW�RI�WKH�QHVWV��
5HSURGXFWLYH�SHUIRUPDQFH�ZDV�YHU\�SRRU�LQ
VPDOO�VDPSOHV�RI�JUHEH�DQG�GXFN�QHVWV��DQG
GHIRUPHG�HPEU\RV�ZHUH�IRXQG�LQ�QHVWV�RI
PDOODUGV�DQG�UHGKHDG�GXFNV���$�UDQGRPO\
FROOHFWHG�HJJ�IURP�D�UHGKHDG�QHVW�WKDW�FRQWDLQHG
DOO�GHDG�RU�GHIRUPHG�HPEU\RV�FRQWDLQHG�DERXW
���PJ�6H�NJ����ï�QRUPDO��

)RUW\�IRXU�ZLQJ�FOLSSHG�JDPH�IDUP�PDOODUGV
ZHUH�UHOHDVHG�WR�WKH�URDGVLGH�SRQGV�WR�PRQLWRU
WKH�G\QDPLFV�RI�WLVVXH�VHOHQLXP�DQG�DGXOW
VXUYLYRUVKLS���$W�WKH�WLPH�RI�UHOHDVH��WKHVH�ELUGV
DYHUDJHG�����PJ�6H�NJ�LQ�WKHLU�OLYHUV���$IWHU��
ZHHN��OLYHU�VHOHQLXP�DYHUDJHG����PJ�NJ����ï
QRUPDO���DIWHU���ZHHNV�WKH�ODVW�VXUYLYLQJ�PDOODUG
GLHG��DQG�LWV�OLYHU�ZDV�IRXQG�WR�FRQWDLQ�����PJ
6H�NJ���%UHDVW�PXVFOH�DYHUDJHG�DERXW���PJ
6H�NJ�DW�UHOHDVH�DQG�LQFUHDVHG�WR����PJ�NJ�LQ
WKH�ODVW�VXUYLYLQJ�ELUG���0RVW�RI�WKH�UHOHDVHG
PDOODUGV�KDG�GLHG�E\�WKH�HQG�RI�WKH�VHFRQG
ZHHN��DW�ZKLFK�WLPH�WKHLU�OLYHUV�DYHUDJHG�DERXW
��²���PJ�6H�NJ��.��ï�QRUPDO��DQG�EUHDVW
PXVFOH�KDG��²��PJ�6H�NJ���²��ï�QRUPDO���
:LWKLQ���ZHHNV��WKH�UHOHDVHG�PDOODUGV�KDG�ORVW
DERXW����SHUFHQW�RI�WKHLU�ERG\�PDVV��6WHSKHQV
HW�DO���������D�ILQGLQJ�FRQVLVWHQW�ZLWK�VHOHQLXP�

LQGXFHG�FDFKH[LD��$OEHUV�HW�DO��������*UHHQ�DQG
$OEHUV��������


�����+ORGTKCN�8CNNG[�QH�5QWVJGTP�%CNKHQTPKC³
&RORUDGR�5LYHU�ZDWHU�DYHUDJLQJ��²���J�6H�/�
LV�GLYHUWHG�LQWR�WKH�YDOOH\�IRU�LUULJDWLRQ��DQG
LUULJDWLRQ�ZDVWHZDWHU�DYHUDJLQJ��²����J�6H�/
�HYDSRUDWLYH�FRQFHQWUDWLRQ��LV�GLVFKDUJHG�WR�WKH
6DOWRQ�6HD��D���������DFUH�WHUPLQDO�VLQN���
,PSRXQGHG�ZDWHU�DW�WKH�6DOWRQ�6HD�DYHUDJHV
DERXW������J�6H�/���ï�QRUPDO�IRU�VDOLQH�VLQNV��
DQG�VHGLPHQWV�FRQWDLQ����²����PJ�6H�NJ���$OJDH
DYHUDJHG�����PJ�6H�NJ���ï�QRUPDO���RWKHU�IRRG�
FKDLQ�RUJDQLVPV�DYHUDJHG��²���PJ�6H�NJ���²�ï
QRUPDO���DQG�DYLDQ�HJJV�DYHUDJHG��²��PJ�6H�NJ
��²�ï�QRUPDO����$�PRQLWRUHG�SRSXODWLRQ�RI
EODFN�QHFNHG�VWLOWV��ZKLFK�DYHUDJHG���PJ�6H�NJ
LQ�WKHLU�HJJV��H[KLELWHG�D�VOLJKW�GHSUHVVLRQ�����
SHUFHQW��LQ�UHSURGXFWLYH�SHUIRUPDQFH���7KDW
GHJUHH�RI�LPSDLUPHQW�ZDV�FRQVLVWHQW�ZLWK
NQRZQ�H[SRVXUH�UHVSRQVH�FXUYHV�IRU�VWLOWV�LQ
QDWXUH�DQG�KDV�WHQWDWLYHO\�EHHQ�DWWULEXWHG�WR
VHOHQLXP�WR[LFLW\���$W�VXFK�D�VPDOO�HIIHFW�OHYHO�
KRZHYHU��ODUJHU�VDPSOH�VL]HV�RI�PRQLWRUHG�QHVWV
ZLOO�XOWLPDWHO\�EH�UHTXLUHG�WR�FRQFOXVLYHO\
HYDOXDWH�SUHOLPLQDU\�ILQGLQJV��6HWPLUH�HW�DO�
������:HVWFRW�HW�DO������D��6HWPLUH�HW�DO�������
%HQQHWW�������

%HFDXVH�VWLOW�HJJV�FROOHFWHG�GXULQJ�%HQQHWW·V
�������VWXG\�FDPH�IURP�QXPHURXV�ORFDWLRQV�
RQO\�D�IHZ�RI�ZKLFK�FRQVWLWXWHG�6DOWRQ�6HD
´VKRUHOLQHµ�VLWHV��LW�LV�QRW�SUHFLVHO\�NQRZQ�ZKDW
FRQFHQWUDWLRQ�RI�VHOHQLXP�LQ�ZDWHU�FDQ�EH
DVVRFLDWHG�ZLWK�WKLV�FDVH�VWXG\���,W�LV��KRZHYHU�
KLJKO\�SUREDEOH�WKDW�WKH�ELUGV�LQ�WKLV�VWXG\�ZHUH
SUHGRPLQDQWO\�XVLQJ�ZHWODQGV�ZLWK�VHOHQLXP
FRQFHQWUDWLRQV�LQ�ZDWHU�LQ�WKH�UDQJH�RI�����
�J�/�


�����5GNGPKVG�6TGCVGF�.CMGU�KP�5YGFGP³(OHYHQ
ODNHV�ZHUH�WUHDWHG�ZLWK�VHOHQLWH�LQ�DQ�DWWHPSW�WR
PLWLJDWH�KLJK�OHYHOV�RI�PHUFXU\�LQ�HGLEOH�ILVK
�/LQGTYLVW�HW�DO��������3DXOVVRQ�DQG�/XQGEHUJK
��������,Q�IDFW��WKH�VHOHQLWH�ZDV�KLJKO\�VXFFHVV�
IXO�LQ�ORZHULQJ�WKH�ELRDFFX�PXODWLRQ�RI�PHUFXU\
LQ�WKH�ILVK��EXW�LW�DOVR�KDG�VRPH�GHWULPHQWDO
HIIHFWV�RI�LWV�RZQ��/LQGTYLVW�HW�DO��������0HLOL
��������7UHDWPHQWV�FRQVLVWHG�RI�D�OHDFKDEOH
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UXEEHU�PDWUL[�FRQWDLQLQJ�VRGLXP�VHOHQLWH
VXVSHQGHG�LQ�D�VDFN��²��P�EHORZ�WKH�ODNH
VXUIDFH�IRU���\HDUV���7KH�VHOHQLXP�IUHH�UXEEHU
VNHOHWRQV��UHPDLQLQJ�DIWHU�FRQWLQXRXV�OHDFKLQJ
RI�VRGLXP�VHOHQLWH��ZHUH�UHPRYHG��DQG
UHSODFHG"��DW�LQWHUYDOV�RI�VHYHUDO�PRQWKV��
'XULQJ�WKH�ILUVW�\HDU�RI�WUHDWPHQWV��EHJLQQLQJ
LQ�6HSWHPEHU��������WKH�GRVHV�ZHUH�FDOLEUDWHG
IRU�D�WDUJHW�ODNH�FRQFHQWUDWLRQ�RI��²���J�6H�/
�ODNHV�LQLWLDOO\�FRQWDLQHG�DERXW������J�6H�/���
2Q�DYHUDJH��WKH�WDUJHW�FRQFHQWUDWLRQ�ZDV
DFKLHYHG�DW�PRVW�RI�WKH�ODNHV��DOWKRXJK
VHOHQLXP�OHYHOV�DV�KLJK�DV���²����J�/�ZHUH
PHDVXUHG�ZLWKLQ�����P�RI�WKH�OHDFK�VDFNV��
)RXU�ODNHV�QHYHU�H[FHHGHG�DERXW������J�/
DYHUDJH�ZDWHUERUQH�6H���%HFDXVH�PLWLJDWLRQ�RI
PHUFXU\�UHVLGXHV�ZDV�DV�SURQRXQFHG�LQ�WKH
IRXU�ORZHU�VHOHQLXP�ODNHV�DV�LQ�WKH�WDUJHW
FRQFHQWUDWLRQ���²���J�/��ODNHV��WKH�GRVLQJ�ZDV
DGMXVWHG�LQ�WKH�VHFRQG�\HDU�RI�WUHDWPHQW�IRU�D
WDUJHW�ODNH�FRQFHQ�WUDWLRQ�RI��²���J�6H�/�

3ULRU�WR�WUHDWPHQW��SLNH�PXVFOH�FRQFHQWUDWLRQV
RI�VHOHQLXP�DYHUDJHG����²����PJ�NJ������PJ�
NJ�JUDQG�PHDQ��LQ�WKH����ODNHV���$IWHU�WKH�ILUVW
\HDU�RI�WUHDWPHQW��PXVFOH�FRQFHQWUDWLRQV
DYHUDJHG����²����PJ�6H�NJ������PJ�NJ�JUDQG
PHDQ���DQG�DIWHU���\HDUV�WUHDWPHQW��WKH\
DYHUDJHG����²����PJ�6H�NJ������PJ�NJ�JUDQG
PHDQ����7KHUH�ZDV�QR�HYLGHQFH�RI�FDWDVWURSKLF
GHFOLQHV�RI�SLNH�SRSXODWLRQV�LQ�DQ\�RI�WKH�ODNHV��
0XVFOH�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�SHUFK�IU\
DYHUDJHG����²����PJ�NJ�SULRU�WR�WUHDWPHQW�DQG
�²���PJ�NJ�DIWHU���\HDU���%\�WKH�HQG�RI�WKH
VHFRQG�\HDU�RI�WUHDWPHQW��UHVHDUFKHUV�ZHUH
XQDEOH�WR�ILQG�DQ\�SHUFK�IU\�LQ�IRXU�RI�WKH�ODNHV
DQG�KDG�D�VXEVWDQWLDOO\�UHGXFHG�FDWFK�IURP�D
ILIWK�ODNH���$PRQJ�WKHVH�ILYH�ODNHV�
FRQFHQWUDWLRQV�LQ�SHUFK�PXVFOH�KDG�DYHUDJHG
���²���PJ�6H�NJ�����PJ�NJ�JUDQG�PHDQ��DW
WKH���\HDU�VDPSOLQJ�SRLQW��E\�FRPSDULVRQ�
DPRQJ�WKH�RWKHU�VL[�ODNHV��FRQFHQWUDWLRQV�LQ
SHUFK�PXVFOH�KDG�DYHUDJHG�RQO\��²���PJ
6H�NJ�����PJ�NJ�JUDQG�PHDQ����$W�WKH�HQG�RI
��\HDUV��SHUFK�PXVFOH�FRQ�FHQWUDWLRQV�LQ�WKH�VL[
ODNHV�WKDW�VWLOO�KDG�UHSURGXFWLYHO\�YLDEOH�SHUFK
SRSXODWLRQV�DYHUDJHG����²���PJ�6H�NJ����
PJ�NJ�JUDQG�PHDQ��

3DXOVVRQ�DQG�/XQGEHUJK��������S�������FRQ�
FOXGHG�WKDW��´7KHUH�VHHPV�WR�EH�D�GHSHQGHQFH
EHWZHHQ�WKH�VHOHQLXP�FRQFHQWUDWLRQ�LQ�ILVK�WLVVXH
DQG�D�PD[LPXP�FRQFHQWUDWLRQ�LQ�ODNH�ZDWHU
EHLQJ�OHVV�WDQN�>VLF@����J�/�µ��$OWKRXJK�WKH
ODQJXDJH�RI�WKH�UHSRUW�ZDV�FRQIXVLQJ��WKH�DXWKRUV
VHHPHG�WR�EH�VXJJHVWLQJ�WKDW����J�/�ZDWHUERUQH
6H�ZDV�D�WKUHVKROG�SRLQW�IRU�DYRLGDQFH�RI
H[FHVVLYH�WLVVXH�VHOHQLXP�LQ�SHUFK���/LQGTYLVW�HW
DO���������S�������PRUH�FOHDUO\�VWDWHG��´,W�LV
LPSRUWDQW�QRW�WR�GRVH�VR�WKDW�6H�FRQFHQWUDWLRQV
LQ�ZDWHU�ULVH�DERYH�DERXW���WR����J�6H�/�µ��7KH\
DOVR�FRQFOXGHG�WKDW�WKH�REVHUYHG�UHSURGXFWLYH
IDLOXUHV�LQ�SHUFK�ZHUH�GXH�WR�´������WKH�VHOHQLXP
WUHDWPHQW�DQG�QRW�WR�DQ\�RI�WKH�RWKHU�IDFWRUV����
��µ��0RUH�UHFHQWO\��0HLOL���������DV�ZHOO�DV
1XXWLQHQ�DQG�.XNNRQHQ���������FRQFOXGHG�WKDW
WKH�VHOHQLXP�WUHDWPHQWV�FDXVHG�DGYHUVH�HIIHFWV
RQ�ILVK�SRSXODWLRQV���)RU�H[DPSOH��0HLOL�������
QRWHG�WKH�FRUUHODWLRQ�EHWZHHQ�VHOHQLXP�GRVLQJ�
HOHYDWHG�WLVVXH�VHOHQLXP��DQG�GLVDSSHDUDQFH�RI
SHUFK�IU\�DQG�FRQFOXGHG��´������KLJK�6H�OHYHOV�FDQ
EH�OLQNHG�WR�KLJK�GRVHV��DQG�IXUWKHUPRUH�WR�IDWDO
HFRORJLFDO�FRQVHTXHQFHV���7KH�UHVXOWV�VXJJHVW
WKDW�D�VHOHQLXP�FRQFHQWUDWLRQ�RI�RQO\����J�/�FDQ
VHULRXVO\�GDPDJH�ILVK�SRSXODWLRQV�µ

7DEOH�����UHSUHVHQWV�D�FROOHFWLRQ�RI�WKH
OKPKOWO�HVWLPDWHV�IRU�UHDO�ZRUOG��KP�UKVW��VQZKE
GZRQUWTGU�WKDW�KDYH�EHHQ�GRFXPHQWHG�IRU�QDWXUDO
SRSXODWLRQV�RI�ILVKHV�DQG�ELUGV���7KHVH�YDOXHV�GR
QRW�QHFHVVDULO\�FRUUHVSRQG�ZLWK�WUXH�WKUHVKROG
SRLQWV��H�J���(&��
V��IRU�WR[LFLW\�EHFDXVH��LQ�VRPH
FDVHV��H[SRVXUH�OHYHOV�DUH�FOHDUO\�DERYH�WKUHVKROG
UHJLRQV���7KH\�GR��KRZHYHU��SURYLGH�ILHOG�
YDOLGDWHG�FHLOLQJV�IRU�WKH�H[SRVXUH�LQWHUYDOV
ZLWKLQ�ZKLFK�WUXH�WKUHVKROG�SRLQWV�RFFXU���2YHU
WLPH��WKH�SUR�JUHVVLYH�DFFXPXODWLRQ�RI�GDWD�IURP
ILHOG�FDVHV�KDV�ORZHUHG�WKHVH�FHLOLQJV�VR�WKDW
PRVW�RI�WKH�YDOXHV�DUH�QRZ�RQO\��²��ï�QRUPDO
EDFN�JURXQG�FRQFHQWUDWLRQV�IRU�VHOHQLXP���'DWD
IURP�ILHOG�FDVHV�DOVR�UHYHDO�WKDW�VHOHQLXP
H[SRVXUHV�LQ�WKH�UDQJH�RI���²��ï�QRUPDO�OHYHOV
DUH�DOPRVW�FHUWDLQ�WR�FDXVH�ZLGHVSUHDG�UGXGTG
DGYHUVH�ELRORJLFDO�HIIHFWV��
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Table 33.&Summary from field cases of minimum selenium contamination having
adverse effects on natural fish and wildlife populations

Matrix
Minimum toxic
concentrations Response variable Study site

Water, µg/L 2%10
2.0

2.6%5
2.6%18

3%4
7.5%17.5

Avian reproduction
Fish reproduction
Fish population collapse
Avian reproduction
Fish sublethal effects
Avian reproduction

Salton Sea, CA
Sweden (five different lakes)
Martin Lake, TX
Tulare Basin, CA
Belews Lake, NC, Hwy 158 Arm
Chevron Marsh, CA

Sediment, mg/kg dw 0.9
1%3
<3
3%5

Avian reproduction
Avian reproduction
Fish sublethal effects
Fish survival and
   reproduction

Tulare Basin, CA
Salton Sea, CA
Belews Lake, NC, Hwy 158 Arm
Hyco Res., NC

Food chain fauna, mg/kg
dw

2.9
4%8

3.1 (pileworms)

Avian reproduction
Fish sublethal effects
Avian reproduction

Tulare Basin, CA
Belews Lake, NC, Hwy 158 Arm
Salton Sea, CA

Fish muscle, mg/kg dw 7%9
<(10%20)

6.9%36 (means),
23 grand mean

Sublethal effects
Teratogenesis
Reproductive failure

Belews Lake, NC, Hwy 158 Arm
Belews Lake, NC
Sweden (five different lakes)

Fish whole body, mg/kg dw 10%20 Teratogenesis Belews Lake, NC

Fish gonads, mg/kg dw 17 Population collapse Martin Lake, TX

Fish liver, mg/kg dw 25%30 Sublethal effects Belews Lake, NC, Hwy 158 Arm

Bird liver, mg/kg dw 40%50 Adult mortality Ouray NWR, UT

Bird muscle, mg/kg dw 4%8 Adult mortality Ouray NWR, UT

Bird egg, mg/kg dw 4.2%9.7
6 (mean)

10
11 (mean)

Hatchability
Hatchability
Hatchability
Hatchability

Tulare Basin, CA
Salton Sea, CA
Kesterson, CA
Martin Lake, TX

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDYDLODELOLW\

:DWHU

6HOHQLXP�FRPPRQO\�RFFXUV�DV�D�PL[WXUH�RI
VHYHUDO�FKHPLFDO�VSHFLHV�LQ�QDWXUDO�ZDWHUV�
DOWKRXJK�WZR�LQRUJDQLF�FKHPLFDO�VSHFLHV�
VHOHQLWH�DQG�VHOHQDWH��DUH�XVXDOO\�WKH
SUHGRPLQDQW�IRUPV��0DVVFKHOH\Q�DQG�3DWULFN
��������

1RUPDO�EDFNJURXQG�FRQFHQWUDWLRQV�RI�VHOHQLXP
LQ�XQFRQWDPLQDWHG�IUHVKZDWHU�HFRV\VWHPV�KDYH
EHHQ�HVWLPDWHG��LQ��J�/��DV�������:LOEHU�������
���²�����/HPO\�����E��������/LOOHER�HW�DO��������
DQG����²�����DYHUDJH�������0DLHU�DQG�.QLJKW
��������(YHQ�LQ�&DOLIRUQLD���D�6WDWH�KHDYLO\
LQIOXHQFHG�E\�DJULFXOWXUDO�PRELOL�]DWLRQ�RI
VHOHQLXP��WKH�PHGLDQ�FRQFHQWUDWLRQ�LQ����
VWUHDPV�ZDV������J�/��:HVWFRW�HW�DO������E����$
VXUYH\�RI�LQODQG�VDOLQH�ODNHV�LQ�2UHJRQ�
&DOLIRUQLD��1HYDGD��DQG�8WDK�\LHOGHG�
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D�JHRPHWULF�PHDQ�FRQFHQWUDWLRQ�IRU�VHOHQLXP�RI
�����J�/��:HVWFRW�HW�DO������D����,QODQG�VDOLQH
ODNHV�RI�WKH�ZHVWHUQ�8QLWHG�6WDWHV�DUH�VXEMHFW�WR
SURQRXQFHG�HYDSRUDWLYH�FRQFHQ�WUDWLRQ�RI
GLVVROYHG�FRQVWLWXHQWV�DQG�WKXV�DUH�OLNHO\�WR�KDYH
WKH�KLJKHVW�QDWXUDO�FRQFHQWUD�WLRQV�RI�VHOHQLXP��
%HKUD�HW�DO���������FRQVLGHUHG����J�/�VHOHQLXP
LQ�UXQQLQJ�ZDWHUV�LQ�6ZLW]HUODQG�WR�EH�´KLJKHU
WKDQ�FRQFHQWUDWLRQV�LQ�PRGHUDWHO\�SROOXWHG
ZDWHUV�µ

$Q�LPSRUWDQW�IDFWRU�FRQIRXQGLQJ�LQWHUSUH�
WDWLRQ�RI�ILHOG�GDWD�IRU�ZDWHUERUQH�VHOHQLXP�LV
WKH�GLIIHUHQWLDO�SDUWLWLRQLQJ�RI�VHOHQLXP�PDVV
ORDGV�EHWZHHQ�WKH�ZDWHU�FROXPQ�DQG�RWKHU
FRPSDUWPHQWV�RI�DQ�DTXDWLF�HFRV\VWHP��
3DUWLWLRQLQJ�UDWLRV�FDQ�EH�VWURQJO\�LQIOXHQFHG�E\
WKH�RYHUDOO�ELRWLF�SURGXFWLYLW\�RI�D�ZDWHU�ERG\��
,Q�KLJKO\�SURGXFWLYH�ZDWHUV��OHVV�GLVVROYHG
VHOHQLXP�LV�OHIW�LQ�WKH�ZDWHU�FROXPQ�HYHQ�WKRXJK
IRRG�FKDLQ�H[SRVXUH�RI�ILVK�DQG�ZLOGOLIH�PD\�EH
VXEVWDQWLDO���7KHUHIRUH��ORZ�ZDWHUERUQH
VHOHQLXP�FRQFHQWUDWLRQV�FDQ�LQGLFDWH�HLWKHU�ORZ
PDVV�ORDGLQJ��ORZ�ULVN��RU�KLJK�ELRWLF�XSWDNH
�KLJK�ULVN����7KLV�LQWHU�SUHWLYH�SUREOHP�FDQ�EH
SDUWLDOO\�DPHOLRUDWHG�E\�PHDVXULQJ�WRWDO
UHFRYHUDEOH�VHOHQLXP��L�H���XQILOWHUHG�VDPSOHV�
UDWKHU�WKDQ�GLVVROYHG�VHOHQLXP��ILOWHUHG�VDPSOHV�
�6NRUXSD�DQG�2KOHQGRUI���������7RWDO
UHFRYHUDEOH�VHOHQLXP�LQFOXGHV�VXVSHQGHG�GHWULWDO
SDUWLFXODWH�PDWWHU��D�IXQFWLRQ�RI�ELRWLF�XSWDNH�
DQG�WKXV�PRUH�DFFXUDWHO\�UHIOHFWV�WKH�WRWDO�PDVV
ORDG�RI�VHOHQLXP�IOX[LQJ�WKURXJK�D�ZDWHU
FROXPQ�

(VWLPDWHV�RI�QRUPDO�DCEMITQWPF�FRQFHQWUDWLRQV
IRU�ZDWHUERUQH�VHOHQLXP�DUH�XQOLNHO\�WR�GLIIHU
VLJQLILFDQWO\�UHJDUGOHVV�RI�ZKHWKHU�RQH�PHDVXUHV
GLVVROYHG�RU�WRWDO�UHFRYHUDEOH�VHOHQLXP���)RU
FRQWDPLQDWHG�ZDWHUV��KRZHYHU��WKH�GLIIHUHQFHV
EHWZHHQ�WKHVH�WZR�PHDVXUHV�LQFUHDVH�ZLWK�WKH
GHJUHH�RI�HXWURSKLFDWLRQ���)RU�HXWURSKLF�
VKDOORZ�ZDWHUV��VXFK�DV�HYDSRUDWLRQ�SRQGV��WKH
GLIIHUHQFHV�FDQ�EH�SURQRXQFHG���)RU�RQH
HYDSRUDWLRQ�SRQG�LQ�&DOLIRUQLD��D�VSOLW�VDPSOH
\LHOGHG����J�/�GLVVROYHG�6H�EXW�����J�/�WRWDO
UHFRYHUDEOH�6H�

�)XMLL���������7KH�KLJKHU�YDOXH�ZDV�PXFK�PRUH
FRQVLVWHQW�ZLWK�WKH�!���PJ�6H�NJ�IRXQG�LQ�ELUG
HJJV�DW�WKH�SRQG��6NRUXSD�DQG�2KOHQGRUI��������
7KUHVKROG�YDOXHV�SUHVHQWHG�EHORZ�EDVHG�RQ
WR[LFLW\�WHVWV�RU�GULQNLQJ�ZDWHU�H[SRVXUH�UHIHU�WR
GLVVROYHG�VHOHQLXP��ZKHUHDV�WKRVH�EDVHG�RQ�ILHOG
VDPSOLQJ�IRU�ELRDFFXPX�ODWLYH�ULVN�UHIHU�WR�WRWDO
UHFRYHUDEOH�VHOHQLXP��WKHVH�WZR�W\SHV�RI�YDOXHV
VKRXOG�QRW�EH�HTXDWHG�WR�HDFK�RWKHU���0DQ\�RI
WKH�WRWDO�UHFRYHUDEOH�VHOHQLXP�YDOXHV�ZRXOG�EH
ORZHU�LI�H[SUHVVHG�RQ�D�GLVVROYHG�EDVLV��H�J��
3HWHUVRQ�DQG�1HEHNHU���������7R�DVVHVV�ELRWLF
ULVN�IRU�VHOHQLXP�WR[LFLW\��XQILOWHUHG�VDPSOHV�RI
ZDWHU�VKRXOG�EH�DQDO\]HG�IRU�ERWK�SDUWLFXODWH�DQG
GLVVROYHG�VHOHQLXP��(5*��������WKLV�LV�UHIHUUHG
WR�DV�´WRWDO�UHFRYHUDEOHµ�VHOHQLXP�LQ�WKLV
GRFXPHQW�DQG�LV�URXJKO\�HTXLYDOHQW�WR�(3$·V
´DFLG�VROXEOHµ�VHOHQLXP�

:DWHUERUQH�VHOHQLXP��RGT�UG��LV�QRW�YHU\�WR[LF�WR
ILVK�DQG�ZLOGOLIH���:KHQ�ZDWHU�LV�WKH�RQO\
H[SRVXUH�URXWH��H�J���VWDQGDUG�DTXDWLF�WR[LFLW\
WHVW���WR[LF�WKUHVKROGV�IRU�VHOHQLXP�DUH�JHQHUDOO\
!�������J�/��.������ï�QRUPDO��IRU�DGXOW�ILVK��
6-9'3���������0DLHU�HW�DO����������DQG�(3$
�������SURYLGH�JRRG�UHYLHZV�RI�DTXDWLF�WR[LFLW\
WHVW�UHVXOWV�IRU�ILVK�DQG�ZLOGOLIH�SRSXODWLRQV��
&KURQLF�WR[LFLW\�LQ�H[SHULPHQWDO�DQLPDOV�DQG
OLYHVWRFN�KDV�EHHQ�REVHUYHG�ZKHQ�GULQNLQJ�ZDWHU
H[FHHGV��������J�6H�/��15&���������'ULQNLQJ
ZDWHU�FRQWDLQLQJ��������J�/�VHOHQRPHWKLRQLQH
DSSHDUHG�WR�VXSSUHVV�FHUWDLQ�DVSHFWV�RI�WKH
PDOODUG�LPPXQH�UHVSRQVH��)DLUEURWKHU�DQG
)RZOHV���������$�IDPLO\�RI�8WH�,QGLDQV�LQ
&RORUDGR�VXIIHUHG�KDLU�ORVV��QDXVHD��DQG�IDWLJXH
DIWHU�GULQNLQJ�ZHOO�ZDWHU�WKDW�FRQWDLQHG��������J
6H�/��$QRQ\PRXV���������(JJV�DQG�ODUYDH�RI
ERWK�ILVK�DQG�DPSKLELDQV�PD\�EH�WKH�PRVW
VHQVLWLYH�YHUWHEUDWH�OLIH�VWDJHV�WR�ZDWHUERUQH
VHOHQLXP�RGT�UG���7R[LFLW\�WHVWLQJ�UHYHDOHG�WKDW�WKH
/&���IRU�HJJV�RI�WKH�QDUURZ�PRXWKHG�WRDG�ZDV
RQO\�����J�6H�/���5DLQERZ�WURXW�VDF�IU\�DUH
DGYHUVHO\�DIIHFWHG�E\�DERXW���²�����J�/
ZDWHUERUQH�6H��%LUJH�HW�DO����������+DPLOWRQ�DQG
:LHGPH\HU��������UHSRUWHG�WKDW�����J�/
ZDWHUERUQH�6H��LQRUJDQLF�PL[WXUH��
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Summary:  Effects of selenium
in water

Interpretive guidance

Waterborne
selenium

concentration
(µg/L)

True background, freshwater
   environments

0.1%0.4
(typically <0.2)

Approximate background,
   California streams (maximum
   probably not natural)

<0.2%73
(median = 0.4)

Approximate background,
   Western inland saline lakes
   (maximum probably not
   natural)

<0.2%490
(geometric

mean = 0.6)

Validated LOAEL’s for fish
   and wildlife via bioaccumu-
   lation

1%3  

10× normal background
   averages

<2%6  

Toxicity-test LOAEL for fish
   and amphibian eggs/larvae
   (waterborne exposure only)

50%100

Experimental LOAEL for 
   drinking water (mallards)

2,000 (seleno-
methionine)

Validated LOAEL for drinking
   water (humans)

9,000
(inorganic)

ZDV�VXIILFLHQW�WR�UHGXFH�WKH����GD\�VXUYLYDO�RI
ODUYDO�FKLQRRN�VDOPRQ��H[SRVHG�DV�H\HG�HJJV�DQG
DV�ODUYDH��

0XFK�ORZHU�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�ZDWHU
FDQ�EH�ELRDFFXPXODWHG�WR�WR[LF�OHYHOV�LQ�ILVK�DQG
ZLOGOLIH�YLD�GLHWDU\�H[SRVXUH�WR�WKH�DTXDWLF�IRRG
FKDLQ���)LHOG�FDVHV�RI�VHOHQLXP�SRLVRQLQJ�LQ�ILVK
DQG�ELUGV�KDYH�EHHQ�GRFX�PHQWHG�IRU�ZDWHUV
DYHUDJLQJ�DV�OLWWOH�DV��²
����J�6H�/��VHH��)LHOG�&DVHV��VHFWLRQ���
1,:43�GDWD�IURP����VWXG\�DUHDV�LQ�
���ZHVWHUQ�6WDWHV�LOOXVWUDWH�WKH�HIIHFW�RI
ELRDFFXPXODWLRQ�RQ�ELUG�HJJV���2XW�RI�
���VWXG\�DUHDV�ZKHUH�WKH���WK�SHUFHQWLOH�YDOXH
IRU�VHOHQLXP�LQ�VXUIDFH�ZDWHUV�ZDV����J�/�RU
OHVV��QRQH����SHUFHQW��KDG�D���WK�SHUFHQWLOH�YDOXH
IRU�VHOHQLXP�LQ�ELUG�HJJV�WKDW�H[FHHGHG�WKH
HPEU\RWR[LF�WKUHVKROG���2XW�RI�QLQH�VWXG\�DUHDV
ZKHUH�WKH���WK�SHUFHQWLOH�IRU�VXUIDFH�ZDWHUV�ZDV
�²����J�6H�/��WKUHH�����SHUFHQW��KDG���WK
SHUFHQWLOH�YDOXHV�IRU�ELUG�HJJV�DERYH�WKH
HPEU\RWR[LF�WKUHVKROG���2I�WKH�IRXU�VWXG\�DUHDV
ZKHUH�WKH���WK�SHUFHQWLOH�IRU�VXUIDFH�ZDWHUV�ZDV
!����J�6H�/��DOO������SHUFHQW��KDG���WK
SHUFHQWLOH�YDOXHV�IRU�ELUG�HJJV�DERYH�WKH
HPEU\RWR[LF�WKUHVKROG��6HLOHU�DQG�6NRUXSD
������

%OXHJLOO�ILVK�UHVLGLQJ�IRU�����GD\V�LQ�RXWGRRU
H[SHULPHQWDO�VWUHDPV�VXSSOHPHQWHG�ZLWK�
�����J�6H�/�SURGXFHG�ODUYDH�ZLWK�HOHYDWHG
IUHTXHQFLHV�RI�HGHPD��ORUGRVLV��DQG
KHPRUUKDJLQJ��+HUPDQXW]�HW�DO����������:LWK
UHIHUHQFH�WR�ODUYDO�HGHPD��WKH������J�/�FRQ�
FHQWUDWLRQ�ZDV�DERXW�WKH�(&����DQG�D�����J�/
WUHDWPHQW�ZDV�DERXW�WKH�(&�����6HYHQ�RWKHU
UHFHQW�UHSRUWV�WKDW�HVWLPDWH�ZDWHUERUQH
WKUHVKROGV�IRU�IRRG�FKDLQ�PHGLDWHG�WR[LFLW\�WR
ILVK�DQG�ZLOGOLIH�DUH�VXPPDUL]HG�LQ�0DLHU�DQG
.QLJKW����������$OO�WKH�UHSRUWV�FRQFOXGH�WKDW�WKH
WKUHVKROG�LV�DERXW����J�/�RU�OHVV��HYHQ�WKRXJK
QR�WZR�RI�WKHP�KDG�XVHG�WKH�VDPH�FRPELQDWLRQ
RI�ILHOG�GDWD��FOLQLFDO�GDWD��DQG�SUHGLFWLYH
PRGHOLQJ�

,Q�&DOLIRUQLD��KXPDQ�KHDOWK�DGYLVRULHV�KDYH
EHHQ�LVVXHG�IRU�ORFDOLWLHV�ZKHUH�HGLEOH�WLVVXHV�LQ
ILVK�RU�ZLOGOLIH�FRQWDLQHG�!����PJ�6H�NJ�RQ�D
ZHW�ZHLJKW�EDVLV��)DQ�HW�DO����������7KRVH

DGYLVRULHV�UHFRPPHQGHG�]HUR�FRQVXPSWLRQ�RI
VXFK�WLVVXHV�E\�SUHJQDQW�ZRPDQ�DQG�FKLOGUHQ
�����\HDUV�ROG����,Q�������.DLVHU�HW�DO��������
FROOHFWHG�WURXW�WKDW�KDG�EHHQ�VWRFNHG���\HDUV
HDUOLHU�LQ�D�:\RPLQJ�ODNH�FRQWDLQLQJ�DERXW�
���J�/�ZDWHUERUQH�6H���7KH�ILOOHWV��ZLWK�VNLQ�
WKDW�.DLVHU�HW�DO���������KDUYHVWHG�FRQWDLQHG
DERXW���PJ�6H�NJ��ZHW�ZHLJKW����

7KH�VSHFLDWLRQ�RI�ZDWHUERUQH�VHOHQLXP�FDQ
VXEVWDQWLDOO\�DIIHFW�WKH�SRWHQWLDO�IRU�ELRDFFX�
PXODWLRQ�LQ�ILVK�DQG�ZLOGOLIH�WLVVXHV��DW�OHDVW�DW
UHODWLYHO\�KLJK�ZDWHUERUQH�FRQFHQWUDWLRQV��
:DWHUERUQH�VHOHQLWH��FRDO�IO\�DVK�HIIOXHQW�DQG�
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RLO�UHILQHU\�ZDVWHZDWHU��LV�PRUH�UHDGLO\�ELR�
DFFXPXODWHG�WKDQ�ZDWHUERUQH�VHOHQDWH��LUULJDWLRQ
ZDVWHZDWHU���H�J���%HVVHU�HW�DO����������)RU
H[DPSOH��LQ�&DOLIRUQLD��RLO�UHILQHU\�ZDVWHZDWHU
FRQWDLQLQJ���²����J�6H�/�SURGXFHG�WKH�VDPH
WLVVXH�FRQFHQWUDWLRQV�RI�VHOHQLXP�DV�LUULJDWLRQ
ZDVWHZDWHU�FRQWDLQLQJ������J�6H�/���%RWK
VRXUFHV�RI�ZDWHU�SURGXFHG�ZDWHU�ERDWPHQ��D
W\SH�RI�LQVHFW��DYHUDJLQJ�DERXW����PJ�6H�NJ
���ï�QRUPDO��DQG�EODFN�QHFNHG�VWLOW�HJJV
DYHUDJLQJ�DERXW����PJ�6H�NJ����ï�QRUPDO�
�6-9'3�������&+�0�+LOO��������������
7KUHVKROGV�IRU�WR[LFLW\��KRZHYHU��KDYH�EHHQ
REVHUYHG�LQ�WKH��²���J�/�UDQJH�IRU�ERWK
VHOHQDWH��DQG�VHOHQLWH�GRPLQDWHG�ZDWHUV��
3RVVLEO\��DW�WKHVH�ORZHU�FRQFHQWUDWLRQV��VHOHQDWH
UHGXFHV�UHDGLO\�WR�WKH�PRUH�UDSLGO\�PHWDEROL]HG
VHOHQLWH��EXW�KLJKHU�FRQFHQWUD�WLRQV�RI�VHOHQDWH
PD\�RYHUZKHOP�WKH�UHGXFWLRQ�SDWKZD\V�

%RWWRP�6HGLPHQW

&XUUHQWO\��WKHUH�LV�OLWWOH�HPSLULFDO�EDVLV�IRU
DVVHVVLQJ�ILVK�DQG�ZLOGOLIH�ULVN�DV�D�IXQFWLRQ�RI
VHGLPHQW�FRQFHQWUDWLRQV�RI�VHOHQLXP���2QO\�RQH
VWXG\�KDV�PDWFKHG�VHGLPHQW�FRQFHQWUD�WLRQV�RI
VHOHQLXP�ZLWK�FRQFHQWUDWLRQV�LQ�D�EHQWKLF
LQYHUWHEUDWH�IURP�WKH�VDPH�VHGLPHQW³�DQ
REYLRXV�ILUVW�VWHS�IRU�GHYHORSLQJ�HPSLULFDOO\
EDVHG�ULVN�WKUHVKROGV��(5*���������2QH�SRVW
KRF�FRPSDULVRQ�RI�PHDQV�IRU�XQPDWFKHG
VDPSOHV�VKRZHG�D�SRRU�FRUUHODWLRQ�EHWZHHQ
VHOHQLXP�FRQFHQWUDWLRQV�LQ�VHGLPHQWV�DQG
EHQWKLF�LQYHUWHEUDWHV�
�9DQ�'HUYHHU�������

6HGLPHQWV�SUHVHQW�IRUPLGDEOH�PHWKRGRORJLFDO
DQG�VWDWLVWLFDO�REVWDFOHV�IRU�GDWD�LQWHUSUHWDWLRQ��
0HWKRGRORJLFDOO\��WKH�GHSWK�WR�ZKLFK�D
VHGLPHQW�VDPSOH�LV�FROOHFWHG�ZLOO�VWURQJO\
LQIOXHQFH�WKH�UHVXOWV���(YHQ�ZKHQ�VDPSOLQJ
GHSWK�LV�VWDQGDUGL]HG�EHWZHHQ�VWXGLHV��UHVXOWV
ZLOO�YDU\�GHSHQGLQJ�RQ�ZKHWKHU�WKH�DQDO\VLV�LV
SHUIRUPHG�RQ�ZKROH�EHG�VDPSOHV�RU�VRPH�VL]H�
IUDFWLRQ�VXEVDPSOH��SDUWLFOH�IUDFWLRQV�������
PP�DQG������PP�DUH�IUHTXHQWO\�XVHG���
3UHFLVHO\�ZKLFK�VDPSOLQJ�PHWKRG�D�SDUWLFXODU
VWXG\�HPSOR\HG�LV�QRW�DOZD\V�FOHDU�LQ�WKH
OLWHUDWXUH��6-9'3���������)XUWKHUPRUH��WKHUH�LV
DQ�LPPHQVH�DPRXQW�RI�VSDWLDO�YDULDELOLW\�LQ

PHDVXUHV�RI�VHGLPHQW�VHOHQLXP���6DPSOHV
FROOHFWHG�RQO\�D�IHZ�PHWHUV�DSDUW�FDQ�\LHOG
VXEVWDQWLDOO\�GLIIHUHQW�UHVXOWV��H�J���&KLOFRWW�HW�DO�
������6HWPLUH�HW�DO��������:X�HW�DO����������7KXV�
LQ�FRPSDULVRQ�WR�ZDWHU�RU�ELRWLF�WLVVXHV��PDQ\
PRUH�VDPSOHV�RI�VHGLPHQW�DUH�UHTXLUHG�WR
DGHTXDWHO\�FKDUDFWHUL]H�VHOHQLXP�FRQWHQW���7KLV
VWDWLVWLFDO�REVWDFOH�UHTXLUHV�FDUHIXO�FRQVLGHUDWLRQ
ZKHQ�GHVLJQLQJ�D�SODQ�IRU�VHGLPHQW�VDPSOLQJ��
5DUHO\�ZLOO�D�VLPSOH�UDQGRP�VDPSOLQJ�GHVLJQ�EH
DGHTXDWH�

%HFDXVH�RI�WKH�KLJK�YDULDQFH�DQG�JHQHUDOO\
LQDGHTXDWH�VDPSOLQJ�GHVLJQV�RI�PDQ\�H[LVWLQJ
VWXGLHV��WKH�PD[LPXP�VHGLPHQW�YDOXHV�UHSRUWHG
IRU�VHOHQLXP�PD\�KDYH�PRUH�LQWHU�SUHWLYH�YDOXH
WKDQ�WKH�PHDQV���$V�D�JHQHUDO�UXOH��DQ\WLPH�WKH
PD[LPXP�VHOHQLXP�FRQ�FHQWUDWLRQ�LQ�VHGLPHQWV
H[FHHGV���PJ�NJ��IXUWKHU�LQYHVWLJDWLRQ�LV�VWURQJO\
ZDUUDQWHG��*/6$%���������7R�WKH�H[WHQW
SRVVLEOH��WKH�JXLGHOLQHV�SURYLGHG�KHUH�DUH�EDVHG
RQ�VDPSOHV�QR�GHHSHU�WKDQ�WKH�XSSHU���LQFKHV�RI
VHGLPHQW�DQG�RQ�FKHPLFDO�DQDO\VHV�RI�ZKROH�EHG
VDPSOHV�

,Q�D�VHOHQLXP�GHILFLHQW�ODQGVFDSH��)LQODQG��
VHGLPHQWV�RI�ODNHV�XVXDOO\�FRQWDLQHG������PJ
6H�NJ��W\SLFDOO\�����²�����PJ�NJ��0DNHOD�HW�DO�
��������7KH�DYHUDJH�FRQFHQWUDWLRQV�RI�VHOHQLXP
IRU�VHGLPHQWV�LQ�VHOHQLXP�QRUPDO�HQYLURQ�PHQWV
DUH�XVXDOO\������PJ�NJ��0DLHU�DQG�.QLJKW��������
7KH���WK�SHUFHQWLOH�YDOXH�IRU�IUHVKZDWHU
VHGLPHQWV�LQ�7H[DV�ZDV�����PJ�NJ��'DYLV�������
EXW�WKH�SURSRUWLRQ�RI�FRQWDPL�QDWHG�VLWHV
LQFOXGHG�LQ�WKLV�VWDWHZLGH�VXUYH\�LV�XQNQRZQ��
6-9'3��������HVWLPDWHG�QRUPDO�EDFNJURXQG
YDOXHV�WR�DYHUDJH�DV�PXFK�DV�DERXW�����PJ�6H�NJ
LQ�WKH�VHGLPHQWV�RI�D�QDWXUDOO\�VHOHQLIHURXV
UHJLRQ�RI�&DOLIRUQLD���0DUWLQ�DQG�+DUWPDQ�������
UHSRUWHG�PHDQ�VHGLPHQW�FRQFHQWUDWLRQV�IRU
VHOHQLXP�RI�
�����DQG������PJ�NJ�LQ�SRWKROH�DQG�ULYHULQH
ZHWODQGV�ORFDWHG�SULPDULO\�LQ�1RUWK�DQG�6RXWK
'DNRWD��WZR�UHODWLYHO\�VHOHQLIHURXV�6WDWHV����$W���
8�6��'HSDUWPHQW�RI�WKH�,QWHULRU�VWXG\�VLWHV�LQ�WKH
:HVWHUQ�8QLWHG�6WDWHV��PHGLDQ�VHOHQLXP
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Summary:  Effects of selenium
in sediment

Interpretive guidance

Sediment Se
concentration

(mg/kg)

Selenium-deficient environments <0.1

Approximate background,
   Se-normal freshwater
   environments

0.2%2.0
(typically <1.0)

Approximate background, Texas
   freshwater environments

<1.9 (90th
percentile)

Maximum zero-response
   (NOAEL) boundary for birds
   nesting at shallow terminal
   ponds (population basis)

0.4 

Minimum total-response (EC100
   boundary for birds nesting at
   shallow terminal ponds
   (population basis)

1.0 

EC10 for fish and birds in a
   variety of freshwater aquatic
   systems (population basis)

2.5 

EC100 for fish and birds in a
   variety of freshwater aquatic
   systems (population basis)

>4.0  

10× normal background
   averages

3%5 

Various regulatory clean-up
   criteria for soils

3%10

FRQFHQWUDWLRQV�ZHUH�����DQG�����PJ�NJ�
UHVSHFWLYHO\��LQ�ILQH�DQG�FRDUVH�VHGLPHQW
IUDFWLRQV��3UHVVHU�������

%DVHG�RQ�D�UHYLHZ�RI����HFOHFWLF�VWXGLHV��
9DQ�'HUYHHU�DQG�&DQWRQ��������FRQFOXGHG�WKDW
VHGLPHQWDU\�VHOHQLXP�LV�D�UHOLDEOH�SUHGLFWRU�RI
DGYHUVH�ELRORJLFDO�HIIHFWV�DQG�WKDW�D�SUHOLPLQDU\
WR[LF�WKUHVKROG�H[LVWHG�DW�DERXW�����PJ�6H�NJ
�WKH���WK�SHUFHQWLOH�IRU�HIIHFWV����7KH\�DOVR
QRWHG�WKDW��LQ�WKH�OLWHUDWXUH�WKH\�UHYLHZHG�
DGYHUVH�HIIHFWV�ZHUH�DOZD\V�REVHUYHG�DW
VHOHQLXP�FRQFHQWUDWLRQV�JUHDWHU�WKDQ�����PJ��NJ
LQ�VHGLPHQWV���)RU�D�VHW�RI�
���LQGHSHQGHQW�HYDSRUDWLRQ�SRQGV�LQ�WKH�7XODUH
/DNH�%DVLQ�RI�&DOLIRUQLD��6NRUXSD�HW�DO���XQSXE�
GDWD��IRXQG�WKDW�PHDQ�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�SRQG�VHGLPHQWV�FRUUHODWHG
UHDVRQDEO\�ZHOO�ZLWK�PHDQ�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�WKH�HJJV�RI�EODFN�QHFNHG�VWLOWV
QHVWLQJ�DW�WKH�SRQGV��T� �������0 ����R��������
$OO�SRQGV�WKDW�DYHUDJHG�$��PJ�6H�NJ�LQ
VHGLPHQWV�\LHOGHG�VWLOW�HJJV�DYHUDJLQJ�!��PJ
6H�NJ��WKH�HPEU\R�WR[LFLW\�WKUHVKROG����$OO
SRQGV�WKDW�DYHUDJHG������PJ�6H�NJ�LQ
VHGLPHQWV�\LHOGHG�VWLOW�HJJV�DYHUDJLQJ����PJ
6H�NJ���%DVHG�RQ�WKH�UHODWLRQVKLS�EHWZHHQ
VHGLPHQWV�DQG�VWLOW�HJJV��HJJV�ZRXOG�EH�H[SHFWHG
WR�H[FHHG�DQ�DYHUDJH�RI����PJ�6H�NJ��.��
SHUFHQW�ULVN�OHYHO�IRU�DYLDQ�SRSXODWLRQV��L�H���KLJK
ULVN��ZKHQ�VHGLPHQWV�H[FHHGHG�
����PJ�6H�NJ���$�VXUYH\�RI�ILVK�LQ�&DOLIRUQLD·V
6DQ�-RDTXLQ�5LYHU�V\VWHP�IRXQG�HOHYDWHG
FRQFHQWUDWLRQV�RI�ZKROH�ERG\�VHOHQLXP��!�
PJ�NJ��LQ�PRVW�PRVTXLWRILVK�DW�VLWHV�FRQWDLQLQJ
���²����PJ�6H�NJ�LQ�VHGLPHQWV���$W�VLWHV�KDYLQJ
������PJ�6H�NJ�LQ�VHGLPHQWV��VHOHQLXP
FRQFHQWUDWLRQV�LQ�PRVTXLWRILVK�ZHUH�JHQHUDOO\�DW
EDFNJURXQG�OHYHOV�����PJ�NJ���86):6�����E��

6RLO

7KH�SUHVHQFH�RI�VHOHQLXP�LQ�JHRORJLF�IRUPD�
WLRQV�GRHV�QRW�PHDQ�LW�LV�SUHVHQW�LQ�WR[LF
DPRXQWV�LQ�WKH�VRLOV�GHULYHG�IURP�WKHVH�VWUDWD��
7KH�VROXELOLW\�RI�VHOHQLXP�LQ�VRLOV�GHSHQGV�RQ
S+��PRLVWXUH��R[LGDWLRQ�UHGXFWLRQ�FRQGLWLRQV��

DQG�WKH�GHJUHH�RI�DHUDWLRQ���,Q�DUHDV�ZKHUH�
DQQXDO�SUHFLSLWDWLRQ�H[FHHGV����LQFKHV�DQG�WKHUH
LV�GHHS�SHUFRODWLRQ��VHOHQLXP�LV�VORZO\�OHDFKHG
DQG�GRHV�QRW�EHFRPH�FRQFHQWUDWHG�LQ�WKH�VRLO��
+RZHYHU��JURXQG�ZDWHU�LQ�VXFK�DUHDV�PD\�EH
FRQWDPLQDWHG�IURP�OHDFKHG�VHOHQLXP��:KHUH
UDLQIDOO�LV�OHVV�WKDQ����LQFKHV�DQG�ZKHUH�WKH�VRLO�LV
DONDOLQH�DQG�JHQHUDOO\�ZHOO�DHUDWHG��DV�LQ�PXFK�RI
WKH�:HVWHUQ�8QLWHG�6WDWHV���VHOHQLXP�LQ�WKH�VRLO
PD\�EH�PRELOL]HG�LQ�LWV�R[LGL]HG��UHDGLO\�VROXEOH�
VHOHQDWH�IRUP�DQG�PD\�EH�FRQFHQWUDWHG�QHDU�WKH
VXUIDFH��+HGOXQG�������
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���

7KH�DPRXQW�RI�VHOHQLXP�LQ�WKH�VRLO�LV�QRW�D
UHOLDEOH�LQGLFDWRU�RI�KRZ�PXFK�LV�DYDLODEOH�WR
SODQWV�RU�KRZ�PXFK�FDQ�EH�OHDFKHG�E\�GHHS
SHUFRODWLRQ���,Q�PRLVW��DFLGLF��DQG�UHGXFLQJ�VRLOV�
VHOHQLXP�LV�SUHVHQW�DV�LQVROXEOH�VHOHQLGHV�
HOHPHQWDO�VHOHQLXP��RU�LQVROXEOH�S\ULWLF�VHOHQLGHV
DQG�QRW�DYDLODEOH�WR�SODQWV���8QGHU�GU\��DONDOLQH
FRQGLWLRQV�LQ�VHOHQLIHURXV�VRLOV��PLFURRUJDQLVPV
SURGXFH�VHOHQDWHV�DQG�RUJDQLF�VHOHQLXP
FRPSOH[HV�ZKLFK�DUH�YHU\�VROXEOH���([FHVV
SUHFLSLWDWLRQ�RU�LUULJDWLRQ�ZDWHU�GUDLQLQJ�WKHVH
VRLOV�ZRXOG�OHDFK�VROXEOH�VHOHQLWHV�DQG�VHOHQDWHV
DQG�DOVR�FDUU\�GLVVROYHG�DQG�VXVSHQGHG�RUJDQLF
IRUPV�RI�VHOHQLXP��+HGOXQG�������

9DULRXV�UHJXODWRU\�FOHDQ�XS�FULWHULD�IRU�VHOHQLXP
LQ�VRLOV�W\SLFDOO\�UDQJH�IURP�DERXW
��WR����PJ�NJ��%H\HU���������

%LRWLF�(IIHFWV

,QWHUSUHWDWLRQ�RI�ILHOG�GDWD�IRU�ELRWD�FDQ�EH
FRQIRXQGHG�E\�D�VDPSOLQJ�ELDV�WKDW�IDYRUV
´VXUYLYRUV�µ��0RVW�ELRORJLFDO�VDPSOLQJ
WHFKQLTXHV�DUH�GHVLJQHG�WR�VDPSOH�OLYH�ELRWD���,Q
FRQWDPLQDWHG�HQYLURQPHQWV��OLYH�ELRWD�UHSUHVHQW
´VXUYLYRUVµ�DQG�DUH�SRWHQWLDOO\�ELDVHG�VXEVHWV�RI
WKH�VWXG\�SRSXODWLRQV�ZLWK�UHJDUG�WR�VHOHQLXP
H[SRVXUH�DQG�RU�VHQVLWLYLW\�

3ODQWV

5GNGPKWO�%QPEGPVTCVKPI
8GIGVCVKQP�³'LIIHUHQW�SODQW�VSHFLHV�KDYH
ZLGHO\�YDU\LQJ�DELOLWLHV�WR�WDNH�VHOHQLXP�IURP
WKH�VRLO��DFFXPXODWH�LW��DQG�WROHUDWH�LW���&RPPRQ
W\SHV�RI�VHOHQLXP�FRQFHQWUDWLQJ�YHJHWDWLRQ
LQFOXGH�#UVTCICNWU��ORFR�ZHHG�DQG
PLONYHWFK³���VSHFLHV���/CEJCGTCPVJGTC
�WKLVWOH���*CRNQRCRRWU��JROGHQZHHG���DQG
5VCPNG[C��PXVWDUG����7KHVH�SODQW�VSHFLHV�KDYH�DQ
H[WUDRUGLQDU\�DELOLW\�WR�DFFXPXODWH�VHOHQLXP�DQG
FDQ�DFKLHYH�VHOHQLXP�FRQFHQWUDWLRQV�RI
KXQGUHGV�RU�HYHQ�WKRXVDQGV�RI�PLOOLJUDPV�SHU
NLORJUDP��GU\�ZHLJKW�

3ULPDU\�SURGXFHUV�DUH�WKH�IRXQGDWLRQ�IRU�PRVW
IRRG�FKDLQV�VXSSRUWLQJ�ILVK�DQG�ZLOGOLIH
SRSXODWLRQV���,Q�DTXDWLF�HFRV\VWHPV��DOJDH�VHUYH
DV�WKH�SULPDU\�VRXUFH�RI�HQHUJ\�DVVLPLODWLRQ�DQG
DV�WKH�EDVH�RI�PRVW�DTXDWLF�IRRG�FKDLQV��2JOH�HW
DO����������$TXDWLF�PDFURSK\WHV�DUH�LPSRUWDQW�LQ
FKHPLFDO�F\FOLQJ�DQG�DV�D�PDMRU�LQSXW�VRXUFH�IRU
GHWULWDO�IRRG�FKDLQV�

)LODPHQWRXV�DOJDH�LQ�&DOLIRUQLD·V�6DQ�-RDTXLQ
5LYHU�V\VWHP�FRQWDLQHG����²����PJ�6H�NJ�DW�VLWHV
ZLWK�������J�/�ZDWHUERUQH�6H��86):6�����E�
6DLNL�HW�DO����������$OJDH�LQ�DQ�XQFRQ�WDPLQDWHG
6DQ�-RDTXLQ�9DOOH\�IUHVKZDWHU�PDUVK�DYHUDJHG
�����PJ�6H�NJ��6DLNL�DQG�/RZH�������6FKXOHU�HW
DO����������%DFNJURXQG�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�DTXDWLF�PDFUR�SK\WHV�XVXDOO\�DYHUDJH
�����PJ�NJ��0DLHU�DQG�.QLJKW���������$TXDWLF
PDFURSK\WHV�LQ�DQ�XQFRQWDPLQDWHG�6DQ�-RDTXLQ
9DOOH\�IUHVKZDWHU�PDUVK�DYHUDJHG������PJ�6H�NJ
�6DLNL�DQG�/RZH�������+RWKHP�DQG�2KOHQGRUI
������6FKXOHU�HW�DO����������7HUUHVWULDO�SODQWV�RQ
QRQVHOHQLIHURXV�VRLOV�XVXDOO\�DYHUDJH�������PJ
6H�NJ��*LUOLQJ���������7KH�WZR�GRPLQDQW
KHUEDFHRXV�SODQWV�FROOHFWHG�IURP�D�QRUPDO�
VHOHQLXP�������PJ�6H�NJ�VRLO��UHIHUHQFH�VLWH�LQ
WKH�6DQ�-RDTXLQ�9DOOH\�DYHUDJHG�����DQG�����PJ
6H�NJ��:X�HW�DO����������2Q�VHOHQLIHURXV�VRLOV�
QRQ�DFFXPXODWRU�SODQWV�PD\�FRQWDLQ��²����PJ
6H�NJ��DQG�VHOHQLXP�DFFXPXODWRU�SODQWV�FRQWDLQ
HYHQ�KLJKHU�FRQFHQWUDWLRQV��*LUOLQJ���������

1R�VWXGLHV�LQ�WKH�OLWHUDWXUH�UHSRUW�VHOHQLXP
WR[LFLW\�WKUHVKROGV�IRU�SODQWV�EDVHG�RQ�H[SRVXUH
LQ�QDWXUH��L�H���EDVHG�RQ�ILHOG�GDWD����,Q�VWDQGDUG
WR[LFLW\�WHVWV��VXEOHWKDO�HIIHFWV�RI�VHOHQLXP
H[SRVXUH�DUH�LQLWLDOO\�REVHUYHG�IRU�JUHHQ�DOJDH�DW
ZDWHUERUQH�FRQFHQWUDWLRQV�RI�
����J�/��VHOHQDWH��DQG�����J�/��VHOHQLWH���9RFNH
HW�DO��������)RH�DQG�.QLJKW���������*URZWK�RI
WKH�JUHHQ�DOJD�5GNGPCUVTWO�ECRTKEQTPWVWO�ZDV
VLJQLILFDQWO\�UHGXFHG�DW�WLVVXH�FRQFHQWUDWLRQV�RI��
PJ�6H�NJ��:LOOLDPV�HW�DO���������
%LRDFFXPXODWLRQ�RI�VHOHQDWH��EXW�QRW�VHOHQLWH�RU
VHOHQRPHWKLRQLQH��E\�DOJDH�LV�VWURQJO\�LQIOXHQFHG
E\�ZDWHUERUQH�VXOIDWH�FRQFHQWUDWLRQV��H�J��
.LIIQH\�DQG�.QLJKW�������:LOOLDPV�HW�DO���������
7KH�����J�/�WKUHVKROG�IRU�VXEOHWKDO�HIIHFWV�RI
ZDWHUERUQH�VHOHQDWH�RFFXUUHG�LQ�ERWK�KLJK�
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Summary:  Effects of selenium
on plants

Interpretive guidance

Plant Se
concentration

(mg/kg)

Background, freshwater algae 0.1%1.5 (typically
<0.5)

Background, freshwater
macrophytes

0.1%2.0 (typically
<1.5)

Background, terrestrial plants
on nonseleniferous soil

<0.01%0.6
(typically <0.25)

Experimental LOAEL for
sublethal effects (growth),
algal tissue

4.0

Experimental LOAEL for
sublethal effects (growth),
macrophyte (lettuce) tissue

250

Experimental LOAEL for lethal
effects, macrophyte (lettuce)
tissue

800

Waterborne Se
exposure (µg/L)

Toxicity-test LOAEL for sub-
lethal effects on green algae

10%300 selenate
75 selenite

Toxicity-test LOAEL for sub-
lethal effects on blue-green
algae

100 seleno-       
methionine

3,000 selenate
3,000 selenite 

Toxicity-test LOAEL for
sublethal effects on a
macrophyte (lettuce)

   200 selenate
3,000 selenite 

Irrigation water standard to
protect crop plants

#50 total

VXOIDWH�DQG�ORZ�VXOIDWH�ZDWHUV���DOJDO�WLVVXH
DFFXPXODWHG���PJ�6H�NJ�LQ�KLJK�VXOIDWH�ZDWHUV
DQG����PJ�6H�NJ�LQ�ORZ�VXOIDWH�ZDWHUV��:LOOLDPV
HW�DO����������%OXH�JUHHQ�DOJDH�DUH�JHQHUDOO\�OHVV
VHQVLWLYH�WKDQ�JUHHQ�DOJDH�WR�VHOHQLXP�H[SRVXUH
�0DLHU�HW�DO��������.LIIQH\�DQG�.QLJKW�������
DQG�HYHQ�DPRQJ�JUHHQ�DOJDH�WKHUH�DUH�H[WUHPH
VSHFLHV�GLIIHUHQFHV�LQ�VHQVLWLYLW\���6XEOHWKDO
WKUHVKROGV�LQ�JUHHQ�DOJDH�KDYH�UDQJHG�IURP���
WR�
�����J�/�ZDWHUERUQH�6H��9RFNH�HW�DO�������
(3$���������7R[LFLW\�SURILOHV�IRU�DTXDWLF
PDFURSK\WHV�DUH�QRW�NQRZQ��EXW�WKH�VXEOHWKDO
WR[LFLW\�WKUHVKROGV�IRU�DTXD�FXOWXUHG�OHWWXFH
ZHUH������J�/�ZDWHUERUQH�VHOHQDWH�DQG�
�������J�/�ZDWHUERUQH�VHOHQLWH���)RU�ERWK
VHOHQLWH�DQG�VHOHQDWH�H[SRVXUH��WKH�WKUHVKROG
WLVVXH�FRQFHQWUDWLRQ�IRU�OHWKDO�HIIHFWV�ZDV�
����PJ�6H�NJ��%HUU\�DQG�6DYDJH��������
$SSDUHQWO\��LUULJDWLRQ�ZDWHU�ZLWK�#����J�/�WRWDO
6H�LV�FRQVLGHUHG�E\�DJURQRPLVWV�WR�EH�SURWHFWLYH
RI�DOO�FURS�SODQWV��H�J���(LVOHU�������

7KH�TXDOLW\�RI�KDELWDW�IRU�ILVK�DQG�ZLOGOLIH�LV
FORVHO\�OLQNHG�WR�SDUWLFXODU�SODQW�FRPPXQLWLHV��
7KHUHIRUH��VHOHQLXP�FRQWDPLQDWLRQ�FRXOG
LPSDFW�ILVK�DQG�ZLOGOLIH�SRSXODWLRQV�LQGLUHFWO\�LI
SODQW�FRPPXQLWLHV�DUH�DOWHUHG�E\�LWV�WR[LF
HIIHFWV���+RZHYHU��WKHUH�DUH�QR�GRFXPHQWHG
ILHOG�FDVHV�RI�WKLV�W\SH�RI�LQGLUHFW�HIIHFW�RQ�ILVK
DQG�ZLOGOLIH�SRSXODWLRQV���$GGLWLRQDOO\��EHFDXVH
RI�WKH�DEVHQFH�RI�WKUHVKROG�GDWD�IRU�HFRORJLFDOO\
LPSRUWDQW�HQGSRLQWV�LQ�QDWXUH��QR�UHJXODWRU\
YDOXHV�KDYH�EHHQ�HVWDEOLVKHG�IRU�DTXDWLF�WR[LFLW\
RI�VHOHQLXP�WR�SODQWV��(3$���������)RU�DOO
SUDFWLFDO�SXUSRVHV�UHJDUGLQJ�SURWHFWLRQ�RI�ILVK
DQG�ZLOGOLIH�SRSXODWLRQV��WKH�GLUHFW�WR[LF�HIIHFWV
RI�FRQVXPLQJ�VHOHQLXP�FRQWDPLQDWHG�SODQWV�DUH
DSSDUHQWO\�PRUH�LPSRUWDQW�WKDQ�LQGLUHFW
HFRORJLFDO�HIIHFWV�IURP�FKDQJHV�LQ�SODQW
FRPPXQLWLHV���)LVK�DQG�ZLOGOLIH�ULVN�WKUHVKROGV
IRU�GLHWDU\�H[SRVXUH�WR�VHOHQLXP�DUH�DGGUHVVHG
LQ�WKH�VXPPDULHV�IRU�YHUWHEUDWH�DQLPDOV
SUHVHQWHG�EHORZ�

,QYHUWHEUDWHV

,QYHUWHEUDWH�SRSXODWLRQV�DUH�LPSRUWDQW�VRXUFHV
RI�IRRG�IRU�PRVW�VSHFLHV�RI�ILVK�DQG�ZLOGOLIH��
0DQ\�VSHFLHV�RI�ILVK�DQG�ZLOGOLIH�UHTXLUH�KLJK�
SURWHLQ�GLHWV�IRU�RSWLPDO�UHSURGXFWLRQ��DQG�WKH
LQYHUWHEUDWH�FRPSRQHQW�RI�WKH�GLHW�LV�RIWHQ�WKH�
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SULQFLSDO�VRXUFH�RI�SURWHLQ���&RQVHTXHQWO\�
VHOHQLXP�LQGXFHG�DOWHUDWLRQV�RI�LQYHUWHEUDWH
GHQVLW\�RU�FRPPXQLW\�VWUXFWXUH�FRXOG�KDYH
LQGLUHFW�HFRORJLFDO�LPSDFWV�RQ�ILVK�DQG�ZLOGOLIH
SRSXODWLRQV�

)RU�DTXDWLF�LQYHUWHEUDWHV��0DLHU�DQG�.QLJKW
�������UHSRUW�D�UDQJH�RI����²����PJ�6H�NJ�DV�WKH
QDWLRQDO�EDFNJURXQG�FRQFHQWUDWLRQV���,Q�DQ�6H�
QRUPDO�DTXDWLF�HFRV\VWHP�LQ�&RORUDGR��%LUNQHU
�������UHSRUWHG�DYHUDJH�LQYHUWHEUDWH
FRQFHQWUDWLRQV�RI����²����PJ�6H�NJ���$W�DQ
XQFRQWDPLQDWHG�6DQ�-RDTXLQ�9DOOH\�ZHWODQG�
LQYHUWHEUDWHV�DYHUDJHG����²����PJ�NJ��6DLNL�DQG
/RZH�������+RWKHP�DQG�2KOHQGRUI������
6FKXOHU�HW�DO����������6PDOO�H[SHULPHQWDO
IUHVKZDWHU�SRQGV�VHUYLQJ�DV�FRQWURO�PDFUR�
FRVPV��ZDWHUERUQH�6H�������J�/��FRQWDLQHG
LQYHUWHEUDWH�WD[D�ZLWK�VHOHQLXP�FRQFHQWUD�WLRQV
DYHUDJLQJ����²����PJ�NJ��&UDQH�HW�DO����������,Q
WKH�6DQ�-RDTXLQ�5LYHU�V\VWHP��PLGJHV�DQG
DPSKLSRGV�DYHUDJHG����²����PJ�6H�NJ��DQG
FUD\ILVK�DYHUDJHG����²����PJ�6H�NJ�DW�VLWHV�ZLWK
#�����J�/�ZDWHUERUQH�6H��6DLNL�HW�DO����������$W
6H�QRUPDO�VLWHV�RI�WKH�ORZHU�&RORUDGR�5LYHU
V\VWHP��FUD\ILVK�FRQWDLQHG����²����PJ�6H�NJ
DQG�XVXDOO\�DYHUDJHG�#����PJ�NJ��:HOVK�DQG
0DXJKDQ�������

)RU�WHUUHVWULDO�LQYHUWHEUDWHV��JUDVVKRSSHUV�DQG
PDQWLGV��DW�WZR�UHIHUHQFH�VLWHV�QHDU�WKH�IRUPHU
.HVWHUVRQ�5HVHUYRLU��:X�HW�DO���������UHSRUWHG
DYHUDJH�FRQFHQWUDWLRQV�RI������PJ�6H�NJ��
*UDVVKRSSHUV�DQG�EHHWOHV�FROOHFWHG�DW�UHI�HUHQFH
DJURIRUHVWU\�SODQWDWLRQV�LQ�WKH�
6DQ�-RDTXLQ�9DOOH\�FRQWDLQHG����²����PJ�6H�NJ
�6-9'3�������������

1R�VWXGLHV�ZHUH�IRXQG�LQ�WKH�OLWHUDWXUH�WKDW
UHSRUW�VHOHQLXP�WR[LFLW\�WKUHVKROGV�IRU
LQYHUWHEUDWHV�EDVHG�RQ�H[SRVXUH�LQ�QDWXUH��L�H��
EDVHG�RQ�ILHOG�GDWD����,W�KDV�EHHQ�HVWDEOLVKHG�WKDW
WLVVXH�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�ILHOG�
FROOHFWHG�DTXDWLF�LQYHUWHEUDWHV�DUH�VWURQJO\
UHODWHG�WR�ZDWHUERUQH�FRQFHQWUDWLRQV�RI
VHOHQLXP��%LUNQHU�������:LOEHU�������/LOOHER
HW�DO����������&UD\ILVK�FDJHG�LQ�WKH�DVK�SLW�GUDLQ
RI�D�:LVFRQVLQ�SRZHU�SODQW�ELRDFFXPXODWHG���
PJ�6H�NJ�LQ�WKH�KHSDWR�SDQFUHDV�DQG�KDG�

VLJQLILFDQWO\�DOWHUHG�UHVSLUDWLRQ�UDWHV��WKH�DVK�SLW
HIIOXHQW�DOVR�KDG�KLJK�FRQFHQWUDWLRQV�RI
FKURPLXP��LURQ��DQG�]LQF��0DJQXVRQ�HW�DO���������
1R�PDMRU�HIIHFWV�RQ�EHQWKLF�PDFURLQYHUWHEUDWH
FRPPXQLWLHV�ZHUH�GHWHFWHG�LQ�H[SHULPHQWDO
IUHVKZDWHU�SRQGV�WUHDWHG�ZLWK��������DQG�����J�/
LQRUJDQLF�6H��������UDWLR�VHOHQDWH�WR�VHOHQLWH�
�&UDQH�HW�DO����������$EXQGDQFH�GDWD�IRU�PLGJH
ODUYDH��KRZHYHU��DUH�VXJJHVWLYH�HQRXJK�WR
ZDUUDQW�IXUWKHU�VWXG\�DW�GRVHV�DERYH����J�/
ZDWHUERUQH�6H���,Q�VWDQGDUG�ODERUDWRU\�WR[LFLW\
WHVWV�����J�/�ZDWHUERUQH�VHOHQRPHWKLRQLQH�ZDV
DFXWHO\�WR[LF�WR�DQ�DPSKLSRG���0DQ\�IDFWRUV
LQIOXHQFH�WR[LFLW\�WHVW�UHVXOWV��LQFOXGLQJ�ZDWHU
FKHPLVWU\��VSHFLHV�WHVWHG��DQG�OLIH�VWDJH�WHVWHG�
EXW�WKH�ORZHVW�ZDWHUERUQH�WKUHVKROGV�IRU�DFXWH
WR[LFLW\�DUH�DSSUR[LPDWHO\������J�/�VHOHQLWH�DQG
�����J�/�VHOHQDWH��(3$�������0DLHU�HW�DO�������
,QJHUVROO�HW�DO����������/RZHVW�WKUHVKROGV�IRU
FKURQLF�WR[LFLW\�RFFXU�DW�DSSUR[LPDWHO\���²���
�J�/�IRU�VHOHQLWH�RU�VHOHQDWH�DQG�SHUKDSV�DW�����
�J�/�ZDWHUERUQH�VHOHQRPHWKLRQLQH��-RKQVWRQ
������(3$�������%R\XP�DQG�%URRNV������
,QJHUVROO�HW�DO��������

([SHULPHQWDO�VWXGLHV�RI�GLHWDU\�WR[LFLW\�DUH�UDUH��
$PSKLSRGV�VKRZHG�QR�DGYHUVH�HIIHFWV�IURP
GLHWDU\�H[SRVXUHV�WR�DOJDH�FRQWDLQLQJ�DV�PXFK�DV
����PJ�6H�NJ��)RH�DQG�.QLJKW���������'LHWDU\
H[SRVXUH�RI�ODUYDO�PLGJHV�WR�DOJDH�FRQWDLQLQJ
$����PJ�6H�NJ�VLJQLILFDQWO\�LQKLELWHG�JURZWK��
7KH�LQKLELWHG�ODUYDH�FRQWDLQHG�$����PJ�6H�NJ�LQ
WKHLU�WLVVXHV��0DOFKRZ�HW�DO����������$ODLPR�HW�DO�
�������H[SRVHG�PLGJH�ODUYDH�WR�GLHWV�EDVHG�RQ
QDWXUDOO\�FRQWDPLQDWHG�ZLGJHRQ�JUDVV��4WRRKC�
GHWULWDO�VXEVWUDWHV�IURP�HYDSRUDWLRQ�SRQGV�LQ�WKH
7XODUH�%DVLQ��&DOLIRUQLD���$ODLPR�HW�DO�·V�
���GD\�HJJ�WR�SUHSXSDWLRQ�IHHGLQJ�VWXG\
SURGXFHG�UHVXOWV�YHU\�VLPLODU�WR�WKRVH�RI
0DOFKRZ�HW�DO�����������'HWULWDO�VXEVWUDWHV
FRQWDLQLQJ�DV�OLWWOH�DV�DERXW���PJ�6H�NJ
VLJQLILFDQWO\�LQKLELWHG�WKH�JURZWK�RI�PLGJH�ODUYDH
HYHQ�WKRXJK�WKH�DVVRFLDWHG�VHOHQLXP
FRQFHQWUDWLRQV�LQ�ODUYDO�WLVVXH�ZHUH�LQ�VRPH�FDVHV
���PJ�NJ��$ODLPR�HW�DO����������7LVVXH
FRQFHQWUDWLRQV�RI����DQG����PJ�6H�NJ�LQ�
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Summary:  Effects of selenium on
invertebrates

Interpretive guidance

Invertebrate Se
concentration

(mg/kg)

Background, aquatic
invertebrates

0.4%4.5 
(typically <2.0)

Background, terrestrial
invertebrates

<0.1%2.5 
(typically <1.5)

Experimental LOAEL for
sublethal effects (growth),
midge larvae and amphipod
tissue concentrations

2.5%15

Experimental LOAEL for
sublethal effects (respiration
rate) in crayfish

30 (hepato-
pancreas)

Experimental LOAEL for repro-
ductive effects, amphipod
tissue concentration

32

Dietary Se
exposure (mg/kg)

Experimental LOAEL for
sublethal effects (growth) in
midge larvae

2.1

Experimental NOAEL for acute
toxicity in amphipods

300

Waterborne Se
exposure (µg/L)

No clear community-level
effects on benthic macro-
invertebrates, outdoor
macrocosm studies 

25 (inorganic
mixture)

Altered protozoan species
diversity

20%160 (selenite)

Toxicity-test LOAEL’s for acute
toxicity, in midge larvae and
amphipods

4.0 (seleno-      
methionine)

200 (selenite)  
500 (selenate) 

Toxicity-test LOAEL for
sublethal (growth) effects on
protozoans

3.0 (selenite)

Toxicity-test LOAEL’s for
chronic toxicity in midge
larvae and amphipods

<0.5(?) (seleno-    
methionine)

25%100 (selenite)
25%100 (selenate)

Experimental LOAEL for
drinking water toxicity in
house flies

4,000 (selenite)

DPSKLSRGV�ZHUH�DVVRFLDWHG�ZLWK�UHGXFHG�JURZWK
DQG�UHSURGXFWLRQ��UHVSHFWLYHO\��,QJHUVROO�HW�DO�
������

7KHUH�LV�DOPRVW�QR�VHOHQLXP�WR[LFLW\�GDWD
IRU�WHUUHVWULDO�LQYHUWHEUDWHV���$SKLGV�DUH
UHSRUWHGO\�VHQVLWLYH�WR�VHOHQLXP��DQG�VSLGHUV�DQG
PLWHV�KDYH�EHHQ�FRQWUROOHG�E\�FRPPHUFLDO
VHOHQLXP�LQVHFWLFLGHV��7UHOHDVH���������6LPPRQV
HW�DO���������UHSRUWHG�WKDW�VHOHQLWH�LQ�WKH
GULQNLQJ�ZDWHU�RI�KRXVH�IOLHV���������J�/�
FDXVHG����SHUFHQW�PRUWDOLW\�DIWHU����GD\V��

$PRQJ�PLFURLQYHUWHEUDWHV��VXFK�DV�SURWR�
]RDQV��DQ�H[WUHPHO\�ZLGH�UDQJH�RI�WR[LFLW\�WHVW
UHVXOWV�KDV�EHHQ�UHSRUWHG��6DQGHUV�DQG�*LOPRXU
��������7R[LF�WKUHVKROGV�LQ�VRPH�WD[D�DUH�DV
KLJK�DV���������J�/�VHOHQLWH�DQG�LQ�RWKHU�WD[D
DUH�DV�ORZ�DV����J�/�VHOHQLWH��LQKLELWHG�JURZWK
RI�D�KHWHURWURSKLF�IODJHOODWH����,Q�PLFURFRVP
VWXGLHV��SURWR]RDQ�GLYHUVLW\��EXW�QRW�WRWDO
ELRPDVV��ZDV�DIIHFWHG�E\����GD\�H[SRVXUHV�WR
��²�����J�/�VHOHQLWH�

7KH�ILHOG�DSSOLFDELOLW\�RI�JXLGHOLQHV�JHQHUDWHG�E\
WR[LFLW\�WHVWV�RU�FRQWUROOHG�IHHGLQJ�WULDOV�LV�KLJKO\
XQFHUWDLQ���3RSXODWLRQV�RI�EULQH�VKULPS�LQ
QDWXUH�H[KLELW�VXEVWDQWLDO�YDULDELOLW\�LQ�UHVLVWDQFH
WR�VHOHQLXP�WR[LFLW\��)UHHPDQ�HW�DO����������6XFK
ILQGLQJV�VXJJHVW�D�SRWHQWLDO�LQ�QDWXUH�IRU�UDSLG
VHOHFWLRQ�RI�SRSXODWLRQV�WKDW�DUH�PRUH�UHVLVWDQW
WKDQ�WKRVH�XVHG�LQ�WHVWV���2Q�WKH�RWKHU�KDQG�
WHVWV�WKDW�UHSOLFDWH�GUDLQZDWHU�LRQLF�FKHPLVWU\
DQG�WKH�SUHVHQFH�RI�PXOWLSOH�WUDFH�HOHPHQWV
VXJJHVW�WKDW�WR[LFLW\�WKUHVKROGV�LQ�QDWXUH�PD\�EH
ORZHU�WKDQ�LQ�VWDQGDUG�IUHVKZDWHU�VLQJOH�HOHPHQW
WR[LFLW\�WHVWV��'Z\HU�HW�DO��������1DGG\�HW�DO�
�����������

7KHUH�DUH�QR�GRFXPHQWHG�ILHOG�FDVHV�RI�ILVK�DQG
ZLOGOLIH�SRSXODWLRQV�EHLQJ�DIIHFWHG�DGYHUVHO\�E\
VHOHQLXP�LQGXFHG�DOWHUDWLRQV�RI�LQYHUWHEUDWH
GHQVLW\�RU�FRPPXQLW\�VWUXFWXUH���$V�QRWHG
DERYH�IRU�SODQWV��WKH�GLUHFW�WR[LF�HIIHFWV�RI
FRQVXPLQJ�VHOHQLXP�FRQWDPLQDWHG�LQYHUWHEUDWHV
DUH�DSSDUHQWO\�PRUH�LPSRUWDQW�WKDQ�DQ\�LQGLUHFW
HFRORJLFDO�HIIHFWV���)LVK�DQG�ZLOGOLIH�ULVN
WKUHVKROGV�IRU�GLHWDU\�H[SRVXUH�WR�VHOHQLXP�DUH
DGGUHVVHG�LQ�WKH�VXPPDULHV�IRU�YHUWHEUDWH
DQLPDOV�SUHVHQWHG�EHORZ�
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)LVK

1DWLRQDO�DQG�JOREDO�PRQLWRULQJ�SURJUDPV�KDYH
UHYHDOHG�WKDW�PRVW�VSHFLHV�RI�ILVK�DYHUDJH�OHVV
WKDQ���PJ�6H�NJ�RQ�D�ZKROH�ERG\�EDVLV��H�J��
:DOVK�HW�DO��������6FKPLWW�DQG�%UXPEDXJK
������-HQNLQV���������7KHVH�VXUYH\V�LQFOXGH�GDWD
IURP�ERWK�FRQWDPLQDWHG�DQG�XQFRQWDPLQDWHG
VLWHV�DQG�WKHUHIRUH�LQFOXGH�PD[LPXP�YDOXHV�WKDW
GR�QRW�UHSUH�VHQW�WUXH�´EDFNJURXQG�µ��)RU
FRPSDULVRQ��/HPO\������E��UHFHQWO\�UHSRUWHG
ZKROH�ERG\�FRQFHQWUDWLRQV�RI�VHOHQLXP�IRU
PRUH�WKDQ�
���VSHFLHV�RI�ILVK�VDPSOHG�DW�WZR�FRQILUPHG�6H�
QRUPDO��ZDWHUERUQH�6H�#���J�/��/HPO\�����E�
ODNHV�LQ�1RUWK�&DUROLQD���:LWK�IHZ�H[FHSWLRQV�
WKH�VSHFLHV�DYHUDJHV�ZHUH�EHORZ�
��PJ�6H�NJ���$W�VHYHUDO�YHULILHG�6H�QRUPDO�VLWHV
LQ�WKH�6DQ�-RDTXLQ�5LYHU�V\VWHP�RI�&DOLIRUQLD�
6DLNL��������DQG�6DLNL�HW�DO���������DOVR�IRXQG
WKDW�PRVTXLWRILVK��FDUS��EOXHJLOO��DQG�ODUJHPRXWK
EDVV�DYHUDJHG����PJ�NJ�ZKROH�ERG\�6H��
6XQILVK�VDPSOHG�DW�FRQILUPHG�6H�QRUPDO�VLWHV�LQ
WKH�ORZHU�&RORUDGR�5LYHU�V\VWHP�DYHUDJHG
���²����PJ�NJ�ZKROH�ERG\�6H��:HOVK�DQG
0DXJKDQ���������&RQWUROOHG�GLHWDU\�H[SRVXUHV
DV�KLJK�DV���PJ�6H�NJ�LQ�H[SHULPHQWDO�VWXGLHV
FRQVLVWHQWO\�\LHOG�ZKROH�ERG\�VHOHQLXP
FRQFHQWUDWLRQV������PJ�NJ��H�J���2JOH�DQG
.QLJKW�������+DPLOWRQ�HW�DO��������86):6
����E��&OHYHODQG�HW�DO��������&R\OH�HW�DO�������
/RUHQW]HQ�HW�DO����������'LHWDU\�H[SRVXUHV�LQ�WKLV
UDQJH�ZRXOG�EH�W\SLFDO�RI�6H�QRUPDO
HQYLURQPHQWV��VHH�VXPPDU\�WDEOHV�IRU�SODQWV
DQG�LQYHUWHEUDWHV�DERYH����%DFNJURXQG
FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�VNHOHWDO�PXVFOH�
JRQDGV��DQG�HJJV�DOVR�WHQG�WR�DYHUDJH��²�
PJ�NJ�RU�OHVV��H�J���%DXPDQQ�DQG�*LOOHVSLH
������&RXJKODQ�DQG�9HOWH�������&UDQH�HW�DO�
������+HUPDQXW]�HW�DO��������+DPLOWRQ�DQG
:DGGHOO���������%DFN�JURXQG�FRQFHQWUDWLRQV�IRU
KHSDWLF�VHOHQLXP�KDYH�EHHQ�UHSRUWHG�WR�UDQJH
IURP���WR���PJ��NJ�EXW�DUH�XVXDOO\����PJ�NJ
�6RUHQVHQ�������86):6�����E��+HUPDQXW]�HW
DO��������/RUHQW]HQ�HW�DO����������

/HPO\������D������D��SURYLGHG�H[FHOOHQW�UHYLHZV
RI�VHOHQLXP�WR[LFLW\�WKUHVKROGV�IRU�ILVK���%DVHG�

RQ�WKDW�UHYLHZ��/HPO\�FRQFOXGHG�WKDW�WKH�PRVW
SUHFLVH�ZD\�WR�DVVHVV�ULVNV�DVVRFLDWHG�ZLWK
H[SRVXUH�RI�ILVK�WR�VHOHQLXP�LV�WR�PHDVXUH
VHOHQLXP�OHYHOV�LQ�JUDYLG�RYDULHV���0RUH�UHFHQWO\�
+DPLOWRQ�DQG�:DGGHOO��������UHYLHZHG�WKH
´JRQDG�HJJµ�OLWHUDWXUH�DQG�FRQFOXGHG�WKDW�ILVK
JRQDGV�DQG�HJJV�QRUPDOO\�DYHUDJH��²��PJ�6H�NJ
DQG�WKDW���²���PJ�NJ�ZDV�WKH�FXUUHQW�/2$(/
IRU�ZDUP�ZDWHU�ILVK����7KLV�/2$(/��KRZHYHU�
GRHV�QRW�LQGLFDWH�WKH�VTWG�WKUHVKROG�IRU�DGYHUVH
HIIHFWV�EHFDXVH�LW�ZDV�DVVRFLDWHG�ZLWK�DW�OHDVW
��²���SHUFHQW�UHSURGXFWLYH�LPSDLUPHQW
�+HUPDQXW]�HW�DO����������7KH�ORZHVW
FRQFHQWUDWLRQ�RI�VHOHQLXP�LQ�JRQDGV�DQG�HJJV
UHSRUWHG�IRU�D�FDVH�RI�VQVCN�UHSURGXFWLYH�IDLOXUH
LQ�ILVK��,&�����LV���²
���PJ�NJ��&UDQH�HW�DO����������&RQVLGHULQJ
VHOHQLXP�FRQFHQWUDWLRQV�LQ�ELUG�HJJV��+HLQ]�
HW�DO���������IRXQG�WKDW�WKH�UDWLR�EHWZHHQ�WKH
WKUHVKROG�RI�WRWDO�UHSURGXFWLYH�IDLOXUH��,&����
DQG�WKH�WKUHVKROG�IRU�UHSURGXFWLYH�LPSDLUPHQW
�.,&����ZDV�DERXW��²����WR������6HH�WHUDWR�
JHQHVLV�UHVSRQVH�WDEOH�IRU�EODFN�QHFNHG�VWLOWV
SUHVHQWHG�EHORZ����6LQFH�EDFNJURXQG�OHYHOV�RI
VHOHQLXP�LQ�HJJV�DUH�VLPLODU�IRU�ELUGV�DQG�ILVK
�+DPLOWRQ�DQG�:DGGHOO�������6NRUXSD�DQG
2KOHQGRUI��������DQG�H[SRVXUH�UHVSRQVH�FXUYHV
IRU�HPEU\R�WHUDWRJHQHVLV�DUH�EURDGO\�VLPLODU
�/HPO\�����E��S��������´,W�WKHUHIRUH�DSSHDUV�WKDW
WKH�WHUDWRJHQLF�HIIHFWV�RI�VHOHQLXP�LQ�QDWXUDO
SRSXODWLRQV�RI�ILVK�DQG�DTXDWLF�ELUGV�DUH
HVVHQWLDOO\�WKH�VDPH�µ���LW�VHHPV�OLNHO\�WKDW�WKH
,&����WR�,&���UDWLR���²���ï��LV�DOVR�VLPLODU�DQG
WKDW�WKH�WKUHVKROG�UHJLRQ�IRU�UHSURGXFWLYH�IDLOXUH
LQ�UGPUKVKXG�VSHFLHV�RI�ILVK�H[WHQGV�DV�ORZ�DV��²��
PJ�6H�NJ�LQ�JRQDGV�DQG�HJJV���&UDQH�HW�DO�·V
�������VWXG\�LV�FRQVLVWHQW�ZLWK�WKLV�FRQ�FOXVLRQ
EHFDXVH�SHUFK�DYHUDJLQJ�DERXW���PJ�6H�NJ�LQ
JRQDGV�KDG�VOLJKWO\�ORZHU�UHSUR�GXFWLYH�RXWSXW
WKDQ�FRQWUROV���$V�LV�RIWHQ�WKH�FDVH��WKRXJK�
&UDQH�HW�DO�·V�VWXG\�GLG�QRW�KDYH�WKH�VWDWLVWLFDO
SRZHU�WR�FRQFOXVLYHO\�WHVW�IRU�WKH�SUHVHQFH�RI�D
WUXH�WKUHVKROG�HIIHFW�

)RU�EOXHJLOO��D�VHQVLWLYH�VSHFLHV��&R\OH�HW�DO�
�������GLGQ·W�ILQG�VWDWLVWLFDOO\�VLJQLILFDQW
UHSURGXFWLYH�LPSDLUPHQW�XQWLO�WKH�JRQDGV�DQG
HJJV�KDG�DFFXPXODWHG�DERXW����PJ�6H�NJ��
%HFDXVH�FRQWUROV�LQ�&R\OH�HW�DO�·V�VWXG\�H[KLELWHG�
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RQO\����SHUFHQW�UHSURGXFWLYH�VXFFHVV��WKH�VWXG\
GLG�QRW�KDYH�WKH�VWDWLVWLFDO�SRZHU�WR�GHWHFW
DQ\WKLQJ�EXW�FDWDVWURSKLF�UHSURGXFWLYH
LPSDLUPHQW���,I�LW�LV�DVVXPHG�WKDW�&R\OH�HW�DO�·V
WUHDWPHQW�JURXS�RI�EOXHJLOO�WKDW�KDG����PJ
6H�NJ�LQ�JRQDGV�DQG�HJJV�ZDV�UHODWLYHO\�FORVH�WR
WKH�,&����WKUHVKROG�SRLQW��WKHQ�WKH�SURMHFWHG
,&����EDVHG�RQ�D��²
����UDWLR��ZRXOG�EH���²���PJ�6H�NJ�

$W�OHDVW�WZR�VWXGLHV�KDYH�UHODWHG�OHYHOV�RI���²��
PJ�NJ�GLHWDU\�VHOHQLXP��RUJDQLF��WR�WRWDO
UHSURGXFWLYH�IDLOXUH��:RRFN�HW�DO��������&R\OH�HW
DO����������6LQFH�VHOHQLXP�FRQFHQWUD�WLRQV�LQ
JRQDG�DQG�HJJ�WLVVXHV�DUH�SURSRU�WLRQDO�WR
GLHWDU\�H[SRVXUH��WKLV�VXJJHVWV�WKDW�WKH�WKUHVKROG
GLHWDU\�H[SRVXUH�WR�RUJDQLF�VHOHQLXP
�SUHGRPLQDQWO\�VHOHQRPHWKLRQLQH�DQG
VHOHQRF\VWHLQH��IRU�UHSURGXFWLYH�LPSDLU�PHQW
�DVVXPLQJ�RQO\�SDUHQWDO�H[SRVXUH��LV�QR�KLJKHU
WKDQ�DERXW����PJ�NJ����²���GLYLGHG�E\��²������
5HVXOWV�IURP�:RRFN�HW�DO���������DUH�FRQVLVWHQW
ZLWK�WKLV�HVWLPDWH���,Q�:RRFN�HW�DO�·V�VWXG\��D
GLHW�RI����PJ�6H�NJ��RUJDQLF��UHVXOWHG�LQ�DQ
´DSSDUHQWµ���SHUFHQW�UHSURGXFWLYH�GHSUHVVLRQ��
7KXV��ZKHQ�DGXOW�IHPDOH�ILVK�RI�VHQVLWLYH�VSHFLHV
DUH�H[SRVHG�WR�GLHWDU\�6H�$�DSSUR[LPDWHO\���
PJ�NJ��WKH\�DUH�OLNHO\�WR�SURGXFH�HJJV�WKDW
FRQWDLQ�HQRXJK�VHOHQLXP�WR�LPSDLU�VXUYLYDO�RI�DW
OHDVW�VRPH�RIIVSULQJ��HYHQ�LI�WKH�RIIVSULQJ
WKHPVHOYHV�DUH�QHYHU�H[SRVHG�WR�HOHYDWHG�GLHWDU\
VHOHQLXP���&RQYHUVHO\��VWXGLHV�RI�RIIVSULQJ�IURP
XQFRQWDPLQDWHG�HJJV�VXJJHVW�WKDW�ODUYDO�ILVK�DUH
YHU\�VHQVLWLYH�WR�GLUHFW�GLHWDU\�VHOHQLXP���'LHWDU\
H[SRVXUHV�DV�ORZ�DV��²��PJ�6H�NJ��RUJDQLF�
KDYH�EHHQ�GHPRQVWUDWHG�WR�LPSDLU�QRUPDO
MXYHQLOH�VXUYLYDO�DQG�RU�GHYHORSPHQW�LQ
VDOPRQLGV��+DPLOWRQ�HW�DO��������DQG
FHQWUDUFKLGV��&OHYHODQG�HW�DO��������/HPO\
����F����,Q�D�PRUH�UHFHQW�VWXG\��ODUYDO�UD]RUEDFN
VXFNHUV�IHG�ILHOG�FROOHFWHG�VHOHQLIHURXV
LQYHUWHEUDWHV�IURP�WKH�*UHHQ�5LYHU�V\VWHP�LQ
8WDK�DFFXPXODWHG�ZKROH�ERG\�VHOHQLXP
FRQFHQWUDWLRQV�!��PJ�NJ��L�H���!�ï�WKH�WR[LFLW\
WKUHVKROG��LQ�WZR�RXW�RI�IRXU�WULDOV��DOWKRXJK�WKH
LQYHUWHEUDWH�IRRG�VXSSO\�FRQWDLQHG�WRWDO�6H�RI
RQO\����²����PJ�NJ��+DPLOWRQ�HW�DO��������

,Q�WKH�VWXG\�E\�&R\OH�HW�DO����������ZKROH�ERG\
VHOHQLXP�YDOXHV�RI�DERXW���²���PJ�NJ�ZHUH
DVVRFLDWHG�ZLWK�FRPSOHWH�UHSURGXFWLYH�IDLOXUH�LQ
EOXHJLOO���&UDQH�HW�DO���������GLG�QRW�UHSRUW�ZKROH�
ERG\�UHVLGXHV�EXW�GLG�UHSRUW�PXVFOH
FRQFHQWUDWLRQV�DVVRFLDWHG�ZLWK�WRWDO�UHSUR�
GXFWLYH�IDLOXUH�LQ�SHUFK���%DVHG�RQ�WKH�PXVFOH�WR�
ZKROH�ERG\�FRQYHUVLRQ�UHJUHVVLRQ�IRU�EOXHJLOO
SURYLGHG�E\�6DLNL�HW�DO����������ZKROH�ERG\
VHOHQLXP�LQ�WKH�SHUFK�SUHVXPDEO\�ZDV�DOVR�DERXW
��²���PJ�NJ���$JDLQ��XVLQJ�D�UDWLR�RI�DERXW
�²����WR�EDFN�FDOFXODWH�DQ�HVWLPDWH�RI�WKH
WKUHVKROG�UHJLRQ��WKH�UHSURGXFWLYH�HIIHFWV
WKUHVKROG�IRU�VHQVLWLYH�VSHFLHV�ZRXOG�EH�H[SHFWHG
DW�DERXW��²��PJ�NJ�ZKROH�ERG\�6H���7KDW�LV
URXJKO\�WKH�VDPH�DV�WKH�WKUHVKROG�UDQJH�RI
ZKROH�ERG\�YDOXHV�DVVRFLDWHG�ZLWK�LPSDLUHG
VXUYLYDO�DQG�RU�GHYHORSPHQW�RI�ODUYDO�ILVK
�+DPLOWRQ�DQG�:LHGPH\HU�������+DPLOWRQ�HW�DO�
������&OHYHODQG�HW�DO��������+DPLOWRQ���������

'DWD�RQ�KHSDWLF�FRQFHQWUDWLRQV�DVVRFLDWHG�ZLWK
H[SRVXUHV�RI�ILVK�WR�RUJDQLF�IRUPV�RI�VHOHQLXP
DUH�LQVXIILFLHQW�IRU�HVWLPDWLQJ�D�VHQVLWLYH�VSHFLHV
WKUHVKROG���/HPO\������D��VXJJHVWHG�D�ULVN
WKUHVKROG�RI����PJ�6H�NJ�EDVHG�RQ�H[SHULPHQWDO
UHVXOWV�WKDW�OLQNHG�VHOHQLWH�H[SRVXUH�WR
SHUWXUEDWLRQV�RI�EORRG�FKHPLVWU\���+RZHYHU��WKH
ILVK�FRPSRQHQW�RI�D�KD]DUG�DVVHVVPHQW�SURWRFRO
IRU�VHOHQLXP�SUHVHQWHG�E\�/HPO\������������E�
UHOLHV�RQ�GDWD�IRU�ILVK�HJJV�RU�ZKROH�ERG\
UHVLGXHV��DV�D�VXUURJDWH�IRU�HJJV��EXW�QRW�RQ�GDWD
IRU�KHSDWLF�WLVVXHV���$V�UHFRJQL]HG�E\�/HPO\��RQO\
D�ZHDN�EDVLV�H[LVWV�IRU�DVVHVVLQJ�HFRORJLFDO�ULVN�LQ
QDWXUH�EDVHG�RQ�KHSDWLF�VHOHQLXP�FRQFHQWUDWLRQV
DQG��WKHUHIRUH��WKH\�KDYH�OLWWOH�LQWHUSUHWLYH�YDOXH�

1R�VXEOHWKDO�HIIHFWV�KDYH�EHHQ�UHSRUWHG�IRU�DGXOW
RU�MXYHQLOH�ILVK�DW�OHYHOV�ORZHU�WKDQ�WKH
WKUHVKROGV�HVWLPDWHG�DERYH�IRU�UHSURGXFWLYH
HIIHFWV��H�J���/HPO\�����D������������D��E���
0RUWDOLW\�RI�DGXOW�ILVK��HYHQ�LQ�VHQVLWLYH�VSHFLHV�
RFFXUV�DW�H[SRVXUH�DQG�WLVVXH�WKUHVKROGV�PXFK
KLJKHU�WKDQ�WKRVH�WKDW�
SURGXFH�UHSURGXFWLYH�LPSDLUPHQW���)RU�H[DPSOH�
HYHQ�DPRQJ�ILQJHUOLQJ�EOXHJLOO��VRPH
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Interpretive guidance

Dietary Se
exposure
(mg/kg)

Complete reproductive failure
   (IC100) in sensitive species
   (bluegill) 

30%35  (food-
chain Se or se-
lenomethionine)

Estimated true threshold range
   (.IC10) for reproductive failure
   in sensitive species (bluegill),
   parental exposure only

10 (food-chain
Se or seleno-
methionine)

Experimental LOAEL’s for repro
  ductive impairment via lethal
   larval dietary exposure
   (salmon, bluegill, razorback
   suckers)

3%8 (food-chain
Se or seleno-
methionine) 

Edible tissue Se
(mg/kg)

Health advisories recommend
   limited fish consumption by
   healthy adults and no
   consumption by children and
   pregnant women 

2 (wet weight
basis)

Complete ban on human con-
   sumption of fish recommended

5 (wet weight
basis)

Summary:  Effects of selenium
on fish

Interpretive guidance

Fish Se
concentration

(mg/kg)

Background, whole body <1%4
 (typically <2)

Background, skeletal muscle <1%4 
(typically <2)

Background, gonads/eggs <1%4 (typically
2%3)

Background, hepatic 2%8 
(typically <5)

Lowest validated concentration in 
   edible tissue (trout fillet)
    warranting human health
    advisory

2.0  

Outdoor macrocosm LOAEL for
   reproductive impairment
   (bluegill)

16%18 (gonad/
egg tissue)

Estimated true threshold range
   (.IC10) for reproductive
   impairment in sensitive species
   (perch, bluegill)

7%13 (gonad/egg
tissue)

Experimental LOAEL for total
   reproductive failure (bluegill)

15%20 (whole
body, parental)

Estimated true threshold range
   (.IC10) for reproductive
   impairment in sensitive species
   (perch, bluegill, salmon)

4%6 (whole body,
parental or
offspring)

VSHFLPHQV�VXUYLYHG�D����GD\�GLHWDU\�H[SRVXUH�RI
����PJ�6H�NJ��RUJDQLF���)LQOH\�������&R\OH�HW
DO��������

&RQVXPSWLRQ�DGYLVRULHV�WR�SURWHFW�KXPDQ
KHDOWK�ZHUH�LVVXHG�LQ�&DOLIRUQLD�ZKHQ�HGLEOH�ILVK
WLVVXH�ZDV�NQRZQ�WR�H[FHHG���PJ�6H�NJ�RQ�D
ZHW�ZHLJKW�EDVLV��)DQ�HW�DO��������6DLNL�
HW�DO����������:KHQ�HGLEOH�WLVVXHV�H[FHHG���PJ
6H�NJ�RQ�D�ZHW�ZHLJKW�EDVLV��KHDOWK�SUR�
IHVVLRQDOV�DGYLVH�DJDLQVW�DQ\�KXPDQ
FRQVXPSWLRQ��$���)DQ��SHUV��FRPP���FLWHG�LQ
7H[DV�3DUNV�DQG�:LOGOLIH�'HSDUWPHQW�������

$PSKLELDQV�DQG�5HSWLOHV

%XOOIURJV�FROOHFWHG�IURP�UHIHUHQFH�DJURIRUHVWU\
SODQWDWLRQV�LQ�WKH�6DQ�-RDTXLQ�9DOOH\�FRQ�WDLQHG
���²����PJ�NJ�ZKROH�ERG\�6H��&')*��������
)URJ�DQG�WRDG�OLYHUV�IURP�UHIHUHQFH�VLWHV�LQ�WKH
VDPH�DUHD�FRQWDLQHG����²����PJ�6H�NJ��%U\QH�HW
DO��������2KOHQGRUI�HW�DO������E����,Q�OL]DUGV�DQG
VQDNHV�IURP�WKHVH�DUHDV��ZKROH�ERG\�VHOHQLXP
DYHUDJHG����²����PJ�NJ��DQG�WKHVH�YDOXHV
SUREDEO\�UHSUH�VHQW�QRUPDO�EDFNJURXQG
FRQFHQWUDWLRQV�HYHQ�WKRXJK�VRPH�RI�WKH�VQDNHV
ZHUH�FROOHFWHG�DW�VLWHV�ZKHUH�VHOHQLXP�
FRQWDPLQDWHG�ZDWHU�LV�XVHG�WR�LUULJDWH�WUHHV
�&')*���������:DWHU�VQDNHV�IURP�)ORULGD�DOVR
FRQWDLQHG�DERXW��²��PJ�NJ�ZKROH�ERG\�6H
�:LQJHU�HW�DO����������/LYHUV�RI�JRSKHU�VQDNHV
IURP�UHIHUHQFH�VLWHV�QHDU�.HVWHUVRQ�5HVHUYRLU
FRQWDLQHG�DERXW��²
��PJ�6H�NJ��2KOHQGRUI�HW�DO������E����3LQH�VQDNH
KDWFKOLQJV�IURP�WKH�1HZ�-HUVH\�SLQH�EDUUHQV�
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Summary:  Effects of selenium on
amphibians and reptiles

Interpretive guidance

Biomass Se
concentration

(mg/kg)

Background, whole body 0.7%3 
(typically <2)

Background, eggs 1%3

Background, hepatic 2.9%3.6

Presumptive reproductive
   impairment threshold

$10 (eggs)

Presumptive adverse effects
   threshold on a whole body
   basis (10× normal)

$20 
(whole body)

Waterborne Se
concentration

(µg/L)

Lowest toxicity-test LC50 for
   amphibian eggs/larvae

90

UHJLRQ�DYHUDJHG�����PJ�6H�NJ�LQ�VNLQOHVV�ZKROH�
ERG\�VDPSOHV��VNLQV�DYHUDJHG�����PJ�NJ�
�%XUJHU���������7KHVH�KDWFKOLQJV�DUH�SUREDEO\
JRRG�LQGLFDWRUV�RI�QRUPDO�VHOHQLXP�OHYHOV�LQ
VQDNH�HJJV���$PHULFDQ�DOOLJDWRU�HJJV�IURP
)ORULGD�FRQWDLQHG�DERXW����²����PJ�6H�NJ
�+HLQ]�HW�DO����������%RWK�WKH�SLQH�VQDNH
KDWFKOLQJV�DQG�WKH�DOOLJDWRU�HJJV�VXJJHVW�WKDW
QRUPDO�EDFNJURXQG�FRQFHQWUD�WLRQV�RI�6H�LQ
DPSKLELDQ�DQG�UHSWLOH�HJJV�DUH�WKH�VDPH�DV�LQ
ILVK�DQG�ELUG�HJJV��L�H���W\SLFDOO\�DYHUDJLQJ��²�
PJ�NJ���

$SSDUHQWO\��QR�ILHOG�GDWD�DUH�DYDLODEOH�IRU
DVVHVVLQJ�WR[LF�WKUHVKROGV�LQ�DPSKLELDQV�DQG
UHSWLOHV���([SHULPHQWDO�GDWD�DUH�OLPLWHG�WR
WR[LFLW\�WHVWV�WKDW�IRXQG�:GPQRWU��IURJ��ODUYDH
VHQVLWLYH�WR�!�������J�/�ZDWHUERUQH�VHOHQLWH
�%URZQH�DQG�'XPRQW�������DQG�IRXQG�DQ�/&��
RI�����J�/�ZDWHUERUQH�VHOHQLWH�IRU�HJJV�DQG
ODUYDH�RI�WKH�QDUURZ�PRXWKHG�WRDG��%LUJH�HW�DO�
������

%DVHG�RQ�KRZ�VLPLODU�WKH�WR[LF�WKUHVKROG�YDOXHV
DUH�IRU�ILVK�DQG�ELUG�HJJV��H�J���/HPO\������
����E���WZR�RWKHU�FODVVHV�RI�HJJ�OD\LQJ
YHUWHEUDWHV��LW�LV�SUREDEO\�VDIH�WR�DVVXPH�IRU
DPSKLELDQV�DQG�UHSWLOHV�WKDW�����UHSURGXFWLYH
LPSDLUPHQW�LV�DPRQJ�WKH�PRVW�VHQVLWLYH
UHVSRQVH�YDULDEOHV�DQG�����SRSXODWLRQV
SURGXFLQJ�HJJV�ZLWK�$���PJ�6H�NJ�DUH
UHSURGXFWLYHO\�LPSDLUHG���$QRWKHU�SURYLVLRQDO
LQWHUSUHWLYH�JXLGHOLQH�WKDW�VHHPV�MXVWLILHG��EDVHG
RQ�H[LVWLQJ�NQRZOHGJH�IRU�DOO�RWKHU�WD[D�RI
YHUWHEUDWHV��LV�WKDW�ZKROH�ERG\�FRQFHQWUD�WLRQV
DW�RU�DERYH���ï�QRUPDO�EDFNJURXQG��RU�$��
PJ�NJ��DUH�SUREDEO\�WR[LF�WR�SRSXODWLRQV�RI
VHQVLWLYH�VSHFLHV�

%LUGV

%LUGV�DUH�UDUHO\�DQDO\]HG�IRU�FRQWDPLQDQW
FRQFHQWUDWLRQV�RQ�D�ZKROH�ERG\�RU�FDUFDVV
EDVLV���2QH�QDWLRQDO�PRQLWRULQJ�SURJUDP��
KRZHYHU��DQDO\]HG�VHOHQLXP�FRQFHQWUDWLRQV�LQ�
VWDUOLQJ�FDUFDVVHV��IHDWKHUV��OHJV�IHHW��EHDNV�
�UHPRYHG����6WDUOLQJ�FDUFDVVHV�XVXDOO\�DYHUDJHG
OHVV�WKDQ���PJ�6H�NJ��:KLWH�HW�DO���������

6HOHQLXP�H[SRVXUH�LQ�ELUGV�LV�PRUH�W\SLFDOO\
PHDVXUHG�LQ�VSHFLILF�WLVVXHV���PXVFOH��OLYHU�
NLGQH\��HJJV��IHDWKHUV��RU�EORRG�SODVPD���1RUPDO
FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�PXVFOH�DUH�DERXW
�²��PJ�NJ��H�J���:KLWH�HW�DO���������2KOHQGRUI�HW
DO��������%DUQXP���������/LYHU�DQG�NLGQH\�WLVVXH
XVXDOO\�FRQWDLQ�FRPSDUDEOH�FRQFHQWUDWLRQV�RI
VHOHQLXP��2KOHQGRUI�HW�DO������D��+HLQ]������
DQG�ZLOO�EH�UHIHUUHG�WR�LQ�DJJUHJDWH�DV�KHSDWLF
WLVVXH���5HIHUHQFH�LQWHU�TXDUWLOH�UDQJHV�IRU
VHOHQLXP�LQ�DYLDQ�KHS�
DWLF�WLVVXH��LQ�PJ�NJ��YDU\�IURP����²����
�����PHGLDQ��LQ�UDOOLGV��PRVWO\�$PHULFDQ�FRRWV��
WR����²���������PHGLDQ��LQ�DQDWLGV��GDEEOLQJ
GXFNV���WR����²���������PHGLDQ��LQ�UHFXUYLUR�VWULGV
�VWLOWV�DQG�DYRFHWV���6NRUXSD�HW�DO�����������7KHVH
WKUHH�WD[D�UHSUHVHQW�KHUELYRURXV��RPQLYRURXV�
DQG�FDUQLYRURXV��LQYHUWHEUDWH�SUH\��JURXSV�RI
ELUGV�DQG�WKHUHIRUH�VKRXOG�UHSUHVHQW�WKH�IXOO
UDQJH�RI�QRUPDO�EDFNJURXQG�FRQFHQWUDWLRQV��
%LUG�HJJV�FROOHFWHG�IURP�6H�QRUPDO�VWXG\�DUHDV
XVXDOO\�DYHUDJH�#��PJ�6H�NJ��JUDQG�PHGLDQ
DFURVV�DOO�WD[D�RI�����PJ��NJ���DQG�WKH�PD[LPXPV
DUH�XVXDOO\����PJ�6H�NJ��6NRUXSD�DQG
2KOHQGRUI�������2KOHQGRUI�HW�DO����������7KH
VHOHQLXP�FRQWHQW�
RI�IHDWKHUV�LV�XVXDOO\��²��PJ�NJ��3DUULVK�HW�DO��



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

Ducks

Egg Se range: 
ducks

(mg/kg)

Observed probability of
overt embryo teratogenesis

(%)

00%10
11%20
21%30
31%40
41%50
51%60
61%70
71%80

  0.0
  3.2
  8.7
40.0

Insufficient data
Insufficient data
Insufficient data

100.0  

     Notes:  The field-measured background rate of
overt embryo teratogenesis for Se-normal duck popu-
lations in Montana (i.e., representative eggs contained
<5 mg Se/kg) was approximately 0.3 percent based on
a monitored sample of >3,000 eggs (calculated from
data in Dubois 1988).  Only eggs that were both
randomly sampled in the field and randomly selected
for chemical analysis are included above.  Observed
probabilities are for true teratogenesis only, not for all
types of abnormalities.  Total N=138 eggs, mostly
from the San Joaquin Valley of California.

������%XUJHU�HW�DO������D��%XUJHU�DQG�*RFKIHOG
����D�E��%XUJHU�DQG�*RFKIHOG�������%XUJHU�
HW�DO��������EXW�PD\�EH����PJ�NJ�LQ�DUHDV�RI
VHOHQLXP�SRRU�VRLO��%XUJHU�HW�DO���������
+RZHYHU��WKH�SUHVHQFH�RI�PHUFXU\�KDV�WKH�HIIHFW
RI�GLUHFWLQJ�PRUH�VHOHQLXP�FRQWHQW�LQWR�WKH
IHDWKHUV��DQG�VR�IHDWKHUV�PD\�UHDFK
FRQFHQWUDWLRQV�RI��²��PJ�6H�NJ�LQ�HQYLURQ�
PHQWV�FRQWDLQLQJ�HOHYDWHG�PHUFXU\�OHYHOV
�*/6$%�������%XUJHU�HW�DO������E����$YLDQ
ZKROH�EORRG�QRUPDOO\�FRQWDLQV�DERXW����²
����PJ�6H�NJ�RQ�D�ZHW�ZHLJKW�EDVLV��H�J���,KQDW
������+HLQ]�HW�DO��������86%5�������

+HLQ]��������SURYLGHV�DQ�H[FHOOHQW�UHFHQW�UHYLHZ
RI�VHOHQLXP�WR[LFLW\�WKUHVKROGV�IRU�ELUGV���+H
IRXQG�WKDW�UHSURGXFWLYH�LPSDLUPHQW�LV�RQH�RI
WKH�PRVW�VHQVLWLYH�UHVSRQVH�YDULDEOHV�DQG�HJJV
DUH�WKH�PRVW�UHOLDEOH�WLVVXHV�IRU�LQWHUSUHWLYH
SXUSRVHV���8QOLNH�PRVW�VDPSOLQJ�WHFKQLTXHV�
HJJ�VWXGLHV�HDVLO\�DYRLG�D�VDPSOLQJ�ELDV�WKDW
IDYRUV�VXUYLYRUV���%LUG�HJJV�DUH�VDPSOHG�ZLWKRXW
UHJDUG�IRU�WKH�VWDWXV�RI�WKH�HPEU\R�LQVLGH�WKH
HJJ���/LYH�DQG�GHDG�HPEU\RV�KDYH�HTXDO
SUREDELOLWLHV�RI�EHLQJ�VDPSOHG���7KHUHIRUH�
DFFXUDWH�SRSXODWLRQ�OHYHO�H[SRVXUH�DVVHVVPHQWV
DQG�XQELDVHG�H[SRVXUH�UHVSRQVH�FXUYHV�FDQ�EH
REWDLQHG�IURP�ILHOG�VDPSOHV�RI�HJJV��
5HSURGXFWLYH�LPSDLUPHQW�LV�JHQHUDOO\�D�PRUH
VHQVLWLYH�UHVSRQVH�YDULDEOH�WKDQ�DGXOW�PRUWDOLW\�
KP�QXQ�H[SRVXUH�WR�VHOHQLXP�LV�GLVFUHWH�DQG
HDVLO\�PHDVXUHG��DQG�ELUGV
�VHQVLWLYLW\�WR
VHOHQLXP�LV�HTXDO�WR�RU�JUHDWHU�WKDQ�WKDW�RI�RWKHU
WD[D���&RQVHTXHQWO\��ELUG�HJJV�FRQVWLWXWH�RQH�RI
WKH�EHVW�ELRWLF�PDWULFHV�IRU�ULVN�LPSDFW
LQWHUSUHWDWLRQ��2KOHQGRUI�HW�DO��������+HLQ]�HW
DO��������������6NRUXSD�DQG�2KOHQGRUI������
&+�0�+LOO�HW�DO��������2KOHQGRUI�HW�DO�������
6NRUXSD�������6HLOHU�DQG�6NRUXSD�������+HLQ]
������6NRUXSD�����D��

%DVHG�RQ�D�UHYLHZ�RI�H[SHULPHQWDO�DQG�ILHOG
GDWD��+HLQ]��������HVWLPDWHG�WKDW�WKH
HPEU\RWR[LF�WKUHVKROG�IRU�VHOHQLXP�LQ�ELUG�HJJV
LV�DERXW����PJ�NJ���6HYHUDO�WD[D�VSHFLILF
H[SRVXUH�UHVSRQVH�SURILOHV�IRU�DYLDQ�HPEU\RV
KDYH�EHHQ�GHULYHG�IURP�ILHOG�VDPSOLQJ�GXULQJ
WKH�ODVW�GHFDGH��6NRUXSD�HW�DO���XQSXE��GDWD�
6NRUXSD�HW�DO��������6NRUXSD�����D����%DVHG�RQ
WKRVH�SURILOHV��SUHVHQWHG�EHORZ���ELUG�VSHFLHV
GLIIHU�VXEVWDQWLDOO\�LQ�HPEU\R�VHQVLWLYLW\�WR
VHOHQLXP�H[SRVXUH���7KH�YDULDWLRQ�VHHPV�WR�KDYH

PRUH�WR�GR�ZLWK�VDOLQLW\�WROHUDQFH�WKDQ�ZLWK
SK\ORJHQ\���6SHFLHV�RI�ELUGV�WKDW�SUHIHU
DWKDODVVRKDOLQH��QRQPDULQH�VDOLQH��ZHWODQGV
SURGXFH�HPEU\RV�WKDW�DUH�PRUH�WROHUDQW�RI
VHOHQLXP�WKDQ�FORVHO\�UHODWHG�VSHFLHV�WKDW�IDYRU
IUHVKZDWHU�ZHWODQGV���)RU�H[DPSOH��HPEU\RV�RI
$PHULFDQ�DYRFHWV�WROHUDWH�VHOHQLXP�EHWWHU�WKDQ
GR�WKRVH�RI�EODFN�QHFNHG�VWLOWV��DQG�VQRZ\�SORYHU
HPEU\RV�DUH�PRUH�WROHUDQW�WKDQ�WKRVH�RI�NLOOGHHU��
$�SRVVLELOLW\�WKDW�GHVHUYHV�VRPH�DWWHQWLRQ�LV�WKDW
GLIIHUHQFHV�LQ�HPEU\RQLF�VHOHQLXP�WROHUDQFH�PD\
EH�D�FRQVHTXHQFH�RI�QDWXUDO�VHOHFWLRQ�IRU
WROHUDQFH�WR�VXOIDWH�VDOLQLW\���:KDWHYHU�LV�FDXVLQJ
WKH�LQWHUVSHFLILF�YDULDWLRQ��RQFH�LGHQWLILHG��LW
ZRXOG�KDYH�WUHPHQGRXV�LQWHUSUHWLYH�LPSOLFDWLRQV��

:LWK�WKH�SRVVLEOH�H[FHSWLRQ�RI�FLQQDPRQ�WHDO�
GDEEOLQJ�GXFNV�DSSHDU�WR�EH�DPRQJ�WKH�PRVW
VHQVLWLYH�VSHFLHV�RI�ZDWHUELUGV���$�UHFHQW
VWDWLVWLFDO�DQDO\VLV�RI�WKH�WHUDWRJHQHVLV�GDWD�IRU
GXFNV�UHYHDOHG�WKDW�WKH�,&���ZDV����PJ�6H�NJ
HJJ��6NRUXSD�����E����)LHOG�FROOHFWHG�WHUDWR�
JHQHVLV�UHVSRQVH�GDWD�IRU�GXFN�HPEU\RV�DUH
GLVWULEXWHG�DV�IROORZV�



6HOHQLXP

���

Egg Se
range:  stilts

(mg/kg)

Observed probability of overt
embryo teratogenesis

(%)

61%80
81%100

101%120

71.4
100.0
100.0

     Notes:  The field-measured background rate of
overt embryo teratogenesis for Se-normal stilt and
avocet populations (recurvirostrids) in the San Joaquin
Valley of California was approximately 0.15 percent
based on a monitored sample of >3,000 eggs
(Skorupa et al., unpub. data).  Only eggs that were
both randomly sampled in the field and randomly
selected for chemical analysis are included above. 
Observed probabilities are for true teratogenesis only,
not for all types of abnormalities.  Total N=547 eggs,
mostly from the San Joaquin Valley of California.

Stilts&Teratogenesis

Egg Se
range:  stilts

(mg/kg)

Observed probability of overt
embryo teratogenesis

(%)

00%10
11%20
21%40
41%60

0.4
1.3
5.0

24.4

)RU�LQGLYLGXDO�GXFN�HJJV�FRQWDLQLQJ�DV�OLWWOH�DV
��²���PJ�NJ��WKH�REVHUYHG�SUREDELOLW\�RI
WHUDWRJHQHVLV�LV�ORZ�LQ�DEVROXWH�WHUPV�EXW�LV
QHYHUWKHOHVV���ï�EDFNJURXQG���7KH�DERYH
QXPEHUV�DUH�LQGLYLGXDO�OHYHO�GDWD��EXW�WKH\
VXSSRUW�WKH�SRSXODWLRQ�OHYHO�DQDO\VLV�RI�6NRUXSD
DQG�2KOHQGRUI����������)RU�LQWHU�SUHWLYH
SXUSRVHV��KRZHYHU��LW�LV�YHU\�LPSRU�WDQW�WR
GLVWLQJXLVK�EHWZHHQ�LQGLYLGXDO�OHYHO�DQG
SRSXODWLRQ�OHYHO�JXLGHOLQHV���3RSXODWLRQ�OHYHO
WKUHVKROGV�DUH�XVXDOO\�ORZHU�WKDQ�LQGLYLGXDO�OHYHO
WKUHVKROGV�EHFDXVH�WKH\�DUH�EDVHG�RQ�SRSXODWLRQ
DYHUDJHV�HYHQ�WKRXJK�LW�LV�DFWXDOO\�WKH�PD[LPXP
YDOXHV�WKDW�GHWHU�PLQH�ZKHQ�D�SRSXODWLRQ
FURVVHV�WKH�WR[LFLW\�WKUHVKROG��L�H���WKH�SRLQW�DW
ZKLFK�MXVW�D�IHZ�KHQV�LQ�WKH�SRSXODWLRQ�VKRZ�D
WR[LF�UHVSRQVH����4XLWH�RIWHQ��RQO\�SRSXODWLRQ
OHYHOV�RI�VHOHQLXP�H[SRVXUH��PHDQV�DQG
VWDQGDUG�HUURUV��DUH�UHSRUWHG�LQ�WKH�OLWHUDWXUH�
DQG�WKDW�LV�ZK\�6NRUXSD�DQG�2KOHQGRUI�������
ZHUH�OLPLWHG�WR�D�SRSXODWLRQ�OHYHO�DQDO\VLV�RI
SXEOLVKHG�ILHOG�GDWD���7KH�UHVSRQVH�SURILOHV
SURYLGHG�KHUH�DUH�JXLGHV�IRU�LQGLYLGXDO�OHYHO�ULVN
LQWHUSUHWDWLRQ��WKH�OHYHO�WKDW�LV�PRVW�XVHIXO�EXW
UHTXLUHV�IDU�PRUH�HIIRUW�WR�FRQ�VWUXFW�ILHOG�
YDOLGDWHG�SURILOHV����7HUDWRJHQHVLV�LV�QRW�DV
VHQVLWLYH�D�UHVSRQVH�YDULDEOH�DV�HJJ�KDWFKDELOLW\�
EXW�GXH�WR�KLJK�UDWHV�RI�QHVW�SDUDVLWLVP�DPRQJ
WKH�GXFN�SRSXODWLRQV�VDPSOHG��LW�ZDV�QRW
SRVVLEOH�WR�FRQVWUXFW�D�UHVSRQVH�SURILOH�EDVHG
RQ�KDWFKDELOLW\�

%ODFN�QHFNHG�VWLOWV�DUH�QRW�DV�VHQVLWLYH�WR
VHOHQLXP�SRLVRQLQJ�DV�GXFNV�EXW�DUH�VWLOO
PRGHUDWHO\�VHQVLWLYH���)LHOG�FROOHFWHG
WHUDWRJHQHVLV�UHVSRQVH�GDWD�IRU�VWLOW�HPEU\RV�DUH
GLVWULEXWHG�DV�IROORZV��

7KH�UHVSRQVH�SURILOH�DERYH�LV�QRW�GLUHFWO\
FRPSDUDEOH�WR�WKH�HPEU\RWR[LFLW\�FXUYH�IRU�VWLOWV
SUHVHQWHG�E\�2KOHQGRUI�HW�DO���������
ILJXUH����EHFDXVH�WKHLU�FXUYH�ZDV�QRW�UHVWULFWHG�WR
WUXH�WHUDWRJHQHVLV��LUUHYHUVLEOH�VWUXFWXUDO
GHIRUPLWLHV��EXW�LQFOXGHG�DOO�IRUPV�RI�HPEU\R
LPSDLUPHQW��LQFOXGLQJ�UHYHUVLEOH�SDWKRORJLHV���
0RUH�LPSRUWDQWO\��2KOHQGRUI�HW�DO�·V�GDWD�VHW
LQFOXGHG�VRPH�VDPSOHV�WKDW�ZHUH�QRQ��UDQGRPO\
VHOHFWHG�IRU�FKHPLFDO�DQDO\VLV�VSHFLILFDOO\�EHFDXVH
WKH�VDPSOHV�FRQWDLQHG�DEQRUPDO�HPEU\RV��+�0�
2KOHQGRUI�DQG�
5�/��+RWKHP��SHUV��FRPP�����,QFOXVLRQ�RI�VRPH
QRQUDQGRP�GDWD�SRLQWV�VWDWLVWLFDOO\�ELDVHV�WKH�
UHVSRQVH�FXUYH�XSZDUG���:LWKLQ�HDFK�H[SRVXUH
FDWHJRU\��HJJV�ZLWK�DEQRUPDO�HPEU\RV�KDG�
D�KLJKHU�SUREDELOLW\�RI�EHLQJ�VDPSOHG��L�H��
VHOHFWHG�IRU�FKHPLFDO�DQDO\VLV��WKDQ�XQLP�SDLUHG
HJJV�DQG��WKHUHIRUH��WKH�IUHTXHQF\�RI�UHVSRQVH�DW
HDFK�H[SRVXUH�LQWHUYDO�LV�RYHUHVWLPDWHG��
&RPSDULQJ�WKH�GXFN�GDWD�WR�WKDW�IRU�VWLOWV��QRWLFH
WKDW�WKH�LQFLGHQFH�RI�WHUDWRJHQHVLV�LQ�GXFNV
VKRZV�D�VXEVWDQWLYH�LQFUHDVH�DW�D�GLVWLQFWO\�ORZHU
WKUHVKROG�
�.���PJ�NJ�YHUVXV�.���PJ�NJ����

)LHOG�FROOHFWHG�FOXWFK�YLDELOLW\�GDWD�IRU�VWLOWV�DUH
GLVWULEXWHG�DV�IROORZV�



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

Stilts&clutch viability

Egg Se range: 
stilts (mg/kg)

Observed probability of
impaired clutch (%)

0%5
6-15

16-30
31-50
51-70
71-90

91-110

8.7 (background)
18.9
26.9
33.7
65.4

100.0
100.0

     Notes:  These data represent the percentage fo
hens within each exposure interval that were
reproductively impaired; a henwise response rate
based on whole-clutch viability (4-egg clutches).  The
background rate is a function of normal infertility. 
Total N-410 full-term, monitored, and chemically
characterized clutches, mostly from the San Joaquin
Valley of California.

Avocets&teratogenesis

Egg Se range: 
avocets (mg/kg)

Observed probability
of overt embryo

teratogenesis (%)

00%40
41%60
61%80

81%100 
101%120   

0.0
3.8
7.1
9.1

50.0

     Notes:  The field-measured background rate of
overt embryo teratogenesis for Se-normal stilt and
avocet populations (recurvirostrids) in the San Joaquin
Valley of California was approximately 0.15 percent
based a monitored sample of >3,000 eggs (Skorupa et
al., unpub. data).  Only eggs that were both randomly
sampled in the field and randomly selected for
chemical analysis are included above.  Observed
probabilities are for true teratogenesis only, not for all
types of abnormalities.  Total N=542 eggs, mostly from
the San Joaquin Valley of California.

7KH�KHQZLVH�� FOXWFKZLVH��UHVSRQVH�SURILOH
SUHVHQWHG�DERYH�SURYLGHV�LQGLYLGXDO�OHYHO
LQWHUSUHWLYH�JXLGDQFH�WKDW�LQFRUSRUDWHV�DOO�IRUPV
RI�HPEU\R�LPSDLUPHQW��QRW�MXVW�WHUDWR�JHQHVLV��
2KOHQGRUI�HW�DO���������ILJXUH����DOVR�SUHVHQWHG�D
FOXWFKZLVH�UHVSRQVH�SURILOH�IRU�VWLOWV��EXW�LW�LV
ELDVHG�XSZDUG�GXH�WR�WKH�LQFOXVLRQ�RI�VRPH
VDPSOHV�QRQUDQGRPO\�VHOHFWHG�IRU�FKHPLFDO
DQDO\VLV���)RU�H[DPSOH��2KOHQGRUI�HW�DO�·V
FOXWFKZLVH�UHVSRQVH�FXUYH�VXJJHVWV�WKDW���
SHUFHQW�RI�VWLOW�KHQV�LQ�WKH���²���PJ�6H�NJ�HJJ
H[SRVXUH�FDWHJRU\�ZLOO�EH�UHSURGXFWLYHO\
LPSDLUHG�DV�RSSRVHG�WR�DQ�HVWLPDWH�RI���
SHUFHQW��ZKLFK�LV�EHORZ�2KOHQGRUI�HW�DO�·V�ORZHU
���SHUFHQW�FRQILGHQFH�ERXQGDU\��EDVHG�RQ
VWULFWO\�UDQGRP�VDPSOHV���6NRUXSD������D��KDV
UHFHQWO\�SURYLGHG�D�GHWDLOHG�VWDWLVWLFDO�DQDO\VLV�RI
WKH�7XODUH�%DVLQ�VWLOW�GDWD�DQG�VKRZQ�WKDW�WKH
,&���IRU�WHUDWRJHQHVLV�LV����PJ�6H�NJ�HJJ�DQG
WKDW�WKH�WKUHVKROG�SRLQW�IRU�KDWFKDELOLW\�HIIHFWV
LV��²��PJ�6H�NJ�HJJ�

$V�D�ILQDO�VSHFLHV�VSHFLILF�H[DPSOH��$PHULFDQ
DYRFHWV�DUH�YHU\�WROHUDQW�WR�VHOHQLXP�SRLVRQLQJ�
HYHQ�FRPSDUHG�WR�WKH�FORVHO\�UHODWHG�VWLOWV���)LHOG
WHUDWRJHQHVLV�UHVSRQVH�GDWD�IRU�DYRFHW�HPEU\RV
EUHDN�GRZQ�DV�IROORZV�

7KH�,&���IRU�HPEU\R�WHUDWRJHQHVLV�LQ�DYRFHWV�LV
����PJ�6H�NJ�HJJ��RU�DERXW���²��ï�QRUPDO
EDFNJURXQG��6NRUXSD�����D����7KDW�LV�URXJKO\
IRXU�WLPHV�WKH�YDOXH�IRU�GXFNV�DQG�DERXW�WZLFH
WKH�YDOXH�IRU�VWLOWV���(YHQ�WKH�,&���IRU�DYRFHWV�
���PJ�6H�NJ�HJJ��LV�YHU\�KLJK��6NRUXSD�����D���
,QWHUHVWLQJO\��*RRGVHOO���������VWXG\LQJ
$XVWUDOLDQ�YDULHWLHV�RI�DYRFHWV�DQG�VWLOWV��IRXQG�D
VLPLODU�GHJUHH�RI�GLIIHUHQFHV�LQ�WKHVH�ELUGV

WROHUDQFH�IRU�VDOLQLW\���5HG�QHFNHG�DYRFHW�FKLFNV
ZHUH�IDU�PRUH�VDOLQLW\�WROHUDQW
WKDQ�EODFN�ZLQJHG�VWLOW�FKLFNV�LQ�WKH�VDPH�DUHDV��
$V�QRWHG�LQ�6NRUXSD���������VHOHQLXP�WROHUDQFH
DQG�VDOLQLW\�WROHUDQFH�DUH�FORVHO\�UHODWHG���7KH
SUHGRPLQDQW�VDOW�DW�PDQ\�VDOLQH�VLQN�ZHWODQGV�LV
VRGLXP�VXOIDWH��DQG�WKH�ELRFKHPLVWU\�RI�VHOHQLXP
LV�YHU\�VLPLODU�WR�WKDW�RI�VXOIXU���7KXV��DQ\
PHFKDQLVP�WKDW�KDV�HYROYHG�WR�FRSH�ZLWK�WKH
HIIHFWV�RI�VXOIDWH�VDOLQLW\�LV�OLNHO\�WR�EH�HTXDOO\
HIIHFWLYH�DJDLQVW�VHOHQLXP���7KH�$XVWUDOLDQ
DYRFHWV�DQG�VWLOWV�DUH�FORVH�HFRORJLFDO�HTXLYDOHQWV
WR�WKH�1RUWK�$PHULFDQ�VSHFLHV����-RKQVJDUG
>����@�FRQVLGHUV�EODFN�ZLQJHG�DQG�EODFN�QHFNHG
VWLOWV�WR�EH�WKH�VDPH�VSHFLHV��



6HOHQLXP

���

Avocets&clutch viability

Egg Se range: 
avocets (mg/kg)

Observed probability of
impaired clutch (%)

00%20
21%40
41%60
61%80

81%100

13.5 (background)
14.6
11.8
33.3
50.0

     Notes:  These data represent the percentage of
hens within each exposure interval that were
reproductively impaired; a henwise response rate
based on whole-clutch viability (4-egg clutches).  The
background rate is a function of normal infertility. 
Total N=230 full-term, monitored, and chemically
characterized clutches, mostly from the San Joaquin
Valley of California.

)LHOG�FROOHFWHG�FOXWFK�YLDELOLW\�GDWD�IRU�DYRFHWV
DUH�GLVWULEXWHG�DV�IROORZV�

:KHUHDV����SHUFHQW�RI�VWLOW�KHQV�DUH�UHSUR�
GXFWLYHO\�LPSDLUHG�ZKHQ�HJJV�FRQWDLQ����PJ
6H�NJ��DYRFHW�HJJV�KDYH�WR�FRQWDLQ����PJ�NJ
IRU����SHUFHQW�RI�WKH�KHQV�WR�EH�UHSURGXFWLYHO\
LPSDLUHG�

$W�+HLQ]·V��������UHFRPPHQGHG�WKUHVKROG
FRQFHQWUDWLRQ�RI����PJ�6H�NJ�LQ�DYLDQ�HJJV�
WKUHVKROG�SURSRUWLRQV��.���SHUFHQW��RI�GXFN
DQG�VWLOW�KHQV�ZRXOG�LQGHHG�H[KLELW�UHSUR�
GXFWLYH�VHOHQRVLV���3UREDEO\��WKRXJK��QR�DYRFHW
KHQV�ZRXOG�VKRZ�DQ\�VXFK�HIIHFW���0RUH�OLPLWHG
VHWV�RI�ILHOG�UHVSRQVH�GDWD�IRU�VQRZ\�SORYHUV
DQG�NLOOGHHU��6NRUXSD�HW�DO���XQSXE��GDWD��VXJJHVW
SURILOHV�WKDW�DUH�YHU\�VLPLODU�WR�WKRVH�IRU�DYRFHWV
DQG�VWLOWV��UHVSHF�WLYHO\���,Q�DGGLWLRQ�WR�WKH
GLIIHUHQFHV�EHWZHHQ�VSHFLHV�LQ�WKHLU�UHVSRQVHV�WR
HTXDO�KP�QXQ�H[SRVXUHV��RWKHU�GLIIHUHQFHV�DUH
UHODWHG�WR�GLHWDU\�KDELWV���7KUHH�H[SHULPHQWDO
VWXGLHV�RI�IOHVK�HDWLQJ�ELUGV�KDYH�IRXQG�WKDW�OHVV
VHOHQLXP�ZDV�WUDQVIHUUHG�IURP�WKH�KHQ·V�GLHW�WR
WKH�HJJ�WKDQ�LV�W\SLFDO�RI�SODQW��DQG�LQYHUWHEUDWH�
HDWLQJ�VSHFLHV�RI�ELUGV��6PLWK�
HW�DO��������EODFN�FURZQHG�QLJKW�KHURQV�
:LHPH\HU�DQG�+RIIPDQ�������VFUHHFK�RZOV��DQG
86%5�������$PHULFDQ�NHVWUHOV����%DVHG�RQ
:LHPH\HU�DQG�+RIIPDQ·V�VFUHHFK�RZO�VWXG\��WKH�

RQO\�RQH�ZLWK�VWUDLJKWIRUZDUG�UHSUR�GXFWLYH
SHUIRUPDQFH�GDWD��JHQHUDO�LQWHUSUHWLYH�JXLGHOLQHV
EDVHG�RQ�KP�QXQ�H[SRVXUH�DUH�SUREDEO\�DSSOLFDEOH
WR�HPEU\RV�RI�IOHVK�HDWLQJ�ELUGV��EXW�JUHDWHU
HQYLURQPHQWDO�H[SRVXUH�RI�WKH�KHQV�LV�SUREDEO\
UHTXLUHG�IRU�WKHP�WR�SURGXFH�HJJV�WKDW�DWWDLQ
WKUHVKROG�FRQFHQWUD�WLRQV���%DVHG�RQ
H[SHULPHQWDO�VWXGLHV�ZLWK�FKLFNHQV�DQG�TXDLO��VHH
+HLQ]��������HPEU\RV�RI�XSODQG�JDOOLQDFHRXV
JDPH�ELUGV�PD\�EH�PRUH�VHQVLWLYH�WKDQ�GXFN
HPEU\RV���6WXG\LQJ�ZKLWH�IDFHG�LELV�DW�&DUVRQ
/DNH��1HYDGD��+HQQ\�DQG�+HUURQ�������
UHSRUWHG�WKDW�QHVWV�LQ�ZKLFK�WKH�HJJV�FRQWDLQHG
!��PJ�6H�NJ�ZHUH����SHUFHQW�OHVV�SURGXFWLYH
WKDQ�QHVWV�WKDW�KDG�HJJV�FRQWDLQLQJ����PJ
6H�NJ���7KDW·V�DERXW�WKH�PDJQLWXGH�RI�HIIHFW�WKDW
ZRXOG�EH�H[SHFWHG�
DW�WKDW�H[SRVXUH�OHYHO���²��PJ�NJ��IRU�D
PRGHUDWHO\�VHQVLWLYH�VSHFLHV��OLNH�VWLOWV���EXW�
WKH�VPDOO�VDPSOH�RI�!��PJ�NJ�HJJV�DQG�WKH
FRQIRXQGLQJ�SUHVHQFH�RI�KLJK�''(�DQG�RU
PHUFXU\�OHYHOV�LQ�VRPH�HJJV�PDGH�+HQQ\�DQG
+HUURQ·V��������VWXG\�LQFRQFOXVLYH�ZLWK�UHJDUG
WR�VHOHQLXP�

,Q�ELUGV��UHSURGXFWLYH�LPSDLUPHQW�FDQ�UHVXOW
IURP�GLHWV�FRQWDLQLQJ�DV�OLWWOH�DV�DERXW��²��PJ
6H�NJ��:LOEHU�������0DUWLQ�������+HLQ]��������
1RQEUHHGLQJ�DGXOW�ELUGV�FDQ�WROHUDWH�KLJKHU
OHYHOV�RI�VHOHQLXP��EXW�VWLOO�LW�LV�UHFRPPHQGHG
WKDW�WKHLU�GLHWDU\�H[SRVXUH�QRW�H[FHHG���²
���PJ�6H�NJ��+HLQ]�������+HLQ]�DQG�)LW]JHUDOG
����E����7KHVH�GLHWDU\�WKUHVKROGV�KDYH�EHHQ
HVWLPDWHG�SULPDULO\�IURP�IHHGLQJ�WULDOV�ZLWK
VHOHQRPHWKLRQLQH���:KHQ�VHOHQLXP�LV�DGGHG�WR
DUWLILFLDO�GLHWV�DV�SXULILHG�VHOHQR�PHWKLRQLQH��LWV
WR[LFLW\�DQG�ELRDYDLODELOLW\�DUH�YLUWXDOO\�LGHQWLFDO
WR�WKRVH�RI�QDWXUDOO\�LQFRU�SRUDWHG�VHOHQLXP�LQ
KLJK�VHOHQLXP�ZKHDW��+HLQ]�HW�DO��������DQG�LQ
FRQWDPLQDWHG�VPDOO�PDPPDOV�WKDW�ZHUH�FROOHFWHG
RQ�WKH�VLWH�RI�WKH�IRUPHU�.HVWHUVRQ�5HVHUYRLU
DQG�IHG�WR�FDSWLYH�$PHULFDQ�NHVWUHOV��86%5
��������6NRUXSD�DQG�2KOHQGRUI���������KRZHYHU�
SUHVHQWHG�GDWD�VXJJHVWLQJ�WKDW�SHUKDSV�QDWXUDOO\
LQFRUSRUDWHG�VHOHQLXP�LQ�KLJKO\�FKLWLQRXV�VSHFLHV
RU�OLIH�VWDJHV�RI�LQYHUWHEUDWHV�PLJKW�EH�OHVV�ELR�
DYDLODEOH�WKDQ�SXULILHG�VHOHQRPHWKLRQLQH�DGGHG
WR�DUWLILFLDO�GLHWV���$V�ZDV�IRXQG�LQ�WKH�UHVXOWV�IRU�
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ILVK��WKH�ORZHVW�OHYHOV�RI�GLHWDU\�VHOHQLXP�WKDW
ZHUH�IDWDO�WR�HLWKHU�MXYHQLOH�RU�DGXOW�ELUGV
RFFXUUHG�LQ�WUHDWPHQWV�WKDW�FRLQFLGHG�ZLWK
ZLQWHU�PHWDEROLF�VWUHVV��7XOO\�DQG�)UDQNH������
+HLQ]�������

'HWHUPLQDWLRQV�RI�VHOHQLXP�FRQFHQWUDWLRQV�LQ
DYLDQ�KHSDWLF�WLVVXHV�SURYLGH�D�YHU\�OLPLWHG�EDVLV
IRU�LQWHUSUHWDWLRQ���$OWKRXJK�KHSDWLF
FRQFHQWUDWLRQV�DUH�DOZD\V�HOHYDWHG�LQ�SRSX�
ODWLRQV�RI�ELUGV�H[SRVHG�WR�WR[LF�OHYHOV�RI
VHOHQLXP��H�J���86):6�����D��+HLQ]��������WKH\
DUH�VRPHWLPHV�YHU\�HOHYDWHG�LQ�SRSX�ODWLRQV
LQKDELWLQJ�6H�QRUPDO�HQYLURQPHQWV��H�J���5RZH
HW�DO��������5LQHOOD�DQG�6FKXOHU���������,Q�WKH
ODWWHU�FDVHV��DYLDQ�HJJV�FRQWDLQ�EDFN�JURXQG
FRQFHQWUDWLRQV�RI�VHOHQLXP��FRQVLVWHQW�ZLWK
HQYLURQPHQWDO�FRQGLWLRQV��HYHQ�WKRXJK�WKH
KHSDWLF�FRQFHQWUDWLRQV�DUH�HOHYDWHG���7KH
FRQYHUVH�VLWXDWLRQ��EDFNJURXQG�KHSDWLF
FRQFHQWUDWLRQV�FRPELQHG�ZLWK�HOHYDWHG�HJJ
FRQFHQWUDWLRQV��KDV�QHYHU�EHHQ�UHFRUGHG���+HLQ]
DQG�+RIIPDQ��������UHSRUWHG�WKDW�VLPXOWDQHRXV
GLHWDU\�H[SRVXUH�WR�RUJDQLF�PHUFXU\�DQG�RUJDQLF
VHOHQLXP�LQFUHDVHG�WKH�KHSDWLF�FRQFHQWUDWLRQV�RI
VHOHQLXP�LQ�FDSWLYH�PDOODUGV�E\�!��ï�WKH�OHYHO
IURP�VHOHQLXP�RQO\�GLHWV���3HUKDSV�WKH
FRQIXVLQJ�ILHOG�FDVHV�LQ�ZKLFK�ORZ
HQYLURQPHQWDO��DQG�HJJ��OHYHOV�RI�VHOHQLXP�DUH
DFFRPSDQLHG�E\�HOHYDWHG�KHSDWLF�OHYHOV�ZRXOG�EH
H[SODLQHG�E\�HOHYDWHG�H[SRVXUHV�WR�PHUFXU\���,Q
QRUPDO�PHUFXU\�HQYLURQPHQWV��LW�DSSHDUV�WKDW
KHSDWLF�FRQ�FHQWUDWLRQV�$���PJ�6H�NJ�DUH
KLJKO\�OLNHO\�WR�EH�DVVRFLDWHG�ZLWK�UHSURGXFWLYH
LPSDLUPHQW��86):6�����D��6NRUXSD�HW�DO�
��������7KH�
���PJ�6H�NJ�OHYHO�PD\�PDUN�WKH�DSSUR[LPDWH
WKUHVKROG�IRU�WR[LFLW\�LQ�\RXQJ�DQG�DGXOW�ELUGV
�+HLQ]���������,Q�DQ\�HQYLURQPHQW��KHSDWLF
FRQFHQWUDWLRQV�#���PJ�6H�NJ�LQGLFDWH�QRUPDO
�VDIH��VHOHQLXP�H[SRVXUH���,Q�VXPPDU\��KHSDWLF
FRQFHQWUDWLRQV�RI�VHOHQLXP�DUH�PRUH�UHOLDEOH�IRU
GHOLQHDWLQJ�SRSXODWLRQV�WKDW�DUH�PQV�VXIIHULQJ
IURP�VHOHQLXP�WR[LFLW\�WKDQ�WKH\�DUH�IRU
LGHQWLI\LQJ�SRLVRQHG�SRSXODWLRQV���(OHYDWHG
OHYHOV�RI�KHSDWLF�VHOHQLXP�VKRXOG�QRW�EH
LQWHUSUHWHG�DV�DQ\WKLQJ�PRUH�WKDQ�DQ�LQGLFDWLRQ
WKDW�IXUWKHU�VWXG\�LV�ZDUUDQWHG�

)LHOG�GDWD�KDYH�QRW�EHHQ�FROOHFWHG�WKDW�UHOLDEO\
UHODWH�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�DYLDQ�PXVFOH
�XVXDOO\�EUHDVW�PXVFOH��WR�WR[LF�HIIHFWV���$Q
LPSRUWDQW�IDFWRU�WKDW�PLJKW�FRQIRXQG�VXFK
DWWHPSWV�LV�WKH�IDFW�WKDW�PXVFOH�WLVVXH�DFFXPX�
ODWHV�DQG�GLVSRVHV�RI�FRQWDPLQDQWV�PRUH�VORZO\
WKDQ�RWKHU�WLVVXHV�GR��+HLQ]��������DQG�VR
VDPSOHV�DUH�OHVV�OLNHO\�WKDQ�RWKHU�WLVVXHV�WR�VKRZ
WKH�HIIHFWV�RI�UHFHQW�GLHWDU\�H[SRVXUH���,Q
H[SHULPHQWDO�VWXGLHV��FRQFHQWUDWLRQV�$���PJ
6H�NJ�LQ�EUHDVW�PXVFOH�RI�DGXOW�PDOODUGV�ZHUH
VXIILFLHQW�WR�FDXVH�GHDWK��86):6�����D����%UHDVW
PXVFOH�LV�PRVW�IUHTXHQWO\�VDPSOHG�LQ�WKH�ILHOG�WR
SURYLGH�LQWHUSUHWLYH�GDWD�IRU�DVVHVVLQJ�KXPDQ
KHDOWK�KD]DUGV��H�J���%DUQXP��������
&RQFHQWUDWLRQV�WKDW�ZDUUDQW�KHDOWK�DGYLVRULHV
DQG�FRQVXPSWLYH�EDQV�DUH�WKH�VDPH�DV
VXPPDUL]HG�DERYH�IRU�HGLEOH�ILVK�WLVVXHV�

)HDWKHUV�DQG�EORRG�DUH�LPSRUWDQW�VDPSOH�WLVVXHV
EHFDXVH�WKH\�DUH�WKH�RQO\�RQHV�WKDW�FDQ�EH
FROOHFWHG�ZLWKRXW�VDFULILFLQJ�WKH�DQLPDOV�EHLQJ
VDPSOHG���7KHUHIRUH��WKHVH�DUH�WKH�SULPDU\�DYLDQ
DQDO\WLFDO�PDWULFHV�DYDLODEOH�IRU�DVVHVVLQJ�WKH
VHOHQLXP�VWDWXV�RI�HQGDQJHUHG�VSHFLHV���'HVSLWH
WKLV�LPSRUWDQW�UROH��QR�VXEVWDQWLYH�LQWHUSUHWLYH
EDVLV�KDV�EHHQ�GHYHORSHG�IRU�HLWKHU�WLVVXH���)RU
H[DPSOH��QR�VWXG\�KDV�\HW�HVWDEOLVKHG�WKUHVKROG
FRQFHQ�WUDWLRQV�RI�VHOHQLXP�LQ�IHDWKHUV�RU�EORRG
WKDW�FDQ�EH�UHOLDEO\�DVVRFLDWHG�ZLWK�UHSURGXFWLYH
LPSDLUPHQW���([SHULPHQWDO�VWXGLHV�IRXQG�WKDW
VHOHQLXP�SRLVRQHG�FDSWLYH�PDOODUGV�KDG��²
���PJ�6H�NJ�ZHW�ZHLJKW�EDVLV�LQ�WKHLU�EORRG��RU
LQ�WKH�EORRG�RI�WUHDWPHQW�JURXS�VXUYLYRUV
H[SRVHG�WR�WKH�VDPH�GLHW���+HLQ]���������,Q
$PHULFDQ�NHVWUHOV��EORRG�FRQWDLQLQJ�$��PJ
6H�NJ��ZHW�ZHLJKW��UHVXOWHG�IURP�D�GLHW�RI�
$��PJ�6H�NJ��86%5������³D�OHYHO�WKDW�FRXOG
FDXVH�UHSURGXFWLYH�LPSDLUPHQW�LQ�VHQVLWLYH
VSHFLHV�RI�ELUGV��H�J���/HPO\�����������E����$
IROORZ�XS�VWXG\�RI�FDSWLYH�NHVWUHOV�VXJJHVWHG�DQ
DGYHUVH�HIIHFWV�WKUHVKROG�EHWZHHQ�����DQG�����PJ
6H�NJ�ZZ�LQ�EORRG��EDVHG�RQ�IHUWLOLW\�DQG�ERG\
FRQGLWLRQ�DV�WKH�UHVSRQVH�YDULDEOHV��86%5������
*DU\�6DQWROR��&+�0�+LOO��SHUV��FRPP��WR�-�
6NRUXSD��86):6����$V�D�JHQHUDO�LQWHUSUHWLYH
JXLGH��DQ\�VHOHQLXP�FRQFHQWUDWLRQ�
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Summary:  Effects of selenium on birds

Interpretive guidance

Bird Se
concentration

(mg/kg)

Background, whole body Typically < 2

Background, muscle 1%3

Background, eggs Mean <3
(typically
1.5%2.5)

Maximum <5

Background, hepatic
(median values)1

3.3 (herbivore)
7.5 (omnivore)
8.2 (carnivore)

Background, feathers 1%4 (typically
1%2) 

Background, blood 0.1%0.4 (wet
weight basis)

Embryo teratogenesis
threshold (.IC10), wild
ducks (sensitive taxon)

23 (in ovo)

Embryo viability (=egg
hatchability) threshold,
captive mallards

10 (in ovo)

Embryo teratogenesis
threshold (.IC10),
American avocets (tolerant
taxon)

74 (in ovo)

Embryo viability (=egg
hatchability) threshold,
American avocets

61%80 (in ovo)

Hepatic threshold for
juvenile and adult toxicity

30 (liver)

Muscle threshold for juvenile
and adult toxicity

.20 (breast
muscle)

Provisional feather threshold
warranting further study

5 (breast
feathers)

Provisional blood threshold
warranting further study

1 (whole blood)
(wet weight

basis)

Interpretive guidance

Dietary Se
exposure
(mg/kg)

Reproductive impairment
   threshold

3%8

Toxicity threshold for
nonbreeding birds exposed
to winter-stress

10%15

Edible tissue
Se (mg/kg)

Health advisories recommend
limited consumption by
healthy adults and no con-
sumption by children and
pregnant women

2 (wet weight
basis)

Complete ban on human
consumption recommended

5 (wet weight
basis)

     1 Background hepatic concentration is typically <10
but can be much higher in Hg-contaminated environ-
ments with normal Se.

WKDW�H[FHHGV�DERXW���PJ�6H�NJ�LQ�IHDWKHUV�RU�
��PJ�6H�NJ�LQ�EORRG��ZHW�ZHLJKW��ZLOO�PHDQ�WKDW
IXUWKHU�VWXG\�LV�ZDUUDQWHG�

0DPPDOV

%DVHG�RQ�WKH�ORZHVW�ZKROH�ERG\�VHOHQLXP�YDOXHV
UHSRUWHG�E\�&ODUN��������IRU�.HVWHUVRQ
5HVHUYRLU��DQG�WKH�GLHW�WR�ZKROH�ERG\�WUDQVIHU
YDOXHV�UHSRUWHG�E\�2KOHQGRUI�DQG�6DQWROR
��������QRUPDO�ZKROH�ERG\�VHOHQLXP�FRQ�
FHQWUDWLRQV�LQ�VPDOO�PDPPDOV�DUH�SUREDEO\�
���PJ�NJ���)RU�H[DPSOH��NDQJDURR�UDWV��OLWWOH
EURZQ�P\RWLV�EDWV��DQG�%UD]LOLDQ�IUHHWDLO�
EDWV�IURP�DJURIRUHVWU\�SODQWDWLRQV�LQ�WKH�
6DQ�-RDTXLQ�9DOOH\�KDG�D�PHGLDQ�ZKROH�ERG\
VHOHQLXP�FRQFHQWUDWLRQ�RI�DERXW�����PJ�NJ
�&')*��������

1RUPDO�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�PXVFOH�DUH
W\SLFDOO\����PJ�NJ�LQ�EDWV��6FKURHGHU�HW�DO�
�������SURQJKRUQ�DQWHORSH��5DLVEHFN�HW�DO��������
JRSKHUV��YROHV��GHHU�PLFH��KRXVH�PLFH��UDEELWV�
KDUHV��&')*��������DQG�PDFDTXH�PRQNH\V
�+DZNHV�HW�DO����������7KH�GDWD�IRU�ZLOG�VSHFLHV
RI�PDPPDOV�DJUHH�ZLWK�GDWD�IURP�PDQ\�VSHFLHV
RI�GRPHVWLF�PDPPDOV��-HQNLQV�������

1RUPDO�FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�OLYHUV�RI
PDPPDOV�FKDUDFWHULVWLF�RI�DTXDWLF�KDELWDWV��VXFK
DV�PXVNUDWV�DQG�UDFFRRQV��UDQJH�IURP�DERXW���WR�
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���PJ�NJ�DQG�W\SLFDOO\�DYHUDJH�#��PJ�NJ
�6FKURHGHU�HW�DO��������&ODUN�������&ODUN�HW�DO�
��������6LPLODU�UHVXOWV�KDYH�EHHQ�UHSRUWHG�IRU
WHUUHVWULDO�SUHGDWRUV�WKDW�PD\�VHDVRQDOO\�IRFXV
WKHLU�KXQWLQJ�LQ�DTXDWLF�KDELWDWV��VXFK�DV�IR[HV
DQG�FR\RWHV��H�J���3DYHJOLR�DQG�&OLIWRQ�������
DQG�IRU�DQ�DVVRUWPHQW�RI�VPDOO�WHUUHVWULDO
PDPPDOV�WUDSSHG�LQ�WKH�YLFLQLW\�RI�DQ�6H�
QRUPDO�
6DQ�-RDTXLQ�9DOOH\�ZHWODQG��&ODUN��������
$QRWKHU�JURXS�RI�VPDOO�PDPPDOV�FROOHFWHG�QHDU
DJURIRUHVWU\�SODQWDWLRQV�DYHUDJHG����PJ�6H�NJ
LQ�WKHLU�OLYHUV��H[FHSW�DW�SODQWDWLRQV�XVLQJ�KLJK�
VHOHQLXP�ZDWHU�IRU�LUULJDWLRQ��&')*�������

6HOHQLXP�LQ�ZKROH�EORRG�QRUPDOO\�DYHUDJHV�����
PJ�/�LQ�GRPHVWLF�PDPPDOV��-HQNLQV�������DQG
LQ�UDFFRRQV��SURQJKRUQ�DQWHORSH��DQG�FR\RWHV
�3DYHJOLR�DQG�&OLIWRQ�������&ODUN�HW�DO�������
6FKDPEHU�HW�DO����������/HVV�WKDQ�
����PJ�/�LQ�ZKROH�EORRG�LV�FRQVLGHUHG
GHILFLHQW��DQG�GHILFLHQF\�VHHPV�WR�EH�PRUH
FRPPRQ�WKDQ�H[FHVVLYH�H[SRVXUH�DPRQJ�ZLOG
XQJXODWHV�VXFK�DV�GHHU��H�J���2OLYHU�HW�DO�������
+HLQ�HW�DO����������+XPDQ�ZKROH�EORRG�QRUPDOO\
FRQWDLQV����²����PJ�/��863+6�������

'DWD�IRU�D�ZLGH�UDQJH�RI�PDPPDOLDQ�VSHFLHV
VXJJHVW�WKDW�WKH�QRUPDO�FRQFHQWUDWLRQ�RI
VHOHQLXP�LQ�LQGLYLGXDO�VDPSOHV�RI�KDLU�LV�OHVV
WKDQ���PJ�NJ���3RSXODWLRQ�DYHUDJHV�QRUPDOO\
UDQJH�IURP�DERXW�����WR�����PJ�6H�NJ��LQFOXGLQJ
WKRVH�IRU�KXPDQ�SRSXODWLRQV��+XFNDEHH�HW�DO�
������3DYHJOLR�DQG�&OLIWRQ�������&ODUN�HW�DO�
������863+6�������

2QH�VWXG\�UHSRUWHG�DQ�DYHUDJH�FRQFHQWUDWLRQ�RI
������PJ�6H�/�LQ�WKH�PLON�RI�D�FRQWURO�JURXS�RI
QXUVLQJ�PDFDTXH�PRQNH\V��+DZNHV�HW�DO���������
0RVW�KHUGV�RI�GDLU\�FRZV�DOVR�DYHUDJH�������PJ
6H�/�LQ�PLON��-HQNLQV�������

&ODUN�HW�DO���������UHSRUWHG�WKDW�WKH�IHFHV�RI
UDFFRRQV�DYHUDJHG�DERXW���PJ�6H�NJ�DW�DQ�

6H�QRUPDO�ZHWODQG�LQ�WKH�6DQ�-RDTXLQ�9DOOH\
RI�&DOLIRUQLD�

7KHUH�KDYH�EHHQ�QR�ZHOO�GRFXPHQWHG�FDVHV�RI
ZLGHVSUHDG�VHOHQRVLV�DPRQJ�ZLOG�PDPPDOV
FRPSDUDEOH�WR�WKH�PXOWLSOH�H[DPSOHV�DYDLODEOH
IRU�ILVK�DQG�ELUGV��6NRUXSD�����D����3RLVRQLQJ�LQ
QDWXUH�KDV�EHHQ�UHSRUWHG�IRU�PDPPDOV�EXW�KDV
EHHQ�ODUJHO\�UHVWULFWHG�WR�IUHH�UDQJH�GRPHVWLF
OLYHVWRFN��SULPDULO\�KRUVHV��FRZV��DQG�VKHHS��H�J��
5RVHQIHOG�DQG�%HDWK�������2OVRQ�������5DLVEHFN
HW�DO����������$V�LV�WKH�FDVH�IRU�ILVK�DQG�ELUGV�
\RXQJ�DQLPDOV�DUH�JHQHUDOO\�PRUH�VHQVLWLYH
�7KRPSVRQ�HW�DO���������

7KH�ORZHVW�GLHWDU\�WKUHVKROG�IRU�PDPPDOLDQ
WR[LFLW\�UHSRUWHG�LQ�WKH�OLWHUDWXUH�LV�����PJ�6H�NJ
�QDWXUDO�VHOHQLXP��GU\�IHHG�EDVLV���VXEOHWKDO
HIIHFWV�ZHUH�QRWHG�LQ�UDWV�IROORZLQJ�OLIHWLPH
H[SRVXUH�DW�WKDW�OHYHO��(LVOHU���������$W���PJ�NJ
LQ�WKH�OLIHWLPH�GLHW��ORQJHYLW\�ZDV�UHGXFHG��(LVOHU
��������$OVR�DW���PJ�NJ��KLJK�6H�ZKHDW���2OVRQ
�������UHSRUWHG�UHSURGXFWLYH�VHOHQRVLV�LQ�UDWV��
6XEOHWKDO�HIIHFWV�ZHUH�REVHUYHG�LQ�GRJV�H[SRVHG
WR�DERXW���PJ�NJ��KLJK�VHOHQLXP�FRUQ���5KLDQ
DQG�0R[RQ���������0RVW�GRPHVWLF�DQLPDOV
H[KLELW�VLJQV�RI�WR[LFLW\�RQ�GLHWV�FRQWDLQLQJ�$�²�
PJ�NJ��QDWXUDO�VHOHQLXP���15&�������(LVOHU
������2OVRQ���������3URQJKRUQ�DQWHORSH�VKRZHG
VRPH�V\PSWRPV�RI�LPPXQRWR[LFLW\�RQ�D�GLHW�RI
��²���PJ�6H�NJ��KLJK�VHOHQLXP�KD\���EXW�ZHUH
RYHUWO\�KHDOWK\�DQG�PRUH�WROHUDQW�WR�GLHWDU\
VHOHQLXP�WKDQ�ZRXOG�EH�H[SHFWHG�EDVHG�RQ
YHWHULQDU\�VWDQGDUGV�GHYHORSHG�IRU�GRPHVWLF
XQJXODWHV��6FKDPEHU�HW�DO��������5DLVEHFN�HW�DO�
��������0DFDTXH�PRQNH\V�JLYHQ�LQWUDYHQRXV
GRVHV�HTXLYDOHQW�WR�DERXW����PJ��NJ��GU\�IHHG
EDVLV��GLHWDU\�VHOHQRPHWKLRQLQH�VKRZHG�REYLRXV
WR[LF�HIIHFWV��+DZNHV�HW�DO����������7KH�PLQLPXP
ORQJ�WHUP�GLHWDU\�H[SRVXUH�IRXQG�
WR�SURGXFH�VXEOHWKDO�WR[LF�HIIHFWV�LQ�KXPDQV�LV
����PJ�NJ��QDWXUDO�VHOHQLXP��YGV�YGKIJV�
�863+6�������

6HYHUDO�VWXGLHV�VXPPDUL]HG�E\�+DZNHV�HW�DO�
�������VXJJHVW�WKDW�PDPPDOLDQ�WHUDWRJHQLF�
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HIIHFWV�RFFXU�RQO\�ZKHQ�PDWHUQDO�GLHWDU\
H[SRVXUH�LV�KLJK�HQRXJK�WR�DGYHUVHO\�DIIHFW�WKH
PRWKHU���8QGHU�VXFK�FLUFXPVWDQFHV�LW�LV�QRW
FOHDU�ZKHWKHU�WKH�WHUDWRJHQHVLV�LV�D�GLUHFW�HIIHFW
RI�IHWDO�VHOHQLXP�H[SRVXUH�RU�D�FRQVHTXHQFH�RI
PDWHUQDO�SRLVRQLQJ��)HUP�
HW�DO����������

2WKHUV�KDYH�UHSRUWHG�QRQWHUDWRJHQLF�UHSUR�
GXFWLYH�GHSUHVVLRQ�DV�WKH�SULQFLSDO�HIIHFW�RI
FKURQLF�VHOHQRVLV�LQ�PDPPDOV��HYHQ�ZKHQ
PDWHUQDO�VHOHQRVLV�LV�QRW�DSSDUHQW��H�J���-DPHV�HW
DO����������&ODUN�HW�DO���������UHSRUWHG�WKDW��IRU
UDFFRRQV��KDLU�VHOHQLXP�ZDV�RQH�RI�WKH�EHVW
LQGLFDWRUV�RI�WKH�H[WHQW�RI�H[SRVXUH�WR�VHOHQLXP�
DQG�-DPHV�HW�DO���������SUHVHQWHG�JXLGHOLQHV�IRU
LQWHUSUHWLQJ�ULVN�RI�VHOHQLXP�LQGXFHG
UHSURGXFWLYH�GHSUHVVLRQ�EDVHG�RQ�KDLU�VHOHQLXP��
/HVV�WKDQ���PJ�NJ�ZDV�FRQVLGHUHG�QRQWR[LF�
�²���PJ�NJ�ERUGHUOLQH�WR[LF��DQG�!���PJ�NJ
KDLU�VHOHQLXP�ZDV�FRQVLGHUHG�D�WR[LF�H[SRVXUH��
6DPSOHV�RI�KDLU�ZLWK�PRUH�WKDQ�DERXW����PJ
6H�NJ�IURP�QDWXUDO�SRSX�ODWLRQV�RI�SURQJKRUQ
DQWHORSH��FR\RWHV��PHDGRZ�YROHV��PXOH�GHHU�
VKUHZV��DQG�UDFFRRQV�KDYH�EHHQ�UHSRUWHG�IURP
&DOLIRUQLD��,GDKR��1RUWK�&DUROLQD��DQG�:\RPLQJ
�+XFNDEHH�HW�DO��������3DYHJOLR�DQG�&OLIWRQ
������&ODUN�HW�DO����������$�FKURQLFDOO\�SRLVRQHG
KXPDQ�SRSXODWLRQ�DYHUDJHG����PJ�6H�NJ�LQ�KDLU
�863+6�������

%DVHG�RQ�ZKROH�EORRG��WR[LFRORJLFDOO\�VLJQL�
ILFDQW�WKUHVKROGV�IRU�ODQG�PDPPDOV�DUH�JHQHUDOO\
FLWHG�DV�DERXW��²��PJ�6H�/�IRU�FKURQLF
VHOHQRVLV��H�J���5RVHQIHOG�DQG�%HDWK������
(GZDUGV�HW�DO����������5DLVEHFN�HW�DO��������
GRFXPHQWHG�IRXU�UHFHQW�FDVHV�RI�RYHUW�HTXLQH
VHOHQRVLV�LQ�:\RPLQJ�DQG�UHSRUWHG�EORRG�YDOXHV
RI������������������DQG�����PJ�6H�/���3URQJKRUQ
DQWHORSH�IHG�KLJK�VHOHQLXP�KD\�H[KLELWHG
LPPXQH�V\VWHP�GLVRUGHUV�DQG�KDG�EORRG
VHOHQLXP�YDOXHV�RI����²����PJ�/��.�²�ï
QRUPDO���6FKDPEHU�HW�DO����������5DFFRRQV�DW
.HVWHUVRQ�5HVHUYRLU�KDG�DV�
PXFK�DV�����PJ�6H�/�LQ�WKHLU�EORRG��DYHUDJH�

����PJ�/��ZLWKRXW�RYHUW�VLJQV�RI�VHOHQRVLV
�DPRQJ�´VXUYLYRUVµ���DOWKRXJK�IRXU�RI�HLJKW
VSHFLPHQV�KDG�GHIRUPHG�OLYHU�FHOOV���$�EORRG
OHYHO�RI���PJ�6H�/�ZDV�IRXQG�LQ�FDSWLYH�VHD�OLRQV
WKDW�KDG�GLHG�DIWHU�HDWLQJ�KLJK�VHOHQLXP�
ILVK��(GZDUGV�HW�DO����������$�FKURQLFDOO\
SRLVRQHG�KXPDQ�SRSXODWLRQ�KDG�EORRG�VHOHQLXP
DYHUDJLQJ�����PJ�/��863+6�������

*HQHUDO�JXLGHOLQHV�IRU�LQWHUSUHWLQJ�FRQFHQ�
WUDWLRQV�RI�OLYHU�VHOHQLXP�KDYH�EHHQ�GHYHORSHG
SULPDULO\�WKURXJK�YHWHULQDU\�VWXGLHV���)RU
H[DPSOH��(GZDUGV�HW�DO���������FLWH�D�WR[L�
FRORJLFDO�WKUHVKROG�UDQJH�RI�DERXW���²���PJ��NJ
IRU�OLYHU�VHOHQLXP�LQ�GRPHVWLF�OLYHVWRFN��EDVHG�RQ
D�YHWHULQDU\�KDQGERRN��2VZHLOHU�HW�DO���������
5DLVEHFN�HW�DO���������FLWHG�D�PRUH�FRQVHUYDWLYH
WR[LF�WKUHVKROG�RI�DERXW����PJ�6H�NJ�LQ�WKH�OLYHU
EXW�QRWHG�WKDW�IHHGLQJ�WULDOV�ZLWK�SURQJKRUQ
DQWHORSH�VKRZ�WKDW�WKH�FULWHULRQ�PD\�QRW�EH
UHOLDEOH���%XHFKQHU���������KRZHYHU��KDG�DOUHDG\
UHSRUWHG�WKDW�SURQJ�KRUQ�DQWHORSH�DUH�QRWDEO\
WROHUDQW�RI�WR[LF�IRUDJH���7KLV�UDLVHV�WKH�TXHVWLRQ
RI�ZKHWKHU�WKH�GLDJQRVWLF�FULWHULRQ�LV�EURDGO\
LQDSSOLFDEOH�RU�ZKHWKHU�SURQJKRUQ�DQWHORSH�DUH�D
SDUWLFXODUO\�LQVHQVLWLYH�WD[RQ���0RUH�UHFHQWO\�
2·7RROH�
DQG�5DLVEHFN��������UHSRUWHG�IRU�FDWWOH�DQG
KRUVHV�WKDW�KHSDWLF�VHOHQLXP�FRQFHQWUDWLRQV
H[FHHGLQJ���PJ�NJ�ZHW�ZHLJKW��a����PJ�NJ�GU\
ZHLJKW���FRPELQHG�ZLWK�RWKHU�W\SLFDO�FOLQLFDO
V\PSWRPV��ZDV�D�VXIILFLHQW�EDVLV�IRU�
D�ILUP�GLDJQRVLV�RI�VHOHQLXP�SRLVRQLQJ��
,QWHUSUHWLYH�FULWHULD�IRU�KHSDWLF�WLVVXHV�DUH�QRW
ZHOO�VXSSRUWHG��DQG�DV�VXJJHVWHG�DERYH�IRU�ELUGV�
WKH�SULPDU\�LQWHUSUHWLYH�YDOXH�RI�KHSDWLF
PHDVXUHV�PD\�EH�WR�LGHQWLI\�6H�QRUPDO�SRSX�
ODWLRQV�RI�PDPPDOV�UDWKHU�WKDQ�WR�LGHQWLI\
SRLVRQHG�SRSXODWLRQV�

3UHVXPDEO\�WKH�JXLGHOLQHV�XVHG�IRU�KXPDQ�KHDOWK
DGYLVRULHV�UHJDUGLQJ�FRQVXPSWLRQ�RI�ILVK�DQG
ELUGV��VHH�DERYH��VKRXOG�DOVR�DSSO\�WR�HGLEOH
WLVVXHV�RI�PDPPDOV���7KHVH�FDOO�IRU�WDUJHWHG
UHVWULFWLRQV�DW���PJ�NJ��ZZ��DQG�D�FRPSOHWH
FRQVXPSWLYH�EDQ�DW���PJ�NJ��ZZ����
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Summary:  Effects of selenium
on mammals

Interpretive guidance

Mammal Se
concentration 

(mg/kg dw,
except as noted)

Background, whole body <1%4 (typically <2,
mean)

Background, muscle <1

Background, liver (aquatic
habitat mammals)

1%10 (typically <5,
mean)

Background, blood 0.1%0.5 mg/L
(typically 0.2%0.3,

mean)

Deficient, blood <0.1 mg/L

Background, hair <1%3 (typically
0.5%1.5, mean)

Background, milk <0.05 mg/L

Background, feces <2

Reproductive depression
threshold, hair

>10 

Overt equine selenosis
threshold, blood

1 mg/L

Human chronic selenosis
threshold, blood

3 mg/L

Acute lethal toxicity
LOAEL, sea lions, blood

5 mg/L

Veterinary toxicological
handbook threshold,
domestic livestock, liver

45%60

Dietary Se expo-
sure (mg/kg dw,
except as noted)

Sublethal effects
threshold, lifetime
exposure of rats

1.4

Chronic selenosis
threshold, humans

1.9 (ww)

Reduced longevity
threshold, lifetime
exposure, rats

3

LOAEL for reproductive
selenosis, in rats

3

Overt toxicity thresholds,
domestic livestock

3%5

Sublethal effects LOAEL,
   dogs

7

Interpretive guidance
Edible tissue Se 

(mg/kg ww) 
Health advisories

recommend limited con-
sumption by healthy
adults and no con-
sumption by children or
pregnant women

$2

Complete ban on human
consumption
recommended

$5

%LRDFFXPXODWLRQ

7R[LFLW\�YDULHV�IRU�GLIIHUHQW�IRUPV�RI�VHOHQLXP�
DQLPDO�VSHFLHV��GXUDWLRQ�RI�H[SRVXUH��PHWKRG�RI
XSWDNH��DQG�RWKHU�IDFWRUV���,Q�ZHWODQG�DUHDV��
ELRDFFXPXODWLRQ�LQFUHDVHV�WKH�OHYHOV�RI�VHOHQLXP
LQ�WKH�IRRG�FKDLQ���6HOHQLXP�LV�WDNHQ�XS�E\
DTXDWLF�ELRWD��LQFOXGLQJ�SK\WRSODQNWRQ�
]RRSODQNWRQ��DQG�LQVHFWV��ZKLFK�FRQWULEXWH�
WR�WKH�GLHW�RI�KLJKHU�IRUPV�RI�ZLOGOLIH���,Q
SDUWLFXODU��VHOHQLXP�DFFXPXODWLRQ�LQ�WKH�IRRG
FKDLQ�KDV�FDXVHG�WKH�GHDWKV�RI�PDQ\�ILVK�DQG
DTXDWLF�ELUGV��\RXQJ�DQG�ROG��DQG�KDV�OHG�WR
UHSURGXFWLYH�IDLOXUH�DQG�GHIRUPHG�RIIVSULQJ
�6NRUXSD�����D��

6HOHQLWH�DQG�VHOHQDWH��WKH�PRVW�FRPPRQ�DTXHRXV
IRUPV�RI�VHOHQLXP��DUH�ELRWUDQV�IRUPHG�LQWR
RUJDQLF�FKHPLFDO�VSHFLHV�DIWHU�XSWDNH�E\�SULPDU\
SURGXFHUV�VXFK�DV�DOJDH��2JOH�HW�DO���������
6SHFLDWLRQ�RI�GLVVROYHG�VHOHQLXP�LQ�ZDWHU
VWURQJO\�LQIOXHQFHV�KRZ�PXFK�DTXDWLF�ORDGLQJ�LV
UHTXLUHG�WR�ELR�DFFXPXODWH�GDQJHURXV
FRQFHQWUDWLRQV�RI�VHOHQLXP�LQ�WKH�IRRG�FKDLQ��EXW
ZDWHUERUQH�VSHFLDWLRQ�GRHV�QRW�DSSHDU�WR
LQIOXHQFH�WKH�XQLW�WR[LFLW\�RI�IRRG�FKDLQ
LQFRUSRUDWHG�VHOHQLXP��86):6�����E��%HVVHU�HW
DO����������$IWHU�VHOHQLXP�EHFRPHV�LQFRUSRUDWHG
LQ�WKH�IRRG�FKDLQ��DSSDUHQWO\�WKH�LVVXH�RI
FKHPLFDO�VSHFLDWLRQ�LV�QRW�DQ�LPSRUWDQW
LQWHUSUHWLYH�IDFWRU���7R[LFRORJLFDOO\��IRRG�FKDLQ
VHOHQLXP�LQ�QDWXUH�VHHPV�WR�EH�IDLUO\�XQLIRUP�
ZLWK�D�WR[LFLW\�SURILOH�YHU\�VLPLODU�WR�WKDW�RI
VHOHQRPHWKLRQLQH��H�J���:RRFN�HW�DO�������
+DPLOWRQ�HW�DO��������+HLQ]���������7KLV�LV�D
SDUWLFXODUO\�XVHIXO�LQWHUSUHWLYH�FRQVLGHUDWLRQ
VLQFH�GLHWDU\�H[SRVXUH�LV�WKH�SULPDU\�H[SRVXUH
SDWKZD\�IRU�ILVK�DQG�ZLOGOLIH�SRSXODWLRQV���
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U.S. Environmental Protection Agency
Standards and Criteria

[See Appendix II for explanation of terms. 
Sources:  EPA 1995; Federal Register

57(246):60911]

Status EPA priority pollutant

Drinking water MCL 50 µg/L

Freshwater criteria 20 µg/L for acute exposur
e

  5 µg/L for chronic
exposure

1/1,000,000 cancer
risk

10 µg/L (water and
organisms)

'LHWDU\�SODQW�VHOHQLXP�LV�UHDGLO\�DEVRUEHG�E\
DQLPDOV���0RVW�RI�WKH�VHOHQLXP����²���SHUFHQW�
LV�TXLFNO\�PHWDEROL]HG�DQG�HOLPLQDWHG��EXW�
WKH�UHPDLQLQJ�VHOHQLXP�EHFRPHV�ERXQG�RU
LQFRUSRUDWHG�LQWR�EORRG�DQG�WLVVXH�DQG�LV�RQO\
VORZO\�HOLPLQDWHG��2OVRQ����������6HOHQLXP�HDVLO\
HQWHUV�PHWDEROLF�SDWKZD\V�DQG�WKHUH�IRUH�LV
KLJKO\�ELRDFFXPXODWLYH���7KH�KLJK�SUR�SHQVLW\
IRU�ELRWLF�XSWDNH�RI�VHOHQLXP�LV�DW�OHDVW�SDUWLDOO\
H[SODLQHG�E\�LWV�ELRFKHPLFDO�VLPLODULW\�WR�VXOIXU�

,QWHUDFWLRQV

,QWHUDFWLRQV�EHWZHHQ�VHOHQLXP�DQG�PHUFXU\
KDYH�EHHQ�H[WHQVLYHO\�GRFXPHQWHG��&XYLQ�
$UDODU�DQG�)XUQHVV�������6RUHQVHQ�������
DOWKRXJK�PDQ\�FRQIOLFWLQJ�UHVXOWV�KDYH�EHHQ
UHSRUWHG���'HSHQGLQJ�RQ�WKH�H[DFW�FKHPLFDO
VSHFLDWLRQ�RI�WKH�WZR�HOHPHQWV��DQG�RWKHU
IDFWRUV��WKH�WR[LFLW\�RI�VHOHQLXP�FDQ�EH
LQFUHDVHG��UHGXFHG��RU�XQDIIHFWHG�E\�WKH
SUHVHQFH�RI�PHUFXU\���)HZ�6H�+J�LQWHUDFWLRQ
VWXGLHV�KDYH�H[DPLQHG�FRPELQHG�GLHWDU\
H[SRVXUH�WR�PHWK\O�PHUFXU\�DQG�VHOHQR�
PHWKLRQLQH�LQ�ILVK�RU�ZLOGOLIH��HYHQ�WKRXJK�WKHVH
IRUPV�RI�PHUFXU\�DQG�VHOHQLXP�DUH�WKH�RQHV
PRVW�OLNHO\�WR�EH�FRPELQHG�LQ�D�QDWXUDO�GLHW���$
UHFHQW�VWXG\�XVLQJ�FDSWLYH�PDOODUGV�IRXQG
FRQIOLFWLQJ�DQWDJRQLVWLF�DQG�V\QHUJLVWLF�6H�+J
LQWHUDFWLRQV�ZLWK�UHIHUHQFH�WR�DGXOW�WR[LFLW\�DQG
UHSURGXFWLYH�LPSDLUPHQW���L�H���VHOHQLXP�DQG
PHUFXU\�WRJHWKHU�DUH�OHVV�OLNHO\�WR�SRLVRQ�DGXOW
ELUGV�WKDQ�HLWKHU�HOHPHQW�VHSDUDWHO\�EXW�PRUH
OLNHO\�WR�LPSDLU�UHSUR�GXFWLRQ��+HLQ]�DQG
+RIIPDQ�������

'LHWDU\�SURWHLQ��ERURQ��DUVHQLF��DQG�PHWKLRQLQH
FRQFHQWUDWLRQV�DUH�RWKHU�IDFWRUV�FOLQLFDOO\
GHPRQVWUDWHG�WR�DOWHU�WKH�WR[LFLW\�RI�VHOHQLXP�WR
ZLOGOLIH��+RIIPDQ�HW�DO������������D�E��6WDQOH\�HW
DO����������+RZHYHU��WKH�GRVH�FRPELQDWLRQV�RI
WKHVH�IDFWRUV�WKDW�DOWHUHG�VHOHQLXP�WR[LFLW\�LQ�WKH
ODERUDWRU\�ZRXOG�UDUHO\�EH�IRXQG�LQ�QDWXUH��
6WDQOH\�HW�DO���������UHFHQWO\�UHSRUWHG�D�ODFN�RI
LQWHUDFWLRQ�HIIHFWV�EHWZHHQ�VHOHQLXP�DQG�ERURQ
DGGHG�WR�WKH�GLHWV�RI�FDSWLYH�PDOODUGV�

7KH�VWURQJ�H[SRVXUH�UHVSRQVH�UHODWLRQVKLSV
GRFXPHQWHG�IRU�VHOHQLXP�LQ�ILHOG�FROOHFWHG�ELUG
HJJV�DQG�ILVK�VXJJHVW�WKDW�LQWHUDFWLRQV�ZLWK�RWKHU
HOHPHQWV�UDUHO\�DIIHFW�VHOHQLXP�WR[LFLW\�LQ�WKH
ILHOG��2KOHQGRUI�HW�DO��������6NRUXSD�DQG
2KOHQGRUI�������/HPO\�����E��2KOHQGRUI�HW�DO�
������6NRUXSD�����D����$�PXOWLYDULDWH�VWDWLVWLFDO
DQDO\VLV�RI�FKHPLFDO�GDWD�IRU�ELUG�HJJV�IURP
&DOLIRUQLD·V�
6DQ�-RDTXLQ�9DOOH\��6NRUXSD�����E�
GHPRQVWUDWHG�D�VWURQJ�FRUUHODWLRQ�EHWZHHQ
HPEU\R�GHIRUPLW\�DQG�KP�QXQ�VHOHQLXP
FRQFHQWUDWLRQ��ZKLFK�ZDV�XQDIIHFWHG�E\�RWKHU
SRWHQWLDOO\�LQWHUDFWLYH�FKHPLFDO�FRQVWLWXHQWV
SUHVHQW�LQ�WKH�HJJV���7KHUH�LV��KRZHYHU��VXE�
VWDQWLDO�LQGLYLGXDO�DQG�WD[RQRPLF�YDULDELOLW\�LQ
VHQVLWLYLW\�WR�VHOHQLXP�SRLVRQLQJ��(3$������
6-9'3�������86):6�����D��E��6RUHQVHQ������
/HPO\�����E��

,Q�VRPH�FDVHV��OHYHOV�RI�H[SRVXUH�WR�VHOHQLXP
WKDW�ZRXOGQ·W�EH�GLUHFWO\�WR[LF�PD\�LQFUHDVH
VXVFHSWLELOLW\�WR�RWKHUZLVH�EHQLJQ�SDWKRJHQV�GXH
WR�D�VHOHQLXP�LQGXFHG�LPPXQH�G\V�IXQFWLRQ
�)DLUEURWKHU�DQG�)RZOHV�������:KLWHOH\�DQG�<XLOO
������6FKDPEHU�HW�DO��������

5HJXODWRU\�6WDQGDUGV
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)RU�VWDQGDUGV�DQG�FULWHULD�VHW�E\�6WDWH�DJHQFLHV�
FRQWDFW�WKRVH�DJHQFLHV�GLUHFWO\���6HH�$SSHQGL[�,
IRU�D�OLVWLQJ�RI�ZDWHU�TXDOLW\�RIILFLDOV�LQ�WKH���
:HVWHUQ�6WDWHV�

([LVWLQJ�/LWHUDWXUH�5HYLHZV

2YHU�WKH�ODVW�WZR�GHFDGHV��PDQ\�SXEOLFDWLRQV
KDYH�VXUYH\HG�WKH�OLWHUDWXUH�SHUWDLQLQJ�WR�WKH
HIIHFWV�RI�VHOHQLXP�H[SRVXUH�RQ�ILVK�DQG�ZLOGOLIH
SRSXODWLRQV���6RPH�RI�WKHVH�UHYLHZV�DUH�OLVWHG
KHUH�

$GDPV�DQG�-RKQVRQ
�������
*/6$%�����
%URRNV�����
(LVOHU�����
/HPO\�����D
/HPO\�DQG�6PLWK�����
(3$�����
/LOOHER�HW�DO������
8&�&RPPLWWHH�����
'X%RZ\�����
2KOHQGRUI�����
%H\HU�����
+RGVRQ�����
6-9'3�����
86):6�����D�E
6NRUXSD�DQG�2KOHQGRUI
�������
6RUHQVHQ�����
3HWHUVRQ�DQG�1HEHNHU
�������

&+�0�+LOO�HW�DO������
(PDQV�HW�DO������
/HPO\�����D
&$67�����
0DLHU�DQG�.QLJKW�����
/HPO\�����
$OEHUV�HW�DO������
+HLQ]�����
/HPO\�����D�E�F
*UHHQ�DQG�$OEHUV�����
2·7RROH�DQG�5DLVEHFN
�������
9DQ�'HUYHHU�DQG�&DQWRQ
�������
$GDPV�HW�DO������
+DPLOWRQ�����
/HPO\�����D�E
2·7RROH�DQG�5DLVEHFN
�������
6NRUXSD�����D

,Q�DGGLWLRQ��VRPH�XVHIXO�LQWHUSUHWLYH�JXLGDQFH�LV
IRXQG�LQ�WKH�PRUH�JHQHUDO�UHYLHZV�RI�VHOHQLXP
FKHPLVWU\�DQG�WR[LFRORJ\�E\�:LOEHU��������
0DLHU�HW�DO����������2JOH�HW�DO����������863+6
��������DQG�2OGILHOG����������7KH�FRUH�VFLHQWLILF
EDVLV�IRU�LQWHUSUHWLYH�JXLGDQFH�LV�FRQWDLQHG�LQ
WKHVH�UHIHUHQFHV���:KHUH�RWKHU�VRXUFHV�DUH�QRW
FLWHG�WR�VXSSRUW�VWDWHPHQWV�LQ�WKLV�FKDSWHU��WKH
SDSHUV�OLVWHG�DERYH�DUH�WKH�VRXUFH�V��RI
LQIRUPDWLRQ�

5HIHUHQFHV

$GDPV��:�-���DQG�+�(��-RKQVRQ����������6HOHQLXP���D
KD]DUG�DVVHVVPHQW�DQG�ZDWHU�TXDOLW\�FULWHULRQ
FDOFXODWLRQ���,Q���'�5��%UDQVRQ�DQG�.�/��'LFNVRQ�
HGV���#SWCVKE�VQZKEQNQI[�CPF�JC\CTF�CUUGUUOGPV��
$P��6RF��7HVWLQJ�0DWHULDOV��3KLODGHOSKLD�
3HQQV\OYDQLD���S�����²����

$GDPV��:�-���.�9��%UL[��.�$��&RWKHUQ��/�0��7HDU�
5�'��&DUGZHOO��$��)DLUEURWKHU��DQG�-�(��7ROO��
�������$VVHVVPHQW�RI�VHOHQLXP�IRRG�FKDLQ
WUDQVIHU�DQG�FULWLFDO�H[SRVXUH�IDFWRUV�IRU�DYLDQ
ZLOGOLIH�VSHFLHV���QHHG�IRU�VLWH�VSHFLILF�GDWD���,Q��
(�(��/LWWOH��$�-��'H/RQD\��DQG�%�0��*UHHQEHUJ�
HGV���'PXKTQPOGPVCN�VQZKEQNQI[�CPF�TKUM
CUUGUUOGPV��$P��6RF��7HVWLQJ�0DWHULDOV�
3KLODGHOSKLD��3HQQV\OYDQLD���$670�673�������Y�
���S�����²����

$ODLPR��-���5�6��2JOH��DQG�$�:��.QLJKW���������
6HOHQLXP�XSWDNH�E\�ODUYDO�%JKTQPQOWU�FGEQTWU
IURP�D�4WRRKC�OCTKVKOC�EDVHG�EHQWKLF�GHWULWDO
VXEVWUDWH���#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²�����

$OEHUV��3�+���'�(��*UHHQ��DQG�&�-��6DQGHUVRQ���������
'LDJQRVWLF�FULWHULD�IRU�VHOHQLXP�WR[LFRVLV�LQ
DTXDWLF�ELUGV���'LHWDU\�H[SRVXUH��WLVVXH
FRQFHQWUDWLRQV��DQG�PDFURVFRSLF�HIIHFWV���
,��9KNFN��&KU��������²����

$QRQ\PRXV����������6HOHQLXP�SRLVRQV�,QGLDQV���5EK�
0GYU�.VT���������

$UWKXU��-�5���DQG�*�-��%HFNHWW����������1HZ�PHWDEROLF
UROHV�IRU�VHOHQLXP���2TQE��0WVTKVKQP�5QE�
������²����

%DUQXP��'�$����������.QY�UGNGPKWO�KP�YCVGTHQYN
YKPVGTKPI�CV�-GTP�0CVKQPCN�9KNFNKHG�4GHWIG���
8�6��1DWO��%LRO��6XUYH\��)RUW�&ROOLQV��&RORUDGR��
5HV��,QIR��%XOO�����

%DXPDQQ��3�&���DQG�5�%��*LOOHVSLH����������6HOHQLXP
ELRDFFXPXODWLRQ�LQ�JRQDGV�RI�ODUJHPRXWK�EDVV
DQG�EOXHJLOO�IURP�WKUHH�SRZHU�SODQW�FRROLQJ
UHVHUYRLUV���'PXKTQP��6QZKEQN��%JGO�������²����
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%HKUD��5���*�3��*HQRQL��DQG�/��6LJJ����������4GXKUKQP
QH�VJG�5YKUU�QTFKPCPEG�HQT�YCUVGYCVGT�FKUEJCTIG�
5EKGPVKHKE�DCUKU�HQT�YCVGT�SWCNKV[�ETKVGTKC�HQT
OGVCNU�CPF�OGVCNNQKFU�KP�TWPPKPI�YCVGTU��
($:$*�6FKULIWHQUHLKH��6ZLVV�)HGHUDO�,QVWLWXWH
IRU�:DWHU�5HVRXUFHV�DQG�:DWHU�3ROOXWLRQ
&RQWURO��'XEHQGRUI��6ZLW]HUODQG���

%HQQHWW��-����������%LRORJLFDO�HIIHFWV�RI�VHOHQLXP�DQG
RWKHU�FRQWDPLQDQWV�DVVRFLDWHG�ZLWK�LUULJDWLRQ
GUDLQDJH�LQ�WKH�6DOWRQ�6HD�DUHD��&DOLIRUQLD�
����²�����5HSRUW�WR�1DWLRQDO�,UULJDWLRQ�:DWHU
4XDOLW\�3URJUDP���8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�
&DUOVEDG��&DOLIRUQLD�

%HQQHWW��:�1���$�6��%URRNV��DQG�0�(��%RUDDV���������
6HOHQLXP�XSWDNH�DQG�WUDQVIHU�LQ�DQ�DTXDWLF�IRRG
FKDLQ�DQG�LWV�HIIHFWV�RQ�IDWKHDG�PLQQRZ�ODUYDH��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

%HUU\�:�/���DQG�:��6DYDJH����������7KH�GRVH
UHVSRQVH�FXUYH�RI�VHOHQLXP�LQ�SODQWV���,Q
2TQEGGFKPIU���5[ORQUKWO�QP�5GNGPKWO�KP�VJG
'PXKTQPOGPV���&DOLIRUQLD�$JULFXOWXUDO
7HFKQRORJ\�,QVWLWXWH��&DOLIRUQLD�6WDWH�8QLYHUVLW\�
)UHVQR��&DOLIRUQLD���S����²���

%HVVHU��-�0���7�-��&DQILHOG��DQG�7�:��/D3RLQW���������
%LRDFFXPXODWLRQ�RI�RUJDQLF�DQG�LQRUJDQLF
VHOHQLXP�LQ�D�ODERUDWRU\�IRRG�FKDLQ���'PXKTQP�
6QZKEQN��%JGO�������²���

%H\HU��:�1����������'XCNWCVKPI�UQKN�EQPVCOKPCVKQP���
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�%LRORJ\�5HSW�
�������²���

%LUJH��:�-���-�$��%ODFN��DQG�$�*��:HVWHUPDQ���������
(YDOXDWLRQ�RI�DTXDWLF�SROOXWDQWV�XVLQJ�ILVK�DQG
DPSKLELDQ�HJJV�DV�ELRDVVD\�RUJDQLVPV���,Q��
#PKOCNU�CU�OQPKVQTU�QH�GPXKTQPOGPVCN
RQNNWVCPVU���1DWLRQDO�$FDGHP\�RI�6FLHQFHV�
:DVKLQJWRQ���
S�����²����

%LUNQHU��-�+����������6HOHQLXP�LQ�DTXDWLF�RUJDQLVPV
IURP�VHOHQLIHURXV�KDELWDWV���3K�'��7KHVLV�
&RORUDGR�6WDWH�8QLYHUVLW\��)RUW�&ROOLQV�
&RORUDGR�

%R\XP��.�:���DQG�$�6��%URRNV����������7KH�HIIHFWV
RI�VHOHQLXP�LQ�ZDWHU�DQG�IRRG�RQ�&CRJPKC
SRSXODWLRQV���#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

%URRNV��$�6����������6HOHQLXP�LQ�WKH�HQYLURQPHQW���DQ
ROG�SUREOHP�ZLWK�QHZ�FRQFHUQV���&KDSWHU���LQ�
6JG�GHHGEVU�QH�VTCEG�GNGOGPVU�QP�CSWCVKE
GEQU[UVGOU���3URFHHGLQJV�IURP�D�:RUNVKRS�
0DUFK���²����������5DOHLJK��1RUWK�&DUROLQD��
&DUROLQD�3RZHU�DQG�/LJKW�&R���1HZ�+LOO��1RUWK
&DUROLQD�

%URZQH��&�/���DQG�-�1��'XPRQW����������7R[LFLW\�RI
VHOHQLXP�WR�GHYHORSLQJ�:GPQRWU�NCGXKU�HPEU\RV��
,��6QZKEQN��'PXKTQP��*GCNVJ������²����

%U\QH��$�5���/��.RVWD��DQG�3��6WHJQDU����������7KH
RFFXUUHQFH�RI�PHUFXU\�LQ�DPSKLELD���'PXKTQP�
.GVV�������²����

%XHFKQHU��+�.����������/LIH�KLVWRU\��HFRORJ\��DQG
UDQJH�XVH�RI�WKH�SURQJKRUQ�DQWHORSH�LQ�7UDQV�
3HFRV�7H[DV���#O��/KFN��0CV��������������

%XUJHU��-����������7UDFH�HOHPHQW�OHYHOV�LQ�SLQH�VQDNH
KDWFKOLQJV���WLVVXH�DQG�WHPSRUDO�GLIIHUHQFHV��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

%XUJHU��-���DQG�0��*RFKIHOG�������D���7UDFH�HOHPHQW
GLVWULEXWLRQ�LQ�JURZLQJ�IHDWKHUV���DGGLWLRQDO
H[FUHWLRQ�LQ�IHDWKHU�VKHDWKV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

%XUJHU��-���DQG�0��*RFKIHOG�������E���+HDY\�PHWDO
DQG�VHOHQLXP�FRQFHQWUDWLRQV�LQ�EODFN�VNLPPHUV
�4[PEJQRU�PKIGT����JHQGHU�GLIIHUHQFHV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

%XUJHU��-���DQG�0��*RFKIHOG����������+HDY\�PHWDO�DQG
VHOHQLXP�OHYHOV�LQ�IHDWKHUV�RI�\RXQJ�HJUHWV�DQG
KHURQV�IURP�+RQJ�.RQJ�DQG�6]HFKXDQ��&KLQD��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

%XUJHU��-���.��3DUVRQV��7��%HQVRQ��7��6KXNOD�
'��5RWKVWHLQ��DQG�0��*RFKIHOG�������D���+HDY\
PHWDO�DQG�VHOHQLXP�OHYHOV�LQ�\RXQJ�FDWWOH�HJUHWV
IURP�QHVWLQJ�FRORQLHV�LQ�WKH�1RUWKHDVWHUQ�8QLWHG
6WDWHV��3XHUWR�5LFR��DQG�(J\SW���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

%XUJHU��-���,�&�7��1LVEHW��DQG�0��*RFKIHOG�������E��
0HWDO�OHYHOV�LQ�UHJURZQ�IHDWKHUV���DVVHVVPHQW�RI
FRQWDPLQDWLRQ�RQ�WKH�ZLQWHULQJ�DQG�EUHHGLQJ
JURXQGV�LQ�WKH�VDPH�LQGLYLGXDOV���,��6QZKEQN�
'PXKTQP��*GCNVJ�������²����
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%XUJHU��-���0��/DVND��DQG�0��*RFKIHOG����������0HWDO
FRQFHQWUDWLRQV�LQ�IHDWKHUV�RI�ELUGV�IURP�3DSXD
1HZ�*XLQHD�IRUHVWV���HYLGHQFH�RI�SROOXWLRQ��
'PXKTQP��6QZKEQN��%JGO���������²�����

%XUJHU��-���0��3RNUDV��5��&KDIHO��DQG�0��*RFKIHOG��
�������+HDY\�PHWDO�FRQFHQWUDWLRQV�LQ�IHDWKHUV�RI
FRPPRQ�ORRQV��)CXKC�KOOGT��LQ�WKH
1RUWKHDVWHUQ�8QLWHG�6WDWHV�DQG�GLIIHUHQFHV�LQ
PHUFXU\�OHYHOV���'PXKTQP��/QPKV��#UUGUU������²��

%XWOHU��'�/���5�3��.UXHJHU��%�&��2VPXQGVRQ�
$�/��7KRPSVRQ��DQG�6�.��0F&DOO���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�)WPPKUQP�CPF
7PEQORCJITG�4KXGT�$CUKPU�CPF�CV�5YGKV\GT
.CMG��YGUV�EGPVTCN�%QNQTCFQ������ �����8�6�
*HRORJLFDO�6XUYH\�:DWHU�5HVRXUFHV�,QY��5HSW�
��²�����

&$67��&RXQFLO�IRU�$JULFXOWXUDO�6FLHQFH�DQG
7HFKQRORJ\�����������5LVN�DQG�EHQHILWV�RI
VHOHQLXP�LQ�DJULFXOWXUH���&RXQFLO�IRU�$JULFXOWXUDO
6FLHQFH�DQG�7HFKQRORJ\��$PHV��,RZD���,VVXH
3DSHU�1R����

&')*��&DOLIRUQLD�'HSDUWPHQW�RI�)LVK�DQG�*DPH���
�������5GNGPKWO�KP�YKNFNKHG�HTQO�CITQHQTGUVT[
RNCPVCVKQPU�KP�VJG�5CP�,QCSWKP�8CNNG[���(KPCN
4GRQTV�VQ�VJG�%CNKHQTPKC�&GRCTVOGPV�QH�9CVGT
4GUQWTEGU���&DOLI��'HSW��RI�)LVK�DQG�*DPH��%D\�
'HOWD�DQG�6SHFLDO�:DWHU�3URMHFWV�'LY���6WRFNWRQ�
&DOLIRUQLD��

&+�0�+LOO����������$KTF�WUG�CPF�TGRTQFWEVKQP�CV�VJG
4KEJOQPF�TGHKPGT[�YCVGT�GPJCPEGOGPV�YGVNCPF��
(KPCN�4GRQTV�VQ�%JGXTQP�4KEJOQPF�4GHKPGT[��
&+�0�+LOO��2DNODQG��&DOLIRUQLD�

��&+�0�+LOO����������5GNGPKWO�DKQCEEWOWNCVKQP
UVWF[�CV�%JGXTQP U�4KEJOQPF�TGHKPGT[�YCVGT
GPJCPEGOGPV�YGVNCPF���(KPCN�4GRQTV�VQ�%JGXTQP
4KEJOQPF�4GHKPGT[���&+�0�+LOO��2DNODQG�
&DOLIRUQLD�

&+�0�+LOO��+�7��+DUYH\�DQG�$VVRFLDWHV��DQG�
*�/��+RUQHU����������%WOWNCVKXG�KORCEVU�QH
CITKEWNVWTG�GXCRQTCVKQP�DCUKPU�QP�YKNFNKHG��
(KPCN�4GRQTV�VQ�VJG�%CNKHQTPKC�&GRCTVOGPV�QH
9CVGT�4GUQWTEGU���&+�0�+LOO��6DFUDPHQWR�
&DOLIRUQLD�

&KLOFRWW��-�(���&�$��(QRV��'�:��:HVWFRW��DQG�
$�/��7RWR����������5GFKOGPV�SWCNKV[�KP
GXCRQTCVKQP�DCUKPU�WUGF�HQT�VJG�FKURQUCN�QH
CITKEWNVWTCN�UWDUWTHCEG�FTCKPCIG�YCVGT�KP�VJG�5CP
,QCSWKP�8CNNG[��%CNKHQTPKC�������CPF�������
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO�%RDUG�
&HQWUDO�9DOOH\�5HJLRQ��6DFUDPHQWR��&DOLIRUQLD�

&ODUN��'�5���-U����������6HOHQLXP�DFFXPXODWLRQ�LQ
PDPPDOV�H[SRVHG�WR�FRQWDPLQDWHG�&DOLIRUQLD
LUULJDWLRQ�GUDLQZDWHU���5EK��6QVCN�'PXKTQP�
������²����

&ODUN��'�5���-U���3�$��2JDVDZDUD��*�-��6PLWK��DQG
+�0��2KOHQGRUI����������6HOHQLXP�DFFXPXODWLRQ
E\�UDFFRRQV�H[SRVHG�WR�LUULJDWLRQ�GUDLQZDWHU�DW
.HVWHUVRQ�1DWLRQDO�:LOGOLIH�5HIXJH��&DOLIRUQLD�
�������#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²������

&OHYHODQG��/���(�(��/LWWOH��'�5��%XFNOHU��DQG�
5�+��:LHGPH\HU����������7R[LFLW\�DQG
ELRDFFXPXODWLRQ�RI�ZDWHUERUQH�DQG�GLHWDU\
VHOHQLXP�LQ�MXYHQLOH�EOXHJLOO��.GRQOKU
OCETQEJKTWU����#SWCVKE�6QZKEQN��������²����

&RXJKODQ��'�-���DQG�-�6��9HOWH����������'LHWDU\�WR[LFLW\
RI�VHOHQLXP�FRQWDPLQDWHG�UHG�VKLQHUV�WR�VWULSHG
EDVV���6TCPU��#O��(KUJ��5QE���������²����

&R\OH��-�-���'�5��%XFNOHU��&�*��,QJHUVROO��-�)��)DLUFKLOG�
DQG�7�:��0D\����������(IIHFW�RI�GLHWDU\�VHOHQLXP
RQ�WKH�UHSURGXFWLYH�VXFFHVV�RI�EOXHJLOOV��.GRQOKU
OCETQEJKTWU����'PXKTQP��6QZKEQN��%JGO�
������²����

&UDQH��0���7��)ORZHU��'��+ROPHV��DQG�6��:DWVRQ��
�������7KH�WR[LFLW\�RI�VHOHQLXP�LQ�H[SHULPHQWDO
IUHVKZDWHU�SRQGV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²����

�&XYLQ�$UDODU��0�/�$���DQG�5�:��)XUQHVV���������
0HUFXU\�DQG�VHOHQLXP�LQWHUDFWLRQ���D�UHYLHZ��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

'DYLV��-�5����������#PCN[UKU�QH�HKUJ�MKNNU�CPF�CUUQEKCVGF
YCVGT�SWCNKV[�EQPFKVKQPU�KP�VJG�6TKPKV[�4KXGT�
6GZCU���+��4GXKGY�QH�JKUVQTKECN�FCVC������ ������
7H[DV�:DWHU�&RPP��5HSW��/3²��²�����$XVWLQ�
7H[DV�
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'XERLV��.����������%HQWRQ�/DNH�1DWLRQDO�:LOGOLIH
5HIXJH�FRQWDPLQDQW�VWXGLHV���$QQXDO�5HSRUW��
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��+HOHQD��0RQWDQD�

'X%RZ\��3����������(IIHFWV�RI�GLHW�RQ�VHOHQLXP
ELRDFFXPXODWLRQ�LQ�PDUVK�ELUGV���,��9KNFN�
/CPCIG��������²����

'Z\HU��)�-���6�$��%XUFK��&�*��,QJHUVROO��DQG�
-�%��+XQQ����������7R[LFLW\�RI�WUDFH�HOHPHQW�DQG
VDOLQLW\�PL[WXUHV�WR�VWULSHG�EDVV��/QTQPG
UCZCVKNKU��DQG�&CRJPKC�OCIPC���'PXKTQP�
6QZKEQN��%JGO��������²����

(GZDUGV��:�&���'�/��:KLWHQDFN��-�:��$OH[DQGHU��DQG
0�$��6RODQJL����������6HOHQLXP�WR[LFRVLV�LQ�WKUHH
&DOLIRUQLD�VHD�OLRQV��<CNQRJWU�ECNKHQTPKCPWU���
8GV��*WO��6QZKEQN��������²����

(LVHQEHUJ��'�$����������6HOHQLXP�DGGLWLRQ�WR�IHHGV��
<QQVGEJPKEC�+PV���-XO\�$XJXVW����²���

(LVOHU��5����������5GNGPKWO�JC\CTFU�VQ�HKUJ��YKNFNKHG�
CPF�KPXGTVGDTCVGU���C�U[PQRVKE�TGXKGY���8�6��)LVK
DQG�:LOGOLIH�6HUYLFH��3DWX[HQW�:LOGOLIH�5HVHDUFK
&HQWHU��/DXUHO��0'���&RQWDPLQDQW�+D]DUG
5HYLHZV�5HSW����

(PDQV��+�-�%���(�-�9�'��3ODVVFKH��-�+��&DQWRQ��
3�&��2NNHUPDQ��DQG�3�0��6SDUHQEXUJ���������
9DOLGDWLRQ�RI�VRPH�H[WUDSRODWLRQ�PHWKRGV�XVHG
IRU�HIIHFW�DVVHVVPHQW���'PXKTQP��6QZKEQN��%JGO�
�������²�����

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
#ODKGPV�YCVGT�SWCNKV[�ETKVGTKC�HQT
UGNGPKWO �������2IILFH�RI�:DWHU�5HJXODWLRQV
DQG�6WDQGDUGV��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
:DVKLQJWRQ�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK�DGYLVRULHV��
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��2IILFH
RI�:DWHU��:DVKLQJWRQ������S�

(5*��(DVWHUQ�5HVHDUFK�*URXS�����������5HSRUW�RQ
WKH�3HHU�&RQVXOWDWLRQ�:RUNVKRS�RQ�6HOHQLXP
$TXDWLF�7R[LFLW\�DQG�%LRDFFXPXODWLRQ���'UDIW
ILQDO�UHSRUW�WR�8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��2IILFH�RI�:DWHU��:DVKLQJWRQ��'&�

)DLUEURWKHU��$���DQG�-��)RZOHV����������6XEFKURQLF
HIIHFWV�RI�VRGLXP�VHOHQLWH�DQG�VHOHQRPHWKLRQLQH
RQ�VHYHUDO�LPPXQH�IXQFWLRQV�LQ�PDOODUGV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

)DQ��$�0���6�$��%RRN��5�5��1HXWUD��DQG�'�0�
(SVWHLQ����������6HOHQLXP�DQG�KXPDQ�KHDOWK
LPSOLFDWLRQV�LQ�&DOLIRUQLD·V�6DQ�-RDTXLQ�9DOOH\���,�
6QZKEQN��'PXKTQP��*GCNVJ�������²����

)HUP��9�+���'�3��+DQORQ��&�&��:LOOKLWH��:�1��&KR\�
DQG�6�$��%RRN����������(PEU\RWR[LFLW\�DQG�GRVH�
UHVSRQVH�UHODWLRQVKLSV�RI�VHOHQLXP�LQ�KDPVWHUV��
4GRTQF��6QZKEQN�������²����

)LQOH\��.�$����������2EVHUYDWLRQV�RI�EOXHJLOOV�IHG
VHOHQLXP�FRQWDPLQDWHG�*GZCIGPKC�Q\PSKV
FROOHFWHG�IURP�%HOHZV�/DNH��1RUWK�&DUROLQD��
$WNN��'PXKTQP��%QPVCO��6QZKEQN��������²����

)RH��&���DQG�$�:��.QLJKW����������6HOHQLXP
ELRDFFXPXODWLRQ��UHJXODWLRQ��DQG�WR[LFLW\�LQ�WKH
JUHHQ�DOJD��5GNGPCUVTWO�ECRTKEQTPWVWO��DQG
GLHWDU\�WR[LFLW\�RI�WKH�FRQWDPLQDWHG�DOJD�WR
&CRJPKC�OCIPC���,Q���2TQEGGFKPIU���5[ORQUKWO
QP�5GNGPKWO�KP�VJG�'PXKTQPOGPV���&DOLIRUQLD
$JULFXOWXUDO�7HFKQRORJ\�,QVWLWXWH��&DOLIRUQLD�6WDWH
8QLYHUVLW\��)UHVQR��&DOLIRUQLD���S����²���

)UHHPDQ��%�/���5�/��%HUQVWHLQ��DQG�6�7��%RZHQ���������
6HOHQLXP�WR[LFLW\�LQ�WZR�SRSXODWLRQVRI�#TVGOKC
HTCPEKUECPC���,Q���3��6RUJHORRV��'�$��%HQJVWRQ��
:��'HFOHLU��DQG�(��-DVSHUV��HGV���$UWHPLD�TGUGCTEJ
CPF�KVU�CRRNKECVKQPU���/QTRJQNQI[��IGPGVKEU��UVTCKP
EJCTCEVGTK\CVKQP��CPF�VQZKEQNQI[���8QLYHUVD�3UHVV�
:HWWHUHQ��%HOJLXP���S�����²�����

)XMLL��5����������9CVGT�SWCNKV[�CPF�UGFKOGPV�
EJGOKUVT[�FCVC�QH�FTCKP�YCVGT�CPF�GXCRQTCVKQP
HTQO�VJG�6WNCTG�.CMG�&TCKPCIG�&KUVTKEV��-KPIU
%QWPV[��%CNKHQTPKC��/CTEJ������VQ�/CTEJ�������
8�6��*HRORJLFDO�6XUYH\�2SHQ�)LOH�5HSW����²����

*DUUHWW��*�3���DQG�&�5��,QPDQ����������6HOHQLXP�
LQGXFHG�FKDQJHV�LQ�ILVK�SRSXODWLRQV�RI�D�KHDWHG
UHVHUYRLU���2TQE��#PP��%QPH��5QWVJGCUV��#UUQE�
(KUJ�9KNFN��#IGPEKGU�������²����

*LOOHVSLH��5�%���DQG�3�&��%DXPDQQ����������(IIHFWV�RI
KLJK�WLVVXH�FRQFHQWUDWLRQV�RI�VHOHQLXP�RQ
UHSURGXFWLRQ�E\�EOXHJLOOV���6TCPU��#O��(KUJ��5QE�
�������²����
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*LUOLQJ��&�$����������6HOHQLXP�LQ�DJULFXOWXUH�DQG�
WKH�HQYLURQPHQW���#ITKEWNV��'EQU[U��'PXKTQP�
�����²���

*KRVK��$���6��6DUNDU��$�.��3UDPDQLN��6��*KRVK��DQG
6��3DOFKRZGKXU\����������6HOHQLXP�WR[LFRVLV�LQ
JUD]LQJ�EXIIDORHV�DQG�LWV�UHODWLRQVKLS�ZLWK�VRLO
DQG�SODQWV�RI�:HVW�%HQJDO���+PFKCP�,��#PKO��5EK�
������²����

*/6$%��*UHDW�/DNHV�6FLHQFH�$GYLVRU\�%RDUG���
�������4GRQTV�QH�VJG�#SWCVKE�'EQU[UVGO
1DLGEVKXGU�%QOOKVVGG���,QWHUQDWLRQDO�-RLQW
&RPPLVVLRQ��*UHDW�/DNHV�5HJLRQDO�2IILFH�
:LQGVRU��2QWDULR��&DQDGD�

*RRGVHOO��-�7����������'LVWULEXWLRQ�RI�ZDWHUELUG
EURRGV�UHODWLYH�WR�ZHWODQG�VDOLQLW\�DQG�S+�LQ
VRXWK�ZHVWHUQ�$XVWUDOLD���#WUV��9KNFN��4GU�
������²����

*UHHQ��'�(���DQG�3�+��$OEHUV����������'LDJQRVWLF
FULWHULD�IRU�VHOHQLXP�WR[LFRVLV�LQ�DTXDWLF�ELUGV�
KLVWRORJLF�OHVLRQV���,��9KNFN��&KU��������²����

+DPLOWRQ��6�-����������6HOHQLXP�HIIHFWV�RQ
HQGDQJHUHG�ILVK�LQ�WKH�&RORUDGR�5LYHU�%DVLQ���
,Q���:�7��)UDQNHQEHUJHU��-U���DQG�5�$��(QJEHUJ�
HGV���'PXKTQPOGPVCN�EJGOKUVT[�QH�UGNGPKWO��
0DUFHO�'HNNHU��,QF���1HZ�<RUN���S�����²����

+DPLOWRQ��6�-���DQG�%��:DGGHOO����������6HOHQLXP�LQ
HJJV�DQG�PLOW�RI�UD]RUEDFN�VXFNHU��:[TCWEJGP
VGZCPWU��LQ�WKH�0LGGOH�*UHHQ�5LYHU��8WDK���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+DPLOWRQ��6�-���DQG�5�+��:LHGPH\HU���������
&RQFHQWUDWLRQV�RI�ERURQ��PRO\EGHQXP��DQG
VHOHQLXP�LQ�FKLQRRN�VDOPRQ���6TCPU��#O��(KUJ�
5QE���������²����

+DPLOWRQ��6�-���.�-��%XKO��1�/��)DHUEHU��
5�+��:LHGPH\HU��DQG�)�$��%XOODUG���������
7R[LFLW\�RI�RUJDQLF�VHOHQLXP�LQ�WKH�GLHW�WR
FKLQRRN�VDOPRQ���'PXKTQP��6QZKEQN��%JGO��
�����²����

+DPLOWRQ��6�-���.�-��%XKO��)�$��%XOODUG��DQG�
6�)��0F'RQDOG����������(YDOXDWLRQ�RI�WR[LFLW\�WR
ODUYDO�UD]RUEDFN�VXFNHU�RI�VHOHQLXP�ODGHQ�IRRG
RUJDQLVPV�IRU�2XUD\�1:5�RQ�WKH�*UHHQ�5LYHU�
8WDK���)LQDO�5HSRUW�WR�5HFRYHU\�,PSOHPHQWDWLRQ
3URJUDP�IRU�(QGDQJHUHG�)LVK�6SHFLHV�LQ�WKH
8SSHU�&RORUDGR�5LYHU�%DVLQ���1DWLRQDO�%LRORJLFDO
6HUYLFH��<DQNWRQ��6RXWK�'DNRWD�

+DZNHV��:�&���&�&��:LOOKLWH��6�7��2PD\H��'�1��&R[�
:�1��&KR\��DQG�$�)��7DUDQWDO����������6HOHQLXP
NLQHWLFV��SODFHQWDO�WUDQVIHU��DQG�QHRQDWDO�H[SRVXUH
LQ�F\QRPROJXV�PDFDTXHV��/CECEC�HCUEKEWNCTKU���
6GTCVQNQI[�������²����

+HGOXQG��-�'����������&RQVHUYDWLRQ�SODQQLQJ�IRU
ZDWHU�TXDOLW\�FRQFHUQV��7R[LF�HOHPHQW³
VHOHQLXP���8�6��6RLO�&RQVHUYDWLRQ�6HUYLFH��:HVW
1DWLRQDO�7HFKQLFDO�&HQWHU��3RUWODQG��2UHJRQ��
7HFKQLFDO�1RWH��:DWHU�4XDOLW\�6HULHV�1R��:���

+HLQ��5�*���3�$��7DOFRWW��-�/��6PLWK��DQG�:�/��0\HUV��
�������%ORRG�VHOHQLXP�YDOXHV�RI�VHOHFWHG�ZLOGOLIH
SRSXODWLRQV�LQ�:DVKLQJWRQ���0QTVJYGUV�5EK�
������²����

+HLQ]��*�+����������5GNGPKWO�RQKUQPKPI�KP�DKTFU
+PHQTOCVKQP�HTQO�NCDQTCVQT[�UVWFKGU���8�6��)LVK
DQG�:LOGOLIH�6HUYLFH��3DWX[HQW�:LOGOLIH�5HVHDUFK
&HQWHU��/DXUHO��0DU\ODQG���5HV��,QI��%XOO����²���

+HLQ]��*�+����������6HOHQLXP�DFFXPXODWLRQ�DQG�ORVV
LQ�PDOODUG�HJJV���'PXKTQP��6QZKEQN��%JGO�
������²����

+HLQ]��*�+����������6HOHQLXP�LQ�ELUGV���,Q���
:�1��%H\HU��*�+��+HLQ]��DQG�$�:��5HGPRQ�
HGV���+PVGTRTGVKPI�GPXKTQPOGPVCN�EQPVCOKPCPVU
KP�CPKOCN�VKUUWGU���/HZLV�3XEOLVKHUV��%RFD�5DWRQ�
)ORULGD���S�����²����

+HLQ]��*�+���DQG�0�$��)LW]JHUDOG�������D��
5HSURGXFWLRQ�RI�PDOODUGV�IROORZLQJ�RYHUZLQWHU
H[SRVXUH�WR�VHOHQLXP���'PXKTQP��2QNNWV�
������²����

+HLQ]��*�+���DQG�0�$��)LW]JHUDOG�������E��
2YHUZLQWHU�VXUYLYDO�RI�PDOODUGV�IHG�VHOHQLXP��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN�������²���

+HLQ]��*�+���DQG�'�-��+RIIPDQ���������
0HWK\OPHUFXU\�FKORULGH�DQG�VHOHQRPHWKLRQLQH
LQWHUDFWLRQV�RQ�KHDOWK�DQG�UHSURGXFWLRQ�LQ
PDOODUGV���'PXKTQP��6QZKEQN��%JGO��������²����



6HOHQLXP

���

+HLQ]��*�+���'�-��+RIIPDQ��$�-��.U\QLWVN\��DQG
'�0�*��:HOOHU����������5HSURGXFWLRQ�LQ�PDOODUGV
IHG�VHOHQLXP���'PXKTQP��6QZKEQN��%JGO�
�����²����

+HLQ]��*�+���'�-��+RIIPDQ��DQG�/�*��*ROG���������
,PSDLUHG�UHSURGXFWLRQ�RI�PDOODUGV�IHG�DQ
RUJDQLF�IRUP�RI�VHOHQLXP���,��9KNFN��/CPCIG�
������²����

+HLQ]��*�+���*�:��3HQGOHWRQ��$�-��.U\QLWVN\��DQG
/�*��*ROG����������6HOHQLXP�DFFXPXODWLRQ�DQG
HOLPLQDWLRQ�LQ�PDOODUGV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

+HLQ]��*�+���+�)��3HUFLYDO��DQG�0�/��-HQQLQJV���������
&RQWDPLQDQWV�LQ�$PHULFDQ�DOOLJDWRU�HJJV�IURP
/DNH�$SRSND��/DNH�*ULIILQ��DQG�/DNH
2NHHFKREHH��)ORULGD���'PXKTQP��/QPKVQT��#UUGUU�
������²����

+HLQ]��*�+���'�-��+RIIPDQ��DQG�/�-��/H&DSWDLQ��
�������7R[LFLW\�RI�VHOHQR�.�PHWKLRQLQH��VHOHQR�
&.�PHWKLRQLQH��KLJK�VHOHQLXP�ZKHDW��DQG
VHOHQL]HG�\HDVW�WR�PDOODUG�GXFNOLQJV���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN�������²�����

+HQQ\��&�-���DQG�*�%��+HUURQ����������''(�
VHOHQLXP��PHUFXU\��DQG�ZKLWH�IDFHG�LELV
UHSURGXFWLRQ�DW�&DUVRQ�/DNH��1HYDGD���,��9KNFN�
/CPCIG���������²�����

+HUPDQXW]��5�2���.�1��$OOHQ��7�+��5RXVK��DQG�
6�)��+HGWNH����������6HOHQLXP�HIIHFWV�RQ�EOXHJLOOV
�.GRQOKU�OCETQEJKTWU��LQ�RXWGRRU�H[SHULPHQWDO
VWUHDPV�>DEV�@���,Q���'PXKTQPOGPVCN
EQPVCOKPCPVU�CPF�VJGKT�GHHGEVU�QP�DKQVC�QH�VJG
PQTVJGTP�)TGCV�2NCKPU���6\PSRVLXP��0DUFK
��²����������%LVPDUFN��1RUWK�'DNRWD���:LOGOLIH
6RFLHW\��1RUWK�'DNRWD�&KDSWHU��%LVPDUFN��1RUWK
'DNRWD�

+HUPDQXW]��5�2���.�1��$OOHQ��7�+��5RXVK��DQG�
6�)��+HGWNH����������(IIHFWV�RI�HOHYDWHG�VHOHQLXP
FRQFHQWUDWLRQV�RQ�EOXHJLOOV��.GRQOKU
OCETQEJKTWU��LQ�RXWGRRU�H[SHULPHQWDO�VWUHDPV��
'PXKTQP��6QZKEQN��%JGO��������²����

+RGVRQ��3�9����������,QGLFDWRUV�RI�HFRV\VWHP�KHDOWK
DW�WKH�VSHFLHV�OHYHO�DQG�WKH�H[DPSOH�RI�VHOHQLXP
HIIHFWV�RQ�ILVK���'PXKTQP��/QPKV��#UUGUU�
������²����

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��
(��&URPDUWLH��DQG�*�:��3HQGOHWRQ���������
,QWHUDFWLYH�HIIHFWV�RI�ERURQ��VHOHQLXP��DQG�GLHWDU\
SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG�SK\VLRORJ\�LQ
PDOODUG�GXFNOLQJV���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN���������²����

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��
(��&URPDUWLH��DQG�*�:��3HQGOHWRQ�������D��
,QWHUDFWLYH�HIIHFWV�RI�DUVHQDWH��VHOHQLXP��DQG
GLHWDU\�SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG
SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN�������²���

+RIIPDQ��'�-���&�-��6DQGHUVRQ��/�-��/H&DSWDLQ��
(��&URPDUWLH��DQG�*�:��3HQGOHWRQ�������E��
,QWHUDFWLYH�HIIHFWV�RI�VHOHQLXP��PHWKLRQLQH��DQG
GLHWDU\�SURWHLQ�RQ�VXUYLYDO��JURZWK��DQG
SK\VLRORJ\�LQ�PDOODUG�GXFNOLQJV���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN���������²����

+RWKHP��5�/���DQG�+�0��2KOHQGRUI���������
&RQWDPLQDQWV�LQ�IRRGV�RI�DTXDWLF�ELUGV�DW
.HVWHUVRQ�5HVHUYRLU��&DOLIRUQLD���������#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

+XFNDEHH��-�:���)�2��&DUWDQ��DQG�*�6��.HQQLQJWRQ��
�������(QYLURQPHQWDO�LQIOXHQFH�RQ�WUDFH�HOHPHQWV
LQ�KDLU�RI����VSHFLHV�RI�PDPPDOV���$WRPLF
(QHUJ\�&RPPLVVLRQ��2DN�5LGJH��7HQQHVVHH��
2DN�5LGJH�1DWLRQDO�/DERUDWRU\�7HFKQLFDO�0DQXDO
�����

,KQDW��0����������1EEWTTGPEG�CPF�FKUVTKDWVKQP�QH
UGNGPKWO���&5&�3UHVV��,QF���%RFD�5DWRQ��)ORULGD�

,QJHUVROO��&�*���)�-��'Z\HU��DQG�7�:��0D\���������
7R[LFLW\�RI�LQRUJDQLF�DQG�RUJDQLF�VHOHQLXP�WR
&CRJPKC�OCIPC��&ODGRFHUD��DQG�%JKTQPQOWU
TKRCTKWU��'LSWHUD����'PXKTQP��6QZKEQN��%JGO�
������²�����

-DPHV��/�)���:�-��+DUWOH\��DQG�.�5��9DQ�.DPSHQ��
�������6\QGURPHV�RI�#UVTCICNWU�SRLVRQLQJ�LQ
OLYHVWRFN���,��#O��8GV��/GF��#UUQE���������²������

-HQNLQV��'�:����������$KQNQIKECN�OQPKVQTKPI�QH�VQZKE
VTCEG�OGVCNU���9ROXPH����6QZKE�VTCEG�OGVCNU�KP
RNCPVU�CPF�CPKOCNU�QH�VJG�YQTNF���3DUWV�,��,,��DQG
,,,���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
(QYLURQPHQWDO�0RQLWRULQJ�6\VWHPV�/DERUDWRU\�
/DV�9HJDV��1HYDGD���(3$²�����²��²����
(3$²�����²��²�����DQG�(3$²�����²��²����

-RKQVJDDUG��3�$����������6JG�RNQXGTU��UCPFRKRGTU��CPF
UPKRGU�QH�VJG�YQTNF���8QLYHUVLW\�RI�1HEUDVND
3UHVV��/LQFROQ��1HEUDVND�
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-RKQVWRQ��3�$����������$FXWH�WR[LFLW\�RI�LQRUJDQLF
VHOHQLXP�WR�&CRJPKC�OCIPC��6WUDXV��DQG�WKH
HIIHFW�RI�VXE�DFXWH�H[SRVXUH�XSRQ�JURZWK�DQG
UHSURGXFWLRQ���#SWCV��6QZKEQN���������²����

.DLVHU��,�,���3�$��<RXQJ��DQG�-�'��-RKQVRQ���������
&KURQLF�H[SRVXUH�RI�WURXW�WR�ZDWHUV�ZLWK
QDWXUDOO\�KLJK�VHOHQLXP�OHYHOV���HIIHFWV�RQ
WUDQVIHU�51$�PHWK\ODWLRQ���,��(KUJ��4GU��$QCTF
%CP��������²����

.LIIQH\��3���DQG�$��.QLJKW����������7KH�WR[LFLW\�DQG
ELRDFFXPXODWLRQ�RI�VHOHQDWH��VHOHQLWH��DQG�VHOHQR�
.�PHWKLRQLQH�LQ�WKH�F\DQREDFWHULXP�#PCDCGPC
HNQU�CSWCG���#TEJ��'PXKTQP��%QPVCO��6QZKEQN��
������²����

.LQJ��.�$����������(OHYDWHG�VHOHQLXP�FRQFHQWUDWLRQV
DUH�GHWHFWHG�LQ�ZLOGOLIH�QHDU�D�SRZHU�SODQW��
4GUGCTEJ�+PHQTOCVKQP�$WNNGVKP���²�����8�6��)LVK
DQG�:LOGOLIH�6HUYLFH��)RUW�&ROOLQV��&RORUDGR�

.LQJ��.�$���7�:��&XVWHU��DQG�'�$��:HDYHU���������
5HSURGXFWLYH�VXFFHVV�RI�EDUQ�VZDOORZV�QHVWLQJ
QHDU�D�VHOHQLXP�FRQWDPLQDWHG�ODNH�LQ�(DVW�7H[DV�
86$���'PXKTQP��2QNNWV�������²���

.ROOHU��/�'���DQG�-�+��([RQ����������7KH�WZR�IDFHV�RI
VHOHQLXP³GHILFLHQF\�DQG�WR[LFLW\³DUH�VLPLODU�LQ
DQLPDOV�DQG�PDQ���%CP��,��8GV��4GU��������²����

/HPO\��$�'�������D���(FRORJLFDO�EDVLV�IRU�UHJXODWLQJ
DTXDWLF�HPLVVLRQV�IURP�WKH�SRZHU�LQGXVWU\���WKH
FDVH�ZLWK�VHOHQLXP��4GIWN��6QZKEQN��2JCTOCEQN�
�����²����

/HPO\��$�'�������E���7R[LFRORJ\�RI�VHOHQLXP�LQ�D
IUHVKZDWHU�UHVHUYRLU���LPSOLFDWLRQV�IRU
HQYLURQPHQWDO�KD]DUG�HYDOXDWLRQ�DQG�VDIHW\��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

/HPO\��$�'�������D���*XLGHOLQHV�IRU�HYDOXDWLQJ
VHOHQLXP�GDWD�IURP�DTXDWLF�PRQLWRULQJ�DQG
DVVHVVPHQW�VWXGLHV���'PXKTQP��/QPKVQT��#UUGUU�
�����²����

/HPO\��$�'�������E���7HUDWRJHQLF�HIIHFWV�RI�VHOHQLXP
LQ�QDWXUDO�SRSXODWLRQV�RI�IUHVKZDWHU�ILVK��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

/HPO\��$�'�������F���0HWDEROLF�VWUHVV�GXULQJ�ZLQWHU
LQFUHDVHV�WKH�WR[LFLW\�RI�VHOHQLXP�WR�ILVK��
#SWCVKE�6QZKEQN��������²����

/HPO\��$�'����������$�SURWRFRO�IRU�DTXDWLF�KD]DUG
DVVHVVPHQW�RI�VHOHQLXP���'EQVQZKEQN��'PXKTQP�
5CHGV[�������²����

/HPO\��$�'�������D���6HOHQLXP�LQ�DTXDWLF�RUJDQLVPV��
,Q���:�1��%H\HU��*�+��+HLQ]��DQG�$�:��5HGPRQ�
1RUZRRG��HGV���'PXKTQPOGPVCN�EQPVCOKPCPVU�KP
YKNFNKHG��+PVGTRTGVKPI�VKUUWG�EQPEGPVTCVKQPU���&5&
3UHVV��/HZLV�3XEOLVKHUV��%RFD�5DWRQ��)ORULGD���S�
��������

/HPO\��$�'�������E���$VVHVVLQJ�WKH�WR[LF�WKUHDW�RI
VHOHQLXP�WR�ILVK�DQG�DTXDWLF�ELUGV���'PXKTQP�
/QPKV��#UUGUU�������²���

/HPO\��$�'�������F���(YDOXDWLRQ�RI�WKH�KD]DUG
TXRWLHQW�PHWKRG�IRU�ULVN�DVVHVVPHQW�RI�VHOHQLXP��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²����

/HPO\��$�'�������G���:LQWHU�VWUHVV�V\QGURPH���$Q
LPSRUWDQW�FRQVLGHUDWLRQ�IRU�KD]DUG�DVVHVVPHQW�RI
DTXDWLF�SROOXWDQWV���'EQVQZKEQN��'PXKTQP��5CHGV[
������²����

/HPO\��$�'�������D���3DWKRORJ\�RI�VHOHQLXP�SRLVRQLQJ
LQ�ILVK���,Q���:�7��)UDQNHQEHUJHU��-U���DQG�5�$�
(QJEHUJ��HGV���'PXKTQPOGPVCN�EJGOKUVT[�QH
UGNGPKWO���0DUFHO�'HNNHU��,QF���1HZ�<RUN���
S�����²����

/HPO\��$�'�������E���$�SRVLWLRQ�SDSHU�RQ�VHOHQLXP�LQ
HFRWR[LFRORJ\���$�SURFHGXUH�IRU�GHULYLQJ�VLWH�
VSHFLILF�ZDWHU�TXDOLW\�FULWHULD���'EQVQZKEQN�
'PXKTQP��5CHGV[�����²��

/HPO\��$�'���DQG�*�-��6PLWK����������#SWCVKE�E[ENKPI
QH�UGNGPKWO���KORNKECVKQPU�HQT�HKUJ�CPF�YKNFNKHG���
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��:DVKLQJWRQ���)LVK
DQG�:LOGOLIH�/HDIOHW����

/LOOHER��+�3���6��6KDQHU��'��&DUOVRQ��1��5LFKDUG��DQG
3��'X%RZ\����������9CVGT�SWCNKV[�ETKVGTKC�HQT
UGNGPKWO�CPF�QVJGT�VTCEG�GNGOGPVU�HQT�RTQVGEVKQP
QH�CSWCVKE�NKHG�CPF�KVU�WUGU�KP�VJG�5CP�,QCSWKP
8CNNG[����&DOLIRUQLD�6WDWH�:DWHU�5HVRXUFHV
&RQWURO�%RDUG��6DFUDPHQWR��&DOLIRUQLD���6:5&%
2UGHU�
1R��:�4����²����7HFKQLFDO�&RPPLWWHH�5HSRUW�
$SSHQGL[�'�

/LQGTYLVW��2���.��-RKDQVVRQ��0��$DVWUXS��
$��$QGHUVVRQ��/��%ULQJPDUN��*��+RYVHQLXV��
/��+DNDQVRQ��$��,YHUIHOGW��0��0HLOL��DQG�
%��7LPP����������0HUFXU\�LQ�WKH�6ZHGLVK
HQYLURQPHQW���5HFHQW�UHVHDUFK�RQ�FDXVHV�
FRQVHTXHQFHV�DQG�FRUUHFWLYH�PHWKRGV���9CVGT�
#KT�5QKN�2QNNWV������²�����
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/RUHQW]HQ��0���$��0DDJH��DQG�.��-XOVKDPP���������
(IIHFWV�RI�GLHWDU\�VHOHQLWH�RU�VHOHQRPHWKLRQLQH�RQ
WLVVXH�VHOHQLXP�OHYHOV�RI�$WODQWLF�VDOPRQ��5CNOQ
UCNCT����#SWCEWNVWTG��������²����

0DJQXVRQ��-�0���$�0��)RUEHV��'�0��+DUUHOO��DQG�-�'�
6FKZDU]PHLHU����������5HVSRQVHV�RI�
VWUHDP�LQYHUWHEUDWHV�WR�DQ�DVK�SLW�HIIOXHQW���
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�
:LVFRQVLQ�3RZHU�3ODQW�,PSDFW�6WXG\��'XOXWK�
0LQQHVRWD���5HSW��(3$²�����²��²����

0DLHU��.�-���DQG�$�:��.QLJKW����������(FRWR[LFRORJ\
RI�VHOHQLXP�LQ�IUHVKZDWHU�V\VWHPV���4GX�
'PXKTQP��%QPVCO��6QZKEQN���������²���

0DLHU��.�-���&��)RH��5�6��2JOH��0�-��:LOOLDPV��
$�:��.QLJKW��3��.LIIQH\��DQG�/�$��0HOWRQ���������
7KH�G\QDPLFV�RI�VHOHQLXP�LQ�DTXDWLF�HFRV\VWHPV��
,Q���'�'��+HPSKLOO��HG���6TCEG�UWDUVCPEGU�KP
GPXKTQPOGPVCN�JGCNVJ���8QLYHUVLW\�RI�0LVVRXUL�
&ROXPELD��0LVVRXUL���S�����²����

0DNHOD��$��/���:��&��:DQJ��0��+DPDODLQHQ��
9��1DQWR��3��/DLKRQHQ��+��.RWLODLQHQ��
/��;��0HQJ��DQG�3��0DNHOD����������(QYLURQ�
PHQWDO�HIIHFWV�RI�QDWLRQZLGH�VHOHQLXP
IHUWLOL]DWLRQ�LQ�)LQODQG���$KQN��6TCEG�'NGO��4GU�
������²����

0DOFKRZ��'�(���$�:��.QLJKW��DQG�.�-��0DLHU���������
%LRDFFXPXODWLRQ�DQG�WR[LFLW\�RI�VHOHQLXP�LQ
%JKTQPQOWU�FGEQTWU�IHG�D�GLHW�RI�VHOHQLIHURXV
5GNGPCUVTWO�ECRTKEQTPWVWO���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

0DUWLQ��'�%���DQG�:�$��+DUWPDQ����������$UVHQLF�
FDGPLXP��OHDG��PHUFXU\��DQG�VHOHQLXP�LQ
VHGLPHQWV�RI�ULYHULQH�DQG�SRWKROH�ZHWODQGV�RI
WKH�1RUWK�&HQWUDO�8QLWHG�6WDWHV���,��#UUQE��1HH�
#PCN��%JGO���������²�����

0DUWLQ��3�)����������7KH�WR[LF�DQG�WHUDWRJHQLF�HIIHFWV
RI�VHOHQLXP�DQG�ERURQ�RQ�DYLDQ�UHSURGXFWLRQ��
0�6��7KHVLV��8QLYHUVLW\�RI�&DOLIRUQLD��'DYLV�
&DOLIRUQLD�

0DVVFKHOH\Q��3�+���DQG�:�+��3DWULFN���������
%LRJHRFKHPLFDO�SURFHVVHV�DIIHFWLQJ�VHOHQLXP
F\FOLQJ�LQ�ZHWODQGV���'PXKTQP��6QZKEQN��%JGO�
�������²�����

0HGOLQ��-�$����������&KHYURQ�PDUVK�DYLDQ�ULVN�VWXG\��
FRPPHQW�OHWWHU���8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�
6DFUDPHQWR��&DOLIRUQLD����'HFHPEHU����������

0HLOL��0����������'UDPDWLF�HIIHFWV�RI�VHOHQLXP
DGGLWLRQ�WR�ODNHV�RQ�WKH�PHUFXU\�FRQFHQWUDWLRQV
DQG�WKH�VXUYLYDO�RI�ILVK���)RXUWK�,QWHUQDWLRQDO
&RQIHUHQFH�RQ�0HUFXU\�DV�D�*OREDO�3ROOXWDQW�
$XJXVW��²���������+DPEXUJ��*HUPDQ\���$EVWUDFW
ERRN��S�����

1DGG\��5�%���7�:��/D�3RLQW��DQG�6�-��.ODLQH���������
7R[LFLW\�RI�DUVHQLF��PRO\EGHQXP��DQG�VHOHQLXP
FRPELQDWLRQV�WR�%GTKQFCRJPKC�FWDKC���'PXKTQP�
6QZKEQN��%JGO��������²����

15&��1DWLRQDO�5HVHDUFK�&RXQFLO����������
4GEQOOGPFGF�FCKN[�CNNQYCPEGU���WK�HG��
1DWLRQDO�5HVHDUFK�&RXQFLO��)RRG�DQG�1XWULWLRQ
%RDUG��&RPPLWWHH�RQ�'LHWDU\�$OORZDQFHV��
1DWLRQDO�$FDGHP\�3UHVV��:DVKLQJWRQ�

15&��1DWLRQDO�5HVHDUFK�&RXQFLO�����������+TTKICVKQP�
KPFWEGF�YCVGT�SWCNKV[�RTQDNGOU���9JCV�ECP�DG
NGCTPGF�HTQO�VJG�5CP�,QCSWKP�8CNNG[�GZRGTKGPEG!��
1DWLRQDO�5HVHDUFK�&RXQFLO��&RPPLWWHH�RQ
,UULJDWLRQ�,QGXFHG�:DWHU�4XDOLW\�3UREOHPV��
1DWLRQDO�$FDGHP\�3UHVV��:DVKLQJWRQ�

1XXWLQHQ��6���DQG�-�9�.��.XNNRQHQ����������7KH
HIIHFW�RI�VHOHQLXP�DQG�RUJDQLF�PDWHULDO�LQ�ODNH
VHGLPHQWV�RQ�WKH�ELRDFFXPXODWLRQ�RI
PHWK\OPHUFXU\�E\�.WODTKEWNWU�XCTKGICVWU
�2OLJRFKDHWD����$KQIGQEJGOKUVT[�������²����

2JOH��5�6���DQG�$�:��.QLJKW����������(IIHFWV�RI
HOHYDWHG�IRRGERUQH�VHOHQLXP�RQ�JURZWK�DQG
UHSURGXFWLRQ�RI�WKH�IDWKHDG�PLQQRZ�
2KOGRJCNGU
RTQOGNCU����#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

2JOH��5�6���.�-��0DLHU��3��.LIIQH\��0�-��:LOOLDPV��
$��%UDVKHU��/�$��0HOWRQ��DQG�$�:��.QLJKW���������
%LRDFFXPXODWLRQ�RI�VHOHQLXP�LQ�DTXDWLF
HFRV\VWHPV���.CMG�4GUGTXQKT�/CPCIG�������²����

2KOHQGRUI��+�0����������%LRDFFXPXODWLRQ�DQG�HIIHFWV
RI�VHOHQLXP�LQ�ZLOGOLIH���,Q���/�:��-DFREV��HG��
5GNGPKWO�KP�CITKEWNVWTG�CPF�VJG�GPXKTQPOGPV���
$PHULFDQ�6RFLHW\�RI�$JURQRP\�DQG�6RLO�6FLHQFH
6RFLHW\�RI�$PHULFD��0DGLVRQ��:LVFRQVLQ���6SHFLDO
3XEOLFDWLRQ�����S�����²����

2KOHQGRUI��+�0���DQG�*�0��6DQWROR���������
.HVWHUVRQ�5HVHUYRLU�SDVW��SUHVHQW��DQG�
IXWXUH���DQ�HFRORJLFDO�ULVN�DVVHVVPHQW���,Q���
:�7��)UDQNHQEHUJHU��-U���DQG�6��%HQVRQ��HGV��
5GNGPKWO�KP�VJG�GPXKTQPOGPV���0DUFHO�'HNNHU�
,QF���1HZ�<RUN���S����²����
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2KOHQGRUI��+�0���5�/��+RWKHP��&�0��%XQFN��
7�:��$OGULFK��DQG�-�)��0RRUH���������
5HODWLRQVKLSV�EHWZHHQ�VHOHQLXP�FRQFHQWUDWLRQV
DQG�DYLDQ�UHSURGXFWLRQ���6TCPU��0��#O��9KNFN�
0CV��4GUQWTEG�%QPH��������²����

2KOHQGRUI��+�0���$�:��.LOQHVV��-�/��6LPPRQV��
5�.��6WURXG��'�-��+RIIPDQ��DQG�-�)��0RRUH��
����D���6HOHQLXP�WR[LFRVLV�LQ�ZLOG�DTXDWLF�ELUGV��
,��6QZKEQN��'PXKTQP��*GCNVJ������²���

2KOHQGRUI��+�0���5�/��+RWKHP��DQG�7�:��$OGULFK��
����E���%LRDFFXPXODWLRQ�RI�VHOHQLXP�E\�VQDNHV
DQG�IURJV�LQ�WKH�6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��
%QRGKC������������²����

2KOHQGRUI��+�0���5�/��+RWKHP��&�0��%XQFN��DQG
.�&��0DURLV����������%LRDFFXPXODWLRQ�RI
VHOHQLXP�LQ�ELUGV�DW�.HVWHUVRQ�5HVHUYRLU�
&DOLIRUQLD���#TEJ��'PXKTQP��%QPVCO��6QZKEQN�
������²����

2KOHQGRUI��+�0���-�3��6NRUXSD��0�.��6DLNL��DQG�
'�$��%DUQXP����������)RRG�FKDLQ�WUDQVIHU�RI
WUDFH�HOHPHQWV�WR�ZLOGOLIH���,Q���5�*��$OOHQ�DQG
&�0�8��1HDOH��HGV���/CPCIGOGPV�QH�KTTKICVKQP
CPF�FTCKPCIG�U[UVGOU���+PVGITCVGF�2GTURGEVKXGU��
$PHULFDQ�6RFLHW\�RI�&LYLO�(QJLQHHUV��1HZ�<RUN��
S�����²����

2OGILHOG��-�(����������5GNGPKWO���KVU�WUGU�KP
CITKEWNVWTG��PWVTKVKQP���JGCNVJ��CPF
GPXKTQPOGPV���6HOHQLXP�7HOOXULXP
'HYHORSPHQW�$VVRFLDWLRQ��,QF���'DULHQ�
&RQQHFWLFXW���6SHFLDO�3XEOLFDWLRQ�

2OLYHU��0�1���*��5RV�0F*DXUDQ��'��-HVVXS��
%��1RUPDQ��DQG�&��)UDQWL����������6HOHQLXP
FRQFHQWUDWLRQV�LQ�EORRG�RI�IUHH�UDQJLQJ�PXOH
GHHU�LQ�&DOLIRUQLD���6TCPU��9GUV��5GEV��9KNFN��5QE�
�����²���

2OVRQ��2�(����������6HOHQLXP�LQ�SODQWV�DV�D�FDXVH�RI
OLYHVWRFN�SRLVRQLQJ���,Q���5�)��.HHOHU�HW�DO���HGV��
'HHGEVU�QH�RQKUQP�RNCPVU�QP�NKXGUVQEM���$FDGHPLF
3UHVV��1HZ�<RUN���S�����²����

2OVRQ��2�(����������6HOHQLXP�WR[LFLW\�LQ�DQLPDOV�ZLWK
HPSKDVLV�RQ�PDQ���,��#O��%QNN��6QZKEQN�
����²���

2VZHLOHU��*�'���7�/��&DUVRQ��:�%��%XFN��DQG�
*�$��9DQ�*HOGHQ����������%NKPKECN�CPF
FKCIPQUVKE�XGVGTKPCT[�VQZKEQNQI[���G�HG��
.HQGDOO�+XQW��'XEXTXH��,RZD�

2·7RROH��'���DQG�0�)��5DLVEHFN���������
([SHULPHQWDOO\�LQGXFHG�VHOHQRVLV�RI�DGXOW�PDOODUG
GXFNV���&OLQLFDO�VLJQV��OHVLRQV��WR[LFRORJ\���8GV�
2CVJQN��������²����

2·7RROH��'���DQG�0�)��5DLVEHFN����������0DJLF
QXPEHUV��HOXVLYH�OHVLRQV���&RPSDUDWLYH�SDWKRORJ\
DQG�WR[LFRORJ\�RI�VHOHQRVLV�LQ�ZDWHUIRZO�DQG
PDPPDOLDQ�VSHFLHV���,Q���
:�7��)UDQNHQEHUJHU��-U���DQG�5�$��(QJEHUJ��HGV��
'PXKTQPOGPVCN�EJGOKUVT[�QH�UGNGPKWO���0DUFHO
'HNNHU�,QF���1HZ�<RUN���S�����²����

3DUULVK��-�5���'�7��5RJHUV��-U���DQG�)�3��:DUG���������
,GHQWLILFDWLRQ�RI�QDWDO�ORFDOHV�RI�SHUHJULQH�IDOFRQV
�(CNEQ�RGTGITKPWU��E\�WUDFH�HOHPHQW�DQDO\VLV�RI
IHDWKHUV���#WM��������²����

3DXOVVRQ��.���DQG�.��/XQGEHUJK����������7UHDWPHQW�RI
PHUFXU\�FRQWDPLQDWHG�ILVK�E\�VHOHQLXP�DGGLWLRQ��
9CVGT��#KT��5QKN�2QNNWV��������²����

3DYHJOLR��)�/���DQG�6�'��&OLIWRQ����������6HOHQLXP
DFFXPXODWLRQ�DQG�HFRORJ\�RI�WKH�6DQ�-RDTXLQ�NLW
IR[�LQ�WKH�.HVWHUVRQ�1DWLRQDO�:LOGOLIH�5HIXJH
DUHD���)LQDO�UHSRUW�WR�8�6��%XUHDX�RI�5HFODPDWLRQ��
8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��/RV�%DQRV�
&DOLIRUQLD�

3HWHUVRQ��-�$���DQG�$�9��1HEHNHU����������(VWLPDWLRQ
RI�ZDWHUERUQH�VHOHQLXP�FRQFHQWUDWLRQV�WKDW�DUH
WR[LFLW\�WKUHVKROGV�IRU�ZLOGOLIH���#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

3UHVVHU��7�6����������6HOHQLXP�SHUVSHFWLYHV���0HPR�WR
7HFKQLFDO�$GYLVRU\�&RPPLWWHH�RQ�5H�XVH�RI�WKH
6DQ�/XLV�'UDLQ���8�6��*HRORJLFDO�6XUYH\��0HQOR
3DUN��&DOLIRUQLD����-DQXDU\�����������

3UHVVHU��7�6���DQG�+�0��2KOHQGRUI���������
%LRJHRFKHPLFDO�F\FOLQJ�RI�VHOHQLXP�LQ�WKH�
6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��86$���'PXKTQP�
/CPCIG��������²����

5DLVEHFN��0�)���(�5��'DKO��'�$��6DQFKH]��
(�/��%HOGHQ��DQG�'��2·7RROH����������1DWXUDOO\
RFFXUULQJ�VHOHQRVLV�LQ�:\RPLQJ���,��8GV��&KCIP�
+PXGUV������²���

5DLVEHFN��0�)���'��2·7RROH��5�$��6FKDPEHU��
(�/��%HOGHQ��DQG�/�-��5RELQVRQ���������
7R[LFRORJLF�HYDOXDWLRQ�RI�D�KLJK�VHOHQLXP�KD\
GLHW�LQ�FDSWLYH�SURQJKRUQ�DQWHORSH��#PVKNQECTRC
COGTKECPC����,��9KNFN��&KU������²���
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5KLDQ��0���DQG�$�/��0R[RQ����������&KURQLF
VHOHQLXP�SRLVRQLQJ�LQ�GRJV�DQG�LWV�SUHYHQWLRQ�E\
DUVHQLF���,��2JCTOCEQN��'ZR��6JGT��������²����

5LQHOOD��)�$���DQG�&�$��6FKXOHU���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�/CNJGWT�0CVKQPCN
9KNFNKHG�4GHWIG��*CTPG[�%QWPV[��1TGIQP�
���� �����8�6��*HRORJLFDO�6XUYH\�:DWHU�
5HVRXUFHV�,QY��5HSW����²�����

5RVHQIHOG��,���DQG�2�$��%HDWK����������3DWKRORJ\�RI
VHOHQLXP�SRLVRQLQJ���7PKX��9[QOKPI�#ITKEWNV�
'ZR��5VCVKQP�$WNN�������²�����

5RZH��7�*���0�6��/LFR��5�-��+DOORFN��$�6��0DHVW��DQG
5�-��+RIIPDQ����������2J[UKECN��EJGOKECN��CPF
DKQNQIKECN�FCVC�HQT�FGVCKNGF�UVWF[�QH�KTTKICVKQP
FTCKPCIG�KP�CPF�PGCT�5VKNNYCVGT��(GTPNG[��CPF
*WODQNFV�9KNFNKHG�/CPCIGOGPV�#TGCU�CPF
%CTUQP�.CMG��9GUV�EGPVTCN�0GXCFC������ �����
8�6��*HRORJLFDO�6XUYH\�2SHQ�)LOH�5HSW����²����

5XWD��'�$���DQG�6��+DLGHU����������$WWHPSWHG�PXUGHU
E\�VHOHQLXP�SRLVRQLQJ���$T��/GF��,������������
���²����

6DLNL��0�.����������6HOHQLXP�DQG�RWKHU�WUDFH�HOHPHQWV
LQ�ILVK�IURP�WKH�6DQ�-RDTXLQ�9DOOH\�DQG�6XLVXQ
%D\���������,Q���$�4��+RZDUG��HG���5GNGPKWO�CPF
CITKEWNVWTCN�FTCKPCIG���+ORNKECVKQPU�HQT�5CP
(TCPEKUEQ�$C[�CPF�VJG�%CNKHQTPKC�GPXKTQPOGPV��
7KH�%D\�,QVWLWXWH�RI�6DQ�)UDQFLVFR��6DXVDOLWR�
&DOLIRUQLD��� S����²���

6DLNL��0�.���DQG�7�3��/RZH����������6HOHQLXP�LQ
DTXDWLF�RUJDQLVPV�IURP�VXEVXUIDFH�DJULFXOWXUDO
GUDLQDJH�ZDWHU��6DQ�-RDTXLQ�9DOOH\��&DOLIRUQLD��
#TEJ��'PXKTQP��%QPVCO��6QZKEQN��������²����

6DLNL��0�.���DQG�5�6��2JOH����������(YLGHQFH�RI
LPSDLUHG�UHSURGXFWLRQ�E\�ZHVWHUQ�PRVTXLWRILVK
LQKDELWLQJ�VHOHQLIHURXV�DJULFXOWXUDO�GUDLQZDWHU��
6TCPU��#O��(KUJ��5QE���������²����

6DLNL��0�.���0�5��-HQQLQJV��DQG�6�-��+DPLOWRQ���������
3UHOLPLQDU\�DVVHVVPHQW�RI�WKH�HIIHFWV�RI
VHOHQLXP�LQ�DJULFXOWXUDO�GUDLQDJH�RQ�ILVK�LQ
WKH�6DQ�-RDTXLQ�9DOOH\���,Q���$��'LQDU�DQG�
'��=LOEHUPDQ��HGV���6JG�GEQPQOKEU�CPF
OCPCIGOGPV�QH�YCVGT�CPF�FTCKPCIG�KP
CITKEWNVWTG���.OXZHU�$FDGHPLF�3XEOLVKHUV�
%RVWRQ��0DVVDFKXVHWWV���S�����²����

6DLNL��0�.���0�5��-HQQLQJV��DQG�:�*��%UXPEDXJK��
�������%RURQ��PRO\EGHQXP��DQG�VHOHQLXP�LQ
DTXDWLF�IRRG�FKDLQV�IURP�WKH�ORZHU�6DQ�-RDTXLQ
5LYHU�DQG�LWV�WULEXWDULHV��&DOLIRUQLD���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6DO\L��*���*��%DQKLGL��(��6]DER��6��*RQ\H��DQG�
)��5DW]����������$FXWH�VHOHQLXP�SRLVRQLQJ�LQ
EURLOHUV���/CI[CT�#NNCVQTXQUQM�.CRLC���������²���

6DQGHUV��5�:���DQG�&�&��*LOPRXU���������
$FFXPXODWLRQ�RI�VHOHQLXP�LQ�D�PRGHO�IUHVKZDWHU
PLFURELDO�IRRG�ZHE���#RRN��'PXKTQP��/KETQDKQN�
�������²�����

6FKDPEHU��5�$���(�/��%HOGHQ��DQG�0�)��5DLVEHFN��
�������,PPXQRWR[LFLW\�RI�FKURQLF�VHOHQLXP
H[SRVXUH���,Q���*�(��6FKXPDQ�DQG�*�)��9DQFH�
HGV���&GECFGU�NCVGT���#�VKOG�HQT�TGCUUGUUOGPV��
3URFHHGLQJV�RI�WKH���WK�$QQXDO�1DWLRQDO
0HHWLQJ��$PHULFDQ�6RFLHW\�RI�6XUIDFH�0LQLQJ�DQG
5HFODPDWLRQ��3ULQFHWRQ��:HVW�9LUJLQLD���
S�����²����

6FKPLWW��&�-���DQG�:�-��%UXPEDXJK����������1DWLRQDO
FRQWDPLQDQW�ELRPRQLWRULQJ�SURJUDP��
FRQFHQWUDWLRQV�RI�DUVHQLF��FDGPLXP��FRSSHU��OHDG�
PHUFXU\��VHOHQLXP��DQG�]LQF�LQ�
8�6��IUHVKZDWHU�ILVK������²�������#TEJ��'PXKTQP�
%QPVCO��6QZKEQN��������²����

6FKURHGHU��+�$���'�9��)URVW��DQG�-�-��%DODVVD���������
(VVHQWLDO�WUDFH�PHWDOV�LQ�PDQ���VHOHQLXP���
,��%JTQP��&KU��������²����

6FKXOHU��&�$���5�*��$QWKRQ\��DQG�+�0��2KOHQGRUI��
�������6HOHQLXP�LQ�ZHWODQGV�DQG�ZDWHUIRZO�IRRGV
DW�.HVWHUVRQ�5HVHUYRLU��&DOLIRUQLD���������#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6HH��5�%���'�/��1DIW]��'�$��3HWHUVRQ��-�*��&URFN��
-�$��(UGPDQ��5�&��6HYHUVRQ��3��5DPLUH]��-U���DQG
-�$��$UPVWURQJ����������&GVCKNGF�UVWF[�QH
UGNGPKWO�KP�UQKN��TGRTGUGPVCVKXG�RNCPVU��YCVGT�
DQVVQO�UGFKOGPV��CPF�DKQVC�KP�VJG�-GPFTKEM
4GENCOCVKQP�2TQLGEV�#TGC��9[QOKPI������ ����
8�6��*HRORJLFDO�6XUYH\�:DWHU�5HVRXUFHV�,QY�
5HSW����²�����

6HLOHU��5�/����������0HWKRGV�WR�LGHQWLI\�DUHDV
VXVFHSWLEOH�WR�LUULJDWLRQ�LQGXFHG�VHOHQLXP
FRQWDPLQDWLRQ�LQ�WKH�:HVWHUQ�8QLWHG�6WDWHV���8�6�
*HRORJLFDO�6XUYH\�)DFW�6KHHW�)6²���²����
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6HLOHU��5�/���DQG�-�3��6NRUXSD����������,GHQWLILFDWLRQ
RI�DUHDV�DW�ULVN�IRU�VHOHQLXP�FRQWDPLQDWLRQ�LQ�WKH
:HVWHUQ�8QLWHG�6WDWHV���,Q���:�5��+RWFKNLVV���
-�6��'RZQH\��DQG�(�'��*XWHQWDJ��HGV���9CVGT
TGUQWTEGU�CV�TKUM���$PHULFDQ�,QVWLWXWH�RI
+\GURORJ\��0LQQHDSROLV��0LQQHVRWD�
S��//��²//���

6HWPLUH��-�*���-�&��:ROIH��DQG�5�.��6WURXG���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�5CNVQP�5GC�CTGC�
%CNKHQTPKC������ �����8�6��*HRORJLFDO�6XUYH\
:DWHU�5HVRXUFHV�,QY��5HSW����²�����

6HWPLUH��-�*���5�$��6FKURHGHU��-�1��'HQVPRUH��
6�/��*RRGEUHG��'�-��$XGHW���DQG�:�5��5DGNH��
�������&GVCKNGF�UVWF[�QH�YCVGT�SWCNKV[��DQVVQO
UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ�KTTKICVKQP
FTCKPCIG�KP�VJG�5CNVQP�5GC�CTGC��%CNKHQTPKC�
���� ����8�6��*HRORJLFDO�6XUYH\�:DWHU�
5HVRXUFHV�,QY��5HSW����²�����

6LPPRQV��7�:���,�6��-DPDOO��DQG�5�$��/RFNVKLQ��
�������$FFXPXODWLRQ��GLVWULEXWLRQ��DQG�WR[LFLW\�RI
VHOHQLXP�LQ�WKH�DGXOW�KRXVH�IO\��/WUEC�FQOGUVKEC��
%QOR��$KQEJGO��2J[UKQN����&����²����

6-9'3��6DQ�-RDTXLQ�9DOOH\�'UDLQDJH�3URJUDP���
�������(KUJ�CPF�YKNFNKHG�TGUQWTEGU�CPF
CITKEWNVWTCN�FTCKPCIG�KP�VJG�5CP�,QCSWKP�8CNNG[�
%CNKHQTPKC���6DFUDPHQWR��&DOLIRUQLD��6DQ�-RDTXLQ
9DOOH\�'UDLQDJH�3URJUDP���9RO�����VHF������

6NRUXSD��-�3����������,PSDFWV�RI�VHOHQLXP�RQ�WKH
ELRORJLFDO�V\VWHPV�RI�WKH�6DOWRQ�6HD���,Q��
2TQEGGFKPIU�QH�VJG�5CNVQP�5GC�5[ORQUKWO�
-DQXDU\�����������,QGLDQ�:HOOV��&DOLIRUQLD��
6DOWRQ�6HD�$XWKRULW\��,PSHULDO��&DOLIRUQLD�

6NRUXSD��-�3����������$YLDQ�VHOHQRVLV�LQ�QDWXUH���D
SK\ORJHQHWLF�VXUSULVH�DQG�LWV�LPSOLFDWLRQV�IRU
HFRORJLFDO�ULVN�DVVHVVPHQW�����WK�$QQXDO
0HHWLQJ��6RFLHW\�IRU�(QYLURQPHQWDO�7R[LFRORJ\
DQG�&KHPLVWU\��:DVKLQJWRQ��'&��1RYHPEHU
��²�����������3RVWHU�����

6NRUXSD��-�3�������D���6HOHQLXP�SRLVRQLQJ�RI�ILVK�DQG
ZLOGOLIH�LQ�QDWXUH���/HVVRQV�IURP�WZHOYH�UHDO�
ZRUOG�H[DPSOHV���,Q���:�7��)UDQNHQEHUJHU��-U��
DQG�5�$��(QJEHUJ��HGV���'PXKTQPOGPVCN
EJGOKUVT[�QH�UGNGPKWO���0DUFHO�'HNNHU��,QF��
1HZ�<RUN���S����������

6NRUXSD��-�3�������E���5LVN�DVVHVVPHQW�IRU�WKH�ELRWD
GDWDEDVH�RI�WKH�1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\
3URJUDP���5HSRUW�WR�WKH�1DWLRQDO�,UULJDWLRQ�:DWHU
4XDOLW\�3URJUDP��1,:43����8�6��)LVK�DQG
:LOGOLIH�6HUYLFH��6DFUDPHQWR��&DOLIRUQLD�

6NRUXSD��-�3���DQG�+�0��2KOHQGRUI���������
&RQWDPLQDQWV�LQ�GUDLQDJH�ZDWHU�DQG�DYLDQ�ULVN
WKUHVKROGV���,Q���$��'LQDU�DQG�'��=LOEHUPDQ��HGV��
6JG�GEQPQOKEU�CPF�OCPCIGOGPV�QH�YCVGT�CPF
FTCKPCIG�KP�CITKEWNVWTG���.OXZHU�$FDGHPLF
3XEOLVKHUV��%RVWRQ��0DVVDFKXVHWWV���S�����²����

6NRUXSD��-�3���+�0��2KOHQGRUI��DQG�5�/��+RWKHP��
�������,QWHUSUHWLYH�JXLGHOLQHV�IRU�ILHOG�VWXGLHV�RI
VHOHQLXP�H[SRVHG�ZDWHUELUGV���8QSXEOLVKHG
PDQXVFULSW������S��SOXV�WDEOHV�DQG�ILJXUHV�

6NRUXSD��-�3���+�0��2KOHQGRUI��5�/��+RWKHP��
'�/��5RVWHU��5�*��6WHLQ��:�/��+RKPDQ��
'��:HOVK��&�0��0DUQ��6�-��'HWZLOHU��-��:LQFNHO��3�
5DPLUH]��-�$��$UPVWURQJ��DQG�3�-��/HRQDUG���������
&RPSDUDWLYH�HFRWR[LFRORJ\�RI�VHOHQLXP�IRU
EUHHGLQJ�VWLOWV�DQG�DYRFHWV�H[SRVHG�WR�LUULJDWLRQ
GUDLQ�ZDWHU���$EVWUDFW���$QQXDO�0HHWLQJ�RI�WKH
:LOGOLIH�6RFLHW\���:HVWHUQ�6HFWLRQ��)HEUXDU\
��²����������0RQWHUH\��&DOLIRUQLD�

6PLWK��*�-���*�+��+HLQ]��'�-��+RIIPDQ��-�:��6SDQQ�
DQG�$�-��.U\QLWVN\����������5HSURGXFWLRQ�LQ�EODFN�
FURZQHG�QLJKW�KHURQV�IHG�VHOHQLXP���.CMG�4GU�
/CPCIG�������²����

6RUHQVHQ��(�0�%����������6HOHQLXP�DFFXPXODWLRQ�
UHSURGXFWLYH�VWDWXV��DQG�KLVWRSDWKRORJLFDO
FKDQJHV�LQ�HQYLURQPHQWDOO\�H[SRVHG�UHGHDU
VXQILVK���#TEJ��6QZKEQN��������²����

6RUHQVHQ��(�0�%����������/GVCN�RQKUQPKPI�KP�HKUJ��
&5&�3UHVV��%RFD�5DWRQ��)ORULGD�

6RUHQVHQ��(�0�%���3�0��&XPELH��7�/��%DXHU��-�6��%HOO�
DQG�&�:��+DUODQ����������+LVWRSDWKRORJLFDO�
KHPDWRORJLFDO��FRQGLWLRQ�IDFWRU��DQG�RUJDQ�ZHLJKW
FKDQJHV�DVVRFLDWHG�ZLWK�VHOHQLXP�DFFXPXODWLRQ�LQ
ILVK�IURP�%HOHZV�/DNH��1RUWK�&DUROLQD���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

6SDOOKRO]��-�(����������2Q�WKH�QDWXUH�RI�VHOHQLXP
WR[LFLW\�DQG�FDUFLQRVWDWLF�DFWLYLW\���(TGG�4CFKECN
$KQN��/GF�������²���



6HOHQLXP

���

6WDQOH\��7�5���-U���-�:��6SDQQ��*�-��6PLWK��DQG�
5��5RVVFRH����������0DLQ�DQG�LQWHUDFWLYH�HIIHFWV
RI�DUVHQLF�DQG�VHOHQLXP�RQ�PDOODUG�UHSURGXFWLRQ
DQG�GXFNOLQJ�JURZWK�DQG�VXUYLYDO���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN���������²����

6WDQOH\��7�5���-U���*�-��6PLWK��'�-��+RIIPDQ��
*�+��+HLQ]��DQG�5��5RVVFRH����������(IIHFWV�RI
ERURQ�DQG�VHOHQLXP�RQ�PDOODUG�UHSURGXFWLRQ
DQG�GXFNOLQJ�JURZWK�DQG�VXUYLYDO���'PXKTQP�
6QZKEQN��%JGO���������²�����

6WHSKHQV��'�:���%��:DGGHOO��/�$��3HOW]��DQG�
-�%��0LOOHU����������&GVCKNGF�UVWF[�QH�UGNGPKWO
CPF�UGNGEVGF�GNGOGPVU�KP�YCVGT��DQVVQO�UGFKOGPV�
CPF�DKQVC�CUUQEKCVGF�YKVJ�KTTKICVKQP�FTCKPCIG�KP
VJG�/KFFNG�)TGGP�4KXGT�$CUKP��7VCJ������ �����
8�6��*HRORJLFDO�6XUYH\�:DWHU�5HVRXUFHV�,QY�
5HSW����²�����

7H[DV�3DUNV�DQG�:LOGOLIH�'HSDUWPHQW����������&TCHV
KPVGTKO�TGRQTV���5GNGPKWO�KP�HKUJ�VKUUWGU�HTQO
/CTVKP�.CMG��6GZCU������ �������7H[DV�3DUNV
DQG�:LOGOLIH�'HSDUWPHQW��$XVWLQ��7H[DV�

7KRPSVRQ��/�-���-�2��+DOO��DQG�*�/��0HHUGLQN��
�������7R[LF�HIIHFWV�RI�WUDFH�HOHPHQW�H[FHVV��
8GV��%NKP��0��#O��(QQF�#PKO��2TCE�������²����

7UHOHDVH��6�)����������6HOHQLXP�LQ�VRLOV��SODQWV��DQG
DQLPDOV���5QKN�5EK��������²����

7XOO\��:�&���DQG�.�:��)UDQNH����������$�QHZ
WR[LFDQW�RFFXUULQJ�QDWXUDOO\�LQ�FHUWDLQ�VDPSOHV�RI
SODQW�IRRGVWXIIV���9,���$�VWXG\�RI�WKH�HIIHFW�RI
DIIHFWHG�JUDLQV�RQ�JURZLQJ�FKLFNV���2QWNV��5EK�
������²����

8&�&RPPLWWHH����������7KH�HYDOXDWLRQ�RI�ZDWHU
TXDOLW\�FULWHULD�IRU�VHOHQLXP��ERURQ��DQG
PRO\EGHQXP�LQ�WKH�6DQ�-RDTXLQ�5LYHU�%DVLQ��
8QLYHUVLW\�RI�&DOLIRUQLD�&RPPLWWHH�RQ�
6DQ�-RDTXLQ�5LYHU�:DWHU�4XDOLW\�2EMHFWLYHV��
'UDLQDJH��6DOLQLW\��DQG�7R[LF�&RQVWLWXHQW�6HULHV
5HSRUW�1R������6SRQVRUHG�E\�8&�6DOLQLW\�
'UDLQDJH�7DVN�)RUFH�DQG�8&�:DWHU�5HVRXUFHV
&HQWHU��'DYLV��&DOLIRUQLD�

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ����������
-GUVGTUQP�2TQITCO���(KPCN�'PXKTQPOGPVCN
+ORCEV�5VCVGOGPV��8QN��++��%JCRVGT����5GEVKQP�)�
(KUJGTKGU���8�6��%XUHDX�RI�5HFODPDWLRQ��0LG�
3DFLILF�5HJLRQ��6DFUDPHQWR��&DOLIRUQLD�

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ����������
5HSURGXFWLYH�HIIHFWV�RI�GLHWDU\�VHOHQLXP�RQ
FDSWLYH�$PHULFDQ�NHVWUHOV��(CNEQ�URCTXGTKWU���
86%5��.HVWHUVRQ�3URJUDP��0LG�3DFLILF�5HJLRQ�
6DFUDPHQWR��&DOLIRUQLD�

86%5��8�6��%XUHDX�RI�5HFODPDWLRQ�����������*GCNVJ
CPF�DQF[�EQPFKVKQP�QH�ECRVKXG�MGUVTGNU�CPF
UGNGEVGF�YKNFNKHG�WUKPI�-GUVGTUQP�4GUGTXQKT���8�6�
%XUHDX�RI�5HFODPDWLRQ��0LG�3DFLILF�5HJLRQ�
6DFUDPHQWR��&DOLIRUQLD��

86):6��8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��������D��
'HHGEVU�QH�KTTKICVKQP�FTCKPYCVGT�EQPVCOKPCPVU�QP
YKNFNKHG���(KPCN�4GRQTV�VQ�VJG�5CP�,QCSWKP�8CNNG[
&TCKPCIG�2TQITCO���8�6��)LVK�DQG�:LOGOLIH
6HUYLFH��3DWX[HQW�:LOGOLIH�5HVHDUFK�&HQWHU�
/DXUHO��0DU\ODQG�

86):6��8�6��)LVK�DQG�:LOGOLIH�6HUYLFH��������E��
#ITKEWNVWTCN�KTTKICVKQP�FTCKPYCVGT�UVWFKGU���(KPCN
4GRQTV�VQ�VJG�5CP�,QCSWKP�8CNNG[�&TCKPCIG
2TQITCO���8�6��)LVK�DQG�:LOGOLIH�6HUYLFH�
1DWLRQDO�)LVKHULHV�&RQWDPLQDQW�5HVHDUFK�&HQWHU�
&ROXPELD��0LVVRXUL�

863+6��8�6��3XEOLF�+HDOWK�6HUYLFH����������
6QZKEQNQIKECN�RTQHKNG�HQT�UGNGPKWO���$JHQF\�IRU
7R[LF�6XEVWDQFHV�DQG�'LVHDVH�5HJLVWU\��
8�6��3XEOLF�+HDOWK�6HUYLFH��$WODQWD��*HRUJLD�

9DQ�'HUYHHU��:�'����������5HFHQW�DQG�IXWXUH�VWXGLHV
RI�VHOHQLXP�LQ�WKH�ORZHU�$UNDQVDV�5LYHU�EDVLQ�
&RORUDGR���,Q���2TQEGGFKPIU�QH�C�(QTWO�QP
5GNGPKWO�'EQVQZKEQNQI[��$SULO�����������9DLO�
&RORUDGR���6SRQVRUHG�E\�WKH�FLWLHV�RI�&RORUDGR
6SULQJV�DQG�3XHEOR��&RORUDGR�

9DQ�'HUYHHU��:�'���DQG�6��&DQWRQ����������6HOHQLXP
VHGLPHQW�WR[LFLW\�WKUHVKROGV�DQG�GHULYDWLRQ�RI
ZDWHU�TXDOLW\�FULWHULD�IRU�IUHVKZDWHU�ELRWD�RI
ZHVWHUQ�VWUHDPV���'PXKTQP��6QZKEQN��%JGO�
�������²�����

9RFNH��5�:���.�/��6HDUV��-�-��2·7RROH��DQG�
5�%��:LOGPDQ����������*URZWK�UHVSRQVHV�RI
VHOHFWHG�IUHVKZDWHU�DOJDH�WR�WUDFH�HOHPHQWV�DQG
VFUXEEHU�DVK�VOXUU\�JHQHUDWHG�E\�FRDO�ILUHG�SRZHU
SODQWV���9CVGT�4GU�������²����

:DOVK��'�)���%�/��%HUJHU��DQG�-�5��%HDQ���������
0HUFXU\��DUVHQLF��OHDG��FDGPLXP��DQG�VHOHQLXP
UHVLGXHV�LQ�ILVK������²�����1DWLRQDO�3HVWLFLGH
0RQLWRULQJ�3URJUDP���2GUV��/QPKVQT��,������²���



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

:HOOV��)�&���*�$��-DFNVRQ��DQG�:�-��5RJHUV���������
4GEQPPCKUUCPEG�KPXGUVKICVKQP�QH�YCVGT�SWCNKV[�
DQVVQO�UGFKOGPV��CPF�DKQVC�CUUQEKCVGF�YKVJ
KTTKICVKQP�FTCKPCIG�KP�VJG�NQYGT�4KQ�)TCPFG
8CNNG[�CPF�.CIWPC�#VCUEQUC�0CVKQPCN�9KNFNKHG
4GHWIG��6GZCU������ �����8�6��*HRORJLFDO�6XUYH\
:DWHU�5HVRXUFHV�,QY��5HSW����²�����

:HOVK��'���DQG�2�(��0DXJKDQ����������&RQFHQWUD�
WLRQV�RI�VHOHQLXP�LQ�ELRWD��VHGLPHQWV��DQG�ZDWHU
DW�&LEROD�1DWLRQDO�:LOGOLIH�5HIXJH���#TEJ�
'PXKTQP��%QPVCO��6QZKEQN��������²����

:HVWFRW��'�:���&�$��(QRV��-�(��&KLOFRWW��DQG�
.�.��%HOGHQ�������D���9CVGT�CPF�UGFKOGPV
SWCNKV[�UWTXG[�QH�UGNGEVGF�KPNCPF�UCNKPG�NCMGU��
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO
%RDUG��&HQWUDO�9DOOH\�5HJLRQ��6DFUDPHQWR�
&DOLIRUQLD�

:HVWFRW��'�:���%�-��*UHZHOO��DQG�-�(��&KLOFRWW��
����E���6TCEG�GNGOGPV�EQPEGPVTCVKQPU�KP�UGNGEVGF
UVTGCOU�KP�%CNKHQTPKC���#�U[PQRVKE�UWTXG[��
&DOLIRUQLD�5HJLRQDO�:DWHU�4XDOLW\�&RQWURO
%RDUG��&HQWUDO�9DOOH\�5HJLRQ��6DFUDPHQWR�
&DOLIRUQLD�

:KLWH��'�+���-�5��%HDQ��DQG�-�5��/RQJFRUH���������
1DWLRQZLGH�UHVLGXHV�RI�PHUFXU\��OHDG��FDGPLXP�
DUVHQLF��DQG�VHOHQLXP�LQ�VWDUOLQJV���������2GUV�
/QPKVQT��,�������²���

:KLWH��-�5���3�6��+RIPDQQ��'��+DPPRQG��DQG�
6��%DXPJDUWQHU����������5GNGPKWO�XGTKHKECVKQP
UVWF[��������(KPCN�4GRQTV�VQ�%CNKHQTPKC�5VCVG
9CVGT�4GUQWTEGU�%QPVTQN�$QCTF���&DOLIRUQLD
'HSDUWPHQW�RI�)LVK�DQG�*DPH��%D\�'HOWD
3URMHFW�DQG�:DWHU�3ROOXWLRQ�&RQWURO�/DERUDWRU\�
6DFUDPHQWR��&DOLIRUQLD�

:KLWHOH\��3�/����������(IIHFWV�RI�HQYLURQPHQWDO
FRQWDPLQDQWV��SDUWLFXODUO\�VHOHQLXP��RQ
ZDWHUIRZO�GLVHDVH�DQG�LPPXQLW\���0�6��7KHVLV�
8QLYHUVLW\�RI�:LVFRQVLQ��0DGLVRQ��:LVFRQVLQ�

:KLWHOH\��3�/���DQG�7�0��<XLOO����������,QWHUDFWLRQV�RI
HQYLURQPHQWDO�FRQWDPLQDQWV�DQG�LQIHFWLRXV
GLVHDVH�LQ�DYLDQ�VSHFLHV���,Q���%�'��%HOO�HW�DO���HGV��
#EVC�::�%QPITGUUWU�+PVGTPCVKQPCNKU
1TPKVJQNQIKEK��%JTKUVEJWTEJ��0GY�<GCNCPF�����
&GEGODGT��������2UQLWKRORJLFDO�&RQJUHVV�7UXVW
%RDUG��:HOOLQJWRQ��1HZ�=HDODQG���9RO�����
S������²�����

:LHPH\HU��6�1���DQG�'�-��+RIIPDQ���������
5HSURGXFWLRQ�LQ�HDVWHUQ�VFUHHFK�RZOV�IHG
VHOHQLXP���,��9KNFN��/CPCIG��������²����

:LOEHU��&�*����������7R[LFRORJ\�RI�VHOHQLXP���$
UHYLHZ���%NKP��6QZKEQN��������²�����

:LOOLDPV��0�-���5�6��2JOH��$�:��.QLJKW��DQG�
5�*��%XUDX����������(IIHFWV�RI�VXOIDWH�RQ�VHOHQDWH
XSWDNH�DQG�WR[LFLW\�LQ�WKH�JUHHQ�DOJD�5GNGPCUVTWO
ECRTKEQTPWVWO���#TEJ��'PXKTQP��%QPVCO�
6QZKEQN��������²����

:LQJHU��3�9���&��6LHFNPDQ��7�:��0D\��DQG�
:�:��-RKQVRQ���������5HVLGXHV�RI�RUJDQRFKORULQH
LQVHFWLFLGHV��SRO\FKORULQDWHG�ELSKHQ\OV��DQG�KHDY\
PHWDOV�LQ�ELRWD�IURP�WKH�$SDODFKLFROD�5LYHU�
)ORULGD���������,��#UUQE��1HH��#PCN��%JGO�
������²����

:RRFN��6�(���DQG�3�%��6XPPHUV��-U����������6HOHQLXP
PRQLWRULQJ�LQ�+\FR�5HVHUYRLU��1&��ZDWHUV
�����²������DQG�ELRWD������²��������&KDSWHU��
LQ���6JG�GHHGEVU�QH�VTCEG�GNGOGPVU�QP�CSWCVKE
GEQU[UVGOU����3URFHHGLQJV�IURP�D�:RUNVKRS�
0DUFK���²����������5DOHLJK��1RUWK�&DUROLQD��
&DUROLQD�3RZHU�DQG�/LJKW�&R���1HZ�+LOO��1RUWK
&DUROLQD�

:RRFN��6�(���:�5��*DUUHWW��:�7��%U\VRQ��
:�(��3DUWLQ��DQG�5�:��6PLWK����������5HODWLYH
DYDLODELOLW\�WR�EOXHJLOO�RI�LQJHVWHG�VHOHQLXP�IRUPV
IURP�ILHOG�VRXUFH�DQG�SUHSDUHG�GLHWV���,Q��
$EVWUDFWV�%RRN���VJ�#PPWCN�/GGVKPI�QH�5QEKGV[
HQT�'PXKTQPOGPVCN�6QZKEQNQI[�CPF�%JGOKUVT[�
$UOLQJWRQ��9LUJLQLD��S������

:RRFN��6�(���:�5��*DUUHWW��:�(��3DUWLQ��DQG�
:�7��%U\VRQ����������'HFUHDVHG�VXUYLYDO�DQG
WHUDWRJHQHVLV�GXULQJ�ODERUDWRU\�VHOHQLXP
H[SRVXUHV�WR�EOXHJLOO��.GRQOKU�OCETQEJKTWU���$WNN�
'PXKTQP��%QPVCO��6QZKEQN��������²�����

:X��/���-��&KHQ��.�.��7DQML��DQG�*�6��%DQXHORV���������
'LVWULEXWLRQ�DQG�ELRPDJQLILFDWLRQ�RI�VHOHQLXP�LQ
D�UHVWRUHG�XSODQG�JUDVVODQG�FRQWDPLQDWHG�E\
VHOHQLXP�IURP�DJULFXOWXUDO�GUDLQ�ZDWHU���'PXKTQP�
6QZKEQN��%JGO��������²����

=DKP��*�5����������.HVWHUVRQ�5HVHUYRLU�DQG
.HVWHUVRQ�1DWLRQDO�:LOGOLIH�5HIXJH���+LVWRU\�
FXUUHQW�SUREOHPV��DQG�PDQDJHPHQW�DOWHUQDWLYHV��
6TCPU��#O��9KNFN��0CV��4GUQWT��%QPH�
������²����
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&RQVWLWXHQWV�RI�&RQFHUQ

=LQF

'HVFULSWLRQ

=LQF��=Q��LV�D�OXVWURXV�ZKLWH�WR�SDOH�EOXLVK�JUD\
PHWDO�ZKHQ�IUHVKO\�FXW�RU�SROLVKHG��WKRXJK�LW
PRUH�FRPPRQO\�DSSHDUV�GXOO�JUD\��RZLQJ�WR�D
FRDWLQJ�RI�K\GUDWHG�]LQF�FDUERQDWH�WKDW�GHYHORSV
DIWHU�H[WHQGHG�H[SRVXUH�WR�WKH�DLU���,W�LV�D
UHODWLYHO\�VRIW�PHWDO��KDYLQJ�D�KDUGQHVV
LQWHUPHGLDWH�EHWZHHQ�WKDW�RI�J\SVXP�DQG
FDOFLWH���,W�LV�EULWWOH�DW�QRUPDO�WHPSHUDWXUHV�EXW�LV
PRUH�PDOOHDEOH�XQGHU�ORZ�KHDW�����²�����&����,W
PHOWV�DW������&�DQG�ERLOV�DW������&�

3XUH�PHWDOOLF�]LQF�LV�UDUHO\�VHHQ�LQ�QDWXUH��IRU
WKH�HOHPHQW�LV�KLJKO\�UHDFWLYH�DQG�IRUPV�D
YDULHW\�RI�ZKLWH�WR�SDOH�FRORUHG�VDOWV���0RVW�RI
LWV�FRPSRXQGV�DUH�ZDWHU�VROXEOH��WKRXJK�WKH
PHWDO�LWVHOI�LV�QRW���%HFDXVH�RI�LWV�KLJK�UHDFWLYLW\�
]LQF�LV�FRPPRQO\�XVHG�DV�D�FRDWLQJ�RYHU�VWHHO
�JDOYDQL]LQJ����7KH�VWHHO�LV�WKXV�SURWHFWHG��DV
FRUURVLYH�DJHQWV�SUHIHUHQWLDOO\�DWWDFN�WKH�]LQF
FRDWLQJ���$OVR��IRU�PDQ\�FHQWXULHV��]LQF�KDV�EHHQ
DOOR\HG�ZLWK�FRSSHU�WR�PDNH�EUDVV���7KH�PRVW
FRPPRQ�]LQF�RUH�LV�VSKDOHULWH��=Q6���D�\HOORZLVK
WR�GDUN�EURZQ�FXELF�PLQHUDO��WKRXJK�VRPH�]LQF
DOVR�LV�SURGXFHG�IURP�VPLWKVRQLWH��=Q&2

�
��DQG

IURP�KHPLPRUSKLWH��=Q
�
6L

�
2

�
�2+�

�
�+

�
2��

2FFXUUHQFH

0HDQ�WRWDO�]LQF�FRQWHQWV�LQ�VXUIDFH�VRLO�UDQJH
IURP����WR�����PJ�NJ��DQG�JUDQG�PHDQ�]LQF�IRU
ZRUOGZLGH�VRLOV�LV�FDOFXODWHG�WR�EH�
���PJ�NJ��.DEDWD�3HQGLDV�DQG�3HQGLDV��������
%DFNJURXQG�FRQFHQWUDWLRQV�RI�]LQF�LQ�VRLOV�RU
VHGLPHQWV�VHOGRP�H[FHHG�����PJ�NJ��(LVOHU
��������,Q�IUHVK�ZDWHU��WKH�FRQFHQWUDWLRQ�LV
QRUPDOO\�OHVV�WKDQ����WR�����J�/��7D\ORU�
HW�DO��������(LVOHU�������

7KH�PRVW�LPSRUWDQW�DUWLILFLDO�VRXUFHV�RI�]LQF�LQ
WKH�HQYLURQPHQW�LQFOXGH�HOHFWURSODWHUV��VPHOWLQJ
DQG�RUH�SURFHVVRUV��PLQH�GUDLQDJH��GRPHVWLF�DQG
LQGXVWULDO�VHZDJH��URDG�VXUIDFH�UXQRII��FRUURVLRQ
RI�]LQF�DOOR\V�DQG�JDOYDQL]HG�VXUIDFHV��DQG
HURVLRQ�RI�DJULFXOWXUDO�VRLOV��(LVOHU��������

6XPPDU\�RI�(IIHFWV

=LQF�LV�DQ�HVVHQWLDO�HOHPHQW�IRU�DOO�OLYLQJ
RUJDQLVPV��EXW�HOHYDWHG�OHYHOV�RI�]LQF�LQ�WKH
HQYLURQPHQW�PD\�EH�KDUPIXO�QHDU�]LQF�
FRQWDPLQDWHG�VLWHV���=LQF�LV�ELRDFFXPXODWHG�E\
DOO�RUJDQLVPV��HYHQ�LQ�DUHDV�RI�ORZ�]LQF
FRQFHQWUDWLRQV���%RWK�GHILFLHQW�DQG�H[FHVVLYH
DPRXQWV�FDXVH�DGYHUVH�HIIHFWV�LQ�DOO�VSHFLHV�

=LQF�LV�PRVW�KDUPIXO�WR�DTXDWLF�OLIH�GXULQJ�HDUO\
OLIH�VWDJHV��LQ�VRIW�ZDWHU��XQGHU�FRQGLWLRQV�RI�ORZ
S+��ORZ�DONDOLQLW\��ORZ�GLVVROYHG�R[\JHQ��DQG
HOHYDWHG�WHPSHUDWXUHV��(LVOHU���������,Q�FRQWUDVW
WR�LWV�WR[LFLW\�WR�VHQVLWLYH�DTXDWLF�RUJDQLVPV��]LQF
LV�UHODWLYHO\�QRQWR[LF�WR�ELUGV�DQG�PDPPDOV��DQG
WLVVXH�FRQFHQWUDWLRQV�DUH�KRPHRVWDWLFDOO\
FRQWUROOHG��)XUQHVV�DQG�5DLQERZ�������(LVOHU
������

$OWKRXJK�WLVVXH�UHVLGXHV�DUH�QRW�\HW�UHOLDEOH
LQGLFDWRUV�RI�]LQF�FRQWDPLQDWLRQ��]LQF�SRLVRQLQJ
RFFXUV�LQ�ELUGV�ZKHQ�OLYHU�RU�NLGQH\
FRQFHQWUDWLRQV�H[FHHG�������PJ�NJ�GU\�ZHLJKW
�GZ���DQG�LQ�PDPPDOV�ZKHQ�OHYHOV�H[FHHG����
PJ�NJ�GZ�LQ�NLGQH\�RU�����PJ�NJ�GZ�LQ�OLYHU
�(LVOHU���������,Q�DPSKLELDQV��WKH�WLVVXH�YDOXHV
UDQJH�IURP����WR�����PJ�NJ�GZ�DW
XQFRQWDPLQDWHG�VLWHV��+DOO�DQG�0XOKHUQ��������
$�VXPPDU\�RI�ELRWLF�HIIHFW�OHYHOV�LV�SUHVHQWHG�LQ
WDEOH����

6XWHU�DQG�0DEUH\��������HYDOXDWHG�D�VHULHV�
RI�WR[LFRORJLFDO�EHQFKPDUNV�IRU�VFUHHQLQJ�
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Table 34.&Summary of comprehensive biotic effects of zinc
[Note:  Diagnostic levels for toxicity are not well established in any animal tissues because the zinc

concentrations generally are homeostatically regulated]

Medium
No

effect
Level of
concern

Toxicity
threshold Comments/Explanation

Water (µg/L) <30 30%110 110 30 µg/L is lowest chronic value for aquatic life
(Suter and Mabrey 1994).  Threshold value
assumes chronic exposure at hardness of 100
mg/L (as CaCO3).1

Sediment (mg/kg dw) 150 150%410 410 From Long et al. (1995); however, sulfides in
sediment may reduce Zn toxicity.

Plants (mg/kg dw) 27%150 150%300 >300 Kabata-Pendias and Pendias (1992).

Invertebrates & & &

Fish (white sucker
muscle tissue; mg/kg
dw): 

& & 20 From Munkittrick et al. (1991), but this is lower
than normal background (88) for whole fish
(Schmitt and Brumbaugh 1990).

Birds (mg/kg dw):
   Eggs
   Liver/kidney

    50
<210

&
&

&
>2,100

J.P. Skorupa, unpub. data, 1996.

Reptiles/amphibians & & &

Mammals (mg/kg dw):
     Kidney
     Liver

<210
<210

&
&

>274
>465

Talmage and Walton (1991).

     1 Zinc toxicity in water is affected not only by hardness but also by factors such as pH, temperature, dissolved oxygen,
and alkalinity.  Toxic effects may occur in sensitive phytoplankton, invertebrates, or fish life stages at concentrations in the
"level of concern" range.  In most of the West, hardness of more than 200 mg/L is much more common, and zinc would be
less toxic under those conditions.

YDULRXV�FRQWDPLQDQWV�IRU�WKHLU�SRWHQWLDO�HIIHFWV
RQ�DTXDWLF�ELRWD���,Q�DGGLWLRQ�WR�WKH�QDWLRQDO
DPELHQW�ZDWHU�TXDOLW\��1$:4��FULWHULD��WKH\
SURYLGHG�VHFRQGDU\�DFXWH�DQG�FKURQLF�YDOXHV�
ORZHVW�FKURQLF�YDOXHV��LQFOXGLQJ�WKRVH�IRU�ILVK�
GDSKQLGV��QRQGDSKQLG�LQYHUWHEUDWHV��DTXDWLF
SODQWV��DQG�DOO�RUJDQLVPV���WHVW�(&��V��VHQVLWLYH
VSHFLHV�WHVW�(&��V��DQG�SRSXODWLRQ�(&��V���7KH
YDOXHV�IRU�ZDWHU�LQ�WDEOH����DUH�DV�IROORZV���´1R
HIIHFWµ�LV�WKH�ORZHVW�FKURQLF�YDOXH�IRU�DOO
RUJDQLVPV��´7R[LFLW\�WKUHVKROGµ�LV�WKH�1$:4
FKURQLF�FULWHULRQ��LI�HVWDEOLVKHG��RU�WKH
VHFRQGDU\�FKURQLF�YDOXH��DQG�´/HYHO�RI
FRQFHUQµ�LV�WKH�UDQJH�EHWZHHQ�WKH�WZR�RWKHU
YDOXHV�

)LHOG�&DVHV

0DQ\�VWXGLHV�KDYH�EHHQ�FRQGXFWHG�LQ�UHFHQW
\HDUV�WR�LQYHVWLJDWH�WKH�WR[LFLW\�RI�]LQF�DQG�]LQF�
FRSSHU�PL[WXUHV�LQ�HIIOXHQWV���)LQOD\VRQ�DQG
9HUUXH��������DQG�)LQOD\VRQ�DQG�$VKXFNLDQ
�������FRQGXFWHG�ORQJ�WHUP�DQG�VKRUW�WHUP
WR[LFLW\�VWXGLHV�RQ�&KLQRRN�VDOPRQ�DQG
VWHHOKHDG�WURXW��UHVSHFWLYHO\��LQ�RUGHU�WR�HVWLPDWH
´VDIHµ�OHYHOV�RI�]LQF�DQG�FRSSHU�IRU�WKRVH
VSHFLHV���+DUULVRQ�DQG�.ODYHUNDPS��������DOVR
FRQGXFWHG�DQ�H[WHQVLYH�VWXG\�RQ�WKH
ELRDFFXPXODWLRQ�RI�]LQF��FRSSHU��DQG�RWKHU
PHWDOV�LQ�QRUWKHUQ�SLNH�DQG�ZKLWH�VXFNHU�IURP
ODNHV�QHDU�D�VPHOWHU��
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7KUHH�H[DPSOHV�LOOXVWUDWH�WKH�SRWHQWLDO�LPSDFWV
RI�]LQF�FRQWDPLQDWHG�PLQH�GUDLQDJH�RQ�WKH
DTXDWLF�HQYLURQPHQW�

��� $FLG�PLQH�GUDLQDJH�IURP�WKH�,URQ
0RXQWDLQ�0LQH�QHDU�5HGGLQJ��&DOLIRUQLD�
FRQWDLQLQJ�KLJK�FRQFHQWUDWLRQV�RI�]LQF�DQG
FRSSHU��FDXVHG�QXPHURXV�ILVK�NLOOV�LQ�WKH
XSSHU�6DFUDPHQWR�5LYHU��)LQOD\VRQ�DQG
$VKXFNLDQ�������)LQOD\VRQ�DQG�9HUUXH
��������6RPH�RI�WKHVH�RFFXUUHG�DV�IDU�EDFN
DV�WKH�HDUO\�����
V��EXW�WKH\�EHFDPH�PRUH
IUHTXHQW�DQG�PRUH�VHULRXV�IROORZLQJ�WKH
FRQVWUXFWLRQ�RI�6KDVWD�'DP�LQ������DQG
.HVZLFN�'DP�LQ��������)LQOD\VRQ�DQG
$VKXFNLDQ��������K\SRWKHVL]HG�WKDW�WKHVH
GDPV�KDG�HIIHFWLYHO\�GLPLQLVKHG�WKH
´GLOXWLRQ�HIIHFWµ�LQ�WKH�6DFUDPHQWR�5LYHU��
<HW��WKH�RXW�IORZV�IURP�WKHVH�GDPV�KDYH
DOVR�EHHQ�XVHG�WR�SXUSRVHO\�GLOXWH�HOHYDWHG
FRQFHQWUDWLRQV�WKDW�DUH�GHWHFWHG�DW
GRZQVWUHDP�PRQLWRULQJ�VWDWLRQV�

��� 6LPLODUO\��WR[LF�FRQFHQWUDWLRQV�RI�]LQF�DQG
FRSSHU�IURP�WKH�3HQQ�0LQH�DUHD�LQ�WKH
6LHUUD�1HYDGD�RI�&DOLIRUQLD�FDXVHG�VL]DEOH
ILVK�NLOOV�LQ�WKH�ORZHU�0RNHOXPQH�5LYHU
%DVLQ��)LQOD\VRQ���DQG�5HFWHQZDOG��������
'XULQJ�D�ILVK�NLOO�LQ�WKH�0RNHOXPQH�5LYHU
LQ�������]LQF�FRQFHQ�WUDWLRQV�RI����
PLOOLJUDPV�SHU�OLWHU��PJ�/��ZHUH�PHDVXUHG
����NLORPHWHUV�GRZQ�VWUHDP�IURP�WKH�PLQH�

��� ,Q�&DQDGD��WKH�HIIHFWV�RI�PL[HG�PLQLQJ
ZDVWHV�RQ�ILVK�ZHUH�H[DPLQHG�WKURXJK
LQWHJUDWHG�ILHOG�VDPSOLQJ�RI�ZDWHU�
VHGLPHQW��LQYHUWHEUDWHV��DQG�ILVK
�0XQNLWWULFN�HW�DO��������0LOOHU�HW�DO���������
0LOOHU�HW�DO����������LQ�SDUWLFXODU��PDGH�DQ
H[WHQVLYH�VWXG\�RI�WKH�UHODWLRQVKLSV
EHWZHHQ�FRQFHQWUDWLRQV�RI�]LQF�DQG�FRSSHU
LQ�DOO�WKHVH�PHGLD�LQ�WKH�0DQLWRXZDGJH
FKDLQ�RI�ODNHV�LQ�QRUWKHUQ�2QWDULR���7KH\
IRXQG�D�FRUUHODWLRQ�EHWZHHQ�]LQF
FRQFHQWUDWLRQV�LQ�LQYHUWHEUDWHV�DQG�LQ
VHGLPHQW�EXW�REVHUYHG�QR�VXFK�UHODWLRQVKLS�

ZLWK�ZDWHU�FRQFHQWUDWLRQV���1HLWKHU�GLG�WKH\
ILQG�DQ\�UHODWLRQVKLS�EHWZHHQ�]LQF
FRQFHQWUDWLRQV�LQ�ILVK�WLVVXH�DQG�WKRVH�LQ
LQYHUWHEUDWHV��DOWKRXJK�VHYHUDO�ODE�VWXGLHV�KDG
VXJJHVWHG�WKDW�IRRG�DQG�SDUWLFXODWHV�DUH�PXFK
PRUH�LPSRUWDQW�VRXUFHV�RI�]LQF�WKDQ�ZDWHU
�3DWULFN�DQG�/RXWLW�������'DOOLQJHU�DQG�.DXW]N\
������DV�FLWHG�LQ�0LOOHU�HW�DO����������)RU�ERWK
]LQF�DQG�FRSSHU��WKH�ZDWHU�FRQFHQWUDWLRQ�ZDV�D
EHWWHU�LQGLFDWRU�RI�PHWDO�FRQFHQWUDWLRQ�LQ�ILVK
WLVVXH�WKDQ�WKH�VHGLPHQW�RU�LQYHUWHEUDWH
FRQFHQWUDWLRQV�LQ�WKLV�ILHOG�VWXG\���0LOOHU�HW�DO�
�������DOVR�UHSRUWHG�UHGXFHG�JURZWK�LQ�IHPDOHV
RI�ZKLWH�VXFNHU�DIWHU�VH[XDO�PDWXUDWLRQ�
GHFUHDVHG�HJJ�VL]H�DQG�IHFXQGLW\��QR�VLJQLILFDQW
LQFUHDVH�LQ�IHFXQGLW\�ZLWK�DJH��DQG�DQ�LQFUHDVHG
LQFL�GHQFH�RI�VSDZQLQJ�IDLOXUH�DW�D�ZDWHUERUQH
]LQF�FRQFHQWUDWLRQ�RI�����PJ�/�DQG�D�VHGLPHQW
FRQFHQWUDWLRQ�RI�������PJ�NJ���,Q�DGGLWLRQ��WKH\
IRXQG�NLGQH\�DQG�OLYHU�FRQFHQWUDWLRQV�WR�EH
EHWWHU�LQGLFDWRUV�RI�FKURQLF�]LQF�DQG�FRSSHU
H[SRVXUH�WKDQ�PXVFOH�FRQFHQWUDWLRQV��

$ELRWLF�)DFWRUV�$IIHFWLQJ
%LRDFFXPXODWLRQ

:DWHU

,Q�QDWXUDO�ZDWHUV��]LQF�RFFXUV�ERWK�LQ�GLV�VROYHG
IRUP�DQG�DV�VXVSHQGHG�SDUWLFXODWHV���2QO\�WKH
GLVVROYHG�IUDFWLRQ�LV�EHOLHYHG�WR�EH�WR[LF�WR�ILVK
�)LQOD\VRQ�DQG�9HUUXH���������'LVVROYHG�]LQF
DVVXPHV�VHYHUDO�GLIIHUHQW�FKHPLFDO�IRUPV�LQ
YDULRXV�LQRUJDQLF�DQG�RUJDQLF�FRPSOH[HV���=LQF
LV�SUHVHQW�DV�=Q���LQ�DFLGLF�ZDWHUV�DQG�=Q2+�

LQ�VRIW�ZDWHUV���$FFRUGLQJ�WR�VRPH�VWXGLHV��]LQF
LV�DOVR�SUHVHQW�DV�D�WR[LF��DTXR�LRQ��
�=Q�+

�
2�

�
�����DOPRVW�H[FOXVLYHO\�LQ�IUHVK�ZDWHU

�&DPSEHOO�DQG�6WRNHV���������6RIWHU�ZDWHU�LV
DOVR�NQRZQ�WR�LQFUHDVH�WKH�WR[LFLW\�RI�]LQF�LQ
ILVK��DQG�DPELHQW�ZDWHU�TXDOLW\�FULWHULD�DUH�EDVHG
RQ�ZDWHU�KDUGQHVV��(3$���������������0RVW�RI
WKH�]LQF�LQWURGXFHG�LQWR�WKH�DTXDWLF
HQYLURQPHQW�LV�HYHQWXDOO\�GHSRVLWHG�LQ
VHGLPHQWV�
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%RWWRP�6HGLPHQW

%LRORJLFDO�HIIHFWV�KDYH�QRW�EHHQ�DVVRFLDWHG�ZLWK
]LQF�FRQFHQWUDWLRQV�RI����PJ�NJ��GU\�ZHLJKW��RU
OHVV�LQ�VHGLPHQWV��EXW�WKH�DYDLODEOH�GDWD�VXJJHVW
WKDW�VXEOHWKDO�HIIHFWV�PD\�RFFXU�DW�]LQF
FRQFHQWUDWLRQV�EHWZHHQ����DQG�
����PJ�NJ��/RQJ�DQG�0RUJDQ���������/RQJ�
HW�DO���������LGHQWLILHG�����PJ�NJ�DV�D�VDIH�OHYHO
IRU�]LQF�DQG�����PJ�NJ�DV�D�FRQFHQWUD�WLRQ
DERYH�ZKLFK�DGYHUVH�HIIHFWV�DUH�FRPPRQ��
$OWKRXJK�PDQ\�RI�WKH�GDWD�WKDW�ZHUH�HYDOXDWHG
ZHUH�IRU�HVWXDULQH�DQG�PDULQH�VHGLPHQWV��+XOO
DQG�6XWHU��������FRQFOXGHG�WKDW�WKRVH�VFUHHQLQJ
OHYHOV�DOVR�ZHUH�DSSURSULDWH�IRU�IUHVKZDWHU
VHGLPHQWV�XQWLO�PRUH�VSHFLILF�JXLGHOLQHV�EHFRPH
DYDLODEOH���+RZHYHU��WKH\�DOVR�UHFRPPHQG�WKDW
WKHVH�FRQFHQWUDWLRQV�EH�FRPSDUHG�WR�ORFDO
EDFNJURXQG�OHYHOV�ZKHQ�SRVVLEOH��DQG�WKDW
FRQFHQWUDWLRQV�ZLWKLQ�WKH�EDFNJURXQG�UDQJH
VKRXOG�QRW�EH�FRQVLGHUHG�D�SUREOHP�

$FLG�YRODWLOH�VXOILGHV��$96��LQ�WKH�VHGLPHQW�PD\
FRPELQH�ZLWK��D�SRUWLRQ�RI�FHUWDLQ�PHWDOV��&G�
&X��1L��3E��DQG�=Q��DQG�UHQGHU�WKDW�SRUWLRQ
XQDYDLODEOH�DQG�QRQWR[LF�WR�ELRWD�
�'L�7RUR�HW�DO����������,Q�RUGHU�WR�DVVHVV�WKH
HIIHFWV�RI�DFLG�YRODWLOH�VXOILGHV�RQ�PHWDO�WR[LFLW\�
WKH�$96�LV�H[WUDFWHG�IURP�VHGLPHQW�ZLWK�K\GUR�
FKORULF�DFLG��DQG�WKH�PHWDO�FRQFHQWUDWLRQ�WKDW
FRPHV�ZLWK�LW�LV�FDOOHG�WKH�VLPXOWDQHRXVO\
H[WUDFWHG�PHWDO��6(0����$OO�6(0V�WKDW�ZRXOG
FRQWULEXWH�DSSUHFLDEO\�WR�WKH�WRWDO�6(0�DUH
PHDVXUHG�DQG�WRWDOHG��'L�7RUR�HW�DO����������+H
WKH�VHGLPHQWV�DUH�QRW�IXOO\�R[LGL]HG��$GDPV�HW
DO���������WKHQ�DQ�6(0�$96�UDWLR����LQGLFDWHV
WKDW�DFXWH�WR[LFLW\�LV�XQOLNHO\���7KH�PHWKRG�KDV
QRW�\HW�EHHQ�DGDSWHG�IRU�FKURQLF�WR[LFLW\�

%LRWLF�(IIHFWV

=LQF�FRQFHQWUDWLRQV�LQ�SODQWV�DQG�DQLPDOV�DUH
H[WUHPHO\�YDULDEOH���,Q�SODQWV��WKH�EDFNJURXQG
FRQFHQWUDWLRQ�UDQJHV�IURP���WR�����PJ�NJ
�%RGHN�HW�DO����������,Q�ILVK��FRQFHQWUDWLRQV�DUH
QRUPDOO\������PJ�NJ�GZ��(LVOHU��������EDVHG�

RQ�D�QDWLRQZLGH�VXUYH\�RI�]LQF�LQ�ILVK��6FKPLWW
DQG�%UXPEDXJK��������UHSRUWHG�D�PHDQ
FRQFHQWUDWLRQ�RI������PJ�NJ�ZZ��DERXW�
���PJ�NJ�GZ��DQG�DQ���WK�SHUFHQWLOH
FRQFHQWUDWLRQ�RI������PJ�NJ�ZZ������PJ�NJ
GZ����)RU�ERWK�ELUGV�DQG�PDPPDOV��QRUPDO
WLVVXH�]LQF�FRQFHQWUDWLRQV�DUH������PJ�NJ�GZ
�(LVOHU�������

3ODQWV

6HQVLWLYH�WHUUHVWULDO�SODQWV�VXFK�DV�RDN�DQG�PDSOH
VHHGOLQJV�GLHG�ZKHQ�VRLO�]LQF�OHYHOV�ZHUH�!���
PJ�NJ��DV�VKRZQ�LQ�WDEOH������,Q�JHQHUDO��]LQF
XSWDNH�E\�SODQWV�LV�SURPRWHG�E\�ORZ�VRLO�S+�DQG
LV�UHVWUDLQHG�E\�KLJK�VRLO�S+��KLJK�FOD\�FRQWHQW�
KLJK�FDWLRQ�H[FKDQJH�FDSDFLW\��RU�D�KLJK
SKRVSKDWH�OHYHO�LQ�WKH�VRLO��%RGHN�HW�DO���������
7KH�JHQHUDO�V\PSWRPV�RI�]LQF�WR[LFLW\�LQ
WHUUHVWULDO�SODQWV�DUH�FKORURWLF�DQG�QHFURWLF�OHDI
WLSV��LQWHUYHLQDO�FKORURVLV�LQ�QHZ�OHDYHV��UHWDUGHG
JURZWK�RI�WKH�HQWLUH�SODQW��DQG�LQMXUHG�URRWV
UHVHPEOLQJ�EDUEHG�ZLUH��.DEDWD�3HQGLDV�DQG
3HQGLDV���������&HUHDOV�DQG�VSLQDFK�DUH�WKH
FRPPRQ�FURS�SODQWV�PRVW�VHQVLWLYH�WR�]LQF
WR[LFLW\���7KH�UHFRPPHQGHG�PD[LPXP
DFFHSWDEOH�]LQF�FRQFHQWUDWLRQ�LQ�VRLO�IRU
WHUUHVWULDO�SODQWV�LV���²����PJ�NJ��GHSHQGLQJ�RQ
WKH�IRUP�RI�]LQF�DQG�WKH�VRLO�FRQGLWLRQV�

)LVK

6LJQLILFDQW�DGYHUVH�HIIHFWV�ZHUH�REVHUYHG�LQ�WKH
PRVW�VHQVLWLYH�ILVK�VSHFLHV�DW�D�ZDWHUERUQH
]LQF�FRQFHQWUDWLRQ�RI����PJ�/��WDEOH������
:KHQ�ODUYDH�DQG�DOHYLQV�RI�UDLQERZ�WURXW�
�1PEQTJ[PEJWU�O[MKUU��ZHUH�H[SRVHG�WR�����J
=Q�/�����SHUFHQW�RI�WKHP�GLHG�DIWHU�D����GD\
H[SRVXUH��6SHDU���������$FXWH����K�/&���YDOXHV
IRU�VDOPRQ�ZHUH�PHDVXUHG�DW�
!�������J�/��+DPLOWRQ�DQG�%XKO���������

.QR[�HW�DO���������IRXQG�WKDW�UDLQERZ�WURXW�FDQ
WROHUDWH�UHODWLYHO\�KLJK�GLHWDU\�FRQFHQ�WUDWLRQV�RI
]LQF���7KHUH�ZDV�QR�HIIHFW�RQ�JURZWK�RU�KHDOWK
RI�UDLQERZ�WURXW�ZKHQ�WKH\
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Table 35.&Biological effects of zinc in sediment or soil

Species

Zn in sediment/
soil

(mg/kg dw)
Zn in biomass (mg/kg dw)

and other effects Comments Reference

Plants

Oak (Quercus rubra) 100 Lethal to seedlings Planted in
culture medium

Eisler 1993

Red maple (Acer
rubrum)

100 Lethal to seedlings

Invertebrates

Aquatic invertebrates 1,149 Complete absence of Plecoptera,
Ephemeroptera, Odonata,
Trichoptera, Amphipoda, and
Unionidae

Manitouwadge
Lake, Ontario,
Canada

Munkittrick
et al. 1991

Earthworm
(Aporrectodea
tuberculata)

28 320 Eisler 1993

97 810

110 1,300

190 1,100

320 650

470 No worms found

Fish

White sucker
(Catostomus
commersoni)

43 Liver 112; muscle 25; stomach
contents 7

Loken Lake,
Ontario, Canada

Munkittrick
et al. 1991

1,149 Liver 210; muscle 20; stomach
contents 886.  Lowered growth
rate

Manitouwadge
Lake, Ontario,
Canada

Mammals

Field vole
(Microtus agrestis)

21,000 Whole body 191.6 Pb-Zn mine site Johnson et
al. 1978

131 Whole body 121.2 Uncontaminated
site

Roberts
and
Johnson
1978

59 Whole body 100; liver 113; kidney
121

Uncontaminated
site

Anderson
et al. 1982

Shrew
(Sorex araneus)

21,000 Whole body 141 Pb-Zn mine site Johnson et
al. 1978

Vole (Clethrionomys
glareolus)

21,000 Whole body 123.4 Pb-Zn mine site



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

ZHUH�IHG�D�GLHW�FRQWDLQLQJ�]LQF�DW�D�OHYHO�RI�
����PJ�NJ�GZ��WDEOH�������2WKHU�IHHGLQJ�VWXGLHV
XVLQJ�UDLQERZ�WURXW�IRXQG�QR�REVHUYHG�HIIHFW
ZLWK�GLHWDU\�FRQFHQWUDWLRQV�UDQJLQJ�IURP�����WR
������PJ�NJ�GZ��DOWKRXJK�SURJUHVVLYHO\�KLJKHU
]LQF�FRQFHQ�WUDWLRQV�ZHUH�REVHUYHG�LQ�WKH�OLYHU�
EORRG��DQG�JLOOV��:HNHOO�HW�DO��������

$PSKLELDQV

$PSKLELDQ�HPEU\RV�DUH�NQRZQ�WR�EH�PRUH
VHQVLWLYH�WR�]LQF�WKDQ�ROGHU�VWDJHV���$V�VKRZQ�LQ
WDEOH�����PRVW�DPSKLELDQV�VKRZ�VHULRXV�DGYHUVH
HIIHFWV�DW�ZDWHUERUQH�]LQF�FRQFHQWUD�WLRQV
!�������J�/���$PSKLELDQV�DUH�UHSRUWHG�WR
DFFXPXODWH�]LQF�PRUH�WKDQ�RWKHU�VSHFLHV��
&RPSDUHG�WR�FRQFHQWUDWLRQV�LQ�ILVK��]LQF
FRQFHQWUDWLRQV�LQ�WDGSROHV�ZHUH����WLPHV�DV
KLJK��DQG�WKRVH�LQ�HYLVFHUDWHG�WDGSROHV�ZHUH
WZLFH�DV�KLJK��-HQQHWW�HW�DO��������

%LUGV

%LUGV�DUH�UHODWLYHO\�WROHUDQW�WR�]LQF��3XOV������
(LVOHU���������'XFNV��#PCU�VSS���KDG�UHGXFHG
VXUYLYDO�ZKHQ�WKH\�FRQVXPHG�������WR�
������PJ�=Q�NJ�LQ�GLHWV���:KHQ�WKH�VDPH
DPRXQW��������PJ�NJ��ZDV�IHG�WR�PDOODUGV
�#PCU�RNCV[TJ[PEJQU���WKH\�GHYHORSHG�GLDUUKHD
DIWHU����GD\V��OHJ�SDUDO\VLV�LQ����GD\V��DQG�KLJK
PRUWDOLW\�DIWHU����GD\V���7KH�ORZHVW�FRQ�
FHQWUDWLRQ�RI�]LQF�LQ�GLHW�WKDW�FDXVHG�DGYHUVH
HIIHFWV�LQ�ELUGV�ZDV�����PJ�NJ���:KHQ�����PJ
=Q�NJ�ZDV�IHG�WR�GRPHVWLF�EUHHGLQJ�KHQV�IRU�
��ZHHNV��LW�FDXVHG�LPPXQRVXSSUHVVLRQ�RI�\RXQJ
SURJHQ\�ZLWKRXW�DIIHFWLQJ�JURZWK��(LVOHU�������

0DPPDOV

0DPPDOV�DOVR�DUH�UHODWLYHO\�WROHUDQW�WR�]LQF
�3XOV�������(LVOHU���������0RVW�PDPPDOV�FDQ
FRQVXPH�PXFK�KLJKHU�OHYHOV�RI�]LQF�WKDQ�WKHLU
QRUPDO�LQWDNHV�ZLWKRXW�VKRZLQJ�DQ\�GHOHWHULRXV
HIIHFWV���0RVW�VWXGLHV�RI�]LQF�LQ�PDPPDOV�KDYH�

IRFXVHG�RQ�ZKROH�ERG\�FRQFHQWUDWLRQV��]LQF�GLG
QRW�ELRFRQFHQWUDWH�LQ�OLYHU�RU�NLGQH\�WLVVXH��
$PRQJ�WKH�VPDOO�PDPPDOV�OLVWHG�LQ�WDEOH�����WKH
ILHOG�YROH��/KETQVWU�CITGUVKU��ZDV�IRXQG�WR
DFFXPXODWH�WKH�PRVW�]LQF�LQ�ZKROH�ERG\
FRQFHQWUDWLRQV��7DOPDJH�DQG�:DOWRQ���������$W
D�VRLO�FRQFHQWUDWLRQ�RI��������PJ�NJ�GZ��LW
DFFXPX�ODWHG�D�]LQF�FRQFHQWUDWLRQ�RI������
PJ�NJ�GZ��VLJQLILFDQWO\�KLJKHU�WKDQ�WKH
FRQFHQWUDWLRQV�LQ�FRQWURO�YROHV���0DQ\�VWXGLHV
VKRZ�WKDW�PDPPDOV�JHQHUDOO\�FDQ�WROHUDWH
GLHWDU\�]LQF�OHYHOV�XS�WR�����WLPHV�WKHLU�XVXDO
GDLO\�UHTXLUHPHQW�IRU�ORQJ�SHULRGV�ZLWKRXW
VKRZLQJ�VLJQLILFDQW�DGYHUVH�HIIHFWV��(LVOHU��������

%LRDFFXPXODWLRQ

%LRFRQFHQWUDWLRQ�IDFWRUV��%&)V��RI�]LQF�FDQ
YDU\�JUHDWO\�EHWZHHQ�IUHVKZDWHU�VSHFLHV���
)RU�LQVHFWV��WKH�%&)�FDQ�YDU\�IURP�����WR�
������DQG�IRU�ILVK�IURP����WR������(3$��������

,QWHUDFWLRQV

,Q�VROXWLRQ��LQRUJDQLF�R[LGHV�DQG�KXPLF
VXEVWDQFHV�LQFUHDVH�WKH�ELRDYDLODELOLW\�RI�]LQF
�(3$���������������0RUHRYHU��PL[WXUHV�RI�]LQF
DQG�FRSSHU�DUH�NQRZQ�WR�EH�DGGLWLYH�RU��PRUH�
WKDQ�DGGLWLYH��LQ�WR[LFLW\�WR�PDQ\�DTXDWLF
RUJDQLVPV���)LQOD\VRQ�DQG�9HUUXH�������
FRQGXFWHG�ORQJ�WHUP�DQG�VKRUW�WHUP�WR[LFLW\
VWXGLHV�RQ�&KLQRRN�VDOPRQ��1PEQTJ[PEJWU
VUJCY[VUEJC��XVLQJ�YDULRXV�ZDWHU�FRQFHQWUDWLRQV
RI�FRSSHU�DQG�]LQF�PL[WXUH���)URP�WKH�UHVXOWV�
WKH\�HVWLPDWHG�WKDW�VDIH�OHYHOV�RI�FRSSHU�DQG
]LQF�IRU�&KLQRRN�VDOPRQ�ZRXOG�EH�EHORZ���
DQG����PJ�/��UHVSHFWLYHO\���2WKHU�PHWDOV�WKDW
DUH�DGGLWLYH�WR�]LQF�LQ�WR[LFLW\�DUH�OHDG�DQG
QLFNHO���2Q�WKH�RWKHU�KDQG��FDGPLXP�LV�NQRZQ
WR�EH�DQWDJRQLVWLF�WR�]LQF���$�ORZ�PROHFXODU�
ZHLJKW�SURWHLQ��PHWDOORWKLRQHLQ��DOVR�SOD\V�DQ
LPSRUWDQW�UROH�LQ�WKH�WUDQVSRUW��VWRUDJH��DQG
GHWR[LILFDWLRQ�RI�]LQF��+DPLOWRQ�DQG�0HKUOH
��������0HWDOORWKLRQHLQ�V\QWKHVLV�LV�LQGXFHG
ZKHQ�PRVW�YHUWHEUDWHV�DQG�VRPH�SODQWV�DUH�



=LQF

���

Table 36.&Biological effects of zinc on aquatic species

Species
Zn in water

(µg/L) Effect Comments Reference

Plants

Brown macroalgae
(Fucas serratus)

9.5 BCF:  10,770 in 140 days Marine algae Eisler 1993

Freshwater alga
(Selenastrum
capricornutum)

30 Some growth inhibition in 7 days Eisler 1993

40%68 95% growth inhibition in 14 days

100 100% growth inhibition in 14 days

Freshwater algae,
most species

>1,000 Growth inhibition Eisler 1993

Phytoplankton 15 Primary productivity reduced in 
14 days

Eisler 1993

Invertebrates

Cladoceran (Daphnia
magna) eggs

10,000%50,000 No effect on mortality 46-h exposure. 
Eggs more tolerant
than adults

Bodar et al.
1989

100,000 Increase in mortality

Mayfly (Epeorus
latifolium) larvae

10%30 Decreased growth rate after 
2 weeks.  Notable increase in
mortality at 4 weeks

Hatakeyama
1989

100 Growth rate 37% of control at 
1 week, near 0% at 2 weeks.  All
died before emergence

300 Growth rate 24% of control at
1 week, near 0% at 2 weeks.  All
died before emergence

Midge (Chironomus
tentans) larvae

8,200 48-h EC50  (Effect:  immobilization) Temp. 14°C, pH 6.3 Khangarot and
Ray 1989

Mosquito (Aedes
aegypti) hatched
pupae

500 20% increase in mortality pH 6.1 Abbasi et al.
1985

Snail (Ancylus
fluviatilis) juvenile

80 100d LC50 Shell length
<2 millimeters

Eisler 1993

130 100d LC50 Shell length
>3 millimeters

Snail (Ancylus
fluviatilis) adult

100 No adverse effect on reproduction in
100 days

180 Reproduction reduced in 100 days

Snail (Biomphalaria
glabrata) embryos

500 Survival reduced to 50% Eisler 1993

Snail (Biomphalaria
glabrata) adults

500 Growth and reproduction inhibited
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Table 36.&Biological effects of zinc on aquatic species&Continued

Species
Zn in water

(µg/L) Effect Comments Reference

Invertebrates &Continued

Sponge (Ephydatia
fluviatilis) adults

6.5 No effect on growth; no tolerance
developed with long-term exposure

Eisler 1993

26 After exposure for 10 days, tissue
deterioration and death during
3-week post-exposure period

Fish

Bluegill (Lepomis
macrochirus)

1,400 96-h LC50 (Cu present) Cu = 400 µg/L; temp.
22±1 °C; pH 6.8%7.5 

Thompson et al.
1980

3,200 96-h LC50 (Cu absent) Cu = 0; other condi-
tions as above

Chinook salmon
(Oncorhynchus
tshawytscha)

1,270 96-h LC50 In fresh water; mean
weight 1.03 g

Hamilton and
Buhl 1990

2,880 In brackish water;
mean weight 2.60 g

5,530 24-h LC50 In fresh water; mean
weight 1.03 g

12,600 In brackish water;
mean weight 2.60 g

Chinook salmon
(Oncorhynchus
tshawytscha) eggs to
hatchlings

145 28-d LC10s, based on various mixed
solutions of Cu and Zn

Zn = 3× dissolved
Cu

Finlayson and
Verrue 1980

175 Zn = 3× total Cu

224 Zn = 6× dissolved
Cu

254 Zn = 6× total Cu

396 Zn = 11× dissolved
Cu

437 Zn = 11× total Cu

Chinook salmon
(Oncorhynchus
tshawytscha)
hatchlings to swim-up
fry

119 28-d LC50s, based on various mixed
solutions of Cu and Zn

Zn = 3× dissolved
Cu

Finlayson and
Verrue 1980

145 Zn = 3× total Cu

156 Zn = 6× dissolved
Cu

187 Zn = 6× total Cu

208 Zn = 11× dissolved
Cu

234 Zn = 11× total Cu
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Table 36.&Biological effects of zinc on aquatic species&Continued

Species
Zn in water

(µg/L) Effect Comments Reference

Fish&Continued

Coho salmon
(Oncorhynchus
kisutch), yearling

4,600 96-h LC50 Temp. 10%12°C;
hardness 68%78 or 
89%90 mg/kg (as
CaCO3)

Lorz and
McPherson
1976

Rainbow trout
(Oncorhynchus
mykiss)

10 28-d LC54 Larvae and alevins Spear 1981

70-140 25-d LC50 Early life stages

Steelhead trout
(Oncorhynchus
mykiss) eggs to
hatchlings

170 60-d LC10s, based on various mixed
solutions of Cu, Zn, and Al

Cu:Zn:Al = 1:4:6,
dissolved Zn

Finlayson and
Aschuckian
1979

200 Cu:Zn:Al = 1:4:6,
total Zn

280 Cu:Zn:Al = 1:12:18,
dissolved Zn

290 Cu:Zn:Al = 1:12:18,
total Zn

Steelhead trout
(Oncorhynchus
mykiss) hatchlings to
swim-up fry

140 60-d LC10s, based on various mixed
solutions of Cu, Zn, and Al

Cu:Zn:Al = 1:12:18,
dissolved Zn

Finlayson and
Aschuckian
1979

140 Cu:Zn:Al = 1:4:6,
dissolved Zn

170 Cu:Zn:Al = 1:4:6,
total Zn

180 Cu:Zn:Al = 1:12:18,
total Zn

Amphibians

South African clawed
frog (Xenopus laevis)

>1,500 At 96 h, some mid-gut malformations
and pericardial edema

Eisler 1993

2,700 50% malformations in 96 h

Newt
(Triturus cristatus)

200%3,000 Newts became lethargic, ate poorly,
and had skin darkening before
death.  Elevated Zn concentrations
in kidney, brain, liver, and intestine

Eisler 1993



1DWLRQDO�,UULJDWLRQ�:DWHU�4XDOLW\�3URJUDP�*XLGHOLQHV

���

Table 37.&Summary of exposure-response or exposure-bioaccumulation of zinc

Species
Zn in diet

(mg/kg dw)
Zn in biomass (mg/kg dw) and effect when

observed Comments Reference

Food chain

Mayfly
(Epeorus
latifolium)
larvae

   940
(algae)

No change in growth rate; slight increase in
mortality

Hatakeyama
1989

1,380
(algae)

Growth rate decreased to 55% of control within
1 week but rebounded after 2 weeks.  Significant
increase in mortality; impaired emergence

2,170
(algae)

Impaired emergence and growth rate; significant
increase in mortality

Woodlouse
(Porcellio
scaber)

5,000 Survival reduced to 74% of control Beyer et al.
1984

20,000 Survival reduced to 34% of control

Slug 
(Arion ater)

<100 No significant effect Eisler 1993

300%1,000 Reduced food consumption at day 27

470 Significantly impaired growth

Fish

Rainbow
trout
(Oncorhyn-
chus mykiss)

440 Liver 106; blood 171; gill 308.  No effect Wekell et al.
1983

860 Liver 120; blood 192; gill 522.  No effect

1,700 Liver 151; blood 244; gill 1,120.  No effect

683 Liver 24.  No effect 20-week
exposure.  Diet
also contained
178 mg/kg Cu

Knox et al.
1982

Birds

Mallard
(Anas platy-
rhynchos)

3,000 Leg paralysis and decreased food consumption 30-day
exposure

Eisler 1993

>3,000 Many deaths

Peking duck
(Anas platy-
rhynchos)

2,500 Progressive ultrastructural degeneration of
pancreatic acinar cells evident as early as day 5

56-day
exposure

Eisler 1993

Mammals

Horse
(Equus
caballus)

1,000 2,728%3,511 in liver; caused Cu deficiency Eisler 1993

2,000 4,364%4,524 in liver; caused Cu deficiency

Domestic
mouse
(Mus sp.)

682 No effects Eisler 1993

6,820 Reduced survival, growth, and food intake
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Table 38.&U.S. Environmental Protection Agency standards and criteria
for zinc

(See Appendix II for explanation of terms.  Source:  EPA, 1985, 1995)

Status EPA priority pollutant; carcinogencity unknown

Drinking water MCL/MCLG None established

Secondary MCL 5 mg/L

Drinking-water health advisories 
for 10-kilogram child

1-day HA: 6 mg/L
10-day HA: 6 mg/L
Long-term HA: 3 mg/L

Drinking-water health advisories 
for 70-kilogram child

Reference dose: 0.3 mg/kg/day
Long-term HA: 10 mg/L
Lifetime HA: 2 mg/L
DWEL: 10 mg/L

Freshwater criteria (hardness dependent)

At hardness of 50 mg/L CaCO3 65 µg/L for acute exposure
59 µg/L for chronic exposure

At hardness of 100 mg/L CaCO3 120 µg/L for acute exposure
110 µg/L for chronic exposure

At hardness of 200 mg/L CaCO3 210 µg/L for acute exposure
190 µg/L for chronic exposure

FKURQLFDOO\�RU�DFXWHO\�H[SRVHG�WR�]LQF�DQG�RWKHU
KHDY\�PHWDOV���,W�SURWHFWV�DJDLQVW�WKH�LOO�HIIHFWV
RI�]LQF�E\�VHTXHVWHULQJ�]LQF�PRUH�HIILFLHQWO\�

5HJXODWRU\�6WDQGDUGV

6WDQGDUGV�DQG�FULWHULD�HVWDEOLVKHG�E\�WKH�
8�6��(QYLURQPHQWDO�3URWHFWLRQ�DJHQF\�DUH�
OLVWHG�LQ�WDEOH������)RU�VWDQGDUGV�DQG�FULWHULD�VHW
E\�6WDWH�DJHQFLHV��FRQWDFW�WKRVH�DJHQFLHV
GLUHFWO\���6HH�$SSHQGL[�,�IRU�D�OLVWLQJ�RI�ZDWHU
TXDOLW\�RIILFLDOV�LQ�WKH����:HVWHUQ�6WDWHV�

5HIHUHQFHV

$EEDVL��6�$���3�&��1LSDQH\��DQG�5��6RQL���������
(QYLURQPHQWDO�FRQVHTXHQFHV�RI�WKH�LQKLELWLRQ
LQ�WKH�KDWFKLQJ�RI�SXSDH�RI�#GFGU�CGI[RVK�E\
PHUFXU\��]LQF�DQG�FKURPLXP³�7KH�DEQRUPDO
WR[LFLW\�RI�]LQF���,��'PXKTQP��5VWFKGU
������²����

$GDPV��:�-���5�$��.LPHUOH��DQG�-�:��%DUQHWW��-U��
�������6HGLPHQW�TXDOLW\�DQG�DTXDWLF�OLIH
DVVHVVPHQWV���'PXKTQP��5EK��6GEJPQN�
�����������²�����

$QGHUVRQ��7�-���*�:��%DUUHWW��&�6��&ODUN��9�-��(OLD�
DQG�9�$��0DMHWL����������0HWDO�FRQFHQWUDWLRQV�LQ
WLVVXHV�RI�PHDGRZ�YROHV�IURP�VHZDJH�VOXGJH
WUHDWHG�LQ�ILHOGV���,��'PXKTQP��3WCN��������²����

%H\HU��:�1���*�:��0LOOHU��DQG�(�-��&URPDUWLH���������
&RQWDPLQDWLRQ�RI�WKH�VRLO�KRUL]RQ�E\�]LQF
VPHOWLQJ�DQG�LWV�HIIHFW�RQ�ZRRGORXVH�VXUYLYDO��
,��'PXKTQP��3WCN��������²����

%RGDU��&�:�0���$�9�'��=HH��3�$��9RRJW��+��:\QQH�
DQG�'�,��=DQGHH����������7R[LFLW\�RI�KHDY\
PHWDOV�WR�HDUO\�OLIH�VWDJHV�RI�&CRJPKC�OCIPC��
'EQVQZKEQN��'PXKTQP��5CHGV[�������²������

%RGHN��,���:�-��/\PDQ��:�)��5HHKO��DQG�
'�+��5RVHQEODWW����������'PXKTQPOGPVCN�
KPQTICPKE�EJGOKUVT[��2TQRGTVKGU��RTQEGUUGU��CPF
GUVKOCVKQP�OGVJQFU���3HUJDPRQ�3UHVV��
1HZ�<RUN���
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&DPSEHOO��3�*�&���DQG�3�0��6WRNHV���������
$FLGLILFDWLRQ�DQG�WR[LFLW\�RI�PHWDOV�WR�DTXDWLF
ELRWD���%CP��,��(KUJ��#SWCV��5EK���������²�������

'DOOLQJHU��5���DQG�+��.DXW]N\����������7KH
LPSRUWDQFH�RI�FRQWDPLQDWHG�IRRG�IRU�WKH
XSWDNH�RI�KHDY\�PHWDO�E\�UDLQERZ�WURXW��5CNOQ
ICKTFPGTK����$�ILHOG�VWXG\���1GEQNQIKC��%HUOLQ�
�����²�����

'L�7RUR��'�0���-�'��0DKRQ\��'�-��+DQVHQ��
.�-��6FRWW��$�5��&DUOVRQ��DQG�*�7��$QNOH\��
�������$FLG�YRODWLOH�VXOILGH�SUHGLFWV�WKH�DFXWH
WR[LFLW\�RI�FDGPLXP�DQG�QLFNHO�LQ�VHGLPHQWV��
'PXKTQP��5EK��6GEJPQN�������²����

(LVOHU��5����������<KPE�JC\CTFU�VQ�HKUJ��YKNFNKHG��CPF
KPXGTVGDTCVGU���#�U[PQRVKE�TGXKGY���8�6��)LVK
DQG�:LOGOLIH�6HUYLFH�%LRORJLFDO�5HSRUW����������
����S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
#ODKGPV�YCVGT�SWCNKV[�ETKVGTKC�HQT�\KPE���
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�5HSRUW
�����²��²����������S�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
9CVGT�SWCNKV[�ETKVGTKC�UWOOCT[���8�6�
(QYLURQ�PHQWDO�3URWHFWLRQ�$JHQF\��2IILFH�RI
6FLHQFH�DQG�7HFKQRORJ\��+HDOWK�DQG�(FRORJLFDO
&ULWHULD�'LYLVLRQ��:DVKLQJWRQ��'&�

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
:DWHU�TXDOLW\�VWDQGDUGV���(VWDEOLVKPHQW�
RI�QXPHULF�FULWHULD�IRU�SULRULW\�WR[LF�SROOXWDQWV�
6WDWHV·�FRPSOLDQFH��ILQDO�UXOH���(GFGTCN�4GIKUVGT
��������²������

(3$��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\����������
'ULQNLQJ�ZDWHU�UHJXODWLRQV�DQG�KHDOWK
DGYLVRULHV���8�6��(QYLURQPHQWDO�3URWHFWLRQ
$JHQF\��2IILFH�RI�:DWHU��:DVKLQJWRQ������S�

)LQOD\VRQ��%�-���DQG�6�+��$VKXFNLDQ����������6DIH�]LQF
DQG�FRSSHU�OHYHOV�IURP�WKH�6SULQJ�&UHHN
GUDLQDJH�IRU�VWHHOKHDG�WURXW�LQ�WKH�8SSHU
6DFUDPHQWR�5LYHU��&DOLIRUQLD���%CNKH��(KUJ�CPF
)COG������²���

)LQOD\VRQ��%�-���DQG�+�-��5HFWHQZDOG����������6QZKEKV[
QH�EQRRGT�CPF�\KPE�HTQO�VJG�2GPP�/KPG�CTGC�QP
MKPI�UCNOQP�
2QFRUK\QFKXV�WVKDZ\WVFKD��CPF
UVGGNJGCF�VTQWV�
6DOPR�JDLUGQHUL��KP�VJG
/QMGNWOPG�4KXGT�DCUKP��%CNKHQTPKC��
&DOLIRUQLD�'HSDUWPHQW�RI�)LVK�DQG�*DPH�
(QYLURQPHQWDO�6HUYLFHV�%UDQFK��6DFUDPHQWR�
&DOLIRUQLD���$GPLQLVWUDWLYH�5HSW����²��

)LQOD\VRQ��%�-���DQG�.�0��9HUUXH���������(VWLPDWHG
VDIH�]LQF�DQG�FRSSHU�OHYHOV�IRU�&KLQRRN
VDOPRQ��1PEQTJ[PEJWU�VUJCY[VUEJC��LQ�WKH
8SSHU�6DFUDPHQWR�5LYHU��&DOLIRUQLD���%CNKH�
(KUJ�CPF�)COG������²���

)XUQHVV��5�:���DQG�3�6��5DLQERZ����������*GCX[
OGVCNU�KP�VJG�OCTKPG�GPXKTQPOGPV���&5&
3UHVV���%RFD�5DWRQ��)ORULGD�������S�

+DOO��5�-���DQG�%�0��0XOKHUQ����������$UH�DQXUDQ
DPSKLELDQV�KHDY\�PHWDO�DFFXPXODWRUV"��,Q��
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2IILFHV�5HVSRQVLEOH�IRU�:DWHU�4XDOLW\
6WDQGDUGV�LQ����:HVWHUQ�6WDWHV

State Clean Water Act&Standards Safe Drinking Water Act&Standards

Arizona Mark Charles, Manager
Water Quality Compliance Section
Dept. Of Environmental Quality
3033 North Central Avenue
Phoenix, AZ  85012%2809
(602) 207%4567

Bob Munari, Manager
Drinking Water Section
Dept. Of Environmental Quality
3033 North Central Avenue
Phoenix, AZ  85012%2809
(602) 207%4617

California Gail Linck, Supervisor
Division of Water Quality
State Water Resource Control Board
P.O. Box 994213
Sacramento, CA  94244%2130
(916) 657%2188
http://www.swrcb.ca.gov

David Spats, Division Chief
Division of Drinking Water & 
   Environmental Management
State Department of Health Services
601 North 7th Street
Sacramento, CA  95814
(916) 322%2308

Colorado Dennis Anderson, Env. Engineer
Water Quality Control Division
Department of Public Health &
   Environment
4300 Cherry Creek Drive South
Denver, CO  80222%1530
(303) 692%3571
Dennis.Anderson@state.co.us

Jerry Biberstine
State Drinking Water Program
Department of Public Health &
   Environment
4300 Cherry Creek Drive South
Denver, CO  80222%1530
(303) 692%3546
Jerry.Biberstein@state.co.us

Idaho Mark Shumar
Water Quality Program
Division of Environmental Quality
1410 North Hilton
Boise, ID  83706
(208) 373%0120

Lance Nielsen
Drinking Water and Wastewater Program
Division of Environmental Quality
1410 North Hilton
Boise, ID  83706
(208) 373%0409

Kansas Theresa Hodges
Office of Science and Support
Kansas Department of Health
   & Environment
Forbes Field, Building 283
Topeka, KS 66620
(916) 296%5572

David Waldo
Bureau of Water
Kansas Department of Health
   & Environment
Forbes Field, Building 283
Topeka, KS  66620
(916) 296%5503
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Montana Abe Horpestad
Resource Protection & Planning Division
Department of Environmental Quality
Metcalf Building
P.O. Box 200901
Helena, MT  59620
(406) 444%2459

John Camden
Public Water Supply Specialist
Permitting and Compliance Division
Department of  Environmental Quality
Metcalf Building
P.O. Box 200901
Helena, MT  59620
(406) 444%4019

Nebraska John Bender
Surface Water Division
Department of Environmental Quality
1200 North Street, Suite 400
P.O. Box 98922
Lincoln, NE  68509%8922
(402) 471%4201

Jack Daniel
Department of Registration and
   Licensure
Nebraska Health and Human Services
P.O. Box 95007
Lincoln, NE  68509
(402) 471%2541

Nevada Adele Basham
Bureau of Water Quality Planning
Division of Environmental Protection
333 West Nye
Carson City, NV  89706%0851
(702) 687%4670 ext. 3102

Dr. Jonathon C. Palm
Bureau of Health Protection Services
Nevada State Health Division
505 East King Street, Room 103
Carson City, NV  89710
(702) 687%6615 ext. 229

New
Mexico

Ed Kelley
Surface Water Quality Bureau
New Mexico Environment Department
P. O. Box 26110
Santa Fe, NM  87502
(505) 827%0187

Robert Gallegos
Drinking Water & Community 
   Services Bureau
New Mexico Environment Department
P. O. Box 26110
Santa Fe, NM  87502
(505) 827%7536

North
Dakota

Mike Ell
Surface Water Quality Management
   Program
Department of Health
P.O. Box 5520
Bismarck, ND  58506%5520
(701) 328%5210

D. Wayne Kern
Municipal Facilities Program
Department of Health
P.O. Box 5520
Bismarck, ND  58506%5520
(701) 328%5211

Oklahoma John Dyer
Water Quality Division
Department of Environmental Quality
1000 NE 10th Street
Oklahoma City, OK  73117%1212
(405) 271%5205 ext. 191

Mike Harrell
Water Quality Division
Department of Environmental Quality
1000 NE 10th Street
Oklahoma City, OK  73117%1212
(405) 271%5205 ext. 200
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Oregon Lynne Kennedy, Standards Coordinator
Science and Data Section
Water Quality Division
Department of Environmental Quality
811 SW Sixth Avenue
Portland, OR  97204
(503) 229%5371

Patrick Meyer
Drinking Water Program
Oregon Health Division
800 NE Oregon, Room 611
Portland, OR  97232
(503) 731%4381

South
Dakota

Bill Baer, Program Scientist
Surface Water Quality Program
Department of Environment and
   Natural Resources
523 East Capitol Avenue
Pierre, SD  57501
(605) 773%3351

Darron Busch, Office Administrator
Drinking Water Program
Department of Environment and
   Natural Resources 
523 East Capitol Avenue
Pierre, SD  57501
(605) 773%3754

Texas Jim Davenport
Water Quality Division
Texas Natural Resource 
   Conservation Commission
12100 Park 35 Circle
Austin, TX  78711%3087
(512) 239%4585

Tony Bennett, Manager
Water Utility Division
Public Drinking Water Supply Section 
Texas Natural Resource 
   Conservation Commission
12100 Park 35 Circle
Austin, TX  78711%3087
(512) 239%6020

Utah Dr. William Moellmer
Division of Water Quality
Department of Environmental Quality
288 North 1460 West
P.O. Box 144870
Salt Lake City, UT  84114%4870
(801) 538%6329

Ken Bousfield, Compliance Section
   Manager
Division of Drinking Water
Department of Environmental Quality
150 North 1950 West
P.O. Box 144830
Salt Lake City, UT  84114%4830
(801) 536%4207

Washington Mark Hicks, Standards Coordinator
Water Quality Standards Department
Department of Ecology
P.O. Box 47600
Olympia, WA  98504%7600
(360) 407%6477

Jim Hudson
Division of Drinking Water
Department of Health
P.O. Box 47822
Olympia, WA  98504%7822  
(360) 753%9674

Wyoming1 US EPA Region VIII
Water Program
999 18th Street, Suite 500
Denver, CO  80202%2466
(303) 312%6260

US EPA Region VIII
Water Program
999 18th Street, Suite 500
Denver, CO  80202%2466
(303) 312%6120

     1 The State of Wyoming does not administer the Clean Water Act or the Safe Drinking Water Act.  The
Environmental Protection Agency Region VIII in Denver, Colorado, has jurisdiction.
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Appendix II

Glossary of Abbreviations
and Technical Terms

A

abiotic:  Not involving living organisms or life
processes.

absorption:  Taking in of fluids or other
substances by cells or tissues (cf. adsorption).

acclimation:  Physiological and behavioral
adjustments of an organism to changes in its
environment (especially changes that occur
within single individuals and single generations;
cf. adaptation).

action levels:  Limits established by the 
U.S. Food and Drug Administration (FDA) to
control levels of contaminants in human food
and animal feed.  The FDA will take legal action
to remove products from the market if they
exceed these limits.

acute exposure:  A single exposure to a toxic
substance which results in severe biological
harm.  Acute exposures are usually characterized
as lasting no longer than a day.

adaptation:  Changes in an organism's structure
or habits that help it adjust to its surroundings
(especially changes that occur through natural
selection over multiple generations; cf.
acclimation).

adipose:  Fatty; of or relating to fat.

adsorption:  The adherence of a gas, liquid, or
dissolved material on the surface of a solid. 
Should not be confused with absorption.

aerobic:  Living or existing in the presence of
oxygen.

albumen:  The white of an egg.

alevin:  A young fish which has not yet absorbed
its yolk sac.

algicide:  A chemical that kills algae.

amalgam:  An alloy of mercury.

ambient:  Surrounding natural conditions (or
environment) in a given place and time.

amphipod:  A small crustacean of the order
Amphipoda, such as a beach flea.  Amphipods
lack eye stalks, have little or no shell, and have
laterally compressed bodies.

anadromous:  Fish that migrate from salt water
to freshwater to breed.

anaerobic:  Living or existing in the absence of
oxygen.

anatid:  Any member of the Anatidae, an order
of waterfowl that includes ducks, geese,
mergansers, and swans.

Anseriformes:  An order of waterfowl
comprising the ducks, geese, swans, mergansers,
and screamers.

antagonism:  Interference or inhibition of the
effect of one chemical by the action of another
chemical.
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aquo ion:  An ion that incorporates water
molecules.  Most metallic ions, if dissolved 
in water, form a complex with six water
molecules, resulting in an aquo ion with the
same charge as the free metallic ion.  Pb 2+, for
instance, is really [Pb(H2O)6]2+. 

Arochlor:  A clear, colorless to pale-yellow,
viscous organic liquid consisting of a mixture of
polychlorinated biphenyls (PCBs).  It is widely
used in electrical components, vacuum pumps,
gas-transmission turbines, heat- exchange fluids,
coatings, inks,  insecticides, fillers, adhesives,
paints, and duplicating papers.  It is a common
environmental contaminant.

arsenical:  (1) Containing or relating to arsenic. 
(2) An arsenic compound.

arthropod:  Any member of the phylum
Arthropoda, which includes insects, crustaceans,
arachnids, millipedes, and centipedes.

articular gout:  Swelling around the joints
caused by accumulation of urates (uric acid
salts).

As:  Chemical symbol for arsenic.

athalassohaline:  Refers to a nonmarine saline
environment.  Nonmarine salinity is far more
variable than the salinity in seawater, but it
generally includes much less sodium chloride
and higher proportions of other salts, such as
calcium and magnesium sulfides. 

avian:  In, of, or related to birds.

AVS:  Acid-volatile sulfide.  Sulfide ions in
sediment that are extractable by cold
hydrochloric acid.  These form insoluble and,
hence, nontoxic compounds with metals. 
Therefore, metal toxicity is reduced, ion for ion,
by the amount of AVS in the sediment.

AWQC:  Ambient water quality criteria
(established by U.S. Environmental Protection
Agency).

B

B:  Chemical symbol for boron.

basophilic granules:  Bodies from a cell's
cytoplasm that take up basic dyes when stained
in preparation for microscopic examination.  The
dyes give them a blue, gray, or bluish-gray color
under the microscopic.  

BCF:  Bioconcentration factor, the concen-
tration of a chemical in biota (e.g., earthworm)
divided by the concentration of the chemical in
media (e.g., soil).

benthic organism:  Plant or animal that lives on
or near the bottom of a stream, lake, or sea.

bioaccumulation:  General term for the uptake
and storage of chemical constituents by plants
and animals.

bioassay:  Determination of the potency of a
chemical by comparing its effect on an organism
to the effect of a standard preparation on the
same type of organism 
(cf. toxicity test).

bioavailability:  The extent to which a substance
is capable of entering into biological metabolism. 

bioconcentration:  The accumulation of a
chemical in tissues of an organism (such as fish)
to levels that are greater than the level in the
organism's food or in its environment.

biomagnification:  The cumulative result of
bioconcentration as a chemical passes up the
food chain, becoming progressively more
concentrated at each trophic level.
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biomonitor:  An organism sensitive to changes
in water quality, which is kept under observation
in order to detect such changes promptly.

biota:  Plant and animal life.

biotransformation:  The chemical alteration of a
compound caused by enzymatic activity within
an organism.

bivalent:  Capable of forming single bonds with
two other atoms or a double bond with one
other atom.

bw:  Body weight.

C

C:  Chemical symbol for carbon.

Ca:  Chemical symbol for calcium.

cachexia:  Severe weight loss and general
wasting of the body.

calcium carbonate (CaCO3) equivalent:  An
expression of the concentration of specified
constituents in water in terms of their equivalent
value to calcium carbonate.  For example, water
hardness is usually described as calcium
carbonate equivalent. 

carcinogen:  Any substance that tends to
produce cancer in an organism.

centrarchid:  Any fish from the family
Centrarchidae, which includes the freshwater or
black basses and several sunfishes.

cerebellum:  A part of the brain lying below the
cerebrum, consisting of three lobes and
concerned with muscular coordination and
maintenance of equilibrium.

Charadriformes:  An order of birds including
the auks, gulls, snipes, and other shorebirds.

chelation:  Process by which a metallic ion
bonds to a complex molecule at two different
points, which creates a ring structure and greatly
reduces the chemical reactivity of the metallic
ion but greatly increases its solubility.

chironomid:  Members of the family
Chironomidae (the true midges), two-winged
flying insects which live their larval stage
underwater.

chlorohydrocarbons:  A class of persistent,
broad-spectrum insecticides that linger in the
environment and accumulate in the food chain. 
Among them are DDT, aldrin, dieldrin,
heptachlor, chlordane, lindane, endrin, mirex,
hexachloride, and toxaphene.

chlorosis:  Yellowing of leaves and stems of
green plants, caused by a loss of chlorophyll and
other green pigments.

chronic exposure:  Long-term, low-level
exposure to a toxic chemical.

Cl:  Chemical symbol for chlorine.

Cladocera:  An order of small, freshwater
branchiopod crustaceans having a transparent
bivalve shell.  Also called “water fleas.”

conductance:  The capacity of a medium to
carry an electrical current.  In water,
conductance is directly related to the
concentration of ionized substances and, hence,
a conductance test serves as a rapid method of
estimating the water's dissolved solids content
(salinity).

contaminant:  Any physical, chemical,
biological, or radiological substance or matter
that has an adverse effect on air, water, soil, or
living things.
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criterion (plural:  criteria):  An estimate of the
concentration of a chemical or the magnitude of
a physical property that will preserve an
organism or group of organisms from harm if not
exceeded.  Criteria are not standards but may
serve as the basis for standards.  Under the
Clean Water Act, each State is required to set up
enforceable water quality standards that are at
least as protective as the Environmental
Protection Agency's criteria.

crust (of Earth):  Rocks and soil close to the
surface of the Earth.  The crust is generally
considered to extend 20–50 kilometers below
the continents and 5–10 kilometers below the
ocean floor.

crustal abundance:  Estimated average
abundance of an element in the crust of the
Earth.

Cu:  Chemical symbol for copper.

cyanobacteria:  Blue-green algae.

cytoplasm:  All of the fluids and microscopic
bodies (organelles) that make up the contents of
a living cell, except for the nucleus.

cytoplasmic oxyphilia:  A condition of living
cells in which the cytoplasm contains an unusual
excess of bodies that take up acidic dyes when
stained in preparation for microscopic
examination.

D

d:  Days.

daphnid:  A water flea, particularly one of
Daphnia or a related genus.  A cladoceran.

DDD:  A common metabolite of DDT. 
Chemical name:  dichlorodiphenyl-
dichloroethane or 2,2-bis(p-chlorophenyl)-1,
1-dichloroethane.  CAS No. 72–54–8.

DDE:  A common metabolite of DDT.  Chemical
name:  dichlorodiphenyl-dichloroethene or 2,2-
bis(p-chlorophenyl)-1,
1-dichloroethene,  CAS No. 72–55–9.

DDT:  The first chlorinated hydrocarbon
insecticide banned in the United States since
1972 because of its persistence in the
environment and its accumulation in the food
chain.  Chemical name:  dichlorodiphenyl-
trichloroethane or 2,2-bis(p-chlorophenyl)-1,1,1-
trichloroethane.  CAS No. 50–29–3.

defoliant:  An herbicide that removes leaves
from trees and growing plants.

demethylation:  Loss or removal of the methyl
group (CH3) from a methylated compound.

demyelination:  Destruction or loss of
myelin— a soft, white fatty substance that forms
a sheath around certain nerve fibers.

dermatosis:  General term for a disease of the
skin.

dicofol:  Organochlorine pesticide that often has
a trace of DDT contamination.  Commonly used
on citrus fruits and cotton.  Also known as
Kelthane®.  Chemical name: 
dichlorodiphenyltrichloroethanol.

dicotyledon:  Any plant of the class
Dicotyledonae (or Magnoliopsida), which
includes most broad-leafed flowering plants and
trees.

dry weight:  Weight determined after water and
other volatile liquids have been driven off by
heating or by prolonged exposure to dry air.

dw:  Dry weight.
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DWEL:  Drinking water equivalent level— a
lifetime exposure concentration estimated to be
safe from all toxic effects other than cancer. 
Calculated based on the assumption that all
exposure to a contaminant is from drinking
water.

E

EC50:  Median effective concentration;
estimated concentration at which 50 percent 
of exposed specimens exhibit a particular effect. 
Similarly, “EC” may be used with other
percentages to indicate concentrations for which
the affected population is equal to those
percentages.

ecosystem:  Complex system composed of a
community of animals and plants as well as the
chemical and physical environment.

ecotoxicity:  The harmful effect a substance may
inflict on any part of an ecosystem.

ED50:  Median effective dose; the dose
estimated to produce a particular effect in 50
percent of the test specimens.  Similarly, “ED”
may be used with other percentages to indicate
doses for which the affected population is equal
to those percentages.

effluent:  An outflow, especially the partially or
completely treated wastewater flowing out of a
treatment facility, reservoir, or basin.

embryopathic:  Having to do with
malformations that are congenital but not
necessarily hereditary.

emergent plants:  Plants that are rooted
underwater but rise above the water surface
(e.g., cattails). 

endrin:  A pesticide toxic to freshwater and
marine aquatic life that produces adverse health
effects in domestic water supplies.

EPA:  U.S. Environmental Protection Agency.  

Ephemeroptera:  An order of the class Insecta
that includes all mayflies.

ERL:  “Effects range-low” value of Long et al.
(1995).  Level at which 10 percent of test
specimens show adverse effects.

ERM:  “Effects range-median” value of Long et
al. (1995).  Level at which 50 percent of test
specimens show adverse effects.

estuarine:  In, of, or relating to an estuary.

estuary:  A river mouth, particularly that portion
subject to tidal action and fluctuating salinity.

eutrophication:  The increase in the nutrient
levels of a lake or other body of water; this
usually promotes greater growth of aquatic
animal and plant life.

evapotranspiration:  The process by which
water in the soil is drawn up through the roots of
plants and then is transpired through the plants'
leaves into the atmosphere.

F

Falconiformes:  An order of birds which
includes all raptors except owls.

fauna:  Animal life.

fecundity:  Fertility; the capacity for producing
offspring in abundance.

fingerling:  (1) A young or small fish no larger
than a human finger.  (2) A life stage of fish from
2 weeks after absorption of the yolk sac up to 1
year of age.

fledging:  Growing feathers.
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floating-leaf plants:  Plants that are rooted in
the sediment on the bottom of a water body but
have leaves that float on the surface (e.g., water
lilies).

flora:  Plant life.

fresh weight:  Wet weight, as determined in the
field or shortly after sample collection.

fry:  Life stage of fish between the egg and
fingerling stages.  Depending on the species of
fish, fry can measure from a few millimeters to a
few centimeters.

fungicide:  Pesticides used to control, deter, or
destroy fungi.

fw:  Fresh weight.

fww:  Fresh wet weight.

G
g:  Grams.

gastroschisis:  An opening or fissure in the
ventral wall of the abdomen.

germinal tissue:  Specialized reproductive
tissue, such as egg or sperm cells.

H
H:  Chemical symbol for hydrogen.

h:  Hours.

HA:  A Drinking Water Health Advisory issued
by the Environmental Protection Agency:  a non-
regulatory health-based reference level of
chemical traces in drinking water at which there
are no adverse health risks when ingested over
various periods of time.  (See separate
definitions for
1-day, 10-day, long-term, and lifetime HAs.) 
HAs incorporate a large margin of safety.

half-life:  The length of time required for the
mass, concentration, or activity of a chemical or
physical agent to be reduced by one-half.

hardness, water:  The concentration in water of
various mineral salts, primarily carbonates,
bicarbonates, sulfates, chlorides, and nitrates of
calcium and magnesium.  Usually expressed as
calcium carbonate equivalent.  Hardness reduces
the toxicity of copper, zinc, and some other
contaminants.

hectare:  A measure of area in the metric system
similar to an acre.  One hectare is equal to
10,000 square meters or 2.4711 acres.

hepatic:  In, of, or related to the liver.

hepatocellular hypertrophy:  Swelling of the
cells of the liver.

herbicide:  A chemical pesticide designed to
control or destroy plants, weeds, or grasses.

Hg:  Chemical symbol for mercury.

histopathological:  Pertaining to or caused by
diseases of bodily tissues.

homeostatic:  Regulated internally as part of an
animal's metabolism.

hydrosoil:  Nutrient-rich pore water within the
bottom sediment of a water body.

I
IC50:  Inhibitory concentration estimated to
reduce the normal response of an organism by 
50 percent.  Only quantifiable responses, such as
growth rates, are expressed as IC values.  Other
percentage values may be used with “IC” to
indicate greater or lesser amounts of inhibition.
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immunotoxicity:  Harmful effect of a substance
to the immune system.  Immunotoxins cause
increased susceptibility to diseases.

infauna:  Aquatic animals that live within rather
than on the bottom sediment.

inorganic:  Chemical substances of mineral
origin, not of basically carbon structure.

insecticide:  A compound specifically used to
kill or prevent the growth of insects.

insectivore:  An animal that subsists primarily on
a diet of insects.

instar:  Life stage of an insect or other arthropod
between one molt and the next.

invertebrates:  All animals that lack a vertebral
column (e.g. insects, crustaceans, mollusks,
worms).

ion:  An atom or molecule that has acquired a
net electrical charge through gaining or losing
electrons.

isocaloric:  Providing the same number of
calories.

isomers:  Chemical compounds that have
identical atomic compositions but differ in
structure. 

K
keratin:  A tough, fibrous protein material,
somewhat softer than bone, that makes up many
semi-hard body parts, such as horns, nails, and
feathers.

keratinization:  Growth of keratin on skin or
other soft tissues.

kg:  Kilograms.

L
L:  Liter, 1,000 cubic centimeters.  (1 L of fresh
water normally weighs almost exactly 1 kilo-
gram, which makes it possible to relate weight-
per-volume measurements, such as micrograms
per liter,to weight-per-weight measurements,
such as micrograms per kilogram or parts per
billion.)

larid:  Any bird of the family Laridae, which
includes gulls and terns, and is sometimes
considered to include jaegers.

LC50:  Median lethal concentration; estimated
concentration at which 50 percent of exposed
specimens would die.  Similarly, “LC” may be
used with other percentages to indicate
concentrations that produce mortality rates equal
to those percentages.

LD50:  Median lethal dose; estimated dose
sufficient to cause death to 50 percent of
exposed specimens.  Similarly, “LD” may be
used with other percentages to indicate doses
that produce mortality rates equal to those
percentages.

leachate:  The ground-water solution that results
from leaching.  

leaching:  The dissolution and removal of
soluble constituents from soil by water
percolating through the soil.

legume:  Any plant of the family Legumi-nosae,
which includes peas, beans, clover, alfalfa, and
other plants having seeds in bilaterally
symmetrical pods.

lesion:  Any alteration of tissue caused by injury
or disease.

level of concern:  Concentration of a toxic
substance above which adverse effects may
result from even brief exposure.
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lifetime exposure:  Total amount of exposure to
a substance that a human would receive in a 
lifetime (usually assumed to be 70 years).

lifetime HA:  The concentration of a chemical in
drinking water that is not expected to cause any
adverse noncarcinogenic effects over a lifetime
of exposure, with a margin of safety. 

lipids:  Fats, fatty acids, waxes, and similar long-
chain organic compounds (e.g., alcohols,
amines, aldehydes), which make up a large
proportion of every living cell.

lipophilic:  Having an affinity for fats or other
lipids.  Also, promoting the dissolution of lipids.

LOAEL  Lowest-observed-adverse-effect level;
the lowest dose in an experiment which
produced an observable adverse effect.

long-term HA:  The concentration of a chemical
in drinking water that is not expected to cause
any adverse noncarcino-genic effects up to
approximately 7 years 
(10 percent of an individual's lifetime) of
exposure, with a margin of safety. 

lordosis:  Exaggerated forward curvature of the
spine.

M

m:  Meters.

macroalgae:  Free-floating water plants that are
large enough to be seen with the naked eye.

macroinvertebrate:  An invertebrate large
enough to be seen with the naked eye.

macrophyte:  A plant large enough to be seen
with the naked eye.

MATC:  Maximum allowable toxicant
concentration.

MCL:  Maximum contaminant level— the
maximum permissible level of a contaminant in
water delivered to any user of a public water
system.  MCLs are enforceable standards.

MCLG:  Maximum contaminant level goal— the
maximum level of a contaminant in drinking
water at which no adverse health effects would
be anticipated.  MCLGs are nonenforceable
health goals.

MD25:  Dose or concentration that results in an
adverse effect other than death to 25 percent of
the test population.  Similarly, MD may be used
with other percentages to indicate doses that
produce adverse effects in larger or smaller
population segments.

MeHg:  Methylmercury.

meninges:  Membranes that cover the brain and
spinal cord.

metacarpals:  Five major bones in the upper
part of the forefoot or the hand.  (In humans,
the metacarpals diverge outward from the “heel”
of the hand toward each of the digits.)

mercurial:  (1) Containing or related to mercury. 
(2) A mercury compound.

mercuriferous:  Containing mercury.

mesic:  Having moderate amounts of moisture;
intermediate between humid and arid.

metabolism:  The sum of the chemical reactions
occurring within a cell or a whole organism;
includes the energy-releasing breakdown of
molecules (catabolism) and the synthesis of new
molecules (anabolism).

metabolite:  Any product of metabolism,
especially a transformed chemical.

metalloid:  A nonmetallic element that has some
of the chemical properties of a metal.
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metallothionein:  A low-molecular-weight
protein that binds and detoxifies divalent heavy
metals, such as mercury, copper, and zinc. 
Some plants and animals synthesize
metallothionein when exposed to heavy metals.

methylation:  A chemical or biochemical
reaction that adds a methyl group (CH 3) to an
element or molecule.

methylmercury:  An organic ion (CH 3Hg+) that
represents the most toxic form of mercury
generally found in the environment. 
Methylmercury enters into metabolism more
readily than any of the inorganic forms.

mg:  Milligrams.

mg/kg:  Milligrams per kilogram, equivalent to
parts per million.

mg/L:  Milligrams per liter, essentially equivalent
to parts per million in water.

microinvertebrate:  An invertebrate too small to
be seen by the naked eye.

micromelia:  A condition characterized by
undersized and/or deformed extremities.

micronutrients:  Elements and compounds
required by living organisms only in minute
amounts.

mine tailings:  Residue of low-grade material
and waste discarded during the processing of
mineral ores.

Mo:  Chemical symbol for molybdenum.

molybdenosis:  A disease of cattle and sheep
caused by an excess of molybdenum in forage
plants, which leads to copper deficiency because
of molybdenum's ability to sequester
copper.  Common symptoms include loss of
pigmentation in the hair or wool, diarrhea,
anemia, poor growth, anorexia, and deformed
offspring.

monocotyledon:  Any plant of the class
Monocotyledonae (or Liliopsida), which includes
all of the grasses, lilies, orchids, and other
flowering plants with narrow, parallel-veined
leaves.

monoclinic:  Describes mineral crystals having
three axes of unequal length, two of which are
perpendicular to the third but not perpendicular
to each other.

monogastric:  Having a single, undivided
stomach (cf. ruminant).

mutagen:  A chemical that induces genetic
mutations.

N
NAWQ:  National ambient water quality criteria,
issued by the Environmental Protection Agency.

necrosis:  Death of cells or tissue.  May result in
spots or small discolored areas on leaves of a
plant or on the skin of an animal.

necrotic:  Affected by necrosis.

neuron:  A nerve or brain cell.

ng:  Nanogram (one-billionth of a gram).

NOAEL:  No-observed-adverse-effect level— the
highest tested concentration at which no adverse
effect was observed.

O
O:  Chemical symbol for oxygen.

octanol-water partition coefficient:  The ratio
of a chemical's solubility in n-octanol (C8H17OH)
to its solubility in water.  Symbol: Kow.  The ratio
indicates the chemical's propensity for
bioconcentration by aquatic organisms. 
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Odonata:  An order of the class Insecta that
includes all dragonflies and damselflies.

oligochaete:  Worms of the class Oligochaeta,
including the common earthworms.

omnivore:  Animal that eats both vegetable and
animal substances.

one-day HA:  The concentration of a chemical
in drinking water that is not expected to cause
any adverse noncarcinogenic effects for up to 5
consecutive days of exposure, with a margin of
safety. 

organic:  In general, produced by or having to
do with living organisms.  In chemistry, refers
specifically to carbon and its many compounds.

organochlorine:  Refers to any organic
compound containing one or more chlorine
atoms.

organomercurial:  An organic compound
containing mercury.

organophosphate:  An organic compound
containing phosphorus and oxygen in
combination.  Organophosphate pesticides are
short-lived, but some can be toxic when first
applied.

orthorhombic:  Describes mineral crystals
having three mutually perpendicular axes of
symmetry, all of different lengths.

ovalbumin:  The white of an egg.

ovoglobulin:  Non-water-soluble simple proteins
found in the yolk of an egg.

oxidation state:  The effective ionic charge of an
atom or compound which determines, among
other things, which other atoms it may combine
with and in what proportions.

P

particulates:  Very small solid particles
suspended in water.  They vary in size, shape,
density, and electrical charge and can be
gathered together by coagulation and
flocculation.

periphyton:  Organisms that live attached to
underwater surfaces.

pH:  A measurement of the acidity or alkalinity,
based on the inverse logarithm of the
concentration of hydrogen ions.  On a scale
from 0 to 14, 7 is considered exactly neutral,
lower values are increasingly acidic, and higher
values are increasingly alkaline or basic.

phytoplankton:  The portion of the plankton
community that consists of tiny plants, such as
green algae and diatoms.

piscivore:  An animal that subsists primarily on
fish.

planarian:  A type of flatworm common in
aquatic environments.

plankton:  Free-floating plants and animals that
live near the surface of a body of water

Plecoptera:  An order of insects commonly
known as stoneflies.

pM:  Picomoles, one-trillionth of a mole.  One
pM . 6.02× 1011 molecules.

porphyry deposit:  A low-grade mineral deposit
in which the commodity of interest is
concentrated in isolated crystals dispersed within
a fine-grained rock.

prepupation:  The stage in an insect's life cycle
prior to formation of a pupa (such as a cocoon
or chrysalis).  Basically, the larval stage.
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Procellariformes:  An order of sea birds
including the albatrosses, petrels, and
shearwaters.

ppt:  Parts per thousand.

R

rallid:  Any member of the Rallidae, a family of
birds that includes the rails and coots.

raptor:  A bird of prey.

recurvirostrid:  Any member of the
Recurvirostridae, a family of birds that includes
the stilts and avocets.

RfD:  Reference dose— an estimate of a daily
exposure to the human population that is likely
to be without appreciable risk of deleterious
effects over a lifetime.

riparian:  Of, on, or pertaining to the bank of a
river, pond, or lake.

riverine:  Riparian; pertaining to a riverbank.

rumen:  The first chamber in the stomach of a
ruminant.

ruminant  A mammal of the suborder
Ruminantia, having a stomach subdivided into
multiple (usually four) compartments, which
chews a cud consisting of regurgitated, partially
digested food.  Ruminants are invariably hoofed,
even-toed grazing animals, and most grow
horns.  Examples include cattle, sheep, goats,
deer, camels, and giraffes.

S

salinity:  A measure of the concentration of
dissolved mineral substances in water.

salmonid:  Any fish belonging to the family
Salmonidae, which includes trout, salmon,
whitefish, and grayling.

salt gland:  A compound tubular gland which
secretes a watery, highly saline fluid.  Located
near the eyes and nasal passages of certain birds,
snakes, and marine turtles.

Se:  Chemical symbol for selenium.

secondary maximum contaminant level: 
Nonenforceable Environmental Protection
Ageny-recommended maximum concentra-tion
of a drinking water contaminant, based on
considerations of odor, taste, and appearance,
rather than any finding of toxicity

seed dressing:  Any of various types of chemical
coatings applied to seeds. 
 Fungicides and insecticides are most common.

seleniferous:  Containing selenium.

selenosis:  Selenium poisoning.

sink:  Any component in the natural cycle of an
element or compound which takes that element
or compound out of circulation.

slimicide:  A chemical that prevents the growth
of slime in paper stock.

smolt:  A young salmon at the stage at which it
migrates from freshwater to the sea.

solubilization:  A process that makes a
substance soluble or increases its solubility.

sorption:  A general term referring to either
absorption, adsorption, or a combination of the
two.

standard:  Legally enforceable limit on a
constituent or condition (e.g., pH, cloudiness) in
water or some other medium 
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Storage ratio:  See BCF.

Strigiformes:  An order of birds consisting of the
owls.

sublethal:  Having an effect less severe than
death.

Superfund:  Program administered by the
Environmental Protection Agency that identifies
high-priority pollution sites and oversees cleanup
at such sites.

supraorbital:  Situated or occurring above the
eye socket.

swim-up fry:  The stage at which young fish are
able to swim up from the gravel bed in which
they hatched.

synergism:  An interaction of two or more
chemicals which results in an effect that is
greater than the sum of their effects taken
independently.

T

TDS:  Total dissolved solids— total amount of
dissolved material contained in water. 
Depending on analytical method, this may
include only inorganic material or both organic
and inorganic material.

Technical grade DDT:  A mixture of DDT
isomers, especially p,p'-DDT and o,p'-DDT; it is
a cream-colored to gray powder with a faint
fruitlike odor.

Ten-day HA:  The concentration of a chemical
in drinking water that is not expected to cause
any adverse noncarcinogenic effects up to 14
consecutive days of exposure, with a margin of
safety. 

teratogen:  A chemical that causes congenital
malformations.

teratogenesis:  The induction of congenital
malformations (birth defects) in a developing
fetus by a toxin acting inside the egg or the
womb; interference with normal embryonic
development.

threshold:  The lowest dose of a chemical at
which a specified measurable effect is observed
and below which it is not observed.

thymus:  A gland in the neck or chest of all
vertebrates, most prominent in the early stages
of life, which plays a role in regulating the supply
of white blood cells.  

tile drainage:  Water drained from beneath a
field by a system of pipes.  (Originally, nearly all
the pipes were tile, though now various materials
are used.)

tillering:  Production of new shoots (especially
in grasses).

total DDT:  DDT plus all metabolites.

toxicity test:  A measure of the degree of
response of an organism exposed to a particular
concentration of a chemical or a particular level
of some other environmental variable.

toxicosis:  A pathological condition caused by a
toxin.

Trichoptera:  An aquatic order of insects
commonly known as caddis flies.

trigonal:  Describes mineral crystals having
threefold symmetry.

trophic position:  The position of a plant or
animal in the food chain.

turbidity:  The cloudy appearance of water
caused by suspended and colloidal matter. 
Technically, an optical property of the water
based on the amount of scattering of polarized
light by suspended particles.
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U

ungulate:  Generally, any hoofed mammal.

Unionidae:  The freshwater mollusks; a family
of bivalve mollusks.

V

valence:  The capacity of an atom or molecule
to combine in specific proportions with other
atoms or molecules.

vector:  An organism, often an insect or rodent,
that carries disease. 

visceral:  Of or having to do with the abdominal
organs.

volatile:  Readily vaporizable at a relatively low
temperature.

volatilization:  The transformation of a
substance into a volatile form.

wet weight:  Weight determined through
techniques that preserve and measure all the
moisture in the original sample.

ww:  Wet weight.

Z

Zn:  Chemical symbol for zinc.

zooplankton:  The portion of the plankton
community that consists of tiny animals.

Greek Letter µ

µg:  Microgram.

µg/L:  Micrograms per liter, essentially

equivalent to parts per billion in water.

µS:  Microsiemens, a measure of conductivity (1
µS = 1 micromho).  Conductivity is expressed as
the inverse of electrical resistance; hence 1 µS
corresponds to 1 million ohms.
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